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HIGHLIGHTS OF THE 2014 EDITION OF THE REVIEW OF PARTICLE PHYSICS

899 new papers with 3283 new measurements

112 reviews (most are revised or new)

e Over 330 papers from LHC experiments
(ATLAS, CMS, and LHCD).

e Extensive Higgs boson coverage from 138

papers with 258 measurements.

e Supersymmetry: 123 papers with major

exclusions, many from LHC experiments.

e Top quark: 51 new papers, many from LHC

experiments.

e Cosmology reviews updated to include 2013
Planck.

e Latest from B-meson physics: 183 papers
with 803 measurements, including first obser-
vation of Bs — p ™ from LHCb and CMS.

e Updated and new results in neutrino mixing
on Am? and mixing angle measurements,
including the first Am%Q result from reactor

experiment.

e Final assignment of 177 quantum numbers to
the X (3872) by LHCD.

e Observation of charmonium-like states
X (3900) and X (4020) (BESIII and BES3).

e Observation of bottomonium-like states
X (10620) and X (10650) (Belle).

e Heavily revised Atomic-Nuclear Properties

website.

e New reviews on:

Higgs Boson Physics
Dark Energy
Monte Carlo Neutrino Generators

Resonances

e Significant update/revision to reviews on:

The Top Quark

Dynamical Electroweak Symmetry
Breaking

Astrophysical Constants

Dark Matter

Big-Bang Nucleosynthesis

Neutrino Cross Section Measurements
Accelerator Physics of Colliders
High-Energy Collider Parameters

Total Hadronic Cross Sections Plots

See pdgLive.lbl.gov for online access to PDG database.

See pdg.lbl.gov/AtomicNuclearProperties for Atomic Properties of Materials.
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Determination of Vi, and Vi (rev.) 1207
Heavy Quarkonium Spectroscopy (rev.) 1240
Branching Ratios of ¢(25) and xc0,1,2 1271
INDEX 1661 Baryons
Baryon Decay Parameters 1382
N and A Resonances (rev.) 1386
A and ¥ Resonances (rev.) 1455
Radiative Hyperon Decays 1499
Charmed Baryons 1514
A} Branching Fractions 1517
Miscellaneous searches
Magnetic Monopoles (rev.) 1547
Supersymmetry (rev.) 1554
Dynamical Electroweak Symmetry Breaking (rev.) 1622
Searches for Quark & Lepton Compositeness 1631
Extra Dimensions (rev.) 1637

*The divider sheets give more detailed indices for each main section of the Particle Listings.
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INTRODUCTION

1. Overview

The Review of Particle Physics and the abbreviated
version, the Particle Physics Booklet, are reviews of the
field of Particle Physics. This complete Review includes a
compilation/evaluation of data on particle properties, called
the “Particle Listings.” These Listings include 3,283 new
measurements from 899 papers, in addition to the 32,153
measurements from 8,944 papers that first appeared in
previous editions [1].

Both books include Summary Tables with our best values
and limits for particle properties such as masses, widths or
lifetimes, and branching fractions, as well as an extensive
summary of searches for hypothetical particles. In addition,
we give a long section of “Reviews, Tables, and Plots” on a
wide variety of theoretical and experimental topics, a quick
reference for the practicing particle physicist.

The Review and the Booklet are published in even-
numbered years. This edition is an updating through
January 2014 (and, in some areas, well into 2014). As de-
scribed in the section “Online Particle Physics Information”
following this introduction, the content of this Review is
available on the World-Wide Web, and is updated between
printed editions (http://pdg.1bl.gov/).

The Summary Tables give our best values of the
properties of the particles we consider to be well established,
a summary of search limits for hypothetical particles, and a
summary of experimental tests of conservation laws.

The Particle Listings contain all the data used to get the
values given in the Summary Tables. Other measurements
considered recent enough or important enough to mention,
but which for one reason or another are not used to get
the best values, appear separately just beneath the data we
do use for the Summary Tables. The Particle Listings also
give information on unconfirmed particles and on particle
searches, as well as short “reviews” on subjects of particular
interest or controversy.

The Particle Listings were once an archive of all
published data on particle properties. This is no longer
possible because of the large quantity of data. We refer
interested readers to earlier editions for data now considered
to be obsolete.

We organize the particles into six categories:

Gauge and Higgs bosons

Leptons

Quarks

Mesons

Baryons

Searches for monopoles, supersymmetry,

compositeness, extra dimensions, etc.

The last category only includes searches for particles that
do not belong to the previous groups; searches for heavy
charged leptons and massive neutrinos, by contrast, are with
the leptons.

In Sec. 2 of this Introduction, we list the main areas of
responsibility of the authors, and also list our large number
of consultants, without whom we would not have been
able to produce this Review. In Sec. 4, we mention briefly
the naming scheme for hadrons. In Sec. 5, we discuss our
procedures for choosing among measurements of particle
properties and for obtaining best values of the properties

from the measurements.

The accuracy and usefulness of this Review depend in
large part on interaction between its users and the authors.
We appreciate comments, criticisms, and suggestions
for improvements of any kind. Please send them to the
appropriate author, according to the list of responsibilities
in Sec. 2 below, or to the LBNL addresses below.

To order a copy of the Review or the Particle Physics
Booklet from North and South America, Australia, and the
Far East, send email to PDGELBL . GOV

or via the web at:
http://pdg.1bl.gov/pdgmail
or write to:

Particle Data Group, MS 50R6008
Lawrence Berkeley National Laboratory
Berkeley, CA 94720-8166, USA

From all other areas email library.desk@cern.ch

or via the web at:
http://pdg.1bl.gov/pdgmail
or write to

CERN Scientific Information Service
CH-1211 Geneva 23, Switzerland

2. Particle Listings responsibilities

* Asterisk indicates the people to contact with questions or
comments about Particle Listings sections.
Gauge and Higgs bosons

~ C. Grab, D.E. Groom*
Gluons R.M. Barnett,* A.V. Manohar
Graviton D.E. Groom*

W, Z A. Gurtu,* M. Griinewald*

Higgs bosons K. Hikasa, G. Weiglein*

Heavy bosons H.E. Haber,* M. Tanabashi

Axions K.A. Olive, F. Takahashi, G. Raffelt*
Leptons
Neutrinos M. Goodman, C.-J. Lin,* K. Nakamura,
K.A. Olive, A. Piepke, P. Vogel
e, C. Grab, C.-J. Lin*
T K.G. Hayes, K. Monig*
Quarks
Quarks R.M. Barnett,* A.V. Manohar
Top quark K. Hagiwara, W.-M. Yao*
ot K. Hagiwara, W.-M. Yao*
Free quark J. Beringer*
Mesons
m™n J. Beringer,* C. Grab

C. Amsler, M. Doser,* S. Eidelman,*
T. Gutsche, C. Hanhart, B. Heltsley,
J.J. Herndndez-Rey, A. Masoni,

S. Navas, C. Patrignani, S. Spanier,
N.A. Tornqvist, G. Venanzoni

K (stable) G. D’Ambrosio, C.-J. Lin*

D (stable, no mix.) J. Rademacker, C.G. Wohl*

DY mixing D.M. Asner, W.-M. Yao*

Unstable mesons
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Baryons
B (stable) M. Kreps, Y. Kwon, J.G. Smith,
W.-M. Yao*
Stable baryons  C. Grab, C.G. Wohl*
Unstable baryons V. Burkert, E. Klempt, M. Pennington,
L. Tiator, R.L. Workman*
Charmed baryons J. Rademacker, C.G. Wohl*
Bottom baryons M. Kreps, Y. Kwon,
J.G. Smith, W.-M. Yao*

Miscellaneous searches

Monopole D. Milstead*

Supersymmetry H.K. Dreiner,* A. de Gouvéa,
F. Moortgat, K.A. Olive

Technicolor K. Agashe,* M. Tanabashi

Compositeness M. Tanabashi, J. Terning*

Extra Dimensions T. Gherghetta, H.E. Haber*,
WIMPs and Other K. Hikasa,*

3. Consultants

The Particle Data Group benefits greatly from the
assistance of some 700 physicists who are asked to verify
every piece of data entered into this Review. Of special
value is the advice of the PDG Advisory Committee which
meets biennially and thoroughly reviews all aspects of our
operation. The members of the 2014 committee are:

D. Harris (FNAL)

T. Carli (CERN)

L. Hall (UC Berkeley)
J. Olson (Princeton)
A. Slosar (BNL)

J. Tanaka (Tokyo)

We have especially relied on the expertise of the following

people for advice on particular topics:

e S.I. Alekhin (COMPAS Group, IHEP, Protvino)
o B. Allanach (U. of Cambridge)

e C. Andreopoulos (STFC Rutherford Appleton Lab.)
e H. An (Perimeter Institute)

o F. Anulli (INFN, Rome)

e M. Artuso (Syracuse University)

e R. Barbieri (SNS and INFN, Pisa)

e M. Bardeen (FNAL)

o W. Barletta (MIT)

e J. Bernabeu (University of Valencia)

o F. Bernlochner (University of Victoria)
o W. Bertl (PSI)

e C. Bozzi(INFN, Ferrara)

e T. Browder (University of Hawaii)

e O. Bruening (CERN)

e G. Castelo-Branco (Techn. U. of Lisboa)
o F. Cavanna (Yale University)

e S. Centro (INFN, Padua)

o . Cerutti (LBNL)

e G. Colangelo (University of Bern)

e J. Conway (UC Davis)

e K. Cranmer (NYU)

e C. Csaki (Cornell U.)

e D. Denisov (FNAL)

e D. d’Enterria (CERN)

e M. Dine (UCSC)

o J. Dingfelder (Bonn, Germany)

e M. D’Onofrio (U. of Liverpool)

e S. Dytman (University of Pittsburgh)
o G. Edda (University of Geneva)

o A. Falkowski (U. of Warsaw)

e W. Fischer (BNL)

e P. Gambino (Univ. degli Studi di Torino)
o I. Garcia Irastorza (U. of Zaragoza)

e R. Garisto (PRL)

e M. Gersabeck (Univ. of Manchester)
o C. Giunti (INFN Turin)

e S. Givannella (INFN, Frascati)

e C. Glasman (Madrid)

e B. Golob (Ljubljana, Slovenia)

e E. Goudzovski (U. of Birmingham)

e J. Guy (UPMC, Paris)

e F'. Halzen (U. of Wisconsin)

e F. Harris (University of Hawaii)

e S. Heinemeyer (Karlsruhe Inst. of Techn.)
e W. Hollik (Karlsruhe Inst. of Techn.)
e G. Isidori (INFN, Frascati)

e M. Jose Costa (IFIC Valencia)

e J. Jowett (CERN)

e S.G. Karshenboim (MPQ, Pulkovo Obs., Russia)

e E. Kearns T (Boston University)
o M. Klein (University of Liverpool)
o T. Kobayashi (KEK)

e P. Koppenburg (CERN)

e A. Korytov (U. of Florida)

e T. Koseki (University of Tokyo)
o W. Kozanecki (Saclay)

e A. Kronfeld (FNAL)

e O. Leroy (CPPM, Marseille)

e E.B. Levichev (BINP, Novosibirsk)
e E. Linder (LBNL)

e D. London (University of Montreal)
e P. Lukens (FNAL)

o L. Malgeri (CERN)

e S. Martin (Northern Illinois U.)
o C. Milardi ( INFN, Frascati)

o P.J. Mohr (NIST)

e S. Monteil (LPC Clermont)

o U. Mosel (University of Giessen)
o M. Mulders (CERN)

e B. Murray (U. of Warwick)

o T. Nakadaira (KEK)

e H. O’Connell (FNAL)

e Y. Ohnishi (KEK, Japan)

¢ K. Oide (KEK)

e J. Paul Chou (Rutgers U.)

e A. Pich (Valencia)

e A. Pierce (U. of Michigan)

e L. Pillonen (Virginia Tech)

e R.K. Plunkett (FNAL)

o M. Redi (Stony Brook U.)

e B.L. Roberts (Boston University)
e M. Ross (FNAL)

e M. Rotondo (Padova, INFN)

e B. Sadoulet (UC Berkeley)

o N. Saito (KEK)
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e J.E. Sansonetti (NIST)

e C. Schwanda (HEPHY, Vienna)

o A.J. Schwartz (University of Cincinnati)
e J.T. Seeman (SLAC)

o K.K. Seth (Northwestern U.)

e V. Sharyy (CEA)

e Yu.M. Shatunov (BINP, Novosibirsk)

o P. Sikivie (U. of Florida)

e J. Sobczyk (Wroclaw University)

e M. Spira (PSI, Villigen)

e S. Stapnes (CERN)

e S.I. Striganov (FNAL)

e R. Tanaka (LAL, Orsay)

e A. Tapper (Imperial College London)

o X. Tata (U. of Hawaii)

o R. Tesarek (FNAL)

e D. Torigo (Padova and INFN)

o K. Trabelsi (KEK)

e C. van Eldik (U. Erlangen-Niirnberg, MPT)
e R. Van Kooten (Indiana University)

e J. van Tilburg (Nikhef)

o G. Velev (FNAL)

o K. Vellidis (FNAL)

e M. Whalley (Durham U.)

e S. Willocq (U. of Massachusetts, Amherst)
e C.Z. Yuan (IHEP, Beijing)

o D. Zerwas (LAL, Orsay)

o R. Zwaska (FNAL)

4. Naming scheme for hadrons

We introduced in the 1986 edition [2] a new naming
scheme for the hadrons. Changes from older terminology
affected mainly the heavier mesons made of u, d, and s
quarks. Otherwise, the only important change to known
hadrons was that the F* became the D¥. None of the
lightest pseudoscalar or vector mesons changed names, nor
did the ¢€ or bb mesons (we do, however, now use x. for the
cc x states), nor did any of the established baryons. The
Summary Tables give both the new and old names whenever
a change has occurred.

The scheme is described in “Naming Scheme for
Hadrons” (p. 120) of this Review.

We give here our conventions on type-setting style.
Particle symbols are italic (or slanted) characters: e~, p,
A, 7 K, D, b. Charge is indicated by a superscript:
B~, ATT. Charge is not normally indicated for p, n, or
the quarks, and is optional for neutral isosinglets: 1 or n°.
Antiparticles and particles are distinguished by charge for
charged leptons and mesons: 7, K~. Otherwise, distinct

antiparticles are indicated by a bar (overline): 7, ¢, b, K,
and & (the antiparticle of the ¥7).

5. Procedures

5.1. Selection and treatment of data : The Particle
Listings contain all relevant data known to us that are
published in journals. With very few exceptions, we do not
include results from preprints or conference reports. Nor do
we include data that are of historical importance only (the
Listings are not an archival record). We search every volume
of 20 journals through our cutoff date for relevant data. We
also include later published papers that are sent to us by the
authors (or others).

In the Particle Listings, we clearly separate measure-
ments that are used to calculate or estimate values given
in the Summary Tables from measurements that are not
used. We give explanatory comments in many such cases.
Among the reasons a measurement might be excluded are
the following:

e [t is superseded by or included in later results.

e No error is given.

e It involves assumptions we question.

e It has a poor signal-to-noise ratio, low statistical
significance, or is otherwise of poorer quality than other
data available.

e [t is clearly inconsistent with other results that appear
to be more reliable. Usually we then state the criterion,
which sometimes is quite subjective, for selecting “more
reliable” data for averaging. See Sec. 5.4.

e [t is not independent of other results.

e It is not the best limit (see below).

e It is quoted from a preprint or a conference report.

In some cases, none of the measurements is entirely
reliable and no average is calculated. For example, the
masses of many of the baryon resonances, obtained from
partial-wave analyses, are quoted as estimated ranges
thought to probably include the true values, rather than as
averages with errors. This is discussed in the Baryon Particle
Listings.

For upper limits, we normally quote in the Summary
Tables the strongest limit. We do not average or combine
upper limits except in a very few cases where they may be
re-expressed as measured numbers with Gaussian errors.

As is customary, we assume that particle and antiparticle
share the same spin, mass, and mean life. The Tests of
Conservation Laws table, following the Summary Tables,
lists tests of C PT as well as other conservation laws.

We use the following indicators in the Particle Listings
to tell how we get values from the tabulated measurements:

e OUR AVERAGE—From a weighted average of selected
data.

e OUR FIT—From a constrained or overdetermined multi-
parameter fit of selected data.

e OUR EVALUATION—Not from a direct measurement, but
evaluated from measurements of related quantities.

e OUR ESTIMATE—Based on the observed range of the
data. Not from a formal statistical procedure.

e OUR LIMIT—For special cases where the limit is evaluated
by us from measured ratios or other data. Not from a
direct measurement.

An experimentalist who sees indications of a particle will
of course want to know what has been seen in that region
in the past. Hence we include in the Particle Listings all



14  Introduction

reported states that, in our opinion, have sufficient statistical
merit and that have not been disproved by more reliable
data. However, we promote to the Summary Tables only
those states that we feel are well established. This judgment
is, of course, somewhat subjective and no precise criteria can
be given. For more detailed discussions, see the minireviews
in the Particle Listings.

5.2. Awerages and fits: We divide this discussion
on obtaining averages and errors into three sections:
(1) treatment of errors; (2) unconstrained averaging;
(3) constrained fits.

5.2.1. Treatment of errors: In what follows, the “error”
dx means that the range x + dx is intended to be a 68.3%
confidence interval about the central value x. We treat
this error as if it were Gaussian. Thus when the error is
Gaussian, dx is the usual one standard deviation (1). Many
experimenters now give statistical and systematic errors
separately, in which case we usually quote both errors, with
the statistical error first. For averages and fits, we then add
the the two errors in quadrature and use this combined error
for dx.

When experimenters quote asymmetric errors (dz)"
and (0x)” for a measurement z, the error that we use
for that measurement in making an average or a fit with
other measurements is a continuous function of these three
quantities. When the resultant average or fit T is less than
x—(dz)~, we use (dz); when it is greater than x+ (dz) ™, we
use (6x)T. In between, the error we use is a linear function
of x. Since the errors we use are functions of the result, we
iterate to get the final result. Asymmetric output errors are
determined from the input errors assuming a linear relation
between the input and output quantities.

In fitting or averaging, we usually do not include
correlations between different measurements, but we try
to select data in such a way as to reduce correlations.
Correlated errors are, however, treated explicitly when there
are a number of results of the form A; & o; £ A that have
identical systematic errors A. In this case, one can first
average the A; + o; and then combine the resulting statistical
error with A. One obtains, however, the same result by
averaging A; + (07 + A2)1/2 where A; = aiA[Z(l/U?)]l/Q.
This procedure has the advantage that, with the modified
systematic errors 4;, each measurement may be treated
as independent and averaged in the usual way with other
data. Therefore, when appropriate, we adopt this procedure.
We tabulate A and invoke an automated procedure that
computes A; before averaging and we include a note saying
that there are common systematic errors.

Another common case of correlated errors occurs when
experimenters measure two quantities and then quote the
two and their difference, e.g., m1, ma, and A = ma — my.
We cannot enter all of my, mo and A into a constrained fit
because they are not independent. In some cases, it is a good
approximation to ignore the quantity with the largest error
and put the other two into the fit. However, in some cases
correlations are such that the errors on mi, me and A are
comparable and none of the three values can be ignored. In
this case, we put all three values into the fit and invoke an
automated procedure to increase the errors prior to fitting
such that the three quantities can be treated as independent
measurements in the constrained fit. We include a note
saying that this has been done.

5.2.2. Unconstrained averaging: To average data, we use
a standard weighted least-squares procedure and in some
cases, discussed below, increase the errors with a “scale
factor.” We begin by assuming that measurements of a given
quantity are uncorrelated, and calculate a weighted average
and error as

I S \—1/2
T+ 0T = Swr + (OCwi) : (1)

where

w; = 1/(51‘1)2 .

Here x; and dx; are the value and error reported by the
ith experiment, and the sums run over the N experiments.
We then calculate x? = > w;(F — z;) and compare it
with N — 1, which is the expectation value of x2 if the
measurements are from a Gaussian distribution.

If x?/(N — 1) is less than or equal to 1, and there are no
known problems with the data, we accept the results.

If x2/(N — 1) is very large, we may choose not to use the
average at all. Alternatively, we may quote the calculated
average, but then make an educated guess of the error, a
conservative estimate designed to take into account known
problems with the data.

Finally, if x2/(N — 1) is greater than 1, but not greatly
so, we still average the data, but then also do the following;:

(a) We increase our quoted error, 6% in Eq. (1), by a
scale factor S defined as

S=[x*/(N-1)] (2)

Our reasoning is as follows. The large value of the x2 is
likely to be due to underestimation of errors in at least one
of the experiments. Not knowing which of the errors are
underestimated, we assume they are all underestimated by
the same factor S. If we scale up all the input errors by this
factor, the x% becomes N — 1, and of course the output error
0% scales up by the same factor. See Ref. 3.

When combining data with widely varying errors, we
modify this procedure slightly. We evaluate S using only the
experiments with smaller errors. Our cutoff or ceiling on dz;
is arbitrarily chosen to be

1/2

5o = 3NV? 57

where 0T is the unscaled error of the mean of all the
experiments. Our reasoning is that although the low-
precision experiments have little influence on the values T
and 0%, they can make significant contributions to the 2,
and the contribution of the high-precision experiments thus
tends to be obscured. Note that if each experiment has the
same error dx;, then 0% is 6Ii/N1/27 so each dx; is well
below the cutoff. (More often, however, we simply exclude
measurements with relatively large errors from averages and
fits: new, precise data chase out old, imprecise data.)

Our scaling procedure has the property that if there
are two values with comparable errors separated by much
more than their stated errors (with or without a number of
other values of lower accuracy), the scaled-up error 0 7 is
approximately half the interval between the two discrepant
values.

We emphasize that our scaling procedure for errors in
no way affects central values. And if you wish to recover the
unscaled error §, simply divide the quoted error by S.
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(b) If the number M of experiments with an error smaller
than dg is at least three, and if x?/(M — 1) is greater than
1.25, we show in the Particle Listings an ideogram of the
data. Figure 1 is an example. Sometimes one or two data
points lie apart from the main body; other times the data
split into two or more groups. We extract no numbers from
these ideograms; they are simply visual aids, which the
reader may use as he or she sees fit.

WEIGHTED AVERAGE
0.006 + 0.018 (Error scaled by 1.3)

XZ
SMITH 75B WIRE 0.3
NIEBERGALL 74 ASPK 1.3
FACKLER 73 OSPK 0.1
HART 73 OSPK 0.3
- MALLARY 73 OSPK 44
- BURGUN 72 HBC 0.2
- GRAHAM 72 OSPK 0.4
MANN 72 HBC 3.3
WEBBER 71 HBC 7.4
- CHO 70 DBC 1.6
BENNETT 69 CNTR 11
- LITTENBERG 69 OSPK 0.3
JAMES 68 HBC 0.9
FELDMAN 67B OSPK 0.3
AUBERT 65 HLBC 0.1

BALDO-... 65 HLBC
- FRANZINI 65 HBC 0.2
22.0

(Confidence Level = 0.107)
J

-0.2 0 0.2 0.4 0.6

Figure 1: A typical ideogram. The arrow at the top
shows the position of the weighted average, while the
width of the shaded pattern shows the error in the
average after scaling by the factor S. The column
on the right gives the x2 contribution of each of the
experiments. Note that the next-to-last experiment,
denoted by the incomplete error flag (L), is not used
in the calculation of S (see the text).

Each measurement in an ideogram is represented by
a Gaussian with a central value z;, error dx;, and area
proportional to 1/dz;. The choice of 1/dx; for the area is
somewhat arbitrary. With this choice, the center of gravity
of the ideogram corresponds to an average that uses weights
1/6x; rather than the (1/82;)? actually used in the averages.
This may be appropriate when some of the experiments
have seriously underestimated systematic errors. However,
since for this choice of area the height of the Gaussian for
each measurement is proportional to (1/(5952-)27 the peak
position of the ideogram will often favor the high-precision
measurements at least as much as does the least-squares
average. See our 1986 edition [2] for a detailed discussion of
the use of ideograms.

5.2.3. Constrained fits: In some cases, such as branching
ratios or masses and mass differences, a constrained fit may
be needed to obtain the best values of a set of parameters.
For example, most branching ratios and rate measurements
are analyzed by making a simultaneous least-squares fit to
all the data and extracting the partial decay fractions P,
the partial widths T';, the full width T" (or mean life), and the
associated error matrix.

Assume, for example, that a state has m partial decay
fractions Pj, where > P; = 1. These have been measured
in N, different ratios R, where, e.g., Ry = Pi/P», Ry

= P1/Ps, etc. [We can handle any ratio R of the form
> P/ > Bi Py, where o; and 3; are constants, usually 1 or
0. The forms R = P;Pj and R = (P;P;)'/? are also allowed.]
Further assume that each ratio R has been measured by Ny
experiments (we designate each experiment with a subscript
k,e.g., Ryj). We then find the best values of the fractions P,
by minimizing the x? as a function of the m — 1 independent
parameters:

cra () e

where the R, are the measured values and R, are the fitted
values of the branching ratios.

In addition to the fitted values P;, we calculate an error
matrix (§P; 0P;). We tabulate the diagonal elements of
§P; = (0 P; 6FZ->1/2 (except that some errors are scaled
as discussed below). In the Particle Listings, we give the
complete correlation matrix; we also calculate the fitted
value of each ratio, for comparison with the input data,
and list it above the relevant input, along with a simple
unconstrained average of the same input.

Three comments on the example above:

(1) There was no connection assumed between mea-
surements of the full width and the branching ratios. But
often we also have information on partial widths I'; as well
as the total width I'. In this case we must introduce I'
as a parameter in the fit, along with the P;, and we give
correlation matrices for the widths in the Particle Listings.

(2) We try to pick those ratios and widths that are as
independent and as close to the original data as possible.
When one experiment measures all the branching fractions
and constrains their sum to be one, we leave one of them
(usually the least well-determined one) out of the fit to make
the set of input data more nearly independent. We now do
allow for correlations between input data.

(3) We calculate scale factors for both the R, and
P; when the measurements for any R give a larger-than-
expected contribution to the x2. According to Eq. (3), the
double sum for x? is first summed over experiments k = 1
to Ng, leaving a single sum over ratios x? = > x2. One
is tempted to define a scale factor for the ratio r as S? =
X2/ {x2). However, since (x?2) is not a fixed quantity (it is
somewhere between Ny and Nj_1), we do not know how to
evaluate this expression. Instead we define

=12
TN (B — B

With this definition the expected value of S? is one. We can
show that

<(R7'k - E7")2> = <(6Rrk)2> - (5ET)2 ) (5)

where 6 R, is the fitted error for ratio r.

The fit is redone using errors for the branching ratios
that are scaled by the larger of S, and unity, from which new
and often larger errors 6?; are obtained. The scale factors
we finally list in such cases are defined by S; = 5?; /6P;.
However, in line with our policy of not letting S affect the
central values, we give the values of P; obtained from the
original (unscaled) fit.
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There is one special case in which the errors that are
obtained by the preceding procedure may be changed. When
a fitted branching ratio (or rate) P; turns out to be less than

three standard deviations (6?; ) from zero, a new smaller
error (5?1»”)_ is calculated on the low side by requiring

the area under the Gaussian between P; — (5 P; )~ and P;
to be 68.3% of the area between zero and P;. A similar
correction is made for branching fractions that are within
three standard deviations of one. This keeps the quoted
errors from overlapping the boundary of the physical region.

5.3. Rounding : While the results shown in the Particle
Listings are usually exactly those published by the exper-
iments, the numbers that appear in the Summary Tables
(means, averages and limits) are subject to a set of rounding
rules.

The basic rule states that if the three highest order
digits of the error lie between 100 and 354, we round to
two significant digits. If they lie between 355 and 949, we
round to one significant digit. Finally, if they lie between
950 and 999, we round up to 1000 and keep two significant
digits. In all cases, the central value is given with a precision
that matches that of the error. So, for example, the result
(coming from an average) 0.827 £ 0.119 would appear as
0.83 + 0.12, while 0.827 4+ 0.367 would turn into 0.8 4 0.4.

Rounding is not performed if a result in a Summary Table
comes from a single measurement, without any averaging.
In that case, the number of digits published in the original
paper is kept, unless we feel it inappropriate. Note that,
even for a single measurement, when we combine statistical
and systematic errors in quadrature, rounding rules apply
to the result of the combination. It should be noted also
that most of the limits in the Summary Tables come from a
single source (the best limit) and, therefore, are not subject
to rounding.

Finally, we should point out that in several instances,
when a group of results come from a single fit to a set of
data, we have chosen to keep two significant digits for all the
results. This happens, for instance, for several properties of
the W and Z bosons and the 7 lepton.

5.4. Discussion: The problem of averaging data
containing discrepant values is nicely discussed by Taylor in
Ref. 4. He considers a number of algorithms that attempt
to incorporate inconsistent data into a meaningful average.
However, it is difficult to develop a procedure that handles
simultaneously in a reasonable way two basic types of
situations: (a) data that lie apart from the main body of the
data are incorrect (contain unreported errors); and (b) the
opposite—it is the main body of data that is incorrect.
Unfortunately, as Taylor shows, case (b) is not infrequent.
He concludes that the choice of procedure is less significant
than the initial choice of data to include or exclude.

We place much emphasis on this choice of data. Often we
solicit the help of outside experts (consultants). Sometimes,
however, it is simply impossible to determine which of
a set of discrepant measurements are correct. Our scale-
factor technique is an attempt to address this ignorance by
increasing the error. In effect, we are saying that present
experiments do not allow a precise determination of this
quantity because of unresolvable discrepancies, and one
must await further measurements. The reader is warned of
this situation by the size of the scale factor, and if he or
she desires can go back to the literature (via the Particle

Listings) and redo the average with a different choice of data.

Our situation is less severe than most of the cases Taylor
considers, such as estimates of the fundamental constants
like h, etc. Most of the errors in his case are dominated by
systematic effects. For our data, statistical errors are often
at least as large as systematic errors, and statistical errors
are usually easier to estimate. A notable exception occurs in
partial-wave analyses, where different techniques applied to
the same data yield different results. In this case, as stated
earlier, we often do not make an average but just quote a
range of values.

A brief history of early Particle Data Group averages
is given in Ref. 3. Figure 2 shows some histories of our
values of a few particle properties. Sometimes large changes
occur. These usually reflect the introduction of significant
new data or the discarding of older data. Older data are
discarded in favor of newer data when it is felt that the newer
data have smaller systematic errors, or have more checks
on systematic errors, or have made corrections unknown
at the time of the older experiments, or simply have much
smaller errors. Sometimes, the scale factor becomes large
near the time at which a large jump takes place, reflecting
the uncertainty introduced by the new and inconsistent data.
By and large, however, a full scan of our history plots shows
a dull progression toward greater precision at central values
quite consistent with the first data points shown.

We conclude that the reliability of the combination of
experimental data and our averaging procedures is usually
good, but it is important to be aware that fluctuations
outside of the quoted errors can and do occur.
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Figure 2: A historical perspective of values of a few particle properties tabulated in this Review as a function of date of
publication of the Review. A full error bar indicates the quoted error; a thick-lined portion indicates the same but without
the “scale factor.”
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Introduction

The collection of online information resources in particle physics and
related areas presented in this chapter is of necessity incomplete. An
expanded and regularly updated online version can be found at:

http://library.web.cern.ch/particle physics
_information

Suggestions for additions and updates are very welcome.

2. Particle Data Group (PDG) resources

Review of Particle Physics (RPP) A comprehensive report
on the fields of particle physics and related areas of cosmology
and astrophysics, including both review articles and a compila-
tion/evaluation of data on particle properties. The review section
includes articles, tables and plots on a wide variety of theoretical
and experimental topics of interest to particle physicists and
astrophysicists. The particle properties section provides tables of
published measurements as well as the Particle Data Groups best
values and limits for particle properties such as masses, widths,
lifetimes, and branching fractions, and an extensive summary of
searches for hypothetical particles. RPP is published as a 1500-page
book every two years, with partial updates made available once each
year on the web.

All the contents of the book version of RPP are available online:
http://pdg.1bl.gov

The printed book can be ordered:
http://pdg.1bl.gov/2013/html/receive our_products.html

Of historical interest is the complete RPP collection which can be
found online:

http://library.web.cern.ch/PDG publications/
review particle physics

Particle Physics booklet: An abridged version of the Review
of Particle Physics available as a pocket-sized 300-page booklet.
Although produced in print and available online only as a PDF
file, the booklet is included in this guide because it is one of the

T Please send comments and corrections to
Annette.Holtkamp@cern.ch.

most useful summaries of physics data. The booklet contains an

abbreviated set of reviews and the summary tables from the most

recent edition of the Review of Particle Physics.

The PDF file of the booklet can be downloaded:
http://pdg.1bl.gov/current/booklet.pdf

The printed booklet can be ordered:
http://pdg.1bl.gov/2013/html/receive_our_products.html

PDGLive: A web application for browsing the contents of the PDG
database that contains the information published in the Review of
Particle Physics. It allows one to navigate to a particle of interest,
see a summary of the information available, and then proceed to the
detailed information published in the Review of Particle Physics.
Data entries are directly linked to the corresponding bibliographic
information in INSPIRE.

http://pdglive.lbl.gov

Computer-readable files: Data files that can be downloaded
from PDG include tables of particle masses and widths, PDG
Monte Carlo particle numbers, and cross-section data. The files are
updated with each new edition of the Review of Particle Physics.

http://pdg.1bl.gov/current/html/computer read.html

3. Particle Physics Information Platforms

INSPIRE: The time-honored SPIRES database suite has in
November 2011 been replaced by INSPIRE, which combines the
most successful aspects of SPIRES - like comprehensive content and
high-quality metadata - with the modern technology of Invenio,
the CERN open-source digital-library software, offering major
improvements like increased speed and Google-like free-text search
syntax. INSPIRE serves as one-stop information platform for the
particle physics community, comprising 7 interlinked databases
on literature, conferences, institutions, journals, researchers,
experiments, jobs. INSPIRE is jointly developed and maintained by
CERN, DESY, Fermilab and SLAC. Close interaction with the user
community and with arXiv, ADS, HepData, PDG and publishers is
the backbone of INSPIRE’s evolution.

http://inspirehep.net/

More information on this project at:
http://inspirehep.net/info/general/project/index
blog: http://blog.inspirehep.net/

twitter: Qinspirehep

4. Literature Databases

ADS: The SAO/NASA Astrophysics Data System is a Digital
Library portal for researchers in Astronomy and Physics, operated
by the Smithsonian Astrophysical Observatory (SAO) under a NASA
grant. The ADS maintains three bibliographic databases containing
more than 9.3 million records: Astronomy and Astrophysics,
Physics, and arXiv e-prints. The main body of data in the ADS
consists of bibliographic records, which are searchable through
highly customizable query forms, and full-text scans of much of the
astronomical literature which can be browsed or searched via a full-
text search interface. Integrated in its databases, the ADS provides
access and pointers to a wealth of external resources, including
electronic articles, data catalogs and archives. In addition, ADS
provides the myADS Update Service, a free custom notification
service promoting current awareness of the recent literature in
astronomy and physics based on each individual subscriber’s
queries.

http://adswww.harvard.edu/

arXiv.org: A repository of full text papers in physics, mathematics,
computer science, statistics, nonlinear sciences, quantitative finance
and quantitative biology interlinked with ADS and INSPIRE.
Papers are usually sent by their authors to arXiv in advance of
submission to a journal for publication. Primarily covers 1991
to the present but authors are encouraged to post older papers
retroactively. Permits searching by author, title, and words in
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abstract and experimentally also in the fulltext. Allows limiting by
subfield archive or by date.

http://arXiv.org

CDS: The CERN Document Server contains records of more
than 1,000,000 CERN and non-CERN articles, preprints, theses.
It includes records for internal and technical notes, official CERN
committee documents, and multimedia objects. CDS is going to
focus on its role as institutional repository covering all CERN
material from the early 50s and reflecting the holdings of the CERN
library. Non-CERN particle and accelerator physics content is in
the process of being exported to INSPIRE.

http://cds.cern.ch

INSPIRE HEP: The HEP collection, the flagship of the INSPIRE
suite, serves more than 1 million bibliographic records with a
growing number of fulltexts attached and metadata including
author affiliations, abstracts, references, keywords as well as links to
arXiv, ADS, PDG, HepData and publisher platforms. It provides
fast metadata and fulltext searches, plots extracted from fulltext,
author disambiguation, author profile pages and citation analysis
and is expanding its content to, e.g., experimental notes.

http://inspirehep.net

JACoW: The Joint Accelerator Conference Website publishes the
proceedings of APAC, EPAC, PAC, IPAC, ABDW, BIW, COOL,
CYCLOTRONS, DIPAC, ECRIS, FEL, HIAT, ICALEPCS, IBIC,
ICAP, LINAC, North American PAC, PCaPAC, RuPAC, SRF. A
custom interface allows searching on keywords, titles, authors, and
in the fulltext.

http://www.jacow.org/

KISS (KEK Information Service System) for preprints:
The KEK Library preprint and technical report database contains
bibliographic records of preprints and technical reports held in
the KEK library with links to the full text images of more than
100,000 papers scanned from their worldwide collection of preprints.
Particularly useful for older scanned preprints. KISS links are
included in INSPIRE HEP.

http://wuw-1lib.kek.jp/kiss/kiss_prepri.html

MathSciNet: This database of over 2.8 million items provides
reviews, abstracts and bibliographic information for much of the
mathematical sciences literature. Over 100,000 new items are added
each year, most of them classified according to the Mathematics
Subject Classification. Authors are uniquely identified, enabling a
search for publications by individual author. Over 80,000 reviews on
the current published literature are added each year. Citation data
allows to track the history and influence of research publications.

http://www.ams.org/mathscinet

OSTI SciTech Connect: A portal to free, publicly available DOE-
sponsored R&D results including technical reports, bibliographic
citations, journal articles, conference papers, books, multimedia
anid data information. SciTech Connect is a consolidation of two
core DOE search engines, the Information Bridge and the Energy
Citations Database. SciTech Connect incorporates all of the R&D
information from these two products into one search interface. It
includes over 2.5 million citations, including citations to 1.4 million

journal articles, 364,000 of which have digital object identifiers

(DOIs) linking to full-text articles on publishers’ websites. SciTech
Connect also has over 313,000 full-text DOE sponsored STI reports;
most of these are post-1991, but close to 85,000 of the reports were
published prior to 1990.

http://www.osti.gov/scitech/

5. Particle Physics Journals and Conference
Proceedings Series

e CERN Journals List: This list of journals and conference series
publishing particle physics content provides information on Open
Access, copyright policies and terms of use.

http://library.web.cern.ch/oa/where publish

e INSPIRE Journals: The database covers more than 3,300
journals publishing HEP-related articles.

http://inspirehep.net/collection/journals

6. Conference Databases

¢ INSPIRE Conferences: The database of more than 19,500 past,
present and future conferences, schools, and meetings of interest
to high-energy physics and related fields is searchable by title,
acronym, series, date, location. Included are information about
published proceedings, links to conference contributions in the
INSPIRE HEP database, and links to the conference Web site when
available. New conferences can be submitted from the entry page.

http://inspirehep.net/conferences

7. Research Institutions

e INSPIRE Institutions: The database of more than 10,500
institutes, laboratories, and university departments in which
research on particle physics and astrophysics is performed covers
six continents and over a hundred countries. Included are address
and Web links where available as well as links to the papers
from each institution in the HEP database, to scientists listed
in HEPNames affiliated to this institution in the past or present
and to experiments performed at this institution. Searches can
be performed by name, acronym, location, etc. The site offers an
alphabetical list by country as well as a list of the top 500 HEP and
astrophysics institutions sorted by country.

http://inspirehep.net/institutions

8. People

e INSPIRE HEPNames: Searchable worldwide database of over
100,000 people associated with particle physics and related fields.
The affiliation history of these researchers, their e-mail addresses,
web pages, experiments they participated in, PhD advisor,
information on their graduate students and links to their papers in
the INSPIRE HEP, arXiv and ADS databases are provided as well
as a user interface to update these informations.

http://inspirehep.net/hepnames

9. Experiments

¢ INSPIRE Experiments: Contains more than 2,500 past, present,
and future experiments in particle physics. Lists both accelerator
and non-accelerator experiments. Includes official experiment name
and number, location, and collaboration lists. Simple searches by
participant, title, experiment number, institution, date approved,
accelerator, or detector, return a description of the experiment,
including a complete list of authors, title, overview of the
experiment’s goals and methods, and a link to the experiment’s web
page if available. Publication lists distinguish articles in refereed
journals, theses, technical or instrumentation papers and those
which rank among Topcite at 50 or more citations.

http://inspirehep.net/Experiments

Cosmic ray/Gamma ray/Neutrino and similar experiments:
This extensive collection of experimental Web sites is organized
by focus of study and also by location. Additional sections link to
educational materials, organizations, related Web sites, etc. The
site is maintained at the Max Planck Institute for Nuclear Physics,
Heidelberg.

http://www.mpi-hd.mpg.de/hfm/CosmicRay/
CosmicRaySites.html
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10. Jobs

11.

AAS Job Register: The American Astronomical Society publishes
once a month graduate, postgraduate, faculty and other positions
mainly in astronomy and astrophysics.
http://jobregister.aas.org/
APS Careers: A gateway for physicists, students, and physics
enthusiasts to information about physics jobs and careers. Physics
job listings, career advice, upcoming workshops and meetings, and
career and job related resources provided by the American Physical
Society.

http://wuw.aps.org/jobs/

brightrecruits.com: A recruitment service run by IOP Publishing
that connects employers from different industry sectors with
jobseekers who have a background in physics and engineering.

http://brightrecruits.com/

IOP Careers: Careers information and resources primarily aimed
at university students are provided by the UK Institute of Physics.

http://wuw.iop.org/careers/

INSPIRE HEPJobs: Lists academic and research jobs in high
energy physics, nuclear physics, accelerator physics and astrophysics
with the option to post a job or to receive email notices of new job
listings. More than 900 jobs are currently listed.

http://inspirehep.net/jobs

Physics Today Jobs: Online recruitment advertising website for
Physics Today magazine, published by the American Institute of
Physics. Physics Today Jobs is the managing partner of the AIP
Career Network, an online job board network for the physical

science, engineering, and computing disciplines. 8,000 resumes are
currently available, and more than 2,500 jobs were posted in 2012.

http://www.physicstoday.org/jobs

Software Repositories

Particle Physics

CERNLib: The CERN Program Library contains a large collection
of general purpose libraries and modules offered in both source code
and object code forms. It provides programs applicable to a wide
range of physics research problems such as general mathematics,
data analysis, detectors simulation, data-handling, etc. It also
includes links to commercial, free, and other software. Development
of this site has been discontinued.

http://wwwasd.web.cern.ch/wwwasd/index.html

FastJet: FastJet is a software package for jet finding in pp and
e+e- collisions. It includes fast native implementations of many
sequential recombination clustering algorithms, plugins for access to
a range of cone jet finders and tools for advanced jet manipulation.

http://fastjet.fr/

FermiTools: Fermilab’s software tools program provides a
repository of Fermilab- developed software packages of value
to the HEP community. Permits searching for packages by title or
subject category.

http://www.fnal.gov/fermitools/

FreeHEP: A collection of software and information about software
useful in high- energy physics and adjacent disciplines, focusing on
open-source software for data analysis and visualization. Searching
can be done by title, subject, date acquired, date updated, or by

browsing an alphabetical list of all packages.

http://wuw.freehep.org/

GenSer: The Generator Services project collaborates with Monte
Carlo (MC) generators authors and with LHC experiments in
order to prepare validated LCG compliant code for both the
theoretical and experimental communities at the LHC, sharing the
user support duties, providing assistance for the development of the
new object-oriented generators and guaranteeing the maintenance

of the older packages on the LCG supported platforms. The project
consists of the generators repository, validation, HepMC record and
MCDB event databases.

http://sftweb.cern.ch/generators/

Hepforge: A development environment for high-energy physics
software development projects, in particular housing many event-
generator related projects, that offers a ready-made, easy-to-use
set of Web based tools, including shell account with up to date
development tools, web page hosting, subversion and CVS code
management systems, mailing lists, bug tracker and wiki system.

http://www.hepforge.org/

QUDA: Library for performing calculations in lattice QCD
on GPUs using NVIDIA’s ”"C for CUDA” API. The current
release includes optimized solvers for Wilson, Clover-improved
Wilson, Twisted mass, Improved staggered (asqtad or HISQ) and
Domain wall fermion actions.

http://lattice.github.com/quda/

ROOT: This framework for data processing in high-energy physics,
born at CERN, offers applications to store, access, process, analyze
and represent data or perform simulations.

http://root.cern.ch/drupal

tmLQCD: This freely available software suite provides a set of
tools to be used in lattice QCD simulations, mainly a (P)HMC
implementation for Wilson and Wilson twisted mass fermions and
inverter for different versions of the Dirac operator.

https://github.com/etmc/tmLQCD

USQCD: The software suite enables lattice QCD computations
to be performed with high performance across a variety of
architectures. The page contains links to the project web pages of
the individual software modules, as well as to complete lattice QCD
application packages which use them.

http://usqcd. jlab.org/usqcd-software/

Astrophysics

IRAF: The Image Reduction and Analysis Facility is a general
purpose software system for the reduction and analysis of
astronomical data. IRAF is written and supported by the
IRAF programming group at the National Optical Astronomy
Observatories (NOAO) in Tucson, Arizona.

http://iraf.noao.edu/

Starlink: Starlink was a UK Project supporting astronomical data
processing. It was shut down in 2005 but its open-source software
continues to be developed at the Joint Astronomy Centre. The
software products are a collection of applications and libraries,
usually focused on a specific aspect of data reduction or analysis.

http://starlink.jach.hawaii.edu/starlink

Links to a large number of astronomy software archives are listed
at:

http://heasarc.nasa.gov/docs/heasarc/astro-update/

Apps

arXiv mobile: Android app for browsing and searching arXiv.org,
and for reading, saving and sharing articles.
https://play.google.com/store/apps/details?id=

com.commonsware.android.arXiv

arXiv scanner: Scans downloads folder for pdf files from arXiv.
Adds title, authors and summary and makes all this information
easily searchable from inside the application.

https://play.google.com/store/apps/details?id=

com.agio.arxiv.scaner

aNarXiv: arXiv viewer.

https://play.google.com/store/apps/details?id=
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com.nephoapp.anarxiv

e Scholarley: Android client for Mendeley. The helper arXiv feeder
intercepts pdf downloads from arXiv and sends the pdf link and all
metadata to Scholarley.

https://play.google.com/store/apps/details?id=
info.matthewwardrop.scholarley
https://play.google.com/store/apps/details?id=

info.matthewwardrop.scholarley.feeder.arxiv

Collider: This mobile app allows to see data from the ATLAS
experiment at the LHC.

http://collider.physics.ox.ac.uk/

LHSee: This smartphone app allows to see collisions from the
Large Hadron Collider.

http://www2.physics.ox.ac.uk/about-us/outreach/
public/lhsee

e The Particles: App for Apple iPad, Windows 8 and Microsoft
Surface. Allows to browse a wealth of real event images and videos,
read popular biographies of each of the particles and explore the A-Z
of particle physics with its details and definitions of key concepts,
laboratories and physicists. Developed by Science Photo Library in
partnership with Prof. Frank Close.

http://www.sciencephoto.com/apps/particles.html

12. Data repositories
Particle Physics

e HepData: The HepData Project, funded by the STFC(UK) and
based at the IPPP at Durham University, has for more than
30 years compiled a Reaction Data database, comprising total
and differential cross sections, structure functions, fragmentation
functions, distributions of jet measures, polarisations, etc from a
wide range of particle physics scattering experiments worldwide.
It is regularly updated to include the latest data including that
from the LHC. HepData and the data therein can also be accessed
through Inspire. HepData also provides a series of on-line data
reviews on a wide variety of topics with links to the data in
the Reaction Database. In addition, HepData hosts a Parton
Distribution Function server with an on-line PDF calculator and
plotter.

http://hepdata.cedar.ac.uk/

ILDG: The International Lattice Data Grid is an international
organization which provides standards, services, methods and tools
that facilitates the sharing and interchange of lattice QCD gauge
configurations among scientific collaborations, by uniting their
regional data grids. It offers semantic access with local tools to
worldwide distributed data.

http://wuw.usqcd.org/ildg/

e MCDB - Monte Carlo Database: This central database of
MC events aims to facilitate communication between Monte-Carlo
experts and users of event samples in LHC collaborations. Having
these events stored in a public place along with the corresponding
documentation allows for direct cross checks of the performances on
reference samples.

http://mcdb.cern.ch/

¢ MCPLOTS: mcplots is a repository of Monte Carlo plots
comparing High Energy Physics event generators to a wide variety
of available experimental data. The site is supported by the LHC
Physics Centre at CERN.

http://mcplots.cern.ch/

Astrophysics

e NASA’s HEASARC: The High Energy Astrophysics Science
Archive Research Center (HEASARC) is the primary archive
for NASA’s (and other space agencies’) missions dealing with

electromagnetic radiation from extremely energetic phenomena
ranging from black holes to the Big Bang.

http://heasarc.gsfc.nasa.gov/

e LAMBDA @ HEASARC: This data center for Cosmic Microwave
Background research, a merger of the High Energy Astrophysics
Science Archive Research Center (HEASARC) and the Legacy
Archive for Microwave Background Data Analysis (LAMBDA),
provides archive data from NASA missions, software tools, and links
to other sites of interest.

http://lambda.gsfc.nasa.gov/

e The NASA archives provide access to raw and processed datasets
from numerous NASA missions.

Hubble telescope, other missions (UV, optical):
http://archive.stsci.edu/

Spitzer telescope, other missions (Infrared):
http://irsa.ipac.caltech.edu/

Chandra, Fermi telescopes, other missions:

http://heasarc.gsfc.nasa.gov/

NASA/IPAC Extragalactic Database (NED): An astronom-
ical database that collates and cross-correlates information on
extragalactic objects. It contains their positions, basic data, and
names as well as bibliographic references to published papers, and
notes from catalogs and other publications. NED supports searches
for objects and references, and offers browsing capabilities for
abstracts of articles of extragalactic interest.

http://ned.ipac.caltech.edu/

e SIMBAD: The SIMBAD astronomical database provides basic
data, cross-identifications, bibliography and measurements for
astronomical objects outside the solar system. It can be queried by
object name, coordinates and various criteria. Lists of objects and
scripts can be submitted.

http://simbad.u-strasbg.fr/simbad/

e Virtual Observatory: The Virtual Observatory provides a suite
of resources to query for original data from a large number of
archives. Two main tools are provided. One runs queries across
multiple databases (such as the SDSS database) and combines the
results. The other queries hundreds of archives for all datasets that
fall on a particular piece of sky.

http://www.us-vo.org/

General Physics

e NIST Physical Measurement Laboratory: The National
Institute of Standards and Technology provides access to physical
reference data (physical constants, atomic spectroscopy data, x-ray
and gamma-ray data, radiation dosimetry data, nuclear physics data
and more) and measurements and calibrations data (dimensional
measurements, electromagnetic measurements). The site points
to a general interest page, linking to exhibits of the Physical
Measurement Laboratory in the NIST Virtual Museum.

http://physics.nist.gov/

Springer Materials - The Landolt-Boérnstein Database:
Landolt-Bornstein is a high-quality data collection in all areas of
physical sciences and engineering, among others particle physics,
electronic structure and transport, magnetism, superconductivity.
International experts scan the primary literature in more than
8,000 peer-reviewed journals and evaluate and select the most valid
information to be included in the database. It includes more than
100,000 online documents, 1,2 million references, and covers 250,000
chemical substances. The search functionality is freely accessible
and the search results are displayed in their context, whereas the
full text is secured to subscribers.

http://www.springermaterials.com/




22 Online particle physics information

13. Data preservation
Particle Physics

e DPHEP: The efforts to define and coordinate Data Preservation
and Long Term Analysis in HEP are coordinated by a study group
formed to investigate the issues associated with these activities.
The group, DPHEP, was initiated during 2008-2009 and includes all
HEP major experiments and labs.

Details of the organizational structure, the objectives, workshops
and publications can be found on the website.

The group is endorsed by the International Committee for Future
Accelerators (ICFA).

The experiments at colliders: BaBar, Belle, BES-III, Cleo, CDF,
D0, H1 and ZEUS and the associated computing centres at
SLAC (USA), KEK (Japan), IHEP (China), Jlab (USA), BNL
(USA), Fermilab (USA), DESY (Germany), and CERN are all
represented in the group. The LHC collabaorations have also
joined the initiative in 2011. The participating experiments are in
various stages of studying, preparing, or operating long-term data
preservation and analysis systems. Technological methods, such as
virtualization, and information management tools such as INSPIRE
are also helpful in this area of research. Data access policies and
outreach in HEP using real data are among the investigative areas
of the DPHEP Study Group.

http://dphep.org

Astrophysics

More formal and advanced data preservation activity is ongoing in the
field of Experimental Astrophysics, including;:

e SDSS
http://sdss.org
o Fermi
http://fermi.gsfc.nasa.gov/ssc/data
e IVOA
http://www.ivoa.net/

14. Particle Physics Education and Outreach Sites
Science Educators’ Networks:

e IPPOG: The International Particle Physics Outreach Group is a
network of particle physicists, researchers, informal science educators
and science explainers aiming to raise awareness, understanding and
standards of global outreach efforts in particle physics and general
science by providing discussion forums and regular information
exchange for science institutions, proposing and implementing
strategies to share lessons learned and best practices and promoting
current outreach efforts of network members.

http://ippog.web.cern.ch/ippog/

e Interactions.org: Designed to serve as a central resource for
communicators of particle physics. The daily updated site provides
links to current particle physics news from the world’s press, high-
resolution photos and graphics from the particle physics laboratories
of the world; links to education and outreach programs; information
about science policy and funding; links to universities; a glossary; a
conference calendar; and links to many educational sites.

http://www.interactions.org

e I2U2: Interactions in Understanding the Universe is an educational
virtual organization strengthening the education and outreach
activities of scientific experiments at US universities and laboratories
by providing an infrastructure for hands-on laboratory courses.

http://wuw.i2u2.org

Master Classes

e CMS physics masterclass: Lectures from active scientists give
insight into methods of basic research, enabling the students to
perform measurements on real data from the CMS experiment

at the LHC. Like in an international research collaboration,
the participants then discuss their results and compare with
expectations.

http://cms.web.cern.ch/content/cms-physics-masterclass

International Masterclasses: Each year about 6000 high school
students in 28 countries come to one of about 130 nearby universities
or research centres for one day in order to unravel the mysteries of
particle physics. Lectures from active scientists give insight in topics
and methods of basic research at the fundaments of matter and
forces, enabling the students to perform measurements on real data
from particle physics experiments themselves. At the end of each
day, like in an international research collaboration, the participants
join in a video conference for discussion and combination of their
results.

http://physicsmasterclasses.org/

¢ MINERVA: MINERVA (Masterclass INvolving Event recognition
visualised with Atlantis) is a masterclass tool for students to learn
more about the ATLAS experiment at CERN, based on a simplified
setup of the ATLAS event display, Atlantis.

http://atlas-minerva.web.cern.ch/atlas-minerva/

General Sites

e Contemporary Physics Education Project (CPEP): Provides
charts, brochures, Web links, and classroom activities. Online
interactive courses include: Fundamental Particles and Interactions;
Plasma Physics and Fusion; History and Fate of the Universe; and
Nuclear Science.

http://www.cpepweb.org/

Particle Physics Lessons & Activities

e Angels and Demons: With the aim of looking at the myth versus
the reality of science at CERN this site offers teacher resources,
slide shows and videos of talks given to teachers visiting CERN.

http://angelsanddemons.web.cern.ch/

e Big Bang: An exhibition of the UK Science Museum with an
interactive game about the hunt for the Higgs.

http://www.sciencemuseunm.org.uk/antenna/bigbang/

e Big Bang Science: Exploring the origins of matter: This Web
site, produced by the Particle Physics and Astronomy Research
Council of the UK (PPARC), explains what physicists are looking
for with their giant instruments. Big Bang Science focuses on CERN
particle detectors and on United Kingdom scientists’ contribution
to the search for the fundamental building blocks of matter.

http://hepwww.rl.ac.uk/pub/bigbang/parti.html

e CAMELIA: CAMELIA (Cross-platform Atlas Multimedia Edu-
cational Lab for Interactive Analysis) is a discovery tool for the
general public, based on computer gaming technology.

http://www.atlas.ch/camelia.html

CERNIland: With a range of games, multimedia applications and
films CERNland is the virtual theme park developed to bring the
excitement of CERN’s research to a young audience aged between 7
and 12. CERNland is designed to show children what is being done
at CERN and inspire them with some physics at the same time.

http://wuw.cernland.net/

CollidingParticles: A series of films following a team of physicists
involved in research at the LHC.

http://www.collidingparticles.com/

e Hands-On Universe: This educational program enables students
to investigate the Universe while applying tools and cocncepts from
science, math and technology.

http://handsonuniverse.org/

e HYPATIA: HYPATIA (Hybrid Pupil’s Analysis Tool for Inter-
actions in Atlas) is a tool for high school students to inspect the
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graphic visualizaton of products of particle collisions in the ATLAS

detector at CERN.
http://hypatia.phys.uoa.gr/

e Lancaster Particle Physics: This site, suitable for 16+ students,
offers a number of simulations and explanations of particle physics,

including a section on the LHC.
http://www.lppp.lancs.ac.uk/

¢ LHC @ home: Platform for volunteers to help physicists develop
and exploit particle accelerators like CERN’s Large Hadron
Collider, and to compare theory with experiment in the search for
new fundamental particles.

http://lhcathome.web.cern.ch/LHCathome/

The LHC @ home 2.0 project Test4Theory allows users to participate

in running simulations of high-energy particle physics using their

home computers. The results are submitted to a database which is

used as a common resource by both experimental and theoretical
scientists working on the Large Hadron Collider at CERN.

http://boinc0l.cern.ch/about-test4theory

SIXTRACK is a LHC @ home research project that allows users
with Internet-connected computers to participate in advancing
Accelerator Physics.

http://lhcathomeclassic.cern.ch/sixtrack/

Particle Adventure: One of the most popular Web sites for
learning the fundamentals of matter and force. An award-winning
interactive tour of quarks, neutrinos, antimatter, extra dimensions,
dark matter, accelerators and particle detectors from the Particle
Data Group of Lawrence Berkeley National Laboratory. Simple
elegant graphics and translations into 15 languages.

http://particleadventure.org/

e Particle Detectives: This website, maintained by the Science
and Technology Facilities Council (STFC), is for inquisitive 14-19
year olds, their teachers and for researchers who want to find out
and talk about the world’s biggest scientific adventure, the Large
Hadron Collider, featuring e.g. an LHC experiment simulator.

http://www.lhc.ac.uk/ThetParticle+Detectives/15273.aspx

e Quarked! - Adventures in the Subatomic Universe: This
project, targeted to kids aged 7-12 (and their families), brings

subatomic physics to life through a multimedia project including an

interactive website, a facilitated program for museums and schools,
and an educational outreach program.

http://www.quarked.org/

e QuarkNet: Brings the excitement of particle physics research to
high school teachers and their students. Teachers join research
groups at about 50 universities and labs across the country. These
research groups are part of particle physics experiments at CERN
or Fermilab. About 100,000 students from 500+ US high schools
learn fundamental physics as they participate in inquiry-oriented

investigations and analyze real data online. QuarkNet is supported
in part by the National Science Foundation and the U.S. Department

of Energy.
https://quarknet.i2u2.org/

o Rewarding Learning videos about CERN: The three videos

based on interviews with scientists and engineers at CERN introduce

pupils to CERN and the type of research and work undertaken
there and are accompanied by teachers’ notes.

http://wuw.nicurriculum.org.uk/STEMWorks/
resources/cern/index.asp

Lab Education Offices

e Brookhaven National Laboratory (BNL) Educational
Programs: The Office of Educational Programs mission is to
design, develop, implement, and facilitate workforce development
and education initiatives that support the scientific mission at
Brookhaven National Laboratory and the Department of Energy.

http://www.bnl.gov/education/

CERN: The CERN education website offers informations about
teacher programmes and educational resources for schools.

http://education.web.cern.ch/education/

DESY: Offers courses for pupils and teachers as well as information
for the general public, mostly in German.

http://www.desy.de/information_services/education/

FermiLab Education Office: Provides education resources and
information about activities for educators, physicists, students and
visitors to the Lab. In addition to information on 25 programs,
the site provides online data-based investigations for high school
students, online versions of exhibits in the Lederman Science Center,
links to particle physics discovery resources, web-based instructional
resources, what works for education and outreach, and links to the
Lederman Science Center and the Teacher Resource Center.

http://ed.fnal.gov/

LBL Education: Berkeley Lab’s Center for Science & Engineering
Education (CSEE) carries out the Department of Energys education
mission to train the next generation of scientists, as well as helping
them to gain an understanding of the relationships among frontier
science, technology, and society.

http://www.1lbl.gov/education/
Exploring SLAC Science: This Stanford Linear Accelerator

Center Web site explains physics concepts related to experiments
conducted at SLAC.

http://www6.slac.stanford.edu/ExploringSLACScience.aspx

Educational Programs of Experiments

ATLAS Discovery Quest: One of several access points to
ATLAS education and outreach pages. This page gives access to
explanations of physical concepts, blogs, ATLAS facts, news, and
information for students and teachers.
http://www.atlas.ch/physics.html

ATLAS eTours: Give a description of the Large Hadron Collider,
explain how the ATLAS detector at the LHC works and give an
overview over the experiments and their physics goals.

http://www.atlas.ch/etours.html

CMS Education: Provides access to educational resources (Story
of the Universe, The Size of Things, What is a Particle), and to
multimedia material, such as interviews, movies and photos.

http://cms.web.cern.ch/tags/education

Education and Outreach @ IceCube: Educational pages of the
IceCube (South Pole Neutrino Detector).

http://icecube.wisc.edu/outreach

LIGO Science Education Center: The LIGO (Laser Interfer-
ometer Gravitational-wave Observatory) Science Education Center
has over 40 interactive, hands-on exhibits that relate to the science
of LIGO. The site hosts field trips for students, teacher training
programs, and tours for the general public. Visitors can explore
science concepts such as light, gravity, waves, and interference; learn
about LIGO’s search for gravitational waves; and interact with
scientists and engineers.

http://www.ligo-la.caltech.edu/SEC.html

Pierre Auger Observatory’s Educational Pages: The site
offers information about cosmic rays and their detection, and
provides material for students and teachers.

http://www.auger.org/cosmic rays/

News

asimmetrie: bimonthly magazine about particle physics published
by INFN, the Istituto Nazionale di Fisica Nucleare

http://vwww.asimmetrie.it/
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¢ CERN Courier:

http://cerncourier.com/cws/latest/cern

e DESY inForm:
http://wuw.desy.de/aktuelles/desy_inform

e Fermilab Today:
http://wuw.fnal.gov/pub/today/

o LC Newsline:
http://newsline.linearcollider.org/

twitter: QILCnewsline

¢ TIOP News:
http://wuw.iop.org/news/
o JINR News:

http://wwwl.jinr.ru/News/Jinrnews_index.html

e News at Interactions.org: The InterActions site provides news
and press releases on particle physics.
http://www.interactions.org/cms/7pid=1000680

twitter: @particlenews

e physics.org news: This IOP news site presents physics stories
from around the world wide web.
http://www.physics.org/news.asp

e SLAC Signals: This email newsletter reports about cutting-edge
science, major SLAC milestones and other lab information. It has
replaced SLAC Today in November 2013. Its signup page can be
found at

http://eepurl.com/IqP1l1
e symmetry: This magazine about particle physics and its connec-
tions to other aspects of life and science, from interdisciplinary

collaborations to policy to culture is published 6 times per year by
Fermilab and SLAC.

http://wuw.symmetrymagazine.org/

twitter: O@symmetrymag

Art in Physics
e Arts@QCERN: A 3-year artists residency programme in Digital
Arts and Dance/ Performance.
http://arts.web.cern.ch/collide/

e Superposition: This artist-in-residence programme from the
Institute of Physics invites visual artists and physicists to
collaboratively explore and contribute to contemporary art.

http://www.physics.org/superposition

Blogs
This is a very incomplete collection of particle physics related blogs:

o ATLAS blog:
http://www.atlas.ch/blog

Physics arXiv blog: Technology Review blog on new ideas at
arXiv.org.

http://www.technologyreview.com/blog/arxiv/

Life and Physics: Jon Butterworth’s blog in the Guardian.

http://www.guardian.co.uk/science/life-and-physics

e Not Even Wrong: Peter Woit’s blog on topics in physics and
mathematics.

http://www.math.columbia.edu/~woit/wordpress/

e Of Particular Significance: Conversations about science, with a
current focus on particle physics, with theoretical physicist Matt
Strassler.

http://profmattstrassler.com/

e Preposterous Universe: Theoretical physicist Sean Carroll’s
blog.

http://www.preposterousuniverse.com/

Quantum diaries: Thoughts on work and life from particle
physicists from around the world.

http://www.quantumdiaries.org/

The US LHC blog gives a vivid account of the daily activity of US
LHC researchers.

http://www.quantumdiaries.org/lab-81/

Science blogs: Launched in January 2006, ScienceBlogs features
bloggers from a wide array of scientific disciplines, including physics.

ttp://scienceblogs.com/channe sical-science
http://sci blog /ch 1/physical-sci /

More extensive lists of active blogs and tweets can be found on
INSPIRE:

e Scientist blogs:
http://tinyurl.com/nmku27s

e Scientists with twitter accounts:
http://tinyurl.com/nrgbk63

e Experiments with twitter accounts:
http://tinyurl.com/q86kma8

e Institutions with twitter accounts:

http://tinyurl.com/mzcm3nw
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GAUGE AND HIGGS BOSONS
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Scale factor/ p
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cc (12.03 £0.21 )% - AP Pseudoscalar Higgs Boson in Supersymmetric Models 7]
bb (15.12 £0.05 )% - M oo
bbb (36 +13 )x10-4 _ ass m> 93.4 GeV, CL =95% tan§ >0.4
gg8g < 11 % CL=95% -
70y < 52 x 1075 CL=95% 45594
0y < 51 ©10-5 CL—95% 45592 Charged Higgs Bosons (H* and H**), Searches for
wry < 65 x 1074 CL=95% 45590
17 (958)y < 42 %1075 CL=05% 45589 H* Mass m > 80 GeV, CL = 95%
vy < 5.2 x107% CL=95% 45594
Yy < 1.0 x1075 CL=95% 45594 New Heavy Bosons
xt wF < 7 x1075 CL=95% 10162 i
pEWF 1< 83 x107% CL=95% 10136 (W', Z', leptoquarks, etc.),
J/HaS)X (3s1 H02 )x10-3 soa - Searches for
P(25)X 160 +£0.29 )x1073 - .
x£1 (l)P)X E oo ;X -3 B Additional W Bosons
Ye2(1P)X < 32 %« 10-3 CL=90% - W’ with standard couplings
T(1S) X +T(2S) X (1.0 +05 )x10—4 - Mass m > 2.900 x 103 GeV, CL = 95% (pp direct search)
+7T(35) X Wr (Right-handed W Boson)
T(@1S)X < 44 x 1075 CL=95% - Mass m > 715 GeV, CL =90% (electroweak fit)
T(2S)X < 139 x 1074 CL=95% - .
TE3S§X < o4 105 CL_g5% _ Addutl/onal Z Bosons .
(D /D% X (207 +20 )% - Z g\ With standard couplings
DEX (122 +17 )% - Mass m > 2.590 x 103 GeV, CL = 95% (pp direct search)
D*(2010)= X M (114 +13 )% - Mass m > 1.500 x 103 GeV, CL = 95% (electroweak fit)
Ds1(2536)* X (36 +08 )x10-3 - Z1g of SU(2) xSU(2)pxU(1) (with g, = gr)
D, ;(2573)¥X (58 422 )x1073 - Mass m > 630 GeV, CL = 95% (pp direct search)
D*/(2629) X searched for - Mass m > 1162 GeV, CL = 95%  (electroweak fit)
B:X Ul (608 +013 )% - Z, of SO(10) — SU(5)xU(1), (with g, =e/cosdyy)
BsX 01 (159 013 )% - Mass m > 1.970 x 103 GeV, CL = 95%  (pp direct search)
BSX searched for - Mass m > 1.141 x 103 GeV, CL = 95% (electroweak fit)
/gx (154 +033 )% - Z, of Es — SO(10)xU(1), (with gy=e/cosbyy)
=X seen - Mass m > 2.260 x 103 GeV, CL = 95% (pp direct search)
ZpX seen - Mass m > 476 GeV, CL = 95% (electroweak fit)
b-baryon X Ul (138 £022 )% s - Z, of Eg — SU(3)xSU(2)xU(1)xU(1),, (with g,=e/cosfy)
an+om_alous 7+ hadrons [k < 32 x 10:4 CL=95% - Mass m > 1.870 x 103 GeV, CL = 95%  (pp direct search)
€t [ < 52 * 10_4 CL=95% 45594 Mass m > 619 GeV, CL = 95% (electroweak fit)
wrpTy [k] < 56 x10~4 CL=95% 45594
Ty kK] < 7.3 x 104 CL=95% 45559 Scalar Leptoquarks
ey < 68 x 1076 CL=95% - Mass m > 830 GeV, CL = 95% (1st generation, pair prod.)
a9y < 55 x 10*2 CL=95% - Mass m > 304 GeV, CL = 95% (1st gener., single prod.)
”i””’:lr < 31 X 10:6 CL:QF’:" 45594 Mass m > 840 GeV, CL = 95% (2nd gener., pair prod.)
ei;; LtF i< 1t x 1076 CL:%f 45594 Mass m > 73 GeV, CL = 95% (2nd gener., single prod.)
eiT; LF [',] < 98 * 10_5 CL=95% 45576 Mass m > 525 GeV, CL = 95% (3rd gener., pair prod.)
uET LF  [i]< 12 x107> CL=95% 45576 . - :
pe LB < 18 ©10-6 CL=95% 45589 (See the Particle Llstlngs for as_sumptlons on leptoquark quan-
P LB < 18 %10~6 CL—05% 45589 tum numbers and branching fractions.)
Diquarks
J=0 Mass m > 3.750 x 10% GeV, CL = 95%
Axigluon
Mass m = 125.7 & 0.4 GeV Mass m > 3.360 x 103 GeV, CL = 95%
HO Signal Strengths in Different Channels
Combined FinaJIrEtzzites =117+£017 (S=1.2) Axions (AO) and Other
WW?" = 087205 Very Light Bosons, Searches for
zzr=111103% (S=13)
vy = 1.58f8:§§ The standard Peccei-Quinn axion is ruled out. Variants with reduced
bb=11+05 couplings or much smaller masses are constrained by various data.
Tt =044+06 The Particle Listings in the full Review contain a Note discussing
Zy < 95, CL = 95% axion searches.

The best limit for the half-life of neutrinoless double beta decay with
Majoron emission is > 7.2 x 10%* years (CL = 90%).
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NOTES

In this Summary Table:

When a quantity has “(S = ...)"” to its right, the error on the quantity has
been enlarged by the “scale factor” S, defined as S = /x2/(N — 1), where
N is the number of measurements used in calculating the quantity. We do
this when S > 1, which often indicates that the measurements are inconsis-
tent. When S > 1.25, we also show in the Particle Listings an ideogram of
the measurements. For more about S, see the Introduction.

A decay momentum p is given for each decay mode. For a 2-body decay, p
is the momentum of each decay product in the rest frame of the decaying
particle. For a 3-or-more-body decay, p is the largest momentum any of the
products can have in this frame.

[a] Theoretical value. A mass as large as a few MeV may not be precluded.

[b] ¢ indicates each type of lepton (e, p, and 7), not sum over them.

[c] This represents the width for the decay of the W boson into a charged

particle with momentum below detectability, p< 200 MeV.

[d] The Z-boson mass listed here corresponds to a Breit-Wigner resonance
parameter. It lies approximately 34 MeV above the real part of the posi-
tion of the pole (in the energy-squared plane) in the Z-boson propagator.

[e] This partial width takes into account Z decays into v¥ and any other
possible undetected modes.

[f] This ratio has not been corrected for the 7 mass.

[g] Here A = 2gyga/(g3+83)-

[h] Here ¢ indicates e or p.

[i] The value is for the sum of the charge states or particle/antiparticle
states indicated.

[i] This value is updated using the product of (i) the Z — bb
fraction from this listing and (ii) the b-hadron fraction in an
unbiased sample of weakly decaying b-hadrons produced in Z-
decays provided by the Heavy Flavor Averaging Group (HFAG,
http://www.slac.stanford.edu/xorg/hfag/osc/PDG_2009/#FRACZ).

[K] See the Z Particle Listings for the  energy range used in this measure-
ment.

[/] For my, = (60 £ 5) GeV.

[n] The limits assume no invisible decays.
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LEPTONS

[e] s=}
Mass m = (548.57990946 -+ 0.00000022) x 10~°
Mass m = 0.510998928 =+ 0.000000011 MeV
|mes — mg_|/m< 8x1072, CL=90%
|Ges + q.-|/e < 4x1078
Magnetic moment anomaly
(g—2)/2 = (1159.65218076 = 0.00000027) x 10~
(8e+ — 8¢-) / Baverage = (—0.5 +2.1) x 10712
Electric dipole moment d < 10.5 x 10728 ecm, CL = 90%
Mean life 7 > 4.6 x 1026 yr, CL = 90% [2]

Mass m = 0.1134289267 4+ 0.0000000029 u
Mass m = 105.6583715 £ 0.0000035 MeV
Mean life 7 = (2.1969811 + 0.0000022) x 10765
7 /7, = 1.00002 % 0.00008
¢ = 658.6384 m
Magnetic moment anomaly (g—2)/2 = (11659209 + 6) x 1010
(glﬁ - gu—) / Baverage = (—0.11 £ 0.12) x 1078
Electric dipole moment d = (—0.1 4 0.9) x 1071% ecm

Decay parameters (]
p = 0.74979 + 0.00026
n = 0.057 + 0.034
6 = 0.75047 + 0.00034
&P, = 1.0009F 90508 [
€P,8/p = 10018739538 []
€ =1.00+ 0.04
&' =07+04
a/A=(0+4)x103
o /A = (=10 + 20) x 1073
B/A = (4 +6) x 1073
B/A=(2+7)x1073
7 =0.02 £ 0.08

;ﬁ' modes are charge conjugates of the modes below.

p
p~ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
e ey, ~ 100% 53
e Ve [d] (1.4+0.4) % 53
e vev ete le] (3.44+0.4) x 105 53
Lepton Family number (LF) violating modes
e VT, LF [l <12 % 90% 53
ey LF <57 x 10713 90% 53
e ete” LF <10 x 10712 90% 53
e 2y LF <72 x 1011 90% 53

Mass m = 1776.82 + 0.16 MeV
(m_+ — m__)/Maverage < 2.8 x 1074, CL = 90%
Mean life 7 = (290.3 + 0.5) x 10715 s
cr = 87.03 um
Magnetic moment anomaly > —0.052 and < 0.013, CL = 95%
Re(d,) = —0.220 to 0.45 x 10716 ecm, CL = 95%
Im(d,) = —0.250 to 0.0080 x 1016 ecm, CL = 95%

Weak dipole moment
Re(d¥) < 0.50 x 10717 ecm, CL = 95%
Im(d?) < 1.1x 107 ecm, CL = 95%

Weak anomalous magnetic dipole moment
Re(a¥) < 1.1x 1073, CL = 95%
|m(a$) < 27 x 10—3, CL = 95%
7+ — 7FK%v, (RATE DIFFERENCE) / (RATE SUM) =
(—0.36 & 0.25)%

Decay parameters

See the 7 Particle Listings for a note concerning 7-decay parameters.

p(e or ) = 0.745 + 0.008
p(e) = 0.747 £ 0.010
p(p) = 0.763 =+ 0.020
&(e or 1) = 0.985 + 0.030
£(e) = 0.994 + 0.040
€(u) = 1.030 % 0.059
n(e or p) = 0.013 £ 0.020
n(u) = 0.094 £ 0.073
(6¢)(e or p) = 0.746 + 0.021
(6€)(e) = 0.734 + 0.028
(8€) (1) = 0.778 £ 0.037

&(m) = 0.993 £ 0.022
£(p) = 0.994 + 0.008
£(a) = 1.001 + 0.027
£(all hadronic modes) = 0.995 + 0.007

7T modes are charge conjugates of the modes below. “hE" stands for
or K. “¢" stands for e or . “Neutrals” stands for 4's and/or 7"’s.

Scale factor/ p

7~ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Modes with one charged particle
particle~ > 0 neutrals > 0K%,. (85.35 +0.07 ) % S=1.3 -
(“1-prong”)
particle™ > 0 neutrals > OK(zuT (84.71 +£0.08 ) % S=1.3 -
W Ty lg] (17.41 £0.04 )% s=1.1 885
W Tuvry le] (36 +04 )x1073 885
e Tev, lg] (17.83 +0.04 )% 888
e Tev,y le] (175 £0.18 )% 888
h= > 0KY v, (12.06 +0.06 ) % s=1.2 883
h~ v, (1153 +0.06 ) % s=1.2 883
T, lg] (1083 +0.06 )% s=1.2 883
K~ v, lg] (7.00 £0.10 )x 1073  s=1.1 820
h™ > 1 neutralsv, (37.10 +£0.10 ) % S=1.2 -
h= > 17%, (ex. K9) (36.58 +0.10 ) % s=1.2 -
h= 7%, (25.95 +0.09 ) % s=11 878
a v, lg] (2552 £0.09 ) % s=1.1 878
7~ 70 non-p(770) v, (30 +32 )x1073 878
K=n0u, lg] (429 +£0.15 ) x 1073 814
h~ > 2%, (10.87 £0.11 ) % s=1.2 -
h=2n0u, (952 £0.11 )% s=1.1 862
h= 270 (ex.K?) (1936 +£0.11 ) % s=1.2 862
7210, (ex. K%  [g] (930 +£0.11 )% s=1.2 862
7210, (ex.K?), <9 x 1073 CL=95% 862
scalar
7 2n0v, (ex.KO9), <7 x 1073 CL=95% 862
vector
K210, (ex.K®)  [g] (65 +23 )x10~4 796
h= > 370, (135 £0.07 )% S=1.1 -
h= > 370, (ex. KO) (1.26 +0.07 ) % s=1.1 -
h=3n%, (1.19 £0.07 )% 836
7 3n0u, (ex.KO)  [g] (1.05 £0.07 )% 836
K=3m%, (ex.K®,  [g] (48 +22 )x1074 765
n)
h=47%, (ex.KO) (16 +04 )x1073 800
h=4r%, (ex.KOn) le] (11 +04 )x1073 800
K= >0x0 >0KO >0y v, ( 1.572+0.033) % s=1.1 820
K= >1(x%or KO or 7) v, (872 £0.32 )x 1073  s=1.1 -
Modes with K9's
K% (part|cles) v, (92 404 )x103 =15 -
h=KOu, (1.00 +£0.05 ) % S=1.8 812
7 KO, lg] (84 +04 )x1073 s=21 812
7 K° (54 +21 )x10~4 812
(non-K*(892) ") v,
K= KO, le] (159 +£0.16 ) x10~3 737
K= K% > 00w, (318 £0.23 ) x 1073 737
h~KOn%u._ (56 +04 )x1073 794
7 KOnlu, lg] (40 +04 )x1073 794
Kp v, (22 +05 )x10~3 612
K= K70y, lg] (159 +£0.20 )x 1073 685
7 KO > 12%, (32 +1.0 )x10-3 -
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7= KOO0y, (26 +£24 )x10~4 763 K= 2 2ntu, < 24 x 1076 CL=90% 715
K=K%7070u, < 16 x 1074 CL=95% 619 K*t3r—rtu, < 50 x 1076 CL=90% 715
7~ KOKOu, (17 404 )x1073 s=1.8 682 KtK-2r~7tu, < 45 x 1077 CL=90% 528
= KIKS v, le] (231 £017 )x10~4  S=1.9 682 3h=2ht 700 (ex.KO) le] (178 027 )x10~4 746
 KIKYw, le] (12 +04 )x10-3 s=1.3 682 327t 700, (ex.KO) (1.65 £0.10 ) x 10~4 746
7 KOKOZ0 (31 +23 )x1074 614 3nm2n T 70w, (ex.KO, 1, (111 010 ) x 1074 -
7= KK 70w, (1.60 £0.30 ) x 10—4 614 ﬁ(13_853) o s
e KoS K[L)WOVT (31 +12 )x107% 614 3r 2t 7 v, (ex.KY, 7, (36 +09 )x10~ -
K=KYKSv, < 63 %107 CL=90% 466 K*QQJ’ §(212f5)o) e ,
K=K KO0, < 40 x 1077 CL=90% 337 P <19 1077 CL=s0% 657
KOh*T h=h~ > 0 neutrals v < 17 x 1073 CL=95% 760 Ko 3m iy <8 X107 CL=90% o7
0t e o 4 ' 0" 3h=2h* 270, < 34 x1076 CL=90% 687
K hT™h™h~ v, (23 +£20 )x10 760
i . Miscellaneous other allowed modes
Modes with three charged particles (57)"v (76 05 )x10-3 800
. A B - : .
h=h=h* >0 neutrals > 0K%v, (1520 +0.08 ) % s=13 861 ah=3h" > 0 neutrals v, < 30 10— CL—90% 682
h=h=h* >0 neutrals v, (1457 +0.07 ) % s=1.3 861 (“7-prong”)
0 —
(ex. Kg — 7ta) 4h=3htu, < 43 x10~7 CL=90% 682
( 3'Fj_r°ng ) 4h=3ht 70y, < 25 x10~7 CL=90% 612
h=h=hTv, . (19.80 £0.07 )% S=1.2 861 X~ (S=—1)v, (2.87 +£0.07 )% S=1.3 -
h=h™ h* v (ex.K?) (1946 £0.06 ) % S=1.2 861 K*(892)~ > 0 neutrals > (142 £0.18 ) % S=14 665
h=h= ht v, (ex.KOw) (9.42 +0.06 ) % s=1.2 861 0K,
-t _
TomoT v o (1931 £0.06 ) % s=12 86l K*(892) v, (120 £0.07 ) % S=18 665
_ _ . B _
™ w+7r uT(ex.Ko) (19.02 £0.06 )% S=1.1 861 K*(892) v, — 7 KOu, (79 405 )x10-3 _
—_ _ 0, — 0,
T _uTl(ex.K ) < 24 % CL=95% 861 K*(892)° K~ > 0 neutrals v, (32 +14 )x1073 542
non-axial vector K*(892)0 K— 21 4 10-3 42
v (ex.KOw) [g] (8.99 £0.06 )% S=1.1 861 k(9 )_ vr ( +04 ) x 07 5
4 K*(892)° 7~ > 0 neutrals v (38 +1.7 )x1073 655
h=h~ ht > 1 neutrals v, (539 +£0.07 )% S=12 - K*(892)° = T 25 405 10-3 655
—_ = V. .. .
h=h=ht > 17%, (ex. KO) (5.09 +0.06 ) % s=1.2 - — T Vr ( ) x 3
o F0 o B (K*(892)7) v, — (1.0 +04 )x10 -
h=h=hTn v, (1476 +£0.06 ) % S=1.2 834 KO0,
h=h= hta0u (ex.KO) (457 +£0.06 )% s=12 834 oo 3
b= b= b+ 0 0 o B K1(1270) " v, (47 +£11 )x10 433
v (ex. KY, w) (2,79 £0.08 )% S=1.2 834 _ _3
. 0 o B K1(1400)" v (1.7 +£26 )x10 S=1.7 335
IS SR R g V8 (4.62 +£0.06 )% S=1.2 834 14
* — . _
aata” 70u, (ex.KO) (4.48 £0.06 ) % s=1.2 834 K*(1410)" v, (15 *ig )xw073 326
- ata a0y, (gx KOw)  [g] (270 £0.08 )% s=1.2 834 K3(1430)" v, <5 x 1074 CL=95% 317
h~ h;h+ > 21 vy (ex (521 +0.32 ) x 1073 - K3(1430) v, < 3 x 1073 CL=95% 316
K . L Nt v, < 99 x 1075 CL=95% 797
h™h~ h+27r0 vr . (5.08 £0.32 ) x 10 : 797 w0y, el (139 4010 )x10-3 s-14 778
h=h™h 27r0u7(ex.K0) (1498 £0.32 ) x 10~ 797 nr 70700, (1.81 +£0.31 )x 104 746
h=h~ h+27r0u7(ex.K wn) [l (1.0 +04 )x1073 797 nK= v, lg] (152 £0.08 ) x 10— 719
h=h= ht379%, [g] (23 £06 )x1074 s=12 749 nK*(892)" v, (138 £0.15 ) x 10— 511
21~ 7370, (ex. KO) (21 +04 )x1074 749 K=, (48 +12 )x10-5 665
T o L N : .
2~ a3 vy (ex.K°, (17 404 )x10 7K~ 70 (non-K*(892)) v, < 35 x 1075 CL=90% -
f1(12850)) . nKO 7w, (93 +£15 )x10~5 661
2~ 370, (ex. KO, n, < 58 x 1075 CL=90% - KO 700, < 50 % 10~5 CL=90% 590
w, £(1285)) nK~ K%, < 9.0 x 1076 CL=90% 430
K= h*h~ >0 neutrals v, (635 £0.24 ) x 1073  s=1.5 794 pat o= a >0 neutrals v, < 3 % 10-3 CL=90% 743
K= htr~ uB(ex.KO) . (438 £0.19 )x 1073 §=27 79 nr~at 1 v, (ex.KO) (225 £013 ) x 10~4 743
K= ht 7~ 7%, (ex.K9) (87 +12 )x107%  s=1.1 763 nr- v (ex. KO£ (1285)) (99 +16 )x10-8 _
K~ nt 7~ >0 neutrals v, (485 £021 )x 1073  S=1.4 794 na (1260)~ v, — nr pOu, < 39 %« 10—4 CL=90% -
K-ntn=™ > (375 4019 ) x1073  s=15 794 v, < 74 % 10-6 CL—90% 637
0 0 :
o Vf(ej-K ) , v, < 20 x10~4 CL=95% 559
K=ntn~ v, . (349 £0.16 ) x1073  S=1.9 794 K= v, < 30 %106 CL=90% 382
K*woﬂ‘—* v, (ex.K?) [g] (294 +0.15)x1073 s=22 794 1(958) 1~ v, < 40 % 10~6 CL-90% 620
- -3 _
K PV (14 +05 )x10 7'(958) 7~ w0, < 12 x1075 CL=90% 591
K™ m v 7' (958) K~ v, < 24 x 1076 CL=90% 495
K- nta 7m0, (135 +0.14 ) x 1073 763 b (34 +06 )x10-5 585
_ —- 0 0 _ ! R .
K- ntn wouT(ex.KO) (81 +12 )x1074 763 oK~ v, (370 £033 )x10-5 $-13 445
K*wiw*wouf (ex.KO,n) lg] (78 +12 )x107% 763 £(1285) 7 v, (39 05 )x10—% s=19 408
K atr mlu, (ex.K%w) (37 +09 )x1074 763 f(1285) 7~ v, — (118 +£0.07 ) x 1074 s=1.3 -
K=7T K™ >0 neut. v, <9 x 1074 CL=95% 685 nr—xta v,
-
K= K* 7~ >0 neut. v, (150 +0.06 ) x 1073  s=1.8 685 £(1285) 1~ vy — (52 +05 )x10-5 _
K Ktr v, [g] (1.44 £0.05)x1073 s=1.9 685 3r2nt
_ — 0 _
K= Ktr=nlu, le] (61 25 )x107° s=14 618 7(1300)" v, — (pm) " vy — < 1.0 x 1074 CL=90% -
K-KTK~ v, (21 +08 )x1075 S=54 471 (B31)" vr
K; K+ K= vr(ex. ¢) < 25 x 10*2 CL=90% - 7(1300) " v, — < 19 x 1074 CL=90% -
- - - — 0, —
K7 K+ K7 U, < 48 x 10 . CL=90% 345 (77)s—_wave ™)~ Vy —
7" KTn~ >0 neut. v, < 25 x 1072 CL=95% 794 (37) " vr
eie:eize vr (28 £15 )x107° 888 h~w > 0 neutrals v, (241 £0.09 ) % s=1.2 708
poe etv, vy < 36 x107% CL=90% 885 h~wv, lg] (2.00 £0.08 )% s=13 708
. . - -4
Modes with five charged particles h—K o (41 £09 )x 1073 610
3h~2h* >0 neutrals v, (1.02 £0.04 )x 1073  s=1.1 794 W lel (41 £04 )x10 . 684
0 — ¥ h~w2r’v, (1.4 +05 )x10~ 644
(ex. Kg — 7= 77) . S 5
(“5-prong”) T w2n vy (73 £17 )x10™ 644
- -7 —909
3h~ 20t v, (ex.KO) lg] (839 +£035)x10~% s=1.1 794 2h’1 hi“”’f < 54 x 1074 CL=90% 249
3n 2n T v, (ex.KO, w) (83 +04 )x1074 794 o wr (1.20 io.zz )% - 641
327t v, (ex. KO, w, (7.7 +04 )x10~% - T Wy (84 0.7 )x10 641

f,(1285))
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Lepton Family number (LF), Lepton number (L),
or Baryon number (B) violating modes

L means lepton number violation (e.g. 7=~ — etn— 7). Following
common usage, LF means lepton family violation and not lepton number
violation (e.g. 7~ — e~ 7T m ). B means baryon number violation.

LF < 33 x 1078 CL=90%

LF < 44 x 1078 CL=90%

0 LF < 80 x 1078 CL=90%

0 LF < 11 x 107 CL=90%

9 LF < 26 x 1078 CL=90%

¢ LF < 23 x 1078 CL=90%

LF < 92 x 1078 CL=90%

LF < 65 x 1078 CL=90%

e 0 LF < 18 x 1078 CL=00%
up° LF < 12 x 1078 CL=90%
e~ w LF < 48 x 1078 CL=90%
pw LF < 47 x 1078 CL=90%
e~ K*(892)° LF < 32 x 1078 CL=90%
u~ K*(892)0 LF < 59 x 1078 CL=90%
e~ K*(892)° LF < 34 x 1078 CL=90%
- K*(892)0 LF < 170 x 1078 CcL=90%
e~ 1/'(958) LF < 16 x 1077 CL=90%
w1’ (958) LF < 13 x 1077 CL=90%
e f(980) — e~ atw LF < 32 x 1078 CL=90%
wf(980) — pwmwtaT LF < 34 x 108 CL=90%
e ¢ LF < 31 x 1078 CL=90%
wod LF < 84 x 1078 CL=90%
e"ete” LF < 27 x 1078 CL=90%
ety LF < 27 x 1078 CL=90%
etpu=—p~ LF < 17 x 1078 CL=90%
uete LF < 18 x10™8 CL=90%
ute e LF < 15 x 1078 CL=90%
pmptus LF < 21 x 1078 CL=90%
e~ ntm™ LF < 23 x 1078 CL=90%
etr—m™ L < 20 x 1078 CL=90%
pwnta™ LF < 21 x 1078 CL=90%
pto—r L < 39 x 1078 CL=90%
et K~ LF < 37 x10™8 CL=90%
e~ KT LF < 31 x 1078 CL=90%
etr K- L < 32 x 1078 CL=90%
e”KIKY LF < 71 x 1078 CL=90%
e"KTK~ LF < 34 x 1078 CL=90%
etK— K~ L < 33 x 1078 CL=90%
prt K= LF < 86 x 1078 CL=90%
Kt LF < 45 x 1078 CL=90%
ptr= K= L < 48 x 1078 CL=90%
= KIKS LF < 80 x 1078 CL=90%
KT K~ LF < 44 x 1078 CL=90%
ut K=K~ L < 47 x 1078 CL=90%
e~ n0n0 LF < 65 x 1076 CL=90%
u—mw0r0 LF < 14 x 105 CL=90%
e~ nn LF < 35 x 1075 CL=90%
wonn LF < 6.0 x 1075 CL=90%
e~ nln LF < 24 x 1075 CL=90%
;1,_71'01/ LF < 22 x 1075 CL=90%
puT p” LB < 44 x10~7 CL=90%
putu~ LB < 33 x10~7 CL=90%
Py LB < 35 x 1076 CL=90%
prl LB < 15 x 1075 CL=90%
p2r0 LB < 33 x 1075 CL=00%
pn LB < 89 x 1076 CL=90%
prln LB < 271 x 1073 CL=90%
An— LB < 72 x 1078 CL=90%
Arn— LB < 14 x10~7 CL=90%
e~ light boson LF < 27 x 1073 CL=95%
u~ light boson LF <5 x 1073 CL=95%

888
885
883
880
819
815
804
800
719
715
716
711
665
659
665
659
630
625

596
590
888
882
882
885
885
873
877
877
866
866
813
813
813
736
738
738
800
800
800
696
699
699
878
867
699
653
798
784
618
618
641
632
604
475
360
525
525

Heavy Charged Lepton Searches

L% — charged lepton

Mass m > 100.8 GeV, CL = 95% ["l  Decay to v W.
LE — stable charged heavy lepton

Mass m > 102.6 GeV, CL = 95%

Neutrino Properties

See the note on “Neutrino properties listings” in the Particle Listings.
Mass m < 2 eV (tritium decay)
Mean life/mass, 7/m > 300 s/eV, CL = 90% (reactor)
Mean life/mass, 7/m > 7 x 10% s/eV  (solar)
Mean life/mass, 7/m > 15.4 s/eV, CL = 90%  (accelerator)
Magnetic moment i < 0.29 x 10710 yg, CL = 90% (reactor)

Number of Neutrino Types

Number N = 2.984 + 0.008 (Standard Model fits to LEP data)
Number N =2.92 + 0.05 (S =1.2) (Direct measurement of
invisible Z width)

The following values are obtained through data analyses based on
the 3-neutrino mixing scheme described in the review “Neutrino
Mass, Mixing, and Oscillations” by K. Nakamura and S.T. Petcov
in this Review.
sin%(26;,) = 0.846 + 0.021
Am3; = (7.53 £+ 0.18) x 107° eV?
sin?(2023) = 0.999F 3% (normal mass hierarchy)
)
(
(

sin?(263) = 1.000 1399  (inverted mass hierarchy)
Am%2 = (2.44 + 0.06) x 1073 ev2 [ (normal mass hierarchy)
Am3, = (2.52+0.07)x 1073 eV2 [T (inverted mass hierarchy)
sin2(26;3) = (9.3 + 0.8) x 102
Stable Neutral Heavy Lepton Mass Limits
Mass m > 45.0 GeV, CL = 95% (Dirac)
Mass m > 39.5 GeV, CL = 95% (Majorana)
Neutral Heavy Lepton Mass Limits
Mass m > 90.3 GeV, CL = 95%
(Dirac v, coupling to e, u, 7; conservative case(7))
Mass m > 80.5 GeV, CL = 95%
(Majorana vy coupling to e, u, 7; conservative case(7))

NOTES
In this Summary Table:
When a quantity has “(S = ...)" to its right, the error on the quantity has
been enlarged by the “scale factor” S, defined as S = /x2/(N — 1), where

N is the number of measurements used in calculating the quantity. We do
this when S > 1, which often indicates that the measurements are inconsis-
tent. When S > 1.25, we also show in the Particle Listings an ideogram of
the measurements. For more about S, see the Introduction.

A decay momentum p is given for each decay mode. For a 2-body decay, p
is the momentum of each decay product in the rest frame of the decaying
particle. For a 3-or-more-body decay, p is the largest momentum any of the
products can have in this frame.

[a] This is the best limit for the mode e~ — v~. The best limit for “electron
disappearance” is 6.4 x 1024 yr.

[b] See the “Note on Muon Decay Parameters” in the p Particle Listings for
definitions and details.

[c] P, is the longitudinal polarization of the muon from pion decay. In
standard V—A theory, P, =1 and p = = 3/4.
[d] This only includes events with the  energy > 10 MeV. Since the e~ Te v/,

and e~ Dev,y modes cannot be clearly separated, we regard the latter
mode as a subset of the former.

[e] See the relevant Particle Listings for the energy limits used in this mea-
surement.

[f] A test of additive vs. multiplicative lepton family number conservation.
[g] Basis mode for the 7.
[ L% mass limit depends on decay assumptions; see the Full Listings.

[i] The sign of Am%2 is not known at this time. The range quoted is for
the absolute value.
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QUARKS

The u-, d-, and s-quark masses are estimates of so-called “current-
quark masses,” in a mass-independent subtraction scheme such as
MS at a scale 1 ~ 2 GeV. The c- and b-quark masses are the
“running” masses in the MS scheme. For the b-quark we also
quote the 1S mass. These can be different from the heavy quark
masses obtained in potential models.

[¥] 1P = 33H)
my=23T3I Mev  Charge=2%e I, =+}
my/mg = 0.38-0.58

[4] 10P) = 35
mg = 48733 Mev Charge=-le 1,=-1

mg/mg = 17-22
m = (my+mg)/2 = 3537 Mev

]

1Py =03 )

ms =95+ 5MeV Charge = 7% e Strangeness = —1
ms [ ((my + mq)/2) = 27.5 + 1.0

0Py =0(3%)

me = 1.275 4 0.025 GeV Charge = 3 e Charm = +1

0

1UP) = 0(3+)

Charge = 7% e Bottom = —1

mp(MS) = 4.18 + 0.03 GeV
mp(1S) = 4.66 % 0.03 GeV

[¢]

10P)y = 0(3%)

Charge = % e Top = +1

Mass (direct measurements) m = 173.21 = 0.51 + 0.71 GeV [2:2]
Mass (MS from cross-section measurements) m = 160fi Gev [4]
(

Mass (Pole from cross-section measurements) m = 176»7f§:2

GeV

my —mg=—-02+05GeV (S

Full width I = 2.0 &+ 0.5 GeV

F(Wb)/T(Wq(g = b, s, d)) =091 + 0.04
t-quark EW Couplings

Fo = 0.690 £+ 0.030

F_ =0.314 + 0.025

FL =0.008 £+ 0.016

Fyia < 0.29, CL = 95%

1.1)

p
t DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
Waq(q=b,s,d) _
Wb
Lvpanything lod] (9.4+2.4)% -
7q(g=u,c) [e] < 5.9 x 103 95% -

AT = 1 weak neutral current (71) modes

Zq(g=u,c) T1 o [f] <21 x 10~3 95%

b/ (4t Generation) Quark, Searches for

Mass m > 190 GeV, CL = 95% (pp, quasi-stable b')
Mass m > 400 GeV, CL = 95%  (pp. neutral-current decays)
Mass m > 675 GeV, CL = 95%  (pp, charged-current decays)
Mass m > 46.0 GeV, CL = 95% (et e, all decays)

t' (4*" Generation) Quark, Searches for

Mass m > 782 GeV, CL = 95%  (pp, neutral-current decays)
Mass m > 700 GeV, CL = 95% (pp. charged-current decays)

I Free Quark Searches I

All searches since 1977 have had negative results.

NOTES

[a] A discussion of the definition of the top quark mass in these measure-
ments can be found in the review “The Top Quark.”

[b] Based on published top mass measurements using data from Tevatron
Run-l and Run-1l'and LHC at /s = 7 TeV. Including the most recent un-
published results from Tevatron Run-Il, the Tevatron Electroweak Work-
ing Group reports a top mass of 173.2 & 0.9 GeV. See the note “The
Top Quark’ in the Quark Particle Listings of this Review.

[c] ¢ means e or p decay mode, not the sum over them.

[d] Assumes lepton universality and W-decay acceptance.

[e] This limit is for I'(t — ~q)/T(t — Wb).

[f] This limit is for ['(t — Zq)/T(t — Wb).
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LIGHT UNFLAVORED MESONS
(S=C=B=0)

For I =1 (m, b, p, a): ud, (UT—dd)/v2, dT;
for =0 v, hH, w o f ) c(uT + dd) + c(s53)

Mass m = 547.862 + 0.018 MeV
Full width ' = 1.31 4+ 0.05 keV

C-nonconserving decay parameters
ata w0 left-right asymmetry = (0.097 311y x 102
nta 70 sextant asymmetry = (0.127319) x 1072
ata— a0  quadrant asymmetry = (—0.09 + 0.09) x 10~2

left-right asymmetry = (0.9 & 0.4) x 1072

B (D-wave) = —0.02 £ 0.07 (S =1.3)

- 16(uPy=17(07)

atr Ty
(S=1.2) tay

(S=1.2) .
CP-nonconserving decay parameters
7+ r~ et e decay-plane asymmetry Ay = (—0.6 & 3.1) x 1072

Mass m = 139.57018 £+ 0.00035 MeV
Mean life 7 = (2.6033 + 0.0005) x 108 s
cr = 7.8045 m

7t — Xy form factors 2]
Dalitz plot parameter

Fy = 0.0254 + 0.0017
FZ = 0.0119 + 0.0001 07070 o =-0.0315 + 0.0015
Fy slope parameter a = 0.10 + 0.06 ) Scale factor/  p
R= 0'059t8:882 n DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
7~ modes are charge conjugates of the modes below. Neutral modes
neutral modes (72.1240.34) % S=1.2 -
For decay limits to particles which are not established, see the section on 2y (39.4140.20) % S=1.1 274
Searches for Axions and Other Very Light Bosons. 370 (32.680.23) % S=1.1 179
, 702y (27 +05 ) x 1074 S=1.1 257
=+ DECAY MODES Fraction (I';/T) Confidence level (MeV/c) 2rf 2y < 12 X 1072 CL=90% 238
4y < 28 x 10 CL=90% 274
pt 111, [b]  (99.987700.00004) % . 30 invisible < 1.0 x1074  CL=90% -
[T e [c] (200 +£025 )x10~ 30
et ve [b] (1230 +0.004 )x10~% 70 hareed mod Charged modes . 3 _
e+ vy [ (739 4005 )x10-7 20 c arEe 7m8 es (28A10ioA34)oA, S=1.2
e+ v (1036 +0006 )x 108 4 w+ m (22.92+40.28) % S=1.2 174
etveetem (32  +05 )x10-9 70 w+ Ty ( 4.22+40.08) % . S=1.1 236
et vy < s 10-6 90% 70 e+e;y (69 +04 )x 1074 s=1.3 274
ut Ty (3.1 404 )x10 253
Lepton Family number (LF) or Lepton number (L) violating modes ete” < 56 x1070  CL=90% 274
pt e L [d< 15 x 103 90% 30 ' (58 +08)x1075 253
e LF  [d] < 80 %103 90% 30 2et2e ( 2.40+0.22) x 1075 274
uetety LF < 16 x 10~ 90% 30 rtrTet e (v) (26840.11) x 1074 235
ete utp < 16 x1074  CL=90% 253
out2u~ < 36 x107%  CL=90% 161
. 16UPC =17(0— ) u/ﬂf/ﬂ*rr < 36 x10~%  CL=90% 113
nte " Te+ cC < 17 x1074  CL=90% 256
Mass m = 134.9766 + 0.0006 MeV (S = 1.1) atr 2y < 21 x 1073 236
m_. —m_g = 4.5936 + 0.0005 MeV ata a0y <5 x107%  CcL=90% 174
Mean life 7 = (8.52 + 0.18) x 10717 s (S =1.2) oty <3 x1076  CL=90% 210
cr =25.5nm Charge conjugation (C), Parity (P),
For decay limits to particles which are not established, see the appropriate Charge conjugation x Parity (CP), or
Search sections (AC (axion) and Other Light Boson (X©) Searches, etc.). Lepton Family number (LF) violating modes
70 c <9 %1075 CL=90% 257
0 ) Scale factor/  p ata~ P,cP < 13 x1075  CL=90% 236
«° DECAY MODES Fraction (I';/T) Confidence level (MeV/c) 270 P.cP < 35 x10~4  CL=90% 238
2y (98.82340.034) % S=1.5 67 2704 C <5 x1074  cL=90% 238
ete v (1.17440.035) % S=1.5 67 3n0y c < 6 x1075  CL=90% 179
~positronium (1.82 +£0.29 ) x 1079 67 3y c < 16 x1075  CL=90% 274
etete e (3.34 £0.16 ) x 105 67 470 P,CP < 69 x1077  CL=90% 40
ete™ (646 +0.33 ) x 1078 67 mlete~ C [fl< 4 x1075  CL=90% 257
4y < 2 x 1078 CL=90% 67 Ot c [fl< s x1076 CL=90% 210
VT le] < 27 x 1077 CL=90% 67 pre™ + pet LF < 6 %1076 CL=90% 264
VeTe < 17 x 1076 CL=90% 67
M < 16 x 1076 CL=90% 67
| 287 < 21 x107® CL=90% 67 fb(soo) or g 6] IG(JPC) — 0+(0 + +)
02224 < 6 x10~4 CL=90% 67 was f(600)
Charge conjugation (C) or Lepton Family number (LF) violating modes Mass m = (400-550) MeV
3y c < 31 x 1078 CL=90% 67 Full width I = (400-700) MeV
ute LF < 38 x10~10cL=90% 2
pet LF < 34 %1079 CL=90% 26 f5(500) DECAY MODES Fraction (I;/T) p (Mevc)
pre™ + pet LF < 36 x10710CL=90% 26 -
T dominant -
Yy seen -
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+, — —4 o,
] G /PCy _ 14(1 — — 2(n ) < 24 x 10 90% 372
p(770) PUT) =170 ot 270 < 25 x 1073 90% 376
+ — 0, 0, -
Mass m = 775.26 = 0.25 MeV EE; :7;;(?““3'5 < 19 "10_3 22; -
. B X
Full width I = 149.1 & 0.8 MeV R G < ’
704 4 0.06 keV/ 2(ntwT)2w <1 % 95% 197
ee = I- : + 5= -5 o
. 0
r 3(nt7T) < 31 x 10 90% 189
Scale factor/ p ot o +1.3 _3
p(770) DECAY MODES Fraction (I;/T) Confidence level (MeV/c) mimoere (24 Typ)x10 458
+ o= —4 0,
. ~ 100 % 363 e fe+ c.C. < 21 X 10_ 90% 469
yete <9 x 1074 90% 479
p(T70)* decays 70 37 < 8 x 10:2 90% 469
ity ( 45 +05 ) x 10~4 s=22 375 4r <5 x 10 9% 380
ity < 6 x 1073 CL=84% 152 efe” < 21 x 1077 90% 419
rtata 0 < 20 x 1073 CL=84% 254 invisible <5 x 1074 90% -
Charge conjugation (C), Parity (P),
p(770)° decays Lepton fagmily :uiber (ISF; viola!t:zé n)lodes
ata Ty (99 +16 ) x 1073 362 . b cp . 05 00% 455
0 ( 6.0 £08 ) x 10—4 376 ™ g < X X10_4 900/" ol
ny ( 3.000.20 yx10~4 194 ”0967 c ) < T X1073 900/" s
monly (45 £08 ) 1072 33 /ﬂe*’ e~ c [f] p 244 . 103 90“/0 322
wtu~ [l ( 455+0.28 ) x 1075 373 g’ / c 1< o x 10— 900/" o
ete” [l ( 4724005 ) x 1075 388 T, < b x 107 o
i 0 o5 » ptp— c [fl< 60 x 1075 90% 445
T (1 1.017435+0.34) x 10 323 whun c  Ifl< 15 x 1075 90% 213
ata~ata™ ( 1.8 +0.9 )x 1075 251 e LF < 47 x 104 90% 473
ata= 7070 ( 16 £08 ) x 1075 257
Oete” < 12 x 105 CL=90% 376 - Go o PC
f(980) Ul 16UPCYy =0t t )
G(JPCy _ 9—(1— —
w(782) PU™)=0m01"7) Mass m = 990 + 20 MeV
Mass m = 762,65 4 012 MeV (S = 1.9) Full width T = 40 to 100 MeV.
Full width I' = 8.49 + 0.08 MeV (980) DECAY MODES Fraction (T;/T) p (MeVjo)
Fee = 0.60 £ 0.02 keV T dominant 476
7
Scale factor/ p v
w(782) DECAY MODES Fraction (T;/F)  Confidence level (MeVc) KK seen 4:;’
Yy seen
ata— a0 (892 £0.7 ) % 327
70y (8.2840.28) % s=2.1 380 o pc
o (1531019 s=12 366 ap(980) U 16UFC) =170+ ™)
0 +8 -3 _ _
neutrals (excluding 7 «) (8 F§ )x10 S=1.1 Mass m = 980 + 20 MeV
7y (46 £04)x107%  S=11 200 Full width I = 50 to 100 MeV
nlete (7.7 £06 ) x 1074 380
O pt (1.3 £0.4 )x 1074 s=2.1 349 a9(980) DECAY MODES Fraction (;/T) p (MeVc)
ete (7.28+0.14) x 1075 5=1.3 391 -
ata= 70x0 <2 x10~4  CL=90% 262 n dominant 319
! - KK seen t
atr Ty < 36 x1073  CL=95% 366 ! ceen 490
atr - ata~ <1 x10~3  CL=90% 256 i
a0n0~ (66 +1.1)x1075 367
0 -5 _ i
1;1 v < 33 x 1075 CL=90% 162 #(1020) ,G(JPC) =0 (1 )
T (9.0 £3.1)x10 377
3y < 19 x107%  CL=95% 391 Mass m = 1019.461 + 0.019 MeV (S = 1.1)
Charge conjugation (C) violating modes Full width ' = 4.266 &+ 0.031 MeV (S =1.2)
no c < 21 x10~4  CL=90% 162 ) Scale factor/  p
270 c < 21 «10—4  CL=90% 367 ¢(1020) DECAY MODES Fraction (/) Confidence level (MeV/c)
30 l < 23 x10~4  CL=90% 330 Kt K= (489 £05 )% S=1.1 127
KO KS (342 04 )% S=1.1 110
+. —.0 0, —
, G PCr i — 4 prm+ atr o (15.32 £0.32 ) % s=1.1 -
7/(958) [7(J7)=07(0"") ny ( 1.3090.024) % S=1.2 363
70y (1.27 £0.06 ) x 1073 501
Mass m = 957.78 £ 0.06 MeV Vi _ 510
Full width ' = 0.198 + 0.009 MeV ete— (2.95440.030) x 10~4  S=1.1 510
P wtp~ (287 +£0.19 ) x10~4 499
7(958) DECAY MODES Fraction (I;/T) Confidence level (MeV/c) nete~ (115 £0.10 ) x 10~ 363
g (42.9 £0.7 ) % 232 7r+6r_ (74 +13 )x107° 490
p°~ (including non-resonant (29.1 +0.5 )% 165 wm (47 +05 )x107° 172
at 17 ) wy < 5 % CL=84% 209
00y (22.2 0.8 ) % 239 Py < 12 x 1075 CL=90% 215
wy ( 2.75+0.23) % 159 mtaTy (41 £13 )x1075 490
vy ( 2.2040.08) % 479 f00(9%0)~/ (322 £0.19 )x 1074 s=1.1 29
370 ( 2.14£0.20) x 1073 430 Ty (113 £0.06 ) x 1074 492
pruy ( 1.08+0.27) x 1074 467 rtaata (40 38 )x1076 410
+ =+ -5 o, '
T <29 x 1073 90% 401 atrt e a0 < 46 x10~6 CL=90% 342
e (38 £0.4)x10 , 428 mOete (112 +0.28 ) x 1075 501
T p < 4 % 90% 111

70y (727 £0.30 )x 1075  S=15 346
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ap(980)y (76 +06 )x107° 39
KOKO~ < 19 x10~8 CL=90% 110
7(958) (625 £0.21 ) x 1073 60
nm0 70~ < 2 x 1075 CL=90% 293
whp=~ (1.4 +05 )x107° 499
pYY < 12 x 104 CL=90% 215
natn~ < 18 x 1075 CL=90% 288
nutp~ < 9.4 x 1076 CL=90% 321
nU — nete <1 x 1076 CL=90% -
Lepton Faminly number (LF) violating modes
et ¥ LF < 2 %1076 CL=90% 504
hy(1170) 16UPCYy =o—1+ )
Mass m = 1170 £+ 20 MeV
Full width ' = 360 + 40 MeV
hy(1170) DECAY MODES Fraction (I;/T) p (MeVc)
p seen 308
by (1235) 1GUPC =1+ + )

Mass m = 1229.5 + 3.2 MeV (S = 1.6)
Full width ' = 142 + 9 MeV (S = 1.2)

by (1235) DECAY MODES Fraction (I;/T)

p
Confidence level (MeV/c)

wm dominant 348
[D/S amplitude ratio = 0.277 + 0.027]
7ty (1.6+0.4) x 1073 607
np seen T
atata— a0 < 50 % 84% 535
K*@92)i K+ seen 1
(KK)* 70 < 8 % 90% 248
KYKOnt < 6 % 90% 235
KK rt < 2 % 90% 235
o < 15 % 84% 147
a1(1260) [ 1IGUPCy=1—(1++)

Mass m = 1230 + 40 MeV [l

Full width ' = 250 to 600 MeV
a;(1260) DECAY MODES Fraction (I;/T) p (MeV/c)
(p7)5—wave seen 353
(PT)D—wave seen 353
(p(1450)7) 5 _wave seen i
(p(1450) 7 ) p—wave seen i
am seen -
fo(980) not seen 179
fo(1370) 7 seen t
(1270) 7 seen f
K K*(892)+ c.c. seen }
Ty seen 608

£(1270) 16(JPCy = ot 2+ 1)

Mass m = 1275.1 +£ 1.2 MeV (S =1.1)

Full width T = 185.172:9 MeV (S = 1.5)

Scale factor/ p
$(1270) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
T (848 t23 )% 5=12 623
ata—2n0 (71 F14)% s=13 562
KK (46 £0.4)% 5=28 403
ot o= (28 £04)% S=12 559
nn (40 +£0.8)x1073 S=2.1 326
470 (3.0 £1.0 ) x 103 564
vy ( 1.64+0.19) x 107> S=1.9 638
nmw < 8 x1073  CL=95% 477
KOK— 7t + c.c. < 34 x1073  CL=95% 293
ete~ < 6 x 10710 cL=90% 638

f,(1285) 16(PC) =0t + )

Mass m = 1281.9 + 0.5 MeV (S = 1.8)

Full width T = 24.2 + 1.1 MeV (S = 1.3)

Scale factor/ p
f,(1285) DECAY MODES Fraction (I;/T) Confidence level (MeVc)
47 @1t 2% S=1.3 568

w0l rt (2207 14yy S=1.3 566
ot 2n~ ot 30y % s=1.3 563
Prtr ot 30y % S=1.3 336
po po seen t
470 <7 x1074  CL=90% 568
natr— (35 +15 )% 479
ks (5244: %:g) % S=1.2 482
a0(980) 7 [ignoring 20(980) — (36 +7)% 238
KK]
nmm [excluding ag(980) ] (16 +£7)% 482
KKm_ (9.0+ 04)% s=1.1 308
K K*(892) not seen i
ata— a0 ( 3.0+ 0.9) x 1073 603
pEat < 31 x1073  CL=95% 390
50 ( 55+ 1.3)% 5=2.8 407
foxet (74+ 2.6) x 1074 236
7(1295) 16(JPCy =0+ (0~ +)
Mass m = 1294 + 4 MeV (S = 1.6)
Full width ' = 55 + 5 MeV
n(1295) DECAY MODES Fraction (I';/T) p (MeVc)
U’TJF T seen 487
ap(980) seen 248
nﬂ'o 71'0 seen 490
n(7m)s-wave seen -
m(1300) 1I6PC =1=(0— )
Mass m = 1300 + 100 MeV [
Full width T = 200 to 600 MeV/
7(1300) DECAY MODES Fraction (;/T) p (MeVjc)
pT seen 404
m(77)s-wave seen -
a,(1320) 16UPCy = 1= 2+ *)
Mass m = 1318.3702 Mev (S =1.2)
Full width I = 107 + 5 MeV U]

Scale factor/ p
a7(1320) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
3m (701 +£2.7 )% S=1.2 624
s (145 +12 )% 535
wr (10.6 +3.2 ) % s=13 366
KK (49 £0.8)% 437
7'(958) (5.3 0.9 )x1073 288
aty ( 2.68+0.31) x 10~3 652
vy (9.4 +0.7 )x1076 659
ete~ <5 x1079  CL=90% 659

f(1370) U] 1I6(PCy = ot t+ )

Mass m = 1200 to 1500 MeV
Full width T = 200 to 500 MeV
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fp(1370) DECAY MODES Fraction (I;/T) p (MeVc)
T seen 672
47 seen 617
470 seen 617
ot on— seen 612
ata—2x0 seen 615
pp dominant t
2(mm)s-wave seen -
m(1300) ™ seen T
a1 (1260) T seen 35
nn_ seen 411
KK seen 475
KKnm not seen 1
6T not seen 508
ww not seen T
Yy seen 685
ete™ not seen 685
m1(1400) (7] 16UPCy =11~ 1)
Mass m = 1354 & 25 MeV (S = 1.8)
Full width ' = 330 + 35 MeV
w1 (1400) DECAY MODES Fraction (I;/T) p (MeVc)
il seen 557
nmwo seen 556
n(1405) [°] 16UPCY =0+~ )
Mass m = 1408.8 + 1.8 Mev [ (5 = 2.1)
Full width T = 51.0 = 2.9 MeV [l (S = 1.8)
p
n(1405) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
KK= seen 424
nmwmw seen 562
ap(980) seen 345
n(nm)s-wave seen -
15(980)n seen +
47 seen 639
pp <58 % 99.85% 1
po'y seen 491
K*(892) K seen 123
f,(1420) 1’1 1GUPCY = ot(1++)
Mass m = 1426.4 + 0.9 MeV (S =1.1)
Full width ' = 54.9 &+ 2.6 MeV
f,(1420) DECAY MODES Fraction (I;/T) p (MeVc)
K?ﬂ'_ dominant 438
K K*(892)+ c.c. dominant 163
nmwmw possibly seen 573
[0k seen 349
w(1420) [4] 16PCY =0—1— )
Mass m (1400-1450) MeV
Full width T (180-250) MeV
w(1420) DECAY MODES Fraction (;/T) p (MeVjc)
pm dominant 486
wTT seen 444
by (1235) 7 seen 125
ete™ seen 710

ap(1450) U/ 16UPC) =170t ™)

Mass m = 1474 + 19 MeV
Full width ' = 265 + 13 MeV

ap(1450) DECAY MODES Fraction (T;/T) p (Mevjc)
™ seen 627
w1 (958) seen 410
KK seen 547
wmTT seen 484
a9(980) seen 342
vy seen 737

p(1450) [ 16UPC =111~ )

Mass m = 1465 + 25 MeV []
Full width T = 400 £ 60 MeV [l

p(1450) DECAY MODES Fraction (I';/T) p (MeVjc)
T seen 720
4 seen 669
ete” seen 732
np possibly seen 311
a,(1320) 7 not seen 54
KK not seen 541
K'K*(892)+ c.c. possibly seen 229
ny possibly seen 630
fy(500) not seen -
,(980)~y not seen 398
fo(1370)y not seen 92
£(1270)~y not seen 178

7(1475) l°] 16(JPCy = o+ (0— )

Mass m = 1476 = 4 MeV (S = 1.3)
Full width ' = 85 =9 MeV (S = 1.5)

1(1475) DECAY MODES Fraction (I;/T) p (MeVjc)
KKﬂ' dominant 477
KK*(892)+ c.c. seen 245

ap(980) 7 seen 396
Yy seen 738

f(1500) ["] 16(UPCy = ot ++)

Mass m = 1505 &+ 6 MeV (S = 1.3)
Full width ' = 109 £+ 7 MeV

P
Scale factor (MeV/c)

f5(1500) DECAY MODES Fraction (I;/T)

T (34.942.3) % 1.2 741
atn~ seen 740
270 seen 741

47 (49.5+3.3) % 1.2 691
470 seen 691
2t on~ seen 687
2(7m) s-wave seen -
pp seen T
m(1300) seen 144
a1(1260) 7 seen 218

nn (5.14+0.9) % 1.4 516

nn'(958) (1.9+0.8) % 1.7 1

KK (8.6+1.0)% 1.1 568

vy not seen 753
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f}(1525) 16(UPCy = ot 2+ )

Mass m = 1525 + 5 MeV []
Full width T = 73% Mev ]

£}(1525) DECAY MODES Fraction (I';/T) p (MeVjc)
KK (88.7 £2.2 )% 581
nn (10.4 £2.2 )% 530
T (82 +15)x1073 750
vy ( 1.1040.14) x 10~ 763

/G(JPC) — 17(1 *+)

1(1600) (]

Mass m = 166275 MeV
Full width [ = 241 + 40 MeV (S = 1.4)

m1(1600) DECAY MODES Fraction (I;/T) p (MeVc)

TTT not seen 803
po T not seen 641
£ (1270) 7~ not seen 318

by (1235)m seen 357

7' (958) ™ seen 543

f1(1285) 7 seen 314
72(1645) 16UPC) =ot2— )

Mass m = 1617 + 5 MeV
Full width ' = 181 £+ 11 MeV

12(1645) DECAY MODES Fraction (I;/T) p (MeV/c)
ap(1320) 7 seen 242
KK seen 580

K*K seen 404
7]7TJr T seen 685
ap(980) 7 seen 499
,(1270)n not seen i

16UPG =0—1— )

w(1650) I

Mass m = 1670 + 30 MeV
Full width I' = 315 4+ 35 MeV

w(1650) DECAY MODES Fraction (I;/T) p (MeVc)
p seen 647
wTTT seen 617
wn seen 500
ete~ seen 835

w3(1670) 16(JPCy=0-37 )

Mass m = 1667 + 4 MeV
Full width T = 168 + 10 MeV [l

w3(1670) DECAY MODES Fraction (I;/F) p (MeV/e)

p seen 645

WTT seen 615
b1(1235) 7 possibly seen 361
m5(1670) 16UPG =12~ )

Mass m = 1672.2 + 3.0 MeVv [ (S =1.4)
Full width T =260 + 9 MeV [l (S =1.2)

P
mp(1670) DECAY MODES Fraction (I;/T) Confidence level (MeVjc)

3 (95.8+1.4) % 809
f(1270) (56.3£3.2) % 329
pm (Bl +4 )% 648
om (10.94+3.4) % -
(77) s-wave (87+34)% -

KK*(892) + c.c. ( 42+1.4) % 455

wp (27+1.1)% 304

vy < 28 x 107 90% 836

p(1450) 7 < 36 x 1073 97.7% 147

by (1235)m < 19 x 1073 97.7% 365
f1(1285) possibly seen 323
a,(1320) 7 not seen 292

$(1680) 1I6UPC =0—1— )

Mass m = 1680 =+ 20 MeV []
Full width T = 150 =+ 50 MeV ]

¢(1680) DECAY MODES Fraction (I';/T) p (MeVjc)
KK*(892)+ c.c. dominant 462
K% Km seen 621
KK seen 680
ete seen 840
wTT not seen 623

KtK—rntn~ seen 544

p3(1690) 16(JPCy =1+3— )

Mass m = 1688.8 + 2.1 MeV [
Full width I = 161 + 10 MeVv [1 (S = 1.5)

p3(1690) DECAY MODES Fraction (I;/T) Scale factor (MSV/C)
Am (711 + 1.9 )% 790

rEat g a0 (67 +22 )% 787

wm (16 £6 )% 655
T (236 £ 1.3 )% 834
KK (38 +12)% 629
KK ( 158+ 0.26) % 1.2 685
’r;‘n’+ T seen 727
p(770)n seen 520
TP seen 633

Excluding 2p and a,(1320) .

a,(1320) 7 seen 307
pp seen 335

p(1700) 1 16UPC) =11~ )

Mass m = 1720 + 20 MeV [ (p° and 7=+ 7~ modes)
Full width I = 250 = 100 MeV [ (5° and 7+ 7~ modes)

p(1700) DECAY MODES Fraction (;/T) p (MeVjc)
2(nt77) large 803
P dominant 653
pO ata~ large 651
pi mt 7T0 large 652
a1 (1260) 7 seen 404
h1(1170) seen 447
m(1300) seen 349
pp seen 372
ata~ seen 849
T seen 849
K'K*(892)+ c.c. seen 496
np seen 545
a,(1320) 7 not seen 334
KK seen 704
e;r e seen 860

™ Ww seen 674
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f(1710) 1 16(JPCy =0t ++)

Mass m = 172278 MeV (S = 1.6)
Full width T =135 £7 MeV (S = 1.1)

1(1710) DECAY MODES Fraction (T;/T) p (MeVjc)
KK seen 705
nn seen 664
T seen 850
ww seen 358
m(1800) 16UPC =170~ )
Mass m = 1812 + 12 MeV (S = 2.3)
Full width ' = 208 + 12 MeV
(1800) DECAY MODES Fraction (;/T) p (MeVc)
ot a~ seen 879
fo(500) 7~ seen -
f(980) 7~ seen 625
fo(1370) 7~ seen 368
fo(1500) 77— not seen 250
pT not seen 732
nnmw- seen 661
ap(980)n seen 473
a,(1320)n not seen +
£ (1270) 7 not seen 442
fo(1370) 7~ not seen 368
fo(1500) 7~ seen 250
nn' (958) 7w~ seen 375
K(1430) K~ seen 1
K*(892) K~ not seen 570
¢3(1850) 16(UPC =037 ")
Mass m = 1854 £ 7 MeV
Full width T = 87728 Mev (S =1.2)
$3(1850) DECAY MODES Fraction (;/T) p (MeVjc)
KK seen 785
K K*(892)+ c.c. seen 602
m5(1880) 16UPC =172~ 1)
Mass m = 1895 £ 16 MeV
Full width ' = 235 + 34 MeV
£(1950) 1GUPCY = ot 2+ )
Mass m = 1944 £ 12 MeV (S = 1.5)
Full width ' = 472 4+ 18 MeV
(1950) DECAY MODES Fraction (I;/T) p (MeVc)
K*(892) K*(892) seen 387
atn~ seen 962
7070 seen 963
4 seen 925
nn_ seen 803
KK seen 837
Yy seen 972
pp seen 254
£,(2010) 16(UPC) =0t t )

Mass m = 2011755 MeV
Full width T = 202 = 60 MeV

£(2010) DECAY MODES Fraction (I;/T) p (MeVfc)

00 seen +

KK seen 876
24(2040) 6P =174+ )

Mass m = 1996 13 Mev (S = 1.1)
Full width T = 255728 MeV (S = 1.3)

a4(2040) DECAY MODES Fraction (;/T) p (MeVjc)

KK seen 868

ata— 0 seen 974
pT seen 841
£(1270) seen 580

wr™ 70 seen 819
wp seen 624

’I]TFO seen 918

7'(958) seen 761
£,(2050) 16(JPCy = ot@a++)

Mass m = 2018 + 11 MeV (S = 2.1)
Full width T = 237 + 18 MeV (S = 1.9)

f4(2050) DECAY MODES Fraction (I;/T) p (MeVc)
ww seen 637
T (17.0+1.5) % 1000
KK (68F3%) x1073 880
nn (21+0.8) x 1073 848
470 < 12 % 964
a,(1320) 7 seen 567
#(2170) 16UPCy =0—(1— )

Mass m = 2175 + 15 MeV (S = 1.6)
Full width I = 61 £ 18 MeV

¢(2170) DECAY MODES Fraction (I';/T) p (MeVjc)
ete seen 1087
¢ 1,(980) seen 416
K+ K~ 1(980) — seen -
KtK-ntzm—

KtK=1£(980) — Kt K~ 7070 seen -
KO K+ il not seen 770
K*(892)0°K*(892)° not seen 622

£(2300) 16(JPCy = ot @2+ )

Mass m = 2297 + 28 MeV
Full width T = 149 4 40 MeV

,(2300) DECAY MODES Fraction (I';/T) p (MeVjc)

oo seen 529

KK seen 1037

vy seen 1149
£(2340) 1I6(PC) = ot t+ )

Mass m = 2339 + 60 MeV
Full width T = 31973 Mev

,(2340) DECAY MODES Fraction (I';/T) p (MeVjc)
o0} seen 573
nn seen 1033
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STRANGE MESONS
(S=+1,C=B=0)

Kt = u5, KO = d5, KO =ds, K~ =Ts, similarly for K*'s

1UP) = 3(07)

Mass m = 493.677 =+ 0.016 MeV [l

Mean life 7 = (1.2380 + 0.0021) x 1078 s
cr=3712m

(S = 2.8)
(S=1.9)

Slope parameter g [V]

(See Particle Listings for quadratic coefficients and alternative
parametrization related to 77 scattering)

K+t - atatr— g=—0.21134 + 0.00017

(6r—g) /(g +&)=(-15+22)x107*

K* - 757070 g = 0.626 + 0.007

(6+ —&-)/ (gr +8-)=(18+18)x 1074

K* decay form factors [2-X]

Assuming -e universality
)\+(K:3) = A (KE) = (297 £0.05) x 1072
Mo(Kf3) = (1.95 £ 0.12) x 1072

Not assuming p-e universality
AL (KE) = (2.98 £ 0.05) x 1072
A+(K;3) =(2.96 £ 0.17) x 1072
Mo(Kf3) = (1.96 £ 0.13) x 1072

Ke3 form factor quadratic fit
N (KE) linear coeff. = (2.49 + 0.17) x 1072

N’ (KE,) quadratic coeff. = (0.19 £ 0.09) x 10~2

K& |fs/fi] = (-03758) x 1072
KY  |fr/fi] = (-1.2£23)x 1072
K,j3 Ifs/fi| = (0.2 + 0.6) x 1072

Kty |fr/fy] =(-01+07)x 1072

K™ — etvey |Fa+ Fy|=101334+0008 (S=13)
K+ — /ﬁ'yu'y |FA + FV| = 0.165 £ 0.013

Kt — e+I/e’y ‘FA - F\/| < 0.49

Kt — H+VM’7 |FA — FVl = —0.24 t0 0.04, CL = 90%

Charge Radius
(r) = 0.560 £ 0.031 fm

CP violation parameters
A(KE, )= (—22+1.6) x 1072

TEE

A(KZ,,) = 0.010 +0.023

+ — -3
A(K"ﬂ,y) = (0.0 £1.2)x 10
+ _ T(cos(0k ;,)>0)—T (cos(0k ;,)<0)
AFB(KW;LM) - r(cos(();(jj)>0)+r(cos(9K/;)<0)
=90%
T violation parameters
Kt — 7T0/1+Vp

Pr=(-17+25)x1073
K*¥ — ptu,y  Pr=(—06=+19)x1072
K+ — 7%ty Im(€) = —0.006 + 0.008

K™ modes are charge conjugates of the modes below.

