REVIEW OF PARTICLE PHYSICS™

Particle Data Group

Abstract

This biennial Review summarizes much of particle physics. Using data from previous editions, plus 2158 new
measurements from 551 papers, we list, evaluate, and average measured properties of gauge bosons, leptons, quarks,
mesons, and baryons. We also summarize searches for hypothetical particles such as Higgs bosons, heavy neutrinos,
and supersymmetric particles. All the particle properties and search limits are listed in Summary Tables. We also give
numerous tables; figures, formulae, and reviews of topics such as the Standard Model, particle detectors, probability,
and statistics. Among the 108 reviews are many that are new or heavily revised including those on neutrino mass,
mixing, and oscillations, QCD, top quark, CKM quark-mixing matrix, V,q & Vis, Va & Vi, fragmentation functions,
particle detectors for accelerator and non-accelerator physics, magnetic monopoles, cosmological parameters, and big
bang cosmology.

A booklet is available containing the Summary Tables and abbreviated versions of some of the other sections of
this full Review. All tables, listings, and reviews (and errata) are also available on the Particle Data Group website:
http://pdg.1bl.gov.
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HIGHLIGHTS OF THE 2010 EDITION OF THE REVIEW OF PARTICLE PHYSICS

551 new papers with 2158 new measurements.

108 reviews (most are revised or new).

e Latest from B-meson physics: 132 papers
with 714 measurements:

CP violation

Bg mixing

Determination of Vi, and V,,;, CKM

elements

New b-hadron states

e Many new results in the sections on strongly-
decaying mesons: 130 papers with 698 mea-

surements.

e New measurements of D;’ branching frac-

tions and a new review of them.
e Nine new top quark mass results.

e Astrophysics sections updated with the 5-
year WMAP analysis.

e The Table of Astrophysical Constants
extended to include more cosmological param-
eters from the 5-year WMAP analysis.

e New “Magnetic Monopoles” review on

searches.

e Major update of the reviews on:
- QCD
- Top quark

- Fragmentation functions

e “High-Energy Collider Parameters” review
includes SuperB and SuperKEKB.

e New “Neutrino Mass, Mixing, and Oscilla-
tions” review.

i

¢ “Particle Detectors for Accelerator Physics’
review has substantial updates and a new sec-

tion.

e New review on “Particle Detectors for

Non-Accelerator Physics” covers

Atmospheric fluorescence and Cherenkov

detectors

Large TPCs for rare event detection
Sub-Kelvin detectors
Low-radioactivity background tech-

niques

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

See pdg.lbl.gov/AtomicNuclearProperties for Atomic Properties of Materials.

COLOR VERSIONS OF MANY FIGURES AVAILABLE AT END OF BOOK.
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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 2,158 new
measurements from 551 papers, in addition to the 27,337
measurements from 7,749 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 2010 (and, in some areas, well into 2010). As
described in the section “Using Particle Physics Databases”
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, see

http://library.web.cern.ch/library/Library/

request.html

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

0l 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 M. Tanabashi, T. Watari*
Axions G. Raffelt*

Leptons
Neutrinos M. Goodman, R. Miquel,* K. Nakamura,

K.A. Olive, A. Piepke, P. Vogel

e, b J. Beringer,* C. Grab
T K.G. Hayes, K. Monig*

Quarks
Quarks R.M. Barnett,* A.V. Manohar
Top quark J. Beringer,* K. Hagiwara
ot K. Hagiwara, W.-M. Yao*
Free quark J. Beringer*

Mesons
m™n J. Beringer,* C. Grab

Unstable mesons C. Amsler, M. Doser,* S. Eidelman,*
T. Gutsche, B. Heltsley, J.J. Herndndez-Rey,
H. Mahlke, A. Masoni, S. Navas, C. Patrignani,
S. Spanier, N.A. Tornqvist, G. Venanzoni

K (stable) G. D’Ambrosio, C.-J. Lin*

D (stable) D.M. Asner, S. Blusk, C.G. Wohl*

B (stable) Y. Kwon, G. Punzi, J.G. Smith, W.-M. Yao*
Baryons

Stable baryons C. Grab, C.G. Wohl*

Unstable baryons C.G. Wohl,* R.L. Workman

Charmed baryons S. Blusk, C.G. Wohl*

Bottom baryons Y. Kwon, J.G. Smith, G. Punzi, W.-M. Yao*
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Miscellaneous searches
Monopole D. Milstead*
Supersymmetry A. de Gouvéa, G. Weiglein,*

K.A. Olive, L. Pape

Technicolor M. Tanabashi, J. Terning*
Compositeness M. Tanabashi, J. Terning*
Extra Dimensions T. Gherghetta®, C. Kolda
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 2010 committee are:

H. Aihara (Tokyo), Chair
G. Brooijmans (Columbia)
D. Harris (FNAL)

P. Janot (CERN)

G. Perez (Stony Brook)

We have especially relied on the expertise of the following
people for advice on particular topics:

e S.I. Alekhin (COMPAS Group, IHEP, Protvino)
e M. Artuso (Syracuse University)

o E. Barberio (University of Melbourne, Australia)
e M. Bardeen (FNAL)

e R. Barlow (Manchester U.)

e A. Belyaev (University of Southampton)
e G. Bernardi (LPNHE-Paris)

o S. Bethke (MPI, Munich)

o L.I. Bigi (Notre Dame University)

o M. Billing (Cornell University)

e T. Brooks (SLAC)

o T. Browder (University of Hawaii)

e O. Bruening (CERN)

e D. Bugg (Queen Mary, London)

o F. Canelli (Enrico Fermi Institute, University of Chicago)
e D. Cassel (Cornell U.)

e G.L. Cassiday (U. Utah)

e G. Cavoto (University of Rome, Italy)

e M. Chanowitz (LBNL)

e H.-C. Cheng (UC Davis)

e J. Coleman (SLAC)

e B. Dawson (U. Adelaide, Australia)

o P. de Jong (NIKHEF)

o F. Deliot (CEA, Sacley)

o L. Demortier (Rockefeller University)

e D. Denisov (FNAL)

e F'. Di Lodovico (University of Lodon)

e A. Donnachie (University of Manchester)
e R. Escribano (IFAE, Barcelona)

e M. Fidecaro (CERN)

e W. Fischer (BNL)

o P. Franzini (Rome U. & INFN, Frascati)
¢ B.K. Fujikawa (LBNL)

e P. Gambino (Univ. degli Studi di Torino)
e A. Georges (Univ. Montreal, Canada)

o T. Geralis (INP, NCSR, Athens)

o T. Gershon (U. of Warwick, UK)

o A. Glazov (DESY)

e D. Glenzinski (FNAL)

e R. Godang (University of South Alabama)
e B. Golob (U. Ljubljana)

o G. Gomez-Ceballos (MIT)

o . Harris (University of Hawaii)

e S. Heinemeyer (IFCA (CSIC-UC), Santander, Spain)
e J. Heinrich (University of Pennsylvania)
o A. Hoang (Max-Planck-Institut, Germany)
o T. lijima (KEK)

e K. Inoue (Tohoku)

e G. Isidori (INFN, Frascati)

e R. Itoh (KEK)

e J. Jowett (CERN)

o R.W. Kadel (LBNL)

e J. Kadyk (LBNL)

e A. Kagan (University of Cincinnati)

¢ S.G. Karshenboim (VNIIM, St-Petersburg)
e A.G. Kharlamov (BINP, Novosibirsk)

e K. Kleinknecht (U. Mainz)

e J.R. Klein (U. Pennsylvania)

e B.A. Kniehl (University of Hamburg)

e T. Komatsubara (KEK)

e J. Konigsberg (University of Florida)

o . Krauss (University of Durham)

e A. Kronfeld (FNAL)

e S.-I. Kurokawa (KEK)

e H. Lacker (LAL-Orsay)

e E.B. Levichev (BINP, Novosibirsk)

e J. Libby (Indian Inst. of Technology, Madras)
e E. Linder (LBNL)

e O. Long (UC Riverside)

e D. Lopes Pegna (Princeton)

e V. Luth (SLAC)

e G.R. Lynch (LBNL)

e L. Lyons (Oxford U.)

e M.L. Mangano (CERN)

e P. Massarotti (Naples U.&INFN)

e B. Meadows (U. of Cinncinnati)

¢ J.P. Miller (Boston University)

e S. Moch (DESY)

o P.J. Mohr (NIST)

e S. Monteil (Univ. Blaise Pascal, France)
e R. Moore (FNAL)

o M. Neubert (Cornell University)

e D. Newell (INST, Gaithersburg)

e J. Nico (NIST)

e H.P. Nilles (Bonn University)

e H. O’Connell (FNAL)

e Y. Ohnishi (KEK, Japan)

e K. Oide (KEK, Japan)

e S. Olsen (University of Hawaii)

o M. Palutan (INFN, Frascati)

e M. Paulini (Carnegie Mellon University)
e M.R. Pennington (University of Durham)
e A. Pich (IFIC, Valencia)

o T. Plehn (University of Edinburgh)

e P. Raimondi (INFN, Frascati)

e M. Ramsey-Musolf (Univ. Wisconsin)

e B.L. Roberts (Boston University)

e M. Roney (Uinversity of Victoria)
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o M. Ross (FNAL)

e M. Ruspa (INFN-Torin)

e K. Sachs (Carleton Univ.)

e V.D. Samoylenko (IHEP, Serpukhov)

o M. Schmitt (Northwestern University)

e C. Schwanda (HEPHY, Vienna)

e C. Schwanenberger (University of Manchester)
o A.J. Schwartz (University of Cincinnati)

e J.T. Seeman (SLAC)

e E. Shabalina (University of Illinois at Chicago)
e S. Sharpe (University of Washington)

e Yu.M. Shatunov (BINP, Novosibirsk)

o T. Sloan (Lancaster Univ.)

e A.R. Smith (LBNL)

e S. Soldner-Rembold (University of Manchester)
o V. Sorin (Universitat Autonoma de Barcelona)
e M.S. Sozzi (Pisa, Scuola Normale Superiore)

e A. Stocchi (Orsay, LAL)

e S.I. Striganov (COMPAS Group, IHEP, Protvino)
e Z. Sullivan (ANL & Southern Methodist U.)

e W.M. Sun (Cornell U.)

o T. Tait (ANL)

e B.N. Taylor (NIST)

o R. Tesarek (FNAL)

e J. Thaler (MIT)

e E. Thorndike (U. Rochester)

o K. Trabelsi (KEK)

e R. Van Kooten (Indiana University)

o G. Velev (Fermilab)

o L.-T. Wang (Princeton University)

o T.C. Weekes (Center for Astrophysics-Whipple Observ.)
e C. Weiser (University of Freiburg, Germany)

e G. Wilkinson (Oxford)

o M. Wobisch (Louisiana Tech. University)

e D. Wood (Northeastern University)

e C.-P. Yuan (Michgan State University)

e G. Zanderighi (University of Oxford)

e C. Zhang (IHEP, Beijing)

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 DF. None of the
lightest pseudoscalar or vector mesons changed names, nor
did the ¢¢ or bb mesons (we do, however, now use x. for the
c¢ 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
Hadrons” (p. 112) of this Review.

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

“Naming Scheme for

antiparticles are indicated by a bar (overline): 7,, ¢, p, K,
and &7 (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 [t involves assumptions we question.

e [t 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.

o 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—TFor 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
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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 z #+ dx is intended to be a 68.3%
confidence interval about the central value z. We treat
this error as if it were Gaussian. Thus when the error is
Gaussian, dx is the usual one standard deviation (1o). 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 xz, 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—(6x)~, we use (6x); when it is greater than x+ (dz) ™, we
use (0z)T. In between, the error we use is a linear function
of . 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 + A?)Y/2 where A; = U,-A[Z(l/a]?)]lﬁ.
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., my, mo, and A = mg — m;.
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 mj, mo 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

L 2Wi T N-1/2
T 0T = 722 " + O owi) , (1)

where

w; = 1/(6x)? .

Here z; 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 — 2;) and compare it
with N — 1, which is the expectation value of x2 if the
measurements are from a Gaussian distribution.

If x2/(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 x?/(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
0T 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 Jx;
is arbitrarily chosen to be

1/2

8o = 3N'2 o7,

where 6T 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 =
and 07, they can make significant contributions to the x2,
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 (5cci/N1/2, 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 d T 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 0T, simply divide the quoted error by S.
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(b) If the number M of experiments with an error smaller
than &g is at least three, and if x2/(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)

2
X

- SMITH 75B WIRE 0.3
- NIEBERGALL 74 ASPK 1.3
FACKLER 73 OSPK 041
- HART 73 OSPK 0.3
- MALLARY 73 OSPK 4.4
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 x? 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/§z;. 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 (1/5x;)?, 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 " (or mean life), and the
associated error matrix.

Assume, for example, that a state has m partial decay
fractions P;, where >~ P; = 1. These have been measured
in N, different ratios R,, where, e.g., R1 = P1/Pa, R

= P/P3, etc. [We can handle any ratio R of the form
S a; P/ " Bi P;, where ; and (3; are constants, usually 1 or
0. The forms R = P;P; and R = (P;P;)'/? are also allowed.]
Further assume that each ratio R has been measured by Nj
experiments (we designate each experiment with a subscript
k, e.g., Ry;). We then find the best values of the fractions P;
by minimizing the x? as a function of the m — 1 independent
parameters:

Ny Ng - 2
2= ZZ <RT§TT;€RT> , (3)

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
8 P; = (0P; 6 P;)'/? (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 (x2) 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
52 — i % (R7’k - Rr) (4)
T N & (R~ R,)?)

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

(Rok = Rr)?) = (6Rw)?) — (0R)? | (5)

where 0 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 5?; are obtained. The scale factors
we finally list in such cases are defined by S; = 6P, /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; — (6 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 & 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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1. Introduction

The last two years witnessed an interesting evolution of the publishing
landscape in High-Energy Physics, the emergence of Open Access
publishing being one of the main events. See the ”Further Reading”
section for a short bibliography on Open Access projects, projects on
preservation of digital information, user behavior studies, and studies
on the evolution of the publishing landscape in High-Energy Physics.

2. Particles and Properties Databases
Particle Data Group resources

e REVIEW OF PARTICLE PHYSICS (RPP): A biennial compre-
hensive review summarizing much of the known data about the
field of particle physics produced by the international Particle
Data Group (PDG). Includes compilations and evaluation of
data on particle properties, summary tables with best values and
limits for particle properties, extensive summaries of searches for
hypothetical particles, and a long section of reviews, tables, and
plots on a wide variety of theoretical and experimental topics of
interest to particle physicists and astrophysicists. The Review of
Particle Physics online:

http://pdg.1bl.gov

PARTICLE PHYSICS BOOKLET: Although this booklet is
produced in print only and has no online access, it is included in
this guide because it is one of the most useful summary sets of
physics data available. Its small size and ease of ordering from
the Particle Data Group make it one of the most useful and
frequently used tools for particle physicists. This pocket-sized
300-page booklet contains data abstracted from the most recent
edition of the full Review of Particle Physics. Includes summary
tables and abbreviated versions of some review articles. Contains
useful plots and figures. Order a copy from:

t Starting with this edition of the Review of Particle Physics, the
CERN Scientific Information Service will take over the responsibility
to update and maintain this list of selected resources of interest to the
particle physics community. We would like to thank our colleagues of
the SLAC Research Library, who put together along the years a list of
high quality resources, that we integrated and partly reorganized. An
extended and updated version of this list is going to be available at:

http://library.cern.ch/library/pdg/

Please send comments and corrections to tullio.basaglia@cern.ch.

Sections:’
http://durpdg.dur.ac.uk/HEPDATA/REAC

NIST PHYSICS LABORATORY: This unit of the National
Institute of Standards and Technology provides measurement
services and research for electronic, optical, and radiation

technologies. Three sub-pages, on Physical Reference Data,

on Constants, Units & Uncertainty, and on Measurements &
Calibrations, are extremely useful. Additional links to other
physical properties and data of tangential interest to particle
physics are also available from this page:

http://physics.nist.gov/

Open Access Databases (arXiv, SPIRES,
INSPIRE,...)

arXiv.org E-PRINT ARCHIVE: The arXiv.org is a repository

of full text papers in physics, mathematics, computer, statistics,
nonlinear sciences, quantitative finance and quantitative biology.
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 keyword in
abstract. Allows limiting by subfield archive or by date:

http://arXiv.org

SPIRES-HEP: Contains over 850,000 bibliographic records for
particle physics articles, including journal papers, preprints,
technical reports, conference papers and theses. Comprehensively
indexed with multiple links to full text as well as links to author
and institutional information. Covers 1974 to the present with
substantial older materials added. Updated daily with links to
electronic texts, Durham Reaction Data, PDGLive etc. Searchable
by citation, by all authors and authors’ affiliations, title, topic,
report number, e-print archive number, date, journal, etc. A joint
project of the SLAC, DESY and Fermilab with the collaboration
of Durham:

http://www.slac.stanford.edu/spires/hep/

INSPIRE Beta: INSPIRE combines the most successful aspects
of SPIRES with the modern technology of Invenio (the CERN
open-source digital-library software). However, INSPIRE takes
its own inspiration from more than just SPIRES and Invenio. In
searching for a paper, INSPIRE will not only fully understand the
search syntax of SPIRES, but will also support free-text searches
like those in Google:

http://inspirebeta.net



Online particle physics information 19

More information about the project:

http://www.projecthepinspire.net/

e The CERN Document Server: contains records of more than
1,000,000 CERN and non-CERN articles, preprints, theses.
Includes records for internal and technical notes, official CERN
committee documents, and multimedia objects:

http://cdsweb.cern.ch/

e NASA ASTROPHYSICS DATA SYSTEM: The ADS Abstract
Service provides a search interface for four bibliographic databases
covering: Astronomy and Astrophysics, Instrumentation, Physics
and Geophysics, Science Education, and arXiv Preprints. Contains
abstracts from articles and monographs as well as conference
proceedings:

http://adsabs.harvard.edu/ads_abstracts.html

e JACoW: This Joint Accelerator Conference Website. It contains
the full text of all the papers of these accelerator conferences.
Search by conference name, author, title, keyword or full text of
the paper:

http://www.JACOW.org/

e KISS (KEK INFORMATION SERVICE SYSTEM) FOR
PREPRINTS: 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:

http://www-1ib.kek.jp/KISS/kiss prepri.html

4. Conference Databases

SPIRES CONFERENCES: Database of more than 17,000 past,
present and future conferences, schools, and meetings of interest to
high-energy physics and related fields. Covers 1973 to the future
and over 200 earlier conferences. Recent years have listed between
700 and 900 events. Search or browse by title, acronym, date,
location. Includes information about published proceedings, links
to submitted papers from the SPIRES-HEP database, and links
to the conference Web site when available. Links to a form with
which one can submit a new conference or edit an existing one:

http://www.slac.stanford.edu/spires/conferences/
additions.shtml

to submit a new conference. Can also search for any conferences
occurring by day, month, quarter, or year:

http://www.slac.stanford.edu/spires/conferences/

e CERN & HEP EVENTS: A list of current and upcoming
conferences, schools, workshops, etc., of interest to high-energy
physicists. Organized by year and then by date. Covers from 1993
onwards:

http://cdsweb.cern.ch/events/

5. Particle Physics Journals & Reviews
A full list of URLs for journals can be found at:

http://library.cern.ch/library/pdg/journals.html

Please note that some of these journals may limit access to subscribers.
If you encounter access problems, check with your institution’s library.

6.

Research Institutions

SPIRES HEP and Astrophysics INSTITUTIONS: database of
over 9,000 high-energy physics and astroparticle physics institutes,
laboratories, and university departments in which research on
particle physics is performed. Covers six continents and over a
hundred countries. Provides an alphabetical list by country or
an interface that is searchable by name, acronym, location, etc.
Includes address, phone and fax numbers, e-mail address, and
Web links where available. Has links to the recent HEP papers
from each institution. Maintained by SLAC, DESY and Fermilab
libraries. To search the Institutions database:

http://wuw.slac.stanford.edu/spires/institutions/

search the top 500 HEP and astrophysics institutions by country:
http://www.slac.stanford.edu/spires/inst/major.shtml

HEP INSTITUTES: Contains almost a thousand institutional
addresses used in the CERN Library catalog. Includes, where
available, the following: phone and fax numbers, e-mail addresses,
and Web links. Provides free text searching and result sorting by
organization, country, or town:

http://cdsweb.cern.ch/collection/HEP%20Institutes

People

HEPNAMES: Searchable worldwide database of over 40,000 people
associated with particle physics, astroparticle physics, synchrotron
radiation, and related fields. Provides e-mail addresses, country
in which the person is currently working, and a SPIRES HEP
database search for their papers. If the person has supplied the
following information, it lists the countries in which they did
their undergraduate and graduate work, their URL, and their
graduate students. It also provides information on the institutional
affiliation of each researcher (as well as their affiliation history
back to undergrad in many cases). It provides listings of Nobel
Laureates, country statistics, Lab Directors, etc.:

http://www.slac.stanford.edu/spires/hepnames/

Collaborations & Experiments

SPIRES EXPERIMENTS Database: Contains more than 2,400
past, present, and future experiments in elementary particle
physics. Lists both accelerator and non-accelerator experiments.
Includes official experiment name and number, location, spokesper-
sons, and collaboration lists. Simple searches by participant, title,
experiment number, institution, date approved, accelerator, or
detector, return a result that fully describes the experiment,
including a complete list of authors, title, description 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 make the Topcite at 50+ subsequent citations or more:

http://www.slac.stanford.edu/spires/experiments/

COSMIC RAY/GAMMA RAY/NEUTRINO AND SIMILAR
EXPERIMENTS: This is an extensive collection of experimental
Web sites organized by focus of study and also by location.
Additional sections link to educational materials, organizations
and related Web sites, etc. Maintained at the Max Planck Institute
for Nuclear Physics, Heidelberg:
http://www.mpi-hd.mpg.de/hfm/CosmicRay/

CosmicRaySites.html
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9.

Jobs

ATP Employment and Industry: American Institute of Physics
career network for physics, engineering and related physical
sciences:

http://www.aip.org/careersvc/

APS Careers in Physics: The American Physical Society
Jobs/careers page:

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

Careers with Physics: Advice and resources from the UK Institute
of Physics:
http://www.iop.org/activity/careers/Careers/

Resources/Career _resources/page_3964.html

HEPJOBS DATABASE: Maintained by Fermilab and SLAC
libraries, this database lists jobs in the fields of core interest to the
particle physics and astroparticle physics communities. Use this
page to post a job or to receive email notices of new job listings:
http://wuw.slac.stanford.edu/spires/jobs/

Physicsweb.org: Listing of physics openings for all degree levels:
http://physicsweb.org/jobs/

10. Software Repositories

CERNLIB: CERN PROGRAM LIBRARY: A large collection of
general purpose libraries and modules offered in both source code
and object code forms from the CERN central computing division.
Provides programs applicable to a wide range of physics research
problems such as general mathematics, data analysis, detectors
simulation, data-handling, etc. Also includes links to commercial,
free, and other software:

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

FREEHEP: A collection of software and information about
software useful in high-energy physics. Searching can be done by
title, subject, date acquired, date updated, or by browsing an
alphabetical list of all packages:

http://www.freehep.org/

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/

HEPFORGE: HepForge is a development environment for any sort
of academic software projects related to High-Energy Physics:

http://wuw.hepforge.org/

HEPIC: SOFTWARE & TOOLS USED IN HEP RESEARCH: A
meta-level site with links to other sites of HEP-related software
and computing tools:

http://www.hep.net/resources/software.html

GRID PHYSICS NETWORK: The GriPhyN Project is developing
grid technologies for scientific and engineering projects that collect
and analyze distributed, petabyte-scale datasets. Provides links
to project information such as documents, education, workspace,
virtual data toolkits, Chimera and Sphinx, as well as people,
activities, news, and related projects:

http://www.griphyn.org/
PARTICLE PHYSICS DATA GRID: The Web site for the U.S.
collaboration of federal laboratories and universities to build a
worldwide distributed computing model for current and future
particle and nuclear physics experiments:

http://www.ppdg.net/

11. Particle Physics Education Sites

Particle Physics Education: General Sites:

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; and Nuclear Science:

http://wuw.cpepweb.org/

Particle Physics Education: Background Knowledge:

Particle Physics Education: Particle Physics Lessons & Activities:

ANTIMATTER: MIRROR OF THE UNIVERSE: Find out what
antimatter is, where it is made, the history behind its discovery,
and how it is a part of our lives. Features colorful photos and
illustrations, a Kids Corner, and CERN physicists answering your
questions on antimatter:

http://livefromcern.web.cern.ch/livefromcern/antimatter/

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 called
accelerators and particle detectors. 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/partl.html

Stanford Linear Accelerator Center: This Stanford Linear Accel-
erator Center Web site explains basic particle physics, linear and
synchrotron accelerators, electron gamma showers, cosmic rays,

and the experiments conducted at SLAC, including real-world

applications. Intended for the general public as well as teachers
and students:

http://www2.slac.stanford.edu/vvc/

THE WORLD OF BEAMS: A site to visit if you wish to know a
little or a lot about laser beams, particle beams, and other kinds of
beams. Includes interactive tutorials, such as: What are Beams?,
Working with Beams, and Beam Research and Technology. A

good resource for physical science units involving energy, structure
and properties of matter, and motion and forces for Grades 8-12.
The information here is also helpful if you plan to tour any of the
national laboratories listed in the “Libraries” section of this guide:

http://bcl.1bl.gov/CBP_pages/educational/WoB/home.htm

FERMILAB EDUCATION OFFICE: Outstanding collection of
resources from the “grandmother” of all physics lab educational
programs. Thoughtful unit and lesson plans in both physics and
the environment (Fermilab is located on a rare, protected prairie
in Illinois). Sections are organized by grade level:

http://www-ed.fnal.gov/

THE PARTICLE ADVENTURE: One of the most popular Web
sites for learning the fundamentals of matter and force. Created
by the Particle Data Group of Lawrence Berkeley National
Laboratory. An award-winning, interactive tour of the atom,
with visits to quarks, neutrinos, antimatter, extra dimensions,
dark matter, accelerators and particle detectors. Simple elegant
graphics and translations into eleven languages:

http://ParticleAdventure.org

QUARKNET: QuarkNet brings the excitement of particle physics
research to high school teachers and their students. Teachers join
research groups at sixty universities and labs across the country.
These research groups are part of particle physics experiments at
CERN, Fermilab, or SLAC. Students learn fundamental physics
as they participate in inquiry-oriented investigations and analyze
live, online data. QuarkNet is supported in part by the National
Science Foundation and the U.S. Department of Energy:

http://QuarkNet.fnal.gov
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Particle Physics Education: Art in Physics:

Note: This modest collection of physics art links is provided for high
school art, photography, and literature teachers who may be interested
in the intersections between science and technology and art and
literature, or who wish to take an interdisciplinary approach to the
curriculum in collaborating with their science department colleagues.

e HIDDEN CATHEDRALS-SCIENCE OR ART?: This page
provides roughly seventeen dramatic color images of the inner
workings of particle detectors at the European Organisation for
Nuclear Research (CERN) which is the world’s largest particle
physics center:

http://public.web.cern.ch/public/about/how/art/art.html

PHYSICS ICONS: A video by Chip Dalby, SLAC InfoMedia
Solutions, showing particle physics as delicate, experiential art.
This meditation on the shifting nature of physics iconography was
featured in the New York Museum of Modern Art’s P.S.1 exhibit,
Signatures of the Invisible:
http://www-project.slac.stanford.edu/streaming-media/

Sub-Movies.html

12. Physics Topics Pages
Topics Pages
e CAMBRIDGE RELATIVITY: PUBLIC HOME PAGE: These
pages focus on the non-technical learner and explain aspects of
relativity such as: cosmology, black holes, cosmic strings, inflation,
and quantum gravity. Provides links to movies, research-level
home pages and to Stephen Hawking’s Web site:

http://wuw.damtp.cam.ac.uk/user/gr/public/

THE OFFICIAL STRING THEORY WEB SITE: Outstanding
compilation of information about string theory includes: basics,
mathematics, experiments, cosmology, black holes, people
(including interviews with string theorists), history, theater, links
to other Web sites and a discussion forum:

http://superstringtheory.com/

SUPERSTRINGS: An online introduction to superstring theory
for the advanced student. Includes further links:

http://www.sukidog.com/jpierre/strings/

THE ULTIMATE NEUTRINO PAGE: This page provides a
gateway to an extremely useful compilation of experimental data
and results:

http://cupp.oulu.fi/neutrino/

13. Further Reading
Open Access Related Projects

e SCOAP3: The Sponsoring Consortium for Open Access Publishing
in Particle Physics is a consortium of High-Energy Physics funding
agencies, High-Energy Physics laboratories and leading national
and international libraries and library consortia. Its aim is to
facilitate Open Access publishing in High Energy Physics. The
Open Access (OA) tenets of granting unrestricted access to the
results of publicly-funded research are in contrast with current
models of scientific publishing, where access is restricted to journal
customers. In this model, HEP funding agencies and libraries,
which today purchase journal subscriptions to implicitly support
the peer-review service, federate to explicitly cover its cost, while
publishers make the electronic versions of their journals free to
read. Authors are not directly charged to publish their articles
OA. The SCOAP3 web site:

http://www.scoap3.org

o PARSE.Insight: Permanent Access to the Records of Science in
Europe is a two-year project co-funded by the European Union
under the Seventh Framework Programme. It is concerned with
the preservation of digital information in science, from primary
data through analysis to the final publications resulting from the
research:

www.parse-insight.eu

A recent article about PARSE.Insight:
First results from the PARSE.Insight project: HEP survey on
data preservation, re-use and (open) access Authors: Andre
Holzner, Peter Igo-Kemenes, Salvatore Mele arXiv:0906.0485v1.
2 Jun 2009. The online article:

http://arxiv.org/abs/0906.0485

Data Preservation

e ICFA Study Group on Data Preservation and Long Term Analysis
in High Energy Physics. High Energy Physics experiments initiated
with this Study Group a common reflection on data persistency
and long term analysis in order to get a common vision on
these issues and create a multi-experiment dynamics for further
reference:

https://www.dphep.org/
Demographic Studies

e Two studies have been recently published, which provide an insight
in some aspects of scientific publication production in HEP. These
articles are useful background readings for anyone interested in
how the SCOAP3 project started and evolved:

Quantitative Analysis of the Publishing Landscape in High-
Energy Physics Salvatore Mele, David Dallman, Jens Vigen,
Joanne Yeomans arXiv:cs/0611130v1 [cs.DL]. 26 Nov 2006.
These results provide quantitative input to the ongoing debate
on the possible transition of HEP publishing to an Open Access
model.

http://arxiv.org/abs/cs/0611130

Quantitative Study of the Geographical Distribution of the
Authorship of High-Energy Physics Journals Jan Krause; Carl
Marten Lindqvist; Salvatore Mele CERN-OPEN-2007-014. 16
July 2007.

http://www.scoap3.org/files/cer-002691702.pdf

User Behaviour Studies

o Information resources in High-Energy Physics: Surveying the
present landscape and charting the future course Anne Gentil-
Beccot, Salvatore Mele, Annette Holtkamp, Heath B. O’Connell,
Travis C. Brooks arXiv:0804.2701v2. 16 Apr 2008. These results
inform the future evolution of information management in HEP
and, as these researchers are traditionally “early adopters” of
innovation in scholarly communication, can inspire developments
of disciplinary repositories serving other communities.

http://arxiv.org/abs/0804.2701v2

Published version:
http://www.slac.stanford.edu/spires/find/
hep/www?eprint?=arXiv:0804.2701

e (liting and Reading Behaviours in High-Energy Physics. How a
Community Stopped Worrying about Journals and Learned to
Love Repositories Anne Gentil-Beccot, Salvatore Mele, Travis C.
Brooks arXiv:0906.5418v1. 30 Jun 2009. CERN-OPEN-2009-007,
SLAC-PUB-13693.

http://arxiv.org/abs/0906.5418




22




SUMMARY TABLES OF PARTICLE PHYSICS

Gauge and Higgs Bosons . . . . . . . . . . . . .25
Leptons A
Quarks . . . . . . . . . . . . . . ... ....30
Mesons . . . . . . . . . . .31
Baryons . . . . . . . . . .. ... .. T3
Miscellaneous searches* . . . . . . . . . . . . . .87
Tests of conservationlaws . . . . . . . . . . .89
Meson Quick Reference Table . . . . . . . 71

Baryon Quick Reference Table . . . . . . . 72

* There are also search limits in the Summary Tables for the Gauge and Higgs Bosons, the Leptons, the Quarks, and the
Mesons.






25

Gauge & Higgs Boson Summary Table

SUMMARY TABLES OF PARTICLE PROPERTIES

Extracted from the Particle Listings of the
Review of Particle Physics

K. Nakamura et al., JPG 37, 075021 (2010)
Available at http://pdg.1bl.gov

Particle Data Group

K. Nakamura, K. Hagiwara, K. Hikasa, H. Murayama, M. Tanabashi,

T. Watari, C. Amsler, M. Antonelli, D.M. Asner, H. Baer, H.R. Band,
R.M. Barnett, T. Basaglia, E. Bergren, J. Beringer, G. Bernardi, W. Bertl,
H. Bichsel, O. Biebel, E. Blucher, S. Blusk, R.N. Cahn, M. Carena,

A. Ceccucci, D. Chakraborty, M.-C. Chen, R.S. Chivukula, G. Cowan,

0. Dahl, G. D’Ambrosio, T. Damour, D. de Florian, A. de Gouvéa,

T. DeGrand, G. Dissertori, B. Dobrescu, M. Doser, M. Drees,

D.A. Edwards, S. Eidelman, J. Erler, V.V. Ezhela, W. Fetscher,

B.D. Fields, B. Foster, T.K. Gaisser, L. Garren, H.-J. Gerber, G. Gerbier,
T. Gherghetta, G.F. Giudice, S. Golwala, M. Goodman, C. Grab,

A.V. Gritsan, J.-F. Grivaz, D.E. Groom, M. Griinewald, A. Gurtu,

T. Gutsche, H.E. Haber, C. Hagmann, K.G. Hayes, M. Heffner, B. Heltsley,
J.J. Herndndez-Rey, A. Hocker, J. Holder, J. Huston, J.D. Jackson,

K.F. Johnson, T. Junk, A. Karle, D. Karlen, B. Kayser, D. Kirkby,

S.R. Klein, C. Kolda, R.V. Kowalewski, B. Krusche, Yu.V. Kuyanov,

Y. Kwon, O. Lahav, P. Langacker, A. Liddle, Z. Ligeti, C.-J. Lin,

T.M. Liss, L. Littenberg, K.S. Lugovsky, S.B. Lugovsky, J. Lys, H. Mahlke,
T. Mannel, A.V. Manohar, W.J. Marciano, A.D. Martin, A. Masoni,

D. Milstead, R. Miquel, K. Mo6nig, M. Narain, P. Nason, S. Navas,

P. Nevski, Y. Nir, K.A. Olive, L. Pape, C. Patrignani, J.A. Peacock,

S.T. Petcov, A. Piepke, G. Punzi, A. Quadt, S. Raby, G. Raffelt,

B.N. Ratcliff, P. Richardson, S. Roesler, S. Rolli, A. Romaniouk,

L.J. Rosenberg, J.L. Rosner, C.T. Sachrajda, Y. Sakai, G.P. Salam,

S. Sarkar, F. Sauli, O. Schneider, K. Scholberg, D. Scott, W.G. Seligman,
M.H. Shaevitz, M. Silari, T. Sjéstrand, J.G. Smith, G.F. Smoot, S. Spanier,
H. Spieler, A. Stahl, T. Stanev, S.L. Stone, T. Sumiyoshi, M.J. Syphers,

J. Terning, M. Titov, N.P. Tkachenko, N.A. Térnqvist, D. Tovey,

T.G. Trippe, G. Valencia, K. van Bibber, G. Venanzoni, M.G. Vincter,

P. Vogel, A. Vogt, W. Walkowiak, C.W. Walter, D.R. Ward, B.R. Webber,
G. Weiglein, E.J. Weinberg, J.D. Wells, A. Wheeler, L.R. Wiencke,

C.G. Wohl, L. Wolfenstein, J. Womersley, C.L. Woody, R.L. Workman,

A. Yamamoto, W.-M. Yao, O.V. Zenin, J. Zhang, R.-Y. Zhu, P.A. Zyla

Technical Associates:
G. Harper, V.S. Lugovsky, P. Schaffner

@Regents of the University of California

(Approximate closing date for data: January 15, 2010)

GAUGE AND HIGGS BOSONS
1JPCy = 0,11~ )

Mass m < 1x 10718 eV
Charge g < 1x 1073 ¢
Mean life 7 = Stable

g

Py e
or gluon %) =007)

Mass m = 0 [
SU(3) color octet

m J=1

Charge = +£1 e

Mass m = 80.399 + 0.023 GeV
mz — my = 10.4 £ 1.6 GeV
my+ — my,— = —0.2=+ 0.6 GeV
Full width ' = 2.085 + 0.042 GeV
(N_+) =15.70 + 0.35

<NKi> =2.20+0.19

(N,

(

p) = 0.92 +0.14
Ncharged> =19.39 £ 0.08

W™ modes are charge conjugates of the modes below.

p
w+ DECAY MODES Fraction (T';/T) Confidence level (MeV/c)

tty [b] (10.80+ 0.09) % -
ety (10.75+ 0.13) % 40199
utv (10.57+ 0.15) % 40199
Tt (11.25+ 0.20) % 40180
hadrons (67.60+ 0.27) % -
aty < 8 x 1075 95% 40199
Diy < 13 x 103 95% 40175
cX (334 + 26 )% -

= 13

cs Gr 5 )% -
invisible [c] (14 £29)% -
J = 1

Charge = 0

Mass m = 91.1876 + 0.0021 GeV [d]

Full width T = 2.4952 + 0.0023 GeV

I(¢+e-) = 83.984 + 0.086 MeV 2]

I (invisible) = 499.0 + 1.5 MeV [€]

I (hadrons) = 1744.4 & 2.0 MeV

M(p*p~)/T(e*e™) = 1.0009 + 0.0028

[(rt77)/r(ete”) = 1.0019 + 0.0032 /]
Average charged multiplicity

(Nehargea) = 20.76 £ 0.16 (S = 2.1)
Couplings to leptons

g/i/ = —0.03783 £ 0.00041
u — .09+0.10

8v 0.08

& = 03370

gﬁ = —0.50123 + 0.00026
g4 — 050702

4 = —05247 450

g¥t = 0.5008 + 0.0008
g¥e = 0.53 + 0.09
g’r = 0.502 + 0.017

Asymmetry parameters (€]
Ae = 0.1515 + 0.0019
A, = 0.142 + 0.015
Ar = 0.143 + 0.004
As = 0.90 + 0.09
Ac = 0.670 + 0.027
Ap = 0.923 + 0.020

Charge asymmetry (%) at Z pole
AL — 171+ 010
A — g 17
A% — 98411
A% — 707 +0.35
A —9.92 4 0.16

Scale factor/

p
Z DECAY MODES Fraction (I';/T) Confidence level (MeV/c)

ete~ (3.363 +0.004 ) % 45594
wtp~ (3.366 +0.007 ) % 45594
T (3.367 +0.008 )% 45559
[ [B] ( 3.3658+0.0023) % -
invisible (20.00 +0.06 )% -
hadrons (69.91 +0.06 )% -
(ut+cc)/2 (11.6  +0.6 )% -
(dd+ss+bb)/3 (156 +£04 )% -
cc (1203 +£021 )% -
bb (1512 £0.05 )% -
bbbb (36 +13 )x10~4 -
888 < 11 % CL=95% -
70 < 52 %1075 CL=95% 45594
nYy < 51 x1075 CL=95% 45592
wry < 65 x10~4 CL=95% 45590
7'(958)y < 42 x1075 CL=95% 45589
vy < 52 x1075 CL=95% 45594
Yy < 1.0 x 1075 CL=95% 45594
= WF < 7 x1075 CL=95% 10150
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pEWF [ < 83 x 1075 CL=95% 10124 Zy, of Eg — SO(10)xU(1)y (with gy=e/cosbyy)
J/p(1S)X ( 351 fg'%g )x 1073 s=1.1 - Mass m > 878 GeV, CL = 95% (pp direct search)
B2S)X (160 +029 )x10-3 B Mass m > 475 GeV, CL = 95% (electrO\.Neak fit)
Ya(1P)X (29 407 )x10-3 _ Z, of Eg — SU(3)><SU(2)><U(1)><U(1)E (.\Nlth &y=¢/cosfyy)
Yea(1P)X < 32 «10-3 CL=90% - Mass m > 904 GeV, CL = 95% (pp direct search)
T(1S) X +T(2S) X (10 +05 )x10—% - Mass m > 619 GeV, CL = 95% (electroweak fit)
+T(35) X s . Scalar Leptoquarks
iggi i ‘1‘::9 iig% EE;Z;Z B Mass m > 299 GeV, CL = 95% (1st generation, pair prod.)
T(35)X < 94 % 10-5 CL_05% _ Mass m > 298 GeV, CL = 95% (1st gener., smg_;le prod.)
(D° /DY) X (207 420 )% _ Mass m > 316 GeV, CL = 95% (2nd gener., pair prod.)
DEX (122 +17 )% _ Mass m > 73 GeV, CL = 95% (2nd gener., single prod.)
D*(2010)% X ] (114 +13 )% _ Mass m > 229 GeV, CL = 95% (3rd gener., pair prod.)
D41 (2536)*X (36 +08 )x1073 - (See the Particle Listings for assumptions on leptoquark quan-
D, ;(2573)%X (58 +22 )x1073 - tum numbers and branching fractions.)
D*(2629)F X searched for -
BtX [l (608 +013 )% -
BIX [l (159 4013 )% - Axions (A°) and Other
BIX searched for - Very Light Bosons, Searches for
ATX (154 +033 )% -
_:2)( seen _ The standard Peccei-Quinn axion is ruled out. Variants with reduced
X seen - couplings or much smaller masses are constrained by various data.
b-baryon X [l (138 +022 )% _ The Particle Listings in the full Review contain a Note discussing
anomalous ++ hadrons U< 32 x 1073 CL=95% - axion searches.
ete ] < 5.2 x10~% CL=95% 45594 The best limit for the half-life of neutrinoless double beta decay with
pwhtu=y 1< 56 x 1074 CL=95% 45594 Majoron emission is > 7.2 x 1024 years (CL = 90%).
THr Ty 1< 73 x10~4 CL=95% 45559
ey K] < 68 x 1076 CL=95% - NOTES
qqyy [k] < 55 x 107 CL=95% -
vUyy [k] < 3.1 x 1070 CL=95% 45594 In this Summary Table:
et T LF  [h] < 17 x1076 CL=95% 45594 y ’
efrT LF  [n]< 98 x1076 CL=95% 45576 When a quantity has “(S = ...)" to its right, the error on the quantity has
pErT LF [ < 12 x1075 CL=95% 45576 been enlarged by the “scale factor” S, defined as S = /x2/(N — 1), where
pe LB < 18 x 1076 CcL=95% 45589 N is the number of measurements used in calculating the quantity. We do
P LB < 18 x1076 CL—95% 45589 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.

Higgs Bosons — HO and H*, Searches for

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.

The limits for H‘lJ and Ay refer to the m"®* benchmark scenario for
the supersymmetric parameters.
H® Mass m > 114.4 GeV, CL = 95%

HY in Supersymmetric Models (mHg <mHg)
Mass m > 92.8 GeV, CL = 95%
AP Pseudoscalar Higgs Boson in Supersymmetric Models (]
Mass m > 93.4 GeV, CL = 95% tanj3 >0.4
HE Mass m > 79.3 GeV, CL = 95%
See the Particle Listings for a Note giving details of Higgs

[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.

Bosons. [e] This partial width takes into account Z decays into v7 and any other
possible undetected modes.
Heavy Bosons Other Than [f] This ratio has not been corrected for the 7 mass.

[g] Here A = 2ngA/(g%/+gi).

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

[/] This value is updated using the product of (i) the Z — bb

Higgs Bosons, Searches for

Additional W Bosons
W' with standard couplings decaying to ev

Mass m > 1.000 x 103 GeV, CL = 95%

Additional Z Bosons

Z,SM with standard couplings
Mass m > 1.030 x 103 GeV, CL = 95%
Mass m > 1500 GeV, CL = 95%

Z; g of SU(2) xSU(2)gxU(1)
Mass m > 630 GeV, CL = 95%
Mass m > 998 GeV, CL = 95%

(pPp direct search)

(electroweak fit)
(with g; = ggr)

(pPp direct search)
(electroweak fit)

Z, of SO(10) — SU(5)xU(1), (with g,=e/costy)

Mass m > 892 GeV, CL = 95%
Mass m > 781 GeV, CL = 95%

(pp direct search)
(electroweak fit)

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/PDG2009/#FRACZ).

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

[k] For m,., = (60 + 5) GeV.
[] The limits assume no invisible decays.
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Lepton Summary Table

L E PTO N S Decay parameters

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

E J=3 ple or p) = 0.745 + 0.008
Mass m = (548.57990943 + 0.00000023) x 106 u p(e) = 0.747 4 0.010
Mass m = 0.510998910 + 0.000000013 MeV p(u) = 0.763 £ 0.020
|mae — m, |/m< 8x107% CL = 90% &(e or p) = 0.985 + 0.030
0 + q |/e < 4x 1078 £(e) = 0.994 + 0.040
Magnetic moment anomaly £(p) = 1.030 + 0.059
(g-2)/2 = (1159.65218073 + 0.00000028) x 10~ (e or ) = 0.013 £ 0.020
8o+ — ) / Gaverage = (~05 +2.1) x 10712 ) = 0.094 = 0073
Electric dipole moment d = (0.07 + 0.07) x 10726 ecm (6¢)(e or p) = 0.746 + 0.021
Mean life r > 4.6 x 10% yr, CL = 90% [l (96)(e) = 0.734 & 0.028
(5€)(12) = 0.778 + 0.037
. &(m) = 0.993 + 0.022
=3 £(p) = 0.994 + 0.008
Mass m = 0.1134289256 -+ 0.0000000029 u §(a1) = 1.001 & 0.027
Mass m = 105.658367 + 0.000004 MeV £&(all hadronic modes) = 0.995 + 0.007
Mean life 7 = (2.197034 + 0.000021) x 10765 (S = 1.2) 7T modes are charge conjugates of the modes below. “h®" stands for
T‘ﬁ/T _ = 1.00002 4+ 0.00008 x£ or K£. “¢” stands for e or p. “Neutrals” stands for 4’s and/or 0%,
T = 658.654 m Scale factor/ p
Magnetic moment anomaly (g—2)/2 = (11659209 + 6) x 1010 +— DECAY MODES Fraction (Tj/F)  Confidence level (MeVjc)

—g =(—0.11 +0.12) x 1078
(8+ —8,-) [ Baverage = ( ) Modes with one charged particle

] o 19
Electric dipole moment d = (—0.1+ 0.9) x 10 ecm particle™ > 0 neutrals > 0KO vy (85.36+0.08) % S=1.3 -
Decay parameters (2] (“1-prong”)
p = 0.7503 + 0.0004 particle™ > 0 neutrals > OK?_VT (84.7240.08) % S=1.4 -
1 = 0.057 4 0.034 W vy lg] (17.36£0.05) % 885
§ = 0.7504 + 0.0006 BTy le] (36 +04)x103 885
¢P, = 1.0007  0.0035 [ e TVeu, lg] (17.85+0.05) % 888
— ono, [ e Teryy le] ( 1.7540.18) % 888
£Pub/p > 099682, CL = 90% h~ >0KY v (12.13£0.07) % S=1.1 883
¢ =1.00 + 0.04 Lo
" 07404 h~ v, (11.6140.06) % S=1.1 883
¢ =0 : 3 T, lg] (10.91£0.07) % s=1.1 883
11,/A =(0+4)x10 . K= v, le] (6.96+023) x 10~3 S=1.1 820
o [A = (—10 & 20) ><310 h~ > 1 neutralsy, (37.0640.10) % s=1.2 -
B/A = (4 +6)x10~ h= > 17%, (ex.K9) (36.54:0.11) % 5=12 -
B/A=(2+7)x1073 h=m0u, (25.94£0.09) % S=1.1 878
7 = 0.02 4+ 0.08 a0, lg] (25.51+0.09) % S=1.1 878
+ modes are charge conjugates of the modes belo ™m0 non-p(770) vy (30 £32) 1073 878
" ge conjug W K= %, lg] ( 4.29+£0.15) x 103 814
p h~ > 27%, (10.8540.12) % 5=1.3 -
u~ DECAY MODES Fraction (I'; /T) Confidence level (MeV/c) h— 270 v, ( 9.51+0.11) % S—1.2 362
e Ve, ~ 100% 53 h=2r0u_ (ex.KO) (19.35+0.11) % s=1.2 862
e Tev, [ (1440.4) % 53 T 27rg s (ex.Kg) lg] (9.29+0.11) % , s=1.2 862
e vey ete” [e] (3.4+0.4) x 105 53 ™2 IVT (ex.K7). <9 X107 CL=95% 862
scalar
Lepton Family number (LF) violating modes 7~ 210 vy (ex.KO), <7 x1073 CL=95% 862
VT LF [f]<12 9 90Y 53 vector
€ Velu o (< L 410—11 90; X K=27%, (ex.K%)  [g] (65 +23)x10~4 796
Z_ Z+ o i < e x 112 90(; 23 h= > 310, (1.3440.07) % S=1.1 -
o o z T ilo*ll 900/" ot h= > 370, (ex. KO) (1.25+0.07) % S=1.1 -
/ : o h= 370, ( 1.18+0.08) % 836
7 3n0, (ex.K%)  [g] (1.04£0.07)% 836
J=1 K=3m%, (ex.K®,  [g] (49 +23)x10~4 s=1.1 765
n)
Mass m = 1776.82 + 0.16 MeV h= 40, (ex.KO) (15 +0.4 ) x 1073 800
(M4 — m__)/Mayerage < 2.8 x 1074, CL = 90% h=4x0v_ (ex.K9,1) lg] (11 £04)x1073 800
Mean life 7 = (290.6 + 1.0) x 10715 s K= > 0% >0K% >0y v, (11.5740.04) % s=11 820
cr = 87.11 pm K= >1(x%or KO or 7) v, ( 8.7240.32) x 1073 S=1.1 -
Magnetic moment anomaly >;1(g.052 and < 0,0103, CL =95% Modes with K%'s
Re(d;) = —0.22t0 0.45 x 107° ecm, CL = 95% K2 (particles)~ v, (92 0.4 )x1073 S=1.5 -
Im(d,) = —0.25 to 0.008 x 10716 ecm, CL = 95% h=KOu, ( 1.0040.05) % s=18 812
Weak dipole moment ﬂ’ﬁg v, lg] (84 £04)x 10*3 s=2.1 812
K 5.4 £21 10~ 812
Re(d") < 050 x 1017 ecm, CL = 95% T (non-K*(892) ) ( )X
—17 — T
Im(d?) < 1.1x 107" ecm, CL = 95% K= KOy, lg] ( 1.59+0.16) x 10~3 737
Weak anomalous magnetic dipole moment K__KOO 02 0m0u, (13.180.24) x 1073 737
Re(a®) < 1.1x 1073, CL = 95% ™K n ve (55 £04)x1073 74
" , - _
W _3 oo T K P, [g] (40 +£0.4)x10 794
Im(a) < 2.7 x107°, CL = 95% KO v, (22 405 ) x 10-3 612

K= K70y, lg] ( 1.59+0.20) x 10—3 685
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7K > 170, (32 +1.0 ) x 103 - X~ (5=—1)v, ( 2.8640.07) % S=1.3 -
7 KO0n0n0u, (26 +2.4)x1074 763 K*(892)~ > 0 neutrals > (1.42£0.18) % S=1.4 665
K= K700y < 16 x1074  CL=95% 619 0K v,
7~ KOKOy (17 £04)x1073 5=1.6 682 K*(892)~ v, (1.2040.07) % S=1.8 665
KK, le] (24 £05)x107* 682 K*(892)~ v, — 7~ Ku; (78 405 )x 103 -
 KIKY v, le] (12 +£04)x10-3 5=1.7 682 K*(892)° K~ > 0 neutrals v, (32 +1.4 )x1073 542
a KOKO70y, (31 +23)x10~4 614 K*(892)°K~ v, (21 404 )x10-3 542
7~ KYKLa0u, < 20 x1074  CL=95% 614 K*(892)°w~ > 0 neutrals v, (38 £1.7 ) x 1073 655
7 KEKI 700, (31 £12)x1074 614 _K*(892)° 7~ v, (22 £05)x1073 655
KOht h=h~ > 0 neutrals v, < 17 x10~3  CL-95% 760 (K*(892)m) " vy — (1.0 £04 )x 1073 -
KOt h=h~ v, (23 £2.0)x 104 760 7~ Konly,
K1(1270)~ v, (47 11 )x1073 433
Modes with three charged particles K1 (1400)~ v, (1.7 £26 ) x 1073 S=17 335
h~h™h* >0 neutrals > 0K9 v, (15.190.08) % S=1.4 861 K*(1410)" v, (15 14 ), 10-3 26
h=h~ h* > 0 neutrals v, (14.560.08) % s=13 861 . B -0 L ,
(ex. K% - xta) K5(1430)~ v, <5 x 10 CL=95% 317
(“3-prong”) K3(1430)~ v, < 3 x1073  CL=95% 316
h=h~htu, (19.80+0.08) % S=1.4 861 nwo Ve < 14 x 1074 CL=95% 797
h=h~ htu, (ex.K9) ( 9.46+0.07) % S=1.3 861 N Ty, lg] (1.39+0.10) x 1073 S=1.4 778
h=h= htu, (ex.K%w) ( 9.42+0.07) % S=1.3 861 nr” w a0y, (15 £05)x1074 746
T atrT v, (19:32+0.07) % S=1.2 861 UL lg] (1612011)x1074 S=1.1 719
7t vy (ex. K9) ( 9.0340.06) % s=12 86l nK*(892)" vy (1.38+0.15) x 1074 511
7=t v, (ex. KO), < 24 % CL=95% 861 K= v, (48 £12)x107° 665
non-axial vector 7K~ 70 (non-K*(892)) v, < 35 x1075  CcL=90% -
aata vy (ex. KO w) lg] ( 9.00+0.06) % S=1.2 861 nKOn~ v, (93 +1.5 ) x107° 661
h=h=ht > 1 neutrals v, ( 5.38+0.07) % s=1.2 - nKon~ nlu, < 50 X105 CL=90% 590
h=h=ht > 170, (ex. KO) ( 5.0840.06) % s=1.1 - nK~ Ko, < 90 x1076  CL=90% 430
h=h=ht a0, ( 4.75+0.06) % s=1.2 834 nat o~ n~ >0 neutrals v, < 3 x1073  CL=90% 743
h=h= ht20u_ (ex.KO) ( 4.5640.06) % 5=12 834 nr~rt v, (ex. KO) (1.6440.12) x 10—4 743
h=h=ht a0 (ex. KO, w) ( 2.7940.08) % s=1.2 834 na1(1260)" v, — na pOu;, < 39 x1074  CL=90% -
a~ata= a0 2 (4.61£0.06) % S=1.1 834 nnmTo vy < 74 x1070  CL=90% 637
aata 70, (ex.KO) ( 4.4840.06) % s=1.2 834 nnn— 10v, < 20 x10~4  CL=95% 559
aata w0y, (ex.KOw)  [g] (270+£0.08) % s=1.2 834 K~ v, < 30 %1076 CL=90% 382
h=h=ht > 270w (ex ( 5.18+0.33) x 1073 - 7'(958) 7~ v, < 72 x1076  CcL=90% 620
K9) 7/(958) 7~ w0 v, < 80 X105 CL=90% 591
h=h= ht27%, ( 5.0640.32) x 10~3 797 oT U,y (34 £06 )x107° 585
h=h= ht 270, (ex.KO) ( 4.954+0.32) x 103 797 OK v,y (3.7040.33) x 1075 $=1.3 445
h=h=ht 270y (ex.KOw,m) [g] (10 4 )x10—4 797 f(1285) 7~ v, (36 +0.7 ) x 1074 408
h=h=ht370., l[g] (23 +07)x107% $=1.3 749 f(1285) 7~ v — ( 1.1140.08) x 10~ -
K~ hTh™ >0 neutrals v, ( 6.24+0.24) x 103 S=1.5 794 nn v,
K= ht 7~ v (ex.K9) ( 4.2740.20) x 1073 S=2.4 794 m(1300)" v, — (pm) v, — < 1.0 x10~4  CL=90% -
K= ht 7= 700, (ex.K9) (87 +12)x10~4 s=1.1 763 (37)" vy
K=t m~ >0 neutrals v, ( 4.78+0.21) x 103 s=1.3 794 m(1300)" v, — < 19 x1074  CL=90% -
K- ntr™ > ( 3.6840.20) x 1073 S=1.4 794 ((77)s_wave ™)~ vy —
00 u, (ex.KO) (3m) " vy
K-atr v, (3.42+0.17) x 1073 S=1.8 794 h~w > 0 neutrals v, ( 2.4140.09) % S=1.2 708
K- atn v, (ex.K9) lg] ( 2.8740.16) x 10~3 s=2.1 794 h~wv, lg] ( 1.9940.08) % s=1.3 708
K=pPv, — (1.4 £05)x1073 - K- wr, (41 409 )x1074 610
K- ntn v, h~wnlu, (41 £0.4 )x1073 684
K-rtn=alu, ( 1.36+0.14) x 103 763 h~w2r0u, (1.4 +05 )x1074 644
K= ata= n0u, (ex.K9) (81 +12)x10~4 763 h™ 2wu, < 54 x10~7  CL=90% 249
K-atan0u, (ex.KOn) [g] (7.7 £12)x1074 763 2h~ htwu, (1.2040.22) x 10—4 641
,K f+f vy (ex.KOw) (37 209 ) x 1074 763 Lepton Family number (LF), Lepton number (L),
K= 7T K~ >0 neut. v, <9 x1074  CL=95% 685 Baryon number (B) violating modes
K~ K*7~™ >0 neut. v, (1.46+0.06) x 10~3 S=1.6 685 or Baryo g
K~ Ktn™ vy lg] ( 1.4040.05) x 10—3 S=1.7 685 L means lepton number violation (e.g. 7~ — et x— 7). Following
K= K+tn— 0 v, [g] (61 +£25)x 105 S—1.4 618 common usage, LF means lepton family violation and not lepton number
K=K+ K~ >0 neut. v, < 21 «10-3  CL—95% 471 violation (e.g. 7~ — e~ 7T« ™). B means baryon number violation.
K-KtK- v, (1.58+0.18) x 107> 471 ey LF < 33 x1078  CL=90% 888
K=Kt K~ v, (ex. ¢) < 25 x1076  CL=90% - noy LF < 4.4 x 1078  CL=90% 885
K=K+* K= 0, < 48 x10-6  CL=90% 345 el LF < 80 x1078  CL=90% 883
7" Kt~ >0 neut. v, < 25 x1073  CL=95% 794 p w0 LF < 11 x1077  CL=90% 880
e"e etv.u, (28 £15 )x 105 888 e" K% LF < 33 %1078 CL=90% 819
peetv, . < 36 X103  CL=90% 885 p~KY LF < 40 x1078  CL=90% 815
Modes with five charged particles e,n LF < 92 X 107: CL=90% 804
3h~2ht > 0 neutrals v. (1.0240.04) x 103 S=1.1 794 K 710 L < 68 x10 cL=90% 800
3 T : e p LF < 46 x1078  CL=90% 719
Eeé pﬁigf) ) wp° LF < 26 x10~8  CL=90% 715
3h=2ht v, (ex.KO) lg] (8.3940.35) x 1074 S=1.1 794 e v LF < il x 10,; CLfgoz/" e
3h=2h*T 0, (ex.K?) [g] (1.78+027)x1074 746 B e aam0 p <% 1 oo
3 2h+27r°; < sa X 10-6  CL_o0% a7 eiK (892)0 LF < 59 x1078  CL=90% 665
T no K*(892) LF < 59 x1078  CL=90% 659
Miscellaneous other allowed modes e” K*(892)° LF < 46 x1078  CL=90% 665
(57)" vy (7.6 £0.5 ) x 1073 800 1~ K*(892)° LF < 73 x1078  CL=90% 659
4h=3h* >0 neutrals v, < 3.0 x1077  CL=90% 682 e~ 1/(958) LF < 16 x1077  CL=90% 630
(“7-prong™) w1'(958) LF < 13 x1077  CL=90% 625
4h=3ht v, < 43 x10~7  CL=90% 682 e f(980) — e~ wta LF < 32 x1078  CL=90% -
4h=3ht 70y, < 25 x10~7  CL=90% 612 u1f(980) — pwtaT  LF < 34 x1078  CL=90% -
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e ¢ LF < 31 %x1078  CL=90% 596
woé LF < 13 x1077  CL=90% 590
eete” LF < 36 x1078  CL=90% 888
e ptpu~ LF < 37 x1078  CL=90% 882
et LF < 23 x1078  CL=90% 882
uete LF < 27 x1078  CL=90% 885
ute e LF < 20 x1078  CL=90% 885
o ptu LF < 32 x1078  CL=90% 873
e nta~ LF < 44 x1078  CL=90% 877
etm—n~ L < 88 x1078  CL=90% 877
pw—rtw LF < 33 x1078  CL=90% 866
putn— = L < 37 x10~8  CL=90% 866
et K LF < 58 x1078  CL=90% 813
e"n Kt LF < 52 x1078  CL=90% 813
et K- L < 67 x1078  CL=90% 813
e” KIKY LF < 22 x1076  CL=90% 736
e KT K= LF < 5.4 x1078  CL=90% 738
et K=K~ L < 6.0 x1078  CL=90% 738
p—at K= LF < 16 x10~7  CL=90% 800
T KT LF < 10 x10=7  CL=90% 800
ptr= K= L < 9.4 x1078  CL=90% 800
™ KYKS LF < 34 x 1076 CL=90% 696
p KT K™ LF < 68 x 1078  CL=90% 699
wtK—K L < 96 x1078  CL=90% 699
e~ n0 70 LF < 65 x1076  CL=90% 878
= m0x0 LF < 14 x1075  CL=90% 867
e~ nn LF < 35 X103  CL=90% 699
wonn LF < 6.0 x1075  CL=90% 653
e~ 7m0 LF < 24 x1075  CL=90% 798
w707 LF < 22 %1075  CL=90% 784
Py LB < 35 x1076  CL=90% 641
prl LB < 15 x107%  CL=90% 632
p2nd LB < 33 x1075  CL=90% 604
pn LB < 89 x1076  CL=90% 475
prln LB < 27 x1075  CL=90% 360
An™ LB < 72 x1078  CL=90% 525
Am LB < 1.4 x1077  CL=90% 525
e~ light boson LF < 27 x1073  CL=95% -
u~ light boson LF <5 x1073  CL=95% -
Heavy Charged Lepton Searches
LE - 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%
Mean life/mass, 7/m > 7 x 10° s/eV
Mean life/mass, 7/m > 15.4 s/eV, CL = 90%

(solar)

(reactor)

(accelerator)
Magnetic moment 1 < 0.54 x 10710 g, CL = 90%

(solar)

Number of Neutrino Types

Number N = 2.984 + 0.008
Number N = 2.92 4 0.05
invisible Z width)

(Standard Model fits to LEP data)
(Direct measurement of

(S =12)

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?(261,) = 0.87 + 0.03

Am3, = (7.59 + 0.20) x 1075 eV?

sin2(20,3) > 0.92[11

Am2, = (2.43 £ 0.13) x 1073 ev2 1

sin?(2613) < 0.15, CL = 90%

Heavy Neutral Leptons, Searches for

For excited leptons, see Compositeness Limits below.

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 vy coupling to e, u, 7; conservative case(7))
Mass m > 80.5 GeV, CL = 95%
(Majorana v; coupling to e, u, T; 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~ — wv~. The best limit for “electron
disappearance” is 6.4 x 1024 yr.

[b] See the “Note on Muon Decay Parameters” in the y 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 =6 = 3/4.

[d] This only includes events with the  energy > 10 MeV. Since the e~ Te v/,

and e~ e,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.

[h] L= mass limit depends on decay assumptions; see the Full Listings.

[/] The limit quoted corresponds to the projection onto the sin?(26,3) axis
of the 90% CL contour in the sin?(26p3)—Am3, plane.

[j] The sign of Am%2 is not known at this time. The range quoted is for
the absolute value.
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QUARKS b (4" Generation) Quark, Searches for
The u-, d-, and s-quark masses are estimates of so-called “current- Mass m > 190 GeV, CL = 95% (pp, quasi-stable b')
quark masses,” in a mass-independent subtraction scheme such as Mass m > 199 GeV, CL = 95%  (pp, neutral-current decays)
MS at a scale ;o ~ 2 GeV. The c¢- and b-quark masses are the Mass m > 128 GeV, CL = 95%  (pP, charged-current decays)

“running” masses in the MS scheme. For the b-quark we also Mass m > 46.0 GeV. CL = 95%
quote the 1S mass. These can be different from the heavy quark
masses obtained in potential models.

(et e, all decays)

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

Py_ 1/1+ _
m 17 = 2" Mass m > 256 GeV, CL = 95% (pp. t't’ prod., t' — Wq)
m, = 1.7-3.3 MeV Charge = % e I,= +%
my/my = 0.35-0.60 I Free Quark Searches I
All searches since 1977 have had negative results.
[4] I0P) = 33

mg = 4.1-5.8 MeV Charge = 7% e I, = 7% NOTES

mg/mg = 17 to 22

m = (my+mg)/2 = 3.0-4.8 MeV [a] Based on published top mass measurements using data from Tevatron

Run-I and Run-Il. Including also the most recent unpublished results from

p 14+ Run-11, the Tevatron Electroweak Working Group reports a top mass of

E 1(J7) =0(z™) 173.1 + 0.6 + 1.1 GeV. See the note “The Top Quark’ in the Quark

129 1 Particle Listings of this Review.
ms = 101757 MeV  Charge = —3 e Strangeness = —1

mg [ ((my + mg)/2) = 2210 30

1UP) = o3 *)

me = 1277507 Gev Charge = 3 e Charm = +1

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

d] This limit is for [(t — ~q)/I(t - Wb).

(6]
[c] Assumes lepton universality and VW-decay acceptance.
[d]
[e] This limit is for I'(t — Zq)/T(t — Wb).

