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Foreword

“The Physics of the B Factories” describes a decade long
effort of physicists in the quest for the precise determina-
tion of asymmetry — broken symmetry — between par-
ticles and anti-particles. We now recognize that the mat-
ter we see around us is the residue — one part in a bil-
lion — of the matter and antimatter that existed in the
early universe, most of which annihilated into the cosmic
background radiation that bathes us. But the question re-
mains: how did the baryonic matter-antimatter asymme-
try arise? This book describes the work done by some 1000
physicists and engineers from around the globe on two
experimental facilities built to test our understanding of
this phenomenon, one at the SLAC National Accelerator
Laboratory in California, USA, and a second at the KEK
Laboratory, Tsukuba, Japan, and what we have learned
from them in broadening our understanding of nature.

Why is our universe dominated by the matter of which
we are made rather than equal parts of matter and anti-
matter? This question has puzzled physicists for decades.
However, this was not the question we addressed when we
wrote the paper on CP violation in 1972. Our question
was whether we can explain the CP violation observed in
the K meson decay within the framework of the renor-
malizable gauge theory. At that time, Sakharov’s seminal
paper was already published, but it did not attract our
attention. If we were aware of the paper, we would have
been misled into seeking a model satisfying Sakharov’s
conditions and our paper might not have appeared.

In our paper, we discussed that we need new parti-
cles in order to accommodate CP violation into the renor-
malizable electroweak theory, and proposed the six-quark
scheme as one of the possible ways introducing new parti-
cles. We thought that the six-quark scheme is very inter-
esting, but it was just a possibility. The situation changed
when the tau-lepton was found and it was followed by
the discovery of the Upsilon particle. The existence of
the third generation became reality. However, it was still
uncertain whether the mixing of the six quarks is a real
origin of the observed CP violation. Theoretical calcula-
tion of CP asymmetries in the neutral K meson system
contains uncertainty from strong interaction effects. What
settled this problem were the B Factories built at SLAC
and KEK.

These B Factories are extraordinary in many ways. In
order to fulfill the requirements of special experiments, the
beam energies of the colliding electron and positron are
asymmetric, and the luminosity is unprecedentedly high.
It is also remarkable that severe competition between the
two laboratories boosted their performance. One of us (M.
Kobayashi) has been watching the development at KEK
very closely as the director of the Institute of Particle and
Nuclear Studies of KEK for a period of time. As witnesses,
we appreciate the amazing achievement of those who par-
ticipated in these projects at both laboratories.

The B Factories have contributed a great deal to our
understanding of particle physics, as documented in this
book. In particular, thanks to the high luminosity far ex-
ceeding the design value, experimental groups measured

mixing angles precisely and verified that the dominant
source of CP violation observed in the laboratory exper-
iments is flavor mixing among the three generations of
quarks. Obviously we owe our Nobel Prize to this result.

Now we are awaiting the operation of the next-
generation Super B Factories. In spite of its great suc-
cess, the Standard Model is not an ultimate theory. For
example, it is not thought to be possible for the matter
dominance of the universe to be explained by the Stan-
dard Model. This means that there will still be unknown
particles and unknown interactions. We have a lot of the-
oretical speculations but experimental means are rather
limited. There are great expectations for the Super B Fac-
tories to reveal a clue to the world beyond the Standard
Model.

Makoto Kobayashi
Honorary Professor Emeritus
KEK

Toshihide Maskawa
Director General
Kobayashi-Maskawa Institute for the Origin of Particles
and the Universe
Nagoya University
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Preface

The inspiration for this book came from François le Diberder.
During his term as spokesperson for BABAR he laid down
a vision for the two B Factory detector collaborations,
BABAR and Belle, to work together on a book that would
describe the methodologies used and physics results ob-
tained by those experiments. A key ideal emphasized from
the outset was that this book should be written from a
pedagogical perspective; it should be of interest to the
student and expert alike. This vision was presented dur-
ing a BABAR collaboration meeting on the island of Elba
in May 2008 and a follow up Belle collaboration meeting
at KEK, with visiting colleagues from the BABAR collab-
oration, and was embraced by the community. A number
of workshops involving people from the theoretical com-
munity as well as the two collaborations were held on four
continents over the following years. The resulting book,
“The Physics of the B Factories”, is a testament to the
way that this concept captured the zeitgeist on both sides
of the Pacific Ocean.