Scale factor/

K+ DECAY MODES Fraction (I';/T)

< 23x1072 CL

P
Confidence level (MeV/c)

Leptonic and semileptonic modes

etve ( 1.58140.007) x 105

whu, ( 6355 +0.11 )% s=1.2

m0et v ( 5.07 £0.04 )% s=2.1
Called K.

®uty, ( 3.353+0.034) % s=1.8
Called K.

w00ty ( 22 +04 )x1075

atr et v, ( 4.25440.032) x 105

247
236
228

215

203

ata~ ;ﬁ vy ( 14 +09 )x1073
w0n0n0ety, < 35 x 1076 CL=90%
Hadronic modes
at a0 ( 2066 +£0.08 ) % 5=1.2
at 070 ( 1.761+0.022) % s=1.1
atatr— ( 559 +0.04 )% S=13
Leptonic and semileptonic modes with photons
wrvy vzl ( 62 %08 )x10~3
wFv,v(SDY) [aaa] ( 133 £0.22 )x 1075
wF v,y (SDTINT) [a,2a] < 27 x 1073 CL=90%
v, 7(SD™ + SDTINT)  [aaa] < 26 x 1074 CL=90%

etvey ( 94 04 )x1076
et vey 2l ( 256 +0.16 ) x 104
0 et vey(SD) la,8a] < 53 x 1075 CL=90%
O utv,y vzl ( 1.25 £0.25 ) x 1075
m0n0etvey < 5 x 1076 CL=90%

Hadronic modes with photons or £Z pairs

7t 70~ (INT) (- 42 +09 )x1076
at 70+ (DE) vbb] ( 60 +04 )x10~°
at 070, vzl ( 76 fgg )x 1070
rtatay vzl ( 1.04 £031 )x10~4
atyy vl ( 92 +07 )x107
at3y V< 10 x10~4  CL=90%
atete (119 +0.13 )x 1078
Leptonic modes with £Z pairs
78 %7 < 6 x 1075 CL=90%
pry, v < 60 x 1076 CL=90%
etveete ( 248 +020 )x 1078
pryete” ( 7.06 £031 )x1078
etveptu~ ( 17 +05 )x1078
prypt s < a1 x10~7  CL=90%

Lepton Family number (LF), Lepton number (L), AS = AQ (SQ)
violating modes, or AS = 1 weak neutral current (51) modes

rtate v, 5Q < 13 x 1078 CL=90%
mtatu o, sQ < 30 x106  CL=95%
rtete s1 ( 3.00 £0.09 )x10~7

atutu~ s1 ( 94 +06 )x1078 $=2.6
Tt vw s1 ( 17 *11 )x10-10

rta0vw s1 < 43 x 1075 CL=90%
nov etet LF < 21 x1078  CL=90%
wtve LF  [d < 4 x 1073  CL=90%
rtute LF < 13 x 10711 cL=90%
atu~et LF < 52 x 10710 cL=90%
- utet L < 50 x 10710 cL=90%
retet L < 64 x 10710 cL=90%
- utut L [d < 11 X109  CL=90%
ut v, L [d < 33 x 1073 CL=90%
et , L < 3 x 1073 CL=90%
aty lec] < 23 x1079  CL=90%

151
135

205
133
125

236

247
228
228
215
206

205
133

125
227
227
227

247
236
247
236
223
185

203
151
227
172
227
205
236
236
214
214
214
227
172
236
228
227

1UP) = 3(07)
50% Ks, 50% K;
Mass m = 497.614 + 0.024 MeV (S = 1.6)
Mo — My = 3.937 + 0.028 MeV (S = 1.8)
Mean Square Charge Radius
() = —0.077 £ 0.010 fm?

T-violation parameters in K9-K? mixing [¥]
Asymmetry A7 in KO-K® mixing = (6.6 4 1.6) x 1073

CPT-violation parameters [X]
Red = (2.5 +2.3)x 1074
Imé§ = (—1.5+1.6) x 107>
Re(y), K.3 parameter = (0.4 £ 2.5) x 10~3
Re(x_), Ke3 parameter = (—2.9 + 2.0) x 1073
[myo — Mio| / Maverage < 6 x 10712, CL = 90% [9]
(T o = Tg0)/ Maverage = (8 = 8) x 10718

Tests of AS = AQ
Re(xy), Kes parameter = (—0.9 + 3.0) x 1073
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K% DECAY MODES

1(4P) = 3(07)

Mean life 7 = (0.8954 +0.0004) x 10~0s (S =1.1) Assum-
ing CPT

Mean life 7 = (0.89564 + 0.00033) x 1071%s  Not assuming
CPT

cr = 2.6844 cm  Assuming CPT

CP-violation parameters [e€]
Im(ns—_o) = —0.002 + 0.009
Im(nooo) = (0.1 4+ 1.6) x 1072
00| = |A(KS — 37%)/A(K? — 3x%)| < 0.0088, CL =
90%
CP asymmetry Ain 7t 7~ ete™ = (-0.4+0.8)%

Scale factor/ p

Fraction (I';/T) Confidence level (MeV/c)

0.0

Hadronic modes

70 (30.6940.05) % 209
atw (69.20:0.05) % 206
ata— 70 (35 *11yx10-7 133
Modes with photons or £Z pairs
ata~y [zff] ( 1.79+0.05) x 10~3 206
ntr ete” ( 4.794+0.15) x 1075 206
a0y Iffl (49 +1.8 )x 108 231
vy ( 2.63+0.17) x 1076 $=3.0 249
Semileptonic modes
ateFu, lgg] ( 7.04+0.08) x 10—4 229
CP violating (CP) and AS = 1 weak neutral current (S1) modes
370 cP < 26 x 1078 CL=90% 139
wtu~ s1 <9 x1079  CL=90% 225
ete~ s1 < 9 x109  CL=90% 249
nlete st (M (30 T15)x1079 230
7T0/1,+;1_ S1 (29 Jj%g )><10*9 177
0 Py _ 10—
KL I(J7) = 3(07)

mg,

L~ MK,

S
= (0.5293 + 0.0009) x 1019 A s~1 (S =1.3) Assuming CPT
= (3.484 4 0.006) x 10712 MeV  Assuming CPT
= (0.5289 + 0.0010) x 1019 2 s—1  Not assuming CPT
Mean life 7 = (5.116 4 0.021) x 1078 s (S = 1.1)
cr =1534 m

Slope parameter g [v]

(See Particle Listings for other linear and quadratic coefficients)
K} — 7+ra0: g=0.678 £0.008 (S =1.5)
K} — 797970 h = (+0.59 +0.20 + 1.16) x 1073

K decay form factors [x]

Linear parametrization assuming p-e universality
Ap(K%3) = A (K3) = (282 £0.04) x 1072 (S = 1.1)
Ao(K93) = (1.38 £ 0.18) x 1072 (S = 2.2)

Quadratic parametrization assuming p-e universality
A/+(K23) =N (K%)= (240 £0.12) x 1072 (S =1.2)
N (KD3) = N1 (K23) = (0.20£0.05) x 1072 (S = 1.2)
/\0(K23) =(1.16 £ 0.09) x 1072 (S =1.2)

Pole parametrization assuming u-e universality
MYy, (K%3) = M§, (K8;) = 878 £6 MeV (S = L.1)
Mg (K83) = 1252 £ 90 MeV (S = 2.6)

Dispersive parametrization assuming p-e universality

A, = (0.251 + 0.006) x 1071 (S = 1.5)

In(C) = (1.75 £ 0.18) x 1071 (S = 2.0)
|fs/f| = (15315) x 1072

0
Ke3

KO |fr/fi| = (578 x 1072

Kg3 |fr/fi| = (12 £ 12) x 1072

Kp— Hemy, K — (507007 oy = —0205 £
0.022 (S =1.8)

KO — 0=y, K — (+¢ 0% 0~ apip = —1.69 +
0.08 (S=1.7)

K, — ntn—ete: aj/ay = —0.737 + 0.014 GeV?

K — 7927: ay = —0434+006 (S=1.5)

CP-violation parameters [c€]
A, = (0.332 + 0.006)%
[noo| = (2.220 £ 0.011) x 1073 (S = 1.8)

[n4—| = (2232 £0.011) x 1073 (S = 1.8)
le| = (2.228 £ 0.011) x 1073 (S = 1.8)
|00/~ | = 0.9950 + 0.0007 [ (S = 1.6)

Re(€'/e) = (1.66 £ 0.23) x 1073 M (S = 1.6)
Assuming CPT
¢y = (4351 £0.05)° (S=12)
doo = (43.52 £ 0.05)° (S = 1.3)
de=dsw = (43.52 + 0.05)° (S =1.2)

Im(¢'/e) = —(¢oo — ¢4-)/3 = (—0.002 £ 0.005)°
Not assuming CPT

(S=17)

¢ =(434+05)° (S=12)
doo = (43.7 £ 0.6)° (S = 1.2)
¢e = (435 £ 05)° (S =13)

CPasymmetry Ain KY — 7tr=ete™ = (13.7 £ 1.5)%
Bcp from K§ — eTe"ete™ = —0.19 £ 0.07

vcp from K — ete"ete™ =0.01£0.11 (S =1.6)
jfor K¢ — 7+ 770 = 0.0012 + 0.0008

ffor K9 — 7t 7= % =0.004 + 0.006

[n4—| = (2.35 £ 0.07) x 1073

Gy = (44 £ 4)°

’Jr_w\/e < 0.3, CL = 90%

lgp1| for K9 — 7+r~~ < 0.21, CL = 90%

|e

T-violation parameters

Im(¢) in K93 = —0.007 + 0.026

CPT invariance tests
doo — ¢4 = (0.34 +£0.32)°
Re(3n4— + %,,,00),ATL =(-3+35)x10°°

AS = -AQin KY decay
Re x = —0.002 £ 0.006
Im x = 0.0012 + 0.0021

Scale factor/  p

K?_ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)

Semileptonic modes

rteFu, lge] (40.55 +0.11 )% s=17 229
Called KY,.
Ty, [ge] (27.04 £0.07 ) % s=1.1 216
Called KY;.
(7 patom)v (1.05 +£0.11 ) x 107 188
matefy lgg]l (520 +£0.11 )x 103 207
rteFrete lgg] ( 1.26 +0.04 ) x 10~ 229
Hadronic modes, including Charge conjugation x Parity Violating (CPV) modes
370 (19.52 £0.12 ) % S=1.6 139
ata— a0 (12,54 £0.05 ) % 133
ata~ CPV [i] ( 1.967+0.010) x 10~3 S=15 206
7070 cPv (8.64 £0.06 ) x 10~4 S=18 209

Semileptonic modes with photons
[z.ggjil ( 3.79 £0.06 ) x 1073 229
(5.65 +0.23 ) x 1074 216

ateFuey
aaTas VY
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Hadronic modes with photons or £Z pairs

m0nly < 243 x10~7  CL=90% 209 K"'(1410) I(JP) = %( )
i *7 [zi] (415 £0.15 ) x 10*? S=2.8 206 Mass m — 1414 + 15 MeV (S = 1.3)
202”7 7(DE) - E fijaig;;; § ig,é 5=20 zgf Full width T = 232 &+ 21 MeV (S = 1.1)
mOyete~ (1.62 £0.17 ) x 10~8 230 p
. - K*(1410) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
, Other modes with photons or £/ palrfs4 B K*(892) 7 w0 % 95% w10
y (5.47 +0.04 ) x 10 S=11 249 K (66413)% 612
3y < 74 x1078  CL=90% 249 cE .
ete (9.4 +04 )x106 $=2.0 249 Kpo <7 % 95% 305
wtuy (359 £0.11 ) x 10~7 S=1.3 225 vK seen 619
ete vy ] (595 +£0.33 )x 107 249
ph Ty Wl (1o TG¢ )x1078 225 K (1430) ] 1JP) = L(0)
Charge conjugation x Parity (CP) or Lepton Family number (LF)
violating modes, or AS = 1 weak neutral current (S1) modes Mass m = 1425 £ 50 MeV
it o (684 £011 ) x 10-9 s Full width [ = 270 + 80 MeV
ete” S (9 X% )xw?2 249 K3(1430) DECAY MODES Fraction (T;/T) p (MeVjc)
atr=ete” S1 [l (311 +£0.19 )x 1077 206
w0nl0ete- s1 < 66 x1079  CL=90% 209 Km (93+10) % 619
w00t = s1 < 92 x 10711 CcL=90% 57
utpu~ete™ s1 (269 +£027 ) x 109 225
/e+ é* ete~ s1 (356 +0.21 )x 1078 249 K;(1430) 1P = 5(2%)
wOutu~ CP,SI1[kk] < 3.8 x10710  cL=90% 177
mOete CP.S1[kk] < 2.8 %1070 cL=90% 230 K3(1430)* mass m = 1425.6 & 1.5 MeV (S = 1.1)
o CP,SI [l < 2.6 x1078  CL=90% 231 K3(1430)° mass m = 1432.4 + 1.3 MeV
71'071'0 Vo s1 < 81 x1077  CL=90% 209 K3(1430)F full width I = 98.5 £ 2.7 MeV (S = 1.1)
ﬁ LF  [gg] < a7 x10712 cL-90% 238 K5(1430)° full width T = 109 £ 5 MeV (S = 1.9)
eFuFpuF LF  [gg] < 412 x10~11  cL=90% 225
”0 “i er LF lggl < 76 x107McL=o0% 217 K*(1430) DECAY MODES Fraction (T;/T) Consflc;éencfeaclte?/re/l (M:V/c)
7070 yE ¥ LF < 17 %1070 cL=90% 159 2 !
K (49.9+1.2) % 619
K*(892)m (24.7£15) % 419
K*(892) 1Py =1a") K*(892) (13.4+22) % a2
Kp (8.7+£08) % S=1.2 318
K*(892)* hadroproduced mass m = 891.66 + 0.26 MeV Kw ( 2.9+0.8) % 311
K*(892)F in T decays mass m = 895.5 + 0.8 MeV Kty ( 24405) x 103 S=1.1 627
K*(892)° mass m = 895.81 £ 0.19 MeV (S = 1.4) Kn (15734 10-3 s=13 486
K*(892)* hadroproduced full width [ = 50.8 4+ 0.9 MeV 4 .
K*(892)* in T decays full width I = 46.2 & 1.3 MeV. Kwm < 72 xa0mh CLeos% 100
KOy <9 x 10 CL=90% 626

K*(892)° full width I = 47.4 + 0.6 MeV (S = 2.2)

p
K*(892) DECAY MODES Fraction ([;/T) Confidence level (MeV/c) Kt(lsso) I(JP) — %(17)
K ~ 100 % 289
KO~ ( 2.46:£0.21) x 10~3 307 Mass m = 1717 = 27 MeV (S = 1.4)
K*y (9.9 £09)x 107 309 Full width T = 322 + 110 MeV (S = 4.2)
Krm < 7 x 1074 95% 223
K*(1680) DECAY MODES Fraction (I';/T) p (MeVc)
K1(1270) 1JP) = iah) Km (38.7£2.5) % 781
Kp e1at59) % 571
Mass m = 1272 + 7 Mev [] o
Full width I = 90 = 20 MeV [ K*(892)m (29.9529) % 618
K;(1270) DECAY MODES Fraction (I;/T) p (MeVc) P
[oo] 1o
Kp (42 +6 )% 4 K>(1770) 1(J7) = 5(27)
K(1430) 7 (28 +4 )% i
K*(892) 7 (16 +5 )% 302 Mass m = 1773 &+ 8 MeV
Kw (11.0£2.0) % 1 Full width ' = 186 + 14 MeV
K £,(1370) (3.0£2.0)% i
A,/KO seen 539 K>(1770) DECAY MODES Fraction (;/T) p (MeVc)
Knm 794
Py _ 1.+ K3(1430) 7 dominant 288
K1(1400) 107 =307 K*(892)m seen 654
Mass m = 1403 £ 7 MeV K1,(1270) seen 55
Full width I = 174 + 13 MeV (S = 1.6) Ké seen 441
Kw seen 607
Ky (1400) DECAY MODES Fraction (I';/T) p (MeVjc)
K*(892) (94 +6 )% 402 3(1780) 1Py =137)
Kp (3.04£3.0) % 293
K f(1370) (2.0+2.0)% 1 Mass m = 1776 £ 7 MeV (S = 1.1)
Kw (1.0£1.0) % 284 Full width ' = 159 + 21 MeV (S = 1.3)
K(1430) 7 not seen t

v KO seen 613
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p
K;(HSD) DECAY MODES Fraction (I';/T) Confidence level (MeV/c) T-violation decay-rate asymmetry
Kp (Bl +9)% 613 Ar(KKEnta~) = (-12 £ 11) x 1073 [
K*(892)m (20 £5 )% 656
+
Kn (18.8+ 1.0) % 813 D form factors
Kn (30 +13 )% 719 £,(0)| Ves| in KO 0Ty = 0.707 + 0.013
K3(1430) 7 <16 % 95% 291 n=a/ain K0ty = -17+05
n = 22/30 in 70€+V[ =—-14+11
£1(0)] Veg| in #0¢* vy = 0.146 + 0.007
K>(1820) [Pl 1(4P) = 327) n=a/ain 7%ty =-1.4+09
n = 22/30 in ﬂ'0€+l/g =—-4+£5
Mass m = 1816 £ 13 MeV f+(0)|VCd| in Dt — netwv, =0.086 + 0.006
Full width I' = 276 + 35 MeV n=a/ain Dt — nety,=-18+22
_ r, = V(0)/A1(0) in DT,D0 — petr, =1.48+0.16
K>(1820) DECAY MODES Fraction (I;/T) p (MeVc) = Ax(0)/A1(0) inP+,D0 — pet ve = 0.83 £ 0.12
K3(1430) 7 seen 327 ry, = V(0)/A1(0) in K_"(892)O[Jr vp=151+007 (S=22)
K*(892) 7 seen 681 ry = Ay(0)/A1(0) in K*(892)0€Jr vy = 0.807 &+ 0.025
K £,(1270) seen 186 r3 = A3(0)/A1(0) in K*(892)°¢* 1y = 0.0 + 0.4
Kw seen 638 My/T7in K*(892)0 ¢+, = 1.13 + 0.08
M /T_in K*(892)%¢* vy = 0.22 £ 0.06 (S = 1.6)
:(2045) /(JP) — %(4-&-) Most decay modes (oth.er than ti(l)e semileptonic nrg;ies) that involve a neu-
tral K meson are now given as KS modes, not as K~ modes. Nearly always
Mass m = 2045 + 9 MeV (S — 1.1) it is a KOS that is measured, and interference between Cabibbo-allowed

and doubly Cabibbo-suppressed modes can invalidate the assumption that

Full width ' =198 + 30 MeV 2|'(K2) = [(RO).

K7 (2045) DECAY MODES Fraction (I';/T) p (MeVjc) Scale factor/ P
Dt DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Kn (9.9+1.2) % 958
K*(892)mrm (9 £5 )% 802 Inclusive modes
K*(892)w (7 +5 )% 768 e semileptonic (16.0740.30) % -
pKm (5.743.2) % 741 w* anything (176 £3.2 )% -
wKr (5.0£3.0) % 738 K~ anything (25.7 £1.4 )% -
K (2.8+1.4) % 594 KOanything + KOanything (61 £5 )% -
SK*(892) (1.4+0.7) % 363 K™ anything (59 £08)% -
K*(892)~ anything (6 £5 )% -
K*(892)%anything (23 +5 )% -
CHARM ED MESONS K*(892)° anything < 66 % CL=90% -
n anything (63 £07)% -
(C: :l:]_) 7' anything ( 1.0440.18) % -
H 0, —
Dt =cd, D° = ¢, D° = cu, D~ =<€d, similarly for D*'s ¢ anything (1.03:£012)%
Leptonic and semileptonic modes

etve < 88 x1076  CL=90% 935
1JP) = 3(07) pwhu, (3.82+0.33) x 1074 932
Ty, < 12 x1073  CL=90% 90
Mass m = 1869.61 & 0.10 MeV (S = 1.1) KOetu, ( 8.8310.22) % 869
Mean life 7 = (1040 = 7) x 107 1% 5 Koutu, (92 +0.6 )% 865
cr = 311.8 um K- atetw, _ ( 4.00+0.10) % 864
c-quark decays K*(}i‘)})ie* ve, K*(892)0 — ( 3.68+0.10) % 722
M(c — ¢Tanything)/T(c — anything) = 0.096 + 0.004 [94] (K- .,r+7357w(w€ et ( 2.320.10) x 10-3 _
F(c — D*(2010)*anything)/T(c — anything) = 0.255 + 0.017 K*(1410)0 et v, < 6 x10-3  CL=90% _
. . . e 0 ~ 4
CP-violation decay-rate asymmetries _ Kk *(14&0) — Ko
Acp(tv) = (8 = 8)% K3(1430)% e v, <5 x107%  CL=90% -
SN ° K3(1430)° — K= nt

K~ 7% et ve nonresonant < 7 x1073  CL=90% 864

Fo £y — (_ 0
Acp(K 21 )i 0( 0.1 +1.0)% K=atut, (38 £04 )% 851
Acp(KFr=n=a%) = (1.0 £ 1.3)% T 0 +

0 4+ 0 K*(892)° u* vy, ( 3.5240.10) % 717
Acp(KYrFa0) = (0.3 £ 0.9)% = 0o M

0.+ + — o K*(892)° — K—nat
Acp(Kentatn™) = (0.1 £1.3)% _ 4 7 _3

£ 0 o K™ m™ u vy, nonresonant (20 405 )x10 851
Acp(n=7") = (2.9 +2.9)% 4 0.+ _3

4 o Ko nrmu™y, < 1.6 x 10 CL=90% 825
Acp(mtn) = (1.0 £15)% (S=14)

et v, ( 4.05+0.18) x 10~3 930

et 1.1440.10) x 103 855
K9 K*) = (~0.11 £ 0.25)% N e

(
(
(
(
(
(
(
(
Acp( 0t + -3
ACP(K+ K= Wi) — (0.36 + 029)% p e Ve ( 21870_25) x 10 774
Acp(KEK*0) = (~0.3 + 0.4)% Pt (24 £04)x1073 770
Acp(pnE) = (0.09 £0.19)% (S = 1.2) wetvg ( 1.82+0.19) x 1073 771
Acp(K* K3(1430)%) = (871)% 7' (958) et v (22 405 ) x1074 689
( pet e <9 x1075  CL=90% 657
(
(
(
(
(
(

b
Q
v
=
W
x
N ¥
X
=
~
)
(=}
=
o
S
Il
—
~
)
| +
NN
oo
NI
X

+ — +18y0,
Acp(K K8(800)) =(= 12713)AJ Fractions of some of the following modes with resonances have already
Acp(ag(1450)0 7%) = (- 19fig)% appeared above as submodes of particular charged-particle modes.
Acp(6(1680)7E) = (=9 + 26)% K*(892)%e* v ( 5.52+0.15) % 722
rtaat) = (=2 + 4)% K*(892)° it v, ( 5.28+0.15) % 717
cp(KOKETT ™) = (4 £ )% K(1430)° 1t o, < 24 x107%  CL=90% 380
K*(1680)% it v, < 15 x10=3  CL=90% 105

> >
Q
o

>
Q
T
=
H-
5
o
—
Il
N
IS
H
=
=
S
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) Hadronic modes with a K or KKK K+ K5(1430)°, (1.7940.34) x 1073 -
ﬁosﬂi E 1.47i0.07;:§° $=20 863 K5(1430)° — K~ xt
O 1.46+0.05) % 863 iy P— 10 4 _
K~ 2rt [ss] ( 9.13+0.19) % 846 Kk 53(1130) B (16 Zg )10
(K~ 715 _wavert (7.3240.19) % 846 nom _
= i g +34 —4 -
K(1430)0 7, [tt] ( 1.2140.06) % 382 KT K5(800), Kg— K™m (67 T57)x10
 K3(1430)° — Kat a(1450)° 7+, aJ — (44 T10 ) x10-4 -
K*—(892)07(§+' . (1.01£0.11) % 714 K+ K-
» _
_K*(892)° —» K™m #(1680)7t, ¢ — KT K~ (49 T35 )x1075 -
K*(1410)9 71, K0 — not seen 381 e :
K=t K™ K™ @™ nonresonant not seen 744
K3(1430)0 7+, [tt] (22 +£07)x10~% 371 Kt K%Wﬂf ( 1.75+0.18) x 1073 678
K3(14300° — K7t KOS K~2r™ (2.40+0.18) x 1073 678
K*(1680)0 7", [t (21 £1.1)x 104 58 KtK=2rnt 7~ (22 1.2 )x1074 600
K*(1680)° — K~ rt
K~ (27r+)172 (1.4140.26) % — A few poorly measured branching fractions:

K7t x0 [ss] ( 6.99+0.27) % 845 ¢mtal (23 £1.0 )% 619
Ko+ (48 £10 )% 677 opt < 15 % CL=90% 260
K*(892)0xt, (1.3 £0.6 )% 714 KT K~ at7%non-¢ (15 07 )% 682

< 0 0.0 :
K*(892)° — Kgm K*(892)* K (16 £0.7 )% 612
K% 7t 70 nonresonant (9 +7 )x1073 845

K= 2xtn0 [ua] ( 5.99+0.18) % 816 Doubly Cabibbo-suppressed modes

K2m+ n~ ] (3.1240.11) % 814 Kiﬁo (1.83£0.26) x 10*: s=1.4 864

K= 3ntx~ [ss] (5.6 £05)x10~3 s=1.1 772 K+77/ (11.08£0.17) x o 776
K*(892)° 27+ 7, (12 +0.4)x10-3 645 KT 1/(958) ( 1.76+0.22) x 10~ 571

K(892)° — K~ xt Ktnta~ ( 5.27+0.23) x 1074 846
A + 0 —4
K*(892)0 p0 7t (22 +04)x10-3 239 K™p o o (20 £05)x10 679
K*(892)° — K~ nt K*(892)%7 T, K*(892)° — (25 +0.4 )x1074 714
) o
K*(892)Y a1 (1260)* [w] (9.0 1.8 )x10~3 i +K 7T _5
K= pd2rt (1.68:0.27) x 10~3 524 K 7’;0(18,0)' fo(980) — (47 £28)x10
K~ 37+ 7~ nonresonant (39 £29)x10~% 772 K3(1430)0 7+, K3(1430)° — (42 £2.9 )x10-5 .
K+2KY (45 +2.0)x10°3 545 K+
KTK™Kn™ (24 +06)x1074 436 KT 7 7~ nonresonant not seen 846
Pionic modes 2Kt K~ (87 £2.0)x1075 550
7t 0 (111940.06) x 1073 925 AC = 1 weak neutral current (C1) modes, or

27T+07T_+ (13.18+0.18) x 10_2 909 Lepton Family number (LF) or Lepton number (L) violating modes
p+71'( ) (81 £15)x 10*3 67 nteter c < 11 x1076  CL=90% 930
a7t (7t 717) s _wave ( 1.78+0.16) x 10~ 909 N o 14 6 ~

ort,o — atn~ (1.34+0.12) x 103 - 6.6~ eTe bod (1.7 Zog ) x 10
(980) 7+, ( 1.52+0.33) x 104 669 at ot c < 73 x1078  cL=90% 918
£(980) — 7wt~ o, ¢ — ptpu” o] (1.8 £08)x10° -
f(1370) 7, (8 +4 )x1075° - ptutu c1 < 56 x1074  CL=90% 757
(1370) — w7~ Ktete~ ] < 1.0 x1076  CL=90% 870
£(1270) 7, (49 409 ) x 104 485 Kt oyt~ ] < 43 x1076  CL=90% 856
£(1270) — t 7~ atetu~ LF < 29 x1076  CL=90% 927
p(1450)° 7+, < 8 «10-5  CL—=95% 338 ate pt LF < 36 x1076  CL=90% 927
p(1450)0 — 7o Ktetpu~ LF < 12 x1076  CL=90% 866
£(1500) 7+, (1.1 £04 )x10-4 - Kte put LF < 28 x1076  CL=90% 866
f(1500) — 7t~ 726t L < 11 x1076  CcL=90% 930
f(1710) 7, < 5 %10~5  CL=95% - 7 2ut L < 22 x1078  CL=90% 918
f(1710) — 7t a~ aetut L < 20 x1076  CL=90% 927
f(1790) 7+, < 6 x1075  CL=95% - p~2ut L < 56 x1074 CL=90% 757
f(1790) — 7t a~ K~ 2et L <9 x1077  CL=90% 870
(7t 1) s wave < 12 x10-4  CL—95% 909 K~ 2li++ L < 1.0 x 10*2 CL=90% 856
2n "~ nonresonant < 11 x107%  CL=95% 909 K=etp L < 19 x 1075 CL=90% 866

at om0 (46 +04)x10-3 910 K*(892)~ 2u™ L < 85 x107%  CL=90% 703

2t = 70 (1.1340.08) % 883
nat + = 70 -4
nTtt,n — T (8.0 £05)x10 848 m Py _ 10—
wrt, w— ata" a0 <3 x1074  CL=90% 763 - 107) =2(07)

3t o™

(1.61+0.16) x 1073

845 Mass m = 1864.84 + 0.07 MeV (S = 1.1)
mDi — mDo = 4.77 + 0.08 MeV

Fractions of some of the following modes with resonances have already Mean life = = (410.1 & 1.5) x 10-15 ¢

appeared above as submodes of particular charged-particle modes.

+ _3 cr =122.9 um
nm ( 3.53+0.21) x 10 848 041 105 1
nrt a0 (1.3840.35) x 1073 830 {mog - ng\ = (0.95T¢7,) x 1077 fis
wnt < 34 x 1074 CL=90% 764 (Fpo = Tpo)/T =2y = (1.29731) x 1072
7' (958) 7+ ( 4.67+0.29) x 1073 681 1 2 012 :
7/ (958) nt =0 (1.6 +05 ) x 103 654 |a/p| = 0927555
. ] = . Ar = (—0.125 £ 0.526) x 1073
K+ KO Hadronic modes ‘("'th a KK) pair 3 KT 7~ relative strong phase: cos § = 0A81f8'fg
2.83+0.16) x 10~ s=2.2 793 :
5 -+ 0 _ +0.11
KtK=n*t [ss] ( 9.54:£0.26) x 103 S=11 744 K coerence factor Ry o = 0'78*0'025
ot 6 — KTK- (265+0:08) , 103 647 K~ nt 70 average relative strong phase 6K = (239fg§)°
+;* . 12:2: . K~ a~ 2 coherence factor Ry 3, = 0.367 52
KT K*(892)7, (2457475) x 10 613 K~ 7~ 2r™" average relative strong phase K37 = (1187 £0)°

K*(892)° — K~ nt
(892)° — T K% K+~ coherence factor R, kn =073 +0.08
S
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KOS KT 7~ average relative strong phase GKEKm (8 £ 15)°

K* K coherence factor R, = 1.00 £ 0.16 CP-violation asymmetry difference
K* K average relative strong phase 6K" K = (26 + 16)° AAcp = Acp(KTK™) — Acp(ntn™) = (—0.46 £
0, —
CP-violation decay-rate asymmetries (labeled by the D° decay) 0.25)% (S = 1.8)
Acp(KTK™) = (-0.21 £ 0.17)% T-violation decay-rate asymmetry
Acp(2KE) = (=23 £ 19)% Ar(KT K- ata")=(1+7)x1073 "]

Acp(nt77) = (0.22 £ 0.21)%
Acp(279) = (0 £ 5)%
Acp(rtn=n0) = (0.3 £ 0.4)%

CPT-violation decay-rate asymmetry
Acpr(KF %) = 0.008 + 0.008

0)|Veq| in DO — 77 ¢+ 1y = 0.152 + 0.005
n=a/ainD®— 7 ¢ty =-28+05
rn=ay/a in Do — 7T7[+V[ =6+30

Acp(p(770)+’r — wtaa0) = (1.2 £ 0.9)% [ Form factors
Acp(p(770)°7° — 77~ 70) = (=3.1 + 3.0)% 7] ry = V(0)/A1(0) in D® — K*(892)~ (1, =17+ 08
Acp(p(T70)~ 7+ — 7t 77 7%) = (- 1.0 + 1.7)% 1] r2 = Ay(0)/A1(0) in D® — K*(892)~ (1 = 0.9 + 0.4
Acp(p(1450)F 7~ — 77~ 70) = (0 + 70)% (7] £.0)in DY — K~y = 0727 +0.011
Acp(p(1450)°70 — 7t~ x0) = (=20 + 40)% [] £1(0)] Vis| in DO — K=+ 1, = 0.726 + 0.009
Acp(p(1450) "t — 7= a0) = (6 + 9)% %] rn=a/agin DO — K™ty = —2.65+ 0.35
Acp(p(1700)t 7= — 7T 7~ x0) = (=5 + 14)% [ r=ay/agin DO — K=ty =13+ 9
Acp(p(1700)°7° — =+ 7 70) = (13 + 9)% (2] 2 e i

)~

Acp(p(1700)~ 7t — ata—70) = (8 & 11)% 1
Acp(f5(980) 0 — 7r+71'_7'0) (0 + 35)% [
— 0

Acp(f(1370)7° — 7tr—a0) = (25 + 18)% (24
ACP(fO(1500) 0 77*71— 71—0) (0 + 18)% [2Z] Most decay modes (other than the semileptonic modes) that involve a neu-
ACP(fO(1710) 71.0 s ﬂ.+ﬂ. 71.0) (0 + 24)% [zZ] tral K meson are now given as Kg modes, not as K9 modes. Nearly always
ACP(f2(1270)7T0 = gta— 7r0) = ( 4 + 6)% [z2] it Lsda iI(J% tchabtblz measured,dand Lnterfere.nce I.l:jet:vete'? Cabibbot—.allon:e(:

_ and dou abibbo-suppressed modes can invalidate the assumption tha
Acp(o(400)70 — 7t 79) = (6 + 8)% (] 2TKO) 2 FiOy. P
Acp(nonresonant 7+ 7~ %) = (=13 + 23)% 1#] s
Acp(rnt2nT) Scale factor/ p
ACP(K+ K— 7r0) =(-1.0+ 1% D% DECAY MODES Fraction (I';/T) Confidence leve(MeV/c)

Acp(K*(892)t K~ — KtK~79%) = (0.9 + 1.3)% [

Acp(K*(1410)F K~ — Kt K= x0) = (—21 + 24)% [22] Topological modes

Acp(K )5 wave K~ — KTK—70) = (7 £ 15f0/ (2] gs:g:gz [aaa] 22 i Z ;; }
Acp(9(1020)7" — K* Ko ) = (1.1 4 2.2)% 47pron§s [bbb] (145 % 05 )°/: -
Acp(f(980)70 — K+ K= x0) = (=3 £ 19)% [#] 6. o4 =12 )10t B
Acp(29(980)°7°0 — Kt K= %) = (=5 + 16)% 1] prongs fecc] (64 £ 13 )x
Acp(f5(1525)7% — K+ K~ %) = (0 £ 160)% [#] _ Inclusive modes
Acp(K*(892) KT — K+ K~ TrO) =(-5+4)% [zz] eianythllng [ddd] ( 6.49 + 0.11 )% -
Acp(K*(1410)" K+ — K* K- 70) = (17 + 29)% [#] p”anything (67 £06 )% -
Acp((K™ 1) s wave KT — KTK=a0) = (=10 + 40)% [22] 50 anyth.lng o ) (547 + 28 )% =13 -
ACP(KO o) (—0.27 + 0.21)% K+anyth|.ng+ K" anything 47 4 )% -
Acp(KS) (05 +0.5)% K* anytfﬂng ) (34 £04 )% -
Acp(K 8 1 0+ 0.7)% 5*(892)0 anyth_lng 1B £9 )% -
Acp(K 0S 3+ 9% K*(892) anythl.ng (9 +4 )% -
ACP(K ﬂ+) (0 1407)% KZ(892)0+anyth_|ng < 36 % CL=90% -
ACP(K+ )= (0.0 £ 1.6)% K (892). anything (28 + 13 ):A, -
Acp(K—7+70) = (0.2 + 0.9)% n/anyth|_ng (95 £09 )% -
+ 0 o 1’ anything (248 +£ 027 )% -
PE£0 :;:: )) ((0 tf)fo 8)% ¢ anything (1.05 £ 011 )% -
cP = 0
Acp(K 5(892) 7t — Kintr7) = (0.4 £05)% Semileptonic modes
Acp(K* (892)+7r — Kéwﬂr )=(1+6)% K~ et (355 + 0.05)% S=1.2 867
Acp(K0p? — Kntn™) = (-0.1+£05)% K= ptu, (331 +013)% 864
p(W w— K0 +7r*) =(-13+7)% K*(892)~ et v (216 + 0.16 ) % 719
Acp(K°£(980) — Kintn~) = (-04+27)% K*(892) pT v, (1.91 + 024 )% 714
Acp(K° £(1270) — K° Tr)=(—4£5% K—Oety (16 +13 )y 861
Acp(KO fy(1370) — K(zw )= (-1+9% - € oo 08
Acp(KOp9(1450) — K9 7r+7r )= (—4+10)% Ko~ et v, (27 32 )% 860
Acp(KOf - K = + 5)9
Agigx*(‘{ﬁi%? o KO +)w )(:3( ;)fg)% Komtaetve (28 T3 )x10 843
Acp(K} (1430)— - Kg 7)) =4+ 4% K1(1270) " et ve (76 £ 39 )yx10-* 498
QCP(;((*(M‘Q’O) N KOS I’T )=(12+ 105)% K-zta~puty, < 12 x1073  CL=90% 821
— = T —
A(C;((K ((11?3%)&:— Kb )) ((3 j:fo(jzfzm)% ,(K:(ggz)”) o < Xm:z =0 o
Acp(K (1680)- 7+ — KSr+r-) 7r7e+ue (289 + 0.08 ) x 1073 s=11 927
A (K*wﬂrﬂr*) (0.7 + 1.0)% TR (1237 & 024 x10 924
Agi(Kﬂr‘ﬁﬂr‘) = (2% 4% pmet e (177 + 0.16 ) x 1073 m
Acp(KTK—ntn7) = (-8 £ 71)% Hadronic modes with one K
Acp(K3(1270)" K* — KOrtK=) = (-1+10)% K=ot (388 + 0.05)% S=11 861
Acp(Ki(1270) KT — K0~ K+) = (-10 £ 32)% Ktn~ (1.380+ 0.028) x 104 861
Acp(Ki(1270)t K= = p"KTK=) = (=7 £ 17)% Kgr? (119 + 004)% 860
Acp(Ki(1270)~ K /;0 K~ K*) = (10 £ 13)% K} 7© (10.0 + 07 )x1073 860
ACP(K*(1410)+ K™ — KOt K=) = (=20 £ 17)% Kintn [ss] (283 + 0.20 )% S=1.1 842
:CP(KISE%)) Kt — _K*OW KJ;) =(-1+14)% K20 (63 t97 )yx1073 674
op(K* K*¥ S-wave) = (10 + 14)% KO ) +o— 4
Acp(pp® Swave) = (-3 £ 5)% g wt (21 + 06 )x 10~ 670
Acp(6p® D-wave) = (—37 + 19)% K (" 77 ) s—wave (34 +£08 )x10 842
Acp(@(mT 77 ) s _wave) = (—9 £ 10)% K% 1(980), (122 F 349 ) 51073 549

Acp((K~ 7T+)P7wave (K+777)57uuwe) =@B£11)% f0(980) — ata~
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K2 1£(1370),

f(1370) — #trx
K% £(1270),

£(1270) — =t x
K*(892)~ 7t

K*(892)~ — K%n~
K§(1430)" 7T,

K5(1430)~ — K7m~
K3(1430)~

K3(1430)~ — K%n~
K*(1680)~

K*(1680)~ — K7~
K*(892)* 7

K*(892)+ — Kirt
Ki(1430)t 7,

K§(1430)T — K%zt
K3(1430)" 7~
K3(1430)*
K057rJr T
K= ntq0
K= pt
K~ p(1700)*

p(1700)F — at a0
K*(892)" =t
_K*(892)~ — K~
K*(892)%79,

K*(892)° — K—nt
K5(1430)~

K3(1430)~ — K~
K;(1430)070,

K3(1430)° — K= 7t
K*(1680)~ 7t

K*(1680)~
K~ 7t 70 nonresonant

K%27T0
K (27°)-S-wave
K*(892)07°,

K*(892)° — K%nO
K*(1430)°7°, K*0 —
Ky
K*(1680)0 70, K*0 —

K%ﬂ'o
K16(1270), £ — 270
2K%, one K% — 2r0
K= 2rtnm
K=zt pOtotal

K=t p03-body

K*(892)° o0,

K*(892)° — K~ 7t

K~ a1(1260)*

. a1(1260)" — 27t xw
K*(892)0 7t 7~ total,
K*(892)° — K~ 7t
K*(892)0 w7~ 3-body,
K*(892)% - K~ nt
Ky (1270)~ 7t

— KOSTF+

nonresonant

— K= x®

Ki(1270) — K- 7tn
K~ 27t 7~ nonresonant
K057T+ a— a0

0
0

Kosn,n—> ata
Kosw, w— atr 7
K= 27t 7= 70
K*(892)° 7t 7= 70,
K*(892)° — K=t

K- rtw,w— ata— 70
K*(892)0w,
K*(892)° — K~
w— ot a0
Kosnﬂ'o

[eee]

+ 09
(28 T3

(9

(166

(270

(3.4

(4

(114

[eee] < 1.4

[eee] < 3.4

[s5]

[ss]

(7]

[ggg]

K% a9(980), ap(980) — na°

(25

(13.9
(10.8
(7.9

(222

(188

(9.9
(29

(188
5.2
1.02
9.9
4.2
(13

+10
- 6

+

0.15

- 0.17

+

0.40

=
ow

0.60

— 0.34

HoH W+

I+

6.0
1.6

0.5
0.7
1.7

0.40
0.19

0.23

2.1

=
=}

0.7

0.50
0.19

1.1
0.7
0.7

1.1
1.1

0.21
0.19

0.33
2.3
0.23

0.6

0.4

23

0.3

0.26

0.6

0.09

0.5

0.4

0.6

0.5
3.0

1.1
2.0

)y x 1073
) x 1075
) %
) x 1073
) x 1074
)yx 1074
)y x 104
x 1075
x 1072
)y x 104
) %

) %
)><10’3

CL=95%

CL=95%

S=1.7

S=2.2

262

711

378

367

46

711

842

844
675

711

711

378

379

46

844
843

711

813

609
609
416

327

685

685

484

813

813

772

670

771

643

605
410

721

K*(892)%1
K*(892)% — K%n
K0527T+27T’

K%poﬂJrﬂ’, no K*(892)~

K*(892)~2nt 7,
K*(892)~ — K%n~,
no p°

K*(892)~ pOnt,
K*(892)~ — K%n~

K% 27+ 27~ nonresonant
K= 3nt2n~

(269 +
(11 +
(5 =+

(1.6 =+

< 12
(22 =+

05 )x1073
031 )x 1073
0.7 )x1073
8 )x104
06 )x1073

x 1073
0.6 )x10—4

CL=90%

Fractions of many of the following modes with resonances have already
appeared above as submodes of particular charged-particle modes. (Modes
for which there are only upper limits and K*(892) p submodes only appear

below.)
K%n (479 + 030 ) x 103
K%w (111 % 0.06 )%
K%' (958) (94 +05 )x1073
K~ a,(1260)* (78 +11 )%
K~ ay(1320)* < 2 x 1073
K*(892)°7F 7~ total (24 +£05 )%
K*(892) 7t 7~ 3-body (148 + 034 )%
K*(892)° 0 (158 + 034 )%
K*(892)0 p0transverse (17 £06 )%
K*(892)% °$wave (30 +06 )%
R*(892)0/°5—Wave long. < 3 x 1073
K*(892)0 p° P-wave < 3 x 1073
K*(892)0 p OD—wave (21 +06 )%
K1(1270)~ 7 [fff] (16 + 08 )%
K1(1400)" 7 < 12 %
K*(892)°7r+7r 70 (19 +£09 )%
K-t (30 +06 )%
7*(892)% (11 +05 )%
K~ 7 1/(958) (75 + 19 )x1073
K*(892)04/(958) < 11 x 1073
Hadronic modes with three K's
KK+ K- (447 + 034 ) x 1073
k% a9(980)°, aJ — KT K~ (30 + 04 )x1073
K~ ag(980)*, af — KtKY (60 + 18 )x1074
K+a(980)~, a; —» K~K%Y < 11 x 104
K% 1%(980), fp — KTK~ <9 x 1075
K%¢, ¢ — KTK™ (205 + 016 )x 1073
K3 %(1370), fy — KTK~ (17 + 11 )x1074
3K% (91 + 13 )x1074
Kt2K— ot (221 + 031 )x1074
Kt K= K*(892)°, (44 +17 )x107°
K*(892)° — K~
K- nt¢, ¢ — KTK— (40 + 1.7 )x107°
#K*(892)°, (1.06 + 0.20 ) x 10~4
¢ — KT K-,
K*(892)° — K—xt
KT 2K~ 7t nonresonant (33 +£15 )x10°5
2K KErTF +13 )x1074
Pionic modes
rtr ( 1.402+ 0.026) x 1073
270 (820 + 035 ) x 104
ata— a0 (143 + 006 )%
ptm (98 + 04 )x1073
070 (372 £ 022 )x 1073
pat (496 + 024 )x1073
(1450) , p(1450)F — (16 + 20 )x107°
ot
p(14 ) 0 p(1450)° — (43 +£19 )x1075
Tt
p(145 ) +, p(1450)~ (26 + 04 )x1074
T 71'
p(1700)t 7, p(1700)+ — (59 + 14 )x1074
7T+7T
p(170 V070, p(1700)0 — (72 +17 )x1074
7r T
p(1700)~ 7t p(1700)~ — (46 + 11 )x1074
i 71'0
15(980) 70, £,(980) — (36 +08 )x107°
7r+71'
1(500) 70, £,(500) — (118 + 021 ) x 10~4

rtr~

CL=90%

CL=90%
CL=90%

CL=90%

CL=90%

CL=95%
CL=95%

768

642

230

768
713

772
670
565
327
198
685
685
417
417
417
417
417
417
484
386
643
605
410
479
119

434
427

922
923
907
764
764
764
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f(1370)7°, f,(1370) — (53 £ 21 )x1075
T
f(1500)7°, f,(1500) — (56 + 15 )x1075
™
£(1710)7°, £(1710) — (44 +15 )x1075
T
£(1270)7°, £,(1270) — (189 + 020 )x 1074
rta-
7t~ 7% nonresonant (120 + 035 ) x10~4
30 < 35 x10™4
ot on— (742 + 021 )x1073
a(1260)t 7, af — (445 + 031 )x10~3
27t 7~ total
a1 (1260) 7, af — (321 + 025 )x10-3
7T S-wave
a1 (1260) 7, af — (19 + 05 )x10~4
7T D-wave
a(1260) Y7, af — (62 + 07 )x10~4
(77T+
2p%total (182 £ 013 )x 103
2p0, parallel helicities (82 + 32 )x1073
209, perpendicular helici- (48 + 06 )x1074
ties
2p%, longitudinal helicities (125 + 010 ) x 103
Resonant (7t 7~ )at 7~ (148 + 012 )x1073
3-body total
ortm~ + 09 )x10~4
f(980) T 7, fy — + 05 )x1074
Tt~
HL(1270) 7t 7=, fh — (36 + 06 )x1074
P
atr=2x0 (1.00 + 0.09 )%
nm® [hhh] (68 =+ 07 )x10~4
wnd [hhh) < 2.6 x 104
2rt 2 70 (41 £ 05 )x1073
nata~ [hhh] ( 1.09 + 0.16 ) x 10~3
wrtr™ [hhh] (1.6 + 05 )x10~3
3t 37~ (42 +12 )x1074
7' (958) 70 (90 + 14 )x10~4
7' (958) 7t (45 + 17 )x1074
2n (167 + 020 )x10™3
nn’(958) (1.05 + 0.26 ) x 1073
Hadronic modes with a KK pair
KT K~ (396 + 008 )x103
2K% (17 + 04 )x1074
KAK— 7t (35 + 05 )x10-3
K*(892)°K%, K*0 — <5 x 1074
K~ ot
KK+m— (21 + 04 )x103
K*(892)° K%, K0 — < 18 x 1074
Ktn~
Kt K= =0 (329 + 0.14 ) x 103
K*(892)t K—, K*(892)*t — (1.46 + 0.07 )x 1073
Kt 0
K*(892)~ K*, K*(892)~ — (52 + 04 )x1074
Km0
(KT 79 s _wave K~ (234 £ 017 ) x 1073
(K~ 79 s _wave KT (13 + 04 )x1074
£(980)7°, fy - KK~ (35 + 06 )x10~4
on0, ¢ — KTK~ (64 + 04 )x1074
QKg 70 < 59 x 104
KTK=7ntn~ (243 + 012 )x1073
(T 1) s —waver ¢ — (250 + 033 )x104
KT K~
(¢/]0)57wa1,e, ¢ — Kt K~ (93 +£12 )x107*
(60°) D—waver & — KTK~ (83 + 23 )x1073
(KOK*0s_paver KO — (148 £ 030 ) x 10~
KEnF
(K77T+)Pfuuwer (26 05 )x 1074
(K+777)57wavev
K1(1270)T K, (18 + 05 )x1074
Ki(1270)F — K*O7+
K1 (1270)t K, (114 + 026 )x10°4
Ki(1270)F — pOK+
K1(1270)~ KT, (22 + 12 )x107°
Kq(1270)~ — KO0z~
Ki1(1270)~ K, (146 + 025 )x 104
Ky (1270)~ — pOK~

CL=90%
S=1.1

CL=90%

S=1.4
$S=2.5
S=1.2
CL=90%

S=1.3
CL=90%

907
908
880

882
846
761
844
827
738
795
678
650
754
537

791
789
739
608

739
608

743

743
743

740
677
614

250

K*(1410)T K,
K*(1410)t — K*0z+

K*(1410)~ KT,
K*(1410)~ — K0z~

(102 + 026 )x1074

(114 + 025 )x 1074

2Kt (123 + 024 )x103 673
KYK=2nt 7~ < 15 x1074  CL=90% 595
KT K= ata— 70 (31 + 20 )x103 600
Other K K X modes. They include all decay modes of the ¢, n, and w.
on (14 + 05 )x1074 489
pw < 21 x1073  CL=90% 238
Radiative modes
Oy < 24 x1074  CcL=90% 771
wry < 24 x1074  CL=90% 768
Joxet (270 + 035 )x 107> 654
K*(892)0 (327 + 034 )x 1074 719
Doubly Cabibbo suppressed (DC) modes or
AC = 2 forbidden via mixing (C2M) modes

K+ (= 7via D° < 22 x107%  CL=90% = —
KT or K*(892)T e~ 7 via < 6 x107%  CL=90%  —

Do
Ktn~ DC (1.47 & 007 ) x 1074 S=2.8 861
K+ 7~ via DCS (131 + 0.08 )x1074 -
Kt x~via DO < 16 x1075  CL=95% 861
K%xta~in DO — D° < 18 x1074  CL=95%  —
K*(892)T 7, DC (114 + 089 ) 5104 711

K*(892)t — K%t
Kj(1430) Y7, DC < 14 x 1075 -

K§(1430)F — K%at
K3(1430) 7, DC < 34 x 1075 -

K3(1430)F — K%x+
Ktn 0 DC (3.04 + 017 ) x 1074 844
Kt ax~ xOvia DO (73 05 )x1074 -
Ktraton— DC (262 £ 011 )x10~4 813
K+t xt2r~via DO < 4 x1074  CL=90% 812
4~ anything via D° < 4 x1074  cL=90% -

AC = 1 weak neutral current (CI) modes,
Lepton Family number (LF) violating modes,
Lepton (L) or Baryon (B) number violating modes

vy C1 < 22 x1076  CL=90% 932
ete~ c1 < 79 x1078  CL=90% 932
whtp c < 62 x1079  CL=90% 926
nlete~ c1 < 45 x1075  CL=90% 928
wOutu= c1 < 18 x107%  CcL=90% 915
nete~ c1 < 11 x107%  CL=90% 852
npt c < 53 x1074  CL=90% 838
ataete” c1 < 3713 x1074  CL=90% 922
Pete c1 < 10 x1074  cL=90% 771
atr ot~ c < 55 x1077  CL=90% 894
POut c1 < 22 x1075  CL=90% 754
wete™ c1 < 18 x1074  CL=90% 768
wptp~ c1 < 83 x1074  CcL=90% 751
K- Ktete™ 1 < 315 x107%  CL=90% 791
pete” c1 < 52 x 1079  CL=90% 654
K=Kt utu~ 1 < 33 x 1079 CL=90% 710
outu c1 < 31 x1075  CcL=90% 631
Klete~ ] < 11 x10~4  CL=90% 866
KOyt~ wl < 26 x1074  CL=90% 852
K- ntete c1 < 3.85 x1074  CL=90% 861
K*(892)0 et e~ bl < 47 %1075 CL=90% 719
K- atutpu 1 < 359 x 1074 CL=90% 829
K*(892)°0 ut p~ ] < 24 x1075  CL=90% 700
ata=Outu~ C1 < 81 x1074  CL=90% 863
ute¥ LF  [gg] < 26 x10~7  CL=90% 929
aled LF  [gg] < 8.6 x1075  CL=90% 924
net ¥ LF  [gg] < 1.0 x1074  CL=90% 848
rta et T LF [gg] < 15 x1075  CL=90% 911
ety LF  [gg] < 4.9 x1075  CL=90% 767
wet T LF  [gg]l < 12 x10~%  CL=90% 764
K~ Ktetu¥ LF  [gg] < 18 x10~4  CL=90% 754
pet T LF  [gg] < 3.4 x1075  CL=90% 648
KOet ¥ LF  [gg] < 1.0 x10~4  CL=90% 863
K- atefu® LF [gg] < 553 x1074  CL=90% 848
K*(892)%e* 1T LF  [gg] < 83 x1075  CcL=90% 714
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21~ 2et 4 c.c. L < 112 x1074  CL=90% 922 5;(2460)0 modes are charge conjugates of modes below.
2~ 2ut + c.c. L < 29 x107%  CL=90% 894
K—n~2eT+ cc. L < 2.06 x1074  CL=90% 861 . 0 )
K= 2#+ 1 e L < 39 ©10-%  CL_o0% 829 D2(2460) DECAY MODES Fraction (I';/T) p (MeV/c)
2K~ 2et + c.c. L < 152 x10~4  CL=90% 791 Dt -
2K~ 2ut + cc. L < 94 x1075  CL=90% 710 D+ 72rOlO . seen 507
aaetut+ cc. L < 79 x10~%  CL=90% 911 DO( v ) & seen 391
K-m~etut+ cc L < 218 x104  CL=90% 848 D0t ot seen 463
2K~ etput+ cc. L < 57 %1075  CL=90% 754 o not seen 326
pe~ LB ii] < 1.0 x1075  CL=90% 696
pet LB [l < 11 x1075  CL=90% 696 D;(2460)i 1Py = 12%)
P _ ot aei
D*(2007)° ,(JP) _ %(17) J© = 27T assignment strongly favored.
I, J, P need confirmation. Mass m = 2464.3 + 1.6 MeV (S = 1.7)
Mass m = 2006.96 + 0.10 MeV mD;(2460): - mD’Q‘(2460)0 =244 1.7 MeV
Mpso — Mpo = 142,12 4 0.07 MeV Full width ' =37 £ 6 MeV (S = 1.4)
1 — 0,
Full width T' < 2.1 MeV, CL = 90% D§(2460)_ modes are charge conjugates of modes below.
5"‘(2007)0 modes are charge conjugates of modes below.
D;(2460)i DECAY MODES Fraction (I';/T) p (MeVc)
D*(2007)0 DECAY MODES Fraction (I';/T) p (MeV/c) -
D" seen 512
DO 70 (61.942.9) % 43 D*olﬁ+ seen 395
Do v (38.1+2.9) % 137 Dt rt o~ not seen 461
D*t o= not seen 324
D*(2010)* 10P) = 307)
I, J, P need confirmation.
Mass m = 2010.26 + 0.07 MeV (S = 1.1) CHARMED, STRANGE MESONS
Mp-(2010)+ — Mp+ = 140.66 = 0.08 MeV (C =S = :tl)
Mpy.(a010)+ — Mpo = 145.4257 + 0.0017 MeV Lo T T .
Full width T = 83.4 + 1.8 keV DS =c¢s, Dy =7Ts,  similarly for DY's
D*(2010)~ modes are charge conjugates of the modes below.
+ Py _ —
D"‘(ZOIO)* DECAY MODES Fraction (I';/T) p (MeV/c) Ds 1U7) =0(07)
0+
b (67.7£0.5) % 3 Mass m = 1968.30 + 0.11 MeV (S = 1.1)
bim (30.7£0.5) % 8 M 4 — mpe = 98.69 + 0.05 MeV
Dty (1.6+0.4) % 136 Df Dx = ¢ :
Mean life 7 = (500 £ 7) x 10715 s (S = 1.3)
93(2400)0 /(_]P) _ %(0"") . C7.' = 149.9 um .
CP-violating decay-rate asymmetries
Mass m = 2318 + 29 MeV (S = 1.7) QCPE};(;&O:) (5 $ g;%i 026
i — cP 0
Full width I = 267 £+ 40 MeV Aop(KE K- ﬂ.i) (—0.5 + 0.9)%
Dj}(2400)® DECAY MODES Fraction (I;/T) p (MeV/c) Acp(KEKER0) = (=2 £ 6)%
- Acp (2K i) (3+5%
b* = seen 385 ACP(K+ K~ nt79) = (0.0 £ 3.0)%
A@p(KiKO ataT) = (-6 +5)%
. 0 KFo 0,
D, (2420)° 1Py = 30%) A Acp(KgK¥2r=) = (4.1 iz?o//o
I needs confirmation. cp(ntm ) =(-07£31)%
Mass m = 2421.4 + 0.6 MeV (S = 1.2) A@P(wi ) = (1.1 +3.1)%
Mpo — Mp. =4111£06 (S =12) Acp(rt 7’) (—22+23)%
0
Full width T = 27.4 £ 2.5 MeV (S = 2.3) QCPE”/’T o s ((Olii8)4°}%
cp\n' ™ ()
51(2420)0 modes are charge conjugates of modes below. AcP(Ki - ) — ( 27 + 24)%
Acp(Ken%) = (1.2£1.0)% (S =13)
D1(2420)0 DECAY MODES Fraction (I';/T) p (MeV/c) A(vp(Kiw+7r )= +5%
D*(2010)* 7~ seen 354 AcP(Kin) (O+15)%
DOnt g~ seen 425 Acp(K=1'(958)) = (6 + 19)%
D :0771 B not seen 473 T-violating decay-rate asymmetry
DT x not seen 280 AT(K% K:t,ﬁrﬂ*) =(-14+£8) x 1073 [
D} — ¢ty form factors
Dz(2460)° 1JP) = Lot s
3(2460) U7 =327 r=084%0.11 (S=24)
JP = ot assignment strongly favored. r, =180+ 0.08

M /TT =0.72+0.18
Mass m = 2462.6 + 0.6 MeV (S = 1.2)

Mp.o — Mpy = 593.0 £ 0.6 MeV (S =1.2)
2

Mo — Mper = 452.3 4 0.6 MeV (S =12)

FuIIWIdthF_490j:13MeV (S=1.5)
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Unless otherwise noted, the branching fractions for modes with a resonance 7t 270 ( 65 +£1.3 )x 103 960
in the final state include all the decay modes of the resonance. Ds_ modes ont o~ 770 — 935
are charge conjugates of the modes below. ,,”r+ [000] ( 1.6940.10) % S=1.2 902
Scale factor/  p wrt [000] ( 2.4 £06 )x10~3 822
DY DECAY MODES Fraction (T;/F)  Confidence level (MeV/c) 3%1277’ . (7.9 £08)x1073 899
2n T T 21 — 902
Inclusive modes npt [ooo] ( 8.9 +0.8 )% 724
et semileptonic [kkk] ( 6.5 £0.4 )% - nat 70 (92 +12)% 885
w+anything (119.3 +£1.4 )% - wrt a0 looo] ( 28 +£0.7 )% 802
ﬂ;anythi.ﬂg (432 £09)% - 3nton— a0 (49 £32)% 856
7 anything (123 £7 )% - worta~ [o0o] ( 1.6 05 )% 766
K™ anything (187 £05)% - 7(958)wt [nnn,000] ( 3.94+0.25) % 743
K+ anything (28.9 £0.7 )% - 3nt2n— 270 — 803
K anything (19.0 £1.1 )% - wnrt [oo0] < 213 % CL=90% 654
7 anything [m (299 £2.8 )% - 7'(958) pt [ann,000] (125 +£2.2 )% 465
w anything (61 +1.4)% - 7/(958) wt 0 ( 56 £08)% 720
7' anything [nnn] (117 +1.8 ) % - i ,
£,(980) anything, fy — 7t~ < 13 % CL=90% - Modes with one or three K's
( . Kt a0 (63 +£21)x1074 917
¢ anything (157 £1.0 )% - KOt _3
KT K~ anything (158 +£0.7 )% - iﬂ ( 1.21£0.06) x 10_3 916
Ko5 K+ anything ( 58 405)% _ K+7/ [ooo] ( 1.7640.35) x 1073 ) 835
Kos K~ anything ( 19 04 )% _ §+w/ [oo0] < 2.4 X 1073 CL=90% 741
o . 7'(958) [o00] ( 1.8 £0.6 )x 10 646
2K’ anything ( 1.70+0.32) % - Kt rta— ( 65 +04)x10-3 900
2Ki’anyth!ng < 26 x1073  CL=90% - K+ P ( 25 404 )x 103 245
2K~ anything < 6 x10~4  CL=90% - K+ p(1450)0, )0 — 7ta— ( 69 +24 )x1074 -
Leptonic and semileptonic modes K*(;?E)O KO — ( 1.41:+0.24) x 1073 775
ety 8.3 x 1075  CL=90Y 984 s
;ﬁ'ui <( 5.56+0.25) x 103 . 981 K*(}iilg)f’ L KO~ ( 123:028) x 1073 -
v, ( 554+0.24) % 182 K*(1430)%7+, K*0 — ( 50 +35)x10~4 -
KtK-etw, — 851 K+n—
pet v, [o0o] ( 2.49+0.14) % 720 K+ 7t 7~ nonresonant ( 1.04+0.34) x 1073 900
netve + 1/(958) e ve [ooo] ( 3.66+0.37) % - KOzt 70 ( 1.0040.18) % 899
netuve [000] ( 2.67+0.29) % s=1.1 908 K%2ntn (3.0 1.1 )x1073 870
7' (958) e v [ooo] ( 9.9 +23)x 1073 751 KT wr® [ooo] < 8.2 x 1073 CL=90% 684
wet v, lppp] < 2.0 x 1073  CL=90% 829 Ktwntrn™ [000] < 5.4 x10=3  CL=90% 603
KOt v ( 37 £1.0)x1073 921 Ktwn [ooo] < 7.9 x1073  CL=90% 366
K*(892)0 et v [ooo] ( 1.8 +0.7 )x 1073 782 2Kt K~ ( 216+0.21) x 1074 627
f(980) et ve, fy — wt ™ ( 2.004+0.32) x 103 - OKT, ¢ > KTK— ( 88 +£2.0 )x1075 -
Hadronic modes with a K K pair Doubly Cabibbo-suppressed modes
KT K (1 1.49+0.06) % 850 2Kt~ ( 1.26+0.13) x 10~4 805
Kt KO ( 2.95+0.14) % 850 Kt K*(892)0, K*0 — ( 59 +3.4)x1075 -
KTK—nt [ss] ( 5.3940.21) % S=1.4 805 Ktn—
ot [ooo,qqq] ( 45 £0.4)% 712 Baryon-antibaryon mode
ort, o — KTK™ laga] ( 2.24+0.10) % 712 pA ( 1.3 +0.4 )x10~3 295
KT K*(892)%, K*0 — ( 2.58+0.11) % 416
K-t AC = 1 weak neutral current (C1) modes,
f(980)7t, fo — KT K~ ( 1.14+031) % 732 Lepton family number (LF), or
f(1370) 7+, fy — KT K™ (7 +5 )x1074 - Lepton number (L) violating modes
f(1710)7, fy - KK~ (66 £29)x1074 198 ntete byl < 13 x 1075  CL=90% 979
K+:{<§(1i30)°, Ky — (1.8 04 )x1073 218 Tt 6o etem bl (5 % )x10°6 B
K+ K% woﬂ ( 152+0.22) % 805 ot < 41 x 1077 CL=90% 968
2KY 7t ( 7.7 206 )x10-3 802 Ktete c1 < 37 x 1076 CL=90% 922
KOKO 1+ _ 800 Ktutu~ 1 < 21 x 1075 CL=90% 909
K*(892)* K° [ooo] ( 5.4 +12)% 683 K_:i(S_f_)Q)JruJr w C1 < 14 x 1073 CL=90% 765
K+ Km0 ( 63 +07)% s 11 748 atetp~ LF < 12 x 1073 CL=90% 976
- 19\, ate pt LF < 20 x1075  CL=90% 976
op [ooo] ( 84 T53)% 401 Ktetu~ LF < 14 x10~%  CL=90% 919
K K= 2n™* ( 1.66+0.11) % 744 Kte ut LF < 97 x 1070 CL=90% 919
K*(892)T K*(892)° fooo] ( 72 £2.6 )% 417 26T L < 41 x 1076 CL=90% 979
Kt K7t = ( 1.03+£0.10) % 744 7 2ut L < 12 x 1077 CL=90% 968
KT K= ontn— ( 86 +15)x103 673 ametut L < 84 x 1070 CL=90% 976
ot [ooo] ( 1.21+0.16) % 640 K~ 2et L < 52 x1076 cL=90% 922
K+ K= p®7+t non-¢ < 26 x 1074 CL=90% 249 K= 2p* L < 13 x 1075 CL=90% 909
o0, 6 — KHK- ( 65 413 )x10-3 181 K- etput L < 61 x1076  CL=90% 919
ba(1260)F, ¢ — ( 7.4 +12 )x10-3 t K*(892)~ 2u™t L < 14 x1073  CL=90% 765
KtK=, af — pOnt
K+ K~ 27+ 7~ nonresonant (9 7 )xi0~4 673 N 2
2K%2nt n (8 +4 )x10~4 669 Dsi 1(0P) = 0o(?")
Hadronic modes without K's JPis natural, width and decay modes consistent with 1~
at a0 < 34 x10~4  CL=90% 975
2t ( 1.09:£0.05) % s=12 959 Mass m = 2112.1 £ 0.4 MeV
POt ( 20 £1.2)x1074 825 My — Mpe = 143.8 £ 0.4 MeV
(7 77) s wave [rr] (9.0 =05 )x 1073 959 Full'width T < 1.9 MeV, CL = 90%
f(1270)7t, h — atx~ ( 1.09+0.20) x 1073 559
p(1450)07F, p0 — 7tz (30 £1.9 )x10~4 421
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D:’ modes are charge conjugates of the modes below.

D}t DECAY MODES Fraction (F;/T) p (Mevjc)
DY~ (94.240.7) % 139
DF =0 ( 5.8+0.7) % 48
*(2317)* 1(4P) = 0(0™)
J, P need confirmation.

JPis natural, low mass consistent with 0.

Mass m = 2317.7 + 0.6 MeV (S = 1.1)
mD;0(2317): - mDSi =3494+ 0.6 MeV (S=1.1)
Full width ' < 3.8 MeV, CL = 95%

D;0(2317)* modes are charge conjugates of modes below.

D;D(2317)i DECAY MODES Fraction (I';/T) p (MeV/c)
D: 70 seen 298
D;r 070 not seen 205

D;,(2460)* 14P) = o1 )

Mass m = 2459.5 + 0.6 MeV (S = 1.1)

Mp, (ae0)s ~ Mprs = 3473+ 0.7 MeV (S =12)
Mpy(oasoys — Mp+ = 4912+ 0.6 MeV (S = 1.1)
Full width I' < 3.5 MeV, CL = 95%

D51(2460)* modes are charge conjugates of the modes below.

Scale factor/ p

D51(2460)+ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Dt 0 (48 +11 )% 297
Df (18 + 4 )% 442
D ata- (43+ 1.3)% s=1.1 363
Dty <8 % CL=90% 323
D%(2317) %y (37 59 % 138
Ds;(2536)% 1Py =0(1h)
J, P need confirmation.

Mass m = 2535.10 & 0.08 MeV (S = 1.1)
Full width I' = 0.92 & 0.05 MeV

Dg1(2536) ™ modes are charge conjugates of the modes below.

p

D51(2536)+ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
D*(2010)* K© 0.85 £0.12 149
(D*(2010)t K% g_wave 0.61 £0.09 149
Dtn~ KT 0.02840.005 176
D*(2007)° K+ DEFINED AS 1 167
Dt KO <0.34 90% 381
DK+ <0.12 90% 391
D;Jr v possibly seen 388
D;r ata~ seen 437

%, (2573) 1(JPy = 0(z%)

JPis natural, width and decay modes consistent with 2.

Mass m = 2571.9 + 0.8 MeV
Full width T =17 £ 4 MeV (S = 1.3)

D’5‘2(2573)* modes are charge conjugates of the modes below.

D;2(2513)+ DECAY MODES Fraction (I';/T) p (MeV/c)

DOK+ seen 434

D*(2007)° K+ not seen 243
D?,(2700)% 1Py = 0017)

Mass m = 2709 + 4 MeV
Full width ' = 117 + 13 MeV

BOTTOM MESONS
(B=+1)

Bt = ub, B® = db, B = db, B~ =Tb, similarly for B*'s

B-particle organization |

Many measurements of B decays involve admixtures of B
hadrons. Previously we arbitrarily included such admixtures
in the BT section, but because of their importance we have
created two new sections: “B*/B0 Admixture” for 7'(4S)
results and “B*/BY/BY/b-baryon Admixture” for results
at higher energies. Most inclusive decay branching fractions
and xp at high energy are found in the Admixture sections.
BY-B° mixing data are found in the B section, while B2-
BY mixing data and B-B mixing data for a B%/BY admixture
are found in the Bg section. CP-violation data are found in
the B¥, BY, and B+ BY Admixture sections. b-baryons are
found near the end of the Baryon section.

The organization of the B sections is now as follows, where
bullets indicate particle sections and brackets indicate re-
VIEWS.
o BE
mass, mean life, CP violation, branching fractions
YL
mass, mean life, B%-B% mixing, CP violation,
branching fractions
o BE B Admixtures
CP violation, branching fractions
e BE/B/BY/b-baryon Admixtures
mean life, production fractions, branching fractions
e B*
mass
o B (5721)°
mass
o B3(5747)0
mass
e BY
mass, mean life, B2-BY mixing, CP violation,
branching fractions
* B
mass
© B,1(5830)°
mass
o B%,(5840)°
mass
. Bf
mass, mean life, branching fractions
At the end of Baryon Listings:
L] Ab
mass, mean life, branching fractions
o Ap(5912)0
mass, mean life
o /p(5920)°
mass, mean life
(D3N
mass
. ):z
mass

=0 =—
®=p =p

mass, mean life, branching fractions
o =5(5945)°
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mass, mean life
. _Q;

mass, branching fractions
e b-baryon Admixture

mean life, branching fractions

1UP) = h(07)

I, J, P need confirmation. Quantum numbers shown are quark-model
predictions.

Mass Mgy = 5279.26 + 0.17 MeV
Mean life 7. = (1.638 & 0.004) x 10712 s

cr = 491.1 um

CP violation
Acp(BT — J/9(1S)KT) = 0.003 + 0.006 (S = 1.8)
Acp(BY — J/(1S)nT) = (0.1 £2.8) x 1072 (S = 1.2)
Acp(BT — J/wpt) = —0.11 £ 0.14
Acp(Bt — J/K*(892)1) = —0.048 + 0.033
Acp(BT — ncKt) = —-0.02+010 (S=20)
Acp(BT — (2S)nt) = 0.03 + 0.06
Acp(BT — (2S)KT) = —0.024 £ 0.023
Acp(BT — (25)K*(892)T) = 0.08 & 0.21
Acp(BY — xc1(1P)nt) =0.07 £ 0.18
Acp(BT — xcoKt)=-020+0.18 (S =1.5)
Acp(BY — xc1 K*) = —0.009 £ 0.033
Acp(BT — xc1 K*(892)T) = 0.5+ 0.5
Acp(BY — DY7F) = —0.007 + 0.007

Acp(BT — Dgp(y1ym™) = 0.035 + 0.024
A(jp(B+ — DCP(—1)7T+) = 0.017 £ 0.026
Acp([KFrEata=|prt) =013 £ 0.10
Acp(BY — DYK+) =0.01+005 (S=21)
Acp((KFrtata=]pKt) = —0.42 £ 0.22
rp(BT — DOK*) =10.096 + 0.008

op(Bt — DOK*) = (115 + 13)°

rg(Bt — DOK*t) =017 £0.11 (S=23)
og(Bt — DYK*t) = (155 + 70)° (S = 2.0)

Acp(BTY — [K=7t]pKt) = —0.58 + 0.21
Acp(BY — [K~=atn0]pKT) = 0.41 £0.30
Acp(BT — [K=7nt]5K*(892)T) = —03 +£ 05
Acp(Bt — [K=7T]p7T) = 0.00 £ 0.09
Acp(BT — [K—ata0]p7nt) =0.16 £ 0.27
Acp(BT — [K~7t]pmynt) = —0.09 +0.27
ACP(B+ — [K77F+](D,Y)7r+) =-07=+06
Acp(BT — [K=at](pmKT) =08+ 0.4
A(jP(B+ — [K*7r+](Dq,) K+) =04+1.0
Acp(BT — [at 7= 70]pKt) = —0.02 £ 0.15

Acp(Bt = Dgp(41)K*) =0.170 £0.033 (S=12)
Asps(BY — DKT)=-052+0.15
Aaps(BT — Dnt) =0.14 £ 0.06

Acp(BT — Dgp(—1)KT) = —0.10 +0.07
Acp(BT — D*97t) = —0.014 + 0.015
Acp(BT — (D*CP(H))%#) = —0.02 £ 0.05
Acp(Bt — (D*cp(_1))°’f+) = —0.09 £ 0.05
Acp(BT — D*OKt) = —0.07 £ 0.04

ry(BY — DOk+) = 011410023 (S =12)

55 (Bt — DOK*) = (310722)° (S =1.3)

Acp(BT — D*COP(_H) K*) = -0.12 £ 0.08
Acp(BY — Dip_ 1y K*) =0.07 £0.10
ACP(B+ d DCP(+1) K*(892)+) = 009 + 014
Acp(BT — Dop(_1)K*(892)") = —0.23 + 0.22
Acp(Bt — Df¢) =00+04

Acp(BT — D*TD*0) = —0.15 4+ 0.11
Acp(BT — D*tD% = —0.06 + 0.13
Acp(BT — DT D*0) =013+ 0.18

Acp(BT — D*tDY) = —0.03 £ 0.07

Acp(BY — K%nt) = —-0.017 £ 0.016
Acp(BT — Ktx0) =0.037 + 0.021

Acp(BT — # Kt) =0.013 + 0.017

L e e e O e e A A

7 K*(892)T) = —0.26 + 0.27
7' K§(1430)%) = 0.06 & 0.20
7' K3(1430)") = 0.15 £ 0.13
nK+*) = —0.37 + 0.08
nK*(892)1) = 0.02 + 0.06
nK;(1430)7) = 0.05 + 0.13
nK3(1430)F) = —0.45 £ 0.30
wK*) =0.02 + 0.05
wK*t) = 0.29 + 0.35
w(Km)pt) = —0.10 £ 0.09
wK3(1430)T) = 0.14 £ 0.15
K*O7rt) = —0.04 £ 0.09 (S=21)
K*(892)T7%) = —0.06 + 0.24
K*ta~at) = 0.033 + 0.010
K+ K~ KT nonresonant) = 0.06 + 0.05
£(980)° K*) = —0.08 + 0.09
£(1270)K+) = —0.68* {12
f(1500) K*) = 0.28 + 0.30
£4(1525)0 K+) = —0.08 750
P K*) =037+ 0.10
K5(1430)° ) = 0.055 + 0.033
K3(1430)%7%) = 0.057 322
K+7070) = —0.06 = 0.07
KOpt) = —012+0.17
K*trta™) = 0.07 + 0.08
PP K*(892)1) = 0.31 + 0.13
K*(892)* £5(980)) = —0.15 + 0.12
af K% =012+ 011
bf K%) = —0.03 £ 0.15
K*(892)%pT) = —0.01 £ 0.16
PIK*) = —0.46 + 0.20
KOK*) =0.04 £ 0.14
KLK*) = —-021+0.14
KT KIKQ) = 0.047 002
KtK—nt)=-012+0.05 (S=12)
KTK—K*) = —0.036 +£0.012 (S =1.1)
dKt) =0.04 +0.04 (S=21)
Xo(1550)K+) = —0.04 £ 0.07
K*t Kt K~) =0.11 + 0.09
#K*(892)") = —0.01 £ 0.08
¢(Km)st) =0.04 £0.16
K1 (1270)1) = 0.15 + 0.20
$K3(1430)F) = —0.23 £ 0.20
Kt ¢p) = —0.10 + 0.08
K*[¢¢l,. ) = 0.09 £ 0.10
K*(892)v) = 0.018 £ 0.029
nK*y) = —0.12 + 0.07
¢dKTy) =—-013+011 (S=11)
pTy)=-0.11+033
7T 70) = 0.03 £ 0.04
ata~at) =0.105+ 0.029 (S = 1.3)
Prt) =018+
f,(1270)7t) = 0.41 + 0.30
P0(1450) %) = —0.1 %3¢
f(1370)7+) = 0.72 + 0.22
7t~ a7t nonresonant) = —0.14 7323
pt %) =0.02+0.11
ptp%) = —0.05 + 0.05
wrt) = —0.04 £ 0.06
wpt) = —0.20 £+ 0.09
nrt) = —-014+0.07 (S=14)
npT) =0.11 4+ 0.11
7 7t) = 0.06 + 0.16
n pt) =0.26+0.17
BY7t) = 0.05 + 0.16
pp7t) = 0.00 + 0.04
ppK*) = —0.08 £0.04 (S=1.1)
ppK*(892)%) = 0.21 £ 0.16 (S =1.4)
pAy) =0.17 £ 0.17
pAz%) = 0.01 £ 0.17
Ktete—) = —0.02 +0.08
KTete™)=0.14 +0.14
K*utp~) = —0.003 £+ 0.033
K*tetem) = —0.09 +0.14
K*ete )= —0.14 + 0.23

) =-012+0.24

— K*ut
D0 Ky — (735 1)0
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B~ modes are charge conjugates of the modes below. Modes which do not D, D*, or Dg modes
identify the charge state of the B are listed in the Bi/B0 ADMIXTURE 50 at ( 481 £0.15 ) x 103 2308
section. Depis1ymt [ttt] ( 220 £0.24 ) x 10~3 -
_ + -3 _
The branching fractions listed below assume 50% B9 BO and 50% B+ B~ DCP( nT [tet] (21 £04 )x10
production at the 7°(4S). We have attempted to bring older measurements DO p ( 1.34 +£0.18 )% 2237
up to date by rescaling their assumed 7°(4S) production ratio to 50:50 DOK+ (370 +£0.17 ) x 1074 2281
and their assumed D, D, D*, and 1 branching ratios to current values DCP 1 K+ [tet] ( 1.92 £0.14 ) x 10—4 _
whenever this would affect our averages and best limits significantly. (+1) + 4
Dep—1y K [tet] ( 2.00 £0.19 ) x 10~ -
Indentation is used to indicate a subchannel of a previous reaction. All + + —7 —ano, _
resonant subchannels have been corrected for resonance branching frac- [K ™lp K+ ou] <28 x 1075 CL7900A;
tions to the final state so the sum of the subchannel branching fractions [KT7"]p K [vwu] < 1.8 x 10 CL=90% -
can exceed that of the final state. [K— +] o] ( 63 +1.1 )x107 -
+ —4 —
For inclusive branching fractions, e.g., B — Dianything, the values [ + ] _ (168 £0.31)x 10—6
usually are multiplicities, not branching fractions. They can be greater 5"0}?*(77 ])D K (46 09 )x10 . -
than one. 892)* ( 53 +04 )x10~ 2213
Dop(—1)K*(892)* [tet] (2.7 +0.8 )x107% -
Scale factor/  p D, ) K*(892)* ¢t 58 +11 )x10~% -
B+ DECAY MODES Fraction (I';/I) Confidence level (MeVjc) 50 KCf ++1 (892) [ett] E ‘ ‘ ; .
ata~ 54 +22 )x10” 2237
Semileptonic and leptonic modes Qg K+KO . (55 +16 )x1074 2189
0% vyanything [sss] ( 10.99 £0.28 ) % - DY Kt K*(892) (75 17 )x1074 2071
et e X, (108 +0.4 )% - DOrtata— ( 57 +22 )x1073 S=3.6 2289
D ypanything (98 +0.7 )% - ngﬂroﬂr* nonresonant (5 +4 )x103 2289
D¢t [sss] ( 2.27 £0.11 )% 2310 D_7TO+/) (42 £30 )x1073 2207
DOrtu, ( 77 +25 )x1073 1911 — D°%a (1260)* (4 +4 )x1073 2123
Q*(QOO?)W*W [sss] ( 5.69 +0.19 )% 2258 DOwrt ( 41 +09 )x1073 2206
D*(2007)% 7+ ( 1.88 £0.20 )% 1839 D*;(2010)’7(r)+ at - ( 135 +£0.22 ) x 1073 2247
D= attty, . (42 +05 )x1073 2306 D;(2420)°«*, DY — ( 53 %23 )x1074 2081
D (2420)° ¢+ vy, D0 — (25 +05 )x1073 - D*(2010)~
Dt B D™ atat ( 1.07 £0.05 ) x 1073 2299
D3(2460)° ¢+ vy, D30 — ( 153 +£0.16 ) x 1073 2065 D+ KO < 29 %1076 CL=90% 2278
Dt D+ K0 < 18 x 1076  CL=90% 2211
DWnmetyy(n > 1) ( 1.87 026 )% - D+7*° < 14 x 1076 CL=90% 2211
D* wtity, _ (61 +06 )x1073 2254 (2007)0 + ( 5.18 +£0.26 ) x 10~3 2256
Dy (2420)° ¢+ vy, DY — ( 3.03 £0.20 ) x10~3 2084 D(‘P(+1) ] ( 29 +0.7 )x10-3 _
D*~rt D*0 + -3 _
-, = ™ v 26 +£1.0 x 10
D (2430)° ¢+ vy, D — ( 27 +06 )x10-3 - CP(*&) N il ( ) s
Dot (2007)0mr (45 12 )x 10:3 2149
D;(2460)° ¢+ vy, ( 1.01 £024 )x10~3  S=2.0 2065 D (2007)0 (98 *17 )x10 2181
DY — Dt 5(2007) K+ (420 £0.34 ) x 10~ : 2227
_ 14%% 28 +04 X107~
Dg*) Kt ety (61 10 )x10~4 - CP(+1) N bl ( )
[ 14 4 DCP( nk [vwv] ( 231 033 ) x 10~ -
vy (30 * ) x 10 2242 —
M 1.2 i D*(2007)° K*(892)* (81 +14 )x107% 2156
oDi KT vy (29 £19 )x10 2185 D*(2007)° KT KO < 106 x10-3  CL=90% 2132
m f ve ( 7.80 £0.27 ) x 10’2 2638 D*(2007)° K+ K*(892)° (15 +04 )x1073 2008
77,5 e (38 +06 )><10’5 2611 D*(2007)° 7t wta ( 1.03 £0.12 )% 2236
7 ﬁ vy (123 £08 )x1077 2553 D*(2007)° a1 (1260) (19 05 )% 2063
woé +z/é [sss] ( 1.19 +0.09 )><1o*4 2582 D*(2007)° x~ nt nt ( 18 04 )% 2919
p LTy [sss] ( 1.58 £0.11 ) x 107 2583 D*037xt 20— ( 57 +1.2 )x1073 2196
pPLT Yy ( 58 28 )x10-6 2467 D*(2010): 71'00 < 36 x 10*2 2255
* —! _
pputy, < 85 1076  CL=90% 2446 g*ggigg K+ ‘0 <( 9.0 );10 CL=90% 2225
“atatr 15 +07 )% 2235
— 4.0 _
ppetve ( 82 T3 )x1076 2467 D*(2010) " ntntnt (26 +04 )x1073 2217
et e < 98 x1077 CL=90% 2640 D0+t pox] (59 +1.3 )x1073 -
why, < 10 x1076  CL=90% 2639 D;(2420)% 7 (15 +06 )x1073 S=13 2081
™, (114 027 )x107%  s=13 2341 D1(2420)% 7+ x B(DY — (25 17 x4 s=a0 2081
ey < 156 x10~5 CL=90% 2640 Bt :
+ -5 CL_909 = _
e+l’e"f < 17 x 10 5 CL=90% 2640 D1(2420)°n* x B(DY — (23 +£10 )x1074 2081
wt v,y < 24 x10~5 CL=90% 2639 DOn+ 7 (nonresonant))
. Inclusive modes D3(2462)0 it ( 35 +04 )x10~4 -
QOX (86 +07 )% - x B(D3(2462)° — D~ r¥)
D' x (79 £4 )% - Dj5(2462)° nt xB(D50 — (23 +11 )x10~4 -
Dt X (25 +05 )% - DOn—nt)
- 0, —_ — —
D+X (99 ii'i )% D3(2462) 7t xB(D3? — < 17 x 1074 CL=90% -
+1. _ o
DI X (79 Ti3 )% DYz~ xt (nonresonant))
* 0, + *0 —4 —
D; X ( 110 tggg ) % _ D3(2462)° xli(D2 — (22 £11 )x10
: D*(2010)~ 7 ™)
+ 0.9 I}
AEX (21 22 )% - D (2400)° n* (64 +14 )x1074 2128
— A 0 -+
A X (28 t11 )% _ _x B(D4(2400)° — D) )
_ ' D¢ (2421 6.8 +1.5 10~ -
X (97 +4 )% - 1(2421)° 7 0 R ( )
oo x B(D;(2421)° — D*~rt)
cX (234 112 )% - Dj5(2462)0 7t (18 +05 )x1074 -
c/TX (120 +6 )% - x B(D}(2462)° — D*~r)
D (2427)0nt ( 50 12 )x10~4 -

x B(D}(2427)° — D*~n™)



53

Meson Summary Table

Dy (2420)0 7
D*0 gt =
Dy (2420)0 p*
D5(2460)0 7+
D5(2460)0 7+
D*O0 7t =
D3(2460)0 p*
Dipf
Dyo(2317)t D0 x
B(Dso(2317)* — D7 x0)
Ds(2317)T D x
B(Dso(2317)" — D)
Dso(2317)+ D*(2007)° x
B(Dso(2317)* — D7 x°)
D, ;(2457)t DO
Ds J

XB(B(I] —

xB(D3? —

+50
2457)F
D, ;(2457)t D% x
B(D,s(2457)
D + )
D, ,(2457)+ DO«
B(D,7(2457)T
31(2457)+ DOx
B(D,7(2457)T —
s J(2457)+ D*(2007)°
D, ;(2457)1t D*(2007)0 x
 B(Dss(2457)T — Df7)
DO Dy (2536)F x
B(Ds;(2536)F
D*(2007)° K+ +
D*(2010)* K?)

DO Dg;(2536)F x
B(Ds;(2536)T —
D*(2007)° K+)

D*(2007)° Ds; (2536) T x
B(Ds;(2536)t —
D*(2007)° K+)

DO Dy (2536)F x
B(Ds;(2536)t — D*+ KO)

DO D, ;(2700)* x
B(D,s(2700)™

D*0 Dy, (2536)F x
B(Ds1(2536)t — D*+ KO)

D*0D, 5(2573)1 x
B(D,;(2573)t — DOKT)

D*(2007)° D, 5 (2573) 1 x
B(D,;(2573)t — DOK)

DOpit

D*(2007)° DF

D*(2007)° D+

Dg*)+ 5**0

D*(2007)° D*(2010)*

D D*(2010)t +
D*(2007)° D+

DP D*(2010)*

DOpt

DO Dt KO

D* D*(2007)°

D*(2007)° D* KO

DO D*(2010)* K©

D*(2007)° D*(2010)*+ KO

DODO K+

D*(2007)° DO K+

DO D*(2007)0 K+

D*(2007)° D*(2007)0 K+

D~ DtK*

D~ D*(2010)t K+

D*(2010)~ Dt K+

D*(2010)~ D*(2010)t K+

(D+D*)(D+D*)K

D;r 70

D:Jr 7.‘.0

7(2457
B(D,,

—

— Dj'y)

,_\uﬁ

— D;’Lﬂ'o)

D)

— DOYKT)

1.4
1.3
2.2

4.7
9.0

7.3

7.6

3.1

4.6

2.2

2.7

9.8

1.20
1.4

4.0

2.2

5.5

2.3

1.13

3.9

7.6
8.2
1.71
2.7

8.1
1.30

3.9
3.8
1.55
6.3
2.1
3.8
9.2
1.45
2.26
6.3
1.12
2.2
6.3
6.0
1.32
4.05
1.6
2.6

x 1076

x 1073
x 1073
x 1072

x 1073
+09 )x1073
2.2 -
22 )x104

x 104

x 1074
x 1074

+0.30 ) %

+0.7

Toe )yx1073

+1.0 )x 1074

+07 )x1074

+16 )x1074

+11 )x 1074

036 ) x1073

+26 )x1074
x 104
x 10~4

+1.6 )x 1073

+1.7 )x 1073

+0.24 ) %

+12 )%

+17 )x1074
%

+05 )x 1074
+0.4 )x1074
+0.21 ) x 1073
+17 )x1074
+05 ) x 1073
+0.4 )x1073
+12 )x 1073
4+0.33 ) x 1073
+0.23 ) x 1073
+05 )x1073
+0.13 ) %
+07 )x 1074
+11 )x 1074
+13 )x1074
4+0.18 ) x 1073
4+0.30 ) %
+05 )x 107
x 104

CL=90%

CL=90%
CL=90%
CL=90%

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%

2081

1996
2062
2062

1976
1815

1605

1605

1511

1447

1447

1339

1447

1339

1306

1306

1734
1737
1651

1713
1792

1792
1866
1571
1791
1474
1476
1362
1577
1481
1481
1368
1571
1475
1475
1363
2270
2215

Din < 4 x 10~4
D’;Jr n < 6 x 1074
D¥p° < 30 x 10~4
D:Jr o0 < 4 x10~4
Dfw < 4 x 1074
Difw < 6 x 10~4
D7 2(1260)° < 18 x 1073
Dt a1(1260)° < 13 x 1073
D¢ (17 *12 )x1076
D¢ < 12 % 10~5
DY KO < 8 x 104
DitKO < 9 x10~4
DY K*(892)° < 44 x10~6
DY K*0 < 35 x10~6
DitK*(892)° < 35 x10~4
Dyat KT ( 1.80 £0.22 )x 1074
Dy mt Kt ( 145 +0.24 ) x 1074
Dy 7t K*(892)* < 5 x 1073
Dy 7t K*(892)*" < 7 x 103
Dy KT K+ (1.1 404 )x107°
Dy KTK* < 15 x 1075
Charmonium modes
neK* (96 +1.1 )x1074
neKt, ne — K%K:Fﬂi (27 406 )x107°
ne K*(892)T (10 *0% yx103
nc(2S) K+ ( 34 +18 )x1074
nc(2S)Kt, ne — pp < 106 x10~7
nc(2S)Kt, ne — ( 34 f%g ) x 10~
K KFrt
he(LP)KT, he — J/yprtr < 34 x 1076
X(3872) K+ < 32 x 1074
X(3872)K+, X — pp < 17 x 108
X(3872) KT, X — ( 86 +08 )x1076
J/pmt o
X(3872)K+, X — J/vy (21 +04 )x10°6
X(3872) K+, X — (25)y (4 +4 )x106
X(38/722K;, X — < 17 x 1076
J/(1S)n
X(3872) K+, X — DOD° < 60 x 105
X(3872)K+, X — D+ D~ < 40 x 1075
X(3872)Kt, X — (1.0 +04 )x1074
DODO 70 _
X(3872) K+, X — D*0pO ( 85 £26 )x1075
X(3872) K*(892)+, X — < 48 x 106
J/by
X(3872) K*(892)*, X — < 28 x 1075
¥(25)y
X(38/72z+ ;§°,+ x0+ — byl < 6.1 x 1076
J/wQAS)r T 7
X(4430)T KO, Xt — J/yrt < 15 x 1075
X(4430)t KO, X+ — < 47 x 1075
$(2S) 7t
X(4260)° K+, X0 — < 29 x 1075
J/prt =
Xco(RP)KT, X0 — J/py < 14 x 1075
X(3930)° K+, X0 — J/iy < 25 x10~6
J/p(1S)KT ( 1.027+0.031) x 103
J/p(AS)KTnta— (81 +13 )x1074
Xco(2P)K*, xco — PP < 71 x10~8
J/(1S)K*(892)* ( 1.44 +0.08 ) x 1073
J/¥(1S)K(1270)* (18 +05 )x103
J/1(1S) K(1400)* < 5 x 1074
J/(1S)nK+ ( 1.08 +£0.33 )x 1074
J/p(1S)n’ K+ < 88 x 1075
J/(1S)p KT ( 52 +1.7 )x1075
X(4140)K+, X — (10 +5 )x1076
J/Y(1S) ¢
X(4274)K+, X — < 4 x 106
J/%(18) ¢
J/p(1S)wKT ( 320 +08% )x 104
X(3872)Kt, X — J/Ypw ( 60 +22 )x1076
Xc0(2P) K, xco — J/9pw (30 tg? ) x 1075

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%

CL=90%

CL=95%

CL=90%
CL=90%
CL=95%

S=1.1
S=25
CL=90%
CL=90%
CL=90%
S=1.4
CL=90%
CL=90%

CL=90%

CL=95%
CL=95%

CL=95%

CL=90%
CL=90%

S=25

CL=95%

CL=90%

CL=90%

S=1.2

CL=90%

2235
2178
2197
2138
2195
2136
2079
2015

2141

2079
2242
2185
2172
2172
2112
2222
2164
2138
2076
2149
2088

1751

1646
1319

1401
1141

1141

1141
1141
1141

1141
1141
1141

1141
939

939

1683
1612

1571
1390
1308
1510
1273
1227

1388
1141
1103
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J/p(AS)at (41 +04
J/p(1S)pt ( 50 +038
J/(1S) w70 nonresonant < 13
J/(1S) a1(1260)F < 12
J/ppprt < 50
_ Charmonium modes

J/(1S)p ( 118 £0.31
J/9(1S)T0%p < 11
J/$(1S)D* < 12
J/¢(1S)D0 7zt < 25
P(2S)nt ( 2.44 £0.30
P(2S)KT ( 627 +£0.24
$(2S) K*(892) (67 +14
Y(S)K Tt n~ ( 43 +05
P(3770) K+ (49 +13
$(3770) K +,¢» — DODO ( 16 +04
Y(3770) K+, — Dt D~ ( 94 435
Xcom Ty Xeo = T <1
xco(1P)KT ( 150 £01%
Xco K*(892)F < 21
X(,‘27T+1 Xc2 — o < 1
X2 KT (11 +04
X2 K*(892)F < 12
Xc1(1P) 7t ( 22 +05
Xc1(1P)K™ ( 479 +0.23
Xc1(1P)K*(892)™ ( 3.0 +06
he(1P)K™ < 38

hc(l1P)K™, he — pp < 6.4

KOrt
K+ 0
n Kt
7 K*(892)*
7' K§(1430)*
7' K3(1430)*
nK+
nkK*(892)*
nK§(1430)*
nK35(1430)*
17(1295) Kt x B(1(1295) —
nm)
n(1405) KT x B(n(1405) —
nwT)
7(1405) KT x B(n(1405) —
K*K)
n(1475) KT x B(n(1475) —
K*K)
f;(1285) K+
£, (1420) K+ x B(f,(1420) —
nwm)
f(1420) Kt x B(f(1420) —
K*K)
#(1680) Kt x B(¢(1680) —
K*K)
fo(1500) K+
wKt
wK*(892)*
w(Km)gt
wK§(1430)"
wK3(1430)*
20(980) " KO xB(ap(980) " —
nmt)
20(980)0 K+ xB(ap(980)°0 —
nm0)
K*(892)0 7t
K*(892)F 70
Ktn— ot
K+ 7~ 7F nonresonant
w(782) K+
K+ (980) x B(f(980) —
atr7)

(12700 K+

K or K* modes

N

(

2.37
1.29
7.06
4.8

5.2
2.8
2.4
1.93
1.8
9.1

2.9

1.38

2.0
2.9

4.1

3.4

3.7
6.7
7.4
2.8
2.4
2.1
3.9

2.5

1.01

8.2
5.10

1.63

9.4

1.07

+0.08
+0.05
+0.25

+1.8
—-1.6

+2.1
+0.5
+0.4
+0.16
+0.4
+3.0

+0.8
—-0.7

+0.21
—0.18

+2.2
+0.8

+0.4
+0.5
+0.4

+0.09
+1.9
+0.29

+0.21
—0.15

+9
+1.0
—-1.2

+0.27

) x 10—5
) x 1075
x 1076
x 1073
x10~7

) x 1075
x 1075
x 10~4
x 1075

) x 107

) x 104

) x 1074

) x 104

) x 104

) x 10—4

) x 107
x 10~7

)y x 104
x 104
x10~7

)x 107
x 104

) x 1075

) x 10~4

)y x 1074
x 1075
x 1078

) x 1075
) x 107
) x 1075
) x 106
) x 10~
) x 1075
) x 10~
) x 10-5
) x 105
) x 106

) x 1076
x 1076

x 1076

) x 1075

x 1076
x 1076

x 1076
x 1076

) x 10-6
) x 10—6

x 1076
) x 10—5
) x 1075
) x 1075

x 1076

x 1076

) x 1075
)x 10~
) x 107

) x 1073
) x 1076
) x 10—6

) x 10~

S=2.6
CL=90%

CL=90%
CL=90%

CL=90%
CL=90%
CL=90%

S=1.3

S=1.1

CL=90%

CL=90%
CL=90%

CL=90%

S=1.1

CL=95%

S=1.7

CL=90%

CL=90%

CL=90%
CL=90%

CL=90%

CL=90%

S=1.8
CL=90%

CL=90%

CL=90%

1727
1611
1717
1415

643

567

870

665
1347
1284
1115
1179
1218
1218
1218
1531

1478

1341
1437
1379
1227
1468
1412
1265
1401

2614
2615
2528

2472

2346
2588
2534

2414

2455
2425

2425

2406

2458
2420

2420
2344

2398
2557
2503

2380

2562
2563
2609

2609
2557
2522

f5(1370)° K+ x
B(f(1370)° — ata)
p0(1450) KT x
B(p°(1450) — 7wt77)
5(1525) K+ x
B(f}(1525) —
Kt p0
K(1430)0
K3(1430)
K*(1410)°
K*(1680)°
Kt x070
,(980) Kt x B(fy — 7°n0)
K ntrm
K~ 7t 7+ nonresonant
K1(1270)0 7t
K1(1400)0 7t
KOrt 70
KOpt
K*(892)tnt o~
K*(892)* p0
K*(892)* £,(980)
al KO
b KOx B(bf — wrt)
K*(892)0 pt
K1(1400)* p°
K3(1430)* 0
YK+ x B(bY — wn?)
b K0 x B(bf — wn™)
by K*+ x B(bY — wnP)
KtKO
KoK+ 70
K+ K% kS
H(980)KT, fo — KLKY
H(17T10)K*, fy — KL K
K+ K% K% nonresonant
K%K+
KtK— =t
K+ K~ T nonresonant
Kt K*(892)°
K+ K (1430)°
KtKtn—
K+ K+ 7~ nonresonant
4(1525) K+
Ktat K™
K*(892)T K*(892)°
K** KT 7~
KtK- K+
K¢
f5(980) Kt x B(fo(980) —
KtK™)
a(1320) KT x
B(a2(1320) —» KT K™)
Xo(1550) K+ x
B(Xp(1550) — KT K™)
$(1680) K+ x B(¢(1680) —
KtK™)
f(1710) Kt x B(fy(1710) —
KtK™)
KT K~ KT nonresonant
K*(892)t Kt K~
K*(892)* ¢
o(Km)gt
Ky (1270)F
¢ Kq(1400)F
pK*(1410)+
P Ky(1430)F
5(
(

atrT)

at
0, +
at
ot

T

)
¢ K3(1430)
¢ K3(1770)
¢ K3(1820)F
ar K*O
Kt oo

I

AN NANNA

A

—~

NN N NN

A

~ e~~~ ~

1.07

1.17

3.4

3.7
4.5

5.6
4.5
1.2
1.62
2.8
9.5
5.6
4.0
3.9
6.6
8.0
7.5
4.6
4.2
35
9.6
9.2
7.8
1.5
9.1
5.9
6.7
1.31
2.4
1.08
1.47

4.8

2.0
5.1
5.0
7.5
1.1
2.2
1.6
8.79
1.8
1.18
1.2
6.1
3.40
8.8

9.4

1.1

4.3

1.1

2.38
3.6
10.0
8.3
6.1
3.2
4.3
7.0
8.4
1.50
1.63
3.6
5.0

I+ 1+
=N oo ©
N No O

+0.19
+0.8

+1.5
+1.0
+1.1
+0.7
+0.7
+1.9
+1.5

+2.0

+0.17

+0.06
+0.33

+4.0
—2.6

+0.4

+0.7

+0.5

+0.5

+0.14

+0.7
—0.6

+3.2

+0.7

+0.6

+0.28
—0.50

+0.5
+2.0
+1.6
+1.9

+1.6
+2.1

+1.2

x 1075
x 1075

x 1076

)x 1076
) x 1075

) x 106
x 1075
x 1075

) x 1075

) x 1076
x 107
x 1075
x 1075
x 1075
x 1075

) x 1076

) x 1075

)x 1076

) x 1076

) x 1075

) x 106

) x 1076
x 1074
x 1073

) x 1076
x 106
x 1076

) 10—6
x 1075

) x 1075

) x 1075

yx 107

) x 107
x10~7

) x 1076
x 1075
x 1076
x10~6
x 107
x 1075

) x 1076
x 1075

) x 10-6
x 1076

) x 1079

) x 10—6

) x 106

x 100
) 10—6
x 107
) X 10—6

) x 1075
) x 107
x 106
x 1076
x 106
x 106
x 106
) x 106
) x 106

x 1075

x 1075

x 106
)x 1076

CL=90%

CL=90%

CL=90%

S=1.5

CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%

CL=90%
CL=90%

S=1.2
CL=90%

CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

S=1.1
CL=90%

CL=90%
S=1.4
S=1.1

CL=90%

CL=90%

S=1.7

CL=90%
CL=90%

CL=90%
CL=90%
CL=90%

$=2.3

2392

2559
2445

2445

2448
2358
2610
2522
2609
2609
2484
2451
2609
2558
2557
2504
2466

2504
2388
2381

2593
2578
2521

2521
2577
2578
2578
2540
2421
2578
2578
2392
2524
2484
2524
2523

2516
2522

2449
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'y Kt < 25 x1075 CL=90% 2338 f1(2220)K**, f; — pp < 17 x10~7 CL=90% 2059
woKt < 19 x1076 CL=90% 2374 pA < 32 x10~7 CL=90% 2430
X(1812) KT x B(X — w¢) < 32 x10~7  CL=90% - pAn ( 24 TO05 ), 106 2430
K*(892)" ~ ( 421 +0.18 ) x 1075 2564 0.4
K1(1270) T~ ( 43 +13 )x107° 2486 pAr0 ( 30 F37 )x10-6 2402
nK*y (79 £09 )x1078 2588 pZ(1385)° < 47 x 1077 CL=90% 2362
WKty (29 39 )x1w0-6 2528 ATA < 82 x10~7  CL=90% -
SKty ( 27 +04 )x107®  s=12 2516 p§7+ B < 46 x1076 CL=90% 2413
Ktn—xty (276 £022 )x1075  S=12 2609 pAWZ 5 (59 *11 )x 1072 2367
48 £09 )x 10~ 2214
K*(892)°n "y (20 ¢ )x107® 2562 gﬁg(n?o) E 20 +08 ; x 10~6 2026
K+p0 < 20 x1075 CL=90% 2559 AAxt < 94 x1077 CL=90% 2358
K+ 7~ T~ nonresonant < 92 x1076  CL=90% 2609 AMKT ( 34 +06 )x10°6 2251
KOnt a0y ( 46 +05 )x10°5 2609 ARKH (22 +12 ), 106 2098
K1(1400)T v < 15 x 1075  CL=90% 2453 —0 © 00 6
K3(1430)* ( 1.4 +04 )x1075 2447 AJ;? < 138 x 10:7 CL=90% 2403
K*(1680)* < 19 x1073  CL=90% 2360 A+ P < M X1 CL=90% - 2403
K3(1780) 1y < 39 x1075 CL=90% 2341 g* gé’lo T < 15 X 10_5 CL:%:A’ 1860
K3;(2045) " < 99 x1073  CL=90% 2244 50( _ Jr) bp <8 X 10,4 CL=o0% 1786
Dppr (372 £0.27 ) x 10 1789
Light unflavored meson modes D*0pprt ( 373 +032)x107* 1709
oty ( 98 425 )x10-7 2583 D= pprta— ( 1.66 +0.30 ) x 10~4 1705
70 ( 55 404 )x10-6  S—12 2636 D*~ pprta ( 1.86 £0.25 ) x 1074 1621
atata~ ( 152 +0.14 ) x 1073 2630 pA°D° (143 £032)x1075 -
Ot ( 83 +12 )x10-6 2581 p/A°D*(2007)° < 5 x 1075 CL=90% -
7t K(980), fp — wtw~ < 15 x1076  CL=90% 2545 /\c:l”f+ (28 08 )x107* 1980
o+ £(1270) (16 *OT ). 1076 o484 A A(1232) < 19 x107% CL=90% 1928
: A7 Ax(1600)TF ( 59 +1.9 )x105 -
0(1450)0pi+,p0 — wtz— (14 T2 )x1076 2434 A Ax(2420)++ ( 47 +16 )x10-5 _
fL(1370) 7 t, fy — at7w™ < 40 x1076  CL=90% 2460 (AZp)s7t laaaa] ( 3.9 +13 )x107° -
f(500)7t, foy — wta < 41 x1076  CL=90% - T .(2520)%p < 3 x1076  CL=90% 1904
7t 7~ xF nonresonant (53 *1% )x1076 2630 _ X(2800)%p (33 +13 )x107° -
7t 7070 < 89 x10~4 CL=90% 2631 A prta’ (18 +06 )x1073 1935
ptad ( 100 £0.14 ) x 10-5 2581 A-prtata™ (22 +07 )x103 1880
ata= gt a0 < 40 x1073  CL=90% 2622 Az prtata™ 0 < 134 % CL=90% 1823
ptp0 ( 2.40 £0.19 ) x 105 2523 ATAZ K ( 87 +35 )x1074 -
pT1(980), fo — ntn~ < 20 x1076  CL=90% 2486 T (2455)%p ( 37 +13 )x1075 1938
a1(1260)t 70 ( 26 +07 )x10°5 2494 T (2455)% pn0 (44 +18 )x1074 1896
a1(1260)°0 7+ (20 406 )x1075 2494 T (24550 pr—at ( 44 +17 )x1074 1845
wrt (69 +05 )x10°6 2580 T (2455) " prtat ( 30 08 )x107% 1845
wpt ( 159 £021 ) x 107> 2522 Ac(2593)7 /A (2625)” prt < 19 x 1074 CL=90% -
nrt (402 £0.27 ) x107° 2609 2ot 20— g ( 30 £1.1 )x1075 1144
71,ﬂ++ (70 £29 )x1076  s=28 2553 04T, 20— AKT A (26 +11 )x107°  S=11 1144
0’ (27 +09 )x10°6 S=1.9 2551
n pt (97 422 )x10°6 2492 Lepton Family number (LF) or Lepton number (L) or Baryon number (B)
ont < 15 x10~7 CL=90% 2539 violating modes, or/and AB = 1 weak neutral current (B1) modes
ot < 30 x1076  CL=90% 2480 at et B1 < 49 x1078  CL=90% 2638
0(980)°7*, & — na® < 58 x1076  CL=90% - ntete” B1 < 80 x1078  CL=90% 2638
a0(980)*+ x0, aar — pat < 14 x 1076  CL=90% - LT BI < 55 x1078  CL=90% 2634
atatata— < 86 «10-4 CL=90% 2608 LN BI < 98 x 1075 CL=90% 2638
0 2, (1260)+ < 62 <104 CL—90% 2433 KTete— Bl [sss] ( 451 £0.23 )x10~7  S=1.1 2617
p° ax(1320)* < 72 x 1074 CL=90% 2410 Ktete™ B1 ( 55 07 )x1077 2617
b, B — wrd ( 67 +20 )x10-6 _ K+t~ B1 (449 £0.23 )x 1077 S=1.1 2612
b1+ 0 b;r o ownt < 33 %106 CL=90% _ P(4040) K+ < 13 x10~4 CL=90% 1003
atatata n a0 < 63 x1073  CL=90% 2592 1/"%160) KT (51 £27 )x 107: 868
o, bf - wrt < sz ar® sk - b b1 < oam ot ciosen e
0 . X = (]
bo"’g(l%gﬁ 21(1260) < 13 % 6 CL=90% 2336 K*(892)t ¢t~ Bl [sss] ( 129 +0.21 )x 1076 2564
1o, by — wr < 33 % 10 CL=90% -
K*(892)tete™ B1 ( 155 1039 ) x 106 2564
Charged particle (h%) modes K*(892)*F it i~ BI ( 112 +0.15 ) x 106 2560
hE = KE or ot K*(892)T v B1 < 40 x 1075 CL=90% 2564
atetp~ LF < 64 x 1073 CL=90% 2637
b+ rf (16 *GL )x1078 2636 ate ut LF < 64 x 1073 CL=90% 2637
wht (138 027 ) 1075 2580 rtet T LF < 17 x10=7  CL=90% 2637
h* X° (Familon) < 49 x107%  CL=90% - ﬂi et T; i <o 5 10:2 CL=00% 2338
ate 7 LF < 20 x 10 CL=90% 2338
Baryon modes rte T LF < 15 x107% CL=90% 2338
pprt ( 162 £0.20 ) x 106 2439 atutr— LF < 62 x1075  CL=90% 2333
pPmT nonresonant < 53 x107% CL=90% 2439 mturt LF < 45 x1075  CL=90% 2333
ppK* ( 59 05 )x10-6  S—1.5 2348 ot ot T LF < 712 x 1075 CL=90% 2333
o(1710)t+p, Ot+ - lzzz) < 9.1 108  CL=90% - Ktetu~ LF < 91 x 1078  CL=90% 2615
pK+ Kte ut LF < 13 x 1077  CL=90% 2615
f;(2220)K™*, f; — pp [zz7] < 4.1 x1077 CL=90% 2135 Ktety T LF < 91 x 1078 CL=90% 2615
pA(1520) ( 39 +1.0 )x10-7 2322 Ktetr™ LF < 43 x1075  CL=90% 2312
pp KT nonresonant < 89 x1075 CL=90% 2348 Kte 7t LF < 15 x1075  CcL=90% 2312
KterF LF < 30 %1075 CL=90% 2312

ppK*(892)F (36 *08 )x1076 215
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K+t LF < 45 x1075  CL=90% 2298 Acp(B® — (Km)i070%) = —0.15 £ 0.11

Ktp=7t LF < 28 x1075  CL=90% 2298 Acp(BY — K*0 0) —0.15 £ 0.13

Kt pt 7T LF < 48 x1075  CL=90% 2298 Acp(BY — K*(892)°7tn~) = 0.07 + 0.05

K*(892) et p~ LF < 13 x1076  CL=90% 2563 Acp(BY — K*(892)° ) = —0.06 + 0.09

K:(892)1 e; H; LF < 99 x 10*2 CL=90% 2563 Acp(B® — K*0£,(980)) = 0.07 + 0.10

K7(84?2)+ e LF < 14 x 1078 CLi90:A; 2563 Acp(BY — K*tp~) =021+ 0.15

7T7 e+e+ L < 23 X 1078 CL7900/0 2638 ACP(BO N K*(892)0 K+ K*) = 0.01 + 0.05

T ptut L < 13 x 10_7 CL=95% 2634 Acp(B® = ay K*) = —0.16 + 0.12

a ety L < 15 x1077 CL=90% 2637 Acp(B® — KOKO) = —0.6+ 0.7

p-etet L < 17 x1077  CL=90% 2583 ACP BY . K*(899104) — (0 4 4) x 10-2

putut L < 42 x10~7  CL=90% 2578 cp(B — K*(892) ¢)7* ( )
Acp(BY — K*(892)0K—nt) =024 04

p-etpt L < a7 x10~7 CL=90% 2582 cptb ) =0 :

K~ ete™ L < 30 x1078  CL=90% 2617 ACP(BO — ¢(Km)g) 5 0.12+0.08

K=t ™ L < 41 %1078  CL=90% 2612 Acp(B” — ¢K3(1430)") = —0.11 £ 0.10

K-etput L < 16 x10~7  CL=90% 2615 Acp(B® — K*(892)°) = —0.002 + 0.015

K*(892)~ et et L < 40 x1077 CL=90% 2564 Acp(BY — K3(1430)%4) = —0.08 & 0.15

K*(892)~ ut pt L < 59 x10~7  CL=90% 2560 Acp(BY — pt77)=0.13+£0.06 (S=1.1)

K*(892)~ et put L < 30 x10~7 CL=90% 2563 Acp(B® — p~at) = —0.08 +0.08

D-etet L < 26 %1076 CL=90% 2309 Acp(B® — a;(1260)* 7F) = —0.07 4 0.06

D~ etput L < 18 x10~6  CL=90% 2307 Acp(B® — brat) = —0.05+0.10

D~ u+,u+ L < 69 x10~7 CL=95% 2303 ACP(BO - pEK*(892)0) = 0.05 + 0.12

D*~ }t+ }L+ L < 24 x 106 CL=95% 2251 AC'P(BO _ pZ’]'rf) = 0.04 + 0.07

DS utut L < 58 x1077 CL=95% 2267 Acp(B® — K*0gt(=) = —0.05 + 0.10

DO ptpt L < 15 x107®  CL=95% 2295 Acp(B® — K*ete~) = —0.21 £ 0.19

0,+ -8 Lo _

/\Ou LB < 6 x 1078  CL=90% Acp(BY — K*0utpu~) = —0.07 + 0.04

Net LB < 32 x1078 CL=90% - 0 " +

et s Cpe-p+ (BY — D*(2010)~ DF) = —0.01 + 0.11

A LB < 6 x1078 CL=90% - 0 " +

A0 et LB < 8 ©10-8  CL=90% _ SD“D"‘ (B — D (2010) D ) = —0.72 £ 0.15

Cpet p- (B® — D*(2010)* D~) = 0.00 £ 0.13 (S = 1.3)

b 1 Sps+p- (B® = D*(2010)tD~) = —0.73 + 0.14
I(J7) = 3(07) Cpet p— (BY — D*FD*7) =0.01 +0.09 (S =1.6)
Spe+ps- (B — D*+D*") = —059 £ 0.14 (S =1.8)
1, J, P need confirmation. Quantum numbers shown are quark-model Cy (B0 — D*fD*7)=10.00£0.10 (S=1.6)
predictions. S. (BY —» D*t*D*~) = —0.73 + 0.09
Mass mgo = 5279.58 £ 0.17 MeV C_ (B — D**D*")=0.19 +0.31
Mgy — Mgy = 0.32 + 0.06 MeV S_(BY— D**tD*)=01+1 6 (S =3.5)
Mean life 7 go = (1.519 & 0.005) x 10712 5 C(BY — D*(2010)* D*(2010)~ K Og =0.01 +0.29
cr = 455.4 um S(B — D*(2010)+ D*(2010)~ K2) = 0.1+ 04
Tg+/Tgo = 1.076 & 0.004  (direct measurements) Cpt+p- (B — D*D™)=—-046+021 (S=1.8)
Sp+p- (B® = DtD~) = —0.997 517
Ch/p(18) 70 (B® — J/(1S)n%) = —0.13 £ 0.13
S1/4(15) 0 (BY - J/p(1S)7%) = —0.94 + 029 (S = 1.9)

BO-BY mixing parameters

Xg = 0.1874 £ 0.0018
Ampgy = mgy — Mgo = (0.510 + 0.003) x 1012 /i s~1

H L

= (3.337 + 0.033) x 10710 MeV Cog;ho (B — D(C*},ho) =-0.23+0.16
Xg = Ampgo/T go = 0.774 + 0.006 S o) (89— DELH) = 056+ 0.24

Re(A\cp / [Acp|) Re(z) = 0.01 + 0.05 DY)
AT Re(z) = —0.007 + 0.004 Cyoq0 (BY — KO7%) =0.00+£0.13 (S =14)
Re(z) = (2 + 5) x 1072 Skoq0 (B® = K970) =058 + 0.17

— -2 _ —
Im(z) = (—0.8 + 0.4) x 10 C.y(o58) K3 (BY — 1/(958)K2) = —0.04 £ 0.20 (S = 2.5)
Sy(958) K (B — 1/(958)K%) =043 £ 0.17 (S = 1.5)

Cyko (BY = 1/ K®) = —0.05 + 0.05

S w0 (B = 7'K%) =0.60 +0.07
Acp(B® — D*(2010)* D) = 0.037 + 0.034 "'K B
Acp(B® — [KtK~]pK*(892)%) = —0.45 + 0.23 Cong (B = wKS) = 0304028 (S=16)
Acp(B® — [K+a~]pK*(892)°) = —0.08 + 0.08 5ng (B® — wKY%) =043 £0.24
Acp (B® » Ktz~) = —0.082 + 0.006 C(B® - K%n%7%) =02+05
Acp(B® — 7/ K*(892)%) = 0.02 + 0.23 S(B° - KIn0n%) =07 07

CP violation parameters
Re(ego)/(1+]egol?) = (0.1 £ 0.8) x 1073
At cp = 0.005 + 0.018

Acp(B® — 7/ K3(1430)°) = —0.19 + 0.17 C oo (BY = p"KY) = —0.04 % 0.20
Acp(B® — 7/ K3(1430)%) = 0.14 £ 0.18 S" s (BY » MKD) = 0.50+0L7
Acp(B® = nK*(892)%) = 0.19 + 0.05 K pRs) = P00
Acp(B® — nKj(1430)%) = 0.06 + 0.13 CfOKg (BY — £(980)K%) = 0.29 + 0.20
Acp(B® — nK3(1430)%) = —0.07 + 0.19 S ko (B® — £(980)K%) = —0.50 = 0.16
Acp(BY — by KT) = —0.07 £ 0.12 5“ s BY . £(1270) KO 0540
Acp(B® — wK*0) = 0.45 + 0.25 Kk ( 2(1270)K5) = —0.5 £ 05
Acp(B® — w(Km)g) = —0.07 £ 0.09 CfQKg (BY — £(1270)Kk2) =03 £ 0.4
0

ACP(B — L;JK*(1430) ) = —0.37 £ 0.17 S 0 (BO N fx(1300)K0) = _—02+05
Acp(B® — K7 x0) = (0 £ 6) x 1072 s :
Acp(B® — p~ K+) =0.20 £ 0.11 kg (BY — £(1300)Kg) = 0.13 & 0.35
Acp(B® — p(1450)~ KT) = —0.10 + 0.33 Skop+ - (BY = KO+ 7~ nonresonant) = —0.01 + 0.33
Acp(B® — p(1700)~ Kt) = —0.4 + 0.6 Cyopt - (B® — KOat 7~ nonresonant) = 0.01 + 0.26
Acp(B® — KT 7~ n0%nonresonant) = 0.10 4 0.18 Ceopo (B — KLIK2L) =00+04 (S=14)

C o 0og K$ K CRAR)
ACP(BO — K n'rw ) = —0.01 + 0.05 SKO K0 (BO . K%K%) —_08+05
Acp(B® — K*(892)r7~) = —0.22 4+ 0.06 sKs o N
Acp(B® — (Kﬂ)w— =) = 0.09 % 0.07 Ct k- KY (B® = K™K~ Kg nonresonant) = 0.06 + 0.08
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Sk+ K- KQ (B® — K* K~ K nonresonant) = —0.66 £ 0.11
Cr k- KO (B — KT K~ K% inclusive) = 0.01 + 0.09

Sy+ k-0 (B = K+ K=K inclusive) = —0.65 + 0.12
Cog (B — 0K§) =001+014

Syxy (BY — KY) =059+ 014

CKsKsKs(BO — KsKsKs) = —0.23 +0.14

5K5K5 KS(B - Ks Ks Ks) = —05+06 (S =3.0)

KO o (B — Ksﬂ' ~v) = 0.36 + 0.33

SKOTO (B - K%70y) = -08=0.6

s

CKXO (B® — K*(892)°4) = —0.04 £0.16 (S = 1.2)
Sy, (BY — K*(892)°7) = —0.15 £ 0.22

CUKO7 (B - nK%y) = -03+04

S, Ko (BY = nK%y) = -0.2+05

B0 modes are charge conjugates of the modes below. Reactions indicate
the weak decay vertex and do not include mixing. Modes which do not
identify the charge state of the B are listed in the B /B0 ADMIXTURE
section.

The branching fractions listed below assume 50% BOBO and 50% B+ B~
production at the 7°(4S). We have attempted to bring older measurements
up to date by rescaling their assumed 7°(4S) production ratio to 50:50
and their assumed D, Dy, D*, and 1 branching ratios to current values
whenever this would affect our averages and best limits significantly.

Indentation is used to indicate a subchannel of a previous reaction. All
resonant subchannels have been corrected for resonance branching frac-
tions to the final state so the sum of the subchannel branching fractions
can exceed that of the final state.

For inclusive branching fractions, e.g., B — Dianything, the values
usually are multiplicities, not branching fractions. They can be greater
than one.

n Scale factor/ p
Cko gy (B - K%~y)=-03+06 B0 DECAY MODES Fraction (I;/T)  Confidence level (MeVjc)
Sko4, (BY — Kom) =07197 .

C(ng—» KO 04) = —0.05 + 019 é*ufanythmg [sss] ( 10.33+ 0.28) % -
0 é et e Xc (101 + 04)% -

S(BY — K =0.11 £ 0.34 .

