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Abstract

This biennial Review summarizes much of particle physics. Using data from previous editions, plus 2778 new
measurements from 645 papers, we list, evaluate, and average measured properties of gauge bosons, leptons, quarks,
mesons, and baryons. We also summarize searches for hypothetical particles such as Higgs bosons, heavy neutrinos,
and supersymmetric particles. All the particle properties and search limits are listed in Summary Tables. We also
give numerous tables, figures, formulae, and reviews of topics such as the Standard Model, particle detectors,
probability, and statistics. Among the 108 reviews are many that are new or heavily revised including those on
CKM quark-mixing matrix, V,q & Vis, Ve & Vi, top quark, muon anomalous magnetic moment, extra dimensions,
particle detectors, cosmic background radiation, dark matter, cosmological parameters, and big bang cosmology.

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

(©2008 Regents of the University of California

*The publication of the Review of Particle Physics is supported by the Director, Office of Science, Office of High Energy and Nuclear Physics,
the Division of High Energy Physics of the U.S. Department of Energy under Contract No. DE-AC02-05CH11231; by the U.S. National Science
Foundation under Agreement No. PHY-0652989; by the European Laboratory for Particle Physics (CERN); by an implementing arrangement
between the governments of Japan (MEXT: Ministry of Education, Culture, Sports, Science and Technology) and the United States (DOE) on
cooperative research and development; and by the Italian National Institute of Nuclear Physics (INFN).



Particle Data Group

C. Amsler,! M. Doser,2 M. Antonelli,> D.M. Asner,* K.S. Babu,> H. Baer,® H.R. Band,” R.M. Barnett,® E. Bergren,

J. Beringer,® G. Bernardi,’ W. Bertl,'® H. Bichsel,!* O. Biebel,'?> P. Bloch,? E. Blucher,"® S. Blusk,'* R.N. Cahn,®

M. Carena,!?13:16 C. Caso,!™ A. Ceccucci,? D. Chakraborty,'® M.-C. Chen,'” R.S. Chivukula,?® G. Cowan,?! O. Dahl,®
G. D’Ambrosio,?? T. Damour,? A. de Gouvéa,?? T. DeGrand,? B. Dobrescu,'® M. Drees,?6 D.A. Edwards,?” S. Eidelman,?®
V.D. Elvira,'® J. Erler,?® V.V. Ezhela,?? J.L. Feng,'® W. Fetscher,3! B.D. Fields,3? B. Foster,3® T.K. Gaisser,3* L. Garren,'®
H.-J. Gerber,3! G. Gerbier,®® T. Gherghetta,3¢ G.F. Giudice,2 M. Goodman,3” C. Grab,3' A.V. Gritsan,38 J.-F. Grivaz,3?
D.E. Groom,® M. Griinewald,® A. Gurtu,*"2 T. Gutsche,*> H.E. Haber,*® K. Hagiwara,** C. Hagmann,*® K.G. Hayes,*6
J.J. Hernandez-Rey,*’T K. Hikasa,*® 1. Hinchliffe,® A. Hocker,? J. Huston,? P. Igo-Kemenes,* J.D. Jackson,® K.F. Johnson,®
T. Junk,'® D. Karlen,”® B. Kayser,'® D. Kirkby,' S.R. Klein,’! I.G. Knowles,® C. Kolda,?® R.V. Kowalewski,’" P. Kreitz,>*
B. Krusche,” Yu.V. Kuyanov,?® Y. Kwon,” O. Lahav,”” P. Langacker,’® A. Liddle,”® Z. Ligeti,® C.-J. Lin,® T.M. Liss,%
L. Littenberg,%! J.C. Liu,>* K.S. Lugovsky,? S.B. Lugovsky,3? H. Mahlke,%> M.L. Mangano,? T. Mannel,% A.V. Manohar,5*
W.J. Marciano,' A.D. Martin,% A. Masoni,%¢ D. Milstead,%” R. Miquel,%® K. Ménig,% H. Murayama,” "8 K. Nakamura,**
M. Narain,” P. Nason,” S. Navas,*! P. Nevski,6! Y. Nir,”® K.A. Olive,’ L. Pape,?! C. Patrignani,!” J.A. Peacock,”?
A. Piepke,”” G. Punzi,”® A. Quadt,” S. Raby,® G. Raffelt,®! B.N. Ratcliff,”* B. Renk,%? P. Richardson,® S. Roesler,?

S. Rolli,* A. Romaniouk,®* L.J. Rosenberg,'! J.L. Rosner,'® C.T. Sachrajda,® Y. Sakai,** S. Sarkar,30 F. Sauli,2 O. Schneider,57
D. Scott,%® W.G. Seligman,® M.H. Shaevitz,? T. Sjostrand,”’ J.G. Smith,?> G.F. Smoot,® S. Spanier,®® H. Spieler,®

A. Stahl,?2 T. Stanev,? S.L. Stone,!* T. Sumiyoshi,”® M. Tanabashi,?* J. Terning,®® M. Titov,% N.P. Tkachenko,?°
N.A. Térnqvist,”” D. Tovey,”® G.H. Trilling,® T.G. Trippe,® G. Valencia,? K. van Bibber,*® M.G. Vincter,* P. Vogel,'0
D.R. Ward,'%' T. Watari,'0? B.R. Webber,'91 G. Weiglein,® J.D. Wells, 19 M. Whalley,% A. Wheeler,* C.G. Wohl,2
L. Wolfenstein,'%* J. Womersley,'% C.L. Woody,%! R.L. Workman,'°® A. Yamamoto,** W.-M. Yao,® O.V. Zenin,?"

J. Zhang,'97 R.-Y. Zhu,'%® P.A. Zyla8

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

Physik-Institut, Universitit Zirich, CH-8057 Zirich, Switzerland

CERN, European Organization for Nuclear Research, CH-1211 Genéve 23, Switzerland

Lab. Nazionali di Frascati dell’INFN, CP 13, via E. Fermi, 40, I-00044 Frascati (Roma), Italy
Department of Physics, Carleton University, 1125 Colonel By Drive, Ottawa, ON K1S 5B6, Canada
Department of Physics, Oklahoma State University, Stillwater, OK 74078, USA

Department of Physics, Florida State University, Tallahassee, FL 32306, USA

Department of Physics, University of Wisconsin, Madison, WI 53706, USA

Physics Division, Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, CA 94720, USA
LPNHE, IN2P3-CNRS et Universités de Paris 6 et 7, F-75252 Paris, France

Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland

Department of Physics, University of Washington, Seattle, WA 98195, USA

Ludwig-Mazimilians- Universitit, Department fir Physik, Schellingstr. 4, D-80799 Miinchen, Germany
Department of Physics, University of Chicago, Chicago, IL 60637-1433, USA

—_ =
S e S i R

— =
W N

14. Department of Physics, Syracuse University, Syracuse, NY, 18244-1130, USA

15.  Fermi National Accelerator Laboratory, P.O. Boz 500, Batavia, IL 60510, USA

16. Enrico Fermi Institute, University of Chicago, 5640 Ellis Av., Chicago, IL 60637, USA
17. Dipartimento di Fisica e INFN, Universita di Genova, I-16146 Genova, Italy

18.  Department of Physics, Northern Illinois University, DeKalb, IL 60115, USA

H
©

Department of Physics and Astronomy, University of California, Irvine, CA 92697-4576, USA
Michigan State University, Dept. of Physics and Astronomy, East Lansing, MI 48824-2320, USA
Department of Physics, Royal Holloway, University of London, Egham, Surrey TW20 0EX, UK

INFN - Sezione di Napoli Complesso Universitario Monte Sant’Angelo, Via Cintia, 80126 Napoli, Italy

ORI
w2

Institut des Hautes Ftudes Scientifiques, F-91440 Bures-sur-Yvette, France
24. Department of Physics and Astronomy, Northwestern University, Evanston, IL 60208, USA
25.  Department of Physics, University of Colorado at Boulder, Boulder, CO 80309, USA
26. Universitit Bonn, Physikalisches Institut, Nussallee 12, D-53115 Bonn, Germany
27. Deutsches Elektronen-Synchrotron DESY, Notkestrafie 85, D-22603 Hamburg, Germany

28.  Budker Institute of Nuclear Physics, RU-630090, Novosibirsk, Russia

29. Departamento de Fisica Tedrica, Instituto de Fisica, Universidad Nacional Auténoma de Mézico, México D.F. 04510, Mérico
30. COMPAS Group, Institute for High Energy Physics, RU-142284, Protvino, Russia

31. Institute for Particle Physics, ETH Ziirich, CH-8093 Ziirich, Switzerland

32. Department of Astronomy, University of Illinois, 1002 W. Green St., Urbana, IL 61801, USA

* Deceased
tJ.J. Herndndez-Rey and S. Navas acknowledge support from MICINN, Spain (FPA2005-25354-E and FPA2007-29104-E)



33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
0.
51.
52.
53.
54.
9.
6.
o7.
8.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
e
78.
79.
80.
81.
82.
83.
84.
89.
86.
87.
88.

Denys Wilkinson Building, Department of Physics, University of Oxzford, Ozford, OX1 3RH, UK

Bartol Research Institute, University of Delaware, Newark, DE 19716, USA

CEA/Saclay, DSM/IRFU, BP 2, F-91191 Gif s Yvette, France

School of Physics, University of Melbourne, Victoria, 3010 Australia

Argonne National Laboratory, 9700 S. Cass Ave., Argonne, IL 60439-4815, USA

Johns Hopkins University, Baltimore, Maryland 21218, USA

LAL, IN2P3-CNRS et Univ. de Paris 11, F-91898 Orsay CEDEX, France

Dept. Subatomic Physics, University of Ghent, Proeftuinstraat 86, B-9000 Ghent, Belgium

Tata Institute of Fundamental Research, Mumbai (Bombay) 400 005, India

Institut fiir Theoretische Physik, Universitat Tubingen, Auf der Morgenstelle 14, D-72076 Tibingen, Germany

Santa Cruz Institute for Particle Physics, University of California, Santa Cruz, CA 95064, USA

KEK, High Energy Accelerator Research Organization, Oho, Tsukuba-shi, Ibaraki-ken 305-0801, Japan

Lawrence Livermore National Laboratory, 7000 Fast Ave., Livermore, CA 94550, USA

Department of Physics, Hillsdale College, Hillsdale, MI 49242, USA

IFIC — Instituto de Fisica Corpuscular, Universitat de Valéncia — C.S.1.C., E-46071 Valencia, Spain

Department of Physics, Tohoku University, Aoba-ku, Sendai 980-8578, Japan

Physikalisches Institut, Universitit Heidelberg, Philosophenweg 12, D-69120 Heidelberg, Germany

University of Victoria, Victoria, BC V8W 3P6, Canada

Nuclear Science Division, Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, CA 94720, USA
Institute for Astronomy, University of Edinburgh, Royal Observatory, Blackford Hill, Edinburgh, EH9 3JZ, Scotland, UK
Department of Physics, University of Notre Dame, 225 Niewland Hall, Notre Dame, IN 46556, USA

Stanford Linear Accelerator Center, P.O. box 4349, Stanford, CA 94309, USA

Institute of Physics, University of Basel, CH-4056 Basel, Switzerland

Yonsei University, Department of Physics, 134 Sinchon-dong, Sudaemoon-gu, Seoul 120-749, South Korea
Department of Physics and Astronomy, University College London, Gower Street, London WC1E 6BT, UK

School of Natural Science, Institute for Advanced Study, Princeton, NJ 08540, USA

Astronomy Centre, University of Sussex, Falmer, Brighton BN1 9QH, UK

Department of Physics, University of Illinois, 1110 W. Green Street, Urbana, IL 61801, USA

Physics Department, Brookhaven National Laboratory, Upton, NY 11973, USA

Laboratory of Elementary-Particle Physics, Cornell University, Ithaca, NY 14853, USA

University Siegen, Fachbereich fur Physik, Siegen, Germany

Department of Physics, University of California at San Diego, La Jolla, CA 92093, USA

Institute for Particle Physics Phenomenology, Department of Physics, University of Durham, Durham DH1 3LE, UK
INFN Sezione di Cagliari, Cittadella Universitaria de Monserrato, Casella postale 170, I-09042 Monserrato (CA), Italy
Fysikum, Stockholms Universitet, AlbaNova University Centre, SE-106 91 Stockholm, Sweden

Institucid Catalana de Recerca i Estudis Avangats, Institut de Fisica d’Altes Energies, E-08193 Bellaterra (Barcelona), Spain
DESY-Zeuthen, D-15735 Zeuthen, Germany

Institute for the Physics and Mathematics of the Universe, University of Tokyo, Kashiwa, 277-8568, Japan
Department of Physics, University of California, Berkeley, CA 94720, USA

Brown University, Department of Physics, 182 Hope Street, Providence, RI 02912, USA

INFN, Sez. di Milano-Bicocca, Piazza della Scienza, 3, 1-20126 Milano, Italy

Dpto. de Fisica Tedrica y del Cosmos € C.A.F.P.E., Universidad de Granada, 18071 Granada, Spain

Weizmann Institute of Science, Department of Particle Physics, P.O. Box 26 Rehovot 76100, Israel

School of Physics and Astronomy, University of Minnesota, Minneapolis, MN 55455, USA

Department of Physics and Astronomy University of Alabama, 206 Gallalee Hall, Box 870324, Tuscaloosa, AL 35487-0524, USA
INFN and Dipartimento di Fisica, Universitda di Pisa, I-56127 Pisa, Italy

Georg-August- Universitit Géttingen, I11. Physikalisches Institut, Friedrich-Hund-Platz 1, D-37077 Gdéttingen, Germany
Department of Physics, The Ohio State University, 191 W. Woodruff Ave., Columbus, OH 43210, USA
Maz-Planck-Institut fir Physik (Werner-Heisenberg-Institut), Fohringer Ring 6, D-80805 Minchen, Germany
Institut fiir Physik, Johannes-Gutenberg Universitiat Mainz, D-55099 Mainz, Germany

Tufts University, Robinson Hall, Medford, MA 02155, USA

Moscow Engineering and Physics Institute, 81, Kashirskoye shosse, 115409 Moscow, Russia

School of Physics and Astronomy, University of Southampton, Highfield, Southampton S017 1BJ, UK

Rudolf Peierls Centre for Theoretical Physics, University of Oxford, 1 Keble Road, Oxford OX1 3NP, UK

Ecole Polytechnique Fédérale de Lausanne (EPFL), CH-1015 Lausanne, Switzerland

Department of Physics and Astronomy, University of British Columbia, Vancowver, BC V6T 1Z1, Canada




89.
90.
91.
92.
93.
94.
95.
96.
97.
98.
99.
100.
101.
102.
103.
104.
105.
106.
107.
108.

Columbia University, Nevis Labs, PO Box 137, Irvington, NY 10533, USA

Department of Physics, Columbia University, 538 West 120th St., New York, NY 10027, USA
Department of Theoretical Physics, Lund University, S-223 62 Lund, Sweden

II1. Physikalisches Institut, Physikzentrum, RWTH Aachen University, 52056 Aachen, Germany

High Energy Physics Laboratory, Tokyo Metropolitan University, Tokyo, 192-0397, Japan

Department of Physics, Nagoya University, Chikusa-ku, Nagoya, 464-8602, Japan

Department of Physics, University of California, Davis, CA 95616, USA

CEA/Saclay, B.P.2, Orme des Merisiers, F-91191 Gif-sur-Yvette Cedex, France

Department of Physical Sciences, POB 64 FIN-00014 University of Helsinki, Finland

Department of Physics and Astronomy, University of Sheffield, Sheffield S3 TRH, UK

Department of Physics, Iowa State University, Ames, IA 50011, USA

California Institute of Technology, Kellogg Radiation Laboratory 106-38, Pasadena, CA 91125, USA
Cavendish Laboratory, J.J. Thomson Avenue, Cambridge CB3 O0HE, UK

Department of Physics, University of Tokyo, Tokyo 113-0033, Japan

Michigan Center for Theoretical Physics, Physics Dept., 2477 Randall Laboratory, University of Michigan, Ann Arbor, MI 48109, USA
Department of Physics, Carnegie Mellon University, Pittsburgh, PA 15213, USA

STFC Rutherford Appleton Laboratory, Didcot, OX11 0QX, UK

Department of Physics, George Washington University Virginia Campus, Ashburn, VA 20147-2604, USA
IHEP, Chinese Academy of Sciences,Beijing 100049, P.R. China

California Institute of Technology, Physics Department, 256-48, Pasadena, CA 91125, USA



‘We dedicate this edition of the Review of Particle Physics
to the memory of Carlo Caso, a long-time member of the Particle Data Group

Carlo Caso (1940-2007)

For many years, Carlo Caso was an esteemed member of the Particle Data Group. He joined the Group as LEP was starting,
and was responsible along with Atul Gurtu for all aspects of the W and Z boson sections. They created the organization
of the sections, brought in all the data, carried out fits to the data, and wrote vital reviews. The gauge bosons were at the
forefront throughout that era, and the community benefited greatly from their insight and their service.

Carlo’s wisdom helped guide the Particle Data Group as a whole. He was always a gentleman and gave freely of his experience
and expertise in many ways. Above all, he was a friend to all of us and we will miss him dearly.

Leonardo Rossi of the ATLAS Experiment wrote about Carlo’s larger career and, with his permission, we reproduce his
comments here.

“Our friend and colleague Carlo Caso passed away on July 7th, after several months of courageous fight against cancer.

“Carlo spent most of his scientific career at CERN, taking an active part in the experimental programme of the laboratory.
His long and fruitful involvement in particle physics started in the sixties, in the Genoa group led by G. Tomasini. He then
made several experiments using the CERN liquid hydrogen bubble chambers -first the 2000HBC and later BEBC- to study
various facets of the production and decay of meson and baryon resonances. He later made his own group and joined the

NA27 Collaboration to exploit the EHS Spectrometer with a rapid cycling bubble chamber as vertex detector. Amongst their
many achievements, they were the first to measure, with excellent precision, the lifetime of the charmed D mesons. At the
start of the LEP era, Carlo and his group moved to the DELPHI experiment, participating in the construction and running
of the HPC electromagnetic calorimeter. In DELPHI he contributed significantly to beauty physics measurements and Higgs
searches.

“After LEP, his interest turned to LHC and he became an enthusiastic supporter of the ATLAS experiment. He led the
Genoa group engaged in the design and construction of the pixel detector and made significant contributions to this effort.
He also maintained an active interest in the overall ATLAS experiment and its Collaboration life, and served as Chairman of
the ATLAS Publication Committee. It is very sad that Carlo did not live long enough to enjoy the LHC data.

“In parallel with his research, Carlo played an important role as a teacher. Full Professor of Experimental Physics in Genoa,
he was able to motivate many students around him. He taught them to love physics, to ask questions and not to be satisfied
with a superficial answer. His door was always open and discussions with him were always pleasant and inspiring.”

The full text of Rossi’s comments may be found at:
http://aenews.cern.ch/article.php?issueno=200709&date=Septembery,C2%A02007&id=ATL-ENEWS-2007-049.
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HIGHLIGHTS OF THE 2008 EDITION OF THE REVIEW OF PARTICLE PHYSICS

e 645 new papers with 2778 new measurements.

e Latest from B-meson physics: 182 papers with
859 measurements: C'P violation, Bg mixing,
determination of V., and V,,;, CKM elements,

new b-hadron states, etc.

e Significant improvements in K — 37 Dalitz
slope parameters, KZ; branching ratios, and

K, form factor measurements.

e Many new results in the sections on strongly-
decaying mesons: 152 papers with 816 mea-
surements, including new charmonium-like

states properties and review.

e First good evidence for DY — DO mixing. Major

update to the review on this subject.

e Substantial improvement in D branching

fractions.

e The Table of Astrophysical Constants and
Parameters has been extensively revised and

modernized.

e 108 reviews (most are revised or new).

e Major update of the reviews on:

Higgs Bosons;
- CKM Quark Mixing Matrix;

Supersymmetry (part I, experiment);

Axions.

e New sections in Particle Detector review on
Hadron Calorimeters and on Gaseous De-
tectors, with subsections on energy loss and
charge transport in gases, Multi-Wire Cham-
bers, Micro-Pattern Gas Detectors, TPC’s and
TRD’s.

e Cosmic ray review: Latest measurements of
the highest energy cosmic rays from the Auger

detector.

e New section on diffractive deep inelastic scat-

tering in the “Structure functions” review.

e New CPT Invariance Test in Neutral Kaon

Decay review.

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

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

COLOR VERSIONS OF MANY FIGURES AVAILABLE AT END OF BOOK.
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Introduction 13

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 2,778 new
measurements from 645 papers, in addition to the 24,559
measurements from 7,104 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 2008 (and, in some areas, well into 2008). As
described in the section “Using Particle Physics Databases”
following this introduction, the content of this Review is
available on the World-Wide Web, and is updated between
printed editions (http://pdg.1bl.gov/).

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

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

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

We organize the particles into six categories:

Gauge and Higgs bosons

Leptons

Quarks

Mesons

Baryons

Searches for monopoles, supersymmetry,

compositeness, extra dimensions, etc.

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

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

from the measurements.

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

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

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

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

From all other areas, see
(http://weblib.cern.ch/publreq.php)

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

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

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

K. Hikasa, G. Weiglein*
M. Tanabashi, T. Watari*

Higgs bosons
Heavy bosons

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

Unstable mesons C. Amsler, M. Doser,* S. Eidelman,*

T. Gutsche, J.J. Herndndez-Rey, A. Masoni,

H. Mahlke, S. Navas, C. Patrignani,
N.A. Toérnqvist

G. D’Ambrosio, C.-J. Lin*

D.M. Asner, S. Blusk, C.G. Wohl*

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

Y. Kwon, G. Punzi, J.G. Smith, W.-M. Yao*
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Baryons
Stable baryons  C. Grab, C.G. Wohl*
Unstable baryons C.G. Wohl,* R.L. Workman
Charmed baryons S. Blusk, C.G. Wohl*

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

Miscellaneous searches

Monopole D.E. Groom*
Supersymmetry A. de Gouvéa, G. Weiglein,*
K.A. Olive, L. Pape
Technicolor M. Tanabashi, J. Terning*
Compositeness M. Tanabashi, J. Terning*

Extra Dimensions T. Gherghetta®, C. Kolda
WIMPs and Other K. Hikasa,*

3. Consultants

The Particle Data Group benefits greatly from the
assistance of some 700 physicists who are asked to verify

every piece of data entered into this Review. Of special value

is the advice of the PDG Advisory Committee which meets

annually and thoroughly reviews all aspects of our operation.

The members of the 2008 committee are:

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

P. Janot (CERN)

G. Perez (Stony Brook)

We have especially relied on the expertise of the following

people for advice on particular topics:

e M.N. Achasov (BINP, Novosibirsk)

e S.I. Alekhin (COMPAS Group, IHEP, Protvino)
e M. Arenton (University of Virginia)

e M. Artuso (Syracuse University)

e E. Barberio (University of Melbourne, Australia)
e S. Biagi (Liverpool University)

o L.I. Bigi (Notre Dame University)

e A. Belyaev (University of Southampton)
e M. Billing (Cornell University)

e V.E. Blinov (BINP, Novosibirsk)

e A.E. Bondar (BINP, Novosibirsk)

e B. Brau (UC Santa Barbara)

e J. Brodzicka (Niewodniczanski I.N.P.)

o T. Browder (University of Hawaii)

e O. Bruening (CERN)

o V. Buescher (Bonn University)

e A. Buras (Munich U.)

o G. Cavoto (University of Rome, Italy)

e M. Chanowitz (LBNL)

e H.-C. Cheng (UC Davis)

e M. Cherry (Louisiana State University)

e D. Cinabro (Wayne State University)

o . Close (Oxford University)

e P. Colas (DAPNIA, CEA)

¢ J.S. Conway (UC Davis)

e J. Cumalat (Colorado U.)

e A. Das (University of Rochester)

e D. Denisov (FNAL)

o L. Demortier (Rockefeller University)

o V. Dmitrasinovic (VINCA INS, Belgrade)

o A. Donnachie (University of Manchester)
e V.P. Druzhinin (BINP, Novosibirsk)

e M. Dubrovin (Wayne State U.)

e E. Dudas (CPHT; Orsay, LPT)

e A. Duperrin (CPPM, Marseille)

e R. Erbacher (UC Davis)

e M. Erdmann (RWTH Aachen)

o A. Ereditato (Bern University)

e G. Fanourakis (INP-Demokritos, Athens)
e M. Fidecaro (CERN)

e W. Fischer (BNL)

e P. Franzini (Rome U. & INFN, Frascati)
¢ S.J. Freedman (UC Berkeley & LBNL)

e E. Frlez (University of Virginia)

e D. Froidevaux (CERN)

o L.K. Gibbons (Cornell University)

o I. Giomataris (CEA, Saclay)

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

e G. Gomez-Ceballos (MIT)

e M.C. Gonzalez-Garcia (Stony Brook and IFIC Valencia)
e K. Hatakeyama (Rockefeller University)
o . Harris (University of Hawaii)

e J. Hauptman (Iowa State University)

e C.P. Hays (Oxford University)

e U. Heintz (Boston University)

e S. Heinemeyer (Cantabria Institute of Physics)
e J. Heinrich (University of Pennsylvania)
e A. Hoang (Max-Planck-Institut, Germany)
o T. lijima (KEK)

e G. Isidori (INFN, Frascati)

e E. James (Fermilab)

e W. Johns (Vanderbilt U.)

e J. Jowett (CERN)

e R.W. Kadel (LBNL)

e A. Kagan (University of Cincinnati)

e K. Kampf (PSI)

o T. Kaneko (KEK, Tsukuba U.)

e S.G. Karshenboim (VNIIM, St-Petersburg)
e J.E. Kim (Seoul National University)

¢ R. Klanner (DESY)

e J. Konigsberg (University of Florida)

e S. Kretzer (BNL)

e P.P. Krokovny (KEK)

o S.-I. Kurokawa (KEK)

e H. Lacker (LAL-Orsay)

e K. Lesko (LBNL)

e E.B. Levichev (BINP, Novosibirsk)

o W. Lewis (Los Alamos National Lab)

e H-W. Lin (TJNAF, Newport News)

e E. Linder (LBNL)

e E. Lisi (INFN Bari)

e W. Lockman (U.C. Santa Cruz)

e . Di Lodovico (University of Lodon)

e O. Long (UC Riverside)

e V. Luth (SLAC)

e G.R. Lynch (LBNL)

e M. Manley (Kent State U.)

e P. Massarotti (Naples U.&INFN)

e B. Meadows (U. of Cinncinnati)

o P.J. Mohr (NIST)
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e R. Moore (FNAL)

e M. Neubert (Cornell University)

e J. Nico (NIST)

e S. Olsen (University of Hawaii)

e M. Paulini (Carnegie Mellon University)

e M.R. Pennington (University of Durham)

e A. Pich (IFIC, Valencia)

e T. Plehn (University of Edinburgh)

e S.A. Prell (Iowa State University)

e M.V. Purohit (U. South Carolina)

o E. de Rafael (CPT, Marseille)

e P. Raimondi (INFN, Frascati)

e B.L. Roberts (Boston University)

e G. Rolandi (CERN)

e M. Ross (FNAL)

e P. Roudeau (LAL, Orsay)

o F. Sannino (University of Southern Denmark)
o M. Schmitt (Northwestern University)

e C. Schwanda (Vienna)

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

e J.T. Seeman (SLAC)

o . Sefkow (DESY)

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

e M.R. Shepherd (Indiana U.)

e R.E. Shrock (SUNY, Stony Brook)

e Yu.M. Shatunov (BINP, Novosibirsk)

o T. Siedenburg (CERN)

o P. Sikivie (University of Florida)

e B.A. Shwartz (BINP, Novosibirsk)

e M.S. Sozzi (Pisa, Scuola Normale Superiore)
e A. Stocchi (Orsay, LAL)

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

e B.N. Taylor (NIST)

e J. Thaler (LBNL)

e M. Palutan (INFN, Frascati)

e D. Peterson (Cornell)

e T. Plehn (University of Edinburgh)

e R. Settles (CERN)

o T. Tait (ANL)

e K. Tollefson (Michigan State University)

e K. Trabelsi (KEK)

e R.D. Tripp (LBNL)

e R. Van Kooten (Indiana University)

e R. Voss (CERN)

e L.-T. Wang (Princeton University)

o C. Weiser (University of Freiburg, Germany)
e M. Wobisch (Louisiana Tech University)

e D. Wood (Northeastern University)

e C.Z. Yuan (IHEP, Beijing)

e A M. Zaitsev (IHEP, Protvino)

o P. Zerwas (DESY)

e C. Zhang (IHEP, Beijing)

4. Naming scheme for hadrons

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

The scheme is described in “Naming Scheme for
Hadrons” (p. 112) of this Review.

We give here our conventions on type-setting style.
Particle symbols are italic (or slanted) characters: e~, p,
A, ©°, Kr, 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: 1 or n°.
Antiparticles and particles are distinguished by charge for
charged leptons and mesons: 7, K. Otherwise, distinct

. . o . - =0
antiparticles are indicated by a bar (overline): 7, ¢, p, K,

and ¥ (the antiparticle of the X' 7).

5. Procedures

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

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

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

e No error is given.

e [t involves assumptions we question.

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

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

o [t is not independent of other results.

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

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

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

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

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—(6x)~, we use (6x); when it is greater than x+ (6z)", we
use (6z)*. In between, the error we use is a linear function
of . Since the errors we use are functions of the result, we
iterate to get the final result. Asymmetric output errors are
determined from the input errors assuming a linear relation
between the input and output quantities.

In fitting or averaging, we usually do not include
correlations between different measurements, but we try
to select data in such a way as to reduce correlations.
Correlated errors are, however, treated explicitly when there
are a number of results of the form A; + o; £ A that have
identical systematic errors A. In this case, one can first
average the A; + o; and then combine the resulting statistical

error with A. One obtains, however, the same result by
averaging A; + (07 + A?)Y/2 where A; = UZ'A[Z(l/UJQ-)P/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., my, ma, and A = mo — my.
We cannot enter all of mq, meo and A into a constrained fit
because they are not independent. In some cases, it is a good
approximation to ignore the quantity with the largest error
and put the other two into the fit. However, in some cases
correlations are such that the errors on mi, me and A are
comparable and none of the three values can be ignored. In
this case, we put all three values into the fit and invoke an
automated procedure to increase the errors prior to fitting
such that the three quantities can be treated as independent
measurements in the constrained fit. We include a note
saying that this has been done.

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

47— i T (Swi) (1)

where

wi = 1/(82:)% .

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

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

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

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

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

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

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

When combining data with widely varying errors, we
modify this procedure slightly. We evaluate S using only the

1/2
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experiments with smaller errors. Our cutoff or ceiling on dx;
is arbitrarily chosen to be

S0 = 3N? 57,

where 07 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 0T, they can make significant contributions to the x?,
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 6967;/1\71/2, so each dx; is well
below the cutoff. (More often, however, we simply exclude
measurements with relatively large errors from averages and
fits: new, precise data chase out old, imprecise data.)

Our scaling procedure has the property that if there
are two values with comparable errors separated by much
more than their stated errors (with or without a number of
other values of lower accuracy), the scaled-up error 0 % 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 0%, simply divide the quoted error by S.

(b) If the number M of experiments with an error smaller
than dg is at least three, and if x2/(M — 1) is greater than
1.25, we show in the Particle Listings an ideogram of the
data. Figure 1 is an example. Sometimes one or two data
points lie apart from the main body; other times the data
split into two or more groups. We extract no numbers from
these ideograms; they are simply visual aids, which the
reader may use as he or she sees fit.

WEIGHTED AVERAGE
0.006 +0.018 (Error scaled by 1.3)

| )
X

- SMITH 75B WIRE 0.3
- NIEBERGALL 74 ASPK 1.3
FACKLER 73 OSPK 0.1
HART 73 OSPK 0.3
MALLARY 73 OSPK 44
BURGUN 72 HBC 0.2
GRAHAM 72 OSPK 04
MANN 72 HBC 3.3
WEBBER 71 HBC 7.4
CHO 70 DBC 1.6
- - BENNETT 69 CNTR 1.1
- LITTENBERG 69 OSPK 0.3
JAMES 68 HBC 0.9
- FELDMAN 67B OSPK 0.3
AUBERT 65 HLBC 0.1

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

(Confidence Level = 0.107)
J

-0.4 -0.2 0 0.2 0.4 0.6

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

Each measurement in an ideogram is represented by
a Gaussian with a central value z;, error dx;, and area

proportional to 1/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/dz;)? 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 (1/0;)?, 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 I';, the full width I" (or mean life), and the
associated error matrix.

Assume, for example, that a state has m partial decay
fractions P;, where > P; = 1. These have been measured
in N, different ratios R,, where, e.g., R1 = P1/Pa, Ro
= P1/Ps, etc. [We can handle any ratio R of the form
> i P;/ > Bi P, where «; and (3; are constants, usually 1 or
0. The forms R = P,Pj and R = (P;P;)"/? are also allowed.]
Further assume that each ratio R has been measured by Nj
experiments (we designate each experiment with a subscript
k,e.g., Ry;). We then find the best values of the fractions P;
by minimizing the x? as a function of the m — 1 independent
parameters:

N, N 2
R, —R
=y (fnf) ®
7; ; 6R1“k:
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
6 P; = (0P; 6 P;)'/? (except that some errors are scaled
as discussed below). In the Particle Listings, we give the
complete correlation matrix; we also calculate the fitted
value of each ratio, for comparison with the input data,
and list it above the relevant input, along with a simple
unconstrained average of the same input.

Three comments on the example above:

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

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

(3) We calculate scale factors for both the R, and
P; when the measurements for any R give a larger-than-
expected contribution to the x2. According to Eq. (3), the
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double sum for x? is first summed over experiments k = 1
to Np, leaving a single sum over ratios x> = . x2. One

is tempted to define a scale factor for the ratio r as S? =
X2/ {x?). However, since (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

Ny — \2
s 1 N (Ri—R,)
5 =N, kzzl (Ro — Rp)?)’ @)

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

<(Rrk - Er)2> = ((5Rrk)2 - (6Er)2 ’ (5)

where 6 R, is the fitted error for ratio .

The fit is redone using errors for the branching ratios
that are scaled by the larger of S, and unity, from which new
and often larger errors (5?; are obtained. The scale factors

we finally list in such cases are defined by S; = 5?; /OP;.
However, in line with our policy of not letting S affect the
central values, we give the values of P; obtained from the
original (unscaled) fit.

There is one special case in which the errors that are
obtained by the preceding procedure may be changed. When
a fitted branching ratio (or rate) P; turns out to be less than

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

the area under the Gaussian between P; — (& ﬁiﬂ)’ 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 £ 0.367 would turn into 0.8 £ 0.4.

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

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

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

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

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

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

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

Revised August 2007 by A. Wheeler (SLAC)

This annotated list provides a highly selective set of online
resources that are useful to the particle physics community. It
describes the scope, size, and organization of the resources so that
efficient choices can be made amongst many sites which may appear
similar. A resource is excluded if it provides information primarily
of interest to only one institution. Because this list must be fixed
in print, it is important to consult the updated version of this
compilation which includes newly added resources and hypertext links
to more complete information at:

http://wuw.slac.stanford.edu/library/pdg/

My thanks to Piotr Zyla, Particle Data Group, Pat Kreitz, Travis
Brooks, Nicole Thomas, Lesley Wolf, SLAC Research Library, and the
many particle physics Web site and database maintainers who have
all given me their generous assistance. Please send comments and
corrections to e-mail wheeler@slac.stanford.edu.

1. Particles & Properties Data:

e REVIEW OF PARTICLE PHYSICS (RPP): A biennial compre-
hensive review summarizing much of the known data about the
field of particle physics produced by the international Particle
Data Group (PDG). Includes compilations and evaluation of
data on particle properties, summary tables with best values and
limits for particle properties, extensive summaries of searches for
hypothetical particles, and a long section of reviews, tables, and
plots on a wide variety of theoretical and experimental topics
of interest to particle physicists and astrophysicists. The linked
table of contents provides access to particle listings, reviews,
summary tables, errata, indices, etc. The current printed version
is W.-M. Yao, et al., J. Phys. G33, 1 (2006).

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

COMPUTER-READABLE FILES: Currently available from the
PDG: Tables of masses, widths, and PDG Monte Carlo particle
numbers and cross-section data, including hadronic total and
elastic cross sections vs laboratory momenta, and total center-of
mass energy. The PDG Monte Carlo particle numbering scheme
has been updated for the recent edition of the RPP and is also
available as a MobileDB database. Palm Pilot products include
physical constants, astrophysical constants and particle properties.
These files are updated in even-numbered years coinciding with
the production of the Review of Particle Properties:

http://pdg.1bl.gov/2008/html/computer read.html

PARTICLE PHYSICS DATA SYSTEM: This site contains an
indexed bibliography of particle physics (1895-1995), a database
of computerized numerical data extracted from experimental
publications, and an index of papers (1895-present) that contain
experimental data or data analyses. The Web interface permits
simple searching for compilations of integrated cross-section data.
The search interface for numerical data on observables in reactions
(ReacData or RD) is under construction. Maintained by the
COMPAS group at IHEP:

http://wwwppds.ihep.su:8001/ppds.html

o HEPDATA: REACTION DATA DATABASE: A part of the
HEPDATA databases at University of Durham/RAL, this
database is compiled by the Durham Database Group (UK) with
help from the COMPAS Group (Russia) for the PDG. Contains
numerical values of HEP reaction data such as total and differential
cross sections, fragmentation functions, structure functions, and
polarization measurements from a wide range of experiments.

Updated at regular intervals. Provides data reviews which contain
precompiled reviewed data such as ‘Structure Functions in
DIS,” ‘Single Photon Production in Hadronic Interactions,” and
‘Drell-Yan Cross Sections:’

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

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

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

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

http://physics.nist.gov/

Collaborations & Experiments:

EXPERIMENTS Database: Contains more than 2,200 past,
present, and future experiments in elementary particle physics.
Lists both accelerator and non-accelerator experiments. Includes
official experiment name and number, location, spokespersons,
and collaboration lists. Simple searches by participant, title,
experiment number, institution, date approved, accelerator, or
detector, return a result that fully describes the experiment,
including a complete list of authors, title, description of the
experiment’s goals and methods, and a link to the experiment’s
Web page if available. Publication lists distinguish articles in
refereed journals, theses, technical or instrumentation papers, and
those which make the Topcite at 50+ subsequent citations or more:

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

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

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

Conferences:

CONFERENCES: Database of more than 12,300 past, present and
future conferences, schools, and meetings of interest to high-energy
physics and related fields. Covers 1973 to the future. The current
year lists more than 600 events. Search or browse by title, acronym,
date, location. Includes information about published proceedings,
links to submitted papers from the SPIRES-HEP database, and
links to the conference Web site when available. Links to a form
with which one can submit a new conference or edit an existing
one:
http://www.slac.stanford.edu/spires/conferences/
additions.shtml

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

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

CERN & HEP EVENTS: A list of current and upcoming
conferences, schools, workshops, etc., of interest to high-energy
physicists. Organized by year and then by date. Covers from 1993
to 2010. Includes about 275 current and future events:

http://events.web.cern.ch/events/

EUROPHYSICS MEETINGS LIST: Maintained by the European
Physical Society, this lists in chronological order all the current and
future meetings, workshops, schools, etc., organized or sponsored
by EPS or organized in conjunction with an EPS-sponsored group:

http://www.eps.org/conferences

PHYSICSWEB EVENTS: Part of the Institute of Physics (IOP)
Web site, this site contains approximately a hundred entries for
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5.

5.1.

the current year’s meetings, workshops, exhibitions and schools.
Fills a gap by covering smaller conferences and workshops around
the world. Searchable by type of event e.g.: school, workshop, or
by date or free text words. Provides a Web form and email address
for adding a conference and for signing up to receive email notices
of new events added:

http://physicsweb.org/events/

Current Notices & Announcement Services:

See also the conference and event sites above for links to email
notification services or event submission forms.

E-PRINT ARCHIVES LISTSERV NOTICES: The Cornell-based
E-Print Archives provides daily notices of preprints in the fields
of physics, mathematics, nonlinear sciences, computer science,
quantitative biology, and statistics which have been submitted
to the archives as full text electronic documents. Use the
‘Web-accessible listings:

http://arXiv.org/
or subscribe:

http://arXiv.org/help/subscribe

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

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

INTERACTIONS.ORG: Provides an email newsletter covering par-
ticle physics news and resources from particle physics laboratories
worldwide. Subscribe to Interactions.org Newswire:

http://www.interactions.org/cms/

NASA ASTROPHYSICS DATA SYSTEM: This page provides
access to the tables of contents of the most recent issues of selected
journals in the field. It permits the user to select which titles are
shown and eliminates the ones the user has already read:

http://adsabs.harvard.edu/custom toc.html

PREPRINTS IN PARTICLES AND FIELDS (PPF): A weekly
listing averaging 250 new preprints in particle physics and related
fields. Contains bibliographic listings for and, in the Web version,
full text links to, the new preprints received by and cataloged into
the SPIRES High-Energy Physics (HEP) database. Includes that
week’s titles from the e-print archives as well as preprints and
articles received from other sources. Directions for subscribing to
an email version can be found on the page listing the most recent
week’s preprints:

http://www.slac.stanford.edu/library/documents/
newppf.html

Directories:

Directories— Research Institutions:

HEP and Astrophysics INSTITUTIONS: SPIRES database of
over 6,500 high-energy physics and astroparticle physics institutes,
laboratories, and university departments in which research on
particle physics is performed. Covers six continents and over a
hundred countries. Provides an alphabetical list by country or
an interface that is searchable by name, acronym, location, etc.
Includes address, phone and fax numbers, e-mail address, and
Web links where available. Has links to the recent HEP papers
from each institution. Maintained by SLAC, DESY and Fermilab
libraries. To search the Institutions database:

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

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

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

e TOP 500 HEP AND ASTROPHYSICS INSTITUTIONS BY
COUNTRY: Lists the 500 major HEP-related organizations and
universities that have published the most papers in the past five
years, as identified from the SPIRES HEP Database. Provides
active links to the home pages and full INSTITUTIONS database
records. Listed by country, and then alphabetically by institution:

http://www.slac.stanford.edu/spires/inst/major.shtml

5.2. Directories—People:

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

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

e HEP VIRTUAL PHONEBOOK: A list of links to phonebooks
and directories of high-energy physics sites and collaborations
around the world organized by site. Often provides links to more
specialized phone or e-mail listings, such as a department within a
university, visiting scientists, or postdocs. Some phonebooks may
require passwords or other authentication to access. Maintained
by HEPiC, and many linked phonebooks are still active, however,
this Web site was last updated in 2003:

http://wuw.hep.net/sites/directories.html

5.3. Directories—Libraries:

e Argonne National Laboratory (ANL) Library:
http://www.library.anl.gov/

e Brookhaven National Laboratory (BNL) Library:
http://www.bnl.gov/isd/reslib/main e.asp

e (CERN) European Organization for Nuclear Research Library:
http://library.cern.ch/

e Deutsches Elektronen-Synchrotron (DESY) Library:
http://library.desy.de/

e Fermi National Accelerator Laboratory (Fermilab) Library:
http://bss.fnal.gov/library/index.html

e Idaho National Laboratory (INL) Technical Library:
http://www.inl.gov/library/

e (KEK) National Laboratory for High Energy Physics Library:
http://www-1ib.kek. jp/top-e.html

e Lawrence Berkeley National Laboratory (LBNL) Library:

http://wwuw-library.1lbl.gov/library/public/tmLib/
aboutus/LibDefault.htm

e Lawrence Livermore National Laboratory (LLNL) Library:
http://www.1llnl.gov/library/

e Los Alamos National Laboratory (LANL) Library:
http://lib-www.lanl.gov/

e Oak Ridge National Laboratory (ORNL) Library:
http://www.ornl.gov/Library/library-home.html

e Pacific Northwest National Laboratory (PNL) Library:
http://libraryweb.pnl.gov/index.stm

e Sandia National Laboratory Technical Library:
http://infoserve.sandia.gov/

e Stanford Linear Accelerator Center (SLAC) Library:
http://www.slac.stanford.edu/library

e Thomas Jefferson National Accelerator Facility (JLab) Library:
http://www.jlab.org/IR/library/index.html
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5.4. Directories—Publishers:

e DIRECTORY OF PUBLISHERS AND VENDORS: International
directory of publishers and vendors used by libraries. Organized
by publisher name, by subject (e.g. Science, Mathematics, and
Technology), and by location. Also provides an email directory.
Has not been updated since 2004:

http://www.acqweb.org/pubr.html

5.5. Directories—Scholarly Societies:
e American Association for the Advancement of Science:

http://www.aaas.org/

e American Association of Physics Teachers:
http://wuw.aapt.org/

e American Astronomical Society:

http://www.aas.org

e American Institute of Physics:
http://www.aip.org/

e American Mathematical Society:
http://wuw.ams.org/

e American Physical Society:
http://wuw.aps.org

e European Physical Society:

http://www.eps.org/

o JEEE Nuclear and Plasma Sciences Society:
http://ewh.ieee.org/soc/nps/aboutnpss.htm

e Institute of Physics:
http://wuw.iop.org/

e International Union of Pure and Applied Physics:

http://www.iupap.org/

e Japan Society of Applied Physics:
http://www.jsap.or.jp/english/

e Physical Society of Japan:
http://wwwsoc.nii.ac.jp/jps/

e Physical Society of the Republic of China:
http://psroc.phys.ntu.edu.tw/english/index.html

e SCHOLARLY SOCIETIES PROJECT: Directory of more than
4,000 scholarly and technical societies with links to their Web
sites. Permits searching by subject, country, language, founding
dates, and more. Includes acronyms and indicates when a Web site
contains both its native language and an English-language version
and when it has a permanent URL. Provides direct links to society
meeting and conference announcement lists, standards, and full
text journals. Maintained by the University of Waterloo:

http://wuw.scholarly-societies.org/

6. E-Prints/Pre-Prints, Papers, & Reports:

e CERN ARTICLES & PREPRINTS: The CERN document server
contains records of more than 700,000 CERN and non-CERN
articles, preprints, theses. Includes records for CERN Yellow
Reports, internal and technical notes, and official CERN committee
documents. Provides access to full text of the documents for about
50 percent of the entries and to the references when available:

http://cdsweb.cern.ch/?c=Articles+%26+Preprints&as=0
e ECONF: Electronic Conference Proceedings Archive: This site

offers a fully electronic, Web-accessible archive for the proceedings
of scientific conferences in High-Energy Physics and related fields.

Conference editors can use the site tools to prepare and post an
electronic version of their proceedings. Librarians and other indexers
can download metadata from each proceedings. Researchers can
browse an entire proceedings via a table of contents or search for
papers through a link to the SPIRES HEP Database which indexes
the EConf contents:

http://www.slac.stanford.edu/econf/

e HEP DATABASE (SPIRES): Contains over 700,000 bibliographic
records for particle physics articles, including journal papers,
preprints, e-prints, technical reports, conference papers and theses.
Comprehensively indexed with multiple links to full text as well as
links to author and institutional information. Covers 1974 to the
present with substantial older materials added. Updated daily with
links to electronic texts, Durham Reaction Data, Review of Particle
Properties, etc. Searchable by citation, by all authors and authors’
affiliations, title, topic, report number, citation (footnotes), e-print
archive number, date, journal, etc. A joint project of the SLAC
and DESY libraries with the collaboration of Fermilab, Durham
University (UK), KEK, Kyoto University, and many other research
institutions and scholarly societies:

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

e JACoW: This Joint Accelerator Conference Website is organized
by the editorial boards of the Asian, European and American
Particle Accelerator Conferences and the COOL, CYCLOTRONS,
DIPAC, FEL, ICALEPCS, ICAP, ICFA ABDW, LINAC, RuPAC
and SRF conferences. It contains the full text of all the papers of
these accelerator conferences. Search by conference name, author,
title, keyword or full text of the paper:

http://www.JACOW.org/

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

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

e arXiv.org E-PRINT ARCHIVE: The arXiv.org is an automated
electronic repository of full text papers in physics, mathematics,
computer, statistics, nonlinear sciences, cosmology and quantitative
biology. Papers, called pre-prints or e(electronic)-prints, are usually
sent by their authors to arXiv in advance of submission to a
journal for publication. Primarily covers 1991 to the present but
authors are encouraged to post older papers retroactively. Permits
searching by author, title, and keyword in abstract. Allows limiting
by subfield archive or by date:

http://arXiv.org

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

DIRECTORY OF MATHEMATICS PREPRINT AND E-PRINT

SERVERS: Provides the current home page and email contacts for
mathematical preprint and e-print servers throughout the world:

http://www.ams.org/global-preprints/

7. Particle Physics Journals & Reviews:

7.1. Online Journals and Tables of Contents: Please
note, some of these journals, publishers, and reviews may limit access
to subscribers. If you encounter access problems, check with your
institution’s library.
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ADVANCES IN THEORETICAL AND MATHEMATICAL
PHYSICS (ATMP): Advances in Theoretical and Mathematical
Physics is a publication of the International Press, publishing
papers on all areas in which theoretical physics and mathematics
interact with each other:

http://www.intlpress.com/ATMP/

AMERICAN JOURNAL OF PHYSICS: A monthly publication of
the American Association of Physics Teachers on instructional and
cultural aspects of physical science:

http://ojps.aip.org/ajp
APPLIED PHYSICS LETTERS: Weekly publication of short (3
pages maximum) articles:

http://ojps.aip.org/aplo/
ASTROPHYSICAL JOURNAL: Published by the American

Astronomical Society (AAS). See also AAS entry under Journal
Publishers (below):

http://www. journals.uchicago.edu/ApJ/

CLASSICAL AND QUANTUM GRAVITY: Published by the
Institute of Physics (IOP) covering the fields of gravitation and
spacetime theory:

http://www.iop.org/Journals/cq

EUROPEAN PHYSICAL JOURNAL A: HADRONS AND
NUCLEI This journal merges Il Nuovo Cimento A and Zeitschrift
fur Physik A and covers physics and astronomy:

http://www.springeronline.com/sgw/cda/frontpage/
0,11855,4-40109-70-1123848-0,00.html

EUROPEAN PHYSICAL JOURNAL C: PARTICLES AND
FIELDS: This journal is the successor to Zeitschrift fur Physik C,
covering physics and astronomy:
http://www.springeronline.com/sgw/cda/frontpage/
0,11855,4-40109-70-1126563-0,00.html

INTERNATIONAL JOURNAL OF MODERN PHYSICS C:
PHYSICS AND COMPUTERS: Includes both review and research
articles:

http://ejournals.wspc.com.sg/ijmpc/ijmpc.shtml

INTERNATIONAL JOURNAL OF MODERN PHYSICS D:
GRAVITATION, ASTROPHYSICS AND COSMOLOGY:: Includes
both review and research articles:

http://ejournals.wspc.com.sg/ijmpd/ijmpd.shtml

INTERNATIONAL JOURNAL OF MODERN PHYSICS E:
NUCLEAR PHYSICS: Includes both review and research articles:

http://ejournals.wspc.com.sg/ijmpe/ijmpe.shtml

JAPANESE JOURNAL OF APPLIED PHYSICS: Part 1 covers
papers, short notes, and review papers. Part 2 publishes letters
including a special Ezpress Letters section:

http://wuw.ipap.jp/jjap/index.htm

JOURNAL OF COSMOLOGY AND ASTROPARTICLE
PHYSICS: An electronic peer-reviewed journal created by
the International School for Advanced Studies (SISSA) and the
Institute of Physics. Authors are encouraged to submit media files
to enhance the online versions of articles:

http://jcap.sissa.it/

JOURNAL OF HIGH ENERGY PHYSICS: Open Access.
Electronic and print available. Like ATMP, this is a refereed
journal written, run, and distributed by electronic means. It
accepts email submission notices and “fetches” the submitted
paper from the arXiv.org E-print archives:

http://jhep.sissa.it/

JOURNAL OF PHYSICS G: NUCLEAR AND PARTICLE
PHYSICS: Published by IOP:

http://www.iop.org/EJ/journal/0954-3899

JOURNAL OF THE PHYSICAL SOCIETY OF JAPAN: JPSJ
ONLINE:

http://jpsj.ipap.jp/
MODERN PHYSICS LETTERS A: This journal contains research
papers in gravitation, cosmology, nuclear physics, and particles
and fields. Brief Review section for short reports on new findings
and developments:

http://www.worldscinet.com/mpla/mpla.shtml

MODERN PHYSICS LETTERS B: This journal contains research
papers in condensed matter physics, statistical physics, applied
physics and High Tc Superconductivity. Brief Review section for
short reports on new findings and developments:

http://www.worldscinet.com/mplb/mplb.shtml

NEW JOURNAL OF PHYSICS: Open Access. Co-owned by the
Institute of Physics and the Deutsche Physikalische Gesellschaft,
this journal is funded by article charges from authors of published
papers and by scholarly societies, NJP is available in a free,
electronic form:

http://www.iop.org/EJ/journal/1367-2630/1

NUCLEAR INSTRUMENTS AND METHODS IN PHYSICS
RESEARCH A: ACCELERATORS, SPECTROMETERS, DE-
TECTORS, AND ASSOCIATED EQUIPMENT: This journal was
formerly part of Nuclear Instruments and Methods in Physics
Research. This journal covers instrumentation and large scale
facilities:

http://wuw.sciencedirect.com/science/journal/01689002

NUCLEAR PHYSICS A: NUCLEAR AND HADRONIC
PHYSICS:

http://www.sciencedirect.com/science/journal/03759474

NUCLEAR PHYSICS B: PARTICLE PHYSICS, FIELD THE-
ORY, STATISTICAL SYSTEMS, AND MATHEMATICAL
PHYSICS:

http://www.sciencedirect.com/science/journal/05503213

NUCLEAR PHYSICS B: PROCEEDINGS SUPPLEMENTS:
Publishes proceedings of international conferences and topical
meetings in high-energy physics and related areas:

http://wuw.sciencedirect.com/science/journal/09205632
PHYSICAL REVIEW D: PARTICLES, FIELDS, GRAVITATION,
AND COSMOLOGY:
http://prd.aps.org/
PHYSICAL REVIEW SPECIAL TOPICS — ACCELERATORS
AND BEAMS:
http://prst-ab.aps.org/

PHYSICS LETTERS B: Nuclear and Particle Physics:
http://www.sciencedirect.com/science/journal/03702693

PHYSICS—USPEKHI: English edition of Uspekhi Fizicheskikh
Nauk:

http://ufn.ioc.ac.ru/

PROGRESS IN PARTICLE AND NUCLEAR PHYSICS:
http://wuw.sciencedirect.com/science/journal/01466410

PROGRESS OF THEORETICAL PHYSICS: Covers all fields of
theoretical physics. A supplement is published roughly quarterly
containing either long original or review papers or collections of
papers on specific topics:

http://www2.yukawa.kyoto-u.ac.jp/ ptpwww/
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7.2. Journals — Publishers € Repositories:

o NASA ASTROPHYSICS DATA SYSTEM: Provides free electronic
access to back issues of the Astrophysical Journal, Astrophysical
Journal Letters, and the Astrophysical Journal Supplement Series
and to many other titles. Often a journal allows the ADS to
provide free, full text access after a delay of some period of time
which can be several years:

http://adsabs.harvard.edu/

e AIP JOURNAL CENTER: The American Institute of Physics’
top-level page for their electronic journals may be found at:

http://www.aip.org/ojs/service.html

AMERICAN PHYSICAL SOCIETY: The top-level page for the
APS research journals. From this page one can access their
Physical Review Online Archive (PROLA) search engine which is
free to users:

http://publish.aps.org/

ELSEVIER SCIENCE: This Web site lists all Elsevier journal
titles alphabetically and also enables browsing by subject field.
“Astronomy, Astrophysics and Space Science” (20 titles) or
“Physics” (175 titles):
http://wuw.elsevier.com/wps/find/journal browse.cws_home
e EUROPEAN PHYSICAL SOCIETY: This is the top-level page
listing the society’s journals:

http://www.eps.org/publications

INSTITUTE OF PHYSICS (IOP): Journals: Information: A list

of the IOP journals organized by subject. A page organized by

title is also available linked to this page:
http://www.iop.org/EJ/S/3/418/main/-list=subject

SPRINGER PUBLISHING: Physics: From this link, one can reach
a subject list of Springer journals in physics through the list of
subdisciplines on the Subject Menu:
http://www.springer.com/west/home/
physics?SGWID=4-10100-0-0-0

SPRINGER PUBLISHING: Astronomy, Astrophysics & Space
Science: From this link, one can reach a subject list of Springer
journals in Astronomy, Astrophysics & Space Science through the
list of subdisciplines on the Subject Menu:
http://www.springer.com/west/home/

astronomy?SGWID=4-123-0-0-0

7.3. Review Publications:

e HEP Reviews: SPIRES guide to the Review Literature in HEP,
reviewed and compiled by SPIRES database staff. The guide
indexes by topic the review papers that have a significant number
of citations in the SPIRES-HEP database. These papers include
all of those with at least 100 citations by June 2004, but other
papers are added as well. The guide is updated annually:

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

LIVING REVIEWS IN RELATIVITY: A peer-refereed, solely
online physics journal publishing invited reviews covering all areas
of relativity. Provided as a free service to the scientific community
by the Max-Planck-Institut fiir Gravitationsphysik. Published in
yearly volumes, although articles appear throughout the year.
Hyperlinks are kept checked and active and reviews are updated
frequently:

http://relativity.livingreviews.org/sitecontents.html

NET ADVANCE OF PHYSICS: A free electronic service providing
review articles and tutorials in an encyclopedic format. Covers all
areas of physics. Includes e-prints, book announcements, full text
of electronic books, and other resources with hypertext links when
available. Welcomes contributions of original review articles:

http://web.mit.edu/redingtn/www/netadv/welcome.html

8.

8.1.

PHYSICS REPORTS: A review section for Physics Letters A and
Physics Letters B. Each report deals with one subject. The reviews
are specialized in nature, more extensive than a literature survey
but normally less than book length:

http://www.sciencedirect.com/science/journal/03701573

REPORTS ON PROGRESS IN PHYSICS: Covers all areas of
physics and is published monthly. All papers are free for 30 days
from the date of online publication:

http://www.iop.org/EJ/journal/0034-4885/1

REVIEWS OF MODERN PHYSICS:
http://rmp.aps.org/

Particle Physics Education Sites:

Particle Physics Education: General Sites:

ARGONNE NATIONAL LABORATORY K-12 PROGRAMS:
Includes links to a variety of information and programs such
as ArthmAttack, NEWTON, and the Rube Goldberg Machine
Contest:

http://www.dep.anl.gov/pk-12/

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

http://www.cpepweb.org/

FERMILAB EDUCATION OFFICE: Outstanding collection of
resources from the “grandmother” of all physics lab educational
programs. Sections are organized for students and educators by
grade level and for general visitors:

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

PARTICLE PHYSICS EDUCATION SITES: This rich site
maintained by the Particle Data Group provides links to many
other educational sites. Organizes the links by subject, level, and
type of educational experience:

http://particleadventure.org/other/othersites.html

PHYSICAL SCIENCE: EDUCATIONAL HOTLISTS: Created by
the outstanding Franklin Institute Science Museum, these hotlists
contain a pre-screened list of resources for science educators,
students, and enthusiasts. The criteria for inclusion is that a
site stimulates creative thinking and learning about science. The
excellent Physical Science list contains useful links for physics,
physicists, optics, material science, applied design and engineering,
sites for museums, “doing science,” and inventors and engineers:

http://sln.fi.edu/tfi/hotlists/hotlists.html

PHYSLINK.COM: EDUCATION: This site provides sub-lists of
online resources in the following areas: History of Physics and
Astronomy, Essays on the interface between science, art, religion
and philosophy, Astronomy, Graduate School and Student Advice,
Software (reviews), References and Learning Sites for Educators,
Youth Science, and New Theories:

http://www.physlink.com/Education/Index.cfm

8.2. Particle Physics Education:

Background Knowledge:

ALBERT EINSTEIN ONLINE: A meta-Einstein site with links
to dozens of resources by and about this scientist. The site
is organized into the following categories: Overviews, Moments
(recollections of Einstein by others), Physics, Writings, Quotes,
Pictures, and Miscellaneous:

http://www.westegg.com/einstein/

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. This award-winning site, sponsored
by the European Organization for Nuclear Research (CERN),
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explains to big kids and little kids alike the truth (and fiction)
about antimatter. Features colorful photos and illustrations, a
Kids Corner, and CERN physicists answering your questions on
antimatter:

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

BIG BANG SCIENCE-EXPLORING THE ORIGINS OF
MATTER: In clear, concise, yet elegant language, this Web
site, produced by the Particle Physics and Astronomy Research
Council of the UK (PPARC), explains what physicists are looking
for with their giant instruments called accelerators and particle
detectors. Includes a brief history on how scientists came to define
what is fundamental in the universe. Big Bang Science focuses
on CERN particle detectors and on United Kingdom scientists’
contribution to the search for the fundamental building blocks of
matter. In addition to information on the how and why of particle
physics, this site also shows particle physics as an international
collaborative endeavor:

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

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

and the experiments conducted at SLAC, including real-world

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

http://wuw2.slac.stanford.edu/vvc/

e THE WORLD OF BEAMS: A site to visit if you wish to know a
little or a lot about laser beams, particle beams, and other kinds of
beams. Includes interactive tutorials, such as: What are Beams?,
Working with Beams, and Beam Research and Technology. A
good resource for physical science units involving energy, structure
and properties of matter, and motion and forces for Grades 8-12.
The information here is also helpful if you plan to tour any of the
national laboratories listed in the “Libraries” section of this guide:

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

8.3. Particle Physics Education:
Particle Physics Lessons and Activities:

¢ CONTEMPORARY PHYSICS EDUCATION PROJECT (CPEP):
This site is especially designed to help teachers bring four areas
of physics to their students in an accessible and engaging format.
Provides charts, brochures, Web links, and classroom activities.
Online interactive courses include: Fundamental Particles and
Interactions (includes lesson plans), Plasma Physics and Fusion,
and Nuclear Science (includes lesson plans and simple experiments):

http://wuw.cpepweb.org/

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

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

e GLAST CLASSROOM MATERIALS: The Gamma Ray Large
Area Space Telescope (GLAST) project and the National
Aeronautics and Space Administration (NASA)’s Education and
Public Outreach Office have developed this colorful, in depth, and
engaging Web site teaching about the origin and structure of the
universe and the fundamental relationship between energy and
matter:

http://glast.sonoma.edu/teachers/teachers.html

JEFFERSON LAB SCIENCE EDUCATION: This well-organized,
visually attractive Web site from the Thomas Jefferson National
Accelerator Facility, supports science and math education in K-12
classrooms. Features hands-on physics activities, math games,
and puzzles. Check out the All About Atoms slide show and the
interactive Table of Elements:

http://education. jlab.org/

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

http://ParticleAdventure.org

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

http://QuarkNet.fnal.gov

8.4. Particle Physics Education:

Astronomy Lessons and Experiments:

e HANDS-ON UNIVERSE: Enables students in middle and high
schools to investigate the night sky without having to stay out
late. Created by a collaboration of teachers and students including
the Lawrence Hall of Science at the U.C. Berkeley, it uses
high quality astronomical images to explore central concepts in
math, science, and technology. Students analyze real images with
image-processing software similar to that used by professional
astronomers:

http://www.handsonuniverse.org

e IMAGINE THE UNIVERSE: Created by the Laboratory for
High-Energy Astrophysics at NASA /Goddard Space Flight Center,
this site features astronomy and astrophysics lesson plans for
age 14 and up, teachers’ guides, classroom posters, and links
to other classroom resources. Activities are linked to National
Standards for Science and Math. Lessons include: What is Your
Cosmic Connection to the Elements?, Life Cycle of Stars, and
Gamma-Ray Bursts. Also included in the Teacher’s Corner are
links to math/science lesson plans for grades 6-12. The Multimedia
Theatre Archive provides more than a dozen movies with free
downloadable viewing software:

http://imagine.gsfc.nasa.gov

e SPACE TODAY ONLINE: This news magazine covers space from
Earth to the edge of the universe. The site provides news, history,
encyclopedia-like explanations of terms, activities, people and
events, historical summaries, and an outstanding collection of
images covering all aspects of space:

http://wuw.spacetoday.org/STO.html

¢ WINDOWS TO THE UNIVERSE: Provides a rich array of
material for exploring earth, space, physics, geology, and chemistry
in K-12 classrooms. Includes numerous, thorough lesson plans on
topics ranging from the solar system to atmosphere and weather to
physics and chemistry. Student-centered activities such as Building
a Magnetometer or Create Your Own Cloud are simple, yet highly
engaging:

http://www.windows.ucar.edu/

8.5. Particle Physics Education:

Ask-a-Scientist Sites:

e ASK A SCIENTIST SERVICE: Questions are answered by
volunteer scientists throughout the world. Service provided by the
Newton BBS through Argonne National Lab. Submission form
permits very age-specific information to be included with the
question so that the answer can be targeted to the questioner’s
level of knowledge:

http://www.newton.dep.anl.gov/

e ASK THE EXPERTS: Submit questions via a form to scientists
at PhysLink.com. Questions are answered free. Submission
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form warns that they won’t answer questions from homework
assignments or help design something for a science fair or
competition. Has links to commonly asked questions and to a list
of the most active scientists who provide answers:

http://www.physlink.com/Education/AskExperts/Index.cfm

MAD SCIENTIST’S NETWORK: ASK A QUESTION: Scientists
at this Web site respond to hundreds of questions a week. Be sure
to check out their extensive archive of answered questions and use
their Science Fair Links for ideas for projects. Also note questions
they decline to answer:

http://www.madsci.org/submit.html

8.6. Particle Physics Education:

Experiments, Demos, & Fun

ALL ABOUT LIGHT: From Fermilab, this offers a delightful
collection of pages giving classical, relativistic, and quantum
explanations of light:

http://wuw.fnal.gov/pub/inquiring/more/light/index.html

CANTEACH: PHYSICAL SCIENCE: Canadian elementary
teachers have put together a list of investigations and hands-on
physics experiments for elementary level. These well-written
physical science lesson plans feature such activities as Making a
Pinhole Camera, Air Takes Space, Acid and Basic Test, Growing
Crystals, Potential and Kinetic Energy, and Evaporation Painting:
http://www.canteach.ca/elementary/physical.html

HELPING YOUR CHILD LEARN SCIENCE: A wonderful
introduction and set of tools for parents of elementary-age children
compiled by the U.S. Department of Education. Provides ideas,
home experiments, community-based science activities, and more:

http://www.ed.gov/pubs/parents/Science/index.html

INSULTINGLY STUPID MOVIE PHYSICS: An entertaining and
educational site to learn how many movie special effects violate
the laws of physics. Includes a rating system for movie reviews.
Heavy on text, with few graphics. Equations are included. A good
way to emphasize, at the high school level, the immutability of the
laws of physics in the real world. Provides instructions on how to
use movie physics in the classroom and a bibliography:

http://www.intuitor.com/moviephysics

PHYSICS/PHYS/SCI DEMOS: This Web site provides over
fifty physics demonstrations on the topics of density, motion,
force, angular measurement, waves and sound, electricity and
magnetism, optics and nuclear physics. Some of the demos feature
photographs. Most of the demos are original, although a few were
taken from the TV program, Newton’s Apple. The high school
teacher who created this site has won both a Presidential Award
for Excellence in Mathematics and Science Teaching and the 2003
Classroom Connect Internet Educator of the Year Award:

http://www.darylscience.com/DemoPhys.html

8.7. Particle Physics Education:

Physics History and Diversity Sites:

AIP CENTER FOR HISTORY OF PHYSICS: This site, produced
by the American Institute of Physics, aims to preserve and make
known the history of modern physics and allied fields including
astronomy, geophysics, and optics. Of interest to teachers and
students is the Exhibit Hall, with award-winning exhibits including
photos and facts about Marie Curie, Einstein, the discovery of the
electron, and the invention of the transistor:

http://www.aip.org/history

A CENTURY OF PHYSICS: This is the top-level page for

a timeline from the American Physical Society providing a
comprehensive history of major physical science developments with
a selection of other events from society, art, politics and literature.
Links on this page provide a physical timeline, an index, a search
system, and reproductions of the posters and images:

http://timeline.aps.org/APS/

e CONTRIBUTIONS OF 20TH CENTURY WOMEN TO
PHYSICS: A great resource for that history of science pa-
per, this archive features descriptions of important contributions to
science made by 83 women in the 20th century. Provides historical
essays and links to additional documentation such as primary
source materials:

http://cwp.library.ucla.edu

e EDUCATION AND OUTREACH COMMITTEE ON THE
STATUS OF WOMEN IN PHYSICS: Interested in inspiring a
young woman to pursue physics? This American Physical Society
site features Physics in Your Future, which conveys the exciting
possibilities of a career in physics to middle and high school girls.
Copies of this four-color booklet are available at no charge to
students and their parents, educators, guidance counselors, and
groups who work with young women. Available online in PDF:

http://www.aps.org/programs/women/index.cfm

e NOBEL LAUREATES IN PHYSICS 1901-PRESENT: Maintained
by SLAC, this site provides very comprehensive information on
physics laureates. Links to the Nobel Foundation’s pages on each
laureate. Also lists the location(s) of the laureate’s prize-winning
work, where, if appropriate, the laureate is currently working, and
where she or he was working when the work was done. Links to
books, related Web sites, and to the HEP Database for in-depth
bibliography. An interesting Quick Facts section provides great
trivia about some of the prize winners:

http://www.slac.stanford.edu/library/nobel/index.html

PHYSLINK.COM HISTORY OF PHYSICS AND ASTRONOMY:
This site, which is a compendium of other history of physics,
astronomy and science sites, organizes that historical world into:
general guides, histories of physics, of astronomy and space
exploration, and of mathematics, online archives, museums and
exhibits, and famous scientists. Serves as a guide to some of the
most well known people and events in the physical sciences:

http://www.physlink.com/Education/History.cfm

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

e HIDDEN CATHEDRALS-SCIENCE OR ART?: This page
provides roughly seventeen dramatic color images of the inner
workings of particle detectors at the European Organisation for
Nuclear Research (CERN) which is the world’s largest particle
physics center:
http://public.web.cern.ch/public/about/how/art/art.html

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

http://www-project.slac.stanford.edu/streaming-media/

Sub-Movies.html

9. Physics Job Sites:
e AIP Education and Employment Statistics: The latest data
regarding education and employment trends in physics and related
science fields:

http://www.aip.org/statistics

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

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

e APS Careers in Physics: The American Physical Society
Jobs/careers page:
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http://www.aps.org/jobs/ e HEPIC: SOFTWARE & TOOLS USED IN HEP RESEARCH: A
meta-level site with links to other sites of HEP-related software
. Careers'with Physics: Advice and resources from the UK Institute and computing tools:
of Physics: http://www.hep.net/resources/software.html
http://www.iop.org/activity/careers/Careers/
Resources/Career resources/page_3964.html o GRID PHYSICS NETWORK: The GriPhyN Project is developing
grid technologies for scientific and engineering projects that collect
e CERN Jobs Portal: Human resources portal for CERN: and analyze distributed, petabyte-scale datasets. Provides links
http://humanresources.web. cern. ch/humanresources/ to project information such as documents, education, workspace,
N 1 1/HN- i tment /default virtual data toolkits, Chimera and Sphinx, as well as people,
external/genera recruitment/delault.asp activities, news, and related projects:
e HEPJobs Database: Maintained by Fermilab and SLAC libraries, http://wuw.griphyn.org/
this database lists jobs in the fields of core interest to the particle )
physics and astroparticle physics communities. Use this page to ® PARTICLE PHYSICS DATA GRID: The Web site for the‘ U.S.
post a job or to receive e-mail notices of new job listings: collaboration of federal laboratories and universities to build a
http:// 1 tanford. edu/spi /iobs/ worldwide distributed computing model for current and future
p://www.slac.stantord. edu/Spires/jobs particle and nuclear physics experiments:
e Physicsweb.org: Listing of physics openings for all degree levels: http://www.ppdg.net/
http://physicsweb.org/jobs/
e SPIEWorks: Maintained by the International Society for Optical 11. Specialized Subject Pages:
Engineering. Includes job listings for related science and engineer- 11.1. Subject Pages

ing posts, with a search function, as well as a list of conferences
e CAMBRIDGE RELATIVITY: PUBLIC HOME PAGE: These

and some tips:

http://wuw.spieworks.com/employment/

10. Software Repositories:

CERNLIB: CERN PROGRAM LIBRARY: A large collection of
general purpose libraries and modules offered in both source code

and object code forms from the CERN central computing division.

