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Abstract

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

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

551 new papers with 2158 new measurements.

108 reviews (most are revised or new).

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

CP violation

Bg mixing

Determination of Vi, and V,,;, CKM

elements

New b-hadron states

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

surements.

e New measurements of D;’ branching frac-

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

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

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

e New “Magnetic Monopoles” review on

searches.

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

- Fragmentation functions

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

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

i

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

tion.

e New review on “Particle Detectors for

Non-Accelerator Physics” covers

Atmospheric fluorescence and Cherenkov

detectors

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

niques

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

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

COLOR VERSIONS OF MANY FIGURES AVAILABLE AT END OF BOOK.
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INTRODUCTION

1. Overview

The Review of Particle Physics and the abbreviated
version, the Particle Physics Booklet, are reviews of the
field of Particle Physics. This complete Review includes a
compilation/evaluation of data on particle properties, called
the “Particle Listings.” These Listings include 2,158 new
measurements from 551 papers, in addition to the 27,337
measurements from 7,749 papers that first appeared in
previous editions [1].

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

The Review and the Booklet are published in even-
numbered years. This edition is an updating through
January 2010 (and, in some areas, well into 2010). As
described in the section “Using Particle Physics Databases”
following this introduction, the content of this Review is
available on the World-Wide Web, and is updated between
printed editions (http://pdg.1bl.gov/).

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

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

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

We organize the particles into six categories:

Gauge and Higgs bosons

Leptons

Quarks

Mesons

Baryons

Searches for monopoles, supersymmetry,

compositeness, extra dimensions, etc.

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

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

from the measurements.

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

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

or via the web at:

http://pdg.1bl.gov/pdgmail

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

From all other areas, see

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

request.html

or write to
CERN Scientific Information Service
CH-1211 Geneva 23, Switzerland
2. Particle Listings responsibilities
* Asterisk indicates the people to contact with questions or
comments about Particle Listings sections.
Gauge and Higgs bosons

0l C. Grab, D.E. Groom*
Gluons R.M. Barnett,” A.V. Manohar
Graviton D.E. Groom*
W, Z A. Gurtu,* M. Griinewald*
Higgs bosons K. Hikasa, G. Weiglein*
Heavy bosons M. Tanabashi, T. Watari*
Axions G. Raffelt*

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

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

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

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

Mesons
m™n J. Beringer,* C. Grab

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

K (stable) G. D’Ambrosio, C.-J. Lin*

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

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

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

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

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

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

K.A. Olive, L. Pape

Technicolor M. Tanabashi, J. Terning*
Compositeness M. Tanabashi, J. Terning*
Extra Dimensions T. Gherghetta®, C. Kolda
WIMPs and Other K. Hikasa,*

3. Consultants

The Particle Data Group benefits greatly from the
assistance of some 700 physicists who are asked to verify
every piece of data entered into this Review. Of special
value is the advice of the PDG Advisory Committee which
meets biennially and thoroughly reviews all aspects of our
operation. The members of the 2010 committee are:

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

P. Janot (CERN)

G. Perez (Stony Brook)

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

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

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

e R. Barlow (Manchester U.)

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

o S. Bethke (MPI, Munich)

o L.I. Bigi (Notre Dame University)

o M. Billing (Cornell University)

e T. Brooks (SLAC)

o T. Browder (University of Hawaii)

e O. Bruening (CERN)

e D. Bugg (Queen Mary, London)

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

e G.L. Cassiday (U. Utah)

e G. Cavoto (University of Rome, Italy)

e M. Chanowitz (LBNL)

e H.-C. Cheng (UC Davis)

e J. Coleman (SLAC)

e B. Dawson (U. Adelaide, Australia)

o P. de Jong (NIKHEF)

o F. Deliot (CEA, Sacley)

o L. Demortier (Rockefeller University)

e D. Denisov (FNAL)

e F'. Di Lodovico (University of Lodon)

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

e M. Fidecaro (CERN)

e W. Fischer (BNL)

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

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

o T. Geralis (INP, NCSR, Athens)

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

o A. Glazov (DESY)

e D. Glenzinski (FNAL)

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

o G. Gomez-Ceballos (MIT)

o . Harris (University of Hawaii)