C(B° - ) 7 0 4405 D¢+ ypanything (92 +08)% -

S (8° — :7)0?1) _ —'0.8 1'0‘7 D~ (T, [sss] ( 219+ 0.12) % 2309

Cor (B = mFm—) = —0.31 + 0.05 D= 7tu, ( 1.03+ 0.22) % 1909

o D*(2010)~ £T v, [sss] ( 4.93+ 0.11)% 2257
Spw (B > 7tm—) = —0.67 + 0.06 ¢
Co (B Hwﬂ 1;0) —0.43 £ 0.24 D*(2010)~ 7 ( 1.84+ 0.22) % 1837

w0l - _ DOn—(ty, ( 43 +06)x1073 2308

pﬂ(BHpW)77003i007 (S=12) ) e — 3
Son (BO = ptr—) = 0.05 = 0.07 D§(2400)~ ¢t wy, Dy™ — (3.0 £12)x1073 s=18 -

DOr—

ACp,(BU—»pr)_OQTiO% " — ot - 3

DX (2460) ¢ , D 1.21+ 0.33) x 10 S=1.8 2065
AS,y (BY — p¥n=) = 0.01 008 2(50,) e ( )

0 _ _ T

Cpo0 (BO - P ”0) 027 +0.24 DWnmi*y(n > 1) (23 +05)% -
5p0,,o (B — pPn0) = —0.23 +0.34 DOr— ¢ty ( 49 + 08 )x1073 2256
Cayne (B — 21(1260)" 77) = —0.05 £ 0.11 Dy (2420)" ¢t v, Dy — ( 2.80+ 0.28) x 1073 -
Sayr (BY — a1(1260)T77) = 0.2+ 04 (S=3.2) 15*071" . o~ R
ACyx (B® — 2,(1260)F77) = 0.43 £ 014 (S =13) D1(2430)7 v, Dy = (31 +09)x10” -
A BO 1260)t7~) = —0.11 + 0.12 D7~

5"’10’“( - 21(1260)"7") 0 0 D3(2460)~ £+ vy, DY — ( 68+ 12)x1074 2065
C(BY— by KT)=-022+024 D0 -

™
AC(B° - by b 1r+) =-1.04+024 ean?; [sss] ( 294+ 0.21) x 104 2583

Cop (BY = P ) =02409 aan” [sss] ( 1.45+ 0.05) x 10~4 2638
S040 p (B% p ) =03=07 Inclusive modes
Cop (BO—’ ptpT) = —0.05+0.13 K*anything (78 +8 )% -
Sy (5(’J~>pp)_7006i017 DO X ( 81+ 15)% _
[A[ (BY — J/K*(892)%) < 0.25, CLO; 95% DO X (474 + 28)% _
cos 28 (BY — J/pK*(892)%) = 1.7154 (S =1.6) D+ X < 39 % CL=90% -
cos 23 (B — [KYnt 7150 10) = 10106 (s=18) DX (369 + 33)% -
(S+ +S-)/2(B° - D*~xt) = —0.039 £ 0.011 DFx (103 +21)9% -
(S —S4)/2 (B - D*~xF) = —0.009 + 0.015 D-x e - o L0, B
(S4 +S_)/2(B" — D~ 7F) = —0.046 + 0.023 5 <% z -

(S —S4)/2(B* > D~xt) = —0.022 + 0.021 e X < 31 % CL=90% -
(Sy +S.)/2 (B — D~ pt) = —0.024 + 0.032 Az X (50t 2ly% -
(S, ~S5,)/2(B% - D™ pt) = —0.10 + 0.06 X (95 +5 )% _
1o K (B = ncK%) =0.08+0.13 X (246 + 31)% -
Ko(B—»ncK)7093i017 ccX (119 +6 )% -
*0(50% ccK(0) = (0.5 £ 1.7) x 1072 D, D*, or Ds modes
5"'(213) = 0.682 £ 0.019 o R Dt ( 268+ 0.13) x 1073 2306

CJ/,,(ns) ko (BY — J/p(nS)KO) = (0.5 + 2.0) x 10~ D~ p 78 + 1.3 )x 1073 2235

S1/6(ns) KO (BY = J/9(nS)K®) = 0.676 + 0.021 D= KOzt (49 +09)x1074 2259
Chrpreo (B® = J/YK*0) =003 +0.10 g’ K*(892)" (45 07)x1074 2211

g 0 o “wm (28 + 06)x10™ 2204
S1pp Ko (BO - J/w}g )= 0'63_?;50'25 DK+ ( 197+ 0.21) x 10~4 2279

Cnn K3 (B” = xcoKg) =—03T472 D™ K*tatr~ ( 38+ 09)x10~4 2236

Sx LK (B = xco K%) =_-07+05 (2 Kiﬁo . < 31 x 1074 CL=90% 2188
7S D~ Kt K*(892) ( 88 + 1.9)x107% 2070
0 0y _ b

Ca K$ (B” = X1 Ks) = 0.06 +0.07 DOrtm— ( 84 +09)x1074 2301
Sdeos (B » xc1K%) =063 +£0.10 _OD*£20{0)* ( 276+ 0.13) x 10:2 2055
Sin(20e) (B® — ¢ K®) = 0.22 + 0.30 D—K+ K+ (47 +£12)x 1073 2191
Sin(26eff)(BO R ¢I(6(1430)0) —0. 97+8gg D ﬂ'—ﬂ+ﬂ-+ B ( 64 £ 07 )x10 X 2287
sin(28e)(BY — K+K—KY) = 0.77+013 (D~ 7T 7t 7~ ) nonresonant (39 + 1.9)x10" 2287
X 0 o 4. 3 oy 012 D7t 0 (11 + 1.0 )x1073 2206
S'”(Qﬂeoff)(B P [_*_KS_7r 4 ]g(*) h") = 0.45 £ 0.28 D~ a1 (1260)* ( 6.0 + 33)x1073 2121
‘)“ (B” = [Kgm™m ]pew h7) = 1.01 £ 0.08 D*(2010)~ w0 (15 +05)% 2248
|sin(28 + v)| > 0.40, CL = 90% D*(2010)~ pt ( 68 % 09)x1073 2180
2p 6" = 883 :(5]: 60)° D*(2010)~ K+ ( 214+ 0.16) x 10~4 2226

(B — DYK*?) = (162 + 60)° D*(2010)~ K07+ ( 3.0 +08)x10~4 2205

= (90 £ 5)°
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D*(2010)~ K*(892)™
D*(2010)~ KT K
D*(2010)~ KT K*(892)°
D*(2010)~ 7t at

(D*(2010)~ 7t ot

resonant

D*(2010) "zt p0

D*(2010)~ al(1260)+

D1(2420)° 7~ 7*, DY —

D*~ 7t
D*(2010)" KT n—nt
D*(2010)~ 7t 7wt~ 70
D*~3rt2r~
D*(2010)"wnt
D;(2430)%w x
B(D1(2430)0 —
D*~7t)
zj**47W+
Dy (2420)" 7t x B(Dy —
D~ rntr7)
D1 (2420)" 7t x B(D] —
D*~xtr7)
D3(2460)~ 7+ x
_ B(D3(2460)~
D} (2400)~ 7+ x
B(Dg(2400)~ — DO77)
D3(2460)~ 7t x B((D3)~
D*~xtz7)
D3(2460)~ p*
DODO
[)*0250
D~ Dt
D* D*¥F (CP-averaged)
D~ DY
D*(2010)~ DF
D~ Dt
D*(2010)~ Di*
Dsp(2317)~ Kt x
B(Ds(2317)" — D w0)
Dgo(2317) " 7T x
B(Dso(2317)~ — D7 %)
Dy ;(2457) K x

7 ) non-

— DO7™)

B(D;,(2457) — D °)
5 J(2457) atx
B(Ds,(2457)~ — Dy )
gifDDsi
D+ Dt
s s

Dso(2317)t D~ x
B(Dsp(2317)t —
Dso(2317)t D~ x
B(Dso(2317)* — D¥ 1)
Dso(2317)* D*(2010)~
B(Dso(2317)* — D7 x0)
Dy 7(2457)t D~
Dy 7(2457)* D~ x
B(D,s(2457)F
D, 7(2457)t D~ x
B(D,;(2457)F
D, 7(2457)t D~ x
B(D,;(2457)F
D::7T+7T )
D, 7(2457)t D~ x
B(Ds,(2457) — D} n0)
D*(2010)~ D, 7(2457)*
D, ;(2457)% D* 2010) x
B(D;;(2457)* — D¥A)
D~ Dg1(2536)F x
B(Ds1(2536)
+ D*t KO)

+ 0
DT %)

=

N
— D7)

—

ot
— D7)

,_\ — ,_\

\_/ —_ o~

— DKt

(

<

(

A

3.3
4.7

+

1.29+

7.0
0.0

5.7

+
=+

+

1.30+

1.4

4.5

+

+

1.76 £

4.7

+

2.89+

4.1

2.1

+

+

1007t

3.3

215+

6.0

2.4

4.9

1.4
2.9

+

+

211+

6.1
7.2
8.0
7.4

+
=+
+
+

1.77+

4.2

2.5

9.4

4.0

3.6

1.3
2.4

9.7

9.5

1.5

3.5
6.5

6.0

2.0

3.6

+

+

+

06)x1074

x 104
0.33) x 103
0.8 )x1073
25 )x 1073

3.2 )x1073
0.27) %
04 )x1074

0.7 )x 1074
0.27) %

0.9 )x 1073
0.30) x 1073
16 )x 1074

1.0 )x1073

0381074

x 1075
0.35) x 10~4
3.0 ) x 1072

x 1072

x 1073
0.7 ) x 1075

x 1074
0.18) x 104
0.6 )x 1074
0.8 )x1073
11)x1073
16 )x 1073
0.14) %
1.4 )x107%

x 1075
x 1076
x 1070
x 1075

x 1074
x10~4

gg )><1074
x 1074

0.6 ) x 1073

11)x1073
T4)xi0t

x 104

x 1074

x 104

CL=90%

S=1.3

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%
CL=90%

S=1.5

CL=90%

CL=90%

CL=90%

CL=90%

2155
2131
2007
2235
2235

2150
2061

2181
2218
2195
2148
1992

2062

2090

1975
1868
1794
1864

1812
1735
1732
1649
2097

2128

1759
1674
1583

1602

1509

1444

D~ D41 (2536)*
B(Ds;(2536)F
D*OK+)
D~ Dg;(2536)1 x
B(Ds1 (2536)™
D*+ KO)
D*(2010)~ Ds1(2536) " x
B(Ds1(2536)t — D*OK*
+ [)*4—;(0)
D*(2010)~ Ds1(2536) ™ x
B(Ds1(2536)F —
DO K+)
D*~ Dg;(2536) T x
B(Dg; (2536)T —
[)*4—;(0)
D~ D, ;(2573)% x
B(Dy;(2573)t — DOKT)
D*(2010)~ D, ;(2573)* x
B(D,;(2573)t — DOKT)
Dtn—

DY a1(1260)~
DT a;(1260)~

S
D, K*(892)*
Di K*(892)*
Dy 7t KO
D xt KO
Ds_ Ktatn
D, mt K*(892)°
D nt K*(892)0
DYKO
DK+ a~
DY K*(892)0
D3(2460)~ K+ x
B(D3(2460)~ — D%n~
D° K+ 7~ non-resonant
[KTK~]p K*(892)°
DO70
DO 0
D°f,
D° n
DOy
DOw
D%
DOK* 7~
DO K*(892)°
D*0 by
E*(2oo7)° w0
D*(2007)0 p0
D*(2007)%7
D*(2007)°/
*(2007)° 7t 7
*(2007)0 KO
*(2007)° K*(892)°
(2007)° K*(892)°
(20070 nt at o~
(2010)* D*(2010)~
(2007)0w
(2010)* D~
(2007)05*(2007)0
D~ DK+
D~ D*(2007)° K+
D*(2010)~ DO K+
D*(2010)~ D*(2007)° K+
D~ Dt KO

[

DDDlDDDD\D\DD

* ¥

AN NN AN NANA

~ e~~~ o~~~

1.7 £

26 +

5.0 +

33 £

5.0 +

78 +
216+
21 &
24
41 +
1.9
3.6
21
17
1.9
2.0
22 +
219+
35 &
32 F
110+
1.10
18 &
3.0
16
5.2
8.8
42
1.8

3.7
58 +
263+
3.2 £
12 +
236+
138+
253+
1.16

53 &

0.6 )x10°4
1.1 ) x 1074
14 )x1074
11)x1074
1.7 )x 1074

x 10~4
x10~4

1.4 )x 107
0.26) x 107
0.4 )x1075
x 1075
13 )x107°
x 1075
x 1075
x 1073
x 1073
x10~4
x 104
05 )x107°
0.30) x 1075
1.0 ) x 1075
13050072
0.33) x 1074
x 1074
05 )x 104
x 1073
x 1073
0.7 )x107°
1.7 )x 1079
0.6 )x 107
0.5 )x 1075

x 1075
18y %1075
0.14) x 104
0.5 ) x 1074
04 )x1074
0.32) x 104
0.16) x 104
0.16) x 104
x 1075
3.2 )x 1076
x 1075
x 1075
0.6 )x 1074
x 104
0.6 )x 1074
0.22) x 1074
22 )x1074
1.2 )x 1079
x 1075
x 1075

CL=90%

CL=90%

S=1.4
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

S=1.8

CL=90%

CL=90%
CL=90%

CL=90%

S=25
S=1.3

CL=90%

CL=90%
CL=90%
$=2.6
CL=90%
$=2.8

CL=90%
CL=90%

S=3.1
S=1.6
CL=90%

1444

1444

1336

1336

1336

1414

1304

2306
2270
2215
2197
2138

2080
2015

2242
2185
2172

2112

2222
2164
2198
2138
2076
2280
2261
2213
2029

2308
2237

2274
2198
2235
2183
2261
2213
2258
2256
2182
2220
2141
2248
2227
2157
2157
2219
1711
2180
1790
1715
1574
1478
1479
1366
1568
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D*(2010)" D+ K® +
D~ D*(2010)t KO
D*(2010)~ D*(2010)*+ K©
D*~ Ds1(2536)* x
B(Ds1(2536)F —
D*+ KO)
DO pO KO
DO D*(2007)° KO +
D*(2007)° DO KO
D*(2007)° D*(2007)° KO
(D+D*)(D+D*)K

J/Pp(1S)KTm—

J/(1S) K*(892)°
J/p(1S)n KL
J/(18)n' K
1/6(18)6 KO
J/p(1S)wK®

X(3872) KO x B(X —

J/Ypw)

xc0(2P), Xxco = J/Pw
J/1/1(15)K(1270)
J/(18)7°
J/¥(1S)n
J/p(AS)rta~

J/p(S)rt

J/(1S) f5(500),

(
J/(185) f2
J/(18) o0

J/d (15) f(980),
J/4(15) p(1450)9, o0 —

J/q[)(l?iw
J/p(1S)KT K~
J/i/)(lS)ao(980).
K+

fo 4

ag —

J/w(lS)o
J/9(1S)7' (95 )
J/qL(lS)KO 7r
JP(AS)K
(S K™ ( )
J/Y(1S)K* ( 2)0
X (3872
X(3872)~ K+><
B(X(3872)~
J/y 15)71'_71'0)
X(3872) K9 x B(X —
J/prtaT)

+

==

:\

X(3872) KO x B(X — J/w7y)
X (3872) K*(892)% x B(X —

J/b)
X(3872) KO x B(X —
¥(25)7)

X(3872) K*(892)% x B(X —

$(25)7)
X(3872) KO x B(X —
DODO 70)

Charmonium

nonresonant <

fo — wmw (

yyyl <

A

X(3872) KO x B(X — D*0DO) (

X(4430)F KF x B(X* —
$(25)7*)

X (4430)F KF x B(XE —
J/pE)

J/9(1S)pP

J/P(1S)y

J/¢(18)D°

¥(25)K°

»(3770) KO x B(yp — DODO) <
P(3770) KO x B(y) — D~ D)

P(S)ntn~
P(2S)KT 7~

6.4 + 05 )x1073

) x 103
)x 1074

81 £+ 0.7
8.0 + 2.4

27 + 1.1 )x1074
11 + 05 )x1073

24 £ 09 )x1073
3.68+ 0.26) %

modes
7.9 + 1.2 )x1074
6.3 + 0.9 )x1074

3.9 x 1074
4 x 104
8.73+ 0. 32) x 1074
12 + 06 )x1073
1.32+ 0. 06) x1073
8 + 4 )x107°
2.5 x 1073

9.4 + 26 )x 1075
23 + 04 )x1074
6.0 + 3.2 )x107°

21 + 09 )x107°
13 + 05 )x1073
1.76+ 0.16) x 1075
1.23+ 0.19) x 1073
4.03+ 0.18) x 1070
1.2 x 1072

26 -
65 T 28 )x10-6
42 + 07 )x107°
2,58+ 0.21) x 10

11 x 1070
25 -
21 33 )x1076

23 £ 0.6 )x 1075
26 + 0.4 )x107°
47 + 3.4 )x1077

1.9 x10~7
7.4 x 1076
1.0 + 0.4 )x 1073
54 + 3.0 )x1074
8 +4 )x1074
6.6 + 2.2 )x 1074
5 x 104
4.2 x 1076

43 £ 1.3 )x106

2.4 x 1070
2.8 x 1076
6.62 x 1076
4.4 x 1076

17 + 08 )x 1074

12 + 04 )x1074
60 * 39 )x10°5

4 x 1076
5.2 x10~7
1.6 x107©
13 x 1072
6.2 + 05 )x1074
1.23 x10~4
1.88 x 1074

23 + 04 )x107°
58 + 0.4 )x1074

CL=90%
CL=90%

CL=90%

S=1.1

CL=90%

CL=90%

CL=90%
CL=90%

CL=90%
CL=90%

CL=90%
CL=90%

CL=90%

CL=90%

CL=95%

CL=90%
CL=90%
CL=90%

CL=90%
CL=90%

1473

1360
1336

1574
1478

1365

1751
1646
1157
1253
1683
1652
1571
1508
1271
1224
1386
1140

1102
1390
1728
1672
1716
1716

1609
1533

1520
1546
1611
1390
1514
1447

1140

1140
940

1140

940

1140

1140
575

575

862
1731

877
1283
1217
1217
1331
1238

$(25) K*(892)°
Xco KO
Xco K*(892)°
Xc2 KO
X2 K*(892)°
Xc1T™ 0
Xc1 K
Xc1 K™ ot
X1 K*(892)°

X(4051)T K~ xB(Xt —

Xcl ‘n'+)

X(4248)F K~ xB(X+ —

Xcl 7T+)

Ktn—

KOr0

7 KO

7 K*(892)°

' K(1430)°

' K3(1430)°

nK?®

nK*(892)°

nK}(1430)°

nK3(1430)°

wkKO

30(980)0K0>< B(a0(980)°
w0)

bOKOX B(b) — wn?)

30(980)i KF x B(ap(980)*

nr)
bl KT x B(b] — wm™)
By K*0x B(bY — wn?)
by K*t x B(b] — wm™)
a0(1450)F KF x

B(ap(1450)*
K% X0 (Familon)
wK*(892)°
w(Km)30
wK§(1430)0
wK3(1430)0
wK* 7~ nonresonant
Kta— 0

Ktp~

K™ p(1450)~

K+ p(1700)~

(Kt7—

— pr¥)

K+
(Km)g0 70 xB((Km)g0
Ktam)
K3(1430)° 70
K*(1680)0 70
K;O,H.O
KOont o™
KO7+ 7~ non-resonant
K0p0
K*(892) T
K5(1430) 7~
K;+‘n'7
K*(1410)t 7~ x
B(K*(1410)*
15(980) KO x
ata7)
f,(1270) K°
£,,(1300) KO x B(f, —
ata)
K*(892)0 0
K3(1430) T 7~
K*(1680)* n~
Kto—rntn—
PRt~
fH(980)K+n~, fy — nw

7) non-resonant
(Km)gta= x B(Km)gt —

6.0

+

147+

1.7
1.5
5.0

+

+

112+
3.93+

3.8

+

242+

K or K* modes
1.96+

(
(
(
(
(
(
(
(
(
(
(

AN A

AN A

[bbaa]

[bbaa]

— KO0x7)
x B(fp(980) —

<

<

[ccaa] <
(
(

9.9
6.6
31
6.3

+
+
+
+

137+

1.23F

1.59+
1.10+

9.6
5.0
7.8

7.8
1.9

7.4
8.0
5.0
31

5.3
2.0

+
+

+

+

1.84+
1.60+
1.01+

51

+

3.78+

7.0
2.4
6

2.8
3.4

8.6

4.0
7.5
6.1
6.5

+
+
+
+
+

+
+

147t

4.7
8.4
3.3
5.1
3.8

7.0

2.7
1.8

3.3

1.0
2.3
2.8

1.4

+ 4
EX

04 )x1074
0.27) x 104
04 )x1074

x 1073
1.2 )x107°
0.28) x 10~
0.27) x 1074
0.4 )x10~4
0.21) x 10~4

g )x 1075

20.0 -
a0 T20-0)x10-5

0.05) x 105
05)x10°6
04 )x1075
0.9 )x 1076
1.6 ) x 1070
0.32) x 1075

630 x10°6

0.10) x 1079
0. 22) x 1075
1)x106
6)x106
x 106

x 106
x 106

14 )x 1076
x 1076
x 1076
x 106

x 1075
0.5 )x 1076
0.25) x 107
0.34) x 107
0.23) x 107
1.0 )x 1076
0.32) x 1079
0.9 )x10-6
1.2 )x 1076
7 )yx10~7
0.6 )x 1076
05)x107°

1.7 )x 1076

X 1076
X 1076
1.6 ) x 1076
0.8 )x 1075
0.40) 195

0.6 )x106
0.8 )x10°°
0.7 )x107°
1.6 ) x 1076

x 106

0.9 )x 1076

1 g ) x 106
07 )x 1076

0.6 ) x 1076
x 106
x 1075
x10~4
07 )x 1076

3% )x106

S=1.1

CL=90%
S=1.1

CL=90%
CL=90%

CL=90%

CL=90%
CL=90%
CL=90%

CL=90%

CL=90%
CL=90%

S=1.2

S=2.1

$=2.0

CL=90%

CL=90%
CL=90%
CL=90%

1116
1477
1341
1378
1228
1468
1411
1371
1265

2615
2615
2528
2472
2346
2346

2587

2534
2415
2414
2557

2445
2358

2609

2558
2563

2522

2459

2563
2445
2358
2600
2543

2506
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K+ m~ xF 7~ nonresonant

K*(892)0 7t 7~
K*(892)0 p0

K*(892)°£,(980), fy — wm

Ky (1270)F 7~

K1(1400)t 7~

a1(1260)~ K+
K*(892)t p~
1430)t p~
1400)0 p0
1430)0 0

=
~ N AT S

R*OKOJ’_ K*O?O
KtK= =0
0 40.0
KSKSﬂ'
K%Kgsn
K Kgn
KOKT K-
K%

f(980)KO, fy — KT K~

f5(1500) K©
£4(1525)0 KO

fH(1710)KO, fy — KT K~

K9 K+ K~ nonresonant
0 40 K0
KS KS KS

©(980)KO, fo — KIKY
H(1710) KO, fo — KIKY
(2010)K®, f5 — K% KS

0KOSOKOSOKOS nonresonant
KS KS KL
K*(892)0 KT K~
K*(892)% ¢

K+ K~ a7 nonresonant

K*(892)° Kt
K*(892)0K*(892)°

K+ KT~ 7~ nonresonant

K*(892)0 Kt 7~

K*(892)° K*(892)°
K*(892)1 K*(892)~
K1(1400)° ¢
B(Km)y?

d(Km)0 (1.60<my, <2.15)ddaal

K5(1430)° K~ 7+
K7(1430)° K*(892)°
K;5(1430)° K75(1430)°

(1430)%¢

FOXOXO*

K*(892)0
K*(1410)
K+ 7=~ nonresonant

K*(892)0 X (214) x B(X —

whpm)
KOzt n— o]
Ktr— a0y
K1 (1270)0
K1 (1400)0
K3(1430)%

1430)0£,(980), fy — 77

<

(

AN AN AN AN NN NA

ANANANNANA

2.1
55 +
39 +
39 T
3.0

2.7

16 +
1.03+
28 +
3.0

27 +
27 +
86 +
13 +
121+
73 +
1.9

22 +

1.0
2.0
2,63+
73 +

|+

1.3

w
| +

4.4
3.3
6.0
2.7

5.0

N

1.33
1.6
2,75+
1.00+
7.17
45 +
8 =+
6.0
2.2

2.0
5.0
43 +
1.7
3.18
33
8.4
39 +
1.7
4.7
3.5
2.7
1.53
1.1
6.8 +
45 +
3.1
76 =
6.4
2.7 +
4.6 +
4.33+
1.3
2.6
2.26

1.95+
41 +
5.8
1.2
1.24+

04 )x1075
0.26) x 1072
12 )x1075
x 1073
0.6 ) x 1075
0.9 )x 107
2.0 ) x 107
0.5 )x 107
0.16) x 10—
11 )x1076
x 1076
0.6 )x 10
x 107
x 1076
x 1076
0.15) x 1075
0.7 )x 10
350 %1076
05 ) x 1078
i ) x 107
09 )x106
1.0 ) x 1075
0.5 ) %106
1.8 )x106
50y %1077
x 107
x 1075
x 1073
0.26) x 10
0.05) x 10
x 1075
13 )x1076
5 )x10~7
x 1076
x10—6
x10~7
x 1076
x 1073
0.4 )x 10~
x 1076
x 1075
x 1076
x 1076
0.8 )x10°
x 1076
x 1076
x 1076
x 1070
x 1073
x 1073
0.9 )x 107
0.9 ) x 10~
x 1075
1.8 )x107°
x 1076
0.7 )x 10
14 )x1076
0.15) x 107>
x 1074
x 1076
x 1078

8)
58 )
6 )
0.31)

0.22) x 1075
0.4 )x107°
x 1075
x 1072
0.24) x 1073

CL=90%

S=1.9
$=3.9

CL=90%
CL=90%

CL=90%

CL=90%
CL=90%
CL=90%

S=1.3

S=1.1

CL=90%

CL=90%

$=2.2
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

S=1.2

CL=90%

CL=90%

CL=90%
CL=90%
CL=90%

CL=90%
CL=90%

2600
2557
2504

2466

2484
2451
2471
2504

2388
2381

2593
2592
2578

2579
2578
2515
2452
2522
2516

2398

2522
2521

2521
2521
2467
2460
2559
2524
2485
2559
2524
2485
2485
2339

2403
2360
2222
2333
2360
2222
2238

2381
2333
2305
2337
2587
2528
2516
2615
2564
2451
2615

2609
2609
2486
2453
2447

K*(1680)% < 20 x 1073
K3(1780)0 < 83 x 1075
K3(2045)0 < 43 x 1073
Light unflavored meson modes
Oy ( 86+ 15)x10~7
OX(214)x B(X — ptp~) [eeaa] < 1.73 x 108
wy (a4 7F 18)x1077
Joxet < 85 x 10~7
ata~ ( 5124 0.19) x 106
7070 ( 191+ 0.22) x 10~6
nm0 < 15 x 1076
nn < 10 x 106
7 70 ( 12 + 06 )x1076
n'n < 17 x 106
n'n < 12 x 1076
7 p° < 13 x 1076
1 f5(980) x B(f,(980) — < 9 x 1077
atr7)
np° < 15 x 1076
n15(980) x B(f(980) — < 4 x10-7
ata~
wn ( 94T 49)x1077
wn' (107F 3% )x1070
wp? < 16 x 1076
wf(980) x B(f(980) — < 15 x 1076
ata~
ww (12 + 04 )x10°°
om0 < 15 x 107
on < 5 x 10~ 7
on' < 5 x 107
&p° < 33 x 1077
¢ (980)x B(fy — wTx™) < 38 x 107
pw < 7 x 107
[oxo] < 2 x 107
a0(980)* F x B(ag(980)F — < 31 x10~6
nrE)
a0(1450)F 7 F x < 23 x10~6
B(ap(1450)* — na¥)
ata= o < 12 x 10—4
070 ( 20 + 05)x1076
pFat lgg] ( 2.30+ 0.23) x 1075
atr ata~ < 1.93 x 1075
pO atr~ < 88 x 106
P00 (73 + 28)x10~7
f(980) 7t 7w~ < 38 x 1076
09 £(980) x B(f(980) — < 3 x 1077
7taT)
15(980) 75(980) x < 1 x10~7
B2(£,(980) — =t7~)
15(980) 5(980) x B(fy — < 23 x 1077
ata7) x B(fy —» KTK™)
a1(1260)F o+ lge] ( 2.6 + 05 )x107°
a,(1320)F o+ lgg] < 6.3 x 1076
ot 70q0 < 31 x 103
ptp~ ( 242+ 031)x 1075
a1(1260)% 70 < 11 x 1073
wr® < 5 x 107
atatr— a0 < 90 x 1073
a1 (1260)* p < 61 x 1075
a1(1260)° p° < 24 x 1073
bi 7 x B(b] — wnT) ( 1.09+ 0.15) x 10~5
B0 x B(KY — wr0) < 19 x10—6
by ptx B(b] — wm™) < 14 x 1076
btl)po X B(btl) — wn?) < 34 x 1076
atatata— o~ < 3.0 x 1073
a1(1260)* a1 (1260)~ x ( 118+ 0.31)x 107
Bz(afr — 2t 77)
atrtat e a0 < 11 %
Baryon modes
pp ( 15+ 31 )x1w0-8
pprta~ < 25 x 104
pp KO ( 266+ 0.32) x 10~6
©(1540)*p, ©F — pKL [l < 5 x 108

CL=90%
CL=90%
CL=90%

CL=90%

CL=90%

CL=90%
CL=90%

S=1.7
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%

CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%
CL=90%

CL=90%

CL=90%

S=1.9
CL=90%
CL=90%

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%
CL=90%

CL=90%
CL=90%

CL=90%

CL=90%

CL=90%

2361
2341
2244

2583

2582

2541
2636
2636
2610
2582
2551
2460
2523
2492
2454

2553
2516

2552

2491

2522
2485

2521
2540
2511
2448
2480
2441
2479
2435

2631
2581
2581
2621
2575
2523
2539
2486

2592
2336

2572

2467
2406
2347
2318
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0 5 ~7 Ccl=
f(2220)K®, f; — pp < 45 x 1077 CL=90% 2135 K*(892)0 ¢+ ¢~ Bl [sss] ( 9.9 T H ) x 10~7 2564
pK*(892)° 1241 028y 106 2216
PPf (2(220)) . B ( T 025) . K*(892)0 et e B1 ( 1.03F 3191076 2564
y 6 f1— pP < 15 x10~7 CL=90% - 0 _
K*(892)° it B1 1.05+ 0.10) x 10~° 2560
pAr™ ( 314+ 029) x 1078 2401 K*(89(2)01)/P/ / B1 ( 55 " 1075 CL=90% 2564
pX(1385)~ < 26 x 1077 CL=90% 2363 (/)Vﬁ 51 i Lo : 104 CL:QO‘; 54l
A%% < 93 x 1077 CL=90% 2364 e* T iF gl < 28 X1079 CL*%‘,/" 2639
- _ g } x =90%
pPAK < 82 x10~7 CL=90% 2308 °e T LF 14 10-7 CL—go% near
pZOn < 38 x 1076 CL=90% 2383 Ay < b x =
A . «10-7 Cloo% 2392 K%e* uT LF < 27 x1077 CL=90% 2615
. e . ° K*(892)° etu~ LF < 53 x10~7 CL=90% 2563
MK (48 7 g )x107 2250 K*(892)%e~ ut LF < 34 x10~7 CL=90% 2563
FAKO ( 25+ 09y, 10-6 2008 K*(892)0 % 1 F LF < 58 x10~7 CL=90% 2563
B - 08 et LF [gg] < 28 %1075 CL=90% 2341
AADO ( 11+ 38)x10° 1661 pErF LF  [gg] < 22 x 10*2 CL=90% 2339
AOAO_ < 15 % 10-3 CL=90% 2335 |nX|5|bIe B1 < 24 X 10:5 CL=90% -
ATTA—- < 11 x1074 CL=90% 2335 vy B1 < 17 x 1072 CL=90% 2640
D°pB ( 1044+ 0.07) x10~4 1863 A~ LB < 18 x 1076 CL=90% 2143
D7 Ap ( 28 % 09)x10-5 1710 Are~ LB < 5 x 1076 CL=90% 2145
D*(2007)°pp (99 £ 1.1)x1075 1788
D*(2010)~ p7A (14 + 04)x1073 1785
_ ' ’ + /R0
D~ ppnT ( 332+ 031)x1074 1786 B*/B® ADMIXTURE
D*(2010)~ pprt (47 +£05)x1074 s=12 1707
DOOpE7r+77— ( 30+ 05)x1074 1708 CP violation
D0 p5 ot —4
g P (19 05)x107 oo e Acp(B — K*(892)7) = —0.003 + 0.017
cgﬂ+y c — *_P < 9 x 10 . CL=90% - Acp(b — s7) = —0.008 % 0.029
Ocpr™, O — D* 7 p < 14 x 1072 CL=90% -
=<7 _ Acp(b — (s+d)y) = —0.01 + 0.05
T ATt < 10 x 1073 CL=90% 1839 - o
Zf 4 (13 + 04)x10-3 1034 Acp(B — XsfT47)=-0.22+0.26
T . 4 ) x
ﬂc’p 20+ 0 105 2021 Acp(B — Kre'e™) = —0.18 + 0.15
. 4 - _
ZC—P 0 ( )07 Acp(B — K*utu~) = —0.03 % 0.13
XC [;ZSS B (19 £ 05)x 10_5 1982 Acp (B N K*é+€—) = —0.04 + 0.07
75( " )7p0 < 30 x 10 - Acp(B — nanything) = —0.13+332
A-prta o < 507 x1073 CL=90% 1882
A prtaata— 274 10-3 909 The branching fraction measurements are for an admixture of B mesons at
,{p ! < % CL=90% 1821 the 7°(4S). The values quoted assume that B(7(4S) — BB) = 100%.
Ac prta~ ( 117+ 0.23)x 1073 1934
ZC— p77+ ﬂ'_ (nonresonant) (7.1 + 1.4 )x 104 1934 For incl.usive bra.nching fractions, eg., B — Pi anything, th.e .t.reatment
—« o _a of multiple D's in the final state must be defined. One possibility would
56(2520)0 pm ( 117+ 0.25) x 10 1860 be to count the number of events with one-or-more D’s and divide by
56(2520) < 31 x10~5 CL=90% 1860 the total number of B's. Another possibility would be to count the to-
26(2455)0 p ( 1.04+ 0.22) x 104 1895 tal number of D’s and divide by the total number of B’s, which is the
fc(2455)0 NO, NO (80 +29)x 10-5 _ deﬁniti(.m of avera.ge mult.iplicity. The two definitions are identical if only
— one D is allowed in the final state. Even though the “one-or-more” def-
— L + 4 inition seems sensible, for practical reasons inclusive branching fractions
726(2455) pm (22 4+ 04)x10 1895 are almost always measured using the multiplicity definition. For heavy
Ac PK+7T7 (43 £ 14)x 1075 - final state particles, authors call their results inclusive branching fractions
Y - + Yy -5 while for light particles some authors call their results multiplicities. In the
2 (2455)" " pK™T, X_ (1.1 £ 04)x10 1754
_ B sections, we list all results as inclusive branching fractions, adopting a
AC 77 multiplicity definition. This means that inclusive branching fractions can
AZPK*(892)O < 242 %105 CL=90% - exceed 100% and that inclusive partial widths can exceed total widths,
ZE AK+ (38 4 13)x 10-5 1767 Jjust as inclusive cross sections can exceed total cross section.
ﬂ* /\+ < 6.2 x10~2 CL=90% 1319 B modes are charge conjugates of the modes below. Reactions indicate
/\ (2593 / (2625)~ < 11 «10—4 CL=90% the weak decay vertex and do not include mixing.
Zc ¢ : =307 -
P R (22 +23)x1075 S=19 1147 Scale factor/  p
C c’ c ° . .
Ac+ /\C KO ( 54+ 32)x10-4 _ B DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Lepton Family number (LF) or Lepton number (L) or Baryon number (B) N ) Semileptonic and leptonic modes
violating modes, or/and AB = 1 weak neutral current (B1) modes e’ ve j”yth'”g ) (hhaa] (1086 +016)% -
vy B1 < 32 x10~7 CL=90% 2640 pe Ve anything < 59 x 1077 CL=90% -
0, -
ete BI < 83 « 10-8 CL—90% 2640 ut anythlng [hhaa] ( 10.86 + 0.16 ) %
ete B1 < 12 107 CL=90% 2640 Z+I/ganythlng [ssshhaa] ( 10.86 + 0.16 ) % -
ut B1 < 63 «10-10CL—00% 2638 Q; (T vpanything [sss] ( 28 +09 )% -
wt ey B1 < 16 «10-7 CL=90% 2638 D ﬁ*ulanythmg [sss] (73 +£15 )% -
whppt < 53 x10~9 CL=90% 2629 D¢ Vz (242 +012)% 2310
SP, S — utu-, lggaal < 5.1 «10~9 CL-90% _ Drt _ ( 1.07 £ 018 )% 1911
P— utu D*~ £+Wanyth|ng [iaa] ( 67 + 13 )x1073 -
= BI < a1 103 CL=90% 1952 D*¢ty, ljaa] ( 495 + 0.11 )% 2257
a0t B1 < 53 x 1078 CL=90% 2638 D rtu, (1 1.64 £015)% 1837
mete B1 < 84 %1078 CL=90% 2638 D**tty, ssskkaal (27 =07 )% -
Ot BI < 69 «10-8 CL=90% 2634 D1 (2420) £+ vpanything ( 38 +13 )x1073 s=24 -
nete- < 64 %1078 CL=90% 2611 Dﬁﬁ'/zi”yth'"g + (26 £05 )% s=15 -
. .
nete < 108 x10=7 CL=90% 2611 D*m{T veanything
nut < 112 «10~7 CL—90% 2607 D7 ¢t vyanything ( 15 £06 )% -
a7 B1 < 69 x 1075 CL=90% 2638 D*m(*yyanything (19 04 )% -
KO o+ - BI ] ( 31t 08 )x10-7 2616 D3(2460) £ vy anything ( 44 £ 16 )x1073 -
] To-or D*~ nt ¢+ yyanything ( 1.00 + 034 )% -
KOet e BI (16t 19)x107 2616 D; ¢+ vpanything [sss] < 7 x 1073 CL=90% -
KOyt u— B1 -7 D_ tty,Ktanything  [sss] < 5 x 1073 CL=90% -
utp (34 4 05)x10 2612 s
% BI1 < 49 %x 1072 CL=90% 2616 Dy tuy, Koanything [sss] < 7 x 1073 CL=90% -

Pvo B1 < 208 x1074 CL=90% 2583
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Xty ( 10.65 + 0.16 )% - Light unflavored meson modes
Xyl v, ( 214 + 031 )x1073 - Py (139 + 025 )x107® s=12 2583
K*l*u[anyth!ng [sss] ( 63 +06 )% - plwy ( 130 £ 023 )x1070  s=1.2 -
K’liuganythlng [sss] ( 10 +4 )x1073 - 7% anything lggooaa] ( 358 £ 7 )% -
K9 /KO ¢+ vyanything [sss] ( 46 +05 )% - 70 anything (235 411 )% -
. 7 anything ( 176 + 16 )% -
. . D, D*, or Ds modes 20 anything (21 +5 )% _
Do aﬂ;gthmg ) (237 £13 )% - w anything < 8 % CL=90% -
D*/D aniythmg. (627 +£29 )% 5=1.3 - 6 anything (343 + 012 )% _
D*(2010)0 anyth_mg (225 £15 )% - 6 K*(892) < 25 % 10~5 CL=90% 2460
Di(2007) anything (260 £27 )% - 7t gluon (charmless) ( 37 +08 )x1074 -
Dy anything lgg] ( 83 £08 )% -
D% anything (63 +£10 )% - _ Baryon modes
DD () (34 +06 )% _ AL ) A7 anything (45 +12 )% -
s ' R + i - -
DEBE KO 4 g (71 * %; Yo B Aganyth!ng < 1.7 % CL=90%
DB Kt : Ac anything < 9 % CL=90% -
b— cCs (2 +4 )% . A7 (F anything < 11 x 1073 CL=90% -
D)D) lggllaal (39 + 04 )% - Az et anything < 23 x 103 CL=90% -
D* D*(2010)* lgg]l < 59 x 1073 CL=90% 1711 AZ  anything < - 18 x 1073 CL=90% -
D D*(2010)* + D*D* leg] < 55 x 1073 CL=90% - A p anything ( 26 +08 )% -
DD* B lgg] < 31 x 1073 CL=090% 1866 Az petue < 10 x 1073 CL=90% 2021
DsMEDMIX (na*)  (gghadl (9 5 )% - T~ anything (42 *24 )x1073 -
D*(2010)~ < 11 x10-3 CL=90% 2257 I anything < 96 x 1073 CL=90% -
Di¥z=, Difn=, Dfp=. lgel< 4 x10~4 CL=90% - > Qanything ( 46 +24 )x10-3 -
Dt p~, Df 0, DIt a0, TON(N = porn) < 15 x10~3 CL=90% 1938
DFn, Ditn, DF 0, =Vanything (193 + 030 )x1074% s=1.1 -
+ 0 pt, + x B(Z0 —» =7t
Dy p% Dfw, DI w (.c_> ™)
Ds1(2536)t anything < 95 x10~3 CL=90% - =T anything ( 45 T 13 )x104 -
=+ =+ -+
Charmonium modes X B(—_c — ETaraT)
J/4(1S)anything ( 1.094+ 0.032) % s=1.1 - p/p anything lgg]l ( 80 +04 )% -
J/4(15) (direct) anything (78 +04 )x1073 s=11 - p/p (direct) anything leg] ( 55 =05 )% -
¥(25)anything (307 + 021 )x1073 - A/ A anything lg] ( 40 +05 )% -
Xc1(1P)anything ( 3586 % 027 )x1073 - :_/:+anytl?|ng lee] ( 27 +06 )x1073 -
Xc1(1P) (direct) anything ( 324 +025)x10°3 - baryons anything (68 £06 )% -
Xc2(1P)anything ( 14 +04 )x1073 s=19 - pp anything (247 £023)% -
Xea(1P) (direct) anything (165 + 031 )x10-3 - AP/ Ap anything lggl ( 25 +£04 )% -
ne(1S) anything < 9 % 10-3 CL—90% _ AA anything < 5 x 103 CL=90% -
KX(%Slg)E B(X — (12 04 )xi07* 1141 Lepton Family number (LF) violating modes or
DD 77) s AB =1 weak neutral current (B1) modes
KXéE%?DQ(g)x B(X — ( 80 4+ 22 )x10 1141 sete B1 (a7 +13 )x10-6 _
4+, — —6 —
spTp B1 ( 43 £ 12 )x10
5 L
KX(:12403>< B(X — < 6.7 x 107 CL=90% 1084 sit i BI [sss] ( 45 + 10 )x10-6 _
DD s A BI < 59 x 1078 CL=90% 2638
Kxco(2P), xco — wJd/v [mnaa] ( 7.1 + 34 )x10 1103 rete— < 110 w10-7 CL—90% 2638
K or K* modes mut < 50 x 1078 CL=90% 2634
K* anything leg] ( 789 + 25 )% - Kete~ BI1 ( 44 +06 )x1077 2617
K+ anything ( 6 +5 )% - K*(892)et e~ BI (119 4+ 020 )x1076 S=12 2564
K~ anything (13 +4 )% - Kptu~ B1 ( 44 +04 )x1077 2612
KO /KO anything leg] ( 64 +4 )% - K*(892) ut p~ BI ( 1.06 + 0.09 )x 1076 2560
K*(892)* anything (18 +6 )% - Kt~ BI ( 48 +04 )x1077 2617
K*(892)° /K*(892)%anything [gg] ( 146 + 2.6 )% - K*(892) ¢t ¢~ BI (105 +010)x1076 2564
K*(892)~y ( 42 4+ 06 )x 105 2564 Kvo BI < 1.7 x 1075 CL=90% 2617
K- g5 + 18 10-6 2588 K*vw B1 < 16 x 1075 CL=90% -
ey (85 Zq6 )x set T LF [gg]l < 22 x 1078 CL=90% -
K1 (1400)y < 127 x 1074 CL=90% 2453 met T LF < 92 x10~8 CL=90% 2637
K3(1430) (17 T 38 )x105 2447 peiﬁ LF < 32 x 106 CL=90% 2582
' _ Ke*pt LF < 3.8 x 1078 CL=90% 2616
K»(1770)y < 12 x 1073 CL=90% 2342
Kzg((1780))27 - a1 <10-5 CL:90‘£ o31 K*(892) e* T LF < 51 x10~7 CL=90% 2563
Kj;(,2045)7 < 10 x 10*: CL=90% 2244
Kn'(958) ( 83 + 11 )x10™ 2528 B*/B%/B%/b-baryon ADMIXTURE
K*(892)7/(958) ( 41 +11 )x107© 2472 /B°/ 5/ ryo
K . —6 CL=90¢ . . .
Z] < 52 x 10_5 CL=90% 2588 These measurements are for an admixture of bottom particles at high
K*(892)n ( 1.8 + 05 )x10 2534 .
K6 (23 +09 )x10°6 2306 energy (LHC, LEP, Tevatron, SppS).
b— 39 (340 + 021 ) x 10-4 _ Mean life 7 = (1.568 + 0.009) x 10712 5
5 dvy (92 +30 )x10-6 _ Mean life 7 = (1.72 & 0.10) x 107125 Charged b-hadron
b — Sgluon < 68 % CL=90% - admixture "
1y anything ( 26 F 8‘2 ) x 104 _ Mean.ln;e 7= (158 + 0.14) x 107" s  Neutral b-hadron ad-
: mixture
’ : 4
1" anything ( 42 £09 )x10 - —1.09 + 013
K+ gluon (charmless) < 1.67 %104 CL—90% _ T charged b—hadron /T neutral b—hadron . :
KO%luon (charmless) ( 19 +07 )x1074 - |ATp|/7p5 = ~0.001 £ 0.014

Re(ep) / (1 + |ep[?) = (1.2 + 0.4) x 1073
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b DECAY MODES

The branching fraction measurements are for an admixture of B mesons
and baryons at energies above the 7(4S). Only the highest energy results
(LHC, LEP, Tevatron, SppS) are used in the branching fraction averages.
In the following, we assume that the production fractions are the same at
the LHC, LEP, and at the Tevatron.

For inclusive branching fractions, e.g., B — Dianything, the values
usually are multiplicities, not branching fractions. They can be greater
than one.

The modes below are listed for a b initial state. b modes are their charge
conjugates. Reactions indicate the weak decay vertex and do not include
mixing.

Scale factor/

Fraction (I';/T) Confidence level

p
(MeV/c)

PRODUCTION FRACTIONS

The production fractions for weakly decaying b-hadrons at high energy
have been calculated from the best values of mean lives, mixing parame-
ters, and branching fractions in this edition by the Heavy Flavor Averaging
Group (HFAG) as described in the note “B0-BO Mixing” in the BO Particle
Listings. The production fractions in b-hadronic Z decay or pp collisions
at the Tevatron are also listed at the end of the section. Values assume

B(b — BT)=B(b — BO)
B(b— BT)+B(b— BY) +B(b— BY) + B(b — b-baryon) =

The correlation coefficients between production fractions are also re-
ported:

cor(BY, b-baryon) = —0.291

cor(BY, B*=B0) = —0.083

cor(b-baryon, Bi:BO) = —0.929.
The notation for production fractions varies in the literature (fd, dBO’
f(b — BY), Br(b — BY)). We use our own branching fraction notation
here, B(b — BO).

Note these production fractions are b-hadronization fractions, not the con-
ventional branching fractions of b-quark to a B-hadron, which may have
considerable dependence on the initial and final state kinematic and pro-
duction environment.

100 %.

Charmed meson and baryon modes

DOanything (598 + 29)%
DO DF anything legl ( 91 7F 4%)%
DF Dsianything lggl ( 40 F %;3 )%
D° DO anything leg] ( 51T 20)%
DO D* anything leg] (27T 18)%
D* DF anything lggl < 9 x 10-3 CL=90%
D~ anything (233 £17)%
D*(2010) " anything (173 £20)%
Dy (2420)° anything ( 50 +15)%
D*(2010)F D anything gl ( 337F 18)%
DO D*(2010)* anything leg] ( 30 % 3y
D*(2010)* DF anything leg] ( 25T 12)%
D*(2010)* D*(2010)F anything [gg] ( 1.2 + 0.4 )%
D Danything (10 F1 %
D3(2460)° anything (47 +27)%
D¢ anything (147 £21)%
D7 anything (101 + 31)%
A7 anything (97 £29)%
/¢ anything [ooaa] (1162 + 3.2 )%

Charmonium modes
( 116+ 0.10) %
( 2.83% 0.29) x 1073

J/¥(1S)anything
1(2S)anything

Xc1(1P)anything (14 +04)%
K or K* modes
sy ( 31+ 11)x1074
Svv BI < 64 x 1074 CL=90%

K*anything (74 +6 )%
K% anything (290 = 29)%

D*~ 7t {* ypanything

Bj?é*Vganything x
B(B? — D*t7a7)

Dj_f‘*'yganything X
B(D; — D7)

48 + 1.0 ) x 1073 -
26 + 0.9 )x1073 -

Bt (402 + 07 )% -
BO (402 + 07 )% - ) Pion modes
B9 (105 + 0.6 )% _ Troianyth_mg (397 21 )% -
b-baryon (92 4 15)% _ 7" anything [ooaal (278 +60 )% -
¢anything (2824 0.23)% -
DECAY MODES
Baryon modes
Semileptonic and leptonic modes p/panything (131 & 11)% -
vanything (231 + 15)% _ A/ Aanything . ( 59 +06)% -
¢+ ypanything [sss] ( 10.69+ 0.22) % _ b-baryon anything (102 £ 28)% -
et veanything (10.86+ 0.35) % - Other modes
vy, anything (10.95F 832)% - charged anything looaa] (497 +7 )% -
D~ ¢* ypanything [sss] ( 227+ 0.35) % s=1.7 - hadron™ hadron™ (177 39)x10-5 -
D~ nt £T vpanything ( 49 +19)x1073 - charmless (7 +21 )x10-3 -
D~ 7~ ¢+ ypanything (26 + 1.6 )x1073 -
DO ¢ty anything [sss] ( 6.84% 0.35) % - AB = 1 weak neutral current (B1) modes
D07~ ¢+ vyanything ( 107+ 027)% - wF " anything BI < 32 x 1074 CL=90% -
DO 7t £+ yyanything ( 23+ 16)x1073 -
D*~ ¢+ yyanything [sss] ( 275+ 0.19) % - P 14—
D*~ = ¢ty anything (6 +7 )x1074 - 1(07) = 3(17)
(
(

[sss,ppaal I, J, P need confirmation. Quantum numbers shown are quark-model
predictions.

Mass mp. = 5325.2 + 0.4 MeV

Mg, — mg = 45.78 + 0.35 MeV

Mgt — Mgy = 45.0 = 0.4 MeV

[sss,ppaa] ( 7.0 £ 2.3 )><10*3 -

D3(2460)% £+ vpanything < 14 x10~3 CL=90% -
ol 0
x B(DE(Q“’O) - B* DECAY MODES Fraction (T;/T) p (MeVjo)
D*~xT)
B dominant 45
D3(2460)~ £ vpanything (42T 13 )x1073 - i I
x B(D3(2460)~ —
D) By (5721)° 1UP) = (1)
D(2460)0 £+ vpanything (16 +08)x1073 - I, J, P need confirmation.
ol 0
x B(D3(2460)" — B;(5721)° MASS = 57235 £ 2.0 MeV (S = 1.1)
D~ ) Mgy — Mgy = 4443 £2.0 MeV (S = 1.1)
charmless (7, [sss] ( 1.7 + 05 )x1073 - 1
71 v, anything ( 241+ 023)% -
D*~ 7 v, anything (9 +4 )x1073 - 81(5121)0 DECAY MODES Fraction ([;/T) p (MeVc)
€ — (~ Dyanything [sss] ( 8.02%+ 0.19) % - B*t = dominant —
¢ — (twvanything (165 38)% -
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— + —4
* 0 1Py — 1o+ Dy D (36 +08)x10 1875
2(5747) I({/ .‘)Dneezd( cor?firmation D+—07 (22 +06)x1074 1925
T : DpOpo (1.9 + 05 )x1074 1929
B3(5747)° MASS = 5743 £ 5 MeV (S = 2.9) DI at (20 £ 05)x10-3 2265
Full width T =237 ,2 MeV D" pt (97 £ 22)x1073 2191
Mg — Mgo =19+ 6 MeV (S =3.0) DD + DYDY (1.28+ 0.23) % s=12 1742
2 1 *+ yk—
Df D¢ (1.85+ 0.30) % 1655
B}(5747)0 DECAY MODES Fraction (I';/T) p (MeVjc) Q;H Dg*% (45 £ 14)% -
- - DK x+ (99 + 15 )x1074 2312
- dominant 424 DYK*(892)° (35 £ 0.6 )x1074 2264
B dominant B DOK* K~ (42 £ 1.9 )x 105 2242
D% (24 +07)x1075 2235
D*F n* < 61 x 1076 CL=90% -
BOTTOM, STRANGE MESONS J/¥(1S) ¢ ( 1.07+ 0.09) x 1073 1588
(B —+1.S= 1) J/9(18) 70 < 12 x1073 CL=90% 1786
- o=+ J/Y(1S)n (40 £ 07)x107% s=13 1733
BY = sb, BY =5b, similarly for BX's J/p(1S)KY ( 1.87+ 0.17) x 1075 1743
J/9(1S) K*(892)° (44 +09)x1075 1637
J/p(S)n (34 +05)x1074 1612
Bg 1JP) = 0(07) J/(LS) T 7~ (2124 0.19) x 10*2 1775
J/¥(15) 1(980), fy — ( 1.394 0.14) x 10~ -
) ) ata~
/, J,_ P_need confirmation. Quantum numbers shown are quark-model J/1(15) f(1370), (39 F ?13 ) x 10~5 -
predictions. fy — wta—
Mass mgo = 5366.77 + 0.24 MeV J/(1S) £(1270), (1.1 + 0.4 )x107° -
S —_
Mgo — mp = 87.35 & 0.23 MeV f - ntm
s + .- + 11 -5
Mean life 7 = (1.512 + 0.007) x 1012 s J/e(AS)m T a (nonres- (18 T gy )x10 1775
cr = 453.3 um onantl 4
’ _ J/Y(AS)KT K~ (79 £ 0.7 )x10" 1601
_ _ _ 12 —1
ArB? - FBSL rBEH (0.091  0.008) x 10°% s J/9(1S) f5(1525) (26 £ 06 )x1074 1304
fy 3 —6 _
BO-BY mixing parameters J/¥(1S)pp < 48 x 10 CL=90% 982
ss 2. 1 »(2S)n (33 +09)x1074 1338
Amsg =Mpgo, =~ Mgy, = (17.761 + 0.022) x 107 Ti s P(2S)nt (72 + 1.2 )x1075 1397
= (1.1691 + 0.0014) x 1078 MeV »(25) ¢ (5.4 + 0.6 )x1074 1120
X = Am o /T go = 26.85 £ 0.13 Xil ‘*‘{ ( 2.02+ 0.30) x 10*; 1274
s = 0.499311 - 0.000007 e (76 £ 19)x107 S-14 2680
707 < 21 x 10 CL=90% 2680
CP violation parameters in B‘s’ nm0 < 1.0 x 1073 CL=90% 2654
_ -3 (1=
Re(esg) /(1 + |652|2) =(-1.9+1.0)x 1073 m < 15 X107 CL—%ZA 2627
0 KO = 014 4 0.11 pp < 320 x 10 CL=90% 2569
Ckk(Bs — K ) =0. : ép° < 617 x10=% CL=90% 2526
SKK(BE — KTK7)=030+013 foyol (1.91+ 0.31) x 1072 2482
CP Violation phase 85 = (0.0 £ 3.5) x 1072 at K- (55 + 06 )x10-5 2659
Acp(Bs —» 7t K™) =028 + 0.04 Kt K= ( 2494 0.17) x 10~5 2638
Acp(BY — [KTYK~]pK*(892)%) = 0.04 £ 0.16 KOK? < 66 %1075 CL=90% 2637
_ KOrt o~ (19 + 05 )x10~5 2653
These branching fractions all scale with B(b — Bg). KOKE 4 F (97 + 1.7 )x 105 2622
0K+ K- -6 L=
The branching fraction B(B0 — D¢t u/anything) is not a pure mea- 5 K KO 0 < 4 x 10 CL=90% 2568
surement since the measureg roducst branéhin fraction B(b — BO) X 5*(892) P < 761 x 1074 cL=90% 2550
o ~ P ¢ I o K*(892)° K*(892)° (28 + 07 )x107° 2531
B(Bg — Dg las vpanything) was used to determine B(b — By), as ¢K*(892)0 ( 113+ 0.30) x 106 2507
described in the note on “B0-BO Mixing” _ 420
pp (28T 22)x1078 2514
For inclusive branching fractions, e.g., B — Dianything, the values _ + : 4
usually are multiplicities, not branching fractions. They can be greater Ac A (36 £ 1.6)x10 -
than one. Ty BI < 87 x1070 CL=90% 2683
oy (3.6 + 04 )x1075 2587
Scale factor/ p
Bg DECAY MODES Fraction (I';/T) Confidence level (MeVjc) Lepton Family number (LF) violating modes or
— . AB = 1 weak neutral current (B1) modes
Dy anything (93 +25 )% - + - 9
. B wtu BI (31 +07)x10 2681
ZVKXJr i (105 & 038 )f’ ete” BI < 28 x10~7  CL=90% 2683
Dgt wanﬁytTng l[ggaal (7.9 £ 24)% , - B LF lggl < 11 %1078 CL=90% 2682
Ds1(2536) put vy, (25 + 07 )x10™ - wtp e < 12 «10—8 CL=90% 2673
Dy — D*~ KOS SP, S— utu-, [ggaa] < 1.2 x 1078  CL=90% -
Dg1(2536) X ut v, (43 + 17 )x103 - P— utp~
D, — DOK+ #(1020) put ™ BI (76 + 15 )x10°7 2582
Ds(2573)" X it v, (26 + 12 )x10-3 _ %7 BI1 < 54 x1073 CL=90% 2587
D, — DOK*
_ ¥ -3
Di 7TJr ( 3.04+ 0.23) x 1073 2320 B; I(JP) =0(17)
Dy p (7.0 £ 15 )x10 2249
Dyatats™ (63 + 1.1 )x1073 2301 .
Dy; (2536) 7+, (25 + 0.8 )x10-5 _ I, Jd .‘:.need confirmation. Quantum numbers shown are quark-model
Dy — Dymta” Prece IOMn:ss m = 54154124 Mev (S = 3.0)
D¥K* (2.03+ 028)x1074  S=13 2293 - =21 o

-~ _ 123 _
Dy Ktatm™ (33 +07)x1074 2249 mp; — mp, = 487757 MV (S =2.8)

Di D7 (44 + 05)x1073 1824
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BX DECAY MODES Fraction (;/T) p (MeVjc)

Bs~ dominant -

1UPy = 0aat)
I, J, P need confirmation.

Mass m = 5828.7 + 0.4 MeV (S = 1.2)
m

B;;(5830)°

B0 — Mpws = 504.41 + 0.25 MeV
s1
Bg;(5830)9 DECAY MODES Fraction (F;/T) p (Mev/c)
B*tT K~ dominant -

1JPy = 02h)
I, J, P need confirmation.
Mass m = 5839.96 + 0.20 MeV
mB*o - mBo =10.5 £ 0.6 MeV
2 1
Fullwidth = 1.6 = 0.5 MeV

B?,(5840)°

BZ,(5840)° DECAY MODES Fraction (I';/T) p (MeVjc)

BT K~ dominant 253

BOTTOM, CHARMED MESONS
(B=C==+1)

+—p B =7 imi '
Bl =cb, B, =<Tb, similarly for BY's

B 1(JPy = 0(07)
I, J, P need confirmation.
Quantum numbers shown are quark-model predicitions.

Mass m = 6.2756 + 0.0011 GeV
Mean life 7 = (0.452 4 0.033) x 10712 5

BZ modes are charge conjugates of the modes below.

p

B"_!' DECAY MODES x B(b — B¢) Fraction (I';/T) Confidence level (MeV/c)

The following quantities are not pure branching ratios; rather the fraction
/T x B(b— B).

J/9(1S) £+ vyanything (52 T24)x107° -
J/p(1S)nt seen 2371
J/(1S)KT seen 2342
J/pAS)n Tt seen 2351

J/¥(15) a1 (1260) <12 x 1073 90% 2170
J/Pp(AS)KT K=ot seen 2203
P(28)mt seen 2052
J/¥(1S) D;’ seen 1822
J/9(1S) D;+ seen 1728
D*(2010)* D° <62 x 1073 90% 2467
Dt K*0 <0.20 x 106 90% 2783
DtK*0 <0.16 x 106 90% 2783
D} K*0 <0.28 x 1076 90% 2752
DK+ <04 x 106 90% 2752
DI ¢ <0.32 x 106 90% 2728
K+ KO <46 x10=7 90% 3098

Bzt /B(b— Bs) (23719337 x 1073 -

cc MESONS

1c(1S) 16(JPC) =0t~ )

Mass m = 2983.6 + 0.7 MeV (S = 1.3)
Full width I' = 32.2 + 0.9 MeV

P
1¢(1S) DECAY MODES Fraction (I;/T) Confidence level (MeVjc)

Decays involving hadronic resonances

7' (958) (41 +1.7)% 1323
pp (1.8 £05)% 1275
K*(892)° K~ 7t + c.c. (20 £07 )% 1277
K*(892) K*(892) (7.0 £1.3 ) x 1073 119
KOKO 7zt 7= (1.1 +05 )% 1073
dKT K~ (29 +1.4 )x1073 1104
[oxes ( 1.7640.20) x 10—3 1089
#2(rt77) < 4 x 1073 90% 1251
a9(980) 7 < 2 % 90% 1327
a,(1320) 7 <2 % 90% 1196
K*(892) K+ c.c. < 128 % 90% 1309
£(1270)n < 11 % 90% 1145
ww < 31 x 1073 90% 1270
wo < 17 x 1073 90% 1185
£(1270) £,(1270) (9.8 £25 ) x1073 774
1,(1270) f4(1525) (9.7 £3.2 ) x 1073 513
Decays into stable hadrons
KK (73 £05 )% 1381
nata~ (1.7 £05)% 1428
n2(rtw7) (44 £13)% 1385
KtK—ntn~ (69 +1.1)x10-3 1345
KT K- ata—z0 (35 +06 )% 1304
KOK— 7t a7t +cc. (56 15 )% -
KTK=2(rT ™) (75 +24 )x1073 1253
2(KTK™) (1.4740.31) x 1073 1055
ot 7070 (47 £1.0)% 1460
2(nt77) (9.7 £1.2 ) x 1073 1459
2(rt 7w 70) (17.4 £33 )% 1409
3(rta7) (1.8 £0.4 )% 1407
pp ( 1.5240.16) x 1073 1160
pp7° (36 £1.3 ) x 1073 1101
AA ( 1.0940.24) x 10~3 990
rty- (21 +0.6 ) x 1073 901
===t (89 2.7 )x1074 692
KKn (10 45 )x1073 1265
ntx~ pp (53 +£1.8 )x 1073 1027

Radiative decays
vy ( 1.574+0.12) x 104 1492

Charge conjugation (C), Parity (P).
Lepton family number (LF) violating modes

ata~ PCP < 11 x 104 90% 1485

7070 P,CP < 35 x 1075 90% 1486

KtK— P,CP < 6 x 1074 90% 1408

K K PCP < 31 x 10—4 90% 1406
J/%(1S) 16(PC) =0-(17 )

Mass m = 3096.916 + 0.011 MeV
Full width ' = 92.9 + 2.8 keV (S =1.1)
lee = 5.55 £ 0.14 + 0.02 keV

Scale factor/  p

J/¢(1S) DECAY MODES Fraction (I';/I) Confidence level (MeV/c)

hadrons (87.7 +05 )% -
virtualy — hadrons (13.50 £0.30 ) % -
g88 (641 +10 )% -
V88 (88 +11 )% -
ete~ ( 5.971+0.032) % 1548
ete vy [rraa) (88 =+1.4 )x10~3 1548
whp~ ( 5.96140.033) % 1545
Decays involving hadronic resonances
o (1.69 +£0.15 )% S=2.4 1448
070 (56 407 )x10~3 1448
a,(1320)p (109 £0.22 )% 1123
wrtata~n~ (85 +£34 )x1073 1392
wrt a0 (40 407 )x1073 1418
wrta™ (86 +£07 )x1073 S=1.1 1435
w(1270) (43 06 )x1073 1142
K*(892)0K*(892)° (23 +07 )x10~4 1266
K*(892)* K*(892)F (1.00 522y <1073 1266
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K*(892)F K*(800)F (11 T30y 10-3 _ Decays into stable hadrons

nK*(892)0K*(892)° (115 £0.26 ) x 1073 1003 2t )md (41 £05 )% S=24  14%
K*(892)0K3(1430)%+ c.c. (60 +£06 )x1073 1012 3(rt 7r_0)7r0 (29 406 )% 1433
K*(892)0K,(1770)% + c.c. — (69 +09 )x10~4 - Tri T T s (1211 4007 )% S=15 1533

K*(892)0 K=+ + c.c. m 7Jrr Gl K0 K~ (1.79 £029 )% S=2.2 1368
wK*(892)K + c.c. (61 +£09 )x1073 1097 4(f i )f _ (90 +30 )x10-3 1345
KT K*(892)~ + c.c. (512 +0.30 ) x 1073 1373 Tr+ i K+ K7 (66 +05 )x1073 107

KT K*(892)~ + c.c. — (1.97 £0.20 ) x 1073 - 7r0 7T0 K K_ K (184 £028)x 1073 1221

K+ K0 0Kt K (245 031 )x 1073 1410

K+ K*(892)~+ c.c. — (30 +04 )x1073 - Lt (61 10 )x1073 1442

 KOKERF 4 cc 2t 77) (357 £0.30 ) x 1073 1517
KOK*(892)°+ c.c. (439 £031 ) x 1073 1373 3(rt ) (43 04 )x1073 1466

KOK*(892)° + c.c. — (32 +04 )x1073 - 2(mt 7w 70) (1.62 +£0.21 ) % 1468

KOKE 1T + cc. 2(rt 7))y (229 +0.24 )x 103 1446
K1(1400)= KF (38 +14 )x1073 1170 3(rta7)n (72 +15 )x1074 1379
K*g8902)° KT~ + cc seen 1343 pp ( 2.120+0.029) x 103 1232
wrl T (34 +08 )x1073 1436 ppr° (119 +0.08 ) x 1073 S=1.1 1176
bl(lf350) ;r* lgg] (30 05 )x10-3 1300 pprt T (6.0 +05 )x1073 s=13 1107
wK KSTr [gg] (34 +05 )x 103 1210 pﬁﬂ'Jr T 71'0 [ssaa] (23 £09 )x 103 S=1.9 1033
by (1235)0 70 (23 +£06 )x1073 1300 ppn (200 £0.12 ) x 1073 948
nKEKY T leg] (22 404 )x10-3 1278 PPp < 31 x107%  CL=90% 774
dK*(892)K + c.c. (218 £0.23 ) x 1073 969 PPw (98 £10 )x1074 S=13 768
wKK B (170 £0.32 ) x 10~3 1268 PP (958) (21 04 )x1074 59

wh(1710) —» wKK (48 11 )x10~4 878 ppPé (45 *15 )x1075 527
¢2(rt7T) (1.66 +0.23 ) x 1073 1318 "E (209 4016 ) x 1073 1231
A(1232) T pr— (1.6 +05 )x1073 1030 nimta” (4 4 )x1073 1106
wn (174 £0.20 ) x 1073 S=1.6 1394 2;57 (150 £024 ) x 1073 992
OKK B (1.83 £0.24 ) x 10~3 S=15 1179 050 (1.29 £0.09 ) x 1073 988
6hH(1710) — ¢KK (36 +06 )x10-4 a7s 2Ant T )KT K™ (47 £07 )x1073 S=13 1320
6H(1270) (72 +13 )x1074 1036 pnm- (212 £0.09 ) x 1073 1174
A(1232) T+ A(1232) (110 £0.29 ) x 103 938 nN(1440) seen 984
> (1385)~ X(1385)T (or c.c.) [gg] ( 1.10 +0.12 ) x 103 697 nN(1520) seen 928
$f5(1525) (8 4 )x10~* s=27 871 nN(1535) seen 914
érta (9.4 £09 )x10~4 S=1.2 1365 == (86 +11 )x107* s=12 807
67070 (56 +16 )x10-4 1366 AR (1.61 +0.15 ) x 1073 S=1.9 1074
e Kosﬁ el (72 +08 )x10-4 1114 AL~ 7t (or cc.) lgg]l (83 407 )x1074 S=1.2 950
wf1(1420) (68 +24 )x1074 1062 pKlA _ (89 +L6 )x10-4 876
o (75 +08 )x1074 S=15 1320 2(K,i(0 ) (76 x09 )x107* 1131
=0=0 (1.20 +£0.24 ) x 103 818 pi { (29 08 )x1074 819
=(1530)" =+ (59 +15 )x1074 600 Ko Ko (270 £017 ) x10-4 1468
pK~X(1385)° (51 +32 )x1074 646 KsKi (21 x04 )x10~* 5=32 1466
w® (45 +05 )x10~4 S—1.4 1446 AAT T (43 &10 )x1073 203
#7/(958) (40 +07 )x10~4 S=21 1192 AAUO (162 £0.17 ) x 1074 672
@15(980) (32 +09 )x1074 S=1.9 1178 4/\”0 (38 +04 )x1075 998
$(980) — Gt (18 =04 )x10-4 N AnKe+ cc. (65 +1.1 )x1074 872
$1(980) — ¢x0x° (17 07 )x104 - LA (147 £0.14 ) x 1074 1542
n¢fH(980) — N (32 +10 )x10-* - AL+ cc (283 +£023 ) x 1075 1034
¢EZ0(980%0_? pnn° (5 +4 )x1076 - KYKS <1 x1076  CcL=95% 1466
=(1530)°= (32 +14 )x1074 608 iati
> (1385)~ =t (or c.c.) leg] (31 +05 ; x 1074 855 3 Radiative decays -5
¢ 11(1285) (26 +05 )x1074 S=1.1 1032 j (16 x022)x 107 1o

o 4y <9 x1076  CL=90% 1548
nrtm (40 +17 )x1074 1487 , - .

- 5y < 15 x1075  CL=90% 1548

pn (1.93 £0.23 ) x 1074 1396 ~1c(1S) 17 404 )9 _

wn'(958) (1.82 021 )x 1074 1279 ‘ - M =16
wfy(980) (14 +05 )x10~% 1267 71c(18) = 37 (38 T3 )x1070 S=1.1 -
o1’ (958) (105 +0.18 ) x 104 1281 vt 20 (83 +£31 )x1073 1518
32Q320)iﬂ; lgg]l < 43 x1073  CL=90% 1263 ynmw (61 £10 )x1073 1487
K'K3(1430) + c.c. < 40 X103 CL=90% 1159 v12(1870) — ynat ™ (62 +24 )x107* -
Ki(1270)% KF < 30 w10-3  CL—90% 1231 vn(1405/1475) — yKKm [o] (28 +06 )x1073 S=1.6 1223
K3(1430)0K3(1430)° < 29 x10~3  CL=90% 604 ~1)(1405/1475) — 5 ° (78 20 )x107° S=1.8 1223
Py < 64 ©10-6  Cleoo% 1377 vn(1405/1475) — ~yn7ta~ (30 +05 )x10~4 -
¢1(1405) — onmm < 25 X107 CL=90% 946 71(1405/1475) — 779 < 82 x1075  CL=9s% -
wfh(1525) < 22 x1074  CL=90% 1003 vep (45 +08 )x1073 1340
wX(1835) — wpp < 39 x1076  CL=95% - Tpw < 54 x107% CL=90% 1338
np(2170) — < 252 x1074  cL=90% = - 1po < 88 1075 CL=90% 1258

1 K*(892)0K*(892)° 1 (958) (515 £0.16 ) x 103 S=12 1400
(1385)° 7+ c.c. < 82 x1076  CL=90% 912 2t on- (28 +05 )x1073 S=1.9 1517
A(1232)+p - ©10-%  CL_oo% 1100 ~ 1 (1270) £, (1270) (95 +1.7 )x1074 879
A(1520) A+ c.c. — yAT < a1 “10-6  CL_oo% - v (1270) £,(1270) (non reso- (82 +1.9 )x1074 -
©(1540) ©(1540) — < 11 x107%  CL=90% - nant)

K pK=n+ c.c. yKtTK= 77~ (21 406 )x1073 1407
O(1540)K—n — KOSpK*ﬁ < 21 x 1075 CL=90% - 714(2050) (27 £07 )XIOi 891
0(1540) K5 — KOBK+n e s - _ Yww (1.61 £0.33 ) x 10~ 1336
stodesdr 1k oo Blweoaee  HER e
0(1540)K%p — KipK—T < 11 x1075  CL=90% - 72{1270) — (143 2011 ) 207 126
P BN 105 clson  10m yf(1710) = vKK (85 *t12 )x10-4 s=12 1075

vf(1710) — 7w (40 +1.0 )x1074 -
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Yf(1710) — yww (31 +10 )x1074 - fo(1370) 5 (1370) <27 x10~4  CL=90% 1019
v _ ( 1.104+0.034) x 10*2 1500 f5(1370) f5(1500) <17 x1074  CL=90% 920
’)?8;15(5); — yKKn (7.9 +13 )x 10*4 1220 £,(1370) f,(1710) (66 +3% ) x 1074 71
v (61 +£08 )x10~ 1283 : . ,
+A(1510) — ypata- (45 +12 )x 10~ _ fo(1500) f5(1370) <13 x 10 CL=90% 920
, o1 4 f5(1500) f5(1500) <5 x1075  CL=90% 805
715(1525) (45 Tog )x10 urs f,(1500) f(1710) <7 x1075  CL=90% 557
7£(1640) — yww (28 +18 )x1074 - KtK=ata— a0 (1.1140.26) % 1545
7£(1910) - yww (20 +14 )x1074 - Kt K= 7070 (54 +0.9 )x 1073 1582
112 ! —
71 (1800) — ywe (25 406 )x1074 - Kta= KO0+ cc. (2.44£0.33) % 1581
71(1950) — (7.0 +22 )x1074 - pT K=K+ cc. (1.1840.21) % 1458
7 K*(892)K*(892) K*(892)" KT x% — (45 +1.1 )x 1073 -
v K*(892) K*(892) (40 £13 )x1073 1266 Kta= KO0+ c.c.
Yoo (40 +12 )x1074 S=2.1 1166 KYKYrta™ (56 +1.0 ) x 1073 1579
Ypp (38 +1.0 )x1074 1232 Kt K= nr0 (3.0 £0.7 ) x 1073 1468
~vn(2225) (33 405 )x1074 749 3(7rtrr*) (1.20+0.18) % 1633
n(1760) — ~p°p° (13 +09 )x104 1048 K+t K*(892)°7~ + c.c. (7.2 +1.6 ) x 1073 1523
n(1760) —» yww (1.98 +£0.33 ) x 1073 - K*(892)0K*(892)° (1.7 £0.6 ) x 103 1456
vX(1835) — yrta—n/ (26 +04 )x1074 1006 T (8.33£0.35) x 10~3 1702
0, —4
, = +15 _5 _ 70 <18 x 10 1661
vX(1835) — vpp (77 *33 )x0 WO,;/ <11 x 103 1570
v X(1840) — ~43(nt 7™ (24 97 yx10-5 - T (2.9540.19) x 103 1617
0.8 nn
_ : / —4 _
v(KKm) [JPC =0~1 (7 *4 )x1074 S=2.1 1442 nr <(i:6i0 " X 13*3 CL=90% if;
n'n 96+0.21) x
0 0.33 -
Y (349 £0:35 ) x 1075 1546 ww (95 +£1.1 )x 10~4 1517
ypprt T < 79 x10~%  CL=90% 1107 wo (1.16+0.21) x 10~4 1447
N AA < 13 x 1074  CL=90% 1074 Kt K~ (5.91+0.32) x 1073 1634
~£1(2220) > 250 x1073  CL=99.9% 745 K2 K (3.10+£0.18) x 1073 1633
7f(2220) — 7w (8 +4 )x107° - ata~n <19 x10~4  CL=90% 1651
715(2220) — YK K < 36 x 1075 - oty <35 x107%  CL=90% 1560
~vf;(2220) — vpp (15 408 )x1075 - KOK+n~ + cc. <9 x107%  CL=90% 1610
~1,(1500) (101 +032 )x 1074 1183 Kt K= =0 <6 x107%  CL=90% 1611
~A — ~invisible [ttaa) < 6.3 x1076  CL=90% - KtK™n <22 x10~4  CL=90% 1512
yAY = oyt [uvaa] < 2.1 %1075 CL=90% - K+ K~ K% KQ (1.4 +£05 ) x10~3 1331
K- K K -3
Weak decays £+ };7 K™K (2.75+0.28) x 1074 1333
D~ et e+ cc. < 12 %1075  CL=90% 984 TKTo (3§ ié: )% 1274 1233
Doete™+ c.c. < 11 x1075  CL=90% 987 a4 (2l2510.09) x Lo—4 1426
D; et ve+ cc. < 36 x107%  CL=90% 923 PP (2:25£0.09) x 4
D™ 7T+ cc < 15 x107%  CL=90% 977 ppm (68 £0.7) x10 =13 1379
50%0 < : 4 = pon (35 +£0.4 ) x 10~4 1187
"K°+ cc. < 17 % 10 CL=90% 898 pBw (5.1 406 )x 104 1043
Dynt+ cc. < 13 x10~4  CL=90% 916 PP (59 +14 ) x 105 876
Charge conjugation (C), Parity (P), PEW; 7T07 (21 £0.7 ) x 10’2 S=14 1320
Lepton Family number (LF) violating modes ppr-m (1.02£0.27) x 107 1324
o~ c < 5 w10-6  CL—90% 1548 pEKO+ K(; (non-resonant) (1.19+0.26) x 10*: 890
e ¥ LF < 16 x10=7  CL=90% 1547 PPKsKs <88 X107 CL=90% 884
etrT LF < 83 x1076  CL=90% 1039 pam— (1.24%0.11) x 1073 1376
pErT LF < 20 x1076  CL=90% 1035 pnrt (1.342012) x 1073 1376
pan— a0 (22940.21) x 10~3 1321
o Other decays . pnrt 70 (2.1640.18) x 103 1321
invisible < 7 X 107 CL=90% - AA (3.214£0.25) x 10—4 1292
AMatr= (1.1540.13) x 103 1153
At — —4 —909
G/ 1PCy _ ndrn++ AAm 7~ (non-resonant) <5 x 10 CL=90% 1153
Xco(1P) I2(J7) =070 ) X (1385)F Ar~ + c.c. <5 x10~4  CL=90% 1083
T+ —4 _
Mass m = 3414.75 £ 0.31 Mev Kfﬁ(i\‘?fsc) c/\7T e <(i 2240.12) ) 12*3 Cng(iO/; 12?2
. .C. . . X =1.
Full width ' = 10.5 % 0.6 MeV scale factor/ Kt PpA(1520)+ c.c. (29 +0.7 )x 1074 858
) cale tactor P A(1520) A(1520 31 +1.2 ) x10~4 779
Xco(1P) DECAY MODES Fraction (I;/T) Confidence level (MeV/c) ):(Of_o N ) 54‘4 o4 ; < 10-4 1202
Hadronic decays oty (39 +0.7 )x 1074 S=1.7 1225
2xt o) (2.2440.18) % 1679 X(1385)*" £(1385)~ (16 £06 ) x 1074 1001
POrta (87 +2.8 ) x 1073 1607 X(§§5)7f(1385)+ (23 +06 ) x 1074 1001
f5(980) f5(980) (65 +2.1 )x 1074 1391 == (31 +08 )x 1074 1089
at =700 (3.3 +£0.4 )% 1680 ==t (47 07 )x 1074 1081
+ . — 0
. prm ot gz ig'i ;%1073 122: Radiative decays
s . . X .
ot e ~vJ/¥(1S) (1.274+0.06) % 303
mrr K Ko— o (1‘75i2‘;4) % 1580 7p° <9 x1076  CL=90% 1619
K{5(1430)° K5(1430)° — (96 33 )x1074 - Yw <8 x1076  CL=90% 1618
atr  KYK— v <6 x1076  CL=90% 1555
K5(1430)°K3(1430)° + c.c. — (78 *19 ) x 1074 - Y (2.23+0.13) x 1074 1707
atr KT K=
K1(1270)T K~ + c.c. — (6.1 +£1.9 )x 1073 -
e K K- Xc1(1P) 16UPC =0Tt
K1(1400)t K=+ c.c. — <26 x1073  CL=90% -
mtrm KY K™ X Mass m = 3510.66 = 0.07 MeV (S = L1.5)
f0(980) f(980) (16 £5:9)x1074 1391 Full width T = 0.84 + 0.04 MeV

0
209
£,(980) f(2200) (78 130 ) x 1074 584
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Scale factor G PCy _ 77 -
Xc1(1P) DECAY MODES Fraction (I;/T) Confidence Ieve/l (MepV/c) hc(lP) P =70 * )
Hadronic decays Mass m = 3525.38 + 0.11 MeV
3(at7r7) (5.8 +1.4 ) x1073 S=1.2 1683 Full width ' = 0.7 £ 0.4 MeV
2t ) (7.6 £2.6 ) x 1073 1728 p
atr= 7070 ( 1.22+0.16) % 1729 hc(1P) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
p0+71'+ 7r_°+ c.C. (1.4840.25) % B 1658 Jje(1S)nn ot seen 12
[k (39 £35 )><10_4 1657 P < 15  10—4 0% 1492
471 o (55 £0.8 )x1073 1729 (1) (51 46 )% 500
T KT K (45 +1.0)x10 1632 7t =0 < 22 % 10-3 1749
Kt K= 7070 (1.1440.28) x 103 1634 s 08
Kta= K070+ c.c. (87 £1.4)x1073 1632 o (22559 % 1716
p~ KTKY+ cc. (51 +1.2 ) x 103 1514 3t 37— 70 < 29 % 1661
K*(892)°KOn0 — (24 £07 )x1073 -
Ktr=KO70+ c.c.
Kt K= nn° (1.1440.35) x 1073 1523 Xc2(1P) 1GUPCy = ot 2+ )
K3 KS (7.0 £3.0 ) x 1074 1630
KT K™y (32 £1.0 ) x1074 1566 Mass m = 3556.20 £ 0.09 MeV
KOK* 7+ cc. (7.1 406 )x1073 1661 Full width I = 1.93 + 0.11 MeV
K*(892)0K% + c.c. (1.0 £0.4 )x 1073 1602 »
K*(892)T K~ + c.c. (15 £07)x1073 1602 Xc2(1P) DECAY MODES Fraction (F;/r)  Confidence level (MeV/c)
K*%(1430)9K%+ c.c. — < 8 x1074  CL=90% -
Kos KTn— + c.c. Hadronic decays
K*%(1430)F K~ + c.c. — < 22 x1073  CL=90% - 2(+7r+_7r70) 0 (11.0740.10) % 1751
KAKt 7+ cc. T ( 1.9240.25) % 1752
K+ K- 7570 ( 1.8520.25) x 10-3 1662 €+7r 70+ c.c. (23 £04 )% 1682
o ) : 3 v ( 1.16£0.16) x 10~3 1752
e . (4.9 £0.5)x o 1701 Kt K= 7070 (22 +04 )x 103 1658
‘;0(1950) R (1.8 £0.6)x o - Kta=Kox0+ c.c. (1.4440.21) % 1657
+2(7 70)77 (27 £08)x 1073 1468 p~ KTKO+ cc. (43 +1.3)x1073 1540
PN N (23 £05)x10™ 1612 K*(892)0 K~ 7t — (31 £08 )x 103 -
71 (980) — 7wt w < 6 x1076  CL=90% - K- x+ KO0 4 cc.
K+ K*(892)° 7~ + c.c. (32 +21)x1073 1577 K*(892)0 KO0 (40 0.9 ) x 103 _
K*(892)0K*(892)° (15 £0.4 )x1073 1512 Kt KO0 4 cc.
K+ K= K% KS < 4 x1074  CL=90% 1390 K*(892)" Kt 70 — (3.9 +£0.9 )x1073 -
KtK-KTK— (55 +1.1 ) x 1074 1393 KT~ K%+ cc.
KtK=¢ (42 +16 )x 104 1440 K*(892)t K07~ — (3.1 +0.8 ) x10-3 -
ww (58 £0.7 ) x10~4 1571 K+ta=Kox0+ c.c.
wo (2.1 406 )x 105 1503 KtK=nr0 (13 £05 )x1073 1549
b6 (42 +£0.5 ) x 10—4 1429 KtK—ntzr— (88 £1.0 ) x 1073 1656
0P ( 7.724035) x 10~ 1484 K*K= 7t 7= 70 (1.23+0.34) % 1623
ppr0 ( 1.5940.19) x 104 1438 KT K*(892)°n~ + c.c. (22 £11)x1073 1602
PPN ( 1.480.25) x 104 1254 K*(892)° K*(892)° (24 £05)x1073 1538
ppw (2.16+0.31) x 1074 1117 3(ntnT) (86 +18)x1073 1707
ppo < 18 x 1075 CL=90% 962 ol (1.12+0.10) x 1073 1457
pprt o~ (50 £1.9 )x1074 1381 ww (88 +11)x107% 1597
pp K+ K~ (non-resonant) (1.3040.23) x 1074 974 T (12.3340.12) x 1073 1773
pPKIKY < 45 x1074  CL=90% 968 Pt (38 1.6 ) x 1073 1682
piin (3.9 £05 ) x10-4 1435 ﬂ'i ™ n (50 £1.3 )x1074 1724
pnrt (40 £05)x10~4 1435 Ty (52 +1.9 )x1074 1636
piin— x° ( 1.05+0.12) x 10~3 1383 nmn (57 £05)x1074 1692
Bant a0 ( 1.0340.12) x 103 1383 Kt K~ ( 1.05+0.07) x 10~3 1708
AA ( 1.16£0.12) x 10~4 1355 KK (55 £04)x1074 1707
AAnta— (3.0 £05 ) x10~4 1223 KIKT 7™+ cc. ( 1.34£0.19) x 1073 1685
AA7+ 7~ (non-resonant) (25 06 )x 1074 1223 KT K= =0 (32 +08)x107* 1686
>(1385)t An~ + c.c. < 13 x10~4  CL=90% 1157 KtK™n < 34 x1074 90% 1592
¥ (1385)" Ant + c.c. < 13 x10~%  CL=90% 1157 ni' < 6 x107° 90% 1600
KTpA (42 +04 )x1074 S=1.1 1203 'y < 10 x1074 90% 1498
K+ BA(1520) + c.c. (17 £05 ) x 104 950 7~ KYKY (23 £06 )x1073 1655
A(1520) A(1520) < 10 x1074  CL=90% 879 Kt K= KYKY < 4 x 1074 90% 1418
5050 < 4 x1075  CL=90% 1288 KtK- KT K~ ( 1.73£0.21) x 10~3 1421
>ty- < 6 x107%  CL=90% 1291 KtK=¢ ( 1.4840.31) x 1073 1468
X (1385)+ X (1385)~ < 1.0 x1074  CL=90% 1081 pp (75 £0.4 )x107°> 1510
X (1385)~ £(1385)* <5 x1075  CL=90% 1081 ppr° (49 £0.4 )x1074 1465
=0=0 < 6 «10-5  CL=90% 1163 ppn (1.82+0.26) x 1074 1285
==t (82 +22)x107° 1155 ppw (38 +05 )x1074 1152
atr™ + KTK— < 21 x 1073 - ppo (2.9 0.9 )x1075 1002
K% K2 < 6 x107%  CL=90% 1683 pprt T ( 1.32+40.34) x 1073 1410
Radiative decays pEWOfO B (82 +25 ) x 10:4 1414
‘ pp KT K~ (non-resonant) ( 2.00+0.34) x 1074 1013
VJ({“’(ls) (33.9 £1.2 ) % . 389 ppK2 KL < 79 x10~4 90% 1007
15 E zioig?; i 1275 122: Em; (89 £1.0 ) x 10:: 1463
s pnm (93 £0.9 ) x 10 1463
v (25 £05)x10 1607 par~ w0 ( 22740.19) x 103 1411
pnrt a0 ( 22140.20) x 10~3 1411
AA (1.9240.16) x 104 1385

Azt a~ ( 1.3140.17) x 103 1255
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AAnT 7~ (non-resonant) (6.9 +1.6 ) x1074 1255 Hadronic decays
X (1385)F Ar~ + c.c. < 4 x 1074 90% 1192 70 he(1P) (86 +13 )x1074 85
X (1385)" Ant + c.c. < 6 x 1074 90% 1192 3(rtr)a0 (35 +16 )x1073 1746
KTPA +cc. (81 £06 )x10~4 1236 2(rt =)0 (29 +1.0 )x1073 s=47 1799
KTPA(1520)+ c.c. (29 +07 )x1074 992 pan(1320) (26 +09 )x1074 1500
/\(1520)/\(1520) (48 +1.5)x1074 923 pp (280 +0.11 ) x 1074 1586
5030 < 6 x 1075 0% 1319 ATt A=~ (128 +0.35 ) x 1074 1371
rty- <7 x 1073 0% 1322 AATO < 29 x 1070 CL=90% 1412
> (1385)1 X (1385)~ < 16 x 1074 90% 1118 AAn (25 +04 )x1075 1197
2(1385) X (1385)t < 8 x 1075 90% 1118 APKT (1.00 +0.14 ) x 1074 1327
=0=0 < 11 x 1074 90% 1197 ApKtrta— (18 +04 )x1074 1167
==z (1.4840.33) x 1074 1189 Mat (28 406 )x1074 1346
J/p(1 5)7r+7r w0 < 15 % 90% 185 AA (28 +05 )x107% s=26 1467
nc(1S)nt < 22 % 90% 459 ATt~ +cc. (140 +£0.13 ) x 10~4 1376
L AT -7t + cc. (154 +£0.14 ) x10~4 1379
‘ Radiative decays S0BpKt + cc. (1.67 £0.18 ) x 1075 1291
vJ/H(1S) (19-2 £0.7 ) % 430 Ity- (26 +08 )x10~4 1408
7P < 20 x107° 90% 1694 >0¥0 (22 +04 )x10~% sS=15 1405
yw <6 x107° 90% 1692 5 (1385)* X (1385)™ (11 +04 )x10~% 1218
vé < 8 x 1070 90% 1632 ===+ (1.8 406 )x1074 S=28 1284
vy (2.74+0.14) x 1074 1778 (28 409 )x10—4 1292
=(1530)°=(1530)° (52 32 )x10°5 1025
7¢(25) 16(UPCy =0t~ ) -t < 73 x 1075 CL=90% 774
o O pp (153 +£0.07 ) x 1074 1543
Quantum numbers are quark model predictions. N(940)p+ c.c. — 70pp (6.4 ﬂ:g ) x 105 _
M m= 4 + 1.3 MeV =1.2
FuTIS?Nidth r36:3911.3i333§ MZV © : N(1440)p+ c.c. — =°pp (73 T1E x5 s=2s -
p N(1520)p+ c.c. —» 7°pp (64 +23 )x106 -
n¢(25) DECAY MODES Fraction (I;/T) Confidence level (MeV/c) N(1535)p+ c.c. — 70 pp (25 +1.0 )x1075 -
f;(a%r?rns (n(1>‘tgsi?2) . 173; N(1650)p+ c.c. — 70pp (38 *1% )x10°5 -
2t on~ not seen 1793 N(1720)p+ c.c. — ﬂopﬁ (179 tg;g ) x 1073 -
P00 not seen 1646 N(2300)5+ c.c. — 0pp (26 t12 y.10-5 _
3t 37~ not seen 1750 0.7
KtK-ntn~ not seen 1701 N(2570)p+ c.c. — 70pp (213 fgg? ) x 1075 -
KK+ not seen 1586 70£(2100) — 7%pp (11 +04 )x1075 -
KT K= ntn 70 (1.4+1.0)% 1668 npp (60 +04 )x10-5 1373
Kg' K~ 2rton~ not seen 1628 nf(2100) — npp (1.2 404 )x10~5 _
K3 K=2rt 7=+ c.c. seen 1667 N(1535)F — npP (44 +07 )x1075 _
2K+T2K™ not seen 1471 wpp (69 +21 )x1075 1247
(2] not seen 1507 opp < 24 x1075 CL=90% 1109
ppP < 20 x 1073 90% 1559 ntr pp (60 +04 )x1074 1491
Yy (1.9413) x 1074 1820 pAT™ Or C.C. (248 +0.17 )x 104 -
wtay not seen 1767 pnn— 70 (32 +07 )x10~4 1492
ta not seen 1681 2(rt 7~ 70) (47 +15 )x103 1776
KtK™n not seen 1638 nrta~ < 16 x10~4 CcL=90% 1791
7t ne(LS) <25 % 90% 539 pata w0 (95 +17 )x10~4 1778
2(nt rr*)ré (12 +06 )x1073 1758
s 45 +21 )x1074 1692
¥(25) 6P =01 ) Z‘/rJr o E 73 +12 ;x 1074 s=21 1748
bEnT (40 +06 )x1074 S=1.1 1635
Mass m = 3686.109 * 3:342 Mev b0 70 (24 +06 )x10-* -
Full width I = 299 + 8 keV wf(1270) (22 +04 )x1074 1515
Mee = 2.36 £+ 0.04 keV atr  KtK— (75 +£09 )x107% s=19 1726
Scale factor/  p POKTK— (22 %04 )x10~4 1616
%(25) DECAY MODES Fraction (T;/l)  Confidence level (MeV/c) K*(892)° K3(1430)° (19 +05 )x1074 1418
hadrons (97.85 +0.13 ) % - KtK-ntny (13 £07 )x1073 1574
virtualy — hadrons (173 £0.14 )% S=15 - KT K=2(aF7™)x0 (1.00 +031 ) x 1073 1611
ggg (106 +1.6 )% - Kt K=2(ztn7) (19 +09 )x1073 1654
gg (1.03 £0.29 )% _ K1 (1270) KT (1.00 £0.28 ) x 10~3 1581
light hadrons (154 +15 )% - K% KgWJWF (22 +04 )x1074 1724
ete~ (7.89 £0.17 ) x 1073 1843 o pp (50 +22 )x107> 1252
whp~ (79 409 )x1073 1840 KTK*(892)%7~ + c.c. (67 +25 )x1074 1674
Tt (31 +04 )x10-3 490 2(rt77) (24 +06 )x107% s=22 1817
POrta— (22 +06 )x10~% s=14 1750
Decays into J/%(15) and anything KtK-—ata— a0 (126 £0.09 ) x 103 1694
J/¢(1S)anything (60.9 £0.6 )% - wfy(1710) - wKT K~ (59 +22 )x1075 _
J/4(1S) neutrals (25.10 £0.33 ) % - K*(892)0 K~ 7T+,T0 + cc. (86 +22 )x10—4 -
J/p(AS)rta~ (34.45 £0.30 ) % 477 K*(892)+K ,T ~ + c.c (96 +28 )x10—4 -
J/(18) 7070 (18.13 +£0.31 ) % 481 K*(892)* 04 cc. (73 26 )x10-% _
J/9(1S)n (1336 £0.05 )% 199 K*(892)°K p + cc (61 +1.8 )x1074 _
J/9(18)x° ( 1.268+0.032) x 103 528 nK+* K=, no no (31 +04 )x105 1664
WKTK™ (1.8 +£0.25)x1074 s=11 1614
wK*(892)T K~ + c.c. (207 +£0.26 ) x 1074 1482
wK3(1430)T K~ + c.c. (61 +1.2 )x1075° 1253
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wK*(892)0 KO
wK3(1430)° KO
wX(1440) - wKIK- 7t +
wX(1440) > wK* K0
wh(1285) > wKIK= 7+
C.C.
wf(1285) — wK™t K~ 0
3(nt7n7)
pprt o
Kt K-
0 40
KYKY
rtrx
p(2150)7 — 7ta~ 70
p(770) 7 — 7ta— 70
atr—
K1(1400)* KF
K3(1430)E KT
K+ K= 70
K+ K*(892)™ + c.c.
K*(892)0K%+ c.c.
Jor
¢%(980) — ntx
2(KTK™)
PKT K
2Kt K~)x0
on
o
wn

u)wo

0

0

/

P

pn

wn

¢°

7]C7T+7T_7T

PPKT K™

AnkS+ c.c.

¢} (1525)

O(1540) ©(1540) —
KOSpK’ﬁ+ c.c.

o( - K pK™T

O(1540) K° p— K° pKtn

B(1540) K+n — K° pK*tn

O(1540)K%p — Kipk—7

0

~vf(1710) — 7w
VH(1710) — 7KK
vy
7
yprt _
A,7](1405) — YKKm
y1(1405) — nrtr
A/n(1475) — KKm
yn(1475) — nrtnm
y2(rtaT)
yKOKt ™+ cc.
7;(*07?*0
YKKT 1™+ ce.
yKTK— 7t
PP
7£(1950) — ypp
7£(2150) — ypp
¥X(1835) — vpp

X — vpp

<
<
<
<
<

[waa] <

(1.68
(58
(16

(1.09
(3.0

1.0
7.0
2.6
6.0
4.6

2

+0.30
+2.2
+0.4

+0.26
+1.0

+0.7
+2.0
+0.7
+0.5
+0.33
+0.17

+1.2
—0.4

+1.2
+2.6

+1.3
-0.9

+0.31
+0.4
+0.20
+0.29
+2.4
+1.4
+1.6
+0.28
+0.31
+1.6

+2.5
—-21

+0.6

+1.7
—-1.2

+0.6

+0.7
+1.8
+1.6

Radiative decays

+0.27
+0.31
+0.31
+0.5
+5
+0.4
+0.06
+0.4
+1.3
+1.6

+0.5
+2.1

+2.5

+0.6
+0.9
+0.7
+0.5
+0.5
+0.5
+0.22
+1.8
+1.8
—4.0

) x 10~4
) x 1075
) x 1075

) x 1075
)x 10~

) x 10~
)yx 1074
)x 1074
) x 1075
)x 1075
) x 1074
) x 104
) x 107°
) x 1076

x 1074 CL=90%

5=1.8

x 1075

x 1072
) x 1074
) x 104
) x 1075
)

)
) x 1075
)

x 1075
)x 1075
)x 104
) x 1075
) x 1075
) x 1075
) x 1075
) x 1075
) x 1075

x 1072

x 107

x 1073
) x 1075
) x 107
)x 107

x 106

x 1072
x 1076
x 1072
x 1076
x 1076

)%
%

x 1074

x10—6
)x 104
) x 104
) x 1075
) x 1075

x 1074
) x 1076
)yx 1074

x 107
) x 107

x 1074

x 1075
) x 104
)x 1074
)yx 104
) x 1074
) x 104
)x 107
) x 1075
) x 10~

)
) %
)x 1073
)
)

) x 1076
x10—©

S=1.7
S=1.1

S=1.1
CL=90%
CL=90%
CL=90%

CL=90%

CL=90%
CL=90%
CL=90%
CL=90%

S=1.3

CL=90%

CL=90%

CL=90%
CL=90%

S$=2.0

CL=90%

1481
1251

1774
1435
1776
1775
1830

1838
1532

1754
1698
1697
1690

1499
1546
1440
1654
1555

1623
1757
1625

1717
1715
1699

1118
1324
1321

1775

261
171
128
636
46
1841
1719
1623

1843
1802
1791
1569

1817
1674
1613
1753
1726
1586

ot pp (28 +1.4 )x1075 1491
YAt a7 ) KT K™ < 22 x 1074 CL=90% 1654
y3(xta7) < 17 x 1074 CL=90% 1774
YKTK-KT K™ < 4 x 1075 CL=90% 1499
yyJ /P (31 F19 )x10-? 542
Other decays
invisible < 16 % CL=90% -
¥(3770) 16PCYy =0—(1— )
Mass m = 3773.15 + 0.33 MeV
Full width ' = 27.2 + 1.0 MeV
Mee = 0.262 + 0.018 keV (S = 1.4)
In addition to the dominant decay mode to DD, (3770) was found
to decay into the final states containing the J/v (BAl 05, ADAM 06).
ADAMS 06 and HUANG 06A searched for various decay modes with light
hadrons and found a statistically significant signal for the decay to ¢n only
(ADAMS 06).
Scale factor/ p
4(3770) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
DD @ 5 )% $=2.0 286
DO po (52 +5 )% $=2.0 286
Dt D~ (41 +4 )% $=2.0 252
Jpnt (1.9340.28) x 1073 560
J/9p7070 (80 £3.0 )x10~4 564
J/n (9 +4 )x1074 360
J/pm0 < 28 x10~%  CL=90% 603
ete (96 +£0.7 )x10-6 Ss=13 1887
Decays to light hadrons
by (1235) 7 < 14 x107%  CL=90% 1683
on' <7 x10~4  CL=90% 1607
wn' < 4 x107%  CL=90% 1672
O < 6 x1074  CL=90% 1674
on (31 +£0.7 )x10~4 1703
wn < 14 x1075  CL=90% 1762
POn <5 x10~4  CL=90% 1764
o < 3 x1075  cL=90% 1746
w0 < 6 x1074  CL=90% 1803
ata— 70 <5 x1076  CL=90% 1874
pm < 5 x1076  CL=90% 1804
K*(892)T K~ + c.c. < 14 x107%  CL=90% 1745
K*(892)0K% + c.c. < 12 x1073  CL=90% 1744
K K9 < 12 x1075  CcL=90% 1820
2(rt77) < 112 x1073  CL=90% 1861
2(xt )70 < 1.06 x1073  CL=90% 1843
2(nt 7w 70) < 585 % CL=90% 1821
wrta~ < 60 x1074  CL=90% 1794
3(rtaT) < 91 x 1073 1819
3(rta)m0 < 137 % 1792
3(nta)2n0 < 11.74 % CL=90% 1760
natr~ < 1.24 x1073  CL=90% 1836
at 270 < 89 x10~3  CL=90% 1862
Ortr < 69 x1073  CL=90% 1796
n3m < 1.34 x1073  CL=90% 1824
n2(rt77) < 243 % 1804
nplatw < 145 % CL=90% 1708
n' 3w < 244 x1073  CL=90% 1740
KtK—rtr < 9.0 x1074  CL=90% 1772
ontr < 41 x 1074 CL=90% 1737
KT K270 < 42 x1073  CL=90% 1774
Anta) < 1.67 % CL=90% 1757
4(rta=)a0 < 3.06 % CL=90% 1720
& 15(980) < 45 x1074  CL=90% 1597
KtK—ata— a0 < 236 x1073  CL=90% 1741
KT K= p0x0 < 8 x10~4  CL=90% 1624
KtK=ptn— < 146 % CL=90% 1622
wKtK™ < 34 x1074  CL=90% 1664
¢t 70 < 38 x1073  CL=90% 1722
KoK=zt x0 4+ cc. < 162 % CL=90% 1693
K K- rtn + cc < 323 % CL=90% 1692
KtK—ata— 270 < 267 % CL=90% 1705
KT K=2(zt77) < 1.03 % CL=90% 1702
KtK=2(xt 7 )n0 < 360 % CL=90% 1660
nK+T K- < 41 x107%  CL=90% 1712
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noKJr K- ntn~ < 1.24 % CL=90% 1624
g(}i{(j[{(:) < 5.0 X 10—2 CL=90% 1665 X(3900)% DECAY MODES Fraction (I';/T) p (MeVjc)
< 6.0 x1074  CL=90% 1552 T
dKT K~ < 75 x1074  CL=90% 1598 é/il);r seen 700
2Kt K~)n0 < 29 x1074  CL=90% 1493 B%* + ot seen -
2AKT K )mt ™ < 32 x1073  CL=90% 1425 ( ) seen ~
KiK= 7t < 32 x1073  CL=90% 1799
KLK=at 0 < 133 % CL=90% 1773

S . 0 — (] 2P
KYK=pt < 66 x1073  CL=90% 1664 Xco(2P) 16(UFC) =0t )

g . : was X(3915)

KYK=2ztm < 87 x1073  CL=90% 1739

KLK= 7t 0 < 16 % CL=90% 1621 Mass m = 3918.4 & 1.9 MeV

KIK=7tq < 13 % CL=90% 1669 Full width T = 20 £ 5 MeV (S = 1.1)

KiK=2rt 7= 70 < 418 % CL=90% 1703

KOS K= 2nta—n < 48 % CL=90% 1570 Xco(2P) DECAY MODES Fraction (I;/T) p (MeVjc)
KLK=nt2(xta) < 122 % CL=90% 1658 )

K3 K 7+ 220 ) o wlld el 22

$ T2 < 265 % CL=90% 1742 7t a7 ne(1S) not seen 785
KSK™KtK— ot < 49 x1073  CL=90% 1490 KK not seen -
KIK= KT K~ ntq0 < 30 % CL=90% 1427 vy seen 1959
KIK=KT K~ nty < 22 % CL=90% 1214
KOK= 7t + cc. < 97 x1073  CL=90% 1722
pp < 12 x 103 1595 Xxc2(2P) 16(UPC) =ot@t )

Bt —4
T 5.8 10 =907
ppm’ < x107 CL=90% 1544 Mass m = 3927.2 + 2.6 MeV

AA < 12 x10~4  CL=90% 1521 F .
pprt a0 < 185 x1073  CL=90% 1490 ull width "= 24 =& 6 MeV

wpp < 29 x1074  CL=90% 1309 )

A0 <7 < 10-5 CL:90‘£ 1469 Xc2(2P) DECAY MODES Fraction (I;/T) p (MeVfc)
pp2(nt 7)) < 26 x10~3  CL=90% 1425 Y seen 1964
npp < 54 x10~4  CL=90% 1430 DD seen 615
npprt < 33 x1073  CL=90% 1284 Dt D~ seen 600
O pp < 17 x10~3  CL=90% 1313 D°D° seen 615
pPKT K~ < 32 x10~4 CL=90% 1185 a7 ne(1S) not seen 792
nppKt K~ < 6.9 x103  CL=90% 736 KK not seen 1901
O ppKT K= < 12 x10~3  CL=90% 1093
opp < 13 x 104 CL=90% 1178 G, PC
AArtn= < 25 x10~%  CL=90% 1405 ¥(4040) b72?] 177y =0"(1"7)

APKT < 28 x10™4  CL=90% 1387
ApKTata~ < 63 x10~4  CL=90% 1234 Mass m = 4039 £ 1 MeV
< 19 ©10-%  Cl_o0% 106 Full width I = 80 + 10 MeV
< 1.0 x10~4  CL=90% 1464 [ee = 0.86 & 0.07 keV
-5 _
< 4 X 1074 CL=90% 1462 Due to the complexity of the ¢ threshold region, in this listing, “seen”
< 15 x 10 CL=90% - (“not seen”) means that a cross section for the mode in question has
= < 1.4 %104 CL=90% 1353 been measured at effective /s near this particle’s central mass value,
. more (less) than 2o above zero, without regard to any peaking behavior
Radiative decays in /s or absence thereof. See mode listing(s) for details and references.
TXc2 <9 x10~4  CL=90% 211 p
YXecl E 2.9 £0.6 ;X 10*2 253 #(4040) DECAY MODES Fraction (T;/T)  Confidence level (MeV/c)
YXco 7.3 +£0.9 ) x 10~ 341 -
v’ < 18 x1074  CL=90% 1765 ete (1.07:£0.16) x 1072 2019
1 < 15 x1074  CL=90% 1847 bo seen s
70 <2 x10~4  CL=90% 1884 b'b seen s
D_‘*'D_ seen 764
D*D+ c.c. seen 569
X(3872) 16(UPCy =0t ++) D*(2007)°D° + c.c. seen 575
D*(2010)* D™ + c.c. seen 561
* *
Mass m = 3871.69 %+ 0.17 MeV b 02(2007)05*(2007)0 seen 193
m — My =775 + 4 MeV seen 225
mXE3872; mJ/w D*(2010)" D*(2010)~ seen 193
X(3872) — "Mp(25) DOD~nt e (exl not seen -
. — ono i :
Full width T < 1.2 MeV, CL = 90% D*(ZOO?)O DO +cc.,
D*(2010)T D~ +c.c.
X(3872) DECAY MODES Fraction ([;/T) p (MeVc) DE*W(&E(CL [;*5*) ) not seen _
at = J/9p(1S) > 26% 650 DYD*~ 7t 4c.c. (excl. seen -
wg/_q/é(lt)S) > 1.9% + D*(2010)* D*(2010) ™)
D _Eiorr ] >32 % 117 D;r Dy seen 452

D ‘ D >24 % + J/patr <a x 1073 90% 794
~/{/w >6 x1073 697 /070 <2 x 1073 90% 797
”/j:(Zf) [xxaa] > 3.0 % 181 J/yn (5.2 £0.7 ) x 1073 675
T ne(19) not seen 746 J/¢p70 <28 x10~4 90% 823
pp not seen 1693 J/prt a0 <2 x 1073 90% 746

Xc17Y <11 % 90% 494

+ Py Xc27 <17 % 90% 454
X(3900) 1Py =21%) Xt w0 <11 % 9% 306
Xeorta™ <32 % 90% 233

Mass m = 3888.7 & 3.4 MeV (S = 1.3) he(1P)mt m <3 x 1073 9% 403

Full width T = 35 + 7 MeV ¢t a” <3 x 1073 9% 1880
AMata~ <29 x 1074 90% 1578
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AAr0 <9 x 1053 90% 1636
< 3.0 x 1074 90% 1452
<13 x 1074 90% 1632
<7 x 1075 90% 1630
<16 x10~4 90% -
<18 x 1074 90% 1533

1(4160) [v22] 1I6UPCY =0—(1— )
Mass m = 4191 + 5 MeV

Full width T = 70 + 10 MeV

Fee = 0.48 & 0.22 keV

Due to the complexity of the ¢C threshold region, in this listing, “seen”
(“not seen”) means that a cross section for the mode in question has
been measured at effective /s near this particle’s central mass value,
more (less) than 20 above zero, without regard to any peaking behavior
in /s or absence thereof. See mode listing(s) for details and references.

p
¥(4160) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)

ete™ (6.943.3) x 10—6 2096
u* no seen 2093
DD seen 956
pODo seen 956
Dt D~ seen 947
D*D+ c.c. seen 798
D*(2007)°D° + c.c. seen 802
D*(2010)* D~ + c.c. seen 792
D*D* seen 592
D*(2007)° D*(2007)° seen 603
D*(2010)* D*(2010)~ seen 592
DD~ 7t +c.c. (excl. not seen -

D*(2007)°D° +c.c.,
D*(2010)* D~ +c.c.)
DD*m+c.c. (excl. D*D*)

seen -

DO D*~ 7t +c.c. (excl. not seen -
D*(2010)+ D*(2010) )
D: Dy not seen 720
D:+ Dy +c.c seen 385
J/pata~ <3 x 1073 90% 919
J/p7070 <3 x 1073 90% 922
J/PpKT K™ <2 x1073 90% 407
J/vn <8 x 1073 90% 821
J/pr® <1 x 1073 90% 944
J/pn <5 x 1073 90% 457
J/prt a0 <1 x10~3 90% 879
»(2S) 7t~ <4 x 1073 90% 396
Xc17Y <7 x 1073 90% 625
Xc27 <13 % 90% 587
Xaamtn <2 x 1073 90% 496
Xeom T <8 x 1073 90% 445
he(1P) 7t <5 x 1073 90% 556
he(1P) 7070 <2 x 1073 90% 560
he(1P)n <2 x 1073 90% 348
he(1P)7° <4 x10~4 90% 600
¢ntn~ <2 x 1073 90% 1961
X (4260) 1I6UPCY =271~ )

Mass m = 4251 + 9 MeV (S = 1.6)
Full width T = 120 £ 12 MeV (S = 1.1)

X(4260) DECAY MODES
J/prt seen 967
J/15(980), £(980) — 7t m~ seen -
X(3900)F7F, X — J/yat  seen -

Fraction (I';/T) p (MeV/c)

J/wﬂo 70 seen 969
J/PpKT K™ seen 512
X(3872)y seen 363
J/yn not seen 876
J/p70 not seen 991
J/n not seen 552
J/prta~ 70 not seen 930
J/Ynn not seen 311
Pp(2S)nt 7~ not seen 459

(2S)n not seen 129

Xcow not seen 265
Xc1?Y not seen 676
Xc27 not seen 638
Xc1 ata 70 not seen 560
Xc2 ata—n not seen 512
he(1P)ntm~ not seen 613
pmta— not seen 1993
#(980) — ot~ not seen -
DD not seen 1020
DD not seen 1020
Dt D~ not seen 1011
D*D+c.c. not seen 887
D*(2007)9DP +c.c. not seen -
D*(2010)* D~ +c.c. not seen -
D*D* not seen 691
D*(2007)° D*(2007)° not seen 700
D*(2010)T D*(2010)~ not seen 691
DOD~ 7t +e.c. (excl. not seen -

D*(2007)°D*0 tc.c.,
D*(2010)" D~ +c.c.)

DD*r+c.c. (excl. D*D*) not seen 723
DO D*~ 7t +c.c. (excl. not seen -
D*(2010)* D*(2010)~)

DO D*(2010)~ 7T +c.c. not seen 716
D*D*7 not seen 449
D;r Dy not seen 803
D;+ Dy +c.c. not seen 615
D?’ D;_ not seen 239
pp not seen 1907
Kg KEa¥ not seen 2048
KTK— =0 not seen 2049

X (4360) 16(UPCy =271~ )

X(4360) MASS = 4361 + 13 MeV
X(4360) WIDTH = 74 + 18 MeV

X(4360) DECAY MODES Fraction (;/T) p (MeV/c)

Y(2S)r T seen 567

¥(4415) eal 16UPG =017 )
Mass m = 4421 + 4 MeV

Full width T = 62 4+ 20 MeV

lee = 0.58 & 0.07 keV

Due to the complexity of the ¢T threshold region, in this listing, “seen”
(“not seen”) means that a cross section for the mode in question has
been measured at effective /s near this particle’s central mass value,
more (less) than 20 above zero, without regard to any peaking behavior
in /s or absence thereof. See mode listing(s) for details and references.

p
1(4415) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)

DD not seen 1187
DODO° seen 1187
Dt D~ seen 1179

D*D+ c.c. not seen 1063
D*(2007)°D° + c.c. seen 1066
D*(2010)" D~ + c.c. seen 1059

D* D* not seen 919
D*(2007)° D*(2007)° + c.c. seen 927
D*(2010)T D*(2010)~ + c.c. seen 919

DY D~ 7t (excl. D*(2007)°D° < 23 % 90% -

+c.c., D*(2010)" D~ +c.c.

DD3(2460) — DYD~nt +c.c. (10 +4 )% -
DO D*~ 7t 4c.c. <11 % 90% 926
D;r D; not seen 1006
D;+ Dy +cc. seen -
D:+ Dz_ not seen 652
J/n < 6 x 1073 90% 1022
ete (9.4+3.2) x 10~© 2210
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X(4660)

1G(UPCy = 271~ )

X(4660) MASS = 4664 & 12 MeV
X(4660) WIDTH = 48 & 15 MeV

X(4660) DECAY MODES Fraction (I;/T) p (MeVc)
»(2S) 7t~ seen 838
bb MESONS

T(15) 16UPGY =0—a1— )

Mass m = 9460.30 & 0.26 MeV (S = 3.3)

Full width I' = 54.02 + 1.25 keV

Fee = 1.340 + 0.018 keV
T(1S) DECAY MODES Fraction (F;/F)  Confidence level (M£V/c)
Tt (260 +£0.10 ) % 4384
ete~ (238 +0.11 )% 4730
wtu~ (248 +0.05 )% 4729

Hadronic decays
g88 (81.7 +07 )% -
V88 (22 +06 )% -
n(958) anything (294 £024 )% -
J/¥(1S) anything (65 +07 )x1074 4223
Xco anything <5 x10~3 90% -
Xc1 anything (23 407 )x1074 -
Xc2 anything (34 +10 )x1074 -
1(25) anything (27 409 )x1074 -
pT < 3.68 x 1076 90% 4697
wm < 3.90 x 1076 90% 4697
ot <5 x 1074 90% 4728
KTK— <5 x 1074 90% 4704
pp <5 x 1074 90% 4636
ata— 70 (21 +08 )x10-6 4725
dKTK™ (24 +05 )x1076 4622
wrta™ (45 +10 )x107© 4694
K*(892)° K~ 7t + c.c. (44 +08 )x1076 4667
@5 (1525) < 1.63 x 1076 90% 4549
w(1270) < 179 x 1076 90% 4611
p(770) a5(1320) < 224 x 1076 90% 4605
K*(892)% K3(1430)%+ c.c. (30 +08 )x1076 4579
Ky (1270)* KT < 241 x1076  90% 4631
K1 (1400)* KF (10 +04 )x10-6 4613
by (1235)F 7 F < 125 x1076  90% 4649
ata= 700 (1.28 £0.30 ) x 10~5 4720
KiK+ 7~ +cc (16 +£04 )x1076 4696
K*(892)0K% + c.c. (29 +09 )x1076 4675
K*(892)" KT+ c.c. < 11 x 1076 90% 4675
D*(2010)* anything (252 £0.20 ) % -
d anything (286 +0.28 ) x 1075 -
Sum of 100 exclusive modes (1.20040.017) % -
Radiative decays

Nyt~ (63 +18 )x1075 4728
070 (1.7 407 )x1075 4728
yaln < 24 x 106 90% 4713
YKtK— [zzaa] ( 1.14 £0.13 ) x 10> 4704
YpP [aabb] < 6 x 1076 90% 4636
~2ht 2~ (70 +15 )x104 4720
v3ht3hn~ (54 +20 )x1074 4703
~4ht4h~ (74 +35 )x1074 4679
yrtam KTK— (29 +09 )x1074 4686
N2t on~ (25 +09 )x10—4 4720
~3nt 37~ (25 +12 )x1074 4703
~N2rt o KT K~ (24 +12 )x10~4 4658
vt pp (15 +06 )x104 4604
y2rton~ pp (4 +6 )x107° 4563
~V2KT2K™ (20 +20 )x105 4601
1 (958) < 19 x 1076 90% 4682
N < 1.0 x 1076 0% 4714
~15(980) < 3 x 1070 90% 4678
715(1525) (38 +09 )x107° 4607

~£(1270) (1.01 +£0.09 )x 1074 4644
v n(1405) < 82 x 1075 90% 4625
7 f5(1500) < 15 x 1075 90% 4610
v (1710) < 26 x 1074 90% 4573
yf(1710) — YKt K~ <7 x 1076 90% -
yfy(1710) — 7970 < 14 x 1076 90% -
vf(1710) — ynn < 18 x 1076 90% -
7 ,(2050) < 53 x 1075 90% 4515
¥(2200) — yKT K~ < 2 x 1074 90% 4475
v£(2220) — yKT K~ < 8 x 1077 90% 4469
v£(2220) — y7rta— < 6 x10~7 90% -
~v1;(2220) — ypp < 11 x 106 90% -
v1(2225) — oo < 3 x 103 90% 4469
Y1c(1S) < 57 x 1075 90% 4260
YXco < 65 x 1074 90% 4114
YXel < 23 x 1070 90% 4079
YXc2 < 76 x 1076 90% 4062
yX(3872) — wtw=J/ < 16 x 1076 90% -
YX(3872) — wta= w0 J/ < 238 x 106 90% -
Yxc0(2P) — wJ/i < 30 x 1076 90% -
v X(4140) — ¢J/y < 22 x 1076 90% -
v X [bbbb] < 4.5 x 1076 90% -
XX (mx < 3.1 GeV) [cebb] < 1 x 1073 90% -
YXX(mx < 4.5 GeV) [ddbb] < 2.4 x 1074 90% -
X — -+ > 4 prongs leebb] < 1.78 x 1074 95% -
7ad — yptps [fbb] < 9 x 1076 90% -
'ya? — ’;/7'Jr T [zzaa] < 1.30 x 1074 90% -
a8 — vgg lggbb] < 1 % 90% -
7a) — 455 lggbb] < 1 x 1073 90% -

Lepton Family number (LF) violating modes
pErF LF < 60 x1076  95% 4563

Other decays
invisible < 30 x 1074 90% -
Xbo(lP) [hhbb) IG(JPC) — 0+(0++)
J needs confirmation.
Mass m = 9859.44 + 0.42 £+ 0.31 MeV
xpo(1P) DECAY MODES Fraction (I;/T) Confidence level (Msv/c)
v T(1S) (1.76+0.35) % 391
DYX <104 % 90% -
ata- KtK— a0 < 16 x10—4 90% 4875
2rt 7 K~ KY <5 x 1075 90% 4875
2rt 7~ K~ K% 270 <5 x10—4 90% 4846
2nt 27~ 270 < 21 x10—4 90% 4905
2nton” Kt K= (1.1 £06 ) x1074 4861
2t 2r~ Kt K==l < 27 x10—4 90% 4846
2t 2~ Kt K= 270 <5 x10~4 90% 4828
3rt2r” K~ K70 < 16 x10—4 90% 4827
3nt3n~ < 8 x 1075 90% 4904
3t 37— 270 < 6 x10—4 90% 4881
3rt3r KT K™ (24 £1.2 )x1074 4827
3nt3r~ Kt K==l < 10 x 1073 90% 4808
artan— < 8 x 1075 90% 4880
4t ar— 270 < 21 x 1073 90% 4850
J/d /g < 7 x 1075 90% 3836
J/9(2S) < 12 x 1074 90% 3571
$(25)(25) < 31 x 1075 90% 3273
Xbl(]-P) [hhbb] ,G(JPC) :0+(1++)
J needs confirmation.
Mass m = 9892.78 + 0.26 £+ 0.31 MeV

Xp1 (1P) DECAY MODES Fraction (I';/T) Confidence level (Mgv/c)
v T(15) (33.94+2.2) % 423
DX (12.6£2.2) % -
atrm KT K= n0 ( 2.0+0.6) x 10~4 4892
2rt 1™ K~ KS (1.3+05) x 104 4892
2t K= K% 2n0 < 6 x 10~4 90% 4863
2rt 27~ 270 ( 8.0+25)x 1074 4921
2rt 2~ KT K™ (1.5+05) x 1074 4878
2rton~ Kt K= 70 (35+12)x1074 4863
2at 2~ Kt K= 20 ( 8.6+32)x 104 4845
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3rt 2™ K~ K70 (93+3.3)x 1074 4844 K1(1400)* KF < 83 x10~7 CL=90% 4901
3rt 37~ (1.9+0.6) x 1074 4921 by (1235)% ¥ < 40 x10~7 CL=90% 4935
3t 37~ 270 ( 1.740.5) x 10~3 4898 p < 116 x1076 CL=90% 4981
3rt3r KT K™ (2.6+0.8) x 1074 4844 at a0 < 80 x10~7 CL=90% 5007
3rt3n Kt K70 (7.5+2.6) x 10—4 4825 wm? < 163 x1076 CL=90% 4980
4ntan— ( 2.60.9) x 10~4 4897 ata 7070 (1304 0.28) x 1075 5002
4rtar— 270 (1.4+06) x 1073 4867 K K*T7n~+ cc. ( 1.14+ 0.33) x 1076 4979
1/ d /e < 27 x 1075 90% 3857 K*(892)° K%+ c.c. < 422 x1076 CL=90% 4959
J/p(25) < 17 x 1075 90%  35% K*(892)~ KT+ c.c. < 145 x 1070 CL=90% 4960
$(25)1(25) < 6 x 1075 90% 3298 Sum of 100 exclusive modes ( 290+ 0.30) x 1073 -
Radiative decays
hp(1P) 1IGUPCY =271+ ) ¥ xp1(1P) (69 £04)% 130
Yxp2(1P) (7.15+ 0.35) % 110
Mass m = 9899.3 + 1.0 MeV 7xb0(1P) (38 +04)% 162
~fp(1710) < 59 x 1074 CL=90% 4864
hp(1P) DECAY MODES Fraction (I;/F) p (Mevjc) 715(1525) < 53 X107 CL=90%  489%
v£(1270) < 241 x107% CL=90% 4931
np(15)y (49t8) % 489 Y1e(1S) < 27 %1075 CL=90% 4568
YXco < 10 x 1074 CL=90% 4430
YXcl < 36 x1076 CL=90% 4397
xp2(1P) [nhbt] 16(UPC = ot + ) VX2 < 15 x1075 CL=90% 4381
J needs confirmation. v X(3872) — WiTF Jé’d} < 8 x 10*2 CL=90% -
vX(3872) - w T J/Y < 24 x107° CL=90% -
Mass m = 9912.21 & 0.26 & 0.31 MeV W,XC(O(2P§ e w )Y / < g ©10-6  CL—90% _
Xp2(1P) DECAY MODES Fraction (T;/F)  Confidence level (M£V/c) ligggg; - ﬁj% z ii iig_i Ei:g:ﬁ -
7 T(1S) (19.1+1.2) % 442 Y1p(1S) (39 + 15)x107% 606
DX < 79 % 90% - ynp(1S) — ~Sum of 26 exclu- < 37 x 1076  CL=90% -
atr KT K= #0 (8 +5 )x 1075 4902 sive modes
2t K™ K% < 1.0 x10~4 90% 4901 ¥X p5 — Sum of 26 exclusive < 49 x1076  CL=90% -
27t 1~ K~ K220 ( 5.3+2.4) x 1074 4873 modes ) »
ot 27— 2520 ( 3541.4) x 104 1931 ’yXOH v+ > 4 prongs [iibb] < 1.95 X 10_5 CL:95:A, -
ot o KT K™ ( 1.140.4) x 104 4888 WAO - Whidrgns <8 X1 CL:%OA' _
2t 2on~ K+ K= 70 ( 21+0.9) x 104 4872 L S < 83 X 1077 CL=90% -
27t 27~ KT K~ 270 (3.941.8) x 1074 4855 Lepton Family number (LF) violating modes
3rton” K- Kgr' <5 x 1074 90% 4854 etrF LF < 32 x1076 CL=90% 4854
3rt3n~ (7.0+£3.1) x 1075 4931 pErF LF < 33 x1076 CL=90% 4854
3rt3n— 270 (1.0+0.4) x 10~3 4908
3rt3r KTK— < 8 x 1079 90% 4854
3nt3n~ Kt K= 70 ( 3.6+1.5) x 10~4 4835 T(1D) 16PCy =0— (27 )
Antan— (8 +4 )x1075 4907
artan— 2x0 (1.8+0.7)x 1073 4877 Mass m = 10163.7 + 1.4 MeV (S = 1.7)
J/pd )y < 4 x 1073 90% 3869
J/Y¥(25) <5 x 1073 90% 3608 T(1D) DECAY MODES Fraction (;/T) p (MeVjc)
$(25)¥(25) < 16 x 1073 90% 3313
vy T(1S) seen 679
v xps(1P) seen 300
T(2$) /G(JPC) =0"(1" ") n7T(1S) not seen 426
atr= T(1S) (6.6+1.6) x 1073 623
Mass m = 10023.26 £+ 0.31 MeV
Moy (3s) — Mr(as) = 331.50 + 0.13 MeV
Full width T — 3198 + 2.63 keV Xbo(2P) (") 16(PC) =0t )
Fee = 0.612 + 0.011 keV. J needs confirmation.
Scale factor/ p Mass m = 10232.5 + 0.4 + 0.5 MeV
T(25) DECAY MODES Fraction (I;/T) Confidence level (MeV/c) p
TS) w7 (17.85+ 0.26) % 475 xpo(2P) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
7(15)7%=° (86 + 04)% 480 Y T(2S) (4.6+2.1) % 207
Tt ( 2.00+ 0.21) % 4686 7 T(1S) (9 +6 )x1073 743
whp~ (1.93+ 0.17) % $=22 5011 DOX <82 % 90% -
ete” (1.91+ 0.16) % 5012 rtr Kt K= 70 <34 x 1075 90% 5064
T(18)7° < 4 x 1072 CL=90% 531 2t 7~ K~ KY <5 x 1075 90% 5063
T(1S)7 (29 £ 04)x1074  s=20 126 2rt 7~ K~ K% 270 <22 x 10—4 90% 5036
J/4(1S) anything < 6 x 103  CL=90% 4533 oxtor— 270 <24 x 10—4 90% 5002
d anything (34 + 06)x105 - 2t o~ KT K= <15 x 104 90% 5050
hadrons (94 +11 )% - 2t 2r~ Kt K~ 0 <22 x 104 90% 5035
ggg (588 + 12 )% - 2nt o= Kt K= 270 <11 x 1073 90% 5019
VEg (88 +£11)% - 3rtor™ K= Kq0 <7 x 1074 90% 5018
dKTK™ (16 + 04)x107¢ 4910 37t 3n~ <7 x 1075 90% 5091
wntn~ < 258 x1076 CL=90% 4977 30+ 30— 270 <12 % 10-3 00% 5070
K*(892)° K~ 7t + c.c. (23 + 07 )x1076 4952 33— Kt K- <15 «10-4 90% 5017
¢15(1525) < 133 x 1076 CL=90% 4841 3t 3~ K K= 70 <7 <104 90% 4999
wf(1270) < 5.7 %x10~7 CL=90% 4899 Artan— <17 x 104 90% 5069
p(770) a(1320) < 88 x1077 CL=90% 4894 artagr— 270 <6 x 104 90% 5039
K*(892)0 K3(1430)°+ c.c. (15 + 0.6 )x1076 4869
Ky (1270)* KF < 322 %1076 CL=90% 4918
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0 -3 —gQ9
hhbb G/ PCY _ at(1 ++ hp(1P)m < 12 x 10 CL=90% 426
Xp1(2P) 1o P(77) =0T 7T hp(1P) 70 — ~y1p(1S) 70 (43 £14)x1074 -
J needs confirmation. oo 4
hy(1P) T m < 12 x 10 CL=90% 353
Mass m = 10255.46 + 0.22 + 0.50 MeV Tt ( 2.29+0.30) % 4863
- + - _
My, (2P) — My,(2p) = 23.5 £ 1.0 MeV ;;+ gf (218+0.21) % S=2.1 ;;;
p seen ,
Xpy (2P) DECAY MODES Fraction (I';/T) Scale factor (MeV/c) 888 (36.7 +£26 )% -
g8 (97 +£1.8 )x1073 -
TS 1631040y o, 135
wT(3) (1:632034) % Radiative decays
A 0,
v 7(25) (199 &1.9 )DA’ 230 v xp2(2P) (131 £1.6 ) % 5=3.4 86
v T(15) (9.2 £0.8)% 73 11 764 7 xp1(2P) (126 +1.2 )% s=2.4 99
”gXbl(l'D) (91 £13 ):10 238 v xp0(2P) (5.9 £0.6 )% s=14 122
D+X7 e o (88 £1.7)% » - Y xp2(1P) (99 +1.3 ) x 1073 5=2.0 431
m _ZT 7K 7K 071' (31 £1.0 )><10_4 5075 A ~hadrons < 8 «10~5  CL=90% _
2rt T K™ K (1.1 £05)x10 5075 ~xp1(1P) (9 +5 )x10—% S—1.9 452
ot K= K2 2n0 (7.7 £32 )x 1074 5047 Yxp0(1P) (27 +04 ) x 103 184
2nt 27~ 270 (59 +20)x1074 5104 Y1p(25) < 62 x1074  CL=90% 350
2nt2n” KT K~ (10 +4 )x107° 5062 ynp(1S) (51 £07 ) x10~4 913
2ntor” KT K= 70 (55 +1.8)x1074 5047 yX — v+ > 4 prongs Liibb] < 2.2 x1074  CL=95% -
2w1r 2m~ Kt K; ng (10 +4 )x 10—: 5030 va® = yut s < 55 %106 CL=90% -
3rT 2T K™ Kgm (6.7 £2.6 )x 10~ 5029 ’Yag — 7t [kkbb] < 1.6 «10~4  CL=90% _
3rt3nr~ (12 404 )x1074 5103
3rt 37~ 270 (1.2 +£0.4 )x10-3 5081 Lepton Family number (LF) violating modes
3rt3r Kt K~ (20 £08)x 104 5029 etrT LF < 42 x1076  CL=90% 5025
3nt 3~ Kt K70 (61 +22)x1074 5011 pErF LF < 31 x1076  CL=90% 5025
4nt4n— (1.7 £06 )x 1074 5080
4xt 4270 (1.9 +0.7 )x 103 5051
xb(3P) 10(JPC) = 2727
Xpa(2P) 1770"] 16(PC) =0t t ) Mass m = 10534 + 9 MeV
J needs confirmation.
Mass m = 10268.65 + 0.22 + 0.50 MeV xp(3P) DECAY MODES Fraction (I;/T) p (MeVjc)
My H(2P) — My, (2p) = 13.5 £ 0.6 MeV ;(ég)’y seen 1019
Scale factor/ p (25)7 seen 498
xp2(2P) DECAY MODES Fraction (F;j/)  Confidence level (MeV/c)
wT(1S) (11070349 194 T(4S) 1GUPCY =01 )
5 T(25) (10.6 +2.6 ) % s=20 242 or T(10580)
7 TS) (7.0 £07)% 777 Mass m = 10579.4 + 1.2 MeV
T Xxp2(1P) (5.1 +£0.9 ) %10~ 229 i R :
DO X < 24 % CL=90% _ Full width ' = 20.5 £+ 2.5 MeV
ata Kt K= 70 < 11 x10~4  CL=90% 5082 Fee = 0272 £0.029 keV (S = 1.5)
ot K K < 9 x1075  CL=90% 5082 p
ot K™ K% 270 <7 «10~4  CL—90% 5054 T(4S) DECAY MODES Fraction (;/T) Confidence level (MeVjc)
2rt2n— 270 (39 +1.6 ) x 1074 5110 BB > 96 % 95% 327
ot 2r T KT K™ (9 +4 )x1075 5068 Bt B~ (51.4 £0.6 )% 332
2t 2n~ Kt K= 70 (24 +11)x1074 5054 D anything + c.c. (17.8 £26 )% -
2t 2~ Kt K= 270 (47 23 )x1074 5037 BOBO (48.6 +0.6 ) % 327
3t 27~ K~ K x0 < 4 x107%  CL=90% 5036 JJwKS (I, ne) K < 4 x 1077 90% -
3nt3n— (9 +4 )x1075 5110 non-BB < 4 % 95% -
37t 37 270 (12 +0.4 )x103 5088 ete~ ( 1.5740.08) x 10~5 5290
3rt3n KT K™ (1.4 +07 )x1074 5036 ptp~ < 57 x 106 90% 5233
3rt3n Kt K= 70 (42 £1.7 ) x107% 5017 K*(892)0K? < 20 x 106 90% 5240
4rtar— (9 +5 )x107° 5087 J/4(1S) anything < 19 x 1074 95% -
4rtar— 270 (13 405 )x1073 5058 D** anything + c.c. < 74 % 90% 5099
¢ anything (71 £06 )% 5240
N < 18 x 106 90% 5226
PC\ _ n—(q — —
T(35) 6P =01~ ") o < 43 x 106 9% 519
pn < 13 x 1076 90% 5247
Mass m = 10355.2 £ 0.5 MeV o1 < 25 < 10-6 90% 5217
My3s) — My(2s) = 331.50 + 0.13 MeV T(1S) anything < a x10~3 90% 1053
Full width T = 20.32 + 1.85 keV TAS) 7t - (81 406 ) x 10-5 1026
lee = 0.443 £ 0.008 keV T(1S)n (1.96+0.28) x 1074 924
Scale factor/  p TQS) Tt~ (86 £1.3 )x107° 468
T(3S) DECAY MODES Fraction (I;/T) Confidence level (MeV/c) hb(lP) ot not seen 600
7(2S)anything (106 £0.8 )% 296 d anything < 13 x107° 90% -
TES)rt (2.82:+0.18) % 5=16 177
7(25) 7070 (1.85+0.14) % 190 G/ PCy e — —
T(2S)yy (5.0 £0.7 )% 327 T(10860) PUT) =0T )
7(25)x° < 51 x10~4  CL=90% 298 Mass m = 10876 -+ 11 MeV
T(LS)w e (14.370.08) % 813 Full width I = 55 + 28 MeV
T@AS)r « (220+0.13) % 816 - _
T(1S)n <1 x1074  CL=90% 677 Mee = 0.31 £ 0.07 keV (S =1.3)
T(1S)x° <7 %1075 CL=90% 846
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T(10860) DECAY MODES

p
Fraction (I';/T) Confidence level (MeV/c)

BBX (762 T30 )% -
BB ( 55 +1.0)% 1303
BB* + c.c. (137 £1.6 )% -
B* B* (381 £3.4)% 1102
BBMx < 197 % 90% 990

BB B (00 £12)% 990
B*Bmw + BB*m (73 £23)% -
B*B*r (1.0 £14)% 701
BBnm < 89 % 90% 504

Bg*)Eg*) (201 £31)% 877
B Bs (5 +£5 )x1073 877
BsB; + c.c. ( 1.35+0.32) % -
B:B}: (176 27 )% 495

no open-bottom ( 38 750)% -
etem ( 56 +3.1)x1076 5438
K*(892)0K? < 10 x 105 90% 5390
TAS) 7t ( 53 +06)x1073 1297

TRS)rt T ( 7.8 £1.3)x1073 774
T@3S)xt ( 48 F19)x1073 429
T(15) K+ K~ ( 61 +1.8)x1074 947
hp(1P) 7t ( 35 710 ) %1073 894
hp(2P) 7t ( 60 T2l )x10-3 534
Inclusive Decays.
These decay modes are submodes of one or more of the decay modes
above.

