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We measure the inclusive single muon charge asymmetry and the like-sign dimuon charge asymmetry in
pp collisions using the full data set of 10.4 fb~! collected with the DO detector at the Fermilab Tevatron.
The standard model predictions of the charge asymmetries induced by CP violation are small in magnitude
compared to the current experimental precision, so nonzero measurements could indicate new sources of
CP violation. The measurements differ from the standard model predictions of CP violation in these asym-
metries with a significance of 3.6 standard deviations. These results are interpreted in a framework of B
meson mixing within the Cabibbo-Kobayashi-Maskawa formalism to measure the relative width difference
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AT, /T, between the mass eigenstates of the B” meson system and the semileptonic charge asymmetries a

and af of B® and BY mesons, respectively.

DOI: 10.1103/PhysRevD.89.012002

I. INTRODUCTION

The DO Collaboration has published three measurements
of the like-sign dimuon charge asymmetry in p p collisions
at a center-of-mass energy of /s =1.96 TeV at the
Fermilab Tevatron [1-3]. All these measurements have
consistent results. The asymmetry obtained with 9 fb~!
of integrated luminosity [3] deviates from the standard
model (SM) prediction by 3.9 standard deviations, assum-
ing that the only source of charge asymmetry is CP viola-
tion in meson-antimeson mixing of neutral B mesons.

This article presents the final measurement of the like-
sign dimuon charge asymmetry using the full data set with
an integrated luminosity of 10.4 fb~! collected from 2002
until the end of Tevatron run II in 2011. The statistics used
in this analysis correspond to 6 x 10° like-sign dimuon
events. The raw like-sign dimuon charge asymmetry
A= (Nt"—=N")/(NT* + N~7) is obtained by counting
the numbers N*+ and N~~ of events with two positive or
two negative muons, respectively. Several background
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processes producing the detector-related charge asymmetry
Ay, are identified. The residual like-sign dimuon
charge asymmetry Acp, which is the asymmetry from
CP-violating processes, is obtained by subtracting the
asymmetry Ay, from the raw asymmetry A.

Events with at least one muon are also collected in this
measurement. The number of events in this sample is
2 x 10°. The raw inclusive single muon charge asymmetry
a=(nt—n")/(n" +n7) is obtained by counting the
numbers n" and n~ of positive and negative muons, respec-
tively. The detector-related charge asymmetry aypy, contrib-
uting to the raw asymmetry a is measured directly from data.
The residual inclusive single muon charge asymmetry acp is
obtained by subtracting the background asymmetry ay,
from a. The asymmetry acp is found to be consistent with
zero and provides an important closure test for the method to
measure the background asymmetries ay,y, and Apy,.

The dominant contribution to the inclusive single muon
and like-sign dimuon background asymmetries ay, and
Apie comes from the charge asymmetry of the muons pro-
duced in the decay in flight of charged kaons K= — uv [4]
or kaons that punch through the absorber material of the DO
detector into the outer muon system. The interaction cross
sections of positive and negative kaons with the detector
material are different [5], resulting in positive kaons having
a longer inelastic interaction length than negative kaons.
Positive kaons hence have a higher probability to decay,
or to punch through and produce a muon signal before they
are absorbed in the detector material. Therefore, a critical
measurement in this analysis, the fraction of muons from
kaon decay or punch through, is measured in data.

The detector-related systematic uncertainties of ay,
and Ay, are significantly reduced in our measurement
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by a special feature of the DO experiment—the reversal of
magnets polarities. The polarities of the toroidal and
solenoidal magnetic fields were reversed on average every
two weeks so that the four solenoid-toroid polarity combi-
nations were exposed to approximately the same integrated
luminosity. This allows for a cancellation of first-order
effects related to the instrumental charge asymmetries [1].

The main expected source of like-sign dimuon events in
pp collisions are bb pairs. One b quark decays semileptoni-
cally to a “right-sign” muon, i.e., to a muon of the same
charge sign as the parent b quark at production. The other
b quark can produce a “wrong-sign” muon with its charge
opposite to the charge of the parent b quark. The origin of
this wrong-sign muon is either due to B°-B° or BY-B? oscil-
lation, or the sequential decay b — ¢ — u™. These processes
produce CP violation in both mixing [6] and in the interfer-
ence of BY and BY decay amplitudes with and without mix-
ing [7]. CP violation in interference was not considered in
Refs. [1-3], while it is taken into account in this paper.

An example of a process in which CP violation in mix-
ing can occur is [8]

pp — bbX,

b — bhadron — u~(right-sign u),

b— B(<)S> - B(()S) — p~(wrong-sign y) (1)
and its CP-conjugate decay resulting in u*u™*, where the
probability of B(()S> - B‘()S) is not equal to the probability
of B(()S) - B((’S>.

An example of a process in which CP violation in inter-
ference can occur is [7]

pp — bbX, b — bhadron — y~ (right-signu),
b — B°(— B%) - D*D~,D™ — u~(wrong-signu) (2)

and its CP-conjugate decay resulting in p" ™, where the
probability of B®(— B®) — D*D~ is not equal to the prob-
ability of B’(—» B%) - D*D~.

The SM prediction of the like-sign dimuon charge asymme-
try, and its uncertainty, are small in magnitude compared to the
currentexperimental precision [7,9]. This simplifies the search
for new sources of CP violation beyond the SM which could
contribute to the like-sign dimuon charge asymmetry.
Currently, the only established source of CP violation is the
complex phase of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix [10]. Although the CKM mechanism is extremely suc-
cessfulindescribingall known C P-violating processes studied
in particle physics [11], it is insufficient to explain the domi-
nance of matter in the Universe [12]. The search for new
sources of CP violation beyond the SM is therefore important
in current and future particle physics experiments.

Many features of the present measurement remain the
same as in the previous publications of the DO experiment,
so that all details not described explicitly in this paper can
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be found in Refs. [2,3]. The main differences of the present
analysis with respect to Ref. [3] are as follows:

(i) The muon quality selections are the same as in Ref. [3]
except for the requirement of the number of track mea-
surements in the silicon microvertex tracker (SMT).
This change is discussed in Sec. III.

(i1) The main emphasis of the present measurement is on
the dependence of the charge asymmetry on the mo-
mentum of the muons transverse to the beam, pr; on
the muon pseudorapidity, # [13]; and on the muon im-
pact parameter in the transverse plane, /P [14]. The
reason is to identify the detector-related effects that
contribute to the observed asymmetry and to help
understand the origin of the asymmetry.

(iii) In Refs. [2,3] the K — u fraction was measured [15] by
reconstructing the decays K*°(892) - K*z~ with
Kt —>uty, K7(892) - Kgn', and Kg— 7z~ This
method requires a correction for muons with large 7 P that
isdescribed in Sec. V A. An independent method has now
also been developed to obtain the background fractions
using local measurements of the muon momentum by
the muon identification system. This method, described
in Sec. V B, is inherently insensitive to the muon /P. The
comparison between these two methods provides an im-
portant validation of the measurement technique and es-
timate of the systematic uncertainties.

(iv) The results are presented in terms of model-independent
residual asymmetries a-p and A-p and the deviation of
these asymmetries from the SM prediction. Assuming
that the only sources of the like-sign dimuon charge
asymmetry are CP violation in the mixing and inter-
ference of neutral B mesons, the quantities determining
these two types of CP violation are measured. These
quantities are the semileptonic charge asymmetries afl
and a?, of B® and BY mesons, respectively, and the rel-
ative width difference AI',;/T"; of the B® system. They
are defined in Sec. VIII. Because our measurements
are inclusive, other as yet unknown sources of CP vi-
olation could contribute to the asymmetries acp and
Acp as well. Therefore, the model-independent asym-
metries acp and Ac-p constitute the main result of this
analysis. They are presented in a form which can be
used as an input for alternative interpretations.

The outline of this article is as follows. The method
and notations are presented in Sec. II. The details of data
selection are given in Sec. III. The Monte Carlo (MC) sim-
ulation used in this analysis is discussed in Sec. IV. The
parameters obtained from data are presented in Secs. V
and VI. The measurement of residual charge asymmetries,
after subtracting all background contributions, is presented
in Sec. VII. The SM contributions to these asymmetries
are discussed in Sec. VIII. The interpretation of this meas-
urement in terms of CP violation in mixing and interfer-
ence of neutral B mesons is discussed in Sec. IX.
Finally, the conclusions are collected in Sec. X. The
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TABLE I. Definition of the /P samples for inclusive muons.
IP sample 1P
1 0-50 ym
2 50-120 ym
3 120-3000 pm
TABLE II. Definition of the (/P,, IP,) samples for like-sign
dimuons.
(IPy, 1P,) sample IP, 1P,
11 0-50 ym 0-50 ym
12 0-50 ym 50-120 ym
13 0-50 ym 120-3000 pm
22 50-120 ym 50-120 ym
23 50-120 ym 120-3000 pm
33 120-3000 pm 120-3000 pm

Appendix presents the details of the fitting procedure used
in this analysis.

II. METHOD

The expressions used in this analysis are described in
detail in Ref. [2]. Here we emphasize the changes to our
previous procedure. We use two sets of data:

1) the inclusive muon data, collected with inclusive muon

triggers, which include all events with at least one

100 ¢
i 5 5 D@, 10.4 fb™!
10° ! i
| |
5 | |
4 | |
s 10 L
£ : !
= X X
: 1 1
= 10° ! !
| |
1 1
o
10 P=1 IP=2,
1 1
| |
| . . PR B . . M |
10 102 103

Muon impact parameter [um]

FIG. 1 (color online). [P distributions of one muon in the like-
sign dimuon sample when the other muon has /P in the /P =1
(full line), /P = 2 (dashed line), and /P = 3 (dotted line) ranges.
The distributions are normalized to have the same number of en-
tries in the first bin [0, 10] pm (only a fraction of this bin is shown
in the figure). The vertical dashed lines show the definition of
boundaries of the /P samples.
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TABLE III.  Bins of (pr,|n|). Global kinematic requirements
are 1.5 < py <25 GeV, (pr > 4.2 GeV or |p.|> 5.4 GeV),
and || < 2.2. See Sec. III for details.

(pr.Inl) bin In| pr (GeV)
1 <0.7 <5.6
2 <0.7 5.6 to 7.0
3 <0.7 >7.0
4 0.7to 1.2 <5.6
5 0.7to 1.2 >5.6
6 >1.2 <3.5
7 >1.2 3.5t04.2
8 >1.2 4210 5.6
9 >1.2 >5.6

muon candidate passing quality and kinematic require-
ments described below;

ii) the like-sign dimuon data, collected with dimuon
triggers, which include all events with two muon
candidates passing the same quality and kinematic re-
quirements and the additional dimuon requirements
described in Sec. III.

To study the IP, py, and |5| dependence of the charge
asymmetry, we define three nonoverlapping samples of
inclusive muons according to the /P value, or six nonover-
lapping samples of like-sign dimuons according to the /P,
and I P, values of the two muons. Here /P, and /P, are the
smaller and larger /Ps of the two muons, respectively. The
definitions of these samples are given in Tables I and II.

25
DO
20F
15F
>
[
©
I
gﬂ 10 -
Bin 3
Bin 2 Bin 5 Bin 9
5F Binl Bin 4 Bin 8
Bin 7
pr = 4.2 GeV p Bin6
ﬁe/% 5 "
0 ! GGV
0 0.5 1.0 1.5 2.0 2.5

|n]

FIG. 2 (color online). Definition of the nine (pr,|y|) bins.
Global kinematic requirements are 1.5 < py <25 GeV,
(pr > 4.2 GeV or |p.| > 5.4 GeV), and |5] < 2.2. See Sec. 1II
for details.
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Figure 1 shows the /P distributions of one muon in the like-
sign dimuon sample when the other muon has /P in the
IP =1,1P =2, or IP = 3 range [16]. Note that the two
IPs are correlated and that the /P distributions span more
than 4 orders of magnitude. Figure 1 also shows the def-
inition of the boundaries of the /P samples.

These /P samples are additionally divided into nine exclu-
sive bins of (pr, |5|). Table III and Fig. 2 show the definition
of the nine (py, |n|) bins, which may have nonrectangular
shapes due to the p7 and p, kinematic requirements, where
P is the momentum of the muon in the proton beam direc-
tion. These requirements are discussed in Sec. III.

A. Inclusive single muon charge asymmetry

For a particular /P sample, the raw muon charge asym-
metry in each (pr, |5|) bin i is given by

3)

Here n; (n;) is the number of positively (negatively) charged
muons in bin i. This and all of the following equations are
given for a particular / P sample. However, to simplify the pre-
sentation, we drop the index /P from all of them.

The expected inclusive single muon charge asymmetry,
in a given /P sample, can be expressed as

@ = dp + dlyg @

Here al, is the contribution from CP-violation effects in
heavy-flavor decays to muons, and a{,kg is the contribution
from different background sources not related to CP
violation.