1Py =03 )

Charge = 7% e Bottom = —1
mp(MS) = 4.197 528 Gev
mp(1S) = 467428%)2 GeV
[t] 10P) = o3 )
Charge = 3 e Top = +1

Mass m = 172.0 4+ 0.9 + 1.3 GeV [@ (direct observation of top
events)

Full width I' < 13.1 GeV, CL = 95%

r(Wb)/T(Wq(q=b,s, d)) =099+

—0.08
p
t DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
Wq(q=>bs,d) -
Wb -
Lvyanything [bc] (9.44+2.4) % -
vq(g=u,c) [d] < 5.9 x 1073 95% -

AT = 1 weak neutral current (71) modes
Zq(g=u,c) T1 le] < 3.7 % 95% -
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LI G HT U N FLAVO RED M ESO N S C-nonconserving decay parameters

(S =C=B= 0) 7tr= w0 left-right asymmetry = (0.097312) x 1072
_ _ -0 _ +0.10 —2
For I =1 (m b, p, a): ud, (vT—dd)/v/2, dT; mTr 70 sextant asymmetry = (0.12F117) x 10
for i =0(n, v, h W, w o f f) c(ut+ dE) + ¢(s3) at a0 quadrant asymmetry = (—0.09 & 0.09) x 102

ata~y  left-right asymmetry = (0.9 4 0.4) x 1072
atr=y B (D-wave) = —0.02 £ 0.07 (S = 1.3)
16(Py =1=(07) .
CP-nonconserving decay parameters
7~ et e~ decay-plane asymmetry Ay = (—0.6 + 3.1) x 1072

Mass m = 139.57018 & 0.00035 MeV (S = 1.2)

Mean life 7 = (2.6033 + 0.0005) x 1078 s (S = 1.2) Dalitz plot parameter
cr = 7.8045 m 072070 o =-0.0317 £ 0.0016
7t — Xy form factors (2] Scale factor/ p
n DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Fy = 0.0254 + 0.0017
Fa = 0.0119 + 0.0001 Neutral modes
Fy, slope parameter a = 0.10 + 0.06 neutral modes (71.904+0.34) % S=1.2 -
R =0.059+0:9% 2y (39.31£0.20) % S=1.1 274
: 30 (32.57+0.23) % S=1.1 179
7~ modes are charge conjugates of the modes below. 70 2y (27 405 )x1074 S=1.1 257
0 -3 _
For decay limits to particles which are not established, see the section on 212y < 12 x 10 CL=90% 238
Searches for Axions and Other Very Light Bosons. 4y < 28 x107%  CL=90% 274
invisible <6 x10~4  CL=90% -
P
»+ DECAY MODES Fraction (F;/F)  Confidence level (MeVjc) Charged modes
T charged modes (28.10+0.34) % S=1.2 -
Ky (6] (99.98770-0.00004) % 30 70 (22.7440.28) % 5=1.2 174
ph,y [l (200 =£025 )x1074 30 T a "y ( 4.60+0.16) % s=2.1 236
et ve [] (1.230 +0.004 )x10~4 70 ete (70 £0.7 ) x 103 S=15 274
et vey [l (739 +005 )x1077 70 whp=y (31 £04 )x104 253
etven? (1.036 +0.006 )x 108 4 ete < 27 x 105 CL=90% 274
etveete (32 405 )x107? 70 whp (58 +£0.8 ) x107° 253
et vevv <5 x 10 90% 70 2et2e~ < 69 x 1075 CL=90% 274
+ o~ et e (~ —4
Lepton Family number (LF) or Lepton number (L) violating modes W+ T e+ € () (268:£0.11) x 1074 ) 235
Y A i - 1s < 10-3 909, 0 ete utp < 16 x 10 CL=90% 253
“+ Ve o [d] < 1. P 2utou~ < 36 x1074  CL=90% 161
r Ve . 9] < 80 x 10 . 90% 30 whu—ata— < 36 x10~%  CL=90% 113
p-ertetv LF < 16 x 107° 90% 30 a2y < 20 % 10-3 236
at a0y <5 x1074  CL=90% 174
. ,G(JPC) =170~ 1) wOut < 3 x1076  CcL=90% 210
Charge conjugation (C), Parity (P),
Mass m = 134.9766 + 0.0006 MeV (S = 1.1) Charge conjugation x Parity (CP), or
m_ .+ — m_o = 4.5936 + 0.0005 MeV Lepton Family number (LF) violating modes
Mean life 7 = (8.4 + 0.5) x 10717 s (S = 2.6) 0y c <9 x1075  CL=90% 257
cr =251 nm atr~ P,cP < 13 x1075  CL=90% 236
For decay limits to particles which are not established, see the appropriate 27T0 h.ck < 35 x10~4 CL=90% 238
r y limi parti whi re n i , ppropri 0. _4 .
Search sections (A9 (axion) and Other Light Boson (X©) Searches, etc.). 271'0 ! ¢ <5 x 10 CL=90% 238
3ny C < 6 x1075  CL=90% 179
Scale factor/  p 370 c < 16 x107%  CL=90% 274
70 DECAY MODES Fraction (T';/T) Confidence level (MeV/c) An p.cP < 69 x1077  CL=90% 40
5 : mlete™ c [f] < 4 x1075  CL=90% 257
1 _ (98'823i°'034)f’ S=1.5 67 Outp~ C [fl< 5 x1076  CL=90% 210
eer ((1.174:0.035) % 5 S=1.5 67 ute™ + pet LF < 6 %1076 CL=90% 264
~ypositronium (11.82 +£0.29 ) x 10~ 67
etete e™ (334 £0.16 ) x 105 67
Lo -8
ete (646 +0.33 ) x 10 67 £,(600) [ G, .PC
4y <2 %1078 CL=90% 67 gr(a ) 16UFC) =ot0t+ )
VU le] < 27 x10~7 CL=90% 67
VeTe < 17 x 1070 CL=90% 67 Mass m = (400-1200) MeV
v, < 16 x 1078 CL=90% 67 Full width I = (600-1000) MeV
v Ty < 21 x 1076 CL=90% 67
yvv < 6 x 1074 CL=%0% 67 £5(600) DECAY MODES Fraction (I';/T) p (MeVjc)
Charge conjugation (C) or Lepton Family number (LF) violating modes T dominant -
3y c < 31 x 1078 CL=90% 67 vy seen -
ute” LF < 38 x 1010CL=90% 26
—at -9 — 009
u-e LF < 34 x 1079 CL=90% 26
h PCy _ - —
pte 4+ pet LF < 36 % 10~ 101 —00% 2 p(770) [ 16(PC) =1t1 )
G, PC + N Mass m = 775.49 + 0.34 MeV
[7(J7)=0"(0"T) Full width I = 149.1 & 0.8 MeV

Mee = 7.04 % 0.06 keV
Mass m = 547.853 % 0.024 MeV

Full width ' = 1.30 £ 0.07 keV



32
Meson Summary Table

Scale factor/  p 3(rt ) <5 x 104 90% 189
p(770) DECAY MODES Fraction (I;/T) Confidence level (MeV/c) atr—ete (24 +1.3 ) x10~3 458
4 210
T ~ 100 % 363 yete™ <9 x 1074 90% 479
0.~ —4 0,
2 8 x 10 90% 469
770)% dec ~ <
" p(770) s 4 470 <5 x 104 90% 380
Ty ( 45 +05 ) x 10 : 5=22 375 otem ~ o 107 20% i
- — 0,

T < ¢ X107 CL=84% 153 invisible < 9 x10—4 90% -

Tt < 20 x 10 CL=84% 254
0 Charge conjugation (C), Parity (P),
p(770)" decays Lepton family number (LF) violating modes

ﬂ;W gl (99 +16 )x 1073 362 nta~ PCP < 29 x 1073 90% 458

Ty ( 6.0 +08 )x 1074 376 070 PCP < 10 x 1073 90% 459

o ( 3.00+0.20 ) X 10*;‘ 194 wlete c If] < 1.4 x 1073 90% 469

n0n0y ( 45 +08 ) x 10~ 363 nete™ c  [f< 24 % 10-3 00% 322

wtu [l1 ( 455+0.28 ) x 1075 373 3y c < 10 <104 90% 479

ete” 1 ( 472+005 ) x 1075 388 w0 C [fl1< 60 x 1075 90% 445

at =70 ( 1.01 fg-ggio.azx) x 10—4 323 wtun c [fl< 15 x 1075 90% 273

) —4

rtaata ( 18 £09 ) x 1075 251 en LF < 47 x 10 0% 473

ata— 700 ( 16 £08 ) x 10~5 257
nOete < 12 x 1075 CL=90% 376 ,(980) 11 1GUPCy = ot(0t 1)
w(782) ,G(JPC) =0 (1" ) Mass m = 980 & 10 MeV
Full width I = 40 to 100 MeV

Mass m = 782.65 + 0.12 MeV (S = 1.9)

Full width T = 8.49 + 0.08 MeV f5(980) DECAY MODES Fraction (I;/T) p (MeVc)
[ee = 0.60 £ 0.02 keV T dominant 471
Scale factor/ P KK seen +
w(782) DECAY MODES Fraction (I';/T) Confidence level (MeV/c) Y seen 490
ata—x0 (89.2 £0.7 ) % 327
70y ( 8.28+0.28) % s=21 380 a0(980) U] 16UPCy =1- (0t 1)
ot (1531040 5=12 366
\ Mass m = 980 + 20 MeV
neutrals (excludingm®~ g T8 103 S=1.1 - .
( g7 ) (8 5 )x Full width I = 50 to 100 MeV
ny (46 +£0.4)x1074 S=1.1 200
wlete (7.7 £0.6 ) x 1074 380 a9(980) DECAY MODES Fraction (I'j/T) p (MeVc)
wOutu~ (13 +0.4)x1074 s=2.1 349 -

R _5 B nm dominant 319
ete ( 7.28+0.14) x 10 s=1.3 391 —

+ — 0.0 4 T KK seen t
T T < 2 x 10 CL=90% 262 " seen 490
ata=y < 36 x10~3  CL=95% 366 v
atr - ata~ <1 x1073  CL=90% 256
Wogov (6.6 £1.1)x107° 367 $(1020) 16(UPCy =0—(1— )
nmly < 33 x107%  CL=90% 162
wtu~ (9.0 £3.1 ) x107° 377 Mass m = 1019.455 + 0.020 MeV (S = 1.1)
3y < 19 x1074%  CL=95% 391 Full width [ = 4.26 & 0.04 MeV (S = 1.4)

hari njugation violating m Scale factor/  p
0 Charge co ‘jucgato (C2)1 olating lg‘jjs CLeg0% 162 ¢(1020) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
nm < 2 x =90%
270 c < 21 x10~4  CL=90% 367 KO+ KO’ (489 +05 )% s=1.1 127
370 c < 23 %104 CL=90% 330 Kl K (342 +04 )% S=1.1 110
pm 4+ wta 70 (15.32 £0.32 ) % s=1.1 -
07y ( 1.309:0.024) % s=1.2 363
7'(958) 16UPCY =0+ —H) 70y (127 £0.06 ) x 10~3 501
[ — 510
Mass m = 957.78 4+ 0.06 MeV ete ( 2.95440.030) x 1074 S=1.1 510
Full width T = 0.194 + 0.009 MeV utu~ (287 £0.19 ) x 1074 499
p nete~ (115 +£0.10 ) x 10~4 363
' (958) DECAY MODES Fraction (I;/T) Confidence level (MeV/c) ata~ (74 +13 )x107° 490
0 -5
Ttr (432 £07 )% 232 wn ( :7 +05 );10 . ;;;
oY~ (including non-resonant (29.3 +£0.5 )% 165 gl < U
ot ) Py < 12 x 1072 CL=90% 215
+ =~ -5
w0ty (21.7 £08 )% 239 Tfr(97r80)/f ( :;2 i;; i 12*4 S=1.1 4:2
wn (2754022) % 159 rr% w0 ! E 113 +0.06 ;i10*4 B 492
vy ( 22240.08) % 479 v : :
370 (1.6840.22) x 10~3 430 ataat e (40 28 )x1076 410
wrpy ( 1.09£0.27) x 1074 467 atrta a0 < 46 x 106 CL=90% 342
mta e < 22 x 1074 90% 401 mlete (112 £0.28 ) x 107° 501
at =70 (36 T3 )x1073 428 70ny (727 £0.30 ) x107%  S=15 346
: -5
70 0 <4 % 0% 11 a00(9_800)7 (76 +0.6 )XIO—S ) 39
2Art ) < 24 «10—4 %0% 372 K/ K%y < 1.9 x 1079 CL=90% 110
7t~ 270 < 25 x 10~3 90% 376 U (3580)"/ (625 £021)x 1073 60
2(z T 77) neutrals <1 % 95% - e <z x 1072 CL=90% 293
2t 7)) w0 < 19 x 10~3 90% 298 o (14 £05 )x v 499
2(7T+71——)27r0 <1 % 05% 197 PYY < 12 x 10~% CL=90% 215
natr™ < 18 x10~5 CL=90% 288

nutp~ < 9.4 x 1076 CL=90% 321
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G /PCy _og—(1+— Scale factor/ p
h1(1170) Ut =07 ) f,(1285) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Mass m = 1170 £ 20 MeV 4x (31730 % S=13 568
Full width I' = 360 + 40 MeV '
w0l rt = (220713 % 5=1.3 566
hy (1170) DECAY MODES Fraction (I;/T) p (MeVfc) omt o (1140t8:g) % s—13 563
s seen 307
P POrta— 1.0+ 57y % 5=1.3 336
0.0
_ pp seen t
by (1235) 16UPC) =1+ ) 470 < 7 x10~4  CL=90% 568
nmwmw (52 +5 )% 482
Mass m = 1229.5 + 3.2 MeV (S = 1.6) a0(980) 7 [ignoring ag(980) — (36 +7 )% 238
Full width I = 142 + 9 MeV (S =1.2) K?]
p nmw [excluding ap(980) 7] (16 +7 )% 482
by (1235) DECAY MODES Fraction (I';/T) Confidence level (MeV/c) KKn (19.0+0.4) % S=1.1 308
wT dominant 348 {)(K*(892) not seen T
[D/S amplitude ratio = 0.277 + 0.027] vp (55+13)% $=2.8 406
aty (1.6+0.4) x 10~3 607 oy (7.4+26) x 1074 236
np seen i
atrt o= n0 < 50 % 84% 535
= PCy _ —
(KK)= 70 < 8 % 90% 248 n(1295) 16(JPC) =0t (0~ )
KYKOnt < 6 % 90% 235
K% K%ﬂ'i < 2 % 90% 235 Mass m = 1294 + 4 MeV (S = 1.6)
ox;d < 15 % 84% 147 Full width ' = 55 + 5 MeV
n(1295) DECAY MODES Fraction (I';/T) p (MeV/c)
3 G jPCy _ 1—(1++
31(1260) K Uy =10 ) nrta~ seen 487
B | ap(980) seen 248
Mass m = 1230 & 40 MeV Ul 170 70 ceen 290
Full width T = 250 to 600 MeV (7T smave <een _
21(1260) DECAY MODES Fraction (I';/T) p (MeVjc)
(P75 wave 353 7(1300) 6P =170~ )
_ 353
(P)Dwave e Mass m = 1300 + 100 MeV [
(p(1450) )5 —wave seen T .
((1450)7) b vmve <een ; Full width T = 200 to 600 MeV
r seen - 1300) DECAY MODES Fraction (/T Mev,
5(980) not seen 189 m(1300) raction (/1) P (Mevie)
fo(1370) 7 seen t pm seen 404
f(1270) seen + 7 (77) s-wave seen -
K K*(892)+ c.c. seen +
Ty seen 608
a,(1320) 16(JPCy = 1= 2+ )
£,(1270) 16(JPCY = ot 2+ ) Mass m = 1318.3 + 0.6 MeV (S = 1.2)
Full width I = 107 + 5 MeV [']
Mass m = 1275.1 + 1.2 MeV (S = 1.1) Scale factor/ p
Full width T = 185.1729 Mev (S = 1.5) 3,(1320) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
Scale factor/ p 3m (701 +£2.7 )% S=1.2 624
,(1270) DECAY MODES Fraction (I;/T) Confidence level (MeV/c) Ik (145 £1.2 )% 535
24 . wrT (106 £3.2 )% s=1.3 366
T (848 115 )% s=12 623 KK (49 £08)% 437
ata—2n0 (71 149 5-13 562 7/(958) 7 (53 £09 )x1073 288
KT —27 X B atny ( 2.68+0.31) x 10~3 652
KK (46 +0.4 )OA, 5:2.8 403 . (94 407 ) x 106 659
mtor (28 +£0.4 )% S=1.2 559 ot o s ©10-9  CL—90% 659
nn (40 +08 ) x103 S=2.1 326
470 (3.0 +£1.0 ) x 103 564
¥y ( 1.6440.19) x 1075 S=1.9 638 %(1370) Il ,G(JPC) — 0+(0 + +)
nww < 8 x1073  CL=95% 477
KOK— 7t + c.c. < 34 %1073 CL=95% 293
. T e ©10-10 Cl_oo% 638 Mass m = 1200 to 1500 MeV
Full width ' = 200 to 500 MeV
f1(1285) /G(JPC) ottt fo(1370) DECAY MODES Fraction (;/T) p (MeV/c)
T seen 672
Mass m = 1281.8 + 0.6 MeV (S = 1.6) 4r seen 617
Full width T =243+ 1.1 MeV (S =1.4) 470 seen 617
onton~ seen 612
ata— 270 seen 615
pp dominant t
2(mm)s-wave seen -
m(1300) 7 seen i

a;(1260) 7 seen 35
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nn_
KK
KKnm
61

ww
Yy
ete

seen 411
seen 475
not seen T
not seen 508
not seen T
seen 685
not seen 685

1(1400) [

/G(JPC) =17(1 —+)

Mass m = 1354 £ 25 MeV (S = 1.8)
Full width ' = 330 + 35 MeV

my(1400) DECAY MODES Fraction (I';/T) p (MeVjc)

1/71'0 seen 557

nmwo seen 556
n(1405) " 1CUPO =0t~ )

Mass m = 1409.8 + 2.5 MeV [ (5 =2.2)
Full width I = 51.1 + 3.4 MeV [1 (S =2.0)

n(1405) DECAY MODES

P
Fraction (I';/T) Confidence level (MeVc)

KKnr
nww
ap(980) 7

n(77)s-wave
f(980)n

K*(892) K

seen 425
seen 563
seen 345
seen -
seen t
seen 639
<58 % 99.85% 1
seen 492
seen 125

f,(1420) [°]

/G(JPC) — 0+(1 ++)

Mass m = 1426.4 + 0.9 MeV (S = 1.1)
Full width ' = 54.9 £+ 2.6 MeV

f;(1420) DECAY MODES Fraction (;/T) p (MeVjc)
KKnr dominant 438

K K*(892)+ c.c. dominant 163
nmwT possibly seen 573
ket seen 349

w(1420) 17

16UPG =0—1— )

Mass m (1400-1450) MeV
Full width ' (180-250) MeV

w(1420) DECAY MODES Fraction (I;/T) p (MeVfc)
pT dominant 486
W seen 444
b1 (1235)m seen 125
ete~ seen 710

ag(1450) U1

/G(JPC) — 1—(0++)

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

ap(1450) DECAY MODES Fraction (I';/T) p (MeVjc)
™ seen 627
w1 (958) seen 410
KK seen 547
W seen 484
ap(980) seen 342
Yy seen 737

p(1450) (9

IG(JPC) — 1+(1 )

Mass m = 1465 + 25 MeV [/}
Full width T = 400 & 60 MeV ]

p(1450) DECAY MODES Fraction (I';/T) p (MeVc)
s seen 720
4 seen 669
ete~ seen 732
np possibly seen 310
a,(1320) 7 not seen 55
KK not seen 541
K'K*(892)+ c.c. possibly seen 229
ny possibly seen 630

n(1475) "]

IG(JPC) =0t~

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

n(1475) DECAY MODES Fraction (I';/T) p (MeVc)
KKW dominant 477
K K*(892)+ c.c. seen 245

a(980) seen 396
ol seen 738

f5(1500) [

IG(JPC) =0ttt

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

f(1500) DECAY MODES Fraction (;/T) Scale factor (M:V/c)
T (34.94+2.3) % 1.2 741
atn~ seen 740
270 seen 741
4r (49.5+3.3) % 1.2 691
470 seen 691
ot 27~ seen 687
2(mm)s-wave seen -
pp seen t
m(1300) seen 144
a;(1260) 7 seen 218
nn (514£09) % 1.4 516
nn’(958) (1.9+0.8) % 1.7 T
KK (86+1.0)% 1.1 568
Yy not seen 753
%(1525) 1G(UPCy = ot 2+

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

f'2(1525) DECAY MODES Fraction (I;/T) p (MeVc)
KK (88.7 £2.2 )% 581
nn (10.4 £2.2 )% 530
T (82 +1.5)x103 750
vy ( 1.1140.14) x 107© 763

1(1600) [

IG(JPC) — 17(1*4’)

Mass m = 16627 1> MeV (S = 1.2)
Full width [ = 234 & 50 MeV (S = 1.7)

1(1600) DECAY MODES Fraction (I';/T) p (MeVjo)
T not seen 803

po T not seen 641

f(1270) 7~ not seen 319
b1(1235) 7 seen 357
7' (958) 7w~ seen 543
f1(1285) 7 seen 315
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72(1645)

,G(JPC) =0t~

Mass m = 1617 + 5 MeV
Full width I = 181 + 11 MeV

1p(1645) DECAY MODES Fraction (I;/T) p (MeVjc)
a>(1320) seen 242
KKm seen 580

K*K seen 404
I]7T+ T seen 685
ap(980) 7 seen 499
£(1270)n not seen +

w(1650) " 6P =0=(17 )

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

w(1650) DECAY MODES Fraction (I';/T) p (MeVjc)

pm seen 646

W seen 617

wn seen 500

ete~ seen 835
w3(1670) 16JPCy=0-3— )

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

w3(1670) DECAY MODES Fraction (I;/T) p (MeVjc)

pT seen 645

W seen 615
by (1235) 7 possibly seen 361
m(1670) 1CUPG =172~ )

Mass m = 1672.4 + 3.2 MeV [ (S = 1.4)
Full width T = 259 = 9 MeV [ (S = 1.3)

75(1670) DECAY MODES

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

3 (95.8+1.4) % 809
£(1270) 7 (56.3£3.2) % 329
o (31 +4 )% 648
o (10.9£3.4) % -
(77) s-wave (87+3.4) % -

KK*(892)+ c.c. (4.2+1.4)% 455

wp (27£1.1) % 304

vy < 28 x 1077 90% 836

p(1450) < 36 x 1073 97.7% 148

by (1235) 7 < 19 x 1073 97.7% 366
f1(1285) possibly seen 323
ap(1320) 7 not seen 292

#(1680) 1I6UPC =0—1— )

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

#(1680) DECAY MODES Fraction (T;/T) p (MeVjc)
K K*(892)+ c.c. dominant 462
KOS Km seen 621
KK seen 680
ete™ seen 840
W not seen 623

KtTK-atn™ seen 544

p3(1690) 16(PC) =13~ )

Mass m = 1688.8 + 2.1 MeV U]
Full width I = 161 = 10 Mev [ (S = 1.5)

p3(1690) DECAY MODES

Fraction (I';/T)

p
Scale factor (MeV/c)

4
ot o

wTm

0

T
KKr
KK
777r+ T
p(770)n

T

82(1320)77
pp

p
Excluding 2p and a,(1320).

(711 + 1.9 )%
(67 +22 )%
(16 +6 )%
(236 + 13 )%
(38 +£12)%
( 158+ 0.26) %
seen
seen
seen

seen
seen

790
787
655
834
629
1.2 685
727
520
633

307
334

p(1700) (4

Mass m = 1720 + 20 MeV []
Full width I = 250 =+ 100 MeV [l

IG(JPC) — 1+(1 )

(np° and 7+ 7~ modes)
(np° and 7t 7~ modes)

p(1700) DECAY MODES Fraction (I';/T) p (MeVc)
2t 7w7) large 803
pTT dominant 653
po ata~ large 650
pEat a0 large 652
a;(1260) 7 seen 404
hy(1170) 7 seen 447
m(1300) 7 seen 349
pp seen 372
ata~ seen 849
s seen 849
KK*(892)+ c.c. seen 496
np seen 545
a,(1320) 7 not seen 334
KK seen 704
ete” seen 860
) seen 674
f(1710) ¢! 1I6(JPCy = ottt
Mass m = 1720 £ 6 MeV (S = 1.6)
Full width [ = 135 + 8 MeV (S = 1.1)
#(1710) DECAY MODES Fraction (F;/T) p (MeVjc)
KK seen 704
nn seen 663
T seen 849
ww seen 357
7(1800) 1I6UPC =10~ )
Mass m = 1816 + 14 MeV (S = 2.3)
Full width ' = 208 + 12 MeV
(1800) DECAY MODES Fraction (I';/T) p (MeVjc)
ata w~ seen 881
fo(600) 7w~ seen -
o (980) 7w~ seen 634
fo(1370) 7~ seen 371
fy(1500) 7~ not seen 254
pT not seen 735
nnmw- seen 664
ap(980)n seen 477
a2(1320)7n not seen t
£ (1270) not seen 445
fo(1370) 7~ not seen 371
fo(1500) 7~ seen 254
nn' (958) 7~ seen 380
K5(1430) K~ seen i
K*(892) K~ not seen 573
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#3(1850) 16UPO =0-3— )

Mass m = 1854 + 7 MeV
Full width T = 87728 Mev (S =1.2)

$3(1850) DECAY MODES Fraction (I;/T) p (MeVjc)
KK seen 785
K K*(892)+ c.c. seen 602
m5(1880) 1I6PC =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 ([;/T) p (MeVjc)
K*(892) K*(892) seen 387
ata~ seen 962
7070 seen 963
4T seen 925
nn seen 803
KK seen 837
Yy seen 972
£(2010) 1IGUPCY =0t + )
Mass m = 2011753 Mev
Full width T =202 + 60 MeV
£(2010) DECAY MODES Fraction (;/T) p (MeV/c)
08 seen 1
KK seen 876
2,4(2040) 16UPO =1- @4+ )
Mass m = 2001 + 10 MeV
Full width I' = 235 + 29 MeV (S = 1.3)
3,4(2040) DECAY MODES Fraction (I;/T) p (MeVjc)
KK seen 870
ata— 70 seen 976
pT seen 844
f(1270) seen 583
wr~ 70 seen 821
wp seen 627
1/71'0 seen 920
n'(958) seen 764
£,(2050) 1GUPCY = ot ++)
Mass m = 2018 &+ 11 MeV (S = 2.1)
Full width I' = 237 + 18 MeV (S = 1.9)
f4(2050) DECAY MODES Fraction (I;/T) p (MeVje)
ww seen 637
s (17.0+1.5) % 1000
KK (68733 x1073 880
nn (21408) x 1073 848
470 < 12 % 964
ap(1320) 7 seen 567
#(2170) 16(JPCYy =0—(1— )

Mass m = 2175 + 15 MeV
Full width I = 61 + 18 MeV

(S = 1.6)

¢(2170) DECAY MODES Fraction (I;/T) p (MeVc)
ete~ seen 1087
¢1,(980) seen 427
KT K~ 1(980) — seen -
KtK—ntzm—
Kt K™ £(980) — KT K~ 7070 seen -
KO K+ ¥ not seen 770
£(2300) 1I6(JPCy = ot t+ )
Mass m = 2297 + 28 MeV
Full width ' = 149 £ 40 MeV
H(2300) DECAY MODES Fraction (I';/T) p (MeVfc)
(/)(/)_ seen 529
KK seen 1037
vy seen 1149
(2340) 1I6(PCy ottt
Mass m = 2339 £ 60 MeV
Full width I = 319+80 Mev
75(2340) DECAY MODES Fraction (';/T) p (MeVjc)
(03] seen 573
nn seen 1033

(S=+1,C=B=0)

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

1UP) = 307)

Mass m = 493.677 + 0.016 MeV [l (S = 2.8)
Mean life 7 = (1.2380 + 0.0021) x 10~8s (S = 1.9)
cr =3.712m
Slope parameter g (V]
(See Particle Listings for quadratic coefficients and alternative
parametrization related to 7w scattering)
Kt — 7Ertr— g=—0.21134 £ 0.00017

(6r — &)/ (g + &)= (~15+22)x 1074

KE = 7t7970 g = 0.626 & 0.007
(r—8.)/ (g +8)=(18£18)x
K* decay form factors [

Assuming pu-e universality
A (Kf5) = Ap(Kl) = (2.97 £ 0.05) x 1072
/\O(KL) = (1.95 £ 0.12) x 1072
Not assuming u-e universality
At (KE) = (2.98 £ 0.05) x 1072
A (Kf5) = (2,96 £ 0.17) x 1072
Mo(Kf3) = (1.96 £ 0.13) x 102
Kesz form factor quadratic fit
Ny (Kei3) linear coeff. = (2.48 + 0.17) x 1072

10~4

N4 (K%) quadratic coeff. = (0.19 + 0.09) x 1072

Kaz fs/fi] = (-03753) x 1072
KL |fr/fi] = (—1.2£23) x 1072
Ky |fs/fr| = (024 0.6) x 1072
K}E |fr/fi| = (0.1 £0.7) x 1072

K* — eTwvey |Fa+ Fy|=10.133+0.008
Kt — ,Lﬁz/u’y ‘FA + FV‘ = 0.165 £ 0.013
Kt — e*uey {FA — F\/‘ < 0.49

K+t — pty,y |Fa— Fy| = —0.24100.04, CL = 90%

(S=13)
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K+ DECAY MODES

Charge Radius
(r) = 0.560 & 0.031 fm

CP violation parameters
A(KE,) = (-2.2+ 1.6) x 1072
A(KZ,,) = —0.02+0.12

T violation parameters
Kt — 7%ty Pp=(-17+25)x1073

Pr = (0.6 + 1.9) x 1072

Im(€) = —0.006 + 0.008

Kt — ;ﬁrl/MW

Kt — 7T0/I,+VM

K™ modes are charge conjugates of the modes below.

Scale factor/ p

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

K+
K+
K+

K+

K+
K+
Kt
K+

K+
K+
K+

K+
K+
K+
K+

K+
K+
K+
K+
K+
Kt

Leptonic and semileptonic modes

KT — ntpuet LF < 5.2 x10710cL=90% 214
Kt — 7 ptet L < 5.0 x 10~10cL=90% 214
KT — n-etet L < 64 x10710cL=90% 227
Kt — 7= putpt L [d] < 3.0 x 1079 CL=90% 172
Kt — uto, L [d] < 33 x 1073 CL=90% 236
Kt — nletm, L <3 x 1073 CL=90% 228
KT — 7ty [aa] < 23 x 1079 CL=90% 227

14P) = %(07)

=z
o

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 K°-K? mixing (V]
Asymmetry A7 in K9-K? mixing = (6.6 + 1.6) x 1073

CPT-violation parameters (V]
Red = (2.3 +27)x107*
Imd = (0.4421)x 107>
Re(y), K.3 parameter = (0.4 + 2.5) x 10~3
Re(x_), Kes parameter = (—2.9 4 2.0) x 1073
[Myo — Mio| / Maverage < 8x 10719, CL = 90% [b4]
(rKO - rRO)/maverage =(8+8)x 10718
Tests of AS = AQ
Re(xy), Kez parameter = (—0.9 + 3.0) x 1073

K% 1UP) = 3(07)

— et ( 1.5840.020) x 10~5 247
— 'ty (63.55 +0.11 ) % s=1.2 236
— nletu, (5.07 £0.04 )% s=2.1 228
Called K.
- mOuty, ( 3.353+£0.034) % S=1.8 215
Called K.
— m0r0ety, (22 +04 )x1075 206
— atr et (4.09 +£0.10 ) x 105 203
— wtapty, (14 409 )x107° 151
— 107070 ety, < 35 %106 CL=90% 135
Hadronic modes
— atal (20.66 +£0.08 ) % s=1.2 205
— atp0z0 (1.761+0.022) % S=1.1 133
— atrta~ (559 +0.04 )% s=1.3 125
Leptonic and semileptonic modes with photons
-ty [wx] (62 %08 )x10~3 236
— ptu,y(SDT) [ay] (133 £022 )x107° -
— v, y(SDTINT) [ay] < 27 x 1075 CL=90% -
— pty,y(SD™ + [ay] < 26 x10~4 CL=9%0% -
SDTINT)
— etvey (94 +04 )x1076 247
— mletuy [wx] (256 +0.16 ) x 10~4 228
— n0etye~(SD) [ay] < 53 x 1075 CL=90% 228
- mOuty,y [wx] (15 +04 )x1075 215
— m070etyay <5 x 1076 CL=90% 206
Hadronic modes with photons or £Z pairs
— ataly [wx] (275 +£0.15 ) x10—4 205
— 7t 70+ (DE) %zl (43 +07 )x1076 205
— ata0x0y wa (76 85 )x10-6 133
— atata [wx] (1.04 £031 )x10~4 125
— 7Ty [x] (110 £0.32 )x10© 207
— 7t 3y x] < 1.0 x10~4 CL=9%0% 207
— nteteny (119 +£0.13 ) x10-8 227
Leptonic modes with £ pairs
— ety < 6 x 1075 CL=90% 247
— pty,vw < 6.0 x 1076 CL=90% 236
— etreete™ (248 +£0.20 )x 1078 247
— pty,ete” (7.06 £0.31 ) x 1078 236
— etveutpu~ (17 +05 )x1078 223
— /ﬁ Vu;ﬁ no < 41 x10~7 CL=90% 185
Lepton Family number (LF), Lepton number (L), AS = AQ (5Q)
violating modes, or AS = 1 weak neutral current (S1) modes
— rtrte 7, sQ < 12 x 1078 CL=90% 203
- atrtpw, sQ < 3.0 x 1076 CL=95% 151
— mtete~ s1 (13.00 +£0.09 ) x10~7 227
— atutu~ s1 (81 +14 )x1078 s=27 172
— 1tup s1 (17 +11 )x10710 227
— ot s1 < 43 x 1075 CL=90% 205
— pu vetet LF < 20 x 1078 CL=90% 236
— putre LF  [d < 4 x 1073 CL=90% 236
— atpute LF < 13 x 10~ 11 cL=90% 214

Mean life 7 = (0.8953 + 0.0005) x 10710 5
ing CPT

Mean life 7 = (0.8958 & 0.0005) x 10710 s
cr =2.6842cm  Assuming CPT

CP-violation parameters [c]

Im(n4_¢) = —0.002 + 0.009

Im(n000) = (0.1 + 1.6) x 1072

[mooo| = JAKE — 37%)/A(K? — 37%)] < 0.018, CL = 90%

CP asymmetry Ain 7t n-ete™ = (-1 £ 4)%

(S=1.1) Assum-

Not assuming CPT

Scale factor/ p

Kos DECAY MODES Fraction (;/T) Confidence level (MeV/c)

Hadronic modes

7070 (30.69:0.05) % 209
ata~ (69.20£0.05) % 206
ot 0 (35 31 )x10-7 133
Modes with photons or £Z pairs
ata "y [w,dd] ( 1.7940.05) x 10~3 206
atr ete” ( 4.69+0.30) x 1075 206
w0y [dd] (49 +£1.8)x10~8 231
vy ( 2.63£0.17) x 1076 $=3.0 249
Semileptonic modes
rteFu, lee] ( 7.04+0.08) x 10—4 229

CP violating (CP) and AS = 1 weak neutral current (S1) modes

370 cP < 12 x10~7  CL=90% 139
wtp~ S1 < 32 x1077  CL=90% 225
ete~ s1 <9 x1079  CL=90% 249
mlete~ s1 [dd) (3.0 T15)x1079 230
Ot s1 (29 T15 )x1079 177
1 —
K9 14P) = 1(07)
ITIKL — mKs
= (0.5292 + 0.0009) x 101° is~1 (S =1.2) Assuming CPT

= (3.483 £+ 0.006) x 10712 MeV  Assuming CPT
= (0.5290 =+ 0.0015) x 1019z s~1 (S =1.1) Not assuming
CPT
Mean life 7 = (5.116 4 0.020) x 1078 s
cr =1534m
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Slope parameter g (V]

(See Particle Listings for quadratic coefficients)

KL

K — 7+n~ a0 g=0.678 £0.008 (S =1.5)

decay form factors [V]

Linear parametrization assuming p-e universality
)\+(K23) = A (K%)= (282 £0.04) x 1072 (S =1.1)
AO(K23) =(138+0.18) x 1072 (S =22)

Quadratic parametrization assuming p-e universality
Ny (K%3) = Ny (K%)= (2.40 £ 0.12) x 1072 (S = 1.2)
X/Jr(Kga) =N (K%)= (020£0.05)x1072 (S=1.2)
Mo(KY3) = (1.16 £ 0.09) x 1072 (S = 1.2)

Pole parametrization assuming u-e universality
MY, (K%3) = M§, (K3;) =878 £ 6 MeV (S = L.1)

MY (Kg3) = 1252 + 90 MeV (S = 2.6)

Kl |fs/fe| = (15T 1¢) x 1072

K% |fr/fi] = (5F2) x 1072

Ko |fr/fi] = (@12 +12) x 1072

KL— ey, Kp— H 00+ 07 ay, = —0.205 +
0.022 (S=18)

KO — ety KY — tre= 040~ apip=-169 +
0.08 (S=17)

K, — ntr—ete : aj/ap = —0.737 + 0.014 GeV?

K, — w02y ay = —0.43+0.06 (S=15)

CP-violation parameters [cc]

T-vi

AL = (0.332 £ 0.006)%
Inoo| = (2.221 £ 0.011) x 103 (S = 1.8)

[n4—| = (2232 £0.011) x 1073 (S = 1.8)
e| = (2.228 £ 0.011) x 1073 (S = 1.8)
|00/74—| = 0.9951 % 0.0008 [Tl (S = 1.6)

Re(€/e) = (1.65 + 0.26) x 1073 [l (S = 1.6)
Assuming CPT
¢4 = (4351 £0.05)° (S =1.1)
doo = (43.52 + 0.05)° (S =1.1)
be=dsw = (43.51 £ 0.05)° (S = 1.1)
Not assuming CPT
¢y = (434 £0.7)° (S=123)

Goo = (43.7 £0.8)° (S =1.2)
b = (435 +0.7)° (S =1.3)
CP asymmetry Ain K — ntr~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 KO — 77~ 70 = 0.0012 + 0.0008
ffor K — a7~ =0 =0.004 £ 0.006
[n4—+] = (2.35 £ 0.07) x 1073
Gy = (44 £ 4)°
€y |/e < 0.3, CL=90%
lgp1] for K¢ — 7t 7=~ < 0.21, CL = 90%
iolation parameters
Im(€) in Kg3 = —0.007 + 0.026

CPT invariance tests

AS

dop — P4— = (0.2 £ 0.4)°
Re(2ny_ + lngo)—4E = (-3+35)x1076
= —AQin K9 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
ateFu, lee] (40.55 £0.12 )% $=1.9 229
Called KY;.
Ty, lee] (27.04 £0.07 ) % S=1.1 216
Called K?ﬁ.
(7 patom) v (1.05 £0.11 ) x 10~/ 188
mOrfeFy lee] (520 +0.11 ) x 10~5 207
ateFrete lee] (1.26 +0.04 ) x 10~5 229

Hadronic modes, including Charge conjugation x Parity Violating (CPV) modes

370 (19.52 +£0.12 ) % s=1.7 139
ata— a0 (12.54 £0.05 ) % 133
atr CPV [gg] ( 1.966+0.010) x 1073  S=1.6 206
7070 cPv (865 £0.06 )x10~% s=18 209
Semileptonic modes with photons
ateFuey [w.eehh] ( 379 £0.06 ) x 10~3 229
T,y (565 +0.23 ) x 10~4 216
Hadronic modes with photons or £Z pairs
n0n0 < 243 x 1077 CL=90% 209
atr [whh] (415 £0.15 )x 1075 s=2.8 206
7t 7~ ~(DE) (284 £0.11 )x 1075 $=2.0 206
702y [hh] ( 1.273£0.034) x 10~6 231
Oyete” (162 £0.17 ) x 1078 230
Other modes with photons or £Z pairs
2y (547 £0.04 )x 1074 s=1.2 249
3y < 24 x 1077 CL=90% 249
ete vy (94 +04 )x1076 s=20 249
utpy (359 £0.11 )x10~7  S=1.3 225
ete yy [hh] ( 5.95 +0.33 ) x 107 249
whumyy (] (10 38 )x10-8 225
Charge conjugation x Parity (CP) or Lepton Family number (LF)
violating modes, or AS = 1 weak neutral current (S1) modes
wt ™ s1 (684 £0.11 )x 1072 225
ete~ s1 (9 *5 )xiw12 249
atr ete” S1 [hh] ( 3.11 £0.19 ) x 10~7 206
w0nlete— s1 < 66 x 1079 CL=90% 209
utu~ete s1 (269 +£0.27 ) x 1072 225
ete ete™ s1 (356 +0.21 ) x 108 249
a0t~ CP,S1 [ii] < 3.8 x 10~10¢CL=90% 177
mOete~ CP,SI1 [il] < 2.8 x 10~10¢cL=90% 230
wOvw CP,S1 [jj] < 6.7 x 1078 CL=90% 231
0y s1 < a7 x 1075 CL=90% 209
et uT LF  [ee] < 4.7 x 10~12CL=90% 238
etet T put LF  [ee] < 4.12 x 10711 CL=90% 225
0t eF LF  [ee] < 7.6 x 10~ 11 CL=90% 217
7070yt e¥ LF < 17 x 10~10¢CL=90% 159
K*(892) 1UP) = 3(17)
K*(892)F mass m = 891.66 + 0.26 MeV
Mass m = 895.5 + 0.8 MeV
K*(892)0 mass m = 895.94 + 0.22 MeV (S = 1.4)
K*(892)F full width [ = 50.8 + 0.9 MeV
Full width ' = 46.2 £ 1.3 MeV
K*(892)0 full width I = 48.7 + 0.8 MeV (S = 1.7)
p
K*(892) DECAY MODES Fraction (I;/T) Confidence level (MeVc)
Knm ~ 100 % 289
KO ( 239+0.21) x 10~3 307
Kt~ (99 £0.9 )x 104 309
Krm < 7 x 1074 95% 223
K1(1270) 1Py = 1)

Mass m = 1272 + 7 MeV [1]
Full width T = 90 + 20 MeV [l
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Kj(1270) DECAY MODES Fraction (I;/T) p (MeVjc)
Kp (42 +£6 )% 45
K(1430) 7 (28 +4 )% i
K*(892)m (16 £5 )% 302
Kw (11.0£2.0) % f
K fy(1370) (3.0£2.0)% t
",’K0 seen 539
K1(1400) 1UPy = La™)

Mass m = 1403 4+ 7 MeV
Full width I = 174 + 13 MeV (S = 1.6)

K1 (1400) DECAY MODES Fraction (I;/T) p (MeVfc)
K*(892)m (94 £6 )% 402
Kp (1.2£0.6) % 292
K 3(1370) (2.0£2.0)% i
Kw (1.0+£1.0) % 284
K(1430) 7 not seen +
¥ KO seen 613

K*(1410) 1Py = 307)

Mass m = 1414 + 15 MeV (S = 1.3)
Full width I = 232 4+ 21 MeV (S = 1.1)

P
K*(1410) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)

K*(892)m > 40 % 95% 410
Km (6.6+1.3)% 612
Kp < 7 % 95% 305
v KO seen 619

K?(1430) 1% 1Py = 30

Mass m = 1425 + 50 MeV
Full width ' = 270 £+ 80 MeV

K}(1430) DECAY MODES Fraction (I;/T) p (MeVjc)

K (93+10) % 619

K3(1430) 1UP) = 32

K3(1430)* mass m = 1425.6 = 1.5 MeV (S = 1.1)
K3(1430)° mass m = 1432.4 & 1.3 MeV

K3(1430)F full width I = 98.5 2.7 MeV (S = 1.1)
K3(1430)° full width I =109 £ 5 MeV (S = 1.9)

Scale factor/ p

K§(1430) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)

K7 (49.941.2) % 619
K*(892)m (24.7£15) % 419
K*(892) 7w (13.4+£22) % 372
Kp (8.7+0.8) % S=1.2 318
Kw (29+0.8) % 311
Kt~y (2.4+05) x 103 s=1.1 627
K (15738 x103 s=1.3 486
Kwm < 72 x 104 CL=95% 100
KOy <9 x 10~4 CL=90% 626

K*(1680) DECAY MODES Fraction (';/T) p (MeV/c)
Knm (38.74£2.5) % 781
Kp (314139 % 570
K*(892) 7 (209F22) % 618

Ka(1770) 1 1UP) = 3(27)

Mass m = 1773 £+ 8 MeV
Full width ' = 186 + 14 MeV

Ky(1770) DECAY MODES Fraction (I;/T) p (Mevjc)
Knm 794
K3(1430) 7 dominant 288
K*(892)m seen 654
K £,(1270) seen 55
] seen 441
Kw seen 607

K3(1780) 10P) = 3637

K*(1680) 1Py = 17)

Mass m = 1717 £ 27 MeV (S = 1.4)
Full width I' = 322 + 110 MeV (S = 4.2)

Mass m = 1776 £ 7 MeV (S = 1.1)
Full width T = 159 + 21 MeV (S = 1.3)

p
K;(uao) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)

Kp Bl £9)% 613
K*(892)m (20 £ 5 )% 656
Kr (18.8+ 1.0) % 813
Kn (30 £13 )% 719
K5(1430) 7 <16 % 95% 291

Ky (1820) (] 1UP) = 327)

Mass m = 1816 + 13 MeV
Full width I = 276 4 35 MeV

K3(1820) DECAY MODES Fraction (I';/T) p (MeVjc)
K35(1430)m seen 327
K*(892)m seen 681
K £,(1270) seen 186
Kw seen 638

K (2045) 1Py = jah)

Mass m = 2045 +£ 9 MeV (S = 1.1)
Full width ' = 198 + 30 MeV

Kz(2045) DECAY MODES Fraction (I';/T) p (MeVc)
K (9.9+1.2) % 958
K*(892) 7 (9 £5 )% 802
K*(892)rmm (7 £5 )% 768
pKm (5.7+3.2) % 741
wKm (5.0£3.0) % 738
oK™ (2.8+1.4) % 594
o K*(892) (1.4£0.7) % 363
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CHARMED MESONS
(C==+1)

Dt =cd, D° = ¢, D" =Tu, D~ =7Td, similarly for D*’s

Dt DECAY MODES

10P) = 3007)

Mass m = 1869.60 & 0.16 MeV (S = 1.1)
Mean life 7 = (1040 + 7) x 10715 s
cr = 311.8 um

c-quark decays

(c — ¢*tanything)/I(c — anything) = 0.096 + 0.004 [""]

M(c — D*(2010)T anything)/I(c — anything) = 0.255 + 0.017

CP-violation decay-rate asymmetries
Acp(u*v) = 0.08 £ 0.08
Acp(K%7t) = —0.009 + 0.009
Acp(K¥F2r%) = —0.005 + 0.010
Acp(KFnE 7% 70) = 0.010 + 0.013
Acp(K%mt %) = 0.003 £ 0.009
Acp(Kemtrtn™) =0.001 & 0.013
Acp(KLKE) = 0.07 £ 0.06
Acp(KTK—7%) = (0.3 £ 0.6)%
Acp(KEK*0) = (0.1 + 1.3)%
Acp(pmt) = (0.9 + 1.1)%
Acp(KEK5(1430)0) = (81 {)%
Acp(K* K3(1430)%) = (43130)%
Acp(K* K;(800)) = (~12715)%
Acp(a9(1450)°7F) = (—197 1%
Acp(4(1680)7F) = (—9 + 26)%
Acp(nta—nt) = —0.02 £ 0.04
Acp(KK* 7t 77) = —0.04 £ 0.07

T-violation decay-rate asymmetry
Ar(KYK*rtn™) =0.02 +0.07

D form factors
£, (0)| Ves| in KO4F 1y = 0.707 £ 0.013
n=a/ain Ky, =-17+05
r=ay/apin KTy, = -14 411
£1(0)| Veg| in 70 £+ 1y = 0.146 + 0.007
n=a/ain %0ty =—-14+09
rn=ay/agin %4ty =445
ry, = V(0)/A1(0) in K*(892)% ¢t 1, = 1.62 +0.08 (S =
ry = A(0)/A1(0) in K*(892)° ¢+ 1, = 0.83 + 0.05
r3 = A3(0)/A1(0) in K*(892)° ¢+ v, = 0.0 + 0.4
Fy /T in K*(892)% ¢+, = 1.13 + 0.08
M /T_in K*(892)°¢* v, = 0.22 + 0.06

(S=16)

Most decay modes (other than the semileptonic modes) that involve a neu-
tral K meson are now given as KOS modes, not as KO modes. Nearly always
it is a K% that is measured, and interference between Cabibbo-allowed
and doubly Cabibbo-suppressed modes can invalidate the assumption that
2r(k%) = r(KO).

Scale factor/

Fraction (I';/T) Confidence level

1.5)

p
(MeV/c)

et semileptonic

Inclusive modes
(16.07+0.30) %

ut anything (176 +32 )%
K~ anything (25.7 £1.4 )%
KOanything + KOanything (61 +5 )%
KT anything (59 08 )%
K*(892) anything (6 £5 )%
K*(892)%anything (23 +5 )%
K*(892)0 anything < 66 % CL=90%
n anything (63 £07 )%
i’ anything (1.04+0.18) %
¢ anything (1.0340.12) %

Leptonic and semileptonic modes

etve < 88 x1076  CL=90%

whru, (3.82+0.33) x 10~4

Tt < 12 x1073  CL=90%

KOetu, ( 8.83+0.22) %

Kouty, (9.4 £08)% s=1.2

K-ntetu, (41 406 )% S=1.1
K*(892)0 et vg, (3.68+0.21) %

K*(892)° — Kzt

K~ 7t et ve nonresonant <7
K*_w*;ﬁuu (39 £05)%
K*(892)0 ut Vi (3.7 £03)%

K*(892)° — Kzt
K= 7+t v, nonresonant
K—at 70,7+

(21 +06 )x 1073

Ty, < 17
et ( 4.0540.18) x 10~3
netve (1.33£0.21) x 1073
et (2.2 +0.4 )x1073
P utu, (25 +05 ) x 1073
wet e (16 T37 )x1073
7'(958) et v < 35 x107% CL
petve < 16 x1074  CL

Fractions of some of the following modes with resonances have already

appeared above as submodes of particular charged-particle modes.

K*(892)° et v, ( 5.5340.32) %
K*(892)0 it v, (55 +£05)%
K5(1430)° pt v, < 25 x 1074
K*(1680)° T v, < 16 x 1073
Hadronic modes with a K or KKK
Kynt ( 1.4940.04) %
KOn+ ( 1.4640.05) %
K~ 2nt [oo] (9.4 £0.4 )%
(K= 7%)s—wave™™ (7.5240.33) %
K;i(1430)07r+, [pp] ( 1.2540.08) %
K5(1430)° — K=ot
K*(892)0 7, (1.04+0.12) %

K*(892)° — K~ 7t

K*(1410)07F, K*0 — not seen
K xt
K35(1430)07 7, o]l (23 +0.7 )x1074
K3(1430)° — K=
K*(1680)0 7, o] (22 +1.1)x1074
K*(1680)° — K~ nt
K= (27 %)= ( 1.4540.27) %
K%zt 70 [oo] ( 6.90+0.32) %
K% p* (47 £1.0)%
K*(892)0 7+, (13 £06 )%
K*(892)% — K%n0
K27+ 70 nonresonant (9 +7 )x1073
K~ 27t 70 [qq] ( 6.08+0.29) %
K%or+rm~ lqq] ( 3.10+0.11) %
K= 3rtn~ [00] ( 5.7 +0.6 )x 1073
K*(892)0 27t 7, (12 04 )x1073
K*(892)° — K—xt
K*(892)° )07t (23 +04 )x10-3
K*(892)° — K~ nt
K*(892)0a; (1260)+ Irr] (9.3 +£1.9 ) x 103
K= plont ( 1.72+0.29) x 1073
K~ 3t 7~ nonresonant (40 +£3.0)x1074
K+2K% (46 +21)x1073
K*K=K%nt (2.4 +05 ) x 1074

Pionic modes

at a0 (1.26£0.09) x 1073
T 27+0. x 107
ot 3.27+0.22) x 1073

POt (83 +15)x10~4

(1.8340.18) x 1073
(1.3840.13) x 1073

xt (7rJr T )S—wave
ort,o— ntna~

(980) 7+, (1.57+0.34) x 104
7(980) — 7t~

fo(1370) =, (8 +4 )x107°
f(1370) — 7t a~

£ (1270) T, (50 +0.9 )x1074

£ (1270) — atn~

x1073  CL=90%

x1073  CL=90%

=90%
=90%

S=1.2
S=1.2

S=1.3

S=1.6
S=1.1
S=1.2

935
932

90
869
865
864
722

864
851
717

851
825
930
855
774
770

771

689
657

722
717
380
105

863
863
846
846
382

714

381

371

58

845
677
714

845
816
814
772
645

239

524
772
545
436

925
909
767
909

669

485
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p(1450)0 7t < 8 x1075  CL=95%
p(1450)0 — 7t~
f(1500) 7+, (1.1 404 )x1074
f(1500) — 7t 7~
fo(1710) 7+, <5 x107%  CL=95%
f(1710) —» 7ta~
f(1790) 7+, < 7 x1075  CL=95%
f(1790) — at7—
(7t 7)) s _wave ™ < 12 x1074  CL=95%
27 7~ nonresonant < 11 x1074  CL=95%
at 270 (47 +0.4 )x103
2t w0 (1.1640.09) %
7771'*, n — ata— 70 (78 +£05)x 104
wrt,w— ata 70 < 3 x10~4  CL=90%
3rton— (1.66+0.17) x 10~3 S=1.1

Fractions of some of the following modes with resonances have already
appeared above as submodes of particular charged-particle modes.

nat (3.4340.22) x 1073
nrt a0 (1.3840.35) x 103
wrt < 3.4 x1074  CL=90%
' (958) (44 +£04)x1073
7' (958) w70 (16 +£05)x1073
Hadronic modes with a KK pair
K+ KY ( 2.8640.12) x 103 5=1.9
KTK—nt [oo] (9.8 £0.4)x10~3 S—1.9
ont, o — KTK™ (2.72+40.13) x 1073
K+ K*(892)°, (251F013) x 1073
K*(892)° — K~ rt
K+K(1430)°, (1.8 0.4 )x1073
K5(1430)0 — K—xt
K+ K3(1430)°, K5 — (17 *32)x10-4
K-t
KTK5(800), K — Kot (68 £33 )x104
a0(1450)0 7+, ad — (45 F79 )x1074
KtK—
#(1680) 7+, ¢ — KTK™ (50 *19)x1075
K+ K~ a7t nonresonant not seen
Kt Kyt~ (1.74+0.18) x 103
KK 2n* ( 2.3840.18) x 103
KT K= 2ntzn— (23 1.2 )x1074
A few poorly measured branching fractions:
om0 (23 £1.0)%
opt < 15 % CL=90%
K+ K= nt70non-¢ (15 37y %
K*(892)+ K (16 £0.7 )%
Doubly Cabibbo-suppressed modes
Kt 70 ( 2.3740.32) x 1074
Ktrtn— ( 5.4240.30) x 10—4
Kt 0 (21 +£05 ) x10~4

K*(892)%7t, K*(892)° — (25 +05 ) x1074
I

K™
K™ £,(980), f(980) — (48 +£2.9)x1075

T
K3(1430)0 7, K3(1430)° — (4.4 £29)x1075
Ktn—
K+ 7t 7~ nonresonant not seen
2KTK— (8.9 +2.1)x1073

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

nteter c1 < 74 x1076  CL=90%
7t¢, ¢ — ete™ [ss] (27 Jj‘f:g ) x 1076

atutu~ c1 < 39 x1076  CL=90%
at¢, ¢ — ptu~ [ss] (1.8 £0.8 )x10~©

pTutu™ c1 < 56 x10~4  CL=90%
Ktete~ [tt] < 6.2 x107%  CL=90%
Ktputp~ [tt] < 9.2 x107%  CL=90%
atet T LF  [ee] < 3.4 x107%  CL=90%
Kte*uT LF  [ee] < 6.8 x 1075 CL=90%

338

909
909
910
883
848
763
845

848
830
764
681
654

793
744
647

613

744
678
678
600

619
259

682
612

864
846
679
714

846
550

930

918

757
870
856
927
866

n~2et L < 36 x1076  CL=90% 930
7 2ut L < 48 x10=6  CcL=90% 918
r-etpt L < 5.0 x1075  CL=90% 927
p~2ut L < 56 x 104  CL=90% 757
K~2et L < 45 x1076  CcL=90% 870
K=2u™ L < 13 X107 CL=90% 856
K-etput L < 13 x10~4  CL=90% 866
K*(892)~ 2u™ L < 85 x1074  CL=90% 703

1(0P) = 3007)

Mass m = 1864.83 + 0.14 MeV
Mpe — Mpy = 4.77 £ 0.10 MeV (S = 1.1)
Mean life 7 = (410.1 + 1.5) x 107%° s
cr =122.9 pm
[mpe — mpo| = (2397523) x 1010 A s~ 1
1 2 i
(Tpo =T po)/T =2y = (1.66 + 0.32) x 1072
1 2
|a/p| = 0.86751%
Ar = (1.4 £27) x 1073
KT 7~ relative strong phase: cos § = 1.03f8€§

K=+ 70 coherence factor Ry o = 078311

K~ xt 70 average relative strong phase g = (239fg§)°
K~ 7~ 2rt coherence factor Rg 3, = 0.36f8:§3
K~ 7~ 2rT average relative strong phase K37 = (118189)°

CP-violation decay-rate asymmetries (labeled by the D° decay)

Acp(KTK™) = (=0.17 £ 0.31) x 1072
Acp(2K%) = —0.23 £ 0.19
7T 7)) = (0.2 4+ 0.4) x 1072

(S =13)

Acp(p(770)~ 7t — ata—a0) = (=07 £ 1.2)%
Acp(p(1450)t 7= — wtx—70) = (0.0 £ 0.14)%
Acp(p(1450)°70 — 7t = 70) = (0.1 £ 0.22)%
Acp(p(1450)~ 7T — 7t x0) = (0.2 + 0.32)%
Acp(p(1700)t 7~ — 7ta=70) = (=04 £ 1.1)%
Acp(p(1700)° 70 — 7t 7= 20) = (1.3 £ 0.9)%
Acp(p(1700)~ 7t — 7tz 7% = (0.5 £ 0.7)%

0 o ata=a0) = (02 +0.14)%
Acp(£(1500) 70 — 77~ 79) = (0.0 + 0.14)%
Acp(f(1710)7° — 7t 7~ 79) = (0.0 + 0.14)%
Acp(£(1270)7° — 7t 7~ 70) = (0.1 + 0.14)%
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(

(

(

(

E

ACP((K+7rO)waare K™ — K+ Kiﬂ-o) = (2 + 5)%

Acp(6(1020)70 — KT K~ 7%) = (0.4 £ 0.8)%

Acp(£(980)70 — KT K= x0) = (—0.4 £2.6)%

Acp(ag(980)070 — KT K—70) = (—0.6 + 1.9)%

Acp(fh(1525)70 — K+ K~ x0) = (0.0 £ 0.32)%

Acp(K*(892)~ Kt — KtK=70) = (1.7 £ 1.4)%
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(

Acp(K*(1410)" KT — Kt K= 70) = (=1.7 £ 2.9)%
Acp (K™ 1) s_wave KT — KTK=70) = (-0.4 £25)%
Acp K%@‘) = —0.03 £ 0.09

Acp (K% %) = 0.001 + 0.013

Acp(K~nt) = —0.004 £ 0.010

Acp(Ktm™) = 0.022 + 0.032

Acp(Ktn~n0) = 0.00 + 005
Acp(K¢ntn~) = —0.00970028
Acp(K*(892)" 7t — K%n* 7T7) < 3.5x 1074, CL = 95%
Acp(K*(892)F 7~ — KlnTa™) < 7.8x107% CL=95%

Acp(K0p% — K2atn~) < 4.8x 1074, CL = 95%
Acp(K'w — K3mtn™) < 9.2x 1074 CL = 95%
Acp(K°1(980) — Kintn™) < 6.8x 1074 CL=95%
Acp(K0£(1270) — K%nt7~) < 13.5x 1074, CL = 95%
Acp(K° £5(1370) — K§7r+ 77) < 25.5x 1074, CL = 95%
Acp(Kj(1430)~ 7t — K%‘/r*ﬂ’) < 9.0x 1074, CL = 95%
Acp(K5(1430)~ 7+ — KIxtn~) < 6.5x107%, CL = 95%
Acp(K*(1680)~ 7+ — KIatn~) < 284 x107% CL = 95%
Acp(K— 7t at7~) = 0.007 + 0.010

Acp(KTn~at77) = —0.02 + 0.04

Acp(KTK—nt77) = —0.08 + 0.07
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T-violation decay-rate asymmetry
Ar(KtK=xtn) = 0.01 + 0.07

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

Form factors
ry = V(0)/A1(0)in DO — K*(892)~(ty, =1.7+0.8
s = Ay(0)/A1(0) in D® — K*(892)~ £ty = 0.9 + 0.4
£(0)|Vies| in DO — K~ ¢, = 0.726 £ 0.009
n=ay/apin D° — K~ (Ty, = —2.65+ 0.35
m=ay/ain D% - K (ty, =1349
£(0)|Veg| in DO — 7~ €%, = 0.152 & 0.005
n=a/ain D’ — 7 ¢ty =-28+05
n=ay/ain D% - 7 0Ty =6+3.0

1

Most decay modes (other than the semileptonic modes) that involve a neu-
tral K meson are now given as KOS modes, not as KO modes. Nearly always
it is a KOS that is measured, and interference between Cabibbo-allowed
and doubly Cabibbo-suppressed modes can invalidate the assumption that
2r(kQ) = r(KO).

