
Measurement of the B0
s ! �þ�� Branching Fraction and Search

for B0 ! �þ�� with the CMS Experiment

S. Chatrchyan et al.*

(CMS Collaboration)
(Received 18 July 2013; published 5 September 2013)

Results are presented from a search for the rare decays B0
s ! �þ�� and B0 ! �þ�� in pp collisions

at
ffiffiffi
s

p ¼ 7 and 8 TeV, with data samples corresponding to integrated luminosities of 5 and 20 fb�1,

respectively, collected by the CMS experiment at the LHC. An unbinned maximum-likelihood fit to the

dimuon invariant mass distribution gives a branching fraction BðB0
s ! �þ��Þ ¼ ð3:0þ1:0

�0:9Þ � 10�9,

where the uncertainty includes both statistical and systematic contributions. An excess of B0
s ! �þ��

events with respect to background is observed with a significance of 4.3 standard deviations. For the decay

B0 ! �þ�� an upper limit ofBðB0 ! �þ��Þ< 1:1� 10�9 at the 95% confidence level is determined.

Both results are in agreement with the expectations from the standard model.
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In the standard model (SM) of particle physics, tree-
level diagrams do not contribute to flavor-changing
neutral-current (FCNC) decays. However, FCNC decays
may proceed through higher-order loop diagrams, and this
opens up the possibility for contributions from non-SM
particles. In the SM, the rare FCNC decays B0

s ðB0Þ !
�þ�� have small branching fractions of BðB0

s !
�þ��Þ ¼ ð3:57� 0:30Þ � 10�9, corresponding to the
decay-time integrated branching fraction, and BðB0 !
�þ��Þ ¼ ð1:07� 0:10Þ � 10�10 [1,2]. Charge conjuga-
tion is implied throughout this Letter. Several extensions of
the SM, such as supersymmetric models with nonuniversal
Higgs boson masses [3], specific models containing lep-
toquarks [4], and the minimal supersymmetric standard
model with large tan� [5,6], predict enhancements to the
branching fractions for these rare decays. The decay rates
can also be suppressed for specific choices of model
parameters [7]. Over the past 30 years, significant progress
in sensitivity has been made, with exclusion limits on the
branching fractions improving by 5 orders of magnitude.
The ARGUS [8], UA1 [9], CLEO [10], Belle [11], BABAR
[12], CDF [13], D0 [14], ATLAS [15], CMS [16], and
LHCb [17] experiments have all published limits on
these decays. The LHCb experiment has subsequently
shown evidence, with 3.5 standard deviation significance,
for the decay B0

s ! �þ�� with BðB0
s ! �þ��Þ ¼

ð3:2þ1:5
�1:2Þ � 10�9 [18].

This Letter reports a measurement of BðB0
s ! �þ��Þ

based on a simultaneous search for B0
s ! �þ�� and

B0 ! �þ�� decays using a data sample of pp collisions

corresponding to integrated luminosities of 5 fb�1 atffiffiffi
s

p ¼ 7 TeV and 20 fb�1 at 8 TeV collected by the
Compact Muon Solenoid (CMS) experiment at the Large
Hadron Collider (LHC). For these data, the peak luminos-
ity varied from 3:5� 1030 to 7:7� 1033 cm�2 s�1. The
average number of interactions per bunch crossing (pileup)
was 9 (21) at

ffiffiffi
s

p ¼ 7ð8Þ TeV.
The search for the B ! �þ�� signal, where B

denotes B0
s or B0, is performed in the dimuon invariant

mass regions around the B0
s and B0 masses. To avoid

possible biases, the signal region 5:20<m��<5:45GeV

was kept blind until all selection criteria were
established. For the 7 TeV data, this Letter reports a
reanalysis of the data used in the previous result [16],
where the data were reblinded. The combinatorial
dimuon background, mainly from semileptonic decays
of separate B mesons, is evaluated by extrapolating the
data in nearby mass sidebands into the signal region.
Monte Carlo (MC) simulations are used to account for
backgrounds from B and �b decays. These background
samples consist of B ! h��, B ! h��, and �b !
p�� decays, as well as ‘‘peaking’’ decays of the type
B ! hh0, where h, h0 are charged hadrons misidentified
as muons, which give a dimuon invariant mass distribu-
tion that peaks in the signal region. The MC simulation
event samples are generated using PYTHIA (version
6.424 for 7 TeV, version 6.426 for 8 TeV) [19], with
the underlying event simulated with the Z2 tune [20],
unstable particles decayed via EVTGEN [21], and the
detector response simulated with GEANT4 [22].
A normalization sample of Bþ ! J=cKþ ! �þ��Kþ
decays is used to minimize uncertainties related to the
b �b production cross section and the integrated luminos-
ity. A control sample of B0

s ! J=c� ! �þ��KþK�
decays is used to validate the MC simulation and to
evaluate potential effects from differences in fragmenta-
tion between Bþ and B0

s . The efficiencies of all samples,
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including detector acceptances, are determined with MC
simulation studies.

