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Abstract

In this Review, 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, the top quark, heavy neutrinos,
monopoles, 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. A booklet is available containing the Summary Tables and abbreviated versions of some
other sections of this full Review.
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INTRODUCTION

I. OVERVIEW

This review is an updating through December 1991 of the
Review of Particle Properties, a compilation of experimental
results on the properties of the particles studied in elementary
particle physics. These properties include masses, widths
or lifetimes, branching ratios, and so on. We nearly always
suggest a “best” value of each property, based on what we
judge to be the best available data.

We also give an extensive summary of searches for
hypothetical particles. Results of searches usually take the
form of limits on masses under specified assumptions. Since
such limits are often complex functions of model parameters
and may be model-dependent, our summary cannot provide
the detailed information given in the original papers.

Our compilation is presented in two sections, the
“Summary Tables of Particle Properties” and the “Full
Listings.” The Summary Tables give our best values of the
properties of the particles we consider to be well established;
we try to be conservative in judging whether or not a
particle is well established. The Summary Tables also give a
condensed version of search limits for hypothetical particles,
and a summary of experimental tests of conservation laws.

All data used to get the values in the Summary Tables
are given in the Full Listings, with references and occasional
comments. Other measurements considered recent enough
or important enough to mention, but which for some reason
are not used to get the best values, appear separately just
beneath the data we do use for the Summary Tables. The
Full Listings also give information on unconfirmed particles
and on particle searches, as well as short “minireviews” on
subjects of particular interest.

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

We organize the particles into five categories:

Gauge and Higgs Bosons

Leptons and Quarks

Mesons

Baryons

Searches for Free Quarks, Monopoles,

Supersymmetry, Compositeness, etc.

The last category is for searches for particles, such as
supersymmetric particles, that do not belong to the previous
groups; searches for heavy leptons, massive neutrinos, etc.,
for example, are in the lepton section.

In addition to the compilations of measurements and
best values, we give a long section of “Miscellaneous Tables,
Figures, and Formulae,” a quick reference for the practicing
particle physicist.

In Sec. II of this Introduction, we list the main areas of
responsibility of the authors, and also list our large number
of consultants on special topics. In Sec. III, we mention
the naming scheme for hadrons. In Sec. IV, we discuss our
procedures for selecting measurements of particle properties
and for obtaining best values of the properties from the
measurements.
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The accuracy and usefulness of this compilation depend
in large part on interaction between the users and the authors
and consultants. 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. II below, or to

Particle Data Group, MS 50-308
Lawrence Berkeley Laboratory
Berkeley, CA 94720, USA

Or send them via computer mail to

LBL::PDG on HEPNET,
PDGQLBL on BITNET, or
PDGQLBL.GOV on INTERNET

A pocket-sized Particle Properties Data Booklet
is available. This contains the complete Summary Tables of
Particle Properties and the most frequently used parts of the
Miscellaneous Section, but not the Full Listings. For North
and South America, Australia, and the Far East, write to

Technical Information Department
Lawrence Berkeley Laboratory
Berkeley, CA 94720, USA

For all other areas, write to

CERN Scientific Information Service
CH-1211 Geneva 23
Switzerland

II. AUTHORS AND CONSULTANTS
The authors’ main areas of responsibility are as follows:

(1) Gauge and Higgs Bosons: R.M. Barnett, G. Conforto,
D.E. Groom,* K. Hikasa, K. Olive, M. Suzuki

(2) Leptons: D.E. Groom,* K.G. Hayes, K. Olive,
R.E. Shrock, C.G. Wohl

(3) Mesons: M. Aguilar-Benitez, C. Caso, G. Conforto,
R.A. Eichler, S. Eidelman, J.J. Hernandez,! K. Hikasa,
L. Montanet, F.C. Porter, M. Roos, R.H. Schindler,
N.A. Térnqvist, T.G. Trippe,!t C.G. Wohl

(4) Baryons: R.L. Crawford, R.E. Cutkosky, R.A. Eich-
ler, G. Hohler, D.M. Manley, C.G. Wohl*

(5) Miscellaneous Searches: R.M. Barnett,* D.E. Groom,
K. Hikasa, K. Olive, J. Stone, T.G. Trippe

(6) Miscellaneous Tables, Figures, and Formulae:
R.M. Barnett, D.E. Groom,* T.G. Trippe, C.G. Wohl

(7) Technical Support: B. Armstrong, K.- Gieselmann,
G.S. Wagman

*Contact person.
tContact person for unstable mesons.
ttContact person for stable mesons.
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Consultants

Of great importance to this Review is our world-wide
network of consultants, experts in particular topics. We
thank the following people:

e L. Addis (SLAC)

o S. Alekhin (Serpukhov)

o V.I. Balbekov (Serpukhov)

e A. Baldini (University of Pisa)

e A. Bean (University of California, Santa Barbara)
e S. Bilenky (Joint Inst. for Nuclear Research, Dubna)
e M. Breidenbach (SLAC)

¢ G. Brianti (CERN)

e R.N. Cahn (LBL)

e M. Chanowitz (LBL)

e Z. Chuang (IHEP, Beijing)

e COMPAS Group (IHEP, Serpukhov)

¢ E.D. Commins (University of California, Berkeley)
o D.G. Coyne (University of California, Santa Cruz)
¢ O. Dahl (LBL)

e R.H. Dalitz (Oxford University)

e S. Ecklund (SLAC)

e J. Ellis (CERN)

e L. Evans (CERN)

o V.V. Ezhela (Serpukhov)

o R.W. Fast (Fermilab)

o W. Fetscher (ETH, Ziirich)

e D. Finley (Fermilab)

o V. Flaminio (University of Pisa)

e R. Flores (University of Minnesota)

e H.-J. Gerber (ETH, Ziirich)

e F'.J. Gilman (SSC)

e H.A. Gould (LBL)

e N.A. Greenhouse (LBL)

e H.E. Haber (University of California, Santa Cruz)
e I. Hinchliffe (LBL)

o C. Hurlbut (Bicron Corp.)

© J.D. Jackson (LBL)

e R.D. Kephart (Fermilab)

e S. Klein (University of California, Santa Cruz)

o K. Kleinknecht (Universitat Dortmund)

e S. Kurokawa (KEK)

o P. Langacker (University of Pennsylvania)

e G.R. Lynch (LBL)

e B. Mansoulie (CEN Saclay)

e G. Moneti (Syracuse University)

o T. Nakada (PSI)

o N. Nakamura (Inst. Cosmic Ray Research, U. of Tokyo)
o L. Okun (ITEP, Moscow)

¢ Y. Oyanagi (University of Tsukuba, Japan)

o S.I. Parker (University of Hawaii)

¢ J.M. Paterson (SLAC)

o C.W. Peck (California Institute of Technology)

e M. Perl (SLAC)

¢ J.M. Peterson (LBL)

¢ H.S. Pruys (Ziirich University)

e B. Renk (Universitat Mainz)

e D. Rice (Cornell University)

eN.A. Roe (LBL)

o S. Rudaz (University of Minnesota)

o H.F.W. Sadrozinski (University of California, Santa Cruz)
o D. Schramm (University of Chicago)

o H. Spieler (LBL)

e E.M. Standish, Jr. (Jet Propulsion Laboratory, Pasadena)
¢ S. Stone (Cornell University)

e M. Suzuki (LBL)

o Y. Takaiwa (KEK)

o B.N. Taylor (U.S. National Bureau of Standards)
e W.H. Toki (SLAC)

eR.D. Tripp (LBL)

e J. Va'vra (SLAC)

o P. von Handel (DESY)

o H. Wahl (CERN)

o L. Wolfenstein (Carnegie-Mellon University)

e C. Woody (BNL)

e J. Yelton (University of Florida, Gainesville)

e M. Zisman (LBL)

In addition, the Berkeley Particle Data Group has
benefited from the advice of the PDG Advisory Committee,
which meets annually. The members of the 1990 committee

were:
M. Della Negra (CERN), Chair

J. Donoghue (University of Massachusetts)

E. Eichten (Fermilab)

B. Taylor (National Inst. of Standards & Technology)
W. Toki (SLAC)

III. THE NAMING SCHEME FOR HADRONS

We introduced in the 1986 edition [Particle Data Group
(1986)] a new naming scheme for the hadrons. Changes from
older terminology affected mainly the heavier mesons made
of u, d, and s quarks. Otherwise, the only important change
to known hadrons was that the F* became the D¥. None of
the lightest pseudoscalar or vector mesons changed names,
nor did the c¢ 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 “Naming Scheme for
Hadrons” in Section III of this Review.

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



IV. PROCEDURES

A. Selection and treatment of data

The Full Listings contain a complete record of all relevant
data we know of; with few exceptions, however, we do not
include results from preprints or conference reports. Nor
do we any longer maintain an archival record of data of
historical importance only, although we try to retain the
references of discoveries, even when the data are no longer
useful.

In the Full Listings, we clearly separate measurements
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:
It is superseded by or included in later results.

No error is given.

It involves some assumptions we question.

It has a poor signal-to-noise ratio, low statistical

significance, or is otherwise of poorer quality than other

data available.

e It is clearly inconsistent with other results that appear
to be more reliable.

e It is not independent of other results.

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

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 Full
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 Full 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 other 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 Full Listings all reported
states that, in our opinion, have sufficient statistical merit
and that have not been disproved by more reliable data.

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.
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For more detailed discussions, see the minireviews in the Full
Listings.
B. Averages and fits

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

1. Treatment of errors

In what follows, the “error” éz means that the range
z + 6z 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 ¢s Gaussian, éz is the usual one standard
deviation (10). 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 éz.

When experimenters quote asymmetric errors (6z)%
and (6z)~ for a measurement z, the error that we use
for that measurement in making an average or a fit with
other measurements is a continuous function of these three
quantities. When the resultant average or fit Z is less than
z—(6z)~, we use (6z)~; when it is greater than z+ (6z)F, we
use (6z)*. In between, the error we use is a linear function
of z. 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?)1/2, where A; = criA[Z(l/a;‘-’)]l/z.
This procedure has the advantage that, with the modified
systematic errors A;, 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., mi, ms, and A = mg — m1.
We cannot enter mj;, mgo 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 my, my 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.

2. Unconstrained averaging
To average data, we use a standard weighted least-
squares procedure and in some cases, discussed below,
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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

767 = (Sowv wi) [Siws + (Swe) 2 (1)
where
w; = 1/(6Ii)2 .

Here z; and éz; are the value and error reported by the ith
experiment, and the sums run over N experiments. We then
calculate x2 = X w;(Z — z;)? and compare it with N — 1,
which is the expectation value of x? 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 x2/(N — 1) is greater than 1, but not greatly
so, we still average the data, but then also do the following:

(a) We increase our quoted error, 67 in Eq. (1), by a
scale factor S defined as

5=/ -]"". (2)

Our reasoning is as follows. The large value of the x? 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
6T scales up by the same factor. See Rosenfeld (1975).

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 éz;
is arbitrarily chosen to be

8o = 3NY2 67,

where 67 is the unscaled error of the mean of all the
experiments. Our reasoning is that although the low-
precision experiments have little influence on the values T
and éZ, 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 éx;, then 6T is 6@/]\/1/2, so each éx; 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 6T is
approximately half the interval between the two discrepant
values.

We emphasize that our scaling procedure for errors in
no way affects central values. In addition, to recover the
unscaled error 07, simply divide the quoted error by S.

(b) If, after removing experiments with errors larger
than 8y, the number M remaining is at least three, and if
x%/(M — 1) is greater than 1.25, we show in the Full Listings

an ideogram of the data. Fig. 1 is an example. We extract no
numbers from these ideograms; they are simply visual aids.
Sometimes one or two data points lie apart from the main
body; other times the data split into two or more groups.
The reader can use this information in deciding upon an
alternative average.

WEIGHTED AVERAGE

0.006 + 0.018 (Error scaled by 1.3)

2

X

- - SMITH 75BWIRE 0.3

-------- NIEBERGALL 74 ASPK 1.3

------- FACKLER 73 OSPK 0.1

--------- HART 73 OSPK 03

---------- MALLARY 73 OSPK 44

-------- BURGUN 72 HBC 0.2

--------- GRAHAM 72 OSPK 0.4

——+—> MANN 72 HBC 33

—— - WEBBER 71 HBC 7.4

-CHO 70 DBC 1.6

---------- BENNETT 69 CNTR 1.1

-+« "LITTENBERG 69 OSPK 0.3

------ JAMES 68 HBC 0.9

$ - FELDMAN 67BOSPK 0.3

lﬂ|+ ----- AUBERT 65 HLBC 0.1
VA -+ - BALDO-... 65 HLBC

~— N FRANZINI 65 HBC 0.2

Y 22.0

1 N (Clonﬁdence Level =0.107)
-0.4 -0.2 0.0 0.2 0.4 0.6

Fig. 1. A typical ideogram. The “data point” at the
top shows the position of the weighted average, while
the width of the error bar (and the shaded pattern
beneath it) 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 experiment second from the bottom,
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 éz;, and area
proportional to 1/6z;. The choice of 1/éx; for the area
is somewhat arbitrary. With this choice, the center of
gravity of the ideogram corresponds to an average that uses
weights 1/8z; rather than the (1/62;)? used in the averages.
This may be appropriate for the case in which 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
(1/6z;)?, 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 [Particle
Data Group (1986)] for a detailed discussion of the use of
ideograms.

3. Constrained fits

Except for trivial cases, all 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 [';, the full width T" (or mean
life), and the associated error matrix.

Assume, for example, that a state has m partial decay
fractions P;, where 3" P; = 1. These have been measured
in N, different ratios R,, where, e.g., Ry = P1/P2, Ro
= P;/P;, etc. [We can handle any ratio R of the form



Y a; P;/ Y Bi P;, where «; and §3; are constants, usually 1 or
0. The forms R = P;Pj and R = (P;P;j)'/? are also allowed.]
Further assume that each ratio R has been measured by N,
experiments (we designate each experiment with a subscript
k, e.g., Ri). We then find the best values of the fractions F;
by minimizing the x? as a function of the m — 1 independent
parameters:

2 _ 5 [k (Boe — R\

=3 |5 (Bt
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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 (6P; 6P;). We tabulate the diagonal elements of
8§ P; = (6 P; 6 P;)'/? (except that some errors are scaled as
discussed below). In the Full 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 T'. 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 Full Listings.

(2) We do not allow for correlations between input
data. We do 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.

(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 Ny, leaving a single sum over ratios x> = ¥ x2. One
is tempted to define a scale factor for the ratio r as S? =
X2/{x%). However, since (x2) is not a fixed quantity (it is
somewhere between Ny and Ni_1), we do not know how to
evaluate this expression. Instead we define

2
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1 M

(4)

where §R, is the fitted error for ratio r. With this definition
the expected value of S? is one.

The fit is redone using errors for the branching ratios
that are scaled by the larger of S, and unity, from which new
and often larger errors 6-}32», are obtained. The scale factors
we finally list in such cases are defined by S; = 6—P—i//5_ﬁi.
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.

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 (61_31»' ) from zero, a new smaller
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error (6?1-")’ is calculated on the low side by requiring
the area under the Gaussian between P; — (6 -131-")* 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.

C. Discussion

The problem of averaging data containing discrepant
values is nicely discussed by Taylor (1982). He considers
a number of algorithms that attempt to incorporate in-
consistent 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
constant 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 Full 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 A, 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 Rosenfeld (1975). Updated versions of some of
Rosenfeld’s figures are shown in Fig. 2.

Some cases of wild fluctuation are shown. This usually
reflects 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 Particle Data Group 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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ACCESSING AND USING PARTICLE PHYSICS DATABASES

The Full Listings in this Review of Particle Properties,
as well as other particle physics databases, are accessible
by computer. Some of the databases help find papers of
interest, while others contain actual numerical data. Here we
tell what databases there are and how to start using them,
for databases maintained at SLAC, CERN, Durham, and
Serpukhov.

A. The SLAC Particle Physics Databases

(1) PARTICLES contains the Full Listings from this Review
of Particle Properties, indexed by particle and particle
property.

(2) HEP is a guide to particle physics preprints, journal
articles, reports, theses, conference papers, etc., indexed
by standard bibliographic entities as well as by citations
and topics. HEP is a joint project of the SLAC and
DESY libraries and, as of January 1992, contained more
than 239,000 records dating from late 1974. It is updated
daily with nearly 20,000 new records added each year.

(3) CONF lists past and future conferences of interest to
particle physicists.

(4) HEPNAMES lists e-mail addresses of many people
working in high-energy physics. As of January 1992,
more than 19,000 e-mail addresses were available.
Additions and corrections may be sent to:

HEPNAMES@SLACVM.BITNET.

(5) INST lists nearly 3,000 addresses (often with phone and
fax numbers) of high-energy physics related institutions.

(6) DATAGUIDE, an adjunct to HEP, indexes papers
containing experimental data by accelerator, detector,
beam momentum, reactions, and particles studied.
(Not current; see DOCUMENT under the Serpukhov
databases below.)

(7) REACTIONS gives numerical data (e.g., cross sections,
polarizations, etc.) on reactions.

(8) EXPERIMENTS is a guide to current and past particle
physics experiments, indexed similarly to HEP and
DATAGUIDE.

Anyone with a SLAC computing account can access
these databases online. If you do not have an account and
cannot find anyone who does (at major laboratories, ask
at the library), contact SLAC directly or see below for
alternative access via QSPIRES. More information on the
databases may be found in “A User's Guide to Particle
Physics Computer-Searchable Databases on the SLAC-
SPIRES System,” LBL-19173, available from the Particle
Data Group, MS 50-308, Lawrence Berkeley Laboratory,
Berkeley, CA 94720, USA. Search guides to HEP, CONF,
and other SLAC library SPIRES databases are available
from the Library, SLAC, P.O. Box 4349, Stanford, CA 94309,
USA. Or contact Louise Addis (ADDIS@SLACVM.B|TNET)7 tel.
1-(415)-926-2411 or Harvey Galic (GALIC@SLACVM.BITNET)
tel. 1-(415)-926-4406 at SLAC.

A.1. QSPIRES Access to SLAC/SPIRES

People without a SLACVM computing account can
use QSPIRES to access the databases at SLAC either
interactively via BITNET with the ‘send’ command (‘tell’,
‘bsend’, or other system-specific command) or by using
e-mail.

Working interactively: In the following interactive search
example, a query to HEP is refined as QSPIRES sends
responses to your screen:

send QSPIRES@SLACVM FIND TITLE Z0
(SPIRES responds)
send QSPIRES@SLACVM AND HIGGS
(SPIRES responds)
send QSPIRES@SLACVM AND DATE JAN 1992
(SPIRES responds)
To receive the search result on your screen (< 10 records)
send QSPIRES@SLACVM OUTPUT (TYPE BRIEF
Otherwise, to receive the search result as a file (via e-mail) :
send QSPIRES@SLACVM OUTPUT (FILE BRIEF
You can combine search criteria in a single command:
FIND TITLE TOP AND DATE 1991 (OUT FILE BRIEF

A QSPIRES search defaults to the HEP database. To search
another database, like CONF:

send QSPIRES@SLACVM FIND PLACE DALLAS AND
DATE 1992 (IN CONF

send QSPIRES@SLACVM OUTPUT (TYPE BRIEF

To access the electronic version of the Review of Particle
Properties (results always being returned as e-mail):

send QSPIRES@SLACVM
EXPLAIN PARTICLES (IN PARTICLES

send QSPIRES@SLACVM

FIND PP ETA MODES (IN PARTICLES

For the HEPNAMES and INST databases, there are
special short-cut searches:

send QSPIRES@SLACVM WHOIS ARMSTRONG,B
send QSPIRES@SLACVM WHEREIS FERMILAB

Using e-mail: If your system does not support interactive
communication or is not on the BITNET network, send
e-mail to:

QSPIRES AT SLACVM (for BITNET)
LBL::"QSPIRES@SLACVM.BITNET" (for DECNET)
QSPIRES@VM.SLAC.STANFORD.EDU (for INTERNET)

You must remove the ‘send QSPIRES@SLACVM’ from all
examples and type just the search commands, e.g.,

FIND EXP BNL-802 (IN EXPERIMENTS

Each e-mail message must contain only one line, and
the e-mail ‘subject’ must be blank. QSPIRES will send its
responses as e-mail.
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ACCESSING AND USING PARTICLE PHYSICS DATABASES (Cont’d)

e Use of QSPIRES is free. Anyone may use the special
WHOIS and WHEREIS searches for the HEPNAMES and
INST databases. Other use of QSPIRES requires that your
computer node be registered with SLAC. For questions about
node registration or for material on QSPIRES commands,
send e-mail to QSPI@SLACVM.BITNET. You can get a ‘HELP’ file
by mailing the command ‘HELP’ to QSPIRES@SLACVM.BITNET.

SPIRES HEP Databases at Other Institutions

SLAC/DESY HEP and several of the other databases
mentioned above are available on SPIRES at DESY, KEK,
and the Yukawa Institute, Kyoto. These clones of HEP are
updated nightly. Contacts at these institutions are:

DESY—H. Preissner (LOOHTP@DHHDESY3.BITNET);
KEK—Y. Miura (MIURAQJPNKEKVM.BITNET);
Yukawa Inst., Kyoto—K. Aoki (AOKI@IJPNRIFP.BITNET).

The Yukawa Institute also operates QSPIRES for the Far
East.

B. The CERN Library Databases on ALICE

Several databases run under the ALICE system at CERN.
Those of particular interest are LIB, PREP, CONF, and
DIR.

(1) LIB contains the Library catalogue of books, preprints,
reports, and some other information.

(2) PRERP is a subset of LIB containing entries for preprints,
reports, conference papers, and CERN publications.
At the beginning of 1992, it contained 107,000 entries,
nearly all preprints and reports received in the CERN
Library since 1980. It also has publication details for all
papers published with CERN as an affiliation and for
most conference papers published in Proceedings since
about 1987.

(3) CONF is a subset of LIB listing forthcoming conferences
of interest for high-energy physics and accelerator
research, as well as past conferences back to 1986.

(4) DIR is a separate database giving the Directory of
Research Institutes in High Energy Physics, with
addresses, telephone, fax, and telex numbers, and
e-mail nodes, as well as brief information on research
programmes and on-site accelerators.

ALICE can be accessed via DECnet or INTERNET. It
runs on the CERN Library’s VAX computer called VXLIB,
alias ALICE.CERN.CH (IP number 128.141.201.44). After

connection, enter Username ALICE (no password required)
and select the terminal type according to the menu. ALICE
is a full-screen system using the DEC international character
set which can be displayed on suitable terminals. Simple
searching can be done by using a menu system or by using
the full power of the ISO Common Command Language;
HELP displays are provided to guide searching. With the
MAIL command, the results of searches can be sent to any
e-mail address for printing.

A User’s Guide can be requested online or by e-mail
to SISSECR@CERNVM.CERN.CH or by writing to Anita Olof-
sson, Scientific Information Service, CERN, CH-1211
Geneva 23, Switzerland. For specific assistance, contact
MALICEQVXLIB.CERN.CH.

B.1. QALICE Access to CERN/ALICE

Remote users with no login access to tte CERN Ethernet
can use QALICE, which is very similar to QSPIRES except
that there is no direct connection to the VM system.

Typical messages from VAX/VMS:

msg VXLIB QALICE base prep;f black hole?;

msg VXLIB QALICE base and 1991->1992/yr;show
msg VXLIB QALICE base dir;f org=cern;show full

More generally, send e-mail to: QALICE@VXLIB.CERN.CH
(not ALICE); put the query in the ‘subject’ field and leave
the ‘message’ area blank. For further information, send the
‘subject’ HELP to QALICE or contact the CERN Scientific
Information Service (see above) for printed documentation.

SDI (Selective Dissemination of Information) Service
on QALICE Access

Regular weekly or monthly searches of the CERN
databases can be arranged according to a personal
search ‘profile’, with the results sent automatically by
e-mail. Contact David Dallman, Scientific Information
Service (SIS), CERN, CH-1211 Geneva 23, Switzerland
(DALLMAN@CERNVM.CERN.CH) for details.

Other Services

The DIR database can be made available in a
Filemaker PRO format for Macintosh computers.
Contact the SIS Secretariat at CERN or Wolfgang
Simon (ISI@RCERNVM.CERN.CH).

LBL will implement an interactive, user-friendly interface
to a Review of Particle Properties database on VXCERN in
1992. It will be announced through the VXCERN NEWS
utility. For further information contact Gary Wagman
(WAGMAN@LBL.GOV).
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C. The Durham-RAL Particle Physics Databases

The following databases are available on the RAL VM,
CERN VM, and DURPDG VMS computers:

(1) PARTICLE PROPERTIES gives the Full Listings from
this Review of Particle Properties, indexed by particle
and property.

(2) REACTION DATA is a compilation of numerical
values of experimental particle physics reaction data.
These values include data from 2-body (and quasi-
2-body) scattering, ete~ annihilation, and inclusive
hadron, photon, and lepton physics such as total and
differential cross sections, fragmentation functions,
structure functions, and polarization measurements.
They are compiled by the Durham-RAL HEP database
group and the COMPAS group (Serpukhov).

(3) EXPERIMENTS is a guide to current and past particle
physics experiments.

(4) SLACPPF and CITATIONS are subsets of the
SLAC/DESY HEP literature-searching guide. They
contain references to papers and preprints since 1980, be-
ing comprised of the SLAC PPF (preprint) records with
PPA (published references to PPF) updates compiled
by the SLAC library. Also included are many journal
publications compiled by the DESY library.

(5) E-MAIL IDS is the same as the HEPNAMES database
in SLAC/SPIRES. It contains the e-mail addresses of
many people working in high-energy physics.

All the databases run under the Berkeley Database
Management System and are menu driven with on-line
help information. They are available on both the RAL
and CERN IBM/VM systems and also on the Durham
VAX/VMS system to which there is DECnet and TCP/IP
access. On the VM systems, the program HEPDATA resides
on the user disk. To use it, enter GIME UDISK followed by
HEPDATA. The RAL system has two guest accounts, PDG
and PDG2, both with password HEPDATA. HEPDATA is
entered directly from these accounts. To use the Durham
VMS system, either SET HOST DURPDG or SET HOST
19788 for DECnet access, or TELNET 129.234.8.100 for
TCP/IP access. Again, a guest account PDG, password
HEPDATA, is available on this machine.

In all cases, the data are retrieved using simple keyword-
based searches, and resulting data records can be listed on
the terminal, sent to a printer, or transferred to the user’s
own host machine.

For more information or a user guide, contact Mike
Whalley at Durham University, South Rd., Durham
City, DH1 3LE, England (MRWQUKACRL.BITNET or
MRW@CERNVM.BITNET) or Dick Roberts at the Ruther-
ford Appleton Laboratory, Chilton, Didcot, Oxon.
OX11 0QX, England (RGR@UKACRL.BITNET). At CERN,
user guides may be obtained from Alec Hester of the
CERN library (HES@CERNVM.BITNET).

D. The Serpukhov Particle Physics Databases

Large user-friendly high-energy physics databases are
available at IHEP, Serpukhov under VMS. Copies of
the databases are also installed at CERN and JINR
(Dubna) and are accessible from VMS systems via DECnet.
They are maintained by the Serpukhov COMPAS group
with assistance from the world-wide Particle Data Group
collaboration. They are managed by BDMS/4, a menu-
driven database management system with on-line help
information. This system consists of the archival databases
EXPERIMENTS, DOCUMENTS, and REACTIONS; the
evaluated data compilations PP (Particle Properties) and CS
(integrated reaction cross sections); and the supplementary
database VOCABULARY (controlled vocabulary used by
the other databases).

(1) PP contains information from the Review of Particle
Properties Summary Tables.

(2) DOCUMENT contains information extracted from
experimental papers (but no actual data). It covers 1984
to the present, with many earlier papers as far back as
1936.

(3) EXPERIMENTS contains information extracted from
laboratory proposals. It covers 1961 to the present.

(4) REACTIONS contains actual physics data extracted
from experimental papers. It covers 1952 to the present.

(5) CS contains data from the CERN-HERA | UCLRL, and
LBL cross-section compilations. It is regularly updated
from the REACTIONS database. It covers 1950 to the
present.

These databases (except for CS) overlap in large part with
those maintained under SPIRES at SLAC, where they are
called PARTICLES, DATAGUIDE, EXPERIMENTS, and
REACTIONS, respectively. They are not, however, even
when titled the same, identical to the SLAC databases.
For example, the PP database contains only Summary
Table information from the Review of Particle Properties
rather than the Full Listings available in the SLAC database
PARTICLES. As another example, the DATAGUIDE
database at SLAC is out-of-date and will eventually be
replaced with data taken from DOCUMENTS.

Contact Sergey Alekhin (ALEKHIN@MO.IHEP.SU) or Vladimir
Ezhela (EZHELA@M9.IHEP.SU) at the Inst. for High Energy
Physics, Serpukhov, Protvino, Moscow Region, Russia for
more information.

Revised April 1992.
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Gauge & Higgs Boson Summary Table

SUMMARY TABLES OF PARTICLE PROPERTIES ny < 51 x10~5 CL=95% 45600
n'(958)y < 42 x 1075 CL=95% 45600
June 1992 vy < 14 x 1074 CL=95% 45600
Yyy < 6.6 x 10~5 CL=95% 45600
+ —
: = W¥F < 7 x 1075 CL=95% -
Particle Data Group W S s 105 c:|_:95°/: -
M. Aguilar-Benitez, R.M. Barnett, C. Caso, G. Conforto, R.L. Crawford, 1/(18) X (45 +11 )x10-3 _
R.E. Cutkosky, R.A. Eichler, S. Eidelman, D.E. Groom , K. Hagiwara, D*(2010)i X (181 +35 )% _
K.G. Hayes, J.J. Hernandez, K. Hikasa, G. Hohler., S. Kawabata, anomalous  + hadrons 4] < 32 % 10-3 CL=95% _
D.M. Manley, L. Montanet, R.J. Morrison, K.A. Olive, F.C. Porter, ete v (4] < 52 % 10-4 CL—95% _
M. Roos, R.H. Schindler, R.E. Shrock, J. Stone, N.A. Tdrnqvist, oy [ < 5'6 ©10~4 CL—95% _
T.G. Trippe, C.G. Wohl, and G.P. Yost ey o] < 7_'3 10~ CL—95% _
Technical Associates: B. Armstrong, K. Gieselmann, G.S. Wagman et T LF < 24 «10-5 CL=95% 45600
(Approximate closing date for data: January 1, 1992) etrF LF < 34 x10~5 CL=95% -
utrF LF < a8 x 1075 CL=95% -
g Py _ 1
GAUGE AND HIGGS BOSONS o 1P = o)

Mass m = 0 €]
PCY — 0.1(1--

(7)) =01(177) SU(3) color octet
Mass m < 3 x 10733 MeV
Charge g < 2x 10732 ¢

Mean life 7 = Stable

Searches for Higgs Bosons — H® and H*

H® Mass m > 48 GeV, CL = 95%

@ J=1 H* Mass m > 41.7 GeV, CL = 95%
Mass m = 80.22 £+ 0.26 GeV See the Full Listings for a Note giving details of Higgs
my+ — My~ = —0.2 £ 0.6 GeV Bosons.

Full width ' = 2.12 + 0.11 GeV

W™ modes are charge conjugates of the modes below.

Searches for Heavy Bosons
Other Than Higgs Bosons

P
Confidence level (MeV/c)

w+ DECAY MODES Fraction (I';/T")

ety (10.5+0.9) % 40300 Additional W Bosons
+e+ vy [a] < 11 :A, 90% 40300 Wg — right-handed W
e (105+1.9) % 40300 Mass m > 406 GeV, CL = 90%
Tty (10.6+1.6) % 40300 Lo . .
rty < s x 10-4 05% — (assuming light right-handed neutrino)
W' with standard couplings decaying to ev, pv
Mass m > 520 GeV, CL = 95%
J=1 Additional Z Bosons
Z; with standard couplings
= [b] 1
Mass m 9_111;:;:;822% (éE\\// Mass m > 412 GeV, CL = 95% (pp direct search)
l,:nfl Z’t':’ Ij* 2.487 N '0 OIOeG v Mass m > 426 GeV, CL = 90% (electroweak fit)
uiwidth 1= 2. DL Ge Zig of SU(2), x SU(2)r x U(1)
Scale factor/ P ith _
Z DECAY MODES Fraction (I';/T) Confidence level (MeV/c) (with g = &R)

- . Mass m > 310 GeV, CL = 95%  (pp direct search)
€.c ( 3'345i°'°25)°/° B 45600 Mass m > 325 GeV, CL = 90%  (neutral current fit)
/1+ o (334 £0.04 )% S=1.3 45600 Zy of SO(10) — SU(5) x U(1)y
Ttr (332 £0.04 )% 45600 . .

o ( 3.337+0022) % s—11 _ (coupling constant derived from G.U.T.)
v (or other invisible (202 +04 )% 45600 Mass m > 340 GeV, CL = 95%  (pp direct search)
modes) Mass m > 320 GeV, CL = 95%  (neutral current fit)
hadrons (69.80 +£0.33 )% - Zy, of Eg — SO(10) x U(1),
(4T + cc)/2 (133 +35 )% - (coupling constant derived from G.U.T.)
(dd + s5 + bb)/3 (144 +24 )% - Mass m > 320 GeV, CL = 95%  (pp direct search)
cc (126 +21 )% - Mass m > 154 GeV, CL = 90%  (neutral current fit)
0bb (152 +10 )% . - Z, of Eg — SU(3) x SU(2) x U(1) x U(1),
Ty < 14 x 107" CL=95% 45600 (coupling constant derived from G.U.T.;

charges are Q; = /3/8Qy — \/5/8Qy)
Mass m > 340 GeV, CL = 95%  (pp direct search)
Mass m > 125 GeV, CL = 90% (electroweak fit)

Leptoquarks

(for charge —1/3, isospin 0, scalar)
Mass m > 44.2 GeV, CL = 95%
Mass m > 45 GeV, CL = 95%

(1st or 2nd generation)
(3rd generation)
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Gauge & Higgs Boson Summary Table

Searches for Axions (A®) and
Other Very Light Bosons

The standard Peccei-Quinn axion is ruled out. Variants with reduced
couplings or much smaller masses are constrained by various data. The
Listings in the full-sized edition of the Review of Particle Properties
contain a Note discussing axion searches.

The best limit for the half-life of neutrinoless double beta decay with
Majoron emission is > 1.4 x 1021 years (CL = 90%).

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
inconsistent. When S > 1.25, we also show in the Full Listings an ideogram
of the measurements. For more about S, see the Introduction.

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

[a] See the Full Listings for the « energy range used in this measurement.

[b] The Z-boson mass listed here corresponds to a Breit-Wigner resonance
parameter. It lies 25.5 MeV above the real part of the position of the pole
(in the energy plane) in the Z-boson propagator.

[c] Theoretical value. A mass as large as a few MeV may not be precluded.
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Lepton & Quark Summary Table

L :LEPTO=NSjL —

See the Full Listings for a Note giving details of neutrinos, masses,
mixing, and the status of experimental searches.

[5]

1
J=3

Mass m:  The formal upper limit for the mass, as obtained
from the value of the mass squared (see the Full Listings),

is 7.3 eV at the 90% CL. Caution is urged in interpreting this

result, however, because the m? average is dominated by the
ROBERTSON 91 [Physical Review Letters 67 957 (1991)]
result, which is nearly 20 negative.

Mean life/mass, 7/m,, > 300 s/eV, CL = 90%

Magnetic moment u < 1.08 x 107° pg, CL = 90%

]

J:%

Mass m < 0.27 MeV, CL = 90%
Mean life/mass, 7/my,, > 15.4 s/eV, CL = 90%
Magnetic moment x < 7.4 x 10719 pg, CL = 90%

1
J=3
Mass m < 35 MeV, CL = 95%

Mean life/mass, 7/m,,.
Magnetic moment 1 < 4 x 1076 ug, CL = 90%

— 1
4=z

Mass m = 0.51099906 + 0.00000015 MeV [4]
= (5.48579903 + 0.00000013) x 10™* u
Mean life 7 > 1.9 x 1023 yr, CL = 68% (2]
Magnetic moment p = 1.001159652193 + 0.000000000010 g
Electric dipole moment d = (—0.3 + 0.8) x 10726 e-cm

JI=3

Mass m = 105.658389 + 0.000034 MeV [l
= 0.113428913 + 0.000000017 u
Mean life 7 = (2.19703 + 0.00004) x 1076 s
cr = 658.653 m
Magnetic moment p = 1.001165923 + 0.000000008 ef:/2m,,
Electric dipole moment d = (3.7 + 3.4) x 1071 ecm

Decay parameters (]

p = 0.7518 % 0.0026

n = —0.007 + 0.013

§ = 0.749 + 0.004

£P, = 1.003 + 0.008 (9]
£P,6/p > 0.99677, CL = 90% [
€ =1.00 + 0.04

£ =0.6+04
a/A=(0=+4)x 1073
o /A =(0+4)x 1073
B/A = (4 +6)x 1073
B/A=(2+6)x 1073

7 = 0.02 £ 0.08
ut modes are charge conjugates of the modes below.
P
p#— DECAY MODES Fraction (I';/I) Confidence level (MeV/c)
e Devy ~ 100 % 53
e Vevyy le] ( 1.4 £04)% 53
e Tevyete” [fl ( 3.4 +£04)x105 53

Lepton Family number (LF) violating modes

€ VeV LF < 18 % 90% 53
e~y LF < 49 x 10711 90% 53
e~ete~ LF < 10 x 10712 90% 53
e~ 2y LF < 72 x10~11 90% 53

Mass m = 1784.17 27 MeV
Mean life 7 = (0.305 + 0.006) x 107125
cr = 91.4 um
Michel parameter p = 0.727 + 0.033
2gagv/(€h+6}) = 11703
gv/ga = 0.01 £ 0.04
See the Full Listings for a Note giving details of the 7 lepton.

71 modes are charge conjugates of the modes below. “pt* stands for
xL or K=. “£” stands for e or u. “Neutral” means neutral hadron whose
decay products include v's and/or 0.

Scale factor/ P

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

particle™ > 0 neutrals v, (85.8240.25) % S=1.3 -
(“1-prong”)

B Duvr (17.58+0.27) % s=1.1 889

B Duvry (23 +11)x1073 -

(E, > 37 MeV)

e Tevr (17.93+0.26) % S=1.1 892

h~™ > 0 neutrals v, (50.3 £04 )% $=1.2 -

h~ v, (127 £04 )% S=1.1 -

T Ve (116 +£04 )% s=1.2 887

K~ > 0 neutrals v, ( 1.68+0.24) % -

K~ vy (67 +23 )x1073 s=1.3 824

K~ >1 neutrals v, (12 ¥3%)% -

h~ >1 neutrals vy (376 £05 )% S=1.2 -

h=n%u, (244 +056 )% s=1.1 -

7~ 10u, (24.0 £0.6 )% S=1.1 881

h~ > 27, (132 £0.7 ) % s=1.3 -

h= 270, (103 +£0.9 )% s=1.7 866

h= > 31%, (27 £09)% $=1.9 -

2h—ht* > 0 neutrals v, (14.06+£0.25) % s=1.3 -
(“3-prong”)

h=h~htv, (84 £04 )% s=14 -

L S b7 (56 07 )% 864

7~ pOvr (54 1.7 )% 719

7~ a~ 7t non-p(770)% v, < 14 % CL=95% 864

h~h~ht > 1 neutrals v, (53 04 )% $=1.3 -

wm™ > 0 neutrals v (16 £04 )% -

wr vy (16 +£05)% 713

K~ hth™ > 0 neutrals v, < 6 x10~3  CL=90% -

K= ntn~ >0 neutrals v, (22 *1§)x10-3 -

K- Ktn v, (22 %17 )x10-3 689

3h=2hT > 0 neutrals v, ( 1.11+0.24) x 10~3 -
(“5-prong”)

3h~2ht v, (56 +1.6 )x107% -

3h2h*t 7Ou, (51 £22 )x 1074 -

4h—3hT > 0 neutrals v, < 19 x10~4  CL=90% -
(“7-prong”)

K°h~ > 0 neutrals v, ( 1.30£0.30) % -

K*(892)~ > 0 neutrals v, ( 1.43+0.17) % -

K~ K% >0 neutrals v, < 8 x10~3  CL=90% -

K*(892)° K~ > 0 neutrals v, (32 +14 )x1073 -

K*(892)°7~ > 0 neutrals v, (38 +1.7 )x 1073 -

K*(892)~ vr ( 1.4240.18) % 669

K5(1430)" v < 3 x 1073  CL=95% 323

KoK~ v, < 26 x 1073  CL=95% 742

KOK~ > 1 neutrals v, < 26 x10~3  CL=95% -

KOht h—h~ > 0 neutrals v, < 17 x1073  CL=95% -

nw~ > 0 neutrals v, < 13 % CL=95% -

nw uB < 9 x1073  CL=95% 801

nwo W Vr < 11 % CL=95% 782

nmwo 70n0 vr < 12 % CL=95% 750
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The following are sometimes subreactions of

3-prong inclusive 7 searches
patr~ 7~ >0 neutrals v, < 3 x 1073 CL=90%
nnm~ >0 neutrals v, < 5 x1073  CL=90%
N vy < 83 x1073  CL=95%
nnT T vr < 9 x1073  CL=95%

Lepton number (L) or Lepton Family number (LF) violating modes

(In the modes below, £ means a sum over e and x modes)

e~ charged particles + LF < 4 % CL=90%
p~charged particles

noy LF < 55 x 104 CL=90%
ey LF < 20 x 1074 CL=90%
w0 LF < 82 %1074 CL=90%
e~ 70 LF < 14 x10~%  CL=90%
w KO LF < 10 x 1073 CL=90%
e~ KO LF < 13 x 1073 CL=90%
wp° LF < 38 %1075 CL=90%
e p° LF < 39 x 1075 CL=90%
e K*(892)° LF < 54 x 1075 CL=90%
p~ K*(892)° LF < 59 x 1075 CL=90%
e 7 LF < 24 x107%  CL=90%
Iy LF < 34 x 1075 CL=90%
e ete” LF < 27 x 1075 CL=90%
(epp)™ LF < 27 x 1073 CL=90%
e putu LF < 27 x 1075 CL=9%0%
et pu” LF < 16 x 1075 CL=90%
(nee)™ LF < 27 x 1075 CL=90%
pu~ete LF < 27 x1075  CL=90%
nte e LF < 16 x 1075 CL=90%

o ptuT LF < 17 x1075  CL=90%
txFr LLF < 63 x 1075 CL=90%
et rtn— LLF < 60 x 1075 CL=90%

e wta~ LF < 42 x107%  CL=90%
etn n~ LLF < 17 x107%  CL=90%
uFrata— LLF < 39 x 1075  CL=90%
pwowtas LF < 39 %1073 CL=90%
putr= ™ LLF < 39 x1075  CL=90%
(EaF K LLF < 12 %1074 CL=90%
(emK)~, all charged LLF < 77 x1073  CL=90%
e rE KT LF < 58 %1075 CL=90%
et K™ LF < 42 x1075  CL=90%

e~ n KT LF < 58 %1075 CL=90%
et K~ LLF < 49 x 1075 CL=90%
(umK)~, all charged LLF < 77 x1075  CL=90%
prtKE LF < 77 x 1075 CL=90%
-t KT LF < 77 x 1075  CL=90%

p oKt LF < 77 x1075  CL=90%
ptrm K™ LLF < 40 %1075  CL=90%
e~ light spinless boson LF < 32 x1073  CL=95%
u~ light spinless boson LF < 6 x1073  CL=95%

641
563

889
892
884
887
819
823
722
727
667
662
808

892
886
886
886
889
889
889
876

881
881
881
870
870
870

817
817
817
817
817
804
804
804
804
804

I Number of Light Neutrino Types]

(including ve, v, and v;)

Number N = 2.99 + 0.04

(in the Standard Model)

Iﬁavy Lepton Searches |

L% - charged lepton

Mass m > 443 GeV, CL =95% m(v) = 0
L* — stable charged heavy lepton
Mass m > 42.8 GeV, CL = 95%
L9 - stable neutral heavy lepton
Mass m > 45.0 GeV, CL = 95%
E® - neutral para- or ortho-lepton
Mass m > 19.6 GeV, CL = 95%
Mass m > 41 GeV, CL = 95%
Mass m > 45.7 GeV

(all [Ug;[?)
(‘Uéj'z >10-10

orm< 25, CL = 95% (|Upj|2 >10713

Searches for Massive Neutrinos
and Lepton Mixing

For excited leptons, see Compositeness Limits below.
See the Full Listings for a Note giving details of neutrinos, masses,
mixing, and the status of experimental searches.
No direct, uncontested evidence for massive neutrinos or lepton mixing
has been obtained. Sample limits are:
v oscillation: Te /4 Te
A(m?) < 0.0083 eV?, CL = 90% (if sin?26 = 1)
sin%26 < 0.14, CL = 68%  (if A(m?) is large)
v oscillation: v, — ve (8 = mixing angle)
A(m?) < 0.09eV2 CL =90% (if sin?20 = 1)
sin220 < 3.4 x 1073, CL = 90%  (if A(m?) is large)

—

QUARKS

This year we are introducing a Quark Table. The quark masses
shown are not based on a set of papers in the Full Listings.
Since the subject of their masses is controversial, the purpose of
this table is to provoke discussion. We ask that our readers send
us comments and references (particularly on quark mass
definitions and values). The masses that enter a QCD
Lagrangian are “running” masses and depend on scale and
renormalization scheme. These can be different from the heavy
quark masses obtained in potential models. For this edition we
have attempted to give a conservative range of masses. In the
next edition we will provide a more extensive treatment.

[4] 10P) = 33

Mass m = 5 to 15 MeV 8] my/ms = 0.04 to 0.06
Charge = -1 e

I; = —

[N

[+] 1UP) = 33
Mass m = 2 to 8 MeV ] m,/my = 0.25 t0 0.70
Charge = % e

Iz:+%

[5] 1(JP) = 0(3%)

Mass m = 100 to 300 MeV [&]

Charge = —1 e

Strangeness = —1

1(JP) = 0(3+)

Mass m = 1.3 to 1.7 GeV [#]

Charge = % e
Charm = +1

[5] 1(JP) = 0(4+)

Mass m = 4.7 to 5.3 GeV [/
Charge = -} e
Bottom = —1

[] 1) = 0(3)

(not discovered)
Mass m > 91 GeV []
Charge = % e
Top = +1
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NOTES

In this Summary Table:

When a quantity has “(S = ...)” to its right, the error on the quantity
has been enlarged by the “scale factor” S, defined as S = /x2/(N — 1),
where N is the number of measurements used in calculating the quantity.
We do this when S > 1, which often indicates that the measurements
are inconsistent. When S > 1.25, we also show in the Full 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 decay-
ing particle. For a 3-or-more-body decay, p is the largest momentum any
of the products can have in this frame.

[a] The masses of the e and 1 are most precisely known in u (unified atomic
mass units). The conversion factor to MeV, 1 u = 931.49432(28) MeV,
is less well known than are the masses in u.

[b] This is the best “electron disappearance” limit. The best limit for the
mode e~ — vy is > 1.5 x 102° yr (CL=68%).

[c] See the Note on Muon Decay Parameters in the Full Listings for definitions
and details.

[d] Py is the longitudinal polarization of the muon from pion decay. In stan-
dard V—A theory, P, = 1and p = § = 3/4.

[e] This only includes events with the v energy > 10 MeV. Since the e~ Te vy
and e~ Dev,y modes cannot be clearly separated, we regard the latter
mode as a subset of the former.

[f] See the Full Listings for the energy limits used in this measurement.

[g] The d-, u-, and s-quark masses are estimates of so-called “current-quark
masses,” with ratios my/mg and my/m;s extracted from pion and kaon
masses using chiral symmetry. The estimates of d and v masses are not
without controversy and remain under active investigation. Within the
literature there are even suggestions that the v quark could be essentially
massless. The s-quark mass is estimated from SU(3) splitting in hadron
masses.

[h] The c- and b-quark masses are estimated from charmonium, bottomo-
nium, D, and B masses. They correspond to potential model masses and
not to “running” masses.

[i] The t-quark mass shown assumes that the t quark would decay with 100%
branching ratio as t — bW rather than to other modes such as t —
bH*. Without this assumption the mass limit is m > 55 GeV. Standard
Model analyses of precision experiments on the electroweak interactions
suggest a mass between 110 and 190 GeV with m < 200 GeV at 95% CL
(see the section on Top Hadrons).
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—_——— ete (50 £12 )x 10-3 274
LIGHT UNFLAVORED MESONS ptuy (31 04 )x10-4 253
(S _ C = B = 0) ete~ < 3 x10™%  CL=90% 274
- - - pntu~ (65 +21)x107® 253
rtr-ete (13 £33 )x10-3 236
IG(JP) =1-(07) nt T 2y < 21 x 1073 236
ntr a0y < 6 x107%  CL=90% 175
Mass m = 139.5679 = 0.0007 MeV (58: 2.2) 200+ < 3 <10-6  CL—o0% 211
Mean life 7 = (2.6030 £ 0.0024) x 107 °s
or = ; 80 4(m ) Charge conjugation (C), Parity (P), or
N - Charge conjugation x Parity (CP) violating modes
x* — £y~ form factors (3] 3y c <5 % 10—% 274
Fy = 0.017 % 0.008 ata~ PcP < 15 x 1073 236
Fa = 0.0116 + 0.0016 (S = 1.3) Oete” c < 4 x 1075 CL=90% 258
R = 0.059*5:993 Outp c <5 x1076  CL=90% 211
7~ modes are charge conjugates of the modes below.
b p(770) 18(JP€) = 1+(1-)
=+ DECAY MODES Fraction (;/T) Confidence level (MeV/c)
T » Mass m = 768.1 + 0.5 MeV (S = 1.1)
o Va (999878200004 % | %0 Full width T = 151.5 + 1.2 MeV
ptouy [b] (124 025 )x10~ 30 S
etve (1218 +0014 )x10~4 70 ce = 6.77 £ 032 keV ,
et ey (6] (161 £023 )x1077 70 ) Scale factor P
e+ ver® (1025 40034 )x10-8 . p(T70) DECAY MODES Fraction (I';/I) Confidence level (MeV/c)
etyeete (32 +05 )x107? 70 T ~ 100 % 358
etvevv <5 x 1076 90% 70 ATT0)E d
Lepton number (L) or Lepton Family number (LF) violating modes ¥y ( 45 05 )x 1074 $=2.2 371
ut ve L < 15 x 10-3 90% 30 €y < 8 x1073  CL=84% 144
e LF < 80 % 10-3 90% 10 atrta—x0 < 20 x10~3  CL=84% 249
pu"etety LF < 77 x 10~ 90% 30 A(T70)° decays
ntaTy (99 +16 )x103 358
0 —4
70 (7.9 £2.0)x 10 372
G(PCy _ 1—(0-
16(JFC) =17(07%) n7y ( 38 £07 )x 104 188
4 - -5
Mass m = 134.9743 + 0.0008 MeV (S = 1.5) HOH (fl( 460£028) 1072 369
Myt — Mo = 45936 + 0.0005 MeV R i« ‘1‘:““’2” e o
Mean life r = (8.4 + 0.6) x 10717 s (S = 3.0) T <t x0T, =R !
— 25.2 nm Tt T < 2 x 10 CL=90% 246
cr = 20 atr 70x0 < 4 x 1075 CL=90% 251
Scale factor/ P
x0 DECAY MODES Fraction (F;/T) Confidence level (MeV/c)
2y (98.798+0.032) % s=1.1 67 w(783) 16(JPCy = 0~ (17 )
ete v ( 1.198+0.032) % S=1.1 67
7 positronium (1.82 £0.29 )x 1079 67 Mass m = 781.95 + 0.14 MeV (S = 1.6)
etete e (314 £0.30 )x 1073 67 Full width ' = 8.43 + 0.10 MeV
ete~ < 13 x 1077 CL=90% 67 Fee = 0.60 £ 0.02 keV (S = 1.1)
-8 L=
4y < 2 x 10 : CL=90% 67 Scale factor/
vy [c]< 83 x 107" CL=90% 67 w(783) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
VeTe < 17 x 1076 CL=90% 67 > N
VuT, < 31 x 1076 CL=90% 67 :o;r i Esz'i iz‘;’ ;;’ 23;
_ 6 oo . 5 )%
v Ur < 21 x 1076 CL=90% 67 b ( 2214030 % s
Charge conjugation (C) or Lepton Family number (LF) violating modes neutrals (excluding 7°) (44 T12)x103 -
—8 |—909 X
31 ~ C < 31 x 10 . CL=90% 67 Oet e (59 +19 ) x 10~ 379
pte LF < 16 x10~8 CL=90% 26
ny (47 T22)x107% s=1.1 198
wOputp~ (96 +23 )x 1075 349
16(JPCy = 0t (0~ ) ete” ( 7.15+0.19) x 105 391
7~ 70n0 < 2 % CL=90% 261
Mass m = 547.45 % 0.19 MeV [g]s = 1.6) o T e C10-3  cioesv a6
Full width ' = 1.19 + 0.11 keV (S =1.8) atr—ntw < 1 x10-3  CL=90% 256
C-nonconserving decay parameters (€] Wiﬂoj < 4 x 10‘: CL=90% 367
xta— a0  Left-right asymmetry = (0.09 + 0.17) x 102 BOH < 18 X 1077 cL=s0% 376
ata~ 70 Sextant asymmetry = (0.18 + 0.16) x 1072
ata— 7% Quadrant asymmetry = (—0.17 £+ 0.17) x 1072
,G JPC —ot(0—+
ntax~y  Left-right asymmetry = (0.9 + 0.4) x 10~2 7/(958) e ©
rtrTy B =0.05+006 (S=15) Mass m = 957.75 + 0.14 MeV
Scale factor/  p Full width I = 0.198 + 0.019 MeV (S = 1.4)
n DECAY MODES Fraction (I;/T) Confidence level (MeV/c) Scale factor/ p
neutral modes (70.8 08 )% S=1.2 _ /(958) DECAY MODES Fraction (I';/T) Confidence level (MeVjc)
2y (389 +£05 )% S=1.2 274 tr g (441 +1.7 )% S=1.2 231
370 (319 £0.4 )% s=1.2 180 o0 (30.0 1.4 )% s=1.1 171
w02y (71 1.4 )x1074 258 970 (206 £1.2 )% s=1.2 238
charged modes (29.2 £0.8 )% S$=1.2 - wy ( 3.00+0.30) % 160
atrx0 (236 £06 )% S=1.2 175 Ty (2174017) % S=15 479
7r+7r“7 ( 4.88+0.15) % $=1.2 236 370 ( 1.53+£0.26) x 10-3 S=1.1 430
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hy(1170)

was H(1190) 18" = 0m(a*)

ptuy ( 1.06+0.27) x 104 467
ata=x0 <s % CL=90% 427
70 p0 < 4 % CL=90% 120
rta~ < 2 % CL=90% 458
nOete~ < 13 % CL=90% 469
nete~ < 11 % CL=90% 322
atrtrT o~ <1 % CL=90% 372
atxt ™ 7 neutrals <1 % CL=95% -
atata— a0 <1 % CL=90% 298
6m <1 % CL=90% 189
rtrete~ < 6 x10~3  CL=90% 458
70n0 < 9 x10~4  CL=90% 459
0y < 8 x10~4  CL=90% 469
470 <5 x10™4  CL=90% 379
3y <9 x107%  CL=90% 479
ptu—ad < 60 x10~5  CL=90% 445
ptun < 15 x 1075  CL=90% 273
ete™ < 21 x10~7  CL=90% 479
6(975) IG(JPC) — 0+(0++)
was §(975)
Mass m = 974.1 + 2.5 MeV (S = 1.4)
Full width T = 47 £ 9 MeV (S = 2.0)
15(975) DECAY MODES Fraction ([;/T) Confidence level (M:V/c)
T (781 £24 )% 467
KK (21.9 +2.4 )% -
vy ( 1.19£0.33) x 10~5 487
ete~ < 3 x10~7 90% 487
h(m) IG(JPC) — 1—(0++)
was 5(980)
Mass m = 982.7 £ 2.0 (S = L.1)
Full width I' = 57 £+ 11 MeV
29(980) DECAY MODES Fraction (;/T) p (MeVc)
nmw seen 319
KK seen -
vy seen 491
¢(1020) IS(JPC) =0-(17")
Mass m = 1019.413 + 0.008 MeV
Full width ' = 4.43 £ 0.06 MeV
TFee = 1.37 + 0.05 keV
Scale factor/ P
#(1020) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
KtK— (49.1 £08 )% s=1.2 127
KK (344 +£07 )% s=1.2 110
p (129 0.7 )% 183
atr= a0 (24 £09 )% S=1.1 462
ny ( 1.28+0.06) % s=1.2 362
70y ( 1.31£0.13) x 10—3 501
ete~ ( 3.09+0.07) x 104 510
utp~ ( 2.48+0.34) x 10~4 499
nete~ (13 £38)x 104 362
atr— (8 3 )x10°5 $=15 490
wy < 5 % CL=84% 210
pY < 2 % CL=84% 220
atr=y < 7 x10~3  CL=90% 490
(975)~ < 2 x 103  CL=90% a4
7070 <1 x10~3  CL=90% 492
atr ata~ < 87 x 1074  CL=90% 410
7'(958) v < 41 x 1074  CL=90% 60
atrta—x— a0 < 15 x10™4  CL=95% 341
nlete~ < 12 x10~%  CL=90% 501
%0y < 25 x 1073 CL=90% 345
a0(980)y < s x10~3  CL=90% 36

Mass m = 1170 + 20 MeV
Full width [ = 360 + 40 MeV

hy(1170) DECAY MODES Fraction (';/T) p (MeVc)
pr seen 311
b1(1235) ,G(JPC) - 1+(1+-—)
was B(1235)

Mass m = 1232 + 10 MeV €]
Full width I = 155 + 8 MeV

p
Confidence level (MeV/c)

by(1235) DECAY MODES Fraction (I;/T)
wm dominant 349
[D/S amplitude ratio = 0.26 + 0.04]
nEy ( 1.5+0.4) x 1073 608
np seen -
atata— a0 < 50 % 84% 536
nm <25 % 90% 482
T <15 % 90% 600
(KK)x = <8 % 90% 248
KYKInt <6 % 90% 238
KK < 2 % 84% 368
K2 KYnt < 2 % 90% 238
T < 15 % 84% 146
31(1260) IG(JPC) — 1—(1++)
was A, (1270)
Mass m = 1260 + 30 MeV (8]
Full width ' ~ 400 MeV
P

2(1260) DECAY MODES Fraction (F;/T) Confidence level (MeV/c)
pr dominant 379
Ty seen 622

m(7T)s-wave [g] <0.7% 90% 591

£(1270) 16(JPC) = ot (2t)

Mass m = 1275 + 5 MeV 18]
Full width I = 185 + 20 MeV [&]

Scale factor/ P
£(1270) DECAY MODES Fraction (F;/T) Confidence level (MeV/c)
e (809 t23 )% s=13 622
atr— 270 (69 F15)% S=1.4 562
KK (46 £05)% s=2.9 403
2nt2r— (28 04 )% $=1.2 559
nn (45 £1.0)x1073 S=2.4 324
470 (30 £1.0 )x 103 564
vy ( 1.39+0.20) x 10~5 S=1.1 637
nmw < 8 x 1073 CL=95% 474
KoK= 7t + cc. < 34 x 1073 CL=95% 293
ete” <9 x1079  CL=90% 637

f1(1285
1( ) IG(JPC) — 0+(1++)
was D(1285)

Mass m = 1282 + 5 MeV 18]
Full width I = 24 + 3 MeV (8]

Scale factor/ P
Confidence level (MeV/c)

f1(1285) DECAY MODES Fraction (I';/T)

4 (38 £4 )% S=1.1 563

pTT dominates 4x 342
nmww (50 £5 )% S=1.1 478
a0(980) 7 (37 £7 )% 233
KKn (11.9+1.4) % S=1.1 308
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f1(1420) 7
was E(1420)

Mass m =

16(JPCY =0t (1)

1426.1 + 1.6 MeV (S = 1.3)

Full width ' = 56.0 + 3.0 MeV

o] (10 +4 )x1074 236
yy* (11 %3 )x 1075 -
470 < 7 x 1074 CL=90% 568
0% > 4 %1073 CL=90% a1
K K*(892) not seen -
7’(1295) /G(JPC) — 0#(0—¢)
was n(1275)
Mass m = 1295 + 4 MeV
Full width ' = 53 &+ 6 MeV
n(1295) DECAY MODES Fraction (I';/T) p (MeV/c)
R seen 487
ap(980) seen 245
m(1300) 16(JPCy =17 (0~ 1)
Mass m = 1300 + 100 MeV (€]
Full width " = 200 to 600 MeV
x(1300) DECAY MODES Fraction (F;/T) p (MeV/c)
pT seen 407
7 (77)s-wave seen 612
32(1320) /G(JPC) — 17(2+#)
was Az(1320)
Mass m = 1318.2 + 0.7 MeV (S =1.1) (37 and K= K%
modes)
Full width T = 110 + 5 MeV (8] (K* K% and 7 modes)
Scale factor/ P
a(1320) DECAY MODES Fraction (F;/T) Confidence level (MeV/c)
pr (70.142.7) % S=1.2 420
nmw (145+1.2) % 534
W (10.6+3.2) % S=1.3 362
KK (4940.8) % 437
TE A (2.7405) » 1073 652
] (9.5+0.9) x 107® 659
Tt 8 % CL=90% 621
1/ (958) 7 1.0 % CL=95% 287
et e 2.3 x 107 CL=90% 659
w(1390) [ 16(JPCYy =07 (177)
Mass m = 1394 £ 17 MeV
Full width ' = 229 + 40 MeV
w(1390) DECAY MODES Fraction (I';/T) p (MeV/c)
pT deminant 472
fb(1400) IG(JPC) — 0+(0—17+)
was ¢(1300)
Mass m ~ 1400 MeV
Full width ' = 150 to 400 MeV
My, = 5.4 £ 2.3 KeV
Fee < 20 eV, CL = 90%
fo(1400) DECAY MODES Fraction (I';/T) P (MeV/c)
T (93671 % 686
KK (7.540.9)% 49
0 seen 435
vy seen 700
et e” not seen 700

f; (1420) DECAY MODES Fraction (I';/T) p (MeV/c)
KK dominant 438
nmww possibly seen 570
a0(980) 7 possibly seen 355
[h]
71(1440) /G(JPC) — 0+(0—7L)
was :(1440)
Mass m = 1420 + 20 MeV (€]
Full width T = 60 + 30 MevV [€]
7(1440) DECAY MODES Fraction (I';/T) p (MeV/c)
KK seen 433
nww seen 566
a0(980) 7 seen 350
47 seen 640
p(1450) (! 16(JPC) =1t (1)
Mass m = 1465 + 25 MeV (€]
Full width T = 310 + 60 MeV &l
p(1450) DECAY MODES Fraction (I;/T) p (MeVjc)
T seen 719
47 seen 665
e’ e seen 732
np <4 % 317
on <1% 358
f1(1510) ,G(JPC) :O"(l‘*‘)
was D(1530)
Mass m = 1512 + 4 MeV
Full width T = 35 + 15 MeV
f(1510) DECAY MODES Fraction (I;/T) p (MeVjc)
KK*(892) + c.c. seen 292
,
f2(1525) /G(JPC) — O?(2f+)
was f/(1525)
Mass m = 1525 + 5 MeV (€]
Full width T = 76 + 10 MeV €]
r4(1525) DECAY MODES Fraction (I';/T) p (MeVyc)
KK (112 22 )% 581
nn (279 23 )% 529
Tw (82 +16 )x103 750
bk (1.23+022) x 1076 763
f(1590) 16(JPC) =0t (0t ")
Seen by one group only.
Mass m = 1587 + 11 MeV
Full width T = 175 + 19 MeV (S = 1.3)
fo(1590) DECAY MODES Fraction (T;/T) p (MeV/c)
’171/(958) dominant 241
nn large 573

470 large 735
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w(1600) "]

Mass m = 1594 + 12 MeV
Full width ' = 100 + 30 MeV

1P =0-(177)

w(1600) DECAY MODES Fraction (I;/T) p (MeVfc)
pT seen 602
WTT seen 564
ete” seen 797
w3(1670) 1G(JPCY=0-(377)
Mass m = 1668 + 5 MeV
Full width I = 166 + 15 MeV [&]
w3(1670) DECAY MODES Fraction (I';/T) p (MeVfc)
pm seen 648
wTT seen 614
b1(1235) 7 possibly seen 359
12(1670) IG(JPC) — 1—(2—+)
was A3(1680)

Mass m = 1670 + 20 MeV [&]
Full width T = 250 + 20 MeV 1]
Fee = 1.35 £ 0.26 KeV

#2(1670) DECAY MODES Fraction (F;/T)

P
Confidence level (MeV/c)

£(1270) 7 (56.2£3.2) % 325
pT (31 £4 )% 649
fo(1400) (87+34)% 212
K K*(892) + c.c. (42+14)% 453
nmw < 5 % 90% 738
a¥ort2n— <5 % 90% 734
L% (54+11)x103 835
$(1680) 16(JPEY =0~(177)
Not a well-established resonance.

Mass m = 1680 + 50 MeV lé]

Full width I = 150 + 50 MeV [€]
#(1680) DECAY MODES Fraction (I;/T) p (MeVyc)
KK*(892) + c.c. dominant 462
KK seen 680
ete~ seen 840
wTT possibly seen 621
K% K~ seen 619

p(1700) 1"

Mass m = 1700 + 20 MeV (€]
Full width T = 235 + 50 MeV [&]

IG(JPC) =1t(17")

(n° and mixed modes)
(np°, xt 7w, and mixed

p3(1690)
was g(1690)

JP from the 27 and KK modes.
Mass m = 1691 + 5 MeV &l
Full width T = 215 + 20 MeV (]

3(1690) DECAY MODES Fraction (I';/I)

IG(JPC) — 1+(3——)

(27, KK, and K K7 modes)
(27, KK, and K K7 modes)

p
Scale factor (MeV/c)

4r (711 1.9 )%
T (236 +13 )%
KK (38 £12 )%
KK ( 1.58+0.26) %

prta™ seen

787
834
628
1.2 686
728

modes)
p(1700) DECAY MODES Fraction (I';/T) p (MeV/c)
pPTT dominant 641
Prta— large 641
pErF a0 large 642
2(rtn) large 792
1r+_7r_ seen 838
KK*(892) + c.c. seen 479
np_ seen 533
KK seen 692
ete™ seen 850
fb(]'-’l'o) /G(JPC) = 0+(0++)
was 6(1690) J needs confirmation.
Mass m = 1709 + 5 MeV
Full width T = 146 + 12 MeV (S = 1.1)
5(1710) DECAY MODES Fraction (I;/T) p (MeVc)
KK seen 697
T seen 843
pp possibly seen 374
$3(1850)
was X(1850) 16(JP€)y =0-(37)
was ¢(1850)
Mass m = 1854 &+ 7 MeV
Full width T = 87+28 Mev (S = 1.2)
¢3(1850) DECAY MODES Fraction (I'; /) p (MeV/c)
KK seen 785
K K*(892) + c.c. seen 602
6(2010) /G(JPC) - 0+(2++)
was g7(2010)
Seen by one group only.
Mass m = 2011+ 53 Mev
Full width T = 202 + 60 MeV
£(2010) DECAY MODES Fraction (I;/T) P (MeVic)
¢¢ seen -
f4(2°50) /G(JPC) - 0+(4++)
was h(2030)
Mass m = 2049 + 10 MeV (S = 1.2)
Full width ' = 203 + 12 MeV
f3(2050) DECAY MODES Fraction (;/T) p (MeV/c)
ww (25 +6 )% 662
T (17.0£15) % 1015
KK (6834 x10-3 898
nn (2.1+08) x 1073 865
470 < 12 % 980
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£(2300)

was g'r(2300)
Mass m = 2297 + 28 MeV
Full width ' = 149 + 40 MeV

IG(JPC) — 0+(2++)

£(2300) DECAY MODES Fraction (I';/T) p (MeVc)
[oX0) seen 529
&(234"0) IG(JPC) — 0+(2++)
was g'1-(2340)
Mass m = 2339 + 60 MeV
Full width T = 31978 Mev
7,(2340) DECAY MODES Fraction (I';/I) p (Mevc)
oY} seen 573

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

1(4P) = 3(07)
Mass m = 493.646 + 0.009 MeV

Mean life 7 = (1.2371 + 0.0029) x 107%s
cr =3.709 m

Slope parameter g [']

(s =22)

(See Full Listings for quadratic coefficients)
Kt — atata~ = —0.2154 £ 0.0035 (S = 1.4)
K= — m~n~nt = -0.217 £ 0.007 (S = 2.5)
K* - 7t7020 = 0594 +£0.019 (S=13)

K% decay form factors U-A]

K% Ay =0.0286 + 0.0022

Kjis A+ =0.033+0008 (S=16)

K¥s Ao =0.004 £ 0.007 (S = 1.6)

K% |fs/fy] = 0.084 +£0.023 (S =1.2)

K& |fr/fy| =038 +011 (S=11)

Kfy |fr/fi| =002£012

K* — etvey |Fa+ Fy|=0.148 +0.010
Kt — ptuvyy |Fa+ Fyl <023 CL=90%
Kt — etvey |Fa— Fy| <049

Kt = phtuuy [FA~FV[:—2.2t00.3

K™ modes are charge conjugates of the modes below.

Scale factor/ p
K+ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
o, (63.51+0.19) % s=1.2 236
et ve ( 1.55+0.07) x 10~5 247
nt a0 (21.1740.16) % s=1.1 205
rtata= ( 5.59+0.05) % $=2.0 125
7t a0n0 ( 1.73+0.04) % s=1.2 133
utuy, (3.18+0.08) % S=1.6 215
Called K3.
et ve (4.82+0.06) % s=1.3 228
Called Kes.
mOn0et e (21 0.4 )x 105 206
rtr et ve (3.91+0.17) x 1075 203
rta-uty, (1.4 £09 )x 1075 151
m070n0et e < 35 x 1076  CL=90% 135
7t yy m< 1 x 1076 CL=90% 227
nt3y < 10 x 1074 CL=90% 227
etvevv < 6 x 1075  CL=90% 247
ptu,vw < 6.0 x 1076  cL=90% 236
pty,ete” ( 1.06+0.32) x 1076 236
etveete (21 ¥21)x1077 247
provuptu~ < 41 x 1077 CL=90% 185

whry,y [bm} ( 5.50+0.28) x 10—3
ot a0y [hm] ( 2.75+0.15) x 10—4
xt 70~ (DE) [h] (1.8 £04 )x 1075
atrtaTy [hm] ( 1.04+0.31) x 10~4
ot a0n0y tm (7.4 T55)x 1076
7rc';1,+ vy [hm] < 6.1 x1075  CL=90%
m0et very [bm] ( 2.62+0.20) x 10~4
7%e* vey (SD) lo] < 53 x1075  CL=90%

236
205
205
125
133

215
228
228

AS = AQ (5Q), Lepton number (L), Lepton Family number (LF) violating

modes or Flavor-Changing neutral current (FC) modes

rtnte Te sQ < 12 x 108  CL=90% 203
atatu~ v, sQ < 30 x 1076 cL=95% 151
ntete™ FC (27 £05 )x10~7 227
atutp” FC < 23 x1077  CL=90% 172
a7 FC < 34 x 1078  CL=90% 227
u~vetet LF < 20 x10~8  CL=90% 236
utve LF < 4 x1073  CL=90% 236
atute LF < 21 x 10710 cL=90% 214
atu~et LF <7 x1079  CL=90% 214
- utet L <7 x1079  CL=90% 214
- etet L < 10 x 1078  CL=90% 227
xptut L < 15 x10™%  CL=90% 172
utve L < 33 x 1073 CL=90% 236
et Ve L < 3 x10-3  CL=90% 228
50% Ks, 50% K
Mass m = 497.671 + 0.031 MeV
Mmyo — M+ = 4.024 + 0.032 MeV
0 Py _ 1(0-
K2 1(JP) = }(07)
Mean life 7 = (0.8922 + 0.0020) x 10~ 10s
cr = 2.675 cm
CP-violation parameters [Pl
|n4+—0l? < 0.12, CL = 90%
[no0o|? < 0.1, CL = 90%
Scale factor/ P
Kg DECAY MODES Fraction (;/r) Confidence level (MeV/c)
ata~ (68.61+0.28) % s=1.2 206
7070 (31.39+0.28) % s=1.2 209
atr Ty [hbm) ( 1.85+0.10) x 103 206
~y (24 +12 )x 1076 249
atr— a0 < 49 x 1075  CL=90% 133
370 < 37 x1075  CL=90% 139
Flavor-Changing neutral current (FC) modes
utp~ FC < 32 x10~7  CL=90% 225
ete FC < 1.0 x1075  CL=90% 249
nOete~ FC < 45 x 1075 CL=90% 231
Py _ 1(0-
K9 1JP) = 1(0)

my, ~ mgs = (0.5351 + 0.0024) x 1010 A s~ 1
= (3.522 £ 0.016) x 10712 MeV
Mean life 7 = (5.17 + 0.04) x 10785

cr = 1550 m
Slope parameter g [']

L

(See Full Listings for quadratic coefficients)
K% — at7 7% = 0.670 £ 0.014 (S = 1.6)
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K decay form factors U]
K% A4 =0.0300 £ 0.0016 (S = 1.2)
K% Ay =0034 40005 (S=23)
Kgs Ao = 0.025 + 0.006 (S = 2.3)
K95 |fs/fy| < 0.04, CL = 68%
K% |fr/fi| <023, CL = 68%
K% |fr/fe| =012+ 012

K. — ete v ax. = —0.28 + 0.08

CP-violation parameters (]

§ = (0.327 £ 0.012)%
[noo| = (2.253 + 0.024) x 1073 (S =1.1)

|n+—| = (2.268 £ 0.023) x 1073 (S = 1.1)
|00/n4+~| = 0.9935 £ 0.0032 4] (S = 1.3)

dle=(22+11)x 1073 (s=13)
b4 = (46.6 £ 1.2)°
doo = (46.6 & 2.0)°
AS = —AQ In KY; decay
Re x = 0.006 + 0.018 (S = 1.3)
Im x = —0.003 + 0.026 (S = 1.2)

Scale factor/

K9 DECAY MODES Fraction (I;/F)

P
Confidence level (MeV/c)

ke (21.6 +0.8 )% s=1.5 139
ata— a0 (12.3840.21) % s=15 133
¥ uFu [l (270 £0.4 )% s=1.3 216
Called Ky3.
rteFy [r] (387 £05)% s=1.4 229
Called Kes.
2y ( 5.70£0.27) x 104 s=19 249
702y [ (20 +05)x10-8 231
mOrteFy [l (62 +20)x10~5 207
(mp atom) v ( 1.05+0.11) x 10~7 216
1t eFrey [hm] (13 £08)% 229
atnTy [hm] ( 4.41£0.32) x 10~5 206
Charge conjugation x Parity (CP) or Lepton Family number (LF)
violating modes, or Flavor-Changing neutral current (FC) modes
atr~ cP ( 2.03+0.04) x 10~3 s=1.2 206
w0 n0 cP ( 9.0940.35) x 10—4 5=1.8 209
vy CPFC < 76 x10~3  CL=90% 231
et ¥ LF [r]< 94 x10~11  cL=90% 238
ptu~ FC (73 04 )x 1079 225
putu~y FC (28 +28 )x10~7 225
wOutp~ CPFC < 12 x10~6  CL=90% 177
ete~ FC < 16 x10~10  CL=90% 249
ete v FC (91 +05 )x 10~ 249
ete vy FC [] (66 +32)x10~7 249
nlet e CPFC < 55 x10~9  CL=90% 231
ntr-ete FC < 25 x1076  CL=90% 206
ptpuete FC < 49 x 1076 CL=90% 225
ete ete™ FC (40 +£30 )x10~8 249
K*(892) 10P) = 3(17)
K*(892)* mass m = 891.59 + 0.24 MeV (S = 1.1)
K*(892)° mass m = 896.10 + 0.28 MeV (S = 1.4)
K*(892)% full width I = 49.8 £ 0.8 MeV
K*(892)° full width I = 50.5 + 0.6 MeV (S = 1.1)

K*(892) DECAY MODES Fraction (I;/T)

P
Confidence level (MeV/c)

K ~ 100 %

KOy ( 2.304+0.20) x 10™3

K*y ( 1.01£0.09) x 10-3

Knm < 7 x 104 95%

291
310
309
224

K1(1270) 1UP) = 30%)

was Q(1280)

Mass m = 1270 + 10 MeV (8]
Full width I = 90 + 20 MeV (]

Ky (1270) DECAY MODES Fraction ([;/r) p (MeVfc)
Kp (42 £6 )% 71
K3(1430) (28 +4 )% _
K*(892)7 (16 £5 )% 299
Kw (11.0£2.0) % -
K f5(1400) (3.0£20)% -
Ka(1400) I0P) = $(1%)
was Q(1400)
Mass m = 1402 + 7 MeV
Full width I = 174 £+ 13 MeV (S = 1.6)
K1 (1400) DECAY MODES Fraction (;/T) p (MeV/c)
K*(892)m (98 £6 )% 401
Kp ( 3.0+£3.0)% 300
K f5(1400) (2.0+£2.0)% -
Kw (1.0£1.0)% 285
K*(1410) 1(JP) = 3(1)

Mass m = 1412 + 12 MeV (S =1.1)
Full width [ = 227 +£ 22 MeV (S =1.1)

P
Confidence level (MeV/c)

K*(1410) DECAY MODES Fraction (I';/T')

K*(892) 1 > 40 % 95% 408
Km (66+13)% 611
Kp < 7 % 95% 311
2(1430)
was K§(1350) 1JP) = 3(0%)
was x(1350)

Mass m = 1429 + 6 MeV
Full width ' = 287 + 23 MeV

K§(1430) DECAY MODES Fraction (r;/) p (MeVc)
Km (93+10) % 621
»
2(1430) Py _ 1(o+
was K*(1430) 107 = 3(27)

K3(1430)* mass m = 14254 + 1.3 MeV (S = 1.1)
K3%(1430)° mass m = 1432.4 £ 1.3 MeV

K3%(1430)* full width I = 98.4 £ 2.3 MeV
K3(1430)° full width I' = 109 + 5 MeV (S = 1.9)

Scale factor/ P

K;(lm) DECAY MODES Fraction (I';/I) Confidence level (MeV/c)

K (49.7+£1.2) % 622
K*(892)m (252+1.7) % 423
K*(892) (13.0+2.3) % 375
Kp (88+08)% S$=1.2 333
Kw (29+08)% 319
Kty ( 2.4+0.5) x 10~3 627
Kn (14F28)x 1073 s=1.1 489
Kwm < 72 x 1074 CL=95% 110
KOy <9 x 10—4 CL=90% 631
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K*(1680)

was K*(1790) 1Ry =307)

Mass m = 1714 + 20 MeV (S = 1.1)
Full width T = 323 + 110 MeV (S = 4.2)
K*(1680) DECAY MODES Fraction (F;/T) p (MeVfe)
K (38.7+2.5) % 779
Kp @Eratily% 573
K*(892)r 299722y % 615
Ka(1770) (1 -
A1770) 10°) = 32)
was L(1770)
Mass m = 1768 + 14 MeV (S = 1.6)
Full width.T = 136 + 18 MeV (S = 1.2)
K2(1770) DECAY MODES Fraction (F;/T) p (MeV/c)
K3(1430) 7 dominant 282
K*(892)w seen 650
K f,(1270) seen -
Ko seen 437
Kw seen 604
K3(1780 _
3( . ) /(JP) — %(3 )
was K*(1780)
Mass m = 1770 & 10 MeV (S = 1.7)
Full width T = 164 + 17 MeV (S =1.1)
Scale factor/ P
K;(HBO) DECAY MODES Fraction ([;/T) Confidence level (MeV/c)
Kp (45 +4 )% S=1.4 613
K*(892)m (27.3+£32) % S=15 651
Kn (19.3+1.0) % 810
Kn ( 8.0+15)% S=1.4 715
K3(1430)m <21 % CL=95% 284
-
K3(2045) 104°) = 3(%)
was K*(2060)
Mass m = 2045 + 9 MeV (S = 1.1)
Full width I = 198 + 30 MeV
K%(2045) DECAY MODES Fraction (I';/T) p (MeV/c)
K~ (9.9+1.2) % 958
K*(892)mm (9 +£5 )% 800
K*(892)rmm (7 %5 )% 764
pKm (5.7+£3.2) % 743
wKm (4.9+3.0) % 736
oK™ (2.8+1.4) % 591
¢ K*(892) (1.4£0.7) % 363

CHARMED MESONS _
(C= +1)

1(4P) = 3(07)
Mass m = 1869.3 + 0.5 MeV

Mean life 7 = (10.66 + 0.23) x 10713 s
cr = 320 pm

D™ modes are charge conjugates of the modes below.

