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HIGHLIGHTS OF THE 2012 EDITION OF THE REVIEW OF PARTICLE PHYSICS

644 new papers with 2658 new measurements

112 reviews (most are revised or new)

e Over 100 papers from LHC experiments (AT-
LAS, CMS, and LHCD).

e Major exclusions in SUSY results from the
LHC.

e Latest from B-meson physics: 120 papers
with 555 measurements, including first LHCb
results. Stringent limits on Bs — p*pu~ from
LHCb and CMS approaching the SM expecta-

tion.

e Updated and new results in neutrino mixing,
including observation of mixing angle 613 from

reactor experiments.

e 63 new top results since 2010, many from LHC

experiments.

e New CDF /D0 value of W-mass with very small

error, impact on prediction of Higgs mass.

e New 7).(1S) branching ratio fit removing circu-

lar dependencies.

e First observations of hy(1P), hy(2P), and the
Xp(3P) triplet, as well as two exotic charged
states with bottomonium content (uncon-
firmed).

e New reviews on:

Heavy-Quark and Soft-Collinear Effec-
tive Theory

Neutrino Cross Section Measurements

Neutrino Beam Lines at High-Energy

Proton Synchrotrons

Monte Carlo Event Generators

Lattice QCD

Scalar Meson and ¢(500) Parameters

Heavy Quarkonium Spectroscopy

e Significant update/revision to reviews on:

Higgs Boson (with addendum on new
July 2012 results)

Astrophysical Constants (extended
to include more cosmological parameters
from the 7-year WM AP analysis)
Dark Matter

Top Quark with detailed coverage of
LHC results

V. and V,; CKM elements
Quantum Chromodynamics
High-Energy Collider Parameters
(includes CLIC and latest LHC parame-
ters)

Particle Detectors for Non-Accel. Physics
(addition of Coherent Radio Cherenkov
Detectors)

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

See pdg.lbl.gov/AtomicNuclearProperties for Atomic Properties of Materials.
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Searches for Quark & Lepton Compositeness 1484
Extra Dimensions (rev.) 1489

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

1. Overview

The Review of Particle Physics and the abbreviated
version, the Particle Physics Booklet, are reviews of the
field of Particle Physics. This complete Review includes a
compilation/evaluation of data on particle properties, called
the “Particle Listings.” These Listings include 2,658 new
measurements from 644 papers, in addition to the 29,495
measurements from 8,300 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 2012 (and, in some areas, well into 2012). As de-
scribed in the section “Online Particle Physics Information”
following this introduction, the content of this Review is
available on the World-Wide Web, and is updated between
printed editions (http://pdg.1bl.gov/).

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

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

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

We organize the particles into six categories:

Gauge and Higgs bosons

Leptons

Quarks

Mesons

Baryons

Searches for monopoles, supersymmetry,

compositeness, extra dimensions, etc.

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

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

from the measurements.

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

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

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

or write to:

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

From all other areas email 1ibrary.desk@cern.ch, 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

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

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

K. Hikasa, G. Weiglein*
K. Copic,* M. Tanabashi

Higgs bosons
Heavy bosons

Axions K.A. Olive, F. Takahashi, G. Raffelt*
Leptons

Neutrinos M. Goodman, C.-J. Lin,* K. Nakamura,

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

e, b J.-F. Arguin,* C. Grab

T K.G. Hayes, K. Monig*
Quarks

Quarks R.M. Barnett,* A.V. Manohar

Top quark J.-F. Arguin,* K. Hagiwara

ot K. Hagiwara, W.-M. Yao*

Free quark J. Beringer*
Mesons

m™n J.-F. Arguin,* C. Grab

Unstable mesons C. Amsler, M. Doser,* S. Eidelman,*
T. Gutsche, C. Hanhart, B. Heltsley,
J.J. Herndandez-Rey, A. Masoni, S. Navas,
C. Patrignani, S. Spanier, N.A. Térnqvist,
G. Venanzoni

G. D’Ambrosio, C.-J. Lin*
D.M. Asner, S. Blusk, C.G. Wohl*

K (stable)
D (stable)
B (stable)

W.-M. Yao*

J.-F. Arguin*, M. Kreps, Y. Kwon, J.G. Smith,
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Baryons
Stable baryons  C. Grab, C.G. Wohl*
Unstable baryons E. Klempt, C.G. Wohl,* R.L. Workman
Charmed baryons S. Blusk, C.G. Wohl*

Bottom baryons M. Kreps, Y. Kwon, J.G. Smith, W.-M. Yao*

Miscellaneous searches

Monopole D. Milstead*
Supersymmetry A. de Gouvéa, F. Moortgat,

K.A. Olive, L. Pape, G. Weiglein*
Technicolor M. Tanabashi, J. Terning*
Compositeness M. Tanabashi, J. Terning*

Extra Dimensions J.-F. Arguin®, T. Gherghetta
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 2012 committee are:

D. Harris (FNAL)

P. Janot (CERN)

J. Olson (Princeton)
G. Perez (Weizmann)
J. Tanaka (Tokyo)

We have especially relied on the expertise of the following

people for advice on particular topics:

e M. Achasov (BINP, Novosibirsk)

o K.S. Agashe (Maryland)

e H. Aihara (Tokyo)

e S.I. Alekhin (COMPAS Group, IHEP, Protvino)
e F. Anulli (INFN, Rome)

e M. Artuso (Syracuse University)

e H. Bachacou (CEA Saclay)

e S. Banerjee (Victoria U, BC)

¢ R. Barlow (Manchester U.)

e V. B. Bezerra (UFPD)

o M. Beneke (Aachen, Germany)

e AM. Bernstein (MIT)

o M. Billing (Cornell University)

e P. B. Mackenzie (FNAL)

o C. Bozzi(INFN, Ferrara)

e T. Brooks (SLAC)

e T. Browder (University of Hawaii)

¢ O. Bruening (CERN)

e A. Buras (Munich Tech. U.)

e V.D. Burkert (Thomas Jefferson Lab)
e J. Butterworth (UCL)

e A. Chao (SLAC)

e C. Davies (U of Glasgow)

o . Deliot (CEA, Sacley)

o L. Demortier (Rockefeller University)
e D. Denisov (FNAL)

e J. Dingfelder (Bonn, Germany)

o R. Dixon (FNAL)

o A. Donnachie (University of Manchester)
e A.T. Doyle (Glasgow Univ.)

e W. Fischer (BNL)

e M. Furman (LBNL)

e H. Gallagher (Tufts U.)

e P. Gambino (Univ. degli Studi di Torino)
e R. Garisto(PRL)

o A. Gasparian (NC A&T)

o T. Gershon (U. of Warwick, UK)
e E.W.N. Glover (Durham U)

e B. Golob (U. Ljubljana, Slovenia)
e O. Gonzalez Lopez (CIEMAT, Spain)
o M. Grazzini (U of Zurich)

e E. Gschwendtner (U. of Geneva)
o . Harris (University of Hawaii)

e R. Harr (Wayne State University)
e R. Hawkings (CERN) - verifier with useful comments
e Y. Hayato (ICRR, U. of Tokyo)

e J. Heinrich (University of Pennsylvania)
¢ C. Hill (Ohio State)

e G. Isidori (INFN, Frascati)

e R. Itoh (KEK)

e J. Jowett (CERN)

¢ S.G. Karshenboim (VNIIM, St-Petersburg)
e B. Kayser (FNAL)

e Yu. Khokhlov (IHEP, Protvino)

¢ S.F. King (Southampton U.)

e T. Kobayashi (KEK)

e S.E. Kopp (U. Texas, Austin)

o T. Koseki (KEK)

e K. Kousouris (FNAL)

o W. Kozanecki (Saclay)

e A. Kronfeld (FNAL)

e S.-I. Kurokawa (KEK)

o L. Lellouch (CNRS Marseilles)

e O. Leroy (CPPM, Marseille)

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

¢ R. Louvot (EPFL, Switzerland)

e V. Lubicz (U of Roma 3)

e V. Luth (SLAC)

e L. Lyons (Oxford U.)

e M.L. Mangano (CERN)

e S. Manly (U. of Rochester)

e F. Margaroli (INFN Roma)

o G. Marshall (TRIUMF)

e K. McFarland (U. of Rochester)

e B. Meadows (U. of Cinncinnati)

o U.-G. Meifiner (U. Bonn & Jiilich)
e C. Milardi ( INFN, Frascati)

e P.J. Mohr (NIST)

e R. Moore (FNAL)

o U. Mosel (U. Giessen)

e F. Muheim (Edinburgh, England)
e Y. Nakajima (LBNL)

e H. O’Connell (FNAL)

e Y. Ohnishi (KEK, Japan)

e K. Oide (KEK, Japan)

e J.R. Pelaez (UCM, Madrid)

o F. Petriello (Northwestern U.)

¢ S. Rahatlou (U. of Rome, INFN)
e H. Robertson (U. of Washington)
o N. Roe (LBNL)

e M. Roney (University of Victoria)
e G. Ross (Oxford)
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e M. Ross (FNAL)

e M. Rotondo (Padova, INFN)

e K. Sachs (DESY)

e J.E. Sansonetti (NIST)

e D. Schulte (CERN)

e C. Schwanda (HEPHY, Vienna)

e A.J. Schwartz (University of Cincinnati)
o T. Schwetz-Mangold (MPI)

e J.T. Seeman (SLAC)

o G. Senjanovic (ICTP, Triste)

o M. Seymour (Manchester)

e Yu.M. Shatunov (BINP, Novosibirsk)
e A. Soffer (Tel Aviv, Israel)

e M. Sorel (U. of Valencia)

e S. Stapnes (CERN)

o I. Stewart (MIT)

e S.I. Striganov (COMPAS Group, IHEP, Protvino)
e A. Svarc (Rudjer Boskovié Inst., Croatia)
o T. Tait (UC Irvine)

e H. Tanaka ( U. of British Columbia)
e R. Tenchini (INFN Pisa)

o R. Tesarek (FNAL)

e J. Thaler (MIT)

e L. Tiator (U. Mainz)

e D. Tonelli (CERN)

e P. Uwer (Humbolt U)

e J. Valle (U. of Valencia)

e R. Van de Water (BNL)

e R. Van Kooten (Indiana University)
e G. Velev (Fermilab)

e M. Verzocchi (FNAL)

e S. Warner (Cornell U.)

o G. Wilkinson (Oxford U.)

o M. Wise (Caltech)

e M. Yokoyama (U. of Tokyo)

e C.Z. Yuan (IHEP, Beijing)

e C. Zhang (IHEP, Beijing)

e B. Zwaska (FNAL)

4. Naming scheme for hadrons

We introduced in the 1986 edition [2] a new naming
scheme for the hadrons. Changes from older terminology
affected mainly the heavier mesons made of u, d, and s
quarks. Otherwise, the only important change to known
hadrons was that the F'* became the 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
cc x states), nor did any of the established baryons. The
Summary Tables give both the new and old names whenever
a change has occurred.

The scheme is described in “Naming Scheme for
Hadrons” (p. 118) of this Review.

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

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

5. Procedures

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

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

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

e No error is given.

e It involves assumptions we question.

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

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

e [t is not independent of other results.

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

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

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

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

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

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

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

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

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

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

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

An experimentalist who sees indications of a particle will
of course want to know what has been seen in that region
in the past. Hence we include in the Particle Listings all
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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 x 4 dx is intended to be a 68.3%
confidence interval about the central value x. We treat
this error as if it were Gaussian. Thus when the error is
Gaussian, dx is the usual one standard deviation (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 z, the error that we use
for that measurement in making an average or a fit with
other measurements is a continuous function of these three
quantities. When the resultant average or fit T is less than
x—(dz)~, we use (dz); when it is greater than x -+ (§z) ™, we
use (62)T. In between, the error we use is a linear function
of x. Since the errors we use are functions of the result, we
iterate to get the final result. Asymmetric output errors are
determined from the input errors assuming a linear relation
between the input and output quantities.

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

Another common case of correlated errors occurs when
experimenters measure two quantities and then quote the
two and their difference, e.g., m1, ma, and A = ma — my.
We cannot enter all of my, mo and A into a constrained fit
because they are not independent. In some cases, it is a good
approximation to ignore the quantity with the largest error
and put the other two into the fit. However, in some cases
correlations are such that the errors on mi, 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

I S \—1/2
T+ 0T = Swr + (OCwi) : (1)

where

w; = 1/(51‘1)2 .

Here x; and dx; are the value and error reported by the
ith experiment, and the sums run over the N experiments.
We then calculate x? = > w;(F — ;) 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 x2/(N — 1) is greater than 1, but not greatly
so, we still average the data, but then also do the following;:

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

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

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

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

1/2

5o = 3NV2% 57

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

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

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

WEIGHTED AVERAGE
0.006 +0.018 (Error scaled by 1.3)

XZ
SMITH 75B WIRE 0.3
NIEBERGALL 74 ASPK 13
FACKLER 73 OSPK 0.1
HART 73 OSPK 0.3
- MALLARY 73 OSPK 44
- BURGUN 72 HBC 0.2
- GRAHAM 72 OSPK 04
MANN 72 HBC 3.3
WEBBER 71 HBC 7.4
- CHO 70 DBC 16
BENNETT 69 CNTR 1.1
- 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)
|

-0.2 0 0.2 0.4 0.6

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

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

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

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

= P1/Ps, etc. [We can handle any ratio R of the form
S ai P/ > Bi P;, where o; 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 Ny
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 Ny 2
2 Ry, — R,
=33 (f ) 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
SP; = (0 P; 6FZ->1/2 (except that some errors are scaled
as discussed below). In the Particle Listings, we give the
complete correlation matrix; we also calculate the fitted
value of each ratio, for comparison with the input data,
and list it above the relevant input, along with a simple
unconstrained average of the same input.

Three comments on the example above:

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

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

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

=12
TN (B — B
With this definition the expected value of S? is one. We can
show that

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

1.

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

S

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

uggestions for additions and updates are very welcome.

2. Particle Data Group (PDGQG) resources

REVIEW OF PARTICLE PHYSICS (RPP): A comprehensive
report on the fields of particle physics and cosmology, including
both review articles and a compilation/evaluation of data on particle
properties. The review section includes articles, tables and plots on
a wide variety of theoretical and experimental topics of interest
to particle physicists and astrophysicists. The particle properties
section provides tables of published measurements as well as the
Particle Data Group’s best values and limits for particle properties
such as masses, widths, lifetimes, and branching fractions, and an
extensive summary of searches for hypothetical particles. RPP is
published as a 1400-page book every two years, with partial updates
made available once each year on the web. All the contents of the
1400-page book version of RPP are available online at:

http://pdg.1bl.gov

PARTICLE PHYSICS BOOKLET: An abridged version of the
Review of Particle Physics available as a pocket-sized 300-page
booklet. Although produced in print and available online only as a
PDF file, the booklet is included in this guide because it is one of
the most useful summaries of physics data. The booklet contains an
abbreviated set of reviews and the summary tables from the most
recent edition of the Review of Particle Physics.

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

http://pdg.1bl.gov/current/html/receive our_products.html.

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

or tullio.basaglia@cern.ch.

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

Data entries are directly linked to the corresponding bibliographic
information in INSPIRE. pdgLive can be accessed at:

http://pdglive.1lbl.gov

COMPUTER-READABLE FILES: Data files that can be down-
loaded from PDG include tables of particle masses and widths,
PDG Monte Carlo particle numbers, and cross-section data. The
files are updated with each new edition of the Review of Particle
Physics and are available at:
http://pdg.1bl.gov/current/html/computer read.html

Of historical interest is the complete RPP collection which, apart from
the very first version from the year 1957, can be found online at

http://tiny.cc/RPPhistorical

3. Particle Physics Information Platforms

SPIRES: This indispensable information tool for high energy
physicists worldwide was replaced by INSPIRE in November 2011.
SPIRES started as a bibliographic database SPIRES-HEP in 1974
hosted at SLAC in collaboration with DESY and became remotely
accessible in the mid 80’s. Several databases - CONF, EXP, INST,
HEPNames and JOBS - followed and FermiLab joined the team. In
December 1991 SPIRES became the first web server outside Europe,
from the start closely related to the arXiv repository. For High
Energy Physics SPIRES-HEP was the reference for publications,
covering not only journal articles and preprints but also conference
proceedings, technical reports, theses and other ’gray’ literature,
the value of the information enhanced by thorough proof-reading,
keywords and links to the sister SPIRES databases and other
information services. Content and service are now taken over by
INSPIRE.