Scale factor/ p
DO DECAY MODES Fraction (I';/T) Confidence level (MeVj/c)
Topological modes
0-prongs [we] (17 +6 )% -
2-prongs (69 +6 )% -
4-prongs w] (143 =+ 05 )% -
6-prongs ww] (64 + 13 )x1074 -
Inclusive modes
et anything Px] (649 £ 0.11 )% -
ut anything (67 +06 )% -
K~ anything (547 + 28 )% S=1.3 -
KPanything + K%anything 41 +a4 )% -
K™ anything (34 +04 )% -
K*(892) " anything 1 +£9 )% -
K*(892)0 anything (9 +4 )% -
K*(892)* anything < 36 % CL=90% -
K*(892)%anything (28 13 )% -
n anything (95 +£09 )% -
n' anything (248 + 027 )% -
¢ anything (1.05 £ 011 )% -
Semileptonic modes
K= etre (355 + 0.05)% s=1.2 867
K= ptv, (331 + 013 )% 864
K*(892)~ et v (217 + 016 )% 719
K*(892)~ pt v, (198 + 024 )% 714
Km0t e (16 T332 )% 861
Ko etu, (27 £33 )% 860
K- rtan~ et (28 T 17 )x10* 843
K1 (1270)" et v (76 * 39 )x10-4 498
K-ata=uty, < 12 x 1073CL=90% 821
(K*(892)m) T v, < 14 x 1073CL=90% 692
1 et v, (289 £ 008 )x10-3 s=1.1 927
™ pty, (237 + 024 )x10°3 924
p et (1.9 + 04 )x1073 771
Hadronic modes with one K
K- nt (389 + 0.05)% S=1.2 861
K% 70 (122 + 0.05)% 860
K970 (100 + 07 )x10-3 860
Kintna— [oo] (294 + 0.16 )% S=1.1 842
K% p0 (66 = 0% )x10-3 674
Kiw,w— ata” (21 +06 )x1074 670
KL+ 77) s wave (35 + 08 )x1073 842
K21(980), (127 = 040 ) x 1073 549
7(980) — wtm—
K f(1370), (29 © 99 )x10-3 t
f(1370) — ntx~
K2 5(1270), (9 F10 )x1w0-® 262

£ (1270) — atn~

K*(892)~ =, (173
K*(892)~ — K%m~
K§(1430)" 7t (281
K5(1430)~ — K7~
K3(1430)~ 7, (35
K3(1430)~ — K%n~
K*(1680)~ 7T, (s
K*(1680)~ — K7~
K*(892)t 7, ] (118 T
K*(892)* — K%nt
K§(1430)" 7, wl < 15
K§(1430)F — Kx+
K§(1430)+ﬂ", vyl < 35
K3(1430)F — K%nt
K% 7+ 7~ nonresonant (27
K= 7rt 0 [oo] (13.9
K= pt (108
K~ p(1700)*, (79
p(1700)F — atx0
K*(892)~ 7, (222
K*(892)~ — K~ n0
K*(892)070, (188
K*(892)° - K—7t
K5(1430) 7t (46
K3(1430)~ — K= x0
K5(1430)070, (57
K(1430)° — K—n™
K*(1680)~ 7+, (1.8
K*(1680)~ — K~ 0
K~ 7% nonresonant (111
K% 270 (83
K*(892)079, (67
K*(892)° — K%n0
K% 270 nonresonant (45
K= 2nt o~ [oo] ( 8.09
K~ 7t pOtotal (676
K~ xt p93-body (5.1
K*(892)0 00, (1.06
K*(892)° — Kzt
K~ ay(1260)%, (36
a1(1260)t — 27t~
K*(892)% 7t 7~ total, (16
K*(892)° — Kzt
K*(892)% 7t 7~ 3-body, (99
K*(892)° — Kzt
Ki(1270)~ 7T, [zz] (29
Ki(1270)~ — K= 7t n~
K~ 27T 7~ nonresonant (188
K%Tr+ a0 [aaa] (5.4
Kosr/,7/~> ata— a0 (98
ng,wﬂ atr— a0 (9.9
K= 2rt 7= 70 (42
K*(892)0 7t 7~ 0, (13
K*(892)° — Kzt
K- rtw,w— atr—xl
K*(892)°w,
K*(892)° — K—rt,
w— atr 70
K%nrro (56
K% a9(980), a9(980) — 7x° (67
K*(892)07, (16
K*(892)° — K%x0
K%ortor— ( 2.80
K% p0 7t 7, noK*(892)~ (11
K*(892)~ 27t 7, (5
K*(892)~ — K%z~
no p?
K*(892)~ pon T, (17
K*(892)~ — K%n~
K%2r* 27~ nonresonant < 13
K=3rt2r— (22

+

+

HOHH I+

I+

HoHH I+

+

0.14

6.0
1.7

0.5
0.7
1.7

0.40
0.19

0.23

2.1

0.4
2.3
0.3

0.26
0.6
0.6
0.5
0.4
0.6

0.5
3.0

1.2
2.1
0.5

0.30
0.7

0.7

0.6

) x 104
x 1075 CL=95%
x 1075 CL=95%

) x 104

) % S=1.7
) %
) 1073

) %
) %

) x 1073

) % 10-3

) x 1073

) %
)yx 1073
) % 1073

) %
) %
)yx 1074
)><1073
) %
) %

) %
)><1073

) x 10-3
) x 103
) X 1073

)yx 1073
)yx 1073
) x 104
)yx 1073

x 1073CL=90%
) % 104

711

378

367

46

711

842

844
675

711

711

378

379

16

844
843

711

843
813
609

609

416

327

685

685

484

813

813

772

670

771

643

605
410

721

768

642

230

768
713
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a(1260)t 7=, af —
POt Swave
a(1260) 7, af —

Fractions of many of the following modes with resonances have already (322 £ 0.25)x 103 -
appeared above as submodes of particular charged-particle modes. (Modes

for which there are only upper limits and K*(892) p submodes only appear (1.9 + 05 )x 104 _

below.) 5
K% 429 + 027 ) x 1073 2 p)mt Dwave
2" (4 27 ) x a1(1260)t 7, af — (62 + 07 )x10-% -
Ksw (111 + 0.06 )% 670 ont
Kn/(958) (93 + 14 )x1073 565 20 total (182 £ 013 )x10~3 518
K~ a;(1260)* (78 +£11 )% 327 200, parallel helicities (82 + 32 )x1075 -
K™ a(1320)* < 2 x1073CL=90% 198 209, perpendicular helici- (48 + 06 )x10~% -
K*(892)% 7+ 7~ total (24 +05 )% 685 ties
K*(892)° 7t 7~ 3-body (148 + 034 )% 685 29, longitudinal helicities (125 £ 010 ) x 1073 -
K*(892)0 p° (158 + 035 )% 417 Resonant (7t 7~ )nt 7~ (149 + 012 )x 103 -
K*(892)0 o0 transverse (17 +£06 )% a17 3-body total
K*(892)° p° S-wave (30 +06 )% 417 ot~ (61 +09 )x1074 -
K*(892)° o0 S-wave long. <3 x 10~3CL=90% a17 (980) 7t 7, fy — (18 + 05 )x107* -
K*(892)° o0 P-wave < 3 x 10~3CL=90% 417 L a
K*(892)° p0 D-wave (21 +06 )% 417 f2(1210)f . h = (36 06 )x10 -
-+ ™
ﬁl(iigg)*ﬂ+ [z (16 + 08 ):A’ , 184 7t 270 (1.00 + 0.09 )% 882
71*(892 ()) e < 12 f’ CL=00% 386 nm0 [bbb] (6.4 + 1.1 )x10~% 846
K*( +) T E ;z i 22 ;; 232 wm? [bbb] < 2.6 x 10~4CL=90% 761
tw . . o +a_— 0 3
— 2T 2w (42 £ 05 )x10 844
S 0,
K 99,2) w (11 £05 )% 3 410 nrta— [bbb] ( 1.09 + 0.16 ) x 10~3 827
K (9058) (75 19 )x1070 ) 479 wrta— [bbb] (16 + 05 )x10-3 738
K*(892)" 1/(958) < 11 x 1073CL=90% 119 3r+ 30— (42 + 12 )x10-4 705
Hadronic modes with three K's 7/(958) 7 (81 + 16 )x1074 678
KK+ K- (4.65 + 030 ) x 1073 544 7' (958) 7t 7w~ (45 + 17 )x1074 650
K% ap(980)°, aJ — KT K~ (31 + 04 )x1073 - 271/ (167 + 019 )x 1073 754
K~a9(980)*, af — Kt K% (62 +18 )x10°4 - 777'(958) (126 + 027 ) x 1073 537
K+ ap(980)~, 35 — K~ K% < 12 x 10~ 4CL=95% - Hadronic modes with a KK pair
K21(980), fy —» K+ K~ < 10 x 1074 CL=95% - KtK— (394 + 007 )x1073 $=13 791
K%¢, ¢ — KTK™ (214 + 015 )x 1073 520 2K% (19 +07 )x10~4 s=25 789
K%f(1370), fp » KT K~ (18 + 11 )x1074 - K K= 7t (35 + 05 )x10-3 s=11 739
3KY (95 + 13 )x1074 539 K*(892)° K, < 6 x 10~4CL=90% 608
K+toK=at (221 + 032 )x1074 434 K*(892)° — K-zt
Kt K= K*(892)°, (44 + 17 )x1075 i KK+ a~ (26 + 05 )x10-3 739
K*(892)° — K~ =™ K*(892)0 K, < 29 x 10~4CL=90% 608
K- nt¢, ¢ — KTK™ (40 + 17 )x1075 422 K*(892)° — K+~
W 0 —4
oK (892)+’ (1.06 £ 0.20 ) x 10 i K+ K= a0 (329 £ 013 )x 1073 743
¢ = KOK ’ K*(892)* K, (146 + 007 )x1073 -
K*(892)° — K~ xt K*(892)t — Ktm0
K*+2K~ 7t nonresonant (33 + 15 )x107° 434 K*(892)~ KT, (52 + 04 )x10—% -
2KY KEnT (62 + 13 )x1074 427 K*(892)~ — K—m0
Pionic modes (Kﬂrg)s,wa,,e K~ (234 + 017 ) x 1073 743
ata~ (1.397+ 0.026) x 10~3 922 (K™ 7%) s _wave KT (13 + 04 )x107% 743
270 (80 + 08 )x1074 923 £(980)7°%, fo — Kt K- (35 + 06 )x1074 -
ata— 70 (1.44 £ 0.06 )% s=1.8 907 om0, ¢ — KTK- (64 + 04 )x1074 -
prr (98 + 04 )x1073 764 2K =0 < 59 x10~4 740
p0r0 (373 £ 022 )x10-3 764 KtK—ntn— lecc] (243 + 0.12 ) x 1073 677
p-t (497 + 023 )x1073 764 ¢nt 7 3-body, ¢ — (24 + 24 )x1075 614
p(1450)T 7, p(1450)T — (16 + 20 )x1073 - KTK—
ot 600, ¢ — KTK- (71 + 06 )x1074 250
p(1450)079, p(1450)0 — (43 £ 19 )x10°5 - KT K~ p%3-body (5 +7 )x1075 302
ata~ f(980) 7t 7, fy, - KTK~ (36 +09 )x1074 -
p(1450)"7F, p(1450)~ — (26 +04 )x1074 - K*(892)° KT =% 3-body, [ddd] (27 + 0.6 )x10~% 531
T _ K*O _ i(i‘/r;
p(170+0):71' , p(1700)F — (59 + 14 )x1074 - K*(892)9K*(892)°, K*0 — (7 +5 )x1075 272
nt Ko+
p(1700)%79, p(1700)° — (72 +£17 )x1074 - Ky (1270)% KT, (80 +18 )x10-4 _
T Ki(1270)F — KEata—
g - —4 - 1
p(lzro_ozroﬂ , p(1700)~ — (46 + 11 )x10 Kq(1400)* KI, e (53 +12 )x1074 -
f,(980) 70, £,(980) — (36 + 08 )x105 - 0 K1(1400)* — K=rtm
ot 2K mt 7 (128 + 0.24 ) x 103 673
f,(600) 70, f,(600) — (118 + 021 )x 1074 - KYK=2rt 7~ < 15 x 10~4CL=90% 595
ot KtK=xtn=x0 (31 + 20 )x10-3 600
f(1370)7°, £,(1370) — (53 + 21 )x1075 -
fo(lgog)wo, £(1500) — (56 +15 )x10-5 _ ‘ Other KK X modes. They include all(dlet;ay r:rtloie; of)thelzb, r‘/‘, and w. s
— on E . x 10~
T T
f(1710)7°, f(1710) — (45 +15 )x1075 - dw < 21 x 1073CL=90% 238
T P
£(1270)7°, £,(1270) — (1.90 + 020 ) x10~4 - 0 Radiative modes ”
R Py < 24 x 107*CL=90% 771
7+ 7~ n0nonresonant (121 + 035 ) x 1074 907 wy < 24 x107%CL-90% 768
370 < 35 x1074CL=00% 908 LA (270 + 035 )x107° 654
2t 2n— (7.44 £ 021 )x1073 S=11 880 K*(892)"~ (328 £ 034)x1074 719
a(1260)Y 7, af — (446 + 031 )x 103 -

27+ 7~ total
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Doubly Cabibbo suppressed (DC) modes or
AC = 2 forbidden via mixing (C2M) modes

K+ (¢~ 7,via D°
Kt orK*(892)" e~ Devia
o

<
<

2.2 x 1073 CL=90%
6 x 1073 CL=90%

Ktn~ DC (148 + 007 )x104 861
K+ n~via DCS (131 + 008 )x10°4 -
K+ x~ via D° < 16 x 1075CL=95% 861
K%zt r~in D® — DO < 19 x 10~4CL=95% -
K*(892)t 7, DC (118 + 382 ) x10-4 711

K*(892)T — K%xt '
K§(1430)F 7, DC < 15 x 1070 -

K5(1430)T — K%zt
K3(1430)" 7, DC < 35 x 1075 -

K3(1430)T — K%zt
Ktn— 70 DC (3.05 + 017 ) x 10~ 844
Kt 7~ x0via DO (73 + 05 )x1074 -
Ktrtor— DC (262 © 021 )x1074 813
K+ at 27~ via DO < 4 x 1074CL=90% 812
u~ anything via D° < 4 x 1074CL=90% -

AC = 1 weak neutral current (C1) modes,
Lepton Family number (LF) violating modes,
Lepton (L) or Baryon (B) number violating modes
ok, c1 < 27 x 1075CL=90% 932
ete c1 < 12 x 10-6CL=90% 932
whp~ c1 < 13 x 1076CL=90% 926
wlete c1 < 45 x 10~5CL=90% 928
Outu~ c1 < 18 x 10-4CL=90% 915
nete” c1 < 11 x 1074CL=90% 852
nut T c1 < 53 x 1074CL=90% 838
atr-ete” c1 < 3.73 x 1074CL=90% 922
Pete c1 < 10 x 10~4CL=90% 7
ataut s c1 < 30 x 1075CL=90% 894
POt c1 < 22 x 10-5CL=90% 754
wete~ 1 < 18 x 10~4CL=90% 768
wptp~ c1 < 83 x 1074CL=90% 751
K- Ktete™ c1 < 3.15 x 10~4CL=90% 791
pete~ c1 < 52 x 10~5CL=90% 654
K=Kt utu~ c1 < 33 x 107°CL=90% 710
outu~ c1 < 3.1 x 10-5CL=90% 631
Koet e~ [tt] < 1.1 x 10~4CL=90% 866
KOutp~ [tt] < 26 x 10~4CL=90% 852
K- ntete~ c1 < 3.85 x 1074CL=90% 861
K*(892)0 et e [tt] < 47 x 10~5CL=90% 719
K=rtutu~ 1 < 359 x 1074CL=90% 829
K*(892)° it~ [t] < 24 x 1075CL=90% 700
ata=alut = c1 < 81 x 10~4CL=90% 863
ut et LF  [ee] < 8.1 x 1077 CL=90% 929
et T LF  [ee] < 8.6 x 10~5CL=90% 924
net uF LF  [ee] < 1.0 x 10~4CL=90% 848
ata= ety LF  [ee] < 15 x 10-5CL=90% 911
et LF  [ee] < 4.9 x 10~5CL=90% 767
wetpF LF  [ee] < 1.2 x 1074CL=90% 764
K~ Ktet,F LF  [ee] < 1.8 x 10~4CL=90% 754
pet T LF  [ee] < 3.4 x 10-5CL=90% 648
KOet ¥ LF  [ee] < 1.0 x 10~4CL=90% 863
K- ntefpuT LF  [ee] < 553 x 10~4CL=90% 848
K*(892)0e* ¥ LF  [ee] < 83 x 1075CL=90% 714
27~ 2et + c.c. L < 112 x 10~4CL=90% 922
2~ 2ut + cc L < 29 x 1075CL=90% 894
K~ 7 2eT+ c.c. L < 2.06 x 10~4CL=90% 861
K=7=2ut+ cc. L < 39 x 1074CL=90% 829
2K~ 2et + c.c. L < 152 x 10~4CL=90% 791
2K~ 2ut+ cc. L < 9.4 x 1075CL=90% 710
ar et ut+ce. L < 79 x 107°CL=90% 911
K=r~etut+ cc. L < 218 x 1074CL=90% 848
2K~ et ut+ ce. L < 57 x 107°CL=90% 754
pe~ LB [eee] < 1.0 x 1075CL=90% 696
pet LB [fif] < 1.1 x 107°CL=90% 696
D*(2007)° 1UP) = 307)
I, J, P need confirmation.

Mass m = 2006.96 + 0.16 MeV
Mpso — Mpo = 142.12 £ 0.07 MeV
Full width T < 2.1 MeV, CL = 90%

5*(2007)0 modes are charge conjugates of modes below.

D"‘(2007)° DECAY MODES Fraction (I';/T) p (MeV/c)
D0 (61.9£2.9) % 43
DO (38.14£2.9) % 137
D*(2010)* 10F) = 3a7)
I, J, P need confirmation.
Mass m = 2010.25 + 0.14 MeV
Mpy. (o010t — Mp+ = 140.65 £ 0.10 MeV (S = 1.1)
Mpy-(a010y+ — Mpo = 145.421 & 0.010 MeV (S = 1.1)
Full width T = 96 + 22 keV
D*(2010)~ modes are charge conjugates of the modes below.
D*(2010)% DECAY MODES Fraction (T;/T) p (MeVjc)
DOzt (67.740.5) % 39
Dt 0 (30.7£0.5) % 38
Dt~ (1.6+0.4) % 136
D}(2400)° 1Py = 501
Mass m = 2318 + 29 MeV (S =1.7)
Full width ' = 267 + 40 MeV
D}(2400)° DECAY MODES Fraction (I';/T) p (MeV/c)
Dtrn— seen 385
Dy (2420)° 1UF) = 3a%)
I, J, P need confirmation.
Mass m = 2422.0 + 0.6 MeV
mD(l) - Mpy = 411.7 + 0.6
Full width ' = 20.4 £+ 1.7 MeV
51 (2420)0 modes are charge conjugates of modes below.
Dy (2420)° DECAY MODES Fraction (I;/T) p (MeVjc)
D*(2010) T 7~ seen 354
DOrt = seen 426
Dt n— not seen 473
D0t not seen 280
D3(2460)° 1Py = 52"
JP =2t assignment strongly favored.
Mass m = 2462.8 + 1.0 MeV (S = 1.5)
mDEO — mp =5932+1.0MeV (S =15)
mD;(’ — Mp. = 452.6 £ 1.0 MeV (S = 1.5)
Full width T = 42.9 + 3.1 MeV (S =1.7)
5;(2460)0 modes are charge conjugates of modes below.
D3(2460)° DECAY MODES Fraction (I';/T) p (MeVc)
Dt~ seen 507
D*(2010)t 7~ seen 391
DOrt = not seen 464
DOt = not seen 326
D3(2460)% 1(P) = 3(2*)

JP

= 27 assignment strongly favored.

Mass m = 2460.1738 Mev (S = 1.5)

Mps(2a60)% ~ M3 (2460)
Full width I = 37 + 6 MeV

0 =24+ 17 MeV

(S =1.4)
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Dz(2460)* modes are charge conjugates of modes below.

D;(2460)i DECAY MODES Fraction (I';/T) p (MeVc)
DOxt seen 508
D*O +

™ seen 391
Dt rta— not seen 457
D*tgtn~ not seen 320

CHARMED, STRANGE MESONS
(C=S= 1)

b e A =
DY =c¢5, Dy =¢s,

. o
similarly for DY’s

DE 1Py = 0(07)

Mass m = 1968.47 &+ 0.33 MeV (S =1.3)
mps — mpy = 98.88 +£0.30 MeV (S = 1.4)

s
Mean life 7 = (500 £ 7) x 107155 (S = 1.3)
cr = 149.9 um

CP-violating decay-rate asymmetries
Acp(p®v) = 0.05 + 0.06
Acp(KEKY) = 0.049 £ 0.023
Acp(Kt K= at) = 0.003 + 0.014
Acp(KT K= nF70) = —0.06 + 0.04
Acp(KS KT 2r%) = —0.01 £ 0.04
Acp(rtr~7%) = 0.02 + 0.05
Acp(rEn) = —0.08 £ 0.05
Acp(rEn') = —0.06 & 0.04
Acp(KE70) = 0.02 + 0.29
Acp(K%7t) = 0.27 + 0.11
ACP(Kiﬁ+7T_) =0.11 £ 0.07
Acp(KEn) = —0.20 + 0.18
Acp(KE1/(958)) = —0.2 + 0.4

T-violating decay-rate asymmetry
AT(KYKFntn~) = —0.04 £ 0.07 [8ee]

D} — ¢+ v, form factors
r=084+011 (S=24)
r, = 1.80 + 0.08
M /Tt =072+018

Unless otherwise noted, the branching fractions for modes with a resonance
in the final state include all the decay modes of the resonance. Ds_ modes
are charge conjugates of the modes below.

Scale factor/

D's" DECAY MODES Fraction ([';/T) Confidence level

p
(MeV/c)

Inclusive modes

et semileptonic [hhh] (65 +0.4 )%
7t anything (119.3 +1.4 )%
7w~ anything (432 £09)%

70 anything (123 +7 )%

K~ anything (18.7 £05)%
K7 anything (289 +07)%
K% anything (190 £1.1 )%
1 anything [iii] (29.9 £2.8 )%
w anything (61 £1.4)%
' anything Uil (117 +1.8 )%
f5(980) anything, fy — 7t~ < 13 % CL=90%
¢ anything (157 £1.0 )%

KT K~ anything (15.8 0.7 )%
K%Kiranyth!ng ( 58 £05)%
KSOK anthmg (1.9 £04)%
2K anything ( 1.70+0.32) %
2K " anything < 26 x 1073 CL=90%
2K~ anything < 6 x 1074 CL=90%

detve

netve + 7'(958)et ve

netve

7'(958) et vg
K%et v,
K*(892)% et vg

Leptonic and semileptonic modes

<
(
(

[Kkkk]
[kkk]
[kkk]
[kkk]

[kkk]

f(980)etve, fy — atn~

K+ K
KTK— 7t
ot

(
(
(
(
(
(
(

1.2 x 104
5.8 +0.4 )x 1073
56 +0.4 )%
2.49+0.14) %
3.66+0.37) %
2.67+0.29) %
9.9 +23 )x 1073
3.7 £1.0 )x 1073
1.8 £0.7 ) x 1073
2.0040.32) x 1073

Hadronic modes with a K'K pair

[oo]
[Kkkk, 1]

¢pnt, ¢ — KTK™ [
KTK*(892)°, K0 —

K- 7t

f0(980)7r+, fo — KT K~
f(1370) 7, fy — KT K™
f0(1710)71'+, fo — KtK~
K+ K;(1430)°, K —

_ K«
KOKO 7+

K*(892)T K?
K*K—at a0

dpT
KYK=2rt

K*(892)F K*(892)°

K¥KYntn™
Kt K= 2nt7~
o2t~

KT K= p%xt non-¢

[kkk]

[kkk]

[kkK]

[kkk]

o7, o — KTK™
ba(1260)F, ¢ —
KtK—, afﬂ ;;07TJr
K+ K~ 2xt 7~ nonresonant

2K%27T+7T’

at a0

ot~
Ot

7t (W+ )5S —wave

(

(
(

1.49+0.08) %
5.50+0.27) %
45 +£0.4 )%
2.3240.14) %
2.60+0.15) %

1.5540.16) %

24 +£0.4 )x1073
1.87+0.33) x 103
21 +0.4 ) x 1073

54 +12 )%
56 +05 )%
84 T19)%
1.6440.12) %
72 26 )%
9.6 £1.3 ) x 1073
8.8 +1.6 )x1073
1.2140.16) %
26 x 104
6.6 +1.3 ) x 1073
75 +1.3 ) x 1073

9 +7 )x1074
84 +35 )x107%

Hadronic modes without K's

<

[mmm]

H(1270)nt, fh — atn~
p(1450)0 7, p0 — 7t a—

270
2ortr o
nat
wTm
3rt2n~

2rt 270
npt
nrt 703-body
UJ7T+ TI'O
3nt2n—x0
wontn
7'(958) 7+
3at2n— 270
wnnt
7'(958) p

0

17/(958) n+ 70 3-body

Kt 70
K%ﬂ+
Ktn
Ktw
K+1/(958)
Ktratm=
K+ pO

[kkk]
[kkk]

[kkk]
[kkk] <
[kkk]

[kkk]
i, kkk]

[kkk] <
Ljij, kKK]

[kkK] <

(
(
(
(
(
(

(
(
(

(

(
(
(
(

6 x 1074
1.104:0.06) %
20 +1.2 ) x 1074
9.2 £0.6 ) x 1073
1.110.20) x 10~3
3.0 £2.0 ) x 1074
6.5 +1.3 ) x 1073
1.56:0.20) %
23 +0.6 ) x 1073
8.0 +0.9 )x1073
8.9 £0.8 )%
5 %
28 £0.7 )%
49 £32)%
1.6 £05 )%
3.8 £0.4 )%

213 %

)
)
)
)

(125 +2.2 )%

1.8 %

Modes with one or three K's

[kkk]
[kkk] <
[kkk]

K+t p(1450)0, )0 — 7ta—
K*(892)07F, K*0 —
o

K™r
K*(1410)%7F, K*0 —

Ktn~

(
(
(

82 +22 )x 1074
1.2040.08) x 1073
1.39+0.30) x 10~3
2.4 x 1073
1.6 +0.5 ) x 1073
6.9 £0.5 ) x 1073
2.7 £0.5 ) x 1073
7.3 +26 ) x 1074
1.5040.26) x 1073

1.3040.31) x 1073

CL=90%

S=1.1

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%

984
981
182
851
720

908
751
921
782

850
805
712
712
416

732

198
218

802
683
748

401

744
417
744
673
640
249
181

673
669

975
959
825
959
559
421
961
935
902
822
899
902
724
886
802
856
766
743
803
654
465
720

917
916
835
741
646
900
745

775
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K*(1430)%7F, K*0 — (5 +4 )x1074 - D1 (2460) ~ modes are charge conjugates of the modes below.
it
™
K+ 7 7~ nonresonant ( 11 +0.4 )x10-3 900 D (2460)* DECAY MODES Eoction (M c sf.c;m faclt"'/l Mpv
KOt 0 ( 1.00%0.18) % 900 51 raction (I;/T) onfidence level (MeV/c)
K2ntn (29 +11)x10-3 870 Ditx0 (48 +11 )% 297
Kt wnr? [kkk] < 8.2 x 1073 CL=90% 684 Df~ (18 +4 )% 442
Kj:mr+ f [kkk] < 5.4 x 10*2 CL=90% 603 Dfata (43+ 1.3)% S=1.1 363
;{Kf; [kkk] < 7.9 x 10*4 CL=90% 367 D < 8 % CL_90% 33
- (49 £1.7 )x 10~ 628 :
+ A + 5.0
oKt [kkk] < 6 x10~4  CL=90% 607 D5(2317)7 4 (3723 % 138

Doubly Cabibbo-suppressed modes
2K+t n~ ( 1.2940.18) x 1074 805 Dsl(2536)i 1Py = o(11)
J, P need confirmation.

Baryon-antibaryon mode

pn ( 1.3 +04)x1073 295 Mass m = 2535.29 + 0.20 MeV
H — 0,
AC = 1 weak neutral current (C1) modes, Full width ' < 2.3 MeV, CL = 90%
Lepton family number (LF), or Dy (2536)~ modes are charge conjugates of the modes below.
Lepton number (L) violating modes
+ et o -4 cL=
Treve ] < 27 x 107" CL=90% 979 Dy (2536)+ DECAY MODES Fraction (';/F) p (Mevje)
atut [t] < 26 x 105 CL=90% 968 " o
Ktete™ c1 < 16 %1073 CL=90% 922 D*(2010)O K+ seen 149
K+t~ c1 < 36 x1075 CL=90% 909 D+(20007) K seen 168
K*(892)t T p~ 1 < 14 x 1073 CL=90% 765 DO K+ not seen 382
atet ¥ LF  [ee] < 6.1 x10~4  CL=90% 976 D*f not seen 391
KteE T LF [ee] < 6.3 x10~4 CL=9%0% 919 DMy possibly seen 388
T 2eT L < 69 x 1074 CL=90% 979 Dfata- seen 437
7 2ut L < 29 x 1075  CL=90% 968
r-etput L < 73 x10~4  CL=90% 976 )
K~ 2et L < 63 x 1074 CL=90% 922 +(2573) 1(4P) = 02"
K= 2u* L < 13 x 105 CL=90% 909
K- etput L < 68 %104 CL=90% 919 JP is natural, width and decay modes consistent with 27 .
K*(892)~ 2ut L < 14 x 1073 CL=90% 765 Mass m — 2572.6 & 0.9 MeV
Full width T = 20 + 5 MeV (S = 1.3)
?
D;:‘: /(JP) = 0(?') D;2(2573)* modes are charge conjugates of the modes below.
JPis natural, width and decay modes consistent with 1. . + .
D%,(2573)™ DECAY MODES Fraction (I';/T) p (MeV/c)
Mass m = 2112.3 + 0.5 MeV (S = 1.1) DOK+ <eon 3

M s — My = 143.8 & 0.4 MeV D* (2007 K-+

: L not seen 244
Full width T < 1.9 MeV, CL = 90%

D*™ modes are charge conjugates of the modes below.
: BOTTOM MESONS
D;+ DECAY MODES Fraction (I'; /T) p (MeVfc) (B == :l: 1)
Dfy (94.2%0.7) % 139 Bt = ub, B® = db, B = db, B~ = b, similarly for B*'s
DF =0 (58+07) % 48
B-particle organization |
50(2317)* 1Py = 0(0%)
5 J, P need confirmation.
J¥ is natural, low mass consistent with 0. Many measurements of B decays involve admixtures of B
Mass m = 2317.8 + 0.6 MeV (S = 1.1) hadrons. Previously we arbitrarily included such admixtures
Mps (p317y: — Mp+ = 349.3 £ 0.6 MeV (S =1.1) in the B* section, but because of their importance we have
(211 ¢ created two new sections: “B%/B% Admixture” for T(4S)

S
H — 0,
Full width I < 3.8 MeV, CL = 95% results and “B*/B/BY/b-baryon Admixture” for results

D,(2317) ™ modes are charge conjugates of modes below. at higher energies. Most inclusive decay branching fractions
and xp at high energy are found in the Admixture sections.
D%,(2317)* DECAY MODES Fraction (I';/T) p (Mevjc) BY-B® mixing data are found in the B section, while BI-
T 0 B? mixing data and B-B mixing data for a B%/B? admixture
DI m seen 298 S g 0 L . S .
DF 70,0 ot seen 205 are found in the BY section. CP-violation data are found in
s the BE, B, and B= BY Admixture sections. b-baryons are
found near the end of the Baryon section.
D51(2460)i 1JPy = oaat) The organization of the B sections is now as follows, where
bullets indicate particle sections and brackets indicate re-
Mass m = 2459.5 + 0.6 MeV (S = 1.1) views.
M, aag0y ~ Mpre = 3472+ 08 MeV (S =1.2) .t

Mpg (2460) ~ me =49L1£07MeV (S=11) mass, mean life, CP violation, branching fractions
Full width ' < 3.5 MeV, CL = 95% B0
mass, mean life, B%-B° mixing, CP violation,
branching fractions
o B BY Admixtures
CP violation, branching fractions
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e B*/B%/BY/b-baryon Admixtures
mean life, production fractions, branching fractions
o B*
mass
o B;(5721)°
mass
o B3(5747)°
mass
. Bg
mass, mean life, Bg—Eg mixing, CP violation,
branching fractions
® B
mass
o Bs1(5830)°
mass
o B8,(5840)°
mass
. B?
mass, mean life, branching fractions
At the end of Baryon Listings:
o /\p
mass, mean life, branching fractions
L ] Zb
mass
. Z;;
mass

0 =—
b' —b

mass, mean life, branching fractions
. _Q,;
mass, branching fractions

e b-baryon Admixture
mean life, branching fractions

1UP) = 307)

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

Mass mp. = 5279.17 & 0.29 MeV

Mean life 7. = (1.638 & 0.011) x 10712 s

cr = 491.1 um

CP violation
Acp(BT — J/9(1S)KT) = 0.009 + 0.008 (S = 1.3)
Acp(BT — J/¥(1S)nt) =0.01 +£0.07 (S =1.3)
Acp(BY — J/ypt) = —0.11 £ 0.14
Acp(BT — J/YK*(892)T) = —0.048 £ 0.033
Acp(BT — ncKT) = —0.16 £ 0.08
Acp(BT — ¢(2S)nt) = 0.02 + 0.09
Acp(Bt — $(2S)KT) = —0.025 & 0.024
Acp(Bt — (25)K*(892)) = 0.08 + 0.21
Acp(Bt — xc1(1P)nt) =0.07 £ 0.18
Acp(BT — xcoKT) = —0.11+0.12
Acp(BT = xc1 KT) = —0.009 + 0.033
Acp(BT — xc1 K*(892)1) =05+ 05
Acp(BT — D%rt) = —0.008 + 0.008
ACP(B+ — DOP(+1) 7T+) = 0035 + 0024
Acp(BT — Dop(_1)ym™) = 0.017 4 0.026
Acp(BT — DOK*) =0.07 + 0.04

rg(Bt — DOK*) =0.101 + 0.032

op(Bt — DOK*) =126 + 21 degrees

rp(Bt — DK*T) =0.3440.09 (S=13)
dp(Bt — DK**) = 157 + 70 degrees (S = 2.0)
Acp(Bt — [K—nt]pKt) = —0179?
Acp(BY — [K=at|5K*(892)*) = 0.3 £ 0.5
Acp(Bt — [K~7nt]pnt) = —0.02 £ 0.16

Acp(BT — [rt7=70pK*) = —0.02 £ 0.15
Acp(BT — Dopr1y)Kt) =024+£008 (S=11)
Acp(BY — Dop_1)K*) = —0.10 + 0.08
Acp(BY — D*0xt) = —0.014 + 0.015

Acp(Bt — (D*CP(+1))°7T+) = —0.02 +0.05
Acp(BT — (D*Cp(fl))oﬂ) = —0.09 + 0.05

Acp(BY — D*0K*) = —0.07 + 0.04
ro(BT — D*0K*) =0.14 £ 0.05
55(BY — D*0KT) =299 + 24 degrees
Acp(BT — Dfp11)KT) = —0.12£0.08
Acp(BY — Dgp_q)K*) =0.07 £0.10

Acp(BT — Dop(y1)K*(892)T) = 0.09 + 0.14
Acp(BT — Dep(—1)K*(892)T) = —0.23 + 0.22
Acp(BT — D*tD*0) = —0.15 + 0.11
Acp(BT — D*tDY% = —0.06 +0.13
Acp(BT — DT D*0) =0.13 +0.18

Acp(BT — DTD%) = —0.03 £ 0.07

Acp(BT — K%7t) =0.009 £0.029 (S=1.2)
Acp(BT — KT79 =0.051 + 0.025

Acp(BY — 7 KT) =0.013 + 0.017

Acp(BT — 1/ K*(892)) = —0.307033
Acp(BY — nK*) = —0.37 +0.09

Acp(BtY — nK*(892)T) = 0.02 + 0.06
Acp(Bt — nK{(1430)T) = 0.05 + 0.13
Acp(Bt — nK3(1430)T) = —0.45 £ 0.30
ACP(B+ g wK*) = 0.02 + 0.05

Acp(BT — wK*t) =0.29+10.35

Acp(BT — w(Km)yt) = —0.10 & 0.09
Acp(BT — wK3(1430)") = 0.14 £ 0.15
Acp(BY — K*(892)tx0) = 0.04 + 0.29
Acp(BY — KO0xt) =004 +009 (S=21)
Acp(BY — KTz~ xt) =0.038 + 0.022
Acp(BY — £(980)K*) = —0.107 {5
Acp(BT — £(1270)Kt) = —0.687 513
Acp(Bt — fx(1300)K*) = 0.28 + 0.30
Acp(BT — pPK+) =037+ 0.10

Acp(BY — K3(1430)%7%) = 0.055 £ 0.033
Acp(BT — K3(1430)°7t) = 0.05+322
Acp(BT — KOpt) = (-0.1240.17) x 107
Acp(BT — K*tatzr=) =10.07 £ 0.08
Acp(Bt — pAy) =0.17 +0.17

Acp(BT — pAzx%) =0.01 4+ 0.17

Acp(BT — pPK*(892)%)

Acp(BtT — K*(892)1£(980)) = —0.34 + 0.21
Acp(BY — af K% =0.12£0.11

Acp(BY — b K% = —0.03 £ 0.15

Acp(BY — K*(892)°pt) = —0.01 + 0.16
Acp(BT — BYIKT) = —0.46 + 0.20

Acp(Bt — KOK*)=0.12+0.18

Acp(BY — KTKZK2) = —0.04 £0.11
Acp(BY — KTK=7T) =0.00+ 0.10
Acp(BY — KTK~KT) = —0.017 + 0.030
Acp(BY — ¢Kt) = —0.01 + 0.06

Acp(BT — Xp(1550)K*) = —0.04 + 0.07
Acp(BY — K*tKTK™) =011+ 0.09
Acp(BT — ¢K*(892)1) = —0.01 + 0.08
Acp(BY — ¢(Km)gt) = 0.04 £ 0.16

Acp(BT — ¢Ki(1270)T) = 0.15 & 0.20
Acp(BT — ¢K3(1430)%) = —0.23 £ 0.20
Acp(BT — K*(892)*+) = 0.018 + 0.029
Acp(BY — nKT~) =-0.12+0.07

Acp(BY — ¢Kty) = —-0.26 +0.15

Acp(BT — pty)=—-0.11+0.33

Acp(BT — atx0) =0.06 + 0.05

Acp(Bt — mtr=at) =0.03 £ 0.06
Acp(BT — pOnt) =0181093

Acp(Bt — £(1270)7T) = 0.41 £ 0.30
Acp(BT — p0(1450)7t) = —0.1+34
Acp(BY — £(1370)7+) = 0.72 £ 0.22
Acp(BT — 7t aT nonresonant) = —0.14 7323
Acp(BT — ptx0) =0.02+0.11
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Acp(BT — ptp% = —0.05 4+ 0.05 Inclusive modes
Acp(BY — b07+) = 0.05 + 0.16 DoXx (86 +07 )% -
Acp(BT — wrt) = —0.04 + 0.06 D+X (79 +4 )% -
Acp(Bt = wpt) = —0.20 £ 0.09 bTx (25 £05 )% -
Acp(BY — nrt) = —0.13£0.10 (S=15) b=x (99 12 )% -
Acp(BY — n'nt) =0.06 + 0.16 Dy X (79 T3 )% -
Acp(BY — npt) =0.11+0.11 D- X ( 110 +040 )0, _
Acp(BY — 1f pT) = 0.04 £ 0.28 s —032
Acp(BT — pprt) = 0.00 £ 0.04 AEX (21 %32 )% -
Acp(BT — ppPK*) = —0.16 £ 0.07 A X (28 *1l oy .
Acp(BY — ppK*(892)T) = 0.21 £ 0.16 (S = 1.4) _

cX (97 +4 )% -
Acp(BY = K¥ti—)=-001+009 (S=11) oo
Acp(BT — Ktete ) =0.14+0.14 cX (234 T75 )% -
Acp(Bt — Ktputp™) = —-005+0.13 ccX (120 +6 )% -
Acp(BY — K*¢te—) = —0.09 + 0.14 D, D*, or D, modes
Acp(BT — K'eTe™) = —-0.14 +£0.23 DOnt ' (54,84 +£0.15 ) x 1073 2308

+ o) = —
ACPJF(B H(*}f f‘*)f )=-012 io 0.24 Deprypymt [ooo] ( 2.3 +04 )x1073 -
(BT — DWKWT) = (62 £ 15) Dep(—1ym* [ooo] ( 2.0 +04 )x10~3 -
B™ modes are charge conjugates of the modes below. Modes which do not 50 /ﬁL ( 1.34 £0.18 )% 2237
identify the charge state of the B are listed in the B:*:/B0 ADMIXTURE DOK+ ( 3.68 £0.33 ) x 10—4 2280
section. Dep(41) K* [ooo] ( 2.01 +£0.26 ) x 104 -
- + —4 -
The branching fractions listed below assume 50% B9 B0 and 50% B+ B~ DCP(—I) K [ooo] ( 1.89 +0.27 ) x 10
production at the 7°(4S). We have attempted to bring older measurements [K 71'*] [ppp] < 2.8 x10~7  CL=90% -
up to date by rescaling their assumed 7°(4S) production ratio to 50:50 [K+ ]D K+ [ppp] < 4 x 1075  CL=90% —
anhd their :;'Sumedij,ffDS;: D*, and ¢ brandct:’ingt :.ati.(:s tf’ c.uf.rrenzlvalues [K 7T+]D7T+ el ( 63 +£1.1 )x 10~7 -
whenever IS would atfect our averages ani est limits signiticantly. [K+ ] + —4 _
DT (1.9 404 )x10
Indentation is used to indicate a subchannel of a previous reaction. All [7r+ T WO]D K~ ( 46 £09 )x 1076 -
resonant Eubfchalnnels havehbeen cor;ec;ed fgr hreson?r:)ce brhanchifng frac- DO K*(892) ( 53 +04 )x 10~4 2213
tions to the final state so the sum of the subchannel branching fractions 4 _
can exceed that of the final state. DCP K (892) looo] (27 0.8 )x10 .
D, K 892 000 58 +1.1 )x10~ -
For inclusive branching fractions, e.g., B — Dianything, the values =0 Cfﬁ'ol) ( ) fooo] ( ) _a
usually are multiplicities, not branching fractions. They can be greater D K™K (55 +1.6 )x10 2189
than one. DO KT K*(892)° (75 +17 )x1074 2071
Dortatn (11 +04 )% 2289
) Scale factor/  p DO 7+ 7t 7~ nonresonant (5 +4 )x1073 2289
Bt DECAY MODES Fraction (I';/T) Confidence level (MeV/c) DOrx + 0 ( 42 +30 )x1073 2207
. . . Doa 1260)* 4 +4 )x10-3 2123
Semileptonic and leptonic modes =0+ 1( ) ( ) _3
£+ ypanythin [nnn] (1099 +£0.28 ) % - Dlwm (41 £09 )x10 2206
‘ganytiing ‘ N D*(2010)~ nt 7t ( 135 £0.22 )x 1073 2247
e ve Xc (108 +0.4 )% - — t r _3
+ D™ rntm ( 1.07 £0.05 ) x 10 2299
D /(T vyanything (98 +£07 )% - + 0 6
+ D K < 50 x 10 CL=90% 2278
DOty [nnn]  ( 2.23 £0.11 )% 2310 = 0_+ _3
DOty (7 44 )x10°3 To11 (2007) ( 519 £0.26 ) x 10 2256
S D 29 +07 103 -
D*(2007)0 ¢+ 1, [nnn] ( 5.68 +0.19 )% 2258 DCP(+1) . laqal  ( ) L
D*(20+07+)O o (20 +05 )% \ 1839 DY P( é)ﬂ lggq] ( 26 £1.0 )x10 -
D™ r™ Ty (42 £05 )x10™ 2306 D* (2007) mr* (45 +12 )x1073 2149
D(2420)° % vy x (25 +05 )x1073 - D*(2007)° p* (98 +1.7 )x103 2181
B B(Dy? — Dtr7) D_(2007)0 K+ ( 421 £0.35 ) x10~4 2027
D§(2460)°€+ vy X ( 1.67 £0.30 ) x10~3 S=1.2 2065 DCP(+1) l[gqq] ( 28 +04 )x1074 -
B(Dx' — D*r7) Dp_py K+ lggq] ( 2.32 £033 )x10~4 -
D(*)*njré:yf(n > 1) ( 1.86 +0.26 )% , - D*(2007)° K*(892)* ( 81 +14 )x10~4 2156
b= n 30 ve . (61 £06 )x1072 2254 D*(2007)° K+ KO < 106 x 103 CL=90% 2132
D1(2420)° ¢+ vy x B(D] — ( 3.03 £0.20 ) x 10~ 2084 D*(2007)° K+ K*(892)° ( 15 +04 )x10-3 2008
D*t 7 D*(2007)0 7t 7t ( 1.03 £0.12 )% 2236
D}(2430)° £+ 1y x (27 +06 )x1073 - D*(2007)° 2, (1260)* (19 +05 )% 2062
_ B(DP — D7) D*(2007)0n~ at rt (18 +04 )% 2219
D3(2460)0 £+ 1y x ( 1.85 £027 )x 1073 S=1.3 2065 D037t 27— ( 57 +12 )x1073 2196
BOY — D**r) D*(2010)* 7° < 36 x 1076 2255
5 + K0 —6 —
00+, ( 77 +12 )x1075 2638 D*(2010)_ K+ o < 9.0 oX 10 CL=90% 2225
A ( 37 +13 )x1075  s=1.5 2611 D*(2010)_ T, (15 +07 )% " 2235
w0t v ( 17 +22 )x10-5 2553 Q*g(nf) atatatw ( 26 404 )><1073 2217
wlty, [pnn] (115 £0.17 ) x 1074 2582 2* [ . [rr] (5.9 £13 )x 1073 -
o0l [nnn] ( 1.28 +0.18 ) x 10~% 2583 D7 (2420)° 7 (15 +06 )x10 S=13 2081
ppetve < 52 x1073  CL=90% 2467 D1(2420)% 7% x B(DY — (19 *0% yx1074 2081
et v, < 19 x1076  CL=90% 2640 DOt )
+ -6 _ —
u+ vy, < 1.0 x 1074 CL=90% 2639 D;(246i)0 at ( 35 +04 )x10~4 _
T+ 1z ( 1.8 £05 )x10 N 2341 X B(D;(2462)0 - D~ ,n,+)
—_ — 0, —
¢ V_f_v < 156 x 10 5 EL*%;“ 2640 D (2400)% 7+ (64 +14 )x1074 2128
ety < 17 x 107 L=90 2640 =
e . o x B(Dj(2400)° — D~ r+)
Wy < 24 x 10 CL=90% 2639 _ L 4
D, (2421)° 7 ( 68 +£15 )x10 -
_ x B(Dy(2421)° — D*~xt)
D3 (2462)% 7t (18 +05 )x1074 -

x B(D}(2462)° — D*~r)
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Dy (242707 F
x B(Dy(2427)% — D*~x¥)
D1(2420)% 7+ xB(D? —
DOt
D3 (2420)0pF
D3(2460)0 7+
D3(2460)% 7+ xB(D3? —
DOtz
D3(2460)0 p*
DDt
S
Dso(2317)T DO x
B(Dso(2317)*
Dso(2317)T DO x
B(Dso(2317)" — D7)
Dso(2317)1 D*(2007)° x
B(Dso(2317)+t — DF «0)
D, ;(2457)t D

D, ;(2457)t D0 x
B(D,s(2457)
A J(2457)+ DO x
B(D,s(2457)" —
D o ™)
D, ;(2457)t D% x
B(D,;(2457)t
QJ(2457)+ DO x
B(D,7(2457)T
SJ(2457)+ D*(20
D, ;(2457)* D*(20
B(D, (2457)*
DC Dy (2536)F x
B(Ds1(2536)F
D*(2007)° Kt)
D*(2007)° Dg; (2536) 1 x
B(Ds;(2536)™
D*(2007)° Kt)
DO Dy (2536)F x
B(Ds;(2536)F
DO D, ;(2700)* x
B(D,7(2700)T
D*0 Dy (2536) x
B(Ds1(2536)t — D*+KO)
D*0D, ;(2573)*
B(D,7(2573)t — DOK)
D*(2007)° Dy 5 (2573) T x
B(D,s(2573)t — DOKT)
DOpit
D*(2007)° D}
D*(2007)° D**
D(*)+ D**0
D*(2007)0 D*(2010)*
DYD*(2010)t +
D*(2007)° D+
DP D*(2010)*
D°p*
DDt KO
D*D*(2007)°
D*(2007)° D* KO
DOD*(2010)+ KO
D*(2007)° D*(2010)*+ KO
DODOK+
D*(2007)° DO K+
D D*(2007)0 K+
D*(2007)° D*(2007)° K+
D~ DtK*
D~ D*(2010)t K+
D*(2010)~ DT KT
D*(2010)~ D*(2010)" K+
(D+D*)(D+D*)K
D 70
D;+ 0
D;’ n
D;Jr n

+ .0
— DI %)

— DS+ v)

— DS+ 70)
— D:+ v)
07)°

07)% x

— D*t KO)

— DYKT)

5.0

1.4
1.3
2.2

4.7

( 10.0

7.3

7.6

3.1

4.6

2.2

2.7

9.8

1.20
1.4

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
2.8
6.3
6.1
5.2
7.8
2.10
3.8
4.7
5.3

1.5
1.8
3.5
1.6
2.6

+1.2

+1.7

+2.2
—-1.7

I+ |+
= O
—w o

+0.30

+0.7
-0.6

+0.7

+1.6

+1.1

+0.26
—0.40

+2.6

+1.6
+1.7

+0.24

+1.2
+1.7

+0.5

+0.4

+1.7

+1.2
+2.6

+0.26

+1.0

+1.6

+0.4

+0.6
+0.5

)yx 1074
x 1076

x 1073
x 1073
x107°

x 1073
) x 1073

)y x 104
x 104
) x 1074

) x 1073

)x 1074

x 1074

x 10~4
x10~4

) %
)y x 1073

) x 104

)y x10~4

) x 10~4
) x 1073
) x 1074
x 1074
x10~4

) x 10-3
) x 1073
) %
)%
) x 1074

) x 104
) x 104
x 1073
) x 104
x 1073
)x 1073
) x 1073
) x 1073
x 1073
)x 1073
)x 1073
x 1074
x 104
)x 1073
x 1073

)%

) x 107
x 104
x 104
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%

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%
CL=90%

2081

1996
2062
2062

1975
1815

1605

1605

1511

1447

1338

1447

1338

1306

1306

1734
1737
1651

1713
1792

1792
1866
1571
1791
1474
1476
1362
1577
1481
1481
1368
1570
1475
1475
1363

2270
2215
2235
2178

D;’ po

D:+ pO

D;" w

D:+ w

D a;(1260)°
D}t 2(1260)°
Df ¢

Dite

DIKO

D;+ RO

D K*(892)°
DitK*(892)°
D; T K+

D:_ T Kt

D, nt K*(892)*
Di™ 7t K*(892)F
D, Kt K+
DKt Kt

ANANNANNANANNNNNANNANNA

(
<

3.0
4

4

6
1.8
1.3
1.9
1.2
8

9

4
35
1.80
1.45
5

7
11
15

x 1074
x10~4
x 10~4
x 104
x10~3
x 1073
x 106
x107°
x10~4
x 104
x 10~4
x 1074
+0.22 ) x 1074
+0.24 ) x 1074
x 1073
x 1073
+04 )x1073
x 1075

Charmonium modes

Nc K+

ne K*(892)*

nc(2S) K+

J/P(AS)KT

J/p(1S)KT atn—

he(LP)K* x B(he(1P) —
JjpmtaT)

X(3872) K+

X(3872) Kt x B(X —
J/prtaT)

X(3872) Kt x B(X — J/u7)

X(3872) K*(892) " x B(X —
J/¢7)

X(3872) Kt x B(X —
¥(25)7)

X(3872) K*(892) " x B(X —
¥(2S)7) _

X(3872) K+ x B(X — DODY)

X(3872) Kt x B(X —
DtD7)

X(3872) Kt x B(X —
DODOx0)

X(3872) KT x B(X —
5*0 DO)

X(3872) K+
x B(X(3872) — J/¥(15)n)

X(3872)1 KO x B(X(3872)F —

J/p(AS)ntx0)

X(4430)T KOx B(Xt —
J/pmt)

X(4430)T KOx B(Xt —
¥(2S)7)

X(4260)° Kt x B(X® —
J/pat o)

X(3945)0 K+ x B(X? —
J/¥7)

Z(3930)° K+ x B(Z0 —
J/7)

J/p(15)K*(892)+

J/4(15) K(1270)*F

J/¥(1S) K (1400)*

J/p(1S)nK+

J/p(1S)n’ K+

J/(1S)pK*

J/1(1S)w KT nonresonant

J/p(1S) 7t

J/9(1S)pt

J/¢(1S) 7t 7% nonresonant

J/1(1S) a;(1260)

J/(1S)pA

J/p(15) %

J/4p(1S) Dt

J/¢(1S)D% =t

»(2S) 7t

Y(2S)K*

[sss]

(
(
(
(
(

9.1
1.2
3.4

+13 )x1074
0.7 -
o6 )x1073

+1.8 )x1074

1.01440.034) x 1073

1.07
3.4

3.2
9.5

2.8
4.8

9.5

2.8

6.0
4.0

1.0

8.5

7.7

2.2

1.5

4.7

2.9

1.4

2.5

1.43
1.8

1.08
8.8
5.2
35
4.9
5.0
7.3
1.2
1.18
1.1
1.2
2.5
2.58
6.46

+0.19 ) x 103
x 106

x 1074
+1.9 )x107°

+0.8 )x 1076
x 1076

428 )x1076
x 1075

x 1075
x 1075

+04 )x107%
+26 )x107°
x 1070
x107°
x 1075
x 1075
x 1075
x 1075
x 100

+0.08 ) x 1073

+05 )x 1073
x 104
+0.33 ) x 1074
x 1075
+1.7 )x107°
+04 )x107%
+04 )x 1073
+08 )x 1073
x 106
x 1073
+0.31 ) x 1075
x 1073
x 104
x 1073

+0.29 ) x 1075
+0.33 ) x 1074

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%

S=1.3

CL=90%

CL=90%

CL=90%
CL=90%

S=1.4

CL=90%

CL=90%

CL=95%

CL=95%

CL=95%

CL=90%

CL=90%

CL=90%

CL=90%
S=1.2

S=1.2

CL=90%
CL=90%

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

2197
2138
2195
2136
2079
2014
2141
2079
2241
2184
2172
2112
2222
2164
2138
2076
2149
2088

1753
1648

1320
1683
1612
1401

1141
1141

1141
939

1141

939

1141
1141

1141

1141

1141

1571
1390
1308
1510
1273
1227
1388
1727
1611
1717
1415

567

870
665
1347
1284
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¥(2S) K*(892)* (62 +12 )x107% 1115 K~ a+ 7+ nonresonant < 56 x107% CL=90% 2609
PS)Ktrt (1.9 +12 )x1073 1178 Ky (1270)0 7+ < 40 x 1075  CL=90% 2484
Y(3770) KT (49 +13 )x1074 1218 K1 (1400)0 7t < 39 x 1079 CL=90% 2451
»(3770) K+ x B(vy — DODP) ( 16 +£04 )x1074  s=11 1218 KOzt 70 < 66 x 1075  CL=90% 2609
P(3770)K+ x B(yy — DT D7) (9.4 35 )x10°5 1218 KOpt ( 80 15 )x10°6 2558
Xcomt xB(xeg — 7T 77) < 1 x10~7 CL=90% 1531 K*(892)t 7t 75* (75 +1.0 )x1075 2556
+ +0.19 —a K*(892)* p < 61 x1076  CL=90% 2504
xeo(1P) K (133 Zo6 ) x10 178 K*2892§+ £,(980) ( 52 %13 )x1076 2468
Xco K*(892)F < 21 x 1074 CL=90% 1341 4t KO ( 35 407 )x10°5
Xc27r++><B(X62 - 7t77) < 1 x 10:; CL=90% 1437 b KOx B(bF — wrt) ( 96 19 )x10-6 B
X2 K < 18 x 10 CL=90% 1379 L 0+ 6
Xc2 K*(892)* < 12 x107%  CL=90% 1227 K*(892) 2 (92 #15 )x10 . 2504
Ya(1P) 7t ( 20 404 )x10-5 1468 K1*(1400)+/)0 < 178 x 10*3 CL=90% 2387
Ya(lP)K*+ ( 46 +04 )x10-4 S—16 1412 K02(1430) /)0 . < 15 x 1073  CL=90% 2381
Xe1(1P) K*(892)F (30 +06 )x107%  s=11 1265 bYKT x B(b] — wn?) (91 20 )x1076 -
ho(1P) K+ < 38 % 10-5 1401 b K0 x B(bf — wn™) < 59 %1076 CL=90% -
. by K**+ x B(bY — wnP) < 67 x 1076 CL=90% -
KOt Kor K m;’gfsio 101 10-5 261 K+tKO ( 136 £0.27 ) x 1076 2593
K+7:r° ( 0 1006 )% 105 Se1s KOK* 0 < 24 x 1075 CL=90% 2578
el (L 06) x s K+ K9 KY ( 115 £0.13 ) x 1075 2521
n ( 7.06 £025 )10 2528 KK xt < 51 x10=7 CL=90% 2577
n K*(892)* ( 49 +20 )x1076 2472 350 6 ’

N oas 6 B KtK— 7 ( 50 +07 )x10 2578
nK (233 Tpg ) x10 S=1.4 2588 K+ K~ at nonresonant < 175 x1075 CL=90% 2578
nK*(892)* ( 1.93 +£0.16 ) x 107> 2534 Kt K*(892)0 < 11 x1076  CL=90% 2540
nK(1430)" (1.8 +04 )x107° - K+ K (1430)° < 22 x1076 cL=90% 2421
nK3(1430)" (91 430 )x107© 2414 K+ Piﬂz: < 16 x1077 CL=90% 2578

+ 108 6 KT K+ 7~ nonresonant < 879 x 1075 CL=90% 2578
n(li‘jf?)r)K x B(n(1295) — (29 Fg7 )x10 2455 Kt ot K- 0 - s <10-5 CL—o0% 2524
7(1405) Kt x B(1(1405) — < 13 x1076  CL=90% 2425 *ﬁ*(?Q)_Jr K™(892) ( 12 205 )x 1072 2484

) K+ ii 7T'+ < 6.1 x10*5 CL=90% 2524
n(1405) KT x B(n(1405) — < 12 x1076  CL=90% 2425 K T_ K (337 £0.22) % 1076 S=14 2522

K*K) K¢ ( 83 407 )x10 2516

(980) K+ x B(£(980) — < 29 x 1076  CL=90% 2524
n(1475) KT x B(n(1475) — ( 138 £321 ) x10-5 2406 KT K™)

K*K) ap(1320) KT x < 11 x 1076 CL=90% 2449
f1(1285) K+ < 20 x1076  CL=00% 2458 B(2,(1320) — K*K")

;‘1(1420))K+ x B(f;(1420) — < 29 x1076  CL=090% 2420 £1,(1525) K+ x < a9 «10-6 CL=90% 2392

T B B(f,(1525) — K+ K™)
fﬂl;g%)l(* x B(f(1420) — < 4l x107®  CL=90% 2420 Xo(1550) K+ x . ( 43 £07 )x10-6 B

B B(X(1550) — K+K™)
¢(1?<8*02(’)<+ x B(¢(1680) — < 34 X106 CL=90% 2344 c‘)(168£) KJ; x B(4(1680) — < 8 x10=7  CL=90% 2344

+ 6 _ KTK™
o Lyl sem o eseuo - et
w(Km)gt ( 27 +04 )x1075 - o +) 0o s
"“‘KS(1430)+ ( 24 +05 )x1075 _ K™ K~ K™ nonresonant (28 Tig )x10™ S=3.3 2522
wK3(1430)F (21 404 )x1075 2380 K*(892)t KT K~ (36 +05 )x1075 2466
20(980) " KO xB(ap(980)" — < 39 (1076 clom - K*(892)* (100 20 )x10°6  s=17 200

nat) (Km)pt ( 83 +1.6 )x10°6 -
20(980)° KT xB(ap(980)° — < 25 %106 CL=90% - ¢ Ky (1270)F (61 +19 )x1076 2375

nm0) Ky (1400)T < 32 x1076  CL=90% 2339
K*(892)0 7t ( 1.01 £0.09 )x 1075 2562 dK*(1410)F < 43 x 1076  CL=90% -
K*(892)* 70 ( 69 +24 )x1076 2562 P K§(1430)F (7.0 +16 )x1076 -
Ktr—nt ( 510 £0.29 ) x 105 2609 (;5K*(1430)+ ( 84 21 )x1076 2332

K+ a~ at nonresonant ( 163 £321 ) x10-5 2609 ¢K*(1770)+ < 150 x 1075 CL=90% -

w(782) K+ (6 +9 )x10°6 2557 qﬁK*(lSQO)+ < 163 X107 CL=90% -
K™ £,(980) x B(f(980) — ( 94 *19 )x10-6 2524 Kt oo (49 T35 )x107®  s=29 2306
ataT) ) oy Kt < 25 x1075 CL=90% 2338
(12700 K+ ( 1.07 +£027 ) x 1076 - woKT < 19 x 1076 CL=90% 2374
(13700 K+ x < 107 x107°  CL=90% - X(1812) Kt x B(X — w¢) < 32 x 1077 CL=90% -
B(f (1370)° — ata7) K*(892)*~ ( 421 £0.18 ) x 1075 2564
0(1450) < 117 x107%  CL=90% - K1(1270) Ty (43 +13 )x1073 2486
B(p (1450) — ata7) nKty (79 +09 )x106 2588
K+ x(1300) x B(fx — (7 +5 )x10°7 - n Kty < 42 %1070 CL=90% 2528
atr7) OKT ( 35 +06 )x10°6 2516
f(1500) K+ x B(fo(1500) — < 44 x1076 CL=90% 2398 Ktan—nty (276 £0.22 )x 1075  S=12 2609
atrT) * 0, _+ +0.7 -5
5(1525) K+ x < 34 x1076  CL=90% 2392 K+(8:2) 7 (20 Zoe )~ 1075 . 2962
B(FL(1525) — 7+ 7) K+p v, < 20 x 10_6 CL=90% 2559
K+ 0 2 6 K™ 7~ T~ nonresonant < 92 x 10 CL=90% 2609
P (37 £05 )x10 2559 KO +7TO') ( 46 +05 )x10~5 2609
K(1430)07F (45 109 )x107%  s=15 2445 K1 (1400)* ~ < 15 x 1075  CL=90% 2453
. 0 22 _ K3(1430) T~ ( 14 +04 )x1075 2447

K2(1430)0ﬂ+ (56 If5 )x107" 2445 K*(1680) T~ < 19 x 1073 CL=90% 2360

K*(1410)07r+ < 45 x107°  CL=90% 2448 K3(1780)* < 39 % 10~5 CL—90% 2341

K*(1680)° 7+ < 12 x107% CL=90% 2358 Kj(2045)+7 < 99 ©10-3  CL_o0% 2244

K- atnt < 95 x10~7 CL=90% 2609
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Light unflavored meson modes ATt < 94 x10~7 CL=90% 2358
pty (98 +25 )x10~7 2583 AAKF ( 34 +06 )x1076 2251
at 70 ( 57 +05 )x1076  s=1.4 2636 AAK*+ (22 *12 )y 106 2098
atata~ ( 152 £0.14 ) x 105 2630 —0 : 6 .
Nt ( 83 +12 )x10-6 2581 A+g__ < 1.38 X 1077 CL:900A7 2402
7t £(980) x B(f(980) — < 15 x 1076  CL=90% 2547 A+ p < 14 * 1075 CL=90% 2402
) D* pp ~ < 15 x 10 CL=90% 1860
D*(2010)* pp < 15 x107% CL=90% 1786
7t £(1270) ( 16 37 )x10-6 2484 Az prt ( 28 +08 )x10% 1980
0(1450)0 7t x B(p® — (14 138 )x1076 2434 zg A(1232) 1+ < 19 x 1075  CL=90% 1928
ataT) ’ A7 Ax(1600)*F ( 59 +19 )x1075 -
fy(1370) nt x B(f(1370) — < 40 x1076  CL=90% 2460 A7 Ax(2420)" (47 +16 )x107° -
tr7) (AZp)smt [uw] ( 39 +13 )x10~3 -
fo(600) 7t xB(fo(600) — < 41 x1076  CL=90% - ¥ .(2520)0p < 26 %1076 CL=90% 1904
mtnT) T .(2800)°p ( 33 +£13 )x1075 -
7t 7~ xF nonresonant (53 T3 )x1076 2630 A prtal (1.8 +06 )x1073 1935
at a0z < 89 %104 CL=90% 2631 Al prtatas (23 £07 )x1073 1880
ptn0 ( 1.09 +£0.14 ) x 1075 2581 A prtataal < 134 % CL=90% 1822
ata=at a0 < 40 x10~3  CL=90% 2621 AFAZ KT ( 87 £35 )x1074 -
ptp° ( 2.40 +£019 ) x107° 2523 T (2455)%p ( 35 +£1.0 )x1075 1938
P+ (980) xB(f(980) — < 20 x1076  CL=90% 2488 T (2455)0 pr0 (44 +18 )x10~4 1896
) ¥ (2455)0pr— at (44 +17 )x1074 1845
a1 (1260)* 70 (26 +£07 )x1075 2494 T (2455) " prtat (28 +£12 )x1074 1845
a1(1260)0 7 (20 +06 )x107° 2494 Ac(2593)~ /A (2625) prT < 19 x10=4  CL=90% -
wrt (69 +£05 )x1076 2580 ST xB(EY - ZFa) ( 30 +1.1 )x10°5 1144
wpt (159 £021)x107° 2522 Z0ATx B(EY - AK*T7) (26 +11 )x107°  s=11 1144
nat ( 4.07 £032 )x10°6 2609 e ¢
npt (70 +29 )x10°6 S=2.8 2553 Lepton Family number (LF) or Lepton number (L) violating modes, or
n'nt ( 27 +09 )x1076 S=1.9 2551 AB =1 weak neutral current (B1) modes
o ot (87 T4 )x10-6 2492 at et BI < 49 x 1078  CL=90% 2638
+ : 7 o ntete” Bl < 80 x 1078 CL=90% 2638
¢m < 24 x 10 CL=90% 2539 + 4 ~8  CL_oo% 2634
¢pt < 30 x1070  CL=90% 2480 N b <8 X107 CLmon
20(980)° 7+ xB(9(980)° — < 58 x1076 CL=90% - i o < L X107 CL=o0 2638
70) K*KZIC Bl [nnn] ( 51 +05 )x 10*; 2617
ete” B1 55 £07 )x10~ 2617
ao+(98+0)++770_x ?(aar — nrT) < 14 x 10;5; CL:90:A; - K+t pm 81 E 52 407 ;X 10-7 2612
e < 86 X107 CL=90% - 2608 K+ou B1 < 14 x1075  CL=90% 2617
P (1260)+ < 62 x 10_4 CL=90% 2433 oty B1 < 15 ©10—%  CL—00% 2583
p” 3(1320) < 12 x107% CL=90% 2410 K*(892)* ¢+ ¢~ BI [nnn] ( 1.29 £0.21 )x 10~© 2564
b7t x B(bY — wn?) ( 67 +20 )x1076 - N o +0.40 s
b;rwo « B(b;r — wrt) < 33 <106  CL—90% B K*(892)* et e B1 (155 Tg3] ) %10 2564
atrtata= g 70 < 63 x1073  CL=90% 2592 K*(892)t pt u~ B1 ( 116 +031 ) x10-6 2560
by px B(by — wr) < 52 x1076 cl=o0% - K*(892)* v B1 < 8 x 1075 CL=90% 2564
21 (1260)* a; (1260)° < 13 % CL=90% 2335 et LF < 64 ©10-3  CL=90% 2637
bYpt x B(b) — wn?) < 33 x1076  CL=90% - ate pt LF < 64 x 1073 CL=90% 2637
. et T LF < 17 x 1077 CL=90% 2637
Charged particle () modes Ktetpu™ LF < 91 x1078  CL=90% 2615
= KT or ot K+ e; ut LF < 13 x 1077 CL=90% 2615
0 07 _ Ktet T LF < 91 %1078 CL=90% 2615
Wt (16 Zgg )x107° 2636 K*uilﬁ LF < 77 x1075 CL=90% 2298
wht ( 138 7027 )x 1075 2580 K*(892)t et pu~ LF < 13 x1076  CL=90% 2563
A X0 (Familon) < a9 ’ %105  CL—90% _ K*(892)t e~ T LF < 99 x10~7 CL=90% 2563
K*(892)T e+ ¥ LF < 14 x10~7  CL=90% 2563
Baryon modes - etet L < 16 x1076  CL=90% 2638
pprt ( 1.62 +£0.20 ) x 1076 2439 autpt L < 14 %1076  CL=90% 2634
pp7t nonresonant < 53 x1075 CL=90% 2439 aetput L < 13 x1076  CL=90% 2637
ppK™T ( 59 +05 )x1076 S=1.5 2348 p-etet L < 26 x1076  CcL=90% 2583
O(1710)Ttpx [ttt] < 9.1 x 1078  CL=90% - putpt L < 50 x 1070 CL=90% 2578
B(O(1710)*t — pK™) p-etut L < 33 x 1070 CL=90% 2582
1(2220) KT x B(f;(2220) — [ttt] < 4.1 x10~7 CL=90% 2135 K~ etet L < 10 x 1076 CL=90% 2617
pP) K- ptpt L < 18 x1070  CL=90% 2612
pA(1520) < 15 x1076  CL=00% 2322 K= etut L < 20 x 1076 CL=90% 2615
pP Kt nonresonant < 89 x107%  CL=90% 2348 K*(892)~ et et L < 28 x 1070 CL=90% 2564
pPK*(892)F (36 *08 ). 1076 2915 K*(892):;1,+ wt L < 83 x 1070  CL=90% 2560
: K*(892)~ et ™ L < 44 x1070 CL=90% 2563
£1(2220) K*+ x B(f;(2220) — < 77 x10~7  CL=90% 2059
_pp)
pA < 32 x1077  CL=90% 2430 1Py = 07)
pAy (25 3% )x10-6 2430
pAr® ( 3.0 tg.g ) x 106 2402 1, J,_ P.need confirmation. Quantum numbers shown are quark-model
T (1385)° o 1077 CL=90% 2362 predictions.
p2(l <4 x ‘ Mass mpgo = 5279.50 + 0.30 MeV
AT A < 82 x10~7  CL=90% - B
b 46 x1076 CL=90% 2413 Mo — Mg+ = 0.33 & 0.06 MeV
p2ry < . ~12
pAnt - ( 59 +11 )x10-6 2367 Mean life 7 go = (1.525 + 0.009) x 107*“ s
pAp° ( 48 £09 )x1076 2214 cr = 457.2 pm

pAf(1270) ( 20 408 )x10~6 2026 Tg+/Tgo = 1.071 £0.009  (direct measurements)
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CKgﬂo (B — K%20) =0.00+£0.13 (S =1.4)

BO%-BP mixing parameters K°1r° (B » KO%79%) = 0.58 + 0.17
Xqg = 0.1872 = 0.0024 BY — 7/(958)KY) = —0.04 £ 020 (S =25
Amgo = Mg — mge = (0.507 £ 0.005) x 1012 i s~ 1 Corcosey e ( 7/(958) 05) ( )
By B[ Syy(958) K (B® — 1/(958)K%) =043 £ 0.17 (S=15)

= (3.337 4 0.033) x 10710 MeV 0 0
B /K%) = —0.05 + 0.05
Xg = Ampo /T go = 0.774 £ 0.008 Cpo (B = mK)

/

0 0y _
Re(Acp / [Acp|) Re(z) = 0.01 % 0.05 Syko (B” — 1K) = 0.60 + 0.07
AT Re(z) = —0.007 & 0.004 ch% (B - wK%)=-0304+028 (S=1.6)
Re(z) = 0.00 £+ 0.12 Skl (B — wK%) =043+ 0.24

Im(z) = —0.015 + 0.008

C(B®— K%n%7%) =02+05

CP violation parameters S(BY— k%070 =07+07
Re(ego)/(1+]ego]?) = (—0.1 & 1.4) x 1073 Coxe (B® — pOKQ) = —0.04 + 0.20
AT/CP = 0.005 £+ 0.018 s o k0 (BO - /)0 KO) —0. 50+8g
Acp(B® — D*(2010)* D~) = 0.02 + 0.04 s

0 0y —
Acp (BO - K+7I'_) — —0.098 & 0.013 Cfng_ (BY — 15(980) KS) =0.07£0.14
:cpég‘; - ,7/’:(.*(?9922))00)) =0.08+0.25 S K (BY — £(980)K2) = —0.73%32F (S = 1.6)
cp(BY — 1 =0.19 + 0.05 0 oy _

