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Abstract

We present measurements of the semileptonic mixing asymmetries for B0
(s) mesons, ad(s)

sl , using a data sample cor-
responding to 10.4 fb−1 of pp̄ collisions at

√
s = 1.96 TeV, collected with the D0 experiment at the Fermilab Tevatron

collider. For the ad
sl measurement, two independent decay channels are used: B0 → µ+D−X, with D− → K+π−π−;

and B0 → µ+D∗−X, with D∗− → D̄0π−, D̄0 → K+π−. For the as
sl measurement, the channel B0

s → µ+D−s X, with
D−s → φπ−, φ→ K+K− is used. For each channel, we extract the raw charge asymmetries, correct for detector-related
asymmetries using data-driven methods, and account for dilution from charge-symmetric processes using Monte Carlo
simulation. The final ad

sl measurement combines four visible proper decay length regions for each channel, yielding
ad

sl = [0.68 ± 0.45 (stat.) ± 0.14 (syst.)]%. This is the single most precise measurement of this parameter, with uncer-
tainties smaller than the current world average of B factory measurements. Using the B0

s meson sample, we make a
single time-integrated measurement, as

sl = [−1.12±0.74 (stat.)±0.17 (syst.)]%. Both measurements are in agreement
with the standard model predictions.
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1. Introduction

It is a long standing puzzle that the current matter-
dominance of the universe cannot be explained by the
particle interactions described in the standard model
(SM) of particle physics alone. One necessary ingre-
dient to drive such an asymmetry is the violation of CP
symmetry (CPV) [1]. Certain SM processes indeed sat-
isfy this requirement, as a result of the complex phase
in the quark mixing matrix of the weak interaction [2];
however, their effects are too weak to explain the mat-
ter dominance [3]. As such, it is important to search for
further non-SM sources of CPV.

Studies of neutral B meson oscillations, whereby a
neutral meson changes into its own antiparticle via a
box-diagram-mediated weak interaction [2], provide a
sensitive probe for such CPV processes. The semilep-
tonic mixing asymmetry, defined as:

aq
sl =
Γ(B̄0

q → B0
q → `+X) − Γ(B0

q → B̄0
q → `−X)

Γ(B̄0
q → B0

q → `+X) + Γ(B0
q → B̄0

q → `−X)
, (1)

allows the effects of any CP-violating processes to be
directly observed in terms of the resulting asymmetry
of the decay products. Here ` denotes a charged lepton
of any flavor, and q represents the flavor of the non-b
valence quark of the meson.

In the standard model, the semileptonic mixing asym-
metry is related to the properties of the corresponding
B meson system, namely the mass difference ∆Mq =

M(B0
qH) − M(B0

qL), the decay-width difference ∆Γq =

Γ(B0
qL) − Γ(B0

qH), and the CP-violating phase φq, by:

aq
sl =
|Γ

q
12|

|Mq
12|

sin φq =
∆Γq

∆Mq
tanφq. (2)

Here the states B0
qH and B0

qL are the heavy and light
mass eigenstates of the B meson system, which differ
from the flavor eigenstates. Mq

12 and Γq
12 are respectively

the off-diagonal elements of the mass and decay matri-
ces [2].

The standard model predictions [4] for both as
sl and
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ad
sl are very small:

ad
sl = (−0.041 ± 0.006)%, (3)

as
sl = (0.0019 ± 0.0003)%. (4)

These predictions are effectively negligible compared to
the current experimental precision. Hence, the measure-
ment of any significant deviation from zero is an un-
ambiguous signal of new physics, which could lead to
order-of-magnitude enhancements of |ad

sl| [5].
The B0 semileptonic mixing asymmetry, ad

sl, has been
extensively studied by the B factories operating at the
Υ(4S ) resonance. The current world average of these
measurements is [2]:

ad
sl = (−0.05 ± 0.56)%. (5)

The most precise published measurement of as
sl was per-

formed by the D0 Collaboration [6],

as
sl = [−0.17 ± 0.91 (stat.) +0.12

−0.23 (syst.)]%. (6)