The background contributions come from muons produced
in kaon and pion decay, or from hadrons that punch through
the calorimeter and iron toroidal magnets to reach the outer
muon detector. Another contribution is related to muon detec-
tion and identification. All these contributions are measured
with data, with minimal input from simulation. Accordingly,
the background asymmetry a{,kg can be expressed [2] as

a{akg =al, + fhak + frak + fhal,. 5)

Here the quantity a}, is the muon detection and identification
asymmetry described later in this section. The fractions of
muons from kaons, pions, and protons reconstructed by the
central tracker [17] in a given (py, |n|) bin i and misidentified
asmuonsare f, f7,and f},. Their charge asymmetries are a,
a’,and a;,, respectively. We refer to these muons as “long” or
“L” muons, since they are produced by particles traveling long
distances before decaying within the detector. The tracks of L
muons in the central tracker are generally produced by the
parent hadron that subsequently decays at a large radius.
The charge asymmetry of these muons results from the differ-
ence in the interactions of positively and negatively charged
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particles with the detector material and is not related to CP
violation. For charged kaons this difference arises from addi-
tional hyperon production channels in K~ -nucleon reactions,
which are absent for their K *-nucleon analogs. Since the inter-
action probability of K™ mesons is smaller, they travel further
than K~ in the detector material and have a greater chance of
decaying to muons and a larger probability to punch through
the absorber material, thereby mimicking a muon signal. As a
result, the asymmetry ag is positive.

The muon detection and identification asymmetry a, can
be expressed as

=(1-f bkg) (6)

The background fraction fbk is defined as fbk =
[+ [+ f%. The quantity &; is the charge asymmetry
of single muon detection and identification. Due to the
measurement method, this asymmetry does not include
the possible track reconstruction asymmetry. A separate
study presented in Ref. [2] shows that track reconstruction
asymmetry is consistent with zero within the experimental
uncertainties, due to the regular reversal of the magnet
polarities as discussed in Sec. IIL

The background charge asymmetries a’, a,, and ai, are
measured in the inclusive muon data and include the detec-
tion and identification asymmetry. The parameters o, are
therefore multiplied by the factor 1 — fi, .

The residual asymmetry al.p is obtained from Eq. (4) by
subtracting the background asymmetry abkg from the raw
asymmetry a'. To interpret it in terms of CP violation in
mixing, the asymmetry ap is expressed as

abp = fiag. @)

Here the quantity f% is the fraction of muons from weak
decays of b and ¢ quarks and 7 leptons and from decays
of short-lived mesons (¢, wy, p°, J/y, y', etc.) and
Drell-Yan in a given (prz,|n|) bin i. We refer to these
muons as “short” or “S” muons, since they arise from
the decay of particles within the beam pipe at small distan-
ces from the pp interaction point. The quantity ay is the
charge asymmetry associated with these S muons.

Since S muons originate from inside the beam pipe, their
production is not affected by interactions in the detector
material, and once residual tracking, muon detection,
and identification charge imbalances are removed, the
muon charge asymmetry ag must therefore be produced
only through CP violation in the underlying physical proc-
esses. Its dependence on the CP violation in mixing is dis-
cussed in Sec. VIIL

By definition the fractions f% and f% in Eq. (5) include
only those background muons with the reconstructed track
parameters corresponding to the track parameters of the
kaon or pion, respectively. Such muons are mainly pro-
duced by K* and z* mesons that decay after passing
through the tracking detector or punch through the absorber
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material. The method used to measure the fractions f% and
fi corresponds to this definition; see Sec. V for details. In
addition, there are background muons with reconstructed
track parameters corresponding to the track parameters
of the muon from the K* — y*v and z* — u*v decay.
Such muons are mainly produced by the kaon and pion
decays in the beam pipe and in the volume of the tracking
detector. Technically, the muons produced in such decays
should be treated as S muons, since the parent hadron does
not travel a long distance in the detector material and, there-
fore, these muons do not contribute to the background asym-
metries. However, direct CP violation in semileptonic kaon
or pion decay is significantly smaller than the experimental
sensitivity [18] and is assumed to be zero. Therefore, such
muons do not contribute to the asymmetry ag.

To take into account the contribution of these S muons
from kaon and pion decay, we introduce the coefficients Cg
and C, [2,3]. They are defined as

1S

o fi
CK_ =1/ K .
(L)

T (e + %)

Here f’% and f'% are the fractions of background muons
with reconstructed track parameters corresponding to the
track parameters of the muon from the K* — y*v and
nt — u*v decay, respectively. The coefficients Cx and

C, reduce the fractions f ’S [19] because, by definition,

; C: = ®)

f§+é—’;+é—2+f§,sl. ©)

In this expression we assume that the coefficients Cg and
C,, are the same for each (py, |57]) bin i. The variation of C
and C, in different (py,|n|) bins produces a negligible
impact on our result. The coefficients Cx and C, are deter-
mined in simulation, which is discussed in Sec. IV. They
are typically in the range 85%—-99%, except at large IP;
see Table XV.

The total inclusive single muon charge asymmetry a, in a
given /P sample, is given by the average of the nine indi-
vidual measurements a; in (pr, |5]) bins i, weighted by the
fraction f, of muons in each bin i:

9
a= Zf;,ai = acp + Gk (10)
i=1

where

9 9
dcr =Y futep = > fufhas = fsas, (1)
i=1 i=1

9
e = Y fidy. (12)
i=1
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The quantities fg and fL are defined as

9
fs=Y_fufs (13)
i=1

. n +n7
i M T 14
=S ) 1

9 .
> fi=1 (15)
i=1

B. Like-sign dimuon charge asymmetry

We now consider like-sign dimuon events in a given
(IPy,IP,) sample. All of the following equations are given
for a particular (1P, IP,) sample. However, to simplify the
presentation, we drop the index (P, IP,) from all of them.
The main principles of the measurement, namely, applying
the background corrections to the measured raw asymmetry
to obtain the underlying CP asymmetry, are the same as
for the inclusive single muon asymmetry. However, the
dimuon measurement is more complex because the two
muons can arise from different sources and be in different
(pr,|n|) and IP bins.

Consider first the case when /P; = IP,. The number of
events with two positive or two negative muons, when one
muon is in the (p, 5[) bin i and another is in bin j, is N;;*
and N;;~, respectively. The like-sign dimuon asymmetry is

3] >
defined as

NSt =N~
Ajj =i (16)
NI N
The number of events N;* can be expressed as
NG =Ny(1£A5)(1 £a),)(1 £aj,). A7)

The total number of events in a given (IPy, IP,) sample is
N{* 4+ N;;~ =2N;; when higher-order terms in asymme-
tries are neglected. By definition N;; = Nj;. The quantity
Alp is the residual charge asymmetry produced by S muons.

The muon background asymmetry in a given (pz, |5|)
bin i in the dimuon events is
i VT L R e
abkgziAﬂ—l—EFKaK—i—EF,,a,,—i—EFpap. (18)
Al = (2 Fiy )3 (19)

Here J Fi, 3 F%, and § F', are the fractions of muons pro-
duced by kaons, pions, and protons reconstructed by the
central tracker in a given (pr,|n|) bin i but identified as
muons. Following the definitions in Refs. [2,3], for like-
sign dimuon events, the background fractions F&, Fi,
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and F, i are normalized per event (not per muon); this is the
reason for the factors 1/2 in Eq. (15). The quantity F| ,gkg is
defined as Fllakg Fi + Fi + F',. The asymmetries al,
at, ay,, and g; are the same as in the inclusive muon sample.
The number of positive and negative muons from the
like-sign dimuon events in the (py, |n|) bin i is

= Ni* + ZN?;i. (20)
The charge asymmetry A’ of muons in the (p, |5]) bin i, to
first order in the asymmetries, is
- N/ —N7 . .
A =N = e Al @1)
. NuAlp + 3 NjAL
A, = CcP 29:] ifice. 22)
Nii+ 32,1 Nij
AL~ 2N iy + D2 iNij(alyg + ) . 23)
£ Nii + Z?:] Nl]

To interpret the asymmetry AgP in terms of CP violation,
it is expressed as

ACP = F’SJSAS + FSLaS (24)

The quantity Ag is the charge asymmetry in the events with
two like-sign S muons. Its dependence on the parameters
describing CP violation in mixing and CP violation in
interference is discussed in Sec. VIIL. The quantity ag is
defined in Eq. (7). The quantity F¢, is the fraction of
like-sign dimuon events with two S muons, and FY, is
the fraction of like-sign dimuon events with one S and
one L muon in given (pz,|y|) bins i and ;.
Equation (24) reflects the fact that the events with two S
muons produce the charge asymmetry Ag; the events with
one S and one L muon produce the charge asymmetry ag,
while the events with both L muons do not produce a
CP-related charge asymmetry.

Multiplying Eq. 21 by the fraction F, of muons in a
given (pz, |n|) bin i, and summing over i, we reproduce
the expression of the like-sign dimuon charge asymmetry
in Refs. [2,3]:

9
A= Z FLA’ - Acp + Abkg’ (25)
i=1

9
ACP = Z F;‘AlCP = FSSAS + FSLCls, (26)
i=1
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Apg = Z Fi{AL + Fidl + Fial, + Fhal}. (27

Here the fraction FL is defined as

. Nt + N7 .
Fi = i R Fi =1. (28)
f X (NT NG Z

From Egs. (22), (24), (26), and (28), it follows that

S (NyFi + Z?:1 NijFisjs)
NtO[

Fgg = , (29)

L (NGF + 30 NFY,)

FSL =
Niot

: (30)

=N =Y (Nt sz,,) G1)

i=1 i=1 =

Here N, is the total number of dimuon events in a given
IP;, 1P, sample. The quantity F;; gives the fraction of the
like-sign dimuon events with two L muons,

Fss+Fg +Frp =1, (32)

9 .
Z Fy F,

ZFLL+FSL— <C +C_+Fl> (33)
K T

We solve for the fractions Fgg, Fgr, and Fjp; using
Egs. (32) and (33) and the ratio

F
Ry =, (34)
Fg +Fpy

which is obtained from the simulation. The simulation used
in this analysis is discussed in Sec. IV.

For the sample of dimuon events with /P; # IP,, it can
be shown that the expressions (21)—(27) remain the same
with background fractions defined as

. 1. . .
Fi(IPyIP) =S [Fi(IP) + Fy(IPy)). G9)

. 1, . .
FUIP, 1Py) =S [FL(IP) + Fi(IP). (36)

A | .
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Here Fi(IP;) is the number of K — y muons with the
impact parameter in the /P; range normalized to the total
number of events in the (/P;,IP,) sample. The fractions
Fi(IPy) and Fi,(IP,) are defined similarly for = — u
and p — u muons.

Hence, in order to extract the CP-violating asymmetries
acp and Acp from the binned raw asymmetries a’ and A,
the following quantities are required:

(i) the fractions fi, fr. fh, fis Fi, Fa, F',, and Fi, in

bins i of (pr,|n|), in each IP sample (Tables V
and VI);
(ii) the background asymmetries aj, ay, a',, and &;, in bins
i of (pr,|n|) (they do not depend on the /P sample;
see Sec. VI for details).
All these quantities are extracted directly from data with
minimal contribution from the MC simulation.

The remainder of this article describes the extraction of
these parameters and the subsequent interpretation of the
asymmetries Acp and acp.

III. MUON SELECTION

The DO detector is described in Refs. [20-23]. It consists
of a magnetic central-tracking system that comprises a
SMT and a central fiber tracker (CFT), both located within
a 2 T superconducting solenoidal magnet [21]. The muon
system [17,22] is located beyond the liquid argon-uranium
calorimeters that surround the central tracking system and
consists of a layer A of tracking detectors and scintillation
trigger counters before 1.8 T iron toroids, followed by two
similar layers B and C after the toroids. Tracking for || < 1
relies on 10 cm wide drift tubes, while 1 cm minidrift tubes
are used for 1 < |n| < 2.

The polarities of the toroidal and solenoidal magnetic
fields were reversed on average every two weeks so that
the four solenoid-toroid polarity combinations were
exposed to approximately the same integrated luminosity.
This allows for a cancellation of first-order effects related to
the instrumental asymmetries [1]. To ensure more complete
cancellation, the events are weighted according to the num-
ber of events for each data sample corresponding to a differ-
ent configuration of the magnet polarities. These weights
are given in Table IV. The weights for inclusive muon
and the like-sign dimuon samples are different due to

TABLE IV. Weights assigned to the events recorded with
different solenoid and toroid polarities in the inclusive muon
and like-sign dimuon samples.

Solenoid Toroid Weight Weight
polarity polarity  inclusive muon  like-sign dimuon
-1 -1 0.954 0.967

-1 +1 0.953 0.983

+1 -1 1.000 1.000

+1 +1 0.951 0.984
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different trigger requirements. The effective reduction of
statistics of the like-sign dimuon sample due to this weight-
ing is less than 2%.

As discussed previously in Sec. I, the inclusive muon
and like-sign dimuon samples are obtained from data
collected with single and dimuon triggers, respectively.
Charged particles with transverse momentum in the range
1.5 < py < 25 GeV and with pseudorapidity |n| < 2.2 are
considered as muon candidates. We also require either
pr > 4.2 GeV or a longitudinal momentum component
|p.| > 5.4 GeV. This selection is applied to ensure that
the muon candidate is able to penetrate all three layers
of the central or forward muon detector [3]. The upper limit
on pr is applied to suppress the contribution of muons from
W and Z boson decays.