INSPIRE: The time-honored SPIRES database suite has now been
replaced by INSPIRE which combines the most successful aspects
of SPIRES like comprehensive content and high-quality metadata
- with the modern technology of Invenio, the CERN open-source
digital-library software, offering major improvements like increased
speed and Google-like free-text search syntax. INSPIRE serves as
one-stop information platform for the particle physics community,
comprising 6 interlinked databases on literature, conferences,
institutions, researchers, experiments, jobs. INSPIRE is jointly
developed and maintained by the three laboratories that have
been running SPIRES (DESY, Fermilab and SLAC) and CERN.
Close interaction with the user community and with arXiv, ADS,
HepData, PDG and publishers is the backbone of INSPIRE’s
evolution.

http://inspirehep.net/
More information on this project at

http://www.projecthepinspire.net/

4. Literature Databases
o ADS: The SAO/NASA Astrophysics Data System is a Digital

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

http://adswww.harvard.edu/

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

http://arXiv.org

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

http://cdsweb.cern.ch

o INSPIRE HEP: The HEP database serves almost 1 Mio bibliographic
records covering particle physics and related topics with a growing
number of fulltexts attached and metadata including author
affiliations, abstracts, references, keywords as well as links to
arXiv, PDG, HepData and publisher platforms. It provides fast
metadata and fulltext searches, plots extracted from fulltext, author
disambiguation, author profile pages and citation analysis and is
expanding its content to e.g. experimental notes.

http://inspirehep.net

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

http://www.JACOW.org/

o KISS (KEK INFORMATION SERVICE SYSTEM) FOR PREPRINTS:

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

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

e OSTI: The Office of Scientific and Technical Information databases
search collections of research results, including those produced
throughout the DOE National Laboratory complex and by Depart-
mental grantees. You can find current and legacy research results,
search ongoing research and development project descriptions,
browse scientific subject portals of interest, access and search
scientific e-prints, sign up for alerts, search science conference
papers and proceedings. Among the key resources are the Energy
Citations Database, providing free access to over 2,450,000 science
research citations and 292,000 electronic documents, primarily from
1943 forward, and Information Bridge, covering DOE R&D reports
with searchable full-text and bibliographic citations.

http://wuw.osti.gov/

5. Particle Physics Journals and Conference
Proceedings Series

A list of journals and conference series publishing particle physics
content can be found at:

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

For each journal or conference series, information is given on Open
Access and copyright policies and terms of use.

6. Conference Databases

e INSPIRE CONFERENCES: The database of more than 18,400
past, present and future conferences, schools, and meetings of
interest to high-energy physics and related fields is searchable by
title, acronym, series, date, location. Included are information
about published proceedings, links to conference contributions in
the INSPIRE HEP database, and links to the conference Web site
when available. New conferences can be submitted from the entry
page.

http://inspirehep.net/Conferences

7. Research Institutions

e INSPIRE INSTITUTIONS: The database of over 9,800 institutes,
laboratories, and university departments in which research on
particle physics and astrophysics is performed covers six continents
and over a hundred countries. Included are address, e-mail address,
and Web links where available as well as links to the papers from
each institution in the HEP database. Searches can be performed
by name, acronym, location, etc. The site offers an alphabetical list
by country as well as a list of the top 500 HEP and astrophysics
institutions sorted by country.

http://inspirehep.net/Institutions

8. People

o INSPIRE HEPNames: Searchable worldwide database of over
97,000 people associated with particle physics and related fields.
The affiliation history of these researchers, their e-mail addresses,
web pages, experiments they participated in, PhD advisor,
information on their graduate students and links to their papers in
the INSPIRE HEP, arXiv and ADS databases are provided as well
as a user interface to update these information.

http://inspirehep.net/HepNames

9. Experiments

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

http://www.slac.stanford.edu/spires/experiments/
soon to be replaced by
http://inspirehep.net/Experiments

COSMIC RAY/GAMMA RAY/NEUTRINO AND SIMILAR
EXPERIMENTS: This extensive collection of experimental Web
sites is organized by focus of study and also by location. Additional
sections link to educational materials, organizations, related Web
sites, etc. The site is maintained at the Max Planck Institute for
Nuclear Physics, Heidelberg:

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

e APS Careers: gateway for physicists, students, and physics
enthusiasts to information about physics jobs and careers. Physics
job listings, career advice, upcoming workshops and meetings, and
career and job related resources provided by the American Physical
Society:

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

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

http://brightrecruits.com/
e JOP CAREERS: careers information and resources primarily aimed
at university students provided by the UK Institute of Physics:
http://www.iop.org/careers/

INSPIRE HEPJobs: lists academic and research jobs in high energy
physics, nuclear physics, accelerator physics and astrophysics with
the option to post a job or to receive email notices of new job
listings. About 1300 jobs are currently listed.

http://inspirehep.net/Jobs

PHYSICSTODAY JOBS: online recruitment advertising website
forPhysics Todaymagazine, published by the American Institute of
Physics. Physics TodayJobs is the managing partner of the AIP
Career Network, an online job board network for the physical
science, engineering, and computing disciplines. Over 8,500 resumes
are currently available, and almost 3,000 jobs were posted in 2011.
http://www.physicstoday.org/jobs

11. Software Repositories

Particle Physics

e BSM Generators: a repository of codes relevant to Beyond-the-
Standard-Model (BSM) physics

http://www.ippp.dur.ac.uk/montecarlo/BSM

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

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

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://wuw.fnal.gov/fermitools/

FREEHEP: A collection of software and information about software
useful in high-energy physics and adjacent disciplines, focusing on

open-source software for data analysis and visualization. Searching
can be done by title, subject, date acquired, date updated, or by

browsing an alphabetical list of all packages. The site does not seem
to be updated any longer but still provides useful information.

http://wuw.freehep.org/

GEANT4: Toolkit for the simulation of the passage of particles
through matter, maintained by a world-wide collaboration of
scientists and software engineers. Its areas of application include
high energy, nuclear and accelerator physics, as well as studies in
medical and space science.

http://geant4.cern.ch/

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

new object-oriented generators and guaranteeing the maintenance
of the older packages on the LCG supported platforms. The project
consists of the generators repository, validation, HepMC record and
MCDB event databases.

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

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

http://wuw.hepforge.org/

PYTHIA: A program for the generation of high-energy physics
events, i.e. for the description of collisions at high energies between
elementary particles such as e+, e-, p and p-bar in various
combinations. It contains theory and models for a number of
physics aspects, including hard and soft interactions, parton
distributions, initial- and final-state parton showers, multiple
interactions, fragmentation and decay.

http://home.thep.lu.se/ torbjorn/Pythia.html

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

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

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

http://root.cern.ch/drupal

tmLQCD: This freely available software suite provides a set of

tools to be used in lattice QCD simulations, mainly a (P)HMC

implementation for Wilson and Wilson twisted mass fermions and
inverter for different versions of the Dirac operator.

https://github.com/etmc/tmLQCD

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

packages which use them.

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

A list of Monte Carlo generators may be found at

http://cmsdoc.cern.ch/cms/PRS/gentools/www/geners/collection/

collection.html

The homepage of the SUSY Les Houches Accord contains links to
codes relevant for supersymmetry calculations and phenomenology

http://home.fnal.gov/ skands/slha/

A variety of codes and algorithmic tools for analysing supersymmetric
phenomenology is described in arXiv:0805.2088

http://arxiv.org/abs/0805.2088

Astrophysics

IRAF: The Image Reduction and Analysis Facility is a general

purpose software system for the reduction and analysis of

astronomical data. IRAF is written and supported by the

IRAF programming group at the National Optical Astronomy

Observatories (NOAO) in Tucson, Arizona.
http://iraf.noao.edu/

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

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



Online particle physics information 21

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

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

12. Data repositories
Particle Physics

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

http://durpdg.dur.ac.uk/

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

http://www.usqcd.org/ildg/

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

http://mcplots.cern.ch/

Astrophysics

e SIMBAD: archives data in the form of object catalogues from many
heterogeneous sources

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

e NED: NASA/IPAC extragalactic database, operated by the Jet
Propulsion Laboratory, California Institute of Technology

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

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

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

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

Chandra, Fermi telescopes, other missions:

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

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

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

General Physics

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

http://physics.nist.gov/

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

http://www.springermaterials.com/

13. Data preservation
Particle Physics

e DPHEP: The efforts to define and coordinate Data Preservation
and Long Term Analysis in HEP are coordinated by a study group
formed to investigate the issues associated with these activities.
The group, DPHEP, was initiated during 2008-2009 and includes
all HEP major experiments and laboratories. It is endorsed by the
International Committee for Future Accelerators (ICFA). Details
of the organizational structure, the objectives, workshops and
publications can be found at

http://dphep.org

The experiments at colliders: BaBar, Belle, BES-III, Cleo, CDF,

DO, H1 and ZEUS and the associated computing centres at SLAC

(USA), KEK (Japan), IHEP (China), Jlab (USA), BNL (USA),

Fermilab (USA), DESY (Germany), and CERN are all represented

in the group. The LHC collaborations have also joined the initiative

in 2011. The participating experiments are in various stages of
studying, preparing, or operating long-term data preservation and
analysis systems. Technological methods, such as virtualization, and
information management tools such as INSPIRE are also helpful in
this area of research. Data access policies and outreach in HEP using
real data are among the investigative areas of the DPHEP Study
Group.

Astrophysics

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

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

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

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

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

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

http://www.interactions.org
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Physics Courses

e MIT OPENCOURSEWARE - PHYSICS: These MIT course

materials reflect almost all the undergraduate and graduate subjects

taught at MIT. In addition to physics courses, supplementary
educational resources are also available.

http://ocw.mit.edu/courses/physics/

Master Classes

o INTERNATIONAL MASTERCLASSES: Each year about 6000

high school students in 28 countries come to one of about 130 nearby

universities or research centres for one day in order to unravel the
mysteries of particle physics. Lectures from active scientists give

insight in topics and methods of basic research at the fundaments of

matter and forces, enabling the students to perform measurements
on real data from particle physics experiments themselves. At the
end of each day, like in an international research collaboration,
the participants join in a video conference for discussion and
combination of their results.

http://physicsmasterclasses.org/

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; History and Fate of the
Universe; and Nuclear Science.

http://wuw.cpepweb.org/

e PHYSICSCENTRAL: This site maintained by the American
Physical Society provides information about current research and
people in physics, experiments that can be performed at home or
at school and the possibility to get physics questions answered by
physicists.

http://www.physicscentral.com

General Physics Lessons & Activities

e HYPERPHYSICS: An exploration environment for concepts in
physics employing concept maps and other linking strategies and
providing opportunities for numerical exploration.

http://hyperphysics.phy-astr.gsu.edu/hbase/hph.html

e PHYSICS2000: An interactive journey through modern physics.

Have fun learning visually and conceptually about 20th century sci-
ence and high-tech devices. Supported by the Colorado Commission

on Higher Education and the National Science Foundation
http://wuw.colorado.edu/physics/2000

Particle Physics Lessons & Activities
e Angels and Demons: With the aim of looking at the myth versus

the reality of science at CERN this site offers teacher resources,
slide shows and videos of talks given to teachers visiting CERN

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

o 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, illustrations,
webcasts, a Kids Corner, and CERN physicists answering your
questions on antimatter:

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

e BIG BANG: An exhibition of the UK Science Museum with an
interactive game about the hunt for the Higgs

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

e BIG BANG SCIENCE: EXPLORING THE ORIGINS OF MAT-
TER: This Web site, produced by the Particle Physics and
Astronomy Research Council of the UK (PPARC), explains what
physicists are looking for with their giant instruments. Big Bang

Science focuses on CERN particle detectors and on United Kingdom

scientists’ contribution to the search for the fundamental building
blocks of matter.

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

CERNland: With a range of games, multimedia applications and

films CERNland is the virtual theme park developed to bring the

excitement of CERN’s research to a young audience aged between 7
and 12. CERNland is designed to show children what is being done
at CERN and inspire them with some physics at the same time.

http://wuw.cernland.net/

Collidingparticles: a series of films following a team of physicists
involved in research at the LHC

http://www.collidingparticles.com/

Lancaster Particle Physics: This site, suitable for 16+ students,
offers a number of simulations and explanations of particle physics,
including a section on the LHC.

http://www.lppp.lancs.ac.uk/

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

http://ParticleAdventure.org

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

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

Quarked! - Adventures in the Subatomic Universe: This project,
targeted to kids aged 7-12 (and their families), brings subatomic
physics to life through a multimedia project including an interactive
website, a facilitated program for museums and schools, and an
educational outreach program

http://www.quarked.org/

QUARKNET: QuarkNet brings the excitement of particle physics
research to high school teachers and their students. Teachers join

research groups at about 50 universities and labs across the country.
These research groups are part of particle physics experiments at

CERN or Fermilab. About 100,000 students from 500+ US high

schools learn fundamental physics as they participate in inquiry-

oriented investigations and analyze real data online. QuarkNet is

supported in part by the National Science Foundation and the U.S.
Department of Energy:

http://QuarkNet.fnal.gov

Rewarding Learning videos about CERN: The three videos based on
interviews with scientists and engineers at CERN introduce pupils
to CERN and the type of research and work undertaken there and
are accompanied by teachers’ notes.
http://www.rewardinglearning.org.uk/STEM/cern/

Lab Education Offices

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

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

http://education.web.cern.ch/education/
DESY: offers courses for pupils and teachers as well as information
for the general public, mostly in German.

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

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

http://ed.fnal.gov/

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

http://www.1bl.gov/Education/
EXPLORING SLAC SCIENCE: This Stanford Linear Accelerator

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

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

e Symmetry: This magazine about particle physics and its connections
to other aspects of life and science, from interdisciplinary
collaborations to policy to culture is published 6 times per year by
Fermilab and SLAC.

http://www.symmetrymagazine.org

Educational Programs of Experiments

e ATLAS DISCOVERY QUEST: One of several access points to
ATLAS education and outreach pages. This page gives access to
explanations of physical concepts, blogs, ATLAS facts, news, and
information for students and teachers.

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

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

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

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

http://cms.web.cern.ch/content/cms-education

EDUCATION AND OUTREACH @ ICECUBE: Educational pages
of the IceCube (South Pole Neutrino Detector)

http://icecube.wisc.edu/outreach

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

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

PIERRE AUGER OBSERVATORY’S EDUCATIONAL PAGES:
The site offers information about cosmic rays and their detection,
and provides material for students and teachers.

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

Art in Physics

e ArtsQCERN: a 3-year artist’s residency programme in Digital Arts
and Dance/Performance
http://arts.web.cern.ch/collide/

Art of Physics Competition: The Canadian Association of Physicists
organizes this competition, the first was launched in 1992, with
the aim of stimulating interest, especially among non-scientists,
in some of the captivating imagery associated with physics. The
challenge is to capture photographically a beautiful or unusual
physics phenomenon and explain it in less than 200 words in terms
that everyone can understand.

http://www.cap.ca/aop/art.html

Photowalk: More than 200 amateur photographers from around
the world had the opportunity to experience state-of-the-art
accelerators and detectors. Five of the world’s leading particle
physics laboratories in Asia, Europe and North America offered
special behind-the-scenes access to their scientific facilities. The
winning photos can be viewed.

http://www.interactions.org/cms/7pid=1029664
Blogs

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

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

e U.S. LHC blog: The blog give a vivid account of the daily activity
of US LHC researchers.