Scale factor/ P
Dt DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Inclusive modes
et anything (172 +19 )% -
K~ anything (208 +28 )% $=1.3 -
K anything (58 +14 )% -
KO anything + K© anything (59 +7 )% -
n anything [s] <13 % CL=90% -
Semileptonic modes
AT < 72 x 1074  CL=90% 932
KOet ve (55 T12)% 868
KOutu, (70 331 % 865
K- ntetve (38 759)% 863
K*(892)°%et ve (27 0.4 )% 720
x B(K*® - K~ xt)

K~ n+ et ve nonresonant <7 x1073  CL=90% 863
(K*(892) )0 et we < 12 % CL=90% 713
(Kn)® et ve non-K*(892) < 9 x 1073 CL=90% 845
rtr et ve < 57 % CL=90% 924

MPetve < 37 x10~3  CL=90% 777

Fractions of some of the following modes have already appeared above.
K*(892)%et ve (41 £06 )% s=1.1 720
et ve < 37 x1073  CL=90% 777
petve < 209 % CL=90% 657
dutuy < 372 % CL=90% 651
_ Hadronic modes with one or three K's
KOrt (26 £04 )% s=1.2 862
K- xtat (80 *38)% s=1.2 845

K*(892)°0n+ (13 £05)% 712

x B(K*® - K—xt)

K~ 7zt xt nonresonant (67 +08 )% S=1.1 845
KOrxt 0 (84 £18)% 845

K*(892)%n+ (06 £0.2 )% 712

x B(K*™ — K°r0)

KOp* (66 +17 )% 680

K7+ 70 nonresonant (12 719y % 845
K- ntnt g0 1 (a9 *lE)% s=1.1 816

K*(892)° p* S-wave (27 *19)% 424

x B(K® - K—z7t)
K1(1400)0 7+ (20 05 )% 390
x B(K1(1400)° — K~ xtx0)

K~ ptnt 3-body (8 +5 )x1073 617

K~ ntnt 70 nonresonant (9 =5 )x1073 816
Kontnta— (69 +1.1)% 814

K9 a;(1260)* (38 £09 )% 290

x B(a1(1260)t — ntxtx)
K1(1400)0 7+ (20 05 )% 390
x B(K1(1400)° — KOn+x™)

Ko7+t 7~ nonresonant (1.2 £08 )% 814
K atatatn™ (61 £15)x103 S=16 772

K*(892)° 7t nt (51 +17 )x1073 642

x B(K*® — K= xt)
K*(892)0p0nt (38 +1.8 )x 1073 245

x B(K*® — K~ xt)
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K= atnta0x0 (22 fgg )%

Kontata x0 (87 *_‘i’:g )% S=1.2
Kortatata—n— (1.0 £1.0 )x 1073

K- ntrtatz— a0 (19 28 )x1073
KOKOK+ (27 06 )%

Fractions of some of the following modes (those with values rather than
limits) have already appeared above.

KOpt (66 1.7 )%
K*(892)°nt (19 0.7 )% s=11
K*(892)%pt S-wave (a1 t15)%
K*(892)0pt P-wave <s x 1073 CL=90%
K*(892)0pt D-wave <7 x1073  CL=90%

longitudinal
KCay(1260) (75 1.7 )%
K%ay(1320)* < 8 x1073  CL=90%
K1(1270)07+ < 11 % CL=90%
K1(1400)0 7+ (44 £12)%
K*(1410)0 7+ <7 x 1073 CL=90%
K*(892)~ nt =t 3-body < 13 % CL=90%
K*(892)% 7t 70 3-body < 8 x103  CL=90%
K~ pTnt 3-body (8 +5 )x1073
KOO nt 3-body < 4 %1073 CL=90%
K*(892)°0ntatn— (76 +25 )x 1073
K*(892)° p2rt (57 £27 )x 1073

Pionic modes

nt 0 < 53 x 1073 CL=90%
atrta~ (28 +06 )x 1073

POt < 12 x1073  CL=90%

a+ 7+ 7~ nonresonant (22 +06 )x 1073
atrt o x0 (23 f%g )%

nat x B(np— xtax9) (1.6 £05)x 1073

wrt x Blw — wtx— 79 < s x 1073 CL=90%
atatatoe o™ (15 +1.1 )x 1073
rtrtate—a— 20 (28 fg:g )yx10-3

n'(958) ™+ < 8 x107%  CL=90%

x B(n' — nrta7)
x B(n — nta~x°)

Fractions of most of the following modes have already appeared above.

pPOrt < 12 x10~3  CL=90%
nnt (66 £22 )x 1073
wrt < 6 x 1073 CL=90%
npt < 10 % CL=90%
7'(958) ™t < 8 x1073  CL=90%
7'(958) p™ < 14 % CL=90%
Hadronic modes with two K's
KOkt (73 £1.8 )x 1073
KtK— =t ( 1.01£0.13) % s=1.1
¢t x B¢ —» KTK™) (3.0 £0.4 )x 1073
K*(892)°K* (3.1 +06 )x 1073
x B(K*® - K—77)
K+ K~ a* nonresonant (40 08 )x1073
K*K=ntx0
pnta® x B(p — KTK™) (12 138)%
¢pT x B¢ —» KTK™) <7 x10~3  CL=90%
K+ K= nt 70 non-¢ (15 307 )%
KtKOxtn— < 2 % CL=90%
KOK—ntnt (10 +5 )x1073
K*(892)F K*(892)° (12 £05)%
x BY(K* » Knt)
KoK= nt 7t non-K*+ K*0 < 7.9 x10-3  CL=90%
KtK—ntatn—
ontata™ <1 x 1073 CL=90%
x B¢ — KtK™)
KtK-atata— < 3 % CL=90%

nonresonant

775

772
714
718
545

680
712

424

424
424

290
199
489
390
383
688
687
617
615
642
245

925
908
769
908

883

848
764
845

799
680

769
848
764
659
680
357

792
744
647
610

744
682

619
271
682

681
681
273

681
600
565

600

Meson Summary Table
Fractions of the following modes have already appeared above.
ont (6.0 £0.8 )x 1073 S=1.1 647
K*(892)0K* (47 £09 )x 1073 610
ot a0 (24 ¥y % 619
¢pt < 13 % CL=90% 271
K*(892)1 K*(892)° (26 £1.1)% 273
prtata— < 2 x1073  CL=90% 565
Flavor-Changing neutral current (FC),
Lepton number (L) violating,
Lepton Family number (LF) violating,
or Doubly Cabibbo suppressed (DC) modes

ntete™ FC < 25 x103  CL=90% 929
atutpu~ FC < 29 x10~3  CL=90% 917
rtetu¥ LF < 38 x 1073 CL=90% 926
rtetu~ LF < 33 x1073  CL=90% 926
ate pt LF < 33 x1073  CL=90% 926
Ktete~ < 48 x1073  CL=90% 869
Ktptp~ < 92 x1073  CL=90% 856
Ktetp~ LF < 34 x1073  CL=90% 866
Kte ut LF < 34 x1073  CL=90% 866
n—etet L < 48 x1073  CL=90% 929
- ptut L < 68 x1073  CL=90% 917
- etut L < 37 x10~3  CL=90% 926
K~ etet L < 91 x1073  CL=90% 869
K ptut L < 43 x103  CL=90% 856
K- etut L < 40 x1073  CL=90% 866
Ktntn~ DC < 4 x 1073 CL=90% 845

I(4P) = 3(07)

Mass m = 1864.5 + 0.5 MeV
|mpo = mpa| < 1.3 x 107* eV, CL = 90% [4]

1 2
mpz — mpo = 4.77 £ 0.27 MeV
Mean life 7 = (4.20 £ 0.08) x 107135

cr = 125.9 um
709 = 7pg|/7pe < 017, CL = 90% 4]
M(p~ X (via D®))/I(ut X) < 0.0056, CL = 90%
r(k* =~ (via D°))/r (K~ =*) < 0.0037, CL = 90%

[M(D° - K*K~)-T(D° —» K*K~)]/sum < 0.45, CL = 90%

DO modes are charge conjugates of the modes below.

Scale factor/ p
D° DECAY MODES Fraction ([;/T) Confidence level (MeV/c)
Inclusive modes
et anything (77 £12)% S=1.1 -
ut anything (88 + 25)% -
K~ anything 46 + 4 )% S=1.5 -
K™ anything (34 £ 38)% -
KO anything + K° anything 42 +£5 )% -
n anything [s] <13 % CL=90% -
Semileptonic modes

K- etwe ( 331+ 029)% 867
K- pty, (29 +05)% 863
K- n%t ve M (et 13)% 861
KOr—etue M (28F 3% 860

K*(892) et ve (11 +04)% 719
X% B(K*® — K—=t)
K*(892)°7~ et ve < 11 % CL=90% 708
7 etve (39 F 23 )x10-3 927

A fraction of the following mode has already appeared above.

K*(892)" et ve (17 £ 06)% 719



.14

Meson Summary Table

Hadronic modes with one or three K's

KOxr0
K-t
KOntm—
KO 0
K*(892)~ n+
x B(K*~ — K% )
KOzt 7~ nonresonant
K- rtn0
K= p*
K*(892)~ «+
x B(K*~ - K= 9
K*(892)° 70
x B(K*® — K~ xt)
K~ 7t x% nonresonant
K ntatn~ [t]
K~ 7r+p0
K~ nt p% 3-body
K*(892)0p°
x B(K*® — K~x%)
K~ a;(1260)*+

x B(a1(1260)t — wtat o~

Ky (1270)~ 7+
x B(K1(1270)~ —» K~ ntxn™)
K*(892)%7+ n~ 3-body
x B(K*® - K~ rt)
K~ Tt 7~ nonresonant
Kontn x0
Ko x B(w— ntn~x0)
K*(892)~ p*
x B(K*~ — K%™)
K*(892)0 p°
x B(K*® - K°z0)
K1(1270)" 7+
x B(K1(1270)~ — KOz~ x0)
K*(892)° 7+ 7~ 3-body
x B(K*0 — K%x0)
KOxt 7~ 70 nonresonant
K=t 070
K- ntata 0
K*(892)°nt 7~ n®
x B(K*® - K~x%)
K*(892)%n
x B(K*® = K~ 7t)x
B(n — nt7x~x0)
Kerntratr—n—
KOntn~ 7979 (x0)
K% x B(¢p — KYK™)
KOK* K~ non-¢
K2 K KS
K+ K~ K%70

(21 +
( 3.65+
(54 +
(61 %
(30 +

(18 +
(113 =
(73 +
(15 +

(14 +

(11t
(75 +
(64 £
(63 +
(10 +

)

(53 +

(22 +
(15 +
(35 %
(11 +

(33 %
(85
(127

(52

+
+
(44 +
+
(89 +

n

(9

05 )%
0.21) %
0.5 )%
3.0 )x1073
04 )%

S=1.1
S=1.1

05)%
11)%
11)%
02)%

S=1.2
S=1.3

07)%

gg ) % S=1.6
05 )%
05 )%
34 )x 1073
04 )%

S=1.1

07 )%
11 )x 1073
03 )%

05)%
17)%
04 )%
17 )%

20)x1073
16 ) x 1073
17 )x 1073

22)%
5 )%
06 )%
05 )%

19 )x 1073

14 )x 1073
35

24)%

06 )x 1073
0.9 )x 1073
25 )x1074

S=1.1

& )x1073

Fractions of many of the following modes have already appeared above.
(Modes for which there are only upper limits and K*(892)p submodes

only appear below.)
Kon
KO0
K= pt
Kow
Ko
K*(892)~n+
K*(892)° 70
K*(892)°7+ 7~ 3-body
K*(892)° p°
K*(892)° p° transverse
K*(892)° p°
S-wave longitudinal
K*(892)°p° P-wave
K*(892)~ pt
K*(892)~ p* longitudinal
K*(892)~ p* transverse
K*(892)~ pt P-wave

< 23
(61
(73
(25
(88
(45
(21
(16
(15
(15

< 3

HoHH OB OHOH KB R

< 3
(62 +
(30 +
(33 +

< 15

% CL=90%
3.0 )x 1073
11)%
05 )%
12 )x 1073
06 )%
1.0 )%
0.5 )%
0.6 )%
05 )%

x 1073 CL=90%

$=1.2
S=1.1

S=1.5

x 1073 CL=90%
25 )%
12)%
19)%

% CL=90%

860
861
842
677
711

842
844
679
711

709

844

812
613
613
419

289

485

683

812
812
670
423

419

485

683

812
815
771
641

579

768
771

520
544
538

435

7
677
679
670
520
711
709
683
419
419
419

419
423
423
423
423

K~ a;(1260)*
K®ay(1260)°
K~ ap(1320)*
K1(1270)~
K1(1400)~
K1(1400)° #°
K*(1410)~
K*(892)° 7t 70
K*(892)%
K*(892)°w

atn~
n0n0
atn— 0
atatr n~
atata n20
rtatrta o~

[w]

<
<

<

<
<

<

(74
1.9
6

+

( 1.09+

12
37
1.2
(16
(21
15

+
+

Pionic modes
( 163+

<

46
(15
(75
(17
(40

+
+
+

+

13)%

%

x 1073
0.33) %

08 )%
12)%
%

0.19) x 1073
x 103

1.0 )%

09 )x1073

05 )%

3.0 )x107%

Hadronic modes with two K's
(41 + 04 )x103

KtK~
KOK®
KO_K'WJr
K*(892)° KO
x B(K*® — K~ xt)
K*(892)* K~
x B(K** — KOxt)
__KOK~ =" nonresonant
KOK+tn=
K*(892)° K°
x B(K*® - K+*tz~)
K*(892)~ K™
x B(K*™ — K%x™)
KO K+ 7~ nonresonant
KtK-ntzn~
¢pntr™ x B(p — KTK™)
0% x B(¢p — KTK™)
K*(892)° K~ 7+ + cc x
B(K"O — K~xt)
K*(892)°K*(892)° x
B2(K*® —» K~ n%)
K+ K~ n* 7~ nonresonant
K+ K= n0x0
KOK— 7zt 70
KtK ntr =«

Fractions of the following modes have already appeared above.

K*(892)° KO
K*(892)* K~
K*(892)° K°
K*(892)~ K+
dnrJr T

¢p°
K*(892)° K~ 7t +c.c.

K*(892)°K*(892)°

<

<

<

<

(11
(64
1.1

(23

(22
(49
5

(37

(2.4
(12
(9.0

(5

(12

(7
seen
seen

(28

16
(35
8
(20
(24
(18

(7

+
+

+

*

*

+
+
+
+1

04 )x1073
11 )x10°3
x 103

05 )x1073

22 )x1073
1.0 ) x 1073
x 10™4

07 )x 1073

15 )xw03
0.4 )x 1073
0.4 )x 1073
25 )x 1074

8

5 ) x 1074

o7 )x 103

g ) x 1075

3010

x 103
08 )x103
x 1074
1.0 ) x 1073
0.8 )x1073
05 )x1073

2 )x104

(277 15 )x103

CL=90%
CL=90%

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

CL=90%

CL=90%
$=25

S=1.1
CL=90%

CL=90%

CL=90%

CL=90%

Lepton Family number (LF) violating, Flavor-Changing
neutral current (FC), decay via Mixing (MX),

or Doubly Cabibbo suppressed (DC) modes

ete” FC
ptuo FC
pteF LF
Klete™ FC
Pete FC
Poutu _ FC
w~ anything (via D°) MX
Ktn— DC
K+~ (via D°) MX
Ktntn— o~ DC

{r]

<

AANNANNANNANANNANNA

13
1.1
1.0
1.7
45
8.1
5

4

1.4
13

x 1074
x 10~5
x 1074
x10~3
x 10~4
x 1074
x 104
x 1074
x 1074
x 103

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

289
284
197
485
386
387
413
641
579
406

922
922
907
879
844

791
788
739
605

609

739
739
605

609

739

676
614
262

528

257

676

681
677

600

605
609
605
609
614
262

528

257

932
926
929
866
774
757

861
861
812
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D*(2010)* 1(JP) = 3(17)
I, J, P need confirmation.
Mass m = 2010.1 & 0.6 MeV
Mps++ = Mpo = 145.44 £ 0.06 MeV
Full width T < 1.1 MeV, CL = 90%

D*(2010)~ modes are charge conjugates of the modes below.

D*(2010)+ DECAY MODES Fraction (I';/T) p (MeVfc)
Dor+ (55 +4 )% 40
Dt 0 (27.242.5) % 39
Dt~ (18 +4 )% 136

D*(2010)° 1(JP) = (1)
1, J, P need confirmation.
Mass m = 2007.1 + 1.4 MeV
Mpso — Mpo = 1425 + 1.3 MeV
Full width I < 2.1 MeV, CL = 90%

D*(2010)° modes are charge conjugates of modes below.

D*(2010)° DECAY MODES Fraction (I';/T) p (MeVyc)
DO #0 (55+6) % 4
D%~ (45+6) % 138

Dy(2420)° 1(JP) = 3(1%)
1, J, P need confirmation.

Mass m = 2424 + 6 MeV (S = 2.2)
Full width T = 2073 MeV

51 (2420)0 modes are charge conjugates of modes below.

Dl(zm)° DECAY MODES Fraction (F;/T) p (MeVfc)
D*(2010)t 7~ seen 356

D3(2460)° 1(JP) = L(2%)
I, J, P need confirmation.

Mass m = 2459.4 + 2.2 MeV
Full width I = 19 + 7 MeV

23_5(2460)‘J modes are charge conjugates of modes below.

D3(2460)° DECAY MODES Fraction (I';/T) p (MeVyc)
Dtn— seen 504
D*(2010) 7~ seen 388

CHARMED STRANGE MESONS
(C=S= +1)

D3 1(JP) = 0(07)

WISFi

Mass m = 1968.8 + 0.7 MeV (S = 1.1)
mpz = Mp: = 99.5 £ 0.6 MeV (S = 1.1)
Mean life 7 = (4.50%33%) x 10713 s

cr =135 um

Dg modes are charge conjugates of the modes below.

Nearly all the other modes are measured relative to the énT mode. How-
ever, none of the determinations of the ¢1r+ branching fraction are direct
measurements: all rely on calculated relations between Dt and D;‘L decay
widths or on estimates of D;F cross sections. Thus a better determination
of the ¢t branching fraction could cause the other branching fractions
to slide up or down, all together.

P

D'," DECAY MODES Fraction (I';/T) Confidence level (MeV/c)

Inclusive modes

K~ anything a3 1% -
K+ anything (20 718 )% -
KO anything + KO anything (39 +28 )% -
non-K K anything (64 +17 )% -
et anything <20 % 90% -
Modes with two K’s (including from ¢'s)

KT KO (28+ 07)% 851
KtK— =t [x] (39+ 04)% 805
ot [y] (28+ 05)% 712
Kt K*(892)° vl (26+ 05)% 683
K+ K~ nonresonant ( 81+ 3.0)x1073 805
KOKOn+ 802
K*(892)* K° V] (33+09% 683
KtK=ntz0 748
¢nt a0 vl (67+ 33)% 687
Y b (52t 1% 409
¢t a0 3-body vl < 20 % 90% 687

K+ K=+ 70 non-¢ < 7 % 90% 748
KYKOntn— < 21 % 90% 745
KOK=mtat (33+ 1.0)% 745
K*(892)*K*(892)° vl (50+ 1.7)% 412
KOK— 7t 7+ non-K*t K*0 < 22 % 90% 745
KtK-ntntn— 673
ontata vl (12+ 04)% 640
KtK=rt 2t 7~ non-¢ ( 1.9+ 1.4)x1073 673

Other hadronic modes

atata™ (1.2+ 04)% 960
POt < 22 x 1073 90% 828
f(975) 7t [y] ( 7.8+ 32)x10-3 735
T nt 7~ nonresonant ( 8.0+ 3.0)x 1073 960
atata— 0 < 9 % 90% 935
nat y] ( 15+ 04)% 902
wrt vl < 1.4 % 90% 822
atatatr o~ ( 1.9+ 2.0) x 1073 899
atat e~ a0n0 902
npt ] (79+ 21)% 727
nxtx® 3-body vl < 23 % 90% 787
atatata—a—x0 856
prtata~ 855
7'(958) 7+ bl (37+ 12)% 744
atatat e a— 2070 803
7'(958) pT ] (95+ 27)% 472
7'(958) nt 70 3-body vl < 24 % 90% 720
KOrt < 6 x10~3 90% 916

Ktata— ( 14+ 20)x 1073 900
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Leptonic and semileptonic modes
uwtv < 3 % 982
petv y] (16+ 07)% 721
oty lvz] ( 1.4+ 05)% -
*t
e:s ot 1(JP) = 2(77)

Mass m = 2110.3 £ 2.0 MeV (S = 1.3)

Mpes = Mps = 1415 £ 1.9 MeV (S = 1.3)
S s

Full width T < 4.5 MeV, CL = 90%

D;* modes are charge conjugates of the modes below.

D%t DECAY MODES Fraction (I';/T") p (MeV/c)
DY~ dominant 137
Ds1(2536)* 1(JP) = 0(at)
I, J, P need confirmation.
Mass m = 2536.5 &+ 0.8 MeV
Full width T < 4.6 MeV, CL = 90%
Dg1(2536) ™ modes are charge conjugates of the modes below.

Dg (2536)t DECAY MODES Fraction (I;/T) p (MeVyc)
D*(2010)* KO seen 153
D;+ ¥ possibly seen 390

BOTTOM MESONS
(B= +1)

I, J, P need confirmation. Quantum numbers shown are quark-model
predictions. Measurements which do not identify the charge state of
B also appear here.
Mass mg: = 5278.6 + 2.0 MeV
Mean life 7 (average over B hadrons) = (12.9 + 0.5) x 107135
cr = 387 um
B~ modes are charge conjugates of the modes below.
Only data from 7°(4S) decays are used for branching fractions, with rare

exceptions. Each paper makes an estimate of the T(45) — BT B~ and
BOBO branching fractions, usually 50:50 in recent papers.

J/¥(1S) or ¥(2S) modes

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

Scale factor/ P

B+ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Semileptonic modes
Bt — DOty [aa] (16 + 0.7 )% -
Bt — D*(2010)%¢* v [aa] (46 + 1.0)% -
Bt — r0et e < 22 x103 CL=90% 2638
Bt — wutvy, seen 2580
D, D*, or Ds modes
Bt — DOnt (38 + 11 )x10-3  s=17 2308
Bt — DOpt (13 + 06)% 2238
Bt - Drtrata— (11 + 04)% 2289
Bt — Dontrtn- (5 +4 )x1073 2289
nonresonant
BT — DOoxrtp0 (42 + 30 )x10-3 2209
Bt — DOa;(1260)* (5 +4 )x1073 2113
Bt — D*(2010)" 7wt (25 + 12 )x1073 2247
Bt — D atxt (25 48 )x10-3 2299
B* — D*(2010)%x* (52 + 15)x1073  s=11 2254
B* — D*(2010)°p* (10 + 07)% 2181
Bt — D*(2010)” 7t 7t 0 (18 + 09)% 2235
BT — < 1 % CL=90% 2217
D*(2010) "7t wtwt o
Bt — D°DY (19 + 11 )% 1814

Bt — J/p(1S)KT (77 £ 20 )x 1074
Bt — J/p(1S)Ktntn— (11 + 05)x1073
Bt — J/$(1S)K*(892)* (14 + 07 )x1073
Bt — p(2S)K+ < 2 x 1073 cL=90%
BT — y(2S)K*(892)* < 35 x 1073 CL=90%
Bt — y(2S)K*(892)t nt 7~ (19 + 12 )x1073
K or K* modes
Bt - KOrt < 9 x 1075 CL=90%
BT — K*(892)°xT < 13 x 1074 CL=90%
Bt — K*tx~z% (no charm) < 17 x 1074 CL=90%
BT — K1(1400)° 7t < 26 x 1073 CL=90%
BT — K3(1430)%7+ < 68 x 1074 CL=90%
BT — K10 <7 x 1075 CL=90%
BT — K*(892)tnt7— < 11 x 1073 CL=90%
Bt — K*(892)* p° < 90 x 1074 CL=90%
Bt — Ky(1400)* p° < 78 x 1074 CL=90%
B — K3(1430)* p° < 15 x 1073 CL=90%
Bt — KYTK™ K™ < 35 x 1074 CL=90%
Bt - Kt¢ < 8 x 1075 CL=90%
Bt — K*(892)T Kt K~ < 16 %1073 CL=90%
BT — K*(892)T¢ < 13 %1073 CL=90%
Bt — K;(1400)* ¢ < 11 x 1073 CL=90%
BT — K3(1430)" ¢ < 3.4 x 1073 CL=90%
Bt — KT £(975) < 7 x107% CL=90%
BT — K*(892)7 v < 55 x 1074 CL=90%
BT — Ki(1270)*" v < 66 x 1073 CL=90%
Bt — K1(1400)* < 20 x 1073 CL=90%
Bt — K3%(1430)" 5 < 13 x 1073 CL=90%
Bt — K*(1680)*~ < 17 x 1073 CL=90%
BT — K3(1780)" v <5 x 1073 CL=90%
BT — K3(2045)* < 90 x 1073 CL=90%
Light unflavored meson modes
BT — atna0 < 24 x 1074 CL=90%
Bt — rwtrata- < 17 x 1074  CL=90%
Bt — pOxnt < 15 x 1074 CL=90%
BT — 7w fy(975) < 12 x 1074 CL=90%
Bt — xt £(1270) < 21 x 1074 CL=90%
Bt — at 050 < 89 x 1074 CL=90%
Bt - pta0 < 55 %1074 CL=90%
Bt — ata xtx0 < 40 x 1073 CL=90%
Bt — ptp0 < 10 x 1073 CL=90%
BT — a1(1260)* x° < 17 %1073 CL=90%
B — 3;(1260)°7* < 90 x 1074 CL=90%
BT — wr™ < 40 x 1074 CL=90%
Bt — ynt < 70 x107% CL=90%
Bt - rtrtata o~ < 86 x107% CL=90%
Bt — pPa;(1260)* < 54 x 104 CL=90%
Bt — p0ap(1320) < 63 x 1074 CL=90%
Bt - atatatr a—x0 < 63 %1073 CL=90%
B* — 21(1260)7 a;(1260)° < 13 % CL=90%
Baryon modes
B* — pprn* < 14 x 1074 CL=90%
Bt — pprtata~ < 47 x 1074 CL=90%
Bt — pA < 5 x 1075 CL=90%
Bt — pAzxtz~ < 18 x 1074 CL=90%
B+ — A% < 33 x 1074 CL=90%
BT - ATtp < 13 x 1074 CL=90%
Lepton number (L) or Lepton Family number (LF) violating modes,
or Flavor-Changing neutral current (FC) modes
Bt — K*(892)Tete~ FC < 63 %1074 CL=90%
Bt — K*(892)tutu~ FC < 11 x 1073 CL=90%
Bt — rtete™ FC < 39 %1073  CL=90%
BT — wtutu~ FC < 91 x1073  CL=90%
BT — KTete™ FC < 5 x 1075 CL=90%
Bt — Ktutu~ FC < 15 x 1074 CL=90%
Bt — wtetpu~ LF < 6.4 x1073  CL=90%
Bt — nte ut LF < 6.4 x1073  CL=90%
Bt — Ktetpu~ LF < 6.4 x 1073 CL=90%
B+ Kte pt LF < 6.4 %1073 CL=90%
Bt — metet L < 39 x 1073 CL=90%
BY — m putpt L < 91 x1073  CL=90%
Bt — metut L < 64 x10 3 CL=90%
Bt —» K etet L < 39 %1073 CL=90%
Bt - K- etut L < 6.4 %1073 CL=90%
BY — K putu* L < 9.1 %1073 CL=90%

1683
1612
1571
1283
1115

909

2614
2561
2609
2451
2444
2559
2556
2505
2388
2381
2522
2516
2466
2460
2339
2331
2524
2564
2487
2453
2446
2373
2341
2243

2636
2630
2581
2547
2483
2631
2582
2621
2525
2487
2487
2579
2609
2608
2426
2411
2592
2319

2438
2369
2430
2367
2402
2402

2564
2559
2637
2633
2616
2612
2636
2636
2615
2615
2637
2633
2636
2616
2615
2612
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B DECAY MODES

For the following modes, the charge of B was not determined.

Semileptonic and leptonic modes
B — eTve hadrons

B — D*(2010)eve (70 +£23)%

(10.7 £ 05 )% S=1.4

D, D*, or Ds modes

D—nt
D= pt
DOt~
DO,
D*(2010)~ 7+
D ntata—
(D~ nt 7+ 7~) nonresonant
wa+&
D~ a;(1260)*+
D*(2010)~ nt #°
D*(2010)~ p*
D*(2010)~ 7t wt o~
(D*(2010)~ 7t 7wt ™)
nonresonant
D*(2010)~ #t p0
D*(2010)~ a1(1260)*
D*(2010) ntat a0
D—D¥
D*(2010)~ DF

(3.2 0.7 ) x 1073
(9 +6 )x1073
<7 x 1073
<6 x 1074
(3.2 £0.7 ) x 1073
(8.0 £25 ) x 103
(3.9 1.9 ) x 1073
(1.1 +£1.0 ) x 1073
(6.0 3.3 ) x 1073
(1.8 +£06 )%
(8 +4 )x1073
(1.4140.34) %
(0.0 2.5 ) x 1073

(7 +4 )x1073
(1.8 £0.8 )%
(41 22 )%
(8 +5 )x1073
(16 +1.1 )%

B — petve anything < 16 x 1073 CL=90%

B — p*u, hadrons (103 + 05 )%
D, D*, or Ds modes

B — D¥ anything (227 + 33 )%
B — D9/D° anything 46 +5 )% 5=1.2
B — D*(2010)* anything (269 + 35 )%
B — Dsi anything (115 + 28 )%
B — DsD, DD, Ds D*, or [l (65 % 19)%

D:D*

J/¥(1S) or 4(2S) modes
B — J/¢(1S) anything ( 112+ 0.16) %
B — (2S) anything (46 + 20)x103
K or K* modes
B — K% anything (85 11 )%
B — KO9/KY anything (63 +8 )%
B — K*(892)y < 24 x 10~4 CL=90%
B — K1(1400)~ < 41 x 1074 CL=90%
B — K3(1430)y < 83 x10~% CL=90%
B — K3%(1780)~ < 30 x10~3 CL=90%
Light unflavored meson modes
B — ¢ anything (23 +08)%
Baryon modes
B — charmed-baryon anything < 11.2 % CL=90%
B — p anything (82t 11)%
B — p (direct) anything (55 +16)%
B — A anything (42 +08)%
B — =7 anything (28 + 1.4 )x1073
B — baryons anything (76 £ 14)%
B — pp anything ( 2.50+ 0.28) %
B — Ap anything (23 +£05)%
B — AA anything < 88 x 103 CL=90%
Flavor-Changing neutral current (FC) modes
B — ete~ anything FC < 24 x 1073 CL=90%

B — uTu~ anything FC

[bb] < 5.0 x 1075 CL=90%

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

1(4P) = 3(07)

predictions.

B DECAY MODES

Mass mgo = 5278.7 £+ 2.1 MeV
mgg = mpg| = (3.6 £ 0.7) x 10710 MeV I
mgo — mg: =0.1+0.8MeV (S=13)

Mean life 7 (average over B hadrons) = (12.9 + 0.5) x 10713 s

cr = 387 um
Tg+/Tgo = 0.93 + 0.16
I'(u~ anything (via B%)) /I (u* anything) = 0.16 + 0.04

BY modes are charge conjugates of the modes below. Decays in which
the charge of the B is not determined are in the B section.

Only data from T°(4S) decays are used for branching fractions, with rare
exceptions. Each paper makes an estimate of the T(45) — B+ B~ and
BOBO branching fractions, usually 50:50 in recent papers.

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

Fraction (I';/T) Confidence leve

Semileptonic and leptonic modes

D= ¢ty [aa] (1.8 £05 )%
D*(2010)~ ¢t v [aa] (4.9 +0.8 )%
T ;ﬁ” Yy seen

x~DF <13 x 1073
K+ Dy <13 x 103
J/¥(1S) or ¥(2S) modes
J/9(1S) KO® (65 +3.1 ) x 1074
J/p(1S)Kt 7~ (1.0 05 ) x 10—3
J/9(15) K*(892)° (13 +£0.4 ) x 1073
P(2S)K° <15 x 103
P(2S)K+n~ <1 x10~3
¥(2S) K*(892)° (1.4 £0.9 ) x 1073
K or K* modes
Ktn~ <9 x 1075
KOnt o= <44 x 1074
KO p0 <32 x 10—4
K°1£,(975) <42 x 1074
K*(892)" ~ <44 x 1074
K3(1430)t 7~ <26 x10~3
KoK+ K~ <13 x 1073
K% <49 x 10~4
K*(892)%nt 7~ <14 x 103
K*(892)° p° < 46 x 10~4
K*(892)° £(975) <20 x 1074
K1(1400)* 7~ <11 x 1073
K*(892)° K+ K~ <6l x 1074
K*(892)° ¢ <32 x 10—4
K1(1400)° p0 <30 x 103
K1(1400)° ¢ <50 x 1073
K3(1430)° p° <11 x 103
K3(1430)° ¢ <14 x 1073
K*(892)%~ <28 x 104
K1(1270)%y <78 x10~3
K1(1400)°~ <as8 x 1073
K3(1430)0 <44 x10=4
K*(1680)%~ <22 x 10—3
K3%(1780)°y <11 %
K3(2045)%y <48 x 1073
Light unflavored meson modes
ata~ <9 x 10~5
ata— 0 <72 x 10~4
P00 <40 x 10~4
pFrt [rl <52 x 10~4
rtr—ata~ < 6.7 x10~4
p°p° <28 x 10—4
a1 (1260)F [rl <57 x 10~4
a(1320)F 7+ [r] < 35 x 10—4
ata~ x0x0 <31 x 1073
+p~ <22 x10~3
a1(1260)° 70 <11 x 103
wnd <46 x 1074
nmO <18 x 103
atata— g a0 < 9.0 x10~3
a1(1260)* p~ <34 x 1073
a1(1260)° p° <24 x 103
atrtete—n ™ < 3.0 x 103
a1(1260)* a1 (1260)~ <32 x10~3
atatate—a—a—x° <11 %

90%
90%

90%
90%

90%
90%

90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%

90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%

2306
2236
2301
2238
2254
2287
2287
2207
2111
2247
2181
2234
2234

2151
2051
2218
1812
1734
2270
2242

1682
1652
1569
1283
1238
1112

2614
2608
2559
2524
2562
2444
2522
2516
2555
2504
2468
2451
2465
2459
2389
2339
2381
2331
2563
2487
2453
2446
2373
2341
2243

2636
2630
2582
2582
2621
2525
2487
2473
2622
2525
2487
2580
2609
2608
2426
2426
2591
2319
2572
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PP
pprt
pAT™

A AC
Attt A

Baryon modes
<4 %1075
(6.0 £3.0 ) x 1074
<20 x 1074
<18 x 1073
<13 x 1074

90%

90%
90%
90%

Lepton Family number (LF) violating, Flavor-Changing
neutral current (FC), or decay via Mixing (MX) modes

ete~

+
KOete~
KOutp~
K*(892)%et e~
K*(892)°ut ™
e uF

FC
FC
FC
FC
FC
FC
LF

<3 x 1075
<12 x 1075
< 3.0 x 1074
<45 x 1074
<29 x 1074
<23 x 1073
<4 x 1073

90%
90%
90%
90%
90%
90%
90%

2467
2406
2401
2334
2334

2639
2638
2616
2612
2563
2559
2638

1JP) = (10)

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

predictions.

Mass m = 5324.6 & 2.1 MeV

HEAVY QUARK SEARCHES

Searches for Top and
Fourth Generation Hadrons

See the Full Listings for a Note giving details of indirect limits for top

hadrons.

T — hadron with t quark

Mass m > 91 GeV, CL = 95%
Mass m > 55 GeV, CL = 95%
Mass m < 200 GeV, CL = 95% lcc]

(Standard Model decays)
(all decays)
(indirect limit)

B’ — hadron with b’ quark (4" generation)

Mass m > 72 GeV, CL = 95%
Mass m > 46.0 GeV, CL = 95%

(pp, charged current decays)
(et e, all decays)

~ cc MESONS

7c(1S)
or 1c(2980)

/G(JPC) — 0+(0—+)

Mass m = 2978.8 £ 1.9 MeV (S = 1.8)
Full width I = 10.3*3% Mev

nc(1S) DECAY MODES Fraction (I;/T) Confidence level (M;’V/c)
Decays involving hadronic resonances
7'(958) 7w (41 £1.7)% 1319
pp (26 £0.9) % 1276
K*(892)° K~ nt + c.c. (20 +£0.7) % 1273
K*(892) K*(892) (85 +3.1) x 1073 1193
[ox] (71 +2.8)x 1073 1086
ao(980) 7 <2 % 90% 1323
a2(1320) 7 <2 % 90% 1193
K*(892)K + c.c. <128 % 90% 1307
£(1270)n <11 % 90% 1142
ww <31 x 1073 90% 1268
Decays into stable hadrons
KK=x (6.6 +1.8) % 1378
nrw (4.9 £1.8) % 1425
T KTK™ 20 3% 1342
2(rt ) (1.2 +£0.4) % 1457
PP (12 +0.4)x 1073 1157
KKn <31 % 0% 1262
t " pp <12 % 90% 1023
AA <2 x10™3 90% 987

Radiative decays

vy (6 F& )x104 1489
/¥ (15) 15(JPC) = 0- (1)
or J/1(3097) -
Mass m = 3096.93 + 0.09 MeV
Full width I' = 86 + 6 keV
lee =536 £ 029 keV  (Assuming Mee = I,,,)
Scale factor/ p
J/¥(1S) DECAY MODES Fraction (;/T) Confidence level (MeV/c)
hadrons (86.0 £2.0 )% -
virtual vy — hadrons (17.0 £2.0 )% -
ete™ ( 6.27+0.20) % 1548
utp~ ( 5.97+0.25) % s=1.1 1545
Decays involving hadronic resonances
o ( 1.28+0.10) % 1450
P00 (42 05 )x 1073 1450
a,(1320) p ( 1.0940.22) % 1126
wrtrtr=x~ (85 +34 )x1073 1392
wrtnw (72 +10 )x 1073 1435
K*(892)°K5(1430)° + c.c. (67 £26 )x10~3 1005
wK*(892)K + c.c. (53 +20)x1073 1098
w f(1270) (43 £06 )x1073 1143
KT K*(892)~ + c.c. (50 £04 )x 1073 1373
KOK*(892)° + c.c. (42 £04 )x1073 1371
wn9x0 (34 £08 )x1073 1436
by(1235)* 7 F [dd] ( 3.0 £05 )x 10~3 1299
wKEKL T [dd] (2.9 0.7 )x 1073 1210
by(1235)0 #° (23 +£06 )x 103 1299
6K*(892)K + c.c. ( 2.04+0.28) x 103 969
wKK (19 +04 )x 1073 1268
wh(1710) - wKK (48 £1.1 )x 104 878
¢2(nt ) ( 1.60+0.32) x 1073 1318
A(1232)tFpr— (1.6 £05 )x 1073 1030
wn ( 1.58+0.16) x 1073 1394
KK ( 1.48+0.22) x 1073 1179
#fH(1710) — ¢KK (36 £06 )x 1074 714
ppw ( 1.30+0.25) x 1073 $=1.3 769
A(1232) T+ A(1232) ( 1.10+0.29) x 103 938
¥(1385)” X(1385)" (or c.c.)  [dd] ( 1.03+0.13) x 1073 692
ppn’(958) (9 +4 )x1074 S=17 596
& f5(1525) (8 +4 )x107% s=2.7 871
ontn— (80 +1.2)x107% 1365
oKEKS T [dd] (7.2 £0.9 )x10~4 1114
w f1(1420) (68 =24 )x1074 1062
on (65 +07 )x10™4 1320
Z(1530)" =+ (59 +15 )x 1074 597
pK~ X (1385)° (51 £32 )x1074 645
wn® (42 £06 )x 1074 S=1.4 1447
&1’ (958) (33 £04 )x1074 1192
¢ 1p(975) (32 £09 )x1074 S=1.9 1185
=(1530)°=° (32 +14 )x 1074 608
(1385)" = (or c.c.) [dd] (3.1 +05 )x10~4 857
¢ f,(1285) (26 +05 )x 1074 S=1.1 1032
pn (1.93+023) x 1074 1398
wn'(958) ( 1.67+0.25) x 1074 1279
w (975) (14 £05 )x10°% 1273
pn'(958) ( 1.05+0.18) x 10~4 1283
ppo (45 15 )x107° 527
22(1320)* 7 F [dd] < 4.3 x1073  CL=90% 1263
K K3(1430) + c.c. < 40 x 1073 CL=90% 1159
K3(1430)° K3(1430)° < 29 x 1073 CL=90% 588
K*(892)° K*(892)° <5 x 1074 CL=90% 1263
¢ £(1270) < 37 x1074%  CL=90% 1036
ppPp < 31 x 1074  CL=90% 780
¢n(1440) — on7m < 25 x107%  CL=90% 946
wf5(1525) < 22 x107%  CL=90% 1003
T(1385)°A < 2 x1074  CL=90% 911
A(1232)p <1 x107%  CL=90% 1100
30A < 9 x107%  CL=90% 1032
om0 < 68 %106  CL=90% 1377
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Decays into stable hadrons

2(nt 7 ) ( 3.37+0.26) % 149
3(rta)n (29 +0.6 )% 1433
ata a0 ( 1.50£0.15) % 1533
atr aOK+ K~ ( 1.20+0.30) % 1368
4(xta~)a0 (9.0 +3.0 ) x 1073 1345
atr KT K™ (72 +23 )x 1073 1407
KK~ (61 +1.0)x103 1440
pprta~ (60 05 )x 1073 S=13 1107
2(nt7wT) (40 £1.0 )x 1073 1517
3(rt ) (40 20 )x1073 1466
nAnt o™ (4 +4 )x10-3 1106
YT (38 05 )x10~3 992
2zrt T )KT K™ (31 +13)x103 1320
pprt a0 fee] (2.3 09 )x 1073 s=1.9 1033
PP ( 2.16+0.11) x 1073 1232
PPN ( 2.09+0.18) x 103 948
pAn~ ( 2.00+0.10) x 10~3 1174
== (18 £0.4 )x 103 s=1.8 818
nn (18 09 )x 1073 1231
AA ( 1.35+0.14) x 103 s=1.2 1074
ppn® ( 1.0940.09) x 10—3 1176
ALt (orc.c.) [dd] ( 1.06+0.12) x 10—3 945
pK~A (89 £1.6 )x10~4 876
2AAKTK™) (7.0 £30 )x 1074 1131
pK-Z° (29 08 )x 1074 820
KTK~ ( 2.3740.31) x 10~4 1468
AARO (22 £0.7 )x 1074 998
ata~ ( 1.4740.23) x 104 1542
K2 K9 ( 1.08+0.14) x 104 1466
AT + cc. < 15 x10~4  CL=90% 1032
K2 K% < 52 x1076  CL=90% 1466
Radiative decays
vnc(1S) (13 £04)% 116
~yrtn—2n (83 +3.1)x1073 1518
YT (61 +1.0 )x 1073 1486
yn(1440) —» YKK= 7] (91 +£18)x1074 1223
v7(1440) — yp° (64 £1.4 )x 1075 -
Ypp (45 0.8 )x 103 1343
vn'(958) ( 4.34+0.34) x 1073 1400
~2rt 27~ (28 05 )x 1073 $=1.9 1517
- f2(2050) (27 07 )x1073 871
yww ( 1.59+0.33) x 10~3 1337
yn(1440) — ~vp°p° (1.4 £04 )x 103 1223
v £(1270) ( 1.3840.14) x 103 1286
vf(1710) - vKK (9.7 £1.2 )x 1074 1077
0 (86 £0.8 )x10™4 1500
£ (1420) » YKKm (83 +15 )x 104 1220
~£(1285) (70 £1.8 )x 1074 1283
7 £4(1525) (63 £1.0 )x 1074 1173
oo (40 +12 )x10™4 S=21 1166
YpPp (38 £1.0 )x1074 1232
~n(2100) (29 +06 )x10~% 834
yn(1760) — ~p°p° (1.3 £09 )x 10~4 1048
a0 (39 +1.3 )x 1075 1546
ypprta~ < 79 x10~4 CL=90% 1107
vy <5 x10~4 CL=90% 1548
yAA < 13 x10~%  CL=90% 1074
3y < 55 x 1075  CL=90% 1548
xco(1P)

or xc0(3415) [was x(3415)]

IG(JPC) — 0+(0++)

Mass m = 3415.1 + 1.0 MeV
Full width T = 14 4+ 5 MeV

xco(1P) DECAY MODES

Fraction (;/T)

P
Confidence level (MeV/c)

2(rt )
atr Kt K™
POrta—
3(rt7aT)

K+ K*(892)°7~ + c.c.

Hadronic decays

(3.7+£0.7) %
(3.0£0.7) %
(1.6+0.5) %
(1.5+0.5) %
(1.240.4) %

1679
1580
1609
1633
1522

ntn~ (7.5+2.1) x 10~3 1702
KtK~ (7.1+2.4) x 1073 1635
xtx~ pp (5.0+2.0) x 10~3 1320
0 (3.1+0.6) x 10-3 1702
nn (25+1.1) x 1073 1617
PP < 9.0 x 104 90% 1427
] Radiative decays
vJ/9(1S) (6.6+1.8) x 1073 303
vy (4.0+2.3) x 1074 1708
Xcl(lP )

o xc1(3510) [was x(3510)]

IG(JFC) — 0+(1++)

Mass m = 3510.53 + 0.12 MeV
Full width ' = 0.88 + 0.14 MeV

xXc1(1P) DECAY MODES

P
Fraction (I;/T) Confidence level (MeV/c)

Hadronic decays
3(ntaT) (22+08) % 1683
2rtnT) ( 1.6+05) % 1727
ntn~ KtK~ (9 +4 )x1073 1632
Prt ( 3.943.5) x 10~3 1659
Kt K*(892)°7~ + c.c. ( 3.24£21)x 1073 1576
xtx~ pp ( 1.4+0.9) x 1073 1381
PP ( 8.6+1.2) x 1075 1483
ata~ + KYK— < 21 x10~3 -
Radiative decays
~vJ/¥(1S) (27.3+1.6) % 389
% < 15 x 10~3 90% 1755
xc2(1P)

15(JPC) = 0+(2+4)

or xc2(3555) [was x(3555)]

Mass m = 3556.17 + 0.13 MeV
Full width T = 2.00 + 0.18 MeV

xc2(1P) DECAY MODES

P
Fraction (;/T) Confidence level (MeV/c)

Hadronic decays
2(r o) (22 +05)% 1751
rtrT KTK™ (19 +05)% 1656
3(rtnT) (12 08 )% 1707
POrta~ (7 +4 )x1073 1683
KtK*(892)°7~ + c.c. (48 +28 )x 1073 1601
rtx" pp (33 +13 )x 103 1410
rta— (19 +1.0 )x10-3 1773
KtK— (15 1.1 )x1073 1708
PP (10.0 +1.0 ) x 1075 1510
7070 ( 1.10+0.28) x 10~3 1773
nm (8 +5 )x10~% 1691
J/p(1S)nt 7= =0 < 15 % 90% 185
Radiative decays
vJ/%(1S) (135 £1.1)% 430
Yy < 50 % 95% 1778
1/’(25) IG(JPC) =0"(177)
or ¥(3685)

Mass m = 3686.00 + 0.10 MeV

Full width I = 278 + 32 keV
Fee = 2.14 £ 0.21 keV

¥(25) DECAY MODES

(s=11)
(Assuming Tee = Ty p)

Scale factor/ p

Fraction (;/I) Confidence level (MeV/c)

hadrons

virtual ¥ — hadrons

ete”
ptu~

(98.10+0.30) % -
(29 +04)% -
(88 +13)x1073 1843
(7.7 £1.7 )x 1073 1840
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Decays into J/4(1S) and anything

J/4(1S) anything (57 +4 )%

J/4(1S) neutrals (232 +26 )%

J/p(AS)nt 7~ (324 +2.6 )%

J/9(18) 70 =0 (184 +£27 )%

J/¥(18)n (27 04 )%

J/9p(1S) 70 (97 £2.1 )x 104

Hadronic decays
3(rt a7 )0 (35 +16 )x 1073
2(rt )0 (31 £07 )x 1073
atr  KtK- (1.6 +0.4 )x 1073
ntn pp (80 +20 )x10~4
K+ K*(892)°7~ + c.c. (67 £25 )x1074
2>zt (45 £1.0 )x 1074
Prtr— (42 +15 )x 1074
pp (19 +05 )x 1074
3(rta) (15 +1.0 )x 1074
ppn° (1.4 £05 )x 1074
KT K- (10 £07 )x 1074
ata~ (8 +5 )x107°
atr— 70 (8 5 )x10°5
AA < 4 x 1074
==+ < 2 x10~%
p < 83 x 1075
K+ K~ 70 < 296 x 1075
K+ K*(892)™ + c.c. < 179 x 1075
Radiative decays

Yxco(1P) (93 £08 )%

vxe1(1P) (87 £0.8)%

Yxc2(1P) (78 £0.8 )%

1c(1S5) (2.8 +0.6 )x 1073
v < 5.4 x 1073
vn'(958) < 11 x 1073
N < 2 x 1074
Ny < 15 x 1074
yn(1440) - vKK= fl < 12 x 10~4

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

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

477
481
196
527

1746
1799
1726
1491
1673
1817
1751
1586
1774
1543
1776
1838
1830
1467
1285
1760
1754
1698

261
171
127
639
1841
1719
1802
1843
1569

I ¥(3770)

IG(JPC) — ??(1~7)

Mass m = 3769.9 + 2.5 MeV (S = 1.8)
Full width I' = 23.6 & 2.7 MeV (S = 1.1)
Mee = 0.26 + 0.04 keV (S = 1.2)

¥(3770) DECAY MODES

Fraction (I'; /)

P
Scale factor (MeV/c)

16(JPCY = 77(177)

1(4415) leel

Mass m = 4415 + 6 MeV
Full width T = 43 + 15 MeV (S = 1.8)
Tee = 0.47 =+ 0.10 keV

DD dominant 242
ete” (1.12+0.17) x 1075 1.2 1885
(4040) leg] 16(JPCY =27(177)
Mass m = 4040 + 10 MeV
Full width ' = 52 + 10 MeV
lee = 0.75 + 0.15 keV
¥(4040) DECAY MODES Fraction (I';/T) p (MeV/c)
ete~ (1.440.4) x 10~5 2020
DOD° _ seen 777
D*(ZOIO)OQO + c.c. seen 577
D*(2010)° D*(2010)° seen 228
¥(4160) lz2] 16(4P€) = 27(177)
Mass m = 4159 £+ 20 MeV
Full width I' = 78 £+ 20 MeV
lFee = 0.77 &+ 0.23 keV
¥(4160) DECAY MODES Fraction (/) p (MeV/c)
ete~ (10+4) x 1078 2079

¥(4415) DECAY MODES Fraction ([;/) p (MeV/c)
hadrons dominant -
ete~ (1.140.4) x 1075 2207
T(1
( s) ,G(JPC) — ??(I-A)
or 7(9460)
Mass m = 9460.32 + 0.22 MeV (S = 2.5)
Full width ' = 52.1 + 2.1 keV
lee = 1.34 + 0.04 keV
P
T(1S) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
rHr- (2.97+0.35) % 4381
pntu~ (2.48+0.06) % 4729
ete” (2.52£0.17) % 4730
Hadronic decays
J/(1S) anything (11 £0.4 ) x 1073 -
o <2 x 1074 90% 4698
o <5 x 1074 90% 4728
KYK— <5 x 1074 90% 4704
pp <9 x 10—4 90% 4636
Radiative decays
y2nt2n~ (25 £0.9 ) x 104 4720
yrt e KT K™ (29 £09 )x 1074 4686
yrtn~ pp (15 £0.6 ) x 1074 4604
v2Kt2K— (20 +2.0 ) x 1075 4601
v3rt 37~ (25 +12 )x 1074 4703
vt KY K~ (24 +12 )x1074 4658
~2nt2r~ pp (4 +6 )x1075 4563
~2ht2h~ (7.0 15 ) x 1074 -
~3ht3h~ (5.4 £2.0 )x 1074 -
~4htah~ (7.4 £35 )x 1074 -
vn'(958) <13 x 1073 90% 4682
¥n <35 x 1074 90% 4714
v f5(1525) <14 x 1074 9% 4607
YH(1710) — vKK < 6.4 x 1075 90% 4576
v £(1270) <13 x 1074 90% 4644
v f(2220) > YKT K™ <15 x 1075 90% 4469
vn(1440) <82 x 1075 90% 4624
[hh}
xbo(1P) 1G(JPC) = 77(0 preferred™ +)
or xpo(9860) J needs confirmation.
Mass m = 9859.8 + 1.3 MeV
p
xpo(1P) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
¥ T(15) <6% 90% 391
Xbl(lp) [hh} ,G(JPC) - 7?(1++)
or xp1(9890) J needs confirmation.
Mass m = 9891.9 + 0.7 MeV
xp1(1P) DECAY MODES Fraction (/) p (MeVfc)
¥ T(1S) (35+8) % 422
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Xe2(1P) (P

G(JPCY — 27(o++
or x12(9915) U =120

J needs confirmation.

Mass m = 9913.2 &+ 0.6 MeV

xp2(1P) DECAY MODES Fraction (F;/T) p (MeV/c)
vy T(1S) (22+4) % 443
7(25) G(|PCY — 27(1——
=71
or 7(10023) U ( )

Mass m = 10.02330 + 0.00031 GeV
Full width I = 43 £ 8 keV

P
Confidence level (MeVjc)

T(25) DECAY MODES Fraction (I';/T)

TAS)rtn~ (185 +0.8 )% 475
T(15)n%=° (88 £11)% 480
Tt (1.7 16 )% 4683
utu~ (1.31+£021) % 5011
ete™ seen 5012
T(1S)7° < 8 x 103 90% 531
T(1S)n < 2 x 103 90% 122
J/4(1S) anything < 6 x 1073 90% -
Radiative decays
Yxp1(1P) (67 £09)% 131
vx2(1P) (66 £09 )% 110
Yxbo(1P) (43 £10)% 162
v (1710) < 59 x 1074 90% 4866
v f5(1525) < 53 x 1074 90% 4896
v £(1270) < 241 x10™4 90% 4931

Xbo(2P) PP

16(JPCY = 77(0 preferredt™)
or xw(lm)

J needs confirmation.

Mass m = 10.2320 + 0.0007 GeV

x51(2P) " 16(JPCY = 77(1 preferred+™)
or xp1(10255) J needs confirmation.

Mass m = 10.2549 + 0.0006 GeV

mxbl(2p) = My (2P) = 22.9 + 0.6 MeV

xp1(2P) DECAY MODES Fraction (I;/T) p (MeVc)
v T(2S) (22 4 )% 229
v T(1S) (79+1.1)% 764

XW(ZP) [t} /G(JPC) - ?7(2 preferred*"")
or xp2(10270) J needs confirmation.

Mass m = 10.26835 + 0.00057 GeV

Myn(2P) = Mypy(2P) = 13.4 £ 0.4 MeV

My 1p(2P) = Mypo(2P) = 36.4 £ 0.6 MeV

Xp2(2P) DECAY MODES Fraction (I';/T) p (MeV/c)
v T(25) (19 +4 )% 242
¥ T(1S) (7.0+1.1)% 776
T(35) G(jPCY _ 22(1——
or T(10355) P =707

Mass m = 10.3553 + 0.0005 GeV
Full width ' = 24.3 + 2.9 keV

P
T(3S) DECAY MODES Scale factor (MeV/c)

7(2S) anything
T(2S)rt 7~
7(25)7%=°

Fraction (F;/T)

(109 £13 )% -
(21 404 )% 177
(13 £04 )% 190

TAS)r T 7~ (4.48+0.29) % 814
T(15)x%#° (1.8 £04 )% 816
wtp~ ( 1.81+0.17) % 5177
ete” seen -
Radiative decays
¥x52(2P) (11.4 £08 )% 13 87
¥x51(2P) (113 +0.6 )% 100
vxp0(2P) (54 06 )% 1.1 123
T(4s) ,G(JPC) - ??(1——)
or T(10580)

Mass m = 10.5800 + 0.0035 GeV
Full width T = 23.8 + 2.2 MeV
Fee = 0.24 £ 0.05 keV (S = 1.7)
]
Confidence level (MeV/c)

T(4S) DECAY MODES Fraction (I;/T)

ete” (1.01+0.21) x 10~3 5290

D** anything + c.c. <74 % 90% -

¢ anything <23 x 10—3 90% -

7T(1S) anything <4 x 10~3 90% -
T(10860) 16(JPC€)y = 27(17™)

Mass m = 10.865 + 0.008 GeV (S = 1.1)
Full width I = 110 + 13 MeV
lee = 0.31 £ 0.07 keV (S = 1.3)

T(10860) DECAY MODES Fraction (;/T) p (MeV/c)

ete™ (2.8+0.7) x 10~6 5432

T(11020) 16(JPC) = 77(177)

Mass m = 11.019 + 0.008 GeV
Full width I = 79 + 16 MeV
lee = 0.130 + 0.030 keV

7T(11020) DECAY MODES Fraction (I;/I) p (MeV/c)

ete~ (1.6£0.5) x 10~6 5509

Searches for Top and
Fourth Generation Hadrons

The section on “Searches for Top and Fourth Generation Hadrons”
can be found immediately after the Bottom Mesons.
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NOTES

In this Summary Table:

When a quantity has “(S = ...)” to its right, the error on the quantity
has been enlarged by the “scale factor” S, defined as S = /x?/(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 Full 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 decay-
ing particle. For a 3-or-more-body decay, p is the largest momentum any
of the products can have in this frame.

[a] See the Note on 7+ — ¢*v~y and K* — ¢+ vy Form Factors in the
Full Listings for definitions and details.

[b] See the Full Listings for the energy limits used in this measurement; low-
energy ~'s are not included. Measurements of (et ve)/T(utv,,) always
include decays with ~'s, and measurements of I'(e* ve~y) and I'(ut v, 7)
never include low-energy «'s. Therefore, since no clean separation is pos-
sible, we consider the modes with 's to be subreactions of the modes
without them, and let [I(etve) + Mt vu)l/Teotar = 100%.

[c] Astrophysical and cosmological arguments give limits of order 10713; see
the Full Listings.

[d] See the Note on the Decay Rate (7 — ~7) in the Full Listings.

[e] See the Note on n Decay Parameters in the Full Listings.

[f] The e* e~ branching fraction is from et e~ — =+ n~ experiments only.
The wp interference is then due to w p mixing only, and is expected to be
small. If ey universality holds, T'(0® — ptpu~) =T(° — ete™) x
0.99785. .

[g] This is only an educated guess; the error given is larger than the error
on the average of the published values. (See the Meson Full Listings for
details.)

[h] See Meson Full Listings.

[i] The definition of the slope parameter g of the K — 3 Dalitz plot is as
follows (see also note in the Full Listings):

M2 =1+ g(s3 — so)/m2, + -+
[j] For more details and definitions of parameters see the Full Listings.

[k] See the Note on 7% — ¢*vy and K* — ¢+ v~ Form Factors in the
#* Full Listings for definitions and details.

[/] See the Full Listings for the energy limits used in this measurement.

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

[n] Direct-emission branching fraction.
[0] Structure-dependent part.
[p] The CP-violation parameters are defined as follows (see also note in the

Full Listings):
) AKS = 7tn~
= _|eit+- = =¢ + €
N+ 177+ l A(K% o oatn )
) AKY — 7079)
noo = |noole*®e = =e—2€¢

A(Kg — 797%0)
MK — 7= e+v) = [(K) - e w)
F(K(Z — 7 ety) + r(K? — 7t emv) !

F(Kg - atg— WO)CP viol.
r(K(Z — 7T+7TA7(0)
r(K% — 1r07r°7r0)

r(K? — 70x0x0) ’

’

!77+-0|2 =

|mooo]? =

[q] € /€ is derived from |nog/n+—| measurements using theoretical input on
phases. Preliminary higher precision results were presented at the Lepton
Photon Symp. and Conf. on High Energy Physics, Geneva (1991), but
are not included in these averages. See note in the Full Listings.

[r] The value is for the sum of the charge states indicated.

[s] This is a weighted average of D¥ (44%) and D° (56%) branching frac-
tions. See the D* Listing for D* and D° — 7X.

[t] The whole differs from the sum of the parts due to interference effects;
see (in the Full Listings) COFFMAN 92B.

[u] The DY - D limits are inferred from the limit on D° — D% — K+,
The BY - B value is inferred from B® — B? — .~ anything.

[v] It is generally agreed that the K'me™* v, decays of the D+ and DO are
dominantly K*(892)e* ve. In that case, these Kwe™ ve branching frac-
tions are too large to agree with the K*(892)~ e* ve branching fraction in
the Table. Our guess is that the fault lies with these K we% v branching
fractions. What is lacking in order to include these results in a fit and at
least get a consistent set of branching fractions is a measurement of the
ratio '(K*(892)~ e* ve)/T(Kme™ ve) for the D° alone.

[w] This value is, however, in some conflict with an upper limit of 0.9% (90%
CL); see the Full Listings.

[x] The sum of appropriate fractions of the next three modes.

[y] Includes all the decay modes of the ¢, K*(892), n, w, n'(958), or f(975).

[z] This is an average of the ¢et ve and ¢t v, branching fractions.

[aa] ¢ indicates e or 1 mode, not sum over modes.

[bb] B, B*, and BY not separated.

[cc] indirect limit from fit to precision electroweak observables. See the minire-
view “Constraints on m;, My, and Heavy Physics from Precision Experi-
ments” in the Full Listings.

[dd] Value is for the sum of the charge states indicated.

[e€] Includes ppn+ 7~ ~ and excludes ppn, ppw, pB7'.

[fF] See n(1440) mini-review.

(8] JPC known by production in et e via single photon annihilation.
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.

[hh] Spectroscopic labeling for these states is theoretical, pending experimental
information.

|G
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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.
1 Indicates that the value of J given is preferred, but needs confirmation.

LIGHT UNFLAVORED STRANGE HEAVY QUARK SEARCHES
(S=C=B=0) (§= %1, C=B=0)
16(J4PC) 16 (JPC) 1) 16(JPC)
ot 1-(07) o m(1670) 1-(277) o K* 1/2(07) o Top and Fourth
ol 1=(077) o $(1680) 0-(177) o KO 1/2(07) Generation
o7 0t (0~+) | e p3(1690) 143 ) | e K2 1/2(07) Hadrons
o p(770) 1+(17) o p(1700) 1+1) | ek? 1/2(07) &< —
o w(783) 0-(177) X (1700) event(77+) | o K*(892) 1/2(17) * ’7‘(;;’30: 0T(0™)
e 1'(958) 0+(0—+) o f5(1710) 0+(0++) o Ki(1270) 1/2(1+) 7e( ) o
o £(975) 0+(0+) X(1740) ot o Ki(1400) 1/2(1%) * %gﬁg; 0"
ol R i B A ) eSS e e L
° ™ e Xc0
F R e S I
* K(1460 1/2(0 Xc1
fo(1240) 0*+(0*+) ;(1314) 1-(?%) Kz((lsag) 15252—; * xc2(1P) = 0+ (2%)
* 21(1260) 17(1+%) | e ¢3(1850) 0=(377) K1(1650) 1/2(1%) Xc2(3555)
 £(1270) 0*(2"") | me(1870) 0@ ) | ekeass)  1(1) | @SS PO
cR(285) ORI | X(910)  OFE) | ekarre)  1j200) | T
o 7(1295) 0t(0~+) X(1950) 7(77) . K2*(1780) 1/2(37) * ¥(25) = 077
o 7(1300) 1=(0~%) e $(2010) ot(2*tt) K?1330) 1/2(07) V(3685) 22(q——
a(1320) 17(0*+) a4(2040) 17(4%7) Kz(1950) 1/2(0%) PO ;;(1--)
o a(1320) 17(277) a3(2050) 17(3*%) K8(1980) 1/2(2%) o %Q(l——)
h(1380) 7(1%) * £3(2050) (O Ciy B IS K3(2O45) 1/2(4+) e %’(1——)
. w(1390) 0_(1") 7](2100) 0+(0_+) K;(2250) 1/2(2—) ° ¢(4415) : (1 )
e f5(1400) 0+ (0*) m2(2100) 1=(27%) K3(2320) 1/2(3%) bb
p(1405) 1-(17%) p(2110) 1(177) K%(2380) 1/2(57) e T(15) = 7(177)
* £1(1420) 0+ (1+*) £(2150) 0+(2*%) K:(2500) 1/2(47) T(9460) .
£(1430) 0+(2++) p(2150) 17(177) o xp0(1P) = 77(0++)f
o 77(1440) 0t(0~7F) £(2175) 0t(2++) CHARMED xb0(9860)
o p(1450) 1+(177) X(2200) ?(event ) (C==+1) ® xp1(1P) = 7(1H)
e £1(1510) 0t (1) f,(2220) 0t (4tt) e D* 1/2(07) x51(9890) ,
£(1520) 0+(2++) p3(2250) 1+(37) o D° 1/2(07) ® xp2(1P) = 7'(2*)
fo(1525) 0+(0*+) o £(2300) 0+(2++) - | e D*(2010)* 1/2(17) xb2(9915) L
« £1(1525) 0+(2++) f,(2300) ot(a+*) | o D*(2010)° 12007y | ° ;gggg) 71
e S R S R A B ISV E R
X(1600) 2+(2+) 22(2450) 1-(67+) | e 02(2460)0 1/2(é+) . X”"gfffi) 221+t
£,(1640) 0+(2+T) f:(2510) o+(6%T) D*(2470)% 1/2(?%) iﬁi(lozss) '
X(1650) 1-(?%) X(3100) 27(27) o x02(2P) = 72+t
o w3(1670) 0-(37) X(3250) 77(77) CHA'(*g"_E’; STI’)\NGE X2(10270)
=S= ° — 27(1——
OTHEt(z LIGHT UNFLA\)/ORED e DF 0(07) %3693)55) reT)
S=C=B=0 ° D;:t 7(77) ° ']"(45) — ??(1——)
ete(1100-2200) 7/(17-) | o Dsa(2536)F  0(1*) 7(10580) e
NN(1100-3600) D,;(2564)F (7 * 7(10860) T
X (1900-3600) = * T(11020) (1)
(SZ? 1“)/' NON-qg CANDIDATES
o BE 1/2(07) Non-qq Candidates
o B0 1/2(07)
o B* 1/2(17)
B? ?(?7)
B; ?(?)
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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 as baryons. The names with masses are of baryons that decay strongly. See our 1986 edition (Physics Letters
170B) for listings of evidence for Z baryons (KN resonances).

p Pi; *kkk A(1232) P33 *kkx | A Po1 *kkk s+ P11 KKk ok =0 P13 *kk¥
n Pip  **%% | A(1600) P33 ¥** | A(1405)  Sop  ¥¥¥* | 3O T i Pryp R
N(1440)  Pi1 *¥¥* | A(1620) S3;  F¥*¥x | A(1520) Doz R¥¢* | X7 Pyp ¥R ] Z(1530)  Pp3 R
N(1520) Dij3  **** | A(1700) Ds3  **** | A(1600)  Poy  *** | I(1385)  Pi3 **** | =(1620) *
N(1535)  Si1 *FF* | A(1750) Py * A(1670)  Spp  *xxx | 5(1480) * =(1690) ok
N(1650)  Si1 **** | A(1900) Ss;  *** | A(1690) Doz  ***x | X(1560) *x Z(1820) Dy3  **x
N(1675)  Dis  **** | A(1905) Fgs  ***x | A(1800)  Spy  *** | £(1580) D1z ** =(1950) *Hk
N(1680)  Fi5  **** | A(1910) Py  ***x | A(1810) Py *xx | £(1620)  S;; ** =(2030) h*
N(1700)  Diz  *** [ A(1920) Ps;3  *** | A(1820)  Fos  **** | X(1660) P *** | =(2120) *
N(1710)  Pi;  *** | A(1930) Dss *** | A(1830)  Dps **** | Z(1670) D3 **** | =(2250) *x
N(1720) P13 **** | A(1940) D33 * A(1890)  Pg3  *¥xx | 1(1690) ** | =(2370) *x
N(1900) P13 * A(1950)  Fz;  *%%x | A(2000) * X(1750)  S;; *¥* | =(2500) *
N(1990) Fi7  ** A(2000) F3s  * A(2020)  Fyy % I(1770) P *
N(2000) Fi5  ** A(2150) Sy * A(2100)  Goy  *¥¥*x | Z(1775)  Dys  ¥Rx* | 27 Frrx
N(2080) Dy3  ** A(2200) Gy * A(2110)  Fos  *** | X(1840) P13 * 2(2250)~ ex
N(2090) Sy * A(2300) Hsg ** | A(2325) Doz * r(1880) Py ** | £2(2380)" **
N(2100) Py * A(2350) D35 ¥ A(2350) Mo  *** | Z(1915)  Fps  *wxx ) (2(2470)° x
N(2190)  Gy7  **** | A(2390) F3; * A(2585) ** Z(1940)  Dyz  *xx
N(2200) Dy ** A(2400)  Gizg  ** $(2000) Sy ¥ Af ok
N(2220)  Hig  **** | A(2420) Hgyp ¥ $(2030)  Fyy  ReeE {i(2455) HHkx
N(2250)  Gig  **** | A2750) kg3 ** £(070)  Fs ) Ze -
N(2600) hip @ ¥*F A(2950)  Ksgs ** 5(2080) Pz ** :(C)
N(2700)  Kipz ** (21000 G7 * | % '

¥ (2250) ok

5 (2455) | A o

¥ (2620) ok

X(3000) *

¥ (3170) *

**¥*  Eyistence is certain, and properties are at least fairly well explored.

**x  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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N BARYONS
(5=0, /= 1/2)

[~] 1P = 439
Mass m = 938.27231 + 0.00028 MeV [l
= 1.007276470 + 0.000000012 u

m(B)/m(p) = 0.99999998 + 0.00000004

Magnetic moment p = 2.79284739 + 0.00000006 1y
Electric dipole moment d = (—4 + 6) x 10723 e-cm

Electric polarizability o = (0.70 + 0.26) x 1073 fm3

lgp +qe| < 1.0x 10721 (0]

Mean life 7 > 1.6 x 102° years  (independent of modes)
> 103! - 5 x 1032 years €] (mode dependent)

For N decays, p and n distinguish proton and neutron partial lifetimes.

See also “Note on Proton Mean Life Limits” in the Full Listings.

