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A blind analysis searching for the decay Bs0 → μ+ μ- has been performed using proton–proton collisions 
at a centre-of-mass energy of 7 TeV recorded with the ATLAS detector at the LHC. With an integrated 
luminosity of 2.4 fb-1 no excess of events over the background expectation is found and an upper limit 
is set on the branching fraction BR( Bs0 → μ+ μ- ) < 2.2(1.9) × 10-8 at 95% (90%) confidence level.
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1. Introduction

Flavour changing neutral current processes are highly sup
pressed in the Standard Model (SM), and therefore their study is of 
particular interest in the search for new physics. The SM predicts 
the branching fraction for the decay B0s → μ+ μ- to be extremely 
small: (3.5 ± 0.3) × 10-9 [1–4]. This process might be substantially 
enhanced by coupling to non-SM heavy particles, such as those 
predicted by the Minimal Supersymmetric Standard Model [5–11] 
and other extensions [12]. Upper limits on this branching fraction, 
in the range (0.45–5.1) × 10-8, have been reported by the D0 [13], 
CDF [14], CMS [15,16] and LHCb [17,18] Collaborations. This Letter 
reports the result of a search performed with pp collisions corre
sponding to an integrated luminosity of 2.4 fb-1, collected in the 
first half of the 2011 data-taking period using the ATLAS detector 
at the LHC.

The analysis is based on events selected with a di-muon trigger 
and reconstructed in the ATLAS inner tracking detector and muon 
spectrometer [19]. Details of the detector, trigger and datasets are 
discussed in Section 2, together with the preselection criteria.

The B s0 → μ+μ- branching fraction is measured with respect 
to a prominent reference decay (B± → J/ψK±) in order to mini
mize systematic uncertainties in the evaluation of the efficiencies 
and acceptances, while still providing small statistical uncertain
ties. The branching fraction can be written as

✩ © CERN for the benefit of the ATLAS Collaboration.
^ E-mail address: atlas.publications@cern.ch.

BR B0s → μ+μ- = BR B± → J/ψK± → μ+μ-K± 

fu Nμ+μ- A J/ψK± ^J/ψK± ,
fs N J/ψK± Aμ+μ- ^μ+μ-

(1)

where the right-hand side includes the B± → J/ψK± → μ+μ-K± 
branching fraction, the relative production probability of B ± and 
B s0 f u / f s taken from previous measurements [20–22], the event 
yields after background subtraction, and the acceptance and ef
ficiency ratios. The event yields for both signal and reference 
channels were obtained from signal and sideband (background) 
regions defined in the invariant-mass spectrum (see Table 1).

The Single Event Sensitivity (SES) corresponds to the B 0s → 
μ+ μ- branching fraction which would yield one observed signal 
event in the data sample:

BR^B0s → μ+μ-^ = Nμ+μ- × SES, (2)

where N μ+ μ- is the number of observed events.
This Letter describes the results of a blind analysis in which the 

di-muon mass region 5066 to 5666 MeV was removed from the 
analysis until the procedures for event selection, signal and limit 
extractions were fully defined. Sections 3.1 to 3.3 discuss the vari
ables used in the event selection, Monte Carlo (MC) tuning and 
background studies. The final sample of candidates was selected 
with a multivariate classifier, trained on a fraction of the events 
from the di-muon invariant-mass sidebands, as discussed in Sec
tion 3.4. The relative efficiency and event yields in the reference 
channel are discussed in Sections 4.1 and 4.2, respectively. The sig
nal extraction is discussed in Section 5 and the corresponding limit 
on the branching fraction is presented in Section 6.
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According to the SM, the branching fraction BR(B 0 → μ+μ-) 
is predicted to be about 30 times smaller than BR( B0s → μ+μ-) 
[1,2]. Therefore, despite the increased SES of approximately a fac
tor four due to the absence of the factor fu/ fs and possible en
hancements due to new physics, the sensitivity to this channel is 
beyond the reach of the current analysis. Hence only a limit on 
BR(B s0 → μ+μ- ) was derived by assuming BR(B 0 → μ+μ-) to be 
negligible.

