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We present a measurement of the time-integrated flavor-specific semileptonic charge asymmetry
in the decays of B? mesons that have undergone flavor mixing, a2}, using B?(B?) — DTt X decays,
with DF — ¢nT and ¢ — KK~ using 10.4 fb~! of proton-antiproton collisions collected by the
DO detector during Run II at the Fermilab Tevatron Collider. A fit to the difference between the
time-integrated D, and DJ mass distributions of the B and BY candidates yields the flavor-specific
asymmetry ag = [—1.12 £ 0.74 (stat) £ 0.17 (syst)] %, which is the most precise measurement and
in agreement with the standard model prediction.

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

CP violation has been observed in the decay and mix-
ing of neutral mesons containing strange, charm and
bottom quarks. Currently all measurements of CP vi-
olation, either in decay, mixing or in the interference
between the two, have been consistent with the pres-
ence of a single phase in the CKM matrix. An obser-
vation of anomalously large CP violation in BY oscilla-
tions can indicate the existence of physics beyond the
standard model (SM) [1]. Measurements of the like-
sign dimuon asymmetry by the DO Collaboration |2, 3]
show evidence of anomalously large CP-violating effects
using data corresponding to 9 fb™! of integrated lumi-
nosity. Assuming that this asymmetry originates from
mixed neutral B mesons, the measured value is Agl =
Caad +Csa? = [-0.787 £ 0.172 (stat.) + 0.021 (syst.)] %,
(d)

where azl is the time-integrated flavor-specific semilep-
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tonic charge asymmetry in B?(BY) decays that have un-
dergone flavor mixing and Clyy) is the fraction of BY(BY)
events. The value of af) is extracted from this measure-
ment and found to be a = (—1.81 £1.06)% [3]. This
Letter presents an independent measurement of af us-
ing the decay B? — D;u*X, where Dy — ¢n~ and
¢ — KTK~ (charge conjugate states are assumed in
this Letter).
The asymmetry a2 is defined as

I'(BY = B - ¢tvX) —T' (B? —» BY - (" vX)

“ T T (B0 BY o (twX) +T (BY > BY = (- 7X)’

(1)
where in this analysis ¢ = p and X = D{Y™. This in-
cludes all decay processes of B? mesons that result in a
D7 meson and an oppositely charged muon in the final
state. To study CP violation, we identify events with
the decay BY — D;putX. The flavor of the B? meson
at the time of decay is identified using the charge of the
associated muon, and this analysis does not make use of
initial-state tagging. The fraction of mixed events inte-
grated over time is extracted using Monte Carlo (MC)
simulations. We assume there is no production asymme-
try between BY? and BY mesons, that there is no direct
CP violation in the decay of Dy mesons to the indicated




states or in the semileptonic decay of BY mesons, and
that any CP violation in BY mesons only occurs in mix-
ing. We also assume that any direct CP violation in
the decay of b baryons and charged B mesons is neg-
ligible. This analysis does not make use of the decay
D; — K*YK~ as used in Ref. |4] as the expected statis-
tical uncertainty in this channel is 2.5 times worse than
the decay D, — ¢m—.

The value of the SM prediction for a3 = (1.9 £0.3) x
1075 [1] is negligible compared with current experi-
mental precision. The best direct measurement of ag
was performed by the DO Collaboration using data cor-
responding to 5 fb™! of integrated luminosity, giving
a% = [—0.17 £ 0.91 (stat.)*0:15 (syst.)] % [4]. This Letter
presents a new and improved measurement of a using
the full Tevatron data sample with an integrated lumi-
nosity of 10.4 fb—1.