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

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

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

e CERN Love:
http://www.cernlove.org/blog/
e Not Even Wrong: Peter Woit’s blog on topics in physics and
mathematics

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

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

http://www.quantumdiaries.org/

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

http://scienceblogs.com/channel/physical-science/

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

http://www.guardian.co.uk/science/life-and-physics
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GAUGE AND HIGGS BOSONS

10PCy =011 )

Mass m < 1 x 10718 eV
Charge g< 1x10 % ¢
Mean life 7 = Stable

g Py
or gluon 107) =007)
Mass m = 0 [a]
SU(3) color octet

Mass m < 7 x 10732 eV

[w]

J=1

Charge = 1 e

Mass m = 80.385 + 0.015 GeV
mz — my = 10.4 + 1.6 GeV
Myy+ — My~ = —0.2 £ 0.6 GeV
Full width ' = 2.085 + 0.042 GeV
(N_+) =15.70 + 0.35

(Nys) =220 +0.19

(Np) =092 +0.14

(Nehargea) = 19.39 +0.08

W™ modes are charge conjugates of the modes below.

p
w DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
rty [b] (10.80+ 0.09) % -
ety (10.75+ 0.13) % 40192
utv (10.57+ 0.15) % 40192
Tty (11.25+ 0.20) % 40173
hadrons (67.60+ 0.27) % -
aty < 8 x 1073 95% 40192
D~ < 13 x 1073 95% 40168
cX (334 +£ 26 )% -
cs G B )% -
invisible [c] (14 £29)% -

J=1

Charge = 0

Mass m = 91.1876 =+ 0.0021 GeV [9]

Full width I = 2.4952 + 0.0023 GeV
r(ete7) = 83.984 = 0.086 Mev 7]

I (invisible) = 499.0 + 1.5 MeV [€]

I (hadrons) = 1744.4 & 2.0 MeV
M(utp™)/T(eTe™) =1.0009 + 0.0028
r(rt77)/r(ete”) = 1.0019 £ 0.0032 ]

Average charged multiplicity

(Neharged) = 20.76 £ 0.16 (S = 2.1)

Couplings to leptons
gl = —0.03783 £ 0.00041
gl = 0251007

—0.06
gl = —03373%
g% = —0.50123 + 0.00026
g4 = 050150
g5 = 0523750

g“¢ = 0.5008 = 0.0008
g”e = 0.53 + 0.09
g¥n = 0.502 £ 0.017

Asymmetry parameters (8]

Ae = 0.1515 + 0.0019

Ay = 0.142 £ 0.015

A, = 0.143 + 0.004

As = 0.90 + 0.09

Ac = 0.670 + 0.027

Ap = 0.923 + 0.020
Charge asymmetry (%) at Z pole

A — 171+ 0.10

Al — g 17

A% — 98411

FB_— .
Al — 7.07 +0.35
AP — 992 4 0.16
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Z DECAY MODES Fraction (I';/T) Corf]‘f(jaeleicfsclte(\)/:e/l (MepV/c) Higgs Bosons — HO and H™, Searches for
efe” (13.363 £0.004 ) % 45594 The July 2012 news about Higgs searches is described in the
W (13366 +0.007 ) % 45594 addendum to the Higgs review in the data listings, but is not
TIT* (13370 +0.008 ) % 45559 reflected here.
- 0, —
iénviésible [el 523:325832223; 02 _ The limits for_H‘l) and A0 refer to the m?ax benchmark scenario for the
hadrons (69.91 +0.06 )% _ supersymmetric parameters.
(uT+cT)/2 (116 06 )% _ HO® Mass m > 115.5 and none 127-600 GeV, CL = 95%
(dd+s5+bb)/3 (156 04 )% - H? in Supersymmetric Models (m 0 <m )
cc (12.03 £021 )% - Dl 2
bh (1512 £0.05 )% _ o Mass m > 92.8 GeV, CL = 95% . ,
bbbb (36 +13 )x10~4 - AP Pseudoscalar Higgs Boson in Supersymmetric Models ['
888 < 11 % CL=95% - Mass m > 93.4 GeV, CL = 95% tang >0.4
7 < 52 x 107: CL=95% 45594 HE Mass m > 79.3 GeV, CL = 95%
- — 0,
21 i Z; iig—4 Et::i;‘: :2225 See the Particle Listings for a Note giving details of Higgs
7' (958)y < 42 x 1075 CL=95% 45589 Bosons.
vy < 5.2 x107% CL=95% 45594
gy < 10 X 1075 CL=95% 45594 Heavy Bosons Other Than
ot WF < 7 x107% CL=95% 10162 Hi
ot WF < 83 < 10-5 Cl_os% 10136 iggs Bosons, Searches for
J/$(1S)X (351 1028 )x1073  s=11 - .
P(25)X (160 +029 )x10~3 - Additional W Bosons
Y (1P)X (29 +07 )x10-3 _ W’ with standard couplings
Xe2(1P)X < 32 %103 CL=90% - Mass m > 2.150 x 103 GeV, CL = 95%
T(IS%HX;H;((QS) X (Lo 05 )xi07t - Additional Z Bosons
7-{15(;)() < 44 %105 CL=95% _ Z/SM with standard couplings .
T(25)X < 139 «10—4 CL=95% _ Mass m > 1.830 x 103 GeV, CL = 95%  (pP direct search)
T(35)X < 94 «10-5 CL—95% _ Mass m > 1.500 x 103 GeV, CL = 95% (electroweak fit)
(D°/ D0 X (07 +£20 )% - Zig of SU(2)LxSU(2)gxU(1)  (with g = gg)
DEX (122 17 )% - Mass m > 630 GeV, CL = 95%  (pp direct search)
D*(2010)= X [ (114 +13 )% - Mass m > 1162 GeV, CL = 95% (electroweak fit)
Dq1(2536)F X (36 +08 )x1073 - Z, of SO(10) — SU(5)xU(1), (with g, =e/cosfyy)
D, 7(2573)* X (58 +22 )x1073 - Mass m > 1.640 x 103 GeV, CL = 95%  (pp direct search)
D*(2629)% X searched for - Mass m > 1.141 x 103 GeV, CL = 95% (electroweak fit)
B;X [’:] (16.08 £0.13 )% - Zy, of Eg — SO(10)xU(1), (with gy=e/cosbyy)
gi); ] (159 +013 )% - Mass m > 1.490 x 103 GeV, CL = 95% (pp direct search)
< searched for - Mass m > 476 GeV, CL = 95% (electroweak fit)
/l%X (154 £033 )% - Z, of Eg — SU(3)xSU(2)xU(1)xU(1), (with g,=e/cosfy)
=cX seen - Mass m > 1.540 x 103 GeV, CL = 95% (pp direct search)
=pX seen - Mass m > 619 GeV, CL = 95% (electroweak fit)
b-baryon X [l (138 +022 )% -
anomalous y+ hadrons I]< 32 x10~3 CL=95% - Scalar Leptoquarks
ete ] < 5.2 x 104 CL=95% 45594 Mass m > 660 GeV, CL = 95% (1st generation, pair prod.)
ptpy 1< 56 x 1074 CL=95% 45594 Mass m > 298 GeV, CL = 95% (1st gener., single prod.)
Ty 1< 73 x 1074 CL=95% 45559 Mass m > 422 GeV, CL = 95% (2nd gener., pair prod.)
ﬁ_r"/'y (k] < 68 x107° CL=95% - Mass m > 73 GeV, CL = 95% (2nd gener., single prod.)
aavy (k] < 55 x 10:2 CL:%:A’ - Mass m > 247 GeV, CL = 95% (3rd gener., pair prod.)
VIAQ [k] < 3.1 x 1076 CLigsoA’ 45594 (See the Particle Listings for assumptions on leptoquark quan-
:ii_l_,—_ Z’i {:} i ;:; iig*f’ E:Z;Z 2232 tum numbers and branching fractions.)
pErF LF [ < 12 %1075 CL=95% 45576
pe LB < 18 x107% CL=95% 45589 .
pu LB < 18 x1076 CL=95% 45589 Cans_ (Ao) and Other
ery Light Bosons, Searches for

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

The best limit for the half-life of neutrinoless double beta decay with
Majoron emission is > 7.2 x 1024 years (CL = 90%).
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NOTES

In this Summary Table:

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

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

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

c] This represents the width for the decay of the W boson into a charged
3
particle with momentum below detectability, p< 200 MeV.

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

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

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

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

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

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

[k] For m,., = (60 + 5) GeV.

[/] The limits assume no invisible decays.
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LEPTONS

[e]

s=}
Mass m = (548.57990946 -+ 0.00000022) x 10~°
Mass m = 0.510998928 =+ 0.000000011 MeV
|mes — mg_|/m< 8x1072, CL=90%
|Ges + q.-|/e < 4x1078
Magnetic moment anomaly

(g—2)/2 = (1159.65218076 = 0.00000027) x 10~
(8e+ — 8¢-) / Baverage = (—0.5 +2.1) x 10712
Electric dipole moment d < 10.5 x 10728 ecm, CL = 90%
Mean life 7 > 4.6 x 1026 yr, CL = 90% [2

J=3

Mass m = 0.1134289267 4+ 0.0000000029 u
Mass m = 105.6583715 £ 0.0000035 MeV
Mean life 7 = (2.1969811 + 0.0000022) x 107%s
7 /7, = 1.00002 % 0.00008
¢ = 658.6384 m
Magnetic moment anomaly (g—2)/2 = (11659209 + 6) x 1010
(glﬁ - gu—) / Baverage = (—0.11 £ 0.12) x 1078
Electric dipole moment d = (—0.1 4 0.9) x 1071% ecm

Decay parameters (]

p = 0.74979 + 0.00026
7 = 0.057 + 0.034

& = 0.75047 + 0.00034
&P, = 1.0009F 90508 [
€P,8/p = 10018739538 []
€ =1.00+ 0.04
&'=07+04
a/A=(0+4)x103

o /A = (=10 + 20) x 1073
B/A = (4 +6) x 1073
B/A=(2+7)x1073

7 =0.02 4+ 0.08

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

p
p~ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
e ey, ~ 100% 53
e Ve [d] (1.4+0.4) % 53
e vev ete le] (3.4+0.4) x 1075 53
Lepton Family number (LF) violating modes
e VT, LF [l <12 % 90% 53
ey LF <24 x 10712 90% 53
e ete” LF <10 x 10712 90% 53
e 2y LF <72 x 1011 90% 53

J=13

Mass m = 1776.82 + 0.16 MeV
(m_+ — m__)/Maverage < 2.8 x 1074, CL = 90%
Mean life 7 = (290.6 + 1.0) x 10715 s
cr = 87.11 um
Magnetic moment anomaly > —0.052 and < 0.013, CL = 95%
Re(d,) = —0.220 to 0.45 x 10716 ecm, CL = 95%
Im(d,) = —0.250 to 0.0080 x 1016 ecm, CL = 95%

Weak dipole moment

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

Weak anomalous magnetic dipole moment

Re(a¥) < 1.1x 1073, CL = 95%
|m(a$) < 27 x 10—3, CL = 95%

Decay parameters

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

p(e or p) = 0.745 + 0.008
p(e) = 0.747 £ 0.010
p() = 0.763 %+ 0.020
€(e or p) = 0.985 =+ 0.030
£(e) = 0.994 + 0.040
&(p) = 1.030 £ 0.059
)€ or 1) = 0.013 & 0.020
n(p) = 0.094 + 0.073
(5€)(e or ) = 0.746 + 0.021
(6€)(e) = 0.734 £ 0.028
(6€) (1) = 0.778 + 0.037
&(m) = 0.993 £ 0.022
(
(

=

£(p) = 0.994 =+ 0.008
&(ar) = 1.001 = 0.027
£(all hadronic modes) = 0.995 + 0.007

71 modes are charge conjugates of the modes below. “hE» stands for
or K. “¢" stands for e or . “Neutrals” stands for 's and/or 7"’s.

