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1. Introduction

At the Fermilab Tevatron collider, the overwhelming majpif b quarks are produced o
pairs. Mostb (t_)) quarks hadronize intB (B) mesons, of which a small fraction decays semilep-
tonically top~ + X (u* + X). However, in case of neutr& (B) mesons, the meson’s oscillation
can lead to a “wrong charge” decay, eE_g—> B — u* +X. The CP-asymmetry in “wrong charge”
muons from decays of oscillat&imesons can then be defined [1]:
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where . o
NNy

NN,
HereN, " (N, 7) is the number of dimuon events with two positive (negative)ons produced
from semileptonid-hadron decays.

This asymmetry can be extracted in multiple ways. A directhoe is to measure the asym-
metry in time-dependent, tagged, excludreneson decays, as was recently donéBigmesons by
the D@ collaboration [2] for example. Another, less direethod consists in measuring the charge
asymmetry in single muon or same-sign dimuon events. Thiwslthe use of much larger statis-
tics, at the cost of having to determine the contributiontbEosources of muons to the asymmetry.
The recent D@ measurement [3, 4] using this method is detiibthis talk.

The Fermilab Tevatron Collider is in a unigue position todstihis asymmetry: it benefits
from a CP-invariant initial statep), and a substantial contribution froBy mesons. Indeed, using
the previously measured production fractions for the diffie types ofB mesons, together with
their mixing propertiesmy, Al with q = d,s) we have:

A (1.2)

A2 = (0.506+0.043)ad, + (0.494+0.043)aS, (1.3)

wheread, anda$, are the flavor-specific asymmetries 8y and Bs mesons respectively. In terms
of the CP-violating mixing phase these can be expressed as

& .. AT
al = W sing, = A—M‘;tanqq]. (1.4)

In the standard model (SM/)\*S’| is predicted to be very small [5]:

AL (SM) = (-2.372%) x 1074, (1.5)

2. Measurement Strategy and Dataset

The measurement strategy is composed of four main steps:
1. Measure both raw single and same-sign dimuon asymmetries

nt—n- NTt—N—~
= 7" andA=-—
a = AN N

- (2.1)
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wheren™ andN** (n~ andN~ ") are the number of events with one and two positive (nega-
tive) muons, respectively. Both of these have contributitomal (= A2), other processes
with prompt muons, and detector-related backgrounds.

2. The (non-prompt) detector and reconstruction-relaekégrounds are determined. This is
done with very little input from simulation.

3. The fraction of prompt single- and same-sign dimuonsimaiing from mixedB-meson
decays is determined.

4. The different signal and (heavily correlated) backgrboontents of the single and same-sign
dimuon samples is exploited to minimize the uncertaintw@n

The data sample was collected with the D@ detector at the ildrmevatron collider. D@
is a modern multipurpose collider detector [6], whose desiffers one major advantage for this
measurement: it has both a central solenoid and a toroidghetaystem in the muon system,
and (roughly) bi-weekly polarity changes ensure that axprately equal datasets are collected in
each possible polarity combination. This leads to a firdeocancellation of most detector-related
asymmetries.

The data used in this analysis were collected between ApAR2and August 2009, corre-
sponding to 6.1 fo! of pp collisions at,/s= 1.96 TeV. From this data, two samples were selected:

e Singlemuon sample: A “good” muon candidate, for which the track segments retranted
in the central tracker and muon system match well, is requikéth pseudorapidityn| < 2.2
and transvergemomentum 15 < p‘T' < 25 GeV (where the upper cut is used to suppress
contributions from weak boson decays). gf < 4.2 GeV, p; > 6.4 GeV is imposed to
ensure the muon has sufficient momentum to go through thadadnmagnets. Finally, the
muon’s transverse impact parameter relative to the clgsentary vertex must be: 0.3 cm,

and the longitudinal distance from the point of closest apph to this vertex must be 0.5
cm.

e Dimuon sample: Two muons satisfying all the single muon selection critarizst be present
in the event. These must match the same primary vertex, asdppress muons originating
from sequential decays from the saBweneson, their invariant mass must satisfy, > 2.8
GeV.

3. Raw Asymmetries

The raw asymmetries are:

nt—n-

n
a= _—— — = (+0.955+0.003%, (3.1)

IHere “prompt” denotes any muon produced in decays of pastiaith lifetimes short enough that the vast majority
of the decays happen inside the beampipe.

2Transverse denotes the direction perpendicular to the lae@ywhich is the axis in the D@ coordinate system.
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from 1.5 x 10° single muon events, and

Ntt—N——
— — [
A= NN (4+0.564+ 0.053)%, (3.2)
from 3.7 x 10° same-sign dimuon events. These can be expressed as
a= kAL + apkg, andA = KAL) + Apig, (3.3)

with apkg and Apkg representing the contributions from detector and recoostm-related (“non-
prompt”) backgrounds to the single and dimuon asymmetéggactively, ané andK the dilution
factors due to other sources of prompt muons in both samples.