Partial mean life P
p DECAY MODES (1030 years) Confidence level (MeV/c)
Antilepton + meson

N — etr >130 (n), >550 (p) 90% 459
N— ptr >100 (n), >270 (p) 90% 453
N — vr >100 (n), >25 (p) 90% 459
p— etnp >140 90% 309
p— uty >69 90% 296
n— vy >54 90% 310
N— etp >58 (n), >75 (p) 90% 153
N— utp >23 (n), >110 (p) 90% 119
N— vp >19 (n), >27 (p) 90% 153
p— etw >45 90% 142
p— ptw >57 90% 104
n— vw >43 90% 144
N — etk >1.3 (n), >150 (p) 90% 337

p— etk? >76 90% 337

p— etK} >44 90% 337
N— utK >1.1 (n), >120 (p) 90% 326

p— pt K% >64 90% 326

p— utK? >44 90% 326
N — vK >86 (n), >100 (p) 90% 339
p— et K*(892)° >52 90% 45
N — vK*(892) >22 (n), >20 (p) 90% 45

Antilepton + mesons
p— etrtn~ >21 90% 448
p— etnOx0 >38 90% 449
n— etn n0 >32 90% 449
p— putata™ >17 90% 425
p— ut 70n0 >33 90% 427
n— ptr— a0 >33 90% 427
n— etKor~ >18 90% 319
Lepton + meson
n— et >65 90% 459
n— pu ot >49 90% 453
n— e pt >62 90% 154
n— pu pt >7 90% 120
n— e" Kt >32 90% 340
n— u Kt >57 90% 330
Lepton + mesons
p— e wtat >30 90% 448
n— e ntn® >29 90% 449
p— p atat >17 90% 425
n— p~nta® >34 90% 427
p— e wtK* >20 90% 320
p— p -t Kt >5 90% 279
Antilepton + photon(s)

p— ety >460 90% 469
p— uty >380 90% 463
n— vy >24 90% 470
p— etvyy >100 90% 469

p— etete
p— etptpu~
p— etwr

n— ete v
n— p
n— p
P u
p— u
pP— u
p— e
n— 3v

Three leptons
>510
>81
>11
>74
>47
>42
>91
>190
>21
>6.0
>0.0005

Inclusive modes

N — et anything >0.6 (n, p)
N — u™t anything >12 (n, p)
N — et 70 anything >0.6 (n. p)

AB = 2 dinucleon modes

The following are lifetime limits per iron nucleus.

pp— wtat
pn— =t a0
nn— wta~
nn— ﬂ'oﬂ'o
pp — etet
pp— etpt
pp— ptpt
pn — etv
pn— ptv
nn — vele
nn— v,v,

>0.7
>2.0
>0.7
>3.4
>5.8
>3.6
>1.7
>2.8
>1.6
>0.000012
>0.000006

90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%

90%
90%
90%

90%
90%
90%
90%
90%
90%
90%
90%
90%
90%
90%

469
457

470
464
458
464
439
463
457
470

147) = 33%)

Mass m = 939.56563 = 0.00028 MeV [l

= 1.008664904 + 0.000000014 u

mp — mp = 1.293318 + 0.000009 MeV

= 0.001388434 + 0.000000009 u

Mean life 7 = 889.1 £ 2.1s (S =1.2)
cr = 2.665 x 108 km

Magnetic moment y = —1.9130427 + 0.0000005

Electric dipole moment d < 12 x 10726 e-cm, CL = 95%

Electric polarizability o = (1.16 ¥323) x 10~3 fm3

Charge g = (—0.4 + 1.1) x 10721 ¢

Mean time for nT oscillations > 1.2 x 108 s, CL = 90% (4]

Decay parameters

pe Ve

"

"

n DECAY MODES

ga/8y = —1.2573 + 0.0028
A = —0.1127 + 0.0011
$ay = (180.07 £ 0.18)°

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

pe~ e 100 % 1.19
hydrogen-atom e < 3% 95% 1.19
Charge conservation (Q) violating mode
PreTe Q < 9x10-24 90% 1.29
N(1440) P13 (%) = 3(3%)
Mass m = 1430 to 1470 (= 1440) MeV
Full width I = 250 to 450 (~ 350) MeV
Pbeam = 0.61 GeV/c 47X2 = 31.0 mb
N(1440) DECAY MODES Fraction (I';/T) p (MeV/c)
N~ 60-70 % 397
Nrnx 30-40 % 342
AT 20-30 % 143
Np <10% 1
N (W").Is?v?ave 5-15 % -
Py 0.08-0.10 % 414
ny 0.01-0.06 % 413
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Mass m = 1515 to 1530 (= 1520) MeV
Full width I = 110 to 135 (~ 120) MeV

N(1680) Fis 1U°) =33%)

Mass m = 1675 to 1690 (~ 1680) MeV
Full width I' = 120 to 140 (= 130) MeV

Pbeam = 0.74 GeV/c 47x2 =235 mb Pheam = 1.01 GeV/c 47x2 =152 mb
N(1520) DECAY MODES Fraction (T';/T) p (MeV/c) N(1680) DECAY MODES Fraction ([;/T) P (MeV/c)
N~ 50-60 % 456 Nm 60~70 % 567
Nn ~01% 149 Nn not seen 379
Nrm 40-50 % 410 NK not seen 218
An 15-30 % 228 Nnm 30-40 % 532
Np 10-25 % t Aan 5-15 % 369
N (rm) 0 e <10% - Np 5-15% t
Py 0.43-0.57 % 470 N (nm) 520,06 5-20 % -
ny 0.34-0.51 % 470 J:20% 0.21-0.30 % 578
ny 0.02-0.05 % 577
N(1535) Sy1 I 1(4P) = 3(3) o 1
Mass m = 1520 to 1555 (=~ 1535) MeV N(1700) Dis 107 =37
Full width I' = 100 to 250 (=~ 150) MeV Mass m = 1650 to 1750 (=~ 1700) MeV
Poeam = 0.76 GeV/c 47x2 =225 mb Full width I = 50 to 150 (=~ 100) MeV
Ppeam = 1.05 GeV/c 47X2 = 145 mb
N(1535) DECAY MODES Fraction (I;/) P (MeVc)
N7 35-55 % 467 N(1700) DECAY MODES Fraction (;/T) p (MeV/c)
Nn 30-50 % 182 N= 5-15 % 580
Nrr 5-20 % 422 AK 0.1-03 % 250
AT <10 % 242 Nnm 85-95 % 547
Np <10 % t Am 5-70 % 385
N (Ww)g?‘gave <10% - Np <15% t
N(1440) 7 <10% 1 N (mm) 520, e <60 % -
Py 0.1-0.2 % 481 Py ~0.01% 591
ny 0.15-0.35 % 480
o i N(1710) Py 1JP) = 13"
N(1650) S1y "7 =227 Mass m = 1680 to 1740 (~ 1710) MeV
Mass m = 1640 to 1680 (~ 1650) MeV Full width [ = 50 to 250 (= 100) MeV
Full width I = 145 to 190 (= 150) MeV Pbeam = 1.07 GeV/c 47X2 = 14.2 mb
Pbeam = 0.96 GeV/c 47x2 = 16.4 mb
N(1710) DECAY MODES Fraction (;/T) p (MeV/c)
N(1650) DECAY MODES Fraction (T';/T) P (MeV/c) N7 10-20 % 587
N 60-80 % 547 Nn 20-40 % 410
Nn ~1% 346 NK 5-25 % 264
AK ~7% 161 Nrm 20-50 % 554
Nrm 5-20 % 511 An 10-25 % 393
An <10% 344 Np 5-20 % 48
Np <15% t N (ww)’s?xave <25% -
N (nn)’s?xave <5% -
N(1440) 7 <5% 147
Py 0.04-0.16 % 558 N(1720) Pi3 1(JP) = %(%ﬂ
nvy 0-0.17 % 557
Mass m = 1650 to 1750 (~ 1720) MeV
) Full width I' = 100 to 200 (= 150) MeV
I N(1675) Dys 1UP) = 3(37) Pbeam = 1.09 GeV/c 47X2 = 13.9 mb
Mass m = 1670 to 1685 (= 1675) MeV N(1720) DECAY MODES Fraction (I';/T) p (MeVic)
Full width I = 140 to 180 (= 150) MeV N o0 oo
Ppeam = 1.01 GeV/c 47X2 = 15.4 mb N 6% 20
NK 3-10% 278
N(1675) DECAY MODES Fraction (I';/I) p (MeV/c) Nrm S35 9% 561
N~ 40-50 % 563 AT 5-15 % 401
N7y ~1% 374 Np 25-75 % 104
AK ~01% 209 N (7m)E0, e 10-15 % -
Nrm 50-60 % 529
Am 50-60 % 364
Np <10 % t
N (ww)gfvgave <1% -
Py ~0.01 % 575
0.07-0.12 % 574
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N(2190) Gy7 197 = 3(37)

Mass m = 2100 to 2200 (= 2190) MeV
Full width I = 350 to 550 (~ 450) MeV

A(1600) P33 1(4P) = 3(3%)

Mass m = 1550 to 1700 (=~ 1600) MeV
Full width I' = 250 to 450 (= 350) MeV
Poeam = 0.87 GeV/c 47X2 = 18.6 mb

Ppeam = 2.07 GeV/c 47X2 = 6.21 mb
N(2190) DECAY MODES Fraction (;/T) p (MeV/c)
Nm 10-20 % 888
Nn 1-3% 790
AK 0.2-0.4 % 712
Nrrw 20-40 % 868
Np 20-40 % 683
N(2220) Ho 1UP) = 33%)
Mass m = 2180 to 2310 (= 2220) MeV
Full width I' = 320 to 550 (= 400) MeV
Poeam = 2.14 GeV/c 4rx2 = 5.97 mb
N(2220) DECAY MODES Fraction (;/T) p (MeV/c)
N~ 10-20 % 905
Nn 0.5-1.0 % 811
N(2250) Gio 10°) = 3(37)
Mass m = 2170 to 2310 (= 2250) MeV
Full width I = 290 to 470 (=~ 400) MeV
Ppeam = 2.21 GeV/c 47X2 = 5.74 mb
N(2250) DECAY MODES Fraction (F;/T) p (MeVc)
Nr 5-15 % 923
Nn 1-3% 831
AK <0.6 % 754
N(2600) h,11 10°) = 3(%7)
Mass m = 2550 to 2750 (= 2600) MeV
Full width I = 500 to 800 (=~ 650) MeV
Pbeam = 3.12 GeV/c 47X2 = 3.86 mb
N(2600) DECAY MODES Fraction ([;/) p (MeVc)
N~ 5-10 % 1126
(5=0,/=3/2)
A(1232) Py3 10P) = 33
Mass m = 1230 to 1234 (=~ 1232) MeV
Full width I = 115 to 125 (=~ 120) MeV
Poeam = 0.30 GeV/c 47X2 = 94.8 mb
A(1232) DECAY MODES Fraction ([;/T) p (MeVjc)
N 99.3-99.5 % 227
Ny 0.56—0.66 % 259

A(1600) DECAY MODES Fraction (F;/T) p (MeV/c)
N 10-25% 512
Nrnnw 75-90 % 473
Ar 50-60 % 301
Np 5-20 % t
N(1440) 20-30 % 74
A(1620) S5 1UP) = 3G37)
Mass m = 1615 to 1675 (=~ 1620) MeV
Full width I' = 120 to 180 (= 150) MeV
Pbeam = 0.91 GeV/c 4rx2 = 17.7 mb
A(1620) DECAY MODES Fraction (;/T) P (MeV/c)
N~ 20-30 % 526
Nmm 70-80 % 488
Ar 40-60 % 318
Np 20-35 % t
N(1440) 7 <10 % 107
N~y ~ 0.03 % 538
A(1700) Ds3 19P) = 3(3)
Mass m = 1670 to 1770 (=~ 1700) MeV
Full width I' = 200 to 400 (= 300) MeV
Pbeam = 1.05 GeV/c 47X2 = 145 mb
A(1700) DECAY MODES Fraction (I;/T) p (MeVc)
N~ 10-20 % 580
Nrm 80-90 % 547
An 35-55 % 385
Np 30-50 % t
Ny 0.14-0.33 % 591
A(1900) S31 107) =3(37)
Mass m = 1850 to 1950 (=~ 1900) MeV
Full width I = 140 to 240 (= 200) MeV
Poeam = 1.44 GeV/c 47X2 = 9.71 mb
A(1900) DECAY MODES Fraction (;/I) p (MeV/c)
N~ 10-30 % 710
XK not seen 410
A(1905) Fas 147 = 33"
Mass m = 1870 to 1920 (~ 1905) MeV
Full width I = 280 to 440 (= 350) MeV
Pbeam = 1.45 GeV/c 47x2 = 9.62 mb
A(1905) DECAY MODES Fraction (I';/T) p (MeVjc)
N~ 5-15 % 713
K 0.1-0.3 % 415
Nnn 85-95 % 687
Ar <30 % 542
Np 55-95 % 421
Ny 0.01-0.05 % 721
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A(1910) Psy 19P) = 3(3%)

Mass m = 1870 to 1920 (= 1910) MeV
Full width I = 190 to 270 (~ 250) MeV
Pbeam = 1.46 GeV/c 47X2 = 9.54 mb

A(1910) DECAY MODES Fraction (I';/T) p (MeV/c)
N~ 15-30 % 716
K not seen 421
Nrm 70-85 % 691
AT <5% 545
Np 5-25 % 426
N(1440)m 50-70 % 393
A(1920) Ps3 1Py =3(3%)
Mass m = 1900 to 1970 (~ 1920) MeV
Full width I = 150 to 300 (=2 200) MeV
Poeam = 1.48 GeV/c 47X2 = 9.37 mb
A(1920) DECAY MODES Fraction (;/T) p (MeV/c)
N~ 5-20 % 722
K 1-3% 431
A(1930) D3s 1P =337
Mass m = 1920 to 1970 (= 1930) MeV
Full width I = 250 to 450 (= 350) MeV
Pream = 1.50 GeV/c 47X2 = 9.21 mb
A(1930) DECAY MODES Fraction (I;/T) p (MeV/c)
N 10-20 % 729
YK not seen 441
Nrmm not seen 704
A(1950) F37 14P) = 33
Mass m = 1940 to 1960 (~ 1950) MeV
Full width ' = 290 to 350 (= 300) MeV
Ppeam = 1.54 GeV/c 47X2 = 8.91 mb
A(1950) DECAY MODES Fraction (T;/T) p (MeV/c)
Nm 35-40 % 741
K 0.6-0.8 % 460
Nrw 15-40 % 716
AT 15-30 % 574
Np <10 % 469
N~ 0.08-0.17 % 749
A(2420) Ha 11 1Py = 3(3%+)
Mass m = 2300 to 2500 (= 2420) MeV
Full width T = 300 to 500 (~ 400) MeV
Pbeam = 2.64 GeV/c 47X2 = 4.68 mb
A(2420) DECAY MODES Fraction (I;/T) p (MeV/c)
N 5-15 % 1023
K 0.1-0.9 % 833

A BARYONS
(5=-1,1=0)

1(4P) =03 )
Mass m = 1115.63 = 0.05 MeV (S = 1.4)
Mean life 7 = (2.632 + 0.020) x 107%s (S = 1.6)
cr =7.89 cm
Magnetic moment y = —0.613 & 0.004 ppn
Electric dipole moment d < 1.5 x 10716 e~cm, CL = 95%

Decay parameters [¢]

pr~ a_ = 0.642 + 0.013
" ¢_ = (—6.5 £ 3.5)°
" v =0.76
" A = (8+4)

nx® ag = +0.65 + 0.05

Coupling constant ratios (]
pe Ue 8a/8v = —0.718 + 0.015

A DECAY MODES Fraction (I;/T) p (MeV/c)
pr~ (64.1 £05 )% 101
nx0 (35.7 £05 )% 104
ny ( 1.02+0.33) x 1073 162
prTy [g)( 85 +1.4 )x10~% 101
pe~ e ( 8.34+0.14) x 1074 163
pu Ty, ( 1.57+0.35) x 10~4 131
A(1405) Sox 1(JPy=0(3")
Mass m = 1407 + 4 MeV
Full width [ = 50.0 + 2.0 MeV
Below K N threshold
A(1405) DECAY MODES Fraction (T';/T) p (MeV/c)

I 100 % 152

| A(1520) Dos |

Mass m = 1519.5 + 1.0 MeV [l
Full width I = 15.6 + 1.0 MeV [f]
Pbeam = 0.39 GeV/c 47X% = 82.8 mb

1(4P) = 0(37)

A(1520) DECAY MODES Fraction (F;/T) p (MeV/c)
NK 45 + 1% 244
Ir 42 +1% 267
Anm 10 + 1% 252
Yrmw 09+ 0.1% 152
Ay 0.8 +0.2% 351
A(1600) Poy 1(JPy = 0(3%)
Mass m = 1560 to 1700 (=~ 1600) MeV
Full width T = 50 to 250 (= 150) MeV
Ppeam = 0.58 GeV/c 47X2 = 41.6 mb

A(1600) DECAY MODES Fraction (I';/T) p (MeV/c)
NK 15-30 % 343
X 10-60 % 336
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A(1670) So1 1(4P) = 0(37)

Mass m = 1660 to 1680 (~ 1670) MeV
Full width I' = 25 to 50 (~ 35) MeV
Pbeam = 0.74 GeV/c 47X2 = 28.5 mb

A(1830) Dys

1Py =0(37)

Mass m = 1810 to 1830 (~ 1830) MeV
Full width I = 60 to 110 (~ 95) MeV

" Ppeam = 1.08 GeV/c

47X2 = 16.0 mb

A(1670) DECAY MODES Fraction (I';/T) p (MeVjc)
NK 15-25 % 414
rr 20-60 % 393
An 15-35 % 64
A(1690) Dg3 147y =0(37)
Mass m = 1685 to 1695 (~ 1690) MeV
Full width I = 50 to 70 (~ 60) MeV
Pbeam = 0.78 GeV/c 47x2 = 26.1 mb
A(1690) DECAY MODES Fraction (I;/T) P (MeV/c)
NK 20-30 % 433
I 20-40 % 409
Ann ~25% 415
Irmw ~20% 350
A(1800) So; 1(JP) =0(37)
Mass m = 1720 to 1850 (=~ 1800) MeV
Full width I' = 200 to 400 (= 300) MeV
Pbeam = 1.01 GeV/c 47X2 = 17.5 mb
A(1800) DECAY MODES Fraction (I';/T) p (MeVfc)
NK 25-40 % 528
Ir seen 493
X (1385)7 seen 345
N K*(892) seen t
I A(1810) Py 1(4P) = 0(37)
Mass m = 1750 to 1850 (~ 1810) MeV
Full width ' = 50 to 250 (~ 150) MeV
Pbeam = 1.04 GeV/c 47X2 = 17.0 mb
A(1810) DECAY MODES Fraction (F;/T) p (MeV/c)
NK 20-50 % 537
Xr 10-40 % 501
X(1385)x seen 356
N K*(892) 30-60 % t
A(1820) Fos 1UP) = 0(3%)
Mass m = 1815 to 1825 (=~ 1820) MeV
Full width ' = 70 to 90 (~ 80) MeV
Pbeam = 1.06 GeV/c 47X2 = 16.5 mb
A(1820) DECAY MODES Fraction (I';/T) p (MeVyc)
NK 55-65 % 545
rm 8-14 % 508
X(1385) 7 5-10 % 362

A(1830) DECAY MODES Fraction (I';/T) p (MeV/c)

NK 3-10% 553

rr 35-75% 515

X(1385)w >15 % 37
A(1890) Po3 1(JP) = 0(3%)

Mass m = 1850 to 1910 (~ 1890) MeV
Full width I = 60 to 200 (~ 100) MeV

Ppeam = 1.21 GeV/c

47X2 = 13.6 mb

A(1890) DECAY MODES Fraction (I';/T) p (MeV/c)

NK 20-35 % 599

In 3-10% 559

X (1385)x seen 420

NK*(892) seen 233
A(2100) Gor 1(JPYy=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';/T) P (MeV/c)
NK 25-35 % 751
rr ~5% 704
An <3% 617
=K <3% 483
Aw_ <8% 443
NK*(892) 10-20 % 514
A(2110) Fos 1) = 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 (';/T) p (MeVic)
NK 5-25 % 757
rn 1040 % 711
Aw seen 455
¥ (1385)7 seen 589
NK*(892) 10-60 % 524
A(2350) Hog 1(JP) = 0(3%)

Mass m = 2340 to 2370 (= 2350) MeV
Full width I = 100 to 250 (= 150) MeV

Pbeam = 2.29 GeV/c 47X2 = 5.85 mb
A(2350) DECAY MODES Fraction (I;/T) p (MeVic)
NK ~12% 915
Xm ~10% 867
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¥ BARYONS
(S=-1,1=1)

1(4P) =1(3%)
Mass m = 1189.37 + 0.07 MeV (S = 2.1)
Mean life 7 = (0.799 £ 0.004) x 10710 s
cr = 2.395 cm

Magnetic moment p = 2.42 £ 0.05 puy (S = 3.1)
N+ — netw)/T(E~ — ne™v) <0.043

Decay parameters (€]

1(4P) =1(3%)
Mass m = 1197.43 4 0.06 MeV (S = 1.6)
Mmy- — my+ = 8.07 £0.09 MeV (S = 1.9)
Mean life 7 = (1.479 £ 0.011) x 107105 (S =1.3)
cr = 4.434 cm
Magnetic moment p = —1.160 £ 0.025 upy (S = 1.7)

Decay parameters (€]

nm~ a_ = —0.068 £+ 0.008
" ¢_ = (10 £ 15)°
" y- = 0.98

" 2
A = (2497 33)°

Coupling constant ratios [f]

70 an = —0.980+0‘017
g by = (36 38)0 ne"ve  ga/gy = 0.340 + 0.017
" o = 0.16 Ae~Te  gy/Ba=001+£010 (S=15)
" Ao = (187 % 6)° " Ewm/8a = 2.4 £ 1.7
nmt o+ = 0.068 + 0.013 X~ DECAY MODES Fraction (F;/T Mev,
" by = (167 £20)° (S =11) raction (/) p (MeVic)
" vy = —0.97 nm™ (99.848+0.005) % 193
" Ay = (_73+1§8)o nmTy lg}( 46 +o06 )x1074 193
Py o = —0.83 + 0.12 ne” ve ( 1.01740.034) x 1073 230
' v nuT o, (45 +04 )x104 210
P -5 -5
£+ DECAY MODES Fraction (I;/F)  Confidence level (MeV/c) Ne" Ve (1573 £027 ) x10 7
pr® (51.57+0.30) % 189
nrt (48.30£0.30) % 185 1JPY = 1(3+
Py ( 1.25£0.07) x 1073 225 Z(1385) P13 () =1z")
nrty le] (45 £0.5)x 10‘: 185 5(1385)tmass m = 1382.8 + 0.4 MeV (S = 2.0)
Aetve (120 £05)x 10~ 7 5(1385)° mass m = 1383.7 + 1.0 MeV (S = 1.4)
AS = AQ (SQ) or Flavor-Changing neutral current (FC) X (1385) " mass m = 1387.2 £ 0.5 MeV (S =2.2)
violating modes 5(1385)* full width I = 35.8 + 0.8 MeV
netve 5Q < s x 1076 90% 224 5(1385)° full width I = 36 + 5 MeV
nptu, 5Q < 30 x 1078 90% 202 £(1385) full width ' = 39.4 + 2.1 MeV (S = 1.7)
pete~ FC <7 x 1076 225 Below K N threshold
X(1385) DECAY MODES Fraction (;/T) p (MeVjc)
0Py =131 Am 882 % 208
rm 1242 % 127
JP not measured; assumed to be the same as for the ¥+ and X~.
Mass m = 1192.55 & 0.10 MeV (S = 1.4)
My- — Myo = 4.89 £ 0.08 MeV (S =1.2) 5(1660) P 1(JP) = 1(1+
Myo — My = 76.92 £ 0.10 MeV (S = 1.4) (1660) P11 ‘ (U7 =137)
Mean life r = (7.4 £ 0.7) x 1072 s Mass m = 1630 to 1690 (= 1660) MeV
or=222x10""m Full width I = 40 to 200 (= 100) MeV
Transition magnetic moment |uy 4| = 1.61 £ 0.08 ppy Pheam = 0.72 GeV/c 47x2 = 29.9 mb
P
£0 DECAY MODES Fraction (I;/T) Confidence level (MeV/c) X(1660) DECAY MODES Fraction (I';/T) p (MeV/c)
Ay 100 % 74 NK 10-30 % 405
Avyy < 3% 90% 74 Am seen 439
Nete~ [l sx1073 74 I seen 385
X(1670) D13 I 1(47) =1(37)
Mass m = 1665 to 1685 (= 1670) MeV
Full width I = 40 to 80 (= 60) MeV
Pbeam = 0.74 GeV/c 47x2 = 28.5 mb
X(1670) DECAY MODES Fraction (;/T) P (MeV/c)
NK 7-13% 414
Am 5-15 % 447
393

Ir 30-60 %
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X(1750) S11 4Py = 1(37)

Mass m = 1730 to 1800 (~ 1750) MeV
Full width I = 60 to 160 (= 90) MeV
Pbeam = 0.91 GeV/c 47x2 = 20.7 mb

X(1750) DECAY MODES Fraction (;/T) p (MeV/c)
NK 10-40 % 486
A seen 507
Inw <8% 455
In 15-55 % 81
X(1775) Dis 1(4P) =1(37)
Mass m = 1770 to 1780 (~ 1775) MeV
Full width I = 105 to 135 (=~ 120) MeV
Pbeam = 0.96 GeV/c 47X2 = 19.0 mb
X(1775) DECAY MODES Fraction (;/T) p (MeVfc)
NK 37-43% 508
Ax 14-20% 525
rr 2-5% 474
X(1385)w 8-12% 324
A(1520) 7 17-23% 198
X(1915) Fis 1(JPy = 1(3)
Mass m = 1900 to 1935 (= 1915) MeV
Full width T = 80 to 160 (~ 120) MeV
Pream = 1.26 GeV/c 47X2 = 12.8 mb
X(1915) DECAY MODES Fraction (I';/T) p (Mev/c)
NK 5-15% 618
Ar seen 622
X seen 577
¥(1385)w <5% 440
I X(1940) D13 147y =13")
Mass m = 1900 to 1950 (=2 1940) MeV
Full width T = 150 to 300 (= 220) MeV
Pream = 1.32 GeV/c 47X2 = 12.1 mb
X(1940) DECAY MODES Fraction (I';/T) p (MeV/c)
NK <20% 637
Am seen 639
X seen 594
X(1385)7 seen 460
A(1520) L seen 354
A(1232) K seen 410
NK*(892) seen 320
X(2030) A7 1(JP) = 1(%)
Mass m = 2025 to 2040 (= 2030) MeV
Full width I = 150 to 200 (~ 180) MeV
Pbeam = 1.52 GeV/c 47X2 = 9.93 mb
¥(2030) DECAY MODES Fraction (;/T) p (MeV/c)
NK 17-23 % 702
An 17-23 % 700
I 5-10 % 657
=K <2% 412
X(1385) 1 5-15 % 529
A(1520)7_ 10-20 % 430
A(1232)K 10-20 % 498
NK*(892) <5% 438

1(JP) = 1(77)

Mass m = 2210 to 2280 (=~ 2250) MeV
Full width [ = 60 to 150 (=~ 100) MeV
Pbeam = 2.04 GeV/c 47x2 = 6.76 mb

X(2250)

X(2250) DECAY MODES Fraction (;/T) p (MeV/c)
NK <10% 851
An seen 842
X seen 803
(S=-2,1=1/2)
=0 1P) = 3(3)
P not yet measured; + is the quark model prediction.
Mass m = 1314.9 £+ 0.6 MeV
mz- - mzo = 6.4 £ 0.6 MeV
Mean life 7 = (2.90 + 0.09) x 107105
cr = 8.69 cm
Magnetic moment p = —1.250 £ 0.014 uy
Decay parameters (€]
Ax® a=—0411+0.022 (S=21)
" ¢ = (21 + 12)°
" v =0.85
" A = (218712
A~y a=04+04
304 =020+ 032
P
=0 DECAY MODES Fraction (;/T) Confidence level (MeVj/c)
Ax© 100 % 135
Ay ( 1.06+0.16) x 10~3 184
50y ( 36 +04 )x103 17
Tte e < 11 x 10—3 90% 120
Tty < 11 x 1073 90% 64
AS = AQ (SQ) or AS = 2 (AS) violating modes
I etwe sQ < 9 x 10—4 90% 112
Tty 5@ < 9 x 1074 90% 49
pr— AS < 4 x10~3 90% 299
pe” e AS < 13 x10~3 323
pu Ty AS < 13 x10~3 309

[=] 1P = 33%)
P not yet measured; + is the quark model prediction.
Mass m = 1321.32 + 0.13 MeV
Mean life 7 = (1.639 + 0.015) x 10710 s
cr =491 cm
Magnetic moment p = —0.6507 + 0.0025 upy

Decay parameters (€]

An— a = —0.456 £ 0.014 (S=1.8)
" ¢=(4+4)y
" v = 0.89
" A = (188 + 8)°

Coupling constant ratios (/1

Ne™ T, 8a/8v = —0.25 + 0.05
p
=~ DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
An— 100 % 139
Sy ( 23+1.0)x10~% 118
Ne~ e ( 55+0.3)x10~% 190
Ap~ oy, ( 35+35)x107% 163
50e~ v ( 87+17)x10°5 122
Ou-v, < 8 x 10~4 90% 70
Z0e 7e < 23 x 103 90% 6
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AS = 2 (AS) violating modes

nm— AS < 19 x 1075 90% 303
ne” Te AS < 32 x10~3 90% 327
np~ vy AS < 15 % 90% 314
pr T AS < 4 x 1074 90% 223
prT e Ve AS < a4 x 104 90% 304

< 4 x 1074 90% 250

P puT U, AS

: =(1530) P13 I

147 = 337)

Z(1530)° mass m = 1531.80 + 0.32 MeV (S = 1.3)

=(1530)" mass m = 1535.0 & 0.6 MeV

Z(1530)° full width I = 9.1 + 0.5 MeV

=(1530)~ full width I = 9.91}-7 MeV

p
=(1530) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
=r 100 % 152
= <4 % 90% 200
=(1690) 1UP) = 30%)

Mass m = 1690 + 10 MeV [
Full width T < 50 MeV

=(1690) DECAY MODES Fraction (I;/T P (MeV/c)
I

/\K seen 240

K seen 51

=it e o possibly seen 214

2 BARYONS
(S§=-3,1=0)

1(JP) = 0(3%)

JP not yet measured; 3 is the quark model prediction.
Mass m = 1672.43 + 0.32 MeV
Mean life 7 = (0.822 + 0.012) x 10710 s
cr = 2.46 cm
Magnetic moment p = —1.94 £+ 0.22 upn

Decay parameters
AK~™ o = —0.026 + 0.026
=0q- a =009 +0.14
=7 a =0.05+ 021

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

=(1820) Dy3 1P =337

Mass m = 1823 % 5 MeV [/
Full width I = 24+1% Mev [/]

=(1820) DECAY MODES Fraction (I';/T) p (MeV/c)
/\K large 400
IK small 320
=m small 413
=(1530)w small 234

10P) = 3(")

Mass m = 1950 + 15 MeV [l
Full width T = 60 + 20 MeV [l

=(1950) DECAY MODES Fraction (';/T) p (MeV/c)
/\K seen 522
K possibly seen 460
= seen 518

=(2030)

1(4P) = 3(2 37)

Mass m = 2025 + 5 MeV [/]
Full width [ = 20722 MeV [/

=(2030) DECAY MODES Fraction (I;/T) p (MeV/c)
AK ~20% 589
K ~ 80 % 533
=x small 573
=(1530) 7 small 421
AK T small 501
SKn small 430

AK™ (67.8+0.7) % 211
=Yr- (23.6+£0.7) % 294
=70 (86+0.4) % 290
Zoatas (43738 x1074 190
=(1530)% 7~ (64758 x 1074 17
Z0e v, ( 5.6+2.8)x 103 319
e < 22 x 1073 90% 314
AS = 2 (AS) violating modes
An~ AS < 19 x 1074 90% 449
2(2250)~ 1(JP) = 0(?%)

Mass m = 2252 + 9 MeV
Full width [ = 55 + 18 MeV

£2(2250)~ DECAY MODES Fraction (;/T) p (MeVjc)
=z rtK- seen 531
5(1530)0 K~ seen 437

CHARMED BARYONS
(C=+1)

At 1JP) = 0(3™)

J not yet measured; % is the quark model prediction.

Mass m = 22849 + 0.6 MeV
Mean life 7 = (1.917313) x 107135
cr = 57 um
Decay parameters
Arnt a=-1.03+029

p

A¢ DECAY MODES Fraction (I';/T) Scale factor (MeVc)

Hadronic modes with a p and one K

pK° (1.6£0.4) % 872
pK—nt (32407)% 822
pK*(892)° ) ( 8.8+29) x 1073 681
A(1232)TF K™ ( 6.6+3.0)x 103 709
pKOmt o~ (1.740.6)% 1.2 753
pK— 7t 70 seen 758
pK*(892)~ nt seen 579
A(1232) K*(892) seen 417

pK ntmtn~ (7 +5 )x107% 670

Modes with a p and zero or two K's

prtw~ (22+13)x 1073 926

pfo(975) [l( 1.8+1.2) x 1073 624
prtato—n~ (1.240.8) x 1073 851
pKT K~ (1.6£0.9) x 1073 615

pé 1( 1.3+£0.9) x 1073 589
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Hadronic modes with a hyperon

A anything (27 £9 )% -
Ant ( 5.8+1.6) x 103 863
Antata— (2105 % *806
5O0x+ ( 5.5+2.6) x 1073 824

>+ anything (10 5 )% -
Ttata~ (10 +8 )% 803

Z-Ktat (48+1.9)x 1073 564

Semileptonic modes

eT anything (45+17)% -

pet anything (1.840.9) % -

Ae™ anything (1.2+04)% -

Apt anything (11£07)% -
X (2455) 14P) = 1(31)

JP not confirmed; 1+ is the quark model prediction.
Xc(2455) T mass m = 2452.7 + 0.7 MeV
X(2455)% mass m = 2452.9 & 3.1 MeV
5:(2455)° mass m = 2452.5 £ 0.8 MeV

X¢(2455) DECAY MODES Fraction (I';/T) p (MeV/c)

Nr 100 % 93
=t 1(4P) = 3(3%)

1(JP) not confirmed; () is the quark model prediction.
Mass m = 2466.4 + 2.1 MeV
Mean life 7 = (3.0739) x 107135 (S =1.1)

¢cr =90 um

=} DECAY MODES Fraction (I';/T) p (MeVfc)

AK ntat seen 786

IStK— ot seen 810

SOk atat seen 734

Zoatat seen 850
=2 1(07) = 3(3%)

1(4P) not confirmed; %(%‘*’) is the quark model prediction.
Mass m = 2472.7 + 1.7 MeV
M=y =M=y = 6.3 + 2.3 MeV
Mean life 7 = (0.8273:33) x 10713 s

cr =25 um

E?_- DECAY MODES Fraction (T';/T) p (MeV/c)

ot seen 876

=" ‘/r“f_ﬂ+ T seen 818

pK~K*(892)° seen 410

BOTTOM (BEAUTY) BARYON |
" 147) = o(3+)

1(4P) not yet measured;

0(3+) is the quark model prediction.

Mass m = 5641 + 50 MeV

A9 DECAY MODES Fraction (F;/T) p (MeV/c)
J/P(1S)A seen 1756
pDOn— seen 2383
Abrta o seen 2336

NOTES

This Summary Table only includes established baryons. The Full Listings
include evidence for other baryons. The masses, widths, and branching
fractions for the resonances in this Table are Breit-Wigner parameters.
The Full Listings also give, where available, pole parameters. See, in par-
ticular, the Note on 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 appro-
priate 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 ¥ Resonances in the Full 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 = /x?/(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 Full 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 decay-
ing particle. For a 3-or-more-body decay, p is the largest momentum any
of the products can have in this frame. For any resonance, the nominal
mass is used in calculating p. A dagger (“1”) in this column indicates
that the mode is forbidden when the nominal masses of resonances are
used, but is in fact allowed due to the nonzero widths of the resonances.

[a] The masses of the p and n are most precisely known in u (unified atomic
mass units). The conversion factor to MeV, 1 u = 931.49432 + 0.00028
MeV, is less well known than are the masses in u.

[b] The limit is from neutrality-of-matter experiments; it assumes g, = gp +
ge. See also the charge of the neutron.

[c] The first limit is geochemical and independent of decay mode. The second
limit 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 yrs, the cosmic-ray storage time. The best direct
observation of stored antiprotons gives 75 > 0.28 yrs.

[d] There is some controversy about whether nuclear physics and model de-
pendence complicate the analysis for bound neutrons (from which the best
limit comes). For free neutrons the best limit is > 107 s.

[e] The decay parameters y and A are calculated from « and ¢ using

v = V1-a2 cos¢ tanA = —é V1-a? sing
See the Note on Baryon Decay Parameters in the neutron Full Listings.

[f] The parameters ga, gy, and gy for semileptonic modes are defined by
Brlva(gy + gavs) + i(gwm/ms;) ox, q°1B;, and ¢y is defined by
8a/8v = |ga/gv|€%4v. See the Note on Baryon Decay Parameters in
the neutron Full Listings.

[g] See the Full Listings for the pion momentum range used in this measure-
ment.

[h] The error given here is only an educated guess. It is larger than the error
on the weighted average of the published values.

[i] A theoretical value using QED; see the Full Listings.
[j] Includes all the decay modes of the resonances.
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SEARCHES FOR
FREE QUARKS, MONOPOLES,
SUPERSYMMETRY,
COMPOSITENESS, etc.

Searches for Quark and
Lepton Compositeness

Free Quark Searches I

All searches since 1977 have had negative results.

Scale Limits A for Contact Interactions
(the lowest dimensional interactions with four fermions)

if the Lagrangian has the form
2 — —
£ £ bt L
(with g2 /4~ set equal to 1), then we define A = /\ﬁ. For the

full definitions and for other forms, see the Note in the Listings
for Quark and Lepton Compositeness in the full-sized edition of

l Magnetic Monopole Searches]

Isolated candidate events have not been confirmed. Most experiments
obtain negative results.

[Supersymmetric Particle Searchs]

Limits are based on the Minimal Supersymmetric Standard Model.
Assumptions include: 1) )Zfl’ (or ¥) is lightest supersymmetric particle;
2) R-parity is conserved; 3) mass of exchanged supersymmetric particles
is less than about 250 GeV (most limits are not sensitive to this require-
ment); 4) m(?L) = m(?R), and all scalar quarks (except t; and tg) are
degenerate in mass.

See the Full Listings for a Note giving details of supersymmetry.
%% — neutralinos (mixtures of 5, Z°, and H?)
Mass m(5) > 15 GeV, CL = 90% [if m(f) = 100 GeV
(from cosmology)]
Mass m(x3) > 18 GeV, CL = 90%  [GUT relations assumed]
Mass m(X3) > 45 GeV, CL = 95%  [GUT relations assumed]

the Review of Particle Properties and the original literature.

Af (eeee) > 1.4TeV, CL=95%
A[(eecee) >33 TeV, CL=95%
Af(eepp) > 44TeV, CL=95%
Af(eepp) > 21 TeV, CL=95%
N (eerT) >22TeV, CL = 95%
A (eerr) >32TeV, CL=95%
Af(eeqq) > 1.7 TeV, CL =95%
A (eeqq) >2.2TeV, CL = 95%
Af(ppqq) > 1.4TeV, CL = 95%
AL (rrqq) > 1.6 TeV, CL = 95%
Afg(pvueve) > 3.1 TeV, CL = 90%
Afg(uvyeve) > 3.1 TeV, CL = 90%
N[ (agqq) > 0.825 TeV, CL = 95%
A (9qqq) > 0825 TeV, CL = 95%

Excited Leptons

Mass m(X3) > 70 GeV, CL = 95%  [GUT relations assumed]
Mass m(%3) > 108 GeV, CL = 95%  [GUT relations assumed]

+

The limits from ¢*+¢*~ do not depend on X (where X is the
£¢* transition coupling). The A-dependent limits assume chiral
coupling, except for the third limit for e* which is for nonchiral

¥ — charginos (mixtures of W* and H¥)
Mass m(X¥) > 45 GeV, CL = 95%  [if m(x3) < 28 GeV|
Mass m(x3 ) > 99 GeV, CL = 95%  [GUT relations assumed]

v — scalar neutrino (sneutrino)

Mass m > 31.4 GeV, CL = 95% [one flavor]
Mass m > 39.4 GeV, CL = 95% [three degenerate flavors)

& — scalar electron (selectron)
Mass m > 65 GeV, CL = 95% [if m(3) = 0]
Mass m > 50 GeV, CL = 95% [if m(¥) < 5 GeV]
Mass m > 435 GeV, CL = 95%  [if m(X3) < 36 GeV]

f — scalar muon (smuon)

Mass m > 45 GeV, CL = 95% [if m(x?) < 30 GeV]

7 — scalar tau (stau)

Mass m > 43 GeV, CL = 95% fif m(x3) < 23 GeV]

g — scalar quark (squark)
These limits are based on the assumption B(g — qZ or gx3)
= 1. For the best squark mass limits reported, this assump-
tion is unrealistic and actual limits will be somewhat lower.
Mass m > 74 GeV, CL = 90%  [any m(q)]
Mass m > 106 GeV, CL = 90% [if m(g) = m(q))
g — gluino
There is some controversy about a low-mass window (1 <
m(g) S 4 GeV). Several experiments cast doubt on the
existence of this window.
These limits are based on the assumption B(g — qai?) =
1. For the best gluino mass limits reported, this assumption is
unrealistic and actual limits will be somewhat lower.
Mass m > 79 GeV, CL = 90%  [any m(g)}
Mass m > 106 GeV, CL = 90% [if m(q) = m(g)]

coupling. For chiral coupling, this limit corresponds to A, = V2.

e**+ — excited electron
Mass m > 46.1 GeV, CL = 95%  (from e**e*™)
Mass m > 91 GeV, CL = 95% (if Az > 05)
Mass m > 116 GeV, CL = 95%  (if A, = 1)
p** — excited muon
Mass m > 46.1 GeV, CL = 95%  (from p** p*™)
Mass m > 91 GeV, CL = 95% (if Az > 1)
7*% — excited tau

Mass m > 46.0 GeV, CL = 95%  (from 7*+ 7*7)

Mass m > 90 GeV, CL = 95%

v* — excited neutrino

(ifxz > 1)

Mass m > 47 GeV, CL = 95%  (from v*7*)

Mass m > 91 GeV, CL = 95%

g* — excited quark

Mass m > 45 GeV, CL = 95%
Mass m > 88 GeV, CL = 95%

(if Az > 1)

(from g*g*)
(ifrz > 1)

Color Sextet and Octet Particles

Color Sextet Quarks (ge)

Mass m > 84 GeV, CL = 95%  (Stable gs)

Color Octet Leptons (¢g)

Mass m > 110 GeV, CL = 90% (v — vg)
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Tests of Conservation Laws

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 Properties, not in the
Data Booklet. For the benefit of Booklet readers, we include the best
limits from the Table in the following text. 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 Full Listings in the Review. A discussion of these tests follows.

CPT INVARIANCE

General principles of relativistic field theory require invariance
under the combined transformation CPT. The simplest tests of CPT
invariance are the equality of the masses and lifetimes of a particle
and its antiparticle. The best test comes from the limit on the mass
difference between K© and K°. Any such difference contributes to the
C P-violating parameter e. Assuming CPT invariance, ¢, the phase
of € should be very close to 44°. (See the “Note on C'P Violation in
K% Decay” in the Full Listings.) In contrast, if the entire source of
CP violation in K© decays were a K° — K° mass difference, ¢, would
be 44° + 90°. It is possible to deduce that [1]

2(m o —myq) Il (2¢+— + 300 — e)

sin @ ’
Using our best values of the CP-violation parameters, we get
|(m?o —mgo)/myo| < 4 x 10718 (CL = 90%). Limits can also be
placed on specific CPT-violating decay amplitudes. Given the small
value of (1 — |noo/m+—|), the value of ¢oo — ¢4 provides a measure

of CPT violation in K§ — 2m decay. Results from CERN [1] and
Fermilab [2] indicate no C PT-violating effect.

CP AND T INVARIANCE

Given CPT invariance, CP violation and T violation are
equivalent. So far the only evidence for CP or T violation comes
from the measurements of 74—, 7mpp, and the semileptonic decay
charge asymmetry for K, e.g., |n4-| = |AKY — ntn~)/A(KS
— 7T77)| = (2.268 £0.023) x 1073 and [(KQ — 7~etv) - T(K) —
nte~v)]/[sum] = (0.333 £ 0.014)%. Other searches for CP or T
violation divide into (a) those that involve weak interactions or parity
violation, and (b) those that involve processes allowed by the strong
or electromagnetic interactions. In class (a) the most sensitive is
probably the search for an electric dipole moment of the neutron,
measured to be < 1.2 x 1072% ¢ cm (95% CL). A nonzero value
requires both P and T violation. Class (b) includes the search for C
violation in 7 decay, believed to be an electromagnetic process, e.g.,
as measured by I'(n — ptu~70)/T(n — all) <5 x 1075, and searches
for T violation in a number of nuclear and electromagnetic reactions.

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 Le, muon number Ly, and tau number L.
Searches for violations are of the following types:

Mp0 = My0 &

a) AL = 2 for one type of lepton. The best limit comes
from the search for neutrinoless double beta decay (Z,A4) —
(Z+2,A) + e +e”. The best laboratory limit is ¢; /5 > 1.3 x 10%4
yr (CL=68%) for "5Ge.

b) Conversion of one lepton type to another. For purely
leptonic processes, the best limits are on g — ey and u — 3e,
measured as I'(z — e7)/T'(p —all) < 5 x 107! and T'(x — 3e)/T'(p —
all) < 1.0 x 10~'2, For semileptonic processes, the best limit comes
from the coherent conversion process in a muonic atom, p~+
(Z,A) — e~ + (2, A), measured as I'(p"Ti — e Ti)/T(u"Ti —
all) < 5 x 10712, Of special interest is the case in which the
hadronic flavor also changes, as in K; — ey and K+ — nte put,

measured as ['(Ky, — eu)/T'(Kp — all) < 0.9 x 10710 and (Kt —
xte~ut)/T(Kt — all) < 2.1 x 10710, Limits on the conversion of
7 into e or u are found in 7 decay and are much less stringent than
those for u — e conversion, e.g., I'(7 — pv)/T(r — all) < 5.5 x 1074
and I'(7 — ey)/T(r — all) < 2.0 x 1074

c) Conversion of one type of lepton into another type of
antilepton. The case most studied is u~ + (Z, 4) — et + (Z — 2, 4),
the strongest limit being I'(¢~Ti — e*Ca)/T'(p~Ti — all) <
1.7 x 10710,

d) Relation to neutrino mass. If neutrinos have mass, then
it is expected even in the standard electroweak theory that the
lepton numbers are not separately conserved, as a consequence of
lepton mixing analogous to Cabibbo quark mixing. However, in this
case lepton-number-violating processes such as y — ey are expected
to have extremely small probability. For small neutrino masses,
the lepton-number violation would be observed first in neutrino
oscillations, which have been the subject of extensive experimental
searches. For example, searches for 7, disappearance, which we label
as Ue 7+ De, give measured limits A(m?) < 0.0083 eV? for sin%(26)
= 1, and sin?(26) < 0.14 for large A(m?), where 6 is the neutrino
mixing angle. Searches for v, — ve set limits A(m?) < 0.09 eV?
for sin%(20) = 1, and sin?(26) < 0.0034 for large A(m?). For larger
neutrino masses (3> 1 keV), lepton-number violation is searched for by
looking for anomalous decays such as m — evg, where v, is a massive
neutrino. If the AL = 2 type of violation occurs, it is expected that
neutrinos will have a nonzero mass of the Majorana type.

CONSERVATION OF HADRONIC FLAVORS

In strong and electromagnetic interactions, hadronic flavor 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 conservation 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 semileptonic decay of strange
particles, the strangeness change equals the change in charge
of the hadrons. Tests come from limits on decay rates such as
I(Z* — netv)/T(E+ — all) < 5x 1076, and from a detailed analysis
of Kj — mev, which yields the parameter z, measured to be (Rez,
Imz) = (0.006 + 0.018, —0.003 =+ 0.026). 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 K9 — K mixing, which is directly measured
by m(Kg) — m(Kr) = (3.522 £ 0.016) x 10~12 MeV. There is now
evidence for B — B° mixing (AB = 2), with the corresponding mass
difference between the eigenstates |m BY ~ mB(2)| = (0.72+0.14) I'g

= (3.6 +£0.7) x 10710 MeV. No evidence exists for D — D° mixing,
which is expected to be much smaller in the Standard Model.

c) Flavor-changing neutral currents. In the Standard
Model the neutral-current interactions do not change flavor. The
low rate T(Ky — ptp™)/T(Kp — all) = (7.3 £+ 0.4) x 10~°
puts limits on such interactions; the nonzero value for this rate
is attributed to a combination of the weak and electromagnetic
interactions. The best test should come from a limit on K+ — 7tuv5,
which occurs in the Standard Model only as a second-order weak
process with a branching fraction of (1 to 8)x10~10, The current
limit is T(K+ — 7Twp)/T(K+ — all) < 3.4 x 1078, Limits for
charm-changing or bottom-changing neutral currents are much
less stringent: I(D° — ptu~)/T(D° — all) < 1.1 x 105 and
I'(B% — ptp~)/T(B° - all) < 1.2 x 1075,

Revised April 1992 by T.G. Trippe and L. Wolfenstein.

1. R. Carosi et al., Phys. Lett. B237, 303 (1990).
2. M. Karlsson et al., Phys. Rev. Lett. 64, 2976 (1990).
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Tests of Conservation Laws: Discrete Space-Time Symmetries

Quantity(a) Value(®) Symmetry tested or violated
79 — yyv/all <31x10°8 C
(eTe ) j=0 — 3v/2v <1x1075() C
ete ) j=1 — 4v/3y < 1x1075(e) C
7 — yyy/all <5x1074 C
n — nlete /all <4x1075 C (single photon process)
n— 7Outp= /all <5x1076 C (single photon process)

0 left-right asymmetry

sextant asymmetry

quadrant asymmetry
left-right asymmetry
B (D-wave)

n — n T~ 70 parameters :

n — 7t 77y parameters:

n— w7 /all

e electric dipole moment

1 electric dipole moment

p electric dipole moment

n electric dipole moment

A electric dipole moment

o /A from pu — evv

B3'/A from pu — evv

et pol.L u spin and et mom. from u™ — e
Im £ in K:fa decay (from transverse u pol.)

Tov

Im € in K23 decay (from transverse p pol.)
¢, phase of g4/gy for n
n triple correlation coefficient
XY~ — ne Ve triple correlation coefficient
K* — n¥7t 7~ rate difference/average
K* — n%270 rate difference/average
K* - 7% 70y rate difference/average
K* — 377 slope (gt — g‘)/sum
[n+—0|? = (K% — nta= a0 CP viol.)/T(K) — nta=n0)
Imo00l? = D(KY — 37°)/T(KY — 37°)
KO - Vz//all
7Outp= /all
— 70ete /all
Charge asymmetry j in K’ % —
Kg — (r~pty — 7t pTP) /sum
— (r7etv — nte D) /sum
Inool = |A(KQ — n°0)/A(KG — n°7°)|
Ine-| = IA(KO LAk )/A(KO —ataT)]
l€'/el = (1~ |noo/n+-1)/3
¢+~ : phase of n4_
¢o0 : phase of oo
(D® — D% — K+ K~ rate difference/sum
[a—(4) + at (A]/[a—(4) — oy (4]
(ge+ —g.-)/average
(9,+—9,-)/average
(p — lupl)/average
et — e~ mass difference/average
7+ — n~ mass difference/average
K+ — K~ mass difference/average
|K° — K°| mass difference/average
00 — b4
p — P mass difference/average
n — 7 mass difference/average
A — A mass difference/average
Z~ — E% mass difference/average
2~ — 27 mass difference/average
W+ — W~ mass difference/average
+ — 41~ mean life difference/average
7T — 7~ mean life difference/average
K* — K~ mean life difference/average
A — A mean life difference/average
=~ — E* mean life difference/average
K + — uFv rate difference/average

K* — 7t70 rate difference/average

ata=x0

(09+1.7)x 1073
(1.8+1.6) x 1073
(-1.7+1.7) x 1073
(9+4) x 1073

0.05 £ 0.06
<1.5x1073

(-3+£8)x107%" e cm
(3.7+3.4) x10719 ¢ cm
(—4+6) x 1072 ¢ cm

<1.2x107% ¢ cm
<15%x107% ¢ cm
(04£4)x 1078
(2+6) x1072
0.007 + 0.023
—0.017 £ 0.025
—0.007 + 0.026

(180.07 + 0.18)°
(-5+14) x 1074
0.11+0.10

(0.07 £0.12)%
(0.0+0.6)%

(0.9 £ 3.3)%
(—=0.70 £ 0.53)%
<0.12

<0.1

<7.6x1073
<12x1076
<5.5x107°
0.0011 =+ 0.0008
(0.304 + 0.025)%
(0.333 + 0.014)%
(2.253 + 0.024) x 1073
(2.268 & 0.023) x 1073
(22+1.1)x 1073
(46.6 £ 1.2)°

(46.6 + 2.0)°

<0.45

—0.03 + 0.06
(—0.5+2.1) x 10712
(—2.6£1.6) x 1078
(—2.6 +2.9) x 1073
<4x1078

(2+5) x107*
(0.6 +1.8) x 1074
<4x10718

(0.1 +1.9)°
(2+4)x1078
(9+5) %1075
(0.0£1.1) x 1074
(1.1+27) x 1074
(-1+5)x1074
(-2+£7)x 1073
(2+8) x 107°
(6+7)x1074
(11£0.9) x 1073
(4+9) x 1072
(0.02 +0.18)
(—0.54 + 0.41)%
0.8+ 1.2)%

CcP

cpd)

cpte

cple)

CP

CP (violated)
CP (violated)
CP (violated)
CP (violated)
CP (violated)(f)
CP (violated)
CP (violated)
CcP

CcP

CPT

CPT

CPT

CPT

CPT

CPT

CcpPT®

CPT

CPT

CPT

CPT

CPT

CPT

CPT

CPT

CPT

CPT

CPT

CPT

CPT

cpr®)
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Tests of Conservation Laws: Number Conservation Laws

Qua,utity(“) Value(® Conservation law tested

Z - ei;ﬂ:/all <24x107° Lepton family pumber(#)
— eEr¥/all <34x10°5 woow
— ptr¥/all <48x107% " " "
p~ — e veby/all < 1.8 x 10~2(k) woow
— e~ y/all <5x10~11 " " "
— e"ete /all <1.0x 10712 " " N
— e yy/all <7x10711 oo
I‘—3ZS N e-32s/(#—325 — V#32P*) <7x10"11 " " "
p~Ti — e~ Ti/(all p~Ti capture) <5x 10712 L
coupling for (ute™ — p~ e )bound <0.16 Gp N " "
77 — (e~ chgd. particles + p~ chgd. particles)/all <4 x 102 " " n
— p~y/all <55x1074 " " "
— e y/all <20x1074 " n "
— p~n0/all <82x10~4 woow
— e~ n0/all <14x10"4 wooom
— p~K9/all <1.0x1073 " " "
— e"K9/all <13x1078 " " "
— p~p0/all <38x107° Wow
— e p%/all <3.9x 105 W
— e~ K*(892)%/all <54 %1075 T
— u~ K*(892)0/all <59x107% wooow
— e n/all <24x107% " " "
— e~ete /all <2.7x1075 " " N
— e ptp~/all <2.7x 1075 woow o
— etu~p" /all <1.6x1075 oo
— pTete /all <2.7%107% woow
— ute~e /all <16x1078 oo
— p~ptp /all <1.7x1075 woow o
— e ntr /all <4.2x10°8 W
— p~ntr /all <39x107° woowom
— e T K /all <4.2x10°5 W
— e‘w‘K*/all < 5.8 x 10_5 " " "
—pu~rtK~ /all <7.7x1078 v "
— p~ T Kt /all <7.7x1078 wooow
— e~ + light spinless boson/all <32x1073 " " "
— u~ + light spinless boson/all <6.4x1073 " " "
7t — ptre/all < 8.0x 10738 nooom o
— p~etetv/all < 8x10°6 " " "
70 — pte /all <1.6x 1078 Wow
Kt — atetp=/all <7x107° " " "
— ntempt/all <2.1x10710 wooow
hd u‘ue‘*’e"’/all <2x 10"8 " " n
nd u+ue/all <4 x 10_3“) " " "
K — etuT/all <9.4x10711 e
DT — ntet ¥ /all <38x1073 oo
—ntetp™/all <33x1078 " " "
— rte pt/all <33x1073 W m
— Ktetu™/all <34x1073 noow
— Kte pt/all <34x1073 noom
DO — etpTF/all <1.0x1074 e
Bt — rtetu/all <6.4x10°3 noom e
— e pt/all < 6.4 x 103 " " "
— Ktetyu™/all <6.4x1073 now
— Kte pt/all <6.4x 1073 W w
B0 — e*u¥/all <4x1075 " " "

v oscillations (For other lepton mixing effects in particle decays, see the Full Listings.)
A(m?) for sin?(20)=1

Te /> Ve < 0.0083 eV? S
Vp = Ve < 0.09 eV? " " "
Dy — Ve <0.11 eV? L
Vu = Vr <0.9eV? " " "
T, — Uy < 2.2eV? " " "
vy P vy < 0.23 eV2 or > 1500 eV? " " "
Ve /2 Ve < 2.3eV2 " " "
Uy A0y < 7 eV? or > 1200 eV? I "
Ve — Ur < 9eV? " " "

Cont’d on next page
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Tests of Conservation Laws: Number Conservation Laws (Cont’d)

Quantity(® Value(® Conservation law tested

v oscillations (cont’d) (For other lepton mixing effects in particle decays, see the Full Listings.)
sin?(26) for large A(m?)

Ve /> Ve < 0.14 Lepton family number()
Yy — Ve < 0.0034 " " "
Vu. — Ve < 0.004 " " "
Vy — Vr < 0.004 n " "
Vy = Vs < 0.04 " " "
Vu 7V < 0.02 [A(m?) = 100 eV?] " wow
Ve 7 Ve < 0.07 " " "
Ve = VUr < 0.7 " " u
Ty Uy < 0.02 (190 eVZ < A(m?) < 320 eV?] W
Ve — Vr < 0.12 " " "
328 — et32Gi*/all <9x 10710 Total lepton number(™)
ﬂ_1271 N e+127Sbstable/an < 3x 10710 " u "
p~Ti — et Ca/all < 1.7x 10710 " " "
7T —etrT T /all <1.7x107° " " "
-t~ n~ /all <39x107° « om
—etr™ K~ /all <4.9x107° " " "
— putrT K~ /all <4.0x107° " " "
7t — utve/all < 1.5x 10-3() " " "
Kt — n7etet/all <1.0x10"8 " " "
— 7 ptpt/all <15x107¢ " " "
— et pt/all <7x1079 " " "

— utv,/all
— et 97 /all

<3.3x1073
< 3.0 x 1036

Bt — 1 etet/all <3.9x1073 " " "
— " ptTut/all <9.1x10°3 " " "
— - etpt/all <6.4x1073 " " "
— K~etet/all <39x1078 " " "
— K~ ptut/all <9.1x1073 " " "
— K~ etut/all <6.4x1073 " " "

neutrinoless double beta decay See the Full Listings. " " "
A few examples of proton or bound neutron decay follow. For limits on many

other nucleon decay channels, see the Baryon Summary Table.

7p/BR(p — et n0)
Tn/BR(n — et77)
7p/BR(p — p* 1)
Tn/BR(n — ptr™)
7/BR(p — e* K9)
Tn/BR(n — et K ™)
/BR(p — " K°)
Tn/BR(n — ptK™)

mean time for n — 7 transition

e mean life
n — pvv/all
Re z from K® — wev
Im z from K® — mev
Kt — rtrte v/all
— rtatpTv/all
I+ - nety/all
— nutv/all

(ZFT - nttv) (B~ - nl D)

20 & ¥rety/all
— T utv/all
— pe~v/all
— pu~T/all
— pr~ /all
E7 > ne v/all
— nu~v/all
— pr e T/all
— pr " v/all
— nr /all
— pr~n” /all
27 — An~/all
mKL - mKS

> 550 x 1030 yr
> 130 x 10%0 yr
> 270 x 1039 yr
> 100 x 10%0 yr
> 150 x 1039 yr
> 1.3 x 1030 yr
> 120 x 1030 yr
>1.1x10%0 yr
>4 yr
>2x 1022 yr
<9x10"%
0.006 + 0.018
—0.003 + 0.026
<12x1078
<3.0x1076
<5x1076
<3.0x107%
< 0.04
<9x1074
<9x1074
<13x1073
<13x1073
<34x1075
<32x103
<1.5x1072
<4x107%
<4x1074
<19x%x 1075
<4x107%
<1.9x10*

(3.522 + 0.016) x 10712 MeV

Charge

AS = AQ(™
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Tests of Conservation Laws: Number Conservation Laws (Cont’d)

Quantity(“) Value(®) Conservation law tested
(D° — D° — u~ anything)/(D® — pt anything) < 0.0056 AC = 2 forbidden(™)
(D® = D° - K+x~)/(D® — K~ =) < 0.0037 "o
[thl) - ng] (from previous limit) <1.3x 10710 MeV " "
(B% - B% — u~ anything)/(B°® — p* anything) (0.16 £ 0.04) AB = 2 forbidden(™
|mgo — mBg[ (from previous limit) (3.6 £0.7) x 10710 MeV " "
1

o o R

K — ptpu~/all (7.3+£0.4) x 107° no flav. chng. neut. curr.(®)
—ete /all < 1.6x10"10 o W "
— ptuy/all (2.8 +2.8) x 10=7 A
— etTe v/all (9.1+0.5) x 10~6 " " " " "
— 1r0;_L+/_1,_/all <1.2x10"6 " " " " "
— 7roe+e“/a.ll <55x10"° " " " " "
— woyi/all <76x10"3 " " " " "
— ete yy/all (6.6 £3.2) x 1077 noow e
— rtr"ete /all <25x1078 " " " " "
— ptu~ete /all <49x10°6 woow e
— e+e'—e+e_/aﬂ (4 + 3) X 10—8 " n " " "
Kg — p,+u_/a.ll <32x10"7 " " " " "
— e+e‘/all <1.0x% 10—5 " " " n n
— n0ete /all < 4.5 % 10~5 " " N " N
Kt - ntete/all (2.7+0.5) x 1077 " " " " "
— wtptu=/all <23x10"7 T
— 7r+yﬁ/a,ll <34x10"8 " " " " "
DO hd e+e'/all < 1.3 x 1()‘4 " " " n "
— ptp~ /all <1.1x 1078 T
— plete/all <4.5x107% "
— pOutp /all <81x10~4 o
Dt - 7r+e+e‘/a11 <25x1073 " " " " "
— rtptp~/all <29x1073 ow o w
BY - ptp~/all <1.2x1075 now o wmw
— ete /all <3x%x10°5 " " " " "
— KOt pu~/all <4.5x10~4 woww e w
— K0e+e"/all <3.0x10"4 " " " " "
— K*(892)0%te /all <29x10°4 " " " " "
- K*(892)0u+u‘/all < 2.3 % 10—5 " n " " "
Bt - 1r+e+e_/all < 3.9 x 10_3 " " " " "
-t ptpT /all <9.1x1073 T
— Ktuptu~ /all <15x1074 T
and K+e+e‘/all <5 X 10‘5 " " " " "
— K*(892)tete /all <6.3x 104 " " " " "
— K*(892)+p+p_/aﬂ <11x10"3 " " " " "
B — (ete™ anything)/all <24x10°3 " " " " "
— (utu~ anything)/all <5x107° " " " " "
I+ — pete/all <T7x1076 " " " " N

. Branching fractions are described by a shorthand notation, e.g., “u™ — et+/all” means I'(upt — et)/T(ut — all).
. Limits are given at the 90% confidence level, while errors are given as +1 standard deviation.

3T e >a o

. Positronium data are from A.P. Mills and S. Berko, Phys. Rev. Lett. 18, 420 (1967); and K. Marko and A. Rich, Phys. Rev. Lett. 33, 980
(1974). Values for 90% confidence limit are from A.P. Mills, private communication.

. Violates CP in leading order, since the indirect C P-violating and CP-conserving contributions are expected to be suppressed.

. Allowed by higher-order electroweak interactions.

. Derived from measured values of |ngo| and |74—|, and theoretical input on phases. See the “Note on CP Violation” in the Kg Full Listings.
. Derived from measured values of ¢+, ¢oo, |7, 70, and |m KQ ~ m K9 |, as described in the introduction to this Table.

. Neglecting photon channels. See, e.g., A. Pais and S.B. Treiman, Phys. Rev. D12, 2744 (1975).

Lepton family number conservation means separate conservation of each of Le, Ly, and L.

. A test of additive vs. multiplicative lepton family number conservation.

Derived from the analysis of neutrino oscillation experiments.

. Violation of total lepton number conservation also implies violation of lepton family number conservation.
Can be violated in second-order weak interactions.
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PHYSICAL CONSTANTS

Reviewed 1991 by B.N. Taylor. Based mainly on the “1986 Adjustment of the Fundamental Physical Constants” by E.R. Cohen and
B.N. Taylor, Rev. Mod. Phys. 59, 1121 (1987). The figures in parentheses after the values give the 1-standard-deviation uncertainties in the last
digits; the uncertainties in parts per million (ppm) are given in the last column. The uncertainties of the values from a least-squares adjustment
are in general correlated, and the laws of error propagation must be used in calculating additional quantities; the full variance matrix is given in
the cited paper. The set of constants resulting from the 1986 adjustment has been recommended for international use by CODATA (Committee
on Data for Science and Technology).

Since the 1986 adjustment, new experiments have yielded improved values for a number of constants, including the Rydberg constant R, the
Planck constant h, the fine-structure constant o, and the molar gas constant R, and hence also for constants directly derived from these, such as
the Boltzmann constant k and Stefan-Boltzmann constant o. The new results and their impact on the 1986 recommended values are discussed
extensively in “Recommended Values of the Fundamental Physical Constants: A Status Report,” B.N. Taylor and E.R. Cohen, J. Res. Natl.
Inst. Stand. Technol. 95, 497 (1990). In general, the new results give uncertainties for the affected constants that are 5 to 7 times smaller than
the 1986 uncertainties, but the changes in the values themselves are smaller than twice the 1986 uncertainties. Until there are more experiments
and a complete readjustment of the constants, the 1986 CODATA set, given (in part) below, remains the set of choice.

.1

Quantity

Symbol, equation

Value

Uncert. (ppm)

speed of light c 299 792 458 m s~! (exact)*
_ Planck constant h 6.626 075 5(40)x10734 J s 0.60
Planck constant, reduced h=h/2r 1.054 572 66(63)x10734 J s 0.60
= 6.582 122 0(20)x10~22 MeV s 0.30
electron charge magnitude e 1.602 177 33(49)x 10719 C = 4.803 206 8(15)x10~10 esu 0.30, 0.03
conversion constant he 197.327 053(59) MeV fm 0.30
conversion constant (hc)? 0.389 379 66(23) GeV2 mbarn 0.59
electron mass me 0.510 999 06(15) MeV/c? = 9.109 389 7(54)x10~3! kg 0.30, 0.59
proton mass myp 938.272 31(28) MeV/c? = 1.672 623 1(10)x10~%7 kg 0.30, 0.59
= 1.007 276 470(12) u = 1836.152 701(37) m. 0.012, 0.020
deuteron mass mg 1875.613 39(57) MeV/c? 0.30
unified atomic mass unit (u) (mass C'? atom)/12 = (1 g)/N4 931.494 32(28) MeV/c? = 1.660 540 2(10)x10~27 kg 0.30, 0.59
permittivity of free space € 8.854 187 817 ... x10~12 F m™! (exact)
permeability of free space 4o } cono = 1/c? 47 x 1077 N A2 = 12.566 370 614 ... x10~7 N A~2 (exact)
finé structure constant a = €2 /areghc 1/137.035 989 5(61)t 0.045
classical electron radius e = €2 /4megmec? 2.817 940 92(38)x10~ 15 m 0.13
electron Compton wavelength X = hi/mec = rea™?! 3.861 593 23(35)x 10~ 13 m 0.089
Bohr radius (mpyclens = 90) oo = dmegh? /mee? = rea™? 0.529 177 249(24)x10710 0.045
wavelength of 1 eV/c particle he/e 1.239 842 44(37)x10~% m 0.30
Rydberg energy hcRoo = meet/2(4meg)2h2 = mec?a?/2 13.605 698 1(40) eV 0.30
Thomson cross section or = 87r2/3 0.665 246 16(18) barn 0.27
Bohr magneton up = eh/2m, 5.788 382 63(52)x10~11 MeV T-1 0.089
nuclear magneton LN = eh/2my 3.152 451 66(28)x10~14 MeV T—1 0.089
electron cyclotron freq./field weya/B = e/me 1.758 819 62(53)x 101 rad s~! T-1 0.30
proton cyclotron freq./field ufycl/B =e/mp 9.578 830 9(29)x107 rad s~1 T~ 0.30
gravitational constant Gn 6.672 59(85)x 10711 m3 kg~! 52 128
= 6.707 11(86) x10~3° hic (GeV/c?)~2 128
standard grav. accel., sea level g 9.806 65 m 52 (exact)
Avogadro number Na 6.022 136 7(36)x1023 mol~! 0.59
Boltzmann constant k 1.380 658(12))(10_23 JK1 8.5
= 8.617 385(73)x 1075 eV K~} 8.4
Wien displacement law constant b = ApaxT 2.897 756(24)x10~3 m K 8.4
molar volume, ideal gas at STP N 4k(273.15 K)/(1 atmosphere) 22.414 10(19)x 1073 m3 mol~! 8.4
Stefan-Boltzmann constant o = 12k /60R3c2 5.670 51(19)x10~8 W m—2 K4 34
Fermi coupling constant Gr/(hc)® 1.166 39(2)x 1075 GeV—2 17
weak mixing angle sin? Oy (MS) 0.2325:0.0008 3441
W= boson mass my 80.22+0.26 GeV/c? 3241
Z9 boson mass mg 91.17340.020 GeV/c? 219
strong coupling constant as(mz) 0.1134+0.0035 3.1 x 104

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 =0.0254 m
1A=107"m
1fm=10"%m

1 barn = 10728 m?
1 dyne = 10™° newton (N)
1erg =107 joule (J)

1eV =1.602 177 33(49) x 1071° J
1 eV/c? = 1.782 662 70(54) x 1036 kg
2.997 924 58 x 10° esu = 1 coulomb (C)

1 gauss (G) = 107% tesla (T)
0°C=27315K
1 atmosphere = 760 torr = 1.013 25 x 10°> N/m?

* The meter is now defined to be the length of the path traveled by light in 1/299792458 second. See B.W. Petley, Nature 303, 373 (1983).
t At Q%2 = m2. At Q2 ~ mi, the value is approximately 1/128.



1.2

ASTROPHYSICAL CONSTANTS

Quantity Symbol, equation Value

Quantity Symbol

Value

Newtonian gravitational Gy 6.67259(85) x 10711 m3kg~1! 572

constant
AU

Vhe/Gn

1.495978 706 6(2) x 101! m
1.221047(79) x 1019 GeV/c?
=2.17671(14) x 1078 kg

astronomical unit

Planck mass

tropical year (1900)

yr 31556925.9747 s
mean sidereal day 230 56™ 045090 53
parsec (1 AU/1 arc sec) pc 3.085677 5806 x 1016 m
light year ly 0.306 6 pc = 0.946 x 1016 m
solar mass My 1.98892(25) x 10% kg
Schwarzschild 2GNMgp/c® 2.953250074 km
radius of the sun
solar luminosity Lo 3.826(8) x 1026 J 5!
solar equatorial radius R 6.9599(7) x 108 m

earth equatorial radius  Rg
ve around center of galaxy

solar radius in galaxy

local density of matter Plocal
Hubble parameter? Hy
normalized Hubble ho

parameteri
critical density pPe = 3Hg/87rGN

of the universef

density parameter Qg = po/pc
of the universe

cosmological constant A

age of the universe! to

6.378 140 x 106 m

220 (20) km 571

8.5 kpc

0.3 GeV/c? cm™3 &~ 3 x 10% p,
100 hg km s~} Mpc’1

ho x (0.97781 x 1010 yr)~1
04<hyp<1

2.775366 273 x 10! hZ MgMpc—3
=1.87882(24) x 1072 hZ g cm ™3
0.05 < < 4

|A] <3 x 10752 m—2
1.5(5) x 1010 yr

Compiled with the help of K.A. Olive, J. Primack, S. Rudaz, and E. M. Standish, Jr. Some values are taken from C.W. Allen,
Astrophysical Quantities (Athlone Press, London, 1973) and The Astronomical Almanac for the year 1990 (U.S. Government Printing
Office, Washington, and Her Majesty’s Stationery Office, London).

t Equinox to equinox; defining constant. The 1990 value is about 0.7 s less.

 Subscript 0 indicates present-day values.

BIG-BANG COSMOLOGY

All observational evidence to date indicates that our universe is
very nearly homogeneous and isotropic. The most general space-time
interval with these properties is the Friedmann-Robertson-Walker
metric (with ¢ = 1):

dr?

st r2 (d9? +sin® 0d¢?)| |

ds® = dt? — R%(t) [

where K = +1, —1, or O corresponds to closed, open, or spatially flat

geometries; R(t) is a scale factor for distances in comoving coordinates.

Einstein’s equations lead to the Friedmann equation
L\ 2
R 8t GN p K A
H=[(Z2) =22~NF _ 2 4 2
(R) 3 R2 + 3
as well as to

R_A_4nGy
R 3 3
where H(t) is the Hubble parameter, p is the total mass-energy

(p+3p),

density, p is the isotropic pressure, and A is the cosmological constant.

(For limits on A, see the Table of Astrophysical Constants; we will
assume here A = 0.) The Friedmann equation serves to define the
density parameter Qg (subscript 0 indicates present-day values):
®/RE=H3(Q—1),  Qo=po/pc;
and the critical density is defined as
2
pe = 3Hj
¢~ 8 GN

=1.88x10726p3 kgm™3,

with
Hp = 100hg km s~! Mpc™! .

Observational bounds give 0.4 < hg < 1. The three possible values
of x, +1, —1, and 0, correspond to Qp > 1, < 1, and =1, ie.,
to closed, open, and flat (critical) universes. The value of Qg is
inferred from velocity measurements on scales greater than 100 kpc,
which are all consistent with 0.1 < Qp < 0.4. Conservative bounds
are 0.05 < Qp < 4. The portion of  in luminous matter is much
smaller, 0.005 < Qu;n < 0.02. The excess of g over Qy, leads to
the inference that most of the matter in the universe is nonluminous
“dark” matter.

Energy conservation implies that p = —3(R/R) (p + p), so that
for a matter-dominated (p = 0) universe p o« R™3, while for a
radiation-dominated (p = 1/3p) universe p  R~%. Thus the less
singular curvature term k/R? in the Friedmann equation can be
neglected at early times when R is small. Energy conservation also

implies that the universe expands adiabatically, R3s =

constant,

where the entropy density s = (p + p)/T and T is temperature. The
energy density of radiation can be expressed as

w2k
pr =

N(T)T?*
30 (T)

with & = 1, where N(T') counts the effectively massless degrees of

freedom of bosons and fermions:

N(T)=) gp+ ngp -
B F

For example, for my, > kT > me, N(T) = gy + 7/8(ge + 3gv) =
2+7/8[4+3(2)] = 43/4. For my > kT > my, N(T) = 57/4.

In the early universe when p ~ p,, then R~ 1/R, so that R x $1/2
and Ht — 1/2; the time-temperature relation then follows:

2
t = 24 [N(T)]" /2 (%Y) s

Today, the energy density in photons is py =

(w2k/15)T,

where the present temperature of the microwave background is

Ty =

2.736 + 0.017K, and the number density of photons n, is

400 (Tp/2.7 K)® cm ~3. For nonrelativistic matter (such as baryons)

today, the energy density is pp

= mpnp with ng « R™3, so

that for most of the history of the universe npg/s is constant.
Today, the entropy density is related to the photon density by
s &~ Tn,. Big Bang nucleosynthesis calculations limit » = ng/ny to
2.8 x 10710 < n < 4.0 x 10710, The parameter 7 is also related to the

portion of Q in baryons

Qp = 3.6 x 107 hy? (Tp/2.7 K)3 .

so that 0.01 < Qp hg < 0.02 and hence the universe cannot be closed

by baryons.

Written December 1985 by K.A. Olive and S. Rudaz.
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DARK MATTER

There is increasing evidence for the existence of large quantities of
dark matter in the Universe. The most direct piece of evidence comes
from the astronomical observation of the motion of visible matter
(stars and regions of neutral hydrogen gas) in galaxies. The observed
velocities due to rotational motion in spiral galaxies are measured to
be largely independent of the distance to the center of these galaxies.
In the absence of any unseen component, we would expect that
the velocity falls off with increasing distance, v?2 = Gy Myis/r. In
contrast, a flat rotation curve implies a total mass Moz =~ G;,l vgbsr
[~ 101 Mg (vops/200 km s71)2 (r/10 kpc)] in excess of the visible
mass M. It can be inferred from these observations that there
exists a dark matter component distributed in a (roughly) spherical
halo about the galaxy. The dynamics of groups of galaxies and
clusters, as well as the presence of very hot gas in elliptical galaxies
require large quantities of unseen matter as well. In addition, theories
of cosmological inflation predict that the density parameter of the
Universe ot = 1, whereas standard Big Bang nucleosynthesis
requires Qparyon < 0.1, implying the existence of nonbaryonic dark
matter. Less direct evidence comes from our theoretical understanding
of the growth of density perturbations as seeds for galaxy formation.
Without the presence of dark matter, it is very difficult to reconcile
the existence of galaxies (and quasars) at high redshifts with limits on
the anisotropy of the microwave background radiation. Perturbations
in baryons can grow only after the time of recombination, i.e. when
the baryons decouple from the microwave background. When Qot = 1
due to dark matter, matter domination occurs much earlier and dark
matter perturbations grow for a longer period thus avoiding a conflict
with limits on the anisotropy of the microwave background.

In our own galaxy, the distribution of the visible matter and its
observed circular motion determine the local (solar neighborhood)
dark matter density pPM ~ 0.3 GeV cm™3. Regardless of the nature
of the dark matter, it must behave as a collisionless gas, with a
broad velocity distribution (typically assumed to be Maxwellian);
(v) = Av ~ 300 km s~ ! in our galaxy.

We do not know the identity of the dark matter nor whether
there is more than one type of dark matter. Baryons are difficult to
conceal and in the standard Big Bang model cannot make up all of
the dark matter if Qot = 1. It is also theoretically unlikely and is
not at present observationally motivated that galactic halos could be
made of very dim objects. There are several theoretical elementary
particle candidates that could explain the existence of dark matter,
of which the most commonly discussed are: a neutrino (if massive), a
neutralino (from supersymmetry), and the axion (from the strong CP
problem).

Regardless of the exact identity of the dark matter, its kinetic
energy at the time when dark-matter domination begins determines
the subsequent evolution of the density perturbations that seed
galactic and large structures. If the dark matter is relativistic
(hot dark matter, HDM) only the largest (supercluster) structures
survive and they must fragment to form galactic structure, whereas
if it is nonrelativistic (cold dark matter, CDM), structure on all
scales is preserved. The large-scale distribution of matter in N-body
simulations of a HDM-dominated universe is not compatible with
observations (unless there are point-like density perturbations),

whereas a flat CDM-dominated universe requires that the visible
matter be predominantly concentrated in the denser regions of the
DM distribution (biased galaxy formation).

For a cold dark matter particle species with equal particle (X)
and antiparticle (X) densities (except for the axions), its cosmological
density at present is

Qx h% ~ 1.6 x 10710 N}/? (Tx /T,)?

-1
X (a + %212 (vz)f> (vz);l (1)

with a, b determined from the (velocity averaged) annihilation cross
section, expanded in powers of momentum, (vo,x ) =a+ éb ('uz)f,
at freezeout temperature 7s ((v?) § = 6T¢/Mx) at which the X’s drop
from thermal equilibrium (typically Ty ~ -Z%M x)- In Eq. (1), Np is
the total number of relativistic degrees of freedom at Ty and (Tx/Ty)
is the ratio of the temperatures of X’s and photons at T;. In the

halo of our galaxy (v2) ~ 1075, thus (v o x5 Jhalo 2nd Q2x are closely
related.

Several proposals or experiments exist to detect cold dark matter
candidates. In the case of heavy (M > 1 GeV) particles, elastic
scattering from nuclei would produce nuclear recoils with energies of
>1 keV, and several techniques have been proposed to detect these
recoils. The expected collision rate for a target nucleus mass my is:

GeV? o
R=43kg ! day™! ol
43 kg™ day (mN mz> (10‘38 cm2>

pPM {lvel)
x (0.3 GeV cm‘3) (300 km s‘l) ’ @

where (Jug|) is the average velocity at which they strike the detector.
Since crossing symmetry relates o to o,%, R is closely related

to Qx. Dirac neutrinos and sneutrinos with masses 0.012-20 TeV

have already been excluded by double-3 decay experiments. Axions
could be detected by their expected coherent conversion to microwave
photons in a tuned cavity. Products of DM annihilation in the halo
(e.g., cosmic ray P’s, et’s, 4’s) and the core of the Sun (v’s) would
indirectly signal the existence of particle DM. The absence of a signal
in high energy solar-v searches using underground detectors rules out
sneutrinos whereas cosmic ray searches do not constrain theory so far.

Recent LEP results combined with the above experimental
constraints now completely eliminate neutrinos and sneutrinos as dark
matter candidates. Dirac and Majorana neutrinos and sneutrinos
with masses < 40 GeV are excluded by LEP. This alone eliminates
a Majorana neutrino, since the relic abundance for the neutrinos
with masses > 40 GeV would be 2h2 <2 x 1073 making them
cosmologically uninteresting. It would have been possible for Dirac
neutrinos to have a cosmologically interesting density for m, > 40 GeV
if there were a density asymmetry between v and 7. However, Dirac
neutrinos along with sneutrinos are eliminated by experiments using
double-3 decay detectors.