A detailed description of the CMS apparatus can be
found in Ref. [23]. The CMS experiment uses a right-
handed coordinate system, with the origin at the nominal
interaction point, the x axis pointing to the center of the
LHC ring, the y axis pointing up, and the z axis along the
counterclockwise-beam direction. The polar angle � is
measured from the positive z axis and the azimuthal angle
� is measured in the x-y plane. The main subdetectors
used in this analysis are the silicon tracker and the muon
detectors. Muons are tracked within the pseudorapidity
region j�j< 2:4, where � ¼ � ln½tanð�=2Þ�. A transverse
momentum (pT) resolution of about 1.5% is obtained for
muons in this analysis [24].

The events are selected with a two-level trigger system.
The first level requires only two muon candidates in the
muon detectors. The high-level trigger (HLT) uses addi-
tional information from the silicon tracker to provide es-
sentially a full event reconstruction. The dimuon invariant
mass was required to satisfy 4:8<m�� < 6:0 GeV. For

the 7 TeV data set, the HLT selection required two muons,
each with pT > 4:0 GeV, and a dimuon p

��
T > 3:9 GeV.

For events having at least one muon with j�j> 1:5, p
��
T >

5:9 GeV was required. For the 8 TeV data set, the pT

criterion on the muon with lower pT was loosened to
pT > 3:0 GeV, with p��

T > 4:9 GeV. For events contain-
ing at least one muon with j�j> 1:8, the muons were each
required to have pT > 4:0 GeV, p

��
T > 7:0 GeV, and the

dimuon vertex fit p value >0:5%.
For the normalization and control samples the HLT selec-

tion required the following: two muons, each with pT >
4 GeV and j�j<2:2;p��

T >6:9GeV; 2:9<m��<3:3GeV;

and the dimuon vertex fit p value >15%. Two additional
requirements were imposed in the transverse plane: (i) the
pointing angle �xy between the dimuon momentum and

the vector from the average interaction point to the dimuon
vertex had to fulfill cos�xy > 0:9, and (ii) the flight length

significance ‘xy=�ð‘xyÞmust be greater than 3, where ‘xy is

the two-dimensional distance between the average interac-
tion point and the dimuon vertex, and �ð‘xyÞ is its uncer-
tainty. The signal, normalization, and control triggers
required the three-dimensional (3D) distance of closest
approach (dca) between the two muons to satisfy dca <
0:5 cm. The average trigger efficiency for events in the
signal and normalization samples, as determined from
MC simulation and calculated after all other selection
criteria are applied, is in the range (39–85)%, depending
on the running period and detector region. The uncertainty
in the ratio of trigger efficiencies [muon identification
efficiencies] for the signal and normalization samples is
estimated to be (3–6)% [(1–4)%] by comparing simulation
and data.

The B ! �þ�� candidates are constructed from
two oppositely charged ‘‘tight’’ muons as described in

Ref. [25]. Both muons must have pT > 4 GeV and be
consistent in direction and pT with the muons that trig-
gered the event. A boosted decision tree (BDT) constructed
within the TMVA framework [26] is trained to further
separate genuine muons from those arising from misiden-
tified charged hadrons. The variables used in the BDT can
be divided into four classes: basic kinematic quantities,
silicon-tracker fit information, combined silicon and muon
track fit information, and muon detector information. The
BDT is trained on MC simulation samples of B-meson
decays to kaons and muons. Compared to the tight muons,
the BDT working point used to select muons for this
analysis reduces the hadron-to-muon misidentification
probability by 50% while retaining 90% of true muons.
The probability to misidentify a charged hadron as a muon
because of decay in flight or detector punchthrough is
measured in data from samples of well-identified
pions, kaons, and protons. This probability ranges from
ð0:5–1:3Þ�10�3, ð0:8–2:2Þ � 10�3, and ð0:4–1:5Þ � 10�3,
for pions, kaons, and protons, respectively, depending
on whether the particle is in the barrel or end cap,
the running period, and the momentum. Each of these
probabilities is ascribed an uncertainty of 50%, based on
differences between data and MC simulation.
Candidates are kept for further analysis if they have

4:9<m�� < 5:9 GeV, after constraining the tracks to a

common vertex. The B-candidate momentum and vertex
position are used to choose a primary vertex based on the
distance of closest approach along the beam line. Since the
background level and mass resolution depend significantly
on ���, where ��� is the pseudorapidity of the B-meson

candidate, the events are separated into two categories: the
‘‘barrel channel’’ with candidates where both muons have
j�j< 1:4, and the ‘‘end-cap channel’’ containing those
where at least one muon has j�j> 1:4. The m�� resolu-

tion, as determined from simulated signal events, ranges
from 32 MeV for ��� � 0 to 75 MeV for j���j> 1:8.