¢ anything (138 ¥24 9 -
DO anything + c.c. (108 +8 )% -

Ds anything + c.c. (46 *6 )% -

J/1 anything ( 2.06+0.21) % -

BY anything + c.c. (77 £8 )% -

Bt anything + c.c. (72 +6 )% -
7(11020) 16uPCY =0—1— )

7(11020) DECAY MODES

Mass m = 11019 4+ 8 MeV
Full width ' =79 £+ 16 MeV
lee = 0.130 £ 0.030 keV

Fraction (I';/T) p (MeV/c)

ete”

(1.640.5) x 1076 5510

NOTES

In this Summary Table:

When a quantity has “(S =

..)" to its right, the error on the quantity has

been enlarged by the “scale factor” S, defined as S = /x2/(N — 1), where

N
do

is the number of measurements used in calculating the quantity. We
this when S > 1, which often indicates that the measurements are incon-

sistent. When S > 1.25, we also show in the Particle Listings an ideogram of
the measurements. For more about S, see the Introduction.

A decay momentum p is given for each decay mode. For a 2-body decay, p is
the momentum of each decay product in the rest frame of the decaying
particle. For a 3-or-more-body decay, p is the largest momentum any of the
products can have in this frame.

[a] See the “Note on 7+ — ¢+~ and K+ — (%1~ Form Factors” in the
7% Particle Listings for definitions and details.

[b] Measurements of ['(e* ve) /(1 v,) always include decays with +'s, and
measurements of '(e™ ¢ y) and (1T v, 7) never include low-energy ~'s.
Therefore, since no clean separation is possible, we consider the modes
with s to be subreactions of the modes without them, and let [[(e™ vg)
+ M(p* V)1/Ttotal = 100%.

[c] See the = Particle Listings for the energy limits used in this measure-
ment; low-energy ~'s are not included.

[d] Derived from an analysis of neutrino-oscillation experiments.

[e] Astrophysical and cosmological arguments give limits of order 10713; see
the 70 Particle Listings.

[f] C parity forbids this to occur as a single-photon process.

[g] See the “Note on scalar mesons” in the fy(500) Particle Listings . The
interpretation of this entry as a particle is controversial.

[h] See the “Note on p(770)" in the p(770) Particle Listings .

[i] The wp interference is then due to wp mixing only, and is expected to
be small. If ey universality holds, [(0® — uTp~) =T(P° — ete)
x 0.99785.

[/] See the “Note on scalar mesons” in the f;(500) Particle Listings .

[k] See the “Note on a;(1260)” in the a;(1260) Particle Listings in PDG 06,
Journal of Physics (generic for all A,B,E,G) G33 1 (2006).

[/] This is only an educated guess; the error given is larger than the error on
the average of the published values. See the Particle Listings for details.

[n] See the “Note on non-gG mesons” in the Particle Listings in PDG 06,
Journal of Physics (generic for all A,B,E,G) G33 1 (2006).

[0] See the “Note on the 7(1405)" in the 7(1405) Particle Listings.

[p] See the “Note on the £;(1420)" in the 1(1405) Particle Listings.

[q] See also the w(1650) Particle Listings.

[r] See the “Note on the p(1450) and the p(1700)" in the p(1700) Particle
Listings.

[s] See also the w(1420) Particle Listings.

[t] See the “Note on f3(1710)” in the fy(1710) Particle Listings in 2004
edition of Review of Particle Physics.

[u] See the note in the K* Particle Listings.

[v] The definition of the slope parameter g of the K — 37 Dalitz plot is as
follows (see also “Note on Dalitz Plot Parameters for K — 3w Decays”
in the K= Particle Listings):

M2 =1+ g(s3 — 50)/m72T+ +
[x] For more details and definitions of parameters see the Particle Listings.

[v] See the K* Particle Listings for the energy limits used in this measure-
ment.

[z] Most of this radiative mode, the low-momentum ~ part, is also included
in the parent mode listed without ~'s.

[aa] Structure-dependent part.

[bb] Direct-emission branching fraction.

[cc] Violates angular-momentum conservation.

[dd] Derived from measured values of ¢_, ¢, |n], }mKE -m

0 s and
Ks

T 0.+ 35 described in the introduction to “Tests of Conservation Laws.”
S
[ee] The CP-violation parameters are defined as follows (see also “Note on
CP Violation in Ks — 37" and “Note on CP Violation in K% Decay”
in the Particle Listings):

Nae = |ny_|e+- = =ec+ €
4= | AKY — 7t7)
o 2 A= )
Moo = |7oo|€"7%0 = =€ — 2¢
A(K% — 7970)
MK} — 7= ty) = T(KY - 7tev)
MKY — 7 t) + T(KO — atev) '
NKY - g+t 70 CP viol.
im(so)? = 8 ) :
r(KO — ata—a0)
F(KO — 707070)
Im(1gg0)? =

M(KY — n070x0) .
where for the last two relations CPT is assumed valid, i.e., Re(n4—_g) ~
0 and Re(nggg) =~ 0.
[ff] See the K% Particle Listings for the energy limits used in this measure-
ment.
[gg] The value is for the sum of the charge states or particle/antiparticle
states indicated.
[hh] Re(€’ J€) = € /€ to a very good approximation provided the phases satisfy
CPT invariance.
[if] This mode includes gammas from inner bremsstrahlung but not the direct
emission mode K9 — 7+ 7~ y(DE).
[ij] See the K[L’ Particle Listings for the energy limits used in this measure-
ment.
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[kk] Allowed by higher-order electroweak interactions.

[/1] Violates CP in leading order. Test of direct CP violation since the in-
direct CP-violating and CP-conserving contributions are expected to be
suppressed.

[nn] See the “Note on f;(1370)" in the f;(1370) Particle Listings and in the
1994 edition.

[oo] See the note in the L(1770) Particle Listings in Reviews of Modern
Physics 56 S1 (1984), p. S200. See also the “Note on K»(1770) and the
K>(1820)" in the K5(1770) Particle Listings .

[pp] See the “Note on K(1770) and the K»(1820)" in the K,(1770) Particle
Listings .

[qq] This result applies to Z0 — ¢T decays only. Here ¢* is an average (not
a sum) of et and u™ decays.

[rr] See the Particle Listings for the (complicated) definition of this quantity.

[ss] The branching fraction for this mode may differ from the sum of the
submodes that contribute to it, due to interference effects. See the
relevant papers in the Particle Listings.

[tt] These subfractions of the K~ 27+ mode are uncertain: see the Particle
Listings.

[uu] Submodes of the D¥ — K~ 27«0 and K 27+ 7~ modes were studied
by ANJOS 92C and COFFMAN 92B, but with at most 142 events for the
first mode and 229 for the second — not enough for precise results. With
nothing new for 18 years, we refer to our 2008 edition, Physics Letters
B667 1 (2008), for those results.

[vv] The unseen decay modes of the resonances are included.

[xx] This is not a test for the AC=1 weak neutral current, but leads to the
e+~ final state.

[yy] This mode is not a useful test for a AC=1 weak neutral current because
both quarks must change flavor in this decay.

[zz] In the 2010 Review, the values for these quantities were given using a
measure of the asymmetry that was inconsistent with the usual definition.

aaa is value is obtained by subtracting the branching fractions for 2-, 4-
This value is obtained by subtracting the branching fractions for 2
and 6-prongs from unity.

[bbb] This is the sum of our K- 2rtz~, K 2rtn— a0,
KO2n*2r~, K* 2K~ 7+, 2r+2n~, 20t 27~ 7%, K+¥ K~ n*n~, and
Kt K~ 77— 2P, branching fractions.

[ccc] This is the sum of our K~ 37 27~ and 37" 37~ branching fractions.

e branching fractions for the K™ e™ v, 892)" €T v, T €T Vg,

ddd] The branching fractions for the K~ et v,, K* + Ve + e
and p~ eT v modes add up to 6.19 + 0.17 %.

eee] This is a doubly Cabibbo-suppressed mode.

This is a doubly Cabibb: d mod

[fff] The two experiments measuring this fraction are in serious disagreement.
See the Particle Listings.

[ggg] Submodes of the D® — K77~ 70 mode with a K* and/or p were
studied by COFFMAN 92B, but with only 140 events. With nothing new
for 18 years, we refer to our 2008 edition, Physics Letters B667 1 (2008),
for those results.

is branching fraction includes all the decay modes of the resonance in

hhh] This b hing fraction includ Il the d des of th i
the final state.

[iif] This limit is for either D? or D° to pe~.

[iif] This limit is for either DO or D° to Fet.

[kkk] This is the purely e™ semileptonic branching fraction: the e™ fraction
from 71 decays has been subtracted off. The sum of our (non-7) et
exclusive fractions — an et v, with an 7, 1/, ¢, K%, K*9, or £,(980) —
is7.0+04%

[ This fraction includes n from 7’ decays.

nnn] Two times (to include ; decays) the 7’ et v branching fraction, plus the

/ ] e g
o' t, n'pt, and n’ KT fractions, is (18.6 + 2.3)%, which considerably
exceeds the inclusive 7’ fraction of (11.7 4 1.8)%. Our best guess is that
the / pT fraction, (12.5 & 2.2)%, is too large.

[0oo0] This branching fraction includes all the decay modes of the final-state
resonance.

[Ppp] A test for uu or dd content in the D;r. Neither Cabibbo-favored nor
Cabibbo-suppressed decays can contribute, and w—¢ mixing is an unlikely
explanation for any fraction above about 2 x 1074,

[gqq] We decouple the D;r — ¢xT branching fraction obtained from mass
projections (and used to get some of the other branching fractions) from
the D} — ¢nF, ¢ — K+ K~ branching fraction obtained from the
Dalitz-plot analysis of D} — K+ K~=z*. Thatis, the ratio of these two
branching fractions is not exactly the ¢ — K+ K~ branching fraction
0.491.

[rrr] This is the average of a model-independent and a K-matrix parametriza-
tion of the 7+ 7~ S-wave and is a sum over several f, mesons.

[sss] An ¢ indicates an e or a ;1 mode, not a sum over these modes.

[ttt] An CP(£1) indicates the CP=+1 and CP=—1 eigenstates of the DO-
D° system.

[uuu] D denotes DO or DP.

[vwv] D%, decays into DO«0 with the DO reconstructed in CP-even eigen-
states KT K~ and 77—

[xxx] D** represents an excited state with mass 2.2 < M < 2.8 GeV/c2.

[yyy] X(3872)T is a hypothetical charged partner of the X (3872).

[zzz] ©(1710)T T is a possible narrow pentaquark state and G(2220) is a
possible glueball resonance.

[aaaa] (A7 p), denotes a low-mass enhancement near 3.35 GeV/c2.

[bbaa] Stands for the possible candidates of K*(1410), K{(1430) and
K35(1430).

[ccaa] BY and Bg contributions not separated. Limit is on weighted average
of the two decay rates.

[ddaa] This decay refers to the coherent sum of resonant and nonresonant JP
=01 Km components with 1.60 < my, < 2.15 GeV/cZ.

[eeaa] X(214) is a hypothetical particle of mass 214 MeV/c? reported by the
HyperCP experiment, Physical Review Letters 94 021801 (2005)

[ffaa] ©(1540)* denotes a possible narrow pentaquark state.

[ggaa] Here S and P are the hypothetical scalar and pseudoscalar particles with
masses of 2.5 GeV/c? and 214.3 MeV/c?, respectively.

[hhaa] These values are model dependent.
[iiaa] Here “anything” means at least one particle observed.
[jjaa] This'is a B(BY — D*~ (%) value.
[kkaa] D** stands for the sum of the D(11Py), D(13P,), D(13P;), D(13P,),
D(21S;), and D(21S;) resonances.
[llaa] D)D) stands for the sum of D* D*, D* D, DD*, and DD.

[nnaa] X(3915) denotes a near-threshold enhancement in the w J/1) mass spec-
trum.

[ooaa] Inclusive branching fractions have a multiplicity definition and can be
greater than 100%.

[ppaa] D; represents an unresolved mixture of pseudoscalar and tensor D**
(P-wave) states.

[ggaa] Not a pure measurement. See note at head of B(S’ Decay Modes.

[rraa] For E,, > 100 MeV.

[ssaa] Includes ppmt 7~ and excludes ppn, ppw, pp7'.

[ttaa] For a narrow state A with mass less than 960 MeV.

[uuaa] For a narrow scalar or pseudoscalar A® with mass 0.21-3.0 GeV.

[vvaa] For a narrow resonance in the range 2.2 < M(X) < 2.8 GeV.

[xxaa] BHARDWAJ 11 does not observe this decay and presents a stronger
90% CL limit than this value. See measurements listings for details.

[yyaa) JPC known by production in et e~ via single photon annihilation. 16
is not known; interpretation of this state as a single resonance is unclear
because of the expectation of substantial threshold effects in this energy
region.

[zzaa] 2m, < M(7F77) < 9.2 GeV

[aabb] 2 GeV < myy - < 3 GeV

[bbbb] X = scalar with m < 8.0 GeV

[ccbb] X X = vectors with m < 3.1 GeV

[ddbb] X and X = zero spin with m < 4.5 GeV
[eebb] 1.5 GeV < mx < 5.0 GeV

[ffbb] 201 MeV < M(pt ™) < 3565 MeV

[ggbb] 0.5 GeV < mx < 9.0 GeV, where my is the invariant mass of the
hadronic final state.

[hhbb] Spectroscopic labeling for these states is theoretical, pending experi-
mental information.

[iibb] 1.5 GeV < mx < 5.0 GeV
Lijbb] 1.5 GeV < mx < 5.0 GeV
[kkbb] For m_,.__ in the ranges 4.03-9.52 and 9.61-10.10 GeV.
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See also the table of suggested gg quark-model assignments in the Quark Model section.

e Indicates particles that appear in the preceding Meson Summary Table. We do not regard the other entries as being established.

LIGHT UNFLAVORED STRANGE CHARMED, STRANGE cc
(S=C=B=0) (S= +1,C=B=0) (C=S=+1) 16 (JPC)
16(JPC) 1°(JPC) I(JP) I(J7) enc(1S) ot~
ot 17(07) e$(1680) 07 (1~ 7)| e K* 1/2(07) | e DF o(o;) e J/Y(1S) 07 (17 7)
o0 11(0 - i) o p3(1690) 11(3 )| e KE 1/2(07) | o DI* oY) | XcOElP; 0120 i i;
1 070~ ™) [ ep(1700)  17(17 7) | oK 1/2(07) | o Dxy(2317)* o(0T) | ®xa(lP) 07(1
e(500) 0t tTT)| a(700) 17@FTT)|e K§ 1/2(07) | » Dsf(2460)i o(at) | ®h(1P) 71t 0)
ep(770) 1Y )| ehp(1720) 0O T )| Ki800)  1/200) | e Dy(2536)F o(1+) | *xe(1P) 0T
ew(782) 0 (17 )| n(1760)  0FT(0 ) | o k*(892) 1/217) | o Dyp(2573)  0(27) | enc(28) 0 (0™ )
o 1/(958) 01(0 B i) o 7(1800) 11(0 . i) e Ki(1270)  1/21%) | e Dz (2700)* o(17) |*¥(25)  0T(1T7)
*£(980)  07(0 N +) £(1810)  07(2™ ) | o K1(1400) 1/217) | Dz, (2860 0(27) * (3770) 0 (17_ )
eap(980) 17 (0t )| x(1835) e ) | e k*(1410)  1/2(17) D.,(3080)  0(?7) X(3823) ?+(7' +)+
e (1020) 0 (1 I T)| X(840)  2(?Y) | ekp(1430)  1/2(0) B . XE3872;i 0( (j) )
e h(1170) 0 (17" 7) | e3(1850) 07 (37 7)| K%(1430) 1/2(21) X (3900 1
o by (1235) 1J:(1 i 1) 10(1870) oi(z - i) KE1460) 1/2(07) _ (B=+1) _ X(3920;))0 ;S:?()) L.
o a;(1260) 1+(1 : +) o m5(1880) 1+(2 “ | Kk(ss0) 1/2(27) | * B0 1/2(07) | XCO(QP) 0+(2 N +)
* $(1270) 0+(2 N +) p(1900) 1+(1 N +) K(1630)  1/2(") |*B 1/2(07) | Xc23(940) % (7?? )
o (1285) 0+(1 M +) £(1910) 0+(2 N +) Ky(1650)  1/2(11) | ® Bi/BO ADMIXTURE X( )i ! ?(5 )
i ] B e P R e R A
o7 3 o Ky(1770) 1/2(27) e
o 3,(1320) 11(211) o (2010) oi(z i i) . K2§(1780) 12(3-) | e and Vun CKM Ma- | x(4050)+ ?(+?-?)?+
° fb(1370) 0_ (0 N _) 6(2020) 0 (0 ) ° K2(1820) 1/2(2*) o B* ]_/2(]__) X(4140) 07(' B )7
m(1380) 77(1F +) o 4(2040) 1;(4 i I) K (1830) 12007y | Bys732)  2(7) * 1(4160) (?J? 9]7 )
o 71(1400) 1+(1 B +) * £,(2050) 0T (47 +) Ky(1950)  1/2(0%) | e By(s721)0  1/2(1t) | X(4160) - TAZT)
on(1405) - 07(0 1) | m2(2100) 12| k1980)  1/2(2%) | @ (ST 1/2(27) i(j‘ézg) zg?'l)_ -
e I e e B ] o e =
£(1430) ot(2t+ ) ;)2(2150) 1ta— ) ?8528; iﬁg;; (B=+1,5= 1) o X(4360) ??(1.* )
o “0tt)| e —(1—~ 3 ° - o (1~
iR B0 O ] [ o B L M
en(1475)  0T(0 ") £(2220) 0F(2 T ﬁ“éﬁ%%c;) 17/57(??)) e Ba(s8300  o(1t) | +X(4e60) 71T )
e f(1500) ot(0t+ ++ S o B 0 +
f? Elglo; 0+E1 + +; 1(2225) oir(?) - +)) CHARMED gig((isst%)) 387)) bb
efh(1525) 0t tH)| p(2250) 1t(3 ) (C= +1) > _ n(1S) ot~ )
£(156 ot(2++) | e £(2300 ot ++ R — BOTTOM, CHARMED | e 7(15) 0~ (17 7)
:((155705)) 1+E1 - —; fjgzaoo; 0+E4 + +; . goi iﬁﬁg% (B=C=41) * Xb0(1P) 0:[(0 i i)
m(1595) 0~ (17" | 6330 01(0 i i) e D*(2007°  1/2(17) | * B 0(07) : ;,(b(lsal))) S?((11+ 7))
allan 00| s 0 | Lo v ) g
a o D* °
f;(1640) 0T+ T) 22(2450) 176+ 1) gzgjﬁgii iﬁ&; n(25) 0t (™)
em(1645) 0t~ )| £(2510)  0F(6 ) | g paa20)0  1/201%) : ;gSD)) gig B :;
»«(1650) - 07(1 7 7) OTHER LIGHT Dy(2420)*  1/2(7") 2Py ot(ot
em(1670) 17 (2 +) Further States . D§(2460)0 1/2(2—0-) * x51(2P) 0? (1+ B )
o D(2460)F  1/2(271) ho(2P) ?'Jr(l ++)
D500 1/2(07) * 2‘”"(2(;;) 0 EQ ))
°7T(3 01—~
D(2600 1/2(?°
D£(264()))i 1?22?7; :);1’(235’3)) ;?((?1? +_)_)
D(2750) 1/2(?%) X(10610)* 1+(17)
X(10610)° 1+(1+)
X(10650)* 2+ (1)
e 7(10860) 0~ (1~ )
e T(11020) 0~ (1~ )
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This short table gives the name, the quantum numbers (where known), and the status of baryons in the Review. Only the baryons with 3- or
4-star status are included in the Baryon Summary Table. Due to insufficient data or uncertain interpretation, the other entries in the table
are not established baryons. The names with masses are of baryons that decay strongly. The spin-parity J© (when known) is given with each
particle. For the strongly decaying particles, the J values are considered to be part of the names.

p 1/2+ ket [ A(1232) 3/2+ xkkk | 3+ 1/2+ xxxk [ =0 1/2+ Kok AZr 1/2+ LEEL
n 1/2+ *rk [ A(1600) 3/2+ *kk 50 1/2+ kx| =— 1/2+ RREE | A (2595)F 1/27 Hkx
N(1440)  1/2T *%%x | A(1620) 1/27 *kkk | 3 127 wexx | Z(1530)  3/2F weex | A (0625)F 3/27 kkk
N(1520)  3/27 *¥%x | A(1700) 3/27 **¥%*% | y(1385) 3/2F *xxk | =(1620) * Ac(2765)* *
N(1535)  1/27 *%*x | A(1750) 1/21 * ¥ (1480) * =(1690) BRE | A(2880)F /2w
N(1650)  1/27 **%x | A(1900) 1/2~ ** | ¥(1560) ¥ | Z(1820) 3/27 **x | A (2940)* Fhk
N(1675)  5/27 *¥¥x | A(1905) 5/2T *¥%* | 5(1580) 3/27 * =(1950) #kk | 5 (2455)  1/2F wexx
N(1680)  5/21 *¥kxx | A(1910) 1/2F *exx | 37(1620) 1/27 * Z(2030) > 37 wex |y (0500) 3/2t Kk
N(1685) * A(1920)  3/2F RRF | 3(1660) 12T *** | =(2120) * X.(2800) Ak
N(1700)  3/27 *** | A(1930) 5/27 *¥** | ¥(1670) 3/27 *¥F* | =(2250) ** | =t 127 xxx
N(1710)  1/2F *** | A(1940) 3/27 ** | ¥(1690) ¥ | =(2370) o120 1270 xxx
N(1720) 3721 #kxx | A(1950)  7/2F ke | 3(1730)  3/2F * =(2500) * = 1/2F Hkx
N(1860)  5/2T ** | A(2000) 5/2T ** | X(1750) 127 ¥** =10 12 Hxx
N(1875)  3/27 ¥ | A(2150) 1/27 * I(1770)  1/2t * o 3/2F wrkx 6(2645) 3/o Hxx
N(1880)  1/2T ** | A(2200) 7/27 * T(1775)  5/27 *¥¥x | Q(2250)" Fhk 26(2790) 1/2— *xx
N(1895)  1/2— ** A(2300)  9/2F ** T (1840) 3/2F * 2(2380)~ ok 26(2815) 3/ ¥
N(1900)  3/2F *k | A(2350) 5/2 * | x(1880) 1/2T ** | (2470)" * | = (2030) *
N(1990) 7/21 ** A(2390) 7/2F * Y(1900) 1/27 * _:C(2980) Kook
N(2000)  5/2T ** | A(2400) 9/27 ** | X(1915) 5/2T xkkx _6(3055) *x
N(2040)  3/2T * A(2420)  11/27F ®ekk | 37(1940)  3/27F * ::2(3080) HoHx
N(2060) 5/27 ** | A(2750) 13/27 *¥* | ¥(1940) 3/27 *¥x =.(313) *
N(2100) 1721 * A(2950)  15/27 ** X(2000) 1/27 * 00 1/2F *
N(2120)  3/2 ** $(2030) 7/2t weex 0u770)0 3/2+
N(2190)  7/27 *kxx | A 1/2F ®x | 5 0070) 52T * ‘
N(2220)  9/27 ®¥xx | A(1405)  1/27 ¥Fk* | 57(p0g0) 3/ xx =+ *
N(2250)  9/27 ®eex | A(1520)  3/27 **** | 5(2100) 7/27 * “
N(2300)  1/2F *x | A(1600)  1/2F % | 5(2250) *h " 1/2+ *
N(2570)  5/27 ** | A(1670)  1/27 X | 5(2455) ** Ap(5912)° 1/27 **x
N(2600)  11/27 *** A(1690) 3/27 REEX | 5(2620) *k Ap(5920)0 3/27 *¥x
N(2700)  13/2T *x | A(1710) 1/2T * 5(3000) * 5, 1)o7t wHk

A(1800)  1/27 ** | 5(3170) * b3 3/2F Hax

A(1810)  1/27F #xx 20 =0 /ot e

A(1820) 5/2+ ok _::(59:5)0 3/2+ *kk

A(1830)  5/27 ¥k« o Lt e

A(1890)  3/21 wwxx b

A(2000) *

A(2020)  7/2F *

A(2050)  3/27 *

A(2100)  7/27 wexx

A(2110)  5/2F Hkx

A(2325)  3/27 %

A(2350)  9/2F wxx

A(2585) ¥

****  Existence is certain, and properties are at least fairly well explored.

***  Existence ranges from very likely to certain, but further confirmation is desirable and/or
quantum numbers, branching fractions, etc. are not well determined.

**  Evidence of existence is only fair.

*  Evidence of existence is poor.
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Antilepton + photon(s)

N BARYONS p— ety > 670 90% 469
(S = 0' | = 1/2) p— uty > 478 90% 463

n— vy > 28 90% 470
p, N* = uud; n, N® = udd p— ety > 100 90% 469
n— vyy > 219 90% 470
I(JP) - 1h) Three (or more) leptons
T2 p— eteter > 793 90% 469
Mass m = 1.00727646681 + 0.00000000009 u p— etutp~ > 359 90% 457
Mass m = 938.272046 + 0.000021 MeV [l p— etvw >17 90% 469
|mp — mg|/mp < 7x 10710, CL = 90% [P] n— ete v > 257 90% 470
\%V(%) = 099999999991 =+ 0.00000000009 n— ui e v > 83 90% 464
o 10 _ onos [b] n— putuTv > 79 90% 458
lap +ap|/e < 7><10721,[CC]L—90A; p— ptete > 529 90% 463
‘qp + q_e‘/e < 1x10 p— /J.+ ;ﬁ' no > 675 90% 439
Magnetic moment y = 2.792847356 < 0.000000023 yuy p— utuw Tt 0% 463
(p + 1p) / 1p = (0 £5) x 10 p— e ptut >6 9% 457
Electric dipole moment d < 0.54 x 10723 ecm n— 3w < 0.0005 00% 470
Electric polarizability o = (11.2 4 0.4) x 10~ fm3 .
Magnetic polarizability 3 = (2.5 + 0.4) x 1074 fm3 (S =1.2) N +anvthi Inclusive modes .
Charge radius, 1p Lamb shift = 0.84087 + 0.00039 fm [7] v oaine > 06 (., p) o
Charge radius, ep CODATA value = 0.8775 £ 0.0051 fm 1] g any '{‘f_ >12 (n, p) 9";’
Magnetic radius = 0.777 + 0.016 fm — € manything > 06 (m p) 90%
Mean life 7 > 2.1 x 1022 years, CL = 90% [l  (p — invisible AB = 2 dinucleon modes
mo_de) The following are lifetime limits per iron nucleus.
Mean life 7 > 1031 to 1033 years [€] (mode dependent) pp — wtat 07 90% _
See the “Note on Nucleon Decay” in our 1994 edition (Phys. Rev. D50, pn — a0 >2 90% -
1173) for a short review. nn— wta— >07 90% _
The “partial mean life” limits tabulated here are the limits on 7/B;, where nn— 7079 > 3.4 90% -
7 is the total mean life and B; is the branching fraction for the mode in pp — et et > 58 90% —
question. For N decays, p and n indicate proton and neutron partial pp — e+#+ > 36 90% _
lifetimes. pp — wtpt g 1'7 0%
. 0 -
Partial mean life p pn— etv >28 90% -
p DECAY MODES (1030 years) Confidence level (MeV/c) pn — /ﬁ'ﬁ > 1.6 90% -
. nn — Vvele > 1.4 90% -
N Antilepton + meson ) nn— v,7, S 14 90% _
x - > 2000 (n). > 8200 (p) W% 459 pn — invisible > 0.000021 90% -
- prm > 1000 (n), > 6600 (p) 90% 453 pp — invisible > 0.00005 90% -
N — vr > 112 (n), > 16 (p) 90% 459
p— ety > 4200 90% 309 p DECAY MODES
p— phn > 1300 90% 297 Partial mean life p
n— vn > 158 90% 310 p DECAY MODES (years) Confidence level (MeV/c)
N— etp > 217 (n), > 710 (p) 90% 149 _ — S
N— utp > 228 (n), > 160 (p) 90% 113 p— e >7x 104 90:A, 469
N— vp >19 (n), > 162 (p) 90% 149 p=bn > 810 90% 463
p— etw > 320 90% 143 B — 6_7T0 > 4 x 104 90% 459
p— ptw < 780 90% 105 p— pom >5x 10 90% 453
- - 4
n— vw > 108 90% 144 pP—= e >2x 103 90:4 309
N— etk > 17 (n), > 1000 (p) 90% 339 P=nn >8x10 W% 297
N— utK > 26 (n), > 1600 (p) 90% 329 p= E,Kg > 900 , 90% 337
N— vK > 86 (n), > 2300 (p) 90% 339 p— n Ks >4x10 90% 326
n— qu > 260 90% 338 p— e K(z >9x103 90% 337
p— et K*(892)° > 84 90% 45 p— u K} >7x103 90% 326
N — vK*(892) > 78 (n), > 51 (p) 90% 45 pP— ey > 2 x 104 90% 469
. P— u vy >2x 104 90% 463
- Antilepton + mesons Po e w > 200 00% 143
p— etrntr > 82 90% 448
+.0_0 o,
p— etalr > 147 90% 449 Py 1,1
n— et 70 > 52 90% 449 m 107) = 3(1)
p— ptrta~ >133 90% 425
+.0.0 o Mass m = 1.0086649160 + 0.0000000004 u
P o 0% e Mass m = 939.565379 % 0.000021 MeV [
n— prr— a0 >74 90% 427 338 M = 9399633 946 10-5 €
n— etKOr= >18 90% 319 (mn = mg )/ mp = ( ) X
mp — mp = 1.2933322 + 0.0000004 MeV
Lepton + meson = 0.00138844919(45) u
n— e nat > 65 90% 459 Mean life 7 = 880.3 £ 1.1s (S =1.9)
L ) _ 8
n— pum > 49 90% 453 cr = 2.6391 x 10° km
n— e pt > 62 90% 150 Magnetic moment p = —1.9130427 + 0.0000005 1py
n— pupt >7 90% 115 Electric dipole moment d < 0.29 x 102> ecm, CL = 90%
n— e Kt > 32 90% 340 Mean-square charge radius (2) = —0.1161 + 0.0022
n— p~ Kt > 57 90% 330 fm?2 (S =1.3)
Lepton + mesons Magnetic radius U<f§w> = 0862t8882 fm
p— e atat > 30 90% 448 Electric polarizability @ = (11.6 + 1.5) x 10™* fm3
n— e ntal > 29 90% 449 Magnetic polarizability § = (3.7 + 2.0) x 104 fm3
p— p wtat >17 90% 425 Charge ¢ = (0.2 + 0.8) x 1021 ¢
n— patao > 34 90% 427 Mean nT7-oscillation time > 8.6 x 107 s, CL = 90% Sfree n)
p— e ntKt >75 90% 320 Mean n7-oscillation time > 1.3x108's, CL = 90% [l (bound n)

p— p T KT > 245 90% 279 Mean nn'-oscillation time > 414 s, CL = 90% €]
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N(1535) DECAY MODES Fraction (I';/T) p (MeVc)
pe~ v, decay parameters (] Y — o
A=ga /8y =—12723£0.0023 (S=22) N7 (42 +10 )% 186
A= -0.1184 + 0.0010 (S =24) Nrn 1-10 % 426
B = 0.9807 + 0.0030 Am <1% 244
C = —0.2377 + 0.0026 A(1232) 7, D-wave 0-4 % 244
a= —0.103 + 0.004 Np <4 % +
bav = (180.017 + 0.026)° ['] Np, 5=1/2, S-wave (2.0+ 1.0)% 1
D= (-12+20)x10"41l Np, 5=3/2, D-wave (0.0+ 1.0)% T
R = 0.004 + 0.013 U] N(77)5 Rave (2 £1)% -
P N(1440) 7 (8 +£3)% +
n DECAY MODES Fraction (I;/T) Confidence level (MeV/c) Py 0.15-0.30 % 481
—_ , helicity=1/2 0.15-0.30 % 481
pe Ve 100 % _3 ! MPV = 0.01-0.25 % 480
pe vey Wl (0 3.09+0.32) x 10 ! n~v, helicity=1/2 0.01-0.25 % 480
Charge conservation (Q) violating mode
7 —27 o,
PVeTe Q < 8 x 10 68% 1 N(1650) 1/2_ I(JP): %(%_)
N(1440) 1/27 1UP)y =13+ Breit-Wigner mass = 1645 to 1670 (~ 1655) MeV
Breit-Wigner full width = 110 to 170 (~ 140) MeV

Pbeam = 0.97 GeV/c 47X% = 16.2 mb
Re(pole position) = 1640 to 1670 (= 1655) MeV
—2Im(pole position) = 100 to 170 (~ 135) MeV

Breit-Wigner mass = 1410 to 1450 (= 1430) MeV
Breit-Wigner full width = 250 to 450 (=~ 350) MeV
Pbeam = 0.59 GeV/c 47x2 = 32.2 mb
Re(pole position) = 1350 to 1380 (~ 1365) MeV N(1650) DECAY MODES Fraction (T;/T) p (MeVc)
—2Im(pole position) = 160 to 220 (~ 190) MeV

N7 50-90 % 551

N(1440) DECAY MODES Fraction (I ;/T) p (Mevio) 9\’}’4 2‘1?:?’ fj‘;

B 0

N7 55-75 % 391 Nrn 10-20 % 517

Nn (0.04£1.0) % 1l Am 0-25 % 349

Nmm 30-40 % 338 A(1232) 7, D-wave 0-25 % 349
A 20-30 % 135 Np 412 % 1

A(1232) 7, P-wave 15-30 % 135 Np, S=1/2, S-wave (1.0+1.0) % i
Np <8 % T Np, $=3/2, D-wave (13.0+3.0) % i
Np, ﬁ:ol/Q, P-wave (0.0£1.0) % i N(rm)Ez0 e <4 % -
N(77) S wave 10-20 % - N(1440) 7 <5% 168

Py N 0.035-0.048 % 407 Py 0.04-0.20 % 562
py., helicity=1/2 0.035-0.048 % 407 py, helicity=1/2 0.04-0.20 % 562

ny B 0.02-0.04 % 406 ny 0.003-0.17 % 561
n~, helicity=1/2 0.02-0.04 % 406 n~, helicity=1/2 0.003-0.17 % 561
N(1520) 3/2~ 1Py =337 N(1675) 5/2~ 10P) =457

Breit-Wigner mass = 1510 to 1520 (= 1515) MeV Breit-Wigner mass = 1670 to 1680 (~ 1675) MeV
Breit-Wigner full width = 100 to 125 (~ 115) MeV Breit-Wigner full width = 130 to 165 (~ 150) MeV
Poeam = 0.73 GeV/c 47X2 = 23.9 mb Re(pole positio.n). = 1655 to 1665 (~ 1660) MeV

Re(pole position) = 1505 to 1515 (~ 1510) MeV —2Im(pole position) = 125 to 150 2(% 135) MeV
—2Im(pole position) = 105 to 120 (=~ 110) MeV Ppeam = 1.01 GeV/c 4mA% = 15.4 mb

N(1520) DECAY MODES Fraction (T ;/T) p (Mev) N(1675) DECAY MODES Fraction (I';/T) p (MeVc)

N 55-65 % 453 xﬂ 35;41%7 10-3 232

Nn (2340.4) x 10~3 142 /\Z ( Lo, )x e

Nrr 20-30 % 410 N :076"0 0, 3
Am 15725 % 225 FAWW 50-60 "/‘7 366

A(1232) 7, S-wave 10-20 % 25 AN
A(1232) 7, D-wave 10-15 % 225 NpA(1232)7r' Drwave (<501 3io/15 )% 36?
Np 15-25 % 1 _ - o
Np, $=3/2, S-wave (9.0£1.0) % i x’)' §:1/2’ Dwave ( 0.0+ 1.0)04, f
=0 N p, $=3/2, D-wave ( 1.0+ 1.0)% i
N (77 ) S ave <8% - 1=0 o -
N(77) S wave (7.0£ 3.0)%

Py 0.31-0.52 % 467 P wav 0-0.02 % 575
p. helicity=1/2 0.01-0.02 % 467 ! ., helicity=1/2 070‘010/“ 575
P, helicity=3/2 0.30-0.50 % 467 pw,. helicity:3/2 0-0.01 0/« 575

ny 0.30-0.53 % 466 mm ' . 0015 ‘; 574

- Y —U. 0
. :e:!c!tyzl/g 0.04-010% 466 n~y, helicity=1/2 0-0.05 % 574
nv, helicity=3/ 0.25-0.45 % 466 0y, helicity=3/2 0-0.10 % 572
— Py _ 1¢1—

N(1535) 1/2 107 =2(z7) N(1680) 5/2F 1Py =43

Breit-Wigner mass = 1525 to 1545 (~ 1535) MeV Breit-Wigner mass = 1680 to 1690 (~ 1685) MeV

Breit-Wigner full width = 125 to 175 (= 150) MeV Breit-Wigner full width = 120 to 140 (~ 130) MeV

Poeam = 0.76 GeV/c 4rx% = 225 mb Re(pole position) = 1665 to 1680 (=~ 1675) MeV
Re(pole position) = 1490 to 1530 (~ 1510) MeV —2Im(pole position) = 110 to 135 (~ 120) MeV

—2Im(pole position) = 90 to 250 (= 170) MeV Ppeam = 1.02 GeV/c 47x% = 15.0 mb
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N(1680) DECAY MODES Fraction (I';/T) p (MeV/c) N(1720) DECAY MODES Fraction (I';/T) p (MeVc)
N7 65-70 % 571 N7 (11+ 3)% 594
Nn (0+7)x 1073 386 Nn (4+ 1)% 422
Nrm 30-40 % 539 AK 1-15 % 283
Am 5-15 % 374 N7 >70 % 564
A(1232) 7, P-wave (10+£5) % 374 A(1232) 7, P-wave (75+15) % 402
A(1232) 7, F-wave 0-12% 374 Np 70-85 % 74
Np 3-15 % t Np, S=1/2, P-wave large 74
Np, S=3/2, P-wave <12;% t Py 0.05-0.25 % 604
Np, 5=3/2, F-wave 1-5 % t p~y, helicity=1/2 0.05-0.15 % 604
N(77) 620 ve (11+5) % - p, helicity=3/2 0.002-0.16 % 604
Py 0.21-0.32 % 581 ny 0.0-0.016 % 603
p~, helicity=1/2 0.001-0.011 % 581 nv, helicity=1/2 0.0-0.01 % 603
p~y, helicity=3/2 0.20-0.32 % 581 n~, helicity=3/2 0.0-0.015 % 603
ny 0.021-0.046 % 581
n+y, helicity=1/2 0.004-0.029 % 581
n+, helicity=3/2 0.01-0.024 % 581 N(1875) 3/2~ 10P) =337)
— p 13— Breit-Wigner mass = 1820 to 1920 (= 1875) MeV
N(1700) 3/2 1J7)=3(37) Breit-Wigner full width
Re(pole position) = 1800 to 1950 MeV
Breit-Wigner mass = 1650 to 1750 (% 1700) MeV 72|m(po|e position) = 150 to 250 MeV
Breit-Wigner full width = 100 to 250 (~ 150) MeV p
Pbeam = 1.05 GeV/c 47X? = 14.5 mb N(1875) DECAY MODES Fraction (;/T) Scale factor (MeVjc)
Re(pole positio.n). = 1650 to 1750 (=~ 1700) MeV N= (7 +6)% 695
—2Im(pole position) = 100 to 300 MeV Nn (1.2+ 1.8) % 23 559
N(1700) DECAY MODES Fraction (I';/T) p (MeV/c) New (20 &4 )% i
i K (7 4 )x1073 384
Nm (12 +5 )% 581 A(1232) 7, S-wave (40 +£10 )% 520
Nn (0.0+1.0) % 402 A(1232) 7, D-wave (17 +£10 )% 520
AK < 3 % 255 Np, $=3/2, S-wave (6 +6 )% 379
Nrm 85-95 % 550 N(rm)E20 e (24 +24 )% -
A(1232) 7, S-wave 10-90 % 386 Py 0.008-0.016 % 703
A(1232) 7, D-wave <20 % 386 py, helicity=1/2 0.006-0.010 % 703
Np <35 % T p~y, helicity=3/2 0.002-0.006 % 703
Np, S=3/2, S-wave (7.0+1.0) % t
Py 0.01-0.05 % 591
p, helicity=1/2 0.0-0.024 % 501 N(1900) 3/2+ 1Py =13h
p~, helicity=3/2 0.002-0.026 % 591
my . 0'01’0'130% 590 Breit-Wigner mass ~ 1900 MeV
. Ee:fcf:yfé/g 0.0-0.09 % 5% Breit-Wigner full width ~ 250 MeV
n7, helicity=3/ 0.01-0.05 % 590 Re(pole position) = 1900 + 30 MeV
—2Im(pole position) = 200f128 MeV
N(1710) 1/2% 1) =33 p
N(1900) DECAY MODES Fraction (I;/T) Scale factor (MeVjc)
Breit-Wigner mass = 1680 to 1740 (= 1710) MeV N ~ 5 % 710
Breit-Wigner full width = 50 to 250 (= 100) MeV Nn ~ 12 % 579
Pbeam = 1.07 GeV/c 47x2 = 142 mb Nw (13 £9 )% 3.1 401
Re(pole position) = 1670 to 1770 (=~ 1720) MeV AK 0-10 % ar
—2Im(pole position) = 80 to 380 (= 230) MeV IK (5.0£2.0)% 410

p
N(1710) DECAY MODES Fraction (I';/T) Scale factor (MeV/c)

- Py _ 1/71—
Nr 5-20 % 588 N(2190) 7/2 107 =2(57)
Nn 10-30 % 412 . .
Nw (845) % 35 t Breit-Wigner mass = 2100 to 2200 (= 2190) MeV
AK 5-25 % 269 Breit-Wigner full width = 300 to 700 (= 500) MeV
N7 40-90 % 557 Poeam = 2.07 GeV/c ~ 4mx? = 6.21 mb
AT 15-40 % 394 Re(pole position) = 2050 to 2100 (= 2075) MeV
Np 5-25 % 1 —2Im(pole position) = 400 to 520 (~ 450) MeV
N(7m)E20 e 10-40 % -
P 0.002-0.08 % 598 N(2190) DECAY MODES Fraction (I';/T) p (MeVjc)
p, helicity=1/2 0.002-0.08 % 598 N 10-20 % 888
ny 0.0-0.02% 597 Nn (0.0£1.0) % 791
nvy, helicity=1/2 0.0-0.02% 597 Nw seen 676
NK seen 712
Nrn seen 870
N(1720) 3/2t 1Py =33 Np 680
Py 0.02-0.06 % 894
Breit-Wigner mass = 1700 to 1750 (~ 1720) MeV p7y, helicity=1/2 0.02-0.04 % 894
Breit-Wigner full width = 150 to 400 (= 250) MeV py, helicity=3/2 0.002-0.02 % 894

Ppeam = 1.09 GeV/c 47x2 = 13.9 mb
Re(pole position) = 1660 to 1690 (~ 1675) MeV
—2Im(pole position) = 150 to 400 (~ 250) MeV
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N(2220) 9/2 1Py =33

Breit-Wigner mass = 2200 to 2300 (= 2250) MeV
Breit-Wigner full width = 350 to 500 (=~ 400) MeV
Pbeam = 2.21 GeV/c 47X2 = 5.74 mb
Re(pole position) = 2130 to 2200 (~ 2170) MeV
—2Im(pole position) = 400 to 560 (= 480) MeV

N(2220) DECAY MODES Fraction (I';/T) p (MeV/c)
N 15-25 % 924
N(2250) 9/2~ 1P =337
Breit-Wigner mass = 2200 to 2350 (= 2275) MeV
Breit-Wigner full width = 230 to 800 (~ 500) MeV
Pbeam = 2.27 GeV/c 47x2 = 5.56 mb
Re(pole position) = 2150 to 2250 (~ 2200) MeV
—2Im(pole position) = 350 to 550 (~ 450) MeV
N(2250) DECAY MODES Fraction (I';/T) p (MeV/c)
N7 5-15 % 938
N(2600) 11/2~ 1Py = 3(%)
Breit-Wigner mass = 2550 to 2750 (= 2600) MeV
Breit-Wigner full width = 500 to 800 (~ 650) MeV
Pbeam = 3.12 GeV/c 47X% = 3.86 mb
N(2600) DECAY MODES Fraction (;/T) p (MeVjc)
Nm 5-10 % 1126

A BARYONS
(5=0,1=3/2)

Attt = yuu, AT =uud, AY = udd, A~ = ddd

A(1232) 3/2 1Py =33h

Breit-Wigner mass (mixed charges) = 1230 to 1234 (= 1232)
MeV

Breit-Wigner full width (mixed charges) = 114 to 120 (=~ 117)
MeV
Pbeam = 0.30 GeV/c 47x2 = 94.8 mb

Re(pole position) = 1209 to 1211 (=~ 1210) MeV

—2Im(pole position) = 98 to 102 (~ 100) MeV

A(1232) DECAY MODES Fraction (T';/T) p (MeVjc)
N7 100 % 229
N~y 0.55-0.65 % 259
N, helicity=1/2 0.11-0.13 % 259
N+, helicity=3/2 0.44-0.52 % 259
A(1600) 3/2F 10P) =331
Breit-Wigner mass = 1500 to 1700 (= 1600) MeV
Breit-Wigner full width = 220 to 420 (~ 320) MeV
Pbeam = 0.87 GeV/c 47X = 18.6 mb
Re(pole position) = 1460 to 1560 (~ 1510) MeV
—2Im(pole position) = 200 to 350 (~ 275) MeV
A(1600) DECAY MODES Fraction (I';/T) p (MeV/c)
N7 10-25 % 513
Nrr 75-90 % 477
Am 40-70 % 303
Np <25% t
N(1440)7 10-35 % 98
Ny 0.001-0.035 % 525
N+, helicity=1/2 0.0-0.02 % 525
N+, helicity=3/2 0.001-0.015 % 525

A(1620) 1/2~ 1Py =3G7)

Breit-Wigner mass = 1600 to 1660 (= 1630) MeV
Breit-Wigner full width = 130 to 150 (~ 140) MeV
Pbeam = 0.93 GeV/c 47X2 = 17.2 mb
Re(pole position) = 1590 to 1610 (= 1600) MeV
—2Im(pole position) = 120 to 140 (~ 130) MeV

A(1620) DECAY MODES Fraction (I';/T) p (MeVc)
N7 20-30 % 534
Nmr 70-80 % 499
Am 30-60 % 328
Np 7-25 % i
Ny 0.03-0.10 % 545
N+, helicity=1/2 0.03-0.10 % 545
A(1700) 3/2~ 1Py =337)
Breit-Wigner mass = 1670 to 1750 (= 1700) MeV
Breit-Wigner full width = 200 to 400 (~ 300) MeV
Pbeam = 1.05 GeV/c 47X%2 = 14.5 mb
Re(pole position) = 1620 to 1680 (= 1650) MeV
—2Im(pole position) = 160 to 300 (=~ 230) MeV
A(1700) DECAY MODES Fraction (T';/T) p (MeVjc)
N 10-20 % 581
Nrm 80-90 % 550
AT 30-60 % 386
A(1232) 7, S-wave 25-50 % 386
A(1232) 7, D-wave 5-15 % 386
Np 30-55 % i
Np, 5=3/2, S-wave 5-20 % i
A(1232)7 (5.0+£2.0) % f
N~ 0.22-0.60 % 591
N+, helicity=1/2 0.12-0.30 % 591
N+, helicity=3/2 0.10-0.30 % 591
A(1905) 5/2t 10P) =361
Breit-Wigner mass = 1855 to 1910 (= 1880) MeV
Breit-Wigner full width = 270 to 400 (~ 330) MeV
Pbeam = 1.40 GeV/c 47X2 = 10.1 mb
Re(pole position) = 1805 to 1835 (= 1820) MeV
—2Im(pole position) = 265 to 300 (~ 280) MeV
A(1905) DECAY MODES Fraction (I';/T) p (MeVc)
N7 9-15 % 698
N 85-95 % 673
AT <25 % 524
Np >60 % 385
N~ 0.012-0.036 % 706
N+, helicity=1/2 0.002-0.006 % 706
N+, helicity=3/2 0.01-0.03 % 706
A(1910) 1/2 10P) =36
Breit-Wigner mass = 1860 to 1910 (= 1890) MeV
Breit-Wigner full width = 220 to 340 (~ 280) MeV
Pbeam = 1.42 GeV/c 472 = 9.89 mb
Re(pole position) = 1830 to 1880 (=~ 1855) MeV
—2Im(pole position) = 200 to 500 (~ 350) MeV
A(1910) DECAY MODES Fraction (T';/T) p (MeVjc)
N 15-30 % 704
XK (9£ 5% 400
Am (60+28) % 531
N~y 0.0-0.02 % 712
N~, helicity=1/2 0.0-0.02 % 712
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A(1920) 3/2%F

1UP) = 33%)

Decay parameters

Breit-Wigner mass = 1900 to 1970 (x 1920) MeV pm— a_ =0.642 +0.013
Breit-Wigner full width = 180 to 300 (= 260) MeV prt ay = —0.71+£0.08
Pbeam = 1.48 GeV/c 47x2 = 9.37 mb pr~ é_ = (—6.5 =+ 3.5)°
Re(pole position) = 1850 to 1950 (~ 1900) MeV " - =076
—2Im(pole position) = 200 to 400 (= 300) MeV " A_=(@8+40ll
0 _
i nm og = 0.65 £ 0.04

A(1920) DECAY MODE ;

(1920) DECAY MODES Fraction (I';/T) p (MeV/c) pe-7, ga/8y = —0.718 + 0.015 [l

N 5-20 % 723

K (121440.30) % 431 A DECAY MODES Fraction (;/T) p (MeVc)

A(1232) 7 (15 +8 )% 336 —

N~y 0.0-0.4 % 731 pr_ (63.9 +0.5 )% 101
N, helicity=1/2 0.0-0.2 % 731 nm (358 £0.5 )% 73 104
N, helicity=3/2 0.0-0.2 % 731 - (1175£0.15) x 10 162

pT [n]( 84 £1.4 )x10~% 101
pe~ T, ( 8.324+0.14) x 104 163
A(1930) 5/2— 1Py =3¢ P T, (1.57+0.35) x 104 131

Breit-Wigner mass = 1900 to 2000 (= 1950) MeV
Breit-Wigner full width = 220 to 500 (~ 360) MeV
Pbeam = 1.54 GeV/c 47x2 = 8.91 mb
Re(pole position) = 1840 to 1960 (~ 1900) MeV
—2Im(pole position) = 175 to 360 (~ 270) MeV

1Py =0(37)

A(1405) 1/2~

Mass m = 1405.1f%:8 MeV
Full width ' = 50.5 &+ 2.0 MeV
Below K N threshold

A(1930) DECAY MODES Fraction (I';/T) p (MeV/c)
N 5-15 % 742 A(1405) DECAY MODES Fraction (I;/T) p (MeVjc)
N~y N 0.0-0.02 % 749 s 100 % 155
N+, helicity=1/2 0.0-0.01 % 749
N+, helicity=3/2 0.0-0.01 % 749

A(1950) 7/2F

10P) = 3(3%)

A(1520) 3/2~

10P)y =0(37)

Mass m = 1519.5 + 1.0 MeV [0]
Full width T = 15.6 4+ 1.0 MeV [0
Pbeam = 0.39 GeV/c 47X2 = 82.8 mb

Breit-Wigner mass = 1915 to 1950 (=~ 1930) MeV
Breit-Wigner full width = 235 to 335 (~ 285) MeV
Pbeam = 1.50 GeV/c 47x2 = 9.21 mb

Re(pole position) = 1870 to 1890 (= 1880) MeV /A(1520) DECAY MODES Fraction (';/T) p (MeVfc)
—2Im(pole position) = 220 to 260 (~ 240) MeV NK 45 + 1% 243
) I 42 + 1% 268
A(1950) DECAY MODES Fraction (I';/T) p (MeV/c) A 104 1% 259
N7 35-45 % 729 Xnm 0.9 +0.1% 169
N7 706 Ny 0.85 & 0.15% 350
Am 20-30 % 560
Np <10 % 442
N~ 0.08-0.13 % 737 A(1600) 1/2t 1Py =0(3H)
N7y, helicity=1/2 0.03-0.055 % 737
N7, helicity=3/2 0.05-0.075 % 737 Mass m = 1560 to 1700 (=~ 1600) MeV
Full width T = 50 to 250 (~ 150) MeV
— 2 _
A(2420) 11/2+ I(j’D) — %(%-‘r) Pbeam = 0.58 GGV/C 47X¢ = 41.6 mb
Breit-Wigner mass = 2300 to 2500 (= 2420) MeV /(1600) DECAY MODES Fraction (f;/F) P (Mevie)
Breit-Wigner full width = 300 to 500 (~ 400) MeV NK 15-30 % 343
Pbeam = 2.64 GeV/c 47x2 = 4.68 mb Sr 10-60 % 338
Re(pole position) = 2260 to 2400 (=~ 2330) MeV
—2Im(pole position) = 350 to 750 (~ 550) MeV
A(1670) 1/2~ 1UP) =0(37)
A(2420) DECAY MODES Fraction (I';/T) p (MeV/c)
N7 5-15 % 1023 Mass m = 1660 to 1680 (=~ 1670) MeV
Full width I = 25 to 50 (~ 35) MeV
A BARYONS Pbeam = 0.74 GeV/c 47X2 = 28.5 mb
(S — 1 I — 0) A(1670) DECAY MODES Fraction (;/T) p (MeV/c)
= , 1= e
NK 20-30 % 414
0 _
AP = uds I 25-55 % 394
A 10-25 % 69
1Py = 0(3™) NK*(892), S=3/2, D-wave (5£4) % t

Mass m = 1115.683 £+ 0.006 MeV
(mp—mz) / mp=(-01+11)x1075 (S=16)
Mean life 7 = (2.632 + 0.020) x 107105 (S =1.6)
(ta = 77) / TaA = —0.001 + 0.009
cr =7.89 cm
Magnetic moment u = —0.613 £ 0.004 puy
Electric dipole moment d < 1.5 x 1071® ecm, CL = 95%

A(1690) 3/2~ 1Py =0(37)

Mass m = 1685 to 1695 (~ 1690) MeV
Full width I = 50 to 70 (~ 60) MeV
Pbeam = 0.78 GeV/c 47x2 = 26.1 mb
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A(1690) DECAY MODES Fraction (I;/T) p (MeVc)
NK 20-30 % 433
rm 20-40 % 410
Arm ~25% 419
Xrmw ~20 % 358
A(1800) 1/2~ 1Py = o}~
Mass m = 1720 to 1850 (= 1800) MeV
Full width I = 200 to 400 (~ 300) MeV
Pbeam = 1.01 GeV/c 47x2 = 17.5 mb
A(1800) DECAY MODES Fraction (I';/I) p (MeVjc)
NK 25-40 % 528
X7 seen 494
X (1385)1 seen 349
An (6£5) % 326
N K*(892) seen i
A(1810) 1/2+ 1Py =0(3")
Mass m = 1750 to 1850 (= 1810) MeV
Full width ' = 50 to 250 (=~ 150) MeV
Pbeam = 1.04 GeV/c 47x2 = 17.0 mb
A(1810) DECAY MODES Fraction ([;/T) p (MeVc)
NK 20-50 % 537
I 10-40 % 501
X (1385)m seen 357
N K*(892) 30-60 % i
A(1820) 5/2F 1Py =0(3%)
Mass m = 1815 to 1825 (= 1820) MeV
Full width T = 70 to 90 (~ 80) MeV
Pbeam = 1.06 GeV/c 47x% = 16.5 mb
A(1820) DECAY MODES Fraction (I;/T) p (MeVc)
NK 55-65 % 545
I 8-14 % 509
X (1385)m 5-10 % 366
N K*(892), S=3/2, P-wave (3.0+1.0) % 1
A(1830) 5/2~ 1Py =07
Mass m = 1810 to 1830 (= 1830) MeV
Full width I = 60 to 110 (= 95) MeV
Pbeam = 1.08 GeV/c 47x2 = 16.0 mb
A(1830) DECAY MODES Fraction (I';/T) p (MeVjc)
NK 3-10 % 553
PR 35-75 % 516
¥ (1385)w >15 % 374
¥ (1385)7w, D-wave (52£6) % 374
A(1890) 3/2 1Py =03%)
Mass m = 1850 to 1910 (= 1890) MeV
Full width ' = 60 to 200 (~ 100) MeV
Pbeam = 1.21 GeV/c 47x2 = 13.6 mb
A(1890) DECAY MODES Fraction (I';/T) p (MeVjc)
NK 20-35 % 599
X 3-10% 560
X (1385)m seen 423
N K*(892) seen 236

A(2100) 7/2~

1Py =0(37)

Mass m = 2090 to 2110 (~ 2100) MeV
Full width I = 100 to 250 (~ 200) MeV
Pbeam = 1.68 GeV/c 47X2 = 8.68 mb

A(2100) DECAY MODES Fraction (I;/T) p (MeVjc)
NK 25-35 % 751
I ~5% 705
An <3% 617
=K <3% 491
Nw <8% 443
N K*(892) 10-20 % 515
A(2110) 5/2 1Py = 05™)
Mass m = 2090 to 2140 (~ 2110) MeV
Full width ' = 150 to 250 (&~ 200) MeV
Pbeam = 1.70 GeV/c 47X = 8.53 mb
A(2110) DECAY MODES Fraction (;/T) p (MeVfc)
NK 5-25% 757
Xr 10-40 % 711
Nw seen 455
X(1385)m seen 591
N K*(892) 10-60 % 525
A(2350) 9/2+ 10P) =03 )
Mass m = 2340 to 2370 (= 2350) MeV
Full width T = 100 to 250 (~ 150) MeV
Pbeam = 2.29 GeV/c 47x% = 5.85 mb

A(2350) DECAY MODES Fraction (I';/T) p (MeVjc)
NK ~12% 915
Py ~10 % 867

(S5=—1,1=1)

>t =uyus, ¥0=uds, X~ =dds

1P =13)

Mass m = 1189.37 + 0.07 MeV (S = 2.2)
Mean life 7 = (0.8018 + 0.0026) x 10710 s

cr = 2.404 cm
(Ts+ — 75-) /| 754+ =(—06 £ 12) x 1073

Magnetic moment ¢ = 2.458 + 0.010 ppy (S = 2.1)

(hg+ + px-) /[ pgs = 0.014 £ 0.015
M(ZF — nt*v)/T(E~ — ne"D) < 0.043
Decay parameters
pr® ag = —0.980F 5817
" do = (36 £ 34)°
" 7 = 0.16 [
" Ng = (187 £ 6)° ]
nmt ay = 0.068 £ 0.013
" by = (167 £20)° (S=11)
" vy =—097 10
" A, = (*73t1?8)0 1
Py a, = —0.76 + 0.08
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p
x+ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
pr? (51.57+0.30) % 189
nwt (48.31+0.30) % 185
Py (1.2340.05) x 1073 225
nmty [n] (45 +£05)x10~4 185
Aet e (20 +£05)x105 71

AS = AQ (SQ) violating modes or
AS = 1 weak neutral current (S1) modes
netve 5Q < 5 x 106 90% 224
nutv, sQ < 3.0 x 1075 90% 202
pete~ s1 <7 x 1070 225
put s1 (9 *2 )x108 121
10P) = 1(3%)
Mass m = 1192.642 + 0.024 MeV
My — Myo = 4.807 £ 0.035 MeV (S = 1.1)
Mg — mp = 76.959 + 0.023 MeV
Mean life 7 = (7.4 + 0.7) x 10720 s
cr=222x10"1m
Transition magnetic moment |px 4| = 1.61 + 0.08 py
p
£0 DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Ny 100 % 74
Avyy < 3% 90% 74
Nete™ [l  5x1073 74
IUP) = 13%)
Mass m = 1197.449 + 0.030 MeV (S =1.2)
My — mys, =8.08 % 0.08 MeV (S = 1.9)
my_ — mp = 81.766 £ 0.030 MeV (S = 1.2)
Mean life 7 = (1.479 + 0.011) x 107105 (S =1.3)
cr = 4.434 cm
Magnetic moment y = —1.160 + 0.025 uy (S = 1.7)
X~ charge radius = 0.78 & 0.10 fm
Decay parameters
nm a_ = —0.068 £+ 0.008
" é_ = (10 + 15)°
n y_ =098
" A = (2497 12y 1
ne" v, ga/gy = 0.340 + 0.017 7]
" £(0)/£(0) = 0.97 + 0.14
" D =0.11 +0.10
Ae"pe  gy/ga=001+01001 (5=15)
" gwm/ga =24+ 170
X~ DECAY MODES Fraction (I;/T) p (MeV/c)
nm~ (99.8480.005) % 193
Ny [n]( 46 +06 )x10~4 193
ne~ ve ( 1.01740.034) x 103 230
nuT o, (45 +04 )x1074 210
Ae™ D, (573 £0.27 ) x107° 79
x(1385) 3/2t 1Py =13

X(1385)*mass m = 1382.80 + 0.35 MeV (S = 1.9)

X (1385)0 mass m = 1383.7 + 1.0 MeV (S = 1.4)

X(1385)"mass m = 1387.2 + 0.5 MeV (S = 2.2)

X(1385)*full width T = 36.0 £ 0.7 MeV

(1385)° full width ' = 36 + 5 MeV

X(1385)full width I' = 39.4 + 2.1 MeV
Below K NV threshold

(S=17)

P
X(1385) DECAY MODES Fraction (I;/T) Confidence level (MeVjc)
Am (87.0 £15 )% 208
X (1.7 £15 )% 129
Ay (12510139 241
Ity (7.0 £1.7 ) x10-3 180
STy < 24 x 104 90% 173
x(1660) 1/2 10P) =13%)
Mass m = 1630 to 1690 (=~ 1660) MeV
Full width ' = 40 to 200 (~ 100) MeV
Pbeam = 0.72 GeV/c 47x2 = 29.9 mb
X(1660) DECAY MODES Fraction (F;/T) p (MeVjc)
NK 10-30 % 405
A seen 440
X seen 387
X(1670) 3/2~ 10P) =1(37)
Mass m = 1665 to 1685 (~ 1670) MeV
Full width T = 40 to 80 (~ 60) MeV
Pbeam = 0.74 GeV/c 47X2 = 28.5 mb
X(1670) DECAY MODES Fraction (I';/T) p (MeVjc)
NK 7-13% 414
Am 5-15 % 448
I 30-60 % 394
X(1750) 1/2~ 1Py =1(37)
Mass m = 1730 to 1800 (~ 1750) MeV
Full width T = 60 to 160 (~ 90) MeV
Pbeam = 0.91 GeV/c 47X2 = 20.7 mb
X(1750) DECAY MODES Fraction (I;/T) p (MeVfc)
NK 10-40 % 486
s seen 507
7 <8 % 456
Iy 15-55 % 98
NK*(892), S=1/2 (8+4) % i
X(1775) 5/2~ 1Py =137)
Mass m = 1770 to 1780 (~ 1775) MeV
Full width ' = 105 to 135 (~ 120) MeV
Pbeam = 0.96 GeV/c 472 = 19.0 mb
X(1775) DECAY MODES Fraction (F;/T) p (MeVfc)
NK 37-43% 508
Am 14-20% 525
I 2-5% 475
2 (1385)w 8-12% 327
A(1520) 7, P-wave 17-23% 201

0Py =15%)

X(1915) 5/27F

Mass m = 1900 to 1935 (~ 1915) MeV
Full width I = 80 to 160 (~ 120) MeV
Pbeam = 1.26 GeV/c 47X2 = 12.8 mb
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X(1915) DECAY MODES Fraction (I;/T) p (MeVc) Decay parameters
NK 5-15 % 618 Ar0 a = —0.406 + 0.013
A seen 623 " ¢ = (21 + 12)°
Ir seen 577 " 4 =0.85 n
(1385 5 % 443 "
(1385) 7 <5% A = (218112)0
Ay o =—0.70 £ 0.07
— _ +a— S
£(1940) 3/2 1P =167) Aeer o= 08x02
Py a = —0.69 £ 0.06
Ste v, g1(0)/f(0) =1.22 £ 0.05
M =1 1950 (= 1940) MeV e SNl
ass m = 1900 to 1950 (= 1940) Me Stem,  £(0)/A(0) = 2.0 + 0.9

Full width I' = 150 to 300 (~ 220) MeV

47x2 = 12.1 mb P

=1.32 GeV/c
Pbeam / =0 DECAY MODES Fraction (T;/I)  Confidence level (MeVjc)

X(1940) DECAY MODES Fraction (I;/T) p (Mevc) Ar® (99.524+0.012) % 135
= Ay (1.17 +0.07 ) x 1073 184
QIK <20% ZZ; Aete™ (76 +06 )x10°° 184
m seen 304 (333 £0.10 ) x 1073 117
7 seen 595 St 4
e Te (252 +£0.08 ) x 10 120
2 (1385)m seen 463 Sty (233 £0.35 ) x 1076 64
A(1520)7 seen 355 B : '
A(1232) K seen 410 AS = AQ (SQ) violating modes or
NK*(892) seen 322 AS = 2 forbidden (52) modes
S ety SQ < 9 x 1074 90% 112
S uty 5Q < 9 x 104 90% 49
Py _ 11+ H
X(2030) 7/2+ I(J7) =1(z7) pr— 52 < 8 x 1076 90% 299
pe T 52 < 13 x 1073 323
Mass m = 2025 to 2040 (~ 2030) MeV PuT Ty s2 < 13 x 1073 309
Full width I' = 150 to 200 (~ 180) MeV
Pbeam = 1.52 GeV/c 47x2 = 9.93 mb
o [=-] 10P) = 33
2@30) DECAY MODES Fraction (/) p (Mevo) P is not yet measured; + is the quark model prediction.
NK 17-23 % 702
A 17-23 % 700 Mass m = 1321.71 + 0.07 MeV s
Ir 5-10 % 657 (m=— —m=.) [ m=— = (=349)x10
=K <29 422 Mean life 7 = (1.639 + 0.015) x 10~10 s
X (1385)1 5-15 % 532 cr =491 cm
A(1520) 7 10-20 % 430 (T=- — 7=4)/ 7=- = —-0.01£0.07
A(1232) K 10-20 % 498 Magnetic moment o = —0.6507 £ 0.0025
N K*(892) <5% 439 (= + p=4) / \M5—| = 4+0.01 + 0.05
Decay parameters
X (2250) 1JPy =1(7%) A= o= —0458 £ 0.012 (S =18)
[(Z)a(A) — a(Z+)ar(A)] / [sum] = (0 £ 7) x 10~
Mass m = 2210 to 2280 (= 2250) MeV " ¢ =(—-21=+038)°
Full width I = 60 to 150 (= 100) MeV " v =089
Pbeam = 2.04 GeV/c 47x2 = 6.76 mb " A= (1759 £ 1.5)° Ul
Ae~Ve  ga/gy = —0.25 £ 0.05 Al
X(2250) DECAY MODES Fraction (I;/T) p (MeV/c) p
NK <10 % 851 =~ DECAY MODES Fraction (I;/T) Confidence level (MeVc)
Ar seen 842 A~ (99.8870.035) % 140
PR seen 803 Iy (127 £0.23 ) x 1074 118
Ae”" Te (563 +£0.31 ) x 104 190
= BARYONS Ap~T, (35 35 )x10-4 163
- 0e 7, (87 +1.7 )x1075 123
(5:_2' |= 1/2) 07, <8 x1074 0% 70
- —_y e 7, < 23 x1073  90% 7
=" = uss, = = dss
AS = 2 forbidden (S2) modes
nm— 52 < 19 x 1073 90% 304
1Py =13H) ne~ve 2 < 32 x1073  90% 327
nu" o, 52 < 15 % 90% 314
Pis not yet measured; + is the quark model prediction. pr— 52 < 4 < 10—% 90% 223
Mass m = 1314.86 + 0.20 MeV pre Ve s2. < 4 x107% 00% 305
Mo — mey = 6.85 + 0.21 MeV P pT Ty, 52 < 4 x 10*;1 90% 251
- - - - — 0,
Mean life 7 = (2.90 4 0.09) x 1010 s pup L <4 x 10 0% 272
cr = 8.71 cm
Magnetic moment p = —1.250 + 0.014 upy 5(1530) 3/2+ I(JP) _ %(%4.)

1530)° mass m = 1531.80 + 0.32 MeV (S = 1.3)
1530)~ mass m = 1535.0 & 0.6 MeV

1530)° full width I = 9.1 & 0.5 MeV

1530)~full width T = 9.9 17 Mev

Ly Ty by g
—~ e~~~
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p
=(1530) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)

= 100 % 158
= <4 % 90% 202
Z(1690) 1JP) = 1¢2%)

Mass m = 1690 + 10 MeV [°]
Full width T < 30 MeV

=(1690) DECAY MODES Fraction (I;/T) p (MeVc)

/\R_ seen 240

K seen 70

=7 seen 311

= ata possibly seen 213
=(1820) 3/2~ 0Py =137)

Mass m = 1823 & 5 MeV [°]
Full width T = 24713 Mev [°]

=(1820) DECAY MODES Fraction (I';/T) p (MeVjc)

K large 402

K small 324

= small 421

=(1530)7 small 237
=(1950) 1Py = 12"

Mass m = 1950 + 15 MeV []
Full width T = 60 + 20 MeV [°]

=(1950) DECAY MODES Fraction (F;/T) p (MeV)
/\K seen 522
K possibly seen 460
=r seen 519
- ?
=(2030) 1Py = 3(= 39

Mass m = 2025 + 5 MeV [°]
Full width T = 20713 Mev [

=(2030) DECAY MODES Fraction (I;/T) p (MeVc)
AK ~ 20 % 585
K ~ 80 % 529
= small 574
=(1530)7 small 416
AK 7 small 499
K small 428

2 BARYONS
(5=—3,1=0)

2~ =sss

Decay parameters

[o-] 1UP) = 03 )

JP = %+ is the quark-model prediction; and J = 3/2 is fairly well
established.

Mass m = 1672.45 + 0.29 MeV

(Mo- — Mgy) [ Mg = (—1£8)x 1075

Mean life 7 = (0.821 + 0.011) x 10710 s
cr = 2.461 cm

(T~ — Tg+) [/ T = 0.00 £ 0.05

Magnetic moment y = —2.02 £ 0.05 ppy

AK™ B a = 0.0180 + 0.0024
AK=, AKT (@ + @) /(e — @) = —0.02 £ 0.13
07— o =0.09+0.14
== a0 a=0.05+0.21
p
2~ DECAY MODES Fraction ([;/T) Confidence level (MeV/c)
AK™ (67.8£0.7) % 211
Z0q- (23.64+0.7) % 294
=0 ( 8.6£0.4) % 289
ZoataT (37+30) x 1074 189
=(1530)07~ < 7 x 1075 90% 17
e v, (56+238)x1073 319
=Ty < 46 x 1074 90% 314
AS = 2 forbidden (S2) modes
A~ 52 < 29 x 1076 90% 449
2(2250) 1(JP) = 0"

Mass m = 2252 + 9 MeV
Full width ' = 55 + 18 MeV

2(2250)~ DECAY MODES Fraction (T;/T) p (MeVjo)
= atK— seen 532
Z(1530)°K— seen 437

CHARMED BARYONS
(C=+1)

/\?:udc, Xj*:uuc, Z?:udc, )__g:ddc,
=+ _ =0 _— 0 —
=l =usc, =g =dsc, Q7 =ssc

AF 10P) = o(3+)

J is not well measured; % is the quark-model prediction.

Mass m = 2286.46 + 0.14 MeV
Mean life 7 = (200 £ 6) x 107155 (S = 1.6)

cr =59.9 um
Decay asymmetry parameters
Arnt a=-0.914+0.15
Ttq0 a=—045+ 032

Yan?, a=-0.86+004 B
(o + @)/(a—a@) in /\? — ArT, A; — Am~ = -0.07 £0.31

v
(a + @)/(a—a) in /\2r — Aetu,, Z; — Ae"Te = 0.0040.04

Nearly all branching fractions of the /\Z_r are measured relative to the

p K~ T mode, but there are no model-independent measurements of this
branching fraction. We explain how we arrive at our value of B(/\C+ —

pK~ ) in a Note at the beginning of the branching-ratio measurements
in the Listings. When this branching fraction is eventually well determined,
all the other branching fractions will slide up or down proportionally as the
true value differs from the value we use here.

Scale factor/ p

A: DECAY MODES Fraction (I';/T) Confidence level (MeV/c)

Hadronic modes with a p: S = —1 final states

pK° (23 +06)% 873
pK—mt [a] (50 +13)% 823
pK*(892)° M (16 + 05)% 685
A(1232) T+ K~ (86 + 3.0 )x1073 710
A(1520) 7+ Il (18 +06)% 627
p K~ 7t nonresonant (28 +08)% 823
pKO 70 (33 +1.0)% 823
pK°n (12 +04)% 568
pKOntn— (26 +07)% 754
pK~at a0 (34 +1.0)% 759
pK*(892)~ nt Il (11 +05)% 580
P (K™ 7 nonresonant ™° (36 £12)% 759
A(1232) K*(892) seen 419
pK-ntata— (11 + 08 )x103 671

pK~nta070 (8 +4 )x1073 678
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Hadronic modes with a p: S = 0 final states

pratr— (35 + 2.0 )x1073
(980 [r] (28 + 1.9)x1073
prtata—a~ (18 +12)x103
pKTK~ (77 + 35 )x1074
po [l (82 + 27 )x1074
pK*t K~ non-¢ (35 + 17 )x1074
Hadronic modes with a hyperon: S = —1 final states
Arnt (1.07+ 0.28) %
Ant 70 (36 +13)%
Apt < 5 % CL=95%
Artato— (26 +£07)%
>(1385)t nta—, It — (7 +4 )x1073
At
X(1385) ntat, I* — (55 + 1.7 )x1073
An—
Art p0 (11 +05)%
>(1385)tp0, =¥t — Axt (37 +31)x10-3
Aznt 7zt 1~ nonresonant <8 x 1073  CL=90%
Antrtn~ n0total (18 +£08)%
Arty [r] (1.8 +£06)%
> (1385)*n [r] (85 + 33)x1073
AMtw [r] (1.2 £ 05)%
Artrta= a0, nonorw <7 x1073  CL=90%
AKTKO (47 +£15)x1073  s=12
Z(1690)0 K+, =0 . AKO (13 + 05)x1073
305t (1.05+ 0.28) %
g0 (1.00% 0.34) %
>ty (55 + 23 )x1073
Stata— (36 +1.0)%
0 < 14 % CL=95%
Sgtat (1.7 £05)%
S0nt 40 (18 +08)%
SO0ptpta— (83 £ 31)x10-3
Stata— g0 —
Ttw [r] (27 £10)%
StKTK- (28 + 08 )x103
It [l (31 +09)x10-3
Z(1690)0 K+, =*0 (81 + 3.0)x1074
StK-
>+ K+ K~ nonresonant < 6 x10~4 CL=9%0%
=0+ (39 + 1.4 )x1073
Z-Ktgt (51 + 14 )x10-3
Z(1530)°K* Il (26 + 1.0)x10-3
Hadronic modes with a hyperon: S = 0 final states
AKT (50 16 )x104
AKTato— < 4 x 1074 CL=90%
SO0kt (42 + 13 )x10~4
SOKk+ata— < 21 x 1074 CL=90%
StKta~ (17 £ 07 )x103
Tt K*(892)° Il (28 + 11)x10-3
SoKtgat < 10 x1073  CL=90%
Doubly Cabibbo-suppressed modes
pK*tn— < 23 x10~4  CL=90%
Semileptonic modes
Aty [s] (20 +06)%
Net e (21 +06)%
Aty (20 +07)%

Inclusive modes

et anything (45 +17)%
petanything (1.8 +09)%
p anything (50 +16 )%
p anything (no A) (12 +19 )%
n anything (50 £16 )%
n anything (no A) (29 +17 )%
A anything (35 +11 )% S=1.4
S+ anything [(] (10 £5 )%
3prongs (24 £8 )%

AC = 1 weak neutral current (CI) modes, or
Lepton Family number (LF), or Lepton number (L), or
Baryon number (B) violating modes

pete™ c1 < 55 x 1076  CL=90%
putp~ c1 < 44 x 103 CL=90%
petu~ LF < 99 x 1076  CL=90%
pe ut LF < 19 x 1075  CL=90%

927
614
852
616
590
616

864
844
636
807
688

688

524
363
807
757
691
570
517
757
443

825
827
713
804
575
799
803
763
767
569
349
295
286

349
653
565
473

781
637
735
574
670
470
664

823

871
871
867

951
937
947
947

p2et LB < 27 x 1076  CL=90% 951
p2ut LB < 9.4 x 1070 CL=90% 937
petut LB < 16 x1075  CL=90% 947
Sptut L < 70 x10~4  CL=90% 812
Ac(2595)+ 1Py =0(37)

The spin-parity follows from the fact that X-(2455)w decays, with
little available phase space, are dominant. This assumes that JP =
1/27F for the .(2455).

Mass m = 2592.25 + 0.28 MeV
m—m,. = 305.79 £ 0.24 MeV
Full width I = 2.6 + 0.6 MeV
Az’ﬂm and its submode > (2455) — the latter just barely — are the

only strong decays allowed to an excited /lz_r having this mass; and the
submode seems to dominate.

AC(2595)+ DECAY MODES Fraction (I';/T) p (MeVfc)
Afata [u] ~ 67 % 117
Y. (2455) i~ 24+7% T
5,(2455)0 7t 24 +£7% 1
AT 7t = 3-body 18+ 10 % 117
/\2r 70 [v] not seen 258
/\j ¥ not seen 288

Ac(2625)* 1Py =0(37)

JP has not been measured; %* is the quark-model prediction.
Mass m = 2628.11 & 0.19 MeV (S = 1.1)
m —m,;. = 341.65 =+ 0.13 MeV (S=11)
C
Full width ' < 0.97 MeV, CL = 90%

/\:Ymr and its submode X(2455) 7 are the only strong decays allowed to

an excited /FCF having this mass.

p

Ac(2625)+ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Arrtae ] ~67% 184
X (2455) 1~ <5 90% 102
5 (2455)0 7t <5 90% 102
/\zr 7t 7~ 3-body large 184
/\:_r 70 [v] not seen 293
/\2’ ¥ not seen 319

Ac(2880)+ 1Py =03 %)

There is some good evidence that indeed JP= 5/2%

Mass m = 2881.53 £+ 0.35 MeV

m—m,. = 595.1 £ 0.4 MeV

Full width I = 5.8 4+ 1.1 MeV

Ac(2880)+ DECAY MODES Fraction (I;/T) p (MeVjc)
/\2r ata~ seen 471
5(2455)0 7 £ seen 376
,(2520)0 7 E seen 317
pD0 seen 316
Ac(2940)+ 1Py = 0(?%)
Mass m = 2939.37 1 Mev
Full width T = 1778 Mev
A(2940) DECAY MODES Fraction (F;/T) p (MeVfc)
pDO seen 420

3 (2455)0 T+ E seen -
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¥ (2455 1UP) =13+ 4
e ) T =1G" =} DECAY MODES Fraction (F;/I)  Confidence level (MeVjc)
++ —
26(2455)+ mass m = 2453.98 £ 0.16 MeV No absolute branching fractions have been measured.
X(2455)" mass m = 2452.9 & 0.4 MeV The following are branching ratios relative to =~ 2z,
.(2455)° mass m = 2453.74 + 0.16 MeV
Mgy —m,, =167.52 £ 0.08 MeV Cabibbo-favored (S = —2) decays — relative to =~ 27t
c [
mey —m,. = 1664 % 0.4 MeV p2_fg‘§+ 0.087£0.021 767
¢ c NK 7 — 852
Mo = Myy = 167.27.% 0.08 MeV > (1385) K? [l 1.0 +05 746
Meyy — Mgo = 024 £0.09 MeV (S = 1.1) AK™ 21+ 0.323+0.033 787
m)__i ~ myo — 0.9+ 04 MeV AK*(892)0 7t [r] <0.16 9% 608
c c X (1385)F K= 7t [ <0.23 90% 678
5 (2455) T full width T = 2.26 & 0.25 MeV SHK— ¥ 0.94 £0.10 810
X (2455)T full width T < 4.6 MeV, CL = 90% T+ K*(892)° [ 08l +£0.15 658
X.(2455)° full width T = 2.16 4+ 0.26 MeV (S = 1.1) SOK—2nt 0.27 +0.12 735
=0+
o — Z0r 0.55 +0.16 877
AC m is the only strong decay allowed to a X having this mass. =—ont DEFINED AS 1 851
=(1530)0 7t [r] <0.10 90% 750
X(2455) DECAY MODES Fraction (I';/T) p (MeVjc) =0+ 0 23 407 856
A x ~ 100 % o1 Z0p—2xt 17 +05 818
Z0ety, 23 31 884
- Ktat 0.07 +0.04 399
X(2520) 0Py =13+) B
5 Cabibbo-suppressed decays — relative to =~ 2r+
J" has not been measured; %"' is the quark-model prediction. pK— 7t 021 +0.04 944
T* 0
5(2520)t+mass m = 2517.9 + 0.6 MeV (S = 1.6) }__fﬁ(:im oo o
i _ . .
XC(2520)0 mass m = 2517.5 £ 2.3 MeV ot 018 +0.09 918
.(2520)° mass m = 2518.8 + 0.6 MeV (S = 1.5) SR K- 015 +0.06 o9
My (2s20)++ — Mpr = 2314 £06 MeV (S =16) st 1] <0.11 90% 549
My (2520)+ ~ Mg+ = = 231.0 & 2.3 MeV Z(1690)° K, =(1690)° — <0.05 90% 501
C Z+ K_
M (asa0)0 — My = 232.3% 0.5 MeV (S = 1.6)
m — m
5,(2520)++ 5, (2520)° — p L
(2520 full width T = 14.9 = 1.5 MeV =0 1U7) = 3(31)

)
5.(2520)*  full width T < 17 MeV, CL = 90% p 14 -
> (2520) full width T = 14.5 + 1.5 MeV J7 has not been measured; 57 is the quark-model prediction.
¢ = 14. .
Mass m = 2470.88 7 J3¢ Mev (S =1.1)

At 7 is the only strong decay allowed to a X having this mass.
¢ _ +0.4

m—o — m-y = 31755 MeV
= = .

Cc
£,(2520) DECAY MODES Fraction (I;/T) p (MeV/c) Mean life 7 = (112713) x 10715 s
N ~ 100 % 179 cr = 33.6 um
Decay asymmetry parameters
=+ _
X(2800) 1Py = 127 =T a= 0604
No absolute branching fractions have been measured. Several measure-

5, (2800)++ mass m —= 28011_2 MeV ments of ratios of fractions may be found in the Listings that follow.

5(2800)F mass m = 2792714 Mev
%(2800)° mass m = 280613 MeV (S = 1.3)
My (2800)++ — Myt = 514fg MeV No absolut_e branching fr:actions'have b_een meisured.
¢ The following are branching ratios relative to =~ .

=Y DECAY MODES Fraction (T;/T) p (MeVjc)

_ o5 t14
My (2800)+ — m/\3 = 505" "5 MeV

My o500y — Mpt = 51973 MeV (S =1.3) o Eabibbo—favored (S = —2) decays — relative to =~ 7+
£,(2800)* full width T = 75+ 22 Mev pR=K 1 0.34 +0.04 676
¢ —17 pPK~ K*(892) 0.21 +0.05 413
Z(2800) full width I' = 62780 Mev pK— K=t (no K*0) 0.21 +0.0a 676
%,(2800)° full width I = 7222 MeV AKY 0.210£0.028 906
AK— 7t 1.07 +0.14 856
£,(2800) DECAY MODES Fraction (T;/T) p (MeVjc) ARt 7~ seen 787
T AK ntata— seen 703
Acm seen 443 =gt DEFINED AS 1 875
Zoatata— 33 +14 816
N~ Kt 0.297:0.024 522
—:-c'- 1Py = 3G Z et 31 +1.1 882
=~ ¢*anything 1.0 +05 -

JP has not been measured; %+ is the quark-model prediction.
04 Cabibbo-suppressed decays — relative to =~ 7+
Mass m = 2467.87y'g MeV ZoK* 0.028-:0.006 790

Mean life 7 = (442 £ 26) x 10715 s (S = 1.3) AKT K~ (no ¢) 0.029+0.007 648
cr = 132 pm Ao 0.034+0.007 621
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=i+ 10P) =331

JP has not been measured; %"' is the quark-model prediction.

Mass m = 2575.6 + 3.1 MeV
m—y — m-y =107.8 £ 3.0 MeV
~c ~c

The E'j—E? mass difference is too small for any strong decay to occur.

E’c+ DECAY MODES Fraction (I';/T) p (MeV/c)
:_j ¥ seen 106
=7 1Py = 3G

JP has not been measured; %"' is the quark-model prediction.

Mass m = 2577.9 &+ 2.9 MeV
m—p — M-y = 107.0 &+ 2.9 MeV
~c ~c

The E/CO — _:2 mass difference is too small for any strong decay to occur.
E’cn DECAY MODES Fraction (I';/T) p (MeV/c)
=0 .
= seen 105

Z.(2645) 1Py =13+

JP has not been measured; %+ is the quark-model prediction.

Z(2645)t mass m = 2645.97503 MevV (S = 1.1)
Z.(2645)° mass m = 2645.9 + 0.5 MeV
_ +0.8 —

M= (2645)+ ~ m:_g =175.07g¢ MeV (S =12)

M= (26450 ~ mEj =178.1 £ 0.6 MeV

m_:c(2645)+ — m:_c(2645)0 = 0.0 +£ 0.5 MeV
Zc(2645)* full width T < 3.1 MeV, CL = 90%
=.(2645)° full width I < 5.5 MeV, CL = 90%

= is the only strong decay allowed to a = resonance having this mass.

Zc(2645) DECAY MODES Fraction (I';/T) p (MeV/c)
:_E_ ot seen 102
=tr seen 107

=c

Zc(2790) 10P) = 337)

JP has not been measured; %’ is the quark-model prediction.
<(2790)F mass = 2789.1 + 3.2 MeV

+(2790)° mass = 2791.8 + 3.3 MeV

= (2790t — M=o = 3182 & 3.2 MeV

- ~c

M= (2700)0 ~ m:_c+ = 324.0 £ 3.3 MeV

Z-(2790)* width < 15 MeV, CL = 90%

Zc(2790)° width < 12 MeV, CL = 90%

3

=,(2790) DECAY MODES Fraction (;/T) p (MeVjc)

=/
=T seen 159

=c(2815) 107y =337

JP has not been measured; %’ is the quark-model prediction.

Z(2815)F mass m = 2816.6 & 0.9 MeV
Z.(2815)% mass m = 2819.6 4+ 1.2 MeV

M= (2815)+ ~ m:_g_ = 348.8 £ 0.9 MeV

m_:c(2815)0 - mfg = 348.7 + 1.2 MeV

M= (2815)+ — M=, (28150 = —3-1 + 1.3 MeV
=,(2815)% full width I < 3.5 MeV, CL = 90%
=.(2815)° full width T < 6.5 MeV, CL = 90%

The =, 7w modes are consistent with being entirely via =(2645) .

=,(2815) DECAY MODES Fraction (I;/T) p (MeVje)
:‘? rtr— seen 196
—:(c) atn~ seen 191

Zc(2980) 1Py = 3¢%)

Z:(2980)t m =2971.4 £ 3.3 MeV (S =2.1)
=.(2980)° m = 2968.0 + 2.6 MeV (S = 1.2)
Z.(2980)T width I = 26 +7 MeV (S = 1.5)
=:(2980)° width [ =20 + 7 MeV (S =1.3)

=,(2980) DECAY MODES Fraction (T;/T) p (MeVjc)
/l??‘n’ seen 231
&(2455)7 seen 134
/\2’ K not seen 414
2 seen -
Zc(2645)m seen 277
=c(3080) 10P) = 3(7%)
=(3080

)yt m = 3077.0 £+ 0.4 MeV

=.(3080)° m = 3079.9 + 1.4 MeV (S = 1.3)
=,(3080)* width I = 5.8 + 1.0 MeV
Z,(3080)° width [ = 5.6 4+ 2.2 MeV

=(3080) DECAY MODES Fraction (I;/T) p (MeVjc)
/\?77!‘ seen 415
XC(2455)K - seen 342
X (2455)K + X (2520)K seen -
/\:_r K not seen 536
/l??‘n’"’ T not seen 143
0 Py _ ol
20 10%) =0(3%)

JP has not been measured; %"' is the quark-model prediction.

Mass m = 2695.2 + 1.7 MeV (S = 1.3)
Mean life 7 = (69 + 12) x 10715 5
cr =21 um

No absolute branching fractions have been measured.

20 DECAY MODES Fraction (I';/T) p (MeVjc)
STK-K—at seen 689
0Kt seen 901
=K atat seen 830
N et seen 829
Q- nt seen 821
2 ata® seen 797
Q- aatgt seen 753
2.(2770)° 1Py =03 )

JP has not been measured; %“' is the quark-model prediction.
Mass m = 2765.9 + 2.0 MeV (S = 1.2)
— +0.8
Mo (2770)0 ~ mﬂg =70.7Tyq9 MeV

The 2.(2770)9-020 mass difference is too small for any strong decay to
occur.

.")(_-(2170)u DECAY MODES Fraction (I';/T) p (MeVc)

_Qg'y presumably 100% 70
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BOTTOM BARYONS A(5920)0 DECAY MODES Fraction (;/T) p (MeVc)
(B = —1) /\g?T+7T_ seen 108
A = udb, =9 = usb, =, = dsb, 2, = ssb
b " =b " =b ' 4p
1Py = 1(4H)
I, J, P need confirmation.
0 Py _ o(l+
Ay 1J7)=10(z") Mass m(X}) = 5811.3 + 1.9 MeV
Mass m(X ) = 5815.5 + 1.8 MeV
I(JP) not yet measured; 0(%'*‘) is the quark model prediction. mey —mg_ =—42+ 11 MeV
Mass m = 5619.5 + 0.4 MeV b+ b+4A0
My — Mgo = 339.2 = 1.4 MeV )= 9-773.3 MeV
—\ _ +3.
M — M. = 3397 & 0.7 Mev M(Zy) = 49753 Mev
Mean life 7 = (1.451 + 0.013) x 10712 s )
cr = 435 um X, DECAY MODES Fraction (I;/T) p (MeVfc)
Acp(Ap — pr~) =0.0340.18 N dominant 134
Acp(Ap — pK~) =037 +0.17
« decay parameter for A, — J/¢A = 0.05+ 0.18
The branching fractions B(b-baryon — A~ vyanything) and B(/\0 — ZZ I(JP) = 1(%+)
n & v ¢anyening b I, J, P need confirmation.
Ac £~ vpanything) are not pure measurements because the underlying
measured products of these with B(b — b-baryon) were used to determine Mass m(ZZ*) = 5832.1 +£ 1.9 MeV
i(ga;)reg-zaargz;)s, as described in the note “Production and Decay of Mass m(}:z—) —5835.1 + 1.9 MeV
’ _ m —-m = —3.0710 Mev
For inclusive branching fractions, e.g., A, — Acanything, the values baes b -09
usually are multiplicities, not branching fractions. They can be greater r(zz+) =115+ 2.8 MeV
t .
an one M(£57) =75 + 2.3 MeV
Scale factor/ p My, — My, = 21.2 + 2.0 MeV
A9 DECAY MODES Fraction (I';/T) Confidence level (MeV/c) b
J/p(AS)Ax B(b — A9) (5.8 £0.8 ) x 1075 1740 X} DECAY MODES Fraction (I;/T) p (MeVjc)
pDOTF_ (5.9 tgg ) X 104 2370 /\gﬂ dominant 161
pDOK— @3 39)x108 2269
+_— 4.0 _ _ -0 ——
A 67 T49)x103 S=1.6 2342 ;g, Ery ;(jp;)az %d(%ﬂf_ .
/\C+ K~ (4.2 i—%:g ) x 104 2314 , J, P need confirmation.
A 2,(1260) <een o153 m(_:g) =5794.9 £ 0.9 MeV (S =1.1)
e 5 L m(Z%) = 5793.1 £ 2.5 MeV (S = 1.1)
AlnrrT (8 T3 )x10 S=1.6 2323 m_—m = 176.2 + 0.9 MeV
~b b
Ac(2595)F 7, 37 738 )x10-4 2210 M—g — myp = 174.8 & 2.5 MeV
+ — - b
Ac(2595)T — Afatr m__ —m—, =3+6MeV
+ - +2.7 —4 b b
AC(i&S) 7T+’ I (36 T3 )x10 2193 Mean life 7__ = (1.5670:30) x 10712 s
c(2625)" — Alntm L 0.1 b
(245507t 7, X0 — 6 *3 )xwt 2265 Mean life 7=, = (1.49 Z91g) x 1075
N~ p
¢ - . =p DECAY MODES Fraction (I;/T) Scale factor (MeV/c)
o +2. —4 —
XC(A%SSJ)F T E (35 253 )x10 2268 Zp— T XxB(b— Zp) (3.9 1.2 )x1074 1.4 -
Cc ™ - oy =— - +0.26 -5
A?E*Wanything bl (99 £22 )% _ Z, = JWEZTxB(b— =) (1.02F 557 x 10 1783
=0 0 p— H = 1.3 -
AT, (65 ¥32)% S=1.8 2345 b — pDKTx B(b— Zp) (18 £17)x1076 -
. =0 + - H = -
Noata= oy, (5.6 £3.1 )% 2335 Zh— NCKTxB(b— Zp) (8 +7 )x1077 -
Ne(2595)T 0~ 7, (8 +5 )x1073 2212
+ -7 +0.9 -
Ac(2625)T 0~ 1y (14 T67)% 2195 :b(5945)0 JP - %-&—
ph~ [y] <23 x107%  CL=90% 2730
pm— (4.1 £0.8 ) x 10:2 2730 Mass m = 5949.4 + 1.4 MeV
pK (4.9 £0.9 ) x10 2708 Full width I = 2.1 & 1.7 MeV
At (1.0840.28) x 1076 2695
, -3 _
Ay <13 x 10 CL=90% 2699 =,(5945)% DECAY MODES Fraction (T;/T) p (MeVjc)
P ng+ seen 80
Np(5912)° JP=1-
Mass m = 5912.1 + 0.4 MeV 2, 10Py = 0 1)
Full width T < 0.66 MeV, CL = 90% I, J, P need confirmation.
A-(5912)0 DECAY MODES Fraction (F+ /1 MoV, Mass m = 6048.8 + 3.2 MeV (S = 1.5)
b(5912) raction (Tj/T) P (Mevio My — myp = 426.4 £ 2.2 MeV
N0 ot 86 b b
o™ T seer Mean life 7 = (1.175:2) x 10712 5
Np(5920)° P =3 2, DECAY MODES Fraction (T;/T) p (Mev/c)
Mass m = 5919.73 & 0.32 MeV J/w2™ xB(b — 12) (2973 x 1076 1808

Full width I' < 0.63 MeV, CL = 90%
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b-baryon ADMIXTURE (A, Zp, Zp, 25)

Mean life 7 = (1.449 + 0.015) x 10712 s

These branching fractions are actually an average over weakly decaying b-
baryons weighted by their production rates at the LHC, LEP, and Tevatron,
branching ratios, and detection efficiencies. They scale with the b-baryon
production fraction B(b — b-baryon).

The branching fractions B(b-baryon — A£™ 7yanything) and B(Ag —

Azrf_wanything) are not pure measurements because the underlying
measured products of these with B(b — b-baryon) were used to determine
B(b — b-baryon), as described in the note “Production and Decay of
b-Flavored Hadrons.”

For inclusive branching fractions, e.g., B — Dianything, the values
usually are multiplicities, not branching fractions. They can be greater
than one.

b-baryon ADMIXTURE DECAY MODES

(Ap:=p: ZpsS2p) Fraction (I';/T) p (MeV/c)
pp~ Tanything (53F 22)9 -
plTyanything (51+ 12)% -
panything (64 +£21 )% -
AL~ Tpanything (35+ 06)% -
A/ Aanything (36 +£7)% -
=~ (" Tyanything ( 6.0+ 1.6)x1073 -

NOTES

This Summary Table only includes established baryons. The Particle Listings
include evidence for other baryons. The masses, widths, and branching fractions
for the resonances in this Table are Breit-Wigner parameters, but pole positions
are also given for most of the N and A resonances.

For most of the resonances, the parameters come from various partial-wave
analyses of more or less the same sets of data, and it is not appropriate to
treat the results of the analyses as independent or to average them together.
Furthermore, the systematic errors on the results are not well understood.
Thus, we usually only give ranges for the parameters. We then also give a best
guess for the mass (as part of the name of the resonance) and for the width.
The Note on N and A Resonances and the Note on A and X Resonances in
the Particle Listings review the partial-wave analyses.

When a quantity has “(S = ...)” to its right, the error on the quantity has
been enlarged by the “scale factor” S, defined as S = \/x2/(N — 1), where N
is the number of measurements used in calculating the quantity. We do this
when S > 1, which often indicates that the measurements are inconsistent.
When S > 1.25, we also show in the Particle Listings an ideogram of the
measurements. For more about S, see the Introduction.

A decay momentum p is given for each decay mode. For a 2-body decay, p is
the momentum of each decay product in the rest frame of the decaying particle.
For a 3-or-more-body decay, p is the largest momentum any of the products can
have in this frame. For any resonance, the nominal mass is used in calculating
p. A dagger (“1") in this column indicates that the mode is forbidden when
the nominal masses of resonances are used, but is in fact allowed due to the
nonzero widths of the resonances.

[a] The masses of the p and n are most precisely known in u (unified atomic
mass units). The conversion factor to MeV, 1 u = 931.494061(21) MeV,
is less well known than are the masses in u.

[b] The |mp—mp|/mp and |g, + gp|/e are not independent, and both use
the more precise measurement of | gz/mp|/(qp/mp).

[c] The limit is from neutrality-of-matter experiments; it assumes g, = ap +
Ge- See also the charge of the neutron.

[d] The up and ep values for the charge radius are much too different to
average them. The disagreement is not yet understood.

[e] The first limit is for p — anything or " disappearance” modes of a bound
proton. The second entry, a rough range of limits, assumes the dominant
decay modes are among those investigated. For antiprotons the best
limit, inferred from the observation of cosmic ray p's is 75 > 107
yr, the cosmic-ray storage time, but this limit depends on a number of
assumptions. The best direct observation of stored antiprotons gives
Tp/B(P — €7 7) >7x 10° yr.

[f] There is some controversy about whether nuclear physics and model
dependence complicate the analysis for bound neutrons (from which the
best limit comes). The first limit here is from reactor experiments with
free neutrons.

[g] Lee and Yang in 1956 proposed the existence of a mirror world in an
attempt to restore global parity symmetry—thus a search for oscillations
between the two worlds. Oscillations between the worlds would be max-
imal when the magnetic fields B and B’ were equal. The limit for any
B’ in the range 0 to 12.5 uT is >12's (95% CL).

[h] The parameters ga, gv, and gy for semileptonic modes are defined by
Brlw(gv + gars) + i(gwm/ms;) ox, 6”18, and gay s defined by
ga/8v = |ga/gv|€av. See the “Note on Baryon Decay Parameters”
in the neutron Particle Listings.

[i] Time-reversal invariance requires this to be 0° or 180°.

[/] This coefficient is zero if time invariance is not violated.

[k] This limit is for -y energies between 15 and 340 keV.

[/] The decay parameters v and A are calculated from a and ¢ using

v =V1-a2 coso, tanA = —% V1-a? sing.
See the “Note on Baryon Decay Parameters” in the neutron Particle List-
ings.
[n] See the Listings for the pion momentum range used in this measurement.

[0] The error given here is only an educated guess. It is larger than the error
on the weighted average of the published values.

[P] A theoretical value using QED.
[q] See the note on “At Branching Fractions” in the Al Particle Listings.

[r] This branching fraction includes all the decay modes of the final-state
resonance.

[s] An ¢ indicates an e or a  mode, not a sum over these modes.

[t] The value is for the sum of the charge states or particle/antiparticle
states indicated.

[u] Assuming isospin conservation, so that the other third is A w00,

[v] A test that the isospin is indeed 0, so that the particle is indeed a /\‘C*'.

[x] Not a pure measurement. See note at head of /\?7 Decay Modes.

[y] Here h~ means 7~ or K.
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SEARCHES FOR b — scalar bottom (sbottom)
MONOPOLES' Mass m > 89 GeV, CL = 95%
SUPERSYMMETRY, o oo
TECHNICOLOR, [ jets + Erp, b— bX1 simplified model, m_ 0= 0 GeV ]
COMPOSITENESS,

EXTRA DIMENSIONS, etc.

t — scalar top (stop)
Mass m > 95 7 GeV, CL = 95%
[t — CX1- my — m~0 > 10 GeV, all 0¢]
Mass m > 650 GeV CL = 95%
[16F + jets + Bp, t — tX1 simplified model, m%(l):o GeV]

Magnetic Monopole Searches I

g — gluino

The first of these limits is within the CMSSM for (mgz
5GeV), and includes the effects of cascade decays, evalu-
ated assuming a fixed value of the parameters x and tang.
Limit assumes GUT relations between gaugino masses and
the gauge couplings. The second limit assumes a simplified
model with a 100% branching ratio for the prompt 3 body de-
cay g — qq¥x), independent of the squark mass.

Mass m > 800 GeV, CL = 95% [any mg]

Mass m > 950 GeV, CL = 95%
[iets + £7, g — qﬁ)"(? simplified model, mso = 0 GeV]

Isolated supermassive monopole candidate events have not been con-
firmed. The most sensitive experiments obtain negative results.
Best cosmic-ray supermassive monopole flux limit:
< 1.4x1070 cm=2sr=1s71  for1.1x 1074 < <1

Supersymmetric Particle Searches

Limits are based on the Minimal Supersymmetric Standard Model
(MSSM) with additional assumptions as follows:

1) ig’ (or 7) is lightest supersymmetric particle; 2) R-parity is conserved;
3) With the exception of £ and b, all scalar quarks are assumed to be
degenerate in mass and mg, = mg 4) Limits for charged sleptons refer

to the ZR states. 5) Unless otherW|se stated, gaugino mass unification
at the GUT scale is assumed. For squarks and gluinos, the Constrained
MSSM (CMSSM) limits and simplified model limits are presented.

See the Particle Listings for a Note giving details of supersymmetry.
)}? — neutralinos (mixtures of 3, Z9, and Fl?)

Mass m~0 > 46 GeV, CL = 95%
[all tan3 all mg, all m~0 - 0]

Mass m~0 > 62.4 GeV, CL = 95%
[1<tanﬁ <40, all mg, all m_ Q- m~o]

Mass mxg > 99.9 GeV, CL = 95%
[1<tang <40, all mg, all m;(o — m;(?]

Technicolor

The limits for technicolor (and top-color) particles are quite varied
depending on assumptions. See the Technicolor section of the full
Review (the data listings).

Quark and Lepton Compositeness,
Searches for

Scale Limits A for Contact Interactions
(the lowest dimensional interactions with four fermions)

If the Lagrangian has the form

+ £ Db

2
Mass my > 116 GeV, CL = 95%

0 (with g2 /47 set equal to 1), then we define A = AL For the
[I<tang <40, all mg, all m_y — m_o]
X2 X1

full definitions and for other forms, see the Note in the Listings

on Searches for Quark and Lepton Compositeness in the full Re-
+

X — charginos (mixtures of W and A7)
Mass M > 94 GeV, CL = 95%

1
[tang < 40, m;(t — Mo > 3 GeV, all mg]
1 1

v — sneutrino

Mass m > 94 GeV, CL = 95%
[1 <tang < 40, M= M0 >10 GeV]
1

€ — scalar electron (selectron)

Mass m > 107 GeV, CL = 95%  [all mg ~m_o]
1

1t — scalar muon (smuon)

Mass m > 94 GeV, CL = 95%

[1 <tang <40, Mie=Mso > 10 GeV]
1

7 — scalar tau (stau)

Mass m > 81.9 GeV, CL = 95%
[mz, — mso >15 GeV, all 6;]
q — scalar quark partners (squarks) of the first two quark generations

The first of these limits is within CMSSM with cascade de-
cays, evaluated assuming a fixed value of the parameters
and tanf. Limits assume two-generations of mass degenerate
squarks (g, and gr) and gaugino mass parameters that are
constrained by the unification condition at the grand unifica-
tion scale. The second limit assumes a simplified model with
a 100% branching ratio for the prompt decay § — gx%.

Mass m > 1110 GeV, CL = 95% [tan$=10, u >0, Ag=0]
Mass m > 750 GeV, CL = 95%
liets + #p, 9 — q)?(l) simplified model, Moo= 0 GeV]
1

view and the original literature.
Afj(eeee) > 83TeV, CL =95%

Aj(eeee) 10.3 TeV, CL = 95%
Afj(eepp) 8.5 TeV, CL = 95%
Ap(eepp) 9.5 TeV, CL = 95%
Af (eerT) 7.9 TeV, CL = 95%
Aj(eeTT) 7.2 TeV, CL = 95%
A (eeee) 9.1 TeV, CL = 95%

10.3 TeV, CL = 95%
23.3 TeV, CL = 95%

Ap(eeee)

/\L_(ee uu)

Aj(eeuu) 12.5 TeV, CL = 95%
Af (eedd) 11.1 TeV, CL = 95%
A (eedd) 26.4 TeV, CL = 95%
Aj (eecc) 5.6 TeV, CL = 95%
A, (eebb) 9.4 TeV, CL = 95%
Aj (eebb) 10.2 TeV, CL = 95%
/\er(u,uqq) 9.6 TeV, CL = 95%

13.1 TeV, CL = 95%
3.10 TeV, CL = 90%
2.81 TeV, CL = 95%
7.6 TeV, CL = 95%

7.6 TeV, CL = 95%
5.0 TeV, CL = 95%
5.4 TeV, CL = 95%

A (epaqq)
A({viv)
Nevqq)
A (qqqq)
A (aqqq)
A (vvqq)
)

>
>
>
>
>
>
>
>
>
>
>
Afj(eecc) > 9.4Tev, CL =95%
>
>
>
>
>
>
>
>
>
>
A (vrqgq >
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Excited Leptons

The limits from £*F ¢*~ do not depend on A (where X is the
£0* transition coupling). The A-dependent limits assume chiral
coupling.

e*+ — excited electron
Mass m > 103.2 GeV, CL = 95%  (from e*e*)
Mass m > 2.200 x 103 GeV, CL = 95% (from ee*)
Mass m > 356 GeV, CL = 95%  (if A, = 1)
W — excited muon
Mass m > 103.2 GeV, CL = 95%  (from p* pu*)
Mass m > 2.200 x 103 GeV, CL = 95%  (from pu*)
% — excited tau

Mass m > 103.2 GeV, CL = 95%  (from 7% 7%)
Mass m > 185 GeV, CL =95%  (from 77%)
v* — excited neutrino
Mass m > 102.6 GeV, CL = 95%  (from v*v*)
Mass m > 213 GeV, CL =95%  (from vv*)
q* — excited quark
Mass m > 338 GeV, CL = 95% (from ¢* g*)
Mass m > 3.500 x 103 GeV, CL = 95%  (from g*X)
Color Sextet and Octet Particles

Color Sextet Quarks (qg)

Mass m > 84 GeV, CL = 95% (Stable gg)
Color Octet Charged Leptons (¢g)

Mass m > 86 GeV, CL = 95%  (Stable ¢g)

Color Octet Neutrinos (vg)
Mass m > 110 GeV, CL =90% (vg — vg)

I Extra Dimensions I

Please refer to the Extra Dimensions section of the full Review for a
discussion of the model-dependence of these bounds, and further
constraints.

Constraints on the fundamental gravity scale
My > 3.2TeV,CL=95% (pp— eTe™, ptu~, v7)
Mg > 416 TeV, CL=95% (pp — £0)
Mp > 216 TeV,CL=95% (pp — G — ()
Constraints on the radius of the extra dimensions,
for the case of two-flat dimensions of equal radii
R < 30 um, CL = 95% (direct tests of Newton's law)
R< 23 um,CL=9% (pp— jG)
R < 0.16-916 nm  (astrophysics; limits depend on technique
and assumptions)
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TESTS OF CONSERVATION LAWS

Updated May 2014 by L. Wolfenstein (Carnegie-Mellon Uni-
versity) and C.-J. Lin (LBNL).

In keeping with the current interest in tests of conservation
laws, we collect together a Table of experimental limits on
all weak and electromagnetic decays, mass differences, and
moments, and on a few reactions, whose observation would
violate conservation laws. The Table is given only in the full
Review of Particle Physics, not in the Particle Physics Booklet.
For the benefit of Booklet readers, we include the best limits
from the Table in the following text. Limits in this text are for
CL=90% unless otherwise specified. The Table is in two parts:
“Discrete Space-Time Symmetries,” i.e., C, P, T, CP, and
CPT; and “Number Conservation Laws,” i.e., lepton, baryon,
hadronic flavor, and charge conservation. The references for
these data can be found in the the Particle Listings in the

Review. A discussion of these tests follows.

CPT INVARIANCE

General principles of relativistic field theory require invari-
ance under the combined transformation C'PT. The simplest
tests of C'PT invariance are the equality of the masses and
lifetimes of a particle and its antiparticle. The best test comes
from the limit on the mass difference between K° and K. Any
such difference contributes to the CP-violating parameter e.
Assuming C'PT invariance, ¢¢, the phase of € should be very
close to 44°. (See the review “C'P Violation in K, decay” in
this edition.) In contrast, if the entire source of C'P violation
in K% decays were a K9 — FO mass difference, ¢ would be
44° 4 90°.

Assuming that there is no other source of C'PT violation
than this mass difference, it is possible to deduce that[1]

2(mgo —myo) [ (31— + 3600 — dsw)

sin ¢psw

m—o —Mmgo ~
K K

)

where ¢gw = (43.51 £ 0.05)°, the superweak angle. Using our
best values of the C'P-violation parameters, we get |(mfo -
mpo)/mpo| < 0.6 x 1078 at CL=90%. Limits can also be
placed on specific CPT-violating decay amplitudes. Given the
small value of (1 — |noo/n+—]), the value of ¢gg — ¢+ provides
a measure of C'PT violation in K% — 27 decay. Results from
CERN [1] and Fermilab [2] indicate no C' PT-violating effect.

CP AND T INVARIANCE

Given CPT invariance, CP violation and T violation
are equivalent. The original evidence for CP violation came
from the measurement of |ny_| = |A(KY — atn™)/A(KY
— qtr7)| = (2.232 4 0.011) x 1073, This could be explained
in terms of K Offo mixing, which also leads to the asymmetry
[(KY - 7 etv)-T(KY — e D)]/[sum] = (0.334£0.007)%.
Evidence for C'P violation in the kaon decay amplitude comes
from the measurement of (1 — |noo/n+—|)/3 = Re(c/e) =
(1.66 4 0.23) x 1073, In the Standard Model much larger C'P-
violating effects are expected. The first of these, which is associ-

ated with B—B mixing, is the parameter sin(2/3) now measured

quite accurately to be 0.682 £ 0.019. A number of other CP-
violating observables are being measured in B decays; direct
evidence for C'P violation in the B decay amplitude comes from
the asymmetry [F(EO — K—7t) = T(BY — K*tn7)]/[sum] =
—0.082 £ 0.006. Direct tests of T" violation are much more diffi-
cult; a measurement by CPLEAR of the difference between the
oscillation probabilities of K9 to KO and K9 to K9 is related
to T violation [3]. A nonzero value of the electric dipole
moment of the neutron and electron requires both P and T vio-
lation. The current experimental results are < 2.9 x 10726 e cm
(neutron), and < (10.5 4 0.07) x 1072® ¢ cm (electron). The
BABAR experiment has reported the first direct observation
of T violation in the B system. The measured T-violating
parameters in the time evolution of the neutral B mesons are
AS; = —1.37£0.15 and AS; = 1.17+£0.21, with a significance
of 140 [4]. This observation of T violation, with exchange of
initial and final states of the neutral B, was made possible in a
B-factory using the Einstein-Podolsky-Rosen Entanglement of
the two B’s produced in the decay of the T(4S) and the two
time-ordered decays of the B’s as filtering measurements of the
meson state [5].

CONSERVATION OF LEPTON NUMBERS

Present experimental evidence and the standard electroweak
theory are consistent with the absolute conservation of three
separate lepton numbers: electron number L., muon number
L,,, and tau number L, except for the effect of neutrino mixing
associated with neutrino masses. Searches for violations are of

the following types:

a) AL = 2 for one type of charged lepton. The best
limit comes from the search for neutrinoless double beta decay
(Z,A) - (Z+2,A) + e + e . The best laboratory limit is
t1jo > 2.1 x 10% yr (CL=90%) for "Ge.

b) Conversion of one charged-lepton type to another.
For purely leptonic processes, the best limits are on u — ey
and g — 3e, measured as T'(u — ey)/T(u —all) < 5.7 x 10713
and T'(u — 3e)/T(p — all) < 1.0 x 10712, For semileptonic
processes, the best limit comes from the coherent conver-
sion process in a muonic atom, p~+ (Z,4) — e~ + (Z,A),
measured as ['(u~Ti — e~ Ti)/T(uTi — all) < 4.3 x 10712,
Of special interest is the case in which the hadronic fla-
vor also changes, as in K; — ey and KT — 7wte pu™,
measured as (K7 — eu)/T(Kp — all) < 4.7 x 10712 and
DKt — ate pt)/T(KT — all) < 1.3 x 107! Limits on
the conversion of 7 into e or p are found in 7 decay
and are much less stringent than those for pu — e con-
version, e.g., T(r — wy)/T(r — all) < 4.4 x 1078 and
[(7 — ey)/T(r — all) < 3.3 x 1078,

c) Conversion of one type of charged lepton into
another type of charged antilepton. The case most studied
is u= + (Z,A) — et +(Z —2,A), the strongest limit being
D(p~Ti — etCa)/T'(¢ Ti — all) < 3.6 x 1071

d) Neutrino oscillations. It is expected even in the stan-
dard electroweak theory that the lepton numbers are not sepa-

rately conserved, as a consequence of lepton mixing analogous
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to Cabibbo-Kobayashi-Maskawa quark mixing. However, if the
only source of lepton-number violation is the mixing of low-
mass neutrinos then processes such as y — ey are expected to
have extremely small unobservable probabilities. For small neu-
trino masses, the lepton-number violation would be observed
first in neutrino oscillations, which have been the subject of
extensive experimental studies. Compelling evidence for neu-
trino mixing has come from atmospheric, solar, accelerator, and
reactor neutrinos. Recently, the reactor neutrino experiments
have measured the last neutrino mixing angle 613 and found it
to be relatively large. For a comprehensive review on neutrino
mixing, including the latest results on 613, see the review “Neu-
trino Mass, Mixing, and Oscillations” by K. Nakamura and
S.T. Petcov in this edition of RPP.

CONSERVATION OF HADRONIC FLAVORS

In strong and electromagnetic interactions, hadronic fla-
vor is conserved, i.e. the conversion of a quark of one flavor
(d,u,s,c,b,t) into a quark of another flavor is forbidden. In
the Standard Model, the weak interactions violate these conser-
vation laws in a manner described by the Cabibbo-Kobayashi-
Maskawa mixing (see the section “Cabibbo-Kobayashi-Maskawa
Mixing Matrix”). The way in which these conservation laws are
violated is tested as follows:

(a) AS=AQ rule. In the strangeness-changing semilep-
tonic decay of strange particles, the strangeness change equals
the change in charge of the hadrons. Tests come from limits on
decay rates such as (ST — netv)/T'(Z1 — all) < 5 x 1079,
and from a detailed analysis of Kj — mev, which yields the
parameter x, measured to be (Rex, Imz) = (—0.002 % 0.006,
0.0012 £ 0.0021). Corresponding rules are AC = AQ and AB
= AQ.

(b) Change of flavor by two units. In the Standard
Model this occurs only in second-order weak interactions. The
classic example is AS = 2 via K e mixing, which is directly
measured by m(K,) —m(Kg) = (0.5293 +0.0009) x 1010 As~!.
The AB = 2 transitions in the B? and Bg systems via mixing are
also well established. The measured mass differences between
the eigenstates are (mBIO{ — mBE) = (0.51040.003) x 1012 hs~!
and (mB?H — mBSL) = (17.761 % 0.022) x 10'2 hs~!. There is
now strong evidence of AC = 2 transition in the charm sector
with the mass difference mpy —mpo = (0.957541) x 1010 hs~L.
All results are consistent with the second-order calculations in

the Standard Model.

(c) Flavor-changing neutral currents. In the Stan-
dard Model the neutral-current interactions do not change
flavor. The low rate T'(Kp, — ptp™)/T(Kp — all) =
(6.84 + 0.11) x 107 puts limits on such interactions; the
nonzero value for this rate is attributed to a combina-
tion of the weak and electromagnetic interactions. The
best test should come from K+ — 7Tvw, which occurs in

the Standard Model only as a second-order weak process

Unless otherwise stated, limits are given at the 90% confidence level, while errors are given
as +1 standard deviation.

with a branching fraction of (0.4 to 1.2)x107'%. Combin-
ing results from BNL-E787 and BNL-E949 experiments yield
D(K* — 7twp)/T(Kt — all) = (1.7 £ 1.1) x 10719[6]. Limits
for charm-changing or bottom-changing neutral currents are
less stringent: T(DY — p*p™)/T(D? — all) < 6.2 x 1072 and
I(B® — putp™)/T(B? — all) < 6.3 x 10710, One cannot isolate
flavor-changing neutral current (FCNC) effects in non leptonic
decays. For example, the FCNC transition s — d + (T + u) is
equivalent to the charged-current transition s — u + (w+ d).
Tests for FCNC are therefore limited to hadron decays into
lepton pairs. Such decays are expected only in second-order in
the electroweak coupling in the Standard Model. The LHCb
and CMS experiments have recently observed the FCNC
decay of B? — pFTpu~. The current world average value is
I(BY — ptp™)/T(BY — all) = (3.1 £0.7) x 107, which is

consistent with the Standard Model expectation.
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| TESTS OF DISCRETE SPACE-TIME SYMMETRIES |

CHARGE CONJUGATION (C) INVARIANCE

r(x0 — 3v)/Tiotal <3.1x1078, CL = 90%
n C-nonconserving decay parameters

7t 7~ 70 left-right asymmetry (0097511 5 10-2
at a0 sextant asymmetry (0.12f8:ﬂ)) x 102
(—0.09 + 0.09) x 10—2
(0.9 £ 0.4) x 1072
—0.02 + 0.07 (S = 1.3)
<9x 1075, CL = 90%
<5x 1074, CL = 90%
T — 3709)/Tiotal <6x 1075, CL = 90%
T — 37)/Tiotal <1.6 x 1075, CL = 90%
rn — et e™)/Motal fa] <4x1075, CL=090%
rn — 79utu=)/Fotal [a] <5x1076, CL = 90%
M(w(782) — 770)/Tiotal <21 x 1074, CL = 90%
M(w(782) — 210)/Tiotal <2.1x1074, CL = 90%
M(w(782) — 370)/Total <23 %1074, CL = 90%

a7~ 9 quadrant asymmetry
at 7~ 7y left-right asymmetry
7t 7=~ parameter 3 (D-wave)
T — 7%9)/Fiotal
r(n — 27%99)/Tiotal

asymmetry parameter for 1/(958) — —0.03 + 0.04

a7~ decay
r('(958) — w0ete™)/Tioal [a] <14x1073, CL = 90%
F('(958) — net e™)/Tiopal [a] <24x1073, CL = 90%
F(7(958) — 34)/Tronal <1.0x 1074, CL = 90%
T (958) — ut = 79)/Tiotal [a] <6.0 x 1075, CL = 90%
(1 (958) — 1 1™ n)/Total [4] <15x1075, CL = 90%

r(J/%(18) — 77)/Total <5x 1076, L = 90%
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r(KE,)-T(K_
PARITY (P) INVARIANCE A( :fee) _ 19e) ( Ies) (-2.2 £ 1.6) x 1072
r(KTe)H(Kﬂes)
- —28 — 909 (K —I(K-
e electric dipole moment <10.5 x 10 ecml,QCL = 90% A(Ki )= ( iw) ( ™ w) 0.010 - 0.023
1 electric dipole moment (=0.1+£0.9) x107+7 ecm THE r(Kﬂm)+I'(K7rML)
Re(d, = 7 electric dipole moment) —0.220 t0 0.45 x 10716 ecm, CL + N(KE_ )-T(K-__)
— 95% AKE)= H (0.0 +1.2)x 1073
My — =7 77)/Total <1.3x1075, CL = 90% 0 ( ”"f)_:r ( ”"f)o 5
Fn — 200)/Tyora <35 %104, CL = 90% Ag = [+I'(KS — retyg) - Tk — (2+10) x 10
iy — 470)/Motal <6.9x1077, CL = 90% Tevel/ SgM + 7= 0
F('(958) — 7F77)/Tiotal <6x 1075, CL = 90% Im(n4 ) = 'm(A(Kg coTT CP- —0.002 + 0.009
I (1 (958) — 7707“0)/rtota| <4x10~4, CL = 90% violating) / A(K} — ot x0))
T(ne(1S) — =T 77)/Tiotal <1.1x 1074, CL = 90% Im(ngg) = Im(A(KS — (-0.1£16)x 1072
F(ne(1S) — #070)r <35 %1075, CL = 90% m07070)/A(K9 — 70x070y)
c total L
M(nc(18) — KTK™)/Fioral <6 x 1074, CL = 90% Inogo| = [A(KE — 370)/A(K} — 370)] <0.0088, CL = 90%
F(nc(18) — K K)/Miotal <3.1x1074, CL = 90% CPasymmetry Ain K¢ — 7 r~ete” (—0.4 +0.8)%
p electric dipole moment <0.54 x 10723 ecm r(KY — 370)/Tiotal <2.6 x 1078, CL = 90%
n electric dipole moment <0.29 x 10—125 ecm, CL = 90% linear coefficient j for K9 — =+ 7= 70 0.0012 = 0.0008
o - oo
A electric dipole moment <1.5x 107> ecm, CL = 95% quadratic coefficient ffor K — n+x~ 0 0.004 + 0.006
‘5;,7}/5 for K(L) — ataTny <0.3, CL = 90%
TIME REVERSAL (T) INVARIANCE g for K — ¥y <0.21, CL = 90%
F(K) — a0ut ™)/ Feotal le] <3.8x10710, cL = 90%
e electric dipole moment <10.5 x 10-28 ecml,g(IL =90% r(K(z — alet €7)/Trotal le] <2.8x10710, cL = 90%
1 electric dipole moment (—0.1+0.9)x107+” ecm '—(KE . ”0"7)/rtotal [fl <26x 10-8, CL = 90%
p decay parameters + +
Acp(D 8 + 8)Y
transverse e polarization normal to (-2+8)x1073 cp( 4 - ”0 V)i ( )% .
plane of x spin, e momentum Acp(D* — Kgn™) (=041 £0.09)%
o/ /A (~10 + 20) x 10-3 Acp(DF — KT2rt) (01 £ 1.0)%
g'/A (2+7)x1073 Acp(DE — KFrEaEa0) (1.0 + 1.3)%
Re(d, = 7 electric dipole moment) —0.220 to 0.45 x 1016 ecm, CL Acp(Dt — K3 xtx0) (0.3 +0.9)%
= 95% + 0.+ +. — o
Acp(D K 0.1 + 1.3)%
Ppin KT — Outy (-1.7 £2.5) x 103 cp(D™ = Kgm=nTa™) ( )%
® ) Acp(DE — 7Ex0) (2.9 +2.9)%
Ppin KT — ptu v (=06 £1.9) x 10~ + n
L 0/'+ Acp(DE — 7%n) (1.0 £ 1.5)% (S = 1.4)
Im(¢) in KT — «- T vy, decay (from —0.006 + 0.008 Acp(DE — xE 1/ (958)) (-0.5+1.2)% (S = 1.1)
transverse . pol.) + 0 o+ o
00 3 Acp(DF — KL kE) (=0.11 + 0.25)%
asymmetry Ay in KV-KY mixing (6.6 +1.6) x 10 + il n
- 0,
Im(¢) in KO3 decay (from transverse p pol.) —0.007 £ 0.026 Acp(D= — KTK™n¥) (036 £ 0.29)%
A Dt " 0 Kkt 3 Acp(DE — KEK*0) (0.3 +0.4)%
- —12 4 11) x 10~
7 . - N 1 ™) o] (124 11) Xao Acp(DE — grt) (0.09 £ 0.19)% (S = 1.2)
AT(Di—> Kt K= ata™) [b] (1£7)x10 Acp(DF — KEK3(1430)0) (8%
Ap(DF — KYkErtaT) [b] (—14 +8) x 103 4 T 0 20
s Acp(D™ — K= K3(1430)7) (43756)%
ast(s o = Sh ) ~137+0.15 i L2 Plsee
l+ KS o+ K Acp(DF — KE K} (800)) (-12535)%
- - 14
asT (Szaxg - Sé+.K(_)q) 1.17 £ 0.21 Acp(DE — ag(1450)0 7 ) (~19+ 14y,
act(c; o -ch o) 0.10 + 0.16 Acp(D* — 9(1680)7%) (-9 £26)%
iva K Acp(DE — tr—at) (=2 + 4%
ACT(CL K o Kg) 0.04 +0.16 Acp(DF — K KErtx—) (4 +7)%
p electric dipole moment <0.54 x 10723 ecm Acp(DE ﬂiKi 0) (—4 i01112)%
n electric dipole moment <0.29 x 10725 ecm, CL = 90% la/p| of DO-DP mixing 04924:0:09
n— pe” Uy decay parameters Ar of p0-po mixing (—0.125 + 0.526) x 103
¢ a\/» Phase of g, relative to g [c] (180.017 + 0.026)° Where there is ambiguity, the CP test is labelled by the Do decay mode.
AV A v
triple correlation coefficient D [d] (-1.2+2.0)x10~4 ACP(DO — Ktk™) (—0.21 £ 0.17)%
triple correlation coefficient R [d] 0.004 + 0.013 Acp(D? — k%K) (—23 £ 19)%
A electric dipole moment <1.5x 10716 ecm, CL = 95% ACP(DO N 77*77_) (0.22 + 0.21)%
triple cor:eEation coefficient D for X— — 0.11 +0.10 ACP(DO — 70 710) (0 £5)%
ne Ve Acp(DO — 7~ a0) (0.3 +0.4)%
Acp(DY — p(770)t 7~ — 7t x—x0) lg] (1.2 +0.9)%
Acp(DY — p(770)0720 — 77— x0) [g] (=3.1+3.0)%
CP INVARIANCE
Acp(DY — p(770)~ 7t — 7t x—x0) lg] (1.0 +1.7)%
Re(d¥) <0.50 x 10717 ecm, CL = 95% Acp(DO — p(1450)F 7~ — 7t 7= 70) [8] (0+70)%
Im(a%) <1.1x 1017 ecm, CL = 95% Acp(DY — p(1450)070 — 7t 7~ x0) [g] (—20 £ 40)%
0 -t + 2= 0
n— wta~ et e decay-plane asymmetry (—0.6 £ 3.1) x 1072 ACP(DO — p(1480)" 7T — AT w ”O) gl (6£9)%
rn— =t ) /Trotal <1.3x 1075, CL = 90% Acp(D¥ — p(1700)t 7= — 7t r—#0) [g] (-5 £14)%
F(n — 279)/Teoral <35 x10—4, CL = 90% Acp(DY — p(1700)070 — 7t 7= 20) lg] (13 +9)%
0 - -0
rn— 470)/Fotal <6.9x10~7, CL — 90% ACP(DO — p(1700) Oﬁ - 7r+7r07r ) lg] (8+11)%
(1 (958) — 7+ 77)/Tiotal <6 x 1073, CL = 90% Acp(D0 — (980)x0 — =t a~0) lg] (0+35)%
F(r/(958) — 7070)/Tyora <ax10-4, CL = 90% ACP(DE - f0(1370)7rg — ata— ﬂg) [g] (25 +18)%
K* — afrt 2 rate difference/average (0.08 + 0.12)% Acp(D? — f(1500)70 — xta=x0) [g] (0 +18)%
KE — 757070 rate difference/average (0.0 £ 0.6)% Acp(DY — 1(1710)70 — 7+ 7= 10) [g] (0+24)%
Kk — 770+ rate difference/average (0.9 +3.3)% Acp(DO — £(1270)70 — 7t 7 x0) [g] (-4+£6)%
K* — atnts= (g —g )/ (g4 + (-15+22)x 1074 Acp(D® — o(400)70 — 77— x0) lg] (6+8)%
g_) A p(nonresonant DO — 7+ 7~ 70) [g] (—13 +23)%
KE = 7ta070 (g, —g )/ (gy +82) (18 +18)x1074 Acp(DY = K+ Kk—x0) (-1.0 + 1.7)%

Unless otherwise stated, limits are given at the 90% confidence level, while errors are given
as +1 standard deviation.
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Tests of Conservation Laws

Acp(D® — K*(892)T K~ —

K+ K= x0)

Acp(D® — K*(1410)T K~ —
Kkt k= x0)

Acp(D® — (Kta0)gKk— —
Kt Kk—x0)

ACP(DO — ([)(1020)7\'0 — Kt K77r0)

Acp(D? — fy(980)70 — KT K~ #0)

Acp(D® — a(980)070 — Kkt K—x0)

Acp(D0 — fh(1528) 70 — K+ K~ x0)

Acp(D® — K*(892)~ Kt —
K+ k= 70)

Acp(D® — K*(1410)~ KT —
K+ k= 70)

ACP(DO — (K™ 7"'O)S—wave K
K+ K= 70)

Acp(DY — k2 x0)

Acp(D® — Kn)

Acp(DY — Kn)

Acp(D0 — KL4)

+

Acp(D® — K~ =)

Agp(D? — Ktam)

ACP(DO — K_7r+7ro)

Acp(D? — Kta—z0)

ACP(DO — K057r+ﬂ'_)

Acp(DP — K*(892) "7t — Klxta)
Acp(DY — K*(892)F 7~ — K&ntr)
Acp(DY — K% — Krtam)
AOP(DO — Kosw — K%ﬂ+ﬂ_)
Acp(D® — k2 (980) — KLt aT)
Acp(DY — kL 5(1270) — KLrta)
Acp(DY — K2 1(1370) — KLrta)
Acp(D? — KO 0(1450) — KQnt ™)

Acp(DY — KOf(600) — Kt a)
Acp(DY — K*(1410)~ 2t —

K057r7L )

Acp(DY — K§(1430) "7t —
K057r7L )

Acp(DY — Kp(1430) "7t —
K057T+ )

Acp(D0 — K3(1430) "7t —
K057T+ 7)

Acp(D0 — K3(1430)T 7~ —
KOSTr+ 77)

Acp(DY — K*(1680) "7t —
K057r7L )

ACP(DO — K- rtzrtzr)
ACP(DO — Ktr—rtzr)
Acp(D® — Kt K= xt77)
Acp(D0 — Ki(1270)F K~ —
K*0rt k™)
Acp(DO — K%(1270)~ KT —
K0~ K+)
Acp(DY — KX(1270)F K~ —
POkt k)
Acp(DP — K%(1270)~ KT —
VK=Kt
Acp(DY — K*(1410)t K~ —
K*¥0nt k=)
Acp(DY — K*(1410)~ K+ —
K0 r— KT)
Acp(DY — K*OK*0 Swave)
Acp(DY — o0 Swave)
ACP(DO — ¢p0 D-wave)
Acp(P® = &(7T 77 )5 yaue)
AAgg, =Acp(KTK™) = Agp(xt ™)
Agp(DE — )
Acp(DE — KFKG)
Acp(DE — Kt K= a¥)
(ot
S

Acp(DE — Kt K—nE70)

lg]
lg]
lg]

lg]
lg]
le]
gl
le]

le]

lg]

(—0.9 +1.3)%
(=21 + 24)%
(7 +15)%

(1.1 +22)%
(-3 +19)%
(-5 +16)%
(0 + 160)%
(=5 + 4)%

(=17 + 29)%
(—10 + 40)%

(=0.27 + 0.21)%
(0.5 +0.5)%
(1.0 +0.7)%
(=3+9)%
(0.1 +0.7)%
(0.0 £ 1.6)%
(0.2 +0.9)%
(0 +5)%
(=0.1 + 0.8)%
(0.4 +05)%
(1+6)%
(=0.1 + 0.5)%
(13 + )%
(—0.4 +2.7)%
(-4 +5)%
(-1 +9)%
(—4 + 10)%
(-3+5)%
(-2 +9)%

(4 +4)%
(12 + 15)%
(3+6)%

(~10 £ 32)%

(0.7 + 1.0)%
(-2 + 4%
(-8+7)%
(-1 +10)%

(—10 + 32)%
(-7 £ 171)%
(10 + 13)%

(=20 + 17)%
(-1 + 14)%

(10 + 14)%

(-3 +£5)%

(=37 +19)%

(=9 + 10)%

(—0.46 + 0.25)% (S = 1.8)
(5 + 6)%

(0.08 + 0.26)%

(—0.5 + 0.9)%

(0.0 £ 3.0)%

Unless otherwise stated, limits are given at the 90% confidence level, while errors are given

as +1 standard deviation.