Written September 1989 by R. Flores and K.A. Olive. Revised
November 1991.
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INTERNATIONAL SYSTEM (S1) UNITS METRIC PREFIXES
108 exa (E)
Physical Name 10°  peta (P)
quantity of unit Symbol 1012 tera (T)
Base units 10° giga (G)
length meter m 106 mega (M)
mass kilogram kg 103 kilo (k)
time second s 2
. 10 hecto  (h)
electric current ampere A
thermodynamic kelvin K 10 deca  (da)
temperature 107! deci (d)
amount of mole mol 102  centi (c)
substance 3
luminous candela cd 10 milli (m)
intensity 1076 micro ()

10~° nano (n)

10712 pico  (p)

Supplementary units

plane angle radian rad
solid angle steradian st 1071% femto (f)
10718 atto  (a)

Derived units

frequency hertz Hz

energy joule J

force newton N

pressure pascal Pa

power watt w

electric charge coulomb C

electric volt \
potential

electric ohm Q
resistance

electric siemens S
conductance

electric farad F
capacitance

magnetic flux weber Wb

inductance henry H

magnetic tesla T
flux density

luminous flux lumen Im

illuminance lux Ix

activity (of a becquerel Bq
radioactive
source)*

absorbed dose gray Gy

(of ionizing
radiation)*

See Quantities, Units, and Symbols, report of the
Symbols Committee of the Royal Society, 274 ed.
(Royal Society, London, 1975).

*See “Radioactivity and radiation protection,” p. II1.29.



ATOMIC AND NUCLEAR PROPERTIES OF MATERIALS

1.5

Material Z A Nuclear® Nuclear Nuclear¢  Nuclear ¢ dE Radiation length © Density f Refractive
total inelastic  collision  interaction dz | i Xo [g/cm?] index nf
cross cross length length lg/cm?] [em] () is for gas () is (n-1)x10°

section section AT Ar MeVz () is for gas [&/4) for gas
or [barn] oy [barn]  [g/cm?] [g/cmz] g/cm

Hs 1 1.01 0.0387 0.033 43.3 50.8 4.12 61.28 865 0.0708(0.090)  1.112(140)

D2 1 2.01 0.073 0.061 45.7 54.7 2.07 122.6 757 0.162(0.177) 1.128

He 2 4.00 0.133 0.102 49.9 65.1 1.94 94.32 755 0.125(0.178)  1.024(35)

Li 3 6.94 0.211 0.157 54.6 73.4 1.58 82.76 155 0.534 —

Be 4 9.01 0.268 0.199 55.8 75.2 1.61 65.19 35.3 1.848 —

C 6 12.01 0.331 0.231 60.2 86.3 1.78 42.70 18.8 2.2659 —

N2 7 14.01 0.379 0.265 61.4 87.8 1.82 37.99 47.0 0.808(1.25) 1.205(300)

o 8  16.00 0.420 0.292 63.2 91.0 1.82 34.24 30.0 1.14(1.43)  1.22(266)

Ne 10 20.18 0.507 0.347 66.1 96.6 1.73 28.94 24.0 1.207(0.90) 1.092(67)

Al 13 26.98 0.634 0.421 70.6 106.4 1.62 24.01 8.9 2.70 —

Si 14 28.09 0.660 0.440 70.6 106.0 1.66 21.82 9.36 2.33 —

Ar 18 39.95 0.868 0.566 76.4 117.2 1.51 19.55 14.0 1.40(1.78) 1.233(283)

Ti 22 47.88 0.995 0.637 79.9 124.9 1.51 16.17 3.56 4.54 —

Fe 26 55.85 1.120 0.703 82.8 131.9 1.48 13.84 1.76 7.87 —

Cu 29 63.55 1.232 0.782 85.6 134.9 1.44 12.86 1.43 8.96 —

Ge 32 72.59 1.365 0.858 88.3 140.5 1.40 12.25 2.30 5.323 —

Sn 50 118.69 1.967 1.21 100.2 163 1.26 8.82 1.21 7.31 —

Xe 54 131.29 2.120 1.29 102.8 169 1.24 8.48 2.77 3.057(5.89) (705)

w 74 183.85 2.767 1.65 110.3 185 1.16 6.76 0.35 19.3 —

Pt 78  195.08 2.861 1.708 113.3 189.7 1.15 6.54 0.305 21.45 —

Pb 82  207.19 2.960 1.77 116.2 194 1.13 6.37 0.56 11.35 —

U 92  238.03 3.378 1.98 117.0 199 1.09 6.00 ~0.32 ~18.95 —

Air, 20°C, 1 atm. (STP in paren.) 62.0 90.0 1.82 36.66  (30420) 0.001205(1.29) 1.000273(293)

H,0 60.1 84.9 2.03 36.08 36.1 1.00 1.33

Shielding concrete 67.4 99.9 1.70 26.7 10.7 2.5 —

SiO2 (quartz) 67.0 99.2 1.72 27.05 12.3 2.64 1.458

Hy (bubble chamber 26°K) 43.3 50.8 4.12 61.28 =1000 ~ 0.063* 1.100

D (bubble chamber 31°K) 45.7 54.7 2.07 122.6 ~900 ~0.140* 1.110

H-Ne mixture (50 mole percent)J 65.0 94.5 1.84 29.70 73.0 0.407 1.092

Ilford emulsion G5 82.0 134 1.44 11.0 2.89 3.815 —

Nal 94.8 152 1.32 9.49 2.59 3.67 1.775

BaF; 92.1 146 1.35 9.91 2.05 4.89 1.56

BGO (BigGezO012) 97.4 156 1.27 7.98 1.12 7.1 2.15

Polystyrene, scintillator (CH) * 58.4 82.0 1.95 43.8 42.4 1.032 1.581

Lucite, Plexiglas (CsHgO32) 59.2 83.6 1.95 40.55 ~34.4 1.16-1.20 ~ 1.49

Polyethylene (CH2) 56.9 78.8 2.09 44.8 ~47.9 0.92-0.95 —

Mylar (CsH402) 60.2 85.7 1.86 39.95 28.7 1.39 —

Borosilicate glass (Pyrex) t 66.2 97.6 1.72 28.3 12.7 2.23 1.474

CO, 62.4 90.5 1.82 36.2 (18310) (1.977) (410)

Ethane C2Hg 55.73 75.71 2.25 4566 (34035)  0.509(1.356)™ (1.038)™

Methane CHj, 54.7 74.0 2.41 465 (64850)  0.423(0.717) (444)

Isobutane C4Hig 56.3 774 2.22 45.2 (16930) (2.67) (1270)

NaF 66.78 97.57 1.69 29.87 11.68 2.558 1.336

LiF 62.00 88.24 1.66 39.25 14.91 2.632 1.392

Freon 12 (CClyF2) gas, 26°C, 1 atm.™ 70.6 106 1.62 23.7 4810 (4.93) 1.001080

Silica Aerogel © 65.5 95.7 1.83 29.85 =150 0.1-0.3 1.04+0.25p

NEMA G10 plate? 62.6 90.2 1.87 33.0 19.4 1.7 —




111.6

ATOMIC AND NUCLEAR PROPERTIES OF MATERIALS (Cont'd)

Material Dielectric Young’s Coeff. of Specific Electrical Thermal
constant (k = €/¢g) modulus thermal heat resistivity conductivity
() is (k-1)x 108 [108 psi] expansion [cal/g-°C] [4Qem(@°C)]  [cal/cm-°C-sec]
for gas [10~%cm/cm-°C]
H, (253.9) — — — — —
He (64) — — — — —
Li — — 56 0.86 8.55(0°) 0.17
Be — 37 12.4 0.436 5.885(0°) 0.38
C — 0.7 0.6-4.3 0.165 1375(0°) 0.057
Ny (548.5) — — — — —
0, (495) — - — — —
Ne (127) — — — — —
Al — 10 23.9 0.215 2.65(20°) 0.53
Si 11.9 16 2.8-7.3 0.162 — 0.20
Ar (517) — — — — -
Ti — 16.8 8.5 0.126 50(0°) —
Fe — 28.5 117 0.11 9.71(20°) 0.18
Cu - 16 16.5 0.092 1.67(20°) 0.94
Ge 16.0 — 5.75 0.073 — 0.14
Sn - 6 20 0.052 11.5(20°) 0.16
Xe - - - — - —
W — 50 4.4 0.032 5.5(20°) 0.48
Pt — 21 8.9 0.032 9.83(0°) 0.17
Pb — 2.6 29.3 0.038 20.65(20°) 0.083
U — — 36.1 0.028 29(20°) 0.064

Table revised April 1988 by R.W. Kenney. o, o7, Ar, and A; are energy dependent. Values quoted apply to high energy range given in

footnote a or b, where energy dependence is weak.
. Ogotal at 80-240 GeV for neutrons (~c for protons) from Murthy et al., Nucl. Phys. B92, 269 (1975). This scales approximately as A%77.
b. Oinelastic = Ttotal — Telastic — Tquasielastic; for neutrons at 60-375 GeV from Roberts et al., Nucl. Phys. B159, 56 (1979). For protons and

other particles, see Carroll et al., Phys. Lett. 80B, 319 (1979); note that o7(p) = o7(n). oy scales approximately as

A0-71

c. Mean free path between collisions (Ap) or inelastic interactions (A), calculated from A = A/(N x o), where N is Avogadro’s number.
d. For minimum-ionizing protons and pions from Barkas and Berger, Tables of Energy Losses and Ranges of Heavy Charged Particles,
NASA-SP-3013 (1964). For electrons and positrons see: M.J. Berger and S.M. Seltzer, Stopping Powers and Ranges of Electrons and

Positrons (2" Ed.), U.S. National Bureau of Standards report NBSIR 82-2550-A (1982).

. From Y.S. Tsai, Rev. Mod. Phys. 46, 815 (1974); X data for all elements up to uranium may be found here. Corrections for molecular

binding applied for Ho and D,. Parentheses refer to gaseous form at STP (0°C, 1 atm.).

. Values for solids, or the liquid phase at boiling point, except as noted. Values in parentheses for gaseous phase at STP (0°C, 1 atm.).

Refractive index given for sodium D line.

. For pure graphite; industrial graphite density may vary 2.1-2.3 g/cm3.
. Standard shielding blocks, typical composition Oy 52%, Si 32.5%, Ca 6%, Na 1.5%, Fe 2%, Al 4%, plus reinforcing iron bars. The

attenuation length, £ = 115+ 5 g/cm?, is also valid for earth (typical p = 2.15), from CERN-LRL-RHEL Shielding exp., UCRL-17841
(1968).

. Density may vary about +3%, depending on operating conditions.

. Values for typical working conditions with Hy target: 50 mole percent, 29°K, 7 atm.

. Typical scintillator; e.g., PILOT B and NE 102A have an atomic ratio H/C = 1.10.

. Main components: 80% SiO2 + 12% B203 + 5% NagO.

. Solid ethane density at —60°C; gaseous refractive index at 0°C, 546 mm pressure.

. Used in Cerenkov counters. Values at 26°C and 1 atm. Indices of refraction from E.R. Hayes, R.A. Schluter, and A. Tamosaitis, ANL-6916

(1964).

. n(SiO2) + 2n(H20) used in Cerenkov counters, p = density in g/cm®. From M. Cantin et al, Nucl. Instr. and Meth. 118, 177 (1974).
. G10-plate, typical 60% SiO2 and 40% epoxy.
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1.8

ELECTRONIC STRUCTURE OF THE ELEMENTS

The electron configurations and most of the ionization energies below are taken from S. Ruben, Handbook of the Elements, 37¢ ed. (Open Court,
La Salle, IL, 1985). Twenty eight of the ionization energies have been changed slightly to bring them up to date (changes from W.C. Martin and
B.N. Taylor of the National Institute of Standards and Technology, January 1990). 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 Tonization

Electron configuration state energy

Element (3d% = five 3d electrons, etc.) 2541y, (eV)

1 H  Hydrogen (1s) 2819 13.60

2 He Helium (1s)? s, 24.59

3 Li Lithium (He) (2s) 2812 5.39

4 Be Beryllium (He) (25)? LSy 9.32

5 B Boron (He) (25)% (2p) 2Py 8.30

6 C Carbon (He) (2s)? (2p)? 3Py 11.26

7 N  Nitrogen (He) (25)2 (2p)3 453/2 14.53

8 O  Oxygen (He) (25)? (2p)* 3P, 13.62

9 F Fluorine (He) (28)% (2p)° 2P3/2 17.42

10 Ne Neon (He) (2s)? (2p)® 15, 21.56
11 Na  Sodium (Ne) (3s) 251/2 5.14
12 Mg Magnesium (Ne) (3s)? 1S, 7.65
13 Al Aluminum (Ne) (3s)? (3p) 2Py)n 5.99
14 Si  Silicon (Ne) (3s)? (3p)? 3Py 8.15
15 P Phosphorus (Ne) (3s)2 (3p)® 453/2 10.49
16 S Sulfur (Ne) (3s)% (3p)* 3p, 10.36
17 Cl  Chlorine (Ne) (3s)% (3p)® P32 12.97
18 Ar  Argon (Ne) (3s)% (3p)® 15, 15.76
19 K Potassium (Ar) (4s) 251/2 4.34
20 Ca Calcium (Ar) (4s)? 15, 6.11
21  Sc  Scandium (Ar) (3d) (4s)? T Dy/s 6.56
22 Ti Titanium (Ar) (3d)? (4s)? roe 3Fy 6.83
23 V  Vanadium (Ar) (3d)® (4s)? a | Fs3/9 6.75
24 Cr Chromium (Ar) (3d)° (4s) n e 783 6.77
25 Mn Manganese (Ar) (3d)® (4s)? s m Ss/2 7.43
26 Fe Iron (Ar) (3d)® (4s)? i e 5Dy 7.90
27  Co Cobalt (Ar) (3d)7 (4s)? t n Fy/2 7.88
28 Ni  Nickel (Ar) (3d)® (4s)? it 3F, 7.64
29 Cu Copper (Ar) (3d)10(4s) o s 251/2 7.73
30 Zn Zinc (Ar) (3d)10(45)? n LS, 9.39
31 Ga Gallium (Ar) (3d)10(4s)? (4p) 2Py /o 6.00
32  Ge Germanium (Ar) (3d)10(45)? (4p)? 3P 7.90
33 As  Arsenic (Ar) (3d)19(4s)2 (4p)3 453/2 9.82
34  Se Selenium (Ar) (3d)10(4s5)2 (4p)* 3p, 9.75
35 Br Bromine (Ar) (3d)10(4s5)2 (4p)® 2P3/s 11.81
36 Kr Krypton (Ar) (3d)10(4s)? (4p)® 1S 14.00
37 Rb Rubidium (Kr) (5s) 2812 4.18
38 Sr  Strontium (Kr) (55)% 15, 5.69
39 Y  Yttrium (Kr) (4d) (5s)? T 2Ds5 6.22
40  Zr  Zirconium (Kr) (4d)? (55)? roe 3F, 6.63
41 Nb Niobium (Kr) (4d)* (5s) a | 5Dy /2 6.76
42 Mo Molybdenum (Kr) (4d)® (5s) n e 7S3 7.09
43  Tc Technetium (Kr) (4d)8 (5s) s m 5Dqg /2 7.28
44 Ru Ruthenium (Kr) (4d)” (5s) i e SFs 7.36
45 Rh Rhodium (Kr) (4d)® (5s) t n 4Fy)s 7.46
46 Pd Palladium (Kr) (4d)10 it 15, 8.34
47 Ag Silver (Kr) (4d)19(5s) o s 281/2 7.58
48 Cd Cadmium (Kr) (4d)19(55)? n 15, 8.99




ELECTRONIC STRUCTURE OF THE ELEMENTS (Cont'd)

49 In Indium (Kr) (4d)19(55)2 (5p) 2Py 5.79
50 Sn Tin (Kr) (4d)10(5s)? (5p)? 3Py 7.34
51 Sb  Antimony (Kr) (4d)10(5s5)2 (5p)® 483/2 8.64
52 Te  Tellurium (Kr) (4d)10(55)2 (5p)* 3p, 9.01
53 1 Iodine (Kr) (4d)10(5s)? (5p)° 2Py/o 10.45
54 Xe Xenon (Kr) (4d)10(55)? (5p)® 1So 12.13
55 Cs Cesium (Xe) (6s) 281 3.89
56 Ba Barium (Xe) (6s)? 15, 5.21
57 La Lanthanum (Xe) (5d) (6s)? D3/ 5.58
58 Ce Cerium (Xe) (45)2 (6s)? R 3H, 5.54
50 Pr Praseodymium (Xe) (4f)3 (6s)? a 4o/ 5.46
60 Nd Neodymium (Xe) (4f)* (6s)2 r 514 5.52
61 Pm Promethium (Xe) (4f)° (6s)? e 6H5/2 5.55
62 Sm Samarium (Xe) (4f)8 (6s)2 Fo 5.64
63 Eu Europium (Xe) (4f)7 (6s)2 e 887/2 5.67
64 Gd Gadolinium (Xe) (4f)7 (5d) (6s)? a 9D, 6.15
65 Tb Terbium (Xe) (4f)° (6s)? r 5Hys)s 5.86
66 Dy Dysprosium (Xe) (4£)10 (65)? t 5Ig 5.94
67 Ho Holmium (Xe) (45)11 (6s)? h 1152 6.02
68 Er Erbium (Xe) (41)12 (6s)? s 3Hg 6.11
69 Tm Thulium (Xe) (4f)13 (6s)2 2Fr/ 6.18
70  Yb Ytterbium (Xe) (4)14 (6s)? 1Sy 6.25
71  Lu Lutetium (Xe) (4f)14(5d) (6s)? T 2D3/2 5.43
72  Hf Hafnium (Xe) (4f)14(5d)? (6s)? roe 3Ry 6.83
73 Ta Tantalum (Xe) (4f)14(5d)3 (6s)? a | 4F3/2 7.89
74 W  Tungsten (Xe) (4f)14(5d)* (6s)? n e 5Do 7.98
75 Re Rhenium (Xe) (4f)14(5d)° (6s)? s m 655/2 7.88
76  Os Osmium (Xe) (41)14(5d)8 (6s)? i e 5Dy 8.7
77 It Iridium (Xe) (4)14(5d)7 (65)2 t n 4Fy/2 9.1
78 Pt Platinum (Xe) (4f)14(5d)° (6s) it 3D 9.0
79 Au Gold (Xe) (4f)14(5d)10(65) o s 28172 9.23
80 Hg Mercury (Xe) (4)14(5d)10(65)? n 1S, 10.44
8 Tl Thallium (Xe) (4)14(5d)19(65)2 (6p) P 6.11
82 Pb Lead (Xe) (4f)'4(5d)10(65)2 (6p)? 3Py 7.42
8  Bi Bismuth (Xe) (41)14(5d)19(65)2(6p)3 483/ 7.29
84  Po Polonium (Xe) (4£)14(5d)10(65)2 (6p)* 3p, 8.42
85 At  Astatine (Xe) (41)14(5d)10(65)2 (6p)° 2Py 9.65
8 Rn Radon (Xe) (41)14(5d)10(65)2(6p)® 15, 10.75
87 Fr  Francium (Rn) (7s) 2812 3.97
88 Ra Radium (Rn) (75)2 1S, 5.28
89  Ac Actinium (Rn) (6d) (7s)? 2Dy/2 5.17
90 Th Thorium (Rn) (6d)? (7s)? 3Rk 6.08
91 Pa Protactinium (Rn) (5f)2 (6d) (7s)2 A ‘K112 5.89
92 U  Uranium (Rn) (5f)3 (6d) (7s)2 c 5Le 6.19
93 Np Neptunium (Rn) (55)% (6d) (7s)2 t 6L11/2 6.27
94 Pu Plutonium (Rn) (5£)8 (7s)? i Fo 6.06
95 Am Americium (Rn) (5£)7 (75)? n 8.5’7/2 5.99
96 Cm Curium (Rn) (5f)7 (6d) (7s)? i 9D, 6.02
97 Bk Berkelium (Rn) (51)8 (6d) (7s)? d 8Gis/2 6.23
98 Cf Californium (Rn) (5f)10 (75)? e 5Tg 6.30
99 Es Einsteinium (Rn) (55)11 (75)? s 4Ls)2 6.42
100 Fm Fermium (Rn) (51)12 (75)? 3Hs 6.50
101 Md Mendelevium (Rn) (55)18 (75)? 2Fr)2 6.58
102 No Nobelium (Rn) (5f)14 (75)2 15, 6.65
103 Lr Lawrencium (Rn) (5f)14(6d) (7s)? 2Dy
104 Rf Rautherfordium  (Rn) (5f)14(6d)? (7s)2

1.9
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HIGH-ENERGY COLLIDER PARAMETERS: ete~ Colliders (1)

The numbers here were received from representatives of the colliders in 1991. Quantities are, where appropriate, r.m.s. H and V indicate
horizontal and vertical directions. Many of the numbers of course change over the lifetime of a collider; only the latest values are given here.

SPEAR DORIS CESR PETRA PEP
(SLAC) (DESY) (Cornell) (DESY) (SLAC)
Physics start date 1972 1973 1979 1978 1980
Physics end date 1990 - — 1986 1990
Maximum beam energy (GeV) 4 5.6 6 234 15
Luminosity (103%cm=2s~!) 10 at 3 GeV 33 at 5.3 GeV 200 at 5.3 GeV 24 at 60
(250 in 1992) 17.5 GeV
Time between collisions (us) 0.75 0.965 0.36 3.8 2.44
Crossing angle (p rad) 0 0 0 0 0
Energy spread (units 1073) 1 1.2 at 5 GeV 0.6 at 5.3 GeV 1.1 at 17.5 GeV 1
Bunch length (cm) o, x4 o~ 2athGeV 1.7 o~ 13at 17.5 GeV 0, =2
Beam radius (10-° m) H: 700 H: 540 \at5 H: 500 H:430 \at 17.5 H: 340
V: 50 Vi~30 [GeV V: 1 V: 13 GeV V: 14
Free space at interaction +9.5 419 +2.2 (£0.6 445 +3.7
point (m) to REC quads)
Luminosity lifetime (hr) ~3 1.0-1.5 34 4 at 17.5 GeV 4
Filling time (min) 15 1-2 10 20 15
Acceleration period (s) < 100 — — < 100
Injection energy (GeV) 2.5 up to 5.6 6 7 15
Transx:egrse emittance H ~ 430 H: 500 at 5 H: 240 H: 140 H ~ 120
(10777 rad-m) V:5-50 [GeV V: 8 V. 2
(3*. amplitude function at H:12 H:0.59/12.3 H:1.0 H:13 H:1.0
interaction point (m) V:0.08 V:0.04/0.79 V:0.018 V:0.08 V:0.05
BeamfbeamA tune s‘hift . 300 < 280 (space charge 320 H:160 \at 17.5 550
per crossing (units 10™%) limit at 5.3 GeV) V: 400 GeV
RF frequency (MHz) 358 500 500 500 352
Particles per bunch 15 97 20 2% 35
(units 10'9)
Bunches per ring 1 1 7 9 3
per species
S
Average b?am current 30 45 at 5.3 GeV 90 11 at 21
per species (mA) 17.5 GeV
Circumference (km) 0.234 0.2892 0.768 2.304 2.2
Interaction regions 2 2 1 4 1
Utility insertions 18 10 2 4 5
Magnetic length of dipole (m) 2.35 3.2/1.1 1.6-6.6 5.38 5.4
Length of standard cell (m) 11.4 13.2 16 14.4 14.35
Phase advance per cell (deg) H: 179 H: 140 45-90 (no H: 47 H: 56
V: 90 V: 50 standard cell) V:40 V:33
Dipoles in ring 36 ’Lf : 22 86 224 192
Quadrupoles in ring 46 68 106 360 248
0.3 normal
Peak magnetic field (T) 1.1 1.5 0.8 high field 0.4 at 0.36
23 GeV

at 8 GeV




HIGH-ENERGY COLLIDER PARAMETERS: ete™ Colliders (I1)
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The numbers here were received from representatives of the colliders in 1991. Numbers are subject to change. Quantities are, where appropriate,
r.m.s. H, V, and s.c. indicate horizontal and vertical directions, and superconducting.

BEPC VEPP-4M TRISTAN SLC LEP
(China) (Novosibirsk) (KEK) (SLAC) (CERN)
Physics start date 1989 1992 1987 1989 1989
Maximum beam energy (GeV) 2.2 6 32 50 55
Luminosity (10%%cm=2s~1) 10 50 35 0.1t0 0.5 11
Time between collisions (us) 0.8 — 5 8300 22
Crossing angle (p rad) 0 0 0 0 0
Energy spread (units 1073) 0.58 1 1.6 3 1.0
Bunch length (cm) 5.2 5 1.2 0.1 1.8
Beam radius (10~ m) H: 926 H: 1000 H: 310 9.3 H: 200
V: 61 V: 30 V: 8 V: 8
Free space at interaction +9.5 +2 +45 428 +35
point (m) ’ ’ ’ '
Luminosity lifetime (hr) 7-10 2 2-3 — 12
Filling time (min) 40 15 20 — 90
Acceleration period (s) 120 150 200 — 320
Injection energy (GeV) 1.1-14 2 8 50 20
Transverse emittance H: 660 H: 400 H: 100 H: 0.6 H: 52
(1077 rad-m) V: 43 V: 20 at 29 GeV V:0.4 V:21
B*, amplitude function at H:1.3 H:0.75 H:1.0 0.01 H:1.00
interaction point (m) V:0.085 V:0.05 V:0.04 V:0.04
Beam-beam_ tune s.hift #4 350 500 400 o 400
per crossing (units 107%)
RF frequency (MHz) 199.53 180 508.5808 — 352.2
Particles per bunch 4.5 e~
26 15 24 .
(units 1010) 3.5et 416
Bunches per ring 1 9 9 1 set 4 de—
per species
Average be.am current 59 40 75 0.001 9
per species (mA)
Circumference or length (km) 0.2404 0.366 3.02 1.45 +1.47 26.66
Interaction regions 2 1 4 1 4
Utility insertions 4 1 8 — 4
Magnetic length of dipole (m) 1.6 2 5.86 2.5 11.66/pair
Length of standard cell (m) 6.6 7.2 16.1 5.2 79
Phase advance per cell (deg) =~ 60 65 60 108 60
Dipoles in ring 40 78 264 4604440 3280+24 inj.
+ 4 weak +8 weak + 64 weak
Quadrupoles in ring 68 150 400 _ 5204288
+ 8 s.c.
Peak magnetic field (T) 0.9028 0.6 0.47 0.597 0.135
at 30 GeV




.12

HIGH-ENERGY COLLIDER PARAMETERS: e*te™ Colliders (111)

Proposed ete™ colliders. The numbers here were received from representatives of the colliders in 1991. Numbers are subject to change and
many are only estimates; those in parentheses are for later upgrades. Quantities are, where appropriate, r.m.s. H and V indicate horizontal and

vertical directions.

7-CHARM TRISTAN-B CESR-B PEP-II VLEPP, INP
(Spain) (KEK) (Cornell) (SLAC) (Serpukhov)
Physics start date 1997 1996 1996 1996 1998
Maximum beam energy (GeV) 2.5 8x35 8x3.5 9x31 250 (—500—1000)
(6 GeV c.m. max) | (6.3 GeV c.m. max)
Luminosity (10%0cm—2s~1) 1000 2000 (—1000) 3000 3000 3000 (—6000—10000)
Time between collisions (us) 0.04 0.01 (—0.002) 0.01 0.0042 -—
Crossing angle (u rad) 0 0 (— £25,000) +12,000 0 5000
Energy spread (units 10~3) 0.5 0.7 0.84/0.60 0.6/1.0 1-100
Bunch length (cm) 0.6 0.5 1.0 1.0 0.075
Beam radius (1075 m) H: 280 H: 140 H: 370 H: 190 H:1 (—-13-2)
V: 14 V: 14 V: 5 V: 76 V:0.007 (— 0.003 — 0.001)
Free space at interaction +0.8 +0.2 m, +0.4 m, +0.2 m, +12
point (m) ’ 4300 — 500 mrad cone +300 mrad cone +300 mrad cone
Luminosity lifetime (hr) 2 3 3 2 -
Filling time (min) < 1 (topping up) 6 (—13) topping up < 1 (topping up) 3 (topping up) -
Acceleration period (s) — e — 0.0067
Injection energy (GeV) 1.5-2.5 8/3.5 3-8 2.8-10 3.5
Transverse emittance H:127 H:19 H: 130 H:48 & 96 H: 02(-04-0.8)
(10~%7 rad-m) V: 6.4 V: 0.19 V. 2 V: 19& 39 V: 300(— 50 — 6) x 1076
8", amplitude function at H:0.20 H:1.0 H: 1.0 H: 0.75 & 0.375 H:5x1073
interaction point (m) V:0.01 V:0.01 V:0.015 V:0.03 & 0.015 V: 104
Beam—bean{ tune S}lift ) 400 500 300 300 o
per crossing (units 107%)
RF frequency (MHz) 400 508 500 476 1.4x10%
Particles per bunch
15 1.3/3.2 6/14 4.1/5.9 10-20
(units 1010) / / /
Bunches per ring 30 1024 (—5120) 230 1658 1
per species
Average beam current 600 220/520 (—1100,/2600) 870/1980 1480/2140 0.003
per species (mA)
Circumference or length (km) 0.36 3.02 0.765 2.2 2x3 (—2x6—-2x12)
Interaction regions 1 (2 possible) 1 1 1 (2 possible) 1
Utility insertions 2 3 2 5
Magnetic length of dipole (m) 2.56/0.42 0.9-6.6 5.4/0.45
Length of standard cell (m) -— 19 16 15.125 1.2
Phase advance per cell (deg) —— 90 45-90 60/80 20-90
(no standard cell)
Dipoles in ring — 224 89/212 212/208
Quadrupoles in ring — 343/341 103/105 272/300 20,000
Peak magnetic field (T) — 0.3/0.85 0.6 0.18/0.75




HIGH-ENERGY COLLIDER PARAMETERS: pp, pp and ep Colliders
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The numbers here were received from representatives of the colliders in 1991. Numbers are subject to change, and many are only estimates.
Quantities are, where appropriate, rrm.s. H, V, and s.c. indicate horizontal and vertical directions, and superconducting.

SppS TEVATRON HERA UNK LHC SSC
(CERN) (Fermilab) (DESY) (Serpukhov) (CERN) (UsA)
Physics start date 1981 1987 1990 1997 1998 2000
Particles collided D pD ep j74 j24 Pb Pb ep pp
Maximum beam energy 0.315 (0.45 in 0.9-1.0 e: 0.026 0.4 (3) 77 631 e: 0.06 20
(TeV) pulsed mode) p: 0.82 p: 7.7
Luminosity 6 2 (1989) 16 1000 17x10* | 0.002 280 1000, 5* = 0.5 m
(10°%cm™*s™ ") 10 (1993) 55,3* =10 m
Time between collisions (us) 3.8 3.5 0.096 0.165 0.015 0.105 0.165 0.016678
Crossing angle (u rad) 0 0 0 0 200 200 0 75
Energy spread (units 10~3) 0.35 0.15 e g-gl +1 (£0.3) 0.1 0.2 0.1 0.058
p: 0.
Bunch length (cm) 20 50 e: 0.83 70 (40) 75 75 e: 0.93 6.0
p: 85 p: 75
Beam radius (1[)—5 m) p: T3(H),36(V) 36 e: 280(H),37(V) 70 15 12 122 (H) 48,8*=05m
p: 55(H),27(V) p: 265(H),84(V) 37 (V) 21.7,8*=10m
Free space at interaction 16 +6.5 455 48 40 40 15 420, 8* =0.5m
point (m) +120, 8* =10 m
Luminosity lifetime (hr) 15 15-40 >3 10 11 11 24 ~24
Filling time (min) 05 8 e: 15 20 7 30 40 ~60
p: 20
Acceleration period (s) 10 44 — 100 1200 1000
Injection energy (TeV) 0.026 0.15 e: 0.014 0.065 (0.4) 0.450 e: 0.02 2
p: 0.040 p: 0.450
Transverse emittance p: 9 p: 2.6 e: 39(H),2(V) 18 (2.3) 0.45 0.31 e: 17.5(H),5.1(V) 0.047
(10797 rad-m) p: 5 p: 2.6 p: T(H),7(V) p: 0.45
£*, amplitude function at 0.6 (H) 0.50 e: 2(H),0.70(V) 0.2 (15) 0.5 05 e: 0.85(H),0.26(V) 0.5 at 2 IR’s
interaction point (m) 0.15 (V) p: 10(H),1.0 (V) p: 33(H),3.0(V) 10 at 2 IR’s
Beam-beam tune shift 50 p: 35 e: 190(H),210(V) 50 34 e: 500 B* = 0.5 m: 8 head
per crossing (units 10™4) p: 50 p: 12(H), 9(V) p: 46(H),14(V) on, 13 long range
RF frequency (MHz) 100+200 53 e: 499.7 200 400 400 e: 352 359.75
p: 208.2/52.05 p: 400
Particles per bunch p: 15 p: 10 e: 3.65 e 9.2
. 30 10 0.006 . 0.84
(units 1010) P 8 P p: 10 p: 30
Bunches per ring 6 6 210 348 4725 800 508 17,424
per species
Average be‘am current P 6 P 4.6 e: 58 240 850 7.4 e: 84 73
per species (mA) P 3 P 3.2 p: 163 pr 273
Circumference (km) 6.911 6.28 6.336 20.772 26.659 87.12
Interaction regions 2 2 high £ 3 4 3 1 1 Maximum 8 total,
4 simultaneous
Utility insertions — 4 4 2 2 2
Magnetic length e: 9.23
A 12 : : }
of dipole (m) 6.26 6 . a8 5.8 9.00 Mostly 14.98
Length of standard cell (m) 64 59.5 e 23.5 91.8 97.96 180
p: 47
Phase advance per cell (deg) 90 67.8 e gg 82.5 90 90
p:
Dipoles in ring 744 774 e: 396 2204 (2192 1792 H: 8662 ;
p: 416 ( ) V: 276 2 rings
Quadrupoles in ring 232 216 :f 3:3 560 (474) 560 2188 } 2 rings
H type with s.c. e: C-shaped s.C. s.C.
Magnet type bent-up cos 6 p: s.c., collared, H type (s.c.) 2in1 cos 6
coil ends warm iron cold iron cold iron cold iron
Peak magnetic field (T) 1.4 (2in 44 e 0.274 0.67 (5) 10 6.60
pulsed mode) p: 4.65
P source accum. rate (hr~1) 6 x 1010 5x1010 — — — —
Max. no. p in accum. ring 1.2 x 1012 1x1012 — — — —
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(1) Maximum energy transfer: The maximum kinetic energy that
a point-charge particle with mass M and momentum p = y8cM can
impart to a stationary unbound electron (mass m,) is

2mec? 3242
1+ 2yme/M + (me/M)2

This kinetic energy appears several times in the following. It is
usual [1] to make the low-energy approximation Tmax = 2mec? 3242,
valid for 2yme/M < 1. For a pion, the error thus introduced into
dE /dz reaches 1% at 20 GeV. However, if the energy transfer is much
in excess of 1 MeV then the impact parameter is smaller than the
“pion radius,” so that our point-charge assumption is invalid. We use
the low-energy approximation with the understanding that form-factor
corrections are necessary if the energy transfer is large.

Tmax =

(&)

(2) Energy loss for ionizing particles: Moderately relativistic

charged particles other than electrons lose energy in matter primarily
by ionization. If the velocity B¢ is larger than that of orbital electrons
(~ ac) and small enough that radiative effects do not dominate, then
the mean rate of energy loss is given by the Bethe-Bloch equation [2],

2,232
7% = 47Ny r2 mec? z2§% {ln (M) - - g} . (2)
Here the particle has charge ze and is passing through an element with
atomic number Z and atomic weight A; me and re are the mass and the
classical radius of the electron; and the product 47N 4 72 mec? equals
0.3071 MeV cm?g~!. The ionization constant I is approximately
16 Z%9 ¢V for Z > 1, but measurements and calculations which include
atomic configuration effects yield results that differ by as much as 10%
from this value. Hydrogen is the most sensitive to atomic effects: I is
15 eV for atomic hydrogen, 19.2 eV for Hy gas, and 21.8 eV for liquid
hydrogen [3].

In Eq. (2), dz is measured in mass per unit area, e.g., in g cm™ 2.
Except in hydrogen, particles of the same velocity have very similar
rates of energy loss in different materials; there is a slow decrease in
the rate of energy loss with increasing Z.

Plots of dE/dx and ranges obtained by integrating (dE/dz)~! are
given in following section.

The enhanced transverse electric field of a relativistic incident
particle is shielded by the charge density of atomic electrons, reducing
the rate of energy loss. This density effect is represented by é in
Eq. (2). For very energetic particles, § approaches 2In+y plus a
constant [4]. As a result, the quantity in the square brackets in Eq. (2)
increases asymptotically as In~y instead of 2In+y. The correction
depends upon the chemical composition and density of the medium.

The first term in the square brackets of Eq. (2) is given more
precisely by ln(2mec272[32Tmax/12)1/2, and so in the absence of
corrections the logarithmic term is in error by a few percent at several
hundred GeV. At low incident-particle speeds (3/z ~ «), atomic shell
corrections and higher-order QED corrections also introduce errors of
this magnitude. Thus Eq. (2) is only good to a few percent at any
velocity, and the literature should be consulted by those with more
demanding needs [2,5,6].

For particles moving more slowly than atomic electrons, the above
discussion is inapplicable. At velocities az>3>1073 or slightly
lower, the total energy-loss rate is proportional to 3, and non-ionizing
nuclear recoil energy loss contributes substantially to the total [7]. For
protons in silicon, |dE/dz| = 61.23 GeV cm?g~! for 3 < 0.005; the
peak occurs at 8 = 0.0126, where |dE/dz| = 522 MeV cm?g~!. In
neutron-scattering experiments, light output in scintillator has been
observed for recoil protons with energies as low as 30 eV [8].

At velocities 3> 2/137, |dE/dz| initially falls as 1/32, then reaches
a broad minimum at v &~ 3.2 almost independently of the medium.
In practical cases, most relativistic particles (e.g., cosmic-ray muons)
have energy loss rates close to this minimum, and are said to be
minimum ionizing particles, or mip’s. The energy loss rate rises slowly
for v > 4, with the quantity in the square brackets of Eq. (2) first
increasing as 2In+y. The density effect gradually limits the slope to
Iny. Much of the relativistic rise can be attributed to large energy
transfers to a few electrons. If these escape or are otherwise accounted

for separately, the energy deposited in an absorbing layer (in contrast
to the energy lost by the particle) approaches a constant value, the
Fermi plateau (see Sec. 3 below). At extreme energies (e.g., 400 GeV
for muons or pions in iron), radiative effects become important. These
are especially relevant for high-energy muons, as discussed in Sec. (9).

The quantity (dE/dz)éz is the mean energy loss via interaction
with electrons in a layer of the medium with thickness éz. For finite
éz, there are fluctuations in the actual energy loss. The distribution
is skewed toward high values (the Landau tail) [9]. Only for a thick
layer [(dE/dz)éx > 2mec? 3%4?] is the distribution nearly Gaussian.
The large fluctuations in the energy loss are due to the small number
of collisions involving large energy transfers. The fluctuations are
smaller for the so-called restricted energy loss rate, as discussed in
Sec. 3 below.

In a mixture or compound, the rate of energy loss is approximately

dFE dF
PRI

where f; is the fraction by weight of the ith element and dE/dz|;
is the mean rate of energy loss (in g cm™2) in this element. Atomic
corrections to this additivity rule are discussed in Ref. 3. These are
neglected in many widely used computer codes.

Energy loss by electrons and positrons has been excluded from
this discussion, since radiative effects (bremsstrahlung and pair
production) usually contribute more than ionization. This important
case is discussed below, and the relative contributions of various
electron energy-loss processes in lead are shown in a figure given in
the section “Photon and Electron Attenuation Plots.”

(3)

(3) Restricted energy loss rates for relativistic ionizing
particles: Fluctuations in energy loss are due mainly to the
production of a few high-energy knock-on electrons. Practical
detectors often measure the energy deposited, not the energy lost.
When energy is carried off by energetic knock-on electrons, it is
more appropriate to consider the mean energy loss excluding energy
transfers greater than some cutoff Emax. The restricted energy loss
rate is [2].

dE Z1
4 =4 Ny rz mec? 222 ﬁ—~2
SEmax
V 2me c? 8242 Emax ,62 4
X [ln ( T -3 73| (4)

This differs from Eq. (2) only in that Emax rather than Tmax appears
in the logarithmic term and that 82 is divided by 2. Distributions
about the mean do not exhibit such a large Landau tail as does
the distribution of —dE/dz [Eq. (2)]. The density effect causes the
restricted energy loss rate to approach a constant, the Fermi plateau
value, at very high energies.

(4) Energetic knock-on electrons (4 rays): The distribution of
secondary electrons with kinetic energies T > I is given by [1]

d*N 1 2 292Z 1 F
——dez:§47rNAremec zz-@ﬁ

for I « T < Tmax, where Thax is given by Eq. (1). The factor F
is spin-dependent, but is about unity for T < Tmax- It is evaluated
for spins 0, 1/2, and 1 in Rossi [1]. For incident electrons, the
indistinguishability of projectile and target means that the range of
T extends only to half the kinetic energy of the incident particle.
Additional formulae are given in Ref. 10. Equation (5) is inaccurate
for T close to I: for 2I <T <101, the 1/T? dependence above becomes

approximately 77, with 3 <n <5 [11].

(%)

(5) Ionization yields: Physicists frequently relate total energy
loss to the number of ion pairs produced near the particle’s track.
This relation becomes complicated for relativistic particles due to
the wandering of energetic knock-on electrons whose ranges exceed
the dimensions of the fiducial volume. For a qualitative appraisal
of the nonlocality of energy deposition in various media by such
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modestly energetic knock-on electrons, see Ref. 12. The mean local
energy dissipation per local ion pair produced, W, while essentially
constant for relativistic particles, increases at slow particle speeds [13].
For gases, W can be surprisingly sensitive to trace amounts of
various contaminants [13]. Furthermore, ionization yields in practical
cases may be greatly influenced by such factors as subsequent
recombination [14].

(6) Multiple scattering through small angles: A charged particle
traversing a medium is deflected by many small-angle scatters. Most
of this deflection is due to Coulomb scattering from nuclei, and
hence the effect is called multiple Coulomb scattering. (However,
for hadronic projectiles, the strong interactions also contribute to
multiple scattering.) The Coulomb scattering distribution is well
represented by the theory of Moliére [15]. It is roughly Gaussian for
small deflection angles, but at larger angles (greater than a few 6y,
defined below) it behaves like Rutherford scattering, having larger
tails than does a Gaussian distribution.

If we define
1
00 = 0 lane = 7 O5pace - (6)

then it is sufficient for many applications to use a Gaussian approxi-
mation for the central 98% of the projected angular distribution, with
a width given by [16,17]

_ 13.6 MeV
Bep

Here p, ¢, and z are the momentum, velocity, and charge number
of the incident particle, and z/Xp is the thickness of the scattering
medium in radiation lengths (defined below). This value of 6 is from
a fit to Moliére distribtuion [15] for singly charged particles with 8 =1
for all Z, and is accurate to 11% or better for 1073 < z/Xg < 100.

Lynch and Dahl have extended this phenomenological approach,
fitting Gaussian distributions to a variable fraction of the Moliére
distribution for arbitrary scatterers [17], and achieve accuracies of 2%
or better.

The nonprojected (space) and projected (plane) angular distribu-
tions are given approximately by [15]

6o z vz/Xo|1+ 0.038 ln(:c/Xg)] . (7)

1 exp [__eé’ﬁ] s (8)
2 ’

2m 62 263
2

1 gplane
— - dé , 9
\/2700 exp [ 203 plane (9)
where 6 is the deflection angle. In this approximation, Bszpace ~

((9;‘:11"13’m + 9glane,y)v where the z and y axes are orthogonal to the

direction of motion, and dQ = dfjjane,z @plane,y- Deflections into

Oplane,r and Oplane,y are independent and identically distributed.
Figure 1 shows other quantities sometimes used to describe multiple

Coulomb scattering. They are

wrms - _}_ ms _ L 00
plane \/‘g plane \/§ ’

yTms =Lz rms =L5690
plane \/5 plane \/g ’

sms = L gems 1 g (10)
P 437 PERC 43

All the quantitative estimates in this section apply only in the limit
of small 0;‘1’2“5“9 and in the absence of large-angle scatters. The random
variables s, 9, y, and 0 in a given plane are distributed in a correlated
fashion (see the section on Probability, Statistics, and Monte Carlo
for the definition of the correlation coefficient). Obviously, y ~ z. In
addition, y and 6 have the correlation coefficient Pyo = V3/2 = 0.87.
For Monte Carlo generation of a joint (Yplane,Oplane) distribution,
or for other calculations, it may be most convenient to work with

X
2

t
yplane

. Pplane
£
AN

Fig. 1. Quantities used to describe multiple Coulomb scattering.
The particle is incident in the plane of the figure.

independent Gaussian random variables (z1, 22) with mean zero and
variance one, and then set

Yplane =21 T 00(1 - p:o)l/z/\/g + 22 PysT 00/\/3
=z1$00/v12+22$90/2; (11)
0plane =2280 .

Note that the second term for ypjane equals z 8jane/2 and represents
the displacement that would have occurred had the deflection 6
all occurred at the single point z/2.

For heavy ions the multiple Coulomb scattering has been measured
and compared with various theoretical distributions [18].

plane

(7) Radiation length and associated quantities: In dealing with
electrons and photons at high energies, it is convenient to measure
the thickness of the material in units of the radiation length Xj.
This is the mean distance over which a high-energy electron loses all
but 1/e of its energy by bremsstrahlung, and is the appropriate scale
length for describing high-energy electromagnetic cascades. Xo has
been calculated and tabulated by Y.S. Tsai [19]. His formula is less
than straightforward, but can be approximated by [20]

_ T164gem™2A
T Z(Z+ ) n(287VZ)

where Z and A are the atomic number and weight of the medium.
Results obtained with this formula agree with Tsai’s values to better
than 2.5% for all elements except helium, where the result is about
5% low. The radiation length in a mixture or compound may be
approximated by

1 _vf
Xo “~X;’
where f; and X; are the fraction by weight and the radiation length
for the ith element.
Radiative energy losses scale nearly proportionally to incident
energy, while the ionization varies only logarithmically. The two

are equal at the critical energy E., which for electrons is given
approximately by [21]

800 MeV
E.=———
Z+12
In an electromagnetic cascade, E. defines the dividing line between
shower multiplication and energy dissipation by ionization.
The transverse development of electromagnetic showers in different

materials scales fairly accurately with the Moliére radius Rpy, given
by [22]

Ry = Xo Es/E. , (15)
where E; = /47 /a mec? = 21.2 MeV. In a material containing a

weight fraction f; of the element with critical energy E.; and radiation
length X;, the Moliére radius is given by

L _ 15 fifa
RM_ES X; ’

(12)

(13)

(19)

(16)
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For very high-energy photons, the total ete™ pair-production cross
section is approximately

o= 5(A/XoN4) , 1mn

where A is the atomic weight of the material and N4 is Avogadro’s
number. Equation (17) is accurate to within a few percent down
to energies as low as 1 GeV. The cross section decreases at lower
energies, as shown in the figure “Fractional Energy Loss for Electrons
and Positrons in Lead.” As the energy decreases, a number of other
processes become important, as is shown in the figures “Contributions
to the Photon Cross Section in Carbon and Lead.”

(8) Electromagnetic cascades: When a high-energy electron or
photon is incident on a thick absorber, it initiates an electromagnetic
cascade as pair production and bremsstrahlung generate more electrons
and photons with lower energy. The longitudinal development is
governed by the high-energy part of the cascade, and therefore scales
as the radiation length in the material. Electron energies eventually
fall below the critical energy, and then dissipate their energy by
ionization and excitation rather than by the generation of more shower
particles. In describing shower behavior, it is therefore convenient to
introduce the scale variables

t=z/Xo
y=E/E.,

so that distance is measured in units of radiation length and energy in
units of critical energy.

(18)

O~125 [ T T T T ]ﬁi—l T T l T 1 T T [ L T l_'_]_OO
E op 30 GeV electron )
0.100 — o ofy, incident on iron _1 g g
- r o o o\o ] B,
o r e o cn ] of
0075 o oNg -1 608
o + ol\ o - %]
-3 r o oD J 8
&0.050~ [5 Energy°N’ J408
— F a e ] £
~ r 5 ~—Photons °% o, 102
0.025— 7 X 1/88 7 oon, 20
u Electrons %o % ] 3
r o ooooonnnu =z
O.DOO L 1 1 1 i 1 oy L i 1 1 11 I 1 1 1 O
0 5 10 15 20

Depth in radiation lengths

Fig. 2. An EGS4 simulation of a 30 GeV electron-induced cascade
in iron. The histogram shows fractional energy deposition per
radiation length, and the curve is a gamma-function fit to the
distribution. Circles indicate the number of electrons with total
energy greater than 1.5 MeV crossing planes at X(/2 intervals
(scale on right) and the squares the number of photons with
E > 1.5 MeV crossing the planes (scaled down to have same area
as the electron distribution).

Longitudinal profiles for an EGS4 (23] simulation of a 30 GeV
electron-induced cascade in iron are shown in Fig. 2. The number
of particles crossing a plane (very close to Rossi’s II function [1})
is sensitive to the cutoff energy, here chosen as a total energy of
1.5 MeV for both electrons and photons. The electron number falls off
more quickly than energy deposition. This is because, with increasing
depth, a larger fraction of the cascade energy is carried by photons.
Exactly what a calorimeter measures depends on the device, but it
is not likely to be exactly any of the profiles shown. In gas counters
it may be very close to the electron number, but in glass Cerenkov
detectors and other devices with “thick” sensitive regions it is closer
to the energy deposition (total track length). In such detectors the
signal is proportional to the “detectable” track length Ty, which is
in general less than the total track length T. Practical devices are

sensitive to electrons with energy above some detection threshold Eg4,
and Ty = T F(E4/Ec). An analytic form for F(Eg/E.) obtained by
Rossi [1] is given by Fabjan [24]; see also Amaldi [25].

The mean longitudinal profile of the energy deposition in an
electromagnetic cascade is reasonably well described by a gamma
distribution [26]:

dE _

(bt)a—le—bt
Fri Epbd

O (19)

The maximum ¢max occurs at (a — 1)/b. We have made fits to shower
profiles in elements ranging from carbon to uranium, at energies from
1 GeV to 100 GeV. The energy deposition profiles are well described
by Eq. (19) with

tmax = (a—1)/b=1.0 x (lny + C;) , i=e7, (20)

where Ce = —0.5 for electron-induced cascades and C, = 40.5 for
photon-induced cascades. The results are very similar for the electron
number profiles, but there is some dependence on the atomic number
of the medium. A similar form for the electron number maximum was
obtained by Rossi in the context of his “Approximation B,” [1] (see
Fabjan’s review in Ref. 24), but with Ce = —1.0 and C, = —0.5; we
regard this as superseded by the EGS4 result.

O.B _TTTT] T T T TTIITI T T T ITII|I L TTI'YY[

r 1
0.7 :_ Carbon __E
08~ AMluminum, —+—=— =

b C B/B\efj—%n’"a ]
0.5 E_ !/!/Kijf%—:
0.4 —

r ]

Illl[ llllll 1 IIIiIIl 1 1 LllllLL i
0.3 j S ] 1
101 10° 103 104
y = E/E,

Fig. 3. Fitted values of the scale factor b for energy deposition
profiles obtained with EGS4 for a variety of elements for incident
electrons with 1 < Ey < 100 GeV. Values obtained for incident
photons are essentially the same.

The “shower length” X = X(/b is less conveniently parametrized,
since b depends upon both Z and incident energy, as shown in
Fig. 3. As a corollary of this Z dependence, the number of electrons
crossing a plane near shower maximum is underestimated using Rossi’s
approximation for carbon and seriously overestimated for uranium.
Essentially the same b values are obtained for incident electrons and
photons.

To use Eq. (19), one finds tmax = (a — 1)/b from Eq. (20), then
finds a either by assuming b 2 0.5 or by finding a more accurate value
from Fig. 3.

The gamma distribution is very flat near the origin, while the
EGS4 cascade (or a real cascade) increases more rapidly. As a result
Eq. (19) fails badly for about the first two radiation lengths; it was
necessary to exclude this region in making fits.

Because fluctuations are important, Eq. (19) should be used only in
applications where average behavior is adequate. Grindhammer et al.
have developed fast simulation algorithms in which the variance and
correlation of a and b are obtained by fitting Eq. (19) to individually
simulated cascades, then generating profiles for cascades using a and b
chosen from the correlated distributions [27].
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Measurements of the lateral distribution in electromagnetic cascades
are shown in Refs. 22 and 28. On the average, only 10% of the energy
lies outside the cylinder with radius Rps. About 99% is contained
inside of 3.5Rjy, but at this radius and beyond composition effects
become important and the scaling with Rps fails. The distributions
are characterized by a narrow core, and broaden as the shower
develops. They are often represented as the sum of two Gaussians,
and Grindhammer [27] describes them with the function

2r R?

f(r) = (CEYZER (21)

where R is a phenomenological function of z/Xg and In E.

(9) Muon energy loss at high energy: At high enough energies,
radiative processes become more important than ionization for all
charged particles. For muons and pions in materials such as iron, this
“critical energy” occurs at several hundred GeV. For energetic muons
found in cosmic rays or produced at the newest accelerators, radiative
effects dominate. These processes are characterized by small cross
sections, hard spectra, large energy fluctuations, and the associated
generation of electromagnetic and (in the case of photonuclear
interactions) hadronic showers. As a consequence, at these energies
the treatment of energy loss as a uniform and continuous process is
for many purposes inadequate.

It is convenient to write the average rate of muon energy loss as [29)]

—dE/dz = o(E) + b(E) E . (22)

Here a(E) is the ionization energy loss given by Eq. (2), and
b(E) is the sum of ete™ pair production, bremsstrahlung, and
photonuclear contributions. To the approximation that these slowly-
varying functions are constant, the mean range zo of a muon with
initial energy Eyp is given by

zo =~ (1/b)In(a + bEy) . (23)
Figure 4 shows contributions to b(E) for iron. Since a(E) =~ 0.002
GeV g~ ! cm?, b(E)E dominates the energy loss above several hundred

GeV, where b(E) is nearly constant. The rate of energy loss for muons
in hydrogen, uranium, and iron is shown in Fig. 5 [30].
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Fig. 4. Contributions to the fractional energy loss by muons
in iron due to ete~ pair production, bremsstrahlung, and
photonuclear interactions, as obtained from Lohmann et al. [30].

QED calculations of cross sections for bremsstrahlung and e*e™
pair production have long been known, but were much improved
around 1970 to meet the needs of cosmic ray physics [31-35].
Rozental showed that the screened atomic electron contribution
could be included by replacing Z2 with Z(Z + 1.2) in the nuclear
bremsstrahlung cross sections and by Z(Z + 1.3) in the case of ete™
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Fig. 5. The average energy loss of a muon in hydrogen, iron, and
uranium as a function of muon energy. Contributions to dE/dx
in iron from ionization and the processes shown in Fig. 4 are also
shown.

pair production [36], and that other corrections might reduce the cross
section by as much as 5%. We take this as the present uncertainty.

Cross sections for both processes have been evaluated independently
by Tsai [19].

A comparison of various improvements to the Bethe-Heitler formula
is given by Wright [37]. For muon energies above 100 GeV, p* p~ pair
production is also possible. This process is potentially troublesome
because it can lead to charge misassignment, but it contributes less
than 0.01% to the the total energy loss [30].

Photonuclear interactions account for about 5% of the total energy
loss of high-energy muons in iron, and for about 2% in uranium [38].
The losses are concentrated in rare, relatively hard events.

These radiative cross sections are expressed as functions of the
fractional energy loss v. The bremsstrahlung cross section goes
roughly as 1/v over most of the range, while for the pair production
case the distribution goes as v~3 to v~2 (see Ref. 39). “Hard”
losses are therefore more probable in bremsstrahlung, and in fact
energy losses due to pair production may very nearly be treated
as continuous. The momentum distribution of an incident 1 TeV/c
muon beam after it crosses 3 m of iron is shown in Fig. 6. The most
probable loss is 9 GeV, or 3.8 MeV g~lcm?2. The full width at half
maximum is 7 GeV/c, or 0.7%. The radiative tail is almost entirely
due to bremsstrahlung; this includes most of the 10% that lost more
than 2.8% of their energy. Most of the 3.3% that lost more than 10%
of their incident energy experienced photonuclear interactions. The
latter can exceed nominal detector resolution [40], necessitating the
reconstruction of lost energy. Electromagnetic and hadronic cascades
in detector materials can obscure muon tracks in detector planes and
reduce tracking efficiency [41].

(10) Cerenkov and transition radiation {42,43,44]: A charged
particle radiates if its velocity is greater than the local phase velocity
of light (Cerenkov radiation) or if it crosses suddenly from one medium
to another with different optical properties (transition radiation).
Neither process is important for energy loss, but both are used in
high-energy physics detectors.

Cerenkov Radiation. The half-angle 6. of the Cerenkov cone for a
particle with velocity B¢ in a medium with index of refraction n is

6. = arccos(1/np3)

~ v/2(1 —1/nB) for small 6, e.g. in gases.

The threshold velocity B is 1/n, and v = 1/(1 — ﬂtz)l/ 2. Therefore,
Beve = 1/(26 + 62)1/2, where § = n — 1. Values of & for various
commonly used gases are given as a function of pressure and

(24)
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Fig. 6. The momentum distribution of 1 TeV/c muons after
traversing 3 m of iron, as obtained with Van Ginniken’s TRAMU
muon transport code [39].

wavelength in Ref. 45. For values at atmospheric pressure, see our
Table of Atomic and Nuclear Properties. Data for other commonly
used materials are given in Ref. 46.

The number of photons produced per unit path length of a particle
with charge ze and per unit energy interval of the photons is

&N a2, a?2? 1
——— = —sin“f, = 1-
dEdz he Te MeC2 B32n?(E) (25)
~ 370sin° .(E) eV lcm™! (z=1),
or, equivalently,
d*N _ 2raz? 1 1 (26)
dzd\ ~ )2 B2n2(X) )

The index of refraction is a function of photon energy E, as is the
sensitivity of the transducer used to detect the light. For practical use,
Eq. (25) must be multiplied by the the transducer response function
and integrated over the region for which Sn(F) > 1. Further details
are given in the discussion of Cerenkov detectors in the Detectors
section.

Transition Radiation. The energy radiated when a particle with
charge ze crosses the boundary between vacuum and a medium with
plasma frequency wy is

I= azz'thp/ii , (27)
where
hwp = 1/4mNer3 mec?/a
(28)

= y/4nNead, 2 x 13.6 eV .

Here N, is the electron density in the medium, 7. is the classical
electron radius, and aco is the Bohr radius. For styrene and similar
materials, \/47rNeago =~ 0.8, so that hwy, ~ 20 eV. The typical emission
angle is 1/.

The radiation spectrum is logarithmically divergent at low energies
and decreases rapidly for hw/vhwp > 1. About half the energy is
emitted in the range 0.1 < hw/vhwp < 1. For a particle with v = 108,
the radiated photons are in the soft x-ray range 2 to 20 eV. The «
dependence of the emitted energy thus comes from the hardening of
the spectrum rather than from an increased quantum yield. For a

typical radiated photon energy of yhwy/4, the quantum yield is

1 azz'thp Yhwp
Ny = 53 /1
(29)

~ 2022 2 0.5% x 22 .
More precisely, the number of photons with energy hw > hwq is
given by [47]

2 2 2
N,,(hw>hu0):% [(m%q) + "} (30)
0

12
within corrections of order (hwq/ 'thp)z The number of photons above
a fixed energy hwop << vhwp thus grows as (In+)?, but the number
above a fixed fraction of yiwy, (as in the example above) is constant.
For example, for hw > yhwp/10, Ny = 2.519 az?/m =0.59% x z2.

The yield can be increased by using a stack of plastic foils with
gaps between. However, interference can be important, and the soft
x rays are readily absorbed in the foils. The first problem can be
overcome by choosing thicknesses and spacings large compared to
the “formation length” D = ~yc/wp, which in practical situations is
tens of um. Other practical problems are discussed in the Detectors
section.

Revised April 1990 with the help of O. Dahl, R. Hagstrom,
W.R. Nelson, and S.I. Parker.
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Mean Range and Energy Loss in Liquid Hydrogen
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10 - R e AT i e K F——F Range and energy loss in liquid hydrogen, based
g %“ f -1 - [- 1 y on Bethe-Bloch equation [See Sec. (1) of Passage
s ik of Particles Through Matter], using an average

ionization potential for Hy of I = 20.0 eV. , which is
an approximate average of the experimental result of
Garbincius and Hyman [Phys. Rev. A2, 1834 (70)]
and the theoretical result of Ford and Browne [Phys.
Rev. AT, 418 (73)]. Bubble chamber conditions
are chosen to be those of Garbincius and Hyman:
parahydrogen of density = 0.0625 g/cm3 (note:
range o 1/density), with vapor-pressure 60.8 1b/in?
(absolute) and temperature 26.2°K. The functional
dependence of the Bethe-Bloch equation is not
experimentally verified to better than about +1%
over large momentum ranges. It should be noted
that the number of bubbles per cm of a track in a
bubble chamber is nearly proportional to 1/ 32, not
dE/dz. For the linear portions of the range curves,
R « p38. Scaling law for particles of other mass or
charge (ezcept electrons): for a given medium, the
range Ry of any beam particle with mass My, charge
zp, and momentum py is given in terms of the range
R, of any other particle with mass Mg, charge z,,
and momentum pg = ppMy/Mp (i.e., having the
same velocity) by the expression:

Ry (My, z, pp) =
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Mean range and energy loss due to ionization for
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Al, and C shown, using Bethe-Bloch equation [See
., Sec. (1) of Passage of Particles Through Matter]
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ionization potentials and density effect corrections as
100 discussed in M.J. Berger and S.M. Seltzer, “Stopping

Powers and Ranges of Electrons and Positrons,”
= N s > (2"d ed.), U.S. National Bureau of Standards Report
NBSIR 82-2550-A (1982). The average ionization
potentials (I) assumed were: Pb (823 eV), Cu (322
eV), Al (166 eV), and C (78.0 eV). Figure indicates
total path length; observed range may be smaller
(by ~ 1-2% in heavy elements) due to multiple
scattering, primarily from small energy-loss collisions
with nuclei. The functional forms have not been
experimentally verified to better than roughly +1%.
For higher energies refer to discussion by Cobb
[“A Study of Some Electromagnetic Interactions of
High Velocity Particles with Matter,” University of
Oxford Report HEP/T/55 (1973)] and by Turner
[“Penetration of Charged Particles in Matter:
A Symposium,” National Academy of Sciences,
2' Washington D.C. (1970), p. 48]. For lower energies
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Photon Attenuation Length

TTTT

i RN B I R LN R The photon mass attenuation length A = 1/(n/p)
(also known as mfp, mean free path) for various

T

T

absorbers as a function of photon energy, where p is

the mass attenuation coefficient. For a homogeneous
medium of density p, the intensity I remaining after

TTIT

traversal of thickness t is given by the expression

N
!
N
\

T

1

/f 1 I = Iy exp(—tp/A). The accuracy is a few percent.
: l P 1 Interpolation to other Z should be done in the cross

N
>
]

N
2
2,

b section o = A/AN4 cm?/atom, where A is the atomic

c/ .
/‘ 3 Fe 1= weight of the absorber material in grams and N4
i is the Avogadro number. For a chemical compound

N
INEN

or mixture, use (1/A)eg & Y w;(1/A);, accurate to
a few percent, where w; is the proportion by weight

of the 5" constituent. See next page for high-energy

10"

range. The processes responsible for attenuation are
given in a following figure. Not all of these processes

LLLl

T ‘&Hl

1

necessarily result in detectable attenuation. For

A

A= 1u/p (glem?

example, coherent Rayleigh scattering off an atom
may occur at such low momentum transfer that

10°

LRAAl

the change in energy and momentum of the photon
may not be significant. From Hubbell, Gimm, and

111

] Overbg, J. Phys. Chem. Ref. Data 9, 1023 (80).

L

See also J.H. Hubbell, Int. J. of Applied Rad. and
Isotopes 33, 1269 (82). Data courtesy J.H. Hubbell.
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Photon Attenuation Length (High Energy)

The photon mass attenuation

A= 1/w/p) (g/cm?)

TTTTTT] T T T TTTTI T T T T L length, high-energy range (note
that ordinate is linear scale). See
previous figure caption for details.
The attenuation length is constant
beyond the range shown for at least
two decades in energy.
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Photon energy (MeV)
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PHOTON AND ELECTRON ATTENUATION (Cont’d)

Photon Pair Conversion Probability
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Probability P that a photon inter-
i action will result in conversion to an
ete™ pair. Except for a few-percent
contribution from photonuclear
absorption around 10 or 20 MeV, es-
E sentially all other interactions result
in Compton scattering off an atomic
electron. For a photon attenuation
length A (g/cm?) (upper figure), the
1 probability that a given photon will
produce an electron pair (without
first Compton scattering) in thick-
ness t (cm) of absorber of density p

1 (g/cm?) is P[1 — exp(—tp/)].
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Photon total cross sections as a function of energy in carbon and lead, showing the contributions of different processes.
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= Atomic photo-effect (electron ejection, photon absorption)

Coherent scattering (Rayleigh scattering—atom neither ionized nor excited)
Incoherent scattering (Compton scattering off an electron)

Pair production, nuclear field

Pair production, electron field

Photonuclear absorption (nuclear absorption, usually followed by emission of a neutron or other particle)

From Hubbell, Gimm, and @verbg, J. Phys. Chem. Ref. Data 9, 1023 (80). The photon total cross section is assumed approximately flat for at
least two decades beyond the energy range shown. Figures courtesy J.H. Hubbell.
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Fractional Energy Loss for Electrons and Positrons in Lead

TTTTI T TTTTIT T 17T

Ionization

1.0 __Elec‘lrons\ ™ Positrons

Bremsstrahlung

(units L7lg)

dE
dx

©

_lu_]
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Moller (e-)
»
Bhabha (e*)

annihilation

10 100
E (MeV)

—0.20

—0.15
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1000

Fractional energy loss per radiation length in lead as
a function of electron or positron energy. Electron
(positron) scattering is considered as ionization when
the energy loss per collision is below 0.255 MeV,
and as Moller (Bhabha) scattering when it is above.
Adapted from Fig. 3.2 from Messel and Crawford,
Electron-Photon Shower Distribution Function Tables
for Lead, Copper, and Air Absorbers, Pergamon
Press, 1970. Messel and Crawford use L,(Pb) =
5.82 g/cm?, but we have modified the figures to
reflect the value given in the Table of Atomic and
Nuclear Properties of Materials, namely L.(Pb)
= 6.4 g/cm?. The development of electron-photon
cascades is approximately independent of absorber
when the results are expressed in terms of inverse
radiation lengths (i.e., scale on left of plot).

(Units cm?/q)

COSMIC RAY FLUXES

The fluxes of particles of different types depend at the ~ 10% level
on the latitude, their energy, and the conditions of measurement.
Some typical sea-level values [1] for charged particles are given below:

I, flux per unit solid angle per unit horizontal area about vertical
direction

= j(# = 0, $)[6 = zenith angle, § = azimuthal angle] ;
J1 total flux crossing unit horizontal area from above
= / 7(6,8) cos@ dQ [d2 = sinf df d¢] ;
0<m/2

J2  total flux from above (impinging on a sphere of unit cross-
sectional area)

= / (8, ) d2 .

o<n/2
Total Hard Soft
Intensity Component Component
I, 1.1x102 08x102 0.3x102m 251 sterad™!
J1 1.8x102 13x102 05x102m 2571
Jp 24x102  1.7x102 0.7x102m 257!

Very approximately, about 75% of all particles at sea level are
penetrating, and are muons (the dominant portion of the hard

component at sea level). The sea-level vertical flux ratio for protons to
muons (both charges together) is about 3.5% at 1 GeV/c, decreasing
to about 0.5% at 10 GeV/c.

The muon flux at sea level has a mean energy of 2 GeV and a
differential spectrum falling as E~2, steepening smoothly to E—3-6
above a few TeV. The angular distribution is cos? 8, changing to secf at
energies above a TeV, where 6 is the zenith angle at production. The
=+ charge ratio is 1.25-1.30. The mean energy of muons originating in
the atmosphere is roughly 300 GeV at slant depths 2> a few hundred
meters. Beyond slant depths of ~ 10 km water-equivalent, the muons
are due primarily to in-the-earth neutrino interactions (roughly 1/8
interaction ton~! year~! for E, > 300 MeV, ~ constant throughout
the earth) [2]. Muons from this source arrive with a mean energy of
20 GeV, and have a flux of 2 x 1072 m~2 s~ sterad~! in the vertical
direction and about twice that in the horizontal [3], down at least as
far as the deepest mines.

Updated April 1986.

1. B. Rossi, Rev. Mod. Phys. 20, 537 (1948). See also C. Grupen,
“News from Cosmic Rays at High Energies,” Siegen University
preprint SI-84-01, and Allkofer and Grieder, Cosmic Rays on
Earth, Fachinformationszentrum, Karlsruhe (1984); flux ratio for
protons at sea level from G. Brook and A.W. Wolfendale, Proc.
of the Phys. Soc. of London, Vol. 83 (1964), p. 843.

2. J.G. Learned, F. Reines, and A. Soni, Phys. Rev. Lett. 43, 907
(1979).

3. M.F. Crouch et al., Phys. Rev. D18, 2239 (1978).
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PARTICLE DETECTORS

In this section we give various parameters for common detector
components. The quoted numbers are usually based on typical devices,
and should be regarded only as rough approximations for new designs.
A more detailed discussion of detectors can be found in Ref. 1. In
Table 1 are given typical spatial and temporal resolutions of common
detectors.

Table 1. Typical detector characteristics.

Resolution Dead
Detector Type Accuracy (rms) Time Time
Bubble chamber 10 to 150 um 1 ms 50 ms?
Streamer chamber 300 pm 2 ps 100 ms
Proportional chamber > 300 ,umb’c 50 ns 200 ns
Drift chamber 50 to 300 um 2 ns? 100 ns
Scintillator — 150 ps 10 ns
Emulsion 1 pm —

e . pitch €

Silicon strip 307 f f
Silicon pixel 2 pm9 f f

Multiple pulsing time.

300 pm is for 1 mm pitch.

Delay line cathode readout can give £150 pum parallel to anode
wire.

For two chambers.

The highest resolution (“7”) is obtained for small-pitch detectors
(<25 pm) with pulse-height-weighted center finding.

(S

a

®

I Limited at present by properties of the readout electronics. (Time
resolution of < 15 ns is planned for the SDC silicon tracker.)
9 Analog readout of 34 pm pitch, monolithic pixel detectors.

(1) Plastic scintillators

The photon yield in the frequency range of practical photomultiplier
tubes is &~ 1 photon per 100 eV of charged particle ionization energy
loss in plastic scintillator [2]. One must take into account the light
collection efficiency ( <10% for typical 1-cm-thick scintillator), the
attenuation length (1 to 4 m for typical scintillators [3]), and the
quantum efficiency of the photomultiplier cathode ( <25% when folded
with a typical scintillator emission spectrum).

(2) Inorganic scintillators

Table 2 gives a partial list of commonly-used inorganic scintillators
in high-energy and nuclear physics [4-11]. These scintillating crystals
are generally used where high density and good energy resolution are
required. In a crystal which contains nearly all of the energy deposited
by an incident particle, the energy resolution is determined largely, but
not totally, by the light output. The table gives the light output of the
various materials relative to Nal, which has an intrinsic light output
of about 40000 photons per MeV of energy deposit. The detected
signal is usually quoted in terms of photoelectrons per MeV produced
by a given photodetector. The relationship between photons/MeV
produced and p.e.’s/MeV detected involves factors for light collection
efficiency (typically 10-50%, depending on geometry) and the quantum
efficiency of the detector (~ 15-20% for photomultiplier tubes and
~ 70% for silicon photodiodes for visible wavelengths ). The quantum
efficiency of the detector is usually highly wavelength dependent and
should be matched to the particular crystal of interest to give the
highest quantum yield at the wavelength corresponding to the peak of
the scintillation emission. The comparison of the light output given
in Table 2 is for a standard photomultiplier tube with a bialkali
photocathode. For scintillators which emit in the UV, a detector with
a quartz window should be used.

Table 2. Properties of several inorganic crystal scintillators.

Nal(Tl) BGO BaF; CsI(Tl) Csl(pure)
Density (g/cm3) 367 7.13 4.89 4.53 4.53
Radiation length (cm) 2.59  1.12  2.05 1.85 1.85
Moliére radius (cm) 4.5 24 3.4 3.8 3.8
dE/dz (MeV /cm) 4.8 9.2 6.6 5.6 5.6
(per mip)

Nucl. int. length (cm) 414 220 29.9 36.5 36.5
Decay time (ns) 250 300 0.7/ 1000 10,361

620° ~ 1000°
Peak emission A (nm) 410 480 220/ 565 305f

310° ~ 480°
Refractive index 1.85 2.20 1.56 1.80 1.80
Relative light output 1.00 015 0.05F 0.40 0.10f

0.20° 0.02°
Hygroscopic very no slightly somewhat somewhat

f = fast component, s = slow component

(3) Cerenkov detectors

Cerenkov detectors utilize one or more of the properties of Cerenkov
radiation discussed in the Passages of Particles through Matter
section: the existence of a threshold for radiation; the dependence of
the Cerenkov cone half-angle 8, on the velocity of the particle; the
dependence of the number of emitted photons on the particle’s velocity.
The presence of the refractive index n in the relations allows tuning
these quantities for a particular experimental application (e.g., using
pressurized gas and/or various liquids as radiators).

The number of photoelectrons (p.e.’s) detected in a given device or
channel is

2,2
25 [ econ(B) can(B)sin? 6u(BYIE

Npe. =L
Te Me

where L is the path length in the radiator, ey is the efficiency
for collecting the Cerenkov light, €qe; is the quantum efficiency of
the transducer (photomultiplier or equivalent), and a?/(re mec?) =
370 cm~leV~L. The quantities e.o);, €get, and 6. are all functions of
the photon energy E, although in typical detectors 8. (or, equivalently,
the index of refraction) is nearly constant over the useful range of
photocathode sensitivity. In this case,

Np.e. = LNy <sin2 9c>

with

a?z?

No = /Ecoll €detdE .
We take z = 1, the usual case in high-energy physics, in the following
discussion.

Threshold Cerenkov detectors make a simple yes/no decision based
on whether the particle is above/below the Cerenkov threshold velocity
Bt = 1/n. Careful designs give (econ) = 90%. For a photomultiplier
with a typical bialkali cathode, [ egetdE = 0.27, so that

Te TTLEC2

Np.e./L ~ 90 e~ <sin2 oc> (i.e., No = 90 cm™1) .

Suppose, for example, that n is chosen so that the threshold for species
a is pt; that is, at this momentum species a has velocity 8, = 1/n. A
second, lighter, species b with the same momentum has velocity G, so

cos e = Ba/Bp, and

2 2
Npee. 1 Ma — M

~ 90 cm™ .
p? +m2

For K /7 separation at p = 1 GeV/c, Npe./L = 16 em™~! for 7’s and
(by design) 0 for K'’s.
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For limited path lengths Npe. can be small, and some minimum
number is required to trigger external electronics. The overall
efficiency of the device is controlled by Poisson fluctuations, which can
be especially critical for separation of species where one particle type
is dominant [12].

A related class of detectors uses the number of observed
photoelectrons (or the calibrated pulse height) to discriminate between
species or to set probabilities for each particle species [13].

Differential Cerenkov detectors exploit the dependence of 8. on £,
using optical focusing and/or geometrical masking to select particles
having velocities in a specified region. With careful design, a velocity
resolution of og/8 ~ 1074-107° can be obtained [12,14].

Ring-Imaging Cerenkov detectors use all three properties of
Cerenkov radiation in both small-aperture and 47 geometries. They
are principally used as hypothesis-testing rather than yes/no devices;
that is, the probability of various identification possibilities is
established from 6. and Np.e. for a particle of known momentum. In
most cases the optics map the Cerenkov cone onto a circle at the
photodetector, often with distortions which must be understood.

The 4m devices [15,16] typically have both liquid (CeF14, n = 1.276)
and gas (C5F12, n = 1.0017) radiators, the light from the latter being
focused by mirrors. They achieve 3 o separation of e/n/K/p over
wide ranges, as shown in Table 3. Great attention to detail, especially
with the minimization of UV-absorbing impurities, is required to get
{€con) 2 50%.

Table 3. Momentum range for
30 separation in the SLD ring-
imaging Cerenkov detector.

Particle Momentum range
pair for 3 o separation
e/m pS5 GeV/e
n/K 0.23<p<20 GeV/e
K/p 0.82<p<30 GeV/c

The phototransducer is typically a TPC/wire-chamber combination
sensitive to single photoelectrons and having charge division or
pads. This construction permits three-dimensional reconstruction
of photoelectron origins, which is important for transforming the
Cerenkov cone into a ring. Single photoelectrons are generated by
doping the TPC gas (for instance, ethane/methane in some proportion)
with ~ 0.05% TMAE [tetrakis(dimethylamino)ethylene] [17], leading
to photon absorption lengths along the Cerenkov cone of ~ 30 mm.
The readout wires must be equipped with special structures (blinds
or wire gates) to prevent photon feedback from avalanches generating
cross-talk photoelectrons in the TPC. Drift-gas purity must be
maintained to assure mean drift lengths of the order of meters without
recombination (i.e., lifetimes of 2 100 us at typical drift velocities
of > 4 cm/ps). The net (€get)’s reach 30%, with the limitation being
the TMAE quantum efficiency.

Photon energy cutoffs are set by the TMAE (E > 5.4 eV), the
UV transparency of fused silica glass (E < 7.4 eV), and the CgF14
(E < 7.1 eV). With effort one gets 50 < Ny < 100 for complete rings
using liquid or gas. This includes losses due to electrostatic shielding
wires and window/mirror reflections, but not gross losses caused by
total internal reflection or inadequate coverage by the TPC'’s.

Such numbers allow determination of ring radii to ~0.5% (liquid)
and ~2% (gas), leading to the particle species separations quoted
above. Since the separation efficiencies may have “holes” as a function
of p, detailed calculations are necessary.

(4) Transition radiation detectors (TRD’s)

It is evident from the discussion in the Passages of Particles Through
Matter section that transition radiation (TR) only becomes useful
for particle detectors when the Lorentz factor - > 103. In practice,
TRD’s are used to provide e/w separation when p>1 GeV/c. (The
momentum is usually measured elsewhere in the detector.) Since a soft

x ray is radiated with about 1% probability per boundary crossing,
practical detectors use radiators with several hundred interfaces, e.g.
foils of lithium or plastic in a gas. Absorption inside the radiator and
interference effects between interfaces are important [18,19].