Four isolation variables are defined.
(1) I¼p��

T =ðp��
T þP

trkpTÞ, where
P

trkpT is the sum of
pT of all tracks, other than muon candidates, satisfying

�R ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið��Þ2 þ ð��Þ2p
< 0:7, with �� and �� as the

differences in � and � between a charged track and the
direction of the B candidate. The sum includes all tracks
with pT > 0:9 GeV that are (i) consistent with originating
from the same primary vertex as the B candidate or
(ii) have a dca with respect to the B vertex <0:05 cm and
are not associated with any other primary vertex. (2) I� is

the isolation variable of each muon, calculated as for the B
candidate, but with respect to the muon track. A cone size
of �R ¼ 0:5 around the muon and tracks with pT >
0:5 GeV and dca < 0:1 cm from the muon are used.
(3) Nclose

trk is defined as the number of tracks with pT >
0:5 GeV and dca with respect to the B vertex less than
<0:03 cm. (4) d0ca is defined as the smallest dca to the B
vertex, considering all tracks in the event that are either

PRL 111, 101804 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

6 SEPTEMBER 2013

101804-2



associated with the same primary vertex as the B candidate
or not associated with any primary vertex.

The final selection is performed with BDTs trained to
distinguish between signal and background event candi-
dates. For the training, B0

s ! �þ�� MC simulation
samples are used for the signal, and candidates from the
data dimuon mass sidebands after a loose preselection for
the background. The preselection retains at least 10 000
events dominated by combinatorial background for each
BDT. To avoid any selection bias, the data background
events are randomly split into three sets, such that the
training and testing of the BDT is performed on sets
independent of its application. Studies with sideband
events and signal MC simulation samples with shifted B
mass show that the BDT response is independent of mass.
Separate BDTs are trained for each of the four combina-
tions of 7 and 8 TeV data and the barrel and end-cap
regions of the detector. For each BDT, a number of varia-
bles is considered and only those found to be effective are
included. Each of the following 12 variables, shown to be
independent of pileup, are used in at least one of the BDTs:
I; I�; N

close
trk ; d0ca; p

��
T ; ���; the B-vertex fit 	2 per degree

of freedom (dof); the dca between the two muon tracks; the
3D pointing angle �3D; the 3D flight length significance
‘3D=�ð‘3DÞ; the 3D impact parameter 
3D of the B candi-
date; and its significance 
3D=�ð
3DÞ, where �ð
3DÞ is the
uncertainty on 
3D. The last four variables are computed
with respect to the primary vertex. Good agreement
between data and MC simulation is observed for these
variables. In total, including the division into three sets,
12 BDTs are trained.

The output discriminant b of the BDT is used in two
ways for further analysis. (1) In the 1D-BDT method, a
minimum requirement on b per channel is used to define
the final selection. The requirement on b is optimized for

best S=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
(where S is the expected signal and B the

background) on statistically independent data control
samples. The optimization gives b > 0:29 for both barrel
and end cap in the

ffiffiffi
s

p ¼ 7 TeV data, and b > 0:36 (0.38)
in the barrel (end cap) for the

ffiffiffi
s

p ¼ 8 TeV sample. The

1D-BDT method is used for the determination of the upper
limit on BðB0 ! �þ��Þ. The signal efficiencies "tot for
method (1) are provided in Table I, together with the
expected number of events (signal and signal plus back-
ground) for the B0 signal region 5:20<m< 5:30 GeV and
the B0

s signal region 5:30<m< 5:45 GeV. (2) In the
categorized-BDT method, the discriminant b is used to
define 12 event categories with different signal-to-
background ratios. For the

ffiffiffi
s

p ¼ 7 TeV data in the barrel
(end-cap) channel, the two categories have boundaries of
0.10, 0.31, 1.00 (0.10, 0.26, 1.00). For the

ffiffiffi
s

p ¼ 8 TeV
sample in the barrel (end-cap) channel, the corresponding
boundaries for the four categories are 0.10, 0.23, 0.33, 0.44,
1.00 (0.10, 0.22, 0.33, 0.45, 1.00). This binning is chosen
to give the same expected signal yield in each bin. The
dimuon invariant mass distributions for the 12 categories of
events are fitted simultaneously to obtain the final results.
Method (2) has higher expected sensitivity and thus
provides the main methodology for the extraction of
BðB0

s ! �þ��Þ.
The Bþ ! J=cKþ ! �þ��Kþ (B0

s ! J=c� !
�þ��KþK�) selection requires two oppositely charged
muons with 3:0<m�� < 3:2 GeV and p