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

e K. Inoue (Tohoku)

e G. Isidori (INFN, Frascati)

e R. Itoh (KEK)

e J. Jowett (CERN)

o R.W. Kadel (LBNL)

e J. Kadyk (LBNL)

e A. Kagan (University of Cincinnati)

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

e K. Kleinknecht (U. Mainz)

e J.R. Klein (U. Pennsylvania)

e B.A. Kniehl (University of Hamburg)

e T. Komatsubara (KEK)

e J. Konigsberg (University of Florida)

o . Krauss (University of Durham)

e A. Kronfeld (FNAL)

e S.-I. Kurokawa (KEK)

e H. Lacker (LAL-Orsay)

e E.B. Levichev (BINP, Novosibirsk)

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

e O. Long (UC Riverside)

e D. Lopes Pegna (Princeton)

e V. Luth (SLAC)

e G.R. Lynch (LBNL)

e L. Lyons (Oxford U.)

e M.L. Mangano (CERN)

e P. Massarotti (Naples U.&INFN)

e B. Meadows (U. of Cinncinnati)

¢ J.P. Miller (Boston University)

e S. Moch (DESY)

o P.J. Mohr (NIST)

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

o M. Neubert (Cornell University)

e D. Newell (INST, Gaithersburg)

e J. Nico (NIST)

e H.P. Nilles (Bonn University)

e H. O’Connell (FNAL)

e Y. Ohnishi (KEK, Japan)

e K. Oide (KEK, Japan)

e S. Olsen (University of Hawaii)

o M. Palutan (INFN, Frascati)

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

o T. Plehn (University of Edinburgh)

e P. Raimondi (INFN, Frascati)

e M. Ramsey-Musolf (Univ. Wisconsin)

e B.L. Roberts (Boston University)

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

e M. Ruspa (INFN-Torin)

e K. Sachs (Carleton Univ.)

e V.D. Samoylenko (IHEP, Serpukhov)

o M. Schmitt (Northwestern University)

e C. Schwanda (HEPHY, Vienna)

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

e J.T. Seeman (SLAC)

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

e Yu.M. Shatunov (BINP, Novosibirsk)

o T. Sloan (Lancaster Univ.)

e A.R. Smith (LBNL)

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

e A. Stocchi (Orsay, LAL)

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

e W.M. Sun (Cornell U.)

o T. Tait (ANL)

e B.N. Taylor (NIST)

o R. Tesarek (FNAL)

e J. Thaler (MIT)

e E. Thorndike (U. Rochester)

o K. Trabelsi (KEK)

e R. Van Kooten (Indiana University)

o G. Velev (Fermilab)

o L.-T. Wang (Princeton University)

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

e G. Wilkinson (Oxford)

o M. Wobisch (Louisiana Tech. University)

e D. Wood (Northeastern University)

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

e G. Zanderighi (University of Oxford)

e C. Zhang (IHEP, Beijing)

4. Naming scheme for hadrons

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

The scheme is described in
Hadrons” (p. 112) of this Review.

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

“Naming Scheme for

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

5. Procedures

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

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

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

e No error is given.

e [t involves assumptions we question.

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

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

e [t is not independent of other results.

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

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

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

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

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

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

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

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

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

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

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

An experimentalist who sees indications of a particle will
of course want to know what has been seen in that region
in the past. Hence we include in the Particle Listings all
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reported states that, in our opinion, have sufficient statistical
merit and that have not been disproved by more reliable
data. However, we promote to the Summary Tables only
those states that we feel are well established. This judgment
is, of course, somewhat subjective and no precise criteria can
be given. For more detailed discussions, see the minireviews
in the Particle Listings.

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

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

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

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

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

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

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

where

w; = 1/(6x)? .

Here z; and dx; are the value and error reported by the
ith experiment, and the sums run over the N experiments.
We then calculate x? = > w;(F — 2;) and compare it
with N — 1, which is the expectation value of x2 if the
measurements are from a Gaussian distribution.

If x2/(N — 1) is less than or equal to 1, and there are no
known problems with the data, we accept the results.