2. ATLAS detector, data and simulation samples

The ATLAS detector1 consists of three main components: an 
Inner Detector tracking system (ID) immersed in a 2 T magnetic 
field, a system of electromagnetic and hadronic calorimeters, and 
an outer Muon Spectrometer (MS). A full description can be found 
in [19]. The detector performance characteristics most relevant to 
this analysis are the vertex-finding and the overall track recon
struction in the ID and MS, together with the ability of the trigger 
system to record events containing pairs of muons.

1 ATLAS uses a right-handed coordinate system with its origin at the nominal
interaction point. The z -axis is along the beam pipe, the x-axis points to the centre
of the LHC ring and the y -axis points upward. Cylindrical coordinates (r ,φ) are
used in the transverse plane, φ being the azimuthal angle around the beam pipe.
The pseudorapidity η is defined as η =-ln[tan(θ/2)] where θ is the polar angle.

The ID provides precise track reconstruction within the pseu
dorapidity range |η| < 2.5. It employs a Pixel detector close to the 
beam pipe, a silicon microstrip detector (SCT) at intermediate radii 
and a Transition Radiation Tracker (TRT) at outer radii. The inner
most Pixel layer is located at a radius of 50.5 mm and plays a key 
role in precise vertex determination.

The MS comprises separate trigger and high-precision tracking 
chambers that measure the deflection of muons in a toroidal mag
netic field. The precision chambers cover the region |η| < 2.7 and 
measure the coordinate in the bending plane. The trigger chambers 
cover the range |η| < 2.4 and provide fast coarser measurements 
in both the bending and non-bending plane.

This analysis is based on a sample of pp collisions at s = 
7 TeV, recorded by ATLAS in the period April–August 2011. Trigger 
and pile-up conditions changed for data taken after this period: 
the remainder of the 2011 dataset will be included in a future 
analysis. Data used in the analysis were recorded during stable 
LHC beam periods. Further data quality requirements were also im
posed, notably on the performance of the MS and ID systems. The 
total integrated luminosity amounts to 2.4 fb-1. This sample has 
an average of about five primary vertices per event from multiple 
proton–proton interactions.

A muon trigger [23] was used to select events. In particular, 
the sample contains events seeded by a Level-1 di-muon trigger 
which required a transverse momentum p T > 4 GeV for both muon 
candidates. A full track reconstruction of the muon candidates was 
performed at the second and third trigger levels, where additional 
cuts on the di-muon invariant mass mμ+ μ- were applied, loosely 
selecting events compatible with J /ψ (2500 to 4300 MeV) or Bs0 
(4000 to 8500 MeV) decays into a muon pair.

Events containing candidates for B0s → μ+μ-, B ± → 
J/ψK± → μ+μ-K ± and, as discussed in Sections 3.2 and 3.3, 
B0s → J/ψφ → μ+μ-K +K- were retained for this analysis. After 
cutting on the mass of the intermediate resonances (1009 MeV ^ 
mφ ^ 1031 MeV, 2915 MeV ^ m J /ψ ^ 3175 MeV) a preselection 
was applied, based on track properties and the quality of the 
reconstructed B decay vertex. All charged particle tracks recon
structed in the ID were required to have at least one Pixel, six 
SCT and eight TRT hits. Tracks were required to have |η| < 2.5 and

Table 1
Definition of the signal and sideband regions used in this analysis.

Channel Signal region Sideband regions
B s0 → μ+ μ- 

B± → J/ψK ±

[5066, 5666] MeV

[5180, 5380] MeV

[4766, 5066] MeV
[5666, 5966] MeV
[4930, 5130] MeV
[5430, 5630] MeV

p T > 4GeV(> 2.5 GeV) for muon (kaon) candidates. No particle 
identification was used to distinguish K ± and π ± candidates. ID 
tracks that were matched to reconstructed MS tracks were selected 
as candidate muons. Decay vertices were formed by combining 
two, three or four tracks, according to the specific decay process 
[24]. All B -meson properties were computed based on the result 
of the fit of the tracks to the B decay vertex. In order to reject 
fake track combinations, the fit χ 2 * * per degree of freedom was re
quired to be less than 2.0 (85% efficient) for B 0s → μ+ μ- and less 
than 6.0 (99.5% efficient) for the other channels. All reconstructed 
B candidates were required to satisfy p TB > 8.0 GeV and |ηB | < 2 . 5 
in order to define our efficiencies and acceptances within a fiducial 
phase-space volume with as little as possible reliance on MC ex
trapolations. Signal and sideband regions were defined according 
to Table 1.