The recent evidence for a non-zero dimuon charge
asymmetry by the D0 experiment is sensitive to the lin-
ear combination of B0 and B0

s mixing asymmetries, with
approximately equal contributions from each source [7].
The measurement constrains a band in the (ad

sl, a
s
sl)

plane, which is inconsistent with the SM prediction at
the 3.9 standard deviations level. On the other hand,
recent searches for CPV in B0

s → J/ψφ decays from
the D0 [8], CDF [9], and LHCb [10] collaborations find
agreement of the CP-violating phase φs with SM predic-
tions. Given the current body of experimental evidence,
improved measurements of both ad

sl and as
sl are required

in order to constrain the possible sources of new physics
in B meson mixing and decay [11].

2. Overview

For the B0 meson case, two separate decay channels
are used:

1. B0 → µ+νD−X,
with D− → K+π−π−

(plus charge conjugate process);
2. B0 → µ+νD∗−X,

with D∗− → D̄0π−, D̄0 → K+π−

(plus charge conjugate process);

The two channels are treated separately, with each being
used to extract ad

sl, before the final measurements are
combined.

For the B0
s measurement, a single channel is used:

1. B0
s → µ+νD−s X,

with D−s → φπ−, φ→ K+K−

(plus charge conjugate process);

For clarity, the charges are henceforward only included
where necessary to avoid ambiguity, and the three chan-
nels are denoted by µD, µD∗, and µDs respectively.

Experimentally, the semileptonic mixing asymme-
tries can be expressed in the following form:

aq
sl =

A − ABG

Fosc
B(s)

. (7)

Here, A is the measured raw asymmetry, defined by:

A =
Nµ+D(∗)−

(s)
− Nµ−D(∗)+

(s)

Nµ+D(∗)−
(s)
+ Nµ−D(∗)+

(s)

≡
Ndiff

Nsum
, (8)

where Nµ±D(∗)∓
(s)

is the number of reconstructed µ±D(∗)∓
(s)

signal candidates. The term ABG accounts for inherent
detector-related background asymmetries, for example
due to the different reconstruction efficiencies for posi-
tively and negatively charged kaons. The denominator
Fosc

B(s)
is defined as the fraction of all µD(∗)

(s) signal events
that arise from decays of B0

(s) mesons after they have os-
cillated. All background asymmetries are extracted us-
ing data-driven methods, while Monte Carlo (MC) sim-
ulation is used to determine the fraction of B0

(s) mesons
that have undergone mixing prior to decay.

The B0 meson has a mixing frequency ∆Md = 0.507±
0.004 ps−1, of comparable scale to the lifetime τ(B0) =
1.518±0.007 ps [2]. Hence the fraction of oscillated B0

mesons is a strong function of the measured decay time.
As such, the extraction of ad

sl is performed in six regions
of visible proper decay length (VPDL), where

VPDL(B) = Lxy(B) ·
cM(B)
pT (µD)

. (9)

Here, Lxy is the decay length of the B0 meson in the
transverse plane. The selected VPDL(B0) bins are de-
fined by the edges {−0.10, 0.00, 0.02, 0.05, 0.10, 0.20,
0.60} cm. The first two bins have negligible contri-
butions from oscillated B0 mesons, and are not in-
cluded in the final ad

sl measurement. They represent a
control region in which the measured raw asymmetry
should be dominated by the background contribution,
i.e., A − ABG ≈ 0.

In contrast, the mixing frequency of the B0
s meson is

much higher, ∆Ms = 17.69 ± 0.08 ps−1, resulting in
a dilution Fosc

Bs
which is consistently around 50% for

all measured decay times. In this case, a single time-
integrated measurement is performed, without division
into VPDL(B0

s) bins.
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3. The D0 Detector

The D0 detector has been described in detail else-
where [12]. The most important detector components
for these measurements are the central tracking system,
the muon detectors, and the magnets. The central track-
ing system comprises a silicon microstrip tracker and
a central fiber tracker, both located within a 2 T super-
conducting solenoidal magnet. A muon system resides
beyond the calorimeter, and consists of a layer of track-
ing detectors and scintillation trigger counters before a
1.8 T toroidal magnet, followed by two similar layers
after the toroid.