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

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

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

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

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

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

1/2

8o = 3N'2 o7,

where 6T is the unscaled error of the mean of all the
experiments. Our reasoning is that although the low-
precision experiments have little influence on the values =
and 07, they can make significant contributions to the x2,
and the contribution of the high-precision experiments thus
tends to be obscured. Note that if each experiment has the
same error dx;, then 0% is (5cci/N1/2, so each dx; is well
below the cutoff. (More often, however, we simply exclude
measurements with relatively large errors from averages and
fits: new, precise data chase out old, imprecise data.)

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

We emphasize that our scaling procedure for errors in
no way affects central values. And if you wish to recover the
unscaled error 0T, simply divide the quoted error by S.
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(b) If the number M of experiments with an error smaller
than &g is at least three, and if x2/(M — 1) is greater than
1.25, we show in the Particle Listings an ideogram of the
data. Figure 1 is an example. Sometimes one or two data
points lie apart from the main body; other times the data
split into two or more groups. We extract no numbers from
these ideograms; they are simply visual aids, which the
reader may use as he or she sees fit.

WEIGHTED AVERAGE
0.006 + 0.018 (Error scaled by 1.3)

2
X

- SMITH 75B WIRE 0.3
- NIEBERGALL 74 ASPK 1.3
FACKLER 73 OSPK 041
- HART 73 OSPK 0.3
- MALLARY 73 OSPK 4.4
BURGUN 72 HBC 0.2
GRAHAM 72 OSPK 0.4
MANN 72 HBC 3.3
- WEBBER 71 HBC 7.4
CHO 70 DBC 1.6
BENNETT 69 CNTR 11
LITTENBERG 69 OSPK 0.3
- JAMES 68 HBC 0.9
FELDMAN 67B OSPK 0.3
AUBERT 65 HLBC 0.1

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

(Confidence Level = 0.107)
J

-0.2 0 0.2 0.4 0.6

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

Each measurement in an ideogram is represented by
a Gaussian with a central value z;, error dx;, and area
proportional to 1/§z;. The choice of 1/dx; for the area is
somewhat arbitrary. With this choice, the center of gravity
of the ideogram corresponds to an average that uses weights
1/6x; rather than the (1/82;)? actually used in the averages.
This may be appropriate when some of the experiments
have seriously underestimated systematic errors. However,
since for this choice of area the height of the Gaussian for
each measurement is proportional to (1/5x;)?, the peak
position of the ideogram will often favor the high-precision
measurements at least as much as does the least-squares
average. See our 1986 edition [2] for a detailed discussion of
the use of ideograms.

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

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

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

Ny Ng - 2
2= ZZ <RT§TT;€RT> , (3)

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

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

Three comments on the example above:

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

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

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

' =12
52 — i % (R7’k - Rr) (4)
T N & (R~ R,)?)

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

(Rok = Rr)?) = (6Rw)?) — (0R)? | (5)

where 0 R, is the fitted error for ratio r.

The fit is redone using errors for the branching ratios
that are scaled by the larger of S, and unity, from which new
and often larger errors 5?; are obtained. The scale factors
we finally list in such cases are defined by S; = 6P, /6P;.
However, in line with our policy of not letting S affect the
central values, we give the values of P; obtained from the
original (unscaled) fit.
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There is one special case in which the errors that are
obtained by the preceding procedure may be changed. When
a fitted branching ratio (or rate) P; turns out to be less than
three standard deviations (6?; ) from zero, a new smaller
error ((5?1»”)_ is calculated on the low side by requiring
the area under the Gaussian between P; — (6 P, )~ and P;
to be 68.3% of the area between zero and P;. A similar
correction is made for branching fractions that are within
three standard deviations of one. This keeps the quoted
errors from overlapping the boundary of the physical region.