Scale factor/ p
7~ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Modes with one charged particle
particle™ > 0 neutrals > 0K%u. (85.35 +0.07 ) % s=1.3 -
("1-prong”)
particle™ > 0 neutrals > 0K, (84.71 £0.08 ) % s=1.3 -
T lg] (17.41 +0.04 )% s=1.1 885
W Tuvry le] (36 04 )x1073 885
e Tev, lg] (17.83 +0.04 )% 888
e Vv, le] (175 £0.18 )% 888
h= > 0K v, (12.06 +0.06 ) % s=1.2 883
h~ v, (1153 £0.06 ) % s=1.2 883
T, lg] (10.83 +0.06 )% s=1.2 883
K~ v, lg] (7.00 £0.10 )x10~3  s=1.1 820
h™ > 1 neutralsv, (37.10 £0.10 ) % S=1.2 -
h= > 17%, (ex. KO) (36.57 £0.10 ) % s=1.2 -
h 0w, (25.95 +0.09 ) % s=11 878
a mwlu, lg] (2552 £0.09 ) % s=1.1 878
7~ 70 non-p(770) v, (30 +32 )x1073 878
K=n0u, lge] (429 +£0.15)x 1073 814
h= > 2%, (10.87 £0.11 ) % s=1.2 -
h=2r0u_ (1952 £0.11 ) % s=1.1 862
h= 270 (ex.K©) (1936 +0.11 ) % s=1.2 862
7 2n0u, (ex.KO)  [g] (930 £0.11)% s=1.2 862
7 21%, (ex.K?), <9 x 1073 CL=95% 862
scalar
7 2n0u, (ex.KO9), <7 x 1073 CL=95% 862
vector
K=270u, (ex.K%)  [g] (65 +23 )x10~4 79
h= > 370, (1135 £0.07 )% S=1.1 -
h= > 370, (ex. KO) (1.26 £0.07 )% s=1.1 -
h=3n%, (119 £0.07 )% 836
7 3n0y, (ex.K9)  [g] (1.05 £0.07 )% 836
K=3m%, (ex.K®, [g] (48 +22 )x1074 765
n)
h=47%, (ex.KO) (16 +04 )x10-3 800
h=47%, (ex.KOn) le] (11 +04 )x10-3 800
K= >0m% >0K® >0y v, ( 1.57240.033) % s=1.1 820
K= >1(x%or KO or 7) v, (872 £032 )x 1073 s=1.1 -
Modes with K?'s
K2 (particles) ™ v, (92 404 )x1073 =15 -
h~KOu, (1.00 £0.05 ) % S=1.8 812
7 Ko, lg] (84 +04 )x1073 s=21 812
7 K° (54 +21 )x10~4 812
(non-K*(892) ") v,
K= KO, lg] (159 +£0.16 ) x 1073 737
K= K% > 0x0u, (3.8 £0.23 ) x 1073 737
h~ K70, (55 +04 )x1073 794
a KOrOu, le] (40 +04 )x10-3 794
Kp v, (22 +05 )x1073 612
K= K70 lg] (159 +£0.20 ) x 10—3 685
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7~ KO > 100, (32 +10 )x1073 - K*(892)~ > 0 neutrals > (142 £0.18 )% S=1.4 665
“KOm0n0y, (26 +24 )x1074 763 0K v,
K= KOnO0r0u, < 16 x 1074 CL=95% 619 K*(892)~ (120 £0.07 ) % s=1.8 665
7 KOKOy_ (17 404 )x1073 s=17 682 K*(892)~ v, — 7~ K%u, (78 +05 )x1073 -
TKIKv, lg] (24 +05 )x107* 682 K*(892)° K~ > 0 neutrals v, (32 +14 )x1073 542
T~ KK, l[e] (12 +04 )x1073 s=17 682 K*(892)°K~ v, (21 +04 )x1073 542
= KOWOWO uf (31 +23 )x1074 614 K*(892)%7~ > 0 neutrals v, (38 +17 )x1073 655
“KIKLAOw, < 20 x 1074 CL=95% 614 K*(892)%7 (22 +05 )x1073 655
K0 K(L)7T vy (31 £12 )x10~4 614 (K*(892)m)~ vy — (10 +04 )x1073 -
KO h*h h™ > 0 neutrals v, < 17 x 1073 CL=95% 760 ™ Konlu,
KOhth=h v, (23 420 )x10—% 760 K1(1270)" v (47 +£11 )x1073 433
. . K1(1400)~ 1 (17 +26 )x1073 sS=17 335
Modes with three charged particles K*(1410) (15 +14 ), 10-3 126
h=h~h* >0 neutrals > 0KYv, (15.20 +0.08 ) % 5=1.3 861 . B 10 .
h~h™ht >0 neutrals v, (1457 £0.07 ) % s=13 86l K0(1430)7”T <5 x 1077 CL=95% s
(ex. K — nt77) K3(1430)" v, < 3 x 1073 CL=95% 316
(“3-prong”) nT v, < 99 x 1073 CL=95% 797
h=h=ht v, (9.80 +£0.07 )% 5=1.2 861 N, lg] (139 £0.10 )x 1073 s=14 778
h=h= ht v, (ex.K?) (9.46 +0.06 )% s=1.2 861 nm 7T07T0V (15 +05 )x107% 746
h=h= bt vy (ex. KO w) (19.42 £0.06 ) % s=12 86l nK~ v, lg] (152 +£0.08 )x 1074 719
Tty (9.31 £0.06 )% s=12 86l nK*(892)" vy (1.38 £0.15 ) x 1074 511
7=t 7 vy (ex.KO) (19.02 £0.06 ) % S=1.1 861 nK~ 7T0 Vr (48 12 )x107° 665
- ata v, (ex.KD), < 24 % CL=95% 861 nK-x 0 (non-K*(892)) v < 35 x 1078 CL=90% -
non-axial vector nK n~ v, (93 #15 )x107° 661
aata v (ex.KOw) lg] (899 £0.06 )% S=1.1 861 nKOn~ 70w, < 50 %1075 CL=90% 590
h~h=ht > 1 neutrals v, (539 +£0.07 )% S=1.2 - K=K, < 90 x 1070 CL=90% 430
h=h=ht >17% (ex. KO) (5.00 £0.06 )% s=1.2 - nat o~ a~ >0 neutrals v, <3 x10~3 CL=90% 743
h=h=htn (476 £0.06 )% S=1.2 834 nr~rt v, (ex. KO) (1.64 +0.12 ) x 1074 743
h=h= ht a0y (ex KO9) (457 +£0.06 )% s=1.2 834 na;(1260)~ v, — na v, < 39 x 1074 CL=90% -
h=h= ht 0 (ex. KO, w) (279 +0.08 )% s=1.2 834 T v, < 74 x 1076 CL=90% 637
o ata ﬂ'OV (462 £0.06 )% s=1.2 834 nyr~ wlu, < 20 x10~4 CL=95% 559
o ata~ 7-01/ (ex.K9) (4.48 £0.06 ) % S=1.2 834 K~ v, < 30 x 106 CL=90% 382
aataT 71'01/ (ex.KO,w) le] (270 +£0.08 )% s=1.2 834 7/ (958) 1 vy < 72 x 1076 CL=90% 620
h=h=ht > 2700 (ex. (521 +£0.32 )x1073 - 7' (958) 1~ wlu, < 80 x 1075 CL=90% 591
K9) o vy (34 406 )x1075 585
h=h=ht27%, (5.09 £0.32 ) x10~3 797 oK v, (370 £0.33 )x 1075  s=13 445
h=h= ht 2700, (ex.KO) (498 £0.32 ) x 1073 797 7(1285) 7~ v, (36 +07 )x1074 408
h=h=ht 2700 (ex.KOw,n) [g] (10 +04 )x10-3 797 f(1285) 7~ v, — (111 +0.08 ) x 10~4 -
h=h~ ht 370 vy [g] (23 +£06 )x107% s=1.2 749 nr- v,
K~ hTh™ >0 neutrals v, (635 +024 )x1073  s=15 794 m(1300)" v, — (pm)” v, — < 1.0 x 10~4 CL=90% -
K= ht 7~ v (ex.K9) (438 £019 ) x 1073  s=27 794 (B37) " v,
K= hta= 700, (ex.KO) (87 12 )x1074 s=11 763 7(1300) " v, — < 19 x 104 CL=90% -
K~ nt 7~ >0 neutrals v, (485 +021 )x1073  S=1.4 794 ((77)s_wave ™)~ vy —
K ntn= > (375 £019 )x1073  s=15 794 37) " v,
00 v, (ex.KO) h~w > 0 neutrals v, (241 £0.09 )% s=1.2 708
K- ntn v, (349 £0.16 ) x 1073 S=1.9 794 h~wu, lg] (2.00 +£0.08 )% s=1.3 708
K=t r~ v, (ex.K9) [g] (294 £015)x10~3 s=22 794 K- wu, (41 +09 )x107% 610
K~ po vy — (1.4 +05 )x 10-3 - h~wn® [z gl (41 404 )x1073 684
K~ 7r+7r‘ vy h~w2r%u, (14 =05 )x10~4 644
K- ata a0u, (135 +0.14 ) x 1073 763 h~ 2w, < 54 x10~7 CL=90% 249
K=t 7= 70, (ex.KO) (81 12 )x10~4 763 2h~ htwu, (120 £0.22 ) x 1074 641
0 0 -
K_ ﬂi”_ 770” (ex.Ko,n) le] (78 £12 )x 107: 7es Lepton Family number (LF), Lepton number (L),
Ko mim mve (KoL) (37 £09 )x10 763 or Baryon number (B) violating modes
K=nt K~ >0 neut. v, <9 x 1074 CL=95% 685 yo ]
K= K*x~ >0 neut. v, (150 £0.06 ) x10~3  S=1.8 685 L means lepton number violation (e.g. 7~ — et x— 7). Following
K- Ktng— v, [g] (1.44 £0.05 ) x 10-3 S=1.9 685 common usage, LF means lepton family violation and not lepton number
K- Ktn 0y, le] (61 +25 )x10-5 s=1.4 618 violation (e.g. 7~ — e~ 7T x ). B means baryon number violation.
K-KtK~ v, (21 +08 )x107° S=5.4 471 ey LF < 33 x 1078 CL=90% 888
K= KTK v, (ex. ) < 25 x 1070 CL=90% - noy LF < 44 x 1078 CL=90% 885
K- K+ K*WOVT < 4.8 x 1076 CL=90% 345 e 0 LF < 80 x 1078 CL=90% 883
7~ Ktr~ >0 neut. v, < 25 x1073 CL=95% 794 T LF < 11 x 1077 CL=90% 880
e e etvou, (28 +15 )x107° 888 e~ K% LF < 26 x10~8 CL=90% 819
pe etv, . < 36 x 1073 CL=90% 885 pn K LF < 23 x 1078 CL=90% 815
Modes with five charged particles e e < 92 X 10_: cL=o0% 804
3h~2h* > 0 neutrals v, (1.02 £0.04 ) x1073  S=1.1 794 K 7'0 LF < 68 x 10,8 cL=90% 800
ol el e p LF < 18 x 1078 CL=90% 719
Ee’; p}fosngf) o) wp LF < 12 x10-8 cL=90% 715
3h~2ht v, (ex.KO) [g] (839 £035)x1074 s=1.1 794 e_w L < 48 x 10,2 CLfgozA e
3h=2ht 70u_ (ex.KO) le] (178 +£0.27 )x 104 746 noe 0 L <47 X1 8 cL=o0% m
3h_2h+2770; = aa < 10-6 CL_9%0% ca7 eiK (892) LF < 32 x 1078 CL=90% 665
4 : - K*(892)° LF < 59 x 1078 CL=90% 659
Miscellaneous other allowed modes e~ K*(892)° LF < 34 x 1078 CL=90% 665
(57)" v, (7.7 405 )x1073 800 u~ K*(892)° LF < 70 x 1078 CL=90% 659
4h=3hT > 0 neutrals v, < 3.0 x10~7 CL=90% 682 e~ 1/(958) LF < 1.6 x 1077 CL=90% 630
(“7-prong") = n'(958) LF < 13 x10~7 CL=90% 625
4h=3h*u, < 43 x 1077 CL=90% 682 e f(980) — e~ wtwT LF < 32 x 1078 CL=90% -
4h=3ht 700 < 25 x10~7 CL=90% 612 uf(980) — pwtaT  LF < 34 x 108 CL=90% -
“(S=-1)v, (2.87 £0.07 )% S=1.3 - e~ ¢ LF < 31 x 1078 CL=90% 596
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) LF < 8.4 x 1078 CL=90% 590
“ete” LF < 27 x 1078 CL=90% 888
-+, — -8 —909%
Z+ Z, Z, ti z i; Iig,g E:Zg;‘: ZZ; The followi_ng val_ut_as are obtained tl_]roug_h data an.alyses base.d on
pete IF < 18 «10~8 CL-90% 85 the 3-neutrino mixing scheme described in the review “Neutrino
pte e IF < 15 % 10~8 CL=90% 885 Mass, Mixing, and Oscillations” by K. Nakamura and S.T. Petcov
pptus LF < 21 %1078 CL=90% 873 in this Review.
e~ ntr™ LF < 44 x 1078 CL=90% 877 sin?(2612) = 0.857 & 0.024
et~ L < 88 x 108 CL=90% 877 AmZ; = (7.50 + 0.20) x 1075 eV
p—ata~ LF < 33 x 1078 CL=90% 866 sin2(26,3) > 0.95 [1]
pra—a= L < 37 x 1078 CL=90% 866 Am2, = (2.327012) 5 10-3 ev2 [i]
et K- LF < 58 x 1078 CL=90% 813 - 532 008
e r Kt LF < 52 %1078 CL=90% 813 sin(26;3) = 0.098 & 0.013
etn K™ L < 67 x 1078 CL=90% 813
e KYKS LF < 71 <1078 CL=90% 736 Heavy Neutral Leptons, Searches for
e~ KtK~ LF < 5.4 x 1078 CL=90% 738
et K=K™ L < 80 x 1078 CL=90% 738 For excited leptons, see Compositeness Limits below.
K= LF < 16 x 1077 CL=90% 800
p Kt LF < 1.0 x10~7 CL=90% 800 Stable Neutral Heavy Lepton Mass Limits
pta= K™ L < 94 x 1078 CL=90% 800 Mass m > 45.0 GeV, CL = 95%  (Dirac)
o K%K% LF < 80 x 10’: CL=90% 696 Mass m > 39.5 GeV, CL = 95%  (Majorana)
- - - — 0,
Z+ ﬁ, ﬁ, tF z Z: i 12,8 Et;:g;‘z ZZ: Neutral Heavy Lepton Mass Limits
e~ n0n0 LF < 65 %1076 CL=90% 878 Mass m > 90.3 GeV, CL = 95%
w 7070 LF < 14 % 10~% CL=90% 867 (Dirac v, coupling to e, u, 7; conservative case(7))
e nn LF < 35 x 1075 CL=90% 699 Mass m > 80.5 GeV, CL = 95%
wonn LF < 6.0 x 1075 CL=90% 653 (Majorana v, coupling to e, u, T; conservative case(r))
e~ 707 LF < 24 x 1075 CL=90% 798
w0 LF < 22 x 1075 CL=90% 784 NOTES
ﬁyo LB < 35 x 1076 CL=90% 641
pr 0 LB < 15 x 1072 CLf)o:A, 632 In this Summary Table:
pon LB < 33 X107 CL=90% 604
pn LB < 89 x 1076 CL=90% 475 When a quantity has “(S = ...)" to its right, the error on the quantity has
) LB < 27 X 107% CL=90% 360 been enlarged by the “scale factor” S, defined as S = /x2/(N — 1), where
An™ LB < 12 x1078 cL=90% 525 N is the number of measurements used in calculating the quantity. We do
Ar~ LB < 14 x 1077 CL=90% 525 this when S > 1, which often indicates that the measurements are inconsis-
e” light boson LF < 27 x 1073 CL=95% - tent. When S > 1.25, we also show in the Particle Listings an ideogram of
w~ light boson LF <5 x1073 CL=95% - 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
Heavy Charged Lepton Searches 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
LE - charged lepton products can have in this frame.

Mass m > 100.8 GeV, CL = 95% [l Decay to v W. . L B L
[a] This is the best limit for the mode e~ — v~. The best limit for “electron

L* — stable charged heavy lepton disappearance” is 6.4 x 1024 yr.
Mass m > 102.6 GeV, CL = 95% [b] See the “Note on Muon Decay Parameters” in the g Particle Listings for
definitions and details.
Neutrino Properties [c] P, is the longitudinal polarization of the muon from pion decay. In
standard V—A theory, P, = 1 and p = § = 3/4.
See the note on “Neutrino properties listings” in the Particle Listings. [d] This only includes events with the  energy > 10 MeV. Since the e~ Te v/,
Mass m < 2 eV (tritium decay) and e~ Do,y modes cannot be clearly separated, we regard the latter
Mean life/mass, 7/m > 300 s/eV, CL = 90% (reactor) mode as a subset of the former.
Mean life/mass, 7/m > 7 x 10° s/eV  (solar) [€] See the relevant Particle Listings for the energy limits used in this mea-
Mean life/mass, 7/m > 15.4 s/eV, CL = 90% (accelerator) surement.
Magnetic moment z < 0.32 x 10710 g, CL = 90%  (solar) [f] A test of additive vs. multiplicative lepton family number conservation.
[g] Basis mode for the 7.
Number of Neutrino Types [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
Number N = 2.984 + 0.008 (Standard Model fits to LEP data) of the 90% CL contour in the sin2(2023)7Am§2 plane.
Number N=2.92 4 0.05 (S =12) (Direct measurement of [/] The sign of AmZ, is not known at this time. The range quoted is for

invisible Z width) the absolute value.
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QUARKS

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

b/ (4t Generation) Quark, Searches for

Mass m > 190 GeV, CL = 95%
Mass m > 199 GeV, CL = 95%
Mass m > 128 GeV, CL = 95%
Mass m > 46.0 GeV, CL = 95%

(pp. quasi-stable b)
(pP, neutral-current decays)
(pP, charged-current decays)
(et e, all decays)

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

[4] 10P) = 35
mg = 48737 Mev Charge=-le 1,=-1

mg/mg = 17-22
m = (my+mg)/2 = 3.2-4.4 MeV

[5] 1Py = 03+

mg =95+ 5 MeV Charge = 7% e Strangeness = —1
ms [/ ((my + mg)/2) =27+1

1UP) = 03 %)

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

[6] I0P) = 0(4)

Charge = 7% e Bottom = —1
mp(MS) = 4.18 + 0.03 GeV
mp(1S) = 4.65 & 0.03 GeV
[t] 1P = o)
Charge = % e Top = +1

Mass (direct measurements) m = 173.5 = 0.6 + 0.8 GeV [2]

Mass (MS from cross-section measurements) m = 160fi Gev [

my —mg=—14+20GeV (S=16)
Full width T = 2.0 37 Gev
[(Wb)/T(Wq(q = b, s, d)) = 0.91 + 0.04

t DECAY MODES Fraction (I;/T)

p
Confidence level (MeV/c)

Wq(q = b, s, d)

Wb
Lvyanything [cd] (9.4+2.4) %
7q(g=u,c) le] < 5.9 x 1073 95%

AT = 1 weak neutral current (71) modes
Zq(g=u,c) T1 [f] < 3.2 % 95%

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

Mass m  (pp, t't’ prod., t' — Wq)
Mass m

I Free Quark Searches I

All searches since 1977 have had negative results.

NOTES

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

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

[c] £ means e or y decay mode, not the sum over them.

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

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

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

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

16(uPy=17(07)

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

(S =1.2)
(S =1.2)

7t — Xy form factors 2]
Fy = 0.0254 £+ 0.0017
Fa = 0.0119 £ 0.0001
Fy slope parameter 2 = 0.10 £+ 0.06
R=0.059+3:9%
7~ modes are charge conjugates of the modes below.

For decay limits to particles which are not established, see the section on
Searches for Axions and Other Very Light Bosons.

p
=+ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
whu, [b] (99.98770+0.00004) % 30

TR [c] (200 4025 )x10—4 30
et ve [b] (1230 +0.004 )x10~% 70
et vey [l (739 4005 )x10—7 70
etyemd (1.036 +0.006 )x10~8 4
etveete™ (32 405 )x1079 70
et vevy <5 x 1076 90% 70
Lepton Family number (LF) or Lepton number (L) violating modes
ut e L [d] < 15 x 1073 90% 30
utve LF  [d < 80 x 1073 90% 30
u—etety LF < 16 x 1076 90% 30
. /G(JPC):17(0*+)
Mass m = 134.9766 + 0.0006 MeV (S = 1.1)
m i — m_o = 45936 £ 0.0005 MeV
Mean life 7 = (8.52 + 0.18) x 10717 s (S = 1.2)
cr = 25.5 nm
For decay limits to particles which are not established, see the appropriate
Search sections (A0 (axion) and Other Light Boson (XO) Searches, etc.).
Scale factor/ p
70 DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
2y (98.823+0.034) % S=1.5 67
ete ( 1.174+0.035) % S=1.5 67
~positronium (1.82 +£0.29 ) x 1079 67
etete e~ (334 £0.16 ) x 1075 67
ete™ (646 +0.33 ) x 1078 67
4y < 2 x 1078 CL=90% 67
v le] < 2.7 x 1077 CL=90% 67
VeTe < 17 x 1076 CL=90% 67
M < 16 x 1076 CL=90% 67
v Uy < 21 x 1076 CL=90% 67
427 <6 x 104 CL=90% 67

Charge conjugation (C) or Lepton

3y c < 3.1 x 1078 CL=90%
ute LF < 38 x10~10cL=90%
uet LF < 34 x 1079 CL=90%
ute 4+ pet LF < 36 x10~10¢CL=90%

Family number (LF) violating modes

67
26
26
26

C-nonconserving decay parameters
ntr~ a0 left-right asymmetry = (0.097512) x 1072

ntr~ a0 sextant asymmetry = (0.12F319) x 1072
ata~ 70  quadrant asymmetry = (—0.09 + 0.09) x 102
ata=y  left-right asymmetry = (0.9 & 0.4) x 1072
atrn=y B (D-wave) = —0.02 +£0.07 (S=1.3)

CP-nonconserving decay parameters
nt 7~ et e decay-plane asymmetry Ay = (—0.6 + 3.1) x 1072

Dalitz plot parameter

07070 o = —-0.0315 + 0.0015
Scale factor/ P
n DECAY MODES Fraction ([;/T) Confidence level (MeV/c)
Neutral modes
neutral modes (71.914+0.34) % S=1.2 -
2y (39.31+0.20) % s=1.1 274
370 (32.57+0.23) % S=1.1 179
702y (27 +05 ) x10~4 S=1.1 257
2702+ < 12 x1073  CL=90% 238
4y < 28 x1074  CL=90% 274
invisible < 6 x1074  CL=90% -
Charged modes
charged modes (28.104+0.34) % S=1.2 -
atr— g0 (22.7440.28) % $=1.2 174
ata=y ( 4.60+0.16) % $=2.0 236
ete y (6.9 +£0.4 )x1073 S=1.2 274
utp=~ (31 +04 )x1074 253
ete~ < 56 x1076  CL=90% 274
utu~ (58 +£0.8 ) x107° 253
2et2e~ ( 2.4040.22) x 10~5 274
rtr=ete (v) (268+0.11) x 104 235
ete putu~ < 16 x1074  CL=90% 253
2utou~ < 36 x1074  CL=90% 161
Tar ko < 36 x1074  CL=90% 113
ataT 2y < 20 x 103 236
atr= a0y <5 x1074  CL=90% 174
ﬂ'o/ﬁ noy < 3 x1070  CL=90% 210
Charge conjugation (C), Parity (P),
Charge conjugation x Parity (CP), or
Lepton Family number (LF) violating modes
0y c <9 x1075  CL=90% 257
ata~ P,cP < 13 x1075  CL=90% 236
270 P.cP < 35 x1074  CL=90% 238
210 f <5 x10~4  CL=90% 238
30y c < 6 %1075 CL=90% 179
3y c < 16 X107 CL=90% 274
470 P,CP < 69 x10~7  CL=90% 40
mlete c If] < 4 %1075 CL=90% 257
a0t~ f f]< 5 %1076  CL=90% 210
wrem + pet LF < 6 x1070  CL=90% 264

%(500) or & L&
was fp(600)

IG(JPC) — 0+(0 + +)

Mass m = (400-550) MeV
Full width ' = (400-700) MeV

Mass m = 547.853 + 0.024 MeV
Full width ' = 1.30 + 0.07 keV

f5(500) DECAY MODES Fraction (I;/T) (Mevyc)

s dominant -

Yy seen -
p(770) I 16UPC) =11 ")