The primary vertex position was obtained from a fit of charged 
tracks not used in the decay vertex and constrained to the inter
action region of the colliding beams. If multiple candidate primary 
vertices were present, the one closest in z to the decay vertex was 
chosen. After preselection, approximately 2×105 Bs0 → μ+μ- and 
1.4×105 B± → J/ψ K± candidates were obtained in the signal re
gions.

Samples of Monte Carlo (MC) events were used for the ex
traction of acceptance and efficiency ratios. MC samples were 
produced for the signal channel B s0 → μ+μ- , the reference 
channel B± → J/ψK± ( J/ψ → μ+μ-) and the control channel 
Bs0 → J/ψφ (φ → K+ K -). These samples were generated with 
Pythia 6.4 [25] using the 2010 ATLAS [24,26] tune. MC events 
were filtered before detector simulation to ensure the presence 
of at least one decay of interest, with B decay products all sat
isfying |η| < 2.5 and pT > 2.5(0.5) GeV for muons (kaons). An 
additional sample was generated with a fictitious value of the 
Bs0 mass (6500 MeV) and the same parameters as the standard 
Bs0 → μ+ μ- sample, allowing a check of the full analysis on a 
signal-free region before unblinding. The ATLAS detector and its 
response were simulated using Geant4 [27]. Additional pp inter
actions in the same and nearby bunch crossings (pile-up) were 
included in the simulation.

3. Event selection

This section describes the expected background composition, 
the discriminating variables used as input to the multivariate clas
sifier, the tuning of the simulation for the determination of the 
signal efficiency, the data samples used to estimate the background 
rejection and the optimization procedure. The signal efficiency was 
determined from MC samples, re-weighted to account for differ
ences between data and MC simulation of the B -meson kinematics. 
The rejection power was tested using a sub-sample of background 
events from the sidebands in the di-muon mass spectrum.

3.1. Background composition

Two categories of background were considered: a continuum 
with a smooth dependence on the di-muon invariant mass, and 
sources of resonant contributions from mis-reconstructed decays.
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Comparisons of data and MC have shown that the combinato
rial background from bb¯ → μ+μ- X decays provides a reasonable 
description for the distributions of the discriminating variables for 
the events found in the sidebands. The bb¯ → μ+μ- X MC sam
ple used is equivalent to about 12 pb-1 of integrated luminosity. 
Such studies support the procedure of modeling the continuum 
background through interpolation of the di-muon yield in the side
bands, but do not reach a sufficient statistical precision. Half of the 
data events in the sidebands (those with odd event numbers) were 
used to optimize the selection procedure. The remaining events 
were used for the measurement of the background and for inter
polation to the signal region.

Resonant background is due to B decay candidates containing 
either one or two hadrons erroneously identified as muons. Mis
identification may be due to punch-through of a hadron to the MS 
or to decays in flight where the muon carries most of the hadron 
momentum. In either case the hadron fakes the muon signature 
for the purpose of this analysis. Single-fake events are due to, e.g. 
B0s → K +μ-ν, the charged K meson being mis-identified as a 
muon. Double-fake events are due to two-body hadronic B decays 
(B → hh), e.g. B0s → K +π -, where both hadrons are mis-identified 
as muons. MC studies have shown that double-fake events are the 
main source of resonant background after the selection criteria 
used in this analysis. The main contribution is from Bs0 → K +K-, 
followed by B0 → π +π - and B0 → K ±π ∓ [20,28].

The simulation determined the probability for a hadron to be 
misidentified as a muon to be equal to 2(4) for π ± (K ±), with 
a relative uncertainty of 20%, validated against control samples in 
data [29]. The value for charged K mesons was averaged over K + 
and K - and was found consistent with the preliminary results of 
data-driven studies based on the decay D∗ → D0π → K ππ.