The measurement is performed using the raw asymme-
try

Nop-—N,_p+

A=-E Bl (2)
Nyips + Ny-pr

where N .- (N,-p+) is the number of reconstructed
BY - utD;X (BY — p~DFX) decays. The time-
integrated flavor-specific semileptonic charge asymmetry
in BY decays which have undergone flavor mixing, af), is
then given by

ag - Fpy = A— Ay — Apack — ARk, (3)

where A, is the reconstruction asymmetry between pos-
itive and negatively charged muons in the detector [5],
Atrack 18 the asymmetry between positive and negative
tracks, Ak is the residual kaon asymmetry from the de-
cay of the ¢ meson, and gsgc is the fraction of D — ¢~

decays that originate from the decay of a BY meson after
a BY — BY oscillation. The Fgi factor corrects the mea-
sured asymmetry for the fraction of events in which the
B? meson is mixed under the assumptions outlined ear-
lier that no other physics asymmetries are present in the
other b-hadron backgrounds. While the data selection,
fitting models, A, Atrack, and Ax i were studied, the
value of the raw asymmetry was offset by an unknown
arbitrary value and any distribution that gave an indica-
tion of the value of the asymmetry was not examined.

The DO detector has a central tracking system, con-
sisting of a silicon microstrip tracker (SMT) and a cen-
tral fiber tracker (CFT), both located within a 2 T su-
perconducting solenoidal magnet [5, 6]. An outer muon
system, at |n| < 2 [7], consists of a layer of tracking de-
tectors and scintillation trigger counters in front of 1.8 T
toroidal magnets, followed by two similar layers after the
toroids [g].

The data are collected with a suite of single and
dimuon triggers. The selection and reconstruction of

pT D7 X decays requires tracks with at least two hits
in both the CFT and SMT. Muons are required to have
hits in at least two layers of the muon system, with seg-
ments reconstructed both inside and outside the toroid.
The muon track segment has to be matched to a par-
ticle found in the central tracking system which has
momentum p > 3 GeV/c and transverse momentum
2 <pr <25GeV/e.

The D7 — ¢n~; ¢ — KT K~ decay is reconstructed as
follows. The two particles from the ¢ decay are assumed
to be kaons and are required to have pr > 0.7 GeV/c,
opposite charge and a mass M(KTK~) < 1.07 GeV/c?.
The charge of the third particle, assumed to be the
charged pion, has to be opposite to that of the muon
with 0.5 < pp < 25 GeV/c. The three tracks are com-
bined to create a common D; decay vertex using the
algorithm described in Ref. |9]. To reduce combinatorial
background, the D vertex is required to have a dis-
placement from the pp interaction vertex (PV) in the
transverse plane with a significance of at least four stan-
dard deviations. The cosine of the angle between the D
momentum and the vector from the PV to the D, decay
vertex is required to be greater than 0.9. The trajectories
of the muon and D} candidates are required to be consis-
tent with originating from a common vertex (assumed to
be the BY decay vertex) and to have an effective mass of
2.6 < M(uTDy;) < 5.4 GeV/c?, consistent with coming
from a BY semileptonic decay. The cosine of the angle
between the combined ™ D; direction, an approxima-
tion of the BY direction in the direction from the PV to
the B? decay vertex has to be greater than 0.95. The
BY decay vertex has to be displaced from the PV in the
transverse plane with a significance of at least four stan-
dard deviations. These angular criteria ensure that the
D7 and p momenta are correlated with that of their BY
parent and that the D7 is not mistakenly associated with
a random muon. If more than one BY candidate passes
the selection criteria in an event, then all candidates are
included in the final sample.

To improve the significance of the BY selection we use
a likelihood ratio taken from Refs. |10, [11]. It combines
several discriminating variables: the helicity angle be-
tween the D and K momenta in the center-of-mass
frame of the ¢ meson; the isolation of the u* D sys-
tem, defined as I = p(u™D;)/[p(u*t D7) + Ep;], where
p(ut D7) is the sum of the momenta of the three tracks
that make up the D, meson and Xp; is the sum of mo-
menta for all tracks not associated with the p™ Dy in a
cone of \/(A¢)? + (An)? < 0.5 around the p* D, direc-
tion |7]; the x? of the D vertex fit; the invariant masses
M+ D), M(K+K-); and pr(K+K-).

