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We measurethe charge asymmetry A of lik e-sign dimuon events in 6.1 fb ¡ 1 of pp collisions recorded
with the D0 detector at a center-of-mass energy

p
s = 1:96 TeV at the Fermilab Tevatron collider.

From A, we extract the lik e-sign dimuon charge asymmetry in semileptonic b-hadron decays: A b
sl =

¡ 0:00957§ 0:00251 (stat ) § 0:00146 (syst). This result di®ers by 3.2 standard deviations from the
standard model prediction A b

sl (SM ) = (¡ 2:3+0 :5
¡ 0:6) £ 10¡ 4 and provides ¯rst evidence of anomalous

CP-violation in the mixing of neutral B mesons.

PACS numbers: 13.25.Hw; 14.40.Nd

I. INTR ODUCTION

Studies of particle production and decay under the re-
versal of discrete symmetries (charge, parit y and time
reversal) have yielded considerableinsight on the struc-
ture of the theoriesthat describehigh energyphenomena.
Of particular interest is the observation of CP violation,

¤ with visitors from a Augustana College, Sioux Falls, SD, USA, b

The Univ ersity of Liv erpool, Liv erpool, UK, c SLAC, Menlo Park,
CA, USA, d ICREA/IF AE, Barcelona, Spain, e Centro de Inves-
tigacion en Computacion - IPN, Mexico Cit y, Mexico, f ECFM,
Univ ersidad Autonoma de Sinaloa, Culiac¶an, Mexico, g and Uni-
versitÄat Bern, Bern, Switzerland.

a phenomenonwell established in the K 0 and B 0
d sys-

tems, but not yet observed for the B 0
s system, where

all CP violation e®ectsare expected to be small in the
standard model (SM) [1] (See[2] and referencestherein
for a review of the experimental results and of the theo-
retical framework for describing CP violation in neutral
mesonsdecays). The violation of CP symmetry is a nec-
essarycondition for baryogenesis,the processthought to
be responsible for the matter-antimatter asymmetry of
the universe[3]. However, the observed CP violation in
the K 0 and B 0

d systems, consistent with the standard
model expectation, is not su±cient to explain this asym-
metry, suggestingthe presenceof additional sourcesof
CP violation, beyond the standard model.

The D0 experiment at the Fermilab Tevatron proton-
antiproton (p¹p) collider, operating at a center-of-mass
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energy
p

s = 1:96 TeV, is in a unique position to study
possiblee®ectsof CP violation, in particular through the
study of chargeasymmetriesin generic¯nal states,given
that the initial state is CP-symmetric. The high center-
of-massenergyprovidesaccessto massstatesbeyond the
reach of the B-factories. The periodic reversal of the D0
solenoid and toroid polarities results in a cancellation
at the ¯rst order of most detector-related asymmetries.
In this paper we present a measurement of the like-sign
dimuon charge asymmetry A, de¯ned as

A ´
N ++ ¡ N ¡¡

N ++ + N ¡¡ ; (1)

whereN ++ and N ¡¡ represent, respectively, the number
of events in which the two muons of highest transverse
momentum satisfying the kinematic selectionshave the
samepositiveor negativecharge. After removing the con-
tributions from backgrounds and from residual detector
e®ects,we observe a net asymmetry that is signi¯cantly
di®erent from zero.

We interpret this result assumingthat the only source
of this asymmetry is the mixing of neutral B mesonsthat
decay semileptonically, and obtain a measurement of the
asymmetry Ab

sl de¯ned as

Ab
sl ´

N ++
b ¡ N ¡¡

b

N ++
b + N ¡¡

b

; (2)

where N ++
b and N ¡¡

b represent the number of events
containing two b hadrons decaying semileptonically and
producing two positive or two negative muons, respec-
tiv ely. As shown in Appendix A each neutral B 0

q meson
(q = d;s) contributes a term to this asymmetry given by:

aq
sl =

¢¡ q

¢ M q
tan Áq; (3)

where Áq is the CP-violating phase,and ¢ M q and ¢¡ q
are the mass and width di®erencesbetween the eigen-
states of the mass matrices of the neutral B 0

q mesons.
The SM predicts the values Ás = 0:0042§ 0:0014 and
Ád = ¡ 0:096+0 :026

¡ 0:038 [1]. These values set the scale for
the expected asymmetries in the semileptonic decays of
B 0

q mesonsthat are negligible compared to the present
experimental sensitivity [1]. In the standard model Ab

sl
is

Ab
sl(SM) = (¡ 2:3+0 :5

¡ 0:6) £ 10¡ 4; (4)

wherethe uncertainty is mainly dueto experimental mea-
surement of the fraction of B 0

q mesonsproduced in p¹p
collisionsat the Tevatron, and of the parameterscontrol-
ling the mixing of neutral B mesons. The B 0

d semilep-
tonic charge asymmetry, which constrains the phaseÁd,
has been measuredat e+ e¡ colliders [2], and the most
preciseresults reported by the BaBar and Belle Collab-
orations, given in Refs. [4, 5], are in agreement with the
SM prediction. Extensions of the SM could produce ad-
ditional contributions to the Feynman box diagrams re-
sponsible for B 0

q mixing and other corrections that can

provide larger values of Áq [6{9]. Measurements of Ab
sl

or Áq that di®er signi¯cantly from the SM expectations
would indicate the presenceof new physics.

The asymmetry Ab
sl is also equal to the charge asym-

metry ab
sl of semileptonic decays of b hadrons to muons

of \wrong charge" (i.e. a muon charge opposite to the
charge of the original b quark) induced through B 0

q
¹B 0

q
oscillations [10]:

ab
sl ´

¡( ¹B ! ¹ + X ) ¡ ¡( B ! ¹ ¡ X )
¡( ¹B ! ¹ + X ) + ¡( B ! ¹ ¡ X )

= Ab
sl : (5)

We extract Ab
sl from two observables. The ¯rst is the

like-signdimuon chargeasymmetry A of Eq. (1), and the
secondobservable is the inclusive muon charge asymme-
try a de¯ned as

a ´
n+ ¡ n¡

n+ + n¡ ; (6)

where n+ and n¡ correspond to the number of detected
positive and negative muons, respectively.

At the Fermilab Tevatron collider, b quarks are pro-
duced mainly in b¹b pairs. The signal for the asymme-
try A is composedof like-sign dimuon events, with one
muon arising from direct semileptonic b-hadron decay
b ! ¹ ¡ X [11], and the other muon resulting from B 0

q
¹B 0

q

oscillation, followed by the direct semileptonic ¹B 0
q me-

son decay B 0
q ! ¹B 0

q ! ¹ ¡ X . Consequently the second
muon has the \wrong sign" due to B 0

q
¹B 0

q mixing. For
the asymmetry a, the signal comesfrom mixing, followed
by the semileptonic decay B 0

q ! ¹B 0
q ! ¹ ¡ X . The main

backgrounds for these measurements arise from events
with at least one muon from kaon or pion decay, or from
the sequential decay of b quarks b ! c ! ¹ + X . For the
asymmetry a, there is an additional background from di-
rect production of c-quarks followedby their semileptonic
decays.

The data used in this analysis were recordedwith the
D0 detector [12{14] at the Fermilab Tevatron proton-
antiproton collider between April 2002 and June 2009
and correspond to an integrated luminosity of 6:1 §
0:4 fb¡ 1. The result presented in this Article supersedes
our previous measurement [15] basedon the initial data
set corresponding to 1 fb¡ 1 of integrated luminosity. In
addition to the larger data set, the main di®erencebe-
tween these two analysesis that almost all quantities in
the present measurement areobtained directly from data,
with minimal input from simulation. To avoid any bias,
the central value of the asymmetry was extracted from
the full data setonly after all other aspectsof the analysis
and all systematic uncertainties had been¯nalized.

The outline of the paper is as follows. In Sec. I I, we
present the strategy of the measurement. The detec-
tor and data selectionsare discussedin Sec. I I I, and in
Sec. IV we describe the Monte Carlo simulations used
in this analysis. SectionsV-XI I I provide further details.
Section XIV presents the results, Sec.XV describescon-
sistency checks, Sec.XVI comparesthe obtained result
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with other existing measurements, and, ¯nally , Sec.XVI I
gives the conclusions. Appendices A{E provide addi-
tional technical details on aspects of the analysis.

I I. MEASUREMENT METHOD

We measurethe dimuon charge asymmetry A de¯ned
in Eq. (1) and the inclusive muon chargeasymmetry a of
Eq. (6), starting from a dimuon data sampleand an in-
clusive muon samplerespectively. Background processes
and detector asymmetries contribute to these asymme-
tries. Thesecontributions are measureddirectly in data
and used to correct the asymmetries. After applying
these corrections, the only expected source of residual
asymmetry in both the inclusive muon and dimuon sam-
ples is from the asymmetry Ab

sl . Simulations are usedto
relate the residual asymmetries to the asymmetry Ab

sl ,
and to obtain two independent measurements of Ab

sl .
Thesemeasurements are combined to take advantage of
the correlatedcontributions from backgrounds,and to re-
duce the total uncertainties in the determination of Ab

sl .
The source of the asymmetry a has its nominal ori-

gin in the semileptonic charge asymmetry of neutral B
mesons,de¯ned in Eq. (5). However, various detector
and material-related processesalsocontribute to n§ . We
classify all muons into two categoriesaccording to their
origin. The ¯rst category, \short", denotedin the follow-
ing as \ S", includes muons from weak decays of b and
c quarks and ¿ leptons, and from electromagnetic de-
cays of the short-lived mesons(Á, ! , ´ , ½0). The muons
in the second, \long", category denoted as \ L", come
from decays of charged kaons and pions and from other
processes:charged kaons, pions, and protons not fully
absorbed by the calorimeter and reaching the muon de-
tectors (\punc h-through"), and false matches of central
tracks produced by kaons, pions or protons to a track
segment reconstructed in the muon detector. Thus, the
L samplecontains only the contribution from long-lived
particles. The total number of muons in the inclusive
muon sample is

n = n+ + n¡ = nS + nL ; (7)

wherenS is the number of S muons,and nL is the number
of L muons.

The initial number of observed ¹ + (upper signs)or ¹ ¡

(lower signs) is

n§ / f S (1 § aS )(1 § ±) + f K (1 § aK )

+ f ¼(1 § a¼) + f p(1 § ap): (8)

In this expression,the quantit y ± is the charge asymme-
try related to muon detection and identi¯cation, f K is
the fraction of muons from charged kaon decay, punch-
through, or false association with a kaon track, and aK
is their charge asymmetry. This asymmetry is measured
directly in data as described in Sec. XI, and therefore,
by de¯nition, includes the contribution from ±. The

analogous quantities f ¼ and f p represent the fraction
of muons from charged pion decay, punch-through or
false muon association with a pion track, and proton
punch-through or false muon association with a proton
track, respectively, while a¼ and ap represent the cor-
responding charge asymmetries. The fraction f p also
includes a contribution from the association of falsely
identi¯ed tracks with muons. The quantit y f bkg ´
nL =(nS + nL ) = f K + f ¼+ f p is the L background fraction,
f S ´ nS=(nS + nL ) = 1¡ f bkg is the fraction of S muons,
and aS is related to the semileptonic charge asymmetry
Ab

sl , as discussedin Sec.XI I I. The charge asymmetry a
can be expressedin terms of thesequantities as

a = f S (aS + ±) + f K aK + f ¼a¼ + f pap; (9)

where,becauseof the small valuesof ±and aS , only terms
that depend linearly on the asymmetriesare considered.

The most important background term is f K aK , which
measuresthe contribution from kaon decay and punch-
through. The asymmetry aK re°ects the fact that the in-
elastic interaction length of the K + mesonis greater than
that of the K ¡ meson[2]. This di®erencearisesfrom ad-
ditional hyperon production channels in K ¡ -nucleon re-
actions, which are absent for their K + -nucleon analogs.
Sincethe interaction probabilit y of K + mesonsis smaller,
they travel further than K ¡ in the detector material,
and have a greater chance of decaying to muons, and a
larger probabilit y to punch-through the absorber mate-
rial thereby mimicking a muon signal. As a result, the
asymmetry aK is positive. Since all other asymmetries
areat leasta factor of ten smaller than aK , neglectingthe
quadratic terms in Eq. (9) producesan impact of < 1%
on the ¯nal result.

In analogy with Eq. (7), the number of like-sign
dimuon events can be written as

N = N ++ + N ¡¡ = NSS + NSL + NLL ; (10)

where NSS (NLL ) is the number of like-sign dimuon
events with two S (L) muons, and, similarly, NSL is the
number of events with one S and one L muon. A par-
ticle producing an L muon can be a kaon, pion or pro-
ton, and, correspondingly, we de¯ne the numbers N x

SL
with x = K ; ¼ and p. In a similar way, we de¯ne N xy

LL
with x; y = K ; ¼; p. The corresponding fractions, de-
¯ned per like-sign dimuon event, are F x

SL ´ N x
SL =N

and F xy
LL ´ N xy

LL =N . We also de¯ne FSS ´ NSS=N ,
FSL ´ NSL =N , and FLL ´ NLL =N .

The number of observed like-signdimuon events ¹ + ¹ +

(upper signs) or ¹ ¡ ¹ ¡ (lower signs) is

N §§ / FSS (1 § AS )(1 § ¢) 2

+
X

x = K ;¼;p

F x
SL (1 § Ax )(1 § aS )(1 § ¢)

+
X

x;y = K ;¼;

X

p; y¸ x

F xy
LL (1 § Ax )(1 § Ay ): (11)

The charge asymmetry of NSS events contains the con-
tribution from the expectedasymmetry AS that we want
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to measure,and the charge asymmetry ¢ related to the
detection and identi¯cation of muons. The asymmetry of
the NSL events contains the contribution of background
asymmetries Ax (x = K ; ¼; p) for one muon, and the
asymmetry (1 § aS )(1 § ¢) for the other muon. The
asymmetry of NLL events contains the contribution from
background asymmetriesAx for both muons. By de¯ni-
tion, the detection asymmetry ¢ is included in the values
of AK , A¼, and Ap.

Keeping only the terms linear in asymmetries,the un-
corrected dimuon charge asymmetry de¯ned in Eq. (1)
can be expressedas

A ´
N ++ ¡ N ¡¡

N ++ + N ¡¡

= FSSAS + FSL aS

+(2 ¡ Fbkg )¢ + FK AK + F¼A¼ + FpAp; (12)

where FK = F K
SL + F K ¼

LL + F K p
LL + 2F K K

LL is the total
number of muons from charged kaon decay or punch-
through per like-sign dimuon event, and the quantities
F¼ and Fp are de¯ned similarly for charged pions and
protons. The background fraction Fbkg is

Fbkg ´ FK + F¼ + Fp = FSL + 2FLL : (13)

From Eqs. (10) and (13), it follows that

FSS + Fbkg ¡ FLL = 1: (14)

As in Eq. (9), the largest background contribution in
Eq. (12) is from the term FK AK , and all other terms are
found to be at least a factor of ten smaller. The esti-
mated contribution from the neglectedquadratic terms
in Eq. (12) is ¼ 2 £ 10¡ 5, which corresponds to ¼ 4% of
the statistical uncertainty on A.