The expected event yield for B → hh was obtained from an esti
mation of the integrated luminosity, acceptance and efficiency. This 
constitutes a nearly irreducible background in this analysis, due to 
its resemblance to the actual signal.

3.2. Discriminating variables

Table 2 describes the discriminating variables used in the mul
tivariate classifier. The B s0 → μ+μ- signal is characterized by 
the separation between the production (primary) and decay (sec
ondary) vertices, as well as the two-body decay topology. These 
variables exploit such features to discriminate against potential 
backgrounds: pairs of prompt charged tracks (e.g. Lxy, ct signifi
cance, χx2y), as well as pairs of displaced muons originating from 
bb¯ → μ+μ- X processes (e.g. d0max, d0min), secondary vertices with 
additional particles in the final state (e.g. α2D, ^R , Dmxyin, Dmz in) 
and non-bb¯ processes (e.g. I0.7, pTB , pLmax, pLmin).

Fig. 1 shows how the discriminating variables are distributed 
for signal and background. Among the discriminating variables, iso
lation (I 0.7 ) is expected to have the largest pile-up dependence. In 
order to minimize this dependence, the definition of I 0.7 was re
stricted to only include tracks originating from the primary vertex 
associated with the B decay. This specification makes the selection 
independent of pile-up, as shown in Fig. 2, where the efficiency 
of the selection for B± → J/ψK± is shown for events with differ
ent numbers of reconstructed primary vertices, both in sideband- 
subtracted data and MC.

The variable I 0.7 might also be subject to differences between 
B 0s and B ± in the distributions of the surrounding hadrons, e.g. 
with harder pT spectra for kaons produced in association with the 
B 0s in the b-quark fragmentation. As predicted by MC, significant 
differences were observed between B± → J/ψK± and the control 
channel B0s → J /ψφ in the I0.7 distribution from data. Within sta-

Table 2
List of the discriminating variables used in this analysis to separate Bs0 → μ+ μ- 
signal from backgrounds. These variables are based on properties of the decay prod
ucts, of the reconstructed primary (x̂PV) and secondary (x̂SV) vertices (separated 
by ^x̂ = ^xSV - x̂PV), the B-meson momentum p̂B and the properties of additional 
tracks from the underlying event. Variables are listed in order of relevance as ranked 
by the multivariate classifier used in the final signal/background separation as dis
cussed in Section 3.4.2.

Variable Description

|α2D| pointing angle Absolute value of the angle in the transverse plane 
between ^x̂ and p^ B

^ R Angle (^φ)2 + (^η)2 between ^^x and p̂ B
Lxy Scalar product in the transverse plane of (^x̂ · p̂B)/|p^TB |
ct significance Proper decay length ct = Lxy × mB /pTB divided by its 

uncertainty
χx2y, χz2 Vertex separation significance ^^xT · (σ^2 x̂ )-1 · ^x̂ in

(x, y ) and z, respectively
I0.7 isolation Ratio of |^pTB| to the sum of |p^TB | and the transverse

momenta of all tracks with p T > 0.5 GeV within a cone 
^R < 0 . 7 from the B direction, excluding B decay 
products

|d0max|, |d0min| Absolute values of the maximum and minimum impact
parameter in the transverse plane of the B decay 
products relative to the primary vertex

| D xmyin|, | D mz in| Absolute values of the minimum distance of closest
approach in the xy plane (or along z )oftracksinthe 
event to the B vertex

p TB B transverse momentum
pLmax, p Lmin Maximum and minimum momentum of the two muon

candidates along the B direction

tistical uncertainties, the I 0.7 distribution from the MC simulation 
of the control channel Bs0 → J /ψφ was verified to be consistent 
with the corresponding sideband-subtracted signal in data.

3.3. MC re-weighting and comparison to data

Monte Carlo samples were produced for the signal, reference 
and control channels, with specific requirements on the B -meson 
decay products as described above in Section 2. In order to ensure 
that the data are reproduced as closely as possible, the simulation 
was tuned by an iterative re-weighting procedure: a generator
level (GL) re-weighting based on simulation, followed by a data- 
driven (DD) re-weighting.