Acp(BY — wK*0) = 0.45 + 0.25 Shug (B = RO270)Ks) = ~0.5 £ 0.5
Acp(BY — w(Km)i0) = —0.07 + 0.09 Chwg (BY = H(1270)KS) = 0.3 4 0.4

0 * 0y —
ACP(BO" wig (3430) )=-037+ 0'174, Sp ko (B — £,(1300)K2) = —02+£ 05
Acp(B® — KOKO) = (-0.6 + 0.7) x 10 s o
Acp(B® — 1K5(1430)°) = 0.06 + 0.13 Crig (B” = K(1300)K5) = 0.13 £ 0.35
Acp(B® — nK3(1430)°) = —0.07 + 0.19 Skop+ - (BY = KO+ 7~ nonresonant) = —0.01 £ 0.33
Acp(B® - Ktr=a0) = (0+6)x 1072 Cyo,4 o~ (B® — KOm+ 7~ nonresonant) = 0.01 + 0.26
ACP(BE — p +Kt) = 0.15 + 0.13 om CKgKg (B - KIk)=00+04 (S=14)
Acp(B® — KT m~ 7’ nonresonant) = 0.237 ;53 Sko Ko (B — K% Kos) - 08405
Acp(B® — (Km)gTn™) = 0.10 £ 0.07 c shs B0 KtK-K2) — 0.07 4 0.08
Acp(B® — (Km)0®) = —022 % 0.32 Kkrk-ky (B7 = s) =007 +0.
ACP(BE - K*58902)+ ) = ;(92139 +0.07 Sk+ K- K3 (BY - K+tK-K3) = —07473]2
Acp(B” — K™m7) = —0.097 g5 Cr - o (B — K+ K~ K% inclusive) = 0.01 + 0.09
Acp(B® - KOrtn—) = —0.01 +0.05 S 0 e 0
Acp(BY — K*(892)%7F 7~) = 0.07 + 0.05 Sk+ k- KS (B - K*K~KY inclusive) = —0.65 + 0.12
ACP(B‘; - K_*(832)0p0) =0.09 +0.19 C¢Ko (BY - ¢K%) = —0.01+0.12
ACP(BOH alK ):7016i012 KO (B N OKO)—039ﬂ:017
Acp(B® — b Kt) = —0.07 £ 0.12 %
ACP(BO - K*(892)0 K+ Ki) =0.01 = 0.05 CKSKS KS(B — KS K5 Ks) = —0.15 £ 0.16 (S = 1.1)
Acp(B® — K*(892)°¢) = 0.01 + 0.05 SKSKSKS(B — KsKsKs) = —-04+05 (S=25)
Acp(B® — K*(892)°K—7t) = 0.2 + 0.4 CK0 0y (B — K%n0) =0.36 +0.33

0 0y
ACP(BO — o(Km)g) 5 020£015 0.(B® = K%709) = 0.8 + 0.6
Acp(B® — ¢K;(1430) )= —0.08 +0.13 Skyady o o
ACP(BO — p 7T7) —0.08 +0.12 (S — 20) CK*OA/ (B — K (892) ’7) = —0.04 £ 0.16 (S = 12)
Acp(B® - p~7t)=—-0.16 +£023 (S=1.7) Sk, (B — K*(892)°7) = —0.15 + 0.22
ACP(BE — al(1£60) 7F) = —0.07 + 0.07 G0, (BY = nKOy) =—03404
Z\CPEEO - ?*Tssa);’ _)OA05 jggllsoi 0.023 S0 (B2 k0y) = ~02 05

cp(B” — 7) =-0. : 0, Ko -

Acp(B® — K*(1430)y) = —0.08 & 0.15 g(go - :((g‘p = o fioiér;lg
Acp(B® — ppK*(892)%) = 0.05 + 0.12 5P i

o PR pr)—ouzos
Acp(B® — pAx~) = 0.04 + 0.07 S(BO Y= 0807
Acp(B® = K*0r+e=) = —0.05 + 0.10 N o eI
Acp(B® — K¥ete )= —0.21 +0.19 Can (Bo — 7T+7T )=-0.38+0.17 (S=2.6)
Acp(BY — K™ uF 1~) = 000 + 0.15 Spx (B = 77w™) = —0.61+£0.08

Coo,0(BY — 7707'0) =—0.48 £ 0.30

Cor (BY — p*77)=0.01£0.14 (S=19)
S, (BO = ptx~) =0.01+0.09

ACy, (B(l — pt®”) =0.37+0.08

AS,; (B® — pt77)=-0.05+0.10

0 (B — p070) =03+ 04

Cp+p+ (B® — D*(2010)~ D¥) = 0.07 & 0.14

Sps-p+ (B® = D*(2010)~ D+) = —0.78 + 0.21

Cpw p- (B® — D*(2010)F D7) = —0.09 £ 022 (S =1.6)
Spw+p- (B® = D*(2010)* D~) = —0.61 + 0.19

Cpw pr— (BY — D*FD*7) = —0.01 £0.09 (S=1.2)

0 *+ p*—) — _ po
gﬁ‘?gﬁ_jBDZ DD*,) 2 0.)(J[;i 00.41726 o Spa0 (B — p0n%) =01+ 0.4
Sy (BY » D**D*~) = —0.76 + 0.16 Cayr (B — 21(1260)"77) = —0.10 + 0.17
C_ (B~ D*t*D*)=04+05 Sax (B® — a1(1260)T77) = 0.37 + 0.22
S_ (B — D**D*)=-184+0. 7 ACy - (B — 21(1260)" 77) = 0.26 & 0.17
C (B — D*(2010)* D*(2010)~ K 09 =0.01 £ 0.29 ASy 7 (B — a1(1260)F 77) = —0.14 4 0.22
S (BY — D*(2010)* D*(2010)~ K2) = 0.1 + 0.4 C (B — by K+) = —0.22 + 0.24
Cp+p- (B = DTD7)=-05 £ 04 (S =25) AC(BY — bynt) =104 +024
Sp+p- (B® - D* D7) = —2.87 +0.26 Cop (BY = 09 =02+ 09
Coppsyno (B” = J/$(15)m7) = —0.13 4 0.13 S (B = p2p%) =03+07
S1/(18) 70 (B = J/9(1S)70) = —0.94 £ 0.29 (S =19) C,p (BY — ptpm) = —005+013
c (B® — DGLHO) = —0.23 + 0.16 Spp (BY = ptp=) = —0.06 £ 0.17

() po
DY,

S, o (B® = DULRO) = —0.56 + 0.24
CcpP

[A] (B — J/wK*(892)°) < 0.25, CL = 95%
cos 23 (B® — J/yK*(892)%) = 1.71078 (S =1.6)
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cos 23 (B — [KYrtr™ 150 1°) =1.073% (S =1.8) . . Inclusive modes
(S+ +5.)/2(B° — D* xt) = —0.037 £ 0.012 K -anything (76 £8 )% -
(S_ —S.)/2 (BY — D* xt) = —0.006 + 0.016 %& ( 81 . ;Z); }
(Si +S_)/2(B° — D~ 7t) = —0.046 + 0.023 D x <( ez )o/“ oo B
(S —S4)/2 (B - D~wt) = —0.022 + 0.021 D- X (36'9i33)0/" 0 _
S, +S.)/2(BY - D pt) =—0.024 + 0.032 ‘ D
Sy )/2 ( 0 7P+)_ D+ X (103 + 21y _
(s, - s+)/2 (BY = D™ pT) = —0.10 + 0.06 s 18
ek (B — ncK2) =0.08+0.13 %’)): < 26 % CL=90% -
. % CL=90% -
nKo(B—>ncK)7093:|:017 G < 3 " L=90%
o 0 ATX (50t 21)% -
Coepton (B® — c€K™0) =0.004 + 0.019 _ :
e cX (95 +£5 )% -
sm(2ﬂ)70671i0023 oX (206 & 31 )%
0y — -2 X . o -
Cyrunsy ko (B = J/w(nS)K®) = (=02 + 2.0) x 10 Zox 15 6 )% C

S /9(ns) KO (BY = J/(nS)KO) = 0.658 + 0.024

*
Copp 0 (BY — J/iK*0) =0.03 £ 0.10 D, D*, or Ds modes

o o D~ nt ( 268+ 0.13) x 1073 2306
/. *
Syppre (BY = J/YK*) =10.60 £0.25 D~ p* ( 76 £ 13)x1073 2235
C. 0 (B®— xoK%) =-03F53 “KOr (49 +09)x1074 2259
Xeo K o ' D~ (892)4r ( 45 + 0.7 )x10~% 2211
chng (B = xcoK}) = 0.7+ 05 D~ wnr™t ( 28 +06)x103 2204
KY (B = xe1K2) =1013+0.11 D=K* (20 + 06 )x10"4 2279
Xel g0 KO 1401 D~ K+KO < 31 x10~4 CL=90% 2188
xc1K° (B” = xc1Kg) = 0.61 +0.16 D~ KT K*(892)° ( 88 +19)x1074 2070
sin(2 ,jeff)(BO — ¢K®) =022+0.30 DOnt 7~ ( 84 +09)x1074 2301
sin(28e5) (B — ¢K5‘(1430)°) =0. 97+8g§ D*£r20}ro)* ( 276+ 0.13) x 10—2 2255
sin(2 BY . K*+K-KO) — 0.77+013 D= atatn ( 80 + 25)x10™ 2287
) ( ?m)( o+ f) 0y 012 (D~ xt 7t 7~) nonresonant (39 +£19)x1073 2287
5'”(2*3?)( - [Ks7r & ]D*) h") = 0.45 + 0.28 D= xt p0 (11 + 1.0)x1073 2206
|Al (B (Kt~ | pe h0) = 1.01 + 0.08 D~ 31(1260)+ ( 60 +33)x1073 2121
sin(23 + v)| > 0.40, CL = 90% D*(2010)~ 7t 70 ( 15+ 05)% 2047
23+~ = (83 £60)° D*(2010)~ p* ( 68+ 09)x1073 2180
(B0 — DYK*0) = (162 + 60)° D*(2010)~ K+ ( 214+ 0.16) x 1074 2226
= (90 £ 5)° D*(2010)~ Ko7t (3.0 +08)x1074 2205
_ D*(2010)~ K*(892)* ( 33 +06)x1074 2155
BY modes are charge conjugates of the modes below. Reactions indicate D* (2010)7 K+ RO < a7 x10~4 CL=90% 2131
the weak decay vertex and do not include mixing. Modes which do not — et 0 ' _3
identify the charge state of the B are listed in the B¥/B0 ADMIXTURE D:(2010)7 KT K*(892) (1 1.29% 0.33)x 10 2007
section. D*(2010)~ 77t m (70 £08)x1073 sS=13 2235
* — ot . -3
The branching fractions listed below assume 50% B0 BO and 50% B+ B~ (D rggigzt wrat ) non (0.0 % 25)x10 2235
production at the 7°(4S). We have attempted to bring older measurements % + 0 _3
up to date by rescaling their assumed 7°(4S) production ratio to 50:50 b (3010) g + (57 £ 32 ):10 2150
and their assumed D, Dg, D*, and v branching ratios to current values . D (29102 11(17260) ( 1.30+ 0.27) % 2061
whenever this would affect our averages and best limits significantly. D*(2010)" 7" 7t~ w ( 1.76% 0.27) % 2218
o o ) ) D*~ 37t 27~ (47 £09)x103 2195
Indentation is used to indicate a subchannel of a previous reaction. All D*(2010) wat _3
resonant subchannels have been corrected for resonance branching frac- ( ) ‘gﬂ (' 2.89% 0.30)x 10 4 2148
tions to the final state so the sum of the subchannel branching fractions D1(2430) w x (41 £ 1.6)x10" 1992
can exceed that of the final state. B(D; (2430)°
For i . . . + . D*~ 7T+)
or inclusive branching fractions, e.g., B — D= anything, the values ek _3
usually are multiplicities, not branching fractions. They can be greater D [rr] (21 £ 1.0 )x10 -
than one. D;(2420)" 7" x B(D] — (89 7% 33)x10°5 -
L
Scale factor/ p D™= 771‘ +) _ 5
B9 DECAY MODES Fraction (I;/F)  Confidence level (MeV/c) D1(2420)" n " x B(D; — < 33 x 107> CL=90% -
_ D*xta)
(T yyanything [nnn]  ( 1033+ 0.28) % - D3(2460)~ 7 x ( 215+ 0.35) x 1074 2064
etveXe (101 + 04)% - _ B(D3(2460)" — D7)
Dt vpanything (193 +09)% - D}(2400)~ 7+ x ( 60 +3.0)x1075 2090
g*éiw [ann] ( 217+ 0.12) % 2309 B(D§(2400)~ — D°7~)

T (11+£04)% 1909 D3(2460)~ 7+ x B((D3)~ — < 24 105 CL=90% -
D*(QOlO)*Z*W [nnn] ( 5.01+ 0.12) % 2257 2l *_ )+ _ ((Dz) ' 8 °
D*(2010)~ 7 (15 +£05)% S=1.3 1837 _b ™)

B0y vr ’ ’ 5 D3(2460)~ pT < 49 x1073 CL=90% 1977
Dn= (T, ( 43 + 06 )x10 2308 S 5 o

D;(2400)~ £+ vy x (30 +12)x1073 s=18 - 050 = O e e

B(D*— D0 D*¥ D < 29 x 10~% CL=90% 1794
i (Dg 71 ™) R D~ Dt ( 211+ 031)x10~4 S=12 1864

D3(2460)~ ¢ vy x ( 22+ 06)x10" 2067 D- D;r ( 72+ 08)x10°3 1812
~ B(Dy” — D) D*(2010)~ D} ( 80 + 1.1)x1073 1735
D) %ﬂ[("’lﬁ(n > 1) (23 £05)% , - DDt (74 + 16)x10°3 1731

| — —

g 2’;25 7”[& (49 £ 08 )x107 2256 D*(2010)~ Dz * ( 177+ 0.14) % 1649

I(B(D‘) i %Z*E - (280 0.28) x10 B Dso(2317)~ K+ x (42 + 14 )x107° 2097
e Vs _ —
D! (2438)* (Tuypx ( 31+ 09)x1073 - B(D5(2317)" — D; ™)
e e Dso(2317)~ 7t x < 25 x 1075 CL=90% 2128
B(Dy — D7) B(Dsp(2317)" — D 7°)
D3(2460)~ £+ vy x 12 + 05 )x1073  $=27 2067 2 s ™
5( e (G 5)x =2 D, 7(2457)" K+ x < 94 %1076 CL=90% -
B(D;” — D7r7) B(D,(2457)~ — Dy °)
Pty [nnn] ( 2.474 0.33) x 1074 2583 D;;(2457) " 7t x < 40 x 1076 CL=90% -

— o+ _4
T ATy [nnn]  ( 1.34+ 0.08) x 10 2638 B(D,(2457)~ — D;?TO)
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D; DY
Di~DF
D:~ Dt
Dso(2317)T D~ x
B(Dso(2317)%
Dso(2317)T D~ x
B(Dso(2317)* — DiT )
Dyo(2317)F D*(2010)~
B(Dso(2317)* — D7 x°)
D, 7(2457)t D~
Dy 7(2457)t D~ x
B(D,s(2457)*
D, ;(2457)t D~ x
B(D,;(2457)F
D, ;(2457)t D~ x
B(D,;(2457)t
D: atr7)
Dy ;(2457)t D~ x
B(D 5J(2457)+ - Dfn0)
D*(2010)~ D, ;(2457)"
D, ;(2457)*% D*( 010) x
B(D,,(2457)" — Df )
D~ Dg1(2536)F x
B(Ds1(2536)t — D*0KT)
D*(2010)~ D41 (2536) 1 x
B(Dg; (2536)t — D*0KT)
D~ Dg1(2536)F x
B(Ds;(2536)"
D*~ D41 (2536) 1 x
B(Ds;(2536)t — D*+ KO)
D™ Dy ;(2573)F x
B(Dss(2573)" — DOKT)
D*(2010)~ D, 7(2573)*
B(D,s(2573)t — DOK)
Ds+ﬂ'_
D:Jr T
D;r p-
D:"’ p-
Dtay
Ditay
D7 a(1260)~
Dt 2(1260)~
DY ay
Dita;
Dy K+t
Di” K+
D7 K*(892)*
Dy K*(892)T
Dy 7t KO
D at KO
D 7+ K*(892)°
Di™ nt K*(892)°
DYKO
DOK*r
DY K*(892)°
D3(2460)~ K+ x
B(D3(2460)~ — D%x~)
DK+ 7~ non-resonant
DO70
DO ,°
DO
Doy
DOy
Dow
D%
DOKtm—
DO K*(892)°
5*07
D*(2007)0 70
D*(2007)° x0
D*(2007)%7
D*(2007)%7/

— D;'ﬂ'o)

—

N
— D7)

ﬁ\_,ﬁ

— D:+'y)

,_\v

— D*tKO)

A

A H/_\ﬂﬂﬂ/\/\/\/\/\/\

3.6
1.3
2.4

9.7

9.5

1.5

3.5
6.5

6.0

2.0

3.6

9.3
2.3

1.7

3.3

2.6

5.0

2.4
2.1
2.4
4.1
1.9
3.6
2.1
1.7
1.9
2.0
3.0
2.19
3.5

32 F

1.10
1.10
3.0
1.6
5.2
8.8
4.2
1.8

3.7
2.61
3.2
1.2
2.02
1.25
2.59
1.16
6
1.1
2.5
1.7
5.1
2.0
1.23

+

+

+

+

+

+

+

+

+

+
+
+
+

+

H HH

+
+
+
+
+
+

+

+

+
+

x 1073
x 104
x10~4

39 ) x 1074
x10~4
0.6 )x 1073

11 )x1073

1 Z ) x 104
x 104

x 1074

x 104

22 )x 1073
87 )x1073

0.6 )x 1074
11 )x1074
1.1 )x1074
17 )x 1074
x 104
x 104

0.4 )x 1075
0.4 )x107°
x 1073
1.3 )x 1075
x 1072
x 1075
x 1073
x 1073
x 1074
x 1074
0.4 )x1075
0.30) x 107
1.0 ) x 1075
13)x10°°
0.33) x 10~4
x 104
x 1073
x 1073
0.7 ) x 1072
1.7 )x 1075
0.6 )x107°
0.5 )x 107>

x 1075
0.24) x 1074
05 )x1074
0.4 )x10~4
0.35) x 1074
0.23) x 1074
0.30) x 1074

x 1075
4 )x107°

x 1075

x 1075
0.4 )x10~4

x 1074
0.5 )x1074
0.35) x 104

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

S=1.5

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%

S=1.4
CL=90%

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

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

CL=90%

S=1.6
S=1.1

CL=90%

CL=90%
CL=90%

S=1.5
CL=90%

1759
1674
1583

1602

1509

1444

1336

1444

1336

1414

1303

2270
2215
2197
2138

2080
2015

2242
2185
2172

2112

2222
2164
2138
2076
2280
2261
2213
2031

2308
2237

2274
2198
2235
2182
2261
2213
2258
2256
2182
2220
2141

*(2007)0 7t 7
(2007)°K°
*(2007)° K*(892)°
*(2007)° K*(892)°
*(2007)0 7ttt
(2010)* D*(2010)~
(
(
(

2010)* D~
2007)% D*(2007)°

D~ D*(2007)° K+
D*(2010)~ DO K+
D*(2010)~ D*(2007)° K+
D~ Dt KO
D*(2010)~ DT KO +
D~ D*(2010)* KO
D*(2010)~ D*(2010)+ KO
D*~ D1 (2536) x
B(Ds1(2536)1 —
D*+ KO)
DODOKO
DY D*(2007)° KO +
D*(2007)° DO KO
D*(2007)° D*(2007)° K°
(D+D*)(D+D*)K

<

<

(

62 + 22 )x107%

3.6 + 1.2 ) x 107>
6.9 x10~5
4.0 x107°
27 + 05 )x1073
82 + 09 )x107%
33 + 07 )x107%
61 + 1.5 )x 1074
9 x 1075

+ 04 )x103

46 + 1.0 ) x 1073
+38)x103

118+ 0.20) %

17 x 103

6.5 + 1.6 ) x 1073

78 + 1.1 )x 1073
80 + 24 )x107%

14 x10~3
3.7 x 1073
6.6 x 1073
43 £ 07)%

Charmonium modes

Ne KO
ne K*(892)°
7c(25) K*0
J/9(1S)KO
J/b(1S) KT
J/4(15) K*(892)°
J/p(1S)nKY
J/p(1S)n' KL
J/4(15) ¢ KO
J/4(1S)w K% nonresonant
J/4(1S) K(1270)°
J/9(18) 70
J/(1S)n
J/p(1S)nt
J/b(1S)nt
J/p(15)f
J/(18)p°
J/p(1S)w
J/p(15)¢
J/(1S)n'(958)
J/p(1S) KOt 7~
J/w(1S) KO p°
J/H(1S)K*(892) T 7~
J/(1S)K*(892)° nt
X(3872)~
X(3872)" Kt x
B(X(3872)~
J/(AS)m )
X(3872) KO x B(X —
J/prtaT)
X(3872) KOx B(X — J/v7)
X(3872) K*(892)° x B(X —
J/7)
X(3872) KO x B(X —
¥(25)7)
X(3872) K*(892)% x B(X —
¥(25)7)
X(3872) KO % B(X —
DODO 70)
X(3872) KO x B(X — D*0DO)
X(4430)F KF x B(X* —
$(25)7*)
X(4430)F KT x B(X*
JjorE)
J/4(1S)pp
J/(1S)y
J/¢(1S)D°
P(25) KO
(3770) KO x B(yp — DYDO)
$(3770) KO x B(y) — D~ DY)

7 nonresonant

[sss]

(
(
<

(
(
(
(

<

A

89 + 1.6 ) x 1074
6.1 + 1.0 ) x10~4
3.9 x 104
8.71+ 0.32) x 10~4
1.2 + 0.6 )x 1073
1.33+ 0.06) x 10~3

8 +4 )x107°
25 x 1075
9.4 + 26 )x107°

)
31 + 07 )x107%
1.3 + 05 )x1073
1.76+ 0.16) x 107>
95 + 1.9 ) x10~©
46 + 0.9 )x107°

1.2 x107°
4.6 x 1076
27 + 0.4 )x107°
2.7 x 1074
9.4 x10~7
6.3 x 1072
1.0 + 04 )x1073
5.4 + 3.0 )x10~4
8 +4 )x107%
6.6 + 22 )x107%
5 x 1074
5.4 x 1076
6.0 x 1076
49 x 1076
2.8 x 1076
1.9 x 1072
4.4 x 1076

1.7 + 08 )x 1074

1.2 + 04 )x 1074

6.0 -
321 %2 )x10-5
4 x 1076
8.3 x10~7
16 x10~6
1.3 x 1075
6.2 + 05 )x10~%
1.23 x 104
1.88 x 1074

CL=90%
CL=90%

S=1.6
CL=90%

CL=90%

CL=90%
CL=90%

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=90%

CL=90%

CL=95%

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

CL=90%
CL=90%

2248
2227
2157
2157
2219
1711
2180
1790
1715
1574
1478

1479

1366
1568
1473

1360
1336

1574
1478

1365

1753
1648
1159
1683
1652
1571
1508
1271
1224
1386
1390
1728
1672
1716
1716

1612
1609
1520
1546
1611
1390
1514
1447

1140

1140
940

1140

940

1140

1140
621

621

862
1731
877
1283
1217
1217
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Y(2S)KT 7~ ( 57 +04)x1074
P(2S) K*(892)° ( 61+ 05)x1074
Xco(1P) KO ( 14+ 38)x104
Xco K*(892)° (17 + 04 )x1074
X2 K < 26 x 1075
Xe2 K*(892)° ( 66+ 19)x1075
Xe1(1P) 0 ( 112+ 0.28) x 1075
Xc1(1P)K® ( 3.90+ 0.33) x 10~4
Xc1(IP)K— =t (38 + 04)x1074
Xc1(1P) K*(892)0 ( 222F 349 x 1074
X(4051)1K*><B(X+ - ( 30 19)x1w08
Xc17")
X(4248)t K~ xB(Xt — ( 40 200100
Xcl 7T+)
K or K* modes
Ktr~ ( 1.94% 0.06) x 105
K070 (95 + 08)x10°
7 KO ( 66 + 04)x1075
7 K*(892)° ( 38 £ 12)x1076
n KO ( 11 + 04 )x1076
nK*(892)° ( 159+ 0.10) x 10~5
nK}(1430)° ( 110+ 022) x 1075
nK3(1430)° (96 £ 21)x1076
wKO ( 5.0 £ 06)x1076
20(980)% K9 x B(ap(980)° — < 78 x 1076
nm)
BY KO x B(bY — wn) < 18 x 1070
a0(980)F KF x B(a(980)* — < 19 x 1076
=)
by Kt x B(b] — wm™) ( 7.4 £ 1.4 )x10°6
BYK*Ox B(bY — wn?) < 80 x 1076
b K*tx B(b] — wm™) < 50 x 1076
a0(1450)* KT x < 31 x 1076
B(ap(1450)* — n7t)
K% X0 (Familon) < 53 x 1075
wK*(892)0 ( 20 +05)x10°6
w(Km)0 ( 1.84+ 0.25) x 1075
wK§(1430)° ( 160+ 0.34) x 10~5
wK3(1430)° ( 101+ 0.23)x 1075
wK* 7~ nonresonant ( 51 £ 1.0)x1076
Ktr— 0 ( 359F 328 1075
Ktp~ (84t 18)x10-6
K+ p(1450)~ < 21 x 1076
K+ p(1700)~ < 11 x 1076
(K7~ 7%) non-resonant ( 44 +1.0)x1076
(Km)gTn~ x B((Km)gt — ( 94+ 25)x1076
K+x0)
(Km)g2 w0 xB((Km)g0 — ( 87 + 29 )x1076
Kt7r™)
K3(1430)° 70 < 40 x 1076
K*(1680)° 70 < 15 x10~6
K070 [vwv] ( 61 + 1.6 )x106
KO7+ 7~ charmless ( 4.96+ 0.20) x 1075
K%z * 7~ non-resonant ( 147t 349 1075
KO p0 ( 47 £ 06 )x10°6
K*(892)T 7~ (94 7F13)x10¢
K§(1430)F 7~ (33 +07)x1075
Kita™ [vw] ( 51 + 16 )x1076
K*(1410)T 7~ x < 38 x 1076
B(K*(1410)T — KOz7)
f3(980) K9 x B(fy(980) — ( 7.0 £ 09 )x106
atr7)
£,(1270) K° (27713 )x1076
£,(1300) KO x B(f, — (18 £ 07)x10°6
atr7)
K*(892)0 70 ( 36 + 08)x1076
K3(1430) " 7~ < 6 x 1076
K*(1680)T 7~ < 10 x 1073
Ktan—nta~ [www] < 23 x 104
POKt T~ ( 28 £ 07)x1076

S=1.1

CL=90%

S=1.6

S=1.3
S=1.4

CL=90%
CL=90%

CL=90%

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

CL=90%

S=1.6

CL=90%
CL=90%

CL=90%
CL=90%

S=2.1

S=1.5
S$=2.0

CL=90%

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

1238
1116

1477

1341
1378
1228
1468
1411
1371

1265

2503

2380
2380
2542

2609

2559

2445
2358

2609

2558
2562

2524

2459

2563
2445
2358
2600
2543

f5(980) K+ 7~

K+ 7~ 7t 7~ nonresonant

K*(892)0 nt 7~
K*(892)0 p0
K*(892)° £,(980)

K1(1270) T 7~

K1(1400)t 7~

a1(1260)~ KT

K*(892)* p~
K1(1400)° p0
Kt K-
KO 70
KKt
K*O KO + K*O KO
KtK=m0
0 400
KOs Kosﬂ'
PP
KsKgn
KOK+ K-
K%
0 40 40
K2K%KY
0 40 40
KsKsKi
K*(892)° Kt K~
K*(892)0 ¢
K*(892)0 K~ nt
K*(892)0K*(892)°
K*(892)° K+ 7~
K*(892)0 K*(892)°
K*(892) K*(892)~
K1 (1400)0 ¢
/ *0
o(K7)g

K (1430
K*(1680
K*(1780

K¢
'y KO
nKO’y
n KO
KOy
KT m=
K*(892)%~
K*(1410)
K7~ nonresonant
KOrt Ty
Kta— Tro'y
K1(1270)0~
K1(1400)0
K3(1430)%y
K*(1680)0
K3(1780)%y
K;(2045)0

AN N NANNANNANA

A VAVANVANIVAN

AN NN A

05 _
14t 02 %1076
21 x10~6
54 + 05 )x107°

17 -
34 T 11 )x1076

2.2 x10~6
3.0 x 1075
2.7 x107°
1.6 + 0.4 )x107°
1.20 x107°
3.0 x 1073
41 x10~7

2.0 _
96 = 28 )x1077

1.8 x107°
1.9 x107©
1.9 x107°
9 x10~7
1.0 x 1076
2.0 x 1076
247+ 0.23) x 1072

62 T

0.23)

13 -
86 T 17 )x10°6

12 -

19 ) %1070
1.6 x107°
2,75+ 0.26) x 1072
9.8 + 0.6 ) x10~©
46 + 1.4 )x107©

1281 040y, 106

0.32
2.2 x 1076
41 x10~7
2.0 x 1076
5.0 x 1073
43 + 0.7 )x107°
1.7 x 1076
3.9 + 0.8 )x107°
35 x 1076
2.7 x 1076
1.53 x 1072
11 x 1073

75 + 1.0 ) x107©

17 -
a1t 1 yx1076

31 x107°
76 + 1.8 ) x107°
6.6 x 1076
2.7 x 1076

46 + 1.4 )x 1076
433+ 0.15) x 1072
13 x 104
26 x 1076
1.95+ 0.22) x 107
41 + 04 )x107°

5.8 x 1072
1.5 x 1075
1.24+ 0.24) x 1075
2.0 x 1073
8.3 x 1075
43 x 1073

Light unflavored meson modes

P
wry
(o}
ata~

7' f5(980) x B(f,(980) —
ata”)
1p°

AN NN AN AN A

A

(
(

<

(
(

8.6 + 1.5 )x 107

1.8 -
a4t 18y x0T
8.5 x 1077

513+ 0.24) x 10~©
1.62+ 0.31) x 10~

1.5 x10—6
1.0 x 1076
1.2 + 0.6 )x 107
1.7 x 1076
1.2 x 1076
1.3 x 1076
15 x 1076
1.5 x10—6

CL=90%

S=1.8
CL=90%
CL=90%
CL=90%

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%
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%

$=1.3
CL=90%
CL=90%

S=1.7
CL=90%
CL=90%
CL=90%
CL=90%

CL=90%

2508

2600
2557

2504

2468
2484
2451
2471
2504
2388
2593

2592
2578

2579
2578
2515
2452
2522

2516

2521

2521
2466
2460
2524

2485

2524
2485
2485
2339

2333
2238

2381
2333

2305

2337
2587
2528
2516
2615
2564
2450
2615
2609
2609
2486
2453
2447
2361
2341
2244

2583
2582

2541
2636
2636
2610
2582
2551
2460
2522
2492
2455

2553
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T]fo(980) X B(fo(980) —
ataT)

wn

wy

wp?

w1(980) x B(f(980) —
ataT)

ww

on?

on

o’

op°

¢(980)x B(fy — 7F77)

Pw

b9
a0(980)% F x B(ap(980)*F —

nat)
a0(1450)* 7 F x
B(ag(1450)* — naT)
rtrn
O 0
pFat
ata ata—
/IO7T+7T_
P p°
f(980) 7t
00 £5(980) x B(fy(980) —
atr7)
f,(980) £,(980) x
B2((980) — nt7™)
15(980) £(980) x B(fy —

o

atr7) x B(fy » KTK™)

21(1260)F 7t
a,(1320)F 7+
ata= 7070
ptp”
21(1260)% 70
w0
atata a a0
a1(1260)* p~
21(1260)0 p°
bi:ﬂ'i x B(bj — wn)
b(lJTr0 X B(b(lJ — wn?)
by pTx B(b] — wr™)
b0 x B(b) — wn®)
atatata— = n~
a1(1260)* a1 (1260)~ x
BZ(aIr — 2rta7)

atatrt a1 a0

PP
pprt A
ppK°
O(1540)t B x
B(O(1540)t — pKY)

£,(2220) KO x B(f;(2220) —

ppP)
pPK*(892)°

f_](2220) KS X B(f_/(2220) —

_ pp)
pAn™
pX(1385)~
A%A
pAK=™
pIon
AA
AAKO
ANK*0

AADO
AOA°
AT+ A
Eo_pj
Ds Ap

<

(
(

ANNANNANNNANNNANA AN A

A

(

[ee] <

<

(

NNNN_NNNNA

<

<
<

(

[yyyl <

<

4

94 t

10t

1.6
1.5

4.0
2.8
5
5
3.3
3.8
1.2
2
3.1

2.3

7.2
2.0 +
2.30+
1.93
8.8
73 +
3.8

2.3

33 +
3.0
3.1
2,42+
1.1

9.0
6.1
2.4
1.09+
1.9
1.4
3.4
3.0
1.18+

1.1

Baryon modes

1.1
2.5
2,66+
5

4.5

12471
15

3.14+
2.6
9.3
8.2
3.8
3.2

I+

4.8

25 +

1+
co oo or

1.1

1.5
1.1
1.14+
2.8 +

x 1074
0.5 )x 106
0.23) x 105
x 1075
x 1076
2.8 )x 107
x 1076
x 10~7

x 107
x10~7

0.5 )x107°
x 1074
x 1073
0.31) x 107
x1073
x10~7
x 1073
x 1072
x 1073
0.15) x 105
x 1076
x 1076
x 1076
x 1073
0.31) x 107

%

x10~7
x 10~4
0.32) x 10~
x10~8

x10~7

§30) <0

x 1077

0.29) x 106
x 1077
x10~7
x10~7
x 1076
x10~7

)x 1076

0

9

2 ) x 1076

€ )x1075
x 1073
x 1074

0.09) x 10—4

09 )x107°

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%
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%

2518

2552

2491

2522
2487

2521
2539
2511
2447
2480
2443
2479
2435

2631
2581
2581
2621
2575
2523
2541
2488

2451

2592
2336

2572

2467
2406
2347
2318

2135

2215

2401
2363
2364
2308
2383
2392

2250
2098

1661

2335
2335
1862
1710

D*(2007)° pp ( 1.03+ 0.13)x 1074 1788
D*(2010)~ p7i (15 + 04 )x1073 1785
D~ pprTt ( 338+ 0.32) x10~4 1786
D*(2010)~ ppr* ( 50 +05)x1074 1707
O.prt x B(6, — D™ p) < 9 x 1076 CL=90% -
O.p7t x B(6, — D*p) < 14 x 1075 CL=90% -
r_oTatt < 10 x1073 CL=90% 1839
AZprta (13 + 04)x1073 1934
AZp (20 + 04 )x10°5 2021
Az pnd < 59 x 1074 CL=90% 1982
Aoprta=al < 507 x 1073 CL=90% 1882
Acprta=ata~ < 274 x 1073 CL=90% 1821
A prtaT ( 112+ 0.32) x 1073 1934

Az prt @™ (nonresonant) (64 + 1.9 )x1074 1934

X (2520)" " prt (12 + 04 )x10~4 1860

T (2520)° pr < 38 x 1075 CL=90% 1860

T (2455) pr— (15 + 05 )x10~4 1895

T (2455)0 N0 x B(NO — (80 +29)x1073 -
pm-)

X (2455)" " prt (22 +07)x107% 1895
AZpKt o (43 + 14 )x107° -

X (2455)" " pK* x (11 + 04)x107° 1754

B(Z;7 — /\; 7T7)

A7 pK*(892)° < 242 x 1075 CL=90% -
AZAL < 62 x 1075 CL=90% 1319
Ac(2593)7 / As(2625)" p < 11 x 1074 CL=90% -
SN B(E, - ZtaaT) (22 +23)x107% s=19 1147
ATAZ KO ( 54 +32)x10"4 -

Lepton Family number (LF) violating modes, or
AB = 1 weak neutral current (B1) modes
vy BI < 62 x 1077 CL=90% 2640
ete” B1 < 83 x 1078 CL=90% 2640
ete v B1 < 12 x 1077 CL=90% 2640
wtu~ B1 < 15 x 1078 CL=90% 2638
utuy B1 < 16 x 1077 CL=90% 2638
ke B1 < 41 x 1073 CL=90% 1952
a0t B1 < 12 x 107 CL=90% 2638

nlete~ B1 < 14 x 1077 CL=90% 2638

aOut B1 < 18 x10=7 CL=90% 2634
%7 B1 < 22 x 1074 CL=90% 2638
KOr+ e~ B1 [amn] ( 31+ 38 )x10-7 2616

KOete~ BI ( 16+ 10 )x10-7 2616

KOt~ BI (45 7F 12)x10°7 2612
KOvw BI < 16 x 1074 CL=90% 2616
POvo B1 < 44 x 1074 CL=90% 2583
K*(892)0 ¢t ¢~ Bl [mnn] ( 99 T 12 )x1077 2564

K*(892)0 et e~ B1 ( o3t 3% x10 2564

K*(892)0 ut = B1 ( 1.05F 318 <1076 2560
K*(892)%v7 BI < 12 x 1074 CL=90% 2564
V4% BI < 58 x 1075 CL=90% 2541
et T LF  [ee] < 6.4 x 1078 CL=90% 2639
n0ed ¥ LF < 14 x 1077 CL=90% 2637
KOeE ¥ LF < 27 %107 CL=90% 2615
K*(892)%et LF < 53 x 1077 CL=90% 2563
K*(892)° e~ put LF < 34 x 1077 CL=90% 2563
K*(892)0 e+ ¥ LF < 58 x10~7 CL=90% 2563
et T LF  [ee] < 28 x 1075 CL=90% 2341
uErF LF  [ee] < 22 x 1075 CL=90% 2339
invisible BI < 22 x 1074 CL=90% -
VU B1 < 47 x 1075 CL=90% 2640

B*/B% ADMIXTURE

CP violation

Acp(B — K*(892)7) = —0.003 + 0.017

Acp(B — sv) = —0.014 £ 0.028

Acp(b — (s+d)y) = —0.11 £ 0.12
p(b— Xslt(~)=—-0224026

o P

Acp(

Acp(B — K*(te) = —0.07 + 0.08

Acp(B — K*eTe™) = -0.18 £ 0.15
(

Acp(B — K*putp™)=-0.03+0.13
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The branching fraction measurements are for an admixture of B mesons at B — D*(2010)~ < 11 x1073  CL=90% 2257
the T(4S). The values quoted assume that B(7(4S) — BB) = 100%. B — D:f T, D:Jrﬂ-*’ lee] < 4 «10—4  CL=90% _
For inclusive branching fractions, e.g., B — pE anything, the treatment DS+ P, D:+ P, D;r O.
of multiple D’s in the final state must be defined. One possibility would D**t 0 pt D*t
) ; > s ™. Din, DS,
be to count the number of events with one-or-more D's and divide by T oo w0 +
the total number of B’s. Another possibility would be to count the to- D5 ' Ds Py Ds w,
tal number of D’s and divide by the total number of B’s, which is the D*+w
definition of average multiplicity. The two definitions are identical if only s n . _
one D is allowed in the final state. Event though the "one-or-more” def- B — Ds1(2536)™ anything < 95 x1073 CL=90% -
inition seems sensible, for pract.lcal reasons .InF|EJSIVe tfra.n.chmg fractions Charmonium modes
are almost always measured using the multiplicity definition. For heavy B J/0(1S thi o -
final state particles, authors call their results inclusive branching fractions - /7*“)( )any i ng ( 1.094%+ 0.032) % 3 S=11 -
while for light particles some authors call their results multiplicities. In the B — J/(15)(direct) (78 +£04 )x10™ S=1.1 -
B sections, we list all results as inclusive branching fractions, adopting a anything
multiplicity definition. This means that inclusive branching fractions can B — (2S)anything ( 3.07 + 021 )x 10—3 —
.exceed .100%. and that in.clusive partial widths can excee.:d total widths, B — Xcl(lP)anything ( 386 + 0.27 ) x 10-3 _
just as inclusive cross sections can exceed total cross section. B — xe1(LP)(direct) any ( 322 + 025 )x 10-3 _
¢ - . .
B modes are charge conjugates of the modes below. Reactions indicate thing
the weak decay vertex and do not include mixing. B — XCz(lP)anything (13 +04 )x 10-3 S=1.9 —
Scale factor/  p B — xc2(1P) (direct) any- ( 165 + 031 )x103 -
B DECAY MODES Fraction (I';/T) Confidence level (MeVjc) thing
. . . B — 7¢(1S)anything < 9 x1073  CL=90% -
_ Semileptonic and leptonic modes B — KX(3872)x B(X — (12 + 04 )x1074 1141
B — et veanything [zzz] (10.74 + 0.16 ) % - DODO £0)
5 B — fe* Ve ahn_ything < 59 x1074  CL=90% - B — KX(3872)x B(X — ( 80 + 22 )x1075 1141
— p vy anything [zzz]) (1074 £+ 0.16 )% - D*0 DO)
B — (T v anything [nnn,zzz] (1074 + 0.16 ) % - B — KX(3940) x B(X — < 67 x1075  CL=90% 1084
B — D~ {*uypanything [mnn] ( 28 £ 09 )% - D*0 DY)
B — DO(Typanything  [mmn] ( 72 + 14 )% - B — KX(3945)x B(X — [dddd] ( 7.1 + 3.4 )x1075 1106
B — Dty (240 £ 012 )% 2310 wl /1
B— Drtu, (86 +27 )x1073 1911 /)
B — D*(Twvyanything [aaaa] ( 67 + 1.3 )x1073 - N ) K or K* modes
B— D*rtu, ( 162 £ 033 )% 1837 B— K afyth'”g_ lee] (789 +25 )% -
B — D*(ty, [nnn,bbbb] ( 27 + 07 )% - B — K™ anything (66 £5 )% -
B — ( 38 + 13 )x10-3 5=2.4 - B — OK‘_a()nythlng (13 +4 )% -
D (2420) ¢+ vpany- B — K”/K"anything lee] (64 4 )% -
thing B — K*(892)*anything (18 +6 )% -
B — Dn(typany- (26 +05 )% s=1.5 - B — _ lee] (146 +26 )% -
thing + K*(892)° / K*(892) any-
D* 7+ vyanything thing
B — Dn(%ypanything (15 £06 )% - B — K*(892)y (42 +£06 )x107° 2564
B — D*m(* vy anything (19 +04 )% - B— nK~y (85 T 18 )x10-6 2588
B — (44 +16 )x1073 - '
D% (2460) ¢+ vyany- B — K1(1400)~ < 127 x 1074  CL=90% 2453
th%ng ' B — K3(1430)y (17 £ 38 )x10-5 2447
B — D*~at(Tuany- ( 100 + 034 )% - B — Ky(1770)y < 12 x1073 CL=90% 2342
thing B — K3(1780)y < 37 x1075  CL=90% 2341
B — D (Typanything  [nmn] < 7 x1073  CL=90% - B — Kj(2045)y < 10 x1073  CL=90% 2244
B — Dy CFygKTany- [ < 5 x1073  CL=90% - B — K1/(958) (83 + 11 )x1075 2528
thing e s B — K*(892)7(958) (41 +11 )x1076 2472
B — _ DS (TygK%any- [nnn] < 7 x 10~ CL=90% - B— Kn < 52 «10~6  CL—90% 2588
th'+ng B — K*(892)n (18 +05 )x1075 2534
B — (T v, charm (10.58 + 0.15 )% - B Koo (23 +09 )x10°© 2306
B — Xyltuy, (233 + 022 )x1073 - B— b— 3y (360 + 0.23 ) x10~4 -
B — wly, ) (135 + 0.10 )x 1074 2638 B— b— dvy (12 + 06 )x1075 _
B — KtZiuganyth!ng [rnn] (62 + 05 )% - B — b — Sgluon < 68 % CL=90% .
B — Ko E_é/[inythlng [mnn] (10 + 4 )x1073 - B — nanything < 44 «10—%  CL=90% -
B ﬁh' K/ K2ET vgany- - [oon] (45 & 05 )% - B — 1/ anything (42 +09 )x107? -
thing
. Light unflavored meson modes
N ) D, D*, or Ds modes B — pvy ( 139 + 025 )x10°® S=12 2583
B — Do am(f)thmg ) (231 £15 )% - B — p/wy ( 130 + 0.23 ) x 10~ 5=1.2 -
B — D*(/D a)niz/thmg (625 +£29 )% 5=1.3 - B — =¥ anything [ececee] (358 +7 )% _
B — D*(2010)*anything (225 £15 )% - B — 9 anything (235 11 )% _
B — D*(2007)°anything (260 +27 )% - B — 1 anything (176 + 16 )% -
B — DZFanything [ee] ( 83 +08 )% - B — pY anything (21 +£5 )% -
B — D:ianything (63 £10 )% - B — w anything < 81 % CL=90% -
B _ D;iﬁ(*) (34 +06 )% - B — ¢ anything (343 £012)% -
_ * —5 —909%
B— DWBEKO 4 leeccce] (71 * f; )% _ B — ¢K*(892) < 22 x 10 CL=90% 2460
D(*)_E(*) K* ’ Baryon modes
b— ccs(*)i(*) (22 + ) % - B — At/ AZ anything (45 +12 )% -
o _ _
B— D™D | leeccee] (139 + 04 )% B — A e*anything < 23 x1073  CL=90% -
B — D*D*(2010) [ee] < 5.9 x1073  CL=90% 1711 B — 7 panvthin 26 + 08 )% _
B — DD*(2010)* + lee] < 55 x1073  CL=90% - AP +y i €z 8 )%
D* D= B — AZpetu, < 10 x1073  CL=90% 2021
B — DD* lee] < 3.1 x10~3  CL=90% 1866 B — X_~anything (42 + 24 )x1073 -
B — DsMEDM X (nr¥leecccc] (9 * 5 )% - B — X _anything < 96 x1073  CL=90% -
B — XYanything ( 46 + 24 )x1073 -
B— TUN(N=porn) < 15 x1073  CL=90% 1938
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B — Z=Y%anything ( 193 + 030 )x10~4 S=1.1 -
x B(Z0 —» =—qt) Bt (401 + 13)%
BO (401 + 13)%
— - + 13 —4 _
B — =[anything (45 T 15 )x10 BO (113 £ 13)%
x B(:+ . :*77+7r+) s
=c = b-baryon ( 85 +£22)%
B — p/Panything [ee] ( 80 + 04 )% - B _
B — p/p(direct) anything [ee] ( 55 + 05 )% -
B — A/Aanything lee] ( 40 + 05 )% - DECAY MODES
B — =~ /=*anything [ee] ( 27 + 06 )x1073 - . . .
B — baryons anything (68 + 06 )% _ . Semileptonic and leptonic modes
B — ppanything (247 +023)% - ”a”l’th'”g _ (231 £15)%
B — Ap/Apanything lee] ( 25 + 04 )% - l+uganyth|.ng [nnn] - ( 10.69% 0.22) %
B — AAanything < s x1073  CL=90% - €™ veanything (110.86+ 0.35) %
. i + v, anythi 1095 02y
Lepton Family number (LF) violating modes or f I“ m '.ng ( ~025)%
AB = 1 weak neutral current (B1) modes D™ T wpanything [nnn] (22 £ 04)% s S=1.8
B— sete B1 (47 +£13 )x10-6 _ D7 rrtéiwanyth!ng (49 + 1.9 )x 10:3
B — sutu- B1 ( 43 +12 )x10-6 _ _0D+7r 14 I/[g.anythlng (26 +16)x10
B — stte BI [nnn] ( 45 + 1.0 )x106 - D,éo V{a’yth'”g ) [ran] - ( 6.84% 0'35):4
B— it < 62 x10-8  CL=90% 2638 QO’T+£+ vganything ( 1072 02m%
B— Kete BI ( 44 + 06 )x10°7 2617 £ " €T vganything (23 %16 ):10
B — K*(892)ete~  BI1 ( 119 + 020 )x107© S=1.2 2564 D i Vgalyth'”g ] [nnn] (1 2.75+ 0.19) % »
B— Kutpu™ B1 ( 48 + 06 )x10-7 2612 D*7”+Z+Wa”ythf”g (6 =7 )“073
B — K*(892)uTu~ B1 ( 115 & 015 ) x 1076 2560 Dfowf vganything (48 £10)x o
B Kite B1 ( 45 + 04 )x10~7 217 Dje iganythlng X [nnn,fiF] (2.6 + 0.9 ) x 10
B — K*(892)¢t ¢~ BI ( 1.08 + 0.11 )x107® 2564 B(Dj-J — D**tx7)
B— K'vo < 8 x1075  CL=90% - Dy (tyganything X [nnn,fF] (7.0 £ 23 )x 1073
B — setuF LF  [ee] < 22 x1075  CL=90% - B(D- — DOr)
B — metuF LF < 92 x1078  CL=90% 2637 A L s
B — petu¥ IF < 32 %«10-6  CL=90% 2582 D3(2460)" (" vyanything < 14 x 1073 CL=90%
B — KeTuF LF < 38 x10~8 CL=90% 2616 x B(D3(2460)% —
B — K*(892)etu¥ LF < 51 x1077 CL=90% 2563 D*~ 1)
D3(2460)~ ¢+ vyanything ( 42+ 13)x103
" _
B*/B°/BY/b-baryon ADMIXTURE ;03(32(2460) -
™
. . . D3(2460)0 ¢+ vyanythin 16 + 08 )x10-3
These measurements are for an admixture of bottom particles at high 2 B )5* 24”20 Oy & ( )x
energy (LEP, Tevatron, SppS). ><7 (+2( > —
Mean life 7 = (1.568 = 0.009) x 10712 s barmi Def ) 3
Mean life 7 = (1.72 = 0.10) x 10~12s  Charged b-hadron charmless v [ran] (1.7 & 0.5 ) x10
. 77 vy anything ( 241+ 023)%
admixture D*~ rv,anythin (9 +4 )x1073
Mean life 7 = (1.58 + 0.14) x 10712 s Neutral b-hadron ad- ~ Trranyiune
ot . ’ ¢ — (~Typanything [ann]  ( 8.02+ 0.19) %
mixture
¢ — (tvanything (16t 33)%
T charged b—hadron /Tneutral b—hadron = 1.09 + 0.13 :
‘ATb‘/Tb,E = —0.001 £ 0.014 Charmed meson and baryon modes
—0 .
The branching fraction measurements are for an admixture of B mesons D%anything (596 + 29 )%
and baryons at energies above the 7°(4S). Only the highest energy results Do Dianything lee] ( 91 + 4.0 )%
(LEP, Tevatron, SppS) are used in the branching fraction averages. In s - 28
the following, we assume that the production fractions are the same at DF DE anything lee] ( 40 T 2.3 ) %
the LEP and at the Tevatron. s - 18
o po H + 2.0
For inclusive branching fractions, e.g., B — Dianything, the values D" D% anything lee] (51 2 7g)%
usually are multiplicities, not branching fractions. They can be greater 0 pt . + 1.8
than one. DiD anything leel ( 271+ 18)% .
= D* D¥ anythi 10-3 Clegoo
The modes below are listed for a b initial state. b modes are their charge D- tahr]yt ing fee] < 9 OX 0 CL=20%
conjugates. Reactions indicate the weak decay vertex and do not include " any Tg ) (227 £18)%
mixing. D (2010)0 anything (173 £20)%
1 0,
B Scale factor . D1 (2420)" anything (50 +15)%
b DECAY MODES Fraction (I;/I)  Confidence level (MeVc) D*(2010)F DZ anything lee] ( 33 7% 18)%
PRODUCTION FRACTIONS DO D*(2010)* anything el (30T 5§ )%
The production fractions for weakly decaying b-hadrons at high energy D*(2010)* D¥ anything lee] ( 25t %S )%
have been calculated from the best values of mean lives, mixing parame- * 4 A F .
ters, and branching fractions in this edition by the Heavy Flavor Averaging E (2010) b (2010) anything fee] ( 1.2 £ 04)%
Group (HFAG) as described in the note “BO-BO Mixing” in the BO Particle D Danything (10 t%% )%
Listings. The production fractions in b-hadronic Z decay or pp collisions « 0 . Y
at the Tevatron are also listed at the end of the section. Values assume D3(2460)° anything (47 +£27)%
_ _ D_ anythin (147 £ 21 )%
B(> — &) =B(b—~ B Dian thing 10.1 + 3.1 °/o
B(b — B¥)+B(b — BO) +B(b— BY)+ B(b— b-baryon) = 100 %. s anything (10 1) %
. i o | Al anything (97 £29)%
;’:rete;?rre ation coefficients between production fractions are also re- E/c anything [cece] (1162 + 32 )%
cor(BY, b-baryon) = —0.041 Charmonium modes
cor(BY, BE=p0) = —0.483 J/(1S)anything ( 116+ 0.10) %
cor(b-baryon, BE=B0) = —0.855. 1(2S) anything (48 + 24 )x1073
The notation for production fractions varies in the literature (fy, dgo, Xc1(1P)anything (14 +04)%

f(b— EO), Br(b — EO)). We use our own branching fraction notation
here, B(b — BO).
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K or K* modes

3y ( 31+ 11)x1074

SUv < 64 x 1074 CL=90%
K*anything (74 £6 )%

K% anything (290 = 29)%

Pion modes

7% anything (397 +21 )%

7%anything leeece] (278 +£60 )%

¢panything ( 282+ 0.23)%

Baryon modes
p/Ppanything (131 £ 11)%

Other modes

charged anything leeee] (497 £ 7 )%
hadron™t hadron~ (17 F30)x108
charmless (7 +21 )x1073

B Baryon modes
A/ Aanything (59 +06)%
b-baryon anything (102 £ 28)%

AB = 1 weak neutral current (B1) modes
ut ™ anything B1 < 32

x 1074 CL=90%

1UP) = 30a7)

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

predictions.
Mass mp. = 5325.1 + 0.5 MeV
mg, — mg = 45.78 + 0.35 MeV

B* DECAY MODES Fraction (I';/T) p (MeV/c)
B~ dominant 45
B,(5721)° 1JPy = 1a™)
I, J, P need confirmation.
B;(5721)° MASS = 5723.4 + 2.0 MeV (S = 1.1)
mB(l) —mg, =4443£2.0MevV (S=1.1)
B1(5721)o DECAY MODES Fraction (I';/T) p (MeV/c)
Bt~ dominant -
B3(5747)° 1JP) = 12%)
I, J, P need confirmation.
B3(5747)° MASS = 5743 £ 5 MeV (S = 2.8)
Full width T = 2373 MeV
mB;o - mB? =19+ 6 MeV (S =3.0)
85(5741)lJ DECAY MODES Fraction (I;/T) p (MeVfc)
Btn~ dominant 424
Bt~ dominant -
BOTTOM, STRANGE MESONS
(B==x1,5=71)
BY = sb, B =5b, similarly for BY's
0 Py _ o(0—
Bs 1(J7) =0(07)

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

predictions.

Mass mgo = 5366.3 £ 0.6 MeV (S = 1.1)
s
Mean life 7 = (1.472+3928) x 10712 s

cr = 441 ym

ATpo =Ty — [ho = (0.06270034) x 1012 51
BY BY, BY, ( T0037)

— +10.2
=18.677;'7 um

BY-BY mixing parameters

= (17.77 £ 0.12) x 1012 p s~ 1
= (117.0 4 0.8) x 10710 MeV
Xs = AmBg/ng =262+05

xs = 0.49927 + 0.00003

AMpog = My — Mg
Bs BsH BsL

CP violation parameters in BY
Re(ego) / (1 + |egol?) = (—0.9 £26) x 1073
s s
CP Violation phase 85 = 0.47 7332 or 1.0975-21

These branching fractions all scale with B(b — Bg), the LEP Bg pro-
duction fraction. The first four were evaluated using B(b — Bg) =
(10.7 £ 1.2)% and the rest assume B(b — Bg) = 12%.

The branching fraction B(Bg — Dg ot vganything) is not a pure mea-
surement since the measured product branching fraction B(b — Bg) X
B(Bg — Dy ot vpanything) was used to determine B(b — Bg), as
described in the note on “B9-BO Mixing”

For inclusive branching fractions, e.g., B — Dianything, the values

usually are multiplicities, not branching fractions. They can be greater
than one.

p
Bg DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Dy anything (93 +£25 )% -
Dy (T ypanything lgggg]l (79 +24)% -
Dg1(2536) pt v, X x (24 +07)x10°3 -
B(D; — D*KY)
Dy wt (32 +05)x10°3 2320
Dyatxta~ (84 %+ 33)x103 2301
Df k* (30 =+ 07)x10~% 2292
D} Dy (1.04 + 0.35) % 1823
Dt D <121 % 0% 1742
Dit DI <257 % 90% 1655
D)+ pg(*)— (40 +15)% -
J/9(15) ¢ (13 + 04)x1073 1587
J/¢(18) 70 < 12 x1073  90% 1786
J/¥(1S)n < 38 x 1073 90% 1733
»(2S) ¢ (68 + 27 )x1074 1119
ata~ < 12 x 1076 90% 2680
w070 < 21 x10~4 90% 2680
nm0 < 10 x 1073 90% 2653
nn < 15 x10~3 90% 2627
00 < 320 x10—4 90% 2569
¢ p° < 617 x 10~4 90% 2526
[oXs (14 + 08)x107° 2482
T K~ (49 + 1.0)x10°° 2659
KT K= (33 +09)x107° 2637
K*(892)° p0 < 767 x107%  90% 2550
K*(892)° K*(892)° < 1681 x1073  90% 2531
#K*(892)0 < 1.013 x 1073 90% 2507
pp < 59 x 1072 90% 2514
vy BI < 87 x 1076 90% 2683
oy (57 T 22)x1078 2586
Lepton Family number (LF) violating modes or
AB = 1 weak neutral current (B1) modes
wtp~ B1 < a7 x 1078 90% 2681
ete~ B1 < 28 x10~7 90% 2683
et ¥ LF  [ee] < 2.0 x 107 90% 2682
#(1020) pt ™ BI < 32 x 106 90% 2582
%7 BI < 5.4 x10~3 90% 2586
B: 1(JP) = 0(17)

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

predictions.

Mass m = 5415.4 + 1.4 MeV
mpz — mp =49.0 £ 1.5 MeV

(S = 2.5)
(S =2.0)
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B¥ DECAY MODES Fraction (I';/T) p (MeVc)
Bsy dominant -
Bs;(5830)° 1UP) = 3a+)
I, J, P need confirmation.
Mass m = 5829.4 £ 0.7 MeV
mB(s)l — Mpgwt = 504.41 + 0.25 MeV
B51(5930)0 DECAY MODES Fraction (I';/T) p (MeV/c)
B*t K~ dominant -
B:,(5840)° 1JP) = L2t)
I, J, P need confirmation.
Mass m = 5839.7 + 0.6 MeV
Mg, — M =10.5 £ 0.6 MeV
Bsg Bgl
3;2(5340)0 DECAY MODES Fraction (I;/I) p (MeVjc)
BT K~ dominant 252
BOTTOM, CHARMED MESONS
+ _ T p— _ = . )
BC = cb, BC =7¢Tb, similarly for Bz s
Bf 1Py = 007)
I, J, P need confirmation.
Quantum numbers shown are quark-model predicitions.
Mass m = 6.277 £+ 0.006 GeV (S = 1.6)
Mean life 7 = (0.453 4 0.041) x 10712 s
B; modes are charge conjugates of the modes below.
p

B'c" 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— Bg).