This book is divided into three parts, the first of which
provides a brief description of the B Factories, including
a short (though not exhaustive) historical perspective, as
well as descriptions of the detectors, ancillary data acqui-
sition systems and data (re)processing systems that were
built by the two detector collaborations in the late 1990’s.
The second part of the book discusses tools and meth-
ods that are frequently used when analyzing the data col-
lected. These range from details of low level reconstruction
algorithms and abstract summaries of statistical methods
to high level prescriptions used when evaluating system-
atic uncertainties on measurements of observables. The
third part of the book is devoted to physics results. This
includes sufficient theoretical discussion in order for the
reader to understand the context of the work being de-
scribed. We are indebted to our colleagues from the the-
oretical community who have helped us achieve our goal
of explaining the physics of the B Factories in a broader
context.

It should be noted that both B Factory experiments
are still actively publishing results and as a result the work
presented here is a snapshot of the output of the B Fac-
tories up to some point in time. Where appropriate, mea-
surements from other experiments have been mentioned,
however the focus of this book is on the output of the B
Factories. As a result, any brief description of important
work by others should be interpreted as a suggestion for
further reading on a given topic.

Just as there are two B Factories, many of the observ-
ables studied or used in this book have a dual notation in
the literature. While preparing this book we have placed
the emphasis on the physics rather than trivialities such as
convention. The most notable instance of this issue found
here is that of the nomenclature used for the angles of
the Unitarity Triangle. In order to retain a pedagogical
approach we chose a method for selecting between the
two notations that is symbolic of their equivalence from
the perspective of physics. This choice was decided on the
outcome of a coin flip.

It has been a privilege for us to work with our col-
leagues from the experimental and theoretical communi-
ties while compiling this book. The journey of preparing
this tome has been as rewarding as being a part of the
individual collaborations. This book has come into exis-
tence because of the efforts of the many people who have
devoted their time and effort writing contributions found
herein, and it belongs to the community who helped create
it.

Adrian Bevan
Queen Mary University of London

Boštjan Golob
University of Ljubljana
Jožef Stefan Institute

Thomas Mannel
University of Siegen

Soeren Prell
Iowa State University

Bruce Yabsley
University of Sydney

Eur. Phys. J. C (2014) 74:3026 Page III of 928 3026



123

How to cite this work:

The journal version of this book should be used as the correct citation, and the full citation reference is
“Ed. A.J. Bevan, B. Golob, Th. Mannel, S. Prell, and B.D. Yabsley,

SLAC-PUB-15968, KEK Preprint 2014-3.”

Please note that this is the official version of The Physics of the B Factories. An auxiliary version of this book will
be made available online, both on arXiv and the INSPIRE database, under the same entry as the official version of
the book. The official version of the book uses the notation φ1, φ2, φ3 for the angles of the Unitarity Triangle, and
the auxiliary version uses the notation β, α, γ.

A note on conventions:

This book follows common practice in particle physics by using a relaxed system of natural units. The reduced
Planck constant � is set to unity, and electromagnetic expressions include the fine structure constant α rather than
dimensionful constants. Nevertheless, the units of energy (GeV, MeV, etc.) are distinguished from those of momentum
(GeV/c, MeV/c) and mass (GeV/c2, MeV/c2); when length and time are explicitly mentioned, and especially in detector-
related discussions, meters and seconds are used rather than the reciprocal of energy.

The treatment of charge conjugation depends on the context. Many analyses are motivated by possible differences
between the behaviour of B0 and B0: in such cases, samples of the two states are distinguished. When describing the
method, however, if the text specifies reconstruction of B0 → π+D− with D− → K+π−π−, it is usually implied that
the equivalent procedure is followed for the charge conjugate mode B0 → π−D+ with D+ → K−π+π+. From time to
time, explicit statements are made to resolve potential ambiguities.

Citations follow the author-year format, used in a flexible way. The most common form is surrounded by parenthe-
ses (Kobayashi and Maskawa, 1973). However, about 20% of cases incorporate the names of the authors into the
grammar of the sentence, as when referring to the classic paper of Kobayashi and Maskawa (1973). Variant forms are
used within the text of a parenthesis; all should be clear from the context.

The only unusual feature is the use of three bibliographies: one for BABAR papers (page 806), one for Belle papers
(page 822), and one for other references (page 835). To avoid tedium, the “et al.” is omitted for B Factory papers,
citing only the first author of full BABAR Collaboration authorlists (Aubert, 2001e), and either the first member (Choi,
2011) or the whole of the first-authorship group (Mizuk, Danilov, 2006) for full Belle Collaboration authorlists. Long
authorlists for “other” references are treated normally. The great majority of BABAR papers have either Aubert, del
Amo Sanchez, or Lees as first author; most early Belle papers have Abe, but from 2002 onwards show great variety.
Results are described as being from BABAR or Belle if the responsible experiment is not already apparent from the
context. Occasionally, a BABAR paper and a Belle paper will be cited together, for example in a quoted average or in
the body of a table. It should always be clear which bibliography is meant.