For the GL re-weighting, additional MC samples were generated 
without selection on the final states and over a wider range in 
the b-quark kinematics: |ηb | < 4 and pbT > 2.5 GeV. These samples 
allowed a binned (pTB, ηB) map of the efficiencies of the generator
level selections to be derived for both the signal and the refer
ence MC. The inverse of such efficiencies was then used to weight 
events individually, thus correcting the GL biases. These corrections 
were applied independently to the simulated reference and signal 
channel samples to correct for the biases in the relative B0s / B± 
acceptance induced by the generator-level selection. Possible resid
ual biases were found to be negligible within the fiducial region 
|ηB|<2.5 and pTB >8.0 GeV.

Residual (pTB, ηB) differences between data and MC were ob
served after GL re-weighting. These were addressed with the DD 
re-weighting procedure, based on the comparison of MC events to 
the large sample of B± → J/ψ K ± decays in collision data. In order 
not to correlate the re-weighting procedure with the yield mea
surement, only candidates with odd event numbers in the ATLAS 
dataset were used in this procedure, while the remaining sample 
was used for the yield measurement.

DD weights were determined by an iterative method, com
paring re-weighted MC events with sideband-subtracted B ± → 
J/ψ K± events in data. The procedure was applied separately 
to the B -meson variables pTB and ηB due to the limited num-
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Fig. 1. Signal (filled histogram) and sideband (empty histogram) distributions for the selection variables described in Table 2.The B 0s → μ+ μ- signal (normalized to the 
background histogram) is from simulation and the background is from data in the invariant-mass sidebands.
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Fig. 2. Efficiency of the cut I 0.7 > 0.83 as a function of the primary vertex mul
tiplicity for B± → J/ψK± candidate events from data (filled symbols) and MC 
simulation (empty symbols). The triangles show the efficiency when including all 
the tracks in the event, while circles show the same efficiency with the isolation 
definition used in this analysis.

ber of reconstructed B± → J/ψK± events in data, deriving the 
weights:

Wij^pTB,ηB^ = wi^pTB^ × w j^ηB^ (3)

where W represents the final DD weights, the indices i and j refer 
to bins in pTB and ηB , and wk = Nkdata/NkMC is the data-to-MC ratio 
of the normalized number of entries for each variable. The con
vergence and the consistency of the procedure, together with the 
factorization assumption of Eq. (3), were tested with additional 
MC samples, where intentionally distorted (pTB, ηB) spectra were 
found to converge to the expected distributions. Effects related to 
the finite resolution in the measured variables were estimated to 
be smaller than 1 of the bin content and are therefore negligible 
when compared to statistical uncertainties.

Generator-level biases were addressed by applying the GL re
weighting before the DD re-weighting, and by verifying that this 
correction yields compatible (pTB,ηB) spectra for Bs0 → μ+μ- and 
B± → J/ψK± MC samples. Finally, the full re-weighting proce
dure was applied to B0s → J /ψφ decays, verifying within statis
tical uncertainty the consistency of the weights with those from 
B± → J/ψK±.

Distributions from B± → J/ψK ± in MC simulation and data 
were compared, after sideband-background subtraction, for all dis
criminating variables listed in Table 2 and for variables used in the 
preselection. Agreement between MC and data was found for most 
of the variables. Fig. 3 shows comparisons for Lxy and I0.7 . System
atic effects associated with the residual data–MC differences are 
discussed in Section 4. The uncertainties on the GL × DD weights 
are dominated by systematic uncertainties obtained from the com
parison between data and MC. They were propagated through the 
analysis and included among the systematic uncertainties in the 
signal extraction, as discussed in Section 5.