Muon candidates are selected by matching central tracks
with a segment reconstructed in the muon system and by
applying tight quality requirements aimed at reducing false
matching and background from cosmic rays and the beam
halo [17]. The transverse IP of the charged track matched
to the muon relative to the reconstructed pp interaction
vertex must be smaller than 0.3 cm, with the longitudinal
distance from the point of closest approach to this vertex
smaller than 0.5 cm. We use track parameters of the track
reconstructed in the CFT and SMT and do not use the muon
momentum and azimuthal angle measurements provided
by the muon system. Strict quality requirements are also
applied to the tracks and to the reconstructed p p interaction
vertex. The details of these requirements can be found in
Ref. [2]. The inclusive muon sample contains all muons
passing the selection requirements. If an event contains
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FIG. 3. [Invariant mass M (uu) of two muons in the (a) opposite-

sign dimuon sample and (b) like-sign dimuon sample. The re-
quirement M (u*pu*) > 2.8 GeV is also shown.
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FIG. 4 (color online). Ratio of number of muon tracks with >2
(upper curve) or >3 (lower dashed curve) axial SMT hits to the
number of muon tracks with >4 axial SMT hits, as a function of
IP, in the inclusive muon sample.

more than one muon, each muon is included in the inclusive
muon sample.

The like-sign dimuon sample contains all events with at
least two muon candidates with the same charge. These two
muons are required to have the same associated pp inter-
action vertex and an invariant mass larger than 2.8 GeV to
minimize the number of events in which both muons origi-
nate from the same b quark. The invariant mass of two
muons in the opposite-sign and like-sign dimuon sample
is shown in Fig. 3. If more than two muons pass the single
muon selection, the classification into like sign or opposite
sign is done using the two muons with the highest p7. In
the like-sign dimuon sample, ~0.7% of the events have
more than two muons.

In addition to these selections, which are identical to the
selections of Refs. [2,3], we apply a stronger requirement on
the number of hits in the SM T included in the track associated
with the muon. The SMT [23] has axial detector strips par-
allel to the beam and stereo detector strips at an angle to the
beam. We require that the muon track contains at least three
axial SMT hits, instead of the requirement of two such hits in
Ref. [3]. On average, a track passing through the SMT has
hits in four layers of the SMT. The SMT measurements in
axial strips determine the /P precision, and this stronger
requirement substantially reduces the number of muons with
incorrectly measured /P. The tracks with exactly two axial
SMT hits include tracks with one of the two SMT hits incor-
rectly associated. For such tracks, the I P can be measured to
be large. As a result, muons produced with small /P migrate
to the sample with large /P, as can be seen in Fig. 4. Since the
fraction of L muons with small /P is much larger than that
with large /P, this migration results in an increase of the
background L muons in the sample with large IP.
Therefore, the tighter selection on the number of axial
SMT hits helps to reduce the number of background muons
with large /P, which is important for our measurement.

IV. MONTE CARLO SIMULATION

Most of the quantities required for the measurement of
acp and Acp are extracted directly from data. The MC

PHYSICAL REVIEW D 89, 012002 (2014)

simulations are used in a limited way, as discussed in
Sec. VIII. To produce the simulated events, we use the
PYTHIA v6.409 event generator [24], interfaced to the
EVTGEN decay package [25], and CTEQ6L1 parton distri-
bution functions [26]. The generated events are propagated
through the DO detector using a GEANT-based program
[27] with full detector simulation. The response in the
detector is digitized, and the effects of multiple interactions
at high luminosity are modeled by overlaying hits from ran-
domly selected pp collisions on the digitized hits from MC.
The complete events are reconstructed with the same pro-
gram as used for data and, finally, analyzed using the same
selection criteria described above for data.
In this analysis two types of MC samples are used:
(1) inclusive p p collisions with minimum interaction trans-
verse energy at the generator level EF" = 20 GeV;
(ii) a simulation of pp — bbX and pp — ccX final states,
with Efin = 0 GeV, producing two muons with an ad-
ditional requirement that the produced muons have
pr > 1.5 GeV and || < 2.2.
The second sample is especially useful to extract quantities
for the signal inclusive muon and dimuon events because it
is generated with almost no kinematic bias, as discussed in
Sec. VIIL

V. MEASUREMENT OF
BACKGROUND FRACTIONS

A. K** method

A kaon, pion, or proton can be misidentified as a muon
and thus contribute to the inclusive muon and the like-sign
dimuon samples. This can happen because of pion and
kaon decays in flight or punch through. We do not distin-
guish these individual processes but rather measure the
total fraction of such particles using data. In the following,
the notation “K—y” stands for “kaon misidentified as a
muon,” and the notations “z—y”" and “p — p’”” have corre-
sponding meanings for pions and protons.

The fraction f g is measured by reconstructing the decays
K* - K*z~ with K - p and K** — Kgn" with one of
the pions from Ky — 7zt z~ decay misidentified as a muon.
This method is described in detail in Refs. [2,3]. The main
features of this method are repeated here.

The relation between the fraction f ;(*0 of K — yu origi-
nating from the decay K* — K"z~ and the fraction f%
in each (pz,|n|) bin i is

fleo = &R(K™) [ (38)

Here R/(K*0) is the fraction of all kaons that result from
K*® — K*z~ decays, and ) is the efficiency to reconstruct
the charged pion from the K** — K*z~ decay, provided
that theK — p track is reconstructed. The kinematic param-
eters of the charged kaon are required to be in the (py, |5])
bin i.
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We also select K¢ mesons and reconstruct K** — K¢nt
decays. One of the pions from the decay Ky — #tz~ is
required to be misidentified as a muon. This requirement
ensures that the flavor composition of the samples contain-
ing K —» pand K¢ —» nt7n~ — 7t u™ is the same [3]. The
number of K** — Kgz™ decays in each (pr,|n|) bin i is

Ni{(K*" - Kgn") = LN (Kg)R/(K*), (39)

where R'(K**) is the fraction of K g mesons that result from
K** — Kgn" decays, and €', is the efficiency to reconstruct
the charged pion in the K*™ — K¢n™ decay, provided that
the Kg meson is reconstructed. The kinematic parameters

of the K g meson are required to be in the (pr, |5|) bin i. We
use isospin invariance to set
RI(K*%) = RI(K*1). (40)

This relation is also confirmed by data from LEP as dis-
cussed in Ref. [2]. We apply the same kinematic selection
criteria to the charged kaon and Ky candidates and use
exactly the same criteria to select an additional pion and
reconstruct the K*0 — K*z~ and K** — K¢zt decays.
We therefore assume that

el = €l 41)

We assign the systematic uncertainty related to this
assumption; see Sec. V C for details.
From Egs. (38)—(41), we obtain

i N i(K S) i
T = 3 = Koy o 42)
This expression is used to measure the kaon fraction f% in
the inclusive muon sample without dividing it into the /P
samples. It is based on the equality (41) of the efficiencies
to reconstruct the K** — K*z~ and K** — K¢n™ decays,
provided that the K and K candidates are reconstructed.
This equality is verified in simulation for a full data sample
[2]. However, in a given /P sample, the efficiencies 86 and
€' become unequal because of the differences between the
K and K tracks explained below.

If the K* — u*v decay occurs within the tracking vol-
ume, the track parameters of charged K meson can be biased
due to the kink in the K — y trajectory. Such biased K — p
tracks tend to populate the sample with large /P. The bias in
the K meson track parameters propagates into a reduced effi-
ciency of K** — K*z~ reconstruction. This reduction can
be seen in Fig. 5, where the ratio of the K** — K* 7~
reconstruction efficiencies e(K*?, IP)/e(K*?) in a given
IP sample and in the total inclusive muon sample is shown.
These ratios are obtained in simulation.

The K¢ meson is reconstructed from z* and 7~ tracks
with one of the pions required to be misidentified as a
muon. The quality of the K¢ — n7x~ vertex and the
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FIG. 5 (color online). Ratio of the K** — KTz~ reconstruction
efficiencies &' (K*°, IP)/¢'(K*?) in a given IP sample relative to
that in the total inclusive muon sample. The vertical dashed lines
separate the (p7, |5]) bins corresponding to the central, intermedi-
ate, and forward regions of the DO detector, respectively.

condition that the z*z~ mass be consistent with the Ky
mass, are imposed to select the Ky candidate. As a result,
the sample of K¢ candidates with large /P does not contain
an increased contribution from the biased Ky track meas-
urement. Therefore, the K** — K¢z™ reconstruction effi-
ciency in the sample with large Kg track /P can be
different from the K** — K*z~ reconstruction efficiency,
and the estimate of f% (/P) in the large K IP sample using
Eq. (42) is biased.

To avoid this bias, the fractions f%(IP) in a given IP
sample are measured using the following expression:

. : i*()([P) Si(K*O)
i _ fi VK
fK(IP)_fK ;{*0 Si(K*O,IP).

(43)

The fractions f}o (IP) and fj(*o are measured in the IP
sample and in the total inclusive muon sample, respectively.
The fraction f% is obtained using Eq. (42). The ratio of

efficiencies &' (K*0, IP)/e'(K*?) is taken from simulation
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FIG. 6 (color online). Fraction of (a) K — u tracks, (b) 7 — u
tracks, and (c) p — u tracks in the inclusive muon sample as a
function of the kaon, pion, and proton (pr, |5|) bin i, respectively.
Only statistical uncertainties are shown. The horizontal dashed
lines show the mean values. The vertical dashed lines separate
the (pr,|n|) bins corresponding to the central, intermediate,
and forward regions of the detector, respectively.

and is shown in Fig. 5. The mean value of
e'(K*0,IP)/e'(K*) is 1.01 & 0.01 for the IP = 1 sample,
0.90 = 0.03 for the /P = 2 sample, and 0.79 4 0.06 for the
IP = 3 sample. The uncertainties are due to limited MC
statistics.
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The procedure to measure the related background frac-
tions f7 and f), is the same as in Refs. [2,3]. The values
of f, [z and f, in the total inclusive muon sample are
shown in Fig. 6. The background fractions in different /P
samples are given in Table V. For reference, we also give
in Table V the values f/Cg and f,/C, [19]. These values
for all inclusive muon events can be compared directly with
the corresponding background fractions (15.96 £ 0.24)%
and (30.1 & 1.6)%, respectively, in Ref. [3].

Approximately 17% (32%) of muons in the inclusive
muon sample are determined to arise from kaon (pion) mis-
identification, with less than 1% due to proton punch
through and fakes. The remaining ~50% of the sample
are muons from heavy-flavor decay.

The background fractions vary by a factor of more than 5
between the /P =1 and /P = 3 samples. Such a large
variation is expected. The parents of L muons are domi-
nantly produced in the primary interaction and decay out-
side the tracking volume. The S muons are dominantly
produced in decays of heavy quarks, and their tracks have
large /P. Therefore, the fraction of L muons in the sample
with small /P is substantially enhanced. They give the main
contribution to the background asymmetry in this sample.
On the contrary, the fraction of L muons in the large /P
sample is suppressed, and the kaon and detector asymme-
tries have approximately the same magnitude; see
Table VIII for details. The comparison of our prediction
and the observed raw asymmetry in different (py,|n|)
and /P bins therefore allows us to verify our background
measurement method.

The procedure to measure the background fractions in
the like-sign dimuon sample is described in Ref. [3] and
is not changed for this analysis. To obtain the quantity
F of K — p tracks in the like-sign dimuon sample, we
use the relation similar to Eq. (42):

_ N'(Ks)
NIK™ = Kgr®)

Fio.

A (44)
Here F ;*0 is the fraction of K* —» Kz~ decays with
K — pinthe (pr,|n|) bin i in the like-sign dimuon sample.
The numbers N(Kg) and N'(K*" — K¢zt) are obtained

from the inclusive muon sample. The kinematic parameters

TABLE V. Background and signal fractions in the /P samples of the inclusive muon sample. The column “All /P”
corresponds to the full inclusive muon sample without dividing it into the /P samples. Only statistical uncertainties

are given.

Quantity All IP IP =1 IP =2 IP =3
fx x 10? 15.7£30.21 20.30 £0.34 7.71 £0.24 2.69 £0.14
fx/Cx x 10? 1691 £0.23 20.50 £0.34 8.38 £0.26 7.47+0.39
frx 10 30.43 +1.60 39.13 £2.09 15.39 £0.83 5.32+0.30
fr/Crx 102 3237+ 1.70 40.77 £ 2.18 18.11 £0.98 7.71 £0.43
fpx10? 0.57 £0.16 0.73+£0.21 0.28 £0.09 0.08 +0.03
fsx 107 49.97 £1.86 38.04 £2.30 73.23 £ 1.15 84.82 +0.85
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FIG. 7 (color online). Fraction of (a) K — u tracks, (b) 7 — u
tracks, and (c) p — u tracks per event in the like-sign dimuon
sample as a function of the kaon, pion, and proton (p7, |n])
bin i, respectively. Only statistical uncertainties are shown.
The horizontal dashed lines show the mean values. The vertical
dashed lines separate the (pr,|n|) bins corresponding to the
central, intermediate, and forward regions of the DO detector,
respectively.

of the charged kaon and K g meson are required to be in the
(pr. [n]) bin i.

