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We present a measurement of the time-integrated flavor-specific semileptonic charge asymmetry in the
decays of BY mesons that have undergone flavor mixing, ay, using BY%(BY%) — D] u*X decays, with D] —
¢7* and ¢ — KTK~, 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 Dy
and D] mass distributions of the BY and BY candidates yields the flavor-specific asymmetry a¥, =

[—1.12 £ 0.74(stat) = 0.17(syst)]%, which is the most precise measurement and in agreement with the

week ending
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standard model prediction.

DOI: 10.1103/PhysRevLett.110.011801

CP violation has been observed in the decay and
mixing of neutral mesons containing strange, charm,
and bottom quarks. Currently, all measurements of CP
violation, either in decay, mixing, or the interference
between the two, have been consistent with the presence
of a single phase in the Cabibbo-Kobayashi-Maskawa
matrix. An observation of anomalously large CP
violation in B? oscillations 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 anoma-
lously large CP-violating effects using data correspond-
ing to 9 fb~! of integrated luminosity. Assuming that
this asymmetry originates from mixed neutral B mesons,
the measured value is AL = Cyad + Cyaf, = [—0.787 =
0.172(stat) = 0.021(syst)]%, where ail(d) is the time-
integrated flavor-specific semileptonic charge asymmetry
in B?(Bg) decays that have undergone flavor mixing and
C,(s) is the fraction of BY(B?) events. The value of af) is
extracted from this measurement and found to be af} =
(—1.81 = 1.06)% [3]. This Letter presents an indepen-
dent measurement of a; using the decay B — D;u*X,
where Dy — ¢7~ and ¢ — KTK~ (charge conjugate
states are assumed in this Letter).

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

The asymmetry a, is defined as

. TB'—=B)— ¢ vX)—T(B)—B)— (" v X)
a, =—= = —,
S T(B'—BY— € vX)+T(B— BY— ¢~ 7X)

)

where in this analysis { = g and X = D™ . This includes
all decay processes of BY mesons that result in a D; meson
and an oppositely charged muon in the final state. To study
CP violation, we identify events with the decay B? —
Dy " X. The flavor of the BY 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 integrated over time is extracted
using Monte Carlo (MC) simulations. We assume there is
no production asymmetry between B and BY mesons, that
there is no direct CP violation in the decay of D mesons to
the indicated states or in the semileptonic decay of BY
mesons, and that any CP violation in BY mesons only
occurs in mixing. We also assume that any direct CP
violation in the decay of b baryons and charged B mesons
is negligible. This analysis does not make use of the decay
D; — K*°K~, as used in Ref. [4], as the expected statis-
tical uncertainty in this channel is 2.5 times worse than the
decay Dy — ¢ .
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The value of the SM prediction for af, = (1.9 £ 0.3) X
1073 [1] is negligible compared with current experimental
precision. The best direct measurement of af was per-
formed by the DO Collaboration using data corresponding
to 5 fb~! of integrated luminosity, giving a¥, = [—0.17 =
0.91(stat) =5 12(syst)]% [4]. This Letter presents a new and
improved measurement of @, using the full Tevatron data
sample with an integrated luminosity of 10.4 fb~!.

The measurement is performed using the raw
asymmetry

_ Nyp;
N/J,JrD; + Nll'iD:»

— Nyu-p;

A , (2)

where N,+p- (N,-p:) is the number of reconstructed
B— u™D;X (BY— u D!X) decays. The time-
integrated flavor-specific semileptonic charge asymmetry
in B? decays that have undergone flavor mixing, ay, is then
given by

a:lF?;z)C =A- A,u — Agack — Akko 3)

where A, is the reconstruction asymmetry between posi-
tive and negatively charged muons in the detector [5], A ek
is the asymmetry between positive and negative tracks,
Agg is the residual kaon asymmetry from the decay of
the ¢ meson, and ng]c is the fraction of Dy — ¢7~
decays that originate from the decay of a BY meson after
a B} — BY oscillation. The F%y factor corrects the mea-
sured asymmetry for the fraction of events in which the B?
meson is mixed under the assumptions outlined earlier that
no other physics asymmetries are present in the other
b-hadron backgrounds. While the data selection, fitting
models, A,, Ayack, and Agg were studied, the value of
the raw asymmetry was offset by an unknown arbitrary
value and any distribution that gave an indication of the
value of the asymmetry was not examined.

The DO detector has a central tracking system, consist-
ing of a silicon microstrip tracker and a central fiber
tracker, both located within a 2 T superconducting sole-
noidal magnet [5,6]. An outer muon system, at [n| < 2 [7],
consists of a layer of tracking detectors and scintillation
trigger counters in front of 1.8 T toroidal magnets,
followed by two similar layers after the toroids [8].

The data are collected with a suite of single and dimuon
triggers. The selection and reconstruction of u*D; X
decays requires tracks with at least two hits in both the
central fiber tracker and the silicon microstrip tracker.
Muons are required to have hits in at least two layers of
the muon system, with segments reconstructed both inside
and outside the toroid. The muon track segment has to be
matched to a particle found in the central tracking system
that has momentum p > 3 GeV/c and transverse momen-
tum 2 < py <25 GeV/ec.