Provides programs applicable to a wide range of physics research
problems such as general mathematics, data analysis, detectors
simulation, data-handling, etc. Also includes links to commercial,
free, and other software:
http://wwwasd.web.cern.ch/wwwasd/index.html

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

http://www.freehep.org/

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

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

pages focus on the non-technical learner and explain aspects of
relativity such as: cosmology, black holes, cosmic strings, inflation,
and quantum gravity. Provides links to movies, research-level
home pages and to Stephen Hawking’s Web site:

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

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

http://superstringtheory.com/

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

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

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

http://cupp.oulu.fi/neutrino/
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GAUGE AND HIGGS BOSONS

1JPC¢y = 0,11~ )

Mass m < 1 x 10718 eV
Charge g < 5x10730 ¢
Mean life 7 = Stable

g

Py q—
or gluon 1U7) =007)

Mass m = 0 4]
SU(3) color octet

[w]

w DECAY MODES

J=1

Charge = 1 e

Mass m = 80.398 + 0.025 GeV
mz — my = 10.4 £ 1.6 GeV
Myy+ — My~ = —0.2 £ 0.6 GeV
Full width ' = 2.141 + 0.041 GeV
(N_+) =15.70 £ 0.35

(Nyes) = 2.20 £ 0.19

(Np) =0.92 + 0.14

(Ncharged) = 19.39 + 0.08

W™ modes are charge conjugates of the modes below.

Fraction (I';/T)

Confidence level

p
(MeV/c)

rty
ety
/1+l/
T+ v
hadrons
ey

+
D5 5y
cX

cs

invisible

[b] (10.80+ 0.09) %
(10.75+ 0.13) %
(10.57+ 0.15) %
(11.25+ 0.20) %

(67.60+ 0.27) %
< 8 x 1075
< 13 x 1073

(334 £ 26)%
G 3 )%
[l (14 +28)%

95%
95%

40199
40199
40179

40199
40175

J=1

Charge = 0

Mass m = 91.1876 + 0.0021 GeV ]

Full width I = 2.4952 + 0.0023 GeV

(¢t ¢7) = 83.984 + 0.086 MeV [/

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

(Nechargea) = 20.76 £ 0.16 (S = 2.1)

Couplings to leptons

g}, = —0.03783 + 0.00041
g4 = —0.50123 £ 0.00026
g¥¢ = 0.5008 % 0.0008
g¥e = 0.53 + 0.09

g’* = 0.502 + 0.017

Asymmetry parameters (8]

Ae = 0.1515 + 0.0019
A, = 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
A% 447

Al — 98+ 11
A — 7.07 +0.35

Al — 9.92 4 0.16
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Scale factor/ p

Z DECAY MODES Fraction (I';/T) Confidence level (MeV/c) A Pseudoscalar Higgs Boson in Supersymmetric Models [K]
ete” (13:363 £0.004 ) % 4559 Mass m > 93.4 GeV, CL = 95% tanf3 >0.4
whp~ (3366 +0.007 ) % 45594 + .
o ( 3.370 £0.008 ) % 45559 H* Mass m > 79.3 GeV, CL = 95%
s [b] ( 3.3658+0.0023) % - See the Particle Listings for a Note giving details of Higgs
invisible (20.00 +0.06 )% - Bosons.
hadrons (69.91 +0.06 )% -
(ut+cc)/2 (116  +06 )% -
(dd+s5+bb)/3 (156 +04 )% - Heavy Bosons Other Than
cc (1203 021 )% - Higgs Bosons, Searches for
bb (1512 +0.05 )% -
bbbb (36 +13 )x1074 - Additional W Bosons
888 < 11 % CL=95% -
70y < 52 %«10~5 CL-95% 45594 W’ with standard couplings decaying to ev
7 < 51 ©10-5 CL=95% 45592 Mass m > 1.000 x 103 GeV, CL = 95%
wy < 65 x104 CL=95% 45590 Wg — right-handed W
7'(958) < 42 X103 CL=95% 45589 Mass m > 715 GeV, CL = 90%  (electroweak fit)
v < 52 x 10:2 CL=95% 45594 Additional Z Bosons
YYY < 1.0 x 10 CL=95%  455% ,
fWT < 7 %105 CL-95% 10150 Z gy with standard couplings
ptWF [ < 83 %x10~5 CL=95% 10125 Mass m > 923 GeV, CL = 95% (pp direct search)
J/$(15)X (351 fg'%g )x10-3  s-11 _ Mass m > 1500 GeV, CL = 95%. (electroweak fit)
) ’ _3 Z1r of SU(2). xSU(2)gxU(1) (with g = ggr)
w(25);<x (1.60 £029 ) x 1073 - Mass m > 630 GeV, CL = 95% (pp direct search)
ing;X <( iz 07 ) iig% CLeo0% - Mass m > 860 GeV, CL = 95%  (electroweak fit)
75(215) X +T(25) X (10 405 )xi0-t - Z, 0 S0(10) — SU(5)xU(1), (with g, =e/cosdw)
+T(3S) X Mass m > 822 GeV, CL =95% (pp direct search)
T(1S)X < 44 %105 CL—95% _ Mass m > 781 GeV, CL = 95%  (electroweak fit)
T(25)X < 139 x 1074 CL=95% - Zy of Eg — SO(10)xU(1)y (with gy,=e/costyy)
T(3S)X < 94 «10~5 CL=95% - Mass m > 822 GeV, CL = 95%  (pp direct search)
(D%/ D% X (207  £20 )% - Mass m > 475 GeV, CL = 95% (electroweak fit)
DEX (122 £1.7 )% - Z, of Eg — SU(3)xSU(2)xU(1)xU(1), (with g,=e/costy)
D*(2010)*X [ (114 +13 )% - Mass m > 891 GeV, CL = 95% (pp direct search)
D51 (2536)*X (36 =£08 )x1073 - Mass m > 619 GeV, CL = 95% (electroweak fit)
D, (2573)¥X (58 +22 )x103 -
D*’(2629)iX searched for - Scalar Leptoquarks
BtX (610 +£0.14 )% - Mass m > 256 GeV, CL = 95% (1st generation, pair prod.)
BIX (156 +£013 )% - Mass m > 298 GeV, CL = 95% (st gener., single prod.)
BIX searched for - Mass m > 251 GeV, CL = 95% (2nd gener., pair prod.)
/\;rX (154 4033 )% - Mass m > 73 GeV, CL = 95% (2nd gener., single prod.)
=0x seen - Mass m > 229 GeV, CL = 95% (3rd gener., pair prod.)
=X seen - (See the Particle Listings for assumptions on leptoquark quan-
b-baryon X (138 £022 )% - tum numbers and branching fractions.)
anomalous ~+ hadrons [l < 32 x 1073 CL=95% -
ete [l < 5.2 x10~4 CL=95% 45594
ptu—y [l1< 56 x10~4 CL=95% 45594 Axions (A°) and Other
Ty < 73 x 1074 CL=95% 45559 Very Light Bosons, Searches for
0H ey []1< 68 x10~6 CcL=95% -
aqyy i< 55 x1076 CL=05% - The standard Peccei-Quinn axion is ruled out. Variants with reduced
VI“/’Y U< 31 x1076 CL=95% 45594 couplings or much smaller masses are constrained by various data.
erut LF [ < 17 x1076 CL=95% 4559 The Particle Listings in the full Review contain a Note discussing
ei-ﬁ LF  [n] < 98 x 1076 CL=95% 45576 axion searches.
pe L x 10,2 CLigszA’ 45576 The best limit for the half-life of neutrinoless double beta decay with
pe LB < 18 x 1076 CL=95% 45589 - T o4 SR
'y LB < 1g < 10-6 Cl_os% 45589 Majoron emission is > 7.2 x 10°* years (CL = 90%).

Higgs Bosons — H? and H*, Searches for

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

HY in Supe etric Models <
1 in Supersymmetri (’"H‘{ ’"Hg)
Mass m > 92.8 GeV, CL = 95%
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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, u, and 7), not sum over them.

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

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

[€] This partial width takes into account Z decays into »7 and any other
possible undetected modes.

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

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

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

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

[/l For m,, = (60 £ 5) GeV.
[k] The limits assume no invisible decays.
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LEPTONS

o

Mass m = (548.57990943 + 0.00000023) x 10~ u
Mass m = 0.510998910 + 0.000000013 MeV
|mes — m,_|/m< 8x1079 CL =90%
|G+ + Go-|/e < 4x 1078
Magnetic moment anomaly

(g-2)/2 = (1159.6521811 + 0.0000007) x 106
(8e+ — 8¢-) / Baverage = (—0.5 = 2.1) x 10712
Electric dipole moment d = (0.07 + 0.07) x 10726 ecm
Mean life 7 > 4.6 x 1026 yr, CL = 90% [4]

Mass m = 0.1134289256 + 0.0000000029 u
Mass m = 105.658367 £+ 0.000004 MeV
Mean life 7 = (2.197019 & 0.000021) x 1076 s (S = 1.1)
T‘DL/TM, = 1.00002 + 0.00008
cr = 658.650 m
Magnetic moment anomaly (g—2)/2 = (11659208 + 6) x 1010
(g,ﬁ - gﬂ—) / Baverage = (—0.11 & 0.12) x 1078
Electric dipole moment d = (3.7 + 3.4) x 10712 ecm

Decay parameters (2]
p = 0.7509 + 0.0010
n = 0.001 +0.024 (S =2.0)
§ = 0.7495 + 0.0012
€P, = 1.0007 + 0.0035 []
€P,8/p > 0.99682, CL = 90% ]
& =1.00+ 0.04
=07+04
/A = (0 +4)x 1073
o/A=(0+4)x10"3
B/A = (4 +6) x 1073
B/A=(1+5)x1073

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(p) = 0.763 + 0.020
&(e or w) = 0.985 + 0.030
&(e) = 0.994 + 0.040
&(p) = 1.030 £ 0.059
n(e or p) = 0.013 £ 0.020
n(p) = 0.094 + 0.073
(6€)(e or ) = 0.746 + 0.021
(6¢)(e) = 0.734 £ 0.028
(6€)(p) = 0.778 £ 0.037
&(m) = 0.993 + 0.022
&(p) = 0.994 £+ 0.008
&(ay) = 1.001 + 0.027
£&(all hadronic modes) = 0.995 + 0.007

7+ modes are charge conjugates of the modes below. “hE" stands for
7+ or KT, “¢” stands for e or . “Neutrals” stands for 4’s and/or 07,

Scale factor/ p

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

7 =0.02 + 0.08
;ﬁr modes are charge conjugates of the modes below.
p
p— DECAY MODES Fraction (I'; /T) Confidence level (MeV/c)
e Tevy, ~ 100% 53
€ Vel [d] (1.440.4) % 53
e vy et e le] (3.4+0.4) x 1075 53
Lepton Family number (LF) violating modes
e ey LF [l <12 % 90% 53
ey LF <12 x 10711 90% 53
e~ ete” LF <10 x 10712 90% 53
e~ 2y LF <72 x 10711 90% 53

Mass m = 1776.84 £ 0.17 MeV
(m_y — m__)/Mayerage < 2.8x 107, CL = 90%
Mean life 7 = (290.6 & 1.0) x 10715 5
cr = 87.11 um
Magnetic moment anomaly > —0.052 and < 0.013, CL = 95%
Re(d,) = —0.22 to 0.45 x 10716 ecm, CL = 95%
Im(d,) = —0.25 to 0.008 x 10716 ecm, CL = 95%

Weak dipole moment
Re(d¥) < 0.50 x 1077 ecm, CL = 95%
Im(d¥) < 1.1x 10717 ecm, CL = 95%
Weak anomalous magnetic dipole moment
Re(a¥) < 1.1x 1073, CL = 95%
Im(a¥) < 2.7 x1073, CL = 95%

Modes with one charged particle

particle™ > 0 neutrals > 0K%v,. (85.364:0.08) % s=1.3 -
(“1-prong”)
particle™ > 0 neutrals > OK?_VT (84.734+0.08) % S=1.4 -
W vy lg] (17.36£0.05) % 885
BTy le] (36 +04)x103 885
e TVeu, [g] (17.85+0.05) % 888
e Teryy le] ( 1.7540.18) % 888
h= > 0KY v, (12.13£0.07) % S=1.1 883
h~ v, (11.6040.06) % S=1.1 883
T, lg] (10.91£0.07) % s=1.1 883
K~ v, lg] ( 6.95+0.23) x 10~3 S=1.1 820
h™ > 1 neutralsv, (37.08+0.11) % S=1.2 -
h= > 17%, (ex.K9) (36.54:0.11) % s=1.2 -
h= a0, (25.95+0.10) % S=1.1 878
a0, lg] (25.52+0.10) % S=1.1 878
7~ 70 non-p(770) v, (30 +£32)x1073 878
K=, le] ( 4.28+0.15) x 1073 814
h~ > 27%, (10.8440.12) % s=1.3 -
h=2n0u,_ ( 9.494+0.11) % S=1.2 862
h=2r0u_ (ex.KO) (19:33+0.12) % s=1.2 862
72710 (ex.K®)  [g] (9.27£0.12)% s=1.2 862
7270, (ex.K?), <9 x1073  CL=95% 862
scalar
7219, (ex.K9), < 7 x1073  CL=95% 862
vector
K=270%, (ex.K%)  [g] (63 +23)x10~4 796
h= > 30y, (1.3540.07) % s=1.1 -
h= > 370, (ex. KO) (1.26+0.07) % s=1.1 -
h=3m0u, (1.18+0.08) % 836
7 3n0, (ex.K%)  [g] (1.04£0.07)% 836
K=3m%, (ex.K®,  [g] (47 +21)x1074 765
n)
h~ 479, (ex.K©) (1.6 +0.4 ) x 1073 800
h=4x0v_ (ex.K9,1) le] (1.0 £04)x10-3 800
K= >0x% >0K% >0y v, ( 1.5740.04) % s=1.1 820

K= >1 (7% or K% 0r 7) v, (8.74+0.32) x 1073 -

Modes with K9's

K2 (particles)~ v, (9.2 +0.4 ) x 1073 S=1.4 -
h~KOu, (100 £05 ) x 1073 s=1.8 812

7 KOu, lg] (84 +04)x1073 $=2.0 812

7 K° (5.4 +21)x10~4 812

(non-K*(892)7 ) v

K= KOy, lg] ( 1.58+0.16) x 10—3 737
K=K > 0x0u, (13.16+0.23) x 1073 737
h=KOn%u, (55 +0.4 )x10-3 794

7" KOV el (39 +£04)x1073 794
K v, (22 +05 ) x10-3 612

K= K70y, lg] ( 1.58+0.20) x 1073 685
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7K > 170, (32 +1.0 ) x 103 - X~ (5=—1)v, ( 2.85+0.07) % S=1.3 -
7 KO0n0n0u, (26 +2.4)x1074 763 K*(892)~ > 0 neutrals > (1.42£0.18) % S=1.4 665
K= K700y < 16 x1074  CL=95% 619 0K v,
7~ KOKOy (1.7 £0.4 ) x1073 5=1.6 682 K*(892)" v, ( 1.2040.07) % S=1.8 665
KK, le] (24 £05)x107* 682 K*(892)~ v, — 7~ Ku; (78 405 )x 103 -
 KIKY v, le] (12 +£04)x10-3 5=1.7 682 K*(892)° K~ > 0 neutrals v, (32 +1.4 )x1073 542
a KOKO70y, (31 +23)x10~4 614 K*(892)°K~ v, (21 404 )x10-3 542
7~ KYKLa0u, < 20 x1074  CL=95% 614 K*(892)°w~ > 0 neutrals v, (38 £1.7 ) x 1073 655
= KIK) 700, (31 +12)x10~4 614 _K*(892)° 7~ v, (22 405 ) x1073 655
KOht h=h~ > 0 neutrals v, < 17 x10-3  CL-95% 760 (K*(892)m)~ vy — (1.0 £04 ) x1073 -
KOt h=h~ v, (23 £2.0)x 104 760 7~ Konly,
K1(1270)" v, (47 £1.1 )x1073 433
Modes with three charged particles K1 (1400)~ v, (1.7 £26 ) x 1073 S=17 335
h~h™h* >0 neutrals > 0K9 v, (15.18£0.08) % S=1.4 861 K*(1410) v, (15 T14 ), 10-3 226
h=h~ h* > 0 neutrals v, (14.560.08) % s=13 861 . B —10 » ,
(ex. K% - xta) K5(1430)~ v, <5 x 10 CL=95% 326
(“3-prong”) K3(1430)~ v, <3 x1073  CL=95% 317
h=h~htu, (19.80+0.08) % S=1.4 861 nwo Ve < 14 x1074  CL=95% 797
h=h~ htu, (ex.K9) (9.45+0.07) % S=1.3 861 nToT vy lg] (181+024)x 1073 778
h=h= htu, (ex.K%w) (19.4240.07) % S=1.3 861 na- 7070, (15 +05 ) x1074 746
T atrT v, (19.3240.07) % S=1.2 861 nK~ vy lg] (27 £06)x1074 719
= at vy (ex. KO) ( 9.030.06) % s=12 86l nK*(892)" vy (29 £09)x1074 511
- ata v, (ex.K), < 24 % CL=95% 861 nK - 0, (18 +09)x107% 665
non-axial vector nK 1" vy (22 +07)x1074 661
aata vy (ex. KO w) lg] ( 8.99+0.06) % S=1.2 861 nat T~ m~ >0 neutrals v, < 3 x1073  CL=90% 744
h=h~ ht > 1 neutrals v, ( 5.3840.07) % S=1.2 - -t n v, (23 +£05 )x1074 744
h=h=ht > 17% (ex. KO) ( 5.0840.06) % s=1.1 - na1(1260)" v, — na Ou, < 39 x1074  CL=90% -
h=h=ht a0y ( 4.750.06) % s=1.2 834 T vy < 11 x1074  CL=95% 637
h=h= ht20u_ (ex.KO) ( 4.5640.06) % s=1.2 834 g 100, < 20 x10~4  CL=95% 559
h=h=ht a0 (ex. KO, w) (2.79+0.08) % S=1.2 834 7' (958) 7~ v, < 74 X107 CL=90% 620
aatr nlu, ( 4.6140.06) % s=1.1 834 7(958) 0w, < 80 x1075  CL=90% 501
aata 70, (ex.KO) ( 4.4840.06) % s=1.1 834 o vy (34 £06 )x1075 585
aata w0y, (ex.KOw)  [g] (270+£0.08) % 5=12 834 oK v,y (3.7040.33) x 1075 $=1.3 445
h=h=ht > 270w (ex ( 5.1640.33) x 1073 - 1 (1285) 7 v, (41 £08 )x104 408
K9) f(1285) 7~ v, — (1.3 £0.4 )x10~4 -
h=h= ht27%, ( 5.0440.32) x 103 797 nr-atrT v,
h=h= ht 270, (ex.KO) (4.94+0.32) x 1073 797 7(1300)" v, — (pm)" vy — < 10 x1074  CL=90% -
h=h=ht 270y (ex.KOw,m) [g] (9 4 )x10—4 797 (3m) " v,
h=h=ht370., lg] (23 +06)x10~% S=1.2 749 m(1300)" v, — < 19 x107%  CL=90% -
K~ hTh™ >0 neutrals v, ( 6.2440.24) x 1073 S=15 794 ((77)s_wave ™)~ vy —
K= ht 7~ v (ex.K9) ( 4.2740.19) x 1073 S=2.4 794 (3m) " vy
K= ht 7= 700, (ex.K9) (87 +12)x10~4 s=1.1 763 h~w >0 neutrals v, ( 2.4040.09) % s=1.2 708
K=t m~ >0 neutrals v, ( 4.78+0.21) x 103 S=1.3 794 h~wr, g] ( 1.9940.08) % S=1.3 708
K- ntr™ > ( 3.6840.19) x 1073 S=1.4 794 K wr, (41 +09 )x1074 610
00 u, (ex.KO) h~wnlu, lg] (41 +£0.4 )x10~3 684
K- ntn v, ( 3.414+0.16) x 103 S=138 794 h~w2rOu, (1.4 +05 )x1074 644
K- atn v, (ex.K9) lg] ( 2.8740.16) x 10~3 s=2.1 794 h= 2w, < 54 x10~7  CL=90% 250
K=pPv, — (1.4 £05 ) x 103 - 2h~ htwu, (1.2040.22) x 10—4 641
K rtr v, L .
_ _ _ epton Family number (LF), Lepton number (L),
K-rtn=alu, (1.35+0.14) x 1073 763 B ber (B) violati d
K= ata= n0u, (ex.K9) (81 +12)x10~4 763 or Baryon number (B) violating modes
K- ntn 0 [z (ex.KO,n) l[g] (75 +12)x107% 763 L means lepton number violation (e.g. 7~ — et x~77). Following
K- ata= n0u, (ex.K9w) (37 409 ) x 1074 763 common usage, LF means lepton family violation and not lepton number
K= 7T K~ >0 neut. v, < 9 «10—4  CL—95% 685 violation (e.g. 7~ — e~ 7T« 7). B means baryon number violation.
K~ K*7~™ >0 neut. v, ( 1.46+0.06) x 103 S=1.6 685 ey LF < 11 x10~7  CL=90% 888
K-Ktr v, lg] ( 1.40+0.05) x 10~3 S=1.7 685 noy LF < 68 x1078  CL=90% 885
K- Kta nlu, lg] (61 £25)x1073 S=1.4 618 e~ 70 LF < 80 x1078  CL=90% 883
K~ KT K~ >0 neut. v, < 21 x1073  CL=95% 472 ;fTrO LF < 11 x10~7  CL=90% 880
K-KtK v, (1.58+0.18) x 105 a2 e K% LF < 56 x1078  CL=90% 819
K=Kt K~ v, (ex. ¢) < 25 x1076  CL=90% - = KY LF < 49 x1078  CL=90% 815
K-KtK= 70, < 48 x1076  CL=90% 345 e LF < 92 x1078  CL=90% 804
7~ KT7~ >0neut. v, < 25 x1073  CL=95% 794 won LF < 65 x1078  CL=90% 800
e~ e et veu, (28 +15)x1075 888 e p° LF < 63 x1078  CL=90% 719
peetv, . < 36 x107>  CL=90% 885 w0 LF < 638 x1078  CL=90% 715
Modes with five charged particles e e < . 107; cL=o0% e
3h~2ht > 0 neutrals v. (1.0240.04) x 103 S=1.1 794 now L < 89 x10 CL=90% n
3 ST De=m : e~ K*(892)° LF < 78 x1078  CL=90% 665
Eeé }fosn H) ) = K*(892)° LF < 59 x1078  CL=90% 659
3h~ 2F;7+ Vg (ex.K?) lg] (8.39+0.35) x 10~4 S=1.1 794 e E*(892)?) o < X078 CL=s0% oo
3h2ht 7r6u (ex.KO) [l ( 1:7810:27) x10~4 746 " 5*(892) e <1 X107 Lot 659
3h=2hnt 277(’; < 34 x10~6  cL=90% 687 e (958) L < 16 X107 cL=o0t 630
T : w1’ (958) LF < 13 x1077  CL=90% 625
Miscellaneous other allowed modes e ¢ LF < 73 x 1078  CL=90% 596
(5m)" vy (7.6 £05)x1073 800 u- ¢ LF < 13 x10~7  CL=90% 590
4h=3h* >0 neutrals v, < 3.0 x1077  CL=90% 682 e ete LF < 36 x1078  CL=90% 888
(“7-prong™) e ptu~ LF < 37 x1078  CL=90% 882
4h=3ht v, < 43 x10~7  CL=90% 682 et p~ LF < 23 x1078  CL=90% 882
4h=3ht 70w, < 25 x1077  CL=90% 612 uete” LF < 27 x1078  CL=90% 885
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4+ = o= -8 —90Y . =
wr e+e B LF < 20 x 1078 CL=90% 885 Neutrino Mixing
ot LF < 32 x 10 CL=90% 873
- 4+, - -7 — 909
et LF < 12 x 10 CL=90% 877 h .
etm— L < 20 w10-7  CL=90% 577 The fO||OWI[lg val.ufzs are obtained throug.h data an.alyses base.d on
e LF < 29 «10-7  CL—90% 866 the 3-neutrino mixing scheme described in the review “Neutrino
pta— o L <7 %108  CL-90% 866 mass, mixing, and flavor change” by B. Kayser in this Review.
et K™ LF < 32 x10=7  CL=90% 813 sin?(261,) = 0.86 7002
e~ Kt LF < 16 x10=7  CL=90% 813 Am2; = (8.0 £ 0.3) x 1075 eV?
etn K~ L < 18 x10~7  CL=90% 813 - )
e K% Kos LF < 22 ©10-6  CL—90% 736 'Thte- rangest bilﬁw for sin .(f623) andf ﬁ]m%%;orcrispontcj to .the;hpro—
T _7 B jections onto the appropriate axes of the 90% CL contour in the
e"KTK LF < 1.4 x 10 CL=90% 738 §in?(203)-Am2, plane
et K= K™ L < 15 x1077  CL=90% 738 : 223 32 :
prt K LF < 26 x10~7  CL=90% 800 sin®(263) > 0.92 ]
o Kt LF < 32 x1077  CL=90% 800 Am3, = 1.9 0 3.0 x 1073 ev2 [
pra= K= L < 22 x10~7  CL=90% 800
n~ K KS LF < 34 x1076  CL=90% 696 sin?(26;3) < 0.19, CL = 90%
" Kt K= LF < 25 x1077  CL=90% 699
TK-K™ L 44 1077 CL=90% 699
14 < . X (]
P LF < 65 ©10-6  CL—90% 578 Heavy Neutral Leptons, Searches for
7070 LF < 14 x1075  CL=90% 867
e~ nn LF < 35 %1075  CL=90% 699 For excited leptons, see Compositeness Limits below.
- -5 _
pon LF < 60 X1 CL=90% 653 Stable Neutral Heavy Lepton Mass Limits
e~n'n LF < 24 x107%  CL=90% 798 0 )
p— 0 LF < 22 «10-5  CL—90% 781 Mass m > 45.0 GeV, CL = 95% (Dirac)
By LB < 35 %10-6  CL=90% 641 Mass m > 39.5 GeV, CL = 95% (Majorana)
.0 - .
pm LB < 15 x10 :: CL=90% 632 Neutral Heavy Lepton Mass Limits
el — - 0,
p2m LB < 33 x 1076 CL=90% 604 Mass m > 90.3 GeV, CL = 95%
P LB < 89 x10 CL=90% 478 (Dirac vy coupling to e ; conservative case(T))
pr07 LB < 27 x1075  CL=90% 360 vL e e e !
A~ LB < 72 x10-8  CL=90% 525 Mass m > 80.5 GeV, CL = 95% )
An— LB < 14 «10-7  CL—90% 525 (Majorana vy coupling to e, u, 7; conservative case(7))
e~ light boson LF < 27 x1073  CL=95% -
" light boson LF <s x10-3  CL=95% - NOTES
In this Summary Table:
Heavy Charged Lepton Searches
When a quantity has “(S = ...)" to its right, the error on the quantity has
LE — charged lepton 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-

L* — stable charged heavy lepton tent. When S > 1.25, we also show in the Particle Listings an ideogram of
Mass m > 102.6 GeV, CL = 95% the measurements. For more about S, see the Introduction.

Mass m > 100.8 GeV, CL = 95% [l Decay to v W.

A decay momentum p is given for each decay mode. For a 2-body decay, p
Neutrino Properties 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.

See the note on “Neutrino properties listings” in the Particle Listings.
Mass m < 2 eV  (tritium decay)
Mean life/mass, 7/m > 300 s/eV, CL = 90%  (reactor)
Mean life/mass, 7/m > 7 x 10° s/eV  (solar)
Mean life/mass, 7/m > 15.4 s/eV, CL = 90%  (accelerator)
Magnetic moment < 0.74 x 10710 yg, CL = 90%  (reactor)

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

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

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

Number of Neutrino Types [d] This only includes events with the  energy > 10 MeV. Since the e~ Te v/,
. and e~ e,y modes cannot be clearly separated, we regard the latter
Number N = 2.984 & 0.008 (Standard Model fits to LEP data) mode as a subset of the former.

Number N =2.92 + 0.05 (S =1.2) (Direct measurement of

L . [€] See the relevant Particle Listings for the energy limits used in this mea-
invisible Z width)

surement.

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

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

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

[¥] 1P = &

Mass m = 1.5 to 3.3 MeV [ Charge = % e I,= +%
my/mg = 0.35 to 0.60

Nl

Mass m = 3.5 to 6.0 MeV [2] Charge = 7% e I,= 7%
mg/mg = 17 to 22
m=(m,+mg)/2 = 2.5to0 5.0 MeV

[5] 1UP) =03 *)

Mass m = 104725 Mev 2] Charge = —1 e Strangeness = —1
(ms = (my + mg)/2)/(mg — m,) = 30 to 50

1UP) = 03 %)

Mass m = 1.277 397 Gev Charge = 2 e Charm = +1

[6] I0P) = 03 )

Charge = —1 e Bottom = —1

Mass m = 42075030 Gev  (MS mass)

[t] 1P = o3 )

Charge = % e Top = +1

Mass m = 171.24+2.1 GeV [?] (direct observation of top events)

p
t DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
Wq(q=b,s, d)
Wb
Lvyanything [cd] (9.4+2.4)%
vq(g=u,c) le] < 5.9 x 1073 95%

AT = 1 weak neutral current (71) modes
Zq(g=u,c) T1 [f] < 13.7 % 95%

b (4" Generation) Quark, Searches for

Mass m > 190 GeV, CL = 95% (pp, quasi-stable b')
Mass m > 199 GeV, CL = 95%  (pp, neutral-current decays)
Mass m > 128 GeV, CL = 95%  (pp, charged-current decays)
Mass m > 46.0 GeV, CL = 95% (et e, all decays)

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

Mass m > 256 GeV, CL = 95% (pp. t't’ prod., t' — Wq)

I Free Quark Searches I

All searches since 1977 have had negative results.

NOTES

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

[b] Based on published top mass measurements using data from Tevatron
Run-I'and Run-Il. Including also the most recent unpublished results from
Run-11, the Tevatron Electroweak Working Group reports a top mass of
172.6 + 0.8 + 1.1 GeV. See the note “The Top Quark” in the Quark
Particle Listings of this Review.

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

e] This limit is for I(t — ~q)/T(t — Wb).

[c]
[d] Assumes lepton universality and W-decay acceptance.
[e]
[f] This limit is for I'(t — Zq)/T(t — Wb).
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LIGHT UNFLAVORED MESONS
(S= C= B=0)

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

Mass m = 139.57018 + 0.00035 MeV
Mean life 7 = (2.6033 + 0.0005) x 1078 s
cr = 7.8045 m

nt — Xy~ form factors 2]

Fy = 0.017 + 0.008

Fp =0.0115 4+ 0.0005 (S = 1.2)
— +0.009

R = 0.05973:9%

(S =1.2)
(S =1.2)

7~ modes are charge conjugates of the modes below.

For decay limits to particles which are not established, see the appropriate
Search sections (Massive Neutrino Peak Search Test, A (axion), and
Other Light Boson (XO) Searches, etc.).

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

vy [c] (200 4025 )x107% 30
et e [b] (1230 +0.004 )x10~% 70
et vey [c] (161 4023 )x1077 70
et vend (1.036 +0.006 )x10~8 4
etveete (32 05 )x1079 70
eTverv <5 x 1076 90% 70
Lepton Family number (LF) or Lepton number (L) violating modes
ut e L [d] < 15 x 1073 90% 30
e LF  [d] < 80 x 1073 90% 30
u"etetv LF < 16 x 1076 90% 30
Mass m = 134.9766 + 0.0006 MeV (S = 1.1)
m_y — m_o = 4.5936 £ 0.0005 MeV
Mean life 7 = (8.4 + 0.6) x 107175 (S = 3.0)
cr =25.1 nm
For decay limits to particles which are not established, see the appropriate
Search sections (A9 (axion) and Other Light Boson (X©) Searches, etc.).
Scale factor/ p
70 DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
2y (98.798+0.032) % S=1.1 67
ete ( 1.198+0.032) % s=1.1 67
~positronium (1.82 £0.29 ) x 1079 67
etete e™ (314 £0.30 ) x 1075 67
ete (6.46 +0.33 ) x 108 67
4y < 2 x 1078 CL=90% 67
vU le] < 27 x 107 CL=90% 67
VeTe < 17 x 1076 CL=90% 67
YTy < 16 x 1076 CL=90% 67
|27 < 21 x 1076 CL=90% 67
2% < 6 x 104 CL=90% 67

Charge conjugation (C) or Lepton Family number (LF) violating modes

3y c < 31 x 1078 CL=90%
ute LF < 38 x10710cL=90%
u-et LF < 34 x 1079 CL=90%
pte= + pet LF < 172 x 1078 CL=90%

67
26
26
26

IG(JPC) — 0+(0— +)

Mass m = 547.853 + 0.024 MeV []
Full width I = 1.30 + 0.07 keV (€]
C-nonconserving decay parameters
atr= 70  Left-right asymmetry = (0.09 + 0.17) x 10~2
ata— a0  Sextant asymmetry = (0.18 + 0.16) x 102

at 7~ 7%  Quadrant asymmetry = (—0.17 + 0.17) x 1072

ata™ v
atn~ o

Left-right asymmetry = (0.9 + 0.4) x 1072
B (D-wave) = —0.02 £ 0.07 (S = 1.3)

Dalitz plot parameter

w0070 o =-0.031+0.004
Scale factor/ p
n DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
Neutral modes
neutral modes (71.914+0.34) % S=1.2 -
2y lg] (39.31+0.20) % S=1.1 274
30 (32.5640.23) % S=1.1 179
702y (44 +£15 ) x1074 $=2.0 257
w070y~ < 12 x1073  CL=90% 238
4y < 28 x 1074 CL=90% 274
invisible < 6 x1074  CL=90% -
Charged modes
charged modes (28.06+0.34) % S=1.2 -
ata— a0 (22.734+0.28) % s=1.2 174
rtry ( 4.60+0.16) % s=2.1 236
ete vy (68 +£0.8 )x10~3 S=1.7 274
utu=y (31 404 )x1074 253
ete < 77 x1075  CcL=90% 274
wt (58 +£0.8 )x10-© 253
ete ete™ < 69 x1075  CL=90% 274
rtr"ete” (42 1.2 )x1074 235
ata= 2y < 20 x 1073 236
ata—aly <5 x10~4  CL=90% 174
aOut < 3 x1076  CcL=90% 210
Charge conjugation (C), Parity (P),
Charge conjugation x Parity (CP), or
Lepton Family number (LF) violating modes
70 c <9 x1075  CL=90% 257
ata~ P.CP < 13 x1075  CL=90% 236
w070 P.CcP < 35 x1074  CL=90% 238
7070 c < 5 %104 CL=90% 238
07070~ c < 6 x1075  CL=90% 179
3y c < 16 x1075  CL=90% 274
470 P.cP < 69 x10=7  CL=90% 40
nlete~ f < 4 %1075  CL=90% 257
w0t~ c < 5 x1076  CL=90% 210
pre™ + pet LF < 6 x1076  CcL=90% 264
f,(600) [ 16(JPCy = o+(0 + +)
oro
Mass m = (400-1200) MeV
Full width ' = (600-1000) MeV
7,(600) DECAY MODES Fraction (I';/T) p (MeVc)
™ dominant -
vy seen -
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p(770) U]

/G(JPC) — 1+(1 )

Mass m = 775.49 + 0.34 MeV
Full width ' = 149.4 + 1.0 MeV
lee = 7.04 + 0.06 keV

Scale factor/ p
p(770) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
T ~ 100 % 363
p(770)% decays
atny ( 45 05 )y x 10—4 5=22 375
aty < 6 x 103 CL=84% 153
atata— a0 < 20 x 103 CL=84% 254
p(770)° decays
ata "y (99 +16 ) x 1073 362
70~ ( 6.0 038 yx10—4 376
Yy ( 3.0040.21 ) x 10~4 194
7070~ ( 45 08 ) x 1075 363
wtp~ k] ( 4.55+0.28 ) x 1075 373
ete K] ( 471+0.05 ) x 1075 388
T a0 ( 1.01+93%+034) x 104 323
rtr rtr— ( 1.8 +£09 ) x 1075 251
ata— n0x0 < 4 x 10758 CL=90% 257
w(782) 16PCy =0—1— )
Mass m = 782.65 + 0.12 MeV (S = 1.9)
Full width ' = 8.49 + 0.08 MeV
Mee = 0.60 % 0.02 keV
Scale factor/ p
w(782) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
O (89.2 £0.7 ) % 327
0 (8.9240.24) % s=1.1 380
rta~ (15301 % s=12 366
neutrals (excludingm®-) (15 *7¢ )x1073 -
ny (46 +£0.4)x1074 S=1.1 200
nlete (7.7 £0.9 ) x 1074 5=1.1 380
aOut = (96 +23 ) x 1075 349
ete~ ( 7.16+0.12) x 1075 S=1.1 391
ata= a0x0 < 2 % CL=90% 262
ataTy < 36 x1073  CL=95% 366
atr ata~ <1 x1073  CL=90% 256
7070~ (67 +1.1)x1075 367
nm0n < 33 %1075 CL=90% 162
wtu~ (9.0 £3.1 )x 1075 377
3y < 19 x10™4  CL=95% 391
Charge conjugation (C) violating modes
nm0 f <1 x1073  CL=90% 162
370 c < 3 x1074  CL=90% 330
1'(958) 16(PC) =0t (0~ )

Mass m = 957.66 + 0.24 MeV
Full width I = 0.205 £ 0.015 MeV (S = 1.2)
¢ C-violating decay parameter = 0.015 + 0.018

Scale factor/ P
n/(958) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
ata~n (446 +£1.4 )% S=1.2 232
/)Oq(including non-resonant (29.4 £0.9 )% S=1.1 165
1 )
w070y (207 12 )% s=1.2 238
w7y ( 3.02+0.31) % 159
7y (210+0.12) % S=1.2 479
370 ( 1.5440.26) x 10~3 430
/1.+ noy ( 1.03+0.26) x 1074 467
ata—n0 <5 % CL=90% 427
71'0/)0 < 4 % CL=90% 110
atater—n~ <1 % CL=90% 372
aT T 7~ 77 neutrals < 1 % CL=95% -
atata a= a0 <1 % CL=90% 298
[ <1 % CL=90% 211
atr ete” < 6 x10~3  CL=90% 458
yete~ <9 x107%  CL=90% 479
70y < 8 x1074  CL=90% 469
470 <5 x1074  CL=90% 379
ete~ < 21 x10~7  CL=90% 479
invisible < 14 x1073  CL=90% -
Charge conjugation (C), Parity (P),
Lepton family number (LF) violating modes
rta~ P,CP < 29 x1073  CL=90% 458
00 P.cP <9 x10~4  CL=90% 459
mete c [ < 14 x10~3  CL=90% 469
nete~ c [n < 24 x10~3  CL=90% 322
3y C < 1.0 x 1074  CL=90% 479
utp= a0 c  [M< 60 x1075  CL=90% 445
wruTny c [n< 15 x107%  CL=90% 273
eu LF < 47 x107%  CL=90% 473
fo(980) [ 16UPC =att )
Mass m = 980 + 10 MeV
Full width T = 40 to 100 MeV
f5(980) DECAY MODES Fraction (I';/T) (MeV/c)
T dominant 471
KK seen t
vy seen 490
80(980) n IG(JPC) =17(0 + +)
Mass m = 984.7 £ 1.2 MeV (S = 1.5)
Full width ' = 50 to 100 MeV
a9(980) DECAY MODES Fraction (I'j/T) p (MeVjc)
nm dominant 322
KK seen t
¥y seen 492
$(1020) 16(PCY =0—(17 )

Mass m = 1019.455 + 0.020 MeV (S = 1.1)
Full width T = 4.26 + 0.04 MeV (S = 1.4)
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Scale factor/ p G PCy _ n+(r+ +
¢(1020) DECAY MODES Fraction (I;/T) Confidence level (MeV/c) f2(1270) P =070 )
KtK- (492 £06 )% s=1.2 127 Mass m = 1275.1 + 1.2 MeV (S = 1.1)
K9 KY (340 0.5 )% s=11 110 Full width I = 185.0733 MeV (S = 1.5)
pm + wtr— 70 (15.25 +£0.35 ) % s=1.1 - Scale factor/  p
ny (11.304+0.025) % S=1.1 363 f,(1270) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
0 (1.26 £0.06 ) x 10~3 501
ete (297 £004 )x 1074  s=11 510 T (848 T2% )% 5=1.2 623
+,,— —4
utu (286 +0.19 ) x 10 499 a0 14 3
nete” (115 £0.10 ) x 1074 363 T 2 (71 237 )% 5=13 562
at (73 +13 )x10°5 490 KK (46 £04)% S=2.7 403
oo _
w0 (52 t%i’ ) x 10-5 171 27T 21 (28 £04 )% L S=1.2 559
. nn (40 £0.8)x10 S=2.1 326
w7y <5 % CL=84% 209 470 (3.0 £1.0 ) x1073 564
Py < 12 x 1075 CL=90% 215 Yy (1.4140.13) x 1075 638
Tty (41 +13 )x1073 490 nwmw <8 x1073  CL=95% 477
(980)~ (322 £019 )x 107 S=11 39 KOK= 7t + cc. < 34 x1073  CL=95% 293
m0m0y (1.07 £0.06 ) x 1074 492 ete < 6 «10-10  CL—90% 638
ata rtae (39 28 )16 410
atata a a0 < 46 x10~6 CL=90% 342 P G/ ,PC
12 16JFCy =0t ++
wlete (112 £0.28 ) x 10~5 501 1(1285) ) ( )
0 -5
70ny (83 +05 )x 10_5 346 Mass m = 1281.8 4+ 0.6 MeV (S = 1.6)
3(980)y (76 £06 )x10 34 Full width [ = 24.3 £ 1.1 MeV (S = 1.4)
7(958) (623 £0.21 ) x 1079 60 y
0.0, -5 o0, Scale factor, p
nmoT Yy < 2 x 10 CL=90% 293 . ) _
ut (14 205 )x10-5 P £;(1285) DECAY MODES Fraction (T;/T)  Confidence level (MeVjc)
pYY <5 x 1074 CL=90% 215 4m @31t 21 % s-13 568
natn~ < 18 x10~5 CL=90% 288 -
it e < 94 % 10~6 CL—090% 301 a0l rt = (220%F 1% 5=13 566
2t on— @rot 37y % $=1.3 563
hy(1170) 16UPC =01t ") POt ot 3hyo 5=13 336
0.0
Mass m = 1170 = 20 MeV 0”7 seen i . f
Full width T = 360 + 40 MeV Am <7 X177 CL=00% 568
nmwmw (52 +16 )% 482
hy (1170) DECAY MODES Fraction (I;/F) p (Mevjc) 30(9}?%’7 [ignoring a(980) — (G6 £7)% 234
pm seen 307 n7m [excluding ag(980) 7] (16 £7)% 482
KKz ( 9.0+ 0.4)% S=1.1 308
Wk
G/ 1PCy _ 141+ — K K*(892) not seen +
b; (1235) [Py =1717"7) 5 p° (55+ 1.3)% 5=238 406
. —4
Mass m = 12295 + 3.2 MeV (S = 1.6) o (74 26)x10 236
Full width T = 142 £ 9 MeV (S = 1.2)
p 7(1295) 16(JPCy =ot(0— 1)
by (1235) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
dominant 348 Mass m = 1294 + 4 MeV (S = 1.6)
[D/S amplitude ratio = 0.277 + 0.027] Full width [ = 55 + 5 MeV
7ty (1.6+0.4) x 1073 607
np seen f 1(1295) DECAY MODES Fraction (I;/T) p (MeVjc)
7T+1+7r’ 0 < 50 % 84% 535 I
(KK)£ =0 <8 % 90% 248 ’7”9;) seen 487
KYK) 7t <6 % 90% 235 ?0(0 0 seen j;g
K K at < 2 % 90% 235 :7,?7777:) :::: "
o < 15 % 84% 147 S-wave
(1300 16UPCG =170~ %)
a;(1260) ™ 1GUPG =1+ ) (1300)

Mass m = 1300 + 100 MeV [7]

Mass m = 1230 = 40 MeV 1] Full width T = 200 to 600 MeV

Full width ' = 250 to 600 MeV

w(1300) DECAY MODES Fraction (I';/T) p (MeV/c)
2, (1260) DECAY MODES Fraction (I;/T) p (MeVfc)
pm seen 404
(p7)s_wave seen 353 7 (77 s-wave seen _
(P™)D—wave seen 353
(p(1450) )5 —wave seen 1
(p(1450) ™) p—_wave seen f 32(1320) IG(JPC) =1"(2*t™h
om seen -
10(980) not seen 189 Mass m = 1318.3 + 0.6 MeV (S =1.2)
f(1370) 7 seen T Full width I = 107 + 5 MeV [l
f(1270)w seen i
K K*(892)+ c.c. seen t

Ty seen 608
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Scale factor/ p

a9(1320) DECAY MODES Fraction (I;/T) Confidence level (MeV/c) w(1420) DECAY MODES Fraction (I;/T) p (MeVc)
3r (70.1 £2.7 )% S=1.2 624 pT dominant 486
nm (145 £1.2 )% 535 W seen 444
wrT (10.6 £32 )% S=1.3 366 by (1235) 7 seen 125
KK (49 +08 )% 437 ete~ seen 710
7'(958) (53 +£09 )x103 288
+ -3
Ty ( 2.68+0.31) x 10 652
vy (9.4 £07 ) x 1076 659 ag(1450) [/ 1I6PCy =1—(0+ )
ete” < 6 x1079  CL=90% 659
Mass m = 1474 £ 19 MeV
f,(1370) 11 16(JPCy = ot (0 + ) Full width I = 265 + 13 MeV
1450) DECAY MODES Fracti r;/r MeV)
Mass m = 1200 to 1500 MeV 3(1450) raction (T/1) P (Meve)
Full width I = 200 to 500 MeV ™ seen 627
THL(958) seen 411
fo(1370) DECAY MODES Fraction (I;/T) p (MeV/c) KK seen 547
W seen 484
T seen 672
4T seen 617
470 seen 617 [s] Gy PCy _ 141 — —
19 (J =17(1
ot 2m~ seen 612 P(1450) ( ) ( )
ata—2x0 seen 615
pp dominant § Mass m = 1465 + 25 MeV 7]
2(77) s-wave ceen _ Full width I = 400 + 60 MeV 1]
(1300) 7 seen t
a1 (1260) 7 seen 35 p(1450) DECAY MODES Fraction (I;/T) p (MeVc)
nm seen 411 T seen 720
KK seen 475 4T seen 669
KKnm not seen + ete™ seen 732
6m not seen 508 np possibly seen 310
ww not seen f a(1320) 7 not seen 55
Yy seen 685 KK not seen 541
ete~ not seen 685 K K*(892)+ c.c. possibly seen 229
ny possibly seen 630
1(1400) [°] 1IGUPCY =11~ )
7(1475) I’ 16(JPC) =00~ )
Mass m = 1351 & 30 MeV (S = 2.0)
Full width ' = 313 £+ 40 MeV Mass m = 1476 + 4 MeV (S = 1.3)
1 (1400) DECAY MODES Fraction (I;/T) p (MeVje) Full width " = 85 £ 9 MeV (S = L.5)
70 seen 555 n(1475) DECAY MODES Fraction (I';/T) p (MeVjc)
nmwo seen 554 —
KKm dominant 477
K K*(892)+ c.c. seen 245
77(1405) [p] /G(JPC) =0t~ ") a9(980) 7 seen 393
vy seen 738
Mass m = 1409.8 + 2.5 MeV [ (S =2.2)
Full width I = 51.1 + 3.4 MeV [ (S =2.0)

IG(JPC) — 0+(0++)

f5(1500) [

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

KKnr seen 425 Mass m = 1505 + 6 MeV (S = 1.3)
nmT seen 563 Full width ' = 109 £+ 7 MeV
ap(980) seen 342 p
n(77) s-wave seen - fp(1500) DECAY MODES Fraction (I';/T) Scale factor (MeV/c)
f0(980)7 seen f nm (34.94£2.3) % 1.2 741
4T seen 639 tr seen 740
PP <58 % 99.85% i 270 seen 741
K*(892)K seen 125 47 (49.5+3.3) % 1.2 691
470 seen 691
fi.(1420) [q] ,G(JPC) — 0+(1 + +) 2rton— seen 687
nn (51+09) % 1.4 516
nn' o,
Mass m = 1426.4 = 0.9 MeV (S = 1.1) 7(”?(958) ( ;Zi?g); T
Full width I = 54.9 & 2.6 MeV. ( 8.6£1.0)% :
vy not seen 753
f;(1420) DECAY MODES Fraction (I;/T) p (MeVfc)
KRTF_ dominant 438 '2(1525) IG(JPC) = 0+(2 + +)
K K*(892)+ c.c. dominant 163
N possibly seen 573 Mass m = 1525 + 5 MeV []
ol seen 349 Full width I = 7378 Mev [7]

16UPC =017 ")

w(1420) 11

Mass m (1400-1450) MeV
Full width T (180-250) MeV
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p
f’2(1525) DECAY MODES Fraction (;/T) p (MeVjc) m»(1670) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
KK (88.7 £22 )% 581 3 (95.8+1.4) % 809
nn (104 £22 )% 530 H(1270) 7 (56.3£3.2) % 329
s (82 +£1.5)x 1073 750 pT (31 +4 )% 648
vy (1.1140.14) x 1076 763 om (10.9+3.4) % -
(77)s-wave (8.7+£3.4)% -
K K*(892)+ c.c. (42+1.4)% 455
m1(1600) [©! 16UPC =11~ 1) wp (27+11)% 304
vy < 28 x10~7 90% 836
Mass m = 1662712 MeV (S = 1.2) p(1450) ™ < 36 x10-3 97.7% 148
Full width I = 234 + 50 MeV (S = 1.7) by (1235) 7 < 19 x 1073 97.7% 366
f1(1285) 7 possibly seen 323
m,(1600) DECAY MODES Fraction (I';/T) p (Mevje) a»(1320) 7 not seen 292
T not seen 803
PO not seen 641 ¢(1680) IG(JPC) =0-(1" )
£ (1270) 7~ not seen 319
by (1235) seen 357 Mass m = 1680 + 20 MeV "]
7'(958) 7 seen 544 Full width T = 150 + 50 MeV [
f1(1285) 7 seen 315
#(1680) DECAY MODES Fraction (I';/T) p (MeVjc)
70(1645) 1G(PCy = o+ 2—*) KK*(892)+ c.c. dominant 462
Kg Km seen 621
Mass m = 1617 + 5 MeV KK seen 680
Full width I = 181 + 11 MeV ete” seen 840
W not seen 623
7(1645) DECAY MODES Fraction (I';/T) p (MeVjc)
agg320)7r seen 242 1690 IG JPC —1t3——
K Kﬂ'_ seen 580 p3( ) ( ) ( )
K"K seen 404 Mass m = 1688.8 + 2.1 MeV 7]
nmor seen 685 Full width I = 161 + 10 MeV [ (S = 1.5)
ap(980) seen 496
p
(1270)n not seen f p3(1690) DECAY MODES Fraction (I';/T) Scale factor (MeVc)
47 (711 + 1.9)% 790
w(1650) (] 16UPG =0—a1— ) atata— a0 (67 +£22 )% 787
wm (16 +6 )% 655
Mass m = 1670 + 30 MeV T (236 = 1.3 )% 834
Full width I' = 315 4+ 35 MeV KKm (38 +£12)% 629
KK ( 158+ 0.26) % 1.2 685
w(1650) DECAY MODES Fraction (I';/T) p (MeVjc) n7r+ T seen 727
e seen 646 p(770)n seen 520
wrT seen 617 TTp . seen 633
Excluding 2p and a(1320) .
“)l] _ seen 500 a»(1320) 7 seen 307
ete seen 835
pp seen 334
G(PCy _ g—(3— —
w3(1670) (7)) =073 ) p(1700) [s] IG(JPC) =11 ")

Mass m = 1667 + 4 MeV

Full width T — 168 & 10 Mev [ Mass m = 1720 + 20 MeV [l (500 and 7+ 7~ modes)

Full width I = 250 + 100 MeV [l (% and 7 7~ modes)

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

p(1700) DECAY MODES Fraction (I';/T) p (MeV/c)
pT seen 645 R

wrT seen 615 2mt ) large 803
by (1235) 7 possibly seen 361 p7r75 . dominant 653
prtw large 650
pErF a0 large 652
7r2(]_670) /G(JPC) =172 1 a1(1260) 7 seen 404
hi(1170) 7 seen 447
Mass m = 1672.4 + 3.2 MeV [ (S = 1.4) 7(1300) 7 seen 349
Full width I = 259 + 9 MeV [l (S = 1.3) pp seen 372
ata~ seen 849
s seen 849
KK*(892) + c.c. seen 496
np seen 545
a,(1320) 7 not seen 334
KK seen 704
ete seen 860

Pw seen 674
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f(1710) [ 16(UPCy = ot 0+ )

Mass m = 1724 +7 MeV (S = 1.5)
Full width ' = 137 + 8 MeV (S =1.1)

fo(1710) DECAY MODES Fraction (I;/T) p (MeVfc)
KK seen 707
nn seen 666
T seen 852
ww seen 362
m(1800) 16UPC =170~ )
Mass m = 1816 & 14 MeV (S = 2.3)
Full width I' =208 + 12 MeV
«(1800) DECAY MODES Fraction (I';/T) p (MeVfc)
ata~a~ seen 881
fo (600) 7w~ seen -
fo(980) 7~ seen 634
fo(1370) 7~ seen 371
fo(1500) 7w~ not seen 254
pT not seen 735
Uk seen 664
ap(980)n seen 473
a»(1320)7n not seen +
f,(1270) not seen 445
fo(1300) not seen -
fo(1500) 7~ seen 254
nn'(958) 7~ seen 380
K(1430) K~ seen i
K*(892) K~ not seen 573
¢3(1850) 16(UPC) =037 ")
Mass m = 1854 &+ 7 MeV
Full width T = 877328 Mev (S = 1.2)
¢3(1850) DECAY MODES Fraction (I;/T) p (MeVjc)
KK seen 785
K K*(892)+ c.c. seen 602
m5(1880) 1I6PC =172~ 1)
Mass m = 1895 £ 16 MeV
Full width ' = 235 + 34 MeV
£;(1950) 16(JPCy = ot 2+ 1)
Mass m = 1944 + 12 MeV (S = 1.5)
Full width ' = 472 + 18 MeV
£,(1950) DECAY MODES Fraction (T;/T) p (MeVjc)
K*(892)K*(892) seen 387
ot seen 962
4m seen 925
nn_ seen 803
KK seen 837
Yy seen 972
£,(2010) 1GUPCY = ot 2+ +)
Mass m = 2011785 Mev
Full width ' = 202 + 60 MeV
(2010) DECAY MODES Fraction (I';/T) p (MeVjc)
08 seen t
KK seen 876
a24(2040) 1IGUPC = 1- @4+ )

Mass m = 2001 + 10 MeV
Full width ' = 313 4+ 31 MeV

a4(2040) DECAY MODES Fraction (I;/T) p (MeV/c)
KK seen 870
ata— a0 seen 977
pT seen 844
£ (1270) seen 583
wr— 70 seen 822
wp seen 628
nTrO seen 920
7' (958) seen 764
£,(2050) 16(PC) =at@at)
Mass m = 2018 + 11 MeV (S =2.1)
Full width ' = 237 +£ 18 MeV (S =1.9)
£4(2050) DECAY MODES Fraction (I;/T) p (MeVjc)
ww seen 637
T (17.0£1.5) % 1000
KK (6838 x1073 880
nn (2140.8) x 103 848
470 < 12 % 964
ap(1320) 7 seen 567
£(2300) 1I6(JPC) = ottt
Mass m = 2297 + 28 MeV
Full width I = 149 + 40 MeV
H(2300) DECAY MODES Fraction (I;/T) p (MeVfc)
oo seen 529
KK seen 1037
vy seen 1149
£(2340) 1I6(PC) = ottt
Mass m = 2339 + 60 MeV
Full width I = 319+80 Mev
7,(2340) DECAY MODES Fraction (T;/T) p (MeVjc)
[030) seen 573
nn seen 1033

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

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

1UP) = 3(07)

Mass m = 493.677 + 0.016 MeV [V (S = 2.8)
Mean life 7 = (1.2380 + 0.0021) x 1078 s (S = 1.9)
cr=3712m

Slope parameter g [¥]
(See Particle Listings for quadratic coefficients and alternative
parametrization related to 7w scattering)

K* - afrtn— g=—0.21134 + 0.00017

(gr — &)/ (g + &) = (-15£22)x107*
K* - 757070 g = 0.626 + 0.007

(& —8)/(gr +&)=(1.8+18) x107*
K% decay form factors [2:4]

Assuming u-e universality

A (Kf) = Ap(Kd) = (2.96 + 0.06) x 1072
Mo(KT,) = (1.96 + 0.12) x 1072

u3
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Leptonic modes with £Z pairs

Not assuming ju-e universality Ki — eive VU < 6 x 1075 CL=90% 247
- -6 cL—
)\+(K:3) — (2.96 + 0.06) x 1072 K™ — pTy,vp < 6.0 x107% CL=90% 236
& 72 KT — etveete™ (248 +£0.20 ) x 1078 247
>‘+(K;L3) = (2.96 + 0.17) x 10 Kt — pty,ete” (7.06 +£0.31 ) x10~8 236
Mo(Kf3) = (1.96 £ 0.13) x 1072 Kt — etveutpu~ (17 +05 )x1078 223
o Kt — phry,ptp < 41 x 1077 CL=90% 185
K3 form factor quadratic fit
Ny (KE) linear coeff, = (2.48 + 0.17) x 102 Lep!:on Family number (LF), Lepton number (L), AS = AQ (5Q)
)\”+(Ki3) quadratic coeff. = (0.19 + 0.09) x 10-2 violating modes, or AS = 1 weak neutral current (S1) modes
Kt /bl ] = € 0.3+08) 5 10-2 Kt — atate g 5Q < 12 x 1078 CL=90% 203
e |fs/fi] = (=0.3T57) x Kt — xtatpu= o, 5Q < 3.0 x10~6 CL=95% 151
K& |fr/fi] = (—1.2£23) x 1072 Kt — atete s1 (288 £0.13 ) x 10~7 227
Kty |fs/fe| = (0.2 + 0.6) x 102 Kt — atutpu~ s1 (81 +1.4 )x1078 s=27 172
)%
4 Lo +1.3 ~10
Kiy |fr/fi] = (-01£07)x 107 K+ o 31 (15 Zop )x10 22
- -5 L
K+ = etueny \FA i Fv| — 0.148 + 0.010 K+ - zJ/ru+ S1 < 43 x1078 CLJ)OZA; 205
K+ — ity |Fa+ Fy| = 0165 £ 0.013 Kt — uvete LF < 20 x 1078 CL=90% 236
L e AT v : Kt — ptu, LF [d]< 4 x 10~3 CL=90% 236
K+ - e+”e“/ |Fa = Fy| < 049 KT — atpute~ LF < 13 x 10711 cL=90% 214
K+t — ptu,y |Fa— Fy| =—0.24100.04, CL = 90% KT — atp~et LF < 52 x 10~10CcL=90% 214
Charge Radius Ki — 7 MI ei L < 50 x 10*12&:90% 214
_ KT — m eTe L < 6.4 x 1071 CL=90% 227
r) = 0.560 + 0.031 fm Kt — 7= ptpt L [d] < 3.0 x 1079 CL=90% 172
CP violation parameters KT — utv, L [d] < 33 x 1073 CL=90% 236
A(KE )= —0.02+0.12 Kt = 70ety, L <3 x 1073 CL=90% 228
s Kt — 7ty [cc] < 23 x 1079 CL=90% 227
T violation parameters
Kt — 7r0,u+uu Ppr=(-17+25) % 1073 I(JP) B 1(07)
K+ — ptuy,y  Pp=(-06=+19)x 1072 T2
Kt — 70uty, Im(€) = —0.006 + 0.008 50% Ks, 50% K
Mass m = 497.614 £ 0.024 MeV (S = 1.6)
K™ modes are charge conjugates of the modes below. Myo — Mys = 3.937 + 0.028 MeV (S — 1.8)
Scale factor/ p -
K+ DECAY MODES Fraction (I';/T) Confidence level (MeV/c) Mean Square Charge Radius
() = —0.077 £ 0.010 fm?
Leptonic and semileptonic modes . s 0 T i [
K+ et (155 £0.07 ) 10-5 a7 T-violation parameters in K°-K® mixing (x]
K+t — uty, (63.54 £0.14 ) % =13 236 Asymmetry A7 in K9-K? mixing = (6.6 + 1.6) x 1073
+ 0+ -
K ? leeKZe (15:08 £0.05)% =21 2% CPT-violation parameters [X]
alle .
4 0 43 Red = (23+27)x107*
K™ — mu"y, (1335 +£0.04 )% S=1.9 215 . 5
Called K+ Im & = (0.4 + 2.1) x 10
N 0 0% . Re(y), K,3 parameter = (0.4 + 2.5) x 10~3
K" — mmevve (22 £04 )x10 206 Re(x_), Ke3 parameter = (—2.9 4 2.0) x 1073
Kt — atr et (14.09 £0.10 ) x 105 203 1o o [dd]
n IR 5 [myo — Mol / Maverage < 8x 10719, CL = 90%
KT — mrmumy, (14 £09 )x10 151 r r Z (84 8) x 10-18
Kt — 707070ty < 35 %1076 CL=90% 135 (Mo = igo)/Maverage = ( )%
. Tests of AS = AQ
Hadronic modes _3
K+ — atz0 (2068 +0.13 ) % S—16 205 Re(x4), Kez parameter = (—0.9 + 3.0) x 10
Kt — atg070 ( 1.76140.022) % s=1.1 133
Kt — atata— (559 +0.04 )% S=15 125
_ . T K 1P = 3(07)
Leptonic and semileptonic modes with photons
K* — utu,y vzl (62 +08 )x10-3 236 Mean life 7 = (0.8953 + 0.0005) x 10~10s (S =1.1) Assum-
Kt — ut ull'\,’(SDJr) [a,aa] < 3.0 x 1075 CL=90% - ing CPT
Kt — pFu,v(SDTINT) [aaa) < 27 %1075 CL=90% - Mean life 7 = (0.8958 & 0.0005) x 10710 s Not assuming CPT
Kt — ptu,v(SD™ + [a.aa] < 2.6 x 1074 CL=90% - cr =2.6842 cm  Assuming CPT
SDTINT) CP-violation parameters [¢€]
KT — etuev(SDT) [a,2a] ( 1.52 +£0.23 ) x 10> - I, 0,002 4 0.009
Kt — etTrey(SD) [a,2a] < 16 x 1074 CL=90% - m(n+—0) = —0. : -
Kt — 7m0t r.y vzl (256 £0.16 ) x 10—4 228 Im(nogo) = (=0.1 4 1.6) x 10
Ki - ﬂgeiyev(SD) [a,aa] < 5.3 %1075 CL=90% 228 [nooo| = |AKS — 379)/A(K? — 37%)| < 0.018, CL = 90%
KT — mpty,y vz (15 +04 )x107° 215 CP asymmetry Ain 7t 7~ ete™ = (-1 +4)%
Kt — 7970etuay <5 %1076 CL=90% 206
Hadronic modes with photons or £Z pairs
Kt — ataly vzl (275 £0.15 ) x 10~4 205
Kt — 7t70~(DE) [zbb] (43 +07 )x106 205
Kt — 7t70x04 vz (76 38 )x10-¢ 133
Kt — atatr—y [vz] (1.04 £031 )x10~% 125
KT — 7ty [z (110 £0.32 )x1076 207
KT — 7t3y [2] < 1.0 x 1074 CL=90% 227
KE = atete (119 +£0.13 ) x 108 227
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p
K% DECAY MODES Fraction (I;/T) Confidence level (MeV/c) Assuming CPT
. _ = (43,51 £0.05° (S=1.1
Hadronic modes o+ ( ) ( )
70x0 (30.6940.05) % 209 dog = (43.52 + 0.05)° (S = 1.1)
o
atm (69.2040.05) % 206 be=dew = (4351 £ 0.05° (S = 1.1)
O (35 Fld)x1077 133
’ Not assuming CPT
Modes with photons or £Z pairs by = (43.4+£07)° (S=13)
atay [%f] ( 1.7940.05) x 10—3 206 o
4 = (43. R =12
rtrete ( 4.69+0.30) x 105 206 do0 = (437 £08)7 (5 )
70y Iff] (49 +1.8 )x 108 231 b = (435 £0.7)° (S=13)
Y ( 2.7140.06) x 1076 249 CP asymmetry Ain K — 7tr~ete™ = (13.7 £ 1.5)%
Semileptonic modes Bep from K;L’ — ete ete” =-019£0.07
7t eF i, leg] ( 7.0440.08) x 104 29 Yep from K) — eteete™ =0.01£0.11 (S =1.6)
j for K9 +7~ 70 = 0.0012 + 0.0008
CP violating (CP) and AS = 1 weak neutral current (S1) modes st ’Tffo
370 P < 12 < 10-7 90% 139 ffor K| — m7n~m" =0.004 £ 0.006
wtu~ s1 < 32 x 1077 90% 225 [n4—y| = (2.35 £ 0.07) x 1073
T -7
ere S1 < 1.4 x 10 90% 249 ¢+_,\/ _ (44 + 4)0
mlete s1qm (3.0 TS )x1079 230 , )
E {6+—W‘/E < 0.3, CL = 90%
0,4~ +15 —9
LAY 51 (29 Typ)x10 1 gm1| for K — ata~y < 0.21, CL = 90%
T-violation parameters
K9 1Py = 1) Im(&) in KO3 = —0.007 + 0.026
CPT invariance tests
M, = MK do0 — b4 = (0.2 £ 0.4)°
= (0.5292 + 0.0009) x 1010 i s=1 (S :_1.2) Assuming CPT Re(3ny_ + %/,,OO)J‘TL =(-3+35)x106
= (3.483 £ 0.006) x 10712 MeV  Assuming CPT o
= (0.5290 + 0.0015) x 101 is~1 (S =1.1) Not assuming AS=-AQin Ky decay
cPT Re x = —0.002 + 0.006
Mean life 7 = (5.116 & 0.020) x 1078 5 Im x = 0.0012 + 0.0021
cr = 1534 m Scale factor/ P

K DECAY MODES Fraction (T;/I)  Confidence level (MeVjc)

Slope parameter g []

(See Particle Listings for quadratic coefficients) Semileptonic modes

+ F o, _
0 0 _ rteFy, lgg] (40.55 +0.12 ) % s=18 229
K} — 7+ra0: g=0.678 £0.008 (S =1.5) Called KO,
Ky decay form factors [X] ™ uFy, lgg] (27.04 £0.07 )% s=11 216
. - . . . Called KO,.
Linear parametrization assuming p-e universality ( tom) Iz (105 011 )x 107 -
0 _ 0y _ 5 _ wpatom)v . . x 107
A+ (Kyz) = Ay (Keg) = (282 £ 0.04) x 10 (5=11) mOrfeFy lgg] (520 +0.11 )x 105 207
AO(K23) =(1.38£0.18) x 1072 (S =22) ateFrete lgg] (1.28 +0.04 ) x 1075 229
Quadratic parametrization assuming p-e universality Hadronic modes, including Charge conjugation x Parity Violating (CPV) modes
)\’+(K23) =N, (K%)= (240 £0.12) x 1072 (S =1.2) 310 o (19.52 £0.12 ) % S=17 139
B0 N (100 N 5 _ ata— (1254 +0.05 ) % 133
X +(g<u3) =M1 (Ke3) = (0'2?2i 0.05) x 10 =12 ata~ CPV [il] ( 1.966+0.010) x 1073  S=1.6 206
Ao(Kj3) = (1.16 £ 0.09) x 107 (S = 1.2) 7070 cpPv (865 £0.06 ) x 104  S=1.8 209
Pole parametrization assuming u-e universality Semileptonic modes with photons
My, (KDg) = M, (Kg3) = 878 4 6 MeV (S = 1.1) mteTrey vggj] (380 +£0.08 )x 103 229
M (KO,) = 1252 + 90 MeV (S = 2.6) LR (565 £0.23 ) x 1074 216
K% |fs/fi] = (15718 x 1072 Hadronic modes with photons or £Z pairs
_ 0,0 —6 cL—
KO |fr/fe| = (5+4) x 102 m < 56 x 1075 CL=90% 209
O lfr/f| = (12 % 12) x 102 ata Ty hill (415 +£0.15 ) x 10 s=2.8 206
Ky } T/ = ( 7+ 7~ ~(DE) (284 £0.11 )x 107>  $=2.0 206
Kp— 050y, K — (0700 ay = —0.205 £ 702 il (132 £0.14 ) x1076  s=36 231
0.022 (S=1.8) mO~yete™ (1.62 £0.17 ) x 10~8 230
0 +p—~ KO o+ p— pl+ pl—. - _ _
Ki— ¢ és o K — 77070 aprp = —1.69 & Other modes with photons or £Z pairs
0.08 +( 7*3'72 ) 2y (547 £0.04 )x 1074  s=12 249
Ky — mtn~ete: aj/ap = —0.737 = 0.014 GeV 3y < 24 «10~7 CL—90% 249
Ky — w02y ay = —054+£0.12 (S=28) ete (1950 +0.35 ) x107®  s=17 249
utuy (359 +£0.11 )x10~7 S=13 225
CP-violation parameters [€¢] ete vy il (595 +£0.33 )x 107 249
A = (0.332 + 0.006)% whp— vy W (10 38 )x10-8 225

[noo| = (2222 £ 0.012) x 1073 (S =1.7)
[n4—| = (2233 £0.012) x 1073 (S =1.7)

le| = (2229 + 0.012) x 1073 (S =1.7)
|700/1+—| = 0.9951 + 0.0008 [l (S = 1.6)
Re(€/€) = (1.65 £ 0.26) x 1073 [ (S = 1.6)
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Charge conjugation x Parity (CP) or Lepton Family number (LF)
violating modes, or AS = 1 weak neutral current (S1) modes

14P) = (0%)

K} (1430) (™!