3.4. Selection optimization

The optimization of the event selection was performed by max
imizing the estimator:

P= (4)

where ^sig = Aμ+μ- ^μ+μ- and Nbkg are the signal acceptance 
times efficiency relative to the simulated phase space of the sam-

Fig. 3. Examples of sideband-subtracted data–re-weighted MC comparisons using 
B± → J/ψK ± decays for two of the most powerful separation variables: (a) Lxy 
and (b) I0.7 . Uncertainties are statistical only. The lower graph in each case shows 
the data/MC ratio.

Table 3
Optimal selection variable cuts for the four-variables scan, and resulting analysis 
performance in terms of signal acceptance times efficiency (^sig), background yield
in the signal region (Nbkg) and the estimator P.

|α2D | ct I0.7 ^m ^sig Nbkg P
< 0 . 03 > 0 . 3mm > 0 . 83 ± 105 MeV 0.040 9±2 0.010

ples in Section 3.3 (corresponding to the signal efficiency defined 
for |η B | < 2.5 and p TB > 8.0 GeV) and the background yield for a 
given set of cuts. The extraction of N bkg is performed by sideband 
interpolation as described in Section 5. The coefficient a was de
termined by the confidence level (CL) sought in the analysis, with 
a = 2 for a 95% CL limit. This quantity is specifically designed to 
optimize the performance of a frequentist limit determination in a 
counting analysis [30].

First, a simplified optimization procedure was performed on a 
small set of variables that includes: |α2D|, I 0.7, ct, and width ±^m 
of the search window centred around the B 0s mass (rounded to 
5366 MeV). A four-dimensional scan was performed on the four 
variables, using odd-numbered events in the sidebands. The opti
mal selection cuts are shown in Table 3, where the signal efficiency 
Aμ+μ-^μ+μ- , the background estimated from sidebands interpo
lation and the value of P are also given. This selection serves as 
a benchmark for the optimization of the multivariate analysis de
scribed in Section 3.4.2.



392 ATLAS Collaboration / Physics Letters B 713 (2012) 387–407

Fig. 4. Mean and RMS (error bars) of the BDT output in bins of di-muon invariant 
mass, for background events in the region 5900 to 7000 MeV, with the 6200 to 
6800 MeV region not used in the training of the classifier. The BDT used is the one 
trained for the search of the fictitious 6500 MeV signal.

3.4.1. Categories of invariant-mass resolution
The ability to resolve a small B 0s → μ+ μ- signal from the con

tinuum background depends on the width ^m of the search region 
and is therefore affected by the resolution. The latter varies con
siderably over different sub-samples of muon pairs measured by 
ATLAS, due to the increase in multiple scattering and the decrease 
of the magnetic field integral at large values of |η|. The non
resonant background invariant-mass distribution was observed to 
be relatively independent of η. As a consequence, different mass
resolution categories correspond to different signal-to-background 
conditions.

In the statistical analysis, regions of different mass resolution 
and hence signal-to-background ratio were separated in order to 
optimize them independently. The sample was separated into three 
categories, defined by the larger pseudorapidity value |η|max of the 
two muons in each event. The three categories were defined by 
the intervals |η|max = 0–1, 1–1.5 and 1.5–2.5. The corresponding 
average values of the mass resolution are approximately 60, 80 and 
110 MeV, respectively. The relative population of each interval, in 
B 0s → μ+ μ- signal MC, amounts to 51%, 24% and 25%.

The same classification, based on |η|max, was used for the 
reference channel B± → J/ψK±, and separate values of the 
acceptance-times-efficiency ratio were obtained for each category, 
as discussed in Section 4.1.

3.4.2. Multivariate selection
The selection with optimal cuts was used to validate the mul

tivariate analysis tool used for the final results. The TMVA package 
[31] implementation of Boosted Decision Trees (BDT) was found to 
have the best performance and was selected for this analysis. As 
a first step, it was verified that for fixed values of ^m ,theopti- 
mal BDT corresponds to selections in the variables α2D, ct and I 0.7 
directly comparable to those obtained with the cuts shown in Ta
ble 3. Next, the discriminating variables of Table 2 were introduced 
one-by-one into the BDT, verifying that the multivariate optimiza
tion increased the signal efficiency and the value of P . With the 
BDT approach the P estimator improved from P = 0.010 found in 
the simplified optimization to P = 0.016.