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

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

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

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

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

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

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

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

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

We conclude that the reliability of the combination of
experimental data and our averaging procedures is usually
good, but it is important to be aware that fluctuations
outside of the quoted errors can and do occur.
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1. Introduction

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

2. Particles and Properties Databases
Particle Data Group resources

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

http://pdg.1bl.gov

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

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

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

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

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

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

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

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

http://physics.nist.gov/

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

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

of full text papers in physics, mathematics, computer, statistics,
nonlinear sciences, quantitative finance and quantitative biology.
Papers are usually sent by their authors to arXiv in advance of
submission to a journal for publication. Primarily covers 1991

to the present but authors are encouraged to post older papers
retroactively. Permits searching by author, title, and keyword in
abstract. Allows limiting by subfield archive or by date:

http://arXiv.org

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

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

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

http://inspirebeta.net



Online particle physics information 19

More information about the project:

http://www.projecthepinspire.net/

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

http://cdsweb.cern.ch/

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

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

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

http://www.JACOW.org/

e KISS (KEK INFORMATION SERVICE SYSTEM) FOR
PREPRINTS: KEK Library preprint and technical report
database. Contains bibliographic records of preprints and technical
reports held in the KEK library with links to the full text images of
more than 100,000 papers scanned from their worldwide collection
of preprints. Particularly useful for older scanned preprints:

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

4. Conference Databases

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

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

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

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

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

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

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

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

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

6.

Research Institutions

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

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

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

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

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

People

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

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

Collaborations & Experiments

SPIRES EXPERIMENTS Database: Contains more than 2,400
past, present, and future experiments in elementary particle
physics. Lists both accelerator and non-accelerator experiments.
Includes official experiment name and number, location, spokesper-
sons, and collaboration lists. Simple searches by participant, title,
experiment number, institution, date approved, accelerator, or
detector, return a result that fully describes the experiment,
including a complete list of authors, title, description of the
experiment’s goals and methods, and a link to the experiment’s
Web page if available. Publication lists distinguish articles in
refereed journals, theses, technical or instrumentation papers, and
those which make the Topcite at 50+ subsequent citations or more:

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

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

CosmicRaySites.html
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9.

Jobs

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

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

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

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

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

Resources/Career _resources/page_3964.html

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

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

10. Software Repositories

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

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

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

http://www.freehep.org/

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

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

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

http://wuw.hepforge.org/

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

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

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

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

http://www.ppdg.net/

11. Particle Physics Education Sites

Particle Physics Education: General Sites:

CONTEMPORARY PHYSICS EDUCATION PROJECT (CPEP):
Provides charts, brochures, Web links, and classroom activities.
Online interactive courses include: Fundamental Particles and
Interactions; Plasma Physics and Fusion; and Nuclear Science:

http://wuw.cpepweb.org/

Particle Physics Education: Background Knowledge:

Particle Physics Education: Particle Physics Lessons & Activities:

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

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

BIG BANG SCIENCE-EXPLORING THE ORIGINS OF
MATTER: This Web site, produced by the Particle Physics
and Astronomy Research Council of the UK (PPARC), explains
what physicists are looking for with their giant instruments called
accelerators and particle detectors. Big Bang Science focuses
on CERN particle detectors and on United Kingdom scientists’
contribution to the search for the fundamental building blocks of
matter.

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

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

and the experiments conducted at SLAC, including real-world

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

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

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

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

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

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

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

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

http://ParticleAdventure.org

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

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

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

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

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

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

Sub-Movies.html

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

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

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

http://superstringtheory.com/

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

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

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

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

13. Further Reading
Open Access Related Projects

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

http://www.scoap3.org

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

www.parse-insight.eu

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

http://arxiv.org/abs/0906.0485

Data Preservation

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

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

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

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

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

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

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

User Behaviour Studies

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

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

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

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

http://arxiv.org/abs/0906.5418
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Gauge & Higgs Boson Summary Table

SUMMARY TABLES OF PARTICLE PROPERTIES

Extracted from the Particle Listings of the
Review of Particle Physics

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

Particle Data Group

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

@Regents of the University of California

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

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

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

g

Py e
or gluon %) =007)

Mass m = 0 [
SU(3) color octet

m J=1

Charge = +£1 e

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

<NKi> =2.20+0.19

(N,

(

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

W™ modes are charge conjugates of the modes below.