In the following sections, we determine from data all
the parameters in Eqs. (9) and (12) used to relate the
measureduncorrectedasymmetriesa and A to the asym-
metries aS and AS . The detection charge asymmetry ¢
can di®er from ± due to di®erencesin the muon trans-
versemomentum pT and pseudorapidity ´ [16] distribu-
tions of the like-sign dimuon and inclusive muon data
samples.For the samereason,we expect the fractions f x
in Eq. (9) and Fx in Eq. (12) for x = K ; ¼and p to di®er.
On physics grounds we expect the asymmetries ax and
Ax to be identical for any particle of given pT and ´ .

All measurements are performed as a function of the
muon pT measured in the central tracker. The range
of pT valuesbetween1.5 and 25 GeV is divided into ¯v e
bins, asshown in Table I. The term f K aK is obtained by
the weighted averageof the measuredvaluesof f i

K ai
K , i =

0; 1; 2; 3; 4, with weights given by the fraction of muons
in a given pT interval, f i

¹ , in the inclusive muon sample:

f K aK =
4X

i =0

f i
¹ f i

K ai
K : (15)

TABLE I: Fractions of muon candidates in the inclusive muon
(f i

¹ ) and in the lik e-sign dimuon (F i
¹ , with two entries per

event) samples.

Bin Muon pT range (GeV) f i
¹ F i

¹

0 1:5 ¡ 2:5 0.0055 0.0442
1 2:5 ¡ 4:2 0.1636 0.2734
2 4:2 ¡ 7:0 0.6587 0.5017
3 7:0 ¡ 10:0 0.1175 0.1238
4 10:0 ¡ 25:0 0.0547 0.0569

Similarly, the term FK AK is computed as

FK AK =
4X

i =0

F i
¹ F i

K ai
K ; (16)

whereF i
¹ is the fraction of muonsin a givenpT interval in

the like-signdimuon sample. Since the kaon asymmetry
is determined by the properties of the particle and not
those of the event, we usethe sameasymmetry ai

K for a
given pT interval in both the inclusive muon and the like-
sign dimuon sample. We verify in Sec.XV that the ¯nal
result doesnot depend signi¯cantly on muon ´ , nor upon
kinematic properties of events, luminosity or the massof
the ¹¹ system. The de¯nition of the muon pT intervals
and the values of f i

¹ and F i
¹ are given in Table I. The

sameprocedure is applied to all other terms in Eqs. (9)
and (12), e.g.,

(2 ¡ Fbkg )¢ =
4X

i =0

F i
¹ (2 ¡ F i

bkg )±i : (17)

As in the caseof aS , the sourceof the asymmetry AS is
the charge asymmetry in semileptonic B -mesondecays.
Thus, two independent measurements of Ab

sl can be per-
formed using the inclusive muon and like-sign dimuon
data samples.The asymmetry aS is dominated by detec-
tor e®ects,mostly due to the asymmetry arising from the
di®erent interaction lengths of charged kaons. However,
AS is far more sensitive to the asymmetry Ab

sl because
of the de¯nition of A in Eq. (1), which has the num-
ber of like-sign dimuon events, rather than all dimuon
events in the denominator. Although a weighted average
of theseAb

sl measurements can be made, we take advan-
tageof correlations amongbackgroundsand asymmetries
to further improve the precision of Ab

sl through a linear
combination of A and a. In this combination, which is
discussedin Sec. XIV, the detector e®ectsand related
systematic uncertainties cancel to a large degree,result-
ing in an improved measurement of Ab

sl .

I I I. DETECTOR AND D ATA SELECTION

The D0 detector is described in Refs. [12{14]. It con-
sistsof a magneticcentral-trac king systemthat comprises
a silicon microstrip tracker (SMT) and a central ¯b er
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tracker (CFT), both located within a 1:9 T supercon-
ducting solenoidalmagnet [13]. The SMT has ¼ 800,000
individual strips, with a typical pitch of 50¡ 80 ¹ m, and a
designoptimized for tracking and vertexing for j´ j < 2:5.
The system has a six-barrel longitudinal structure, each
with a setof four layersarrangedaxially around the beam
pipe, and interspersedwith 16 radial disks. In the spring
of 2006, a \La yer 0" barrel detector with 12288 addi-
tional strips was installed [14], and two radial disks were
removed. The sensorsof Layer 0 are located at a ra-
dius of 17 mm from the colliding beams. The CFT has
eight thin coaxial barrels, each supporting two doublets
of overlapping scintillating ¯b ers of 0.835mm diameter,
one doublet parallel to the collision axis, and the other
alternating by § 3± relative to the axis. Light signalsare
transferred via clear ¯b ersto visual light photon counters
(VLPCs) that have ¼ 80% quantum e±ciency.

The muon system [12] is located beyond the liquid
Argon-Uranium calorimeters that surround the central
tracking system,and consistsof a layer A of tracking de-
tectors and scintillation trigger counters before1.8T iron
toroids, followed by two similar layers B and C after the
toroids. Tracking for j´ j < 1 relies on 10-cm wide drift
tubes,while 1-cmminidrift tubesareusedfor 1 < j´ j < 2.

The trigger and data acquisition systemsare designed
to handle the high instantaneousluminosities. Basedon
information from tracking, calorimetry, and muon sys-
tems, the output of the ¯rst level of the trigger is usedto
limit the rate for acceptedevents to < 2 kHz. At the next
trigger stage, with more re¯ned information, the rate is
reducedfurther to < 1 kHz. These¯rst two levelsof trig-
gering rely mainly on hardware and ¯rm ware. The third
and ¯nal level of the trigger, with accessto full event
information, usessoftware algorithms and a computing
farm, and reducesthe output rate to < 200 Hz, which is
written to tape.

The singlemuon and dimuon triggers usedin this anal-
ysis are basedon the information provided by the muon
detectors,combined with the tracks reconstructedby the
tracking system. The single muon triggers with the low-
est pT threshold are prescaledat high instantaneous lu-
minosity, have a higher average pT threshold than the
dimuon triggers and cover a smaller range of pseudora-
pidit y than the dimuon triggers.

In this analysisweselectevents with oneor two muons.
Wetherefore¯rst apply track selections,and then require
either one or two muons.

Track selection: we select tracks with pT in the range
1:5 < pT < 25 GeV and j´ j < 2:2. The upper limit on the
transversemomentum is applied to suppressthe contri-
bution of muons from W and Z bosondecays. To ensure
that the muon candidate can passthrough the detector,
including all three layers of the muon system,we require
either pT > 4:2 GeV or a longitudinal momentum compo-
nent jpz j > 6:4 GeV. The selectedtracks have to satisfy
the following quality requirements: at least 2 axial and 1
stereohits in the SMT, and at least 3 axial and 3 stereo
hits in the CFT. The primary interaction vertex closest

to this track must contain at least ¯v e charged particles.
This vertex is determined for each event using all re-
constructed tracks. The averageposition of the collision
point in the plane transverseto the beamis measuredfor
each run and is usedasa constraint. The precisionof the
primary vertex reconstruction for each event is on aver-
age¼ 20 ¹ m in the transverseplane and ¼ 40 ¹ m along
the beam direction. The transverseimpact parameter of
the selectedtrack relative to the closestprimary vertex
must be < 0:3 cm, with the longitudinal distance from
the point of closestapproach to this vertex < 0:5 cm.

Single muon selection: the selectedtrack must have a
matching track segment reconstructed in the muon sys-
tem, with at least two hits in the layer A chambers, at
least two hits in the layer B or C chambers, and at least
one scintillator hit associated with the track. The Â2 for
the di®erencebetweenthe track parametersmeasuredin
the central tracker and in the muon system must be less
than 40 (with 5 d.o.f.); the measuredtime in at least one
of the scintillators associated with the muon candidate
must be within 5 ns of the expected time. The muon
is assignedthe charge of the track reconstructed in the
central tracker. For muon pT < 25 GeV, the fraction
of muons with mismeasuredcharge and their contribu-
tion to the asymmetriesare found to be negligible. The
scintillator timing and the track impact parameter re-
quirements reducethe background from cosmicrays and
from beam halo to a negligible level.

Dimuon selection: The two highest transversemomen-
tum muons in the event must passall the selectionsde-
scribed above, and be associated to the sameinteraction
vertex, applying the samerequirements on the transverse
impact parameterand on the distanceof closestapproach
to the primary vertex along the beamaxis usedin the sin-
gle muon selection. To remove events in which the two
muons originate from the decay of the same b hadron,
we require that the invariant massof the two muons be
> 2:8 GeV.

These requirements de¯ne the reference selections,
which are changed while performing consistencychecks
of the analysis. Unlessstated otherwiseall ¯gures, tables
and results in this article refer to these reference selec-
tions.

This analysis uses two data samples. The inclusive
muon sample contains all events with at least one muon
candidate passing the muon selection and at least one
single muon trigger. If an event contains more than one
muon, each muon is included in the inclusive muon sam-
ple. Such events constitute about 0.5% of the total in-
clusive muon sample. The like-sign dimuon sample con-
tains all events with at least two muon candidates of
the samecharge that passthe referencedimuon selection
and at least onedimuon trigger. If more than two muons
passthe single muon selection, the two muons with the
highest pT are selectedfor inclusion in the dimuon sam-
ple. Such events comprise ¼ 0:7% of the total like-sign
dimuon sample.

The polarities of the toroidal and solenoidalmagnetic
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TABLE I I: Weights assigned to the events with di®erent
solenoid and toroid polarities in the inclusive muon and lik e-
sign dimuon samples.

Solenoid Toroid Weight Weight
polarit y polarit y inclusive muon lik e-sign dimuon

¡ 1 ¡ 1 0.895 0.879
¡ 1 +1 1.000 1.000
+1 ¡ 1 0.954 0.961
+1 +1 0.939 0.955
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0.8

0 5 10 15 20 25
pT(m) MGeVN
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Dé, 6.1 fb-1

- dimuon sample
- inclusive muon sample

FIG. 1: The normalized muon pT distribution. The points
correspond to the lik e-sign dimuon sample and the histogram
correspond to the inclusive muon sample. The distribution for
the lik e-sign dimuon sample contains two entries per event.

¯elds are reversedon averageevery two weekssothat the
four solenoid-toroid polarit y combinations are exposedto
approximately the sameintegrated luminosity. This al-
lows for a cancellation of ¯rst order e®ectsrelated with
the instrumental asymmetry [15]. To ensure such can-
cellation, the events are weighted according to the in-
tegrated luminosity for each dataset corresponding to a
di®erent con¯guration of the magnets' polarities. These
weights are given in Table I I.

The normalized pT distributions of muons in the se-
lected data samples are shown in Fig. 1. Di®erences
in these distributions are causedby the trigger require-
ments.

IV. MONTE CARLO SIMULA TION

Since almost all quantities are extracted from data,
the MC simulations are used in only a limited way. The
simulations of QCD processesusedin this analysis are:

² Inclusive p¹p collisionscontaining a minimum trans-
verseenergyE min

T > 10 or 20 GeV at the generator
level.

² Inclusive p¹p ! b¹bX and p¹p ! c¹cX ¯nal states
containing a muon, with an additional requirement

that the b or c quark has transverse momentum
pT > 3 GeV, and that the producedmuon haspT >
1:5 GeV and j´ j < 2:1.

The sampleswith di®erent E min
T are used to study the

impact of the kinematics of generatedevents on the pa-
rameters extracted from the simulation.

In all caseswe usethe pythia v6.409 [17] event gen-
erator, interfaced to the evtgen decay package[18] and
the CTEQ6L1 [19] parton distribution functions. The
generatedevents are propagated through the D0 detec-
tor using a geant [20] basedprogram with full detector
simulation. The responsein the detector is digitized, and
the e®ectsof multiple interactions at high luminosity are
modeled by overlaying hits from randomly triggered p¹p
collisions on the digitized hits from MC. The complete
events are reconstructed with the sameprogram as used
for data, and, ¯nally , analyzed using the sameselection
criteria described above for data.

V. MEASUREMENT OF f K , FK

A kaon, pion, or proton can be misidenti¯ed as a
muon and thus contribute to the inclusive muon and the
like-sign dimuon samples. This can happen becauseof
pion and kaon decays in °igh t, punch-through, or muon
misidenti¯cation. We do not distinguish these individ-
ual processes,but rather measure the total fraction of
such particles using data. In the following, the notation
K ! ¹ stands for the phrase \k aon misidenti¯ed as a
muon," and the notations ¼ ! ¹ and p ! ¹ have
corresponding meanings for pions and protons. In this
Section we discussthe measurement of f K and FK . The
measurement of the corresponding factors for pions and
protons and of the asymmetriesare discussedin the fol-
lowing Sections.

The fraction f K in the inclusive muon sample is mea-
sured using K ¤0 ! K + ¼¡ decays [11] with K ! ¹ . The
fraction f K ¤ 0 of thesedecays is related to the fraction f K
by

f K ¤ 0 = "0f K R(K ¤0); (18)

whereR(K ¤0) is the fraction of all kaonsthat result from
K ¤0 ! K + ¼¡ decays, and "0 is the e±ciency to recon-
struct the pion from the K ¤0 ! K + ¼¡ decay, provided
that the K ! ¹ track is reconstructed.

We also select K S mesonsand reconstruct K ¤+ !
K S¼+ decays. The number of thesedecays is

N (K ¤+ ! K S¼+ ) = " cN (K S )R(K ¤+ ); (19)

where R(K ¤+ ) is the fraction of K S that result from
K ¤+ ! K S¼+ decays, and " c is the e±ciency to recon-
struct the additional pion in the K ¤+ ! K S¼+ decay,
provided that the K S meson is reconstructed. We use
isospin invariance to set

R(K ¤0) = R(K ¤+ ): (20)
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This relation is also con¯rmed by data as discussedin
Sec. VI I I. We apply the same kinematic selection cri-
teria to the charged kaon and K S candidates, and use
exactly the samecriteria to selectan additional pion and
reconstruct the K ¤0 ! K + ¼¡ and K ¤+ ! K S¼+ de-
cays. Therefore we set

"0 = " c: (21)

This relation is con¯rmed by simulation. Weassigna sys-
tematic uncertainty related to this relation, as discussed
in Sec.VI I I. From Eqs. (18){(21), we obtain

f K =
N (K S )

N (K ¤+ ! K S¼+ )
f K ¤ 0 : (22)

We usea similar relation to obtain the quantit y FK of
K ! ¹ tracks in the like-signdimuon sample:

FK =
N (K S )

N (K ¤+ ! K S¼+ )
FK ¤ 0 ; (23)

where FK ¤ 0 is the fraction of K ¤0 ! K + ¼¡ decays with
K ! ¹ in the like-sign dimuon sample. The numbers
N (K S ) and N (K ¤+ ! K S¼+ ) are obtained from the
inclusive muon sample.

