|83 Selected for a Viewpoint in Physics week ending
PRL 105, 081801 (2010) PHYSICAL REVIEW LETTERS 20 AUGUST 2010

£

Evidence for an Anomalous Like-Sign Dimuon Charge Asymmetry

V.M. Abazov,*® B. Abbott,”* M. Abolins,®® B.S. Acharya,” M. Adams,* T. Adams,*” E. Aguilo,® G.D. Alexeev,*®
G. Alkhazov,* A. Alton,*>* G. Alverson,®’ G. A. Alves,” L.S. Ancu,*® M. Aoki,*® Y. Arnoud,'* M. Arov,”® A. Askew,*’
B. Asman,41 0. Atramentov,%® C. Avila,? J. BackusMayes,81 F. Badaud,"” L. Bagby,48 B. Baldin,*® D. V. Bandurin,*’
S. Banerjee,29 E. Barberis,61 A.-F. Barfuss,15 P. Baringer,56 J. Barreto,2 J.F. Bartlett,48 U. Bassler,18 S. Beale,6 A. Bean,56
M. Begalli,3 M. Begel,72 C. Belanger—Champagne,41 L. Bellantoni,*® J. A. Benitez,*> S. B. Beri,>’ G. Bernardi,'’

R. Bernhard,22 I. Bertram,42 M. Besanc;on,18 R. Beuselinck,43 V. A. Bezzubov,39 P.C. Bhat,48 V. Bhatnagar,27 G. Blazey,50
S. Blessing,47 K. Bloom,® A. Boehnlein,*® D. Boline,”' T. A. Bolton,”” E. E. Boos,*® G. Borissov,** T. Bose,®® A. Brandt,”’
R. Brock,”® G. Brooijmans,69 A. Bross,”® D. Brown,'” X. B. Bu,’” D. Buchholz,’! M. Buehler,*® V. Buescher,**

V. Bunichev,*® S. Burdin,**" T. H. Burnett,®! C. P. Buszello,* P. Calfayan,25 B. Calpas,15 S. Calvet,'® E. Camacho-Pérez,>*
J. Cammin,”® M. A. Carralsco-Lizarraga,33 E. Carrera,*’ B.C.K. Casey,48 H. Castilla-Valdez,*® S. Chakrabarti,’"