J/(18) €T vpanything (52731 x1075 -

J/(1S) 7t <82 x 1073 90% 2372
J/pAS)rtata— <57 x 1074 90% 2352

J/1(1S) a1(1260) <12 x 1073 90% 2171
D*(2010)* D° <62 x 103 90% 2468

c¢ MESONS

1c(1S) 16(UPC) =0t~ )

Mass m = 2980.3 + 1.2 MeV (S = 1.6)
Full width ' = 28.6 + 2.2 MeV (S = 2.0)

p
Confidence level (MeVc)

n¢(1S) DECAY MODES Fraction (I;/T)

Decays involving hadronic resonances

7' (958) (41 +1.7 )% 1321
pp (20 £0.7 )% 1272
K*(892)° K~ =t + c.c. (2.0 £07 )% 1276
K*(892) K*(892) (9.2 +£3.4 ) x 1073 1194
KOKO gt 7= (1.1 +£05 )% 1071
dKT K™ (29 +1.4 )x 1073 1102
ox:) (27 £0.9 ) x 1073 1087
d2(rt ) <35 x 1073 90% 1249
ap(980) <2 % 90% 1325

a,(1320) 7 <2 % 90% 1194
K*(892) K + c.c. <128 % 90% 1308
f,(1270)n <11 % 90% 1143
ww <31 x 103 90% 1268
wo <17 x10~3 90% 1183
£,(1270) £, (1270) (76 ¥39)x 1073 m
£,(1270) 4 (1525) (27 £15)% 509
Decays into stable hadrons
KKr (7.0 £1.2 )% 1379
N (49 +1.8 )% 1427
ata  KTK™ (15 £0.6 )% 1343
KTK=2(rt7™) (71 +29 )x 1073 1252
2(KtK™) (1.6 0.7 )x 1073 1053
2(rt77) (1.2040.30) % 1457
3(rta7) (15 £05 )% 1405
pp (1.3 +£0.4 ) x 1073 1158
AA (1.04+0.31) x 1073 988
KKn <31 % 9% 1263
nta~pp <12 % 90% 1024
Radiative decays
%" (6.3 £2.9 ) x 107 1490
Charge conjugation (C), Parity (P),
Lepton family number (LF) violating modes
ata~ P.CP <6 x 104 90% 1484
7070 PCP <4 x 104 90% 1484
KTK~ P.CP <6 x 104 90% 1406
K%KY PCP <31 x10—4 90% 1405
J/¥(15) 16UPC =0 =7)
Mass m = 3096.916 + 0.011 MeV
Full width I = 92.9 £ 2.8 keV (S = 1.1)
Mee = 5.55 + 0.14 & 0.02 keV
Scale factor/ P
J/¢(1S) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
hadrons (87.7 +05 )% -
virtualy — hadrons (13.50 +0.30 ) % -
888 (641 +1.0 )% -
Vg8 (88 +05 )% -
ete~ (594 +0.06 ) % 1548
wtp~ (593 +0.06 )% 1545
Decays involving hadronic resonances
o (169 £0.15 ) % S=2.4 1448
070 (56 =07 )x10~3 1448
a,(1320) p (1.09 £0.22 )% 1123
wratrta=a~ (85 +34 )x1073 1392
wrtr™ a0 (40 +07 )x1073 1418
wrta™ (86 +£07 )x1073 s=11 1435
wi,(1270) (43 +06 )x1073 1142
K*(892)° K3(1430)% + c.c. (60 +06 )x10-3 1012
K*(892)° K, (1770)° + c.c. — (69 +09 )x1074 -
K*(892)° K~ 7t + c.c.
wK*(892)K + c.c. (61 +09 )x103 1097
K+K*(892)~ + c.c. (512 +£0.30 ) x 1073 1373
KtK*(892)~+ c.c. — (1.97 £0.20 ) x 1073 -
;LJr Kfﬂ.O
KTK*(892)" + c.c. — (30 +04 )x1073 -
iﬂ.:p
KOK*(892)% + c.c. (439 £031 ) x 1073 1373
KOK*(892)° + c.c. — (32 +04 )x1073 -
KOKE 7T
Kq(1400)F KT (38 =14 )x1073 1170
7*(892)0 Ktr~+ c.c. seen 1343
wnl70 (34 +08 )x1073 1436
by (1235)F 7 F [ee] (30 +05 )x1073 1300
wK*KGnF lee] (3.4 +05 )x10~3 1210
by (1235)0 70 (23 +06 )x10-3 1300
nK* KYnF lee] (22 404 )x1073 1278
$K*(892)K + c.c. (218 £0.23 ) x 1073 969
wKK (16 +05 )x10—4 1268
whh(1710) —» wKK (48 +11 )x1074 878
¢2(rt77) (166 +£0.23 ) x 1073 1318
A(1232) o~ (16 +05 )x1073 1030
wn (174 £020 )x10~3  S=1.6 1394
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oKK
1 (1710) — pKK
A(1232) T A(1232)
X (1385)~ X (1385)7 (or c.c.)
¢} (1525)
o
¢m0 70
dKEKLTT
wf;(1420)
on
E;OE?O
Z(1530)" =+
pK~X(1385)°
wTm
&1 (958)
$1(980)
¢ (980) — ¢t w~
1(980) — @070
=(1530)°=0
> (1385)~ =t (or c.c.)
$1 (1285)
7771'*77’
pn
wn'(958)
wf(980)
p11'(958)
a,(1320)% 7 F
K K3(1430)+ c.c.
Kq(1270)F KF
K35(1430)° K5(1430)°
K*(892)0 K*(892)°
$1,(1270)
¢n(1405) — onmm
wf}(1525)
5 (1385)04
A(1232)tp
O(1540) ©(1540) —
KipK~= A+ cc.
O(1540)K~ 1 — Kipk—m
0(1540)Kip — KIpKTn
0O(1540)K*n — KIpK*tn
@(()1540) K%p — KYpK—m

<
<
<

AN AN NN

AN AN AN

(1.83
(36

(1.10
(1.03

(1.05

[ee] < 4.3

4.0
3.0
2.9
(23
(72
25
22
2
1
11

2.1
1.6
5.6
1.1
9

6.4

+0.24 ) x 1073
+06 )x 1074
+0.29 ) x 1073
+0.13 ) x 1073
+4  )x1074
+08 )x1074
+1.6 )x1074
+08 )x1074
+24 )x1074
+08 )x1074
+0.24 ) x 1073
+15 )x 1074
+32 )x1074
+05 )x1074
+0.7 )x 1074
+09 )x1074
+04 )x1074
+07 )x1074
+1.4 )x1074
+05 )x 1074
+05 )x1074
+1.7 )x 1074
+0.23 ) x 1074
+0.21 ) x 1074
+05 )x1074
4+0.18 ) x 1074
x 1073 CL=90%
x 1073 CL=90%
x 1073 CL=90%
x 1073 CL=90%
+07 )x1074
+1.3 )x 1074
x 1074 CL=90%
x 1074 CL=90%
x 1074 CL=90%
x 1074 CL=90%
x 1075 CL=90%

S=1.5

S=2.7

S=1.5

S=1.4
S=2.1
S=1.9

S=1.1

x 1073 CL=90%
x 1073 CL=90%
x 1073 CL=90%
x 1073 CL=90%
x 1073 CL=90%
x 106 CL=90%

Decays into stable hadrons

atr  KtK™n
00K+t K-

n¢f(980) — nort
KK

ppw

pP7'(958)

ppé

nn

nant T
rty-

>0xo0

2Ant T )KT K~
pnm—
nN(1440)

(55

+0.4
S=1.6

x 1073

+05 )x1073

4+0.28 ) x 1073

4+031 ) x 1073

+1.0 )x 1074

+1.0 )x1073

+0.23 ) x 1073

+04 )x1073

+0.21 ) %

4+0.24 ) x 1073

+15 )x 1074

+0.07 ) x 1073

4+0.08 ) x 1073

+05 ) x 1073

+0.9 )x1073

4+0.12 ) x 1073
x 1074 CL=90%

+0.15 )x 103 s=1.3

+04 )x1074

+15 )x 1072

+04 )x1073

+4  )x1073

+0.24 ) x 1073

+0.09 ) x 1073

+05 ) x 1073

4+0.09 ) x 1073

S=1.1
S=1.3
S=1.9

1179
875
938
697
871

1365

1366

1114

1062

1320
818
600
646

1446

1192

1182

608

855
1032
1487
1396
1279
1271
1281
1263
1159
1231

604
1266
1036

946
1003

1231
1106
992
988
1320
1174
978

nN(1520) seen
nN(1535) seen
==t (85 +1.6 )x107% s=15
AA (161 £0.15)x 1073  S=1.9
AZ 7t (or c.c.) lee] (83 +07 )x1074 s=1.2
pK™A (89 +1.6 )x1074
2(KtK™) (76 +£09 )x1074
pK— 20 (29 +08 )x10~4
KTK— (237 £031 ) x 1074
Kg K9 (146 £0.26 )x 104 s=27
AAn (26 +07 )x1074
NAx© < 64 x 1075 CL=90%
AnK%+ cc. (65 +1.1 )x1074
ata~ (1.47 +£0.23 ) x 1074
AT + cc. < 15 x 1074 CL=90%
K K <1 x 1076 CL=95%
Radiative decays

3y (12 +04 )x107°
4y <9 x 1076 cL=90%
5 < 15 x 1075 CL=90%
vne(1S) (17 +04 )% S=1.6

ne(1S) — 3y (12 f%{ ) x 1076
yata 270 (83 +31 )x1073
ynmw (61 +1.0 )x1073

v (1870) — ynpata~ (62 +24 )x1074
yn(1405/1475) —» yKK= [ (28 +06 )x10~3 s=16
yn(1405/1475) — ~~p° (78 420 )x1075 =18
vn(1405/1475) — ~ynmta~ (30 +05 )x1074
yn(1405/1475) — vy ¢ < 82 x 1075 CL=95%
Ypp (45 +08 )x1073
Ypw < 5.4 x10~4 CL=90%
Ypo < 88 x 1075 CL=90%
~v1'(958) (528 +£0.15 ) x 103
~yornton— (28 +£05 )x1073 S=1.9

~£(1270) £,(1270) (95 +1.7 )x1074

v £(1270) £,(1270) (non reso- (82 +1.9 )x1074

nant)

YKTK-ata~ (21 +06 )x103
v f4(2050) (27 +07 )x103
Yww (161 +£0.33 )x 1073
47(1405/1475) — ~p0 p° (17 +04 )x1073 s=13
~5(1270) (143 +£0.11 ) x 1073
yf(1710) — yKK (85 *12 )x1074 s-12
Yh(1710) — ymw (40 +1.0 )x104
Yh(1710) — yww (31 1.0 )x1074
v ( 1.1040.034) x 103
vf(1420) — yKKm (79 +13 )x1074
~1(1285) (61 +08 )x1074
vf(1510) — ynpata~ (45 x12 )x1074
5 (1525) (45 fg:z )y x 1074
vH(1640) —» yww (28 +1.8 )x10~4
vH(1910) —» yww (20 +1.4 )x1074
£ (1950) — (70 +22 )x1074

v K*(892) K*(892)
v K*(892) K*(892) (40 +13 )x1073
yoo (40 1.2 )x1074 s=21
Ypp (38 +1.0 )x1074
vn(2225) (33 +05 )x1074
yn(1760) — ~p°p° (13 +09 )x10~4
yn(1760) — yww (1.98 +0.33 ) x 1073
~vX(1835) (22 +06 )x104
y(KKn) [JPC =0~ 1] (7 +4 )x107% s=21
A0 (349 F033) <1075
ypprt T < 79 x 1074 CL=90%
YAA < 13 x10~4 CL=90%
~14(2220) > 250 x 1073L=99.9%
vf;(2220) — 7w (8 +4 )x107°
v£;(2220) - YK K (81 +30 )x1075
vf;(2220) — ~vpPp (15 408 )x107°
~fo(1500) >( 57 +08 )x1074
~ete~ (88 +1.4 )x10-3

924
914
807
1074

876
1131
819
1468
1466
672
998
872
1542
1034
1466

1548
1548
1548

114

1518
1487

1223
1223

1340
1338
1258
1400
1517

879

1407

891
1336
1223
1286

1075

1500
1220
1283

1173

1266
1166
1232

749
1048

1006
1442
1546
1107

1074
745

1183
1548
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Weak decays
D~ etrve+ cc. < 12 x 1075 CL=90% 984
DYete + cec. < 11 x 1075 CL=90% 987
D; etwe+ cc. < 36 x107% CL=90% 923
D~ nt+cc. < 75 x 1075 CL=90% 977
DYKY+ c.c. < 17 x 10~4 CL=90% 898
Dy nt+ cc. < 13 x10~4 CL=90% 915
Charge conjugation (C), Parity (P),
Lepton Family number (LF) violating modes
vy c <5 x 1076 CL=90% 1548
+uF LF < 11 x1076 CL=00% 1547
et 7T LF < 83 x1076 CL=90% 1039
pErF LF < 20 x 1076 CL=90% 1035
Other decays
invisible <7 x 1074 CL=90% -
Xxco(1P) 16(UPCy = ot (0t
Mass m = 3414.75 + 0.31 MeV
Full width ' = 10.3 £+ 0.6 MeV
Scale factor/ p
xXco(1P) DECAY MODES Fraction (F;j/F)  Confidence level (MeVjc)
Hadronic decays
2t ) (2.2740.19) % 1679
POrtr (8.9 +2.8 )x 1073 1607
f5(980) f5(980) (6.8 +2.2 ) x 1074 1398
ata— n0n0 (3.4 £0.4 )% 1680
pta= 7%+ cc. (2.9 £04 )% 1607
atr  KtK— (1.80+0.15) % 1580
K5(1430)0 K35(1430)° — (1.00+0:39) x 1073 -
troKtK—
K5(1430)0K3(1430)% + c.c. — @1 +3%)x107* -
atr KT K—
K1(1270)T K~ + c.c. — (6.4 £1.9 ) x 1073 -
troKtK—
K1(1400)T K~ + c.c. — <27 x1073  CL=90% -
atr” KtK~
f3(980) f,(980) 7 *3d ) x10-4 1398
15(980) f5(2200) (61 F31)x107* 595
fo(1370) f5(1370) <28 x107%  CL=90% 1019
fo(1370) f5(1500) <17 x107%  CL=90% 920
f,(1370) £, (1710) (68 T539 )x1074 723
fo(1500) fy(1370) <13 x 1074 CL=90% 920
fo(1500) f5(1500) <5 x107%  CL=90% 805
f0(1500)f0(1710) <7 x 1075 CL=90% 559
Kt K= 70x0 (5.7 £0.9 ) x 1073 1582
Kta= KOn0+ cc. (2.530.34) % 1581
ot K=K+ cc. (1.2340.22) % 1458
K*(892)~ Kt 70 — (47 £12 )x 1073
“K%70+ c.c.
KKt (5.8 +1.1 )x 1073 1579
Kt K~ nn® (3.1 £0.7 ) x 1073 1468
3(rta7) (1.2040.18) % 1633
KT K*(892)°7 + c.c. (7.3 +1.6 ) x 1073 1523
K*(892)0K*(892)° (1.7 £06 ) x 1073 1456
T (8.4 £0.4 )x 1073 1702
707 <18 x 104 1661
i <11 x 1073 1570
. (2.6840.28) x 103 1617
nn <24 x10~4  CL=90% 1521
'y (2.0340.22) x 1073 1413
ww (22 +£0.7 )x 1073 1517
KT K~ (6.104:0.35) x 10—3 1634
K%K (3.16+0.18) x 10~3 1633
atr Ty <20 x1074  CL=90% 1651
atr <4 x107%  CL=90% 1560
KOKta~+cc. <10 x 1074 CL=90% 1610
Kt K= 70 <6 x1075  CL=90% 1611
KTK™p <23 x1074  CL=90% 1512
K+ K= K%KS (1.4 £05 ) x 1073 1331
KTK=KTK~ (2.8140.30) x 1073 1333
KtK= ¢ (9.9 +25 )x 1074 1381

15Y0) (9.2 £1.9 ) x 1074 1370
PP (2.2840.13) x 104 1426
ppm® (5.7 £12 ) x 10~4 1379
PPN (3.7 1.1 ) x 1074 1187
ntx" pp (21 £0.7 )x 1073 S=1.4 1320
O 70pp (1.0540.28) x 10~3 1324
K% K% pp <88 x1074  CL=90% 884
pAT™ (1.1440.31) x 103 1376
AA (33 +0.4 )x 1074 1292
Mzt <40 x1073  CL=90% 1153
KTpA+ c.c. (1.0340.20) x 103 1132
y0x0 (42 £07 )x 1074 1222
(3.1 +0.7 ) x 1074 1225
(3.2 0.8 ) x 1074 1089
(4.9 +£0.7 ) x 1074 1081
Radiative decays
~vJ/¥(1S) (1.16:£0.08) % 303
0 <9 x1076  CL=90% 1619
yw <8 x107®  CL=90% 1618
vé <6 x1076  CcL=90% 1555
vy (22240.17) x 1074 1707
Xc1(1P) 16UFC) =0ttt
Mass m = 3510.66 &+ 0.07 MeV (S = 1.5)
Full width ' = 0.86 + 0.05 MeV
Scale factor/ p
Xc1(1P) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
Hadronic decays
3(rta7) (58 +£1.4 )x1073 S=1.2 1683
2(nt77) (76 +£2.6 )x1073 1728
ata—a0n0 (1.2640.17) % 1729
pta= 2%+ cc (1.53+0.26) % 1658
Pdata— (39 £35 ) x 1073 1657
Tt KTK™ (45 £1.0 )x 1073 1632
Kt K= 7070 ( 1.1840.29) x 10~3 1634
Ktn= K070+ cc. (9.0 £15 ) x1073 1632
pt K= KO+ cc. (53 £13 )x1073 1514
K*(892)0 K070 — (25 +0.7 ) x 1073 -
KT~ K070+ cc.
Kt K=yl (12 +£04 )x1073 1523
o KIKY (72 +31)x1074 1630
KTK™n (33 +£1.0 )x1074 1566
KOK*+ 7~ + cc. (7.3 +0.6 ) x 1073 1661
K*(892)°K? + c.c. (1.0 +0.4 ) x 1073 1602
K*(892)* K~ + c.c. (15 £0.7 ) x 1073 1602
K*%(1430)°KO + c.c. — <8 x10~%  CL=90%
K K+Y7~+ce
K*(1430)T K~ + c.c. — < 23 x1073  CL=90% -
KIKTn~ + cc.
KtKk—x0 (1.9140.26) x 1073 1662
natw (50 +£05 ) x1073 1701
a0(980) T 7~ + c.c. — 7wt (1.9 £0.7 ) x 1073
£ (1270)n (28 +£0.8 ) x1073 1468
ata=y (24 +£05 ) x1073 1612
KT K*(892)07~ + c.c. (32 +21)x1073 1577
K*(892)° K*(892)° (15 04 )x1073 1512
K+ K= K2 KY <5 x10~4  CL=90% 1390
KTK=KtTK~ (56 £1.2 )x10~4 1393
KTK=¢ (43 +1.6 )x1074 1440
PP (7.3 £04 )x1075 1484
pp7® (12 +05 ) x 1074 1438
PPN < 16 x10™%  CL=90% 1254
T x pp (50 £1.9 )x 1074 1381
K%Kk pp < 45 x1074  CL=90% 968
AA (1.1840.19) x 1074 1355
Mzt < 15 x1073  CL=90% 1223
K*TpA (32 +1.0 )x1074 1203
$0%0 < a x1075  CL=90% 1288
rty- < 6 x1075  CL=90% 1291
=0= < 6 x1075  CL=90% 1163
(84 £23)x107° 1155
< 21 x 1073 -
< 6 x1075  CL=90% 1683
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Radiative decays

~vJ/¥(1S) (344 £15)% 389

0 ( 2.29+0.27) x 10~4 1670

Yw (78 £1.8 ) x107° 1668

a0 < 24 x107%  CL=90% 1607
he(1P) 16(UPC) =770+ )

Mass m = 3525.42 + 0.29 MeV (S =1.7)
Full width I' < 1 MeV

hc(1P) DECAY MODES Fraction (T;/T) p (MeVjc)

J/YAS)nw not seen 312

NeY seen 503

ata— 70 not seen 1749

21t 2 70 seen 1716

37t 37 70 not seen 1661
xc2(1P) 16(JPCy = ot 2+ 1)

Mass m = 3556.20 + 0.09 MeV
Full width ' = 1.97 £ 0.11 MeV

P
Confidence level (MeVc)

Xc2(1P) DECAY MODES Fraction (I;/T)

Hadronic decays

2(xta7) (1.1140.11) % 1751
ata— 7970 ( 2.0040.26) % 1752
pta a0+ cc. (24 £04 )% 1682
Kt K~ n0x0 (22 404 )x10-3 1658
Kta= K070+ cc. (1.5040.22) % 1657
pt K=K+ cc. (45 £1.4)x1073 1540
K*(892)0 Kt m~ — (32 09 )x1073 -
Ktr= K97%+ c.c.
K*(892)0 K070 — (42 £09)x1073 -
Kt~ K970+ c.c.
K*(892) Kt 70 — (41 09 )x1073 -
Kt~ K70+ c.c.
K*(892)T K07~ — (32 £09)x1073 -
KTn= K970+ c.c.
Kt K~ nn® (1.4 +05 ) x 103 1549
ata~ Kt K~ (92 +1.1 )x1073 1656
Kt K*(892)%7~ + c.c. (23 +12)x1073 1602
K*(892)° K*(892)° (25 +05 ) x 1073 1538
3(rtaT) (86 +£1.8)x1073 1707
od (1.4840.28) x 1073 1457
ww (1.9 +06 )x1073 1597
T (2.3940.14) x 1073 1773
POrtr— (40 +£1.7 )x 103 1681
atr Ty (52 +1.4 )x1074 1724
atay (5.4 £20)x1074 1636
nn (54 +08 )x1074 1692
KT K~ (1.0940.08) x 10—3 1708
K%K (58 +05 ) x 1074 1707
KKt 7=+ cc (1.3240.20) x 1073 1685
Kt K= 70 (3.3 +08 )x10~4 1686
KTK™n < 35 x10~4 90% 1592
nn' < 6 x 1073 90% 1600
n'n < 11 x 1074 90% 1498
™ K K (2.4 +£06 ) x1073 1655
K+ K~ K% K < 4 x 1074 90% 1418
KTK=KTK~ (1.78+0.22) x 1073 1421
KtTK= ¢ (1.5540.32) x 10—3 1468
K%K%pp < 79 x 10—4 90% 1007
pp (7.2 £0.4 )x1075 1510
ppr? (47 £1.0 )x10~4 1465
PPN (20 £0.8 )x1074 1285
atr pp (1.32+40.34) x 1073 1410
07%pp (85 +2.6 ) x10~4 1414
pAT™ (1.1 404 )x1073 1463
AA (1.86+0.27) x 10~4 1385
Azt r— < 35 x 1073 90% 1255
KTPA + cc. (9.1 +1.8 )x1074 1236
5050 < 8 x 1075 90% 1319
rty- <7 x 1075 0% 1322

< 11 x 104 90% 1197
=—=+ ( 1.5540.35) x 10—4 1189
J/p(1S)nt 7= 70 < 15 % 90% 185

Radiative decays
~vJ/(1S) (19.5 £0.8 )% 430
70 <5 x 1075 90% 1694
Yw <6 x 1076 90% 1692
vo < 12 x 1075 90% 1632
vy ( 2.5640.16) x 104 1778
1¢(25) 6P =0t =)

Quantum numbers are quark model predictions.

Mass m = 3637 £ 4 MeV (S =1.7)
Full width ' = 14 + 7 MeV

nc(25) DECAY MODES

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

hadrons

KK

ot on~

37t 3n~
KtK-atn™
KTK ata 70
Kt K= 2nt2n~
KYK=27ntn + cc.
2KtT2K~

PP

vy

7r+‘n'_7/
ata
KtK™n

7t 17 ne(1S)

not seen -
(1.9+1.2) % 1729
not seen 1792
not seen 1749
not seen 1700
not seen 1667
not seen 1627
not seen 1666
not seen 1470
not seen 1558
<5 x 104 90% 1819
not seen 1766
not seen 1680
not seen 1637
not seen 541

$(25)

16UPCY =0—1— )

Mass m = 3686.09 & 0.04 MeV (S = 1.6)
Full width ' = 304 + 9 keV
Fee = 2.35 + 0.04 keV

Scale factor/ P
¥(2S) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
hadrons (97.85+0.13) % -

virtualy — hadrons (1.73+£0.14) % S=15 -

888 (10.6 £1.6 )% -

vgg (1.024+0.29) % -

light hadrons (15.4 £15 )% -
ete” ( 7.7240.17) x 1073 1843
whp (7.7 £0.8 ) x 1073 1840
Tt (30 £0.4 )x1073 490

Decays into J/1(1S) and anything
J/¥(1S)anything (595 £0.8 )% -
J/¥(1S) neutrals (245 £0.4 )% -
J/(LS) 7~ (336 £0.4 )% 477
1/¢(18) 0 =0 (17.73+0.34) % 481
J/¥(1S)n (3.28:£0.07) % 199
J/9(18) 70 ( 1.3040.10) x 103 S=1.4 528
Hadronic decays

70 he(1P) seen 85
3(rtr)a0 (35 +16 ) x1073 1746
2(rt )0 (2.9 +1.0 )x1073 S=46 1799

par(1320) (26 09 )x1074 1500
PP ( 2.7640.12) x 104 1586
AT A (1.2840.35) x 1074 1371
AAR0 < 12 x10~4  CL=90% 1412
AAn < 49 x1075  CL=90% 1197
APKT ( 1.004+0.14) x 10—4 1327
ApKTnta— (1.8 04 )x1074 1167
NMat (28 +06 )x1074 1346
AA (2.8 £05 ) x10~4 S=2.6 1467
Ity- (26 £08 )x1074 1408
>0¥0 (22 +04 )x10~4 S=15 1405
X (1385)+ X (1385)~ (1.1 +0.4 ) x 1074 1218
==t (1.8 +0.6 ) x 1074 s=2.8 1284
z0=0 (2.8 £0.9 ) x10~4 1291
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Z(1530)°=(1530)° < 81 x1075 CL=90% 1025 Radiative decays
-0t < 73 x107%  CL=90% 774 Yxco(LP) (9.62£0.31) % 261
0 pp (1.33+0.17) x 1074 1543 vXxc1(1P) (92 £04)% 171
npp (60 +1.2 )x 1075 1373 Yxc2(1P) (8.74+0.35) % 128
wpp (69 £21)x1075 1247 O he = vne(18) 70 (42 £05 ) x 1074 -
épp < 24 x1075  CL=90% 1109 ¥ne(1S) (34 405 )x1073 S=1.3 638
at " pp (6.0 £0.4 ) x 1074 1491 v1c(25) < 8 x107%  CL=90% 48
pATTor C.C. ( 2.484+0.17) x 10~4 - y <5 x1076  CL=90% 1841
par— 0 (32 +07 )x1074 1492 1’ (958) (1.21+0.08) x 1074 1719
2t a0) (48 £15)x1073 1776 v £(1270) (21 £04 )x1074 1622
natw < 16 x1074  CL=90% 1791 yf(1710) — ymm (30 £1.3 ) x 1075
pat o= 70 (95 +1.7 ) x1074 1778 yf(1710) — yKK (6.0 £1.6 )x 1075 -
2(nt 7Yy (12 £06)x1073 1758 vy < 14 x10~4  CL=90% 1843
nrta (45 £21)x1074 1692 n < 2 x1076  CL=90% 1802
wrtn (73 +1.2 )x1074 S=2.1 1748 ’YT/7T+ T (87 £21)x1074 1791
bliw¥ (40 £06 )x1074 S=1.1 1635 yn(1405) — vKKm <9 x1075  CL=90% 1569
b9 70 (24 06 )x1074 - yn(1405) — nata~ (36 £25)x1075 -
w f(1270) (22 +04 )x 1074 1515 771(1475) — KK < 14 x1074 CL=90% -
- Kt K- (75 +0.9 )x10~4 S=19 1726 777(1475) — gt < 88 x1075  CL=90% -
PPKTK™ (22 +04 )x1074 1616 y2(rt ) (40 +0.6 )x1074 1817
K*(892)° K3(1430)° (1.9 £05)x1074 1418 wK*°5+7r_+ c.c. (37 £09 ) x 1074 1674
KtK-—nta=n (13 £0.7 )x 1073 1574 yK* 0K (24 £07)x1074 1613
Kt K= 2(xt 7~ )n0 ( 1.00£0.31) x 1073 1611 YKIKT 7™+ cc (26 +£05)x1074 1753
KT K=2(rtn) (1.9 £0.9 ) x 1073 1654 YKTK=ntn™ (1.9 £05 ) x10~4 1726
Kq(1270)F KF ( 1.0040.28) x 10~3 1581 PP (29 £06)x1075 1586
KKt (22 +0.4 )x10~4 1724 yrt T pp (28 £1.4 ) x107° 1491
L pp (50 +22)x10°5 1251 y2(rtrT KT K™ < 22 x1074  CL=90% 1654
K+t K*(892)%7~ + c.c. (6.7 +£2.5)x1074 1674 y3(rt7) < 17 x107%  CL=90% 1774
2(rta7) (24 +06)x1074 S=2.2 1817 YKT K™ KT K™ < 4 x1075  CL=90% 1499
POrta (22 +06 ) x10~4 S=1.4 1750
KtK—atnx0 (1.26+0.09) x 10~3 1694 o
wfR(1710) — wKT K~ (5.9 +£2.2 ) x107° - $(3770) 16UPG =07 7)
* 0 0 -
ﬁ*(ggz)f mha + o (86 £22)x1074 - Mass m = 3772.92 + 0.35 MeV (S = 1.1)
(892)T K~ 7t 7~ + cc (9.6 £2.8 )x10 - )
K*(892)F K~ 9 + coc. (73 126 )x10-4 - Full width T = 27.3 + 1.0 MeV
K*(892° K- p* + cc. (61 £18)x10-4 _ lee = 0.265 + 0.018 keV (S = 1.3)
nKt K~ < 13 x10™4  CL=90% 1664 In addition to the dominant decay mode to DD, (3770) was found
wKT K~ ( 1.85+0.25) x 10~4 S=1.1 1614 to decay into the final states containing the J/v (BAI 05, ADAM 06).
3(7T+7r’) (35 £2.0)x 10—4 S=28 1774 ADAMS 06 and HUANG_ 0_6A sear.che_d_ for vgrious decay modes with light
pﬁﬂ_Jrﬂ_, 0 (7.3 £07 ) x 104 1435 ?/i(ggr:\;;r:]de;’ound a statistically significant signal for the decay to ¢n only
KT K~ (6.3 £0.7 ) x1075 1776 ’
K%KY (54 £05)x 1075 1775 ) Scale factor/  p
£ =0 _4 B (3770) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
At ( 1.68+0.26) x 10 s=1.4 1830
p(2150)7 — 7ta~ a0 (19 t12)x10-4 - DD @ 8 % §=2.0 285
p(770)7 — 7t 7~ 70 (3.2 £1.2 ) x10°5 s—1.8 - D°DP (52 £5 )% s=20 285
ata~ (8 +5 )x1075 1838 Dt D~ (41 +4 )% $=2.0 252
K1(1400)* < 31 x10~4  CL=90% 1532 Jjprta— (1.93+0.28) x 1073 560
K+ K0 < 296 x10-5  CL=90% 1754 J/pr0a0 (80 +3.0 ) x10~% 564
K+ K*(892)~ + c.c. (17 £38 ) x10-5 1698 j?mo <( 28 +4 ):gij . 22:
K*S?gz_)OR0+ c.C. (1.0940.20) x 10:;1 1697 Xeo (73 409 ) x 10-3 341
ot (11.174+£0.29) x 10 S=1.7 1690 YXe1 (29 +£0.6 ) x 1073 253
¢ (980) — wt (68 +£2.4)x1075 s=1.1 - YXeo < 9 «10-4  CL—90% 210
2(KTK™) (6.0 £1.4)x1075 1499 ete (9.7 £0.7 ) x 106 S=12 1886
KT K™ (7.0 £16)x107° 1546 K2K9 < 12 %1075  CL=90% 1820
2K+ K™)m? ((1.10£0.28) x 10~ 1440 2(nt rLr*) < 112 x1073  CL=90% 1861
o (28 F13)x1075 1654 2(nt Ym0 < 1.06 x1073  CL=90% 1843
o (3.1 £16 ) x 10-5 1555 2(rt = a0) < 585 % CL=90% 1821
, 125 5 wrt e < 60 x107%  CL=90% 1794
wi (32 2571 ) %10 1623 3(nt ) < 91 x 1073 1819
wn® (21 £06)x1075 1757 3(rt =) m0 < 137 % 1792
o1’ (1.9 ﬂ:; ) x 1075 1625 3(rta)2x0 < 11.74 % CL=90% 1759
on (22 £06 ) x 105 s=11 1717 nf”_r 0 < 1 * 1072 CL:gO:/“ 1836
wn < 11 %1075  CL=90% 1715 oo o < 89 X107 CL:gOf‘ 1862
) - <106 CL90% 1699 POt < 69 ><1073 CngooA, 1796
Dot m 0 - 10 <103 CL_oo% C n3m L < 134 :<10 CL=90% 1824
pPKT K™ (2.7 £0.7 ) x10~5 1118 ",2(” ™) < 243 v L .o
/\n/K°5+ c.c. (81 +£1.8)x1075 1324 T;’(i}qﬁr - i 2‘34 :g% Et;:g‘z 1;‘;2
¢F5(1525) (44 £16)x107° 1321 Y o < 41 x10~%  CL=90% 1737
6(1540)@(1540) — KipK~—n+ < 88 x1076  CL=90% - K+ K270 < 42 ©10-3  CL—90% 1774
(1540) -h— K%pK—_ < 10 x1075  CL=90% - g not seen 4 1746
0(1540)K%p — KIpK*n < 70 x1076  CL=90% - ¢"+ _ (31 £07 ):10 oo 103
B(1540)K*T n — K0 pK*n < 26 x107%  CL=90% - M) 0 < e % CL=90% 1757
0 : s - ~ ArtaT)n < 3.6 % CL=90% 1720
O(1540)KEp — KIpK™T < 60 x 10 CL=90% $1(980) < 45 x10~4  CL=90% 1600
KS K < 46 x 1076 1775 KtK=ztn= 70 < 236 x1073  CL=90% 1741
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K+ K= p070
KtK—ptn— < 8 —4
f L < 146 o CL=00% 1624
wKTK : % CL=90% 1622 1(4040) [iiii]
¢7T+7T7770 < 34 x 1074 CL=90% IG(JPC) —0 (1L —
KOK=at 7%+ cc < 38 x 1073 CL7900/0 . o
Kot K= e .C. < 162 . =90% 1722 Mass m = 4039 + 1
+ K-rta~+cc v CL=90% 1693 Full wid MY
K+ K=atr=2n0 < 3.2 % CL=90% 1692 r gt 1 = 80 % 10 MeV
Kt K~ 2(7T+7T7) < 2,67 % CL=90% 1708 ee = 0.86 £ 0.07 keV
Kt K= 2(xt 7 )0 < 103 % CL—o0% 1
nKT K- < 3.60 % oo 702 (4040) DECAY MODES Fract h
= racti . .
pO K+ K- < 4.1 < 10—4 CL:900/: 1660 6*_6’ fon (I';/T) Confidence level (MeV/c)
2K+ K™) < 50 x1073  CL=90% 1211 bb (1.070.16) x 105 ;
SKT K™ < 60 x107%  CL=90% 1565 poDo seen o
— 0
2(KTK™)x® <75 x1074  CL=90% 1 o DrD™ o ”
—90% al
2(5+ KT)rto™ < 29 x1074  CL=90% 1?;2; D*D+ cc. seen ;Zi
S P «10-3  CL=90% 1425 D*(2007)°D° + c.c. een 569
— . — * _ S
KsK a0 %103  CL—90% 1799 *[)_(2010)+ D+ cc. een i
K% K7p+ < 1.33 % CL—90% s D* D* seen o1
8 _
KS K27+~ < 66 <10-3  CLo0% 1664 D*(2007)° D*(2007)° oL seen 193
KO K= 7t 0 < 87 ©10-3  CL—909 D*(2010)* D*(2010)~ seen
g p - L=90% 1739 J/w,ﬁ— - not seen 225
K05 K= 7ty - 1'6 % CL=90% 1621 J/L/,ﬂo;ro <4 x 1073 193
— < 0,
K05 K= 2rt 7= 70 B 4'? % CL=90% 1669 J/m <2 x1073 :g;’ .
K05 K=2rtn < 4l88 % CL=90% 1703 J/¢70 <7 x 1073 90,,/0 o1
_ . . ‘
KK nt2(ntam) % CL=90% 1570 J/prt a0 <2 x1073 900/0 o
KO K= 7t 270 < L2 % CL=90Y N <2 -3 o 83
g Fs L=90% 1658 Xc17 %10 90%
KS K-KtK—nt < 265 % CL=90% X2 <11 % ° 746
KO k- K+ g < 49 3 =90% 1741 T <17 . 90% 494
3K K+ K=+ 70 : x 10 CL=90% 1490 xamtw ' % 90% 454
KSK™KtK™nty <30 % CL=90% 1427 XC2+7T+ ik B % 90% 306
%0 < 20 ‘ - <32
K* €< T+ cc B % CL=90% 1214 or T <3 " o3 0% - 233
ppm 7 x10~3  CL=90% 172 x 10 90% 1880
Pﬁﬂjﬂ'* < 12 x 1073 159;
a7 < 58 C10-4  Cl—oo% 1544 1(4160) L] 1G(PCy = g1~ —
pprt a0 < 12 <104 ClL_so% 1521 =07(177)
wpP, DD, 103 Ccl=o0% 1490 Mass m = 4153 & 3 MeV
,AAZ < iz x10~4  CL=90% 1309 Full width " = 103 = & MeVv
pp2Am i) B x10-3  CL=90% 1468 lee = 0.83 & 0.07 keV
p_PP < 54 x1074  CL=90% 1430 ¥(4160) DECAY MODES Fracti p
Pp£<+ K- < 17 «10-3  CL=90% 1313 et e ion (I';/T) Confidence level (MeV/c)
opp < 32 «10~4  CL=90% 1185 DD (8.1+0.9) x 10-6
/\477‘*’ T < 13 x10~4  CL=90% 1178 pODO not seen 2076
/\BK+ < 25 %x10—4  cL=90% 1404 Dt D~ not seen 213
APKt o~ < 28 %x10~4  CL=90% D*D+ c.c not seen 913
a0 < 63 4 o 1387 R 904
T x1074  CL=90% D*(2007)°D° not seen
pr not seen ° 1234 D*(2 + +oc not seen 746
o not seen 1874 D*E*( 010)* D~ + c.c. not seen 751
1804
on not seen _ 740
wn not seen 1803 D:(2007)0 D*(2007)° :::n 520
P not seen 1763 ) D (30{0)+ D*(2010)~ Seen 533
wn' not seen 1762 /1/)7r0 7% <3 ! 520
hn'! not s 1674 Jjr x1073 90%
o1 een JJpKT K- <3 «10-3 888
KO0 not seen 1672 I/ <2 -3 90% 891
K*+ K~ not seen 1606 J/ o <8 ) 1073 90% 324
b1 ™ not seen 1744 v Trl %10 90% 786
1 J/vn <1 x 1073
not seen 745 Jypet <5 90% 914
- 1663 [t 0 x 1073 0% 35
77r0 Radiative decays P(2S) atn~ <1 x 1073 90% 847
~ <4 -3
v z i ; X 10—3 CL—90% 1884 zc; A; P i 12_3 90% 353
/YTI . 10— _ .C. 0,
S e i 12_4 CL=90% 1847 xamta a0 <13 % zg; 593
CL=90% 1765 Xeam 7w <2 < 10-3 900/0 554
S <8 3 o 452
X(3812) 16(JPC) = 0?(27+ o 2 e 0%
=0°(?") 90% 1941
Quantum numbers not established. X(4260)
M - |G(JPCYy = 2?21 — —
mass m = 3871.56 + 0.22 MeV O =201"")
X(3872) — Myjyp = 775 £ 4 MeV Mass m = 426318
mx(3872) — M, Full wi 26375 MeV (S =1.1)
} (25) ull width ' =95 + 1
Full width I' < 2.3 MeV, CL = 90% 4 Mev
e TR X(4260) DECAY M
Ol
X(3872) DECAY MODES ) r oEs Fraction (I';/T)
FR— Fraction (I';/T) J/prt T p (MeVfc)
at ™ J/Y(1S) p (Mevc) J/pr0 0 seen
pODO 0 >2.6 % I /KJ:rK7 Lijif] seen 976
D0 po >32x 1073 i";’g Trm Liiif] seen 78
I/ >5 % 10*2 : Jjpm® Lijif not seen 530
10(25) on e Jfont i sen oo
: 99
i S w0 i ot seen oo
J/dnn Ui not. seen
jiij] not seen 939
339

U(25) 7'r+ P
Ljjij] not seen
470
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Y(2S)n Lifif] not seen 167 Radiative decays
Xcow Liiif] not seen 292 yrto~ (63 +1.8)x107° 4728
Xe1Y Lijif] not seen 686 ya0 70 (1.7 £0.7 ) x 1075 4728
X2 Lifif] not seen 648 yr0n < 24 % 10~6 90% 4713
Xt al Liiif] not seen 571 YKY K™ [kkkk] ( 1.14%0.13) x 10~ 4704
Xc2 ata 0 [iiij] not seen 524 YPP [ < 6 x 1076 90% 4636
pmta~ Lijif] not seen 1999 y2ht2h~ (7.0 £1.5 ) x10~% 4720
¢£(980) — ¢mta~ not seen - ~3ht3h~ (54 £2.0)x1074 4703
D not seen 1032 y4htah~ (7.4 +35 ) x1074 4679
DO D*~ 7t not seen 716 yrtrT KT K™ (29 0.9 )x1074 4686
D*D not seen 887 yorton~ (25 +0.9 ) x 1074 4720
D*D* not seen 708 37t 3n~ (25 +1.2)x1074 4703
D*Dr not seen 723 y2rtor T KT K™ (24 +1.2 )x1074 4658
D*D*r not seen 474 yatn~pp (1.5 +0.6 ) x 1074 4604
D;r D¢ not seen 817 y2rtor— pp (4 +6 )x107° 4563
Dt Dy not seen 615 V2KT2K™ (20 £2.0 )x10~5 4601
Dt D not seen 284 1 (958) < 19 x 1076 90% 4682
PP not seen 1914 N < 1.0 x 1076 20% 4714
KoS KE o F not seen 2054 ~1(980) < 3 x 1075 90% 4679
K+ K70 not seen 2055 ’Yflz(1525) (37 t{% ) x 1075 4607
~£(1270) ( 1.0140.09) x 104 4644
y7(1405 < 82 x 1073 90% 4625
¢(4415) L] ’G(JPC) =07(177) 1)‘2((1500)) < 15 x 1073 90% 4610
~ (1710 < 26 x 1074 90% 4574
Mass m = 4421 + 4 MeV g/(fo(N?LO) — yKtK~ <7 x 106 90% -
Full width T = 62 + 20 MeV yfo(1710) — 7970 < 14 x 1076 90% -
lee = 0.58 & 0.07 keV 7 (1710) — 1y < 18 x 106 90% -
p ~14(2050) < 53 x 1075 90% 4515
1(4415) DECAY MODES Fraction (I';/T) Confidence level (MeV/c) 7 (2200) — YKt K~ < 2 w«10—4 90% 4475
hadrons dominant - v£)(2220) — KT K™ <8 x 1077 90% 4469
DD not seen 1187 7£(2220) — ~ymt 7™ < 6 x10~7 90% -
pODo not seen 1187 vf(2220) — vpP < 11 x 1076 90% -
Dt D~ not seen 1179 y1(2225) — v <3 x 1073 90% 4469
D*D+ c.c. not seen 1063 X _ [mmmm] <3 x 1075 90% -
D*(2007)°D° + c.c. not seen 1067 yXX [nnnn] < 1 x 1073 90% -
D*(2010)* D~ + c.c. not seen 1059 yX — v+ =4 prongs [0000] < 1.78 x 1074 95% -
D* D* not seen 919 ’Ya(l) — yptpu [pppp] < 9 x 1076 90% -
D*(2007)° D*(2007)° + c.c. not seen 927 va) — gt [kkkk] < 5.0 x 105 90% -
* * -
b éQO}O)i D*(2010)7 + c.c. ot seen . ) 913 Lepton Flavor (LF) violating or Invisible decays
(D_D m )nonfres < 23 % 90% + F —6 % 63
DD}(2460) — DD~ ™ (10 +4 )% - H 'T'bl LF < 60 x 1074 950" 5
DO D*= ot <1 % 0% 926 invisible < 3.0 x 10 90% -
ete~ (9.443.2) x 1076 2210
Xso(1P) 19774 16UPG = ot t )
J needs confirmation.

bB MESONS Mass m = 9859.44 + 0.42 + 0.31 MeV

p
G/ PC o Xpo(1P) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
T(15) Py =007 7) v T(1S) < 6 % 90% 391
0 _
Mass m = 9460.30 £ 0.26 MeV (S = 3.3) DX, <4 %o 90%
Full width I = 54.02 £ 1.25 keV/ kKK < e xao 0% 487
=T : 2t T K~ KY <5 x 105 90% 4875
lee = 1.340 + 0.018 keV/ 20+ 7 K- K3 270 - s 104 o0% 4846
p +59.—9:0 —4
T(1S) DECAY MODES Fraction (T;/T)  Confidence level (MeVc) ;ﬂ 57‘—, fgl P <( iiio 0 * 13_4 0% :Z:i’
vig vy . . X
Tt ( 2.60+0.10) % 4384 oxtor— Kt K= 70 < 27 x 104 90% 4846
ete ( 2.4840.07) % 4730 2at 2~ Kt K= 20 <5 x10~4 90% 4828
e ( 2.4840.05) % 4729 3rton” K= Kx0 < 16 x 1074 90% 4827
3 -5
o
T 3T 2T < X 10~ (4
81.7 £0.7 )9 -
fgg ( )OA’ _ 3rt3r KTK— (24+1.2) x 1074 4827
88 (2:212£022) % 3rt3n~ Kt K= 70 < 10 x 1073 90% 4808
7/(958) anything ( 2.94+0.24) % - P N 10-5 90,,/" 880
J/(1S) anything (65 407 )x1074 4223 47T+47r72 0 < ,1 x 10-3 900/“ :850
Xco anything <5 x 1073 90% - ToAmen < 2 * ’
Xe1 anything (23 407 )x1074 -
. —4 _
¥53) vt (27 200 x10- S P I6UPC) = 01+ 4)
Y anything ( S 9)x Lot 0% acor J needs confirmation.
pm < x b
. <5 « 104 90% 4728 Mass m = 9892.78 + 0.26 + 0.31 MeV
KT K~ <5 x 1074 90% 4704
pp <5 x 1074 90% 4636
wOrta— < 184 %1075 90% 4725
D*(2010)* anything ( 2.5240.20) % -

d anything ( 2.8640.28) x 1075 -
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Lepton Flavor (LF) violating decays

Xp1(1P) DECAY MODES Fraction (I;/T) Confidence level (Mepv/c) /ﬁ: s LF < 1.44 x 1075 CL=95% 4854
vy g”(lS) (35 +8 )% 423
D" X 12.64+2.2) % -
ata" KT K=l E 2.010.6; x 1074 4892 Xbo(2P) 197 16(JPC) :.O+(0. N
ot K= K% (1.340.5) x 104 14892 J needs confirmation.
2rt = K= K2 2r0 < 6 x 10~4 90% 4863 Mass m = 10.2325 =+ 0.0004 + 0.0005 GeV
27t 27— 270 (8.0+25)x 1074 4921 P
2rtor— Kt K— (15+0.5) x 10~4 4878 Xpo(2P) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
27t 27~ Kt K= a0 (35+1.2)x 1074 4863 4 T(25) (4.6+2.1) % 207
27t 2~ Kt K= 2x0 (8.6+32)x 104 4845 5 T(1S) (© +6 )x10-3 743
3rt2r™ K~ Kx0 (9.3+33)x 104 4844 DO X <82 % 90% -
37t 3n~ (1.9+06) x 1074 4921 at e KT K0 <34 x 105 90% 5064
37t 37~ 270 (1.7+05) x 103 4898 2t T K~ KY <5 x 105 90% 5063
3rt3nm KT K™ (26+0.8) x 1074 4844 ot r” K~ K% 2n0 <22 x10~4 90% 5036
37‘—1 3~ Kt K= 70 ( 7.5+2.6) x 10*1 4825 2t o= 270 <24 < 10—4 0% 5092
4w+ ar~ ) ( 2.620.9) x 10~ 4897 ot o= Kt K- <15 «10—4 0% 5050
4rtar—2n (1.4+0.6) x 10~3 4867 ontor— K+ K— 0 <22 < 10—4 0% 5035
ortor— Kt K; 281'0 <11 x 1073 90% 5019
+ — - —4 o,
i) 56 -0 o Co
J needs confirmation. 3rt3r 270 <12 x1073 90% 5070
Mass m = 9912.21 4 0.26 4+ 0.31 MeV 3rt3r KtK— <15 x 1074 90% 5017
p 3rt3n~ Kt K= 70 <7 x10~4 90% 4999
Xp2(1P) DECAY MODES Fraction (;/T) Confidence level (MeV/c) Ant a4~ <17 x 10—4 90% 5069
4 T(1S) 22 <4 )% i 4t ar—2x0 <6 x 10~4 90% 5039
DO X . < 79 % 90% -
atr  KtK—r 8 +5 )x107° 4902
2rtr K=K <( 1.0 ) x 10—4 90% 4901 Xp1(2P) 19949 16(JPC) :_0+(1_ 1)
2nt 1~ K~ K270 (53+2.4)x 10~% 4873 J needs confirmation.
2xtor— 270 (35+1.4)x 104 4931 Mass m = 10.25546 + 0.00022 + 0.00050 GeV
2nt2r” KT K= (1.1+0.4) x 1074 4888 My, (2P) = My,o(2P) = 23.5 £ 1.0 MeV
2t 2~ Kt K= 70 (2.1+0.9) x 104 4872 0
27t on= KT K~ 2n0 (13.941.8) x 10~4 4855 xp1(2P) DECAY MODES Fraction (I';/T) Scale factor (MeVjc)
3t 27~ K~ K x0 <5 x 1074 90% 4854
3t 3~ ( 7.0+3.1) x 1075 4931 w T(15) (1631030 % 135
3rt 37~ 270 ( 1.0+0.4) x 1073 4908 v T(25) (@1 +4 )% 15 230
3rt3n Kt K~ < 8 x 1075 90% 4854 5 T(1S) (85 +13)% 13 764
3rt3r~ KT K0 (3.6+1.5) x 1074 4835 7 xp1 (1P) (8.6 +3.1)x1073 238
Axtan— (8 +4 )x1075 4907 DO X (88 +£1.7)% _
4ntar— 270 (1.8+£0.7) x 10-3 4877 ata- KT K= 70 (31 +1.0 ) x 1074 5075
2rt 7~ K~ KY (1.1 +05 ) x 1074 5075
PCy ey — 2rt 7~ K~ K% 2x0 (7.7 £32 ) x 1074 5047
T(25) 18P =017 2at2on— 270 (5.9 +£2.0 ) x 1074 5104
Mass m = 10.02326 + 0.00031 GeV 2mtomm KT K- (10 £4 )x107° 5062
) 2at o~ Kt K= 70 (55 +1.8 ) x 1074 5047
Full width ' = 31.98 + 2.63 keV ot o= K+ K= 270 4
ator T (10 +4 )x10 5030
Fee = 0.612 4 0.011 keV 3rtor” K~ Kx0 (6.7 26 )x1074 5029
) Scale factor/  p 3t 3n (12 +0.4 ) x10~4 5103
T(2S) DECAY MODES Fraction (I;/T) Confidence level (MeV/c) 3t 30— 270 (12 404 )x10-3 5081
T(AS) 7t~ (18.1 + 0.4 )% 475 3rt3n KT K~ (20 +08 )x 1074 5029
T(1S)n%=° (86 + 04)% 480 3at3n Kt K70 (61 £22)x1074 5011
Tt (2.00+ 0.21) % 4686 4ntan— (1.7 £0.6 )x 1074 5080
whp~ (1.93+ 017) % S=22 5011 4nt ar— 270 (1.9 £0.7 )x 1073 5051
ete~ (1.91+ 0.16) % 5012
T(15)7° < 18 x 1074 CL=90% 531 G PC
T(1S)n (21 + 38 )x104 126 Xp2(2P) [9994] I17(J7%) :.0+(2.+ *)
: J needs confirmation.
J/(1S) anything < 6 x1073 CL=90% 4533
7 anything (34 % 06 ) x10-5 ; Mass m = 10.26865 = 0.00022 + 0.00050 GeV
hadrons (94 +11 )% - My,(2P) = My, (2p) = 13.5 £ 0.6 MeV
g888 (588 £ 1.2 )% - p
Y88 (1.87+ 0.28) % - Xp2(2P) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
Radiative decays w T(1S) (1101338 % 194
7xp1(1P) (69 4 04)% 130 7 T(2S) (162 124 ) % 242
7xp2(1P) (7154 0.35) % 110 4 T(1S) (7.1 £1.0 )% 777
V?bO(l‘D) (38 +£04)% 4 162 7 xp2(1P) (6.0 £21 )x1073 229
~1y(1710) < 59 % 10 CL=90% 4864 DO X < 24 % 90% _
f!(1525) < 53 x10=4 CL=90% 489 _ _ 0 i o ,
2 atr KT K=« < 11 x 10~4 90% 5082
7 £,(1270) < 241 x10~4 CL=90% 4931 ot K— Kg < 9 <105 0% 5082
715(15) (39 & 15)x 1072 612 2rt 1~ K~ K% 270 <7 x10~4 90% 5054
vX — v+ > 4 prongs [rrrr] < 1.95 x 10 CL=95% - 2t 27— 270 (39 416 )x10~4 5110

ort 2~ KT K™ (9 +4 )x1075 5068
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2t 2r~ Kt K= 70 (24 +11)x10~4 5054 G/ PCy _ p—yq — —

2rt 2n~ Kt K= 2x0 (47 23 )x 104 5037 T'(10860) PP =070 7)
— — 1,0 0 _

3“12”7 K™ Kgm <4 x107 9% 5036 Mass m = 10.865 + 0.008 GeV (S = 1.1)

§W+§”72 o E P ;X 1g72 o Full width T = 110 + 13 MeV

Tt 3nT 27 . 4 ) x 10~ 5 _ _

3rt3r KT K™ (1.4 £0.7 ) x10~4 5036 Fee =031+ 007 keV (S=13)

+ 30— K+ K= 70 —4 p
ijﬁ ig, KTKom E ;'2 37 ; i 13,5 zg; T(10860) DECAY MODES Fraction (';/T)  Confidence level (MeV/c)
4rt 4270 (13 +£05)x103 5058 ete” ( 28 +07)x10°° 5432

BBX (59 =+14 )% -

G/ PC BB < 138 % 90% 1280

T(3S) 15(J7~)=0"(1""7) BB* + cc. (14 +6 )% -
B*B* (44 £11 )% -

Mass m = 10.3552  0.0005 GeV BE™ x < 197 o 0% _

Full width T = 20.32 + 1.85 keV BBrn < 89 % s%  aa2

Fee = 0.443 + 0.008 keV g EM (193 + 29 )% _

Scale factor/ p BSESS (5 £5 )x 103 -

T(3S) DECAY MODES Fraction (I;/T) Confidence level (MeV/c) BSE; + cc ( 14+ 06)% _
T(2S)anything (10.6 +£0.8 ) % 296 B:B} (174 £ 27)% -

T2S) 7t~ (2.45+0.23) % S=1.1 177 TAS) 7t~ ( 53+ 06)x103 1288

7(28) 7070 (1.85+0.14) % 190 TES)r ™ (78 +13)x1073 763

T(2S)vy (5.0 £07 )% 327 T 4o + 1.9 _3

4, : 1 a1
T(2S) 70 < 51 x1074  CL=90% 298 (35)7r+ﬂ _ (48 217 )x10 . ¢
TAS) 7t 7 ( 4.40+0.10) % 813 T(AS)KTK (61 + 1.8)x10" 933
T(15) 7070 (22040.13) % 816 Inclusive Decays.
T(1S)n < 18 x104  CL=90% 677
71(15)71.0 < 7 «10~%  CL=90% 846 These decay modes are submodes of one or more of the decay modes
o ( 22940.30) % 4863 above.
whu~ ( 2.1840.21) % S=21 5177 ¢ anything (1387 2% )% -
ete” seen 5178 DO anything + c.c. (108 +8 )% -
888 (357 £26 )% - Ds anything + c.c. (46 +6 )% -
V88 (97 +18)x1073 - J /4 anything (2064 0.21) % -

Radiative decays

vxp2(2P) (131 £1.6 )% 5=3.4 86 7(1102 1G(PCY = 0—(1— —
v xp1(2P) (126 £12 )% S=2.4 99 ( 0 0) ( ) ( )
7Xb0(2P) (59 £06)% S=14 122 Mass m = 11.019 £ 0.008 GeV
Yxb2(1P) < 19 % CL=90% 434 Full width I = 79 + 16 MeV
yxp1(1P) < 17 x1073  CL=90% 452 o = 0.130 4 0.030 keV/
vxpo(1P) (3.0 £1.1 ) x 1073 484 e ’
Ynp(2S) < 62 x 1074 CL=90% - ) )
+p(LS) (5.1 +07 ) x10-4 019 7T(11020) DECAY MODES Fraction (I;/T) p (MeVc)
¥X — v+ > 4 prongs [ssss] < 2.2 x10~4  CL=95% - ete” (1.6+05) x 1076 5510
ya) — yrtrT [tttt] < 1.6 x1074  CL=90% -

NOTE
Lepton Flavor (LF) violating decays OTES
ErF LF 2.03 1075 CL=95% 5025
reT < " ° In this Summary Table:
T(4$) When a quantity has “(S = ...)” to its right, the error on the quantity has

IG(JPC) =0"(177) 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 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.

or T(10580)

Mass m = 10.5794 + 0.0012 GeV
Full width T = 20.5 £+ 2.5 MeV

lee = 0.272 £ 0.029 keV (S = 1.5)
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

p
T(4S) DECAY MODES Confidence level (MeV/c)

BB > 96 % 95% 328

Fraction (I';/T)

products can have in this frame.

Bt B~ (51.6 +£0.6 )% 334
DY anything + c.c. 17.8 £26 ) % -
BOESO ything 548 4 t06 ;‘; 8 [a] See the “Note on 7+ — ¢+~ and K+ — ¢+~ Form Factors” in the
J/KS (U, ne) K - 4' ’ ><°10—7 0% 7% Particle Listings for definitions and details.
' v (] -
non-BB s s < 4 % 5% _ [b] Measurements of (e ) /T (1F 1,) always include decays with 4’s, and
ete ( 1.570.08) x 10~5 5290 measurements of I'(e™ v y) and I' (1" v, 7) never include low-energy ~'s.
ptp~ < 5.7 « 106 90% 5233 Therefore, since no clean separation is possible, we consider the modes
J/1(1S) anything < 19 «10—4 95% _ with ’y:f to be subreactions of the modes without them, and let [I'(e™ vg)
D*t anything + c.c. < 74 % 90% 5099 + (" 1)1/ Trotar = 100%.
¢ anything (71 £06)% 6 5240 [c] See the = Particle Listings for the energy limits used in this measure-
on < 18 X107 90% 5226 ment; low-energy ~'s are not included.
on' < 43 x 1076 90% 519 ) . ) . .
6 . [d] Derived from an analysis of neutrino-oscillation experiments.
pn < 13 x 10 90% 5247 ) . I s
o1 < 25 «10—6 90% 5017 [e] Astrophysical and cosmological arguments give limits of order 10™"°; see
. : 0 ; icti
T(1S) anything < a %1073 90% 1053 the 7 Particle Listings.
TAS) 7t~ (81 406 )x1075 1026 [f] C parity forbids this to occur as a single-photon process.
T(1S)n (11.96+0.11) x 107* 924 [g] See the “Note on scalar mesons” in the fp(1370) Particle Listings . The
2“(25)7#777 (86 +1.3)x1075 468 interpretation of this entry as a particle is controversial.
d anything < 13 x 1075 90% -

[h] See the “Note on p(770)" in the p(770) Particle Listings .
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[/] The wp interference is then due to wp mixing only, and is expected to
be small. If ey universality holds, [(p® — pTp~) =T(p° — ete™)
x 0.99785.

[/] See the “Note on scalar mesons” in the f,(1370) Particle Listings .

[k] See the “Note on a;(1260)" in the a; (1260) Particle Listings in PDG 06,
Journal of Physics, G 33 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.

[m] See the “Note on non-gg mesons” in the Particle Listings in PDG 06,
Journal of Physics, G 33 1 (2006).

[n] See the “Note on the 1(1405)" in the n(1405) Particle Listings.

[0] See the “Note on the f;(1420)" in the 1(1405) Particle Listings.

[p] See also the w(1650) Particle Listings.

[q] See the “Note on the p(1450) and the p(1700)" in the p(1700) Particle
Listings.

[r] See also the w(1420) Particle Listings.

[s] See the “Note on f5(1710)" in the f5(1710) Particle Listings in 2004
edition of Review of Particle Physics.

[t] See the note in the K* Particle Listings.

[u] The definition of the slope parameter g of the K — 3 Dalitz plot is as
follows (see also “Note on Dalitz Plot Parameters for K — 3w Decays”
in the K* Particle Listings):

[MP2 =1+ g(s3 — s)/m?, + -
[v] For more details and definitions of parameters see the Particle Listings.

[w] Most of this radiative mode, the low-momentum ~y part, is also included
in the parent mode listed without ~'s.

[x] See the K* Particle Listings for the energy limits used in this measure-
ment.

[y] Structure-dependent part.
[z] Direct-emission branching fraction.
[aa] Violates angular-momentum conservation.

[bb] Derived from measured values of ¢ _, ¢po. and

e |ng - ng}'

T 0, S described in the introduction to “Tests of Conservation Laws.”
s
[cc] The CP-violation parameters are defined as follows (see also “Note on
CP Violation in Ks — 37" and “Note on CP Violation in KE Decay”
in the Particle Listings):

. A(K% — 7ta7)
ne_ = |n 7el¢+—:7:€+6

* | * ‘ A(KOSH atrT)

/

AKY — 70x0)

—_— = -2
A(KOS — 7070)

oo = |7700\ei¢00 =

I'(K(Z — 7 4ty) — F(K?_ — 7tev)
MK — 7= tu) + T(KY — atew)’
r(KOS _ 71.+7T—71,0)CP viol.

F(K?_ — ata=a0)

Im(140)> = '
I ) F(Kg — 707070)
m{7oo00 = .
F(KE — 707070)
where for the last two relations CPT is assumed valid, i.e., Re(n4_g) ~
0 and Re("OOO) ~ 0.
[dd] See the KOS Particle Listings for the energy limits used in this measure-
ment.

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

[fF] Re(€’ /) = €’ /€ to a very good approximation provided the phases satisfy
CPT invariance.

[gg] This mode includes gammas from inner bremsstrahlung but not the direct
emission mode K9 — 7+ 7~ y(DE).

[hh] See the KE Particle Listings for the energy limits used in this measure-
ment.

[ii] Allowed by higher-order electroweak interactions.

[ij] 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.

[kk] See the “Note on fy(1370)" in the fy(1370) Particle Listings and in the
1994 edition.

[l 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 K,(1770) Particle Listings .

[mm] See the “Note on K»(1770) and the K»(1820)" in the K,(1770) Particle
Listings .

[nn] This result applies to Z0 — ¢ decays only. Here (T is an average (not
a sum) of et and ut decays.

[00] 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.

[pp] These subfractions of the K~ 27T mode are uncertain: see the Particle
Listings.

[qq] Submodes of the D¥ — K~ 27" 70 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.

[rr] The unseen decay modes of the resonances are included.

[ss] This is not a test for the AC=1 weak neutral current, but leads to the
at et final state.

[tt] This mode is not a useful test for a AC=1 weak neutral current because
both quarks must change flavor in this decay.

[uu] This value is obtained by subtracting the branching fractions for 2-, 4-
and 6-prongs from unity.

[W]This is the sum of our K 2rtz~, K27tz a0
KO2nt2r—, Kt2K—nt, 2nt2n—, 2nt2n— 70, K*K—at7—, and
Kt K= at 7~ a9, branching fractions.

[ww] This is the sum of our K~3x* 27~ and 37+ 37~ branching fractions.

[xx] The branching fractions for the K~ et e, K*(892)~ eTve, 7~ €T v,
and p~ eT v modes add up to 6.20 & 0.17 %.

[yy] This is a doubly Cabibbo-suppressed mode.

[zz] The two experiments measuring this fraction are in serious disagreement.
See the Particle Listings.

aaal Submodes of the — T~ m mode with a and/or p were
Submodes of the D® — K%zt 7~ x0 mode with a K* and
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

bbb] This b hing fraction includ I the d des of th i
the final state.

ccc] The experiments on the division of this charge mode amongst its sub-
Th iment the divisi f this ch d t its sub
modes disagree, and the submode branching fractions here add up to
considerably more than the charged-mode fraction.

owever, these upper limits are in serious disagreement with values ob-

ddd] H th limit i ious di t with val b
tained in another experiment.

[eee] This limit is for either DO or DY to pe~.

[fff] This limit is for either DO or DO to pe™.

[ggg] See the Particle Listings for the (complicated) definition of this quantity.
hhh] This is the purely et semileptonic branching fraction: the e* fraction
g
from 77 decays has been subtracted off. The sum of our (non-7) et
exclusive fractions — an et v, with an 1, 1/, ¢, KO, K*, or £,(980) —
is 6.90 + 0.4 %

[iif] This fraction includes » from 7’ decays.

Liff] Two times (to include ;1 decays) the 1’ et v branching fraction, plus the
o't ' pt, and n’ KT fractions, is (18.4 + 2.3)%, which considerably
exceeds the inclusive 7/ fraction of (11.7 & 1.8)%. Our best guess is that
the o pT fraction, (12.5 + 2.2)%, is too large.

[kkk] This branching fraction includes all the decay modes of the final-state
resonance.

[lll] We decouple the D;r — ¢t branching fraction obtained from mass
projections (and used to get some of the other branching fractions) from
the DJ — ¢x+, ¢ — K+ K branching fraction obtained from the
Dalitz-plot analysis of D} — K* K~x+. Thatis, the ratio of these two
branching fractions is not exactly the ¢ — K K~ branching fraction
0.491.

[mmm]This comes from a model-independent and a K-matrix parametrization
of the 7+ 7~ S-wave and is a sum over several fy mesons.

[nnn] An ¢ indicates an e or a 1 mode, not a sum over these modes.

[000] An CP(+1) indicates the CP=-+1 and CP=— 1 eigenstates of the D%-D°
system.
[ppp] D denotes DO or DP,
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lqqq] D%p, decays into D 7% with the DO reconstructed in CP-even eigen-
states KT K~ and nt 7.

[rrr] D** represents an excited state with mass 2.2 < M < 2.8 GeV/c?.

[sss] X(3872)7 is a hypothetical charged partner of the X (3872).

[ttt] ©(1710)*F is a possible narrow pentaquark state and G(2220) is a
possible glueball resonance.

[uuu] (ZC’ p)s denotes a low-mass enhancement near 3.35 GeV/c?.

[vvv] Stands for the possible candidates of K*(1410), Kg(1430) and
K3(1430).

[www] BY and BY contributions not separated. Limit is on weighted average
of the two decay rates.

[xxx] This decay refers to the coherent sum of resonant and nonresonant JP
=01 K« components with 1.60 < my < 2.15 GeV/c2.

[yyy] ©(1540)" denotes a possible narrow pentaquark state.

[zzz] These values are model dependent.

[aaaa] Here “anything” means at least one particle observed.

[bbbb] D** stands for the sum of the D(11P;), D(13P;), D(13P;), D(13P>),
D(21Sy), and D(21S;) resonances.

[ccec] DD stands for the sum of D*D*, D*D, DD*, and DD.

[dddd] X (3945) denotes a near-threshold enhancement in the w J/1) mass spec-
trum.

[eeee] Inclusive branching fractions have a multiplicity definition and can be
greater than 100%.

[ffff] D; represents an unresolved mixture of pseudoscalar and tensor D** (P-
wave) states.

[gggg] Not a pure measurement. See note at head of Bg Decay Modes.
[hhhh] Includes ppmT 7~ and excludes ppn, ppw, pp7 -
fiiii] JPC€ known by production in e* e~ via single photon annihilation. /G
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.

Liiij] See COAN 06 for details.
[kkkk] 2m.. < M(r+77) < 7500 MeV.

(N2 < myy - <3 GeV.
[mmmm] X = pseudoscalar with m < 7.2 GeV
[nnnn] X X = vectors with m < 3.1 GeV
[0000] 1.5 GeV < my < 5.0 GeV
[pppp] 201 < M(pt ™) < 3565 MeV.
[

Gqqq) Spectroscopic labeling for these states is theoretical, pending experi-
mental information.

[rrrr] 1.5 GeV < mx < 5.0 GeV
[ssss] 1.5 GeV < mx < 5.0 GeV
[tttt] For m_, _ in the ranges 4.03-9.52 and 9.61-10.10 GeV.