Since the kaon track parameters must be known to
reconstruct the K ¤0 meson, these measurements of f K
and FK require the kaons to decay after being recon-
structed in the central tracking system. A small num-
ber of kaon decays occur closeto the interaction point,
so that the muon track is reconstructed by the tracker.
Thesemuons are counted in the inclusive muon and the
like-sign dimuon samples,but do not contribute to the
measurement of the K ! ¹ fraction, becausetheir pa-
rameters di®er signi¯cantly from the parameters of the
original kaon, and they do not producea narrow K ¤0 me-
son peak. The fractions FK and f K measuredin exclu-
sive decays are therefore divided by a factor C that cor-
responds to the fraction of correctly reconstructed kaons
among all K ! ¹ tracks. This factor is calculated from
simulation as

C = 0:938§ 0:006: (24)

Since the mean decay length of kaons in the laboratory
frame is much longer than the size of the D0 detector,
the value of C is determined mainly by the detector ge-
ometry, and its value is similar for both K ! ¹ and
¼! ¹ tracks. Therefore, we use the samecoe±cient C
for the computation of the fraction of ¼! ¹ described in
Sec.VI I. The di®erencein this coe±cient for kaon and
pion tracks observed in simulation is taken as the un-
certainty on its value. The uncertainties from the event
generation and reconstruction produce a smaller impact
on this coe±cient.

Details of K S ! ¼+ ¼¡ , K ¤0 ! K + ¼¡ , and K ¤+ !
K S¼+ selections and the ¯tting procedure to measure
the number of thesedecays are given in Appendix B. All
quantities in Eqs. (22) and (23) areobtained asa function

TABLE I I I: Fractions f K and FK for di®erent muon pT bins.
The correspondencebetweenthe bin number and the pT range
is given in Table I. The last line shows the weighted average
of thesequantities obtained with weights given by the fraction
of muons in a given pT interval f i

¹ (F i
¹ ) in the inclusive muon

(dimuon) sample. Only the statistical uncertainties are given.

Bin f K £ 102 FK £ 102

0 14:45 § 1:02 18:13 § 4:62
1 14:14 § 0:26 14:00 § 1:14
2 15:78 § 0:20 16:14 § 0:77
3 15:63 § 0:35 11:97 § 1:60
4 15:26 § 0:56 21:47 § 2:31

All 15:46 § 0:14 15:38 § 0:57
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FIG. 2: The fraction of K ! ¹ tracks in the inclusive muon
sample (a) and the lik e-sign dimuon sample (b), both as a
function of the pT of the kaon.

of the measuredtransversemomentum of the kaon. The
measurednumber of K ¤0 ! K + ¼¡ decays with K ! ¹
in a given pT range is normalized by the total number of
muonsin that interval. The fraction FK ¤ 0 includesa mul-
tiplicativ e factor of two, becausethere are two muons in
a like-signdimuon event, and by de¯nition it is normal-
ized to the number of like-signdimuon events. Figure 2
and Table I I I give the resulting fractions f K and FK for
di®erent pT bins. Only statistical uncertainties are given;
systematic uncertainties are discussedin Sec.VI I I.
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VI. MEASUREMENT OF P(¼! ¹ )=P(K ! ¹ )
AND P(p ! ¹ )=P(K ! ¹ )

The probabilit y P(K ! ¹ ) for a kaon to be misiden-
ti¯ed as a muon is measuredusing Á ! K + K ¡ decays.
Similarly, we useK S ! ¼+ ¼¡ and ¤ ! p¼¡ decays [11]
to measurethe probabilities P(¼ ! ¹ ) and P(p ! ¹ ),
respectively. In all caseswe measure the number N ¹
of decays in which the candidate particle satis¯es the
muon selectioncriteria de¯ned in Sec.I I I, and the num-
ber of decays N tr in which the tested particle satis¯es the
track selection criteria. When both kaons (pions) from
Á ! K + K ¡ (K S ! ¼+ ¼¡ ) satisfy the selectioncriteria,
they contribute twice. The details of the event selections
and of the ¯tting procedureused to extract the number
of Á, K S , and ¤ decays are given in Appendix B. The ra-
tio of N ¹ (Á) to N tr (Á) de¯nes P(K ! ¹ )" (¹ ), where"(¹ )
is the e±ciency of muon identi¯cation. In the sameway,
the ratio of N ¹ (K S ) to N tr (K S ) yields P(¼ ! ¹ )" (¹ ),
and the ratio of N ¹ (¤) to N tr (¤) gives the quantit y
P(p ! ¹ )" (¹ ). The ratios P(¼ ! ¹ )=P(K ! ¹ ) and
P(p ! ¹ )=P(K ! ¹ ) are obtained from

P(¼! ¹ )
P(K ! ¹ )

=
N ¹ (K S )=N tr (K S )

N ¹ (Á)=N tr (Á)
;

P(p ! ¹ )
P(K ! ¹ )

=
N ¹ (¤) =N tr (¤)
N ¹ (Á)=N tr (Á)

: (25)

Sincethe initial selectionfor this measurement requires
at least oneidenti¯ed muon, wedetermineall thesequan-
tities in the sub-sampleof singlemuon triggers that con-
tain at least one muon not associated with the K ! ¹ ,
¼! ¹ , or p ! ¹ transitions.

We measureall these parameters as a function of the
original particle's transversemomentum. Figures3 and 4
show the ratio P(¼ ! ¹ )=P(K ! ¹ ) and P(p !
¹ )=P(K ! ¹ ) respectively, with the mean values av-
eragedover pT determined to be

P(¼! ¹ )=P(K ! ¹ ) = 0:540§ 0:029; (26)

P(p ! ¹ )=P(K ! ¹ ) = 0:076§ 0:021: (27)

The dominant uncertainty in Eqs. (26) and (27) stems
from the limited statistics of data, and the contribu-
tion of all other uncertainties is much smaller. The
probabilit y of a pion to be misidenti¯ed as a muon
is much larger than that of proton becausethe dom-
inant contribution to this probabilit y comes from the
¼¡ ! ¹ ¡ ¹º decay. The measuredratios (26) and (27)
agreewell with the results obtained from MC, where we
obtain P(¼! ¹ )=P(K ! ¹ )(MC ) = 0:530§ 0:011 and
P(p ! ¹ )=P(K ! ¹ )(MC ) = 0:050§ 0:003.
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FIG. 3: The ratio P(¼! ¹ )=P(K ! ¹ ) as a function of the
hadron transverse momentum. The horizontal dashed line
shows the mean value of this ratio.
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FIG. 4: The ratio P(p ! ¹ )=P(K ! ¹ ) as a function of the
particle transverse momentum. The horizontal dashed line
shows the mean value of this ratio.

VI I. MEASUREMENT OF f ¼, f p , F¼, Fp

The fraction f ¼ of ¼! ¹ tracks in the inclusive muon
samplecan be expressedas

f ¼ = f K
P(¼! ¹ )
P(K ! ¹ )

n¼

nK
; (28)

wherethe measurement of the fraction f K is described in
Sec.V, that of the ratio P(¼! ¹ )=P(K ! ¹ ) in Sec.VI,
and the quantities n¼ and nK are the meanmultiplicities
of pions and kaons in p¹p interactions. In a similar way,
the fraction f p of p ! ¹ tracks is determined from

f p = f K
P(p ! ¹ )
P(K ! ¹ )

np + nf

nK
; (29)

where np is the averagenumber of protons produced in
p¹p interactions. We include in the fraction f p the contri-
bution from the number nf of falsetracks, reconstructed
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FIG. 5: The ratio of multiplicities n¼=nK , np=nK and n f =nK

as a function of the transverse momentum obtained from
pythia .

TABLE IV: Fractions f ¼, f p , F¼, and Fp for di®erent pT bins.
The correspondencebetweenthe bin number and the momen-
tum range is given in Table I. The last line shows the weighted
averagesobtained with weights given by the fraction of muons
in a given pT interval f i

¹ in the inclusive muon sample. Only
the statistical uncertainties are given.

Bin f ¼ £ 102 f p £ 102 F¼ £ 102 Fp £ 102

0{1 35:6 § 4:9 0:6 § 0:4 32:2 § 5:1 0:5 § 0:4
2 24:3 § 1:6 0:7 § 0:2 22:4 § 1:8 0:7 § 0:2

3{4 21:7 § 3:4 0:7 § 0:7 19:0 § 3:4 0:6 § 0:6
All 25:8 § 1:4 0:7 § 0:2 24:9 § 1:5 0:6 § 0:2

from random combinations of hits. The impact of false
tracks on the ¯nal result is found to be small and is taken
into account in the systematic uncertainty.

The values of nK , n¼, np, and nf are taken from the
pythia simulation of inclusive hadronic interactions. We
count the number of particles satisfying the track selec-
tion criteria in the simulated interactions, and obtain the
dependenceof the ratios n¼=nK , np=nK and nf =nK on
the particle pT shown in Fig. 5.

Both f ¼ and f p are measuredas a function of the par-
ticle pT . However, they are poorly de¯ned in the ¯rst
and last bins due to low statistics. Therefore, we com-
bine thesequantities for bins 0 and 1 and for bins 3 and
4.

Figure 6 and Table IV provide the measuredfractions
f ¼ and f p for di®erent pT bins. Only statistical uncer-
tainties are given. The systematic uncertainties related
to thesequantities are discussedin Sec.VI I I.

The fractions F¼ and Fp in the like-signdimuon sample
are determined in a similar way:

F¼ = FK
P(¼! ¹ )
P(K ! ¹ )

N¼

NK
;

Fp = FK
P(p ! ¹ )
P(K ! ¹ )

Np + N f

NK
; (30)
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FIG. 6: The fraction of (a) ¼ ! ¹ tracks and (b) p !
¹ tracks in the inclusive muon sample as a function of the
track transverse momentum. The horizontal dashed lines
show the mean values of these fractions.

where the quantities NK , N¼, Np, and N f represent
the averagenumbers of kaons, pions, protons and false
tracks for events with two identi¯ed muonswith the same
charge. The simulation shows that the ratio N¼=NK can
be approximated as

N¼

NK
= (0:90§ 0:05)

n¼

nK
: (31)

The main uncertainty in this value is due to the simula-
tion of pion and kaon multiplicities in p¹p interactions and
is discussedin Sec.VI I I. The ratio Np=NK is alsoconsis-
tent with the factor given in Eq. 31. The value of N¼=NK
is smaller than that of n¼=nK becausethe main contribu-
tion in the samplewith one identi¯ed muon comesfrom
semileptonicdecays of b and c quarks, which usually also
contain at least onekaon. Sincethe number of simulated
events with one identi¯ed muon is small, we obtain the
ratios N¼=NK and (Np + N f )=NK using the approxima-
tion of Eq. (31), i.e., multiplying the quantities n¼=nK
and (np + nf )=nK by the factor 0:90§ 0:05. Figure 7 and
Table IV give the fractions F¼ and Fp for di®erent pT
bins. Only the statistical uncertainties of the simulation
are given. The systematic uncertainties related to these
quantities are discussedin Sec.VI I I. As in the caseof
f ¼ and f p, the meanvalue of thesequantities are usedin
bins 0 and 1 and for bins 3 and 4.
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FIG. 7: The fraction of (a) ¼ ! ¹ tracks and (b) p !
¹ tracks in the lik e-sign dimuon sample as a function of
the track transversemomentum. The horizontal dashed lines
show the mean values of these fractions.

VI I I. SYSTEMA TIC UNCER TAINTIES OF
BA CK GR OUND FRA CTIONS

We use Eqs. (20) and (21) to derive the fractions f K
and FK , and verify the validit y of Eq. (21) in simulation,
and ¯nd that

(" c="0)MC = 0:986§ 0:029; (32)

where the uncertainty re°ects only the statistics of the
Monte Carlo. The ratio R(K ¤+ )=R(K ¤0) measured in
simulation is

R(K ¤+ )=R(K ¤0) = 0:959§ 0:035: (33)

The validit y of Eq. (20) in simulation reliesmainly on the
assumptionsusedin the fragmentation and hadronization
processesin the event generator. To con¯rm the valid-
it y of Eq. (20), we usethe existing experimental data on
K + , K S , K ¤0, and K ¤+ multiplicities in jets, which were
obtained at e+ e¡ colliders at di®erent center-of-massen-
ergies[2]. From thesedata we obtain:

R(K ¤+ )=R(K ¤0) = 1:039§ 0:075: (34)

The simulation and data are consistent, and we assigna
relative uncertainty of 7.5%to both f K and FK from the
assumptionof Eq. (20). We alsoassignan uncertainty of
4% due to the ¯tting procedureusedto extract the num-
bersof K ¤+ and K ¤0 events. This uncertainty is obtained

by varying the background parametrization and the ¯t-
ting range. Sincethe samebackground model is usedto
obtain the number of K ¤0 events, both in the inclusive
muon and the like-signdimuon samples,this uncertainty
is taken to be the samefor f K and FK . Adding all con-
tributions in quadrature, and including the uncertainty
in Eq. (24), we ¯nd a relative systematic uncertainty of
9.0%in f K and FK , with a 100%correlation betweenthe
two.

We assign an additional uncertainty of 2.0% on FK
due to the description of the background in the inclu-
sive muon and like-signdimuon events. This uncertainty
is estimated by varying the background parametrization
and range used for ¯tting, and by comparing with the
results of the alternativ e ¯tting method presented in Ap-
pendix E.

Weusethe ratio N (K S )=N (K ¤+ ! K S¼+ ) to measure
both f K and FK , which is equivalent to the statement
that the ratios FK ¤ 0 =FK and f K ¤ 0 =f K are identical, i.e.,
that the fraction of kaons originating from K ¤0 is the
samein the inclusive muon and in the like-sign dimuon
samples. This is validated in simulation with an uncer-
tainty of 3% due to the statistics of the simulation, which
we assignas an additional systematic uncertainty to the
fraction FK .