D. Chakraborty,50 K.M. Chan,’* A. Chandra,”® G. Chen,>® S. Chevalier—The’:ry,18 D.K. Cho,”® S.W. Cho,*! S. Choi,*?
B. Choudhalry,28 T. Christoudias,** S. Cihangir,48 D. Claes,” J. Clutter,”® M. Cooke,*® W.E. Cooper,48 M. Corcoran,”®
F. Couderc,'® M.-C. Cousinou,'® A. Croc,'® D. Cutts,”® M. (/Iwiok,30 A. Das,” G. Davies,* K. De,”” S.J. de Jong,35
E. De La Cruz-Burelo,*® F. Déliot,'® M. Demarteau,*® R. Demina,’® D. Denisov,*® S. P. Denisov,>® S. Desai,*®
K. DeVaugham,65 H.T. Diehl,*® M. Diesburg,48 A. Dominguez,65 T. Dorland,?' A. Dubey,28 L. V. Dudko,*® D. Duggam,66
A. Duperrin,15 S. Dutt,”’ A. Dyshkant,50 M. Eads,® D. Edmunds,®? J. Ellison,*® V. D. Elvira,”® Y. Enari,'” S. Eno,>’
H. Evans,’? A. Evdokimov,’? V. N. Evdokimov,*® G. Facini,®' A. V. Feralpontov,76 T. Ferbel,>”"’° F. Fiedler,** F. Filthaut,>>
W. Fisher,®® H. E. Fisk,*® M. Fortner,”° H. Fox,** S. Fuess,*® T. Gadfort,”* A. Garcia-Bellido,”® V. Gavrilov,>” P. Gay,13
W. Geist,'” W. Geng,ls’e’3 D. Gerbaudo,®” C.E. Gerber,*® Y. Gershtein,*® D. Gillberg,6 G. Ginther,**"° G. Golovanov,*®
A. Goussiou,®! P.D. Grannis,”' S. Greder,'® H. Greenlee,*® Z. D. Greenwood,’® E. M. Gregores,4 G. Grenier,”° Ph. Gris,'?
J.-F. Grivaz,“’ A. Grohsjean,18 S. Griinendahl,48 M. W. Grﬁnewald,30 F. Guo,71 J. Guo,71 G. Gutierrez,48 P. Gutierrez,74
A. Haas,(’g’i P. Haefner,25 S. Hagopian,47 J. Haley,(’l 1. Hall,63 L. Han,7 K. Harder,44 A. Harel,70 J.M. Hauptman,55
J. Hays,43 T. Hebbeker,21 D. Hedin,so A.P. Heinson,46 U. Heintz,76 C. Hensel,23 1. Heredia-De La Cruz,33 K. Hemer,62
G. Hesketh,(’1 M.D. Hildreth,54 R. Hirosky,go T. Hoang,47 J.D. Hobbs,71 B. Hoeneisen,12 M. Hohlfeld,24 S. Hossain,74
P. Houben,34 Y. Hu,71 Z. Hubacek,m N. Huske,17 V. Hynek,m I. Iashvili,68 R. Illingworth,48 A.S. Ito,48 S. Jabeen,76
M. Jaffré,16 S. Jain,68 D. Jamin,15 R. Jesik,43 K. Johns,45 C. Johnson,69 M. Johnson,48 D. Johnston,65 A. Jonckheere,48
P. Jonsson,43 A. Juste,48’§ K. Kaadze,57 E. Kajfasz,15 D. Karmamov,38 P A. Kasper,48 I. Katsanos,65 R. Kehoe,78
S. Kermiche,15 N. Khalatyan,48 A. Khanov,75 A. Kharchilava,68 Y.N. Kharzheev,36 D. Khatidze,76 M. H. Kirby,51
M. Kirsch,21 J. M. Kohli,27 A. V. Kozelov,39 J. Kraus,63 A. Kumar,68 A. Kupco,11 T. Kuréa,20 V. A. Kuzmin,38 J. Kvita,9
S. Lammers,” G. Landsberg,’® P. Lebrun,?® H. S. Lee,*' W.M. Lee,*® I. Lellouch,'” L. Li,*® Q.Z. Li,*® S. M. Lietti,’
J.K. Lim,*! D. Lincoln,*® J. Linnemann,®* V. V. Lipaev,39 R. Lipton,48 Y. Liu,” Z. Liu,® A. Lobodenko,*® M. Lokajicek,11
P. Love,*? H.J. Lubatti,®' R. Luna-Garcia,>>! A.L. Lyon,*® A.K.A. Maciel,> D. Mackin,”® R. Madar,'®
R. Magaﬁa—Villalba,33 P.K. Mal,® S. Malik,®> V.L. Malyshev,36 Y. Maravin,”’ J. Martl'nez-Ortega,33 R. M(:Carthy,71
C.L. McGivern,’® M. M. Meijer,35 A. Melnitchouk,®* D. Menezes,”® P. G. Mercadante,* M. Merkin,*® A. Meyer,21
J. Meyer,” N. K. Mondal,” T. Moulik,”® G.S. Muanza,'> M. Mulhearn,*® E. Nagy,'”> M. Naimuddin,*® M. Narain,”®
R. Nayyar,28 H.A. Neal,®® J.P. Negret,8 P. Neustroev,*® H. Nilsen,?? S. F. Novaes,” T. Nunnemann,?> G. Obrant,*’

D. Onoprienko,57 J. Orduna,33 N. Osman,43 J. Osta,54 G.J. Otero y Garzc')n,1 M. Owen,44 M. Padilla,46 M. Pangilinan,76
N. Parashar,>® V. Parihar,’® S.-J. Park,”* S. K. Park,®' J. Parsons,*” R. Partridge,76’i N. Parua,’? A. Patwa,”* B. Penning,48
M. Perfilov,*® K. Peters,** Y. Peters,** G. Petrillo,’® P. Pétroff,'° R. Piegaia,1 . Piper,63 M.-A. Pleier,”

P.L. M. Podesta-Lerma,*>! V. M. Podstavkov,*® M.-E. Pol,? P. Polozov,’” A.V. Popov,39 M. Prewitt,”® D. Price,’?