Mass m = 1425 + 50 MeV

Full width ' = 270 + 80 MeV

KE(MSO) DECAY MODES Fraction (I';/T) p (MeVc)
Kn (93+10) % 619
K3(1430) 1Py = 12%)

K3%(1430)* mass m = 1425.6 + 1.5 MeV (S = 1.1)

wtp~ s1 (684 £0.11 ) x 109 225
ete” s1 (o *§ )x112 249
atrete” ST [l (311 £019 )x10~7 206
w0n0et e s1 < 66 x10~9 CL=90% 209
utuete s1 (269 +£027 )x1079 225
ete"ete s1 (356 +£021 )x10~8 249
Outp CP,S1[kk] < 3.8 x 10-10CL=00% 177
wlete CP,SI[kk] < 2.8 x 10-10CL=00% 230
vy cP,S1 [ < 21 x10~7 CL=90% 231
00w s1 < a7 x 1075 CL=90% 209
et T LF [gg] < 47 x 10~ 12CL=90% 238
e et uF uF LF  [gg] < 412 x 10~ 11cL=90% 225
w0 uteF LF [gg] < 6.2 x10~9 CL=90% 217
K*(892) 1Py =307)
K*(892)* mass m = 891.66 + 0.26 MeV
Mass m = 895.5 &+ 0.8 MeV
K*(892)° mass m = 896.00 + 0.25 MeV (S = 1.4)
K*(892)F full width I = 50.8 % 0.9 MeV
Full width ' = 46.2 £ 1.3
K*(892)° full width I = 50.3 + 0.6 MeV (S = 1.1)
p
K*(892) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
K ~ 100 % 289
KO~ ( 2.31+0.20) x 10~3 307
K+ (9.9 £09 ) x 1074 309
Krm < 7 x 1074 95% 223
K;(1270) 1JPy = La™)
Mass m = 1272 & 7 MeV 7]
Full width I = 90 + 20 MeV []
K1(1270) DECAY MODES Fraction (I;/T) p (MeVfc)
Kp (42 £6 )% 45
K§(1430) 7 (28 £4 )% i
K*(892)m (16 £5 )% 302
Kw (11.04£2.0) % t
K y(1370) (3.0£2.0)% t
~KO° seen 539
K1(1400) 1JPy = 1a™)
Mass m = 1403 £ 7 MeV
Full width T = 174 & 13 MeV (S = 1.6)
Ky (1400) DECAY MODES Fraction (I';/T) p (MeVc)
K*(892)m (94 £6 )% 402
Kp (3.0+£3.0) % 292
K 3(1370) (2.0£2.0)% i
Kw ( 1.0£1.0) % 284
K(1430) 7 not seen +
~KO° seen 613
* Py _ 1(1—
K*(1410) 7)) = 2(17)
Mass m = 1414 £+ 15 MeV (S = 1.3)
Full width I = 232 + 21 MeV (S = 1.1)
P
K*(1410) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
K*(892)m > 40 % 95% 410
Kr (6.6+1.3)% 612
Kp <7 % 95% 305
",’K0 seen 619

"
5(
K3(1430)° mass m = 1432.4 £ 1.3 MeV
K3(1430)F full width I = 98.5 2.7 MeV (S = 1.1)
K3(1430)° full width I =109 + 5 MeV (S = 1.9)
Scale factor/ p
K3(1430) DECAY MODES Fraction (I';/T) Confidence level (MeVc)
Km (49.9+1.2) % 619
K*(892) 1 (24.7£15) % 419
K*(892) 7w (13.4+2.2) % 372
Kp (8.7408) % S=1.2 318
Kw (29+0.8) % 311
Kt~y ( 24+05) x 1073 S=1.1 627
Kn (15738)x10-3 S=1.3 486
Kwm < 72 x 104 CL=95% 100
KO <9 x 1074 CL=90% 626
K*(1680) 14P) = 37)
Mass m = 1717 + 27 MeV (S = 1.4)
Full width I = 322 & 110 MeV (S = 4.2)
K*(1680) DECAY MODES Fraction (I';/T) p (MeVc)
Km (38.7+2.5) % 781
Kp G4ty % 570
K*(892)m (29.9F22) % 618
Ky(1770) 1] 1UP) = }27)
Mass m = 1773 £ 8 MeV
Full width ' = 186 + 14 MeV
K3(1770) DECAY MODES Fraction (F;/T) p (MeVc)
Knm 794
K3(1430) 7 dominant 288
K*(892)w seen 654
K 1,(1270) seen 55
Ko seen 441
Kw seen 607
* Py _ 1(2—
K3(1780) 1Py =367)
Mass m = 1776 =7 MeV (S = 1.1)
Full width I = 159 & 21 MeV (S = 1.3)
P
K§(1780) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Kp 31 £9 )% 613
K*(892) 7 (20 £5 )% 656
Km (18.8+ 1.0) % 813
Kn (30 +13 )% 719
K3(1430) 7 <16 % 95% 291
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[00] P _ 1(p— Most decay modes (other than the semileptonic modes) that involve a neu-
K2(1820) I(J ) 2 (2 ) tral K meson are now given as K% modes, not as KO modes. Nearly always

it is a K% that is measured, and interference between Cabibbo-allowed

Mass m = 1816 + 13 MeV and doubly Cabibbo-suppressed modes can invalidate the assumption that
Full width T = 276 + 35 MeV 2r(kY) = r(x9).
. Scale factor/ p
Ka(1820) DECAY MODES Fraction (I';/T) p (Mevic) Dt DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
K3(1430) 7 seen 327
K*(892) seen 681 Inclusive modes
K £5(1270) oo ra6 et anything (16.0 0.4 ) % -
K 2 K~ anything (25.7 £1.4 )% -
v seen 638 KOanything + K°anything (61 5 )% -
K™ anything (59 £08)% -
* Py _ 14+ K*(892) ~ anything (6 £5 )% -
4(2045) 107 =2(47) K*(892)% anything (23 +5 )% -
Mass m — 2045 + 9 MeV (S — 1.1) K*(892)° anything < 66 % CL=90% -
e - 7 anything (63 +£07)% -
Full width I = 198 + 30 MeV o anything ( 1042018) % _
thi 1.03£0.12) % -
K:(2045) DECAY MODES Fraction (;/T) p (MeVjc) ¢ anything ( )%
K (9.9412) % 953 Leptonic and semileptonic modes
9412) %
K*(892) (0 45 )% 802 eiz/e < 24 x1075  CL=90% 935
K*(892) o (7 +5 )% 768 ;¢+ v (4.4 £07 ) x 10*: 932
pKT (5.7+3.2) % 741 ol < 21 x 10 90
wKn (5.043.0) % 738 K e ve (186 £0.5)% 869
oK (2.841.4) % 594 KOyt u, (93 +£08)% S=1.1 865
HK*(892) (1.4407) % 363 K- atetve (41 £0.6)% s=1.1 864
‘ K*(892)% et v, ( 3.66+0.21) % 722

K*(892)° — K—7t

K- ntet t 7 1073 CcL=90% 864
CHARMED MESONS P wfufyﬂy‘* fonresonan (30 205 )% e

(C: + ]_) K*(892)% it v, (36 £03)% 77
_ — K*(892)° — Kzt
T _ 0_ 70 —=y D — = - o
D™ =cd D =cu, D" =cu D™ =cd, similarly for D*'s K~ @t ut v, nonresonant (21 £05 ) x 103 851
K=rta%utu, < 16 x1073  CL=90% 825
0o+ -3
+ 1(JPY = Lo~ ety (44 £07)x10 930
(7) =2(07) et (22 +04 )x1073 774
Mass m = 1869.62 + 0.20 MeV (S = 1.1) PPutv, (24 +04)x1073 770
Mean life 7 = (1040 £ 7) x 107 s wet v, (16 T37 )x103 771
cr = 311.8 um pet v, < 201 % CL=90% 657
c-quark decays oty < 204 % CL=90% 651
[(c — ¢Tanything)/T(c — anything) = 0.096 + 0.004 [PP] ”/lﬁ— v <7 x 1073 CL=90% 855
M(c — D*(2010)* anything)/I(c — anything) = 0.255 + 0.017 ' (958) 1™ vy < U % CL=90% 684
CP-violation decay-rate asymmetries Fractions of some of the following modes with resonances have already
ACP(Kg ﬂi) — —0.009 + 0.009 . appeared above as submodes of particular charged-particle modes.
Acp(KF27%) = —0.005 + 0.010 K*(892)% e ve ( 5.49%031) % s=12 122
Acp(KF 7 7% 70) = 0.010 + 0.013 K*(892)°0 it v, (54 £04 )% s=11 77
ACP(K(; ﬂ,:t 7(0) — 0.003 + 0.009 R6(1430)0ﬂ+ Yy < 25 x 104 380
Acp(KSmt 7 77) = 0.001 + 0.013 K*(1680)° it v, < 15 x 1073 105
0 oty — — =
ACP(KiKi) N 0.07 + 0.06 Hadronic modes with a K or KK K
ACP(KiK T ) = 0.006 + 0.007 KYnt ( 1.4540.04) % s=1.3 863
Acp(K iK* ) = 0.005 + 0.017 KOt ( 1.46£0.05) % 863
Acp(om™) :i—0~001 +0.015 K- atrt laq] ( 9.22+0.21) % s=1.1 846
Ac:F’(7T+0 7T;7T ) =-002+004 (K™ ) s waver™ ( 7.54£0.26) % 846
Acp(KEKEat ™) = —0.04 + 0.07 K*(892)0 7, (1.2240.09) % 714
e 0 -t
T-violation decay-rate asymmetry 75*(892)0 N K= 4
0 jok 4\ K5(1430)° 7, [rr] (3.0 £0.8 ) x 10~ 371
Ar(KYKErt7) = 0.02 + 0.07 K430 K-t
D* — K*(892)¢+ v, form factors K*(1680)0 7, Ir] (1.6 £0.6 )x 1073 58
r,=162+008 (S=15) K*(1680)° — K~ m*
r, = 0.83 + 0.05 Kzt x0 [gq] (68 £05 )% S=1.9 845
ry = 0.0 4 0.4 Engr (46 £1.0 )% 677
F/Fr =113+ 0.08 K*(892)07t, (1.3 +06 )% 714
ry/T_=022+006 (S=1.6) K*(892)0 — Kgm
K% 7t 70 nonresonant (9 +7 )x10-3 845
K- atatz0 [gq] ( 6.00:£0.20) % s=1.2 816
K*(892)0 pt total, (13 408 )% 422
K*(892)° — K~ 7t
K1(1400)0 7, (18 £0.7 )% 390

K1(1400)° — K7t 70

K~ ptattotal (29 T30 )% 613
_ K™ pTat3-body (1.0 £0.4 )% 613
K*(892)° 7t n0total, (42 +06 )% 690

K*(892)° — Kzt
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K*(892)° 7t 79 3-body,
K*(892)° — K—xt
K*(892)~ 7T 7t 3-body,
K*(892) — K~ n0
K~z 7t 2% nonresonant
K%ﬂ+ ata~
K% a1 (1260) ",
a1(1260)" — atato-
K1(1400)0 7,
K1(1400)° — K%at 7~
K*(892)~ n nt 3-body,
o
sp- " total
K% pO 7t 3-body
K057r+ 7T 7~ nonresonant
K= 3nta—
K*(892)07xt rt 7,
K*(892)° — K—nt
K*(892)° p0 nt,
K*(892)° — Kzt
K=pOntat
K~ 37t 7~ nonresonant
K+2KY
KtK=K%nt

Fractions of some of the following modes with resonances have already

[ss]
[qq]

[qq]

(27 £08)%

(6 +3 )x1073
(1.1 £05)%
(3.02+0.12) %
(18 £03)%

S=1.3

(18 £07 )%
(13 +06 )%

(1.8 06 )%

(21 +22)x1073
(36 +£1.8 )x1073
(56 £05)x1073
(1.2 +£0.4 ) x1073

(23 +04)x1073

(1.69+0.28) x 103
(39 £29 )x1074
(45 +£21)x1073
(23 £05)x1074

appeared above as submodes of particular charged-particle modes.

K% a;(1260)*

K% a(1320)*

K*(892)% p total

K*(892)% pT S-wave

K*(892)° pT P-wave

K*(892)0 p D-wave

K*(892)° p D-wave longitu-

dinal

1(1270)0 ot

1(1400)0

*(892)0 7t 70 total

K*(892)0 7t 79 3-body

K*(892)~ 7t 7t total
K*(892)~ 7t nt 3-body

K*(892)0 a1 (1260)F

XIXIX

atx0
atata~
Pt
7 (1t T 7) s _wave
U7T+, o— 7w

£(980) 7+,
,(980) — 7wtm~
f,(1370) 7T,
f(1370) — 7t 7~
f(1270) 7,
£(1270) — 7t a~
p(1450)0 7+,
p(1450)°0 — 7t a7~
f5(1500) 7+,
f(1500) — 7t a~
f(1710) 7,
f(1710) —» at7—
f(1790) =t

f(1790) — 7t a~
(1) s wave 7
7t 7t 7~ nonresonant
at 270
atata=
T]7T+, n — atra
wrt, w — ata— 70
3nt 2™

0
0

Fractions of some of the following modes with resonances have already

[ss]
[ss]

[ss]

(35 +06 )%
< 15 x 1073
(20 £12 )%
(15 £15)%
<1 x 1073
(9 +6 )x1073
<7 x 1073

CL=90%

CL=90%
CL=90%
<7 x1073  CL=90%
(38 +13)%
(63 +£08)%
(40 £12)%
(1.4 £09 )%
1 +1.8)x1073

Pionic modes

(1.2440.07) x 1073
(3.2140.19) x 1073
(82 15 )x1074
( 1.8040.16) x 10~3
(1.3540.12) x 10~3
(1.5440.33) x 1074

(8 +4 )x107%

(5.0 09 )x1074
< 8 x107%  CL=95%
(1.1 404 )x1074
<5 x107%  CL=95%
< 6 x107%  CL=95%

CL=95%
CL=95%

< 12 x 1074

< 11 x 1074
(46 £0.4 )x1073
(1.14+0.08) %
(7.7 £07 )x1074

< 3 x 1074
( 1.6340.16) x 10~3

CL=90%
S=1.1

appeared above as submodes of particular charged-particle modes.

nrt
UJ7T+
np*
7' (958) 7t
' (958) p

(3.3940.29) x 103

< 34 x10~4  CL=9%0%

<7 x1073  CL=90%
(51 +£1.0 ) x1073

<5 x1073  CL=90%

690

688

816
814
328

390

688

611
611
814
772
645

239

524
772
545
436

329
200
422
422
422
422
422

487
390
690
690
689
689

925
909
767
909

669

485

338

909
909
910
883
848
763
845

848
764
655
681
349

Hadronic modes with a K'K pair

K+KY ( 2.89+0.17) x 10~3
KTK—at [gq] ( 9.63£0.31) x 10—3
c‘m—‘*'_, o — KtK- ( 3.0640.34) x 1073
K+K*(892)°, (2.90+0.32) x 1073
K*(892)0 —» K—nt
K*K}(1430)°, (36 +0.4 )x1073
K§(1430)° — K= at
K KLmt -
K*(892)* K2, (53 +23)x1073
K*(892)* — K%t
KTK- ot a0 —
ontal, ¢ — KTK— (11 +05)%
épt, ¢ — KTK™ < 7 x 1073
KT K~ a*7%non-¢ (15 X001 %
Kt Kt 7~ ( 1.69+0.18) x 10~3
KiK=atat ( 2.3240.18) x 10~3
KTK-atata~ (23 1.2 )x1074

Fractions of the following modes with resonances have already appeared

above as submodes of particular charged-particle modes.

pnt (62 £0.7 )x 1073

¢nt a0 (23 £1.0 )%
q‘)pJr < 15 %

K*K*(892)° (44 £05)x1073

K*(892)* K% (1.6 £0.7 )%

Doubly Cabibbo-suppressed modes

Ktx0 (2.37+0.32) x 10—4

Ktatn— (62 +£0.7 )x10~4
KT p0 (2.4 +06 )x1074
K*(892)0 7t , K*(892)0 — (29 £06 ) x 1074

o

K™n
KT £(980), (980) — (56 £3.4)x1075

T
K3(1430)° 7+, K3(1430)° —
Ktn—
KT K+ K=

(5.0 £3.4 )x107°

(87 420 )x107°

S=1.3

CL=90%

CL=90%

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

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

rtete c1 < 74 x 1076
ato, ¢ — ete” (] (27 £38)x1076
atutp~ C1 < 39 x 106
ptutu~ c1 < 56 x 104
Ktete [ua] < 6.2 x 1076
Ktutp~ o] < 92 x 1076
atet ¥ LF  [gg] < 3.4 x 1075
Ktet T LF  [gg] < 68 x 1075
r-etet L < 36 x 1076
- utpt L < 48 x 1076
n-etut L < 5.0 x 1075
p~utpt L < 5.6 x 104
K- etet L < 45 x 1076
K= utput L < 13 x 1075
K- etput L < 13 x 104
K*(892)~ pt pt L < 85 x 104

CL=90%

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

793
744
647
613

741
611

682
619
258

682

678
678
600

647
619
259
613
612

864
846
679
714

550

930

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

1Py =307

Mass m = 1864.84 £+ 0.17 MeV (S = 1.1)
Mpe — Mpy = 4.78 £ 0.10 MeV (S = 1.1)
Mean life 7 = (410.1 + 1.5) x 10715 s
cr =122.9 pm

_ +0.66 10 -1
{ngl) - ng\ = (2371]3%) Xolag his
Mo = Tpo)/T =2y = (1.567035) x 1072
( o)) Dg)/ y = (1.567538)
|a/p| = 0.86 & 0.31
Ar = (1.4 £27) x 1073

T(K* ¢~ 7, (via D)) /T(K~¢+vy) < 0.005, CL = 90%
M(K*a~viaDO)/T(K~nF) < 4.0x1074, CL = 95%
r(k%a*7=in D° — DO)/r(K%atn~) < 0.0063, CL = 95%
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Semileptonic modes

CP-violation decay-rate asymmetries K™ e:"e (13.58 £0.06 ) % S=1.1 867
Acp(KTK™) = (0.1 £05)x 102 (S = 1.4) K= p™ v, (1331 £0.13 )% 864
Acp(K2 Kg) — _ 09234019 K*(892)~ et ve (218 +0.16 )% 719
Acp(rtm~) = (0.0 £ 0.5) x 1072 K*(892)" u't v, (201 £025)% 4
Acp(707°) = 0.00 + 0.05 K=n%et v, (16 33 )% 861
4+ 20y _ _
Acp(rT 7~ n%) = 0.004 + 0.013 KOr et e (27 tg? ) % 860
Acp(K%¢) = —0.03 £+ 0.09 :
Acp(K#0) = 0.001 + 0.013 K-t etue (28 TI1 )x1w04 843
FSNFIPN — 4+ PO +o—
ACPO(}SFOW )in D — K=at, D" — Ktm~ = -0.004 + K1(1270) " et v (76 *32 )x10-4 498
Acp(‘Kiﬂ';) — 0.022 4 0.032 K ata~ ptu, < 12 x 1073 CL=90% 821
Acp(KF 7% 70) = 0.002 + 0.009 (K*(892)m)~ utw, < 14 x 1073 CL=90% 692
Acp(K* 7 9) = 0.00 £ 0.05 et v, (283 £0.17 ) x 103 927
Acp(KOm+n—) = —0.009+ 0026 mputy, (237 +£0.24 ) x 1073 924
= —U.009 0061 — ot -3
Acp (K- (852 7% — KQmbno)in DO = K*—nt, DO - p et (1.9 i0.4_) x 10 771
K*tn~ < 35x 1074, CL = 95% Hadronic modes with one K
Acp(K*(892)%7F — K&rmt7~)in DO — K= 7=, D° — K=zt (1389 £0.05 )% s=1.1 861
Kt < 78x10-4 CL — 95% K70 (122 £0.06 ) % $=1.2 860
Acp(K&® — KQrta—)in DO — KOp0, DO — KOp0 < K9x0 (100 +07 )x1073 860
48% 104 CL = 95% Kintn— [aq] ( 2.99 +0.17 )% S=1.1 842
Acp(ng — K%ﬂ'*ﬂ’) in D% — Kow, DY - K% < 9.2x K%po (77 fgg ) x 1073 674
1074, CL = 95% Kiw,w— ata~ (22 +06 )x10~4 670
Acp(K2£(980) — K%nta~)in D® — K£(980), D° — 0 1030 3
K< 15(980), 1.40 T o 10 549
KO£(980) < 6.8 x 1074, CL = 95% f(‘;éo) L . ( —022 )%
Acp(KS£(1270) — KQata~)in DO — K% (1270), DO — ; —r 1o \
K9%,(1270) < 13.5 x 10~%, CL = 95% Ks5(1270), (13 Igz )x10” 262
Acp(KS(1370) — K%7ta=)in D® — KOfy(1370), D° — £(1270) — 7t a”
KO£y(1370) < 25.5 x 1074, CL = 95% K% £,(1370), (25 +38 )x10-3 t
Acp(K5(1430)T % — Klzt7™)in DO — K(1430)~ 7, f(1370) — 7t a—
DO — K(1430)* 7~ < 9.0 x 1074, CL = 95% K*(892)~ 7+, (197 +0.13 )% 711
Acp(K3(1830)F 7% — KQnta—)in DY — K3(1430)" ™, K*(892)~ — K~
D° — K3(1430)* 7~ < 6.5x 1074, CL = 95% K*(892)t 7=, K*(892)Y — [yl (10 I3 )x10-* 711
Acp(K*(1680)T 1t — KLzt7r~)in DO — K*(1680)~ 7, K% '
D% — K*(1680)T 7~ < 28.4x 1074, CL = 95% K%(1430)~ 7+ (29 07 Y1073 378
Acp(K—ntatn=)in DO - K—atata—, D0 — o 0 Tooe
K+a~x=xt = 0.007 4 0.010 Ko(1430)7 = Ksm
_ 22 -
Acp(KEaFntn™) = —0.02 £ 0.04 K330yt (33 7 )x10t 367
Acp(KtK=at77) = —0.08 + 0.07 K3(1430)" — Kgm™
-t +6 —4
T-violation decay-rate asymmetry K:((j(61860g0)f L K0 (7 ZIg )x10 46
g ™
Ar(KtT K=zt 77) = 0.01 + 0.07 s
o K% 7+ 7~ nonresonant (27 *%1 )xi10-4 842
CPT-violation decay-rate asymmetry _ i '
T o4 . K ntr [qq] (139 +05 )% S=1.6 844
Acpr (KT m=) = 0.008 + 0.008 K= pt (108 +0.7 )% 675
Most decay modes (other than the semileptonic modes) that involve a neu- K~ p(1700)*, (79 +1.7 )x1073 +
tral K meson are now given as Kos modes, not as KO modes. Nearly always p(1700)Jr — gta0
it is a KO that is measured, and interference between Cabibbo-allowed K*(892)77r+, (222 +0.36 ) % 711
and doublsy Cabibbo-suppressed modes can invalidate the assumption that * — —. 0 —019
21(k%) = r(K9). _K*(892)” — K™«
S K*(892)0 0, (188 +£0.23 )% 711
Scale factor/ p K*(892)° - K~ 7t
DY DECAY MODES Fraction (';/T) Confidence level (MeVjc) K§(1430)~ 7, (46 +21 )x103 378
- - 0
Topological modes 7K3(1430) - K
0-prongs W] (15 +6 )% - K(1430)°7°, (57 f12 )x1w073 379
2-prongs m 6 )% - K5(1430)0 — K= x+
4-prongs [ww] (146 +£05 )% - K*(1680)~ 7, (18 +07 )x1073 46
6-prongs (12 F13 )x103 - K*(1680)" — K~ x°
inclusi § K~ 70 nonresonant (111 1083 )9 844
nclusive modes :
eT anything Bx] (653 £0.17 )% - KgrOm® - 843
utanything (67 +06 )% - K*(892)079, (67 F1% )x10-3 711
K™ anything (547 +£28 )% s=1.3 - K*(892)° — K0 .
Kianythi.ng + KOanything (a7 x4 )% - K% 7070 nonresonant (45 +11 )x1073 843
K™ anything (34 204 )% - K-atata— lgq] ( 8.10 £0.20 ) % s=13 813
K*(892) " anything (B £ )% - K= nt pOtotal (676 £0.33 )% 609
K*(892)°anything (9 +4 )% - K~ 7t p°3-body (51 +23 )x1073 609
K*(892)* anything < 36 % CL=90% - K*(892)° 40, (100 £0.22 ) % 416
K*(892)0 anything (28 +13 )% - K*(892)° — K—xt
7 anything (95 £09 )% - K~ a;(1260)F, (36 £06 )% 327
7' anything (248 £0.27 )% - 2 (1260)F — 7ot
¢ anything (1.05 £0.11 )% - K*(892)0 7t 7~ total, (15 +04 )% 685

K*(892)° — Kzt
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K*(892) 7t 7~ 3-body, (97 +21 )x1073 685 3KY (96 +1.4 )x1074 539
K*(892)° — Kzt KtK=K—at (222 £0.32 ) x 10~4 434
Ki(1270)~ 7t [ss] (29 403 )x1073 484 Kt K—K*(892)°, (44 +17 )x1075 t
Ki(1270)~ — K- ata— K*(892)° — Kzt
K~ nt 7 7~ nonresonant (1.88 +£0.26 ) % 813 K ntg, ¢ — KTK™ (40 +17 )x1075 422
Kirtn—x0 lgq] (54 206 )% 813 dK*(892)°, (1.06 +£0.20 ) x 10~4 t
Kin,m— ata— a0 (86 +1.4 )x10~4 772 ¢ — KTK-,
Kiw,w— ata—al (98 +£18 )x10-3 670 K*(892)0 — K~ 7t
K*(892)~ pt, (21 +08 )% 416 [)K*OK;K;T+ nonresonant (33 +15 )x 1o*i 434
K*(892)~ — Kgﬂ’ KsKsK=m (63 £1.3 )x10~ 427
K1(1270)~ 7T, [ss] (22 06 )x1073 484 Pionic modes
 K1(1270)" — K7~ xf rtr ( 1.39740.027) x 103 922
K*(892)0 7 7~ 3-body, (24 £05 )x1073 685 7070 (80 +08 )x10~4 923
K*(892)° — K%x0 ata— 0 (1.44 £0.06 )% s=18 907
K%+ 7~ z%nonresonant (11 *£12 )% 813 ptn™ (98 404 )x1073 764
K- atatnq0 (42 +04 )% ! 0 (373 £0.22 ) x 1073 764
K*(892)0 7t 7~ 70, (12 +06 )% 643 p-at (1497 £023 )x 1073 764
K*(892)° — Kzt p(1450) —, p(1450)T — (16 +20 )x1075 -
K ntw,w— otz 70 27 £05 )% 605
I W -5 _
K*(892)°w, (65 424 )x10-3 410 p(1 +) 70, p(1450)0 — (43 £19 )x10
T 0 -+ atw
ffgilﬂfﬂg ' p(145 ) +, p(1450)~ — (26 +04 )x10~4 -
0 0 -3 T w
Ksnoﬂ 0 (56 #12 )x10 2 p(170 ) =, p(1700)T — (59 +1.4 )x1074 -
K% ap(980), 29(980) — n (67 +21 )x1073 - a0
K*(’§92)°n K*(892)0 — (16 05 )x1073 - p(17 ) 0, p(1700)0 — (72 +17 )x1074 -
Sﬂ'
K%2rt2n~ (2.84 4031 ) x 10-3 768 P( ) +, p(1700)~ (46 +11 )x1074 -
K0 POt noK*(892)~ (11 +07 )x1073 - o ”
15(980 980 3.6 +0.8 105 -
K*(892) w*wﬂr*, (5 +8 )x1074 642 0( ) o(980) — ( )X
K*(%92)7 - Kyn, fo( ) 0. £(600) — (118 £021 ) x 10~4 -
no o
K*(892)~ p0 7+, . (17 +07 )x1073 230 f0(1370)71'0, (1370) — (53 +21 )x1075 -
" _ _
oK &8921 — Ksm 3 f0(1500)71'0 fo(1500) — (56 +1.5 )x107° -
K527 ™ 27~ nonresonant < 13 x 1073 CL=90% 768 ot '
— — . ™
K= 3mtom (22 +06 )x1074 713 f0(1710)7r°, f(1710) — (45 +15 )x1075 -
o
Fractions of many of the following modes with resonances have already f 1270)71-0 £ (1270) — (1.90 +0.20 ) x 10~4 -
appeared above as submodes of particular charged-particle modes. (Modes ata—
for which there are only upper limits and K*(892) p submodes only appear Jr71— 79 nonresonant (1.21 £0.35 ) x 104 907
below.) 30 < 35 x 104 CL=90% 908
K$n (40 +05 )x1073 772 2t or— (744 £0.21 )x 1073  sS=1.1 880
K%w (113 £0.20 ) % 670 a;(1260) T 7, af — (447 +£031 )x 1073 -
K21/ (958) (94 +£14 )x10 565 atr~ 7t total .
K~ ay(1260)* (78 +11 )% 327 a1(1260)t 7, af — (322 £0.25 ) x 1073 -
KO a;(1260)° < 19 % CL=90% 323 27t Swave
K~ a(1320)F < 2 x10~3 CL=90% 198 a(1260)* 7, af — (19 =05 )x1074 -
K*(892)0 7t 7~ total (24 £05 )% 685 P07t D-wave
_ K*(892)°nT = 3-body (153 £0.34 ) % 685 a(1260) 7, af — (62 +07 )x107% -
K*(892)0 p° (158 £0.35 ) % 417 ont
K*(892)° o transverse (16 +£06 )% 417 2p%total (1.82 £0.13 ) x 10~3 518
K*(892)° p0 S-wave (30 +06 )% 417 209, parallel helicities (82 +32 )x1075 -
K*(892)gpg S-wave long. <3 x 1073 CL=90% a7 209, perpendicular helici- (48 +06 )x10~4 -
K* = =3 CL=90Y ties
5*(892)0p0Pwave <2 10T L% st 200 IIon itudinal helicities (125 +£0.10 ) x 1073 -
K*(892)° p’ D-wave (21 406 )% 417 P, long - :
K*(892)~ pt (66 +26 )% 417 Resonant (r 7~ ) 7T 7™ (1.49 £0.12 ) x 1073 -
K*(892)~ p longitudinal (32 %13 )% a7 3-body total »
K*(892)~ p transverse (35 +20 )% 417 om-m . (61 09 )Xm74 -
K*(892)~ pT P-wave < 15 % CL=90% 417 f0(980)7 7™, fy — (1.8 £05 )x10 -
Ki(1270)~ 7t [ss] (115 +0.32)% 484 T _ _
H(1270) 7t 7, £ 36 +0.6 10—4 -
Ki(1400)~ 7+ < 12 % CL=90% 386 a( ot A T ( )x
5}‘(1400307#’ . < 37 % CL=90% 387 w20 (1,00 £0.09 ) % 882
K*(892)°ntn~ (19 +09 )% 643 nm0 [zz] (57 +14 )x1074 846
K_rtw o (30 +06 )% 605 wm? [z2] < 26 x10~4 CL=90% 761
K*£89,2() W) (1L 405 )% 410 27t 2n= w0 (42 +05 )x1073 844
K—_ a1 (958 (75 +1.9 )x10” 479 nrta~ [zz] < 1.9 x 1073 CL=90% 827
K*(892)%1/(958) < 11 x 1073 CL=90% 120 wnt [zz] (16 =05 )x10-3 738
+aq_— —4
. Hadronic modes with three K's 3m " 3m (42 £12 )x10 79
Ks }ng K~ o o0 (472 £0.32 ) x 1073 544 Hadronic modes with a KK pair
K% a9(980)°, a — KTK~ (31 +04 )x1073 - KT K~ (393 £0.08 ) x 10~3 791
K= a9(980)F, af — K+ K% (63 +19 )x1074 - 2K$ (38 +07 )x1074 789
K+a9(980)~, 3y — K~ K% < 12 x 1074 CL=95% - K K= mt (35 +05 )x1073 sS=1.1 739
K% 1(980), fy —» KTK~ < 10 x 1074 CL=95% - K*(892)° K%, K*(892)0 — < 6 x 1074 CL=90% 608
KY¢, ¢ - KT K~ (217 £0.15 ) x 1073 520 K—nt
s il
K% f(1400), fy —» KT K~ (18 +£1.1 )x10~4 - KK+ 7= (27 +05 )x1073 739
K*(892)0 K2, K*(892)° — < 3.0 x10™4 CL=90% 608

Ktrn—
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KtK= =0 (329 £0.14 ) x 1073 743 Koutpu~ ] < 26 x 1074 CL=90% 852
K*(892)* K—, K*(892)" — (1.47 £0.07 )x 1073 - K-rtete c1 < 385 x 1074 CL=90% 861
o K*(892)0 et e~ [ug] < 4.7 x 1075 CL=90% 719
K*(’§92); K+, K*(892)~ — (51 +05 )x1074 - K=atptu= c1 < 359 ©10—4 CL=90% 829
I K*(892)° it~ w] < 2.4 x 1075 cL=90Y 700
(Ki”g)sfw‘wc K; (1234 £017 ) x 10:2 743 7r+(7f?7r)ofﬁ :f c1 . i 8.1 x 104 CL:90°Z 863
(K™ 7°) s —wave K (13 +04 )x10 743 uEeF LF  [gg] < 81 x10~7 CL=90% 929
fg(?)so)ﬂﬂ, fo = KTK- (35 +06 )x1074 - et ¥ LF  [gg] < 86 X105 CL=90% 924
quo, épe KT K (61 =06 )xlo:j - net ¥ LF [gg] < 10 ©10~4 CL—90% 648
KsKsm < 59 x 10 740 et ¥ LF [gg] < 15 x 1075 CL=90% 911
KYK-ata~ [aaa] ( 2.43 +0.12 )x 1073 677 Oet LF [gg] < 49 % 10~5 CL—90% 767
@W}T}?-bod% ¢ — (24 +24 )x1075 614 wet T LF  [gg] < 12 x10—4 CL=90% 764
K™ K- Ktet,F LF < 18 x10~4 CL=90% 754
9p°, ¢ K K= (7.1 £06 )x1074 250 det uF / LF {Zg < 34 x10~5 CL=90% 648
Kt K~ p93-body (5 +7 )x1075 302 KOk /T a o
2 _ B ety LF  [gg] < 1.0 x 1074 CL=90% 863
f(980) 7t 7, fy — KT K (36 +09 )x1074 - IR 4 o
K*(892)% KF 7+ 3-body, [bbb] (27 +£06 )x10~4 531 KT e LF legl < 553 X107 CL=90% 248
KO KT ' : : K*(892)0e* T LF [gg] < 83 x 10*2 CL=90% 714
K*(892)0K*(892)0, K*0 — (7 45 )x10°5 272 T eieijt c.c. L < 112 x10~4 CL=90% 922
KE o F T ptut+ cc L < 29 x 1075 CL=90% 894
Ky (1270)* KT, (80 +18 )x10—% - K-r"etet + cc L < 2.06 x 1074 CL=90% 861
K (1270)% — KEatq— K=m~utut+ce. L < 39 x10~4 CL=90% 829
Ky (1400)% KT, (54 =12 )x10—4 _ K-K-etet+cc. L < 152 x 1074 CL=90% 791
Ky (1400)% — KErta— K=K ptut+cc L < 94 x 1078 CL=90% 710
Ky K7t 7™ (130 £0.24 ) x 10-3 673 am et T+ cc L < 79 x 1075 CL=90% 911
KL K= nt 7t o™ < 15 ©10~4 CL—090% 505 K-m~etut+ cc. L < 218 x 1074 CL=90% 848
KF K= 7t =70 (31 20 )x10-3 600 K= K=etut+ cc. L < 57 x 1075 CL=90% 754
Fractions of most of the following modes with resonances have alread
appeared above as submodes of pgrticular charged-particle modes. Y D*(2007)0 I(JP) = %(17) . .
.0 _4 I, J, P need confirmation.
o (7.6 +£05 )x10 645
on (14 +05 )x1074 489 Mass m = 2006.97 & 0.19 MeV (S = 1.1)
bw < 21 x1073 CL=90% 238 Mo — Mpo = 14212 £ 0.07 MeV
Radiative modes Full width T < 2.1 MeV, CL = 90%
,00 Y < 24 x 1074 CL=90% 771 D*(2007)0 modes are charge conjugates of modes below.
wy < 24 x 1074 CL=90% 768
oy (25 +07 )x107° 654 D*(2007)0 DECAY MODES Fraction (I';/T) p (MeVc)
K*(892)0 y < 76 x 1074 CL=90% 719 DO 70 (61.942.9) % 43
Doubly Cabibbo suppressed (DC) modes or DOy (38.1£29) % 137
AC = 2 forbidden via mixing (C2M) modes
K+ (¢~ 5,via D° < 18 x 1074 CL=90% - * + Py _ 1(1—
K+%r0K*(892)+ e Tevia < 6 x 1075 CL=90% - D (2010) ;(JJ ,I)DEeezd(lcor?ﬁrmation.
K+ DC (148 £0.07 ) x 10-4 861 Mass m = 2010.27 &+ 0.17 MeV (S = 1.1)
K+ m~via DCS (1.31 +£0.08 )x 1074 - Mpe(2010+ — Mp+ = 140.64 £ 0.10 MeV (S = 1.1)
K* 7~ via DO < 16 x10~5 CL=95% 861 Mp o010y — Mpo = 145.421 £ 0.010 MeV (S =1.1)
Kyzta=in D® — DO < 19 x 1074 CL=95% - Full width ' = 96 =+ 22 keV
K*(892)* 7, DC (1.0 féi yx 1074 711 D*(2010) ™ modes are charge conjugates of the modes below.
K*(892)T — K%rt ’
Kta=a0 DC (13.05 +£0.17 ) x 1074 844 D*(2010)% DECAY MODES Fraction (I;/T) p (MeVjc)
K+ a~n0via D° <8 x 1075 CL=95% - 0T
K+n—nt o= +0.21 4 D (67.7+0.5) % 39
r~atw DC (262 T35 ) x10 813 D+ 70 (30.740.5) % 38
Kt n~ xt 7~ via D° < 4 x10~4 CL=90% 812 Dt~ (1.6+0.4) % 136
p~ anything via DO < 4 x10~4 CL=90% -
AC = 1 weak neutral current (C1) modes, D1(2420)° ,(JP) =1lah)
Lepton Family number (LF) violating modes, or LJ P neezd confirmation.
Lepton number (L) violating modes
vy c1 < 27 %« 10~5 CL=90% 932 Mass m = 2422.3 + 1.3 MeV (S =1.2)
ete~ c1 < 12 x 1076 CL=90% 932 Mpo — Mp,. = 411.7 £ 0.8
e a < 13 X106 CL=90% 926 Full'width T = 20.4 + 1.7 MeV
mOete~ c1 < 45 %1075 CL=90% 928 _ 0 )
0 ;1+;1_ c1 < 18 % 10~4 CL=90% 915 D1(2420)” modes are charge conjugates of modes below.
nete~ c1 < 11 x 1074 CL=90% 852
nutu c1 < 53 x 1074 CL=90% 838 D;(2420)° DECAY MODES Fraction (I';/T) p (MeVjc)
7r0+ 73: ef e c1 < 373 x 10*:‘1 CL=90% 922 D*(2010)* 7~ seen 355
Pete c1 < 10 x 1074 CL=90% 771 DOt seen 426
7r0+7r+ ;Ljp c1 < 3.0 x 10*? CL=90% 894 D+ - not seen 474
prpT C1 < 22 x 1072 CL=90% 754 D0t = not seen 281
wete™ c1 < 18 x 1074 CL=90% 768
wptp~ c1 < 83 x 1074 CL=90% 751
K- Ktete™ c1 < 315 x 1074 CL=90% 791
pete™ c1 < 52 x 1075 CL=90% 654
K Ktutu~ c1 < 33 x 1075 CL=90% 710
outu~ c1 < 31 x 107 CL=90% 631
Klete~ o] < 1.1 x 10~4 CL=90% 866
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D3(2460)° 1UP) = 12t)

JP =2t assignment strongly favored.

Mass m = 2461.1 + 1.6 MeV (S = 1.3)
mD;“ — mpy =593.9+0.8

Ful width T =43 4 MeV (S = 1.8)

55(2460)0 modes are charge conjugates of modes below.

D;(Z‘GO)O DECAY MODES Fraction (I';/T) p (MeV/c)
Dt~ seen 505
D*(2010)t 7~ seen 389
DOrt = not seen 462
D0t not seen 324
D3(2460)* 1P = 52"
JP =0t assignment strongly favored.
Mass m = 2460.1728 MeV (S = 1.5)
mD;(2460)i - mD;(2460)0 =24+ 1.7 MeV
Full width T =37 £ 6 MeV (S =1.4)
D§(2460)’ modes are charge conjugates of modes below.
D3(2460)* DECAY MODES Fraction (I';/T) p (Mevjc)
DOrt seen 508
D0 pt seen 391
Dt rta— not seen 457
D*tnta~ not seen 320

(C=S==1)

+ _ e D —¢ imi *
DY =c¢5, Dy =¢s, similarly for DY's

CHARMED, STRANGE MESONS

D* 1(JPy = 007)

Mass m = 1968.49 + 0.34 MeV (S =1.3)
M. — mp. = 98.87 £ 0.30 MeV (S = 1.4)
s

Mean life 7 = (500 £ 7) x 10715 s (S =1.3)
cr = 149.9 um

CP-violating decay-rate asymmetries
Acp(K*K2) = 0.049 + 0.023
Acp(KT K~ 7%) = 0.003 + 0.014
Acp(Kt K= ntr0) = —0.06 + 0.04
Acp(KS KF27%) = —0.01 £ 0.04
Acp(rt 7= 7%) = 0.02 + 0.05
Acp(rEn) = —0.08 + 0.05
Acp(rtn’) = —0.06 + 0.04
Acp(KF7%) =0.02 + 0.29
Acp(KQnt) =027 + 0.11
Acp(KEat7~) =0.11 £ 0.07
Acp(K*n) = —0.20 + 0.18
Acp(KE1/(958)) = —0.2 + 0.4

T-violating decay-rate asymmetry
Ar(KSKEatn—) = —0.04 £ 0.07 [c<]

D} form factors
rn=132+024 (S=12)
r, =172+ 021
L/ =072+018

Unless otherwise noted, the branching fractions for modes with a resonance
in the final state include all the decay modes of the resonance. D; modes

are charge conjugates of the modes below.

p
D;" DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Inclusive modes
K~ anything 3 B % -
KOanything + K°anything (39 +28 )% -
KT anything @ *18 )% -
(non-K K) anything (64 +17 )% -
n anything [ddd] (24 + 4 )% -
7 anything (87 +21)% -
¢ anything (161 + 1.6 )% -
et anything (8 T8 )% -
Leptonic and semileptonic modes
et < 13 x 1074 90% 984
o, (62 + 0.6 )x1073 981
Ttu, (66 +06)% 182
¢y, leee] ( 236+ 0.26) % 720
net v, + 1/(958)0F v, leee] (3.9 + 0.7 )% -
nltu, leee] (29 + 0.6 )% 908
7'(958) £t v, lece] ( 1.02+ 0.33) % 751
Hadronic modes with a K'K pair

K+ K ( 149+ 0.09) % 850
KT K—nt [gq] ( 5.50+ 0.28) % 805
ot [fff,ggg] ( 4.38% 0.35) % 712
ont, o - KHK— [ff] ( 2.18+ 0.33) % 712
Kt K*(892)°, K*0 — (26 + 04)% 416

K- nt
7(980) 7, fy — KT K™ (60 + 2.4 )x1073 732
K*K5(1430)°, K — (51 + 25 )x1073 218

Kot
KOKO 7t — 802
K*(892)T KO legg] (53 +12)% 683
KtK-at a0 (56 +05)% 748
opt, 6 — KTK~ (40 T 1% 400
¢t a03-body, ¢ — < 15 % 90% 686

Kt K=
Kt K= ata%non-¢ <11 % 90% 748
KiK=at ot (1.64+ 0.12) % 744
K*(892)" K*(892)° lgeg] (7.0 + 25)% 417
KO K= 27 (non-K*+ K*0) < 35 % 90% 744
K*KYntn™ (96 + 1.3 )x1073 744
KTK ratatsa™ (88 + 1.6 ) x 1073 673
prtata, ¢ - KK~ (59 + 1.1 )x103 640
KT K= p? 7 non-¢ < 26 x 1074 90% 249
op07t, ¢ — KTK— (66 + 1.3 )x1073 181
pay(1260)F, ¢ — (75 + 1.3 )x103 T
KTK—, af’ — POt
KT K~ 7t a7~ nonresonant (9 +7 )x107? 673
K KQmtatn— (84 + 35 )x1074 669
Hadronic modes without K's

at a0 < 6 x 10~4 90% 975
atatr— ( 111+ 0.08) % 959
po ot not seen 825
7t (7T 7)) s _wave [hhA] (9.7 + 1.1 )x 103 959
£(1270)7F, h — 7t~ (11 + 06 )x1073 559
p(1450)0 7t p0 — 7t~ (7 +6 )x1074 421
rtata 70 <14 % 90% 935
nrt legg] ( 1.58+ 0.21) % 902
wrt lggg] (25 + 0.9 )x 1073 822
3rt2n~ (80 +09)x103 899
atat = 7n0q0 — 902
npt lggg] (130 + 22)% 724
nmt793-body legg] < 5 % 90% 886
3rt 27~ 70 (49 +32)% 856
n'(958) nt legg] (38 +04)% 743
3at2n— 270 — 803
7' (958) p+ lege] (122 + 2.0 )% 465
7/(958) = 70 3-body lgeg] < 1.8 % 90% 720
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Modes with one or three K's

Kt70 (82 + 22 )x10~4 917
Knt (1.25+ 0.15) x 10~3 916
Kty (1.41+ 031)x 103 835
KT 1/ (958) (1.6 + 05 )x1073 646
Ktrtn— (69 + 05)x103 900
K+t 0 (27 + 05)x1073 745
K+ p(1450)°, o0 — 7tz (7.4 + 26 )x1074 -
K*(892)07t, K0 — ( 150+ 0.26) x 10~3 775
Ktn—
K*(1410)9 71, K*0 — (1.30+ 0.31)x 103 -
Kt~
K*(1430)0 71, K*0 — (5 +£4 )x1074 -
Ktn~
K+ 7~ nonresonant (11 + 04 )x103 900
K rtata™ (30 + 1.1 )x10~3 870
KTKtK— (49 + 1.7 )x1074 628
oK, ¢ - KtK— < 2.8 x10~4 90% 607
Doubly Cabibbo-suppressed modes
KT Ktr— (29 + 1.1 )x1074 805
Baryon-antibaryon mode
pn (13 + 04 )x103 295
AC = 1 weak neutral current (C1) modes,
Lepton family number (LF), or
Lepton number (L) violating modes
atete [uu] < 2.7 x 1074 90% 979
atut [uu] < 26 x 1073 90% 968
Ktete c1 < 16 x 1073 90% 922
Ktutp~ c1 < 36 x 1073 90% 909
K*(892) Tt ™ c1 < 14 x 1073 90% 765
atet T LF  [gg] < 6.1 x 1074 90% 976
KteEuT LF [gg] < 6.3 x10—4 90% 919
retet L < 69 x 1074 90% 979
autpt L < 29 x 1073 90% 968
ettt L < 73 x 1074 90% 976
K- etet L < 63 x10~4 90% 922
K= ptpt L < 13 x 1073 90% 909
K= etput L < 68 x 1074 90% 919
K*(892)~ pt ut L < 14 x 1073 90% 765
D:* 1UP) = 0(2%)
JP is natural, width and decay modes consistent with 1.
Mass m = 2112.3 + 0.5 MeV (S = 1.1)
Mper = Mps = 143.8 + 0.4 MeV
Full'width T °< 1.9 MeV, CL = 90%
D:* modes are charge conjugates of the modes below.
D;+ DECAY MODES Fraction (I';/T) p (MeVc)
Df (94.240.7) % 139
DF =0 ( 5.8+0.7) % 48
*(2317)* 1(4P) = 0(0™)
J, P need confirmation.
JP is natural, low mass consistent with 07 .
Mass m = 2317.8 + 0.6 MeV (S = 1.1)
Mp: a17ys — Mpe = 3493+ 0.6 MeV (S = 1.1)
Full width T < 3.8 MeV, CL = 95%
D;0(2317)* modes are charge conjugates of modes below.
D%)(2317)% DECAY MODES Fraction (T;/T) p (MeVjc)
D: 70 seen 298
D:’ 7070 not seen 205
Ds1 (2460)% 1Py =0(1™)

Mass m = 2459.6 + 0.6 MeV (S = 1.1)
Mp,_ (2460)% ~ mD;l =3472+ 08 MeV (S=1.2)

Mp, (2460)+ — mDsi =491.1 +£ 0.7 MeV (S=1.1)
Full width I < 3.5 MeV, CL = 95%

Dg1(2460) ™ modes are charge conjugates of the modes below.

Scale factor/ p

D51(2460)+ DECAY MODES Fraction (T';/T) Confidence level (MeV/c)

Ditx0 (48 £11 )% 297
Dy (18 +4 )% 442
Dirtr— (43+ 1.3)% s=1.1 363
Dity < 8 % CL=90% 323
D%y(2317)F 4 (37t 5D % 138
Ds1(2536)* 14P) = 0(1t)
J, P need confirmation.

Mass m = 2535.35 + 0.34 & 0.5 MeV
Full width I < 2.3 MeV, CL = 90%

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

Dsl(2536)+ DECAY MODES Fraction (T';/T) p (MeV/c)
D*(2010)* K° seen 149
D*(2007)0 K+ seen 168
Dt KO not seen 382
DOkt not seen 391
D:+ ot possibly seen 388
D;r atr— seen 437
?
Ds(2573)* 1Py = 0(?")
JPis natural, width and decay modes consistent with 2+,
Mass m = 2572.6 + 0.9 MeV
Full width T =20 £ 5 MeV (S = 1.3)
Dg»(2573) ™ modes are charge conjugates of the modes below.
Dg,(2573)F DECAY MODES Fraction (I;/T) p (MeVjc)
DK+ seen 435
D*(2007)° K+ not seen 244

BOTTOM MESONS
(B = +1)

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

B-particle organization I

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

The organization of the B sections is now as follows, where
bullets indicate particle sections and brackets indicate re-
views.
o BE
mass, mean life, CP violation, branching fractions
B0
mass, mean life, B%-B% mixing, CP violation,
branching fractions
o B BY Admixtures
CP violation, branching fractions
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Acp(BT — D*0zt) = —0.014 + 0.015
Acp(BY — (Dip(4q))°n™) = —0.02 £ 0.05
Acp(BT — (D*Cp(fl))oﬁ) = —0.09 £ 0.05
Acp(Bt — D*0K*) = —0.09 + 0.09

ry(BT — D*OK*) =0.17 £ 0.08

05(BT — D K+) =299 £ 31 degrees

mass Acp(BT — D*? K*t) = —0.15+0.16

e B*/B%/BY/b-baryon Admixtures

mean life, production fractions, branching fractions
o B*

mass
o B;(5721)°

CP(+1
* B3(5747)° Acp(BT — D(*:,PLI; K*) =0.13 £ 0.31
[]"355 Acp(BY — Dop(i1)K*(892)7) = —0.08 + 0.21
* B B Acp(BY — Dop(_1)K*(892)%) = —0.3 % 0.4
mass, mean life, B2-BY mixing, CP violation, Acp(BT — D*D*0) = —0.15 + 0.11
branching fractions Acp(BT — D*tD%) = —0.06 + 0.13
o B* Acp(BT — D*D*0) =0.13+0.18
:nass Acp(B* — D+D%) = —013 +0.14
0 Acp(BT — K%7t) =0.009+0.029 (S=12)
* B1(5830) Acp(BT — K+a0) =0.027 + 0.032
mass Acp(BT — 7/ K*) = 0.016 + 0.019
« BS,(5840)° Acp(Bt — 1/ K*(892)1) = 0.301 033
mass Acp(BT — nKT) = —0.27 +0.09
.B* Acp(BT — 7K*(892)%) = 0.02 + 0.06
) ) ) Acp(BT — 1K§(1430)1) = 0.05 + 0.13
mass, mean life, branching fractions Acp(BT — nK5(1430)*) = —0.45 + 0.30
At end of Baryon Listings: Acp(BY = wK™) =0.02 + 0.05
o /Ap Acp(BT — K*(892)* %) = 0.04 + 0.29
mass, mean life, branching fractions Acp(BT — K®¥7t) = 0084010 (S=18)
5, Acp(BT — KTz~ 7)) =0.0234+0.031 (S=1.2)
mass Acp(Bt — £(980) K1) = —0.0475:08 (S =1.1)
o5 Acp(Bt — £(1270)KT) = —0.59 + 0.22
b Acp(Bt — Xp(1550)KT) = —0.04 + 0.07
mass Acp(Bt — pOKT) =0317003
«=. 5, Acp(BY — K2(1430)07+) = 0.00 + 0.07 (S = 2.4)
mass Acp(BT — KVpt) = (-0.12 £ 0.17) x 10~°
o b-baryon Admixture Acp(BY — pAn®) =0.01 £ 017
mean life, branching fractions Acp(B* — pOK*(892)F) = 0.20 + 0.31
Acp(BT — K*(892) £(980)) = —0.34 + 0.21
Acp(BT — af K% =0.12+0.11
10P) = 1(07) Acp(BT — K*(892)%p%) = —0.01 + 0.16
Acp(BT — KOKT) =10.12+0.18
I, J, P need confirmation. Quantum numbers shown are quark-model Acp(BT — b? K+) = —0.46 £ 0.20
predictions. Acp(BY — KTK%KY) =—0.04 £ 0.11
Mass mgy = 5279.15 + 0.31 MeV ACP(Bi - Ki K™ ”J;) =000+ 0.10
Mean life 75 = (1.638 £ 0.011) x 10712 s ACP(B+ - K*+K +K _) = —0.017 £ 0.030
er = 4911 pm Acp(BT — K™ KVK™) = 0.11 % 0.09
AC/:)(B+ — K*+7T+7«‘ ) = 0.07 £ 0.08
CP violation Acp(BT — ¢K*T) = —0.01 + 0.06
Acp(BT — J/9(1S)K+) = 0.017 £ 0.016 (S = 1.2) Acp(BT — ¢K*(892)") = —0.01 + 0.08
Acp(BT — J/¢(1S)mt) = 0.09 + 0.08 Acp(BT — ¢KTv) =-0.26 +£0.15
Acp(BY — J/ypt) = —0.11 £ 0.14 Acp(BT — nK*ty) =-0.13£0.08
Acp(BT — J/9K*(892)F) = —0.048 + 0.033 Acp(BT — w70 =0.01 £ 0.06
Acp(BT — ncKt) = —0.16 £ 0.08 Acp(Bt — atn~xt) = —0.01 + 0.08
Acp(BtT — $(25)K*) = —0.025 + 0.024 Acp(BY — pnt) = —0.07 +0.13
Acp(BT — (25)K*(892)") = 0.08 + 0.21 Acp(BT — £,(1270)7) = 0.00 + 0.25
Acp(BY — xc1(1P)7t) = 0.07 £0.18 Acp(Bt — pta0) =002+ 0.11
Acp(BT — xcoKT) = —0.07 +0.20 Acp(Bt = ptpd) = —0.08 +0.13
Acp(BY — xc1 KT) = —0.009 + 0.033 Acp(Bt — bBnt) =0.05 + 0.16
Acp(BT — xc1 K*(892)1) = 0.5 + 0.5 Acp(BT — wat) = —0.04 + 0.06
Acp(Bt — D°zt) = —0.008 + 0.008 Acp(BT — wpt) =0.04 £0.18
Acp(BY — Dep(paynt) = 0.035 & 0.024 Acp(BT — nat) = —0.16 £0.07 (S =1.1)
Acp(Bt — Dgp(—1)7T) = 0.017 + 0.026 Acp(BT — o/7t) =021+ 0.15
Acp(BT — DOK*) =0.07 + 0.04 Acp(BT — npt)=10.01 £0.16
rg(BY — DOK+) =0.14 + 0.06 Acp(BT — 1 pt) = —0.04 £ 0.28
dp(Bt — DOK*) =135 + 26 degrees Acp(BT — ppnt) =0.00 £0.04
I’B(B+ N DK*+) — 056t8%g ACP(B+ — pﬁK*) = —0.16 +£ 0.07
Sp(BY — DK*F) = 243 + 50 degrees Acp(B* — ppK*(892)") = 0.32 + 0.14
Acp(BT — [K-nt]pK*) = Ogirgg Acp(Bi — p/}ﬁ)Jr:,O'l? + 0.17
Acp(Bt — [K~7t]5K*(892)T) = —0.2 £ 0.6 Acp(BT — KT(717) = —0.07 + 022
P . Acp(Bt — K*F(te™) = 0.03 £ 0.23
Acp(B* — [K-a+]prt) = 0.3010:30 b 9 (b o
cp 0.26 (BT — DWKM+) = (57 + 17)

Acp(B*

[t~ x0)pKt) = —0.02 £ 0.15

—
A(_‘p(B+ — DCP(+1) K+) =0.22 £0.14 (S = 14)
—

Acp(B*

Dep(—1)K*) = —0.09 £ 0.10
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DO + —4 2213
B™ modes are charge conjugates of the modes below. Modes which do not D° K* (892) . . ( 53 04 )x 1074
identify the charge state of the B are listed in the BE/B% ADMIXTURE Dcp(-1) K*(892) pil (17 £07 )x10 )
section. DCP(+1) K*(892)* Ll ( 52 £1.2 )x 10’4 -
B - DOK+KO 55 +£1.6 )x 10~ 2189
The branching fractions listed below assume 50% B9 BO and 50% B+ B QO K+ K* o0 E e i1a ; lo—d Somt
production at the 7°(4S). We have attempted to bring older measurements DK™ K*(892) . . ’ o
up to date by rescaling their assumed 7°(4S) production ratio to 50:50 Do_ﬂr-%— ot (11 +04 )% i
and their assumed D, DS, D*, and v branching ratios to current values DO 7r+ 7r+ 7 nonresonant (5 44 ) x 10 2289
whenever this would affect our averages and best limits significantly. DO rt ( 42 30 )x 10-3 2207
D -3
Indentation is used to indicate a subchannel of a previous reaction. All _ DO 31(1260)Jr (4 +4 ) x 10_3 2123
resonant subchannels have been corrected for resonance branching frac- DOwrnt (41 09 )x10 2206
tions to the final state so the sum of the subchannel branching fractions D* (2010)_ atat ( 135 £0.22 ) x 10-3 2047
can exceed that of the final state. D— ( 102 £0.16 ) x 10-3 2299
For inclusive branching fractions, e.g., B — Dianything, the values D+ KO < 50 « 106 CL=90% 2278
usually are multiplicities, not branching fractions. They can be greater D*(2007)0 at ( 519 +026 ) x 10-3 2256
than one. D*(2007)0wrt (45 +12 )x 10*2 2149
D - 181
Scale factor/  p Q*(2007§g /)‘L+ E 9?6 i;; ; x 1374 2227
i i * K 4. . x
B+ DECAY MODES Fraction (I';/T) Confidence level (MeV/c) D (2007 L
D*(2007)° K*(892)+ (81 +14 )x10 2156
Semileptonic and leptonic modes E*(2007)0 K+KO < 1.06 % 10:2 CL=90% 2132
£ vganything [ii] ( 10.99 +0.28 ) % - D*(2007)° K+ K*(892)° (15 404 )x10 2008
et ve X, (108 £0.4 )% - D*(2007)0 7wt 7t 7~ ( 1.03 +£0.12 )% 2236
D ¢+ vypanything (104 +08 )% - _ D*(2007)% a1 (1260)* (19 +05 )% 2062
D¢y, iii] (2.27 £0.11 )% 2310 D*(2007)0 7= 7t 7+ 10 (18 +04 )% 219
3 D 3
D7t w, (7 x4 )x1073 1911 D*037+ 27~ ( 57 £12 )x 10*4 219
D*(2007)° ¢+ 1, [ii] ( 6.07 £0.29 )% 2258 D*(2010)*+ 7° < 17 ©10-4 CL—00% 2255
D*(2007)° 7t v, (22 +06 )% 1839 D*(2010)*+ KO < 00 ©10-6  CL—00% 2225
D= atity, (42 +05 )x1073 2306 D*(2010) 7t 7t 70 (15 +07 )% . 2235
D;(2420)° ¢+ g (24 +07 )x1073 - D*(2010)" wtat ™ (26 04 )x 10:3 2217
B(Dy' — Dt7) D07t . m (59 +13 )x 1073 . 208;
D3(2460)0 £+ vy x ( 22 +05 )x1073 2066 D7 (2420)° 7 (15 +06 )x10 =1
B(D? — D¥r) D;(2420)° 7+ x B(D? — (19 3% yx10-4 2081
DE)nmetvy(n > 1) ( 199 +0.28 )% - Dort o)
D*xtety, B (61 +06 )x 10*2 2254 D;(2462)0 7+ ( 34 408 )x10-* _
D (2420)% ¢+ vy x B(D? — ( 40 +07 )x10~ 2084 « B(D3(2462)° — D~ 1+
_ bt 4 . D;;(2400)° nt (61 1.9 )x107% 2113
D/ (2430)0 £+ vy x < 7 x 1074 CL=90% - . B(DL(2400)° — Dt
- B(DY — D**n~) 3 Dy (2421)0 7t (68 +15 )x1074 -
D3(2460)0 £+ vy x (18 £07 )x10™ 2066 x B(D,(2421)° — D*~7t) )
B(D;® — D**r7) Dj(2462)0 nt ( 18 405 )x10~ -
700t y, (77 +12 )x1073 2638 x B(D3(2462)° — D*~r)
nltuyy < 101 x 10::‘1 CL=90% 2611 D, (2427)0 ( 50 +12 )x10-4 _
e (27 £1.0 )x 1074 2553 » 8(5’1(2427)0 = D)
wl v (- {ns 08 )0 2002 Dy (2420)0 7t xB(DY — < 6 %1076  CL=90% 2081
20ty [ii] ( 1.28 +£0.18 )x10~4 2583 15*0 ) 1
pet 5.2 x1073  CL=90% 2467 - Ly
il h 0pt 10-3  CL=90% 1995
et v, ‘ < 98 %1076 CL=90% 2640 23:(2420)09+ < 14 x o CL—goo/ﬂ o
whyy, < 17 %1076  CL=90% 2639 D2(2460)07r Y < 13 x ; ,900/., 2063
I} *! — —
Ty, (14 +04 )x1074 2341 D3(2460) nt xB(D30 — < 22 x 10 CL=90%
et ey < 20 x10~%  CL=90% 2640 _ Drta) . .
v,y < 52 x1075  CL=90% 2639 D3(2460)0 p+ < a4z x1073  CL=90% 1976
g DDt ( 1.03 £0.17 )% 1815
Inclusive modes s - s . .
DX (86 £07 )% - Dg(2317)1 D x (75 T22 )x10 16
DOX (79 4 )% - B(Dsp(2317)* — D} 79)
DX (25 05 )% - Dy (2317)F DO x < 16 x 1074 CL=90% 1605
bXx (99 +12 )% - B(Dso(2317)* — D3 9) )
Dy X (79 F13 )% - Dyo(2317)+ D*(2007)0 x (9 47 )xi0- 1511
+.0
D7 X ( 110 ¥345 )% - B(Dsp(2317)t — D 7°)
; - D, ;(2457)t D° (31 739 yx103 -
At x (21 32 )% - 5 :
: +1.1 D, ;(2457)t D% x (a8 *13 x4 -
_ . _ . :
e X L2 o )R B(D, ,(2057)" — D7)
ex (o7 =4 )% - D, ;(2457)t D% x < 22 x 1074 CL=90% -
cX (234 122 )9 - B(D,(2457)*
+ o+
c 120 +6 )% - DY nt7™)
o ( " DS,(25457)+5° X < 27 x 1074 CL=90% -
D, D*' or DS modes B(DSJ(2457)+ - D:f 71'0)
Dint (4882015 x 10__3, 2308 D, ;(2457)t D x < 98 x 1074 CL=90% -
+ 34 ) x 10~ - s
Dep(4 1)7rJr [w] ( 1.96 £0.34 ) x - i B(D, ,(2457) D;* )
DCP( nr ol ¢ 1'2 iz.;‘s ;;10 2237 D,.;(2457)" D*(2007)° ( 120 £0.30 ) % -
134 +0. _ . B _
Dop ( ot 2280 D, 7(2457)* D*(2007)° x (14 FDT yx1073
DK+ ( 4.02 £0.21 ) x 10 . - o
Dep+1) K ] (181 £027)x 10~ - o BBes(2851)7 = D7) -4 1447
Dep(—y Kt Uil ( 173 +£0.23 )x 104 - D° Dy (2536)* >jr (22 £07 )x10
- *E ) Kk 17 +05 )x1073 - B(Ds1(2536)™ —
[K - mlpm™ (k] (1. ' e D*(2007)° K+)
[rtr= w0 p K~ ( 46 +09 )x10 -
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D*(2007)° D (2536) T x
B(Ds;(2536)T —
D*(2007)° K )

DO Dy (2536)F x
B(Ds1(2536)t — D*t KO)

DO D, ;(2700)F x
B(D,;(2700)t — DOK)

D*0 Dy (2536) x
B(Ds;(2536)t — D*t K?)

DD, ;(2573)% x
B(D,s(2573)t — DOKT)

D*(2007)° D, ;(2573)F x
B(D,s(2573)t — DOK)

DOpit

D*(2007)° DF

D*(2007)° D+

DLt oo

D*(2007)° D*(2010)*

DO D*(2010)t +
D*(2007)° D

DO D*(2010)+

DOp+

DO Dt KO

Dt D*(2007)°

D*(2007)° Dt KO

DO D*(2010)+ KO

D*(2007)° D*(2010)*+ KO

DOpOK+

D*(2007)° DO K+

DO D*(2007)0 K+

D*(2007)° D*(2007)° K+

D~ DtK*

D~ D*(2010)t K+

D*(2010)~ D+ K+

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

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

D: 70

D;er

D7 a(1260)°
Dt a1(1260)°
Do

Dt o

DIK°

D:Jr 70

D K*(892)°
Dt K*(892)°
D; Tt Kt

sz Tt K+
Dyt K*(892)*
Di™mt K*(892)F

Charmonium

neK+

ne K*(892)F

7c(28) KT

J/p(AS)K*

J/Y(AS)KT ot a~

he(LP)K™ x B(he(1P) —
J/prtaT)

X(3872) K+

X(3872) KT x B(X —
J/prtaT)

X(3872) Kt x B(X — J/v7)

X(3872) K+ x B(X — DODY)

X(3872) KT x B(X —
D+ D7)

X(3872) Kt x B(X —
DO DO A0)

ANNNANNANNNNNNNANNANNNANNNNANNNA

<

<

(

(

(
(
(
(
(

5.5

2.3

+16 )x 1074

+1.1 )x 1074

113 £326 ) x10-3
3.9 +26 )x1074
2 x10~4
5 x 104
78 +1.6 )x1073
84 +£17 )x1073
1.75 £0.23 )%

27 £12 )%

81 +1.7 )x1074
1.30 %

3.9 +05 )x1074
42 406 )x107%
2.8 x 1073
63 +1.7 )x1074
6.1 x 1073
52 +12 )x1073
7.8 +26 )x1073
2.10 +0.26 ) x 1073
3.8 x 1073
47 +10 )x1073
53 +16 )x1073
4 x 10—4
7 x 1074
15 +04 )x1073
1.8 x 1073
35 +06 )%

1.6 +06 )x1075
2.7 x10™4
4 x 104
6 x 1074
3.1 x10~4
4 x 1074
4 x 1074
6 x10~4
1.8 x 1073
14 x 1073
1.9 x107©
12 x107°
9 x 1074
9 x10~4
4 x10~4
4 x10™4
7 x 1074
9.9 x 1074
5 x 1073
7 x 1073
modes

9.1 +13 )x1074
12 37 )x10-3
3.4 +1.8 )x1074

1.00740.035) x 10~3

1.07
3.4

3.2

4+0.19 ) x 1073
x 1076

x10~4

1.14 £0.20 ) x 1075

3.3
6.0
4.0

1.0

+1.0 )x1076
x 1075
x 1072

+04 )x1074

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%
CL=90%

CL=90%

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

S=1.9
CL=90%

CL=90%

CL=90%
CL=90%

1338

1447

1338

1306

1306

1734
1737
1650

1713
1792

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

2270
2215
2235
2178
2197
2138
2195
2136
2079
2014
2141
2079
2241
2184
2172
2112
2222
2164
2138
2076

1753
1648
1320
1683
1612
1401

1140
1140

1140
1140
1140

1140

X(3872) KT x B(X —
D*0 L)O)
X(3872) K+
x B(X(3872) — J/u(1S)n)

X(3872)T KO x B(X(3872)T Hmmm]

J/p(AS)ntx0)

X(4260)° Kt x B(X? —
J/prtaT)

X(3945)0 K+ x B(X? —
J/7)

Z(3930)° K+ x B(Z° —
J/7)

J/(15) K*(892)+

J/¢(1S)K(1270)*

J/4(1S) K(1400)*

J/p(1S)nK+

J/p(1S)n KT

J/(1S)pK*

J/p(1S) ™t

J/(1S)pt

J/¢(1S)x+ 70 nonresonant

J/(1S) a;(1260)

J/0(1)pA

J/Y(18)Z%

J/$(1S) D

J/¢p(1S)D0 =t

»(2S) K+

$(2S) K*(892)+

Y(2S)K Tt~

P(3TT0)K+

$(3770) K+ x B(yp) — D°DY)

Y(37T70)Kt x B(yy — DT D7)

Xcomt xB(xco — wt77)

Xco(1P) K+t

Xco K*(892)*

Xc2 K

Xca K*(892)*

Xcl(lp)""+

Xc1(1P)K*

Xc1(1P) K*(892)*

he K+

K or K* modes

KOt

K+ 70

’r]' Kt

n' K*(892)*

nK+t

nK*(892)*

nK(1430)T

nK3(1430)"

wKT

wK*(892)*

20(980) " KO xB(ap(980)T —
nmt)

20(980)0 KT xB(a(980)° —
)

K*(892)0 7t

K*(892)* 70

Ktr— ot
K+ 7~ nF nonresonant

K+ £5(980) x B(%(980) —
ata”)
£ (1270)° K+
f(1370)0 K+ x
B(%(1370)° — #tx7)
p0(1450) KT x
B(p%(1450) — 7t77)
f(1500) Kt x B(fy(1500) —
nt o~
5 (1525) K+ x
B(f(1525) — at ™)
K+ pO
K(1430)0 7
K3(1430)0 7+

(1.7 +06 )x1074

A

(
(
(
(
(
(
(
(
(

7.7

2.2

2.9

1.4

2.5

1.43
1.8

1.08
8.8
5.2
4.9
5.0
7.3
1.2
1.18
1.1
1.2
2.5
6.48
6.7
1.9
4.9
1.6
9.4

1.40

2.86
2.9
1.2
2.2
4.9
3.6
3.8

231
1.29
7.02
4.9
2.7
1.93
1.8
9.1
6.7
3.4
3.9

2.5

1.09

6.9
55

9.2

1.3
1.07

1.17

4.4

3.4

4.2
4.7
6.9

x 100
x 1075
x 1075
X 1075
x 106

4+0.08 ) x 1073
+05 )x1073
x 104
+0.33 ) x 1074
x 1073
+1.7 )x107°
+0.6 )x107°
+0.8 )x107°
x 1076
x 1073
+0.31 ) x 1073
%1075
x 104
x 1075
+0.35 ) x 1074
+1.4 )x107%
+12 )x1073
+13 )x1074
+04 )x1074
+35 )x107°
x10~7