Acp(DE — KL KF2n%)
ACP(DSi — 7T+7T_1Ti)
ACP(DSi — 7Ti7])
Acp(DE — )
Acp(DT — KEx0)
Acp(DE — KxE)
ACP(DSi — Ki7'r+777)
Acp(DE — KEq)
Acp(DE — KE4f(958))
Acp(BT — J/p(1S)KT)
Acp(BT — J/p(1S)nT)
Acp(BY — J/wpT)
Acp(BY — J/wK*(892)T)
ACP(BJr — r/CK+)
Acp(Bt — ¢(25)nT)
Acp(Bt — ¥(25)KT)
Acp(BY — ¥(25)K*(892)F)
Acp(BT — xc1(1P)7T)
Acp(BT — xcoK™T)
AC‘P(BJr - Xc1 KT)
Acp(BT — xc1 K*(892)T)
Acp(BT — DOrt)
Acp(BT = Dop(i1y7t)

Acp(BY — Dop(—1)™")
Acp(BT — DOkT)

rg(BT — DOKT)

sg(BT — DOkt)

rg(BT — DOk*T)

sp(BT — DOK*T)

Acp(BY — [K=nT]pKT)
Acp(Bt — [K~nT]5K*(892)T)
Acp(BT — [K~aT]pat)
Acp(BT — [K_7r+](D7r)7r+)
Acp(BT — [KiﬂJr](Dw)ﬂJr)
Acp(BT — [K*ﬂ‘*'](DW)K‘*')
Acp(BT — [K—ﬁ](Dw Kt)
Acp(BT — [ Ta=al]pkt)
Apps(Bt — Dr)

Acp(BT — Deop_1)K™)
Acp(BT — D0rt)

Acp(BY — (DZ'P(+1))O"+)
Acp(BY — (DEp_qy)°n)
Agp(BT — D*0KT)

ro(B+ — D0kt

o5(BT — DOKT)

Acp(BY = DEp( 1 KT)
Acp(BT — Dép(il)K‘*')
Acp(BT — DCP(+1)K*(892)+)
Acp(BT — DCP(il)K*(892)+)
Acp(BT — D¥ o)

Acp(BT — D*tD*0)
Acp(BT — D*TD0)
Acp(BT — DTD*0)
Acp(BT — DTDY)
Acp(Bt — Kkt)
Acp(BT — Ktz0)
Acp(BT — o/ KT)
Acp(Bt — 1 K*(892)T)
Acp(BT — n' K§(1430)T)

Acp(BT — 7' K3(1430)T)
Acp(Bt — nK*(892)T)
Acp(BT — nK}(1430)T)
Acp(BT — nK3(1430)T)
Acp(BT — wkT)
Acp(BT — wk*t)
Acp(BT — w(Km)sT)

(4.1 +28)%

(0.7 +3.1)%

(1.1 +3.1)%
(-22+23)%

(=27 + 24)%

(1.2 £ 1.0)% (S = 1.3)
(4 £5)%

(9 +15)%

(6 + 19)%

0.003 + 0.006 (S = 1.8)
(0.1 +£28)x 1072 (S =1.2)
—0.11 £ 0.14

—0.048 + 0.033

—0.02 4 0.10 (S = 2.0)
0.03 + 0.06

—0.024 + 0.023

0.08 + 0.21

0.07 + 0.18

—0.20 4 0.18 (S = 1.5)
—0.009 + 0.033

0.5+ 0.5

—0.007 + 0.007

0.035 =+ 0.024

0.017 =+ 0.026

0.01 + 0.05 (S = 2.1)
0.096 = 0.008

(115 + 13)°

0.17 4+ 0.11 (S = 2.3)
(155 + 70)° (S = 2.0)
—0.58 + 0.21
—03+05

0.00 + 0.09

—0.09 + 0.27
—0.7+ 0.6

0.8 + 0.4

04 +1.0

—0.02 4 0.15

0.14 + 0.06

—0.10 + 0.07
—0.014 + 0.015
~0.02 4 0.05

~0.09 + 0.05

—0.07 £ 0.04
011410983 (s = 1.2)
(G10F22)° (5 = 1.3)
—0.12 £ 0.08

0.07 £ 0.10

0.09 + 0.14

—023 4022
0.0+04
—0.15+0.11

—0.06 + 0.13
0134018

—0.03 £ 0.07
—0.017 £ 0.016
0.037 =+ 0.021

0.013 £ 0.017

—0.26 & 0.27

0.06 + 0.20

015 +0.13

0.02 % 0.06

0.05 4+ 0.13

—0.45 £ 0.30

0.02 4 0.05

0.29 4+ 0.35

—0.10 + 0.09
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Tests of Conservation Laws

Acp(BT — wK3(1430)T)
Agp(BT — K*0rt)
Agp(BT — K*(892)1x0)
ACP(B+ — Ktz—zh)
Acp(BT — KT K~ KT nonresonant)
Acp(BT — £(980)0KT)
Acp(BT — f,(1500)KT)
Acp(Bt — f(1525)0 Kk T)
Acp(BT — K3(1430)077)
Acp(BT — K3(1430)07t)
ACP(BJr — K+7r0770)
Acp(Bt — KOpth)
ACP(B+ — K*trtzrm)
Acp(BT — O k*(892)1)
Acp(BT — K*(892)% £,(980))
Acp(BtT — af KO)
Acp(BtT — bl+ KO)
Acp(Bt — K*(892)0p1)
Acp(BF — b KkT)
Acp(BT — KOKT)
Acp(BY = k+k%kQ)
Acp(BT — Kt K—7Tt)
Acp(BT — KTK— k™)
Acp(BT — oK)
Acp(BT — X(1550) k1)
Acp(BT — K*TKtk™)
Acp(BT — ¢K*(892)%)
Acp(BT — ¢(km)§T)
Acp(BT — ¢Ki(1270)%)
Acp(BT — ¢K3(1430)T)
Acp(BY — KT ¢¢)
Acp(BT — Kt[od], )
Acp(BT — K*(892)T+)
Acp(BT — nKty)
Acp(BT — ¢KT )
Acp(BT — pty)
ACP(BJr — 7r+7r0)
ACP(BJr — 7taxt)
ACP(B+ — p01r+)
Acp(BtT — f(1270)7T)
Acp(BT — p0(1450)7T)
Acp(BT — a7~ 2t nonresonant)
ACP(B+ — pta0)
Acp(Bt = pto0)
ACP(BJr — wrt)
Acp(BT — wpT)
Acp(BT — nrt)
Acp(BT — npt)
ACP(BJr — o= t)
Acp(BT — 7' pT)
Acp(Bt — b)xt)
Acp(BT — ppnt)
Acp(BT — ppKT)
Acp(BT — ppK*(892)T)
Acp(BT — pAy)
Acp(Bt — pAr0)
Acp(BT — Ktete)
Acp(BT — Kteter)
Acp(BT — Ktutu™)
Acp(BT — K*tTetim)

Acp(BT — K*eTe™)

Acp(BT — K*ptp™)
RE(EBO)/(IJF‘EBO‘Z)

AT/cp

Acp(BY — D*(2010)T D)
Acp(B — [KTK~]pK*(892)0)
Acp(BY — [KTx~]pK*(892)0)
Acp(BY — o K*(892)0)
Acp(BY — o K5(1430)0)

0.14 4 0.15
—0.04 4 0.09 (S = 2.1)
—0.06 + 0.24

0.033 + 0.010

0.06 + 0.05

—0.08 + 0.09

0.28 + 0.30

+0.05
—0.08 Zg04

0.055 + 0.033

+0.29
0057022

—0.06 £+ 0.07
—0.12 £0.17
0.07 + 0.08
0.31 +0.13
—0.15 £ 0.12
0.12+0.11
—0.03 £0.15
—0.01 £0.16
—0.46 £ 0.20

0.04 +0.14

+0.04
0.047 g5

—0.12 £ 0.05 (S = 1.2)
—0.036 £ 0.012 (S = 1.1)
0.04 + 0.04 (S = 2.1)
—0.04 + 0.07

0.11 + 0.09

—0.01 + 0.08

0.04 +0.16

0.15 + 0.20

—0.23 4+ 0.20

—0.10 + 0.08

0.09 + 0.10

0.018 + 0.029
~0.12 + 0.07

—0.13 £ 0.11 (S = 1.1)
—0.11 + 0.33

0.03 4 0.04

0.105 + 0.029 (S = 1.3)

+0.09
0187 577

0.41 £ 0.30
01404

01706)523
—+0.

~0.14+0-23

0.02 4 0.11
—0.05 + 0.05

—0.04 + 0.06

~0.20 + 0.09

—0.14 4 0.07 (S = 1.4)
0.11 +0.11

0.06 + 0.16

0.26 + 0.17

0.05 + 0.16

0.00 + 0.04

—0.08 4 0.04 (S = 1.1)
0.21 4 0.16 (S = 1.4)
0.17 4 0.17

0.01 +0.17

—0.02 + 0.08

0.14 4 0.14

—0.003 + 0.033

~0.09 + 0.14

—0.14 + 0.23

—0.12 + 0.24

(0.1 +£0.8) x10~3
0.005 + 0.018

0.037 4+ 0.034
—0.45 £0.23
—0.08 + 0.08
0.02 +0.23

—0.19 £ 0.17

Unless otherwise stated, limits are given at the 90% confidence level, while errors are given

as +1 standard deviation.

Acp(BY — # K3(1430)0)
Acp(BY — nKj(1430)0)
Acp(BY — nK3(1430)0)
Acp(BY — by KT)
Acp(BY — wk*0)

Acp(BY — w(Km)g0)
Acp(BY — wK3(1430)0)
Acp(BY — Kt z0)
Acp(BY — p~ k)
Acp(BY — p(1450)~ KT)
Acp(BY — p(1700)~ KT)
ACP(BO — Ktz x0nonresonant)
Acp(BY — KOxta—)
Acp(BY — K*(892)tx™)
Acp(BY — (Km)5tx)
Acp(BY — (Km)0a0)
Acp(BY — K070y
Acp(BY — K*(892)0xt )

Acp(BY — K*(892)00)
Acp(BY — K*0£y(980))
Acp(BY — K*tpm)

Acp(BY — K*(892)0 K+ K™)
Acp(BY — a] k)

Acp(BY — KOKO)

Acp(BY — K*(892)09)
Acp(BY — K*(892)0 K~ xt)
Acp(BY — ¢(km)30)
Acp(BY — ¢K3(1430)0)
Acp(BY — K*(892)0+)
Acp(BY — K3(1430)04)
Acp(BY — pF )

Acp(B — pat)

Acp(BY — a1 (1260)F F)
Acp(BY — by )

Acp(BY — ppK*(892)0)
Acp(BY — pAnT)

Acp(BY — K*0etim)
Acp(BY — K*Vetem)
Acp(BY — kOt )
Cpr(2010)- D+ (B9 — D*(2010)~ D)
Cpr(2010)+ D (B9 — D*(2010)* D7)
Cpwt pr— (BY — D*+D*7)

¢, (BY —» p*+p*7)

Cc_ (BO _ D’H’D**)

s (BO N D*+D*7)

€ (BY — D*(2010)* D*(2010)~ KQ)

5 (8% — D*(2010)* D*(2010)~ KQ)
Cp+p- (B — DTD™)

Cyrp(as)no (B® = 9/6(15)0)

C

X
D), 1o (BY — D(C])jho)

ng)Pho (BO — D(CfI)Jho)
Cho 0 (
Cn/(ess) K9 (8
(BY — o/(958)K2)

B0 = K010
— 7/(958) k)
S, 0
i (958) K
Cy ko (BY — ' K0)
chg (BO — wkQ)
sz% (8% — wkQ)
€ (B — Kk2x0x0)
s (8% — k%070
0 KO (8% — »0kY)
0 0 k0
SpOKg (8% — k9
c BY — £,(980) K
7(980) K& ( 0(980) Kg)

0 _, 0
Shoso k2 (B f0(980) KQ)

0.14 +0.18
0.06 + 0.13

—0.07 + 0.19

—0.07 + 0.12

0.45 + 0.25

—0.07 + 0.09

—0.37 + 0.17
(0£6) x 102

0.20 + 0.11

—0.10 + 0.33

—0.4 £ 0.6

0.10 + 0.18

—0.01 + 0.05

—0.22 4 0.06

0.09 + 0.07

—0.15 + 0.11

—0.15 4 0.13

0.07 + 0.05

—0.06 + 0.09

0.07 + 0.10

0.21 4 0.15

0.01 + 0.05

—0.16 + 0.12

—0.6 + 0.7

(0 +4) x 1072
0.2+ 0.4

0.12 + 0.08

—0.11 4 0.10
—0.002 + 0.015
~0.08 + 0.15

0.13 4 0.06 (S = 1.1)
—0.08 + 0.08

—0.07 + 0.06

—0.05 + 0.10

0.05 + 0.12

0.04 + 0.07

—0.05 + 0.10

—0.21 + 0.19

—0.07 + 0.04

—0.01 + 0.11

0.00 + 0.13 (S = 1.3)
0.01 + 0.09 (S = 1.6)
0.00 + 0.10 (S = 1.6)
0.19 + 0.31

0.1+ 1.6 (S = 3.5)
0.01 + 0.29
0.1+0.4

—0.46 4 0.21 (S = 1.8)
—0.13 4+ 0.13

—0.23 + 0.16
—0.56 4 0.24

0.00 + 0.13 (S = 1.4)
—0.04 4 0.20 (S = 2.5)
0.43 +0.17 (S = 1.5)

—0.05 + 0.05
—0.30 + 0.28 (S = 1.6)
0.43 + 0.24

0.2+ 05

0.7 407

—0.04 + 0.20

+0.17
05070.21

0.29 £+ 0.20

—0.50 + 0.16
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Tests of Conservation Laws

0 0 _ 0 0 _
20y Ky (B = RO210)KS) 0.5+ 05 Syeokd (B” = XcoKS) 07405
0 0 0 0
Cf(127o)Kg (BY — £(1270) k) 0.3+ 0.4 CxclK‘} (BY — xcq KQ) 0.06 + 0.07
0 0 . 0 0
Se £,(1300) K¢ (B — 1(1300) Kg) -02+£05 sm(2ﬁeff)(BO - @K*) . 0. 22f000§0
in(2 B SKE(14
C; 1300 k0 (BY = 5(1300)KY) 013 £0.35 sin(20eff)(B” — & K(1430)7) 097 453
(1300) Kg sin(2B5¢)(BY — [Kg1r+1r_]D(*) n0) 0.45 + 0.28
S0 (B9 — K97+~ nonresonant) —0.01 +£0.33
KOt 7= A(BY — [KQatn=] 5 10) 1.01 + 0.08
C0 b e (BY — KO+ x— nonresonant) 0.01 + 0.26 )
wrm 0,0 sin(28 + 7)| >0.40, CL = 90%
CKO KY (B0 — Kk%kQ) 0.0+ 0.4 (S =1.4) 284~ (83 + 60)°
Syo o (B = KIKD) —08+05 (B9 — DOK*0) (162 £ 60)°
sUs 0 0 Acp(B — K*(892)7) —0.003 £ 0.017
Crr -k (BT = KTKTK 0-06 +0.08 Acp(b = 57) ~0.008 = 0.029
nonresonar(l)t) R . Acp(b— (s+d)v) —0.01 + 0.05
CK+ K- K% (BY - KTK Ks inclusive) 0.01 £ 0.09 Acp(B — XSZJW?*) 022 + 026
C, ko (BY = oK) 0.01 + 0.14 Acp(B — K*ete™) —0.18 £0.15
ts 5 Acp(B — K*ut ™) ~0.03 +0.13
Sy (B = 9K3) 0.59 £0.14 Acp(B — K*etim) ~0.04 £ 0.07
: 0.04
Ckg ks Ks(BY = KsKsKs) —0.23 £ 0.14 Acp(B — nanything) -01370-08
SKSKSKS(BO - KSKSKS) —0.5+ 0.6 (S = 3.0) Re(cBg) /(1 + \CBE\Z) (-1.9+1.0)x 1073
0
CKO 70~ (8% - Ks ") 0.36 £033 CP Violation phase £, (0.0 £3.5) x 102
sKO 0y (B — K%x0y) —0.8+0.6 Acp(Bs — «tK7) B 0.28 + 0.04
0 Acp(BY — [KTKT]pK*(892)0) 0.04 £ 0.16
BO — K*(892 —0.04 + 0.16 (S = 1.2
Crer(892)0 (B” — K7(892)7%) ( ) F(nc(1S) — 7 77)/Tiotal <11x 1074, CL = 90%
Sk (892)0 (BY — K*(892)0+) —0.15 + 0.22 Fnc(18) — 7070) /T yora <35 x10-5, CL = 90%
nKO (BY — 1K) —0.3+0.4 (nc(18) — K; KO*)/rtota, <6 x 10*4,ACL = 90%
Ko (B = nKO) 02405 F(nc(18) — KL KD)/Miotal B <31 %1074, CL = 90%
C” 50 KO 05t 06 (e+@)/(a—a)inA— pr, A— prt 0.006 =+ 0.021
K0y (B” = KZ07) - [(Z7)a— (M) —a(ZF)a (A)] (0 +7) x 10—
Skog., (BY = KO0g9) 0.7+97 [a(Z7)a-(M)+a(Z+)at (A)] B
7 00 (a+a)/(a—a)in 2~ — AK—, 7+ - ~0.02+0.13
aBY — Ksp ) —0.05 + 0.19 AK+
5B — k% p07) 0.11 +£0.34 (a0 +@/(a —a)in AT — Axt, A7 — —0.07 £+ 0.31
Cc(BO — p0+) 0.4 4+ 0.5 Ar— B
S(BY = 04 _0.8+0.7 (0 +@)/(—a)in AT — Aetug, A7 — 0.00 + 0.04
Com (BY — 7tam) ~0.31 % 0.05 Ae~ 7,
Cﬂoﬂo(BO — 700y —0.43 +£0.24 Acp(Ap — pr7) 0.03 £ 0.18
Cpr (B — pT7) —0.03+0.07 (S = 1.2) Acp(Ap — PK™) 0.37 +0.17
Syr (BO = ptzm) 0.05 + 0.07
0 + o
ASpr (B = o7 ) 0.01 £0.08 CP VIOLATION OBSERVED
Choq0 (BY — p0n0) 0.27 + 0.24
-3
$ 000 (B = p0x0) ~0.23 +0.34 Re(e) (1,596 + 0.013) x 10
charge asymmetry in KO, decays
Cy n (BY — ay(1260)+77) —0.05 + 0.11 ge asymmetry in Ky decay
1 0 +— A = weighted average of A (u) and (0.332 £ 0.006)%
Saym (BY = ay(1260)+77) —0240.4 (S = 3.2) AL(0)
AC,  (BY — ay(1260)F 7 7) 0.43 +0.14 (S = 1.3) AL(p) = [M(x = wtw,) (0.304 + 0.025)%
ASy x (B9 — a;(1260)t 7 7) —0.11 4 0.12 — [t p=7,)]/sum
C(BY — by K1) —0.22+0.24 Ap(e) = [~ et wg) (0.334 + 0.007)%
aC(BY — by ) —1.04 £0.24 — I(xt e 7g)]/sum
/)0/)0 (B _ pO 0) 02409 parameters for K?_ — 27 decay
_ 0 0 -3 (g _
0,0 (B9 = #000) 03407 [ngo| = |A(KY — 270)/ (2.220 £ 0.011) x 1073 (S = 1.8)
” L AKY — 270)]
B - —0.05 + 0.13
Cpp (BY = pTp7) Ine_| = |AKO = xtr)/ (2232 £0.011) x 1073 (S = 1.8)
s, (BY — ptp) ~0.06 + 0.17 + L
o ; pTp . : . A(K05—> 7r+7r_)|
[A[ (BY — J/4 K*(892)7) <0.25, CL = 95% le| = (2|ng—| + [noo])/3 (2.228 + 0.011) x 103 (S = 1.8)
c0s 28 (B0 — J/wK*(892)0) 17187 (s = 16) = 00 3
25 (B0 KOt 0 10+0 6 <18 [m00/m4—| [h] 0.9950 = 0.0007 (S = 1.6)
cos 26 (BY — [Kgm™m ™1 I7) 7(5=18) Re(€/e) = (1—|mgg/ns_|)/3 [h] (1.66 +0.23) x 103 (S = 1.6)
(S4 +5S_)/2 (B0 — D*—rt) 704039 +0.011 Assuming CPT
(5. —54)/2(8Y - p*~xt) —0.009 + 0.015 ¢ _, phase of 7 _ (4351 + 0.05)° (S = 1.2)
(54 +5.)/2(BY — D™ xT) —0.046 + 0.023 0. Phase of 199 (43.52 + 0.05)° (S = 1.3)
(s —5,)/2(BY - D™ xT) —0.022 £ 0.021 be = (264 _ +¢p0)/3 (43.52 + 0.05)° (S = 1.2)
(S+ +5_)/2 (BO N D’p*) —0.024 + 0.032 Not assuming CPT
, o —
(5. —S,)/2 (BO ~ D pt) _0.10 + 0.06 ¢4, phase of (43.4 £ 0.5)° (S=1.2)
o (g _
¢, yo (BY = nck2) 0.08 £ 0.13 o> Phase of g (43.7 £ 0.6)° (S = 1.2)
s 0 0 5 b = (204 _ +dpg)/3 (43.5 £ 0.5)° (S = 1.3)
Ceektpo (BT — cek()0) (0.5 +1.7) x 107 CP asymmetry A in KE — ata—ete™ (13.7 + 1.5)%
-2
€ /p(ns) KO (8% — J/(ns) KO) (0.5 +2.0) x10 Bep from K§ — eteete —0.19 £ 0.07
€y K0 (BY — 1/ k*0) 0.03 + 0.10 vcp from K(Z o ete—etem 0.01 + 0.11 (S — 1.6)
S/ K0 (BY — J/yp k*0) 0.60 + 0.25 parameters for K(li — 7t 77y decay
_ 0 + -3
c K2 (B - xcoK ) ,03+8i [14—y| = |AK] — 7T n=~, CP (2.35 £ 0.07) x 10

violating)/A(KY — 7t 7~ 5)|

Unless otherwise stated, limits are given at the 90% confidence level, while errors are given
as +1 standard deviation.
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_ o _ + .
0¢+J/+, Ehase of ny_ ' (44 + 4) . ACCpr (Cﬁ,K% cl+’K%) 0.03 + 0.14
F(Ké - )/Ttotal [ (1.967 £ 0.010) 104 =15 |my—mp|/m, [ <7x10710, cL = 90%
(k9 — 7079)/Fgtal (8.64 +0.06) x 1077 (S = 1.8) (‘é‘_ip)/ﬁ (-9 +9) x 10711
Acp(BT — Depy1)K™) 0.170 £ 0.033 (S = 1.2) mp=mp’imy, - )
+ T lap + apl/e [ <7x10710, cL = 90%
Aaps(BT — DKT) —0.52 4+ 0.15 015 x 106
Acp(Bt — nkT) —0.37 £ 0.08 (kp + 1p) / 1p (0+5) x :
Acp(BY — H(1270)KT) ~0687077 (= )/ C :16);1110 1075 (5= 1.6
Acp(BT — Okt) 0.37 4 0.10 (mp —mz) [ mp (=o. 1) x (s =16)
Acp(BT — fy(1370)7) 0.72 +0.22 A =T/ 7A —0.001 + 0.009
(BT — D0 k(x)+) @3ty (rss —T5) /75t (-0.6+12)x1073
Acp (BY — Ktr7) —0.082 % 0.006 (g + 0x) [ gy 0.014 =+ 0.015
Acp(BY — nkK*(892)0) 0.19 4 0.05 (m=— —m=y)/ m=_ (-3+£9)x107°
0 _, p* -pt+ _ — = —
Sp+(2010)- o+ (B D*(2010)~ D) 0.72 £ 0.15 (= —t=) /7= 0.01 + 0.07
0 _, p* +p— _ - = - 0.01 + 0.05
5D*(2010)+ p- (B D*(2010)T D7) 0.73 + 0.14 (b= +p=y) / |n=] + y
Spet pr (BY = D D7) ~0.59 4 0.14 (S = 1.8) (mo —mg)/ mg (-1+8)x10
5+ (BO . p*t D*7) _0.73 4 0.09 (TQ, — Tﬁ+) / To- 0.00 + 0.05
0 _, p+p— 099+0.17
Spip- (B Dt D7) 0.9970-17
S ) /p(15) 70 (B® — J/4(15)70) —0.94 £ 0.29 (S = 1.9)
S0 (BY — KOz0) 0.58 +0.17 ITESTS OF NUMBER CONSERVATION LAWS I
0 _, /0
Sy ko (B n' K°) 0.60 + 0.07
0 _, k+tk—KO _
St - K9 (B KK~ K 0.66 & 0.11
nonresonant) LEPTON FAMILY NUMBER
S+ K- KO (B — K* Kk~ K inclusive) —0.65 + 0.12
0 S Lepton family number conservation means separate conservation
Sy (B = 7tz —0.67 + 0.06 of each of L, L, L.
AC,, (B — pFr) 0.27 + 0.06
S, ko (BY = nckY) 0.93 £ 0.17 M(Z — e uF)/Total [ <1.7x1076, CL = 95%
cs + —6 — 9Eo,
sin(28) (B0 — J/ykQ) 0.682 + 0.019 "z - eiT::FF)/rtotal [n] <9.8x10 S,CLJM
) NZ — p=77)/Tiotal [n] <1.2x1072, CL = 95%
S, BO — J/y(nS) KO 0.676 + 0.021 tota
J/u(ns) ko (B = J/¥(nS)KT) olete™ = efrF) /o(ete — <8.9 %1076, CL = 95%
Sea KY (B = xc1 k%) 0.63 + 0.10 o)
+eo— o ut.T +e— —6 L — 959
5in(2ﬁefr)(30 . Ktk— K%) 0771’8’%% o(e (-.‘+ putrT) ) o(eTe <4.0 x107°, CL = 95%
: prpT)
o (90 + 5)°

Re(cp) / (1 + |ep|?)

(1.2 +£0.4) x 1073

CPT INVARIANCE

(Mmyy+ = my,2) / Mayerage
(me+ - me,) / Maverage
|ggs +a,-|/e

(8e+ — 8o—) / Baverage
(Tu+ - Tu—) / Taverage

(gm— - g/,,—) / 8average

(m_ —m__)/Mayerage
mt — rnf
(m7r+ - mTr,) / Maverage
(T,T+ - 77,—) / Taverage
(mK+ - mK,) / Maverage
(TK+ - TK—) / Taverage
KE — ptu, rate difference /average
KE — 770 rate difference/average [
5in KO — KO mixing

real part of §

imaginary part of §
Re(y), K3 parameter

Re(x_), Kg3 parameter

}mKo - ”’RO‘ / Maverage (K]
(Mo = Tg0)/ Maverage

phase difference ¢gg — ¢,

A
Re(3n_ + §moo)-

ACiT(DO . K—w‘*')+
ASCpr (55+1Kg - 5g+>K05)
_ . _
AScpr (Sg+.K% - 5g+7K05)
+ - +
ACopr (Cpr ko~ S k)

—0.002 £ 0.007
<8x 1079, CL = 90%
<4x10°8

(=05 +2.1) x 10712
(2+8)x1075

(—0.11 £ 0.12) x 10—8
<28 x1074, CL = 90%
~0.2 405 GeV (S = 1.1)
(2+5)x1074
(6+7)x1074
(-0.6+1.8)x104
(0.10 £ 0.09)% (S = 1.2)
(~0.5 + 0.4)%

(0.8 +1.2)%

(2.5 +2.3) x 1074
(~1.5+1.6) x 107>
(0.4 +25) x 1073
(=29 +20)x 1073
<6 x10719, CL = 90%
(8 +£8)x 10718

(0.34 + 0.32)°

(-3 +35)x107°
0.008 + 0.008

0.16 + 0.23

—0.03 £0.14

0.14 +0.17

Unless otherwise stated, limits are given at the 90% confidence level, while errors are given

as +1 standard deviation.

limit on p= — e~ conversion
o(p= 325 > e 329)
o(u= 35 — v, 32p%)
o(p~Ti— e Ti)/
o(p™ Ti — capture)
o(p”Pb— e~ Pb)/
o(p™ Pb — capture)
limit on muonium — antimuonium
conversion Rg =Gc / Gp
M(p™ — e ve?,)/Tiotal
F(w™ — e~ 7)/Ttotal
M(u~ — e~ et e™)/Total
T~ — e727)/Tiotal
M~ — e~ 7)/Tiotal
(™ — 1= 7)/Ttotal
r(r= — e~ a9%)/Fotal
M~ = w70 Tiogal
M~ = e KY)/Miotal
M~ = n= K/ Motal
(= — e~ n)/Ttotal
rr= — p~ n)/rtotal
rr™ — e o) /Tiotal
r(r~ = 170/ Total
T~ — e~ w)/Tiotal
T~ — 1~ w)/Total
M(r= — e~ K*(892)%)/Total
T~ = n~ K*(892)0)/Tyopal
r(r= — e~ K*(892)%)/Total
M(r~ — u= K*(892)%)/Tiotal
r(r= — e~ 1/(958))/Tiotal
r(r= — u~ n'(958))/Tiotal
Mt~ — e £5(980) — e~ n77)/Tiotal
Mt~ — u™ (980) — u~ 7t a7)/Tiotal
Mt~ — €= ¢)/Tiotal
rr= — p~ @)/rtotal
r(r= — e~ et e )/Tiotal
T(r= = et u™)/Meotal

<7x 10711, cL = 90%
<43 x 10712, CL = 90%
<46 x 10711, CL = 90%
<0.0030, CL = 90%

[o] <1.2x1072, CL = 90%
<5.7x 10713, cL = 90%
<1.0 x 10712, CL = 90%
<7.2x 10711, CL = 90%
<3.3x 1078, CL = 90%
<4.4 %1078, CL = 90%
<8.0 x 1078, CL = 90%
<1.1x 1077, CL = 90%
<2.6 x 1078, CL = 90%
<23 %1078, CL = 90%
<9.2x 1078, CL = 90%
<65 x 1078, CL = 90%
<1.8x1078, CL = 90%
<1.2x 1078, CL = 90%
<4.8x 1078, CL = 90%
<47 x1078, CL = 90%
<3.2x1078, CL = 90%
<5.9 x 1078, CL = 90%
<3.4x1078, CL = 90%
<7.0x 1078, CL = 90%
<1.6 x 1077, CL = 90%
<1.3x10~7, CL = 90%
<3.2x 1078, CL = 90%
<3.4 %1078, CL = 90%
<3.1x 1078, CL = 90%
<8.4x 1078, CL = 90%
<27 %1078, CL = 90%
<27 %1078, CL = 90%
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e" K1)/ Total

M~ = et u™p7)/Motal
r(r~ — p~ete™)/Tiotal
rr= — ;1.+ e~ e )/Tiotal
rr— — ;17;L+/17)/rt0ta|
rr— — efﬂ*’w*)/rtota'
= — p— 7r+7r7)/rt0ta|
M(r= — e~ nTK™)/Total
-
— — k0 K0
Fr= — e KIKkQ)/Tiotal
F(r~ — e~ KT K™)/Tiotal
Fr~ — p~ 71T K7)/Total
F(r~ = p= 77 KT)/Tiotal
r(r— — u*KOSKg)/Ftotal
r(r~ — u~ KT K™)/Tiotal
rr= — e~ 7707r0)/rtota|
r(r= — p=7979)/Migtal
T~ — e 1m)/Tiotal
e~ — u= nn)/rtotal
rr— — efﬂ'on)/rtotm
rr= — u~ 7"OU)/rtotal
-

e~ light boson)/Totaq)
F(r— — ™ light boson)/Tista)

<1.7x 1078, CL = 90%
<1.8x 1078, CL = 90%
<1.5x 1078, CL = 90%
<21 %1078, CL = 90%
<2.3x 1078, CL = 90%
<21 %1078, CL = 90%
<3.7x1078, CL = 90%
<3.1x1078, CL = 90%
<7.1x1078, CL = 90%
<3.4 %1078, CL = 90%
<8.6 x 1078, CL = 90%
<45 %1078, CL = 90%
<8.0 x 1078, CL = 90%
<4.4x 1078, CL = 90%
<6.5x1075, CL = 90%
<1.4x 1075, CL = 90%
<35 %1075, CL = 90%
<6.0 x 1075, CL = 90%
<24 %1075, CL = 90%
<2.2x 1075, CL = 90%
<27 %1073, CL = 95%
<5x 1073, CL = 95%

LEPTON FAMILY NUMBER VIOLATION IN NEUTRINOS

sin2(2912)
Am%1
sin2(2923) (normal mass hierarchy)
sin2(2923) (inverted mass hierarchy)
Am_%2 (normal mass hierarchy)
Am%2 (inverted mass hierarchy)
sin2(26;3)
Mt — whre)/Tiotal
rat — p~etet v)/Ttotal
r('rro — ut €7)/Ttotal
rx0 — w=et)/Miotal
r(wo — pte  + e*)/rmm
T — whe™ + pu™et) Mo
T(n'(958) — en)/Tiotal
M(6(1020) — e uF)/Mioral
T(KT — pmvetet)/Mioal
r(KJr - l‘+”e)/rtotal
M(KT — 7t ute™)/Migral
r(K+ — atu— e+)/rtota|
F(K) = e uT)/Tiotal
(k) — et ety u®) Mg
r(kY — 0 w7 eF) Tiotal
F(K(L) e eT)/Trotal
r(D+ — 7t e+;1,7)/rtota|
r(D+ — at 67;L+)/rt0ta|
F(D+ — Ktet 1)/ Teotal
r(D+ — Kte™ l‘+)/rtotal

r(po
r(p®

o O

i e¥)/Tiotal

0 et #F)/Teotal
et 1 F) [Tiotal
rtaet 1F)/Trotal
PO eF 1) Mot
wet #F)/Tiotal

K™ K+ et 1) /Tiotal
ot 1 F) Tioal
KO 1)/ Trotal

K™ o+ et uF)/Fopa)
— K*(892)0 eE 1) /Total
— et 1) /Miotal

!

— T e™ 1) /Mioal
— KTet u™)/Tiotal
— KVe uh)/Tiotal
— et 1)/ Tiotal
— 7T e 1) /Tiotal
— e uF) TNiora
— atet ™) /Figtal

r(B* — 7T e™77)/Tiotal

[p

S

la

[q]

[n]
[n]

[n

0.846 + 0.021

(7.53 £ 0.18) x 1072 V2
+0.001

0999 Z¢'018

40,000
1.000 257917

(2.44 £ 0.06) x 1073 eV?
(2.52 + 0.07) x 1073 ev?2
(9.3 +£0.8) x 1072

<8.0 x 1073, CL = 90%
<1.6 x 1076, CL = 90%
<3.8x10710, cL = 90%
<3.4 %1079, CL = 90%
<3.6 x10710, CL = 90%
<6 x 1076, CL = 90%
<47 x 1074, CL = 90%
<2x 1076, CL = 90%
<21 %1078, CL = 90%
<4 %1073, CL = 90%
<1.3x 1011, cL = 90%
<5.2x 10710, cL = 90%
<47x10712, CL = 90%
<412 x 10711, cL = 90%
<7.6 x 10711, CL = 90%
<1.7x10710, cL = 90%
<2.9%x 1076, CL = 90%
<3.6 x 1075, CL = 90%
<1.2x 1078, CL = 90%
<28 %107, CL = 90%
<26 x10~7, CL = 90%
<8.6 x 1075, CL = 90%
<1.0 x 1074, CL = 90%
<1.5x 1075, CL = 90%
<4.9x 1075, CL = 90%
<1.2 x 1074, CL = 90%
<1.8x 1074, CL = 90%
<3.4x1075, CL = 90%
<1.0 x 1074, CL = 90%
<5.53 x 1074, CL = 90%
<8.3x 1075, CL = 90%
<1.2x 1075, CL = 90%
<2.0 x 1075, CL = 90%
<1.4x 1075, CL = 90%
<9.7x107°, CL = 90%
<6.4x1073, CL = 90%
<6.4x 1073, CL = 90%
<1.7x1077, CL = 90%
<7.4x1075, CL = 90%
<2.0x 1075, CL = 90%

r(BT — atetrF)/Motal

I'(B+ — 7T+,u+7'7)/rtota|

r(B+ — gt wo T+)/rtota|

r(B+ — ﬂ+/1i7¥)/rtota|

r(BY — Ktetu™)/Tiotal

r(BY — Kte ut)/Tiotal

r(3+ - K+eilﬁ)/rtotal

r(B* — Ktetr7)/Tiotal

r(BY — Kte™ 77)/Tiotal

r(BT — KTerrF)/Moal

M(BT — KTt 77)/Notal

r(B+ — K+/1,77+)/rtota|

r(BT — K& rF)/Miotal

r(Bt — K*(892)" et 1 ™)/Tiotal

r(BT — K*(892)T e~ u)/Tiotal

r(BT — K*(892)" eE uF)/Total

r(8% — & uF)/Total

rg0 — 0 eiﬂ;)/rtotal

r(BY — KOet ) /Ty

(B0 — K*(892)0¢t 1™)/Mioa

r(8% — k*(892)0 e~ ut)/Miotal

(8% — K*(892)0e® uF) gy
-

r(8Y — e 7%)/Toral
r(BY — & 7F)/Tioral
rB — Seiu;)/rtotm
r(B — met uF)/Migtal
1B — petuF)/Miotal
F(B — KetuT)/Tiopal

r(B — K*(892)eE uF)/Moral

r(B2 — et uF)/Miotal
F(J/4(18) — et uF)/Tigpa)
F(J/9(18) — €F7F)/Tigpal
r(J/e(1S) — uE7F)/Tiotal
r(r@as) — Mi7¥)/rtotal
r(T(s) — et rF) /Mg
r(7T@2S) — pE7F) /Mol
F(T(3S) — e 7F)/Fgpal
r(r@s) — ut ) /Total
FAT = pet u™)/Tiotal
r(/‘:-r — pe” ) /Total

[

[n]
[n]
1]

[

<75 %1075, CL = 90%
<6.2x 1075, CL = 90%
<45x 1075, CL = 90%
<7.2x 1075, CL = 90%
<9.1x 1078, CL = 90%
<1.3x 1077, CL = 90%
<9.1x 1078, CL = 90%
<43 %1075, CL = 90%
<1.5 x 1075, CL = 90%
<3.0x 1075, CL = 90%
<45x1075, CL = 90%
<2.8 x 1075, CL = 90%
<4.8 x1075, CL = 90%
<1.3x 1076, CL = 90%
<9.9x 1077, CL = 90%
<1.4 %1076, CL = 90%
<2.8x 1079, CL = 90%
<14 %1077, CL = 90%
<27 %1077, CL = 90%
<53 x1077, CL = 90%
<3.4x1077, CL = 90%
<5.8x 107, CL = 90%
<2.8x 1075, CL = 90%
<22 %1075, CL = 90%
<22 x1075, CL = 90%
<9.2x1078, CL = 90%
<3.2x1076, CL = 90%
<3.8x 1078, CL = 90%
<5.1x 1077, CL = 90%
<1.1x1078, CL = 90%
<1.6 x 1077, CL = 90%
<8.3x 1076, CL = 90%
<2.0x 1076, CL = 90%
<6.0x 1076, CL = 95%
<3.2x 1076, CL = 90%
<33 %1076, CL = 90%
<4.2x1076, CL = 90%
<3.1x1076, CL = 90%
<9.9x 1076, CL = 90%
<1.9 x 1075, CL = 90%

TOTAL LEPTON NUMBER

Violation of total lepton number conservation also implies violation
of lepton family number conservation.

F(Z — pe)/Tiotal
T(Z — pu)/Trotal
limit on = — et conversion

o(u=32s - et 32si%) /

r(r—
r(—
r(—
r(r—
r(r—
r(r—
r(r—
r(r—
r(r—
r(r—
r(r—
r(~—
r(r—
r(r—
r(r—

o(u= 325 = 1, 32p%)
(7.(‘14—127|*> e+127Sb*)/
o(p™ 127y anything)
o~ Ti— etca)/
o(p™ Ti — capture)
— e+717717)/rt0ta|
- /‘+"r77r7)/rt0ta|
— et 7T K7)/Tiotal
— €T K™ K7)/Tiotal
— utr— K™)/Ttotal
— uTKTK7)/Tiotal
= P~ 17)/Trotal
— Put )/ Tiotal
= )/ otal
— P70)/Tiotal
— 270)/Tiotal
— Pn)/Total
— 57%1)/Teotal
= A7) /Tiotal
— A7) /Tiotal

Unless otherwise stated, limits are given at the 90% confidence level, while errors are given

as +1 standard deviation.

i ( T6Ge — Tbse + 267 )

<1.8x 1076, CL = 95%
<1.8x 1076, CL = 95%

<9x 10710, cL = 90%
<3x 10710, cL = 90%
<3.6x10711, cL = 90%

<2.0 x 1078, CL = 90%
<3.9x 1078, CL = 90%
<3.2x 1078, CL = 90%
<3.3x 1078, CL = 90%
<4.8x 1078, CL = 90%
<47 %1078, CL = 90%
<44 %1077, CL = 90%
<3.3x1077, CL = 90%
<35 %1076, CL = 90%
<15x 1075, CL = 90%
<3.3x1075, CL = 90%
<8.9x 1076, CL = 90%
<2.7 %1075, CL = 90%
<7.2x1078, CL = 90%
<1.4 x 1077, CL = 90%
>1.9 x 1025 yr, CL = 90%
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r(=+
r(k+
r(k+
r(k+
r(k+
r(k+
r(p+
r(p+
r(p+
r(p+
r(p+
r(p+
r(p+
r(p+
r(p®
r(p®
r(p®

[ A

Ll

!

L I

Loyl

1

!

—

—

wt Ze)/Ttotal

it et) Motal

m et et)/Mgral
ot P+)/rtotal
1) Teotal

w0t 7) Migtal

7 2eT) [Tiotal

L 21"+)/rtotal

7 et i) Miotal

P 2"‘Jr)/rtotal

K™ 2eT)/Total

K= 2PJr)/rtotaI

K= et wh)/Migtan
K*(892) ™ 2u) /Tiotal
2~ 2et 4+ c.c.)/Ttotal
27~ 2;1,+ + ¢.c.)/Tiotal
K~ n~2et + c.c.)/Tioral
K—n2ut+ c.c.)/Total
2k~ 2t + c.c.)/Tiotal
2K 2;L+ + c.c.)/Tiotal
rr et u+ + ¢.c.)/Tiotal
K- n—etput+ c.c.)/Total
2K~ et pt + cc) /Total
pe”)/Tiotal
peN)/Tiotal

7 2e%) Mioral

7 2u) [Teotal

et i) Tiotal

K™ 2eT)/Tigtal

K= 2“+)/rtotal

K= et wh)/Miotan
K*(892) ™ 2u) Tiotal
et et) Migtal
it ) Miotal
et i) Miotal
pmetet) Tiotal

P~ 1T i) Tiotal

p™ et ) Fotal

K~ etet)/Migta
K=t /‘+)/rt0tal

K= et uh)/Tiotal
K*(892) " et eT)/Tiotal
K*(892)~ ut u) /Tigral
K*(892) " et ut) /Tiotal
D= etet)/Mgra

D™ et 1) /Miotal
D™t i) /Tgtal

D*~ 1) Tiotal

Ds_ wt /‘+)/rtotal
DOn— wt ;ﬁ’)/l’total

A “+)/rtotal

20 e+)/rtotal

20 H+ )/ Ttotal

0et) Tiotal
Azrl‘i)/rtotal

Azr e7)/Total

P 1)/ Trotal
p2e™)/Tiotal
52“+)/rtotal

pet ut)/Miotal

=t i) Migtal

[q]

[a]
[q]

[
[s]

<1.5x 1073, CL = 90%
<5.0x 10710, cL = 90%
<6.4x 10710, CL = 90%
<1.1x 1079, CL = 90%
<3.3x 1073, CL = 90%
<3x 1073, CL = 90%
<1.1x 107, CL = 90%
<2.2x1078, CL = 90%
<2.0x 1076, CL = 90%
<5.6 x 1074, CL = 90%
<9 %1077, CL = 90%
<1.0 x 1075, CL = 90%
<1.9x 107, CL = 90%
<85 x 104, CL = 90%
<1.12x 1074, CL = 90%
<2.9x 1075, CL = 90%
<2.06 x 1074, CL = 90%
<3.9x 1074, CL = 90%
<152 x 1074, CL = 90%
<9.4 x 1075, CL = 90%
<7.9x 1075, CL = 90%
<218 x 1074, CL = 90%
<5.7x 1075, CL = 90%
<1.0 x 1075, CL = 90%
<1.1x 1075, CL = 90%
<4.1x1075, CL = 90%
<1.2x 1077, CL = 90%
<8.4x 1075, CL = 90%
<52 %107, CL = 90%
<1.3x 1075, CL = 90%
<6.1x1075, CL = 90%
<1.4x 1073, CL = 90%
<2.3x1078, CL = 90%
<1.3x 1078, CL = 95%
<1.5x 1077, CL = 90%
<1.7x 1077, CL = 90%
<42 %1077, CL = 90%
<47 %1077, CL = 90%
<3.0x 1078, CL = 90%
<41 %1078, CL = 90%
<1.6 x 107, CL = 90%
<4.0x 1077, CL = 90%
<5.9%x 1077, CL = 90%
<3.0x 1077, CL = 90%
<2.6 x 1075, CL = 90%
<1.8x 1076, CL = 90%
<6.9x1077, CL = 95%
<24 %1075, CL = 95%
<5.8x 1077, CL = 95%
<1.5x 107, CL = 95%
<6 x 1078, CL = 90%
<32x1078, CL = 90%
<6 x 1078, CL = 90%
<8 x 1078, CL = 90%
<1.8x 1070, CL = 90%
<5x 1076, CL = 90%
<4 %1078, CL = 90%
<27 %107, CL = 90%
<9.4x 107, CL = 90%
<1.6 x 1075, CL = 90%
<7.0x 1074, CL = 90%

Unless otherwise stated, limits are given at the 90% confidence level, while errors are given

as +1 standard deviation.

F(Z — pe)/Tiotal
T(Z — pu)/Trotal

F(r™ — pu™ 1" )/Tiotal
M(r™ = Pt ™)/ Tiotal
F(r™ — P)/Ttotal
M= = )/ iogal
r(r= — p279)/Tiotal
F(r= = Pn)/Total
r(r= — pr0n)/Tiotal
F(r™ — An7)/Tiotal
rr— — Z'rrf)/rtotal
r(p% — pe™)/Tiotal
r(p% — pet)/Tiotal
r(3+ - Aolﬁ)/rtotal
r(B+ — A%t)/Motal
B+ — 2%/ Tioal
r(B+ — A0et)/Miotal
r(s0 — Azrlf)/rtotal
r(B% — At e™)/Miotal
p mean life

BARYON NUMBER

[r
[s]

1]

decay channels, see the Baryon Summary Table.

(N — etn)
(N — ptm)
(N — etK)

(N — ptK)

limit on n7 oscillations (free n)
limit on n7n oscillations (bound n) [u

r(/\? — p2et)/Motal
r(Ad — p2ut)/Meoral
FAT — Betut)/Moral

e — vg7y and astrophysical limits [v]

M(n— prePe)/Tiotal

<1.8x 1076, CL = 95%
<1.8x 1076, CL = 95%
<44 %1077, CL = 90%
<33 %1077, CL = 90%
<35x 1076, CL = 90%
<1.5 x 1075, CL = 90%
<3.3x 1075, CL = 90%
<8.9x 1076, CL = 90%
<27 %1075, CL = 90%
<7.2x 1078, CL = 90%
<1.4 x 1077, CL = 90%
<1.0x 1075, CL = 90%
<1.1x 1075, CL = 90%
<6 x 1078, CL = 90%

<3.2x 1078, CL = 90%
<6 x 1078, CL = 90%

<8 x 1078, CL = 90%

<1.8x 1076, CL = 90%
<5x 1076, CL = 90%

>2.1 x 1029 years, CL = 90%
A few examples of proton or bound neutron decay follow. For limits on many other nucleon

> 2000 (n), > 8200 (p) x 1030

years, CL = 90%

> 1000 (n), > 6600 (p) x 1030

years, CL = 90%

> 17 (n), > 1000 (p) x 1030 years,

CL =90%

> 26 (n), > 1600 (p) x 1030 years,

CL = 90%
>0.86 x 108 5, CL = 90%
>1.3x 108 s, CL = 90%
<2.7x107°, CL = 90%
<9.4 x107°, CL = 90%
<1.6 x 1075, CL = 90%

ELECTRIC CHARGE (Q)

>4.6 x 1026 yr, CL = 90%
<8x 10727, CL = 68%

AS = AQRULE

Violations allowed in second-order weak interactions.

F(KT — ot ot e pe)/Miotal
r(K+ — 7r+7r+ufﬁu)/rtota|
Re(x,.), K3 parameter

<1.3x 1078, CL = 90%
<3.0x 1076, CL = 95%
(—0.9 +3.0) x 1073

x=AKO = 771t 0)/A(KO — 7=+ v) = A(AS=—AQ)/A(AS=AQ)

real part of x
imaginary part of x

(=t — netv)/r(s= - nev)

r(zt — netve)/Tiotal
rct — npt )/ Ttotal
r=0 — == etve)/Miotal
rz=o - ==ty Miotal

—0.002 + 0.006
0.0012 + 0.0021
<0.043

<5x 1076, CL = 90%
<3.0x 1075, CL = 90%
<9x 1074, CL = 90%
<9x 1074, CL = 90%
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rzo —

AS = 2 FORBIDDEN

Allowed in second-order weak interactions.

P77 )/ Ttotal

M=% — pe™7e)/Tiotal

rz0 —

pu” ) Teotal

= 7 )/Trotal
T — ne"7e)/Tiotal

= = "/’77;L)/rt0ta|

T = pr ) Tiotal
T = pr e ) /Tiotal
T = pm T 7)) Teotal

= A77)/Tiotal

<8 x 1076, CL = 90%
<1.3x1073
<1.3x1073

<1.9x 1075, CL = 90%
<3.2x 1073, CL = 90%
<1.5x 1072, CL = 90%
<4x 1074, CL = 90%
<4x 1074, CL = 90%
<4x1074, CL = 90%
<2.9x 1076, CL = 90%

AS =2 VIA MIXING

Allowed in second-order weak interactions, e.g. mixing.

myo — Mo
K1 Ks

myeq — Myo
K1 Ks

m
}D(l)

(0.5293 + 0.0009) x 1010 7 s—1 (S

=13)

(3.484 =+ 0.006) x 10~12 MeVv

AC =2 VIA MIXING

Allowed in second-order weak interactions, e.g. mixing.

- m =al
Dg‘

(Mpo =T po)/T =2y
1 2

(0951041 x 1010 i s—1

(0.653:97) x 10-2

AB = 2 VIA MIXING

Allowed in second-order weak interactions, e.g. mixing.

Xd

Amgy =mpgy — My
B By B}

xd:AmBO/FBO

Am g =m,, —Mmgg
Bs BSH BSL

Xs = Am /T o
s BS BS

Xs

r(k+
r(k+
r(k+
rk+t
r(x%
r(k%
r(x
r(x%
r(x9
r(x9
r(x9
r(x9
F(K(Z
r(«9
r(x9
r(x9
r(«9
r(x9
r(x9
r(s+t
r(=+t

0.1874 4 0.0018

(0.510 % 0.003) x 1012 ;i s—1

0.774 4 0.006

(17.761 £ 0.022) x 1012 s~ 1

26.85 + 0.13

0.499311 =+ 0.000007

AS =1 WEAK NEUTRAL CURRENT FORBIDDEN

Allowed by higher-order electroweak interactions.

— 7tete™)/Motal
— 7t uT) Miotal
— 7T v7) [Tital

— wtm0u7) gy
— 1) Trotal

— et e™)/Total

— 7%t em)/Moral
- 7r[)/‘Jr/‘i)/rtotal
= 1 u7) /Teotal

— et e™)/Miotal

— 7T+7rfe+ef)/rtota|
— 7707roe+e_)/rtota|
— w00t 17 ioral
= whu et e™) Mo
— eTeete)/Mgtal
— 70t u7) Miotal
- 7Tc'eJrei)/rtotal
— 70u7)/Fioa

— 7r07r01/D)/rtota|

— pete)/Migtal

— T T) Teotal

[x

ly

]

(3.00 + 0.09) x 10~7

(9.4 +0.6) x 1078 (S = 2.6)

(1.7 +£1.1) x 10710

<43 x 1075, CL = 90%
<9x1079, CL = 90%
<9 %1079, CL = 90%
30715 x 109
(29715 x 1079

(6.84 £ 0.11) x 10~°
(978 x 10712

(3.11 £ 0.19) x 10~7
<6.6 x 1079, CL = 90%
<9.2x 10711, cL = 90%
(2.69 + 0.27) x 1072
(3.56 + 0.21) x 10~8
<3.8x 10710, cL = 90%
<28 x10710, cL = 90%
<2.6 x1078, CL = 90%
<8.1x 1077, CL = 90%
<7x10°6

(9F3) x 1078

Unless otherwise stated, limits are given at the 90% confidence level, while errors are given

as £1

standard deviation.

r(o+
r(o+
r(p+
r(p®
r(p®
r(p°
r(p®
r(p®
r(p9
r(p?
r(p?
r(p®
r(p9
r(p9
r(p?
r(p®
r(p9
r(p9
r(p9
r(p°
r(p9
r(p9
r(p9
roof
roof
roof
r(ar
r(af

ret
ret
ret
ret
ret
rst
ret
ret
ret
rst
ret
r(st
ret
(0
r(s®
r(s®
r(0
r(0
r(s®
r(s®
r(s®
(0
(o
r(s®
(B0
r(so
r(s®
r(s®
r(s®
(B0
r(so
r(s®
r(s®

TR T T e e e e e e e B A

L

T I R A

bl

!

1

AC =1WEAK NEUTRAL CURRENT FORBIDDEN

Allowed by higher-order electroweak interactions.

7T et eT)/Tiotal

7 1 17) Tiotal
Pt ) Miotal
Y7/ Ttotal

et e™)/Tiotal

w17 Teotal

et e™)/Miotal
701t 1) Miotal
nete”)/Tiotal

it 17) Teotal
atr—et €7 )/Trotal
et e™)/Noal
atr—pt 27 )/Trotal
POt 7Y Thotal
wete™)/Tiopal

wiut 1)/ Miotal

K= Ktete™)/Moral
dete™)/Mgral

K= KT 17) /Mot
¢#+ N_)/rtotal

K= ntete™)/Tiotal
K= atut ™) /Tiotal
0t 1) Mot
Kt et e™)/Total
K+ it 17) Total
K*(892)+#+#_)/rtotal
pete™)/Miotal

Pﬂﬁ— #7)/rtota|

atrx

<1.1x1076, CL = 90%
<7.3x 1078, CL = 90%
<5.6 x 1074, CL = 90%
<2.2x1076, CL = 90%
<7.9x1078, CL = 90%
<6.2x 1079, CL = 90%
<45 x1075, CL = 90%
<1.8x 1074, CL = 90%
<1.1x104, CL = 90%
<5.3x1074, CL = 90%
<3.73x 1074, CL = 90%
<1.0 x 1074, CL = 90%
<5.5x 107, CL = 90%
<2.2x1075, CL = 90%
<1.8x 1074, CL = 90%
<8.3x 1074, CL = 90%
<3.15 x 1074, CL = 90%
<5.2x 1075, CL = 90%
<33 %1075, CL = 90%
<3.1x 1075, CL = 90%
<3.85 x 1074, CL = 90%
<3.59 x 1074, CL = 90%
<8.1x 1074, CL = 90%
<3.7x 1076, CL = 90%
<21 %1075, CL = 90%
<1.4x 1073, CL = 90%
<55 x 1076, CL = 90%
<4.4 x1075, CL = 90%

AB =1 WEAK NEUTRAL CURRENT FORBIDDEN

Allowed by higher-order electroweak interactions.

0T 07) Tiotal
mteteT)/Motal

=Tt i) Miotal

7T D) Tiotal

Ktet )/ Teotal
Ktete)/Mgtal

K it ™) Potal

K o0) Miotal

P P)Tiotal
K*(892) T £+ 07)/Tiotal
K*(892)T et e™)/Tiotal
K*(892)F puF 1) /Tyoral
K*(892) " v7)/Tiotal
)/ Ttotal

et e”)/Tiotal

et e )/ Miotal

w17 Motal

M+ I 7)/rtota|

™ r7) Tiotal

w00t 7)Mol

et e™)/Tora

70t 17) Fiotal

w0 u7)/Miotal
KO+ £7) /oy

KOet e™)/iotal
KOt ™) /Tiotal

KO v7)/Tiotal

0 v?)/Tiotal

K*(892)0 ¢+ £7) /Tioral
Kk*(892)0 et e7)/Tioral
K*(892)° ut 1) /Tioa)
K*(892)007) /Tiotal
ovP)/Tiotal

[z

[z

[z

[z

<4.9x 1078, CL = 90%
<8.0 x 1078, CL = 90%
<55 x 1078, CL = 90%
<9.8x 1075, CL = 90%
(4.51 £ 0.23) x 10~7 (S
(5.5 4 0.7) x 10~7
(4.49 £0.23) x 10~7 (S =
<1.6 x 1075, CL = 90%
<213 x 1074, CL = 90%
(1.29 +0.21) x 1076
(1551049) x 1076

(1.12 + 0.15) x 1076

<4.0 x 1075, CL = 90%
<3.2x1077, CL = 90%
<8.3x1078, CL = 90%
<1.2x1077, CL = 90%
<6.3x 10710, cL = 90%
<1.6 x 1077, CL = 90%
<4.1x1073, CL = 90%
<5.3x1078, CL = 90%
<8.4x 1078, CL = 90%
<6.9x 1078, CL = 90%
<6.9 x 1075, CL = 90%
31738 x 1077
(1659 x 1077

(3.4 +05)x 1077

<4.9x 1075, CL = 90%
<2.08 x 1074, CL = 90%
09712y x 107
(1.03+31%) x 1076

(1.05 £ 0.10) x 10—©
<55 x 1075, CL = 90%
<1.27 x 1074, CL = 90%

1.1)

1.1)
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<2.4x1075, CL = 90%
<1.7x 1075, CL = 90%
(47 +1.3) x 1076
(43 +12)x1076

(89 — invisible)/Motal
r(BY — voy)/Tiotal

r(B— sete™)/Tiotal
r(B — sut u™)/Total
s E7) Tiotal [z] (45+1.0)x10"©

rB —
M(B — 7T ¢7)/Total <5.9x 1078, CL = 90%

rB — Kete™)/Motal (4.4 £0.6)x 1077

r(B — K*(892)et e™)/Tiotal (1.19 + 0.20) x 1076 (S = 1.2)
T(B — Kutu™)/Total (4.4 +£0.4) x 1077

M(B — K*(892)ut 1) /Tiotal (1.06 + 0.09) x 10—©

M(B — KTe7)/Tiotal (4.8 +0.4) x 1077

M(B — K*(892)¢1¢7)/Tioral (1.05 + 0.10) x 10~

r(B — Kvo)/Tiotal <1.7x1075, CL = 90%

M(B — K*uD)/Tiotal <7.6 X 1075, CL = 90%

r(6 — 50v)/Tiotal <6.4x 1074, CL = 90%

r(b — et e anything)/Tiotal —

r(b — wt ™ anything)/Toral <32x1074, CL = 90%
r(b — vwanything)/Tyotal _

F(BY = ¥)/Tiotal <8.7x 1075, CL = 90%
(B2 = 1 u™)/Tiotal (3.1 +0.7) x 10~9
(B — eTe™)/Niotal <2.8x 1077, CL = 90%
r(BY — 6(1020) i ™) /Tyotal (7.6 £15) x 10~7
F(BY — ¢v7)/Tioral <5.4 %1073, CL = 90%

AT =1WEAK NEUTRAL CURRENT FORBIDDEN

Allowed by higher-order electroweak interactions.

laa] <2.1x1073, CL = 95%

NOTES

r(t — Zq(q=u,c))/Ttotal

In this Summary Table:

When a quantity has “(S = ...)" to its right, the error on the quantity has
been enlarged by the “scale factor” S, defined as S = \/x2/(N — 1), where N
is the number of measurements used in calculating the quantity. We do this
when S > 1, which often indicates that the measurements are inconsistent.
When S > 1.25, we also show in the Particle Listings an ideogram of the
measurements. For more about S, see the Introduction.

[a] C parity forbids this to occur as a single-photon process.

[b] See the Particle Listings for the (complicated) definition of this quantity.
[c] Time-reversal invariance requires this to be 0° or 180°.

[d] This coefficient is zero if time invariance is not violated.

[e] Allowed by higher-order electroweak interactions.

Unless otherwise stated, limits are given at the 90% confidence level, while errors are given
as +1 standard deviation.

[f] Violates CP in leading order. Test of direct CP violation since the in-
direct CP-violating and CP-conserving contributions are expected to be
suppressed.

[g] In the 2010 Review, the values for these quantities were given using a
measure of the asymmetry that was inconsistent with the usual definition.

[h] Re(€’/€) = €' /e to a very good approximation provided the phases satisfy
CPT invariance.

[i] This mode includes gammas from inner bremsstrahlung but not the direct
emission mode K9 — 7+ 7~ (DE).

[j] Neglecting photon channels. See, e.g., A. Pais and S.B. Treiman, Phys.
Rev. D12, 2744 (1975).

[k] Derived from measured values of ¢ _, ¢qo, |7]|, }mKo — Mo, and
L

KO
S
T 0. as described in the introduction to “Tests of Conservation Laws.”

s

[] The |mp—mp|/mp and |qp + gp|/e are not independent, and both use
the more precise measurement of |q5/mp|/(qp/mp).

[n] The value is for the sum of the charge states or particle/antiparticle
states indicated.

[o] A test of additive vs. multiplicative lepton family number conservation.

[p] The sign of Am§2 is not known at this time. The range quoted is for
the absolute value.

[q] Derived from an analysis of neutrino-oscillation experiments.

[r] This limit is for either DO or D° to pe~.

[s] This limit is for either D® or D° to pe™.

[t] The first limit is for p — anything or " disappearance” modes of a bound
proton. The second entry, a rough range of limits, assumes the dominant
decay modes are among those investigated. For antiprotons the best
limit, inferred from the observation of cosmic ray p's is 75 > 107
yr, the cosmic-ray storage time, but this limit depends on a number of
assumptions. The best direct observation of stored antiprotons gives
T5/B(P — e7y) > 7x 10° yr.

[u] There is some controversy about whether nuclear physics and model
dependence complicate the analysis for bound neutrons (from which the
best limit comes). The first limit here is from reactor experiments with
free neutrons.

[v] This is the best limit for the mode e~ — wv~. The best limit for “electron
disappearance” is 6.4 x 1024 yr.

[x] See the K% Particle Listings for the energy limits used in this measure-
ment.

[v] See the K‘Z Particle Listings for the energy limits used in this measure-
ment.

[z] An ¢ indicates an e or a u mode, not a sum over these modes.

[aa] This limit is for [(t — Zgq)/T(t — Wb).
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1. PHYSICAL CONSTANTS

Table 1.1. Reviewed 2013 by P.J. Mohr (NIST). Mainly from the “CODATA Recommended Values of the Fundamental Physical Constants:
2010” by P.J. Mohr, B.N. Taylor, and D.B. Newell in Rev. Mod. Phys. 84, 1527 (2012). The last group of constants (beginning with the Fermi
coupling constant) comes from the Particle Data Group. The figures in parentheses after the values give the 1-standard-deviation uncertainties
in the last digits; the corresponding fractional uncertainties in parts per 10° (ppb) are given in the last column. This set of constants (aside
from the last group) is recommended for international use by CODATA (the Committee on Data for Science and Technology). The full 2010
CODATA set of constants may be found at http://physics.nist.gov/constants. See also P.J. Mohr and D.B. Newell, “Resource Letter
FC-1: The Physics of Fundamental Constants,” Am. J. Phys. 78, 338 (2010).

Quantity Symbol, equation Value Uncertainty (ppb)
speed of light in vacuum c 299 792 458 m s ! exact™®
Planck constant h 6.626 069 57(29)x10734 J s 44
Planck constant, reduced h=h/2m 1.054 571 726(47)x 10734 J s 44

= 6.582 119 28(15)x 10722 MeV s 22
electron charge magnitude e 1.602 176 565(35)x 10719 C = 4.803 204 50(11)x 1070 esu 22, 22
conversion constant he 197.326 9718(44) MeV fm 22
conversion constant (Fic)? 0.389 379 338(17) GeV2 mbarn 44
electron mass me 0.510 998 928(11) MeV/c? = 9.109 382 91(40)x 103! kg 22, 44
proton mass mp 938.272 046(21) MeV/c? = 1.672 621 777(74)x 1027 kg 22, 44

= 1.007 276 466 812(90) u = 1836.152 672 45(75) m.  0.089, 0.41
deuteron mass mq 1875.612 859(41) MeV /c? 22
unified atomic mass unit (u) (mass '2C atom)/12 = (1 g)/(N4 mol) 931.494 061(21) MeV/c? = 1.660 538 921(73)x 10~ 27 kg 22, 44
permittivity of free space €0 = 1/poc? 8.854 187 817 ... x10~12 F m~! exact
permeability of free space 10 47 x 1077 N A~2 = 12.566 370 614 ... x10~7 N A~2 exact
fine-structure constant a = e2/4dneghe 7.297 352 5698(24) x 1073 = 1/137.035 999 074(44)f 0.32, 0.32
classical electron radius re = €2 /dmegmec? 2.817 940 3267(27)x10~° m 0.97
(e~ Compton wavelength) /27 Xe = h/mec = rea™! 3.861 592 6800(25)x10~13 m 0.65
Bohr radius (mpucleus = 00) oo = 4megh? /mee? = rea™? 0.529 177 210 92(17)x10~10 m 0.32
wavelength of 1 eV/c particle he/(1 V) 1.239 841 930(27)x 1076 m 22
Rydberg energy heRoo = mee /2(4men)? B2 = mec?a? /2 13.605 692 53(30) eV 22
Thomson cross section or = 81123 0.665 245 8734(13) barn 1.9
Bohr magneton pp = eli/2me 5.788 381 8066(38)x107 1 MeV T4 0.65
nuclear magneton pun = eh/2my, 3.152 451 2605(22)x10~ 14 MeV T—1 0.71
electron cyclotron freq./field wgyd/B =e/me 1.758 820 088(39)x 10! rad s~ T1! 22
proton cyclotron freq. /field wfyd/B =e/mp 9.578 833 58(21)x107 rad s~! T—! 22
gravitational constant? Gn 6.673 84(80)x 10~ m3 kg=1 572 1.2 x 10°

= 6.708 37(80)x 10739 K¢ (GeV/c?)~2 1.2 x 10°
standard gravitational accel. In 9.806 65 m s~ 2 exact
Avogadro constant Ny 6.022 141 29(27)x 1023 mol ! 44
Boltzmann constant k 1.380 6488(13)x10723 J K~! 910

= 8.617 3324(78)x107% eV K1 910
molar volume, ideal gas at STP N 4k(273.15 K)/(101 325 Pa) 22.413 968(20)x 1073 m3 mol ™! 910
Wien displacement law constant b = Amax1’ 2.897 7721(26)><10_3 m K 910
Stefan-Boltzmann constant o = w2kt /6032 5.670 373(21)x108 W m—2 K4 3600
Fermi coupling constant™* Gr/(he)3 1.166 378 7(6)x107° GeV~—2 500
weak-mixing angle sin? 9(M) (VS) 0.231 26(5)1 2.2 x 10°
W= boson mass myy 80.385(15) GeV/c? 1.9 x 10°
29 boson mass my 91.1876(21) GeV/c? 2.3 x 10%
strong coupling constant as(my) 0.1185(6) 5.1 x 106

m = 3.141 592 653 589 793 238 e = 2.718 281 828 459 045 235 ~ = 0.577 215 664 901 532 861
1in =0.0254 m 1G=10"4T 1 eV =1.602 176 565(35) x 10712 J kT at 300 K = [38.681 731(35)] "L eV
1A=01nm 1dyne=10"°N 1eV/c® =1.782 661 845(39) x 10736 kg 0°C=273.15K
1bam=10"2m? 1erg=10"7J 2.997 924 58 x 10% esu=1 C 1 atmosphere = 760 Torr = 101 325 Pa

* The meter is the length of the path traveled by light in vacuum during a time interval of 1/299 792 458 of a second.
TALQ2=0. At Q% ~ m%v the value is ~ 1/128.

1 Absolute lab measurements of G '~ have been made only on scales of about 1 cm to 1 m.

** See the discussion in Sec. 10, “Electroweak model and constraints on new physics.”

f The corresponding sin? @ for the effective angle is 0.23155(5).
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2. ASTROPHYSICAL CONSTANTS AND PARAMETERS

Table 2.1. Revised November 2013 by D.E. Groom (LBNL). The figures in parentheses after some values give the 1-0 uncertainties in the last
digit(s). Physical constants are from Ref. 1. While every effort has been made to obtain the most accurate current values of the listed quantities,
the table does not represent a critical review or adjustment of the constants, and is not intended as a primary reference.

The values and uncertainties for the cosmological parameters depend on the exact data sets, priors, and basis parameters used in the
fit. Many of the derived parameters reported in this table have non-Gaussian likelihoods. Parameters may be highly correlated, so care must
be taken in propagating errors. (But in multiplications by h=2 etc. in the table below, independent errors were assumed.) Unless otherwise
specified, cosmological parameters are from six-parameter fits to a flat ACDM cosmology using CMB data alone: Planck temperature + WMAP
polarization data + high-resolution data from ACT and SPT [2]. For more information see Ref. 3 and the original papers.

Quantity Symbol, equation Value Reference, footnote
speed of light c 299792458 m s exact(4]
Newtonian gravitational constant Gy 6.6738(8) x 10711 m3 kg~ 572 [1,5]
Planck mass Vhe/Gn 1.22093(7) x 1010 GeV/c? 1]

=2.17651(13) x 1078 kg
Planck length hGN/c3 1.616 20(10) x 10735 m 1]
standard gravitational acceleration In 9.806 65 ms exact(1]
jansky (flux density) Jy 10726 W m—2 Hz~! definition
tropical year (equinox to equinox) (2011) yr 31556925.2s ~ 7 x 107 s 6]
sidereal year (fixed star to fixed star) (2011) 315581498 s ~ 7 x 107 s [6]
mean sidereal day (2011) (time between vernal equinox transits) 230 56™ 045090 53 [6]
astronomical unit au 149597870 700 m exact [7]
parsec (1 au/1 arc sec) pc 3.085 67758149 x 1016 m = 3.262 .. .1y exact [8]
light year (deprecated unit) ly 0.3066... pc =0.946053...x 1016 m
Schwarzschild radius of the Sun 2G N Mg /2 2.953250077(2) km 9]
Solar mass Mg 1.9885(2) x 10%0 kg [10]
Solar equatorial radius Ro 6.9551(4) x 108 m [11]
Solar luminosity Lo 3.828 x 1026 W [12]
Schwarzschild radius of the Earth 2G N Mg /? 8.870 055 94(2) mm [13]
Earth mass Mg 5.9726(7) x 10?4 kg [14]
Earth mean equatorial radius Rg 6.378137 x 106 m [6]
luminosity conversion (deprecated) L 3.02 x 1028 x 10704 Myo W [15]
(Mo = absolute bolometric magnitude = bolometric magnitude at 10 pc)
flux conversion (deprecated) F 2.52 x 1078 x 10704 Mbol W m—2 from above
(mpe1 = apparent bolometric magnitude)
ABsolute monochromatic magnitude AB —2.5 logyq f —56.10 (for f, in Wm~2Hz 1) [16]
= —2.5 logyg fu +8.90 (for f, in Jy)

Solar angular velocity around the Galactic center ©,/Ro 30.3+£0.9 km s~ kpe—! [17]
Solar distance from Galactic center Ry 8.4(6) kpc [17,18]
circular velocity at Ry v, or Og 254(16) km s~1 [17]
local disk density P disk 3-12 x1072* g em ™3 &~ 2-7 GeV/c? cm ™3 [19]
local dark matter density Py canonical value 0.3 GeV/c? ecm™3 within factor 2-3  [20]
escape velocity from Galaxy V esc 498 km/s < vesc < 608 km/s [21]
present day CMB temperature To 2.7255(6) K [22,23]
present day CMB dipole amplitude 3.355(8) mK [22,24]
Solar velocity with respect to CMB 369(1) km/s towards (¢,b) = (263.99(14)°, 48.26(3)°) [22,24]
Local Group velocity with respect to CMB vLG 627(22) km/s towards (¢, b) = (276(3)°,30(3)°) [22,24]
entropy density /Boltzmann constant s/k 2891.2 (T/2.7255)% cm™3 [25]
number density of CMB photons Ny 410.7(T/2.7255)3 cm 3 [25]
baryon-to-photon ratio 1= np/Ny 6.05(7) x 10710 (CMB) [26]

57x 10710 <5 < 6.7 x 10710 (95% CL) [26]
present day Hubble expansion rate Hy 100 h km s~ Mpe—! = hx(9.777 752 Gyr) ! [29]
scale factor for Hubble expansion rate h 0.673(12) [2,3]
Hubble length ¢/Hy 0.9250629 x 1026 =1 m = 1.37(2) x 1026 m
scale factor for cosmological constant c?/3H3 2.85247 x 1051 h=2 m? = 6.3(2) x 10°! m?
critical density of the Universe Perit = 3Hg/87rGN 2.775366 27 x 1011 h2 MgMpe—3

=1.87847(23) x 10722 h2 g cm™3
=1.05375(13) x 107° A2 (GeV/c?) cm ™3
number density of baryons ny, 2.482(32) x 10~ cm ™3 [2,3,27,28]
(21x 1077 < mp < 2.7x 107 7)em™3 (95% CL) 7 x ny

scalar spectral index ng £0.958(7) 2,3
In pwr primordial curvature pert. (kp=0.05 Mpc™) In(100A%) £3.090(25) 2,3

baryon density of the Universe b = b/ Perit £0.02207(27) b2 = 10.0499(22) 2,3]
cold dark matter density of the universe Qedm = Pedm/Perit +0.1198(26) h=2 = 0.265(11) [2,3]
100 x approx to r4/Da 100 x Oyic £1.0413 68 12,3]
reionization optical depth T i 0091;%:03 [2,3]
]
]
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Quantity Symbol, equation Value Reference, footnote
dark energy density of the ACDM Universe Qp 0.6851'8:8% 12,3]
pressureless matter density of the Universe Qm = Qedm + 0.315f8:8}$ (From Q4 and flatness constraint) (2,3]
dark energy equation of state parameter w : 71.1Of8:8§ (Planck+WMAP+BAO+SN) [32]

CMB radiation density of the Universe Qy = py/pc 2.473 x 1075(T/2.7255)4 h=2 = 5.46(19) x 107> [25]
effective number of neutrinos Neg 13.36 +0.34 2]

sum of neutrino masses >omy < 0.23 eV (95% CL; CMB+BAO) = Q,h? < 0.0025 [2,30,31]
neutrino density of the Universe Q < 0.0025h~2 = < 0.0055 (95% CL; CMB-+BAO) [2,30,31]

v
curvature Qtot= Qm + ...+ 0y

fluctuation amplitude at 8 h~1 Mpc scale g
running spectral index slope, kg = 0.002 Mpc™! dng/dInk

tensor-to-scalar field perturbations ratio, kg=0.002 Mpc’1 r=T/8
redshift at decoupling Zdec
age at decoupling tx
sound horizon at decoupling rs(z«)
redshift of matter-radiation equality Zeq
redshift at half reionization Zreion
age at half reionization treion
age of the Universe to

£0.96102 (95%CL)

£1.000(7) (95% CL; CMB+BAO)
10.828 £0.012

£ -0.015(9)

£<0.11 at 95% CL; no running
11090.2 £ 0.7
13.72 x 105 yr
1147.5 4+ 0.6 Mpc
13360 + 70
f11.14+1.1

1462 Myr
113.81+£0.05 Gyr

(2]
2]
2,3]
2]
[2,3]
2]

(32]
2]
2]

2]

(Planck CMB)

{ Parameter in six-parameter ACDM fit [2].
t Derived parameter in six-parameter ACDM fit, [2].
f Extended model parameter [2].
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Astrophysical determinations of Zm,,]., reported in the Full
Listings of this Review under “Sum of the neutrino masses,”
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3. INTERNATIONAL SYSTEM OF UNITS (SI)

See “The International System of Units (SI),” NIST Special Publication 330, B.N. Taylor, ed. (USGPO, Washington, DC, 1991); and “Guide for
the Use of the International System of Units (SI),” NIST Special Publication 811, 1995 edition, B.N. Taylor (USGPO, Washington, DC, 1995).

SI prefixes
Physical Name
ySIe ) 1024 yotta (Y)
quantity of unit Symbol
102 zetta (2)
Base units 1018 oxa (E)
length meter m 105 peta P)
mass kilogram kg 102 tera (T)
time second s g .

. 10 giga  (G)
electric current ampere A .
thermodynamic kelvin K 10 mega (M)

temperature 103 kilo (k)
amount of substance mole mol 102 hecto  (h)
luminous intensity candela cd 10 deca  (da)

Derived units with special names 10~ deci (d)
plane angle radian rad 1072 centi (c)
solid angle steradian Sr 10-3  milli (m)
frequenc hertz Hz )

d Y 1076 micro (u)
energy joule J 0
. 107 8
force newton N navo  (n)

—12 .

pressure pascal Pa 10 pico (»)
power watt W 10715 femto ()
electric charge coulomb C 10718 atto  (a)
electric potential volt A% 10721 zepto (2)
electric resistance ohm Q 10-24 yocto  (y)
electric conductance siemens S

electric capacitance farad F

magnetic flux weber Wb

inductance henry H

magnetic flux density tesla T

luminous flux lumen Im

illuminance lux Ix

celsius temperature degree celsius °C

activity (of a becquerel Bq

radioactive source)*
absorbed dose (of gray Gy

ionizing radiation)*
dose equivalent™ sievert Sv

*See our section 35, on “Radioactivity and radiation
protection,” p. 458.



Table 4.1. Revised 2011 by D.E. Groom (LBNL), and E. Bergren. Atomic weights of stable elements are adapted from the Commission on Isotopic Abundances and Atomic
Weights, “Atomic Weights of the Elements 2007,” http://www.chem.qmul.ac.uk/iupac/AtWt/. The atomic number (top left) is the number of protons in the nucleus. The
atomic mass (bottom) of a stable elements is weighted by isotopic abundances in the Earth’s surface. If the element has no stable isotope, the atomic mass (in parentheses) of the
most stable isotope currently known is given. In this case the mass is from http://www.nndc.bnl.gov/amdc/masstables/Ame2003/mass . mas03 and the longest-lived isotope is
from www.nndc.bnl.gov/ensdf/za form. jsp. The exceptions are Th, Pa, and U, which do have characteristic terrestrial compositions. Atomic masses are relative to the mass
of 12C, defined to be exactly 12 unified atomic mass units (u) (approx. g/mole). Relative isotopic abundances often vary considerably, both in natural and commercial samples;
this is reflected in the number of significant figures given for the atomic mass. IUPAC does not accept the claims for elements 113, 115, 117, and 118 as conclusive at this time.

1
IA

18
VIIIA

1 H
Hydrogen
1.00794

2
1A

3 Li|4
Lithium | Ber;
6.941 9.0

Be
yllium

12182

11 Na | 12

Sodium | Magnesium

22.98976928 | 24

Mg

.3050

PERIODIC TABLE OF THE ELEMENTS

3 4 5 6 7 8 9 10 11 12
1B IVB VB VIB VIIB — Vi 1B 1B

13
1A

14
IVA

15 16

2 He
17 Helium

VA VIA VIIA 4.002602

5 B
Boron

10.811

6 C
Carbon
12.0107

7 N|8

0|9 F |10 Ne

Nitrogen | Oxygen Fluorine Neon

14.0067 | 15.9994 |18.9984032| 20.1797

13 Al

Aluminum
26.9815386

14 Si
Silicon

28.0855

15 P|16

S|17 Cl|18 Ar

Phosph. Sulfur Chlorine Argon
30.973762 | 32.065 35.453 39.948

19 K20

Potassium | Calcium

39.0983 40.078

Ca

21 Sc|22 Ti|23 V|24 Cr|25 Mn |26 Fe |27 Co|28 Ni |29 Cu|30 Zn
Scandium | Titanium | Vanadium |Chromium|Manganese|  Iron Cobalt Nickel Copper Zinc

44.955912 | 47.867 | 50.9415 | 51.9961 [54.938045| 55.845 |58.933195| 58.6934 | 63.546 65.38

31 Ga
Gallium

69.723

32 Ge
German.

72.64

33 As| 34

Se | 35 Br | 36 Kr

Arsenic | Selenium | Bromine | Krypton

74.92160 | 78.96 79.904 83.798

37 Rb | 38

Rubidium | Strontium

85.4678 87.62

Sr

39 Y |40 Zr|41 Nb |42 Mo |43 Tcl|44 Ru|45 Rh |46 Pd|47 Ag |48 Cd
Yttrium |Zirconium| Niobium | Molybd. | Technet. | Ruthen. | Rhodium |Palladium| Silver |Cadmium

88.90585 | 91.224 |92.90638 | 95.96 |(97.90722)| 101.07 |102.90550 | 106.42 | 107.8682 | 112.411

49 In
Indium

114.818

50 Sn
Tin
118.710

51 Sb| 52

Te | 53 |54 Xe

Antimony | Tellurium Todine Xenon

121.760 127.60 |126.90447| 131.293

55 Cs | 56

Cesium Barium
132.9054519| 137.327

Ba

57-71 |72 Hf|73 Ta|74 W |75 Re |76 Os|77 Ir|78 Pt|79 Au |80 Hg
Lantha- | Hafnium | Tantalum | Tungsten | Rhenium | Osmium | Iridium | Platinum Gold Mercury

nides 178.49 180.94788| 183.84 | 186.207 | 190.23 | 192.217 | 195.084 |196.966569 200.59

81 Tl
Thallium
204.3833

82 Pb
Lead

207.2

83 Bi| 84

Po | 85 At | 86 Rn

Bismuth | Polonium | Astatine Radon
208.98040 |(208.98243)(209.98715)|(222.01758)

87 Fr| 88

Francium | Radium

(223.01974)|(226

Ra

.02541)

89-103 |104 Rf{105 Db|106 Sg|107 Bh|108 Hs|109 Mt|110 Ds|111 Rg|112 Cn
Actinides Rutherford| Dubnium | Seaborg. | Bohrium | Hassium | Meitner. Darmstadt,|Roentgen. |Copernicium

(267.122) | (268.125) | (271.133)| (270.134)| (269.134) | (276.151) | (281.162)| (280.164) | (277)

114 Fl
Flerovium

(289)

116

Livermorium

(288)

Lv

Lanthanide 57

series

Actinide
series

La |58 Ce | 59 Pr| 60 Nd |61 Pm|62 Sm|63 Eu | 64 Gd | 65 Tb | 66

Lanthan. Cerium |Praseodym.| Neodym. | Prometh. | Samarium | Europium | Gadolin. | Terbium | Dyspros.

138.90547| 140.116 |140.90765| 144.242 |(144.91275)| 150.36 151.964 157.25 [158.92535| 162.500

Dy | 67

Holmium

164.93032

Ho | 68

Erbium Thulium

167.259 |168.93421

Er|69 Tm

70 Yb |71 Lu
Ytterbium | Lutetium
173.054 | 174.9668

89

Ac | 90 Th |91 Pa |92 U |93 Np | 94 Pu{95 Am |96 Cm |97 Bk | 98

Actinium | Thorium | Protactin. | Uranium |Neptunium|Plutonium | Americ. Curium | Berkelium | Californ.
(227.02775)| 232.03806 | 231.03588 | 238.02891 |(237.04817) |(244.06420)|(243.06138) |(247.07035)|(247.07031)|(251.07959)

Cf| 99

Einstein.
(252.0830)

Es | 100

Fermium | Mendelev.
(257.09510)|(258.09843)

Fm|101 Md

102 No | 103 Lr
Nobelium | Lawrenc.
(259.1010) | (262.110)
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5. ELECTRONIC STRUCTURE OF THE ELEMENTS

Table 5.1. Reviewed 2011 by J.E. Sansonetti (NIST). The electronic configurations and the ionization energies are from the NIST
database, “Ground Levels and Ionization Energies for the Neutral Atoms,” W.C. Martin, A. Musgrove, S. Kotochigova, and J.E. Sansonetti,
http://www.nist.gov/pml/data/ion_energy.cfm. The electron configuration for, say, iron indicates an argon electronic core (see argon) plus
six 3d electrons and two 4s electrons.

Ground Tonization
Electron configuration state energy
Element (3d® = five 3d electrons, etc.) 25+, (eV)
1 H  Hydrogen 1s 2819 13.5984
2 He Helium 1s2 LSy 24.5874
3 Li Lithium (He)2s 281 5.3917
4  Be Beryllium (He) 252 15y 9.3227
5 B  Boron (He)2s% 2p 2Py s 8.2980
6 C  Carbon (He)2s2 2p? 3P 11.2603
7 N Nitrogen (He)2s% 2p? 1839 14.5341
8 O  Oxygen (He)2s% 2p* 3P, 13.6181
9 F  Fluorine (He)2s% 2p° 2Py s 17.4228
10  Ne Neon (He)2s2 2p0 1Sy 21.5645
11 Na Sodium (Ne)3s 2819 5.1391
12 Mg Magnesium (Ne) 352 1Sy 7.6462
13 Al Aluminum (Ne)3s? 3p 2Py s 5.9858
14  Si  Silicon (Ne)3s? 3p? 3P, 8.1517
15 Phosphorus (Ne)3s? 3p° 483/2 10.4867
16 S Sulfur (Ne)3s2 3p? 3Py 10.3600
17  Cl  Chlorine (Ne)3s? 3p° 2Py)s 12.9676
18  Ar Argon (Ne)3s2 3p0 15, 15.7596
19 K  Potassium (Ar) 4s 251/2 4.3407
20 Ca Calcium (Ar)  4s2 15, 6.1132
21 Sc  Scandium (Ar)3d 4s? T D39 6.5615
22 Ti Titanium (Ar) 3d% 4s? roo, 3Ry 6.8281
23 V  Vanadium (Ar) 3d> 4s2 a Fyo 6.7462
24 Cr  Chromium (Ar)3d°® 4s oo 753 6.7665
25 Mn Manganese (Ar)3d5 452 5 m S5/2 7.4340
26 Fe Iron (Ar)3d5 452 1‘: e 5Dy 7.9024
27 Co Cobalt (Ar)3d7 4s2 ;oo Fys 7.8810
28  Ni  Nickel (Ar) 3d® 452 o ¢ 3Fy 7.6399
29 Cu  Copper (Ar) 3d194s n ° 251/2 7.7264
30  Zn Zinc (Ar) 3d104s? LSy 9.3942
31 Ga Gallium (Ar)3d104s% 4p Pyjs 5.9993
32 Ge  Germanium (Ar) 3dY04s2 4p? 3Py 7.8994
33  As  Arsenic (Ar) 3dY04s2 4p3 453/2 9.7886
34 Se  Selenium (Ar) 3dY04s2 4p* 3py 9.7524
35 Br Bromine (Ar) 3d'94s2 4p° 2Pys 11.8138
36 Kr Krypton (Ar) 3d194s2 4p8 s, 13.9996
37 Rb  Rubidium (Kr)  5s 281 41771
38  Sr  Strontium (Kr) 552 1S, 5.6949
39 Y Yttrium (Kr)4d 5s T D39 6.2173
40  Zr  Zirconium (Kr)4d? 5s? ro 3Fy 6.6339
41 Nb Niobium (Kr)4d* 55 a D1 6.7589
42 Mo Molybdenum (Kr)4d® 5s noe 783 7.0924
43  Tc  Technetium (Kr)4d® 5s? ® m 655/2 7.28
44  Ru Ruthenium (Kr)4d™ 5s :; e 5Fy 7.3605
45  Rh  Rhodium (Kr)4d® 55 .on 4Fy s 7.4589
46 Pd Palladium (Kr) 4410 o ¢ Lg, 8.3369
47 Ag  Silver (Kr)4d05s n B 2512 7.5762
48 Cd Cadmium (Kr)4d'05s? 1Sy 8.9938
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49 In  Indium (Kr)4d'95s2 5p 2Py s 5.7864
50  Sn Tin (Kr)4d'0552 5p? 3P 7.3439
51 Sb Antimony (Kr)4d'05s2 5p3 453/2 8.6084
52 Te  Tellurium (Kr)4d'05s2 5p* 3py 9.0096
53 1  lodine (Kr)4d'95s2 5p° 2Py)s 10.4513
54  Xe Xenon (Kr)4d'95s2 5p5 15, 12.1298
55  Cs Cesium (Xe) 65 ) 3.8939
56  Ba Barium (Xe) 652 1Sy 5.2117
57 La Lanthanum (Xe) 5d 652 2D3/2 5.5769
58 Ce Cerium (Xe)4f 5d 6s> e 5.5387
59  Pr  Praseodymium  (Xe)4f> 652 L 419/2 5.473
60 Nd Neodymium (Xe)4f* 652 a 51y 5.5250
61  Pm Promethium (Xe)4f> 652 n 6H5/2 5.582
62 Sm  Samarium (Xe)4f0 652 t "Fy 5.6437
63 Eu Europium (Xe)4fT 652 h 8572 5.6704
64 Gd Gadolinium (Xe)4fT 5d 652 & 9D, 6.1498
65 Tb Terbium (Xe)4f? 652 . SHyz 58638
66 Dy  Dysprosium (Xe)4f10 652 d 5Ig 5.9389
67 Ho Holmium (Xe)4f1t 652 e 1150 6.0215
68 Er Erbium (Xe)af12 652 $ 3Hg 6.1077
69 Tm Thulium (Xe)4f1® 652 2F7/2 6.1843
70  Yb Ytterbium (Xe)4f14 652 LSy 6.2542
71  Lu Lutetium (Xe)4f145d 65> D35 5.4259
72  Hf Hafnium (Xe)4f14542 652 T 3Fy 6.8251
73 Ta Tantalum (Xe)4 14543 652 ro 1F3)5 7.5496
74 W  Tungsten (Xe)4f1454* 652 a 5Do 7.8640
75  Re Rhenium (Xe)4f145d% 652 nog 6552 7.8335
76 Os  Osmium (Xe)4f145d5 652 S m 5Dy 8.4382
77  Ir Iridium (Xe)4f145d" 652 ; e 1Fy s 8.9670
78 Pt Platinum (Xe)4f145d% 65 . 3Ds 8.9588
79 Au  Gold (Xe)4f15d'%6s o ¢ 281 /9 9.2255
80 Hg Mercury (Xe)4 145410652 n LSy 10.4375
81 Tl Thallium (Xe) 414540652 6p 2Py s 6.1082
8 Pb Lead (Xe) 4145410652 6p? 3P, 7.4167
83 Bi  Bismuth (Xe) 4145410652 6p° 4532 7.2855
84  Po Polonium (Xe) 4145410652 6p* 3py 8.414
85 At  Astatine (Xe) 4145410652 6p° 2Py
8 Rn Radon (Xe) 4145410652 6p0 1Sy 10.7485
87  Fr  Francium (Rn) Ts 251/2 4.0727
88  Ra Radium (Rn) 752 15, 5.2784
89  Ac Actinium (Rn) 6d 7s 2D3/2 5.3807
90 Th Thorium (Rn)  6d% 7s? 3Ry 6.3067
91  Pa Protactinium (Rn)5f2 6d 75> A 1Ky 5.89
92 U  Uranium (Rn)5f3 6d 752 c Lg* 6.1939
93  Np Neptunium (Rn)5f4 6d 75 t Lyyp*  6.2657
94  Pu Plutonium (Rn)5f6 752 ! "Fy 6.0260
95  Am Americium (Rn)5 7 752 n S7/2 5.9738
96 Cm Curium (Rn)5f7 6d 752 11 9Dy 5.9914
97 Bk Berkelium (Rn)5f% 752 . Hysjp 61979
98  Cf Californium (Rn)5£10 752 s 513 6.2817
99  Es Einsteinium (Rn)5 f11 752 Iis /o 6.3676
100 Fm Fermium (Rn)5 12 752 3Hg 6.50
101 Md Mendelevium (Rn)5f13 752 2Fy s 6.58
102 No Nobelium (Rn)5f14 752 1Sy 6.65
103 Lr Lawrencium (Rn)5 14 752 Tp? Pyjo? 4.97
104  Rf Rutherfordium  (Rn)5f146d2 7527 3Fy? 6.07

* The usual LS coupling scheme does not apply for these three elements. See the introductory
note to the NIST table from which this table is taken.
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6. ATOMIC AND NUCLEAR PROPERTIES OF MATERIALS

Table 6.1 Abridged from pdg.1bl.gov/AtomicNuclearProperties by D. E. Groom (2007). See web pages for more detail about entries in
this table including chemical formulae, and for several hundred other entries. Quantities in parentheses are for gases at 20° C and 1 atm, and
square brackets indicate evaluation at 0°C and 1 atm. Boiling points are at 1 atm. Refractive indices n are evaluated at the sodium D line
blend (589.2 nm); values 31 in brackets are for (n — 1) x 108 (gases).

Material Z A (Z/A) Nucl.coll. Nuclinter. Rad.len. dE/dz|yiy, Density Melting Boiling  Refract.
length Ap length Af Xo {MeV {g (3111*3} point point index
{gem=?} {gem2} {gem 2} glem?} ({g¢'}) (K)  (K) (@NaD)

Hoy 1 1.00794(7) 0.99212 42.8 52.0 63.04 (4.103) 0.071(0.084) 13.81 20.28  1.11[132]

Do 1 2.01410177803(8) 0.49650 51.3 71.8 125.97 (2.053) 0.169(0.168) 18.7 23.65  1.11[138.]

He 2 4.002602(2) 0.49967 51.8 71.0 94.32  (1.937) 0.125(0.166) 4220 1.02[35.0]

Li 3 6.941(2) 0.43221 52.2 71.3 82.78 1.639 0.534 453.6 1615.

Be 4 9.012182(3) 0.44384 55.3 77.8 65.19 1.595 1.848 1560. 2744.

C diamond 6 12.0107(8) 0.49955 59.2 85.8 42.70 1.725 3.520 2.42

C graphite 6 12.0107(8) 0.49955 59.2 85.8 42.70 1.742 2.210

N 7 14.0067(2) 0.49976 61.1 89.7 37.99  (1.825) 0.807(1.165) 63.15  77.29  1.20[208)]

Og 8 15.9994(3) 0.50002 61.3 90.2 34.24 (1.801) 1.141(1.332) 54.36 90.20  1.22[271.]

Fy 9 18.9984032(5) 0.47372 65.0 97.4 32.03  (1.676) 1.507(1.580) 53.53  85.03  [195]

Ne 10 20.1797(6) 0.49555 65.7 99.0 28.93 (1.724) 1.204(0.839) 24.56 27.07  1.09[67.1]

Al 13 26.9815386(8) 0.48181 69.7 107.2 24.01 1.615 2.699 933.5 2792.

Si 14 28.0855(3) 0.49848 70.2 108.4 21.82 1.664 2.329 1687. 3538. 3.95

Cl 17 35.453(2) 0.47951 73.8 1157 19.28  (1.630) 1.574(2.980) 171.6  239.1  [773]

Ar 18 39.948(1) 0.45059 75.7 119.7 19.55 (1.519) 1.396(1.662) 83.81 87.26  1.23[281.]

Ti 22 47.867(1) 0.45961 78.8 126.2 16.16 1.477 4.540 1941. 3560.

Fe 26 55.845(2) 0.46557 81.7 132.1 13.84 1.451 7.874 1811. 3134.

Cu 29 63.546(3) 0.45636 84.2 137.3 12.86 1.403 8.960 1358. 2835.

Ge 32 72.64(1) 0.44053 86.9 143.0 12.25 1.370 5.323 1211. 3106.

Sn 50 118.710(7) 0.42119 98.2 166.7 8.82 1.263 7.310 505.1 2875.

Xe 54 131.293(6) 0.41129 100.8 172.1 8.48 (1.255) 2.953(5.483) 161.4 165.1  1.39[701.]

W 74 183.84(1) 0.40252 110.4 191.9 6.76 1.145 19.300 3695. 5828.

Pt 78 195.084(9) 0.39983 112.2 195.7 6.54 1.128 21.450 2042. 4098.

Au 79 196.966569(4) 0.40108 112.5 196.3 6.46 1.134 19.320 1337. 3129.

Pb 82 207.2(1) 0.39575 114.1 199.6 6.37 1.122 11.350 600.6 2022.

U 92 [238.02891(3)] 0.38651 118.6 209.0 6.00 1.081 18.950 1408. 4404.

Air (dry, 1 atm) 0.49919 61.3 90.1 36.62  (1.815)  (1.205) 78.80 [289]

Shielding concrete 0.50274 65.1 97.5 26.57 1.711 2.300

Borosilicate glass (Pyrex) 0.49707 64.6 96.5 28.17 1.696 2.230

Lead glass 0.42101 95.9 158.0 7.87 1.255 6.220

Standard rock 0.50000 66.8 101.3 26.54 1.688 2.650

Methane (CHy) 0.62334 54.0 73.8 4647 (2417)  (0.667)  90.68 1117  [444]

Ethane (CoHg) 0.59861 55.0 75.9 45.66  (2.304)  (1.263)  90.36 184.5

Propane (C3Hg) 0.58962 55.3 76.7 45.37 (2.262) 0.493(1.868) 85.52 231.0

Butane (C4Hjo) 0.59497 55.5 77.1 4523 (2278)  (2.489) 1349 2726

Octane (CgHig) 0.57778 55.8 77.8 45.00 2.123 0.703 214.4 398.8

Paraffin (CH3(CHg)p~03CH3) 0.57275 56.0 78.3 44.85 2.088 0.930

Nylon (type 6, 6/6) 0.54790 57.5 81.6 41.92 1.973 1.18

Polycarbonate (Lexan) 0.52697 58.3 83.6 41.50 1.886 1.20

Polyethylene ([CHyCHaly) 0.57034 56.1 78.5 4477 2079 0.89

Polyethylene terephthalate (Mylar) 0.52037 58.9 84.9 39.95 1.848 1.40

Polyimide film (Kapton) 0.51264 59.2 85.5 40.58 1.820 1.42

Polymethylmethacrylate (acrylic) 0.53937 58.1 82.8 40.55 1.929 1.19 1.49

Polypropylene 0.55998 56.1 78.5 4477 2,041 0.90

Polystyrene ([CgHs CHCHa)y) 0.53768 57.5 81.7 4379 1.936 1.06 1.59

Polytetrafluoroethylene (Teflon) 0.47992 63.5 94.4 34.84 1.671 2.20

Polyvinyltoluene 0.54141 57.3 81.3 43.90 1.956 1.03 1.58

Aluminum oxide (sapphire) 0.49038 65.5 98.4 27.94 1.647 3.970 2327. 3273. 1.77

Barium flouride (BaFs) 0.42207 90.8 149.0 9.91 1.303 4.893 1641. 2533. 1.47

Bismuth germanate (BGO) 0.42065 96.2 159.1 7.97 1.251 7.130 1317. 2.15

Carbon dioxide gas (COs) 0.49989 60.7 88.9 36.20  1.819  (1.842) 449

Solid carbon dioxide (dry ice) 0.49989 60.7 88.9 36.20 1.787 1.563 Sublimes at 194.7 K

Cesium iodide (CsI) 0.41569 100.6 171.5 8.39 1.243 4.510 894.2 1553. 1.79

Lithium fluoride (LiF) 0.46262 61.0 88.7 39.26 1.614 2.635 1121. 1946. 1.39

Lithium hydride (LiH) 0.50321 50.8 68.1 79.62 1.897 0.820 965.

Lead tungstate (PbWOy) 0.41315 100.6 168.3 7.39 1.229 8.300 1403. 2.20

Silicon dioxide (SiOz2, fused quartz) 0.49930 65.2 97.8 27.05 1.699 2.200 1986. 3223. 1.46

Sodium chloride (NaCl) 0.55509 71.2 110.1 21.91 1.847 2.170 1075. 1738. 1.54

Sodium iodide (Nal) 0.42697 93.1 154.6 9.49 1.305 3.667 933.2 1577. 1.77

Water (H20) 0.55509 58.5 83.3 36.08 1.992 1.000 273.1 373.1 1.33

Silica aerogel 0.50093 65.0 97.3 27.25 1.740 0.200 (0.03 H20, 0.97 SiO2)
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Material Dielectric Young’s Coeft. of Specific Electrical Thermal
constant (k = €/€g) modulus thermal heat resistivity conductivity
() is (k-1)x108 [10 psi] expansion [cal/g-°C] (uQ2em(@°C)]  [cal/cm-°C-sec]
for gas [10~6cm /em-°C]
Ho (253.9) — — — — —
He (64)
Li — — 56 0.86 8.55(0°) 0.17
Be — 37 124 0.436 5.885(0°) 0.38
C — 0.7 0.6-4.3 0.165 1375(0°) 0.057
No (548.5) — — — — —
O2 (495) — — — — —
Ne (127) — — — — —
Al — 10 23.9 0.215 2.65(20°) 0.53
Si 11.9 16 2.8-7.3 0.162 0.20
Ar (517) — — — — —
Ti — 16.8 8.5 0.126 50(0°) —
Fe — 28.5 11.7 0.11 9.71(20°) 0.18
Cu — 16 16.5 0.092 1.67(20°) 0.94
Ge 16.0 — 5.75 0.073 — 0.14
Sn — 6 20 0.052 11.5(20°) 0.16
Xe — — — — — —
W — 50 44 0.032 5.5(20°) 0.48
Pt — 21 8.9 0.032 9.83(0°) 0.17
Pb — 2.6 29.3 0.038 20.65(20°) 0.083
U 36.1 0.028 29(20°) 0.064
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7. ELECTROMAGNETIC RELATIONS

Revised September 2005 by H.G. Spieler (LBNL).

Quantity

Gaussian CGS

SI

Conversion factors:
Charge:
Potential:
Magnetic field:

2.997 924 58 x 10 esu
(1/299.792 458) statvolt (ergs/esu)
10* gauss = 10% dyne/esu

=1C=1As
=1V=1JC!
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Constitutive relations:
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7.1. Impedances (SI units)

p = resistivity at room temperature in 1078 Q m:

~ 1.7 for Cu ~ 5.5 for W
~ 2.4 for Au ~ 73 for SS 304
~ 2.8 for Al ~ 100 for Nichrome

(Al alloys may have double the Al value.)

For alternating currents, instantaneous current I, voltage V,
angular frequency w:

V=V =2I. (7.1)
Impedance of self-inductance L: Z = jwL .
Impedance of capacitance C: Z = 1/jwC .
Impedance of free space: Z = +/pp/€eg = 376.7 .
High-frequency surface impedance of a good conductor:
14
7 = % ,  where § = skin depth ; (7.2)
g L n B0m o (7.3)

mn ™ i)

7.2. Capacitors, inductors, and transmission Lines

The capacitance between two parallel plates of area A spaced by the
distance d and enclosing a medium with the dielectric constant ¢ is

C=KeA/d, (7.4)

where the correction factor K depends on the extent of the fringing
field. If the dielectric fills the capacitor volume without extending
beyond the electrodes. the correction factor K ~ 0.8 for capacitors of
typical geometry.

The inductance at high frequencies of a straight wire whose length ¢
is much greater than the wire diameter d is

el (o(4) )

For very short wires, representative of vias in a printed circuit board,
the inductance is

(7.5)

L(in nH) =~ ¢/d. (7.6)
A transmission line is a pair of conductors with inductance L and
capacitance C. The characteristic impedance Z = /L/C and the
phase velocity v, = 1/VIC = 1//u, which decreases with the
inverse square root of the dielectric constant of the medium. Typical
coaxial and ribbon cables have a propagation delay of about 5ns/cm.

The impedance of a coaxial cable with outer diameter D and inner

diameter d is
1 D
In—,

Ver o d
where the relative dielectric constant €, = ¢/g9. A pair of parallel
wires of diameter d and spacing a > 2.5 d has the impedance

1 2
ln—a.

Ver d
This yields the impedance of a wire at a spacing h above a ground
plane,

Z =600

(7.7)

Z =120Q-

(7.8)

1 4h
In—.

VEr d
A common configuration utilizes a thin rectangular conductor above
a ground plane with an intermediate dielectric (microstrip). Detailed
calculations for this and other transmission line configurations are
given by Gunston.*

Z =608

(7.9)

* M.A.R. Gunston. Microwave Transmission Line Data, Noble Pub-
lishing Corp., Atlanta (1997) ISBN 1-884932-57-6, TK6565.T73G85.

7.3. Synchrotron radiation (CGS units)

For a particle of charge e, velocity v = ¢, and energy E = ymc?2,
traveling in a circular orbit of radius R, the classical energy loss per
revolution 0E is

47 €2
0E = — — 4", 7.10
T 7 (7.10)
For high-energy electrons or positrons (8 ~ 1), this becomes
SE (in MeV) ~ 0.0885 [E(in GeV)]*/R(in m) . (7.11)

For v > 1, the energy radiated per revolution into the photon energy
interval d(hw) is

dr = %’rm Flw/we) d(hw) | (7.12)
where a = €2/hc is the fine-structure constant and
33
we = ;R (7.13)
is the critical frequency. The normalized function F(y) is
9 o0
F) = 5oVBy [ Kysla) da, (714)
Yy

where Kj/3 () is a modified Bessel function of the third kind. For
electrons or positrons,

fwe (in keV) &~ 2.22 [E(in GeV)]?/R(in m) . (7.15)

Fig. 7.1 shows F(y) over the important range of y.
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Figure 7.1: The normalized synchrotron radiation spectrum F'(y).

Fory>»1land w < we ,

—— =~ 33 R/c)™/" 7.16
Ty ~ 33 @R/ (7.16)
whereas for
> 1 and w2 3w, ,
I 3 w\Y2 55 we
— = — TNl 4+ —=— 4 ... 77
() V2°”<wc> ‘ [+7Qw+ ] (740

The radiation is confined to angles <1/ relative to the instantaneous
direction of motion. For v > 1, where Eq. (7.12) applies, the mean
number of photons emitted per revolution is

N, = —« s 7.18
s \/5 Y ( )
and the mean energy per photon is
8
hw) = ——=hwe . 7.19
() = = (7.19)

When (hw) Z O(E), quantum corrections are important.

See J.D. Jackson, Classical Electrodynamics, 3'4 edition (John Wiley
& Sons, New York, 1998) for more formulae and details. (Note that
earlier editions had w. twice as large as Eq. (7.13).
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8. NAMING SCHEME FOR HADRONS

Revised 2004 by M. Roos (University of Finland) and C.G. Wohl
(LBNL).

8.1. Introduction

We introduced in the 1986 edition [1] a new naming scheme for the
hadrons. Changes from older terminology affected mainly the heavier
mesons made of the light (u, d, and s) quarks. Old and new names
were listed alongside until 1994. Names also change from edition to
edition because some characteristic like mass or spin changes. The
Summary Tables give both the new and old names whenever a change
occurred.

8.2. “Neutral-flavor” mesons (S=C=B=T=0)

Table 8.1 shows the names for mesons having the strangeness
and all heavy-flavor quantum numbers equal to zero. The scheme is
designed for all ordinary non-exotic mesons, but it will work for many
exotic types too, if needed.

Table 8.1: Symbols for mesons with the strangeness and all
heavy-flavor quantum numbers equal to zero.

o+ 1+ 1—— ot+

JPC — 92—+ 3+— 9—— 1++
qg content 25t1L; = I(Leven); (Lodd); 3(Leven); 3(Lodd);
ud, v — dd,da (I =1) ™ b P a
Y T R A Y N
and/or s3
CE Te he IPT Xe
bb i hy T Xb
tt nt ht 0 Xt

tThe J/¢ remains the J/1.

First, we assign names to those states with quantum numbers
compatible with being ¢q states. The rows of the Table give the
possible ¢g content. The columns give the possible parity/charge-
conjugation states,

PC=—+,+—, —, and ++;

these combinations correspond one-to-one with the angular-momentum
state 251 L ; of the ¢g system being

(L even) 7, 1(L odd) j, 3(L even) s, or 3(L odd) s .

Here S, L, and J are the spin, orbital, and total angular momenta of
the ¢ system. The quantum numbers are related by P = (—1)L+17

C = (=1)E*S and G parity = (—1)L+5+ where of course the C

quantum number is only relevant to neutral mesons.

The entries in the Table give the meson names. The spin J is added
as a subscript except for pseudoscalar and vector mesons, and the
mass is added in parentheses for mesons that decay strongly. However,
for the lightest meson resonances, we omit the mass.

Measurements of the mass, quark content (where relevant), and
quantum numbers I, J, P, and C (or G) of a meson thus fix its
symbol. Conversely, these properties may be inferred unambiguously
from the symbol.

If the main symbol cannot be assigned because the quantum
numbers are unknown, X is used. Sometimes it is not known whether
a meson is mainly the isospin-0 mix of u% and dd or is mainly s3.
A prime (or pair w, ¢) may be used to distinguish two such mixing
states.

We follow custom and use spectroscopic names such as T(1S5) as the
primary name for most of those ¥, T, and y states whose spectroscopic
identity is known. We use the form Y(9460) as an alternative, and as
the primary name when the spectroscopic identity is not known.

Names are assigned for tf mesons, although the top quark is
evidently so heavy that it is expected to decay too rapidly for bound
states to form.

Gluonium states or other mesons that are not ¢q states are, if
the quantum numbers are not exotic, to be named just as are the
qq mesons. Such states will probably be difficult to distinguish from
qq states and will likely mix with them, and we make no attempt to
distinguish those “mostly gluonium” from those “mostly ¢gq.”

An “exotic” meson with JFC quantum numbers that a ¢g
system cannot have, namely JPC = 0~—,0t—, 1=+ 2t= 3=+ ...,
would use the same symbol as does an ordinary meson with all
the same quantum numbers as the exotic meson except for the
C parity. But then the J subscript may still distinguish it; for
example, an isospin-0 17T meson could be denoted wi.

8.3. Mesons with nonzero S, C, B, and/or T

Since the strangeness or a heavy flavor of these mesons is nonzero,
none of them are eigenstates of charge conjugation, and in each of
them one of the quarks is heavier than the other. The rules are:

1. The main symbol is an upper-case italic letter indicating the
heavier quark as follows:

s— K c— D b— B

We use the convention that the flavor and the charge of a quark
have the same sign. Thus the strangeness of the s quark is
negative, the charm of the ¢ quark is positive, and the bottom
of the b quark is negative. In addition, I3 of the u and d
quarks are positive and negative, respectively. The effect of this
convention is as follows: Any flavor carried by a charged meson
has the same sign as its charge. Thus the KT, D* and B have
positive strangeness, charm, and bottom, respectively, and all
have positive I3. The Dj has positive charm and strangeness.
Furthermore, the A(flavor) = AQ rule, best known for the kaons,
applies to every flavor.

t—1T.

2. If the lighter quark is not a u or a d quark, its identity is given
by a subscript. The D;.*' is an example.

3. If the spin-parity is in the “normal” series, JP = ot,1—,2% ..,
a superscript “*” is added.

4. The spin is added as a subscript except for pseudoscalar or vector
mesons.

8.4. Ordinary (3-quark) baryons

The symbols N, A, A, 3, ZE, and € used for more than 30 years
for the baryons made of light quarks (u, d, and s quarks) tell the
isospin and quark content, and the same information is conveyed by
the symbols used for the baryons containing one or more heavy quarks
(c and b quarks). The rules are:

1. Baryons with three u and/or d quarks are N’s (isospin 1/2) or
A’s (isospin 3/2).

2. Baryons with two u and/or d quarks are A’s (isospin 0) or X’s
(isospin 1). If the third quark is a ¢, b, or ¢t quark, its identity is
given by a subscript.

3. Baryons with one u or d quark are Z’s (isospin 1/2). One or two
subscripts are used if one or both of the remaining quarks are
heavy: thus Z¢, E¢, =, ete.*

4. Baryons with no u or d quarks are Qs (isospin 0), and subscripts
indicate any heavy-quark content.

5. A baryon that decays strongly has its mass as part of its name.
Thus p, ¥~, Q~, AL, etc., but A(1232)°, £(1385)~, Z.(2645)T,
ete.

In short, the number of u plus d quarks together with the isospin
determine the main symbol, and subscripts indicate any content of
heavy quarks. A ¥ always has isospin 1, an 2 always has isospin 0,
etc.
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Footnote and Reference:

In 2003, several experiments reported finding a strangeness S = +1, * Sometimes a prime is necessary to distinguish two Ec’s in the
charge Q = +1 baryon, and one experiment reported finding an same SU(n) multiplet. See the “Note on Charmed Baryons” in
S = —2, Q) = —2 baryon. Baryons with such quantum numbers cannot the Charmed Baryon Listings.
be made from three quarks, and thus they are exotic. The S = +1 1. Particle Data Group: M. Aguilar-Benitez et al., Phys. Lett. 170B
baryon, which once would have been called a Z, was quickly dubbed (1986).
the ©(1540)*, and we proposed to name the § = —2 baryon the 2. Particle Data Group: C. Amsler et al., Phys. Lett. B667, 1
®(1860). However, these “discoveries” were then completely ruled (2008).
out by many experiments with far larger statistics: See our 2008

Review [2].

8.5. Exotic baryons
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9. QUANTUM CHROMODYNAMICS

Revised October 2013 by S. Bethke (Max-Planck-Institute of Physics,
Munich), G. Dissertori (ETH Zurich), and G.P. Salam (CERN and
LPTHE, Paris).

9.1. Basics

Quantum Chromodynamics (QCD), the gauge field theory that
describes the strong interactions of colored quarks and gluons, is
the SU(3) component of the SU(3)xSU(2)xU(1) Standard Model of
Particle Physics.

The Lagrangian of QCD is given by

1 FA FA o

L= qua L’Yuauéab gs’}/ut A 4

q

mqéab)wq,b (9'1)

where repeated indices are summed over. The ~* are the Dirac
~v-matrices. The 14, are quark-field spinors for a quark of flavor ¢
and mass mg, with a color-index a that runs from a = 1 to N = 3,
i.e. quarks come in three “colors.” Quarks are said to be in the
fundamental representation of the SU(3) color group.

The A
to N2 —1 =8, i.e. there are eight kinds of gluon. Gluons transform
under the adjoint representation of the SU(3) color group. The tacb
correspond to eight 3 x 3 matrices and are the generators of the SU(3)
group (cf. the section on “SU(3) isoscalar factors and representation
matrices” in this Review with t% = AC »/2). They encode the fact that
a gluon’s interaction with a quark rotates the quark’s color in SU(3)
space. The quantity gs is the QCD coupling constant. Finally, the
field tensor F;}/ is given by

correspond to the gluon fields, with C' running from 1

A = 0uAL — 0, Al — g5 fapc ABAS (1445 = ifapct, (9.2)

where the f4pc are the structure constants of the SU(3) group.

Neither quarks nor gluons are observed as free particles. Hadrons
are color-singlet (i.e. color-neutral) combinations of quarks, anti-
quarks, and gluons.

Ab-initio predictive methods for QCD include lattice gauge theory
and perturbative expansions in the coupling. The Feynman rules of
QCD involve a quark-antiquark-gluon (ggg) vertex, a 3-gluon vertex
(both proportional to gs), and a 4-gluon vertex (proportional to g2).
A full set of Feynman rules is to be found for example in Ref. 1.

Useful color-algebra relations include: tfbtﬁz = CFdqc, where
Cp = (N2 —1)/(2N.) = 4/3 is the color-factor (“Casimir”) associated
with gluon emission from a quark; facpfpop = Cadap where
C 4 = N = 3 is the color-factor associated with gluon emission from a
gluon; taAbtg) = TROAp, where T = 1/2 is the color-factor for a gluon
to split to a ¢q pair.

The fundamcntal parameters of QCD are the coupling gs (or
gs
A

There is freedom for an additional CP-violating term to be present

in the QCD Lagrangian, Q—FA FAM where FAMY is the dual of the

pv

as = ==) and the quark masses m,.

gluon field tensor, —EH,,JPF P, Experimental limits on the neutron
electric dipole moment [2] constrain the coefficient of this contribution
to satisfy 8] < 10719, Further discussion is to be found in Ref. 3 and

in the Axions section in the Listings of this Review.

This section will concentrate mainly on perturbative aspects of
QCD as they relate to collider physics. Related textbooks and reviews
include Refs. 1,4-6. Aspects specific to Monte Carlo event generators
are reviewed in a dedicated section Chap. 40. Lattice QCD is also
reviewed in a section of its own Chap. 18, with additional discussion
of non-perturbative aspects to be found in the sections on “Quark
Masses”, “The CKM quark-mixing matrix”, “Structure Functions”,
“Fragmentation Functions” and “Event Generators” in this Review.
For an overview of some of the QCD issues and recent results in
heavy-ion physics, see for example Refs. [7-9].

9.1.1. Running coupling :

In the framework of perturbative QCD (pQCD), predictions for
observables are expressed in terms of the renormalized coupling
Qs (/ﬁ%), a function of an (unphysical) renormalization scale pr. When
one takes g close to the scale of the momentum transfer @ in a given
process, then ozs(,u%t ~ Q2) is indicative of the effective strength of the
strong interaction in that process.

The coupling satisfies the following renormalization group equation

(RGE):

W08 as) = ~(b00d + brod et ) (93)
HR
where by = (11C4 — 4nTR)/(121) = (33 — 2ny)/(127) is referred
to as the 1-loop beta-function coefficient, the 2-loop coefficient is
by = (17C% — nyTR(10C4 + 6CF))/(2472) = (153 — 19ny)/(2472),
and the 3-loop coefficient is by = (2857 — 5033nf + 32‘) ?)/(128773)
for the SU(3) values of Cy4 and Cp. The 4-loop coefﬁc1ent, b3, is
to be found in Refs. 10, 11f. The minus sign in Eq. (9.3) is the
origin of Asymptotic Freedom, i.e. the fact that the strong coupling
becomes weak for processes involving large momentum transfers (“hard
processes” ), as ~ 0.1 for momentum transfers in the 100 GeV — TeV

range.

The [-function coefficients, the b;, are given for the coupling of
an effective theory in which ny of the quark flavors are considered
light (mq < ppR), and in which the remaining heavier quark flavors
decouple from the theory. One may relate the coupling for the theory
with ny +1 light flavors to that with ny flavors through an equation
of the form

n 1 n
ol (2) — ol (uzz«mas

n=1/¢=0

/LR)] In’ uR) ,
”h

(9.4)
where my, is the mass of the (nf-i-l)”‘ flavor, and the first few

cpe coefficients are c1; = 6#7 c10 =0, co20 = c%l, o] = 241—92, and
_ 1 c i TS rmacs A o 7
20 = —mpm When my is the MS mass at scale my, (c20 = 57— when

my, is the pole mass — mass definitions are discussed below and in the
review on “Quark Masses”). Terms up to ¢4y are to be found in Refs.
12, 13. Numerically, when one chooses ur = my, the matching is a
modest effect, owing to the zero value for the ¢y coefficient. Relations
between ny and (ny+2) flavors where the two heavy flavors are close
in mass are given to three loops in Ref. 14.

Working in an energy range where the number of flavors is taken
constant, a simple exact analytic solution exists for Eq. (9.3) only if
one neglects all but the by term, giving as (,u%) = (bo ln(,u%%/AZ))_
Here A is a constant of integration, which corresponds to the scale
where the perturbatively-defined coupling would diverge, i.e. it is the
non-perturbative scale of QCD. A convenient approximate analytic
solution to the RGE that includes also the by, bg, and b3 terms is
given by (see for example Ref. 15),

(1i2) 1 byInt  b¥(Int—1Int — 1) + boba
Q ~ — -
s\HR) = 33 02t b2

. 1 1
b33t — gm? t—2Int+ 5) + 3bgb1by Int — 5bgb3
bgt3 '

2
t=In 'X—g ,
again parametrized in terms of a constant A. Note that Eq. (9.5) is
one of several possible approximate 4-loop solutions for as(,u%), and
that a value for A only defines o (u%) once one knows which particular
approximation is being used. An alternative to the use of formulas
such as Eq. (9.5) is to solve the RGE exactly, numerically (including

(9.5)

T One should be aware that the by and b3 coefficients are
renormalization-scheme-dependent, and given here in the MS scheme,
as discussed below.



9. Quantum chromodynamics 123

the discontinuities, Eq. (9.4), at flavor thresholds). In such cases the
quantity A is not defined at all. For these reasons, in determinations
of the coupling, it has become standard practice to quote the value of
ag at a given scale (typically the mass of the Z boson, M) rather

than to quote a value for A.

The value of the coupling, as well as the exact forms of the ba, c1g
(and higher-order) coefficients, depend on the renormalization scheme
in which the coupling is defined, i.e. the convention used to subtract
infinities in the context of renormalization. The coefficients given
above hold for a coupling defined in the modified minimal subtraction
(MS) scheme [16], by far the most widely used scheme.

A discussion of determinations of the coupling and a graph
illustrating its scale dependence (“running”) are to be found in
Section 9.3.4. The RunDec package [17,18] is often used to calculate
the evolution of the coupling.

9.1.2.

Free quarks have never been observed, which is understood as
a result of a long-distance, confining property of the strong QCD
force. Up, down, strange, charm, and bottom quarks all hadronize,
i.e. become part of a meson or baryon, on a timescale ~ 1/A;
the top quark instead decays before it has time to hadronize. This
means that the question of what one means by the quark mass is a
complex one, which requires that one adopts a specific prescription.
A perturbatively defined prescription is the pole mass, mg, which
corresponds to the position of the divergence of the propagator. This
is close to one’s physical picture of mass. However, when relating it
to observable quantities, it suffers from substantial non-perturbative
ambiguities (see e.g. Ref. 19). An alternative is the MS mass, g (1%),
which depends on the renormalization scale pp.

Quark masses :

Results for the masses of heavier quarks are often quoted either as
the pole mass or as the MS mass evaluated at a scale equal to the mass,
My (mg); light quark masses are often quoted in the MS scheme at a
scale up ~ 2 GeV . The pole and MS masses are related by a slowly

2
. . 2 4as(mq) 2
converging series that starts mg = mg(mg)(1 + . T 0(a3)),
T

while the scale-dependence of MS masses is given by

(9-6)

™

i i) { as (i)
dug

More detailed discussion is to be found in a dedicated section of the

Review, “Quark Masses.”

+ om@} g (1)

9.2. Structure of QCD predictions

9.2.1.
The simplest observables in QCD are those that do not involve
initial-state hadrons and that are fully inclusive with respect to
details of the final state. One example is the total cross section for
ete™ — hadrons at center-of-mass energy @, for which one can write

Fully inclusive cross sections :

o(ete™ — hadrons, Q)
0'(6+6_ ﬂﬂ+ﬂ_7Q) :R(Q) :REW(Q)(1+6QCD(Q))7

where Rpw(Q) is the purely electroweak prediction for the ratio and
dqcp(Q) is the correction due to QCD effects. To keep the discussion
simple, we can restrict our attention to energies @ < My, where the
process is dominated by photon exchange (Rgw = 3 Zq eg, neglecting
finite-quark-mass corrections, where the e4 are the electric charges of
[ee]
Sqon(@) =) cn

the quarks),
as(QQ) " At
Lo () (&)

The first four terms in the ag series expansion are then to be found in
Ref. 20

9.7)

(9.8)

=1, e = 1.9857 — 0.1152n (9.9a)
cg = —6.63694 — 1.20013n; — 0.00518n% — 1.240n  (9.9b)
¢4 = —156.61 + 18.775n; — 0.7974n% + 0.0215n"}

+ (17.828 — 0.575n 7)1, (9.9¢)

with 7 = (X eq)?/3% eg). For corresponding expressions including
also Z exchange and finite-quark-mass effects, see Refs. [21-23].

A related series holds also for the QCD corrections to the hadronic
decay width of the 7 lepton, which essentially involves an integral
of R(Q) over the allowed range of invariant masses of the hadronic
part of the 7 decay (see e.g. Ref. 24). The series expansions for QCD
corrections to Higgs-boson (partial) decay widths are summarized in
Refs. 25, 26.

One characteristic feature of Eqs. (9.8) and (9.9) is that the
coefficients of «af increase rapidly order by order: calculations
in perturbative QCD tend to converge more slowly than would be
expected based just on the size of as{T. Another feature is the existence
of an extra “power-correction” term O(A*/Q*) in Eq. (9.8), which
accounts for contributions that are fundamentally non-perturbative.
All high-energy QCD predictions involve such corrections, though the
exact power of A/Q depends on the observable.

Scale dependence. In Eq. (9.8) the renormalization scale for a5 has
been chosen equal to Q. The result can also be expressed in terms of
the coupling at an arbitrary renormalization scale pp,

o 2 2\ " 4
dqen(Q) = ;Fn<g};> : (%) +0 <%) ;
where ¢1(u3,/Q%) = c1, e2(ug/Q%) = 2 + whocy n(ug,/Q),
23(n%/Q%) = 3 + (2bgcam + brerm?) In(p2,/Q?) + bEerw? In? (13, /Q?),
etc. Given an infinite number of terms in the o expansion, the ug
dependence of the En(u%/Qz) coefficients will exactly cancel that of
as(u%L and the final result will be independent of the choice of pp:
physical observables do not depend on unphysical scales.