In such a long work, there is inevitably some variation in style and usage. As editors, we have endeavoured to keep
this to a minimum.

Eur. Phys. J. C74 (2014) 3026,
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A. D. Bukin†27,28, R. Bula102, H. Bulten118, P. R. Burchat66, W. Burgess45, J. P. Burke25, J. Button-Shafer15,
A. R. Buzykaev27, A. Buzzo119, Y. Cai45, R. Calabrese107,108, A. Calcaterra9, G. Calderini48, B. Camanzi127,
E. Campagna77,92, C. Campagnari63, R. Capra119,120, V. Carassiti107, M. Carpinelli77,92, M. Carroll25,
G. Casarosa77,92, B. C. K. Casey103, N. M. Cason18, G. Castelli144, N. Cavallo151, G. Cavoto10, A. Cecchi107,

Eur. Phys. J. C (2014) 74:3026 Page V of 928 3026



123

R. Cenci77,92, G. Cerizza67,68, A. Cervelli77,92, A. Ceseracciu45, X. Chai21, K. S. Chaisanguanthum122, M. C. Chang152,
Y. H. Chang80, Y. W. Chang20, D. S. Chao22, M. Chao133, Y. Chao20, E. Charles15, C. A. Chavez25, R. Cheaib54,
V. Chekelian70, A. Chen80, A. Chen117, E. Chen22, G. P. Chen96, H. F. Chen106, J. -H. Chen20, J. C. Chen96,
K. F. Chen20, P. Chen20, S. Chen32, W. T. Chen80, X. Chen125, X. R. Chen153, Y. Q. Chen20, B. Cheng125,
B. G. Cheon154, N. Chevalier109, Y. M. Chia76, S. Chidzik91, K. Chilikin12, M. V. Chistiakova15, R. Cizeron11,
I. S. Cho43, K. Cho155, V. Chobanova70, H. H. F. Choi55, K. S. Choi43, S. K. Choi156, Y. Choi157, Y. K. Choi157,
S. Christ64, P. H. Chu20, S. Chun97, A. Chuvikov91, G. Cibinetto107, D. Cinabro141, A. R. Clark15, P. J. Clark53,
C. K. Clarke1, R. Claus45, B. Claxton65, Z. C. Clifton32, J. Cochran5, J. Cohen-Tanugi131, H. Cohn150, T. Colberg88,
S. Cole6, F. Colecchia144,145, C. Condurache65, R. Contri119,120, P. Convert62, M. R. Convery45, P. Cooke25,
N. Copty153, C. M. Cormack1, F. Dal Corso144, L. A. Corwin39, F. Cossutti142, D. Cote111, A. Cotta Ramusino107,
W. N. Cottingham109, F. Couderc85, D. P. Coupal45, R. Covarelli81,82, G. Cowan149, W. W. Craddock45,
G. Crane45, H. B. Crawley5, L. Cremaldi128, A. Crescente144, M. Cristinziani45, J. Crnkovic158, G. Crosetti119,120,
T. Cuhadar-Donszelmann75, A. Cunha63, S. Curry133, A. D’Orazio10,31, S. Dû11, G. Dahlinger88, B. Dahmes63,
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T. Hokuue38, J. J. Hollar125, T. M. Hong63, K. Honscheid39, B. Hooberman15, D. A. Hopkins149, Y. Horii37,38,
Y. Hoshi98, K. Hoshina179, S. Hou20,80, W. S. Hou20, T. Hryn’ova45, Y. B. Hsiung20, C. L. Hsu20, S. C. Hsu20,
H. Hu125, T. Hu117, H. C. Huang20, T. J. Huang20, Y. C. Huang173, Z. Huard47, M. E. Huffer45, D. Hufnagel39,