0T ) <0

x 1073
x 1075
x107°
+05 )x 1072
+05 )x1074
+0.9 )x10~%
x 1075

+0.10 ) x 1073
4+0.06 ) x 1075
+0.25 ) x 107°
+2.0 )x107°
+0.9 )x107°
4+0.16 ) x 107>
+04 )x107°
+3.0 )x10°
+0.8 )x10°

x 106

x 1076

x 106

+0.18 ) x 1073
+24 )x107©
+0.7 )x 107>
6 —
e )x10-6

)0
o5 )xa0
x 1075
x 1075
x 1076

x 1076

+05 )x1076
+05 )x 1072
x10~6

CL=90%

CL=90%

CL=95%

CL=90%

CL=90%

CL=90%
CL=90%
S=1.2
S=15

CL=90%
CL=90%

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

S=1.3

S=1.1

CL=90%

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

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

S=2.1

$=2.6
S=6.1

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%

1140

1140

1571
1390
1308
1509
1273
1227
1727
1611
1717
1415

567

870

665
1284
1115
1178
1218
1218
1218

1478

1467
1412
1265

2614
2615
2528
2472
2588
2534

2414
2557
2503

2562
2562
2609

2609

2524

2398

2392

2559
2445
2445
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K*(1410)0 7t < 45 x1075 CL=90% 2448 f,(1370) 7 xB(£(1370) — < 30 x 1076 CL=90% 2460
K*(1680)0 7+ < 12 x1075 CL=90% 2358 ata)
K- rtnat < 18 x1076  CL=90% 2609 fy(600) 7T xB(%(600) — < 41 x 1070 CL=90% -
K~ 7T 7t nonresonant < 56 x107%  CL=90% 2609 atr7)
K1(1400)0 7+ < 26 x1073  CL=90% 2451 7t 7~ 7% nonresonant < 46 x1070  CL=90% 2630
KOzt 70 < 66 x1075 CL=90% 2609 7070 < 89 x10~% CL=90% 2631
KOpt ( 80 +15 )x10°6 2558 pta0 ( 1.09 £0.14 ) x 1075 2581
K*(892)t 77— (75 +1.0 )x1073 2556 ataat a0 < 40 x1073  CL=90% 2621
K*(892)t p0 < 61 x1076 CL=90% 2504 p + 0 ( 1.8 04 )x1075 S=1.5 2523
K*(892)% £,(980) ( 52 +13 )x1076 2468 pt 15(980) xB(f(980) — < 19 x 1076 CL=90% 2487
ar KO ( 35 +07 )x10°5 - ataT)
K*(892)0 pt (92 +15 )x1076 2504 a1 (1260) T 70 (26 +07 )x107° 2494
K*(892) K*(892)° < 71 x10~5 CL=90% 2484 a1 (1260)0 ™ (20 +06 )x107° 2494
K1(1400)F p0 < 78 x 1074 CL=90% 2387 bt x B(h) — wn?) (67 +20 )x107¢ -
K3(1430)* p0 < 15 x10~3  CL=90% 2381 wrt ( 69 +05 )x1076 2580
KT KO ( 1.36 +£0.27 ) x 1076 2593 wpt ( 106 026 ) 1075 2522
KOK+ 70 < 24 x1075  CL=90% 2578 et ( 44 104 )x10-6  s—11 2609
+ k0 K0 —5 X . =1.
K0 K(jg K5 (115 £0.13 ) x 10 2521 gt ( 27 +10 )x10-5 S—21 2551
KYKLmt < 32 x1076 CL=90% 2577 oy 439 s
KtK=xt ( 50 +£07 )x1076 2578 me (87 T35 )x10 2492
K* K=+ nonresonant < 75 x107° CL=90% 2578 npt ( 54 #19 )x107®  s=16 2553
K+ K*(892)° < 11 x1076  CL=90% 2540 ¢t < 24 x 1077  CL=90% 2539
K+ K(5(1430)° < 22 x 1076  CL=90% 2421 oot < 16 x 1072 2480
K+ K+n— < 13 ©10-6 CL—90% 2578 a0(9800)° 7t xB(29(980)° < 58 %1076 CL=90% -
K* K+~ nonresonant < 879 %1075 CL=90% 2578 nm")
BY K+ x B(bY — wnP) (91 +£20 )x1076 a0(980)* 7% x B(af — nwt) < 14 x 106 CL=90% -
Kt nt K— < 118 «10-5 CL-90% 2524 P b St < 86 x 1074 CL=90% 2608
K+ K+ < 61 «10~6 CL=90% 2524 pYa1(1260)* < 62 x 104 CL=90% 2433
KtK=K* ( 337 £022)x1075  s=14 2522 % ap(1320)* < 12 x 1074 CL=90% 2410
K+o ( 83 07 )x10-5 2516 atrtat a0 < 63 x10~3  CL=90% 2592
f,(980) K+ x B(f(980) — < 29 x10~6 CL=90% 2524 a1(1260)* a1 (1260)° < 13 % CL=90% 2335
KtK™) ; +
a,(1320) Kt x < 11 x1076  CL=90% 2449 Charged particle (h=) modes
B(a (1320) — K*K") W = Kkt o o E
-6 L
(1525) < 49 x 10 CL=90% 2392 bt a0 ( 16 fSZ ) x 10-5 2636
B(f (1525) ~ KtK) :
X0(1550)K+ x ( 43 +07 )x10-6 - wht ( 138 ¥027 ) x1075 2580
B(Xp(1550) — Kt K™) h+ X9 (Familon) < 49 x 1075 CL=90% -
¢(1680)K+x B(4(1680) — < 8 x10~7 CL=90% 2344
KTK™) Baryon modes
f(1710) K+ x B(f5(1710) — ( 17 +10 )x10-6 2329 pp7* (162 £020 ) x 1076 2439
K+ K™) pﬁ7r+ nonresonant < 53 x 1075 CL=90% 2439
= 4+ - —4 —0(9
e et 409 s B pprtatm < 52 x 1074 CL=90% 2370
K™ K~ K™ nonresonant (28 Tig )x10 S=3.3 2522 ppK+ ( 59 +05 )x10-6 s—15 2348
K*(892)t Kt K~ ( 36 +05 )x1075 2466 O(1710) T B x [nnn] < 9.1 x 1078 CL=90% -
K*(892)t ¢ ( 1.05 £0.15 ) x 1075 S=1.4 2460 B(O(1710)t+ — pKT)
Ky (1400)* ¢ < 11 x1073  CL=90% 2339 £1(2220) K+ x B(f;(2220) — [mnn] < 4.1 x10~7  CL=90% 2135
K3(1430)" ¢ < 34 x1073  CL=90% 2332 pp)
K+ oo ( 49 24 )x106  s—29 2306 pA(1520) < 15 x1076  CL=90% 2322
e —22 pP K nonresonant < 89 x 1075 CL=90% 2348
K:] K2 . < 25 X 10:2 CL=90% B pPK*(892)F (66 +23 )x10°6 S=1.3 2215
(892) "y (403 £026)x10 2564 £7(2220) K*+ x B(f;(2220) — < 17 x1077  CL=90% 2059
K1(1270) T~ ( 43 +13 )x107° 2486 o)
+ -6 _
nK o (94 £11 1077 2588 pA < 32 x 1077 CL=90% 2430
n KTy < 42 x107°%  CL=90% - — 4105 6
oKt~ ( 35 +06 )x1076 2516 pAy (25 Tog )x10m 2430
Ktr—nty ( 276 £022 )x 1075 S=12 2609 pAr0 ( 30 *07 )x1076 2402
0+ +0.7 5 — :
K*(892) 7y (20 Zgg )x10 2562 pZQ385)0 < a7 x10~7 CL=90% 2362
Kt 0y < 20 x107% CL=90% 2559 AtA < 82 x10~7  CL=90% -
K+ 7~ 7t~ nonresonant < 92 x107®  CL=90% 2609 pZ'y < 46 x1076  CL=90% 2413
KOzt 0y ( 46 +05 )x1075 2609 pAnt < 20 x 1074 CL=90% 2367
K1(1400) T~ < 15 x 1072 CL=90% 2453 YVt as < 28 x1076  CcL=90% 2358
*(1430)*7 ( 14 +04 )x1075 2447 AAKF (29 *10 )x10-6 2251
K*(1680) T~ < 19 x 1073 CL=90% 2360 A0 L3 e 10-6  Cloo% 2402
K3(1780)* v < 39 x10-5  CL=90% 2341 A < b Ol
: + _3 ) A p < 14 x 10 CL=90% 2402
K3(2045)" v < 99 x 10 CL=90% 2244 D+ pp - 1s ©10-5 CL—90% 1860
Light unflavored meson modes D*(2010)+PP < 15 x107%  CL=90% 1786
—4
. 68 +29 )y 10-7 2583 AZ 7p71' (21 406 )x10 1980
p+~,0 ( 25 ) i AZ A(1232)TF < 19 x1075 CL=90% 1928
atn ( 57 405 )x10 S=1.4 2636 A= Ax (1600)+ ( 59 19 )x10-5 -
atatn ( 1.62 £0.15 ) x 1075 2630 ZEA 2420)++ 5
POt ( 87 +11 )x1076 2581 lc ! x( . ) (47 #16 )x 1075 -
7+ £(980) x B(f(980) < 30 x10-6 CL=90% 2547 _ (Agp)sm looo] ( 39 £13 )x10 -
) A prtaf (1.8 +06 )x10-3 1935
7t £(1270) ( 82 425 )x1076 2484 Acprtata” (23 +07 )x1073 1880
(1450)0 + < 23 x 1076  CL=90% 2434 Az prtataad < 134 % CL=90% 1822
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AFAZ KT (7 +4 )x1074 -
ECE2455§EP (37 +£13 )XlO*E 1938 CP violation parameters
X -(2520)" p < 27 x 1072 CL=90% 1904 2 _3
= Re(e 1 =(-01+14 10
T (2455)0 pr® (44 £18 )x10~4 1896 Ae(EBO)/J 0+0‘(§5‘>30d|z 2) Olé(B ) x
5 (2455) prr— (44 +17 )x1074 1845 T/Cpof e
T (2455) " prtat (28 +12 )x1074 1845 Acp(B o_’ D*(2010)* D7) = —-0.06 £ 0.09 (S = 1.7)
Ac(2593)~ /A (2625)" prt < 19 x 1074 CL=90% - Acp (‘% - ’I(+""_) = —0.101 £ 0.015
J— — * -
A« B(EY - Zta) ( 56 *27 )x1075 1143 Acp(BY — 1/ K*(892)°) = —0.08 + 0.25

_ _ . Acp(B® — nK*(892)%) = 0.19 + 0.05
0T B(EY — Akt (40 +16 )x1075 1143 ACP(BO KOKO) = (—0.6 + 0.7) x 10

Lepton Family number (LF) or Lepton number (L) violating modes, or Acp(B® — nK;(1430)°) = 0.06 + 0.13
AB = 1 weak neutral current (B1) modes Acp(B® — 1K3(1430)%) = —0.07 £ 0.19
Tt et e BI < 12 x10~7 CL=90% 2638 Acp(B® — ptK™)=—-008+024 (S=17)
atete~ BI < 18 x10~7 CL=90% 2638 Acp(BY — Kta= 2% =0.07 £ 0.11
atut T B1 < 28 x1077  CL=90% 2633 Acp(BY — K*(892)t ) = —0.05 + 0.14
vy B1 < 1.0 x 104  CL=90% 2638 Acp(B® — K*(892)0p%) = 0.09 + 0.19
Ktete Bl i) ( 44 *3% yx1077  s—11 2616 Acp(B® — ay KT) = - —0.16 +£0.12
: . "
Ktete B1 (49 £1.0 )x10~7 2616 QCPE - ﬁ*g::go K*ﬂ ))— 000;1ii0003
+ ot +1.0 -7 cp(B” — =0. 05
KT p BI (39 Tgg )x10 2612 Acp(BY — K*(892)°¢) = —0.01 + 0.06
K;rﬁlj B1 < 1.4 X 107i CL=90% 2616 ACP( N K*(892)0 K= 7T+) =02+04
f(*WQ g BI < 15 x 10:7 CL=90% 2583 Acp(BY — ¢(Km)0) = 017 +0.15
(892) e B1 [iii] ( 7 £5 )x 1074 2564 Acp(B® — ¢>K§(1430)0) — 0124015
K %(892)T vy B1 < 14 x 10 CL=90% - + o0
AT ., Acp(B® — ptr=) =0.08+0.12 (S=2.0)
K*(892)T et e BI (8 £8 )x10 2564 o
IR T , Acp(B® = p=7t) = —016£023 (S=17)
K*(892) " put B1 (8 F3 )xio~ 2560 Acp(B® = 079 = —054 05
atetpu~ LF < 6.4 x 1073  CL=90% 2637 Acp(B® — a(1260)E7F) = —0.07 £ 0.07
ateput LF < 64 x1073  CL=90% 2637 Acp(B® — bymt) = —0.05 + 0.10
ﬂ‘:(:‘i}ﬁ: LF < 17 x 10*; CL=90% 2637 Acp(BY — K*(1430)7) = —0.08 + 0.15
- - — 0,
Ktetp LF < 91 x 1078 CL=90% 2615 Acp(B® — pPK*(892)°) = 0.11 + 0.14
Kte pt LF < 13 x10~7 CL=90% 2615 = _
o _ Acp(BY — pAn—) = —0.02+0.10
K+etuT LF < 91 x1078  CL=90% 2615 A (BY b K+ 0.07 + 0.1
Kt ptr¥ LF < 77 x1075  CL=90% 2298 CCP( - BO) B* D) —
K*(892)t et p~ LF < 13 x1076  CL=90% 2563 Dp+(2010)- p+ (B” — D*(2010)” DT) = 0.23 + 0.13
K*(892)t e~ put LF < 99 x10=7 CL=90% 2563 Sp-(2010)- D . (B - D*(2010)~ D*) = —0.55 + 0.21
K*(892)T e* 1 F LF < 14 x10~7 CL=90% 2563 Cor(a010)+ - (BY — D*(2010)* D7) = 0.01 =+
n"etet L < 16 x 106 CL=90% 2638 026 (S = 2.0)
-t ot -6 CL_q09 : =2
ot L < 14 x1076  CL=90% 2633 0 * +D) = —
a-etut L < 13 x10~6  CL=90% 2637 5D*(2010)+D; (B” — D*(2010)7 D7) = —0.74 £ 0.19
p-etet L < 26 %1076 CL=90% 2583 Cpisr pr— (BY = D*FD*7) =0.02 4+ 0.10
putut L < 50 x1076  CL=90% 2578 Spetpe- (BY = D*¥D*7) = —0.67 £ 0.18
pmetut L < 33 x 1076 CL=90% 2582 C, (B® - D**D*7) = —0.05 + 0.14
K- etet L < 10 x1076 CL=90% 2616 Sy (BY —» D**D*) = —0.72 £ 0.20
K= ptpt L < 18 x 1076 CL=90% 2612 C_(B"— D**D*)=024+07
K: etut L L < 20 x 10:2 CL:90:/° 2615 S (B D**D*)=_18+1. 1
K*(892)~ e e L < 28 x 10 CL=90% 2564 C(BY — D*(2010)* D*(2010)~ K%) = 0.01 + 0.29
K*(892) i L < 83 x1076  CL=90% 2560 S(BY — D*(2010)* D*(2010)~ KOS) 01404
K*(892)~ eJr ot L < 44 x107® CL=90% 2563

Cpip- (BY— D¥D7)=-04+05 (S=31)
Sp+p- (B = D¥D™) = -081+£029 (S=11)

1JP) = 1(07) Chppasymo (B = J/$(18)7°) = —0.11 £ 0.20

S)/p(15)m0 (B = J/(18)7%) = —0.69 + 0.25

I, J,. P.need confirmation. Quantum numbers shown are quark-model C , (BO . D((jf;;. ho) — 0234 0.16
predictions. Deph
Mass m go = 5279.53 + 0.33 MeV S o . (B — DULA) = —0.56 + 0.24
Mpgo — Mys = 0.37 + 0.24 MeV Dert e
Mean lfe 7 o = (1.530 + 0.009) x 1012 5 Skyry (BT = KsKs)=—-13+08

cr = 458.7 um Croyo (B > KIKY) =—-04+04
=1.071 £ 0.009 direct measurements s
Tp+/Tgo ( ) Ciosey i (BY — 1/(958)K3) = ~0.04£0.20 (S = 25)

B9-BY mixing parameters Syosayk (B® — /(958)KQ) =043+ 0.17 (S = 1.5)
X4 = 0.1878 + 0.0024 Gy ko (B — /K% = —0.09+0.08 (S=15)
Ampgy = mgg — mpgo = (0-507  0.005) x 102 571 Syko (BY — 1K) = 0,61+ 0.07
N = (3337 £ 0.033) x 10710 MeV Coxg (B = wK§) = 025031 (S=16)
xg = Am = 0.776 + 0.008
RZ(,\CP /B|(1\/CPB|3 Re(z) = 0.01 % 0.05 Soky (B® = wK§) =035+ 029
AT Re(z) = —0.007 + 0.004 Cr (980) K9 (BY — £(980)K%) = —0.03 £ 0.26 (S =1.9)
Re(z) = 0.00 + 0.12 Sio(080) K2 (B® — £5(980)K2) = —0.02£ 021 (S=1.1)

Im(z) = —0.015 £ 0.008
Crsksks(BY = KsKsKs) = —015+0.16 (S =1.1)

Sksksks(BY = KsKsKs) = —04+05 (S=25)

Cr -0 (BY = KTK~K2) =0.07 +0.08
S

Sk+ k- KY (B® » KtK~KY) = -0747013

Cyr k- KY (BY = K*K~KY inclusive) = 0.01 + 0.09
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S+ K- KQ (B® > K+K~KY inclusive) = —0.65 + 0.12
C¢Kg (B — ¢K%)=-0.01+0.12

5{Mg (BY - ¢K%) =039 £ 0.17

Ckg o (B — K%r%) =014+ 011

Sk (B® = K%wo) =0.38 £ 0.19

C(B" - K%n0n0)=02+05
5(B°ﬂ sz 7r°)—o7io7
KO7T0 (B — Ks‘n' 7)=0.0+04 (S=21)

SKoTo (B — K%m0v) = —0.01 + 0.30
“(892)0 L (B — K*(892)°7) = —0.12+£0.30 (S =18)
Sk(892)04 (B0 — K*(892)%7) = —0.27 + 0.26

C(BY — ,)0 )=04+05
S(BY - p0y)=-08+07
Con (BY = 7t77) =—-038+£0.17 (S =26)
Sen (BY = 1r+1r-) = —0.61+0.08
Co0(B® — n%70) = —0.48+0.30
Cor (B = pt77)=0.01£014 (S=1.9)
Spr (B® — pT o) =0.01 £ 0.09

(BY - ptr~) =0.37+0.08

Spr (B — pta) = —0.05+ 0.10

Cpo 0 (B - p07% =—-01+07
5,070 (B - p07% =0.1+04
Cayr (B® — 21(1260)T 77) = —0.10 & 0.17
Sayr (B® = 21(1260)" 7~) = 0.37 £ 0.22
ACy x (BY — a1(1260)T 77) = 0.26 + 0.17
AS;  (BY — a1(1260)T77) = —0.14 4+ 0.22
C(B" — by K*)=—-022+0.24

AC(BY — b at) = —1.04+0.24
CpOKO (B — p°K%)=06+05
Sy KY (B — p°K2)=02406
Cop (BO — ptp~)=-005+013

Spp (BY — ptp~) = —0.06 £ 0.17

[A| (B® — ccK?) =0.988 & 0.020

|A] (BY — J/K*(892)%) < 0.25, CL = 95%

cos 26 (BY — J/yK*(892)%) = 1.7707 (S =1.6)

cos 23 (B — [KLrt 77150 1) = 10708 (S=18)

(Sy +S.)/2(B° — D*—w+) —0.037 + 0.012
(S_- —S4)/2(B® - D*~xF) = —0.006 + 0.016
(Sy +S.)/2(BY - D~ +) = —0.046 + 0.023

(S- —S;)/2(B° — D~ 7t) = —0.022 + 0.021

(Sy +S.)/2(B® — D~ pt) = —0.024 + 0.032

(S- —S4)/2(B® — D~ pt) =-0.10 £ 0.06

sin(28) = 0.678 + 0.025

Cyppro (B® = J/wK®) = —0.018 + 0.025
Syypko (B — J/wK®) = 0.642 £ 0.035
sin(28e1)(B® — ¢ K®) = 0.22 £ 0.30

Sin(20efr) (B — KT K~ K%) = 0. 77+g 13
$in(20gr) (B — [KEat 7] %) =045 +0.28
[A] (B® — [KYxt7=]p h0) =1.01+0.08
|sin(28 + 7)| > 0.40, CL = 90%

a = (96 & 10)°

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

The branching fractions listed below assume 50% BO9BO and 50% Bt B~
production at the T°(4S). We have attempted to bring older measurements
up to date by rescaling their assumed 7(4S) production ratio to 50:50
and their assumed D, Dq, D*, and v branching ratios to current values
whenever this would affect our averages and best limits significantly.

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

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

than one.
Scale factor/ P
BY DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
¢t ypanything lii] ( 10.33+0.28) % -
etve X, (101 +0.4 )% -
D¢+ vpanything (96 £0.9)% -
—tty, li] ( 217+0.12) % 2309
D~ rtu, (1.0 £04 )% 1909
D*(2010)~ ¢ty [l ( 516+0.11)% 2257
D*(2010) 7t v, (16 £05)% S=12 1837
DOn—(ty, ( 43 +06)x10-3 2308
D§(2400)~ £+ vy x (20 09 )x1073 -
B(D;~ — D7)
D3(2460) £+ vy x (22 +06 )x1073 2067
B(D;~ — D%x7)
D& nmety(n > 1) ( 24 £05)% -
DOty ( 49 +£08)x1073 2256
D1 (2420) £F vy x ( 5.4 +£21)x1073 -
B(D; — D*0zn7)
D} (2430)~ £ty x < 50 x 1073 CL=90% -
B(D)” — D7)
D3(2460) €T vy x < 30 x1073 CL=90% 2067
B(D;™ — D7)
p Ty lii] ( 2.4740.33) x 10~4 2583
0ty [iil] ( 1.360.09) x 10~4 2638
Inclusive modes
K= anything (78 £8 )% -
DOX ( 81 £15)% -
DX (474 £28 )% -
Dt Xx < 39 % CL=90% -
D~ X (369 £33 )% -
D x (103 21 )% -
Dy X < 26 % CL=90% -
AT X < 31 % CL=90% -
ATX ( 50 F21y% -
cX (95 £5 )% -
cX (246 £31)% -
ccX (119 +6 )% -
D, D*, or Dg modes
D~ nt ( 2.68+0.13) x 1073 2306
D~ pt (77 £1.3 )x1073 2235
D~ KOt (49 £09 )x 104 2259
D~ K*(892)* (45 +07 )x1074 2211
D~ wnr™t ( 28 +06 )x1073 2204
D™ K+t (20 +06 )x1074 2279
D~ KtKO < 31 x1074 CL=90% 2188
D~ KtK*(892)° ( 88 +1.9)x1074 2070
DOxtr— ( 84 £09 )x10~4 2301
D*(2010)~ ( 276+0.13) x 1073 2255
D~ ntrta~ ( 80 +25)x1073 2287
(D~ w7t 77 ) nonresonant ( 39 £1.9 )x 1073 2287
D7t 0 ( 11 +1.0 )x 1073 2206
D~ a;(1260)* ( 6.0 £33 )x1073 2121
D*(2010)~ 7t 7 ( 15 £05)% 2047
D*(2010)~ (68 +0.9 )x1073 2180
D*(2010)~ K+ ( 2.14+0.16) x 10~4 2226
D*(2010)~ KO=t ( 30 +08)x1074 2205
D*(2010)~ K*(892)* ( 33 +06)x1074 2155
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D*(2010)~ KT K
D*(2010)~ K+ K*(892)°
D*(2010) " 7t at 7~
(D*(2010)~ nt 7t
resonant
D*(2010) "zt p0
D*(2010)~ 31(1260)+
D*(2010)’7T+7T+7r’71'0
D*~3xt 27—
D*(2010)~ ppw
)P
)" w

77 ) non-

D*(2010
D*(2010
D1(2430)
B(D (2430)0
D*~7t)
D xt
Dy(2420)" 't x B(D] —
D~ rntr7)
Dy (2420)" 7t x B(D] —
_ D atr7)
D3(2460)~
B(D3(2460)~
D;;(2400)~
B(Dg(2400)~ — DO77)
D3(2460)~ 7t xB((D3)~
D*xtz7)
D3(2460)~
pOpo
D*ObO
D~ Dt
D~ DY
D*(2010)~ DT
D~ D:F
D*(2010)~ Dt
Dso(2317)" K+ x
B(Dso(2317)™
Dso(2317) " 7t x
B(Dso(2317)~
D, 7(2457)" KT x
B(D, (2457)
31(2457)
B(Dss(
D, DY
Dy DS
Dy D¢t
Dso(2317)¥ D~ x
B(Dso(2317)+ — DF #0)
Dso(2317)¥ D~ x
B(Dso(2317)" — D)
Dsp(2317)T D*(2010)~
B(Dso(2317)* — DY x0)
Dy 7(2457)* D~
D, 7(2457)t D~ x
2457)*
+Dx
2457)F
Dy 7(2457)F D~ x
B(D,s(2457)*
Dfatar)
D, 7(2457)* D~ x

— DO7n™)

— D;TFO)
— Dy %)
— D; 7%

2457) — D; )

ﬁv

— D;”y)

—

B(D,,
D, (2457
B(D,,

,—\

— D:+'y)

Au

B( SJ(2457)+H D} x0)
D*(2010)~ D, 7(2457)*
D, y(2457)*F D*( 010)><
B(D,;(2457)t — Df+)

D™ Ds1(2536) T x
B(Ds;(2536)t — D*0KT)
D*(2010)~ Dg;(2536) T x
B(Ds;(2536)t — D*0KT)
D™ Ds1(2536) T x
B(Ds;(2536)t — D*+ KO)
D*~ D41 (2536) 1 x

B(Ds;(2536)t — D*+ K?O)

[

<

(

A

AN A

47 x 1074
1.2940.33) x 103
7.0 £0.8 ) x 1073
0.0 £2.5 ) x 1073

5.7 £32 ) x 1073
1.3040.27) %

1.76 +0.27) %

4.7 £09 )x 1073
6.5 +1.6 ) x 1074
1.5 £04 )x 1073
2.89+0.30) x 103
41 +£16 ) x 1074

21 +1.0 ) x 1073

2.3 -
89 T332 )x107°
3.3 x 1073
2.1540.35) x 10~4

6.0 +£3.0 ) x 107

2.4 x 1075
4.9 x 1073
6 x 107
2.9 x 104

2.1140.31) x 1074
7.4 £07 )x 1073
8.3 +1.1 )x 1073
7.6 +£1.6 ) x 1073
1.7940.14) %

4.4 +£1.4)x107°

25 x 1073
9.4 x 1076
4.0 x 1076
3.6 x 1075
13 x10~4
2.4 x10~4

42 _
9.9 T34 )x 1074
9.5 x10~4
15 +£0.6 ) x 103

35 £1.1 )x 1073
67 17 )x1074

6.0 x 1074
2.0 x 1074
3.6 x10~4

9.3 +£2.2 )x 1073

09 -
23 702 )x1073
1.7 £0.6 ) x 1074
3.3 +1.1 ) x 1074

26 +1.1 ) x 1074

5.0 £1.7 ) x 1074

CL=90%

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

CL=90%
S=1.2

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%
S=1.5

CL=90%

CL=90%

CL=90%

CL=90%

2131
2007
2235
2235

2150
2061
2218
2195
1707
1785
2148
1992

2064

2090

1977
1868
1794
1864
1812
1735
1731
1649
2097

2128

1759
1674
1583

1602

1509

1444

1336

1444

1336

D™ D, 7(2573)% x
B(D,(2573)*
D*(2010)~ D, 7(2573) x

< 1 x 1074

— DOKT)

< 2 x10~%

B(D,s(2573)t — DOKT)

(
*(2007)0
*(2007)%/
*(2007)0 7t 7
*(2007)° KO
*(2007)% K*(892)°
D*(2007)° K*(892)°
*(2007)0 7t 7t r
*(2010)F D*(2010)~
D*(2007)°w
D*(2010)* D~
*(2007)° D*(2007)°
D~ DOK*
D~ D*(2007)° K+
D*(2010)~ DO K+
D*(2010)~ D*(2007)° K+
D~ Dt KO
D*(2010)~ Dt K® +
D~ D*(2010)* K°
D*(2010)~ D*(2010)* KO
D*~ Dg;(2536)* x
B(Ds1(2536)t —
Dt KO)
DO DO KO
DO D*(2007)° KO +
D*(2007)° DO KO
D*(2007)° D*(2007)° KO
(D+D*)(D+D*)K

Ne KO

ne K*(892)°

J/9(1S)KO

JPQAS)KT T
J/9(15) K*(892)°

J/p(1S)nKY

D n ( 1.5340.35) x 1075
Ditn- ( 3.0 +£0.7 )x1075
D p~ < 6 x 1074
DIt p < 6 x 104
D ay < 19 x 1075
Dita; < 36 x 1075
DY a1(1260)~ < 22 x 1073
Dt a(1260)~ < 18 x 103
DY ay < 19 x 10~4
Dt a;y < 20 x 1074
Dy K+t (29 £05)x1075
Dy K™ ( 22 406 )x107°
Dy K*(892)* < 8 x 1074
Dy K*(892)* < 9 x 1074
D, 7t KO < 5 x 103
D:~nt KO < 26 x 1073
D 7+ K*(892)° < 31 x 1073
D™ 7t K*(892)° < 17 x 1073
DYKO ( 52 £0.7 )x 1075
DKt ( 88 +1.7 )x 10753

DY K*(892)° ( 42 £06)x1075

D3(2460)~ KT x ( 1.8 £05 ) x 1075

B(D3(2460)~ — D°n~)

_ DYK*«~ non-resonant < 37 x 1075
D70 ( 2.6140.24) x 10~4
DOy ( 32 +05)x10~4
D°f, ( 1.2 £0.4 )x10~4
D% ( 2.02+0.35) x 10~4
Doy ( 1.25+0.23) x 1074
D%w ( 2.59+0.30) x 10~4
D% < 116 x 1075
DOK*x < 19 x 1075
DY K~(892)° < 11 x 1075
9*07 < 25 x 1073
D*(2007)° 7 ( 17 £0.4 )x10~4

*(2007)° p° < 51 x 104

( 1.8 +0.6 ) x 1074
( 1.2340.35) x 104
(6.2 £2.2)x1074
(36 +1.2)x107°
< 69 x 1073
< 40 x 1075
27 +05 )x 1073
82 +0.9 )x 1074
27 408 )x 1074
6.1 +1.5 ) x 1074
< 9 x 1073
( 1.7 0.4 )x 1073
( 46 +£1.0 )x 1073
( 31508 )x103
(

118:{:0.20)%
< 17 x 1073
(65 +1.6 )x1073

(7.8 +£1.1 )x1073
(8.0 +2.4)x1074

< 14 x 1073
< 37 x 1073
< 66 x 1073

( 43 £07)%

Charmonium modes

89 +1.6 ) x 1074
9.6 +3.3 ) x107%
8.7140.32) x 104
1.2 £0.6 ) x 1073
1.33+0.06) x 10~3

(
(
(
(
(
(8 +4 )x107°

CL=90%

CL=90%

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

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

CL=90%

S=1.6
S=1.1

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

S=1.5
CL=90%

5=1.8

CL=90%
CL=90%

S=1.5
S=1.6
CL=90%

CL=90%

CL=90%
CL=90%

CL=90%

S=1.1

1414

1303

2270
2215
2197
2138

2080
2015

2242
2185
2172
2112
2222
2164
2138
2076
2280
2261
2213
2031

2308
2237

2274
2198
2235
2182
2261
2213
2258
2256
2182
2220
2141
2248
2227
2157
2157
2219
1711
2180
1790
1715
1574
1478

1479

1366
1568
1473

1360
1336

1574
1478

1365

1753
1648
1683
1652
1571
1508
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n/ KO
¢K°
K(1270)

J/y(1
J/(
J/4(
J/u(
J/u(
J/(
J/(1
J/(15)f
J/p(18)p°
J/9(1S)w
J/p(15) ¢
J/¢(15) 7 (958)
J/p(1S)KOnt 7~
J/H(1S)KO p°
J/9(1S) K*(892)* =
J/9(1S) K*(892)° 7t
X(3872)" K+
X(3872)" Kt x
B(X(3872)~
J/(1S)m 70
X(3872) KO x B(X —
J/prtaT)
X(3872) KO x B(X —
DODO=0)
X(3872) KO x B(X —
J/¥(15)pp
J/w(S)y
J/4(1S)D°
P(2S) KO
»(3770) KO x B(yp —

S)
15)
19)
15)x0
1S)n
1§)a+

Y(3770)KO x B(vy — D~

P(2S)Ktx
»(25) K*(892)°

Xco(1P) KO

Xco K*(892)°

Xc2 KO

Xca K*(892)°

Xa(1P)K®

Xc1(1P) K*(892)°

Ktr

K970

77/ KO

7' K*(892)°
nKO
nK*(892)°
nK;(1430)0
nK3(1430)0
wKO

S)7r T~ nonresonant

[mmm]

5*0 DO)

DO DY)

D)

< 25 x 1073
(94 26 )x107°
( 1.3 £05)x1073
( 2.0540.24) x 1075
(95 +1.9 )x1076
(

4.6 +0.9 )x107°

< 12 x 1075
< 46 x 10~
( 27 £04)x1073
< 27 x 1074
< 92 x 1076
< 63 x 1075
( 1.0 £0.4 )x 1073
( 54 +30)x1074
(8 +4 )x1074
(66 £22)x1074
< 5 x 1074
< 54 x 1076
< 1.03 x 1075

(1.7 £08)x1074

< 437 x 1074
< 83 x10~7
< 16 x 1076
< 13 x 1075

( 6.2 £0.6 ) x1074
< 123 x 10~4
< 188 x 104
< 1 x 1073

(72 £08)x1074
< 113 x 1074
< 17 x10~4
< 26 x 1075
< 36 x 1075

(39 +04 )x1074
( 32 06 )x1074

K or K* modes

a0(980)° K9 x B(ap(980)° —

(145 KT x
B(ap(1450)*
K% X° (Familon)
wK*(892)0
Kt K-
KOK?

0 40 40
KSKSKS

0 40 40
KSKSKL
KT n— 7

Kt p~

0
n70)
a ( )i K¥ x B(ap(980)* —
)
)*

— nrt)

(KT x~x%) non-resonant

K;O 7.‘.0
KO7F 7~ charmless

[ppp]

K%7+ 7~ non-resonant

KOpO

K9 £,(980)

K*(892) T 7~

K*(1430)*
+ —

Ky

K*(1410)*

[ppp]

B(K*(1410)T — KOx)

1.94:+0.06) x 107>
9.8 +0.6 ) x 10~
6.5 £0.4 ) x 1072
3.8 +1.2 ) x107°
< 19 x 1076
1.5940.10) x 10~
1.1040.22) x 1073
9.6 +2.1 )x 106
5.0 +0.6 ) x 1076
< 78 x 1070

< 19 %1070

< 31

< 53
< 42
< 41

(96t

(62T
< 16 x 1073

( 37 £05)x107%

( 85 +28)x1076
< 94 x 1070
(61 +1.6)x1076
( 4.4840.26) x 1075
( 1.9940.31) x 1073
( 54 £09)x1076
( 55 0.9 )x1076
( 98 +1.3)x1076
( 50 F38)x10°
( 51 +1.6 )x107©

< 38 x 10~

CL=90%

CL=90%
CL=90%

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

CL=90%
CL=90%

CL=90%

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

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

CL=90%
CL=90%

CL=90%

CL=90%

CL=90%

CL=90%

CL=90%
CL=90%

S=1.3
CL=90%

S=1.7
CL=90%

S=1.2

CL=90%

1271
1224
1390
1728
1672
1716
1716

1612
1609
1520
1546
1611
1390
1514
1447

1139

1139

1139

862
1731

877
1283
1217
1217
1238
1116
1477

1411
1265

2615
2615
2528
2472
2587
2534
2415
2414
2557

2503
2593

2592

2521

2521
2609
2559

2609

2558

2524
2563

K*(1680) T 7~ x
B(K*(1680)*
K3(1430) T~ x
B(K3(1430)*

rtr~

£, (1270) KO x B(%(1270) —

nt o~
K*(892)0 70
K3(1430) T~
KOK— 7t
R*O KO 4 K*O RO
K+ K~
KOK+ K~
K%
Ktn—ntrm
K*(892)0 7t 7~
K*(892)0 p0
K*(892)° £,(980)
K1(1400)t 7~
a1 (1260)~ K+

by KT x B(by — wm™)

K*(892)° K+ K~

K*(892)0 ¢
K*(892)° K— =t

K*(892)0 K*(892)°
K*(892)° Kt~

K*(892)0 K*(892)°
K*(892)* p~
K*(892)" K*(892)~
K1 (1400)0 p0
K1(1400)% ¢
$(Km)g°

— KOxt)

— KO 7r+)
1,(980) KO x B(f;(980) —

[aqq]

[aqq]

(K 7)E0 (1.60<mK7T <2.15) [rr]

)

K5(1430)%¢
K*(1680)
K*(1780)°¢

)74

K3(1430)0 o0
K35(1430)0¢
Koo
/n/ KO
K*(892)%
nKy
7' KOy
KOy
Ktn=ny

K*(1410)

K+ 7=~ nonresonant
KOrtn
Kta— ﬂov,
K1(1270)0
K1(1400)0
K3(1430)%y
K*(1680)0~
K3(1780)°
K;(2045)0

<

<

A

ANNNANA

AN NNNANNA

A

AN NN A

26 x 1076

2.1 x 106

1.9 _
76 737 )x1076

1.4 x 106
3.5 x 106
1.8 x 1075
1.8 x 1075
1.9 x 106
1.9 x 1075

2.4740.23) x 1073
86 13 )x10-6
23 x 104
54 +05 )x107°
56 +1.6 ) x107©
4.3 x 1076
11 x 103
1.6 +0.4 ) x 1079
7.4 +1.4 )x107°
2.75+0.26) x 1075
95 +0.8 ) x 100
46 +1.4 ) x107°

+0.37 -6
1.287037) x 10

2.2 x 100
4.1 x 107
1.20 x 1075
1.41 x 1074
3.0 x 1073
5.0 x 1073
5.0 +0.9 ) x 10
1.7 x 106
46 +0.9 )x10°
35 x 106
2.7 x 1070
1.53 x 1075
11 x 1073

7.8 +1.3 ) x107°

17 -

a1 T3 )x1076

3.1 x 1075

4.01+0.20) x 1075

+0.22 -5
1071022y x 10

6.6 x 1076
2.7 x 1070
46 +1.4 )x10°6
1.3 x 1074
2.6 x 1076

1.9540.22) x 1075
41 +0.4 ) x 1073

5.8 x 1075
15 x 1075
1.24+0.24) x 1072
2.0 x 103
8.3 x 1070
43 x 1073

Light unflavored meson modes

Py

1/ (980 x
rta7)
np°

B(f(980) —

AN NN A

A

9.3 +2.1 ) x 1077
a6 T29)x10-7
8.5 x 1077
5.1340.24) x 1076
1.6240.31) x 1076
13 x 106
1.8 x 106

1.0 .
15 139 ) x 1076

2.4 x 1076
1.7 x 106
1.3 x 106
15 x 1076
1.5 x 1070

CL=90%

CL=90%

CL=90%

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

CL=90%

CL=90%

CL=90%
CL=90%

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

CL=90%

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

CL=90%

CL=90%
CL=90%

CL=90%
CL=90%

CL=90%
CL=90%

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

S=1.1

CL=90%

S=1.3
CL=90%
CL=90%

S=1.5

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

CL=90%

2358

2445

2524

2459

2563
2445
2578

2579
2522

2516

2600
2557
2504
2468
2451
2471

2467
2460
2524

2485

2524
2485
2504
2485
2388
2339

2333
2238

2381
2333

2305

2564
2587

2516
2615
2450
2615
2609
2609
2486
2453
2447
2361
2341
2244

2583
2582

2541
2636
2636
2610
2582

2551

2460
2523
2492
2456

2553
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£
7 o(980)X) B(f(980) — o
LA x 1077
CL=90% _
wr 2518
o < 19 T (2455)° prr
w
7]0 : ©10-6 CL—%0% 2 T (2455) " pat ( 1.5 +£05 ) x 1074
wp < 22 ©10-6  CL=90Y% 552 /\; A:-r ( 22 +0.7 )x 104 1895
wfo(980) < 15 X 10=6 cLosor o 7c(2593)~ / 7 < 62 -5 1895
ow - is T o= 0% 2522 - / Ac(2625)7 p B x1075 CL=90% 1319
L=90Y = — — . -
pr° < 40 < 10-6 chOoA) 2487 S AP« B(E; - Ttaon) ©10-4  CL—90% °
on < 28 < 10-7 CL:"ODA 2521 AFAZ KO (9 3 )xw®
on' < 6 10-7 cfZﬁ:ﬁ 2539 (s 45 )xio-t 1147
d)po < 5 _ =0% 2511 Lepton Fami -
! x10~7 _ n Family num L
ow < 13 e e AB = 1 weak ber (LF) violating modes, or
00 < 12 X070 oo 260 vy neutral current (BI) modes
‘ CL=90% ete— B1
a0(980)* 7 F < 15 _ 6 2479 e < 62 7
o(n7T )) 7 x B(ap(980)* — - x 10 Z CL=90% 2435 ete B1 < 113 i 1277 CL=90% 2640
: %x10~6 CcL=90Y 4 - B1 CL=90% 2.
30(1450) 7T * - iy BI <o x10~7  CL=90% 2622
B(ap(1450)* + < 23 6 Wy < 15 %10-8 Cl=
ata~ 728 )>F = onm) x 1070 CL=90% - o bt < 16 x 1077 E:::%:A’ 2638
0 0 < 0t e Bi < 41 oy CLo% a6
pom 7.2 «10—4  CL—90Y 0. - B1 x 10 CL=90% )
p¥ ﬂ,i ( 1.8 405 )x 10-6 =90% 2631 vy < 12 «10~7 CL=90Y 952
rta—at e leg] ( 228 2581 mete- B1 < 22 o, S 2638
. 07T s .2840.25) x 105 2581 70 H+ B1 < 14 x 10 CL=90% 2638
< 2 _ - . _7
p0¢ ( f i x 1074 CL=90% 2621 KO o+ _H B1 < 51 g 1077 CL=90% 2638
P 1(980) x B(f(980) — 1404 x 1078 e - x1077 CL=90% 2634
rta— < 53 7 2523 0. — 1 i ( 29 +1.6
. ) x 10 CL—00% 2488 Kvw 9 18 ) x 1077 261
0(9380) f5(980) x - v B < 16 x10—4 CL °
(9 - 6 -7 BI =90% 2
al(12(6-,(())()¢87(T))¢H wtT)? x1070 CL=90% 2451 KOet e~ o <o 104 Lot 2;2
+1.6
bFrt lgg] 3. _ 0 (137 x 10~7
Frtx B(bf — wn¥) E 13 £05 )x 1075 ston KOty o 11 )x10 s616
a»(1320)F o+ .09+0.15) x 1075 K*(892)0 £+ (- (571221077
7+ 7= 7070 leg] < 3.0 - £ " 8 2612
(o E ©10~4  CL—50% K* 0 B1 il ( 95 +1.8 7
ptp™ < 31 < 10-3 CL7 o 2473 (892)%t e 51 . 8)x10 s56a
—90%
a1(1260)% 70 ( 2.42+031) x 1075 0% 2622 K*(892)° it i~ ( 1-04t8:§‘;’) %10~ ssed
wmT < 11 % 10-3 2523 I B1
0 — * _ 1.101+0:29 _
rtat e 7T0 < 12 %« 10— 6 CL=00% 2495 K (892)0VV B1 ( 070'26) x 1076 2560
21(1260)* p= < 90 . CL=90% 2580 VU < 34 104 C
)0 P < . x 10 CL=90% 2609 et luq: Bl < 538 _5 L=90% 2564
21(1260)° ° o x1075  CcL=909 0t LF | x107° CL=90% 254
B < 24 10-3 90% 2433 Troe ut i ggl < 9.2 ©10-8  CL_90% 1
T - %1073  CL=90% KO0t F < =2U% 2639
2433 e 1.4 7
ﬂ*al(l%O)tal(l%o)_ z i x1073 CL=90% 2592 K*(89g)0 ety LF < 27 X 1077 CL=90% 2637
tret e~ nx 2.8 «10~3  CL=90Y K* 0 ok LF x 10 CL=90% 2%
< 11 . 90% 2336 (892)%e H+ < 53 w10-7  CL—90Y 15
% CL=90% 2572 K*(892)° et 1, F LF < 34 107 =90% 2563
pp Baryon modes e:(: ¥ ' LF < 58 o7 CL=90% 2563
pprta™ < 11 107 ClL_o0Y uErT LF  [gg] < 11 10— EL:go% 2563
ppK° < 25 104 CL‘gof 2467 invisible LF gl < 38 05 ct:%% 2341
- i g0
@(1540)+5X ( 27 £04 )x10-° 90% 2406 vUy gl < 22 10-4 cL :g;’ 2339
1 = _
B(O(1540)F — pKO [sss] < 5 " 10-8  CL_o00 2347 < 47 ©10-5 cL— >
£,(2220) KO x B(f, (22 s) —90% - 2318 =90% 2640
_ J 20) — +
B *pp) ) < a5 <10~ Clesow% 213 B /B0 ADMIXTURE
prK 2(2892)0 . 5
* 5 - .
1(2220) K < B(f,(2220) — £0.6 ) x107° ) CP violation
_ PP < L5 «10-7  CL—90Y 216 A
pAr~ =90% - cp(B — K*(892)y) = —0.010 +
p2(1385)” (32 +04)x10° Acp(B — 57) = 0.01+0.04 0.028
Ao/l < 26 «10—7 2401 ACP(b — (s + d) _ '
AK- CL=90% s+d)y) = —0.11 £ 0.12
PAK < 93 % 10~7  CL=909 2363 Acp(b — X5Z+ [7) — 0o
pXn < 82 o, ClEo 26 _ ") =-0.22+026
P %x10~7 CL=90% The branching fracti
AN < 38 10-6 =90% 2308 the T(45). The v I'°” measurements are for an admixtu
A0 A < 32 e CL=90% 2383 alues quoted assume that B(7(4S) Je ‘;ff mesons at
A+ A - 1s N CL=90% 2392 For inclusive branching fractio B) = 100%.
=0 .= - x 10 CL=90% of multiple D's i . ns, e.g., B — DT anythi
DY pp < 11 w10-4 cL 2335 be to count th n the final state must be defined \6 ing, the treatment
-A =90% 2 e number of . . One possibili
D¢ Ap ( 1.14+0.09) x 10~4 1222 Ehle total number of B’s Aneo"tehnetrs F:mtr]bone.o,_more D's and ;Iyw\évsugj
* D a ’ . ossibili
— — T e ’, . .
D* ppr* ( 1.03+0.13)x107* 178 one D is a||oj\,‘$aiﬁet;nmt'pl'c'ty' The two definitiozsogrf -Sd' which is the
~pp S i i ical i
e ,p£ﬁ+ (1 3.38+0.32) x 104 1788 inition seems sensible, ef:)lrnalrSta.te' Event though the ”one—i?}:r(;zlrelf only
ecpﬂ+ X B(Gc — D7 p) (48 £05)x1074 17 6 ?_re almost always me’asurez auc'stilncaItr:easons inclusive branching fracti(le:;
fc_P7T X B(. — D* p) < 9 <10~ CL_00% 07 V'V’r‘]a”'es:atti particles, authors call tieirere::ﬁt'“?"cl“y definition. For heavy
A < 14 — - - or light particl s inclusive branchi -
=< x 1072 CL=90% B secti les some authors ! nching fractions
= =90% _ ections, we list ors call their results multipliciti
Acprtn < 10 x 1073 CL=90% multiplicity defini - all results as inclusive branching f ultiplcties. In the
A= ( 13 £0.4 )x10-3 o 1839 exceed mgye inition. This means that inclusive bg ractions, adopting a
' 4 ) %107 ; % and that i ; ) ranching fracti
cP 1934 just as inclusi at inclusive partial wi g fractions can
a incl . widths ca N
e P’/TO (21 t87 ) x 10—5 o usive cross sections can exceed tota ; excee.d total widths,
o 5 2021 B modes are ch I cross section.
“prta— 70 < 59 _ arge conj
7 4 jugates of
ZC* p N 7r7 T = s x 10 CL=90% 1982 the weak decay vertex and do no(t) irfge modes below. Reactions indicate
C+P7T o ata .07 % 10-3 CL=90% 1652 ude mixing.
Afpnt < 274 3
c T x 10 _
At Bt ( 112403 3 cL=o0% et
fc prt m (nonresonant) ( . .32) x 10~ 1934
6(2520 —— + 6.4 +£1.9 )x 104
fc(252030p:f (1.2 +04 ; «10—4 1934
< 38 < 10-5 1860
CL=90% 1860
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B —>.X52(1P) (direct) any- ( 165 + 031 )x1073 -
Scale factor/  p thing
B DECAY MODES Fraction (I';/T) Confidence level (MeVjc) Boﬂ n¢c(1S)anything < 9 x1073  CL=90% -
BY — X(3872)K x B(X — (12 + 04 )x1074 1141
Semileptonic and leptonic modes DODO70)
B — et veanything [tet] (1074 £ 0.16 )% - B — K X(3945) x o] (71 + 34 )x1075 1083
B — petveanything < 59 x10™%  CL=90% - B(X(3945) — wJ/v)
B — ptw,anything [ttf] ( 10.74 + 0.16 )% - .
B — (T upanything liitt] ( 10.74 + 0.16 ) % - R K or K* modes
B — D~ (tuganything il ( 28 + 09 )% - B— kK a_fyth'”g_ leg) (789 =25 )% -
B — D%¢tujanything  [ii] ( 72 + 1.4 )% - B — K™ anything (66 £5 )% -
B— Drtu, ( 86 + 27 )x1073 1911 5 B HKOKW%”yth':_g (13 &4 )f’ -
B — D* (tysanything [uuu] ( 67 + 13 )x10-3 - - K/ ainyt ing leg] (64 £4 )% -
B — D*rty, ( 162 + 033 )% _ B — K*(892)* anything (18 =+ ) % -
B — D*(*uy, livw] (27 + 07 )% - B— 0 1T raam0 leg] (146 *26 )% -
B — (38 13 )x1073 5=2.4 - K*(892)" / K*(892)" any-
D1(2420) 0+ vyany- thing
th?rfg )T veany B — K*(892)y (42 +06 )x107° 2564
B — Dn(Tyany- (26 +£05 )% S=1.5 - B — nKxy (85 18 )x106 2588
'g‘i”g; i B — Ki1(1400)~ < 127 x107%  CL=90% 2453
LT vganything N / + 06 _5
B — Drt*vyanything (15 +06 )% - B — K3(1430)y (17 g5 )x10 2047
B — D*nttyyanything (19 +04 )% - B — Kp(1770)y < 12 x1073  CL=90% 2342
B — (44 +16 )x1073 - B — K3(1780)y < 37 x1075  CL=90% 2341
D3(2460) (* vyany- B — Kj;(2045)y < 10 x1073  CL=90% 2244
thing*_ o B — Kn'(958) (83 + 11 )x1075 2528
B — DT veany- (100 + 034)% - B — K*(892)7'(958) (41 + 11 )x1076 2472
thing B— Kn < 52 x1076  CL=90% 2588
B — Dy {*ypanything li) < 7 x1073  CL=90% - B — K*(892)n (18 +05 )x10-5 2534
B — D7 (tygKtany- il < 5 x10~3  CL=90% - B— Ko¢o (23 +09 )x10-© 2306
thing B— b— 3y ( 356 + 025 )x1074 -
B — D, (*yK%ny- il < 7 x1073  CL=90% - B — b — Sgluon < 68 % CL=90% -
thing B — nanything < 44 x1074  CL=90% -
B — (¢t charm (1057 + 0.15 )% - B — 1 anything (42 +09 )x1074 -
B — X,y ( 233 + 022 )x1073 - .
B — wly ( 135 + 010 ) x10~% 2638 Light unflavored meson modes
B — K*t¢tuysanything  [ii] ( 62 + 05 )% - B— pvy (136 + 030 )“072 2583
B — K~ {tuanything  [ii] (10 +4 )x10-3 - B — /)iwv' ) (128 + 021 )x10~ -
B — KY/K%tusany-  [il] ( 45 £ 05 )% - B — = anything lggyyyl (358 +7 )% -
thing B — 70 anything (235 £11 )% -
B — 7 anything (176 +16 )% -
D, D*, or D; modes B — pY anything (21 +5 )% -
B — D* anything (235 +£13 )% - B — w anything < 81 % CL=90% -
B — DY%/DYanything (625 +29 )% 5=1.3 - B — ¢ anything ( 343 +£012)% -
B — D*(2010)Fanything (225 +15 )% - B — ¢K*(892) < 22 x10~5  CL=90% 2460
B — D*(2007)anything (260 +27 )% -
B — D¥anything lgg] ( 85 + 08 )% - B At | amvihi Baryon modes .
B — Dzianything (65 +10 )% - L /Jr Can.yt ing (45 £12 )% 5 -
B 02*5(*) (35 +06 )% _ B — Ac e anything < 23 x 107 CL=90% -
_ B — A_ panything (26 £08 )% -
B— DWDMWKO 4 [ggwww] ( 71 T 27 )9 - S0 F 3 .
DT Kt - 17 B — 16_’16 Ve < 10 x 10 CL=90% 2021
b—s ccs (2 + )% _ B— X. anyt.hmg (42 + 24 )x1073 -
B— DD® legwww] ( 40 + 0.4 )% - B — X _anything < 96 x1073  CL=90% -
B — D*D*(2010)* lgg] < 5.9 x10-3  CL=90% 1711 B — Flanything (46 +24 )x1073 -
B — DD*(2010)* + leg]l < 55 x1073  CL=90% - B— TUN(N=porn) < 15 x1073  CL=90% 1938
D*D* B — ZY%anything ( 193 + 030 )x1074 S=1.1 -
B — DD* lgg] < 31 %1073  CL=90% 1866 « B(ZV = =)
(OEIO) +5 _ o7
B— DSOEDOIX (nrggman (9 T F )% B — =} anything (a5 T 13 yx10t -
B — D*(2010)~ < 11 x1073  CL=90% 2257 B(=t — = ptat
B— Drax=, DItz lggl < 4 x 104 CL=90% - * (ic o= T )
el ’*+S_ ’+ 0 B — p/panything [gg] ( 8.0 + 04 )% -
Dgp=, DT p~, Dgm, B — p/p(direct) anything [gg] ( 55 + 05 )% -
Dit %, Dfn, DIy, B — A/Aanything leg]l ( 40 =05 )% -
DF°, DI p°, Df w, B — =~ /ZTanything lgg] ( 27 + 06 )x103 -
D*t w B — baryons anything (68 +06 )% -
s . B — ppanything (247 +£023)% -
+ -3 _o0Y _ ny
B — Ds1(2536)" anything < 95 % 10 CL=90% B — Ap/Apanything leg] ( 25 +04 )% ; _
Charmonium modes B — AAanything < 5 x 1073 CL=90% -
B J/4(1S)anythin 1.094+ 0.032) % S=1.1 -
. /1/)(“‘ )any ning ( )% _3 B Lepton Family number (LF) violating modes or
B — J/9(1S)(direct) (78 £ 04 )x10 S=1.1 -
anything AB = 1 weak neutral current (B1) modes
B — (2S)anything ( 3.07 + 021 )x1073 - B — seie: BI (47 +£13 )XIO_Z -
B — xc1(1P)anything ( 386 + 027 )x 1073 - B— suTu B1 (43 £12 )x10” -
: - +o- Bl [i] ( 45 £ 1.0 )x10°6 -
B — xc1(1P)(direct) any- ( 316 + 025 )x 103 - B— st
thing B — mitem < 91 x1078  CL=90% 2638
B — Xc2(1P)anything (13 + 04 )x1073 S=1.9 - B — Kete™ B1 ( 38 * 8? ) x 10~7 2617

B — K*(892)ete~ 81 ( 113 + 027 )x 1076 2564
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B Kutu~ B1 (a2 *09 )10 2612 D3(2460)° ¢+ vy anything < 14 X 1073 CL=90%
B 026 e x B(D3(2460)0 —
B — K*(892)utpu BI ( 103 F 838 )x10 2560 p* =¥
B — K(Ti(~ BI1 (39 +07 )x1077 S=1.2 2617 " — ot ’ + 15 3
B — K*(892)¢t¢~  BI1 ( 94 + 18 )x10-7 S=1.1 2564 D3(2460) f Wa'lythmg (422 15)x10
B — setuT LF  [gg] < 22 %1075 CL=90% - XOB(D2(2460) -
B — mer,T LF < 92 x1078  CL=90% 2637 _D 7773 .
B — pet,F LF < 32 «10-6  ClL—90% 2582 D3(2460)° (% ypanything ( 16 + 08)x1073
B — KefuT LF < 38 x10~8  CL=90% 2616 x B(D3(2460)° —
B — K*(892)etu¥ LF < 51 x10=7  CL=90% 2563 D™ 7T)
charmless (7, i) ( 1.7 £ 05 )x1073
7T v, anything ( 241+ 0.23)%
B*/B%/BY/b-baryon ADMIXTURE D*~ ru,anything (9 +a )x1073
T — (~ Dyanything [iii] ( 8.02% 0.19) %
These measurements are for an admixture of bottom particles at high ¢ — {tvanything (16 *F gjg )%

energy (LEP, Tevatron, SppS).

Mean life 7 = (1.568 4 0.009) x 10712 s

Charmed meson and baryon modes

. 7O :
Mean life 7 = (1.72 4 0.10) x 107125 Charged b-hadron D" anything (596 £29)%
admixture ( ) . D% DE anything legl (91 7F 33)%
Mean life 7 = (1.58 + 0.14) x 107" s  Neutral b-hadron ad- + .
. DT DE anythin 40 123y
mixture 5 anything lggl ( T 1g)%
T charged b—hadron / Tneutral b—hadron = 1.09 & 0.13 DO DO anything lee] ( 517 %g )%
A == —0.001 £ 0.014 .
| Tb‘/Tb,b 0.001 £ 0.0 DO D anything leg] ( 27T 18)y
The branching fraction measurements are for an admixture of B mesons D+ D¥ anything gl < 9 %« 1073 CL=90%
and baryons at energies above the 7°(4S). Only the highest energy results D~ anvthin 231 + 1.7)%
(LEP, Tevatron, SppS) are used in the branching fraction averages. In " Y +g B (2. ’ )o"
the following, we assume that the production fractions are the same at D*(2010) a”ythmg (173 £20)%
the LEP and at the Tevatron. D;(2420)? anything ( 50 +15)%
For inclusive branching fractions, e.g.,, B — DT anything, the values D*(2010)F Dfanything lee] ( 337 %g )%
usually are multiplicities, not branching fractions. They can be greater 0 % n ) 411
than one. D® D*(2010)= anything lgg]l ( 30 T §g)%
The modes below are listed for a b initial state. b modes are their charge D* (2010)1 D¥ anything lgg] ( 25 J_r %% ) %
jugates. Reacti indicate th kd T d d t includ . ’
fﬁi’:(]i:jé_a es. Reactions indicate the weak decay vertex and do not include D*(2010)i D*(2010)F anything [gg] ( 12 + 04 )%
n) H 11
_ Scale factor/  p D Danything (10t )%
b DECAY MODES Fraction (I';/T) Confidence level (MeV/c) D’2‘(2460)°anything (47 +£27)%
D anythin 15.0 + 2.1 )9
PRODUCTION FRACTIONS s anything ( )%
D7 anything (101 +£31)%
The production fractions for weakly decaying b-hadrons at high energy /\?anything (97 +29)%

have been calculated from the best values of mean lives, mixing parame-
ters, and branching fractions in this edition by the Heavy Flavor Averaging
Group (HFAG) as described in the note “BO-B0 Mixing” in the BO Parti-
cle Listings. The production fractions in b-hadronic Z decay are also listed
at the end of the section. Values assume

T/ c anything yyyl (1162 + 3.2)%

Charmonium modes
J/¥(1S)anything ( 116+ 0.10) %
_ _ 1(2S) anything (48 + 24 )x103
B(b— 8%)=8(b— B%) ve1 (1P)anythi g
B(b — B%)+B(b— BY) +B(b — BY) + B(b — b-baryon) = 100 %. Xe1(1P)anything (13 £04)%
K or K* modes

The notation for production fractions varies in the literature (fd, d 4
( 31+ 1.1)x10"

o —o . . B 59
f(b — B"), Br(b — B")). We use our own branching fraction notation

2 Svv < 64 x 1074 CL=90%
here, B(b BY). Kianything (74 £6 )%
BO+ (399 +11)% - K% anything (290 + 29)%
B0 (1399 &+ 1.1 ):ﬁ - Pion modes
BY (110 £ 12)% - 7% anything (397 +21 )%
b-baryon (92 +19)% - #%anything lyyyl (278 +60 )%
B¢ — - éanything ( 282+ 0.23)%

DECAY MODES Baryon modes

p/Panything (131 + 1.1 )%

Semileptonic and leptonic modes

vanything (231 +15)% - ) Other modes
0T vyanything [ii] ( 10.69% 0.22) % - charged anything byl (497 +7 )%
eT vganything (10.86% 0.35) % - hadron™ hadron™ (17t 19)x10-0
ut vy, anything (1095F 323) % - charmless (7 21 )x1073
o - _ _
D Dﬂf yia[rjzthmg ” [iil]  ( 2.: i (1).: )%1073 S=1.8 B ~ Baryon modes
m b7 veanything 4. 9)x A/ Aanything ( 5.9 £ 0.6)%

26 £ 1.6 ) x 1073 -
6.84+ 0.35) % -
1.074 0.27) % -
23 + 1.6 ) x 1073 -

D~ n~ (T yyanything

DO ¢+ vyanything [iid]
D7~ ¢+ ypanything
D7t ¢+ ypanything

b-baryon anything (102 £ 28)%

AB = 1 weak neutral current (B1) modes
ut ™ anything BI < 32 x 1074 CL=90%

D*~ ¢+ yyanything [iii]
D*~ 7~ (T ypanything
D*~ 7t ¢+ yyanything

275+ 0.19) % -
6 +7 )x1074 -
48 + 1.0 )x10~3 -

5?@* veanything x (it zzz] 26 £ 09 )x1073 -
B(D) — D*Tr)
Dj’ﬁ vganything x liizzz] ( 7.0 £ 2.3 )x 1073 -

B(D; — D7)
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I(JP) _ %(1—) These branching fractions all scale with B(b — Bg), theiLEP Bg pro-
duction fraction. The first four were evaluated using B(b — Bg) =

(10.7 £ 1.2)% and the rest assume B(b — BY) = 12%.

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

predictions. The branching fraction B(Bg — Dy £+ ypanything) is not a pure mea-
Mass mg, = 5325.1 £ 0.5 MeV surement since the measured product branching fraction B(b — Bg) x
Mg, — mg = 45.78 £ 0.35 MeV B(Bg — D, €T vanything) was used to determine B(b — Bg), as

described in the note on “BO-BO Mixing”

* i .
B* DECAY MODES Fraction (;/T) p (Mevjc) For inclusive branching fractions, e.g., B — Dianything, the values

By dominant 45 usually are multiplicities, not branching fractions. They can be greater
than one.

0 Py_ 1.1+ Scale factor/ p
31(5721) (") = §(1 ) . i BY DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
I, J, P need confirmation. s

D anything (93 £25 )% -
0 — s
51(572137 MAELSM; 551202771:/@\3 Mev D ¢* vanything [aaaa] (7.9 + 2.4)% -
BY Bt = ’ Dy wt (32 +09)x1073  s=13 2320
o Dy mtata™ (84 =+ 33)x1073 2301
B;(5721)" DECAY MODES Fraction (I;/T) p (MeVfc) Ds(*)+ DS(*), (49 + %:g) % s 12 -
B*t n— dominant - D;L Dy (11 +£04)% 1823
Dt Dy <121 % CL=90% 1742
B;(5747)0 /(JP) _ %(2+) D?r sz < 257 % CL=90% 1655
I, J, P need confirmation. J/P(1S)é (93 £ 33)x107% 1587
. 0 J/9(18) 70 < 12 x1073 CL=90% 1786
32(5747) MASS = 5746.9 + 2.9 MeV J/”/}(ls)”l < 38 x10=3  CL=90% 1733
Mpgso — Mgy = 26.2.+ 3.2 MeV »(2S) ¢ (48 =+ 22)x107% 1119
ata~ < 17 x10~6  CL=90% 2680
0.0 _
B3(5747)0 DECAY MODES Fraction (I;/T) p (MeVc) L < 21 x107% CL=90% 2680
n70 < 10 x10~3 CL=90% 2653
Bt m~ dominant 428 nn < 15 x10~3 CL=90% 2627
B*tn dominant - P00 < 320 x1074 CL=90% 2569
¢ p° < 617 x10~4 CL=90% 2526
1oY0) (14 + 08)x107° 2482
+ K- - _
BOTTOM, STRANGE MESONS K <se xS o e
KT K~ (33 + 09)x107° 2637
(B = *1, S= :F]-) K*(892)0 p0 < 767 x10~4 CL=90% 2550
o W* 0y 0 -3 _
B(s] — sb, Bg —5b,  similarly for BZ's K (*892) g( (892) < 1.681 x 10 CL=90% 2531
HK*(892) < 1.013 x1073 CL=90% 2507
pp < 59 x107% CL=90% 2514
i 5 CL_900
0 Py Ty BI < 53 x1075 CL=90% 2683
B 1(J7) = 0(07) oy < 12 x10~4 CL=90% 2586
. . Lepton Family number (LF) violating modes or

I, J, P need confirmation. Quantum numbers shown are quark-model AB = 1 weak neutral current (BI) modes
predictions. whp BI < 47 x10~8 CL=90% 2681
Mass mpy = 5366.3 £ 0.6 MeV ete” BI < 54 x1075 CL=90% 2683
Mean life 7 = (1.470 7 3:928) x 10712 s ety LF  [gg]l < 6.1 %1076 CL=90% 2682
cr = 441 um : #(1020) pt = BI < 32 x1076 CL=90% 2582
%% BI1 < 5.4 x1073 CL=90% 2586

BY-BY mixing parameters

Ampg = - = (17.77 £ 0.12) x 1012 p 571
mB? mB?H mB(s)L (17.77 £0.12) x 10*“ R s o I(J'D):O(l*)
= (117.0 + 0.8) x 10710 MeVv s
Xs = Ampgo /T go =261+ 0.5
Ys = 0.49927 -+ 0.00003 I, J, P need confirmation. Quantum numbers shown are quark-model
o . predictions.
CP violation parameters in B Mass m = 5412.8 + 1.3 MeV (S = 1.2)
Re(ego) / (1 + Jego?) = (=075 & 2.52) x 1073 mp; — mp, =465 £ 1.2 MeV (S = 1.1)
s s s
CP Violation phase 3, in the BY System = 0.35+0:20
B; DECAY MODES Fraction (I';/T) p (MeVc)
Bsy dominant -
B (5830)° 14P) = 3ah)
I, J, P need confirmation.

Mass m = 5829.4 £+ 0.7 MeV
Mgo — Mpgiy = 504.41 £ 0.25 MeV
s1

Bs:|_(5830)(l DECAY MODES Fraction (I;/T) p (MeVfc)

B*t K~ dominant -
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Radiative decays

* 0 Py _ 1o+
B, (5840) U7 =3@7 24 11104 1490
I, J, P need confirmation. vy (24 Zgg)x 4
Mass m = 5839.7 + 0.6 MeV Charge conjugation (C), Parity (P).
Mgy ~ Mg = 10.5 & 0.6 MeV Lepton family number (LF) violating modes
ata~ P,CP < 87 x 1074 90% 1484
00 —4 o,
B*(5840)0 DECAY MODES Fraction (/T Mev/c T P.CP < 56 x 10 90% 1484
52(5840) fon (T3/1) p (M) KT K= PCP < 76 x 104 90% 1406
BTK~ dominant 252 K%KY PCP < 42 x10~4 90% 1405
BOTTOM, CHARMED MESONS J/$(1S) 6P =017 )
(B=C==1) Mass m = 3096.916 + 0.011 MeV
BY = cb, B = Tb, similarly for BX's Full width ' = 93.2. & 2.1 keV
lee = 5.55 + 0.14 £ 0.02 keV
Scale factor/ P
Bi I(JP) —0(07) J/¢(1S) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
z =
I, J, P need confirmation, hadrons (87.7 £05 )% -
Quantum numbers shown are quark-model predicitions. virtualy — hadrons (13.50+0.30) %
_ ete~ ( 5.94+0.06) % 1548
Mass m= 6.276 + 0.004 GeV > s ( 5.9340.06) % 1545
Mean life 7 = (0.46 £ 0.07) x 10~ “ s
B _ Decays involving hadronic resonances
Bc modes are charge conjugates of the modes below. om ( 1.69+0.15) % S5—24 1448
p 070 (5.6 +£0.7 ) x 103 1448
B‘c*’ DECAY MODES x B(b — B() Fraction (T';/T) Confidence level (MeV/c) a»(1320) p (1.09+£0.22) % 1123
watrta=a~ (85 +£3.4 )x1073 1392
— 0 _
The following quantities are not pure branching ratios; rather the fraction wrtrx (40 +07)x1073 1418
/T x B(b — Be). wrta™ (86 +£0.7 )x1073 S=1.1 1435
) 5(1270) (43 406 )x1073 1142
o + ; +24 5 _ A
J/1(18) £+ vpanything (5272%4) x 10~ K*(892)° K3(1430)% + c.c. (6.0 +06 ) x 1073 1012
J/p(1S) 7 <82  x107° 90% 2371 K*(892)° K5(1770)° + c.c. — (69 £0.9 )x10~4 -
J/p(AS)ntat < 5.7 x 1074 90% 2351 K*(892)0 K~ =t + c.c.
J/(15) 21(1260) <12 x 1073 90% 2170 wK*(892)K + c.c. (61 £09 ) x 103 1097
D*(2010)* <62 x 1073 90% 2467 KTK*(892)" + c.c. ( 5.1240.30) x 103 1373
KtK*(892)~+ c.c. — ( 1.9740.20) x 1073 -
— ;LJr K77r0
cc MESONS Kt K*(892)~+ c.c. — (3.0 £0.4 ) x1073 -
.
o i
KOK*(892)% + c.c. (4.39£0.31) x 1073 1373
_ 07 0 -3 —
1S 1GJPCy — ot~ + KYK*(892)° + c.c. — (3.2 404 )x10
ne(15) (PO =0t =) ps 3
Mass m = 2980.3 + 1.2 MeV (S = 1.7) K (1400)° KT (138 +14)x107 1170
Full width T = 26.7 + 3.0 MeV (S = 2.0) KT (892K T n + cc. seen 1243
w7 (34 +08)x1073 1436
P £ F -3
n¢(1S) DECAY MODES Fraction (I;/T) Confidence level (MeV/c) b1(1i2350) T lgg] (130 £05)x10 1300
wK*KeaT lgg] (3.4 +£05 )x1073 1210
Decays involving hadronic resonances by (1235)0 70 (23 +06 ) x 1073 1300
' (958) 77 (41 £1.7)% 1321 nKE KT lge]l (22 +0.4 )x10-3 1278
pp (20 £07)% 1272 dK*(892)K + c.c. ( 2.18+0.23) x 1073 969
K*(892)° K~ nt + c.c. (2.0 £0.7)% 1275 wKK (16 £05 ) x10~4 1268
K*(892)K*(892) (9.2 +3.4 )x1073 1194 whh(1710) = wKK (48 +1.1 )x1074 878
KOKO gt 7= (15 +0.8 )% 1071 ¢2(xt ) (1.6640.23) x 10~3 1318
SKTK™ (29 +1.4)x1073 1102 A(1232) T pr— (16 £05 ) x1073 1030
o (2.7 +£0.9)x1073 1087 wn ( 1.74+0.20) x 10~3 S=1.6 1394
¢2(nt ) < a7 x 1073 90% 1249 6KK _ (1.83+0.24) x 1073 S=15 1179
a0(980) 7 < 2 % 90% 1324 ¢f(1710) - ¢KK (36 +0.6 )x 104 875
a>(1320) ™ < 2 % 90% 1194 A(1232)FF A(1232) 7~ (1.10£0.29) x 1073 938
K*(892) K+ c.c < 1.28 % 90% 1308 X (1385)~ £(1385)T (or c.c.)  [gg] ( 1.03+0.13) x 10~3 697
(1270)n < 11 % 90% 1143 (/)f’2(1525) (8 +4 )x1074 s=2.7 871
ww < 31 x 1073 90% 1268 ot (9.4 £09 )x10~4 S=1.2 1365
wo < 17 x 1073 0% 1183 ¢r0 70 (56 +1.6 ) x10~4 1366
£(1270) £,(1270) (10 T04 0 m PKEKYT leg] (72 +0.8)x107* 1114
. —a
£(1270) £4(1525) (8 =4 )x10-3 508 wf,(1420) (6.8 £24)x10 1062
on (75 +08 )x1074 S=1.5 1320
_ Decays into stable hadrons =(1530)" = (5.9 +15)x1074 600
KKm (7.0 12 )% 1379 pK~Z(1385)° (51 %32 )x1074 646
nmw (49 £18)% 1427 wm (45 +05 ) x1074 S=1.4 1446
atrT KTK™ (15 £0.6 )% 1343 #n'(958) (40 £07 ) x 1074 S=2.1 1192
KT K=2(xt77) (10 44 )x1073 1252 #15(980) (32 £09 ) x10~4 S=1.9 1182
2(KTK™) (15 £07)x1073 1053 $£(980) — (1.8 +£0.4 ) x 1074
2(ntaT) (1.20+0.30) % 1457 @fo(gso) : (17 +07 )x1074 -
3(nt7r7) (20 £07 )% 1405 =(1530)0=0 (32 +1.4 )x1074 608
PP (1.3 +£0.4 ) x1073 1158 X (1385)~ =t (or c.c.) leg] (3.1 +05)x1074 855
AN (1.042031) x 1073 988 ¢1(1285) (26 05 )x1074 S=1.1 1032
KKn < 31 % 90% 1263 nrta~ (40 +£1.7 )x1074 1487
nta~pp < 12 % 90% 1024
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pn (1.9340.23) x 1074
wn'(958) (1.82+0.21) x 10~4
wfp(980) (1.4 +05 ) x1074

7'(958) ( 1.0540.18) x 10—4
a,(1320)* leg] < 4.3 x 103
K'K3(1430) + c.c. < 40 x 103
Ky (1270)* KT < 30 x 1073
K3(1430)0K3(1430)° < 29 %1073
K*(892)0K*(892)0 (23 £07 ) x1074
¢ (1270) (72 £1.3 ) x1074
¢n(1405) — onmm < 25 x10~4
wf}(1525) < 22 x 1074
5 (1385)04 <2 x 1074
A(1232)"p <1 x 1074
O(1540) ©(1540) — < 11 x 105

KipK~T+cc.
6(1540)K*ﬁﬂ K%pK*ﬁ < 21 x 1075
0(1540)KLp — KIpK*n < 16 x 1073
B(1540) K+ n— KipK*tn < 56 x 1075
B(1540)K%p — K pK n < 11 x 1075
$OA <9 x 1075
om0 < 64 x10~6
Decays into stable hadrons
2xt =)l (41 £05)%
3(rta)al (29 06 )%
ata— 70 ( 2.0740.13) %
ata 0K+ K- ( 1.79+0.29) %
4(rt 7 )m0 (9.0 £3.0 )x1073
ata~ Kt K™ (66 +£05)x10"3
st KtK™p (1.84:0.28) x 1073
71'0 O KK ( 2.4540.31) x 103

KKr

pprt o~ 70

PPN

pPp

ppw
pp7'(958)
pp¢

nm
nantw
X050
2t rT)KT K~
pnm—

n N(1440)
nN(1520)
nN(1535)

AA

AZ =7t (or c.c))
pK—A
2(KtK™)
pK— X0

KT K~

KS KD

AAn

AATD
Ank%+ cc.
ata~
AT+ cc.
K%K

nc(1S)
yrt a2
ynmw

12(1870) — ynat
vn(1405/1475) — vKKm [p]

(32 1.0 )x1074
(61 +£1.0)x103
(3.5540.23) x 1073
(43 04 )x1073
(1.62:£0.21) %
( 2.2940.24) x 1073
(72 £15)x1074
( 2.1740.07) x 1073
( 1.0940.09) x 10—3
(6.0 £05)x1073
(23 409 )x1073
( 2.0940.18) x 10~3
< 31 x 1074
( 1.1040.15) x 10—3
(9 +4 )x1074
(45 +1.5)x107°
(22 404 )x1073
(4 +4 )x1073
(1.2940.09) x 1073
(47 +£07 )x1073
( 2.1240.09) x 1073
seen

[bbbb)

seen

seen
(1.8 £0.4 )x 1073
(1.61+0.15) x 1073
lgg] (83 +07 )x1074
(89 +1.6 )x1074
(76 £09 )x1074
(29 +08 ) x1074
( 2.3740.31) x 1074
( 1.46+0.26) x 10~4
(26 £07 )x1074
< 6.4 x 107
(65 +1.1 )x1074
(1.4740.23) x 1074
< 15 x 1074
<1 x 1070

Radiative decays

(1.3 £0.4 )%
(83 £3.1)x1073
(61 +1.0 ) x1073
(62 £24)x1074
(28 +£06 )x1073

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

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

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

S=1.7
5=2.2

S=1.3
S=1.9

CL=90%
S=1.3
S=1.7

S=1.8
$=2.0
S=1.2

CL=90%
CL=95%

1396
1279
1271
1281
1263
1159
1231

604
1266
1036

946
1003

912
1100

1231
1106
988
1320
1174
978
924
914
818
1074
950
876
1131
819
1468
1466
672
998
872
1542
1034
1466

114
1518
1487

1223

yn(1405/1475) — ~~p° (78 +£20 ) x1075 5=18
vn(1405/1475) — ynmt (3.0 05 ) x1074
vn(1405/1475) — vy ¢ < 82 x1075  CL=95%
Ypp (45 +08 )x1073
Ypw < 5.4 x1074  CL=90%
) < 88 x107%  CL=90%
~y1'(958) ( 4.7140.27) x 1073 s=1.1
~y2nton— (28 +£05 ) x10~3 S=1.9

v£(1270) f(1270) (95 +1.7 )x 1074

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

nant)

yKtK=ntr (21 406 )x 1073
7 14(2050) (27 407 )x1073
Tww ( 1.61+0.33) x 1073
yn(1405/1475) — ~p° 00 (1.7 +0.4 )x10-3 5=13
v £(1270) ( 1.43+0.11) x 103
yf(1710) — vKK (85 T2 )x104 s=1.2
v1(1710) —» 7w (40 £1.0 )x1074
Yh(1710) —» yww (31 +1.0 )x1074
TN (9.8 £1.0 ) x 1074 S=1.7
vf(1420) - yKKm (79 £1.3 )x1074
~1(1285) (61 +08)x1074
vf(1510) — yn7mtnm (45 1.2 )x1074
~ £4(1525) (45 T37 )x104
v (1640) — yww (28 +1.8 )x1074
v5(1910) —» qyww (20 +1.4 )x1074
~v£(1950) — (7.0 +2.2 )x1074

v K*(892) K*(892)
v K*(892) K*(892) (40 £1.3 )x1073
oo (40 £1.2 )x1074 S=2.1
Ypp (38 +£1.0 )x1074
v1(2225) (2.9 +0.6 )x10~4
yn(1760) — ~p°p° (1.3 £0.9 ) x 1074
vn(1760) —» yww (1.9840.33) x 1073
~vX(1835) (22 +06 )x1074
Y(KKT) [JPC =0"71] (7 +4 )x107* S=2.1
0 (33 138 )x10-5
ypprtw < 79 x10~4  CcL=90%
YAA < 13 x1074  CL=90%
3y < 55 x107%  CL=90%
~1,(2220) > 250 x 1073 CL=99.9%
v1;(2220) — y7w (8 +4 )x107°
vf(2220) - YKK (81 £3.0)x1075
~v1;(2220) — vpp (15 408 )x107°
~1o(1500) >( 5.7 £0.8 ) x 1074
yete~ (88 +£1.4 )x 1073

Weak decays
D= et ve+ cc. < 12 x1075  CL=90%
Dlete + cc. < 11 x1075  CL=90%
D et v+ cc. < 36 x1075  CL=90%
Charge conjugation (C), Parity (P),
Lepton Family number (LF) violating modes

vy c < 22 x1075  CL=90%
et uF LF < 11 x1076  CL=90%
et LF < 83 x1076  CL=90%
pErF LF < 20 %1076 CL=90%

1223

1340
1338
1258
1400
1517

879

1407

891
1336
1223
1286

1075

1500
1220
1283

1173

1266
1166
1232

752
1048

1006
1442

1546

1107
1074
1548

745

1183
1548

984
987
923

1548
1547
1039
1035
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Xco(1P) 16(UPC) =0t *+)

Mass m = 3414.75 + 0.31 MeV
Full width I = 10.2 & 0.7 MeV

Xco(1P) DECAY MODES

Scale factor/ p

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

Hadronic decays

2(nt7T) (2.2340.20) % 1679
f5(980) 15 (980) (6.9 +2.2 )x 1074 1398
atr” KT K= (1.79+0.16) % 1580
f5(980) £,(980) (7 T3l )y x10t 1398
f5(980) f5(2200) ©3 F21)x10-4 595
fo(1370) fy(1370) <28 x107%  CL=90% 1019
fo(1370) fy(1500) <18 x 1074 CL=90% 920
f,(1370) f5(1710) (0 F37 ) x 1074 718
fo(1500) fy(1370) <14 x107%  CL=90% 920
fo(1500) f5(1500) <5 x 1075 CL=90% 805
fo(1500) fy(1710) <7 x 1075  CL=90% 553
POrtr— (8.7 +2.8 ) x 1073 1607
3(rta7) (1.2040.18) % 1633
Kt K*(892)%7~ + c.c.

