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

sl , using
a data sample corresponding to 10.4 fb−1 of pp̄ collisions at

√
s = 1.96 TeV, collected with the

D0 experiment at the Fermilab Tevatron collider. For thead
sl measurement, two independent

decay channels are used:B0 → µ+D−X , with D− → K+π−π−; andB0 → µ+D∗−X , with D∗− →
D̄0π−, D̄0 → K+π−. For theas

sl measurement, the channelB0
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 finalad

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

sl = [0.68±0.45 (stat.)±0.14 (syst.)]%. This is
the single most precise measurement of this parameter, withuncertainties smaller than the current
world average ofB factory measurements. Using theB0

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.

Additional details, and comprehensive citations, are available for thead
sl measurement in Ref. [1],

and for theas
sl measurement in Ref. [2]
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CP Violation Measurements from the D0 Experiment Mark R.J. Williams

1. Introduction

The observed matter-dominance of the universe cannot be explained by the particle interac-
tions described in the standard model (SM) alone. One necessary ingredient to drive such an
asymmetry is the violation of CP symmetry (CPV). Certain SM processes indeed satisfy this re-
quirement, as a result of the complex phase in the quark mixing matrix of the weak interaction;
however, their effects are too weak to explain the matter dominance. As such, it is important to
search for further non-SM sources of CPV.

Studies of neutralB meson oscillations, whereby a neutral meson changes into its own an-
tiparticle via a box-diagram-mediated weak interaction, provide a sensitive probe for such CPV
processes. The semileptonic mixing asymmetry, defined as:

aq
sl =

Γ(B̄0
q → B0

q → ℓ+X)−Γ(B0
q → B̄0

q → ℓ−X)

Γ(B̄0
q → B0

q → ℓ+X)+ Γ(B0
q → B̄0

q → ℓ−X)
, (1.1)

allows the effects of any CP-violating processes to be directly observed in terms of the resulting
asymmetry of the decay products.

The standard model predictions for bothas
sl andad

sl are very small, effectively negligible com-
pared to the current experimental precision. The measurement of any significant deviation from
zero is therefore an unambiguous signal of new physics, which could lead to order-of-magnitude
enhancements of|aq

sl|. TheB0 semileptonic mixing asymmetry,ad
sl, has been extensively studied by

theB factories operating at theϒ(4S) resonance. The current world average of these measurements
is ad

sl = (−0.05±0.56)%. The most precise published measurement ofas
sl was performed by the

D0 Collaboration,as
sl = [−0.17±0.91 (stat.)+0.12

−0.23 (syst.)]%.
The recent evidence for a non-zero dimuon charge asymmetry by the D0 experiment is sen-

sitive to the linear combination ofB0 andB0
s mixing asymmetries, with approximately equal con-

tributions from each source. 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 inB0

s → J/ψφ decays from the D0, CDF, and LHCb collaborations find agree-
ment of the CP-violating phaseφs with SM predictions. Given the current body of experimental
evidence, improved measurements of bothad

sl andas
sl are required in order to constrain the possible

sources of new physics inB meson mixing and decay.

2. Overview

For theB0 meson case, two separate decay channels (plus charge conjugate process) are used:

1. B0 → µ+νD−X , with D− → K+π−π−;

2. B0 → µ+νD∗−X , with D∗− → D̄0π−,D̄0 → K+π−;

The two channels are treated separately, with each being used to extractad
sl, before the final mea-

surements are combined. For theB0
s measurement, a single channel (plus CC process) is used:

1. B0
s → µ+νD−

s X , with D−
s → φπ−,φ → K+K−;

2
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For clarity, the charges are henceforward only included where necessary to avoid ambiguity, and
the three channels are denoted byµD, µD∗, andµDs respectively.