T
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See also the table of suggested gg quark-model assignments in the Quark Model section.

o 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=5=+1) 15(J
16(J7C) 16(J7C) I(J°) 7)) [ epe(1s) o+(0 -
ot 17(07)  |em(1670) 172 1) | eK=E 1/2(07) | e DF 0(07) |[eJ/v(1S) 0 (17 7)
o0 11(0*1) -¢221680) 01(1 “)|e KZ 1/2(07) | o D2* 0(2%) -xcoEIP; 015012
Ny 0t~ 1) | ep3(1690) 1T(3~ )| eK 1/2(07) | @ Dfy(2317)* o(0T) | ®xa(lP) 07(1
e 7(600)  0T(0FF) [ep(1700) 1T )| K§ 1/2007) | o D,y (2860 0(1F) | *h(tP)  2P(1T )
ep(770)  1HAT7)| a(700) 1T )| ki)  1/20M) | e D51(2536)i oty | *xe(lP) 0@+ )
ew(782)  07(17 )| eH(1710) 0F(OF )| e k*(892)  1/2(17) | e Dw(2573)  0(27) | *nc(28)  0T(@™T)
en/(958)  0F(0 " F)| n(1760)  0T(0T ) [eky(1270)  1/207)| Di(2700)* o(1) |e¥(25)  0T(177)
«£(980)  0F(0FF)len(1800) 17(0"F)|ek(1400)  1/20F)| D, (2860)* o0(z7) | *v(3770) 0 7(1"7)
eap(980) 17 (0t +)| £(1810) 0?+(2 T ek*(1410)  1/207)| D, (3040 0(27) e X(3872) 0°(?'H)
e (1020)  07(1 T 7)| Xx(1835) (2T ) |eki(1430)  1/2(0M) xa(2P)  0F(@FT)
. hlgmog 0;51 i *; o $3(1850) 01(3 - ;) o K5(1430)  1/2(2F) I?E(;TTiOlI\)/I 8240; (7) +((7?’ J)r |
o b(1235) 1T(1T )| mp(1870) 0727 )| k(1460)  1/2(07) _ 45 -
*a(1260) 1 (1 i i) *m(1880) 17(2™ | Ko(1580) 1/2(27) | * Bj 1/2(07) | » ”(ﬁgﬂ g;gl )
o $(1270) 0+(2 N +) p(1900) 1+(1 N +) K(1630)  1/2(2") |[*B 1/2(07) (4140) ogr I
o £,(1285) 0+(1 M +) £,(1910) 0+(2 N +) Ky(1650)  1/2(1t) | ® ’3jE/B0 A2M|XTURE X(4140)  07(2"T)
*7(1295)  07(0 )| e $(1950)  0T(2T )| g k+(1680)  1/2(17) | ® BZ/B"/Bs/bbaryon | e v(4160) 0 7(1 =)
*7(1300)  17(0 N I) p3(1990) 1T ) e ko1770)  1/2027) | G s kM M X(4160)i e
*2(1320) 1727 7) | o 5(2010) 01(2 i i) e K5(1780)  1/237) | trix Elements X(4250)% 7(7%)
SH0570) 0O ) | 6(2020)  0HOF )| oz0)  1/2027) | B 1/2(17) | *X(4260) (17 )
h1(1380) 7_(1 - +) ® 3,4(2040) 1+(4 N Jr) K (1830) 1/2(07) B*(5732) ?(??) X (4350) 0? (77 2
. 7r1(1400) 1+(1 B +) . &(2050) 0_(4 - +) K8(1950) 1/2(0+) ° 81(5721)0 1/2(1+) X(4360) ?'7(1 B )
° T](1405) 0+(0 . +) 7r2(2100) 1+(2 . +) K*(1980) 1/2(2+) ° 83(5747)0 1/2(2+) LRV (44-15)i S 7$1 )
. 1‘1(1420) bR I SR RYSTE DR VEIT BOTTOM, STRANGE (2228) R 1)— -
p ((11‘;23?) g+8 + +§ 6(2211;00) (1)+(i - K2(2250)  1/2(27) (B= +1, 5= 1) xseoy tH :
. 320(1450) 17(0F )| e g‘((2170)) 0*51 - *; Z"’((iﬁ%)) %ggt; o B 0(07) bb —
. +1-— o+ 5 . - 15) ot~
. zgzgg; 3*8 B +; (2200) gr (i by | Aa(2500) 17204 |7 251(5830)0 2512 (1)+) . ’;f((ls)) Ofgl - 7;
ef(1500)  0+(0* )| p2s) ooy KB T seiop 1) [ o xw@P) 0t )
A(1510)  0H(1FT) | pa(2250) 1F(3 ) CHARMED Br (s850) 2(7) | *xm(tP) 07T
o f)(1525) 0T(2 1) | e h(2300) o0F(2FT) (C=+1) ‘ «x(1P)  0F2+ T
sl qleTD) A celDlee )] TREEE™ T e )
P 0 oD 1/2(0™
hy(1595) 0~ (1T Il 1‘2((2340)) 0152 + +; o D*(2007)° 1?2&1—; . B; 0(07) | Xbogg 818 I I;
) 7'('1(1600) 1_(1 - ) Ps5 2350 1 57— ° D*(2010):t 1/2(1*) ® Xb1
2(160) 101 | a(240) 1760 |4yl 1/2(0%) * xuz(2F) gf(i ™
1‘2((1640)) 0+E2 +; %6(2510)  0T(6™ ) | pr(2400)=  1/2(07) ° TE45; 0751 _ 7;
e p(1645) 0T (2~ o Dy(2420)°  1/2(1) * R
D OTHER LIGHT 1 .
* «(1650) 07(1 - 7) Further States D1 (2420) 1/2(??) . Ig(l)ggg; 8*8 - *;
ew3(1670) 07 (37 ) D;(2430)°  1/2(1%)
e D3(2460)°  1/2(27) NON-qG CANDIDATES
* D3(2460)*  1/2(21) NON-gg CANDI-
D*(2640)*  1/2(?*) DATES
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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 main Baryon Summary Table. Due to insufficient data or uncertain interpretation, the other entries in
the short table are not established baryons. The names with masses are of baryons that decay strongly. For N, A, and = resonances, the
7N partial wave is indicated by the symbol Ly o, where L is the orbital angular momentum (S, P, D, ...), I is the isospin, and J is the
total angular momentum. For A and X resonances, the KN partial wave is labeled Ly 2. The nucleon is a pole in the Py; wave, and similar
comments apply to the A and ¥.

p Py xerk | A(1232) Py RRRx | Py, ¥Rk | 20 Py Rexr | A *kokk
" Py ¥k | A(1600) Py F*F | X0 Py RRRE | =— Pip ¥R | 4 (2595)+ *kx
N(1440) P11 *okkk A(1620) 531 *okkk >y Pll *%kkk :_(1530) P13 *kkk AC(2625)+ *kk
N(1520)  Dyg  ***x | A(1700) Dy kkx | X(1385)  Pi3 FRRX | =(1620) * Ac(2765)* *
N(1535)  S; R | A(1750) Py % 5 (1480) * =(1690) ] Ac(2880)F ok
N(1650) Sy **Rx | A1900) S5, ** X (1560) ok =(1820) D1z *** | A.(2940)* ok
N(1675)  Dis  *** | A(1905) Fgs  *%%* | Z(1580) Diz  * =(1950) ¥kx | 5 (2455) *hkK
N(1680)  Fis  *¥** | A(1910) Py *ek+ | Z(1620) Sy =(2030) ¥x | 5 (2520) Kk
N(1700)  Dy3  *** | A(1920) Py *x* [ Z(1660) P ¥R | =(2120) * 5.(2800) *kok
N(1710) Py *** A(1930) Dg5  **x X(1670) Dy3  **** | =(2250) *% _:? Kook
N(1720)  Piz ¥ | A(1940) Ds  * ¥ (1690) *k =(2370) *k =0 *kk
N(1900) Pis *x% A(1950) Fs7 *rkx | X (1750) Si1 *%k =(2500) * =+ EETS
N(1990) Fp;  ** A(2000)  Fgs  * Y (1770)  Py; ¥ —10 ok
N(2000) Fp5s  ** A(2150) Sy * X(1775) Dys  RkRk | O *Hkk _:C(2645) s
N(2080) Di3  ** A(2200) Gsy * 3 (1840) P13 * 02(2250)~ *xk —:6(2790) -
N(2090) S * A(2300)  Hyy ** X(1880) Ppp ¥ 02(2380)~ Kok 26(2815) rx
N(2100) P % A(2350) D5 % Y(1915)  Fps  *¥EE | 2(2470) ok —:c(2930) i
N(2190)  Giz  **** | A(2390) Fa; Y (1940) Dy3  *H* _:C(2980) s
N(2200) D15  ** | A(2400) Gz ** | X(2000) S * :—6(3055) *x
N(2220)  Hig  **%% | A(2420) Hypy *ek | Z(2030)  Fp o FRXE _:6(3080) *k
N(2250)  Gio  **¥** | A(2750) kg3 *x | Z(2070)  Fis * :=C(3123) *
N(2600)  ha | A(950)  Kyp5 ¥+ | Z(2080) Pz % o *hx
N(2700)  Kyg3 ** 2(2100) Gz * 0,(2770)° *h

A Py xxxx | X(2250) ok ‘

A(1405) 501 *kkk 2(2455) ** =+ *

A(1520) D03 *kkxk 2(2620) ok CC

A(1600) Py **x 2(3000) /l?, *kok

A(1670) Sy ¥ | X(3170) b *okk

A(1690)  Dpz  *x* b rx

A(1800)  Sp;  *x* =0 = Hork

A(1810) Py *** Q‘j’ b *k K

A(1820)  Fog  *ew ’

A(1830)  Dps  ***x

A(1890)  Ppy  *kx

A(2000) *

A2020)  For %

A2100) Gy *xx*

A2110)  Fops  **x

A(2325)  Dpz  *

A(2350)  Hpy = ***

A(2585) X

**kx  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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Lepton + mesons

N BARYONS p— E:ﬂ':’/r; > 30 90% 448
(5=0,1=1/2) Sy mo

p— atot > 17
p N+ = yud n, NO = udd n— patal > 34 90% 427
p— e wtK*t > 75 90% 320
p— u mtKT > 245 90% 279
Py _ 1/(1+
m U7 =3G") Antilepton + photon(s)
Mass m = 1.00727646677 + 0.00000000010 u p— ety > 670 90% 469
Mass m = 938.272013 + 0.000023 MeV [4] p— pty > 478 90% 463
\fgp - ;nﬁ\/mp < 2x1079, CL = 90% [P ;j vy zfzo Zg; :zg
B2y = Yy o
|/ () = 0.99999999991 -+ 000000000009 n— o = a1 0% 470

lap + al/e < 2x107°, CL = 90% 2]

lgp + qe/e < 1.0x 1021 [ Three (or more) leptons
p t Qe :

Magneti = 2.792847356 + 0.000000023 p— erete o 0% 49
agnetic moment 1 = 2. 5 of UN p— etutu < 359 90% 457
(1p + u.ﬁ) [ pp=(-01£21)x10 p— etuw S 17 90% 469
Electric dipole moment d < 0.54 x 10~23 ecm n— eteu S 257 00% 470
Electric polarizability a = (12.0 + 0.6) x 10~4 fm3 n— ute v - 83 90% 464
Magnetic polarizability 3 = (1.9 + 0.5) x 10~* fm3 n— ptu v > 79 90% 458
Charge radius = 0.877 + 0.007 fm p— ptete” > 529 90% 463
Mean life 7 > 2.1 x 102 years, CL = 90% [ (p — invisible p— uhptp~ > 675 90% 439
mode) p— ptvv >21 90% 463
Mean life 7 > 103! to 1033 years [  (mode dependent) p— e ptpt >6 90% 457
n— 3v > 0.0005 90% 470
See the “Note on Nucleon Decay” in our 1994 edition (Phys. Rev. D50,
1173) for a short review. Inclusive modes
+ ; _
The “partial mean life” limits tabulated here are the limits on 7/B;, where N — e+anyth|_ng > 06 (n, p) 90%
7 is the total mean life and B; is the branching fraction for the mode in N— p anythlng >12 (n, p) 90% -
question. For N decays, p and n indicate proton and neutron partial N — eﬂroanythmg > 0.6 (n, p) 90% -
lifetimes.
AB = 2 dinucleon modes
Partial mean life p . . . .
p DECAY MODES (1030 years) Confidence level (MeV/c) lere fo+llowmg are lifetime limits per iron nucleus.
pp— m'Tw > 0.7 90% -
Antilepton + meson pn— w0 >2 90% -
N— etrm > 158 (n), > 1600 (p) 90% 459 nn— atn~ >07 90% -
N— ptrm > 100 (n), > 473 (p) 90% 453 nn— 7970 >3.4 90% -
N— vr > 112 (n), > 25 (p) 90% 459 pp — etet >5.8 90% -
p— ety > 313 90% 309 pp — etput >36 90% -
p— pty > 126 90% 297 pp — ptpt >17 920% -
n— vy > 158 90% 310 pn— etv >2.8 90% -
N— etp > 217 (n), > 75 (p) 90% 149 pn— pto >16 90% -
N— utp > 228 (n), > 110 (p) 90% 113 nn — Vel > 0.000049 90% -
N — vp > 19 (n), > 162 (p) 90% 149 pn — invisible >21x107° 90% -
p— etw > 107 90% 143 pp — invisible > 0.00005 90% -
+ 0,
— uTw > 117 90% 105 _
[r); — :M > 108 90‘;: 144 p DECAY MODES
N— etk > 17 (n), > 150 (p) 90% 339 Partial mean life p
p— et Kg =120 90% 337 P DECAY MODES (years) Confidence level (MeV/c)
p— etK? > 51 90% 337 Po e vy S 7% 105 0% 169
N— utK . > 26 (n), > 120 (p) 90% 329 P u S5 x 104 90% 463
p— Ni Kg > 150 90% 326 p— e x0 > 4% 105 90% 459
p— prKj > 83 90% 326 p— p > 5 x 104 90% 453
N— vK > 86 (n), > 670 (p) 90% 339 pP— e n >2x 104 90% 309
n— vk > 51 90% 338 P— u > 8 x 103 90% 297
p— et K*(892)° > 84 90% a5 p— e K¢ > 900 90% 337
N — vK*(892) > 78 (n), > 51 (p) 90% 45 P u K >4x103 90% 326
B - K0 3 o,
Antilepton + mesons P 67K6 >9x 103 90% 337
p— etata™ > 82 90% 448 P Ky > 7x10 90% 326
- - 4
p— etnlg0 > 147 90% 449 pP—= e 7y >2x10 90% 469
n— etg 70 > 52 90% 449 p— p oy >2x 10% 90% 463
p— prata >133 90% 425 p— ew > 200 0% 143
p— putr0z0 > 101 90% 427
+ a0 D Py_ 1/1
n— p+7707r_ > 74 90% 427 m 17 = §(§+)
n— e K'r > 18 90% 319
Lepton + meson Mass m = 1.0086649160 + 0.0000000001[1—3]u
n— e-nt > 65 90% 459 Mass m = 939.565346 + 0.0000237‘!_)\/|eV
n— p-nt > 49 90% 453 (mp —mz )/ mp=(9+6)x10
n— e‘p* > 62 90% 150 mp — mp = 1.2933321 + 0.0000004 MeV
n— ppt >7 90% 114 = 0.00138844920(46) u
n— e Kt >32 90% 340 Mean life 7 = 885.7 + 0.8 s
n— p KT > 57 90% 330 or = 2.655 x 108 km

Magnetic moment u = — 1.9130427 + 0.0000005 11y
Electric dipole moment d < 0.29 x 10~2% ecm, CL = 90%
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Mean-square charge radius (r2) = —0.1161 + 0.0022
fm? (S =1.3)
Electric polarizability a = (11.6 + 1.5) x 10~* fm3
Magnetic polarizability 3 = (3.7 + 2.0) x 10~* fm3
Charge g = (0.4 + 1.1) x 10721 ¢
Mean nf-oscillation time > 8.6 x 107 s, CL = 90% (free n)
Mean nT-oscillation time > 1.3x108's, CL = 90% (€] (bound n)
Mean nn'-oscillation time > 414 s, CL = 90% (]

N(1535) Sy 10P)=137)

Breit-Wigner mass = 1525 to 1545 (= 1535) MeV
Breit-Wigner full width = 125 to 175 (~ 150) MeV
Poeam = 0.76 GeV/c 47X2 = 22.5 mb
Re(pole position) = 1490 to 1530 (= 1510) MeV
—2Im(pole position) = 90 to 250 (= 170) MeV

pe~ve decay parameters (€] N(1535) DECAY MODES Fraction (I';/T) p (MeVyc)
A=ga/ gy = —1.2694 £0.0028 (S =20) N 35-55 % 468
A=-0.1173 £ 0.0013 (S =2.3) Nn 45-60 % 186
B = 0.9807 + 0.0030 N7 1-10 % 426
C = —0.2377 + 0.0026 Ar <1% 244
a=—0.103 £ 0.004 Np <4% i
N(ﬂ'Tr)I*O <3% _
éay = (180.06 + 0.07)° 1] S-wave
D= (—4+6)x10"41l N(1440) 7 <7% t
= 1 Py 0.15-0.35 % 481
R =0.008 £ 0.016 p~, helicity=1/2 0.15-0.35 % 481
P

n DECAY MODES Fraction (F;/I)  Confidence level (MeV/c) ny . 0.004-0.29 % 480
n~, helicity=1/2 0.004-0.29 % 480

pe” T, 100 % 1

pe Tey 1 ( 3.13£0.35)x 10~3 1

N(1650) Syq 10Py = 1(3)

Charge conservation (Q) violating mode
PleTe Q < 8 x 10727 68% 1

Breit-Wigner mass = 1645 to 1670 (= 1655) MeV
Breit-Wigner full width = 145 to 185 (= 165) MeV
Poeam = 0.97 GeV/c 47x2 = 16.2 mb
Re(pole position) = 1640 to 1670 (= 1655) MeV
—2Im(pole position) = 150 to 180 (~ 165) MeV

10P) =13

N(1440) Py;

Breit-Wigner mass = 1420 to 1470 (= 1440) MeV
Breit-Wigner full width = 200 to 450 (~ 300) MeV

Pheam = 0.61 GeV/c 4rX2 = 31.0 mb N(1650) DECAY MODES Fraction (I';/T) p (MeVjc)
m — Y - -
Re(pole position) = 1350 to 1380 (~ 1365) MeV N 0.60 t0 0.95 551
—2Im(pole position) = 160 to 220 (= 190) MeV N7 3-10% 354
AK 3-11% 179
N(1440) DECAY MODES Fraction (I';/T) p (MeV/c) N7m 10-20 % 517
Am 1-7% 349
N7 0.55 to 0.75 398 No 4129 +
Nrm 30-40 % 347 N/ =0 7
A 20-30 % 147 (ﬂﬂ)s—wave <4 % -
Np 8% + N(1440)m <5% 156
N 1=0 100 N Py 0.04-0.18 % 562
. (775 wave Z 0305A; 048 % a4 pry, helicity=1/2 0.04-0.18 % 562
, .035-0.048 %
N Ca ~ nvy 0.003-0.17 % 561
nvp v helicity=1/2 gggz gg:z:f' :i: n~, helicity=1/2 0.003-0.17 % 561
B —U. (]
n+y, helicity=1/2 0.009-0.032 % 413
N(1675) Dy5 1Py =367)
N(1520 1(JPy = 1(3—
( ) Dis (=207 Breit-Wigner mass = 1670 to 1680 (= 1675) MeV
Breit-Wigner mass = 1515 to 1525 (= 1520) MeV Breit-Wigner full width = 130 to 16;5 (~ 150) MeV
Breit-Wigner full width — 100 to 125 (~ 115) MeV Poeam = 1.01 GeV/c  4mA” = 15.4 mb
Poeam = 0.74 GeV/c 47x2 = 23.5 mb Re(pole posntlo.n). = 1655 to 1665 (~ 1660) MeV
Re(pole position) = 1505 to 1515 (~ 1510) MeV —2Im(pole position) = 125 to 150 (= 135) MeV
—2Im(pole position) = 105 to 120 (~ 110) MeV N(1675) DECAY MODES Fraction (T;/T) p (MeVje)
N(1520) DECAY MODES Fraction (I';/T) p (MeV/c) N 0.35 t0 0.45 564
N 0.5 10 0.65 57 Nn (0.0 £1.0) % 376
g o 1o 0. _3 NK <1% 216
Nn (2.3 +£0.4) x 10 154
N7 50-60 % 532
Nrm 40-50 % 414 A )
Ax 15-25 % 230 T 50-60% 366
Np 15-25 % 1 Np <13% t
_ py 0.004-0.023 % 575
N (77)E=0 <8% - .
) S-wave 0.46-0.56 % 70 p~., helicity=1/2 0.0-0.015 % 575
o .46-0.56 % [P o
. pry, helicity=3/2 0.0-0.011 % 575
7, helicity=1/2 0.001-0.034 % 470 '
pl helicity*3§2 0.44-0.53 % ' 470 i . 0.02-0.12 % o7
P, Y= o 0‘530/" i ny, helicity=1/2 0.006-0.046 % 574
ny -30-0. ~ icity= -
ny, helicity=1/2 0'0470.10%‘: 470 n~, helicity=3/2 0.01-0.08 % 574
n+y, helicity=3/2 0.25-0.45 % 470
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N(1680) F5 0Py =131

Breit-Wigner mass = 1680 to 1690 (= 1685) MeV
Breit-Wigner full width = 120 to 140 (~ 130) MeV
Pbeam = 1.02 GeV/c 47x2 = 15.0 mb
Re(pole position) = 1665 to 1680 (~ 1675) MeV
—2Im(pole position) = 110 to 135 (~ 120) MeV

N(1720) Py3 10P) = 1G6h

Breit-Wigner mass = 1700 to 1750 (=~ 1720) MeV
Breit-Wigner full width = 150 to 300 (= 200) MeV
Poeam = 1.09 GeV/c 47X2 = 13.9 mb
Re(pole position) = 1660 to 1690 (=~ 1675) MeV

—2Im(pole position) = 115 to 275 MeV

N(1680) DECAY MODES Fraction (I';/T) p (MeV/c)
N7 0.65 to 0.70 571
Nn (0.0 £1.0) % 386
Nrm 30-40 % 539
AT 5-15 % 374
Np 3-15 % T
N(rm)E=0, 5-20 % -
Py 0.21-0.32 % 581
p, helicity=1/2 0.001-0.011 % 581
p~y, helicity=3/2 0.20-0.32 % 581
ny 0.021-0.046 % 581
n~, helicity=1/2 0.004-0.029 % 581
nvy, helicity=3/2 0.01-0.024 % 581
N(1700) Dy3 1Py =367
Breit-Wigner mass = 1650 to 1750 (= 1700) MeV
Breit-Wigner full width = 50 to 150 (= 100) MeV
Pbeam = 1.05 GeV/c 47x2 = 14.5 mb
Re(pole position) = 1630 to 1730 (~ 1680) MeV
—2Im(pole position) = 50 to 150 (~ 100) MeV
N(1700) DECAY MODES Fraction (I';/T) p (MeVjc)
N7 5-15 % 581
N (0.0£1.0) % 402
AK <3% 255
Nrm 85-95 % 550
Np <35% 1
Py 0.01-0.05 % 591
Py, helicity=1/2 0.0-0.024 % 591
p. helicity=3/2 0.002-0.026 % 591
nvy 0.01-0.13 % 590
n~, helicity=1/2 0.0-0.09 % 590
nvy, helicity=3/2 0.01-0.05 % 590
N(1710) Py, 10P) =331
Breit-Wigner mass = 1680 to 1740 (= 1710) MeV
Breit-Wigner full width = 50 to 250 (= 100) MeV
Pbeam = 1.07 GeV/c 47x% = 14.2 mb
Re(pole position) = 1670 to 1770 (=~ 1720) MeV
—2Im(pole position) = 80 to 380 (= 230) MeV
N(1710) DECAY MODES Fraction (I';/T) p (MeVjc)
N7 10-20 % 588
Nn (6.2+1.0) % 412
Nw (13.0£2.0) % i
NK 5-25 % 269
Nrmrm 40-90 % 557
A 15-40 % 394
Np 5-25 % 1
N(rm) =00 10-40 % -
Py 0.002-0.05% 598
p~y, helicity=1/2 0.002-0.05% 598
n~y 0.0-0.02% 597
n+y, helicity=1/2 0.0-0.02% 597

N(1720) DECAY MODES Fraction (I';/T) p (MeV/c)
N7 10-20 % 594
Nn (4.0£1.0) % 422
AK 1-15 % 283
N7 >70 % 564
Np 70-85 % 73
Py 0.003-0.10 % 604
py, helicity=1/2 0.003-0.08 % 604
py, helicity=3/2 0.001-0.03 % 604
ny 0.002-0.39 % 603
n~, helicity=1/2 0.0-0.002 % 603
n~, helicity=3/2 0.001-0.39 % 603
N(2190) Gy 1Py =3G7)
Breit-Wigner mass = 2100 to 2200 (= 2190) MeV
Breit-Wigner full width = 300 to 700 (~ 500) MeV
Ppeam = 2.07 GeV/c 472 = 6.21 mb
Re(pole position) = 2050 to 2100 (= 2075) MeV
—2Im(pole position) = 400 to 520 (= 450) MeV
N(2190) DECAY MODES Fraction (I';/T) p (MeVc)
N 10-20 % 888
Nn (0.0£1.0) % 791
Nw seen 676
NK seen 712
N7 seen 870
Np seen 680
N(2220) Hyo 10P) = 3(37)
Breit-Wigner mass = 2200 to 2300 (= 2250) MeV
Breit-Wigner full width = 350 to 500 (~ 400) MeV
Pbeam = 2.21 GeV/c 47X = 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 (MeVc)
N7 10-20 % 924
N(2250) Gyg 1Py =137
Breit-Wigner mass = 2200 to 2350 (= 2275) MeV
Breit-Wigner full width = 230 to 800 (~ 500) MeV
Poeam = 2.27 GeV/c 472 = 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) h 11 I(JP) = %(H*)
Breit-Wigner mass = 2550 to 2750 (= 2600) MeV
Breit-Wigner full width = 500 to 800 (~ 650) MeV
Poeam = 3.12 GeV/c 47X% = 3.86 mb
N(2600) DECAY MODES Fraction (;/T) p (MeVjc)

N 5-10 % 1126
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A BA RYONS A(1700) DECAY MODES Fraction (I';/T") p (MeVc)
N7 10-20 % 581
(S= 0: I= 3/2) Nrm 80-90 % 550
AT = yuu, At =uud, A" =udd, A~ =ddd Ar 30-60 % 386
Np 30-55 % t
N~ 0.12-0.26 % 591
A(1232) P. 1(JPy = 3(3+ N-y, helicity=1/2 0.08-0.16 % 591
( ) Pss U7 =27 N, helicity=3/2 0.025-0.12 % 591
Breit-Wigner mass (mixed charges) = 1231 to 1233 (~ 1232)
Mev A(1905) F35 1Py =36
Breit-Wigner full width (mixed charges) = 116 to 120 (~ 118)
MeV ) Breit-Wigner mass = 1865 to 1915 (= 1890) MeV
Poeam = 0.30 GeV/c 4mX° = 94.8 mb Breit-Wigner full width = 270 to 400 (= 330) MeV
Re(pole position) = 1209 to 1211 (= 1210) MeV Poeam = 1.42 GeV/c 47X2 = 9.89 mb
—2Im(pole position) = 98 to 102 (= 100) MeV Re(pole position) = 1825 to 1835 (= 1830) MeV
A(1232) DECAY MODES Fraction (I';/T) P (MeV/c) —2Im(pole position) = 265 to 300 (~ 280) MeV
N7 100 % 229 A(1905) DECAY MODES Fraction (I';/T) p (MeVyc)
N~y 0.52-0.60 % 259 Nrm 0.09 to 0.15 704
N7, helicity=1/2 0.11-0.13 % 259 Nrm 85-95 % 680
N+, helicity=3/2 0.41-0.47 % 259 An <25 9% 531
Np >60 % 397
Py _ 3.3+ N~ 0.01-0.03 % 712
A(1600) Ps3 17 =237 Ny, helicity=1/2 0.0-0.1 % 712
o N+, helicity=3/2 0.004-0.03 % 712
Breit-Wigner mass = 1550 to 1700 (= 1600) MeV
Breit-Wigner full width = 250 to 450 (~ 350) MeV
Poeam = 0.87 GeV/c 47x% = 18.6 mb A(1910) Py 10Py = 33h
Re(pole position) = 1500 to 1700 (~ 1600) MeV
—2Im(pole position) = 200 to 400 (~ 300) MeV Breit-Wigner mass = 1870 to 1920 (= 1910) MeV
Breit-Wigner full width = 190 to 270 (~ 250) MeV
A(1600) DECAY MODES Fraction (I';/T) P (MeV/c) Poeam = 1.46 GeV/c 47X2 = 9.54 mb
N7 10-25 % 513 Re(pole position) = 1830 to 1880 (=~ 1855) MeV
Nmm 75-90 % 477 —2Im(pole position) = 200 to 500 (=~ 350) MeV
AT 40-70 % 303
Np <25 % 1 A(1910) DECAY MODES Fraction (I';/T) p (MeV/c)
N(1440)7 10-35 % 82 N 15-30 % 717
N~y 0.001-0.02 % 525 Ny 0.0-0.2% 725
N7y, helicity=1/2 0.0-0.02% 525 N, helicity=1/2 0.0-0.2% 725
N+, helicity=3/2 0.001-0.005 % 525
A(1920) P: 1(JP) = 3(3+
A(1620) S5 1P) = 3(17) (1920) P33 P =3G%
o Breit-Wigner mass = 1900 to 1970 (= 1920) MeV
Bre!t—ngner mass = 1600 to 1660 (=~ 1630) MeV Breit-Wigner full width = 150 to 300 (~ 200) MeV
Brelt—W|gnir $u9II3v2d31 =135 t;) ;5;07(17125) L\)/IeV Poeam = 1.48 GeV/c 47X2 = 9.37 mb
Poeam = - ev/c mAT = 1l.em Re(pole position) = 1850 to 1950 (= 1900) MeV
Re(pole position) = 1590 to 1610 (~ 1600) MeV —2Im(pole position) = 200 to 400 (~ 300) MeV
—2Im(pole position) = 115 to 120 (~ 118) MeV
A(1920) DECAY MODES Fraction (I';/T) p (MeV/c)
A(1620) DECAY MODES Fraction (I';/T) p (Mevc)
- N7 5-20 % 723
N 20-30 % 534 K (2.10£0.30) % 431
Nmr 70-80 % 499
Am 30-60 % 328
Np 7-25% t A(1930) Dss 1Py =367)
N~y 0.004-0.044 % 545
Ny, helicity=1/2 0.004-0.044 % 545 Breit-Wigner mass = 1900 to 2020 (= 1960) MeV
Breit-Wigner full width = 220 to 500 (~ 360) MeV
— 2 _
A(1700) Ds3 ,(JP) _ %(%—) Pbeam = 1.56 GeV/c 47X° = 8.76 mb
Re(pole position) = 1840 to 1960 (= 1900) MeV
Breit-Wigner mass = 1670 to 1750 (~ 1700) MeV —2Im(pole position) = 175 to 360 (= 270) MeV
Breit-Wigner full width = 200 to 4(;0 (~ 300) MeV A(1930) DECAY MODES Fraction (/) p (Mevio)
Poeam = 1.05 GeV/c 47X2 = 145 mb
Re(pole position) = 1620 to 1680 (~ 1650) MeV x” 0.05 to 0;5 748
—2Im(pole position) = 160 to 240 (= 200) MeV gt 0.0-0.02% 75
m(pole position) 0240 ( ) Me N7, helicity=1/2 0.0-0.01 % 755
N+, helicity=3/2 0.0-0.01 % 755
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A(1950) F37 0Py = 3G

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
—2Im(pole position) = 220 to 260 (~ 240) MeV

A(1950) DECAY MODES Fraction (I';/T) p (MeV/c)
N7 0.35 to 0.45 729
N7 706
Am 20-30 % 560
Np <10 % 442
N~ 0.08-0.13 % 737
N+, helicity=1/2 0.03-0.055 % 737
N+, helicity=3/2 0.05-0.075 % 737
A(2420) H3 11 I(JP) = %(%+)
Breit-Wigner mass = 2300 to 2500 (~ 2420) MeV
Breit-Wigner full width = 300 to 500 (~ 400) MeV
Pbeam = 2.64 GeV/c 47x% = 4.68 mb
Re(pole position) = 2260 to 2400 (~ 2330) MeV
—2Im(pole position) = 350 to 750 (~ 550) MeV
A(2420) DECAY MODES Fraction (I';/T) p (MeV/c)
N7 5-15 % 1023
(S=-1,1=0)
A0 = uds

1UP) = 0(3+)

Mass m = 1115.683 £ 0.006 MeV

(mp—mz) / mp=(-01+11)x1075 (S=16)

Mean life 7 = (2.631 4+ 0.020) x 10710 s (S = 1.6)
(ta = 73) / A = —0.001 % 0.009

cr =17.89 cm
Magnetic moment ¢ = —0.613 £ 0.004 ppy

Electric dipole moment d < 1.5 x 10716 ecm, CL = 95%

Decay parameters

pr— a_ = 0.642 £ 0.013
prt ay = —0.71 4 0.08
pr~ $_ = (=65 £ 3.5)°

" y_ =0.76 [k

" A_ =8 +4rlK
n® ag = 0.65 + 0.04

pe v, ga/gy = —0.718 + 0.015 [&]

A DECAY MODES Fraction (I;/T) p (MeV/c)
pr~ (63.9 £0.5 )% 101
nn0 (35.8 £05 )% 104
ny ( 1.75+0.15) x 103 162
pTTy [N(84 £1.4)x10~4 101
pe~Ue (8.3240.14) x 1074 163
P T, ( 1.5740.35) x 104 131

A(1405) Soy

0Py =0(37)

Mass m = 1406 + 4 MeV
Full width ' = 50 &+ 2 MeV
Below K N threshold

A(1405) DECAY MODES Fraction (I;/T) p (MeV/c)
> 100 % 157
A(1520) Do3 1UP) =0(37)
Mass m = 1519.5 & 1.0 MeV [l
Full width I = 15.6 4+ 1.0 MeV [
Pbeam = 0.39 GeV/c 47X2 = 82.8 mb
A(1520) DECAY MODES Fraction (;/T) p (MeVfc)
NK 45 + 1% 243
> 42 +1% 268
Arm 10 + 1% 259
Xrm 0.9 £0.1% 169
Ny 0.85 + 0.15% 350
A(1600) Po1 I(JP) = 0(%"')
Mass m = 1560 to 1700 (~ 1600) MeV
Full width I = 50 to 250 (=~ 150) MeV
Pbeam = 0.58 GeV/c 47X2 = 41.6 mb
A(1600) DECAY MODES Fraction (I;/T) p (MeVjc)
NK 15-30 % 343
I 10-60 % 338
A(1670) Sp; 1Py =0(37)
Mass m = 1660 to 1680 (=~ 1670) MeV
Full width ' = 25 to 50 (= 35) MeV
Pbeam = 0.74 GeV/c 47x2 = 28.5 mb
A(1670) DECAY MODES Fraction (;/T) p (MeVjc)
NK 20-30 % 414
>r 25-55 % 394
An 10-25 % 69
A(1690) Do3 1UP) =0(37)
Mass m = 1685 to 1695 (=~ 1690) MeV
Full width T = 50 to 70 (=~ 60) MeV
Pbeam = 0.78 GeV/c 47x2 = 26.1 mb
A(1690) DECAY MODES Fraction (;/T) p (MeVjc)
NK 20-30 % 433
rr 20-40 % 410
Amm ~25% 419
Xrmw ~20% 358
A(1800) Sp 1Py =0(37)
Mass m = 1720 to 1850 (~ 1800) MeV
Full width T = 200 to 400 (~ 300) MeV
Pbeam = 1.01 GeV/c 472 = 17.5 mb
A(1800) DECAY MODES Fraction (T;/T) p (MeVjc)
NK 25-40 % 528
rr seen 494
):(_1385)71' seen 349
N K*(892) seen i
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A(1810) Py,

1JP) =03 )

Mass m = 1750 to 1850 (~ 1810) MeV
Full width I' = 50 to 250 (~ 150) MeV

Pbeam = 1.04 GeV/c

47x2 = 17.0 mb

A(1810) DECAY MODES Fraction (I;/T) p (MeV/c)
NK 20-50 % 537
zm 10-40 % 501
X (1385)m seen 357
N K*(892) 30-60 % i
A(1820) Fo5 1Py =05
Mass m = 1815 to 1825 (~ 1820) MeV
Full width T = 70 to 90 (=~ 80) MeV
Pbeam = 1.06 GeV/c 47x2 = 16.5 mb
A(1820) DECAY MODES Fraction (I;/T) p (MeV/c)
NK 55-65 % 545
zm 8-14 % 509
X (1385)1 5-10 % 366
A(1830) Dos 1Py =0(37)
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 (MeV/c)
NK 3-10% 553
Xm 35-75 % 516
¥ (1385)w >15 % 374
A(1890) Po3 1Py = 0(37)
Mass m = 1850 to 1910 (=~ 1890) MeV
Full width I = 60 to 200 (~ 100) MeV
Pbeam = 1.21 GeV/c 47x2 = 13.6 mb
A(1890) DECAY MODES Fraction (I';/T) p (MeVc)
NK 20-35 % 599
X 3-10% 560
X (1385)m seen 423
NK*(892) seen 236
A(2100) Gor 1Py =0(3)
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) p (MeV/c)
NK 25-35 % 751
PR ~5% 705
An <3% 617
=K <3% 491
Nw <8 % 443
N K*(892) 10-20 % 515

A(2110) Fos

0Py =0(3%)

Mass m = 2090 to 2140 (=~ 2110) MeV
Full width I' = 150 to 250 (= 200) MeV

Pbeam = 1.70 GeV/c

47X2 = 8.53 mb

A(2110) DECAY MODES Fraction (I';/T) p (MeVjc)
NK 5-25 % 757
Py 10-40 % 711
Nw seen 455
X (1385)7 seen 591
N K*(892) 10-60 % 525
A(2350) Hoo 1Py = 0(3)
Mass m = 2340 to 2370 (~ 2350) MeV
Full width ' = 100 to 250 (=~ 150) MeV
Pbeam = 2.29 GeV/c 47X2 = 5.85 mb
A(2350) DECAY MODES Fraction (I;/T) p (MeVfc)
NK ~12% 915
> ~10 % 867
(S=-1,1=1)
>t =uus, Z0=uds, I~ =dds
1Py =103
Mass m = 1189.37 & 0.07 MeV (S = 2.2)
Mean life 7 = (0.8018 + 0.0026) x 10710 s
cr = 2.404 cm
(Tyr — 75-) [ Ty =(—0.6 £ 12) x 1073
Magnetic moment p = 2.458 &+ 0.010 upy (S = 2.1)
(tygse + py-) /s = 0.014 £0.015
F(Zt — ntto)/T(Z- = nt~v) < 0.043
Decay parameters
pr® ag = —0.980F 5011
" ¢ = (36 & 34)°
" 7o = 0.16 [K]
" Ag = (187 + 6)° [K]
nat ay = 0.068 + 0.013
" ¢y = (167 £20)° (S =11)
" vy = —097 [£]
" A+ — (7731»11{)8)0 [k]
py a, = —0.76 &+ 0.08
P
s+ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
pr® (51.57+0.30) % 189
nat (48.31+0.30) % 185
Py ( 1.2340.05) x 1073 225
nwty 1 (45 +05)x10~% 185
Net e (20 £05 ) %1075 71
AS = AQ (SQ) violating modes or
AS = 1 weak neutral current (S1) modes
net g 5Q <5 x 1076 90% 224
nutv, 5Q < 30 x 1075 90% 202
pete~ s1 <7 x 1076 225
put s1 (9 *2 )x108 121

10P) = 1(3%)

Mass m = 1192.642 + 0.024 MeV

My — mygo = 4807 + 0.035 MeV (S = 1.1)

Mgo — mp = 76.959 & 0.023 MeV

Mean life 7 = (7.4 + 0.7) x 10720 s
cr=222x10"1'm

Transition magnetic moment |ux 4| = 1.61 + 0.08 ppy
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P
=0 DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
Ny 100 % 74
Ay~ < 3% 90% 74
Aete™ [l s5x103 74

0Py =1(3%)

Mass m = 1197.449 + 0.030 MeV (S = 1.2)

My — myg, =8.08 £0.08MeV (S=109)

mg_ — my = 81.766 £ 0.030 MeV (S =1.2)

Mean life 7 = (1.479 4 0.011) x 107105 (S =1.3)
cr = 4.434 cm

Magnetic moment g = —1.160 + 0.025 ppy (S = 1.7)

Y~ charge radius = 0.78 £+ 0.10 fm

Decay parameters

nw— a_ = —0.068 + 0.008
" é_ = (10 £ 15)°
" y_ =098 K

" A = (2497F 320 I
ne~ v, ga/gy = 0.340 + 0.017 8]
" £(0)/£,(0) = 0.97 + 0.14
" D=0.11+0.10
Ne™ Te gv/ga =001 +010[8 (S=15)
" gWM/gA =24+17 [g]

X~ DECAY MODES Fraction (I';/T) p (MeVjc)
nm~ (99.8480.005) % 193
nwy [N( 46 +06 )x10~% 193
ne e ( 1.01740.034) x 103 230
nu~ o, (45 +04 )x1074 210
Ae"Tg (573 +£0.27 ) x 1075 79

X (1385) Py3 1Py =134

X (1385)*mass m = 1382.8 &+ 0.4 MeV (S = 2.0)
X(1385)° mass m = 1383.7 = 1.0 MeV (S = 1.4)
5 (1385)"mass m = 1387.2 & 0.5 MeV (S = 2.2)
X(1385)*full width I = 35.8 + 0.8 MeV

X(1385)° full width I = 36 + 5 MeV

5 (1385) full width I = 39.4 £2.1 MeV (S =1.7)

Below K N threshold
P
Confidence level (MeV/c)

¥(1385) DECAY MODES Fraction (I';/T)

A (87.0+£1.5) % 208
I (11.7+1.5) % 129
Ny (1.3+£0.4) % 241
Sy < 24 x10~4 90% 173

X (1660) Pyy 1Py =137)

Mass m = 1630 to 1690 (~ 1660) MeV
Full width ' = 40 to 200 (=~ 100) MeV
Ppeam = 0.72 GeV/c 47x2 = 29.9 mb

X(1660) DECAY MODES Fraction (I;/T) p (MeVc)
NK 10-30 % 405
A seen 440
X7 seen 387

X(1670) DECAY MODES Fraction (I';/T) p (MeVjc)
NK 7-13% 414
Am 5-15 % 448
> 30-60 % 394
X (1750) Sy3 1Py = 1(37)
Mass m = 1730 to 1800 (~ 1750) MeV
Full width ' = 60 to 160 (~ 90) MeV
Pbeam = 0.91 GeV/c 47X2 = 20.7 mb
X(1750) DECAY MODES Fraction (I;/T) p (MeVjc)
NK 10-40 % 486
s seen 507
X7 <8% 456
X 15-55 % 98
X(1775) Dys 1Py =1(37)
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 (I;/T) p (MeVjc)
NK 37-43% 508
A 14-20% 525
Py 2-5% 475
X (1385)w 8-12% 327
A(1520) 7 17-23% 201
£(1915) Fis 1Py =15
Mass m = 1900 to 1935 (~ 1915) MeV
Full width I' = 80 to 160 (=~ 120) MeV
Pbeam = 1.26 GeV/c 47x2 = 12.8 mb
X(1915) DECAY MODES Fraction (;/T) p (MeVjc)
NK 5-15 % 618
s seen 623
X seen 577
X (1385)w <5% 443
X(1940) Dy3 1Py =1(37)
Mass m = 1900 to 1950 (~ 1940) MeV
Full width ' = 150 to 300 (= 220) MeV
Pbeam = 1.32 GeV/c 47X2 =12.1 mb
X(1940) DECAY MODES Fraction (I;/T) p (MeVjc)
NK <20% 637
A seen 640
X seen 595
X (1385)7 seen 463
A(1520) 7 seen 355
A(1232) K seen 410
N K*(892) seen 322

X(2030) Fy7

10P) =1(3%)

1P =17

X(1670) Dy3

Mass m = 1665 to 1685 (~ 1670) MeV
Full width ' = 40 to 80 (=~ 60) MeV
Pbeam = 0.74 GeV/c 47x2 = 28.5 mb

Mass m = 2025 to 2040 (~ 2030) MeV
Full width I = 150 to 200 (~ 180) MeV
Pbeam = 1.52 GeV/c 472 = 9.93 mb
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X(2030) DECAY MODES Fraction (I;/T) p (MeVjc)
NK 17-23% 702
A 17-23 % 700
> 5-10 % 657
=K <2% 422
X (1385)7 5-15 % 532
A(1520) 7 10-20 % 430
A(1232) K 10-20 % 498
N K*(892) <5 % 439
X(2250) 1Py = 129
Mass m = 2210 to 2280 (~ 2250) MeV
Full width I' = 60 to 150 (~ 100) MeV
Pbeam = 2.04 GeV/c 47X2 = 6.76 mb

X(2250) DECAY MODES Fraction (I;/T) p (MeV/c)
NK <10 % 851
A seen 842
> seen 803

= BARYONS
(S=—-2,1=1/2)

=0 =yss, =~ =dss

0Py =13

P is not yet measured; + is the quark model prediction.

Mass m = 1314.86 £ 0.20 MeV
m=_ — m=y = 6.85 & 0.21 MeV
Mean life 7 = (2.90 + 0.09) x 10710 s
cr =8.71cm
Magnetic moment p = —1.250 + 0.014 upy

Decay parameters

Ar0 a=—0411+0.022 (S=21)
" ¢ = (21 £ 12)°
" v = 0.85 [K]
" A= (218755)° M

Ny a=-0.73+0.17

Nete™ a=-08+02

304 a=—0.63 £ 0.09

Xte v £(0)/f(0) = 1.21 £ 0.05

Xte v, £(0)/f(0)=2.0+13

=0 DECAY MODES Fraction (I';/T)

p
Confidence level (MeV/c)

Ar0 (99.52540.012) %
Ay (117 £0.07 ) x 1073
Nete™ (76 +06 )x107°
30, (3.33 £0.10 ) x 103
Ste 7, (253 +£0.08 ) x 1074
It Uy (46 f%g ) x 1076

AS = AQ (SQ) violating modes or

AS = 2 forbidden (52) modes
T et 5Q < 9 x 1074
>t vy SQ < 9 x 1074
pr~ 2 < 8 x 1076
pe e $2 < 13 x 1073
P T, 2 < 13 x 1073

135
184
184
117
120

64

90% 112
90% 49
90% 299
323
309

10P) =33%)

[=]

P is not yet measured; + is the quark model prediction.

Mass m = 1321.71 + 0.07 MeV

(m=- —m=y) [/ m=_ = (-3£9)x 1075

Mean life 7 = (1.639 = 0.015) x 10710 s
cr =491 cm

(r=— — 7=¢) / 7= = —0.01 £ 0.07

Magnetic moment p = —0.6507 4+ 0.0025 upy

(= + p=+) / [pz-| = +0.01 £ 0.05
Decay parameters

A~ a=-0458+0.012 (S=138)

[a(Z)a—(A) — a(EN)ar()] / [sum] = (0 +£7) x 1074
" ¢ =(—21%08)°
v = 0.89 K]
" A = (175.9 £ 1.5)° (K]

Ae~Ue  ga/gy = —0.25 £ 0.05 [&]

p
=~ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Ar~ (99.8870.035) % 140
Sy (1.27 £0.23 ) x 1074 118
e~ Te (563 +£0.31 ) x 1074 190
Ap~T, (35 35 )x10-4 163
0e 7, (87 +1.7 )x1075 123
0u~7, < 8 x 1074 90% 70
e, < 23 x1073 9% 7

AS = 2 forbidden (S2) modes
nm- s2 < 19 x 1075 90% 304
ne~ v s2 < 32 x 1073 90% 327
nu v, s2 < 15 % 90% 314
prT T 52 < 4 x 1074 90% 223
prT e e 2 < 4 x 104 90% 305
P pT Ty, 52 < 4 x 1074 90% 251
P L < 4 x 1078 90% 272
=(1530) P13 10P) = 3G1)

Z(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

Z(1530) full width T = 9.97 11 Mev

p

=(1530) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
=7 100 % 158
=y <4 % 90% 202

=(1690) 10P) =3¢

Mass m = 1690 + 10 MeV [l
Full width T < 30 MeV

=(1690) DECAY MODES Fraction (I;/T) p (MeVjc)
NK seen 240
K seen 70
=7 seen 311
Zoatr possibly seen 213
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Z(1820) Dy3 0Py =137

Mass m = 1823 + 5 MeV [7]
Full width T = 24715 Mev [l

2(2250)~ 1UP) = 0(7")

Mass m = 2252 + 9 MeV
Full width ' = 55 + 18 MeV

=(1820) DECAY MODES Fraction (T;/T) p (MeVjc) £2(2250)" DECAY MODES Fraction (I'j/T) P (Mevie)
- ot K- seen 532
AK large 402 7 04—
K small 34 =(1530)°K seen 437
= small 421
=(1530)7 small 237 CHARMED BARYONS
=(1950) 1UP) = 1¢2%) (C: + 1)
AY =ude, It =uue, If =ude, £%=ddc,
Mass m = 1950 £ 15 MeV [™] =t = ouse =0 = dse 00 = sse
Full width T = 60 + 20 MeV [m] - : d
=(1950) DECAY MODES Fraction (I;/T) p (MeVjc)
= ' AY 1P) = o(3*)
AK seen 522
K possibly seen 460 J is not well measured; % is the quark-model prediction.
=r seen 519
Mass m = 2286.46 + 0.14 MeV
— p , Mean life 7 = (200 + 6) x 107155 (S = 1.6)
:(2030) 1J7) = %( > %) cr =59.9 um
Decay asymmetry parameters
Mass m = 2025 + 5 MeV [7] Ay fy v p_ | toa
Full width T = 20+ MeV [m] T, T 090D
baus a=—045+0.32
_ . Mty o =—0.86 £ 0.04
_(5030) DECAY MODES Fraction (I';/T) p (MeVfc) (a + @)/(a—a)in Az— = Art zg — Am— = —0.07 + 0.31
AK ~20% 585 a+a)/(a—a) in AT — Aetwe, A7 — ZAe e = 0.00+0.04
K ~ 80 % 529 ( J/(a=a)in Ac e e ¢
=7 small 574 Nearly all branching fractions of the A;r are measured relative to the
_:(_1530)7T small 416 pK~ w1 mode, but there are no model-independent measurements of this
/\lifr small 499 branching fraction. We explain how we arrive at our value of B(/lc+ —
I Km small 428 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.

2 BARYONS

Scale factor/ p

(S =-3, /= 0) A DECAY MODES Fraction (I;/T)  Confidence level (MeVc)
2~ =sss _ Hadronic modes with a p: S = —1 final states
pK° (23 +06)% 873
K- nt [o] (50 + 13)% 823
P 3 PR
1J7) =03") pK*(892)° Pl (16 < 05)% 685
K- -3
P_ 3+ g . - e A(1232)TT K (86 + 3.0)x10 710
J =3 is the quark-model prediction; and J = 3/2 is fairly well A(1520) 7+ bl (18 +06)% 627
established. _pK~wt nonresonant (28 +08)% 823
Mass m = 1672.45 + 0.29 MeV pKO70 (33 +10)% 823
(M- —mge) [ Mg =(—1+8)x1075 pﬁgn (12 +£04)% 568
Mean life = (0.821 « 0.011) x 10~10 s PRt m™ (26 +07)% 754
or — 2.461 cm pK~nt a0 (34 +£1.0)% 759
. " .
(ro — 7g¢) /7o =000+ 005 pr@gﬁ)) T 0 [P] E ;é i ‘1’2 ;; jgg
: _ 14 T )nonresonant T - . °
Magnetic moment 1 = —2.02 &+ 0.05 upy A(1232)K*(892) seen 419
Decay parameters pK-ntata— (11 + 08 )x1073 671
AK— a = 0.0180 + 0.0024 pK™mtn0x0 (8 +4 )x1073 678
/12(7; AK* (a +@)/(a—@) = —0.02 + 0.13 Hadronic modes with a p: S = 0 final states
= 770 a=0.09 £0.14 prt o~ (35 + 2.0 )x1073 927
= x a=0.05+0.21 p1y(980) [Pl (28 +19)x1073 622
p prtrta—n~ (18 + 1.2 )x1073 852
2~ DECAY MODES Fraction (I;/T) Confidence level (MeV/c) pK* K~ (77 + 35 )x 104 616
AK- (67.8407) % 11 po [Pl (82 + 27 )x1074 590
=0~ (23.640.7) % 294 pK*t K~ non-¢ (35 + 1.7 )x1074 616
-—_0 o, . .
= (18.6:£0.4) % 289 Hadronic modes with a hyperon: S = —1 final states
ZoataT (43134 x104 189 Art ( 1.07+ 0.28) % 864
_ Art 70 (36 +13)% 844
= 0, — +5.0 4
=(1530)" 7 (64737 x10 17 Apt < s % CL=95% 635
=07, (5.6+28)x1073 319 Artato— (26 +07)% 807
== < 46 x 1074 90% 314 r(1385) o, I — (7 +4 )x1073 688
, Ant
AS = 2 forbidden (52) modes >(1385) " ntat, IF — (55 + 1.7 )x1073 688
Am~ s2 < 29 x 1076 90% 449 N~
Ant p0 (11 + 05)% 523
3 (1385)1 )0, £t — Axt (37 +31)x1073 363
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Ant 7t 77 nonresonant < 8 x 1073 CL=90% 807
Antata xOtotal (18 + 08 )% 757
Arty [Pl (18 +06)% 691
> (1385)*tn [Pl (85 + 33)x1073 570
Artw [Pl (12 +05)% 517
Antata= a0, nonorw <7 x 1073 CL=90% 757
AKTKO (47 £15)x1073  s=1.2 443
Z(1690)°K*, =0 — AKO (13 £ 05)x10-3 286
0rt (1.05+ 0.28) % 825
g0 ( 1.00+ 0.34) % 827
Ity (55 + 23)x103 713
Statqa— (36 +1.0)% 804
>t 0 < 14 % CL=95% 575
Soatqat (1.7 +05)% 799
30t 50 (18 + 08)% 803
S0ptate— (83 + 3.1)x1073 763
Stata— 70 — 767
>tw [Pl (27 +1.0)% 569
StKtK- (28 +08)x103 349
Ite [Pl (31 + 09)x10-3 295
Z(1690)0 K+, =0 (81 £ 3.0)x10"4 286
FtK-
>+ K+ K~ nonresonant <6 x10~4 CL=90% 349
0K+ (39 + 1.4 )x1073 653
Z-Ktgt (51 + 1.4 )x103 565
=(1530)9 K+ Pl (26 +1.0)x103 473
Hadronic modes with a hyperon: S = 0 final states
AKT (50 + 16 )x1074 781
AKTato— < 4 x 1074 CL=90% 637
>OK+ (42 + 13 )x1074 735
SOK*Trt - < 21 x10~4  CL=90% 574
StKta— (1.7 + 07 )x103 670
>+ K*(892)0 [Pl (28 + 1.1)x10°3 470
SoKtat < 10 x 1073 CL=90% 664
Doubly Cabibbo-suppressed modes
pKtm™ < 23 x1074  CL=90% 823
Semileptonic modes

Aty [a] (20 +06)% 871
Netve (21 +06)% 871
Apty, (20 +07)% 867

Inclusive modes

et anything (45 + 1.7)% -
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 [l (10 +£5 )% -
3prongs 24 £8 )% -

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

putu~ c1 < 3.4 x 1074 CL=90% 937
Sutut L < 70 x10~4  CL=90% 812
Ac(2595)* 1Py =0(37)

The spin-parity follows from the fact that £.(2455)7 decays, with
little available phase space, are dominant. This assumes that JP =
1/27% for the ¥,(2455).
Mass m = 2595.4 + 0.6 MeV (S = 1.1)
m—m,, =3089%06MeV (S=11)
c

Full width T = 3.6 729 Mev

A?mr and its submode X (2455)7 — the latter just barely — are the

only strong decays allowed to an excited /\zr having this mass; and the
submode seems to dominate.

A(2595)F DECAY MODES Fraction (I;/T) p (MeVc)

/\err*ﬂ'_ [s]~ 67 % 124
X (2455) Tt 7 24+7% 28
. (2455)0 7t 24+ 7% 28
AF 7t 7~ 3-body 18+£10% 124

/lcJr 70 [t] not seen 261

/\j ot not seen 291
Ac(2625)+ 1Py =0(37)

JP has not been measured; %* is the quark-model prediction.
Mass m = 2628.1 + 0.6 MeV (S = 1.5)
m—m,. =341.7£0.6 MeV (S = 1.6)
C
Full width ' < 1.9 MeV, CL = 90%

/\Zrmr and its submode X (2455) are the only strong decays allowed to
an excited Azr having this mass.

p
Ac(2625)+ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Arrtoe Is] ~67% 184
T (2455) Tt~ <5 90% 102
5,(2455)0 7t <5 90% 102
/\2_r 7t 7~ 3-body large 184
/\2’ 70 [t] not seen 293
/\'C*'A, not seen 319
Ac(2880)+ 1Py =0(3%)

There is some good evidence that indeed JP = 5/2%

Mass m = 2881.53 + 0.35 MeV
m—m,, =595.1%04 MeV

Full width T = 5.8 + 1.1 MeV

Ac(2880)+ DECAY MODES Fraction (;/T) p (MeVjc)
/\:_r atn~ seen 471
5(2455)0 7 £ seen 376
5,(2520)0 7 E seen 317
P Do seen 316

Ac(2940)* 1Py = 07

Mass m = 2939.37]'s MeV
Full width T = 1778 Mev

Ac(2940)+ DECAY MODES Fraction (T;/) p (Mevjo)
pDO seen 420
3 (2455)0 F+ pE seen -

X(2455) 10P) =131)

JP has not been measured; %* is the quark-model prediction.

3. (2455)ttmass m = 2454.02 + 0.18 MeV

X(2455)" mass m = 2452.9 £ 0.4 MeV

5(2455)° mass m = 2453.76 + 0.18 MeV
Mype = My = 167.56 + 0.11 MeV

mey —m = 166.4 % 0.4 MeV
C [

mgo — m ., = 167.30 + 0.11 MeV
C (4

Mg = Myo =027+ 0.1 MeV (S =11)
c

mX? — ng = —-0.9 £ 0.4 MeV
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> (2455)THfull width T = 2.23 + 0.30 MeV
>(2455)F full width T < 4.6 MeV, CL = 90%
5,.(2455)% full width I = 2.2 + 0.4 MeV (S = 1.4)

Azrw is the only strong decay allowed to a X having this mass.

X(2455) DECAY MODES Fraction (I';/T) p (MeVjc)

At r ~ 100 % 94

X(2520) 1Py =13

JP has not been measured; %Jr is the quark-model prediction.

(2520) Tt mass m = 2518.4 + 0.6 MeV (S = 1.4)
(2520)" mass m = 2517.5 + 2.3 MeV
<(2520)° mass m = 2518.0 + 0.5 MeV
My @520+ ~ Mpr = 231.9 + 0.6 MeV (S = 1.5)
My (2520)+ ~ mAz_ = 231.0 £ 2.3 MeV

My (25200 ~ Mps = 231.6 £ 0.5 MeV (S = 1.1)

My (2520y++ — My (25200 = 0-3+ 0.6 MeV (S =1.2)
X+(2520)** full width I = 14.9 &+ 1.9 MeV
X+(2520)7  full width T < 17 MeV, CL = 90%
T(2520)°  full width I = 16.1 4 2.1 MeV

MMM

Azrw is the only strong decay allowed to a X having this mass.

X,(2520) DECAY MODES Fraction (I';/T) p (MeVjc)

Atw ~ 100 % 180

X(2800) 1Py =12

5(2800)TF mass m = 2801 ¢ MeV
%(2800)F mass m = 279211} Mev
5(2800)° mass m = 280274 Mev
— 51g4t4
My (2800)++ — mAz_ =5147¢ MeV
_gos+14
My (2800)+ — m/\c+ = 505" "5 MeV
—5i5t4
My (2800)0 ~ mAz = 51577 MeV
5(2800)* full width I = 75722 MeV
%(2800)F full width I = 62750 Mev
5£(2800)° full width I = 61128 Mev

—18
X,(2800) DECAY MODES Fraction (I';/T) p (MeV/c)
+
/\C T seen 443
=7 1UP) = 3(3%)

JP has not been measured; %+ is the quark-model prediction.

Mass m = 2467.8 704 MeVv
Mean life 7 = (442 £ 26) x 1071%s (S =1.3)
cr =132 um

p

=7} DECAY MODES Fraction (T;/T)  Confidence level (MeVjc)

No absolute branching fractions have been measured.
The following are branching ratios relative to =~ 27+,

Cabibbo-favored (S = —2) decays

p2K% [u] 0.087+0.022 767
AKO 7t — 852
> (1385)t KO [pu] 1.0 +05 746
AK™2rt [u] 0.3230.033 787
AK*(892)0 [pu] <0.2 90% 608
X (1385)F K~ 7T [pu] <0.3 90% 678
StK— gt [u] 0.94 +0.11 810

T +K*(892)° [pu] 081 +0.15 658

SOKk—2xt [u]l 029 +0.16 735
=05+ [u] 055 £0.16 877
Z—ont [u] DEFINED AS 1 851

=(1530)° 7t [pu] <0.1 90% 750
Z0qt 70 [u] 2.34 +£0.68 856
=0r—2xt [u]l 1.74 £0.50 818
Z0ety, v 23 *97 884
2" Ktat [u] 0.07 +£0.04 399

Cabibbo-suppressed decays

pK_xt [u] 0.21 +0.03 944

pK*(892)° [pu] 012 £0.02 828
Stata~ [u] 0.48 £0.20 922
Y ont [u] 0.18 £0.09 918
STKTK™ [u] 0.15 £0.07 579

Ite [pu] <0.11 90% 549

Z(1690)° K+, Z(1690)° —  [u] <0.05 90% 501

YtK-
=2 10P) = 3(3)
JP has not been measured; %"' is the quark-model prediction.

Mass m = 2470.887 030 Mev (S = 1.1)
Mmoo — moy = 3.173% Mev
~c ~c .
Mean life 7 = (112713) x 10715 5
cr = 33.6 um
Decay asymmetry parameters
==t a=-06+04

No absolute branching fractions have been measured. Several measure-
ments of ratios of fractions may be found in the Listings that follow.

E?__ DECAY MODES Fraction (I';/T) p (MeVc)
pK~K—zt seen 676
pK~ K*(892)° seen 413
pK~ K~ 7t no K*(892)° seen 676
N K% seen 906
AKO 7t 7= seen 787
AK—rmtrta— seen 703
=gt seen 875
Zoqatatao seen 816
N~ Kt seen 522
et seen 882
=~ ¢*anything seen -
= 1UP) = 134

JP has not been measured; %"' is the quark-model prediction.

Mass m = 2575.6 &+ 3.1 MeV
m_,; — m_; = 107.8 &+ 3.0 MeV
~c ~c

The E’:’—Ez’ mass difference is too small for any strong decay to occur.

E?' DECAY MODES Fraction (I';/T) p (MeVc)
=+
=c " seen 106
=0 Py _ 1/1+
= 1J7)=35G™)

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 - Eg_ mass difference is too small for any strong decay to occur.

=0 DECAY MODES Fraction (I';/T) p (MeVjc)

_:2 ¥ seen 105
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— - ?
=.(2645) 1Py =13h =c(3080) 1Py =19
JP has not been measured; %* is the quark-model prediction. =,(3080)* m = 3077.0 + 0.4 MeV
Z,(2645)" mass m = 26459795 Mev (S = 1.1) Z:(3080)° m = 3079.9 = 1.4 MeV (S =1.3)
=.(2645)° mass m = 2645.9 + 0.5 MeV —6(3080)3 width ' = 5.8 & 1.0 MeV
M= oeasyr — M=o = 175'01—8:2 MeV (S = 1.2) =(3080)" width ' = 5.6 £ 2.2 MeV
~c
M= (26a5)0 ~ M=+ = 1781 £ 0.6 MeV =,(3080) DECAY MODES Fraction (T;/T) p (MeVio)
M= (26a5)+ ~ M= (2645)0 = 0.0 05 Mev /\zr?‘n' seen 415
=c(2645) full width T < 3.1 MeV, CL = 90% 5,.(2455)K seen 1
Z0(2645)° full width I < 5.5 MeV, CL = 90% 5,(2455)K + 5,(2520)K seen _
=, is the only strong decay allowed to a = resonance having this mass. A+K not seen 536
/\CJr Kata~ not seen 143
=,(2645) DECAY MODES Fraction (I;/T) p (MeV/c)
=0 _+
__iﬂ'7 seen 102 _Q(Z_ I(JP) — 0(% )
=7 seen 107
JP has not been measured; %“' is the quark-model prediction.
Z(2790) 1Py =137 Mass m = 26952 + 1.7 MeV (S = 1.3)
Mean life 7 = (69 + 12) x 10715 s
JP has not been measured; 5 1~ is the quark-model prediction. or =21 ym
= (2790)Jr mass = 2789.1 + 3.2 MeV No absolute branching fractions have been measured.
Z.(2790)° mass = 2791.8 + 3.3 MeV
M= (2790)+ — Mz0 = 318.2 £ 3.2 MeV .fl?. DECAY MODES Fraction (I';/T) p (MeV/c)
Cc
:6(2790)0 — m_:z_ = 324.0 4+ 3.3 MeV sHK- K* at seen 689
0 e
Z,(2790)* width < 15 MeV, CL = 90% ff{ 7T+ . seen 901
=.(2790)° width < 12 MeV, CL = 90Y = 4 seen 830
2t )" wi ¢ % N et seen 829
- . -t seen 821
=,(2790) DECAY MODES Fraction (F;/T) p (MeVc) O nt 70 ween so7
:_,c ™ seen 159 Q a atgt seen 753
Zc(2815) 1Py =367) 2.(2770)° 1UP) = 0(3 )
JP has not been measured; 5 is the quark-model prediction. JP has not been measured; 3+ is the quark-model prediction.
Ec(2815); mass m = 2816.6 + 0.9 MeV Mass m = 2765.9 & 2.0 MeV (S = 1.2)
= - _ +0.8
Z,(2815)° mass m = 2819.6 + 1.2 MeV Mo 2170y ~ Mo =707 Zgg MeV
M=, (e1s)+ — M+ = 3488 + 0.9 MeV
= (2815)0 — m_, o — 3487 + 1.2 MeV The 96(2770)0—_(28 mass difference is too small for any strong decay to
= 5 a occur.
M= (2815)+ ~ m_c(2815)0 =-31+13MeV
=.(2815)* full width T < 3.5 MeV, CL = 90% 2,(2770)0 DECAY MODES Fraction (T';/T) p (MeVc)
= 0 H —
Z.(2815)° full width T < 6.5 MeV, CL = 90% 20 oresumably 100% 7

The = 7w modes are consistent with being entirely via =(2645) 7.

Z,(2815) DECAY MODES Fraction (I';/T) p (MeVi) BOTTOM BARYONS
:_iﬁ+ﬁ_ seen 196 (B — _1)

:27r+7r’ seen 191
A =udb, =) = usb, =, = dsb, 2, = ssb

=(2980) 14P) = 309

(2980)* m =2971.4 £ 3.3 MeV (S = 2.1)
(2980)% m = 2968.0 + 2.6 MeV (S = 1.2)
(2980)T width I =26 + 7 MeV (S = 1.5)
(2980)° width I = 20 + 7 MeV (S = 1.3)

" 1Py = o)

I(J'D) not yet measured; 0(%4') is the quark model prediction.
Mass m = 5620.2 + 1.6 MeV
mp, — Mpo = 339.2 4+ 1.4 MeV

Ly by
IGIOI |

C

=,(2980) DECAY MODES Fraction (I';/T) p (MeVjc) Mean life 7 = (1.39173-938) x 10712
Aj?ﬁ seen 231 cr = 417 pm
&(2455)7 seen 134 The branching fractions B(b-baryon — A£~ anything) and B(/\?7 —
/\-CFK not seen 414 /\zrf_?fanything) are not pure measurements because the underlying
27 seen - measured products of these with B(b — b-baryon) were used to determine
=.(2645) 7 seen 277 B(b — b-baryon), as described in the note “Production and Decay of

b-Flavored Hadrons.”

For inclusive branching fractions, e.g., Ap — annything, the values
usually are multiplicities, not branching fractions. They can be greater
than one.
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p
A9 DECAY MODES Fraction (T;/F)  Confidence level (MeV/c)
J/p(1S)Ax B(b — AD) (47423)x 1075 1741
AT r (8.8+32)x 1073 2343
/\2’ a1(1260)~ seen 2153
AT €~ Tyanything vl (10.7£3.2)% -
AT, (501 % 2345
Nrtr e, (5.6+3.1)% 2335
Ac(2595)t ¢~ 7, (63749 x103 211
Ac(2625) T~ 7, (11438 % 2196
ph~ [w] < 2.3 x 1073 90% 2730
pr~ (38+1.3)x 1076 2730
pK~ ( 6.0+£1.9) x 10~6 2709
Ay < 13 x 1073 90% 2699

1UP) = 1(3%)

I, J, P need confirmation.

Mass m(X}) = 5807.8 £ 2.7 MeV
Mass m(X ) = 5815.2 + 2.0 MeV

X, DECAY MODES Fraction (;/T) p (MeV/c)
/\gﬂ dominant 128
5 WP =13%
I, J, P need confirmation.

Mass m(X3t) = 5829.0 & 3.4 MeV
Mass m(X},”) = 5836.4 £ 2.8 MeV

m):Z —myg, =21.2420 MeV
Z; DECAY MODES Fraction (I';/T) p (MeV/c)
N dominant 156
=5 10P) =35
I, J, P need confirmation.

Mass m = 5790.5 + 2.7 MeV
Mean life 7 = (1.56 4 0.26) x 10712 s
~b

Mean life 7=, = (1.497312) x 10712 5

p
=p DECAY MODES Fraction (I';/T) Scale factor (MeV/c)

Zp— U7 XxB(b— Zp)  (39+1.2)x 1074 1.4 -

=, — JWE="xB(b— =) (8 +4 )x10° -

2, 1UP) =0(3")
I, J, P need confirmation.

Mass m = 6071 & 40 MeV (S = 6.2)
Mean life 7 = (1.173-3) x 107125

ﬂ; DECAY MODES
Q= xB(b — Q)

Fraction (I';/T) p (MeV/c)

(24+1.2) x 1076 1826

b-baryon ADMIXTURE (A, Zp, Zp, 25)

Mean life 7 = (1.345 + 0.032) x 10712 5

These branching fractions are actually an average over weakly decaying
b-baryons weighted by their production rates in Z decay (or high-energy
pP), branching ratios, and detection efficiencies. They scale with the LEP
b-baryon production fraction B(b — b-baryon) and are evaluated for our
value B(b — b-baryon) = (9.2 £ 1.8)%.

The branching fractions B(b-baryon — A£~ wyanything) and B(/\?7 —

Azré_izanything) 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-Zp:2p) Fraction (F;/T) p (MeV/c)

(58% 289 -
pLTanything (56+ 1.7)% -
panything (69 +27 )% -
Al™ Dyanything (3.7 1.0) % -
A/ Aanything (39 +11 )% -
=~ (" Dyanything ( 65+ 2.2)x1073 -

pp~ vanything

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 = v/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, pis 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 = 931.494028(23) MeV,
is less well known than are the masses in u.

b] The {m,—mz|/m, and |q, + gp|/e are not independent, and both use
p~Mp|/Mp p p
the more precise measurement of |q5/mp|/(qp/mp).

[c] The limit is from neutrality-of-matter experiments; it assumes q, = q, +
ge. See also the charge of the neutron.

[d] 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
75/B(P — e77) >7x10%yr.

[e] 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.

[f] 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 T is >12's (95% CL).

[g] The parameters g4, gy, and gy for semileptonic modes are defined by
Brlva(gv + 8as) + i(gwm/ms;) oav q”]B;, and dav is defined by
8a/8v = |ga/gv|€?Av. See the “Note on Baryon Decay Parameters”
in the neutron Particle Listings.

[h] Time-reversal invariance requires this to be 0° or 180°.

[7] This coefficient is zero if time invariance is not violated.

[j] This limit is for  energies between 15 and 340 keV.

[k] The decay parameters v and A are calculated from a and ¢ using
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v = V1-a? cose, tanA = — L /1—a2 sing .

a
See the “Note on Baryon Decay Parameters” in the neutron Particle List-
ings.
[/] See the Listings for the pion momentum range used in this measurement.