S. Protopopescu,72 J. Qian,62 A. Quadt,23 B. Quinn,(’4 M. S. Rangel,16 K. Ranjan,28 P.N. Ratoff,** I. Razumov,’

P. Renkel,”® P. Rich,** M. Rijssenbeek,71 1N Ripp-Baludot,19 F. Rizatdinova,”> M. Rominsky,48 C. Royon,18 P. Rubinov,*®
R. Ruchti,’* G. Safronov,”’ G. Sajot,14 A. Sénchez-Hernandez,>® M. P. Sanders,> B. Sanghi,48 G. Savage,48 L. Sawyer,58
T. Scanlon,*® D. Schaile,? R. D. Schamberger,71 Y. Scheglov,40 H. Schellman,”' T. Schliephake,26 S. Schlobohm,®!
C. Schwanenberger,44 R. Schwienhorst,®® J. Sekaric,”® H. Severini,”* E. Shabalina,>’ V. Shary,18 A. A. Shchukin,*
R. K. Shinuri,28 V. Simak,'® V. Sirotenko,*® P. Skubic,”* P. Slattery,70 D. Smirnov,”* G.R. Snow,% J. Snow,”* S. Snyder,72
S. Soldner-Rembold,** L. Sonnenschein,?! A. Sopczak,42 M. Sosebee,”” K. Soustruznik,” B. Spurlock,77 J. Stark,'*
V. Stolin,*” D. A. Stoyanova,39 M. A. Strang,68 E. Strauss,”' M. Strauss,’* R. Stréhmer,>> D. Strom,*® L. Stutte,*®

0031-9007/10/105(8)/081801(7) 081801-1 © 2010 The American Physical Society


http://link.aps.org/viewpoint-for/10.1103/PhysRevLett.105.081801

week endin,

PRL 105, 081801 (2010) PHYSICAL REVIEW LETTERS 20 AUGUST 3010

P. Svoisky,35 M. Takahashi,** A. Tanasijczuk,1 W. Taylor,6 B. Tiller,”> M. Titov,'® V. V. Tokmenin,*® D. Tsybychev,71
B. Tuchming,18 C. Tully,67 P.M. Tuts,®” R. Unalan,®® L. Uvarov,* S. Uvarov,*’ S. Uzunyan,so R. Van Kooten,>?

W. M. van Leeuwen,>* N. Varelas,** E. W. Varnes,” 1. A. Vasilyev,39 P. Verdier,”” L.S. Vertogradov,3 ® M. Verzocchi,*®
M. Vesterinen,** D. Vilanova,'® P. Vint,*® P. Vokac,'° H.D. Wahl,*” M. H.L.S. Wang,70 J. Warchol,>* G. Watts,?!
M. Wayne,”* G. Weber,?* M. Weber,*®** M. Wetstein,”® A. White,”” D. Wicke,** M. R.J. Williams,** G. W. Wilson,”®
S.J. Wimpenny,46 M. Wobisch,’® D. R. Wood,®' T.R. Wyatt,44 Y. Xie,*® C. Xu,®* S. Yacoob,”' R. Yamada,*® W.-C. Yang,44
T. Yasuda,*® Y. A. Yatsunenko,*® Z. Ye,*® H. Yin,” K. Yip,72 H.D. Y00,”° S.W. Youn,*® J. Yu,”” S. Zelitch,®° T. Zhao,?!
B. Zhou,%? J. Zhu,”! M. Zielinski,”® D. Zieminska,>> and L. Zivkovic®