Experimentally, the semileptonic mixing asymmetries can be expressed in the following form:

aq
sl =

A−ABG

Fosc
B(s)

, where A =

Nµ+D(∗)−
(s)

−Nµ−D(∗)+
(s)

Nµ+D(∗)−
(s)

+ Nµ−D(∗)+
(s)

≡ Ndiff

Nsum
. (2.1)

Here,A is the measured raw asymmetry, given in terms of the number ofreconstructedµ±D(∗)∓
(s)

signal candidates,Nµ±D(∗)∓
(s)

. The termABG accounts for inherent detector-related background asym-

metries, for example due to the different reconstruction efficiencies for positively and negatively
charged kaons. The denominatorFosc

B(s)
is defined as the fraction of allµD(∗)

(s) signal events that arise

from decays ofB0
(s) mesons after they have oscillated. All background asymmetries are extracted

using data-driven methods, while Monte Carlo (MC) simulation is used to determine the fraction
of B0

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

TheB0 meson has a mixing period of comparable scale to the lifetime, hence the fraction of
oscillatedB0 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 = Lxy(B) · cM(B)/pT (µD),
whereLxy is the decay length of theB0 meson in the transverse plane. The two bins at smallest
VPDL have negligible contributions from oscillatedB0 mesons, and are used as 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 theB0
s meson is much higher, 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.

3. Event Selection

The measurements presented here use data collected by the D0detector from 2002–2011,
corresponding to∼10.4 fb−1 of pp̄ collisions at center-of-mass energy

√
s = 1.96 TeV. Signal

candidates are collected using single and dimuon triggers without impact parameter requirements.

For all three channels, events are considered for selectionif they contain a muon candidate
passing tight quality requirements, and matched to a track in the central tracking system. The muon
must have transverse momentumpT > 2 GeV/c, and total momentump > 3 GeV/c. For events
fulfilling these requirements,D(∗)

(s) candidates are constructed by combining three other tracksas-
sociated with the same initialpp̄ interaction. Each track must satisfypT > 0.7 GeV/c, and the
resultingD(∗)

(s) candidate must be consistent with originating from a commonvertex with the muon.

TheµD(s) candidates must have an invariant mass consistent with the expectations fromB0
(s) decay.

The final event selections utilize channel-specific multivariate discriminants, which combine
several variables into a single parameter with improved ability to separate signal and background
events. The multivariate discriminants are optimised using Monte Carlo (MC) simulation to model
the signal, and sideband regions in data to model the background. The choice of cuts are selected
to maximise the signal significance of theD(∗)

(s) peaks. For theB0 case, the cuts are optimized

3
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separately in each VPDL bin, taking advantage of the diminishing background at larger values to
improve the signal efficiency and significantly improve the final precision onad

sl.
The polarities of both the solenoidal and toroidal magnets in the D0 detector were regularly

reversed during data acquisition, approximately every twoweeks, resulting in almost equal beam
exposure in each of the four polarity configurations. This feature 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 detector. To ensure maximal cancellation of these in-
strumental 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 theB0 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 areN(µD) = 721519±3537,N(µD∗) = 519066±
3446, andN(µDs) = 203513±1337.

4. Extracting the Raw Asymmetry

The raw asymmetry is extracted by fitting the invariant mass distributions:M(Kππ) for theµD
candidates,[∆M ≡ M(D0π)−M(D0)] for theµD∗ candidates, andM(φπ) for theµDs candidates.
The sum distributionHsum is constructed by weighting allµD(∗)

(s) candidates according to the magnet
polarity weight. A difference distributionHdiff is constructed by taking the difference between
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, (4.1)

Fdiff = FBG
diff + A ·Nsum·Fsig, (4.2)

whereNsum is the totalµD(∗)
(s) yield, andA is the corresponding raw charge asymmetry defined

in Eq. (2.1). Different models are used to parametrize the backgrounds for the sum (FBG
sum) and

difference (FBG
diff ) histograms, while a single modelFsig is used for the signal in both cases. The

yields, asymmetries, and signal and background parametersin these models are extracted by a
simultaneous binned fit to the two distributions, to minimise the totalχ2 with respect to the fitting
functions.