A practical detector is composed of several similar modules, each
consisting of a radiator and an x-ray detector. The radiator is made of
foils or fibers of a low-Z material (for low absorption) in a low-Z gas
such as helium. The x-ray detector is usually a wire chamber operated
with a xenon-rich mixture in order to obtain a high conversion
efficiency. As transition radiation is emitted at small angles, the
chamber usually detects the sum of the ionization of the particle and
of converted TR photons. The discrimination between electrons and
pions can be based on the charges measured in each set, or on more
sophisticated methods using pulse-shape analysis. The TRD in the
DO experiment serves as an example [20,21].

The major factor in the performance of a TRD is its overall length.
Very roughly, the pion rejection factor for a detector with 90% electron
efficiency is 10 (L/20 cm), where L is the overall length of a radiator
with foils. Radiators with fibers are easier to build, but generally
provide a rejection factor which is at least a factor of two lower.

(5) Silicon photodiodes and particle detectors

Silicon detectors are p-n junction diodes operated at reverse bias.
This forms a sensitive region depleted of mobile charge and sets up
an electric field that sweeps charge liberated by radiation to the
electrodes. The thickness of the depleted region is

W= \/2—6—(%/& = v/2pe(V + V) ,

where V = external bias voltage
Vi = “built-in” voltage(~ 0.8 V for resistivities typically used in
detectors
doping concentration
electron charge
dielectric constant = 11.9 ¢g = 1 pF/cm
resistivity (typically 1-10 kQ2 cm)
= charge carrier mobility
= 1350 cm? V~! 57! for electrons (n-type material)
= 450 cm? V~1 571 for holes (p-type material)

I

I

n
e
€
p
©

or

W =0.5 pum x /p(V + Vj;) for n-type material, and

W =0.3 um x \/p(V + Vj;) for p-type material,

where V is in volts and p is in Q cm.
The corresponding capacitance per unit area is

€ 1
C——W~1[pF/cm]WA

In strip detectors the capacitance is dominated by the strip-to-strip
fringing capacitance of ~ 1-1.5 pF cm™! of strip length at a strip
pitch of 25-50 pm.

About 3.6 eV is required to create an electron-hole pair. For
minimum-ionizing particles, the most probable charge deposition in a
300 pm thick silicon detector is about 4 fC (25000 electrons). Readily
available photodiodes have quantum efficiences > 70% for wavelengths
between 600 nm and 1 pum. UV extended photodiodes have useful
efficiency down to 200 nm. In applications in which photodiodes
detect light from scintillators, care must be taken so that signal from
the scintillator is larger than that produced by particles going through
the photodiode.

Collection time decreases with increased depletion voltage, and can
be reduced further by operating the detector with “overbias,” i.e., a
bias voltage exceeding the value required to fully deplete the device.
The collection time is limited by velocity saturation at high fields; at
an average field of 10* V/cm, the collection times is about 15 ps/um
for electrons and 30 ps/um for holes. In typical strip detectors of
300 pm thickness, electrons are collected within about 8 ns, and holes
within about 25 ns.
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Position resolution is limited by transverse diffusion during charge
collection (typically 5 pm for 300 pm thickness) and by knock-on
electrons. Resolutions of 3-4 pum (rms) have been obtained in beam
tests. In magnetic fields, the Lorentz drift can increase the spatial
spread appreciably (see “Hall effect” in semiconductor textbooks).

Radiation damage occurs through two basic mechanisms:

1. Bulk damage due to displacement of atoms from their lattice sites.
This leads to increased leakage current, carrier trapping, and
changes in doping concentration. Displacement damage depends
on the nonionizing energy loss, i.e., particle type and energy. The
dose should be specified as a fluence of particles of a specific type
and energy.

2. Surface damage due to charge build-up in surface layers, which
leads to increased surface leakage currents. In strip detectors the
inter-strip isolation is affected. The effects of charge build-up are
strongly dependent on the device structure and on fabrication
details. Since the damage is determined directly by the absorbed
energy, the dose should be specified in these units (rad or Gray).

The increase in leakage -.current due to bulk damage is Ai = a¢
per unit volume, where ¢ is the particle fluence and o the damage
coefficient (a ~ 2 x 10717 A/cm for minimum ionizing protons and
pions after long-term annealing; roughly the same value applies for
1 MeV neutrons). The doping concentration in n-type silicon changes
as n = ngexp(—6¢) — B$, where ng is the initial donor concentration,
6 ~ 6 x 1014 ¢cm? determines donor removal, and 8 = 0.03 cm™!
describes acceptor creation. This leads to an initial increase in
resisitivity until type-inversion changes the net doping from n to p.
At this point the resistivity decreases, with a corresponding increase
in depletion voltage. The safe operating limit of depletion voltage
ultimately limits the detector lifetime. Strip detectors have remained
functional at fluences beyond 10'4 ¢cm™2 for minimum ionizing
protons. At this damage level, charge loss due to recombination and
trapping also seems to become significant.

(6) Proportional and drift chambers

Proportional chamber wire instability The limit on the voltage V'
for a wire tension T', due to mechanical effects when the electrostatic
repulsion of adjacent wires exceeds the restoring force of wire tension,
is given by (MSKA) [22]

V< %\/4WEOT R

where s, £, and C are the wire spacing, length, and capacitance per
unit length. An approximation to C for chamber half-gap t and wire
diameter d (good for s <t) gives [23]

t s s
v<sor/2 |24 S ()],
~ TR (Trd) '
where V is in kV, and T is in grams-weight equivalent.

Proportional and drift chamber potentials The potential distributions
and fields in a proportional or drift chamber can usually be calculated

with good accuracy from the exact formula for the potential around
an array of parallel line charges ¢ (coul/m) along z and located at
y=0,z=0, s, £2s, ...,

q .2 (7T 12 (7Y }
47‘_60111 {4[sm (s)+5mh (3) } .
Errors from the presence of cathodes, mechanical defects, TPC-type

edge effects, etc., are usually small and are beyond the scope of this
review.

Viz,y) = -

(7) Calorimeters

Electromagnetic calorimeters. The development of electromagnetic
showers is discussed in the “Passage of Particles Through Matter”
section. Formulae are given for the approximate description of average
showers, but since the physics of electromagnetic showers is well
understood, detailed and reliable Monte Carlo simulation is possible.
EGS4 has emerged as the standard [24].

The resolution of sampling calorimeters (hadronic and electro-
magnetic) is usually dominated by sampling fluctuations, leading to
fractional resolution o/F scaling inversely as the square root of the
incident energy. Homogenous calorimeters, such as solid NaI(T1), will
in general not have resolution varying as 1/ VE. At high energies
deviations from 1/ V'E occur because of noise, pedestal fluctuations,
nonuniformities, calibration errors, and incomplete shower contain-
ment. Such effects are usually included by adding a constant term to
o/E, either in quadrature or (incorrectly) directly. In the case of the
hadronic cascades discussed below, noncompensation also contributes
to the constant term.

In Table 4 we give resolution as measured in detectors using
typical EM calorimeter technologies. In almost all cases the installed
calorimeters yield worse resolution than test beam prototypes
for a variety of practical reasons. Where possible actual detector
performance is given. For a fixed number of radiation lengths, the
FWHM in sandwich detectors would be expected to be proportional
to v/ for t (= plate thickness) > 0.2 radiation lengths [25].

Given sufficient transverse granularity early in the calorimeter,
position resolution of the order of a millimeter can be obtained.

Table 4. Resolution of typical electromagnetic calorimeters. E is
in GeV.

Detector Resolution
Nal(T1) (Crystal Ball [26]; 20 X) 2.7%/EY/4
Lead glass (OPAL [27]) 5%/VE
Lead-liquid argon (NA31 [28]; 80 cells: 27 Xo, 1.5 mm Pb  7.5%/VE

+ 0.6 mm Al + 0.8 mm G10 + 4 mm LA)

Lead-scintillator sandwich (ARGUS [29], LAPP-LAL [30]) 9%/VE
Lead-scintillator spaghetti (CERN test module) [31] 13%/VE
Proportional wire chamber (MAC; 32 cells: 13 X, 23%/VE

2.5 mm typemetal + 1.6 mm Al) [32]

Hadronic calorimeters [33,34]. The length scale appropriate for
hadronic cascades is the nuclear interaction length, given very roughly
by

Ar~35¢g cm—241/3

Longitudinal energy deposition profiles are characterized by a sharp
peak near the first interaction point (from the fairly local deposition
of EM energy resulting from 7°’s produced in the first interaction),
followed by a more gradual development with a maximum at

Z/A] = tmax ~ 0.2In(E/1 GeV) + 0.7

as measured from the front of the detector.

The depth required for containment of a fixed fraction of the
energy also increases logarithmically with incident particle energy.
The thickness of iron required for 95% and 99% containment of
cascades induced by single hadrons is shown in Fig. 1 [35]. Two of
the sets of data are from large neutrino experiments, while the third
is from a commonly used parametrization. Depths as measured in
nuclear interaction lengths presumably scale to other materials. From
the same data it can be concluded that the requirement that 95%
of the energy in 95% of the showers be contained requires 40 to 50
cm (2.4 to 3.0 A\;) more material material than for an average 95%
containment.

The transverse dimensions of hadronic showers also scale as Ap,
although most of the energy is contained in a narrow core.

The energy deposit in a hadronic cascade consists of a prompt EM
component due to 7° production and a slower component mainly due
to low-energy hadronic activity. In general, these energy depositions
are converted to electrical signals with different efficiencies. The ratio
of the conversion efficiencies is usually called the intrinsic e/h ratio. If
e/h = 1.0 the calorimeter is said to be compensating. If it differs from
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Fig. 1. Required calorimeter thickness for 95% and 99% hadronic
cascade containment in iron, on the basis of data from two large
neutrino detectors and the parametrization of Bock et al. [35].

unity by more than 5% or 10%, detector performance is compromised
because of fluctuations in the 79 content of the cascades. Problems
include:

a) A skewed signal distribution;

b) A response ratio for electrons and hadrons (the “e/w ratio”)
which is different from unity and depends upon energy;

¢) A nonlinear response to hadrons (the response per GeV is
proportional to the reciprocal of e/7);

d) A constant contribution to detector resolution, almost propor-
tional to the degree of noncompensation. The coefficient relating
the constant term to |1 — e/h| is 14% according to FLUKA
simulations, and 21% according to Wigman’s calculations [33].

In most cases e/h is greater than unity, particularly if little
hydrogen is present or if the gate time is short. This is because much
of the low-energy hadronic energy is “hidden” in nuclear binding
energy release, low-energy spallation products, etc. Partial correction
for these losses occurs in a sampling calorimeter with thick plates,
because a disproportionate fraction of electromagnetic energy is
deposited in the inactive region. For this reason, it is very unlikely
that a fully sensitive detector such as BGO or glass can be made
compensating.

Compensation has been demonstrated in calorimeters with 2.5
mm scintillator sheets sandwiched between 3 mm depleted uranium
plates [37] or 10 mm lead plates [38]; resolutions o/E of 0.34/VE and
0.44/E were obtained for these cases (E in GeV). The former was
shown to be linear to within 2% over three orders of magnitude in
energy, with approximately Gaussian signal distributions.

dE/dx resolution in argon. Particle identification by dE/dz is

dependent on the width of the distribution. For relativistic incident
particles with charge e in a multiple-sample Ar gas counter with no
lead [39],

ar
FWHM/ @z

where N = number of samples, z = thickness per sample (cm), p =
pressure (atm.). Most commonly used chamber gases (except Xe) give
approximately the same resolution.

dE

Z = 0.96 N—O.46 (xp)—0.32 ,

most probable

Free electron drift velocities in liquid ionization chambers [40-43] Ve-

locity as a function of electric field strength is given in Fig. 2.

10

E TTT I TIro1rr | TTrorr I LI | TTr 1T TT I Tr1rr TT17T T—
9F -
- 8F —J
=] F 3
~N 7TE —
g E LAr+CH,4(0.5%) ]
2 6F -
> F 3
=2 5K —
13} r
o E B
o 4 —
> E 7
£ 3F —
A 2 E_ 2,2,4,4 TMP _f
1E -3
O 111 I 11 1 1 LJ 1 11 I I l 11 1.1 | 1 1 LLI 11t 1 , 1.1 1 l:
0 2 4 6 8 10 12 14 16

Field Strength (kV cm™)

Fig. 2. Electron drift velocity as a function of field strength for
commonly used liquids.

(8) Measurement of particle momenta in a uniform magnetic
field [44]

The trajectory of a particle with momentum p (in GeV/c) and
charge ze in a constant magnetic field B is a helix, with radius
of curvature R and pitch angle A. The radius of curvature and

momentum component perpendicular to B are related by

pcosA=03zBR,

where B is in tesla and R is in meters.

The distribution of measurements of the curvature £k = 1/R is
approximately Gaussian. The curvature error for a large number of
uniformly spaced measurements on the trajectory of a charged particle
in a uniform magnetic field can be approximated by

(8k)2 = (8kres)? + (6kms)?

6k = curvature error
bkres = curvature error due to finite measurement resolution
6kms = curvature error due to multiple scattering.

If many (> 10) uniformly spaced position measurements are made
along a trajectory in a uniform medium,

where

€ 720

Ohes = T2\ N 15

If a vertex constraint is applied at the origin of the track, the
coefficient under the radical becomes 320.
where N = number of points measured along track
L' = the projected length of the track onto the bending plane
€ = measurement error for each point, perpendicular to the
trajectory.
The contribution due to multiple Coulomb scattering is approxi-
mately

S (0.016)(GeV/c)z [ L
™S T LpBcos? A Xo '’
where p = momentum (GeV/c)
z = charge of incident particle in units of e
L = the total track length
Xo = radiation length of the scattering medium (in units of
length; the Xo defined elsewhere must be multiplied by
density)
B = the kinematic variable v/c.
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More accurate approximations for multiple scattering may be found
in the section on Passage of Particles Through Matter (following).
The contribution to the curvature error is given approximately by

Okms ~ SSL‘ESHE/L2, where s;‘l‘;sne is defined there.

(9) Superconducting solenoids for collider detectors

Basic (approximate) equations: In all cases SI units are assumed,
so that B is in tesla, F is in joules, dimensions are in meters, and
po = 4w x 1077,

Magnetic field. The magnetic field at the center of a solenoid of
length L and radius R, having N total turns and a current I is

woNI
VIZ+4R?

Stored energy. The energy stored in the magnetic field of any
magnet is calculated by integrating B2 over all space:

B(0,0) =

E= (1/2;40)/B2dV .

For a solenoid with an iron flux return in which the magnetic field is
< 2T, the field in the aperture is approximately uniform and equal to
woNI/L. If the thickness of the coil is small, (which is the case if it is
superconducting), then

E ~ (r/2u0)B*R*L .
Cost of a superconducting solenoid [45]:
Cost (in M$) = 0.523 [(E/(1MJ))%-662

Magnetostatic computer programs. It is too difficult to solve the
Biot-Savart equation for a magnetic circuit which includes iron
components and so iterative computer programs are used. These
include POISSON, TOSCA [46], and ANSYS [47].

Scaling laws for thin solenoids:

For a detector in which the calorimetry is outside the aperture of
the solenoid, the coil must be thin in terms of radiation and absorption
lengths. This usually means that the coil is superconducting and
that the vacuum vessel encasing it is of minimum real thickness and
fabricated of a material with long radiation length. There are two
major contributers to the thickness of a thin solenoid:

1. The conductor, consisting of the current-carrying superconducting
material (usually Cu/Nb-Ti) and the quench protecting stabilizer
(usually aluminum), is wound on the inside of a structural
support cylinder (usually aluminum also). This package typically
represents about 60% of the total thickness in radiation lengths.
The thickness scales approximately as B2R.

2. Approximately another 25% of the thickness of the magnet comes
from the outer cylindrical shell of the vacuum vessel. Since this
shell is susceptible to buckling collapse, its thickness is determined
by the diameter, length, and the modulus of the material of which
it is fabricated. When designing this shell to a typical standard,
the real thickness is

t = P.D*%[(L/D) - 0.45(t/D)°%)/2.6Y"*

where t = shell thickness (in), D = shell diameter (in), L = shell
length (in), ¥ = modulus of elasticity (psi), and P, = design
collapse pressure (= 30 psi). For most large-diameter detector
solenoids, the thickness to within a few percent is given by [48]

t = P,D25(L/D)/2.6Y"* .

Properties of collider detector solenoids:

The physical dimensions, central field, stored energy and thickness
in radiation lengths normal to the beam line of the superconducting
solenoids associated with the major colliders are given in Table 5.

Table 5. Properties of superconducting collider detector
solenoids.

Experiment-Lab Field Bore Dia Length Energy Thickness
(T) (m) (m) (MJ) (Xo)

CDF-Fermilab 1.5 2.86 5.07 30 0.86
Topaz-KEK 1.2 2.72 5.4 19.5 0.70
Venus-KEK 0.75 3.4 5.64 12 0.52
Cleo II-Cornell 1.5 2.9 3.8 25 2.5
Aleph—-CERN 1.5 5.0 7.0 130 1.7
Delphi-CERN 1.2 5.2 7.4 109 4.0
H1-DESY 1.2 5.2 5.75 120 1.2
Zeus-DESY 1.8 1.72 2.85 10.5 0.9

The ratio of stored energy to cold mass (E/M) is a useful
performance measure. One would like the cold mass to be as small
as possible to minimize the thickness, but temperature rise during
a quench must also be minimized. Ratios as large as 8 kJ/kg may
be possible (final temperature of 80 K after a fast quench with
homogenous energy dump), but some contingency is desirable. This
quantity is shown as a function of total stored energy for some major
collider detectors in Fig. 3.
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Fig. 3. Ratio of stored energy to cold mass for existing thin
detector solenoids.

(10) Radiation levels in detectors at hadron colliders
An SSC Central Design Group task force made a study of radiation
levels to be expected in SSC detectors [49]. Its model assumed
o The machine luminosity at /s = 40 TeV is £ = 1033 cm~2s71,
and the p — p inelastic cross section is ojpe; = 100 mb. This
luminosity is effectively achieved for 107 s yr—!. The interaction
rate is thus 108 s~L, or 1015 yr”l;
e All radiation comes from p — p collisions at the interaction point;
e The charged particle distribution is (a) flat in pseudorapidity
for |n] < 6 and (b) has a momentum distribution whose
perpendicular component is independent of rapidity, which is
taken as independent of pseudorapidity:

d?Ny,
dndp,
(where p;, = psin@). Integrals involving f(p) are simplified
by replacing f(p,) by 6(p. — (pL)); in the worst case this
approximation introduces an error of less than 10%;
e Gamma rays from 70 decay are as abundant as charged particles.

They have approximately the same 7 distribution, but half the
mean momentum;

=H f(py)
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e At the SSC (/s = 40 TeV), H ~ 7.5 and (p) = 0.6 GeV/c;
assumed values at other energies are given in Table 7. Together
with the model discussed above, these values are thought to
describe particle production to within a factor of two or better.

It then follows that the flux of charged particles from the interaction

point passing through a normal area da located a distance r; from
the beam line is given by

dNg  1.2x 108571
=
da i

In a typical organic material, a relativistic charged particle flux of
3 x 10° cm~2 produces an ionizing radiation dose of 1 Gy, where
1 Gy = 1 joule kg~! (= 100 rads). The above result may thus be
rewritten as dose rate,

- 0.4 MGy yr~1
T (r1/1cm)?

If a magnetic field is present, “loopers” may increase this dose rate by
a factor of two.

In a medium in which cascades can develop, the ionizing dose
or neutron fluence is proportional to dNg,/da multiplied by (E)%,
where (E) is the mean energy of the particles going through da and
the power a is slightly less than unity. Since E = p = p, /sin6 and
T, = rsiné, the above expression for dNg,/da becomes

A 2 A
Dose or fluence** = = cosh®top = ——— .
r2 r2sin2tag

The constant A contains the total number of interactions oine) [ Ldt,
so the ionizing dose or neutron flux at another accelerator scales as
UinelfcdtH(PJ.)a‘

The dose or fluence in a calorimeter scales as 1/r2, as does the
neutron fluence inside a central cavity with characteristic dimension 7.

Under all conditions so far studied, the neutron spectrum shows
a broad log-normal distribution peaking at just under 1 MeV. In a
2 m radius central cavity of a detector with coverage down to |n| = 3,
the average neutron flux is 2 x 1012 cm~2yr~!, including secondary
scattering contributions.

Values of A and a are given in Table 6 for several relevant
situations. Examples of scaling to other accelerators are given in
Table 7. It should be noted that the assumption that all radiation
comes from the interaction point does not apply to the present
generation of accelerators.

The constant A includes factors evaluated with cascade simulation
programs as well as constants describing particle production at the
interaction point. It is felt that each could introduce an error as large
as a factor of two in the results.

Table 6. Coefficients A/(100 cm)? and o for the evaluation
of calorimeter radiation levels at cascade maxima under SSC
nominal operating conditions. At a distance r and angle
6 from the interaction point the annual fluence or dose is
A/(r?sin?t29).

Quantity A/(100 cm)?  Units

(p1) a

Neutron flux 1.5 x 1012
Dose rate from photons 124
Dose rate from hadrons 29

em~2yr~! 0.6 GeV/c 0.67
Gyyr~! 03GeV/c 093
Gyyr! 06 GeV/c 089

Table 7. A rough comparison of beam-collision induced radiation
levels at the Tevatron, UNK, high-luminosity LHC, and SSC.

Tevatron UNK-3 LHC SSC
V3 (TeV) 1.8 6 16 40
Luom (cm™2s71) 2x 103  4x10%2  4x10%"  1x10%8
Ginel 59 mb 80 mb 86 mb 100 mb
4.1 4.5 6.3 7.5
(1) (GeV/c) 0.46 0.52 0.55 0.60
Relative dose rate® 5 x 1074 0.2 27 1

¢ High-luminosity option.
b Proportional to Lnom Ginel H (p.0)%7

Updated 1992 by D.G. Coyne, R.W. Fast, R.D. Kephart,
B. Mansoulie, H.F.W. Sadrozinski, H.G. Spieler, and C.L. Woody

** Dose is the time integral of dose rate, and fluence is the time
integral of fluz.
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RADIOACTIVITY & RADIATION PROTECTION

The International Commission on Radiation Units and Measure-
ments (ICRU) recommends the use of SI units. Therefore we list SI
units first, followed by cgs (or other common) units in parentheses,
where they differ.

e Unit of activity = becquerel (curie):

1 Bq = 1 disintegration s~1 [= 1/(3.7 x 10'0) Ci]
e Unit of absorbed dose= gray (rad):

1 Gy =1 joule kg1 (= 10* erg g~! = 100 rad)

=6.24 x 1012 MeV kg1 deposited energy

e Unit of exposure, the quantity of z- or - radiation at a point in
space integrated over time, in terms of charge of either sign produced
by showering electrons in a small volume of air about the point:

=1 coul kg~ ! of air (roentgen; 1 R = 2.58x1074 coul kg™ 1)

= 1 esu cm~3(= 87.8 erg released energy per g of air)
Implicit in the definition is the assumption that the small test volume
is embedded in a sufficiently large uniformly irradiated volume that
the number of secondary electrons entering the volume equals the
number leaving. This unit is somewhat historical, but appears on
many measuring instruments.
e Unit of equivalent dose (for biological damage) = sievert [= 100
rem (roentgen equivalent for man)]: Equivalent dose in Sv = absorbed
dose in grays X wpg, where wg (radiation weighting factor, formerly
the quality factor Q) expresses long-term risk (primarily cancer and
leukemia) from low-level chronic exposure. It depends upon the type
of radiation and other factors, as follows [1]:

Radiation wR

X- and ~v-rays, all energies 1
Electrons and muons, all energies 1
Neutrons < 10 keV 5
10-100 keV 10

> 100 keV to 2 MeV 20

2-20 MeV 10

> 20 MeV 5

Protons (other than recoils) > 2 MeV 5

Alphas, fission fragments, & heavy nuclei 20

e Natural annual background, all sources: Most world areas,
whole-body equivalent dose rate =~ (0.4-4) mSv (40-400 millirems).
Can range up to 50 mSv (5 rems) in certain areas. U.S. average
~ 3.6 mSv, including &~ 2 mSv (~ 200 mrem) from inhaled natural
radioactivity, mostly radon and radon daughters (0.1-0.2 mSv in open
areas. Average is for a typical house and varies by more than an order
of magnitude. It can be more than two orders of magnitude higher in
poorly ventilated mines).

e Cosmic ray background in counters (Earth’s surface):

~ 1 min™! ¢m™2 sr. For more accurate estimates and details,
see the Cosmic Rays section.

o Fluxes (per sz) to deposit one Gy, assuming uniform irradiation:
~ (charged particles) 6.24x10°/(dE/dx), where dE/dx (MeV
g1 cmz), the energy loss per unit length, may be obtained from the

Mean Range and Energy Loss figures.

~ 3.5 x 10° cm~2 minimum-ionizing singly-charged particles in
carbon.

~ (photons) 6.24x10%/[Ef/)], for photons of energy E (MeV),
attenuation length A (g cm™2) (see Photon Attenuation Length
figure), and fraction f <1 expressing the fraction of the photon’s
energy deposited in a small volume of thickness < A but large enough
to contain the secondary electrons.

~ 2 x 1011 photons cm™2 for 1 MeV photons on carbon (f =~ 1/2).

(Quoted fluxes are good to about a factor of 2 for all materials.)
e Recommended limits to exposure (whole-body dose):*

CERN: 15 mSv yr~!

U.K.: 15 mSv yr!

U.S.: 50 mSv yr~! (5 rem yr—Ht
e Lethal dose: Whole-body dose from penetrating ionizing radiation
resulting in 50% mortality in 30 days (assuming no medical treatment)
2.5-3.0 Gy (250-300 rads), as measured internally on body longitudinal
center line. Surface dose varies due to variable body attenuation and
may be a strong function of energy.

For a recent review, see E. Pochin, Nuclear Radiation: Risks and
Benefits (Clarendon Press, Oxford, 1983).

Revised Sept. 1991 with assistance from N.A. Greenhouse.

* The ICRP recomendation [1] is 20 mSv yr~! averaged over
5 years, with the dose in any one year < 50 mSv.

t Many laboratories in the U.S. and elsewhere set lower limits.

1. ICRP Publication 60, 1990 Recommendation of the International
Commission on Radiological Protection Pergamon Press (1991).
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Particle Photon
Type of Energy Prob. Energy Prob.
Nuclide Half-life decay (MeV) (MeV)
22Na 2.602y BT,EC 0.545 90% 0.511  Annih.
1275  100%
3¢Mn 0855y EC 0.835  100%
25
Cr K X rays 24%
S3Fe 273y EC Mn K X rays:
0.00589 24%
0.00649 2.9%
37Co 0.745y EC 0.014 10%
0.122  86%
0.136  11%
Fe K X rays 55%
89Co 5271y B~ 0316  100% 1173 100%
27
1.333  100%
88Ge 0742y EC Ga K X rays 44%
— §8Ga BT, EC 1.899 90% 0.511  Annih.
1.077 3%
99Sr 285y B~ 0546  100%
4 B~ 2283  100%
10%Ru 1.020y B~ 0039 100%
— 19Rh B~ 3.541 79% 0512  21%
0622  10%
199¢cd 1267y EC 0063 e~ 41% 0.088  3.6%
0.084 e~ 45% Ag K X rays 100%
0.087 e~ 9%
1133n 0315y EC 0364e¢” 29% 0392  64%
0.388e~ 6% In K X rays 98%
137Cs 300y B~ 05l4e” 94% 0.662  85%
1176 e~ 6%
133Ba 1054y EC  0.045e~ 50% 0.081  34%
0075 e~ 6% 0.356  62%
Cs K X rays 124%
207Bi 322y EC 048le” 2% 0569  98%
0975 ¢~ 7% 1.063  75%
1.047 e~ 2% 1.770 7%
Pb K X rays 75%
228Th 1913y  6a:  5.341 t0 8.785 0.239  44%
367:  0.334 to 2.246 0.583  31%
2.614  36%
(~%iRa — %R — %P0 — 23Pb — 2BBi — 2Po)
288Am 4327y o 5443 13% 0.060  36%
5.486 85% Np L X rays 39%

241Am/Be 432.7y 6 x 10~5 neutrons (4-8 MeV) and

4 x 107%9’s (4.43 MeV) per Am decay

24Cm 1811y a  5.763 24% PuL X rays ~ 9%
5.805 76%

2820 2.645y o (97%) 6.076 15%
6.118 82%

Fission (3.1%)
~ 20 v’s/fission; 80% < 1 MeV
& 4 neutrons/fission; (En) = 2.14 MeV

Updated April 1989 by E. Browne and V. Shirley.

“Prob.” is the probability per decay of a given emission; because of
cascades these may total more than 100%. Only principal emissions
are listed. EC means electron capture, and e~ means monoenergetic
internal conversion (Auger) electron. The intensity of 0.511 MeV
ete~ annihilation photons depends upon the number of stopped
positrons. Endpoint 3% energies are listed. In some cases when
energies are closely spaced, the y-ray values are approximate weighted
averages. Radiation from short-lived daughter isotopes is included
where relevant.

Half-lives, energies, and intensities are from E. Browne and
R.B. Firestone, Table of Radioactive Isotopes (John Wiley & Sons,
New York, 1986) or recent Nuclear Data Sheets.

Neutrons are from Neutron Sources for Basic Physics and Applications
(Pergamon Press, 1983).
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1. PROBABILITY

1.1 General

If z is the outcome of an observation, we define the probability of
z as the relative frequency with which z occurs out of a (possibly
hypothetical) large set of similar observations. If z may take any
value from a continuous range, we write f(z;6) dz as the probability
of observing = between = and z + dz. The function f(z;) is the
probability density function (p.d.f.) for the random variable x, which
may depend upon a parameter §. If z can take on only one of a set
of discrete values (e.g., the non-negative integers), then f(z;6) is itself
a probability, but we still refer to it as a p.d.f. The p.d.f. is always
normalized to unit area (unit sum, if discrete). Both = and 6 may have
multiple components and are then usually written as column vectors.
If 6 is unknown and we wish to estimate its value from a given set of
data z, we may use statistics (Section 2).

The cumulative distribution function F(a) expresses the probability
that z < a:

F(a) = /f(z) dx . (1.1)

Here and in what follows, if z is discrete-valued, the integral is replaced
by a sum. The endpoint a is expressly included in the integral or sum.
Then 0 < F(z) < 1, F(z) is nondecreasing, and Prob(a < z < b) =
F(b) — F(a). If z is discrete, F(z) is flat except at allowed values of
z, where it has a discontinuous jump equal to f(z).

Any function of random variables is itself a random variable, with
(in general) a different p.d.f. The expectation value of any function
u(x) is

oc

Elu(@) = [ u(a) f(a) ds

—00

(1.2)

The expectation value is said to exist only if it is finite. For z and
y any two random variables, E(z +y) = E(z) + E(y). For c and k
constants, E(cz + k) = cE(z) + k.

The nth moment of a distribution is given by

an = E(z") , (1.3a)
and the nth moment about the mean by

mp = E[(z — a1)"] . (1.3b)
The most commonly used are the mean and variance:

L= (1.4a)

02 = Var(z) = mg = az — u?. (1.4b)

The mean is the location of the “center of mass” of the distribution of
z and the variance is a measure of the square of its width. Note that
Var(cz + k) = ¢?Var(z).

Any odd moment about the mean is a measure of skewness;
the simplest of these is the dimensionless coefficient of skewness
v1 = m3/ a3

In addition to the mean, another useful indicator of the z location
near which most of the probability is likely to concentrate is the
median Tpeq. This is that value of z such that F(zmeq) = 1/2, i.e.,
exactly half of the probability lies above and half lies below Zeq. For
a given sample of events, Tyeq is that observed z such that half the
events have larger = and half have smaller z (as closely as possible, not
counting any that have the same z as the median). If this lies between
two observed x values, the sample median is set by convention to be
halfway between them. If the p.d.f. for z has the form f(z — u) and
4 is both mean and median, then for a large number of events N the
variance of the median approaches 1/[4N f2(0)], provided f(0) > 0.

Let = and y be two random variables with joint p.d.f. f(z,y). The
marginal p.d.f. of, for example, z, expressing the p.d.f. for z with y
unobserved, is

file) = / f(z,y) dy (1.5)

and similarly for fa(y). If y is fixed, the conditional p.d.f. for = given
the fixed y is given by

f(zly) = f(z,y)/ f2(y) - (1.6)
The z mean is
po= [ [es@ydsdy= [ on@d (L7

and similarly for y. The correlation between z and y is a measure of
the dependence of one on the other:

(1.8)

where 0, oy are defined in analogy with Eq. (1.4b); it can be shown
that —1 < pgy < 1. The symbol “Cov” represents the covariance of =
and y, a 2-variable analogue to the variance, Eq. (1.4b). Two random
variables are independent if and only if

f(z,y) = fi(=) f2(y) -

If z and y are independent then pzy = 0; the converse is not
necessarily true except for Gaussian-distributed z and y. If z and y
are independent, Efu(z) v(y)] = E[u(z)] E[v(y)] and Var(z +y) =
Var(z)+Var(y); otherwise, Var(z +y) = Var(z)+Var(y)+ 2Cov|z, y]
and Efu v] does not factor.

In a change of continuous random variables from, e.g., T =
(z1,...,2p), with p.d.f. f(z1,...,Zn), to ¥ = (¥1,--.,Yn), a one-to-
one function of the z’s, the p.d.f. g(y1,...,¥xr) is found by substitution
for (z1,...,zy) in f followed by multiplication by the absolute value
of the Jacobian of the transformation:

9(¥)=flwi( V), wn(Y)]

The functions w; express the reverse transformation z; = w;( 7’)
for i = 1,...,n, and |J| is the absolute value of the determinant of
the square matrix J;; = dx;/9y;. Such transformations must always
preserve the number of random variables, n. To transform to fewer
variables, first perform (1.10) and then use Eq. (1.5) to eliminate
unwanted variables. If the transformation from Z to ¥ is not
one-to-one, the situation is more complex and a unique solution may
not exist. To change variables for discrete random variables simply
substitute; no Jacobian is necessary because in that case f is a
probability rather than a probability density. If f depends upon a
parameter set 6, we can change to a different parameter set ¢ = ¢(6)
by simple substitution; no Jacobian is used.

pzy = E [(I = b)Y = Ny)] [0z oy = Coviz,yl/oz oy ,

(1.9)

(1.10)

1.2 Characteristic functions [1]
The characteristic function ¢(u) associated with the p.d.f. f(z) is
essentially its Fourier transform, or the expectation value of exp(iuz),

b(w) = B(e"?) = / € f(z)dz

It is sufficiently useful to deserve special attention, and several of its
properties follow.

We note from Egs. (1.3a) and (1.11) that the nth moment of the
distribution f(z) is given by

i

dum™

(1.11)

(1.12)

= /z"f(z)dz =ap .

u=0
As a result, it is often easy to calculate all the moments of a
distribution defined by ¢(u) even when the inversion is not available.

If fi(z) and fo(y) have characteristic functions ¢1(u) and ¢2(u),
then the characteristic function of the weighted sum az + by is
é1(au)pz(bu).

Let the (partial) characteristic function corresponding to the
conditional p.d.f. fa(z|z) be ¢2(u|z), and the p.d.f. of z be f1(z). The
characteristic function after integration over the conditional value is

P(u) = /¢2(u|z) f1(z)d= (1.13)
Suppose we can write ¢z in the form
$a(ulz) = A(u)e ) . (114)
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Then

#(u) = A(u)d1(g(u)) - (1.15)
The semi-invariants k, are defined by

¢(u) = exp (; %(zu)") . (1.16)

The an’s, mn’s, and kp’s are related algebraically, and the first few
are familiar:

K1 = aj (= p, the mean)

Ky =mg =ag —a? (= o2, the variance) (1.17)

K3 = m3 = a3 — 3oj02 +2a% .

1.3 Examples of probability density functions

We describe a few p.d.f.’s commonly encountered in physics
applications. Tables for most of these distributions, relations among
them, and further information may be found in Refs. 1-6. Monte Carlo
techniques for generating each of them may be found in Section 3.3
below.

1.3.1 Uniform distribution (continuous)
This p.d.f. assumes equal probability density for any z in an allowed
range [a, b):

fz)=1/(b-a), a<z<b (1.18)
=0, otherwise;
E(z)=(b+a)/2; Var(z) = (b — a)?/12. (1.19)

1.3.2 Binomial distribution (discrete)

Any random process with exactly two possible outcomes is a Ber-
noulli process. If the process is repeated n times independently, and
if the probability of obtaining a certain outcome (a “success”) in each
trial is p, then the probability of obtaining exactly r successes is given
by the binomial distribution:

n!
f(rin,p) = ( ) prgT" = A

R 20

r=0,1,2,...,n,

where ¢ = 1 — p and the order in which the successes and failures come
is assumed irrelevant.

E(r) =np ; Var(r) = npq . (1.21)

If r successes are observed in n, Bernoulli trials with probability p of
success, and if s successes are observed in ng similar trials, then t =
T + s is also binomial with ny = n, + ng.

1.3.3 Poisson distribution (discrete)
The Poisson distribution with mean u is:

flniw) =£ :,

The observed result of a Poisson process is a non-negative integer
n; the parameter y is any non-negative real number. The Poisson
distribution describes the population of events in any interval of
z (e.g., space or time) whenever: (a) the number of events in any
interval of z is independent of that in any other non-overlapping
interval; (b) in any small Az, the probability of one event is AAz and
the probability of two or more vanishes at least as fast as (Ax)2, as
Az — 0; and (c) A does not depend on z. Then u = Az;

E(n) = p ; Var(n) = (1.23)

When p is large (27 or 8), it is often useful to approximate the
distribution of n by a Gaussian distribution of mean y and variance
o2 = p, as though n were a continuous variable. Two or more Poisson
processes (e.g., signal + background, with parameters ug and up,
respectively) which independently contribute amounts ng and ng to
a given measurement will produce an observed number n = ng + np,
which is distributed according to a new Poisson distribution with

parameter u = ug + pup.

,n=0,1,2,... . (1.22)

1.3.4 Normal or Gaussian distribution (continuous)
The Gaussian distribution is

F(@; py 0%) = —pemem (/2
oV2m

—00< <™ ; (1.24)

E(z) =

The characteristic function of a Gaussian p.d.f. with mean m and
variance o2 is

¢(u) _ ezmu—iazu

u; Var(z) = o2 (1.25)

? (1.26)
so the Gaussian is that unique distribution for which all semi-invariants
beyond the second vanish.

For z and y independent and normally distributed, z = z + y obeys
£z pa + py, 02 +02).

The integrated probability for z to fall in the range p—o to p+o is
0.683. Other measures of width commonly encountered are: probable
error (central region containing 0.50 of the probability) = p + 0.670;
mean absolute deviation; E ||z — u|] = 0.80c; rms deviation = o;
half-width at half-maximum = 1.18¢.

The Gaussian gets its importance in large part from the central limit
theorem: if a continuous random variable z is distributed according to
any p.d.f. with finite mean and variance, then the sample mean, T, of
n observations of z will have a p.d.f. that approaches a Gaussian as n
increases. Therefore the end result 3" z; = nZ, of a large number of
small fluctuations z; will be distributed as a Gaussian, even if the z;
themselves are not.

The cumulative distribution (1.1) for a Gaussian with 4 = 0 and

2 = 1 is given by the error function, erf(a), through the following
ugly relation:

F(a;0,1) = 0.5 [1 + erf(a/\/é)] . (1.27)
The function erf(a) is tabulated in Ref. 2 and is available as a
FORTRAN function on many computers [caution: other definitions of
erf(a) are sometimes used]; for mean p and variance o2 replace a by
l(a — w)/o].

For T a set of n (not necessarily independent) Gaussian random
variables z; arranged into a column vector, their joint p.d.f. is the
multivariate Gaussian:

(7 7,V)

= W [v|=1/2 (1.28a)

1, -1 /= —
x ep |57 - T VT -] L W10,

where V' is the covariance matriz of the z’s, V;; = Var(z;) and V;; =
E[(z; — pi)(x; — p5)] = pij 0i0j, and |V] is the determinant of V.
The quantity p;; is the correlation coefficient for z; and z;; |pij|2 <1
For n = 2 this becomes

1

27 g1 09y/1 — p?

-1 [(E1-p)?
< o { g [ -

+ 2] ;

fz1,22; pa,p2,01,02,p) = (1.28b)

— p1)(x2 — p2)
0102

2p(zy

The special case 01 = 02 and p = 0 is called the Rayleigh distribution.
If V is singular, there is a linear relation among some variables;
in this case one usually wants to eliminate completely dependent
variables and work in a smaller number of dimensions. The margina.l
distribution of any z; is a Gaussian with mean p; and variance V,,

is n X n, symmetric, and posmve definite. Therefore for any vector X
the quadratic form X T V~1X = ¢ traces an n-dimensional ellipsoid
as X varies for any given ¢ > 0. If X; = (z; — p;)/0:, then c is a
random variable obeying the x2(n) dlstrxbutlon which is discussed in
the following section. The probabxhty that X corresponding to a set of
Gaussian random variables Z’; lies outside the ellipsoid characterized
by a given value of ¢ (= x2) is given by Eq. (1.31) and may be read
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from Fig. 1. For example, the “s-standard-deviation ellipsoid” occurs
at ¢ = s2. For the two-variable case (n = 2) the point X lies outside
the one-standard-deviation ellipsoid with 61% probability, so both X;
and X5 lie inside the ellipsoid with 39% probability. This assumes

that p; and o; are correct. For X; = z;/0;, the ellipsoids of constant
x? have the same size and orientation but are centered at . The

use of these ellipsoids as indicators of probable error is described in
Sec. 2.4.1.
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Fig. 1. x? confidence level vs x2 for n degrees of freedom, as
defined in Eq. (1.31). The curve for a given n expresses the
probability that a value at least as large as x2 will be obtained
in an experiment; e.g., for n = 10, a value x2 218 will occur in
5% of a very large number of experiments. For a fit, CL is a
measure of goodness-of-fit in that a good fit to a correct model is
expected to yield a low x2 (Sec. 2.3.3). For a confidence interval,
a measures the probability that the interval does not cover
the true value of the quantity being estimated (Sec. 2.4). The
dashed curve for n = 20 is calculated using the approximation of
Eq. (1.32).

It is a characteristic of the multivariate Gaussian that p;; = 0 is
necessary and sufficient for z; and z; to be independent. For a given
covariance matrix V', there always exist nonsingular n X n matrices
H such that HHT = V; H is usually upper or lower triangular in
the most efficient algorithms. Then 2" = H~1(Z — ) is a vector of
n independent Gaussian random variables with zero mean and with
covariance matrix equal to the identity.

1.3.5 The x? distribution (continuous)

If z1,...,z, are independent Gaussian distributed random
variables, the sum z = 5. "(z; — ,u,-)z/o? is distributed as a x2 with n
degrees of freedom [x?(n)]:

1 /21
2n/20(n/2)
E(z) =n; Var(z) =2n.

e ??2 . z>0; (1.29)

flzin) =

(1.30)

Under a linear transformation to n dependent Gaussian variables zg, the
x? at each transformed point retains its value; then z = X' Ty-1X
as in the previous section. For a set of z;, each of which is x2(n;),
3" 2; is a new random variable which is x? (3 n;).

Fig. 1 shows the Confidence Level (CL) obtained by integrating the
tail of the function given in Eq. (1.29) for n degrees of freedom:

CL(x?) = [ f(zin)dz; (1.31)
!

this area is shown schematically in Fig. 2. It is equal to 1.0 minus
the cumulative distribution function F(z = x2; n). It is useful in

evaluating the consistency of data with a model (see Sec. 2): The
CL is the probability that a random repeat of the given experiment
would observe a worse x2, assuming the correctness of the model. It is
also useful for confidence intervals for statistical estimators (Sec. 2.4),
when one is interested in the unshaded area of Fig. 2.

f(z;np)

1—CL cL

T 2 T z
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Fig. 2. Schematic illustration of the confidence level integral
given in Eq. (1.31).

Since the mean of the x? distribution is equal to the number of
degrees of freedom, one expects to obtain x? ~ n in a “reasonable”
experiment. While caution is necessary because of the skewness of the
distribution, the “reduced x2” = x2 /n is therefore a useful quantity.
Figure 3 shows x2/n for useful CL’s as a function of n. It contains the
same information as Fig. 1, but is easier to read.
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Fig. 3. Confidence limits as a function of the “reduced
x%” = x?/n and the number of degrees of freedom n. Curves are
labeled by the probability of a measurement resulting in a value
of x2/n greater than that given on the y axis; e.g., for n = 10,
a value x2/n>1.8 will occur in 5% of a very large number of
experiments. The dashed curve for CL = 5% is calculated using
the approximation of Eq. (1.32).

It is commonly stated that for large n the CL is approximately
given by [1,7]

1 oo
2
CL~ — [ e ®/2dz ,
\/Zﬂ/e o
Yy

where y = \/2x2 — v/2n — 1. This approximation was used to draw
the dashed curves in Fig. 1 (for n = 20) and Fig. 3 (for CL = 5%).
However, all of the functions and their inverses are now readily

available in standard mathematical libraries (such as IMSL, used to
generate these Figures), and so the approximation (and even such
figures and tables) plays only a secondary role in practical problems.

(1.32)
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1.3.6 Student’s t (continuous)
Suppose that = and zj, ..., Zn are independent and normal with
mean 0 and variance 1. We then define z = 3.} z2, and

70
t=z/\/z/n.
The variable z thus belongs to a x2(n) distribution. Then ¢t is

distributed according to a Student’s ¢ distribution with n degrees of
freedom:

(1.33)

1 T[n+1)/2 ¢2\ (/2
st = 7 HE (14) * (39
—o0o<t< oo,
and
mﬂ=0ﬁnn>1;wmn:nf forn>2. (1.35)

Here T'(k) is the gamma function, equal to (k — 1)! if k is an integer.
Student’s ¢ distribution resembles a Gaussian distribution with wide
tails. As n — oo, the distribution approaches a Gaussian, and if
n = 1, the distribution is Cauchy, or Breit- Wigner. The mean is finite
for n > 1 and the variance is finite for n > 2, so for n =1 or n = 2,
t does not obey the central limit theorem.

As an example, consider the sample mean T = ) z;/n and the
sample variance s = Y (z; — Z)2/(n — 1) for normally distributed
random variables z; with unknown mean p and variance o2. The
sample mean has a Gaussian distribution with a variance 02/n, so
the variable (Z — p)/+/0?/n is normal with mean 0 and variance 1.
Similarly, (n — 1) s2/0? is independent of this and is x? distributed
with n — 1 degrees of freedom. The ratio

R Y VI R (1.30)
Vin=1)s2/02 (n—1) +/s?/n

distributes as f(t; n — 1). The unknown true variance ¢ cancels, and
t can be used to test the probability that the true mean is some
particular value p.

The distribution (1.34) is written such that n is not required to be
an integer. A Student’s ¢ distribution with nonintegral n > 0 is useful
in certain applications.

2

1.3.7 The gamma distribution (continuous)

If a process generating events as a function of = (e.g., space or
time) satisfies conditions (a)—(c) of the Poisson distribution, then
the z distance from an arbitrary starting point (which may be some
particular event) to the kth event is belongs to a gamma distribution:
k=1 )k gz

T(k)
I'(k) is the gamma function, equal to (k — 1)! if k is an integer. The
Poisson parameter g is A per unit z;

E(z) = k/A; Var(z) = k/A\% . (1.38)

The special case k = 1 is called the ezponential distribution. A sum
of k' exponential random variables z; is distributed as f(3_ z;; A, k).
Eq. (1.37) allows k > 0 to be nonintegral. If A = 1/2 and k = n/2, the
gamma and x2(n) distributions are identical.

f(z; A\ k) = ,0<z<o00. (1.37)

2. STATISTICS

2.1 General

A probability density function with known parameters enables us
to predict the frequency with which a random variable will take on a
particular value (if discrete) or lie in a given range (if continuous). In
parametric statistics we have the opposite problem of estimating the
parameters of the p.d.f. from a set of actual observations.

We refer to the true p.d.f. as the population; the data form a sample
from this population. A statistic is any function of the data, plus
known constants, which does not depend upon any of the unknown
parameters. A statistic is a random variable if the data have random
errors. An estimator is any statistic whose value is intended as a
meaningful guess for the value of an unknown parameter; we denote
estimators with hats, e.g., 6.

Often it is possible to construct more than one reasonable estimator.
Let 0 represent the true value of a parameter to be estimated; 0 is a
vector if there is more than one parameter. Then if 6 is an estimator
for @, desirable properties for 8 are: (a) Unbiased; bias b= E(8) — 6,
where the expectation value is taken over a hypothetical set of similar
experiments in which 8 is constructed the same way. The bias may be
due to statistical properties of the estimator or to systematic errors
in the experiment. If we can estimate the average bias b we usually
subtract it from @ to obtain a new 6’ = 6 — b. However, b may depend
upon @ or other unknowns, in which case we usually try to choose an
estimator which minimizes its average size. (b) Minimum variance; the
minimum possible value of Var(#) is given by the Rao-Cramér-Frechet
bound:

Varmin = [1 + 8b/86)2 /1(6) ;

n 2
o> In S 9)]
i=1

The sum is over all data and b is the bias, if any; the z; are assumed
independent and distributed as f(z;;0), and the allowed range of
z must not depend upon . The ratio € = Varyi,/Var() is the
efficiency. An efficient estimator (with e = 1) exists only for certain
cases. The square root of the variance expresses the expected spread
of § about its average value, as would be observed in a large number
of repeats of the same measurement. (c) Minimum mean-squared
error (mse); mse = E[(8 — 6)2] = V(8) + b2. The mse combines
the error due to any bias quadratically with the variance, which
expresses only the spread about E(6), as distinct from 6, the true
value. (d) Robust; a robust estimator is not sensitive to errors in
our assumptions, e.g., to departures from the assumed p.d.f. due to
such factors as noise.

These criteria (and others) allow us to evaluate any procedure for
obtaining 6. In many cases these criteria conflict. The bias, variance,
and mse may depend on the unknown 6. In this case the optimum
prescription for # may depend on the range in which we assume 6 to
lie.

Following are techniques in common use for obtaining estimators

and their standard errors o( 9 )= \/Var(é). When the conditions of
the central limit theorem are satisfied, the interval § + o 5) forms
a 68.3% confidence interval. This is a random interval in that its
endpoints depend upon the randomly sampled data; its meaning
here will be taken to be that in 68.3% of all similar experiments the
interval will include the true value 8. One should be aware that in
most practical cases the central limit theorem is only approximately
satisfied and accordingly confidence intervals which depend on that are
only approximate. Confidence intervals are discussed in Section 2.4
below.

(2.1)

I0)=E

2.2 Data with a common mean
(1) Suppose we have a set of N independent measurements
y; assumed to be unbiased measurements of the same unknown
quantity x4 with a common, but unknown, variance o2 resulting from
measurement error. Then
N

Yi (2.2)
1

i=

2|

i

~2 1 & 2 N 2y _ -2

g ZN_—IE(%—#) ‘—‘ﬁ—_—l(E(y)—ﬂ) (2.3)
are unbiased estimators of z and o2. The variance of fi is 02/N. If the
common p.d.f. of the y; is Gaussian, these statistics are independent.
Then, for large N, the variance of 52 is 20%/N. If the y; are Gaussian
or N is large enough that the central limit theorem applies, then 7 is
an efficient estimator for u. Otherwise i is sometimes subject to large
fluctuations, e.g., if the p.d.f. for y; has long tails. In this case the

median of the y; may be a more robust estimator for p, provided the
median and mean are expected to lie at the same point in the p.d.f.

for y. For Gaussian y, the median has asymptotic (large-N) efficiency
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2/m ~ 0.64. The Student’s t distribution provides an example in which
there are large tails. In this case, for large NV the efficiency of the
sample median relative to the sample mean is (oo, 0o, 1.62, 1.12, 0.96,
0.80, 0.64) for (1, 2, 3, 4, 5, 8, 0o) degrees of freedom.

If 02 is known, [ as given in Eq. (2.2) is still the best estimator for
u; if p is known, substitute it for z in Eq. (2.3) and replace N — 1 by
N, to obtain a somewhat better estimator 52.

(2) If the y; have different, known, variances 0'2 then

L
== > wivis (2.4)

is an unbiased estimator for p with smaller variance than Eq. (2.2),
where w; = 1/0? and w = 3 w;. The variance of i is 1/w.

2.3 The method of maximum likelihood
2.3.1 General

“From a theoretical point of view, the most important general
method of estimation so far known is the method of mazimum
likelihood.” [1] We suppose that a seL of independently measured
quantities T came from a p.d.f. f(T'; 6 ), where @’ is an unknown set
of parameters. The method of maximum likelihood consist of finding
the set of values of 0 0 which maximizes the joint probability
density for all the data, given by

=[ls@s ),

where L is called the likelihood. It is usually easier to work with InC,
and since both are maximized for the same set of 6, it is sufficient to
solve the likelthood equation

dlnL
06,

The solution is called the mazimum likelihood estimate of 9. The
importance of the approach is shown by the following proposition,
proved in Ref. 1:

If an efficient estimate 0 of I exists, the likelihood equation will

have a unique solution equal to 6.

In evaluating £, it is important that any normalization factors
in the f’s which involve 6 be included. However, we will only be
interested in the maximum of £ and in ratios of £ at different 8 ’s;
hence any multiplicative factors which do not involve the parameters
we want to estimate may be dr_qpped; this includes factors which
depend on the data but not on 6.

If the solution to Eq. (2.6) is at a maximum, 81n £/86;, will have
negative slope in its vicinity. In many practical problems, one often
uses nonlinear algorithms for finding the maximum, and must be alert
to various possibilities for error: (a) Eq. (2.6) may yield a minimum,
therefore one must check the second derivative; (b) there may be
more than one maximum—one must try to find the global maximum;
(c) the global maximum may lie at a boundary of the physical region,
in which case Eq. (2.6) will not find it.

If an unbiased, efficient estimator exists, this method will find it. If
91n L£/86, is linear in the vicinity of the root, an efficient estimator
is guaranteed; other efficient cases are discussed in the literature.
For large data samples, the central limit theorem will usually assure
this condition in some significant neighborhood of zero; hence the
estimator is usually efficient in that case, provided certain conditions
are met (e.g., that the solution does not lie on a boundary). In this
case, in the neighborhood of the maximum In £ is a downward-curving
parabola and £ is proportional to a Gaussian.

The results of two or more experiments may be combined by
forming the product of the L’s, or the sum of the In L’s.

(2.5)

=0. (2.6)

Under a one-to-one change of parameters from rl 0, to $ = 3(7),
the maximum likelihood estimate is simply d) = d) (8), given the
solution for 8 for 8. That i is, the maximum likelihood solution for d)
is found by simple substitution of ) into the transformation equation.
It is possible that the new solution (b will be a biased solution for
the true value of ¢ even if 8 is not biased, and vice-versa. In the
asymptotic limit (of large amounts of data) both 6 and ¢ will (usually)
converge to unbiased solutions, but at different rates.

Except in special cases like the least-squares method, the value
of the likelihood function at the solution does not necessarily tell us
whether the final fit was a sensible description of the data or not. To
evaluate this, one may: (a) prepare histograms of the data projected
on various axes and make x? (or other) comparisons with the fitted
model projected upon the same axes; and/or (b) do numerous Monte
Carlo simulations of the experiment under the hypothesis that the
fitted parameters are correct, fit each of these, and compare the
experimental likelihood (or InL) with those obtained from these
simulations. If the experimental likelihood is lower than that of
some agreed-upon fraction of these results, one should question the
appropriateness of the p.d.f. f. At the same time one can check for
bias in the solution.

2.3.2 Error estimates
The covariance matrix V may be estimated from

82In L !
Vim=|E|—-——— .
= (2|05 )
If 81n L£/886), is linear, the “expectation” operation in Eq. (2.7) has no
effect because the second derivative of In £ is constant. Otherwise, it
may be approximated by taking the average of the quantity in square
brackets over a range of 6, and 6,, near the solution. For complex

cases it may be more practical to evaluate s-standard-deviation errors
from the contour

me(e) =

(2.7)

-s%/2,

where In Lpax is the value of In £ at the solution point (compare
with x2(@"’) = X?nin + 1 and the discussion in the least-squares case,
below). The extreme limits of this contour parallel to the 8, axis give
an approximate s-standard-deviation confidence interval in 6,. These
intervals may not be symmetric and they may even consist of two or
more disjoint intervals. This procedure gives one-standard-deviation
errors in 6, equal to /Vnn of Eq. (2.7) if the estimator is efficient. If
it is not efficient, the level of confidence implied by the value of s is
only approximate.

2.3.3 Method of least squares

By far the most common case of the maximum likelihood approach
is the method of least squares. We suppose a set of N measurements
at points z;. The ith measurement y; is assumed to be chosen from a

In Limax (2.8)

Gaussian distribution with mean F(z;; @) and variance a . Then
N 2
F
_% InL =y Z M (2.9)
1 of

Finding the set of parameters @ which maximizes £ is equivalent to
finding the set which minimizes x2.

At the outset it should be said that the method of least squares is
sometimes applied in cases where the distribution is not Gaussian or
not known to be Gaussian. In such cases it can still be used, but it is
then not a special case of the maximum likelihood method, and the
theorems having to do with that approach no longer apply.

In many practical cases one further restricts the problem to the
situation in which F(z;; @’) is a linear function of the am’s,

= anfale) .

where the f, are k linearly independent functions (e.g., 1, z, z2, ..,
or Legendre polynomials) which are single-valued over the allowed
range of x. We require k < N, and at least k of the z; must be
distinct. We wish to estimate the linear coefficients a,,. Later we will
discuss the nonlinear case.

If the point errors €; = y; — F(z;; @) are Gaussian, then
the minimum x2 will be distributed as a X2 random variable
with n = N — k degrees of freedom. We can then evaluate the
goodness-of-fit (confidence level) from Figs. 1 or 3, as per the earlier
discussion. The confidence level expresses the probability that a
worse fit would be obtained in a large number of similar experiments
under the assumptions that: (a) the model y = 3~ a, fn is correct
and (b) the errors ¢; are Gaussian and unbiased with variance

(2.10)
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a?. If this probability is larger than an agreed-upon value (0.001,
0.01, or 0.05 are common choices), the data are consistent with the
assumptions; otherwise we may want to find improved assumptions.
As for the converse, most people do not regard a model as
being truly inconsistent unless the probability is as low as that
corresponding to four or five standard deviations for a Gaussian
(6 x 1073 or 6 x 107%; see Sec. 2.4.1). If the ¢; are not Gaussian, the
method of least squares still gives an answer, but the goodness-of-fit
test would have to be done using the correct distribution of the
random variable which is still called “x2.”

Finding the minimum of x? in the linear case is straightforward:

2 L ]
19x =me(a:i) (__yz Ena‘;nfn(fcz))

" 28am ;
=¥ 2‘% -Yan 3 —f"(””“z’;"'(“) . (211
With the deﬁnitilons l ’ l
gm = Zyi fm(i)/o? (212)
and 1
(Va_l) = an(zi) fm(=i)/o? | (2.13)

the k-element column vector of solutions @, for which 6)(2 /8am =0
for all m, is given by

a= Va ? . (214)

More generally, the measured y;’s are not independent. Then the
set of af’s must be replaced by the N x N covariance matrix V.
Then, if H is the N x k matrix with element H;, = fn(z;), the
solution @ is given by the solution to the normal equation

HT Vv 'Hya=HT V1 7, (2.15a)
or, formally,
a=HTV, 'H) T HT v,y =D, (2.15b)

where 3 is the N-element vector of measured ;’s. The normal
equations may be solved by numerical methods much more computa-
tionally efficient than brute application of Eq. (2.15b). In particular,
HT Vy_l H is sometimes singular or nearly singular. In such cases
there is at least one f, which may be expressed as a linear combination
of others (or nearly so) when evaluated at the data points. The best
procedure is usually to drop such functions from the expansion (or
set @, = 0). See Press (8], Maindonald [9], or Basilevsky [10] for
discussions.

In terms of the k X N matrix D, the standard covariance matrix for
the @ is estimated by

Vg=DV, DT . (2.16)

If the measured y;’s are independent, V;, is diagonal with #th element
01.2 and V73 is obtained from Eq. (2.13) above.

The expected covariance [see Eq. (1.8)] of @, and @, is estimated
by

E[(a,. —an)(am — 6,,1)] = (Vg)nm - (2.17)
Even when the y;’s are independent (diagonal V), @, and @, may
not be (nondiagonal V3). For the model function y = 3" an, fn(z), the
estimated variance of an interpolated or extrapolated value of y at a
point z is

E|y-9)?] =o*®)

= Z(Va)nm fn(z) fm(x) .

n,m

(2.18)

If y is not linear in the fitting parameters ay, or if the errors o;
depend upon y and therefore on a,, the solution vector may have to
be found by iteration of Egs. (2.12)-(2.14) or Eq. (2.15b). The same
results may be obtained by numerical techniques from the sum of
squares, x2, directly, if we have a reasonable first guess ?0 for the
solution vector:

62x2 -1 6x2
a=a, - L2 2.19
4= % ( da? )70 da @, (2.192)
and
922 -1
5= 2.19b
va=2(%%). (2.19)

where 8x2/8a is a k-element vector whose nth element is 82 /Ban,
8%x?/8a? is a k x k matrix with mnt? element 82x2/(8am - Ban),
and all derivatives are to be evaluated at the points indicated. If
“x2” is a true x2, the second-derivative matrix is independent of @’;
therefore the shape of the x? as a function of @ is a paraboloid and
Eq. (2.19a) will give the solution immediately. Otherwise one may
need to iterate Eq. (2.19a) to arrive at a solution (Newton-Raphson
method).

Note that in Eq. (2.15b), one needs only a matrix proportional to
Vy to find @. Hence, for example, if the variances a? of the errors
are unknown but assumed equal and independent, and E(e;) = 0,
one can still solve for @. One cannot, however, solve for V3 or
evaluate goodness-of-fit. These can be estimated from the residuals,
r; = §(z;) — yi, where g (z;) is the fitted curve at z;, because study
of the r; enables one to estimate V;. In addition, the residuals can
be used to look for evidence of bias such as trends in the data not
incorporated in the model [3].

Note that the errors on the solution @ are independent of the value
of x? at minimum—they depend only upon the shape about the
minimum. Eq. (2.19b) implies that one-standard-deviation limits on
the elements of @ are given by the set of @’ such that

X(@") = X + 15 (2.20)
compare with Eq. (2.8) for the general maximum-likelihood case. This
equation, which defines a contour in @-space, is often convenient
for estimating errors in applications of least-squares techniques to
nonlinear cases, where the second derivative [Eq. (2.19b)] may be a
rapidly varying function of @. In general, contours at s standard
deviations may be found by replacing the 1 in Eq. (2.20) by s2. If
the problem is highly nonlinear, all such contours are at best only
approximations to desired exact confidence regions which would have
some given probability of covering the true value of @’. It may be
that Eq. (2.20) will define a set of disjoint regions. In addition,
iteration of Eq. (2.19a) may require sophisticated techniques [8] to
reach convergence in a practical amount of computation. For example
in cases involving many variables in @, especially if the correlations
are not small, simplex or other techniques which do not involve explicit
calculation of derivatives are often to be preferred. Such techniques
are designed to find their way through complicated nonlinear problems
without diverging to infinite @’ (unless the minimum is actually at
infinity).

Least-squares estimation requires that an error matrix V; be known
(a matrix proportional to Vj, will suffice to find an estimator). For
counting experiments it is therefore necessary to group the data in
bins in order to associate a Poisson error with each bin. In this case
y; is the bin height and the error depends on the expectation value
of the theory in each bin, Nith, as estimated by the best fit of the
model. Thus the requirements of the Gauss-Markov theorem are not
satisfied, since the errors are not fixed. Many experimenters arrange
the bins to contain enough expected events (say > 7 or 8) that the
Gaussian approximation to the Poisson (Sec. 1.3.3) is accurate, in
which case the expected error is the square root of the theoretical
height and “x2” is approximately a true x2. If an approximate
error is used, based on the actual observed height Ni"bs rather than
the theoretical height Ni‘h, the Gauss-Markov conditions would be
satisfied except that a bias favoring downward fluctuations will occur.

]
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This is because a fluctuation in the data which goes down from the
true expectation value will be assigned a smaller error and therefore
a greater weight than an equal fluctuation upward. For bins with few
events, a procedure that converges to the above when NZ-”‘ is large and

yields correct error estimates for all th is to define

x* = 30 [20Vfh — N§™) + 287 (NP /N

1

(2.21)

This assumes that Nfbs is the outcome of a Poisson process, with
Poisson parameter u = N!*, in the i** bin. In bins where NPP®
= 0, the second term is zero. For any th, s-standard-deviation
error estimates are constructed as in Eq. (2.20) and subsequent
discussion. If we drop the requirement that x2 converge to a true
x? for large numbers of events in each bin, then minimizing “x?” =
237 [Nth — NS In(N#P)] will give the same answer and errors, with
slightly faster execution, as the above.

In the more general maximum likelihood case, the small-number
distributions are well known and there are no corresponding
requirements concerning large numbers or even of binning.

Example: straight-line fit
For the case of a straight-line fit, y(z) = a1 + az z, one obtains, for
independent measurements y;, the following estimates of aj and as,

@1 = (SySez—Se Szy)/D ,

(2.22)

Gy = (81 Szy — Sz Sy)/D,
where

81, Sz, Sy, Sza» Sey = ¥_(1, zi, vi, 77, i wi) [0} (2.23)
respectively, and

D=8 Sz — 52 .
The covariance matrix of the fitted parameters is:

(Ve )-5(% =) 220

The estimated variance of an interpolated or extrapolated value of y
at point x is:

- 1S 5:\?
(y‘“ytrue)zlestZS—l+Bl(l’—'S—j> .

2.4 Errors and confidence intervals
2.4.1 Gaussian errors

If the data are such that the distribution of the estimator(s)
satisfies the central limit theorem discussed in Sec. 1.3.4, the Gaussian
distribution is the basis of the error analysis. If there is more than
one parameter being estimated, the multivariate Gaussian is used.
We define a confidence interval as being an interval constructed from
the data to have probability at least 1 — a (a is called the confidence
coefficient) of covering the true value of 6. For the univariate case
with known o,

(2.25)

f(x; 1, 0)

(2.26)

a2

—2'0 —'a 0 o 2c
Fig. 4. Illustration of a two standard-deviation confidence
interval (unshaded) for a measurement of a single quantity with
Gaussian errors. Integrated probabilities, defined by «, are as
shown.

is the probability that the true value of u will fall within

+6 (6 > 0) of the measured fi. This interval will cover p in a
fraction 1 — « of all similar measurements. Fig. 4 shows a § = 20
confidence interval unshaded. The choice § = y/Var(gz) = o gives an
interval called the standard error which has 1 — o = 68.33% if o is
known. Other frequently used choices for §, in terms of a are:

a (%) 1 a (%) 6
31.73 1o 20 1.280
4.55 20 10 1.64c
0.27 30 5 1.960
6.3x1073 40 1 2.580
5.7x107° 50 0.1 3.290
2.0x1077 60 0.01 3.890

For other 4, find « as the ordinate of Fig. 1 on the n = 1 curve
at x2 = (6/0)2. We can set a one-sided (upper or lower) limit by
excluding above f1 + 6 (or below 2 — §); a’s for such limits are 1/2 the
values in the table above.

Note that we have increased confidence that the interval covers the
true value as 1 — o increases, or x2 increases. We must be careful to
distinguish this case from the other major use of Fig. 1, evaluation of
goodness-of-fit (Sec. 2.3.3). In that case we have increased confidence
in the fit as x? decreases. In an attempt to reduce possible confusion
in this discussion, we will use the a notation (which corresponds to
notation used in hypothesis testing [3]) when discussing confidence
intervals and CL notation when discussing goodness-of-fit. Elsewhere
in this Review, where the confusion between fit confidence level and
interval (usually an upper or lower limit) confidence level does not
arise, we follow the common practice of using “CL” to refer to the
confidence level of the interval. This CL is understood to represent
1-oa.

If the variance o2 of the estimator is not known, but must be
estimated from the data, then we need to incorporate the error in &
into our confidence interval using Student’s ¢ distribution. If we have
N data points with which we estimate k parameters, the Gaussian
approximation is adequate for N — k > 1. Otherwise replace é by a
factor TG, T being defined by

T
l-—a= f(x; N — k) dz . (2.27)
/

where f is defined in Eq. (1.34). T is tabulated in Ref. 2 and here:

a (%)

N -k 31.67 10.00 5.00 4.55 1.00 0.27
1 1.84 6.31 12.71 13.97 63.66 235.78

2 132 2.92 4.30 4.53 9.92 19.21

3 1.20  2.35 3.18 331 584 9.22

4 1.14 2.13 2.78 287 460 6.62

5 1.11 2.01 2.57 265 4.03 5.51
10 1.05 1.81 223 228 3.17 3.96
20 1.03 1.72 2.09 213 2.85 3.42
o) 1.00 1.64 1.96 2.00 2.58 3.00

For multivariate 8 we must consider pairwise correlations. Assuming
a multivariate Gaussian, Eq. (1.28a), and subsequent discussion the
standard error ellipse for the pair (6,,,68,) may be drawn as in Fig. 5.
_The minimum x2 or maximum likelihood solution is at

(Om,0n). The standard errors oy, and o, are defined as shown,

. - 2 _ .2
where the ellipse is at a constant value of x = Ximin +% or.
In £ = InLmax — 1/2. The angle of the major axis of the ellipse is
given by

2pmn Om On

tan2¢ = 3

y (2.28)
Tm — On
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ot
o, \
_L "__Gm_—'_am ‘(-g 0
m

Fig. 5. Standard error ellipse for the estimators §m and 5,,. In
this case the correlation is negative.

For non-Gaussian or nonlinear cases, one may construct an analogous
contour from the same x2 or InL relations. Any other parameters
@},Z # m,n, must be allowed freely to find their optimum values for
every trial point.

For any unbiased procedure (e.g., least squares or maximum
likelihood) being used to estimate k parameters 6;, i = 1,...,k, the
probability 1 — « that the true values of all k lie within the s-standard
deviation ellipsoid may be found from Fig. 1. Read the ordinate as
a; the correct value of o occurs on the n = k curve at x2 = s2. For
example, for k = 2, the probability that the true values of #; and
02 simultaneously lie within the one-standard-deviation error ellipse
(s = 1), centered on 67 and 63, is 39%. This probability only assumes
Gaussian errors, unbiased estimators, and that the model describing
the data in terms of the 6; is correct.

2.4.2 Gaussian errors—bounded physical region

In certain statistical problems the true value of the parameter to
be estimated, p, is constrained to lie within a bounded physical region
(e.g., the mass of a neutrino is bounded from below by 0). However,
due to random measurement error, real measured values may or may
not occur inside the physical region. For this case no completely
satisfactory approach exists, but here we suggest a technique for
obtaining limits within the physical region approximately at specified
confidence levels. The “classical” statistical techniques of the previous
section can still be used for confidence intervals at some exact o.
However, such limits are useful mainly in the statistical sense where it
is assumed that no bound exists. In bad cases, the limit may exclude
the physical region entirely, or extend into it a small distance and
create the false impression of a powerful limit close to the edge of the
physical region.

We assume a measurement z, which represents one observation
(or the result of combining multiple measurements as in Sec. 2.2)
from a Gaussian of true (but unknown) mean p and known, fixed,
variance 2. We estimate 1 by i = z and attempt to construct a
confidence interval for p from the resultant Gaussian, as above. If i
or a significant portion of the probability lies in the unphysical region
(Fig. 6), the result, while statistically perfectly correct as stated, is
physically unsatisfactory.

If we assume p is bounded from below by gy, (the argument for p
bounded from above is similar), we may estimate a reasonable upper
limit for p at the 1 — a (e.g., 90% or 95%) level by the following
procedure: (1) renormalize the Gaussian probability distribution for z
such that the integral of Eq. (1.24) with p = & over z from pp;, to
infinity (i.e., over the physical region), unshaded in the figure below,
is equal to 1.0; (2) find the value g1 such that the integral over z of
the renormalized distribution from gy, to p; is equal to the desired
value of 1 — a; (3) set p; to be the desired upper limit with confidence
1 — a. In fact, it can be shown that this is conservative, in the sense
that the probability that this interval actually covers the true value of
pis>1-a

The “classical” approach as described above can be derived formally
by the application of Bayes’ theorem with the explicit assumption
that all values of the parameter are equally probable. This means, for
example, that limits on m?2 are different than limits on m. A recent
treatment is given by James and Roos [11].

For pt — pmin > o, this technique, which may be applied for any
measured z (physical or unphysical), converges smoothly to that of

Fig. 6. An example of a bounded physical region with Gaussian
errors. In this case the estimator z has fallen within the
unphysical region due to random error.

the previous section since z is then effectively confined to the physical
region.

One should exercise caution for values of z which lie many standard
deviations outside the physical region. It may be that the particular
probability model (Gaussian with variance 62) may not be a correct
description of the measurement process (e.g., the true variance may
have unanticipated components and be > o2, or there may be a bias),
in which case confidence levels of this sort will not be correct.

If & < pmin, some authors prefer to use a fixed upper limit
calculated for i = ptmin Or £ = pmin + 0, rather than allow the upper
limit to decrease as i decreases. In any case, averaging of experiments
requires that 2 and its variance be quoted, in addition to any upper
limits, even if i is unphysical.

2.4.3 Poisson processes—upper limits

Because the outcome of a Poisson process is an integral number
of events, ng, it is usually not possible to set confidence intervals for
the true Poisson parameter p at a certain exact a. For large ng an
approximate interval can be set using the Gaussian approximation,
Sec. 1.3.3, and the techniques of Sec. 2.4.1.

For small ng we can define an upper limit N for p as being that
value of p such that it would be at least 1 — a (e.g., 90% or 95%)
probable that a random observation of n would then lie above the
observed ng. Thus

oo ng
l—a= Y fmN); a=3Y f(nN). (2:29)
n=ng+1 n=0
1 —o
o f(n; N)

Fig. 7. Illustration of Eq. (2.29) Poisson probabilities for an
assumed mean of N. With an observed count ng = 2, N = 5.3
as shown gives summed probability 1 — o = 90%.

Fig. 7 illustrates the case with ngp = 2 and 1 — o = 90%, for which
it may be shown that N = 5.3. For any given ng and desired o we can
obtain N from the x2 Confidence Level figure because of a relation
between the Poisson and the x2: read the ordinate as «, find x2 on
the curve for n = 2(ng + 1); then N = x2/2. Some useful values are:
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Poisson upper limits N for ng observed events

a= a= a= a=
no 10% 5% no 10% 5%

0 2.30 3.00 6 10.53 11.84
1 3.89 4.74 7 1177 13.15
2 5.32 6.30 8 13.00 14.44
3 6.68 7.75 9 14.21 15.71
4 7.99 9.15 10 1541 16.96
5 9.27 10.51

The meaning of these upper limits is that, for a given true u, the
probability is at least 1 — @ that one will observe ng which will result
in N which is > u. The probability for that to occur may be higher
than 1 — a; for example, if p < 2.30 a “90%” upper limit will actually
exceed p 100% of the time. Note from Eq. (2.29) that for ng = 0,
N =In[1/(1 - a)].

2.4.4 Poisson processes with background [12]

If we observe ng events in a Poisson process which has two
components, signal and background, estimating a limit on the signal
is more complicated. Let pg be the unknown mean (the Poisson
parameter) for the signal and pup be the mean for the sum of all
backgrounds. Assume ppg is known with negligible error; however
we don’t know npg, the actual number of events resulting from the
background. We do know that ng < ng. If ug + pg is large, the
Gaussian approximation to the Poisson distribution (see Sec. 1.3.3) is
usually adequate, and one can define confidence intervals or limits as
above, assuming nip ~ pp and therefore fig = ng — pp with variance
equal to ng (larger than g to allow for the error in 7 g).

Otherwise an upper limit can be defined by extension of the
argument of the preceding section. Let N be the desired upper limit
on pg with confidence coefficient a. Set N to be that value of pg such
that any random repeat of the current experiment with ug = N and
the same pg would observe more than ng events in total and would
have ng < ng, all with probability 1 — a. For any assumed N and pp
we can calculate this probability:

n
e~ (up+N) ZO: (up + N)"
= n!
Z . (2.30)
e—HB Z 7;!-9
n=0
We adjust N to obtain a desired a. For pg = 0 this converges to
(2.29). As in that case (see the last paragraph of Section 2.4.3) this
gives a conservative upper limit in that for any given true pug we get
a true probability > 1 — o that N > pug, averaged over a large set of
identically performed experiments. For a = 0.10, Fig. 8 shows N as a
function of ng and ppg.

Averaging of experiments and other comparisons require that ng
and pup be quoted and the technique used for upper limit extraction
be given.

If up > no the experimenter should question the probability of
observing ng as that ng. If this is very small the background, upg,
may not have been calculated properly and the upper limit for pg
obtained under those assumptions may be too low. For example, in
Fig. 8, the dashed portions of the curves lie in the region where ng
is expected to exceed the observed value 99% of the time (or more),
even in the complete absence of signal. In these regions one should be
cautious about accepting the results of the measurement.

As in the Gaussian case (2.4.2), whenever ng < pp some
experimenters may prefer to use N calculated as if ng ~ pp rather
than the smaller value obtained from the observed ng.

l-a=1-

2.5 Propagation of errors

Suppose we have a set of N random variables y; which may be
direct measurements or derived estimators 8, and we have a covariance
matrix V(y) for these. We can make a transformation to a different

upper limit on signal

90% confidence coefficient

10 - 15 I 20
Expected background (events)

o
(3]

Fig. 8. 90% confidence coefficient upper limit on the number of
signal events as a function of the expected number of background
events. For example, if the expected background is 8 events and
5 events are observed, then the signal is 4.0 (approximately)
or less with 90% confidence. Dashed portions indicate regions
where it is to be expected that the number observed would
exceed the number actually observed > 99% of the time, even in
the complete absence of signal.

set of variables f; = fj(y), j =1,...,M (M < N) and obtain best
estimates for the f; from

1Y 82f,

Fom fo(7) 4 = & J
fi= () +5 kZme(y) [ayk ayn]A (2.31)

s Yy
with covariance matrix

7 ofi| 94 .