The uncertainty on the background fractions f ¼, F¼,
f p, and Fp have an additional contribution from the ra-
tios of multiplicities n¼=nK and np=nK extracted from
the simulation. To test the validit y of the simulation, we
measurethe multiplicit y of kaons in the inclusive muon
sample. We select events with one reconstructed muon
and at least oneadditional chargedparticle that satis¯es
the track selection criteria. We determine the fraction
of kaons among these tracks using the samemethod as
in Sec. V, i.e., we ¯nd the fraction of tracks from the
K ¤0 ! K + ¼¡ decay and convert this into the fraction of
kaons. We compare the kaon multiplicit y in data using
this method with that measuredin the simulation, and
we ¯nd that they agreewithin 10%. Since part of this
di®erencecan be attributed to the uncertainties from the
assumptionsof Eqs. (20) and (21), and part is due to the
¯tting procedure described above, we ¯nd that the un-
certainty of the kaon multiplicit y in the simulation does
not exceed4%, and we assign this uncertainty to both
quantities n¼=nK and np=nK . We also assign this 4%
uncertainty to the Eq. (31) used to derive the values of
N¼=NK and Np=NK .

Any falsely reconstructed track identi¯ed as a muon is
treated in the analysis in the sameway as a proton. We
check the impact of this approach by completely remov-
ing the contribution of falsetracks, or by increasingtheir
contribution by a factor of ten, and the ¯nal value of Ab

sl
changesby lessthan 0.00016.We include this di®erence
as the systematic uncertainty on the contribution from
false tracks.
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TABLE V: Fractions f S , f K , f ¼, and f p + f f , measuredin data
and in simulation (MC). Only the statistical uncertainties on
these measurements are shown.

f S £ 102 f K £ 102 f ¼ £ 102 (f p + f f ) £ 102

Data 58:1 § 1:4 15:5 § 0:2 25:9 § 1:4 0:7 § 0:2
MC 59:0 § 0:3 14:5 § 0:2 25:7 § 0:3 0:8 § 0:1

IX. MEASUREMENT OF f S , FS S

We use the measurements of the fractions of back-
ground muons in the \long" category, obtained in the
previous sections to evaluate the fraction of muons in
the \short" category. In the inclusive muon sample the
fraction f S is determined as

f S = 1 ¡ f K ¡ f ¼ ¡ f p: (35)

We check through simulation that the contribution from
all other sourcesto the inclusive muon sample, such as
K L ! ¼¹º decays or the semileptonic decays of hyper-
ons, is negligible. The muons from ¿ ! ¹ ¹º ¹ º ¿ are in-
cluded by de¯nition in the f S . The fraction f S is mea-
suredseparatelyin each muon pT bin and then a weighted
averageis calculated with weights given by the fraction
of muons in a given pT interval f i

¹ in the inclusive muon
samples.From data, we obtain

f S = 0:581§ 0:014 (stat ) § 0:039 (syst); (36)

where the systematic uncertainty comesfrom the uncer-
tainty on the background fractions described in Sec.VI I I.

To check the procedure for determining the back-
ground fractions, the composition of the inclusive muon
samplein data is comparedto that from simulation in Ta-
ble V, where only statistical uncertainties for both data
and simulation are shown. The agreement betweendata
and simulation is very good, and the remaining di®er-
encesare within the assignedsystematic uncertainties.
Although the values given in Table V for data and for
simulation are not independent, some, such as f K and
P(¼ ! ¹ )=P(K ! ¹ ) used to derive f ¼, are measured
directly in data. As a consequence,this result can be
usedas an additional con¯rmation of the validit y of our
method.

The background fractions FK , F¼, and Fp are obtained
from the sameweighted averageusedfor Eq. (36) of the
quantities measuredin each pT interval i , starting from
the valuesgiven in Secs.V and VI I (F i

¹ is usedasweight
instead of f i

¹ ). Using Eq. (13), we obtain

Fbkg = 0:409§ 0:019 (stat ) § 0:040 (syst): (37)

To evaluate the fraction FSS in the like-sign dimuon
sample,we take into account that, in someevents, both
muons belong to the L category. The fraction of these
events in all events with at least oneL muon is measured

in simulation and found to be

FLL

FSL + FLL
= 0:220§ 0:012: (38)

The uncertainty in Eq. (38) includes the 4% systematic
uncertainty related to the multiplicit y of di®erent parti-
cles in the simulation, as discussedin Sec.VI I I. Using
Eqs. (13), (37), and (38), we obtain

FLL = 0:074§ 0:003 (stat ) § 0:008 (syst); (39)

and, ¯nally , from Eqs. (14), (37), and (39) we obtain

FSS = 0:665§ 0:016 (stat ) § 0:033 (syst): (40)

X. MEASUREMENT OF ±

Table I I I of Ref. [15] givesa completelist of the contri-
butions to the dimuon chargeasymmetry that are caused
by detector e®ects.The largest of thesee®ectsis ¼ 3%.
The reversalof magnetpolarities is a characteristic of the
D0 experiment that allows the cancellation at ¯rst order
of thesedetector e®ects,reducing any chargeasymmetry
intro ducedby the track reconstruction considerably[15].

Higher-order e®ectsresult in a small residual recon-
struction asymmetry at the 10¡ 3 level. This asymmetry
is measuredusing J=Ã ! ¹ + ¹ ¡ decays. We selectevents
that passat least one dimuon trigger and have at least
one identi¯ed muon and one additional particle of op-
posite charge that satis¯es the track selectioncriteria of
Sec.I I I. We verify in AppendicesC and D that the track
reconstruction and trigger selectiondo not intro duce an
additional charge asymmetry. The residual asymmetry
is measuredas a function of the muon transverse mo-
mentum. The probabilit y to identify a muon with charge
Q = § 1 and pT corresponding to bin i is denoted by
Pi (1 + Q±i ), where Pi is the mean probabilit y for pos-
itiv e and negative muons, and ±i is the muon detection
asymmetry we want to measure.The probabilit y of iden-
tifying the secondmuon with pT in bin j , provided that
the ¯rst muon haspT in bin i , is denotedby P i

j (1+ Q±j ).
The number of events N ij with a positive muon in bin

i and negative muon in bin j is

N ij = N Pi (1 + ±i )P i
j (1 ¡ ±j ); (41)

where N is the total number of selectedJ=Ã ! ¹ + ¹ ¡

decays. The number of events with only one selected
muon of charge Q is

N iQ = N Pi (1 + Q±i )

0

@1 ¡
4X

j =0

P i
j (1 ¡ Q±j )

1

A ; (42)

where the sum extends over the ¯v e transversemomen-
tum intervals.

The probabilities Pi and P i
j arenot independent. From

Eq. (41), we have the following normalization condition

Pi P i
j = Pj P j

i : (43)



14

In addition, since the total probabilit y to identify the
muon is Ptot =

P 4
i =0 Pi , we get the following normaliza-

tion condition

(Ptot )2 =
4X

i;j =0

Pi P i
j : (44)

Experimentally wemeasurethe quantities N ii , § ij , ¢ ij
(i < j ), § i , and ¢ i , which can be expressedas

N ii = N Pi P i
i ; (45)

§ ij ´ N ij + N j i = 2N Pi P i
j ;

¢ ij ´ N ij ¡ N j i = 2N Pi P i
j (±i ¡ ±j );

§ i ´ N i + + N i ¡ = 2N Pi (1 ¡ P i
sum );

¢ i ´ N i + ¡ N i ¡ = 2N Pi (1 ¡ P i
sum )(±i + ±i

sum );

where P i
sum =

P 4
j =0 P i

j and ±i
sum = (

P 4
j =0 P i

j ±j )=(1 ¡
P i

sum ).
Since the number of measured quantities is greater

than the number of unknowns, Pi , P i
j , and ±i can be

obtained from Eqs. (43{45) by minimizing the Â2 of the
di®erencebetweenthe observed and expectedquantities.
The quantities N ii , § ij , ¢ ij (i < j ), § i , and ¢ i are
obtained from ¯ts to the J=Ã masspeak in the dimuon
invariant massdistribution M (¹ + ¹ ¡ ) in each of the ¯v e
pT bins. The J=Ã signal is described by the sum of two
Gaussians. An additional Gaussian is included to take
into account the contribution from the Ã0. The back-
ground is parametrized by a third degree polynomial.
The mean position and R.M.S. of all Gaussianfunctions
in the ¯t of ¢ ij and ¢ i are ¯xed to the valuesobtained in
the ¯t of the corresponding quantities § ij and § i . Exam-
ples of the ¯ts are shown in Figs. 8 and 9. The valuesof
±i obtained asa function of the muon pT are given in Ta-
ble VI and areshown in Fig. 10. The correlationsbetween
valuesof ±i in di®erent bins are given in Table VI I. The
weighted averagefor the residual muon asymmetry in the
inclusive muon and the like-signdimuon samples,calcu-
lated using weights given by the fraction of muons in a
given pT interval f i

¹ (F i
¹ ) in the inclusive muon (dimuon)

sample,are given respectively by

± =
P 4

i =0 f i
¹ ±i = ¡ 0:00076§ 0:00028; (46)

¢ =
P 4

i =0 F i
¹ ±i = ¡ 0:00068§ 0:00023; (47)

where only the statistical uncertainties are given. The
correlations among di®erent ±i are taken into account.
These small values of the residual muon reconstruction
asymmetry are a direct consequenceof the regular rever-
sal of the magnetspolarities in the D0 experiment.

XI. MEASUREMENT OF aK , a¼, ap

The largest detector-related charge asymmetry is pro-
duced by K ! ¹ tracks. It is caused,as discussedin
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FIG. 8: The ¹ + ¹ ¡ invariant massdistributions usedto obtain
(a) § 23 = N23 + N32 and (b) ¢ 23 = N23 ¡ N32 . The solid
line presents the result of the ¯t; the dashed line shows the
non-resonant background contribution.
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TABLE VI: Muon reconstruction asymmetry ±i for di®erent
muon pT bins. The correspondencebetween the bin number
and the pT range is given in Table I. Only the statistical
uncertainties are given.

Bin ±i

0 ¡ 0:00203§ 0:00194
1 ¡ 0:00045§ 0:00059
2 ¡ 0:00130§ 0:00048
3 +0 :00075§ 0:00125
4 +0 :00162§ 0:00230

TABLE VI I: Correlation coe±cients among values of ±i in
di®erent bins. The correspondence between the bin number
and the pT range is given in Table I.

Bin 0 1 2 3 4
0 +1.000 ¡ 0:189 ¡ 0:155 +0.024 ¡ 0:051
1 ¡ 0:189 +1.000 ¡ 0:449 ¡ 0:117 ¡ 0:059
2 ¡ 0:155 ¡ 0:449 +1.000 ¡ 0:242 ¡ 0:124
3 +0.024 ¡ 0:117 ¡ 0:242 +1.000 ¡ 0:006
4 ¡ 0:051 ¡ 0:059 ¡ 0:124 ¡ 0:006 +1.000

Sec.I I, by the di®erencebetweenthe K ¡ N and K + N in-
teraction crosssections[2], resulting in a positive charge
asymmetry of muons coming from kaon decay or punch-
through.

The asymmetry aK of K ! ¹ tracks is measured
directly in data using K ¤0 ! K + ¼¡ and Á ! K + K ¡

decays. In both caseswe select candidates with K !
¹ tracks, in the entire inclusive muon sample. We calcu-
late separatemassdistributions for positive and negative
K ! ¹ tracks, and ¯t the sum and the di®erenceof these
distributions to extract the quantit y ¢ K , corresponding
to the di®erencein the number of K ¤0 or Á mesonde-
cays with positive and negative K ! ¹ tracks, and the
quantit y § K , corresponding to their sum. The selection
of events and the ¯tting procedure used to extract the

-0.004

-0.002

0

0.002

0.004

5 10 15 20 25
pT(m) [GeV]

as
ym

m
et

ry
 d

Dé, 6.1 fb-1

FIG. 10: Muon reconstruction asymmetry asa function of the
muon pT .

number of signal decays are described in Appendix B.
The asymmetry aK is measuredas:

aK = C¢ K =§ K ; (48)

where the coe±cient C is the fraction of correctly recon-
structed kaons among all K ! ¹ tracks as in Eq. (24).
In this measurement of aK , we require that the kaon
decays after having been reconstructed in the tracking
system, since its track parameters must be measuredin
order to reconstruct the K ¤0 or Á meson. However, the
K ! ¹ tracks in the inclusive samplealso include kaons
decaying beforebeing reconstructed in the tracker. Since
the kaonasymmetry is causedby the interactions of kaons
with the material of the detector, and the amount of ma-
terial near the interaction point is negligible, the kaons
decaying before being reconstructed by the tracker do
not produceany signi¯cant asymmetry. They contribute
only in the denominator of Eq. (48). The factor C takes
into account the contribution of thesetracks. Its numeri-
cal value is given in Eq. (24). It should be noted that this
factor cancelsin the products f K aK , etc., sinceboth f K
and aK are measuredusing the correctly reconstructed
K ! ¹ tracks.

Figure 11(a) shows the value of aK (K ¤0) measured
in K ¤0 ! K + ¼¡ decay as a function of the pT of the
K ! ¹ track. The asymmetry in Á ! K + K ¡ decays
ameas

K has to be corrected for the charge asymmetry of
the secondkaon track atrac k

K :

aK (Á) = ameas
K ¡ atrac k

K : (49)

The kaon track reconstruction asymmetry atrac k
K is dis-

cussedand measuredas a function of kaon momentum
in [22] using the decay D ¤+ ! D 0¼+ with D 0 !
K ¡ ¹ + º , and is taken from that article. It is convoluted
with the pT distribution of the secondkaon for each bin
of the K ! ¹ pT . Figure 11(b) shows the resulting asym-
metry aK (Á).

The two measurements of aK are consistent. The
Â2=d:o:f : for their di®erenceis 5.40/5. Thereforethey can
be combined and the resulting asymmetry aK is shown
in Fig. 12 and in Table VI I I. Due to the requirement of
pT > 4:2 GeV or jpz j > 6:3 GeV, the ¯rst two bins in
Fig. 12 correspond to muons that traverse the forward
toroids of the D0 detector. These muons have a larger
momentum and a longer path length beforethe calorime-
ter than central muons. As a result, aK drops at low pT .

The asymmetry a¼ of ¼! ¹ tracks and the asymme-
try ap of p ! ¹ tracks are expected to be much smaller.
We measurethese asymmetries using K S ! ¼+ ¼¡ and
¤ ! p¼¡ decays, respectively. The details of the K S
and ¤ selections are given in Appendix B. The tech-
nique used to measurethe asymmetry is the sameas in
aK measurement. The samefactor C is usedto measure
the asymmetry a¼ from K s ! ¼+ ¼¡ decays. The un-
certainty in C takes into account its di®erencefor kaon
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TABLE VI I I: Asymmetries aK , a¼, and ap for di®erent pT

bins. The correspondence between the bin number and pT

range is given in Table I. The last line shows the mean asym-
metries averaged over the inclusive muon sample. Only the
statistical uncertainties are given.