(9.10)

With just terms up to n = N, a residual pp dependence will remain,
which implies an uncertainty on the prediction of R(Q) due to the
arbitrariness of the scale choice. This uncertainty will be O(aN*1),
i.e. of the same order as the neglected terms. For this reason it is
standard to use QCD predictions’ scale dependence as an estimate of
the uncertainties due to neglected terms. One usually takes a central
value for prp ~ @, in order to avoid the poor convergence of the
perturbative series that results from the large lnnfl(u% /Q?) terms in
the ¢, coefficients when up < Q or ugp > Q.

9.2.1.1.

Deep Inelastic Scattering. To illustrate the key features of QCD
cross sections in processes with initial-state hadrons, let us consider
deep-inelastic scattering (DIS), ep — e + X, where an electron e
with four-momentum k emits a highly off-shell photon (momentum g¢)
that interacts with the proton (momentum p). For photon virtualities
Q? = —¢? far above the squared proton mass (but far below the Z
mass), the differential cross section in terms of the kinematic variables
Q% z=Q*/(2p-q) andy = (q-p)/(k-p) is

%o I
dzdQ?  22Q4

Processes with initial-state hadrons:

(1+ (1= Fale, @) - y*Fr(2,Q%)] ,  (9.11)

where a is the electromagnetic coupling and Fy(x, Q?) and Fr (z, Q%)
are proton structure functions, which encode the interaction between
the photon (in given polarization states) and the proton. In the
presence of parity-violating interactions (e.g. vp scattering) an
additional F3 structure function is present. For an extended review,
including equations for the full electroweak and polarized cases, see
Sec. 19 of this Review.

Structure functions are not calculable in perturbative QCD, nor
is any other cross section that involves initial-state hadrons. To
zeroth order in «g, the structure functions are given directly in terms
of non-perturbative parton (quark or gluon) distribution functions
(PDFs),

FQ(I7 Q2) =z Z egfq/p(x) s
q

Fr(z,Q%) =0, (9.12)

tt The situation is significantly worse near thresholds, e.g. the ¢
production threshold. An overview of some of the methods used in
such cases is to be found for example in Ref. 27.
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where fq/p(x) is the PDF for quarks of type ¢ inside the proton, i.e.
the number density of quarks of type ¢ inside a fast-moving proton
that carry a fraction x of its longitudinal momentum (the quark flavor
index ¢, here, is not to be confused with the photon momentum ¢ in
the lines preceding Eq. (9.11)). Since PDFs are non-perturbative, and
difficult to calculate accurately in lattice QCD [28], they must be
extracted from data.

The above result, with PDFs f, /p(x) that are independent of the
scale @), corresponds to the “quark-parton model” picture in which
the photon interacts with point-like free quarks, or equivalently, one
has incoherent elastic scattering between the electron and individual
constituents of the proton. As a consequence, in this picture also
Fy and Fj, are independent of ). When including higher orders in
pQCD, Eq. (9.12) becomes

Fa(z,Q%) =
IZ 27 n Z/ 7C21 Q “RH“F)f'L/p( n“F)
+0(gZ) (9.13)

Just as in Eq. (9.10), we have a series in powers of as(/ﬂR)., each term

(n ) that can be calculated using Feynman
graphs. An important dlﬂerence relative to Eq. (9.10) stems from
the fact that the quark’s momentum, when it interacts with the
photon, can differ from its momentum when it was extracted from
the proton, because it may have radiated gluons in between. As a

involving a coefficient C

result, the C( ") coefficients are functions that depend on the ratio,
z, of these two momenta, and one must integrate over z. For the
electromdgnetlc component of DIS with light quarks and gluons, the
= 635(1 z) and C’gg =
and corrections are known up to (9( 3) (N3LO) [29]. For weak
currents they are known fully to a2 (NNLO) [30] with substantial
results known also at N3LO [31]. For heavy quark production they
are known to O(a2) [32] (NLO insofar as the series starts at O(as)),
with work ongoing towards NNLO [33,34,35].

The majority of the emissions that modify a parton’s momentum
are collinear (parallel) to that parton, and don’t depend on the fact
that the parton is destined to interact with a photon. It is natural
to view these emissions as modifying the proton’s structure rather
than being part of the coefficient function for the parton’s interaction
with the photon. Technically, one uses a procedure known as collinear
factorization to give a well-defined meaning to this distinction, most
commonly through the MS factorization scheme, defined in the context
of dimensional regularization. The MS factorization scheme involves
an arbitrary choice of factorization scale, p1p, whose meaning can be
understood roughly as follows: emissions with transverse momenta

zeroth order coefficient functions are Cég;

above pup are included in the C;Z) (ng%u%u%); emissions with
transverse momenta below pp are accounted for within the PDFs,
fi /p(x, u%) While collinear factorization is generally believed to be
valid for suitable (sufficiently inclusive) observables in processes with
hard scales, Ref. 36, which reviews the factorization proofs in detail, is
cautious in the statements it makes about their exhaustivity, notably
for the hadron-collider processes that we shall discuss below. Further
discussion is to be found in Refs. 37,38.

The PDFs’ resulting dependence on pp is described by the
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations [39],
which to leading order (LO) read

f; 1 (x, n2) a(ﬁ) 1y -
2 YJi/p F)_ s\HE dz (1) T o,
ST *;2ﬂAZ%JMMQw)wm

with, for example, P,;L)g(z) = Tr(2% + (1 — 2)?). The other LO*
splitting functions are listed in Chap. 19 of this Review, while

* LO is generally taken to mean the lowest order at which a quantity
is non-zero. This definition is nearly always unambiguous, the one
major exception being for the case of the hadronic branching ratio of

results up to next-to-leading order (NLO), a2, and next-to-

next-to-leading order (NNLO), a3, are given in Refs. 40 and 41
respectively. Beyond LO, the coefficient functions are also up

dependent, for example Céli) (x,Q2,/L%z,/L%) = Céli) (,r,QQ,/l%, Q% —

I (45) 5, [ 2P0 o).

As with the renormalization scale, the choice of factorization
scale is arbitrary, but if one has an infinite number of terms in the
perturbative series, the up-dependences of the coefficient functions
and PDFs will compensate each other fully. Given only N terms of
the series, a residual O(aNt1) uncertainty is associated with the
ambiguity in the choice of pup. As with ug, varying pup provides
an input in estimating uncertainties on predictions. In inclusive DIS
predictions, the default choice for the scales is usually ugp = pp = Q.

Hadron-hadron collisions. The extension to processes with two
initial-state hadrons can be illustrated with the example of the total
(inclusive) cross section for W boson production in collisions of
hadrons k1 and hgo, which can be written as

o(hihg — W+ X)
oo
= al(uh) Z/dxldm Tismy (Ilw%)fj/@ (902,#%)
]

n=0

X &EJLW+X (11126 115, uF) (1 +0 <gz) ) (9.15)

where s is the squared center-of-mass energy of the collision. At LO,
n = 0, the hard (partonic) cross section &E?LW+X(I1I287H%7H%) is
simply proportional to d(z1z9s — M’gv)7 in the narrow W-boson width
approximation (see Sec. 48 of this Review for detailed expressions for
this and other hard scattering cross sections). It is non-zero only for
choices of 4,5 that can directly give a W, such as i = u, j = d. At

higher orders, n > 1, new partonic channels contribute, such as ggq,

and there is no restriction x1xg9s = ]V[%V.

Equation 9.15 involves a collinear factorization between hard
cross section and PDFs, just like Eq. (9.13). As long as the same
factorization scheme is used in DIS and pp or pp (usually the MS
scheme), then PDFs extracted in DIS can be directly used in pp
and pp predictions [42,36] (with the anti-quark distributions in an
anti-proton being the same as the quark distributions in a proton).

Fully inclusive hard cross sections are known to NNLO, i.e
corrections up to relative order a2 for Drell-Yan (DY) lepton-pair and
vector-boson production [43,44], Higgs-boson production via gluon
fusion [44-46], Higgs-boson production in association with a vector
boson [47], Higgs-boson production via vector-boson fusion [48] (in
an approximation that factorizes the production of the two vector
bosons), Higgs-pair production [49], and top-antitop production [50].
A review of fully inclusive Higgs-related results is to be found in
Ref. 51.

Photoproduction. vp (and y7) collisions are similar to pp collisions,
with the subtlety that the photon can behave in two ways: there is
“direct” photoproduction, in which the photon behaves as a point-like
particle and takes part directly in the hard collision, with hard
subprocesses such as vg — ¢q; there is also resolved photoproduction,
in which the photon behaves like a hadron, with non-perturbative
partonic substructure and a corresponding PDF for its quark and
gluon content, f;/.(z, Q).

While useful to understand the general structure of vp collisions,
the distinction between direct and resolved photoproduction is not
well defined beyond leading order, as discussed for example in Ref. 52.
The high-energy limit. In situations in which the total center-of-
mass energy +/s is much larger than other scales in the problem (e.g.

virtual photons, Z, 7, etc., for which two conventions exist: LO can
either mean the lowest order that contributes to the hadronic branching
fraction, i.e. the term “1” in Eq. (9.7); or it can mean the lowest order at
which the hadronic branching ratio becomes sensitive to the coupling,
= 1 in Eq. (9.8), as is relevant when extracting the value of the
coupling from a measurement of the branching ratio. Because of this
ambiguity, we avoided use of the term “LO” in that context.
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Q in DIS, my for bb production in pp collisions, etc.), each power of o
beyond LO can be accompanied by a power of In(s/Q?) (or ln(s/mg),
etc.). This is known as the high-energy or Balitsky-Fadin-Kuraev-
Lipatov (BFKL) limit [53-55]. Currently it is possible to account
for the dominant and first subdominant [56,57] power of Ins at each
order of ag, and also to estimate further subdominant contributions
that are numerically large (see Refs. 5860 and references therein).

Physically, the summation of all orders in oy can be understood
as leading to a growth with s of the gluon density in the proton.
At sufficiently high energies this implies non-linear effects, whose
treatment has been the subject of intense study (see for example Refs.
61, 62 and references thereto). Note that it is not straightforward to
relate these results to the genuinely non-perturbative total, elastic and
diffractive cross sections for hadron-hadron scattering (experimental
results for which are summarized in section Chap. 50 of this Review).

9.2.2.

QCD final states always consist of hadrons, while perturbative
QCD calculations deal with partons. Physically, an energetic parton
fragments (“showers”) into many further partons, which then, on
later timescales, undergo a transition to hadrons (“hadronization”).
Fixed-order perturbation theory captures only a small part of these
dynamics.

Non fully inclusive cross-sections :

This does not matter for the fully inclusive cross sections discussed
above: the showering and hadronization stages are unitary, i.e. they
do not change the overall probability of hard scattering, because they
occur long after it has taken place.

Less inclusive measurements, in contrast, may be affected by
the extra dynamics. For those sensitive just to the main directions
of energy flow (jet rates, event shapes, cf. Sec. 9.3.1) fixed order
perturbation theory is often still adequate, because showering and
hadronization don’t substantially change the overall energy flow.
This means that one can make a prediction using just a small
number of partons, which should correspond well to a measurement
of the same observable carried out on hadrons. For observables that
instead depend on distributions of individual hadrons (which, e.g.,
are the inputs to detector simulations), it is mandatory to account
for showering and hadronization. The range of predictive techniques
available for QCD final states reflects this diversity of needs of different
measurements.

While illustrating the different methods, we shall for simplicity
mainly use expressions that hold for eTe™ scattering. The extension
to cases with initial-state partons will be mostly straightforward (space
constraints unfortunately prevent us from addressing diffraction and
exclusive hadron-production processes; extensive discussion is to be
found in Refs. 63, 64).

9.2.2.1.

Before examining specific predictive methods, it is useful to be
aware of a general property of QCD matrix elements in the soft
and collinear limits. Consider a squared tree-level matrix element
|]W,%(p17 ...ypn)| for the process ete™ — n partons with momenta
P1,---,Pn, and a corresponding phase-space integration measure d®,.
If particle n is a gluon, and additionally it becomes collinear (parallel)
to another particle ¢ and its momentum tends to zero (it becomes

“soft”), the matrix element simplifies as follows,

Preliminaries: Soft and collinear limits:

lim  d®n|M2(py,...
0 —0, En—0 nlMa (P,

,Pn)|

asC; do2 dE,

:dq)n—l']\/IQ—l(plﬁ'":pn—l)| 2 5
n T 62 Ep

(9.16)

where C; = Cp (Cy) if i is a quark (gluon). This formula has
non-integrable divergences both for the inter-parton angle 6;,, — 0 and
for the gluon energy E,, — 0, which are mirrored also in the structure
of divergences in loop diagrams. These divergences are important for
at least two reasons: firstly, they govern the typical structure of events
(inducing many emissions either with low energy or at small angle
with respect to hard partons); secondly, they will determine which
observables can be calculated within perturbative QCD.

9.2.2.2.

Let us consider an observable O that is a function Op(p1,...,pn)
of the four-momenta of the n final-state particles in an event (whether
partons or hadrons). In what follows, we shall consider the cross
section for events weighted with the value of the observable, o¢.
As examples, if O, =1 for all n, then oo is just the total cross
section; if Op = 7(p1,...,pn) where 7 is the value of the Thrust for
that event (see Sec. 9.3.1.2), then the average value of the Thrust
is (1) = 00 /0tot; if Op = 6(7 —7(p1,...,pn)) then one gets the
differential cross section as a function of the Thrust, oo = do/dr.

Fized-order predictions:

In the expressions below, we shall omit to write the non-
perturbative power correction term, which for most common
observables is proportional to a single power of A/Q.

LO. If the observable O is non-zero only for events with at least n
final-state particles, then the LO QCD prediction for the weighted
cross section in ete™ annihilation is

00,10 = al2(i) / @0 M2(p1, ... pn)| On(prs o), (0.17)

where the squared tree-level matrix element, |M2(p1, ..., pn)|, includes
relevant symmetry factors, has been summed over all subprocesses
(e.g. ete™ — qdqq, ete™ — qggg) and has had all factors of o
extracted in front. In processes other than ete™ collisions, the
center-of-mass energy of the LO process is generally not fixed, and
so the powers of the coupling are often brought inside the integrals,
with the scale pur chosen event by event, as a function of the event
kinematics.

Other than in the simplest cases (see the review on Cross Sections in
this Review), the matrix elements in Eq. (9.17) are usually calculated
automatically with programs such as CompHEP [65], MadGraph [66],
Alpgen [67], Comix/Sherpa [68], and Helac/Phegas [69]. Some
of these (CompHEP, MadGraph) use formulas obtained from direct
evaluations of Feynman diagrams. Others (Alpgen, Helac/Phegas and
Comix/Sherpa) use methods designed to be particularly efficient at
high multiplicities, such as Berends-Giele recursion [70], which builds
up amplitudes for complex processes from simpler ones (see also the
reviews and discussion in Refs. [71-73]).

The phase-space integration is usually carried out by Monte Carlo
sampling, in order to deal with the sometimes complicated cuts
that are used in corresponding experimental measurements. Because
of the divergences in the matrix element, Eq. (9.16), the integral
converges only if the observable vanishes for kinematic configurations
in which one of the n particles is arbitrarily soft or it is collinear to
another particle. As an example, the cross section for producing any
configuration of n partons will lead to an infinite integral, whereas
a finite result will be obtained for the cross section for producing n
deposits of energy (or jets, see Sec. 9.3.1.1), each above some energy
threshold and well separated from each other in angle.

LO calculations can be carried out for 2 — n processes with
n < 6 —10. The exact upper limit depends on the process, the method
used to evaluate the matrix elements (recursive methods are more
efficient), and the extent to which the phase-space integration can be
optimized to work around the large variations in the values of the
matrix elements.

NLO. Given an observable that is non-zero starting from n final-state
particles, its prediction at NLO involves supplementing the LO result,
Eq. (9.17), with the 2 — (n + 1)-particle squared tree-level matrix
element (|M?2 111), and the interference of an 2 — n tree-level and

2 — n 1-loop amplitude (2Re(My M. l—loop))’

o8 = ot + ot ) [0

IM2, 1 (P1s- - Pnt1)| On1 (P14 - Do)
+ a4 /d<1>n Re [ Ma(p1, ... pn)
M, 1 toop(P15---:Pn) | On(p1, ... pn) - (9.18)

Relative to LO calculations, two important issues appear in the
NLO calculations. Firstly, the extra complexity of loop-calculations
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relative to tree-level calculations means that their automation is at
a comparatively early stage (see below). Secondly, loop amplitudes
are infinite in 4 dimensions, while tree-level amplitudes are finite,
but their integrals are infinite, due to the divergences of Eq. (9.16).
These two sources of infinities have the same soft and collinear origins
and cancel after the integration only if the observable O satisfies the
property of infrared and collinear safety,

4’07L(p17~~-7p7L) if ps — 0

— On(p1,---Pa+Dbs--->Pn)
if pa || pp - (9.19)

On+1(pla'--7p37---7pn)
Ont1(P15 -+ Pas Poy - - - Pn)

Examples of infrared-safe quantities include event-shape distributions
and jet cross sections (with appropriate jet algorithms, see below).
Unsafe quantities include the distribution of the momentum of
the hardest QCD particle (which is not conserved under collinear
splitting), observables that require the complete absence of radiation
in some region of phase-space (e.g. rapidity gaps or 100% isolation
cuts, which are affected by soft emissions), or the particle multiplicity
(affected by both soft and collinear emissions). The non-cancellation of
divergences at NLO due to infrared or collinear unsafety compromises
the usefulness not only of the NLO calculation, but also that of a
LO calculation, since LO is only an acceptable approximation if one
can prove that higher-order terms are smaller. Infrared and collinear
unsafety usually also imply large non-perturbative effects.

As with LO calculations, the phase-space integrals in Eq. (9.18)
are usually carried out by Monte Carlo integration, so as to facilitate
the study of arbitrary observables. Various methods exist to obtain
numerically efficient cancellation among the different infinities. These
include notably dipole [74], FKS [75] and antenna [76] subtraction.

NLO calculations exist for a wide range of processes. Many
calculations have been performed process by process and are available
in dedicated packages, among them NLOJet++ [77] for eTe™, DIS,
and hadron-hadron processes involving just light partons in the final
state, MCFM (78] for hadron-hadron processes with vector bosons
and/or heavy quarks in the final state, VBFNLO for vector-boson
fusion, di- and tri-boson processes [79], and the Phox family [80]
for processes with photons in the final state. Recent years have
seen a move towards automated NLO calculations, with publicly
available programs such as GoSam [81], Helac-NLO [82], the
aMC@NLO framework [83] and NJet [84], as well as other codes such
as BlackHat [85], Open Loops [86], Recola [87] and Rocket [88] that
have also been used for a range of predictions. These tools rely in
part on a wide array of developments reviewed in Refs. 72,89, as
well as on external codes for the subtraction of divergences such as
Helac-Dipoles [90], MadFKS [91] and Sherpa [92]. The most complex
processes for which NLO QCD corrections have been obtained so far
are ete™ — 7 jets [93], pp — W 4 5 jets [94] and pp — 5 jets [95].
NNLO. Conceptually, NNLO and NLO calculations are similar,
except that one must add a further order in «g, consisting of: the
squared (n + 2)-parton tree-level amplitude, the interference of the
(n + 1)-parton tree-level and 1-loop amplitudes, the interference of the
n-parton tree-level and 2-loop amplitudes, and the squared n-parton
1-loop amplitude.

Each of these elements involves large numbers of soft and collinear
divergences, satisfying relations analogous to Eq. (9.16) that now
involve multiple collinear or soft particles and higher loop orders
(see e.g. Refs. 96,97,98). Arranging for the cancellation of the
divergences after numerical Monte Carlo integration is one of the
significant challenges of NNLO calculations, as is the determination
of the relevant 2-loop amplitudes. At the time of writing, the
processes for which fully exclusive NNLO calculations exist include
the 3-jet cross section in ete™ collisions [99,100] (for which NNLO
means a3), as well as vector-boson [101,102], Higgs-boson [103,104],
WH [105], Higgs-pair [49] and di-photon [106] production in pp and
pp collisions. Progress has also been reported recently on dijet [107]
and Higgs+jet [108] production in pp collisions, while the methods
used for the total pp — ¢t cross section [50] lend themselves also to
future more differential results.

9.2.2.3.

Many experimental measurements place tight constraints on
emissions in the final state. For example, in ete™ events, that one
minus the Thrust should be less than some value 7 < 1, or in pp — Z
events that the Z-boson transverse momentum should be much smaller
than its mass, p; z < Mz. A further example is the production of
heavy particles or jets near threshold (so that little energy is left over
for real emissions) in DIS and pp collisions.

Resummation:

In such cases, the constraint vetoes a significant part of the integral
over the soft and collinear divergence of Eq. (9.16). As a result, there
is only a partial cancellation between real emission terms (subject
to the constraint) and loop (virtual) contributions (not subject to
the constraint), causing each order of as to be accompanied by a
large coefficient ~ L2, where e.g. L =1In7 or L = In(Mz/pt,z). One
ends up with a perturbative series whose terms go as ~ (asL?)™.
It is not uncommon that asL? > 1, so that the perturbative series
converges very poorly if at all.** In such cases one may carry out
a “resummation,” which accounts for the dominant logarithmically
enhanced terms to all orders in o, by making use of known properties
of matrix elements for multiple soft and collinear emissions, and of
the all-orders properties of the divergent parts of virtual corrections,
following original works such as Refs. 109-118 and also through
soft-collinear effective theory [119,120] (cf. also the review in
Ref. 121).

For cases with double logarithmic enhancements (two powers of
logarithm per power of as), there are two classification schemes
for resummation accuracy. Writing the cross section including the
constraint as (L) and the unconstrained (total) cross section as otot,
the series expansion takes the form

oo 2n

o(L) ~ ator Y Y Rnpal(ig)LF,

n=0k=0

L>1 (9.20)

and leading log (LL) resummation means that one accounts for all
terms with k = 2n, next-to-leading-log (NLL) includes additionally
all terms with k = 2n — 1, etc. Often o(L) (or its Fourier or Mellin
transform) ezponentiates ¥,

oo n+l

o(L) ~ ororexp | D Y Gural (uh)L*|
n=1k=0

L>1, (9.21)

where one notes the different upper limit on & (< n + 1) compared
to Eq. (9.20). This is a more powerful form of resummation: the G
term alone reproduces the full LL series in Eq. (9.20). With the form
Eq. (9.21) one still uses the nomenclature LL, but this now means
that all terms with £ = n + 1 are included, and NLL implies all terms
with k = n, etc.

For a large number of observables, NLL resummations are
available in the sense of Eq. (9.21) (see Refs. 125-127 and references
therein). NNLL has been achieved for the DY and Higgs-boson p;
distributions [128-131]( also available in the CuTe [132], HRes [133]
and ResBos [134] families of programs) and related variables [135],
the back-to-back energy-energy correlation in ete™ [136], the jet
broadening in eTe™ collisions [137], the jet-veto survival probability
in Higgs and Z production in pp collisions [138], an event-shape
type observable known as the beam Thrust [139], hadron-collider jet
masses in specific limits [140] (see also Ref. 141), the production of

** To be precise one should distinguish two causes of the divergence
of perturbative series. That which interests us here is associated with
the presence of a new large parameter (e.g. ratio of scales). Nearly
all perturbative series also suffer from “renormalon” divergences ajn!
(reviewed in Ref. 19), which however have an impact only at very high
perturbative orders and have a deep connection with non-perturbative
contributions.

¥ Whether or not this happens depends on the quantity being re-
summed. A classic example involves jet rates in eTe™ collisions as a
function of a jet-resolution parameter ycut. The logarithms of 1/ycut
exponentiate for the ks (Durham) jet algorithm [122], but not [123] for
the JADE algorithm [124] (both are discussed below in Sec. 9.3.1.1).
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top anti-top pairs near threshold [142-144] (and references therein),
and high-p; W and Z production [145]. Finally, the parts believed
to be dominant in the N3LL resummation are available for the
Thrust variable and heavy-jet mass in ete™ annihilations [146,147]
(confirmed for Thrust at NNLL in Ref. 148), and for Higgs- and
vector-boson production near threshold [149,150] in hadron collisions
(NNLL in Refs. 151,152). The inputs and methods involved in these
various calculations are somewhat too diverse to discuss in detail
here, so we recommend that the interested reader consult the original
references for further details.

9.2.2.4. Fragmentation functions:

Since the parton-hadron transition is non-perturbative, it is not
possible to perturbatively calculate quantities such as the energy-
spectra of specific hadrons in high-energy collisions. However, one
can factorize perturbative and non-perturbative contributions via the
concept of fragmentation functions. These are the final-state analogue
of the parton distribution functions that are used for initial-state
hadrons.

It should be added that if one ignores the non-perturbative
difficulties and just calculates the energy and angular spectrum of
partons in perturbative QCD with some low cutoff scale ~ A (using
resummation to sum large logarithms of \/s/A), then this reproduces
many features of the corresponding hadron spectra. This is often
taken to suggest that hadronization is “local” in momentum space.

Section 20 of this Review provides further information (and
references) on these topics, including also the question of heavy-quark
fragmentation.

9.2.2.5. Parton-shower Monte Carlo generators:

Parton-shower Monte Carlo (MC) event generators like PYTHIA
[153-155], HERWIG [156-158], SHERPA [92], and ARIADNE [159]
provide fully exclusive simulations of QCD events. Because they
provide access to “hadron-level” events they are a crucial tool for all
applications that involve simulating the response of detectors to QCD
events. Here we give only a brief outline of how they work and refer
the reader to Chap. 40 and Ref. 160 for a full overview.

The MC generation of an event involves several stages. It starts
with the random generation of the kinematics and partonic channels
of whatever hard scattering process the user has requested at some
high scale Qg (for complex processes, this may be carried out by an
external program). This is followed by a parton shower, usually based
on the successive random generation of gluon emissions (or g — ¢q
splittings). Each is generated at a scale lower than the previous
emission, following a (soft and collinear resummed) perturbative QCD
distribution that depends on the momenta of all previous emissions.
Common choices of scale for the ordering of emissions are virtuality,
transverse momentum or angle. Parton showering stops at a scale of
order 1 GeV, at which point a hadronization model is used to convert
the resulting partons into hadrons. One widely-used model involves
stretching a color “string” across quarks and gluons, and breaking
it up into hadrons [161,162]. Another breaks each gluon into a ¢q
pair and then groups quarks and anti-quarks into colorless “clusters”,
which then give the hadrons [156]. For pp and ~p processes, modeling
is also needed to treat the collision between the two hadron remnants,
which generates an underlying event (UE), usually implemented via
additional 2 — 2 scatterings (“multiple parton interactions”) at a
scale of a few GeV, following Ref. 163.

A deficiency of the soft and collinear approximations that underlie
parton showers is that they may fail to reproduce the full pattern
of hard wide-angle emissions, important, for example, in many new
physics searches. It is therefore common to use LO multi-parton matrix
elements to generate hard high-multiplicity partonic configurations as
additional starting points for the showering, supplemented with some
prescription (CKKW [164], MLM [165]) for consistently merging
samples with different initial multiplicities.

MCs, as described above, generate cross sections for the requested
hard process that are correct at LO. A wide variety of processes are
available in MC implementations that are correct to NLO, using the
MC@NLO [166] or POWHEG [167] prescriptions, notably through the
aMC@NLO [83] and POWHEGBox programs [168]. Techniques have

also been developed recently to combine NLO plus shower accuracy
for different multiplicities of final-state jets [169]. Building on some
of that work, a first example of NNLO plus shower accuracy has been
described in Ref. 170 for Higgs production.

9.2.3.

Estimating the accuracy of perturbative QCD predictions is not
an exact science. It is often said that LO calculations are accurate
to within a factor of two. This is based on experience with NLO
corrections in the cases where these are available. In processes
involving new partonic scattering channels at NLO and/or large ratios
of scales (such as jet observables in processes with vector bosons, or
the production of high-p; jets containing B-hadrons), the NLO to LO
K-factors can be substantially larger than 2.

Accuracy of predictions :

For calculations beyond LO, a conservative approach to estimate
the perturbative uncertainty is to take it to be the last known
perturbative order; a more widely used method is to estimate it from
the change in the prediction when varying the renormalization and
factorization scales around a central value @ that is taken close to
the physical scale of the process. A conventional range of variation is
Q/2 < R, ir < 2Q. This should not be assumed to always estimate
the full uncertainty from missing higher orders, but it does indicate
the size of one important known source of higher-order ambiguity.H

There does not seem to be a broad consensus on whether pp
and pp should be kept identical or varied independently. One
common option is to vary them independently with the restriction
% UR < pp < 2pg [177]. This limits the risk of misleadingly small
uncertainties due to fortuitous cancellations between the pp and
ur dependence when both are varied together, while avoiding the
appearance of large logarithms of ,u%{/ ,u% when both are varied
completely independently.

Calculations that involve resummations usually have an additional
source of uncertainty associated with the choice of argument of the
logarithms being resummed, e.g. ln(Q%) as opposed to ln(%%)
In addition to varying renormalization and factorization scales, it
is therefore also advisable to vary the argument of the logarithm
by a factor of two in either direction with respect to the “natural”
argument.

The accuracy of QCD predictions is limited also by non-
perturbative corrections, which typically scale as a power of A/Q.
For measurements that are directly sensitive to the structure of the
hadronic final state the corrections are usually linear in A/Q. The
non-perturbative corrections are further enhanced in processes with a
significant underlying event (i.e. in pp and pp collisions) and in cases
where the perturbative cross sections fall steeply as a function of p; or
some other kinematic variable.

Non-perturbative corrections are commonly estimated from the
difference between Monte Carlo events at the parton level and
after hadronization. An issue to be aware of with this procedure is
that “parton level” is not a uniquely defined concept. For example,
in an event generator it depends on a (somewhat arbitrary and
tunable) internal cutoff scale that separates the parton showering
from the hadronization. In contrast no such cutoff scale exists
in a NLO or NNLO partonic calculation. For this reason there
are widespread reservations as to the appropriateness of deriving
hadronization corrections from a Monte Carlo program and then
applying them to NLO or NNLO predictions. There exist alternative
methods for estimating hadronization corrections, which attempt to
analytically deduce non-perturbative effects in one observable based on
measurements of other observables (see the reviews [19,178]). While
they directly address the problem of different possible definitions of
parton level, it should also be said that they are far less flexible than
Monte Carlo programs and not always able to provide equally good
descriptions of the data.

A number of prescriptions also exist for setting the scale automati-
cally, e.g. Refs. 171-174, eliminating uncertainties from scale variation,
though not from the truncation of the perturbative series itself. Re-
cently, there have also been studies of how to estimate uncertainties
from missing higher orders that go beyond scale variations [175,176].
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9.3. Experimental QCD

Since we are not able to directly measure partons (quarks or
gluons), but only hadrons and their decay products, a central issue
for every experimental test of perturbative QCD is establishing a
correspondence between observables obtained at the partonic and
the hadronic level. The only theoretically sound correspondence is
achieved by means of infrared and collinear safe quantities, which
allow one to obtain finite predictions at any order of perturbative
QCD.

As stated above, the simplest case of infrared- and collinear-safe
observables are total cross sections. More generally, when measuring
fully inclusive observables, the final state is not analyzed at all
regarding its (topological, kinematical) structure or its composition.
Basically the relevant information consists in the rate of a process
ending up in a partonic or hadronic final state. In ete™ annihilation,
widely used examples are the ratios of partial widths or branching
ratios for the electroweak decay of particles into hadrons or leptons,
such as Z or 7 decays, (cf. Sec. 9.2.1). Such ratios are often favored
over absolute cross sections or partial widths because of large
cancellations of experimental and theoretical systematic uncertainties.
The strong suppression of non-perturbative effects, O(A*/ Q4), is one
of the attractive features of such observables, however, at the same
time the sensitivity to radiative QCD corrections is small, which for
example affects the statistical uncertainty when using them for the
determination of the strong coupling constant. In the case of 7 decays
not only the hadronic branching ratio is of interest, but also moments
of the spectral functions of hadronic tau decays, which sample different
parts of the decay spectrum and thus provide additional information.
Other examples of fully inclusive observables are structure functions
(and related sum rules) in DIS. These are extensively discussed in
Sec. 19 of this Review.

On the other hand, often the structure or composition of the
final state are analyzed and cross sections differential in one or more
variables characterizing this structure are of interest. Examples are
jet rates, jet substructure, event shapes or transverse momentum
distributions of jets or vector bosons in hadron collisions. The case of
fragmentation functions, i.e. the measurement of hadron production as
a function of the hadron momentum relative to some hard scattering
scale, is discussed in Sec. 20 of this Review.

It is worth mentioning that, besides the correspondence between
the parton and hadron level, also a correspondence between the
hadron level and the actually measured quantities in the detector
has to be established. The simplest examples are corrections for
finite experimental acceptance and efficiencies. Whereas acceptance
corrections essentially are of theoretical nature, since they involve
extrapolations from the measurable (partial) to the full phase space,
other corrections such as for efficiency, resolution and response, are
of experimental nature. For example, measurements of differential
cross sections such as jet rates require corrections in order to relate,
e.g. the energy deposits in a calorimeter to the jets at the hadron
level. Typically detector simulations and/or data-driven methods are
used in order to obtain these corrections. Care should be taken here
in order to have a clear separation between the parton-to-hadron
level and hadron-to-detector level corrections. Finally, for the sake
of an easy comparison to the results of other experiments and/or
theoretical calculations, it is suggested to provide, whenever possible,
measurements corrected for detector effects and/or all necessary
information related to the detector response (e.g. the detector
response matrix).

9.3.1. Hadronic final-state observables :

9.3.1.1. Jets:

In hard interactions, final-state partons and hadrons appear
predominantly in collimated bunches, which are generically called jets.
To a first approximation, a jet can be thought of as a hard parton that
has undergone soft and collinear showering and then hadronization.
Jets are used both for testing our understanding and predictions of
high-energy QCD processes, and also for identifying the hard partonic
structure of decays of massive particles like top quarks.

In order to map observed hadrons onto a set of jets, one uses a jet

definition. The mapping involves explicit choices: for example when a
gluon is radiated from a quark, for what range of kinematics should
the gluon be part of the quark jet, or instead form a separate jet?
Good jet definitions are infrared and collinear safe, simple to use in
theoretical and experimental contexts, applicable to any type of inputs
(parton or hadron momenta, charged particle tracks, and/or energy
deposits in the detectors) and lead to jets that are not too sensitive
to non-perturbative effects. An extensive treatment of the topic of jet
definitions is given in Ref. 179 (for ete™ collisions) and Refs. 180,
181 (for pp or pp collisions). Here we briefly review the two main
classes: cone algorithms, extensively used at older hadron colliders,
and sequential recombination algorithms, more widespread in ete™
and ep colliders and at the LHC.

Very generically, most (iterative) cone algorithms start with some
seed particle ¢, sum the momenta of all particles j within a cone
of opening-angle R, typically defined in terms of (pseudo-)rapidity
and azimuthal angle. They then take the direction of this sum as a
new seed and repeat until the cone is stable, and call the contents of
the resulting stable cone a jet if its transverse momentum is above
some threshold p; iin. The parameters R and py iy should be chosen
according to the needs of a given analysis.

There are many variants of cone algorithm, and they differ in the
set of seeds they use and the manner in which they ensure a one-to-one
mapping of particles to jets, given that two stable cones may share
particles (“overlap”). The use of seed particles is a problem w.r.t.
infrared and collinear safety, and seeded algorithms are generally not
compatible with higher-order (or sometimes even leading-order) QCD
calculations, especially in multi-jet contexts, as well as potentially
subject to large non-perturbative corrections and instabilities. Seeded
algorithms (JetCLU, MidPoint, and various other experiment-specific
iterative cone algorithms) are therefore to be deprecated. A modern
alternative is to use a seedless variant, SISCone [182].

Sequential recombination algorithms at hadron colliders (and in
DIS) are characterized by a distance d;; = min(kfﬁ,kz?)Agj/RQ
between all pairs of particles 4,j, where A;; is their distance in the
rapidity-azimuthal plane, k;; is the transverse momentum w.r.t. the
incoming beams, and R is a free parameter. They also involve a
“beam” distance d;p = k?’; . One identifies the smallest of all the
d;j and d;p, and if it is a d;j, then i and j are merged into a new
pseudo-particle (with some prescription, a recombination scheme,
for the definition of the merged four-momentum). If the smallest
distance is a d;g, then i is removed from the list of particles
and called a jet. As with cone algorithms, one usually considers
only jets above some transverse-momentum threshold p; . The
parameter p determines the kind of algorithm: p = 1 corresponds
to the (inclusive-)k; algorithm [122,183,184], p = 0 defines the
Cambridge-Aachen algorithm [185,186], while for p = —1 we have the
anti-ki algorithm [187]. All these variants are infrared and collinear
safe to all orders of perturbation theory. Whereas the former two lead
to irregularly shaped jet boundaries, the latter results in cone-like
boundaries. The anti-k; algorithm has become the de-facto standard
for the LHC experiments.

In eTe™ annihilations the k¢ algorithm [122] uses y;; =
2 min(EiQ,Ejz)(l — cosb;)/ Q? as distance measure and repeatedly
merges the pair with smallest y;;, until all y;; distances are above some
threshold ycut, the jet resolution parameter. The (pseudo)-particles
that remain at this point are called the jets. Here it is yeut (rather
than R and p; min) that should be chosen according to the needs of the
analysis. As mentioned above, the k; algorithm has the property that
logarithms In(1/ycut) exponentiate in resummation calculations. This
is one reason why it is preferred over the earlier JADE algorithm [124],
which uses the distance measure y;; = 2 E; E; (1 — cos0;5)/ Q2.

Efficient implementations of the above algorithms are available
through the FastJet package [188], which is also packaged within
SpartyJet [189].
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9.3.1.2. FEwvent Shapes:

Event-shape variables are functions of the four momenta in the
hadronic final state that characterize the topology of an event’s energy
flow. They are sensitive to QCD radiation (and correspondingly to
the strong coupling) insofar as gluon emission changes the shape of
the energy flow.

The classic example of an event shape is the Thrust [190,191] in
ete™ annihilations, defined as

2. |Pi - 7ir|
2 il

where p; are the momenta of the particles or the jets in the final-state
and the maximum is obtained for the Thrust axis 7i-. In the Born
limit of the production of a perfect back-to-back ¢G pair the limit
7 — 1 is obtained, whereas a perfectly symmetric many-particle
configuration leads to 7 — 1/2. Further event shapes of similar nature
have been defined and extensively measured at LEP and at HERA,
and for their definitions and reviews we refer to Refs. 1,4,178,192,193.
Phenomenological discussions of event shapes at hadron colliders can
be found in Refs. 194-196. Measurements of hadronic event-shape
distributions have been published by CDF [197], ATLAS [198,199]
and CMS [200,201].

Event shapes are used for many purposes. These include measuring
the strong coupling, tuning the parameters of Monte Carlo programs,
investigating analytical models of hadronization and distinguishing
QCD events from events that might involve decays of new particles
(giving event-shape values closer to the spherical limit).

7 = max
fir

(9.22)

9.3.1.3.

Jet substructure, which can be resolved by finding subjets or by
measuring jet shapes, is sensitive to the details of QCD radiation in
the shower development inside a jet and has been extensively used
to study differences in the properties of quark and gluon induced
jets, strongly related to their different color charges. In general there
is clear experimental evidence that gluon jets have a softer particle
spectrum and are “broader” than (light-) quark jets, when looking
at observables such as the jet shape U(r/R). This is the fractional
transverse momentum contained within a sub-cone of cone-size r for
jets of cone-size R. It is sensitive to the relative fractions of quark
and gluon jets in an inclusive jet sample and receives contributions
from soft-gluon initial-state radiation and beam remnant-remnant
interactions. Therefore, it has been widely employed for validation
and tuning of Monte Carlo models. CDF has measured the jet shape
U(r/R) for an inclusive jet sample [202] as well as for b-jets [203].
Similar measurements in photo-production and DIS at HERA have
been reported in Refs. 204-206. At the LHC, jet shape measurements
have been presented in Refs. 207,208 for inclusive jet samples, as well
as for top pair events [209]. Further discussions, references and recent
summaries can be found in Refs. 193, 210 and Sec. 4 of Ref. 211.

The use of jet substructure has also been suggested in order to
distinguish QCD jets from jets that originate from hadronic decays
of boosted massive particles (high-p; electroweak bosons, top quarks
and hypothesized new particles). Recently, a number of experimental
studies have been carried out with Tevatron and LHC data, in order to
investigate on the performance of the proposed algorithms for resolving
jet substructure in various event classes, such as inclusive jet [212],
dijet and W/Z+jet production [213], as well as in events with high
transverse momentum jets (boosted configurations) [214,215]. For
reviews and detailed references, see Ref. 211, sec. 5.3 of Ref. 180 and
Ref. 216.

Jet substructure, quark vs. gluon jets:

9.3.2.

There exists a wealth of data on QCD-related measurements in
eTe™, ep, pp, and pp collisions, to which a short overview like this
would not be able to do any justice. Extensive reviews of the subject
have been published in Refs. 192, 193 for ete™ colliders and in
Ref. 217 for ep scattering, whereas for hadron colliders comprehensive
overviews are given in, e.g., Refs. 181, [218-220].

State of the art QCD measurements at colliders :

+

Below we concentrate our discussion on measurements that are
most sensitive to hard QCD processes, in particular jet production.

9.3.2.1. ete™ colliders: Analyses of jet production in ete™ collisions
are mostly based on JADE data at center-of-mass energies between 14
and 44 GeV, as well as on LEP data at the Z resonance and up to
209 GeV. They cover the measurements of (differential or exclusive)
jet rates (with multiplicities typically up to 4, 5 or 6 jets), the study
of 3-jet events and particle production between the jets as a tool for
testing hadronization models, as well as 4-jet production and angular
correlations in 4-jet events. The latter are useful for measurements
of the strong coupling constant and putting constraints on the QCD
color factors, thus probing the non-abelian nature of QCD. There
have also been extensive measurements of event shapes. The tuning of
parton shower MC models, typically matched to matrix elements for
3-jet production, has led to good descriptions of the available, highly
precise data. Especially for the large LEP data sample at the Z peak,
the statistical uncertainties are mostly negligible and the experimental
systematic uncertainties are at the per-cent level or even below. These
are usually dominated by the uncertainties related to the MC model
dependence of the efficiency and acceptance corrections (often referred
to as “detector corrections”).

9.3.2.2. DIS and photoproduction: Multi-jet production in ep
collisions at HERA, both in the DIS and photoproduction regime,
allows for tests of QCD factorization (one initial-state proton and
its associated PDF versus the hard scattering which leads to high-p;
jets) and NLO calculations which exist for 2- and 3-jet final states.
Sensitivity is also obtained to the product of the coupling constant
and the gluon PDF. Experimental uncertainties of the order of
5 — 10% have been achieved, mostly dominated by jet energy scale,
whereas statistical uncertainties are negligible to a large extent.
For comparison to theoretical predictions, at large jet p; the PDF
uncertainty dominates the theoretical uncertainty (typically of order
5 - 10%, in some regions of phase-space up to 20%), therefore jet
observables become useful inputs for PDF fits. In general, the data
are well described by NLO matrix-element calculations, combined
with DGLAP evolution equations, in particular at large Q2 and
central values of jet pseudo-rapidity. At low values of Q2 and z, in
particular for large jet pseudo-rapidities, there are indications for
the need of BFKL-type evolution, though the predictions for such
schemes are still limited. In the case of photoproduction, a wealth of
measurements with low p; jets were performed in order to constrain
the photon PDFs. The uncertainties related to these photon PDFs
play a minor role at high jet py, which has allowed for precise tests of
pQCD calculations.

A few examples of recent measurements can be found in Refs. 221—
228 for DIS and in Refs. 229-233 for photoproduction.

9.3.2.3. Hadron colliders: Jet measurements at the Tevatron and
the LHC have been performed with data samples from a wide range
of luminosities and center-of-mass energies. In particular, LHC results
have been published for luminosities up to 5fb~! and center-of-mass
energies of 2.76 and 7 TeV, with preliminary results also available
from 8 TeV collisions. Among the most important cross sections
measured is the inclusive jet production as a function of the jet
transverse energy (E¢) or the jet transverse momentum (p¢), for
several rapidity regions and for p; up to 700 GeV at the Tevatron
and ~ 2 TeV at the LHC. The Tevatron measurements are based on
the infrared- and collinear-safe k; algorithm in addition to the more
widely used Midpoint and JetCLU algorithms of the past, whereas
the LHC experiments focus on the anti-k; algorithm. Results by the
CDF and DO collaborations can be found in Refs. 234-236, whereas
measurements by ALICE, ATLAS and CMS have been published in
Refs. 237-243. In general we observe a good description of the data by
the NLO QCD predictions, over about 9 orders of magnitude in cross
section. The experimental systematic uncertainties are dominated by
the jet energy scale uncertainty, quoted to be in the range of 1 to 2%,
leading to uncertainties of ~ 5 — 30% on the cross section, increasing
with p; and rapidity. The PDF uncertainties dominate the theoretical
uncertainty at large p; and rapidity. In fact, inclusive jet data are
important inputs to global PDF fits, in particular for constraining the
high-z gluon PDF. Constraints on the PDF's can also be obtained from
ratios of inclusive cross sections at different center-of-mass energies, as
for example shown in Ref. [240].
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A rather comprehensive summary, comparing NLO QCD predictions
to data for inclusive jet production in DIS, pp, and pp collisions, is
given in Ref. 244 and reproduced here in Fig. 9.1.

Dijet events are analyzed in terms of their invariant mass and
angular distributions, which allows for tests of NLO QCD predictions
(see e.g. Refs. [239,242] for recent LHC results), as well as to put
stringent limits on deviations from the Standard Model, such as
quark compositeness (some examples can be found in Refs. 245-248).
Furthermore, dijet azimuthal correlations between the two leading
jets, normalized to the total dijet cross cross section, are an extremely
valuable tool for studying the spectrum of gluon radiation in the
event. For example, results from the Tevatron [249,250] and the
LHC [251,252] show that the LO (non-trivial) prediction for this
observable, with at most three partons in the final state, is not
able to describe the data for an azimuthal separation below 2m/3,
where NLO contributions (with 4 partons) restore the agreement with
data. In addition, this observable can be employed to tune Monte
Carlo predictions of soft gluon radiation. Beyond dijet final states,
measurements of the production of three or more jets, including cross
section ratios, have been performed [253-259], as a means of testing
perturbative QCD predictions, tuning MC models, constraining PDF's
or determining the strong coupling constant.
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Figure 9.1: A compilation of data-over-theory ratios for
inclusive jet cross sections as a function of jet transverse
momentum (p;), measured in different hadron-induced processes
at different center-of-mass energies; from Ref. 244. The
various ratios are scaled by arbitrary numbers (indicated
between parentheses) for better readability of the plot. The
theoretical predictions have been obtained at NLO accuracy, for
parameter choices (coupling constant, PDFs, renormalization,
and factorization scales) as indicated at the bottom of the
figure.

Similarly important tests of QCD arise from measurements of
vector boson (photon, W, Z) production together with jets, where
the presence of the vector boson introduces an additional hard scale
in the process. By now, many results have been obtained both at the
Tevatron [260-268] and the LHC [201,269-275]. The measurements
cover a large phase space, e.g. with jet transverse momenta between
30 GeV and ~ 500 GeV and jet rapidities up to |y| < 4.4. Jet
multiplicities as high as seven jets accompanying the vector boson

have already been probed at the LHC, together with a substantial
number of other kinematical observables. A general observation is
that MC models, which implement a matching of matrix-element
calculations with parton showers, provide a remarkably good
description of the data. Also NLO calculations for up to four jets in
addition to the vector boson are in good agreement with the data over
that phase space, where such calculations are applicable. Altogether,
this represents an impressive success of QCD at high jet multiplicities.

Instead of measuring the jets recoiling against the vector boson,
where the precision is limited by the jet energy scale uncertainty, the
vector boson’s p; distribution can also be directly probed [262,276-278].
For example, the Z p; distribution, reconstructed using the Z decay to
leptons, is sensitive to QCD radiation both at high and low scales and
thus probes perturbative as well as non-perturbative effects. Similarly,
photon production in special phase-space regions, such as di-photon
production with small azimuthal separation between the two photons,
allows for sensitive tests of QCD radiation without the need of direct
jet reconstruction [279-282].

A substantial fraction of the jets produced at hadron colliders
contain heavy quarks (b, ¢), whose mass introduces an additional scale
in the event. Therefore, measurements of heavy quark production,
either inclusive or in association with vector bosons, represent very
important tests of multi-scale calculations in perturbative QCD.
Results for b-jet production at the LHC [283,284] indicate that NLO
and/or NLO plus parton shower QCD calculations describe the data
well over most of the phase space. However, the observed discrepancies
for small angular separation of the heavy quarks suggest that a better
understanding of the g — bb vertex may well be required [285].
Tevatron [286-297] and LHC [298-300] measurements for heavy quark
production in association with a vector boson have been compared
to NLO QCD and MC predictions. Typically, the experimental and
theoretical uncertainties are still rather large. Nevertheless, it is
worth noting that there are discrepancies between data and QCD
predictions, in particular for  plus (¢, b)-jet, Z plus c-jet and W plus
b-jet production.

Finally, top-quark production at the LHC starts to become an
important tool for probing higher-order QCD calculations. Besides
the precise determination of the inclusive cross section, used by CMS
to measure the strong coupling constant for the first time at NNLO
accuracy from hadron collider data [301], also measurements of
differential cross sections and of jet production in association with top
quarks start to probe QCD in this regime [302-304].

9.3.3. Tests of the non-abelian nature of QCD :

QCD is a gauge theory with SU(3) as underlying gauge group.
For a general gauge theory with a simple Lie group, the couplings
of the fermion fields to the gauge fields and the self-interactions in
the non-abelian case are determined by the coupling constant and
Casimir operators of the gauge group, as introduced in Sec. 9.1.
Measuring the eigenvalues of these operators, called color factors,
probes the underlying structure of the theory in a gauge invariant
way and provides evidence of the gluon self-interactions. Typically,
cross sections can be expressed as functions of the color factors,
for example o0 = f(asCp,Ca/Cp,nfTR/CF). Sensitivity at leading
order in perturbation theory can be achieved by measuring angular
correlations in 4-jet events in ete~ annihilation or 3-jet events
in DIS. Some sensitivity, although only at NLO, is also obtained
from event-shape distributions. Scaling violations of fragmentation
functions and the different subjet structure in quark and gluon
induced jets also give access to these color factors. In order to extract
absolute values, e.g. for Cp and Cjy, certain assumptions have to
be made for other parameters, such as Tg,ny or as, since typically
only combinations (ratios, products) of all the relevant parameters
appear in the perturbative predictions. A compilation of results [193]
quotes world average values of Cy = 2.89 £ 0.03(stat) £ 0.21(syst)
and Cp = 1.30 + 0.01(stat) £ 0.09(syst), with a correlation coefficient
of 82%. These results are in perfect agreement with the expectations
from SU(3) of C4 =3 and Cp = 4/3. An overview of the history and
the current status of tests of Asymptotic Freedom, closely related to
the non-abelian nature of QCD, can be found in Ref. 305.
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9.3.4. Determinations of the strong coupling constant :

Beside the quark masses, the only free parameter in the QCD
Lagrangian is the strong coupling constant as. The coupling constant
in itself is not a physical observable, but rather a quantity defined
in the context of perturbation theory, which enters predictions for
experimentally measurable observables, such as R in Eq. (9.7).

Many experimental observables are used to determine asg.
Considerations in such determinations include:

e The observable’s sensitivity to ag as compared to the experimental
precision. For example, for the ete™ cross section to hadrons
(cf. R in Sec. 9.2.1), QCD effects are only a small correction,
since the perturbative series starts at order ag; 3-jet production
or event shapes in ete™ annihilations are directly sensitive to
as since they start at order ayg; the hadronic decay width of
heavy quarkonia, I'(Y — hadrons), is very sensitive to a; since
its leading order term is oc a3.

e The accuracy of the perturbative prediction, or equivalently of the
relation between o and the value of the observable. The minimal
requirement is generally considered to be an NLO prediction.
Some observables are predicted to NNLO (many inclusive
observables, 3-jet rates and event shapes in ete™ collisions)
or even N3LO (ete™ hadronic cross section and 7 branching
fraction to hadrons). In certain cases, fixed-order predictions
are supplemented with resummation. The precise magnitude of
theory uncertainties is usually estimated as discussed in Sec. 9.2.3.

e The size of uncontrolled non-perturbative effects. Sufficiently
inclusive quantities, like the ete™ cross section to hadrons, have
small non-perturbative uncertainties ~ A4/ Q4. Others, such as
event-shape distributions, have uncertainties ~ A/Q.

e The scale at which the measurement is performed. An uncertainty
§ on a measurement of as(Q?), at a scale Q, translates to an
uncertainty &' = (a2(M2)/a2(Q?)) - § on as(M2). For example,
this enhances the already important impact of precise low-Q
measurements, such as from 7 decays, in combinations performed
at the My scale.

In this review, we update the measurements of ag summarized in
the 2012 edition, and we extract a new world average value of as(J\/I%)
from the most significant and complete results available today!.

We follow the same selection strategy and summary procedure as
applied in the 2012 review, i.e. we restrict the selection of results from
which to calculate the world average value of ozs(]W%) to those which
are

- published in a peer-reviewed journal

- based on the most complete perturbative QCD predictions, i.e.
to those using NNLO or higher-order expansions.

While this excludes e.g. results from jet production in DIS at
HERA and at hadron colliders, as well as those from heavy quarkonia
decays for which calculations are available at NLO only, they will
nevertheless be listed and cited in this review as they are important
ingredients for the experimental evidence of the energy dependence of
g, i.e. for Asymptotic Freedom, one of the key features of QCD.

In detail, we apply an intermediate step of pre-averaging results
within certain sub-fields like ete™ annihilation, DIS and hadronic 7-
decays, and calculate the overall world average from those pre-averages
rather than from individual measurements. This is done because in a
number of sub-fields one observes that different determinations of the
strong coupling from substantially similar datasets lead to values of a,
that are only marginally compatible with each other, or with the final
world average value, which presumably is a reflection of the challenges
of evaluating systematic uncertainties. In such cases, a pre-average
value will be determined, with a symmetric, overall uncertainty that
encompasses the central values of all individual determinations (‘range
averaging’).

Alternatively, in cases when results within a sub-field are largely
independent of each other, we use the method of ‘X2 averaging,

! The time evolution of a;s combinations can be followed by consult-
ing Refs. [305-307] as well as earlier editions of this Review.

as proposed, e.g., in Ref. 308, in order to treat cases of possible
(unknown) correlations as well as possibly underestimated systematic
uncertainties in a meaningful and well defined manner: the central
value is determined as the weighted average of the different input
values. An initial uncertainty of the central value is determined
treating the uncertainties of all individual measurements as being
uncorrelated and being of Gaussian nature, and the overall x2 to the
central value is determined. If this initial x2 is larger than the number
of degrees of freedom, then all individual uncertainties are enlarged by
a common factor such that x2/d.o.f. equals unity. If the initial value
of 2 is smaller than the number of degrees of freedom, an overall,
a-priori unknown correlation coefficient is introduced and determined
by requiring that the total x2 /d.o.f. of the combination equals unity.
In both cases, the resulting overall uncertainty of a, in this sub-field
is larger than the initial estimate of the uncertainty.

9.3.5. Hadronic T decays :

Several re-analyses of the hadronic 7 decay width [24,309-314],
based on N3LO predictions [24], have been performed. They are
based on different approaches to treat perturbative (fixed-order or
contour-improved perturbative expansions) and non-perturbative
contributions, the impact of which is a matter of intense discussions,
see e.g. [315] and [316]. We also include the result from 7 decay
and lifetime measurements, obtained in Sec. FElectroweak Model and
constraints on New Physics of this Review, which amounts, if converted
to the 7-mass scale, to as(M;) = 0.327f8:8%g. This result and the one
from Baikov et al. [24] include both fixed-order and contour-improved
perturbation theory, while the others adhere to either one or the other
of the two. All these results are quoted for ny = 3 quark flavors; they
are summarized in Fig. 9.2(a).

We determine the pre-average result from 7-decays, to be used
for calculating the final world average of as(]W%), using the range
averaging method defined above, as as(M2) = 0.330 + 0.014,
unchanged from its value in the 2012 review™*. This value of o (]\172. )
corresponds, when evolved to the scale of the Z-boson, using the
QCD 4-loop beta-function plus 3-loop matching at the charm- and
the bottom-quark masses (see Sec. Quark Masses in this Review), to
as(M2%) = 0.1197 £ 0.0016.

9.3.6. Lattice QCD :

There are several recent results on ag from lattice QCD, see also
Sec. Lattice QCD in this Review. The HPQCD collaboration [317]
computes Wilson loops and similar short-distance quantities with
lattice QCD and analyzes them with NNLO perturbative QCD. This
yields a value for ag, but the lattice scale must be related to a
physical energy/momentum scale. This is achieved with the Y/-T
mass difference, however, many other quantities could be used as
well [318]. HPQCD obtains ag(M%) = 0.1184 & 0.0006, where the
uncertainty includes effects from truncating perturbation theory, finite
lattice spacing and extrapolation of lattice data. An independent
perturbative analysis of a subset of the same lattice-QCD data
yields aig(M%) = 0.1192 £ 0.0011 [319]. Using another, independent
methodology, the current-current correlator method, HPQCD
obtains as(M2) = 0.1183 £ 0.0007 [317]. The analysis of Ref. 320,
which avoids the staggered fermion treatment of Ref. 317, finds
as(M2%) = 0.1205 £ 0.0008 = 0.0005 fggg??, where the first uncertainty
is statistical and the others are from systematics. Since this approach
uses a different discretization of lattice fermions and a different general
methodology, it provides an independent cross check of other lattice
extractions of ag. The JLQCD collaboration, in an analysis of Adler
functions, obtains as(M2) = 0.1181 = 0.0003 700013 [321]. A study
of the ETM collaboration [322] used lattice data with u,d,s and ¢
quarks in the sea, obtaining results which are compatible with those
quoted above. Finally, a determination of as from the QCD static
energy [323] results in as(My) = 0.1156f8:88§%.

The published lattice results are summarized in Fig. 9.2(b). In
contrast to the results from 7-decays, which were all based on the
same (sub-)sets of data, the lattice evaluations are, at least in part,
independent from each other, and so we use the x2 averaging method

** The result from Boito et al. [314] is not regarded to extend the
range due to its rather large - mainly statistical - uncertainty.
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to determine a,s(M%) = 0.1185 = 0.0005 which we take as result from
the sub-field of lattice determinations.

9.3.7. Deep inelastic lepton-nucleon scattering (DIS) :
Studies of DIS final states have led to a number of precise
determinations of a,: a combination [324] of precision measurements
at HERA, based on NLO fits to inclusive jet cross sections in
neutral current DIS at high Q2 quotes a combined result of
as(ZVI%) = 0.1198 + 0.0032, which includes a theoretical uncertainty
of £0.0026. A combined analysis of non-singlet structure functions
from DIS [325], based on QCD predictions up to N3LO in
some of its parts, gave ozs(lw%) = 0.1142 + 0.0023, including a
theoretical uncertainty of £0.0008 (BBG). Further studies of singlet
and non-singlet structure functions, based on NNLO predictions,
resulted in as(]W%) =0.1134 £ 0.0011 [326] (ABM; only experimental
uncertainties are included here) and in as (M%) = 0.1158£0.0035 [327]
(JR). The MSTW group [328], also including data on jet production
at the Tevatron, obtains, at NNLO, a,(M%) = 0.1171 +0.0024. The
NNPDF group [329] presented a result, as(M2) = 0.1173 £ 0.0011,
which is in line with the one from the MSTW group.

Summarizing these results from world data on structure functions,
applying the range averaging method as defined and motivated
above, leads to a pre-average value of as(M%) = 0.1154 & 0.0020 (see
Fig. 9.2(c)).

We note that criticism has been expressed on some of the above
extractions. Among the issues raised, we mention the neglect of singlet
contributions at x > 0.3 in pure non-singlet fits [330], the impact and
detailed treatment of particular classes of data in the fits [330,331],
possible biases due to insufficiently flexible parametrizations of the
PDFs [332] and the use of a fixed-flavor number scheme [333,334].

9.3.8. Heavy quarkonia decays :

The most recent extraction of the strong coupling constant from an
analysis of radiative Y decays [335] resulted in as(Myz) = 0.119f8:88§.
This determination is based on QCD at NLO only, so it will not
be considered for the final extraction of the world average value of
ag; it is, however, an important ingredient for the demonstration of

Asymptotic Freedom as given in Fig. 9.4.

9.3.9. Hadronic final states of et e~ annihilations :
Re-analyses of event shapes in eTe™ annihilation, measured at the
Z peak and LEP2 energies up to 209 GeV, using NNLO predictions
matched to NLL resummation and Monte Carlo models to correct
for hadronisation effects, resulted in as(M%) = 0.1224 £ 0.0039
(ALEPH) [336], with a dominant theoretical uncertainty of 0.0035,
and in as(lw%) = 0.1189+0.0043 (OPAL) [337]. Similarly, an analysis
of JADE data [338] at center-of-mass energies between 14 and 46 GeV
gives ag (]W%) = 0.117240.0051, with contributions from hadronization
model and from perturbative QCD uncertainties of 0.0035 and
0.0030, respectively (JADE). A precise determination of as from 3-jet
production alone, in NNLO, resulted in as(M2) = 0.1175:£0.0025 [339)]
from ALEPH data and in ag(M2%) = 0.1199 £0.0059 [340] from JADE.
These results are summarized in the upper half of Fig. 9.2(d).

Computation of the NLO corrections to 5-jet production and
comparison to the measured 5-jet rates at LEP [341] gave
as(]V[%) = 0.1156f8:88§}1. A new computation of non-perturbative
and perturbative QCD contributions to the scale evolution of
quark and gluon jet multiplicities, including resummation and - in
part - contributions beyond NLO, is reported [342] to result in
as(]V[%) =0.1199 £ 0.0026.

Another class of as determinations is based on analytic calculations
of non-perturbative and hadronisation effects, rather than on Monte
Carlo models [146,343-345], using methods like power corrections,
factorisation of soft-collinear effective field theory, dispersive models

t The initial x2 /d.o.f. was 4.7/6, requiring an overall correlation
factor of 0.21 to bring X2/ d.o.f. to unity, thereby increasing the initial
overall uncertainty from 0.0004 to 0.0005.

# Note that for jet production at a hadron collider, only NLO pre-
dictions are available, while for the structure functions full NNLO was
utilized.

and low scale QCD effective couplings. In these studies, the world data
on Thrust distributions are analysed and fitted to perturbative QCD
predictions in NNLO matched with resummation of leading logs up to
N3LL accuracy. The results range from as(M2) = 0‘11317:8:88%3 [345]
to 0.1172 4 0.0021 [146]; they are displayed in the lower half of
Fig. 9.2(d).

We note that there is criticism on both classes of ag extractions
just described: those based on corrections of non-perturbative
hadronisation effects using QCD-inspired Monte Carlo generators
(since the parton level of a Monte Carlo is not defined in a manner
equivalent to that of a fixed-order calculation), as well as the studies
based on non-perturbative analytic calculations, as their systematics
have not yet been verified e.g. by using observables other than Thrust.

Combining the results from eTe™ annihilation data, using the
range averaging method as many analyses are either based on similar
datasets and/or are only marginally compatible with each other,
results in as(M%) = 0.1177 £ 0.0046.
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Figure 9.2: Summary of determinations of o from hadronic
7-decays (a), from lattice calculations (b), from DIS structure
functions (c) and from e*e™ annihilation (d). The shaded bands
indicate the pre-average values explained in the text, to be
included in the determination of the final world average of as.

9.3.10. Hadron collider jets :
Significant determinations of ag from data at hadron colliders, i.e.
the Tevatron and the LHC, are obtained, however mostly still limited

to QCD at NLO. At /s = 1.96 TeV, as(M2) = 0.116170901 and

as(M2) = O.1191f8:88$§ result from studies of inclusive jet cross
sections [346] and from jet angular correlations [347], respectively.
More recently, ATLAS data on inclusive jet production at +/s
= 7 TeV [239] became available, extending the verification of
the running of as up to jet pt of 600 GeV, and leading to
as(M2) = 0.1151f8:883§ (348]. Here, experimental systematics, the
choice of jet scale and the use of different PDFs dominate the large
overall uncertainties. Preliminary determinations of as from CMS
data on the ratio of inclusive 3-jet to 2-jet cross sections [259], at
NLO, and from the top-quark cross section [301], in NNLO, quote
values of ag (M%) = 0.1148 £ 0.0014(exp.) £ 0.0018(PDF) -390 (scale)
and as(]W%) = 0.1151f8:88§g, respectively, indicating many new
results to be expected for inclusion in upcoming reviews.
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9.3.11. Electroweak precision fits :

The N3LO calculation of the hadronic Z decay width was used
in a revision of the global fit to electroweak precision data [349],
resulting in as(]V[%) = 0.1193+£0.0028, claiming a negligible theoretical
uncertainty. For this Review the value obtained in Sec. Electroweak
model and constraints on new physics from data at the Z-pole,
as(]M%) = 0.1197 + 0.0028 will be used instead, as it is based on
a more constrained data set where QCD corrections directly enter
through the hadronic decay width of the Z. We note that all these
results from electroweak precision data, however, strongly depend on
the strict validity of Standard Model predictions and the existence of
the minimal Higgs mechanism to implement electroweak symmetry
breaking. Any - even small - deviation of nature from this model
could strongly influence this extraction of «s.

T-decays HO~

Lattice Q

DIS —O— |

ete” annihilation ——or—
|

|

0.11 0.12 0.1:
as(My)

Figure 9.3: Summary of values of as(J\/I%) obtained for various
sub-classes of measurements (see Fig. 9.2 (a) to (d)). The new
world average value of as(M2) = 0.1185 = 0.0006 is indicated by
the dashed line and the shaded band.

Z pole fits

9.3.12. Determination of the world average value of as(Mg)

Obtaining a world average value for (xs(]blg) is a non-trivial exercise.
A certain arbitrariness and subjective component is inevitable because
of the choice of measurements to be included in the average, the
treatment of (non-Gaussian) systematic uncertainties of mostly
theoretical nature, as well as the treatment of correlations among the
various inputs, of theoretical as well as experimental origin.

We have chosen to determine pre-averages for classes of measure-
ments which are considered to exhibit a maximum of independence
between each other, considering experimental as well as theoretical
issues. These pre-averages are then combined to the final world
average value of ag (]W%), using the x2 averaging method and error
treatment as described above. The five pre-averages are summarized in
Fig. 9.3; we recall that these are exclusively obtained from extractions
which are based on (at least) full NNLO QCD predictions, and are
published in peer-reviewed journals at the time of completing this
Review.©€ From these, we determine the new world average value of

as(M%) = 0.1185 = 0.0006 , (9.23)

with an uncertainty of well below 1 %.*** This world average value
is in excellent agreement with that from the 2009 [306] and the 2012

¢ In addition to those mentioned above, one further result that was
available only in unpublished form while this review was being prepared
was Ref. 350, which quotes ag(mz) = 011740950 £ .001 £ 0005001,
using an extraction from the pion decay constant. We leave its detailed
consideration to future updates.

*** The weighted average, treating all inputs as uncorrelated mea-
surements with Gaussian uncertainties, results in o (]\/[%) =0.11851+
0.00048 with x2/d.o.f. = 2.9/4. Requiring x%/d.o.f. to reach unity
calls for an overall correlation factor of 0.28, which increases the over-
all uncertainty to 0.00059.

version of this review, although several new contributions have entered
this determination. For convenience, we also provide corresponding
values for Agzz:

AL = (906 +3.4) MeV (9.24a)
AP — (214£7) Mev (9.240)
A= (29748) Mev (9.24¢)
ABL — (340 £8) MeV , (9.24d)

MS
for ny =6, 5, 4 and 3 quark flavors, which are calculated using the
4-loop expression for the running of as according to Eq. (9.5) and

3-loop matching at the charm-, bottom- and top-quark pole masses of
1.5, 4.7 and 173 GeV/c?, respectively.

In order to further test and verify the sensitivity of the new
average value of as(]W%) to the different pre-averages and classes of
as determinations, we give each of the averages obtained when leaving
out gnc of the five input values, as well as the respective, initial value
of x* :

as(M%) = 0.1184 4+ 0.0006 (w/o T results;

x3/d.o.f. = 2.3/3), (9.25a)
as(]W%) =0.1183+0.0012 (w/o lattice results;

x3/d.o.f. =2.9/3), (9.25b)
as(M2) = 0.1187 4+ 0.0007 (w/o DIS results;

x3/d.o.f. =0.6/3), (9.25¢)
as(M2) = 0.1185+ 0.0005 (w/o eTe™ results;

x3/d.o.f. = 2.9/3), and (9.25d)
as(MZ) = 0.1185 4+ 0.0005 (w/o e.w. precision fit;

x3/d.o.f. = 2.7/3). (9.25¢)

They are well within the uncertainty of the overall world average

quoted above. The lattice result, which has the smallest assigned

uncertainty, agrees well - within 0.2 standard deviations - with the
exclusive average of the other results. However, it largely determines
the size of the overall uncertainty, which is a factor of 2 larger when
disregarding lattice results at all.

Alternative procedures to calculate the world average using different
methods of determining pre-average values and their uncertainties,
were applied in order to estimate the impact on arbitrariness and
subjective components mentioned above. For instance, when applying
the range averaging throughout, for all pre-averages, then the world
average emerges as (s (M'%) = 0.1182 4 0.0013, probably constituting
a rather conservative choice of error treatment. Using linear averages
of as and its uncertainty for each of the pre-averages results in
a world average of as(]bf%) = 0.1185 + 0.0011, while applying
the x? averaging method throughout, for all pre-averages, gives
as(M%) = 0.1179 £ 0.0008 as final result. The latter case, however,
appears difficult to justify as it requires a rather large overall scaling
factor for all input uncertainties, due to a very large, initial x2 value
of 19.7 for 4 degrees of freedom, indicating a gross underestimate of
the uncertainties of all pre-averages in this case.

There are apparent systematic differences between the various
structure function results, and also between some of the results from
Thrust and the other determinations in e™e™ annihilation. Also, the
size of uncertainties assigned for individual determinations largely
differs within classes of results, such as from lattice calculations, but
also from ete™ annihilations and from structure functions. We note
that such and other differences have been extensively discussed at
a specific workshop on measurements of ag, however none of the
explanations proposed so far have obtained enough of a consensus to
definitely resolve the tensions between different extractions [351]. If
the degree of consistency does not increase in the coming years, the
method of averaging may have to be modified in the future, in order to
de-emphasize the impact of results claiming overly optimistic (small)
uncertainties.
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The wealth of available results provides a rather precise and stable
world average value of o (]W%), as well as a clear signature and proof
of the energy dependence of ag, in full agreement with the QCD
prediction of Asymptotic Freedom. This is demonstrated in Fig. 9.4,
where results of as(Q2) obtained at discrete energy scales @), now also
including those based just on NLO QCD, are summarized. Thanks
to the results from the Tevatron [346,347] and from the LHC [259],
the energy scales at which ay is determined now extend to several
hundred GeV up to 1 TeV©.

Sept. 2013
T decays (N3LO)
Lattice QCD (NNLO)
DIS jets (NLO)
Heavy Quarkonia (NLO) J
e*e jets & shapes (res. NNLO)
Z pole fit (N3LO)
pp—> jets (NLO)

ay(Q)

03+

v
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A
o
o
o
v
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— QCD 0g(M,) = 0.1185 £ 0.0006
100 1000
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Figure 9.4: Summary of measurements of a as a function of
the energy scale (). The respective degree of QCD perturbation
theory used in the extraction of as is indicated in brackets (NLO:
next-to-leading order; NNLO: next-to-next-to leading order; res.
NNLO: NNLO matched with resummed next-to-leading logs;
N3LO: next-to-NNLO).
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10. ELECTROWEAK MODEL AND CONSTRAINTS ON NEW PHYSICS
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10.6 Experimental results

10.7 Constraints on new physics

10.1.

The standard model of the electroweak interactions (SM) [1] is
based on the gauge group SU(2) x U(1), with gauge bosons W?,
i =1,2,3, and B, for the SU(2) and U(1) factors, respectively, and
the corresponding gauge coupling constants g and ¢’. The left-handed
fermion fields of the ith fermion family transform as doublets

U, = <;ﬁ> and (;}) under SU(2), where d; = 37, Vjjdj, and V is

the Cabibbo-Kobayashi-Maskawa mixing matrix. [Constraints on V'
and tests of universality are discussed in Ref. 2 and in the Section on
“The CKM Quark-Mixing Matrix”. The extension of the formalism to
allow an analogous leptonic mixing matrix is discussed in the Section
on “Neutrino Mass, Mixing, and Oscillations”.] The right-handed
fields are SU(2) singlets. In the minimal model there are three fermion
families.

A complex scalar Higgs doublet, ¢ = ( &0 ), is added to the model

for mass generation through spontaneous symmetry breaking with
potential* given by,

Introduction

(dﬁ ).

For /12 negative, ¢ develops a vacuum expectation value, v/ V2= /A,
where v & 246 GeV, breaking part of the electroweak (EW) gauge
symmetry, after which only one neutral Higgs scalar, H, remains
in the physical particle spectrum. In non-minimal models there are
additional charged and neutral scalar Higgs particles [3].

V(g) = n26lo+ 5 (10.1)

After the symmetry breaking the Lagrangian for the fermion fields,
W, 1s

zF:Zu“;iQa—w i )w@
g = 5

- L NTT (1 -
2\5; (1=

*EZQi@ﬂ”dh‘A

T W +T~ W, ),

Zwi"f l]v - (IA"/ )wz Zy - (10.2)

" 2cos 9W

Here Oy = tan—1(g'/g) is the weak angle; e = gsinfyy is the positron
electric charge; and A = Bcosfyy + W3sinfyy is the photon field

(). WE = (W FiW?)/v2 and Z = —Bsinfy + W3 cosfyy are

the charged and neutral weak boson fields, respectively. The Yukawa
coupling of H to v; in the first term in £, which is flavor diagonal in
the minimal model, is gm;/2Myy. The boson masses in the EW sector
are given (at tree level, i.e., to lowest order in perturbation theory) by,

My = Av, (10.3a)
My = & ev (10.3b)
/] = —qv=——"—, .
W9 Ssiny
1 ev My
J\/[Z — _\/WU — - = s (103()
2 2sin Oy cos by cos Oy
My =0. (10.3d)

* There is no generally accepted convention to write the quartic
term. Our numerical coefficient simplifies Eq. (10.3a) below and the
squared coupling preserves the relation between the number of external
legs and the power counting of couplings at a given loop order. This
structure also naturally emerges from physics beyond the SM, such as
supersymmetry.

The second term in £ represents the charged-current weak
interaction [4-7], where TF and T~ are the weak isospin raising and
lowering operators. For example, the coupling of a W to an electron
and a neutrino is

e

R V+W+I/ (1 —
2\/§sinew ) 7 ,Y)

[W/j ekl — (10.4)
For momenta small compared to My, this term gives rise to the
effective four-fermion interaction with the Fermi constant given by
Gp/V2 =1/20% = g2/8]w%/. CP violation is incorporated into the
EW model by a single observable phase in V;;.

The third term in Zp describes electromagnetic interactions
(QED) [8-10], and the last is the weak neutral-current interac-

tion [5-7]. The vector and axial-vector couplings are
gir =tsr(i) — 2Q;sin? Oy, (10.5a)
gy =tarli), (10.5b)

where t37,(i) is the weak isospin of fermion ¢ (4+1/2 for u; and v;;
—1/2 for d; and ¢;) and Q; is the charge of v; in units of e.

The first term in Eq. (10.2) also gives rise to fermion masses, and
in the presence of right-handed neutrinos to Dirac neutrino masses.
The possibility of Majorana masses is discussed in the Section on
“Neutrino Mass, Mixing, and Oscillations”.

10.2. Renormalization and radiative corrections

In addition to the Higgs boson mass, My, the fermion masses
and mixings, and the strong coupling constant, as, the SM has three
parameters. The set with the smallest experimental errors contains
the Z mass™*, the Fermi constant, and the fine structure constant,
which will be discussed in turn (if not stated otherwise, the numerical
values quoted in Sec. 10.2-10.5 correspond to the main fit result in
Table 10.6):

The Z boson mass, My = 91.1876 + 0.0021 GeV, has been
determined from the Z lineshape scan at LEP 1 [11].

The Fermi constant, Gp = 1.1663787(6) x 107> GeV~2, is derived
from the muon hfetlme formula™**,

ho GEm), a(my) a2(my)
— = F(p) |1+ H B L H & 10.
P TR (p) |1+ Hi(p) == + Ha(p)—5— |,  (10.6)
where p = m2/ mz, and where
F(p)=1—8p+8p> — p* —12p°Inp = 0.99981295,  (10.7a)
25 72
Hi(p) = o % - (9-i—47r2 + 121np) p
+1672p%% + O(p?) = —1.80793, (10.7b)
156815 518 , 895 67 4 53 ,
Ha(p) = -2 2 r21n2
2P) = S5t w1 6Bt T
— (0.042 % 0.002),0q — 171'2\/5 +0(p) =6.64,  (10.7¢)
1
a(my) t=a"t 4 3 Inp+O(a) = 135.901 (10.7d)
T

Hy and Hs capture the QED corrections within the Fermi model.
The results for p = 0 have been obtained in Refs. 13 and 14,
respectively, where the term in parentheses is from the hadronic

** We emphasize that in the fits described in Sec. 10.6 and Sec. 10.7

the values of the SM parameters are affected by all observables that
depend on them. This is of no practical consequence for o and Gp,
however, since they are very precisely known.
*** In the spirit of the Fermi theory, we incorporated the small prop-
agator correction, 3/5 mi /M2, into Ar (see below). This is also the
convention adopted by the MuLan collaboration [12]. ~ While this
breaks with historical consistency, the numerical difference was negli-
gible in the past.
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vacuum polarization [14]. The mass corrections to H; have been

known for some time [15], while those to Ha are more recent [16]. Table 10.1: Evaluations of the on-shell Aal(q?d(AIZ) by different

Notice the term linear in m, whose appearance was unforeseen and can groups (for a more complete list of evaluations see the 2012

be traced to the use of the muon pole mass in the prefactor [16]. The edition of this Review). For better comparison we adjusted

remaining uncertainty in G is experimental and has recently been central values and errors to correspond to a common and fixed

reduced by an order of magnitude by the MuLan collaboration [12] at value of as(Mz) = 0.120. References quoting results without the

the PSL top quark decoupled are converted to the five flavor definition.
The experimental determination of the fine structure constant, Ref. [28] uses Aqcp = 380 + 60 MeV; for the conversion we

« = 1/137.035999074(44), is currently dominated by the e* anomalous assumed as(Mz) = 0.118 & 0.003.

magnetic moment [10]. In most EW renormalization schemes, it is

convenient to define a running a dependent on the energy scale of Reference Result Comment

the process, with a1 ~ 137 appropriate at very low energy, i.e.
close to the Thomson limit. (The running has also been observed [17] Geshkenbein, Morgunov [24] 0.02780 4 0.00006 ~ O(as) resonance model
directly.) For scales above a few hundred MeV this introduces an  gyarty [25] 0.02754 + 0.00046

uncertainty due to the low energy hadronic contribution to vacuum Krasnik POCD i
polarization. In the modified minimal subtraction (MS) scheme [18] rasnikov, Rodenberg [26]  0.02737 & 0.00039 QCD for /5 > 2.3 GeV

(used for this Review), and with as(Mz) = 0.1193 £ 0.0016 we Kiihn & Steinhauser [27] 0.02778 4+ 0.00016 full O(a?2) for /5 > 1.8 GeV
have G(m7)~" = 133.465 £ 0.013 and &(Mz)~! = 127.940 £ 0.014.  Fpier [19] 0.02779 - 0.00020
(In this Section we denote quantities defined in the modified

use of fitting function

conv. from Ms scheme

minimal subtraction (MS) scheme by a caret; the exception is the Groote et al. [28] 0.02787 = 0.00032 use of QCD sum rules
strong coupling constant, as, which will always correspond to the —Martin et al. [29] 0.02741 4+ 0.00019 incl. new BES data
MS definition and where the caret will be dropped.) The latter de Troconiz, Yndurain [30]  0.02754 £ 0.00010  PQCD for s > 2 GeV?2
corresponds to a quark sector contribution (without the top) to the ' .

. . Jegerlehner [31] 0.02755 4+ 0.00013  Adler function approach
conventional (on-shell) QED coupling, a(Myz) = —————, of

1 - Aa(Mz) Davier et al. [20] 0.02750 + 0.00010  incl. new ete™ data,
Aaﬁ?d(MZ) = 0.02771 £ 0.00011. These values are updated from PQCD for /s > 1.8 GeV
Ref. 19 with Aal(lz)d(]bf ) moved downwards and its uncertainty halved Davier et al. [20] 0.02762 4 0.00011 incl. 7 decay data
(partly due to a more precise charm quark mass). Its correlation  Burkhardt, Pietrzyk [32]  0.02750 +0.00033  incl. BES/BABAR data,
with the p* anomalous magnetic moment (see Sec. 10.5), as well as PQCD for /s > 12 GeV
th -li d d f a(M d th 1ti lati
¢ non-linear a; dependence of G(My) an ¢ Testtme corre avion Hagiwara et al. [33] 0.02764 4 0.00014 incl. new e*e™ data, PQCD

with the input variable ag, are fully taken into account in the

fits. This is done by using as actual input (fit constraint) instead for /s = 2.6-3.7, >11.1 GeV

of Aaﬁ?d(]w z) the analogous low energy contribution by the three

light quarks, Aa}(i)d(l.S GeV) = (55.50 £ 0.78) x 10~* [20], and by VEPP-2M ete™ collider at Novosibirsk and the results are (after an
calculating the perturbative and heavy quark contributions to a(Myz) initial discrepancy due to a flaw in the Monte Carlo event generator
in each call of the fits according to Ref. 19. Part of the uncertainty used by SND) in good agreement with each other. As an alternative

(#£0.49 x 10™%) is from ete™ annihilation data below 1.8 GeV and to cross-section scans, one can use the high statistics radiative return
7 decay data (including uncertainties from isospin breaking effects), events at ete™ accelerators operating at resonances such as the ®

but uncalculated higher order perturbative (£0.41 x 10~%) and or the T(4S). The method [40] is systematics limited but dominates
non-perturbative (£0.44 x 10~4) QCD corrections and the M§ quark over the Novosibirsk data throughout. The BaBar collaboration [41]

mass values (see below) also contribute. Various evaluations of A”l(i)d studied multi-hadron events radiatively returned from the Y(4S5),
reconstructing the radiated photon and normalizing to uiy final
states. Their result is higher compared to VEPP-2M and in fact
agrees quite well with the 7 analysis including the energy dependence
(shape). In contrast, the shape and smaller overall cross-section from

the 77~ radiative return results from the ® obtained by the KLOE

are summarized in Table 10.1 where the relation’ between the MS and
on-shell definitions is given by [22]

A&(MZ),AQ(MZ):%KIOO 1 7 IJVI%)

w collaboration [42] differs significantly from what is observed by BaBar.
The discrepancy originates from the kinematic region /s> 0.6 GeV,
as(My) 1605 44 . ~
+—(ﬁ - 5((3)) and is most pronounced for /s>0.85 GeV. All measurements
) T including older data [43] and multi-hadron final states (there are also
ag(Mz) (976481 781 275 discrepancies in the ete™ — 27127~ channel [20]) are accounted
—— - —¢(3 5 =0.007165, (10.8
+ 2 23328 18 G+ 27 <) 5 ) for and corrections have been applied for missing channels [20].

Further improvement of this dominant theoretical uncertainty in the
interpretation of precision data will require better measurements of the
cross-section for ete™ — hadrons below the charmonium resonances
including multi-pion and other final states. To improve the precisions
in me(me) and my(my,) it would help to remeasure the threshold
regions of the heavy quarks as well as the electronic decay widths of
the narrow c¢ and bb resonances.

and where the first entry of the lowest order term is from fermions and
the other two are from W= loops, which are usually excluded from
the on-shell definition. The most recent results typically assume the
validity of perturbative QCD (PQCD) at scales of 1.8 GeV and above,
and are in reasonable agreement with each other. There is, however,
some discrepancy between analyses based on ete~ — hadrons
cross-section data and those based on 7 decay spectral functions [20].
The latter utilize data from OPAL [34], CLEO [35], ALEPH [36],
and Belle [37] and imply lower central values for the extracted My
from a global fit to the indirect precision data of about 6%. This
discrepancy is smaller than in the past and at least some of it appears
to be experimental. The dominant ete~™ — 7T7~ cross-section

was measured with the CMD-2 [38] and SND [39] detectors at the at the scale y = 2 _Gev' For the heavier quark.s we use .QCD
sum rule [44] constraints [45] and recalculate their masses in each

Further free parameters entering into Eq. (10.2) are the quark
and lepton masses, where m; is the mass of the ith fermion V.
For the light quarks, as described in the note on “Quark Masses”
in the Quark Listings, M, = 2.31’8:; MeV, mg = 4.8f8:g MeV,
and ms = 95+ 5 MeV. These are running MS masses evaluated

t In practice, a(My) is directly evaluated in the Ms scheme using  call of our fits to account for their direct as dependence. We ﬁndql7
the FORTRAN package GAPP [21], including the QED contributions
of both leptons and quarks. The leptonic three-loop contribution in 9 Other authors [46] advocate to evaluate and quote m.(pu = 3 GeV)
the on-shell scheme has been obtained in Ref. 23. instead. We use me(p = M) because in the global analysis it is conve-
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Me(u = e) = 1.27470930 GeV and 7y (1 = fiy,) = 4.199£0.024 GeV,
with a correlation of 33%.

The top quark “pole” mass (the quotation marks are a reminder
that quarks do not form asymptotic states), m; = 173.24 &+
0.81 GeV, is an average based on the combination, m; = 173.20 £
0.51stat. = 0.71gyst. GeV, of published and preliminary CDF
and D@ results from the Tevatron [48], with the combination,
my = 173.29 £ 0.23 stat. = 0.925yst. GeV, obtained by the LHC Top
Working Group [49]. Our average$ differs slightly from the value,
my = 173.07 £ 0.52¢at. £ 0.725yst. GeV, which appears in the top
quark Listings in this Review and which is based exclusively on
published Tevatron results. We are working, however, with MS masses
in all expressions to minimize theoretical uncertainties. Such a short
distance mass definition (unlike the pole mass) is free from non-
perturbative and renormalon [50] uncertainties. We therefore convert
to the top quark MS mass,

(e = ) = mel1 = 5% + O] (109
using the three-loop formula [51]. This introduces an additional
uncertainty which we estimate to 0.5 GeV (the size of the three-loop
term) and add in quadrature to the experimental pole mass error.
This is convenient because we use the pole mass as an external
constraint while fitting to the MS mass. We are assuming that the
kinematic mass extracted from the collider events corresponds within
this uncertainty to the pole mass. In summary, we will use the fit
constraint, my = 173.2440.81 exp.+0.5 gcp GeV = 173.24+0.95 GeV.

sin? By and My can be calculated from My, &(My), and G,
when values for my and My are given, or conversely, My can be
constrained by sin?fy and Myy. The value of sin fyy is extracted
from neutral-current processes (see Sec. 10.3) and Z pole observables
(see Sec. 10.4) and depends on the renormalization prescription. There
are a number of popular schemes [52-58] leading to values which differ
by small factors depending on m; and Mp. The notation for these
schemes is shown in Table 10.2.

Table 10.2: Notations used to indicate the various schemes
discussed in the text. Each definition of sin? fy leads to values
that differ by small factors depending on m; and M. Numerical
values are also given for illustration.

Scheme Notation Value

On-shell %, 0.22333
NS 5% 0.23126
Ms ND 540 0.23144
S i 0.23864
Effective angle 52 0.23155

(i) The on-shell scheme [52] promotes the tree-level formula sin® 6y =
1— ]\/Igv /]W% to a definition of the renormalized sin? 8y to all

nient to nullify any explicitly m. dependent logarithms. Note also that
our uncertainty for m. (and to a lesser degree for my) is larger than
in Refs. 46 and 47, for example. The reason is that we determine the
continuum contribution for charm pair production using only resonance
data and theoretical consistency across various sum rule moments, and
then use any difference to the experimental continuum data as an ad-
ditional uncertainty. We also include an uncertainty for the condensate
terms which grows rapidly for higher moments in the sum rule analysis.

$ At the time of writing this review, the efforts to establish a top
quark averaging group involving both the Tevatron and the LHC were
still in progress. Therefore we perform a simplified average ourselves,
conservatively assuming that the entire Tevatron systematics is com-
mon to both colliders (ignoring correlations yields the same central
value).

orders in perturbation theory, i.e., sin® Ay — S%V =1- M'%,/J\/I%:

S R
sw(l—Ar)l/2”’

where ¢y = cosfyy, Ag = (ra/V2G )2 = 37.28039(1) GeV,
and Ar includes the radiative corrections relating a, a(My),
G, My, and My. One finds Ar ~ Arg — py/tan? 8y, where
Arg =1 —a/a(Myz) = 0.06637(11) is due to the running of a,
and py = 3G pm7 /8v/2r% = 0.00940 (m¢/173.24 GeV)? represents
the dominant (quadratic) m; dependence. There are additional
contributions to Ar from bosonic loops, including those which
depend logarithmically on My and higher-order corrections®S.
One has Ar = 0.03639 F 0.00036 + 0.00011, where the first
uncertainty is from m; and the second is from «(Myz). Thus
the value of s%v extracted from My includes an uncertainty
(30.00012) from the currently allowed range of m;. This scheme
is simple conceptually. However, the relatively large (~ 3%)
correction from p; causes large spurious contributions in higher
orders.

My

My, = My , (10.10)
cw

9%1, depends not only on the gauge couplings but also on the
spontaneous-symmetry breaking, and it is awkward in the presence of
any extension of the SM which perturbs the value of My (or My ).
Other definitions are motivated by the tree-level coupling constant
definition fy = tan—1(g'/g):

(1) In particular, the modified minimal subtraction (Ms) scheme
introduces the quantity sin? Oy (1) = §7%(1)/[3%(1) + 3" ()],
where the couplings § and §’ are defined by modified minimal
subtraction and the scale u is conveniently chosen to be Mz for
many EW processes. The value of ?QZ = sin? Oy (M) extracted
from My is less sensitive than s2, to m (by a factor of tan?fyy),
and is less sensitive to most types of new physics. It is also very
useful for comparing with the predictions of grand unification.
There are actually several variant definitions of sin? Oy (M),
differing according to whether or how finite aln(m¢/My) terms
are decoupled (subtracted from the couplings). One cannot
entirely decouple the aln(m¢/Mz) terms from all EW quantities
because m¢ > my, breaks SU(2) symmetry. The scheme that
will be adopted here decouples the aln(mi/Myz) terms from
the v—Z mixing [18,53], essentially eliminating any In(m¢/Myz)
dependence in the formulae for asymmetries at the Z pole when
written in terms of §%. (A similar definition is used for &.) The
on-shell and MS definitions are related by

52 = c(my, Mp)s¥, = (1.0355 4 0.0004)s7, . (10.11)

The quadratic m; dependence is given by ¢ ~ 1+ p;/ tan? Oy .

The expressions for My, and My in the MsS scheme are

Ay My,

My =—"2——+ My =2
VS AR Ty

(10.12)

and one predicts A7y = 0.06943 £ 0.00011. A7y has no
quadratic m; dependence, because shifts in My, are absorbed
into the observed G, so that the error in Aryy is almost entirely
due to Arg =1 — a/a(Mz). The quadratic m; dependence has
been shifted into p ~ 1+ p¢, where including bosonic loops,
p=1.01031+0.00011.

(t4) A variant MS quantity §12\ID (used in the 1992 edition of this

Review) does not decouple the aln(my/My) terms [54]. It is
related to ?22 by
o2 _ 22 é
5% =5k /(14 Trd), (10.13a)
1/ 1 8 g me 15a5
d=-|=—-3 1+—)1 — 10.13b
3<§2 3){(+7r)n]\/lz g R )

Thus, §2Z - §I2\ID ~ —0.0002.

8 Al explicit numbers quoted here and below include the two- and
three-loop corrections described near the end of Sec. 10.2.
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(tv) Some of the low-energy experiments discussed in the next section
are sensitive to the weak mixing angle at almost vanishing
momentum transfer (for a review, see Ref. 55). Thus, Table 10.2
also includes 33 = sin? fy/(0).

(v) Yet another definition, the effective angle [56-58] E} = sin 6({& for
the Z vector coupling to fermion f, is based on Z pole observables
and described in Sec. 10.4.

Experiments are at such level of precision that complete one-loop,
dominant two-loop, and partial three-loop radiative corrections must
be applied. For neutral-current and Z pole processes, these corrections
are conveniently divided into two classes:

1. QED diagrams involving the emission of real photons or the
exchange of virtual photons in loops, but not including vacuum
polarization diagrams. These graphs often yield finite and gauge-
invariant contributions to observable processes. However, they
are dependent on energies, experimental cuts, etc., and must be
calculated individually for each experiment.

2. EW corrections, including vy, vZ, ZZ, and WW vacuum
polarization diagrams, as well as vertex corrections, box graphs,
etc., involving virtual W and Z bosons. The one-loop corrections
are included for all processes, and many two-loop corrections are
also important. In particular, two-loop corrections involving the
top quark modify p; in p, Ar, and elsewhere by

pt = pi[l + R(Mpr,mi)pe /3] (10.14)
R(Mp,m¢) can be described as an expansion in ]\/[% Jm2, for
which the leading mf /My [59] and next-to-leading m?/M% [60]
terms are known. The complete two-loop calculation of Ar
(without further approximation) has been performed in Refs. 61
and 62 for fermionic and purely bosonic diagrams, respectively.
Similarly, the EW two-loop calculation for the relation between
§§ and S‘Z/V is complete [63,64].

Mixed QCD-EW contributions to gauge boson self-energies of
order aagm? [65], aa?m? [66], and aaZm? [67] increase the
predicted value of m¢ by 6%. This is, however, almost entirely an
artifact of using the pole mass definition for m;. The equivalent
corrections when using the MS definition (M) increase my
by less than 0.5%. The subleading aa; corrections [68] are also
included. Further three-loop corrections of order aa? [69,70],
(x3m?, and (Jz2asm21 [71], are rather small. The same is true for
a3]\1§ [72] corrections unless My approaches 1 TeV.

The theoretical uncertainty from unknown higher-order
corrections is estimated to amount to 4 MeV for the prediction of
My (73] and 4.5 x 1072 for 52 [74].

Throughout this Review we utilize EW radiative corrections from
the program GAPP [21], which works entirely in the MS scheme, and
which is independent of the package ZFITTER [58]. Another resource
is the recently developed modular fitting toolkit Gfitter [75].

10.3. Low energy electroweak observables

In the following we discuss EW precision observables obtained at
low momentum transfers [6], i.e. Q% < M2. It is convenient to
write the four-fermion interactions relevant to v-hadron, v-e, as well
as parity violating e-hadron and e-e neutral-current processes in a
form that is valid in an arbitrary gauge theory (assuming massless
left-handed neutrinos). One has*

Gp_ _
— 2 = B Tl =" B — g e (10.15)

* We use here slightly different definitions (and to avoid confusion
also a different notation) for the coefficients of these four-Fermi oper-
ators than we did in previous editions of this Review. The new cou-
plings [76] are defined in the static limit, Q% — 0, with specific radiative
corrections included, while others (more experiment specific ones) are
assumed to be removed by the experimentalist. They are convenient in
that their determinations from very different types of processes can be
straightforwardly combined.

Gp

v = NG 7yu(1-7°) Y 97 av"(1-7)a+g; % " (144°)dl,
q
(10.16)
G
—gee = ZE 9% E’yu'y‘r’e ete, (10.17)

V2
,gehf,ﬁ eq <. 5,z H eq — = BAD
=~ 019G e e vt a + gyt evue 7990
q

(10.18)
where one must include the charged-current contribution for ve-e
and Ve-e and the parity-conserving QED contribution for electron
scattering.

Table 10.3: SM tree level expressions for the neutral-current
parameters for v-hadron, v-e, and e~ -scattering processes.
To obtain the SM values in the last column, the tree level
expressions have to be multiplied by the low-energy neutral-
current p parameter, pyc = 1.00066, and further vertex and
box corrections need to be added as detailed in Ref. 76. The
dominant m; dependence is again given by pnc ~ 1+ pt.

Quantity SM tree level SM value
vue 1 2
9rv -5 +25 —0.0396
vye 1
o -1 ~0.5064
vy 1222
gLHL 5 — g SO 0.3457
vpd 1,122
9’ —3+t3% —0.4288
vt 222
9rn —35 —0.1553
vpd 122
9 35 0.0777
. 1 ~
9% 1-23 0.0225
1,422
9%, -1+15 —0.1887
d 1222
97 -1 +28 ~0.0351
9 $-25 0.0248

The SM tree level expressions for the four-Fermi couplings are given
in Table 10.3. Note that they differ from the respective products of
the gauge couplings in Eq. (10.5) in the radiative corrections and in
the presence of possible physics beyond the SM.

10.3.1. Neutrino scattering : For a general review on v-scattering
we refer to Ref. 77 (nonstandard neutrino scattering interactions are
surveyed in Ref. 78).

The cross-section in the laboratory system for v e — vue or
e — Tye elastic scattering [79] is (in this subsection we drop the
redundant index L in the effective neutrino couplings)

2
d(:lﬂ _ Gpnely {(gx”/eigf)%r(g‘”/ﬁg%e)?(1*y)2*(968279262)w},
y 2T E,

(10.19)

where the upper (lower) sign refers to v,(7,), and y = Te/E, (which

runs from 0 to (1 +me/2E,)~ 1) is the ratio of the kinetic energy of

the recoil electron to the incident v or 7 energy. For E, > m, this

yields a total cross-section

G%meEl,

1
3 e\ 2 3 2
o= =5 — |0 £ gx)" + g(y"’/" F9)7| -

(10.20)
The most accurate measurements [79-84] of sin?fy from v-lepton
scattering (see Sec. 10.6) are from the ratio R = 0y,e/0p,e, in which
many of the systematic uncertainties cancel. Radiative corrections
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(other than my effects) are small compared to the precision of present
experiments and have negligible effect on the extracted sin? Oy .
The most precise experiment (CHARM II) [82] determined not
only sin? @y but g{’/‘f 4 as well, which are shown in Fig. 10.1. The
cross-sections for ve-e¢ and Te-e may be obtained from Eq. (10.19) by
replacing g{’,f 4 by g{’,‘f 4 + 1, where the 1 is due to the charged-current
contribution.

1.0F ‘ ]
15 — v,(v)e
e —— V€
fffff Ve€

-1.0 05 0.0 05 1cC
ve
A

Figure 10.1: Allowed contours in ¢%® vs. g{° from neutrino-

electron scattering and the SM prediction as a function of §2Z
(The SM best fit value 5% = 0.23126 is also indicated.) The

vee [83] and vee [84] constraints are at 1 o, while each of the

four equivalent v, (7,)e [79-82] solutions (gy,4 — —gv,4 and

gv,A — ga,v) are at the 90% C.L. The global best fit region

(shaded) almost exactly coincides with the corresponding v, (7,)e
region. The solution near g4 = 0, gy = —0.5 is eliminated by

ete™ — ¢t/ data under the weak additional assumption that
the neutral current is dominated by the exchange of a single Z
boson.

A precise determination of the on-shell s%v, which depends only
very weakly on my and My, is obtained from deep inelastic scattering
(DIS) of neutrinos from (approximately) isoscalar targets [85]. The
ratio Ry, = O'IIJV]\? / (71(,71\(;Y of neutral-to-charged-current cross-sections has
been measured to 1% accuracy by CDHS [86] and CHARM [87] at
CERN. CCFR [88] at Fermilab has obtained an even more precise
result, so it is important to obtain theoretical expressions for R,
and Ry = aévj\? /O'g]g to comparable accuracy. Fortunately, many of
the uncertainties from the strong interactions and neutrino spectra
cancel in the ratio. A large theoretical uncertainty is associated with
the c-threshold, which mainly affects o, Using the slow rescaling
prescription [89] the central value of sin? @y from CCFR varies as
0.0111(m¢/GeV — 1.31), where m, is the effective mass which is
numerically close to the MS mass M (7.), but their exact relation is
unknown at higher orders. For me = 1.31 £ 0.24 GeV (determined
from v-induced dimuon production [90]) this contributes £0.003
to the total uncertainty Asin? 6@y ~ 0.004. (The experimental
uncertainty is also £0.003.) This uncertainty largely cancels, however,
in the Paschos-Wolfenstein ratio [91],

GO _ NC
R =-tc—¢cc - (10.21)

%N 9N
It was measured by Fermilab’s NuTeV collaboration [92] for the first

time, and required a high-intensity and high-energy anti-neutrino
beam.

A simple zero™-order approximation is

2
g _
Ry=gi+gkr, Ry=gi+-" R =g} —gp (10.22)

where
2 vpuN2 V/td 2 o 1 2 5 4
9. = (9, ) + 9/ )~ 5 —sin Ow + g i Ow 10.23a)
2 _ [ Vupun2 Vud2w5-4
9r = (9 )"+ (g9/p)" = g sin Ow, (10.23b)

and r = ogj\c; / (TEK; is the ratio of 7 to v charged-current cross-sections,
which can be measured directly. [In the simple parton model, ignoring
hadron energy cuts, r = (% +e)/(1+ %e), where € ~ 0.125 is the
ratio of the fraction of the nucleon’s momentum carried by anti-
quarks to that carried by quarks.] In practice, Eq. (10.22) must be
corrected for quark mixing, quark sea effects, c-quark threshold effects,
non-isoscalarity, W—Z propagator differences, the finite muon mass,
QED and EW radiative corrections. Details of the neutrino spectra,
experimental cuts, z and Q2 dependence of structure functions,
and longitudinal structure functions enter only at the level of these
corrections and therefore lead to very small uncertainties. CCFR
quotes s¥, = 0.2236 £ 0.0041 for (m¢, My) = (175,150) GeV with
very little sensitivity to (m¢, Mpy).

The NuTeV collaboration found 5%{/ = 0.2277+0.0016 (for the same
reference values), which was 3.0 o higher than the SM prediction [92].
The deviation was in g% (initially 2.7 o low) while g% was consistent
with the SM. Since then a number of experimental and theoretical
developments changed the interpretation of the measured cross section
ratios, affecting the extracted g%, p (and thus 5%‘,) including their
uncertainties and correlation. In the following paragraph we give a
semi-quantitative and preliminary discussion of these effects, but we
stress that the precise impact of them needs to be evaluated carefully
by the collaboration with a new and self-consistent set of PDFs,
including new radiative corrections, while simultaneously allowing
isospin breaking and asymmetric strange seas. This is an effort which
is currently on its way and until it is completed we do not include the
vDIS constraints in our default set of fits.

(i) In the original analysis NuTeV worked with a symmetric
strange quark sea but subsequently measured [93] the difference
between the strange and antistrange momentum distributions,

ST = fol dz z[s(z) — 5(x)] = 0.00196 + 0.00143, from dimuon events
utilizing the first complete next-to-leading order QCD description [94]
and parton distribution functions (PDFs) according to Ref. 95.
The global PDF fits in Ref. 96 give somewhat smaller values,
S™ =0.0013(9) [S™ = 0.0010(13)], where the semi-leptonic charmed-
hadron branching ratio, B, = 8.8 & 0.5%, has [not] been used as an
external constraint. The resulting S~ also depends on the PDF model
used and on whether theoretical arguments (see Ref. 97 and references
therein) are invoked favoring a zero crossing of z[s(x) — ()] at values
much larger than seen by NuTeV and suggesting an effect of much
smaller and perhaps negligible size. (ii) The measured branching ratio
for K3 decays enters crucially in the determination of the ve(7e)
contamination of the v,(,) beam. This branching ratio has moved
from 4.82 4 0.06% at the time of the original publication [92] to the
current value of 5.07 £ 0.04%, i.e. a change by more than 40. This
moves 5‘2;[, about one standard deviation further away from the SM
prediction while reducing the ve(7.) uncertainty. (iii) PDFs seem
to violate isospin symmetry at levels much stronger than generally
expected [98]. A minimum x2 set of PDFs [99] allowing charge
symmetry violation for both valence quarks [d}, (x) # uf}(x)] and sea
quarks [dP(z) # @"(z)] shows a reduction in the NuTeV discrepancy
by about 1o. But isospin symmetry violating PDFs are currently
not well constrained phenomenologically and within uncertainties the
NuTeV anomaly could be accounted for in full or conversely made
larger [99].  Still, the leading contribution from quark mass differences
turns out to be largely model-independent [100] (at least in sign)
and a shift, 65%1, = —0.0015 + 0.0003 [97], has been estimated. (iv)
QED splitting effects also violate isospin symmetry with an effect on
s%v whose sign (reducing the discrepancy) is model-independent. The
corresponding shift of 5812,‘, = —0.0011 has been calculated in Ref. 101
but has a large uncertainty. (v) Nuclear shadowing effects [102] are
likely to affect the interpretation of the NuTeV result at some level,
but the NuTeV collaboration argues that their data are dominated by
values of Q2 at which nuclear shadowing is expected to be relatively
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small. However, another nuclear effect, known as the isovector EMC
effect [103], is much larger (because it affects all neutrons in the
nucleus, not just the excess ones) and model-independently works
to reduce the discrepancy. It is estimated to lead to a shift of
85, = —0.0019 £ 0.0006 [97]. It would be important to verify and
quantify this kind of effect experimentally, e.g., in polarized electron
scattering. (vi) The extracted s3, may also shift at the level of the
quoted uncertainty when analyzed using the most recent QED and
EW radiative corrections [104,105], as well as QCD corrections to the
structure functions [106]. However, these are scheme-dependent and
in order to judge whether they are significant they need to be adapted
to the experimental conditions and kinematics of NuTeV, and have to
be obtained in terms of observable variables and for the differential
cross-sections. In addition, there is the danger of double counting
some of the QED splitting effects. (vii) New physics could also affect
9%, g [107] but it is difficult to convincingly explain the entire effect
that way.

10.3.2. Parity violation :

The SLAC polarized electron-deuteron DIS (eDIS) experiment [108]
measured the right-left asymmetry,

__OR—OL

s (10.24)
OR t+ oL

where op 1, is the cross-section for the deep-inelastic scattering of
a right- or left-handed electron: eg ;N — eX. In the quark parton
model,

(10.25)

where Q2 > 0 is the momentum transfer and y is the fractional energy
transfer from the electron to the hadrons. For the deuteron or other
isoscalar targets, one has, neglecting the s-quark and anti-quarks,

3Gp ( eu 1 .4 ) 3Gp ( 3 5,3)
ay = N — = ~ ——+ =5 10.26a
! 5v21a Jav — 594v 5v 21 4370 ( )

SGF eu 1 ed ~ 9GF ~2 1
az = 5v3ra (9VA - 59{/A) N S Vora (so - Z) . (10.260)

The Jefferson Lab Hall A Collaboration [109] improved on the
SLAC result by determining A at Q2 = 1.085 GeV and 1.901 GeV,
and determined the weak mixing angle to 2% precision. In another
polarized-electron scattering experiment on deuterons, but in the
quasi-elastic kinematic regime, the SAMPLE experiment [110] at
MIT-Bates extracted the combination gy*y — gf,dA at Q2 values of
0.1 GeV2 and 0.038 GeV2. What was actually determined were
nucleon form factors from which the quoted results were obtained
by the removal of a multi-quark radiative correction [111]. Other
linear combinations of the effective couplings have been determined in
polarized-lepton scattering at CERN in u-C DIS, at Mainz in e-Be
(quasi-elastic), and at Bates in e-C (elastic). See the review articles
in Refs. 112 and 113 for more details. Recent polarized electron
asymmetry experiments, i.e., SAMPLE, the PVA4 experiment at
Mainz, and the HAPPEX and GO experiments at Jefferson Lab, have
focussed on the strange quark content of the nucleon. These are
reviewed in Refs. 114 and 115.

The parity violating asymmetry, Apy, in fixed target polarized

Mpller scattering, e”e~ — e~ e, is defined as in Eq. (10.24) and
reads [116],

Apv _ 72966 Gr 1-y
Q* AV ral+yt+(1—yt”

where y is again the energy transfer. It has been measured at
low Q% = 0.026 GeV? in the SLAC E158 experiment [117], with
the result Apy = (—1.31 £ 0.14gtat. £ 0.10gyst.) ¥ 10~7. Expressed
in terms of the weak mixing angle in the MS scheme, this yields
52(Q?) = 0.2403 + 0.0013, and established the scale dependence
of the weak mixing angle (see Q(e) in Fig. 10.2) at the level of
6.4 0. One can also extract the model-independent effective coupling,
9%, = 0.0190 £ 0.0027 [76] (the implications are discussed in
Ref. 119).

(10.27)
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Figure 10.2: Scale dependence of the weak mixing angle
defined in the MS scheme [118] (for the scale dependence of the
weak mixing angle defined in a mass-dependent renormalization
scheme, see Ref. 119). The minimum of the curve corresponds
to p = My, below which we switch to an effective theory with
the W= bosons integrated out, and where the S-function for the
weak mixing angle changes sign. At the location of the W boson
mass and each fermion mass there are also discontinuities arising
from scheme dependent matching terms which are necessary to
ensure that the various effective field theories within a given
loop order describe the same physics. However, in the MS scheme
these are very small numerically and barely visible in the figure
provided one decouples quarks at p = mg(Mmg). The width of
the curve reflects the theory uncertainty from strong interaction
effects which at low energies is at the level of +7 x 1075 [118].
Following the estimate [121] of the typical momentum transfer
for parity violation experiments in Cs, the location of the APV
data point is given by p = 2.4 MeV. For NuTeV we display the
updated value from Ref. 120 and chose p = V20 GeV which
is about half-way between the averages of \/@ for v and 7
interactions at NuTeV. The Tevatron and LHC measurements
are strongly dominated by invariant masses of the final state
dilepton pair of O(Mz) and can thus be considered as additional
Z pole data points. For clarity we displayed the Tevatron point
horizontally to the left.

In a similar experiment and at about the same Q2 = 0.025 GeV2,
Qweak at Jefferson Lab [122] will be able to measure the weak charge
of the proton (which is proportional to 2g%i, + gzdv) and sin2 Oy
in polarized ep scattering with relative precisions of 4% and 0.3%,
respectively. The result based on the collaborations commissioning
run [123] and about 4% of the data corresponds to the constraint
2954, + g%%, = 0.064 £+ 0.012.

There are precise experiments measuring atomic parity violation
(APV) [124] in cesium [125,126] (at the 0.4% level [125]) ,
thallium [127], lead [128], and bismuth [129]. The EW physics is
contained in the nuclear weak charges Qﬁ}N, where Z and N are
the numbers of protons and neutrons in the nucleus. In terms of the
nucleon vector couplings,

1
94 =205 + 950 ~ 5 + 25, (10.28)

1
9iv =95V + QgX“j’/ x5 (10.29)

one has,

QZN = —2[Z(gE, +0.00005) + N (g5 + 0.00006)] (1 - %) ,
(10.30)
where the numerically small adjustments are discussed in Ref. 76
and include the result of the vZ-box correction from Ref. 130. E.g.,
Qw (133Cs) is extracted by measuring experimentally the ratio of

the parity violating amplitude, Fpnc, to the Stark vector transition
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polarizability, 8, and by calculating theoretically Epnc in terms of
Qw. One can then write,

Q - N IInEPNC |e|aB in ﬁ é
W 3 Im Epxe N o} le] )
exp. the \"B / exp.+th.

where ap is the Bohr radius. The uncertainties associated with atomic
wave functions are quite small for cesium [131]. The semi-empirical
value of 3 used in early analyses added another source of theoretical
uncertainty [132]. However, the ratio of the off-diagonal hyperfine
amplitude to the polarizability was subsequently measured directly
by the Boulder group [133]. Combined with the precisely known
hyperfine amplitude [134] one finds 8 = (26.991 + 0.046) (13]5,7 in
excellent agreement with the earlier results, reducing the overall
theory uncertainty (while slightly increasing the experimental error).
Utilizing the state-of-the-art many-body calculation in Ref. 135
yields Im Epyc = (0.8906 = 0.0026) x 10~ |e|ag Qu /N, while
the two measurements [125,126] combine to give Im Epnc/8 =
—1.5924 + 0.0055 mV/cm, and we would obtain Quy(133Cs) =
—73.20 £ 0.35, or equivalently 559AV + 789%, = 36.64 £ 0.18 which
is in excellent agreement with the SM prediction of 36.66. However,
a very recent atomic structure calculation [136] found significant
corrections to two non-dominating terms, changing the result to
Im Epne = (0.8977 £ 0.0040) x 10~ el ag Qy /N, and yielding the
constraint, 55+ 78¢5, = 36.3520.21 [Qu (133Cs) = —72.62+0.43],
i.e. a 1.5 0 SM deviation. Thus, the various theoretical efforts in
[135-137] together with an update of the SM calculation [138] reduced
an earlier 2.3 o discrepancy from the SM (see the year 2000 edition
of this Review), but there still appears to remain a small deviation.
The theoretical uncertainties are 3% for thallium [139] but larger for
the other atoms. The Boulder experiment in cesium also observed the
parity-violating weak corrections to the nuclear electromagnetic vertex
(the anapole moment [140]) .

In the future it could be possible to further reduce the theoretical
wave function uncertainties by taking the ratios of parity violation in
different isotopes [124,141]. There would still be some residual un-
certainties from differences in the neutron charge radii, however [142].
Experiments in hydrogen and deuterium are another possibility for
reducing the atomic theory uncertainties [143], while measurements
of single trapped radium ions are promising [144] because of the much
larger parity violating effect.

10.4. Physics of the massive electroweak bosons
If the CM energy +/s is large compared to the fermion mass my,

the unpolarized Born cross-section for eTe™ — ff can be written as

do _7ra2(5)
dcos ~ 2s

[Fi(1+cos?0) + 2Fycos0] + B, (10.310)

where

1=Q2Q% — 2x QeQ 757, cos o + X (@ +7X) @7 + 7)) (10.
F1=Q2Q% — 2x QcQ 753, cos dp + X352 + 70 (@) +7%)(10.310)

Fy = —2X QeQ 5%y cos O + 05595919y (10.31¢)
M,T G M2

tandp = —2—2 | x = —=L "z 5 +(10:32)
Mz —s 2v2ma(s) [(MZ - 5)2 + M2T%]

and B accounts for box graphs involving virtual Z and W bosons, and
y‘f/’ 4 are defined in Eq. (10.33) below. The differential cross-section
receives important corrections from QED effects in the initial and
final state, and interference between the two, see e.g. Ref. 145. For
qq production, there are additional final-state QCD corrections, which
are relatively large. Note also that the equations above are written in
the CM frame of the incident ete™ system, which may be boosted
due to the initial-state QED radiation.

Some of the leading virtual EW corrections are captured by
the running QED coupling a(s) and the Fermi constant Gp. The
remaining corrections to the Zff interaction are absorbed by

replacing the tree-level couplings Eq. (10.5) with the s-dependent
effective couplings [146]

gl = o7 (t5) — 2Q iy sin? by, gl =yt (10.33)
In these equations, the effective couplings are to be taken at the scale
/s, but for notational simplicity we do not show this explicitly. At

tree-level py = Ky = 1, but inclusion of EW radiative corrections leads
to non-zero py — 1 and xy — 1, which depend on the fermion f and on
the renormalization scheme. In the on-shell scheme, the quadratic m¢
dependence is given by py ~ 1+ pf Kf ~ 14 pt/tan? Oy, while in Ms,
pp~ky~1 for f#£b(pp~1-— —pf Ry~ 1+ 3[){) In the Ms scheme
the normalization is changed according to G’F]v[Z/Q\/_fr — a/4§2Z82

in Eq. (10.32).

For the high-precision Z-pole observables discussed below,
additional bosonic and fermionic loops, vertex corrections, and higher
order contributions, etc., must be included [60,63,64,147,148]. For
example, in the MS scheme one has p, = 0.9982, K, = 1.0013,
pp = 0.9870, and K = 1.0068.

To connect to measured quantities, it is convenient to define an
effective angle E?c = sin? ng = Ef§2z = Kfs%w in terms of which ﬁ"f/
and §£ are given by ,/py times their tree-level formulae. One finds
that the Ky (f # b) are almost independent of (m¢, M), and thus one
can write

57 = 5% +0.00029, (10.34)

while the x’s for the other schemes are m; dependent.

10.4.1. ete™ scattering below the Z pole :

Experiments at PEP, PETRA and TRISTAN have measured
the unpolarized forward-backward asymmetry, Arpp, and the total
cross-section relative to pure QED, R, for ete™ — T4~ ¢ =por T
at CM energies /s < My. They are defined as

o —0p o

App= ———— R= ————5—,
B op+opg’ Rinidra?/3s’

(10.35)
where op (o) is the cross-section for £~ to travel forward (backward)
with respect to the e™ direction. Neglecting box graph contribution,
they are given by

3

AFB =~

2 =F . 10.
Vo R=F (10.36)

For the available data, it is sufficient to approximate the EW
corrections through the leading running «(s) and quadratic my
contributions [149,150] as described above. Reviews and formulae for
ete™ — hadrons may be found in Ref. 151.

10.4.2.

High-precision measurements of various Z pole (/s &~ My)
observables have been performed at LEP 1 and SLC [11,152-157], as
summarized in Table 10.5. These include the Z mass and total width,
T'z, and partial widths T'(ff) for Z — ff, where f = e, pu, 7, light
hadrons, b, or ¢. It is convenient to use the variables My, 'y, Ry =
[(had)/T(¢H07) (€ = e,4,7), Opag = 127 T(ete™) T(had)/ M2 T2,
Ry, =T'(bb)/T'(had), and R, = T'(cg)/T'(had), most of which are weakly
correlated experimentally. (I'(had) is the partial width into hadrons.)
The three values for R, are consistent with lepton universality
(although R; is somewhat low compared to R and Ru), but we
use the general analysis in which the three obbervables are treated
as independent. Similar remarks apply to A p defined through

Eq. (10.39) with P. = 0. (A%TB is somewhat hlgh). O(c®) QED
corrections introduce a large anti-correlation (—30%) between I' ; and
Ohad- The anti-correlation between Rj, and R is —18% [11]. The
Ry are insensitive to my except for the Z — bb vertex and final state
corrections and the implicit dependence through sin? fy;,. Thus, they

Z pole physics :

' Note that in general op,,q receives additional EW corrections that
are not captured in the partial widths [158], but they only become
relevant in a full two-loop calculation.
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are especially useful for constraining ;. The invisible decay width [11],
I(inv) =Tz —3T(T¢7) — T'(had) = 499.0 & 1.5 MeV, can be used to
determine the number of neutrino flavors, N,, = T'(inv)/T'*heory (1),
much lighter than Myz/2. In practice, we determine N, by allowing it
as an additional fit parameter and obtain,

N, = 2.990 £ 0.007 . (10.37)

Additional constraints follow from measurements of various Z-pole
asymmetries. These include the forward-backward asymmetry App
and the polarization or left-right asymmetry,
oL —OR
o +0oR ’
where o, (0R) is the cross-section for a left-(right-)handed incident
electron. A;rp was measured precisely by the SLD collaboration
at the SLC [154], and has the advantages of being very sensitive
to sin2 @y, and that systematic uncertainties largely cancel. After
removing initial state QED corrections and contributions from photon
exchange, -7 interference and EW boxes, see Eq. (10.31), one can
use the effective tree-level expressions

ALR = (10.38)

Ae + P,

App = AcPe App Af T PA (10.39)
where
—f = 52
Ap= 27h L= 419,157 . (10.40)
gl gl 1-41Q57 +8(1Qy157)?

P is the initial e~ polarization, so that the second equality in
Eq. (10.41) is reproduced for P, = 1, and the Z pole forward-backward
asymmetries at LEP 1 (P, = 0) are given by A( f ) = =34.4 ¢ where
f=e u 7, b ¢, s[11], and ¢, and where A( B) refers to the
hadronic charge asymmetry. Corrections for ¢-channel exchange and
s/t-channel interference cause Ag?g) to be strongly anti-correlated
with Re (—37%). The correlation between A< b) and A B> amounts
to 15%.

In addition, SLD extracted the final-state couplings A;, A [11],
As [155], A, and A, [156], from left-right forward-backward
asymmetries, using

f ! f /
AFB(p) = ILE ~ 9L ~9RF T 9RB _ 3,
LR i 7 7 ;o1
Lr T L T 9rp t ORB

(10.41)

where, for example, (711-: - is the cross-section for a left-handed incident
electron to produce a fermion f traveling in the forward hemisphere.
Similarly, A; and A. were measured at LEP 1 [11] through the
negative total 7 polarization, Pr, as a function of the scattering angle
6, which can be writte as

A (14 cos? ) 4 24, cos 6
(1 +cos?26) +2A:Ac cosb
The average polarization, (Pr), obtained by integrating over cos@ in
the numerator and denominator of Eq. (10.42), yields (P;) = —A-,
while A, can be extracted from the angular distribution of Pr.

P=— (10.42)

The initial state coupling, A., was also determined through the left-
right charge asymmetry [157] and in polarized Bhabba scattering [156]

at SLC. Because gv is very small, not only A%R = A, A;?Ba, nd
Pr, but also A © b> Aﬁgé% Agﬂ)Bé , and the hadronic asymmetries are
mainly semltlve to Sp-

As mentioned in Sec. 10.2, radiative corrections to 52 have been
computed with full two-loop and partial higher-order corrections.
Moreover, fermionic two-loop EW corrections to §(21 (g =0, ¢ s)
have been obtained [74,148], but the purely bosonic contributions of
this order are still missing. For the partial widths, I'(ff), and the
hadronic peak cross-section, oy,q, currently only approximate EW
two-loop corrections based on a large-m; expansion [59,60,159,160]
are known. Non-factorizable O(aas) corrections for the Z — ¢q
vertex are also available [147]. They add coherently, resulting in
a sizable effect and shift as(Myz) when extracted from Z lineshape
observables by ~ +0.0007. Very recently, complete fermionic two-loop
EW contributions to R [161] and to I'y [162] have been calculated,
but their numerical impact is relatively small, and they have not been
included in the fits in this Review.
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Figure 10.3: 1 o (39.35% C.L.) contours for the Z-pole
observables gff\ and §{;7 f = e,u, 7 obtained at LEP and
SLC [11], compared to the SM expectation as a function of 5%.
(The SM best fit value 5% = 0.23126 is also indicated.) Also

shown is the 90% CL allowed region in gﬁx y obtained assuming
lepton universality.
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As an example of the precision of the Z-pole observables, the
values of _{jf; and gj‘f/7 f=e,u, 1L, extracted from the LEP and SLC
lineshape and asymmetry data, are shown in Fig. 10.3, which should
be compared with Fig. 10.1. (The two sets of parameters coincide in
the SM at tree-level.)

As for hadron colliders, the forward-backward asymmetry, App,
for eTe™ and pTp~ final states (with invariant masses restricted to or
dominated by values around My) in pp collisions has been measured
by the D@ [163] (only ete™) and CDF [164,165] collaborations, and
values for 5% were extracted. Assuming lepton universality and that
the smallest systematic uncertainty (40.0003 from the ete™ analysis
at CDF [164]) is common to both final states and experiments,
these measurements combine to E% = 0.23176 £ 0.00060. By varying
the invariant mass and the scattering angle (and assuming the
electron couplimgs)7 information on the effective Z couplings to light

—u,d

quarks, TV could also be obtained [163,166], but with large

uncertainties and mutual correlations and not independently of 5?
above. Similar analyses have also been reported by the H1 and ZEUS
collaborations at HERA [167] and by the LEP collaborations [11].
This kind of measurement is harder in the pp environment due to the
difficulty to assign the initial quark and antiquark in the underlying
Drell-Yan process to the protons. Nevertheless, measurements of
App have been reported by the CMS [168] (only pTp~) and
ATLAS [169] collaborations. Again assuming lepton universality and
that the +0.0007 PDF uncertainty from ATLAS [169] is common to
both experiments, these measurements combine to give the value,
5[ = 0.2297 £ 0.0010, which is driven by the more precise ATLAS
results.

10.4.3. LEP 2:

LEP 2 [170,171] ran at several energies above the Z pole up to
~ 209 GeV. Measurements were made of a number of observables,
including the cross-sections for ete™ — ff for f = q,pu,7; the
differential cross-sections for f = e, u,7; Ry for ¢ = b,¢; App(f) for
f = p,7,b,c; W branching ratios; and vy, WW, WW~, ZZ, single
W, and single Z cross-sections. They are in good agreement with the
SM predictions, with the exceptions of R, (2.1 o low), Apg(b) (1.6 o
low), and the W — v, branching fraction (2.6 o high).

The Z boson properties are extracted assuming the SM expressions
for the y-Z interference terms. These have also been tested
experimentally by performing more general fits [170,172] to the
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LEP 1 and LEP 2 data. Assuming family universality this approach
introduces three additional parameters relative to the standard

fit [11], describing the y—Z interference contribution to the total
hadronic and leptonic cross-sections, j}tl‘;d and tht and to the leptonic

forward-backward asymmetry, jgb. E.g.,

3594 ~ gt ghad = 0.277 £ 0.065, (10.43)

which is in agreement with the SM expectation [11] of 0.21 + 0.01.
These are valuable tests of the SM; but it should be cautioned that new
physics is not expected to be described by this set of parameters, since
(i) they do not account for extra interactions beyond the standard
weak neutral current, and (ii) the photonic amplitude remains fixed to
its SM value.

Strong constraints on anomalous triple and quartic gauge couplings
have been obtained at LEP 2 and the Tevatron as described in the
Gauge & Higgs Bosons Particle Listings.

10.4.4. W and Z decays :

The partial decay widths for gauge bosons to decay into massless
fermions fi fo (the numerical values include the small EW radiative
corrections and final state mass effects) are given by

GpM,
6\/§7r

_ R, GpM3
T(WH — ud;) = V"EZW
6271

(Wt —ety) = ~ 226.32 £ 0.05 MeV (10.44a)

Vij|? ~ 705.5 £ 0.4 MeV |V;/?,

(10.44b)
N(Z - 1) = G%Z [R{al? +Rhal]
167.22 4+ 0.02 MeV (v7),
84.00 £ 0.01 MeV (ete™),
~ { 300.15+0.20 MeV (ua), (10.44c)
382.96 £ 0.14 MeV (dd),

375.87 F 0.17 MeV (bb).

Final-state QED and QCD corrections to the vector and axial-vector
form factors are given by

=l + S etk

where No = 3 (1) is the color factor for quarks (leptons) and
the dots indicate finite fermion mass effects proportional to m?p /s

which are different for Ré and RQ, as well as higher-order QCD
corrections, which are known to O(a?) [173-175]. These include
singlet contributions starting from two-loop order which are large,
strongly top quark mass dependent, family universal, and flavor
non-universal [176]. Also the O(a?) self-energy corrections from
Ref. 177 are taken into account.

For the W decay into quarks, Eq. (10.44b), only the universal
massless part (non-singlet and mg = 0) of the final-state QCD
radiator function in Ry from Eq. (10.45) is used, and the QED
corrections are modified. Expressing the widths in terms of G F]LI‘:}V z
incorporates the largest radiative corrections from the running QE
coupling [52,178]. EW corrections to the Z widths are then taken
into account through the effective couplings yﬁ 4- Hence, in the
on-shell scheme the Z widths are proportional to p; ~ 1+ p;. There
is additional (negative) quadratic m; dependence in the Z — bb
vertex corrections [179] which causes T'(bb) to decrease with my. The
dominant effect is to multiply F(blj) by the vertex correction 1+ dpyj,
(77mt JMZ +
included in pp and Ky, as dlbcussed in Sec. 10.4.

(Q2 0‘(5) (10.45)

where ppp ~ 102 ) In practice, the corrections are

For three fermion families the total widths are predicted to be

T'z ~ 2.4955 + 0.0009 GeV , Ty ~2.0897 4+ 0.0008 GeV .
(10.46)
The uncertainties in these predictions are almost entirely induced from
the fit error in as(Mz) = 0.1193 £0.0016. These predictions are to be
compared with the experimental results, 'y = 2.4952+0.0023 GeV [11]
and I'yy = 2.085 £ 0.042 GeV (see the Gauge & Higgs Boson Particle
Listings for more details).

10.4.5. H decays :

The ATLAS and CMS collaborations at LHC observed a Higgs
boson [180] with properties appearing well consistent with the SM
Higgs (see the note on “The Higgs Boson H°” in the Gauge & Higgs
Boson Particle Listings). The kinematically reconstructed masses
from ATLAS and CMS of the Higgs boson [181,182] average to

My =125.6+0.4 GeV. (10.47)

In analogy to the W and Z decays discussed in the previous
subsection, we can include some of the Higgs decay properties into
the global analysis of Sec. 10.6. However, the total Higgs decay width,
which in the SM amounts to

'y =4.20£0.08 MeV, (10.48)
is too small to be resolved at the LHC. Furthermore, it is difficult
(and has not been attempted yet by the experimental collaborations)
to form branching ratios when the Higgs production mechanisms differ
strongly for different final states. On the other hand, Higgs decay
rates into WW* and ZZ* (with at least one gauge boson off-shell), as
well as v have been deduced predominantly from gluon-gluon fusion
(geF), so that theoretical production uncertainties mostly cancel in
ratios of branching fractions. Thus, we can employ the results on
the signal strength parameters, px x, quantifying the yields of Higgs
production and decay into X X, normalized to the SM expectation, to

define
XX

nyy

These quantities are constructed to have a SM expectation of zero

(for Mg = 125.5 GeV for ATLAS and My = 125.7 GeV for CMS),

and their physical range is over all real numbers, which allows one

to straightforwardly use Gaussian error propagation (in view of the

fairly large errors). Moreover, possible effects of new physics on Higgs
production rates would also cancel and one may focus on the decay

side of the processes. Presently, one often combines Higgs production
in association with ¢{-pairs (ttH) into one category with ggF since they
are subject to similar theory uncertainties. Higgs production through
vector boson fusion (VBF) and Higgs-strahlung (VH) are important

for decays into ff, but at the moment there is clear evidence for VH
production only for the bb final state [182,183], while the measurement
of 77 receives contributions from both ggF and VBF [184]. As a

result, one cannot form a meaningful ratio where the dependence on
the production mechanism drops out.