K1(1270)T K~ + c.c. —

(7.2 £1.6 ) x 1073 1523
(6.5 £2.0 ) x 1073 -

Scale factor/ P
Xc1(1P) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Hadronic decays

3(rt ) (58 +£1.4 ) x1073 S=1.2 1683
2(nt77) (76 £2.6 ) x 1073 1728
Tt KTK™ (45 £1.0 ) x 103 1632
atr Ty (52 £0.6 ) x1073 1701
nta (25 +£05 ) x 1073 -
POrta— (39 +35 ) x1073 1657
KtK™n (35 +1.1 )x1074 1566
KOK*+ 7~ + cc. (7.7 0.7 ) x 1073 1661
KtK—70 (2.0140.28) x 10~3 1662
nata~ (58 +£1.1 ) x 1073 1701

a0(980) 7=+ c.c. — prta~ (20 £0.7 )x1073 -

£ (1270)7 (3.0 £0.9 )x1073 1468
Kt K*(892)°7~ + c.c. (32 +21)x1073 1577
K*(892)° K*(892)° (1.6 +0.4 )x1073 1512

K*(892)0K? + c.c. (11 04 )x 103 1602

K*(892)T K~ + c.c. (16 £0.7 ) x 1073 1602

K*%(1430)°K%+ c.c. — <9 x10~4  CL=90% -

K K+m~ +cc
K%(1430)T K~ + c.c. — < 24 x1073  CL=90% -
K K+m~ +cc
KK (76 £32 ) x 1074 1630
K¥ K= K2 KY <5 x107%  CL=90% 1390
KTK-KTK™ (58 +1.2 )x1074 1393
KTK= ¢ (45 +£1.7 )x1074 1440
pp (6.6 £05 )x107° 1484
ppnr (12 05 ) x 1074 1438
PPN < 16 x10™4  CL=90% 1254
Tt~ pp (50 £1.9 )x1074 1381
K K%pp < 45 x1074  CL=90% 968
AN (24 +£1.0 )x1074 1355
Mata™ < 15 x1073  CL=90% 1223
K*TpA (34 +1.0 )x1074 1203
=—=t < 34 x1074  CL=90% 1155
atr” + KTK™ < 21 x 1073 -
K%K <7 x1075  CL=90% 1683
Radiative decays

~vJ/(1S) (36.0 £1.9 )% 389

hc(1P) 16(PCYy =271+ )

Mass m = 3525.93 £+ 0.27 MeV (S = 1.5)
Full width ' < 1 MeV

hc(1P) DECAY MODES Fraction (I;/T) p (MeVc)
J/p(1S) T not seen 313
NeY seen 503

Xc2(1P) 16UFC) =0t t )

Mass m = 3556.20 + 0.09 MeV
Full width ' = 2.03 &+ 0.12 MeV

p
Confidence level (MeV/c)

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

Hadronic decays

atrT KTK™
K1(1400)T K~ + c.c. — <28 x 1073 CL=90% -
Tt KT K~
K*(892)0K*(892)0 (1.8 £06 ) x 1073 1456
K3(1430)° K35(1430)° — (1.02+0:38) x 1073 -
atr KT K=
K3(1430)° K3(1430)° + c.c. — ®3 31 )x1074 -
rta Kt K—
s (7.3 +£0.6 ) x 1073 1702
nn (24 £0.4 )x 1073 1617
nrtw <11 x1073  CL=90% 1651
nn' <5 x1074  CcL=90% 1521
n'n (1.7 +£0.4 ) x 1073 1414
ww (23 £0.7 ) x 1073 1517
KT K~ (5.7 +£0.6 ) x 1073 1634
K%K (2.82+0.28) x 10~3 1633
atr Ty <21 x 1074 1651
atr =y <4 x 1074 1560
KOK+ta~+cc <98 x 1075 1610
Kt K=z <6 x 1075 1611
KTK™n <24 x 1074 1512
K+ K~ K% kS (1.5 +£05 ) x 1073 1331
KTK=KTK~ (2.8140.30) x 1073 1333
KtTK=¢ (1.0140.26) x 10~3 1381
K KSntm (5.9 £1.1 ) x 1073 1579
X (9.3 £2.0 )x 1074 1370
pp (2.15+0.19) x 10~4 1426
pp7° (5.8 +12 ) x 1074 1379
PPN (38 +1.1 )x 1074 1187
atn~pp (21 £0.7 )x 1073 S=1.4 1320
K%K%pp <88 x10=4  CL=90% 884
pAT— (1.1740.32) x 1073 1376
AA (44 +1.5 )x 1074 1292
Azt o= < 4.0 x1073  CL=90% 1153
KTPA+ c.c. (1.05+0.20) x 103 1132
=-=+ <1.03 x1073  CL=90% 1081
Radiative decays
~vJ/¥(1S) (1.28+0.11) % 303
vy (2.3540.23) x 10—4 1707
Xc1(1P) 10(PC) =0ttt

Mass m = 3510.66 &+ 0.07 MeV (S =1.5)
Full width ' = 0.89 £+ 0.05 MeV

2(rt77) ( 1.14£0.12) % 1751
ata= KTK™ (9.4 +1.1)x1073 1656
3(rta7) (86 £1.8)x1073 1707
KTK*(892)° 7~ + c.c. (23 +13)x1073 1602
K*(892)0K*(892)° (26 £05)x1073 1538
1oY0) ( 1.5440.30) x 10~3 1457
ww (20 £0.7 )x 1073 1597
T ( 2.17+40.25) x 103 1773
POrta— (41 +1.8)x1073 1681
ata=ny (55 +1.5 )x 1074 1724
ata (57 21 )x1074 1636
nn <5 x 1074 90% 1692
KT K~ (79 +1.4 )x1074 1708
K%K (65 +£08)x10~4 1707
KIKk+7n~ + cc. ( 1.4040.21) x 1073 1685
KT K= #0 (35 409 )x10~4 1686
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KtK—n < 4 x 1074 90% 1592 = (1.8 £0.6 ) x 1074 $=2.8 1284
nrta— < 17 x 103 90% 1724 z0=0 (2.8 £0.9 ) x 1074 1291
nn' < 26 x10~4 90% 1600 2(1530)°=(1530)° < 81 %1075 CL=90% 1025
'y < 35 x 1074 0% 1498 n-0t < 73 x1075  CL=90% 774
K3 KS (25 +0.6 ) x10-3 1655 pp (1.33+0.17) x 10~4 1543
K+ K= K% KS < 4 x10~4 90% 1418 npp (6.0 £1.2 ) x 1075 1373
KTK-KTK~ (1.8440.24) x 10~3 1421 wpp (6.9 +21)x1073 1247
KtK=¢ ( 1.63+0.34) x 103 1468 épp < 24 x1075  CL=90% 1109
K%K%pp < 79 x10—4 90% 1007 7t pp (6.0 £04 ) x107% 1491
pp (67 £05 ) x10-5 1510 paT™ or c.c. (2.48+0.17) x 104 -
ppr0 (49 £1.0 ) x10~4 1465 pnm— (32 £07 )x107% 1492
pBn (21 08 ) x 104 1285 2t a—a0) (47 £15)x 1073 1776
7t pp (1.3240.34) x 103 1410 nat < 16 x107%  CL=90% 1791
pTin— (12 +0.4 ) x10-3 1463 nat 70 (95 +1.7 ) x 1074 1778
A (27 £13 ) x10~4 1385 2t )y (12 £06 ) x 1073 1758
VE e < 35 x 103 90% 1255 Wata (45 £21)x107
K*+BA + cc. (9.6 £19 ) x10~4 1236 wr*iw (73 £1.2)x107%  s=21 1748
===+ < 37 « 10—4 00% 1189 b nF (40 £06 ) x 1074 S=11 1635
J/u(lS)vr*vr 0 < 15 % 90% 185 by 0 (24 £06 ) x1074 -
. wh(1270 (22 +04 )x1074 1515
Radiative decays +7r‘(K+ K)‘ (75 £09 ) x10~4 S—19 1726
~vJ/¥(1S) (20.0 £1.0 )% 430 P KK (22 +0.4 ) x 10— 1616
7Y (243+0.18) x 107 1778 K*(892)0 K5(1430)° (1.9 £05 ) x 10~% 1418
KTK-nta g . (1.3 £0.7 )x 1073 1574
G/ PCY _ ntrn—+ KTK=2(rta ) ( 1.00+0.31) x 10~3 1611
1c(25) U =0T KTK=2(rtn™) (1.8 £0.9 )x1073 1654
Quantum numbers are quark model predictions. Ki(1270)* KF (1.00+0.28) x 1073 1581
KKt 7 (22 +04 )x 1074 1724
Mass m = 3637 = 4 MeV (S =1.7) O pp (5.0 £22 ) x10°5 1251
Full width T' = 14 £ 7 MeV K+ K*(892)%7~ + c.c. (67 £25 ) x 1074 1674
p 2zt 77) (24 +£06 )x1074 S=2.2 1817
1¢(25) DECAY MODES Fraction (I;/T) Confidence level (MeV/c) [)0 ot (22 +06 )x1074 S—1.4 1750
hadrons not seen _ Kt K= ata= 70 ( 1.2640.09) x 103 1694
KK seen 1729 wfh(1710) —» wKT K= (5.9 22 ) x1075
ot o not seen 1792 K*(892)0 K~ 7r+7r° + cc (86 +22)x107% -
K+ K- atn— not seen 1700 K*(892)+K 7r ™ + cc (96 +28 ) x107% -
2KT2K™ not seen 1470 K*(892)* 0+ cc. (73 £26)x107% -
PP not seen 1558 K*(892)°K p + cc (61 £1.8 ) x 1074 -
7y <5 x 10—4 90% 1819 nKtK~ < 13 x1074  CL=90% 1664
wKtK~ ( 1.8540.25) x 104 S=1.1 1614
3(rta7) (35 £2.0 )x1074 S=28 1774
¥(25) 1I6UPCYy =0—1— ) pprt w0 (73 407 )x10~4 1435
KT K= (63 +0.7 )x107° 1776
Mass m = 3686.09 & 0.04 MeV (S = 1.6) K3 K] (54 £05)x1075 1775
Full width T = 317 + 9 keV ata= a0 (1.6840.26) x 1074 S=1.4 1830
Mee = 2.38 £ 0.04 keV p(2150)7 — 7t~ a0 (19 132 )x10-4 -
Scale factor/  p p(770)7 — ata— a0 (32 12 ) x 1075 S=18 -
¥(25) DECAY MODES Fraction (I;/T) Confidence level (MeV/c) ata— (8 +5 )x1075 1838
hadrons (97.85£0.13) % _ K1 (1400)F KT < 31 x10~4  CL=90% 1532
virtualy — hadrons (1.73+0.14) % S=1.5 - KtK=n0 < 296 x1075  CL=90% 1754
ete” ( 7.52+0.17) x 1073 1843 KTK*(892)™ + c.c. (17 138 )x10-5 1698
“i“, (7.5 £0.8)x 10_3 1840 K*(892)°K° + c.c. ( 1.090. 20) x10~4 1697
tr (3.0 +£0.4 ) x10 490 I 4 _
ot (1.1740.29) x 10~ S=17 1690
Decays into J/(1S) and anything 01(980) — 7t m (68 +24)x1075  s=11
J/1(1S)anything (57.4 £0.9 ) % - 2Kt K™) (6.0 £1.4 )x107° 1499
J/4(1S) neutrals (235 +£0.4 )% - dKT K™ (7.0 16 )x1075 1546
JJ(18)mta (326 £0.5 )% a7 2K K™)x® ( 1.10£0.28) x 107 1440
J/1(18) 7070 (16.84£0.33) % 481 én (28 T8 )x1075 1654
J/(1S)n (3.16+0.07) % 199 o (31 416 )x10-5 1555
J/¢(18) 70 ( 1.26+0.13) x 103 $=1.3 528 ,
wiy (32 123 )x10°5 1623
Hadronic decays wmd (21 +0.6 ) x10-5 1757
3(rtr)al (35 £16)x1073 1746 , 417 5
2>t 7~) w0 (2.9 £1.0 ) x10-3 s=46 1799 P (19 ) x 107 1625
pa(1320) (26 +09 )x1074 1500 pn (22 £0.6 )x107°> S=11 1717
pP (2.7440.12) x 1074 1586 wn < 11 x1075  cL=90% 1715
Attt A= (1.2840.35) x 10—4 1371 70 < 4 x1076  CL=90% 1699
AA7O < 12 x1074  CL=90% 1412 nemt a0 < 1.0 x1073  CL=90%
Ny < 49 x107%  CL=90% 1197 pPKT K~ (27 407 )x107° 1118
APKT (1.00£0.14) x 10~4 1327 AnK%+ cc. (81 +£1.8)x107° 1324
ApKtrtr (1.8 +£04 )x1074 1167 ¢f5(1525) (44 +£1.6 )x 1075 1321
AArtm (28 £06)x1074 1346 @(1540) O(1540) — KYpK~n+ < 88 x1076  CL=90% -
AA (28 +05 ) x1074 S=26 1467 C.
>ty- (26 +£0.8)x10~4 1408 @(1540)K‘ﬁ — Kipk—7 < 1.0 x1075  CL=90% -
>0¥o0 (22 +0.4 ) x1074 S=15 1405 O(1540)KIp — KLpK*n < 70 x1076  CL=90% -
¥ (1385)1 X (1385)~ (1.1 +0.4 ) x1074 1218
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O(1540)K*n — K%pK*n < 26 x107%  CL=90% - wKt K= < 34 x1074  CL=90% 1664
O(1540)K%p — KYpK™7 < 6.0 %1076 CL=90% - prt a0 < 38 x1073  CL=90% 1722
K9 KL < 46 < 10—6 1775 KOK=m+70+ cc. < 162 % CL=90% 1693
Kt K- ntn+ cc. < 323 % CL=90% 1692
Radiative decays KTK=2(xtn™) < 103 % CL=90% 1702
Y Xco(1P) (9.4 £0.4)% 261 KT K=2(xta)a® < 360 % CL=90% 1660
7Xc1(1P) (88 £04)% 7 nKT K- < 41 x107%  CL=90% 1711
Yxc2(1P) (83 +04)% 128 POKT K- < 50 x10~3  CL=90% 1665
11c(1S) (3.0 £05)x1073 638 2(KTK™) < 60 x10=%  CL=90% 1551
Tne(25) < 20 x1073  CL=90% 48 dKT K~ < 75 x10~%  CL=90% 1597
Ym0 < 5.4 x1073  cL=9s% 1841 2(KTK~)x0 < 29 x107%  CL=90% 1493
v7/(958) (1.3640.24) x 1074 1719 2AKT K )rt o™ < 32 x1073  CL=90% 1425
£ (1270) (21 £04)x1074 1622 KOK— 7t + cc. < 97 x1073  cL=90% 1721
Y (1710) — y7m (30 £1.3 )x1075 - ppr° < 12 «10-3 1595
71H(1710) — yKK (6.0 £16)x1075 - pprta— < 58 x10~4  CL=90% 1544
Y < 14 x1074  CL=90% 1843 AA < 12 x1074  CL=90% 1521
i/ <9 x107%  CL=90% 1802 pprta w0 < 185 x1073  CL=90% 1490
ynat o~ _ (87 +21)x1074 1791 wpp < 29 x1074  CL=90% 1309
n(1405) — YK K= <9 x1075  CL=90% 1569 AARO < 12 x10~3  CL=90% 1468
yn(1408) — nrta~ (36 £25)x1075 - pp2(rtaT) < 26 x1073  CL=90% 1425
yn(1475) — KKm < 1.4 x10~4  CL=90% - npp < 54 x10~%  CL=90% 1430
vn(1475) — nrta~ < 88 x107%  CL=90% - Ppp < 17 «10~3  CL=90% 1313
y2(rtw) (40 £06)x1074 1817 pPKT K~ < 32 x10~%  CL=90% 1185
",’K*0£+7T7+ c.C. (37 £09 )x1074 1674 opp < 13 x10~%  CL=90% 1178
YK OK*O (24 £07)x1074 1613 AMrta— < 25 x1074  CL=90% 1404
",’Kg K*7~+cc (2.6 +£05)x1074 1753 APKT < 28 x10~%  CL=90% 1387
YKT K= ata™ (1.9 +05 ) x10~4 1726 ApK*Tnta— < 63 x1074  CL=90% 1234
Ypp (29 406 )x 1075 1586 atr 0 not seen 1874
'yTr+ T pp (28 +£1.4)x 105 1491 pT not seen 1804
y(rtaT)KT K™ < 22 x1074  CL=90% 1654 w® not seen 1803
y3(rtaT) < 17 x1074  CL=90% 1774 pn not seen 1763
YKTK=KTK™ < 4 x1075  CL=90% 1499 wn not seen 1762
pr/' not seen 1674
wn' not seen 1672
¥(3770) 16UPC =0—1 ") (/)’r/]/ not seen 1606
K*0KO not seen 1744
Mass m = 3772.92 + 0.35 MeV (S =1.1) K+ K- not seen 1745
Full width I = 27.3 £+ 1.0 MeV bym not seen 1683
lee = 0.265 £ 0.018 keV (S = 1.3)
In ition h minan m DD, was foun
to ;ggatyoint:;otft]eefi(:gl st:tets iiﬁiiimn(’gdihteoj/w ,(BA(I?’(YJ;(,J)ADaASMO(;Jé)d. X(3872) 16(JPC) = 07 (2")
ADAMS 06 and HUANG 06A searched for various decay modes with light
hadrons and found a statistically significant signal for the decay to ¢n only Quantum numbers not established.
(ADAMS 06).

Mass m = 3872.2 + 0.8 MeV (S = 2.5)

Scale factor,

#(3770) DECAY MODES Fraction (;/T)  Confidence Ieve/l (MepV/c) My (3g72)t — My = 775 £ 4 MeV
DD 53 £32)% o Full width T = 3.0121 Mev

DpODO (48.7 +32 )% 285

Dt D~ (36.1 +2.8 )% 251 X(3872) DECAY MODES Fraction ([;/T) p (MeVjc)
Jpata (1.9340.28) x 1073 560 mt = Jj6(1S) seen 650
J/¢pm0 0 (80 £3.0)x107% 564 0 J/9(15) seen t
J/vm (9 +4 )x1074 359 DODO° not seen 520
J/p0 < 28 x 1074 CL=90% 603 D+ D~ not seen 503
7 Xco (73 £09)x1073 - DODO 70 seen 121
YXecl (29 £06 )x1073 -
YXc2 <9 x1074  CL=90% -
ete~ (9.7 £0.7 ) x 106 S=12 1886 1(4040) [ceec] IG(JPC) =07(177)
K%K? < 12 x107%  CL=90% 1820
2(rt77) < 112 x1073  CL=90% 1861 Mass m = 4039 & 1 MeV
2(nt ) a0 < 106 x1073  CL=90% 1843 Full width T = 80 + 10 MeV

wrt T < 6.0 x1074  CL=90% 1794 Fee = 0.86 + 0.07 keV
3(rta7) < 91 x 1073 1819
3(rta)nl < 137 % 1792
nrt o < 124 x1073  CL=90% 1836
POrtr— < 69 x1073  CL=90% 1796
n3m < 1.34 x1073  CL=90% 1824
n2(rt7rT) < 243 % 1804
n'3m < 2.44 x10~3  CL=90% 1740
KtK=ntn~ < 9.0 x1074  CL=90% 1772

omt ™ < 41 x1074  CL=90% 1737
om0 not seen 1746
on (31 07 )x1074 1703
4(ntaT) < 167 % CL=90% 1757
d(rtr Ym0 < 3.06 % CL=90% 1720
$1(980) < 45 x1074  CL=90% 1600
KtK-nta= 70 < 236 x1073  CL=90% 1741

Kt K= p0n0 < 8 x10~4  CL=90% 1624

KTK=ptn~ < 146 % CL=90% 1622
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p P
1(4040) DECAY MODES Fraction (I;/T) Confidence level (MeV/c) 1(4415) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
et e (1.0740.16) x 10~5 2019 hadrons dominant -
DODO B seen 775 (DED’ T non—res < 23 % 90% -
D*(2007)° D% + c.c. seen 575 DD35(2460) — DD~ (10 +4 )% -
D*(2007)° D*(2007)° seen 225 ete~ (9.4£3.2) x10~© 2210
J/prta~ <4 x10~3 90% 794
/7070 <2 x 10~3 90% 797
J/vn <7 x10~3 90% 675 -
J/¢p70 <2 x 1073 90% 823 bb MESONS
J/pat 70 <2 x 1073 90% 746
Xe1? <11 % 90% 494 G, ,PC -
Xe2 <17 % 90% 454 T(1S) 15(J7)=0"(1""7)
+_—_0 o, o,
T <11 % 90% 306
i‘(iﬂ T DY " o a3 Mass m = 9460.30 + 0.26 MeV (S = 3.3)
bt <3 «10-3 90% 1880 Full width ' = 54.02 + 1.25 keV
‘ [ee = 1.340 £ 0.018 keV
p
¥(4160) [ecec] 16UPGY =0—1— ) T(15) DECAY MODES Fraction (I;/T)  Confidence level (MeV/c)
T
_ rtr (2.60+0.10) % 4384
Mass m= 415’3 + 3 MeV ete~ (2.38+£0.11) % 4730
Full width T = 103 & § MeV e (2.45£0.05) % 4729
lee = 0.83 £ 0.07 keV )
» Hadronic decays
¥(4160) DECAY MODES Fraction (T;/T)  Confidence level (MeVic) 7/(958) anything (2.9440.24) % -
otom (6.1£09) x 10-6 2076 J/¥(1S) ;.anythmg (6.5 +0.7 ) x 10*2 4223
J/pmt o~ <3 x 103 90% 888 Xco anything <5 x 107 90% -
JJipr0 70 <3 x 103 90% 891 Xe1 anything (23 £07 ) x10~% -
J/ip K+ K- - 103 009, o4 Xc2 anything (3.4 +£1.0 ) x 1074 -
‘ B ? 1(2S) anything (27 +£0.9 ) x 1074 -
J/n <8 x 1073 90% 786 or > < 10-4 90% 1697
0
J/1/)7T,0 <1 x 1073 90% 914 ot o5 10— w0% a8
I/ 0 <5 x 1073 90% 385 KT K~ <5 x10~4 90% 4704
J/prtaT <1 x 1073 90% 847 PP o < 10-4 0% 4636
P(2S)nt ™ <4 x 1073 90% 353 0+ — _5 .

; 3 000, sos alxtw < 1.84 x 10 90% 4725
Xc17 <7 x 10 o d anything (2.860.28) x 10~5 -
Xc27Y <13 % 90% 554
Xernta— w0 <2 x 1073 90% 452 Radiative decays
Xeomtn™ <8 x 1073 90% 398 ~yata~ (6.3 £1.8 ) x 1072 4728
pmta~ <2 x 1073 90% 1941 ya0 70 (1.7 £0.7 ) x 1075 4728

707 <24 x 106 90% 4713
KT K~ with 2<m _ <3 (1.14+0.13) x 1072 -
704 — — Kt K
X (4260) 16(PCYy =771~ ) GeV

Ypp with 2<mp5; <3 GeV <6 x 1076 20% -
Mass m = 426378 MeV (S = 1.1) ~v2ht2h~ (7.0 £15 )x 1074 4720
Full width T = 95 + 14 MeV y3h+3h~ (5.4 £2.0 ) x 1074 4703
~vaht4n~ (7.4 £35 )x1074 4679
X(4260) DECAY MODES Fraction (F;/T) p (MeVjc) Yt KT K™ (29 +£0.9 ) x 1074 4686
Tt o 76 ~y2rton— (25 £0.9 ) x 1074 4720
S0 0 " o5 v3nt 37~ (25 £1.2 ) x 1074 4703
/W i [dddd] seen yorton Kt K= (2.4 £1.2 )x 104 4658
J/VKTK [dddd] seen 530 vyt pp (1.5 £0.6 ) x 10~4 4604
J/'L;‘“)7]0 [dddd] not seen 886 v2rt 25 pp 4 +6 )x10-5 1563
J/’u)ﬁ/ [dddd] not seen 999 2K+ 2K (2.0 £2.0 ) x 10-5 1601
J/WQ 0 [dddd] not seen 569 71 (958) <19 x 1076 90% 4682
J/prt T w [dddd] not seen 939 i <10 « 10—6 0% 4714
J/Ynn L [dddd] not seen 339 ~+(980) <3 « 10-5 0% 2679

pS)rtw [dddd] not seen 470 p 12 s
»(2S)n [dddd] not seen 167 7f5(1525) (37 Ty )x10 4607
Xcow [dddd] not seen 284 ~£(1270) (1.0140.09) x 10~4 4644
Xc1 7 [dddd] not seen 686 ~n(1405) <82 x 1075 90% 4625
X2 [dddd] not seen 648 ~5(1500) <15 x 1070 90% 4610
xearta—al [dddd] not seen 571 71 (1710) <26 x10~4 90% 4573
Xcont w0 [dddd] not seen 524 vf(1710) — YK+ K~ <7 x 1076 90% -
pmta [dddd] not seen 1999 yf(1710) — 7070 <14 x 106 90% -
DD not seen 1032 Yh(1710) — ~vnn <18 x 1076 90% -
~14(2050) <53 x 1070 90% 4515
o 7%(2200) — yYKT K~ <2 x 1074 90% 4475
1(4415) [ccc] 16UPC =01 ) 7 £5(2220) — YKt K™ <8 x10~7 90% 4469
v£(2220) — ymta~ <6 x 107 90% -
Mass m = 4421 £+ 4 MeV P 0(2220) — pP <11 x 10—© 90% -
Full width I = 62 £ 20 MeV n(2225) — 46 -3 ©10-3 0% 4469
lee = 0.58 £ 0.07 keV X [ecee] < 3 x 1070 90% -
YXX [fiF] < 1 x 1073 90% -

X — v+ >4 prongs [gggg] < 1.78 x 10~4 95% -
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Other decays

invisible <25 x 1073 90%

Xpo(1P) 1" 16(JPC) = ot + )
J needs confirmation.

Mass m = 9859.44 + 0.42 + 0.31 MeV

P
Xpo(1P) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
v T(1S) <6 % 90% 391
Xbl(lP) [hhhh] ,G(JPC) =otatt
J needs confirmation.
Mass m = 9892.78 £ 0.26 &+ 0.31 MeV
Xp1(1P) DECAY MODES Fraction (I;/T) p (MeVjc)
v T(1S) (35+8) % 423
sz(lp) [hhhh) ,G(JPC) _ 0+(2 + +)
J needs confirmation.
Mass m = 9912.21 + 0.26 + 0.31 MeV
xp2(1P) DECAY MODES Fraction (;/T) p (MeVfc)
¥ T(1S) (22+4) % 442
T(25) 1IGUPCY = 0—(1— )
Mass m = 10.02326 + 0.00031 GeV
Full width ' = 31.98 + 2.63 keV
Fee = 0.612 4 0.011 keV
Scale factor/ p
T(2S) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
TAS)nt 7w (188 + 06 )% 475
T(18) 7070 (9.0 + 08)% 480
THr— (2.00+ 0.21)% 4686
whp~ (1.93+ 0.17) % s=22 5011
ete~ (1.91+ 0.16) % 5012
T(18)7° < 11 x 1073 CL=90% 531
T(1S)n < 2 x 1073 CL=90% 126
J/(1S) anything < 6 x1073 CL=90% 4533
d anything (34 + 06 )x1075 -
hadrons (94 £11 )% -
Radiative decays
vxp1(1P) (69 + 04)% 130
vxp2(1P) (7154 0.35) % 110
vxpo(1P) (38 £04)% 162
71 (1710) < 59 x1074 CL=90% 4863
715(1525) < 53 x 1074 CL=90% 489
~£(1270) < 241 x 1074 CL=90% 4931
v1p(1S) < 5.1 x 1074 CL=90% 697
X — 7+ > 4 prongs [iiii] < 1.95 x10~4 CL=95% -
xpo(2P) 1hhh] 1IGUPCYy =0t (0t )
J needs confirmation.
Mass m = 10.2325 + 0.0004 + 0.0005 GeV
Xpo(2P) DECAY MODES Fraction (I';/T) p (MeVfc)
v T(2S) (4.6£2.1) % 207
v T(1S) (9 +6 )x1073 743

/G(JPC) — 0+(1 + +)
J needs confirmation.

Mass m = 10.25546 + 0.00022 + 0.00050 GeV
My, (2P) = Myy2p) = 23.5 £ 1.0 MeV

Xp1(2P) [Ph]

P
Xp1(2P) DECAY MODES Fraction (I';/T) Scale factor (MeV/c)

wT(1S) (1631038 % 135
~v T(2S) (21 +4 )% 1.5 230
v T(1S) (85 £13)% 1.3 764
7 xp1(1P) (86 £3.1)x1073 238

IG(JPC) — 0+(2 + +)
J needs confirmation.

Mass m = 10.26865 + 0.00022 £ 0.00050 GeV
My,(2P) = My, (2P) = 13.5 £ 0.6 MeV

x62(2P) [hhhh)

Xp2(2P) DECAY MODES Fraction (I';/T) p (Mevjc)

wT(15) (110733 % 194

7 T(25) (162 +2.4 )% 242

v T(1S) (7.1 £1.0 )% 777

7 xp2(1P) (6.0 £2.1 )x 1073 229
T(3S) 16(PCY =0—(1— )

Mass m = 10.3552 + 0.0005 GeV
Full width ' = 20.32 + 1.85 keV
[ee = 0.443 £ 0.008 keV

Scale factor/

P
T(3S) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)

T(2S)anything (106 +£0.8 )% 296
TES)rt (28 +£0.6 )% §=2.2 177
7(2S) 7070 (2.00£0.32) % 190
T(2S)yy (50 £0.7)% 327

TAS)nt ( 4.48+0.21) % 813

T(1S) 7070 (2.06+0.28) % 816

T(1S)n < 22 x1073  CL=90% 677

Tt ( 229+0.30) % 4863

wrp~ (2.18+0.21) % S=21 5177

ete~ seen 5178

Radiative decays

Yxp2(2P) (131 £1.6 )% S=3.4 86

v xp1(2P) (126 £1.2 )% S=2.4 99

Yxpo(2P) (59 £06 )% S=1.4 122

vxpo(1P) (3.0 +£1.1 ) x1073 484

Y1p(25) < 62 x1074  CL=90% -

Y1p(1S) < 43 x107%  CL=90% 1001

X — 7+ > 4 prongs Liiif] < 2.2 x1074  CL=95% -

T(4S)

G(PCy _ g—(1 — —
or T(10580) PUTy=0m1m )

Mass m = 10.5794 £ 0.0012 GeV
Full width ' = 20.5 & 2.5 MeV
lee = 0.272 £+ 0.029 keV (S = 1.5)
p
Confidence level (MeV/c)

T(4S) DECAY MODES Fraction (I';/T)

BB > 9 % 95% 328
Bt B~ (51.6 +£0.6 ) % 334
D} anything + c.c. (183 £26 )% -
BOBO (48.4 £0.6 )% 328
I/ KS I/, ne) K < 4 x 1077 90% -
non-BB < 4 % 95% -
ete ( 1.5740.08) x 10~5 5290
J/9(1S) anything < 19 x 104 95% -
D*T anything + c.c. < 74 % 90% 5099
¢ anything (7.1 £0.6 )% 5240
én < 25 x 106 90% 5226
T(1S) anything < 4 x 1073 90% 1053
TAS)rt 7~ (9.0 £1.5 ) x 107> 1026
TES)rt (88 £1.9 )x 107> 468
d anything < 13 x 1075 90% -
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7(10860) 1I6UPG =0—(1— )

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

7T(10860) DECAY MODES Fraction (I;/T) Confidence level (Msv/c)
ete™ ( 28 +07)x106 5432
BBX (59 +14 )% -
BB < 138 % 90% 1280
BB* + c.c. (14 +6 )% -
B*B* (44 11 )% -
BB™) < 197 % 90% -
BBrw < 89 % 90% 441
BB (x) (193 + 29)% -
S S
TAS)rt 7~ ( 53+ 06)x1073 1288
TRS)rtn~ (7.8 +13)x103 763
T@BS)ata~ (a8t 19)x103 416
T(AS)KT K~ ( 61+ 18)x1074 933

Inclusive Decays.

These decay modes are submodes of one or more of the decay modes

above.
¢ anything (138 £ 24)% -
DO anything + c.c. (108 £8 )% -
Ds anything + c.c. (47 6 )% -
J/v anything ( 2.06+ 0.21) % -

7(11020) 1I6UPC =0—17 )

Mass m = 11.019 + 0.008 GeV
Full width T =79 4+ 16 MeV
lee = 0.130 £ 0.030 keV

7(11020) DECAY MODES Fraction (I;/T) p (MeVfc)
ete™ (1.6+0.5) x 10—6 5510
NOTES

In this Summary Table:

When a quantity has “(S = ...)" to its right, the error on the quantity has
been enlarged by the “scale factor” S, defined as S = /x2/(N — 1), where
N is the number of measurements used in calculating the quantity. We

do this when S > 1, which often indicates that the measurements are incon-
sistent. When S > 1.25, we also show in the Particle Listings an ideogram of
the measurements. For more about S, see the Introduction.

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

[a] See the “Note on 7+ — (*u~ and K+ — (*1~ Form Factors” in the
7% Particle Listings for definitions and details.

[b] Measurements of I'(e™ ve) /T (1T v,) always include decays with 4's, and
measurements of (e v y) and (™ v, ) never include low-energy +'s.
Therefore, since no clean separation is possible, we consider the modes
with 7's to be subreactions of the modes without them, and let [I(e™ ve)
+ |—(;1,+ Vp)]/rtotal = 100%.

[c] See the 7® Particle Listings for the energy limits used in this measure-
ment; low-energy ~'s are not included.

[d] Derived from an analysis of neutrino-oscillation experiments.

[e] Astrophysical and cosmological arguments give limits of order 10~13; see
the 70 Particle Listings.

[f] Due to a new measurement in the average, this is 0.45 MeV larger than
the mass we gave in our 2002 edition, 547.30 £ 0.12 MeV.

[g] Due to removing an old measurement from the average, this is 0.11 keV
larger than the width we gave in our 2002 edition, 1.18 & 0.11 keV. See
the ['(2v) data block in the Data Listings.

[h] C parity forbids this to occur as a single-photon process.

[7] See the “Note on scalar mesons” in the f(1370) Particle Listings . The
interpretation of this entry as a particle is controversial.

[1] See the “Note on scalar mesons” in the f;(1370) Particle Listings .
[m] See the “Note on a;(1260)" in the a;(1260) Particle Listings in PDG 06,

[n] This is only an educated guess; the error given is larger than the error on

[o] See the “Note on non-gq mesons” in the Particle Listings in PDG 06,

[dd] Derived from measured values of ¢ _, ¢go. |n], }mK(Z - m

[j] See the “Note on p(770)" in the p(770) Particle Listings .
[k] The wp interference is then due to wp mixing only, and is expected to

be small. If ey universality holds, [(p0 — uTp~) =T(° — ete)
x 0.99785.

Journal of Physics, G 33 1 (2006).

the average of the published values. See the Particle Listings for details.

Journal of Physics, G 33 1 (2006).

[p] See the “Note on the 7(1405)" in the 7(1405) Particle Listings.
[q] See the “Note on the f;(1420)" in the 7(1405) Particle Listings.

See also the w(1650) Particle Listings.

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

Listings.

[t] See also the w(1420) Particle Listings.
[u] See the “Note on fy(1710)” in the f,(1710) Particle Listings in 2004

edition of Review of Particle Physics.

[v] See the note in the K* Particle Listings.
[w] The definition of the slope parameter g of the K — 3r Dalitz plot is as

follows (see also “Note on Dalitz Plot Parameters for K — 37 Decays”
in the K= Particle Listings):

IM]> =1+ g(s3 — s)/m2, + -

[x] For more details and definitions of parameters see the Particle Listings.
[y] Most of this radiative mode, the low-momentum ~y part, is also included

in the parent mode listed without ~'s.

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

ment.

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

ol, and
Ks

T Ko, S described in the introduction to “Tests of Conservation Laws.”
s

[ee] The CP-violation parameters are defined as follows (see also “Note on

CP Violation in Ks — 37" and “Note on CP Violation in K(Z Decay”
in the Particle Listings):
A(K(L) — atz7)

_ —€ + ¢
A(K% — 7ta7)

Mee = nafein =

A(K(L) — 7070)

—_— =2
A(K% — 70z0)

1700 = \Tioo|€i¢°° =

_T(KY — a ttw) —T(K) — 7t w)
MKY — 7 et) + T(KY — atev)’

F(K% = ata 71_O)CP viol.

F(K(Z — ata—x0)

Im(nyo)? =

F(Kg — 707070)

Im 7000 L E— .
( ) F(K(Z — 707070)

where for the last two relations CPT is assumed valid, i.e., Re(ny_g) ~
0 and Re(nggg) ~ 0.

[ff] See the K% Particle Listings for the energy limits used in this measure-

ment.

[gg] The value is for the sum of the charge states or particle/antiparticle

states indicated.

[hh] Re(€' /€) = €' /e to a very good approximation provided the phases satisfy

CPT invariance.

[ii] This mode includes gammas from inner bremsstrahlung but not the direct

emission mode K9 — 7+ 7~ y(DE).

[if] See the K[L) Particle Listings for the energy limits used in this measure-

ment.

[kk] Allowed by higher-order electroweak interactions.
[l Violates CP in leading order. Test of direct CP violation since the in-

direct CP-violating and CP-conserving contributions are expected to be
suppressed.



74
Meson Summary Table

mm] See the “Note on fy in the fy article Listings and in the

See the “Not: fo(1370)" in the f5(1370) Particle Listi din th
1994 edition.

[nn] See the note in the L(1770) Particle Listings in Reviews of Modern
Physics 56 S1 (1984), p. S200. See also the “Note on K;(1770) and the
K>(1820)" in the K5(1770) Particle Listings .

[00] See the “Note on K»(1770) and the K»(1820)” in the K»(1770) Particle
Listings .

[pp] This result applies to Z° — T decays only. Here ¢+ is an average (not
asum) of et and u™ decays.

[qq] The branching fraction for this mode may differ from the sum of the
submodes that contribute to it, due to interference effects. See the
relevant papers in the Particle Listings.

[rr] These subfractions of the K~ 7+ 7+ mode are uncertain: see the Particle
Listings.

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

[tt] This is not a test for the AC=1 weak neutral current, but leads to the
7t et e final state.

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

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

[ww] This is the sum of our K-zt nt 7, K- atatz— 20, K02zt 27—,
orton=, 2at 27— 70, Kt K= 7t 7, and KT K~ at 7~ =0, branching
fractions.

[xx] The branching fractions for the K~ et ve, K*(892)~ e ve, 7~ €T 1,
and p~ eT v modes add up to 6.24 + 0.18 %.

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

[zz] This branching fraction includes all the decay modes of the resonance in
the final state.

[aaa] The experiments on the division of this charge mode amongst its sub-
modes disagree, and the submode branching fractions here add up to
considerably more than the charged-mode fraction.

[bbb] However, these upper limits are in serious disagreement with values ob-
tained in another experiment.

[ccc] See the Particle Listings for the (complicated) definition of this quantity.

[ddd] This fraction includes 7 from 7’ decays.

eee] For now, we average together measurements of the X et v, and Xt v,

t
branching fractions. This is the average, not the sum.

[fff] We decouple the Dj — ¢xT branching fraction obtained from mass
projections (and used to get some of the other branching fractions) from
the D;’ — ¢nt, $ — KT K~ branching fraction obtained from the
Dalitz-plot analysis of D;r — KT K~ rT. That s, the ratio of these two
branching fractions is not exactly the ¢ — K¥ K~ branching fraction
0.491.

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

[hhh] This comes from a K-matrix parametrization of the 7+ 7~ S-wave and
is a sum over the f(980), f3(1300), f(1200-1600), f5(1500), and
fo(1750). Not all of these correspond to particles in our Tables.

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

[ii/] An CP(+1) indicates the CP=+1 and CP=—1 eigenstates of the D°-D°
system.

[kkk] D denotes D° or DO.
[l D** represents an excited state with mass 2.2 < M < 2.8 GeV/c?.
[mmm] X(3872)% is a hypothetical charged partner of the X(3872).

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

[000] (Z; p)s denotes a low-mass enhancement near 3.35 GeV/c2.
[ppp] Stands for the possible candidates of K*(1410), K{(1430) and
K3(1430).
[qqq] B and Bg contributions not separated. Limit is on weighted average of
the two decay rates.
[rrr] This decay refers to the coherent sum of resonant and nonresonant JP
=01 Kr components with 1.60 < my, < 2.15 GeV/c2.
[sss] ©(1540)* denotes a possible narrow pentaquark state.
[ttt] These values are model dependent.
[uuu] Here “anything” means at least one particle observed.
[vwv] D** stands for the sum of the D(1Py), D(13P;), D(13Py), D(13P,),
D(21Sy), and D(21S;) resonances.
[www] D)D) stands for the sum of D*D*, D* D, DD*, and DD.

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

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

[zzz] Dj represents an unresolved mixture of pseudoscalar and tensor D** (P-
wave) states.

[aaaa] Not a pure measurement. See note at head of Bg Decay Modes.

[bbbb] Includes ppmt 7~ and excludes ppn, ppw, pp1y'.

[cccc]JPC known by production in et e~ via single photon annihilation. 16
is not known; interpretation of this state as a single resonance is unclear

because of the expectation of substantial threshold effects in this energy
region.

[dddd] See COAN 06 for details.

[eeee] X = pseudoscalar with m < 7.2 GeV
[ffff] X X = vectors with m < 3.1 GeV
[gggg] 1.5 GeV < mx < 5.0 GeV

[hhhh] Spectroscopic labeling for these states is theoretical, pending experi-
mental information.

[iiii] 1.5 GeV < mx < 5.0 GeV
Liiii] 1.5 GeV < mx < 5.0 GeV
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See also the table of suggested gg quark-model assignments in the Quark Model section.

o Indicates particles that appear in the preceding Meson Summary Table. We do not regard the other entries as being established.

LIGHT UNFLAVORED STRANGE CHARMED, STRANGE <
—C=B= - +1,C=B= —5= 15(J
/G(J'gi) 0 1°(°C) T t;(JP(;) o i’t)fp) o 1c(15) o+((0 —) )
ot 17(07) |ep(1680) 0 (1~ ") |eKE 1/2(07) | e DF 0(07) |[eJ/v(1S) 0 (17 7)
o0 17(0 = ) | e p3(1690) 1F(3~ )| e K® 1/2(07) | o D 0?Y) | exe(1P) 0F(TT)
- 0F(0 = )| epa700)  1T(1 )| €KY 1/207) | o Di ,2317)F  0(0F) | *xa(1P) 0+(1 )
e f(600) 0T TF)| a(1700) 17T F)| ek 1/2(07) 51(2460)  o(1t) | @ he(1P) 71t
op(170) 1t )| ehr10) ot TH)| Kkiso0)  1/20™) | 051(2536)i o(1t) | ®xe(1P) 01 (" jr)
ew(782) 0~ (17 )| n(1760)  0T(0 )| ek*(892)  1/2(17) | e Dep(2573)F 0(27) | ®nc(2S)  0T(0TT)
//(958)  0F(0” ) en(1800) 17(0"F)|ek(1270)  1/20F)| Da(2r00)t o(17) |e¥(2S) 07177
*%(980)  0T(FTT) I h(1810)  0F(2FF) | e k(1400  1/201%) *U(3770) 01" 7)
ea9(980) 17(0FF)| x(1835) (27 ) |ek*(1410)  1/2(17) BOTTOM e X(3872) 0°(?'T)
T 00| e 0o | e o) (5T — Kooy 70
oh 7 o K3(1430 1/2(2 *
eby(1235) 1H(1FT 7) | emy(1880) 17 (2~ 1) KE§460)) 1;2507; o B° 1/2(07) | X(3945)  7°(277)
o 2,(1260) 11(1 i i) p(1900) 11(1 N 1) Ko1s80)  1/2(27) | * gi/gz /;%MIJ);TURE . 9(2228) g:(i )
o £,(1270) 0+(2 : +) £(1910) 0t T )| k(1630) 1/207) | ® KDN{IXST/U-RSWOH * 1(4160) , 1)
«(1285)  0F(1FT )1 ep(1950) 0TV )| i es0)  120F) | g vy CKM * X(4260)  7°(17 )
n(1295) 070" F) | p3(1990) 1T ) | o k-(1680)  1/2(17)|  Matrix Elements X(4360) 7717 )
em(1300) 17(0” )| eH(2010) 0TQT )| gy a770)  1/2027) | @ B 1/2(17) | *(4415) 0~ (17 7)
*2(1320) 1 (27T | h(2020) 0O |4 ksa780)  1/237) | BiGT) AT 3
*£(1370)  07(0 N ) | # a4(2040) 1+(4+ +) o Kp(1820)  1/2(27) | ¢ Bi(5721)°  1/2(17) S —
i e e i e
. %405) ot(0—+) ?2((2100)) 0+E0 + +; K§(1950) 1/2(01) BOTTOM, STRANGE | e yuo(1P) 0T (0T )
fa20) ot t )| piso) ottty | 21980 17220 (B==+15=71) exm(lP) 0Tt
. 1((1420)) O_El - —; 2((21550)) 1+E1 - —; *KG(2045) 172047 P 007) | XZ(LD) ot(et)
£(1430) 0Tt 2(2170) 0 (17 7) Zzgiggg iﬁg;; . Bg o1™) |eT(29) 0m(177)
. aogﬁsoo) 1;(2 J_r J_r) ;0(2200) oi(o i i) K3;(2380) 1as-) | * 811(5830)(; 1/2(11) . )7(”(1(?2)) 818 J‘r ;;
o p(1450) +( B +) (2220) 0 (2+ T okeso)  1/2a0) |0 Bi2(5840) 1/2(2%) X b0(2P) o)
en(1475) 0t (0~ 1) or 4 ) K(3100) 207 | BL(G80) () Xb1
o £(1500) 0T(0FT)| n2225) ot~ ) o xp(2P) 0Tt
e v It | R B il -
o f3(1525) 01 (2 e $(2300) 0T (2 (C==+1) — . Sa
1‘22((1565)) 0+Ez + +; 2523003 0+E4 + +; e D — 1200) | * B: 0(07) | e7(10860) 0 (17 )
p(1570)  1t@ )| f(2330) ottt |4 po 1/2(07) e 7(11020) 0~ (17 )
h1(1595) 0:(1 __'_ ;) o £5(2340) 01(2 ir J:) ° D*(2007)0 1/2(17) NON-qg CANDIDATES
cniien 10| e 16 Lo
a *
f21(1640) ottt f':(2510) ot ) gi(mol 1/2(0+)
i+ 5(2400)*  1/2(0F)
o (1645)  0T(27 ) OTHER LIGHT o D;(2420)° 1/2(1?)
: %0(1650) 07(1 — 7) Further States D;(2420)%  1/2(7')
o ws(1670)  07(3 ™ +) D;(2430)°  1/2(1%)
em(1670) 17(27 ) o D5(2460)°  1/2(27T)
o D3(2460)*  1/2(27)
D*(2640)*  1/2(?7)
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This short table gives the name, the quantum numbers (where known), and the status of baryons in the Review. Only the baryons with 3-
or 4-star status are included in the main Baryon Summary Table. Due to insufficient data or uncertain interpretation, the other entries in
the short table are not established baryons. The names with masses are of baryons that decay strongly. For N, A, and = resonances, the
7N partial wave is indicated by the symbol Ly o, where L is the orbital angular momentum (S, P, D, ...), I is the isospin, and J is the
total angular momentum. For A and X resonances, the KN partial wave is labeled Ly 2. The nucleon is a pole in the Py; wave, and similar
comments apply to the A and ¥.

p Py xerk | A(1232) Py RRRx | Py, ¥Rk | 20 Py Rexr | A *kokk
" Py ¥k | A(1600) Py F*F | X0 Py RRRE | =— Pip ¥R | 4 (2595)+ *kx
N(1440) P11 *okkk A(1620) 531 *okkk >y Pll *%kkk :_(1530) P13 *kkk AC(2625)+ *kk
N(1520)  Dyg  ***x | A(1700) Dy kkx | X(1385)  Pi3 FRRX | =(1620) * Ac(2765)* *
N(1535)  S; R | A(1750) Py % 5 (1480) * =(1690) ] Ac(2880)F ok
N(1650) Sy **Rx | A1900) S5, ** X (1560) ok =(1820) D1z *** | A.(2940)* ok
N(1675)  Dis  *** | A(1905) Fgs  *%%* | Z(1580) Diz  * =(1950) ¥x | 5 (2455) *hkK
N(1680)  Fis  *¥** | A(1910) Py *ek+ | Z(1620) Sy =(2030) ¥x | 5 (2520) Kk
N(1700)  Dy3  *** | A(1920) Py *x* [ Z(1660) P ¥R | =(2120) * 5.(2800) *kok
N(1710) Py *** A(1930) Dg5  **x X(1670) Dy3  **** | =(2250) *% _:? Kook
N(1720)  Piz ¥ | A(1940) Ds  * ¥ (1690) *k =(2370) *k =0 *kk
N(1900) Pis *x% A(1950) Fs7 *rkx | X (1750) Si1 *%k =(2500) * =+ EETS
N(1990) Fp;  ** A(2000)  Fgs  * Y (1770)  Py; ¥ —10 ok
N(2000) Fp5s  ** A(2150) Sy * X(1775) Dys  FkRk | O *Hkk _:C(2645) s
N(2080) Di3  ** A(2200) Gsy * 3 (1840) P13 * 02(2250)~ *xk —:6(2790) -
N(2090) S * A(2300)  Hyy ** X (1880) Ppp ¥ 02(2380)~ Kok 26(2815) rx
N(2100) P % A(2350) D5 % T(1915)  Fps  *¥EE | 2(2470) ok —:c(2930) i
N(2190)  Giz  **** | A(2390) Fa; Y (1940) Dy3  *H* _:C(2980) s
N(2200) D15 ** | A(2400) Gz ** | X(2000) S * :—6(3055) *x
N(2220)  Hig  **%% | A(2420) Hypy *ek | Z(2030)  Fp o FRXE _:6(3080) *k
N(2250)  Gio  **¥** | A(2750) kg3 *x | Z(2070)  Fis ¥ :=C(3123) *
N(2600)  ha | A(950)  Kyp5 ¥+ | Z(2080) Pz % o *hx
N(2700)  Kyg3 ** 2(2100) Gz * 0,(2770)° *h

A Py xxxx | X(2250) ok ‘

A(1405) 501 *kkk 2(2455) ** =+ *

A(1520) D03 *kkxk 2(2620) ok CC

A(1600) Py **x 2(3000) /l?, *kok

A(1670) Sy ¥ | X(3170) b *okk

A(1690)  Dpz  *x* b rx

A(1800)  Sp;  *x* =0 = Hork

A(1810)  Ppp  *** v

A(1820)  Fog  *ew

A(1830)  Dps  ***x

A(1890)  Ppy  *kx

A(2000) *

A2020)  For %

A2100) Gy *xx*

A2110)  Fops  **x

A(2325)  Dpz  *

A(2350)  Hpy = ***

A(2585) X

**kx  Existence is certain, and properties are at least fairly well explored.

***  Existence ranges from very likely to certain, but further confirmation is desirable and/or
quantum numbers, branching fractions, etc. are not well determined.

**  Evidence of existence is only fair.

*  Evidence of existence is poor.
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Lepton + mesons

N BARYONS p— E:ﬂ':’/r; > 30 90% 448
(5=0,1=1/2) Sy mo

p— atot > 17
p N+ = yud n, NO = udd n— patal > 34 90% 427
p— e wtK*t > 75 90% 320
p— u mtKT > 245 90% 279
Py _ 1/(1+
m U7 =3G") Antilepton + photon(s)
Mass m = 1.00727646688 £+ 0.00000000013 u p— ety > 670 90% 469
Mass m = 938.27203 + 0.00008 MeV (4] p— pty > 478 90% 463
\fgp - Zvﬁ\/mp < 2x1079, CL = 90% [P ;j vy zfzo Zg; :ZZ
B2y = Yy o
mﬁ|/(mp) = 0.99999999991 -+ 0.00000000009 n— vyy < 219 90% 470

lap + al/e < 2x107°, CL = 90% 2]

|gp + del/e < 1.0 x 1021 [ Three (or more) leptons
b+ de :

Magneti t u = 2.792847351 + 0.000000028 p— erete o 0% 49
agnetic moment y = 2. o KN p— etutpu” > 359 90% 457
(1p + pip) [ pp = (=26 & 2.9) x 10 p— ety >17 90% 469
Electric dipole moment d < 0.54 x 10723 ecm n_ ete-u S 257 0% 470
Electric polarizability a = (12.0 + 0.6) x 10~4 fm3 n— ute v - 83 90% 464
Magnetic polarizability 3 = (1.9 + 0.5) x 10~* fm3 n— ptu v > 79 90% 458
Charge radius = 0.875 + 0.007 fm p— ptete” > 529 90% 463
ean life 7 1 x ears, = () p — invisible — pTp e o
Mean life 7 > 2.1 x 1022 years, CL = 90% bl p— phutpu > 675 90% 439
mode) p— ptvv >21 90% 463
. -t
Mean life 7 > 103! to 1033 years [  (mode dependent) p— e ptp >6 90% 457
n— 3v > 0.0005 90% 470
See the “Note on Nucleon Decay” in our 1994 edition (Phys. Rev. D50,
1173) for a short review. Inclusive modes
+ H o, -
The “partial mean life” limits tabulated here are the limits on 7/B;, where N — e+anyth|_ng > 0.6 (n, p) 90%
7 is the total mean life and B; is the branching fraction for the mode in N— p agythlng >12 (n, p) 90% -
question. For N decays, p and n indicate proton and neutron partial N— efr anything > 0.6 (n, p) 90% -
lifetimes.
AB = 2 dinucleon modes
Partial mean life p . . . .
p DECAY MODES (1030 years) Confidence level (MeV/c) lere fo+llowmg are lifetime limits per iron nucleus.
pp— m'Tw > 0.7 90% -
Antilepton + meson pn— w0 >2 90% -
N— eftrm > 158 (n), > 1600 (p) 90% 459 nn— atn~ >07 90% -
N— ptrm > 100 (n), > 473 (p) 90% 453 nn— 7970 >3.4 90% -
N— vr > 112 (n), > 25 (p) 90% 459 pp — etet >5.8 90% -
p— ety > 313 90% 309 pp — etput >36 90% -
p— pty > 126 90% 297 pp — ptpt >17 920% -
n— vy > 158 90% 310 pn— etv >2.8 90% -
N— etp > 217 (n), > 75 (p) 90% 149 pn— pto >16 90% -
N— utp > 228 (n), > 110 (p) 90% 113 nn — Vel > 0.000049 90% -
N — vp > 19 (n), > 162 (p) 90% 149 pn — invisible >21x107° 90% -
p— etw > 107 90% 143 pp — invisible > 0.00005 90% -
+ 0,
— uTw > 117 90% 105 _
[r)] — :M > 108 90‘; 144 p DECAY MODES
(]
N— etk > 17 (n), > 150 (p) 90% 339 Partial mean life p
p— et Kg =120 90% 337 P DECAY MODES (years) Confidence level (MeV/c)
+ 40 o —
p— f K1 >51 90% 337 p— ey >7x105 90% 469
N— pu i( . > 26 (n), > 120 (p) 90:4 329 Do oy < 5% 104 00% 463
Pk Kg > 150 9% 326 p— e 0 > 4x 10 90% 459
p— urKj > 83 90% 326 p— p >5x10% 90% 453
N— vK > 86 (n), > 670 (p) 90% 339 pP— e n >2x 104 90% 309
n— vk > 51 90% 338 P— u > 8 x 103 90% 297
p— et K*(892)° > 84 90% 45 p— e K¢ > 900 90% 337
N — vK*(892) > 78 (n), > 51 (p) 90% 45 P u K >4x103 90% 326
B - K0 3 o,
Antilepton + mesons p—e 7(6 =9 103 90% 37
- 0,
p— etata™ > 82 90% 448 pP=n K >7x 104 90% 326
- 0,
p— etnlg0 > 147 90% 449 pP—= e 7y >2x10 90% 469
n— etg 70 > 52 90% 449 p— p oy >2x 10% 90% 463
p— phata >133 90% 425 p—ew > 200 0% 143
+.0.0 D
p— prmw > 101 90% 427
n— p,Jr a0 > 74 90% 427
+ KO~ 0
n— e K'r > 18 90% 319
Lepton + meson
n— e 7t > 65 90% 459
n— p-nt > 49 90% 453
n— e pt > 62 90% 150
n— ppt >7 90% 114
n— e Kt >32 90% 340
n— u" Kt > 57 90% 330
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[] 10P) = 33

Mass m = 1.0086649156 + 0.0000000006 u
Mass m = 939.56536 = 0.00008 MeV [3]
mp — mp = 1.2933317 + 0.0000005 MeV
= 0.0013884487 + 0.0000000006 u

Mean life 7 = 885.7 = 0.8 s

cr = 2.655 x 108 km
Magnetic moment ¢ = —1.9130427 4 0.0000005 pp
Electric dipole moment d < 0.29 x 10725 ecm, CL = 90%
Mean-square charge radius (r2) = —0.1161 + 0.0022

fm?2 (S =1.3)
Electric polarizability a = (11.6 + 1.5) x 10~4 fm3
Magnetic polarizability 3 = (3.7 + 2.0) x 10~* fm3
Charge g = (0.4 + 1.1) x 10721 e
Mean nf-oscillation time > 8.6 x 107 s, CL = 90% (free n)
Mean ni-oscillation time > 1.3x108's, CL = 90% (€] (bound n)

Decay parameters (7]
pe Ve AN=ga /gy = —1.2695 £ 0.0029 (S = 2.0)
" A=—0.1173 £ 0.0013 (S = 2.3)
" B = 0.9807 + 0.0030
" C = —0.2377 + 0.0026
" a=—0.103 + 0.004
" éav = (180.06 + 0.07)° [8]
" D= (-44+6)x107*

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

pe - Ug 100 % 1
pe Ve [h ( 3.13+0.35) x 10—3 1

Charge conservation (Q) violating mode
PleTe Q < 8 x10~27 68% 1

N(1440) Py, 10P) =131

Breit-Wigner mass = 1420 to 1470 (= 1440) MeV
Breit-Wigner full width = 200 to 450 (~ 300) MeV
Pbeam = 0.61 GeV/c 47x2 = 31.0 mb
Re(pole position) = 1350 to 1380 (~ 1365) MeV
—2Im(pole position) = 160 to 220 (=~ 190) MeV

N(1440) DECAY MODES Fraction (I';/T) p (MeVc)
N7 0.55 t0 0.75 398
Nrm 3040 % 347
Ar 20-30 % 147
Np <8 % 1
1=0
N(77)' S wave 5-10 % -
Py 0.035-0.048 % 414
p~, helicity=1/2 0.035-0.048 % 414
n-y 0.009-0.032 % 413
n+y, helicity=1/2 0.009-0.032 % 413
N(1520) Dy3 1Py =3G37)

Breit-Wigner mass = 1515 to 1525 (= 1520) MeV
Breit-Wigner full width = 100 to 125 (~ 115) MeV
Pbeam = 0.74 GeV/c 4732 = 235 mb
Re(pole position) = 1505 to 1515 (~ 1510) MeV
—2Im(pole position) = 105 to 120 (~ 110) MeV

N(1520) DECAY MODES Fraction (I';/T) p (MeVc)
N 0.55 to 0.65 457
N7 (2.3 +0.4) x 1073 154
Nmm 40-50 % 414
Am 15-25 % 230
Np 15-25 % i
N(W”)Is?v?/ave <8% -
Py 0.46-0.56 % 470
py. helicity=1/2 0.001-0.034 % 470
p. helicity=3/2 0.44-0.53 % 470
nvy 0.30-0.53 % 470
n~, helicity=1/2 0.04-0.10 % 470
n~, helicity=3/2 0.25-0.45 % 470

N(1535) Syq

10P)=13)

Breit-Wigner mass = 1525 to 1545 (= 1535) MeV
Breit-Wigner full width = 125 to 175 (=~ 150) MeV
Poeam = 0.76 GeV/c 472 = 22.5 mb
Re(pole position) = 1490 to 1530 (= 1510) MeV
—2Im(pole position) = 90 to 250 (= 170) MeV

N(1535) DECAY MODES Fraction (I';/T) p (MeVc)
N7 35-55 % 468
Nn 45-60 % 186
N7 1-10 % 426
Ar <1% 244
Np <4% i
N(Wﬂ)g?v?,ave <3% -
N(1440)m <7% T

v 0.15-0.35 % 481
p. helicity=1/2 0.15-0.35 % 481
nvy 0.004-0.29 % 480
n~, helicity=1/2 0.004-0.29 % 480

N(1650) Sy 1Py =3G37)

Breit-Wigner mass = 1645 to 1670 (= 1655) MeV
Breit-Wigner full width = 145 to 185 (~ 165) MeV
Pbeam = 0.97 GeV/c 47X%2 = 16.2 mb
Re(pole position) = 1640 to 1670 (= 1655) MeV
—2Im(pole position) = 150 to 180 (~ 165) MeV

N(1650) DECAY MODES Fraction (T';/T) p (MeVc)
N 0.60 to 0.95 551
Nn 3-10 % 354
NK 3-11% 179
Nrm 10-20 % 517
AT 1-7% 349
Np 4-12% i
N(ﬂ'ﬂ'){gi?,ave <4 % -
N(1440)m <5% 156
py 0.04-0.18 % 562
py, helicity=1/2 0.04-0.18 % 562
nvy 0.003-0.17 % 561
n~, helicity=1/2 0.003-0.17 % 561

N(1675) Dys

10P)=1(37)

Breit-Wigner mass = 1670 to 1680 (= 1675) MeV
Breit-Wigner full width = 130 to 165 (~ 150) MeV
Pbeam = 1.01 GeV/c 47x2 = 15.4 mb
Re(pole position) = 1655 to 1665 (= 1660) MeV
—2Im(pole position) = 125 to 150 (~ 135) MeV
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N(1675) DECAY MODES Fraction (T';/T) p (MeVc)
N 0.35 t0 0.45 564
Nn (0.0 £1.0) % 376
NK <1% 216
Nrm 50-60 % 532
Am 50-60 % 366
Np <1-3% 1
Py 0.004-0.023 % 575
p~y, helicity=1/2 0.0-0.015 % 575
p~, helicity=3/2 0.0-0.011 % 575
nqy 0.02-0.12 % 574
n+y, helicity=1/2 0.006-0.046 % 574
n+y, helicity=3/2 0.01-0.08 % 574

N(1680) Fy5 1Py = 35

Breit-Wigner mass = 1680 to 1690 (= 1685) MeV
Breit-Wigner full width = 120 to 140 (~ 130) MeV
Pbeam = 1.02 GeV/c 47x% = 15.0 mb
Re(pole position) = 1665 to 1680 (~ 1675) MeV
—2Im(pole position) = 110 to 135 (~ 120) MeV

N(1680) DECAY MODES Fraction (I';/T) p (MeV/c)
N7 0.65 to 0.70 571
Nn (0.0 £1.0) % 386
Nrm 30-40 % 539
Am 5-15 % 374
Np 3-15% T
N(7m ){S?v?lave 5-20 % -
Py 0.21-0.32 % 581
py, helicity=1/2 0.001-0.011 % 581
Py, helicity=3/2 0.20-0.32 % 581
n-y 0.021-0.046 % 581
n~, helicity=1/2 0.004-0.029 % 581
n+y, helicity=3/2 0.01-0.024 % 581

N(1700) Dy3 0Py =137

Breit-Wigner mass = 1650 to 1750 (= 1700) MeV
Breit-Wigner full width = 50 to 150 (~ 100) MeV
Pbeam = 1.05 GeV/c 47x%2 = 14.5 mb
Re(pole position) = 1630 to 1730 (=~ 1680) MeV

—2Im(pole position) = 50 to 150 (= 100) MeV

N(1710) DECAY MODES Fraction (I';/T) p (MeVc)
N 10-20 % 588
Nn ( 6.2£1.0)% 412
Nw (13.0£2.0) % i
NK 5-25 % 269
N7 40-90 % 557
Am 15-40 % 394
Np 5-25 % i
N(rm)E28 e 10-40 % -
Py 0.002-0.05% 598
p. helicity=1/2 0.002-0.05% 598
ny 0.0-0.02% 597
n~, helicity=1/2 0.0-0.02% 597

N(1720) P3 10P) =33%)

Breit-Wigner mass = 1700 to 1750 (= 1720) MeV
Breit-Wigner full width = 150 to 300 (= 200) MeV
Poeam = 1.09 GeV/c 47X% =13.9 mb
Re(pole position) = 1660 to 1690 (= 1675) MeV

—2Im(pole position) = 115 to 275 MeV

N(1720) DECAY MODES Fraction (T';/T) p (MeV/c)
N7 10-20 % 594
Nn (4.0+1.0) % 422
AK 1-15 % 283
Nr7 >70 % 564
Np 70-85 % 73
Py 0.003-0.10 % 604
py, helicity=1/2 0.003-0.08 % 604
p~. helicity=3/2 0.001-0.03 % 604
nvy 0.002-0.39 % 603
n~, helicity=1/2 0.0-0.002 % 603
n~, helicity=3/2 0.001-0.39 % 603

N(2190) Gi7 10P) = 3(37)

N(1700) DECAY MODES Fraction (I';/T) p (MeVjc)
N 5-15 % 581
Nnp (0.0+£1.0) % 402
AK <3% 255
Nrm 85-95 % 550
Np <35% 1
Py 0.01-0.05 % 591
py, helicity=1/2 0.0-0.024 % 591
p~y, helicity=3/2 0.002-0.026 % 591
ny 0.01-0.13 % 590
nv, helicity=1/2 0.0-0.09 % 590
n+y, helicity=3/2 0.01-0.05 % 590

N(1710) Py

0Py =13

Breit-Wigner mass = 1680 to 1740 (=~ 1710) MeV
Breit-Wigner full width = 50 to 250 (~ 100) MeV
Pbeam = 1.07 GeV/c 47x2 = 14.2 mb
Re(pole position) = 1670 to 1770 (~ 1720) MeV

—2Im(pole position) = 80 to 380 (~ 230) MeV

Breit-Wigner mass = 2100 to 2200 (= 2190) MeV
Breit-Wigner full width = 300 to 700 (~ 500) MeV
Pbeam = 2.07 GeV/c 47X = 6.21 mb
Re(pole position) = 2050 to 2100 (= 2075) MeV
—2Im(pole position) = 400 to 520 (~ 450) MeV

N(2190) DECAY MODES Fraction (I';/T) p (MeV/c)
N 1020 % 888
N7 (0.0+1.0) % 791

N(2220) Hyg 10P) = 331

Breit-Wigner mass = 2200 to 2300 (= 2250) MeV
Breit-Wigner full width = 350 to 500 (~ 400) MeV
Poeam = 2.21 GeV/c 47X2 = 5.74 mb
Re(pole position) = 2130 to 2200 (= 2170) MeV
—2Im(pole position) = 400 to 560 (~ 480) MeV

N(2220) DECAY MODES Fraction (I;/T) p (MeV/c)

N7 10-20 % 924

N(2250) Gio 10P) =3(37)

Breit-Wigner mass = 2200 to 2350 (= 2275) MeV
Breit-Wigner full width = 230 to 800 (~ 500) MeV
Poeam = 2.27 GeV/c 47x2 = 5.56 mb
Re(pole position) = 2150 to 2250 (= 2200) MeV
—2Im(pole position) = 350 to 550 (~ 450) MeV
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N(2250) DECAY MODES Fraction (T';/T) p (MeVjc)
N 5-15 % 938
N(2600) h,11 1P =5%7)
Breit-Wigner mass = 2550 to 2750 (=~ 2600) MeV
Breit-Wigner full width = 500 to 800 (~ 650) MeV
Pbeam = 3.12 GeV/c 47X% = 3.86 mb

N(2600) DECAY MODES Fraction (I';/T) p (MeV/c)
N7 5-10 % 1126

A BARYONS
(5=0,1=3/2)

ATt =yuu, At =uwud, A®=udd, A~ =ddd

A(1232) Ps3 0Py =331

Breit-Wigner mass (mixed charges) = 1231 to 1233 (~ 1232)
MeV

Breit-Wigner full width (mixed charges) = 116 to 120 (~ 118)
MeV
Pbeam = 0.30 GeV/c 47X2 = 94.8 mb