(DO Collaboration)™

YWniversidad de Buenos Aires, Buenos Aires, Argentina
2LAFEX, Centro Brasileiro de Pesquisas Fisicas, Rio de Janeiro, Brazil
3Universidade do Estado do Rio de Janeiro, Rio de Janeiro, Brazil
“Universidade Federal do ABC, Santo André, Brazil
SInstituto de Fisica Tedrica, Universidade Estadual Paulista, Sdo Paulo, Brazil
Simon Fraser University, Vancouver, British Columbia, and York University, Toronto, Ontario, Canada
"University of Science and Technology of China, Hefei, People’s Republic of China
8Universidad de los Andes, Bogotd, Colombia
Charles University, Faculty of Mathematics and Physics, Center for Particle Physics, Prague, Czech Republic
1Czech Technical University in Prague, Prague, Czech Republic
""Center for Particle Physics, Institute of Physics, Academy of Sciences of the Czech Republic, Prague, Czech Republic
2Universidad San Francisco de Quito, Quito, Ecuador
BLPC, Université Blaise Pascal, CNRS/IN2P3, Clermont, France
YLPSC, Université Joseph Fourier Grenoble 1, CNRS/IN2P3, Institut National Polytechnique de Grenoble, Grenoble, France
SCPPM, Aix-Marseille Université, CNRS/IN2P3, Marseille, France
I AL, Université Paris-Sud, CNRS/IN2P3, Orsay, France
Y1 PNHE, Universités Paris VI and VII, CNRS/IN2P3, Paris, France
8CEA, Irfu, SPP, Saclay, France
YIPHC, Université de Strasbourg, CNRS/IN2P3, Strasbourg, France
20IPNL, Université Lyon 1, CNRS/IN2P3, Villeurbanne, France and Université de Lyon, Lyon, France
2. Physikalisches Institut A, RWTH Aachen University, Aachen, Germany
22Physikalisches Institut, Universitiit Freiburg, Freiburg, Germany
11 Physikalisches Institut, Georg-August-Universitit Gottingen, Géttingen, Germany
Hnstitut fiir Physik, Universitdt Mainz, Mainz, Germany
25Ludwig-Maximilians-Universitdt Miinchen, Miinchen, Germany
*°Fachbereich Physik, Bergische Universitiit Wuppertal, Wuppertal, Germany
27Panjab University, Chandigarh, India
BDelhi University, Delhi, India
Tata Institute of Fundamental Research, Mumbai, India
3OUniversity College Dublin, Dublin, Ireland
3 Korea Detector Laboratory, Korea University, Seoul, Korea
32SngKyuanan University, Suwon, Korea
3 CINVESTAV, Mexico City, Mexico
3 FOM-Institute NIKHEF and University of Amsterdam/NIKHEF, Amsterdam, The Netherlands
*Radboud University Nijmegen/NIKHEF, Nijmegen, The Netherlands
3 Joint Institute for Nuclear Research, Dubna, Russia
3 nstitute for Theoretical and Experimental Physics, Moscow, Russia
BMoscow State University, Moscow, Russia
Fnstitute for High Energy Physics, Protvino, Russia
“OPetersburg Nuclear Physics Institute, St. Petersburg, Russia
U Stockholm University, Stockholm and Uppsala University, Uppsala, Sweden
“Lancaster University, Lancaster LAl 4YB, United Kingdom
BImperial College London, London SW7 2AZ, United Kingdom
“The University of Manchester, Manchester M13 9PL, United Kingdom
45University of Arizona, Tucson, Arizona 85721, USA
“©University of California Riverside, Riverside, California 92521, USA
“TFlorida State University, Tallahassee, Florida 32306, USA
*8Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
University of Illinois at Chicago, Chicago, Illinois 60607, USA

081801-2



PRL 105, 081801 (2010)

PHYSICAL REVIEW LETTERS

SONorthern Illinois University, DeKalb, Illinois 60115, USA
S Northwestern University, Evanston, Illinois 60208, USA
Indiana University, Bloomington, Indiana 47405, USA

3 Purdue University Calumet, Hammond, Indiana 46323, USA
S*University of Notre Dame, Notre Dame, Indiana 46556, USA
Slowa State University, Ames, lowa 50011, USA
56University of Kansas, Lawrence, Kansas 66045, USA

STKansas State University, Manhattan, Kansas 66506, USA

381 ouisiana Tech University, Ruston, Louisiana 71272, USA

59Um'versity of Maryland, College Park, Maryland 20742, USA
0Boston University, Boston, Massachusetts 02215, USA
S'Northeastern University, Boston, Massachusetts 02115, USA
62University of Michigan, Ann Arbor, Michigan 48109, USA
SMichigan State University, East Lansing, Michigan 48824, USA
64University of Mississippi, University, Mississippi 38677, USA
6SUniversity of Nebraska, Lincoln, Nebraska 68588, USA
66Rutgers University, Piscataway, New Jersey 08855, USA
57 Princeton University, Princeton, New Jersey 08544, USA
8State University of New York, Buffalo, New York 14260, USA
Columbia University, New York, New York 10027, USA
70University of Rochester, Rochester, New York 14627, USA
" State University of New York, Stony Brook, New York 11794, USA
"2Brookhaven National Laboratory, Upton, New York 11973, USA
3Langston University, Langston, Oklahoma 73050, USA
74University of Oklahoma, Norman, Oklahoma 73019, USA
SOklahoma State University, Stillwater, Oklahoma 74078, USA
" Brown University, Providence, Rhode Island 02912, USA
" University of Texas, Arlington, Texas 76019, USA
8Southern Methodist University, Dallas, Texas 75275, USA
"Rice University, Houston, Texas 77005, USA
80Universiz‘y of Virginia, Charlottesville, Virginia 22901, USA
81Um'versity of Washington, Seattle, Washington 98195, USA
(Received 2 July 2010; published 16 August 2010)