The polarities of both the solenoidal and toroidal
magnets were regularly reversed during data acquisi-
tion, approximately every two weeks, resulting in al-
most equal beam exposure in each of the four polarity
configurations. This feature of the D0 detector is crucial
in reducing detector-related asymmetries, for example
due to the different trajectories of positive and negative
muons as they traverse the magnetic fields in the detec-
tor.

4. Event Selection

The measurements presented here use data collected
by the D0 detector from 2002–2011, corresponding to
∼10.4 fb−1 of integrated luminosity, and representing
the full Tevatron Run II sample of pp̄ collisions at
center-of-mass energy

√
s = 1.96 TeV. Signal candi-

dates are collected using single and dimuon triggers. To
avoid lifetime-dependent trigger efficiencies, which are
difficult to model in simulation, events that exclusively
satisfy muon triggers with track impact-parameter re-
quirements are removed.

For all three channels, events are considered for se-
lection if they contain a muon candidate passing tight
quality requirements, and matched to a track in the
central tracking system. The muon must have trans-
verse momentum pT > 2 GeV/c, and total momentum
p > 3 GeV/c.

For events fulfilling these requirements, D(∗)
(s) candi-

dates are constructed by combining three other tracks
associated with the same initial pp̄ interaction. Each
track must satisfy pT > 0.7 GeV/c, and the resulting
D(∗)

(s) candidate must be consistent with originating from
a common vertex with the muon. The µD(s) candidates
must have an invariant mass consistent with the expec-
tations from B0

(s) decay. Additional loose reconstruc-
tion requirements are applied to limit the combinatorial
backgrounds at this preselection stage.

The final event selections utilize channel-specific
multivariate discriminants, which combine several vari-
ables into a single parameter with improved ability to
separate signal (S ) and background (B) events. The
multivariate discriminants are optimised using Monte
Carlo (MC) simulation to model the signal, and side-
band regions in data to model the background.

The final choice of cuts are selected to maximise the
signal significance NS /

√
NS + NB of the D(∗)

(s) peaks, as
determined from a small sub-set of the data. For the B0

case, the cuts are optimized separately in each VPDL
bin, taking advantage of the diminishing background at
larger values to improve the signal efficiency and signif-
icantly improve the final precision on ad

sl.

5. Event Weights

In any given configuration of the solenoidal and
toroidal magnet polarities, there can be detector-related
asymmetries. These originate from differing detection
efficiencies for positively and negatively charged parti-
cles, in turn caused by their different trajectories as they
bend through the magnetic fields in the detector. The
regular reversal of both magnet polarities suppresses
such effects. To ensure maximal cancellation of these
instrumental asymmetries, an additional event-by-event
weighting is applied such that the sums of weights in
each (solenoid,toroid) configuration are the same, for a
given sample.

This procedure is performed separately for each
channel, and for each VPDL bin in the B0 case. Event
weights are typically in the range 0.90–1.00, with very
little variation between VPDL bins. The total signal
yields after event weighting are N(µD) = 721 519 ±
3537, N(µD∗) = 519 066 ± 3446, and N(µDs) =
203 513 ± 1337.

6. Extracting the Raw Asymmetry

The raw asymmetry is extracted by fitting the in-
variant mass distributions: M(Kππ) for the µD candi-
dates, [∆M ≡ M(D0π)−M(D0)] for the µD∗ candidates,
and M(φπ) for the µDs candidates. The sum distribu-
tion Hsum is constructed by weighting all µD(∗)

(s) candi-
dates according to the magnet polarity weight. A differ-
ence distribution Hdiff is constructed by taking the dif-
ference betwen the µ+D(∗)−

(s) and µ−D(∗)+
(s) distributions.