Re(pole position) = 1209 to 1211 (~ 1210) MeV

—2Im(pole position) = 98 to 102 (~ 100) MeV

A(1232) DECAY MODES Fraction (I';/T) p (MeV/c)
N7 100 % 229
N~ 0.52-0.60 % 259
N+, helicity=1/2 0.11-0.13 % 259
N+, helicity=3/2 0.41-0.47 % 259
A(1600) P33 1Py =361
Breit-Wigner mass = 1550 to 1700 (= 1600) MeV
Breit-Wigner full width = 250 to 450 (= 350) MeV
Pbeam = 0.87 GeV/c 47x2 = 18.6 mb
Re(pole position) = 1500 to 1700 (~ 1600) MeV
—2Im(pole position) = 200 to 400 (~ 300) MeV
A(1600) DECAY MODES Fraction (T';/T) p (MeVe)
N7 10-25 % 513
Nrm 75-90 % 477
AT 40-70 % 303
Np <25 % +
N(1440)7 10-35 % 82
N~ 0.001-0.02 % 525
N+, helicity=1/2 0.0-0.02 % 525
N+, helicity=3/2 0.001-0.005 % 525

A(1620) S3; 107y =33)

Breit-Wigner mass = 1600 to 1660 (= 1630) MeV
Breit-Wigner full width = 135 to 150 (~ 145) MeV
Ppeam = 0.93 GeV/c 47X2 = 17.2 mb
Re(pole position) = 1590 to 1610 (~ 1600) MeV
—2Im(pole position) = 115 to 120 (~ 118) MeV

A(1620) DECAY MODES Fraction (I';/T") p (MeVc)
N 20-30 % 534
Nrmm 70-80 % 499
AT 30-60 % 328
Np 7-25 % t
N~ 0.004-0.044 % 545
N-y, helicity=1/2 0.004-0.044 % 545
A(1700) Ds3 107y =33
Breit-Wigner mass = 1670 to 1750 (=~ 1700) MeV
Breit-Wigner full width = 200 to 400 (~ 300) MeV
Pbeam = 1.05 GeV/c 472 = 14.5 mb
Re(pole position) = 1620 to 1680 (= 1650) MeV
—2Im(pole position) = 160 to 240 (~ 200) MeV
A(1700) DECAY MODES Fraction (I';/T) p (MeV/c)
N 1020 % 581
Nmm 80-90 % 550
AT 30-60 % 386
Np 30-55 % T
N~ 0.12-0.26 % 591
N-y, helicity=1/2 0.08-0.16 % 591
Ny, helicity=3/2 0.025-0.12 % 591
A(1905) Fss 1Py = 337%)
Breit-Wigner mass = 1865 to 1915 (= 1890) MeV
Breit-Wigner full width = 270 to 400 (~ 330) MeV
Poeam = 1.42 GeV/c 47X2 = 9.89 mb
Re(pole position) = 1825 to 1835 (= 1830) MeV
—2Im(pole position) = 265 to 300 (~ 280) MeV
A(1905) DECAY MODES Fraction (I';/T) p (MeV/c)
N 0.09 to 0.15 704
Nmm 85-95 % 680
Am <25 % 531
Np >60 % 397
N~ 0.01-0.03 % 712
N-y, helicity=1/2 0.0-0.1% 712
N-y, helicity=3/2 0.004-0.03 % 712
A(1910) P35, 10y = 33%)
Breit-Wigner mass = 1870 to 1920 (= 1910) MeV
Breit-Wigner full width = 190 to 270 (~ 250) MeV
Poeam = 1.46 GeV/c 47X2 = 9.54 mb
Re(pole position) = 1830 to 1880 (= 1855) MeV
—2Im(pole position) = 200 to 500 (~ 350) MeV
A(1910) DECAY MODES Fraction (I';/T) p (MeV/c)
N 15-30 % 717
N~ 0.0-0.2 % 725
N+, helicity=1/2 0.0-0.2 % 725
A(1920) P33 10P) =361
Breit-Wigner mass = 1900 to 1970 (= 1920) MeV
Breit-Wigner full width = 150 to 300 (~ 200) MeV
Poeam = 1.48 GeV/c 47x2 = 9.37 mb
Re(pole position) = 1850 to 1950 (= 1900) MeV
—2Im(pole position) = 200 to 400 (=~ 300) MeV
A(1920) DECAY MODES Fraction (I';/T) p (MeVjc)
N 5-20 % 723
K (2.10+0.30) % 431
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A(1930) Dss 1Py =337)

Breit-Wigner mass = 1900 to 2020 (= 1960) MeV
Breit-Wigner full width = 220 to 500 (~ 360) MeV
Pbeam = 1.56 GeV/c 47x2 = 8.76 mb
Re(pole position) = 1840 to 1960 (~ 1900) MeV
—2Im(pole position) = 175 to 360 (~ 270) MeV

A(1930) DECAY MODES Fraction (I';/T) p (MeV/c)
N7 0.05 to 0.15 748
N~ 0.0-0.02 % 755
N+, helicity=1/2 0.0-0.01 % 755
N+, helicity=3/2 0.0-0.01 % 755
A(1950) F3 17 =3G7)
Breit-Wigner mass = 1915 to 1950 (= 1930) MeV
Breit-Wigner full width = 235 to 335 (~ 285) MeV
Pbeam = 1.50 GeV/c 47x2 = 9.21 mb
Re(pole position) = 1870 to 1890 (~ 1880) MeV
—2Im(pole position) = 220 to 260 (= 240) MeV
A(1950) DECAY MODES Fraction (I';/T) p (MeVjc)
N7 0.35 t0 0.45 729
Nrm 706
A 20-30 % 560
Np <10 % 442
N~ 0.08-0.13 % 737
N+, helicity=1/2 0.03-0.055 % 737
N+, helicity=3/2 0.05-0.075 % 737
A(2420) H3 11 1UP) = 34+
Breit-Wigner mass = 2300 to 2500 (= 2420) MeV
Breit-Wigner full width = 300 to 500 (~ 400) MeV
Pbeam = 2.64 GeV/c 47X2 = 4.68 mb
Re(pole position) = 2260 to 2400 (~ 2330) MeV
—2Im(pole position) = 350 to 750 (= 550) MeV
A(2420) DECAY MODES Fraction (I';/T) p (MeVjc)
N 5-15 % 1023
(§=-1,1=0)
A0 = uds

IP) = 0(4)

Mass m = 1115.683 £ 0.006 MeV
(mp—mz) / mp=(-01+11)x1075 (S=16)
Mean life 7 = (2.631 4 0.020) x 107195 (S = 1.6)
(th — 74) / TA = —0.001 £ 0.009
cr =17.89 cm
Magnetic moment p = —0.613 £ 0.004
Electric dipole moment d < 1.5 x 10716 ecm, CL = 95%

Decay parameters

pr a_ = 0.642 4 0.013
" é_ = (—6.5+35)°
o y_ =0.76 [
" A_=(8+4prll
nx® ap = 0.65 + 0.04

pe Ue ga/gy = —0.718 £ 0.015 [1]

A DECAY MODES Fraction (I';/T) p (MeV/c)
pr— (63.9 +£0.5 )% 101
na® (35.8 +£0.5 )% 104
ny ( 1.7540.15) x 103 162
Py [1( 84 +1.4)x10~4 101
pe~ T (83240.14) x 1074 163
puT T, ( 1.57+0.35) x 10~4 131
A(1405) Sy 1Py =0(37)
Mass m = 1406 £+ 4 MeV
Full width ' = 50 + 2 MeV
Below K N threshold
A(1405) DECAY MODES Fraction (I';/T) p (MeVc)
> 100 % 157
A(1520) Dy3 10P) =0(37)
Mass m = 1519.5 & 1.0 MeV [l
Full width T = 15.6 + 1.0 MeV [«
Pbeam = 0.39 GeV/c 47X = 82.8 mb
A(1520) DECAY MODES Fraction (I;/T) p (MeVc)
NK 45 + 1% 243
X 42 +1% 268
A 10 £ 1% 259
Xrm 0.9 +0.1% 169
Ny 0.85 + 0.15% 350
A(1600) Py, 10y = 03%)
Mass m = 1560 to 1700 (~ 1600) MeV
Full width T = 50 to 250 (~ 150) MeV
Pbeam = 0.58 GeV/c 47X2% = 41.6 mb
A(1600) DECAY MODES Fraction (I;/T) p (MeVjc)
NK 15-30 % 343
I 10-60 % 338
A(1670) Sp; 1Py = 0(37)
Mass m = 1660 to 1680 (~ 1670) MeV
Full width ' = 25 to 50 (= 35) MeV
Pbeam = 0.74 GeV/c 47X2 = 28.5 mb
A(1670) DECAY MODES Fraction (I;/T) p (MeVjc)
NK 20-30 % 414
Py 25-55 % 394
An 10-25 % 69
A(1690) Do3 1UP) =0(37)
Mass m = 1685 to 1695 (~ 1690) MeV
Full width ' = 50 to 70 (= 60) MeV
Pbeam = 0.78 GeV/c 472 = 26.1 mb
A(1690) DECAY MODES Fraction (;/T) p (MeVjc)
NK 20-30 % 433
Sr 20-40 % 410
Vi¥ige ~25% 419
Xrm ~20% 358
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A(1800) Sz

1Py =0G7)

Mass m = 1720 to 1850 (~ 1800) MeV
Full width I = 200 to 400 (~ 300) MeV

Pbeam = 1.01 GeV/c

47x2 = 17.5 mb

A(1800) DECAY MODES Fraction (I;/T) p (MeV/c)
NK 25-40 % 528
PR seen 494
X (1385)m seen 349
N K*(892) seen t
/|(1810) Po1 I(J’D) = 0(%"")
Mass m = 1750 to 1850 (~ 1810) MeV
Full width T = 50 to 250 (= 150) MeV
Pbeam = 1.04 GeV/c 47x2 = 17.0 mb
A(1810) DECAY MODES Fraction (I;/T) p (MeV/c)
NK 20-50 % 537
I 10-40 % 501
2 (1385)m seen 357
N K*(892) 30-60 % i
A(1820) Fo5 1Py =05™)
Mass m = 1815 to 1825 (~ 1820) MeV
Full width I' = 70 to 90 (= 80) MeV
Pbeam = 1.06 GeV/c 47x2 = 16.5 mb
A(1820) DECAY MODES Fraction (I;/T) p (MeV/c)
NK 55-65 % 545
I 8-14 % 509
¥ (1385)m 5-10 % 366
A(1830) Dos 1Py =0(37)
Mass m = 1810 to 1830 (= 1830) MeV
Full width [ = 60 to 110 (= 95) MeV
Pbeam = 1.08 GeV/c 47x2 = 16.0 mb
/(1830) DECAY MODES Fraction (I;/T) p (MeVjc)
NK 3-10% 553
PR 35-75 % 516
X (1385)1 >15% 374
/(1890) Po3 1Py = 03 ™)
Mass m = 1850 to 1910 (=~ 1890) MeV
Full width T = 60 to 200 (~ 100) MeV
Ppeam = 1.21 GeV/c 47x2 = 13.6 mb
/(1890) DECAY MODES Fraction (T';/I) p (MeVjc)
NK 20-35 % 599
X 3-10 % 560
X (1385)m seen 423
NK*(892) seen 236
A(2100) Gor 1Py = 07)

Mass m = 2090 to 2110 (= 2100) MeV
Full width I' = 100 to 250 (~ 200) MeV

Pbeam = 1.68 GeV/c

47X% = 8.68 mb

A(2100) DECAY MODES Fraction (I';/T) p (MeVjc)
NK 25-35 % 751
Py ~5% 705
An <3% 617
=K <3% 491
Nw <8% 443
N K*(892) 10-20 % 515
A(2110) Fos 1UP) =0(3%)
Mass m = 2090 to 2140 (~ 2110) MeV
Full width ' = 150 to 250 (~ 200) MeV
Pbeam = 1.70 GeV/c 47x2 = 8.53 mb
A(2110) DECAY MODES Fraction (I;/T) p (MeVc)
NK 5-25 % 757
Xr 10-40 % 711
Nw seen 455
X (1385)7 seen 591
N K*(892) 10-60 % 525
A(2350) Hyg 1UP) = 0(3%)
Mass m = 2340 to 2370 (~ 2350) MeV
Full width ' = 100 to 250 (~ 150) MeV
Pbeam = 2.29 GeV/c 47X2% = 5.85 mb

A(2350) DECAY MODES Fraction (I;/T) p (MeVjc)
NK ~12% 915
I ~10% 867

(S=-1,1=1)

It =uus, Z0=uds, I~ =dds

1UP) =13)

Mass m = 1189.37 & 0.07 MeV (S = 2.2)
Mean life 7 = (0.8018 + 0.0026) x 10710 s

cr = 2.404 cm
(Ty+ — 75-) [ Tys = (0.6 £ 12) x 1073

Magnetic moment p = 2.458 &+ 0.010 upy (S = 2.1)

(Xt — ntty)/T(Z- — nt"D) < 0.043
Decay parameters

pr® ag = —0.9807 5517
" b = (36 % 34)°
" 7o = 0.16 1
" N = (187 + 6)° [1]
nat ay = 0.068 + 0.013
" ¢4 = (167 £20)° (S =1.1)
" vp =—097 11
" Ay = (-7311§)° 1
Py a, = —0.76 + 0.08
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p
=+ DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
pr? (51.5740.30) % 189
nmt (48.31+0.30) % 185
Py (1.2340.05) x 10~3 225
nrty ] (45 +£05)x1074 185
Net e (20 +£05 ) x1075 71
AS = AQ (5Q) violating modes or
AS = 1 weak neutral current (S1) modes
netve sQ <5 x107© 90% 224
nptv, sQ < 3.0 x 1073 90% 202
pete~ s1 <7 x 1076 225
put s1 (9 13 )x108 121
1Py = 13
Mass m = 1192.642 £ 0.024 MeV
My — myo = 4.807 + 0.035 MeV (S = 1.1)
Mg — mp = 76.959 + 0.023 MeV
Mean life 7 = (7.4 £ 0.7) x 10720 s
or=222x10""m
Transition magnetic moment |y | = 1.61 & 0.08 py
p
0 DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
Ay 100 % 74
Ny < 3% 90% 74
NeTe~ N 5x1073 74
Mass m = 1197.449 + 0.030 MeV (S = 1.2)
My — myg, =808 +£0.08MeV (S=1.9)
ms_ — my =81.766 + 0.030 MeV (S = 1.2)
Mean life 7 = (1.479 4 0.011) x 107195 (S = 1.3)
cr = 4.434 cm
Magnetic moment p = —1.160 £ 0.025 uy (S =1.7)
X~ charge radius = 0.78 £+ 0.10 fm
Decay parameters
nmw— a_ = —0.068 + 0.008
" é_ = (10 £ 15)°
" ~_ =0.98 11
" A = (2497 12)0 1]
ne~ e ga/gy = 0.340 + 0.017 []
" £(0)/A(0) = 0.97 + 0.14
" D =0.11 +0.10
Ne~ vg gv/ga=001+0101 (S=15)
" gwwm/ga =24+ 1711
X~ DECAY MODES Fraction (I';/T) p (MeVfe)
nr= (99.848+0.005) % 193
nmty (46 +06 )x1074 193
ne  Te ( 1.01740.034) x 103 230
nuT o, (45 404 )x1074 210
Ae~ D, (573 +£0.27 ) x 107> 79
5 (1385) P13 1Py =137)
X (1385)"mass m = 1382.8 & 0.4 MeV (S = 2.0)
1385)° mass m = 1383.7 = 1.0 MeV (S = 1.4)
(S=22)

1385)*full width I = 35.8 & 0.8 MeV

1385)0 full width I' = 36 &+ 5 MeV

1385)~full width I = 39.4 &+ 2.1 MeV
Below K N threshold

(
X(
X (1385) mass m = 1387.2 + 0.5 MeV
X(
(
X(

(S =17)

p
X(1385) DECAY MODES Fraction (I;/T) Confidence level (MeV/c)
A (87.0+1.5) % 208
Py (11.7£1.5) % 129
Ny (1.3+0.4) % 241
Sy < 24 x 104 90% 173
X(1660) Py 10P) =13
Mass m = 1630 to 1690 (=~ 1660) MeV
Full width ' = 40 to 200 (~ 100) MeV
Pbeam = 0.72 GeV/c 47X% =29.9 mb
¥(1660) DECAY MODES Fraction (;/T) p (MeVjc)
NK 10-30 % 405
V¥ seen 440
X seen 387
X (1670) Dy3 1Py =137)
Mass m = 1665 to 1685 (~ 1670) MeV
Full width T = 40 to 80 (~ 60) MeV
Pbeam = 0.74 GeV/c 47X2 = 28.5 mb
X(1670) DECAY MODES Fraction (I;/T) p (MeVjc)
NK 7-13% 414
A 5-15 % 448
Py 30-60 % 394
X (1750) Sy 1Py =1(37)
Mass m = 1730 to 1800 (~ 1750) MeV
Full width I = 60 to 160 (~ 90) MeV
Pbeam = 0.91 GeV/c 47X2 = 20.7 mb
X(1750) DECAY MODES Fraction (F;/T) p (MeVjc)
NK 10-40 % 486
V¥ seen 507
I <8% 456
X 15-55 % 98
Z(1775) Dis 0Py =1(37)
Mass m = 1770 to 1780 (~ 1775) MeV
Full width I = 105 to 135 (~ 120) MeV
Pbeam = 0.96 GeV/c 47X% = 19.0 mb
X(1775) DECAY MODES Fraction (I;/T) p (MeVfc)
NK 37-43% 508
A 14-20% 525
> 2-5% 475
X (1385)w 8-12% 327
A(1520) 17-23% 201
¥ (1915) Fys 1Py =13%)
Mass m = 1900 to 1935 (~ 1915) MeV
Full width I = 80 to 160 (~ 120) MeV
Pbeam = 1.26 GeV/c 47X2 = 12.8 mb
X(1915) DECAY MODES Fraction (T;/T) p (MeVjc)
NK 5-15 % 618
V¥ seen 623
X seen 577
X (1385)w <5% 443
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Py _ 1(3—
/ =1(5 p
2(1940) D13 S (2 ) =0 DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Mass m = 1900 to 1950 (=~ 1940) MeV An® (99.525+0.012) % L 135
Full width T = 150 to 300 (= 220) MeV /“/A L ((1.17 £0.07 ) x 10 . 164
— 132 GeV 4nx2 — 12.1 mb ete (76 +06 )x10~ 184
Poeam ev/e W m 50, (333 £0.10 ) x 1073 117
teo- 3 —4
£(1940) DECAY MODES Fraction (T;/T) p (Mevio) e e (253 i;"gs )x 10 120
K oo e Stuto, (46 T18 )x1076 64
(]
A seen 640 AS = AQ (5Q) violating modes or
I seen 595 AS = 2 forbidden (S2) modes
Z(1385)7 seen 463 Tety, sQ < 9 x10—4 0% 112
2(1520)% seen 355 Spty, sQ < 9 x 1074 90% 49
N(71338232 seen 410 pr— s2 < 8 x1076  90% 299
(892) seen 322 pe” e s2 < 13 x 103 323
PuT T, s2 < 13 x 1073 309
X(2030) Fyy 1Py =13
[=-] 10P) = 334)
Mass m = 2025 to 2040 (= 2030) MeV
Full width T = 150 to 200 (=~ 180) MeV Pis not yet measured; + is the quark model prediction.

_ 2 _
Pveam = 1.52 GeV/c 47A° = 9.93 mb Mass m = 1321.71 + 0.07 MeV

Mean life 7 = (1.639 4 0.015) x 10710 5

}:(3130) DECAY MODES Fraction (I';/T) p (MeVjc) or — 491 cm
NK 17-23 % 702 Magnetic moment p = —0.6507 =+ 0.0025 uy
A 17-23 % 700
Sr 5-10 % 657 Decay parameters
K <2% 422 An~ o= —0458 +0.012 (S =1.8)
X (1385)7 5-15 % 532 [(E)a—(A) — a(EF)ar(A)] /[sum] = (0 +7) x 1074
A(1520) 7 10-20 % 430 " ¢ =(-2140.8)°
A(1232) K 10-20 % 498 " v =0.89 1
N K*(892) <5% 439 " A = (175.9 + 1.5)° [
Ae" Ve  ga/gy = —0.25 £ 0.05 [f]
¥ (2250) 1JPy = 1(7%) p
=~ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Mass m = 2210 to 2280 (= 2250) MeV Ar~ (99.887:£0.035) % 140
Full width I = 60 to 150 (~ 100) MeV Iy (127 +0.23 )x 1074 118
Pheam = 2.04 GeV/c 47X = 6.76 mb Ne" Te (563 +£031 )x1074 190
A= v, (35 33 )x10-* 163
X(2250) DECAY MODES Fraction (I';/T) p (MeVjc) e 7, (87 417 )x10-5 123
NK <10% 851 7, < 8 x10—4 90% 70
A seen 842 Ve 7, < 23 x 1073 90% 7
I seet 803 AS = 2 forbidden (S$2) modes
nm~ 52 < 19 x 1075 90% 304
— ne~ve s2 < 32 x 1073 90% 327
= BARYONS np= v, s2 < 15 % 90% 314
(S: _2’ |= 1/2) pr 2 < 4 x1074 9% 223
prT e g 52 < 4 x 1074 90% 305
20 =uss, =7 =dss prT T Y, s2 < 4 x 1074 90% 251
pup” L < 4 x 1078 90% 272
10P) = 33
H . e _:(1530) P13 [(JP) — %(%+)
P is not yet measured; + is the quark model prediction.

Mass m = 1314.86 & 0.20 MeV =(1530)° mass m = 1531.80 + 0.32 MeV (S = 1.3)
m=_ — m=y = 6.85 £ 0.21 MeV =(1530)"mass m = 1535.0 + 0.6 MeV
Mean life 7 = (2.90 = 0.09) x 10710 5 =(1530)° full width I = 9.1 + 0.5 MeV
cr=8.71cm =(1530) full width I = 9.97 1 Mev
Magnetic moment p = —1.250 £ 0.014 uy p
Decay parameters =(1530) DECAY MODES Fraction (;/T) Confidence level (MeV/c)
Ar® a=—0411+0022 (S=21) =7 100 % 158
" ¢ = (21 £ 12)° = <4 % 90% 202
" y=o0s850
" A= (218F13)° [
Ny a=—-0.73+0.17
Nete™ a=-08+02
504 a = —0.63 +0.09

Ste v, £(0)/f(0) = 1.21 £ 0.05
Ste we £(0)/A(0) =2.0+13
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=(1690) 1Py =309 _ : . P
2~ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Mass m = 1690 + 10 MeV X /léf (67.8+0.7) % 211
Full width T < 30 MeV =" (23.620.7) % 294
= (8.6+0.4)% 289
=(1690) DECAY MODES Fraction (I';/T) p (MeVc) Zatno (433 <1074 189
AK seen 240 =(1530)07— (64t5lyx 1074 17
K seen 70 0. — _3
- 07, (5.6+2.8) x 10 319
=7 seen 311 - 4 90% 314
Zrtam possibly seen 213 = < 46 x 10 °
AS = 2 forbidden (S2) modes
- Am~ 52 2.9 106 90% 449
=(1820) Dy3 1P =337 i - . :
Mass m = 1823 = 5 MeV [K] 2(2250)~ 1UP) = 0(7%)
Full width T = 24713 Mev [K]

Mass m = 2252 + 9 MeV

=(1820) DECAY MODES Fraction (I';/T) p (Mevjc) Full width ' = 55 & 18 MeV

/X‘ % Lar;g:” :gi 2(2250)~ DECAY MODES Fraction (I';/T) p (Mevjo)
= small 421 57_7«'"' K~ seen 532
=(1530)7 small 237 =(1530)° K~ seen 437

=(1950) 10P) = %) CHARMED BARYONS
Mass m = 1950 £ 15 MeV [] (C= +1)

Full width I' = 60 + 20 MeV [l A = ude. S —yue, st —ude. 50— dde
C ’ C - ’ [ ’ c '
=+ _ =0 _ 0 _—
=(1950) DECAY MODES Fraction (I';/T) p (MeVjc) =S¢ =usc, =p=dsc, 2p=ssc
AK seen 522
K possibly seen 460 + Py _ a1+
=7 seen 519 AC 1U7) = 0(7 )
J is not well measured; % is the quark-model prediction.
= Py_1 57
=(2030) 107 =2(=3%) Mass m = 2286.46 + 0.14 MeV
. Mean life 7 = (200 + 6) x 1071 s (S = 1.6)
Mass m = 2025 + 5 MeV [l cr = 59.9 um

Full width T = 20713 Mev [K]
Decay asymmetry parameters

=(2030) DECAY MODES Fraction (I;/T) p (MeVjc) Axt a=-091=+0.15

K ~20% 585 =tal o= —045+032

K ~ 80 % 529 Alty, a=-086+004 B

=2 small 574 (@ + @)/(a—@)in AT - Azt A7 — Az~ = —0.07 £0.31
=(1530)7 small 416 (o + @)/(a—a) in /l;r — Aetu,, Z; — Ae~ T, = 0.00-£0.04
AK® small 499 ) ) 4 )

SKn small 408 Nearly all branching fractions of the Ac are measured relative to the

pPK™ 7T mode, but there are no model-independent measurements of this
branching fraction. We explain how we arrive at our value of B(/lzr —

.(2 BARYONS pK_7r+) in a Note at the beginning of the branching-ratio measurements

in the Listings. When this branching fraction is eventually well determined,

S — 3 I — 0 all the other branching fractions will slide up or down proportionally as the

( — T S iI— ) true value differs from the value we use here.
2~ = sss Scale factor/ P
A;." DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
1Py = 03t - Hadronic modes with a p: S = —1 final states
pKO (23 +06)% 873
JP = %+ is the quark-model prediction; and J = 3/2 is fairly well pK;w+ [m] (50 +13)% 823
established. pK*(892)° [ (16 + 05)% 685
++ K- -3

Mass m = 1672.45 4 0.29 MeV AQ1232) " K (86 £ 30)x10 710
(Mo — moy) [ mo. = (—1 + 8) x 10-5 A(1520) 7 [] (18 +£06)% 627
M 2- i o 0 8219:":6011 10-10 _pK ™ m " nonresonant (28 +08)% 823
ean life 7 = (0. 011) x s pKO 70 (33 +10)% 823
cr = 2.461 cm pK°n (12 + 04 )% 568
(To- = 75+) [ Tg- = —0.002 + 0.040 pKOxt 7~ (26 +07)% 754
Magnetic moment p = —2.02 4+ 0.05 upy pPK™ 7t 70 (34 +1.0)% 759
Decay parameters pK*(89E)*7r+ . [ (11 +05)% 580
_ _ P (K™ 7 )nonresonant ™ (36 +12)% 759
AKT_ o= 00180+ 0.0024 A(1232)K*(892) seen 419
/lé( 7,/\K (o + @)/(a —@) = —0.02 £ 0.13 pK-ntrta— (11 +08)x103 671
= a = 0.09 +0.14 pK— 7t 7070 (8 +4 )x1073 678

=T
==q0 a =0.05+0.21
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Hadronic modes with a p: S = 0 final states

prta~ (35 +20)x103 927
p1p(980) [n] (28 + 19)x103 622
prtata—a™ (18 + 12 )x103 852
pPKTK~ (7.7 £ 35)x1074 616
po [n] (82« 27)x107% 590
pK*T K~ non-¢ (35 + 1.7 )x1074 616
Hadronic modes with a hyperon: S = —1 final states
Art (1.07+ 0.28) % 864
Ant 70 (36 + 13)% 844
Apt <5 % CL=95% 635
Artrato— (26 +07)% 807
r(1385)tntn—, =t — (7 +£4 )x1073 688
Ant
X(1385) ntat, I* — (55 + 1.7 )x1073 688
An—
Axt p0 (11 +05)% 523
>(1385)tp0, =t — Axt (37 + 31 )x1073 363
Art 7t 1~ nonresonant < 8 x1073  CL=90% 807
Ant ata xO0total (18 +08)% 757
Arty [] (18 £06)% 691
> (1385)*"n [n] (85 + 33)x103 570
Artw [n] (12 +05)% 517
Antata= a0, nonorw <7 x 1073 CL=90% 757
AKTKO (47 +£ 15)x10°3  s=12 443
Z(1690)° K+, =0 . AKO? (13 £ 05)x10-3 286
30qt (1.05+ 0.28) % 825
>tg0 (1.00+ 0.34) % 827
Ity (55 + 23)x103 713
Ttata- (36 +1.0)% 804
0 < 14 % CL=95% 575
> gtat (1.9 £ 08)% 799
507+ 70 (18 + 08 )% 803
S0ptate— (83 + 3.1 )x1073 763
stata— g0 — 767
Ttw [n] (27 +10)% 569
StKTK- (28 +08)x103 349
Ite [ (32 % 10)x10-3 295
=(1690)0 K*, =*0 (82 + 31)x1074 286
FtK-
>+ K* K~ nonresonant <7 x10~4  CL=90% 349
=0+ (39 + 1.4 )x 1073 653
KTt (51 + 1.4 )x1073 565
=(1530)0 K+ [l (26 + 1.0)x10-3 473
Hadronic modes with a hyperon: S = 0 final states
AKT (50 + 16 )x10~4 781
AKTatr— < 4 x10~4  CL=90% 637
SOkt (42 + 1.3 )x10~4 735
SOK+trtr— < 21 x10~4  CL=90% 574
StKta— (1.7 + 07 )x10-3 670
ST K*(892)° I (28 + 1.1)x10-3 470
S Ktat < 10 x 1073 CL=90% 664
Doubly Cabibbo-suppressed modes
pKTm~ < 23 x 1074 CL=90% 823
Semileptonic modes
Yan”: [o] (20 +06)% 871
Netve (21 +06)% 871
Apty, (20 +07)% 867

Inclusive modes

et anything (45 +17)% -
pe*t anything (18 +09)% -
p anything (50 +16 )% -

p anything (no A) (12 +19 )% -
n anything (50 +£16 )% -

n anything (no A) (29 +17 )% -
A anything (35 +11 )% S=1.4 -
Xianything [Pl 10 £5 )% -
3prongs (24 £8 )% -

AC = 1 weak neutral current (C1) modes, or
Lepton number (L) violating modes
putp~ c1 < 3.4 x 1074 CL=90% 937
Sptut L < 70 x 1074 CL=90% 812

Ac(2595)* 1UP) = 0(37)

The spin-parity follows from the fact that X-(2455)w decays, with

little available phase space, are dominant. This assumes that JP =
1/27F for the X (2455).

Mass m = 2595.4 + 0.6 MeV (S =1.1)

m—m,, =3089%06MeV (S=11)
c

Full width I = 3.6 729 Mev

/\érm.— and its submode X (2455)7 — the latter just barely — are the

only strong decays allowed to an excited Azr having this mass; and the
submode seems to dominate.

A(2595)+ DECAY MODES Fraction (T;/T) p (Mevje)
A?W+7T7 [q] ~ 67 % 124
X (2455) T 7~ 24+7% 28
. (2455)0 7t 24 +7% 28
ALt~ 3-body 184+10% 124
/\2_' 70 [r] not seen 261
/\:_r o' not seen 291

Ac(2625)* 1Py =0(37)

JP has not been measured; %_ is the quark-model prediction.
Mass m = 2628.1 + 0.6 MeV (S = 1.5)
m—m, =3417+06MeV (S=16)
Full width T < 1.9 MeV, CL = 90%

/\jﬂﬂ' and its submode X(2455) 7 are the only strong decays allowed to

an excited Ag' having this mass.

p

A(2625)F DECAY MODES Fraction (I';/T) Confidence level (MeV/c)

Arrtae l[q] ~67% 184
X (2455) T+ 7 <5 90% 102
> (2455)0 1t <5 90% 102
/\2r 7t 7~ 3-body large 184

/\:_r 70 [r] not seen 293

/lj ¥ not seen 319
Ac(2880)*+ 1Py =0(3%)

There is some good evidence that indeed JP= 5/2%

Mass m = 2881.53 + 0.35 MeV
m—m,, = 595.1 £ 0.4 MeV

Full width I = 5.8 + 1.1 MeV

AC(ZBBO)"‘ DECAY MODES Fraction (I;/T) p (MeVc)
/\:_r atn~ seen 471
5, (2455)0 5 E seen 376
5(2520)0 7 E seen 317
pD° seen 316




87
Baryon Summary Table

Ac(2940)+ 1Py = 0(7)

Mass m = 2939.37 '8 MeV
Full width T = 1778 Mev

A(2940)t DECAY MODES Fraction (I;/T) p (MeVfc)
pDO seen 420
3 (2455)0 Ht pE seen -
X (2455) 0Py =13%)
JP has not been measured; %"' is the quark-model prediction.

X (2455) T mass m = 2454.02 + 0.18 MeV
X.(2455)% mass m = 2452.9 & 0.4 MeV
5.(2455)° mass m = 2453.76 + 0.18 MeV
— m,; =167.56 + 0.11 MeV

s = My = 166.4 £ 0.4 MeV
Myo — m ;. =167.30 4 0.11 MeV
[
Mo — Myo =027 % 0.11 MeV (S = 1.1)
c c
m)Y3 — m)__g = —0.9 + 0.4 MeV
5, (2455)tHfull width T = 2.23 + 0.30 MeV

Xo(2455)F full width T < 4.6 MeV, CL = 90%
T(2455)° full width T = 2.2 + 0.4 MeV (S = 1.4)

Myt
XC

m

/\‘Ch.— is the only strong decay allowed to a X having this mass.

X -(2455) DECAY MODES Fraction (I';/T) p (MeVc)

Arr ~ 100 % 94

X (2520) 1Py =13

JP has not been measured; %"' is the quark-model prediction.

X (2520)**mass m = 2518.4 & 0.6 MeV (S = 1.4)
>.(2520)* mass m = 2517.5 + 2.3 MeV
(2520)° mass m = 2518.0 + 0.5 MeV
My 25204+ ~ Mpr = 231.9 £ 0.6 MeV (S = 1.5)
My (2520)+ ~ m/\}' = 231.0 £ 2.3 MeV
My (252000 ~ Mps = 231.6 +£ 0.5 MeV (S = 1.1)
My (2520)++ — My (25200 = 0.3+£06 MeV (S=12)
X(2520)F* full width I = 14.9 & 1.9 MeV

Z(2520)T  full width I < 17 MeV, CL = 90%
T(2520)°  full width T = 16.1 4+ 2.1 MeV

/‘Zrﬂ is the only strong decay allowed to a X having this mass.

X -(2520) DECAY MODES Fraction (I';/T) p (MeVc)

Atr ~ 100 % 180

X(2800) 1Py =1(%)

%(2800)T* mass m = 28017 ¢ MeV
5,(2800)* mass m = 27921 Mev
%(2800)° mass m = 280274 Mev
_51q+4
M (2800)++ — mA? =5147¢ MeV
_ +14
M (2800)+ — mAZ’ = 505" "5 MeV
—515t4
m):c(zsoo)o — mA2r =51577 MeV
5(2800)* full width I = 75722 MeV
£(2800)* full width I = 6270 Mev
5(2800)° full width I' = 61728 Mev

X -(2800) DECAY MODES Fraction (I';/T) p (MeV/c)
+

Alm seen 443
=¥ 10P) = 331)

JP has not been measured; %“' is the quark-model prediction.

Mass m = 2467.9 + 0.4 MeV
Mean life 7 = (442 + 26) x 10715 s (S = 1.3)
cr =132 pm

p

E:’ DECAY MODES Fraction ([;/T) Confidence level (MeV/c)

No absolute branching fractions have been measured.
The following are branching ratios relative to =~ 7+ =+,

Cabibbo-favored (S = —2) decays

pﬁ% Kfs [s] 0.087+0.022 767
AK 7w — 852
5 (1385)T K° [ns] 1.0 +05 746
AK— gtat [s] 0.323+0.033 787
AK*(892)0 [ns] <0.2 90% 608
X (1385)F K~ 7t [n.s] <0.3 90% 678
StK— ot [s] 0.94 +0.11 811
>+ K*(892)° [ns] 0.81 +0.15 658
SOK— gttt [s] 0.29 +0.16 735
0+ [s] 055 +0.16 877
Zoatgt [s] DEFINED AS 1 851
=(1530)0 7t [ns] <0.1 90% 750
S0t g0 [s] 2.34 +0.68 856
0ttt [s] 1.74 +£0.50 818
Z0ety, 5] 23 51 884
N~ Ktgat [s] 0.07 £0.04 399

Cabibbo-suppressed decays

pK—nt [s] 0.21 +0.03 944
pK*(892)° [ns] 012 £0.02 828
STKTK™ [s] 0.15 +0.07 580
Ito [n,s] <0.11 90% 549
Z(1690)° K+, =(1690)° —  [s] <0.05 90% 501
ItK-
=2 1UP) = 33%)

JP has not been measured; %"' is the quark-model prediction.
Mass m = 2471.0 + 0.4 MeV
m—y — m—-;y = 3.1+ 0.5 MeV
~c ~c
Mean life 7 = (112713) x 10715 5
cr = 33.6 um
Decay asymmetry parameters
=gt a=—-06=+04

No absolute branching fractions have been measured. Several measure-
ments of ratios of fractions may be found in the Listings that follow.

E?__ DECAY MODES Fraction (I';/T) p (MeVc)
pK~ Kzt seen 676

pK~ K*(892)0 seen 413

pK~ K~ 7t no K*(892)° seen 676
N K% seen 906
ANKO 7t 7= seen 787
AK—rmtota— seen 703
=gt seen 875
Zoatatao seen 816
N~ Kt seen 523
et seen 882

~¢+anything seen -
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= 1P =5G1

JP has not been measured; %Jr is the quark-model prediction.

Mass m = 2575.7 + 3.1 MeV
m_, — m_; =107.8 £ 3.0 MeV
~c ~c

The _:/C+—_:C+ mass difference is too small for any strong decay to occur.

E’:‘ DECAY MODES Fraction (I';/T) p (MeVfc)

=+

=c seen 106
=7 10P) =3G)

JP has not been measured; %"' is the quark-model prediction.

Mass m = 2578.0 £ 2.9 MeV
M=y — M= = 107.0 £ 2.9 MeV
~-c ~c

The _:/CO — E(C) mass difference is too small for any strong decay to occur.
E’é’ DECAY MODES Fraction (I';/T) p (MeV/c)
=0
= seen 105
= Py _1(3
Zc(2645) 0Py = 13 H)
JP has not been measured; %"' is the quark-model prediction.

Z.(2645)" mass m = 2646.6 + 1.4 MeV (S = 1.6)
Z.(2645)° mass m = 2646.1 + 1.2 MeV
M= (2645)+ — m:_(c) =175.6 £ 1.4 MeV (S =1.7)
m:_c(2645)0 — mEz =178.2 £ 1.1 MeV
Z:(2645)* full width I < 3.1 MeV, CL = 90%
Z.(2645)° full width I < 5.5 MeV, CL = 90%

=, is the only strong decay allowed to a = resonance having this mass.

Zc(2645) DECAY MODES Fraction (I';/T) p (MeV/c)

:_E_ ot seen 102

_:j T seen 107
Zc(2790) 1P =367

JP has not been measured; % is the quark-model prediction.

<(2790)* mass = 2789.2 + 3.2 MeV

+(2790)° mass = 2791.9 + 3.3 MeV

= (2700)+ — Mz = 318.2 £ 3.2 MeV
(

C
sro0y0 — Mzt = 324.0 % 33 MeV
~c

3 3
[

=C
<(2790)* width < 15 MeV, CL = 90%
Zc(2790)° width < 12 MeV, CL = 90%

=,(2790) DECAY MODES Fraction (I';/T) p (MeVc)
:_’CTr seen 159
=(2815) 1P =337)
JP has not been measured; %’ is the quark-model prediction.

Z(2815)* mass m = 2816.5 + 1.2 MeV
Z.(2815)° mass m = 2818.2 4+ 2.1 MeV
M= (2815)+ — m:_z_ = 348.6 £ 1.2 MeV
m_:c(2815)0 — ng = 347.2 + 2.1 MeV
Zc(2815)* full width T < 3.5 MeV, CL = 90%
=.(2815)° full width I < 6.5 MeV, CL = 90%

The =, 7w modes are consistent with being entirely via =-(2645) .

Z(2815) DECAY MODES Fraction (I;/T) p (MeV/c)

_:? atn— seen 196

52 atn~ seen 191
Z.(2980) 1UP) = 17

Z.(2980)T m = 2974 £ 5 MeV (S = 2.3)
Z.(2980)° m = 2974 + 4 MeV

Z0(2980)T width I = 33 + 8 MeV (S = 1.3)
Z,(2980)° width [ = 31 + 11 MeV

=(2980) DECAY MODES Fraction (I;/T) p (MeVc)
/\??‘n’ seen 244
&(2455)? seen 151
/\CJr K not seen 421
-_— ?
=,(3080) 10P) = 3(7%)
=¢(3080

)t m = 3077.0 + 0.4 MeV

=.(3080)° m = 3079.9 + 1.4 MeV (S = 1.3)
Z.(3080)F width I' = 5.8 + 1.0 MeV
=,(3080)% width [ = 5.6 4+ 2.2 MeV

Z(3080) DECAY MODES Fraction (I;/T) p (MeVjc)
/\?Wﬂ' seen 415
T(2455)K - seen 342
)___6(2455)K + X (2520)K seen -
/\:_r K not seen 536
A?RW+ T not seen 143
0 Py _ ol
I 1UP) = 03 )

JP has not been measured; %* is the quark-model prediction.

Mass m = 2697.5 + 2.6 MeV (S =1.2)
Mean life 7 = (69 + 12) x 1071 s
cr =21 pm

No absolute branching fractions have been measured.

ﬂg DECAY MODES Fraction (I';/T) p (MeVc)
STK-K—at seen 691
S0t seen 903
=K rtat seen 832
R ety seen 830
-t seen 822
N ata® seen 798
Q- aatgt seen 754

2.(2770)° 10P) =03 )

JP has not been measured; %"' is the quark-model prediction.

Mass m = 2768.3 + 3.0 MeV (S =1.2)
mﬂc(2770)0 — mQ(C, =70.8 &+ 1.5 MeV

The 96(2770)0—!22 mass difference is too small for any strong decay to
occur.

ﬂc(2170)° DECAY MODES Fraction (I';/T) p (MeV/c)

_Qg'y presumably 100% 70
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BOTTOM BARYONS
(B=-1)

A =wudb, =) = usb, =, = dsb

" 14P) = 0(3)

I(JP) not yet measured; 0(%*) is the quark model prediction.
Mass m = 5620.2 + 1.6 MeV
mp, — Mpgo = 339.2 £ 1.4 MeV
H — +0.049 —12
Mean life 7 = (1.3837 5 g,3) X 107° s
cr = 415 um

These branching fractions are actually an average over weakly decaying
b-baryons weighted by their production rates in Z decay (or high-energy
pP), branching ratios, and detection efficiencies. They scale with the LEP

b-baryon production fraction B(b — b-baryon) and are evaluated for our
value B(b — b-baryon) = (9.2 £ 1.8)%.

The branching fractions B(b-baryon — A£~ vyanything) and B(/Ig —

A?Z*Uganything) are not pure measurements because the underlying
measured products of these with B(b — b-baryon) were used to determine
B(b — b-baryon), as described in the note “Production and Decay of
b-Flavored Hadrons.”

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

than one.
p
Ag DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
J/Y(1S)A (4.74+2.8) x 1074 1741
Afr= (8.8+£3.2) x 10~3 2343
/\;r a1(1260)~ seen 2153
AT 0~ pyanything ] (9.9+2.6) % -
AT, G0t % 2345
Mrtr o7 (5.6+3.1) % 2335
ph~ [u] <23 x 1073 90% 2730
pr < 5.0 x 1075 90% 2730
pK~ < 5.0 x 1073 90% 2709
Ay <13 x 1073 90% 2699

1UP) =13+)

I, J, P need confirmation.

Mass m(X}) = 5807.8 £ 2.7 MeV
Mass m(Z ) = 5815.2 + 2.0 MeV

X, DECAY MODES Fraction (I;/T) p (MeV/c)
/\gﬂ' dominant 128
I} WP =13
I, J, P need confirmation.

Mass m(X3t) = 5829.0 & 3.4 MeV
Mass m(X},") = 5836.4 + 2.8 MeV
Mg, — my, =21.2 % 2.0 MeV

b

Z; DECAY MODES Fraction (I;/T) p (MeV/c)
/\271' dominant 156
=5 1P =33
I, J, P need confirmation.

Mass m = 5792.4 + 3.0 MeV
Mean life 7 = (1.4215:28) x 10712 5

p
=p DECAY MODES Fraction (I;/T) Scale factor (MeV/c)

Zp— LU XxB(b— Zp)  (3.9£12) x 1074 1.4 _
=y — JWE"xB(b— (1.3+1.0) x 104 _

E;)/B(E — Ap)

b-baryon ADMIXTURE (Ap, Zp, Zp, )

Mean life 7 = (1.319f8:8§g) x 107125

These branching fractions are actually an average over weakly decaying
b-baryons weighted by their production rates in Z decay (or high-energy
pP), branching ratios, and detection efficiencies. They scale with the LEP
b-baryon production fraction B(b — b-baryon) and are evaluated for our
value B(b — b-baryon) = (9.2 £ 1.8)%.

The branching fractions B(b-baryon — A{~ Tyanything) and B(Ag —

/\:fé‘_wanything) are not pure measurements because the underlying
measured products of these with B(b — b-baryon) were used to determine
B(b — b-baryon), as described in the note “Production and Decay of
b-Flavored Hadrons.”

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

b-baryon ADMIXTURE DECAY MODES
(Ap:=p:Zp:2p)

pu~ Tanything (53% 239 -
plTyanything (5.1+ 1.4)% -
panything (64 £23 )% -
AL~ Dganything (35+ 0.8)% -
A/ Aanything 36 +£9 )% -
=~ (" Dyanything (6.0+ 1.8) x 1073 -

Fraction (I';/T) p (MeVc)

NOTES

This Summary Table only includes established baryons. The Particle Listings
include evidence for other baryons. The masses, widths, and branching fractions
for the resonances in this Table are Breit-Wigner parameters, but pole positions
are also given for most of the NV and A resonances.

For most of the resonances, the parameters come from various partial-wave
analyses of more or less the same sets of data, and it is not appropriate to
treat the results of the analyses as independent or to average them together.
Furthermore, the systematic errors on the results are not well understood.
Thus, we usually only give ranges for the parameters. We then also give a best
guess for the mass (as part of the name of the resonance) and for the width.
The Note on N and A Resonances and the Note on A and X Resonances in
the Particle Listings review the partial-wave analyses.

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

A decay momentum p is given for each decay mode. For a 2-body decay, p is
the momentum of each decay product in the rest frame of the decaying particle.
For a 3-or-more-body decay, pis the largest momentum any of the products can
have in this frame. For any resonance, the nominal mass is used in calculating
p. A dagger (“1") in this column indicates that the mode is forbidden when
the nominal masses of resonances are used, but is in fact allowed due to the
nonzero widths of the resonances.

[a] The masses of the p and n are most precisely known in u (unified
atomic mass units). The conversion factor to MeV, 1 u = 931.494043 +
0.000080 MeV, is less well known than are the masses in u.

[b] These two results are not independent, and both use the more precise
measurement of \%/mﬁ\/(qp/mp).

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

[d] The first limit is for p — anything or "disappearance” modes of a bound
proton. The second entry, a rough range of limits, assumes the dominant
decay modes are among those investigated. For antiprotons the best
limit, inferred from the observation of cosmic ray p's is 75 > 107
yr, the cosmic-ray storage time, but this limit depends on a number of
assumptions. The best direct observation of stored antiprotons gives
T5/B(P — €77) >7x 105 yr.

[e] There is some controversy about whether nuclear physics and model
dependence complicate the analysis for bound neutrons (from which the
best limit comes). The first limit here is from reactor experiments with
free neutrons.

[f] The parameters ga, gv, and gy for semileptonic modes are defined by
Br[va(gv + gars) + i(gwm/mp;) oxy d”]Bi, and day is defined by
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ga/gv = |ga/gv|e®av. See the “Note on Baryon Decay Parameters”
in the neutron Particle Listings.

[g] Time-reversal invariance requires this to be 0° or 180°.
[h] This limit is for v energies between 35 and 100 keV.
[] The decay parameters v and A are calculated from « and ¢ using

v = v1-a2 cos¢, tanA = 7é V1-a? sing.
See the “Note on Baryon Decay Parameters” in the neutron Particle List-
ings.
[j] See the Listings for the pion momentum range used in this measurement.

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

[1] A theoretical value using QED.

[m] See the note on “Af Branching Fractions” in the A Particle Listings.

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

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

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

[q] Assuming isospin conservation, so that the other third is Af 7070

[r] A test that the isospin is indeed 0, so that the particle is indeed a /lc+.

[s] No absolute branching fractions have been measured. The value here is
the branching ratio relative to =~ 7t 7t.

[t] Not a pure measurement. See note at head of /\2 Decay Modes.

[u] Here h~ means 7~ or K.
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SEARCHES FOR
MONOPOLES,
SUPERSYMMETRY,
TECHNICOLOR,
COMPOSITENESS,
EXTRA DIMENSIONS, etc.

Magnetic Monopole Searches I

Isolated supermassive monopole candidate events have not been con-
firmed. The most sensitive experiments obtain negative results.
Best cosmic-ray supermassive monopole flux limit:
< 10x107 B em=2sr s for 1.1x 1074 < g <01

g — gluino
The limits summarised here refer to the high-mass region
(mg, 25 GeV), and include the effects of cascade decays, eval-
uated assuming a fixed value of the parameters x and tang.
The limits are weakly sensitive to these parameters over much
of parameter space. Limits assume GUT relations between
gaugino masses and the gauge coupling,

Mass m > 308 GeV, CL = 95%  [any mg]
Mass m > 390 GeV, CL = 95%  [mg = mg]

4
Technicolor

Searches for a color-octet techni-p constrain its mass to be greater
than 260 to 480 GeV, depending on allowed decay channels. Similar
bounds exist on the color-octet techni-w.

Supersymmetric Particle Searches

Limits are based on the Minimal Supersymmetric Standard Model.
Assumptions include: 1) )N((l) (or 7) is lightest supersymmetric particle;
2) R-parity is conserved; 3) With the exception of f and b, all scalar

quarks are assumed to be degenerate in mass and Mg, = Mg, 4) Limits

for sleptons refer to the g states. 5) Gaugino mass unification at the
GUT scale.

See the Particle Listings for a Note giving details of supersymmetry.
%9 — neutralinos (mixtures of 7, Z°, and H?)
Mass Moo > 46 GeV, CL = 95%
1
[all tanp, all my, all Mo — m)?o]
Mass me > 62.4 GeV, CL = 95%
2
[1<tang <40, all mg, all m_y — m_o]
X2 X1
Mass my > 99.9 GeV, CL = 95%
3
[L<tang <40, all mg, all m-y — m-o]
X3 X1
Mass meo > 116 GeV, CL = 95%
4
[1<tang <40, all mg, all m_y — m_o]
X5 X1

)?,i — charginos (mixtures of W and Itlli)
Mass Mes > 94 GeV, CL = 95%

1
[tan3 < 40, m_. — m_o > 3 GeV, all mg]
Xi X3

e — scalar electron (selectron)
Mass m > 73 GeV, CL = 95%  [all mg,—m_o]
1

71 — scalar muon (smuon)

Mass m > 94 GeV, CL = 95%

[1 <tang < 40, Mpg=Myo > 10 GeV]
1

7 — scalar tau (stau)

Mass m > 81.9 GeV, CL = 95%
[mz, — my >15 GeV, all 6,]
R X1

q — scalar quark (squark)

These limits include the effects of cascade decays, evaluated
assuming a fixed value of the parameters 1 and tanf. The
limits are weakly sensitive to these parameters over much of
parameter space. Limits assume GUT relations between gaug-
ino masses and the gauge coupling.

Mass m > 379 GeV, CL =95% [tang =2, u <0, A= 0]

b — scalar bottom (sbottom)

Mass m > 89 GeV, CL = 95% [mE1 - My >8 GeV, all 6 ]
1

't — scalar top (stop)

Mass m > 95.7 GeV, CL = 95%
[t — cx) all 6, my — mge >10 GeV]

Quark and Lepton Compositeness,
Searches for

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

If the Lagrangian has the form
2 — —
+ £7 brn b oL
(with g2/4x set equal to 1), then we define A = Aﬁ. For the
full definitions and for other forms, see the Note in the Listings
on Searches for Quark and Lepton Compositeness in the full Re-
view and the original literature.

Afj(eeee) > 83 TeV, CL =95%

A (eeee) > 10.3 TeV, CL = 95%
Afj(eepp) > 85TeV, CL = 95%
A (eepp) > 7.3 TeV, CL = 95%
Afj(eerr) > 54 TeV, CL = 95%
A (eeTr) > 7.27TeV, CL = 95%
Afj(eeee)y > 9.0 TeV, CL = 95%
A (eeee)y > 95TeV, CL = 95%
Afj(eeuu) > 233 TeV, CL = 95%
A (eeuu) > 125 TeV, CL = 95%
Afj(eedd) > 11.1TeV, CL = 95%
A (eedd) > 26.4TeV, CL =95%
Afj(eecc) > 1.0TeV, CL = 95%
A (eecc) > 217TeV,CL=95%
Afj(eebb) > 5.6 TeV, CL = 95%
N[ (eebb) > 4.9 TeV, CL = 95%
Afi(ppgq) > 2.9 TeV, CL = 95%
A (ppgq) > 42 TeV, CL = 95%
(4242 > 3.10 TeV, CL = 90%
Nevqq) > 2.81 TeV, CL = 95%
/\D_(qqqq) > 2.7 TeV, CL = 95%
A (gqaq) > 2.4 TeV, CL = 95%
Af(vvqq) > 5.0TeV, CL = 95%
A (vvaq) > 5.4 TeV, CL = 95%

Excited Leptons

The limits from £*+ £*= do not depend on A (where X is the
£¢* transition coupling). The A-dependent limits assume chiral
coupling.

*+  excited electron

Mass m > 103.2 GeV, CL = 95%  (from e*e*)
Mass m > 255 GeV, CL = 95% (from ee*)
Mass m > 310 GeV, CL = 95%  (if A, = 1)

[
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I Extra Dimensions I

W — excited muon
Mass m > 103.2 GeV, CL = 95%  (from p* pu*) Please refer to the Extra Dimensions section of the full Review for a
Mass m > 221 GeV, CL = 95%  (from ppu*) discussion of the model-dependence of these bounds, and further

t _ eycited tau constraints.
Mass m > 103.2 GeV, CL = 95%  (from 7*7*) Constraints on the fundamental gravity scale
Mass m > 185 GeV, CL = 95%  (from 77%) My > 1.1TeV, CL =95% (dim-8 operators; pp — eTe™, v7)

Mp > 1.1TeV,CL=95% (ete” — Gr; 2-flat dimensions)
Mp > 3-1000 TeV  (astrophys. and cosmology; 2-flat dimensions;
limits depend on technique and assumptions)

v* — excited neutrino

Mass m > 102.6 GeV, CL = 95%  (from v*v*)
Mass m > 190 GeV, CL = 95% (from vv*)

Constraints on the radius of the extra dimensions,

q* — excited quark for the case of two-flat dimensions of equal radii
Mass m > 45.6 GeV, CL = 95% (from g* g*) r< 90-660 nm  (astrophysics; limits depend on technique and
Mass m  (from g*X) assumptions)

Color Sextet and Octet Particles r< 0.22mm, CL =95% (direct tests of Newton’s law; cited

in Extra Di i i
Color Sextet Quarks (dg) in Extra Dimensions review)

Mass m > 84 GeV, CL = 95%  (Stable g¢)
Color Octet Charged Leptons ({g)

Mass m > 86 GeV, CL = 95%  (Stable /g)
Color Octet Neutrinos (vg)

Mass m > 110 GeV, CL =90% (g — vg)
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TESTS OF CONSERVATION LAWS

Updated June 2008 by L. Wolfenstein (Carnegie-Mellon Uni-
versity), T.G. Trippe (LBNL), and C.-J. Lin (LBNL).

In keeping with the current interest in tests of conservation
laws, we collect together a Table of experimental limits on
all weak and electromagnetic decays, mass differences, and
moments, and on a few reactions, whose observation would
violate conservation laws. The Table is given only in the full
Review of Particle Physics, not in the Particle Physics Booklet.
For the benefit of Booklet readers, we include the best limits
from the Table in the following text. Limits in this text are for
CL=90% unless otherwise specified. The Table is in two parts:
“Discrete Space-Time Symmetries,” i.e., C, P, T, CP, and
CPT; and “Number Conservation Laws,” i.e., lepton, baryon,
hadronic flavor, and charge conservation. The references for
these data can be found in the the Particle Listings in the

Review. A discussion of these tests follows.

CPT INVARIANCE

General principles of relativistic field theory require invari-
ance under the combined transformation C'PT. The simplest
tests of C'PT invariance are the equality of the masses and
lifetimes of a particle and its antiparticle. The best test comes
from the limit on the mass difference between K° and . Any
such difference contributes to the CP-violating parameter e.
Assuming C'PT invariance, ¢¢, the phase of € should be very
close to 44°. (See the review “C'P Violation in Kj, decay” in
this edition.) In contrast, if the entire source of C'P violation
in K% decays were a K9 — FO mass difference, ¢, would be
44° + 90°.

Assuming that there is no other source of C'PT violation

than this mass difference, it is possible to deduce that[1]

2(myo —mpo) | (56— + 3600 — Ssw)

sin ¢psw

m?o —Mgo = )
where ¢gw = (43.51 £ 0.05)°, the superweak angle. Using our
best values of the CP-violation parameters, we get |(mfo —
mpo)/mpo| < 0.8 x 1078 at CL=90%. Limits can also be
placed on specific C' PT-violating decay amplitudes. Given the
small value of (1 — |noo/n+—|), the value of g9 — ¢— provides
a measure of C'PT violation in Kg — 27 decay. Results from
CERN [1] and Fermilab [2] indicate no C'PT-violating effect.

CP AND T INVARIANCE

Given CPT invariance, C'P violation and T violation
are equivalent. The original evidence for CP violation came
from the measurement of |ny_| = |A(KY — 7Fn)/A(KS
— qtr7)| = (2.233 4 0.012) x 1073, This could be explained
in terms of K9-K mixing, which also leads to the asymmetry
[(KY — 7 etv)—T(KY — nte 7)]/[sum] = (0.334£0.007)%.
Evidence for C'P violation in the kaon decay amplitude comes
from the measurement of (1 — |noo/n+—|)/3 = Re(e'/e) =
(1.65 £ 0.26) x 1073, In the Standard Model much larger C P-
violating effects are expected. The first of these, which is associ-
ated with B-B mixing, is the parameter sin(23) now measured

quite accurately to be 0.678 £+ 0.025. A number of other C'P-
violating observables are being measured in B decays; direct
evidence for C'P violation in the B decay amplitude comes from
the asymmetry [F(EO — K~nt) = T(B° — K*tn7)]/[sum] =
—0.101 £ 0.015. Direct tests of T" violation are much more dif-
ficult; a measurement by CPLEAR of the difference between
the oscillation probabilities of K? to K0 and KO to K° is
related to T violation [3]. Other searches for C'P or T viola-
tion involve effects that are expected to be unobservable in the
Standard Model. The most sensitive are probably the searches
for an electric dipole moment of the neutron, measured to be
<2.9%x107% ¢ cm, and the electron (0.0740.07) x 10720 ¢ cm.
A nonzero value requires both P and T violation.

CONSERVATION OF LEPTON NUMBERS

Present experimental evidence and the standard electroweak
theory are consistent with the absolute conservation of three
separate lepton numbers: electron number L., muon number
L, and tau number L, except for the effect of neutrino mixing
associated with neutrino masses. Searches for violations are of

the following types:

a) AL = 2 for one type of charged lepton. The best
limit comes from the search for neutrinoless double beta decay
(Z,A) — (Z+2,A) + e + e . The best laboratory limit is
t1p > 1.9 x 10% yr (CL=90%) for "®Ce.

b) Conversion of one charged-lepton type to another.
For purely leptonic processes, the best limits are on u — ey
and p — 3e, measured as I'( — ey)/T'(u —all) < 1.2 x 1071
and I'(u — 3e)/T(p — all) < 1.0 x 1072, For semileptonic
processes, the best limit comes from the coherent conver-
sion process in a muonic atom, u~+ (Z,A) — e~ + (Z, A),
measured as T'(p~Ti — e~ Ti)/T(p"Ti — all) < 4.3 x 10712,
Of special interest is the case in which the hadronic fla-
vor also changes, as in K; — ey and Kt — mte pu™,
measured as ['(Kj — eu)/T(Kp — all) < 4.7 x 10712 and
DK+t — nte pt)/T(K+ — all) < 1.3 x 1071, Limits on
the conversion of 7 into e or p are found in 7 decay
and are much less stringent than those for © — e con-
version, e.g, T(r — puy)/T(r — all) < 6.8 x 1078 and
(1 — ey)/T (1 —all) < 1.1 x 1077.

c) Conversion of one type of charged lepton into
another type of charged antilepton. The case most studied
is u= + (Z,A) — et +(Z—2,A), the strongest limit being
I'(p~Ti — et Ca)/I'(p~Ti — all) < 3.6 x 10711,

d) Neutrino oscillations. If neutrinos have mass, then it
is expected even in the standard electroweak theory that the
lepton numbers are not separately conserved, as a consequence
of lepton mixing analogous to Cabibbo quark mixing. However,
if the only source of lepton-number violation is the mixing of
low-mass neutrinos then processes such as p — ey are expected
to have extremely small unobservable probabilities. For small
neutrino masses, the lepton-number violation would be observed
first in neutrino oscillations, which have been the subject of
extensive experimental searches. Strong evidence for neutrino

mixing has come from atmospheric and solar neutrinos. The
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SNO experiment has detected the total flux of neutrinos from
the sun measured via neutral current interactions and found it
greater than the flux of v.. This confirms previous indications
of a deficit of v, and can be explained by oscillations with
A(m?) = (8.0 £0.3) x 107 V2. Evidence for such oscillations
for reactor 7 has been found by the KAMLAND detector. In
addition, underground detectors observing neutrinos produced
by cosmic rays in the atmosphere have found a factor of
2 deficiency of upward going v}, compared to downward. This
provides compelling evidence for v, disappearance, for which the
most probable explanation is v, — v, oscillations with nearly
maximal mixing and A(m?) of the order 0.0019-0.0030 eV?2.

CONSERVATION OF HADRONIC FLAVORS

In strong and electromagnetic interactions, hadronic fla-
vor is conserved, i.e. the conversion of a quark of one flavor
(d,u,s,c,b,t) into a quark of another flavor is forbidden. In
the Standard Model, the weak interactions violate these conser-
vation laws in a manner described by the Cabibbo-Kobayashi-
Maskawa mixing (see the section “Cabibbo-Kobayashi-Maskawa
Mixing Matrix”). The way in which these conservation laws are
violated is tested as follows:

(a) AS=AQ rule. In the strangeness-changing semilep-
tonic decay of strange particles, the strangeness change equals
the change in charge of the hadrons. Tests come from limits on
decay rates such as ['(XT — netv)/I(X+ — all) < 5 x 1076,
and from a detailed analysis of Kj; — mev, which yields the
parameter z, measured to be (Rez, Imx) = (—0.002 £ 0.006,
0.0012 £ 0.0021). Corresponding rules are AC = AQ and AB
= AQ.

(b) Change of flavor by two units. In the Standard
Model this occurs only in second-order weak interactions. The
classic example is AS = 2 via K° e mixing, which is directly
measured by m(Kp) —m(Kg) = (0.5292 £0.0009) x 10! hs~!.
The AB = 2 transitions in the B and B? systems via mixing are
also well established. The measured mass differences between
the eigenstates are (mBg - mBE) = (0.507+0.005) x 102 hs~!
and (mBSH - mB,?L) = (17.7740.12) x 10'2 hs~!. There is now
strong evidence of AC = 2 transition in the charm sector with
the mass difference Mmpy —mpo = (2.377955) x 1010 hs~1. All
results are consistent with the second-order calculations in the
Standard Model.

(c) Flavor-changing neutral currents. In the Standard
Model the neutral-current interactions do not change flavor.
The low rate ['(Ky — pTp™)/T(Kp — all) = (6.84 £ 0.11) x
1079 puts limits on such interactions; the nonzero value for
this rate is attributed to a combination of the weak and

electromagnetic interactions. The best test should come from

Unless otherwise stated, limits are given at the 90% confidence level, while errors are given
as +1 standard deviation.

K™ — 7tup, which occurs in the Standard Model only
as a second-order weak process with a branching fraction
of (0.4 to 1.2)x107'. Recent results, including observa-
tion of two events, yields (KT — 7Tvp)/T(K+t — all)
= (1.5%03) x 10719[4]. Limits for charm-changing or bottom-
changing neutral currents are much less stringent: I'(D? —
ptu™)/T(D° — all) < 1.3x 1078 and T'(B° — ptp™)/T(B° —
all) < 1.5 x 1078, One cannot isolate flavor-changing neutral
current (FCNC) effects in non leptonic decays. For example,
the FCNC transition s — d + (¥ + u) is equivalent to the
charged-current transition s — uw + (@ + d). Tests for FCNC
are therefore limited to hadron decays into lepton pairs. Such
decays are expected only in second-order in the electroweak

coupling in the Standard Model.
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| TESTS OF DISCRETE SPACE-TIME SYMMETRIES |

CHARGE CONJUGATION (C) INVARIANCE

r(x0 — 3v)/Tiotal <3.1x1078, CL = 90%
n C-nonconserving decay parameters
at 7= 70 left-right asymmetry
parameter
7t~ 70 sextant asymmetry
parameter
a7~ 20 quadrant asymmetry
parameter
a7+ left-right asymmetry
parameter
7t 7w~ parameter 3 (D-wave)
Fn — ”O'Y)/rtotal
r(n — 70709)/Total
r(n — 797070)/Fotal <6 x 1075, CL = 90%
F(n — 39)/Tiotal <1.6 x 1075, CL = 90%
r(n — w0ete™)/Motal la] <4x1075, CL=90%
rn — 7 utu=)/Tiotal la] <5x1076, CL =90%
F(w(782) — 77°)/Total <1x1073, CL = 90%
r(w(782) — 370)/Tiotal <3x 1074, CL = 90%

(0.09 £ 0.17) x 10~2
(0.18 + 0.16) x 102
(—0.17 £ 0.17) x 10—2
(0.9 £ 0.4) x 1072

—0.02 + 0.07 (S = 1.3)
<9x 1073, CL = 90%
<5 x 1074, CL = 90%

¢ decay parameter of 7/(958) 0.015 + 0.018
asymmetry parameter for 7/(958) — —0.01 + 0.04
at 7~ decay
(o' (958) — 70T e™)/Tioral [ <1.4x1073,CL=90%
r('(958) — net e™)/Tiotal [4) <24x1073, CL =90%
F(7/(958) — 34)/Trotal <1.0 x 1074, CL = 90%
r('(958) — ptpu=70)/Tiotal [a] <6.0 x 1075, CL = 90%
(1 (958) — wt 1™ n)/Total la] <1.5x1072, CL = 90%

F(J/2(1S) = ¥7)/Ttotal <2.2x 1075, CL = 90%
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PARITY (P) INVARIANCE

e electric dipole moment
1 electric dipole moment

Re(d, = 7 electric dipole moment)
rn— L “)/Tiotal

rn— wow")/rmm

r(n— a0 )/rtotal

r(7 (958) — atr “)/Ttotal
r(n'(958) — 0x0)/Foral
M(nc(1S) = =T 77)/Tiotal
M(nc(18) — 7970)/Tiopay
T(nc(1S) — KT K™)/Teoral
M(nc(15) — K&K/ Motal

p electric dipole moment
n electric dipole moment
A electric dipole moment

(0.07 £ 0.07) x 10726 ecm

(3.7 £3.4) x 10719 ecm

~0.2210 0.45 x 10716 ecm, CL =
95%

<1.3x 1075, CL = 90%

<35 x 1074, CL = 90%

<6.9x 1077, CL = 90%

<29 %1073, CL = 90%

<9x1074, CL = 90%

<8.7x 1074, CL = 90%

<5.6 x 1074, CL = 90%

<7.6 x 1074, CL = 90%

<42 %1074, CL = 90%

<054 x 10723 ecm

<0.29 x 10=25 ecm, CL = 90%

<15x10716 ecm, CL = 95%

TIME REVERSAL (T) INVARIANCE

e electric dipole moment

1 electric dipole moment

4 decay parameters
transverse eT polarization normal to

plane of x spin, et momentum

U//A
8'/A

Re(d, = 7 electric dipole moment)

Pp in Kt — 7r0,u+1/M

Ppin Kt — ,u+uu'y

Im(¢) in KT — =0 ,u*u decay (from
transverse p pol.)

asymmetry A in KO-KO mixing

Im(¢) in K?L3 decay (from transverse u pol.)

Ar(KYkExtz=)in DF

Ap(kt k=7t 7 in DO, DO

Ar(KYKErtam)in DF

p electric dipole moment

n electric dipole moment

n — pe~ Ug decay parameters
P Ay, Phase of g relative to g/
triple correlation coefficient D

A electric dipole moment

triple correlation coefficient D for ¥— —
ne~vg

(0]

[c

(0.07 £ 0.07) x 10726 ecm
(3.7 £3.4) x 10719 ecm

(-2 +8)x 1073

(0 +4)x1073

(1£5)x1073

—0.22t0 0.45 x 10716 ecm, CL =
95%

(-1.7 £25) x 1073

(—0.6 +£1.9) x 1072

—0.006 + 0.008

(6.6 + 1.6) x 103

—0.007 + 0.026

0.02 + 0.07

0.01 + 0.07

~0.04 + 0.07

<054 x 10723 ecm

<0.29 x 10~25 ecm, CL = 90%

(180.06 + 0.07)°

(-4 +6)x1074

<1.5 x 10716 ecm, CL = 95%
0.11 £ 0.10

CP INVARIANCE

Re(d?)

Im(d?)

Fn— 7t a7)/Fotal

M- = ”0)/rtotal

Fn— ar? )/rtotal

(1 (958) — 7+ 77)/Tyotal

r( (958) — 7070)/Fiotal

kT = afata rate difference /average

KkE — 77070 rate difference/average

KE = 770y rate difference /average

KE - rtatn T (8 —8-)/ (84 +
&)

KE = 7Ealz0 (8 —58) /(81 +5°)
AKE )= F(Kwu“) r(K
TR r(KE TR, L)
Ag =[T(KE — r=eTwg)-T(KL —

mte~7,) ]/ SUM

W[L/J)

m(n4_q) = Im(A(KOS — gt x0, cp
violating) / A(KY — =t == x0))
Im(n909) = Im(A(KE —

7070 11'0)/A(K0 — 7040 7r0))

<0.50 x 10717 ecm, CL = 95%
<1.1x 10717 ecm, CL = 95%
<1.3x 1075, CL = 90%
<35x 1074, CL = 90%
<6.9x 1077, CL = 90%
<2.9x 1073, CL = 90%
<9x1074, CL = 90%

(0.08 £ 0.12)%

(0.0 + 0.6)%

(0.9 +3.3)%

(-15+22)x 1074

(1.8 +1.8) x104

—0.02 £0.12

(2+10)x 1073
—0.002 + 0.009

(—0.1£1.6)x1072

Unless otherwise stated, limits are given at the 90% confidence level, while errors are given

as +1 standard deviation.