��
T > 7 GeV,

combined with one or two tracks, assumed to be kaons,
fulfilling pT > 0:5 GeV and j�j< 2:4 (j�j< 2:1 in the
8 TeV data). The distance of closest approach between
all pairs among the three (four) tracks is required to be less
than 0.1 cm. For B0

s ! J=c� candidates the two assumed
kaon tracks must have invariant mass 0:995<mKK <
1:045 GeV and �R< 0:25. The B vertex is fitted from
the three (four) tracks; a candidate is accepted if the
resulting invariant mass is in the range 4.8–6.0 GeV. The
final selection is achieved using the same BDT as for
the signal, with the following modifications: the B-vertex
	2=dof is determined from the dimuon vertex fit, and for
the calculation of the isolation variables all B-candidate
decay tracks are neglected.
The total efficiency to reconstruct with the 1D-BDT

method a Bþ ! J=cKþ ! �þ��Kþ decay, including

the detector acceptance, is "B
þ

tot ¼ ð0:98� 0:08Þ � 10�3

TABLE I. The signal selection efficiencies "tot, the predicted number of SM signal events
N

exp
signal, the expected number of signal and background events N

exp
total, and the number of observed

events Nobs in the barrel and end-cap channels for the 7 and 8 TeV data using the 1D-BDT
method. The event numbers refer to the B0 and B0

s signal regions, respectively.

"tot½10�2� N
exp
signal N

exp
total Nobs

7 TeV

B0 barrel 0:33� 0:03 0:27� 0:03 1:3� 0:8 3

B0
s barrel 0:30� 0:04 2:97� 0:44 3:6� 0:6 4

B0 end cap 0:20� 0:02 0:11� 0:01 1:5� 0:6 1

B0
s end cap 0:20� 0:02 1:28� 0:19 2:6� 0:5 4

8 TeV

B0 barrel 0:24� 0:02 1:00� 0:10 7:9� 3:0 11

B0
s barrel 0:23� 0:03 11:46� 1:72 17:9� 2:8 16

B0 end cap 0:10� 0:01 0:30� 0:03 2:2� 0:8 3

B0
s end cap 0:09� 0:01 3:56� 0:53 5:1� 0:7 4
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and ð0:36� 0:04Þ � 10�3, respectively, for the barrel and
end-cap channels in the 7 TeV analysis, and ð0:82�
0:07Þ � 10�3 and ð0:21� 0:03Þ � 10�3 for the 8 TeV
analysis, where statistical and systematic uncertainties
are combined in quadrature. The distributions of b for the
normalization and control samples are found to agree well
between data and MC simulation, with residual differences
used to estimate systematic uncertainties. No dependence
of the selection efficiency on pileup is observed. The
systematic uncertainty in the acceptance is estimated
by comparing the values obtained with different b �b
production mechanisms (gluon splitting, flavor excitation,
and flavor creation). The uncertainty in the event selection
efficiency for the Bþ ! J=cKþ normalization sample
is evaluated from differences between measured and
simulated Bþ ! J=cKþ events. The uncertainty in the
B0
s ! �þ�� and B0 ! �þ�� signal efficiencies

[(3–10)%, depending on the channel and
ffiffiffi
s

p
] is evaluated

using the B0
s ! J=c� control sample.

The yields for the normalization (control) sample in
each category are fitted with a double (single) Gaussian
function. The backgrounds under the normalization and
control sample peaks are described with an exponential
(plus an error function for the normalization sample).
Additional functions are included, with shape templates
fixed from simulation, to account for backgrounds from
Bþ ! J=c�þ (Gaussian function) for the normalization
sample, and B0 ! J=cK�0 (Landau function) for the con-
trol sample. In the 7 TeV data, the observed number of
Bþ!J=cKþ candidates in the barrel is ð71:2�4:1Þ�103

and ð21:4� 1:1Þ � 103 in the end-cap channel. For the
8 TeV sample the corresponding yields are ð309� 16Þ �
103 (barrel) and ð69:3� 3:5Þ � 103 (end cap). The uncer-
tainties include a systematic component estimated fromsimu-
lated events by considering alternative fitting functions.

The B0
s ! �þ�� branching fraction is measured using

BðB0
s ! �þ��Þ ¼ NS

NBþ
obs

fu
fs

"B
þ

tot

"tot
BðBþÞ; (1)

and analogously for the B0 ! �þ�� case, where NS

(NBþ
obs) is the number of reconstructed B0

s ! �þ�� (Bþ !
J=cKþ) decays, "tot ("B

þ
tot ) is the total signal (Bþ) effi-

ciency,BðBþÞ ¼ ð6:0� 0:2Þ � 10�5 [27] is the branching
fraction for Bþ ! J=cKþ ! �þ��Kþ, and fu=fs is the
ratio of the Bþ and B0

s fragmentation fractions. The value
fs=fu ¼ 0:256� 0:020, as measured by LHCb [28], is
used and an additional systematic uncertainty of 5% is
assigned to account for possible pseudorapidity and pT

dependence of this ratio. Studies based on the Bþ !
J=cK and B0

s ! J=c� control samples reveal no discern-
ible pseudorapidity or pT dependence of this ratio in the
kinematic region used in the analysis.