Bin aK a¼ ap

0 +0 :0526 § 0:0242
+0 :0027§ 0:0021 ¡ 0:104§ 0:0761 +0 :0424 § 0:0027

2 +0 :0564 § 0:0013 +0 :0013§ 0:0012 +0 :028§ 0:035
3 +0 :0620 § 0:0032

+0 :0164§ 0:0044 +0 :077§ 0:0554 +0 :0620 § 0:0048
All +0 :0551 § 0:0011 +0 :0025§ 0:0010 +0 :023§ 0:028
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FIG. 11: The asymmetry aK measured with (a) K ¤0 !
K + ¼¡ and (b) Á ! K + K ¡ decays as a function of the
K ! ¹ pT .
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FIG. 12: The combined asymmetry aK as a function of pT .
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FIG. 13: The asymmetry (a) a¼ and (b) ap as a function of
the pT of the pion and proton, respectively.

and pion tracks. Since the proton is stable, this fac-
tor is not used in the computation of the asymmetry of
p ! ¹ tracks.

The asymmetries a¼ and ap are shown in Fig. 13 as
a function of the pT of the ¼ ! ¹ and p ! ¹ tracks,
respectively. The values of these asymmetriesand their
averagesare listed in Table VI I I for di®erent pT bins.
We use the mean value of thesequantities in bins 0 and
1 and in bins 3 and 4 sincethe statistics available in the
¯rst and last bin are not su±cient to perform separate
measurements.

The asymmetries AK , A¼ and Ap are obtained from
aK , a¼ and ap using Eq. 16 (and analogousrelations for
pions and protons).

XI I. CORRECTIONS DUE TO BA CK GR OUND
ASYMMETRIES

The correctionsfor the asymmetriesof the background,
obtained from TablesI, I I I, IV and VI I I, are summarized
in Tables IX and X. The values f K aK , FK AK , etc.,
are computed by averaging the corresponding quantities
with weights given by the fraction of muonsin a given pT
interval f i

¹ (F i
¹ ) in the inclusive muon (dimuon) sample,

seeEqs. (15) and (16). We usethe meanvalue of f ¼, F¼,
f p, Fp, a¼, and ap in bins 0 and 1 and in bins 3 and 4
as the statistics available in the ¯rst and last bin are not
su±cient to perform separatemeasurements.
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TABLE IX: Corrections due to background asymmetries
f K aK , f ¼a¼, and f pap for di®erent pT bins. The last line
shows the weighted averagesobtained using weights given by
the fraction of muons in a given pT interval f i

¹ in the inclusive
muon sample. Only the statistical uncertainties are given.

Bin f K aK £ 102 f ¼a¼ £ 102 f pap £ 102

0 +0 :760 § 0:353
+0 :095§ 0:076 ¡ 0:061§ 0:0601 +0 :600 § 0:040

2 +0 :889 § 0:023 +0 :033§ 0:030 +0 :020§ 0:026
3 +0 :968 § 0:054

+0 :337§ 0:109 +0 :053§ 0:0674 +0 :946 § 0:081
All +0 :854 § 0:018 +0 :095§ 0:027 +0 :012§ 0:022

TABLE X: Corrections due to background asymmetries
FK AK , F¼A¼ and FpAp for di®erent pT bins. The last line
shows the weighted averagesobtained using weights given by
the fraction of muons in a given pT interval F i

¹ in the dimuon
sample. Only the statistical uncertainties are given.

Bin FK AK £ 102 F¼A¼ £ 102 FpAp £ 102

0 +0 :953 § 0:501
+0 :086§ 0:069 ¡ 0:056§ 0:0541 +0 :594 § 0:061

2 +0 :910 § 0:048 +0 :030§ 0:027 +0 :019§ 0:024
3 +0 :741 § 0:106

+0 :294§ 0:098 +0 :046§ 0:0584 +1 :332 § 0:176
All +0 :828 § 0:035 +0 :095§ 0:025 +0 :000§ 0:021

XI I I. ASYMMETRIES aS AND AS

In the absenceof newparticles or interactions, the only
non-instrumental sourceof the asymmetriesaS and AS is
the semileptoniccharge asymmetry Ab

sl given by Eq. (5).
Both aS and AS are proportional to Ab

sl , through the
coe±cients

cb ´ aS=Ab
sl ; (50)

Cb ´ AS=Ab
sl ; (51)

which are determined from simulation.
The decays producing an S muon in the inclusivemuon

sample, and their weights relative to the semileptonic
decay b ! ¹X [11], are listed in Table XI. All weights
are computed using simulated events. The main process,
denoted as T1, is the direct semileptonic decay of a b
quark. It includes the decays b ! ¹X and b ! ¿X ,
with ¿ ! ¹X . The weights w1a and w1b for semileptonic
decays of B mesonswith and without oscillations are
computed using the mean mixing probabilit y

Â0 = f 0
dÂd0 + f 0

sÂs0; (52)

where f 0
d and f 0

s are the fractions of B 0
d and B 0

s mesons
in a sampleof semileptonicB -mesondecays, and Âd0 and
Âs0 are the B 0

d and B 0
s mixing probabilities integrated

over time. We usethe value Â0 = 0:147§ 0:011measured
at the Tevatron and given in [2, 23]. The secondprocess
T2 concerns the sequential decay b ! c ! ¹X . For

TABLE XI: Heavy quark decays contributing to the inclu-
sive muon and lik e-sign dimuon samples. Abbreviation \nos"
stands for \non-oscillating," and \osc" for \oscillating." All
weights are computed using the MC simulation.

Process Weight
T1 b ! ¹ ¡ X w1 ´ 1:
T1a b ! ¹ ¡ X (nos) w1a = (1 ¡ Â0)w1

T1b ¹b ! b ! ¹ ¡ X (osc) w1b = Â0w1

T2 b ! c ! ¹ + X w2 = 0:113§ 0:010
T2a b ! c ! ¹ + X (nos) w2a = (1 ¡ Â0)w2

T2b ¹b ! b ! c ! ¹ + X (osc) w2b = Â0w2

T3 b ! c¹cq with c ! ¹ + X or ¹c ! ¹ ¡ X w3 = 0:062§ 0:006
T4 ´ ; ! ; ½0 ; Á(1020); J=Ã; Ã0 ! ¹ + ¹ ¡ w4 = 0:021§ 0:001
T5 b¹bc¹c with c ! ¹ + X or ¹c ! ¹ ¡ X w5 = 0:013§ 0:002
T6 c¹c with c ! ¹ + X or ¹c ! ¹ ¡ X w6 = 0:660§ 0:077

simplicit y we use the same value of Â0 to compute the
weights w2a and w2b of non-oscillating and oscillating
sequential decays b ! c ! ¹X . The processT3 is the
decay of a b hadron to a c¹c pair, with either the c or ¹c
quark producing a muon, while T4 includes the decays of
short-lived mesons´ , ! , ½0, Á(1020), J=Ã, and Ã0 to a
¹ + ¹ ¡ pair. We take into account both the decays of b
hadrons to theseparticles and their prompt production.
The processT5 represents four-quark production of b¹bc¹c
with either the c or ¹c quark decaying to a muon. The
decays of b or ¹b quark to a muon in this processand
the four-quark production of b¹bb¹b are taken into account
through processesT1, T2, and T3. Finally, the process
T6 involves c¹c production followed by c ! ¹X decay.
We separate the processesT5 and T6 becauseonly T5
contributes to the like-sign dimuon sample, while both
T5 and T6 contribute to the inclusive muon sample.

The uncertainty in the weights of di®erent processes
contains contributions from the uncertainty in the mo-
mentum of the generated b hadrons and from the un-
certainties of branching fractions for b-hadron decays.
We reweight the simulated b-hadron momentum to get
agreement of the of muon momentum spectrum in data
and in MC, and the di®erencein weights is assignedas
the systematic uncertainty on the momentum distribu-
tion. The uncertainties in the inclusive branching frac-
tions B ! ¹X , B ! cX and B ! ¹cX taken from [2] are
propagated into the uncertainties on the corresponding
weights. We assignan additional uncertainty of 10% to
the weights w5 and w6 due to the uncertainties on the
production crosssectionsof c¹c and b¹bc¹c processes.

Among all processeslisted in Table XI, the processT1b
is directly related to the semileptonic charge asymmetry
Ab

sl(see Appendix A for details). The processT2b pro-
ducesthe °avor-speci¯c charge asymmetry A f s. We set
A f s = ¡ Ab

sl , wherethe negative sign appearsbecausethe
charge of the muon in the processT2b is opposite to the
charge of the muon in the processT1b. No other process
contributes to the charge asymmetry and therefore they
just dilute the value of Ab

sl . The coe±cient cb is found
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from:

cb =
w1b ¡ w2b

w1 + w2 + w3 + w4 + w5 + w6
= 0:070§ 0:006:

(53)

The computation of the coe±cient Cb is more compli-
cated. Oneof the selectionsfor the like-signdimuon sam-
ple requires that the invariant massof the two muons be
greater than 2.8 GeV. This requirement suppressesthe
contribution from processesin which both muons arise
from the decay of the samequark. The probabilit y that
the initial b quark producesa ¹ ¡ is

Pb / w1a + w2b + 0:5(w3 + w4 + w5); (54)

where we apply the coe±cient 0.5 becauseprocessesT3,
T4, and T5 producean equal number of positive and neg-
ative muons. The probabilit y that the accompanying ¹b
quark also producesa ¹ ¡ is

P¹b / w1b + w2a + 0:5(w3 + w4 + w5): (55)

The total probabilit y of observinglike-signdimuon events
from decays of heavy quarks is

Ptot / PbP¹b: (56)

The probabilit y of processescontributing to the charge
asymmetry of dimuon events is

Pas / w1b[w1a + 0:5(w3 + w4 + w5)] ¡

w2b[w2a + 0:5(w3 + w4 + w5)]: (57)

The coe±cient Cb is obtained from the ratio

Cb = Pas=Ptot = 0:486§ 0:032: (58)

This relation assumesthat the processesproducing the
two muonsare independent and is veri¯ed by calculating
the coe±cient Cb in simulated like-sign dimuon events.
We excludethe processT6 with c¹c pair production, since
the mixing probabilit y of D 0 meson is small and these
events do not contribute signi¯cantly to the like-sign
dimuon sample. We count the number of direct-direct
b-quark decays, Ndd , of direct-sequential decays, Nds ,
of sequential-sequential decays, Nss , of direct-random
events, Ndr (\random" includes processesT3, T4, and
T5), of sequential-random decays, Nsr , to obtain

Cb =
Ndd ¡ Nss + Â0(Ndr ¡ Nsr )

N ls
= 0:448§ 0:071;

(59)

whereN ls is the total number of like-signdimuon events.
This result agreeswell with the value in Eq. (58). The
uncertainty of this method is larger becauseof the small
statistics of simulated like-signdimuon events.

TABLE XI I: Sourcesof uncertainty on A b
sl in Eqs. (62), (63),

and (65). The ¯rst eight rows contain statistical uncertainties,
the next three rows contain systematic uncertainties.

Source ±¾(Ab
sl )(62) ±¾(Ab

sl )(63) ±¾(Ab
sl )(65)

A or a (stat) 0.00066 0.00159 0.00179
f K or FK (stat) 0.00222 0.00123 0.00140

P(¼! ¹ )=P(K ! ¹ ) 0.00234 0.00038 0.00010
P(p ! ¹ )=P(K ! ¹ ) 0.00301 0.00044 0.00011

AK 0.00410 0.00076 0.00061
A¼ 0.00699 0.00086 0.00035
Ap 0.00478 0.00054 0.00001

± or ¢ 0.00405 0.00105 0.00077
f K or FK (syst) 0.02137 0.00300 0.00128

¼, K , p multiplicit y 0.00098 0.00025 0.00018
cb or Cb 0.00080 0.00046 0.00068

Total statistical 0.01118 0.00266 0.00251
Total systematic 0.02140 0.00305 0.00146

Total 0.02415 0.00405 0.00290

XIV. ASYMMETR Y Ab
sl

The uncorrectedasymmetriesa and A are obtained by
counting the number of events of each chargein the inclu-
sivemuon and the like-signdimuon samples,respectively.
In total, there are1:495£ 109 muonsin the inclusivemuon
sample, and 3:731£ 106 events in the like-sign dimuon
sample. We obtain

a = +0 :00955§ 0:00003; (60)

A = +0 :00564§ 0:00053: (61)

The results obtained in Secs.V{XI I I are used to cal-
culate the asymmetries aS and AS from these values,
which are then used to evaluate the charge asymmetry
for semileptonic B mesondecays.

The asymmetry Ab
sl , extracted from the asymmetry a

of the inclusive muon sampleusing Eqs. (9) and (50), is

Ab
sl = +0 :0094§ 0:0112(stat ) § 0:0214(syst): (62)

The contributions to the uncertainty on this value are
given in Table XI I. Figure 14(a) shows a compari-
son of the asymmetry a and the background asymmetry
abkg = f S± + f K aK + f ¼a¼ + f pap, as a function of the
muon pT . There is excellent agreement betweenthesetwo
quantities, with the Â2=d:o:f : for their di®erencebeing
2.4/5. Figure 14(b) shows the value of f SaS = a ¡ abkg ,
which is consistent with zero. The valuesa and abkg are
given in TableXI I I. This result agreeswith expectations,
sincethe value of the asymmetry a should be determined
mainly by the background, and the contribution from
Ab

sl should be strongly suppressedby the small factor of
cb = 0:070§ 0:006.

The consistencyof Ab
sl with zero in Eq. (62) and the

good description of the charge asymmetry a for di®erent
values of the muon pT shown in Fig. 14 constitute an
important tests of the validit y of the background model
and of the analysis method discussedin this article.
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FIG. 14: (a) The asymmetry abkg (points with error bars) as
expected from our measurements of the fractions and asym-
metries of the background processesis compared to the mea-
sured asymmetry a of the inclusive muon sample (shown as
histogram, since the statistical uncertainties are negligible).
The asymmetry from CP violation is negligible compared to
the background in the inclusive muon sample; (b) the di®er-
ence a ¡ abkg . The horizontal dashed line shows the mean
value of this di®erence.