3026 Page VI of 928 Eur. Phys. J. C (2014) 74:3026



123

T. Hung45, D. E. Hutchcroft25, H. J. Hyun180, S. Ichizawa99, T. Igaki38, A. Igarashi113, S. Igarashi7, Y. Igarashi7,
O. Igonkina139, K. Ikado38, H. Ikeda7, H. Ikeda7, K. Ikeda34, J. Ilic44, K. Inami38, W. R. Innes45, Y. Inoue181,
A. Ishikawa7, A. Ishikawa176, H. Ishino99, K. Itagaki176, S. Itami38, K. Itoh8, V. N. Ivanchenko27, R. Iverson45,
M. Iwabuchi43, G. Iwai100, M. Iwai7, S. Iwaida113, M. Iwamoto182, H. Iwasaki7, M. Iwasaki8, M. Iwasaki139,
T. Iwashita34, J. M. Izen95, D. J. Jackson178, F. Jackson76, G. Jackson76, P. S. Jackson149, R. G. Jacobsen15,
C. Jacoby129, I. Jaegle103, V. Jain102, P. Jalocha19, H. K. Jang49, H. Jasper105, A. Jawahery36, S. Jayatilleke47,
C. M. Jen20, F. Jensen15, C. P. Jessop18, X. B. Ji96, M. J. J. John48, D. R. Johnson32, J. R. Johnson125, S. Jolly127,
M. Jones103, K. K. Joo7, N. Joshi79, N. J. Joshi79, D. Judd175, T. Julius126, R. W. Kadel15, J. A. Kadyk15, H. Kagan39,
R. Kagan12, D. H. Kah180, S. Kaiser88, H. Kaji38, S. Kajiwara178, H. Kakuno168, T. Kameshima113, J. Kaminski45,
T. Kamitani7, J. Kaneko99, J. H. Kang43, J. S. Kang94, T. Kani38, P. Kapusta19, T.M. Karbach105, M. Karolak62,
Y. Karyotakis85, K. Kasami7, G. Katano7, S. U. Kataoka34, N. Katayama7, E. Kato176, Y. Kato38, H. Kawai182,
H. Kawai8, M. Kawai7, N. Kawamura183, T. Kawasaki100, J. Kay65, M. Kay25, M. P. Kelly76, M. H. Kelsey45,
N. Kent103, L. T. Kerth15, A. Khan127, H. R. Khan99, D. Kharakh45, A. Kibayashi7, H. Kichimi7, C. Kiesling70,
M. Kikuchi7, E. Kikutani7, B. H. Kim49, C. H. Kim49, D. W. Kim157, H. Kim45, H. J. Kim180, H. J. Kim43,
H. O. Kim180, H. W. Kim94, J. B. Kim94, J. H. Kim155, K. T. Kim94, M. J. Kim180, P. Kim45, S. K. Kim49,
S. M. Kim157, T. H. Kim43, Y. I. Kim180, Y. J. Kim155, G. J. King55, K. Kinoshita47, A. Kirk148, D. Kirkby133,
I. Kitayama95, M. Klemetti54, V. Klose184, J. Klucar3, N. S. Knecht75, K. J. Knoepfel18, D. J. Knowles148,
B. R. Ko94, N. Kobayashi99, S. Kobayashi185, T. Kobayashi7, M. J. Kobel88, S. Koblitz70, H. Koch87, M. L. Kocian45,
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H. Staengle137, R. Stamen7, M. Stanek45, S. Stanič205, J. Stark48, M. Steder61, H. Steininger56, M. Steinke87,
J. Stelzer45, E. Stevanato144, A. Stocchi11, R. Stock206, H. Stoeck6, D. P. Stoker133, R. Stroili144,145, D. Strom139,
P. Strother1, J. Strube139, B. Stugu29, J. Stypula19, D. Su45, R. Suda168, R. Sugahara7, A. Sugi38, T. Sugimura7,
A. Sugiyama185, S. Suitoh38, M. K. Sullivan45, M. Sumihama207, T. Sumiyoshi168, D. J. Summers128, L. Sun29,
L. Sun47, S. Sun45, J. E. Sundermann88, H. F. Sung20, Y. Susaki38, P. Sutcliffe25, A. Suzuki15, J. Suzuki7,

3026 Page VIII of 928 Eur. Phys. J. C (2014) 74:3026



123

J. I. Suzuki7, K. Suzuki38,45, S. Suzuki185, S. Y. Suzuki7, J. E. Swain53, S. K. Swain45,103, S. T’Jampens131,
M. Tabata182, K. Tackmann15, H. Tajima8, O. Tajima7, K. Takahashi99, S. Takahashi100, T. Takahashi181,
F. Takasaki7, T. Takayama176, M. Takita178, K. Tamai7, U. Tamponi16,17, N. Tamura100, N. Tan208, P. Tan125,
K. Tanabe8, T. Tanabe15, H. A. Tanaka45, J. Tanaka8, M. Tanaka7, S. Tanaka7, Y. Tanaka209, K. Tanida49,
N. Taniguchi7, P. Taras111, N. Tasneem55, G. Tatishvili114, T. Tatomi7, M. Tawada7, F. Taylor69, G. N. Taylor126,
G. P. Taylor116, V. I. Telnov27,28, L. Teodorescu127, R. Ter-Antonyan39, Y. Teramoto181, D. Teytelman45, G. Thérin48,
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Apt. Correus 22085, E-46071 València, Spain
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