The sum and difference distributions are modeled by,
respectively, the functions:

Fsum = FBG
sum + Nsum · Fsig, (10)

Fdiff = FBG
diff + A · Nsum · Fsig, (11)
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where Nsum is the total µD(∗)
(s) yield, and A is the corre-

sponding raw charge asymmetry defined in Eq. (8). Dif-
ferent models are used to parametrize the backgrounds
for the sum (FBG

sum) and difference (FBG
diff) histograms,

while a single model Fsig is used for the signal in both
cases. The yields, asymmetries, and signal and back-
ground parameters in these models are extracted by a
simultaneous binned fit to the two distributions, to min-
imise the total χ2 with respect to the fitting functions.
The specific details of the fitting models for the three
channels can be found elsewhere [13, 14].

Figure 1 shows an example of the sum and differ-
ence fits for the µD∗ channel, in the region (0.10 <
VPDL(B0) < 0.20) cm. The results for all six VPDL
regions, for both B0 channels, are listed in Table 1. For
the B0

s case, a single raw asymmetry is obtained, A =
[−0.40 ± 0.33 (stat.) ± 0.05 (syst.)]%. Systematic un-
certainties are assigned to account for the choice of bin
width, fitting limits, and signal and background models.
Charge-randomised ensemble tests demonstrate that the
extraction of the raw asymmetries is unbiased and pro-
vides accurate uncertainties.

7. Accounting for Detector Asymmetries

In relating the measured raw asymmetry to the phys-
ical asymmetry under investigation, the effects of possi-
ble charge asymmetries in particle reconstruction must
be considered. Neglecting asymmetries of second or-
der or higher, the background asymmetry for both B0

channels (which contain the same final-state particles
µ±K±π∓π∓) simplifies to:

ABG(B0) = aµ + aK − 2aπ. (12)

where the asymmetries aX are defined as the difference
in reconstruction efficiency for the positively and neg-
atively charged particles. The equivalent correction for
the B0

s case is:

ABG(B0
s) = aµ + aφ − aπ. (13)

By far the largest background asymmetry to be taken
into account is due to differences in the behavior of pos-
itive and negative kaons as they traverse the detector.
Negative kaons can interact with matter in the tracking
system to produce hyperons, while there is no equive-
lent interaction for positive kaons. The kaon asymmetry
is measured using a dedicated sample of K∗0 → K+π−

decays, based on the technique described in Ref. [15].
As expected, an overall positive kaon asymmetry is ob-
served, of approximately 1%. A strong dependence on
kaon momentum and absolute pseudorapidity is found,
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Figure 1: Examples of the raw asymmetry fit for the µD∗ channels,
for the fifth VPDL(B0) bin corresponding to (0.10 < VPDL(B0) <
0.20) cm. In both cases, the solid line represents the total fit function,
with the background part shown separately by the dashed line.

and hence the final kaon asymmetry correction is deter-
mined by the weighted average of aK[p(K), |η(K)|] over
the p(K) and |η(K)| distributions in the signal events.
The resulting corrections aK are listed in Table 1.

For the B0
s case, the kaon reconstruction asymmetry

cancels almost exactly, except for a slight residual ef-
fect caused by interference between the φ and f0(980)
which leads to slightly different momentum distribu-
tions for the two kaons. The final correction to the
raw B0

s asymmetry from this φ → K+K− asymmetry
is aφ = (+0.020 ± 0.002)%.

The residual charge asymmetry for muon identifica-
tion is measured using J/ψ → µ+µ− decays, using the
technique developed in Ref. [15]. A small but signifi-
cant asymmetry is observed, with a sizeable dependence
on the muon transverse momentum. The corresponding
corrections aµ to be applied to the raw asymmetries are
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Table 1: The results of the asymmetry extraction, in bins of VPDL(B0), for both B0 signal channels. Shown are the raw asymmetries A, the
kaon and muon reconstruction asymmetries, the background corrected asymmetries Aphys = A − ABG, the oscillation fractions Fosc

B0 , and the final
measurements of ad

sl. In each case, the upper uncertainty is statistical, the lower systematic.