TABLE XI I I: The measured asymmetry a and the expected
background asymmetry abkg in the inclusive muon sample for
di®erent pT bins. For the background asymmetry, the ¯rst
uncertainty is statistical, the secondis systematic.

bin a £ 102 abkg £ 102

0 0:324 § 0:036 0:693 § 0:379§ 0:632
1 0:582 § 0:007 0:611 § 0:109§ 0:072
2 0:978 § 0:003 0:865 § 0:054§ 0:088
3 1:193 § 0:008 1:405 § 0:159§ 0:168
4 1:339 § 0:011 1:438 § 0:206§ 0:408

The secondmeasurement of the asymmetry Ab
sl , ob-

tained from the uncorrectedasymmetry A of the like-sign
dimuon sampleusing Eqs. (12) and (51), is

Ab
sl = ¡ 0:00736§ 0:00266(stat ) § 0:00305(syst): (63)

The contributions to the uncertainty on Ab
sl for this mea-

surement are also listed in Table XI I.
The results (62) and (63) represent two di®erent mea-

surements of Ab
sl . The uncertainties in Eq. (62) are much

larger becausethe asymmetry as is divided by the small
coe±cient cb. Sincethe samebackground processescon-
tribute to the uncorrected asymmetries a and A, their
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FIG. 15: Statistical (dashed line), systematic (doted line),
and total (full line) uncertainties on A b

sl as a function of the
parameter ® of Eq. (64).

uncertainties in Eqs. (62) and (63) are strongly corre-
lated. We take advantage of this correlation to obtain a
singleoptimized value of Ab

sl , with higher precision,using
a linear combination of the uncorrected asymmetries

A0 ´ A ¡ ®a; (64)

and choosing the coe±cient ® in order to minimize the
total uncertainty on the value of Ab

sl .
It is shown in Secs.V{XI I that the contributions from

background sourcesin Eqs. (9) and (12) are of the same
order of magnitude. On the other hand, the dependence
of A and a on the asymmetry Ab

sl , according to Eqs. (53)
and (58), is signi¯cantly di®erent, with Cb À cb. As a
result, we can expect a reduction of background uncer-
tainties in (64) for ® ¼ 1 with a limited reduction of the
statistical sensitivity on Ab

sl . Figure 15 shows the sta-
tistical, systematic, and total uncertainties on Ab

sl as a
function of the parameter ®. The total uncertainty on
Ab

sl hasa minimum for ® = 0:959,and the corresponding
value of the asymmetry Ab

sl is

Ab
sl = ¡ 0:00957§ 0:00251(stat ) § 0:00146(syst): (65)

This value is our ¯nal result for Ab
sl . It di®ers by 3.2

standard deviations from the standard model prediction
of Ab

sl given in Eq. (4). The di®erent contributions to the
total uncertainty of Ab

sl in Eq. (65) are listed in TableXI I.

XV. CONSISTENCY CHECKS

To check the stabilit y of the result, we repeat this mea-
surement with modi¯ed selections,or with subsetsof the
available data sample. Changesare implemented in a
variety of tests:

² Test A: Using only the part of the data samplecor-
responding to the ¯rst 2.8 fb¡ 1.
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² Test B: In addition to the referenceselections,re-
quiring at least three hits in muon wire chamber
layers B or C, and the Â2 for a ¯t to a track seg-
ment reconstructed in the muon detector to be less
than 8.

² Test C: Sincethe background muons are produced
by decays of kaons and pions, their track param-
eters measuredby the central tracker and by the
muon system are di®erent. Therefore, the fraction
of background strongly depends on the Â2 of the
di®erencebetween these two measurements. The
requirement on this Â2 is changed from 40 to 4 in
this study.

² Test D: The maximum value of the transverseim-
pact parameter is changedfrom 0.3 to 0.05cm, and
the requirement on the longitudinal distance be-
tween the point of closest approach to the beam
and the associated interaction vertex is changed
from 0.5 to 0.05 cm. This test serves also as
a cross-check against the possible contamination
from muons from cosmic rays in the selectedsam-
ple.

² Test E: Using only low-luminosity events with fewer
than three interaction vertices.

² Test F: Using only events corresponding to two of
the four possiblecon¯gurations of the magnets,for
which the solenoidand toroid polarities are identi-
cal.

² Test G: Changing the requirement on the invariant
massof the two muons from 2.8 GeV to 12 GeV.

² TestH: Using the samemuon pT requirement, pT >
4:2 GeV, over the full detector acceptance.

² Test I: Requiring the muon pT to be < 7:0 GeV.

² TestJ: Requiring the azimuthal angleÁ of the muon
track to be in the range 0 < Á < 4 or 5:7 < Á <
2¼. This selection excludesmuons directed to the
region of poor muon identi¯cation e±ciency in the
support structure of the detector.

² Test K: Requiring the muon ´ to be in the range
j´ j < 1:6 (this test serves also as a cross-check
against the possiblecontamination from muons as-
sociated with the beam halo).

² Test L: Requiring the muon ´ to be in the range
j´ j < 1:2 or 1:6 < j´ j < 2:2.

² Test M: Requiring the muon ´ to be in the range
j´ j < 0:7 or 1:2 < j´ j < 2:2.

² Test N: Requiring the muon ´ to be in the range
0:7 < j´ j < 2:2.

² Test O: Using like-sign dimuon events passing at
least one single muon trigger, while ignoring the
requirement of a dimuon trigger for theseevents.

² Test P: Using like-signdimuon events passingboth
single muon and dimuon triggers.

A summary of the results from these studies is pre-
sented in TablesXIV and XV. The last line, denoted as
\signi¯cance", givesthe di®erencebetweenthe reference
result (column Ref) and each modi¯cation, divided by its
uncertainty, and taking into account the overlap between
the samples.The statistical uncertainties are usedin the
calculation of the signi¯cance of the di®erencebetween
two results. These tests demonstrate an impressive sta-
bilit y of the Ab

sl result, and provide a strong con¯rmation
of the validit y of the method. As a result of the variations
of the selectioncriteria, all input quantities are changed
over a wide range,while the asymmetry Ab

sl remainswell
within the assigneduncertainties. For example, the un-
corrected asymmetry A changesby a factor ¼ 1:5 in test
C, while the asymmetry Ab

sl changesby lessthan 7%. It
should also be noted that reducing the kaon background
in test C yields a negative asymmetry A.

Figure 16 shows the observed and expected uncor-
rected like-signdimuon charge asymmetry as a function
of the dimuon invariant mass. The expected asymme-
try is computed using Eq. (12) and all the measure-
ments of the sample composition and of the asymme-
tries. We compare the expected uncorrected asymmetry
using two di®erent assumptions for Ab

sl . In Fig. 16(a)
the observed asymmetry is comparedto the expectation
for Ab

sl = 0, while Fig. 16(b) shows the expected asym-
metry for Ab

sl = ¡ 0:00957. A possible systematic dis-
crepancy between the observed and expected asymme-
tries can be observed for Ab

sl = 0, while it essentially
disappears for the measuredAb

sl value corresponding to
Eq. (65). It can also be seenthat the observed asymme-
try changesas a function of the dimuon invariant mass,
and that the expected asymmetry reproducesthis e®ect
when Ab

sl = ¡ 0:00957. This dependenceof the asymme-
try on the invariant massof the muon pair is a complex
function of the production mechanism, of the mass of
the particles being produced and of their decays. The
agreement between the observed and expected asymme-
tries indicates that the physics leading to the observed
asymmetry is well described by the contributions from
the backgrounds and from decaying b hadrons.

We conclude that our method of analysis provides a
consistent description of the dimuon charge asymmetry
for a wide range of input parameters, even for signi¯-
cantly modi¯ed selectioncriteria.

In addition to the describedconsistencychecks, weper-
form other studies to verify the validit y of the analysis
method. These tests are described in AppendicesC, D,
and E. We determine the asymmetry of track recon-
struction and the asymmetry of trigger selection. We
also measurethe ratio FK =f K using an alternativ e ¯t-
ting procedure. These studies do not show any bias in
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TABLE XIV: Measured asymmetry A b
sl with referenceselections (column Ref) and variations A { H.

Ref A B C D E F G H
N (¹¹ ) £ 10¡ 6 3.731 1.809 2.733 1.809 1.785 2.121 1.932 1.736 1.783
a £ 102 +0.955 +0.988 +0.791 +0.336 +1.057 +0.950 +1.029 +0.955 +1.032
A £ 102 +0.564 +0.531 +0.276 -0.229 +0.845 +0.543 +0.581 +0.821 +0.632
® 0.959 0.901 0.942 1.089 1.083 0.902 0.915 1.029 0.877
[(2 ¡ Fbkg )¢ ¡ ®f S ±] £ 102 ¡ 0:065 ¡ 0:072 ¡ 0:143 ¡ 0:200 ¡ 0:074 ¡ 0:075 ¡ 0:069 ¡ 0:023 ¡ 0:061
Fbkg 0.409 0.372 0.401 0.303 0.384 0.385 0.426 0.449 0.343
Ab

sl £ 102 ¡ 0:957 ¡ 0:976 ¡ 1:084 ¡ 0:892 ¡ 1:107 ¡ 0:888 ¡ 1:096 ¡ 0:873 ¡ 0:769
¾(Ab

sl ) £ 102 (stat) 0.251 0.330 0.293 0.315 0.402 0.328 0.375 0.388 0.336
Signi¯cance 0.090 0.846 0.324 0.478 0.326 0.498 0.281 0.779

TABLE XV: Measured asymmetry A b
sl with referenceselections (column Ref) and variations I { P.

Ref I J K L M N O P
N (¹¹ ) £ 10¡ 6 3.731 2.569 2.208 1.884 1.909 2.534 2.122 2.002 1.772
a £ 102 +0.955 +0.896 +1.002 +0.984 +1.098 +0.679 +1.097 +0.968 +0.968
A £ 102 +0.564 +0.407 +0.648 +0.576 +0.630 +0.353 +0.748 +0.722 +0.692
® 0.959 0.975 0.913 0.895 0.877 0.940 0.949 0.983 0.934
[(2 ¡ Fbkg )¢ ¡ ®f S ±] £ 102 ¡ 0:065 ¡ 0:101 ¡ 0:079 ¡ 0:125 ¡ 0:142 ¡ 0:081 ¡ 0:019 ¡ 0:046 ¡ 0:044
Fbkg 0.409 0.439 0.412 0.363 0.365 0.412 0.452 0.419 0.398
Ab

sl £ 102 ¡ 0:957 ¡ 1:295 ¡ 0:710 ¡ 0:851 ¡ 0:801 ¡ 0:759 ¡ 1:102 ¡ 0:897 ¡ 0:833
¾(Ab

sl ) £ 102 (stat) 0.251 0.314 0.320 0.320 0.383 0.275 0.344 0.346 0.349
Signi¯cance 1.798 1.241 0.482 0.539 1.317 0.622 0.240 0.485

the extracted value of Ab
sl .

XVI. COMP ARISON WITH EXISTING
MEASUREMENTS

The measuredvalue of Ab
sl placesa constraint on the

chargeasymmetriesof semileptonicdecays of B 0
d and B 0

s
mesons,and the CP-violating phasesof the B 0

d and B 0
s

mass mixing matrices. Calculating the coe±cients in
Eq. (A9) assuming the current PDG values [2] for all
parameters(details are given in Appendix A), we obtain

Ab
sl = (0:506§ 0:043)ad

sl + (0:494§ 0:043)as
sl : (66)

Figure 17 presents this measurement in the ad
sl{ as

sl plane,
together with the existing direct measurements of ad

sl
from the B-Factories [23] and of our independent mea-
surement of as

sl in B 0
s ! D s¹X decays [24]. Using

Eqs. (65) and (66) and the current experimental value
of ad

sl = ¡ 0:0047§ 0:0046[23], we obtain

as
sl = ¡ 0:0146§ 0:0075: (67)

This agrees with our direct measurement of as
sl =

¡ 0:0017§ 0:0091 [24].
An independent method for measuring Ás is through

B 0
s ! J=ÃÁ decays. Such measurements have beenper-

formed by the D0 [25] and CDF [26] Collaborations. All
measurements are consistent and the combined value of
Ás di®ers from the standard model prediction by about
two standard deviations [27].

Taking into account the experimental constraints on
ad

sl [23], Fig. 18 shows the 68% and 95% C.L. regions
of ¢¡ s and Ás obtained from our measurement. The
68% and 95% C.L. regions from the D0 measurement
using the B 0

s ! J=ÃÁ decay [25] are also included in this
¯gure. Since the sign of ¢¡ s is not known, there is also
a mirror solution with Ás ! ¡ ¼¡ Ás, corresponding to
the change ¢¡ s ! ¡ ¢¡ s. It can be seenthat the D0
results are consistent. Figure 19 shows the probabilit y
contours in the (Ás,¢¡ s) plane for the combination of
our measurement with the result of Ref. [25].

XVI I. CONCLUSIONS

We have measuredthe like-sign dimuon charge asym-
metry Ab

sl of semileptonic b-hadron decays:

Ab
sl = ¡ 0:00957§ 0:00251(stat ) § 0:00146(syst): (68)

This measurement is obtained from a data set corre-
sponding to 6.1 fb¡ 1 of integrated luminosity collected
with the D0 detector at Fermilab Tevatron collider. It is
consistent with our previous measurement [15] obtained
with 1 fb¡ 1 and supersedesit. This asymmetry is in
disagreement with the prediction of the standard model
by 3.2 standard deviations. This is the ¯rst evidence
for anomalousCP-violation in the mixing of neutral B -
mesons.
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FIG. 16: The observed and expected lik e-sign dimuon charge
asymmetries in bins of dimuon invariant mass. The expected
asymmetry is shown for (a) A b

sl = 0:0 and (b) Ab
sl = ¡ 0:00957.
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FIG. 17: (Color online) Comparison of A b
sl in data with the

standard model prediction for ad
sl and as

sl . Also shown are
the existing measurements of ad

sl [23] and as
sl [24]. The error

bands represent the § 1 standard deviation uncertainties on
each individual measurement.

FIG. 18: (Color online) The 68% and 95% C.L. regions of
probabilit y for ¢¡ s and Ás values obtained from this mea-
surement, considering the experimental constraints on ad

sl [23].
The solid and dashed curves show respectively the 68% and
95% C.L. contours from the B 0

s ! J=ÃÁ measurement [25].
Also shown is the standard model (SM) prediction for Ás and
¢¡ s .
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FIG. 19: (Color online) Probabilit y contours in the (Ás ,¢¡ s )
plane for the combination of this measurement with the result
of Ref. [25], using the experimental constraints on ad

sl [23].
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APPENDIX A: THEOR Y

This Appendix is included for completenessand to de-
¯ne the notations. AssumingCPT symmetry, the mixing
and decay of the B 0

q ; ¹B 0
q pair (q = s;d) is described [28]

by

i
d
dt

µ
B 0

q (t)
¹B 0

q (t)

¶
=

µ·
M q M 12

q

(M 12
q )¤ M q

¸
¡

i
2

·
¡ q ¡ 12

q

(¡ 12
q )¤ ¡ q

¸ ¶

¢
µ

B 0
q (t)

¹B 0
q (t)

¶
; (A1)

where M q, M 12
q , ¡ q, and ¡ 12

q are the elements of the
mass matrix of the B 0

q
¹B 0

q system. The matrix element
M 12

q is due to box diagrams[2]. New particles foreseenin
extensionsof the standard model can contribute to these
box diagrams, and physics beyond the standard model
can therefore modify the phaseand amplitude of M 12

q .
The eigenvaluesof the massmatrix in Eq. (A1) are

M q +
1
2

¢ M q ¡
i
2

(¡ q ¡
1
2

¢¡ q); (A2)

M q ¡
1
2

¢ M q ¡
i
2

(¡ q +
1
2

¢¡ q); (A3)

where, by de¯nition, ¢ M q > 0. Notice the sign conven-
tions for ¢ M q and ¢¡ q. With this convention, ¢¡ q is
positive in the standard model. A violation of the CP
symmetry is causedby a non-zerovalue of the phase

Áq ´ arg

Ã

¡
M 12

q

¡ 12
q

!