Vii(£)= ) 3| 5| Vam(®) - (2.32)
nz,;n Oynly Oymly

For a single-valued function f of a single measurement y with variance
02 (i.e., M = 1, N = 1), this becomes

Fr f9)+502"(5)
V()= Pl (@),

where the primes denote differentiation with respect to y, evaluated at
¥

(2.33)

These approximations are based on a Taylor expansion of f about
the true value of y. If f is approximately linear in y over a range of
roughly y; £ o(y;), the approximation is good and the second-order
terms in (2.31) and (2.33) can be neglected. This is what is usually
done. However, if linearity is badly violated (e.g., f  1/y and §
is no more than a few o from zero), it should be recognized that
propagation of errors will give very approximate results. In such cases
f = f(¥) may be a biased estimator for f even if ¥ is unbiased for
y, and the second-order terms in (2.31) and (2.33) will help to reduce
that bias.

3. MONTE CARLO TECHNIQUES

Monte Carlo techniques are used to simulate on a computer random
behavior which is too complex to be derived analytically. Most
calculations are based upon pseudorandom numbers, a reproducible
sequence of numbers generated on the open interval (0,1) in such a way
that they satisfy various statistical tests for a uniform distribution,
with independent numbers. (Caution: some commercial random
number generators fill the closed interval [0,1]. The occurrence of 0
or 1 can sometimes cause problems for the algorithms below). No
such numbers are truly uniform and independent. Many commercial
random number generators sacrifice randomness in favor of speed. It
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is not rare that unforeseen correlations will introduce non-negligible
errors in the results. A useful test for this is to recompute the same
results with a different algorithm for the pseudorandom numbers. To
improve the performance of an existing generator one may use the
Bays-Durham algorithm [see Ref. 8 for discussion|: (a) Initialize by
generating and storing N (e.g., N = 97) random numbers in an array
v, using the available generator. Generate a new random number u
and save it. (b) On the next call, use this u as an address j = 1+
(integer part of Nu) to select v; as the random number to be returned.
Also save this v; as u for the next call. Replace vj in the array with a
new random number using the available generator. On the next call,
go to (b).

A second problem sometimes encountered in computations requiring
long sequences of random numbers is that all pseudorandom number
generators will eventually begin over and repeat the same sequence.
One may choose algorithms which minimize the number used. One
may also use two or three different generators in different parts of the
program.

Monte Carlo simulations of complex processes break them down
into a sequence of steps. At each step a particular outcome is chosen
from a set of possibilities according to a certain p.d.f. To do this we
must transform our uniform random numbers into random numbers
sampled from different distributions on different ranges.

Two techniques are in wide use to do this. We will discuss only
single variable cases; multiple variable cases use straightforward
extensions of these techniques. We assume we are in possession of a
random number u chosen from a uniform distribution on (0,1).

3.1 Inverse transform method

If the desired probability density function is f(z) on the range
—00 < T < oo, its cumulative distribution function (expressing the
probability that z < a) is given by Eq. (1.1). If a is chosen with
probability density f(a), then the integrated probability up to point
a, F(a), is itself a random variable which will occur with uniform
probability density on [0, 1]. Ignoring the endpoints, we can then find
a unique z distributed as f(z) for f(z) continuous, for a given u if we
set

u=F(z), (3.1)
provided we can find an inverse of F', defined by
z=F"1(u), (3.2)
as is illustrated in Fig. 9
Continuous
distribution
1.
F(x) uf--------—= ,
1
0 —_ -1
x =F"" (u) X
Discrete
istribution
1.0 _ distrib
F(x) u I - Hix,)
oo !
Xk Xk +1 X

Fig. 9. Use of a random number u chosen from a uniform
distribution (0,1) to find a random number z from a distribution
with cumulative distribution function F(z).

For a discrete distribution, F(z) will have a discontinuous jump of
size f(zy) at each allowed zy,k = 1,2,---. Choose u from a uniform
distribution on (0,1) as before. Find zj, such that

k
F(zx-1) <u < F(zg) = Prob (z < z4) = Y f(:) 3 (3.3)
=1

then zj, is the value we seek (note: F(zo) = 0).

3.2 Acceptance-rejection method (Von Neumann)

Very commonly an analytic form for F(z) is unknown or too
complex to work with, so that obtaining an inverse as in Eq. (3.2) is
impractical. We suppose that for any given value of z the probability
density function f(z) can be computed and further that enough is
known about f(z) that we can enclose it entirely inside a shape which
is C times an easily generated distribution h(z) as illustrated in
Fig. 10.

Ch (x)

f(x)

f(x)

Fig. 10. Illustration of the acceptance-rejection method. Random
points are chosen inside the upper bounding figure, and rejected
if the ordinate exceeds f(z). Lower figure illustrates importance
sampling.

Frequently h(z) is uniform or is a normalized sum of uniform
distributions. Note that both f(z) and A(z) must be normalized
to unit area and therefore the proportionality constant C > 1.
To generate f(z), first generate a candidate z according to h(z).
Calculate f(z) and the height of the envelope C h(z); generate u and
test if uC h(z) < f(z). If so, accept z; if not reject z and try again. If
we regard z and uC h(z) as the abscissa and ordinate of a point in a
two-dimensional plot, these points will populate the entire area C h(z)
in a smooth manner; then we accept those which fall under f(z). The
efficiency is the ratio of areas, which must equal 1/C; therefore we
must keep C as close as possible to 1.0. Therefore we try to choose
C h(z) to be as close to f(z) as convenience dictates, as in the lower
part of Fig. 10. This practice is called importance sampling, because
we generate more trial values of z in the region where f(z) is most
important.

3.3 Algorithms

Many algorithms for generating common distributions are given by
Rubinstein (1981) [13], Devroye (1986) [14], Press (1986) [8], Walck
(1987) [15], and Everett (1983) [16]; a few of these are reproduced
here. For many distributions alternative algorithms exist, varying in
complexity, speed, and accuracy. For time-critical applications, these
algorithms may be coded in-line to remove the significant overhead
often encountered in making function calls. Variables named “u” are
assumed to be independent and uniform on (0,1).

3.3.1 Sine and cosine of random angle

Generate u; and up. Then v; = 2u; — 1 is uniform on (—1,1), and
vg = ug is uniform on (0,1). Calculate r2 = vf + v%. If 2 > 1, start
over. Otherwise, the sine (S) and cosine (C) of a random angle are
given by

S =2viva/r? and C = (v} —v3)/r?.

3.3.2 Gaussian distribution
If u; and ug are uniform on (0,1), then

z1 =sin2nu1y/—2Inug and 22 = cos2mu;y/—2lnug

are independent and Gaussian distributed with mean 0 and o = 1.
There are many faster variants of this basic algorithm. For example,
construct v; = 2u; —1 and v2 = 2ug — 1, which are uniform on (—1,1).
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Calculate 72 = vf +v§, and if r2 > 1 start over. If r2 < 1, it is uniform
on (0,1). Then

—2Inr? —2Inr?
z1 =1 —z and 29 = vg B

are independent numbers chosen from a normal distribution with
mean 0 and variance 1. zl( = p + oz; distributes with mean u and
variance o2.

For a multivariate Gaussian it often is simplest to find a
transformation matrix H as described at the end of Sec. 1.3.4 and
generate n independent z;’s with zero means and unit variances; then
return T = HZ + &. For n = 2 it is convenient to choose H such
that 1 = z701 + p1 and
9 = Vo zl/af + z2 [(al2 cr% — V122)/012]1/2 + p2 , where 01-2 = V.

3.3.3 x%(n) distribution
For n even, generate n/2 uniform numbers wu;; then
n/2
y=—2ln Hul is x2(n) .
i=1

For n odd, generate (n — 1)/2 uniform numbers u; and one Gaussian 2z
as in 3.3.2; then

(n—1)/2
H u | +22 is x%(n).

=1

y=—2In

For n 2 30 the much faster Gaussian approximation for the x? may be
preferable: generate =z as in 3.3.2 and |use

y= [z +v2n — 1]2 /2; if z < —v/2n — 1 reject and start over.

3.3.4 Binomial distribution
If p < 1/2 in Eq. (1.20), iterate until a successful choice is made:

begin with k = 1; compute Py = ¢" [for k # 1 use Py = f(rx;n,p),
Eq. (1.20)] and store Py into B; generate u. If u < B accept ry =

k — 1 and stop; otherwise increment & by 1 and compute next P; and
add to Bj; generate a new u and repeat. If we arrive at k = n+ 1, stop
and accept rp41 = n. If p > 1/2 it will be more efficient to generate r
from f(r;n,q), i.e., with p and ¢ interchanged, and then set rj, = n—r.

3.3.5 Poisson distribution

Iterate until a successful choice is made: Begin with k = 1 and set
A =1 to start. Generate u. Replace A with uA; if now A < exp(—p),
where p is the Poisson parameter, accept ny = k — 1 and stop.
Otherwise increment k by 1, generate a new u and repeat, always
starting with the value of A left from the previous try. For large
u( 2 10) it may be satisfactory (and much faster) to approximate
the Poisson distribution by a Gaussian distribution [Sec. 1.3.4] and
generate z from f(z;0,1); then accept = max(0, [ + z\/& — 0.5])
where [ ] signifies the greatest integer < the expression.

3.3.6 Student’s t distribution

For n > 0 degrees of freedom (n not necessarily integer), generate =
from a Gaussian with mean 0 and 62 = 1 according to the method of
3.3.2. Next generate y, an independent gamma random variate with
k = n/2 degrees of freedom. Then z = z \/2_n/\/17 is distributed as a ¢
with n degrees of freedom.

For the special case n = 1, the Breit- Wigner distribution, generate
up and ug; set v; = 2u; — 1 and vg = 2ug — 1. If vf +v% < 1 accept
z = v1/vg as a Breit-Wigner distribution with unit area, center at 0.0,
and FWHM 2.0. Otherwise start over. For center My and FWHM T,
use W = 2I'/2 + M.
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ELECTROMAGNETIC RELATIONS

Quantity Gaussian CGS SI
Charge: 2.997 924 58 x 10° esu =1C=1As

Electron charge e: 4.803 206 8 x 10710 esu =1.60217733x 10719 C
Potential: (1/299.792 458) statvolt (ergs/esu) =1v=1JCc!

Magnetic field:

10 gauss = 10* dyne/esu

=1T=1NA"Imn?

Lorentz force:

F:q(E+§xB)

F=¢q(E+vxB)

Maxwell equations: VeD =4np VeD=p
18D
V><H——§—~—4—7r VxH—a—D-J
c Ot c ot
V+«B=0 VeB=0
16B oB
VXE+E§_O VXE+737_O
Materials: D=¢E, H=B/u D=¢E, H=B/u
Permitivity of free space: 1 €0 =8.854187...x 10712 F m!
Permeability of free space: 1 po=4r x 1077 N A2
Fields from potentials: E=-VV-— 104 E=-_-VV - oA
c ot ot
B=VxA B=VxA
Static potentials: V= a4 o (r') a3 _ 1 _ p(r')
(coulomb gauge) - s J jr—r/| z " 4re v Admeg [r —r'|
charges ¢ Och arges t 0
1 I; / /
A=l ¥ L_1[30) 3. /JO Z @ J(') P
c ri c¢J [r—r| i |r —r'|
currents currents
Relativistic transformations: Eh =E; Eh =E

(v is the velocity of the
primed frame as seen
in the unprimed frame)

Esz'y(EJ_+%v><B)
B| =B

B’_L:'y(BL—%vxE)

E| =+(E, + v xB)
B| =B

1
B1=7(BJ_—C—2VXE)

4meg

=c?x100"NA2=2898755...

x 109 Fm™1; —
4

0 —10-"N A2,

1
To€o

c=

=2.997924 58 x 108 m s~!
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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 e =2I.
Impedance of self-inductance L: Z = jwL .
Impedance of capacitance C: Z = 1/jwC .
Impedance of free space: Z = \/ug/ep = 376.7 Q2 .

Impedance per unit length of a flat conductor of width w (high
frequency, v):

14

Z = % ,  where § = effective skin depth ;
w

s= L~ 88 cu.

won ol

Capacitance C and inductance T per unit length (SI units)
Flat rectangular plates of width w, separated by d < w:
~ w - d
C=¢—: =u —;
€= p—
£ —2% 6 for plastics; 4 to 8 for porcelain, glasses.
€

Coaxial cable of inner radius ry, outer radius ry:
27 e
In (rg/r1)

Transmission lines (no loss):

C= ; i:%ln(rg/rl).

Impedance: Z = V 2/6 .
Velocity: v = I/VE C= 1/\/pe.

Synchrotron radiation (CGS units)

For a particle of charge e, velocity v = ¢, and energy E = ymc?,
traveling in a circular orbit of radius R, the energy loss per revolution
6F is

4r €2
6B =— = @34%.
3T RO

For high-energy electrons or positrons (8 = 1), this becomes

SE (in MeV) = 0.0885 [E(in GeV)]*/R(in m) .

For v > 1, the energy radiated per revolution into the photon energy
interval d(hw) is
8m

dl = 57 F(w/we) d(hw) ,

where a = €2 /hc is the fine-structure constant and

3730
2R

is the critical frequency. The normalized function F(y) is

We =

Fu) = 5-V3y [ Kojs (@) do,
Y

where Kg/3(z) is a modified Bessel function of the third kind. For
electrons or positrons,

hw (in keV) ~ 2.22 [E(in GeV)]?/R(in m) .

Fig. 1 shows F(y) over the important range of y.

0.6 T
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0.2

0.1
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0.0

102 10~1 100 101

Fig. 1. The normalized synchrotron radiation spectrum F(y).

Fory > 1 and w <« we ,
dI
d(hw)

whereas for v > 1 and w 2 3w, ,

dI 3r w\"% 55 we
— R\ = — T T4 —— 4.
dhw) V2 %7 (wc> € [ teot ]

The radiation is confined to angles <1/ relative to the instantaneous
direction of motion.

~ 3.3a (wR/c)/? |

See J.D. Jackson, Classical Electrodynamics, 2"¢ edition (John Wiley
& Sons, New York, 1975) for more formulae and details. In his book,
Jackson uses a definition of w. that is twice as large as the customary
one given above.
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CLEBSCH-GORDAN COEFFICIENTS, SPHERICAL HARMONICS, AND d FUNCTIONS

]
Note: A N is to be understood over every coefficient; e.g., for -8/15 read -\18715, Notation: M M
o_ [3
1/2 x 1/2 + | — Yy = g cost 2 x I 2 5/2] ..
+5/2 Coefficients
1/2 +1/2] o o 1_F TS /2 3/2
/2 -1/2)1/2 1/ 1 Yy =—J gy sinfe L2 1/72] 1/2+3/2 -
-1/2 +1/21/2 -1/ -1 +2 -1/2]1/5 4/s5§ 5/2 3/2
+1 +1/2]4/5 -1/sp+1/2 +1/2} &
| VERYER o_ [5 (3 2, 1
‘ Y, = J g\ cosO- 3 +1 -1/2| 2/5 3/sf s5/2 3/2
% Al 0+1/2| 3/5 -2/5}-1/2-1/2
1 x 1/2 + 3/ 2 mp— . s " 0-1/2[ 3/5 2/5§ 5/2 ;ﬁ
m 1 F1/2+1/ Y, ==/ 5 sinf cosf e -1+1/2| 2/5 -3/54-3/2 -
32 < 127 T A
+l—i/§ 1/3 2/ i/l U; 2 s -2 +1/2| 1/5 -4/5}-5/2
0+1/2| 2/3-1/341/2 - Yzz: % /21_5 sinlg o2i® ["'—+3 2+1/2] 1f+1 +1 =] 1
0-1/2] 2/3 1/ 3/2 "
+3/2 -1/21/4 3/4q42 1
2 y ] — -1+1/2) 1/3-2/34-3/2 — +1/2 +1/2}3/4 -1/44 0 0
1-1/2] 1
= L_/Ll 3/2 x l +5/ 2T 3 v1/2 -1/2l172 1/ 2 1
+2 +1] T2 +2 +3/2 +1] 1 J+3/2 +3/2 -1/2+1/201/2 -1/24-1 -1
2 of1/3 2/3 3 2 1 +3/2 0 2/5 3/5§ 5/2 3/2 1/2 -1/2 -1/2(3/4 1/4 2
+14102/3 -1/30 +1  +1 41 +1/2 +1| 3/5 -2/5f1/2 +1/2 +1/2 -3/2 +1/2|1/4 -3/ 4-2
= +2 -1[1/15 1/3 3/5 +3/2 -1]1/10 2/5 1/2 -3/2 %1/2] 1
I x 1 +§ +1 0[8/15 1/6 -3/1003 2 1 +1/2 0|3/5 1/15 -1/3f 5/2 3/2 1/2
2 1 0+1l6/15 -1/2 1/10 0 o 0 -1/2 +1{3/10 -8/15 1/60-1/2 -1/2 -1/2
Gl 4l 1f+l 41 +1 -1[1/5 1/2 3/1 +1/2 -113/10 8/15 1/6
+1 o1/2 1/202 1 o 0 o350 -2/sf 3 2 1 -1/2 of3/s -1/15 -1/30 5/2 3/2
o+11/2 -1/200 o 0 -1 +141/5-1/2 3/10f -1 -1 -1 -3/2 +1l1/10 <2/5 1/2f-3/2 -3/2
+1-1|1/6 1/2 1/3 0 -16/15 1/2 1/1 ‘ -1/2 -1 3/5 2/s5f 5/2
0o of2/30 -1z -1 0[8/15-1/6 -3/10f 3 2 -3/2 0 2/5 -3/5)-5/2
-1+1\1/6 -1/2 1/3 -1 -1 -2 +111/15-1/3 3/5 -2 -2 B-3/2-) 1
0-1f1/2 1/24 2 -1 -112/3 1/ 3 .
¥, Mo gy mym* -1 oj1/2 -1/242 -2 of1/3-2/3-3 (j1jzm1mzlJiJZJM)
! L S1o1] 1 | i |
Ql a! - 4m Y& -imé J-iy 'jz . -
m,o N T Yy =(-1) (JpiqgmymyliigI M
. . ) "
j - (Lym-m' i L x / E) Y2 _ 8 )
Aty m = -1 A, m' = &, -m' 3/2 3 L 43 B - di/Z, 1/2 =083 d%’_w =—siny
2 3/2 I+3/2+32 [ 1 +2 +2
x 4 3/2 +1/2] 1/2 1/2f 3 2 1
/2 5/2] K 1 _1+cosh 1 __ sing
2+3/2] 1 [+5/2 +5/2 [z +32 1;2 %2 J’/’ +/1 */1 R 4075
. +3/2 -1/2| 1/5 1/2 3/10
+2 +1/2 3/7 47 7/2 52 3/2 +1/2 +1/213/5 0 -2/5 f 3 2 1 0
+1 +3/2| 4/7 -3/7}3/2 +3/2 +3/2 -1/2 +3/2|1/5 -1/2 3/10} o 0 0 0 1 1-cost
+2-1/21 1/7 16/35 2/5 +3/2 -3/2 [1/20 1/4 9720 1/a] 14" 2
4 Y2l 41 1/35 -2/sK /2 52 3/2  1/2 +1/2 -1/2 |9/20 1?4 -Jzo -1;4
Zx 2 N o - 0 3/2| 2/7 -18/35 1/50+1/2 +1/2 +1/2 +1/2 12 4172 [9/20 -1/ 21)20 /4 [ m—m— '
v RIS +2 -3;2 ;535 6;35 2/5 2;5 =3/2 +3/2 |1/20 -1/4 9/20 -1/af -1 -1 -1 | dgg = cos®
+1-1/2|12/35 5/14 0 -3/10
+2+111/2 1/20 4 3 2 0 1/2118/35 -3/35 -1/5  1/5 K72 52 3/2 1/2 f}jﬁ _2;; ;ﬁ 10/2 _;5_3,0 T
142 14/2 -1/20+2  +2  +2 -1 3/24 4/35-27/70 2/5 -1/100-1/2 -1/2 -1/2 -1/2 -3/2 +1/2 | 1/5 -1/2 310 -2 -2
+2 0 [3/14 1/2 2/7 +1 -3/2 | 4/3527/70 2/5 1/10)
11 |47 0 -3/704 32 1 0-1/2 [18/35 3/35 -1/5 -1/5 :;ﬁ :fﬁ :ﬁ _:ﬁ ]
02 |3/14 -1/2 2/7 +1 141 4+ -1 4/2 412/35 -5/14 0 3/100 /2 5/2  3/2
21 [1/14 310 3/7 1/ -2 3/2 | 1/35 -6/35 2/5 -2/5 §.3/2 -3/2 -3/2 | Ak
10 (3/7  1/5 -1/14 -3/10 0-3/2 | 2/7 18/35 1/5
372 _1+cos8 6 0 1 (3/7 -1/5 -1/14 3/10f 4 3 2 1 0 -1 -1/2 4;7 -1?35 ~2;5 /2 5/2
3/2,3/27 T2 °°%7 Q-1 2 [1/14 -3/10 3/7 -1/5 } O 0 0 0 0 -2 1/2 | 1/7 -16/35 2/5§ -5/2 -5/2
2 2 -2 [1/70 1/10 2/7  2/5 1/5 -1 -3/2| 4/7 3/7f 1/2
32 1tcosf . 6 2 1+ cosé -
4 =—\3 d n +1 -1 18/35 2/5 1/14 -1/10 -1/5 2 - . - -
Y2.4/2 z "z 2,2 ( z ) o ol18/35 0 -2/7 0  1/5 2oizl 37 caf-v/2
-1 1 |8/35-2/5 1/14 1/10 -1/5] 4 3 2 1 Lz-32] 4
dg//g _1/2=~/3"§°’9cos§ dg , ___“(23059 sing -2 2| 1/70-1/10 2/7 -2/5 1/5§ -1 -1 -1 -1
, . +1 -2 1;14 3/10 3/7  1/5
0 -113/7 15 -1/14 -3/10
32 1-cosf . 0 2 N6 2 2 1+cosf -1 0 |3/7 -1/5 -1/14 3/10f 4 3 2
d - 9 = N6 a5 - 1tcosd -
32, -3/2 z SN 4o = 5 sin’0 1,1 2 2cosb-1) o 4 |34 J310 32 -1/5 f-2 -2 -2
0 -213/14 1/2 2/7
32 _3cosf-1 8 2 _ 1-cosf . & -—J3 4 8 -1 -1|4/7 0 -3/7
92,122 <083 43,4577 —sind 10 "7y sinf cos -2 0 ‘3%4 -1/2 2;7 303
2 -1 -2 [1/2 1/2f 4
3/2 _ 3cos6+1 6 2 _ [ 1-cosb 2 _1-cos@ 2 3 2 1
A2, 4=~ 73— sing 94,2 ‘(—z_) dj,4 ="z (2cosb+1) doo = (T cos™6 'T) L 1{2 /2]
-2 -2 | 1

Sign convention is that of Wigner (Group Theory, Academic Press, New York, 1959), also used by Condon and Shortley (The Theory of Atomic
Spectra, Cambridge Univ. Press, New York, 1953), Rose (Elementary Theory of Angular Momentum, Wiley, New York, 1957), and Cohen
(Tables of the Clebsch-Gordan Coefficients, North American Rockwell Science Center, Thousand Oaks, Calif., 1974). The signs and numbers in
the current tables have been calculated by computer programs written independently by Cohen and at LBL. (Table extended April 1974.)
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SU(3) ISOSCALAR FACTORS AND REPRESENTATION MATRICES

The most commonly used SU(3) isoscalar factors, corresponding
to the singlet, octet, and decuplet content of 8 ® 8 and 10 ® 8, are
shown at the right. The notation uses particle names to identify the
coefficients, so that the pattern of relative couplings may be seen at a
glance. We illustrate the use of the coeflicients by example. See J.J
de Swart, Rev. Mod. Phys. 35, 916 (1963) for detailed explanations
and phase conventions.

AV is to be understood over every integer in the matrices; the
exponent 1/2 on each matrix is a reminder of this. For example, the
Z — K element of our 10 — 10 ® 8 matrix is —v6/v/24 = —1/2.

Intramultiplet relative decay strengths may be read directly from
our matrices. Thus, the ratio of the partial widths for 2* — ZK and
A — N is, from the 10 — 8 x 8 matrix,

r(R* - =K) 12
T(A=Nm 6 x (phase space factors) .

Supplying isospin Clebsch-Gordan coefficients, we obtain, e.g.,

L~ —-5%%") 1/2 12

X X f 3 X f
= —_ .S.J. = — .S.J.
[(AT —pn0) 2/3 6 PS5/ =P

Partial widths for 8 — 8 ® 8 involve a linear superposition of 8;
(symmetric) and 8 (antisymmetric) couplings. For example,

2
D(E" - Zm) ~ (*\/% g1+ \/13;92) .

The relations between g; and g2 (with de Swart’s normalization)
and the standard D and F couplings that appear in the interaction
Lagrangian,

£=-vV2DTr(B,B],M)+vV2FTr(B,B|_M),

are

Thus, for example,

[(E* = En) ~ (F = D)? ~ (1 - 20)?

where a = D/(D + F).

When acting upon a representation of dimension d, the generators
of SU(3) transformations, A, (@ = 1, 8), are d x d matrices that obey
the following commutation and anticommutation relationships:

[/\a, ’\bl = 2ifapcAc
4
{)\as /\b} = géabl + 2dgpeAc

where I is the d x d unit matrix. The fg,. are odd under the
permutation of any pair of indices, while the dgp. are even. The
nonzero elements are

1-898
(4) = (NK £n An EK) S (2 3 -1 —2)/2
V8
8; —-8®8
N Nz Ny 5K AK 9 -1 -9 —1\12
x NK S An Sp EK|_ 1 [ -6 0 4 4 -6
A NK S Agp K | 20| 2 -12 -4 -2
z YK AK En =q 9 -1 -9 -1
8, - 8®8
N Nr Nn K AK 33 3 =3 \Y?
z NEKE Sz Ax En K| _ 1 (2 8 0 0 -2
A NK Sr Ayp EK | J12| 6 0 0 6
z XK AK =n =p 333 -3
10 -8®8
A Nm Np -6 6 1/2
z NK Zr Ax Ep EK|_ 1 [ -2 2 -3 3 2
= SE AK =« 2n | Jiz| 3 -3 3 3
0 =K 12
8 -10®8
N) _ Ar BK -12 3 1/2
2| | 4K = £n EK _ 1 (8 -2 -3 2
A Tr E V15 -9 6
= YK =Er En 2K 3 -3 -3 6
10 510®8
A Ar An K 15 3 -6 1/2
z AK T In EK 1 (8 8 0 -8
z YK = En QK “V2al12 3 -3 -6
0] ZK 9 12 —12
L
abe Sabe abc dabe abc  dgpe
123 1 118 1/vV3 | 355 1/2
147 1/2 146 1/2 366 —1/2
156 —1/2 157 1/2 317 —1/2
246 1/2 228 1/V3 | 448 —1/(2v3)
257 1/2 247  —1/2 558 —1/(2V/3)
345 1/2 256  1/2 668 —1/(2v/3)
367 —1/2 338 1/V/3 | 778 —1/(2V3)
458  /3/2 344 1/2 888 —1/V3
678 /3/2

In the fundamental 3-dimensional representation, the A;’s are

o 1 0 0 - O 1 0
A={1 0 0 =7 0 0} A3=|0-1
0 0 O 0o 0 O 0 0

(o=l en i an]
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SU(N) MULTIPLETS AND YOUNG DIAGRAMS

This note tells (1) how SU(n) particle multiplets are identified or
labeled, (2) how to find the number of particles in a multiplet from its
label, (3) how to draw the Young diagram for a multiplet, and (4) how
to use Young diagrams to determine the overall multiplet structure of
a composite system, such as a 3-quark or a meson-baryon system.

In much of the literature, the word “representation” is used where
we use “multiplet,” and “tableau” is used where we use “diagram.”

(1) Multiplet labels—An SU(n) multiplet is uniquely identified by
a string of (n—1) nonnegative integers: (a,(,7,...). Any such set
of integers specifies a multiplet. For an SU(2) multiplet such as an
isospin multiplet, the single integer « is the number of steps from one
end of the multiplet to the other (i.e., it is one fewer than the number
of particles in the multiplet). In SU(3), the two integers o and 3 are
the numbers of steps across the top and bottom levels of the multiplet
diagram. Thus the labels for the SU(3) octet and decuplet

=1 e 3
e 1 Z ;
)

are (1,1) and (3,0). For larger n, the interpretation of the integers
in terms of the geometry of the multiplets, which exist in an
(n—1)-dimensional space, is not so readily apparent.

The label for the SU(n) singlet is (0,0,...,0). In a flavor SU(n),
the n quarks together form a (1,0,...,0) multiplet, and the n
antiquarks belong to a (0,...,0,1) multiplet. These two multiplets
are conjugate to one another, which means their labels are related by

(a,B,...) & (...,B8,a).

(2) Number of particles—The number of particles in a multiplet, N
= N(a,B,...), is given as follows (note the pattern of the equations).

In SU(2), N = N(a) is

_ (a+1).

N 1

In SU(3), N = N(e,p) is

_(e+1) (B+1) (a+8+2)
T 1 T 2 )

N

In SU(4), N = N(a,8,7) is

_ (atl) (B+1) (y+1) (e+B+2) (B+7+2) (a+B+y+3)
1 1 1 2 2 3 ’

N

Note that there is no factor with (a + v + 2): only a consecutive
sequence of the label integers appears in any factor. One more
example should make the pattern clear for any SU(n). In SU(5), N =
N(a, B,7,6) is
_ (o) (B (y+1) (6+1) (a+B+2) (B+y+2)

1 1 1 1 2 2

(r+6+2) (atB+v+3) (B+y+6+3) (atB+y+6+4)
2 3 3 4

N

From the symmetry of these equations, it is clear that multiplets that
are conjugate to one another have the same number of particles, but
so can other multiplets. For example, the SU(4) multiplets (3,0,0) and
(1,1,0) each have 20 particles. Try the equations and see.

(3) Young diagrams—A Young diagram consists of an array of

boxes (or some other symbol) arranged in one or more left-justified
rows, with each row being at least as long as the row beneath. The
correspondence between a diagram and a multiplet label is: The top
row juts out o boxes to the right past the end of the second row, the
second row juts out 3 boxes to the right past the end of the third

row, etc. A diagram in SU(n) has at most n rows. There can be any
number of “completed” columns of n boxes buttressing the left of a
diagram; these don’t affect the label. Thus in SU(3) the diagrams

O, B , @ , Bj , [
represent the multiplets (1,0), (0,1), (0,0), (1,1), and (3,0). In any
SU(n), the quark multiplet is represented by a single box, the

antiquark multiplet by a column of (n—1) boxes, and a singlet by a
completed column of n boxes.

(4) Coupling multiplets together—The following recipe tells how
to find the multiplets that occur in coupling two multiplets together.
To couple together more than two multiplets, first couple two, then
couple a third with each of the multiplets obtained from the first two,
etc.

First a definition: A sequence of the letters a,b,c, ... is admissible
if at any point in the sequence at least as many a’s have occurred as
b’s, at least as many b’s have occurred as c’s, etc. Thus abed and aabch
are admissible sequences and abb and ach are not. Now the recipe:

(a) Draw the Young diagrams for the two multiplets, but in one of
the diagrams replace the boxes in the first row with a’s, the boxes in
the second row with b’s, etc. Thus, to find the multiplets that occur
in the coupling of two SU(3) octets (one might be the m-meson octet,
the other the baryon octet), we draw and g 2. The unlettered

diagram forms the upper left-hand corner of all the enlarged diagrams
constructed below.

(b) Add the a’s from the lettered diagram to the right-hand ends
of the rows of the unlettered diagram to form all possible legitimate
Young diagrams that have no more than one a per column. In general,
there will be several distinct diagrams, and all the a’s appear in each
diagram. At this stage, the calculation of the coupling of the two
SU(3) octets look as follows:

Bjaa’ Bjaa’ @]a, @:J.

(c) Use the b’s to further enlarge the diagrams already obtained,
subject to the same rules. Then throw away any diagram in which
the sequence of letters formed by reading right to left in the first row,
then the second row, etc., is not admissible.

(d) Proceed as in (c) with the c’s (if any), etc.

The final result of the coupling of the two octets is:

Fese-
Joe e e e o o H-
b b a ab

Here only the diagrams with admissible sequences of a’s and b’s and

with fewer than four rows (since n = 3) have been kept. In terms of
multiplet labels, the above may be written

LD)e(1,1)=(2,2)8 3,000 (0,3)®(1,1) & (1,1) ®(0,0) .
In terms of numbers of particles, it may be written
8R8=270100100808d1.

The product of the numbers on the left here is equal to the sum on
the right. (See also the section on the Quark Model.)
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KINEMATICS

Throughout this section units are used in which A = ¢ = 1. The
following conversions are useful: hc = 197.3 MeV fermi, (he)? =
0.3894 (GeV)? mb.

A.LORENTZ TRANSFORMATIONS

The energy E and 3-momentum p of a particle of mass m form a
4-vector p = (E, p_l whose square p? = E2 — | 7'|2 = m2. The velocity
of the particle is 3 = P /E. The energy and momentum (E*, %)
viewed from a frame moving with velocity ﬁ f are given by

(i)=( 5 (G) - »
Pj —¢Bf vt ) Tt

where v

=Pl (Al)

=(1- ﬂ?)’l/z and p (p“) are the components of P
perpendicular (parallel) to B ;. The scalar product of two 4-vectors
p1-p2 = E1E2 — P’ Py is invariant (frame independent).

In the collision of two particles of masses m; and mg the total
center-of-mass energy is

— - 1/2
B = (p1 +p2)/? = [(El +E)?—(P1+ 7 2)2]

2 Py 1/2
= [m? + m2 + 2E1E5(1 - 12 cose)] , (A.2)

where 6 is the angle between the particles. In the frame where one
particle (of mass mg) is at rest (lab frame),

Eon = (m% + m% + 2E71ab m2)1/2 . (A.3)
The velocity in the lab of the center-of-mass frame is
B cm = P 11ab/(E1lab + m2) (A.4)

and

Yem = (E1lab +m2)/ By, -

B. CENTER OF MASS ENERGY AND MOMENTUM

A beam of particles with mass m and momentum ppean, is incident
on a fixed target consisting of particles with mass M. The energy of
the beam particles E peam, the center-of-mass energy E. ., and center
of mass momentum of one of the particles pcy are given by

Eveam = \/ plz)eam + m?

E.p = V/m2 4 2E peqmM + M2

M
Pcm = pbeamEjn:

For example, if a 0.80 GeV/c kaon beam is incident on a proton
target, the center of mass energy is 1.699 GeV and the center of mass
momentum of either particle is 0.442 GeV/c. It is also useful to note
that

Eem dEcm = M dE veam = M Bbeam @Pbeam -

C. LORENTZ INVARIANT AMPLITUDES

The invariant amplitude —iM for a scattering or decay process is
determined in perturbation theory by a set of Feynman diagrams. The
convention of Bjorken and Drell is used except that fermion spinors
are normalized so that uZ = 2m. As an example, the S-matrix for
2 — 2 scattering is related to M by

(Piph S| prp2) = I - i(2m)* 6*(p1 + p2 — p1 — Ph)
M(p1, p2; P}, Ph)

. (C.1)
(2E'1)1/2 (2E2)V/2 (2E})/2 (2E4)1/2
The state normalization is such that
¥'lp) = 2m)** (P - 7). (C2)

D. PARTICLE DECAYS

The partial decay rate of a particle of mass M into n bodies in its
rest frame is given in terms of the Lorentz invariant matrix element
M by

27
ar = C P av, (P, ), (1)
where d<I>n is an element of n-body phase space given by
n
) d3 Di
d@n(P; p1, ..., pn) = 6% (P~ sz) 1'[ A (D-2)
This phase space can be generated recursnvely, viz.
d®n(P; p1, ..., pn) = d®j(q; p1, -- -, Pj) (D.3)
X d®n_ji11 (P; q, Pis1, - - -, pn)(27)3dg?

2
where ¢2 . This form is particularly

= (Z?:j-u Ei)2 - Z?:j-}-l ?z
useful in the case where a particle decays into another particle which
subsequently decays.

D.1 Survival probability:

If a particle of mass M has mean proper lifetime 7 (= 1/I") and has
momentum (E, 7’), then the probability that it lives for a time tg or
greater before decaying is given by

P(to) — e to T/y — e~ Mto T/E , (D4)
and the probability that it travels a distance zg or greater is
—
P(zg) = e Mz /I P (D.5)

D.2 Two-body decays:

SPRLLL

P,M,

Fig. 1. Variable definitions for two-body decays.

In the rest frame of a particle of mass M, decaying into 2 particles
labeled 1 and 2,

2 2 2
M? —mg +mj

E = —
|71l =172l (D.6)
(M2 = (my + mg)?) (M2 — (my — 1112)2)]1/2
2M ’
and
[Pl
dr = |M]? a7 99 (D.7)

where dQQ = d¢1d(cos 1) is the solid angle of particle 1.
D.3 Three-body decays:

p11m1

P.M
P2xM,

p3’m3

Fig. 2. Variable definitions for three-body decays.
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Defining p;; = p; + pj, m?j = p?j, then m%z + m%s + m%3 =
M? +m% +m§ + mg and m%z = (P —p3)? = M? +m§ — 2ME;.
The relative orientation of the three final-state particles is fixed if
their energies are known. Their momenta can therefore be specified
by giving three Euler angles (a, 3,v) which specify the orientation of

the final system relative to the initial particle. Then

1 1
= s 1M |M|? dE; dE; da dcos 3 dy . (D.8)
Alternatively
1 1
IM? [P 173l dmaz dQF d (D.9)

= ————
(2m)® 16M2

where (| 7'}], ) is the momentum of particle 1 in the rest frame of
1 and 2, and Q3 is the angle of particle 3 in the rest frame of the
decaying particle. |p’}| and | p’3] are given by

71l = [(m; — (m1 +m2)?) (m}, — (1 — m2)?)] 12

rue 2my2 )

and

|73l = [(M2 — (m12 + m3)?) (M2 — (my2 — m3)2)]1/2 010

2M
[Compare with Eq. (D.6).]
Integrating over the angles in Eq. (D.8) (this is only possible if
the decaying particle is a scalar or we average over its spin states;
otherwise M depends on «, 8, and 7) gives
1 1
dlr = ——
(2m)3 8M
-t 1
T (2m)3 32M3
This is the standard form for the Dalitz plot.
D.3.1 Dalitz plot:
If m22 is fixed then the range of m% is determined by its values
when p’q is parallel or antiparallel to p 3.

|M|? dE; dE-

|IM|? dn?y dm2s . (D.11)

(mfs)max =

(51 + 3 - (VB — it - B n)
(m33)min =

(Bf + E3)* - (\/;Ef2 —-mi+ \/E§2 - m%)z )

where E} = (M? — m%, — m2)/(2m12) and

E} = (m}y + m? — m3)/(2m12). The scatter plot in m?, and m; has
uniform phase space density [see Eq. (D.11)] and is called a Dalitz
plot.

A nonuniformity in the plot gives immediate information on
|M|2. For example, in the case of D — K=, bands appear when
M(Kx) = MK*(892) reflecting the appearance of the decay chain
D — K*(892)r — Krr.

D.4 Kinematic limits:

In a three-body decay the maximum of |p3|, [given by
Eq. (D.10)], is achieved when mjz = mj + mg, i.e., particles 1
and 2 have the same vector velocity in the rest frame of the decaying
particle. If, in addition, mg > mj, mg, then |?'3|max > |?1|max,
|7, lmax-

D.5 Multibody decays:

The above results may be generalized to final states containing any
number of particles by combining some of the particles into “effective
particles” and treating the final states as 2 or 3 “effective particle”
states. Thus, if p;jx... = p; +pj +pg + ..., then

Mijk... = \/Plijk... »

and m;jx. . may be used in place of e.g., mj2 in the relations in
Sec. D.3 or D.3.1 above.

(M—m,)?

13

I
I
I
|
1
I
1
|

(m,+m,)2}
(m,+m,)?

1
(M—m,)?
m2,

Fig. 3. Dalitz plot for a three-body final state. Four-momentum
conservation restricts events to the interior of the closed curve.

/ /
p,,,m1
/
P2",m,

Py.M;y

\

/ /
p2’m2 pn vmn

Fig. 4. Variable definitions for production of an n-body final
state.

E. CROSS SECTIONS
The differential cross section is given by

(2m)*M|?
4\/(171 - p2)? — mim}

do =

) Pnt2) - (El)

[See Eq. (D.2).] In the rest frame of ma(lab),

X d®n(p1 +p2; P3, - - -

(p1-p2)? — m2mZ = mapyap ;

while in the center-of-mass frame
V (p1-p2)? — m2m% = premV/s -
E.1 Two-body reactions:
py,My P3,M3
p21 mg p4'm4

Fig. 5. Variable definitions for a two-body final state.
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Two particles of momenta p; and p2 and masses m; and mg scatter to
particles of momenta p3 and ps and masses m3 and my; the Lorentz
invariant Mandelstam variables are defined by

5= (p1+p2)* = (p3 + pa)?

=mi+2E1Ey — 27 - Pa+mj,
t=(p1 —p3)* = (p2 — pa)?

=m} —2E1E3+ 271 P3+mj3,
u=(p1 —pa)* = (p2 — p3)°

=m} - 2E1E4+27, Da+mj, (E.2)
and they satisfy

s+t+u=m%+m§+m§+mz .

The two-body cross section may be written as

1 1
dU_ |M|2

= - - E.3
dt 64ms !?10m[2 (E3)

In the center-of-mass frame
t = (E1em — F3em)? = (Plem — P3em)?
—4p1em Paem sin(fem/2) (E.4)
= 1o — 4P1cm P3em Sin’(6cm/2) ,
where 0., is the angle between particle 1 and 3.
te = [m% —m3 Am%+mi]2

2/s
_ s+m%—m% 2—m2 1/2
25 1

1/2
s +mj —mj 2_m2
2/s 3

Note that ¢t_ (t4) is the largest (smallest) value of t for 2 — 2
scattering processes and that ¢t is always negative. In the literature
the notation ¢ (tmax) for t— (t4) is sometimes used. This usage
should be discouraged since ¢t > t4. The center-of-mass energies and
momenta of the incoming particles are

- (E.5)

Bom = % ’ (E.6)
_ [(s = (m1+m2)?) (s = (m1 — m2)?)] v

Pcm = 2\/§
_ Pilab™m2 ©7)

N

Here the subscript lab refers to the frame where particle 2 is at rest.
[For other relations see Egs. (A2-A4) ]

E.2 Inclusive reactions:
Choose some direction (usually the beam direction) for the z-axis;
then the energy and momentum of a particle can be written as
E =m, coshy, pz, py , p = m] sinhy,

where m is the transverse mass

mi:m2+p£+p§,

and the rapidity y is defined by

—lln E+p.
yVQ E—p;

i (EAPz) _ann-1 (P2
—ln( p— )-tanh (E) (E.8)

Under a boost in the z-direction to a frame with velocity g,
y — y+tanh™! 3. Hence the shape of the rapidity distribution dN/dy
is invariant. The invariant cross section may also be rewritten

d3c d3c

a3 2

dp dy dp7

Feynman’s z variable is given by
Pz E + Pz .
Pzmax (E + Pz)ma.x ’

in the center-of-mass frame,

T =

. 2pzem - 2m sinhyem
Vs Vs ’

For yem such that e~ 2¥em 1,

(E.9)

T~ _Ti{eycm

T s
and
(Yem)max = In (V/s/m) .
The definition of rapidity [Eq. (E.8)] may be expanded to obtain
1, cos?(8/2) + m2/ap® + ...
y=3" sin?(8/2) + m2/4p? + . ..
—1In tan(6/2) =7

Q

(E.10)

if the particle has zenith angle 6. The pseudorapidity n defined by
the second line is approximately equal to the rapidity y for p > m
and 6 > 1/v, and in any case can be measured when the mass and
momentum of the particle is unknown. From the definition one can
obtain the identities

sinhn = cot

coshn =1/sin@

tanhn = cosé .
E.3 Partial waves:

The amplitude in the center of mass for elastic scattering of spinless
particles may be expanded in Legendre polynomials

F(k,60) = %Z(zu 1)ayPy(cosb) ,
¢

(E.11)

where k is the c.m. momentum, 6 is the c.m. scattering angle, a,
= (nee®t — 1)/2, 0 < mp < 1, and & is the phase shift of the ¢t
partial wave. For purely elastic scattering, np = 1. The differential
cross section is

do
= =|f(k,0)? .
= 1£(k0)]
The optical theorem states that

Otot = %Im f(k,O) 5 (E.12)

gth

and the cross section in the partial wave is therefore bounded:

amr(20+ 1)
k2 ’
The partial-wave amplitude a, can be displayed in an Argand plot.

The usual Lorentz invariant matrix element M (see Sec. C above)
for the elastic process is related to f(k,#8) by

M = —8n/5 f(k,6) ,

4
o0 = 1320 + Dlagl’ < (E13)

S0
1
2k\/s
where s and t are the center-of-mass energy squared and momentum

transfer squared, respectively (see Sec. D.1).

ImM(t =0) , (E.14)

Otot = —
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|
1 m A
nl2
1/2
26
| ]

A2 0 1z neA

Fig. 6. Argand plot for the display of a partial-wave amplitude
as a function of energy.

E.3.1 Resonances:
The Breit-Wigner form for a; with a resonance at c.m. energy Ep,
elastic width Iy, and total width
1—‘mt is
I-‘el/ 2

=—"°% " E.15
ER—E'—iFtot/Z ’ ( )

ay
where E is the c.m.. energy. This gives a circle in the Argand plot with
center iz¢)/2 and radius ze)/2, where the elasticity zej = Cet/T'tot-
The amplitude has a pole at E = Ep — iT'tot/2.

The Breit-Wigner cross section for a spin-J resonance produced in
the collision of particles of spin S; and Sz is

(27+1) 7 BinBoutTh:
(281 +1)(2S2 +1) k% (E— ER)2+T3,/4’

where k is the c.m. momentum, F is the c.m. energy, and Bj,
and Byt are the branching fractions of the resonance into the
entrance and exit channels. The 25 + 1 factors are the multiplicities
of the incident spin states, so they are replaced by 2 for photons, etc.
This expression is valid only for a particle of narrow width. If the width

apw(E) =

Re A

Fig. 7. Argand plot for a resonance.

is not small, I'to¢ cannot be treated as a constant independent of E.
There are many other forms for ogw, all of which are equivalent to
the one given here in the narrow-width case. Some of these forms may
be more appropriate if the resonance is broad.

The relativistic Breit-Wigner form corresponding to Eq. (E.15) is:

—mTI el
@G =——5— .

s —m? + imliot

A better form incorporates the known kinematic dependences,
replacing mTtot by /5 tot (8), where I'yot () is the width the resonance
particle would have if its mass were /s, and correspondingly mI's by
V3T ¢1(s) where T'(s) is the partial width in the incident channel for
a mass /s:

—v/sTa(s)
s —m? +iy/sTiot(s)

For the Z boson, all the decays are to particles whose masses
are small enough to be ignored, so on dimensional grounds
Tiot(s) = v/sTo/mz, where Ty defines the width of the Z, and
Te1(s)/Ttot(s) is constant. A full treatment of the line shape requires
consideration of dynamics, not just kinematics. For the Z this is done
by calculating the radiative corrections in the Standard Model.

ag =

Revised April 1992 with the assistance of R. Cahn.

CROSS-SECTION FORMULAE FOR SPECIFIC PROCESSES

A. LEPTOPRODUCTION

P.M

Fig. 1. Kinematic quantities for description of lepton-nucleon
scattering. k and k' are the four-momenta of incoming and
outgoing leptons, P is the four-momentum of a nucleon with
mass M. The exchanged particle is a v, W, or Z0; it transfers
four-momentum g = k — k' to the target.

Invariant quantities:

-P
v= %\—l— = E — E'is the lepton’s energy loss in the lab (in earlier
literature sometimes v = ¢q - P). Here, E and E’ are the
initial and final lepton energies in the lab.

2 _ 2 N 2 2 .
Q ¢° =2(EE' - k - k') —mj — mj, where my(my) is the initial
(final) lepton mass. If EE'sin%(6/2) > m2, m?,, then

~ 4EFE'sin%(0/2), where 6 is the lepton’s scattering angle in the

lab.
Q2
T = In the parton model, z is the fraction of the target nucleon’s
momentum carried by the struck quark. See section on
QCD.
q-P v, . ;
Y= TP F S the fraction of the lepton’s energy lost in the lab.
W2 = (P + q)? = M? + 2Mv — Q? is the mass squared of the system
recoiling against the lepton.
2
s=(k+P2=L {2
Yy

A.1 Leptoproduction cross sections:

d?c

d?o _ 2m Mv d2o
dz dy

dvdQ? = B dQyp dE'

=1/(s—M2)



111.52

CROSS-SECTION FORMULAE FOR SPECIFIC PROCESSES (Cont'd)

A.2 Electroproduction structure functions:

The neutral-current process, eN — eX, is parity conserving at low
Q? and can be written in terms of two structure functions F{VC (z,Q%)
and FZNC(I,QZ):

d%o 47ra(s—M)

1-— FNC
D dy 0 1-y)Fy

MZ
2 NC NC
zFy ™ — —————(S ~ %) zy Fy

The charged-current processes, e” N — vX, vN — e~ X, and
TN — et X, are parity violating and can be written in terms of three
structure functions Flcc(z, Q?), FZCC(I,QZ), and F3cc(z, QR?):

20  G% (s— M?) M,
dr dy — 2m (Q2 + MZ,)?

X{[l‘y'<Mﬁ2>]F

y? y?
+ —2—2mFICC+(y—?)zF§JC .

(A1)

A.3 The QCD parton model:

In the QCD parton model, the structure functions defined above
can be expressed in terms of parton distribution functions. The
quantity f;(z, Q%)dz is the probability that a parton of type i (quark,
antiquark, or gluon), carries a momentum fraction between z and
z + dz of the nucleon’s momentum in a frame where the nucleon’s
momentum is large. For the cross section corresponding to the
neutral-current process ep — eX, we have for s > M? (in the case
where the incoming electron is either left- (L) or right- (R) handed):

2,
dli dy szz [Z(z fq (= z, Q%) +z fg (e (z, Q2)]

x [Aq+(1 —y)? Bq] .

Here the index q refers to a quark flavor (i.e., u, d, s, ¢, b, or t), and
2 2 Q2 2

Ag=|—-gq+ —= | 4|+ —— 1,

q , 9q T 9Lq 9Le Q2 i M% dq T 9Rq 9Re Q2 i M% >

&\ &\
Bs= |- —_s ] +| —qq+ — | -
q dq+ 9Rq 9Le QP+ 4 V% qq T 9Lq 9Re Q%+ ,”%

Here qq is the charge of flavor ¢. For a left-handed electron, gge = 0
and gz, = (—1/2 + sin? 8y)/(sin Oy cos Oy ), while for a right-handed
one, gre = 0 and gr, = (sin®By)/(sin By cos ). For the quarks,
9rq = (T3 —qq sin? Oy )/ (sin By cos Byy), and grg = (—qq sin? Oyy) /
(sin By cos Oy ).

For neutral-current neutrino (antineutrino) scattering, the same for-
mula applies with g7, replaced by gz, =
1/(2sin 8y cosfy) (gz = 0) and gg. replaced by ggr, = 0
lgrz = —1/(2sin By cos Oy )].

In the case of the charged-current processes eyp — vX and
vp — et X, Eq. (A.1) applies with

Fp =2zF) =2z [fu(I»Q2) + feo(z, Q%)
¢ A(EQD) 4 F2 (5. Q) + f5 (2,@D) + 5 (z,cf)] ,
Fy=2 [mx,QZ) + fol2. @)

@) - 13 (@) 15 (@,Q%) — 5 <z,Q2>] .

For the process vp — e~ X:

Fy =2zF), =2z [fd(z, Q2) + fs(IvQZ)

@)+ fa Q) + f2 (2.@) + f7 (z,cﬂ)] ,

Fy=2 [fd(z, @) + fo(2,@?)
@) — fz(@QY) — f2(0.Q%)  fi (x,cf)] .

B. ete~ ANNIHILATION
For pointlike spin-1/2 fermions in the c.m., the differential cross

section for ete~™ — ff via single photon annihilation is

do
(19
where 3 is the velocity of the final state fermion in the center of mass

and Qy is the charge of the fermion in units of the proton charge. For
B—1,

a? 2 2 2 2
=58 [1+cos 9+ (1 - B?)sin 0]Qf,

4ra? , 86 BQ2 nb
5(GeV?)

77 T3s <17

At higher energies the Z° (mass Mz and width I'z) must be
included, and the differential cross section for ete™ — ff becomes

do o?

= = 2 2 A2y 2

0 18 8 [Qf[1+cos 8+ (1 — %) sin“ 0]
—-2Qf Xl{vvf [1+cos?8 + (1 — B?) sin® 0] — 2ay ﬁcose}
+X2{Vf2 (14 V2)[1+cos?6 + (1 - 3%) sin? 6]

+42 a%(l + V%) [1+cos?6] —8p VViag COSGH ,

_ 1 s(s — M2)
= T6sin? Ow cos2 Oy (s — M2Z)2 + LM%’
1 52
X2 =

256 sin? Oy cos? Oy (s — M2)2 +TL M2’
V = —1+4sin’ Oy ,

ay = 2T3f ,

Vi = 2T3; — 4Qysin® Oy

where the subscript f refers to the particular fermion and

T3 = +1/2 for wve, vy, Vr, u, ¢ ¢

T3 =—1/2fore ", p=, 7 ,d,s,b.

C. ete” TWO-PHOTON PROCESS
In the equivalent photon approximation, the cross section for

ete™ — eTe™ X is related to the cross section for vy — X by

1
Qoetoscre=x () =1 [ do f(0) doyyx (w5)
0

where

o s
~—In|-—
% o 4m?2
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and
fw) = % [(2+w)2 In é ~201 ——w)(3+w)] .

The factor n arises from integrating over the mass squared of the
virtual photon. For the production of a resonance, form factors
suppress contributions from very virtual photons, so in the standard
formula for production of a resonance of mass mg and spin J # 1,
namely,

5 (20 +1) 872 (R — vv)
smp

m2
o(ete™ —ete™R) =17 f(TR) ,

it would be better to use
2
a mi,
~ — | ,
™o " <4mg>

where my is the mass of the vector (p, ¢, ---) that enters into the
form factor.

D. INCLUSIVE HADRONIC REACTIONS

One-particle inclusive cross sections E(d30)/(d%p;) for the
production of a particle of momentum p; are conveniently expressed
in terms of rapidity (see above) and the momentum p, transverse to
the beam direction (defined in the center-of-mass frame)

d3o _ d3o
dyd?p; ~ T d%p
In the case of processes where p, is large or the mass of the produced

particle is large (here large means greater than 10 GeV), the parton
model can be used to calculate the rate. Symbolically

Ohadronic = Z/fz’(h, Q?) fj(22, Q%) dz1 dz3 Fpartonic »
j

where f;(z, @?) is the parton distribution introduced above and Q
is a typical momentum transfer in the partonic process and ¢ is
the partonic cross section. Two examples will help to clarify. The
production of a W in pp reactions at rapidity y in the center-of-mass
frame is given by

do _GF ™2

dy ~ 3

X T [c052 6. (u(zl , M%) d (z9, M%)
+ u(zz , M) d (117Mev))
+ sin? 6, (u(ml s M&/)E (2, MEV)

+ S(.’L‘g, M&/) u (1‘1, Mgv))J ,

where z1 = /7 €Y, 2 = /7 e7Y, and 7 = MZ,/s. Similarly the
production of a jet in pp (or pp) collisions is given by

d3¢o 2 2
=) /fi(l‘l , p1) fi(z2,p1)
dp, dy 5

x [3 %J dzy dzo 6(5+ T +7) , (D.1)

g

where the summation is over quarks, gluons, and antiquarks. Here
s=(p1+p2)?,
t = (p1— pjet)? .
u=(p2 — pjet)z 5
p1 and py are the momenta of the incoming p and p (or P) and S, %,
and U are s, t, and u with py — z1p; and p2 — z2 p2. The partonic
cross section §[(d7)/(dt)] can be found in Ref. 1. Example: for the
process gg — qg,

_do o (22 +12) [4 1]
8_— .

—=3
&% T T %

9ta 32

The prediction of Eq. (D.1) is compared to data from the UA1 and
UAZ2 collaborations in a figure labeled “Jet Production in pp and pp
Interactions” in the Plots of Cross Sections and Related Quantities
section.

E. ONE-PARTICLE INCLUSIVE DISTRIBUTIONS

In order to describe one-particle inclusive production in
ete™ annihilation or deep inelastic scattering, it is convenient
to introduce a fragmentation function D} (z,Q?)/z which is the
probability that a parton of type ¢ and momentum p will fragment
into a hadron of type h and momentum zp. The Q? evolution is
predicted by QCD and is similar to that of the parton distribution
functions (see section on Quantum Chromodynamics). The D}(z, @?)
are normalized so that

DP (2,Q¥dz=1.
>/

If the contributions of the Z boson and three-jet events are
neglected, the cross section for producing a hadron A in ete™
annihilation is given by

1 do _ ie?Df‘(z,Qz)

Ohad d2 ;€2

)

where e; is the charge of quark-type ¢, op,4 is the total hadronic cross
section, and the momentum of the hadron is 2E¢py /2.

In the case of deep inelastic muon scattering, the cross section for
producing a hadron of energy E}, is given by

1 d—U - Zz e? qi(I$ Qz) Dzh(zyQZ)
Otot dz Yie? gi(z,Q?) ’

where Ej, = vz. (For the kinematics of deep inelastic scattering,
see section D.2 of the Kinematics section of this Review.) The
fragmentation functions for light and heavy quarks have a different
z dependence; the former peak near z = 0. They are illustrated in a
figure in the section on Plots of Cross Sections and Related Quantities.

1. G.F. Owens, F. Reya, and M. Gliick, Phys. Rev. D18, 1501
(1978).
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A. THE QCD LAGRANGIAN

Quantum Chromodynamics (QCD), the gauge field theory which
describes the interactions of colored quarks and gluons, is one of
the components of the SU(3)xSU(2)xU(1) Standard Model. The
Lagrangian is (up to gauge-fixing terms)

1 R .
Lgep = -4—17,(5) FlOm 1§58 y* (Dy)ij ¥}
q

vzmq Et; wqi )
q

F{Y) = 8 AL — 8, A% + g fape AL AT,

A2
(Du)ij = 6ij Oy —igs Y SLAL

a

where g is the QCD coupling constant, and the fu. are the structure
constants of the SU(3) algebra (the A matrices and values for fup, can
be found in “SU(3) Isoscalar Factors and Representation Matrices”).
The %bf](ﬂf) are the 4-component Dirac spinors associated with each
quark field of color ¢ and flavor ¢ and the Af(z) are the (8) Yang-Mills
(gluon) fields. A complete list of the Feynman rules which derive from
this Lagrangian, together with some useful color-algebra identities,
can be found in Ref. 1.

The principle of “asymptotic freedom” (see below) determines that
the renormalized QCD coupling is small only at high energies, and
it is only in this domain that high-precision tests—similar to those
in QED——can be performed using perturbation theory. Nonetheless,
there has in recent years been much progress in understanding and
quantifying the predictions of QCD in the nonperturbative domain,
for example in soft hadronic processes and on the lattice. [2] This short
review will concentrate on QCD at short distances (large momentum
transfers), where perturbation theory is the standard tool.

(A1)

B. THE QCD COUPLING AND RENORMALIZATION
SCHEME

The renormalization scale dependence of the effective QCD coupling
as = g2/4x is controlled by the B-function:

Oas  Bo 2 B 3
”am - o s 82 @s ’
2
3p =11 — =
Bo 30

1 =102 — %?nf : (B.1)

and ny is the number of quarks with mass less than the energy scale
1. In solving this differential equation for ag, a constant of integration
is introduced. This constant is the one fundamental constant of QCD
that must be determined from experiment. The most sensible choice
for this constant is the value of oy at a fixed reference scale pg, but it
is more conventional to introduce the dimensional parameter A. The
definition of A is arbitrary. One way to define it (adopted here) is
to write a solution of Eq. (B.1) as an expansion in inverse powers of
In (p?):
_ 127
T (33— 2ns) In(u?/A?)
n [In (u2/A2)]

In (u?/A%)
The next term in this expansion is

In 2 [In (u2/A2)]
In3 (u2/A%) )~

This solution illustrates the asymptotic freedom property: as — 0 as
1 — oo. Alternative definitions of A are possible. For example, the

as(p)

[ _ 6(153 — 19n) (B.2)

(33— 2nj)2

solution of Eq. (B.1) with the S-function truncated at the second
order:

1 b1 as u
4byIn [ ) = Lad
Ots+ ! n(l—i—blaa) bolnA’
Bo A
by = 29 =2 .
0= on> 1 4n By (B.3)

can be used. For a given value of as(ux =5 GeV) one finds that
(A[Eq. (B.2)] — A[Eq. (B.3)]) varies by 5 to 22 MeV as A goes from
120 to 350 MeV, while for as(u =30 GeV) it varies by 3 to 11 MeV
over the same A range.

In the above discussion we have ignored quark-mass effects, i.e., we
have assumed an idealized situation where quarks of mass greater than
p are neglected completely. In this picture, the 8-function coefficients
change by discrete amounts as flavor thresholds are crossed when
integrating the differential equation for a,. It follows that, for a
relationship such as Eq. (B.2) to remain valid for all values of u,
A must also change discretely through flavor thresholds. This leads
to the concept of a different A for each range of p corresponding
to an effective number of massless quarks: A — A™f). This is the
standard convention. It follows that when comparing measured A
values, account must be taken of the effective number of quark flavors
in each experiment. In practice, it is straightforward to relate the
different A("f) using the above expressions. For example, one finds 3]
(the meaning of MS will be explained below)

2/25 963/14375
AY ~A® [-————mb ] [2 In (——mb )]
(5) (5)
MS MS AMS A

MS

AGL 2/25 ~107/1875
AD 5 A®) | MS 2o 25
MS MS | m, ACL
MS

Note that these differences are numerically very significant; for
example, if A% = 200 MeV, the corresponding A(;T)s = 293 MeV.
Data from Deep Inelastic scattering are in a range of energy where
the bottom quark is not readily excited and hence these experiments
quote A(};—)S. Most data from PEP, PETRA, TRISTAN, and LEP

quote a value of A(T;)—s since these data are in an energy range where
the bottom quark is light compared to the available energy. We have

(B-4)

converted it to A% as required.

We turn now to a discussion of renormalization-scheme dependence
in QCD. Although necessarily rather technical, this discussion is vital
to understanding how A values can be measured and compared. See
the review by Duke and Roberts [4] for further details.

Consider a “typical” QCD cross section which, when calculated
perturbatively, starts at O(as):

o=Ayas+Azalt oo (B.5)

The coefficients Aj, Az come from calculating the appropriate Feynman
diagrams. In performing such calculations various divergences arise,
and these must be regulated in a consistent way. This requires a
particular renormalization scheme (RS). The most commonly used one
is the modified minimal subtraction (MS) scheme [5]. This involves
continuing momentum integrals from 4 to 4-2¢ dimensions and then
subtracting off the resulting 1/¢ poles and also (In 47 — vg), which
is another artifact of continuing the dimension. (Here vg is the
Euler-Mascheroni constant.) To preserve the dimensionless nature
of the coupling, a mass scale p must also be introduced: g — ucg.
The finite coefficients A; thus obtained depend implicitly on the
renormalization convention used and explicitly on the scale p.

The first two coefficients (8p,31) in Eq. (B.1) are independent of
the choice of RS’s. In contrast, the coefficients of terms proportional
to af for n > 3 are RS-dependent. Although the value of A, defined
as above, does depend on the convention, it is straightforward to
relate the different A’s corresponding to different RS’s. It has become
conventional to use the MS scheme for calculating QCD cross sections
beyond leading order.
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The fundamental theorem of RS dependence is straightforward.
Physical quantities, in particular the cross section, calculated to all
orders in perturbation theory, do not depend on the RS. It follows
that a truncated series does exhibit RS dependence. In practice, all
QCD cross sections are known either to leading or to next-to-leading
order, and it is only the latter, which have reduced RS dependence,
that are useful for precision tests. At second order the RS dependence
is completely given by one condition which can be taken to be the
value of the renormalization scale p. One therefore has to address
the question of what is the “best” choice for p. There is no definite
answer to this question—higher-order corrections do not “fix” the
scale, rather they render the theoretical predictions less sensitive to
its variation.

One could imagine that choosing a scale p characteristic of the
typical energy scale in the process would be most appropriate. More
byzantine choices are the scale for which the next-to-leading-order
correction vanishes (“Fastest Apparent Convergence [6]”) or the scale
for which the next-to-leading-order prediction is stationary [7].

An important corollary is that if the higher-order corrections are
naturally small, then the additional uncertainties introduced by the u
dependence are likely to be less than the experimental measurement
errors. There are some processes, however, for which the choice of
scheme (i.e. the value of p) can influence the extracted value of Ams.
There is no resolution to this problem other than to try to calculate
even more terms in the perturbation series.

In the cases where the higher-order corrections to a process are
known and are large, some caution should be exercised when quoting
the value of a,. In what follows we will attempt to indicate the size
of the theoretical uncertainties on the extracted value of as. There
are two simple ways to determine this error. First, we can estimate it
by comparing the value of as(u) obtained by fitting data using the
QCD formula to highest known order in o, and then comparing it
with the value obtained using the next-to-highest-order formula (p is
chosen as the typical energy scale in the process). The corresponding
A’s are then obtained by evolving as(u) to 4 = myz using Eq. (B.1)
to the same order in a; as the fit, and then converting to A(¥) using
Eq. (B.4). Alternatively, we can vary the value of u over a reasonable
range, extracting a value of A for each choice of p. In either case, if
the perturbation series is well behaved, the resulting error on A will
be small.

C. QCD IN DEEP INELASTIC SCATTERING

The original and still one of the most powerful quantitative tests of
perturbative QCD is the breaking of Bjorken scaling in deep inelastic
lepton-hadron scattering. In the leading-logarithm approximation
the measured structure functions Fj(z,Q?) are related to the quark
distribution functions ¢;(z, @?) according to the naive parton model
by the formulae in “Cross-Section Formulae for Specific Processes” (in
that section, g; is denoted by the notation f;). In describing the way
in which scaling is broken in QCD, it is convenient to define nonsinglet
and singlet quark distributions:

FN S

=¢;—q; (C.1)

= Z(q,- +3)

The nonsinglet structure functions have nonzero values of flavor
quantum numbers such as isospin or baryon number. The variation
with Q2 of these is described by the so-called Altarelli-Parisi
equations [8]:

2 SFNS
0Q?

0 2 (FS> _ (@) (P‘”
Q2 \ G 2 P9

I

25(1QD) paq , s
2

2"qug FS
P99 )* G

(C.2)

where * denotes a convolution integral:

1
=/—yf(y)y( ) . (C.3)
Yy
T
The leading-order Altarelli-Parisi splitting functions are
4[1+22
P‘”:—[ ] +26(1-z),
3|l1-=z |,
1
99 _— |2 2
P 3 [z +(1-2) ] s
_ 41+ (1 —z)?
3 b
P9 —¢ |1 1—-z+( z ) + 350 -2
1-z), " 12
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Here the gluon distribution G(z,Q?) has been introduced and
1/(1 — z)+ means
1
/ dz
0

1
T
[t
(1-x)+
0
The precision of contemporary experimental data demands that
higher-order corrections also be included [9]. The above results are for
massless quarks. Algorithms exist for the inclusion of nonzero quark

masses [10]. At low Q2 values there are also important “higher-twist”
contributions of the form:

f(=) - f(U)
1-=) -~

F (@,Q?)
gt
These corrections are numerically important only for Q2 < O(10 GeV?)
except for z very close to 1.

A detailed review of the current status of the experimental data
can be found, for example, in Ref. 11, and only a brief summary
will be presented here. There is a problem in that some sets of
data do not agree with each other and some have a poor fit to
QCD. Recent data from the CCFRR collaboration [12] on neutrino
scattering do not agree with the older CDHSW results [13]. In
scattering off an isoscalar target, the parton model predicts that
Fy(eN) = 5/18F3(vN). The new CCFRR data satisfy this when
compared to the data from BCDMS whereas the CDHSW data do not.
There has been a long standing problem in that the muon scattering
results from EMC [14] and BCDMS [15] have significant systematic
disagreements. The overlap with the older measurements at SLAC [16]
is not sufficient to completely resolve the discrepancy. New data from
the NMC collaboration [17] agree quite well with BCDMS but are in
disagreement at the 15% level with the older EMC results for = < 0.2.
‘We shall only include determinations of A from the recent results; the
previous edition of this review should be consulted for the earlier data.

From Eq. (C.2), it is clear that a nonsinglet structure function offers
in principle the most precise test of the theory, since the Q2 evolution
is independent of the unmeasured gluon distribution. Recently a
measurement of A has been made using F3 in neutrino scattering [12].

The result is A(;i_)s = 179 + 36 + 54 MeV. The errors are statistical
and systematic but do not include (theoretical) errors arising from
the choice of u2. Measurements involving singlet-dominated structure

Fi(z,Q% = F") (2,Q%) + (C.5)

functions such as F5 result in correlated measurements of A( ) and
the gluon distribution. By utilizing high-statistics data at large z (>
0.25) and large Q2, where F, behaves like an nonsinglet and F3 at
smaller z a nonsinglet fit can be performed with better statistical

- 4 .
precision and hence the error on the measured value of A(M—)§ is much
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reduced. CCFRR gives ASax = 213 + 29 & 41 MeV [12] from Fy(vN)

and F3(vN). There is an additional uncertainty of £59 MeV from the

choice of scale. A reanalysis of EMC [18] data give A(:l—)s = 211+80+80
MeV from Fp(vN). Finally a combined analysis [19] of SLAC [16]

and BCDMS [15] data gives A(;I—)S = 263 + 42 + 55 MeV. Here the
systematic error is an estimate of the uncertainty due to the choice
of Q2 used in the argument of as and in the scale at which the
structure functions (factorization scale) used in the QCD calculation
are evaluated.

The results from Refs. 12, 18, and 19 can be combined to give

A% = 238 4+ 30 + 60 MeV. Here the former error is a combination
of statistical and systematic errors and the second error is due to the
scale uncertainty.

Typically, A is extracted from the data by parameterizing the parton
densities in a simple analytic way at some Q(z), evolving to higher
Q? using the next-to-leading-order evolution equations, and fitting

globally to the measured structure functions to obtain A(;—)S. Thus
an important by-product of such studies is the extraction of parton
densities at a fixed reference value of Q%. These can then be evolved in
@? and used as input for phenomenological studies in hadron-hadron
collisions (see below). To avoid having to evolve from the starting
Qg value each time, a parton density is required; it is useful to have
available a simple analytic approximation to the densities valid over a
range of z and Q2 values. Such parameterizations are available in the
literature [20]. A package is available in the from the CERN computer
library that includes an exhaustive set of fits [21]. Some of these fits
are obsolete. In using a parameterization to predict event rates, a
next-to-leading order fit must be used if the process being calculated
is known to next-to-leading order in QCD perturbation theory. In
such a case there is an additional scheme dependence; this scheme
dependence is reflected in the O(a;) corrections that appear in the
relations between the structure functions and the quark distribution
functions. There are two common schemes, a deep inelastic scheme
where there are no order oy corrections in the formula for Fy(z, Q%)
and the minimal subtraction scheme. It is important, when these
next-to-leading order fits are used in other processes (see below), that
the same scheme is used in the calculation of the partonic rates.

The average is obtained from the above values using the method
discussed in the text.

D. QCD IN HIGH ENERGY HADRON COLLISIONS

There are many ways in which perturbative QCD can be tested
in high-energy hadron colliders. The quantitative tests are only
useful if the process in question has been calculated beyond leading
order in QCD perturbation theory. The production of hadrons with
large transverse momentum in hadron-hadron collisions provides
a direct probe of the scattering of quarks and gluons: gg — gqgq,
99 — 499, 99 — 99, etc. The present generation of pp colliders
provide center-of-mass energies which are sufficiently high that these
processes can be unambiguously identified in two-jet production at
large transverse momentum. Recent higher-order QCD calculations
of the jet rates [25] and shapes are in impressive agreement with
data [26]. As an example, the figure on “Jet Production in pp and
pp Interactions” in “Plots of Cross Sections and Related Quantities”
shows the inclusive jet cross section at zero pseudorapidity as a
function of the jet transverse momentum for pp collisions. The QCD
prediction combines the parton distributions with the leading-order
2 — 2 parton scattering amplitudes. Data are also available on the
angular distribution of jets; these are also in agreement with QCD
expectations [27,28].

QCD corrections to Drell-Yan type cross sections (i.e., the
production in hadron collisions by quark-antiquark annihilation of
lepton pairs of invariant mass @ from virtual photons, or of real W or
Z bosons) are known [29]. These O(as) QCD corrections are sizable
and approximately constant over the lepton-pair mass range probed
by experiments. Thus

©) os(Q%)

O’Dyzo'Dy 1+—2T'C+"':‘ . (Dl)
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Fig. 1. Summary of the values of A(&—)S, ag(Mz) and A%
from various processes. Where the experiment quotes separate
systematic and statistical errors, these have been combined in
quadrature. The PEP/PETRA average is from Ref. 22. The
three results from deep inelastic scattering are CCFRR [12],
SLAC/BCDMS [19], and EMC/SLAC [18]. The result from R
at LEP is from the ratio of the hadronic to leptonic width of the
Z discussed in the text. The value at LEP from event shapes is
the average given in Ref. 23 and the UA2 result is from W/Z
production Ref. 24.

It is interesting to note that the corresponding correction to W
and Z production, as measured at pp colliders, has essentially the
same theoretical form and is of order 30%. Total W and Z production
are known accurately enough to be sensitive to such 30% effects and
provide yet another test of the theory.

The production of W and Z bosons and photons at large
transverse momentum can also be used to determine ag. The
leading-order QCD subprocesses are gg — -yg and gqg — ~vq. If the
parton distributions are taken from other processes and a value of

4
A(ﬁ)g assumed, then an absolute prediction is obtained. Conversely,
the data can be used to extract information on quark and gluon

distributions and on the value of A(;t—)s. The next-to-leading-order
QCD corrections corrections are known [30,31] (for photons) and
for W/Z production [32], and so a precision test is possible in
principle. Recently, the UA2 collaboration [24] has extracted a value
of ag(my) = 0.123 £ 0.01 £ 0.013 from an analysis of W production.

E. QCD IN HEAVY QUARKONIUM DECAY

Under the assumption that the hadronic and leptonic decay widths
of heavy QQ resonances can be factorized into a nonperturbative
part—dependent on the confining potential—and a calculable pertur-
bative part, the ratios of partial decay widths allow measurements of
@ at the heavy quark mass scale. The most precise data come from
the decay widths of the 17~ J/4(1S) and Y resonances. Potential
model dependences cancel from the ratios of decay widths. For more
discussion of this subject, see the QCD review in the previous edition.

F. PERTURBATIVE QCD IN ete~ COLLISIONS

The total cross section for ete™ — hadrons is obtained (at low
values of v/s) by multiplying the muon-pair cross section by the factor
R = SZ‘qeg. The higher-order QCD corrections to this quantity have
been calculated, and the results can be expressed in terms of the
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factor:
R=RO [Hﬁ;wz (%) 405 (%) + - ] ,

where Cp = 1.411 and C3 = —12.8 [33].

RO can be obtained from the formula for do/d2 for ete™ — ff by
integrating over Q. The formula is given in “Cross-Section Formulae
for Specific Processes,” Section B. This result is strictly only correct
in the zero-quark-mass limit. The O(a;) corrections are also known
for massive quarks [34].

A comparison of the theoretical prediction of Eq. (F.1) (corrected
for the b-quark mass) with all the available data (including those
from TRISTAN at /s = 50 GeV) except that from LEP has been
performed by the CELLO collaboration [35]. The result is a correlated
measurement of o, and sin? fyy. Fixing sin? @y at the world-average
value of 0.23 then gives:

05(34 GeV) = 0.148 +0.018 .

(F.1)

(F.2)

The principal advantage of determining a from R in et e~ annihilation
is that there is no dependence on fragmentation models, jet algorithms,
etc. The size of the order a2 term is of order 40% of that of the order
a2 and 3% of the order as. If the order o term is not included a
fit to the data yields a,(34 GeV) = 0.144 + 0.018, indicating that the
theoretical uncertainty is smaller than the experimental error.

Measurements of the ratio of hadronic to leptonic width of
the Z at LEP I'y/T', probe the same quantity as R. Using the
average of I'p, /T, = 20.92 % 0.11 and sin? By = 0.2325 + 0.0008 gives
as(Mz) = 0.124 £ 0.016.

The traditional method of determining as in eTe™ annihilation is
from measuring quantities that are sensitive to the relative rates of
two-, three-, and four-jet events. In addition to simply counting jets,
there are many possible choices of such “shape variables”: thrust [36],
energy-energy correlations (37}, planar triple-energy correlations [38],
average jet mass, etc. All of these are infrared safe, which means they
can be reliably calculated in perturbation theory. The starting point
for all these quantities is the multijet cross section. For example at
order ag, for the process eTe™ — gqg:

l d?c 20, z% +x%
o dridzs

+

=3 G en-22)’ (3)

where

_2E;

Vs

are the center-of-mass energy fractions of the final-state (massless)
quarks. A distribution in a “three-jet” variable, such as those listed
above, is obtained by integrating this differential cross section over an
appropriate phase space region for a fixed value of the variable. The
order a2 corrections to this process have been computed as well as the
4-jet final states such as eTe™ — gqgg.

There are many methods used by the LEP groups [39,40,41,42] to
determine a; from the event topology. The jet-counting algorithm
originally introduced by the JADE collaboration [43] has been used by
the LEP groups . Here particles of momenta p; and p; are combined
into a pseudo-particle of momentum p; + p; if the invariant mass of
the pair is less than yo/s. The process is then iterated until no more
pairs of particles or pseudo-particles remain. The remaining number
is then defined to be the number of jets in the event and can be
compared to the QCD prediction.