We measure the charge asymmetry A = (N*" — N~ 7)/(N** + N~ 7) of like-sign dimuon events in
6.1 fb~! of pp collisions recorded with the DO detector at a center-of-mass energy /s = 1.96 TeV at the
Fermilab Tevatron collider. From A we extract the like-sign dimuon charge asymmetry in semileptonic
b-hadron decays: A% = —0.009 57 = 0.002 51(stat) = 0.001 46(sys). It differs by 3.2 standard deviations
from the standard model prediction A4(SM) = (=2.3702) X 107%, and provides first evidence of
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anomalous CP violation in the mixing of neutral B mesons.

DOI: 10.1103/PhysRevLett.105.081801

Studies of particle production and decay under the re-
versal of discrete symmetries [charge conjugation (C),
parity (P) and time reversal] have yielded considerable
insight into the structure of theories that describe high
energy phenomena. The violation of these discrete sym-
metries has only been observed in the weak interaction. Of
particular interest is the observation of CP violation [1], a
phenomenon well established in the K° and B?, systems,
but not in the BY system where the effects of CP violation
are expected to be small in the standard model (SM) [2]. A
review of the experimental results and of the theoretical
framework for describing CP violation in the mixing of
BY — BY (¢ = d, s) mesons [3] can be found in Ref. [4]. At
the Fermilab Tevatron collider, b quarks are produced
mainly in bb pairs. In like-sign dimuon events, one muon
can arise from direct semileptonic decay, e.g., b — u~ X,
of a B) or B~ meson, and the other from a BY) — B
oscillation followed, in this example, by a semileptonic

PACS numbers: 13.20.He, 11.30.Er, 14.40.Nd

decay of the B) meson, B) — B — u~X. Extensions of
the SM containing additional contributions to the Feynman
“box” diagrams responsible for Bg mixing may enhance
CP violation in mixing [5-9]. The violation of CP sym-
metry is a necessary condition for baryogenesis, the pro-
cess thought to be responsible for the matter-antimatter
asymmetry of the Universe [10]. However, the observed
level of CP violation in the K° and By systems is not
sufficient to accommodate this asymmetry, suggesting the
presence of additional sources of CP violation beyond the
SM [11].

This Letter and a more detailed article [12] present a
measurement of the charge asymmetry for like-sign muon
pairs. The data, corresponding to an integrated luminosity
of 6.1 tb~!, were recorded with the DO detector [13] at the
Fermilab Tevatron proton-antiproton (p p) collider, operat-
ing at a center-of-mass energy of 1.96 TeV. The DO ex-
periment is well suited to the investigation of the small
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effects of CP violation because the periodic reversal of the
DO solenoid and toroid magnetic field polarities results in a
cancellation of most detector-related charge asymmetries.
In addition, the pp initial state is CP invariant, and the high
center-of-mass energy provides access to mass states be-
yond the reach of the B factories running at ./s =

M[Y(4S)] <2M(B,).
The like-sign dimuon charge asymmetry A is defined as

++ ——
A=t TN ()
N +N

where N** and N~ ~ represent the number of events in
which the two muons with the highest p;, defined as the
momentum component transverse to the beam axis, satis-
fying the kinematic selections described below, have the
same positive or negative charges. After removing contri-
butions from background and from remaining detector
effects, any residual asymmetry is assumed to arise solely
from the mixing of B) (¢ = d, s) mesons (via B) < BY
oscillations) that later decay semileptonically. This cor-
rected asymmetry Afl is defined as

Nf* =N, ~

Ablzﬁ,
® N,T+N,

2
where N, and N, ~ represent the number of events
containing two b-quark hadrons decaying semileptonically
into two positive or two negative muons, respectively.
Assuming CPT invariance, each neutral Bg meson contrib-
utes a term to this asymmetry

Ab = Bgad + B,a3, 3)
with
AT
qg q
ag = tang,, )
AM, q

where ¢, is the CP-violating phase, and AM, and AT',, are
the mass and width differences between the eigenstates of
the propagation matrices of the neutral B(q) mesons. The
values of B,; = 0.506 = 0.043 and B, = 0.494 = (0.043
are taken from previous measurements [4]. The SM pre-
dicts [2,12]:

AbB(SM) = (—2.3752) X 1074, (5)

and an experimental result significantly different from this
expectation would therefore be indicative of the presence
of physics beyond the SM.