In the samples with the (IP;,IP,) selection, the back-
ground fractions Fi (IP;) and F%(IP,) are determined
separately for the /P, and IP, kaon, and the total

TABLE VI

. PHYSICAL REVIEW D 89, 012002 (2014)

background fractions are obtained using Eq. (35). The
fractions Fi(IP,) and Fi(IP,) are obtained using the
expression

, - Flo(IP12)  €(K0)
Fi(IP,) = Fie &= . 45)
K( 1.2) K FZI<X() el(K*O,IPIQ)
The fractions F'.,(IPy) and F' ,(IP,) are measured using

the /P, and /P, kaons, respectively. The fraction F ;(*0 is
measured in the total like-sign dimuon sample. The fraction
F' is obtained using Eq. (44).

The values of Fi, Fi, and F', in the total like-sign
dimuon sample are shown in Fig. 7. The background frac-
tions in different (IP,, IP,) samples are given in Table VI.
For reference, we also give the values Fg/Cg and F,/C,
[19]. These values for all like-sign dimuon events can be
compared directly with the corresponding background frac-
tions (13.78 + 0.38)% and (24.81 + 1.34)%, respectively,
in Ref. [3]. Table VI also contains the values of F¢g and Fg;,
for each (1P, IP,) sample and for the total sample of like-
sign dimuon events.

For the like-sign dimuon sample, approximately 6.5%
(12.5%) of muons arise from kaon (pion) misidentification,
with less than 0.25% from proton punch through or fakes.
These values are derived from Table VI, taking into account
that the background fractions given in this table are defined
per dimuon event. We find that 69% of the events have both
muons from heavy-flavor decays, and a further 23% have
one muon from heavy-flavor decay. Similar to the inclusive
muon events, the background fractions are considerably
reduced, and the signal contribution is increased in the sam-
ples with large muon /P.

B. Local variables method

The K*° method presented in Sec. VA depends on the
validity of Egs. (40) and (41) and on the ratio
e (K™, IP)/e'(K*), which cannot be verified directly in
our data. To assign the systematic uncertainties due to these
inputs, we develop a complimentary method of local var-
iables presented below. The systematic uncertainty on the
background fractions is assigned following the comparison

Background and signal fractions in the (IP,IP,) samples of the like-sign dimuon sample. The column “All /P”

corresponds to the full like-sign dimuon sample without dividing it into the (P, IP,) samples. Only statistical uncertainties are given.

Quantity ALIP  IP,, IP, =11 IP,,IP, =12 [P, IP,=13 [P, IP, =22 I[P, IP,=23 IP,, IP, =33
Fg x 10 1263+035 2677+132 1504+151 973+£120 1034+3.17  4.13+1.82  2.39+2.08
Fg/Cx x 10> 13.44+038 27.04+133 1578+1.58 14.11+1.74 1124+345 1021+450  6.65+5.78
F, x 10> 23424136 4871+346 2728+3.10 1826+230 19.77+598  848+328  3.94+3.71
F,/C,x 10> 24914145 5074+3.60 30.00+341 2123+2.67 2326+7.04 1216+470 57145238
F, x 10? 041+0.13 0844026 052+0.13 027+0.10  0.18+0.14  0.15+0.08  0.04+0.06
Fyg x 102 69.14 £ 1.49 4583 +325 63.83+274 68.75+3.03 6724+937 7834+545 88.01 £581
Fg x 10 2269+ 1.10 29.79+1.79 26.05+0.84 2698+220 30.83+8.82 20.90+4.97  11.66+5.65
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of these two fully independent methods. It is discussed in
Sec. V C.

The DO muon detection system [22] is capable of meas-
uring the local momentum of the identified muon. A dis-
tinctive feature of the muons included in the background
fractions fg, f,, Fx, and F is that their track parameters
measured by the tracking system (referred to as “central”
track parameters) correspond to the original kaon or pion,
while the track parameters measured by the muon system
(referred to as “local” track parameters) correspond to the
muon produced in kaon or pion decay. Thus, these two
measurements are intrinsically different. We exploit this
feature in our event selection by selecting muons with y? <
12 for 4 degrees of freedom [3], where y? is calculated from
the difference between the track parameters measured in the
central tracker and in the local muon system. In addition to
this selection, in the present analysis, we develop a method
of measuring the background fractions using the difference
in the central and local measurements of the muon track
parameters.

We define a variable X as

_ p(local)
X= p(central) (46)

Here p(local) and p(central) are the momenta measure-
ments of the local and central tracks, respectively.
Figure 8(a) shows the normalized distributions of this var-
iable for S muons and L muons in the (pr, |5|) bin 2 of
the inclusive muon sample. The distribution for S muons
is obtained using identified muons from the decay

0.15 D@, 10.4 fb™! e - S muons (a)
y oo 1 - L muons
E 0.1 r
Z I
S I
€ 0.0sF
0 [ !
0 1.5 2
0.15
DO, 10.4 fb™ e -K—u (b)
O-t—>u
g 0.1F
Z
= L
€ 005
0 : ! | - —
0 0.5 1 1.5 2

FIG. 8 (color online). (a) Normalised distributions of X variable
defined in Eq. (46) for S and L muons in (pyz, |5|) bin 2 of the
inclusive muon sample. (b) Normalised distributions of X for
K — p and 7 - u muons.
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D° — K~pu"v. The distribution for L muons is obtained
as a linear combination of the distributions of K — y tracks
and 7 — p tracks, with the coefficients corresponding to
their fractions in the inclusive muon sample. These two dis-
tributions are shown separately in Fig. 8(b). The distribu-
tion for K — p tracks is obtained using kaons produced in
the ¢ — KK~ decay and misidentified as muons. The dis-
tribution for # — p tracks is obtained using pions produced
inthe Ky — n" 7z~ decay and misidentified as muons. Since
we select muons with at least three hits in the SMT, the K
decay is forced to be within the beam pipe. All these dis-
tributions are obtained using exclusively the events in a
given (pr. [n]) bin.

Figure 8(a) shows that the distribution for L muons is
shifted toward lower X values, reflecting the fact that a part
of the total momentum of the kaon or pion is taken away by
the neutrino. The difference between the distributions for
K — pu muons and 7 — u muons is relatively small. This
observation corresponds to the expectation that the fraction
of momentum in the laboratory frame taken away by the
neutrino is similar in K — y and # — u decays. The posi-
tion of the maximum of the distribution of the X variable for
S muons is lower than 1 because of the muon energy loss in
the detector material. The typical energy loss of muons in
the material of the DO detector is 3—4 GeV depending on
muon 7 [17].

Another variable used in this study is the difference
between the polar angles of the local and central tracks,

Y = |6(local) — O(central)|. 47)

Figure 9(a) shows the normalized distributions of this var-
iable for S muons and L muons in the (p7, |n|) bin 2 of the
inclusive muon sample. Figure 9(b) presents the separate
distributions of K — u and 7 — u tracks. The distribution
for L muons is wider than that for S muons. A part of the 4-
momentum of L muons is taken away by an invisible neu-
trino. This missing momentum results in a kink in the K —
u or = — p track, which produces a wider Y distribution.

We fit the distribution of X and Y variables in each
(pr,|n]) bin i of each IP sample of the inclusive muon
sample using the templates for S muons and L muons
and determine the background fraction f| {Dkg for this /P sam-
ple. Since the distributions for K — p tracks and 7 — u
tracks are similar, this method is not sensitive to the sep-
arate fractions fx and f,. Therefore, the ratio of these two
fractions is fixed to the value measured in data using the
K*" method. The templates for each (p, |5|) bin i are built
using exclusively the events in a given (py, |5|) bin. The
background fraction in a given /P sample is computed
using the relation

9
fokg =D Fifbeer (48)
i=1
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FIG. 9 (color online). (a) Normalised distributions of Y variable
defined in Eq. (47) for S and L muons in (pz, |5|) bin 2 of the
inclusive muon sample. (b) Normalised distributions of Y for
K — p and 7 — u muons.

where the sum is taken over all (py, |57]) bins. Figures 10(a)
and 11(a) show an example of this fit for the X and Y var-
iables, respectively, in the (pr, |5|) bin 2. Figures 10(a) and
11(a) show the normalized distributions of X and Y in the
inclusive muon sample and the expected distributions

0.15

D®, 10.4 fb™ e -Data ()

” - Fit
) 0.11 [ - L muons
Z L
A
Z 0.0}

0 [ ]

0 0.5 1 1.5 2

Data - Fit

FIG. 10 (color online). (a) Normalized distributions of the X
variable defined in Eq. (46) in (pr,|n|) bin 2 of the inclusive
muon sample. Both the data and fitted distributions are shown.
The filled histogram shows the contribution of L muons. (b) Dif-
ference between data and fitted normalized distributions of X.
The »2/degrees of freedom of the fit of these differences to their
average is also shown.
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FIG. 11 (color online). (a) Normalized distributions of the Y
variable defined in Eq. (47) in (pr,|n]) bin 2 of the inclusive
muon sample. Both the data and fitted distributions are shown.
The filled histogram shows the contribution of L muons. (b) Dif-
ference between data and fitted normalized distributions of Y.
The y?/degrees of freedom of the fit of these differences to their
average is also shown.

obtained from the fit. These distributions are indistinguish-
able on this scale, since the statistics in the inclusive muon
sample are very large. Figures 10(b) and 11(b) show the
difference between the observed and expected normalized
distributions. The quality of the description of the observed
distributions is very good. The fit of these differences to
their average gives y?/degrees of freedom = 48/48 for
X and 42/59 for Y.

The resulting background fractions in different /P sam-
ples are given in Table VII. Only the statistical uncertainties
are given. The statistical uncertainty of the measurements
with X and Y variables is less than the difference between
them. Therefore, we take the weighted average of these two
measurements as the central value of the background frac-
tion fye(local) and assign half of the difference between
them as its uncertainty.

The obtained values fyy,(local) can be compared with
the background fractions fy,(K*’) measured using the
K*0 method described in the previous section. These frac-
tions, as well as the relative difference

5, = fbkg(local) - fbkg(K*(])
! fbkg(K*())

(49)

are also given in Table VII.

All templates for the measurement of background frac-
tions with local variables are obtained using the inclusive
muon sample. It makes this measurement self-consistent.
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TABLE VII.
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Comparison of background fractions measured using local variables with the background fractions obtained using K*°

production. The relative difference 6, between two independent measurements is also shown. This quantity is defined in Eq. (49). Only

statistical uncertainties are shown.

Quantity All IP IP =1 IP =2 IP =3

Soke (local) x 10? from X 42.70 £ 0.09 55.28 £0.09 22.89 +£0.10 8.49 £0.12
Sokg(local) x 10?2 from ¥ 40.97 £0.30 53.41+£0.28 20.60 +0.37 8.76 £ 0.40
Average f,(local) x 10? 42.56 £0.87 55.10+£0.94 2273 +£1.15 851 £0.14
fbkg(K*o) x 102 46.73 £1.76 60.19 +2.21 23.38 £1.01 8.09 £0.47
Op X 10? —8.92 +3.90 —8.46 £3.71 —2.78 £ 6.47 5.19+6.35

The available statistics of the dimuon events are insufficient
to obtain the corresponding templates for the measurement
in the dimuon sample. Therefore, the background fractions
are measured only in the inclusive muon sample, and the
method of local variables is used as a cross-check of the
corresponding quantities obtained with the K** method.

The background measurements with these two methods
are fully independent. They are based on different assump-
tions and are subject to different systematic uncertainties,
which are not included in the uncertainty of 6, shown in
Table VII. The background fraction changes by more than
six times between the samples with small and large IP.
Nevertheless, the two methods give consistent results for
all /P samples. The remaining difference between them,
which exceeds two standard deviations only for the sample
with small /P, is assigned as a systematic uncertainty and is
discussed in Sec. V C. Thus, the background measurement
with local variables provides an independent and important
confirmation of the validity of the analysis procedure used
to determine the background fractions.

C. Systematic uncertainties on backgrounds

The systematic uncertainties for the background frac-
tions are discussed in Refs. [2,3]. Here we describe the
changes applied in the present analysis. In our previous
measurement the systematic uncertainty of the fraction
fx was set to 9% [2,3]. For the present analysis, we per-
form an alternative measurement of background fractions
using the local variables. The results from the two indepen-
dent measurements, given in Table VII, are statistically dif-
ferent only for the /P =1 sample. We attribute this
difference to the systematic uncertainties of the two mea-
surements. Since the background fractions f, and f, are
derived using the measured fraction fx [2], we set the rel-
ative systematic uncertainty of fx, f,, and f, in each IP
sample to 5/ V2ortoo(s )/ /2, whichever value is larger.
Here 6(6,) is the uncertainty of §;. We assume the full cor-
relation of this uncertainty between fg, f,, and f,.
Numerically, the value of the systematic uncertainty of
fx 1s about 6.3% for the /P =1 sample and 4.5% for
the /P = 3 sample, which is smaller than, but consistent
with, our previous assignment [3] of the systematic uncer-
tainty on the fy fraction.