There are theoretical ambiguities in the way that this process is
carried out; quarks and gluons are massless whereas the observed
hadrons are not. So that the massive jets that result from this
scheme (the so-called E-0 scheme) cannot be compared directly to the
massless jets of perturbative QCD. Different recombination schemes
have been tried, for example combining 3-momenta and then rescaling
the energy of the cluster so that it remains massless (p scheme), and
these result in the same data giving a slightly different value [44] of
ag. These differences can be used to determine a systematic error.

Z;

In addition, since what is observed is hadrons rather than quarks
and gluons, a model is needed to describe the evolution of a partonic
final state into one involving hadrons so that detector corrections can
be applied. The second-order matrix elements are combined with a
parton fragmentation model. This model can then be used to correct
the data for a direct comparison with the parton calculation. The
different hadronization models that are used [45,46,47,48] model the
dynamics that are controlled by nonperturbative QCD effects which we
cannot yet calculate. The differences between these models contribute
to the systematic errors. The systematic errors from recombination
schemes and fragmentation effects dominate over the statistical and
other errors of the LEP experiments. The OPAL collaboration [44]
quotes as(Mz) = 0.118 & 0.008, the included experimental errors
being +0.003. The total error also includes an error (+0.003 in the
p—scheme) for varying the scale u from Mz down to the value
that gives the best fit to the data (~ 0.4Mz). The various schemes
proposed for theoretically determining the value of y all result in
smaller values.

Measurements of the energy-energy correlations have also been
performed at LEP. In a recent paper the DELPHI collaboration [49]
has used eight of the shape variables to determine as(Mz) =
0.112 + 0.002(expt) + 0.003(hadron) & 0.006(scale). The errors are
those inherent in the experiment (ezpt), those from hadronization
Monte-Carlos (hadron) and from the choice of p (scale).

The various measurements of event shapes at LEP can be combined
to give a value of ag(Mz) = 0.115 £ 0.008 [23]. This is an unweighted
average of the LEP results. The error is dominantly systematic arising
from hadronization and scale uncertainties.

In addition to the measurements at LEP there are results from
ete™ annihilation at lower energies. For example, the TASSO
collaboration [50] uses the energy-energy correlation and quotes o,
(44 GeV) = 0.143 £ 0.014 for the Lund fragmentation model [45]
and ag (44 GeV) = 0.129 £+ 0.012 for the Ali model [46], after the
fragmentation models have been fitted to the data at /s = 44 GeV. A
compilation of all this available data and a complete list of references
can be found in Ref. 51. A “world-average” is [22]

05(34 GeV) = 0.14 + 0.02 (F.4)

with the error being the spread between the different experiments
including the fragmentation uncertainty, but not that due to choice of
p. Notice that this value of oy is in agreement with the value obtained
from the measurement of R described above. Since these results are
essentially completely independent, the associated Ajs values are
displayed separately in Fig. 1.

There are many other ways in which QCD can be tested in
electron-positron collisions. Mention should be made in particular of
the interesting and important results from “two-photon” processes.
For a comprehensive review of the data, see Ref. 52. Paramount
among these is the measurement of the photon structure function in
collisions involving a highly virtual and an almost real photon.

In contrast to hadronic structure functions, the photon structure
function increases linearly [53] with log @2, and a measurement of
the absolute size at large Q2 provides information about A. However,
the exact situation is complicated and somewhat controversial. The
theoretical situation is reviewed in some detail in Ref. 54. The
TPC/2-gamma collaboration [55] quotes two values of A(I:I—)S = 215455
and 119 + 34 MeV, depending upon how the nonperturbative
component of the photon structure function is parameterized. The
AMY collaboration at TRISTAN [56] has also measured the photon
structure function and claims that the data are consisted with A = 200
MeV. These determinations of a, are less precise than those given
above.

All the data on the photon structure function (see Fig. 1) are
consistent with [57]

(4)

1
A= 1801590 MeV . (F.5)

The higher-order QCD corrections correspond approximately to a shift
of 20% in the photon structure function and hence in as.
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G. CONCLUSIONS

In this short review we have focused on those high-energy processes
which currently offer the most quantitative tests of perturbative QCD.
Emphasis has been given to the recent data from LEP and deep

inelastic scattering. The values of A% for ny = 4 given in Fig. 1
are all consistent with each other. A “world average” is obtained
as follows. The average of the three deep inelastic measurements

(A(I:(—)S = 238 £ 30 = 60 MeV) is combined with the values from event
shapes at LEP, PEP/PETRA, from the hadronic width of the Z,
and from UA2. The theoretical and experimental errors on each of
these values is combined before the average is taken. The result is

as(Mz) = 0.1134 + 0.0035, corresponding to A = 260754 MeV

or A(;T)s = 1751’3; MeV. The remarks in Sec. B concerning different
A’s for different effective ny values should be remembered. With the
exception of the value arising from the measured hadronic width of
the Z, all of the results here are such that the dominant errors are
systematic. While these systematic errors are different for different

processes, a significant reduction in them is not likely in the near

future. Jet production data from high-energy hadron collisions, while
not yet in the precision measurement class, demonstrate in a very

clear way the scattering of quarks and gluons over many orders of

magnitude in cross section.

The need for brevity has meant that many other important topics
in QCD phenomenology have had to be omitted from this review.
One should mention in particular the study of exclusive processes
(form factors, elastic scattering, ...), the behavior of quarks and
gluons in nuclei, the spin properties of the theory and the importance
of polarized scattering data, the interface of soft and hard QCD as
manifest, for example, by minijet production and hard diffractive
processes, and QCD effects in hadron spectroscopy.

After this review was completed, a paper [58] was received that
uses a lattice calculation of the splitting between the 1s and
1p states in charmonium to determine as. The result quoted is
as(Myz) = 0.105 + 0.004.

*
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STANDARD MODEL OF ELECTROWEAK INTERACTIONS

The standard electroweak model is based on the gauge group [1]
SU(2) x U(1), with gauge bosons W%, i = 1,2,3, and B, for
the SU(2) and U(1) factors, respectively, and the corresponding
gauge coupling constants g and g’. The left-handed fermion fields
P; = ;:l and (:Z
under SU(2), where d] = 3 j Vij dj, and V is the Cabibbo-Kobayashi-
Maskawa mixing matrix.** The right-handed fields are SU(2) singlets.
In the minimal model there are three fermion families and a single
complex Higgs doublet ¢ = (ﬁ;) .

After spontaneous symmetry breaking the Lagrangian is

— JH
Lrp= ¥ (ia—mi—gzme>¢,-

of the i*" fermion family transform as doublets

g - — —
—agng7"u—w%w+Wj+T W) i
—EZ% i v i Ay

9 NT T AV _ AT o 1
QCOSGWEi:w.W(V AYP) Y 2, (1)

Ow = tan~!(g’/g) is the weak angle; e = gsinfy is the positron
electric charge; and A = Bcosfy + W3sinfyy is the (massless)
photon field. W* = (W!iW?)/v/2 and Z = —Bsin 8y + W3 cos Oy
are the massive charged and neutral weak boson fields, respectively.
T+ and T~ are the weak isospin raising and lowering operators. The
vector and axial couplings are

Vi = t3L(i) - 2q,- sin2 0W

AT =t3(3) &)
where t37(¢) is the weak isospin of fermion ¢ (+1/2 for u; and v;; —1/2
for d; and e;) and g¢; is the charge of ¥; in units of e.

The second term in Lp represents the charged-current weak
interaction [2]. For example, the coupling of a W to an electron and a
neutrino is

e
e [Wa TP WE T (1= 4P 3
s (Wi ST A=A WETA A=) 3

For momenta small compared to My, the second term gives rise
to the effective four-fermion interaction with the Fermi constant
given (at tree level, i.e., lowest order in perturbation theory) by
Gr/V2 = ¢?/8MZ,. CP violation is incorporated in the Standard
Model by a single observable phase in V;;. The third term in Lp
describes electromagnetic interactions (QED), and the last is the weak
neutral-current interaction.

In Eq. (1), m; is the mass of the i*" fermion ;. For the quarks these
are the current masses. For the light quarks, a typical estimate [3]
gives my ~ 5.6 £ 1.1 MeV, mg ~ 9.9+ 1.1 MeV, my =~ 199 + 33 MeV,
and m. = 1.35 + 0.05 GeV (these are running masses evaluated at
1 GeV). For the heavier quarks my =~ 5 GeV (the “pole” mass), and
me > O(91) GeV.

H is the physical neutral Higgs scalar which is the only remaining
part of ¢ after spontaneous symmetry breaking. The Yukawa coupling
of H to v;, which is flavor diagonal in the minimal model, is
gm;/2Myy. The H mass is not predicted by the model. Experimental
limits are given in the Higgs section. In nonminimal models there are
additional charged and neutral scalar Higgs particles [4].

Renormalization and radiative corrections: The Standard Model
has three parameters (not counting My and the fermion masses and
mixings). A particularly useful set is: (a) the fine structure constant
o = 1/137.036,! determined from the quantum Hall effect, (b) the
Fermi constant, Gp = 1.16639 x 10~° GeV~2, determined from the
muon lifetime formula:

G2m5 2 3m2
-1 _ TF" [ oM S Mu
2= () (o 2 o,

and (c) sin? @y, determined from neutral-current processes, the W
and Z masses, and Z-pole observables [5]. The value of sin? @y,
depends on the renormalization prescription. A useful (on-shell)
scheme [6] is to take the tree-level formula sin? 6y = 1 — MZ, /M2 as
the definition of the renormalized sin? 8y to all orders in perturbation
theory. Another scheme, less dependent on m;, uses the modified
minimal subtraction (MS) quantity sin? aw(,u), where p is conveniently
chosen to be Mz for electroweak processes. The two definitions are
related by sin? 68w (Mz) = C(m4, My)sin? 0y, where C = 1.009
(1.054) for m; = 100 (200) GeV, My = 250 GeV. The dominant
(quadratic) m; dependence is given by C ~ 1+ p;/ tan? 6y, where
pt = 3Gpm} /8212 ~ 0.0031 (m¢/100 GeV)2. Alternatively, one can
take Mz rather than sin? 6y as the third fundamental parameter.
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Experiments are now at such a level of precision that complete
O(a) radiative corrections must be applied. These corrections are
conveniently divided into two classes:

1. QED diagrams involving the emission of real photons or the
exchange of virtual photons in loops, but not including vacuum
polarization diagrams. These graphs yield finite and gauge-
invariant contributions to observable processes. However, they
are dependent on energies, experimental cuts, etc., and must be
calculated individually for each experiment.

2. Electroweak corrections, including vy, vZ, ZZ, and WW vacuum
polarization diagrams, as well as vertex corrections, box graphs,
etc., involving virtual W's and Z’s. Many of these corrections are
absorbed into the renormalized Fermi constant defined in Eq. (4).
Others modify the tree-level expressions for neutral-current
amplitudes in several ways [5].

In addition, the tree-level expressions for My, and Mz are modified:

Ap
My = — 20
w sin By (1 — Arg)1/2
M
My = TE—L (5)
ps’ © cos Oy

where Ag = (ra/v2GF)Y/? = 37.2803 GeV. The radiative correction
parameters Arg and pg are scheme-dependent. In the on-shell scheme,

=1 and Arg; = Ar is predicted to be 0.0608 + 0.0009 for

= 100 GeV and to be 0.0222 for m; = 200 GeV (both for
MH = 250 GeV). In WS, Ary = Afy = 0.0695 + 0.0009 (0.0722),
while p; = p = 1.003 (1.015) for m; = 100 (200) GeV. The qua.dratic
m; dependence is given by p ~ 1+ p;, Ar ~ Ar, — pi/ tan? Oy,
Arw =~ Arg, where Arg ~ 1 — a/a(Mz) ~ 0.07. If Mz is regarded as
fundamental, then

442 1/

2 1 0

by =L |1 [1- — 2 6
sin? By = 1 ( psM%(l_Ars)> (6)

is a derived parameter, and My = ps/ Mz cos Oy .

Cross section and asymmetry formulas: It is convenient to
write the four-fermion interactions relevant to v-hadron, ve, and
parity-violating e-hadron neutral-current processes in a form that is
valid in an arbitrary gauge theory (assuming massless left-handed
neutrinos). One has

_ pvHadron _ “F TR (1 — 75)11
x> [eL(i) T (1 =) + €r() T (1 + )4 (7)
GF
—LY = — v, (1 -~y )y E 8
ﬁuw( V) & vu(g% — 957°)e (8)

(for vee or Dee, the charged-current contribution must be included),
and

VceHadron - _ _(_;_Ii
V2
XZ[Clz’E'Yu'“/seai'Y”‘Ii‘*‘CZi@'Yueai'V”’YSQi] : (9)

1
(One must add the parity-conserving QED contribution.)

The Standard Model expressions for €, (i), gf,’ 4> and Cj; are
given in Table 1.

A precise determination of sin? 8y, which depends only very weakly
on m; and My, is obtained from deep inelastic neutrino scattering
from (approximately) isoscalar targets. The ratio R, = 17 /o
of neutral- to charged-current cross sections has been measured to
1% accuracy by the CDHS [7] and CHARM [8] collaborations [9,10],
so it is important to obtain theoretical expressions for R, and
Ry = G’V N /a (as functions of sin?#fy,) to comparable accuracy.

Table 1. Standard Model expressions for the neutral-current parame-
ters for v-hadron, ve, and e-hadron processes. If radiative corrections
are ignored, p = kK = 1, A = 0. At O(a) in the on-shell scheme,
PN = 1.0026, £, N = 1.0049, Ay; = —0.0031, Ay, = —0.0025, and
Aug = 1/2Xg, = 3.8 x 1073 for m; = 100 GeV, My = 250 GeV,
Mz = 91.173 GeV, and (Q?) = 20 GeV2. For ve scattering,
Kve = 1.0044 and p, = 1.0072 (at (Q2) = 0.). For atomic parity
violation, pl, = 0.9824 and ., = 1.012. For the SLAC polarized
electron experiment, p’eq = 0.973, "'eq = 1.010, peq = 0.995, and
Keg = 1.04 after incorporating additional QED corrections, while
A2y = —0.013, Agg = 0.003. For m; = 200 GeV the p(x) values should
be increased by 0.010 (0.048). The dominant m; dependence is given
by p ~ 1+ pt, while k ~ 1 + pz/ tan? Gy (on-shell) or x ~ 1(Ms).

Quantity Standard Model Expression
er(u) PN (% - 2'iuN sin? Oy + ’\uL)
er(d) PG (—5 + 3N sin? by + /\dL)
er(u) o ( %N./N sin? fy + )‘uR)
er(d) PG (ko sin? 0w + Aar)
g\C} Pre ( % 2Kye sin 0W)

e _1
94 Pre ( 2)
Ciu p’eq (—'21‘ + %K;q sin? aw)
Cia Pleg (% - %'cleq sin? 9w)
Cau peq (—1 + 2req sin? ) + Ao
Caq Peq (% 2Keq sin’ OW) + A2g

Fortunately, most of the uncertainties from the strong interactions
and reutrino spectra cancel in the ratio.
A simple zerotP-order approximation is

R, = gi + g%"r

R, =g+ %k g“ (10)

where

2= () +ep (d)? = : — sin® 9y +§sin4ew

dh=ep (u)?+ep(d)?~ gsin40W , (11)

and r = agﬁ /O'E[g is the ratio of 7 and v charged-current cross
sections, which can be measured directly. (In the simple parton model,
(% +€)/(1+ %e), where € ~ 0.125
is the ratio of the fraction of the nucleon’s momentum carried by
antiquarks to that carried by quarks.] In practice, Eq. (10) must
be corrected for quark mixing, the s and c seas, c-quark threshold
effects, nonisoscalar target effects, W-Z propagator differences, and
radiative corrections (which lower the extracted value of sin? 6y by
~ 0.009). Details of the neutrino spectra, experimental cuts, z and Q?
dependence of structure functions, and longitudinal structure functions
enter only at the level of these corrections and therefore lead to very
small uncertainties. The largest theoretical uncertainty is associated
with the ¢ threshold, which mainly affects 0CC. Using the slow
rescaling prescription [5] the central value of sin? @y varies as 0.013
[mc(GeV)-1.3], where m, is the effective mass. For m, = 1.3fg:§ GeV

ignoring hadron energy cuts, 7 =
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(determined from v-induced dimuon production [11]) this contributes
+0.004 to the total theoretical uncertainty A sin? 8y ~ £0.005. This
would require a high-energy neutrino beam for improvement. (The
experimental uncertainty is £0.003).

The laboratory cross section for ve — vye or Tye — Tye elastic
scattering is

4oy, 5, _ GymeBy
dy 2
ym,
[0 £ 06 T a-vr-a -l )
v

where the upper (lower) sign refers to v,(7,), and y = E¢/E, [which
runs from 0 to (14 me/2E,) "] is the ratio of the kinetic energy of
the recoil electron to the incident v or ¥ energy. For E, > m, this
yields a total cross section

_Gim.E,

g 2w

[0 + 9202+ Lov F 927 - (13)
The most accurate leptonic measurements [12-14] of sin? 6y are
from the ratio R = a'.,“e/apue in which many of the systematic
uncertainties cancel. Radiative corrections (other than m; effects)
are small compared to the precision of present experiments and have
negligible effect on the extracted sin? 0w . The cross sections for vee
and T.e may be obtained from Eq. (12) by replacing gf,, 4 by gf,, atl,
where the 1 is due to the charged-current contribution.

The SLAC polarized-electron experiment [15] measured the parity-
violating asymmetry

OR—0
=JE_9L (14)
oR+t 0oL

where oR,L is the cross section for the deep-inelastic scattering of
a right- or left-handed electron: eg N — eX. In the quark parton
model

1-(1-y)?

14+ (1-y)?° (15)

A
@ =a1 + a2
where Q2 > 0 is the momentum transfer and y is the fractional energy
transfer from the electron to the hadrons. For the deuteron or other
isoscalar target, one has, neglecting the s quark and antiquarks,

_ 3Gp 1 ~ 3GF (3,52
a = (Clu 201,,,) ~ s ( 34 Ssin ow)
_ 3Gp 1 L 9GF (.2, 1
a2 = m (C2u 202d) ~ 5\/57“1 (Slll 9W 4) . (16)

Radiative corrections (other than m; effects) lower the extracted value
of sin Oy by ~ 0.005.

Experiments measuring atomic parity violation [16] are now quite
precise, and the uncertainties associated with atomic wave functions
are relatively small (especially for cesium, for which the theoretical
uncertainty is ~ 1% [17]). For heavy atoms one determines the “weak
charge”

Qw = —2[C14 (2Z + N) + C14(Z + 2N))]
~ Z(1 — 4sin®6y) = N . 17)

Radiative corrections increase the extracted sin? 6w by ~ 0.008.
The forward-backward asymmetry for ete™ — £¢, £ = p or 7, is
defined as

AFB = 3 ) (18)

where op(opg) is the cross section for £~ to travel forward (backward)
with respect to the e~ direction. Apg and R, the total cross section
relative to pure QED, are given by

R=F
Afpp = 3Fy/4Fy , (19)

where

Fi=1-2x0 Ve V! cosép + x2 (V‘*2 +42) (V” +4%)

Fy = —2x0 A® A% cosbp +4xg A° At Ve Ve, (20)
where
MzTz
tandp = ———
R M% -8
Gp sM%

X0 = (21)
2V2ra [(M% —s)2+ M%IQZ] 1/2

and /s is the CM energy. Eq. (20) is valid at tree level. If the data
are radiatively corrected for QED effects (as described above), then
the remaining electroweak corrections can be incorporated [18] (in an
approximation adequate for existing PEP, PETRA, and TRISTAN
data) by replacing xo by x(s) = (1+ pt)xo(s)a/@(s), where &(s) is the
running QED coupling, and evaluating V' in the MS scheme. Formulas
for ete™ — hadrons may be found in Ref. 19.

At SLC and LEP, App for ete™ — Ff at the Z pole will be
measured to high precision for f = pu,7,s,c,b[20-25]. Similarly, the
left-right asymmetry
_9L—OR

App= , 22
LR= T (22)

where oy (oR) is the cross section for a left- (right)-handed incident
electron, may be measured very precisely. At tree level and neglecting
terms of order (T'z/Mz)?, one has
ne + 1/2(Pe)

1+ 2P.7e

ALR ~ 27 , (23)

AFB = 3nf

where Pe is the initial e™ polarization and

vfaf

"= VAL AT 4

Unlike Arp, AL R is especially sensitive to sin? 8y, and is insensitive to
QED radiative corrections. Precise measurements of the 7 polarization
P, = 27n; can also be obtained. The tree-level expressions for the
(QED-corrected) asymmetries are an excellent first approximation if
the vector couplings V/ are expressed in terms of sin? §W(M 7) in the
MS scheme.

W and Z decays [20-27]: The partial decay width for gauge bosons
to decay into massless fermions f1fo is

GpM3
TWt > etre) = W~ 226 + 2 MeV
(W™ = eTve) 6v2m

~._ CGpM3, 2 2
F(W+—+u,-d,~)=—W—|V§j| ~ (702+7) Vi MeV  (25)
— . CGpM3 [ . ;
(Z D) = Z Vz2+A12
( —>¢z¢'1) 6\/57\’ [ :l

. [ 166.2£0.1 (167.8) MeV (v7), 83.5+0.1 (84.1) MeV (ete™),
~ 1 295.3+ 0.3 (300.0) MeV (uw), 381.4+ 0.3 (386.9) MeV (dd),

where the first (second) values are for m; = 100 (200) GeV and
My = 250 GeV, and the quoted errors are from My, z. For leptons
C =1, while for quarks C = 3 (1 + as(My)/m + 1.405a2 /%), where
the 3 is due to color and the factor in parentheses is a QCD
correction, which introduces an additional uncertainty of ~ 0.3%
in the hadronic widths [6,28]. Corrections to Eq. (25) for massive
fermions are given in Refs. 6 and 28. Here the numerical values
assume My = 80.22 + 0.26 GeV, Mz = 91.173 + 0.020 GeV, and
ag ~ 0.115 £ 0.008. Expressing the widths in terms of GFM%/,Z
incorporates the bulk of the low-energy radiative corrections [6,28].
The Z — ff widths have an additional QED correction 1 + 3a q} /Am.
In the MS scheme, most of the electroweak corrections are described by
multiplying the lowest-order I'z expressions by a factor pz ~ 1+ p;.
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Additional small effects are included in the numbers. Vertex
corrections in Z — bb can be approximated by A® — Ab + pt/3,
Vb — Vb4 /3 (28]

For 3-fermion families the total widths are

Tz =~ 2.478 4 0.002 (2.504) GeV

Tw ~ 2.08 +0.02 GeV . (26)

for m; = 100 (200) GeV. QCD introduces an additional uncertainty
of ~# 5 MeV in I'z. (Fermion masses have been included in I'y).
This is to be compared with the experimental results [20-27]: Tz =
2.487 £0.010 GeV and Ty = 2.12 £ 0.11 GeV.
Experimental results: Fits to the Z-line shape yield Mz, 'z, and
the peak (QED-corrected) cross sections

of = 21 Fee Iy ;ff (27)

MZ IﬂZ

for ete™ — ff [20-25]. The values of the principle Z-pole observables
are listed in Table 2, along with the Standard Model predictions for
Mz = 91.173 £ 0.020, m; = 150723 GeV (for My = 250 GeV), and
50 GeV < My < 1 TeV. The values and predictions of My, [26],
My /M7 [27), and the Qy for cesium [16,17] are also listed. The
agreement is remarkable. The only hints of a discrepancy are in
App(b) and Qw, but even these agree at ~ 1%0. The observables

in Table 2 (including correlations on the LEP observables), as well
as all low-energy neutral-current data [5], are used in the global fits
described below. The parameter sin? 6y can be determined from the
Z-pole observables and My, and from a variety of neutral-current
processes spanning a very wide Q2 range. The results [5], shown in
Table 3, are in impressive agreement with each other, indicating the
quantitative success of the Standard Model.

The best fit to all data yields sin? 8y, (Mz) = 0.2337 + 0.0003
for the weak angle in the MS scheme for m; = 100 GeV and yields
0.2310 £ 0.0003 for ms = 200 GeV, both for My = 250 GeV. In
all fits the errors include full statistical, systematic, and theoretical
uncertainties. The result is dominated by Mz, with the error reflecting
both AMz (£0.0002) and the low-energy uncertainty of +0.0009 in
Ar (£0.0003). In the on-shell scheme sin? 6y, is more sensitive to
my [29]. One obtains sin? §y, = 0.2315 + 0.0003 (0.2191 =+ 0.0003) for
m¢ = 100 (200) GeV.

The derived sin? 8y is sensitive to the isospin breaking [5] associ-
ated with a large my, as can be seen in Fig. 1. Consistency of the

0.25

y St i

|
0.22 [~ My =250 GeV —

' -
IIIL‘LJLIJIIIIIIlI|IIIIII

50 100 150 200 250 300
my

Fig. 1. One standard deviation uncertainties in sin? §W as a

function of my, the direct constraint m; > 91 GeV [30], and the
90% CL region in sin? §W — my allowed by all data, assuming
My = 250 GeV.

Table 2. Principal LEP and other recent observables, compared with
the Standard Model predictions for Mz = 91.173 £0.020 GeV, 50 GeV
< My <1 TeV, and the global best fit value m; = 150722 GeV (for
Mpy = 250 GeV). The LEP averages of the ALEPH [21], DELPHI [22],
L3 [23], and OPAL [24] results include common systematic errors [25].
Ty is the average of I'ee, I'yy, and T'rr; Iy,q is the width into
hadrons. The invisible width I';,, corresponds to N, = 3.00 £ 0.05
light neutrino flavors. g4 and gy are effective leptonic couplings
determined from App(u) and Ty (g4 is not independent). At tree
level, g4 = A®, gy = V€. Appg(b) is corrected for BB oscillations.
The second error in Qw (for cesium) is theoretical [17]. In the
Standard Model predictions, the first uncertainty is from My and Ar,
while the second is from m; and Mpy. There is an additional QCD
error of ~ 5 MeV in I'; and T'y,4.

Quantity Value Standard Model
My (GeV) 91.173 £ 0.020 input

Iz (GeV) 2.487 £ 0.010 2.488 £ 0.002 £ 0.006
Ty (MeV) 83.0+0.6 83.7+0.140.2
Thad (MeV) 1736 + 11 17374244

Tinv (MeV) 502+ 9 501+ 0.3+ 1

§2A 0.2492 4+ 0.0012 0.2513 £ 0.0002 + 0.0004
ﬁ%/ 0.0012 + 0.0003 0.0011 £+ 0 + 0.0001
P 0.134 £+ 0.035 0.136 + 0.003 + 0.006
App(b) 0.126 + 0.022 0.091 £ 0.002 + 0.004
My (GeV) 80.22 % 0.26 80.21 + 0.03 +0.16
My /My 0.8798 + 0.0028 0.8798 + 0.0002 + 0.0017
Qw [16,17] —71.04 + 1.58 + 0.88 —73.21 £0.08 + 0.03

sin? By values derived from the various reactions requires [5] m; < 194
GeV at 90% CL. (m: < 201 GeV at 95% CL) for My < 1000 GeV.

(Similar limits hold for the mass splittings between fourth-generation
quarks or leptons.)

When my is left as a free parameter one obtains sin? §W(M 7) =
0.2325 + 0.0008 (MS), or sin?fy, = 0.2259 + 0.0029 (on-shell), and
me = 1501’%2 + 16 GeV. The sin? 6y, errors include m; and My
(assuming 50 GeV < Mpy < 1 TeV). The central value and first
error in my is for My = 250 GeV, while the second error is from
Mp. The fits cannot significantly constrain My until m; is known
independently. The sin? §W(M 7) value is in striking agreement with
the prediction 0.233 & 0.003 of grand unified theories based on
the minimal supersymmetric extension of the Standard Model, but
disagree with the prediction 0.211 + 0.002 of nonsupersymmetric
unified theories.

One can also determine the radiative correction parameters Ar
[Eq. (5)]: one obtains Ar = 0.049 + 0.009 and A7y, = 0.063 + 0.007,
where the error includes m; and My. The data also yield as(Myz) =
0.127 £ 0.015 (mainly from I'y,q/Tg), in excellent agreement with the
value 0.115 £ 0.008 obtained from event shapes and jet studies [31].

Deviations from the Standard Model: The Z-pole, W mass,
and neutral-current data can be used to search for and set limits on
deviations from the Standard Model. For example, the relation in
Eq. (5) between My, and Mz is modified if there are Higgs multiplets
with weak isospin > 1/2 with significant vacuum expectation values.
In order to calculate to higher orders in such theories one must define
a set of four fundamental renormalized parameters. It is convenient to
take these as a, Gg, Mz, and My, since My and Mz are directly
measurable. Then sin®6y, and py can be considered dependent
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Table 3. Values obtained for sin28y (Mz) in the M5 scheme from
various reactions. The values in the top line of the second column
assume m¢ = 100 GeV and My = 250 GeV. When two errors are
shown, the first is experimental and the second (in square brackets)
is theoretical. In the other cases they are combined. The numbers
in parentheses (second line) are for m¢ = 200 GeV. (The results
extrapolate roughly linearly in this range.) The values in the third
column are for the global best fit value m; = ISOfgg GeV (for
My = 250 GeV), and the uncertainties include the effect of 50 GeV
< My <1TeV.

sin2 By (Mz) sin2 Gy (Mz)

Reaction mg =100 (200) GeV ~ m¢ = 150123 GeV

Mz 0.2339 + 0.0002 =+ [0.0003] 0.2326 + 0.0008
(0.2307)

My, My /Mg 0.2331 + 0.0022 0.2340 + 0.0022
(0.2346)

Tz 0.2332 £ 0.0008 0.2326 + 0.0009
(0.2319)

Tee 0.2350 £ 0.0015 0.2342 4+ 0.0015
(0.2334)

App(p) 0.2319 £ 0.0022 0.2320 + 0.0022
(0.2321)

Pr 0.233 =+ 0.005 0.233 +0.005
(0.233)

App(b) 0.226 =+ 0.004 0.226 =+ 0.004
(0.226)

Deep inelastic 0.234 +0.003 +[0.005] 0.237 =+ 0.006

(isocalar) (0.240)

Yu(Tu)p — vu(Du)p 0.212 +0.032 0.212 +0.032
(0.212)

Vu(Fp)e = vu(Fu)e 0.231 +0.010 0.231 +0.010
(0.230)

atomic parity 0.224 +0.007 +([0.004] 0.223 +0.008

violation (0.221)

SLAC eD 0.222 +0.018 0.222 +0.018
(0.223)

All data 0.2337 £ 0.0003 0.2325 £ 0.0008
(0.2310)

parameters defined by

sin? Oy = A3/ME, (1 — Ary) (28)
and

po = M /(M2 cos? Oy ps) . (29)

Provided that the new physics which yields pgp # 1 is a small
perturbation which does not significantly affect the radiative
corrections, pg can be regarded as a phenomenological parameter
which multiplies Gg in Eqgs. (7)—(9), (21), and I'z in Eq. (25). (Also,
the expression for Mz in Eq. (5) is divided by \/po; the My formula
is unchanged.) The allowed regions in the pp — sin? fy plane for
m; = 100 GeV are shown in Fig. 2. pp could be determined very
precisely if m; were known. One obtains pg = 1.004 + 0.002 (0.995)
for m; = 100 (200) GeV and My = 250 GeV. However, p, and
my are strongly correlated because the quadratic m: dependence
enters all observables (except the Zbb vertex) in the combination
Peff = Po (14 pt), which is determined to be 1.007+0.002. Fortunately,
m¢ and pp can be separated by the subleading (lnm;) terms in ATy
and 7 and by the vertex corrections in the Z — bb width (and thus
in I'z). A fit to all data with m; free and 50 GeV < Mgy < 1 TeV

yields [5]
po = 0.995 + 0.013
sin? Oy (Mz) = 0.2325 4+ 0.0008 , (30)

consistent with pp = 1. Also, ms < 331 (353) GeV at 90 (95)% CL,
even allowing for arbitrary pg.

1.05 — T T T

1.04 .
m; =100 GeV

1.03 My =250 GeV

1.02
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Po 1.00
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0.97 rR(W),AFg(), P,
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100050000
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0230 0.235
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Fig. 2. The allowed regions in sin? §W — po at 90% CL for
various reactions for m; = 100 GeV.

0.240

Most of the parameters relevant to v-hadron, ve, e-hadron, and
eTe™ processes are now determined uniquely and precisely from the
data in “model independent” fits (i.e., fits which allow for an arbitrary
electroweak gauge theory). The values for the parameters defined in
Egs. (7)-(9)are given in Table 4 along with the predictions of the
Standard Model. The agreement is excellent. The low-energy ete™
results are difficult to present in a model-independent way because
Z-propagator effects are non-negligible at TRISTAN, PETRA, and
PEP energies. However, assuming e-u-7 universality, the lepton
asymmetries imply [19] 4(A4°%)%2 = 0.99 %+ 0.05, in good agreement
with the Standard Model prediction +1. The much more precisely
measured Z-pole parameters in Table 2 are in excellent agreement
with the Standard Model.

This section prepared Sept. 1991 by P. Langacker.

Constraints on V are discussed in the section on the Cabibbo-
Kobayashi-Maskawa mixing matrix.

*k

t « is dependent upon the energy scale of the process in which it is
measured. This value is appropriate for low energy. At energies
of order My the value 1/128 is applicable.
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Table 4. Values of the model-independent neutral-current parameters,
compared with the Standard Model prediction using Mz = 91.173 GeV
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In the Standard Model with SU(2) x U(1) as the gauge group of
electroweak interactions, both the quarks and leptons are assigned to
be left-handed doublets and right-handed singlets. The quark mass
eigenstates are not the same as the weak eigenstates, and the matrix
relating these bases was defined for six quarks and given an explicit
parametrization by Kobayashi and Maskawa [1] in 1973. It generalizes
the four-quark case, where the matrix is parametrized by a single
angle, the Cabibbo angle [2].

By convention, the three charge 2/3 quarks (u, ¢, and t) are
unmixed, and all the mixing is expressed in terms of a 3 x 3 unitary
matrix V operating on the charge —1/3 quarks (d, s, b):

d’ Vud Vus Vub d
s" =V Ves Vo ||s] - 1
b’ Via Vis Vi b

The values of individual matrix elements can in principle all be

determined from weak decays of the relevant quarks, or, in some
cases, from deep inelastic neutrino scattering. Using the constraints
discussed below together with unitarity, and assuming only three

generations, the 90% confidence limits on the magnitude of the

elements of the complete matrix are:

0.9747 to 0.9759 0.218 to 0.224
0.218 to 0.224
0.003 to 0.018

0.002 to 0.007
0.9735 to 0.9751 0.032 to 0.054 . (2
0.030 to 0.054 0.9985 to 0.9995

The ranges shown are for the individual matrix elements. The
constraints of unitarity connect different elements, so choosing a
specific value for one element restricts the range of the others.

There are several parametrizations of the Cabibbo-Kobayashi-
Maskawa matrix. In view of the need for a “standard” parametrization
in the literature, we advocate:

—iby5
€12€13 5 $1213 s S13¢€
— (1 2
V= | —s1pcp3—cia8p3813¢ 13 cipcp3—81p993913¢ 13 sp3cpg (3)
2 k1
812923 C12€23913€ 13 —C13833—519C3513¢ 13 Cy3¢3

proposed by Chau and Keung [3]. The choice of rotation angles follows
earlier work of Maiani [4], and the placement of the phase follows that
of Wolfenstein [5]. The notation used is that of Harari and Leurer [6]
who, along with Fritzsch and Plankl [7], proposed this parametrization
as a particular case of a form generalizable to an arbitrary number
of “generations.” The general form was also put forward by Botella
and Chau [8]. Here ¢;; = cosbyj and s;; = sin 6;;, with 7 and j being
“generation” labels, {i,7 = 1,2,3}. In the limit 23 = 613 = 0 the
third generation decouples, and the situation reduces to the usual
Cabibbo mixing of the first two generations with 612 identified with
the Cabibbo angle [2]. The real angles 612, 623, 613 can all be made to
lie in the first quadrant by an appropriate redefinition of quark field
phases. Then all s;; and c;; are positive, [Vaus| = 815¢135 [Vapl = 543,
and |Vgp| = 8,5¢;5- As ¢4 is known to deviate from unity only in the
fifth decimal place, |Vus| = s1,, |Vl = 815, and |[Vgp| = 555 to an
excellent approximation. The phase 6, lies in the range 0 < 6,5 < 2,
with non-zero values generally breaking C'P invariance for the weak
interactions. The generalization to the n generation case contains
n(n — 1)/2 angles and (n — 1)(n — 2)/2 phases [6,7,8]. The range of
matrix elements in Eq. (2) corresponds to 90% CL limits on the angles
of 5,, = 0.218 to 0.224, 5,; = 0.032 to 0.054, and s, = 0.002 to 0.007.

Kobayashi and Maskawa [1] originally chose a parametrization
involving the four angles, 6, 62, 03, 6:

d’ N —syc3 8183 d
s' |= 81Cy  €yCyC3—8y83 efﬁ cycy 33+s2c3e"5 s ), (4)
b! 818y c¢y8yc3+ey 336“5 €1 8983 —CyCy eib b

where ¢; = cosf; and s; = sin6; fori = 1,2,3. In the limit 6 = 63 = 0,
this reduces to the usual Cabibbo mixing with 6; identified (up to
a sign) with the Cabibbo angle [2]. Slightly different forms of the
Kobayashi-Maskawa parametrization are found in the literature. The
C-K-M matrix used in the 1982 Review of Particle Properties is
obtained by letting s; — —s, and § — 6 + m in the matrix given

above. An alternative is to change Eq. (4) by s; — —s; but leave
6 unchanged. With this change in s,, the angle §; becomes the usual
Cabibbo angle, with the “correct” sign (i.e. d’ = dcosé; + ssin#6;) in
the limit 2 = 83 = 0. The angles 68y, 62, 63 can, as before, all be taken
to lie in the first quadrant by adjusting quark field phases. Since all
these parametrizations are referred to as “the” Kobayashi-Maskawa
form, some care about which one is being used is needed when the
quadrant in which § lies is under discussion.

Other parametrizations, mentioned above, are due to Maiani [4]
and to Wolfenstein [5]. The latter emphasizes the relative sizes of
the matrix elements by expressing them in powers of the Cabibbo
angle. Still other parametrizations [9] have come into the literature
in connection with attempts to define “maximal CP violation”. No
physics can depend on which of the above parametrizations (or any
other) is used as long as a single one is used consistently and care is
taken to be sure that no other choice of phases is in conflict.

Our present knowledge of the matrix elements comes from the
following sources:

(1) Nuclear beta decay, when compared to muon decay, gives [10-13]

[Viua| = 0.9744 + 0.0010 . (5)

This includes refinements in the analysis of the radiative corrections,
especially the order Za? effects, which have brought the ft-values from
low and high Z Fermi transitions into good agreement.

(2) Analysis of K3 decays yields [14]

|Vus| = 0.2196 £ 0.0023 . (6)

The isospin violation between K ;Z‘ and Kgs decays has been taken into
account, bringing the values of |V,;| extracted from these two decays
into agreement at the 1% level of accuracy. The analysis of hyperon
decay data has larger theoretical uncertainties because of first order
SU(3) symmetry breaking effects in the axial-vector couplings, but
due account of symmetry breaking [15] applied to the WA2 data [16]
gives a corrected value [17] of 0.222 + 0.003. We average these two
results to obtain:

[Vus| = 0.2205 + 0.0018 . (7)

(3) The magnitude of |V 4| may be deduced from neutrino and
antineutrino production of charm off valence d quarks. The dimuon
production cross sections of the CDHS group [18] yield B, |V 4|2 =
0.41 £ 0.07 x 1072, where B, is the semileptonic branching fraction
of the charmed hadrons produced. The corresponding value from a

recent Tevatron experiment [19] is B, |Vyq|? = 0.5341'8:83% x 1072,

Averaging these two results gives B, |V,4|? = 0.47 + 0.05 x 1072,
Supplementing this with measurements of the semileptonic branching
fractions of charmed mesons [20], weighted by a production ratio of
DO/D = (60 % 10)/(40 F 10), to give B, = 0.113 £ 0.015, yields

[Vea| = 0.204 £ 0.017 (8)

(4) Values of |V,| from neutrino production of charm are dependent
on assumptions about the strange quark density in the parton-sea.
The most conservative assumption, that the strange-quark sea does
not exceed the value corresponding to an SU(3) symmetric sea, leads
to a lower bound [18], |Ves| > 0.59. It is more advantageous to proceed
analogously to the method used for extracting |V,s| from K3 decay;
namely, we compare the experimental value for the width of D,3
decay with the expression [21] that follows from the standard weak
interaction amplitude:

(D — Ketve) = |f2(0)? [Ves|? (1.54 x 101 s71) | (9)

Here ff(qZ), with ¢ = pp — pk, is the form factor relevant
to D.3 decay; its variation has been taken into account with
the parametrization ff(t)/ff(O) = M?/(M? —t) and M =
2.1 GeV/c?, a form and mass consistent with Mark III and E691
measurements [22,23]. Combining data on branching ratios for Dy3
decays from Mark III, E691, ARGUS, and CLEO experiments [22—
24] with accurate values [25] for T+ and 7p0, gives the value
(0.75 +0.15) x 10'! s~ for I'(D — Ketv,). Therefore

1£P(0)f? |Ves|? = 0.49£0.10 . (10)
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A very conservative assumption is that | ff (0)] < 1, from which
it follows that |V.g| > 0.62. Calculations of the form factor either
performed [26,27] directly at ¢> = 0, or done [28] at the maximum
value of g2 = (mp — mg)? and interpreted at g2 = 0 using the
measured ¢ dependence, yield ff(O) = 0.7+ 0.1. It follows that
[Vis| = 1.00 + 0.20 . (11)

The constraint of unitarity when there are only three generations gives
a much tighter bound (see below).

(5) The ratio |Vyp/Vep| can be obtained from the semileptonic
decay of B mesons by fitting to the lepton energy spectrum as a
sum of contributions involving b — u and b — c. The relative overall
phase space factor between the two processes is calculated from the
usual four-fermion interaction with one massive fermion (¢ quark or
u quark) in the final state. The value of this factor depends on the
quark masses, but is roughly one-half (in suppressing b — ¢ compared
to b — u). Both the CLEO [29] and ARGUS [30] collaborations have
reported evidence for b — u transitions in semileptonic B decays.
The interpretation of the result in terms of |V,,/V,y| depends fairly
strongly on the theoretical model used to generate the lepton energy
spectrum, especially for b — u transitions [27,28,31]. Combining the
experimental and theoretical uncertainties, we quote

|Viup/ V| = 0.10 £ 0.03 . (12)

(6) The magnitude of V, itself can be determined if the measured
semileptonic bottom hadron partial width is assumed to be that of a b
quark decaying through the usual V — A interaction:

—y BF(b — cf7y) = G%, mg
Lt — cty) = T 1923
where 7, is the b lifetime and F(m./my) is the phase space factor noted
above as approximately one-half. Most of the error on |V,;| derived
from Eq. (13) is not from the experimental uncertainties, but in the
theoretical uncertainties in choosing a value of my and in the use of
the quark model to represent inclusively semileptonic decays which,
at least for the B meson, are dominated by a few exclusive channels.
Instead we use the model-independent treatment in the heavy quark
effective theory [32], where, in the case of B — D* transitions, the
decay rates at zero recoil are fixed by a normalization condition, with
vanishing 1/mg corrections [33]. From data of the ARGUS [34] and
CLEO [35] experiments, we quote a value [36] derived from the decay
of B — D*{wy of

|V = 0.043 = 0.007 (14)

that is deduced using a B-lifetime of (1.28 + 0.06) ps [37]. The central
value and the error are now comparable to what is obtained from
the inclusive semileptonic decays, but ultimately, with more data,
exclusive semileptonic decays should provide the most accurate value
of [Vipl-

The results for three generations of quarks, from Egs. (5), (7), (8),
(11), (12), and (14) plus unitarity, are summarized in the matrix
in Eq. (2). The ranges given there are different from those given in
Egs. (5)-(14) (because of the inclusion of unitarity), but are consistent
with the one standard deviation errors on the input matrix elements.

The data do not preclude there being more than three generations.
Moreover, the entries deduced from unitarity might be altered when
the C-K-M matrix is expanded to accommodate more generations.
Conversely, the known entries restrict the possible values of additional
elements if the matrix is expanded to account for additional
generations. For example, unitarity and the known elements of the
first row require that any additional element in the first row have a
magnitude [V, ;/| < 0.07. When there are more than three generations
the allowed ranges (at 90% CL) of the matrix elements connecting the
first three generations are

0.9728 to 0.9757 0.218 to 0.224 0.002 to 0.007
0.179 to 0.228 0.864 to 0.975 0.032 to 0.054 ..
0 to 0.14 0 to 045 O to 0.9995 ... | >

F(me/mp) [Vep|? (13)

where we have used unitarity (for the expanded matrix) and Egs. (5),
(7), (8), (1), (12), and (14).

Further information on the angles requires theoretical assumptions.
For example, By — By mixing, if it originates from short distance
contributions to AMp dominated by box diagrams involving virtual
t quarks, gives information on V;, V%, once hadronic matrix elements
and the ¢ quark mass are known. A similar comment holds for Vi, V
and By — B mixing.

Direct and indirect information on the C-K-M matrix is neatly
summarized in terms of the “unitarity triangle.” The name arises
since unitarity of the 3 x 3 C-K-M matrix applied to the first and
third columns yields

Vad Vi + Vea Vi + VeV = 0 . (15)

In the parametrization adopted above, V,, is real and V_4 is real to
a very good approximation. Setting cosines of small angles to unity,
Eq. (15) becomes

Vs + Via = [Vea Ven| - (16)

The unitarity triangle is just a geometrical presentation of this
equation in the complex plane [38].

CP-violating processes will involve the phase in the C-K-M matrix,
assuming that the observed CP violation is solely related to a
nonzero value of this phase. This allows additional constraints to
be imposed. More specifically, a necessary and sufficient condition
for CP violation with three generations can be formulated in a
parametrization-independent manner in terms of the non-vanishing
of the determinant of the commutator of the mass matrices for the
charge 2e/3 and charge —e/3 quarks [39]. CP violating amplitudes
or differences of rates all are proportional to the C-K-M factor in
this quantity. This is the product of factors 312513323612C?3C233613
in the parametrization adopted above, and is sf 8583€,C5C38, in that
of Ref. 1. With the approximation of setting cosines to unity, this is
just twice the area of the unitarity triangle. While hadronic matrix
elements whose values are imprecisely known generally now enter, the
constraints from CP violation in the neutral kaon system are tight
enough to very much restrict the range of angles and the phase of the
C-K-M matrix. For CP-violating asymmetries of neutral B mesons
decaying to C'P eigenstates, there is a direct relationship between the
magnitude of the asymmetry in a given decay and sin 2¢, where ¢ is
an appropriate angle of the unitarity triangle [38].

The combination of all the direct and indirect information can
be used to find the overall constraints on the C-K-M matrix and
thence the implications for future measurements of CP violation in
the B system [40].

Updated October 1991 by F.J. Gilman, K. Kleinknecht, and
B. Renk.

1. M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49, 652
(1973).

2. N. Cabibbo, Phys. Rev. Lett. 10, 531 (1963).

3. L-L. Chau and W.-Y. Keung, Phys. Rev. Lett. 53, 1802 (1984).

4. L. Maiani, Phys. Lett. 62B, 183 (1976) and in Proceedings of the
1977 International Symposium on Lepton and Photon Interactions
at High Energies (DESY, Hamburg, 1977), p. 867.

. L. Wolfenstein, Phys. Rev. Lett. 51, 1945 (1983).

. H. Harari and M. Leurer, Phys. Lett. B181, 123 (1986).

. H. Fritzsch and J. Plankl, Phys. Rev. D35, 1732 (1987).

. F.J. Botella and L.-L. Chau, Phys. Lett. B168, 97 (1986).

. See, for example, M. Gronau and J. Schechter, Phys. Rev. Lett.
54, 385 (1985), where various parametrizations are discussed,
including one equivalent to that in Eq. (3).

10. W.J. Marciano and A. Sirlin, Phys. Rev. Lett. 56, 22 (1986).

11. A. Sirlin and R. Zucchini, Phys. Rev. Lett. 57, 1994 (1986).

12. W. Jaus and G. Rasche, Phys. Rev. D35, 3420 (1987).

13. A. Sirlin, Phys. Rev. D35, 3423 (1987).

14. H. Leutwyler and M. Roos, Z. Phys. C25, 91 (1984).

15. J.F. Donoghue, B.R. Holstein, and S.W. Klimt, Phys. Rev. D35,

934 (1987)

© 0 N o w



16

17.
18.
19.
20.

21.

22.

23.

24.

25.

26.

27.
28.

29
30

111.67

THE CABIBBO-KOBAYASHI-MASKAWA MIXING MATRIX (Cont’'d)

. M. Bourquin et al., Z. Phys. C21, 27 (1983).

J.M. Gaillard and G. Sauvage, private communication .

H. Abramowicz et al., Z. Phys. C15, 19 (1982).

C. Foudas et al., Phys. Rev. Lett. 64, 1207 (1990).

D. Hitlin, in Proceedings of the 1987 International Symposium on
Lepton and Photon Interactions at High Energies, Hamburg, July
27-31, 1987, edited by W. Bartel and R. Riickl (North Holland,
Amsterdam, 1988), p. 179.

The result for M = 2.2 GeV is found in F. Bletzacker, H.T. Nieh,
and A. Soni, Phys. Rev. D16, 732 (1977).

D.M. Coffman, California Institute of Technology Ph.D. thesis,
1986 (unpublished).

J.C. Anjos et al., Phys. Rev. Lett. 62, 1587 (1989).

D. Danilov, rapporteur’s talk at the International Lepton-
Photon Symposium and EPS Conference on High-Energy Physics,
(Geneva, Switzerland, 25 July — 1 August 1991).

J.R. Raab et al., Phys. Rev. D37, 2391 (1988).

T.M. Aliev et al, Yad. Phys. 40, 823 (1984) [Sov. Jour. Nucl.
Phys. 40, 527 (1984)).

M. Bauer, B. Stech, and M. Wirbel, Z. Phys. C29, 637 (1985).
B. Grinstein, N. Isgur, and M.B. Wise, Phys. Rev. Lett. 56, 298
(1986); B. Grinstein, N. Isgur, D. Scora, and M.B. Wise, Phys.
Rev. D39, 799 (1989).

. R. Fulton et al., Phys. Rev. Lett. 64, 16 (1990).

. H. Albrecht et al., Phys. Lett. B255, 297 (1991).

31

32.

33.
34.
35.

36.
37.

38.

39.

. G. Altarelli et al., Nucl. Phys. B208, 365 (1982).

N. Isgur and M.B. Wise, Phys. Lett. B237, 527 (1990); E. Eichten

and B. Hill, Phys. Lett. B234, 511 (1990).

M.E. Luke, Phys. Lett. B252, 447 (1990).

H. Albrecht et al., Phys. Lett. B229, 175 (1989). See also Ref. 24.

D. Bortoletto and S. Stone, Phys. Rev. Lett. 65, 2951 (1990). See

also Ref. 24.

M. Neubert, Phys. Lett. B264, 455 (1991).

P. Roudeau, rapporteur’s talk at the International Lepton-

Photon Symposium and EPS Conference on High-Energy Physics,

(Geneva, Switzerland, 25 July — 1 August 1991).

L.-L. Chau and W.-Y. Keung, Ref. 3; J.D. Bjorken, private

communication and Phys. Rev. D39, 1396 (1989); C. Jarlskog and

R. Stora, Phys. Lett. B208, 268 (1988); J.L. Rosner, A.L. Sanda,

and M.P. Schmidt, in Proceedings of the Workshop on High

Sensitivity Beauty Physics at Fermilab, Fermilab, November 11—

14, 1987 , edited by A.J. Slaughter, N. Lockyer, and M. Schmidt

(Fermilab, Batavia, IL, 1988), p. 165; C. Hamzaoui, J.L. Rosner

and A.IL Sanda, ibid., p. 215.

C. Jarlskog, Phys. Rev. Lett. 55, 1039 (1985) and Z. Phys. C29,

491 (1985).

. C.O. Dib et al., Phys. Rev. D41, 1522 (1990); A.I. Sanda,
invited talk at the KEK Topical Conference on Electron-Positron
Collision Physics, Tsukuba, Japan, May 17-19, 1989 and KEK
report 89-70, 1989 (unpublished); C.S. Kim, J.L. Rosner, and
C.-P. Yuan, Phys. Rev. D42, 96 (1990).



111.68

QUARK MODEL

A. QUANTUM NUMBERS

Each quark has spin 1/2 and baryon number 1/3. Table 1 gives the
additive quantum numbers (other than baryon number) of the quarks.
Our convention is that the flavor of a quark (I, S, C, B, or T) has the
same sign as its charge. With this convention, any flavor carried by a
charged meson has the same sign as its charge; e.g., the strangeness of
the K is +1, the bottomness of the BT is +1, and the charm and
strangeness of the D are each —1.

Table 1. Additive quantum numbers of the three generations of
quarks.

Quark
Property \ d u s c b t

- 3 _1 2 1 2 _1 2

Q - electric charge 3 +3 3 + 3 +

|, — isospin z-component —% +1 0 0 0 0
—

S - strangeness 0 0 -1 0 0 0

C — charm 0 0 0 +1 0 0

B — bottomness 0 0 0 0 -1 0

T - topness 0 0 0 0 0 +1
B. MESONS

Nearly all known mesons can be understood as bound states of a
quark ¢ and an antiquark g’ (the flavors of ¢ and ¢’ may be different).
If the orbital angular momentum of the qg’ state is L, then the parity
P = (=1)L+1, A state ¢g of a quark and its own antiquark is also an
eigenstate of charge conjugation with C = (~1)L+S, where the spin
S =0or 1. The L = 0 states are the pseudoscalars, JP = 07, and the
vectors, JE = 1~. Assignments for some known ¢g’ states are given
in Table 2. States in the “normal” spin-parity series, P = (—1)7,
must, according to the above, have S = 1 and hence CP = +1. Thus
mesons with normal spin-parity and CP = —1 are forbidden in the
qg' quark model. The JPC = 0~ state is forbidden as well. Mesons
with such JPC may exist, but would lie outside the ¢g’ model.

The nine possible gg' combinations containing u, d, and s quarks
group themselves into an octet and a singlet:

33=8a1

States with the same IJ¥ and additive quantum numbers can mix

(if they are eigenstates of charge conjugation, they must also have

the same value of C). Thus the / =0 member of the ground-state

pseudoscalar octet mixes with the corresponding pseudoscalar singlet
to produce the 7 and 7. These appear as members of a nonet, which
is shown as the middle plane in Fig. 1(a). Similarly, the ground-state
vector nonet appears as the middle plane in Fig. 1(b).

A fourth quark such as charm can be included in this scheme by
extending the symmetry to SU(4), as shown in Fig. 1. Bottom could
be included in this way instead of charm, but if both are included the
figure becomes four-dimensional.

For the pseudoscalar mesons, the Gell-Mann-Okubo formula is

2_ 1., 2 2
my = 5(4mK -mz),
assuming no octet-singlet mixing. However, the octet g and singlet
71 mix because of SU(3) breaking. The physical states n and 7' are
given by

n=mng cosfp —mn sinfp

n' =g sinfp +m cosbp .

(a)

(b)

Fig. 1. The SU(4) hexadecuplets for the (a) pseudoscalar and

(b) vector mesons made up of u, d, s, and ¢ gg' combinations.
The nonets mesons occupy the central planes, to which the cc

members have been added. The neutral mesons at the center of
these planes are mixtures of u%, dd, s3, and ¢ states.

These combinations diagonalize the mass-squared matrix
2 2
M2 = (MI; MIZS) .
Mis Mg

1
where M3, = 5(4m§( —m2). Tt follows that

M2, —m2
tan0p = ~—2§8—-————§n— .
mn,—M88

The sign of §p is meaningful in the quark model. If
n = (ui + dd + s3)/V3
ng = (ull + dd — 2s5)/V6 ,

then the matrix element Mfg, which is due mostly to the strange
quark mass, is negative. From the relation

we find §p < 0. However, we note that caution is suggested in the use
of the n-' mixing-angle formulas, as they are extremely sensitive to
SU(3) breaking. If we allow M2 = §(4m§( —m2) (1+ A), the mixing
angle is determined by

tan?6p = 0.0319(1 + 174)

6p = —10.1°(1 + 8.54)
to first order in A. A small breaking of the Gell-Mann-Okubo relation
can produce a major modification of fp.

For the vector mesons we replace 7 — p, K — K*, n — ¢, and

7 — w, so

¢ = wg cos By — wy sin by

w = wgsinfy + wy cos by .
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Table 2. Suggested qg quark-model assignments for most of the known mesons. Some assignments, especially for the 0t+ multiplet and for
some of the members of the higher multiplets, are controversial. Only the states with both I and all flavors = 0 and the neutral states with
I =1 are eigenstates of charge conjugation C. Mesons in bold face are included in the Meson Summary Table. Of the light mesons in the
Summary Table, the f1(1420), fo(1590), f2(1520), f2(1720), f2(2300), f2(2340), and the two peaks in the 7(1440) entry are not in this
table. It is especially hard to find a place for the first four of these f mesons or for one of the 7(1440) peaks in the gg model. See the ‘Note
on Non-gg Mesons’ in the Meson Listings.

ud, ug, dd uh, dd, s3 ce bb Su, 3d ¢, cd c3 bu, bd
N 28+1p, | gPC I=1 I=0 I=0 I=0 I=1/2 I=1/2 I=0 I1=1/2
115, 0+ m n,n e K D D, B
135; 1=~ p w, ¢ J/p(1S) | Y(S) K*(892) | D*(2010) | D¥(2110) | B*(5330)
11p 1t- b1(1235) | h1(1170), h1(1380) Kipt D;(2420) | D,1(2536)
13py ot+ ao(980) J0(1400), f0(975) | xc0(1P) | xp0(1P) | K3(1430)
13pP 1+t | a1(1260) | f£1(1285), f1(1510) | xc1(1P) | xp1(1P) K4t
13p, 2++ a2(1320) | f2(1270), f3(1525) | xc2(1P) | xp2(1P) | K3(1430) | D3(2460)
11Dy 2—+ w2(1670)
13D 1=~ p(1700) w(1600) ¥(3770) K*(1680)1
13Dy 2=~ K2(1770)
13Ds 3=~ | p3(1690) | w3(1670), $3(1850) K3(1780)
13F, qtt a4(2040) £4(2050), f4(2220) K} (2045)
215, (i (1300) 7(1295) n:(2S) K (1460)
235, 1-- p(1450) w(1390), ¢(1680) ¥(2S) 7(25) | K*(1410)t
23p, 2+t f2(1810), f2(2010) X2 (2P) K3(1980)
315, o+ 7(1770) 7(1760) K(1830)

tThe K*(1410) could be replaced by the K*(1680) as the 2 35 state.

! The K14 and K;p are nearly 45° mixed states of the K1(1270) and K(1400).

For “ideal mixing,” ¢ = s3, tanfy = 1/v/2, so 8y = 35.3°.
Experimentally, 6y, is near 35°, the sign being determined by a
formula analogous to that for tanfp. Following this procedure we find
the mixing angles given in Table 3.

Table 3. Singlet-octet mixing for the pseudoscalar, vector, and
tensor mesons. The sign conventions are given in the text. The
value of fgy,q is obtained from the equations in the text, and
Oiin is obtained by replacing m? by m throughout. Of the two
isosinglets, the mostly octet one is listed first.

JPC  Nonet Members Oquad Olin
ot mK,n7n -10° —23°
17— p, K*(892), ¢, w 39°  36°
2t ay(1320), K3(1430), £4(1525), f2(1270) 28°  26°
37~ p3(1690), K3(1780), $3(1850), w3(1670)  29°  28°

In the quark model, the coupling of neutral mesons to two photons
is proportional to ), Q?, where Q; is the charge of the i-th quark.
This provides an alternative characterization of mixing. For example,
defining

Amp [P — (k1) v(k2)] = Me*®B €1, kyy €5, kog

where ¢;) is the A component of the polarization vector of the 3t*
photon, one finds

Mm—yy) _ 1 )
M0 S ) \/E(COSOP 2v/2sinép)
_ 1.73+018

V3
M@ —vy) _ sinfp
M(7r0 =) =24/2/3( cosbp + ‘2—\/7
= (0.78 +0.04)21/2/3 .

These data favor §p ~ —20°, which is compatible with the quadratic
mass mixing formula with ~ 12% SU(3) breaking in Mszs.
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C. BARYONS

All the established baryons are apparently 3-quark (gqq) states, and
each such state is an SU(3) color singlet, a completely antisymmetric
state of the three possible colors. Since the quarks are fermions,
the state function for any baryon must be antisymmetric under
interchange of any two equal-mass quarks (up and down quarks in the
limit of isospin symmetry). Thus the state function may be written as

|qgqq)a = | color) 4 x | space, spin, flavor)g

where the subscripts S and A indicate symmetry or antisymmetry
under interchange of any two of the equal-mass quarks. Note the
contrast with the state function for the three nucleons in 3H or 3He:

|[NNN )4 = |space, spin, isospin )4 .

This difference has major implications for internal structure, magnetic
moments, etc. (For a nice discussion, see Ref. 1.)

The “ordinary” baryons are made up of d, u, and s quarks. The
three flavors imply an approximate flavor SU(3), which requires that
baryons made of these quarks belong to the multiplets on the right
side of

39393=10508) $8y S 1y

(see the section on SU(n) Multiplets and Young Diagrams). Here
the subscripts indicate symmetric, mixed-symmetry, or antisymmetric
states under interchange of any two quarks. The 1 is a sud state
(A1) and the octet contains a similar state (Ag). If these have the
same spin and parity they can mix. An example is the mainly octet
Do3 A(1690) and mainly singlet Doz A(1520). In the ground state
multiplet, the SU(3) flavor singlet A is forbidden by Fermi statistics.
The mixing formalism is the same as for -’ or ¢-w (see above),
except that for baryons the mass M instead of M? is used. The
section SU(3) Isoscalar Factors shows how relative decay rates in, say,
10 — 8 ® 8 decays may be calculated. A summary of results of fits to
the observed baryon masses and decay rates for the best-known SU(3)
multiplets is given in Appendix II of our 1982 edition [2].

Figures 2(a) and 2(b) show the (badly broken) SU(4) multiplets
that have as their “ground floors” the SU(3) octet that contains the
nucleons and the SU(3) decuplet that contains the A(1232). All the
particles in a given SU(4) multiplet have the same spin and parity.
The only charmed baryons that have been discovered each contain
one charmed quark. These belong to the first floor of the multiplet
shown in Fig. 2(a), which consists of two SU(3) multiplets: a 3 which
contains the A, and =, both of which decay weakly, and a 6 that
contains the X;(2455), which decays strongly into A.m. A second =,
and a 129 remain to be discovered to fill out the 6, and a host of other
baryons with one or more charmed quarks are still needed to fill out
the SU(4) multiplets shown in Fig. 2. Furthermore, every N or A
baryon resonance “starts” a multiplet like those shown in Figs. 2(a)
and 2(b). Analogous SU(4) structures can be made by substituting b
for c¢. If both are present, the figures are four-dimensional.

For the “ordinary” baryons, flavor and spin may be combined in an
approximate flavor-spin SU(6) in which the six basic states are d T,
d], -, sl (1, ] = spin up, down). Then the baryons belong to the
multiplets on the right side of

626%6="565070y &70, ®20, .

These SU(6) multiplets decompose into flavor SU(3) multiplets as
follows:

56 = ‘10 © 28
70=210080%80°1
20=28a"1,

where the superscript (25 + 1) gives the net spin S of the quarks
for each particle in the SU(3) multiplet. The J¥ = 1/2% octet

containing the nucleon and the J¥ = 3/2% decuplet containing the
A(1232) together make up the “ground-state” 56-plet in which the

Fig. 2. SU(4) multiplets of baryons made of u, d, s, and ¢
quarks. (a) The 20-plet with an SU(3) octet. (b) The 20-plet
with an SU(3) decuplet.

orbital angular momenta between the quark pairs are zero (so that
the spatial part of the state function is trivially symmetric). The
70 and 20 require some excitation of the spatial part of the state
function in order to make the overall state function symmetric. States
with nonzero orbital angular momenta are classified in SU(6)®0(3)
supermultiplets. Physical baryons with the same quantum numbers
do not belong to a single supermultiplet, since SU(6) is broken
by spin-dependent interactions, differences in quark masses, etc.;
nevertheless, the SU(6)®0(3) basis provides a suitable framework for
describing baryon state functions.

It is convenient to classify the baryons into bands that have the
same number N of quanta of excitation. Each band consists of a
number of supermultiplets, specified by (D,LI{’,)., where D is the
dimensionality of the SU(6) representation, L is the total quark
orbital angular momentum, and P is the total parity. Supermultiplets
contained in bands up to N = 12 are given in Ref. 3. The N = 0 band,
which contains the nucleon and A(1232), consists only of the (56,08’)
supermultiplet. The N = 1 band consists only of the (70,1; ) multiplet
and contains the negative-parity baryons with masses below about 1.9
GeV. The N = 2 band contains five supermultiplets: (56,0;’), (70,0‘2"),
(56,25 ), (70,2;), and (20,1;)4 Baryons belonging to the (20,1;)
supermultiplet are not ever likely to be observed, since a coupling from
the ground-state baryons requires a two-quark excitation. Selection
rules are similarly responsible for the fact that many other baryon
resonances have not been observed [4].

In Table 4, quark-model assignments are given for many of the
established baryons whose SU(6)®0(3) compositions are relatively
unmixed. Note that the unestablished resonances X(1480), X(1560),
X(1580), 2(1770), and =(1620) in our Baryon Full Listings are too
low in mass to be accommodated in most modern quark models {4,5].

Quark models for baryons are extensively reviewed in Ref. 6.
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Table 4. Quark-model assignments for some of the known
baryons in terms of a flavor-spin SU(6) basis. Only the dominant
representation is listed. Assignments for some states, especially
for A(1810), A(2350), =(1820), and =(2030), are merely educated
guesses.

JP (D,Lf,) S Octet members Singlets
1/2+ (56,08) 1/2 N(939) A(1116) X(1193) Z(1318)

1/2t (56,0§) 1/2 N(1440) A(1600) £(1660) =(?)

1/2= (70,17) 1/2 N(1535) A(1670) £(1620) Z(?)  A(1405)
3/2~ (70,17) 1/2 N(1520) A(1690) Z(1670) Z(1820) A(1520)
1/2= (70,17) 3/2 N(1650) A(1800) £(1750) Z(?)

3/2= (70,17) 3/2 N(1700) A(?)  Z(?) E(V)

5/2 (70,17) 3/2 N(1675) A(1830) 2(1775) =(?)

1/2t (70,05) 1/2 N(1710) A(1810) £(1880) Z(?)  A(?)

3/2t (56,25) 1/2 N(1720) A(1890) Z(?)  =(7)

5/2t (56,25) 1/2 N(1680) A(1820) X(1915) =(2030)

7/27 (70,37) 1/2 N(2190) A(?)  Z(?)  Z(?)  A(2100)

9/2~ (70,37) 3/2 N(2250) A(?) Z(?) E(9)

9/2t (56,4F) 1/2 N(2220) A(2350) Z(?)  E(?)
Decuplet members

3/2 (56,08) 3/2 A(1232) X(1385) Z(1530) £2(1672)

/2= (70,17) 1/2 A(1620) 2(?) EZ(?) 0(?)

3/2~ (70,17) 1/2 A(Q700) Z(?)  Z2(?) (7

5/2% (56,2F) 3/2 A(1905) £(?) E(7)  2(7)

7/2% (56,2F) 3/2 A(1950) £(2030) =(?)  £(?)

11/2% (56,47) 3/2 A(2420) ()  E(7) ()

D. DYNAMICS
Many specific quark models exist, but most contain basically the
same set of dynamical ingredients. These include:

i) Using a confining interaction, which is generally spin-independent.

ii) Adding a spin-dependent interaction, modeled after the effects of
gluon exchange in QCD. For example, in the S-wave states, there
is a spin-spin hyperfine interaction of the form

Hypp =—asM Y _(TA)(T2\);
i>j
where M is a constant with units of energy; MM, A=1,---,8,
is the set of SU(3) unitary spin matrices, defined in the “SU(3)
Isoscalar Factors and Representation Matrices” section; and
the sum runs over constituent quarks or antiquarks. Spin-orbit
interactions, although allowed, seem to be small.
iii) Taking the strange quark mass to be somewhat larger than the
up and down quark masses in order to split the SU(3) multiplets.
iv) In the case of isoscalar mesons, an interaction is needed for
mixing ¢g configurations of different flavors (e.g., vt < dd, s3) in
a manner which is generally chosen to be flavor independent.

These four ingredients provide the basic mechanisms which
determine the hadron spectrum.
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NAMING SCHEME FOR HADRONS

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 u, d, and s quarks. Otherwise, the only important
change to known hadrons was that the F* became the DE. None of
the lightest pseudoscalar or vector mesons changed names, nor did the
cc 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.

We follow custom and use spectroscopic names such as 7'(15) as the
primary name for most of those 9, T, and x states whose spectroscopic
identity is known. We use the form 7'(9460) as an alternate, and as
the primary name when the spectroscopic identity is not known.

2. “Neutral-flavor” mesons (S=C =B =T =0)

Table I shows the naming scheme for mesons having the strangeness
and all heavy-flavor quantum numbers equal to zero. The scheme
is designed for all mesons, whether ordinary or exotic. (This isn’t
quite true. We haven’t proposed names for mesons whose charge @,
strangeness S, or other additive quantum numbers can’t be matched
by a ¢q state. For example, we have no name for a meson with Q = 2,
or for one with Q@ = —1 and S = +1.) 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

Table I. Symbols for mesons with the strangeness and all heavy-flavor
quantum numbers equal to zero.

1+=
3+-

ot+
1++

1--

ot
PC _
J = 92—+ 2——

gg content 25*t1L; = (Leven); '(Lodd); 3(Leven); 3(Lodd);

ud, vt — dd,du (I =1) T b p a
s } (I=0)  mn  hE  weé  Lf
@ e he ¥t Xe
bb b hp r Xb
tt e ht 0 Xt

tThe J/4 remains the J/4.

angular-momentum state 25t1L; of the ¢g system being

YL even);, Y(L odd);, 3(L even)y, or 3(L odd);. The rela-
tions between the quantum numbers are P = (—1)L+1 ¢ = (—1)L+5,
and G = (—1)L*+5+! | where of course the C quantum number is only
relevant to neutral mesons.
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The entries in the Table give the particle symbols. The spin J
is added to the symbol as a subscript except for pseudoscalar and
vector mesons, and the mass is added in parentheses for any meson
that decays strongly. However, for the lightest meson resonances, we
sometimes omit the mass, as in p for p(770), ¢ for $(1020), etc.

Experimental determination of the mass, quark content (where
relevant), and quantum numbers I, J, P, and C (or G) of a meson
thus fixes 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 4% and dd or is mainly s5.
A prime (or symbol ¢) may be used to distinguish two such mixing
states.

Names are assigned for the anticipated ¢f mesons.

Gluonium states or other mesons that are not qg states are, if the
quantum numbers are not exotic, to be named just as are the qg
mesons. Such states will probably be difficult to distinguish from qg
states and will likely mix with them and our scheme makes no attempt
to distinguish the “mostly gluonium” or “mostly ¢’ nature.

An “exotic” meson with JPC quantum numbers that a qq
system cannot have, namely JFC = 0=~ 0t~ 1=+ 2+~ 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. Then a caret or “hat” is added to the symbol: for example,
an isospin-1 0~ meson would be a 7, an isospin-0 1% meson
would be an ©.

The results of all this are as follows. Established mesons whose
names changed slightly in 1986 are:

Old name New name Old name New name
H(1170)  hy(1170) A3(1320)  ag(1320)

B(1235)  b1(1235) F/(1525)  f4(1525)

A1(1270)  a1(1260) w(1670)  w3(1670)

£(1270) f2(1270)

Established mesons whose names changed completely are:

Old name New name Old name New name
5(975) f0(975) A3(1680)  mo(1670)
6(980) ap(980) 9(1690) p3(1690)

D(1285)  £1(1285) 6(1690)  fo(1710)
€(1300)  fo(1400) X(1850)  ¢3(1850)
E(1420) f1(1420) h(2030) £4(2050)
((1440)  n(1440)

The old S(975), D(1285), €(1300), E(1420), 6(1690), and h(2030)
all became f mesons; the new scheme revealed that they all have
PC = ++ and are 3(L odd) states.

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 t—-T.

We use the convention that the flavor and the charge of a quark
have the same sign. Thus the strangeness of the s quark is
negative, the charm of the ¢ quark is positive, and the bottom
of the b quark is negative. In addition, I3 of the u and d
quarks are positive and negative, respectively. The effect of this
convention is as follows: Any flavor carried by a charged meson
has the same sign as its charge. Thus the K*, DY, and BT have
positive strangeness, charm, and bottom, respectively, and all
have positive I3. The D has positive charm and strangeness.
Furthermore, the A(flavor) = AQ rule, best known for the kaons,
applies to every flavor.

(2) If the lighter quark is not a u or a d quark, its identity is given
by a subscript.

(3) If the spin-parity is in the “normal” series, J = 0+, 17,2+, ..,
a superscript “*” is added.

(4) The spin is added as a subscript unless the meson is a pseudoscalar
or a vector.

Thus the pseudoscalar and vector K, K*, D, D* and B mesons
did not change names. Established mesons whose names did change
were:

Old name New name Old name New name
Q1(1280)  K(1270) L(1770)  K2(1770)
Q2(1400)  K;(1400) K*(1780) K3(1780)
x(1350)  Kg(1430) K*(2060) K} (2045)
K*(1430) K3(1430) F Dy

Most notably, the F' (the 5 state) became the Dj.

4. Baryons

The symbols N, A, A, ¥, =, and {2 used for 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
now used for the baryons containing one or more heavy quarks (c, b,
and t 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 ¢ quark, its identity is
given by a subscript.

(3) Baryons with one u or d quark are =’s (isospin 1/2). One or two
subscripts are used if one or both of the remaining quarks are
heavy: thus Z¢, =, =, etc.

(4) Baryons with no u or d quarks are §2’s (isospin 0), and subscripts
indicate any heavy-quark content.

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 X always has isospin 1, an {2 always has isospin 0,
etc.

1. Particle Data Group: M. Aguilar-Benitez et al., Phys. Lett. 170B
(1986).
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Most particle physics Monte Carlo and analysis systems use a

numbering scheme to represent particles. The lack of standardization

10

. The particle-antiparticle convention is the one used by the Particle
Data Group, so that the K+ and Bt are particles.

of such schemes inhibits interfacing different programs. The following 11. The above rules imply that for mesons (as opposed to anti-
table proposes a standard numbering scheme. Some of the properties mesons), when the number of the leftmost (heaviest) quark is
of this scheme are: even, it is a quark, and when the number of the leftmost quark is
1. Quarks and leptons are ordered by family, and within the family, odd, it is an antiquark.
by isospin. This puts the u and d in the opposite order than is 12. The gluon has two numbers. Its official number is 21 to place
often used in other numbering schemes. In our scheme we call the it with the other gauge bosons. Its number is also 9 so that a
highest numbered quark the heaviest quark. glueball is specified as 99.
2. For multiple quark systems (mesons, baryons, and diquarks), 13. The fifth digit is used to differentiate different particles with the
the rightmost digit is generally L = 2J + 1. (The Kg and Kg same quark content and spin.
are exceptions.) Particles with J > 4 have not been assigned 14. Although isospin is not manifest in this scheme, the isospin of any

numbers.

. Mesons are represented by the form NML and baryons by

NMKL, where N, M, and K are quark numbers.

. For these systems the heaviest quark is usually on the left

hadron can be determined from the number. Mesons with 11L
are isospin 1 and those with 22L are isospin 0. For nonstrange
baryons, if the quarks are in the normal decreasing order, then
I+ J is odd, otherwise I + J is even. If a strange baryon does

not have the normal decreasing quark order, it has I = 0.

More details about the motivation behind, and properties of,
this scheme can be found in Ref. 1. Although this scheme has the
advantage that a particle’s number has considerable physics content,
it has the disadvantage that it is not compact. An algorithm that
translates this scheme into a more compact scheme is needed for its
implementation. Contact the Berkeley Particle Data Group for further
information on such an algorithm.

A list of particle numbers follows.

and the quarks are in decreasing mass order from left to right.
One exception to this convention is the Kg-Kg pair. A second
exception is for the A’s for which we invert the up and down
quarks to distinguish the A from the X°.

5. The other exception to this mass order rule is for some N’s and
A’s. For N’s, the u and d quark are reversed for spins 3/2 and
7/2. For A’s, they are reversed for spins 1/2 and 5/2. The quarks
are in the normal decreasing order when I + J is odd.

6. Mesons, and only mesons, have the third digit nonzero and the
fourth digit zero. (We designate the rightmost digit as the first

digit.) Written April 1988 by G.R. Lynch and T.G. Trippe.
7. Only baryons and diquarks have the fourth digit nonzero. 1. T.G. Trippe and G.R. Lynch, “Particle I.D. Numbers, Decay
8. Only quarks and diquarks have the second digit equal to zero. Tables, and Other Possible Contributions of the Particle Data
9. Particles have positive numbers; each antiparticle has the negative Group to Monte Carlo Standards,” LBL-24287, in Proceedings of

of its counterpart. the Workshop on Detector Simulation for the SSC (August 1987).