Figure 1 shows an example of the sum and difference fits for theµD∗ channel, in the re-
gion (0.10 < VPDL(B0) < 0.20) cm. For theB0

s case, a single raw asymmetry is obtained,A =

[−0.40± 0.33 (stat.)± 0.05 (syst.)]%. Systematic uncertainties are assigned to account for the
choice of bin width, fitting limits, and signal and background models. Charge-randomised ensem-
ble tests demonstrate that the extraction of the raw asymmetries is unbiased and provides accurate
uncertainties.

5. Accounting for Detector Asymmetries

Neglecting asymmetries of second order or higher, the background asymmetry for bothB0

channels (which contain the same final-state particlesµ±K±π∓π∓) simplifies toABG(B0) = aµ +

4
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Figure 1: Examples of the raw asymmetry fit for theµD∗ channel, 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.

aK −2aπ , where the asymmetriesaX are defined as the difference in reconstruction efficiency for the
positively and negatively charged particles. The equivalent correction for theB0

s case isABG(B0
s ) =

aµ + aφ −aπ .

By far the largest background asymmetry to be taken into account is due to differences in
the behavior of positive and negative kaons as they traversethe detector. The kaon asymmetry is
measured as a function of(p(K), |η(K)|) using a dedicated sample ofK∗0 → K+π− decays, with
the final correction determined by the weighted average ofaK [p(K), |η(K)|] over thep(K) and
|η(K)| distributions in the signal events. The resulting corrections aK are typically in the range
1.08–1.16%. For theB0

s case, the kaon reconstruction asymmetry cancels almost exactly, except
for a slight residual effect caused by interference betweentheφ and f0(980) which leads to slightly
different momentum distributions for the two kaons. The final correction to the rawB0

s asymmetry
from thisφ → K+K− asymmetry isaφ = (+0.020±0.002)%.

The residual charge asymmetry for muon identification is measured usingJ/ψ → µ+µ− de-
cays. A small but significant asymmetry is observed, with a sizeable dependence on the muon
transverse momentum. The finalB0 muon asymmetry corrections for each VPDL bin and both
channels vary in the range 0.097–0.108%. For theB0

s measurement, the single muon correction is
determined to beaµ = (+0.11±0.03)%.

Possible pion reconstruction asymmetries are studied using K0
S → π+π− andK±∗ → K0

S π± de-
cays in data, in addition to the use of dedicated simulations. No significant asymmetry is observed
in any case, and the pion correctionaπ is taken to be zero. A systematic uncertainty of±0.05% is
allocated to account for the limited precision on this quantity.

6. Sample Composition: Fosc
B0

(s)

Not all µD(s) combinations originate from the decay of oscillatedB0
(s) mesons. Alternative

charge symmetric sources will contribute only to the denominator in the raw asymmetry extrac-

5
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tion, and hence dilute any physical asymmetryaq
sl. The total fraction of signal events arising from

oscillatedB0
(s) meson decays is determined using inclusive MC simulations in which the only re-

quirement at the generator level is the presence of the appropriate D(∗)∓
(s) decay channel, and the

presence of a muon (of any charge). Possible asymmetry contributions fromB0 decays in theB0
s

sample, and vice versa, are taken into account, but found to be negligible. The fraction for bothB0

channels increases from∼1% in the first two VPDL bins, up to a maximum of∼70% in the largest
VPDL bin. For theB0

s case, the single dilution fraction is determined to beFosc
B0

s
= 0.465±0.017,

accounting for the fact that around 93% of theµDs candidates are fromB0
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 ofB 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.

7. Results

From the raw asymmetries, detector-related asymmetries, and the dilution fractionsFosc
B0

(s)
, the

final value of the semileptonic mixing asymmetryad
sl is determined for each VPDL bin and for both

channels. The first two VPDL bins are not included, as these represent the control region in which
the expected signal contribution is negligible. These results are 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 accounted for in these combinations. The resulting
precision is dominated by limited statistics in the signal channel, and is better than the current
world-average precision obtained by combining results from theB factories.

The corresponding single measurement in theB0
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 measured asymmetries are consistent with the SM prediction, and also with the equiva-
lent measurements from the D0 dimuon asymmetry analysis.
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