[m] The error given here is only an educated guess. It is larger than the error
on the weighted average of the published values.

[n] A theoretical value using QED.
[0] See the note on “Af Branching Fractions” in the AT Particle Listings.

[p] This branching fraction includes all the decay modes of the final-state
resonance.

[g] An ¢ indicates an e or a u mode, not a sum over these modes.

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

[s] Assuming isospin conservation, so that the other third is A 7070,

[t] A test that the isospin is indeed 0, so that the particle is indeed a /lzr.

[u] No absolute branching fractions have been measured. The value here is
the branching ratio relative to =~ 27t.

[v] Not a pure measurement. See note at head of /\g Decay Modes.
[w] Here h~ means 7~ or K.
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SEARCHES FOR
MONOPOLES,
SUPERSYMMETRY,
TECHNICOLOR,
COMPOSITENESS,
EXTRA DIMENSIONS, etc.

Magnetic Monopole Searches I

Isolated supermassive monopole candidate events have not been con-
firmed. The most sensitive experiments obtain negative results.
Best cosmic-ray supermassive monopole flux limit:
< 10x107 B em=2sr s for 1.1x 1074 < g <01

g — gluino
The limits summarised here refer to the high-mass region
(mg, 25 GeV), and include the effects of cascade decays, eval-
uated assuming a fixed value of the parameters x and tang.
The limits are weakly sensitive to these parameters over much
of parameter space. Limits assume GUT relations between
gaugino masses and the gauge coupling,

Mass m > 308 GeV, CL = 95%  [any mg]
Mass m > 392 GeV, CL = 95%  [mgz = mg]

4
Technicolor

Searches for a color-octet techni-p constrain its mass to be greater
than 260 to 480 GeV, depending on allowed decay channels. Similar
bounds exist on the color-octet techni-w.

Supersymmetric Particle Searches

Limits are based on the Minimal Supersymmetric Standard Model.
Assumptions include: 1) )N((l) (or 7) is lightest supersymmetric particle;
2) R-parity is conserved; 3) With the exception of f and b, all scalar

quarks are assumed to be degenerate in mass and Mg, = Mg, 4) Limits

for sleptons refer to the g states. 5) Gaugino mass unification at the
GUT scale.

See the Particle Listings for a Note giving details of supersymmetry.
%9 — neutralinos (mixtures of 7, Z°, and H?)
Mass Moo > 46 GeV, CL = 95%
1
[all tanp, all my, all Mo — m)?o]
Mass me > 62.4 GeV, CL = 95%
2
[1<tang <40, all mg, all m_y — m_o]
X2 X1
Mass my > 99.9 GeV, CL = 95%
3
[L<tang <40, all mg, all m-y — mo]
X3 X1
Mass meo > 116 GeV, CL = 95%
4
[1<tang <40, all mg, all m_y — m_o]
X5 X1

)?,i — charginos (mixtures of W and Itlli)
Mass Mes > 94 GeV, CL = 95%
1
[tan3 < 40, m_. — m_o > 3 GeV, all mg]
X1 X1

e — scalar electron (selectron)
Mass m > 107 GeV, CL = 95%  [all mg —m_o]
1

71 — scalar muon (smuon)

Mass m > 94 GeV, CL = 95%

[1 <tang < 40, Mpg=Myo > 10 GeV]
1

7 — scalar tau (stau)
Mass m > 81.9 GeV, CL = 95%
[mz, — my >15 GeV, all 6,]
R X1

q — scalar quark (squark)
These limits include the effects of cascade decays, evaluated
assuming a fixed value of the parameters 1 and tanf. The
limits are weakly sensitive to these parameters over much of
parameter space. Limits assume GUT relations between gaug-
ino masses and the gauge coupling.

Mass m > 379 GeV, CL = 95% [tanf=3, pu <0, A=0, any myg]

b — scalar bottom (sbottom)
Mass m > 89 GeV, CL = 95% [mE1 - My >8 GeV, all 6 ]
1

't — scalar top (stop)

Mass m > 95.7 GeV, CL = 95%
[t — cx) all 6, my — msg >10 GeV]

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
2 — —
+ £7 brn b oL
(with g2/4x set equal to 1), then we define A = Aﬁ. For the
full definitions and for other forms, see the Note in the Listings
on Searches for Quark and Lepton Compositeness in the full Re-
view and the original literature.

Afj(eeee) > 83 TeV, CL =95%

A (eeee) > 10.3 TeV, CL = 95%
Afj(eepp) > 85TeV, CL = 95%
Ap(eepp) > 9.5 TeV, CL = 95%
Afj(eerr) > 7.9 TeV, CL = 95%
A (eeTr) > 7.27TeV, CL = 95%
Afj(eeee)y > 9.1 TeV, CL = 95%
A (eeee)y > 103 TeV, CL = 95%
Afj(eeuu) > 233 TeV, CL = 95%
A (eeuu) > 125 TeV, CL = 95%
Afj(eedd) > 11.1TeV, CL = 95%
A (eedd) > 26.4TeV, CL =95%
Afj(eecc) > 9.4TeV, CL = 95%
A (eecc) > 5.6 TeV, CL = 95%
Afj(eebb) > 9.4 TeV, CL = 95%
N[ (eebb) > 4.9 TeV, CL = 95%
Afi(ppgq) > 2.9 TeV, CL = 95%
A (ppgq) > 42 TeV, CL = 95%
ING22%) > 3.10 TeV, CL = 90%
Nevqq) > 2.81 TeV, CL = 95%
/\D_(qqqq) > 2.7 TeV, CL = 95%
A (gqaq) > 2.4 TeV, CL = 95%
Af(vvqq) > 5.0TeV, CL = 95%
A (vvaq) > 5.4 TeV, CL = 95%

Excited Leptons

The limits from £*+ £*= do not depend on A (where X is the
£¢* transition coupling). The A-dependent limits assume chiral
coupling.

*+  excited electron

Mass m > 103.2 GeV, CL = 95%  (from e*e*)
Mass m > 272 GeV, CL = 95%  (from ee*)
Mass m > 310 GeV, CL = 95%  (if A, = 1)

[
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I Extra Dimensions I

W — excited muon
Mass m > 103.2 GeV, CL = 95%  (from p* pu*) Please refer to the Extra Dimensions section of the full Review for a
Mass m > 221 GeV, CL = 95%  (from ppu*) discussion of the model-dependence of these bounds, and further

t _ eycited tau constraints.
Mass m > 103.2 GeV, CL = 95%  (from 7*7*) Constraints on the fundamental gravity scale
Mass m > 185 GeV, CL = 95%  (from 77%) My > 1.1TeV, CL = 95% (dim-8 operators; pp — eTe™, v7)

Mp > 1.1TeV,CL=95% (ete” — Gr; 2-flat dimensions)
Mp > 3-1000 TeV  (astrophys. and cosmology; 2-flat dimensions;
limits depend on technique and assumptions)

v* — excited neutrino

Mass m > 102.6 GeV, CL = 95%  (from v*v*)
Mass m > 213 GeV, CL = 95%  (from vv*)

Constraints on the radius of the extra dimensions,

q* — excited quark for the case of two-flat dimensions of equal radii
Mass m > 45.6 GeV, CL = 95% (from g* g*) r< 90-660 nm  (astrophysics; limits depend on technique and
Mass m  (from g*X) assumptions)

Color Sextet and Octet Particles r< 0.22mm, CL =95% (direct tests of Newton’s law; cited

in Extra Di i i
Color Sextet Quarks (dg) in Extra Dimensions review)

Mass m > 84 GeV, CL = 95%  (Stable g¢)
Color Octet Charged Leptons ({g)

Mass m > 86 GeV, CL = 95%  (Stable /g)
Color Octet Neutrinos (vg)

Mass m > 110 GeV, CL =90% (g — vg)
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TESTS OF CONSERVATION LAWS

Updated May 2010 by L. Wolfenstein (Carnegie-Mellon Uni-
versity), T.G. Trippe (LBNL), 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 . 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 Kj, 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° + 90°.

Assuming that there is no other source of C'PT violation

than this mass difference, it is possible to deduce that[1]

2(myo —mpo) | (56— + 3600 — Ssw)

sin ¢psw

m?o —Mgo = )
where ¢gw = (43.51 £ 0.05)°, the superweak angle. Using our
best values of the CP-violation parameters, we get |(mfo —
mpo)/mpo| < 0.8 x 1078 at CL=90%. Limits can also be
placed on specific C' PT-violating decay amplitudes. Given the
small value of (1 — |noo/n+—|), the value of g9 — ¢— provides
a measure of C'PT violation in Kg — 27 decay. Results from
CERN [1] and Fermilab [2] indicate no C'PT-violating effect.

CP AND T INVARIANCE

Given CPT invariance, C'P violation and T violation
are equivalent. The original evidence for CP violation came
from the measurement of |ny_| = |A(KY — 7Fn)/A(KS
— qtr7)| = (2.232 4 0.011) x 1073, This could be explained
in terms of K9-K mixing, which also leads to the asymmetry
[(KY — 7 etv)—T(KY — nte 7)]/[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(e'/e) =
(1.65 £ 0.26) 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(23) now measured

quite accurately to be 0.671 £ 0.023. A number of other C'P-
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~nt) = T(B° — K*tn7)]/[sum] =
—0.098 £ 0.013. Direct tests of T" violation are much more dif-
ficult; a measurement by CPLEAR of the difference between
the oscillation probabilities of K? to K0 and KO to K° is
related to T violation [3]. Other searches for C'P or T viola-
tion involve effects that are expected to be unobservable in the
Standard Model. The most sensitive are probably the searches
for an electric dipole moment of the neutron, measured to be
<2.9%x107% ¢ cm, and the electron (0.0740.07) x 10720 ¢ cm.
A nonzero value requires both P and T violation.

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
t1p > 1.9 x 10% yr (CL=90%) for "®Ce.

b) Conversion of one charged-lepton type to another.
For purely leptonic processes, the best limits are on u — ey
and p — 3e, measured as I'( — ey)/T'(u —all) < 1.2 x 1071
and I'(u — 3e)/T(p — all) < 1.0 x 1072, For semileptonic
processes, the best limit comes from the coherent conver-
sion process in a muonic atom, u~+ (Z,A) — e~ + (Z, A),
measured as T'(p~Ti — e~ Ti)/T(p"Ti — 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 — mte pu™,
measured as ['(Kj — eu)/T(Kp — all) < 4.7 x 10712 and
DK+t — nte pt)/T(K+ — all) < 1.3 x 1071, 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 — puy)/T(r — all) < 4.4 x 1078 and
(1 — ey)/T(1 — 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(n 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
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 searches. Strong evidence for neutrino

mixing has come from atmospheric and solar neutrinos. The
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SNO experiment has detected the total flux of neutrinos from
the sun measured via neutral current interactions and found it
greater than the flux of v.. This confirms previous indications
of a deficit of v.. Furthermore, evidence for such oscillations
for reactor 7 has been found by the KAMLAND detector. A
global analysis combining all solar neutrino data (SNO, Borex-
ino, Super-Kamiokande, Chlorine, Gallium) and the KamLAND
data yields A(m?) = (7.59 & 0.20) x 107° ¢V2[4].

Underground detectors observing neutrinos produced by
cosmic rays in the atmosphere have found a factor of 2 defi-
ciency of upward going v, compared to downward. This pro-
vides compelling evidence for v, disappearance, for which the
most probable explanation is v, — v, oscillations with nearly
maximal mixing. This mixing space can also be explored by
accelerator-based long-baseline experiments. The most recent
result from MINOS gives A(m?) = (2.43 4+ 0.13) x 1073 eV2[5].

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 ['(XT — netv)/I'(ZF — all) < 5 x 1076,
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(Kp) —m(Kg) = (0.5292 +0.0009) x 10! hs~!.
The AB = 2 transitions in the BY and B? systems via mixing are
also well established. The measured mass differences between
the eigenstates are (mBIO{ - mBE) = (0.50740.005) x 1012 hs~!
and (mpo —mpo ) = (17.7740.12) x 1012 7is~!. There is now
strong evidence of AC = 2 transition in the charm sector with
the mass difference mpy —mpo = (2.397059) x 1010 hs~1. 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

Unless otherwise stated, limits are given at the 90% confidence level, while errors are given
as +1 standard deviation.

Tvw, which occurs in

best test should come from K+ — =
the Standard Model only as a second-order weak process
with a branching fraction of (0.4 to 1.2)x107'%. Combin-
ing results from BNL-E787 and BNL-E949 experiments yield
DK+ — 75wp)/T(K* — all) = (1.7 £ 1.1) x 10719[6]. Limits
for charm-changing or bottom-changing neutral currents are
much less stringent: T'(D° — u*p™)/T(D? — all) < 1.3 x 1076
and I'(BY — ptp™)/T(BY — all) < 1.5 x 1078, One cannot iso-
late flavor-changing neutral current (FCNC) effects in non lep-
tonic decays. For example, the FCNC transition s — d+ (T +u)
is equivalent to the charged-current transition s — u + (@ + 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.
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I TESTS OF DISCRETE SPACE-TIME SYMMETRIES I

CHARGE CONJUGATION (C) INVARIANCE
F(x0 — 39)/Total <3.1x1078, CL = 90%
n C-nonconserving decay parameters

at a0 left-right asymmetry (0.09+0'1%) x 1072

—0.1

0 sextant asymmetry (0,12f8'ﬁ)) x 1072

(—0.09 + 0.09) x 10—2
(0.9 £ 0.4) x 1072
—0.02 £ 0.07 (S = 1.3)
<9 %1075, CL = 90%
<5 x 1074, CL = 90%
r(n — 37%%)/Tiotal <6 %1075, CL = 90%
T(n — 37)/Tiotal <16 x 1075, CL = 90%
rn — et e™)/Tiotal [a] <4x1075, CL=090%
rn— 70t 1)/ Tiotal [a] <5 x 1076, CL = 90%
M(w(782) — 770)/Fiotal <2.1x1074, CL = 90%
M(w(782) — 270)/Tiotal <21 %1074, CL = 90%
M(w(782) — 370)/Total <23 x 1074, CL = 90%

atr—x
at 7= 79 quadrant asymmetry
a7~ left-right asymmetry
7+ 7=~ parameter 3 (D-wave)
T — 707/ Total
r(n— 27%9)/Tiotal

asymmetry parameter for 7/ (958) — —0.03 + 0.04

ata— ~ decay
r(n'(958) — et e)/Miotal [ <1.4x1073,CL =90%
(7' (958) — nete™)/Tiotal l[a] <2.4x1073, CL = 90%
r(7(958) — 37)/Ttotal <1.0 x 1074, CL = 90%
(' (958) — utu~79)/Tiotal la] <6.0x1073, CL = 90%

[ <1.5x1075, CL = 90%
<5x 1076, CL = 90%

T(n'(958) — uF 1™ n)/Teotal
rJ/$AS) = v1)/Tiotal
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PARITY (P) INVARIANCE

e electric dipole moment
1 electric dipole moment

Re(d,; = 7 electric dipole moment)
F(n — L )/Tiotal

r(n— 20 )/rtotal

r(n— a0 )/rtotal

(1 (958) — atr “)/Ttotal
r(n'(958) — 0x0)/Foral
M(nc(1S) = =T 77)/Tiotal
M(nc(18) — 7970)/Tiopay
T(nc(1S) = KT K™)/Teoral
M(nc(15) — K&K/ Motal

p electric dipole moment
n electric dipole moment
A electric dipole moment

(0.07 £ 0.07) x 10726 ecm

(—0.1 £ 0.9) x 10719 ecm

~0.2210 0.45 x 10716 ecm, CL =
95%

<1.3x 1075, CL = 90%

<35 x 1074, CL = 90%

<6.9x 1077, CL = 90%

<29 %1073, CL = 90%

<1.0 x 1073, CL = 90%

<6 x 1074, CL = 90%

<4x 1074, CL = 90%

<6x1074, CL = 90%

<3.1x 1074, CL = 90%

<054 x 10723 ecm

<0.29 x 10=25 ecm, CL = 90%

<15x10716 ecm, CL = 95%

TIME REVERSAL (T) INVARIANCE

e electric dipole moment

1 electric dipole moment

4 decay parameters
transverse eT polarization normal to

plane of x spin, et momentum

U//A
8'/A

Re(d, = 7 electric dipole moment)

Pp in Kt — 7r0,u+1/M

Ppin Kt — ,u+uu'y

Im(¢) in KT — =0 ,u*u decay (from
transverse p pol.)

asymmetry A in KO-KO mixing

Im(€) in K?L3 decay (from transverse x pol.)

Ap(D* — K kErtam)

Ap(D® — Kt K=zt am)

Ap(DE — KQkErtam)

p electric dipole moment

n electric dipole moment

n — pe~ Ug decay parameters
P Ay, Phase of g relative to g/
triple correlation coefficient D
triple correlation coefficient R

A electric dipole moment

triple correlation coefficient D for ¥~ —
ne"vg

(4]

[c
ld]
[d]

(0.07 £ 0.07) x 1026 ecm
(0.1 £ 0.9) x 10719 ecm

(-2 +8)x 1073

(—10 £ 20) x 10—3

(2+7)x103

—0.22t0 0.45 x 10716 ecm, CL =
95%

(-1.7 £25) x 1073

(—0.6 +£1.9) x 1072

—0.006 + 0.008

(6.6 + 1.6) x 103

—0.007 + 0.026

0.02 + 0.07

0.01 + 0.07

~0.04 + 0.07

<054 x 10723 ecm

<0.29 x 10~25 ecm, CL = 90%

(180.06 + 0.07)°

(-4 +6)x1074

0.008 + 0.016

<1.5x 10716 ecm, CL = 95%
0.11 £ 0.10

CP INVARIANCE

Re(d?)

Im(df)

n— wnT et e decay-plane asymmetry
T(n— = 77)/Tiotal
r(n — 27%)/Foral
r(n — 47%)/Fopa)
(1 (958) — 7+ 77)/Tiotal
F(of (958) — 7070)/Tigay
KT = afata rate difference /average
KE - wiwo = rate difference/average

KE = 7720y rate difference/average
KE - atgta— (8 —8-)/ (84 +
&)
KE = ata0a0 (g g )/ (gp +6)
r(kt N Cen
At ) = (e TU)
(K7 )Ty )
( + )= r(K; #) r(KW#u)
T r(k* )+r(K7rW)

™
Ag = [ r(Kg — m et ) - F(K% -
T e Te) ]/ SUM

<0.50 x 10717 ecm, CL = 95%
<1.1x 10717 ecm, CL = 95%
(—0.6 +3.1) x 1072

<1.3x 1075, CL = 90%

<35 x 1074, CL = 90%
<6.9x 1077, CL = 90%
<2.9x1073, CL = 90%
<1.0x1073, CL = 90%

(0.08 £ 0.12)%

(0.0 £ 0.6)%

(0.9 +3.3)%

(-15+22)x 1074

(1.8+18)x10°4

(22 +1.6) x 1072

—0.02 £0.12

(2+10)x 1073

Unless otherwise stated, limits are given at the 90% confidence level, while errors are given

as +1 standard deviation.

Im(n;_g) = Im(AKY — 7+=~ =0, cP-
violating) / A(KY — 7+ 7~ x0))
Im(1g00) = Im(A(KO -

WOWOTO)/A(KO — 07x070y)
lno00| = |A(KE — 3w°)/A(K‘z - 370)|
CP asymmetry A in K% — gtr—ete™
f(Kg - 37r0)/rtotal
linear coefficient j for K[L) — ata a0

quadratic coefficient f for K[L) — gta=x0

‘e’_*__,y‘/e for K(L) [
lgg1| for K[L) - atny
(k) — =0t ™)/ Moan
F(K[L) — n0et e_)/rt0t3|
r(K(L) - 7"[)l’p)/rtotal
ACP(D:E — ut v)
Acp(DE — KQxt)
Acp(DEF — KF2nE)
ACP(Di KFrtot 0)
Acp(DF — K%rtr0)
ACP(Di Kgﬂ'iﬂ'+7\'7)
Acp(DE

Acp(DE
Acp(D*
Acp(D*
Acp(DE

Ll

!

K k)

K+t Kk—at)
KT K*O)
Y

K* K35(1430)0)
Acp(DF — KT K3(1430)0)
Acp(DE — KEK?(800))
Acp(DE — ag(1450)0 7 E)
Acp(DE — (1680)nE)
ACP(Di — 7T+7T77Ti)
Acp(Dt — K KkErtam)

Ll

1

!

la/p| of DO-DO mixing
Ar of DO-BO mixing

[e
[e
[f

]
]

—0.002 + 0.009
(~0.1+1.6) x 1072

<0.018, CL = 90%

(-1 +4)%

<1.2x 1077, CL = 90%
0.0012 =+ 0.0008

0.004 = 0.006

<0.3, CL = 90%

<0.21, CL = 90%
<3.8x 10710, cL = 90%
<2.8x 10710, cL = 90%
<6.7x 1078, CL = 90%
0.08 £ 0.08

~0.009 £ 0.009

~0.005 £ 0.010

0.010 + 0.013

0.003 = 0.009

0.001 + 0.013

0.07 + 0.06

(0.3 +0.6)%

(0.1 +1.3)%

(0.9 +1.1)%

6%

(4352)%

(-12718)%

(—19F 1%

(-9 + 26)%

~0.02 £ 0.04

—0.04 £ 0.07

+0.18
086" 15

(1.4 +2.7) x 1073

Where there is ambiguity, the CP test is labelled by the D0 decay mode.

Acp(D® — KTK™)
Acp(D® — K% KQ)

ACP(DO — 7T+7T )

ACP(DO — 71'0710)

ACP(DO — 1T+1T71T0)

ACP(DO — p(770) T 7~ — ata— 710)
ACP(DO — p(770)07r0 — ata™ 7r0)
ACP(DO — p(770) "7t — ata— 710)
ACP(DO — p(1450) T 7~ — 7r+7r77r0)
ACP(DO — /)(1450)07r — 7r+7r77r0)
ACP(DO — p(1450) "7t — atx 7r0)
ACP(DO — p(1700) 7~ — 7r+7r77r0)
ACF,(DO — p(1700)0ﬂ'0 — ata— 7r0)
Acp(DY — p(1700)~ 7t — 7t 7 20)
ACP(DO — f0(980)7r0 . 7r0)
ACP(DO — fo(1370)7T0 — 7T+7T77T0)
A(_—P(DO — f0(1500)ﬂ'0 — 7T+7T77T0)
Acp(DO — £(1710)70 — 7t 7~ 0)
ACP(DO — f2(1270)7r0 — 7r+7r77r0)

ACP(DO — [r(400)7r0 — ata— 7r0)
Acp(nonresonant DO — ata— 7r0)
Acp(D? — Kkt K~ x0)
Acp(DO — K*(892)t K~ — K+ K~ x0)
Acp(DO — K*(1410)T K~

Kt Kk—x0)
Acp(DO — (kT a0

K+ k= 70)
Acp(DY — ¢(1020)70 — K+ K—x0)
Acp(DO — £(980)x% — Kt K—x0)
Acp(DY — 25(980)070 — K+ K~ x0)
Acp(DY — 5(1525)70 — K+ Kk~ x0)
Acp(DY — K*(892)~ K+ — K+ K~ x0)
Acp(DY — K*(1410)~ KT —

K+ K= x0)

)§—wave K~ —

(~0.17 £ 0.31) x 1072 (S = 1.3)
—0.23 £ 0.19
(0.2 4 0.4) x 1072
0.00 + 0.05
(0.3 +0.4)%
(1.6 £ 1.2)%
(-1.6 + 1.5)%
(—0.7 + 1.2)%
(0.0 +0.14)%
(=0.1 +0.22)%
(0.2 +0.32)%
(—0.4 +1.1)%
(1.3 +0.9)%
(0.5 +0.7)%
(0.0 £ 0.14)%
(0.2 +0.14)%
(0.0 + 0.14)%
(0.0 +0.14)%
(=0.1 + 0.14)%
(0.1 +0.14)%
(—0.2 + 0.4)%
(—1.0 + 1.7)%
(-0.8+1.2)%
(—1.7 £ 1.9)%

(2 +5%

(0.4 +0.8)%

(~0.4 +2.6)%
(~0.6 + 1.9)%
(0.0 + 0.32)%
(1.7 + 1.4)%
(~1.7 £ 2.9)%
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ACP(D0 — (K~ WO)S*'wave Kt —
K+ K—x0)

— k%¢)

— KOSWO)

— K77r+)

— K+7r7)

— K77r+7r0)

— K+7r77r0)

— K057r+7r7)

K*(892) "7t — KQxta)

K*(892)T 7~ — K%rta)

Kg- 0 K057T+7T7)

K%w—s K%w+7r7)

- K11y(980) — K%ntr)

= K¥fH(1270) — KirF )

- K1f(370) — KirF )

Ll

!

N K6(1430)*7r+ HS
KOSTr+ 77)
Acp(D0 — K3(1430)" 7t —
KOSTr+ 77)
Acp(DY — K*(1680) "7t —
K057T+ 7)

/-'tCP(DO — K- rtrtzrm)
ACP(DO — Ktr—rtzrm)
Acp(D® — Kt K—xta™)
Acp(DE — ptv)

+ + 0
Acp(D K k)

-
ACP(D§: — KtK— %)
Acp(DE — Kt K~ ata0)
Acp(DE — KL KFort)
ACP(DSi — atna— Wi)
AOP(DSi — wtn)
AOP(DSi — )
Acp(DE — KEx0)
Acp(DE — K&nF)
ACP(DSi — Ki7r+777)
Acp(DE — KEy)

1

Acp(DE — KE/(958))

Acp(BY — J/(1S)KT)
Acp(BT — J/p(18)nT)
Acp(BT — J/ppT)
Acp(BT — J/pK*(892)T)
Acp(BT — no.kt)
Acp(BT — y(25)nt)
Acp(BT — 4(28) k™)
Acp(BT — ¢(25)K*(892)T)
Acp(BT — xoq(1P)xT)
Acp(BT — xcoK™)
Acp(BT — xc1 KT)
Acp(BT — xc1 K*(892)1)
Acp(Bt — DOxt)
Acp(BY = Dop(1ymh)

Acp(BT — Dop(_1)™h)
Acp(BT — DOKT)
rg(BT — DOKT)

§p(BT — DOKT)

rg(BT — DK*T)

og(BT — DK*T)
Acp(BT — [K=xt]pkT)

Acp(BT — [K™xt]5K*(892)T)
Acp(BT — [K=xt]pnT)
ACP(BJr — [7r+7r77r0]DK+)
Acp(BY = Dop(11)K™T)

Acp(BT — Dep(_1)K™)
Acp(BT — D*Ort)

AC’P(BJr - (Dép(+1))07r+)
Acp(BT — (sz(fl))oﬁ)

(—0.4 +25)%

—0.03 £ 0.09
0.001 £+ 0.013
—0.004 £ 0.010
0.022 + 0.032
0.002 + 0.009

0.00 + 0.05

+0.026
—0.009 " 3060

<35x 1074, CL = 95%
<7.8x 1074, CL = 95%
<48 x1074, CL = 95%
<9.2x 1074, CL = 95%
<6.8 x 1074, CL = 95%
<135 x 1074, CL = 95%
<255 x 1074, CL = 95%
<9.0x 1074, CL = 95%

<6.5x 1074, CL = 95%
<28.4x 1074, CL = 95%

0.007 + 0.010
—0.02 £ 0.04
—0.08 £ 0.07
0.05 & 0.06
0.049 + 0.023
0.003 + 0.014
—0.06 £+ 0.04
—0.01 £ 0.04
0.02 + 0.05
—0.08 £+ 0.05
—0.06 4 0.04
0.02 + 0.29

0.27 £ 0.11

0.11 4+ 0.07
—0.20 +0.18
—0.2+04
0.009 + 0.008 (S = 1.3)
0.01 4 0.07 (S = 1.3)
—0.11 £ 0.14
—0.048 £ 0.033
—0.16 £+ 0.08
0.02 & 0.09
—0.025 + 0.024
0.08 &+ 0.21

0.07 + 0.18
—0.11 £ 0.12
—0.009 + 0.033
0.5+ 05
—0.008 + 0.008
0.035 + 0.024
0.017 + 0.026
0.07 & 0.04
0.101 £ 0.032
126 + 21 degrees
0.34 +£0.09 (S = 1.3)

157 + 70 degrees (S = 2.0)

+0.9
=017

-03+05

—0.02 +0.16

—0.02 +0.15

0.24 4+ 0.08 (S = 1.1)
—0.10 £ 0.08
—0.014 + 0.015
—0.02 + 0.05

—0.09 £ 0.05

Unless otherwise stated, limits are given at the 90% confidence level, while errors are given

as +1 standard deviation.

Acp(BT — D0kt
rg(Bt — D*O0kT)
5Bt — DOkt

Acp(BY — D*CE)P(+1)K+)
Acp(BT — Dgp(il)KﬂL)
Acp(BT — DCP(+1)K*(892)+)
Acp(BT — DCP(fl)K*(S‘)Z)*)
Acp(BT — D*+D*0)
Acp(BT — D*TDV)
Acp(BT — DTD*0)
Acp(BT — DTDO)
Acp(BT — K77)
Acp(BT — Kta0)
Acp(BT — o/ KT)
Acp(BT — 1/ K*(892)T)
Acp(BT — nK™T)
Acp(Bt — nk*(892))
Acp(BT — nKj(1430)7T)
Acp(BT — nK3(1430)T)
Acp(Bt — wkt)
Acp(BT — wK*t)
Acp(BT — w(km)pt)
Acp(BT — wK3(1430)T)
Acp(BT — K*(892)1x0)
Acp(BT — K0xt)
Acp(BT — kta—at)
Acp(BT — f(980) k)
Acp(BT — f(1270) K1)
Acp(BT — fx(1300)KT)
Acp(BT — pOkT)
Acp(Bt — K§(1430)0xt)
Acp(BT — K3(1430)0 1)
Acp(Bt = KOpT)
Acp(BT — K*tata™)
Acp(BT — pAy)
Acp(BT — pAxl)
Acp(Bt — 0 K*(892)T)
Acp(BT — K*(892)T £,(980))
Acp(BT — af KO)
Acp(BT — b KO)
Acp(BT — K*(892)0pT)
Acp(Bt — ) kt)
Acp(BT — KOKT)
Acp(Bt — kT kLK)
Acp(BT — KT K—kT)
Acp(BT — ¢KT)
Acp(BT — Xg(1550) KT)
Acp(Bt - K*t KT k™)
Acp(BT — ¢K*(892)%)
Acp(BT = o(Km)§T)
Acp(BT — ¢Ki(1270)F)
Acp(BT — ¢K3(1430)T)
Acp(BT — K*(892)1 )
Acp(BT — nKT4)
Acp(BY — ¢Ktr)
Acp(BT — pto)
ACP(B+ — 7T+7T0)
ACP(B+ — 7r+7r77r+)
ACP(BJr — /)07r+)
Acp(BT — £(1270)7T)
Acp(BtT — pO(1450) )
Acp(BT — fp(1370)7T)
ACP(BJr — atr—at nonresonant)
ACP(B+ — pta0)
Acp(Bt = pT0)
Acp(Bt = BdxT)
ACP(B+ — wrt)
Acp(BT — wpT)

—0.07 £ 0.04
0.14 + 0.05

299 + 24 degrees
—0.12 £ 0.08

0.07 £ 0.10
0.09 +0.14
—0.23 £0.22

—0.15 4 0.11
—0.06 + 0.13

0.13 4+ 0.18

—0.03 + 0.07

0.009 + 0.029 (S = 1.2)
0.051 = 0.025

0.013 + 0.017

+0.33
—0.30" 570

—0.37 4 0.09
0.02 + 0.06

0.05 + 0.13

—0.45 4 0.30

0.02 + 0.05

0.29 + 0.35

—0.10 + 0.09

0.14 + 0.15

0.04 + 0.29

—0.04 + 0.09 (S = 2.1)

0.038 + 0.022

+0.05
+0.
—068" 17

0.28 + 0.30
0.37 £ 0.10
0.055 + 0.033

+0.29
0.057 52

(—0.12 £0.17) x 10—©
0.07 + 0.08
0.17 + 0.17
0.01 + 0.17
—0.34 4 0.21
0.12 + 0.11
—0.03 4 0.15
—0.01 + 0.16
—0.46 + 0.20
0.12 +0.18
—0.04 + 0.11
—0.017 + 0.030
—0.01 + 0.06
—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
0.018 = 0.029
—0.12 + 0.07
—0.26 4 0.15
~0.11 4 0.33
0.06 + 0.05

0.03 £ 0.06

+0.09
018757

0.41 +0.30

_o1+04
0.170_5

0.72 £ 0.22

+0.23
—014 20116

0.02 +0.11
—0.05 + 0.05
0.05 + 0.16
—0.04 + 0.06
—0.20 + 0.09
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ACP(BJr — nnt)
ACP(B+—> /7r+)
Acp(Bt = npt)
Acp(BT — o pT)
Acp(BY — pprt)
Acp(BT — ppKT)
A('P(BJr — ppK*(892)T)
Acp(BT — Kktetem)
Acp(BT — Kktete™)
Acp(BY — Ktutum)
Acp(BT — K*tetem)
Acp(BT — K*ete™)
Acp(BT — K*utum)

F(BT — D() k(x)+)
Re(ego)/(1+ego |?)

AT/cp

Acp(BY — D*(2010)T D)
Acp(BY — o K*(892)0)
Acp(BY — wk*0)

Acp(BY — w(km)E0)
Acp(BY — wK3(1430)0)
Acp(BY KOKO)
Acp(BY = nK}5(1430)0)
Acp(BY — nK3(1430)0)
Acp(BY — Kt x0)
Acp(BY — pKT)

K+ 7~ 70 nonresonant)
(Km)gt =)
(km)g0 =)
K*(892) T 77)
K*Oﬂ'o)

Ll

1

>
Q
gl
559w
bbbl

KO 7r+7r7)
K*(892)0 7 )
K*(892)0 p0)

ay K1)

by KT)

K*(892)0 K+ k™)
K*(892)0¢)
K*(892)0 K— =)
#(Km)E0)

¢ K5(1430)0)
pta7)

p~ )

a1 (1260)E 7 F)

by 7r+)
K*(1430) )
pPK*(892)0)
pATT)

K*0 g+ =)
K*0etem)

K*0 i)

(B9 — D*(2010)~ D)

>
Q
=
%
Ll

>
Q
=
%
Ll

>
Q
v
£
I I A

p+(2010)- D+

Cp+(2010)+ D~ (BY — D*(2010)* D7)
¢, (B9 — p*tp*)

c_ (BO N D*+D*7)

s (BO N D*+D*_)

€ (B — D*(2010)* D*(2010)~ k)

5 (B0 — D*(2010)+ D*(2010)~ k)

C (BY — Dt D7)

BO — J/ip(15)x0)

Dt D~
CJ/w(lS)wO(

(*) ) (BY — D( ) )
5ot 40 (B0 = PER1)

c (B0 — K070)

K0 w0

0 / 0
C 1(958) K (BY — 1'(958) Ks)
S,1(958) K (B0 — »/(958)KQ)

Cn’KO (BO - 7I,K0)

—0.13 £ 0.10 (S = 1.5)
0.06 + 0.16

0.11 £ 0.11

0.04 + 0.28

0.00 + 0.04

—0.16 + 0.07

0.21 4 0.16 (S = 1.4)
—0.01 £ 0.09 (S = 1.1)
0.14 +£0.14

—0.05 + 0.13

—0.09 + 0.14

—0.14 £0.23

—0.12 £ 0.24

(62 + 15)°

(=01 +1.4)x 1073
0.005 + 0.018

0.02 + 0.04

0.08 4 0.25

0.45 4 0.25

—0.07 + 0.09

—0.37 £ 0.17

(—0.6 £ 0.7) x 1076
0.06 + 0.13

—0.07 + 0.19

(0 +6) x 1072

0.15 + 0.13

+0.22
0237 5’59

0.10 + 0.07
—0.22 £0.32

—0.19 £ 0.07

+0.23
—0.097 '5¢

~0.01 + 0.05
0.07 4 0.05

0.09 + 0.19

—0.16 £ 0.12

—0.07 + 0.12

0.01 + 0.05

0.01 + 0.05
02+04

0.20 4 0.15

—0.08 + 0.13

0.08 £ 0.12 (S = 2.0)
—0.16 + 0.23 (S = 1.7)
—0.07 + 0.07

—0.05 + 0.10

—0.08 + 0.15

0.05 + 0.12

0.04 + 0.07

—0.05 + 0.10

—0.21 + 0.19

0.00 + 0.15

0.07 4+ 0.14

—0.09 4 0.22 (S = 1.6)

0.00 + 0.12
04405

~1.8+07

0.01 +0.29
01404

—0.5+ 0.4 (S = 2.5)
—~0.13 + 0.13

023 £0.16
—0.56 £ 0.24

0.00 + 0.13 (S = 1.4)
—0.04 £ 0.20 (S = 2.5)

0.43 4 0.17 (S = 1.5)
—0.05 + 0.05

Unless otherwise stated, limits are given at the 90% confidence level, while errors are given

as +1 standard deviation.

C

kS (BO — wkQ)

szO (BY — ng)

C(BOH k=0 70)
s(B0 - K% 00y
€ op0 (BY— pOkQ)
PP K

OK%)

(BO — f5(980) k2)

S

B0 —
pOK%( P

Ch(980) K

0 0
5fo(9so)Kg (BO — 15(980) k2)

0, 0
St (1270) K (B £(1270) KY)

0, 0
Cg(mo)Kg (B £(1270) k)

s BY — f,(1300)kQ)

£,(1300) K% (

0, 0
€ (1300) K (B £,(1300) K2)

SKOt e (BY — KOz 7~ nonresonant)
Ct et e (B9 — KOzt 7z~ nonresonant)
Ky K (B — KgK3)

kYK (B9 — KSKQ)

Cut k- K9 (B — KTk~ KY)

CK+ K- K‘; (B0 — Ktk— K% inclusive)
C¢K§ (B9 — skQ)

Syk (BY = oK)

0
Cs ks k(B = KsKsKs)
Skg kg Ks(BY = KsKsKs)

chWOW(BO — K%n0y)

s (B9 — Kk%x0y)

ngo'y

C (BY — Kk*(892)0+)

K*(892)0
Sk+(892)0 (B = K*(892)0)
Gk (8% — nkO)
0 K0~
SUKO” (B nK>7)
(BO — KOS 0+)
s(BY — k2 ,0)
(89— 09
s (B — o)
Crn (B0 — atx)
0_, .00
C.0,0(B 7070)
Con (BY = ptz)
Spr (BY — o)
AS,x (B0 — pta)
0 0.0
Crogp0 (BY = pom)
5,070 (B0 — p00)
(BO — a;(1260)t 7 ™)
Saym (B9 — ay(1260)t )
ACy - (B — 21(1260)T 7 7)
ASy & (BY — a;(1260)T 7 7)
c(BY — by kH)
AC(BO — by ﬂ+)
0)

Caym

(B — 0y
(B0 — p000)

oo
S0,
Cpp (BO = ptp7)

Spp (BY = ptp7)

[A] (BO — J/y K*(892)0)
cos 28 (BY — J/wK*(892)0)
cos 23 (B0 — [KosrrJrrr*]D(*)
(S; +5.)/2(BY — D*~xt)
(s_ —s,)/2(BY — D*~xt)
(5; +5.)/2(BY — p™a7)
(s_ -5,)/2(BY - D)
chK% (BY — nckQ)

Coekten (BY = cek()0)

n0)

—0.30 + 0.28 (S = 1.6)
0.43 £ 0.24

0.2+05
0.7 +£0.7
—0.04 +0.20

+0.17
050 75

0.07 £ 0.14

+0.27
-07370:30 (s = 1.6)

—05+05

03+04
—02+05
0.13 £0.35

—0.01 +0.33
0.01 +0.26
0.0+ 0.4 (S =1.4)

—-0.8+05
0.07 £ 0.08
0.01 £ 0.09
—0.01 +0.12
0.39 £ 0.17

—0.15 + 0.16 (S = 1.1)
—0.4 £ 05 (S =25)
0.36 + 0.33

—0.8+0.6

~0.04 + 0.16 (S = 1.2)
~015+ 022
—03+04
0205
~0.05+0.19
0.11 4+ 0.34
0.4+05
—08+£0.7
—0.38 £ 0.17 (S = 2.6)
—0.48 + 0.30
0.01 + 0.14 (S = 1.9)
0.01 + 0.09
~0.05+0.10
03+04
0.1+04
~0.10 + 0.17
0.37 +0.22
0.26 + 0.17
014+ 0.22
—0.22 £ 0.24
—1.04 +£0.24
0.2 +£0.9
03+07
—0.05+0.13
—0.06 + 0.17
<0.25, CL = 95%
17137 (s = 1)
1.0+38 (s =19
—0.037 £ 0.012
~0.006 £ 0.016
~0.046 + 0.023
—0.022 £+ 0.021
0.08 + 0.13

0.004 + 0.019
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€ /(nS) KO (BY = J/4p(nS) KO)

Cyryic0 (B = J/K*0)
Syppreo (B = J/wK+0)

c B0 — .o KY
XCOKOS( co S)

s B0 — K4
XCOK(;‘( Xco S)

c 0

Xc1 Kg (8
sin(20r)(BY — ¢KO)

sin(26fe)(BY — £ (1430)0)
sin(28g) (B — [KqnF =],y 1)
Acp(B — K*(892)7)

Acp(B — s7v)

- Xc1 Kos)

|

(
Acp(b — (s+d)v)
Acp(b — Xgttem)
Acp(B — K*eti™)
Acp(B— K¥eter)
Acp(B — K*utu™)
r(nc(lS) atx )/rtota|
Fnc(1S) — 070)/Tigpal
F(nc(18) — KT K™)/Tiotal
r(n, c(ls) K% Kg)/rtotal

(e +@)/(a—@)inA— pr—, A— prt
[o(Z)a-(A)=a(ZH)ar(A)]

(0.2 +2.0) x 102
0.03 + 0.10

0.60 + 0.25

+0.5
—03202

—0.7405
0.13 £ 0.11

0.22 +0.30

0.0740:53

0.45 +£0.28

—0.003 £ 0.017

—0.014 £ 0.028

—0.11 + 0.12
—0.22£0.26

—0.07 £ 0.08

—0.18 £0.15

—0.03 £ 0.13

<6 x 1074, CL = 90%
<4x 1074, CL = 90%
<6 x 1074, CL = 90%
<3.1x 1074, CL = 90%
0.006 + 0.021
(0+£7)x107%

—0.02 £0.13
—0.07 £0.31

0.00 + 0.04

CP VIOLATION OBSERVED

[a(Z7)a-(A)+a(ZF)ar(A)]

(@ +@)/(a—@)in 2™ — AK—, 2T —
AKT

(o + @)/(a — @) in A;f — Art AT -
Ar~

(o + @)/(a — @) in Aj — Aetwg, A7 —
Ae~ 7,

Re(e)

charge asymmetry in K?3 decays

A = weighted average of A; (1) and

Ap(e)
Ap(p) =M=~ it )
—T(rtu PIL)]/SUTTI

Ap(e) = [M(n~ et vg)
— (7t e~ 7g)]/sum
parameters for K? — 2w decay
[ngo| = [A(KQ — 220) /
A(KY — 270)]
[ny—| = |A(KY - =tr7)/
A(KY — 7t 7))
lel = @ny—[ + Inool)/3
00 /7|
Re(c'/¢) = (1-|ngg/ny_|)/3
Assuming CPT
¢+7, phase of Ny _
¢og: Phase of ngq
b = (2qf)+_ + ¢00)/3
Not assuming CPT
¢4, phase of p _
¢~ Phase of ngq
b = (204 _ + dgg)/3
CP asymmetry A in K% — atnete
Bcp from K(Z — ete ete
ycp from KE — ete ete™
parameters for K(Z — 77*77*7 decay
[yl =AY = 7 7=y, cP
violating)/A(KY — 7+ 77 )|
¢+7,y = phase of N4y
F(K(z i 7r+7r7)/rtotal
F(KE — a0 )/rtotal
Acp (B — Kta7)
Acp(BY — nK*(892)0)

0 * - p+
SD*(2010)*D+ (BY — D*(2010)~ DT)

lg
lg

[h

]

]

(1.596 + 0.013) x 10~3

(0.332 + 0.006)%

(0.304 + 0.025)%

(0.334 + 0.007)%

(2221 + 0.011) x 1073 (S = 1.8)
(2232 + 0.011) x 1073 (S = 1.8)

(2.228 +0.011) x 103 (S = 1.8)
0.9951 -+ 0.0008 (S = 1.6)
(1.65 & 0.26) x 1073 (S = 1.6)

(43.51 + 0.05)° (S = 1.1)
(43.52 £ 0.05)° (S = 1.1)
(43.51 + 0.05)° (S = 1.1)

(43.4 £0.7)° (S = 1.3)

(43.7 £0.8)° (S = 1.2)
(435 +£0.7)° (S = 1.3)
(13.7 + 1.5)%
~0.19 + 0.07

0.01 +0.11 (S = 1.6)
(2.35 £ 0.07) x 10~3

(44 + 4)°

(1.966 + 0.010) x 1073 (S = 1.6)
(865 + 0.06) x 10~% (S = 1.8)
—0.098 =+ 0.013

0.19 4 0.05

—0.78 £ 021

Unless otherwise stated, limits are given at the 90% confidence level, while errors are given

as +1 standard deviation.

s (B® — D*(2010)* D7)

D*(2010)+ D~
Cprt pre (BY — D*+p*)
Spit pe (BY = D*+D*7)
s, (B —» p*tp*7)

Sp+p- (B9 — DtD7)

S p(asym0 (B = J/4(15)70)
sKO o (BY — KOz0)

S,y k0 (B = ' K)

s (B — KTk~ KY)

+ k- KO
Kt K~ Kg

S KY (B% — KT K~ KY inclusive)

K+ K-
Sq (B0 — 7T+7T_)
Cpr (BY — pa)
R 0
snc K% (B e KS)
sin(28) (BY — J/vKY)
S jp(nsy ko (BY = J/0(nS)KO)
s BY — kY
Xc1 K% ( Xe1 S)

sin(2Befr)(BO — KT Kk~ K

9)

—0.61 + 0.19
—0.01 4 0.09 (S =1.2)
—0.76 + 0.14

—0.76 + 0.16

—0.87 + 0.26

—0.94 4 0.29 (S = 1.9)
0.58 + 0.17

0.60 + 0.07

+0.12
-074"5'10

—0.65 + 0.12
—0.61 £0.08
0.37 £ 0.08
0.93 £ 0.17
0.671 + 0.023
0.658 + 0.024
0.61 + 0.16

+0.13
0777415

CPT INVARIANCE

(’"W+ - ’”W—) / Maverage
(’"e+ - ’”e—) / Maverage
g + q-|/e

(ge+ - ge,) / 8average
(TM- - 7'“—) / Taverage
(8#+ - BM—) / Baverage
(m_y —m__)/myyerage
2(my — mg) [ (mg + mg)
(m_+

m_ ’",r—) / Maverage
(77(—»— - TW—) / Taverage
(myey —my)/ Maverage
T+ — T )/Taverage
Kt - ui Vi rate difference/average
K = 7E 70 rate difference/average
5in kKO — KO mixing

real part of &

imaginary part of ¢
Re(y), K,
Re(x_), Ke3 parameter

»3 parameter
[m o — mpal / Maverage
(Mo = T0)/ Mayerage
phase difference ¢gg — <>+,
Re(3n_ + Jno)-2f
Acpr(DY — K~ 7t)
‘mg—m ‘/m

(s -y

‘qp p‘/e

(np + 1p) [ 1p

(mp —mg )/ mpy

(mp — mz) [ mp

(th = m7) [ 7a

(7'[+ - Tf—)/"'[+
(gt + p05)/ sy
(m:, — m§+) / m=_
(TE, — 7'_?+) / T

(b= +u=y)/ |p=|
(m_Q, - mﬁ_,_) / me_
(7'97 - Tﬁ+) / T

U

[k]

[K]

—0.002 + 0.007

<8x 1079, CL = 90%
<4 x1078

(0.5 +£2.1) x 10712
(2+8)x107°

(~0.11 +0.12) x 10~8
<28 x 1074, CL = 90%
0.022 + 0.022
(2+5)x1074
(6+7)x1074

(0.6 +1.8)x1074
(0.10 + 0.09)% (S = 1.2)
(—0.5+ 0.4)%

(0.8 + 1.2)%

(23+27)x 1074
(0.4 +£2.1) x 1073
(0.4 +25)x1073
(2.9 £2.0) x 1073
<8 x 10719, CL = 90%
(8+8)x10-18

(0.2 + 0.4)°

(-3 +35)x1076
0.008 =+ 0.008
<2x1079, CL = 90%
(-9 +9)x 1011
<2x1079, CL = 90%
(=01 +21)x1073
(9+6)x105
(=014 1.1) x 1073 (S = 1.6)
—0.001 =+ 0.009

(—0.6 £1.2) x 1073
0.014 + 0.015
(—3+£9)x107°
—0.01 + 0.07

40.01 £ 0.05
(—1£8)x107°

0.00 + 0.05



Tests of Conservation Laws

| TESTS OF NUMBER CONSERVATION LAWS |

LEPTON FAMILY NUMBER

Lepton family number conservation means separate conservation

of each of Lg, L, L.

rz— ei,ﬁ)/rtom
Nz — eX7F)/Motal
MZ = 5 7) Tiotal
oleTe™ = efrF) /olete™ —
wt )
olete — ,ui‘rq:) /o(ete” —
wtpm)
limit on p~ — e~ conversion
o(p™ 325, e~ 325) /
o(p™ 325, 1/#32P*)
o(p” Ti— e Ti)/
o(p~ Ti — capture)
o(p”Pb— e~ Pb)/
o(pn~ Pb — capture)
limit on muonium — antimuonium
conversion Rg =Gc / Gp

F(p™ — e ve?,)/Tiotal

K " /Ttotal

pT— eTete )/Ttotal

1o — 7 29)/Tyotal

T — e ’Y)/rtotal

(s 7)/Ttotal
- e7770)/'—tota|

™ = 1 70) Tioral
—
—

e e i

P

T e Kos)/rtotal

uo Kos)/rtotal

(= — e~ n)/Ttotal

(™ — = n)/Tiotal

™ — e %)/ Trotal

(™ — u= p°)/Total

= — 97“)/rtotal

rr— — u*w)/rmtal

r(r— — e~ K*(892)%)/Total
M(r= — u~ K*(892)%)/ Moy
r(r— — e~ K*(892)%)/Total
Mr= — p~ K*(892)0)/Tiotal

(
(W=
(
(
(-
(
(
(~
(r
(=

F(r~ — e 1/(958))/Ttotal

M(r= — u 1/(958))/Tyotal

M~ — e £5(980) — e~ 7t 77)/Tiotal
F(r= — pu= 5(980) — pu— at 7 )/Ttotal
F(r~ — e )/Total

rr= — 8)/Ttotal

M(r= — e~ete™)/Miotal

M~ = e utu™)/Total

M~ = et ™ 1)/ Total

M(r= — n=ete™)/Motal

rr— — ute™ €7 )/Tiotal

M~ = ™ wt ™)/ Tiotal

M(r= — e~ nm7)/Tiotal

M(r= — =7t 77)/Tiotal

rr— — e~ T K7)/Ttotal

rMr= — e n—~ K+)/rtota|

rr= — e~ K05 K%)/rtotal

M~ — e~ KTK™)/Tiotal
N(r~ = p= 7T K™)/Tiotal
r(r~ — p~ 7 KT)/Tiotal
F(r~ — u~ KL KQ) /Mot
= — w™ K+ Ki)/rtotal
rr= — e~ alx )/rtotal
M = ™ na0) /Migral
F(r™ — e~ nm)/Tiotal
(™ — w7 1n)/Tiotal
r(r= = e~ 0n)/Tiotal

[ <1.7x107%, CL = 95%
[l <9.8x1076, CL = 95%
[N <1.2x1075, CL =95%

<8.9x107°, CL = 95%

<4.0x 1076, CL = 95%

<7 x 1071, CL = 90%
<43 %1012, CL = 90%
<4.6 x 10711, cL = 90%
<0.0030, CL = 90%

[m] <1.2x1072, CL = 90%
<1.2x 1071, cL = 90%
<1.0x10712, cL = 90%
<7.2x 10711, CL = 90%
<3.3x1078, CL = 90%
<4.4 %1078, CL = 90%
<8.0x1078, CL = 90%
<1.1x 1077, CL = 90%
<3.3x 1078, CL = 90%
<4.0x1078, CL = 90%
<9.2x 1078, CL = 90%
<6.5x 1078, CL = 90%
<4.6 x 1078, CL = 90%
<26 x 1078, CL = 90%
<1.1x1077, CL = 90%
<8.9x 1078, CL = 90%
<5.9 %1078, CL = 90%
<5.9 %1078, CL = 90%
<4.6 x 1078, CL = 90%
<7.3x 1078, CL = 90%
<1.6 x 1077, CL = 90%
<1.3x 1077, CL = 90%
<3.2x1078, CL = 90%
<3.4 %1078, CL = 90%
<31 %1078, CL = 90%
<13 x1077, CL = 90%
<3.6 x 1078, CL = 90%
<3.7x1078, CL = 90%
<23x1078, CL = 90%
<2.7x1078, CL = 90%
<2.0x 1078, CL = 90%
<32x1078, CL = 90%
<4.4x1078, CL = 90%
<3.3x 1078, CL = 90%
<5.8x 1078, CL = 90%
<52 x1078, CL = 90%
<22x1075, CL = 90%
<5.4 %1078, CL = 90%
<1.6 x 1077, CL = 90%
<1.0x 1077, CL = 90%
<3.4 %1076, CL = 90%
<6.8 x 1078, CL = 90%
<6.5x107°, CL = 90%
<1.4x 1075, CL = 90%
<3.5x 1075, CL = 90%
<6.0 x 1075, CL = 90%
<24 %1075, CL = 90%

Unless otherwise stated, limits are given at the 90% confidence level, while errors are given

as +1 standard deviation.

rer= — /tfﬂoﬂ)/rtotal
T(r= — e~ light boson)/Tyora|
F(r~ — p~ light boson)/Tyoyal

<22 x1075, CL = 90%
<2.7x1073, CL = 95%
<5x 1073, CL = 95%

LEPTON FAMILY NUMBER VIOLATION IN NEUTRINOS

Solar Neutrinos
sin2(2912)
Am%1

Atmospheric Neutrinos
sin2(2923)
Am32

rt — u Ve)/rtotal
T(rt — pu=eT et w)/Toral
r(x0 — ute™)/Miotal
r(® — p=eF)/Tiotal
r(7r0 — ,u+ e + puo e+)/rt0ta|
rn— ll+ e + po e+)/rtota|
T(n'(958) — eu)/Trotal
F(K+ — u_ue+e+)/|'t0ta|
r(kt — l‘+"e)/rtotal
F(K+ — gtput €7 )/Total
MKt — ot p=et)/Toal
r(KY — et uF)/Tiotal
F(KY — et et T 1F)/Migtal
r(K(Z — WO;Lie¥)/rt0ta|
F(K(Z — 7r07r0,ui eﬂ/rtotal
F(DJr — gt ei;ﬁ:)/rmal
r(ot — KtetuF) /Mol
ro0 — e:F)/rtotaI
r(00 — 70e®,F)/Nptal
r(D0 — net uF)/Tiopal
H(D0 — 7t 7~ e 1) Mgpal
r(D0 — o0 et uF)/Tiotal
r(00 — we®uF)/Miotal
r(0% — K= K+etuF)/Moal
r(DO d d)eilﬁ:)/rtotal
100 — KOeE 1F) /Mot
100 — K= =teE uF)/Migral
r(0% — K*(892)0 et uF)/Fyoral
r(D: — e 1T Miga
r(D;r — KT et uF)/Tigal
r(BT — ntet u™)/Motal
F(B+ — nte u+)/rtota|
r(Bt — =ted uF)/Iigal
r(at — ket u™)/Total
r(Bt — Kte ut)/Motal
r(B+t — ket F)/Motal
r(B+t — K uE+F)/Figtal
r(BT — K*(892)% et u™)/Total
r(BT — K*(892)* e~ put)/Toral
r(B+t — Kk*(892)F et uF)/Migral
r(8° — e uT)/Miotal

r(BY — x0e® 1) Mol

M(BY — KOeEuT)/Migpy

r(8% — Kk*(892)%et 1 ™)/Miotal

r(8% — k*(892)0e~ ut)/Motal

r(89 — k*(892)0e* 1 F)/Moal

r(8Y — e=7F)/Tiotal

r(BO — /J,iTq:)/rtotm

r(B — seTuF)/Miotal

r(B — meT 1) /Tiotal

(B — pet i) Tigtal

(B — KeEuF)/Mgtal

r(B — K*(892)e*uF)/Tiotal

r(BY — et uF)/Migpal

FU/H(S) — e 1uF)/Trop)

F(J/9(15) — eFrF)/ Ty

F/$s) — wErF)/Tgral

r(r(s) — #if¥)/rtota|

r(7r@2S) — pt7F)/Motal

r(7(38) — 1 7F)Miotal

[

[o

[Pl

[Pl

1]
1]
1]

i
i
i
i
i
i
i
i
i
i
i
i
i
i
i

[/

1]
1]
1]

1]

0.87 + 0.03
(7.59 £ 0.20) x 1072 ev2

>0.92
(2.43 £ 0.13) x 1073 eV2
<8.0 x 1073, CL = 90%
<1.6 x 1076, CL = 90%
<3.8x10710, cL = 90%
<3.4x1079, CL = 90%
<3.6 x 10710, CL = 90%
<6 x1076, CL = 90%
<4.7x 104, CL = 90%
<2.0x 1078, CL = 90%
<4 x1073, CL = 90%
<1.3x 1071, CL = 90%
<5.2x10710, cL = 90%
<4.7x10712, CL = 90%
<4.12 x 10711, cL = 90%
<7.6 x 10711, CL = 90%
<1.7x 10710, cL = 90%
<3.4x1075, CL = 90%
<6.8 x 1075, CL = 90%
<8.1x1077, CL = 90%
<8.6 x 1075, CL = 90%
<1.0 x 1074, CL = 90%
<1.5x 1075, CL = 90%
<4.9 x 1075, CL = 90%
<1.2x 1074, CL = 90%
<1.8x10™4, CL = 90%
<3.4 %1075, CL = 90%
<1.0 x 1074, CL = 90%
<553 x 1074, CL = 90%
<8.3x 1075, CL = 90%
<6.1x 1074, CL = 90%
<6.3x 1074, CL = 90%
<6.4 x 1073, CL = 90%
<6.4 x 1073, CL = 90%
<1.7x 1077, CL = 90%
<9.1x 1078, CL = 90%
<1.3x 1077, CL = 90%
<9.1x1078, CL = 90%
<7.7x 1075, CL = 90%
<1.3x 1076, CL = 90%
<9.9x10~7, CL = 90%
<14 x 1077, CL = 90%
<6.4x 1078, CL = 90%
<1.4x 1077, CL = 90%
<27 %1077, CL = 90%
<53 %1077, CL = 90%
<34 %1077, CL = 90%
<5.8x 1077, CL = 90%
<2.8x 1075, CL = 90%
<2.2x 1075, CL = 90%
<2.2x 1075, CL = 90%
<9.2x 1078, CL = 90%
<3.2x 1076, CL = 90%
<3.8x 1078, CL = 90%
<5.1x1077, CL = 90%
<2.0 x 1077, CL = 90%
<1.1x 1076, cL = 90%
<8.3x 1076, CL = 90%
<2.0x 1076, CL = 90%
<6.0 x 1076, CL = 95%
<1.44 x 1075, CL = 95%
<2.03x 1075, CL = 95%
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TOTAL LEPTON NUMBER

Violation of total lepton number conservation also implies violation
of lepton family number conservation.

F(Z — pe)/Tiotal
N(Z = pu)/Tiotal
limit on = — et conversion
o~ 325 — et32si%) /
o(p—32s — » 32px)
—127) _, o+ 127gp%y
o(p™ 127 anything)
o(u~ Ti— eTCa)/
o(p™ Ti — capture)
M= — eta™n7)/Tiotal

o(p

= — ;1.+ 77 )/Ttotal
rr— — et n— K™)/Ttotal
r(r~ — et K~ K™)/Total
M= — wrr™ K7)/Tiotal
M(r= — wH K= K™)/Total
(™ — ) /Tiotal

r(r~ — p7%)/Tiotal

r(r= — p270)/Figpal
F(r™ — P1)/Total

(e~ = pnln)/Tital
Mt~ = A77)/Tiotal

Tt~ — An7)/Tiotal

t1/2( 76Ge — Tbse 4 2 e~ )
Mt — “+De)/rtotal

MKt — 7~ utet) Mol
(Kt — 7~ etet)/Tiotal
rkt — 7‘7/‘+P+)/rtotal
MK — pt7e)/Miotal
r(kt — 70et7e)/Motal
r(Dt — 7~ 2et)/Tiotal
r(D+ — 7r72;1,+)/rtota|
r(D+ — T e+;1.+)/rt0ta|
FOF — o~ 2u)/Tigtal
(Dt — K~2eT)/Tiotal
r(DF — K= 2u%)/Tioal
(bt — K= et uT)/Tiotal
r(Dt — K*(892)~ 2ut)/Tyoral
r(0% — 2z~ 2et 4 c.c.)/Tiotal
r(D0 — 27 2u,++ c.c.)/Ttotal
r(0% — K~ x~2et + c.c.)/Tiotal
r(0% — K—x~2uT + c.c.)/Tiotal
r(0% — 2k~ 2et + c.c.)/Tiotal
r(0% — 2k~ 2ut + c.c.)/Tiotal
r(D0 — 7 aetut+ c.c.)/Ttotal
r(DO — K-n—etut+ ¢.c.)/Total
r(D0 — 2Kk~ etput+ c.c.)/Ttotal
r(0% — pe™)/Tiotal
r(o® — pet)/Tiotal

-

r(OF — = 2e+)/Tigra

[(Df — 7= 2u)/Migal
r(D;*' — T e*;ﬁ)/rmm
r(Df — K~ 2e%)/Fopal
F(DF — K= 2u)/Tyopa
r(pf — K= et ut)/Figpa)
r(DF — K*(892)~ 2u)/Typa

ret — r~etet)/Motal
rB+ — 7= pt u®) /Mol
F(BT — n= et uh)/Tioral
r(BT — p~etet) /Mg
r(BT — p~ptut)/Motal
F(BT — p~ et uh)/Fioral
(BT — K~ etet)/Mgtal
(BT — K= ptut)/Tiotal
rBT — K~ et uh)/Total
r(BT — K*(892) et e™)/Migtal
r(BT — K*(892)~ pt ut)/Tiotal

[P

[p
[P

[q]
[r]

<1.8x 107, CL = 95%
<1.8x 107, CL = 95%

<9x 10710, cL = 90%

<3x10710, cL = 90%
<36 x10~1L, CL = 90%

<8.8x 1078, CL = 90%
<3.7 %1078, CL = 90%
<6.7x 1078, CL = 90%
<6.0 x 1078, CL = 90%
<9.4x1078, CL = 90%
<9.6 x 1078, CL = 90%
<35 %107, CL = 90%
<1.5x 1075, CL = 90%
<33 %1075, CL = 90%
<8.9x 1076, CL = 90%
<2.7x 1075, CL = 90%
<7.2x1078, CL = 90%
<1.4x1077, CL = 90%
>1.9 x 1025 yr, CL = 90%
<1.5x 1073, CL = 90%
<5.0x 10710, cL = 90%
<6.4x 10710, cL = 90%
<3.0x 1079, CL = 90%
<3.3x 1073, CL = 90%
<3x 1073, CL = 90%
<3.6 x 1076, CL = 90%
<4.8x107°, CL = 90%
<5.0 x 1075, CL = 90%
<5.6 x 1074, CL = 90%
<45 %1076, CL = 90%
<1.3x 1075, CL = 90%
<1.3x 1074, CL = 90%
<85 x 1074, 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%
<9.4x 1075, CL = 90%
<7.9x 1075, CL = 90%
<2.18 x 1074, CL = 90%
<5.7x 107, CL = 90%
<1.0 x 1075, CL = 90%
<1.1 x 1075, CL = 90%
<6.9 x 1074, CL = 90%
<2.9x 1075, CL = 90%
<7.3x 1074, CL = 90%
<6.3 x 1074, CL = 90%
<1.3x 1075, CL = 90%
<6.8 x 1074, CL = 90%
<1.4x 1073, CL = 90%
<1.6 x 1070, CL = 90%
<1.4x 107, CL = 90%
<1.3x 107, CL = 90%
<2.6 x 1070, CL = 90%
<5.0 x 1070, CL = 90%
<3.3x107, CL = 90%
<1.0 x 1076, CL = 90%
<1.8x107°, CL = 90%
<2.0x107°, CL = 90%
<2.8x 107, CL = 90%
<8.3x 107, CL = 90%

Unless otherwise stated, limits are given at the 90% confidence level, while errors are given

as +1 standard deviation.

r(B+t — K*(892)~ et ut)/Tiotar <44 %1076, CL = 90%
M=~ — pu™ 1)/ Tiotal <4x 1078, cL = 90%
F(Af = == uF uh) Tiotal <7.0x 1074, CL = 90%

BARYON NUMBER

N(Z — pe)/Tiotal <1.8x1076, CL = 95%
N(Z — pu)/Tiotal <1.8x 1076, CL = 95%
T(r~ — 77)/Ttotal <35x 1076, CL = 90%
r(r= — p0)/Tiotal <15 %1075, CL = 90%
r(r— — p219)/Tiotal <33 %1075, CL = 90%
r(r= — 1)/Total <8.9x 1076, CL = 90%
T — 57%n)/Tiotal <27 %1075, CL = 90%
Mt~ — A77)/Tiotal <7.2x 1078, CL = 90%
Mt~ — Ar7)/Tiotal <14 %1077, CL = 90%
r(0% — pe™)/Tiotal l[q] <1.0x1072, CL = 90%
r(0% — Bet)/Miotal [r] <1.1x107%, CL = 90%
p mean life [s] >2.1 x 1029 years, CL = 90%

A few examples of proton or bound neutron decay follow. For limits on many other nucleon
decay channels, see the Baryon Summary Table.

(N — etn) > 158 (n), > 1600 (p) x 1030 years,
CL = 90%

(N — ptr) > 100 (n), > 473 (p) x 1030 years,
CL = 90%

(N — et K) > 17 (n), > 150 (p) x 1030 years,
CL = 90%

(N = utK) > 26 (n), > 120 (p) x 1030 years,
CL = 90%

limit on n7 oscillations (free n) >0.86 x 108 5, CL = 90%

limit on 7 oscillations (bound n) [t] >1.3x108 s, CL = 90%

ELECTRIC CHARGE (Q)

€ — gy and astrophysical limits [u] >4.6 x 1026 yr, CL = 90%
M(n — pre¥e)/Tiotal <8x 10727, CL = 68%
AS = AQRULE

Violations allowed in second-order weak interactions.