Inooo| = ‘A(KoS — 37r0)/A(K(L) — 37r0)‘
CP asymmetry A in K% — rta"ete™
0 0

r(K% — 379)/Tiotal

linear coefficient j for K? — 7tr 70

quadratic coefficient f for K[L) — gta—x0

‘(/_*__,y‘/( for K(L) — 7r+7r_7

‘gEl‘ for K(L) — atry

r(kY — w0ut ™)/ Tiotal

r(K9 — =Pt e™)/Tioral

r(K(L) - 7"[)l’p)/rtotal

Acp(K%nt) in DF

Acp(KT2x¥) in DE

Acp(KFnEnE70)in DE

Acp(KLrtx0) in DE

Acp(KYntrta=)in DF

Acp(k% kE)in DF

Acp(Kt K= %) in DE

Acp(kEK*0)in D

Acp(ént)in DE

ACP(7T+7T7 ﬂi) in DT

Acp(KYkExt =) in DE

Acp(kt k=) in DY, DO

Acp(kL Q) in DO, DO

ACP(7r+7r_) in DO, DY

ACP(WOTI'O) in O, DY

ACP(7r+7r77r0) in 00, DO

Acp(k%g) in DO, DO

Acp(K%x0) in DO, DO

Acp(KExF)in DO, DO

Acp(KFxE70)in DO, DO

Acp(KEaF70)in DO, DO

Acp(K%x+ =) in DO, DO

Acp(K*(892)Fnt — Kzt x™)in
DO — K*—xt, DO — K*ta—

Acp(K*(892)F nF — KLzt x7)in

DO — K*t7—, D0 — K* gt
ACP(KS/) 057r+ —)in Do, B0

Acp(KQw — K&ntr7)in DO, DO

Acp(K2 5(980) — K%ntx=)in DO, DO

Acp(K% (1270) — K27r+ =) in DO,
DY

Acp(K2{(1370) - KQxt ) in DO,
Do

Acp(K§(1430)F rt — k7t a=)in DO,
Do

Acp(K5(1430)Frt — kQrta~)in DO,
Do

Acp(fg(lsso)ﬁri — KyrxFx7)in DO,
D

Acp(KEaFatz=)in DO, DO
Acp(Kt K= atx~)in DO, DO
Acp(KEKY) in DF — KkEKY
Acp(KT K= at)in DE — Kt K= at
Acp(KT K= nEa%) in DE —
Kt K= ntg0
S

Acp(KY kForE)in DF — kY Kk—2nF,

Dy — KQktor—
ACP(7r+7r7 wi) in Dg: - atr ot
A(;P(ﬂin) in D;t — ﬂi'r]
A(;P(win/) in D;E - gt n
Acp(KEa0) in DE — kEA0
Acp(Kynt)in D — KQnt
Acp(KEn) in DE — K*y
Acp(KE1/(958)) in DE — K4/ (958)
Acp(BT — J/p(S)KT)

Acp(BT — J/p(18)xT)
Acp(BY — J/ypK*(892)T)
Acp(BtT — 4(25)KT)
Acp(BT — (25)K*(892)T)

[d
d]
[e]

<0.018, CL = 90%

(-1 +4)%

<1.2x 1077, CL = 90%
0.0012 =+ 0.0008

0.004 + 0.006

<0.3, CL = 90%

<0.21, CL = 90%

<3.8x 10710, cL = 90%
<28 x 10710, cL = 90%
<21 %1077, CL = 90%
—0.009 + 0.009

—0.005 + 0.010

0.010 + 0.013

0.003 + 0.009

0.001 + 0.013

0.07 + 0.06

0.006 + 0.007

0.005 + 0.017

~0.001 + 0.015

—0.02 + 0.04

—0.04 + 0.07

(0.1 4 0.5) x 1072 (S = 1.4)
—0.23+0.19

(0.0 £ 0.5) x 1072

0.00 + 0.05

0.004 + 0.013

—0.03 £ 0.09

0.001 =+ 0.013

0.022 + 0.032

0.002 + 0.009

0.00 + 0.05

+0.026
—0.009" 561

<35x 1074, CL = 95%

<7.8x1074, CL = 95%

<48 x 1074, CL = 95%
<9.2x 1074, CL = 95%
<6.8 x 1074, CL = 95%
<13.5 x 1074, CL = 95%

<255 x 1074, CL = 95%
<9.0 x 1074, CL = 95%
<6.5 x 1074, CL = 95%
<28.4 x 1074, CL = 95%

—0.02 + 0.04
—0.08 + 0.07
0.049 + 0.023
0.003 + 0.014
—0.06 + 0.04

—0.01 + 0.04

0.02 + 0.05
—0.08 + 0.05

—0.06 + 0.04

0.02 + 0.29

0.27 +0.11

—0.20 + 0.18
—0.2+04

0.017 + 0.016 (S = 1.2)
0.09 + 0.08

—0.048 + 0.033
—0.025 + 0.024

0.08 + 0.21
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Acp(BT = xa K1)
Acp(BY — x¢ K*(892)1)
Acp(BT — DOrt)
Acp(BY — Dep(y1)mT)
Acp(BT — Dop(_1))
Acp(BT — DOkT)

Acp(BT — [K=nt]pKT)
Acp(BT — [K™nT]5K*(892)T)
Acp(BT — [K™nT]paT)
Acp(BT — [rtr=a01p k)
Acp(BT — DCP(+1)K+)
Acp(BT — Dcp(—1)K™)

D0 +)

!

Acp(BY —
Acp(BT — (DCP(+1)) )
ACP(BJr - (D, CP(—I)) )
Acp(BT — D*0kH)
Acp(BT = DEp( 1) KT
Acp(BT — D*C,P(il)K+)
Acp(BT — Dep(+1) K*(892)1)
Bt

Acp(BT — Dop(_1)K*(892)T)
Acp(BT — K%xT)
Acp(BY — KTx0)
ACP(B+ — g/kt)
Acp(BT — nKT)
Acp(BT — nK*(892)T)
Acp(BT — wkT)
Acp(BT — K*(892)Fx0)
Acp(BT — K*0rt)
Acp(BT — KTn—at)
Acp(BT — £5(980) KT)
Acp(BT — p0kt)
Acp(BT — K§(1430)077)
Acp(BT — pArD)
Acp(BT — pOK*(892)t)
Acp(BT — KOk™)
Acp(BT — kT kLK)
Acp(BT — KT K= KT)
Acp(BT — oK)
Acp(B+ — ¢K*(892)T)
ACP( — nKty)
ACP(B+ g 0)
ACI;;(BJr — ataxt)
Acp(BY — POxt)
Acp(BT — £(1270)77T)
Acp(BT — pta0)
Acp(BY — ot p0)
Acp(BT — w+)
Acp(BT — wp')
Acp(BY — nrT)
Acp(BT — o'xT)
Acp(Bt — nﬂ+)
Acp(Bt — pprt)
Acp(BT — ppKT)
Acp(BT — ppK*(892)T)
Acp(BY — pAv)

Re( BD)/( + BU‘ )
At/cp

Acp(BY — D*(2010)t D7)
Acp (BO — Ktx—)
Acp(BY — nK*(892)0)

Acp(BO — pt k™)

ACP(BO — K+7r77r0)
Acp(BY — K*(892)tn™)
Acp(BY — K*(892)0 7t 7)
Acp(BY — K*(892)0 Kt K™)

Acp(BY — K*(892)0¢)
Acp(BY — K*(892)0 K~ )
Acp(BY — o(Km)E0)

—0.009 + 0.033
0.5+05
—0.008 + 0.008
0.035 + 0.024
0.017 4+ 0.026

0.07 + 0.04

+0.8
097q¢

—02+06
+0.30
030 Zg
~0.02 £0.15
0224+ 0.14 (S = 1.4)
~0.09 £ 0.10

—0.014 £ 0.015
—0.02 £ 0.05

—0.09 £ 0.05

—0.09 + 0.09
—0.15 £ 0.16

0.13 £ 031

—0.08 +0.21
03404

0.009 4 0.029 (S = 1.2)
0.027 4 0.032

0.016 % 0.019

—0.27 £ 0.09

0.02 £ 0.06

0.02 £ 0.05

0.04 £ 0.2

—0.08 +£0.10 (S = 1.8)
0.023 4 0.031 (S = 1.2)
~00410:08 (s = 1)

+011
0317 559

0.00 & 0.07 (S = 2.4)
0.01 +0.17

0.20 + 0.31

0.12 +0.18

—0.04 + 0.11
—0.017 + 0.030
—0.01 + 0.06

—0.01 + 0.08

—0.13 + 0.08

0.01 + 0.06

—0.01 + 0.08

—0.07 + 0.13

0.00 4 0.25

0.02 4 0.11

—0.08 + 0.13

—0.04 + 0.06

0.04 4 0.18

—0.16 4 0.07 (S = 1.1)
021 +0.15

0.01 +0.16

0.00 + 0.04

—0.16 + 0.07

032 4 0.14

0.17 + 017

(=01 +1.4)x1073
0.005 + 0.018

—0.06 + 0.09 (S = 1.7)
—0.101 + 0.015

0.19 + 0.05

—0.08 4+ 0.24 (S = 1.7)
0.07 4 0.11

—0.05 + 0.14

0.07 4 0.05

0.01 + 0.05

—0.01 + 0.06
02+04

0.17 4+ 0.15

Unless otherwise stated, limits are given at the 90% confidence level, while errors are given

as +1 standard deviation.

Acp(BY — ptn7)
Acp(BY — p~at)
Acp(BY — K*(1430)7)
Acp(BY — ppK*(892)0)
Acp(BY — pAinT)
0 * — n+
Cpr(2010)- p+ (B® — D*(2010)~D%)
0 * —+
Spr(2010)- p+ (B® = D*(2010)7DF)
0 * +
CD*(2010) _ (B9 — D*(2010)* D7)
Spr(2010)+ D (BY — D*(2010)* D7)
Cput pre (BY — D*+p*)
Spir pe (BY = D*+D*7)

¢, (B — p*tp*7)
s, (B » D*tD*7)
c_(BY — D*tp*™)
s_ (B0 — p*tp*)
Cp+p- (B — DT D7)
S (B9 — Dt D7)

D+ D~
€y p(as)n0 (BY = 4/6(18)70)

S 1 /(15) m0 (BY = J/3p(15)=0)

Cr(958) K (BY — 7/ (958) kQ)

0 / 0
S,y(958) K (B — /(958)KY)
Cng (BY — wkQ)
0 _, KO
sz% (B wk®)
0 0

C BY — 13(980) K
f0(980)Kg( 0( ) 5)

s BO — £,(980) K

f(980) K2 ( s)

0

Cks ks kg (BY = KsKsKs)
0

Sks Ks Ks(B” — KsKsKs)
0 + k- KO

CK+K7K2(B - Ktk kQ)

s B — Kkt Kk~ kQ)

K+ K= K% (

¢K° (B0 — ¢K0)

Sy (B% = ¢KG)
KQ 70 (BY — k=0
ng o (BO — k2x0)

C

C (BY — K57r v)

0 O
Kgm vy

S (BOH KO 7707)

KO7\'D

C (BY — K*(892)0+)

K*(892)0
Sk+(892)0 (BY — K*(892)0+)
Crn (BY — atz)
Sem (B0 — ata)
0,08 = 70x0)
Cpr (BY — pFr7)
p (B0 — ptr)
p7r (Bo - P 7‘7)

Asp7r (B — ptr7)
€070 (B9 — 0x0)
5,070 (B9 — p0x0)

Cpp (BO = ptp7)
Spp (BY = ptp7)

[A] (BO — J/y K*(892)0)
(54 +5_)/2(BY — D*~xt)
(s_ —s,)/2(BY — D*~xt)
(5; +5.)/2(8Y — D™ =)
(s_ —54)/2(BY - D=a)
Acp(B — K*(892)7)
Acp(B — s7)
Acp(b — Xstt ™)

T(nc(1S) — 7 77)/Tiopal
M(1c(18) — w0x0)/Tigpa)
r(nc(ls) — Kt K_)/rtotal
F1c(18) = K KG)/Miotal

0.08 + 0.12 (S = 2.0)
—0.16 4+ 0.23 (S = 1.7)
—0.08 + 0.15

0.11 £ 0.14

—0.02 4 0.10

0.23 + 0.13

—0.55 4 0.21

0.01 + 0.26 (S = 2.0)
—0.74 4+ 0.19

0.02 + 0.10

—0.67 4+ 0.18

—0.05 + 0.14

—0.72 4 0.20
0.2+07

—18+11

—0.4 405 (S = 3.1)
—0.81 4 0.29 (S = 1.1)
—0.11 4 0.20

—0.69 + 0.25

—0.04 4 0.20 (S = 2.5)
0.43 +0.17 (S = 1.5)
—0.25 + 0.31 (S = 1.6)
0.35 + 0.29

—0.03 4 0.26 (S = 1.9)
—0.02 £ 0.21 (S = 1.1)

—0.15 £ 0.16 (S = 1.1)
—0.4+ 05 (S =2.5)
0.07 + 0.08

+0.12
—-0.747 510

—0.01 + 0.12
0.39 + 0.17

0.14 £ 0.11

0.38 4+ 0.19

0.0 + 0.4 (S = 2.1)
—0.01 + 0.30

—0.12£0.30 (S = 1.8)
—0.27 £ 0.26

—0.38 £ 0.17 (S = 2.6)
—0.61 £ 0.08

—0.48 £ 0.30

0.01 £ 0.14 (S = 1.9)
0.01 = 0.09

0.37 £ 0.08

~0.05 £ 0.10
—01£07

01404

~0.05 £ 0.13

~0.06 £ 0.17

<0.25, CL = 95%
~0.037 £ 0.012

—0.006 £ 0.016

—0.046 £ 0.023

—0.022 + 0.021

—0.010 £ 0.028

0.01 = 0.04

~0.22 £ 0.26

<8.7x 1074, CL = 90%
<5.6 x 10~4, CL = 90%
<7.6 x 10~4, CL = 90%
<4.2x 1074, CL = 90%



97

Tests of Conservation Laws

[07(/\) + (y+(z)]l [(xi(ﬂ) - (y+(z)]
[o(ZD)a-(A)=a(ZH)ar(A)]
[a(= ) () Fa(= )as (M)

(@ +@)/(a—@)in 27 - AK—, 02T -

0.012 + 0.021
(0+7)x107%

—0.02 +£0.13

—0.07 £0.31

0.00 + 0.04

CP VIOLATION OBSERVED

AKT

(o + @)/(a — @) in /\2‘ — Axt, ZZ —
An—

(@ +@)/(a—a)in AT = Aetwg, AT —
Ae" Ty

Re(e)

charge asymmetry in K23 decays

A; = weighted average of A; (1) and

AL(e)
Ap(p) =M=~ ut )
— [t p™ 7,)]/sum
Ap(e) =[r(x— et ve)
—r(=t €~ Ug)]/sum
parameters for K§ — 2 decay
[ngol = IA(K?_ — 270y /
A(KS — 270)]
}7]+_‘ = ‘A(K[Z - atzTy)/
A(K% — 7T+7T7)‘
lel = @lny—| + |ngol)/3
[noo/n+—|
Re(¢'/e) = (1~|ngp/n4_|)/3
Assuming CPT
¢4, phase of n _
¢pg- Phase of ngq
e = (204 _ + ¢p0)/3
Not assuming CPT
¢4, phase of
®og- Phase of ngq
be = (204 _ +¢00)/3
CP asymmetry A in K(Z — atr—ete™
ﬁcp from K(L) — ete—ete™
~vcp from KE — ete ete™
parameters for K[Z — ﬂ*ﬂ*y decay
}7]+_W‘ = |A(K?_ — atx—, CP

violating)/A(KY — 7+ 7~ )|

Py = phase of Ny —y
M(KY — 75 77) Mioral
r(k9 — 7979 /Fiotal
Acp (BY — Ktr7)
Parameters for B0 — J/wKY

sin(20)

[f

[f]

lg

(1.596 + 0.013) x 10~3

(0.332 £ 0.006)%

(0.304 + 0.025)%

(0.334 + 0.007)%

(2222 + 0.012) x 1073 (S = 1.7)
(2233 + 0.012) x 1073 (S = 1.7)

(2.229 +0.012) x 1073 (S = 1.7)
0.9951 -+ 0.0008 (S = 1.6)
(1.65 & 0.26) x 1073 (S = 1.6)

(43.51 + 0.05)° (S = 1.1)
(43.52 £ 0.05)° (S = 1.1)
(4351 + 0.05)° (S = 1.1)

(434 £0.7)° (S = 1.3)
(43.7 £0.8)° (S = 1.2)
(435 £0.7)° (S = 1.3)
(13.7 + 1.5)%

~0.19 + 0.07

0.01 4 0.11 (S = 1.6)

(2.35 £ 0.07) x 103

(44 + 4)°

(1.966 + 0.010) x 1073 (S = 1.6)
(8.65 + 0.06) x 10~4 (S = 1.8)

—0.101 £ 0.015

0.678 + 0.025

CPT INVARIANCE

(myy+ = my,2) /| Mayerage

(Mg = mg_) | Mayerage
ge+ + ao-|/e

(8e+ — 8o-) / Baverage
(TH* - Tu—) / Taverage
(&,+ —8,-) / Baverage
(m_ = m__)/Mayerage
(m7r+ - ’”W—) / Maverage

(7'77+ "77—) / Taverage
(M = mye)/ Maverage
(TK+ - "K—) / Taverage
Kt - Mi Y rate difference/average
KkE = 7E70 rate difference/average
5in KO — KO mixing
real part of &
imaginary part of &
Re(y), K3 parameter

i

—0.002 + 0.007
<8 x1079, CL = 90%
<4x1078

(~05 +2.1) x 10712
(2+8)x1073

(—0.11 £ 0.12) x 10—8
<2.8x 1074, CL = 90%
(2+5)x1074
(6+7)x107%

(06 +1.8)x1074
(0.11 + 0.09)% (S = 1.2)
(—0.5 +0.4)%

(0.8 +1.2)%

(23+£27)x107%
(0.4 £21) x 107>
(0.4 +£25)x 1073

Unless otherwise stated, limits are given at the 90% confidence level, while errors are given

as +1 standard deviation.

Re(x_), Kg3 parameter
\mKo - m70| / Maverage
(T o — Tgo)/Maverage
phase difference b0 — ¢+7
Re(3ny— + Snoo)—2F
Acpr(KFxE) in DO, DO
\mgjmﬁ\/mp
iy =t )ty

p' Mp7tMp
lap + apl/e
(np + 1p) /[ 1p
(mp — mp )/ mp
(mp = my) [ my
(tA = 77/ 7a
(TZ+ - Tf—)/72+
(gt + p5) /By
(mE, - rn§+) / m=_
(7'_:, — T_?Jr) / T
(h= + p=y) [ p=|
(Mo —mgy) /[ mg
(TQ, — Tﬁ+) / T

U

1]

(-2.9+2.0)x1073
<8 x 10719, CL = 90%
(8 +£8)x1018

(0.2 + 0.4)°

(-3 +35)x1076
0.008 = 0.008

<2x 1079, CL = 90%
(-9 +9)x 1011
<2x 1079, CL = 90%
(-2.6 £29)x 1073
(9 +5)x107°

(=01 £ 1.1) x 1073 (S = 1.6)
—0.001 + 0.009

(—0.6 + 1.2) x 1073
0.014 + 0.015

(-3 +£9)x107°
—0.01 + 0.07

+0.01 + 0.05
(—1£8)x107°
—0.002 + 0.040

| TESTS OF NUMBER CONSERVATION LAWS |

LEPTON FAMILY NUMBER

Lepton family number conservation means separate conservation

of each of Lg, L, L.

Nz — %) Total
Nz — et rT)/Miotal
nz- Mi";)/rtotal
olete™ — eiT:F) /o(ete” —
wtuo)
et e — pErF) /olete —
)
limit on u~ — e~ conversion
o(p= 325 — e~ 325)
o(u= 325 — v, 32p%)
o(p~Ti— e Ti)/
o(p™ Ti — capture)
o(p”Pb— e~ Pb)/
o(u~ Pb — capture)
limit on muonium — antimuonium
conversion Rg =G¢c / GF
M(p™ — e vev,)/Tiotal
F(w™ — e~ 7)/Ttotal
T(u~ — e~ ete™)/TNotal
T~ — e729)/Tiotal
F(r~ — e~ 7)/Tiotal
(™ — 1= 7)/Ttotal
rr= — e a9%)/Fotal
M= = 1”79/ Total
r(r~ — = KQ)/Miotal
M~ = n™ K/ Motal
F(r= — e n)/Total
Mr= — u= 7/)/rtota|
M= — e p%)/Mroal
r(r~ = 170/ Total
M~ — e~ w)/Tiotal
M~ — = w)/Total
M(r~ — e~ K*(892)%)/Tyotal
T(r~ = p~ K*(892)0)/Tyopal
r(r= — e~ K*(892)%)/Total
M(r= — u= K*(892)0)/Tiotal
r(r= — e~ 1/(958))/Tiotal
rr= — p= n,(958))/rtota|
T~ — €~ 9)/Tiotal

[/

[K]
[K]
[K]

<1.7x107°, CL = 95%
<9.8x 1076, CL = 95%
<1.2x1075, CL = 95%
<8.9x 1076, CL = 95%

<4.0x 1076, CL = 95%

<7x 10711, cL = 90%
<43 x 10712, CL = 90%
<46 x 1071, CL = 90%
<0.0030, CL = 90%

<1.2x 1072, CL = 90%
<12x 1071, L = 90%
<1.0x 10712, cL = 90%
<7.2x 1071, CL = 90%
<1.1x 1077, CL = 90%
<6.8x 1078, CL = 90%
<8.0 x 1078, CL = 90%
<1.1x 1077, CL = 90%
<5.6 x 1078, CL = 90%
<49 %1078, CL = 90%
<9.2x 1078, CL = 90%
<6.5x 1078, CL = 90%
<6.3x 1078, CL = 90%
<6.8 x 1078, CL = 90%
<1.1x1077, CL = 90%
<8.9x 1078, CL = 90%
<7.8x 1078, CL = 90%
<5.9 x 1078, CL = 90%
<7.7x1078, CL = 90%
<1.0 x 1077, CL = 90%
<1.6 x 1077, CL = 90%
<1.3x 1077, CL = 90%
<7.3x1078, CL = 90%
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T(r~ = 1~ ¢)/Tiotal <1.3x 1077, CL = 90% r(e+ — k*(892)t et ™) /Miota) <13 %1076, CL = 90%
F(r~ — e~ et e )/Motal <3.6 x 1078, CL = 90% r(BT — K*(892)" e~ put)/Toral <9.9x 1077, CL = 90%
r(r~ — et u™)/Tiotal <3.7x1078, CL = 90% r(BT — k*(892)" eT uF)/Total <14 x1077, CL = 90%
r(r~ — et u™ 1) /Tiotal <23 x 1078, CL = 90% r(8% — & 1) /Total [K] <9.2x 1078, CL = 90%
r(r= — p~ete™)/Tiotal <2.7x 1078, CL = 90% r(89 — x0e® uF)/Miotal <14 %1077, CL = 90%
r(r= — pte= e )/Tiotal <2.0x 1078, CL = 90% r(89 — KOe*,F)/Miotal <2.7x 1077, CL = 90%
rr~ — w~wt ™)/ Total <3.2x1078, CL = 90% r(B% — k*(892)%et 1 )/Mioral <5.3x1077, CL = 90%
r(r= — et x7)/Tiotal <1.2x 1077, CL = 90% r(89 — k*(892)0 e~ ut)/Tiotal <34 x1077,CL = 90%
rr= — p= 7t 77)Tiotal <2.9x 1077, CL = 90% r(8% — k*(892)0e* 1 F)/Tiotal <5.8 x 1077, CL = 90%
M(r= — e~ 7t K7)/Total <3.2x 1077, CL = 90% r(B® — &= 7F)/Motal [K] <1.1x1074, CL=90%
M(r~ — e~ 7" KT)/Total <1.6x 1077, CL = 90% r(B% — wErF)/Miotal [K] <3.8x107%, CL = 90%
r(r= = e= KLKY) /Moral <22x 1076, CL = 90% r(B — seT uF)/Motal [k] <22x1075, CL = 90%
M~ — e~ KT K™)/Tiotal <1.4x1077, CL = 90% r(B — met uF)/Miotal <9.2x 1078, CL = 90%
rr= — K™)/Tiotal <2.6x 1077, CL = 90% r(B — pet uF)/Migtal <3.2x 106, CL = 90%
M — p 7~ K)/Fotal <32x1077, CL = 90% (B — Ke uT)/Ngtal <3.8x 1078, CL = 90%
M = w kLKD) Migtal <3.4x 1076, CL = 90% (B — K*(892) e* uF)/Tiora) <5.1x1077, CL = 90%
M~ — u~ KT K™)/Tiotal <25 %1077, CL = 90% [(BY — e uF)/Tioa [kl <6.1x1076, CL = 90%

e 7T())/rtotal

n= w0n0) /Mg

e” 1m)/Tiotal

1= nm)/Trotal

e~ 70n)/Tiotal

1~ 700)/Tiotal

e~ light boson)/T'ytq

2
ﬂ\
I A

r(r—
F(r— — p~ light boson)/Tista)

<6.5x 1070, CL = 90%
<1.4x 1075, CL = 90%
<3.5x 1075, CL = 90%
<6.0 x 1075, CL = 90%
<24 %1075, CL = 90%
<2.2x 1075, CL = 90%
<27 %1073, CL = 95%
<5x 1073, CL = 95%

LEPTON FAMILY NUMBER VIOLATION IN NEUTRINOS

Solar Neutrinos

r(e 7;)/'—total
r(” T¥)/rtotal
F(J/4(18) = et uF)/Tigpa)
(J/(18) — eF7F)/Tigpal
FJ/$(S) = wh7F)/Figral

<8.3x 1076, CL = 90%
<2.0x 1076, CL = 90%
<1.1x 1076, CL = 90%
<8.3x 1076, CL = 90%
<2.0x 1076, CL = 90%

TOTAL LEPTON NUMBER

Violation of total lepton number conservation also implies violation

in2 +0.03 i i

sin%(2075) 0.86 2’02 of lepton family number conservation.

amd) (8.0 £ 0.3) x 1073 ev2 6 ,
T(Z — pe)/Total <1.8x 1076, CL = 95%

<1.8x 1076, CL = 95%

Atmospheric Neutrinos rz r
The ranges below for sin2(2923) and Am%2 correspond to the projections (Z = pi)/Trotal

. _ i .
onto the appropriate axes of the 90% CL contour in the sin2(2(923)—Am§2 plane. limit on ™ — €™ conversion

o(p= 325 — et 325 /

<9x 10710, cL = 90%

sin2(20 0.92
Amg =) [m] i9 t0 3.0 x 1073 ev2 oS — 1, P2P)

32 o(p= 127 — et 127sp*) <3x 10710, cL = 90%
Mt — 1w ve)/Miotal [n] <8.0x 1073, CL = 90% o(u— 1271 = anything)
Mt — p”eTetv)/Mgral <16 x1078, CL = 90% o(u~Ti— etca)/ <3.6 x 10711, CL = 90%
r(x® — pe™)/Miotal <3.8x10710, cL = 90% o(u~ Ti — capture)
r(x0 = u=et)/Miotal <3.4x1079, CL = 90% r(r~ — et 77)/Tiotal <2.0x1077, CL = 90%
r(x0 — ,ﬁe + 7 et)Tiotal <1.72x 1078, CL = 90% M(r~ — wh o= 77)/Tiotal <7x 1078, L = 90%
rn— pte  + u— E+)/rt0ta| <6 x1076, CL = 90% rr— — etn— K™)/Ttotal <1.8x 1077, CL = 90%
T(n'(958) — eu)/Tiotal <4.7 %1074, CL = 90% Mr~ — et K= K™)/Total <15 %1077, CL = 90%
r(kt — p=vetet) /M <2.0x 1078, CL = 90% T(r~ = uF 7™ K7)/Total <22x1077, CL = 90%
MKt — 1t ve)/Total [n] <4x1073, CL = 90% N(r~ — uF K= K7)/Tiotal <44 %1077, CL = 90%
r(kt — =t ute ) /Motal <1.3x 10711, cL = 90% Tt~ — 7 /Tiotal <35 x 1076, CL = 90%
r(kt — 7r+u et)/Miotal <5.2x 10710, CL = 90% r(r= — pm0)/Fiotal <15 %1075, CL = 90%
r(K) — et uF)/Miotal [K] <4.7x10712, CL = 90% T(r~ — 7279)/Tiotal <3.3x 1075, CL = 90%
F(K?_ — eTeT uF uF) /Mol [K] <4.12x 10711, CL = 90% N(r~ = Pn)/Tiotal <8.9x 1076, CL = 90%
F(KY — 0 eF)/Tiopal [K] <6.2x1079, CL =90% r(r~ — pr0n)/Tiotal <27x107%, CL = 90%
r(pt — «t et 1F)/Miga (K] <3.4x1075, CL = 90% r(r™ — A7) Trotal <72x1078, CL = 90%
r(ot — KteEuF)/Motal [k] <6.8x1075, CL = 90% T(r~ = Ar7)/Tiotal <14 %1077, CL = 90%
F(D0 — 1= e)/Toal [ <8.1x10-7, CL = 90% ty,(78Ge — Tbse + 2¢7) >1.9 x 1025 yr, CL = 90%
r(0% — x0e® 1 F)/Ttal [K] <8.6x1075, CL = 90% rrt — wtoe)/Total [n] <1.5x1073, CL = 90%
r(0% — ne® u¥F)/Total [K] <1.0x1074, CL =90% r(kt — o= ptet) /Mol <5.0 x 10710, cL = 90%
rp% — 7r+7r_ et uF) /Tiotal [K] <1.5x107°, CL =90% MKt — 7~ etet)/Tiotal <6.4 x 10710, cL = 90%
r(pd — 20 e 1) Teotal [K] <4.9x1075, CL =90% MKt — 7= wtut)/Fiotal [n] <3.0x 1079, CL = 90%
M0 — weE uF)/Miotal [K] <1.2x10~%, CL =90% MKt — uF5e)/Tiotal [ <3.3x1073, CL = 90%
r(pd — k- K+ et 1) /Tiotal [K] <1.8x1074, CL = 90% r(kt — w0t mg)/Total <3x 1073, CL = 90%
r(0% — ¢etuF)/Miotal [K] <3.4x107°, CL = 90% r(Dt — =~ et e)/Total <3.6 x 1076, CL = 90%
r(0% — KOek u¥F)/rioral [K] <1.0x104, CL =90% (Dt — 7=t ut)/Miotal <4.8 x 1076, CL = 90%
r(0% — K=t et puF)/Tigral [K] <5.53x 1074, CL = 90% r(ot — et uh)/Motal <5.0 x 1075, CL = 90%
r(D0 — K*(892)0 e+ 1iF)/Tota) [K] <8.3x1075, CL =90% (Dt — p~utut)/Tiotal <5.6 x 1074, CL = 90%
r(pf — =t et 1 F) Mg [K] <6.1x10~4, CL = 90% T(DFT — K~ete)/Migtal <45 %1075, CL = 90%
r(Df — Kt et uF) /Mg [K] <6.3x10~4, CL = 90% r(0t — K= utut)/Mgtal <13 %1075, CL = 90%
F(KF i 7 F) Mot <77 x 1076, CL = 90% HDt — K= et ut)/Tigpy <13x 1074, CL=90%
rB+ — ntet =)/ Motal <6.4 x10-3, CL = 90% r(Dt — K*(892)~ ut ut)/Fiotal <85 x 1074, CL = 90%
F(BY — «Fe™ u)/Tigtal <6.4x 1073, CL = 90% r(D% — = x~ et et + cc)/Motal <112x 1074, CL = 90%
B+ — ot et 1) Mo <17 x10-7, CL = 90% r(00 — == ptut + cc)/Tiotal <29 %1075, CL = 90%
B+ — K+ et i) Miomal 9.1 x 10-8, CL = 90% r(D0 — K—n~etet+cc)/Ttal <2.06 x 1074, CL = 90%
rBT — Kte™ uh)/Tota <13x1077, CL = 90% (D0 — K=a™p it + ) Tigpa <3.9x 1074, CL= 90%
FBT — Kt e 1 F)/Mioal 9.1 x10-8, CL = 90% r(p0 — K=K~ etet + cc)/Miotal <152 x 1074, CL = 90%
B+ — K+ ) T <17 x 105, CL = 90% r(D0 — K=K~ ptut + cc)/Tigtal <9.4 %1075, CL = 90%

Unless otherwise stated, limits are given at the 90% confidence level, while errors are given

as +1 standard deviation.
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100 — n= 7~ et ut + c.c.)/Trotal

r(D0 — K=x~etut+ cc)/Total
r(p0 — K=k~ etut+ c.c)/Myotal
r(D;r — et et) Mol
r(DF — 7= uF i) Tiotal

—+ —
F(DS - e+l*+)/rtotal

—+ —
Ny — K~ eTer)/Tipral
r(D: - Kilﬁ‘ﬁr)/rtotal

+ —
roy — « et 1) /Tiotal
r(Df — K*(892)~ pt i)/ Foral
(BT — 7~ etet)/Moral
rB+ — 7= pt u®)/Total
ret — = et ut)/Migtal
ret — p~etet)/Moral
r(B+ - Piﬂ+ﬂ+)/rtotal
r(BT — p~et uh)/Total
(BT — K~ etet)/Mtal
rB+t — K= putut)/Total
(BT — K~etut)/Tiotal
r(BT — K*(892)~ et e™)/Migtal
r(BT — K*(892)~ pt ut)/Tiotal
r(BT — K*(892) et ut)/Tiotal
NE" — pu™ 17 )/Trotal
rAf — == utpt) Migral

<7.9x 1075, CL = 90%
<2.18 x 1074, CL = 90%
<5.7x 1075, CL = 90%
<6.9x 1074, CL = 90%
<2.9%x 1075, CL = 90%
<7.3x 1074, CL = 90%
<6.3x 1074, CL = 90%
<1.3x 1075, CL = 90%
<6.8 x 1074, CL = 90%
<1.4x 1073, CL = 90%
<1.6 x 1076, CL = 90%
<1.4x 107, CL = 90%
<1.3x 107, CL = 90%
<2.6 x 1076, CL = 90%
<5.0 x 1076, CL = 90%
<3.3x107°, CL = 90%
<1.0 x 1070, CL = 90%
<1.8x 1076, CL = 90%
<2.0x 1076, CL = 90%
<2.8x 107, CL = 90%
<8.3x107°, CL = 90%
<4.4 %1075, CL = 90%
<4 %1078, CL = 90%
<7.0x 1074, CL = 90%

BARYON NUMBER

N(Z — pe)/Tiotal
N(Z = pu)/Tiotal
(™ — P7)/Ttotal
(e~ = pr0)/Tiotal
rr= — ﬁ27r0)/rt0m|
Tt~ — Pn)/Ttotal
r(= = pnln)/Tigtal
M= — A77)/Tiotal
= — Zﬂi)/rtotal
p mean life

<1.8x 1076, CL = 95%
<1.8x 1076, CL = 95%
<35 %1070, CL = 90%
<1.5x 1079, CL = 90%
<3.3x 1075, CL = 90%
<8.9x 107, CL = 90%
<27 %1075, CL = 90%
<7.2x 1078, CL = 90%
<1.4x 1077, CL = 90%
>2.1 x 1029 years, CL = 90%

A few examples of proton or bound neutron decay follow. For limits on many other nucleon

decay channels, see the Baryon Summary Table.
(N — et ™)

(N — ptr)
(N = et K)
(N — utK)

limit on n7 oscillations (free n)
limit on n7 oscillations (bound n)

> 158 (n), > 1600 (p) x 1030 years,

CL = 90%

> 100 (n), > 473 (p) x 1030 years,
CL = 90%

> 17 (n), > 150 (p) x 1030 years,
CL = 90%

> 26 (n), > 120 (p) x 1030 years,
CL = 90%

>0.86 x 108 s, CL = 90%
[o] >1.2x108s, CL = 90%

ELECTRIC CHARGE (Q)

e — g7y and astrophysical limits
F(n— prePe)/Tiotal

[p] >4.6 x 1026 yr, CL = 90%
<8 x 10727, CL = 68%

AS = AQRULE

Violations allowed in second-order weak interactions.

r(K+ — 7r+7r+efl7€)/rtota|
r(k+ — 7T+7T+t“ivu)/rtotal
Re(x ), Ke3 parameter

<1.2x 1078, CL = 90%
<3.0x1075, CL = 95%
(-0.9+3.0)x 103

x=AK? = 77T )/AKK? = 77T v) = A(AS=—AQ)/A(AS=AQ)

real part of x
imaginary part of x
r(zt — netv)/r(z= - nt~p)
(=t — netve)/Tiotal
re=t - n,u+1/u)/rtota|
r=0 — == etve)/Miotal
r=E0 - s—pt vu)Trotal

—0.002 + 0.006

0.0012 = 0.0021

<0.043

<5x 1076, CL = 90%
<3.0 x 1075, CL = 90%
<9 x 1074, CL = 90%
<9 x 1074, CL = 90%

Unless otherwise stated, limits are given at the 90% confidence level, while errors are given

as +1 standard deviation.

AS = 2 FORBIDDEN

Allowed in second-order weak interactions.

<8 x 1076, CL = 90%
<13x1073
<13x1073

<1.9 x 1075, CL = 90%
<3.2x 1073, CL = 90%
<15x 1072, CL = 90%
<4 x 1074, CL = 90%
<4 x 1074, CL = 90%
<4 x 1074, CL = 90%
<2.9x107°, CL = 90%

M=% = pm7)/Tiotal

N(Z" — pe™ Te)/Total
r=0 - Pu” 7,)/Tiotal
NZE" — n77)/Tiotal

NZE" — ne”7g)/Tiotal
N(E" = np=7,)/Tiotal
NE" = pr~ 77 )/Ttotal
NE" = pr~ e Ve)/Tiotal
NE" = pr= 1w 7,)/Tiotal
(R~ — An7)/Tiotal

AS =2 VIA MIXING

Allowed in second-order weak interactions, e.g. mixing.

My = Mg (0.5292 £ 0.0009) x 1010 7 s~ 1 (s
L S =1.2)

My = Myq (3.483 + 0.006) x 10~12 MeV
L S

AC = 2 VIA MIXING

Allowed in second-order weak interactions, e.g. mixing.

0.66 -
\mD? - ng\ =al (2377 5:58) x 1010 s~ 1

(Fpo =T po)/T =2y (156+038) x 1072
1 2

AB =2 VIA MIXING
Allowed in second-order weak interactions, e.g. mixing.

Xd 0.1878 = 0.0024
Ampgy = Mpgo — Mpgo (0.507 £ 0.005) x 1012 s~ 1

Xg = Amgo /T o 0.776 + 0.008

Am g =m_ o —m_g (17.77 £ 0.12) x 1012 s~ 1
Bs BsH BsL
Xs = Am o /T g 261405
s s
Xs 0.49927 + 0.00003

AS =1 WEAK NEUTRAL CURRENT FORBIDDEN

Allowed by higher-order electroweak interactions.

Tkt — atete™) /Mol
F(K+ — 7r+u+u7)/rtota|
rkt — =t v7)/Tiotal
r(kt — ot 20um)/Migtal
F(KE — whu7)/Fioal
MK — et e™)/Migtal
r(Kog — alet €7 )/Ttotal
r(k — 70ut i)/ Moal
F(K) — wt )/ Motal
r(K[L) — et e™)/Total
M(KY — wtr=etem)/Miptal

[q

[r

]

(2.88 £ 0.13) x 10~7
(81+1.4)x1078 (S =27)
13 -
(15753) x 10710
<43 %1075, CL = 90%
<3.2x 1077, CL = 90%
<14 x 1077, CL = 90%
15 -
(3.0713) x107°
15 _
(29713) x 1079
(6.84 + 0.11) x 1079
(978 x 10712
(3.11 £ 0.19) x 10~7

r(k9 — w0nlete™)/Tyga <6.6 x 1079, CL = 90%
r(kd — ptu=etem)/Motal (2.69 +0.27) x 1079
T(KY — ete=ete™)/Tiotal (3.56 £ 0.21) x 10—8
F(KY = w0ut =)/ Meotal <3.8x 10710, CL = 90%
r(k) — w0ete™)/Miotal <2.8x 10710, cL = 90%

r(K9 - 70u7)/Tiotal

F(K[Z — Wowouﬁ)/rtotal
rct — pet €7 )/Tiotal
M=+ — put p™)/Tiotal

<21 x1077, CL = 90%
<47 %1075, CL = 90%
<7x1076

(973 x 1078
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AC=1WEAK NEUTRAL CURRENT FORBIDDEN

Allowed by higher-order electroweak interactions.

r(pt — atete™)/Motal <7.4x 1076, CL = 90%
r(oFt — ot ut p™)/Fiotal <3.9%x 1076, CL = 90%
r(ot — ptut u™)/Motal <5.6 x 1074, CL = 90%
r(0% — 47)/Tiotal <2.7 %1075, CL = 90%
r(0% — ete™)/Motal <12x1076, CL = 90%
r(p% = utu=)/Tiotal <1.3x1076, CL = 90%
r(p0 — x0ete) /Mgl <45 x 1075, CL = 90%
r(0% — a0t u=)/Tiotal <1.8x 1074, CL = 90%
r(0% — nete™)/Tiotal <1.1x1074, CL = 90%
r(D° — nut u™)/Motal <5.3x 1074, CL = 90%
r(p0 — ata=ete )/ Mol <3.73x 1074, CL = 90%
r(0% — pOete)/Mipral <1.0 x 1074, CL = 90%
r(D0 — at 7= ut =) /Migtal <3.0x 1075, CL = 90%
r(p% — POut i) /Fiotal <22 %1075, CL = 90%
r(0% — wete™)/Moral <1.8x 1074, CL = 90%
r(0% — wutu™)/Tiotal <8.3x 1074, CL = 90%
r(p0 — K= Ktete ) /Mol <3.15x 1074, CL = 90%
r(0% — gete )/ Moal <5.2x 1075, CL = 90%
r(D0 — K=K+ ut u=) /Mgl <3.3x1075, CL = 90%
r(D0 — ¢ut 1) /Tiotal <3.1x1075, CL = 90%
r(p0 — K=xtete)/Motal <3.85 x 1074, CL = 90%
r(D0 — K=at it u=)/Fiotal <3.59 x 1074, CL = 90%
r(D0 — ata=20ut =) /Fgtal <8.1x 1074, CL = 90%
M(DF — Ktete™)/Tiopa <1.6 x 1073, CL = 90%
r(F — K+ ut ™) /Miotal <3.6 x 1075, CL = 90%

<1.4x 1073, CL = 90%
<3.4 %1074, CL = 90%

r(DF — K*(892)" ut u)/Tiotal
r(/‘:-r — put 1)/ Trotal

AB =1 WEAK NEUTRAL CURRENT FORBIDDEN

Allowed by higher-order electroweak interactions.

r(Bt — xtete) /Mgl <12x1077, CL = 90%
r(BT — ntete™)/Tpal <1.8x 1077, CL = 90%
M(BT — ot put 1) /Mol <2.8x 1077, CL = 90%
r(B+ — =t wo) /Mol <1.0 x 1074, CL = 90%
M(B*t — Kt et e7)/Tiotal [s] 44758 %1077 (s =11)
r(et — Ktete )/Niotal (4.9 +1.0)x 1077
r(B* — K+t u=)/Meotal (3989 x 1077

rB+ — Ktou)/Tigtal <1.4x 1075, CL = 90%
rB+ — ot uvo)/Total <1.5x 1074, CL = 90%
r(et — K*(892)t T 67)/Miotal [s] (7+5)x10~7

r(Bt — K (892)"vp)/Mipra) <1.4x 1074, CL = 90%
r(et — Kk*(892)* et e™)/Miopal (8 +8)x10~7

r(B+ — K*892)* ut 1)/ Teotal (8F8) x 107

r(B% — v)/Tiotal <6.2x 1077, CL = 90%
r(8Y — ete™)/Mptal <113 x 1077, CL = 90%
r(8Y — ete™7)/Tiotal <12x1077, CL = 90%
r(BY — uFu=)/Tiotal <15 x 1078, CL = 90%
r(B% — utu=7)/Total <1.6 x 1077, CL = 90%
r(8% — 7+ +7)/Fiotal <4.1x1073, CL = 90%
r(89 — x%¢te7) /Mot <12x1077, CL = 90%
r(89 — 7%um)/Tigtal <22x1074, CL = 90%
r(8% — x0ete™)/Mioral <1.4x1077, CL = 90%
r(89 — z0ut 1) /Motal <5.1x 1077, CL = 90%
r(BY — KOt 6=)/Miotal [s] 29715 x1077

r(BY — KOuo)/Tiotal <1.6 x 1074, CL = 90%

<4.4 %1074, CL = 90%
@3+ 107
(67722 x 1077

r(B% — pOum)/Tigtal
r(B% — KOete)/Miotal
r89 — KOutpu=)/Tiotal

r(89 — Kk*(892)0 ¢t ¢7)/Motal [s] (9.5 +1.8)x10~7

r(BY — K*(892)0 et e™)/Tyotal (1041032 x 1076
_ 2 _

r(B% — K*(892)% 1t ™) /Fiotal (110+32%) x 1076

<3.4 %1074, CL = 90%
<5.8 x 1079, CL = 90%
<2.2x 1074, CL = 90%

r(89 — k*(892)0um)/Moral
r(BY — ¢v7)/Tiotal
r(89 — invisible)/Mqtal

Unless otherwise stated, limits are given at the 90% confidence level, while errors are given
as +1 standard deviation.

<4.7 %1075, CL = 90%
(47+13)x10°6

r(B% — vov)/Tiotal
r(B — sete™)/Motal
1B — sutu™)/Miotal (43+12)x10°6
M(B — st ™) /Tiotal [s] (45+1.0)x107°

- +0.8 -7
r(B— Kete™)/Tota (3-8Zg7) x10
r(B — K*(892)et e™)/Tiotal (1.13 £ 0.27) x 1076

Z 0.9 -
N(B — Kutu™)/Tiotal (421323) x 1077

_ 0.26 -

r(B — K*(892)ut 1) /Tiotal (1.031938) x 1076
r(B — Kt e™)/Total (3.9+0.7)x 1077 (S = 1.2)
N(B — K*(892)¢+¢7)/Tiotal (9.4 +1.8)x 1077 (S = 1.1)
(b — pt ™ anything)/Myora) <32x1074, CL = 90%
r(BY — 7¥9)/Ttotal <56.3x 1075, CL = 90%
r8Y — uFu7)/Miotal <4.7x 1078, CL = 90%
r(BY — ete™)/Tiopal <5.4 %1075, CL = 90%
(B — 6(1020) p ™) /Mgty <32x1076, CL = 90%
r(BY - 6v7)/Tiotal <5.4x 1073, CL = 90%

AT =1WEAK NEUTRAL CURRENT FORBIDDEN

Allowed by higher-order electroweak interactions.

[t] <13.7x1072, CL = 95%

NOTES

r(t— Zq(q:u,c))/rtom

In this Summary Table:

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

[a] C parity forbids this to occur as a single-photon process.

[b] See the Particle Listings for the (complicated) definition of this quantity.
[c] Time-reversal invariance requires this to be 0° or 180°.

[d] Allowed by higher-order electroweak interactions.

[€] Violates CP in leading order. Test of direct CP violation since the in-
direct CP-violating and CP-conserving contributions are expected to be
suppressed.

[f1 Re(€'/€) = €’ /e to a very good approximation provided the phases satisfy
CPT invariance.

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

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

[/] Derived from measured values of ¢, dgo, |nl, }mKE - myo

as described in the introduction to “Tests of Conservation Laws.”

, and

T O

K

[j] These two results are not independent, and both use the more precise
measurement of |q5/mp|/(qp/mp).

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

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

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

[n] Derived from an analysis of neutrino-oscillation experiments.

[o] There is some controversy about whether nuclear physics and model
dependence complicate the analysis for bound neutrons (from which the
best limit comes). The first limit here is from reactor experiments with
free neutrons.

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

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

[r] See the K(L’ Particle Listings for the energy limits used in this measure-
ment.

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

[t] This limit is for [(t — Zq)/T(t — Wb).
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1. PHYSICAL CONSTANTS

Table 1.1. Reviewed 2007 by P.J. Mohr and B.N. Taylor (NIST). Based mainly on the “CODATA Recommended Values of the Fundamental
Physical Constants: 2006” by P.J. Mohr, B.N. Taylor, and D.B. Newell (to be published in Rev. Mod. Phys, and J. Phys. Chem. Ref. Data).
The last group of constants (beginning with the Fermi coupling constant) comes from the Particle Data Group. The figures in parentheses after
the values give the 1-standard-deviation uncertainties in the last digits; the corresponding fractional uncertainties in parts per 10° (ppb) are
given in the last column. This set of constants (aside from the last group) is recommended for international use by CODATA (the Committee
on Data for Science and Technology). The full 2006 CODATA set of constants may be found at http://physics.nist.gov/constants.

Quantity Symbol, equation Value Uncertainty (ppb)
speed of light in vacuum c 299 792 458 m s exact™
Planck constant h 6.626 068 96(33)x10734 J s 50
Planck constant, reduced h=h/2n 1.054 571 628(53)x10734 J s 50

= 6.582 118 99(16)x 10722 MeV s 25
electron charge magnitude e 1.602 176 487(40)x 10719 C = 4.803 204 27(12)x10" 0 esu 25, 25
conversion constant he 197.326 9631(49) MeV fm 25
conversion constant (Fic)? 0.389 379 304(19) GeV2 mbarn 50
electron mass Me 0.510 998 910(13) MeV/c? = 9.109 382 15(45)x 10731 kg 25, 50
proton mass mp 938.272 013(23) MeV/c? = 1.672 621 637(83)x 10727 kg 25, 50

= 1.007 276 466 77(10) u = 1836.152 672 47(80) me 0.10, 0.43
deuteron mass my 1875.612 793(47) MeV /c? 25
unified atomic mass unit (u) (mass '2C atom)/12 = (1 g)/(N4 mol) 931.494 028(23) MeV/c? = 1.660 538 782(83)x 10~ 27 kg 25, 50
permittivity of free space €0 = 1/poc? 8.854 187 817 ... x107 12 F m~1! exact
permeability of free space 10 47 x 1077 N A=2 = 12.566 370 614 ... x10~7 N A~2 exact
fine-structure constant a = 2 /areghe 7.297 352 5376 50)><1073 = 1/137.035 999 679(94)* 0.68, 0.68
classical electron radius re = €2 /Amegmec? 2.817 940 2894(58)x 1071 2.1
(e~ Compton wavelength) /27 Xe = li/mec = rea™! 3.861 592 6459(53)x 10~ 13 m 14
Bohr radius (Mnyclens = ©0) Qoo = 4megh? /mee? = rea™? 0.529 177 208 59(36)x 10~ 0.68
wavelength of 1 eV/c particle he/(1 eV) 1.239 841 875(31)><1()_ 25
Rydberg energy heRoo = meet/2(4meg)?h? = mec?a® /2 13.605 691 93(34) eV 25
Thomson cross section or = 8nr2/3 0.665 245 8558(27) barn 4.1
Bohr magneton g = eh/2me 5.788 381 7555(79)x 10~ 11 MeV T—1 1.4
nuclear magneton un = eh/2my, 3.152 451 2326(45)x 1014 MeV T—1 14
electron cyclotron freq./field wsyd/B =e/me 1.758 820 150(44)x10! rad s—1 T—1 25
proton cyclotron freq. /field wfycl/B =e/myp 9.578 833 92(24)x107 rad s~! T—! 25
gravitational constant? Gn 6.674 28(67)x 1071 m3 kg=1 s72 1.0 x 10°

= 6.708 81(67)x 10739 hc (GeV/c?)~2 1.0 x 105
standard gravitational accel. In 9.806 65 m 52 exact
Avogadro constant Ny 6.022 141 79(30) x 102 mol ™! 50
Boltzmann constant k 1.380 6504(24)x 10723 J K1 1700

= 8.617 343(15)x107% eV K1 1700
molar volume, ideal gas at STP N 4k(273.15 K)/(101 325 Pa) 22.413 996(39)x 103 m3 mol ! 1700
Wien displacement law constant b = Amax1’ 2.897 7(585(51)><10_3 m K 1700
Stefan-Boltzmann constant o = m2k*/60h3c? 5.670 400(40)x10~8 W m—2 K4 7000
Fermi coupling constant™* Gr/(he)® 1.166 37(1)x 107> GeV—2 9000
weak-mixing angle sin? ,9\(]\12) (Ms) 0.231 19(14) 6.5 x 10°
W= boson mass myy 80.398(25) GeV/c? 3.6 x 10°
Z9 boson mass my 91.1876(21) GeV/c? 2.3 x10%
strong coupling constant as(myg) 0.1176(20) 1.7 x 107

7 = 3.141 592 653 589 793 238 e = 2.718 281 828 459 045 235 v = 0.577 215 664 901 532 861
1in=0.0254 m 1G=10"4T 1eV=1.602 176 487(40) x 10719 J kT at 300 K = [38.681 685(68)]1 eV
1A=01mm  1dyne=10"°N 1eV/c? =1.782 661 758(44) x 10736 kg 0 °C=273.15K
lbarn=10"2m? 1 erg=10""J 2.997 924 58 x 10° esu =1 C 1 atmosphere = 760 Torr = 101 325 Pa

* The meter is the length of the path traveled by light in vacuum during a time interval of 1/299 792 458 of a second.
TALQZ=0. At Q®~ m%v the value is ~ 1/128.

1 Absolute lab measurements of Gy have been made only on scales of about 1 ¢m to 1 m.

** See the discussion in Sec. 10, “Electroweak model and constraints on new physics.”

f The corresponding sin? @ for the effective angle is 0.23149(13).
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2. ASTROPHYSICAL CONSTANTS AND PARAMETERS

Table 2.1. Revised May 2008 by E. Bergren and D.E. Groom (LBNL). The figures in parentheses after some values give the one standard
deviation uncertainties in the last digit(s). Physical constants are from Ref. 1. While every effort has been made to obtain the most accurate
current values of the listed quantities, the table does not represent a critical review or adjustment of the constants, and is not intended as a
primary reference. The values and uncertainties for the cosmological parameters depend on the exact data sets, priors, and basis parameters
used in the fit. Many of the parameters reported in this table are derived parameters or have non-Gaussian likelihoods. The quoted errors
may be highly correlated with those of other parameters, so care must be taken in propagating them. Unless otherwise specified, cosmological
parameters are best fits of a spatially-flat ACDM cosmology with a power-law initial spectrum to WMAP 3-year data alone [2]. For more
information see Ref. 3 and the original papers.

Quantity Symbol, equation Value Reference, footnote
speed of light c 299792458 m 51 exact[4]
Newtonian gravitational constant Gy 6.6743(7) x 10711 m3 kg1 s72 1]
Planck mass Vhe/Gy 1.22089(6) x 1019 GeV/c? 1]

=2.17644(11) x 1078 kg
Planck length VhGy/c? 1.61624(8) x 1073 m 1]
standard gravitational acceleration In 9.806 65 m s> exact[1]
jansky (flux density) Jy 10726 W m—2 Hz ! definition
tropical year (equinox to equinox) (2007) yr 3155692525 ~ 7 x 107 s [5]
sidereal year (fixed star to fixed star) (2007) 315581498 s ~ 7 x 107 s [5]
mean sidereal day (2007) (time between vernal equinox transits) 23" 56™ 045090 53 [5]
astronomical unit AU, A 149597870 700(3) m [6]
parsec (1 AU/1 arc sec) pc 3.0856776 x 1010 m = 3.262 ...1y 7]
light year (deprecated unit) ly 0.3066... pc =0.946053...x 1016 m
Schwarzschild radius of the Sun 2G N Mg /? 2.9532500770(2) km 8]
Solar mass Me 1.9884(2) x 1030 kg 9]
Solar equatorial radius Ro 6.9551(3) x 108 m [10]
Solar luminosity Lo 3.8427(14) x 1026 W [11]
Schwarzschild radius of the Earth 2G N Mg,/ ? 8.870 055 881 mm [12]
Earth mass Mg 5.9722(6) x 10%4 kg [13]
Earth mean equatorial radius Rg 6.378137 x 106 m [5]
luminosity conversion (deprecated) L 3.02 x 1028 x 10704 Mpol W [14]
(My,e) = absolute bolometric magnitude
= bolometric magnitude at 10 pc)
flux conversion (deprecated) F 2.52 x 1078 x 10704 Mbol W m—2 from above
(mpo] = apparent bolometric magnitude)
ABsolute monochromatic magnitude AB —2.5 logyg fr—56.10 (for f, in W m~2 Hzfl) [15]
= —2.5 logyg fu +8.90 (for fy, in Jy)
Solar velocity around center of Galaxy ©9 220(20) km s~! [16]
Solar distance from Galactic center Ry 8.0(5) kpc [17]
local disk density P disk 3-12 x1072* g em™3 &~ 2-7 GeV/c? cm™3 [18]
local halo density P halo 2-13 x10=% g em 2 ~ 0.1-0.7 GeV/c?em ™3 [19]
present day CMB temperature To 2.725(1) K [20]
present day CMB dipole amplitude 3.358(17) mK [21]
Solar velocity with respect to CMB 369(2) km/s [21]
towards (¢,b) = (263.86(4)°, 48.24(10)°)
Local Group velocity with respect to CMB LG 627(22) kms~! [22]
towards (¢,b) = (276(3)°,30(3)°
entropy density /Boltzmann constant s/k 2889.2 (T/2.725)3 cm ™3 [14]
number density of CMB photons Ny 410.5(T/2.725)3 cm—3 [23]
present day Hubble expansion rate Hy 100 A km s~ Mpc~1
= h x (9.777752 Gyr)~! [24]
present day normalized Hubble expansion ratet h 0.73(3) [2,3]
Hubble length ¢/Hp 0.925063 x 1026 ,=1 m ~ 1.27 x 1026 m
scale factor for cosmological constant 62/3Hg 2.852 x 10°1 h~2 m?
critical density of the Universe pe = 3HZ/87G N 2.775 366 27 x 1011 b2 MoMpc™3
=1.87835(19) x 10729 h2 g cm™3
=1.05368(11) x 107° A2 (GeV/c?) cm ™3
pressureless matter density of the Universet Qm = pm/pe 0.128(8) h~2 ~0.24 (WMAP3) [2,3]
0.132(4) h=2 = 0.27(2) (ALL mean) 2]
baryon density of the Universet Qp = pp/pe 0.0223(7) h=2 =~ 0.0425 [2,3]
dark matter density of the universef Qdm = Qm — U 0.105(8) A2 ~0.20 2]
dark energy density of the Universet Qp 0.73(3) [25]
Hubble length ¢/Hy 0.925063 x 1026 b1 m ~ 1.27 x 1026 m
radiation density of the Universet Qy = py/pec 2.471 x 1075(T/2.725)* h 2 ~ 4.6 x10~° [23]
neutrino density of the Universe! Q 0.0005 < Q,h~2 < 0.023 = 0.001 < Q, < 0.05  [26]
total energy density of the Universet Qtot = Qm +...+Qy 1.011(12) [2,27]
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Value Reference, footnote

6.12(19) x 10710 28]
(1.9%x 1077 < np, < 2.7%x1077)em ™3 (95% CL) from 7

—0.97(7) 2]
0.76(5) 2,3]
0.958(16) 2,3]
—0.05 £ 0.03 2,29]
< 0.65 at 95% C.L. 2,3]
0.09(3) 2,3]
365 Myr [2,3]
13.73(15) Gyr 2]

Quantity Symbol, equation
baryon-to-photon ratiof n=np / Ny
number density of baryonst ny,
dark energy equation of state parameter? w
fluctuation amplitude at 82~ Mpc scale! g
scalar spectral index from power-law fit to data ng
running spectral index slope at kg = 0.05 Mpc~? E dng/dInk
tensor-to-scalar field perturbations ratio

at kg = 0.002 Mpc—! ¥ r=T/S
reionization optical depth? T
age of Universe at reionization b treion
age of the Universef to
1 See caption for caveats.
References:
1. P.J. Mohr, B.N. Taylor, & D.B. Newell, CODATA Recommended

10.

11.

12.

13.

14.

Values of the Fundamental Constants: 2006, Rev. Mod. Phys. (to
be published); physics.nist.gov/constants.

D.N. Spergel et al., Astrophys. J. Supp. 170, 377 (2007).
Post-deadline WMAPS values have not been used. In any case,
they usually vary no more than 1o from the WMAP3 values.

O. Lahav & A.R. Liddle, “The Cosmological Parameters,” this
Review.

B.W. Petley, Nature 303, 373 (1983).

The Astronomical Almanac for the year 2007, U.S. Government
Printing Office, Washington, and The Stationery Office, London
(2005).

With the range measurements of the Mars Global Surveyer and
Odyssey in 1999-2007 now added to the Viking ranges of 1976-82,
the value of the AU is determined to be 149 597 870 700+2 meters.
While the AU is approximately equal to the semi-major axis
of the Earth’s orbit, it is not exactly so. Nor is it exactly the
mean earth-sun distance. There are a number of reasons for this:
1) the Earth’s orbit is not exactly Keplerian due to relativity
and to perturbations from other planets; 2) the adopted value
for the Gaussian gravitational constant k is not exactly equal
to the earth’s mean motion; and 3) the mean distance in a
Keplerian orbit is not equal to the semi-major axis; instead, it is
(r) = a(1 + €2/2), where e is the eccentricity.

For an observer far above Earth’s orbital plane at rest in the
inertial frame of the Solar System, terrestrial clocks would appear
to run slower than local clocks because of (a) time dilation
from Earth’s orbital motion and (b) gravitational redshift at
the Earth’s surface and in the Sun’s potential well. The last
contribution is twice as big as the time dilation. The clock
rates differ by 1.5 parts in 108. These effects complicate the
measurement and definition of the AU and Gy Mg (Discussion
courtesy of Myles Standish, JPL).

The distance at which 1 AU subtends 1 arc sec: 1 AU divided by
/648 000.

Product of 2/c? and the heliocentric gravitational constant
GNMg = A3k? /864002, where k is the Gaussian gravitational
constant, 0.01720209895 (exact) [5]. The value and error for A
given in this table are used.

Obtained from the heliocentric gravitational constant [5] and
Gp [1]. The error is the 100 ppm standard deviation of G .

T. M. Brown & J. Christensen-Dalsgaard, Astrophys. J. 500,
L195 (1998). Many values for the Solar radius have been
published, most of which are consistent with this result.

4 A% x (1366.440.5) W m~2 [30]. Assumes isotropic irradiance.
Schwarzschild radius of the Sun (above) scaled by the Earth/Sun
mass ratio given in Ref. 5.

Obtained from the geocentric gravitational constant [5] and
Gp [1]. The error is the 100 ppm standard deviation of Gy .
E.W. Kolb & M.S. Turner, The Early Universe, Addison-Wesley
(1990);

The TAU (Commission 36) has recommended 3.055 x 1028 W for
the zero point. Based on newer Solar measurements, the value
and significance given in the table seems more appropriate.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.
25.

26.

27.

28.
29.

30.

J. B. Oke & J. E. Gunn, Astrophys. J. 266, 713 (1983). Note
that in the definition of AB the sign of the constant is wrong.
F.J. Kerr & D. Lynden-Bell, Mon. Not. R. Astr. Soc. 221, 1023~
1038 (1985). “On the basis of this review these [Ry = 8.5+1.1 kpc
and ©g = 220 £+ 20 km sfl] were adopted by resolution of TAU
Commission 33 on 1985 November 21 at Delhi.” We retain this
value for O but list a more modern value for Ry.
M.J. Reid, Annu. Rev. Astron. Astrophys. 31, 345-372 (1993);
M. Shen & Z. Zhu, Chin. Astron. Astrophys. 7, 120 (2007). In
Fig. 2 they present a summary of a dozen modern values for Ry.
All but one are within Reid’s error band.
G. Gilmore, R.F.G. Wyse, & K. Kuijken, Ann. Rev. Astron.
Astrophys. 27, 555 (1989).
E.I Gates, G. Gyuk, & M.S. Turner (Astrophys. J. 449, L133
(1995)) find the local halo density to be 9.2J_r§:&f x 10725 g cm =3,
but also comment that previously published estimates are in the
range 1-10 x 10725 g em™3.
The value 0.3 GeV/c? has been taken as “standard” in several
papers setting limits on WIMP mass limits, e.g. in M. Mori
et al., Phys. Lett. B289, 463 (1992).
J. Mather et al., Astrophys. J. 512, 511 (1999). This paper
gives Tp = (2.725 £ 0.002) K at 95%CL. We take 0.001 as the
one-standard deviation uncertainty.
G. Hinshaw, et al., Astrophys. J. Supp. 170, 288 (2007).
D. Scott & G.F. Smoot, “Cosmic Microwave Background,” this
Review. 5 ) A
QC(23) <E> and p, = T (kT) .
T he 15 (he)3
Conversion using length of sidereal year.
Qp from fits to various data sets is given in Table 12 in Ref. 2.
The (meaningless) weighted average from the not-independent
data sets is 0.727 + 0.012. This is almost the WMAP + SDSS
LRG fit, which we quote with a 50% more conservative error.
The extended error band includes results obtained with all of the
data sets.
The lower limit follows from neutrino mixing results combined
with the assumptions that there are three light neutrinos
(m < 45 GeV) and that the lightest neutrino is substantially less
massive than the others. Limits set from analyses of WMAP,
large-scale structure, and other data are in the €, < 0.02 range.
If the limit obtained from tritium decay experiments (m, < 2eV)
is taken seriously, then one can only conclude that €, < 0.1.
From WMAP 3-year + SNLS data. WMAP 3-year data
plus the HST Key Project constraint on Hy implies Qior =
1.014 +0.017 [2].
Calculated from p¢, (2, and n..
From WMAP 3-year data alone, assuming no tensors. If other
data are included, results from —0.058 to —0.066 are obtained.
Inclusion of tensors in the model results in values from —0.082 to
—0.090 [2].
R.C. Willson & A.V. Mordvinov, Geophys. Res. Lett. 30, 1119
(2003);
C. Frolich, Space Sci. Rev. 125, 53-65 (2006).

Ny =
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3. INTERNATIONAL SYSTEM OF UNITS (SI)

See “The International System of Units (SI),” NIST Special Publication 330, B.N. Taylor, ed. (USGPO, Washington, DC, 1991); and “Guide for
the Use of the International System of Units (SI),” NIST Special Publication 811, 1995 edition, B.N. Taylor (USGPO, Washington, DC, 1995).

SI prefixes
Physical Name
Y . ) 1024 yotta (Y)
quantity of unit Symbol
1021 zetta (Z)
Base units 1018 oxa (E)
length meter m 1015 peta (P)
mass kilogram kg 1012 tera  (T)
time second s 9 .

. 10°  giga (G)
electric current ampere A 5
thermodynamic kelvin K 10 mega (M)

temperature 10° kilo (k)
amount of substance mole mol 102 hecto  (h)
luminous intensity candela cd 10 deca  (da)

Derived units with special names 10-!  deci (d)
plane angle radian rad 1072 centi  (c)
solid angle steradian ST 1073 milli (m)
frequency hertz Hz )

quency “ 2 1076 micro ()
energy joule J 0

10~ :
force newton N nano - (n)

—12 .

pressure pascal Pa 10 pico (p)
power watt \\% 1071 femto (f)
electric charge coulomb C 1078 atto  (a)
electric potential volt \4 10721 zepto (2)
electric resistance ohm Q 10724 yocto (y)
electric conductance siemens S
electric capacitance farad F
magnetic flux weber Wb
inductance henry H
magnetic flux density tesla T
luminous flux lumen Im
illuminance lux Ix
celsius temperature degree celsius °C
activity (of a becquerel Bq

radioactive source)*
absorbed dose (of gray Gy

ionizing radiation)*
dose equivalent™ sievert Sv

*See our section 29, on “Radioactivity and radiation
protection,” p. 312.



Table 4.1. Revised 2008 by C.G. Wohl (LBNL), D.E. Groom (LBNL), and E. Bergren. Atomic weights of stable elements are adapted from the Commission
on Isotopic Abundances and Atomic Weights, “Atomic Weights of the Elements 2007,” http://www.chem.qmul.ac.uk/iupac/AtWt/. The atomic number (top
left) is the number of protons in the nucleus. The atomic mass (bottom) of a stable elements is weighted by isotopic abundances in the Earth’s surface.

If the element has no stable isotope, the atomic mass (in parentheses) of the most stable isotope currently known is given. In this case the mass is from
http://www.nndc.bnl.gov/amdc/masstables/Ame2003/mass.mas03 and the longest-lived isotope is from www.nndc.bnl.gov/ensdf/za form. jsp. The exceptions
are Th, Pa, and U, which do have characteristic terrestrial compositions. Atomic masses are relative to the mass of 12C, defined to be exactly 12 unified atomic mass
units (u) (approx. g/mole). Relative isotopic abundances often vary considerably, both in natural and commercial samples; this is reflected in the number of significant
figures given. As of early 2008 element 112 has not been assigned a name, and there are no confirmed elements with Z > 112.

1
IA

18
VIIA

1 H
Hydrogen
1.00794

2
1A

3 Li
Lithium

6.941

4 Be
Beryllium

9.012182

11 Na
Sodium
22.98976928

12 Mg
Magnesium 3

24.3050 1B
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11
1B

4 5 6 7 8 9
IVB VB VIB VIIB

10

—_— Vi

13
A

14
IVA

15
VA

16
VIA

17
VIIA

2 He
Helium

4.002602

5 B
Boron

10.811

6 C
Carbon
12.0107

7 N
Nitrogen
14.0067

8 (0]
Oxygen
15.9994

9 F
Fluorine
18.9984032

10 Ne
Neon

20.1797

13 Al

Aluminum
26.9815386

12
1B

14 Si
Silicon

28.0855

15 P
Phosph.
30.973762

16 S
Sulfur
32.065

17 Cl
Chlorine
35.453

18 Ar
Argon

39.948

19 K
Potassium

39.0983

20 Ca|21
Calcium

40.078

Sc
Scandium
44.955912

29 Cu
Copper

22 Ti|23 V|24 Cr|25 Mn
Titanium | Vanadium |Chromium Manganese

47.867 | 50.9415 | 51.9961 |54.938045

26
Iron

55.845

Fe|27 Co |28 Ni
Cobalt Nickel
58.933195 | 58.6934

30

Zinc

63.546 65.38

31 Ga
Gallium

69.723

Zn

32 Ge
German.

72.64

33 As
Arsenic

74.92160

34 Se
Selenium

78.96

35 Br
Bromine

79.904

36 Kr
Krypton
83.798

37 Rb
Rubidium
85.4678

38 Sr
Strontium

87.62

39

Yttrium
88.90585

Y |40 Zr|41 Nb |42 Mo (43 Tc
Zirconium | Niobium | Molybd. | Technet.
91.224 92.90638 | 95.96 |(97.90722)

44 Ru
Ruthen.
101.07

45 Rh |46 Pd
Rhodium | Palladium
102.90550 | 106.42

47 Ag
Silver

107.8682

43

Cadmium
112.411

Cd |49 In

Indium

114.818

50 Sn
Tin
118.710

51 Sb
Antimony

121.760

52 Te
Tellurium

127.60

53 |
Todine

126.90447

54 Xe
Xenon

131.293

55 Cs
Cesium
132.9054519

56 Ba
Barium

137.327

57-71

nides

Lantha-

79 Au
Gold
196.966569

72 Hf |73 Ta|74 W|75 Re
Hafnium | Tantalum | Tungsten | Rhenium

178.49 |180.94788| 183.84 | 186.207

76 Os
Osmium

190.23

7 Ir| 78 Pt
Iridium | Platinum

192.217 | 195.084

80

Mercury

200.59

81 Tl
Thallium

204.3833

Hg

82 Pb
Lead
207.2

83 Bi
Bismuth
208.98040

84 Po
Polonium
(208.98243)

85 At
Astatine
(209.98715)

86 Rn
Radon
(222.01758)

87 Fr
Francium
(223.01974)

88 Ra
Radium
(226.02541)

89-103
Actinides

104 Rf|105 Db|106 Sg|107 Bh 112
Rutherford| Dubnium | Seaborg. | Bohrium

(267.122) | (268.125) | (271.133)|(270.134)

108 Hs
Hassium

(269.134)

109 Mt|110 Ds
Meitner. Darmstadt.
(276.151) | (281.162)

111 Rg
Roentgen.
(280.164)

(285.174)

Lanthanide

57 La

series

58 Ce | 59 Pr | 60 Nd |61 Pm|62 Sm|63 Eu | 64 Gd | 65 Tb

66  Dy| 67

Ho | 68

Er | 69

Tm |70

Yb |71

Lu

Actinide
series

Lanthan.

138.90547

Cerium

140.116

Praseodym.

140.90765

Neodym.
144.242

Prometh.
(144.91275)

Samarium

150.36

Europium

151.964

Gadolin.
157.25

Terbium

158.92535

Dyspros.
162.500

Holmium

164.93032

Erbium

167.259

Thulium

168.93421

Ytterbium
173.054

Lutetium

174.9668

89 Ac
Actinium
(227.02775)

90

Thorium

232.03806

Th

91 Pa
Protactin.
231.03588

92 U
Uranium

238.02891

93 Np
Neptunium
(237.04817)

94 Pu

Plutonium

(244.06420)

95  Am
Americ.
(243.06138)

96 Cm
Curium
(247.07035)

97 Bk
Berkelium
(247.07031)

98 Cf
Californ.
(251.07959)

99 Es
Einstein.
(252.0830)

100 Fm
Fermium
(257.09510)

101 Md
Mendelev.
(258.09843)

102 No
Nobelium
(259.1010)

103 Lr
Lawrenc.
(262.110)
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5. ELECTRONIC STRUCTURE OF THE ELEMENTS

Table 5.1. Reviewed 2005 by C.G. Wohl (LBNL). The electronic configurations and the ionization energies are from the NIST database,
“Ground Levels and Ionization Energies for the Neutral Atoms,” W.C. Martin, A. Musgrove, S. Kotochigova, and J.E. Sansonetti (2003),
http://physics.nist.gov (select “Physical Reference Data”). The electron configuration for, say, iron indicates an argon electronic core (see
argon) plus six 3d electrons and two 4s electrons. The ionization energy is the least energy necessary to remove to infinity one electron from an
atom of the element.