The procedure to determine the relative systematic
uncertainty on the ratio Fy/fg is discussed in Ref. [3].
Following this procedure we set this uncertainty to
2.9%, compared to 3.0% uncertainty applied in Ref. [3],
where the change is due to the addition of the final
1.4 fb~! of data.

Other systematic uncertainties remain as in Refs. [2,3].
Namely, the systematic uncertainties on the ratios of mul-
tiplicities n,/ng and n,/ng, required to compute f, and
Jf p» are set to 4%. The systematic uncertainties on the ratios
of multiplicities N,/Ng and N, /N, required to compute
F, and Fp, are also set to 4%.

VI. MEASUREMENT OF BACKGROUND
ASYMMETRIES

The background asymmetries arise from the difference
of the interaction cross section of positive and negative par-
ticles with the detector material. The asymmetries for
kaons, pions, and protons are denoted as ag, a,, and a,,
respectively. The origin of different asymmetries and their
measurement techniques are discussed in detail in
Refs. [2,3]. The asymmetry ag is measured by reconstruct-
ing exclusive decays K** - K*z~ and ¢ —» KTK~ with
K — u. The asymmetry a, is measured using the recon-
structed K¢ — n7z~ decay with 7 — u. The asymmetry
a,, is measured by reconstructing the A — pz~ decay with
the proton misidentified as a muon. All these asymmetries
are measured directly in data, and therefore they include the
possible asymmetry induced by the trigger.

Another source of background asymmetry is the differ-
ence between positive and negative muon detection, iden-
tification, and track reconstruction. This asymmetry & is
measured by reconstructing decays J/y — pTu~ using
track information only and then counting the tracks that
have been identified as muons. Because of the measure-
ment method, the asymmetry 6 does not include the pos-
sible track reconstruction asymmetry. A separate study
presented in Ref. [2] shows that track reconstruction asym-
metry is consistent with zero within the experimental uncer-
tainties. This is a direct consequence of the regular reversal
of magnet polarities discussed in Sec. III.

In this analysis all background asymmetries are mea-
sured in (pg,|n|) bins. It was verified in Ref. [3] that
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FIG. 12 (color online). ~Asymmetries (a) ak, (b) a,, (¢) a,, and
(d) 6 as functions of the kaon, pion, proton, and muon (py, |77|)
bin i, respectively. Only statistical uncertainties are shown. The
vertical dashed lines separate the (pr, |7|) bins corresponding to
the central, intermediate, and forward regions of the DO detector,
respectively.

the background asymmetries do not depend on the particle
IP within the statistical uncertainties of their measurement.
Therefore, the same values of background asymmetries are
used for different /P samples. The background asymme-
tries obtained are shown in Fig. 12. The values of the back-
ground asymmetries averaged over all (py, |n|) bins are

ag = +0.0510 = 0.0010, (50)

PHYSICAL REVIEW D 89, 012002 (2014)

a, = —0.0006 £ 0.0008, (51)
a, =—0.0143 4+ 0.0342, (52)
0 = —0.0013 £ 0.0002. (53)

VII. MEASUREMENT OF ASYMMETRIES
acp AND ACP

Using the full 10.4 fb~! of integrated luminosity col-
lected by the DO experiment in run II, we select 2.17 x
10° inclusive muon events and 6.24 x 10° like-sign dimuon
events. For comparison, the number of opposite-sign
dimuon events with the same selections is 2.18 x 107.
The fraction of like-sign dimuon events in the present
analysis common with the events used in Ref. [3] is
74%. This value reflects the changes of the sample size
due to the luminosity increased from 9 fb~! to 10 fb~!
and due to the additional requirement of the number of
SMT hits associated with a muon; see Sec. III for details.

The raw asymmetries a’ and A’ in a given (py, |n|) bin i
are determined using Eqgs. (3) and (21), respectively. The
raw asymmetries a and A are obtained using Eqs. (10)
and (19), respectively. The background asymmetries @y,
and Ay, are obtained using the methods presented in
Secs. Vand VI. They are subtracted from the raw asymme-
tries @ and A to obtain the residual asymmetries acp
and Acp.

The raw asymmetry a, the contribution of different back-
ground sources, and the residual asymmetry acp for the
total inclusive muon sample and for different /P samples
are given in Table VIII. This table gives the values with
statistical uncertainties only. The asymmetry a-p with both
statistical and systematic uncertainties is given in Table IX.

The charge asymmetry of S muons in the inclusive muon
sample is expected to be small; see Sec. VIII for details.
Thus, the observed inclusive single muon asymmetry is
expected to be consistent with the estimated background
within its uncertainties. Therefore, the comparison of the
observed and expected inclusive single muon asymmetries
provides a stringent closure test and validates the method of
background calculation. In the present analysis, such a
comparison is performed both for the total inclusive muon
sample and for the /P samples. The results are shown in
Figs. 13-16. The y*(acp) of the fits of the differences a’ —
a{)kg to their averages are given in Table IX. For each fit
the number of degrees of freedom is equal to 8. Only
the statistical uncertainties of a’ and aékg are used to com-
pute *(acp)-

The comparison shows an excellent agreement between
the observed and expected asymmetries in different kin-
ematic (pr, |n|) bins and in different /P samples. The dif-
ference for the total sample is consistent with zero within
0.042% accuracy, while the raw asymmetry varies as much
as 1.5% between (pr, |5]) bins. This result agrees with the
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TABLE VIIIL.
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Contributions to background asymmetry ayy,, the raw asymmetry a, and the residual charge

asymmetry acp in the /P samples of the inclusive muon sample. The column All /P corresponds to the full
inclusive muon sample without dividing it into the /P samples. Only statistical uncertainties are given.

Quantity All IP IP =1 IP =2 IP =3

frag x 103 7.99 £0.21 10.37 £0.29 3.85+0.17 1.34 £0.10
fra, x 103 —0.19+£0.31 —0.22 +0.40 —0.19+0.16 —0.07 £ 0.06
Spa, % 103 —0.08 £ 0.09 —0.10+£0.12 —0.04 £ 0.05 —0.01 £0.01
a, x 103 —-0.70£0.12 —0.50 +0.09 —1.02+£0.17 —1.28 £0.21
a >< 103 6.70 + 0.02 9.30 +£0.03 2.77 +0.06 —0.49 +£0.05
Qpkg X 103 7.02+0.42 9.54+0.53 2.59£0.27 —0.01 £0.23
acp x 103 —0.32+£0.42 —0.24 £ 0.53 0.18 £0.28 —0.48 £0.24

expectation that the charge asymmetry of S muons in the
inclusive muon sample should be negligible compared to
the uncertainty of the background asymmetry; see
Tables VIII and XV.

The comparison of observed and expected asymmetries
in the three nonoverlapping /P samples does not reveal any
bias with the change of the muon /P. The values of y*(acp)
in Table IX are obtained with statistical uncertainties only.
The compatibility of these values with the statistical y? dis-
tribution indicates that the systematic uncertainties do not
depend on the kinematic properties of the event. For the
IP = 3 sample, the contribution of the background asym-
metry is strongly suppressed. Therefore, the observed
asymmetry is sensitive to a possible charge asymmetry
of § muons, which could be reflected in the deviation of
acp from zero for this sample. Still, this deviation, taking
into account the systematic uncertainty, is less than two
standard deviations. The obtained values of ap in the total
inclusive muon sample and in the three nonoverlapping /P
samples, including the systematic uncertainties, are given
in Table IX.

The closure test performed in the total inclusive muon
sample and in three /P samples validates the adopted
method of the background measurement and demonstrates
its robustness in different kinematic (pr,|y|) and IP
regions. For the /P = 1 sample, the kaon asymmetry is
the dominant background source, while for the /P =3
sample, the kaon and detector asymmetries have approxi-
mately the same magnitude; see Table VIII. In both cases

TABLE IX. Residual asymmetry acp in the full inclusive muon
sample (row All /P) and in different /P samples. The first
uncertainty is statistical, and the second uncertainty is
systematic. The last column gives the y? of the fit of the
asymmetries alp in nine (pr, |n|) bins i to their average.

2lacp) /degree
Sample acp of freedom
All IP (—0.032 £ 0.042 £ 0.061)% 6.93/8
IP =1 (—0.024 £ 0.053 + 0.075)% 7.54/8
IP =2 (40.018 £ 0.028 + 0.024)% 3.48/8
IP =3 (—0.048 +0.024 £ 0.011)% 10.8/8

the expected asymmetry follows the variation of the
observed asymmetry in different kinematic bins, so that
the prediction and the observation agree within statistical
uncertainties. Thus, the closure test provides the confidence
in the measurement of the like-sign dimuon charge asym-
metry, where the same method of background measurement
is applied.

The dimuon raw asymmetry A, the contribution of differ-
ent background sources, and the residual asymmetry Acp
for the total like-sign dimuon sample and for different
(IP;, IP,) samples are given in Table X.
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FIG. 13 (color online). (a) The asymmetry a{)kg (points
with error bars representing the statistical uncertainties), shown
in each (pr, |5|) bin i, is compared to the measured asymmetry a’
for the total inclusive muon sample (shown as a histogram, since
the statistical uncertainties are negligible). The asymmetry from
CP violation is negligible compared to the background uncer-
tainty in the inclusive muon sample. The vertical dashed lines
separate the (p7, |n]) bins corresponding to the central, intermedi-
ate, and forward regions of the D0 detector, respectively. (b) The
asymmetry alp. The horizontal dashed line shows the value of
acp defined as the weighted sum in Eq. (11).
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FIG. 14 (color online). Same as Fig. 13 for the /P = 1 sample.

The comparison of the observed and expected back-
ground asymmetries in different kinematic bins is shown
in Fig. 17. The asymmetry A’ in each (pr,|y|) bin is
defined in Eq. (21). The expected background asymmetry
Af)kg is computed using Eq. (23). There are two entries per
like-sign dimuon event corresponding to the (pr, |5]) val-
ues of each muon. Figures 18 and 19 show the values of
AL, in each (pr,|n|) bin for different /P, IP, samples.
The last bin separated by the vertical line shows the value
of Acp defined as the weighted sum in Eq. (26) and its stat-
istical uncertainty.
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FIG. 15 (color online). Same as Fig. 13 for the /P = 2 sample.
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FIG. 16 (color online). Same as Fig. 13 for the /P = 3 sample.

The quality of agreement between the observed and
expected background asymmetries in different kinematic
bins (pr, 1) is given by y*(A¢p), which is obtained from
the fit of the differences A’ — Af, . to their average. The val-
ues of y?(A¢p) are given in Table XI. The correlation of the
A; and Al between different (pr, |n|) bins is taken into
account in these y?(Acp) values. For each sample the num-
ber of degrees of freedom is equal to 8. Only the statistical
uncertainties of A’ and Aj, are used to compute y*(Acp).

The comparison shown in Fig. 17 demonstrates that the
expected background asymmetry A{)kg follows the changes
of the observed asymmetry A’ in different kinematic bins
(pr.|n|) within their statistical uncertainties. However, the
overall deviation of A — Ay, from zero exceeds three times
the statistical uncertainty for the total like-sign dimuon
sample and is present with less significance in each
(IP,, IP,) sample.

The obtained values of A-p are given in Table XI. The
correlation matrix of the measured asymmetries a-p and
Acp is given in Table XII. The large correlation between
some measurements is because of the common statistical
and systematic uncertainties of the background; see the
Appendix for details. The asymmetries a.-p and A-p mea-
sured with full inclusive muon and like-sign dimuon sam-
ples without dividing them into /P samples are given in
rows All P of Tables IX and XI. The correlation between
these measurements is

p = 0.782. (54)
Figure 20 presents the asymmetries acp and Acp.

The obtained values ac-p and A-p for all events in
Tables IX and XI can be compared with our previous results
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TABLE X. Contributions to background asymmetry Ay, the raw asymmetry A, and the residual charge asymmetry A¢p in the (1P,
1P,) samples of the like-sign dimuon sample. The column All /P corresponds to the full like-sign dimuon sample without dividing it

into the (/P;, IP,) samples. Only statistical uncertainties are given.