: (A4)

The observable quantities are M q, ¡ q, ¢ M q, ¢¡ q and
Áq, with

¢ M q = 2
¯
¯M 12

q

¯
¯ ; ¢¡ q = 2

¯
¯¡ 12

q

¯
¯ cosÁq: (A5)

The charge asymmetry aq
sl for \wrong-charge"

semileptonic B 0
q -meson decay induced by oscillations is

de¯ned as

aq
sl =

¡( ¹B 0
q (t) ! ¹ + X ) ¡ ¡( B 0

q (t) ! ¹ ¡ X )

¡( ¹B 0
q (t) ! ¹ + X ) + ¡( B 0

q (t) ! ¹ ¡ X )
: (A6)

This quantit y is independent of the lifetime t, and can
be expressedas

aq
sl =

¯
¯¡ 12

q

¯
¯

¯
¯M 12

q

¯
¯ sinÁq =

¢¡ q

¢ M q
tan Áq: (A7)

The like-sign dimuon charge asymmetry Ab
sl for

semileptonic decays of b hadrons produced in proton-
antiproton (p¹p) collisions is de¯ned as

Ab
sl ´

N ++
b ¡ N ¡¡

b

N ++
b + N ¡¡

b

; (A8)

whereN ++
b and N ¡¡

b are the numbersof events contain-
ing two b hadrons that decay semileptonically, producing
two positive or two negative muons, respectively, with
only the direct semileptonic decays b ! ¹X considered
in the de¯nition of N ++

b and N ¡¡
b . The asymmetry Ab

sl
can be expressed[10] as

Ab
sl =

f dZdad
sl + f sZsas

sl

f dZd + f sZs
; (A9)

where

Zq ´
1

1 ¡ y2
q

¡
1

1 + x2
q

; (A10)

yq ´
¢¡ q

2¡ q
; (A11)

xq ´
¢ M q

¡ q
: (A12)

with q = d;s. The quantities f d and f s are the pro-
duction fractions for ¹b ! B 0

d and ¹b ! B 0
s respectively.

These fractions have been measuredfor p¹p collisions at
the Tevatron [2]:

f d = 0:323§ 0:037;

f s = 0:118§ 0:015: (A13)

All other parametersin (A9) are alsotaken from Ref. [2]:

xd = 0:774§ 0:008;

yd = 0;

xs = 26:2 § 0:5;

ys = 0:046§ 0:027: (A14)

Substituting thesevalues in Eq. (A9), we obtain

Ab
sl = (0:506§ 0:043)ad

sl + (0:494§ 0:043)as
sl : (A15)

Using the valuesof ad
sl , as

sl from Ref. [1],

ad
sl(SM) = (¡ 4:8+1 :0

¡ 1:2) £ 10¡ 4

as
sl(SM) = (2:1 § 0:6) £ 10¡ 5; (A16)

the predicted value of Ab
sl in the standard model is

Ab
sl(SM) = (¡ 2:3+0 :5

¡ 0:6) £ 10¡ 4: (A17)

The current experimental valuesof the two semileptonic
asymmetries are ad

sl = ¡ 0:0047§ 0:0046 [23] and as
sl =

¡ 0:0017§ 0:0091[24].
It can be concludedfrom Eq. (A17) that the standard

model predicts a small negative value of Ab
sl with rather

small uncertainty. Any signi¯cant deviation of Ab
sl from

the SM prediction on a scalelarger than that of the un-
certainty on Ab

sl , would be an unambiguoussignal of new
physics.

The asymmetry Ab
sl is also equivalent to the charge

asymmetry of semileptonicdecays of bhadronsto \wrong
charge" muons that are induced by oscillations [10], i.e.,

ab
sl ´

¡( ¹B ! ¹ + X ) ¡ ¡( B ! ¹ ¡ X )
¡( ¹B ! ¹ + X ) + ¡( B ! ¹ ¡ X )

= Ab
sl : (A18)
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Without initial °avor tagging it is impossibleto correctly
select the decays producing a muon of \wrong charge"
from a sample of semileptonic decays of b quarks. The
charge asymmetry of semileptonic b hadron decays, con-
trary to the charge asymmetry of like-sign dimuons, is
therefore reducedby the contribution of decays produc-
ing a muon with \correct" charge, and is consequently
lesssensitive to the asymmetry Ab

sl .
New physical phenomenacan change the phase and

magnitude of the standard model M 12;S M
s to

M 12
s ´ M 12;S M

s ¢¢ s = M 12;S M
s ¢j¢ s j eiÁ ¢

s ; (A19)

where

Ás = ÁSM
s + Á¢

s ;

ÁSM
s = 0:0042§ 0:0014: (A20)

Other changesexpectedasa result of new sourcesof CP
violation [1] are

¢ M s = ¢ M SM
s ¢j¢ s j = (19:30§ 6:74) ps¡ 1 ¢j¢ s j ;

(A21)

¢¡ s = 2
¯
¯¡ 12

s

¯
¯ cosÁs = (0:096§ 0:039) ps¡ 1 ¢cosÁs;

(A22)

¢¡ s

¢ M s
=

¯
¯¡ 12

s

¯
¯

¯
¯
¯M 12;S M

s

¯
¯
¯

¢
cosÁs

j¢ s j
= (4:97§ 0:94) ¢10¡ 3 ¢

cosÁs

j¢ s j
;

(A23)

as
sl =

¯
¯¡ 12

s

¯
¯

¯
¯
¯M 12;S M

s

¯
¯
¯

¢
sinÁs

j¢ s j
= (4:97§ 0:94) ¢10¡ 3 ¢

sinÁs

j¢ s j
:

(A24)

The B 0
s ! J=ÃÁ decay can also be usedto investigate

CP violation. In that case,the CP-violating phaseob-
tained from ¯ts to the B 0

s ! J=ÃÁ angular distributions
is modi¯ed as follows [1]:

ÁJ =ÃÁ
s = ¡ 2¯ SM

s + Á¢
s ; (A25)

where

¯ SM
s = arg[¡ Vts V ¤

tb =(VcsV ¤
cb)] = 0:019§ 0:001 (A26)

and the quantities Vts , Vtb , Vcs , and Vcb are the parame-
ters of the CKM matrix. The contribution of newphysics
to Ás and ÁJ =ÃÁ

s are identical.

APPENDIX B: RECONSTR UCTION OF
EX CLUSIVE DECA YS

1. Reconstruction of K S mesons

The K S meson is used to reconstruct the K ¤+ me-
son [11] and to measurethe fraction and asymmetry of

¼! ¹ tracks. The K S ! ¼+ ¼¡ decay is reconstructed
by requiring two tracks with opposite charge. Each track
must have an impact parameter signi¯cance with respect
to the interaction vertex > 3, wherethe signi¯cance is de-
¯ned as

p
[²T =¾(²T )]2 + [²L =¾(²L )]2, and ²T (²L ) is the

projection of the track impact parameter on the plane
transverse to the beam direction (along the beam di-
rection), and ¾(²T )[¾(²L )] is its uncertainty. At least
one of the tracks must have an impact parameter signif-
icance > 4, and at least one of the particles must have
pT > 1:5 GeV. The two tracks must sharea commonver-
tex that is separatedfrom the primary interaction point
by more than 4 mm in the transverseplane. The signi¯-
canceof the reconstructed impact parameter for the K S
must be < 4. All K S candidates satisfying these selec-
tion criteria are used to reconstruct the K ¤+ ! K S¼+

decay. In addition, for the measurement of the fraction
and asymmetry of ¼! ¹ tracks, we require that one of
the pions from K S decay passthe muon selection given
in Sec.I I I.

Figure 20 displays the ¼+ ¼¡ invariant massdistribu-
tion of K S ! ¼+ ¼¡ candidates in the inclusive muon
sample for all ¼ ! ¹ with 7:0 < pT < 10:0 GeV.
We show separately the sum and the di®erenceof the
distributions for the sampleswith positive and negative
¼! ¹ tracks, which are usedto measurethe asymmetry
of ¼ ! ¹ tracks. The K S signal is ¯tted with a dou-
ble Gaussian, and the background is parameterized by
a third degreepolynomial for the sum of the two distri-
butions and a straight line for their di®erence. While
¯tting the di®erenceof the distributions all the param-
eters describing the K S signal, except its normalization,
are ¯xed to the values obtained from the ¯t to the sum
of the distributions.

2. Reconstruction of K ¤+ mesons

The K ¤+ [11] signal is obtained by combining the re-
constructed K S meson with an additional track which
is assignedthe massof the charged pion. The K S can-
didate must satisfy the track selection criteria given in
Sec. I I I, except for the requirements on the number of
hits in the tracking detectors and the Â2 of the track
¯t. The invariant mass of the ¼+ ¼¡ system must be
480< M (¼+ ¼¡ ) < 515 MeV. The additional track must
have at least 2 axial and 1 stereo hits in the silicon mi-
crostrip detector, at least 3 axial and 3 stereohits in the
¯b er tracker, and a track impact parameter signi¯cance
< 3 relative to the interaction vertex. The cosineof the
angle between the direction of the K S meson and the
additional track must be greater than 0.3. The K S and
the additional track must be consistent with sharing the
sameinteraction vertex.

Figure 21 shows the K S¼+ invariant massdistribution.
The K ¤+ signal is ¯tted with a relativistic Breit-Wigner
function convoluted with a Gaussianresolution, and the
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FIG. 20: The ¼+ ¼¡ invariant mass distribution of K S can-
didates in the inclusive muon sample for ¼ ! ¹ with
7:0 < pT < 10:0 GeV. (a) The sum of the distributions for
positive and negative ¼! ¹ tracks and (b) their di®erence.
The solid lines present the result of the ¯t; the dashed lines
show the background contribution.

background is parameterizedby the function

f bck (M ) = (M ¡ M K ¡ M ¼)p0

£ exp(p1M + p2M 2 + p3M 3); (B1)

which includes a threshold factor. Here M is the K S¼+

invariant mass,and p0, p1, p2 and p3 are freeparameters.
Figure 21(b), which shows the di®erencebetween data
points and the result of the ¯t, demonstrates the good
quality of the ¯t with Â2=d:o:f : = 54=49. The measured
width of the K ¤+ meson is ¡( K ¤+ ) = 47:9 § 1:4(stat)
MeV, which is consistent with the current PDG value [2].

3. Reconstruction of K ¤0 mesons

The K ¤0 mesonis reconstructedby selectingtwo tracks
of opposite chargeand assigningoneof them the massof
the charged kaon. This particle is required to be iden-
ti¯ed as a muon and to passthe muon selectioncriteria
given in Sec.I I I. The secondtrack is assignedthe mass
of a pion and required to satisfy the criteria usedto select
the pion in the K ¤§ reconstruction.

Figure 22 shows the K + ¼¡ [11] invariant massdistri-
bution of the K ¤0 candidateswith K ! ¹ in the inclu-
sive muon sample,while Fig. 23 shows the corresponding
massdistribution in the like-signdimuon sample.
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FIG. 21: (a) The K S ¼+ invariant mass distribution of K ¤+

candidates in the inclusive muon sample. The solid line
presents the result of the ¯t; the dashed line shows the back-
ground contribution. (b) The di®erencebetweendata and the
¯t result.

The measurement of the number of K ¤0 ! K + ¼¡ de-
cays with K ! ¹ is complicated becauseof the large
combinatorial background under the K ¤0 signal, and be-
causeof the contribution of light mesonresonancesde-
caying to ¼+ ¼¡ . The most important contribution comes
from the ½0 ! ¼+ ¼¡ decay with ¼! ¹ . It producesa
peak in the massregion closeto the K ¤0 mass. Figure 24
shows the massdistribution of simulated ½0 ! ¼+ ¼¡ de-
cays with one pion assignedthe kaon mass. This pion is
also required to satisfy the track selections.

To overcomethesemisidenti¯cation di±culties, the ¯t
to the K + ¼¡ mass distribution is performed in several
steps,assumingfor the width of the K ¤0 mesonthe value
obtained in the previoussectionfor the K ¤+ meson.Con-
trary to the K + ¼¡ system,the decays of light resonances
do not contribute into the K S¼+ massdistribution be-
causethe K S mesonis identi¯ed unambiguously, and the
K ¤+ signal is clean and unbiased.

The K ¤0 mass and detector resolution for K ¤0 !
K + ¼¡ with K ! ¹ are obtained from a ¯t to the di®er-
enceof the K + ¼¡ and K ¡ ¼+ mass distributions. The
reconstruction e±ciency of K ! ¹ tracks demonstrates
a charge asymmetry ¼6%, (seeSec.XI). Such an asym-
metry is signi¯cantly smaller for ¼! ¹ tracks, and the
contribution of ½! ¼+ ¼¡ and other light resonancesis
therefore suppressedin the di®erenceof the K + ¼¡ and
K ¡ ¼+ massdistributions. In addition, the contribution
of the combinatorial background is signi¯cantly reduced,
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FIG. 22: (a) The K + ¼¡ invariant mass distribution of K ¤0

candidates in the inclusive muon sample. The solid line cor-
responds to the result of the ¯t and the dashedline shows the
contribution from the combinatorial background. The shaded
histogram is the contribution of ½0 ! ¼+ ¼¡ events. (b) The
di®erencebetween data and the result of the ¯t.

as can be seenin Fig. 25(a). The K ¤0 signal is ¯tted
with a relativistic Breit-Wigner function convoluted with
a Gaussianresolution, and the background is parameter-
ized by the function (B1). Figure 25(b), which shows the
di®erencebetweendata and the result of the ¯t, indicates
a moderate quality for the ¯t, with Â2=d:o:f : = 71=52.
The ¯t gives ¾(M ) = 12:2 § 1:5(stat) MeV for the K ¤0

massresolution of the detector. The massdi®erencebe-
tweenK ¤0 and K ¤+ is

M (K ¤0) ¡ M (K ¤+ ) = 3:50§ 0:66(stat) MeV; (B2)

which is consistent with the PDG value of 4:34 § 0:36
MeV [2].