4. Detector and Reconstruction-Related Backgrounds

Various sources contribute to the detector and reconginiotlated backgrounds, so that
these can be written as:

apkg = fkak + fran+ fpap 4 (1 — fokg) 0, Ankg= FkAk +FrAn+FpAp + (2—Fokg)d,  (4.1)

where fy, fr, fp and R, Fr, Fp are the contributions from kaons, pions and protadsntified as
muons in the single and dimuon samples, respectivagy.ar, ap and Ax,Ar, Ap are the corre-
sponding reconstructed charge asymmetiigg,= fk + fr+ fp, Fokg= Fx + Fr+ Fp, andd andA
are the prompt muon charge reconstruction asymmetrie®igitiygle and dimuon samples. In the
dimuon part of Eq.4.1, only terms linear in the asymmetriesenkept.

4,1 Kaon Contribution

The dominant contributions to the background terms arisen fihe kaon terms. This is due
to the fact that the detector is made of matter, and the ictieracross-sections df ™ and K~
with matter are very different. The underlying reason ig foaK™ there is no equivalent to the
hyperon-producing reactidd~N — Y 1t1. This leads to a significant positive asymmetry from kaon
decaying in flight or punching through the calorimeter. Timélate uncertainties from material
modeling in the simulation, this asymmetry is measuredctliréen data in multiple bins of muon
candidate (i.e. kaorpy.

Kaons are tagged in the single muon sample by reconstrugtib@20 — KK~ andK*? —
K*m decays from the combination of the muon candidate with ardttack. The yield folK ~
is then subtracted from that fé¢+, and since the results agree for heandK*® channels, they
are combined. Figure 1 shows both the sum (top) and (diféedeaf positive and negative kaons
from @ decays misidentified as muons for the bi@ & p‘T’ < 7 GeV, and Fig. 2 shows the kaon
asymmetryax for the different muorpr bins.

The number of kaons contributing to the asymmetry is alserdghed using<*® — K+~
decays. Fronfy.o andF.o, the contributions of kaons from the decaykdP-mesons to the single
and dimuon samples, the overall contribution from kaonsheaextracted using

N(Ks) N(Ks)

T = N = kg ke 39 = Jacr — ke

3The proton category also includes fake tracks.

Ficeo. (4.2)
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Figure 1: Reconstructegp(1020) — K*K~ decays where one of the kaons is misidentified as a muon for
42 < p# < 7 GeV: both the sum (top) and difference (bottom) of positiad negative misidentified kaons
are shown.
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Figure 2: Charge asymmetry for kaons misidentified as muons in five npohins as determined from
(1020 — K*K~ andK*® — K+~ decays.

HereN(Ks) is the number of reconstructés mesons and\(K** — Kgrr™) the number of these
reconstructed to originate frok*"-meson decays. Equation 4.2 relies on isospin invariamz, a
simulation is used to confirm that the pion reconstructiditiehcy is the same fak*+ andK*C-
meson decays once thg or K™-meson has been reconstructed.

The uncertainty on the number of kaons contributing to tinglsi and dimuon samples is
the dominant systematic uncertainty in this measuremeie uncertainties on the number of
K* mesons as extracted from the fit, and the validity of the aptiom of isospin invariance are
correlated between the single and dimuon samples, whedglitioaal uncertainties ofg-only
come from the background parameterizations in the singliedamuon samples, and a potential
difference in the fraction of kaons frok*? between the two samples.

4.2 Background Asymmetries

The pion and proton reconstruction asymmetegsa, are measured in data usikg — 7T7T
andA\ — prtdecays, and, as for the kaon asymmetry, are measured in prubims. The asym-



Evidence for an anomalous like-sign dimuon charge asynymetr Gustaaf Brooijmans

(581+14)% | (155+0.2)% (25.9+ 1.4)% (0.7£0.2)%
(+0.854£0.018% | (+0.095:£0.027)% | (+0.012-+0.022)%
(+0.828+£0.035)% | (+0.095:£0.025)% | (+0.000-£0.021)%

Table 1: Summary of the background contributions to the asymmeti@dy statistical uncertainties are
given.

metries in the single muon sample, integrated over mpiolare: ax = +0.0551+ 0.0011 a,; =
+0.0025+ 0.0010 anday = +0.02340.028.

The values offy, fp, Fr,andrF, are derived fromfx andF¢ together withn;/nk andnp/n,
wheren; denotes the number of particles of typ@er event, using simulation. The corresponding
uncertainties are evaluated from past measurements arethk chng in data. These numbers are
adjusted for the different probabilities for pions, kaons arotons to be reconstructed as a muon,
as determined fronp, Ks, andA decays.

The asymmetries in the dimuon sample are then calculatedgtakto account the slightly
different muonpr distributions through

Fc Ak = %F&F,ga',(, (4.3)
i=

where the sum runs over the five mupnbins. Equivalent equations are used for the asymmetries
A andAp. The background contributions to the asymmetries are suipedhin Table 1. Results
from simulation, which are not used in the analysis itsel,\aery similar.