The main background for these measurements arises
from events with at least one muon from kaon or pion
decay or from the sequential decay of b quarks, b — ¢ —
p~ X. The most important background asymmetry arises
from the fact that K™ and K~ mesons interact differently
with the material of the detector, and thus their decay rates
into positive and negative muons are not identical.

The asymmetry A% can also be obtained from the mea-
surement of the charge asymmetry a’ in semileptonic
decays of b quarks to muons of “wrong” charge, i.e., a
muon of charge opposite to the sign of the charge of

the original b quark, induced through B) < BY oscillations

[3]:
 _TB=B—p'X)~T(B=B—p X)
ST TB—->B— u"X)+I'(B— B— u X)

— Ab
= Ag.

(6)

The asymmetry aé’l can be measured from the inclusive
muon charge asymmetry

nt—n"

nt+n’

a @)
where n* and n~ correspond to the number of positive and
negative muons satisfying the kinematic selections. For the
asymmetry a, the signal comes from Bg mixing, followed
by the semileptonic decay. In addition to the background
already considered for A, the direct production of ¢ quark
pairs followed by their semileptonic decays constitutes an
additional source of muons contributing to a.

We define all muons from weak decays of b and ¢ quarks
as signal, and use the branching fractions and momentum
spectra of particles in the decay chains that produce such
muons to determine the dilution of the A% asymmetry in
the observed asymmetry of the signal component. The
dilutions, defined as the coefficients which relate the signal
asymmetries to A%, are 0.070 = 0.006 and 0.486 *+ 0.032
for the inclusive muon and for the like-sign dimuon signal
asymmetries, respectively. The difference in the dilution
coefficients arises because the presence of the second
muon with the same charge preferentially selects those
events that contain a BY or BY that has oscillated. There-
fore, the asymmetry A is far more sensitive to A% than a.

We measure the asymmetries A and «a in the like-sign
dimuon and inclusive muon data, respectively. These have
different contributions from background processes and
from detector asymmetries, which are measured directly
in data as a function of the muon transverse momenta, and
are used to correct the measured asymmetries. After apply-
ing all corrections, the only expected source of residual
asymmetry in both the inclusive muon and dimuon samples
is the asymmetry Afl. Given the difference in sensitivity
between A and @ and the fact that the asymmetry a is
dominated by detector effects, we do not take a weighted
average of the two determinations of A;’l. Instead, we use
the measurement of a to constrain the background contri-
butions to A, thereby achieving a further reduction of the
total uncertainty on A%. This is possible because the de-
tector effects and their related systematic uncertainties
largely cancel in an appropriately-chosen linear combina-
tion of A and a.

The inclusive muon and like-sign dimuon samples are
obtained from data collected with single and dimuon trig-
gers, respectively. Charged particles with transverse mo-
mentum in the range 1.5 < p; <25 GeV and with
pseudorapidity |n| < 2.2 [14] are considered as muon
candidates. The upper limit on p; is applied to suppress
the contribution of muons from W and Z boson decays. To
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ensure that the muon candidate passes through the detector,
including all three layers of the muon system, we require
either py > 4.2 GeV or a longitudinal momentum compo-
nent |p.| > 6.4 GeV. Muon candidates are selected by
matching central tracks with a segment reconstructed in
the muon system and by applying tight quality require-
ments aimed at reducing false matching and background
from cosmic rays and beam halo. The transverse impact
parameter of the muon track relative to the reconstructed
p p interaction vertex must be smaller than 0.3 cm, with the
longitudinal distance from the point of closest approach to
this vertex smaller than 0.5 cm. Strict quality requirements
are also applied to the tracks and to the reconstructed pp
interaction vertex. The inclusive muon sample contains all
muons passing the selection requirements. The two muons
in the like-sign dimuon sample are required to have an
invariant mass greater than 2.8 GeV to minimize the num-
ber of events in which both muon candidates originate
from the same b quark.