The number of K ¤0 events in the inclusive muon and
in the like-sign dimuon samplesis determined from the
¯t of the mass distributions shown in Figs. 22 and 23.
The signal is parameterized with the convolution of a
relativistic Breit-Wigner function and a Gaussianresolu-
tion. The K ¤0 massand width and the detector resolu-
tion are ¯xed in the ¯t to the values obtained from the
¯t to the distribution in Fig. 25a. The massdistribution
of the ½0 ! ¼+ ¼¡ background is taken from the MC
simulation. To improve the quality of the ¯t, the param-
eterization of the background is modi¯ed by adding two
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FIG. 23: (a) The K + ¼¡ invariant mass distribution of K ¤0

candidates in the lik e-sign dimuon sample. The solid line
corresponds to the result of the ¯t and the dashed line shows
the contribution from the combinatorial background. The
shaded histogram is the contribution of ½0 ! ¼+ ¼¡ events.
(b) The di®erencebetween data and the result of the ¯t.
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FIG. 24: The \ K + ¼¡ " invariant mass distribution of simu-
lated ½0 ! ¼+ ¼¡ decays, where the massof the charged kaon
is assignedto one of the two reconstructed tracks.

additional Gaussianterms:

f 0
bck (M ) = f bck (M )

+ p4 exp(¡
(M ¡ M 1)2

2¾2
1

)

+ p5 exp(¡
(M ¡ M 2)2

2¾2
2

): (B3)
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FIG. 25: (a) The di®erenceof the K + ¼¡ and K ¡ ¼+ mass
distributions of K ¤0 candidates in the inclusive muon sample.
The solid line represents the result of the ¯t, while the dashed
line shows the background contribution. (b) The di®erence
between data and the result of the ¯t.

Here f bck (M ) is given in (B1). The additional terms are
neededto describe the distortion of the smooth behav-
ior of the combinatorial background at large massesof
M ¼ 1:15 GeV, due to the contributions of other light
resonances,and should be consideredas a parameteriza-
tion of the observed mass distribution rather than the
contribution from speci¯c sources. These terms are sig-
ni¯can t only becauseof the large statistics of the inclu-
sive muon sample, which contains about 107 entries per
bin in Fig. 22. The ¯t of the K ¤0 signal in the like-sign
dimuon sample is of the samequality without these ad-
ditional terms. The results do not change signi¯cantly
if these terms are omitted. The impact of these terms
on the ¯nal measurement is included in the systematic
uncertainties of the fractions f K and FK discussedin
Sec.VI I I.

In the ¯t to the inclusive muon distribution, the pa-
rameters M 1, M 2, ¾1, and ¾2 and the contribution of
½0 ! ¼+ ¼¡ , are allowed to vary. The ratio of the frac-
tions of ½0 and K ¤0 mesonsis constrained within 10%
of the value obtained in the simulation. The ¯t yields
M 1 = 1:095§ 0:005 GeV and M 2 = 1:170§ 0:007 GeV,
which is far from the regionof the K ¤0 mass,and doesnot
in°uence the ¯tted number of K ¤0 mesons.The Â2=d:o:f :
of the ¯t is 81/45. The results of the ¯t and correspond-
ing residualsare shown in Fig. 22.

In the ¯t to the like-sign dimuon distribution the pa-
rameters M 1, M 2, ¾1, and ¾2 are ¯xed to the values

obtained in the ¯t of the inclusive muon sample. The
Â2=d:o:f : of the ¯t is 48/52. The results of the ¯t and
corresponding residualsare shown in Fig. 23.

4. Reconstruction of Á(1020) mesons

The Á(1020) meson is reconstructed by selecting two
tracks with opposite charge, and assigningboth of them
the massof the charged kaon. One track is required to
passthe track selectionsof Sec.I I I. The secondone sat-
is¯es the sameselection criteria as the pion in the K ¤§

and K ¤0 reconstructions.
Figure 26 shows the K + K ¡ invariant mass distribu-

tion of the Á(1020) ! K + K ¡ candidates in the inclu-
sive muon sample, with an additional requirement on
the transverse momentum of the kaon misidenti¯ed as
a muon, 4:2 < pT < 7:0 GeV. We display separately
the sum and the di®erenceof the distributions for the
K ! ¹ tracks with positive and negative charges, as
done in the caseof K S candidates,and use thesedistri-
butions to measurethe asymmetry for K ! ¹ tracks.
The Á(1020) signal is ¯tted with a double Gaussianand
the background is parameterized by the threshold func-
tion

f bck (M ) = (M ¡ 2M K )p0

£ exp(p1M + p2M 2 + p3M 3): (B4)

All the parametersdescribing the signal, except its nor-
malization, are ¯xed in the ¯t of the di®erenceof the
invariant massdistributions to the valuesobtained from
the ¯t to the sum of the distributions.

5. Reconstruction of ¤ bary ons

The selection of ¤ ! p¼¡ decays [11] follows that of
K S ! ¼+ ¼¡ , except that one of the tracks is assigned
the mass of the proton. Figure 27 shows the p¼¡ in-
variant massdistribution of ¤ ! p¼¡ candidates in the
inclusive muon sample, with an additional requirement
on the transversemomentum of the proton misidenti¯ed
as a muon, for 4:2 < pT < 7:0 GeV. Also in this casewe
display separately the distributions for the sum and the
di®erenceof the distributions for ¤ and ¹¤ decays, and
use them to determine the asymmetry for p ! ¹ tracks.
The ¤ baryon signal is ¯tted with a Gaussian,while the
background is parameterizedby a fourth (second)degree
polynomial for the sum (di®erence)of the invariant mass
distributions. All parameters describing the signal, ex-
cept its normalization, are ¯xed in the ¯t of the di®erence
of the invariant massdistributions to the valuesobtained
from the ¯t to the sum of the distributions.
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FIG. 26: The K + K ¡ invariant mass distribution of Á(1020)
candidates in the inclusive muon sample for K ! ¹ with
4:2 < pT < 7:0 GeV. (a) The sum of distributions of positive
and negative K ! ¹ tracks and (b) their di®erence. The
solid lines present the result of the ¯t and the dashed lines
show the background contribution.

APPENDIX C: TRA CK RECONSTR UCTION
ASYMMETR Y

In this measurement of Ab
sl , we assumethat the charge

asymmetry of track reconstruction cancelsas a result of
the regular reversalof the magnetspolarit y. The method
developed in Secs.V and XI provides a way of evaluating
this assumption in data by comparing the track charge
asymmetry atrac k with that expected from already anal-
ysed sources. We select events with one reconstructed
muon and at least one additional track satisfying the se-
lection criteria of Sec.I I I. The muon is not used in this
study, but is required sincethe events are collected with
single muon triggers. Nevertheless, the charges of the
muon and the additional track can be correlated, and
the asymmetry of the inclusive muon events can bias the
observed track asymmetry. To eliminate this bias, we
consider separately events in which the muon and the
track have equal and opposite charges. The asymmetries
in thesesamplescan be expressedas

aopp = atrac k ¡ a;

aequal = atrac k + a: (C1)
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FIG. 27: The p¼¡ invariant massdistribution of ¤ candidates
in the inclusive muon sample for p ! ¹ with 4:2 < pT < 7:0
GeV. (a) The sum of distributions of positive and negative
p ! ¹ tracks and (b) their di®erence.The solid lines present
the result of the ¯t and the dashedlines show the background
contribution.

The asymmetry a is de¯ned in Eq. (6), and the asymme-
tries aopp and aequal are computed as

aopp =
n+ ¡ ¡ n¡ +

n+ ¡ + n¡ + ;

aequal =
n++ ¡ n¡¡

n++ + n¡¡ ; (C2)

wherenij is the number of events containing a track with
chargei and a muon with chargej . The track asymmetry
atrac k is computed as

atrac k =
1
2

(aopp + aequal ): (C3)

As discussedin Sec.XI, we expect the value of atrac k
to contain a contribution from the asymmetry of kaon re-
construction, even after averagingover the di®erent mag-
net polarities. The expected value of atrac k is therefore
given by:

atrac k = atrac k
K f trac k

K ; (C4)

where f trac k
K is the fraction of reconstructed tracks that

are kaons, and atrac k
K is the charge asymmetry of kaon

reconstruction.
The fraction f trac k

K is measuredusing K ¤0 ! K + ¼¡

decays [11]. The selectedchargedparticle is assignedthe
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kaon massand combined with an additional track to pro-
duce the K ¤0 candidate. The K ¤0 selection and ¯tting
procedure is described in Appendix B. The measured
number of K ¤0 mesonsis converted into the number of
kaonsusing a method similar to that presented in Sec.V.
The measuredf trac k

K fraction is assigneda systematicun-
certainty as in Sec.VI I I.

The sameK ¤0 ! K + ¼¡ decay is usedto measurethe
kaon reconstruction asymmetry. This measurement can
be biased by the asymmetry of the muon, becausethe
charge of the kaon and the muon can be correlated. The
kaon asymmetry is therefore measuredseparately in the
samplesin which the muon and the kaon have equal or
opposite charges. The asymmetry atrac k

K is computed in
a way similar to Eq. (C3):

atrac k
K =

1
2

(aopp
K + aequal

K ): (C5)

The K ¤0 massdistribution is plotted separatelyfor posi-
tiv e and negative kaonsin each sample,and the sum and
the di®erenceof these distributions is ¯tted to extract
the quantit y ¢, corresponding to the di®erencein the
number of K ¤0 decays with positive and negative kaons,
and the quantit y §, corresponding to their sum. The
asymmetry aopp

K is measuredas aopp
K = ¢ opp =§ opp , and

a similar relation is usedto obtain the asymmetry aequal
K .

The expectedand observed track reconstruction asym-
metry, i.e., the right and left side of Eq. (C4), are com-
pared in Fig. 28 as a function of track pT . There is
excellent agreement between these two quantities. The
Â2=d:o:f : for their di®erenceis 5.4/5. The ¯t of ±trac k =
atrac k ¡ atrac k

K f trac k
K to a constant yields the following es-

timate for a residual track asymmetry of

±trac k = +0 :00011§ 0:00035: (C6)

We concludethat the residual track asymmetry is consis-
tent with zeroasexpected. The uncertainty on this value
is about a factor of 16 times smaller than the observed
charge asymmetry in the like-sign dimuon events. This
study provides an additional con¯rmation of the validit y
of the method usedin this analysis.

APPENDIX D: TRIGGER ASYMMETR Y

We determine the kaon, pion and proton chargeasym-
metries using events passing at least one single muon
trigger, and we apply the sameasymmetriesto the like-
sign dimuon events collected with dimuon triggers. Sim-
ilarly , we measurethe muon reconstruction asymmetry
using events passingthe dimuon triggers, and we usethe
samequantit y for events collected with the single muon
triggers. If the trigger selection is charge asymmetric,
and this asymmetry is di®erent for single muon and for
dimuon triggers, the obtained value of Ab

sl can be biased.
Since we extract the asymmetry Ab

sl from the di®erence
A ¡ ®a, and becausethe value of ® is very closeto unit y,
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FIG. 28: (a) The expected (points with errors) and measured
(histogram with negligible uncertainties) track reconstruction
asymmetry. (b) The quantit y ±trac k = atrac k ¡ atrac k

K f trac k
K .

our measurement is especially sensitive to a di®erencebe-
tweenthe charge asymmetry of dimuon and single muon
triggers.

To examine the impact of this di®erenceon our re-
sult, we repeat the measurement of Ab

sl using dimuon
events passingany singlemuon trigger without requiring
dimuon triggers. The result of this test, given in column
O of Table XV, does not indicate a bias from the trig-
ger selection. In addition, we measureAb

sl using dimuon
events passing both single muon and dimuon triggers.
The result of this test is given in column P of Table XV.
Thesetwo tests provide a residual di®erence±T between
the asymmetry of dimuon triggers and single muon trig-
gersof

±T = +0 :00010§ 0:00029: (D1)

From this result, weconcludethat the trigger selections
do not produce any signi¯cant bias to the value of Ab

sl .

APPENDIX E: AL TERNA TIVE MEASUREMENT
OF FK =f K

We consider two methods to obtain the parameters
®i ´ F i

K =f i
K in the pT interval i from

®i = 2
N i (K ¤0 ! K ! ¹ )

N i

ni

ni (K ¤0 ! K ! ¹ )
; (E1)
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TABLE XVI: Values of ®i ´ F i
K =f i

K obtained through two
methods, with their statistical uncertainties.

Bin ®i from Table I I I ®i from null ¯t
0 1:309 § 0:340 0:954 § 0:217
1 0:987 § 0:082 0:942 § 0:069
2 1:022 § 0:050 1:031 § 0:027
3 0:758 § 0:101 0:806 § 0:055
4 1:406 § 0:159 1:292 § 0:079

All 0:998 § 0:038 0:990 § 0:022

where N i refers to the like-sign dimuon sample and n i
refers to the inclusive muon sample. N i (K ¤0 ! K !
¹ ) and ni (K ¤0 ! K ! ¹ ) are obtained by ¯tting the
invariant masshistogramsof K ¤0 ! ¼K ! ¹ in the like-
sign dimuon and inclusive muon samples, respectively.
These ¯ts require precise modeling of the ½0 resonance
and of other backgrounds. In the ¯rst method we use
the results listed in Table I I I and obtain the valuesof ®i
listed in Table XVI.

A secondset of values for the ®i parameters can be
obtained by ¯nding a scale factor which minimizes the

di®erencesbetween invariant mass distributions for the
K ¤0 candidates in the inclusive muon and dimuon sam-
ples (null ¯t method). Invariant mass distributions for
K ¤0 candidates analogousto the onesshown in Fig. 22
and 23arebuilt for each bin of K ! ¹ transversemomen-
tum. We scalethe invariant massdistribution in the in-
clusive muon sampleby a factor ®i N i =(2ni ) and subtract
it from the invariant massdistribution obtained from the
dimuon sample. The contributions from the ½resonance
and from other backgrounds cancel to ¯rst order in the
di®erenceof the two invariant mass distributions, sim-
plifying the convergenceof mass¯ts. We then vary the
factor ®i and ¯nd the value that yields a null normal-
ization factor for the residual K ¤0 signal. The statistical
uncertainty on ®i is obtained by choosing the value of
the scale factor which yields a positive (negative) value
of this normalization factor which is equal to its uncer-
tainty. The values of ®i obtained with this method are
also listed in Table XVI, with their statistical uncertain-
ties. There is remarkable agreement between the values
of ®i obtained using the two methods.
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