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

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

= 13

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

Charge = 0

Mass m = 91.1876 + 0.0021 GeV [d]

Full width T = 2.4952 + 0.0023 GeV

I(¢+e-) = 83.984 + 0.086 MeV 2]

I (invisible) = 499.0 + 1.5 MeV [€]

I (hadrons) = 1744.4 & 2.0 MeV

M(p*p~)/T(e*e™) = 1.0009 + 0.0028

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

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

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

8v 0.08

& = 03370

gﬁ = —0.50123 + 0.00026
g4 — 050702

4 = —05247 450

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

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

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

Scale factor/

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

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

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

Higgs Bosons — HO and H*, Searches for

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

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

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

[a] Theoretical value. A mass as large as a few MeV may not be precluded.
[b] ¢ indicates each type of lepton (e, p, and 7), not sum over them.

[c] This represents the width for the decay of the W boson into a charged
particle with momentum below detectability, p< 200 MeV.

[d] The Z-boson mass listed here corresponds to a Breit-Wigner resonance

parameter. It lies approximately 34 MeV above the real part of the posi-
tion of the pole (in the energy-squared plane) in the Z-boson propagator.

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

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

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

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

Higgs Bosons, Searches for

Additional W Bosons
W' with standard couplings decaying to ev

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

Additional Z Bosons

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

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

(pPp direct search)

(electroweak fit)
(with g; = ggr)

(pPp direct search)
(electroweak fit)

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

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

(pp direct search)
(electroweak fit)

fraction from this listing and (ii) the b-hadron fraction in an
unbiased sample of weakly decaying b-hadrons produced in Z-
decays provided by the Heavy Flavor Averaging Group (HFAG,
http://www.slac.stanford.edu/xorg/hfag/osc/PDG2009/#FRACZ).