Muon candidates from decays of charged kaons and
pions and from incomplete absorption of hadrons that
penetrate the calorimeter and reach the muon detectors
(““punch-through”), as well as false matches of central
tracks to segments reconstructed in the outer muon detec-
tor, are considered as detector backgrounds. We use data to
measure the fraction of each source of background in both
the dimuon and inclusive muon samples, and the corre-
sponding asymmetries. Data are also used to determine the
intrinsic charge-detection asymmetry of the DO detector.
Since the interaction length of the K™ meson is greater
than that of the K~ meson [4], kaons provide a positive
contribution to the asymmetries A and a. The asymmetries
for other background sources (pions, protons, and falsely
reconstructed tracks) are at least a factor of 10 smaller.

The asymmetry for kaon tracks that are eventually mis-
identified as muons (K — u tracks) is measured in data
using K — K77, K** - K 7%, and ¢ — KT K~ de-
cays. For both channels we select muon candidates from
the entire inclusive muon sample and examine mass dis-
tributions separately for events with K* — u* and K~ —
p~ tracks, extracting the sum and the difference in the
number of K** or ¢» meson decays containing positive or
negative K — u tracks. The distribution of this difference
as a function of the invariant mass of the K** candidates is
shown in Fig. 1. The resulting asymmetry is corrected
using simulations [12] for the fraction of kaons (=6%)
that decay prior to being reconstructed. Similarly, the
asymmetries for pion or proton tracks misidentified as
muons are measured using samples of K¢ — 77" 7~ and
A — pm~ decays, respectively.

The fraction of muons from kaons is also determined
from the K*® — K" 7~ sample. The fraction of all kaons
arising from K** decay is taken from the observed K*= —
K¢ decays using the assumption of isospin invariance,
which is validated in data [4]. The probability of identify-
ing the associated 77~ in the K* decay is taken to be the
same as in K**, as is confirmed by simulation. The frac-

x 10 2

3000 DO, 6.1 fb™
; . v*/dof = 71/52

2000

1000 |

Entries/10 MeV

0708 09 1 11 12 13

M(Knr) [GeV]

FIG. 1 (color online). The difference in the number of events
for the K™ 7~ and K~ 7" mass distributions of K*° candidates in
the inclusive muon sample. The solid line represents the result of
the fit, while the dashed line shows the background contribution.

tions of pions and protons associated with identified
muons, relative to the fraction of muons from kaons, are
estimated using the decays K¢— 77w, ¢ — K"K,
and A — p7, and the spectra and multiplicities of pions,
kaons, and protons from simulation.

After subtracting the muons originating from kaons,
pions, and protons, we find the fraction of muons in the
inclusive muon sample from prompt sources constituting
the signal sample (heavy flavor) to be 0.581 =
0.014(stat) = 0.039(syst). The signal fraction arising
from prompt sources for the like-sign dimuon sample,
after subtracting the contribution from events where one
or both muons are background, is 0.665 *+ 0.016(stat) *
0.033(syst).

The reversal of both solenoid and toroid magnet polari-
ties suppresses many detector effects, reducing thereby any
charge asymmetry introduced by track reconstruction and
muon identification considerably [15]. The small residual
reconstruction asymmetry is measured using a sample of
J/ — put u~ decays reconstructed from two central de-
tector tracks, with at least one matching a track segment in
the muon detector. This measurement is performed as a
function of the muon p; and indicates a residual detector
asymmetry of order 1073,

The uncorrected asymmetries a and A are obtained by
counting the number of events of each charge in the
inclusive muon and like-sign dimuon samples, respec-
tively. There are 1.495 X 10° muons in the inclusive
muon sample and 3.731 X 10° events in the like-sign
dimuon sample. The uncorrected asymmetries are

a = +0.009 55 = 0.000 03(stat), (8)

A = +0.005 64 = 0.000 53(stat). 9)

In comparison, the dominant contribution to A from back-
ground is due to kaon decay and has the value 0.008 28 =
0.000 35(stat). After correcting for background and for the
dilutions of the Afl asymmetry in the observed asymmetries
of the signal component, we obtain
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TABLE I. Sources of uncertainty on A;’l in Egs. (10), (11), and
(13). The first eight rows correspond to statistical uncertainties
and the next three rows to systematic uncertainties.