QUARKS DIQUARKS MESONS (Cont’d)
d 1 (dd); 1103 a2(1320) 115, 215
u 2 (ud)g 2101 w(1390) 50223
Z Z (ud)y 2103 fo(1400) 30221
; . (wu); 2203 £(1420) 30223
; 6 (sd)o 3101 n(1440) 40221
CAUGE AND (sd) 3103 p(1450) 40113, 40213
s BOSONS (sw)o 3201 £(1510) 40223
o (su); 3203 £4(1525) 335
N
fo(1590) 50221
w 24 MESONS (15%0)
7 . w(1600) 60223
ot 211
g 21 and 9 70 111 w3(1670) 227
HY 25 i 991 m2(1670) 10115, 10215
HY 35 o(770) 113, 213 #(1680) 10333
HY 36 w(783) 223 p3(1690) 117, 217
+ , p(1700) 30113, 30213
H 37 7 (958) 331
! hoTs) 10221 f(1710) 60221
LEPTONS w(980) 10111, 10211 ¢3(1850) 337
ve 12 $(1020) 233 £(2010) 20225
Ve 14 h(1170) 10223 f2(2050) 229
vr if 51(1235) 10113, 10213 £2(2300) 30225
¢ a1(1260) 20113, 20213 f2(2340) 40225
13 K+ 321
£(1270) 225
T 15 KO 311
1285
f(1285) 20223 K9, 510
n(1205) 20221 5
K9 130

7(1300) 20111, 20211
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MESONS (Cont’d)

K*(892) 313,
K1(1270) 10313
K1(1400) 20313
K*(1410) 30313,
K3(1430) 10311
K3(1430) 315,
K*(1680) 40313,
Ko(1770) 10315,
K%(1780) 317
K7(2045) 319,
D+ 411
DO 421
D*(2010)* 413
D*(2010)° 423
Dy (2420)° 10423
D3(2460)° 425
D} 431
D3t 433
Ds1(2536) % 10433
Bt 521
B° 511
B* 513,
ne(1S) 441
J/(18) 443
xco(1P) 10441
xc1(1P) 10443
xc2(1P) 445
$(2S) 20443
$(3770) 30443
¥(4040) 40443
1(4160) 50443
(4415) 60443
T(1S) 553
Xp0(1P) 551
xp1(1P) 10553
Xb2(1P) 555
T(2S) 20553
Xpo(2P) 10551
xp1(2P) 70553
Xp2(2P) 10555
3s) 30553
(48 40553
T(10860) 50553
T(11020) 60553
BARYONS
p Py 2212
n P11 2112

N(1440) Pp; 12112, 12212
N(1520) Dyj3 1214, 2124
N(1535) S;; 22112, 22212
N(1650) S;; 32112, 32212

323
10323
20323
30323
10321

325
40323
10325

327

329

523

BARYONS (Cont’d)

N(1675)
N (1680)
N (1700)
N(1710)
N(1720)
N (2190)
A(1232)
A(1600)
A(1620)
A(1700)
A(1900)
A(1905)
A(1910)
A(1920)
A(1930)
A(1950)
A
A(1405)
A(1520)
A(1600)
A(1670)
A(1690)
A(1800)
A(1810)
A(1820)
A(1830)
A(1890)
A(2100)
A(2110)
2+

£(2030)

(=]

(1530)
(1820)

I I Oy [y

+

$¢(2455)
=+
=c

=0
o

=0
=c
29

0
4y

Dis
Fis
D13
Py
Py3
Gi7
P33
P33
S31
D33
Sa31
F3s
P31
P33
Dss
Fs7
Poy
So1
Dos
Pox
So1
Dos
So1
Poy
Fos
Dos
Po3
Go7
Fos

2116, 2216
12116, 12216
21214, 22124
42112, 42212
31214, 32124

1218, 2128

1114, 2114, 2214
31114, 32114, 32214,
1112, 1212, 2122,
11114, 12114, 12214,
11112, 11212, 12122
1116, 1216, 2126

21112, 21212, 22122

3122
13122
3124
23122
33122
13124
43122
53122
3126
13126
23124
3128
23126
3222
3212
3112
3114, 3214, 3224
13112, 13212, 13222
13114, 13214, 13224
23112, 23212, 23222
3116, 3216, 3226
13116, 13216, 13226
23114, 23214, 23224
3118, 3218, 3228
3322
3312
3314, 3324
13314, 13324

3334
4122

4112, 4212, 4222
4322
4312
4332
5122

2224
32224
2222
12224
12222
2226

| 22222
21114, 22114, 22214,
11116, 11216, 12126

1118, 2118, 2218

22224
12226
2228
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PLOTS OF CROSS SECTIONS AND RELATED QUANTITIES

NOTE: THE FIGURES IN THIS SECTION ARE INTENDED TO SHOW THE “BEST” OR
“MOST REPRESENTATIVE” DATA IN THE OPINION OF THE COMPILER. THEY ARE
NOT NECESSARILY COMPLETE COMPILATIONS OF ALL THE WORLD'S RELIABLE DATA
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The nucleon structure functions F3 and zF3 measured in charged-current neutrino and antineutrino scattering on iron (CCFRR, CDHSW)

and marble (CHARM) targets, versus @2, for fixed bins of z. Closed symbols are read on the right-hand scale, open symbols (appearing for
alternate = values) on the left-hand scale. Only statistical errors are shown. R = or/op = 0 is used in the CHARM data, and a QCD-inspired
parametrization for R is assumed in the CCFRR and CDHSW data. The CHARM measurements have not been corrected for the recalibration
of the total neutrino and antineutrino cross sections in the CERN neutrino beam which was completed after the publication of these data.

References: CCFRR—D.B. MacFarlane et al., Z. Phys. C26, 1 (1984); CDHSW—P. Berge et al., Z. Phys. C49, 187 (1991); CHARM—
F. Bergsma et al., Phys. Lett. 123B, 269 (1983) and Phys. Lett. 141B, 129 (1984).
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electromagnetic scattering of electrons (SLAC-
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left-hand figure for convenience in plotting. Only
statistical errors are shown. R = o /o7 = 0.21
is assumed in the SLAC-MIT data, R = 0 in the
EMC data, and a QCD prediction for R in the
BCDMS data. Where necessary, the SLAC-MIT
and EMC data were interpolated to the z bins
of the BCDMS data. Note that there are no
SLAC-MIT data in the lowest z bin. References:
SLAC-MIT—A. Bodek et al., Phys. Rev. D20,
1471 (1979); EMC—J.J. Aubert et al., Nucl. Phys.
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The nucleon structure function F, measured in electromagnetic The structure functions Fy, zF3, and 67’_ measured in different
scattering of muons on iron (BFP, EMC) and carbon (BCDMS) experiments on isoscalar targets as functions of Bjorken z. The
targets, versus @2, for fixed bins in z. For z of 0.05, 0.125, 0.175, CCFRR, CDHSW, BFP, and EMC data were taken with iron
0.275, 0.45, and 0.65 use the right-hand scale; for all other bins of z, targets; the CHARM data with a marble (CaCQOgs) target; and
use the left-hand scale. Only statistical errors are shown. R = oy /op the BCDMS data with a carbon target. Only statistical errors
= 0 is used in the BFP and a QCD prediction for R is assumed in are shown. The CHARM and BFP collaborations assume R =
the BCDMS and EMC data. References: BCDMS-—A.C. Benvenuti or/or = 0, whereas a QCD prediction for R is assumed in
et al., Phys. Lett. B195, 91 (1987); BFP—P.D. Meyers et al., Phys. the analysis of the CCFRR, CDHSW, BCDMS, and EMC data.
Rev. D34, 1265 (1986); EMC-—J.J. Aubert et al., Nucl. Phys. B272, The electromagnetic structure function F;N is compared to the
158 (1986).

charged-current structure function Fj N correcting for the average
squared quark charge 5/18. No corrections have been applied for the
difference between the strange and charmed quark sea. References:
CCFRR—D.B. MacFarlane et al., Z. Phys. C26, 1 (1984);
CDHSW—P. Berge et al., Z. Phys. C49, 187 (1991); CHARM
F. Bergsma et al., Phys. Lett. 123B, 269 (1983) and Phys. Lett.
141B, 129 (1984); BCDMS—A.C. Benvenuti et al, Phys. Lett.
B195, 91 (1987); BFP—P.D. Meyers et al., Phys. Rev. D34, 1265
(1986); EMC—J.J. Aubert et al., Nucl. Phys. B272, 158 (1986).
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“EMC” Effect
1.2
@ BCDMS N,/D, @® BCDMS Fe/D,
i W EMC C/D, B EMC Cu/D,
gL A SLAC E139 C/D, A SLAC E139 Fe/D,
B L+¢ ¢ + &
8 it ’ |
e i % X
O T + A
| it | b
* R
09 | 4 - 1
' *
n B 4 4
08 L
(a) (b)
i { | | | { 1 i ! 1 { | 1 { | ]
0. 0.2 0.4 0.6 08 0 0.2 0.4 0.6 0.8
T

The ratio of nucleon structure functions FéA(m) /F2D (z) for nuclear targets A compared to deuterium D, measured in deep inelastic electron

(SLAC-E139) and muon (BCDMS, EMC) scattering: (a) medium-weight targets (A = N, C), (b) heavy targets (A = Fe, Cu). Only statistical
errors are shown. The SLAC-E139 data were evaluated as cross section ratios o/ oD but are equal to structure function ratios if R = oy, Jor
is independent of A. References: BCDMS—G. Bari et al., Phys. Lett. 163B, 282 (1985); and A.C. Benvenuti et al., Phys. Lett. B189, 483
(1987); EMC—J. Ashman et al, Phys. Lett. B202, 603 (1988); SLAC-E139—R.G. Arnold et al., Phys. Rev. Lett. 52, 727 (1984); and

SLAC-PUB-3257 (1983).

Average ete™, pp, and pp Multiplicity

T T Average multiplicity as a function of /s for pp at the SppS
30 5 for pp at the ISR, (open circles) and for ete™. Solid curve
T X Bacci *+ Alner is a fit by Thomé et al. to their data (solid circles) with
+ Seigrist the fom} (Nep) = 0.88 + 044 In s + 0.118 (In s)2. ete™
) data points have been combined to reduce overlap; errors
8 Niczyporuk (not shown) are dominated by 10%-25% systematic effects.
/> 20 O Althoff B References: pp—G.J. Alner et al, Phys. Lett. 138B, 304
= (1984); pp—W. Thomé et al., Nucl. Phys. B129, 365 (1977);
\V4 W.M. Morse et al., Phys. Rev. D15, 66 (1977); and J. Benecke
Cpo et al., Nucl. Phys. B76, 29 (1974); ete”—ADONE: C. Bacci
e et al., Phys. Lett. 86B, 234 (1979); MARK II: J.L. Siegrist
10 o B et al., Phys. Rev. D26, 969 (1982); LENA: B. Niczyporuk
o o) ® Thome et al., Z. Phys. C9, 1 (1981); and TASSO: M. Althoff et al.,
., B Morse Z. Phys. C229, 307 (1984).
o0t ® Benecke l
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Jet Production in pp and pp Interactions
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Differential cross sections for observation of a single jet of rapidity
y = 0 as a function of the jet transverse momentum. ISR (pp) and
SppS collider (Pp) data compared. Error bars include a contribution
due to estimated systematic error in defining jet direction and pr.
Solid curve: QCD prediction; refer to the “Cross-Section Formulae
for Specific Processes” section and the “Quantum Chromodynamics”
section in the full-sized edition. References: ISR—T. Akesson et al.,
Phys. Lett. 118B, 185 (1982); UA2—P. Bagnaia et al, Phys.
Lett. 138B, 430 (1984); and P. Bagnaia et al., Z. Phys. C20, 117
(1983); UA1—G. Arnison et al.,, Phys. Lett. 123B, 115 (1983a);
and G. Arnison et al., Phys. Lett. 132B, 144 (1983b).
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Pseudorapidity Distributions in pp Interactions
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Charge particle pseudorapidity distributions in pp collisions
for 53 GeV < /s < 900 GeV. The number per pseudorapidity
interval is about 10% higher if the rate is normalized excluding
singly diffractive events rather than to the total inelastic
rate. SppS data are from G.J. Alner et al., Z. Phys. C33, 1
(1986), and ISR data are from K. Alpgard et al., Phys. Lett.
112B, 193 (1982).

Fragmentation Function
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The cross section (s/3) do/dz versus z for producing a hadron h
in eTe™ annihilation, measured in different experiments, for fixed
energies Q% = s. This quantity is closely related to the frag-
mentation function Dlh(z, Q?) as discussed in the “Cross-Section
Formulae for Specific Processes” section. Note that we use
2 = (E + p|)hadron/(E + P||)quark, Whereas some experiments

use z’ = Ehadron/Ebeam or 2" = phadron/(Etz,eam - mgad)lﬂ‘
The data are shown for pions (singlet term) measured by the
TPC at 29 GeV; they actually used 2” — for z > 0.05 the
difference between z and 2" can be neglected at those energies.
The data for heavy quarks are frequently parametrized by the
Peterson et al. form, D(z) = Nz(1 — 2)2/[(1 — 2)? + €;2]2. The
parameter € for quark type i depends on /s and upon the
heavy quark mass. At /s ~ 30 GeV, ¢, = 0.006 & 0.002, e =
0.06f8:8?5. Curves corresponding to these values (N is chosen
arbitrarily) are shown on the figure. References: C. Peterson
et al., Phys. Rev. D27, 105 (1983); TPC—H. Aihara et al.,
Z. Phys. C27, 495 (1985); and J. Chrin, Z. Phys. C36, 163
(1987).
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Quark Fragmentation in Electron-Positron Annihilation

Average Hadron Multiplicities in
ete™ Annihilation Events

Particle Vs~ 10 GeV Vs =29 GeV
Pseudoscalar | 7+ 6.6 + 0.2 10.3 +0.4
mesons 70 3.2 + 0.3 5.6 + 0.3
Kt 0.90 +0.04 1.48 £ 0.09
KO 091 +0.05 142  +£0.07
n 0.19 + 0.06 0.60 +0.08
71(958) — 0.26  £0.10
Dt 0.16 +0.03 0.17 +0.03
DO 0.37 4 0.06 0.45 £ 0.07
Vector p(770)° 0.50 =+ 0.09 0.81 =+ 0.08
mesons K*(892)* 0.45 +£0.08 0.64 +0.05
K*(892)° 038 +0.09 0.56 +0.06
$(1020) 0.045 =+ 0.007 0.085 =+ 0.011
D*(2010)* 022 £0.04 043 £0.07
D*(2010)° 0.23 +0.06 027 +0.11
Tensor f2(1270) — 0.14  +0.04
mesons K} (1430)* — 0.09 +0.03
K3(1430)° — 0.12 =+ 0.06
Baryons p 0.28 +0.03 0.58 =+ 0.05
A 0.080 =+ 0.013 0.214 =+ 0.012
50 0.023 + 0.008 —
A(1232)TF 0.040 =+ 0.010 —
== 0.0059 + 0.0008 | 0.0178 =+ 0.0036
3(1385)*  0.0107 =+ 0.0020 | 0.035 = 0.009
n- 0.0007 + 0.0004 | 0.015 =+ 0.007

Average hadron multiplicity per eTe™ annihilation event at
Vs =~ 10 GeV. and /s = 29 GeV. The rates given include decay
products from resonances with ¢7,10 cm, and include charge
conjugated states. References: W. Hofmann, Ann. Rev. Nucl.
and Part. Sci. 38, 279 (1988); and H.D. Saxon, in High Energy
Electron Positron Physics, World Sci., p. 540 (1988); R. Marshall,
RAL-89-021 (1989).
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x =2ENs
Fragmentation into light hadrons: Inclusive cross sections
(1/0B)(do/dx) for production of charged hadrons (7, K,p) in
ete™ annihilation at /s ~ 10 GeV and /s = 29 GeV, normalized
to the total hadronic cross section, as a function of z = 2E/s.
References: H. Aihara et al, Phys. Rev. Lett. 61, 1263 (1988);
and H. Albrecht et al., Z. Phys. C44, 547 (1989).

160 T T T T

0 0.2 0.4 0.6 0.8 1
X4

Heavy quark fragmentation: Inclusive cross section for the
production of D*(2010)" mesons in ete~ annihilation at
Vs &~ 10 GeV, as a function of the scaling variable z, =
(E + p)/(E + p)kinem. limit- Also shown is the Peterson et al.
form, do/dz ~ z(1—2)2/[(1—2)%+ez]?, for € = 0.15. We note that
instead of the scaling variable z or z, some experiments prefer
to define a scaling variable z as z = (E + p|)had./(E + P)quarks
correcting for gluon radiation before the final fragmentation.
With this definition at /s ~ 30 GeV, (2¢) = 0.67 &+ 0.03
(z) = 0.83 £ 0.03, corresponding to ec = 0.061'8:8% and

ep = 0.006 £ 0.002. The corresponding Peterson shapes are
included here. References: D. Bortoletto et al., Phys. Rev. D37,
1719 (1988); J. Chrin, Z. Phys. C36, 163 (1987); and C. Peterson
et al., Phys. Rev. D27, 105 (1983).
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Selected measurements of R = o(eTe™ — hadrons)/o(eTe™ — p ), where the annihilation in the numerator proceeds via one photon or via
the Z°. Measurements in the vicinity of the Z° mass are shown in the following figure. The denominator is the calculated QED single-photon
process; see the section on Cross-Section Formulae for Specific Processes. Radiative corrections and, where important, corrections for two-photon
processes and 7 production have been made. Note that the ADONE data (yy2 and MEA) is for > 3 hadrons. The points in the (3770)

region are from the MARK I—Lead Glass Wall experiment. To preserve clarity only a representative subset of the available measurements is
shown— references to additional data are included below. Also for clarity, some points have been combined or shifted slightly (< 4%) in Ecm,
and some points with low statistical significance have been omitted. Systematic normalization errors are not included; they range from ~5-20%,
depending on experiment. We caution that especially the older experiments tend to have large normalization uncertainties. Note the suppressed
zero. The horizontal extent of the plot symbols has no significance. The positions of the J/¥(1S), ¥(2S), and the four lowest I vector-meson
resonances are indicated. Two curves are overlaid for E¢p > 11 GeV, showing the theoretical prediction for R, including higher order QCD

[M. Dine and J. Sapirstein, Phys. Rev. Lett. 43, 668 (1979)] and electroweak corrections. The A values are for 5 flavors in the MS scheme and

are A% = 60 MeV (lower curve) and A% = 250 MeV (upper curve). References (including several references to data not appearing in the

figure and some references to preliminary data):

AMY: T. Mori et al., Phys. Lett. B218, 499 (1989);
CELLO: H.-J. Behrend et al., Phys. Lett. 144B, 297 (1984);
and H.-J. Behrend et al., Phys. Lett. 183B, 400 (1987);
CLEO: R. Giles et al., Phys. Rev. D29, 1285 (1984);
and D. Besson et al., Phys. Rev. Lett. 54, 381 (1985);
CUSB: E. Rice et al., Phys. Rev. Lett. 48, 906 (1982);
CRYSTAL BALL: A. Osterheld et al., SLAC-PUB-4160;
and Z. Jakubowski et al., Z. Phys. C40, 49 (1988);
DASP: R. Brandelik et al., Phys. Lett. 76B, 361 (1978);
DASP II: Phys. Lett. 116B, 383 (1982);
DCI: G. Cosme et al., Nucl. Phys. B152, 215 (1979);
DHHM: P. Bock et al. (DESY-Hamburg-Heidelberg-
MPI Miinchen Collab.), Z. Phys. C6, 125 (1980);
~72: C. Bacci et al., Phys. Lett. 86B, 234 (1979);
HRS: D. Bender et al., Phys. Rev. D31, 1 (1985);
JADE: W. Bartel et al., Phys. Lett. 129B, 145 (1983);
and W. Bartel et al., Phys. Lett. 160B, 337 (1985);
LENA: B. Niczyporuk et al., Z. Phys. C15, 299 (1982).

MAC: E. Fernandez et al., Phys. Rev. D31, 1537 (1985);
MARK J: B. Adeva et al., Phys. Rev. Lett. 50, 799 (1983);
and B. Adeva et al., Phys. Rev. D34, 681 (1986);
MARK I: J.L. Siegrist et al., Phys. Rev. D26, 969 (1982):
MARK I + Lead Glass Wall: P.A. Rapidis et al,
Phys. Rev. Lett. 39, 526 (1977); and P.A. Rapidis, thesis,
SLAC-Report-220 (1979);
MARK II: J. Patrick, Ph.D. thesis, LBL-14585 (1982);
MEA: B. Esposito et al., Lett. Nuovo Cimento 19, 21 (1977);
PLUTO: A. Backer, thesis Gesamthochschule Siegen,
DESY F33-77/03 (1977); C. Gerke, thesis, Hamburg Univ. (1979);
Ch. Berger et al., Phys. Lett. 81B, 410 (1979);
and W. Lackas, thesis, RWTH Aachen, DESY Pluto-81/11 (1981);
TASSO: R. Brandelik et al., Phys. Lett. 113B, 499 (1982);
and M. Althoff et al., Phys. Lett. 138B, 441 (1984);
TOPAZ: 1. Adachi et al., Phys. Rev. Lett. 60, 97 (1988);
and VENUS: H. Yoshida et al.. Phys. Lett. 198B, 570 (1987).
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ete™ Annihilation Cross Section in Vicinity of Mz
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Data from the Mark II, ALEPH, DELPHI, L3, and OPAL Collaborations (Refs. 1-4) for the cross section in e*e~ annihilation into hadronic
final states as a function of c.m. energy near the Z. LEP detectors obtained data at the same energies; some of the points are obscured by
overlap. The curves show the predictions of the Standard Model with three species (solid curve) and four species (dashed curve) of light

neutrinos. The asymmetry of the curves is produced by initial-state radiation.

. ALEPH—D. Decamp et al., Z. Phys. C53, 1 (1992).

. DEPHIP. Abreu et al, Nucl. Phys. B367, 511 (1992).
. L3—B. Adeva et al., Z. Phys. C51, 179 (1991).

. OPAL—G. Alexander et al., Z. Phys. C52, 175 (1991).
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or/E, for the muon neutrino and antineutrino charged-current total cross section as a function of neutrino energy. The error bars include
both statistical and systematic errors. The straight lines are averages for the CCFRR measurement. Note the change in the energy scale
between 30 and 50 GeV. The data points on the right give averages for other high energy measurements. Courtesy M.H. Shaevitz, Columbia
University (Nevis Laboratory).

(1) D.B. MacFarlane et al., Z. Phys. C26, 1 (1984); (10) S.J. Barish et al., Phys. Rev. D19, 2521 (1979);

(2) P. Berge et al.,, Z. Phys. C35, 443 (1987); (11) J.V. Allaby et al., Z. Phys. C38, 403 (1988), E, = 10-160 GeV;

(3) J. Morfin et al., Phys. Lett. 104B, 235 (1981); (12) P. Bosetti et al., Phys. Lett. 110B, 167 (1982), E, = 20-200 GeV,
(4) D.C. Colley et al., Z. Phys. C2, 187 (1979); as revised in M. Aderholz et al., Phys. Lett. 173B, 211 (1986);

(5) O. Erriquez et al., Phys. Lett. 80B, 309 (1979); (13) T. Kitagaki et al, Phys. Rev. Lett. 49, 98 (1982), F,, = 10-200 GeV;
(6) A.S. Vovenko et al., Sov. Jour. Nucl. Phys. 30, 527 (1979); (14) N.J. Baker et al, Phys. Rev. Lett. 51, 735 (1983), E,, = 10-240 GeV;
(7) D.S. Baranov et al., Phys. Lett. 81B, 255 (1979); (15) G.N. Taylor et al., Phys. Rev. Lett. 51, 739 (1983), E, = 5-250 GeV;
(8) C. Baltay et al., Phys. Rev. Lett. 44, 916 (1980); (16) N.J. Baker et al., Phys. Rev. D25, 617 (1982), E, = 1.6-10 GeV.

(9) S. Ciampolillo et al., Phys. Lett. 84B, 281 (1979);
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Extensively revised 1991 by A. Baldini, V. Flaminio, and O. Yushchenko. The CERN-HERA and COMPAS Groups have made least-squares fits
to many high-energy cross sections. The parametrization is o(p) = A + Bp™ + CIn?(p) + DIn(p), where o is in mb and p is in GeV/c. The

best-fit coefficients A, B, C, and D, and the exponent n are tabulated below; where indicated, not all the terms in o(p) are included in the fit.
The errors on the parameters are highly correlated since the terms in o(p) are far from orthogonal. Also given is the range of momentum over
which the fit was done; extrapolation outside this range is likely to give incorrect results.

Fitted parameters

Momentum
Reaction range (GeV/c) A B n C D
~p total 3.0-183 0.147 £ 0.001 — — 0.0022 £ 0.0001 —0.0170 + 0.0007
~d total 2.0-17.8 0.300 +£ 0.005 — — 0.0095 £ 0.0020 —0.057 + 0.007
w+p total 4.0-340 16.4 +£1.2 19.3+0.8 —0.42 £ 0.05 0.19 £ 0.02 —
w1 p elastic 2.0-200 — 11.4+03 —-0.4+£0.2 0.079 £ 0.005 —
77 p total 2.5-370 33.0x1.2 140+ 1.8 -1.36 £0.29 0.456 + 0.049 —4.03 £0.48
7~ p elastic 2.0-360 1.76 £ 0.42 11.2+0.3 —0.64 £ 0.07 0.043 £ 0.011 —
ntd total 2.5-370 56.8 £ 3.6 42.2+84 —1.45+0.38 0.65 £ 0.14 —5.39 +1.43
K*p total 2.0-310 18.1+0.1 — — 0.26 £0.03 -1.0+£0.1
K*p-elastic 2.0-175 5.0+£1.2 8.1+1.5 —-1.8+0.7 0.16 + 0.06 —4.3£0.5
K*n total 2.0-310 18.7£0.2 — — 0.21 £0.02 —0.89 +£0.14
K™*d total 2.0-310 342+1.2 79+3.8 -21+£11 0.346 £+ 0.074 —0.99 £ 0.61
K~ p total 3.0-310 32.1+£0.2 — — 0.66 £ 0.01 -5.6+£0.1
K~ p elastic 3.0-175 7.3+0.1 — — 0.29 +0.01 —2.40 £ 0.09
K™n total 1.8-310 25.2+0.5 — — 0.38 +0.03 -29+0.3
K~d total 3.0-310 57.6+04 — — 1.17 £ 0.03 -9.5+0.2
pp total 3.0-2100 48.0+£0.1 — — 0.522 £ 0.005 —4.51 £ 0.05
pp elastic 2.0-2100 11.9+0.8 269+ 1.7 —-1.21+0.11 0.169 + 0.021 —1.85+0.26
pn total 3.0-370 47.30 £0.17 — — 0.513 £0.023 —4.27+0.15
pd total 3.0-370 91.3+0.2 — — 1.05 £ 0.03 —8.8+0.2
pd elastic 2.0-384 16.1 £ 0.7 — — 0.32 £ 0.04 -34+04
Pp total 5.0-1.73 x 108 38.4+4.4 77.6 £2.8 —0.64 +£0.07 0.26 £0.05 -1.2+0.9
Ppp elastic 5.0-1.73 x 10° 10.2 £ 0.7 52.7+1.8 —-1.16 £ 0.05 0.125 £+ 0.014 —1.28 £0.20
pn total 1.1-280 — 133.6 £ 4.6 —0.70 £ 0.03 —-1.22+0.13 13.7+0.7
pn elastic 1.1-5.55 36.5+1.5 — — — —-11.9+1.8
pd total 2.0-280 112+ 13 125+ 8 —1.08 £0.15 1.14 £0.49 —-12.4+49
Ap total 0.6-21 30.4 2.7 — — — 16+1.0
Ap elastic 0.6-24 12.3+0.9 — — — —-24+0.5
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Hadronic total and elastic cross sections vs. laboratory beam momentum and total center-of-mass energy. Data courtesy A. Baldini, V. Flaminio,
W.G. Moorhead, and D.R.O. Morrison, CERN; and COMPAS Group, IHEP, Serpukhov, USSR. See Total Cross Sections for Reactions of High
Energy Particles, Landolt-Bornstein, New Series Vol. I/12 a and I/12 b, ed. H. Schopper (1988).
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Hadronic total and elastic cross sections vs. laboratory beam momentum and total center-of-mass energy. Data courtesy A. Baldini, V. Flaminio,
W.G. Moorhead, and D.R.O. Morrison, CERN; and COMPAS Group, IHEP, Serpukhov, USSR. See Total Cross Sections for Reactions of High
Energy Particles, Landolt-Bornstein, New Series Vol. I/12 a and I/12 b, ed. H. Schopper (1988).
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W.G. Moorhead, and D.R.O. Morrison, CERN; and COMPAS Group, IHEP, Serpukhov, USSR. See Total Cross Sections for Reactions of High
Energy Particles, Landolt-Bérnstein, New Series Vol. I/12 a and I/12 b, ed. H. Schopper (1988).
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PLOTS OF CROSS SECTIONS AND RELATED QUANTITIES (Cont’d)
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W.G. Moorhead, and D.R.O. Morrison, CERN; and COMPAS Group, IHEP, Serpukhov, USSR. See Total Cross Sections for Reactions of High
Energy Particles, Landolt-Bornstein, New Series Vol. I/12 a and I/12 b, ed. H. Schopper (1988).
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PLOTS OF CROSS SECTIONS AND RELATED QUANTITIES (Cont’d)
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Energy Particles, Landolt-Bornstein, New Series Vol. I/12 a and 1/12 b, ed. H. Schopper (1988).
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PLOTS OF CROSS SECTIONS AND RELATED QUANTITIES (Cont’d)
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lllustrative Key to the Full Listings

Iv.1

Name of particle. “Old” name used
before 1986 renaming scheme also
given if different. See the section
“Naming Scheme for Hadrons” for de-
tails.

Quantity tabulated below.

Top line gives our best value (and er-
ror) of quantity tabulated here, based
on weighted average of measurements
used. Could also be from fit, best
limit, estimate, or other evaluation.
See next page for details.

Footnote number linking measure-
ment to text of footnote.

Number of events above background.

Measured value used in averages, fits,
limits, etc.

Error in measured value (often statis-
tical only; followed by systematic if
separately known; the two are com-
bined in quadrature for averaging and
fitting.)

Measured value not used in averages,
fits, limits, etc. See the Introductory
Text for explanations.

Top “data point” indicates average.
Width of error bar (and shaded pat-
tern below) is zerror on average,
scaled by “scale factor” S.

Value and error for each experiment.

Partial decay mode (labeled by I';).

Branching ratio.

Our best value (and error) of quantity
tabulated, as determined from con-
strained fit (using all significant mea-
sured branching ratios for this parti-
cle).

Weighted average of measurements of
this ratio only.

Footnote (referring to LYNCH 81).

Confidence level for measured upper
limit.

References, ordered inversely by year,
then author.

“Document id” used on data entries
above.

Journal, report, preprint, etc.
abbreviations on next page.)

(See

a0(1200)

OMITTED FROM SUMMARY TABLE

Evidence not com

IG(JPC) - 1~(0++)

pelling, may be a kinematic effect.\

ap(1200) MASS

COMMENT\

VALUE (MeV) EVTS DOCUMENT 1D TECN _ CHG
1206+ 7
1210+ 849 3000 FENNER 87| MMS — 357" p
1198+10 PIERCE 83 ASPK + 21K p
1216 +11+9 1500 I MERRILL 81 HBC o0 32K p
e o o We do not use the following data for averages, fits, limits, etc. o o o T
1192+16 200 LYNCH 81 2777 p

l Systematic error was added quadratically by us in our 1986 edition.

20(1200) WIDTH

VALUE (MeV, EVTS DOCUMENT ID TECN_ CHG COMMENT

41411 OUR AVERAGE Error includes scale factor of(1.8.| See the ideogram below.

+30
7075

Sj:

200

PIERCE 83 ASPK + 21K p
LYNCH 81 HBC + [27n pf—
MERRILL 81 HBC 0 32K p

L) We do not use the following data for averages, fits, limits, etc. o o o

<60

/

\\

WEIGHTED AVERAGE
41£11 (Error scaled by 1.8)

2

X
PIERCE 83 ASPK 13
- -LYNCH 81 HBC 2.1
MERRILL 81 HBC

6.8
(Clorvﬁdence Level = 0.033)

200

ap(1200) width (MeV)

0(1200) DECAY MODES

Scale factor/

Mode Fraction (I';/T) Confidence level
(65.2+1.3) % S=1.7
M, KK [(34.8+1.3)% S=1.7}—
rs nat < 49 x 10~4 CL=95%

ap(1200) BRANCHING RATIOS

I(37)/Teotal ryr

VALVE DOCUMENT ID TECN CHG COMMENT
—[0 6521+0.013 OUR FIT | Error includes scale factor of 1.7.

0.643+0.010 OUR AVERAGE

0.64 1+0.01 PIERCE 83 ASPK + 21K p

0.74 +0.06 MERRILL 81 HBC o0 32K p

e o o We do not use the following data for averages, fits, limits, etc. e o o

0.48 +0.15 2 LYNCH 81 HBC + 277 p

2Data has questionable background subtraction.

I(KK) [Total _

VALUE DOCUMENT ID TECN _ CHG COMMENT

0.348:£0.013 OUR FIT Error includes scale factor of 1.7.

0.35 +0.05 PIERCE 83 ASPK + 21K p

r(KK)/r(3x) r2/T

VALUE DOCUMENT ID TECN  CHG COMMENT

0.535+0.030 OUR FIT Error includes scale factor of 1.7.

0.50 +0.03 MERRILL 81 HBC 0 32K p

I (7 (neutral decay) x%) /Ttota) 0.71r3/T

VALUE (units 10=% cL%. DOCUMENT ID TECN _ CHG COMMENT

<35 —{95] PIERCE 83 ASPK + 21K~ p

20(1200) REFERENCES
87 PRL 55 14 {(3-Watson, Willis, Zorn} (SLAC)

Particle quantum numbers (where
known).

Indicates particle omitted from Par-
ticle Properties Summary Table, im-
plying particle’s existence is not con-
firmed.

General comments on particle.

“Document id” for this result; full ref-
erence given below.

Measurement technique. (See abbre-
viations on next page.)

Scale factor > 1 indicates possibly in-
consistent data.
Reaction producing particle, or gen-
eral comments.

“Change bar” indicates result added
or changed since previous edition.

Charge(s) of particle(s) detected.

Ideogram to display possibly inconsis-
tent data. Curve is sum of Gaus-
sians, one for each experiment (area
of Gaussian = 1/error; width of Gaus-
sian = +error). See Introductory Text
for discussion.

Contribution of experiment to x2 (if
no entry present, experiment not used
in calculating x“ or scale factor be-
cause of very large error).

Our best value for branching fraction
as determined from data averaging,
fitting, evaluating, limit selection, etc.
This list is basically a compact sum-
mary of results in the Branching Ratio
section below.

Branching ratio in terms of partial de-
cay mode(s) I'; above.

Partial list of author(s) in addition to
first author.

;FENRNC? 7] PRL S5 Quantum number determinations in
8 1238 230 (FNAL)[IIP}—
LYNC 81 PR D24 610 +Jones+ CLEO cwab this reference.
MERRILL PRL_47 143 +Armstrong, Harper, Rittenberg, Wagman SACL CERN Instltutlon(s) of author(s). (See ab-

breviations on next page.)
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Abbreviations Used in the Full Listings

Indicator of Procedure Used to Obtain Our Result

OUR AVERAGE

OUR FIT
rameter fit of selected data.

OUR EVALUATION Not from a direct measurement, but evaluated

from measurements of other quantities.
OUR ESTIMATE
from a formal statistical procedure.
OUR LIMIT

a direct measurement.

Measurement Techniques
(i.e., Detectors and Methods of Analysis)

ACCM ACCMOR Collaboration

AEMS Argonne effective mass spectrometer

ALEP ALEPH - CERN LEP detector

AMY  AMY detector at KEK-TRISTAN

ARG  ARGUS detector at DORIS

ASP Anomalous single-photon detector

ASPK Automatic spark chambers

ASTE ASTERIX detector at LEAR

ASTR  Astronomy

B845  BNL experiment 845 detector

BAKS Baksan underground scintillation telescope
BC Bubble chamber

BDMP Beam dump

BEBC Big European bubble chamber at CERN
BIS2 BIS-2 spectrometer at Serpukhov

BONA Bonanza nonmagnetic detector at DORIS
BPWA Barrelet-zero partial-wave analysis

CALO Calorimeter

CBAL Crystal Ball detector at SLAC-SPEAR or DORIS
CBAR Crystal Barrel detector at CERN-LEAR
CBOX Crystal Box at LAMPF

cC Cloud chamber

CCD  Charge-coupled device

CDF Collider detector at Fermilab

CDHS CDHS neutrino detector at CERN

CELL CELLO detector at DESY

CHM2 CHARM-II neutrino detector (glass) at CERN
CHRM CHARM neutrino detector (marble) at CERN
CIBS CERN-IHEP boson spectrometer

CLE2 CLEO II detector at CESR.

CLEO Cornell magnetic detector at CESR

CMD  Cryogenic magnetic detector at VEPP-2M, Novosibirsk
CNTR Counters

COSM Cosmology and astrophysics

CSB2  Columbia U. - Stony Brook BGO calorimeter inserted in Nal

array

CUSB Columbia U. - Stony Brook segmented Nal detector at CESR

DASP DESY double-arm spectrometer

DBC  Deuterium bubble chamber

DLCO DELCO detector at SLAC-SPEAR or SLAC-PEP
DLPH DELPHI detector at LEP

DM1 Magnetic detector no. 1 at Orsay DCI collider
DM2 Magnetic detector no. 2 at Orsay DCI collider
DPWA Energy-dependent partial-wave analysis

DUD  Deep Underground Detector (IMB)

EHS Four-pi detector at CERN

ELEC Electronic combination

EMC  European muon collaboration detector at CERN
EMUL Emulsions

F731 FNAL E-731 Spectrometer-Calorimeter

FBC Freon bubble chamber

FIT Fit to previously existing data

FMPS Fermilab Multiparticle Spectrometer

FRAB ADONE BB group detector

FRAG ADONE ~~ group detector

FRAM ADONE MEA group detector

FREJ FREJUS Collaboration - modular flash chamber detector

(calorimeter)
GAM2 IHEP hodoscope Cerenkov v calorimeter GAMS-2000
GAM4 CERN hodoscope Cerenkov ~ calorimeter GAMS-4000
GGM CERN Gargamelle bubble chamber
GOLI CERN Goliath spectrometer
HBC Hydrogen bubble chamber

From a weighted average of selected data.
From a constrained or overdetermined multipa-

Based on the observed range of the data. Not

For special cases where the limit is evaluated by
us from measured ratios or other data. Not from

HDBC
HEBC
HEPT
HLBC
HOME
HPW
HRS
HYBR
IMB
IMB3
INDU
IPWA
JADE
KAM2
KAMI
KOLR
L3
LASS
LEBC
LENA
MAC
MBR
MD1
MDRP
MICA
MLEV
MMS
MPS
MPS2
MPSF
MPWA
MRK1
MRK2
MRK3
MRKJ
MRS
NA31
ND
NEUL
NICE
NMR
NUSX
OBLX
OLYA
OMEG
OPAL
OSPK
PBC
PLAS
PLUT
PWA
REDE
RVUE
SAGE
SFM
SHF
SIGM
SILI
SOUD
SPEC
SPRK
STRC
TASS
THEO
THY
TOF
TOPZ
TPC
TPS
TRAP
UA1l
UA2
UAS5
VES
VNS
WIRE
XEBC

Hydrogen and deuterium bubble chambers
Helium bubble chamber

Helium proportional tubes

Heavy-liquid bubble chamber

Homestake underground scintillation detector
Harvard-Pennsylvania-Wisconsin detector

SLAC high-resolution spectrometer

Hybrid: bubble chamber + electronics
Irvine-Michigan-Brookhaven underground Cherenkov detector
Irvine-Michigan-Brookhaven underground Cherenkov detector
Magnetic induction

Energy-independent partial-wave analysis

JADE detector at DESY

KAMIOKANDE-II underground Cherenkov detector
KAMIOKANDE underground Cherenkov detector
Kolar Gold Field underground detector

L3 detector at LEP

Large-angle superconducting solenoid spectrometer at SLAC
Little European bubble chamber at CERN
Nonmagnetic lead-glass Nal detector at DORIS
MAC detector at PEP/SLAC

Molecular beam resonance technique

Magnetic detector at VEEP-4, Novosibirsk
Millikan drop measurement

Underground mica deposits

Magnetic levitation

Missing mass spectrometer

Multiparticle spectrometer at BNL

Multiparticle spectrometer upgrade at BNL
Multiparticle spectrometer at Fermilab
Model-dependent partial-wave analysis

SLAC Mark-I detector

SLAC Mark-II detector

SLAC Mark-IIT detector

Mark-J detector at DESY

Magnetic resonance spectrometer

CERN NA31 Spectrometer-Calorimeter

Nal detector at VEPP-2M, Novosibirsk

Neuland large-angle neutrino spectrometer
Serpukhov nonmagnetic precision spectrometer
Nuclear magnetic resonance

Mont Blanc NUSEX underground detector
OBELIX detector at LEAR

Detector at VEPP-2M and VEPP-4, Novosibirsk
CERN OMEGA spectrometer

OPAL detector at LEP

Optical spark chamber

Propane bubble chamber

Plastic detector

DESY PLUTO detector

Partial-wave analysis

Resonance depolarization

Review of previous data

US - Russian Gallium Experiment

CERN split-field magnet

SLAC Hybrid Facility Photon Collaboration
Serpukhov CERN-IHEP magnetic spectrometer (SIGMA)
Silicon detector

Soudan underground detector

Spectrometer

Spark chamber

Streamer chamber

DESY TASSO detector

Theoretical or heavily model-dependent result
Theory

Time-of-flight

TOPAZ detector at KEK-TRISTAN

TPC detector at PEP/SLAC

Tagged photon spectrometer at Fermilab
Penning trap

UA1 detector at CERN

UA2 detector at CERN

UAS5 detector at CERN

Vertex Spectrometer Facility at 70 GeV THEP accelerator
VENUS detector at KEK-TRISTAN

Wire chamber

Xenon bubble chamber



Abbreviations Used in the Full Listings (Cont’d)

Iv3

Conferences

Conferences are generally referred to by the location at which they were
held (e.g., HAMBURG, TORONTO, CORNELL, BRIGHTON, etc.).

Journals

AA Astronomy and Astrophysics

ADVP Advances in Physics

AFIS  Anales de Fisica

ANP Annals of Physics

ANYAS Annals New York Academy of Science

AP Atomic Physics

APAH Acta Phys. Acad. Hungarica

APJ Astrophysical Journal

APP Acta Physica Polonica

ARNPS Annual Review of Nuclear and Particle Science
ARNS Annual Review of Nuclear Science

BAPS Bulletin of the American Physical Society
BASUP Bulletin of the Academy of Science, USSR (Physics)

cJp Canadian Journal of Physics

CNPP Comments on Nuclear and Particle Physics
CZJP  Czechoslovak Journal of Physics

DANS Doklady Akademii nauk SSSR

EPL Europhysics Letters

IJMP  Int. Journal of Modern Physics

JAP Journal of Applied Physics

JETP English Translation of Soviet Physics ZETF

JETPL English Translation of Soviet Physics ZETF Letters
JINR  Joint Inst. for Nuclear Research

JP Journal of Physics (A,B,G)

JPCRD Journal of Physical and Chemical Reference Data
JPSJ  Journal of the Physical Society of Japan

LNC Letters to Nuovo Cimento

MNRA Monthly Notices of the Royal Astronomical Society

MPL  Modern Physics Letters

NAT Nature

NC Nuovo Cimento

NIM Nuclear Instruments and Methods

NP Nuclear Physics

NPBPS Nuclear Physics B Proceedings Supplement
PDAT Physik Daten

PL Physics Letters

PN Particles and Nuclei

PPSL  Proc. of the Physical Society of London
PR Physical Review

PRAM Pramana

PRL Physical Review Letters

PRPL Physics Reports (Physics Letters C)
PRSE Proc. of the Royal Society of Edinburgh
PRSL  Proc. of the Royal Society of London

PS Physica Scripta
PTP Progress of Theoretical Physics
RA Radiochimica Acta

RMP  Reviews of Modern Physics
RNC  La Rivista del Nuovo Cimento
RPP Reports on Progress in Physics
RRP  Revue Romaine de Physique

SCI Science

SINP  Soviet Journal of Nuclear Physics
SPD Soviet Physics Doklady (Magazine)
SPU Soviet Physics - Uspekhi

YAF Yadernaya Fisika

ZETF Zhurnal Eksp. i Teor. Fiziki

ZETFP Zhurnal Eksp. i Teor. Fiziki, Pis’'ma v Redakts

ZNAT  Zeitschrift fur Naturforschung

ZPHY  Zeitschrift fur Physik

Institutions

AACH Technische Univ. Aachen Aachen, Germany

AARH Univ. of Aarhus Aarhus, Denmark

ABO  Abo Akademi Abo, Finland

ADEL Adelphi Univ. Garden City, NY, USA

ADLD Adelaide Univ. Adelaide, Australia

AERE Atomic Energy Research Es- Harwell, Berks., England
tab.

AFRR Armed Forces Radiobiology Bethesda, MD, USA

Research Inst.

AICH
AIKH

AKIT
ALAH

ALBA

ALBE
AMHT
AMST
ANIK
ANKA
ANL
ANSM
ARIZ
ARZS
ASCI
AST
ATEN

ATHU
AUCK
BAKU

BARC
BARI
BART
BASL
BAYR
BCEN
BCIP
BEIJ
BELG

BELL
BERG
BERL
BERN
BGNA
BGUN

BHAB

BHEP
BIEL
BING

BIRM
BLSU
BNL
BOCH
BOHR
BOIS
BOMB
BONN
BORD
BOST
BRAN
BRAT
BRCO
BRIS

BROW
BRTD
BRUN
BRUX
BUCH
BUDA

BUFF
BURE
CAEN

CAGL
CAIR

Aichi Univ. of Education
Nationaal Inst voor Kernfys-
ica en Hoge-Energiefysica
Akita Univ.

Univ. of Alabama at
Huntsville

State Univ. of New York at
Albany

Alberta Univ.

Ambherst College

Univ. of Amsterdam
Amsterdam NIKHEF
Middle East Technical Univ.
Argonne National Lab.

St. Anselm College

Univ. of Arizona

Arizona State Univ.

USSR Academy of Sciences
Academia Sinica

Nuclear Research Centre
Demokritos

Univ. of Athens

Univ. of Auckland

Phys. Inst., Azerbaijanian
Acad. Sci.

Univ. de Barcelona

Univ. di Bari

Bartol Research Foundation
Univ. of Basel

Univ. Bayreuth

CEN, Bordeaux-Gradignan
Central Inst. of Physics
Beijing Univ.

Inst. Interuniv. des Sciences
Nucleaires

Bell Labs.

Univ. of Bergen

Inst. Hochenergiephys. DAW
Univ. Bern

Univ. di Bologna

Ben Gurion Univ. of the
Negev

Bhabha Atomic Research Cen-
ter

Inst. of High Energy Physics
Univ. Bielefeld

State Univ. of New York at
Binghamton

Birmingham Univ.
Bloomsburg State Univ.
Brookhaven National Lab.
Ruhr-Universitat Bochum
Niels Bohr Inst.

Boise State Univ.

Univ. of Bombay

Univ. Bonn

Univ. de Bordeaux

Boston Univ.

Brandeis Univ.

Univ. of Bratislava

Univ. of British Columbia
H. H. Wills Physics Lab.,
Univ. of Bristol

Brown Univ.

Bartol Research Foundation
Brunel Univ.

Univ. Libre de Bruxelles
Bucharest State Univ.
Central Research Inst. of
Physics

State Univ. of New York at
Buffalo

Inst. des Hautes Etudes Scien-
tifiques

Lab. de Physique Corpuscu-
laire

Cagliari Univ.

Cairo University

Kariya, Aichi Pref., Japan
Amsterdam, Netherlands

Akita, Japan
Huntsville, AL, USA

Albany, NY, USA

Edmonton, AB, Canada
Ambherst, MA, USA
Amsterdam, Netherlands
Amsterdam, Netherlands
Ankara, Turkey
Argonne, IL, USA
Manchester, NH, USA
Tucson, AZ, USA
Tempe, AZ, USA
Moscow, Russia (USSR)
Taipei, Taiwan

Athens, Greece

Athens, Greece
Auckland, New Zealand
Baku, Azerbaijan (USSR)

Barcelona, Spain
Bari, Italy
Swarthmore, PA, USA
Basel, Switzerland
Bayreuth, Germany
Bordeaux, France
Bucharest, Romania
Beijing, China
Bruxelles, Belgium

Murray Hill, NJ, USA
Bergen, Norway
Berlin-Zeuthen, Germany
Bern, Switzerland
Bologna, Italy

Beer Sheva, Israel

Bombay, India

Beijing, China
Bielefeld, Germany
Binghamton, NY, USA

Birmingham, England
Bloomsburg, PA, USA
Upton, L.I.,, NY, USA
Bochum, Germany
Copenhagen, Denmark
Boise, ID, USA
Bombay, India

Bonn, Germany
Bordeaux, France
Boston, MA, USA
Waltham, MA, USA
Bratislava, Czechoslovakia
Vancouver, BC, Canada
Bristol, England

Providence, RI, USA

Newark, DE, USA

Uxbridge, Middlesex, England
Bruxelles, Belgium
Bucharest, Romania
Budapest, Hungary

Buffalo, NY, USA
Bures-sur-Yvette, France
Caen, France

Cagliari, Italy
Cairo, Egypt
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Abbreviations Used in the Full Listings (Cont’d)

CAIW
CAMB
CAMP

CANB
CAPI

CARA
CARL
CASE
CAST

CATA
CATH
CAVE

CBER
CBNM

CCAC

CDEF
CEA

CENG
CERN

CHIB
CHIC
CINC
CINV

CIT
CLER
CLEV
CMNS
CMU
CNRC

COLO
COLU
CORN
COSU
CRAC
CRNL
CSNZ
CSOK
CUNY
CURI
cuT
DALH
DARE

DARM
DELA
DELH
DESY

DOE
DORT
DUKE
DURH
DUUC
EDIN
EFI

ELMT
ENSP
EOTV
EPOL
ERLA
ETH

FERR

FIRZ
FISK

Carnegie Inst. of Washington
Cambridge Univ.

Inst. de Fisica, Univ. Estadual
de Campinas

Australian National Univ.
Societe Generale Direction des
Marches de capitaux

Univ. Central de Venezuela
Carleton Univ.

Case Western Reserve Univ.
China Center of Advanced
Science and Technology
Univ. of Catania

Catholic Univ. of America
Cavendish Lab., Cambridge
Univ.

Univ. Claude Bernard

Joint Research Center, Cen-
tral Bureau for Nuclear Mea-
surements

Community College of Al-
legheny County

College de France

Cambridge Electron Accelera-
tor

CEN, Grenoble

European Organization for
Nuclear Research

Chiba Univ.

Univ. of Chicago

Univ. of Cincinnati

Centro de Investigacio y de
Estudios Avanzados del IPN
Calif. Inst. of Technology
Univ. de Clermont-Ferrand
Cleveland State Univ.
Comenius Univ.
Carnegie-Mellon Univ.
National Research Council of
Canada

Univ. of Colorado

Columbia Univ.

Cornell Univ.

Colorado State Univ.

Inst. for Nuclear Research
Chalk River National Labs
Dipt. di Fisica dell’Universita
Central State Univ.

City Univ. of New York
Laboratoire Joliot-Curie
Chalmers Univ. of Technology
Dalhausie Univ.

Daresbury Nuclear Physics
Lab.

Inst. fur Kernphsik

Univ. of Delaware

Univ. of Delhi

Deutsches Elektronen-
Synchrotron

U.S. Department of Energy
Univ. Dortmund

Duke Univ.

Univ. of Durham

University College

Univ. of Edinburgh

Enrico Fermi Inst. for Nuclear
Studies

Elmhurst College

Ecole Normale Superieure
Eotvos Univ.

Ecole Polytechnique

Univ. Erlangen-Nurnberg
Swiss Federal Inst. of Technol-
ogy

Dipartimento di Fisica
dell’Universita’

Univ. di Firenze

Fisk Univ.

Washington, DC, USA
Cambridge, England
Sao Paulo, Brazil

Canberra, Australia
Paris, France

Caracas, Venezuela
Ottawa, ON, Canada
Cleveland, OH, USA
Beijing, China

Catania, Italy
Washington, DC, USA
Cambridge, England

Lyon, France
Greel, Belgium

Pittsburgh, PA, USA

Paris, France
Cambridge, MA, USA

Grenoble, France
Geneva, Switzerland

Chiba, Japan
Chicago, IL, USA
Cincinnati, OH, USA
Mexico, Mexico

Pasadena, CA, USA
Clermont-Ferrand, France
Cleveland, OH, USA
Bratislava, Czechoslovakia
Pittsburgh, PA, USA
Ottawa, ON, Canada

Boulder, CO, USA
New York, NY, USA
Ithaca, NY, USA

Fort Collins, CO, USA
Cracow, Poland

Chalk River, ON, Canada
Cosenza, Italy
Edmond, OK, USA
New York, NY, USA
Paris, France
Goteborg, Sweden
Halifax, NS, Canada
Daresbury, England

Darmstadt, Germany
Newark, DE, USA
Delhi, India
Hamburg, Germany

Washington, DC, USA
Dortmund, Germany
Durham, NC, USA
Durham, England
Dublin, Ireland
Edinburgh, Scotland
Chicago, IL, USA

Elmhurst, IL, USA
Paris, France
Budapest, Hungary
Palaiseau, France
Erlangen, Germany
Zurich, Switzerland

Ferrara, Italy

Firenze, Italy
Nashville, TN, USA

FLOR
FNAL

FOM

FRAN
FRAS
FREI
FRIB
FSU
FUKI
FUKU
GENO
GEOR
GESC

GEVA
GIFU
GLAS
GMAS
GOET
GOML
GRAZ
GRON
GSCO
GSI

GUEL
GWU
GYEO
HAIF

HAMB
HANN
HARC

HARV
HAWA
HEBR
HEID
HELS
HIRO
HITJ

HOUS
HPC
HSCA

IAS
IASD
IBAR
IBCT
IBM

IBMY
IBS

ICRR
ICTP

IFIC

IFRJ
T
ILL
ILLC
ILLG
IND
INEL

INFN

INNS
INRM
INRU

Univ. of Florida

Fermi National Accelerator
Lab.

Foundation for Fundamental
Research on Matter

Univ. of Frankfort

Lab. Nazionali del C.N.E.N.
Univ. of Freiburg

Univ. of Fribourg

Florida State Univ.

Fukui Univ.

Fukushima Univ.

Univ. di Genova

Georgian Academy of Sciences
General Electric Research and
Development Center

Univ. de Geneve

Gifu Univ.

Univ. of Glasgow

George Mason Univ.
Goettingen Univ.

Gomel State Univ.

Univ. Graz

Univ. van Groningen
Geological Survey of Canada
Gesellschaft fur Schwerionen-
forschung

Guelph Univ.

George Washington Univ.
Gyeongsang National Univ.
Technion — Israel Inst. of
Technology

Univ. Hamburg

Hannover Tech. Univ.
Houston Advanced Research
Center

Harvard Univ.

Univ. of Hawaii

Hebrew Univ.

Univ. Heidelberg

Helsingin Yliopisto
Hiroshima Univ.

Hiroshima Shudo Univ. Inst.
of Tech.

Univ. of Houston
Hewlett-Packard Corp.
Harvard-Smithsonian Inst. for
Astrophysics

Inst. for Advanced Study
Inst. of Advanced Studies
Ibaraki Univ., Mito

Ibaraki College of Technology
International Business Ma-
chines

IBM Watson Res. Center
Inst. for Boson Studies,
Pasadena

Inst. for Cosmic Ray Research
International Center for Theo-
retical Physics

Instituto de Fisica Corpuscu-
lar

Inst. de Fisica, Rio de Janeiro
Illinois Inst. of Technology
Univ. of Illinois

Univ. of Illinois at Chicago
Inst. Laue-Langevin

Indiana Univ.

Idaho National Engineering
Lab.

Ist. Nazionale di Fisica Nu-
clear

Phys. Inst., Univ. Innsbruck
Inst. for Nuclear Research
Inst. of Nuclear Research,
Academy of Science of the
Ukrainian SSR

Gainsville, FL, USA
Batavia, IL, USA

Utrecht, Netherlands

Frankfort, Germany
Frascati, Italy
Freiburg, Germany
Fribourg, Switzerland
Tallahassee, FL, USA
Fukui, Japan
Fukushima, Japan
Genova, Italy

Thilisi, Georgia (USSR)
Schenectady, NY, USA

Geneva, Switzerland

Gifu, Japan

Glasgow, Scotland

Fairfax, VA, USA
Goettingen, Germany
Gomel, Byelorussia (USSR)
Graz, Austria

Groningen, Netherlands
Ottawa, ON, Canada
Darmstadt, Germany

Guelph, ON, Canada
Washington, DC, USA
Jinju, Korea

Haifa, Israel

Hamburg, Germany
Hannover, Germany
The Woodlands, TX, USA

Cambridge, MA, USA
Honolulu, HI, USA
Jerusalem, Israel
Heidelberg, Germany
Helsinki, Finland
Hiroshima, Japan
Hiroshima, Japan

Houston, TX, USA
Cupertino, CA, USA
Cambridge, MA, USA

Princeton, NJ, USA
Dublin, Ireland
Ibaraki-ken, Japan
Ibaraki, Japan

Palo Alto, CA, USA

Yorktown Heights, NY, USA
Pasadena, CA, USA

Tokyo, Japan
Trieste, Italy

Valencia, Spain

Rio de Janeiro, Brazil
Chicago, IL, USA
Urbana, IL, USA
Chicago, IL, USA
Grenoble, France
Bloomington, IN, USA
Idaho Falls, ID, USA

Ttaly

Innsbruck, Austria
Moscow, Russia (USSR)
Uzhgorod, Ukraine (USSR)
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INUS

IOFF

IOWA
IPCR

IPN

IPNP
IRAD
ISNG

ISU
ITEP

ITHA
ITPU
IUPU

JADA
JAGL
JHU
JINR

JULI
KAGO
KANS
KARL
KAZA
KEK

KENT

KEYN
KHAR

KIAE

KIAM
KIEV
KINK
KNTY
KOBE
KOSI

KYOT
LALO
LANC
LANL

LAPP
LASL

LAUS
LAVL
LBL

LCGT

LEBD
LECE
LEED
LEHI
LEHM
LEID
LEMO
LENI

LIBH
LINZ

LISB
LIVP
LLL
LLNL

LOCK

Inst. for Nuclear Study at
Tokyo Univ.

Toffe Inst. of Physics and
Technology

Univ. of Iowa

Inst. of Physical and Chemical
Research

Inst. de Physique Nucleaire
Inst. de Physique Nucleaire
Inst. du Radium

Inst. des Sciences Nucleaires,
Univ. de Grenoble

Iowa State Univ.

Inst. for Theoretical and Ex-
perimental Physics

Ithaca College

Inst. for Theoretical Physics
Indiana Univ. — Purdue
Univ. at Indianapolis
Jadavpur Univ.

Jagellonian Univ.

Johns Hopkins Univ.

Joint Inst. for Nuclear Re-
search
Kernforschungsanlage, Julich
Kagoshima Univ.

Univ. of Kansas

Univ. Karlsruhe

Kazakh Academy of Science
National Lab for High Energy
Physics, Japan

Kent Univ. at Cantebury,
Kent

Open Univ.

Phys.-Tech. Inst., Acad. Sci.,
Ukr.,

Kurchatov Inst. of Atomic
Energy

Keldysk Inst. of Applied Math
Physical-Technical Inst.
Kinki Univ.

Univ. of Kentucky

Kobe Univ.

Inst. of Exp. Phys., Slovak
Acad. Sci.

Kyoto Univ.

Linear Accelerator Lab, Orsay
Lancaster Univ.

U.C. Los Alamos National
Lab.

Lab. d’Annecy de Physique
des Particules

U.C. Los Alamos Scientific
Lab.

Univ. of Lausanne

Laval Univ.

U.C. Lawrence Berkeley Lab.
Lab. di Cosmo-Geofisica del
CNR

Lebedev Physics Inst.
Universita di Lecce

Univ. of Leeds

Lehigh Univ.

Herbert H. Lehman College
Inst. Lorentz

Le Moyne College

Inst. of Nuclear Physics,
USSR Acad. Sci.

Lab. Interuniv. Belge Hautes
Energies

Linz Inst. fur Physik, Kepler
Hoch.

Univ. de Lisboa

Liverpool Univ.

Lawrence Livermore Lab.
Lawrence Livermore National
Lab.

Lockheed Research Lab

Tokyo, Japan
St. Petersburg, Russia (USSR)

Iowa City, IA, USA
Saitama-ken, Japan

Orsay, France
Paris, France
Paris, France
Grenoble, France

Ames, IA, USA
Moscow, Russia (USSR)

Ithaca, NY, USA
Utrecht, Netherlands
Indianapolis, IN, USA

Calcutta, India
Cracow, Poland
Baltimore, MD, USA
Dubna, Russia (USSR)

Julich, Germany

Kagoshima, Japan

Lawrence, KS, USA
Karlsruhe, Germany
Alma-Ata, Kazakhstan (USSR)
Tsukuba-gun, Japan

Cantebury, England

Milton Keynes, England
Kharkov, Ukraine (USSR)

Moscow, Russia (USSR)

Moscow, Russia (USSR)
Kiev, Ukraine (USSR)
Osaka, Japan
Lexington, KY, USA
Kobe, Japan

Kosice, Czechoslovakia

Kyoto, Japan

Orsay, France
Lancaster, England
Los Alamos, NM, USA

Annecy, France
Los Alamos, NM, USA

Lausanne, Switzerland
Quebec, PQ, Canada
Berkeley, CA, USA
Torino, Italy

Moscow, Russia (USSR)
Lecce, Italy

Leeds, England

Bethlehem, PA, USA

Bronx, NY, USA

Leiden, Netherlands

Syracuse, NY, USA

St. Petersburg, Russia (USSR)

Bruxelles, Belgium
Linz, Austria

Lisboa, Codex, Portugal
Liverpool, England
Livermore, CA, USA
Livermore, CA, USA

Palo Alto, CA, USA

LOIC

LOQM
LOUC
LOWC
LPNP

LPTP

LRL
LSU
LUND
LVLN
LYON
MADE

MADR
MADU
MANI
MANZ
MARS

MASA
MASB
MCGI
MCHS
MCMS
MEIS
MELB
MHCO
MICH
MILA
MINN
MISS
MIT

MIU
MIYA
MNSK
MONP
MONS
MONT
MOSU
MPCM
MPEI
MPHY
MPIH

MPIM

MSU
MTHO
MULH
MUNI
MUNT
MURA

NAAS

NAGO
NAPL
NASA

NBS
NBSB
NCAR

NDAM
NEAS
NEUC
NIHO

NIIG
NIJM
NIRS

Imperial College of Science
and Technology

Queen Mary College
University College

Westfield College

Lab. de Physique Nucleaire et
Hautes Energies

Lab. de Physique Theor. et
Hautes Energies

U.C. Lawrence Berkeley Lab.
Louisiana State Univ.

Univ. of Lund

Univ. Catholique de Louvain
Univ. de Lyon

Inst. de Estructura de la Ma-
teria

CILEM.A.T.

Univ. Autonome de Madrid
Univ. of Manitoba

Univ. Mainz

Centre National de la
Recherche Scientifique

Univ. of Massachusetts

Univ. of Massachusetts
McGill Univ.

Univ. Manchester

McMaster Univ.

Meisei Univ.

Univ. of Melbourne

Mount Holyoke College
Univ. of Michigan

Univ. di Milano

Univ. of Minnesota

Univ. of Mississippi
Massachusetts Inst. of Tech-
nology

Maharishi International Univ.
Miyazaki University

Acad. Sci. Byelorussian SSR
Univ. de Montpellier

Univ. de I’Etat, Mons

Univ. de Montreal

Moscow State Univ.

Max Planck Inst. fur Chemie
Moscow Phys. Eng. Inst.
Max Planck Inst. fur Physics
Max Planck Inst. fur Kern-
physik

Max Planck Inst. fur Physik-
Astrophysik

Michigan State Univ.

Mt. Holyoke College

Centre Univ. du Haut-Rhin
Univ. of Munich

Tech. Univ. Munchen
Midwestern Univ. Research
Assoc.

North American Aviation
Science Center

Nagoya Univ.

Univ. di Napoli

NASA, Goddard Space Flight
Center

U.S. National Bureau of Stan-
dards

U.S. National Bureau of Stan-
dards

National Center for Atmo-
spheric Research

Univ. of Notre Dame
Northeastern Univ.

Univ. de Neuchatel

College of Industrial Technol-
ogy, Nihon Univ.

Univ. of Niigata

R. K. Univ. Nijmegen
National Inst. of Radiological
Sciences

London, England

London, England
London, England
London, England
Paris, France

Paris, France

Berkeley, CA, USA

Baton Rouge, LA, USA
Lund, Sweden
Louvain-La-Neuve, Belgium
Villeurbanne, France
Madrid, Spain

Madrid, Spain

Madrid, Spain
Winnipeg, MB, Canada
Mainz, Germany
Marseille, France

Ambherst, MA, USA
Boston, MA, USA
Montreal, PQ, Canada
Manchester, England
Hamilton, ON, Canada
Hino, Tokyo, Japan
Parkville, Australia
South Hadley, MA, USA
Ann Arbor, MI, USA
Milano, Italy
Minneapolis, MN, USA
University, MI, USA
Cambridge, MA, USA

Fairfield, IA, USA
Miyazaki, Japan

Minsk, Byelorussia (USSR)
Montpellier, France
Mons, Belgium
Montreal, PQ, Canada
Moscow, Russia (USSR)
Mainz, Germany
Moscow, Russia (USSR)
Mainz, Germany
Heidelberg, Germany

Munich, Germany

East Lansing, MI, USA
South Hadley, MA, USA
Mulhouse, France
Munich, Germany
Garching, Germany
Stroughton, WI, USA

Thousand Oaks, CA, USA

Nagoya, Japan
Napoli, Italy
Greenbelt, MD, USA

Gaithersburg, MD, USA
Boulder, CO, USA
Boulder, CO, USA

Notre Dame, IN, USA
Boston, MA, USA
Neuchatel, Switzerland
Chiba, Japan

Niigata, Japan
Nijmegen, Netherlands
Chiba, Japan
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NIST
NIU
NMSU
NORD

NOTT
NOVO
NPOL
NRL
NSF

NTUA
NWES
NYU
OBER
OHIO
OKAY
OKLA
OKSU
OREG
ORNL
ORSA
ORST
OSAK
OSKC
OSLO
OSU
OTTA
OXF
PADO
PARI

PARM
PASC
PATR
PAVI
PENN
PGIA
PHIL
PINP

PISA
PITT
PLAT

PLRM
PNL
PPA

PRAG
PRIN
PSI

PSLL
PSU
PUCB
PUEB

PURD
QUKI
RAL

REGE
REHO
RHBL

RHEL
RHLC
RICE
RISC

RISL
RISO
RL

RMCS

National Inst. Standards Tech
Northern Illinois Univ.

New Mexico State Univ.
Nordisk Inst. for Teor. Atom-
fysik

Nottingham Univ.

Inst. of Nuclear Physics
Northern Polytechnic

Naval Research Laboratory
U.S. National Science Founda-
tion

National Technical Univ.
Northwestern Univ.

New York Univ.

Oberlin College

Ohio Univ.

Okayama Univ.

Univ. of Oklahoma
Oklahoma State Univ.

Univ. of Oregon

Oak Ridge National Lab.
Univ. de Paris, Fac. des Sci.
Oregon State

Osaka Univ.

Osaka City Univ.

Oslo Univ.

Ohio State Univ.

Univ. of Ottawa

Oxford Univ.

Univ. di Padova

Univ. Paris (unspecified divi-
sion)

Univ. di Parma

Univ. Blaise Pascal

Univ. of Patras

Univ. di Pavia

Univ. of Pennsylvania

Univ. di Perugia

Philipps Univ.

Inst. of Nuclear Physics,
USSR Acad. Sci.

Univ. di Pisa

Univ. of Pittsburgh

State Univ. of New York at
Plattsburgh

Ist. di Fisica dell’Universita
Pacific Northwest Lab.
Princeton-Penn. Proton Accel-
erator

Inst. of Physics, CSAV
Princeton Univ.

Paul Scherrer Institute (was
SIN)

Physical Science Lab.
Pennsylvania State University
Pontificia Univ. Catolica
Universida AUtomata de
Puebla

Purdue Univ.

Queens Univ.

Rutherford Appleton Lab.
(formerly RL)

Univ. Regensburg

Weizmann Inst. of Science
Royal Holloway and Bedford
New College

Rutherford High Energy Lab.
Royal Holloway College
William Marsh Rice Univ.
Rockwell International Science
Center

Univ. Research Reactor
Research Estab. Riso
Rutherford Lab. (formerly
RHEL)

Royal Military College of Sci-

ence

Gaithersburg, MD, USA
DeKalb, IL, USA

Las Cruces, NM, USA
Copenhagen, Denmark

Nottingham, England
Novosibirsk, Russia (USSR)
London, England
Washington, DC, USA
Washington, DC, USA

Athens, Greece
Evanston, IL, USA
New York, NY, USA
Oberlin, OH, USA
Athens, OH, USA
Okayama, Japan
Norman, OK, USA
Stillwater, OK, USA
Eugene, OR, USA
Oak Ridge, TN, USA
Orsay, France
Corvalis, OR, USA
Osaka, Japan

Osaka, Japan

Oslo, Norway
Columbus, OH, USA
Ottawa, ON, Canada
Oxford, England
Padova, Italy

Paris, France

Parma, Italy

Aubiere, France

Patras, Greece

Pavia, Italy

Philadelphia, PA, USA
Perugia, Italy

Marburg, Germany

St. Petersburg, Russia (USSR)

Pisa, Italy
Pittsburgh, PA, USA
Plattsburgh, NY, USA

Palermo, Italy
Richland, WA, USA
Princeton, NJ, USA

Prague, Czechoslovakia
Princeton, NJ, USA
Villigen, Switzerland

Las Cruces, NM, USA
University Park, PA, USA
Rio de Janeiro, Brazil
Puebla, Mexico

Lafayette, IN, USA
Kingston, ON, Canada
Chilton, Did., Berks., England

Regensburg, Germany
Rehovoth, Israel
London, England

Chilton, Did., Berks., England
Englefield Green, England
Houston, TX, USA

Thousand Oaks, CA, USA

Risley, Warrington, UK

Roskilde, Denmark
Chilton, Did., Berks., England

Shrivenham, England

ROCH
ROCK
ROMA
ROSE
RPI
RUTG
SACL

SAGA
SANI

SATR
SAVO
SBER
SCOT

SCucC
SEAT
SEIB
SEOU
SERP
SETO
SFLA
SFRA
SFSU
SHEF
SHMP
SIEG
SIN

SLAC

SLOV
SMAS

SMCJ
SOFI
SOFU
SSCL

SSL

STAN
STEV
STLO
STOC
STOH
STON

STRB

STSI
STUT
SUGI

SURR
SUSS

SYDN
SYRA
TAJK

TAMU
TATA

TBIL
TELA
TELE
TEMP
TENN
TEXA
TEXD
TGAK
TGU
THES
TINP

TINT
TISA

Univ. of Rochester
Rockefeller Univ.

Univ. di Roma

Rose Polytechnic Inst.
Rensselaer Polytechnic Inst.
Rutgers Univ.

Centre d’Etudes Nucleaires
Saclay

Saga Univ.

Ist. Superiore di Sanita

Lab. National Saturne

Univ. Savoie

San Bernardino State College
Scottish Univ. Research and
REactor Center

Univ. of South Carolina
Seattle Pacific College
Research Center Seibersdorf
Korea Univ.

Inst. of High Energy Physics
Seton Hall Univ.

Univ. of South Florida
Simon Fraser U.

San Francisco State Univ.
Univ. of Sheffield

Univ. of Southampton
Gesamthochschule Siegen
Swiss Inst. of Nuclear Re-
search

Stanford Linear Accelerator
Center

Slovak Academy of Sciences
Southeastern Massachusetts
Univ.

Saitama College of Health
Bulgarian Acad. of Sci.
Sofia University
Superconducting Super Col-
lider Laboratory

Space Sciences Laboratory,
UCB

Stanford Univ.

Stevens Inst. of Technology
St. Louis Univ.

Research Institute of Physics
Stockholm Univ.

State Univ. of New York at
Stony Brook

Centre des Recherches Nucle-
aires

Space Telescope Science Inst.
Univ. Stuttgart

Sugiyama Jogaku-en Univer-
sity

Univ. of Surrey

Univ. of Sussex

Univ. of Sydney

Syracuse Univ.

Inst. of Physics and Engineer-
ing, Tadzhik Acad. of Sci.
Texas A and M Univ.

Tata Inst. of Fundamental
Research

Thilisi State Univ.

Univ. of Tel-Aviv
Teledyne-Brown Engineering
Temple Univ.

Univ. of Tennessee

Univ. of Texas

Univ. of Texas at Dallas
Tokyo Gakugei University
Tohoku Gakuin Univ.

Univ. of Thessaloniki

Acad. Sci., Inst. Nucl.
Physics, Tashkent

Tokyo Inst. of Technology
Inst. for Space and Astronau-
tical Sci.

Rochester, NY, USA
New York, NY, USA
Roma, Italy

Terre Haute, IN, USA
Troy, NY, USA

New Brunswick, NJ, USA
Gif-sur-Yvette, France

Saga, Japan

Roma, Italy

Gif-sur-Yvette, France
Chambery, France

San Bernardino, CA, USA
East Kilbride, Glasgow, UK

Columbia, SC, USA
Seattle, WA, USA
Vienna, Austria

Seoul, Korea

Serpukov, Russia (USSR)
South Orange, NJ, USA
Tampa, FL, USA
Burnaby, BC, Canada
San Francisco, CA, USA
Sheffield, England
Southampton, England
Huttental, Germany
Villigen, Switzerland

Stanford, CA, USA

Bratislava, Czechoslovakia
North Dartmouth, MA, USA

Saitama, Japan
Sofia, Bulgaria
Sofia, Bulgaria
Dallas, TX, USA

Berkeley, CA, USA

Stanford, CA, USA
Hoboken, NJ, USA

St. Louis, MO, USA
Stockholm, Sweden
Stockholm, Sweden

Stony Brook, L.I., NY, USA

Strasbourg, France

Baltimore, MD, USA
Stuttgart, Germany
Aichi, Japan

Guildford, Surrey, England
Falmer, Brighton, England
Sydney, Australia

Syracuse, NY, USA

Dushanbe, Tadzhikistan (USSR)

College Station, TX, USA
Bombay, India

Thilisi, Georgia (USSR)
Tel-Aviv, Israel
Huntsville, AL, USA
Philadelphia, PA, USA
Knoxville, TN, USA
Austin, TX, USA
Dallas, TX, USA
Tokyo, Japan

Miyagi, Japan
Thessaloniki, Greece
Ulugbek, Uzbekistan (USSR)

Tokyo, Japan
Tokyo, Japan
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TMSK
TMTC

T™U
TNIH

TNTO
TOHO
TOKU
TOKY
TORI
TPTI

TRIK
TRIN
TRIU

TRST
TSAP

TSKP

TSUK
TTAM
TUAT
TUFT
TUW
TWAS
UBEL
UCB
UCD
UcCI
UCLA
UCND

UCR
UCSB

UCSC
UCSD
UDCF
UMD
UNC
UNCC
UNCS
UNH
UNM
UOEH

UPNJ
UPPS
UPR

Nuclear Physics Inst., Tomsk
Polytech Inst.

Tokyo Metropolitan Technol-
ogy College

Tokyo Metropolitan Univ.
Atomic Energy Research Inst.
Nihon Univ.

Univ. of Toronto

Tohoku Univ.

Univ. of Tokushima

Univ. of Tokyo

Univ. di Torino

Acad. Sci., Physical-Tech.
Inst., Tashkent

Rikkyo Univ.

Trinity College

TRIUMF, Univ. of British
Columbia

Univ. di Trieste

Univ. of Tsukuba, Inst. of
Applied Phys.

Univ. of Tsukuba, Inst. of
Phys.

Univ. of Tsukuba
Tamagawa Univ.

Tokyo Unov. of Agric. Tech.
Tufts Univ.

Tech. Univ. Wien

Waseda Univ.

Univ. of Belgrade

Univ. of Calif. at Berkeley
Univ. of Calif. at Davis
Univ. of Calif. at Irvine
Univ. of Calif. at Los Angeles
Union Carbide Nuclear Divi-
sion

Univ. of Calif. at Riverside
Univ. of Calif. at Santa Bar-
bara

Univ. of Calif. at Santa Cruz
Univ. of Calif. at San Diego
Univ. de Clermont-Ferrand
Univ. of Maryland

Univ. of North Carolina
Univ. of North Carolina
Union College

Univ. of New Hampshire
Univ. of New Mexico

Univ. of Occupational and
Environmental Health
Upsala College

Gustaf Werner Inst.

Univ. of Puerto Rico

Tomsk, Russia (USSR)
Tokyo, Japan

Tokyo, Japan
Tokyo, Japan

Toronto, ON, Canada
Sendai, Japan

Tokushima, Japan

Tokyo, Japan

Torino, Italy

Tashkent, Uzbekistan (USSR)

Tokyo, Japan
Dublin, Ireland
Vancouver, BC, Canada

Trieste, Italy
Ibaraki-ken, Japan

Ibaraki-ken, Japan

Tsukuba, Japan
Tokyo, Japan

Tokyo, Japan
Medford, MA, USA
Wien, Austria

Tokyo, Japan
Belgrade, Serbia, Yugoslavia
Berkeley, CA, USA
Davis, CA, USA
Irvine, CA, USA

Los Angeles, CA, USA
Oak Ridge, TN, USA

Riverside, CA, USA
Santa Barbara, CA, USA

Santa Cruz, CA, USA
La Jolla, CA, USA
Aubiere, France

College Park, MD, USA
Greensboro, NC, USA
Chapel Hill, NC, USA
Schenectady, NY, USA
Durham, NH, USA
Albuquerque, NM, USA
Kitakyushu, Japan

East Orange, NJ, USA
Uppsala, Sweden
Piedras, Puerto Rico

URI
Usc
USCR
USF
USIE
USTL
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