Bin 1 Bin 2 Bin 3 Bin 4 Bin 5 Bin 6
−0.10 – 0.00 cm 0.00 – 0.02 cm 0.02 – 0.05 cm 0.05 – 0.10 cm 0.10 – 0.20 cm 0.20 – 0.60 cm

µD channel

A (%)
2.70 ± 1.28 1.02 ± 0.35 1.16 ± 0.32 1.50 ± 0.33 1.48 ± 0.41 1.20 ± 0.88

± 0.19 ± 0.07 ± 0.08 ± 0.07 ± 0.05 ± 0.13

aK (%)
1.128 ± 0.041 1.124 ± 0.040 1.141 ± 0.040 1.147 ± 0.040 1.157 ± 0.040 1.157 ± 0.040

± 0.014 ± 0.014 ± 0.014 ± 0.014 ± 0.015 ± 0.014

aµ (%)
0.102 ± 0.025 0.105 ± 0.027 0.107 ± 0.029 0.107 ± 0.029 0.108 ± 0.028 0.108 ± 0.028

± 0.008 ± 0.009 ± 0.012 ± 0.013 ± 0.011 ± 0.009

Aphys (%)
1.48 ± 1.28 −0.20 ± 0.35 −0.07 ± 0.32 0.26 ± 0.33 0.23 ± 0.41 −0.05 ± 0.89

± 0.20 ± 0.09 ± 0.10 ± 0.09 ± 0.07 ± 0.14

Fosc
B0

0.018 ± 0.003 0.009 ± 0.001 0.057 ± 0.002 0.208 ± 0.003 0.520 ± 0.005 0.658 ± 0.010
± 0.001 ± 0.000 ± 0.001 ± 0.005 ± 0.011 ± 0.017

ad
sl (%) Not used

−1.29 ± 5.68 1.25 ± 1.61 0.44 ± 0.79 -0.07 ± 1.36
± 1.69 ± 0.43 ± 0.14 ± 0.21

µD∗ channel

A (%)
1.82 ± 0.67 1.10 ± 0.30 0.94 ± 0.30 1.38 ± 0.33 2.11 ± 0.44 0.55 ± 0.99

± 0.13 ± 0.04 ± 0.05 ± 0.07 ± 0.08 ± 0.09

aK (%)
1.089 ± 0.047 1.078 ± 0.052 1.078 ± 0.050 1.085 ± 0.050 1.086 ± 0.049 1.098 ± 0.050

± 0.013 ± 0.014 ± 0.014 ± 0.014 ± 0.014 ± 0.014

aµ (%)
0.097 ± 0.027 0.098 ± 0.031 0.101 ± 0.033 0.101 ± 0.033 0.101 ± 0.033 0.101 ± 0.031

± 0.012 ± 0.022 ± 0.023 ± 0.022 ± 0.020 ± 0.016

Aphys (%)
0.64 ± 0.67 −0.07 ± 0.31 −0.23 ± 0.31 0.20 ± 0.34 0.93 ± 0.44 −0.63 ± 0.99

± 0.14 ± 0.07 ± 0.08 ± 0.09 ± 0.10 ± 0.11

Fosc
B0

0.013 ± 0.002 0.010 ± 0.001 0.061 ± 0.003 0.231 ± 0.005 0.570 ± 0.008 0.713 ± 0.016
± 0.001 ± 0.000 ± 0.002 ± 0.003 ± 0.007 ± 0.008

ad
sl (%) Not used

−3.79 ± 5.00 0.87 ± 1.45 1.63 ± 0.78 −0.89 ± 1.39
± 1.27 ± 0.39 ± 0.17 ± 0.15

extracted using the same method as for the kaon asym-
metry, by performing a weighted average of the muon
asymmetry over bins of pT (µ). The final B0 muon asym-
metry corrections for each VPDL bin and both chan-
nels are summarized in Table 1. For the B0

s measure-
ment, the single muon correction is determined to be
aµ = (+0.11 ± 0.03)%.