PXY = In (10‘49)

For each of the two LHC experiments, we consider the ratios with
the smallest mutual correlations. Assuming that theory errors cancel

in the pxy while experimental systematics does not, we find for
ATLAS [185],

pyw = 0.45+0.31, pyz =0.08£0.28,

with a correlation of 25% (induced by the 15% uncertainty in the

common fi,~), while for CMS [182] (using the same relative theory

errors as ATLAS) we obtain,
pyw =0.12+£0.43 , pzw =0.30£0.39,

with a correlation of 43% (due to the 27% uncertainty in pyy ). We

evaluate the decay rates with the package HDECAY [186].

10.5. Precision flavor physics

In addition to cross-sections, asymmetries, parity violation, W and
Z decays, there is a large number of experiments and observables
testing the flavor structure of the SM. These are addressed elsewhere
in this Review, and are generally not included in this Section.
However, we identify three precision observables with sensitivity to
similar types of new physics as the other processes discussed here.
The branching fraction of the flavor changing transition b — sv is of
comparatively low precision, but since it is a loop-level process (in the
SM) its sensitivity to new physics (and SM parameters, such as heavy
quark masses) is enhanced. A discussion can be found in the 2010
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edition of this Review. The 7-lepton lifetime and leptonic branching
ratios are primarily sensitive to as and not affected significantly by
many types of new physics. However, having an independent and
reliable low energy measurement of as in a global analysis allows the
comparison with the Z lineshape determination of as which shifts
casily in the presence of new physics contributions. By far the most
precise observable discussed here is the anomalous magnetic moment
of the muon (the electron magnetic moment is measured to even
greater precision and can be used to determine «, but its new physics
sensitivity is suppressed by an additional factor of mz /mZ7 unless
there is a new light degree of freedom such as a dark Z [187] boson).
Its combined experimental and theoretical uncertainty is comparable
to typical new physics contributions.

The extraction of as from the 7 lifetime [188] is standing out from
other determinations because of a variety of independent reasons:
(i) the 7-scale is low, so that upon extrapolation to the Z scale
(where it can be compared to the theoretically clean Z lineshape
determinations) the ay error shrinks by about an order of magnitude;
(ii) yet, this scale is high enough that perturbation theory and
the operator product expansion (OPE) can be applied; (iii) these
observables are fully inclusive and thus free of fragmentation and
hadronization effects that would have to be modeled or measured; (iv)
duality violation (DV) effects are most problematic near the branch
cut but there they are suppressed by a double zero at s = mZ; (v)
there are data [34] to constrain non-perturbative effects both within
(0p=6,) and breaking (dpy) the OPE; (vi) a complete four-loop
order QCD calculation is available [175]; (vii) large effects associated
with the QCD fS-function can be re-summed [189] in what has become
known as contour improved perturbation theory (CIPT). However,
while there is no doubt that CIPT shows faster convergence in the
lower (calculable) orders, doubts have been cast on the method
by the observation that at least in a specific model [190], which
includes the exactly known coefficients and theoretical constraints on
the large-order behavior, ordinary fixed order perturbation theory
(FOPT) may nevertheless give a better approximation to the full
result. We therefore use the expressions [45,174,175,191],

1- 8BS

T = 201134+ 043 fs,  (10.50)
TS +IF 4 Tu

Tr =

G2 5 v 2 B 7n2 _ m2
rud :Mg(mﬁj\/[z) 1+ g M TR N
5

643 M3,
2 3
14 20 4 5 o0 % 263728
™ s s
4 -~ 2
o a 8 7
127122 4 2(= — )+ 6], 10.51
1+ —(5—5) +dd (10.51)

and T¢ and T# can be taken from Eq. (10.6) with obvious
replacements. The relative fraction of decays with AS = —1,

B2 = 0.0286 £ 0.0007, is based on experimental data since the value
for the strange quark mass, ms(ms), is not well known and the QCD
expansion proportional to m2 converges poorly and cannot be trusted.
S(mr, Mz) = 1.01907 + 0.0003 is a logarithmically enhanced EW
correction factor with higher orders re-summed [192]. 4 contains
the dimension six and eight terms in the OPE, as well as DV effects,
(SD:()"g + 6DV = —0.004 £ 0.012 [193]. Depending on how 6D:67
dp—g, and dpy are extracted, there are strong correlations not only
between them, but also with the gluon condensate (D = 4) and
possibly D > 8 terms. These latter are suppressed in Eq. (10.51) by
additional factors of ag, but not so for more general weight functions.
A simultaneous fit to all non-perturbative terms [193] (as is necessary
if one wants to avoid ad hoc assumptions) indicates that the oy errors
may have been underestimated in the past. Higher statistics 7 decay
data [36] and spectral functions from e*e™ annihilation (providing
a larger fit window and thus more discriminatory power and smaller
correlations) are likely to reduce the d4 error in the future. Also
included in J4 are quark mass effects and the D = 4 condensate
contributions. An uncertainty of similar size arises from the truncation
of the FOPT series and is conservatively taken as the o term (this
is re-calculated in each call of the fits, leading to an ag-dependent

and thus asymmetric error) until a better understanding of the
numerical differences between FOPT and CIPT has been gained. Our
perturbative error covers almost the entire range from using CIPT to
assuming that the nearly geometric series in Eq. (10.51) continues to
higher orders. The experimental uncertainty in Eq. (10.50), is from
the combination of the two leptonic branching ratios with the direct
7r. Included are also various smaller uncertainties (£0.5 fs) from
other sources which are dominated by the evolution from the Z scale.
In total we obtain a ~ 2% determination of as(My) = OJlQng:gg%g,
which corresponds to as(ms) = 0.327f8:8}27 and updates the result of
Refs. 45 and 194. For more details, see Refs. 193 and 195 where the 7
spectral functions are used as additional input.

The world average of the muon anomalous magnetic rnomenti7

a, P = % = (1165920.80 4 0.63) x 1079, (10.52)
is dominated by the final result of the E821 collaboration at
BNL [196]. The QED contribution has been calculated to five
loops [197] (fully analytic to three loops [198,199]). The estimated
SM EW contribution [200-202], afW = (1.52 £ 0.03) x 107, which
includes leading two-loop [201] and three-loop [202] corrections, is at
the level of twice the current uncertainty.

The limiting factor in the interpretation of the result are the
uncertainties from the two- and three-loop hadronic contribution [203].
E.g., Ref. 20 obtained the value a}ﬁad = (69.23 + 0.42) x 10~? which
combines CMD-2 [38] and SND [39] eTe™ — hadrons cross-section
data with radiative return results from BaBar [41] and KLOE [42].
This value suggests a 3.6 o discrepancy between Eq. (10.52) and
the SM prediction. An alternative analysis [20] using 7 decay data
and isospin symmetry (CVC) yields alh,f*d = (70.15 4 0.47) x 1079,
This result implies a smaller conflict (2.4 o) with Eq. (10.52). Thus,
there is also a discrepancy between the spectral functions obtained
from the two methods. For example, the channel that is relevant
for the determination of a4 from 7 data, 7= — vy~ 70, has been
measured to have a branching ratio of 25.51 £ 0.09 (global average),
while if one uses the eTe™ data and CVC to predict the branching
ratio [20] we obtain an average of Boyc = 24.93 £0.13 £ 0.22 gy,
which is 2.3 o lower. It is important to understand the origin of this
difference, but two observations point to the conclusion that at least
some of it is experimental: (i) There is also a direct discrepancy of
1.9 o between By derived from BaBar (which is not inconsistent
with 7 decays) and KLOE. (ii) Isospin violating corrections have been
studied in detail in Ref. 204 and found to be largely under control.
The largest effect is due to higher-order EW corrections [205] but
introduces a negligible uncertainty [192]. Nevertheless, ald is often
evaluated excluding the 7 decay data arguing [206] that CVC breaking
effects (e.g., through a relatively large mass difference between the
pE and p° vector mesons) may be larger than expected. (This may
also be relevant [206] in the context of the NuTeV result discussed
above.) Experimentally [36], this mass difference is indeed larger
than expected, but then one would also expect a significant width
difference which is contrary to observation [36] #. Fortunately, due to
the suppression at large s (from where the conflicts originate) these
problems are less pronounced as far as azad is concerned. In the

t In what follows, we summarize the most important aspects of
gu — 2, and give some details on the evaluation in our fits. For more
details see the dedicated contribution on “The Muon Anomalous Mag-
netic Moment” in this Review. There are some small numerical differ-
ences (at the level of 0.1 standard deviations), which are well under-
stood and mostly arise because internal consistency of the fits requires
the calculation of all observables from analytical expressions and com-
mon inputs and fit parameters, so that an independent evaluation is
necessary for this Section. Note, that in the spirit of a global analysis
based on all available information we have chosen here to average in
the 7 decay data, as well.

# In the model of Ref. 207 an additional isospin correction due to
y—p mixing leads to a pi—po mass splitting that is large enough to
reconcile the discrepancy between 7 and eTe™ data, but there is some
debate about the magnitude of this effect [208].
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following we view all differences in spectral functions as (systematic)
fluctuations and average the results.

An additional uncertainty is induced by the hadronic three-loop
light-by-light scattering contribution. Several recent independent
model calculations yield compatible results: aLBLS — (+1.36 +
0.25) x 1079 [209], a[BLS = +1.3710:30 < 1079 [210], ofBLS =
(+1.16 +0.40) x 107 [211], and aLBLS = (+1.05+0.26) x 10~ [212].
The sign of this effect is opposite [213] to the one quoted in
the 2002 edition of this Review, and its magnitude is larger than
previous evaluations [213,214]. There is also an upper bound
aL‘BLS <159x1079 [210] but this requires an ad hoc assumption, too.
Very recently, first results from lattice simulations have been obtained,
finding agreement with the model calculations, although with large
errors [215].  For the fits, we take the result from Ref. 212, shifted by
2 x 1071 to account for the more accurate charm quark treatment
of Ref. 210, and with increased error to cover all recent evaluations,

resulting in a{jBLS = (+1.0740.32) x 107,

Other hadronic effects at three-loop order contribute [216]
al}}ad(a3) = (—1.00 + 0.06) x 1079. Correlations with the two-loop
hadronic contribution and with Aa(Myz) (see Sec. 10.2) were
considered in Ref. 199 which also contains analytic results for the
perturbative QCD contribution.

Altogether, the SM prediction is

aftheory = (1165918.41 + 0.48) x 1079, (10.53)
where the error is from the hadronic uncertainties excluding parametric
ones such as from ag and the heavy quark masses. Using a correlation
of about 84% from the data input to the vacuum polarization
integrals [20], we estimate the correlation of the total (experimental
plus theoretical) uncertainty in a, with Aa(Myz) as 24%. The overall
3.0 o discrepancy between the experimental and theoretical a, values
could be due to fluctuations (the E821 result is statistics dominated)
or underestimates of the theoretical uncertainties. On the other hand,
the deviation could also arise from physics beyond the SM, such
as supersymmetric models with large tan 3 and moderately light
superparticle masses [217], or a dark Z boson [187].

10.6. Global fit results

In this section we present the results of global fits to the
experimental data discussed in Sec. 10.3-Sec. 10.5. For earlier
analyses see Refs. [11,113,218]

The values for my [48,49], My, [170,219], Ty [170,220],
My [181,182] and the ratios of Higgs branching fractions discussed
in Sec. 10.4.5, v-lepton scattering [79-84], the weak charges of the
electron [117], the proton [122], cesium [125,126] and thallium [127],
the weak mixing angle extracted from eDIS [109], the muon anomalous
magnetic moment [196], and the 7 lifetime are listed in Table 10.4.
Likewise, the principal Z pole observables can be found in Table 10.5
where the LEP 1 averages of the ALEPH, DELPHI, L3, and OPAL
results include common systematic errors and correlations [11].  The
heavy flavor results of LEP 1 and SLD are based on common inputs
and correlated, as well [11].

Note that the values of I'(¢T¢~), T'(had), and T'(inv) are not
independent of I'y, the Ry, and oy,q and that the SM errors in those
latter are largely dominated by the uncertainty in as. Also shown
in both Tables are the SM predictions for the values of Mz, My,
as(Myz), Aaﬁ?d and the heavy quark masses shown in Table 10.6.
The predictions result from a global least-square (x2) fit to all data
using the minimization package MINUIT [221] and the EW library
GAPP [21]. In most cases, we treat all input errors (the uncertainties
of the values) as Gaussian. The reason is not that we assume that
theoretical and systematic errors are intrinsically bell-shaped (which
they are not) but because in most cases the input errors are either
dominated by the statistical components or they are combinations
of many different (including statistical) error sources, which should
yield approximately Gaussian combined errors by the large number
theorem. An exception is the theory dominated error on the 7 lifetime,
which we recalculate in each y2-function call since it depends itself

Table 10.4: Principal non-Z pole observables, compared with
the SM best fit predictions. The first My, and 'y values
are from the Tevatron [219,220] and the second ones from
LEP 2 [170]. The value of m; differs from the one in the
Particle Listings since it includes recent preliminary results. The
world averages for g{’/f ‘4 are dominated by the CHARM 1I [82]
results, gy = —0.035 £ 0.017 and ¢%° = —0.503 £ 0.017. The
errors are the total (experimental plus theoretical) uncertainties.
The 7, value is the 7 lifetime world average computed by
combining the direct measurements with values derived from
the leptonic branching ratios [45]; in this case, the theory
uncertainty is included in the SM prediction. In all other SM
predictions, the uncertainty is from My, Mg, m¢, my, me,
a(Mz), and ag, and their correlations have been accounted for.
The column denoted Pull gives the standard deviations.

Quantity Value Standard Model Pull
myg [GeV] 173.24 £ 0.95 173.87 £ 0.87 —0.7
My [GeV] 80.387 +0.016 80.363 & 0.006 1.5
80.376 + 0.033 0.4

Ty [GeV] 2.046 £+ 0.049 2.090 £+ 0.001 —0.9
2.196 £+ 0.083 1.3

My [GeV] 125.6 £ 0.4 125,54+ 04 0.1
Py 0.45+0.31 0.01 £0.03 1.4
0.12+0.43 0.00 £+ 0.03 0.3

P~z 0.08 +£0.28 0.01 £0.04 0.2
PZW 0.30 +0.39 0.00 £+ 0.01 0.8
atvF —0.040 £ 0.015 —0.0397 £ 0.0001 0.0
9% —0.507 £0.014 —0.5064 0.0
Qwe) —0.0403 £ 0.0053 —0.0473 + 0.0003 1.3
Qw (p) 0.064 +0.012 0.0708 + 0.0003 —0.6
Qw(Cs) —72.6240.43 —73.25+£0.01 1.5
Qw (T1) —116.4+ 3.6 —116.90 £ 0.02 0.1
EQZ(eDIS) 0.2299 + 0.0043 0.23126 4+ 0.00005 -0.3
7r [fs] 291.13+0.43 291.19 +£2.41 0.0

$(gu—2—2) (4511.07£0.79) x 1079 (4508.68£0.08) x 107 3.0

on . Sizes and shapes of the output errors (the uncertainties of the
predictions and the SM fit parameters) are fully determined by the

fit, and 1 o errors are defined to correspond to Ayx? = x2 — Xr2nin =1,
and do not necessarily correspond to the 68.3% probability range or
the 39.3% probability contour (for 2 parameters).

The agreement is generally very good. Despite the few discrepancies
discussed in the following, the fit describes the data well, with a
x2/d.o.f. = 48.3/44. The probability of a larger x? is 30%. Only
the final result for g, — 2 from BNL is currently showing a large

(3.0 o) deviation. In addition, A% from LEP 1 and A9, (SLD)

from hadronic final states differ by more than 2 o. g% from NuTeV is
nominally in conflict with the SM, as well, but the precise status is
under investigation (see Sec. 10.3).

Ay can be extracted from AYY when A, = 0.1501 + 0.0016 is
taken from a fit to leptonic asymmetries (using lepton universality).
The result, A, = 0.881 +0.017, is 3.2 o below the SM prcdiction§
and also 1.6 o below A, = 0.923 % 0.020 obtained from AI'E(b) at
SLD. Thus, it appears that at least some of the problem in A is due
to a statistical fluctuation or other experimental effect in one of the
asymmetries. Note, however, that the uncertainty in AE?};) is strongly
statistics dominated. The combined value, A, = 0.899+0.013 deviates
by 2.8 o. It would be difficult to account for this 4.0% deviation
by new physics that enters only at the level of radiative corrections

§ Alternatively, one can use Ay = 0.1481 £ 0.0027, which is from
LEP 1 alone and in excellent agreement with the SM, and obtain Aj, =
0.893 £ 0.022 which is 1.9 ¢ low. This illustrates that some of the
discrepancy is related to the one in Ay .
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Table 10.5: Principal Z pole observables and their SM

predictions (cf. Table 10.4). The first 5% is the effective weak
mixing angle extracted from the hadronic charge asymmetry, the
second is the combined value from the Tevatron [163,164,165],
and the third from the LHC [168,169]. The values of A, are
(i) from App for hadronic final states [154]; (ii) from App for
leptonic final states and from polarized Bhabba scattering [156];
and (iii) from the angular distribution of the 7 polarization at
LEP 1. The A; values are from SLD and the total 7 polarization,

respectively.

Quantity Value Standard Model Pull
My [GeV] 911876 +0.0021  91.1880+£0.0020 0.2
Ty [GeV] 2.4952+0.0023 24955+ 0.0009 ~0.1
T(had) [GeV] — 1.744440.0020  1.7420 = 0.0008 -
D(inv) [MeV] 499.0 + 1.5 501.66 + 0.05 -
D7) [MeV]  83.984+0.086  83.995+0.010 -
haa[nb) 4154140037 41.479 +0.008 L7
Re 20.804+0.050  20.740 4 0.010 13
Ry, 20.785+0.033  20.740 % 0.010 1.4
R, 20.764+0.045  20.785+0.010 ~05
Ry 0.21629 = 0.00066  0.21576 + 0.00003 0.8
R 0.1721+0.0030  0.17226+0.00003  —0.1
AL 0.0145+0.0025  0.01616+0.00008  —0.7
AR 0.0169  0.0013 0.6
AQD) 0.0188 + 0.0017 1.6
ARD 0.0992+0.0016  0.1029 + 0.0003 ~2.3
AL 0.0707+0.0035  0.0735 + 0.0002 -0.8
AP 0.0976+£0.0114  0.1030 % 0.0003 ~0.5
52 0.2324£0.0012  0.23155 = 0.00005 0.7
0.23176 + 0.00060 0.3

0.2297  0.0010 ~1.9

Ae 0.15138 +0.00216  0.1468 + 0.0004 2.1
0.1544 % 0.0060 13

0.1498 = 0.0049 0.6

Ay 0.142 +0.015 -0.3
A 0.136 + 0.015 ~0.7
0.1439 £ 0.0043 —0.7

A 0.923 + 0.020 0.9347 ~0.6
Ac 0.6704+0.027  0.6676 = 0.0002 0.1
A 0.895 + 0.091 0.9356 —04

since about a 20% correction to K would be necessary to account
for the central value of A [222]. If this deviation is due to new
physics, it is most likely of tree-level type affecting preferentially the
third generation. Examples include the decay of a scalar neutrino
resonance [223], mixing of the b quark with heavy exotics [224],
and a heavy Z’ with family non-universal couplings [225,226]. It is
difficult, however, to simultaneously account for Rj, which has been
measured on the Z peak and off-peak [227] at LEP 1. An average of
Ry, measurements at LEP 2 at energies between 133 and 207 GeV is

2.1 o below the SM prediction, while AE?}B (LEP 2) is 1.6 o low [171].

The left-right asymmetry, A%R = 0.15138 £0.00216 [154], based on
all hadronic data from 1992-1998 differs 2.1 o from the SM expectation
of 0.1468 4 0.0004. The combined value of Ay = 0.1513 £+ 0.0021 from
SLD (using lepton-family universality and including correlations) is
also 2.1 o above the SM prediction; but there is experimental agreement

between this SLD value and the LEP 1 value, Ay = 0.1481 £ 0.0027,

obtained from a fit to A%’, Ac(Pr), and A-(P;), again assuming

universality.
The observables in Table 10.4 and Table 10.5, as well as some

other less precise observables, are used in the global fits described
below. In all fits, the errors include full statistical, systematic, and
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Figure 10.4: Fit result and one-standard-deviation (39.35% for
the closed contours and 68% for the others) uncertainties in My
as a function of my for various inputs, and the 90% CL region
(Ax? = 4.605) allowed by all data. as(Mz) = 0.1185 is assumed
except for the fits including the Z lineshape. The width of the
horizontal dashed (yellow) band is not visible on the scale of the
plot.
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Figure 10.5: One-standard-deviation (39.35%) region in My,
as a function of my for the direct and indirect data, and the 90%
CL region (Ax? = 4.605) allowed by all data.

theoretical uncertainties. The correlations on the LEP 1 lineshape
and 7 polarization, the LEP/SLD heavy flavor observables, the SLD
lepton asymmetries, and the v-e scattering observables, are included.
The theoretical correlations between Aaf{? q and g, — 2, and between
the charm and bottom quark masses, are also accounted for.

The data allow a simultaneous determination of My, My, m¢, and
the strong coupling as(My). (M, My, and Aa}(i)d are also allowed to
float in the fits, subject to the theoretical constraints [19,45] described
in Sec. 10.2. These are correlated with as.) as is determined mainly
from Ry, I'z, onadq, and 7. The global fit to all data, including the
hadron collider average my = 173.24 + 0.95 GeV, yields the result
in Table 10.6 (the MS top quark mass given there corresponds to
m¢ = 173.87 + 0.87 GeV). The weak mixing angle, see Table 10.2, is
determined to

§7% = 0.23126 + 0.00005, "’ZW = 0.22333 £ 0.00011,

while the corresponding effective angle is EE = 0.23155 £ 0.00005.

One can also perform a fit without the direct mass constraint,
Mp =125.6+ 0.4 GeV, in Eq. (10.47). In this case we obtain a 2%
indirect mass determination,

My =123.74+2.3 GeV (10.54)
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Table 10.6: Principal SM fit result including mutual correlations
(all masses in GeV). Note that m.(m.) induces a significant

uncertainty in the running of « beyond Aafi)d(l.fi GeV)
resulting in a relatively large correlation with M. Since this
effect is proportional to the quark’s electric charge squared it is

much smaller for my(My).

My 91.1880+0.0020  1.00 —0.08 0.01 —0.01 0.02 0.04 0.01
(M) 164.09+£0.83 —0.08 1.00 0.00 —0.06 —0.16 0.08 0.06
my(Mmp) 4.199 4+ 0.024 0.01 0.00 1.00 0.26 —0.02 0.05 0.02
(i) 127479930 0,01 —0.06 0.26 1.00 0.5 0.08 0.01
as(My) 0.119340.0016  0.02 —0.16 —0.02 0.15 1.00 —0.05 —0.03
Aag)d(l.S GeV)  0.00559 +0.00008 0.04 0.08 0.05 0.08 -0.05 1.00 0.05
My 125.54+0.4 0.01 0.06 0.02 0.01 -0.03 0.05 1.00
Table 10.7: Values of §2Z> S%V, as, my and My [both in GeV]
for various data sets. The My constraint refers collectively to
the kinematical and decay information from Sec. 10.4.5. In the
fit to the LHC (Tevatron) data the a constraint is from the ¢
production [228] (inclusive jet [229]) cross section.
Data 52 52, as(Myg) mt My
All data 0.23126(5)  0.22333(11) 0.1193(16) 173.9+0.9 125.5+0.4
All data except My  0.23112(10) 0.22304(22) 0.1195(17) 173.3+0.9 897F 22
All data except My  0.23119(7)  0.22330(11) 0.1192(16) 173.4+0.9 125.6+0.4
All data except My, 0.23129(5)  0.22341(12) 0.1196(17) 173.3+0.9 125.6+0.4
All data except m;  0.23118(7)  0.22298(25) 0.1196(17) 177.042.1 125.6+0.4
My, Mz, Tz, my 0.23126(9)  0.22339(17) 0.1190(45) 173.2+0.9 125.6+0.4
LHC 0.2204(10)  0.2215(10)  0.1151(46) 173.3+£1.1 1256404
Tevatron + My 0.23106(15) 0.22295(32) 0.1160(44) 173.2+1.0 90+ 32
LEP 0.23143(18) 0.22348(46) 0.1214(31) 180 =+£11 2407333
SLD + My, Tz, me  0.23067(28) 0.22220(55) 0.1162(46) 173.2+0.9 40t 31
AP My Ty ome 0.23193(29) 0.22497(70) 0.1261(50) 1732409 363720
M.z, Tw.z, me  0.23105(14) 0.22292(29) 0.1173(43) 1732409 86* 2]
low energy + My, 0.2327(14)  0.2289(54)  0.1195(21) 123 +44 125.6+0.4

arising predominantly from the quantities in Eq. (10.49), since the
branching ratio for H — ZZ* varies very rapidly as a function of My
for Higgs masses near 125 GeV. It is interesting to note that this value
is closer to the ATLAS Higgs mass measurement in the ZZ* channel,
My =124. 3+0 G(Gtat )+0 5(syst ) GeV, which differs by more than 2 ¢
from their vy rebult My =126.8 £ 0.2 gtat. = 0.7 syst. GeV. Removing
also the branching ratio constraints gives the loop-level determination
from the precision data alone,

My = 89732 GeV (10.55)

which is 1.5 ¢ below the kinematical constraint. This is mostly a

reflection of the Tevatron determination of My, which is 1.5 ¢ higher
than the SM best fit value in Table 10.4. Another consequence is that
the 90% central confidence range determined from the precision data,

60 GeV < My < 127 GeV (10.56)

is only marginally consistent with Eq. (10.47). This is illustrated in
Fig. 10.4 where one sees that the precision data together with Mg
from the LHC

prefer that m; is closer to the upper end of its 1o allowed range.
Conversely, one can remove the direct My, and I'yy constraints from
the fits and use Eq. (10.47) to obtain My, = 80.358+0.007 GeV. This is
1.7 o below the Tevatron/LEP 2 average, My = 80.385 + 0.015 GeV.
Finally, one can carry out a fit without including the constraint,
my = 173.24 £ 0.95 GeV, from the hadron colliders. (The indirect
prediction is for the MS mass, m¢(m¢) = 167.1+£2.0 GeV, which is in the
end converted to the pole mass.) One obtains my = 177.0 + 2.1 GeV,
which is 1.6 ¢ higher than the direct Tevatron/LHC average. The
situation is summarized in Fig. 10.5 showing the 1 o contours in the
Myy-my plane from the direct and indirect determinations, as well as
the combined 90% CL region.

As described in Sec. 10.2 and the paragraph following Eq. (10.52)
in Sec. 10.5, there is considerable stress in the experimental ete™
spectral functions and also conflict when these are compared with
7 decay spectral functions. These are below or above the 20 level
(depending on what is actually compared) but not larger than the
deviations of some other quantities entering our analyses. The number
and size or these deviations are not inconsistent with what one
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would expect to happen as a result of random fluctuations. It is
nevertheless instructive to study the effect of doubling the uncertainty

in Aal?) (1.8 GeV) = (55.50 + 0.78) x 104 (see Sec. 10.2) on the

loop-level determination. The result, My = 86f%§ GeV, deviates
even slightly more (1.6 o) than Eq. (10.55), and demonstrates that
the uncertainty in Aay,q is currently of only secondary importance.
Note also that a shift of £10~% in Aaﬁd(l.S GeV) corresponds to
a shift of F¥4.3 GeV in Mp. The hadronic contribution to a(My) is
correlated with g, — 2 (see Sec. 10.5). The measurement of the latter
is higher than the SM prediction, and its inclusion in the fit favors a
larger a(Myz) and a lower My from the precision data (currently by
3.4 GeV).

The weak mixing angle can be determined from Z pole observables,
My, and from a variety of neutral-current processes spanning a
very wide Q2 range. The results (for the older low energy neutral-
current data see Refs. 113 and 218, as well as earlier editions of
this Review) shown in Table 10.7 are in reasonable agreement with
each other, indicating the quantitative success of the SM. The
largest discrepancy is the value §2Z = 0.23193 £ 0.00029 from the
forward-backward asymmetries into bottom and charm quarks, which
is 2.3 o above the value 0.23126 £ 0.00005 from the global fit to
all data, see Table 10.5. Similarly, §% = 0.23067 £ 0.00028 from the
SLD asymmetries (in both cases when combined with Myz) is 2.1 ¢
low. The SLD result has the additional difficulty (within the SM) of
implying very low and excluded [230] Higgs masses. This is also true
for ?22 = 0.23105 £ 0.00014 from My, and Mz and, as a consequence,
for the global fit.

Table 10.8: Values of the model-independent neutral-current
parameters, compared with the SM predictions. There is a
second g7, 4 solution, given approximately by g7, < 975,
which is eliminated by ete™ data under the assumption that
the neutral current is dominated by the exchange of a single
Z boson. The ngL, as well as the gz%, are strongly correlated
and non-Gaussian, so that for implementations we recommend
the parametrization using 91'2 and tan6; = g7%/ qﬁl where

i = L,R. In the SM predictions, the parametric uncertainties
from My, My, mg, mp, me, @(My), and as are negligible.

Quantity Experimental Value  Standard Model  Correlation
) 0.328 £ 0.016 0.3457
gyd —0.440 £ 0.011 —0.4288 non-
97k —0.1794+0.013 —0.1553 Gaussian
g ~0.027 T5:077 0.0777
92 0.3005 = 0.0028 0.3034
9% 0.0329 % 0.0030 0.0301 small
tanfy, 2.50 £0.035 2.4630
tanfp 456 052 5.1765
ot —0.040 £ 0.015 —0.0396 —0.05
9v% ~0.507 £ 0.014 ~0.5064
9% +29%%, 0.489 £ 0.005 0.4951 —-0.94 042
29%, — g% —0.708 £ 0.016 —0.7192 —0.45
298 — g%, —0.144 £ 0.068 —0.0950
9, 0.0190 £ 0.0027 0.0225

The extracted Z pole value of as(Mz) is based on a formula with
negligible theoretical uncertainty if one assumes the exact validity
of the SM. One should keep in mind, however, that this value,
as(Mz) = 0.1197 + 0.0027, is very sensitive to certain types of new
physics such as non-universal vertex corrections. In contrast, the value
derived from 7 decays, as(Mz) = 0.11931’8:88%, is theory dominated
but less sensitive to new physics. The two values are in remarkable
agreement with each other. They are also in perfect agreement

with the averages from jet-event shapes in ete™ annihilation
(0.1177 £ 0.0046) and lattice simulations (0.1185 + 0.0005), whereas
the DIS average (0.1154+0.0020) is somewhat lower. For more details,
other determinations, and references, see Section 9 on “Quantum
Chromodynamics” in this Review.

Using a(My) and ?2Z as inputs, one can predict ags(My) assuming
grand unification. One finds [231] as(Myz) = 0.130 £ 0.001 + 0.01
for the simplest theories based on the minimal supersymmetric
extension of the SM, where the first (second) uncertainty is from
the inputs (thresholds). This is slightly larger, but consistent with
as(Mz) = 0.1193 £ 0.0016 from our fit, as well as with most other
determinations. Non-supersymmetric unified theories predict the
low value as(Myz) = 0.073 £ 0.001 & 0.001. See also the note on
“Supersymmetry” in the Searches Particle Listings.

Most of the parameters relevant to v-hadron, v-e, e-hadron,
and e~”e® processes are determined uniquely and precisely from
the data in “model-independent” fits (i.e., fits which allow for an
arbitrary EW gauge theory). The values for the parameters defined
in Egs. (10.16)—(10.17) are given in Table 10.8 along with the
predictions of the SM. The agreement is very good. (The v-hadron
results including the original NuTeV data can be found in the 2006
edition of this Review, and fits with modified NuTeV constraints
in the 2008 and 2010 editions.) The off Z pole ete™ results are
difficult to present in a model-independent way because Z propagator
effects are non-negligible at TRISTAN, PETRA, PEP, and LEP 2
energies. However, assuming e-p-7 universality, the low energy lepton
asymmetries imply [151] 4 (gEA)2 = 0.99+0.05, in good agreement with
the SM prediction ~ 1.

10.7. Constraints on new physics

The masses and decay properties of the electroweak bosons and low
energy data can be used to search for and set limits on deviations
from the SM. We will mainly discuss the effects of exotic particles
(with heavy masses Mpew > My in an expansion in Myz/Mpew)
on the gauge boson self-energies. (Brief remarks are made on new
physics which is not of this type.) Most of the effects on precision
measurements can be described by three gauge self-energy parameters
S, T, and U. We will define these, as well as the related parameters
00, €i, and €;, to arise from new physics only. In other words, they are
equal to zero (pg = 1) exactly in the SM, and do not include any (loop
induced) contributions that depend on m; or My, which are treated
separately. Our treatment differs from most of the original papers.

The dominant effect of many extensions of the SM can be described
by the pg parameter,
MZ,

]W% CQZ p

0
which describes new sources of SU(2) breaking that cannot be
accounted for by the SM Higgs doublet or my effects. p is calculated
as in Eq. (10.12) assuming the validity of the SM. In the presence
of po # 1, Eq. (10.57) generalizes the second Eq. (10.12) while the
first remains unchanged. Provided that the new physics which yields
po # 1 is a small perturbation which does not significantly affect
other radiative corrections, pp can be regarded as a phenomenological
parameter which multiplies G in Egs. (10.16)—(10.17), (10.32), and
I'z in Eq. (10.44c¢). There are enough data to determine pg, Mg, my,
and ag, simultaneously. From the global fit,

po = 1.00040 £ 0.00024 , (10.58)
as(My) = 0.1194 + 0.0017, (10.59)

and My and my are as given in Table 10.6 and Table 10.5. The result
in Eq. (10.58) is 1.7 o above the SM expectation, pg = 1. It can be
used to constrain higher-dimensional Higgs representations to have
vacuum expectation values of less than a few percent of those of the
doublets. Indeed, the relation between My, and My is modified if
there are Higgs multiplets with weak isospin > 1/2 with significant
vacuum expectation values. For a general (charge-conserving) Higgs

structure,
M) (Ha) + 1) — t5(i)?) il
Po 23, t3(i)2 ;]2 ’

(10.60)
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where v; is the expectation value of the neutral component of a
Higgs multiplet with weak isospin ¢() and third component ¢3(i). In
order to calculate to higher orders in such theories one must define
a set of four fundamental renormalized parameters which one may
conveniently choose to be a, Gp, Mz, and My, since My, and Mz
are directly measurable. Then ?QZ and pg can be considered dependent
parameters.

Eq. (10.58) can also be used to constrain other types of new physics.
For example, non-degenerate multiplets of heavy fermions or scalars
break the vector part of weak SU(2) and lead to a decrease in the
value of Mz /My . Each non-degenerate SU(2) doublet (}cl) yields a

2
positive contribution to pg [232] of

CGp
8\/§7r2

Am? ,

(10.61)

where

am?m? m1
3 1 22 In — > (mq —ms)?,

Am? =m}+m} - 212
mi—msz M2

(10.62)
and C =1 (3) for color singlets (triplets). Eq. (10.58) taken together
with Eq. (10.61) implies the following constraint on the mass splitting
at the 95% CL,

> % Am? < (50 GeV)2. (10.63)
i

where the sum runs over all new-physics doublets, for example

fourth-family quarks or leptons, (Zi) or (Zl’/i)’ vector-like fermion
doublets (which contribute to the sum in Eq. (10.63) with an extra

factor of 2), and scalar doublets such as (é) in Supersymmetry (in the
absence of L-R mixing).

Non-degenerate multiplets usually imply pg > 1. Similarly, heavy
Z' bosons decrease the prediction for My due to mixing and generally
lead to pp > 1 [233]. On the other hand, additional Higgs doublets
which participate in spontaneous symmetry breaking [234] or heavy
lepton doublets involving Majorana neutrinos [235], both of which
have more complicated expressions, as well as the vacuum expectation
values of Higgs triplets or higher-dimensional representations can
contribute to pg with either sign. Allowing for the presence of heavy
degenerate chiral multiplets (the S parameter, to be discussed below)
affects the determination of pg from the data, at present leading to a
slightly larger value.

A number of authors [236-241] have considered the general effects
on neutral-current and Z and W boson observables of various types
of heavy (i.e., Myew > M) physics which contribute to the W and
Z self-energies but which do not have any direct coupling to the
ordinary fermions. In addition to non-degenerate multiplets, which
break the vector part of weak SU(2), these include heavy degenerate
multiplets of chiral fermions which break the axial generators.

Such effects can be described by just three parameters, S, T, and
U, at the (EW) one-loop level. (Three additional parameters are
needed if the new physics scale is comparable to My [242]. Further
generalizations, including effects relevant to LEP 2, are described
in Ref. 243.) T is proportional to the difference between the W
and Z self-energies at Q% = 0 (i.e., vector SU(2)-breaking), while S
(S+U) is associated with the difference between the Z (W) self-energy
at Q% = ]W%W and Q% = 0 (axial SU(2)-breaking). Denoting the

new

contributions of new physics to the various self-energies by Hi] , we
have
HI!OW 0 HI!CW 0
a(My)T = %() - LZ() , (10.64a)
Mg, Mz
a(Mg) o _ Y (M7) — Ty (0)
22227 2
4575cy, M7
. ~ S 12
¢} -8y Wpv(Mg) 1Y (M%) (10.64)
Cz57 M2 M2 ’
8M7) (g | 1y = DAL (M) ~ TR 0)
<2 - 2
457 Mg,
~ 2
oy MEY(ME) IInev (M2) L064
° . ; (10.64c)
Sz M7 M7

S, T, and U are defined with a factor proportional to @ removed, so
that they are expected to be of order unity in the presence of new

physics. In the MS scheme as defined in Ref. 53, the last two terms in
Egs. (10.64b) and (10.64c) can be omitted (as was done in some earlier
editions of this Review). These three parameters are related to other
parameters (S;, h;, €;) defined in Refs. [53,237,238] by

T = hy =¢1/a(My),
S=hay =5y =45%&/a(My),
U=haw —haz=Sw — Sz

= 4528 /a(My). (10.65)
A heavy non-degenerate multiplet of fermions or scalars contributes
positively to T" as

1

— 1~ aMy)T
1—a(Mz)T a(Mz)T,

po—1= (10.66)

where pg — 1 is given in Eq. (10.61). The effects of non-standard
Higgs representations cannot be separated from heavy non-degenerate
multiplets unless the new physics has other consequences, such as
vertex corrections. Most of the original papers defined T' to include
the effects of loops only. However, we will redefine T' to include all
new sources of SU(2) breaking, including non-standard Higgs, so that
T and pg are equivalent by Eq. (10.66).

A multiplet of heavy degenerate chiral fermions yields

§ = o3 (tanl0) — 13

(10.67)

where t37, p(i) is the third component of weak isospin of the left-
(right-)handed component of fermion i and C is the number of colors.
For example, a heavy degenerate ordinary or mirror family would
contribute 2/37 to S. In models with warped extra dimensions,
sizeable correction to the S parameter are generated by mixing
effects between the SM gauge bosons and their Kaluza-Klein (KK)
excitations. One finds S =~ 301)2/]WI2(K, where M i is the mass of
the KK gauge bosons [244]. Large positive values S > 0 can also be
generated in Technicolor models with QCD-like dynamics, where one
expects [236] S ~ 0.45 for an iso-doublet of techni-fermions, assuming
Npo = 4 techni-colors, while S ~ 1.62 for a full techni-generation
with Npo = 4. However, the QCD-like models are excluded on
other grounds (flavor changing neutral currents, too-light quarks and
pseudo-Goldstone bosons [245], and absence of a Higgs-like scalar).

On the other hand, negative values S < 0 are possible, for example,
for models of walking Technicolor [246] or loops involving scalars
or Majorana particles [247]. The simplest origin of S < 0 would
probably be an additional heavy Z’ boson [233]. Supersymmetric
extensions of the SM generally give very small effects. See Refs. 248
and 249 and the note on “Supersymmetry” in the Searches Particle
Listings for a complete set of references.

Most simple types of new physics yield U = 0, although there
are counter-examples, such as the effects of anomalous triple gauge
vertices [238].

The SM expressions for observables are replaced by
1—a(Mz)T
1—GpM2,S/2V2n
1
1—GpMZ(S+U)/2v2r

MZ = MZ,

M3, = M%,

(10.68)

where Mz and Myyg are the SM expressions (as functions of m; and
Mypz) in the MS scheme. Furthermore,

_ M3 8z
1—a(M,)T

Aip

T R
z 1—a(My)T

Ty = M, By, A; = ,(10.69)
where 87 and Sy are the SM expressions for the reduced widths
I"ZO/]M%O and FWO/]\/[SVW My and My are the physical masses, and
A; (Ajp) is a neutral-current amplitude (in the SM).
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The data allow a simultaneous determination of $% (from the
Z pole asymmetries), S (from Myz), U (from Myy), T (mainly from
Tz), as (from Ry, opaq, and 77), My and m; (from the hadron
colliders), with little correlation among the SM parameters:

S =-0.03+0.10,
T= 0.01£0.12,

U= 0.05£0.10, (10.70)
5% = 0.23119 + 0.00016, and as(Mz) = 0.1196 £ 0.0017, where the
uncertainties are from the inputs. The parameters in Egs. (10.70),
which by definition are due to new physics only, are in excellent
agreement with the SM values of zero. Fixing U = 0 (as is also done
in Fig. 10.6) moves S and T slightly upwards,

S =0.00%0.08,

T = 0.05 £ 0.07. (10.71)
Again, good agreement with the SM is observed. If only any one of the
three parameters is allowed, then this parameter would deviate at the
1.5 to 1.7 o level, reflecting the deviation in Myy. Using Eq. (10.66),
the value of pg corresponding to 7" in Eq. (10.70) is 1.0000 % 0.0009,
while the one corresponding to Eq. (10.71) is 1.0004 £ 0.0005.

There is a strong correlation (90%) between the S and T
parameters. The U parameter is —59% (—81%) anti-correlated with
S (T'). The allowed regions in ST are shown in Fig. 10.6. From
Egs. (10.70) one obtains S < 0.14 and T < 0.20 at 95% CL, where
the former puts the constraint Mg i 2 3.5 TeV on the masses of KK
gauge bosons in warped extra dimensions.
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Figure 10.6: 1 o constraints (39.35%) on S and T (for U = 0)
from various inputs combined with M. S and T represent the
contributions of new physics only. Data sets not involving My
or I'yy are insensitive to U. With the exception of the fit to all
data, we fix ag = 0.1185. The black dot indicates the Standard
Model values S =T = 0.

The S parameter can also be used to constrain the number
of fermion families, under the assumption that there are no new
contributions to 7" or U and therefore that any new families are
degenerate; then an extra generation of SM fermions is excluded at the
7 o level corresponding to Np = 2.75 £+ 0.17. This can be compared
to the fit to the number of light neutrinos given in Eq. (10.37),
N, = 2.990 + 0.007. However, the S parameter fits are valid even
for a very heavy fourth family neutrino. Allowing T to vary as
well, the constraint on a fourth family is weaker [250]. However, a
heavy fourth family would increase the Higgs production cross section
through gluon fusion by a factor ~ 9, which is in considerable tension
with the observed Higgs signal at LHC. Combining the limits from
electroweak precision data with the measured Higgs production rate
and limits from direct searches for heavy quarks [251], a fourth

family of chiral fermions is now excluded by more than five standard
deviations [252]. Similar remarks apply to a heavy mirror family [253]
involving right-handed SU(2) doublets and left-handed singlets. In
contrast, new doublets that receive most of their mass from a different
source than the Higgs vacuum expectation value, such as vector-like
fermion doublets or scalar doublets in Supersymmetry, give small or
no contribution to S, T', U and the Higgs production cross section and
thus are still allowed. Partial or complete vector-like fermion families
are predicted in many grand unified theories [254].

There is no simple parametrization to describe the effects of every
type of new physics on every possible observable. The S, T, and U
formalism describes many types of heavy physics which affect only the
gauge self-energies, and it can be applied to all precision observables.
However, new physics which couples directly to ordinary fermions,
such as heavy Z’ bosons [233], mixing with exotic fermions [255],
or leptoquark exchange [170,256] cannot be fully parametrized in the
S, T, and U framework. It is convenient to treat these types of new
physics by parameterizations that are specialized to that particular
class of theories (e.g., extra Z’ bosons), or to consider specific models
(which might contain, e.g., Z' bosons and exotic fermions with
correlated parameters). Fits to Supersymmetric models are described
in Ref. 249. Models involving strong dynamics (such as (extended)
Technicolor) for EW breaking are considered in Ref. 257. The effects
of compactified extra spatial dimensions at the TeV scale are reviewed
in Ref. 258, and constraints on Little Higgs models in Ref. 259.
The implications of non-standard Higgs sectors, e.g., involving Higgs
singlets or triplets, are discussed in Ref. 260, while additional Higgs
doublets are considered in Refs. 234 and 261. Limits on new four-
Fermi operators and on leptoquarks using LEP 2 and lower energy
data are given in Refs. 170 and 262. Constraints on various types
of new physics are reviewed in Refs. [7,75,113,138,153,263,264], and
implications for the LHC in Ref. 265.

An alternate formalism [266] defines parameters, €, €2, €3, and

€ in terms of the specific observables My /Mg, Ty, Aggg), and

Ryp. The definitions coincide with those for € in Egs. (10.64) and
(10.65) for physics which affects gauge self-energies only, but the €’s
now parametrize arbitrary types of new physics. However, the €’s are
not related to other observables unless additional model-dependent
assumptions are made. Another approach [267] parametrizes new
physics in terms of gauge-invariant sets of operators. It is especially
powerful in studying the effects of new physics on non-Abelian
gauge vertices. The most general approach introduces deviation
vectors [263]. Each type of new physics defines a deviation vector,
the components of which are the deviations of each observable from
its SM prediction, normalized to the experimental uncertainty. The
length (direction) of the vector represents the strength (type) of new
physics.

One well explored type of physics beyond the SM are extra
Z' bosons [268]. They do not spoil the observed approximate
gauge coupling unification, and appear in many Grand Unified
Theories (GUTs), models with extra dimensions [258], as well as in
dynamical symmetry breaking [257] and Little Higgs models [259].
For example, the SO(10) GUT contains an extra U(1) as can be
seen from its maximal subgroup, SU(5) x U(1)y. Similarly, the Eg
GUT contains the subgroup SO(10) x U(1)y. The Z, possesses only
axial-vector couplings to the ordinary fermions, and its mass is
generally less constrained. The Z; boson is the linear combination
\/3/_SZX - \/5/_8Z¢. The Z,r boson occurs in left-right models with
gauge group SU(3)o x SU(2)r x SU(2)g x U(1)g_1, C SO(10), and the
secluded Zg emerges in a supersymmetric bottom-up scenario [269].
The sequential Zgys boson is defined to have the same couplings to
fermions as the SM Z boson. Such a boson is not expected in the
context of gauge theories unless it has different couplings to exotic
fermions than the ordinary Z boson. However, it serves as a useful
reference case when comparing constraints from various sources. The
physical Z’ boson is in general a superposition of the SM Z and
the new boson associated with the extra U(1). The mixing angle 6



10. Electroweak model and constraints on new physics

155

Table 10.9: 95% CL lower mass limits (in GeV) on various
extra Z’ gauge bosons, appearing in models of unification. More
general parametrizations are described in Refs. 268 and 271. The
EW results [272] from low energy and W and Z boson data are
for Higgs sectors consisting of doublets and singlets only (pg = 1)
with unspecified U(1)" charges. The next two columns show the
limits from ATLAS [273] and CMS [274] from the combination
of both lepton channels. The CDF [275] and D@ [276] bounds
from searches in pp — ptu~ and ete™, respectively, are listed
in the next two columns, followed by the LEP 2 ete™ — ff
bounds [170] (assuming # = 0). The hadron collider bounds
would be moderately weakened if there are open exotic decay
channels [277]. The last column shows the 1 o ranges for My
when it is left unconstrained in the EW fits.

Zz' EW ATLAS CMS CDF D@ LEP2 My
Zy 1,141 2,540 - 930 903 785 1717493
Zy 147 2,380 2,600 917 891 500 g7+ 3L
Zy 427 2,440 - 938 923 500 4237577
Zrr 998 - - - - 825 8ot
Zg 1,257 2,470 - 858 822 S 1497333
Zswm 1,403 2,860 2,960 1,071 1,023 1,760 3317550
satisfies,

M2, — M2

Z9 Z

tan? 0 = L

2 2

M7, - M 2

where Mg is the SM value for My in the absence of mixing. Note
that Mz < M0, and that the SM Z couplings are changed by the

1

mixing. The couplings of the heavier Z’ may also be modified by
kinetic mixing [268,270]. If the Higgs U(1) quantum numbers are
known, there will be an extra constraint,

_ % MZ

aM

0 5
Z/

where g1 are the U(1) and U(1)" gauge couplings with gp =

\/g sin Oy VA g1 and g = /g2 + ¢g’2. We assume that A ~ 1, which
happens if the GUT group breaks directly to SU(3) x SU(2) x U(1) x
U(1). C is a function of vacuum expectation values. For minimal
Higgs sectors it can be found in Ref. 233. Table 10.9 shows the 95% CL
lower mass limits [272] for pg = 1 and 114.4 GeV < My <1 TeV. The
last column shows the 1 o ranges for Mg when it is left unconstrained.
In cases of specific minimal Higgs sectors where C' is known, the Z’
mass limits from the EW precision data are generally pushed into the
TeV region. The limits on |6] are typically smaller than a few x1073.
The mass bounds from direct searches at the LHC [273,274], however,
exceed the EW precison constraints by a factor two or more for the
models considered here. While the latter can be slightly improved by
fixing My to the value measured at LHC, this general conclusion will
not change. Also listed in Table 10.9 are the direct lower limits on
Z'" production from the Tevatron [275,276], as well as the LEP 2
bounds [170]. For more details see [268,272,278,279] and the note on
“The Z' Searches” in the Gauge & Higgs Boson Particle Listings.
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I. Introduction

The observation by ATLAS [1] and CMS [2] of a new boson
with a mass of approximately 125 GeV decaying into vy, WW and
ZZ bosons and the subsequent studies of the properties of this
particle is a milestone in the understanding of the mechanism that
breaks electroweak symmetry and generates the masses of the known
elementary particles', one of the most fundamental problems in
particle physics.

In the Standard Model, the mechanism of electroweak symmetry
breaking (EWSB) [3] provides a general framework to keep untouched
the structure of the gauge interactions at high energy and still generate
the observed masses of the W and Z gauge bosons by means of
charged and neutral Goldstone bosons that manifest themselves as
the longitudinal components of the gauge bosons. The discovery of
ATLAS and CMS now strongly suggests that these three Goldstone
bosons combine with an extra (elementary) scalar boson to form a
weak doublet.

This picture matches very well with the Standard Model (SM) [4]
which describes the electroweak interactions by a gauge field theory
invariant under the SU(2); x U(1)y symmetry group. In the SM,
the EWSB mechanism posits a self-interacting complex doublet of
scalar fields, and the renormalizable interactions are arranged such

1 In the case of neutrinos, it is possible that the EWSB mechanism
plays only a partial role in generating the observed neutrino masses,
with additional contributions at a higher scale via the so called see-saw
mechanism.
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that the neutral component of the scalar doublet acquires a vacuum
expectation value (VEV) v ~ 246 GeV, which sets the scale of
electroweak symmetry breaking.

Three massless Goldstone bosons are generated, which are absorbed
to give masses to the W and Z gauge bosons. The remaining
component of the complex doublet becomes the Higgs boson — a
new fundamental scalar particle. The masses of all fermions are also
a consequence of EWSB since the Higgs doublet is postulated to
couple to the fermions through Yukawa interactions. However, the
true structure behind the newly discovered boson, including the
exact dynamics that triggers the Higgs VEV, and the corresponding
ultraviolet completion is still unsolved.

Even if the discovered boson has weak couplings to all known SM
degrees of freedom, it is not impossible that it is part of an extended
symmetry structure or that it emerges from a light resonance of a
strongly coupled sector. It needs to be established whether the Higgs
boson is solitary or whether other states populate the EWSB sector.

Without the Higgs boson, the calculability of the SM would have
been spoiled. In particular, perturbative unitarity [5,6] would be lost
at high energies as the longitudinal W/Z boson scattering amplitude
would grow as the centre-of-mass energy increases. Moreover, the
radiative corrections to the self-energies of the gauge boson pertaining
their longitudinal components would exhibit dangerous logarithmic
divergences. With the discovery of the Higgs boson, it has been
experimentally established that the SM is based on a gauge theory
that could a priori be consistently extrapolated to the Planck scale.
The Higgs boson must have couplings to W/Z gauge bosons and
fermions precisely as those in the SM to maintain the consistency
of the theory at high energies, hence, formally there is no need
for new physics at the EW scale. However, the SM Higgs boson
is a scalar particle, therefore without a symmetry to protect its
mass, at the quantum level it has sensitivity to the physics in the
ultraviolet. Quite generally, the Higgs mass parameter may be affected
by the presence of heavy particles. Specifically, apart from terms
proportional to m? itself, which are corrected by the Higgs field
anomalous dimension, if there are fermion and boson particles with
squared masses m% BT /\%’ B¢2 /2,

m2(Q) = m2(u) + om?, (11.1)
N2, m?2 2
i = Y g r(-)S PP g(T), (1)
B.,F

where gp p and S correspond to the number of degrees of freedom and
the spin of the boson and fermion particles, respectively. Therefore,
particles that couple to the Higgs and have a large mass parameter
m237 p would induce very large corrections to the Higgs mass parameter,
demanding a large fine tuning to explain why m? remains small.
Hence, in general, light scalars like the Higgs boson cannot naturally
survive in the presence of heavy states at the grand-unification,
string or Planck scales. This is known as the hierarchy or naturalness
problem [7]. In the Standard Model where there are no other explicit
mass parameter than the Higgs one, all corrections are proportional to
the Higgs mass parameter itself.

There are two possible preferred solutions to the naturalness
problem: one is based on a new fermion-boson symmetry in nature
called supersymmetry (SUSY) [8-10]. This is a weakly coupled
approach to EWSB, and in this case, the Higgs boson remains
elementary and the corrections to its mass are cut at the scale at
which SUSY is broken and remain insensitive to the details of the
physics at higher scales. These theories predict at least one charged
and three neutral Higgs particles? [12], and one of the neutral
Higgs bosons, most often the lightest CP-even Higgs, has properties
that resemble those of the SM Higgs boson. It will be referred to
as a SM-like Higgs boson, meaning that its VEV is predominantly

2 Except in exotic SUSY scenarios where the Higgs boson is iden-
tified as a sneutrino, the scalar partner of a neutrino [11], in which
case the gauge anomalies cancel without the need for a second Higgs
doublet

responsible for EWSB, and hence has SM-like couplings to the W and
Z gauge bosons.

The other approach invokes the existence of strong interactions at a
scale of the order of a TeV or above and induces strong breaking of the
electroweak symmetry [13]. In the original incarnation of this second
approach, dubbed technicolor, the strong interactions themselves
trigger EWSB without the need of a Higgs boson. Another possibility,
more compatible with the ATLAS and CMS discovery, is that the
strong interactions produce 4 light resonances identified with the Higgs
doublet and EWSB proceeds through vacuum misalignment [14].

Both approaches can have important effects on the phenomenology
of the Higgs boson associated with EWSB. Also, in each case the
Higgs role in unitarization is shared by other particles: additional
Higgs bosons in supersymmetry, or new particles in the strong sector.

A third option has also been considered in the literature. It is
also a variation of technicolor or Higgsless models [13,15]. In light
of the Higgs boson discovery these models are ruled out. However,
there still exists the possibility that the Higgs discovered at the LHC
is in fact the Goldstone boson of the spontaneous breaking of scale
invariance at a scale f [16,17]. Given the good agreement of the
coupling measurements with the SM predictions, this scenario now
requires rather involved model-building engineering.

The naturalness problem has been the prime argument for new
physics at the TeV scale. But the absence of any direct signal of new
dynamics and the apparent agreement of the Higgs couplings with
the SM predictions, together with the strong bounds inherited from
precision electroweak and flavor data leaves open the possibility that
the Higgs boson may very well be elementary, weakly coupled and
solitary till the Planck scale. Such a scenario, would force physicists
to rethink the basic concepts of high energy physics.

In this review, some of the most interesting models proposed in
the above two categories will be discussed in detail. Extensions of
the SM Higgs sector without low-energy supersymmetry will also
be discussed. These type of models do not address the naturalness
problem in a specific manner, but provide grounds to explore new
Higgs boson signals in a more model-independent way, with different
types of coupling structure to fermions and gauge bosons. Extended
Higgs sectors are usually quite restricted by experimental constraints
from precision electroweak measurements as well as constraints from
flavor changing neutral and charged current effects.

Section II is a review of the Higgs boson of the Standard Model,
discussing its properties and the production mechanisms and decay
rates. In Section III, the SM Higgs boson analysis channels are
described. In Section IV, a general theoretical framework to describe
the deviations of the Higgs couplings from the SM predictions
is introduced and the experimental measurements of these Higgs
couplings is reviewed together with the analysis establishing the spin
and CP-properties of the Higgs boson. Section V presents, in detail,
some of the most interesting models proposed for Higgs extensions
of the SM and considers their experimental signatures. Section VI
provides a brief outlook.

II. The Standard Model and the Mechanism of Electroweak
Symmetry Breaking

As mentioned above, in the SM [4], the mechanism of electroweak
symmetry breaking [3] is responsible for generating mass for the W
and Z gauge bosons rendering the weak interactions short range. The
SM scalar potential reads:

V(@) = m?ote + A(@t0)? (11.3)
with the Higgs field ® being a self-interacting SU(2) complex doublet
(four real degrees of freedom) with weak hypercharge Y=1 (the
hypercharge is normalized such that @ = T51, + Y/2):

o_ L ( Voot
V2 \ ¢ +iad )

V(®) is the most general renormalizable scalar potential and if the
quadratic term is negative the neutral component of the scalar doublet

(11.4)
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acquires a non-zero vacuum expectation value (VEV)

<<I>>:\/i§ <2> (11.5)

defining ¢° = H + v, inducing the spontaneous breaking of the SM
gauge symmetry SU(3)o x SU(2); x U(1)y into SU(3)s x U(1)gp,-
The global minimum of the theory defines the ground state, and
spontaneous symmetry breaking implies that there is a symmetry
of the system (Lagrangian) that is not respected by the ground
state. The Higgs field permeates the entire universe and through
its self-interactions can cause spontaneous electroweak symmetry-
breaking (EWSB) in the vacuum. From the 4 generators of the
SU(2);, x U(1)y gauge group, three are spontaneously broken,
implying that they lead to non-trivial transformations of the ground
state and indicate the existence of three massless Goldstone bosons
identified with three of the four Higgs field degrees of freedom. The
Higgs field couples to the W), and B, gauge fields associated with the
SU(2);, x U(1)y local symmetry, respectively, through the covariant
derivative, D, ® = (8, +igo®W /2 +ig'Y B, /2)® (g and g are the
SU(2) and U(1) gauge couplings and 0%, a = 1,2, 3 are the usual Pauli
matrices) appearing in the kinetic term of the Higgs Lagrangian
LHiggs = (Du®)1(DI®) — V(). (11.6)
As a result, the neutral and the two charged massless Goldstone
degrees of freedom mix with the gauge fields corresponding to the
broken generators of SU(2); x U(1)y and become the longitudinal
components of the Z and W physical gauge bosons, respectively. The
fourth generator remains unbroken since it is the one associated to the
conserved U(1),,, gauge symmetry, and its corresponding gauge field,
the photon, remains massless. Similarly the eight color gauge bosons,
the gluons, corresponding to the conserved SU(3), gauge symmetry
with 8 unbroken generators, also remain massless. Hence, from the
initial four degrees of freedom of the Higgs field, two are absorbed by
the W gauge bosons and one by the Z gauge boson that become
massive:
g20? M2 (g% + g*)?
4 z- 4 ‘
There is one remaining degree of freedom, H, that is the physical
Higgs boson — a new scalar particle. The Higgs boson is neutral
under the electromagnetic interactions and transforms as a singlet
under SU(3) and hence does not couple at tree level to the massless
photons and gluons.

M3, =

(11.7)

The fermions of the SM acquire mass through a new type of
renormalizable interactions between the Higgs field and the fermions:
the Yukawa interactions,

Lyvukawa = —iLdij (IL,LA(D de —}ALul-j qr; éuRj _leij ZLiq) €R; +h.c., (11.8)

that respect the symmetries of the SM but generate fermion masses
once EWSB occurs. In the above, ® = io9®* and ¢, (Iz) and ug, dg
(er) are the quark (lepton) SU(2); doublets and singlets, respectively,
while each term is parametrized by a 3 x 3 matrix in family space.

The mass term for neutrinos is omitted, but could be added in an

analogous manner to the up type quarks when right-handed neutrinos
are supplementing the SM particle content. Once the Higgs acquires
a VEV, and after rotation to the fermion mass eigenstate basis that
also diagonalize the Higgs-fermion interactions, h fi hylgys, all

fermions acquire a mass given by my = hyv/ V2. Tt should be noted
that the EWSB mechanism provides no additional insight on possible
underlying reasons for the large variety of masses of the fermions, often
referred to as the flavor hierarchy. The fermion masses, accounting for
a large number of the free parameters of the SM are simply translated
in terms of Yukawa couplings h .

II.1. The SM Higgs boson mass, couplings and quantum
numbers

The SM Higgs boson is a CP-even scalar of spin 0. Its mass is given
by mpg = V2 v, where A is the Higgs self-coupling parameter in V(®).

The expectation value of the Higgs field, v = (ﬁGF)71/2 ~ 246 GeV,
is fixed by the Fermi coupling G, which is determined with a
precision of 0.6 ppm from muon decay measurements [18]. The
quartic coupling A, instead, is a free parameter in the SM, and hence
there is, a priori, no prediction for the Higgs mass. Moreover the sign
of the mass parameter m? = —Av? is crucial for the EW symmetry
breaking to take place, but it is not specified in the SM. Therefore,
if the newly discovered particle is indeed the SM Higgs boson with
mp ~125GeV, it implies that A ~ 0.13 and |m| ~ 88.8GeV. It is
interesting to observe that in the SM one needs to assume that the
mass term in the potential is negative in order to trigger EWSB.
In other theories beyond the SM (BSM), such as supersymmetry,
the analogue of the Higgs mass parameter can be made negative
dynamically.

The Higgs boson couplings to the fundamental particles are set by
their masses. This is a new type of interaction, very weak for ordinary
particles, such as up and down quarks, and electrons, but strong
for heavy particles such as the W and Z bosons and the top quark.
More precisely, the SM Higgs couplings to fundamental fermions are
linearly proportional to the fermion masses, whereas the couplings to
bosons are proportional to the square of the boson masses. The SM
Higgs boson couplings to gauge bosons, Higgs bosons and fermions are
summarized in the following Lagrangian:

£:*ngff_‘fH+ gHHHH3+ gHHHHH4

0 9HHVV24 (11.9)
+ 6VVHV“ (gvaH + TH2>
with
m 2m? 2m?
9HfF = gHVV = UV gaEVY = UQV (11.10)
3m? 3m?
9HHH = va JHHHH = TzH (11.11)

where V = W= or Z and oy = 1,6, = 1/2. As a result, the dominant
mechanisms for Higgs boson production and decay involve the coupling
of H to W, Z and/or the third generation quarks and leptons. The
Higgs boson coupling to gluons [19,20], is induced at leading order by
a one-loop graph in which H couples to a virtual ¢ pair. Likewise, the
Higgs boson coupling to photons is also generated via loops, although
in this case the one-loop graph with a virtual W+ W~ pair provides
the dominant contribution [12] and the one involving a virtual ¢ pair
is subdominant.

II.2. The SM custodial symmetry

The SM Higgs Lagrangian, Lyjggs of Eq. (11.6), is, by construction,
SU(2);, x U(1)y gauge invariant, but it also has an approximate global
symmetry. In the limit ¢’ — 0 and hy — 0, the Higgs sector has a
global SU(2)p symmetry, and hence in such limit it is invariant under
a global SU(2), x SU(2) p symmetry, with SU(2) 1, just being the global
variant of the SM chiral gauge symmetry. This symmetry is preserved
for non-vanishing Yukawa couplings, provided h, = hg4. Once the
Higgs acquires a VEV, both the SU(2); and SU(2) 5 symmetry groups
are broken but the subgroup SU(2), p remains unbroken and is the
subgroup that defines the custodial symmetry of the SM [21].

In the limit ¢’ — 0 (sin? Oy — 0), the W and Z gauge bosons
have equal mass and form a triplet of the SU(2);, p unbroken
global symmetry. The p parameter characterizes the breaking of the
custodial symmetry, which manifest itself in the equality of the three
tree-level SU(2)-gauge boson masses, even when ¢’ # 0. Using the
expressions for the W and Z gauge boson masses in term of the gauge
couplings, one obtains

Mg, g2

2 Mgy
e =cos“ by or p= =1 (11.12)
Z

g%+ g% MZcos? Oy
at tree level. The custodial symmetry protects the above relation
between the W and Z masses under radiative corrections. All
corrections to the p parameter are therefore proportional to terms
that break the custodial symmetry. For instance, radiative corrections
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involving the Higgs are proportional to g'2. Since my # my, there are
also relevant radiative corrections generated by massive fermions. They
are proportional to m? + mz - Z(mgmg) log(m?/mz)/(m% - mg) [22].
One can conceive BSM theories in which the Higgs is a pseudo
Nambu-Goldstone boson of a strongly interacting sector [23], and/or
where there are additional degrees of freedom that may contribute
to the W and Z mass via virtual loops, but in as much as the
electroweak sector has a manifest custodial symmetry, the theory is
protected from large radiative corrections. Precision measurement of
the electroweak observables are powerful in constraining such large
radiative corrections. The custodial isospin symmetry is a powerful
probe of BSM physics. For a pedagogical discussion, see Ref. [24].

I1.3. Stability of the Higgs potential

The discovery of a scalar particle with mass myg ~ 125 GeV has far
reaching consequences within the SM framework. Such a low value of
the Higgs boson mass is in perfect agreement with the upper bound
on the Higgs boson mass from perturbative unitarity constraints [5,6],
thereby rendering the SM a consistent, calculable theory. Moreover,
the precise value of mp determines the value of the quartic coupling
A at the electroweak scale and makes it possible to investigate its
behavior up to high energy scales. A larger value of my would have
implied that the Higgs self-coupling would become non-perturbative
at some scale A that could be well below the Planck scale. From
the measured values of the Higgs mass, the top quark mass, the
W and Z boson masses, and the strong gauge coupling, all within
their experimental uncertainties, it follows that, similar to the SM
gauge and Yukawa couplings, the Higgs quartic coupling remains
perturbative all the way up to Mpjgper [25]-

The recently measured Higgs mass, however, generates an EW
Higgs potential in which the vacuum state is at the edge between
being stable and metastable. Indeed, for my = 125.7 + 0.3 GeV
and allowing all relevant SM observables to fluctuate within their
experimental and theoretical uncertainties, the metastability condition
seems to be favored [26]. The high energy evolution of A shows
that it becomes negative at energies A = O(1010 — 10'2) GeV, with
a broader range if a 30 fluctuation in the top quark mass value is
allowed, as shown in Fig. 11.1 [26]. When this occurs, the SM Higgs
potential develops an instability and the long term existence of the EW
vacuum is challenged. This behavior may call for new physics at an
intermediate scale before the instability develops, i.e., below M pjanck
or, otherwise, the electroweak vacuum remains metastable [27].
Therefore, within the SM framework, the relevant question is related
to the lifetime of the EW metastable vacuum that is determined by
the rate of quantum tunneling from this vacuum into the true vacuum
of the theory. The running of the Higgs self coupling slows down at
high energies with a cancellation of its §-function at energies just
one to two orders of magnitude below the Planck scale [28,26]. This
slow evolution of the quartic coupling is responsible for saving the
EW vacuum from premature collapse allowing it to survive much
longer times than those relevant from astrophysical considerations. It
might help the Higgs boson to play the role of an inflaton [30] (see,
however, Ref. [31] and references therein for potential issues with this
Higgs-as-inflaton idea).

The peculiar behavior of the quartic coupling does not exclude the
possibility that the SM might be all what is there up to the quantum
gravity scale [29] or it could be the result of a special dynamics
or a new symmetry at high energies, such as supersymmetry with
possible flat directions. Still, physics at lower energies is desirable
to solve other mysteries of the universe such as dark matter or the
matter-antimatter asymmetry. The Higgs boson discovery at the LHC
leaves all these options open.

I1.}. Higgs production and decay mechanisms

Reviews of the SM Higgs boson’s properties and phenomenology,
with an emphasis on the impact of loop corrections to the Higgs boson
decay rates and cross sections, can be found in Refs. [32-38].
II.4.1. Production mechanisms at hadron colliders

The main production mechanisms at the Tevatron and the LHC
are gluon fusion, weak-boson fusion, associated production with a
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Figure 11.1: Renormalization group evolution of the Higgs
self coupling A, for the central values of mpy = 125.7GeV,
my = 173.4GeV and ag(My) = 0.1184 (solid curve), and
variation of these central values by £+ 3 o for the blue, gray
and red, dashed curves, respectively. For negative values of A,
the lifetime of the SM vacuum due to quantum tunneling at
zero temperature is longer than the age of the universe. From
Ref. [26].

gauge boson and associated production with top quarks. Figure 11.2
depicts representative diagrams for these dominant Higgs production
processes.

9 OO0 ———— !

9 OO ———— +
(d)

Figure 11.2:
Higgs production in (a) gluon fusion, (b) weak-boson fusion, (c)
Higgs-strahlung (or associated production with a gauge boson)
and (d) associated production with top quarks.

Generic Feynman diagrams contributing to the

The cross sections for the production of a SM Higgs boson as a
function of /s, the center of mass energy, for pp collisions, including
bands indicating the theoretical uncertainties, are summarized
in Fig. 11.3 [39]. A detailed discussion, including uncertainties in
the theoretical calculations due to missing higher order effects and
experimental uncertainties on the determination of SM parameters
involved in the calculations can be found in Refs. [36-38]. These
references also contain state of the art discussions on the impact of
PDEF’s uncertainties, QCD scale uncertainties and uncertainties due to
different matching procedures when including higher order corrections
matched to parton shower simulations as well as uncertainties due to
hadronization and parton-shower events.

Table 11.1, from Refs. [36,38], summarizes the Higgs boson
production cross sections and relative uncertainties for a Higgs mass
of 125GeV, for /s = 7, 8 and 14 TeV.
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Table 11.1: The SM Higgs boson production cross sections
or myg = 125GeV in pp collisions, as a function of the center
of mass energy, v/s. The predictions for the LHC energies are
taken from Refs. [36,38], the ones for the Tevatron energy are
from Ref. [40].

Vs Production cross section (in pb) for my = 125 GeV
(TeV)
ggF VBF WH ZH ttH total

+17% +8% +8% +8% +10%

1.96 0.95717% 0.06577% 0'1378% 0'07978% 0.004710% 1.23
+15% +3% +4% +6% +12%

7 15.1F10%  1.2043% 58 tA% 03378%  0.00712% 174
+15% +3% +4% +6% +12%

8 19.3710%  15843% 07080 0.4178% 0137127 921
+20% +3% +4% +6% +15%

14 49.8720%  418%3% 150717 0.8870% 061713 570
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Figure 11.3: The SM Higgs boson production cross sections
as a function of the center of mass energy, /s, for pp collisions.
The theoretical uncertainties [39] are indicated as a band.

(i) Gluon fusion production mechanism

At high-energy hadron colliders, the Higgs boson production
mechanism with the largest cross section is the gluon-fusion process,
gg — H + X, mediated by the exchange of a virtual, heavy top
quark [41]. Contributions from lighter quarks propagating in the
loop are suppressed proportional to mg. QCD radiative corrections to
the gluon-fusion process are very important and have been studied in
detail. Including the full dependence on the quark and Higgs boson
masses, the cross section has been calculated at the next-to-leading
order (NLO) in a; [42,43]. To a very good approximation, the leading
top-quark contribution can be evaluated in the limit m; — oo by
matching the Standard Model to an effective theory. The gluon-fusion
amplitude is then evaluated from an effective Lagrangian containing
a local HGY,G** operator [19,20]. In this approximation the
cross section is known at NLO [44] and at next-to-next-to-leading
order (NNLO) [45], and a strong effort is under way to extend
the calculations to NNNLO. The validity of the large top-quark
mass approximation in NNLO calculations has been established at
the percent level by means of approximate calculations of the my
dependence based on asymptotic expansions [46].

The NLO QCD corrections increase the leading-order prediction for
the cross section by about 80%, and the NNLO corrections further
enhance the cross section by approximately 20% (at pf = pr = mpg).
The convergence of the perturbation series can be improved by
lowering the factorization and renormalization scales. Electroweak
radiative corrections have been computed at NLO and increase
the cross section by about 5% for mpy ~ 125GeV [47]. Mixed
QCD-electroweak corrections of O(aws) have been calculated in
Ref. [48].

The NLO and NNLO fixed-order QCD predictions for the

gluon-fusion cross section have been improved by resumming the
soft-gluon contributions to the cross section at next-to-next-to-
leading logarithmic (NNLL) and partial NNNLL accuracy [49]. The
convergence of the perturbation series can be improved significantly by
systematically resumming a subset of enhanced corrections contained
in the time-like gluon form factor, using methods of soft-collinear
effective theory [50]. Up-to-date predictions for the gluon-fusion
cross section for different Higgs boson masses and LHC energies, and
including detailed error budgets, have been obtained by combining the
NNLO fixed-order QCD results with soft-gluon resummation at NNLL
or NNNLL accuracy and two-loop electroweak corrections, and using
the most recent sets of parton distribution functions [48,51].

Besides considering the inclusive Higgs boson production cross
section at the LHC, it is important to study differential distributions
in order to probe the properties of the Higgs boson in a detailed way.
A more exclusive account of Higgs production is also required because
experimental analyses often impose cuts on the final states in order
to improve the signal-to-background ratio. To this end, it is useful
to define benchmark cuts and compare the differential distributions
obtained at various levels of theoretical accuracy (i.e., at NLO or
NNLO) and with Monte Carlo generators. Many search modes for the
Higgs boson are carried out by separating the events according to the
number of jets or the transverse momentum and rapidity of the Higgs
boson. For pr < 30GeV, predictions for the transverse-momentum
distribution can only be trusted after large logarithms of the form
a?n® Y (mpy /pr) have been resummed to all orders in perturbation
theory [52]. This has been accomplished with NNLL accuracy [53],
and the results have been matched onto the fixed-order prediction at
NNLO [54]. Electroweak corrections, and in particular the effect of
the non-zero b-quark mass, on the pp spectrum have been studied in
Refs. [55,56]. Recently, there has been much activity in computing
Higgs plus jet(s) production processes at NLO (see e.g. Refs. [57]
and [58] for associated production with one and two jets, respectively),
and even at NNLO [59]. In addition, efforts to improve the calculation
of the Higgs production cross section with a jet veto (the “O-jet bin”)
by resumming large logarithms of the form o In?"~1(m /P at
NNLL order and beyond [60] have been made. Accurate predictions
for the jet-veto cross section are required, e.g., to suppress the
background in the H — WW channel.

(ii) Vector boson fusion production mechanism

The SM Higgs production mode with the second-largest cross
section at the LHC is the vector boson fusion (VBF). At the Tevatron,
VBF also occurs, but for mpy = 125GeV exhibits a smaller cross
section than Higgs production in association with a W or Z boson.
Higgs production via VBF, qq — qqH, proceeds by the scattering of
two (anti-)quarks, mediated by ¢- or u-channel exchange of a W or Z
boson, with the Higgs boson radiated off the weak-boson propagator.
The scattered quarks give rise to two hard jets in the forward and
backward regions of the detector.3 Because of the color-singlet nature
of the weak-gauge boson exchange, gluon radiation from the central-
rapidity regions is strongly suppressed [63]. These characteristic
features of VBF processes can be exploited to distinguish them from a
priori overwhelming QCD backgrounds, including gluon-fusion induced
Higgs + 2 jet production, and from s-channel WH or ZH production
with a hadronically decaying weak boson. After the application of
specific selection cuts, the VBF channel provides a particularly clean
environment not only for Higgs searches but also for the determination
of Higgs boson couplings at the LHC [64].

Computations for total cross sections and differential distributions
to Higgs production via VBF including NLO QCD and EW corrections
have been presented in Refs. [33,65] and are available in the form
of flexible parton-level Monte-Carlo generators. Parton-shower effects
have been considered in Ref. [66]. Parts of the NNLO QCD
corrections have been presented in Refs. [67,68]. The NNLO QCD
corrections of Ref. [67] reduce the residual scale uncertainties on the
inclusive cross section to approximately 2%. The uncertainties due to
parton distributions are estimated to be at the same level.

3 The production of a Higgs boson with two additional jets has been
computed in Refs. [61] and [62].
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(i) WH and ZH associated production mechanism

The next most relevant Higgs boson production mechanisms
after gluon fusion and VBF at the LHC, and the most relevant
ones after gluon fusion at the Tevatron, are associated production
with W and Z gauge bosons. The cross sections for the associated
production processes, pp — VH + X, with V = W=, Z reccive
contributions at NLO given by NLO QCD corrections to the Drell-
Yan cross section [69,70,71] and from NLO EW corrections. The
latter, unlike the QCD corrections, do not respect the factorization
into Drell-Yan production since there are irreducible box contributions
already at one loop [72]. At NNLO, the Drell-Yan-like corrections
to WH production also give the bulk of the corrections to ZH
production [73]. For ZH production there are, however, gluon-gluon
induced contributions that do not involve a virtual Z gauge boson but
are such that the Z gauge boson and H boson couple to gluons via
top quark loops [74]. In addition, WH and ZH production receive
non Drell-Yan-like corrections in the ¢’ and ¢g initiated channels,
respectively, at the NNLO level, where the Higgs is radiated off top
quark loops [75]. The full QCD corrections up to NNLO order, the
NLO EW corrections and the NLO corrections to the gluon-gluon
channel are available in a public program [76].

As neither the Higgs boson nor the weak gauge bosons are
stable particles, their decays also have to be taken into account.
Providing full kinematical information for the decay products can
furthermore help in the suppression of large QCD backgrounds.
Differential distributions for the processes pp — WH — vy(H and
pp — ZH — (Y4~ H — vyiyH, including NLO QCD and EW
corrections, have been presented in Ref. [77]. The NNLO QCD
corrections to differential observables for W H production at the LHC,
including the leptonic decays of the W boson and the decay of the
Higgs boson into a bb pair, are presented in Ref. [78]. The WH and
Z H production modes, together with Higgs production in association
with a top quark pair, provide a relatively clean environment for
studying the decay of the Higgs boson into bottom quarks.

(iv) Higgs production in association with tt

Higgs radiation off top quarks, pp — Htt, can provide important
information on the the top-Higgs Yukawa coupling and gives access
to the Higgs decay into bottom quarks. The LO cross section for
this production process was computed in Ref. [79]. Later, the NLO
QCD corrections [80] were evaluated yielding a moderate increase in
the total cross section of at most 20%, but reducing significantly the
scale dependence of the inclusive cross section. The total theoretical
errors, estimated by combining the uncertainties from factorization
and renormalization scales, strong gauge coupling, and parton
distributions, amount to 10-15% of the corresponding inclusive cross
section. Interfaces between NLO QCD calculations for Htt production
with parton-shower Monte Carlo programs have been provided in
Ref. [81]. These programs provide the most flexible tools to date for
the computation of differential distributions, including experimental
selection cuts and vetoes on the final-state particles and their decay
products.

(v) Subleading Higgs production mechanisms at the LHC

The Higgs boson production in association with bottom quarks
is known at NNLO in the case of five quark flavors [82-84]. The
coupling of the Higgs boson to a b quark is suppressed in the SM
by the bottom quark mass over the Higgs VEV, m; /v, implying that
associated production of a SM Higgs boson with b quarks is very small
at the LHC. In a two Higgs doublet model or a supersymmetric model,
which will be discussed in Section V, this coupling is proportional to
the ratio of neutral Higgs boson vacuum expectation values, tan g,
and can be significantly enhanced for large values of this ratio.

I1.4.2. Production mechanisms at et e~ colliders

The main Higgs boson production cross sections at an ete~
collider are the Higgs-strahlung process ee™ — ZH [6,19,85], and
the WW fusion process [86] ete™ — DeveW*W* — Dev.H. As
the center-of-mass energy /s is increased, the cross-section for the
Higgs-strahlung process decreases as s~! and is dominant at low

energies, while the cross-section for the WW fusion process grows

as In(s/m%) and dominates at high energies [87-89]. The ZZ
fusion mechanism, ete™ — ete™Z*Z* — eTe™ H, also contributes
to Higgs boson production, with a cross-section suppressed by an
order of magnitude with respect to that of WW fusion. The process
ete™ — ttH [90,91] becomes relevant for large /s > 500 GeV. For
a more detailed discussion of Higgs production properties at lepton
colliders see for example Refs. [34,35,92,93] and references therein.

I1.4.3. SM Higgs branching ratios and total width

For the understanding and interpretation of the experimental
results, the computation of all relevant Higgs decay widths is essential,
including an estimate of their uncertainties and, when appropriate,
the effects of Higgs decays into off-shell particles with successive
decays into lighter SM ones. A Higgs mass of about 125 GeV provides
an excellent opportunity to explore the Higgs couplings to many
SM particles. In particular the dominant decay modes are H — bb
and H — WW*, followed by H — gg, H — 777~, H — c¢ and
H — ZZ*. With much smaller rates follow the Higgs decays into
H — vy, H— ~vZ and H — ptp~. Since the decays into gluons,
diphotons and Z+ are loop induced, they provide indirect information
on the Higgs to WW, ZZ and tt couplings in different combinations.
The Higgs decays into WW* and ZZ* effectively need to be studied
considering the decays of the gauge bosons into four fermions, i.e., the
leptonic, semi-leptonic and full hadronic final states. The uncertainties
in the branching ratios include the missing higher order corrections
in the theoretical calculations as well as the errors in the SM input
parameters, in particular fermions masses and gauge couplings,
involved in the calculations. In the following the state of the art of
the theoretical calculations will be discussed and the reader is referred
to Refs. [36,37,94] for further details.

The evaluation of radiative corrections of fermionic decays of
the SM Higgs at different levels of accuracy are implemented in
HDECAY [95]. The decays H — bb and H — c¢ are computed
including the complete massless QCD corrections up to and including
NNNNLO, with a corresponding scale dependence of about 0.1% [96].
Both the electroweak corrections to H — bb, ¢¢ as well as H — 777~
are known at NLO [97] providing predictions with an overall accuracy
of about 1-2% for mpy ~125 GeV.

The loop induced decays of the SM Higgs are known at NLO
and partially beyond that approximation. For H — gg, the QCD
corrections are known up to NNNLO in the limit of heavy top
quarks [98,43] and the uncertainty from the scale dependence is
about 3%. For the H — 7, the full NLO QCD corrections are
available [43,99]. The NLO electroweak corrections to H — gg and
H — ~v have been computed in Ref. [100]. Missing higher orders
corrections are estimated to be below 1%. All these corrections
are implemented in HDECAY. In addition the contribution of the
H — ~vete™ decay via virtual photon conversion has been computed
in Ref. [101]. The partial decay width H — Z~ is only implemented
at LO in HDECAY, including the virtual W, top, bottom, and 7 loop
contributions. The QCD corrections have been calculated and are at
the percent level [102], The theoretical uncertainty due to unknown
electroweak corrections is estimated to be less than 5%, an accuracy
that will be hard to achieve in measurements at the LHC.

The decays H — WW/ZZ — 4f can be simulated with the
Monte-Carlo generator of Ref. [103] that includes complete NLO QCD
and EW corrections for Higgs decays into any possible four-fermion
final state. All calculations are consistently performed with off-shell
gauge bosons, without any on-shell approximation. For the SM Higgs
boson the missing higher-order corrections are estimated to roughly
0.5%. Such uncertainties will have to be combined with the parametric
uncertainties, in particular those associated to the bottom quark
mass and the strong gauge coupling, to arrive at the full theory
uncertainties. A detailed treatment of the differential distributions for
a Higgs decay with four charged leptons in the final state is presented
in Refs. [104,38].

The branching ratios for the most relevant decay modes of the SM
Higgs boson as functions of mp, including the most recent theoretical
uncertainties, are shown in Fig. 11.4 and listed for myg = 125GeV
in Table 11.2. The total width of a 125GeV SM Higgs boson is
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Ty =4.07 x 1073 GeV, with a relative uncertainty of fg:g;‘:.

details of these calculations can be found in Refs. [94,105] and in the
reviews [33-38].

Further

Table 11.2: The branching ratios and the relative uncer-
tainty [38] for a SM Higgs boson with my = 125GeV.

Decay channel Branching ratio  Rel. uncertainty
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Figure 11.4: The branching ratios for the main decays of
the SM Higgs boson near mpy = 125GeV. The theoretical
uncertainties [38] are indicated as a band.

III. The discovery of a Higgs boson

Indirect experimental bounds on the SM Higgs boson mass are
obtained from a global fit of precision electroweak measurements of
electroweak observables, by comparing them with theory predictions
which account for My effects at higher orders (see the electroweak

model and constraints on new physics in this review for more details).

This global fit to the precision electroweak data accumulated in the
last two decades at LEP, SLC, the Tevatron, and elsewhere, suggests
my = 89‘:%3 GeV, or mp < 127GeV at 90% confidence level [106].

Direct and model-independent searches for the Higgs boson were
conducted by the ALEPH, DELPHI, L3, and OPAL experiments at
the LEP ete™ collider. The combination of LEP data collected near
the Z resonance and at centre-of-mass energies of up to 209 GeV
yielded a 95% Confidence level (CL) lower bound [107] of 114.4GeV
for the mass of the SM Higgs boson.

Following the shutdown of the LEP collider in 2000, the direct
search for the Higgs boson continued at Fermilab’s Tevatron pp

collider. The combined results [108] from approximately 10fb~!
recorded by the CDF and DO experiments excluded two ranges
in mpg: between 90 GeV and 109GeV, and between 149 GeV and
182GeV. In addition, a broad excess in data was seen in the mass
range 115GeV < mpy < 140GeV with a local significance? of 3
standard deviations at mp = 125 GeV. The commissioning in 2010
and the high intensity running of the LHC pp collider at CERN at
/s =7TeV in 2011 followed by an energy boost to /s =8 TeV in 2012
opened up a new landscape where the Higgs boson could be searched
for, quickly and effectively, in the 110-1000 GeV mass range.

The announcement on July 4, 2012 of the observation [1,2] at
the LHC of a narrow resonance with a mass of about 125 GeV has
provided an important new direction in the decades-long search for
the SM Higgs boson. The analyzed data corresponded to integrated
luminosities of up to 4.8 (5.1)fb~! at /s = 7TeV in 2011 and 5.9
(5.3) at /s = 8TeV in 2012 recorded by the ATLAS and CMS
experiments, respectively. The observed decay channels indicated
that the new particle is a boson. The evidence was strong that the
new particle decays to vy and ZZ with rates consistent with those
predicted for the Standard Model (SM) Higgs boson. There were
indications that the new particle also decays to W+W . Although
the experiments searched for decays to bb and 7777, no statistically
significant signal was found. The significance of these observations are
quantified by a p-value [110], the probability for a background only
experiment to give a result at least as signal-like as that observed
in the data. For example, a p-value of 2.87 x 10~7 corresponds to
a five-standard-deviation excess over the background-only prediction.
ATLAS observed the largest excess with a local significance of 5.90
at a mass my = 126.5GeV, to be compared with an expected
significance of 4.60 if a SM Higgs boson were present at such a mass.
CMS observed an excess with a local significance of 4.9¢0 at a mass of
125.5GeV, to be compared with an expected significance of 5.90 in
this dataset.

Even as this discovery was being announced, ATLAS and CMS
continued to accumulate pp collision data at /s = 8 TeV recording
a total of about 20fb~! each at this energy. Figure 11.5 shows
four snapshots of the evolution of the p-value and the signal
significance near 125GeV with increasing datasets analyzed by the
two experiments.

In the remainder of this section the focus will be on the recent
major results. Unless explicitly mentioned, all measurements are
based on the full dataset of about 10 fb~! recorded by the Tevatron
experiments and about 25 fb~! recorded by the LHC experiments. An
extensive review of the searches for the Higgs boson from LEP to the
LHC can be found in Ref [111].

III.1. The discovery channels

For a given mpy the sensitivity of a search channel depends on
the production cross section of the Higgs bosons, its decay branching
fraction, reconstructed mass resolution, selection efficiency and the
level of background in the final state. For a low mass Higgs boson
(110 < my < 150GeV) where the natural width of the Higgs
boson is only a few MeV, the five decay channels that play an
important role at the LHC are listed in Table 11.3. In the H — vy
and H — ZZ — 40 channels, all final state particles can be very
precisely measured and the reconstructed my resolution is excellent.
While the H — WtW— — K*uzﬁ/’ﬁy channel has relatively large
branching fraction, the mpg resolution is poor due to the presence
of neutrinos. The H — bb and the H — 717~ channels suffer from
large backgrounds and a poor mass resolution. For myg > 150 GeV,
the sensitive channels are H — WW and H — ZZ where the W or Z
boson decays into a variety of leptonic and hadronic final states.

In order to distinguish between different production modes, the
LHC experiments usually split the Higgs boson candidates into several
mutually exclusive categories (or tags) based on the topological
and/or kinematics features present in the event. These categories

4 In this review, we use the phrase “local significance” to indicate
a calculation of the significance not corrected for the look-elsewhere
effect [109].
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Figure 11.5: Evolution of the p-value and the signal
significance observed by the ATLAS and CMS experiments with
increasingly larger datasets: (a) Summer 2011 (= 1fb~!/expt)
for ATLAS A4 [112] and CMS C4 [113], (b) Spring 2012
(~ 5fb~L/expt) for ATLAS A5 [114] and CMS C3 [115],
(¢) Summer 2012 (~ 10fb~!/expt) for ATLAS A6 [1] and CMS
C4 [2], and (d) December 2012 (~ 25fb~!/expt) for ATLAS
A7 [116] and CMS C4 [117].

Table 11.3: The five sensitive channels for low mass SM Higgs
boson searches at the LHC. The numbers reported are for
my = 125GeV.

Decay channel

Mass resolution

H — vy 1-2%
H— Z7Z — 0t 0= 1-2%
H—WTW™ — Tyl =y 20%
H—bb 10%
H— 71t~ 15%

contain an admixture of various signal production modes. For
example, a typical VBF category contains Higgs boson candidates
accompanied by two energetic jets (> 30 GeV) with a large dijet mass
(> 400GeV) and separated by a large pseudorapidity (An;; > 3.5).

While such a category is enriched in Higgs boson produced via
VBF, the contamination from the dominant gluon fusion production
mechanism can be significant. Hence a measurement of the Higgs
boson production cross section in the VBF category does not imply a
measurement of VBF production cross-section. Simulations are used
to determine the relative contributions of the various Higgs production
modes in a particular category.

II1.1.1. H — ~v

In the H — ~7 channel a search is performed for a narrow peak
over a smoothly falling background in the invariant mass distribution
of two high ppr photons. The background in this channel is high and
stems from prompt v, v+jet and dijet processes. In order to optimize
search sensitivity and also to separate the various Higgs production
modes, ATLAS and CMS experiments split events into several
mutually exclusive categories. Diphoton events containing a high pp
muon, electron, dijets or missing energy (E{,«m'ss) consistent with the
decay of a W or Z boson are tagged in the VH production category,
those containing energetic dijets with a large mass and pseudorapidity
difference are assigned to the VBF production category and the
remaining events (=~ 99% of the total) are considered in the gluon
fusion production category. While the VH category is relatively pure,
the VBF category has significant contamination from the gluon fusion
process. ATLAS uses the diphoton transverse momentum orthogonal
to the diphoton thrust axis in the transverse plane (pp¢) [118] to
differentiate between Higgs boson produced via gluon fusion and the
VBF/VH production modes.

Untagged events are further categorized according to their expected
M.~ resolution and signal-to-background ratio. Categories with good
mp resolution and larger signal-to-background ratio contribute most
to the sensitivity of the search.
In each category, Z — ete™ and Z — ptp~v events from data are
used to construct a parametric signal model. The functional form of
the background is determined by a fit to the full m., distribution in
each category. All categories are fitted simultaneously to determine
the signal yield at a particular mass. In the full dataset, the my
distribution after combining all categories are shown for the ATLAS
experiment in Fig. 11.6 and for the CMS experiment in Fig. 11.7.
ATLAS observes [119] its largest excess over background at mpy =
126.8 GeV with a significance of 7.40 compared with 4.30 expected for
SM Higgs boson at that mass. CMS observes [120] its largest excess
at my = 125.4GeV with a significance of 3.20 compared with 4.2¢
expected for SM Higgs boson of that mass.

The signal strength p = (0 - B)ops/(0 - B)sym which is the observed
product of the Higgs boson production cross section (o) and its
branching ratio (B) in units of the corresponding SM values, is
1657030 for ATLAS and 0.78 +0.27 for CMS at mpy = 125.5 and
125 GeV respectively.
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Figure 11.6: The combined invariant mass distribution of
diphoton candidates observed by ATLAS [119]. The residuals of
the data with respect to the fitted background are displayed in
the lower panel.
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Figure 11.7: The combined CMS M, distribution with each
event weighted by the ratio of signal-to-background in each event
category [120].

IIL1.2. H— ZZ®) - ete0+e—, (0,0 =e, )

In the H — ZZ®) — ¢+¢=¢+¢'~ channel a search is performed for
a narrow mass peak over a small continuous background dominated
by non-resonant ZZ *) production from ¢g annihilation and gg fusion
processes. The contribution and the shape of this background is taken
from simulated events. The subdominant and reducible backgrounds
stem from Z + bb, tt and Z + jets events. Their contribution is
suppressed by requirements on lepton isolation and lepton impact
parameter and their yield is estimated from control samples in data.

To help distinguish the Higgs signal from the dominant non-resonant
ZZ®) background, CMS uses a matrix element likelihood approach 2]
to construct a kinematic discriminant built for each 4¢ event based on
the ratio of complete leading-order matrix elements |M 51-92 / Mbk92|
for the signal (99 — H — 4¢) and background(qg — ZZ — 4{)
hypotheses. The signal matrix element Mg, is computed assuming
my = myy.

To enhance the sensitivity to VBF and VH production processes,
the ATLAS and CMS experiment divide 4¢ events into mutually
exclusive categories. Events containing dijets with a large mass and
pseudorapidity difference populate the VBF category. ATLAS requires
presence of an additional lepton in the VH category. In events with
less than two jets, CMS uses the p%! to distinguish between production
via the gluon fusion and the VH/VBF processes.

Since the myy resolutions and the reducible background levels are
different in the 4pu, 4e and 2e2u sub-channels, they are analyzed
separately and the results are then combined.

The combined ATLAS my, distribution is shown in Fig. 11.8.
The largest deviation from the SM background-only expectation is
observed [119] at mpy = 124.3GeV where the significance of the
observed peak is 6.7¢0 in the full 7 and 8 TeV data. The expected
significance for the SM Higgs boson at that mass is 4.40. As shown
in Fig. 11.9, the CMS experiment observes [121] its largest excess at
mpyg = 125.8 GeV with a observed significance of 6.70 to be compared
with an expected significance of 7.2¢0 at that mass. Both experiments
also observe a clear peak at mgy = 91 GeV from Z/v* production at
the expected SM rate [122].

The signal strength u for the inclusive H — 4{ production
measured by the ATLAS and CMS experiments are 1.43":8:4315? at

my = 125.5GeV and 0.91f8:§2 at mpg = 125.8 GeV respectively.

II1.2. Mass and width measurements

In order to measure the mass of the observed state, the ATLAS
and CMS experiments combine the measurements from the vy and
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Figure 11.8: The combined myy distribution from AT-
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Figure 11.9: The combined myy distribution from CMS [121].
ZZ channels which have excellent mass resolution and where excesses
with large significance are observed. For a model-independent mass
measurement, the signal strengths in the vy and ZZ channels are
assumed to be independent and not constrained to the expected rate
(= 1) for the SM Higgs boson. The combined mass measured by
ATLAS [119] and CMS [124] are 125.5 +0.2(stat.) fgjg(syst.) GeV and
125.7 4 0.3(stat.) £ 0.3(syst.) GeV respectively. In both experiments
the systematic uncertainty is dominated by the imprecision in the
knowledge of the photon energy and the lepton momentum scale. The
significance of the difference between the measurements of the masses
in the vy and ZZ channels by the ATLAS experiment is 2.40 [119].
Fig. 11.10 summarizes these measurements and our combination
of the ATLAS and CMS results assuming uncorrelated systematic
uncertainties between the two experiments.

The natural width of a SM Higgs boson with a mass of 125 GeV is
about 4 MeV, much smaller than the instrumental mass resolution in
the vy and ZZ channels. CMS has placed 95% CL bound [123] on
the natural width of the observed boson of I'yy < 3.4 GeV.

II1.3. H - wtw- > ¢tuve v

While the production rate in the H — W+W~ — ¢+tuv¢~7 channel
is large, due to the presence of two neutrinos in the decay, the mg
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Figure 11.10: A compilation of the CMS and ATLAS mass
measurements in the vy and ZZ channels, the combined result
from each experiment and our average of the combinations.

resolution is quite poor (&~ 20% myy) so the search is reduced to a
counting experiment of the event yield in broad bins in myy.

Experiments search for an excess of events with two leptons
of opposite charge accompanied by missing energy and up to two
jets. Events are divided into several categories depending on the
lepton flavor combination (ete™, pTp~and ei/ﬂ:) and the number
of accompanying jets (Nje; = 0,1,> 2). The Nje > 2 category
is optimized for VBF production process by selecting two leading
jets with a large pseudorapidity difference and with a large mass
(mj; > 500GeV). Backgrounds contributing to this channel are
numerous and vary by the category of selected events. Reducing
them and accurately estimating the remainder is major challenge
in this analysis. For events with opposite flavor lepton and no
accompanying high pr jets, the dominant background stems from
non-resonant WW production. Events with same-flavor leptons suffer
from large Drell-Yan contamination. The ¢£ , Wt and W + jets (with
the jet misidentified as a lepton) events contaminate all categories.
Non-resonant WZ, ZZ and W~ processes also contribute to the
background at a sub-leading level.

A requirement of large missing transverse energy (E%‘iss) is
used to reduce the Drell-Yan and multi-jet backgrounds. In the
ete™ and pTp~ categories, events with my, consistent with the
7 mass are vetoed. The tt background is suppressed by a veto
against identified b-jets or low py muons (assumed to be coming
from semileptonic b-hadron decays within jets) and tight isolation
requirements diminish the W+jets background. The scalarity of the
Higgs boson and the V' — A nature of the W boson decay implies
that the two charged leptons in the final state are emitted at small
angles with respect to each other. Therefore the dilepton invariant
mass (myy) and the azimuthal angle difference between the leptons
(Adpygp) are used to discriminate between the signal and non-resonant
WW events. The transverse mass constructed from the dilepton pp
(pgg) , E{,’Jisg and the azimuthal angle between E}niss and pgg and

defined as mp = 2p§§E¥‘iSS(1 — cos A¢ s M) serves as an effective
discriminant against backgrounds. The transverse mass variable also
tracks the Higgs boson mass but with a poor mass resolution. All
residual background rates except for the small contributions from
non-resonant W2, ZZ and W+ are evaluated from control samples
devised from data.

The mqp distributions of selected events is shown in Fig. 11.11
and Fig. 11.12 for the ATLAS and CMS experiments respectively.
The 0-jet category is dominated by non-resonant WW background
while ¢ dominates the 1 and 2 jet categories. Both experiments
see a clear excess over background expectation in the 0 and 1 jet
categories. ATLAS fits the mp distributions and observes [119,126]

the most significant excess for mpy = 140 GeV. The significance
of the observed excess for mpy = 125.5GeV is 3.80, the same as
expected. The measured inclusive signal strength p = 1.01 £ 0.31 at
mpg = 125GeV. In the VBF category an excess with a significance
of 2.50 corresponding to a signal strength of p = 1.66 £ 0.67 & 0.43
is observed for my = 125GeV. The CMS analysis of 0 and 1 jet
categories, using all lepton flavor combinations, shows [127] an excess
with an observed significance of 40 consistent with the expected
significance of 5.10 for a 125GeV Higgs boson. A separate analysis
optimized for the VBF production mode reports [128] no significant
excess and sets a 95% CL upper limit of p < 1.7 for mpy = 125 GeV.

The ATLAS and CMS experiments have also performed dedicated
searches for the associated Higgs boson production (VH) in this
channel. The signal consists of three (WH) or four (ZH) high pp
isolated leptons with missing transverse energy and low hadronic
activity. The major backgrounds stem from triboson and diboson
production where each boson decays leptonically. The 95% CL limits
on p of 7.2 [129] and 5.0 [130] have been set by ATLAS and CMS
respectively for a my = 125GeV.
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Figure 11.11: (Top) The myp distribution for selected events
summed over all lepton flavors and with < 1 associated jets.

The observed excess over the estimated SM background and the
expectation from a SM Higgs boson with my = 125GeV are

shown in the lower panel. (Bottom) The mq distribution for

selected e uT events and with > 2 associated jets [119].

IIT.4. Decays to fermions

As described in Section III.1, significant signals for the decay of
the observed boson in the the vy, ZZ and WTW ™ channels have
been measured by the ATLAS and CMS experiments. The measured
signal strengths in these channels are consistent with this boson
playing a role in electroweak symmetry breaking. However the nature
of its interaction with fermions and whether this boson serves also
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Figure 11.12: The mp distribution for events, selected with a
cut-based analysis, summed over all lepton flavors and with zero
accompanying reconstructed jets (Top) and 1-jet (Bottom). The
contributions of all SM background sources and a SM Higgs with
mp=125GeV are stacked together [127].

as a source of mass generation for quarks and leptons via Yukawa
interactions is a topic of active investigation5.

At the hadron colliders, the most promising channel for probing
the coupling of the Higgs field to the quarks and leptons are H — bb
and H — 7177 respectively. For a Higgs boson with mpg ~ 125 GeV,
the branching fraction to bb is about 57% and to 77~ is about
6%. Nevertheless the presence of very large backgrounds makes the
isolation of a Higgs boson signal in these channels quite challenging.

Ir.4.1. H— v+~

In the H — 77 search, 7 leptons decaying to electrons (7e),
muons (7;,) and hadrons (7j,44) are considered. The 7+ 7~ invariant
mass (mrr) is reconstructed from a kinematic fit of the visible
products from the two 7 leptons and the missing energy observed
in the event. Due to the presence of missing neutrinos, the m_4+_—
resolution is poor (=~ 15%). As a result, a broad excess over the
expected background in the m,, distribution is searched for. The

5 We note here that the Higgs boson production via gluon fusion as
observed in the vy, ZZ and W+W ™~ channels provides indirect mea-
surement of the Higgs boson coupling to the top quark at approximately
the expected rate.

major sources of background stem from Drell-Yan Z — 777~
and Z — ete™, Wjets, tf and multijet production. Events in
all sub-channels are divided into categories based on the number
and kinematic properties of additional energetic jets in the event.
The sensitivity of the search is generally higher for categories with
one or more additional jets. The VBF category, consisting of a 77
pair with two energetic jets separated by a large pseudorapidity,
has the best signal-to-background and search sensitivity followed by
the 777741 jet category. The signal to background discrimination
relies in part on m;r resolution which improves with the boost of
the Higgs boson, the non-VBF categories are further subdivided
according to the observed boost of the 777~ system. The 0O-jet
category which has the poorest signal/background ratio is used to
constrain the background yields, the reconstruction efficiencies, and
the energy scales. The CMS experiment uses the reconstructed mass
as discriminating variable [131,132] while the ATLAS experiment
combines various kinematic properties of each event categories with
multivariate techniques to build a discriminant [133].

H — 7+77 decays in the VH production mode are searched for in
final states where the W or Z boson decays into leptons or into two
jets (in [134] but currently not in the latest ATLAS results [133]) .
‘While the decays to tau pairs are the dominant Higgs boson signal
contribution, the final states used can additionally be produced by
the decay of the Higgs boson into a pair of W bosons that both
decay to leptons. The irreducible background in this search arises
from non-resonant W27 and ZZ diboson production. The reducible
backgrounds originate from W, Z, and tf events that contain at least
one fake lepton in the final state due to a misidentified jet. The shape
and yield of the major backgrounds in each category is estimated from
control samples in data. Contributions from non-resonant W2 and
7 7 diboson production is estimated from simulations but corrected for
reconstruction efficiency using control samples formed from observed
data.

Figure 11.13 shows the CMS [131] m,, distributions combining
all non-VH categories, weighing the distributions in each category
of each sub-channel by the ratio between the expected signal and
background yields for that category. The inset plot shows the
difference between the observed data and expected background
distributions, together with the expected distribution for a SM Higgs
boson signal with mp = 125GeV. The significance of the observed
excess at my = 125GeV is 2.85 standard deviations and corresponds
to a signal strength of g = 1.10 & 0.41. The result in this channel has
been updated with an optimized analysis [132] yielding an observed
excess of 3.4 standard deviations at my = 125 GeV corresponding to
a signal strength of p = 0.87 £ 0.29. It has not yet been included in
the combination of all low mass Higgs boson searches.

The ATLAS results [133] are based on the full 8 TeV data sample of
20.3fb~1. At my = 125GeV, the observed (expected) deviation from
the background-only hypothesis corresponds to a local significance
of 4.1 (3.2) standard deviations and the best fit value of the signal
strength p = 1.4Jj8:i. This result does not include the aforementioned
leptonic VH modes. These results are summarized in Table 11.4.

Both ATLAS and CMS measurements provide substantial evidence
of the coupling of the Higgs boson to leptons.

IIT.4.2. H — bb

The dominant production mode gg — H with H — bb is
overwhelmed by the background from the inclusive production of
pp — bb+ X via the strong interaction. The associated production
modes WH and ZH (collectively termed VH modes) allow use of
the leptonic W and Z decays to purify the signal and reject QCD
backgrounds. The W bosons are reconstructed via their leptonic
decay W — vy where { = e, s or 7. The Z boson is reconstructed via
their decay into ete™, utp~or v, The Higgs boson candidate mass
is reconstructed from two b-tagged jets in the event. Backgrounds
arise from production of W and Z bosons in association with gluon,
light and heavy-flavored jets (V+jets), t£, non-resonant diboson (ZZ
and WZ with Z — bb) and QCD multijet processes. Due to the
limited m,7 mass resolution, a SM Higgs boson signal is expected
to appear as a broad enhancement in the reconstructed dijet mass
distribution. The crucial elements in this search are b-jet tagging
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Figure 11.13: CMS results : The combined observed and

expected m,, distributions for all sub-channels combined. The
insert shows the difference between the observed data and the
expected background distributions, together with the expected
signal distribution for a SM Higgs signal at my = 125 GeV [131].

with high efficiency and low fake rate, accurate estimate of b-jet
momentum and estimate of backgrounds from various signal depleted
control samples constructed from data.

At the Tevatron, the H — bb channel contributes the majority of
the Higgs boson search sensitivity below my = 130 GeV. The CDF
and DO experiments use multivariate analysis (MVA) techniques
that combine several discriminating variables into a single final
discriminant used to separate signal from background. Each channel
is divided into exclusive sub-channels according to various lepton, jet
multiplicity, and b-tagging characteristics in order to group events
with similar signal-to-background ratio and thus optimize the overall
search sensitivity. The combined CDF and DO data show [135,108]
an excess of events with respect to the predicted background in the
115-140 GeV mass range in the most sensitive bins of the discriminant
distributions suggesting the presence of a signal. At myg = 125GeV
the local significance of the excess is 3.0 standard deviations. At
that mass, the observed signal strength p = 1'59t8:%' Figure 11.14
shows the best-fit cross section times branching ratio (owyg + ozm)%
B(H — bb) as well as the SM prediction as a function of my;.
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Figure 11.14: The combined CDF and DO results on the
best-fit cross section times branching ratio (owyg + ozp)x
B(H — bb) as well as the SM prediction as a function of
my [108].

To reduce the dominant V+jets background, following Ref. [136],
the LHC experiments select a region in VH production phase space

where the vector boson is significantly boosted and recoils from
the H — bb candidate with a large azimuthal angle A¢yy. For
each channel, events are categorized into different pp(V) regions
with varying signal/background ratios. Events with higher pp(V)
have smaller backgrounds and better m;z resolution. CMS uses [137]
MVA classifiers based on kinematic, topological and quality of b-jet
tagging and trained on different values of mpy to separate Higgs
boson signal in each category from backgrounds. The MVA outputs
for all categories are then fit simultaneously. Figure 11.15 (Top)
shows the combined MVA output of all channels where events are
gathered in bins of similar expected signal-to-background ratios as
predicted by the MVA discriminants. The excess of events observed
in bins with the largest signal-to-background ratios is consistent with
the production of a 125GeV SM Higgs boson with a significance of
2.1 standard deviations. The observed signal strength at 125 GeV is
p=1.0+0.5. Figure 11.15 (Bottom) shows the m,; distribution for
all categories combined, weighted by the signal-to-background ratio in
each category, with all backgrounds except dibosons subtracted. The
data show the clear presence of a diboson (W/Z + Z — bb) signal,
with a rate consistent with the Standard Model prediction, together
with an excess that agrees with that expected from the production of
a 125 GeV SM Higgs boson.
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Figure 11.15: CMS results: (Top) The combination of all
channels into a single distribution. The two bottom panels show
the ratio of the data to the background-only prediction (above)
and to the predicted sum of background and SM Higgs boson
signal with a mass of 125GeV (below). (Bottom) The m5
distribution with all backgrounds, except dibosons, subtracted.
The solid histograms for the backgrounds and the signal are
summed cumulatively. The line histogram for signal and for VV
backgrounds are also shown superimposed [137].
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Table 11.4: Summary of the results in the five low mass Higgs channels measured at
the LHC and the Tevatron. It should be noted that the ATLAS combined signal strength
measurement only includes the bosonic vy, ZZ and WW channels. The latest result of
the CMS experiment in the H — 777~ final state [132] is reported and denoted by (*).

vy 77 (4¢)  WW (tvlv) 77 W/Z(bb) Combination
ATLAS
1t (at 125.5GeV) 1.5510-33 1437530 0.9970:32 14703 0.240.7 1.3£0.2
Z Exp. 4.1 4.4 3.8 4.1 14 -
Z Obs. 7.4 6.6 3.8 3.2 0.3 -
Mass (GeV) 126.8+0.2+0.7  124.3+0.5+0.5 - - ~ 125.5£0.2+0.6
Reference [119] [119] (119] [133] [138] [119]
CMS
1 (at 125.7GeV) 0.77+0.27 0.924£0.28  0.6840.20  1.10+0.41  1.15+0.62 0.80+0.14

0.87+0.29*

Z Exp. 3.9 7.1 53 2.6 (3.6%) 2.2 -
Z Obs. 3.2 6.7 39 2.8 (3.4%) 2.0 -
Mass (GeV) 125.4£0.5£0.6  125.840.5£0.2 125.7+0.3£0.3
Reference [120] [121] [127] [131,132] 137] [124]
Tevatron
p (at 125GeV) 6.031 - 0.9£0.8 17123 1.620.7 1.4£0.6
Reference [108] [108] [108] [108] [108]

ATLAS performs a cut based analysis [138], with selected events
divided into a large number of categories in pp(V). The discriminating
variable used is m;g, and customized control samples devised from data
are used to constrain the contributions of the dominant background
processes. No significant excess is observed. The signal strength for
my = 125GeV is measured to be 1 = 0.2 + 0.5(stat.) & 0.4(syst.).

III.5. Observed signal strengths

The p value obtained by ATLAS [119] and CMS [124] in the five
channels and the combined best fit value are displayed in Fig. 11.16.
The p value for each channel and the combination is calculated for the
best fit mass of 125.5 and 125.7 GeV by ATLAS and CMS respectively.
The ATLAS combination used only the vy, WW and ZZ channels for
which the full 7 and 8 TeV data were analyzed. Table 11.4 summarizes
the measurements from the Tevatron and the LHC. All measurements
are consistent with the expectation from the SM Higgs boson with a
mass of 125 GeV.
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Figure 11.16: The signal strengths p measured by the ATLAS
experiment from Refs. Al [119], A2 [133] and A3 [138], and
CMS experiment from Ref. C1 [124] and C6 [132] in the five
principal channels and their combination. It should be noted
that the ATLAS combination only includes the bosonic vy, ZZ
and WW channels.

IIT.6. Higgs Production in association with top quarks

As discussed in Section II, the coupling of the Higgs particle to
top quarks plays a special role in the electroweak breaking mechanism
and in its possible extensions. Substantial indirect evidence of this
coupling is provided by the compatibility of observed rates of the Higgs
boson in the main discovery channels as one of the main production
processes, the gluon fusion, is dominated by a top quark loop. Direct
evidence of this coupling at the LHC and the future ete™ colliders
will be mainly available through the tZH final state. The analyses
channels for such complex final states can be separated in four classes
according to the decays of the Higgs boson. In each of these classes,
most of the decay final states of the top quarks are considered. The
topologies related to the decays of the top quarks are denoted OL, 1L
and 2L, for the fully hadronic, semi-leptonic and dilepton final states
of the tf pair respectively.

The first in this set is the search for t#H production in the H — ~yy
channel. This analysis relies on the search of a narrow mass peak
in the my~ distribution. The background is estimated from the m.~
sidebands. The sensitivity in this channel is mostly limited by the
available statistics. This search was done in all three OL and 1L final
states by the ATLAS and CMS collaborations with the full 8 TeV
datasets [139,140].

The second is the search in the H — bb channel. This search is
extremely intricate due to the large backgrounds, both physical and
combinatorial in resolving the bb system related to the Higgs particle,
in events with six jets and four b-tagged jets which are very hard to
simulate. With the current dataset, the sensitivity of this analysis is
already limited by the systematic uncertainties on the background
predictions. The ATLAS search was done in the 1L channel with
the 7 TeV dataset only [141]. The CMS collaboration after having
published first results with the full 7 TeV dataset [142,143], has
complemented this result with a full 8 TeV analysis [144] with the 1L
and 2L channels.

The third channel is a specific search for 777~ where the two taus
decay to hadrons and in the 1L channel only performed by CMS with
the full 8 TeV dataset [144].

Finally, both WTW~= and 7+7~ final states are searched for
inclusively by CMS in the full 8 TeV dataset in multilepton
topologies [145]. The corresponding t{H modes can be simply
decomposed in terms of the decays of the Higgs boson and those of
the top quarks as having four W bosons in the final state (or two W
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Table 11.5: Summary of the results of searches for a Higgs
boson in association with a top quark pair by the ATLAS and
CMS collaborations. The results are given in terms of upper
limits at the 95% CL on the signal strength, the expected limits
are given in parentheses. For the results of the CMS searches,
the measured signal strengths in each channel are also given.
The ATLAS results indicated by 1 are with the 7 TeV dataset
only, and the results indicate by * are combining the full 7 TeV
and 8 TeV datasets. The unmarked results are with the full
8 TeV dataset.

ATLAS limits CMS limits CMS signal

strengths

<5.3 (6.4) <54 (55) p=-02+34

<131 (105)F <45 (3.7)* p=10%50

~ <68(88) p=—48720

~ <67 (38) p=27122

~ <91(34) p=5.3722

S <129(142)  p=—14703

Combination - <4.3 (1.8) p=25%

and two taus) and two b-quarks. Three resulting distinctive topologies
with leptonic decays of the W bosons or the taus have been investigate
by CMS [145] with the full 8 TeV dataset: (i) the same sign dileptons,
(ii) the trileptons and (iii) the four leptons.

The results of all aforementioned analyses are reported in Table 11.5.
CMS has performed a combination of all their channels [146] yielding
an upper limit on the signal strength at the 95% CL of 4.3, while
having an expected sensitivity of 1.8. This difference is due to an
excess of events observed in various sensitive channels. The measured
combined signal strength is pu = 2‘5fh1), yielding first hints of the
presence of a signal in this channel.

II1.7. Searches for rare decays of the Higgs boson

II1.7.1. H — Z~

The search for H — Zv is performed in the final states where the
Z boson decays into opposite sign and same flavor leptons (£7¢7),
¢ here refers to e or p. While the branching fraction for H — Z~
is comparable to H — ~y (about 1073) at mp = 125GeV, the
observable signal yield is brought down by the small branching ratio
of Z — (eTe” +putp™) = 6.7 x 1072, In these channels, the Mgy
mass resolution is excellent (1-3%) so the analyses search for a narrow
mass peak over a continuous background. The major backgrounds
arise from the Z + « , final state radiation in Drell-Yan decays and
Z + jets process where a jet is misidentified as a photon.

Events are divided into mutually exclusive categories on basis of the
expected mz, resolution and the signal-to-background ratio. A VBF
category is formed for H — Z~ candidates which are accompanied
by two energetic jets separated by a large pseudorapidity. While
this category contains only about 2% of the total event count, the
signal-to-noise is about an order of magnitude higher. The search for
a Higgs boson is conducted independently in each category and the
results from all categories are then combined.

No excess of events is observed. The expected and observed 95%
CL upper limits [147] on the signal strength u are 10 and 9.5
respectively for my = 125 GeV. The ATLAS expected and observed
upper limits [148] on u are 13.5 and 18.2 respectively at that mass.

Ir.7.2. H— ptp~

H — ptp~ is the only channel where the Higgs coupling to second
generation fermions can be measured at the LHC. The branching
fraction in this channel for a 125 GeV SM Higgs boson is 2.2 x 10*4,
about ten times smaller than that for H — ~7. The dominant
and irreducible background arises from the Z/y* — pu~ process

which has a rate several orders of magnitude larger than that from
the SM Higgs boson signal. Due to the precise muon momentum
measurement achieved by ATLAS and CMS, the O
resolution is excellent (=~ 2 — 3%) but rendered marginally asymmetric
due to final state radiation from the muons. A search is performed

for a narrow peak over a large but smoothly falling background. For
optimal search sensitivity, events are divided into several categories.
To take advantage of the superior muon momentum measurement

in the central region, the two experiments subdivide events by the

pseudorapidity of the muons. To suppress the Drell-Yan background,

+ =
ATLAS requires p% > 15GeV while CMS separates them into

— mass

.
two p; # based categories. CMS further categorizes events by the
number and the topology of additional energetic jets in the event.

No excess in the Myt = spectrum is observed near 125 GeV. From

an analysis of 21fb~! data at 8 TeV, ATLAS sets [149] a 95% CL
upper limit on the signal strength p < 9.8. The CMS analysis [150] of
their 7 and 8 TeV data sets a limit of pu < 7.4.

II1.7.3. Rare modes outlook

Rare decays such as those described in the above sections
are clearly limited by statistics. They however already deliver a
remarkable message. If the coupling of the Higgs boson was as strong
in the dimuon channel as it is for the top quark, this mode would have
been observed already with large significance. Thus it leads to the
conclusion that, contrary to gauge bosons, the observed Higgs boson
couples in a non-universal way to the different families of the SM
fermions.

These searches play an increasingly important role in the
characterization of the couplings of the Higgs particle. New channels
such as those related to charm decays [151] and exclusive quarkonia
final states such as J/W~y [152] are also of great interest.

II1.8. Non-standard decay channels

The main decay and production properties of H are consistent
with a standard model Higgs boson. It may however have other decay
channels beyond those predicted by the Standard Model. Among these
and of great interest are those invisible decays into stable particles
that do not interact with the detector. The other non-standard decay
channels that have been investigated are the decays of the Higgs
particle to hidden valley or dark particles.

II1.8.1. Invisible Higgs boson decays

The discovery of the Higgs particle has immediately raised the
question of its couplings to dark matter and how it could be used to
further try to reveal its existence at colliders, using the Higgs boson
as a portal to dark matter, see Ref. [153] and references therein.
If kinematically accessible and with a sufficiently large coupling to
the Higgs boson, dark matter particles, such as, e.g., neutralinos in
SUSY models or heavy neutrinos in the context of fourth generation
of fermions models, would manifest themselves as invisible decays of
the Higgs boson, thus strongly motivating searches for invisible decays
of the Higgs boson.

Searches for invisible decays of the Higgs particle have been carried
out in the following channels, taking advantage of the VBF and
associated production with a vector boson signatures: (i) the search
for high transverse momentum mono-vector boson production by the
ALTAS collaboration [154] using fat-jet substructure techniques; (ii)
the associated production with a vector boson subsequently decaying
either to a pair of leptons by the ATLAS [155] and the CMS [156]
collaborations or a pair of b-quarks by CMS [157]; (iii) in the VBF
production process by the CMS experiment [158]. An independent
reinterpretation of the monojet search results by the ATLAS and
CMS collaborations was also done in Ref. [153]. The results of these
searches are reported in Table 11.6.

A combination of the VH and VBF channels by the CMS
collaboration yields an upper limit on the invisible branching fraction
of the Higgs boson, assuming SM production cross sections, of 54% at
the 95% CL, while the expected sensitivity is 46% at 95% CL [156].
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Table 11.6: Summary of the results of searches for invisible

decays of the Higgs particle H. Results can be interpreted in

terms of 95% CL limit on the invisible branching fraction for

a Standard Model production cross section or as the ratio of

the product of the ZH production cross section times the Higgs
invisible branching fraction its SM expectation. The results in
parentheses are the expected exclusions.

ATLAS CMS
W, Z — fatjet, H — inv. 1.6 (2.2)
Z — 0T0, H — inv. 65% (84%)  75% (91%)
Z — bb, H — inv. - 1.8 (2.0)
VBF H — inv. - 69% (53%)

II1.8.2. Ezotic Higgs boson decays

The discovered Higgs particle not only serves as a probe for
potential dark matter candidates, but also to search for other exotic
particles arising from fields associated with a low-mass hidden sector.
Such hidden sectors are composed of fields that are singlets under
the SM group SU(3) x SU(2) x U(1). These models are referred to
as hidden valley models [159,160].  Since a light Higgs boson is a
particle with a narrow width, even modest couplings to new states
can give rise to a significant modification of Higgs phenomenology
through exotic decays. Simple hidden valley models exist in which the
Higgs boson decays to an invisible fundamental particle, which has
a long lifetime to decay back to SM particles through small mixings
with the SM Higgs boson; Ref. [160] describes an example. The Higgs
boson may also decay to a pair of hidden valley “v-quarks,” which
subsequently hadronize in the hidden sector, forming “v-mesons.”
These mesons often prefer to decay to the heaviest state kinematically
available, so that a possible signature is h — 4b. Some of the v-mesons
may be stable, implying a mixed missing energy plus heavy flavor final
state. In other cases, the v-mesons may decay to leptons, implying
the presence of low mass lepton resonances in high Hp events [161].
Other scenarios have been studied [162] in which Higgs bosons decay
predominantly into light hidden sector particles, either directly, or
through light SUSY states, and with subsequent cascades that increase
the multiplicity of hidden sector particles. In such scenarios, the
high multiplicity hidden sector particles, after decaying back into
the Standard Model, appear in the detector as clusters of collimated
leptons known as lepton jets.

A variety of models have been investigated searching for final
states involving dark photons and hidden valley scalars. The resulting
topologies searched for are prompt electron jets in the W H production
process [163], displaced muonic jets [164], the four muons final state
where and the search for long lived weakly interacting particles [165].
The latter occur not only in hidden valley scenarios, but also in
gauge-mediated extensions of the Minimal Supersymmetric Standard
Model (MSSM), the MSSM with R-parity violation, and inelastic dark
matter [166]. Finally the CMS collaboration has performed a search
for pair production of light bosons [167]. Such a scenario can occur
in supersymmetric models with additional hidden (or dark) valleys.

IV. Properties and nature of the new bosonic resonance

As discussed in Section II, within the SM, all the Higgs couplings
are fixed unambiguously once all the particle masses are known.
Any deviation in the measurement of the couplings of the recently
discovered Higgs boson could thus signal the presence of new physics
beyond the Standard Model.

Measuring the Higgs couplings without relying on the SM
assumption requires a general framework treating deviations from
the SM coherently at the quantum level in order to provide
theoretical predictions for relevant observables to be confronted with
experimental data. The effective Lagrangian approach offers such
a coherent framework. It assumes that the new physics degrees of
freedom are sufficiently heavy to be integrated out and simply give rise
to effective interactions among the light SM particles. By construction
these effective Lagrangians cannot account for deviations in Higgs

physics induced by light degrees of freedom, unless they are added
themselves as extra fields in the effective Lagrangians. In Section V,
several examples of models with light degrees of freedom affecting
Higgs production and decay rates will be presented.

IV.1. Theoretical framework

IV.1.1. Effective Lagrangian formalism

The most general SU(3)- x SU(2);, x U(1)y-invariant Lagrangian
for a weak doublet ® at the level of dimension-6 operators was first
classified in a systematic way in Ref. [168]. Subsequent analyses
pointed out the presence of redundant operators, and a minimal and
complete list of operators was finally provided in Ref. [169]. For a
single family of fermions, there are 59 independent ways to deform the
SM. With the 3 families of fermions of the SM, a flavor index can be
added to these 59 operators. Furthermore, new operator structures,
that have been dismissed by means of Fierz transformations in the
single family case, have to be considered. Of particular interest are
the 18 CP-invariant® and the 4 CP-breaking” deformation-directions,
in addition to 8 dipole operators, that affect, at tree-level, the Higgs
production and decay rates [170,171,172].

A convenient basis of these operators relevant for Higgs physics,
assuming that the Higgs is a CP-even weak doublet and the baryon
and lepton numbers are conserved, is the following:

l::llgj\/[JrZEiOi, (11.13)

2

where the operators are listed in Table 11.7, Table 11.8 and Table 11.9.
When the operator O; is not hermitian, like Oy, 7 f4 and the dipole
operators, it is understood that the hermitian-conjugated operator is
added to the Lagrangian. The factor multiplying each operator in the
effective Lagrangian has been conveniently defined such that the new
physics dependence is fully encoded in the dimensionless coefficients
¢; which will all have to be smaller than 1 to ensure the consistency
of the expansion in terms of higher dimensional operators. The SM

gauge couplings are denoted by ¢, g, gg while Yt,b,r are the SM Yukawa
couplings (in the mass eigenstate basis that diagonalizes the general
Yukawa coupling matrices Yy, 4;), A is the SM Higgs quartic coupling
and v denotes the weak scale defined through the Fermi constant

at tree-level v = 1/(vV2Gp)Y/2 ~ 246.2 GeV. i®T DI denotes the
Hermitian derivative i®t(DF®) — i(DF®)T®, and o/ = i[y#,4¥]/2
and @€ is the Higgs charge-conjugate doublet: ®¢ = ig2®*. Each
operator Oy r is further assumed to be flavor-aligned with the
corresponding fermion mass term, as required in order to avoid large
Flavor-Changing Neutral Currents (FCNC) mediated by the tree-level
exchange of the Higgs boson. This implies one coefficient for the
up-type quarks (¢;), one for down-type quarks (&), and one for the
charged leptons (¢r), i.e. the ¢ , matrices should be proportional
to the identity matrix in flavor space. Requiring that the only source
of flavor violation in the new physics sector are proportional to
the SM Yukawa interactions, the so-called minimal flavor violation
assumption, imposes the presence of the y,yg factor in the Oy
operator,and the Yukawa dependence in the 8 dipole operators, while
all the other operators are flavor universal up to corrections like YuYJ
or YdY; .

The choice of the basis of operators is not unique and using
the equations of motion, i.e., performing field redefinitions, different
dimension-6 operators can be obtained as linear combinations of the
operators in the previous tables and of four-fermion operators. In

6 When the 3 fermion families are considered, there is a nineteenth
operator involving different families of leptons, (Liy#o® L) (LiyH o L),
that alters the Fermi constant and hence indirectly affects the predic-
tions of the Higgs rates. The coefficient of this operator is actually
constrained by the fit of EW precision data and thus cannot give any
observable deviation in Higgs physics.

7 In this counting, non-hermitian operators with fermions that could
have complex Wilson coefficients and would also break the CP-invariance
are not included.
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Table 11.7: List of 9 CP-even and 4 CP-odd bosonic
operators affecting Higgs production and decay rates. The
4 CP-odd operators involve the dual field strengths defined
as FMV = 1/2€upoc FP7 for F = W,B,G (e is the totally
antisymmetric tensor normalized to €pioz = 1). See text for
notations.

Operators involving bosons only
2

O =1/(20?) (a#(qﬁ@))
Or = 1/(2v%) (e Dra)?

3
06 = —\/(v?) (cpfcp)
Op = (zg )/ (2m3,) (2 D”(I)) (0¥ Buw)
Ow = (ig)/(2m¥,) (@10’ D“@)(D"Ww)
Onp = (ig')/myy (D*®)1(D"®) By,
Opw = (ig)/m¥, (DF®)To' (DY @)W},
Opp = ¢%/m%, &'® B, B
Oca = g%/my, o10 G4, GAw
Oy = (ig')/my, (DF@)T(DV®) By,
Oyw = (ig)/'m,%,v (D“’@)Tai(D”<I>)WﬁV
Opp = 9"%/m¥, ®1® By, BH
Ope = 9%/my, @10 G, GAw

Table 11.8: List of 9 operators with bosons and fermions
affecting Higgs production and decay rates. See text for
notations.