Tkt — ot ate™7g)/Tal <12x1078, cL = 90%

Tkt — 7t 2t u1=7,)/Notal <3.0x 1076, cL = 95%
Re(x ), Koz parameter (—0.9 £ 3.0) x 1073

x=AKO = 7=t )/A(KO — 7=t y) = A(AS=—AQ)/A(AS=AQ)
real part of x —0.002 + 0.006
imaginary part of x 0.0012 + 0.0021

r(zt — netv)/r(z= — nt~o) <0.043

M=+ — netvg)/Moal <5x 1076, CL = 90%

M = nptv,)/Motal <3.0x 1075, CL = 90%

r=0 - ==etve)/Miotal <9 %1074, CL = 90%

M=0 — ==t v,)/Tiotal <9 x 1074, CL = 90%

AS = 2 FORBIDDEN

Allowed in second-order weak interactions.

r(=0 - pr7)/Tiotal <8 x 1076, CL = 90%
M(=0 — pe™ 7e)/Tiotal <13x107°

=0 — pu™7,)/Trotal <L3x107°

M=~ — n77)/Tiotal <1.9x 1075, CL = 90%
M=~ — ne”7g)/Tiotal <32 x 1073, CL = 90%
ME~ = 0™ 7,)/Frotal <1.5x 1072, CL = 90%
ME" = prm 77 )/Tiotal <4 x 1074, CL = 90%
M=~ — pr~ e 7a)/Tiotal <4 x 1074, CL = 90%
FE= = pr 1™ 7,)/Trotal <4 x 1074, CL = 90%
M@~ — Av")/Tiotal <2.9x 1076, CL = 90%
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AS = 2 VIA MIXING r(D% — pOete™)/Mgtal
. . . r(o° — a7 Miotal
Allowed in second-order weak interactions, e.g. mixing. r(0% — POt 1) /Feotal
r(p0 — wete™)r
10 —1 total
m_o—m.g (0.5292 £ 0.0009) x 1010 5= 1 (s _
KL Ks —1.2) r(DE — wpt p7) Total
o 2
Mg — Mo (3.483 + 0.006) x 10~12 Mev r(DO — KT KTeTe™)/Tiotal
L s r(p% — dete™)/Motal
r(DO — K~ K+;L+p,7)/rtota|
r(D0 — ¢utpu)/r
AC = 2 VIA MIXING (D= onT ) Motal
r(p% — k—atete™)/Motal
. . . e 0 S
Allowed in second-order weak interactions, e.g. mixing. N(D” — K=xTu™ u7)/Total
F(D0 — ”+”_”0N+M_)/rtota|
}mD? - ng\ =af (239F08%) x 1010 i s—1 F(Dﬁt — KTete )/Notal
+ ot
(Fpo = T po)/T =2y (1.66 % 0.32) x 102 M(Dg — KT u™)/Tiotal
1 2 r(or — K*(892 +utuyr
s total

r(/\:-r — puT u7)/Teotal
AB = 2 VIA MIXING

Allowed in second-order weak interactions, e.g. mixing.

Xd 0.1872 ++ 0.0024
Ampgy = Mgy~ Mg (0.507 + 0.005) x 1012 7 s—1 FBY = 7t ) ool
xg = Ampgo/T go 0.774 + 0.008 r(6t — 7tete™)/Iotal
Ampgy =mgy —mg (17.77 £ 0.12) x 1012 7 s~ 1 rBT — ot u)/Fotal
¥ sH st r(B+ — ot v7)/Tiotal
X5 = Amgo/T go 26.2 + 0.5 FBF = KHeF ) oo
Xs 0.49927 + 0.00003 r(BT — ktete )/Ntal
r(B* — Kt p7)/Tiotal
r(Bt — KTou)/Tiotal
AS =1 WEAK NEUTRAL CURRENT FORBIDDEN rB+ — ot u7)/Tiotal
- . - r(BT — K*(892)F £ 07)/Tgpal
Allowed by higher-order electroweak interactions. FBT — K*(802)* e+e—)/rtota|
MKT — 7Fete™)/Tiotal (3.00 + 0.09) x 107 (BT — K*(892)T 1t 1u7)/Teotal
MKt — =t ut ™) Tiotal (8.1 4+1.4)x1078 (S =2.7) r(BT — K*(892)Tvw)/Tiotal
MK+ = 7+ D) Tiotal (1.7 £ 1.1) x 1010 r(BY = v7)/Tiotal
r(kt — 7t x0um) Mo <43 x1073, CL = %0% M(BY — et e™)/iopy
MK — w0 Teotal <32x10~7, CL = 90% (B — ete™v)/Migtal
F(K‘O9 — et e7)/Tiotal <9x1079, CL = 90% r(BY — uFu7)/Miotal
(kG — nletem)/Migpa vl 3.0%15) x10-9 r(Bg = 117 Motal
MG — o011 it @o=15)10°0 o~ opr iy
F(KY = 1 1) /Mot (6.84 = 0.11) x 109 H(50 :0 o e*)/rmtal|
MK = et e)/Mioral (02 x 10712 rg0 — =0 ﬁf)/rt;t;l
Mk — ntr~ete™)/Miptal [w] (3.11 £0.19) x 10~/ (8% — 90D/ Fropa
Tk — n0x0ete™)/Tioral <6.6 x 1079, CL = 90% r(BY — KO+ ™) /Myopal
F(KY = pFumete™)/ Mol (2.69 £ 0.27) x 1072 r(BY — KOet e )/Tyoal
F(Kz - e:; e; eir €7)/Tiotal (3.56 + O.ill)ox 108 0 F(BY — KOut 1) /Tyotal
M(KY — 70wt 1) /Megtal <3.8x10719, cL = 90% M0 — KOum)/Moma
r(K9 — 70t em)/Tioral <2.8x10710, cL = 90% r(8% — p0uo)/Tiopal
(K = 7007 /Figtal <67 %1078, CL = 90% r(8% — K*(892)° ¢+ 67)/Toral
r(KY — 7070um)/T g <4.7 x 1075, CL = 90% r(B — k*(892)0et e™)/Tigtal
MET = pete™) Ty <7 10°° . r(8% — K*(892)%t ™) Mioal
FET — put ™)/ Total (9Z1g) x 107 F(BY — K*(892)%0%)/iopa
(8% — ¢v7)/Tigral
AC = 1 WEAK NEUTRAL CURRENT FORBIDDEN r(B) — Invisble) oy
T(BY — vy)/Tiotal
Allowed by higher-order electroweak interactions. F(B — se™e)/Moral
re— sut 1)/ Tiotal
r(DF — ntete)/Motal <7.4x 1076, CL = 90% (B — stt47) oy
FOF — 7wt 1) Feoal <3.9x 1076, CL = 90% (B — Kete )/l
M0t — ptut ™) /Miotal <5.6 x 1074, CL = 90% r(B — K*(892)ete™)/Tioral
F(D° — ~7)/Tiotal <27 %1075, CL = 90% F(B — Ku i) Tiotal
F(D° = e+ e™)/Fotal <12 %1076, CL = 90% (B — K*(892) 1T 1)/ Troral
FD° — uwt i)/ Fotal <1.3x 1076, CL = 90% (B — KEteT) Mot
r(p0 — x0ete) /Mgl <45 x1075, CL = 90% F(B — K*(892)(T47)/Tiora)
r(p® — 704+ 1)/ Tiotal <1.8x 1074, CL = 90% (b — whu™ anything)/T oy
r(D° — nete)/Motal <11x 1074, CL = 90% (8% = 77)/Ttotal
[P0 — nu* 1) Trotal <5.3x 1074, CL = 90% r(BY — 1t ™)/ Teotal
r(p° — nta=ete) Mgl <3.73 x 1074, CL = 90% r(BY — ete™)/Tiopal

Unless otherwise stated, limits are given at the 90% confidence level, while errors are given
as +1 standard deviation.

[x

[x

[x

[x

[x

<1.0 x 1074, CL = 90%
<3.0 x 1075, CL = 90%
<22 %1075, CL = 90%
<1.8x 1074, CL = 90%
<8.3 x 1074, CL = 90%
<3.15 x 1074, CL = 90%
<5.2x 1073, CL = 90%
<33 %1075, CL = 90%
<3.1x1075, CL = 90%
<3.85 x 1074, CL = 90%
<3.59 x 1074, CL = 90%
<8.1x 1074, CL = 90%
<1.6 x 1073, CL = 90%
<3.6 x 1075, CL = 90%
<14 x 1073, CL = 90%
<34 %1074, CL = 90%

AB =1 WEAK NEUTRAL CURRENT FORBIDDEN

Allowed by higher-order electroweak interactions.

<4.9 %1078, CL = 90%
<8.0x 1078, CL = 90%
<6.9 x 1078, CL = 90%
<1.0 x 1074, CL = 90%
(514 0.5) x 1077

(5.5 £0.7) x 10~7
(5.24£0.7) x 1077

<1.4 x 1075, CL = 90%
<1.5x 1074, CL = 90%
(1.29 £ 0.21) x 10—©
(1.5575:49) x 106
(116+931) x 1076

<8 x 1073, CL = 90%
<6.2x 107, CL = 90%
<8.3x1078, CL = 90%
<1.2x 1077, CL = 90%
<1.5x 1078, CL = 90%
<1.6 x 1077, CL = 90%
<4.1x1073, CL = 90%
<1.2x 1077, CL = 90%
<1.4x 1077, CL = 90%
<1.8x 1077, CL = 90%
<22 %1074, CL = 90%
(31758 x 1077
(16759 x 107
(45712)x 1077

<1.6 x 1074, CL = 90%
<4.4 x1074, CL = 90%
(9.9712) x 107
(1.03+019) x 1076
(105518 x 1076
<1.2 x 1074, CL = 90%
<5.8 x 1075, CL = 90%
<22x 1074, CL = 90%
<4.7x 1075, CL = 90%
(47+13)x10°6
(43+12)x10°6
(45+1.0)x1076

(4.4 +06) x 1077

(1.19 £ 0.20) x 1076 (S = 1.2)

(4.8 +0.6) x 1077
(1.15 + 0.15) x 106
(45 +0.4)x10°7
(1.08 £ 0.11) x 10=6
<3.2x 1074, CL = 90%
<8.7x1076, CL = 90%
<4.7 x 1078, CL = 90%
<2.8x 1077, CL = 90%
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<3.2x107, CL = 90%
<5.4x 1073, CL = 90%

r(Bg — qb(1020)/1+117)/rt0ta|
r(Bg — 6vP)/Tiotal
AT =1 WEAK NEUTRAL CURRENT FORBIDDEN
Allowed by higher-order electroweak interactions.

[y] <3.7x1072, CL = 95%

NOTES

r(t— Zq(q=u,¢))/Tiotal

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.

[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] Re(€' /e) = €’ /e to a very good approximation provided the phases satisfy
CPT invariance.

[h] This mode includes gammas from inner bremsstrahlung but not the direct
emission mode K — 7+ 7~ y(DE).

[] Neglecting photon channels. See, e.g., A. Pais and S.B. Treiman, Phys.
Rev. D12, 2744 (1975).

Unless otherwise stated, limits are given at the 90% confidence level, while errors are given
as +1 standard deviation.

[j] Derived from measured values of ¢, ¢go. |n], }mK(Z - Myl and

T 0, S described in the introduction to “Tests of Conservation Laws.”
S

k] The {m,—mz|/m, and |q, + gp|/e are not independent, and both use
p~Mp|/Mp p P
the more precise measurement of | g5/ mp|/(qp/mp).
[] The value is for the sum of the charge states or particle/antiparticle
states indicated.
[m] A test of additive vs. multiplicative lepton family number conservation.
[n] The limit quoted corresponds to the projection onto the sin2(26,3) axis
of the 90% CL contour in the sin?(26,3)—Am3, plane.
[o] The sign of Am§2 is not known at this time. The range quoted is for
the absolute value.
Derived from an analysis of neutrino-oscillation experiments.
This limit is for either D? or DY to pe~.
This limit is for either D or D° to pe™.
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 — €77) >7x10°% yr.

[p
l[a
[r
[s

[t] 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.

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

[v] See the K% Particle Listings for the energy limits used in this measure-
ment.

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

[x] An £ indicates an e or a x mode, not a sum over these modes.
[v] This limit is for [(t — Zq)/l(t — Wb).
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1. PHYSICAL CONSTANTS

Table 1.1. Reviewed 2010 by P.J. Mohr (NIST). Mainly from the “CODATA Recommended Values of the Fundamental Physical Constants:
2006” by P.J. Mohr, B.N. Taylor, and D.B. Newell in Rev. Mod. Phys. 80 (2008) 633. 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 2006
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 (2010) 338.

Quantity Symbol, equation Value Uncertainty (ppb)
speed of light in vacuum c 299 792 458 m s~ ! exact™
Planck constant h 6.626 068 96(33)x10734 J s 50
Planck constant, reduced h=h/2r 1.054 571 628(53)x10734 J s 50

= 6.582 118 99(16)x 1022 MeV s 25
electron charge magnitude e 1.602 176 487(40)x 10719 C = 4.803 204 27(12)x10" WV esu 25, 25
conversion constant he 197.326 9631(49) MeV fm 25
conversion constant (hc)? 0.389 379 304(19) GeV? mbarn 50
electron mass Me 0.510 998 910(13) MeV/c? = 9.109 382 15(45)x 103! kg 25, 50
proton mass mp 938.272 013(23) MeV/c? = 1.672 621 637(83)x 10727 kg 25, 50

= 1.007 276 466 77(10) u = 1836.152 672 47(80) me 0.10, 0.43
deuteron mass mq 1875.612 793(47) MeV/c? 25
unified atomic mass unit (u) (mass '2C atom)/12 = (1 g)/(N4 mol) 931.494 028(23) MeV/c? = 1.660 538 782(83)x 10~ 27 kg 25, 50
permittivity of free space € = l/uoc2 8.854 187 817 ... x10712 F m~! exact
permeability of free space 140 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 5376(50)x 1073 = 1/137.035 999 679(94)" 0.68, 0.68
classical electron radius Te = €2/4megmec? 2.817 940 2894(58)x1071° m 2.1
(e~ Compton wavelength)/2r  X¢ = fi/mec =rea™" 3.861 592 6459(53)x 10713 m 1.4
Bohr radius (myycleus = 00) oo = 4megh? /mee? = rea™? 0.529 177 208 59(36)x10~10 m 0.68
wavelength of 1 eV /¢ particle he/(1 eV) 1.239 841 875(31)x 106 m 25
Rydberg energy heRoo = meet/2(4me)2h? = mec?a? /2 13.605 691 93(34) eV 25
Thomson cross section or = 8nr2/3 0.665 245 8558(27) barn 4.1
Bohr magneton up = eh/2me 5.788 381 7555(79)x 1011 MeV T—1 1.4
nuclear magneton pN = eh/2my 3.152 451 2326(45)x10~14 MeV T—1 1.4
electron cyclotron freq. /field W/ B = e/me 1.758 820 150(44)x 10! rad s~ T—1 25
proton cyclotron freq./field wfycl/B =e/mp 9.578 833 92(24)x 107 rad s~ T—! 25
gravitational constant? Gn 6.674 28(67)x10~ 1 m3 kg~ 572 1.0 x 105

= 6.708 81(67)x 10739 hic (GeV/c?)~2 1.0 x 10°
standard gravitational accel. In 9.806 65 m s 2 exact
Avogadro constant Ny 6.022 141 79(30)x10%3 mol~* 50
Boltzmann constant k 1.380 6504(24)x 10723 J K~! 1700

= 8.617 343(15)x107 % eV K1 1700
molar volume, ideal gas at STP N 4k(273.15 K)/(101 325 Pa) 22.413 996(39)x 1073 m3 mol ! 1700
Wien displacement law constant b = ApaxT 2.897 7685(51)x 1073 m K 1700
Stefan-Boltzmann constant o = m2k*/60h3c2 5.670 400(40)x10~8 W m—2 K—* 7000
Fermi coupling constant™* Gr/(he)® 1.166 37(1)x10~° GeV—2 9000
weak-mixing angle sin? a(]\/lz) (MS) 0.231 16(13)T 5.6 x 10°
W= boson mass myy 80.399(23) GeV/c? 2.9 x 10°
70 boson mass my 91.1876(21) GeV/c? 2.3 x 10*
strong coupling constant as(my) 0.1184(7) 5.9 x 109

m = 3.141 592 653 589 793 238 e = 2.718 281 828 459 045 235 v = 0.577 215 664 901 532 861
1in=0024m 1G=10"4T 1eV=1.602 176 487(40) x 10719 J kT at 300 K = [38.681 685(68)] " eV
1A=01nm  1dyne=10"°N 1eV/c? =1.782 661 758(44) x 10730 kg 0°C=27315K
Ibarn=10""m? 1erg=10""J 2997 924 58 x 10° esu=1C 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%2 ~ 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? 6 for the effective angle is 0.23146(12).
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2. ASTROPHYSICAL CONSTANTS AND PARAMETERS

Table 2.1. Revised May 2010 by E. Bergren and D.E. Groom (LBNL). The figures in parentheses after some values give the one standard deviation
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 parameters reported in this table are derived parameters or have non-Gaussian likelihoods. The quoted errors may be highly
correlated with those of other parameters, so care must be taken in propagating them. Unless otherwise specified, cosmological parameters are
best fits of a spatially-flat ACDM cosmology with a power-law initial spectrum to 5-year WMAP data alone [2]. For more information see
Ref. 3 and the original papers.

Quantity Symbol, equation Value Reference, footnote
speed of light c 299792458 m 51 exact[4]
Newtonian gravitational constant Gy 6.6743(7) x 10711 m3 kg1 s72 1]

Planck mass Vhe/Gy 1.22089(6) x 1019 GeV/c? 1]
=2.17644(11) x 1078 kg
Planck length VhGy/c? 1.61625(8) x 1073° m 1]
standard gravitational acceleration In 9.806 65 ms~2 ~ 72 exact|[1]
jansky (flux density) Jy 10726 W m—2 Hz ! definition
tropical year (equinox to equinox) (2011) yr 3155692525 ~ 7 x 107 s [5]
sidereal year (fixed star to fixed star) (2011) 315581498 s ~ 7 x 107 s [5]
mean sidereal day (2011) (time between vernal equinox transits) 23" 56™ 045090 53 [5]
astronomical unit au, A 149597870 700(3) m [6]
parsec (1 au/1 arc sec) pc 3.0856776 x 1010 m = 3.262 ...1y 7]
light year (deprecated unit) ly 0.3066... pc =0.946053...x 1016 m
Schwarzschild radius of the Sun 2G N Me /c? 2.953 250077 0(2) km 8]
Solar mass Me 1.9884(2) x 1030 kg 9]
Solar equatorial radius Ro 6.9551(4) x 108 m [10]
Solar luminosity Lo 3.8427(14) x 1026 W [11]
Schwarzschild radius of the Earth 2G N Mg,/ ? 8.87005594(2) mm [12]
Earth mass Mg 5.9722(6) x 10%4 kg [13]
Earth mean equatorial radius Rg 6.378137 x 106 m [5]
luminosity conversion (deprecated) L 3.02 x 1028 x 10704 Mpol W [14]
(Mo = absolute bolometric magnitude = bolometric magnitude at 10 pc)
flux conversion (deprecated) F 2.52 x 1078 x 10704 ™bol W m—2 from above
(mpe = apparent bolometric magnitude)
ABsolute monochromatic magnitude AB —2.5 logyq fr —56.10 (for f, in Wm~2 Hz~1) [15]
= —2.5 logqg fv +8.90 (for f, in Jy)

Solar distance from Galactic center Ro 8.4(4) kpc [16]
[Solar circular velocity at Rg]/Rg ve/Ro 30.2 £ 0.2 km s~ kpc™! [17]
circular velocity at Rg C]) 240(10) km s~1 [18]
local disk density P disk 3-12 x10724 g em™3 &~ 2-7 GeV/c? cm ™3 [19]
local dark matter density Px canonical value 0.3 GeV/c? em™3 within factor 2-3 [20]
escape velocity from Galaxy U esc 498 km/s < vesc < 608 km/s [21]
present day CMB temperature To 2.725(1) K [22]
present day CMB dipole amplitude 3.355(8) mK 2]
Solar velocity with respect to CMB 369(1) km/s towards (¢,b) = (263.99(14)°,48.26(3)°) [2]
Local Group velocity with respect to CMB vLG 627(22) km/s towards (¢, b) = (276(3)°,30(3)°) [23]
entropy density/Boltzmann constant s/k 2889.2 (1/2.725)% cm ™3 [14]
number density of CMB photons Ny 410.5(T/2.725)3 cm—3 [24]
baryon-to-photon ratiot 1= np/ny 6.23(17) x 10~10 2]

51x 10710 <5< 6.5 x 10710 (95% CL) [25]
number density of baryonst ny (2.56 4+ 0.07) x 10~7 cm ™3 from 7 in [2]

(21 %1077 < ny, < 2.7%x1077)em ™2 (95% CL) from 7 in [25]
present day Hubble expansion rate Hy 100 h km s~ Mpe™! = hx (9.777 752 Gyr) ! [26]
present day normalized Hubble expansion rate h 0.72(3) [2,3]
Hubble length ¢/Hy 0.925063 x 1026 A=1 m = 1.28(5) x 1026 m
scale factor for cosmological constant c?/3H2 2.852 x 101 h=2 m? = 5.5(5) x 1051 m?

pe = 3HZ/87G N 2.775366 27 x 1011 h2 MgMpce—3
=1.87835(19) x 10729 h2 g cm ™3

=1.05368(11) x 107° A2 (GeV/c?) cm 3

critical density of the Universe

pressureless matter density of the Universet Qm = pm/pec 0.133(6) A2 = 0.26(2) [2,3]
baryon density of the Universe Q= pp/pe 0.0227(6) h=2 = 0.044(4) [2,3]
dark matter density of the universef Qedm = Om — O, — Q, 0.110(6) h=2 = 0.21(2) [2,3]
dark energy density of the ACDM Universet Qp 0.74(3) [2,3]
dark energy equation of state parameter w 71‘04f8:?g [27]
CMB radiation density of the Universe Qy = py/pe 2471 x 1075(T/2.725)* h~2 = 4.8(4) x10~° [24]
neutrino density of the Universet Q 0.0005 < Q,h% < 0.025 = 0.0009 < Q, < 0.048  [28]

total energy density of the Universet Qtot = Qm + ... +Qp  1.006(6)
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Quantity Symbol, equation Value Reference, footnote
fluctuation amplitude at 8 A~1 Mpc scalef og 0.80(4) [2,3]
curvature fluctuation amplitude, kg = 0.002 Mpc—t# A% 2.41(11) x 1079 [2,3]
scalar spectral index? N 0.96(1) [2,3]
running spectral index slope, kg = 0.002 Mpc—! ¥ dns/dInk —0.04(3) 2]
tensor-to-scalar field perturbations ratio,

ko = 0.002 Mpc—! 1 r=T/S < 0.43 at 95% C.L. [2,3]
redshift at decoupling? 24 1090(1) 2]
age at decoupling? Ly 3.80(6) x 105 yr 2]
sound horizon at decoupling? rs(z«) 147(2) Mpc 2]
redshift of matter-radiation equality® Zeq 3180 + 150 12]
redshift of reionization? Zreion 11.0+1.4 2]
age at reionization? treion 4301“?8 Myt [2,29]
reionization optical depth? T 0.09(2) [2,3]
age of the Universe! to 13.69 + 0.13 Gyr 2]

1 Best fit of a spatially-flat ACDM cosmology with a power-law initial spectrum to 5-year WMAP data alone [2].
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limit, then €, < 0.04.

If the Universe were reionized instantaneously at zyeion-

R.C. Willson & A.V. Mordvinov, Geophys. Res. Lett. 30, 1119
(2003);

C. Frolich, Space Sci. Rev. 125, 53-65 (2006).

kTy

and py =

* lambda.gsfc.nasa.gov/product/map/current/map bibliography.cfm
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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
Y . ) 1024 yotta (Y)
quantity of unit Symbol
1021 zetta (Z)
Base units 1018 oxa (E)
length meter m 1015 peta (P)
mass kilogram kg 1012 tera  (T)
time second s 9 .

. 10°  giga (G)
electric current ampere A 5
thermodynamic kelvin K 10 mega (M)

temperature 10° 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 ST 1073 milli (m)
frequency hertz Hz )

quency “ 2 1076 micro ()
energy joule J 0

10~ :
force newton N nano - (n)

—12 .

pressure pascal Pa 10 pico (p)
power watt \\% 1071 femto (f)
electric charge coulomb C 1078 atto  (a)
electric potential volt \4 10721 zepto (2)
electric resistance ohm Q 10724 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 30, on “Radioactivity and radiation
protection,” p. 341.



Table 4.1. Revised 2010 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. Previously confirmed element 112 was named
Copernicium (Cp). The discovery of element 114 was confirmed in 2009. There are no other confirmed elements with Z > 112.

1 18
IA VIIIA
1 H 2 He
Hydrogen 2 13 14 15 16 17 Helium
1.00794 1A 1A IVA VA VIA VIIA 4.002602
3 Li| 4 Be 5 B|6 c|7 N|8 0|9 F |10 Ne
Lithium | Beryllium PERIODIC TABLE OF THE ELEMENTS Boron Carbon | Nitrogen | Oxygen Fluorine Neon
6.941 9.012182 10.811 | 12.0107 | 14.0067 | 15.9994 118.9984032| 20.1797
11 Na | 12 Mg 13 Al |14 Si|15 P| 16 S |17 Cl|18 Ar
Sodium |Magnesium 3 4 5 6 7 8 9 10 11 12 Aluminum| Silicon Phosph. Sulfur Chlorine Argon
2298976928 | 24.3050 1B IVB VB VIB VIIB — VIl —— B 1B 26.9815386 | 28.0855 |30.973762 | 32.065 35.453 39.948
19 K| 20 Ca |21 Sc|22 Ti|23 V|24 Cr|25 Mn |26 Fe|27 Co|28 Ni |29 Cu |30 Zn |31 Ga|32 Ge|33 As| 34 Se | 35 Br | 36 Kr
Potassium | Calcium |Scandium | Titanium | Vanadium |Chromium [Manganese|  Iron Cobalt Nickel Copper Zinc Gallium | German. | Arsenic | Selenium | Bromine | Krypton
39.0983 40.078 |44.955912 | 47.867 | 50.9415 | 51.9961 [54.938045 55.845 |58.933195| 58.6934 | 63.546 65.38 69.723 72.64 |74.92160 78.96 79.904 83.798
37 Rb | 38 Sr |39 Y |40 Zr|41 Nb |42 Mo (43 Tc|44 Ru |45 Rh 46 Pd |47 Ag |48 Cd |49 In |50 Sn|51 Sb| 52 Te | 53 || 54 Xe
Rubidium | Strontium | Yttrium |Zirconium| Niobium | Molybd. | Technet. | Ruthen. | Rhodium |Palladium| Silver |Cadmium | Indium Tin Antimony | Tellurium Todine Xenon
85.4678 87.62 88.90585 | 91.224 |92.90638 | 95.96 [(97.90722)| 101.07 |102.90550 | 106.42 |107.8682| 112.411 | 114.818 | 118.710 | 121.760 127.60 |126.90447| 131.293
55 Cs | 56 Ba| 57-71 |72 Hf |73 Ta|74 W |75 Re|76 Os |77 Ir|78 Pt|79 Au (80 Hg|81 TI{82 Pb|(83 Bi| 84 Po | 85 At | 86 Rn
Cesium Barium Lantha- | Hafnium | Tantalum | Tungsten | Rhenium | Osmium | Iridium | Platinum Gold Mercury | Thallium Lead Bismuth | Polonium | Astatine Radon
132.9054519| 137.327 nides 178.49 |180.94788| 183.84 | 186.207 | 190.23 | 192.217 | 195.084 |196.966569| 200.59 |204.3833| 207.2 |208.98040 [(208.98243)|(209.98715)|(222.01758)
87 Fr | 88 Ra| 89-103 |104 Rf|105 Db|106 Sg|107 Bh|108 Hs|109 Mt|110 Ds|111 Rg|l12 Cp 114
Francium | Radium | Actinides Rutherford| Dubnium | Seaborg. | Bohrium | Hassium | Meitner. [Darmstadt.| Roentgen. |Copernicium
(223.01974)|(226.02541) (267.122) | (268.125) | (271.133)|(270.134) | (269.134)| (276.151) |(281.162) | (280.164) (277) (288)

Lanthanide 57 La|58  Ce|59 Pr{60 Nd|61 Pm|62 Sm|63 Eu|64 Gd|65 Tb|66 Dy|67 Ho|68 Er|69 Tm|70 Yb|71 Lu

seres Lanthan. Cerium |[Praseodym.| Neodym. | Prometh. | Samarium | Europium | Gadolin. Terbium | Dyspros. | Holmium Erbium Thulium | Ytterbium | Lutetium

138.90547| 140.116 [140.90765| 144.242 |(144.91275)] 150.36 151.964 157.25 [158.92535| 162.500 | 164.93032| 167.259 |[168.93421| 173.054 | 174.9668

Actinide 89 Ac |90 Th |91 Pa |92 uUi|93 Np | 94 Pul95 Am |96 Cm |97 Bk | 98 Cf| 99 Es|[100 Fm|101 Md|102 No|103 Lr

series . . . . . . . . . . . . . .
Actinium | Thorium | Protactin. | Uranium |Neptunium|Plutonium | Americ. Curium | Berkelium | Californ. | Einstein. | Fermium | Mendelev. | Nobelium | Lawrenc.

(227.02775)| 232.03806 | 231.03588 | 238.02891 |(237.04817) (244.06420) |(243.06138) |(247.07035) |(247.07031) | (251.07959) | (252.0830) |(257.09510)(258.09843)| (259.1010) | (262.110)

SINHNHTH HHL A0 H'TdVL O1AOIYHd ‘¥

squawWa]a aY3 fo 219D 21porLdJ ¥
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5. ELECTRONIC STRUCTURE OF THE ELEMENTS

Table 5.1. Reviewed 2005 by C.G. Wohl (LBNL). 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 (2003),
http://physics.nist.gov (select “Physical Reference Data”). The electron configuration for, say, iron indicates an argon electronic core (see
argon) plus six 3d electrons and two 4s electrons. The ionization energy is the least energy necessary to remove to infinity one electron from an
atom of the element.

Ground Ionization
Electron configuration state energy
Element (3d® = five 3d electrons, etc.) 25+1p,, (eV)
1 H  Hydrogen 1s 2512 13.5984
2 He Helium 152 LSy 24.5874
3 Li  Lithium (He)2s 2512 5.3917
4  Be Beryllium (He) 252 1Sy 9.3227
5 B  Boron (He)2s2 2p 2Py s 8.2980
6 C  Carbon (He)2s% 2p? 3P, 11.2603
7 N Nitrogen (He)2s? 2p> 45'3/2 14.5341
8 O Oxygen (He)2s2 2p* 3py 13.6181
9 F  Fluorine (He)2s2 2p° 2Py s 17.4228
10 Ne Neon (He)2s2 2p5 1S, 21.5645
11 Na Sodium (Ne)3s ) 5.1391
12 Mg Magnesium (Ne)3s2 18, 7.6462
13 Al Aluminum (Ne)3s? 3p 2P1/2 5.9858
14 Si  Silicon (Ne)3s? 3p? 3P 8.1517
15 P Phosphorus (Ne)3s% 3p° %53/2 10.4867
16 S Sulfur (Ne)3s? 3p? 3Py 10.3600
17  Cl  Chlorine (Ne)3s2 3p° 2Py s 12.9676
18  Ar  Argon (Ne)3s2 3p0 LSy 15.7596
19 K Potassium (Ar) 4s 251/2 4.3407
20 Ca Calcium (Ar) 452 1So 6.1132
21  Sc  Scandium (Ar)3d 4s? T D39 6.5615
22 Ti Titanium (Ar) 3d? 452 ro 3k 6.8281
23V Vanadium (Ar) 3d® 452 a 4F3/2 6.7462
24 Cr  Chromium (Ar) 3d° 4s oo 753 6.7665
25 Mn Manganese (Ar) 3d° 452 5 m 65 /2 7.4340
2 Fe Iron (Ar)3dS 452 Lo 5D, 7.9024
27 Co Cobalt (Ar)3d7 4s? .on Fy/ 7.8810
28 Ni  Nickel (Ar)3d® 452 o 3Fy 7.6398
29  Cu Copper (Ar) 3dY04s n ° S1/2 7.7264
30 Zn Zinc (Ar) 3d'04s? 1Sy 9.3942
31 Ga Gallium (Ar) 3d104s2 4p 2Py s 5.9993
32 Ge  Germanium (Ar) 3d104s2 4p? 3P 7.8994
33  As  Arsenic (Ar) 3d104s2 4p3 1835 9.7886
34 Se  Selenium (Ar) 3dY04s2 4p* 3py 9.7524
35  Br Bromine (Ar) 3d194s2 4p° 2Py)s 11.8138
36 Kr Krypton (Ar) 3d104s2 4p8 1Sy 13.9996
37 Rb Rubidium (Kr)  5s 28172 41771
38 Sr Strontium (Kr) 552 1Sy 5.6949
39 Y Yttrium (Kr)4d 5s° T D35 6.2173
40 Zr  Zirconium (Kr) 4d? 552 L 3Fy 6.6339
41  Nb  Niobium (Kr)4d* 5s a Dy 6.7589
42 Mo Molybdenum (Kr)4d® 5s no 785 7.0924
43  Tc  Technetium (Kr)4d® 552 * m 655/2 7.28
44  Ru Ruthenium (Kr)4d" 5s :; e 5Fy 7.3605
45  Rh Rhodium (Kr)4d® 5s ;B 4Fys 7.4589
46 Pd Palladium (Kr)4d'0 o ¢ 1Sy 8.3369
47 Ag  Silver (Kr)4d05s n ° 2819 7.5762
48 Cd Cadmium (Kr)4d05s? LSy 8.9938
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49 In  Indium (Kr)4d'95s2 5p 2Py s 5.7864
50 Sn Tin (Kr)4d'95s2 5p? 3P, 7.3439
51 Sb  Antimony (Kr)4d'0552 5p3 4532 8.6084
52  Te Tellurium (Kr)4d'05s2 5p* 3p, 9.0096
53 1  Todine (Kr)4d'05s2 5p° 2Py)s 10.4513
54  Xe Xenon (Kr)4d'95s2 5p5 15, 12.1298
55 Cs  Cesium (Xe) 6s 251/2 3.8939
56 Ba  Barium (Xe) 65> 15, 5.2117
57  La Lanthanum (Xe) 5d 6> 2D3/2 5.5769
58 Ce Cerium (Xe)4f 5d 6s2 LGy 5.5387
59  Pr  Praseodymium  (Xe)4f3 652 L 419/2 5.473
60 Nd Neodymium (Xe)4f4 652 a 5T, 5.5250
61 Pm Promethium (Xe)4f> 652 n 6Hr/2 5.582
62 Sm  Samarium (Xe)4f6 652 t Fy 5.6437
63 Eu Europium (Xe)afT 652 h 8572 5.6704
64 Gd Gadolinium (Xe)4f7 5d 652 z 9Do 6.1498
65 Tb Terbium (Xe)4f? 652 : His)o 5.8638
66 Dy Dysprosium (Xe)4f10 652 d SIg 5.9389
67 Ho Holmium (Xe)4f 652 o Iis)o 6.0215
68 Er Erbium (Xe)4f12 652 s 3Hg 6.1077
69  Tm Thulium (Xe)4f13 652 2F7/2 6.1843
70  Yb Ytterbium (Xe)4f14 652 s, 6.2542
71  Lu Lutetium (Xe)4f145d 652 2Dy 5.4259
72  Hf Hafnium (Xe)4 14542 652 T 3Fy 6.8251
73 Ta Tantalum (Xe)4 14543 652 L 4F3/2 7.5496
74 W  Tungsten (Xe)4f145d* 652 a 5Dy 7.8640
75  Re Rhenium (Xe)4f1454° 652 noog S50 7.8335
76 Os Osmium (Xe) 414540 652 5 m 5Dy 8.4382
77  Ir  Iridium (Xe)4f145d7 632 ; e Fyy 8.9670
78 Pt Platinum (Xe)4f145d% 65 ;0 3D3 8.9588
79 Au  Gold (Xe)4f145416s o ! 251 /2 9.2255
80 Hg Mercury (Xe)4 145410652 n 5 1S, 10.4375
81 Tl Thallium (Xe)4 14540652 6p 2Py s 6.1082
82 Pb Lead (Xe) 4145410652 6p? 3P, 7.4167
83  Bi Bismuth (Xe)4 15410652 6p3 4535 7.2855
84 Po  Polonium (Xe) 4145410652 6p* 3Py 8.414
85 At  Astatine (Xe)4 145410652 6p° 2Py
86 Rn Radon (Xe)4£145410652 6p° 1Sy 10.7485
87 Fr  Francium (Rn) s 2512 4.0727
88 Ra Radium (Rn) 752 15, 5.2784
89  Ac Actinium (Rn) 6d 752 2D3/2 5.17
90  Th Thorium (Rn)  6d% 7s? 3Ry 6.3067
91  Pa Protactinium (Rn)5f2 6d 75> A K11 5.89
92 U  Uranium (Rn)5f3 6d 75> c SLg* 6.1941
93  Np Neptunium (Rn)5f4 6d 75> t Ly 6.2657
94  Pu Plutonium (Rn)5 6 752 ! Fy 6.0260
95  Am Americium (Rn)5f7 75> n 857/2 5.9738
96 Cm Curium (Rn)5f7 6d 7s2 (11 9Dy 5.9914
97 Bk Berkelium (Rn)5f° 752 o SHy5)9 6.1979
98  Cf Californium (Rn)5£10 752 s 5Ty 6.2817
99  Es Einsteinium (Rn)5f11 752 50 6.42
100 Fm Fermium (Rn)5f12 752 3Hg 6.50
101 Md Mendelevium (Rn)5f13 752 2Fy s 6.58
102 No Nobelium (Rn)5 f14 752 LSy 6.65
103 Lr Lawrencium (Ro)5fH 752 Tp? Pyjy? 4.97
104 Rf Rutherfordium  (Rn)5f146d% 7527 37 6.0?

* 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 NTP (20° C and 1 atm), and
square brackets indicate quantities evaluated at STP. Boiling points are at 1 atm. Refractive indices n are evaluated at the sodium D line blend
(589.2 nm); values >1 in brackets are for (n — 1) x 105 (gases).

Material Z A (Z/A4) Nucl.coll. Nucl.inter. Rad.len. dE/dz|yi, Density Melting Boiling  Refract.
length Ap length A; Xo {MeV {gcm™3} point point index
{gem™2} {gem™?} {gem™2} g~ tem?} ({g!}) (K) (K) (@ Na D)

H, 1 1.00794(7) 0.99212 42.8 52.0 63.04  (4.103) 0.071(0.084) 13.81 2028  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) 4.220  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

Ny 7 14.0067(2) 0.49976 61.1 89.7 37.99 (1.825) 0.807(1.165) 63.15 7729 1.20[298.]

0, 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 32.93 (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

Clp 17 35.453(2) 0.47951 73.8 115.7 19.28 (1.630) 1.574(2.980) 171.6 239.1 [773.]

Ar 18 39.948(1) 0.45059 757 1197 1955  (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) 041129 1008 1721 848  (1.255) 2.953(5.483) 1614 1651  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

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)  90.68 111.7 [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 (C4Hjp) 0.59497 55.5 77.1 45.23 (2.278) (2.489) 134.9 272.6

Octane (CgHjg) 0.57778 55.8 7.8 45.00 2.123 0.703 214.4 398.8

Paraffin (CH3(CH2)p~23CHs3) 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 ([CHyCHa)y) 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 44.77 2.041 0.90

Polystyrene ([CgHs CHCHylp) 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 (BaF3) 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 (CO2) 0.49989 60.7 88.9 36.20 1819  (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 (PbWO,) 0.41315 100.6 168.3 7.39 1.229 8.300 1403. 2.20

Silicon dioxide (SiO2, 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(0.756) 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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Dielectric
constant (k = €/e€g)
() is (x-1)x108

for gas

Coeff. of
thermal
expansion
[10~6c¢m /em-°C]

Specific

heat

[cal/g-°C]

Thermal
conductivity
[cal/cm-°C-sec]

(253.9)

(64)

56
12.4

0.17
0.38

(548.5)

(495)
(127)
119
(517)

0.6-4.3

23.9
2.8-7.3

8.5

0.165

0.215
0.162

0.126

0.057

0.53
0.20

11.7
16.5

5.75
20

4.4
8.9
29.3
36.1

0.11

0.092
0.073
0.052
0.032
0.032
0.038
0.028

0.18
0.94
0.14
0.16

0.48
0.17
0.083
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
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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:
1+ N
Z = % , where § = skin depth ; (7.2)
0= Lzm for Cu . (7.3)

w ol

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

L~20 {g} L (hl <4—€> — 1) .
cm d

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/v/LC = 1/\/i€, 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 d
where the relative dielectric constant €, = £/e9. A pair of parallel
wires of diameter d and spacing a > 2.5 d has the impedance
1 2a

In—.

Ver o d
This yields the impedance of a wire at a spacing h above a ground
plane,

Z =600-

(7.7)

Z=1200-

(7.8)

1 4h
In—.
\Er 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=60-

(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 = B¢, and energy E = ymc?,
traveling in a circular orbit of radius R, the classical energy loss per
revolution 0F is

ar 2 .
SE=— = 4. 7.10
T gl (7.10)
For high-energy electrons or positrons ( & 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
373¢

We = ;R (7.13)

is the critical frequency. The normalized function F(y) is

9 o0
F) = o V3y [ Ky (a) da, (714)
Jy

where K53 (z) is a modified Bessel function of the third kind. For
electrons or positrons,

hwe (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).

Forv>1and w < we ,
dI

—— ~33a(wR/c)'/? (7.16)
d(hw)
whereas for
> 1 and w2 3w ,
I 3T w\" 55 we
— = — TWRe 4+ —— 4+ ... 7.17
d(hw) 2 a7<w6> ¢ { + 2 w + } (7.17)

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

5
N, = —avy, 7.18
v \/g 2l ( )
and the mean energy per photon is
8
hw) = ——=hwe . 7.19
() = ot (7.19)

When (fiw) 2 O(FE), 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.

—+ 1+ 1— o+t
+ 3+= 2—— 1+t

qq content  25t1L; = Y(Leven); Y(Lodd); 3(Leven); 3(Lodd)y

ud, uti — dd,du (I =1) ™ b P a
Y T R A Y S ¥
and/or s3

cc Ne he Pt Xe
bb U hy, T Xb
it us ht 0 Xt

fThe J/¢ remains the J/4.

First, we assign names to those states with quantum numbers
compatible with being ¢g 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, Y(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 = (71)L+1,

C = (-1)EtS and @ parity = (—1)Lt5+],

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 w@ 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(15) 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 ¢f 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 ¢g 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 ¢g.”
An “exotic” meson with JXC quantum numbers that a qg
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 1~F meson could be denoted wy.

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 w 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, DF, and B have
positive strangeness, charm, and bottom, respectively, and all
have positive I3. The DI has positive charm and strangeness.
Furthermore, the A(flavor) = AQ rule, best known for the kaons,
applies to every flavor.

t—T.

2. If the lighter quark is not a u or a d quark, its identity is given
by a subscript. The DJ is an example.

3. If the spin-parity is in the “normal” series, JP = ot,17,2%, ..,
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, Z, 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 2, E¢, =y, 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~, A}, etc., but A(1232)0, £(1385), Z.(2645),
etc.

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:

* Sometimes a prime is necessary to distinguish two Z.’s in the
same SU(n) multiplet. See the “Note on Charmed Baryons” in
the Charmed Baryon Listings.

Particle Data Group: M. Aguilar-Benitez et al., Phys. Lett. 170B

8.5. Exotic baryons

In 2003, several experiments reported finding a strangeness S = +1,
charge @ = +1 baryon, and one experiment reported finding an
S = -2, Q = —2 baryon. Baryons with such quantum numbers cannot
be made from three quarks, and thus they are exotic. The S = +1

baryon, which once would have been called a Z, was quickly dubbed (198.6)'
the ©(1540)", and we proposed to name the S = —2 baryon the gg(t);;le Data Group: C. Amsler et al., Phys. Lett. B667, 1

$(1860). However, these “discoveries” were then completely ruled
out by many experiments with far larger statistics: See our 2008

Review [2].
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9. QUANTUM CHROMODYNAMICS

Written October 2009 by G. Dissertori (ETH, Zurich) and G.P. Salam
(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

EFA FA;UJ , (91)

L= (v Ouday — 9s7" G AL —madan)bas = Fit

q

where repeated indices are summed over. The ~* are the Dirac
~-matrices. The vg, 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 AE correspond to the gluon fields, with C' running from 1 to
NC2 — 1 =8, i.e. there are eight kinds of gluon. Gluons are said to
be in 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(% = )‘acb /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, ;ﬁ, is given by

Fi, = 0p A0 — 00 Al — g fapc ABAS (14 1P = 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: tfbtfc = CFdqc, where
Cr = (N2 —1)/(2N.) = 4/3 is the color-factor (“Casimir”) associated
with gluon emission from a quark; fACPfBCD — ¢,5,p5 where
C4 = N = 3 is the color-factor associated with gluon emission from a
gluon; tfbti = TRrOap, where T = 1/2 is the color-factor for a gluon
to split to a qq pair.

The qundamental parameters of QCD are the coupling gs (or
as = Z—;) and the quark masses my.

This review will concentrate mainly on perturbative aspects of QCD
as they relate to collider physics. Related textbooks include Refs.
1-3. Some discussion of non-perturbative aspects, including lattice
QCD, is to be found in the reviews on “Quark Masses” and “The
CKM quark-mixing matrix” of this Review. Lattice-QCD textbooks
and lecture notes include Refs. 4-6, while recent developments are
summarized for example in Ref. 7. For a review of some of the QCD
issues in heavy-ion physics, see for example Ref. 8.

9.1.1.

In the framework of perturbative QCD (pQCD), predictions for
observables are expressed in terms of the renormalized coupling
as(p%), a function of an (unphysical) renormalization scale 1. When
one takes pp close to the scale of the momentum transfer @ in a given
process, then as(u% ~ QZ) is indicative of the effective strength of the
strong interaction in that process.

Running coupling :

The coupling satisfies the following renormalization group equation

(RGE):

dog

d,u%

1 = Blas) = —(bpa? + brad + boat +- ) (9.3)

where by = (11C4 — 4nyTR)/(127) = (33 — 2ny)/(127) is referred
to as the 1-loop beta-function coefficient, the 2-loop coefficient is
by = (17C% —nyTR(10C4 +6CF))/(247%) = (153 —19ny)/(2472), and
the 3-loop coefficient is by = (2857 — %nf + 3—22»757L?)/(1287r3). The

4-loop coefficient, b3, is to be found in Refs. 9, 10, 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 (mg < 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 > 2
oS ) = ol i) (1 305 e o™ () “—2) ,
n=14=0 mp
(9.4)

where my, is the mass of the (anrl)th flavor, and the first few

¢ coefficients are ¢ = é, c10 =0, co2 = 8%1, 21 = %7 and
co0 = 7%2— when my, is the MS mass at scale my, (cog = #2— when

my, is the pole mass — mass definitions are discussed below and in
the review on “Quark Masses”). Terms up to ¢4 are to be found in
Refs. 11, 12. Numerically, when one chooses jtp = my, the matching
is a small effect, owing to the zero value for the cqq coefficient.

Working in an energy range where the number of flavors is 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(p%{/AQ))*l.
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, bs, and b3 terms is
given by (see for example Ref. 13),

1 by Int b2(ln2t—lnt—1)+b b
2 1 1 092
Qo ~—(1—-=—+
S( ) b()t< b% t béﬁ

. 5 1 1
b}t — S It — 2Int + ) + bobiba Int — 03bs . ]
e C e
(9.5)

again parametrized in terms of a constant A. Note that Eq. (9.5) is

one of several possible approximate 4-loop solutions for ag (/1%,4)7 and
that a value for A only defines as(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
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
a, at a given scale (typically Mz) rather than to quote a value for A.

The value of the coupling, as well as the exact forms of the b2, c19
(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 [14], 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.

T One should be aware that the by and bz coefficients are
renormalization-scheme-dependent, and given here in the MS scheme,
as discussed below.
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9.1.2. Quark masses :

Free quarks are never observed, i.e. a quark never exists on its
own for a time longer than ~ 1/A: 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. 15). An alternative is the
MS mass, Ty (/1%2)7 which depends on the renormalization scale jp.

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,
Mg (mg); light quark masses are generally quoted in the MS scheme at

a scale ug ~ 2 GeV . The pole and MS masses are related by a slowly

. . [ — ) 4(){3(%3) 2
converging series that starts mq = mg(myg)(1 + BETEE + O0(a3)),

while the scale-dependence of MS masses is given by

(9-6)

5 dmg (i) { as(ph)

Ll +0(a§)}mq(ﬂ%{)~

Quark masses are discussed in detail in a dedicated section of the
Review, “Quark Masses.”

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

Inclusive cross sections :

a(ete™ — hadrons, Q)
olete = pt i, Q)

R(Q) = Rew(Q)(1 +dqcp(@)),  (9.7)

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),
(@) (A
T Q)

The first four terms in the ag series expansion are then to be found in
Refs. 16, 17

dqen(@) =D n

n=1

(9.8)

cg=1, cg =1.9857 —0.1152ny, (9.9a)

cg = —6.63694 — 1.20013n7 — 0.00518nF — 1.240n (9.90)
¢4 = —156.61 + 18.77ny — 0.7974n% + 0.0215n% + C1,  (9.9¢)

with n = (30 eq)Q/(?)Zeg) and where the coefficient C of the
n-dependent piece in the o/s1 term has yet to be determined. For
corresponding expressions including also Z exchange and finite-quark-
mass effects, see Ref. 18.

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. 16). The series expansions for QCD
corrections to Higgs-boson (partial) decay widths are summarized in
Refs. 19, 20.

One characteristic feature of the Eq. (9.8) 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 as has
been chosen equal to ). The result can also be expressed in terms of
the coupling at an arbitrary renormalization scale up,

0 2 s 2 n 4
dqep(Q) = ZFn<Z)};> ) <(:R)> Lo <%) 7
n=1

where El(u%/QQ) = ¢, Eg(u%{/c\f) = c¢9 + whocy 111(;1%/@2),

23(p%/Q%) = 3 + (2bgcam + brerm?) In(p2,/Q?) + bEerw? In? (13, /Q?),
etc.. Given an infinite number of terms in the as expansion, the ug
dependence of the Eyl(u%/QQ) coefficients will exactly cancel that of

(9.10)

as (M%), and the final result will be independent of the choice of ug:
physical observables do not depend on unphysical scales.

With just terms up to n = N, a residual ur 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 ug ~ @, in order to avoid the poor convergence of the
perturbative series that results from the large lnnfl(u%/QQ) terms in
the @, coefficients when pp < @ or ug > 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 & emits a highly off-shell photon (momentum ¢)
that interacts with the proton (momentum p). For photon virtualities
Q2 = —¢? far above the squared proton mass (but far below the Z
mass), the differential cross section in terms of the kinematic variables

Q% x=Q%*(2p-q) andy = (q-p)/(k-p) is

%o _ Ara
dedQ? ~ 22Q4

Processes with initial-state hadrons:

1+ (1= pH)P(@.Q) —y*Fr(@,QY)] . (911)

where « is the electromagnetic coupling and Fp(z, Q%) and Fy (x, Q?)
are proton structure functions, which encode the interaction between
the photon (in given polarization states) and the proton (for an
extended review, see Sec. 16).

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),

Fy(r,Q%) =0,

Fa(2,Q*) =) cgfypple), (9-12)
q

where f, /p(:c) 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 z 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 in lattice QCD [22], they must be extracted from
data.

The above result, with PDFs f, /p(z) 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

T The situation is significantly worse near thresholds, e.g. the ¢t pro-
duction threshold. An overview of some of the “effective field theory”
techniques used in such cases is to be found for example in Ref. 21.
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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

Fy(z,Q%) =
xio:o / dz MB;#F) fz/p( 7NF)
+O(gz) (9.13)

Just as in Eq. (9.10), we have a series in powers as(u%), each term

involving a coefficient Cé? that can be calculated using Feynman
graphs. An important difference 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 result,

the C’( ") coefficients are functions that depend on the ratio, z, of
these two momenta, and one must integrate over z. At zeroth order,
é?(; = 63(5( z) and C’é,g) =

The majority of the emissions that modify a parton’s momentum
are actually 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. The separation between the two
categories is somewhat arbitrary and parametrized by a factorization
scale, pp. Technically, one uses a procedure known as factorization
to give rigorous 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, g, whose meaning can be understood
roughly as follows: emissions with transverse momenta above pp

are included in the 02 (z Q2 “R uF)' emissions with transverse
momenta below pp are accounted for within the PDFs, f; /p (z, ,u%;).

The PDFs’ resulting dependence on pup is described by the
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations [23],
which to leading order (LO) read*

afz/p(ziu*%) _ ()45(;12) dz
ot _2].: QwF/z 2 ’“—J( )f]/P( #‘F)

(9.14)

with, for example, Pq@y(z) = Tr(2% + (1 — 2)?). The other LO
splitting functions are listed in Sec. 16 of this Rm;z'ew while re-
sults up to next-to-next-to-leading order (NNLO), « S, are given
in Refs. 24, 25. The coefficient functions are also pp depen-
1 1

dent for example C; i)(x Q%,LL%, p) = C;g (z, QZ,M%,Q% -

Z S ldz PZ(B] )Cé J) (%). For the electromagnetic component
of DIS with light quarks and gluons they are known to O(a3d)
(N3LO) [26]. For weak currents they are known fully to a?
(NNLO) [27] with substantial results known alqo at N3LO [28]. For
heavy quark production they are known to O(a2) [29] (next-to-leading
order (NLO) insofar as the series starts at O(as)), with work ongoing
towards NNLO [30].

As with the renormalization scale, the choice of factorization
scale is arbitrary, but if one has an infinite number of terms in the

* 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
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.

olpp— W+ X)

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 uncertainty O(aév 1) is associated with the

ambiguity in the choice of up. As with g, varying pup provides

an input in estimating uncertainties on predictions. In inclusive DIS
predictions, the default choice for the scales is usually pp = pp = Q.
Hadron-hadron collisions. The extension to processes with two

initial-state hadrons is straightforward, and for example the total

(inclusive) cross section for W boson production in pp collisions can
be written as

= Z ol (1)

X (}(n) T1x28
ij— WX \ T2 'uR 'uF

Z/ driday fi/p(xl7ﬂ%‘)fj/i)(x2’#%)
(9.15)

where s is the squared center-of-mass energy of the collision. At LO,
n = 0, the hard (partonic) cross section 6§?LW L x (@128, ;4%2, u%) is
simply proportional to §(x1z9s — ]\/[a,), in the narrow W-boson width
approximation (see Sec. 40 of this Review for detailed expressions for
this and other hard scattering cross sections). It is non-zero only for
choices of 4,7 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 xiz9s = ]\/Igv.

Equation 9.15 involves a 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 [31].

The fully inclusive hard cross sections are known to NNLO, 0437 for
Drell-Yan (DY) lepton-pair and vector-boson production [32,33], and
for Higgs-boson production [33-36].

Photoproduction. yp (and 7) 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 — qg; 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,-/,y (z,Q%).

While useful to understand the general structure of yp collisions,
the distinction between direct and resolved photoproduction is not
well defined beyond leading order, as discussed for example in Ref. 37.

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.
Q in DIS, my, for bb production in pp collisions, etc.), each power of as
beyond LO can be accompanied by a power of In(s/Q?) (or In(s/ m%),
etc.). This is known as the high-energy or Balitsky-Fadin-Kuraev-
Lipatov (BFKL) limit [38-40]. Currently it is possible to account
for the dominant and first subdominant [41,42] power of Ins at each
order of ag, and also to estimate further subdominant contributions
that are numerically large (see Refs. 43—45 and references therein).

Physically, the summation of all orders in ag 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.
46, 47 and references thereto).

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-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.
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Non-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. 48, 49).

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
|[M2(p1,...,pn)| for the production of 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®, | M2 (p1, . ..
0,;n—>(%,En—>0 n|Mn (P - Pn)]
asC; defn dEn,
] —_ — 916
»Pn 1)‘ ‘922»,1 E, 7( )

=d®y 1M} i (p1...

where C; = Cp (C4) 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, ..., pm)
of the four-momenta of the m 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, 0. As examples,
if Op, = 1 for all m, then op is just the total cross section; if
Om = 7(p1,-..,pm) 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) = 0 /0tot;
if Oy = 6(1—7(p1,- .., pm)) then one gets the differential cross section
as a function of the thrust, op = 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
particles, then the LO QCD prediction for the weighted cross section
in eTe™ annihilation is

O'O,LO:04272“&{)/dq)nuwyg(pl’uwpn)‘On(pla--~7pn)> (9.17)

where the squared tree-level matrix element, \]\/[721 (p1,---,pn)|, includes
relevant symmetry factors, has been summed over all subprocesses
(e.g. eTe™ — qdqq, eTe™ — qdgg) and has had all factors of as
extracted in front. In processes other than ete™ collisions, the powers
of the coupling are often brought inside the integrals, with the scale
g 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 [50], MadGraph [51],
Alpgen [52], Comix/Sherpa [53], and Helac/ Phegas [54]. Some

of these (CompHEP, MadGraph) use formulae 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 [55] (see also the
review Ref. 56), which builds up amplitudes for complex processes

from simpler ones.

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 particles,
its prediction at NLO involves supplementing the LO result with
the (n + 1)-particle tree-level matrix element (\]WELJAD, and the
interference of a n-particle tree-level and n-particle 1-loop amplitude

(2Re(Mn M 3 _1000));

o0 = B0 + i k) [
\MrZLH(Pl, s s Pnt1)
+ a?_l(u%) /d@n 2Re(]bfn(p1, eeeyDn)

N[;:J—loop(ph S ,Pn)) On(Plv . Pn) -

s Prt1)| Ont1(p1, - -

(9.18)

Relative to LO calculations, two important issues appear in the
NLO calculations. Firstly, the extra complexity of loop-calculations
relative to tree-level calculations means that they have yet to be
fully automated, though considerable progress is being made in this
direction (see Refs. 57—60 and references therein). 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,

—>On(p1,---,pn) if ps — 0

— On(p1,--+Pa +Dps---Pn)
if pa || o -

Ont1(P1s-- -5 Pss -+ Pn)
Ont1(p1,---,Pa,Pbs - - -, Pn)
(9.19)

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. The
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most widely used in current NLO computer codes is known as dipole
subtraction [61]; other methods that have seen numerous applications
include FKS [62] and antenna [63] subtraction.

NLO calculations exist for nearly all 2 — n processes with n < 3
(and for 1 — 4 in ete™ — v/Z —hadrons), as reviewed in Ref. 64.
Some of the corresponding codes are public, and those that provide
access to multiple processes include NLOJet++ [65] for ete™, DIS,
and hadron-hadron processes involving just light partons in the final
state, MCFM [66] for hadron-hadron processes with vector bosons
and/or heavy quarks in the final state, VBFNLO for vector-boson
fusion processes [67], and the Phox family [68] for processes with
photons in the final state. The current forefront of NLO calculations is
2 — 4 processes in pp scattering, for which results exist on ttbb [59,60]
and pp — W +3jets [57,58].

NNLO. Conceptually, NNLO and NLO calculations are similar,
except that one must add a further order in ag, 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. Arranging for their cancellation after numerical Monte
Carlo integration is one of the significant challenges of NNLO
calculations, as is the determination of the relevant 2-loop amplitudes.
The processes for which fully exclusive NNLO calculations exist
include the 3-jet cross section in ete™ collisions [69,70] (for which
NNLO means a3), as well as vector- [71,72] and Higgs-boson [73,74]
production in pp and pp collisions (for which NNLO means a?2).

9.2.2.3.

Many experimental measurements place tight constraints on
emissions in the final state, for example, in ete™ events, that 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, pyz < Myz. 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 ags to be accompanied by a
large coefficient ~ L2, where e.g. L = In7 or L = In(Mz/pt,z). One
ends up with a perturbative series whose terms go as ~ (asL2)”‘
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 a4, 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. 75-84 (or more recently through
soft-collinear effective theory, cf. the review in Ref. 85).

For cases with double logarithmic enhancements (two powers of
logarithm per power of ay), 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 > Rupal(up)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

** 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 afn!
(reviewed in Ref. 15), which however have an impact only at very high
perturbative orders and have a deep connection with non-perturbative
uncertainties.

all terms with k = 2n — 1, ete.. Often o(L) (or its Fourier or Mellin
transform) ezponentiates i,

oo n+1

o(L) = oot exp Z Z G (nh)LF ]
n=1k=0

L>1, (9.21)

where one notes the different upper limit on k compared to Eq. (9.20).
This is a more powerful form of resummation: the Gi2 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, the state-of-the art for
resummation is NLL in the sense of Eq. (9.21) (see Refs. 89-91
and references therein). NNLL has been achieved for the DY and
Higgs-boson p; distributions [92,93] (in addition the NLL ResBos
program [94] is still widely used), the back-to-back energy-energy
correlation in ete™ [95], and the production of top anti-top pairs
near threshold [96-100]. Finally, the parts believed to be dominant
in the N3LL resummation are available for the thrust variable in
ete™ annihilations [101], and for Higgs- and vector-boson production
near threshold [102,103] in hadron collisions. 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
consults 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.

Sec. 17 of this Review provides further information (and refer-
ences) 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
[104-106], HERWIG [107-109], SHERPA [110], and ARIADNE [111]
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 [112] and references therein for a more complete
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.

This is then followed by a parton shower, usually based on
a resummed calculation of the probability A(Qo, Q1) for each
parton, that it does not split into other partons (e.g. radiate a
gluon) between the hard scale Q¢ and some smaller scale Q.
A(Qo,Q1), known as a Sudakov form factor, takes the form
A(Qo, Q1) ~ exp(—G1iaasIn?(Qp/Q1) + ...). By choosing a random
number r uniformly in the range 0 < r < 1 and finding the @1 value
that solves r = A(Qo,Q1), the MC determines the scale of the first

¥ 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 ycys. The logarithms of 1/ycut
exponentiate for the k; (Durham) jet algorithm [86], but not [87] for
the JADE algorithm [88] (both are discussed below in Sec. 9.3.1.1).
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emission of the shower. The procedure is repeated to obtain Qo, the
scale of the next emission, and so forth down to a scale ~ 1 GeV
that separates the perturbative and non-perturbative part of the
simulation.

Once it has generated a partonic configuration, the MC “hadronizes”
it according to some hadronization model. One widely-used model
involves stretching a color “string” across quarks and gluons, and
breaking it up into hadrons [113,114]. For a discussion of the
implementation of this “Lund” model in the MC program PYTHIA,
with further improvements and extensions, see Ref. 104 and references
therein. Another model breaks each gluon into a ¢g pair and then
groups quarks and anti-quarks into colorless “clusters”, which then
give the hadrons. This cluster hadronization is implemented in the
HERWIG event generator [107-109].

For processes with initial-state hadrons, the showering off the
incoming partons must additionally take into account the scale-
dependence of the PDFs and the non-perturbative part must account
also for the proton remnants. In pp and yp scattering, the collision
between the hadron remnants generates an underlying event (UE),
usually by implementing additional 2 — 2 scatterings (“multiple
parton interactions”) at a scale of a few GeV. The separation between
the UE and other parts of the shower and hadronization is somewhat
ambiguous, because they are all interconnected in terms of their color
flow.

Parton showers usually generate a correct distribution of soft and
collinear emission, but they often fail to reproduce the pattern of hard
wide-angle emissions that would be given by the exact multi-parton
matrix elements. In cases where this matters, it is usual to “merge”
the parton showers with the generation of exact LO multi-parton
matrix elements (Sec. 9.2.2.2), including a prescription to avoid double
or under-counting of real and virtual corrections (e.g. CKKW [115] or
MLM prescriptions [116]) .

MCs as described above generate cross sections for the requested
hard process that are correct at LO. For hadron-collider applications
it is common to multiply these cross sections by an inclusive K-factor,
i.e. the ratio of (N)NLO to LO results for a related inclusive
cross section. For measurements with cuts, this may not always be
adequate: higher-order corrections in a restricted phase-space region
can be substantially different from those in the inclusive case. For
a number of processes there also exist MC implementations that
are correct to NLO, using the MC@NLO [117] or POWHEG [118]
prescriptions to avoid double counting the approximate NLO pieces
already implicitly included in the MCs through their showering.

9.2.3.

LO calculations are often said to be accurate to within a factor of
two. This is based on the observed impact of scale variation across a
range of observables and of the 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 the
production of high-p; jets containing B-hadrons), the NLO to LO
K-factors can be substantially larger than 2.

Accuracy of predictions :

The accuracy of a given particular perturbative QCD prediction
is usually estimated by varying the renormalization and factorization
scales around a central value @ that is taken close to the physical scale
of the process.tf A conventional range of variation is Q/2 < pR,pr <
2Q.

There does not seem to be a broad consensus on whether g and
1 should be kept identical or varied independently. One option is to
vary them independently with the restriction % uRr < pp < 2pp [119].
This limits the risk of misleadingly small uncertainties due to
fortuitous cancellations between the pup and pp 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(%%).

# A more conservative scheme is to take the uncertainty to be the
size of the last known perturbative order.

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, though methods exist also to analytically deduce
non-perturbative effects in one observable based on measurements of
other observables (see the reviews [15,120]) .

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 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
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, (9(‘/\4/Q4)7 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 inclusive observables are structure functions (and
related sum rules) in DIS. These are extensively discussed in Sec. 16
of this Review.

As soon as (parts) of the structure or composition of the final state
are analyzed and cross section differential in one or more variables
characterizing this structure are of interest, we talk about exclusive
observables, such as jet rates, jet substructure and event-shape
distributions. Furthermore, any cross section differential in some
characteristic kinematic quantity of the final state falls into this
category, such as 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. 17 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. However, measurements
of exclusive observables such as jet rates require more involved
corrections in order to relate, e.g. the energy deposits in a calorimeter
to the jets at the hadron level. Typically detector simulations 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, as well as to ensure
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the independence of the latter from the MC model used in the
simulations. Finally, it is strongly suggested to provide, whenever
possible, measurements corrected for detector effects which then
can be easily compared to the results of other experiments and/or
theoretical calculations.

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. These bunches 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. 121 (for eTe™ collisions) and Refs. 122, 123
(for pp or pp collisions). Here we briefly review the two main classes:
cone algorithms, extensively used at hadron colliders, and sequential
recombination algorithms, more widespread in ete™ and ep colliders.

Very generically, most (iterative) cone algorithms start with some
seed particle 4, 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; iy 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 [124].

Sequential recombination algorithms at hadron colliders (and in
DIS) are characterized by a distance d;; = min(ki?,ki?)A?j/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 = kff . One identifies the smallest of all the
d;; and d;g, and if it is a'dij, then 7 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; min. The
parameter p determines the kind of algorithm: p = 1 corresponds
to the (inclusive-)k; algorithm [86,125,126], p = 0 defines the
Cambridge-Aachen algorithm [127,128], while for p = —1 we have the
anti-k¢ algorithm [129]. 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 k; algorithm in ete™ annihilations [86] uses y;; =
2 min(Ei27E]2-)(l — cost;;)/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 yeyus (rather
than R and p; yin) 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