Mass m = 775.49 &+ 0.34 MeV
Full width ' = 149.1 + 0.8 MeV
[ee = 7.04 £ 0.06 keV
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Scale factor/  p 3(rta7) <5 x 10~4 90% 189
p(770) DECAY MODES Fraction (I;/T) Confidence level (MeV/c) Tt r—ete (24 -t%g ) x 103 458
T ~ 100 % 363 yete™ <9 x1074 90% 479
0 —4 0,
v 8 x 10 90% 469
770)F dec 7 <
" p(770) ays 4 470 <5 x 10~4 90% 380
T ( 45 +£05 ) x 10 : 5=22 375 ot e P 107 0% s
TN < 6 x 107 CL=84% 153 L 4 )
£ 0 3 o invisible <9 x 10 90% -
T T < 20 x 10 CL=84% 254
0 Charge conjugation (C), Parity (P),
. p(770)" decays s Lepton family number (LF) violating modes
AN (99 +16 ) x 10 : 362 at P.cP < 6 % 10-5 00% 458
™ (60 x08 )x 107 376 700 PCP < 4 x 1074 90% 459
" (1 3.00+0.20 ) % 10:2 194 mlete c  [fl< 14 x 103 90% 469
T (45 k08 ) x 10 . 363 nete~ C [f1< 24 x 1073 90% 322
wn (M ( ass+o2s ) x 10:5 373 3y c < 10 < 10—4 00% 479
ete 1 ( 4724005 ) x 10 388 w70 c [fl < 60 105 0% 5
ata— 70 ( 1.017538£034) x 1074 323 whu=n C [fl< 15 x 1075 90% 273
) —a
rtratn ( 1.8 £09 ) x 10~5 251 en LF < 47 x10 90% 473
ata— 7070 ( 16 £08 ) x 10~5 257
0o+ o -5 —909
nlete < 12 x 10 CL=90% 376 :
b 16(980) I IG(JPC) — 0+(0 + +)
w(782) 16(JPCY =0—1— ) Mass m = 990 = 20 MeV
Full width T = 40 to 100 MeV
Mass m = 782.65 + 0.12 MeV (S = 1.9)
Full width ' = 8.49 + 0.08 MeV f(980) DECAY MODES Fraction (I';/T) p (MeVjc)
|—ee = 0.60 £ 0.02 keV T dominant 476
Scale factor/ p KK seen 36
w(782) DECAY MODES Fraction (I';/T) Confidence level (MeV/c) vy seen 495
ata— 70 (89.2 £0.7 )% 327
0
70 8.28+0.28) % s=2.1 380 -

, ( 0 11) ) ap(980) U 16UPG =170t )
ata~ (153%010) % S=1.2 366
neutrals (excluding7®~) (8 8 )x10-3 S=1.1 - Mass m = 980 + 20 MeV
Ny (46 £0.4 )x1074 S=1.1 200 Full width T = 50 to 100 MeV
nlete~ (7.7 £0.6 ) x 1074 380 _

70 /L+ﬂ* (1.3 £0.4 )x 1074 5=2.1 349 a0 (980) DECAY MODES Fraction (F;/T) p (MeVjc)
ete™ ( 7.28+0.14) x 105 S=1.3 391 nm dominant 319
ata= 7070 < 2 x10~4  CL=90% 262 KK seen ¥
ata "y < 36 %1073 CL=95% 366 ey seen 490
atr ata~ <1 x1073  CL=90% 256
a0n0n (66 1.1 )x1075 367
nuly < 33 x107%  CL=90% 162 $(1020) 16UPCy =0—(1— )
wtp~ (9.0 £3.1 )x1075 377
3y < 1.9 x10~4  CL=95% 391 Mass m = 1019.455 + 0.020 MeV (S = 1.1)
Full width ' = 4.26 4+ 0.04 MeV (S =14

Charge conjugation (C) violating modes ( ) Scale factar/

0 —4 _ cale factor, p
n ¢ <21 x10 CL=90% 162 $(1020) DECAY MODES Fraction (T;/T)  Confidence level (MeVc)
2 C < 21 x107%  CL=90% 367 T
370 c < 23 %x10—4  CcL=90% 330 KTK (489 +£05 )% S=1.1 127

K9 K& (342 04 )% S=1.1 110
pr+ atr— a0 (1532 +£0.32 ) % S=1.1 -
7'(958) 1GUPCY =0t~ ) ny ( 1.3090.024) % s=1.2 363
70y (127 +£0.06 ) x 1073 501
Mass m = 957.78 £ 0.06 MeV e — 510
Full width T = 0.199 & 0.009 MeV e:e‘ (295440030) x 1074 s=11 510

- —4
P wtp (287 £0.19 ) x 10 499
' (958) DECAY MODES Fraction (I;/T) Confidence level (MeV/c) nete” (1.15 £0.10 ) x 10~% 363
T 4 107 0% - ata~ (74 +13 )x1075 490
7T° 7f‘—(innl ding non-resonant (29.3 ioie )‘; 165 wn (47 05 )x107° 1
P ')7#;{ )g on-resona (9. €)% wry <5 % CL=84% 209
2070 v (216 08 )% 239 P < 12 x 1073 CL=90% 215
- K 2751020 ‘; 150 ataTy (41 +13 )x107° 490
:‘7 ( 2'18i0'08)‘; o 5(980)y (322 £019 )x 1074  s=11 29
g (2 08) % 3 070y (113 £0.06 ) x 1074 492

37 (1.68+0.22) x 10 430 e 428 6
ptu—y (1.0740.26) x 10~4 467 Tt (40 T55 )x107 410
atr T < 22 x 1074 90% 401 atrta a0 < 46 x 1076 CL=90% 342
at a0 (36 *11)x10-3 428 mete” (112 £0.28 ) x 1075 501
0.0 . T 50% m w0y (7.27 £0.30 )x 1075 s=15 346
72T(7rﬂ+7r*) z 2.4 104 oo 37 0(980)y (76 +06 )x10-5 39

. b 0700 -, -8 L=

rta2n0 < 26 x 1073 90% 376 KK < 0D o

i 7'(958)y (625 +£0.21 ) x 1079 60
2(7t ) neutrals <1 % 95% - 0.0 -5 0

4+ -\ 0 3 o nmwomwey < 2 x 10 CL=90% 293
2(rtnT)w < 19 x 10 90% 298 T _5
2(7T+7T’)27r0 <1 % 5% 197 npTy (1.4 +£05 )x10 499

Py < 12 x 1074 CL=90% 215
nrta~ < 18 x 1073 CL=90% 288
nutp~ < 94 x10~6 CL=90% 321
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Lepton Faminly number (LF) violating modes
et ¥ LF < 2 x 1076 CL=90% 504

hy (1170) 6P =01t )

Mass m = 1170 + 20 MeV
Full width I' = 360 + 40 MeV

hy(1170) DECAY MODES Fraction (I;/T) p (MeVc)

p seen 307

b1 (1235) 16(JPCy =1t + )

Mass m = 12295 & 3.2 MeV (S = 1.6)
Full width T = 142 £ 9 MeV (S = 1.2)

p
by (1235) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)

wm dominant 348
[D/S amplitude ratio = 0.277 + 0.027]
aty (1.6+0.4) x 10~3 607
np seen i
atatr— 0 < 50 % 84% 535
K*(892)* KF seen +
(KK)* =0 <8 % 90% 248
K KO rt < 6 % 90% 235
KLIKrt <2 % 90% 235
o < 15 % 84% 147

a,(1260) 1“1 1CUPC =1—(1 )

Mass m = 1230 + 40 MeV [l
Full width T = 250 to 600 MeV

a;(1260) DECAY MODES Fraction (T;/F) p (MeV/e)
(PT)s—wave seen 353
(PT)D—wave seen 353
(p(1450)7) 5 —wave seen T
(p(1450)7) p—wave seen T
o seen -
1(980) not seen 179
fo(1370) seen t
£ (1270) 7 seen t
K'K*(892)+ c.c. seen t
Ty seen 608

£,(1270) 16(JPCy = ot 2+ 1)

Mass m = 1275.1 + 1.2 MeV (S = 1.1)
Full width T = 1851729 MeV (S = 1.5)

Scale factor/

p
£(1270) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)

24
s (848 T73)% S=1.2 623
ata—2n0 (71 133)% s=13 562
KK (46 £04)% 5=238 403
ot o= (28 +04)% S=1.2 559
nn (40 +£08 )x103 s=2.1 326
470 (3.0 £1.0 ) x 1073 564
vy (1.6440.19) x 1075 S=1.9 638
nTw < 8 x1073  CL=95% 477
KOK= 7t + cc. < 34 x1073  CL=95% 293

ete™ < 6 x 1010 cL=00% 638

f,(1285)

IG(JPC) — 0+(1 + +)

Mass m = 1282.1 + 0.6 MeV (S = 1.7)
Full width I = 242 + 1.1 MeV (S = 1.3)

Scale factor/ p
f,(1285) DECAY MODES Fraction (I;/T) Confidence level (MeVc)
47 @1t 2% S=1.3 568
w0l rt (2207 14yy S=1.3 566
ot 2n~ ot 30y % s=1.3 563
Prtr ot 30y % S=1.3 336
po po seen t
470 <7 x1074  CL=90% 568
natr™ (35 +15 )% 479
nmww (5244: %:g) % S=1.2 482
a0(980) 7 [ignoring 20(980) — (36 +7)% 238
KK]
nmm [excluding ag(980) 7] (16 +£7)% 482
KKm_ (9.0+ 04)% s=1.1 308
K K*(892) not seen i
ata— a0 ( 3.0+ 0.9) x 1073 603
pEat < 31 x1073  CL=95% 390
50 ( 55+ 1.3)% 5=2.8 407
foxet (74+ 2.6) x 1074 236
7(1295) 16(JPCy = o+ (0— )
Mass m = 1294 + 4 MeV (S = 1.6)
Full width ' = 55 + 5 MeV
n(1295) DECAY MODES Fraction (I';/T) p (MeVc)
U’TJF T seen 487
ap(980) seen 248
nﬂ'o 70 seen 490
n(7m)s-wave seen -
m(1300) 16UPCy =1—(0— 1)
Mass m = 1300 + 100 MeV (]
Full width ' = 200 to 600 MeV
7(1300) DECAY MODES Fraction (;/T) p (MeVjc)
pT seen 404
m(77)s-wave seen -
a,(1320) 16UPCy = 1= 2+ *)
Mass m = 1318.37 32 Mev (S = 1.2)
Full width I = 107 + 5 MeV U]
Scale factor/ p
a(1320) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
3m (701 +£2.7 )% S=1.2 624
s (145 +12 )% 535
wr (10.6 +3.2 ) % s=13 366
KK (49 £0.8)% 437
7'(958) (5.3 0.9 )x1073 288
aty ( 2.68+0.31) x 10~3 652
vy (9.4 +0.7 )x1076 659
ete~ <5 x1079  CL=90% 659
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f(1370) Ul 16(PC) =0t * )

Mass m = 1200 to 1500 MeV
Full width ' = 200 to 500 MeV

fp(1370) DECAY MODES Fraction (I;/T) p (MeVc)
T seen 672
4T seen 617
470 seen 617
ot 2m™ seen 612
ata2n0 seen 615
pp dominant t
2(7m)s-wave seen -
m(1300) 7 seen T
a1 (1260) 7 seen 35
nn seen 411
KK seen 475
KKnnm not seen t
67 not seen 508
ww not seen T
Yy seen 685
ete™ not seen 685

/G(JPC) — 17(1 - +)

1(1400) [

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

m1(1400) DECAY MODES Fraction (I;/T) p (MeVc)
nm° seen 557
nmwo seen 556

n(1405) 7] 16(JPCY =0+ (0~ )

Mass m = 1408.9 + 2.4 Mev [ (S =2.3)
Full width T = 51.1 + 3.2 MeV [T (S = 2.0)

p
n(1405) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)

KK seen 424
nmwmT seen 562
ap(980) seen 345
n(7m)s-wave seen -
15(980)n seen t
4 seen 639
PP <58 % 99.85% t
po v seen 491
K*(892) K seen 123

/G(JPC) — 0+(1 ++)

£,(1420) [

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

f,(1420) DECAY MODES Fraction (I';/T) p (MeVc)
KKm dominant 438

K K*(892)+ c.c. dominant 163
nmwmw possibly seen 573
by seen 349

16UPCY =0—1— )

w(1420) [7]

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

w(1420) DECAY MODES Fraction (I;/T) p (MeVjc)
pT dominant 486
wTT seen 444
by (1235) 7 seen 125

ete™ seen 710

ap(1450) U/ 16UPC) =170t )

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

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

p(1450) [@ 16UPC =111~ )

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

p(1450) DECAY MODES Fraction (I';/T) p (MeVjc)
T seen 720
4 seen 669
ete” seen 732
np possibly seen 310
a,(1320) 7 not seen 54
KK not seen 541
K'K*(892)+ c.c. possibly seen 229
ny possibly seen 630
fy(500) not seen -
,(980)~y not seen 398
fo(1370)y not seen 92
£(1270)~y not seen 178

n(1475) 1! 16(JPCy = o+ (0— )

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

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

ap(980) 7 seen 396
Yy seen 738

f(1500) [ 16(UPCy = ot(0++)

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

f5(1500) DECAY MODES Fraction (I;/T) Scale factor (Mgv/c)
T (34.942.3) % 1.2 741
atn~ seen 740
270 seen 741
4r (49.5+3.3) % 1.2 691
470 seen 691
2t on~ seen 687
2(7m) s-wave seen -
pp seen T
m(1300) seen 144
a1(1260) 7 seen 218
nn (5.1£0.9) % 1.4 516
nn'(958) (1.9+0.8) % 1.7 1
KK (8.6+1.0)% 1.1 568
vy not seen 753
%(1525) 16(UPCy = ot 2+ 1)

Mass m = 1525 + 5 MeV [l
Full width T = 7378 Mev [
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f4(1525) DECAY MODES Fraction (;/T) p (MeVjc)
KK (88.7 £2.2 )% 581
nn (10.4 £2.2 )% 530
s (82 +£1.5 ) x 1073 750
vy ( 1.1140.14) x 1076 763
71(1600) [ 16uPG =11
Mass m = 166278 Mev
Full width T = 241 + 40 MeV (S = 1.4)
m1(1600) DECAY MODES Fraction (I';/T) p (MeVc)
TTT not seen 803
poﬂ’ not seen 641
f(1270) 7~ not seen 318
b1 (1235) 7 seen 357
n'(958) ™~ seen 543
f1(1285) 7 seen 314
n2(1645) 1GUPCY =0t =)
Mass m = 1617 £ 5 MeV
Full width ' = 181 + 11 MeV
7p(1645) DECAY MODES Fraction (;/T) p (MeVjc)
a»(1320)w seen 242
KKm seen 580
K*K seen 404
7771'*71" seen 685
ap(980) 7 seen 499
£ (1270)n not seen t
w(1650) ! 1I6UPGY =0—(1— )
Mass m = 1670 £ 30 MeV
Full width I' = 315 £+ 35 MeV
w(1650) DECAY MODES Fraction (I;/T) p (MeVjc)
pT seen 646
wmTT seen 617
wn seen 500
ete” seen 835
w3(1670) 16JPCY =0-3— )
Mass m = 1667 £+ 4 MeV
Full width I = 168 + 10 MeV [l
w3(1670) DECAY MODES Fraction (I;/T) p (MeVc)
p seen 645
WTT seen 615
b1(1235) 7 possibly seen 361
m5(1670) 16UPG =12~ )
Mass m = 1672.2 + 3.0 MeV [ (S =1.4)
Full width I =260 = 9 Mev [ (S = 1.2)
p
m(1670) DECAY MODES Fraction (;/T) Confidence level (MeV/c)
37 (95.8+1.4) % 809
£ (1270) 7 (56.3+3.2) % 329
pm (31 +£4 )% 648
om (10.943.4) % -
(7m) s-wave (87+£34)% -
K K*(892)+ c.c. (42+1.4)% 455
wp (27£1.1) % 304
¥y < 28 x10~7 90% 836
p(1450) 7 < 36 x 1073 97.7% 147
by (1235)m < 19 x 1073 97.7% 365
f(1285) 7 possibly seen 323
a»(1320) 7 not seen 292

#(1680) 16UPCY =0—1— )

Mass m = 1680 =+ 20 MeV []
Full width T = 150 4 50 MeV []

#(1680) DECAY MODES Fraction (I;/T) p (Mevjc)

KK*(892)+ c.c. dominant 462

Kg K seen 621

KK seen 680

ete seen 840

wnTT not seen 623
KtK—ntn— seen 544
p3(1690) 16(PC) =1t3 )

Mass m = 1688.8 + 2.1 MeV []

Full width I = 161 + 10 MeV 1 (S = 1.5)

P
p3(1690) DECAY MODES Fraction (I;/T) Scale factor (MeVjc)

47 (711 + 1.9 )% 790
atata— a0 (67 £22 )% 787
wm (16 +6 )% 655

T (236 + 1.3)% 834

KK (38 +12)% 629

KK ( 158+ 0.26) % 1.2 685

7]7r+ T seen 727

p(770)n seen 520

TP seen 633

Excluding 2p and a(1320) .
a,(1320) 7 seen 307
pp seen 334

p(1700) (4] 1I6UPCy =1+t~ )