The final requirement on the likelihood ratio vari-
able, wsel, is chosen to maximize the predicted ratio
Ns/+v/Ng + Np in a data subsample corresponding to
20% of the full data sample, where Ng is the number
of signal events and Np is the number of background
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FIG. 1: The weighted K+ K~ 7T invariant mass distribution
for the pT¢nT sample with the solid line representing the
signal fit and the dashed line showing the background fit.
The lower mass peak is due to the decay DT — ¢7rT and
the second peak is due to the DJ meson decay. Note the
zero-suppression on the vertical axis.

events determined from signal and sideband regions of
the M(K+K~x~) distributions.

The M (K™K~ 7~) distribution is analysed in bins of
6 MeV/c?, over a mass range of 1.7 < M(KTK 7n7) <
2.3 GeV/c?. The number of events is extracted by fit-
ting the data to a model using a x? fit. The D, meson
mass distribution is well modelled by two Gaussian func-
tions constrained to have the same mean, but with differ-
ent widths and relative normalizations. A second peak
in the M(KTK~7~) distribution corresponding to the
Cabibbo-suppressed decay of the D~ meson is also simi-
larly modelled by two Gaussian functions, and the combi-
natoric background by a third-order polynomial function.
The number of DT signal decays determined from the fit
is N(utDT) = 215,763 4+ 1,467, where the uncertainty is
statistical.

The polarities of the toroidal and solenoidal magnetic
fields are reversed on average every two weeks so that the
four solenoid-toroid polarity combinations are exposed to
approximately the same integrated luminosity. This al-
lows for a cancellation of first-order effects related to in-
strumental asymmetries. To ensure full cancellation, the
events are weighted according to the number of u™ D7
decays for each data sample corresponding to a differ-
ent configuration of the magnets’ polarities. The data
are then fitted to obtain the number of weighted events,
N(ptDF) = 203,513 + 1,337. This is shown in Fig. [
where the weighted M (Kt K ~7~) invariant mass distri-
butions in data is compared to the signal and background
fit.

The raw asymmetry (Eq. 2] is extracted by fitting the
M (¢nT) distribution of the DF candidates using a x>
minimization. The fit is performed simultaneously, using
the same models, on the sum (Fig. ) and the difference

(Fig. ) of the M(¢n~) distribution associated with a
positively charged muon and M (¢nt) distribution asso-
ciated with a negatively charged muon. The functions W
used to model the two distributions are

Weum = Weis (D,) + Wsig (D) + Wke (4)
Wag = AW (D) + ApWse (D) + Ap,Wre | (5)

where W*ie (D), W*ie (D) and W28 describe the Dy,
D™ mass peaks, and the combinatorial background, re-
spectively. The asymmetry of the D~ mass peak is
Ap, and Apg is the asymmetry of the combinatorial
background. The result of the fit is shown in Fig.
with fitted asymmetry parameters A = (—0.40 +0.33)%,
Ap = (—1.21+£1.00)%, and Apg = (0.00 £0.11)%.

DO Run I, 10.4fb

500

o

N(u'DY)-NuDL)/12 MeV/c?

a
o
o
L
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FIG. 2: The fit to the difference distribution for the data (for
clarity the data has been rebinned).

The x? of the fit model with respect to the difference
histogram is 129.7/97 degrees of freedom over the whole
mass range and 34.7 for 25 bins in the mass range 1.90 <
M(utD;) < 2.05 GeV/c?, which corresponds to a p-
value of 9.7%. The value of the extracted raw asymmetry,
A, is checked by calculating the difference between the
number of ptD; and p~ D7 events in the mass range
1.92 < M(pT D) < 2.00 GeV/c? without using a fit. In
this region we observe an asymmetry of (—0.5 £+ 0.3)%
which is consistent with the value of A extracted by the
fitting procedure.