An unbinned maximum-likelihood fit to the m�� distri-

bution is used to extract the signal and background yields.
Events in the signal window can result from genuine signal,

combinatorial background, background from semileptonic
b-hadron decays, and the peaking background. The proba-
bility density functions (PDFs) for the signal, semileptonic,
and peaking backgrounds are obtained from fits to MC
simulation. The B0

s and B0 signal shapes are modeled by
Crystal Ball functions [29]. The peaking background is
modeled with the sum of Gaussian and Crystal Ball functions
(with a common mean). The semileptonic background is
modeled with a Gaussian kernels method [30,31]. The PDF
for the combinatorial background is modeled with a first-
degree polynomial. Since the dimuon mass resolution �,
determined on an event-by-event basis from the dimuon
mass fit, varies significantly, the PDFs described above are
combined as a conditional product with the PDF for the per-
event mass resolution, such that the Crystal Ball function
width correctly reflects the resolution on a per-event basis. To
avoid any effect of the correlation between � and the can-
didate mass, we divide the invariant mass uncertainty by the
mass to obtain a ‘‘reduced’’ mass uncertainty,�r ¼ �=m��,

which is used in the fit.
The dimuon mass distributions for the four channels

(barrel and end cap in 7 and 8 TeV data), further divided
into categories corresponding to different bins in the BDT
parameter b, are fitted simultaneously. The results are
illustrated for the most sensitive categories in Fig. 1. The
fits for all 12 categories are shown in the Supplemental
Material [32] showing additional plots of the mass fits.
Pseudoexperiments, done with MC simulated events, con-
firm the robustness and accuracy of the fitting procedure.
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FIG. 1 (color online). Results from the categorized-BDT
method of the fit to the dimuon invariant mass distributions for
the

ffiffiffi
s

p ¼ 8 TeV data in the barrel (top) and end cap (bottom) for
the BDT bins with the highest (left) and second-highest (right)
signal-to-background ratio.
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Systematic uncertainties are constrained with Gaussian
PDFs with the standard deviations of the constraints set
equal to the uncertainties. Sources of systematic uncer-
tainty arise from the hadron-to-muon misidentification
probability, the branching fraction uncertainties (domi-
nated by 100% for �b ! p��), and the normalization of
the peaking background. The B ! hh0 and semileptonic
backgrounds are estimated by normalizing to the observed
Bþ ! J=cKþ yield. The peaking background yield is
constrained in the fit with log-normal PDFs with rms
parameters set to the mean 1-standard-deviation uncertain-
ties. The absolute level of peaking background has been
studied on an independent data sample, obtained with
single-muon triggers, and is found to agree with the exp-
ectation described above. The shape parameters for the
peaking and the semileptonic backgrounds and for the
signals are fixed to the expectation. The mass scale uncer-
tainty at the B-meson mass is 6 MeV (7MeV) for the barrel

(end-cap) channel, as determined with charmonium and
bottomium decays to dimuon final states.
An excess of B0

s ! �þ�� decays is observed above
the background predictions. The measured decay-time
integrated branching fraction from the fit is BðB0

s !
�þ��Þ ¼ ð3:0þ1:0

�0:9Þ � 10�9, where the uncertainty

includes both the statistical and systematic components,
but is dominated by the statistical uncertainties. The
observed (expected median) significance of the excess is
4.3 (4.8) standard deviations and is determined by evaluat-
ing the ratio of the likelihood value for the hypothesis with
no signal, divided by the likelihood with BðB0

s ! �þ��Þ
floating. For this determination, BðB0 ! �þ��Þ is
allowed to float and is treated as a nuisance parameter in
the fit (see the top plot in Fig. 2). The measured branching
fraction is consistent with the expectation from the SM.
With the 1D-BDTmethod, the observed (expected median)
significance is 4.8 (4.7) standard deviations. Figure 3 shows
the combined mass distributions weighted by S=ðSþ BÞ
for the categorized-BDT (left) and the 1D-BDT (right)
methods. However, these distributions are illustrative
only and were not used to obtain the final results.
No significant excess is observed for B0 ! �þ��, and

the upper limitBðB0!�þ��Þ<1:1�10�9 (9:2�10�10)
at 95% (90%) confidence level (C.L.) is determined with
the CLS approach [33,34], based on the observed numbers
of events in the signal and sideband regions with the 1D-
BDT method as summarized in Table I. The expected
95% C.L. upper limit for BðB0 ! �þ��Þ in the presence
of SM signal plus background (background-only) is
6:3� 10�10 (5:4� 10�10), where the statistical and
systematic uncertainties are considered. The bottom plot
in Fig. 2 shows the observed and expected CLS curves
versus the assumed BðB0 ! �þ��Þ. From the fit, the
branching fraction for this decay is determined to be
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likelihood ratio scan for each of the branching fractions when
the other is profiled together with other nuisance parameters;
the significance at which the background-only hypothesis is
rejected is also shown. Bottom, observed and expected CLS

for B0!�þ�� as a function of the assumed branching fraction.
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FIG. 3 (color online). Plots illustrating the combination of all
categories used in the categorized-BDT method (left) and the
1D-BDT method (right). For these plots, the individual catego-
ries are weighted with S=ðSþ BÞ, where S (B) is the signal
(background) determined at the B0

s peak position. The overall
normalization is set such that the fitted B0

s signal corresponds to
the total yield of the individual contributions. These distributions
are for illustrative purposes only and were not used in obtaining
the final results.
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BðB0 ! �þ��Þ ¼ ð3:5þ2:1
�1:8Þ � 10�10. The significance of

this measurement is 2.0 standard deviations. The dimuon
invariant mass distributions with the 1D-BDT method
for the four channels are shown in the Supplemental
Material [32].