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

p(1700) DECAY MODES Fraction (T;/T) p (MeV/c)
2t 717) large 803
P dominant 653
po ata~ large 650
pErF a0 large 652
a1(1260) 7 seen 404
hy(1170) 7 seen 447
m(1300) seen 349
pp seen 372
ata~ seen 849
T seen 849
KK*(892) + c.c. seen 496
np seen 545
a,(1320) 7 not seen 334
KK seen 704
ete~ seen 860
mOw seen 674
f(1710) [s] 16(JPCy = ot ++)
Mass m = 1720 = 6 MeV (S = 1.6)
Full width ' = 135 £ 8 MeV (S =1.1)
fp(1710) DECAY MODES Fraction (I;/T) p (MeVc)
KK seen 704
nn seen 663
T seen 849
ww seen 357

7(1800) 16UPG =170~ ")

Mass m = 1812 + 12 MeV (S = 2.3)
Full width ' = 208 + 12 MeV
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(1800) DECAY MODES Fraction (I;/T) p (MeVc)
atrT oo seen 879
fo(500) 7~ seen -
15(980) 7~ seen 625
fo(1370) 7~ seen 368
fo(1500) 7~ not seen 250
pT not seen 732
nnmw- seen 661
ap(980)n seen 473
a,(1320)n not seen +
(1270) not seen 442
fo(1370) 7~ not seen 368
fo(1500) 7w~ seen 250
nn' (958) 7~ seen 375
K(1430) K~ seen t
K*(892) K~ not seen 570
¢3(1850) 16UPC) =0=(377)
Mass m = 1854 £ 7 MeV
Full width T = 87728 Mev (S = 1.2)
¢3(1850) DECAY MODES Fraction (I;/T) p (MeVc)
KK seen 785
K K*(892)+ c.c. seen 602
m5(1880) 16PCy =1—2— 1)
Mass m = 1895 £ 16 MeV
Full width ' = 235 + 34 MeV
£;(1950) 1GUPCY = ot + )
Mass m = 1944 + 12 MeV (S = 1.5)
Full width I' = 472 + 18 MeV
£,(1950) DECAY MODES Fraction (T;/T) p (MeVjc)
K*(892) K*(892) seen 387
ata seen 962
7070 seen 963
4m seen 925
nn_ seen 803
KK seen 837
7Y seen 972
pp seen 254
£,(2010) 16PCy = ot 2+ )
Mass m = 2011750 MeV
Full width ' = 202 + 60 MeV
£(2010) DECAY MODES Fraction (I';/T) p (MeVc)
ogl seen i
KK seen 876
4(2040) 16UPC) =17+ )
Mass m = 1996 710 MeV (S = 1.1)
Full width T = 255728 Mev (S = 1.3)
a,4(2040) DECAY MODES Fraction (I;/T) p (MeVc)
KK seen 868
at =70 seen 974
pT seen 841
£ (1270) 7 seen 580
wmr T seen 819
wp seen 624
7]71'0 seen 918
n'(958) seen 761

£,(2050) 16UPC) =0ttt

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

f3(2050) DECAY MODES Fraction (F;/T) p (MeVjc)
ww seen 637
T (17.0£1.5) % 1000
KK (68+34) x1073 880
nn (2140.8) x 1073 848
470 < 12 % 964
a»(1320) 7 seen 567
#(2170) 16(uPCy =0—(1— )
Mass m = 2175 &+ 15 MeV (S = 1.6)
Full width ' = 61 + 18 MeV
$(2170) DECAY MODES Fraction (T;/T) p (MeVjc)
ete” seen 1087
& 15(980) seen 416
K+ K~ 1(980) — seen -
KtK—rtn~
Kt K= 1£(980) — Kt K~ 7070 seen -
KO K+ Ll not seen 770
K*(892)0 K*(892)0 not seen 622
£(2300) 16(JPCy = ot 2+ +)
Mass m = 2297 + 28 MeV
Full width ' = 149 + 40 MeV
,(2300) DECAY MODES Fraction (I;/T) p (MeVjc)
(/)qb_ seen 529
KK seen 1037
vy seen 1149
£(2340) 1I6(PCy = ot t+
Mass m = 2339 £ 60 MeV
Full width I = 319783 Mev
>(2340) DECAY MODES Fraction (;/T) p (MeVfc)
foyol seen 573
nn seen 1033

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

Kt = us, KO = ds, KO = ds, K~ = s,

similarly for K*'s

1UP) = 3(07)

Mass m = 493.677 + 0.016 MeV [ (S = 2.8)

Mean life 7 = (1.2380 4 0.0021) x 1078 s (S = 1.9)

cr =3.712m
Slope parameter g [V]

(See Particle Listings for quadratic coefficients and alternative

parametrization related to 7w scattering)
K* — rFrtr= g=—0.21134 £ 0.00017

&+ — &)/ (g +8-) = (~15£22)x107*

KE* - at7970 g = 0.626 + 0.007

6+ —8-)/ (gr +5-)=(1.8+18)x107*

K decay form factors [2V]
Assuming p-e universality
A (Kip) = A (Kd) = (2,97 £ 0.05) x 1072
/\O(KI_,,) = (1.95 & 0.12) x 1072
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Leptonic modes with £Z pairs

Not assuming u-e universality Ei”e Vv < 6 x107°  CL=90% 247
o -6 L
/\+(K:3) = (2.98 £ 0.05) x 10-2 pry, vy < 60 x 10 CL=90% 236
5 ) etveete™ (248 +0.20 )x 1078 247
Ar(K3) = (2,96 +0.17) x 10~ pty,ete” ( 7.06 +£031 )x10~8 236
Mo(Kf3) = (1.96 £ 0.13) x 1072 etveputy~ ( 17 +05 )x1078 223
L. /1,+ llﬂ/l.+ no < 41 x10~7  CL=90% 185
Kes form factor quadratic fit
Ny (KL,) linear coeff. = (2.49 + 0.17) x 10-2 Lepton Family number (LF), Lepton number (L), AS = AQ (SQ)
)\”+(K§3) quadratic coeff. — (0.19 + 0.09) x 102 violating modes, or AS = 1 weak neutral current (S1) modes
Kt /bl = (o03+08) x 10-2 T rte 7, 5Q < 12 x1078  CL=90% 203
e |fs/fi] = (-031g7) x mtat o, 5Q < 30 x1076 CL=95% 151
Ky |fr/fe] = (-1.2£2.3) x 1072 atete™ s1 ( 3.00 £0.09 ) x 1077 227
Kiy |fs/fy| = (0.2 +06) x 1072 atutp~ s1 (94 +06 )x1078  s=26 172
’+ . atvo S1 (17 +11 )x10-10 227
K |fr/fy| = (-01+0.7) x 10 ataOuw s1 < 43 x107% CL=90% 205
Kt — etvey |Fa+ Fy|=01334+0008 (S=13) uvetet LF < 20 x1078 CL=90% 236
KT — utu,y |Fa+ Fy| =0.165 £ 0.013 phve LF [d< 4 x1073  CL=90% 236
K+t — etvey |Fa— Fy| < 0.49 ﬂi/ﬁe; LF < 13 x 10711 cL=90% 214
Kt - ut vuy |FA _ Fv| = —0.24 t0 0.04, CL = 90% rtu~e LF < 52 x 10710 cL=90% 214
] - ptet L < 50 x 10710 cL=90% 214
Charge Radius - etet L < 64 x10710 cL—90% 227
(r) = 0.560 £ 0.031 fm a~utpt L [q < 11 x1079 CL=90% 172
+— -3 — 909
CP violation parameters H Vf, L [d < 33 X 10,3 CL=90% 236
N 72 T ey L < 3 % 10 CL=90% 228
A(K o) = (=22 +1.6) x 10 ey laa] < 23 x10=% CL=90% 227
A(KZ,,) = 0.010 +0.023
+ ) -3
A(Kﬂ—ﬂ——\,)_ (0.0i1.2)><10 I(JP) — %(07)
A Ki - r(cos(GKu)>0)7r(cas(9KH)<0) 23 10,2 cL
FB(KT ) = eS0T cos(x,0<0) < 23 % '

= 90% 50% Ks, 50% KL
Mass m = 497.614 + 0.024 MeV (S = 1.6)

T violation parameters Myo — Myee = 3.937 0,028 MeV (S = 1.8)

Kt — Oty Pp=(-17+25)x1073
K¥ — pty,y  Pr=(-06%+19)x1072
Kt — 7%uty, Im(¢) = —0.006 + 0.008

Mean Square Charge Radius
(r?)y = —0.077 £ 0.010 fm?

" T-violation parameters in K9-K® mixing (V]
K~ modes are charge conjugates of the modes below. Asymmetry At in KO-KO mixing = (6.6 £+ 1.6) x 1073
Scale factor/ p - i . [v]
K+ DECAY MODES Fraction (I';/T) Confidence level (MeV/c) CPT-violation parameters
Red = (2.5 +2.3) x 1074
Leptonic and semileptonic modes Im§=(—1.5+1.6) x 1075

et e ( 1.581+0.008) x 107> 247 Re(y), K.3 parameter = (0.4 + 2.5) x 1073
prvy, ( 6355 +£0.11 )% s=12 236 Re(x_), Ke3 parameter = (—2.9 & 2.0) x 10~3
w0et v, . ( 5.07 £0.04 )% 5=21 228 [myo — Myo| / Maverage < 6 x 10712, CL = 90% [bb]

o +Ca”ed Kes- (Tko — Tgo)/ Maverage = (8 + 8) x 10718

L 3.35340.034) % s=1.8 215
ek ( ) Tests of AS = AQ
u3: —(_ -3
00 ety ( 22 404 )x10°5 206 Re(x4), Ke3 parameter = (—0.9 + 3.0) x 10
atr et v, ( 4.09 £0.10 ) x 105 203
ata~utv ( 14 209 )x1075 151 0 P 1
1 1(J7) = 5(0
w0070ty < 35 x1076  CL=90% 135 Ks (7 =2(07)
Hadronic modes Mean life 7 = (0.8954 +0.0004) x 10710s (S =1.1) Assum-
at a0 ( 20.66 +0.08 ) % s=12 205 ing CPT
at 070 ( 1.761+0.022) % s=11 133 Mean life 7 = (0.89564 + 0.00033) x 10719 s  Not assuming
atata~ ( 559 +0.04 )% s=13 125 CPT
Leptonic and semileptonic modes with photons cr = 26844 cm  Assuming CPT

v,y wx] ( 62 +08 )x1073 236 CP-violation parameters [cc]
#* v (SDT) lay] (133 £0.22)x107° - Im(14_o) = —0.002 + 0.009
pF v, v (SDTINT) l[ay] < 27 x1075  CL=90% - Im(nogo) = (—0.1 %+ 1.6) x 1072

+ : — — —4 —909 -
o V/;,W(SD + SDTINT) [ay] < 26 x 10 CL=90% {7]000| _ |A(K% N 37T0)/A(K(Z _ 371.0)‘ < 0.018, CL = 90%
etvey ( 94 404 )x107© 247 P try Ain mt e et e = (04 4 0.8)%
m0et vey wx] ( 256 £0.16 ) x 104 228 asymmetry Ain 777~ eTe” = (~0. 8)%
70et v~ (SD) [ay] < 53 x10°5 CL=90% 228
™ utv,y wx] ( 125 £0.25 )x107° 215
070t ey < 5 x1076  CL=90% 206

Hadronic modes with photons or £Z pairs

at a0y (INT) (- 42 +09 )x10~® -
7t 70+/(DE) wz] ( 60 +04 )x10~6 205
at 00y wx (76 *59 )x1076 133
atatay wx] ( 1.04 £031 )x10~4 125
atyy w] ( 1.10 £0.32 )x 1076 207
at3y w] < 10 x1074 CL=90% 227

ntete ( 119 £0.13 )x10~8 227
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Scale factor/ p
Kg DECAY MODES Fraction (I';/T) Confidence level (MeV/c) Assuming CPT
. p,_ = (43.51 £0.05)° (S=1.2

Hadronic modes o= ( ) ( )

70x0 (30.69+0.05) % 209 doo = (43.52 + 0.05)° (S = 1.3)
+ -
atr (69.20+0.05) % 206 Ge=dew = (43.52 £ 0.05)° (S =1.2)
ata a0 (35 T11y, 107 133 N ‘ . o -~
0.9 Im(¢'/e) = —(dgo — #4+-)/3 = (—0.002 £ 0.005)° (S =1.7)
Modes with photons or £Z pairs Not assuming CPT
wiw* 7+ [xdd] ( 1.7940.05) x 10*2 206 ¢y =(43.4£05)° (S=1.2)
atrete” ( 4.79+0.15) x 10~ 206 L o B
70y [dd] (4.9 +1.8 )x10-8 231 o0 = (437 £ 0.6)° (S=1.2)
vy (2.63+0.17) x 10~° $=3.0 249 ¢ = (435 +0.5)° (S=1.3)
Semileptonic modes CP asymmetry A in K% — atrmete” = (13.7 £ 1.5)%

wteFuy, [ee] ( 7.0420.08) x 10~4 29 Bcp from KY — ete~ete” = —0.19 £ 0.07

vep from K§ — ete"ete” =001 £0.11 (S=1.6)

CP violating (CP) and AS = 1 weak neutral current (S1) modes j for K(L) a0 = 0.0012 + 0.0008

3770 cP < 1.2 x10~7 CL=90% 139
e <1 < 32 w10~ CL—90% 205 ffor K — 7+~ =0 = 0.004 £ 0.006
ete s1 <9 x10~%  CL=90% 249 [+~ | = (2.35 £ 0.07) x 1073
nlete s1 [dd) (3.0 T3 )x1079 230 b4_n = (84 £ 2)°
Ot s1 (29 15 )x1079 177 €, |/e < 03, CL=90%
lgm| for K — 7tr~ v < 0.21, CL = 90%
K?_ ,(JP) _ %(0—) T-violation parameters
Im(&) in Kgs = —0.007 + 0.026
Mg, — Mk CPT invariance tests
= (0.5293 + 0.0009) x 101° As~1 (S =1.3) Assuming CPT doo — b4 = (0.34 £ 0.32)°
= (3.484 4+ 0.006) x 10~12 MeV  Assuming CPT Re(%mﬁ + %floo)—ATL =(-3+£35)x10°®
= (0.5289 + 0.0010) x 1019 A s~1  Not assuming CPT o
Mean life 7 = (5.116 & 0.021) x 108 s (S = 1.1) AS=—-AQin K3 decay
cr = 1534 m Re x = —0.002 £ 0.006

Slope parameter g [“] Im x = 0.0012 £ 0.0021
Scale factor/  p

(See Particle Listings for quadratic coefficients) K‘,‘_ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
K} — 7+ra0: g=0.678 £0.008 (S = 1.5)

Semileptonic modes

K decay form factors [V] e, lee] (4055 £0.11 )% S—17 229
. . . N Called K.
Linear parametrization assuming p-e universality + ¥ € o
o 0. L 3 =Ty, lee] (27.04 +0.07 )% Ss=1.1 216
Ap(K95) = Ap(K) = (282 4 0.04) x 1072 (S = 1.1) Called KU,
Mo(K03) = (1.38 £ 0.18) x 1072 (S = 2.2) (7 patom)v (1.05 £0.11 ) x 10~7 188
0 % oF -5
Quadratic parametrization assuming p-e universality ﬂiﬂ;e i _ fee] (1520 £0.11)x 1075 207
0 .o 72 nreTrete lee] ( 1.26 +0.04 ) x 10 229
N (K0) = N4(K%) = (240 £ 0.12) x 1072 (S =12)
/\”+(K°3) _ /\”+(K°3) = (0.20+£0.05)x10"2 (S =1.2) Hadronic modes, including Charge conjugationx Parity Violating (CPV) modes
" P . . =1 0
_ 37 (19.52 +£0.12 ) % S=1.6 139
0y _ 2 _
Mo(K93) = (1.16 £ 0.09) x 1072 (S = 1.2) - (1254 £0.05 )% 13
Pole parametrization assuming p-e universality Tr;“ 7r07 CPV [gg] ( 1.967+0.010) x 10~3 S=15 206
—4 _
Mt (K23) = M§, (K%)= 878 + 6 MeV (S = 1.1) Vo cpv (8.64 +0.06 ) x 10 S=1.8 209
Mfé (K?B) =1252 + 90 MeV (S = 2.6) . Semileptonic modes with photons
0 _ +1.4 2 7 eTF gy [xeehh] ( 3.79 +£0.06 ) x 103 229
Kes |fs/f] = (1'521-6) x 10 T,y (5.65 £0.23 ) x 10~4 216
Koo I/l = (575) x 1072 Hadronic modes with photons or £Z pai
0 _ 5 adronic modes with photons or ££ pairs
Kys |fr/fi] = (12 £12) x ,10 ) w070~ < 243 x10~7  CL=90% 209
Kp— Y0y, Kp— 0507007 ay. = —0.205 + atry [xhh] (415 +0.15 ) x 10~ S=28 206
0.022 (S=1.8) 7t 7~ ~(DE) (284 +£0.11 ) x 107 S=2.0 206
KO — Ty, KY — tre= 040~ apip=—-169 & 702y [hh] ( 1.273+0.033) x 10~6 231
0.08 (S=1.7) mOyete (1.62 £0.17 ) x 108 230
+r— et e - _ 2 _
Kp— mrn~ete™: a/ap = —0.737 £ 0.014 GeV Other modes with photons or £2 pairs
K, — w02y ay = —0.43+0.06 (S=1.5) 2y (5.47 +0.04 ) x 1074 s=1.1 249
L 3y < 74 x1078  CcL=90% 249
CP-violation parameters [cc] ete vy (94 +04 )x10° S=20 249
A; = (0.332 £ 0.006)% whpmy (359 £0.11 ) x 10~7 s=1.3 225
00| = (2220 £ 0.011) x 1073 (S = 1.8) ete vy [hh] (595 +£0.33 ) x 107 249
Iy | = (2.232 £0.011) x 103 (S = 1.8) Wy (n (10 TG8 )x1078 225

le| = (2.228 + 0.011) x 1073 (S = 1.8)
|700/1+—| = 0.9950 + 0.0007 [M1 (S = 1.6)
Re(€/e) = (1.66 + 0.23) x 1073 [l (S = 1.6)
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Charge conjugation x Parity (CP) or Lepton Family number (LF)