Source 8(A%) (10)  8(A%) (11)  8(AL) (13)
A or a (stat) 0.000 66 0.001 59 0.00179
K fraction (stat) 0.00222 0.001 23 0.00140
7 fraction 0.002 34 0.000 38 0.000 10
p fraction 0.00301 0.000 44 0.000 11
K asymmetry 0.004 10 0.00076 0.00061
7 asymmetry 0.00699 0.000 86 0.000 35
p asymmetry 0.004 78 0.000 54 0.00001
Detector asymmetry 0.004 05 0.001 05 0.00077
K fraction (syst) 0.021 37 0.003 00 0.001 28
7, K, p multiplicity 0.00098 0.000 25 0.000 18
Ab dilution 0.000 80 0.000 46 0.000 68
Total statistical 0.01118 0.002 66 0.00251
Total systematic 0.02140 0.003 05 0.00146
Total 0.024 15 0.004 05 0.00290

Al = +0.0094 = 0.0112(stat) = 0.0214(syst)  (10)
from the inclusive muon sample and
Al = —0.007 36 = 0.002 66(stat) = 0.003 05(syst) (11)

from the like-sign dimuon sample. Since the same back-
ground processes contribute to the uncorrected asymme-
tries a and A, their uncertainties are strongly correlated.
We take advantage of this correlation to obtain a single
optimized value of Aé’l with higher precision, by using a
linear combination of the uncorrected asymmetries

A=A - aa. (12)

We scan the coefficient « in order to minimize the total
uncertainty on the value of A%, which occurs when a =
0.959. The corresponding final result for the asymmetry A%
is

A% = —0.00957 = 0.002 51(stat) = 0.001 46(syst). (13)

It differs by 3.2 standard deviations from the SM prediction
for A of Eq. (5). The contributions to the total uncertainty
of Aé’l in Egs. (10), (11), and (13) are listed in Table I, and
the result in Eq. (13) is dominated by statistical
uncertainties.

Several consistency checks are performed by dividing
the data into smaller samples using additional selections
based on data taking periods, muon and track quality
requirements, and changing the requirements on impact
parameter, transverse momentum, polar angle, and rapidity
of the muons. The resulting variations of A% are statisti-
cally consistent with the result of Eq. (13), even if the
individual values of the uncorrected asymmetries A and a
vary widely between the different samples due to changes
in the background contributions. Both the size and the
dependence on the muon momentum of the asymmetry
a, which is dominated by background, are reproduced
correctly through measurements of the background frac-

2 0.015
g - DO, 6.1fb"
- ’ 1+
g 001 + /]
0 i
0.005 [ | + 1 e-Observed asymmetry
i + ! i .- Expecbted asymmetry
i ' for Ag=0
0 -
I s+ - Expected asymmetry
[ for A§ = -0.009 57
-0.005 ————~ i S

10 20 30 0 50
M(up) [GeV]

FIG. 2 (color online). The observed and expected like-sign
dimuon charge asymmetry A as a function of dimuon invariant
mass. The expected asymmetry is shown for A% = 0 and A} =
—0.009 57.

tions and asymmetries. Similarly, the dependence of the
like-sign dimuon asymmetry on the dimuon invariant mass
observed in data, as shown in Fig. 2, is reproduced by
expectations when AJ is fixed to its measured value, while
there are significant discrepancies if Aé’l = ( is assumed.
The measured value of Afl places a constraint on the
charge asymmetries in semileptonic decays of B and BY
mesons and on the CP-violating phases of the BY and B?
mixing matrices, as given by Egs. (3) and (4). Figure 3
presents our measurement of A% in the a?-a¥ plane, to-
gether with direct measurements of a¢ from the B-factories
[16-18] and of our independent measurement of af; in

wccﬁ
0.01
0

-0.01F

- EDO A,
-0.02 -« Standard Model
-0.03 - — B Factories

- EEDOB—~D,uX

Coovv b by v by o (ORI ) ]

-0.04-0.03-0.02-0.01 0 0.01

d
asl

FIG. 3 (color online). Comparison of Aé’l in data with the SM
prediction for a¥ and a,. Also shown are other measurements of
a? = —0.0047 = 0.0046 [16-18] and af, = —0.0017 = 0.0091
[19]. The bands represent the =1 standard deviation uncertain-
ties on each measurement.
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BY — D,uX decays [19]. Additional comparisons and
combinations of these results with previous measurements
sensitive to the same physics effect are given in Ref. [12].
In conclusion, we have measured the like-sign dimuon
charge asymmetry A% of semileptonic b-hadron decays:

Al = —0.00957 * 0.002 51(stat) + 0.001 46(syst). (14)

This result is consistent with our previous measurement
[15] obtained with 1 fb~! and supersedes it. The asymme-
try disagrees with the prediction of the SM by 3.2 standard
deviations. This is the first evidence for anomalous CP
violation in the mixing of neutral B mesons.
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