Quantity AHIP IP|,1P2:11 IP|,1P2:12 IP|,1P2:13 1P|,1P2:22 IP],IP2:23 IP],IP2:33
Fyag x 10° 6254029 13.4540.78 7.76 £0.78 4.69 +0.62 525+ 1.66 2.05+0.95 1.18 £ 1.08
F,a, x 10° 0.04 £0.25 0.36 +0.53 0.09 £0.32 0.00+0.23 025+043 —0.12£0.21 0.07 £0.20
F,a, x 103 —0.06£0.07 —0.12+£0.13 —0.07£0.09 —0.04+0.04 —0.03+£0.03 —0.02+£0.03 —0.0140.01
A, X 10° —2.88+030 —-238+022 -280+£028 —-296+032 —-3.05£031 —-3.11+035 —3.43+£0.36
Ax 103 1.01 £0.40 6.90 +0.79 390+£094 —-196£0.77 —-021+£2.12 —-268+£1.15 —-529+1.18
Apkg X 103 336+0.50 11.31+£1.01 497 +1.07 1.70 £0.75 243+187 —-120£1.52 —=217£1.24
Acpx 103 —235+0.64 —4414+128 —1.08+143 —-3.65+107 —2.64+283 —148+191 -3.124+1.71

[3] obtained with 9.1 fb~! of integrated luminosity pre-
sented in Tables XIII and XIV. The previous and new
results are consistent, and the difference between them is
attributed to a more detailed measurement of the back-
ground asymmetry using (py, |57|) bins in the present analy-
sis. During data taking in run II, we published several
measurements of acp and Acp [28]. The value of acp is
changed between Refs. [2,3] because of the change in
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< 0.01F L,
N e g e e
Z or, ! —
< r : :
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(PpsIn)) bin

FIG. 17 (color online). (a) The asymmetry A{,kg (points with
error bars), shown in each (py, |57|) bin i, is compared to the mea-
sured asymmetry A’ for the like-sign dimuon sample (shown as a
histogram). The error bars represent the statistical uncertainty of
the difference A’ — A{, . The vertical dashed lines separate the
(pr.|n|) bins corresponding to the central, intermediate, and for-
ward regions of the DO detector, respectively. The last bin sep-
arated by the vertical line shows the values of Ay, defined as the
weighted sum in Eq. (25) and A defined as the weighted sum in
Eq. (19) and their statistical uncertainties. (b) The asymmetry
AL,. The last bin separated by the vertical line shows the value
of Acp defined as the weighted sum in Eq. (26) and its statistical
uncertainty. The horizontal dashed line corresponds to this value
of AC p-

the method of background measurement. This change does
not exceed the assigned systematic uncertainty. Otherwise,
the results demonstrate a good stability despite the increase
by an order of magnitude in the integrated luminosity and
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FIG. 18 (color online). The asymmetry AL, as a function of
(pr,|n]) bin i in different (IP,, IP,) samples. The error bars re-
present its statistical uncertainty. The vertical dashed lines sepa-
rate the (pr, |n]) bins corresponding to the central, intermediate,
and forward regions of the DO detector, respectively. The last bin
separated by the vertical line shows the value of A-p defined as
the weighted sum in Eq. (26) and its statistical uncertainty. The
horizontal dashed line corresponds to this value of Acp.
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TABLE XI. Residual asymmetry Acp in the full like-sign
dimuon sample (row All /P) and in different (/P;, IP;)
samples. The first uncertainty is statistical, and the second
uncertainty is systematic. The last column gives the y? of the
fit of the asymmetries AL, in nine (p7, ||) bins i to their average.
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FIG. 19 (color online). The asymmetry AL, as a function of
(pr.|n|) bin i in different (IP;, IP,) samples. The error bars re-
present its statistical uncertainty. The vertical dashed lines sepa-
rate the (pr, |n]) bins corresponding to the central, intermediate,
and forward regions of the DO detector, respectively. The last bin
separated by the vertical line shows the value of A.p defined as
the weighted sum in Eq. (26) and its statistical uncertainty. The
horizontal dashed line corresponds to this value of Acp.

the many improvements of the analysis methods over
the years.

The values given in Tables IX, XI, and XII constitute the
main model-independent results of this analysis.

X*(Acp)/degree
Sample Acp of freedom
All IP (—0.235 + 0.064 + 0.055)% 7.57/8
IP,, IP, =11 (—0.441+0.128+0.113)% 6.68/8
IP,, IP, =12 (—0.108 +0.143 + 0.061)% 5.04/8
IP,, IP, =13 (—0.365+0.107 £ 0.036)% 5.00/8
IP, IP, =22 (—0.264 +0.283 £ 0.039)% 5.80/8
IPy, IP, =23 (—0.148 £0.191 £ 0.033)% 7.50/8
IP,, IP, =33 (—-0.312+0.171 £0.012)% 3.49/8

VIII. SOURCES OF CHARGE ASYMMETRY

This analysis is performed at a pp collider. Because of
the CP-invariant initial state, we assume no production
asymmetry of muons. In the following, we consider the
contributions to the charge asymmetries acp and A-p com-
ing from CP violation in both the mixing of neutral B mes-
ons and in the interference of B decays with and without
mixing. Because our measurements are inclusive, other as
yet unknown sources of CP violation could contribute to
the asymmetries acp and Acp as well. These sources are
not discussed in this paper.

Assuming that the only source of the inclusive single
muon charge asymmetry is CP violation in B°-B° and
BY-BY mixing, the asymmetry ag defined in Eq. (11) can
be expressed as

ag = C bA?l (55)
The coefficient ¢, obtained from simulation, represents the
fraction of muons produced in the semileptonic decay of B
mesons that have oscillated among all S muons. This frac-
tion is typically 3%-11% depending on /P as shown in
Table XV. The semileptonic charge asymmetry A% has con-
tributions from the semileptonic charge asymmetries af]
and @ of B® and BY mesons [6], respectively:

TABLE XII. Correlation matrix of the measured values of acp and Acp in different /P samples.

acp Acp
Asymmetry IP =1 IP =2 IP=3 [P,IP,=11 =12 =13=13 =22 =23 =33
acp IP =1 1.000 0.785 0.459 0.753 0.494 0.432 0.178 0.194 0.070
acp IP =2 0.785 1.000 0.686 0.616 0.501 0.447 0.212 0.304 0.139
acp IP =3 0.459 0.686 1.000 0.388 0.332 0.429 0.158 0.280 0.210
Acp IP, IP, =11 0.753 0.616 0.388 1.000 0.396 0.354 0.145 0.176 0.065
Acp IP|, IP, =12 0.494 0.501 0.331 0.396 1.000 0.294 0.121 0.213 0.063
Acp IPy, IP, =13 0.432 0.447 0.429 0.354 0.294 1.000 0.112 0.211 0.088
Acp IPy, IP, =22 0.178 0.212 0.158 0.145 0.121 0.112 1.000 0.082 0.033
Acp IPy, IP, =23 0.194 0.304 0.280 0.176 0.213 0.211 0.082 1.000 0.059
Acp IPy, IP, =33 0.070 0.139 0.210 0.065 0.063 0.088 0.033 0.059 1.000
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FIG. 20 (color online). (a) Asymmetry acp measured in differ-
ent /P samples. (b) Asymmetry A.-p measured in different /P,
1P, samples. The thick error bar for each measurement presents
the statistical uncertainty, while the thin error bar shows the total
uncertainty. The filled boxes show the SM prediction. The half-
width of each box corresponds to the theoretical uncertainty.

Al = Cyad + Cyaly. (56)

The charge asymmetry a?, (¢ = d, s) of “wrong-charge”
semileptonic Bg—meson decay induced by oscillations is
defined as

g _ T(BY(1) » u'X) —T(BY(1) - pX) (57)
1D(BY(1) —» utX) + T(BY(1) » u X))

a

This quantity is independent of the proper decay time
t[32].

TABLE XIII. Residual asymmetry acp = a — ay, measured
with different integrated luminosities f Ldt.

J Ldt acp Reference

6.1 fb~! (40.038 4 0.047 +0.089)%  [2], Table XII
9.0 fb~! (—0.034 +0.042 +£ 0.073)%  [3], Table XII

10.4 fb! (—0.032 + 0.042 + 0.061)% this Paper

PHYSICAL REVIEW D 89, 012002 (2014)

TABLE XIV. Residual asymmetry Acp = A — Ay, measured
with different integrated luminosities f Ldt.

J Ldt Acp Reference
1.0 fb~! (—0.28 £ 0.13 £ 0.09)% [1], Eq. (11)
6.1 fb~! (—0.252 £ 0.088 £ 0.092)%  [2], Table XII
9.0 fb! (—0.276 £ 0.067 £ 0.063)% [3], Table XII
10.4 fb~! (—0.235 £+ 0.064 £ 0.055)% this Paper

The semileptonic charge asymmetry af(q=d,s)
depends on the complex nondiagonal parameters of the
mass mixing matrix M, + i["; of the neutral (BY:, B
meson system [8] as

AT
q
4= am, W00 (58)
where
Am, = mll —mk =2|m}?, (59)
AT, =Tt —TH = 2|T2| cos(¢12), (60)

ml2
¢1112 = arg (—F—ﬂ)

Here m5* and ;" are the mass and width of the light (L)
and heavy (H) members of the B system, respectively. ¢,
is the CP-violating phase of the (By", B;#) mass matrix.
With this sign convention, both Am, and AL, are positive
in the SM.

The asymmetries afl and a3, within the SM are predicted
[9] to be significantly smaller than the background asym-
metries and current experimental precision:
ad = (—4.1 £0.6) x 1074,

sl

a$ = (1.94+0.3) x 107,
(62)

Measurements of afl and a; [11,29-31] agree well with the
SM expectation.

The coefficients C,; and C,; depend on the mean mixing
probabilities y, and y, and on the production fractions f,
and £ of B® and BY mesons, respectively. The mixing prob-
ability of a neutral B(q) meson is proportional to
1 — cos(Am,t), where t is the proper decay time [32] of
the Bg meson. The mean proper decay time of B(q) mesons
is increased in the samples with large /P. Because the value
of Am, is comparable to the width I';, selecting muons
with large /P results in an increase of the mean mixing
probability y,; The values of y, in different /P samples
are obtained using simulation and are given in
Tables XV and XVI. On the contrary, the mass difference
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TABLE XV. Quantities extracted from the simulation and used to interpret the residual asymmetry acp in terms of

CP violation in mixing.

Quantity All IP IP =1 1P =2 IPp=3
xa x 107 18.62 +0.23 6.00 £ 0.18 13.58 £ 0.41 35.14+£1.05
C,x 10? 583+1.5 31.0£ 1.1 504 +1.6 725+£22
¢, x 10? 6.3 +0.7 34+ 1.1 53408 109+ 1.1
Cy 0.93 £0.01 0.99 £0.01 0.92 £0.02 0.36 £ 0.06
C, 0.94 +£0.01 0.96 + 0.01 0.85 £ 0.02 0.69 £+ 0.05
ag(SM) x 103 —-1.5+£03 —04+0.1 —-1.0+0.2 -3.2+£0.7
acp(SM) x 10° —-0.7+ 0.2 —0.2 £+ 0.1 —0.8 + 0.1 2.7+ 0.6

Am of the B meson is very large compared to its width I,
and the different /P samples have approximately the same
value of y, ~0.5. The coefficients C; and C, in a given
sample are computed using the following expressions:

Co=faxal(faxa~+fxs) (63)

C,=1-Cy. (64)
Thus, the contribution of the asymmetries aZ and a; to the
asymmetry A is different for different /P samples, with C,
increasing in the range 31%-73% when moving from
smaller to larger /P (see Tables XV and XVI). We use
the values of f,; and f, measured at LEP and at Tevatron
as averaged by the Heavy Flavor Averaging Group [11]:

fa=0.401 +0.007, (65)

fs = 0.107 £ 0.005. (66)
The two largest SM contributions to the like-sign dimuon
charge asymmetry are CP violation in B°-B® and BY-BY
mixing, A§"™ [8], and CP violation in the interference of
B° and B) decay amplitudes with and without mixing,
A§" [7]. Thus, the asymmetry Ag defined in Eq. (26) is
expressed as

TABLE XVI.

AS — Ag}ix _|_Aint’ (67)

ATX = C,Ab. (68)
The first contribution, Ag‘ix, due to CP violation in mixing, is
proportional to A4, with the coefficient C, typically 45%—
58% (see Table XVI). The second contribution, A, is gen-
erated by the CP violation in the decay B°(B°) — cédd.
This final state is accessible for both B and B, and the
interference of decay amplitudes to these final states with
and without B°-B° mixing results in CP violation. This con-
tribution was not included before in the SM estimate of the
dimuon charge asymmetry. It can be shown [7] that this CP
violation in interference produces a like-sign dimuon charge
asymmetry, while it does not contribute to the inclusive sin-
gle muon charge asymmetry. An example of the final state
produced in B’(B°) — c¢dd decay is B°(B°) — D"+ D)~
A similar contribution of CP violation in BY — c¢¢s5 decay
is found to be negligible [7] and is not considered in our
analysis.

The value of AiSnt is obtained using the following
expression [7]:

_ 0.5f4R4Rp ATy
B(b ad CE'X) Fd

At = sin(2p8)1, (69)

where

Quantities extracted from the simulation and used to interpret the residual asymmetry Acp in terms of CP violation in

mixing and CP violation in the interference of decays with and without mixing.