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

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

L E PTO N S Decay parameters

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

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

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

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

K= K70y, lg] ( 1.59+0.20) x 10—3 685
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7K > 170, (32 +1.0 ) x 103 - X~ (5=—1)v, ( 2.8640.07) % S=1.3 -
7 KO0n0n0u, (26 +2.4)x1074 763 K*(892)~ > 0 neutrals > (1.42£0.18) % S=1.4 665
K= K700y < 16 x1074  CL=95% 619 0K v,
7~ KOKOy (17 £04)x1073 5=1.6 682 K*(892)~ v, (1.2040.07) % S=1.8 665
KK, le] (24 £05)x107* 682 K*(892)~ v, — 7~ Ku; (78 405 )x 103 -
 KIKY v, le] (12 +£04)x10-3 5=1.7 682 K*(892)° K~ > 0 neutrals v, (32 +1.4 )x1073 542
a KOKO70y, (31 +23)x10~4 614 K*(892)°K~ v, (21 404 )x10-3 542
7~ KYKLa0u, < 20 x1074  CL=95% 614 K*(892)°w~ > 0 neutrals v, (38 £1.7 ) x 1073 655
7 KEKI 700, (31 £12)x1074 614 _K*(892)° 7~ v, (22 £05)x1073 655
KOht h=h~ > 0 neutrals v, < 17 x10~3  CL-95% 760 (K*(892)m) " vy — (1.0 £04 )x 1073 -
KOt h=h~ v, (23 £2.0)x 104 760 7~ Konly,
K1(1270)~ v, (47 11 )x1073 433
Modes with three charged particles K1 (1400)~ v, (1.7 £26 ) x 1073 S=17 335
h~h™h* >0 neutrals > 0K9 v, (15.190.08) % S=1.4 861 K*(1410)" v, (15 14 ), 10-3 26
h=h~ h* > 0 neutrals v, (14.560.08) % s=13 861 . B -0 L ,
(ex. K% - xta) K5(1430)~ v, <5 x 10 CL=95% 317
(“3-prong”) K3(1430)~ v, < 3 x1073  CL=95% 316
h=h~htu, (19.80+0.08) % S=1.4 861 nwo Ve < 14 x 1074 CL=95% 797
h=h~ htu, (ex.K9) ( 9.46+0.07) % S=1.3 861 N Ty, lg] (1.39+0.10) x 1073 S=1.4 778
h=h= htu, (ex.K%w) ( 9.42+0.07) % S=1.3 861 nr” w a0y, (15 £05)x1074 746
T atrT v, (19:32+0.07) % S=1.2 861 UL lg] (1612011)x1074 S=1.1 719
7t vy (ex. K9) ( 9.0340.06) % s=12 86l nK*(892)" vy (1.38+0.15) x 1074 511
7=t v, (ex. KO), < 24 % CL=95% 861 K= v, (48 £12)x107° 665
non-axial vector 7K~ 70 (non-K*(892)) v, < 35 x1075  CcL=90% -
aata vy (ex. KO w) lg] ( 9.00+0.06) % S=1.2 861 nKOn~ v, (93 +1.5 ) x107° 661
h=h=ht > 1 neutrals v, ( 5.38+0.07) % s=1.2 - nKon~ nlu, < 50 X105 CL=90% 590
h=h=ht > 170, (ex. KO) ( 5.0840.06) % s=1.1 - nK~ Ko, < 90 x1076  CL=90% 430
h=h=ht a0, ( 4.75+0.06) % s=1.2 834 nat o~ n~ >0 neutrals v, < 3 x1073  CL=90% 743
h=h= ht20u_ (ex.KO) ( 4.5640.06) % 5=12 834 nr~rt v, (ex. KO) (1.6440.12) x 10—4 743
h=h=ht a0 (ex. KO, w) ( 2.7940.08) % s=1.2 834 na1(1260)" v, — na pOu;, < 39 x1074  CL=90% -
a~ata= a0 2 (4.61£0.06) % S=1.1 834 nnmTo vy < 74 x1070  CL=90% 637
aata 70, (ex.KO) ( 4.4840.06) % s=1.2 834 nnn— 10v, < 20 x10~4  CL=95% 559
aata w0y, (ex.KOw)  [g] (270+£0.08) % s=1.2 834 K~ v, < 30 %1076 CL=90% 382
h=h=ht > 270w (ex ( 5.18+0.33) x 1073 - 7'(958) 7~ v, < 72 x1076  CcL=90% 620
K9) 7/(958) 7~ w0 v, < 80 X105 CL=90% 591
h=h= ht27%, ( 5.0640.32) x 10~3 797 oT U,y (34 £06 )x107° 585
h=h= ht 270, (ex.KO) ( 4.954+0.32) x 103 797 OK v,y (3.7040.33) x 1075 $=1.3 445
h=h=ht 270y (ex.KOw,m) [g] (10 4 )x10—4 797 f(1285) 7~ v, (36 +0.7 ) x 1074 408
h=h=ht370., l[g] (23 +07)x107% $=1.3 749 f(1285) 7~ v — ( 1.1140.08) x 10~ -
K~ hTh™ >0 neutrals v, ( 6.24+0.24) x 103 S=1.5 794 nn v,
K= ht 7~ v (ex.K9) ( 4.2740.20) x 1073 S=2.4 794 m(1300)" v, — (pm) v, — < 1.0 x10~4  CL=90% -
K= ht 7= 700, (ex.K9) (87 +12)x10~4 s=1.1 763 (37)" vy
K=t m~ >0 neutrals v, ( 4.78+0.21) x 103 s=1.3 794 m(1300)" v, — < 19 x1074  CL=90% -
K- ntr™ > ( 3.6840.20) x 1073 S=1.4 794 ((77)s_wave ™)~ vy —
00 u, (ex.KO) (3m) " vy
K-atr v, (3.42+0.17) x 1073 S=1.8 794 h~w > 0 neutrals v, ( 2.4140.09) % S=1.2 708