The D; — ¢7~; ¢ — K"K~ decay is reconstructed as
follows. The two particles from the ¢ decay are assumed

to be kaons and are required to have p; > 0.7 GeV/c,
opposite charge, and a mass M(K*K~) < 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 <
pr <25 GeV/c. The three tracks are combined 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 displacement from the pp
interaction vertex (PV) in the transverse plane with a
significance of at least 4 standard 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 Dy
candidates are required to be consistent with originating
from a common vertex (assumed to be the BY decay vertex)
and to have an effective mass of 2.6 <M(u*"D;) <
5.4 GeV/c?, consistent with coming from a BY semilep-
tonic decay. The cosine of the angle between the combined
u Dy direction, an approximation of the B? direction in
the direction from the PV to the BY 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 4 standard deviations. These angular criteria ensure
that the D; and u* momenta are correlated with that of
their B? parent and that the D} is not mistakenly associated
with a random muon. If more than one B? 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 between
the D; and K* momenta in the center-of-mass frame of
the ¢ meson; the isolation of the w™ D system, defined as
I =p(p™Dg)/[p(n"Dy) + Zp;], where p(u*Dy) is
the sum of the momenta of the three tracks that make
up the D; meson and 2, p; is the sum of momenta for all
tracks not associated with the w*D; in a cone of

V(Ap)? + (An)> < 0.5 around the u*D; direction [7];
the x> of the D; vertex fit; the invariant masses
M(p*Dy), M(K*K™); and pr(K*K™).

The final requirement on the likelihood ratio variable,
Yel» 1S chosen to maximize the predicted ratio
Ng/+/Ng + Ng in a data subsample corresponding to
20% of the full data sample, where Ny is the number of
signal events and Ny is the number of background events
determined from the signal and sideband regions of the
M(K* K~ ™) distributions.

The M(K" K~ 7~) distribution is analyzed in bins of
6 MeV/c?, over a mass range of .7 <M(KTK 7)<
2.3 GeV/c?. The number of events is extracted by fitting
the data to a model using a x? fit. The D; meson mass
distribution is well modeled by two Gaussian functions
constrained to have the same mean but with different
widths and relative normalizations. A second peak in
the M(KTK 7~) distribution corresponding to the
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Cabibbo-suppressed decay of the D™ meson is also simi-
larly modeled by two Gaussian functions, and the combi-
natoric background is modeled by a third-order polynomial
function. The number of Dj signal decays determined
from the fit is N(u*D;) = 215763 = 1467, 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 allows
for a cancelation of first-order effects related to instrumen-
tal asymmetries. To ensure full cancelation, the events are
weighted according to the number of uw*D; decays for
each data sample corresponding to a different configura-
tion of the magnets’ polarities. The data are then fitted to
obtain the number of weighted events, N(u*D;) =
203513 £ 1337. This is shown in Fig. 1, where the
weighted M(K" K~ 7~) invariant mass distributions in
data are compared to the signal and background fits.

The raw asymmetry [Eq. (2)] is extracted by fitting the
M(¢ ™) distribution of the D] candidates using a x>
minimization. The fit is performed simultaneously, using
the same models, on the sum (Fig. 1) and the difference
(Fig. 2) of the M(¢a~) distribution associated with a
positively charged muon and M(¢7*) distribution asso-
ciated with a negatively charged muon. The functions W
used to model the two distributions are

Wom = WSE(D,) + WHE(D) + Wekn, (4)

Wasr = AWSE(D,) + ApWHe(D) + Ay, Wos,  (5)

where WS¢(D,), W*¢(D) and WEE, describe the Dy, D™
mass peaks and the combinatorial background, respec-
tively. The asymmetry of the D™ mass peak is Ap, and
Apg is the asymmetry of the combinatorial background.

x4 0*

30—

B? (BY) — u* DL v (weighted)
- DO Run II, 10.4 fb™!

2

L N(D}) = 203513 = 1337
| N(D") = 47965 + 1173
20— —— Signal Fit

N(u*D%)/6 MeV/c

------- Background Fit

10

M (") [GeV/c?]

FIG. 1 (color online). The weighted K* K~ 7% invariant mass
distribution for the u* ¢ 7™ sample with the solid line represent-
ing the signal fit and the dashed line showing the background fit.
The lower mass peak is due to the decay D™ — ¢ 7+, and the
second peak is due to the D] meson decay. Note the zero
suppression on the vertical axis.

The result of the fit is shown in Fig. 2 with fitted asymmetry
parameters A = (—0.40 = 0.33)%, A, =(—1.21+1.00)%,
and Ay, = (0.00 = 0.11)%.

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;) <205 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 u*D; and w~D; events in the mass range
1.92 < M(u*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 randomized to introduce an asymmetry
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 pseudoexperiments, each with
the same statistics as the measurement, is found. In each
case, the central value of the asymmetry distribution is
consistent with the input value, with a fitted width of
0.33% and no observable bias. The uncertainty found in
data agrees with this expected statistical sensitivity.