In summary, a search for the rare decays B0
s ! �þ��

and B0 ! �þ�� has been performed on a data sample
of pp collisions at

ffiffiffi
s

p ¼ 7 and 8 TeV corresponding to
integrated luminosities of 5 and 20 fb�1, respectively.
No significant evidence is observed for B0 ! �þ�� and
an upper limit of BðB0 ! �þ��Þ< 1:1� 10�9 is estab-
lished at 95% C.L. For B0

s ! �þ��, an excess of events
with a significance of 4.3 standard deviations is observed,
and a branching fraction of BðB0

s!�þ��Þ¼ð3:0þ1:0
�0:9Þ�

10�9 is determined, in agreement with the standard model
expectations.
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PRL 111, 101804 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

6 SEPTEMBER 2013

101804-6

http://dx.doi.org/10.1140/epjc/s10052-012-2172-1
http://dx.doi.org/10.1103/PhysRevLett.109.041801
http://dx.doi.org/10.1103/PhysRevLett.109.041801
http://dx.doi.org/10.1088/1126-6708/2006/05/063
http://dx.doi.org/10.1007/JHEP11(2010)073
http://dx.doi.org/10.1007/JHEP11(2010)073
http://dx.doi.org/10.1142/S0217751X06029491
http://dx.doi.org/10.1016/j.nuclphysb.2006.10.011
http://dx.doi.org/10.1103/PhysRevD.76.115011
http://dx.doi.org/10.1103/PhysRevD.76.115011
http://dx.doi.org/10.1016/0370-2693(87)90952-X
http://dx.doi.org/10.1016/0370-2693(87)90952-X
http://dx.doi.org/10.1016/0370-2693(91)90660-I
http://dx.doi.org/10.1016/0370-2693(91)90660-I
http://dx.doi.org/10.1103/PhysRevD.62.091102
http://dx.doi.org/10.1103/PhysRevD.62.091102
http://dx.doi.org/10.1103/PhysRevD.68.111101
http://dx.doi.org/10.1103/PhysRevD.68.111101
http://dx.doi.org/10.1103/PhysRevD.77.032007
http://dx.doi.org/10.1103/PhysRevD.77.032007
http://dx.doi.org/10.1103/PhysRevD.87.072003
http://dx.doi.org/10.1103/PhysRevD.87.072003
http://dx.doi.org/10.1103/PhysRevD.87.072006
http://dx.doi.org/10.1103/PhysRevD.87.072006
http://dx.doi.org/10.1016/j.physletb.2012.06.013
http://dx.doi.org/10.1007/JHEP04(2012)033
http://dx.doi.org/10.1016/j.physletb.2011.04.031
http://dx.doi.org/10.1103/PhysRevLett.110.021801
http://dx.doi.org/10.1103/PhysRevLett.110.021801
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://arXiv.org/abs/1010.3558
http://dx.doi.org/10.1016/S0168-9002(01)00089-4
http://dx.doi.org/10.1016/S0168-9002(01)00089-4
http://dx.doi.org/10.1016/S0168-9002(03)00538-2
http://dx.doi.org/10.1016/S0168-9002(03)00538-2
http://dx.doi.org/10.1088/1748-0221/3/08/S08004
http://dx.doi.org/10.1140/epjc/s10052-010-1491-3
http://dx.doi.org/10.1088/1748-0221/7/10/P10002
http://arXiv.org/abs/physics/0703039
http://dx.doi.org/10.1103/PhysRevD.86.010001
http://dx.doi.org/10.1103/PhysRevD.86.010001
http://dx.doi.org/10.1007/JHEP04(2013)001
http://dx.doi.org/10.1214/aoms/1177728190
http://dx.doi.org/10.1214/aoms/1177704472
http://link.aps.org/supplemental/10.1103/PhysRevLett.111.101804
http://link.aps.org/supplemental/10.1103/PhysRevLett.111.101804
http://dx.doi.org/10.1088/0954-3899/28/10/313
http://dx.doi.org/10.1016/S0168-9002(99)00498-2
http://dx.doi.org/10.1016/S0168-9002(99)00498-2
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M. Ö. Sahin,37 J. Salfeld-Nebgen,37 R. Schmidt,37,s T. Schoerner-Sadenius,37 N. Sen,37 M. Stein,37 R. Walsh,37

C. Wissing,37 M. Aldaya Martin,38 V. Blobel,38 H. Enderle,38 J. Erfle,38 E. Garutti,38 U. Gebbert,38 M. Görner,38
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CNRS/IN2P3, Strasbourg, France