4.3 Muon Charge Reconstruction Asymmetry

The regular reversal of magnet polarities suppresses §mnastry in prompt muon charge
reconstruction substantially. The residual asymmetry éasared in data usinyy ¢y — pu can-
didates in dimuon and muon-plus-track events. An examptgvisn in Fig. 3. The results are
0 = (—0.076+0.028% andA = (—0.068+ 0.023)%.

5. Dilution Factors

Equation 3.3 can be rewritten as
a— apkg = kA, andA — Apg = KAS. (5.1)

The dilution factorsk andK are due to multiple processes contributing to the single- same-
sign dimuon samples after background subtraction. Thesede not only direcb — u~X decays
(with or without B-meson oscillation), but also sequentiel- ¢ — u*X decays and a few other
processes. The dilution factors are determined from sitionl®f heavy flavor decays, with uncer-
tainties arising from our knowledge of these decays. Thaliseare

k = 0.041+0.003 andK = 0.342+0.023 (5.2)
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Figure 3: Example of data samples used to determine the muon chargesteaction asymmetry: dimuon
mass forf(u™ +track) + (u~ +track)] (top) and[(u™* +track — (u~ +track)] (bottom) candidates in the
bin 4.2 GeV< pf < 7 GeV.
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Figure4: Observed and expected asymmetries (top) and their differ@rottom) in the single muon sample
in bins of muonpr. In the top plot, the histogram, wth negligible uncertastirepresents the observation,
and the points the expectation from the background evaluati

6. Results

The same-sign dimuon sample, where the dimuon requirenténtaa a simple initial-flavor
tag, is much more sensitive mgl (K > k), whereas the single muon sample, with its limited
sensitivity, can be used to test the background deterroimatiThe result of this test is shown
in Fig. 4 in bins of muonpy, and shows excellent agreement between the expectationtfre
background evaluation and the data. This is an importamttrigal validation of the background
determination procedure.

Since there is significant correlation between the systematertainties on the background
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Figure5: Observed and expected asymmetriesﬁ@pn: 0 (top) andé\gI = —0.957% in the same-sign dimuon
sample in bins of dimuon mass.

evaluation in the single- and dimuon channels, and theeimglon channel is background domi-
nated, it can be used to reduce the background asymmetrytaintg in the dimuon channel. To
that effect, a new asymmetry is defined:

A =A—aa= (K- ak)AS + (Askg— Tabkg)- (6.1)

The factora can be chosen to minimize the uncertainty on the extractee\af A2. Since the
backgrounds are highly correlated, its optimal value iseetgd to be close to one, and indeed it is
found to bea = 0.959. The final result is then

AR = —0.00957+ 0.00251stat) - 0.00146 sysb. (6.2)

This deviates by 3.2 standard deviations from the SM priedigiiven in Eq. 1.5.

7. Cross-Checks

Since no tagging is applied, the observed asymmetry needrigphate from CP-violation
in B-meson mixing. However, the dependence of the asymmetrj@imuon mass, shown in
Fig. 5, suggests that it is due to a process with similar prtsdo and decay properties.

A series of sixteen stability tests were performed in whhah $ample selection criteria were
varied, leading to large variations (up to a factor two) ie thalue of the raw asymmets. In
all cases, the value @¥, remained well within the uncertainties of the main measer@mThis
demonstrates the robustness of the result against sigrifibanges in acceptance and background
content.

Using Eq. 1.3, this result can be compared with existing mressents oi’:\,‘g| [7] and &, [2].
Figure 6 shows the compatibility between these measuremerthe (ad,25)) plane. It is also
possible, taking the value af, from theB-factories [7], to extracsS, = (—1.46+0.75)%. Thanks
to Eq. 1.4, the result can then be juxtaposed to the measotewfAl' s andg made inBs — J/ Y@
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Figure 6: Comparison of this result (diagonal red band) with direcasgements cdgl (vertical light grey
band) and; (horizontal dark grey band). The ellipses show D@’s comifmeof the three measurements.
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Figure 7: Comparison of this result with the measurement&lof and @ made inBs — J/ @ decays.

decays [8]. This is shown in Fig. 7. The result, although ificemtly differing from the SM
prediction, is seen to be compatible with all other measeregmof CP-violating parameters in
B-meson mixing.

8. Conclusions

Using very little input from simulation, a new measuremeinthe charge asymmetry in like-
sign dimuon events was performed. Under the assumptiontibadsymmetry originates iB-
meson mixing, the result is

A = —0.009574+ 0.0025Xstat) + 0.0014Gsys. (8.1)

This result is consistent with all other measurements ov@Rtion in B-meson mixing but incon-
sistent with the SM prediction at 99.8% C.L., or 3.2 standdediations. All stability tests show
excellent robustness against variations in muon seleatghacceptance.
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