P P
violating modes, or AS = 1 weak neutral current (S1) modes K*(1410) DECAY MODES Fraction (I;/T)  Confidence level (MeVjc)
whp~ s1 (684 +£0.11 )x 1079 225 K*(892) 7 0 % 95% 0
ete” S1 (9 F§ yxwow2 249 Kr (6.6+1.3)% 612
atrete” S1 [hh] (3.1 +0.19 ) x 1077 206 Kp <7 % 95% 305
m0r0ete s1 < 66 %1079  CL=90% 209 v KO seen 619
w00 utu— s1 < 92 x 10711 cL=90% 57
putu ete s1 (269 +£0.27 ) x 1079 225 p )
ete ete s1 (356 £021 ) x 10-8 249 K3 (1430) [ 1(JF) = 3(0™)
wOutpu~ CP,SI [il] < 3.8 x 10710 cL=90% 177
nlete cP,s1 [ii] < 2.8 x 10710 CL=90% 230 Mass m = 1425 -+ 50 MeV
7 CP,S1 [jj] < 26 x10~8 CL=90% 231 Full width T = 270 + 80 MeV
0y s1 < 81 x10~7  CL=90% 209
=+ —
espt LF  [ee] < 47 x10712 cL=90% 238 K3(1430) DECAY MODES Fraction (;/T) p (MeVjc)
ef et FuF LF  [ee] < 4.12 x10-11  cL=90% 225
a0t eF LF  [ee] < 7.6 x 10711 cL=90% 217 K (93+10) % 619
7070yt eF LF < 17 %1070 cL=90% 159
P K3(1430) 1UF) = $*)
K*(892) 1J7) = 5(17)
. N K3(1430)F mass m = 1425.6 = 1.5 MeV (S = 1.1)
K*(892)* mass m = 891.66 + 0.26 MeV K§(1430)° mass m = 1432.4 + 1.3 MeV
Mass m = 895.5 & 0.8 MeV K5(1430)F full width T = 98.5 + 2.7 MeV (S = 1.1)
K*(892)” mass m = 895.94 + 0.22 MeV (S = 1.4) K;(1430)° full width T = 109 = 5 MeV (S = 1.9)
K*(892)F full width I = 50.8 + 0.9 MeV Scale factor/
. . r p
F“.” width I' = 4_6-2 £ 1.3 Mev K’(1430) DECAY MODES Fraction (F;/I)  Confidence level (MeVjc)
K*(892)° full width I = 48.7 + 0.8 MeV (S = 1.7)
o Km (49.9+1.2) % 619
K*(892) DECAY MODES Fraction (I;/T)  Confidence level (MeV/c) K*(892)m (24.7£1.5) % 419
K*(892) (13.4+22) % 372
Km ~ 100 % 289 Kp (87+0.8) % 5=1.2 318
KO~ ( 239+021) x 10~3 307 Ko ( 2.940.8) % 311
KEq (99 £09)x107* 309 Kty (2.4+05) x 1073 S=1.1 627
Kmm < 7 x 1074 95% 223 134 _3
Kn (1577 x10 S=1.3 486
Kwm < 72 x 1074 CL=95% 100
K;(1270) 1JPy = 1a™) KO <9 x10~4  CL=90% 626
Mass m = 1272 + 7 MeV ]
Full width T = 90 & 20 MeV ] K*(1680) 1UP) = 317)
Ky (1270) DECAY MODES Fraction (I;/T) p (MeVfc) Mass m = 1717 + 27 MeV (S = 1.4)
Kp 2 6% " Full width T = 322 = 110 MeV (S = 4.2)
K§(1430) 7 (28 +4 )% t
K*(892) (16 =5 )% 302 K*(1680) DECAY MODES Fraction (;/T) p (MeVjc)
Kw (11.042.0) % T Km (38.74£2.5) % 781
K y(1370) (3.0+£2.0)% i K +5.01 o
31.4 % 570
'yKO seen 539 ’ ( —2)%
K*(892) 7 (2097 22) % 618
K1(1400) 10P) = 3a%)
[ Py — L(o—
Mass m = 1403 + 7 MeV K3(1770) 107) = 3(27)
Full width T = 174 + 13 MeV (S = 1.6) N 34 8 Mev
ass m = e
K;(1400) DECAY MODES Fraction (I';/T) p (MeVj) Full width ' = 186 = 14 MeV
K*(892)m (94 +6 )% 402 Ko(1770) DECAY MODES Fraction (I;/T) p (Mevjc)
Kp (3.0+£3.0)% 292 P on
T
K 1o(1370) ( 20£2.0)% i K3(1430) 7 dominant 288
Kw (1.0£1.0) % 284 2
K6(1430)7T not seen T K*(892)m seen 654
’YKO seen 613 K(;(fg(1270) zz:: 4i‘;’
Kw seen 607
K*(1410) 1Py =307
Py _ 13—
Mass m = 1414 + 15 MeV (S = 1.3) K3(1780) 107) =367)
Full width T = 232 + 21 MeV (S = 1.1)

Mass m = 1776 £ 7 MeV (S = 1.1)
Full width ' = 159 + 21 MeV (S = 1.3)
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p
K;(HSD) DECAY MODES Fraction (I';/T) Confidence level (MeV/c) T-violation decay-rate asymmetry
Kp (Bl +9)% 613 AT(KYKEata~) = (—12 £ 11) x 1073 [0d]
K*(892)m (20 £5 )% 656
+
Kn (18.8+ 1.0) % 813 D form factors
Kn (30 +13 )% 719 £ (0)| Ves| in KO 0Ty = 0.707 + 0.013
K3(1430) 7 <16 % 95% 291 n=a/ain K0ty = -17+05
n = 22/30 in 70€+V[ =—-14+11
£1(0)] Veg| in 70+ vy = 0.146 + 0.007
K»(1820) Imm] 1Py = %@ n=ajainmty = —1.4+ 09
n = 22/30 in ﬂ'0€+l/g =—-4+£5
Mass m = 1816 £ 13 MeV f+(0)|VCd| in DT — ne+ye = 0.086 £ 0.006
Full width I' = 276 + 35 MeV n=a/ain Dt — nety,=-18+22
r, = V(0)/A1(0) in 7*(892)%*1/[ =151+£0.07 (S=22)
K5(1820) DECAY MODES Fraction (I';/T) p (MeVjc) ry = Ay(0)/A; (0) in K*(892)° ¢+ 1, = 0.807 = 0.025
K3(1430) ™ seen 327 r3 = A3(0)/A1(0) in K*(892)° (T 1y = 0.0 + 0.4
K*(892)m seen 681 ry/T7in K*(892)0 ¢+, = 1.13 + 0.08
K £,(1270) seen 186 M/T_in K*(892)%¢+ vy = 0.22 £ 0.06 (S = 1.6)
Kuw seen 638 Most decay modes (other than the semileptonic modes) that involve a neu-
tral K meson are now given as K% modes, not as K9 modes. Nearly always
* Py _ 1.4+ it is a KO that is measured, and interference between Cabibbo-allowed
4(2045) 17 = 2 Cap) and dOLIb]?/ Cabibbo-suppressed modes can invalidate the assumption that

2r(kY) = r(KO).
Mass m = 2045 £ 9 MeV (S =1.1)

Full width I = 198 + 30 MeV Scale factor/  p
Dt DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
K:(2045) DECAY MODES Fraction (I;/T) p (MeVc) Inclusive modes
Kn (9.941.2) % 958 e semileptonic (16.0740.30) % -
K*(892)m O +5 )% 802 ;ﬁ'anythi_ng (17.6 +32 )% -
K*(892) (7 +5 )% 768 K~ anything (257 £1.4 )% -
oK (5.7432) % 701 KOanything + K%anything (61 +5 )% -
wKr (5.043.0) % 738 K+ anything _ (59 £0.8 )% -
K (28214) % 594 K*(892) "anything (6 %5 )% -
K*(892) (1.440.7) % 363 K*(892)° anything (23 £5 )% -
K*(892)% anything < 66 % CL=90% -
n anything (63 £0.7 )% -
CHARMED MESONS n' anything (1.04+0.18) % -
¢ anything ( 1.034£0.12) % -
(C= :|: 1) Leptonic and semileptonic modes
Dt =cd, D% = cu, D° =Tu, D~ =¢d, similarly for D*’s et re < 88 x1076  CL=90% 935
o, ( 3.82+0.33) x 10—4 932
Ty, < 12 x1073  CL=90% 91
1Py = 1(07) Koet v, (8.83+£0.22) % 869
Koutu, (92 +£0.6 )% 865
Mass m = 1869.62 &+ 0.15 MeV (S = 1.1) K;ﬂ+ et e _ ( 4.004£0.10) % 864
Mean life 7 = (1040 £ 7) x 10~ 15 5 K*(892)0 et ve, K*(892)°0 — (3.68£0.10) % 722
cr = 311.8 um K- nt
K d (K™ 7) s —wave €™ ve ( 2.3240.10) x 1073 -
¢-quark decays K*(1410)% et v, < 6 x1073  CL=90% -
(c — ¢*tanything)/I(c — anything) = 0.096 + 0.004 [ _ K*(1410)° —» K~ r*
F(¢c — D*(2010)*anything)/T(c — anything) = 0.255 + 0.017 K§(1430)0 et e, < 5 x107%  CL=90% -
s 0 -t
CP-violation decay-rate asymmetries K3(1430)° — K~m
4 o K~ a" eT vg nonresonant <7 x1073  CL=90% 864
Acp(p=v) = (8 £ 8)% K-xtuty 38 £0.4 )% 851
Acp(K$ %) = (—0.54 % 0.14)% NG (38 =04 )%
CP( 571' ) ( .5 . ) 0 K* 0,+ 0
Acp(KF2rt) = (0.1 + 1.0)% (892)° it vy, (3.52+0.10) % 717
= . . 17 0 —
Acp(KFnEntn0) = (1.0 £ 1.3)% K*(892)° — K~ 7+
0 4 0y o K= 7+t v, nonresonant (20 +£05 ) x10-3 851
Acp(Kem™ ) = (0.3 %+ 0.9)% K-mtaluty 16 1073 CcL=90% 825
Acp(KSrtatn=) = (0.1 + 1.3)% o TR e < e T
Acp(rE70) = (2.9 + 2.9)% i i Ve ( 4.05+0.18) x 10 ; 930
Lo ) _ netue ( 1.14£0.10) x 10~ 855
ACP(WiWI) =(10+£15)% (S = 1.4) et (22 +04)x1073 4
Acp(n=1(958)) = (=05 £1.2)% (S =1.1) Putu, (24 +0.4 )x 1073 770
Acp(KLKF) = (0.1 £ 0.6)% N o7 3
ACP(K+ K‘wi) = (0.3 0.6)% weT e (16 Tgg )x10 771
Acp(KEK*) = (0.1 £ 1.3)% 7'(958) et vg (22 +05 )x1074 689
Acp(onE) = (0.42 + 0.28)% petue < 9 x1075  CL=90% 657
Ace(K* K;5(1430)°) = (351)%
+ ok 0 42040 Fractions of some of the following modes with resonances have already
ACP(K K2(1430) ) = (43—26)4 appeared above as submodes of particular charged-particle modes.
Acp(KFK3(800)) = (-12+18)% K*(892)° et v ( 5.52+0.15) % 722
Acp(ap(1450)07%) = (—19F 1% K*(892)° it v, (5.28+0.15) % 717
Acp(4(1680)7E) = (—9 + 26)% 5;;(1430)0;1+ vy, < 24 x 1074 380
Acp(ntn—nt) = (=2 + 4)% K*(1680)0 1t v, < 15 x 1073 105
Acp(KAKErt =) = (-4 £ 1)%
Acp(KE70) = (-4 £ 11)%
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Hadronic modes with a K or KKK

K%nt (1.4740.07) %
KO+ (1.4640.05) %
K—2xt [pp] ( 9.13+0.19) %
(K= 7)) s _wavem T (7.32+0.19) %
K5(1430)07F, [qq] ( 1.2140.06) %
K§(1430)° — K= a™
K*(892)0 7, (1.01£0.11) %

K*(892)° — Kt

K*(1410)0 7%, K0 — not seen
_ K T
K3(1430)0 7, lgq] (2.2 0.7 )x10~4
K3(1430)° — K= a™
K*(1680)° 7, lgq] (21 +1.1)x1074
K*(1680)° — K~ nt
K= (27 1)1=» (1.4140.26) %
K%mtq0 [pp] ( 6.9940.27) %
Eos/’+ (48 £1.0)%
K*(892) 7, (13 406 )%
K*(892)° — K%l
K% 7t 70 nonresonant (9 +7 )x1073
K27t a0 [r] ( 5.99+0.18) %
K omt o~ [rr]  (3.1240.11) %
K= 3rtn~ [pp] (5.6 +£0.5 ) x 1073
K*(892)27+ 7, (12 +£0.4 )x1073
K*(892)° — K—nt
K*(892)° 0t (22 £0.4 )x1073
K*(892)° — Kzt
K*(892)% a1 (1260)t [ss] (9.0 £1.8)x1073
K= pd2rt (1.68:0.27) x 10~3
K~ 37T 7~ nonresonant (39 +£29 )x1074
K+2KY (45 +2.0)x10°3
KtK=K%nt (2.4 +06 ) x10~4
Pionic modes
at a0 ( 1.1940.06) x 1073
ot~ (3.1840.18) x 103
POt (81 £15)x1074

wt (7"+7T_)S—wave
ort,o — atn~

( 1.7840.16) x 10~3
(1.34+0.12) x 1073

f(980) 7T, (1.5240.33) x 10~4
f(980) — 7wta~
f(1370) 7, (8 +4 )x1075
f(1370) — 7t a~
f(1270) 7, (49 +09 )x10~4
£(1270) — at7—
p(1450)0 7, < 8 x 1073
p(1450)° — 7t a—
f(1500) 7+, (1.1 +£0.4 ) x1074
f(1500) — at7—
f(1710) 7, <5 x 1075
f(1710) — 7t a~
f(1790) 7+, < 6 x 1075
f(1790) — at7—
(7t 7 ) s _wave ™ < 12 x 1074
27 7~ nonresonant < 11 x 1074
at 270 (46 +0.4 )x 103
2t 70 (1.1340.08) %
7]7T+, n— atr— a0 (80 £05)x 104
wrt, w— 7ta a0 < 3 x 104

3t o™

(1.61+0.16) x 1073

S=1.1

CL=95%

CL=95%

CL=95%

CL=95%
CL=95%

CL=90%

863
863
846
846
382

714

381

371

58

845
677
714

845
816
814
772
645

239

524
772
545
436

925
909
767
909

669

485

338

909
909
910
883
848
763

K+ K5(1430)°,
K5(1430)° — K= 7t
K+ K3(1430)°, Kb —
K= nt
K+ Ky(800), Ky — K—nt
a0(1450)% 7, ag —
KtK-
#(1680)7F, ¢ — KTK™
KT K~z nonresonant
K+t K% ata~
KYK=2rt
KtK=2ntn™

( 1.7940.34) x 1073

(16 12 )x10-4

3.4 .
(67 T31)x10-*
7.0 -
(a4 T79)x104
4.0 -
(49 13 )x10-5
not seen
( 1.7540.18) x 1073
( 2.4040.18) x 1073
(22 +1.2)x1074

A few poorly measured branching fractions:

ot 70
opt
Kt K=zt a%non-¢
0
K*(892)* K2

(23 +1.0)%
< 15 %

(15 07 )%
(16 £0.7 )%

Doubly Cabibbo-suppressed modes

Ktn0
K*n
KT 1/(958)
Ktrota—
K+ pO
K*(892)07F, K*(892)0 —
Ktn—
K+ 1£(980), f,(980) —
T
K3(1430)0 7%, K3(1430)0 —
Ktn—

K+t 7~ nonresonant
2Kt K~

( 1.83+0.26) x 10~4
( 1.0840.17) x 104
( 1.7640.22) x 104
(5.2740.23) x 1074
(20 £05 ) x10~4
(25 04 )x1074

(47 428 )x1075
(42 £2.9 )x107°

not seen
(87 £2.0)x107°

CL=90%

S=1.4

AC = 1 weak neutral current (C1) modes, or

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

ntete” 1
T, p— eTe

ot u* no C1
e, ¢ — ptu”

prpt c
Ktete

Ktutp~

ntet I LF
nte~ /1,+ LF
Ktetpu~ LF
Kte ut LF
m~2et
n2out
et pu
p2ut
K~ 2et
K—2ut
K- etut
K*(892)~ 2u+

+

N~~~

[ou] < 1.0
[uu] < 43

< 11 x 100
] (17 £33 )x1076
< 39 x 106
(1.8 +£0.8 )x10°
< 56 x 1074
x 1076

x 100

< 29 x 106
< 36 x 100
< 12 x 106
< 28 x 106
< 11 x 106
< 20 x 106
< 20 x 1076
< 56 x 1074
<9 x 107
< 1.0 x 1075
< 19 x 106
< 85 x10~%

CL=90%

CL=90%

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

744
678
678
600

619
259

682
612

864
776

846
679
714

846
550

930

918

757
870
856
927
927
866
866
930
918
927
757
870
856
866
703

1Py = 4(07)

845 Mass m = 1864.86 + 0.13 MeV
Mpe — Mpo = 4.76 £ 0.10 MeV (S = 1.1)

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

appeared above as submodes of particular charged-particle modes.