31Centre de Calcul de l’Institut National de Physique Nucleaire et de Physique des Particules, CNRS/IN2P3, Villeurbanne, France
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65bUniversità di Perugia, Perugia, Italy
66aINFN Sezione di Pisa, Pisa, Italy
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68bUniversità di Torino, Torino, Italy
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92Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, Moscow, Russia
93State Research Center of Russian Federation, Institute for High Energy Physics, Protvino, Russia

94University of Belgrade, Faculty of Physics and Vinca Institute of Nuclear Sciences, Belgrade, Serbia
95Centro de Investigaciones Energéticas Medioambientales y Tecnológicas (CIEMAT), Madrid, Spain

96Universidad Autónoma de Madrid, Madrid, Spain
97Universidad de Oviedo, Oviedo, Spain

98Instituto de Fı́sica de Cantabria (IFCA), CSIC-Universidad de Cantabria, Santander, Spain
99CERN, European Organization for Nuclear Research, Geneva, Switzerland

100Paul Scherrer Institut, Villigen, Switzerland
101Institute for Particle Physics, ETH Zurich, Zurich, Switzerland

102Universität Zürich, Zurich, Switzerland
103National Central University, Chung-Li, Taiwan

104National Taiwan University (NTU), Taipei, Taiwan
105Chulalongkorn University, Bangkok, Thailand

106Cukurova University, Adana, Turkey
107Middle East Technical University, Physics Department, Ankara, Turkey

108Bogazici University, Istanbul, Turkey
109Istanbul Technical University, Istanbul, Turkey

110National Scientific Center, Kharkov Institute of Physics and Technology, Kharkov, Ukraine
111University of Bristol, Bristol, United Kingdom

112Rutherford Appleton Laboratory, Didcot, United Kingdom
113Imperial College, London, United Kingdom

114Brunel University, Uxbridge, United Kingdom
115Baylor University, Waco, Texas 76706, USA

116The University of Alabama, Tuscaloosa, Alabama 35487, USA
117Boston University, Boston, Massachusetts 02215, USA

118Brown University, Providence, Rhode Island 02912, USA
119University of California, Davis, Davis, California 95616, USA

120University of California, Los Angeles, Los Angeles, California 90095, USA
121University of California, Riverside, Riverside, California 92521, USA
122University of California, San Diego, La Jolla, California 92093, USA

123University of California, Santa Barbara, Santa Barbara, California 93106, USA
124California Institute of Technology, Pasadena, California 91125, USA
125Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA
126University of Colorado at Boulder, Boulder, Colorado 80309, USA

127Cornell University, Ithaca, New York 14853, USA
128Fairfield University, Fairfield, Connecticut 06824, USA

129Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
130University of Florida, Gainesville, Florida 32611, USA

131Florida International University, Miami, Florida 33199, USA
132Florida State University, Tallahassee, Florida 32306, USA

133Florida Institute of Technology, Melbourne, Florida 32901, USA
134University of Illinois at Chicago (UIC), Chicago, Illinois 60607, USA

135The University of Iowa, Iowa City, Iowa 52242, USA
136Johns Hopkins University, Baltimore, Maryland 21218, USA
137The University of Kansas, Lawrence, Kansas 66045, USA
138Kansas State University, Manhattan, Kansas 66506, USA

139Lawrence Livermore National Laboratory, Livermore, California 94720, USA
140University of Maryland, College Park, Maryland 20742, USA

141Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
142University of Minnesota, Minneapolis, Minnesota 55455, USA

143University of Mississippi, Oxford, Mississippi 38655, USA
144University of Nebraska-Lincoln, Lincoln, Nebraska 68588, USA

145State University of New York at Buffalo, Buffalo, New York 14260, USA
146Northeastern University, Boston, Massachusetts 02115, USA

147Northwestern University, Evanston, Illinois 60208, USA
148University of Notre Dame, Notre Dame, Indiana 46556, USA

149The Ohio State University, Columbus, Ohio 43210, USA
150Princeton University, Princeton, New Jersey 08544, USA
151University of Puerto Rico, Mayaguez, Puerto Rico 00680
152Purdue University, West Lafayette, Indiana 47907, USA
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153Purdue University Calumet, Hammond, Indiana 46323, USA
154Rice University, Houston, Texas 77251, USA

155University of Rochester, Rochester, New York 14627, USA
156The Rockefeller University, New York, New York 10021, USA

157Rutgers, The State University of New Jersey, Piscataway, New Jersey 08854, USA
158University of Tennessee, Knoxville, Tennessee 37996, USA
159Texas A&M University, College Station, Texas 77843, USA

160Texas Tech University, Lubbock, Texas 79409, USA
161Vanderbilt University, Nashville, Tennessee 37235, USA

162University of Virginia, Charlottesville, Virginia 22901, USA
163Wayne State University, Detroit, Michigan 48202, USA