Systematic uncertainties in the fitting method are
evaluated by making reasonable variations to the
fitting procedure. The mass range of the fit is shifted
from 1.700 < M(KTK~7) <2.300 GeV/c? to 1.724 <
M(K*K~77) <2270 GeV/c?. The functions modeling
the signal, W*i¢, are modified so that the D~ and D; peaks
are fitted by single Gaussian functions. The background
function, Wl?fm, 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 Wisr to Ay, W?fm, the background is either set to zero, a
constant, or a polynomial function of up to degree 3. The
width of the mass bins is varied between 2 and 12 MeV/ 2.
Instead of using the fitted number of B? decays per magnet

N i DO Run I, 10.4 fb”"
o —
S 500 |
[}
=
N
o
Q
=
=
|OU)
+ L
= i
z
i —— Signal Fit
| . . . | . . . |
1.8 2 22

M (") [GeV/c?]

FIG. 2. The fit to the difference distribution for the data (for
clarity, the data have been rebinned).
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polarity to weight the events, the total number of
candidates in the mass range 1.7<M(K'K 7)<
2.3 GeV/c? is used. The systematic uncertainty is assigned
to be half the maximal variation in the asymmetry for each
of these sources, added in quadrature. The total effect of all
of these systematic 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 a; 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 asymmetry,
Agacks has been studied in Ref. [2] and by using Ko —
77~ and K** — K7™ decays. No significant residual
track reconstruction asymmetries are found, and no cor-
rections for tracking asymmetries need to be applied. The
tracking asymmetry of charged pions has been studied
using MC simulations of the detector. The asymmetry 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 ¢-f(980) interference [13]. The kaon asym-
metry is measured using the decay K** — K* 7~ [12] and
is used to determine the residual asymmetry due to this
interference, Agx = [0.020 = 0.002(syst)]%.

The residual reconstruction asymmetry of the muon
system, A ,, has been measured using J /i — ut u decays
as described in Refs. [2,3,12]. This asymmetry is determined
as a function of p; 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(¢7~) distribution.
The resulting correction is A, = (0.11+0.03)%, and the
combined corrections are A, + Agex T Agg = [0.13 =
0.06(syst) %, including the statistical uncertainties combined
in quadrature.

The remaining variable required is F g?f (Eq. (3)), which
is the only correction extracted from a MC simulation. The
Dy signal decays can also be produced via the decay of BY
mesons, B* mesons, and from prompt c¢¢ production. The
B? (BY) mesons can oscillate to BY (BY) states before decay-
ing. 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
generator [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 — ¢ ;
¢ — K"K~ decay. The generated events are processed
by the full simulation chain and then by the same recon-
struction 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 nonprompt events in
simulation, based on the generated lifetime of the B
candidate, to give the appropriate world-average B meson
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 distribu-
tion in the data and as a function of the lifetime to ensure
that the B-meson lifetimes and AI'; 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’ g%c = (.465.

To determine the systematic uncertainty on Foy, the
branching ratios and production fractions of B mesons are
varied by their uncertainties. We also vary the B-meson
lifetimes and AI'; and use a coarser p; binning in the py
event weighting. The total resulting systematic uncertainty

on F' %%C is determined to be 0.017, which includes the statis-

tical uncertainty from the MC simulation. An asymmetry of
BY decays of 1% would contribute 0.005% to the total
asymmetry, which is negligible compared to the statistical
uncertainties and therefore neglected.

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 g%f. The effect of the

uncertainty on the dilution factor is then added in quad-
rature, giving a total systematic uncertainty of 0.17%.

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

a’, = [—1.12 = 0.74(stat) = 0.17(syst)]%, @)

superseding the previous measurement of af by the DO
Collaboration [4,18] and in agreement with the SM pre-
diction. This result can be combined with the two A}
measurements that depend on the impact parameter of
the muons [3] and the average of af] measurements from
the B factories, a4 = (—0.05 = 0.56)% [16] (Fig. 3). As a
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FIG. 3 (color online). A combination of this result with two
measurements of Aé’l with different muon impact parameter
selections made using like-sign dimuons [3] and the average
of afl measurements from B factories [16]. The error bands
represent the *1 standard deviation uncertainties on each indi-
vidual measurement. The ellipses represent the 1, 2, 3, and 4
standard deviation two-dimensional C.L. regions, respectively,
in the @ and a plane.

result of this combination, we obtain af = (—1.42 *
0.57)% and a4 = (—0.21 * 0.32)% with a correlation of
—0.53, which is a significant improvement on the precision
of the measurement of a? and af, obtained in Ref. [3].
These results have a probability of agreement with the SM
of 0.28 X 1072, which corresponds to 3.0 standard devia-
tions from the SM prediction.

In summary, we have presented the most precise
measurement to date of the time-integrated flavor-
specific semileptonic charge asymmetry, af = [—1.12 £
0.74(stat) = 0.17(syst)]%, which is in agreement with the
standard model prediction and the DO like-sign dimuon
result [3].
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