To test the sensitivity of the fitting procedure, the
charge of the muon is randomised to introduce an asym-
metry signal. We use a range of raw signals from —2.0%
to +2.0% in 0.2% steps with 1000 trials performed for
each step, and the result of these pseudo-experiments,
each with the same statistics as the measurement, is
found. In each case, the central value of the asymme-
try distribution is consistent with the input value with a
fitted width of 0.33% and no observable bias. The uncer-
tainty found in data agrees with this expected statistical
sensitivity.

Systematic uncertainties in the fitting method are eval-
uated by making reasonable variations to the fitting



procedure. The mass range of the fit is shifted from
1.700 < M(KTK~77) < 2.300 GeV/c? to 1.724 <
M(KTK—77) < 2.270 GeV/c®. The functions mod-
elling the signal, W*&, are modified so that the D~ and
D7 peaks are fitted by single Gaussian functions. The
background function, WP8 | is varied from a second-order
polynomial function to a fifth-order polynomial function,
and the asymmetry is extracted. Instead of setting the
background of Wyig to AbgWﬁﬁn, the background is ei-
ther set to zero, a constant, or a polynomial function
of up to degree three. The width of the mass bins is
varied between 2 and 12 MeV/c2. Instead of using the
fitted number of BY decays per magnet polarity to weight
the events, the total number of candidates in the mass
range 1.7 < M(KTK~77) < 2.3 GeV/c? is used. The
systematic uncertainty is assigned to be half of the maxi-
mal variation in the asymmetry for each of these sources,
added in quadrature. The total effect of all of these sys-
tematic sources of uncertainty is a systematic uncertainty
of 0.051% on the raw asymmetry A, giving

A = [—0.40 £ 0.33 (stat.) & 0.05 (syst.)] %.  (6)

To extract a2 from the raw asymmetry, corrections
to the charge asymmetries in the reconstruction have
to be made. These corrections are described in detail
in Ref. [12]. The residual detector tracking asymme-
try, Atrack, has been studied in Ref. |2] and by using
Kg — 7tn~ and K** — ngi decays. No significant
residual track reconstruction asymmetries are found and
no correction for tracking asymmetries need to be ap-
plied. The tracking asymmetry of charged pions has been
studied using MC simulations of the detector. The asym-
metry is found to be less than 0.05%, which is assigned as
a systematic uncertainty. The muon and the pion have
opposite charge, so any remaining track asymmetries will
cancel to first order.

Any asymmetry between the reconstruction of K+ and
K~ mesons cancels as we require that the two kaons
form a ¢ meson. However, there is a small residual
asymmetry in the momentum of the kaons produced
by the decay of the ¢ meson due to ¢-fy(980) inter-
ference |13]. The kaon asymmetry is measured using
the decay K** — KTr~ [12] and is used to deter-
mine the residual asymmetry due to this interference,
Ak g =10.020 £ 0.002 (syst.)] %.

The residual reconstruction asymmetry of the muon
system, A,, has been measured using J/¢ — ptpu~
decays as described in [2, [3, [12]. This asymmetry is
determined as a function of pr and |n| of the muons,
and the correction is obtained by a weighted average
over the normalized yields, as determined from fits to
the M(¢m~) distribution. The resulting correction is
A, = (0.11 £0.03)% and the combined corrections are
Ay + Aprack + Ak = [0.13 £ 0.06 (syst.)] %, including
the statistical uncertainties combined in quadrature.

The remaining variable required is Fg¥ (Eq.[3]), which
is the only correction extracted from a MC simulation.
The D; signal decays can also be produced via the decay
of Bg mesons, B* mesons, and from prompt c¢¢ produc-
tion. The BY (BY) mesons can oscillate to B? (BY) states
before decaying. We split these MC samples into mixed
and unmixed decays. This classification is inclusive and
includes most intermediate excited states of both B and
D meson decays.