Quantity All IP IPI,IP2:11 IPI,IP2:12 IP],IP2:13 IP],IP2:22 IP],IP2:23 IP],IP2:33
xa % 10? 18.62 £0.23 6.00 £0.18 9.79 £0.31 20.57+£0.62 13.58+041 2436+0.77 35.14+1.05
C,x 10? 583+ 1.5 31.0+ 1.1 423+ 1.3 60.7 £ 1.9 504 +1.6 64.6 £2.0 725+22
C, x 10? 52.4+£4.0 452 +32 46.7£3.2 542 +£42 456 £3.2 53.6 £4.1 57.6 £4.2
I x 10? 483+£04 279 £0.6 38.1+0.9 492+1.0 483+ 1.1 594+13 705£1.2
Rp x 107 193 +0.6 24.1£0.7 24.1£0.7 18.7 £ 0.6 209 £0.6 172 £ 0.6 149 +£0.5
Ry x 107 26.5+2.1 45.0+£42 409 +4.1 21.6 +3.3 59+£59 8.0£8.0 2.8+2.8
A?iX(SM) x 10* —1.2+0.2 —-0.5+0.1 —0.8+0.2 —1.3+0.3 —09+0.2 —14+03 —1.7+04
AiSm(SM) x 10* —5.0+£1.2 -3.6+£0.8 —-49+1.2 —-49+1.2 —54+13 —54+13 —-56+14
Acp(SM) x 104 —43+1.0 —-19+03 -3.6+£0.8 —42+1.0 —42+1.0 —53+1.2 —-64+1.3
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_ B(cedd - uX)
Ri= B(ceX — uX) 70)
__P(b— ccX — uX)(P(b) — P(b))
Ry = P(b)P(b) - D
I= Fd/exp(—th) sin(Amyt)dt. (72)

Here the ratio R, reflects the fact that the final state of the
decay B° — cCdd contains more D* mesons than the
generic b — ccX final state and that the branching fraction
of D* — u*X decays is much larger than that of all other
charmed hadrons. Using the known branching fractions of
b- and c-hadron decays taken from Ref. [5], we estimate

R,=15+£0.2. (73)

In the expression for Rp, the quantity P(b — ccX — uX)
is the probability to reconstruct a muon coming from the
decay b — ccX — pX. It depends on the muon reconstruction
efficiency, including all fiducial requirements, and on the
branching fractions of the decays b — ccX and ¢ — uX.
The quantity P(b) is the probability to reconstruct a
right-sign muon from the b — p~ decay. It includes both
the muon reconstruction efficiency and the branching frac-
tions of all possible decay modes of b quarks producing a
right-sign muon. Similarly, the quantity P(b) is the proba-
bility to reconstruct a wrong-sign muon from the b — u~
decay. All these probabilities depend on the /P requirement.
They are determined using simulation. The values of Rp for
different /P samples are given in Table XVI.

The branching fraction B(b — ¢¢X) of b-hadron decays
producing a cc pair is obtained using the experimental value
of B(b—hadron mixture— ¢/¢X) measured at LEP [5],

B(B mixture — ¢/cX) = (116.2+£3.2)%,  (74)
where “c/¢” counts multiple charm quarks per decay.
Assuming a negligible fraction of charmless b-hadron
decays, we derive from Eq. (74) the following value for
the branching fraction of the decay of the b quark into
two charm quarks:

B(b — ccX) = (162 £3.2)%. (75)
The angle f is one of the angles of the unitarity triangle
defined as
VeaVi
p = arg <— "") (76)
Vfdvtb

where the quantities V,, are the parameters of the CKM
matrix. The world average value of sin(28) [5] is

sin(2f) = 0.679 £ 0.020. )
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The SM prediction [9]

AT
F—" (SM) = (0.42 4 0.08) x 102 (78)
d

is used in our estimate of the SM expectation of the Al
asymmetry. The precision of the measured world average
of AT';/T"; [5] is about 20 times larger:

AT
r—d = (1.5+£1.8) x 1072 79
d

Finally, the integration in Eq. (72) is taken over all B°
decays in a given /P sample. For the total dimuon sample,
it can be obtained analytically with the result

Xa
= , 80
1+ xfi (80)
Amd
=—°, 81
X4 r, (81)

For the /P samples, the value of / is obtained with simu-
lation and the results are given in Table XVI.

The CP violation in the interference of BY decay
amplitudes with and without mixing is expected to be
significantly smaller than the contribution from B® mesons
[7] due to the relatively small values of x,/(1 + x2) and
sin(23,). The contribution due to BY mesons is neglected
in this analysis.

Hence, to determine the expected SM values of asymme-
tries ag and Ag, we need the following quantities, all
extracted from simulation and all listed in Tables XV
and XVI:

(i) the fractions ¢, and C,, in different /P samples;

(i1) the coefficient Cy, itself derived from the average mix-
ing probability y,, in different /P samples;

(iii) the quantities Rp and I, required to evaluate the con-
tribution A, in different /P samples.

The coefficients C;, and Rp are determined using the
simulation of bb and c¢ events producing two muons.
This simulation allows an estimate of these coefficients tak-
ing into account the possible correlation in the detection of
two muons. This simulation was not available for our pre-
vious measurement [3]. For comparison, the value of C,,
used in Ref. [3] for the full sample of dimuon events
was C;, = 0.474 £ 0.032. The uncertainty on all quantities
listed in Tables XV and X VI include the uncertainty on the
input quantities taken from Ref. [5] and the limited simu-
lation statistics. In addition, the uncertainty on the coeffi-
cients c¢;,, C,, and Rp includes the uncertainty on the
momentum of the generated b hadrons.

In addition, to convert the asymmetries ag and Ag into
the asymmetries a.p and A-p using Egs. (11) and (26), the
fractions fg, Fgg, and Fg; are required. These quantities are
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obtained using the values fx, f,, f ,, Fx, F, and Fp. All of
them are measured in data and given in Tables V and VI
We also need the following quantities extracted from sim-
ulation and listed in Tables XV and XVI:
(1) the quantities Cg, and C,, in different /P samples [they
are defined in Eq. (8)];
(ii) the quantity R;; in different /P samples [it is defined
in Eq. (34)].

The coefficients Cx and C, are defined as the fraction of
K — u and 7 — p tracks with the reconstructed track
parameters corresponding to the track parameters of the
kaon or pion, respectively. Since the kaons and pions
are mainly produced in the primary interactions, such
muons have small /P. If, on the contrary, the reconstructed
muon track parameters correspond to the track parameters
of the muon from K* — p*v and 7+ — p*v decay, the IP
of such muons is large because the kaons and pions decay
at a distance from the primary interaction, and the muon
track has a kink with respect to the hadron’s trajectory.
Therefore, the fraction of such muons increases with
increasing /P, and the coefficients Cx and C, become
small for the samples with large /P.

Tables XV and X VI also include the SM expectation for
as, Arsnix, AiS“‘, acp, and Acp. The expected value of ag is
smaller than that of AT, The contribution A™ due to CP
violation in the interference of decay amplitudes with and
without mixing exceeds that from AT,

IX. INTERPRETATION OF RESULTS

We measure the asymmetry agp = a' — aj,, in 27 bins
with different (pz, |#|) and IP, and the asymmetry AL, =
A’ — A, in 54 bins with different (pz, |1]), [Py, and IP,,
and compare the result with the SM prediction.

The largest SM contributions to the inclusive single
muon and like-sign dimuon charge asymmetries come from
CP violation in B°-B° and B%-BY mixing and CP violation
in the interference of B® and B? decay amplitudes with and
without mixing. The expected numerical values of these
contributions to the asymmetries ag and Ag are given in
Tables XV and XVI. The asymmetries ag and Ag are related
to the residual asymmetries acp and Acp as

acp = fsas, (82)

Acp = FssAs + Fspag; (83)
see Egs. (11) and (26). The fractions fg, Fgg, and Fg; are
given in Tables V and VL

Using all these values, we determine the consistency of
our measurements with the SM expectation. The SM
expectation for ac-p and Acp are given in Tables XV and
XVI, respectively. The expectation for acp(SM) is signifi-
cantly smaller in magnitude than the experimental uncer-
tainty for all /P samples. The measured A-p are
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systematically larger in amplitude than their corresponding
Acp(SM) expectations.

Using the measurements with full samples of inclusive
muon and like-sign dimuon events given in rows All /P
in Tables IX and XI and taking into account the correlation
between them given in Eq. (54), we obtain the y* of the
difference between these measurements and their SM
expectations:

2*/d.o.f. =9.9/2, (84)

p(SM) = 7.1 x 1073, (85)
This result, which uses no /P information, corresponds to
2.7 standard deviations from the SM expectation.

The values of y? in Eq. (84), and throughout this section,
include both statistical and systematic uncertainties. These
x* values are minimized by a fit that takes into account all
correlations between the uncertainties; see the Appendix.
The p value quoted in Eq. (85), and throughout this section,
is the probability that the y? for a given number of degrees
of freedom (d.o.f.) exceeds the observed . These p values
are translated to the equivalent number of standard devia-
tions for a single variable.

Using the same measurements acp and Acp obtained
with full inclusive muon and like-sign dimuon samples,
we obtain the value of the charge asymmetry Af] defined
in Eq. (56). Assuming that the contribution of CP violation
in the interference corresponds to the SM expectation given
in Table XVI, we get

Al = (—0.496 £ 0.153 £ 0.072) x 1072 (86)
This value differs from the SM expectation Aé’l =
(—0.023 4-0.004) x 102 obtained from Eq. (56) by 2.8
standard deviations.

The change in the central value and the uncertainty com-
pared to our previous result [3] is due to several factors. The
contribution of the CP violation in the interference was not
considered in Ref. [3]. The simulation of bb and c¢ events
producing two muons, which was not available for our
previous measurement, allows a better estimate of the coef-
ficient C,,. Finally, a more accurate procedure for measur-
ing background asymmetries using (pr, |5|) bins results in
the change of A-p with respect to the previous result [3],
which is also reflected in the change of the A} asymmetry;
see Table XIV.

The comparison of our result with the SM prediction
benefits from the use of each /P region separately, due
to the large variations in the background fraction in each
IP sample. The three measurements of acp in different
IP samples and six measurements of Acp in different
(IP;, IP,) samples can be compared with the SM expect-
ation. Both statistical and systematic uncertainties are
used in this comparison. The correlation between different
measurements given in Table XII are taken into account.
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The »*(IP) of the difference between the measured residual
asymmetries and the SM expectation is

ZA(IP)/d.o.f. = 31.0/9, &7)

p(SM) =3 x 107, (88)

This result corresponds to 3.6 standard deviations from
the SM expectation. The p value of the hypothesis that
the acp and Aqp asymmetries in all /P samples are equal
to zero is

p(CPV =0) =3 x 1075, (89)

which corresponds to 4.1 standard deviations.

If we assume that the observed asymmetries ac-p and
Acp are due to the CP violation in the mixing, the
results in different /P samples can be used to measure
the semileptonic charge asymmetries a? and a. Their
contribution to the asymmetries a-p and Acp, deter-
mined by the coefficients C,; and C;, varies considerably
in different /P samples. Performing this measurement
we assume that the contribution of the CP violation
in the interference of decay amplitudes with and without
mixing, given by Eq. (69), corresponds to the SM
expectation presented in Table XVI. In particular, the
value of AI';/T,; is set to its SM expectation given
in Eq. (78). We obtain

at = (—0.62 £0.42) x 1072, (90)
as, = (—0.86 £0.74) x 1072 91)
7*/d.of. =10.1/7. (92)

The correlation between the fitted parameters a¢ and a,

1S
pas = —0.79. 93)

The difference between these a? and @) values and the
combined SM expectation (62) corresponds to 3.4 stan-
dard deviations.

The like-sign dimuon charge asymmetry depends on the
value of AI';/T";; see Egs. (56), (58), and (67-69). By fix-
ing the values of ¢)? and a3; to their SM expectations ¢? =
—0.075 £0.024 and af = (+1.94+0.3) x 107> [9], we
can extract the value of AT';/T"; from our measurements
of acp and Acp in different /P samples. We obtain

AT'y/T; = (+2.63 £ 0.66) x 102, (94)

y*/d.of. = 13.8/8. (95)
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This result differs from the SM expectation (55) by 3.3
standard deviations. The values of ¢!? and AI';/T; deter-
mine the value of a?; see Eq. (58).

Finally, we can interpret our results as the measurement
of af], a), and AT, /T, allowing all these quantities to vary

in the fit. We obtain

ad = (—0.62 +0.43) x 102, (96)
as, = (—0.82 +0.99) x 102, 97)
Ar—l;" = (+0.50 + 1.38) x 1072, (98)
7*/dof =10.1/6. (99)

The correlations between the fitted parameters are

pd,s = —061, Pd,AF = —003, Ps,AF = +O66

(100)

This result differs from the combined SM expectation for
a®, a’,, and AT';/T; by 3.0 standard deviations.