164University of Wisconsin, Madison, Wisconsin 53706, USA

aDeceased.
bAlso at Vienna University of Technology, Vienna, Austria.
cAlso at CERN, European Organization for Nuclear Research, Geneva, Switzerland.
dAlso at Institut Pluridisciplinaire Hubert Curien, Université de Strasbourg, Université de Haute Alsace Mulhouse, CNRS/IN2P3,

Strasbourg, France.
eAlso at National Institute of Chemical Physics and Biophysics, Tallinn, Estonia.
fAlso at Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, Moscow, Russia.
gAlso at Universidade Estadual de Campinas, Campinas, Brazil.
hAlso at California Institute of Technology, Pasadena, CA, USA.
iAlso at Laboratoire Leprince-Ringuet, Ecole Polytechnique, IN2P3-CNRS, Palaiseau, France.
jAlso at Suez Canal University, Suez, Egypt.
kAlso at Zewail City of Science and Technology, Zewail, Egypt.
lAlso at Cairo University, Cairo, Egypt.

mAlso at Fayoum University, El-Fayoum, Egypt.
nAlso at British University in Egypt, Cairo, Egypt.
oPresent address: Ain Shams University, Cairo, Egypt.
pAlso at National Centre for Nuclear Research, Swierk, Poland.
qAlso at Université de Haute Alsace, Mulhouse, France.
rAlso at Joint Institute for Nuclear Research, Dubna, Russia.
sAlso at Brandenburg University of Technology, Cottbus, Germany.
tAlso at The University of Kansas, Lawrence, KS, USA.
uAlso at Institute of Nuclear Research ATOMKI, Debrecen, Hungary.
vAlso at Eötvös Loránd University, Budapest, Hungary.
wAlso at Tata Institute of Fundamental Research-EHEP, Mumbai, India.
xAlso at Tata Institute of Fundamental Research-HECR, Mumbai, India.
yPresent address: King Abdulaziz University, Jeddah, Saudi Arabia.
zAlso at University of Visva-Bharati, Santiniketan, India.
aaAlso at University of Ruhuna, Matara, Sri Lanka.
bbAlso at Isfahan University of Technology, Isfahan, Iran.
ccAlso at Sharif University of Technology, Tehran, Iran.
ddAlso at Plasma Physics Research Center, Science and Research Branch, Islamic Azad University, Tehran, Iran.
eeAlso at Laboratori Nazionali di Legnaro dell’ INFN, Legnaro, Italy.
ffAlso at Università degli Studi di Siena, Siena, Italy.
ggAlso at Centre National de la Recherche Scientifique (CNRS)-IN2P3, Paris, France.
hhAlso at Purdue University, West Lafayette, IN, USA.
iiAlso at Universidad Michoacana de San Nicolas de Hidalgo, Morelia, Mexico.
jjAlso at Faculty of Physics, University of Belgrade, Belgrade, Serbia.
kkAlso at Facoltà Ingegneria, Università di Roma, Roma, Italy.
llAlso at Scuola Normale e Sezione dell’INFN, Pisa, Italy.

mmAlso at University of Athens, Athens, Greece.
nnAlso at Rutherford Appleton Laboratory, Didcot, United Kingdom.
ooAlso at Paul Scherrer Institut, Villigen, Switzerland.
ppAlso at Institute for Theoretical and Experimental Physics, Moscow, Russia.
qqAlso at Albert Einstein Center for Fundamental Physics, Bern, Switzerland.
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rrAlso at Gaziosmanpasa University, Tokat, Turkey.
ssAlso at Adiyaman University, Adiyaman, Turkey.
ttAlso at Cag University, Mersin, Turkey.
uuAlso at Mersin University, Mersin, Turkey.
vvAlso at Izmir Institute of Technology, Izmir, Turkey.
wwAlso at Ozyegin University, Istanbul, Turkey.
xxAlso at Kafkas University, Kars, Turkey.
yyAlso at Suleyman Demirel University, Isparta, Turkey.
zzAlso at Ege University, Izmir, Turkey.
aaaAlso at Mimar Sinan University, Istanbul, Istanbul, Turkey.
bbbAlso at Kahramanmaras Sütcü Imam University, Kahramanmaras, Turkey.
cccAlso at School of Physics and Astronomy, University of Southampton, Southampton, United Kingdom.
dddAlso at INFN Sezione di Perugia, Università di Perugia, Perugia, Italy.
eeeAlso at Utah Valley University, Orem, UT, USA.
fffAlso at Institute for Nuclear Research, Moscow, Russia.

gggAlso at University of Belgrade, Faculty of Physics and Vinca Institute of Nuclear Sciences, Belgrade, Serbia.
hhhAlso at Argonne National Laboratory, Argonne, IL, USA.
iiiAlso at Erzincan University, Erzincan, Turkey.
jjjAlso at Yildiz Technical University, Istanbul, Turkey.

kkkAlso at Texas A&M University at Qatar, Doha, Qatar.
lllAlso at Kyungpook National University, Daegu, Korea.
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