K- atn v, (ex.K9) lg] ( 2.8740.16) x 10~3 s=2.1 794 h~wv, lg] ( 1.9940.08) % s=1.3 708
K=pPv, — (1.4 £05)x1073 - K- wr, (41 409 )x1074 610
K- ntn v, h~wnlu, (41 £0.4 )x1073 684
K-rtn=alu, ( 1.36+0.14) x 103 763 h~w2r0u, (1.4 +05 )x1074 644
K= ata= n0u, (ex.K9) (81 +12)x10~4 763 h™ 2wu, < 54 x10~7  CL=90% 249
K-atan0u, (ex.KOn) [g] (7.7 £12)x1074 763 2h~ htwu, (1.2040.22) x 10—4 641
,K f+f vy (ex.KOw) (37 209 ) x 1074 763 Lepton Family number (LF), Lepton number (L),
K= 7T K~ >0 neut. v, <9 x1074  CL=95% 685 Baryon number (B) violating modes
K~ K*7~™ >0 neut. v, (1.46+0.06) x 10~3 S=1.6 685 or Baryo g
K~ Ktn™ vy lg] ( 1.4040.05) x 10—3 S=1.7 685 L means lepton number violation (e.g. 7~ — et x— 7). Following
K= K+tn— 0 v, [g] (61 +£25)x 105 S—1.4 618 common usage, LF means lepton family violation and not lepton number
K=K+ K~ >0 neut. v, < 21 «10-3  CL—95% 471 violation (e.g. 7~ — e~ 7T« ™). B means baryon number violation.
K-KtK- v, (1.58+0.18) x 107> 471 ey LF < 33 x1078  CL=90% 888
K=Kt K~ v, (ex. ¢) < 25 x1076  CL=90% - noy LF < 4.4 x 1078  CL=90% 885
K=K+* K= 0, < 48 x10-6  CL=90% 345 el LF < 80 x1078  CL=90% 883
7" Kt~ >0 neut. v, < 25 x1073  CL=95% 794 p w0 LF < 11 x1077  CL=90% 880
e"e etv.u, (28 £15 )x 105 888 e" K% LF < 33 %1078 CL=90% 819
peetv, . < 36 X103  CL=90% 885 p~KY LF < 40 x1078  CL=90% 815
Modes with five charged particles e,n LF < 92 X 107: CL=90% 804
3h~2ht > 0 neutrals v. (1.0240.04) x 103 S=1.1 794 K 710 L < 68 x10 cL=90% 800
3 T : e p LF < 46 x1078  CL=90% 719
Eeé pﬁigf) ) wp° LF < 26 x10~8  CL=90% 715
3h=2ht v, (ex.KO) lg] (8.3940.35) x 1074 S=1.1 794 e v LF < il x 10,; CLfgoz/" e
3h=2h*T 0, (ex.K?) [g] (1.78+027)x1074 746 B e aam0 p <% 1 oo
3 2h+27r°; < sa X 10-6  CL_o0% a7 eiK (892)0 LF < 59 x1078  CL=90% 665
T no K*(892) LF < 59 x1078  CL=90% 659
Miscellaneous other allowed modes e” K*(892)° LF < 46 x1078  CL=90% 665
(57)" vy (7.6 £0.5 ) x 1073 800 1~ K*(892)° LF < 73 x1078  CL=90% 659
4h=3h* >0 neutrals v, < 3.0 x1077  CL=90% 682 e~ 1/(958) LF < 16 x1077  CL=90% 630
(“7-prong™) w1'(958) LF < 13 x1077  CL=90% 625
4h=3ht v, < 43 x10~7  CL=90% 682 e f(980) — e~ wta LF < 32 x1078  CL=90% -
4h=3ht 70y, < 25 x10~7  CL=90% 612 u1f(980) — pwtaT  LF < 34 x1078  CL=90% -
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e ¢ LF < 31 %x1078  CL=90% 596
woé LF < 13 x1077  CL=90% 590
eete” LF < 36 x1078  CL=90% 888
e ptpu~ LF < 37 x1078  CL=90% 882
et LF < 23 x1078  CL=90% 882
uete LF < 27 x1078  CL=90% 885
ute e LF < 20 x1078  CL=90% 885
o ptu LF < 32 x1078  CL=90% 873
e nta~ LF < 44 x1078  CL=90% 877
etm—n~ L < 88 x1078  CL=90% 877
pw—rtw LF < 33 x1078  CL=90% 866
putn— = L < 37 x10~8  CL=90% 866
et K LF < 58 x1078  CL=90% 813
e"n Kt LF < 52 x1078  CL=90% 813
et K- L < 67 x1078  CL=90% 813
e” KIKY LF < 22 x1076  CL=90% 736
e KT K= LF < 5.4 x1078  CL=90% 738
et K=K~ L < 6.0 x1078  CL=90% 738
p—at K= LF < 16 x10~7  CL=90% 800
T KT LF < 10 x10=7  CL=90% 800
ptr= K= L < 9.4 x1078  CL=90% 800
™ KYKS LF < 34 x 1076 CL=90% 696
p KT K™ LF < 68 x 1078  CL=90% 699
wtK—K L < 96 x1078  CL=90% 699
e~ n0 70 LF < 65 x1076  CL=90% 878
= m0x0 LF < 14 x1075  CL=90% 867
e~ nn LF < 35 X103  CL=90% 699
wonn LF < 6.0 x1075  CL=90% 653
e~ 7m0 LF < 24 x1075  CL=90% 798
w707 LF < 22 %1075  CL=90% 784
Py LB < 35 x1076  CL=90% 641
prl LB < 15 x107%  CL=90% 632
p2nd LB < 33 x1075  CL=90% 604
pn LB < 89 x1076  CL=90% 475
prln LB < 27 x1075  CL=90% 360
An™ LB < 72 x1078  CL=90% 525
Am LB < 1.4 x1077  CL=90% 525
e~ light boson LF < 27 x1073  CL=95% -
u~ light boson LF <5 x1073  CL=95% -
Heavy Charged Lepton Searches
LE - charged lepton
Mass m > 100.8 GeV, CL = 95% ("l Decay to v W.