Figure 21 shows the 68% and 95% confidence level
contours in the a%-a’ plane obtained from the refit of

0.02

| DG, 10.4 "
| AT /T, = 0.0042
(SM, +0.0008)

aq

0027 Standard Model

= Do B'-p'pYX
| [ p@ B—~p'D; X
0.04F *

Central value from s
dimuon asymmetry

PR R R .
-0.04 -0.02 0 0.02
d
aq

FIG. 21 (color online). The 68% and 95% confidence level con-
tours in the a?-a plane obtained from the fit of the inclusive
single muon and like-sign dimuon asymmetries with fixed value
of AT;/T; = 0.0042 corresponding to the expected SM value
(78), which has an uncertainty +0.0008. The independent mea-
surements of af] [29] and af [30] by the DO collaboration are also
shown. The error bands represent 1 standard deviation uncer-
tainties of these measurements.
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FIG. 22 (color online). The 68% and 95% confidence level con-
tours in the a%-af, plane obtained from the fit of the inclusive
single muon and like-sign dimuon asymmetries with fixed value
of AI';/T'; = 0.0150 corresponding to the experimental world
average value (79), which has an uncertainty +0.0180. The inde-
pendent measurements of afl [29] and ag; [30] by the DO collabo-
ration are also shown. The error bands represent +1 standard

deviation uncertainties of these measurements.

the inclusive single muon and like-sign dimuon asymme-
tries with a fixed value of AI';/T"; = 0.0042 corresponding
to the expected SM value (78). The same plot also shows
two bands of the independent measurements of a? and a,
by the DO collaboration [29,30]. Figure 22 presents the
result of the fit of the inclusive single muon and like-sign
dimuon asymmetries with a fixed value of AI'y/I'; =
0.0150 corresponding to the experimental world average
value (79). These two plots show that if the currently impre-
cise experimental value of AI';/T"; is used instead of the
SM prediction the values of a? and a¥, become consistent
with the SM expectation within two standard deviations.
This observation demonstrates the importance for indepen-
dent measurements of AI';/I";, which have not been a high
priority of experimentalists before [33].

The combination of the measurements of the semilep-
tonic charge asymmetries afl [29] and af [30] by the
DO collaboration with the present analysis of the inclusive
single muon and like-sign dimuon charge asymmetries
gives

ad = (—0.09 £0.29) x 1072, (101)

a$, = (—1.33 £0.58) x 1072, (102)

AT

4= (+0.79 £ 1.15) x 1072, (103)
d
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FIG. 23 (color online). The 68% (full line) and 95% (dashed
line) confidence level contours in the ad-af, plane representing
the profile of the results given by Eqgs. (96)—(100) at the best
fit value of AI'y/T"; = 0.0050 corresponding to Eq. (98). The
contours with filled area show the 68% and 95% confidence level
contours in the a%-aZ| plane representing the profile of the results
obtained by the combination of all DO measurements and given
by Egs. (101)—(105) at the best fit value of AT';/T"; = 0.0079
corresponding to Eq. (103). The independent measurements of
af, [29] and a) [30] by the DO collaboration are also shown.
The error bands represent £1 standard deviation uncertainties
of these measurements.

y?/d.of. =44/2. (104)
The correlations between the fitted parameters are
pd,s = —034, /’d.AF = +024, ps,AF = +055
(105)

In this combination we treat all DO measurements as sta-
tistically independent. This result differs from the com-
bined SM expectation for afl, al, and AI';/T"; by 3.1
standard deviations. Currently, these are the most precise
measurements of agl, aj, and AI'y/T, by a single
experiment.

Figure 23 shows the 68% and 95% confidence level con-
tours in the a%-a¥ plane representing the profile of the
results given by Egs. (96)—(100) at the best fit value of
ATl';/T'; = 0.0050 corresponding to Eq. (98). The same
figure shows the 68% and 95% confidence level contours
in the afl-agl plane representing the profile of the results
obtained by the combination of all DO measurements
and given by Egs. (101)—(105) at the best fit value of
AT";/T; = 0.0079 corresponding to Eq. (103).
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X. CONCLUSIONS

We have presented the final measurements of the inclu-
sive single muon and like-sign dimuon charge asymmetries
using the full data set of 10.4 fb~! collected by the DO
experiment in run II of the Tevatron collider at Fermilab.
The measurements of the inclusive muon sample are per-
formed in 27 nonoverlapping bins of (pr, |5|) and IP. The
measurements of the like-sign dimuon sample are per-
formed in 54 nonoverlapping bins of (pr,|n|), IP;, and
IP,. The background contribution is measured using two
independent methods that give consistent results. The
achieved agreement between the observed asymmetry a
and the expected background asymmetry ay, in the inclu-
sive muon sample is at the level of 3 x 10~*; see Table VIII.

The model-independent charge asymmetries acp and
Acp, obtained by subtracting the expected background con-
tribution from the raw charge asymmetries, are given in
Tables IX, XI, and XII, respectively, and are shown in
Fig. 20. These measurements provide evidence at the 4.1
standard deviations level for the deviation of the dimuon
charge asymmetry from zero. The y? of the difference
between these measurements and the SM expectation of
CP violation in B%-B° and B%-BY mixing, and in the inter-
ference of B® and BY decay amplitudes with and without
mixing, is 31.0 for 9 d.o.f., which corresponds to 3.6 stan-
dard deviations.

If we interpret all observed asymmetries in terms of
anomalous CP violation in neutral B meson mixing and
interference, we obtain the semileptonic charge asymme-
tries a4 and af of B® and BY mesons, respectively, and
the width difference of the B® system, AI';:

at = (—0.62 £0.43) x 1072, (106)
as, = (—0.82 £0.99) x 1072, (107)
AT
—d_ (+0.50 £ 1.38) x 1072, (108)
d
x*/d.o.f =10.1/6. (109)
The correlations between the fitted parameters are
pas = —0.61, paar = —0.03, ps.ar = +0.66.
(110)

This result differs from the SM expectation by 3.0 standard
deviations.

Because our measurements are inclusive, other as yet
unknown sources of CP violation could contribute to the
asymmetries acp and Aqp as well. Therefore, the model-
independent asymmetries acp and Acp measured in
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different / P samples constitute the main result of our analy-
sis. They are presented in a form which can be used as an
input for alternative interpretations.
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APPENDIX: FITTING PROCEDURE

The asymmetries acp and A-p measured in different /P
samples are given in Tables IX and XI. Following Egs. (55),
(56), (67), (68), (69), (82), and (83), they can be expressed
in a given /P sample as

acp = fscpAl, (AT)
Acp = (FssCp + Fspcpp)AL + FgARt, (A2)
Al = Cyad + Cyal, (A3)

: , S
Amt — At SM , Ad
S S ( )BF(SM> ( )

AT,

or=——. A5
=T (A5)

The values of c,, C, Cy, and A(SM) are given in
Tables XV and XVI. The values of f,, Fgg, and Fg; are
given in Tables V and VI. The value of 6-(SM), which does
not depend on the /P requirement, is given in Eq. (78). The
value of C; is defined as C;, =1 — Cy.

Equations (A1)-(A4) for a given /P sample i can be
rewritten as

yi = Kéafl + Kia% + K56y (A6)

Index i varies from 1 to 9. The definitions of quantities y’,
K', Ki, and K} are given in Table XVIL Definitions of the
quantities a’, A’, and Cyz used in Table XVII are given
below:
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TABLE XVIL.  Definition of y’, K/, Ki, and Kj.

PHYSICAL REVIEW D 89, 012002 (2014)

i yi Ki=1-Ki Ki
d (IP=1) C, (IP=1) 0
d (IP =2) C, (IP =2) 0
d (IP = 3) C, (IP = 3) 0

O 0NN kAW~

A, (IP], IP2 — 11)
A, (IPI, IP2 - 12)
A/ (IPl, 1P2 = 13)
A/ (IPI, 1P2 = 22)
A’ (IP,, IP, = 23)
A’ (IP,, IP, = 33)

Cd (IP], IP2 — 11)
Cd (IP], IP2 - 12)
Cd (IP[, 1P2 = 13)
Czl (IPl, 1P2 = 22)
C, (IP,, IP, = 23)
C, (IP,, IP, = 33)

Cs (IPy, IP, =11)
C5 (IPI, IP2 == 12)
C5 (IPl, 1P2 = 13)
Co‘ (IPI, 1P2 = 22)
Cs (IPy, IP, = 23)
Cs (IPy, IP, = 33)

TABLE XVIIIL

Sources of uncertainty on y'. The first nine
rows contain statistical uncertainties, while the next five rows
reflect contributions from systematic uncertainties.

Index k

—
S

Source

X

N
—
~

O 0N Wk~ W=

e e e )
AW =O

A or a (stat)
n(K*) or N(K*0)(stat)
n(K*")

Pz — p)/P(K - p)
P(p — u)/P(K = p)
ag
aﬂ
ap
o
Sk (syst)
Fy/fk (syst)

7, K, p multiplicity
c, or Cy,
E(K*O)

OO = O b= = OO

[ N o R S R I

Cs

- F4sCy + Fypcp, 60(SM)

dcp
a = . (A7)
fscp
A
I = $, (A8)
FssCp + Fgrcy
F ANt(SM
s AT

All quantities in these expressions, except 6p(SM), depend
on the IP requirement. The quantities y' are measured
experimentally. The coefficients K',, K%, and K are deter-
mined using the input from simulation and from data. The
components necessary for their computation are given in
Tables V, VI, XVI, and XVI. The values of ¢, for different

(IP,, IP,) samples are determined as

TABLE XIX. Values of y' (i = 1,...,9) and the contributions to their uncertainties oj{ from different sources k (k =1, ...,14). The
definition of different measurements is given in Table XVII. The definition of all sources is given in Table XVIIIL.

index i

Quantity 1 2 3 4 5 7 8 9

yi x 10? —-1.869 0.473 -0.519 -2.029 —-0.347 —-0.936 -0.817 —0.335 —0.600
o x 10? 0.204 0.146 0.058 0.365 0.303 0.196 0.657 0.259 0.228
ag x 102 0.425 0.152 0.059 0.385 0.283 0.170 0.634 0.300 0.254
ok x 107 1.767 0.237 0.036 0.248 0.161 0.092 0.098 0.172 0.006
oy x 10? 1.569 0.196 0.034 0.139 0.035 0.023 0.029 0.010 0.003
ol x 102 0.367 0.042 0.007 0.031 0.010 0.006 0.007 0.002 0.001
aé x 10? 1.534 0.198 0.029 0.152 0.060 0.035 0.063 0.018 0.006
oy X 10? 2.765 0.349 0.051 0.227 0.089 0.050 0.087 0.025 0.009
oy X 102 0.919 0.128 0.014 0.058 0.028 0.011 0.011 0.007 0.002
ol x 107 0.709 0.458 0.229 0.100 0.091 0.081 0.096 0.079 0.070
oy x 10 5.948 0.499 0.072 0.617 0.171 0.090 0.106 0.025 0.014
of; x 10 0.000 0.000 0.000 0.259 0.082 0.045 0.061 0.015 0.008
ol, x 10 0.152 0.017 0.016 0.071 0.019 0.019 0.021 0.016 0.016
ol5 x 10 0.604 0.071 0.052 0.155 0.020 0.051 0.050 0.014 0.032
oh, x 10 0.973 0.358 0.103 0.098 0.068 0.039 0.064 0.072 0.022
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cp(IPy, IP) = = (¢ (IPy) + ¢} (IP2)). (A10)

| =

The experimental measurements acp and A-p therefore
depend linearly on three physics quantities afl, ay, and or.
There are three measurements of the inclusive single muon
asymmetry and six measurements of the like-sign dimuon
asymmetry. In total there are nine independent measure-
ments. Since the coefficients in Eq. (A6)are different for
different /P samples, the physics quantities afl, a3, and
S can be obtained by minimization of the y?.

In this »*> minimization, the correlation between mea-
sured values acp, Acp, Fgg, and Fg; are taken into account.
The expression for 2, which takes into account this corre-
lation, can be written as

9
2= (' = Kial — Kjay — K}éy)
ij=1
x Vil (v — Kjad — Klay — Klor).  (All)

The indexes i and j correspond to the /P samples. The
covariance matrix V;; is defined as

14
Vi =Y _oioipk. (A12)
k=1
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o} is the contribution to the uncertainty on y’ from a given
source k. The list of the sources of uncertainty on y* is given
in Table XVIII. The parameters pf-‘j are the correlation
between the measurements i and j for the source of uncer-
tainty k. The assignment of the correlation of different
sources of uncertainties is set based on the analysis pro-
cedure. For example, the same muon detection asymmetry
0; is used to measure both acp and A-p for each IP.
Therefore, the correlation due to this source is set to 1.
The values of y' and o are given in Table XIX.

Table XVIII gives the values of the correlation coeffi-
cients p¥, and p¥,. For all other correlation coefficients,
the following relations apply:

ko ook o ok o ok o ok o ok _ ok _ ok
Pi2 = P13 = P17 = P1s = P19 = P23 = P24 = P2e

ko ko ko ko ok ok ok
= P29 = P34 = P35 = P37 = P47 = P4g = Pao

= P59 = Pl = Pho- (A13)
Pha = Pis = Phe = Pbs = 5 = Phs = Phe = Pl

= Pho = Plis = Pl = P56 = P51 = Ps = Pl

= pky = phs = pls. (Al4)

This input is used to obtain the results given in Sec. IX
and the correlation matrix given in Table XII.
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