Ground Ionization
Electron configuration state energy
Element (3d® = five 3d electrons, etc.) 25+1p,, (eV)
1 H  Hydrogen 1s 2512 13.5984
2 He Helium 152 LSy 24.5874
3 Li  Lithium (He)2s 2512 5.3917
4  Be Beryllium (He) 252 1Sy 9.3227
5 B  Boron (He)2s2 2p 2Py s 8.2980
6 C  Carbon (He)2s% 2p? 3P, 11.2603
7 N Nitrogen (He)2s? 2p> 45'3/2 14.5341
8 O Oxygen (He)2s2 2p* 3py 13.6181
9 F  Fluorine (He)2s2 2p° 2Py s 17.4228
10 Ne Neon (He)2s2 2p5 1S, 21.5645
11 Na Sodium (Ne)3s ) 5.1391
12 Mg Magnesium (Ne)3s2 18, 7.6462
13 Al Aluminum (Ne)3s? 3p 2P1/2 5.9858
14 Si  Silicon (Ne)3s? 3p? 3P 8.1517
15 P Phosphorus (Ne)3s% 3p° %53/2 10.4867
16 S Sulfur (Ne)3s? 3p? 3Py 10.3600
17  Cl  Chlorine (Ne)3s2 3p° 2Py s 12.9676
18  Ar  Argon (Ne)3s2 3p0 LSy 15.7596
19 K Potassium (Ar) 4s 251/2 4.3407
20 Ca Calcium (Ar) 452 1So 6.1132
21  Sc  Scandium (Ar)3d 4s? T D39 6.5615
22 Ti Titanium (Ar) 3d? 452 ro 3k 6.8281
23V Vanadium (Ar) 3d® 452 a 4F3/2 6.7462
24 Cr  Chromium (Ar) 3d° 4s oo 753 6.7665
25 Mn Manganese (Ar) 3d° 452 5 m 65 /2 7.4340
2 Fe Iron (Ar)3dS 452 Lo 5D, 7.9024
27 Co Cobalt (Ar)3d7 4s? .on Fy/ 7.8810
28 Ni  Nickel (Ar)3d® 452 o 3Fy 7.6398
29  Cu Copper (Ar) 3dY04s n ° S1/2 7.7264
30 Zn Zinc (Ar) 3d'04s? 1Sy 9.3942
31 Ga Gallium (Ar) 3d104s2 4p 2Py s 5.9993
32 Ge  Germanium (Ar) 3d104s2 4p? 3P 7.8994
33  As  Arsenic (Ar) 3d104s2 4p3 1835 9.7886
34 Se  Selenium (Ar) 3dY04s2 4p* 3py 9.7524
35  Br Bromine (Ar) 3d194s2 4p° 2Py)s 11.8138
36 Kr Krypton (Ar) 3d104s2 4p8 1Sy 13.9996
37 Rb Rubidium (Kr)  5s 28172 41771
38 Sr Strontium (Kr) 552 1Sy 5.6949
39 Y Yttrium (Kr)4d 5s° T D35 6.2173
40 Zr  Zirconium (Kr) 4d? 552 L 3Fy 6.6339
41  Nb  Niobium (Kr)4d* 5s a Dy 6.7589
42 Mo Molybdenum (Kr)4d® 5s no 785 7.0924
43  Tc  Technetium (Kr)4d® 552 * m 655/2 7.28
44  Ru Ruthenium (Kr)4d" 5s :; e 5Fy 7.3605
45  Rh Rhodium (Kr)4d® 5s ;B 4Fys 7.4589
46 Pd Palladium (Kr)4d'0 o ¢ 1Sy 8.3369
47 Ag  Silver (Kr)4d05s n ° 2819 7.5762
48 Cd Cadmium (Kr)4d05s? LSy 8.9938
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49 In  Indium (Kr)4d'95s2 5p 2Py s 5.7864
50 Sn Tin (Kr)4d'95s2 5p? 3P, 7.3439
51 Sb  Antimony (Kr)4d'0552 5p3 4532 8.6084
52  Te Tellurium (Kr)4d'05s2 5p* 3p, 9.0096
53 1  Todine (Kr)4d'05s2 5p° 2Py)s 10.4513
54  Xe Xenon (Kr)4d'95s2 5p5 15, 12.1298
55 Cs  Cesium (Xe) 6s 251/2 3.8939
56 Ba  Barium (Xe) 65> 15, 5.2117
57  La Lanthanum (Xe) 5d 6> 2D3/2 5.5769
58 Ce Cerium (Xe)4f 5d 6s2 LGy 5.5387
59  Pr  Praseodymium  (Xe)4f3 652 L 419/2 5.473
60 Nd Neodymium (Xe)4f4 652 a 5T, 5.5250
61 Pm Promethium (Xe)4f> 652 n 6Hr/2 5.582
62 Sm  Samarium (Xe)4f6 652 t Fy 5.6437
63 Eu Europium (Xe)afT 652 h 8572 5.6704
64 Gd Gadolinium (Xe)4f7 5d 652 z 9Do 6.1498
65 Tb Terbium (Xe)4f? 652 : His)o 5.8638
66 Dy Dysprosium (Xe)4f10 652 d SIg 5.9389
67 Ho Holmium (Xe)4f 652 o Iis)o 6.0215
68 Er Erbium (Xe)4f12 652 s 3Hg 6.1077
69  Tm Thulium (Xe)4f13 652 2F7/2 6.1843
70  Yb Ytterbium (Xe)4f14 652 s, 6.2542
71  Lu Lutetium (Xe)4f145d 652 2Dy 5.4259
72  Hf Hafnium (Xe)4 14542 652 T 3Fy 6.8251
73 Ta Tantalum (Xe)4 14543 652 L 4F3/2 7.5496
74 W  Tungsten (Xe)4f145d* 652 a 5Dy 7.8640
75  Re Rhenium (Xe)4f1454° 652 noog S50 7.8335
76 Os Osmium (Xe) 414540 652 5 m 5Dy 8.4382
77  Ir  Iridium (Xe)4f145d7 632 ; e Fyy 8.9670
78 Pt Platinum (Xe)4f145d% 65 ;0 3D3 8.9588
79 Au  Gold (Xe)4f145416s o ! 251 /2 9.2255
80 Hg Mercury (Xe)4 145410652 n 5 1S, 10.4375
81 Tl Thallium (Xe)4 14540652 6p 2Py s 6.1082
82 Pb Lead (Xe) 4145410652 6p? 3P, 7.4167
83  Bi Bismuth (Xe)4 15410652 6p3 4535 7.2855
84 Po  Polonium (Xe) 4145410652 6p* 3Py 8.414
85 At  Astatine (Xe)4 145410652 6p° 2Py
86 Rn Radon (Xe)4£145410652 6p° 1Sy 10.7485
87 Fr  Francium (Rn) s 2512 4.0727
88 Ra Radium (Rn) 752 15, 5.2784
89  Ac Actinium (Rn) 6d 752 2D3/2 5.17
90  Th Thorium (Rn)  6d% 7s? 3Ry 6.3067
91  Pa Protactinium (Rn)5f2 6d 75> A K11 5.89
92 U  Uranium (Rn)5f3 6d 75> c SLg* 6.1941
93  Np Neptunium (Rn)5f4 6d 75> t Ly 6.2657
94  Pu Plutonium (Rn)5 6 752 ! Fy 6.0260
95  Am Americium (Rn)5f7 75> n 857/2 5.9738
96 Cm Curium (Rn)5f7 6d 7s2 (11 9Dy 5.9914
97 Bk Berkelium (Rn)5f° 752 o SHy5)9 6.1979
98  Cf Californium (Rn)5£10 752 s 5Ty 6.2817
99  Es Einsteinium (Rn)5f11 752 50 6.42
100 Fm Fermium (Rn)5f12 752 3Hg 6.50
101 Md Mendelevium (Rn)5f13 752 2Fy s 6.58
102 No Nobelium (Rn)5 f14 752 LSy 6.65
103 Lr Lawrencium (Ro)5fH 752 Tp? Pyjy? 4.97
104 Rf Rutherfordium  (Rn)5f146d% 7527 37 6.0?

* The usual LS coupling scheme does not apply for these three elements. See the introductory
note to the NIST table from which this table is taken.
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6. ATOMIC AND NUCLEAR PROPERTIES OF MATERIALS

Table 6.1 Abridged from pdg.1bl.gov/AtomicNuclearProperties by D. E. Groom (2007). See web pages for more detail about entries in
this table including chemical formulae, and for several hundred other entries. Quantities in parentheses are for NTP (20° C and 1 atm), and
square brackets indicate quantities evaluated at STP. Boiling points are at 1 atm. Refractive indices n are evaluated at the sodium D line blend
(589.2 nm); values >1 in brackets are for (n — 1) x 105 (gases).

Material Z A (Z/A4) Nucl.coll. Nucl.inter. Rad.len. dE/dz|yi, Density Melting Boiling  Refract.
length Ap length A; Xo {MeV {gcm™3} point point index
{gem™2} {gem™?} {gem™2} g~ tem?} ({g!}) (K) (K) (@ Na D)

H, 1 1.00794(7) 0.99212 42.8 52.0 63.04  (4.103) 0.071(0.084) 13.81 2028  1.11[132]

Do 1 2.01410177803(8) 0.49650 51.3 71.8 125.97 (2.053) 0.169(0.168) 18.7 23.65  1.11[138.]

He 2 4.002602(2) 0.49967 51.8 71.0 94.32 (1.937) 0.125(0.166) 4.220  1.02[35.0]

Li 3 6.941(2) 0.43221 52.2 71.3 82.78 1.639 0.534 453.6 1615.

Be 4 9.012182(3) 0.44384 55.3 77.8 65.19 1.595 1.848 1560. 2744.

C diamond 6 12.0107(8) 0.49955 59.2 85.8 42.70 1.725 3.520 2.42

C graphite 6 12.0107(8) 0.49955 59.2 85.8 42.70 1.742 2.210

Ny 7 14.0067(2) 0.49976 61.1 89.7 37.99 (1.825) 0.807(1.165) 63.15 7729 1.20[298.]

0, 8 15.9994(3) 0.50002 61.3 90.2 34.24  (1.801) 1.141(1.332) 54.36  90.20  1.22[271)]

Fy 9 18.9984032(5) 0.47372 65.0 97.4 32.93 (1.676) 1.507(1.580) 53.53 85.03 (195.]

Ne 10 20.1797(6) 0.49555 65.7 99.0 28.93 (1.724) 1.204(0.839) 24.56 27.07  1.09[67.1]

Al 13 26.9815386(8) 0.48181 69.7 107.2 24.01 1.615 2.699 933.5 2792.

Si 14 28.0855(3) 0.49848 70.2 108.4 21.82 1.664 2.329 1687. 3538. 3.95

Clp 17 35.453(2) 0.47951 73.8 115.7 19.28 (1.630) 1.574(2.980) 171.6 239.1 [773.]

Ar 18 39.948(1) 0.45059 757 1197 1955  (1.519) 1.396(1.662) 83.81  87.26  1.23[281]

Ti 22 47.867(1) 0.45961 78.8 126.2 16.16 1.477 4.540 1941. 3560.

Fe 26 55.845(2) 0.46557 81.7 132.1 13.84 1.451 7.874 1811. 3134.

Cu 29 63.546(3) 0.45636 84.2 137.3 12.86 1.403 8.960 1358. 2835.

Ge 32 72.64(1) 0.44053 86.9 143.0 12.25 1.370 5.323 1211. 3106.

Sn 50 118.710(7) 0.42119 98.2 166.7 8.82 1.263 7.310 505.1 2875.

Xe 54 131.293(6) 041129 1008 1721 848  (1.255) 2.953(5.483) 1614 1651  1.39[701]

W 74 183.84(1) 0.40252 110.4 191.9 6.76 1.145 19.300 3695. 5828.

Pt 78 195.084(9) 0.39983 112.2 195.7 6.54 1.128 21.450 2042. 4098.

Au 79 196.966569(4) 0.40108 112.5 196.3 6.46 1.134 19.320 1337. 3129.

Pb 82 207.2(1) 0.39575 114.1 199.6 6.37 1.122 11.350 600.6 2022.

U 92 [238.02891(3)] 0.38651 118.6 209.0 6.00 1.081 18.950 1408. 4404.

Air (dry, 1 atm) 0.49919 61.3 90.1 36.62  (1.815)  (1.205) 78.80

Shielding concrete 0.50274 65.1 97.5 26.57 1.711 2.300

Borosilicate glass (Pyrex) 0.49707 64.6 96.5 28.17 1.696 2.230

Lead glass 0.42101 95.9 158.0 7.87 1.255 6.220

Standard rock 0.50000 66.8 101.3 26.54 1.688 2.650

Methane (CHy) 0.62334 54.0 73.8 4647 (2417)  (0.667)  90.68 111.7 [444.)

Ethane (CoHg) 0.59861 55.0 75.9 45.66 (2.304) (1.263) 90.36 184.5

Propane (C3Hg) 0.58962 55.3 76.7 45.37 (2.262) 0.493(1.868) 85.52 231.0

Butane (C4Hjp) 0.59497 55.5 77.1 45.23 (2.278) (2.489) 134.9 272.6

Octane (CgHjg) 0.57778 55.8 7.8 45.00 2.123 0.703 214.4 398.8

Paraffin (CH3(CH2)p~23CHs3) 0.57275 56.0 78.3 44.85 2.088 0.930

Nylon (type 6, 6/6) 0.54790 57.5 81.6 41.92 1.973 1.18

Polycarbonate (Lexan) 0.52697 58.3 83.6 41.50 1.886 1.20

Polyethylene ([CHyCHa)y) 0.57034 56.1 78.5 4477 2079 0.89

Polyethylene terephthalate (Mylar) 0.52037 58.9 84.9 39.95 1.848 1.40

Polyimide film (Kapton) 0.51264 59.2 85.5 40.58 1.820 1.42

Polymethylmethacrylate (acrylic) 0.53937 58.1 82.8 40.55 1.929 1.19 1.49

Polypropylene 0.55998 56.1 78.5 44.77 2.041 0.90

Polystyrene ([CgHs CHCHylp) 0.53768 57.5 81.7 4379 1.936 1.06 1.59

Polytetrafluoroethylene (Teflon) 0.47992 63.5 94.4 34.84 1.671 2.20

Polyvinyltoluene 0.54141 57.3 81.3 43.90 1.956 1.03 1.58

Aluminum oxide (sapphire) 0.49038 65.5 98.4 27.94 1.647 3.970 2327. 3273. 1.77

Barium flouride (BaF3) 0.42207 90.8 149.0 9.91 1.303 4.893 1641. 2533. 1.47

Bismuth germanate (BGO) 0.42065 96.2 159.1 7.97 1.251 7.130 1317. 2.15

Carbon dioxide gas (CO2) 0.49989 60.7 88.9 36.20 1819  (1.842) [449.]

Solid carbon dioxide (dry ice) 0.49989 60.7 88.9 36.20 1.787 1.563 Sublimes at 194.7 K

Cesium iodide (CsI) 0.41569 100.6 171.5 8.39 1.243 4.510 894.2 1553. 1.79

Lithium fluoride (LiF) 0.46262 61.0 88.7 39.26 1.614 2.635 1121. 1946. 1.39

Lithium hydride (LiH) 0.50321 50.8 68.1 79.62 1.897 0.820 965.

Lead tungstate (PbWO,) 0.41315 100.6 168.3 7.39 1.229 8.300 1403. 2.20

Silicon dioxide (SiO2, fused quartz) 0.49930 65.2 97.8 27.05 1.699 2.200 1986. 3223. 1.46

Sodium chloride (NaCl) 0.55509 71.2 110.1 21.91 1.847 2.170 1075. 1738. 1.54

Sodium iodide (Nal) 0.42697 93.1 154.6 9.49 1.305 3.667 933.2 1577. 1.77

Water (H20) 0.55509 58.5 83.3 36.08 1.992  1.000(0.756) 273.1 373.1 1.33

Silica aerogel 0.50093 65.0 97.3 27.25 1.740 0.200 (0.03 H20, 0.97 SiO2)
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Dielectric
constant (k = €/e€g)
() is (x-1)x108

for gas

Coeff. of
thermal
expansion
[10~6c¢m /em-°C]

Specific

heat

[cal/g-°C]

Thermal
conductivity
[cal/cm-°C-sec]

(253.9)

(64)

56
12.4

0.17
0.38

(548.5)

(495)
(127)
119
(517)

0.6-4.3

23.9
2.8-7.3

8.5

0.165

0.215
0.162

0.126

0.057

0.53
0.20

11.7
16.5

5.75
20

4.4
8.9
29.3
36.1

0.11

0.092
0.073
0.052
0.032
0.032
0.038
0.028

0.18
0.94
0.14
0.16

0.48
0.17
0.083
0.064
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7. ELECTROMAGNETIC RELATIONS

Revised September 2005 by H.G. Spieler (LBNL).

Quantity

Gaussian CGS

SI

Conversion factors:
Charge:
Potential:
Magnetic field:
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7.1. Impedances (SI units)

p = resistivity at room temperature in 1078 Q m:

~ 1.7 for Cu ~ 5.5 for W
~ 2.4 for Au ~ 73 for SS 304
~ 2.8 for Al ~ 100 for Nichrome

(Al alloys may have double the Al value.)

For alternating currents, instantaneous current I, voltage V,
angular frequency w:

V=V =2I. (7.1)
Impedance of self-inductance L: Z = jwL .
Impedance of capacitance C: Z = 1/jwC .
Impedance of free space: Z = +/pp/€eg = 376.7 .
High-frequency surface impedance of a good conductor:
1+ N
Z = % , where § = skin depth ; (7.2)
0= Lzm for Cu . (7.3)

w ol

7.2. Capacitors, inductors, and transmission Lines

The capacitance between two parallel plates of area A spaced by the
distance d and enclosing a medium with the dielectric constant € is

C =KeA/d, (7.4)

where the correction factor K depends on the extent of the fringing
field. If the dielectric fills the capacitor volume without extending
beyond the electrodes. the correction factor K = 0.8 for capacitors of
typical geometry.

The inductance at high frequencies of a straight wire whose length ¢
is much greater than the wire diameter d is

L~20 {g} L (hl <4—€> — 1) .
cm d

For very short wires, representative of vias in a printed circuit board,
the inductance is

(7.5)

L(in nH) = ¢/d. (7.6)

A transmission line is a pair of conductors with inductance L and
capacitance C. The characteristic impedance Z = /L/C and the
phase velocity v, = 1/v/LC = 1/\/i€, which decreases with the
inverse square root of the dielectric constant of the medium. Typical
coaxial and ribbon cables have a propagation delay of about 5ns/cm.

The impedance of a coaxial cable with outer diameter D and inner

diameter d is ) D

In—, 7.7
=y (7.7)
where the relative dielectric constant e, = £/e9. A pair of parallel

wires of diameter d and spacing a > 2.5 d has the impedance

1 2a
ln—a‘

eEr d
This yields the impedance of a wire at a spacing h above a ground
plane,

Z =6012-

Z=12012-

(7.8)

1 4h
In il .

VEr d
A common configuration utilizes a thin rectangular conductor above
a ground plane with an intermediate dielectric (microstrip). Detailed
calculations for this and other transmission line configurations are
given by Gunston.*

Z =60412-

(7.9)

* M.A.R. Gunston. Microwave Transmission Line Data, Noble Pub-
lishing Corp., Atlanta (1997) ISBN 1-884932-57-6, TK6565.T73G85.

7.3. Synchrotron radiation (CGS units)

For a particle of charge e, velocity v = B¢, and energy E = ymc?,
traveling in a circular orbit of radius R, the classical energy loss per
revolution 0F is

ar 2 .
SE=— = 4. 7.10
T gl (7.10)
For high-energy electrons or positrons ( & 1), this becomes
SE (in MeV) = 0.0885 [E(in GeV)]*/R(in m) . (7.11)

For v > 1, the energy radiated per revolution into the photon energy
interval d(hw) is

dr = %’rm Flw/we) d(hw) | (7.12)
where a = 2 /hc is the fine-structure constant and
373¢

We = ;R (7.13)

is the critical frequency. The normalized function F(y) is

9 o0
F) = o V3y [ Ky (a) da, (714)
Jy

where K53 (z) is a modified Bessel function of the third kind. For
electrons or positrons,

hwe (in keV) & 2.22 [E(in GeV)]?/R(in m) . (7.15)

Fig. 7.1 shows F(y) over the important range of y.

0.6 —
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0.1

b b b b by
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0.0
0.01 0.1 y 1.0 10

Figure 7.1: The normalized synchrotron radiation spectrum F(y).

Forv>1and w < we ,
dI

—— ~33a(wR/c)'/? (7.16)
d(hw)
whereas for
> 1 and w2 3w ,
I 3T w\" 55 we
— = — TWRe 4+ —— 4+ ... 7.17
d(hw) 2 a7<w6> ¢ { + 2 w + } (7.17)

The radiation is confined to angles <1/ relative to the instantaneous
direction of motion. For v > 1, where Eq. (7.12) applies, the mean
number of photons emitted per revolution is

5
N, = —avy, 7.18
v \/g 2l ( )
and the mean energy per photon is
8
hw) = ——=hwe . 7.19
() = ot (7.19)

When (fiw) 2 O(FE), quantum corrections are important.

See J.D. Jackson, Classical Electrodynamics, 3'4 edition (John Wiley
& Sons, New York, 1998) for more formulae and details. (Note that
earlier editions had w. twice as large as Eq. (7.13).
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8. NAMING SCHEME FOR HADRONS

Revised 2004 by M. Roos (University of Finland) and C.G. Wohl
(LBNL).

8.1. Introduction

We introduced in the 1986 edition [1] a new naming scheme for the
hadrons. Changes from older terminology affected mainly the heavier
mesons made of the light (u, d, and s) quarks. Old and new names
were listed alongside until 1994. Names also change from edition to
edition because some characteristic like mass or spin changes. The
Summary Tables give both the new and old names whenever a change
occurred.

8.2. “Neutral-flavor” mesons (S=C=B=T=0)

Table 8.1 shows the names for mesons having the strangeness
and all heavy-flavor quantum numbers equal to zero. The scheme is
designed for all ordinary non-exotic mesons, but it will work for many
exotic types too, if needed.

Table 8.1: Symbols for mesons with the strangeness and all
heavy-flavor quantum numbers equal to zero.

—+ 1+ 1— o+t
+ 3+= 2—— 1+t

qq content  25t1L; = Y(Leven); Y(Lodd); 3(Leven); 3(Lodd)y

ud, uti — dd,du (I =1) ™ b P a
Y T R A Y S ¥
and/or s3

cc Ne he Pt Xe
bb U hy, r Xb
it us ht 0 Xt

fThe J/¢ remains the J/4.

First, we assign names to those states with quantum numbers
compatible with being ¢g states. The rows of the Table give the
possible ¢g content. The columns give the possible parity/charge-
conjugation states,

PC=—+, +—, ——, and ++;

these combinations correspond one-to-one with the angular-momentum
state 251 L ; of the ¢g system being

(L even) 7, Y(L odd) j, 3(L even) s, or 3(L odd) s .

Here S, L, and J are the spin, orbital, and total angular momenta of
the ¢ system. The quantum numbers are related by P = (71)L+1,

C = (-1)EtS and @ parity = (—1)Lt5+],

where of course the C' quantum number is only relevant to neutral

mesons.

The entries in the Table give the meson names. The spin J is added
as a subscript except for pseudoscalar and vector mesons, and the
mass is added in parentheses for mesons that decay strongly. However,
for the lightest meson resonances, we omit the mass.

Measurements of the mass, quark content (where relevant), and
quantum numbers I, J, P, and C (or G) of a meson thus fix its
symbol. Conversely, these properties may be inferred unambiguously
from the symbol.

If the main symbol cannot be assigned because the quantum
numbers are unknown, X is used. Sometimes it is not known whether
a meson is mainly the isospin-0 mix of w@ and dd or is mainly s3.
A prime (or pair w, ¢) may be used to distinguish two such mixing
states.

We follow custom and use spectroscopic names such as 1°(15) as the
primary name for most of those 1, T, and y states whose spectroscopic
identity is known. We use the form 7°(9460) as an alternative, and as
the primary name when the spectroscopic identity is not known.

Names are assigned for ¢f mesons, although the top quark is
evidently so heavy that it is expected to decay too rapidly for bound
states to form.

Gluonium states or other mesons that are not ¢g states are, if

the quantum numbers are not exotic, to be named just as are the
qq mesons. Such states will probably be difficult to distinguish from
qq states and will likely mix with them, and we make no attempt to
distinguish those “mostly gluonium” from those “mostly ¢g.”
An “exotic” meson with JXC quantum numbers that a qg
system cannot have, namely JPC = 0-—,0t—, 1=+ 2t= 3=+ ...,
would use the same symbol as does an ordinary meson with all
the same quantum numbers as the exotic meson except for the
C' parity. But then the J subscript may still distinguish it; for
example, an isospin-0 1~F meson could be denoted wy.

8.3. Mesons with nonzero S, C, B, and/or T

Since the strangeness or a heavy flavor of these mesons is nonzero,
none of them are eigenstates of charge conjugation, and in each of
them one of the quarks is heavier than the other. The rules are:

1. The main symbol is an upper-case italic letter indicating the
heavier quark as follows:

s— K c— D b— B

We use the convention that the flavor and the charge of a quark
have the same sign. Thus the strangeness of the s quark is
negative, the charm of the ¢ quark is positive, and the bottom
of the b quark is negative. In addition, I3 of the w and d
quarks are positive and negative, respectively. The effect of this
convention is as follows: Any flavor carried by a charged meson
has the same sign as its charge. Thus the KT, DF, and B have
positive strangeness, charm, and bottom, respectively, and all
have positive I3. The DI has positive charm and strangeness.
Furthermore, the A(flavor) = AQ rule, best known for the kaons,
applies to every flavor.

t—T.

2. If the lighter quark is not a u or a d quark, its identity is given
by a subscript. The DJ is an example.

3. If the spin-parity is in the “normal” series, JP = ot,17,2%, ..,
a superscript “*” is added.

4. The spin is added as a subscript except for pseudoscalar or vector
mesons.

8.4. Ordinary (3-quark) baryons

The symbols N, A, A, X, =, and {2 used for more than 30 years
for the baryons made of light quarks (u, d, and s quarks) tell the
isospin and quark content, and the same information is conveyed by
the symbols used for the baryons containing one or more heavy quarks
(c and b quarks). The rules are:

1. Baryons with three u and/or d quarks are N’s (isospin 1/2) or
A’s (isospin 3/2).

2. Baryons with two u and/or d quarks are A’s (isospin 0) or X’s
(isospin 1). If the third quark is a ¢, b, or ¢t quark, its identity is
given by a subscript.

3. Baryons with one u or d quark are =’s (isospin 1/2). One or two
subscripts are used if one or both of the remaining quarks are
heavy: thus =Z¢, Zcc, 5, etc.”

4. Baryons with no u or d quarks are £2’s (isospin 0), and subscripts
indicate any heavy-quark content.

5. A baryon that decays strongly has its mass as part of its name.
Thus p, 2=, 27, A}, etc., but A(1232)°, £(1385)~, 5.(2645)*,
etc.

In short, the number of u plus d quarks together with the isospin
determine the main symbol, and subscripts indicate any content of
heavy quarks. A X' always has isospin 1, an {2 always has isospin 0,
etc.
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8.5. Exotic baryons

In 2003, several experiments reported finding a strangeness S = +1,
charge @ = +1 baryon, and one experiment reported finding an
S = —2, Q = —2 baryon; see the “Exotic Baryons” section of the Data
Listings. Baryons with such quantum numbers cannot be made from
three quarks, and thus they are exotic. The S = +1 baryon, which
once would have been called a Z, was quickly dubbed the ©(1540)7,
and we propose to name the S = —2 baryon the $(1860).

Footnote and Reference:

* Sometimes a prime is necessary to distinguish two =¢’s in the
same SU(n) multiplet. See the “Note on Charmed Baryons” in
the Charmed Baryon Listings.

1. Particle Data Group: M. Aguilar-Benitez et al., Phys. Lett. 170B
(1986).
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9. QUANTUM CHROMODYNAMICS AND ITS COUPLING

9.1. The QCD Lagrangian
Revised September 2005 by I. Hinchliffe (LBNL).

Quantum Chromodynamics (QCD), the gauge field theory which
describes the strong interactions of colored quarks and gluons, is one
of the components of the SU(3)xSU(2)xU(1) Standard Model. A
quark of specific flavor (such as a charm quark) comes in 3 colors;
gluons come in eight colors; hadrons are color-singlet combinations
of quarks, anti-quarks, and gluons. The Lagrangian describing the
interactions of quarks and gluons is (up to gauge-fixing terms)

Lgep = _%F;(ua/) FO 1§34k 41 (Dy)ij )
= g Ty (9.1)
F;g?) =0y qu* Oy AZ — s fabe AZ A7, (92)
a
(Du)ij = 0ij Ou +igs )\;’j Al (9-3)

a

where g5 is the QCD coupling constant, and the f,p. are the structure
constants of the SU(3) algebra (the A matrices and values for fgp. can
be found in “SU(3) Isoscalar Factors and Representation Matrices,”
Sec. 36 of this Review). The 1/)3 (x) are the 4-component Dirac spinors
associated with each quark field of (3) color ¢ and flavor ¢, and the
Af(z) are the (8) Yang-Mills (gluon) fields. A complete list of the
Feynman rules which derive from this Lagrangian, together with some
useful color-algebra identities, can be found in Ref. 1.

The principle of “asymptotic freedom” determines that the
renormalized QCD coupling is small only at high energies, and it
is only in this domain that high-precision tests—similar to those
in QED—can be performed using perturbation theory. Nonetheless,
there has been in recent years much progress in understanding and
quantifying the predictions of QCD in the nonperturbative domain, for
example, in soft hadronic processes and on the lattice [2]. This short
review will concentrate on QCD at short distances (large momentum
transfers), where perturbation theory is the standard tool. It will
discuss the processes that are used to determine the coupling constant
of QCD. Other recent reviews of the coupling constant measurements
may be consulted for a different perspective [3-6].

9.2. The QCD coupling and renormalization scheme

The renormalization scale dependence of the effective QCD coupling
as = g2/4w is controlled by the S-function:

das e P P4

Won = 20(as) = —5 o5 —5ds —grmas — o, (94a)
Bo=11-— gnf , (9.40)
B1=51— gnf ; (9.4¢)
By = 2857 — ‘r’ogﬁnf + %n} . (9.4d)

where n ¢ is the number of quarks with mass less than the energy scale
1. The expression for the next term in this series (f3) can be found
in Ref. 8. In solving this differential equation for as, a constant of
integration is introduced. This constant is the fundamental constant
of QCD that must be determined from experiment in addition to
the quark masses. The most sensible choice for this constant is the
value of ag at a fixed-reference scale ug. It has become standard to
choose pg = My. The value at other values of p can be obtained

from 101%'(/12/#(2)) = j::((lig) %. It is also convenient to introduce

the dimensional parameter A, since this provides a parameterization
of the 1 dependence of as. The definition of A is arbitrary. One way
to define it (adopted here) is to write a solution of Eq. (9.4) as an

expansion in inverse powers of In (u?):

(W) = 47 { 26 In[ln (12/A%)) 467
ST B m/A T T m2/AY) B (u2/A?)

X <<ln [ln(,uQ/A2)] - %)2 + %ﬁ%{) - Z)} .

(9.5)

This solution illustrates the asymptotic freedom property: as — 0 as
1 — oo and shows that QCD becomes strongly coupled at p ~ A.

Consider a “typical” QCD cross section which, when calculated

perturbatively [7], starts at O(as):
c=Alas+ A+ - . (9.6)

The coefficients A1, As come from calculating the appropriate Feynman
diagrams. In performing such calculations, various divergences arise,
and these must be regulated in a consistent way. This requires a
particular renormalization scheme (RS). The most commonly used one
is the modified minimal subtraction (MS) scheme [9]. This involves
continuing momentum integrals from 4 to 4-2¢ dimensions, and
then subtracting off the resulting 1/e poles and also (In 47 — vg),
which is an artifact of continuing the dimension. (Here g is the
Euler-Mascheroni constant.) To preserve the dimensionless nature of
the coupling, a mass scale p must also be introduced: g — p€g. The
finite coefficients A; (i > 2) thus obtained depend implicitly on the
renormalization convention used and explicitly on the scale .

The first two coefficients (5p,81) in Eq. (9.4) are independent of
the choice of RS. In contrast, the coefficients of terms proportional to
oy for n > 3 are RS-dependent. The form given above for 3 is in the
MS scheme.

The fundamental theorem of RS dependence is straightforward.
Physical quantities, such as the cross section calculated to all orders
in perturbation theory, do not depend on the RS. It follows that a
truncated series does exhibit RS dependence. In practice, QCD cross
sections are known to leading order (LO), or to next-to-leading order
(NLO), or in some cases, to next-to-next-to-leading order (NNLO);
and it is only the latter two cases, which have reduced RS dependence,
that are useful for precision tests. At NLO the RS dependence is
completely given by one condition which can be taken to be the value
of the renormalization scale . At NNLO this is not sufficient, and
1 is no longer equivalent to a choice of scheme; both must now be
specified. One, therefore, has to address the question of what is the
“best” choice for p within a given scheme, usually MS. There is no
definite answer to this question—higher-order corrections do not “fix”
the scale, rather they render the theoretical predictions less sensitive
to its variation.

One should expect that choosing a scale p characteristic of the
typical energy scale (E) in the process would be most appropriate. In
general, a poor choice of scale generates terms of order In(E/u) in
the A;’s. Various methods have been proposed including choosing the
scale for which the next-to-leading-order correction vanishes (“Fastest
Apparent Convergence [10]”); the scale for which the next-to-leading-
order prediction is stationary [11], (i.e., the value of y where
do/dp = 0); or the scale dictated by the effective charge scheme [12]
or by the BLM scheme [13]. By comparing the values of oy that
different reasonable schemes give, an estimate of theoretical errors can
be obtained. It has also been suggested to replace the perturbation
series by its Padé approximant [14]. Results obtained using this
method have, in certain cases, a reduced scale dependence [15,16].
One can also attempt to determine the scale from data by allowing
it to vary and using a fit to determine it. This method can allow a
determination of the error due to the scale choice and can give more
confidence in the end result [17]. In many of the cases discussed
below this scale uncertainty is the dominant error.

An important corollary is that if the higher-order corrections are
naturally small, then the additional uncertainties introduced by the p
dependence are likely to be small. There are some processes, however,
for which the choice of scheme can influence the extracted value of
as(Mz). There is no resolution to this problem other than to try to
calculate even more terms in the perturbation series. It is important
to note that, since the perturbation series is an asymptotic expansion,
there is a limit to the precision with which any theoretical quantity can
be calculated. In some processes, the highest-order perturbative terms
may be comparable in size to nonperturbative corrections (sometimes
called higher-twist or renormalon effects, for a discussion see Ref. 18);
an estimate of these terms and their uncertainties is required if a value
of as is to be extracted.
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Cases occur where there is more than one large scale, say p and
u2. In these cases, terms appear of the form log(py/u2). If the ratio
11/ p2 is large, these logarithms can render naive perturbation theory
unreliable and a modified perturbation expansion that takes these
terms into account must be used. A few examples are discussed below.

In the cases where the higher-order corrections to a process are
known and are large, some caution should be exercised when quoting
the value of ag. In what follows, we will attempt to indicate the size
of the theoretical uncertainties on the extracted value of ay. There
are two simple ways to determine this error. First, we can estimate it
by comparing the value of as(p) obtained by fitting data using the
QCD formula to highest known order in «g, and then comparing it
with the value obtained using the next-to-highest-order formula (y is
chosen as the typical energy scale in the process). The corresponding
A’s are then obtained by evolving as(p) to p = My using Eq. (9.4) to
the same order in as as the fit. Alternatively, we can vary the value
of u over a reasonable range, extracting a value of A for each choice of
. This method is by its nature imprecise, since “reasonable” involves
a subjective judgment. In either case, if the perturbation series is well
behaved, the resulting error on as(Myz) will be small.

In the above discussion we have ignored quark-mass effects, i.e., we
have assumed an idealized situation where quarks of mass greater than
1 are neglected completely. In this picture, the S-function coefficients
change by discrete amounts as flavor thresholds (a quark of mass M)
are crossed when integrating the differential equation for as. Now
imagine an experiment at energy scale u; for example, this could be
ete™ — hadrons at center-of-mass energy p. If 4 > M, the mass
M is negligible and the process is well described by QCD with ny
massless flavors and its parameter oy, ) up to terms of order M?/u2.
Conversely if p < M, the heavy quark plays no role and the process is
well described by QCD with ny — 1 massless flavors and its parameter
Q(ny—1) Up to terms of order u?/M?2. If y ~ M, the effects of the
quark mass are process-dependent and cannot be absorbed into the
running coupling. The values of a, P and o, s-1) are related so
that a physical quantity calculated in both “theories” gives the same
result [19]. This implies, for p = M

3 (M)+O (a?nf_l)) (9.7)

11
) (M) =y 1)(M) = 050, 1)

which is almost identical to the naive result a<nf>(]W) = a(n,f—l)(]”)~
Here M is the mass of the value of the running quark mass defined

in the MS scheme (see the note on “Quark Masses” in the Particle

Listings for more details), i.e., where Mys(M) = M.

It also follows that, for a relationship such as Eq. (9.5) to remain
valid for all values of p, A must also change as flavor thresholds are
crossed, the value corresponds to an effective number of massless
quarks: A — A [19,20]. The formulae are given in the 1998
edition of this review.

Experiments such as those from deep-inelastic scattering involve a
range of energies. After fitting to their measurements to QCD, the
resulting fit can be expressed as a value of as(Myz).

Determinations of ag result from fits to data using NLO and
NNLO: LO fits are not useful and their values will not be used in
the following. Care must be exercised when comparing results from
NLO and NNLO. In order to compare the values of ag from various
experiments, they must be evolved using the renormalization group
to a common scale. For convenience, this is taken to be the mass
of the Z boson. The extrapolation is performed using same order
in perturbation theory as was used in the analysis. This evolution
uses third-order perturbation theory and can introduce additional
errors particularly if extrapolation from very small scales is used. The
variation in the charm and bottom quark masses (M = 4.3 +0.2 GeV
and M, = 1.3+ 0.3 GeV are used [21]) can also introduce errors.
These result in a fixed value of as(2 GeV) giving an uncertainty in
as(My) = £0.001 if only perturbative evolution is used. There could
be additional errors from nonperturbative effects that enter at low
energy.

9.3. QCD in deep-inelastic scattering

The original and still one of the most powerful quantitative tests of
perturbative QCD is the breaking of Bjorken scaling in deep-inelastic
lepton-hadron scattering. The review ‘Structure Functions,” (Sec. 16
of this Review) describes the basic formalism and reviews the data. o
is obtained together with the structure functions. The global fit from
MRSTO04 [41] of (Sec. 16) gives as(Mz) = 0.1205 £ 0.004 from NLO
and ag(Mgz) = 0.1167 £ 0.004 from NNLO. Other fits are consistent
with these values but cannot be averaged as they use overlapping data
sets. The good agreement between the NLO and NNLO fits indicates
that the theoretical uncertainties are under control.

Nonsinglet structure functions offer in principle the most precise test
of the theory and cleanest way to extract as, since the Q2 evolution
is independent of the gluon distribution, which is much more poorly
constrained. The CCFR collaboration fit to the Gross-Llewellyn Smith
sum rule [23] whose value at leading order is determined by baryon
number and which is known to order a2 [24,25] iNNLO); estimates of
the order o term are available [26].

/01 dx (ng(ac7 Q%) + ng(l.aQ2)> =

3 [1 251435822 1190 (%)2) - AHT] . (9.8)
™ T T
where the higher-twist contribution AHT is estimated to be
(0.09 + 0.045)/Q? in [24,27] and to be somewhat smaller by [28].
The CCFR collaboration [29], combines their data with that
from other experiments BOJ} and gives as (v/3 GeV) = 0.28 +
0.035 (expt.) £ 0.05 (sys) f0:8§5 (theory). The error from higher-
twist terms (assumed to be AHT = 0.05 & 0.05) dominates the
theoretical error. If the higher twist result of [28] is used, the central
value increases to 0.31 in agreement with the fit of [31]. This value
corresponds to as(Mz) = 0.118 4 0.011. Fits of the Q2 evolution [32]
of xF3 using the CCFR data using NNLO and estimates of NNNLO
QCD and higher twist terms enables the effect of these terms to be
studied.

The spin-dependent structure functions, measured in polarized
lepton-nucleon scattering, can also be used to determine ag. Note that
these experiments measure asymmetries and rely on measurements of
unpolarized data to extract the spin-dependent structure functions.
Here the values of Q% ~ 2.5 GeV? are small, particularly for the E143
data [33], and higher-twist corrections are important. A fit [34] by
an experimental group using the measured spin dependent structure
functions for several experiments [33,35] as well as their own data has
been made. When data from HERMES [36] and SMC are included [37]
as(Mz) = 0.120 £ 0.009 is obtained: this is used in the final average.

a, can also be determined from the Bjorken spin sum rule [38];
a fit gives as(My) = 0‘1187:8:8%2 [39]; consistent with an earlier
determination [40], the larger error being due to the extrapolation
into the (unmeasured) small z region. Theoretically, the sum rule
is preferable as the perturbative QCD result is known to higher
order and these terms are important at the low Q2 involved. It has
been shown that the theoretical errors associated with the choice of
scale are considerably reduced by the use of Padé approximants [15],
which results in as(1.7 GeV) = 0.328 £ 0.03 (expt.) £ 0.025 (theory)
corresponding to as(Mz) = 0.116 fgggg (expt.) £0.003 (theory). No
error is included from the extrapolation into the region of x that is
unmeasured. Should data become available at smaller values of x so
that this extrapolation could be more tightly constrained. This result
is not used in the final average.

9.4. QCD in decays of the T lepton

The semi-leptonic branching ratio of the tau (7 — v, + hadrons,
R7) is an inclusive quantity. It is related to the contribution of
hadrons to the imaginary part of the W self energy (II(s)). It is
sensitive to a range of energies since it involves an integral

m? ds s
R ~ /0 (1 W_L%)Z (U4 25/m2) Iml1(1) + Im11(0))  (9.9)
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Figure 9.1: Summary of the value of as(My) from various
processes. The values shown indicate the process and the
measured value of as extrapolated to u = M. The error shown
is the total error including theoretical uncertainties. The average
quoted in this report which comes from these measurements is
also shown. See text for discussion of errors.

where ImlII(1) denotes the vector part and ImlII(0) the scalar
part. Since the scale involved is low, one must take into account
nonperturbative (higher-twist) contributions which are suppressed by
powers of the 7 mass.

. 2 3
Ry =3.058|1 + oy + 22077) | 5.2(%(”“)) + 26.4(w)
T s Vs

) — _
m mapp Yy
— +b Rl 9.10
+am% + m2 ¢ mb + (9-10)

Spw = 0.0010 is the electroweak correction. Here a,b, and ¢ are
dimensionless constants and m is a light quark mass. The term of
order 1/m2 is a kinematical effect due to the light quark masses
and is consequently very small. The nonperturbative terms are
estimated using sum rules [41]. In total, they are estimated to be
—0.014 £ 0.005 [42,43]. This estimate relies on there being no term

0.5 GeV
of order A?/m2 as(mr) o

note that ~ ( )2 ). The a, b, and
m

-
¢ can be determined from the data [44] by fitting to moments of the
TI(s) and separately to the final states accessed by the vector and
axial parts of the W coupling. The values so extracted [45,46] are
consistent with the theoretical estimates. If the nonperturbative terms
are omitted from the fit, the extracted value of as(m;) decreases by
~ 0.02.

For as(m;) = 0.35 the perturbative series for R; is R; ~
3.058(1 + 0.112 + 0.064 + 0.036). The size (estimated error) of the
nonperturbative term is 20% (7%) of the size of the order a3 term.
The perturbation series is not very well convergent; if the order ag’
term is omitted, the extracted value of as(m;) increases by 0.05. The
order a2 term has been estimated [47] and attempts made to resum
the entire series [48,49]. These estimates can be used to obtain an
estimate of the errors due to these unknown terms [50,51]. Another
approach to estimating this a‘é term gives a contribution that is
slightly larger than the a‘:’ term [52].

R; can be extracted from the semi-leptonic branching ratio from
the relation Ry = 1/B(7 — evw) — 1.97256; where B(t — evv) is
measured directly or extracted from the lifetime, the muon mass, and
the muon lifetime assuming universality of lepton couplings. Using
the average lifetime of 290.6 £ 1.1 fs and a 7 mass of 1776.99 &+ 0.29
MeV from the PDG fit gives R, = 3.645 £ 0.020. The direct

measurement of B(7 — evw) can be combined with B(t — uvw) to
give B(7 — evw) = 0.1785 & 0.0005 which gives R; = 3.629 + 0.015.
Averaging these yields as(mr) = 0.338 = 0.004 using the experimental
error alone. We assign a theoretical error equal to 40% of the
contribution from the order a® term and all of the nonperturbative
contributions. This then gives as(m,) = 0.34 &+ 0.03 for the final
result. This corresponds to as(Myz) = 0.120 £ 0.003. This result
is consistent with that obtained by using the moments [53] of the
integrand and is used in the average below.

9.5. QCD in high-energy hadron collisions

There are many ways in which perturbative QCD can be tested in
high-energy hadron colliders. The quantitative tests are only useful
if the process in question has been calculated beyond leading order
in QCD perturbation theory. The production of hadronic jets with
large transverse momentum in hadron-hadron collisions provides a
direct probe of the scattering of quarks and gluons: ¢q — qq, q9 — qg,
99 — gg, etc. Higher—order QCD calculations of the jet rates [54] and
shapes are in impressive agreement with data [55]. This agreement
has led to the proposal that these data could be used to provide a
determination of as [56]. A set of structure functions is assumed
and jet data are fitted over a very large range of transverse momenta
to the QCD prediction for the underlying scattering process that
depends on ags. The evolution of the coupling over this energy range
(40 to 250 GeV) is therefore tested in the analysis. CDF obtains
as(Myz) =0.1178+£0.0001 (stat.)£0.0085 (syst.) [57]. Estimation of
the theoretical errors is not straightforward. The structure functions
used depend implicitly on ag and an iteration procedure must be used
to obtain a consistent result; different sets of structure functions yield
different correlations between the two values of as. CDF includes
a scale error of 4% and a structure function error of 5% in the
determination of as. Ref. 56 estimates the error from unknown higher
order QCD corrections to be +0.005. Combining these then gives
as(Mz) = 0.118 £ 0.011 which is used in the final average. For
additional comments on comparisons between these data and theory
see Ref. 4. Data are also available on the angular distribution of jets;
these are also in agreement with QCD expectations [58,59).

QCD corrections to Drell-Yan type cross sections (i.e., the
production in hadron collisions by quark-antiquark annihilation of
lepton pairs of invariant mass @ from virtual photons, or of real W or
Z bosons), are known [60]. These O(as) QCD corrections are sizable
at small values of Q. The correction to W and Z production, as
measured in pp collisions at /s = 0.63 TeV and /s = 1.8, 1.96 TeV, is
of order 30%. The NNLO corrections to this process are known [61].

The production of W and Z bosons and photons at large transverse
momentum can also be used to test QCD. The leading-order QCD
subprocesses are qg — Vg and qg — Vq (V =W, Z,v). If the parton
distributions are taken from other processes and a value of ag assumed,
then an absolute prediction is obtained. Conversely, the data can be
used to extract information on quark and gluon distributions and on
the value of ag. The next-to-leading-order QCD corrections are known
for photons [62,63], and for W/Z production [64], and so a precision
test is possible. Data exist on photon production from the CDF and
D@ collaborations [65,66] and from fixed target experiments [67].
Detailed comparisons with QCD predictions [68] may indicate an
excess of the data over the theoretical prediction at low value of
transverse momenta, although other authors [69] find smaller excesses.

The UA2 collaboration [70] extracted a value of as(My) =
0.123 £ 0.018 (stat.) & 0.017 (syst.) from the measured ratio Ry =
o(W + 1jet)
(W + 0jet)
a jet, and the dominant systematic errors due to fragmentation
and corrections for underlying events (the former causes jet energy
to be lost, the latter causes it to be increased) are connected to
the algorithm. There is also dependence on the parton distribution
functions, and hence, «s appears explicitly in the formula for Ryy,
and implicitly in the distribution functions. The UA2 result is not
used in the final average. Data from CDF and D@ on the W p;
distribution [71] are in agreement with QCD but are not able to
determine o with sufficient precision to have any weight in a global
average.

. The result depends on the algorithm used to define
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In the region of low p¢, the fixed order perturbation theory is not
applicable; one must sum terms of order af In"(p;/My/) [72]. Data
from D@ [73] on the p; distribution of Z bosons agree well with these
predictions.

The production rates of b quarks in pp have been used to determine
as [74].  The next-to-leading-order QCD production processes [75]
have been used. By selecting events where the b quarks are back-to-
back in azimuth, the next-to-leading-order calculation can be used to
compare rates to the measured value and a value of « extracted.
The errors are dominated by the measurement errors, the choice
of p and the scale at which the structure functions are evaluated,
and uncertainties in the choice of structure functions. The last were
estimated by varying the structure functions used. The result is
as(Mg) = 0.113f8:8(1]§, which is not included in the final average, as
the measured bb cross section is not in very good agreement with
perturbative QCD [76] and it is therefore difficult to interpret this
result. Recent improvments in the theoretical undestanding [77] and
measurements from CDF [78] now show good agreement between the
measured cross-sections and the QCD predictions but there is no
extraction of ag using these.

9.6. QCD in heavy-quarkonium decay

Under the assumption that the hadronic and leptonic decay widths
of heavy QQ resonances can be factorized into a nonperturbative
part—dependent on the confining potential—and a calculable pertur-
bative part, the ratios of partial decay widths allow measurements of
as at the heavy-quark mass scale. The most precise data come from
the decay widths of the 17~ J/4(1S) and Y resonances. The total
decay width of the 1" is predicted by perturbative QCD [79,80]

I'(Y — hadrons)

LY — ptu)
_10(n? — 9)a3(M,)
N 9ral,

Qg 3/80 2”[[,
1+ ﬂ( 14.05 4 =5 <1‘161+ln<]wr) (9.11)

Data are available for the 7, 7/, 7", and J/#. The result

is very sensitive to as and the data are sufficiently precise
(Ru(Y) = 37.28£0.75) [81] that the theoretical errors will dominate.
There are theoretical corrections to this formula due to the relativistic
nature of the Q@ system which have been calculated [80] to order
v2/c2. These corrections are more severe for the J/¢. There are
also nonperturbative corrections arising from annihilation from
higher Fock states (“color octet” contribution) which can only be
estimated [82]; again these are more severe for the J/¢. The 1" gives
as(Mp) = 0.183 & 0.01, where the error includes that from the ”color
octet” term and the choice of scale which together dominate. The ratio

T
-~ 99 has been measured by the CLEO collaboration
T — gg9

and can be used to determine as(M;) = 0.189 £ 0.01 + 0.01. The
error is dominated by theoretical uncertainties associated with the
scale choice; the uncertainty due to the ”color octet” piece is
not present in this case [83]. The theoretical uncertainties due
to the production of photons in fragmentation [84] are small [85].
Higher order QCD calculations of the photon energy distribution are
available [86]; this distribution could now be used to further test
the theory. The width I'(Y — eTe™) can also be used to determine
olete™ — bb)

olete™ — ptu™)

Ru(T) =

X

of widths

as by using moments of the quantity Rp(s) =

defined by M, = [;° Ijnbgfl)
dominated by T'(Y — ete™). Higher order corrections are available
and the method gives as(Mp) = 0.220 £ 0.027 [88]. The dominant
error is theoretical and is dominated by the choice of scale and by
uncertainties in Coulomb corrections that have been resummed in
Ref. 89. These various 7" decay measurements can be combined and
give as(Mp) = 0.185 £ 0.01 corresponding to as(Myz) = 0.109 £ 0.004
which is used in the final average [83]. The mass of charmonium
can also be used for determination of ag after taking into account

[87]. At large values of n, M, is

effects of analytic continuation (7%-terms summation), and Coulomb
summation [90].

9.7. Perturbative QCD in ete™ collisions

The total cross section for eTe™ — hadrons is obtained (at low
values of y/s) by multiplying the muon-pair cross section by the factor
R = 32(163. The higher-order QCD corrections to this quantity have
been calculated, and the results can be expressed in terms of the
factor:

_ RO [; 4 % AV o ()
R=R {1+ﬂ+02(7r)+03(7r)+ . (9.12)
where Cy = 1.411 and C3 = —12.8 [91].

RO can be obtained from the formula for do/dQ) for ete™ — ff

by integrating over 2. The formula is given in Sec. 39.2 of this Review.
This result is only correct in the zero-quark-mass limit. The O(as)
corrections are also known for massive quarks [92]. The principal
advantage of determining os from R in ete™ annihilation is that there
is no dependence on fragmentation models, jet algorithms, etc.

A measurement by CLEO [93] at /s = 10.52 GeV yields
@s(10.52 GeV) = 0.20 + 0.01 £ 0.06, which corresponds to as(Myz) =
0.130 + 0.005 £ 0.03. A comparison of the theoretical prediction
of Eq. (9.12) (corrected for the b-quark mass), with all the
available data at values of /s between 20 and 65 GeV, gives [94]
@s(35 GeV) = 0.146+0.030 . The size of the order a3 term is of order
40% of that of the order a2 and 3% of the order as. If the order a2 term
is not included, a fit to the data yields as (35 GeV) = 0.142 + 0.030,
indicating that the theoretical uncertainty is smaller than the
experimental error.

Measurements of the ratio of hadronic to leptonic width of the Z
at LEP and SLC, T, /T, probe the same quantity as R. Using the
average of I'y, /T";, = 20.767+0.025 gives as(Mz) = 0.122640.0038 [95].
In performing this extraction it is necessary to include the electroweak
corrections to the Z width. As these must be calculated beyond leading
order, they depend on the top top-quark and Higgs masses. The latter
is not yet meausured an is inferred from global fits to the electroweak
data. There are additional theoretical errors arising from the choice
of QCD scale. While this method has small theoretical uncertainties
from QCD itself, it relies sensitively on the electroweak couplings of
the Z to quarks [96]. The presence of new physics which changes
these couplings via electroweak radiative corrections would invalidate
the value of as(My). An illustration of the sensitivity can be obtained
by comparing this value with the one obtained from the global fits [95]
of the various precision measurements at LEP/SLC and the W and
top masses: as(Mz) = 0.1186 £ 0.0027. The difference between these
two values may be accounted for by systematic uncertainties as large
as +0.003 [95], therefore as(My) = 0.1186 & 0.0042 will be used in
the final average.

An alternative method of determining as in eTe™ annihilation is
from measuring quantities that are sensitive to the relative rates of
two-, three-, and four-jet events. A review should be consulted for
more details [97] of the issues mentioned briefly here. In addition to
simply counting jets, there are many possible choices of such “shape
variables”: thrust [98], energy-energy correlations [99], average jet
mass, etc. All of these are infrared safe, which means they can be
reliably calculated in perturbation theory. The starting point for all
these quantities is the multijet cross section. For example, at order
as, for the process ete™ — ¢qg: [100]

1 d?0 _ 2as 23 + 23 (9.13)
o dridry ~ 3w (1—z1)(1 —x9) ’
0 (9.14)

NG

where x; are the center-of-mass energy fractions of the final-state
(massless) quarks. A distribution in a “three-jet” variable, such as
those listed above, is obtained by integrating this differential cross
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section over an appropriate phase space region for a fixed value of
the variable. The order a2 corrections to this process have been
computed, as well as the 4-jet final states such as e*e™ — gqgg [101].

There are many methods used by the ete™ experimental groups
to determine ag from the event topology. The jet-counting algorithm,
originally introduced by the JADE collaboration [102], has been used
by many other groups. Here, particles of momenta p; and p; are
combined into a pseudo-particle of momentum p; + p; if the invariant
mass of the pair is less than yg+/s. The process is iterated until all
pairs of particles or pseudoparticles have a mass-measure that exceeds
y0+/$; the remaining number is then defined to be the jet multiplicity.
The remaining number is then defined to be the number of jets in
the event, and can be compared to the QCD prediction. The Durham
algorithm is slightly different: in combining a pair of partons, it uses
M? = 2min(E'i2 7E?)(l — cos ;) for partons of energies E; and Ej
separated by angle 6;; [103].

There are theoretical ambiguities in the way this process is carried
out. Quarks and gluons are massless, whereas the observed hadrons
are not, so that the massive jets that result from this scheme cannot
be compared directly to the jets of perturbative QCD. Different
recombination schemes have been tried, for example combining
3-momenta and then rescaling the energy of the cluster so that
it remains massless. These schemes result in the same data giving
slightly different values [104,105] of as. These differences can be
used to determine a systematic error. In addition, since what is
observed are hadrons rather than quarks and gluons, a model is
needed to describe the evolution of a partonic final state into one
involving hadrons, so that detector corrections can be applied. The
QCD matrix elements are combined with a parton-fragmentation
model. This model can then be used to correct the data for a direct
comparison with the parton calculation. The different hadronization
models that are used [106-109] model the dynamics that are controlled
by nonperturbative QCD effects which we cannot yet calculate. The
fragmentation parameters of these Monte Carlos are tuned to get
agreement with the observed data. The differences between these
models contribute to the systematic errors. The systematic errors
from recombination schemes and fragmentation effects dominate over
the statistical and other errors of the LEP /SLD experiments.

The scale M at which as(M) is to be evaluated is not clear.
The invariant mass of a typical jet (or ,/syg) is probably a more
appropriate choice than the ete™ center-of-mass energy. While there
is no justification for doing so, if the value is allowed to float in the
fit to the data, the fit improves and the data tend to prefer values
of order 1/s/10 GeV for some variables [105,110]; the exact value
depends on the variable that is fitted.

The perturbative QCD formulae can break down in special
kinematical configurations. For example, the thrust (T") distribution
contains terms of the type as 1n2(1 — T). The higher orders in the
perturbation expansion contain terms of order of In™(1 — T'). For
T ~ 1 (the region populated by 2-jet events), the perturbation
expansion is unreliable. The terms with n < m can be summed to all
orders in ay [111]. If the jet recombination methods are used higher-
order terms involve af In™(yg), these too can be resummed [112] The
resummed results give better agreement with the data at large values
of T. Some caution should be exercised in using these resummed
results because of the possibility of overcounting; the showering
Monte Carlos that are used for the fragmentation corrections also
generate some of these leading-log corrections. Different schemes for
combining the order a2 and the resummations are available [113].
These different schemes result in shifts in as of order £0.002. The use
of the resummed results improves the agreement between the data and
the theory; for more details see Ref. 114. An average of results at the
Z resonance from SLD [105], OPAL [115], L3 [116], ALEPH [117],
and DELPHI [118], using the combined a% and resummation fitting
to a large set of shape variables, gives as(Mz) = 0.122 £ 0.007. The
errors in the values of as(Myz) from these shape variables are totally
dominated by the theoretical uncertainties associated with the choice
of scale, and the effects of hadronization Monte Carlos on the different
quantities fitted.

Estimates are available for the nonperturbative corrections to the
mean value of 1 -7 [119]. These are of order 1/E and involve a single
parameter to be determined from experiment. These corrections can
then be used as an alternative to those modeled by the fragmentation
Monte Carlos. The DELPHI collaboration has fitted its data using
an additional parameter to take into account these 1/F effects [120]
and quotes for the MS scheme o = 0.1217 £ 0.0046 and a significant
1/E term. This term vanishes in the RGI/ECH scheme and the
data are well described by pure perturbation theory with consistent
as = 0.1201 £ 0.0020.

Studies have been carried out at energies between ~130 GeV
[121] and ~200 GeV [122]. These can be combined to give
(130 GeV) = 0.114 £ 0.008 and (189 GeV) = 0.1104 £ 0.005.
The dominant errors are theoretical and systematic and, most of
these are in common at the two energies. These data and those at
the Z resonance and below provide clear confirmation of the expected
decrease in a as the energy is increased.

The LEP QCD working group [123] uses all LEP data Z mass
and higher energies to perform a global fit using a large number of
shape variables. It determines as(Myz) = 0.1202 £ 0.0003 (stat) &
0.0049 (syst), (result quoted in Ref. 6) the error being dominated by
theoretical uncertainties which are the most difficult to quantify.

Similar studies on event shapes have been undertaken at lower
energies at TRISTAN, PEP/PETRA, and CLEO. A combined result
from various shape parameters by the TOPAZ collaboration gives
as(58 GeV) = 0.125 + 0.009, using the fixed order QCD result,
and (58 GeV) = 0.132 £ 0.008 (corresponding to as(My) =
0.123 4+ 0.007), using the same method as in the SLD and LEP
average [124]. The measurements of event shapes at PEP/PETRA are
summarized in earlier editions of this note. A recent reevaluation of the
JADE data [125] obtained using resummed QCD results with modern
models of jet fragmentation and by averaging over several shape
variables gives as(22 GeV) = 0.151 £ 0.004 (expt) T0013 (theory)
which is used in the final average. These results also attempt to
constrain the non-perurbative parameters and show a remarkable
agreement with QCD even at low energies [126]. An analysis by the
TPC group [127] gives as(29 GeV) = 0.160 £ 0.012, using the same
method as TOPAZ.

The CLEO collaboration fits to the order o2 results for the
two jet fraction at /s = 10.53 GeV, and obtains as(10.53 GeV) =
0.1641+0.004 (expt.)+0.014 (theory) [128]. The dominant systematic
error arises from the choice of scale (1), and is determined from the
range of a that results from fit with = 10.53 GeV, and a fit where
w is allowed to vary to get the lowest x2. The latter results in p = 1.2
GeV. Since the quoted result corresponds to as(1.2 GeV) = 0.35, it is
by no means clear that the perturbative QCD expression is reliable
and the resulting error should, therefore, be treated with caution. A
fit to many different variables as is done in the LEP/SLC analyses
would give added confidence to the quoted error.

All these measurements are consistent with the LEP average quoted
above which has the smallest statistical error; the systematic errors
being mostly theoretical are likely to be strongly correlated between
the measurements. The value of as(My) = 0.1202 + 0.005 is used in
the final average.

The four jet final states can be used to measure the color factors
of QCD, related to the relate strength of the couplings of quarks and
gluons to each other. While these factors are not free parameters,
the agreement between the measurements and expectations provides
more evidence for the validity of QCD. The results are summarized in
Ref. 129.

9.8. Scaling violations in fragmentation functions

Measurements of the fragmentation function d;(z,E), (the
probability that a hadron of type i be produced with energy zE in
eTe™ collisions at /s = 2F) can be used to determine ay. (Detailed
definitions and a discussion of the properties of fragmentation
functions can be found in Sec. 17 of this Review). As in the case of
scaling violations in structure functions, perturbative QCD predicts
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only the E dependence. Hence, measurements at different energies are
needed to extract a value of as. Because the QCD evolution mixes
the fragmentation functions for each quark flavor with the gluon
fragmentation function, it is necessary to determine each of these
before g can be extracted.

The ALEPH collaboration has used data from energies rang-
ing from /s = 22 GeV to /s = 91 GeV. A flavor tag is
used to discriminate between different quark species, and the
longitudinal and transverse cross sections are used to extract
the gluon fragmentation function [130]. The result obtained
is as(Myz) = 0.126 £ 0.007 (expt.) £ 0.006 (theory) [131]. The
theory error is due mainly to the choice of scale. The OPAL
collaboration [132] has also extracted the separate fragmentation
functions. DELPHI [133] has also performed a similar analy-
sis using data from other experiments at lower energy with
the result as(Mz) = 0.124 + 0.007 (expt.) & 0.009 (theory). The
larger theoretical error is due to the larger range of scales that
were used in the fit. These results can be combined to give
as(Mz) =0.125+0.005 (expt.) = 0.008 (theory).

A global analysis [134] uses data on the production of 7, K, p, and
p from SLC [135], DELPHI [136], OPAL [137], ALEPH [138], and
lower-energy data from the TPC collaboration [139]. A flavor tag
and a three-jet analysis is used to disentangle the quark and gluon
fragmentation functions. The value as(Myz) = Oll??fgggggfggg%g
is obtained. The second error is a theoretical one arising from the
choice of scale. The fragmentation functions resulting from this fit are
consistent with a recent fit of [140].

It is unclear how to combine the measurements discussed in the two
previous paragraphs as much of the data used are common to both. If
the theoretical errors dominate then a simple average is appropriate
as the methods are different. For want of a better solution, the naive
average of as(My) = 0.1201 £ 0.006 is used in the average value
quoted below.

9.9. Photon structure functions

ete™ can also be used to study photon-photon interactions, which

can be used to measure the structure function of a photon [141], by
selecting events of the type eTe™ — eTe™ 4 hadrons which proceeds
via two photon scattering. If events are selected where one of the
photons is almost on mass shell and the other has a large invariant
mass (), then the latter probes the photon structure function at scale
Q; the process is analogous to deep inelastic scattering where a highly
virtual photon is used to probe the proton structure. This process
was included in earlier versions of this Review which can be consulted
for details on older measurements [142-145]. A review of the data
can be found in [146]. Data are available from LEP [147-151] and
from TRISTAN ([152,153] which extend the range of Q2 to of order
300 GeV? and z as low as 2 x 10~ 3and show Q? dependence of the
structure function that is consistent with QCD expectations. There is
evidence for a hadronic (non-perturbative) component to the photon
structure function that complicates attempts to extract a value of ag
from the data.

Ref. 154 uses data from PETRA, TRISTAN, and LEP to perform
a combined fit. The higher data from LEP extend to higher Q2
(< 780 GeV?) and enable a measurement: as(my) = 0.1198 = 0.0054
which now is competitive with other results.

Experiments at HERA can also probe the photon structure function
by looking at jet production in p collisions; this is analogous to the
jet production in hadron-hadron collisions which is sensitive to hadron
structure functions. The data [155] are consistent with theoretical
models [156].

9.10. Jet rates in ep collisions

At lowest order in «s, the ep scattering process produces a final
state of (141) jets, one from the proton fragment and the other from
the quark knocked out by the process e + quark — e + quark. At
next order in «g, a gluon can be radiated, and hence a (2+1) jet final
state produced. By comparing the rates for these (1+1) and (241) or
(2+1) and (3+1) jet processes, a value of as can be obtained. A NLO

QCD calculation is available [157]. The basic methodology is similar
to that used in the jet counting experiments in e™e™ annihilation
discussed above. Unlike those measurements, the ones in ep scattering
are not at a fixed value of Q2. In addition to the systematic errors
associated with the jet definitions, there are additional ones since the
structure functions enter into the rate calculations. A summary of the
measurements from HERA can be found in Ref. 158, which clearly
demonstrates the evidence for the evolution of as (Q?) with Q2. Results
from H1 [159] as(Mz) = 0.1175+£0.0057 (expt.)£0.0053 (theor.) and
ZEUS [160] as(Mz) = 0.1179 £ 0.0040 (expt.) £0.005 (theor.) can be
combined to give as(My) = 0.1178 & 0.0033 (expt.) £ 0.006 (theor.)
which is used in the final average. The theoretical errors arise from
scale choice, structure functions, and hadronization correction.

Photoproduction of two or more jets via processes such as
Y+ g — qq can also be observed at HERA. The process is similar
to jet production in hadron-hadron collisions. Agreement with
perturbative QCD is excellent and ZEUS [161] quotes as(My) =
0.1224 + 0.0020 (expt) £ 0.0050 (theory) which is used in the average
below.

9.11. QCD in diffractive events

In approximately 10% of the deep-inelastic scattering events at
HERA a rapidity gap is observed [162]; that is events are seen
where there are almost no hadrons produced in the direction of the
incident proton. This was unexpected; QCD based models of the
final state predicted that the rapidity interval between the quark that
is hit by the electron and the proton remnant should be populated
approximately evenly by the hadrons. Similar phenomena have been
observed at the Tevatron in W and jet production. For a review see
Ref. 163.

9.12. Lattice QCD

Lattice gauge theory can be used to calculate, using non-
perturbative methods, a physical quantity that can be measured
experimentally. The value of this quantity can then be used to
determine the QCD coupling that enters in the calculation. The main
theoretical differance between this approach and those discussed above
is that, in the previous cases, precise calculations are restricted to high
energy phenomena where perturbation theory can be applied due to the
smallness of ag in the appropriate energy regime. Lattice calculations
enable reliable calculations to be done without this restriction. It is
important to emphasize that this is exactly the same methodology
used in the cases discussed above. The main quantitative difference is
that the experimental measurements involved, such as the masses of 7
states, are so precise that their uncertainties have almost no impact on
the final comparisons. A discussion of the uncertainties that enter into
the QCD tests and determination of ay is therefore almost exclusively
a discussion of the techniques used in the calculations. In addition to
ag, other physical quantities such as the masses of the light quarks
can be obtained. For a review of the methodology, see Ref. 164 [165].
For example, the energy levels of a Q@ system can be determined
and then used to extract as. The masses of the QQ states depend
only on the quark mass and on . Until a few years ago, calculations
have not been performed for three light quark flavors. Results for
zero (n f = 0, quenched approximation) and two light flavors were
extrapolated to ny = 3. This major limitation has now been removed
and a qualitative improvement in the calculations has occurred. Using
the mass differences of 7" and 7’ and 7” and x;, Mason et al. [167]
extract a value of as(Mz) = 0.1170 £ 0.0012. Many other quantities
such as the pion decay constant, and the masses of the Bg meson and
{2 baryon are used and the overall consistency is excellent.

There have also been investigations of the running of as [173].
These show remarkable agreement with the two loop perturbative
result of Eq. (9.5).

There are several sources of error in these estimates of as(My).
The experimental error associated with the measurements of the
particle masses is negligible. The limited statistics of the Monte-Carlo
calculation which can be improved only with more computational
resources is one dominant error. The conversion from the lattice
coupling constant to the MS constant is obtained using a perturbative
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expansion where one coupling expanded as a power series in the
other. The series is known to third order and this leads to the
second largest uncertainty [166]. Extra degrees of freedom introduced
by calculating (using staggered fermions) on a lattice have to be
removed: see Ref. 174 for a discussion of this point and the possible
uncertainties related to it. The use of Wilson fermions involves a
differant systematic. Results from Ref. 175 using this method with
two light quark flavors are as(Myz) = 0.112 £ 0.003, which illustrates
the tendency for results using Wilson fermions to be systematically
lower than those from staggered fermions.

In this review, we will use only the new result [166] of as(My) =
0.1170 £ 0.0012, which is consistent with the value as(My) =
0.121 £ 0.003 used in the last version of this review [167].

In addition to the strong coupling constant other quantities can
be determined including the light quark masses [168]. Of particular
interest are the decay constants of charmed and bottom mesons. These
are required, for example, to facilitate the extraction of CKM elements
from measurements of charm and bottom decay rates [169,170]. Some
of these quantities such as the D-meson decay constant have been
found to be in excellent agreement with experiment [171].

I I I |||||| I I I ||||||
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Figure 9.2: Summary of the values of as(u) at the values of
1 where they are measured. The lines show the central values
and the +10 limits of our average. The figure clearly shows the
decrease in ag(p) with increasing p. The data are, in increasing
order of u, 7 width, 7 decays, deep inelastic scattering, ete™
event shapes at 22 GeV from the JADE data, shapes at
TRISTAN at 58 GeV, Z width, and ete™ event shapes at 135
and 189 GeV.

9.13. Conclusions

The need for brevity has meant that many other important topics
in QCD phenomenology have had to be omitted from this review. One
should mention in particular the study of exclusive processes (form
factors, elastic scattering, ...), the behavior of quarks and gluons in
nuclei, the spin properties of the theory, and QCD effects in hadron
spectroscopy.

We have focused on those high-energy processes which currently
offer the most quantitative tests of perturbative QCD. Figure 9.1
shows the values of as(Myz) deduced from the various experiments.
Figure 9.2 shows the values and the values of @) where they are
measured. This figure clearly shows the experimental evidence for the
variation of as(Q) with Q.

An average of the values in Fig. 9.1 gives as(My) = 0.1176, with a
total x2 of 9 for eleven fitted points, showing good consistency among
the data. The error on this average, assuming that all of the errors
in the contributing results are uncorrelated, is +0.0009, and may be
an underestimate. Almost all of the values used in the average are
dominated by systematic, usually theoretical, errors. Only some of
these, notably from the choice of scale, are correlated. The error on the
lattice gauge theory result is the smallest and then there are several
results with comparable small errors: these are the ones from 7 decay,
deep inelastic scattering, 7 decay and the Z0 width. Omitting the
lattice-QCD result from the average changes it to as(Mz) = 0.1185
or 1lo. All of the results that dominate the average are from NNLO.
The NLO results have little weight, there are no LO results used.
Almost all of the results have errors that are dominated by theoretical
issues, either from unknown higher order perturbative corrections or
estimates of non-perturbative contributions. It is therefore prudent be
conservative and quote our average value as as(Myz) = 0.1176 £ 0.002.
Note that the average has moved by less than 1o from the last version
of this review. Future experiments can be expected to improve the
measurements of g somewhat.

The value of as at any scale corresponding to our average can be ob-
tained from http://www-theory.1lbl.gov/~ianh/alpha/alpha.html
which uses Eq. (9.5) to interpolate.
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