LE — stable charged heavy lepton

Mass m > 102.6 GeV, CL = 95%

Neutrino Properties

See the note on “Neutrino properties listings” in the Particle Listings.

Mass m < 2 eV

(tritium decay)

Mean life/mass, 7/m > 300 s/eV, CL = 90%
Mean life/mass, 7/m > 7 x 10° s/eV
Mean life/mass, 7/m > 15.4 s/eV, CL = 90%

(solar)

(reactor)

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

(solar)

Number of Neutrino Types

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

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

(S =12)

The following values are obtained through data analyses based on
the 3-neutrino mixing scheme described in the review “Neutrino
Mass, Mixing, and Oscillations” by K. Nakamura and S.T. Petcov
in this Review.

sin?(261,) = 0.87 + 0.03

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

sin2(20,3) > 0.92[11

Am2, = (2.43 £ 0.13) x 1073 ev2 1

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

Heavy Neutral Leptons, Searches for

For excited leptons, see Compositeness Limits below.

Stable Neutral Heavy Lepton Mass Limits
Mass m > 45.0 GeV, CL =95% (Dirac)
Mass m > 39.5 GeV, CL = 95%  (Majorana)
Neutral Heavy Lepton Mass Limits
Mass m > 90.3 GeV, CL = 95%
(Dirac vy coupling to e, u, 7; conservative case(7))
Mass m > 80.5 GeV, CL = 95%
(Majorana v; coupling to e, u, T; conservative case(7))

NOTES

In this Summary Table:

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

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

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

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

[c] P, is the longitudinal polarization of the muon from pion decay. In
standard V—A theory, P, =1 and p =6 = 3/4.

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

and e~ e,y modes cannot be clearly separated, we regard the latter

mode as a subset of the former.

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

[f] A test of additive vs. multiplicative lepton family number conservation.

[g] Basis mode for the 7.

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

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

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

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

(et e, all decays)

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

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

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

mg/mg = 17 to 22

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

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

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

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

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

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

1UP) = o3 *)

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

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

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

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

1Py =03 )

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

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

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

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

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

AT = 1 weak neutral current (71) modes
Zq(g=u,c) T1 le] < 3.7 % 95% -




31
Meson Summary Table

LI G HT U N FLAVO RED M ESO N S C-nonconserving decay parameters

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

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

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

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

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

Full width ' = 1.30 £ 0.07 keV
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Scale factor/  p 3(rt ) <5 x 104 90% 189
p(770) DECAY MODES Fraction (I;/T) Confidence level (MeV/c) atr—ete (24 +1.3 ) x10~3 458
4 210
T ~ 100 % 363 yete™ <9 x 1074 90% 479
0.~ —4 0,
2 8 x 10 90% 469
770)% dec ~ <
" p(770) s 4 470 <5 x 104 90% 380
Ty ( 45 +05 ) x 10 : 5=22 375 otem ~ o 107 20% i
- — 0,

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

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

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

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

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

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

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

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

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

) —4

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

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

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

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

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

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

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

nutp~ < 9.4 x 1076 CL=90% 321
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Meson Summary Table

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