The MC sample is created using the PYTHIA event gen-
erator |14] modified to use EVTGEN [15] for the decay of
hadrons containing b and ¢ quarks. Events recorded in
random beam crossings are overlaid over the simulated
events to quantify the effect of additional collisions in the
same or nearby bunch crossings. The PYTHIA inclusive
jet production model is used and events are selected that
contain at least one muon and a Dy — ¢7~; ¢ — KTK~
decay. The generated events are processed by the full
simulation chain, and then by the same reconstruction
and selection algorithms as used to select events from
data. Each event is classified based on the decay chain
that is matched to the reconstructed particles.

The mean proper decay lengths of the b-hadrons are
fixed in the simulation to values close to the current
world-average values [16]. To correct for these differ-
ences, a correction is applied to all non-prompt events
in simulation, based on the generated lifetime of the B
candidate, to give the appropriate world-average B me-
son lifetimes and measured value of the width difference
AT |17].

To estimate the effects of trigger selection and track
reconstruction, we weight each event as a function of pr
of the reconstructed muon so that it matches the distri-
bution in the data, and as a function of the lifetime to
ensure that the B-meson lifetimes and AI'y match the
world-average [16].

In the case of the BY meson, the time-integrated oscil-
lation probability is essentially 50% and is insensitive to
the exact value of AM;. Combining the fraction of BY
decays in the sample and the time-integrated oscillation
probability, we find F]‘S’Ef = 0.465.

To determine the systematic uncertainty on Fge°, the
branching ratios and production fractions of B mesons
are varied by their uncertainties. We also vary the B-
meson lifetimes and ATy and use a coarser pr binning
in the pr event weighting. The total resulting system-
atic uncertainty on F3¥ is determined to be 0.017 that
includes the statistical Suncertainty from the MC simula-
tion. An asymmetry of B} decays of 1% would contribute
0.005% to the total asymmetry, which is negligible com-
pared to the statistical uncertainties and therefore ne-
glected.

The uncertainty due to the fitting procedure (0.05%)
and the asymmetry corrections (0.06%) are added in
quadrature and scaled by the dilution factor, F]‘B’Zf. The



effect of the uncertainty on the dilution factor is then
added in quadrature, giving a total systematic uncer-
tainty of 0.17%.

The resulting time-integrated flavor-specific semilep-
tonic charge asymmetry is found to be

af = [~1.12 4+ 0.74 (stat) £ 0.17 (syst)] %,  (7)

superseding the previous measurement of a by the D0
Collaboration [4, 18] and in agreement with the SM
prediction. This result can be combined with the two
Ai’l measurements that depend on the impact parameter
of the muons (IP) [3] and the average of ad, measure-
ments from the B factories, a?y = (—0.05 + 0.56)% [16],
(Fig. B). As a result of this combination we obtain
af = (=142 £ 0.57)% and a¢ = (—0.21 + 0.32)% with
a correlation of —0.53, which is a significant improve-
ment on the precision of the measurement of a‘jl and a3
obtained in Ref. E] These results have a probability of
agreement with the SM of 0.28 x 10~2, which corresponds
to a 3.0 standard deviations from the SM prediction.
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FIG. 3: (color online) A combination of this result with two
measurements of A% with different muon impact parameter
selections made using like-sign dimuons B] and the average
of ad measurements from B factories [16] . The error bands
represent the +1 standard deviation uncertainties on each in-
dividual measurement. The ellipses represent the 1, 2, 3, and
4 standard deviation two-dimensional C.L. regions, respec-
tively, in the a and ad plane.

In summary, we have presented the most pre-
cise measurement to date of the time-integrated
flavor-specific semileptonic charge asymmetry, aj =
[-1.12 £ 0.74 (stat) £ 0.17 (syst)] %, which is in agree-

ment with the standard model prediction and the DO
like-sign dimuon result [3).
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