Ops. involving bosons and fermions

O = yi/v* (219) (71,9t )

Oy = yp/v* (@T®) (31, PbR)

Or = y-/v* (®10) (L B7R)

Opq = i/v* (v qr) ((I)TBM(I))

OS; = i/v2 (qL'y“JiqL) (q)TUiBMq))
=i/v? (Gpy"uR) (@TBHQ)

Opa = i/v? (Apytdg) (07D, ®)

Otya = i yuya/v? (igy*dR) (‘I’CTBMI’)

O =i/v? (Ipyhig) (®1D,0)

Table 11.9: List of 8 dipoles operators. See text for notations.

Ops. involving bosons and fermions

Ou = (¢ yu)/m¥, (qLO0* ug) By
Ouw = (9yu)/miy (qLo’®o ug) Wi,
Ouc = (g5 yu) /M3y (qL 20"t up) Gi, R
Oup = (9 ya)/m¥, (qLP0"dR) By

Oaw = (gya)/m3y (qro' @t dg) W,
Ouc = (95 ya)/m¥y (@0 t4dR) G4,
O = (' ) /my (LL®o" 1) By

Ow = (gw)/miy (Lo ®otig) Wi,

particular, two other standard bases [173,169] involve the two extra
bosonic operators

(I)Tq) WL WL pv

OWW =
TTLW

1
:OW*OBWLOHB*OHWJFEOBB (11.14)

— 1 1 LV
Owp = 5 2lo'@Wi,Bl

1
:OB*OHB*EOBB‘
W

IV.1.2. Constraints on Higgs physics from other measure-
ments

Among the 30 operators affecting Higgs physics, some of them were
already severely constrained before the Higgs discovery and result
in deviations of the Higgs couplings that remain below the LHC
sensitivity. This is obviously the case of the operators giving rise to
some oblique corrections

Aer=Ap=AT =c¢p, Aes=AS=cy +ep. (11.15)

Electroweak precision data from LEP-I physics at the Z-pole constrain
these oblique parameters and restrict the deviations of the couplings
of the Z to er,ur,upR,dr, and dg, leaving the following intervals for
the values of the Wilson coefficients with 95% probability [171,174]

—15x 1073 < op <2.2%x1073,
—14x1073 <Gy 4+ <1.9x 1073,
—5x 1073 < e <0x 1073,
~1x10~

-8 x 107

—53 x 10~

S <epgg<2x1078, (11.16)

3 <y <0x1073,
<EHd<1X10 3,

-3 _ (3 -3
—Tx 1077 <¢pp, <4x 1077,

Two other linear combinations of the operators are constrained by the
bounds on the anomalous triple gauge boson self-couplings [174]

—8.8x 1072 <cw —Cp+cgw —cgp <13.2x 10_2, (11.17)
—22x 1072 < égw +égp < 1.9 x 1072, ’

Notice, that there is one linear combination of the four bosonic
operators Opg, Oy, Ogp and Oy that remains unconstrained. This
direction, ¢g = —¢y = —C¢yp = CHw, induces a deviation of the
H — Z~ decay rate that can thus only be constrained directly from
the Higgs data. This free direction is a simple linear combination of
Oww and Opp.

The minimal flavor violation assumption imposes Yukawa depen-
dences in the 8 dipole operators and in the Oy, 4 operator. For the
light generations of fermions, this dependence lowers the induced
deviations in the Higgs rates below the experimental sensitivity
reachable in any foreseeable future. The corresponding operators in
the top sector are not suppressed but they are already constrained by
the limit of the top dipole operators imposed by the bounds on the
neutron electric dipole moment, on the b — sy and b — s¢T¢~ rates
and on the t¢ cross section [175,171].

Finally, in the CP-even sector, only 8 operators can potentially
induce sizable deviations of the Higgs rates and can only be
constrained, at tree-level, by Higgs data. These 8 operators correspond
to {On, 06,088, Oca, Oww, O, Op, Oz}, where by Oy is the
linear combination defined in Eq. (11.14). Section IV.2 illustrates how
the Higgs data accumulated at the LHC can (partially) constrain the
Wilson coefficients of these 8 directions. Automatic tools [171,176] are
being developed to analyze the experimental data within an effective
field theory framework.

1V.2. Ezxperimental results

IV.2.1. Introduction

As described in Section II, there are five main production modes
of a Standard Model Higgs boson at the LHC. In the current dataset
corresponding to an integrated luminosity of approximately 20 fb~1 of
pp collisions at 8 TeV, and approximately 5 fb~! of collisions at 7 TeV,
the predicted numbers of SM Higgs bosons produced per experiment
are 0.5 million, 40,000, 20,000 and 3,000 events produced in the gluon
fusion, vector boson fusion, the associated WH or ZH, and the
associated tH production modes respectively. The typical number
of events selected eventually in each decay channel is then much
smaller ranging from O(10) to O(100) events per experiment. For
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each main decay mode, exclusive categories according to production
modes have been designed to maximize the sensitivity of the analyses
to the presence of a signal and using known discriminating features
of these modes. These categories can also be used to further separate
production modes for each decay channel. Similarly at the Tevatron
where the CDF and D@ experiments have gathered approximately
10 b1 of data at 1.96 TeV, the predicted numbers of SM Higgs boson
events produced per experiment are approximately 10000 and 2000
events in the gluon fusion and VH associated production, respectively.

At the LHC or the Tevatron, in none of the production modes is
the total cross section measurable. As a consequence, neither absolute
branching fractions nor the total natural width of the Higgs boson
can be directly measured. However a combined measurement of the
large variety of categories described in Section III, with different
sensitivities to various production and decay modes permits a wide
variety of measurements of the production, decay or in general
coupling properties. These measurements require in general a limited
but nevertheless restrictive number of assumptions.

include the bb [178] and 77~ channels [179]. The results of these

two individual channels are nonetheless reported in Table 11.10. It

should also be noted that the CMS combination includes the search

for a Higgs boson in the bb decay channel and produced in association
to a pair of top quarks [180].

From the categories individual signal strengths, an already quite
coherent picture emerges with a good consistency of the observation
in each of the channels categories with the expectation for a Standard
Model Higgs boson. The errors on the measurements reported in
Table 11.10 reflect both statistical and systematic uncertainties.

IV.2.3. Characterization of the main production modes

Coupling properties can be measured via a combined fit of all
categories simultaneously with a parametrization of the number of
signal events per categories defined as follows.

n’gignn.l = (Z/"i”i,SM X A?f X E;Zf) X pyp X Bpgy x L,

K3

(11.19)

Table 11.10: Summary of the individual categories signal strengths for the
main analysis channels of ATLAS (A) and CMS (C). It should be noted
that the expected number of SM signal events in each category is typically
composed of various production modes. * denotes those results which are are
not in the combination. i denotes the H — 777~ ATLAS analysis which is
the only measurement not based on the full dataset, but the full 2011 7 TeV
dataset and a partial 2012 8 TeV set of pp collision events, corresponding to
an integrated luminosity of approximately 13 fb~1.

Yy 77 (4¢) WW (lvlv) T bb
Untagged ~ 0.740.3 (C) 16702 (A) — — —
Low ptT L6105 (A) — — — —
High ptT L7 (A) — — — —
0/1-jet tag 09£03(C) 0.827033 (A)

— —  074£02(C) 08406 (C) —

VBF tag 1908 (A) 12705 (A) 14707 (A) —
LOTG5 (©) 12506 (0) 06505 (0) 1435 () 13TRL(O)
VH tag 13712 (A) — 0.24£0.7 (A*)
0.6%77 (C) S (S B XU A (¢ B P v R ()
ttH tag — — — — 01735 (0)
Overall 15403 (A) 14404 (A) 1.0£03(A) 07+07(A*) 02407 (A%
08403(C) 09+03(C) 07402(C) 1.1+£04(C) 11406 (C)

1V.2.2. Measuring the signal in categories

For each category of a given channel the number of signal events
yield can be measured and be converted to signal strengths per
categories p.. These categories signal strengths can be expressed as
follows in terms of the number of signal events fitted in a given
category c:

NSignal = 1e(D_ aisn X Afy x €§7) x Byga x £ (11.18)
i

where A represents the detector acceptance, € the reconstruction
efficiency and £ the integrated luminosity. p. can be interpreted as
the ratio of the number of signal events ngignal fitted in category
c divided by the expected number of events in that category. The
production index i € {ggH,VBF,VH,ttH} and the decay index
fe{yy, WW,ZZ,bb,77}. Typically a given category covers mainly
one decay mode, but possibly various production modes. Table 11.10
summarizes the individual categories signal strengths for the main
categories considered by the two experiments ATLAS [119] and
CMS [177] in their combined measurement of the coupling properties
of the H. It should be noted that the ATLAS combination does not

where p; and pp are the main parameters of interest. It is manifest
in the above equation that production mode (u;) and decay mode
(1) signal strengths cannot be determined simultaneously. However
given that in the main channels the decay mode strength parameters
factorize, for each decay mode individually, the products of the p; x ¢,
where f is fixed can be measured simultaneously. The results of such
fits in the H — vy, H — WEWE = vty and H — 23 z2(0) - 40
channels are shown in Fig. 11.17, illustrating a probe of the main
production modes, where the small t£H mode component is assumed to
scale as the gluon fusion mode (ggritHr = HggH = fetpr)- Similarly
the VBF and VH production modes are scaled simultaneously
(v BF+vH = pvBF = kv ). The SM expectation correspond to the
(1,1) coordinates. The aspect ratio of the contours of Fig. 11.17 also
shows the relative strength of the gluon fusion and the VBF+VH the
observations for each individual channel.

1V.2.4. Evidence for VBF production

To cancel the dependence on the branching fractions, a measure of
the presence of a VBF or VBF+VH signal is given by the ratio of the
productions times decay signal strength parameters.
HVBF+VHIf _ KVBF+VH
HggP+ttHIf PggF+ttH

PVBF+VH,ggH+ttH = (11.20)
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Figure 11.17: Likelihood contours for individual production
mode signal strengths (ggF +ttH versus VBF 4+ V H) for various
decay modes for the ATLAS experiment Al [119] and the CMS
experiment C1 [120] results.

For the VBF-only ratio pyppggr#tH, the VH production mode
is independently determined from the fit, thus needing at least one
exclusive category to be sensitive enough to VH in order to remove
the degeneracy with the VBF signal. The measured values of these
parameters by the ATLAS (A) and CMS (C) experiments are the

following:

4
pVBFggH+ur = 11703 (A)

1+0.4

PVBF+VH ggH+itH = 117573 (A) (11.21)

+0.7
PVBF+VH ggH+ttH = 1.7 g5 (C)

The observation by ATLAS excludes a value of the py pr gg 41t =
0 at more than 3o, thus providing a quantitative evidence for VBF
production. The observations by ATLAS and CMS exclude a value of
PVBF+VH,ggH+ttH = 0 at an even greater level of confidence.

IV.2.5. Measurement of the coupling properties of H

(i) From effective Lagrangians to Higgs observables

All 8 operators of the effective Lagrangian Eq. (11.13) that were
unconstrained before the Higgs data induce, at tree-level, deviations

Table 11.11: Correspondence between the x’s and the Wilson
coefficients of the dimension-6 operators of the Higgs EFT
Lagrangian constrained only by Higgs physics.

Coupling modifier Wilson coefficient dependence

K3 1+ ¢ —3cy/2
Ry 1—¢p/2
Kf 1-— Cf— crr/2
Ky (27 /) sin? Ow (4¢gp + cww)
HZ'y (71'/0[) sin 29W EWW
Kyv (m/e) eww
Kg (487 /) sin? By cac

in the Higgs couplings that respect the Lorentz structure of the SM
interactions, or generate simple new interactions of the Higgs boson
to the W and Z field strengths, or induce some contact interactions
of the Higgs boson to photons (and to a photon and a Z boson) and
gluons that take the form of the ones that are generated by integrating
out the top quark. In other words, the Higgs couplings are described,
in the unitary gauge, by the following effective Lagrangian [181,38]

2 2 2

m m 2m
L=r3—=LH? 4 ky—2£2,7"H + sy —L W W FH

2v v v

Qg « «
+ hg o Gl G H o+ oy Ay A H + gy A M H

«
+ Yy 5 (0052 O Zyw ZM + 2 WJVW—W) H

myg my mg —
—\me Y Lsrem X Lifene Y Lir)m
f=u,ct f=d,s,b f=e,n,T
(11.22)
The correspondence between the Wilson coefficients of the dimension-6
operators and the x’s is given in Table 11.11. In the SM, the Higgs
boson does not couple to massless gauge bosons at tree level, hence
kg = Ky = Kz = 0. Nonetheless, the contact operators are generated
radiatively by SM particles loops. In particular, the top quark
gives a contribution to the 3 coefficients rg, kv, iz, that does not
decouple in the infinite top mass limit. For instance, in that limit
Ky = kg = 1 [19,20,182] (the contribution of the top quark to kz.,
can be found in Ref. [182]).

The coefficient for the contact interactions of the Higgs boson to

the W and Z field strengths is not independent but obeys the relation
(1 — cos? Oy )y = sin 20wk gz + sin? O Ky - (11.23)

This relation is a general consequence of the custodial symmetry [171].
When the Higgs boson is part of an SU(2);, doublet, the custodial
symmetry could only be broken by the Op operator at the level
of dimension-6 operators and it is accidentally realized among
the interactions with four derivatives, like the contact interactions
considered.

The coefficient 3 can be accessed only through double Higgs
production processes, hence it will remain largely unconstrained at the
LHC. The LHC will also have a limited sensitivity on the coefficient
K+ since the lepton contribution to the Higgs production cross section
remains subdominant and the only way to access the Higgs coupling
is via the H — 777~ and possibly H — ptpu~ channels. Until the
associated production of a Higgs with a pair of top quarks is observed,
the Higgs coupling to the top quark is only probed indirectly via
the one-loop gluon fusion production or the radiative decay into two
photons. However, these two processes are only sensitive to the two
combinations (k¢ + Kg) and (k¢ + k) and a deviation in the Higgs
coupling to the top quark can in principle always be masked by new
contact interactions to photons and gluons.

The operators already bounded by EW precision data and the limits
on anomalous gauge couplings modify in general the Lorentz structure
of the Higgs couplings and hence induce some modifications of the
kinematical differential distributions [183,174]. A promising way to
have a direct access to the Wilson coefficients of these operators in
Higgs physics is to study the V H associated production with a W or
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a Z at large invariant mass [183,184]. It has not been estimated yet
whether the sensitivity on the determination of the Wilson coefficients
in these measurements can compete with the one derived for the
study of anomalous gauge couplings. In any case, these differential
distributions could also be a way to directly test the hypothesis
that the Higgs boson belongs to a SU(2)7, doublet together with the
longitudinal components of the massive electroweak gauge bosons.

(ii) Interpretations of the experimental data

To further interpret the observations in the analysis categories, a
global approach can be adopted where the y1; and py categories signal
strength parameters are further interpreted in terms of modifiers of
the SM couplings kj where k € {Z, W, f,g,7v,Z~} as in Eq. (11.22).
These coupling modifiers x are motivated as leading order coupling
scale factors defined such that the cross sections o; and the partial
decay widths I'; associated with the SM particle j scale with the
factor k2 when compared to the corresponding SM prediction. The
number of signal events per category for the various production modes
are typically estimated at higher orders in the analyses but are scaled
by these single LO-inspired factors, thus not taking into account
possible intricacies and correlations of these parameters through the
higher order corrections. This approximation is valid within the level
of precision of current results and their compatibility with the SM
expectation.

The kg, ky and Kz,, can be treated effectively as free parameters
in the fit or in terms of the know SM field content and as a function
of the SM coupling modifiers, in the following way:

kg (ke kp) = 1.06 - k7 — 0.07 - gk + 0.01 -

K2(kp, ky) = 1.59 kY — 0.66 - Ky kp +0.07 - k% (11.24)

FLZZ,Y(RF, k) =112 k% =015 kykp + 0.03 - k%

These parametrizations are given for a Higgs boson mass hypothesis
of 125 GeV. It can be noted from the expression of x that the coupling
of the Higgs boson to photons is dominated by the loop of W bosons,
and it is affected by the top quark loop mostly through its interference
with the W loop. The sensitivity of the current measurements to the
relative sign of the fermion and vector boson couplings to the Higgs
boson is due to this large negative interference term. The xg parameter
is expressed in terms of the scaling of production cross sections and
therefore also depends on the pp collisions centre-of-mass energy.
The parametrizations of x and Kz, are obtained from the scaling
of partial widths and are only dependent on the Higgs boson mass
hypothesis. Experiments use a more complete parametrization with
the contributions from the b-quarks, 7-leptons in the loop [181,38].

The global fit is then performed expressing the y; and u ¢ parameters
in terms of a limited number of k; parameters or their ratios, under
various assumptions. The parametrization for the production modes
are: fggp = 53 for the gluon fusion; pypryvy = »@%/ for the VBF
and VH processes when the W and Z couplings are assumed to scale
equally, and the following expression for the VBF production mode is
used: ) )

Ky OWWH + K;0722H
OWWH T 0ZZH
when the couplings to the W and Z bosons are varied independently

(owwn and ozzg denote the VBF cross sections via the fusion
of a W and a Z boson respectively, the small interference term
is neglected); ppp = /{? for the ¢tH production mode. The decay
mode signal strengths are parametrized as p, = H%//{%I where
ke {Z,W,f g,7 Zv} denotes the decay mode and kg the overall
modifier of the total width. Similarly to g, kv, and Kz, kg can be
treated as an effective parameter or expressed in terms of the coupling
modifiers to the SM field content.

Beyond this approximation two further assumptions are implicitly
made: (i) the signals observed in the different search channels originate
from a single narrow resonance with a mass of 125GeV. The width
of the assumed Higgs boson is neglected, both in the fitted signal
model (for both approaches) and in the zero-width approximation (in
the second case to allow the decomposition of signal yields); (ii) the
tensor structure of the couplings is assumed to be the same as that of

K pp(kw, hiz) = (11.25)

a SM Higgs boson. This means in particular that the observed state
is assumed to be a CP-even scalar as in the SM.

A global fit to the data is then performed to specifically test
three aspects of the coupling properties of the H under different
assumptions: (i) the relative couplings of the Higgs boson to fermions
and bosons; (ii) the relative couplings of the Higgs boson to the W and
the Z, and (iii) the potential impact of the presence of new particles
beyond the SM either in the loops or both in the loops and the decay
of the H.

(#ii) Relative couplings to bosons and fermions

In this benchmark only SM particles are assumed to contribute
to the gluon fusion and the diphoton loops, all fermion couplings
modifiers are required to scale simultaneously with a unique factor kg
and all vector boson couplings modifiers must scale simultaneously
with a unique factor ky . The global fit is then performed under both
the assumption that no new particles affect the direct decays or the
loops, and without assumptions on the total width.

In the first scenario it is a two parameters fit with xy and kp as
parameters of interest. The contours from the two LHC experiments
and the Tevatron combination are shown in Fig. 11.18.
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Figure 11.18: Likelihood contours of the global fit in the
(K, ky) plane for the ATLAS A1l [119], the CMS C1 [120] and
the DO and CDF combined T1 [108] results.

The global fit is only sensitive to the relative sign of Ky and kp.
By convention negative values of kp are considered. Such values are
not excluded a priori, but would imply the existence of new physics
at a light scale and would also raise questions about the stability of
such a vacuum [185]. Among the five low mass Higgs channels, only
the 77 is sensitive to the sign of kg through the interference of the W
and t loops as shown in Eq. (11.24). The current global fit disfavors a
negative value of kK at more than two standard deviations. A specific
analysis for the Higgs boson production in association with a single
top quark has been proposed [186,187] in order to more directly probe
the sign of kp. All available experimental data show a fair agreement
of the SM prediction of the couplings of the Higgs boson to fermions
and gauge bosons. These results yield an indirect evidence for the
coupling of the H to fermions.

In the second scenario the number of signal events per categories
are parametrized using the two following parameters Apy = kp /Ky
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and \yy = ﬁ%/ /K where no assumption is made on the total width.
It should be noted that this scenario corresponds to a model where
the total width can vary but the field content that might modify the
width should not sizably affect the loops.

The results for these two scenarios are reported in Table 11.12.

(iv) Probing the ratio of couplings to the W and Z bosons

The ratio of the couplings of the Higgs boson to W and Z bosons is
an important probe of the EWSB mechanism as it is directly related
to the tree level prediction p = 1 and the custodial symmetry. The W
to Z couplings are probed in various production processes and decay
modes of the Higgs boson. The ratio Ay z = kyy /rz can therefore be
probed under a large number of conditions.

The first requires that all fermion couplings scale with a single
coupling modifier kp and the total width is allowed to vary, embedded
in a single factor kzz. Both the ATLAS and CMS experiments have
performed the a global fit using this model. Similarly to the Apy
ratio, no assumption is made on the total width but the loops assume
exclusively a SM content.

In order to be less dependent on loops, which in the case of the
diphoton decay channel are dominated by the coupling to the W
boson, and to the yet to be fully established coupling to fermions,
since the main channels in the direct fermion decay channels rely on
production processes dominated by gauge boson couplings (VH and
VBF), additional models are used. In the first, performed by CMS only
and denoted Ay, in Table 11.12, only the H — WOWE ey
and H — Z(*)Z(*) — 4¢ channels are used in the fit. The second,
similar to the latter and performed by the ATLAS collaboration only,
consists in a fit of the ratio of categories signal strengths:

(A z)? = B2 (11.26)
KH—Z7*
The other parameters of this model are the pggpi1n X pH— 22+
and the ratio uy pr4vH/lggF+¢tm Which are fitted independently.

In the third, performed by ATLAS, the coupling to photons is taken
as effective in the fit, thus decoupling the observation in the diphoton

. I
channel. The latter is denoted Ay, .

The results of all models are reported in Table 11.12. For all
models probed the measured ratios Ay z are compatible with the SM
expectation. Although these measurements are not the most precise
tests of the custodial symmetry it is of fundamental check of the
nature of the electroweak symmetry breaking mechanism to see that
the ratio of the couplings of the H to the W and Z bosons are
compatible with what is expected from the SM Higgs sector.

(v) Probing new physics in loops and in the decay

In the models described above the assumption is that no new
fields sizably distort the loop contributions in the couplings of the H
to gluons and photons and its couplings to known SM particles are
probed. Assuming that the couplings of the H are equal to their SM
expectation, the effective coupling of the H to photons and gluons
can be used to probe new physics beyond the SM through the loops.
These assumptions can be simply expressed as kg = Ky = 1 and the
kg and k- couplings modifiers are free in the fit. A first approach
is to probe for new physics beyond the SM in the loops and not in
the decay. The total width is then defined as a function of the two
effective coupling modifiers (for a Higgs boson mass hypothesis of
mp = 125GeV) as follows.

K3 = 0.085 - k2 +0.0023 - k2 + 0.91. (11.27)
The results of the combined fits performed by the ATLAS and CMS
experiments are given in Table 11.12 and the contours of the combined
likelihood in the (£, kg) plane are shown in Fig. 11.19.

In the second approach, new physics is considered also in the decay
thus affecting the total width of the H through decays to particles
which are either “invisible” in that they escape detection in the
experiments, or “undetected” in that they are not distinctive enough
to be seen in the current analyses. This contribution is parametrized
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Figure 11.19: Likelihood contours of the global fit in the
(Kg, finy) plane for the ATLAS experiment Al [119] and the CMS
experiment C1 [120] results.

Table 11.12: Summary of the coupling properties measurements
in terms of 68% confidence intervals. The ATLAS limit on the
invisible or undetected branching fraction denoted by (*) is from
the preliminary combination reported in Ref. [116].

ATLAS CMS

KR [0.76,1.18] [0.71,1.11]
Ky [1.05,1.22] [0.81,0.97]
AFy [0.70,1.01] -
Awz [0.67,0.97] [0.73,1.00]
Wz - [0.75,1.13]
Wz [0.66,0.97] -
)‘%VZ [0.61,1.04] -
Kg [0.90, 1.18] [0.73,0.94]
Koy [1.05,1.35] [0.79,1.14]
BRinpuna < 60%" at 95% CL < 64% at 95% CL
Ky - [0.84,1.23]
Kb - [0.61, 1.69]
Kr - [0.82,1.45]
Kt - [0.00, 2.03]
Kg - [0.65,1.15]
Ky - [0.77,1.27]

as an invisible and undetected branching fraction Bri,, ung Which is
fitted in addition to the x- and sy parameters. The ATLAS result on
Briny,und is from the preliminary combination including the fermion
modes [116]. The results of this fit are also reported in Table 11.12.
This indirect approach, can be combined with direct invisible decay
searches.
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(vi) Generic measurement of the H couplings to fermions and
gauge bosons

A more generic model testing the couplings of the H to the W
and Z bosons through a single coupling modifier parameter xy and
the couplings to the third generation fermions are tested separatedly
Kp, K+ and k¢. In this model the effective couplings to photons and
gluons take into account possible loop induced contributions in the k-
and kg modifiers, respectively. The assumption is that no additional
contribution affect the total width and that the couplings to the
fermions of the first and second generation are equal to those of the
third (separating charged leptons, and up and down type quarks).

The results of this global fit are reported in Table 11.12. It
illustrates the good agreement of the measured coupling modifiers
with the SM Higgs boson couplings, in particular with its dependence
in mass as described in Section II.

IV.2.6. Differential cross sections

To further characterize the production and decay properties of H,
first measurements of fiducial and differential cross sections have been
carried out by the ATLAS collaboration [188], with the 8 TeV dataset
of pp collision at LHC, corresponding to an integrated luminosity of
20.3 fb~1, in the diphoton channel. The selection criteria to define
the fiducial volume are the following: the two highest transverse
momentum (E7), isolated final state photons, within |5 < 2.37 and
with 105GeV < M,y < 160 GeV are selected (the transition region
between the barrel and endcap calorimeters is not removed); after the
pair is selected, the same cut on Ep /My, as in the event selection
i.e. in excess of 0.35 (0.25) for the two photons is applied. Several
observables have been studied: the transverse momentum rapidity
of the diphoton system, the production angle in the Collins—Soper
frame, the jet multiplicity, the jet veto fractions for a given jet
multiplicity, and the transverse momentum distribution of the leading
jet. The following additional observables: the difference in azimuthal
angle between the leading and the subleading jets, and the transverse
component of the vector sum of the momenta of the Higgs boson and
dijet system, have also been measured in two jet events. To minimize
the model dependence the differential cross sections are given within
a specific fiducial region of the two photons. The observables were
chosen to probe the production properties and the spin and parity of
the H. The differential cross section in H transverse momentum is
given in Fig. 11.20.
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Figure 11.20: Observed differential cross sections in transverse
momentum of the H in the diphoton channel, compared to the
prediction of the ggH process [188].

IV.3. Main quantum numbers Jre

The measurements of the signal event yields of the observed new
state in all the channels discussed above and their compatibility with

the Standard Model Higgs boson predictions, gives qualitative, but
nonetheless compelling evidence of its nature. This qualitative picture
is further complemented by the implications of the observation of
the particle in the diphoton channel. According to the Landau-Yang
theorem [189], the observation made in the diphoton channel excludes
the spin 1 hypothesis and restricts possibilities for the spin of the
observed particle to 0 or 2.

However, the Landau-Yang theorem does not apply if the observed
state is not decaying to a pair of photons but to a pair of scalars
subsequently decaying to two very collimated pairs of photons (as
for example in the case of H — aja; — 4v). This possibility has
not been rigorously tested but it is not experimentally favored as
tight selection criteria are applied on the electromagnetic shower
shapes of the reconstructed photons. A more systematic analysis of
shower shapes and the fraction of conversions could be performed to
further discriminate between the single prompt photon and the two
overlapping photons hypotheses. There are also potential theoretical
loopholes concerning the applicability of the Landau—Yang theorem,
such as off-shell vector boson decays.

For the observed particle not to be of spin 0 and +1 parity would
require an improbable conspiracy of effects. It is nevertheless very
important that this hypothesis be independently tested.

IV.3.1. Charge conjugation C

The charge conjugation quantum number is multiplicative,
therefore given that the Higgs-like particle is observed in the H — 7y
channel, and given that photons are C-odd eigenstates, assuming C
conservation, the observed neutral particle should be C-even.

IV.3.2. General framework

To further assess the spin and parity quantum numbers of the
discovered particle, a systematic analysis of its production and decay
processes is performed. These analyses have been designed to be
as independent as possible from the event yields measured in each
exclusive categories, relying instead on the production and the decay
angles, and on the threshold distributions, of the produced particle.

This leads to test hypotheses which are typically disfavored by the
analysis of the rates, such as a pseudoscalar particle decaying to a pair
of W or Z bosons which requires, decays through loops or to test spin
2 hypotheses for which no renormalizable model exist. The sizable
interaction of the observed state with electroweak gauge bosons, if
it were pseudoscalar, would imply low scale physics in the loops and
therefore would be ruled out by the absence of direct observation of
such states.

To define, generate and test the newly observed state without
theoretical prejudice, the most general tensor structure is used for the
three possible spin hypotheses of spin 0, spin 1 and spin 2. The most
general spin-0 interaction amplitude with two gauge bosons can be
written as follows [190,191]

A(O) :/Ufl (ggO)m%/ET‘fa +g§0)f;1</1)f*<2)’“”
(0) px(1), v +(2) o (0) p*(1) 7x(2) v (11.28)
+g37 fFOH fua 2t Fa) @ >’

where the € denotes the polarization vector of a spin 1 boson, ¢ the
momentum of the a vector boson, f(l)’“” = sﬁq;’ — sé’qf is the field

strength tensor of a gauge boson with momentum ¢; and polarization
€;, and A is the new physics mass scale. The gj<0> are dimensionless

and momentum dependent complex form factors.

The first term corresponds to the Standard Model case 07F where

£>¢"Hz7,2" (11.29)
The second (CP conserving if HY is 07) and fourth (CP violating)

terms correspond to 5 dimensional operator couplings through loops
of the type

(@

£ gV HZu 2" + ¢\ H 7, 21 (11.30)

The third term corresponds to a dimension-7 operator involving
new physics possibly appearing at a scale A.
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Table 11.13: Benchmark scenarios for the analysis of the
production and decay of the observed state with J¥ quantum
numbers. The subscripts refer to the specificities of the couplings
of the observed state, where m denotes minimal couplings
and h denotes couplings with higher dimension operators. For
each scenarios only the non vanishing coupling constants are
reported in this table. 0; denotes a scalar with higher orer (HO)
couplings.

Scenario Production Decay Scenario
0% 99 — X gio) =2 SM Higgs bosons
0?{ 99 — X géo) #0 HO scalar
0~ 99 — X 91(10) #0 PSeudo scalar
1+ qq — X g(l) #0 Pseudo vector
= qq — X g #0 Vector
25 952) #0 952) = yé2> #0 Graviton tensor MC
2; 94(12> #0 g(2) #0 Graviton tensor HD op.

2- g§§2> #0 gg(f) #0 Pseudo tensor

Analogously the most general spin 1 interaction amplitude with two
gauge bosons can be expressed as follows

1 * * 1 ENTRE N7
AW = 4 {(61(1)(625)() + g enpuekertestd®  (11.31)

Finally the general spin 2 case can be expressed as follows [190]
A(?) 1 |:29(2) f*l,;wzf*Q,l/a + 2!]é2)t/w 4a9p f*l,uaf*Q k763

2 * * * *
()QA% ,@I/(f l’ﬂufu§¢+f 2’#wa%¢)

+ 4(12) qu t/u/f*l O(ﬁf*2 + 29( )mvtwg*%;y

+2gé >’”V 12 t/w(51 5 —ej%3Y) + g)mv 12 thlEQ

+9

@ "'q

A2 t/wf*l aﬁf*Q + gé )t;m/q f;u}pmfl 52 q

+93

pCL

910 A2 ful/[)aq q ( (q6§)+8§y(q5){))

(11.32)
where ¢,,, is a symmetric traceless tensor, transverse to the momentum
of the spin 2 state t,,¢” =0 [190]. As in the general spin 0 case

g§]>’(2) are dimensionless and momentum dependent complex form
factors are effective and dimensionless. Similar amplitudes are derived
in the case of fermion couplings, as reported in Ref. [36]. Studies of
the spin and CP properties of the discovered state can either use an
effective Lagrangian approach or generic scattering amplitudes. The
two are equivalent at leading order. However the effective Lagrangian
is typically used to generate specific hypotheses and the scattering
amplitudes are used in analyses.

The JHU generator [190,192] has been used to define benchmark
scenarios for exotic hypotheses of the nature of the observed state
according to the general couplings of the observed new particle to
gluons and quarks in production and to vector bosons in decay and
includes all spin correlations and interferences of all contributing
amplitudes. The models which have been investigated by experiments
are reported in Table 11.13. It should be noted that while the 0;, has
a very detailed simulation at NLO in QCD, the alternative hypotheses
do not.

The 2} scenario is investigated in different production modes
according to the fraction of gg versus gg initiated processes. Results
were derived by experiments for various fractions. These results will
be reported for the two extreme cases where the observed state is fully
produced in one or the other processes and will be denoted 22{9 and
24

IV.3.3. Statistical procedure

Discriminant distributions are used to define the likelihood functions
for a given J P hypothesis and the background £ ;p. The test statistic
used to probe a given model is defined as ¢ = —2InL;p/Ly+.
This test statistic is kept as independent as possible independent of
the measured signal strength, which is left as a free parameter. To
measure the compatibility of the observation with one or the other
hypotheses, distributions of this test statistic are derived under a
signal J* and under the 0, hypotheses. It is important to note that
to generate these distributions the number of signal events used is the
number of signal events fitted on the data under the given hypothesis.
Consequently the number of signal events generated under a given null
hypothesis can be different from that of the alternative hypothesis.
For the 0}, hypothesis in some cases the SM signal normalization
has been used. The two numbers characterizing the observation are:
(i) the compatibility with the 0}, hypothesis and (ii) the level of
confidence of the exclusion of the hypothesis J-. An example of
distributions is illustrated in Fig. 11.22.

To quantify the compatibility of an observation with test
statistic gops with the 0, hypothesis the cumulative probability
Pyt = P(q > qups|0;f;) is used. A perfect compatibility is obtained for
a Py+ value close to 50%. For a given analysis the observed Pyt can
change depending on which alternative hypothesis is tested.

To quantify the exclusion of an alternative hypothesis J P , a
probability P;p = P(q > qobs|J Py is defined. The level of confidence

at which the J¥ is excluded is given by the C'Lg criterion [193]

P;p

CLg=—4
ST 1Pyt

(11.33)

1v.3.4. J' determination

At the LHC, the determination of the spin and CP properties of the
discovered state is done independently from the rates observed, from
a global angular helicity analysis, derived from the general scattering
amplitude expressed in Section IV.3.2 and when applicable in the
threshold effects in the decay. The channels used for this analysis, the
H— oy, H->W®OW® = ey and H — Z2M 2 5 40, are those
where a the observation of a signal is established.

At the Tevatron, an analysis using the threshold distribution of the
production of the discovered state [194] in the associated production
mode V H with subsequent decay to a pair of b-quarks was performed
by the DO collaboration.

(i) The VH production at DO

The mass of the VH system is a very powerful discriminant to
distinguish a J P— 0,5, with a threshold behavior in do/dM 28
from 0~ or 21 with threshold behaviors respectively in ~ 33 and
~ (3% (for a graviton like spin 2) [194]. The VH mass observable,
is not only strongly discriminating signal hypotheses, but also have
an increased separation of the 0~ and 2% hypotheses with respect to
the backgrounds, thus allowing, with a small and not yet significant
signal, to exclude that the observed state is 0~ at 98% CL [195] and
2% at the 99.9% CL [196].

(ii) The vy channel at LHC

In the H — ~7 channel, the analysis is performed by ATLAS
inclusively using the production angle cos (g as discriminant [197].
The definition chosen for the polar angle in the rest frame is the
Collins—Soper frame, which is defined as the bisector axis of the
momenta of the incoming protons in the diphoton rest frame. The
0;f, signal distribution is expected to be uniform with a cutoff
due to the lower selection requirements on the photons transverse
momentum. The H — v channel is mostly sensitive to the gluon-
initiated production scenario 2(19 which yields a cosf¢,g distribution
peaking at values close to 1. It is much less so for the quark-initiated
scenarios 2;;1 The results are derived from a fit of the signal in bins
of cosff,g and are summarized in Table 11.14. The data shows a
good compatibility with the SM 0;}, hypothesis. ATLAS excludes the
alternative hypotheses 2+ and 2+ at the 99% CL and 95% CL.
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(iii) The H — WOW® - ey channel at LHC

The H — WHW®) 5 fugy the production and decay angles
cannot be easily reconstructed due to the neutrinos in the final state,
however an important feature is the V-A structure of the decay of
the W bosons. A scalar state thus yields a clear spin correlation
pattern that implies that the charged leptons e or u from the
decays of the W bosons are produced close to one another in the
transverse plane. In the main analysis this feature is used to gain
sensitivity, in this case the initial selection need to be reappraised
in order not to discriminate specific J¥ hypotheses. This feature,
which immediately impacts observables such as the azimuthal angle
between the two leptons Ady, or their invariant mass My, in addition
of the threshold behavior of the decay which is used in kinematic
variables such as the transverse mass defined in Section III, can
be used to discriminate spin and parity hypotheses. The approach
adopted by ATLAS is a multivariate discriminant, whereas CMS
uses a 2D-fit of the dilepton mass and the transverse mass. The
results of the H — WHW®) — gy analyses are summarized in
Table 11.14. The hypotheses tested by this approach are the 17 and
1~ by the ATLAS experiment and the 2+ by ATLAS and CMS.
A good compatibility of the observation with the 0;}, hypothesis is
observed in the discrimination of all hypotheses. ATLAS excludes
the 17 and 1~ hypotheses at the 98% CL and 99% CL respectively.
When discriminating the 2 hypothesis, the H — W®W®) — guey
analysis is more sensitive to the quark-initiated production mode and
is therefore complementary to the H — 7~ channel. ATLAS [197] and
CMS [198] disfavor the 23?9 and 23;1 at different levels of confidence.
The strongest observed exclusion is obtained by ATLAS excluding the
245 and 2}, at the 98% CL and 99% CL respectively.

Figure 11.21: Definition of the production and decay angles
defined for the H — Z(®) Z(*) — 4¢ final state [199].

(iv) The H — Z(") Z(*) — 4¢ channel at LHC

The main H — Z® Z®*) — 4¢ coupling analysis, as described in
Section III, also uses a discriminant based on the 0}, nature of the
Higgs boson to further discriminate the signal from the background.
In this analysis this feature is used to discriminate between signal
hypotheses. The observables sensitive to the spin and parity are the
masses of the two Z bosons [191]( due to the threshold dependence
of the mass of the off-shell Z boson), two production angle 6* and
o1, and three decay angles, ¢, 61 and 62. The production and decay
angles defined as:

— 01 and 62, the angles between the negative final state lepton and
the direction of flight of Z7 and Z3 in the rest frame.

— ¢, the angle between the decay planes of the four final state
leptons expressed in the four lepton rest frame.

— ¢1, the angle defined between the decay plane of the leading
lepton pair and a plane defined by the vector of the Z; in the four
lepton rest frame and the positive direction of the proton axis.

— 0*, the production angle of the Z; defined in the four lepton rest
frame with respect to the proton axis.

These angles are illustrated in Fig. 11.21. There are two approaches
to this analysis. The first, used by CMS, is a matrix element likelihood
approach where a kinematic discriminant is defined based on the ratio
of the signal and background probabilities. These probabilities are
defined using the leading-order matrix elements. A similar approach
is also performed by ATLAS as a cross check of their main result.
The main approach adopted by ATLAS is the combination of sensitive
variables in a boosted decision tree. These analyses are sensitive
to various J¥ hypotheses and in particular to discriminate the O:,FL
hypothesis from the 07. In all scenarios investigated and for both
the ATLAS and CMS experiments the data are compatible with the
0,5, hypothesis. ATLAS [197] and CMS [199] exclude a pseudo scalar
nature of the H? at CLg levels of 98% and 99.8%. The distribution of
the test statistic ¢ defined in Section IV.3.3 is illustrated in Fig. 11.22
for the 0 and 0~ hypotheses. All benchmark scenarios results are
summarized in Table 11.14.
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Figure 11.22: Expected distributions of ¢, for the Standard
Model 07 (blue/solid line distribution) or 0~ (red/dashed line
distribution) signals [197]. The observed value is indicated by
the vertical solid line and the expected medians by the dashed
lines. The colored areas correspond to the integrals of the
expected distributions up to the observed value and are used to
compute the pp-values for the rejection of each hypothesis.

IV.3.5. Probing CP mixing

The most general decay amplitude for spin-0 state decaying to a
pair of gauge bosons described in Section IV.3.2 can be expressed in a
more compact form [190]

R _xy
A0) &1 2
v

(ay m%{ Juv + a2 ququ + a3z € pap Qilqg) (11.34)

= A1 + A2 + A3,

where ¢; and ¢; are the momenta and polarization vectors of the two
gauge bosons, and ¢ = g1 + ¢2 is the four-momentum of the spin 0
boson.

The SM Higgs boson is dominated by the A; amplitude, while
a 07 state is dominated by Asz. The CMS collaboration has
performed an analysis of the ratio fo, = [A3]?/(|A1]% + |A43]?) in
the H — Z(®)Z(*) — 4¢ channel [199], where the presence of the
Ag term is neglected. This second term corresponds to higher order
couplings of the 07 state. The two extreme cases faz = 0,1 correspond
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Table 11.14: Results in all benchmark scenarios for the
analysis of the production and decay of the observed state
with J” quantum numbers, for the ATLAS (A) and CMS (C)
experiments. The upper part of the table gives the compatibility
of the observation with the SM O;','L hypothesis. The lower part
of the table gives the CLg observed exclusion and in parenthesis
the sensitivity of the given alternative model.

JP 77 WwW ¥y Combined
0~ 31% A - - -
31% C - - -

0 50% C - - -
1t 55% A 70% A - 62% A
4.5% C - - -

1- 15% A 66% A - 33% A
8.1% C - - -

2;% 96% A 54% A 80% A 81% A
3.6% C - - -

24, 53% A 73% A 59% A 63% A
82% C 33% C - 63% C

0~ 22% (0.4%) A - - -

0.2% (0.5%) C

0  81% (4.5%) C - - -
1T 0.2% (0.2%) A 8.0% (8.0%) A - <0.1% (<0.1%) A
<0.1% (1.1%) C - - -

1™ 6.0% (0.4%) A 1.7% (2.0%) A - 0.3% (<0.1%) A

<0.1% (0.3%) C
2q+a 2.6% (8.2%) A <0.1% (<0.1%) A 124% A  <0.1% (<0.1%) A

(13.5%)
<0.1% (4.0%) C - - -

24y 16.9% (9.2%) A 4.8% (5.4%) A 0.7% A <0.1% (<0.1%) A
(0.5%)

14.0% (5.5%) C -

1.4% (5.5%) C 0.6% (1.1%) C

approximately to the 07 and 0 cases respectively. Other values of fas
would be an indication of CP-violation. The analysis uses a kinematic
discriminant defined similarly to the cases discussed in Section IV.3.4
taking the dependence with f,,; into account. Using the full dataset
corresponding to an integrated luminosity of approximately 25 pb~—1

of pp collisions at 7TeV and 8 TeV, CMS measures fg, = 0.00 £+ 0.23
corresponding to a limit of fu; < 0.58 at 95% CL. It should be noted
that an indication of CP-violation from fg, would not yield a measure
of the mixing of opposite parity states.

V. New physics models of EWSB in the light of the Higgs
boson discovery

A main theoretical motivation to add a Higgs boson to the
Standard Model is that, without it, the longitudinal components of
the massive EW gauge bosons would form a strongly coupled system
as their scattering amplitude would have grown with their energy,
destroying all the predictive power of the model above 4mv ~ 3 TeV.
The discovery of a light scalar with couplings to gauge bosons and
fermions that are apparently consistent with SM predictions and the
slow running of the Higgs self-coupling at high energies allows one to
consider the SM as a valid perturbative description of nature all the
way to the Planck scale. This picture is admittedly very attractive,
but it posits that the Higgs boson is an elementary scalar field,
which comes with an intrinsic instability of its mass under radiative
corrections. This Higgs naturalness problem calls for new physics
around the TeV scale. Supersymmetric models are the most elegant
solution to maintain the perturbativity of the SM while alleviating the
instability issue. Another possibility is that the Higgs boson itself has
a finite size and is composite and thus never feels the UV degrees of
freedom that would drag its mass to much higher scales. Both classes
of models predict specific modifications from the SM Higgs properties.
In this section, these possible deviations will be discussed in detail.

The realization of supersymmetry at low energies has many good

qualities that render it attractive as a model of new physics. First of
all since for every fermion there is a boson of equal mass and effective
coupling to the SM-like Higgs, in the case of exact supersymmetry it
yields an automatic cancellation of loop corrections to the Higgs mass
parameter: (analogous to Eq. (11.2)) ém? = 0 [8,10]. In practice, it
is known that SUSY must be broken in nature since no superpartners
of the SM particles have been observed so far. Taking into account the
fact that the fermion and boson couplings to the Higgs and the number
of degrees of freedom of the SM particles and their superpartners are
the same, the Higgs mass correction simply writes

o (m% —m2)
ZQF)‘ 327 T 392 lo

2

g%, (11.35)

where the sum is over all fermion fields of mass mpg and includes
implicitly their superpartners with a squared mass mQB. The mass
difference between the boson and fermion degrees of freedom is
governed by the soft supersymmetry breaking parameters. Therefore,
independently of how large m2B and m% are, all corrections are
proportional to ]ML%USY- Hence, provided that Mgygy ~ O(1-
few) TeV, the fine-tuning problem is solved, in the sense that the low
energy mass parameters become insensitive to physics at the GUT or
Planck scale. Another interesting feature of SUSY theories is related
to the dynamical generation of EWSB [201]. In the SM a negative
Higgs mass parameter, m2, needs to be inserted by hand to induce
EWSB. In SUSY, instead, even if the relevant Higgs mass parameter
is positive in the ultraviolet, it may become negative and induce
electroweak symmetry breaking radiatively through the strong effect
of the top quark-Higgs coupling in its renormalization group evolution.
Moreover, supersymmetry with a supersymmetry breaking scale of
order 1 TeV allows for grand unification of the electroweak and strong
gauge interactions in a consistent way, strongly supported by the
prediction of the electroweak mixing angle at low energy scales, with an
accuracy at the percent level [202,203]. In addition, supersymmetry
theories can provide a suitable dark matter candidate [204] and even
a low energy physics explanation of baryogenesis [205], all of this
compatible with existing precision data.

In the following discussion, the Higgs sector will be explored in
specific SUSY models. In all of them there is one neutral Higgs boson
with properties that resemble those of the SM Higgs boson whereas
additional neutral and charged Higgs bosons are also predicted and
are intensively being sought for at the LHC (see Section V.9). In the
simplest SUSY model the lightest Higgs boson mass, that usually plays
the role of the SM-like Higgs, is predicted to be less than 135 GeV for
stops in the TeV to few TeV range [206-220], whereas, larger values
of the SM-like Higgs boson mass — up to about 250 GeV — can be
obtained in non-minimal SUSY extensions of the SM  [344,221-227].
In general, accommodating a SM-like Higgs boson with mass of
125 GeV results in constraints on the supersymmetric parameter space
of specific SUSY models, as discussed below.

The more and more constraining bounds on the SUSY parameter
space do not preclude a solution to the naturalness problem but they
require either heavier SUSY partners or some specific engineering to
hide any SUSY signal from the optimized searches conducted at the
LHC. In their most commonly studied incarnations, SUSY models
distinguish themselves from the background by a substantial amount
of missing transverse energy (MET) taken away by the stable lightest
supersymmetric particle (LSP), and by a large activity associated
with the superpartners around the TeV scale. Nonetheless, light
SUSY is still allowed by current LHC limits if these two characteristic
features of the generic SUSY signals are softened. Compressing
the SUSY spectrum [228] reduces the amount of available energy
transferred to the visible particles at the end of the cascade decays
of the heavy superpartners. Also the LSP’s tend to be produced
back-to-back, minimizing the amount of missing energy along the
transverse direction. A compressed spectrum can be obtained if
the gluino happens to be lighter than the other gauginos at the
high scale in gravity mediated or gauge mediated SUSY breaking
scenarios. Another approach, dubbed as stealth supersymmetry [229],
is designed to reduce the SUSY signals by introducing a new light and
approximately supersymmetric multiplet that is complementary to the
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MSSM matter content. The heavy MSSM particles will chain-decay to
the R-odd particle of this new multiplet but the small mass splitting
within this multiplet kinematically limits the amount of MET finally
taken away by the LSP. Dedicated experimental searches have already
been designed to probe such scenarios.

A more radical solution to reduce the amount of MET in the final
state is to revoke the R-parity assumption that is usually imposed to
save the proton from a fast decay and also to guarantee the existence
of a stable particle with a relic abundance compatible with what
is expected to form the dark matter component of the Universe.
R-parity is however not a necessity. For instance if the 96 new complex
parameters of the R-parity violating MSSM [230] are arranged to
follow a minimal flavor violation pattern [231], the proton lifetime will
exceed the current bounds. Such scenarios predict either multilepton
or multijet final states that are already the target of ongoing LHC
searches.

While naturalness dictates relatively light stops and gluinos, the
first and second generation of squarks and sleptons couple weakly to
the Higgs sector and may be heavy. Moreover, small values of the
1 parameter and therefore light Higgsinos would be a signature of
a natural realization of electroweak symmetry breaking. Such SUSY
spectra, consisting of light stops and light Higgsinos, have been
under intense scrutiny by the experimental collaborations [232] in
order to derive model-independent bounds on the stop masses and
to understand if such natural SUSY scenarios endure [233] and can
explain why the Higgs boson remains light.

In the context of weakly coupled models of EWSB one can also
consider multiple Higgs SU(2); doublets as well as additional Higgs
singlets, triplets or even more complicated multiplet structures,
with or without low energy supersymmetry. In general for such
models one needs to take into account experimental constraints from
precision measurements and flavor changing neutral currents. The
LHC signatures of such extended Higgs sectors are largely shaped by
the role of the exotic scalar fields in EWSB.

The idea that the Higgs boson itself could be a composite bound
state emerging from a new strongly-coupled sector has regained some
interest. The composite Higgs idea is an interesting incarnation of
EWSB via strong dynamics that smoothly interpolates between the
standard Technicolor approach and the true SM limit. To avoid the
usual conflict with EW data, it is sufficient if not necessary that a
mass gap separates the Higgs resonance from the other resonances
of the strong sector. Such a mass gap can naturally follow from
dynamics if the strongly-interacting sector exhibits a global symmetry,
G, broken dynamically to a subgroup H at the scale f, such that,
in addition to the three Nambu-Goldstone bosons of SO(4)/SO(3)
that describe the longitudinal components of the massive W and Z,
the coset G/H contains, a fourth Nambu-Goldstone boson that can
be identified with the physical Higgs boson. Simple examples of such
a coset are SU(3)/SU(2) or SO(5)/SO(4), the latter being favored
since it is invariant under the custodial symmetry (it is also possible
to have non-minimal custodial cosets with extra Goldstone bosons,
see for instance Ref. [234]). Attempts to construct composite Higgs
models in 4D have been made by Georgi and Kaplan (see for instance
Ref. [235]) and modern incarnations have been recently investigated
in the framework of 5D warped models where, according to the
principles of the AdS/CFT correspondence, the holographic composite
Higgs boson then originates from a component of a gauge field along
the 5th dimension with appropriate boundary conditions.

A last crucial ingredient in the construction of viable composite
Higgs models is the concept of partial compositeness [236], i.e., the
idea that there are only linear mass mixings between elementary fields
and composite statesS. After diagonalization of the mass matrices,
the SM particles, fermions and gauge bosons, are admixtures of
elementary and composite states and thus they interact with the
strong sector, and in particular with the Higgs boson, through their
composite component. This setup has important consequences on
the flavor properties, chiefly the suppression of large flavor changing

8 Fora pedagogical introduction to models of partial compositeness,
see Ref. [237].

neutral currents involving light fermions. It also plays an important
role in dynamically generating a potential for the would-be Goldstone
bosons. Partial compositeness also links the properties of the Higgs
boson to the spectrum of the fermionic resonances, i.e. the partners
of the top quark. As in the MSSM, these top partners are really
the agents that trigger the EWSB and also generate the mass of the
Higgs boson that otherwise would remain an exact Goldstone boson
and hence massless. The bounds from the direct searches for the top
partners in addition to the usual constraints from EW precision data
force the minimal composite Higgs models into some rather unnatural
corners of their parameter spaces [238].

V.1. Higgs bosons in the Minimal Supersymmetric Standard
Model (MSSM)

The particle masses and interactions in a supersymmetric theory
are uniquely defined as a function of the superpotential and the
Kéhler potential [200]. A fundamental theory of supersymmetry
breaking, however, is unknown at this time. Nevertheless, one can
parameterize the low-energy theory in terms of the most general set of
soft supersymmetry-breaking operators [239]. The simplest realistic
model of low-energy supersymmetry is the Minimal Supersymmetric
extension of the Standard Model (MSSM) [10,200], that associates
a supersymmetric partner to each gauge boson and chiral fermion of
the SM, and provides a realistic model of physics at the weak scale.
However, even in this minimal model with the most general set of
soft supersymmetry-breaking terms, more than 100 new parameters
are introduced [240]. Fortunately, only a subset of these parameters
impact the Higgs phenomenology through tree-level and quantum
effects. Reviews of the properties and phenomenology of the Higgs
bosons of the MSSM can be found for example in Refs. [34,200,241].

The MSSM contains the particle spectrum of a two-Higgs-
doublet model (2HDM) extension of the SM and the corresponding
supersymmetric partners. Two Higgs doublets,

0 - 0
Py = % (¢££1> , (11.36)
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with Y = —1 and Y = 1, respectively, are required to ensure an
anomaly-free SUSY extension of the SM and to generate mass for
both up-type and down-type quarks and charged leptons [12]. In our
notation ®;(y) gives mass to the down(up) type fermions. The Higgs
potential reads

V= m%@{@l + m%@%@g —m3(®Tioe®s + hoc.)
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mass parameter and mpy, (for ¢ = 1,2) the Higgs doublet soft

where m? = u2 + m%{i, with g being the supersymmetric Higgsino
supersymmetric breaking mass parameters; m% = By is associated to
the B-term soft SUSY breaking parameter; and A;, for i =1 to 7,
are all the Higgs quartic couplings. After the spontaneous breaking of
the electroweak symmetry, five physical Higgs particles are left in the
spectrum: one charged Higgs pair, Hi, one C'P-odd scalar, A, and
two C'P-even states, H and h.

HE = sinﬁqﬁit + cos,@qSZi ,

A=sinp Im¢(1) + cos 3 In1<b8 ,

H = cos a(Re(¢9) — v1) + sin a(Re(¢3) — va),
h = —sina(Re(¢9) — v1) + cos a(Re(¢3) — va),

(11.39)

where <¢?> = v; for i=1,2 and v% + v% ~ (246 GeV)2. The angle
« diagonalizes the C'P-even Higgs squared-mass matrix, while 3




186 11. Status of Higgs boson physics

diagonalizes both the CP-odd and charged Higgs sectors with
tan 3 = vg/v1. The h and H denote the lightest and heaviest CP-even
Higgs bosons, respectively.?

V.1.1. The MSSM Higgs boson masses

Quite generally for any two Higgs doublet model, including the
MSSM, the phenomenology depends strongly on the size of the mixing
angle o and therefore on the quartic couplings,

2
sino = Miy =, (11.40)
\/(M%Q)Q + (M3 —mj)
where
M%Q = - (m% — (A3 + /\4)1)2> sin B cos 8 + A7v? sin? 8
+ Agv? cos? 3,
60" cos” £ (11.41)
M%l = <m124 + )\5'02) sin? 6+ Mo cos? B
+ 2)\6112 cos (3sin 3.
The spectrum is given by
M2+ My F /(M2 = M3y)? + 4(M2,)?
m3 g = 11 p2) \/( 121 %) (M1,) )

with
M%Q = (m% + )\5v2> cos? B+ Agv? sin® B+ 2702 cos Bsin 3 . (11.43)

The charged Higgs boson mass is given by
22

my e =m% + (s — M) 5 (11.44)
The supersymmetric structure of the theory imposes constraints
on the Higgs sector of the model. In particular, at tree level, the
parameters of the Higgs self-interaction, A1, . 4, are defined in terms
of the electroweak gauge coupling constants,

M=Xa=g3/4, A3=—(gf —g3)/4 M =—g3/2,  (11.45)
and A5 67 = 0. As a result, the Higgs sector at tree level is determined
by only two free parameters: tan 3 and one Higgs boson mass,
conventionally chosen to be the CP-odd Higgs boson mass, m4. The
other tree-level Higgs boson masses are then given in terms of these
parameters. In the large m4 > My limit, also called the decoupling
limit [242], sina — —cosf, cosa — sin 3, hence, cos(3 — ) — 0
and this implies that the lightest CP-even Higgs h behaves as the SM
Higgs. The condition cos(3 — ) — 0 is also obtained if the quartic
couplings are such that M?,sin 3 = —(M?, — m,QL) cos 3 [243-245],
independent of the value of m 4. The limit cos(3 — a) — 0 is called
the alignment limit. As will be discussed below, in the MSSM the
alignment limit can only occur once quantum corrections to the
quartic couplings have been included.

The tree level value of my, is maximized not only for m 4 > My but
also for tan 3 > 1. In the large m 4 limit, one finds m% ~ (My cos28)?
and my ~ mpg ~ myx, up to corrections of O(Mz?/m ). Below the
scale my, the Higgs sector of the effective low-energy theory consists
only of h, which behaves as the SM Higgs boson. This scenario would
have been excluded already by LEP and would not accommodate the
recently discovered Higgs boson. However, radiative corrections have
a significant impact on the values of Higgs boson masses and couplings
in the MSSM. In particular, mj, can be lifted to agree with present
LHC measurements.

9 Observe that in the SM sections of this review, H denotes the SM
Higgs, whereas in the sections about SUSY and more generally exten-
sions of the SM with two Higgs doublets, H is used for the heaviest
CP-even Higgs boson, since this is the standard notation in the litera-
ture.

The dominant radiative effects to the SM-like Higgs mass arise
from the incomplete cancellation between top and scalar-top (stop)
loops and at large tan( also from sbottom and stau loops. The
loop contributions to the tree level quartic couplings depend on
the SUSY spectrum, and render A5 7 non zero. The stop, sbottom
and stau masses and mixing angles depend on the supersymmetric
Higgsino mass parameter p and on the soft-supersymmetry-breaking
parameters [10,200]: Mg, My, Mp, My, Mg, and Ay, Ay A;. The
first three of these are the left-chiral and the two right-chiral top
and bottom scalar quark mass parameters. The next two are the
left-chiral stau/sneutrino and the right-chiral stau mass parameters,
and the last three are the trilinear parameters that enter in the
off-diagonal squark/slepton mixing elements: X; = Ay — pcot 3 and
Xpr = Apr — ptan 8. The corrections affecting the Higgs boson
masses, production, and decay properties depend on all of these
parameters in various ways. At the two-loop level, the masses of the
gluino and the electroweak gaugino also enter in the calculations. For
simplicity, it is initially assumed that Ay, Ay, Ar, p, and the gluino
and electroweak gaugino masses are real parameters. The impact of
complex phases on MSSM parameters, which will induce CP-violation
in the Higgs sector, is addressed below.

Radiative corrections to the Higgs boson masses have been computed
using a number of techniques, with a variety of approximations; see
Refs. [206-219,246]. The radiative corrections to mj depend
quartically on the top quark mass, quadratically and quartically on
stop mixing parameter, and there is also a logarithmic dependence on
the stop masses. For large tan /3, the stau/sbottom mixing parameters
and masses are also relevant. In the large my (decoupling) limit
and for tanf > 1, which maximizes m; at tree level, the my,
value can be maximized at loop level for X; ~ v/6Mgygy 0 where
Msysy ~ Mg ~ My ~ Mp is an assumed common value of the
soft SUSY-breaking squark mass parameters. This choice of X is
called the “maximal-mixing scenario”. For fixed Xy, the value of
my, can vary by several GeV by varying Mgygy within a few TeV
or by varying m; within its experimental uncertainty, as well as by
varying SUSY particle parameters that enter only beyond the one-
loop order. Moreover, in the large tan 5 regime light staus and/or
sbottoms with sizable mixing, governed by the p parameter, yield
negative radiative corrections to the mass of the lightest Higgs boson,
and can lower it by several GeV [215,247]. Allowing for experimental
and theoretical uncertainties, one finds that for Mgygy <2 TeV, large
my4, tan3 > 1 and for X; ~ v/6Mgugy, the maximal value for the
lightest Higgs mass is mj®* = 135 GeV [220,248-250]. Interestingly,
the upper bound on the lightest neutral scalar boson is a prediction
for both the CP-conserving (CPC) and C'P-violating (CPV) MSSM
scenarios [251,252].

The newly discovered SM-like Higgs boson, if interpreted as
the lightest MSSM Higgs with a mass of about 125GeV, provides
information on the possible MSSM parameter space. In particular a
sizable mixing in the stop sector is required (|X¢/Mgysy| > 1.5) for
values of Msysy ~ Mg ~ My =~ Mp =~ 1 to a few TeV [247-258]. See
for example Fig. 11.23 and Fig. 11.24. On the other hand, as shown
in Fig. 11.25, considering the third generation soft SUSY breaking
parameters as independent inputs, Mg # My # Mp, one observes
that my, ~125GeV can be obtained for one stop that is as light as can
be experimentally allowed [259]- - i.e. in the few hundred GeV mass
range- and the other one with a mass of the order of the stop mixing
parameter. It is also possible to consider both stops significantly
above a few TeV by varying/lowering the values of X; and tan /3, in
that case the impact of higher loops in the computation of the Higgs
mass becomes relevant [246].

10 The parameters X; and Mgysy depend on the renormalization
scheme. The radiative corrections to the Higgs masses computed in
the Feynman diagrammatic approach have been obtained in the on-
shell (OS) renormalization scheme, whereas those based on the Renor-
malization Group approach have been calculated using the M .S scheme.
A detailed comparison of the results in the two schemes is presented in
Refs. [218,214]. In particular, the lightest Higgs mass is maximized
for XtMS ~ /6Mgygy or equivalently XtOS ~ 2Msysy-




11. Status of Higgs boson physics 187

Figure 11.23: The maximal value of m; as a function of
Xi/Msysy (Msusy = Mg) in the pMSSM when all other soft
SUSY-breaking parameters and tan 3 are scanned as defined in
Ref. [253)].
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Figure 11.24: Contours of my in the MSSM as a function
of mgz, a common stop mass Mg = My, and the stop mixing
parameter X; for tan = 20. The red/blue bands show the
result from Suspect/FeynHiggs for my, in the range 124-126 GeV.
The contours of constant lightest stop mass are shown in green
Ref. [254].

For a given CP-odd Higgs mass m 4, the masses of the other two
Higgs bosons, H and H £, also receive radiative corrections (for a
summary, see for instance Ref. [241]) , but in the absence of additional
CP-violating phases, and for m 4 larger than my ~ 125 GeV, they are
all similar, and at most about a few tens of GeV apart. Instead, for
smaller values of m 4, the heavy Higgs is the SM one, my ~ 125 GeV
and my ~ my, but this scenario is strongly challenged by present
data [248]. For a more detailed discussion of the effect of radiative

corrections on the heavy Higgs masses see for example Refs. [34]
and [241].

V.1.2. MSSM Higgs boson couplings

The phenomenology of the Higgs sector depends on the couplings
of the Higgs bosons to gauge bosons and fermions. The couplings of
the two C'P-even Higgs bosons to W and Z bosons are given in terms
of the angles « and f3

grvv = gymysin(B —a), guyy = gymy cos(f —a),  (11.46)
where gy = 2my /v, for V.= WE or Z (gymy is the SM AVV
coupling). There are no tree-level couplings of A or H + to VV. The
couplings of the Z boson to two neutral Higgs bosons, which must
have opposite C'P-quantum numbers, are given by gsaz(pg — pa),
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Figure 11.25: Contours of the stop mixing parameter, A,
necessary for my, to be in the 124-126 GeV range, given in the
plane of the left- and right-handed stop soft supersymmetry-
breaking mass parameters, Mg and My, respectively. Other
relevant parameters are fixed to be: p = 650GeV, my =
1500 GeV, A, = 500GeV and tan S= 10. From Ref. [247].

where ¢ = H or h, the momenta py and p4 point into the vertex, and

ghaz = gz cos(B—a)/2, guaz = —gzsin(f—a)/2.  (11.47)
Charged Higgs-W boson couplings to neutral Higgs bosons and
four-point couplings of vector bosons and Higgs bosons can be found
in Ref. [12].

The tree-level Higgs couplings to fermions obey the following
property: the neutral components of one Higgs doublet, ®1, couple
exclusively to down-type fermion pairs while the neutral components
of the other doublet, ®2, couple exclusively to up-type fermion
pairs [12]. This Higgs-fermion coupling structure defines the Type-II
2HDM [260]. In the MSSM, fermion masses are generated when both
neutral Higgs components acquire vacuum expectation values, and
the relations between Yukawa couplings and fermion masses are (in
third-generation notation)

hy = V2my/(veosB), ht=V2mi/(vsing). (11.48)
Similarly, one can define the Yukawa coupling of the Higgs boson to
7-leptons (the latter is a down-type fermion).

The couplings of the neutral Higgs bosons to ff relative to the SM
value, gmy/2Myy, are given by

hbb: —sina/ cos = sin(f — a) — tan Bcos(f — a),
htt : cosa/sin 8 = sin(f — a) + cot Bcos(B — a),
Hbb : cosa/ cos B = cos(f — a) + tan Bsin(3 — «),
Hit : sina/sin 3 = cos( — a) — cot Bsin(B — a),
Abb : v5tan 3,

Att : 5 cot 3,

(11.49)

where the 5 indicates a pseudoscalar coupling. In each relation above,
the factor listed for bb also pertains to 777~. The charged Higgs
boson couplings to fermion pairs are given by

1 1-—
+75+mbtanﬁ i

my cot 3

g
IH—tb [
2M,
V2My (11.50)

__ 9 tan gL— 15
gH7T+V7\/§T[VV mg tan 3 9 .

The non-standard neutral Higgs bosons have significantly enhanced

couplings to down-type fermions at sizeable tan 5. From the above
equations it is clear that this occurs near the alignment limit:
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cos( — ) < 1, where in the mass eigenbasis only one Higgs acquires
a VEV [244,245]. 1In this case the lightest Higgs boson behaves
like the SM one and H, A have tanf enhanced couplings to down
type fermions, and analogous enhanced couplings are in place for the
charged Higgs.

Quite in general, radiative corrections can modify significantly the
values of the Higgs boson couplings to fermion pairs and to vector
boson pairs. In a first approximation, when radiative corrections to
the quartic couplings are computed, the diagonalizing angle « is shifted
from its tree-level value, and hence one may compute a “radiatively-
corrected” value for cos(8 — «). This shift provides an important
source of the radiative corrections to the Higgs couplings [217,247].
The radiative corrections to the angle a can enable the alignment
without decoupling for sizeable values of the Higgs mass parameter
u > Mgysy and sizeable tan 8. Additional contributions from the
one-loop vertex corrections to tree-level Higgs couplings must also be
considered [211,261-268]. These contributions alter significantly the
Higgs-fermion Yukawa couplings at large tan 3, both in the neutral
and charged Higgs sector. Moreover, these radiative corrections can
modify the basic relationship gh,H,AbB/gh,H,ArJrr* o« mp/ms, and
change the main features of MSSM Higgs phenomenology.

V.1.3. Decay properties of MSSM Higgs bosons

In the MSSM, one must consider the decay properties of three
neutral Higgs bosons and one charged Higgs pair. The mass, CP
properties, decay and production properties of one of the neutral Higgs
bosons should agree with Higgs data. Given that present data allows
only for moderate departures from the SM predictions, it implies that
some degree of alignment is necessary. In this subsection possible
CP-violating effects are neglected, and will be commented upon later.

For heavy SUSY particles and sufficiently heavy non-SM-like Higgs
bosons, the alignment is triggered by decoupling and departures of the
lightest MSSM Higgs boson couplings to gauge bosons and fermions
from those predicted in the SM would be minimal. If m 4 is below a
few hundred GeV, instead, departures from alignment depend on the
radiative corrections to the mixing angle o that are proportional to
ratios of mass parameters associated to the SUSY particles, and hence
do not decouple for heavy SUSY spectra. The main effects occur in
departures from the h — bb decay rate, hence also in its total width
and, thus, in all branching ratios. As mentioned before, additional
effects induced through SUSY-QCD radiative corrections to the hbb
coupling may also be relevant even in the presence of heavy SUSY
particles.

The SM-like branching ratios of h can be modified if decays into
supersymmetric particles are kinematically allowed, and, in particular,
decays into a pair of the lightest supersymmetric particles - i.e.
lightest neutralinos - can become dominant and would be invisible if
R-parity is conserved [269-271], Moreover, if light superpartners exist
that couple to photons and/or gluons, the h loop-induced coupling
to gg and vy could deviate sizeably from the corresponding SM
predictions [247,272-275]. Light staus close to 100 GeV with large
mixing can enhance the Higgs decay rate into diphotons by up to 40%
with respect to the SM, without being in conflict with the stability
of the Higgs potential [276]. Light charginos, close to the LEP limit,
can also induce up to 10% variations in the Higgs to diphoton decay
rate for small values of tan 5 ~ 4, and hence heavy stops with masses
in the 10 TeV range [277]. Given the smallness of the Higgs to
diphoton rate, and hence its negligible contribution to the total Higgs
decay width, both light staus and charginos have the possibility of
altering BR(h — ~v) without altering any other decay rates. Light
stops and light sbottoms could contribute to the Higgs-diphoton rate,
but in practice they are strongly constrained by the fact that they
would at the same time yield a much larger contribution to gluon
fusion Higgs production. The Higgs to digluon decay rate and gluon
fusion Higgs production can be suppressed due to sbottom effects at
large tan # and large p, but in practice such effects are very small for
masses above 500 GeV as presently preferred by LHC searches [278].
Light stops, could give relevant contributions to the Higgs digluon
rate and gluon fusion Higgs production, which depending on the value
of the stop mixing and the stop masses could yield both suppression

or enhancement with respect to the SM. In practice, due to the
my, constrains on the stop sector, light stops can only moderately
vary the effective gluon-Higgs coupling and correspondingly the gluon
fusion-Higgs production rate [56,38,279].

Given that some degree of alignment is necessary to agree with
data, for the heavier Higgs states there are two possibilities to be
considered: i) Alignment triggered by decoupling, hence m 4 > several
hundred GeV: The HWW and HZZ couplings are very small. The
dominant decay branching ratios strongly depend on tanf. After
incorporating the leading radiative corrections to Higgs couplings, the
following decay features are relevant in the MSSM. The decay modes
H, A — bb, 777~ dominate when tan 3 is large (this holds even away
from decoupling). For small tan 3, the ¢f decay mode dominates above
its kinematic threshold. In contrast to the lightest SM-like Higgs
boson, the vector boson decay modes of H are strongly suppressed
due to the suppressed HV'V couplings in the decoupling limit. For
the charged Higgs boson, HT — tb dominates. ii) Alignment without
decoupling, hence m 4 < a few hundred GeV. The main difference
with the previous case is that in the low tan 8 regime (tang < 5)
additional decay channels may be allowed which involve decays into
the lightest SM-like Higgs boson. For A and H, besides the H, A — bb,
7177 decay modes, also A — Zh, H — hh as well as H — WW/zZ
decay modes are available. For the charged Higgs boson, HT — 7tu,
dominates below the tb threshold, and also H¥ — W¥h may be
searched for. Both in i) and ii), the heavier Higgs states, H, A and
H¥, are roughly mass degenerate (with masses £ 20GeV or less
apart).

In the case of sufficiently light SUSY particles, the heavy Higgs
boson decays into charginos, neutralinos and third-generation squarks
and sleptons can be important if they are kinematically allowed [269].
An interesting possibility is a significant branching ratio for the decay
of a neutral Higgs boson to the invisible mode )Z(l))}(l) (where the lightest
neutralino )2(1) is the lightest supersymmetric particle) [270], which
poses a challenge at hadron colliders.

V.1.4. Production mechanisms of MSSM Higgs bosons

The production mechanisms for the SM Higgs boson at ete™
and hadron colliders can also be relevant for the production of the
MSSM neutral Higgs bosons. However, one must take into account the
possibility of enhanced or suppressed couplings with respect to those
of the Standard Model, as previously discussed. The SUSY-QCD
corrections due to the exchange of virtual squarks and gluinos
may modify the cross sections depending on the values of these
supersymmetric particle masses. At both lepton and hadron colliders
there are new mechanisms that produce two neutral Higgs bosons,
as well as processes that produce charged Higgs bosons singly or in
pairs. In the following discussion, the main processes for MSSM Higgs
boson production are summarized. For more detailed discussions see
Refs. [34,241], and for the state-of-the-art calculations of higher order
corrections as well as estimates of uncertainties at hadron colliders see
Refs. [36-38] and references therein.

The main production mechanisms for the neutral MSSM Higgs
bosons at ete™ colliders are Higgs-strahlung (eTe™ — Zh, ZH),
vector boson fusion (ete™ — voh,vvH) — with WHW ~ fusion about
an order of magnitude larger than ZZ fusion — and s-channel Z
boson exchange (ete™ — Ah, AH) [280]. For the Higgs-strahlung
process [281], it is possible to reconstruct the mass and momentum
of the Higgs boson recoiling against the particles from the Z boson
decay, and hence sensitive searches for Higgs bosons decaying even to
invisible final states are possible.

The main charged Higgs boson production process at e*e™ colliders
is via s-channel v or Z boson exchange (ete™ — HTH™).
Charged Higgs bosons can also be produced in top quark decays
via t — b+ HT if mfl < my —my or via the one-loop process
ete” — WEHT [282,283], which allows the production of a
charged Higgs boson with mfl > \/5/2, even when HTH~ production
is kinematically forbidden. Other single charged Higgs production
mechanisms include tbH~/tbH+ production [90], 7tvH~ /7 pH*
production [284], and a variety of processes in which H¥ is
produced in association with a one or two other gauge and/or Higgs
bosons [285].
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At hadron colliders, the dominant neutral Higgs production
mechanism over the majority of the MSSM parameter space is gluon
fusion, mediated by loops containing heavy top and bottom quarks
and the corresponding supersymmetric partners [286]. The effect of
light stops that may contribute to the gluon fusion production will be
partially cancelled by the fact that they need to have sizeable mixing,
while light sbottoms that could suppress gluon fusion through mixing
effects are disfavored by data. Higgs boson radiation off bottom
quarks becomes important for large tan 3, where at least two of the
three neutral Higgs bosons have enhanced couplings to bottom-type
fermions [287,288]. In the search for non-standard neutral Higgs
bosons, A and H, the production can be via either of the above
channels in the final inclusive ditau mode and via radiation off bottom
quarks in the 4b’s final mode. The total production rates of bottom
quarks and 7 pairs mediated by the production of a CP-odd Higgs
boson in the large tan 5 regime are approximately given by

— tan2 8 9
0,7 4 X BR(A — bb) ~ oM ;
" P AT+ AP0 (11.51)
SM tanz ﬂ '

_ +=) ~ o
UggHA,bbA X BR(A —-TT ) - UQH*’A,IJEA (1 + Ab)2 + 9’

where Ufﬁ”j and 0521 AbBA
Higgs boson cross sections for a SM Higgs boson mass equal to m .
For high tan 3, the function Ay includes the dominant effects of the
SUSY radiative corrections affecting the relation between the bottom
quark mass and the bottom Yukawa coupling [211,217,265-267,249],
and it depends strongly on tan 3 and on the SUSY mass parameters.
As a result of the Ay dependence shown in Eq. (11.51), it follows that
the bbA channel is more sensitive to the specific SUSY scenario, while
the inclusive 717~ channel is rather robust under variations of the

SUSY spectra. The production and decay rates of H, for m4 larger
mp1e¥, are governed by formulas similar to the ones presented above,
and given that A and H are nearly degenerate in mass, the total

signal cross section is increased by roughly a factor of two. Detailed
discussions of the impact of radiative corrections in these search modes

are presented in Refs. [249,289].

The vector boson fusion and Higgs-strahlung production of the
C P-even Higgs bosons as well as the associated production of neutral
Higgs bosons with top quark pairs have lower production cross sections
by at least an order of magnitude with respect to the dominant ones,
depending on the precise region of MSSM parameter space [36].
Higgs pair production of non-standard MSSM Higgs bosons has been
studied in Ref. [290].

Charged Higgs bosons can be produced in several different modes
at hadron colliders. If mg+ < m¢ — my, the charged Higgs boson
can be produced in decays of the top quark via the decay t — bHT,
which would compete with the SM process ¢t — bW ™. Relevant
radiative corrections to BR(t — H1b) have been computed in
Refs. [291-294]. For values of my+ near my, width effects are
important. In addition, the full 2 — 3 processes pp/pp — HTth + X
and pp/pp — H~thb+ X must be considered. If Mg+ > Mg — My,
then charged Higgs boson production occurs mainly through radiation
from a third generation quark. Charged Higgs bosons may also be
produced singly in association with a top quark via the 2 — 3 partonic
processes gg, q§ — tbH~ (and the charge conjugate final states).
Charged Higgs bosons can also be produced via associated production
with W+ bosons through bb annihilation and gg-fusion [295]. They
can also be produced in pairs via ¢g annihilation [296]. The inclusive
HYH~ cross section is less than the cross section for single charged
Higgs associated production [296,297]. For a more extensive discussion
of charged Higgs boson production at LHC see Refs. [10,298,36].

denote the values of the corresponding SM

V.1.5. Benchmark scenarios in the MSSM for a 125 GeV
light Higgs

The experimental uncertainties on the measurements of the
production cross sections times branching ratios are at present rather
large, and a Higgs sector that differs significantly from the SM case
can still fit the data. Hence it is important to explore scenarios where
the lightest Higgs agrees with present data but still allows for novel

new physics features, and to consider the implications of such scenarios
in the search for the remaining MSSM Higgs bosons. The additional
Higgs bosons are sought for mainly via the channels

pp — A/H — 7777 (inclusive),
bbA/H,A/H — 777~ (with b—tag),
bbA/H,A/H — bb (with b—tag),

pp — tE — HEWT bb, H¥ — 10y |

gb— H™t or gb— HTL, H* - v, .

(11.52)
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Figure 11.26: Allowed regions in the (my4,tan3) plane,
compatible with the lightest Higgs boson mass, mj = 125.5 +
3GeV, for the maximal mixing scenario (hatched black region),
the moderate stop mixing benchmark scenario (green shaded
region) and the light stop scenario (blue hatched region), as
defined in Ref. [248].

The non-observation of any additional state in these production and
decay modes puts by now stringent constraints on the MSSM parameter
space, in particular on the values of the tree level parameters m 4
and tan . Similarly, the non-observation of supersymmetric particles
puts constraints on masses of stops and sbottoms as well as gluinos
and electroweak gauginos that are relevant for the Higgs sector.
Assuming my, ~ 125 GeV, it is possible to do a scan of the MSSM
parameters considering a simplified structure of the Higgs radiative
corrections [299], or varying a restricted number of the most relevant
parameters [300], and obtain a best fit to the various, measured
rates of cross sections and branching ratios. However, due to the large
number of free parameters that are relevant for the Higgs sector,
a complete scan of the MSSM parameter space is impractical in
experimental analyses and phenomenological studies. In the past, for
LEP, the Tevatron and the LHC it has been useful to define a set
of benchmark scenarios to highlight interesting conditions for MSSM
Higgs searches [248,249]. After the Higgs boson discovery, updated
MSSM benchmarks scenarios have been defined, that over a wide
range of parameter space are compatible with both the mass and the
detected production and decay rates of the observed signal [248,38].
They include: i) an updated version of the maximal mixing scenario
with a larger value of the gluino mass compatible with LHC bounds.
This scenario was originally defined to consider values of the stop
mixing to maximize the m; value and, as a result, only a small
region of parameter space is compatible with my ~ 125GeV; ii) a
moderate mixing scenario in which the light CP-even Higgs boson can
be interpreted as the newly discovered state within almost the whole
parameter space of the m 4 — tan 8 plane that is un-excluded by limits
from Higgs searches at LEP and the LHC; iii) a light stop scenario
with stop masses in the few to several hundred GeV range that can
give contributions to gluon fusion Higgs production; iv) a light stau
scenario where the light stau can enhance the SM branching ratio into
diphotons for large tan 8 and v) a tau-phobic scenario that exhibits
variations of BR(h — bb) and BR(h — 7177 with respect to their
SM values.
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The above benchmarks are just examples that interpret the LHC
signal as the lightest CP-even MSSM Higgs boson. In Fig. 11.26 the
regions in the (m 4, tan 3) plane that are compatible with a light CP
even Higgs mass, my = (125.5 + 3) GeV, are shown for the above
benchmarks scenarios. The parameter space allowed by cases ii, iv
and v is overlapping, hence only the moderate mixing scenario is
shown in the figure. In the light stop and light stau scenarios the
lightest Higgs properties would deviate from those of the SM Higgs
in all of the allowed parameter space due to loop effects, irrespective
of the precise value of m 4. In the maximal mixing and moderate
mixing scenarios, h tends to behave as a SM-like Higgs as the theory
approaches the decoupling limit. In the tau-phobic scenario, h behaves
SM-like due to alignment for specific regions of tan 3 and large u,
irrespective of the value of m 4. The above benchmarks also have
different behavior for the properties of the heavy Higgs bosons. In
particular, in the light stau scenario, the decay of A/H — %fr oy
becomes relevant. In the above benchmarks it is also possible to have
decays of H — hh in regions of moderate m, and moderate tan 3 as
far as one is away from alignment. Also for the previous benchmarks,
under the assumption of gaugino mass unification: M1 ~ Ms/2, and
considering the traditional A/H — 7177 search channel, one would
observe variations in the LHC reach depending on the values of u and
Ms. If both parameters are small, as in the maximal and moderate
mixing scenarios, then the decays of heavy neutral Higgs bosons into
electroweakinos become competitive for small to moderate tan 3 and
m 4. On the contrary, if at least one of the two parameters becomes
larger, as in the rest of the benchmark scenarios, then the decay of
heavy neutral Higgs bosons into electroweakinos closes up and the
reach in A/H — 7777 is significantly enhanced for the same regions
of tan 8 and m 4. Lastly, varying the parameter p in both sign and
magnitude induces relevant variations in the possible discovery reach
through the 4b’s channel, and to a lesser extent through the inclusive
ditau channel. Future precision measurements of the Higgs boson
couplings to fermions and gauge bosons together with information on
heavy Higgs searches will provide powerful information on the SUSY
parameter space [245,299]. If no other new states beyond the current
Higgs candidate are discovered at the LHC, it becomes mandatory to
understand what would be the required precision of the Higgs rate
measurements to distinguish the MSSM from the SM.

V.2. Indirect constraints on additional states

Interpreting the lightest Higgs as the observed Higgs with a mass
of about 125GeV, improvements in our understanding of B-physics
observables put indirect constraints on additional Higgs bosons in
mass ranges that would be accessible in direct LHC searches. In
particular, BR(Bs — utu~), BR(b — s7v), and BR(By, — 7v) play an
important role within minimal flavor-violating (MFV) models [301],
in which flavor effects proportional to the CKM matrix elements
are induced, as in the SM. For example, see Refs. [302-309]. The
supersymmetric contributions to these observables come both at the
tree and loop level, and have a different parametric dependence, but
share the property that they become significant for large values of
tan 3, which is also the regime in which searches for non-standard
MSSM Higgs bosons at hadron colliders are the most powerful.

In the SM, the relevant contributions to the rare decay Bs — ptu~
come through the Z-penguin and the W-box diagrams [310]. In
supersymmetry with large tan (3, there are also significant contributions
from Higgs-mediated neutral currents [311-314], which depend on
the SUSY spectra, and grow with the sixth power of tan/ and
decrease with the fourth power of the C' P-odd Higgs boson mass m 4.
Therefore, measurements at the LHC experiments [315] put strong
restrictions on possible flavor-changing neutral currents (FCNC) in
the MSSM at large tan 8 [302,309,316].

Further constraints are obtained from the rare decay b — svy. The
SM rate is known up to NNLO corrections [317,318] and is in good
agreement with measurements [319]. In the Type-II 2HDM and
in the absence of other sources of new physics at the electroweak
scale, a bound on m g+ > 380GeV can be derived [320]. Although
this indirect bound appears much stronger than the results from
direct charged Higgs searches, it can be invalidated by new physics
contributions, such as those which can be present in the MSSM. In

the minimal flavor-violating MSSM, there are new contributions from
charged Higgs as well as chargino-stop and gluino-sbottom diagrams.
The charged Higgs boson’s contribution is enhanced for small values
of its mass and can be partially canceled by the chargino and gluino
contributions or by higher-order tan S-enhanced loop effects.

The branching ratio B, — 7v, measured by the Belle [321] and
BaBar [322] collaborations is in good agreement with the SM
prediction [323], but still leaves room for new physics In the MSSM,
there is an extra tree-level contribution from the charged Higgs
which interferes destructively with the SM contribution, and which
increases for small values of the charged Higgs boson mass and large
values of tan/ [324]. Closely related decay modes that are also
sensitive to charged Higgs effects are the B — Dtv and B — D*rv
decays [325].  While predictions of the corresponding branching ratios
suffer from large hadronic uncertainties coming from the B — D and
B — D* form factors, the ratios BR(B — D7v)/BR(B — D(v) and
BR(B — D*rv)/BR(B — D*{v), where £ = e or u, can be predicted
with reasonable accuracy in the SM. Interestingly, recent results from
BaBar [326] on these ratios are around 20 above the SM predictions in
both decay modes. Older results from Belle [327] give similar central
values but with much larger uncertainties. The tensions in B — D7v
and B — D*rv cannot be addressed in the context of the MSSM
with MFV  [309] but would require more radical approaches. These
observables constrain in an important way the parameter space for
small values of the charged Higgs boson mass and sizeable values of
tan @ and are only mildly dependent on the SUSY spectra.

Several recent studies [307-309,302] show that, in extended regions
of parameter space, the combined B-physics measurements impose
strong constraints on minimally flavor-violating MSSM models to
which Higgs boson searches at the LHC are sensitive. Consequently,
the observation of a non-SM Higgs boson at the LHC would point to
a rather narrow, well-defined region of MSSM parameter space or to
something beyond the minimal flavor violation framework.

Another indirect constraint on the Higgs sector comes from
the search for dark matter. Assuming a standard cosmological
model, the proper thermal relic density is naturally obtained in
particle physics models in which dark matter particles are weakly
interacting and with masses of the order of the weak scale. In
particular, the lightest supersymmetric particle, typically the lightest
neutralino, is an excellent dark matter particle candidate [204].
Within the MSSM, the measured relic density places constraints in
the parameter space, which in turn - for specific SUSY low energy
spectra- have implications for Higgs searches at colliders, and also
for experiments looking for direct evidence of dark matter particles
in elastic scattering with atomic nuclei. Large values of tan 3 and
small m 4 are relevant for the bbA/H and A/H — 777~ searches
at the LHC, and also provide a significant contribution from the
CP-even Higgs H exchange to the spin-independent cross sections
for direct detection experiments such as LUX, CDMS or Xenon, for
example. Consequently, a signal at colliders would raise prospects
for a signal in direct detection experiments and vice-versa, see for
example Refs [302,307-309,328-334]. Theoretical uncertainties in the
calculation of dark matter scattering cross sections, and in the precise
value of the local dark matter density and velocity distributions, may
dilute these model-dependent correlations.

V.3. Higgs Bosons in singlet extensions of the MSSM

In the MSSM, the Higgs mass parameter p is a supersymmetric
parameter, and as such, it should naturally be of order Mgy or
Mpianck- However, in order to enable electroweak symmetry breaking,
1 should be of the order of the SUSY breaking scale, that for
naturalness we argue should be reasonably close to the electroweak
scale. The fact that phenomenologically it is required that p be
at the electroweak/TeV scale is known as the p problem [335].
Supersymmetric models with additional singlets can provide a solution
to the p problem [335], by promoting the p parameter to a dynamical
singlet superfield S that only interacts with the MSSM Higgs doublets
through a coupling Ag at the level of the superpotential. An effective
1 is generated when the real scalar component of S acquires a vacuum
expectation value (S)

Peff = As (S). (11.53)
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Table 11.15: Symmetries associated to various models with
singlet extensions, the corresponding terms in the superpotential
that only involve Higgs and singlet fields, and the number of
neutral states in the Higgs sector for the case of CP conservation.

Veott = miy, [@1% +miy, [@a] + m3 |S[
P (11.55)
+ (ANsSH, - Hy + A5+ 155 + he).

where ®g - @1 = ¢ <I>é<1>{ and the couplings ¢’, g, and gi are associated

Model MSSM NMSSM nMSSM UMSSN{ to the U(1)y, SU(2);, and U(1)" gauge symmetries, respectively.
Symmetry - 73 Zé?" Z? U(1) tr and tg are supersymmetric and SUSY breaking tadpole terms,
Superpot. pu®y-®; AgSPs - &1 + g3 AgSPy - By +tpS AgSdo - ®;  respectively, ms is a SUSY breaking mass term for the scalar
70 9 3 3 3 3 component of the field S, and As and Ay are the trilinear soft SUSY
i breaking mass parameters associated with the new terms AgS®s - &1
AY 1 2 2 1 and kS3/3 in the superpotential, with the B-term of the MSSM

After the minimization of the Higgs potential the vacuum state relates
the vacuum expectation values of the three CP-even neutral scalars,
qb?, qﬁg and S, to their soft supersymmetry breaking masses, hence, one
expects that these VEVs should all be of order Mgygy and therefore
the p problem is solved.

The solution of the p problem through the addition of a singlet
superfield to the MSSM comes along with the existence of an
extra global U(1) symmetry, known as the Peccei-Quinn (PQ)
symmetry [336]. Once the PQ symmetry is spontaneously broken by
the Higgs VEVs, a pseudo-Nambu-Goldstone boson, the PQ axion
appears in the theory. For values of Ag of order one the lack of
detection of such an axion rules out the theory. Making Ag very small
(< 1075) would decouple the axion and render things compatible with
experimental results, but then one would be trading the p problem
by a Ag problem, since there is no explanation to why Ag should be
so small. Promoting the PQ symmetry to a local symmetry involving
additional gauge bosons and matter fields could be a viable option
that has been explored in the literature. Alternatively there is the
possibility to break the PQ symmetry explicitly. For that purpose
one can consider a discrete Zs symmetry that allows the existence of
a PQ odd S3 term in the superpotential. This model extension has
been called the Next-to-Minimal Supersymmetric SM (NMSSM) [337].
It is known however that discrete symmetries may come along with
the existence of domain wall structures that imply that our universe
would consist of disconnected domains with different ground states,
creating unacceptably large anisotropies in the cosmic microwave
background [338]. To avoid the problem of domain walls one can
consider the existence of non-renormalizable operators that would
lead to the preferred vacuum state. However, the same operators in
turn may generate quadratically divergent tadpole contributions [339]
that could shift the VEV of S to be much larger, order Mgy, and
ruin the singlet solution to the p problem. To cure the problem of
destabilizing tadpoles, discrete R-symmetries have been proposed that
secure that tadpoles would only appear at very high order loops
and be safely suppressed. Depending on the symmetries imposed on
the theory, different models with singlet extensions of the MSSM
(xMSSM) have been proposed. In Table 11.15 we show the most
studied examples: the NMSSM, the Nearly-Minimal Supersymmetric
SM (nMSSM) [340], and the U(1)'-extended MSSM (UMSSM) [341],
specifying the new parameters appearing in the superpotential
and the respective symmetries. A Secluded U(1)-extended MSSM
(sMSSM) [342] contains three singlets in addition to the standard
UMSSM Higgs singlet; this model is equivalent to the nMSSM in the
limit that the additional singlet VEV’s are large, and the trilinear
singlet coupling, Ag, is small [343].

Based on the extended models defined in Table 11.15, we write the
most generic supersymmetric and soft supersymmetry breaking scalar
potentials for the three scalar fields: @1, ®o and S:

2
Vemssm = ’)\S‘I)Z B +tp+ HS2‘ +|AgSI? (|‘1>1|2 + |<1>2\2>

2 2
+ 2
+ % (@1\2 - \%\2)
92 2 2 2
+ L (1012 @3 — [0 1)
g1 2 2 2\2
+ 9L (Quy 1912 + Qa, [922 + Qs |SP)
(11.54)

expressed as By = Aspigp. In particular, £ and Ay are the parameters
for the NMSSM model, while tp and tg are those of the nMSSM.
The UMSSM depends on the new coupling gi as well as on the U(1)’
charges of the Higgs fields, Qg,, Qa, and Qg, that are free parameters
with the restriction that they have to add to zero for the superpotential
A38Po® to be gauge invariant. In a given U(1)" construction the
charges are specified. The addition of the singlet scalar field(s) imply
that additional CP-even and CP-odd Higgs bosons will appear in the
spectra, whereas the charged Higgs sector remains the same as in the
MSSM given that the number of Higgs doublets remains unchanged.
The mixing with the extra scalar S alters the masses and properties of
the physical Higgs bosons, that in general can differ significantly from
the SM or the MSSM. A detailed discussion of typical mass spectra
and decay properties in these models can be found for example in
Refs. [344,343]. Moreover, these models have extra neutralinos and
in some cases extra neutral gauge bosons, Z’. The extra gauge boson
sector is constrained by experimental data through direct Z’ searches
as well as the Z — Z' mixing angle a,, constrained to be less that
O(1073) by precision electroweak data, .

An interesting feature of models with a singlet extension of
the MSSM is that they can easily lead to a strong first order
phase transition that enables the possibility of baryogenesis at the
electroweak scale [345]. In these models, the strong first order phase
transition, necessary to preserve the baryon asymmetry created at
the EW scale, is connected to the existence of the cubic soft SUSY
breaking term Ag connecting the singlet scalar field with the two Higgs
doublets, and does not require a too light SM like Higgs boson mass
as it occurs in the MSSM. On the other hand, in SUSY models with
extended singlets there is the possibility of additional CP-violating
phases that may allow to generate the baryon asymmetry and are
much less restricted by present electric dipole moments (EDM’s) data
than those in the MSSM.

V.3.1. The xMSSM Higgs boson masses and phenomenology

In singlet extensions of the MSSM the lightest CP-even Higgs mass
at tree level, mee receives a contribution from the singlet scalar that
renders it larger than the MSSM value, in particular for small values

of tan 8. The tree level upper bound reads!?

1
mifee < M cos® 263 + §A§@2 sin? 28. (11.56)

At the one-loop level, the top and stop loops (sbottom and stau loops
for large tan 8) are the dominant contributions, that are common to
the MSSM and to all the singlet extensions. Gauge couplings in the
UMSSM are small compared to the top quark Yukawa coupling, hence
the one-loop gauge contributions are negligible. Corrections exclusive
to the NMSSM and the nMSSM enter only at the two loop level.
Therefore, there are no significant model-dependent contributions at
one loop order, and as a result, for large tan 3 the lightest C'P-even
Higgs mass does not differ in any significant way from the MSSM
one. Fig. 11.27 shows the mass ranges for the lightest C'P-even Higgs
boson in the MSSM, NMSSM, nMSSM and UMSSM for a scan over
parameters as defined in Ref. [343]. The value of Mgygy is fixed to
1TeV and the radiative corrections are computed only at one loop
level. The upper bounds in Fig. 11.27 are indicative, since two loop
corrections, as has been shown for the MSSM, can be rather relevant
and have not been included. A value of the lightest SM Higgs mass of
about 125GeV is achievable in all these MSSM extensions, and this
remains the case even after higher order corrections are implemented.

11 Additional gauge interactions contribute to this increase with a
term of O(g/2v? (Qi2 cos? B+ Q?ﬁ sin? 3)) in the UMSSM.
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Figure 11.27: Mass ranges for the lightest CP-even Higgs
boson in each extended MSSM scenario discussed in the text,
and in the MSSM, for comparison. The value of Mgygy is fixed
to 1 TeV and the rest of parameters are scanned as defined in
Ref. [343]. The radiative corrections are computed only at one
loop level.

A singlet extended supersymmetric Higgs sector opens new avenues
for discovery. Since the singlet pseudoscalar particle may be identified
as the pseudo-Goldstone boson of a spontaneously broken Peccei—
Quinn symmetry, it may become naturally light [346,347]. Generally,
there is mixing of the singlet sector with the MSSM Higgs sector, and
with a sufficiently light, singlet dominated scalar or pseudoscalar, H?
or A?, respectively, the SM-like Higgs boson HS may decay to pairs
of H i) or A(l). The light scalar and/or pseudoscalar may subsequently
decay to 77 or bb pairs  [348]. Such cascade decays are more
difficult to detect than standard searches due to the potentially soft
decay products. In addition, the light singlet scenario in the NMSSM
or nMSSM is typically associated with a light singlino-dominated
neutralino. The recently discovered SM-like Higgs boson can then
decay to pairs of this neutralino [349,343], opening an invisible decay
mode that is not excluded by present data. In the case of a heavy
singlet dominated scalar, its detection would be more challenging than
for a SM-like Higgs of similar mass due to the reduced couplings.

An indirect probe of an extended Higgs sector is through precision
Higgs production and decay rate measurements of the recently
discovered Higgs boson at the LHC. In models with extended
singlets, at low tan/ it is possible to trade the requirement of a
large stop mixing by a sizeable trilinear Higgs-Higgs singlet coupling
Ag, rendering more freedom on the requirements for gluon fusion
production. Similar to the MSSM, mixing in the Higgs sector
-additionally triggered by the extra new parameter A\g - can produce
variations in the Higgs-bb and Higgs-7~ 71 couplings that can alter the
Higgs to ZZ/WW and diphoton rates. Light charginos at low tan 3
can independently contribute to enhance the di-photon rate, without
altering any other of the Higgs decay rates [275,350]

V.4. Supersymmetry with extended gauge sectors

In the MSSM, the tree-level value of the lightest C'P-even Higgs
mass originates from the D-term dependence of the scalar potential
that comes from the supersymmetric kinetic terms in the Kéhler
potential. The D-terms lead to tree-level quartic couplings which
are governed by the squares of the gauge couplings of the weak
interactions, under which the Higgs has non-trivial charges and hence
the lightest Higgs mass is bounded to be smaller than M. If new
gauge interactions were present at the TeV scale, and the Higgs
bosons would have non-trivial charges under them, there would be
new D-term contributions that would lead to an enhancement of the
tree-level Higgs mass value. Since the low energy gauge interactions
reduce to the known SU(3),. x SU(2);, x U(1)y ones, in order for this
mechanism to work, the extended gauge and Higgs sectors should be
integrated out in a non-supersymmetric way. This means that there
must be supersymmetry breaking terms that are of the order or larger
than the new gauge boson masses. The tree-level quartic couplings
would then be enhanced through their dependence on the square of

the gauge couplings of the extended Higgs sector. This effect will be
suppressed when the heavy gauge boson masses are larger than the
supersymmetry breaking scale and will acquire its full potential only
for large values of this scale.

One of the simplest possibilities is to extend the weak interactions
to a SU(2); x SU(2)y sector, such that the known weak interactions
are obtained after the spontaneous breaking of these groups to
SU(2);, [223]. This may be achieved by introducing a bi-doublet
Y under the two SU(2) gauge groups, which acquires a non-trivial
vacuum expectation value u in the diagonal direction. The heavy

gauge boson masses are therefore given by ]ng, = (g% + g% )u2 /2, and

the weak coupling g% = g%g% (q% + q%) To obtain a new tree-level
contribution to the Higgs potential, the Higgs bosons must be charged
under the new gauge interactions. One possibility is to assume
that the third generation quarks and leptons as well as the Higgs
doublets have charges under the SU(2); group, while the second
and third generations have charges under SU(2),. This provides a
natural explanation of the largeness of the third generation couplings
compared to the first and second generation ones.

Under the above conditions, the D-term contributions to the neutral
Higgs effective potential are given by

2A /2 2
Vo= L= (1mgp? - mpP?) (11.57)
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where my, is the supersymmetry breaking term associated with the
bi-doublet . It is easy to see that while the MSSM D-term is
recovered when my, — 0, it is replaced by the SU(2); x U(1)y D-term
when my, becomes much larger than My;,. The tree-level mass now
reads

with

(11.58)

2A 2
%UQ cos? 203,

and reduces to the MSSM value, ]W% cos? 24, for A = 1.

Assuming g1 ~ go, values of g1 2 of order one are necessary to
obtain the proper value of the weak gauge coupling. In addition, if
values of mx, of order My are assumed, enhancements of order 50
percent of the MSSM D-term contribution to the Higgs mass may be
obtained. Such enhancements are sufficient to obtain the measured
Higgs mass value without the need of very heavy stops or large stop
mixing parameters.

M3 [tree = (11.59)

The gauge extension described above leads to new, heavy gauge and
Higgs bosons, as well as new neutralinos and charginos. Constraints
from precision measurements put bounds of the order of a few TeV on
the mass of these gauge bosons, which may be probed at the higher
energy run of the LHC collider. If the new gaugino supersymmetry
breaking masses are smaller than the gauge boson masses, the new
electroweakinos will have masses of the order of a few TeV and
therefore the weak scale phenomenology reduces to the MSSM one.

Although a particular gauge extension of the MSSM was taken
as an example, the results are rather general. Provided that the
MSSM Higgs bosons are charged under the extended gauge group
and that the supersymmetry breaking parameters associated with the
new spontaneously broken gauge sector are large compared to the
new gauge boson masses, non-decoupled D-terms for the Higgs fields
are generated, leading to a modification of the tree-level Higgs mass
prediction. Similar gauge extensions, including also new abelian gauge
groups have been considered, for instance, in Ref. [351].

Gauge extensions of the MSSM can also lead to an enhancement
of the Higgs mass value by modifying the renormalization group
evolution of the Higgs quartic coupling to low energies. In the MSSM,
the evolution of the quartic coupling is governed by the top-quark
Yukawa interactions and depends on the fourth power of the top-quark
Yukawa coupling. The neutralino and chargino contributions, which
depend on the fourth power of the weak gauge couplings, are small due
to the smallness of these couplings. Depending on the values of the
soft supersymmetry breaking parameters in the gaugino and Higgsino
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sectors, the SU(2); gauginos may become light, with masses of the
order of the weak scale. Since the SU(2); coupling may be significantly
larger than the SU(2); one, for small values of the Higgsino mass
parameter p, the associated charginos and neutralinos may modify
the evolution of the quartic coupling in a significant way [352]. This
may lead to a significant increase of the lightest CP-even Higgs mass,
even for small values of tan 3 ~ 1 for which the D-term contributions
become small. In addition, under these conditions, light charginos
may lead to a significant modification of the Higgs diphoton decay
rate, which may be as large as 50% of the SM [352-356].

V.5. Effects of CP violation

In the Standard Model, CP-violation (CPV) is induced by phases
in the Yukawa couplings of the quarks to the Higgs field, which
results in one non-trivial phase in the CKM mixing matrix. SUSY
scenarios with new CPV phases are theoretically appealing, since
additional CPV beyond that observed in the K, D, and B meson
systems is required to explain the observed cosmic matter-antimatter
asymmetry [357]. In the MSSM CP-violation effects in the Higgs
sector appear at the quantum level and are mostly determined by
CP phases active in the third generation squark soft SUSY breaking
trilinear mass parameters as well as in the gaugino/gluino masses. In
extensions of the MSSM such as singlet extensions CP violation effects
can be effective already at tree level and due to the larger number
of new parameters there are many more sources of CP violation.
In general CP violation effects in the Higgs sector are importantly
constrained from electric dipole moments data [358].

V.5.1. Effects of CP violation on the MSSM Higgs spectrum

In the MSSM, there are additional sources of CPV from phases
in the various mass parameters. In particular, the gaugino mass
parameters (Mj 23), the Higgsino mass parameter, y, the bilinear
Higgs squared-mass parameter, m%2, and the trilinear couplings of
the squark and slepton fields to the Higgs fields, Ay, may carry non-
trivial phases. The two parameter combinations arg[pA f(m%Q)*] and
arg[uM;(m3,)*] are invariant under phase redefinitions of the MSSM
fields [359,252]. Therefore, if one of these quantities is non-zero, there
would be new sources of CP-violation, which affects the MSSM Higgs
sector through radiative corrections [251,252,360-364]. The mixing
of the neutral CP-odd and CP-even Higgs boson states is no longer
forbidden. Hence, m 4 is no longer a physical parameter. However,
the charged Higgs boson mass m g+ is still physical and can be used
as an input for the computation of the neutral Higgs spectrum of the
theory.

For large values of m g+, corresponding to the decoupling limit, the
properties of the lightest neutral Higgs boson state approach those of
the SM Higgs boson. That is, for my+ > Myy, the lightest neutral
Higgs boson is approximately a CP-even state, with CPV couplings
that are suppressed by terms of O(m%,v/m?{i). In particular, the
upper bound on the lightest neutral Higgs boson mass, takes the
same value as in the CP-conserving case [252]. Nevertheless, there
still can be significant mixing between the two heavier neutral mass
eigenstates. For a detailed study of the Higgs boson mass spectrum
and parametric dependence of the associated radiative corrections, see
Refs. [360,363].

Major variations to the MSSM Higgs phenomenology occur in
the presence of explicit CPV phases. In the CPV case, vector boson
pairs couple to all three neutral Higgs boson mass eigenstates, H;
(i =1,2,3), with couplings

gm; vy = cos fO1; +sin fO0q; (11.60)

gm;H;2 =03 (cos fOy; — sin BO1 )

. (11.61)
— O3, (cos fO9; — sin 301;) ,

where the gp,yy couplings are normalized to the analogous SM
coupling and the gg, H;Z have been normalized to g%M /2. The
orthogoanl matrix O;; is relating the weak eigenstates to the mass
eigenstates. It has non-zero off-diagonal entries mixing the CP-even

and CP-odd components of the weak eigenstates. The above couplings
obey the relations

3

2
E 9i,zz =1 and 9w, zz = ik 9H,H;Z »
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(11.62)

where €54, is the Levi-Civita symbol.

Another consequence of CPV effects in the scalar sector is that
all neutral Higgs bosons can couple to both scalar and pseudoscalar
fermion bilinear densities. The couplings of the mass eigenstates H;
to fermions depend on the loop-corrected fermion Yukawa couplings
(similarly to the CPC case), on tan 3 and on the Oj;. The resulting
expressions for the scalar and pseudoscalar components of the neutral
Higgs boson mass eigenstates to fermions and the charged Higgs boson
to fermions are given in Refs. [360,365).

The production processes of neutral MSSM Higgs bosons in the
CPYV scenario are similar to those in the CPC scenario, except for
the fact that in any process, the CP eigenstates h, H, and A can
be replaced by any of the three neutral Higgs mass eigenstates H;.
This is the case, since, in the presence of CP violation, the H;’s do
not have well-defined CP quantum numbers. Regarding the decay
properties, the lightest mass eigenstate, Hy, predominantly decays to
bb if kinematically allowed, with a smaller fraction decaying to 777,
similar to the CPC case. If kinematically allowed, a SM-like neutral
Higgs boson, Hy or Hs can decay predominantly to HjHi leading
to many new interesting signals both at lepton and hadron colliders;
otherwise it will decay preferentially to bb.

The discovery of a 125 GeV Higgs boson has put strong constraints
on the realization of the CPV scenario within the MSSM. This is
partly due to the fact that the observed Higgs rates are close to
the SM values, and a large CP-violating component would necessary
induce a large variation in the rate of the SM-like Higgs decay
into the weak gauge bosons W+ and Z. The measured Higgs mass
imposes an additional constraint on the realization of this scenario.
The CP-violating effects are enhanced for values of the modulus of
X; larger than the ones leading to maximal mixing, |X¢| > v/6Mg.
Such large values of | X¢|, however, lead to a decrease of the radiative
corrections to the Higgs mass, and for sufficiently large |X¢|, the
SM-like Higgs mass falls below the experimentally allowed range.
This effect is increased by the fact that larger mixings in the Higgs
sector lead to a reduction of the smaller mass eigenvalue. Once these
effects are considered, the lightest Higgs component on the would
be CP-odd Higgs A tends to be smaller than about 10 percent, and
therefore difficult to test at the LHC. The Higgs mass constraints can
be alleviated in more general two Higgs doublet models, or in the
NMSSM, where the Higgs mass can be fixed in a way independent of
the stop mass parameters.

CP-violating effects can still be significant in the heavy Higgs
sector. For instance, the Higgs bosons Ha and H3z may be admixtures
of CP-even and CP-odd scalars, and therefore both may be able to
decay into pairs of weak gauge bosons. Although the observation of
this effect would be a clear signal of CP-violation, the proximity of
the masses of Hy and Hs within the MSSM makes the measurement
of such effects quite challenging. In generic two Higgs doublet models,
the mass splitting between the two heavy mass eigenstates may
become larger, which could facilitate the detection of CP-violating
effects at collider experiments.

V.6. Non-supersymmetric extensions of the Higgs sector

There are many ways to extend the minimal Higgs sector of
the Standard Model. In the preceding sections the phenomenology
of SUSY Higgs sectors is considered, which at tree level implies
a constrained type-II 2HDM (with restrictions on the Higgs
boson masses and couplings). In the following discussion, more generic
2HDM’s [12,260,243,366] are presented. These models are theoretically
less compelling since they do not provide an explanation for the SM
Higgs naturalness problem, but can lead to different patterns of
Higgs-fermion couplings, hence, to different phenomenology. It is also
possible to consider models with a SM Higgs boson and one or more
additional scalar SU(2) doublets that acquire no VEV and hence play
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no role in the EWSB mechanism. These models are dubbed Inert
Higgs Doublet Models (IHD) [367]. Due to the lack of a VEV, the inert
Higgs bosons cannot decay into a pair of gauge bosons. And imposing
a Zo symmetry that prevents them from coupling to the fermions, it
follows that, if the lightest inert Higgs boson is neutral, it becomes
a good dark matter candidate with interesting associated collider
signals. Recent studies of IHD models in the light of a 125 GeV Higgs
have been performed [368], showing that there can be non-negligible
enhancement or suppression of Higgs to diphotons or Higgs to Z~.
This may be due to the presence of a light charged Higgs, as light
as 100 GeV, that is not in conflict with collider or flavor constraints,
because it has no couplings to fermions. It is interesting to study the
interplay between collider and direct dark matter detection signals in
these models.

Other extensions of the Higgs sector can include [344,369] multiple
copies of SU(2), doublets, additional Higgs singlets [370], triplets or
more complicated combinations of Higgs multiplets. It is also possible
to enlarge the gauge symmetry beyond SU(2)7, xU(1)y along with the
necessary Higgs structure to generate gauge boson and fermion masses.
There are two main experimental constraints on these extensions:
(i) precision measurements which constrain p = m%[,/ (mQZ cos20yy) to
be very close to 1 and (i) flavor changing neutral current (FCNC)
effects. In electroweak models based on the SM gauge group, the
tree-level value of p is determined by the Higgs multiplet structure.
By suitable choices for the hypercharges, and in some cases the
mass splitting between the charged and neutral Higgs sector or
the vacuum expectation values of the Higgs fields, it is possible to
obtain a richer combination of singlets, doublets, triplets and higher
multiplets compatible with precision measurements [371]. Concerning
the constraints coming from FCNC effects, the Glashow—Weinberg
(GW) criterion [372] states that, in the presence of multiple Higgs
doublets the tree-level FCNC’s mediated by neutral Higgs bosons will
be absent if all fermions of a given electric charge couple to no more
than one Higgs doublet. An alternative way of suppressing FCNC in
a two Higgs doublet model has been considered in Ref. [373], where it
is shown that it is possible to have tree level FCNC completely fixed
by the CKM matrix, as a result of an abelian symmetry.

V.6.1. Two-Higgs-doublet models

Supersymmetry demands the existence of two Higgs doublets such
that one doublet couples to up-type quarks and the other to down-type
quarks and charged leptons. This Higgs-fermion coupling structure is
the one identified as type-II 2HDM [260] and assures that masses for
both up and down-type quarks can be generated in a supersymmetric
and gauge invariant way. Two Higgs doublet models [243], however,
can have a more diverse Higgs-fermion coupling structure and can be
viewed as a simple extension of the SM to realize the spontaneous
breakdown of SU(2); x U(1)y to U(1),,,. Quite generally, if the two
Higgs doublets contain opposite hypercharges, the scalar potential
will contain mixing mass parameters of the kind m%fb?iag@g + h.c..
In the presence of such terms, both Higgs doublets will acquire
vacuum expectation values, vy/v/2 and vg/v/2, respectively, and the
gauge boson masses will keep their SM expressions with the Higgs

vacuum expectation value v replaced by v = ,/v% + v%. Apart from
the mass terms, the most generic renormalizable and gauge invariant
scalar potential contains seven quartic couplings, which are defined in
Eq. (11.38).

Considering two doublets with hypercharges, with Y, = —1 and
Yp, = 1 as in Egs. (11.36) and (11.37), and the most general,
renormalizable Higgs potential will be given by Eq. (11.38). The same
as in the MSSM case, after electroweak symmetry breaking and in
the absence of CP-violation, the physical spectrum contains a pair of
charged Higgs bosons H*, a CP-odd Higgs boson A and two neutral
CP-even Higgs bosons, h and H. The angles @ and 3 diagonalize the
CP-even, and the CP-odd and Charged Higgs sectors, respectively

The complete 2HDM is defined only after considering the
interactions of the Higgs fields to fermions. Yukawa couplings of the
generic from .

—h{; W HyW, + h.c. (11.63)

may be added to the renormalizable Lagrangian of the theory.

Table 11.16: Higgs boson couplings to up, down and charged
lepton-type SU(2)[, singlet fermions in the four discrete types
of 2HDM models that satisfy the Glashow—Weinberg criterion,
from Ref. [374].

Model 2HDM 1 2HDMII 2HDMIII  2HDM IV
u <I>2 (I)g (I)Q <I>2
d (62 3] Dy (03]
e Dy [0} [0} Dy

Contrary to the SM, the two Higgs doublet structure does not ensure
the alignment of the fermion mass terms m;; = h?jva / V2 with the
Yukawa couplings hfj This implies that quite generally, the neutral
Higgs boson will mediate flavor changing interactions between the
different mass eigenstates of the fermion fields. Such flavor changing
interactions should be suppressed in order to describe properly the
Kaon, D and B meson phenomenology. Based on the Glashow—
Weinberg criterion, it is clear that the simplest way of avoiding such
transitions is to assume the existence of a symmetry that ensures the
couplings of the fermions of each given quantum number (up-type and
down-type quarks, charged and neutral leptons) to only one of the two
Higgs doublets. Different models may be defined depending on which
of these fermion fields couple to a given Higgs boson, see Table 11.16.
Models of type-I [366] are those in which all SM fermions couple to
a single Higgs field. In type-II models [260] down-type quarks and
charged leptons couple to a common Higgs field, while the up-type
quarks and neutral leptons couple to the other. In models of type-IIT
(lepton-specific) quarks couple to one of the Higgs bosons, while
leptons couple to the other. Finally, in models of type-IV (flipped),
up-type quarks and charged leptons couple to one of the Higgs fields
while down-quarks and neutral leptons couple to the other.

The two Higgs doublet model phenomenology depends strongly on
the size of the mixing angle o and therefore on the quartic couplings.
For large values of m 4, sina — — cos 8, cosa — sin 3, cos(8 —a) — 0,
and the lightest CP-even Higgs h behaves as the SM Higgs. The
same behavior is obtained if the quartic couplings are such that
./\/1%2 sin f = 7(/\/1%1 - m%)cos (. The latter condition represents a
situation in which the coupling of h to fermions and weak gauge
bosons become the same as in the SM, without decoupling the rest of
the non-standard scalars and it is of particular interest due to the fact
that the recently discovered Higgs boson has SM-like properties. This
situation will be referred to as alignment, as in the MSSM case.

In type-II Higgs doublet models, at large values of tanf and
moderate values of m 4, the non-standard Higgs bosons H, A and HT
couple strongly to bottom quarks and 7 leptons. Hence the decay
modes of the non-standard Higgs bosons tend to be dominated by
b-quark and tau-lepton modes, including top quarks or neutrinos in
the case of the charged Higgs. However, for large and negative values
of A4, the charged Higgs boson mass may be sufficiently heavy to
allow on-shell decays

HY S w* 4 (H, A),
(11.64)

W (8 — ) oy —prA)»

JHEWFH,A = v

where py+ and py 4 are the charged and neutral scalar Higgs
momenta pointing into the vertex. On the other hand, for large and
positive values of A5, the above charged Higgs decay into a W+ and
the CP-odd Higgs boson may be allowed, but the heavy Higgs H
may be sufficiently heavy to decay into a CP-odd Higgs boson and an
on-shell Z.

H 244, guza~"Zsin(@—o)py ~pa)  (1.63)
The decay H* — W= + H, on the other hand may be allowed only
if Ay < —X5. The couplings controlling all the above decay modes are
proportional to sin(3 — «) and therefore they are unsuppressed in the
alignment limit. Moreover, these could still be the dominant decay
modes at moderate values of tan 3, offering a way to evade the current
bounds obtained assuming a dominant decay into bottom quarks or 7
leptons.
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The quartic couplings are restricted by the condition of stability
of the effective potential as well as by the restriction of obtaining
the proper value of the lightest CP-even Higgs mass. Close to
the alignment limit, the lightest CP-even Higgs mass becomes,
approximately independent of m 4 and is given by

m% 21)2()\1 cos? B+ Ay sin? B+ 22302 cos® Bsin? I6)

11.66
+ 1)2(4)\6 cos® Bsin 3 + 4\7 sin® B cos ), ( )

where 5\5 = A3+ A\ + As.

The stability conditions imply the positiveness of all masses, as well
as the avoidance of run-away solutions to large negative values of the
fields in the scalar potential. These conditions imply

(11.67)

where the first four are necessary and sufficient conditions in the case
of Ag = Ay = 0, while the last one is a necessary condition in the

case all couplings are non-zero. Therefore, to obtain the conditions

that allow the decays H* - W*H, A and H — ZA, A3 should take
large positive values in order to compensate for the effects of Ay and
A5. For recent detailed discussions about 2HDM phenomenology see
Refs. [369,375-378,245].

V.6.2. Higgs Triplets

Electroweak triplet scalars are the simplest non-doublet extension
of the SM that can participate in the spontaneous breakdown of
SU(2);, x U(1)y to U(1),y,- Two types of model have been developed
in enough detail to make a meaningful comparison to LHC data: the
Higgs triplet model (HTM) [379,380] and the Georgi-Machacek model
(GM) [381-384].

The Higgs triplet model extends the SM by the addition of a
complex SU(2); triplet scalar field A with hypercharge Y = 2, and a
general gauge-invariant renormalizable potential V(®, A) for A and
the SM Higgs doublet ®. The components of the triplet field can be
parameterized as

NS
7\/5 vA + 0+ i€

where AT is a singly-charged field, AT is a doubly-charged field, §
is a neutral CP-even scalar, ¢ is a neutral CP-odd scalar, and va is
the triplet VEV. The general scalar potential mixes the doublet and
triplet components. After electroweak symmetry breaking there are
seven physical mass eigenstates, denoted H = H i, A, H, and h.

(11.68)
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A distinguishing feature of the HTM is that it violates the custodial
symmetry of the SM; thus the p parameter deviates from 1 even at
tree level. Letting x denote the ratio of triplet and doublet VEVs, the
tree level expression [385] is:

_ 1+ 222
14422

P (11.69)

The measured value of the p parameter then limits [386] the triplet
VEV to be quite small, £ <0.03, or vao < 8GeV. This constraint
severely limits the role of the triplet scalar in the EWSB mechanism.

The small VEV of the Higgs triplet in the HTM is a virtue from
the point of view of generating neutrino masses without the necessity
for introducing right-handed neutrino fields. The gauge invariant
dimension four interaction

hy,. (7 CViog A1, (11.70)
Vij ‘i 2545, :
where ¢; are the lepton doublets, C' is the charge conjugation matrix,
and h,,i]. is a complex symmetric coupling matrix, generates a
Majorana mass matrix for the neutrinos:

My;; = \/ih,l,i].vA . (11.71)

This can be combined with the usual neutrino seesaw to produce what
is known as the type-II seesaw [387].

The HTM suggests the exciting possibility of measuring parameters
of the neutrino mass matrix at the LHC. If the doubly-charged
Higgs is light enough and/or its couplings to WHW+ are sufficiently
suppressed, then its primary decay is into same-sign lepton pairs:
Htt - fﬂj; from Eq. (11.70) and Eq. (11.71) it is apparent that
these decays are in general lepton-flavor violating with branchings
proportional to elements of the neutrino mass matrix [388].

Precision electroweak data constrain the mass spectrum as well as
the triplet VEV of the HTM [389,385,390]. As described in Ref. [390],
these constraints favor a spectrum where Ht+ is the lightest of the
exotic bosons, and where the mass difference between HT and H++
is a few hundred GeV. The favored triplet VEV is a few GeV, which
also favors HT+ decays into WT W over same-sign dileptons.

The Georgi-Machacek model addresses the p parameter constraint
directly by building in custodial symmetry. Writing the complex
doublet scalar of the SM as a (2,2) under SU(2); x SU(2)p, it
is obvious that the next simplest construction respecting custodial
symmetry is a scalar transforming like a (3,3) [391]. These nine
real degrees of freedom correspond to a complex electroweak triplet
combined with a real triplet, with the scalar potential required to
be invariant under SU(2)g. Under the custodial SU(2)y g, they
transform as 1 @ 3 @ 5, with a CP-even neutral scalar as the custodial
singlet (thus matching the SM Higgs boson), a CP-odd neutral scalar
in the custodial triplet, and another CP-even neutral scalar in the
custodial 5-plet.

The scalar components can be decomposed as [392]:

X35 & xa
E=|-x3 & x2, (11.72)
Xi & xs

where &9 is a real scalar and the others are complex scalars. Linear
combinations of these account for the neutral custodial singlet, a
neutral and singly-charged field making up the custodial triplet, and
neutral, singly-charged, and doubly-charged fields making up the
custodial 5-plet.

When combined with the usual SM doublet field ®, the electroweak
scale v is now related to the doublet and triplet VEVs by

v? = v% +8’U% .

(11.73)
Note that the GM triplets by themselves are sufficient to explain
electroweak symmetry breaking and the existence of a 125GeV
neutral boson along with a custodial triplet of Goldstone bosons;
the complex doublet field in the GM model is required to generate
fermion masses via the usual dimension four Yukawa couplings. This
raises the question of whether one can rule out the possibility that the
125 GeV boson is the neutral member of a custodial 5-plet rather than
a custodial singlet, without invoking decays to fermions. A conclusive
answer is given by observing that the ratio of the branching fractions
to W versus Z bosons is completely determined by the custodial
symmetry properties of the boson. For a custodial 5-plet, the ratio of
the signal strength to WW over that to ZZ is predicted to be 1/4
that of a SM Higgs boson [391,393], and thus already ruled out by
the experimental results shown in Table 11.12 of Section IV.2.5.

Another interesting general feature of Higgs triplet models is that,
after mixing, the SM-like neutral boson can have stronger couplings
to WW and ZZ than predicted by the SM [384,394]; this is in
contrast to mixing with additional doublets and singlet, which can
only reduce the WW and ZZ couplings versus the SM. This has
interesting implications for trying to extract the total width of the
125 GeV boson without making theoretical assumptions [181,395].

Because of the built-in custodial symmetry, the triplet VEV in the
GM model can be large compared to the doublet VEV. The custodial
singlet neutral boson from the triplets mixes with the neutral boson
from the doublet. Two interesting special cases are (i) the triplet
VEV is small and the 125GeV boson is SM-like except for small
deviations, and (ii) the 125 GeV boson is mostly the custodial singlet
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neutral boson from the electroweak triplets. The phenomenology
of the doubly-charged and singly-charged bosons is similar to that
of the HTM. The constraints on the GM model from precision
electroweak data, LEP data, and current LHC data are described in
Refs. [392,396-399).

V.7. Composite Higgs models

Within the SM, EWSB is posited but has no dynamical origin.
Furthermore, the Higgs boson appears to be unnaturally light. A
scenario that remedies these two catches is to consider the Higgs
boson as a bound state of new dynamics becoming strong around
the weak scale. The Higgs boson can be made significantly lighter
than the other resonances of the strong sector if it appears as a
pseudo-Nambu-Goldstone boson.

V.7.1. Little Higgs models

The idea behind the Little Higgs models [400,401] is to identify the
Higgs doublet as a (pseudo) Nambu—Goldstone boson while keeping
some sizable non-derivative interactions. By analogy with QCD where
the pions 7+ appear as Nambu-Goldstone bosons associated to the
breaking of the chiral symmetry SU(2);, x SU(2)g/SU(2), switching
on some interactions that break explicitly the global symmetry will
generate masses for the would-be massless Nambu—Goldstone bosons
of the order of gAg/y/(47), where g is the coupling of the symmetry
breaking interaction and Ag JH = Arfe JH 8 the dynamical scale of
the global symmetry breaking G/H. In the case of the Higgs boson,
the top Yukawa interaction or the gauge interactions themselves will
certainly break explicitly (part of) the global symmetry since they act
non-linearly on the Higgs boson. Therefore, obtaining a Higgs mass
around 100 GeV would demand a dynamical scale Ag,pr of the order
of 1TeV, which is known to lead to too large oblique corrections.
Raising the strong dynamical scale by at least one order of magnitude
requires an additional selection rule to ensure that a Higgs mass is
generated at the 2-loop level only
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The way to enforce this selection rule is through a “collective breaking”
of the global symmetry:

L=CLgg+9Li+g2Lo. (11.75)
Each interaction £; or L2 individually preserves a subset of the global
symmetry such that the Higgs remains an exact Nambu-Goldstone
boson whenever either g; or go is vanishing. A mass term for the Higgs
boson can be generated only by diagrams involving simultaneously
both interactions. At one-loop, there is no such diagram that would
be quadratically divergent. Explicitly, the cancellation of the SM
quadratic divergences is achieved by a set of new particles around
the Fermi scale: gauge bosons, vector-like quarks, and extra massive
scalars, which are related, by the original global symmetry, to the
SM particles with the same spin. Contrary to supersymmetry, the
cancellation of the quadratic divergences is achieved by same-spin
particles. These new particles, with definite couplings to SM particles
as dictated by the global symmetries of the theory, are perfect goals
for the LHC.

The simplest incarnation of the collective breaking idea, the
so-called littlest Higgs model, is based on a non-linear o-model
describing the spontaneous breaking SU(5) down to SO(5). A
subgroup SU(2); x U(1); x SU(2)y x U(1)y is weakly gauged. This
model contains a weak doublet, that is identified with the Higgs
doublet, and a complex weak triplet whose mass is not protected
by collective breaking. Other popular little nggs modch arc based
on different coset spaces: minimal moose (SU(3)2/SU(3)) [402],
the simplest little Higgs (SU(3)%/SU(2)%) [403] the bestest little
Higgs (SO(6)2/SO(6)) [404] etc. For comprehensive reviews, see
Refs. [405,406].

Generically, oblique corrections in Little Higgs models are reduced
either by increasing the coupling of one of the gauge groups (in the

Table 11.17: Global symmetry breaking patterns and the
corresponding Goldstone boson contents of the SM, the minimal
composite Higgs model, the next to minimal composite Higgs
model, and the minimal composite two Higgs doublet model.
Note that the SU(3) model does not have a custodial invariance.
a denotes a CP-odd scalar while h and H are CP-even scalars.

Model Symmetry Pattern Goldstone’s
SM SO(4)/SO(3) Wi, Zp,
- SU(3)/SU(2)xU(1) W, Zp, H
MCHM SO(5)/SO(4)xU(1) W, Zp, H
NMCHM SO(6)/SO(5)xU(1) Wi, Zp,H,a
MC2HM  SO(6)/SO(4)xS0(2) xU(1) Wiy, Zr, h, H,HE a

case of product group models) or by increasing the masses of the W
and Z partners, leading ultimately to a fine-tuning of the order of a few
percents, i.e., improving only marginally the situation of the MSSM
(see for instance Ref. [407] and references therein). The compatibility
of Little Higgs models with experimental data is significantly improved
when the global symmetry involves a custodial symmetry as well as a
T-parity [408] under which, in analogy with R-parity in SUSY models,
the SM particles are even and their partners are odd. Such Little
Higgs models would therefore appear in colliders as jet(s) with missing
transverse energy [409] and the ATLAS and CMS searches for squarks
and gluinos [410] can be recast to obtain limits on the masses of the
heavy vector-like quarks. The T-even top partner, with an expected
mass below 1TeV to cancel the top loop quadratic divergence without
too much fine-tuning, would decay dominantly into a ¢t + Z pair or
into a b+ W pair or even into ¢t + H. The latest CMS and ATLAS
direct searches [411] for vector-like top partners put a lower bound
around 700 GeV on their mass, excluding the most natural region of
the parameter space of these models.

The motivation for Little Higgs models is to solve the little
hierarchy problem, i.e., to push the need for new physics (responsible
for the stability of the weak scale) up to around 10 TeV. Per se, Little
Higgs models are effective theories valid up to their cutoff scale Ag JH-
Their UV completions could either be weakly or strongly coupled.

V.7.2. Models of partial compositeness

The Higgs boson is a special object. Even in composite models,
it cannot appear