+ _3 cr =122.9 um
nm ( 3.53+0.21) x 10 848 048 0s 1
nat a0 ( 1.38+0.35) x 1073 830 {mog - ng\ = (1.4470%50) x 1070 7o s
wnt < 34 x 1074 CL=90% 764 (Fpo = Tpo)/T = 2y = (1.607322) x 1072
7' (958) 7+ ( 4.67+0.29) x 1073 681 1 2 016
7/ (958) nt =0 (1.6 +05 ) x 103 654 |a/p| = 088701

Ar = (0.26 + 2.31) x 1073

K+ KO Hadronic modes with a KK’ pair 3 KT 7~ relative strong phase: cos § = 1A03f8'f§
2.83+0.16) x 10~ s=22 793 ]
S ( ) x N K~ 7+ 70 coherence factor R, __, = 0.78 211
KTK— 7t [ppl  ( 9.5440.26) x 10~3 S=1.1 744 R ) Kmn » 0.25 i

o1t 6 — KTK- (265+0:08) , 103 647 K~ 7+ x0 average relative strong phase §K7™ = (2397 37)°

- —009 K~ n~2nT coherence factor Rg3, = 0.367 02

K+ K*(892)0 +0.09 -3 3m 0.30
(892)7%, (2457475) x 10 613 K~ 7~ 2r™" average relative strong phase K37 = (1187 £0)°

K*(892)° — K~ nt
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Most decay modes (other than the semileptonic modes) that involve a neu-
tral K meson are now given as Kg modes, not as K9 modes. Nearly always

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

itis a KO that is measured, and interference between Cabibbo-allowed

ACP(K+ K™) =(-0.21 £ 0.17)% and doubly Cabibbo-suppressed modes can invalidate the assumption that
Acp(2K2) = (—23 £19)% 21(kQ) = r(K9).
Acp(rT77) = (0.22 £ 0.21)% Scale factor/  p
0y —
Acp(277) = (0 + 5)% DO DECAY MODES Fraction (I;/r) Confidence leve(MeV/c)
Acp(nta= 7% = (0.3 £ 0.4)%
Acp(p(T70) T 7~ — 7r+ T 7r°) = (1.2 + 0.9)% W Topological modes
Acp(p(770)° 70 — 7t 70) = (=3.1 + 3.0)% W] 0-prongs [ww] (15 +6 )% -
Acp(p(770)~ 7+ = 7r+7r 0) (-1.0 £ 1.7)% W] 2-prongs (W 6 )% -
Acp(p(1450)T 7= — 7r-%— 0) (0 +70)% [w] 4-prongs [xx] (145 + 05 )% -
ACP(p(1450)07T0 - gt ) = (=20 + 40)% [w] 6-prongs vl (64 + 13 )x1074 -
Acp(p(1450)" 7t — 7T+ —n0) = (6 £ 9)% ] Inclusive modes
Acp(p(1700) T 7~ — 7o 70) = (=5 + 14)% (W] et anything [zz] (649 + 0.11)% -
Acp(p(1700)°70 — 7t 7= 70) = (13 £ 9)% (W] wF anything (67 +06 )% -
Acp(p(1700)~ 7+ — 7T+7r’ 70) = (8 + 11)% (W] K~ anything (547 + 28 )% s=13 -
Acp((980)7° — a7~ 70) = (0 & 35)% (W] Koanythl_ng+ KOanything (47 4 )% -
Acp(f(1370)70 — at7r—x0) = (25 + 18)% W KT anything (34 £04 )% -
Acp(fy(1500)70 — 77— 70) = (0 + 18)% W] 5*(892)0 anyth.lng 1B +£9 )% -
Acp(f(1710)7° — 7+ 7~ 70) = (0 + 24)% [wv] K*(892) anythl.ng (9 £4 )% -
Acp((1270)70 — 7T+7T ) = (—4 + 6)% W] K*(892);ranyth_|ng < 36 % CL=90%  —
Acp(0(800) 70 — 7+ 7= 70) = (6 4 8)% W] K*(892). anything (28 £13 )% -
Acp(nonresonant 7t 7~ 70) = (—13 + 23)% W] /n/anythr:.ng (95 09 )OA’ -
Acp(K+ K*Tro) (1.0 + 1. 7)ly n' anyt .|ng (248 £ 027 )% -
cP = N ¢ anything (105 + 0.11 )% -
Acp(K*(892)T K= — KT K~ %) = (0.9 + 1.3)% W]
Acp(K*(1410)T K~ — KTK— WO) = (=21 £ 24)% W Semileptonic modes
Acp((KTm0)s K~ — KtK—x0) = (7 + 15)% W] K™ eT e (355 + 0.04 )% s=12 867
ACP(®(1020)7FO & KtK %) = (1.1 £ 2.2)% W] K= ptu, (330 + 013 )% 864
Acp(fo(gso)ﬂ— K+ K*ﬂo) = (=3+19)% W K*(892)~ et v (216 + 016 )% 719
Acp(20(980)°70 — K+ K= 20) = (5 + 16)% [ K*(892)~ put vy, (190 + 024 )% 714
Acp(f) (1525)7r — KTK=7%) = (0 + 160)% [ K-t v, (16 13 )% 861
Acp(K*(892)~ KT — KT K= x0) = (=5 + 4)% [ =0 — 4
K 27 103 yy 860
Acp(K*(1410)~ K+ — K+K=0) = (—17 + 29)% [w] T ve (27 = o7 )%
Acp((K™ ) s_pave KT — KT K= 70) = (=10 £ 40)% K-atr et (28 * 14 )x10-4 843
Acp(K%70) = (=027 £ 0.21)% — + 40 4
Acp(Kgn) = (05 + 0.5)% K1(1270) " et ve (76 T 37 )x10 498
Acp(KS1/) = (1.0 £ 0.7)% K=ata=uty, < 12 x1073  CL=90% 821
Acp(KL0) = (~3 + 9)% (K*(892)m)~ < 14 x10~3  CL=90% 692
ACP(K’ 7r+) (0 140. 7)% et Ve (289 £ 0.08)x 103 S=1.1 927
Acp(KT77) = (2.2 + 3.2)% mputyy, (237 + 024 )x1073 924
Acp(K—mtm0) = (0.2 + 0.9)% p et (19 + 04 )x1073 771
Acp(KTr=n%) = (0 £ 5)% Hadronic modes with one K
Acp(KYmtn=) = (-0. 97+28)% K- nt (388 + 0.05)% s=12 861
Acp(K*(892)~ 7t — KQxtr—) < 35x107% CL = 95% K70 (119 + 0.04 )% 860
AC,>(K*(892)Jr ~— Kirtr) < 7.8x 1074, CL = 95% KO 70 (100 + 0.7 )x 1073 860
Acp(KOp® — Krnt7~) < 4.8 x 1074, CL = 95% Kt~ [pp] (282 + 0.19)% S=11 842
Acp(K0w — Kgﬂﬂr ) < 92x 1074, CL = 95% KYp° (63 + 07 )y 103 674
Acp(K°£(980) — K%ntn~) < 6.8x 1074, CL = 95% P — ( 20 ; 06 ) 10-4 670
Acp(KO £(1270) — K%wﬂf) < 135x 1074, CL = 95% Kg(w’ﬂf) (3‘4 + os ) 10-3 o2
Acp(RO£(1370) — K3atz—) < 255x 1074, CL = 95% S S-wave ‘ 0.0
Acp(K5(1430) "7t — K3ata~) < 9.0 x 10~ 4 CL = 95% K31(980), (121 F 330 )x1073 549
ACP(K;(1430)—7T+ - K%ﬁm—) < 6.5x 104 CL = 95% f0(980) — atw
Acp(K*(1680)~ 7t — KSrtn~) < 28.4x 1074, CL = 95% K% £5(1370), (28 * 99 )x103 t
Acp(K=7tatn™) = (0.7 £ 1.0)% f(1370) — atzx—
Acp(KTnmntn™) = (-2 +4)% 0 +10 s
Acp(KTK=rnta™) = (-8 £ 7)% K,f 2(217207)0)’ - (7 =e o 262
_ + -y o) — (— 0 2 - 7
AAcp = Acp(KTK™) — Acp(nt ™) = (—0.65 £ 0.18)% K*(892)~ 1+, (166 T 015y 711
T-violation decay-rate asymmetry K*(892)" — K37~ - o
o= 4 —\ — —3 [o0
Ar(KTK=7tn~) = (1£7) x 1073 [0d] K5(1430)~ 7+, (260 * 349 ) x 1073 378
CPT-violation decay-rate asymmetry K§(1430)” — K 05 T
Acpr(KFn%) = 0.008 + 0.008 K3(1430)~ 7T, (34 T 12 yx104 367
Form factors K3(1430)~ — K%z~
rv = V(0)/A;(0)in D® — K*(892)~ ¢+, = 1.7 + 0.8 Ke(ue80) « ¥, (4 +4 Hxwt 4
2 = Aa(0)/A1(0) in D — K*(892) 1y =09+ 0.4 K*(1680)" — Kgm
(o) in D — K="y =0.727 + 0.011 K*(892)* 7, laaa] (113 * 080 )x10-4 711
£(0)| Vi in D — K~ T 1y = 0.726 + 0.009 K*(892)" — Kgnt
f1 =a;/apin D° — K=ty = -2.6540.35 K§(1430)F 7, [aaa] < 1.4 x1075  CL=95% -
m=ayfagin DO - K (ty, =13+9 K5(1430)F — K%x+
(0)|Veq| in D — 7= £+ vy = 0.152 % 0.005 K3(1430)* 7, [aaa] < 3.4 x1075  CL=95% = —
n=a/ain D — 7 ¢ty =-28+05 K3(1430)F — Klrxt
rn=a/ain D% — 7 0Ty, =6+3.0
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K97+ 7~ nonresonant (25 + 80 )10t 842 K*(892)% 7+ 7~ total (24 +05 )% 685
i o : K*(892)0 7 7~ 3-body (148 + 034 )% 685
K7 7Jrr [pp] (139 £ 05 )% S=1.7 844 W*(892)°p0 (157 + 0.34 )% a7
K™p 4 (108 &£ 07 )% 3 675 K*(892)° o transverse (17 +£06 )% 417
K p(1703) C e (7.9 & 17 )x10 f K*(892)° p0 S-wave (30 +06 )% 417
p(1700)7 — @ m 0.0 K*(892)° o0 S-wave long. <3 %1073 CL=90% 417
K*(892)~ 7T, (222 7 819 )% 711 K*(892)° p0 P-wave <3 x1073  CL=90% 417
7K*(89%)‘0H K= x0 K*(892)° p® D-wave (21 +06 )% a17
K*(892) ™ (188 +023)% 711 Kq(1270)~ 7t [bbb] (1.6 + 0.8 )% 484
K*(892)° — K~ =t K1(1400) 7t < 12 % CL=90% 386
K§(1430)~ 7, (46 +21 )x1073 378 K*(892)°nt 7~ 70 (19 +09 )% 644
K3(1430)~ — K= a0 K ntw (30 +06 )% 605

_ e 0,

K3(1430)070, (57 + 1132 ) x 10—3 379 K*(89/2) w (11 £05 )% 410
T 0 — : K~ 't/ (958) (75 +1.9 )x1073 479
K§(1430)° — K= K*(892)%1/(958) < 11 x1073  CL=90% 120

K*(1680)~ 7T, (18 + 07 )x1073 46
K*(1680)~ — K~ a0 0 Hadronic modes with three K's

T -3
K~ xt 20 nonresonant (111 330y 844 KsKTK (1445 & 0.34)x10 544
0.0 ‘ 5 K%a(980)°, a) — KK~ (30 + 04 )x1073 -
Kg2m (91 + 1.1 )x10 S=2.2 843 K= a5(980)F, at — K+K© (60 +18 )x10-4 _

K3 (270)-S-wave (26 + 07 )x10-3 - " o 8 _

=2 0.0 _3 K*ap(980), a; — K~ Ky < 11 x 1074 CL=95% -

K*(892)" ", (78 £ 07 )x10 711 0 b 5
K*(892)° — KO x0 K$1%(980), fy = KTK <9 % 10 CL=95% -

_ s 0 - -3

(1430070, K*S — (4 423 )x10-5 _ Kg;b, ¢ — KTK (2,04 £ 0.16 ) x 10 520

K270 K$1(1370), fy — KT K~ (L7 + 11 )x1074 -

_ — 0 —a

K*(1680)%70, K*0 — (1.0 + 04 )x1073 _ 3K (91 £ 13 )x10 539

K 0 Kt2K— ot (221 + 031 )x1074 434
+K-K 0 -5
K6(1270), £ — 270 (23 + 11 )x10~4 - K?’f<(89}2<;0(892)}<,— . (44 +17 )x10 t
2K9 K9 270 2 11 10—4 - - T
s et i, 1021)X ’ K atg, ¢ - KTK™ (40 + 17 )x1075 422
K= 2ntn~ o] (807 T 035)% S=13 813 #K*(892)°, (1.06 + 0.20 ) x 104 i
K=zt pPtotal (674 £ 033 )% 609 ¢— KtK™,
K~ 7T p°3-body (51 + 23 )x103 609 K*(892)° — K=t
K*(892)° 0, (1.05 + 0.23 )% 416 KT 2K~ 7t nonresonant (33 +£15 )x105 434
K*(892)° — K—nt 2KS KE T (60 +13 )x10~4 427
K~ a;(1260)*, (36 +06 )% 327 Pionic modes
+ + o

_ a(1260)" — 27w atr— ( 1.401+ 0.027) x 10—3 S=11 922

K*(892)0 7t 7~ total, (16 +04 )% 685 270 (80 + 05 )x10—4 023
@*(892)00H+ K=t s 7t 70 (143 + 006 )% s=19 907
K*(892) T 3-body, (99 £ 23 )x10™ 685 ota— (98 + 04 )x10-3 764

K*(822)+—> K—nt s PO 0 (372 £ 022 )x103 764

K1(1270) LA L [bbb] (29 + 03 )x10™ 484 ot (496 + 024 ) x 10=3 764
Ki(1270)" — K=m"m p(1450)F 7, p(1450)t — (16 + 20 )x1075 -

K~ 27T 7~ nonresonant (188 + 026 )% 813 w70

Kosﬂ'Jr a0 [ccc] (52 + 06 )% 813 p(1450)070, p(1450)° — (43 +19 )x1075 -

Kin,m— ata= a0 (1.02 + 009 )x1073 iee) ot

Kow,w— mtr a0 (99 + 05 )x10-3 670 ;)(1450);n+, p(1450)~ — (26 +04 )x107* -

K= 2nta— 70 (42 +£04 )% 7 KU O 4 _a

— 1700 , p(1700 59 + 1.4 10 -

K*(892)0 7+ 7~ 0, (13 +06 )% 643 a w*?roﬂ p(1700)7 — ( )x
K*(892)° — K~ = p(1700)° 70, p(1700)° — (72 +17 )x10-4 -

K rtw,w— ata a0 (27 +£05 )% 605 o
K*(892)0w, (65 + 30 )x1073 410 p(1700)~ 7+, p(1700)~ — (46 + 11 )x1074 -

K*(892)% — K~ nt, 7m0
w — gt a0 £5(980) 70, £5(980) — (36 + 08 )x1075 -
K%nx® (55 + 11 )x10-3 721 at T .

K% 20(980), 9(980) — 77° (65 + 20 )x1073 - fo(500) 7, 75(500) — (118 & 0.21) x 10~ -

K*(892)0y (16 + 05 )x1073 - " 0 _

O : fo(1370) 70, f,(1370 53 + 20 1073