Possible pion reconstruction asymmetries are studied
using K0

S → π+π− and K±∗ → K0
S π
± decays in data, in

addition to the use of dedicated simulations. No signif-
icant asymmetry is observed in any case, and the pion
correction aπ is taken to be zero. A systematic uncer-
tainty of ±0.05% is allocated to account for the limited
precision on this quantity.

8. Sample Composition: Fosc
B0

(s)

Not all µD(s) combinations originate from the decay
of oscillated B0

(s) mesons. Alternative charge symmetric
sources will contribute only to the denominator in the
raw asymmetry extraction, and hence dilute any phys-
ical asymmetry aq

sl. The total fraction of signal events
arising from B0

(s) meson decays is determined using in-
clusive MC simulations in which the only requirement
at the generator level is the presence of the appropriate
D(∗)∓

(s) decay channel, and the presence of a muon (of any
charge). The parentage information is then extracted
from these signal samples. Oscillations are simulated
by weighting each signal MC event j according to the
appropriate dependence on its decay time t, by a factor

Wmix
j =

1
2

[1 − cos(∆Mq · t j)]. (14)
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The dilution factor for B0 mesons Fosc
B0 is then the sum

of all MC weights Wmix
j in the appropriate VPDL bin,

divided by the total MC event count for that bin. Any
µD(∗) candidates from non B0 decays are assigned a
weight of zero. For B0

s mesons, the analogous procedure
is followed, but without VPDL binning. Possible asym-
metry contributions from B0 decays in the B0

s sample,
and vice versa, are taken into account, but found to be
negligible. The results for both B0 channels are shown
in Table 1, demonstrating the progressive increase in the
fraction of oscillated mesons as the VPDL increases.
For the B0

s case, the single dilution fraction is deter-
mined to be Fosc

B0
s
= 0.465 ± 0.017, accounting for the

fact that around 93% of the µDs candidates are from B0
s

decay, and almost exactly 50% of these oscillate prior to
decay. Systematic uncertainties are allocated to account
for the limited knowledge of the decay branching ratios
of B mesons, and for the finite precision on the lifetimes
and mixing frequencies. The statistical uncertainty from
the MC samples is also catagorised as systematic for the
final measurement.

9. Results

From the raw asymmetries, detector-related asymme-
tries, and the dilution fractions Fosc

B0
(s)

, the final value of

the semileptonic mixing asymmetry ad
sl is determined

for each VPDL bin and for both channels, as presented
in Table 1. The first two VPDL bins are not included,
as these represent the control region in which the ex-
pected signal contribution is negligible. These results
can be combined by weighted average, firstly into two
channel-specific measurements:

ad
sl(µD) = [0.43 ± 0.63 (stat.) ± 0.16 (syst.)]%,

ad
sl(µD∗) = [0.92 ± 0.62 (stat.) ± 0.16 (syst.)]%,

and finally into a single measurement:

ad
sl = [0.68 ± 0.45 (stat.) ± 0.14 (syst.)]%.

Correlations between uncertainties are properly ac-
counted for in these combinations. The resulting preci-
sion is dominated by limited statistics in the signal chan-
nel, and is better than the current world-average preci-
sion obtained by combining results from the B factories.

The corresponding single measurement in the B0
s

channel is

as
sl = [−1.12 ± 0.74 (stat.) ± 0.17 (syst.)]%.

This is significantly more precise than the previous best
measurement of this parameter. In both cases, the mea-
sured asymmetries are consistent with the SM predic-
tion, and also with the equivalent measurements from
the D0 dimuon asymmetry analysis.

Various cross-checks of the analysis procedure are
made, including repeating the measurements with the
data divided into orthogonal pairs of sub-samples. The
division criteria include low/high momentum candi-
dates, forward/central candidates, forward/backward
candidates, different run periods, and different quality
of tracks. In all cases, the variations between samples
are completely consistent with statistical fluctuations.

Additional details are available for the ad
sl measure-

ment in Ref. [13], and for the as
sl measurement in

Ref. [14].
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