In order to avoid biases in the background interpolation, the 
BDT selection should be insensitive to the mass of the muon 
pair. The BDT inputs have no correlation with the invariant mass.

Table 4
BDT output and ^m cuts for each mass-resolution category, optimized according to 
the method described in the text.

|η|max range 0–1.0 1.0–1.5 1.5–2.5

Invariant-mass window [MeV] ±116 ±133 ±171
BDT output threshold 0.234 0.245 0.270

Residual correlations in the BDT output were studied through the 
search for a fictitious decay X → μ+μ- with m X = 6500 MeV. 
A Monte Carlo sample was used to provide reference signal events, 
while data in the mass intervals 5900 to 6200 MeV and 6800 to 
7000 MeV were used as background. The BDT training and selec
tion optimization were consistently performed on odd-numbered 
events. Fig. 4 shows the BDT output as a function of the di-muon 
mass, over the sideband regions and the fictitious signal region 
(6200 to 6800 MeV), which was not used in the optimization. No 
significant mass dependence was observed.

The optimization of the multivariate analysis was performed in 
the six-dimensional space of ^m and the BDT output cuts for each 
of the mass-resolution categories. The independence of the BDT 
output on mμ+ μ- and the complementarity of the samples allow 
the factorization of the individual cut efficiencies. Each efficiency 
curve was interpolated with analytical models, allowing the nu
merical maximization of P and yielding the optimal cuts reported 
in Table 4.

4. Single event sensitivity ingredients

4.1. Relative acceptance and efficiency

The ratio of the acceptance times efficiency products for the 
charged and neutral decays

RA^ = (A J/ψK^J/ψK)/(Aμ+μ-^μ+μ-)

is required for the determination of the SES (Eq. (1)). The same 
BDT, trained on the B s0 signal MC sample and di-muon data side
bands, was used to select both decay modes.

The uncertainty on R A^ is affected by differences between data 
and MC in the distributions of the discriminating variables. Such 
differences are reduced by the data-driven corrections applied to 
the MC B -meson kinematics. Furthermore, only deviations that act 
incoherently between the signal and the reference channel con
tribute to the uncertainty on R A^. These effects were studied by 
observing the change in the relative efficiency of the BDT selec
tion when the simulated events were re-weighted by the data- 
to-MC ratio of the distributions of the most sensitive variables 
in B± → J/ψ K± events. The procedure was performed with the 
cut on the BDT output fixed at the optimal value for each of the 
three event categories. Conservatively, the corresponding variations 
in R A^ were combined linearly and taken as systematic uncertain
ties.

Due to large correlations between Lxy, χx2y and ct-significance, 
correcting for the differences in Lxy between data and simulation 
was found to also effectively remove differences in the other two 
variables. Therefore only Lxy was considered, since it induced the 
largest deviation in R A^ . Differences in the η and pT distributions 
of the final state particles, the hit multiplicity in the Pixel detec
tor, and the multiplicity of reconstructed primary vertices were 
included in the systematic uncertainty evaluation.

Fig. 5 shows the distribution of the BDT output for MC 
samples of B0s → μ+μ- and B± → J/ψK± decays, with a 
signal–background comparison for B s0 → μ+μ- and a sideband- 
subtracted data–MC comparison for B± → J/ψ K±. As shown in
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Fig. 6. J/ψK± mass distribution for all the B± candidates from even-numbered 
events passing all the selection cuts, merged for illustration purposes. Curves in the 
plot correspond to the various fit components: two Gaussians with a common mean 
for the main peak, a single Gaussian with higher mean for the B± → J /ψπ ± decay, 
a falling exponential for the continuum background and an exponential function 
multiplying a complementary error function for the partially reconstructed decays.

Table 6
Event yield for even-numbered candidates in the reference channel.

| η | max range 0-1.0 1.0-1.5 1.5-2.5
B±→ J/ψK± →μ+μ-K± 4300 1410 1130
statistical uncertainty ±1 .6% ±2.8% ±3.0%
systematic uncertainty ±2.9% ±7.4% ±14.1%

Fig. 5. Distributions of the response of the BDT classifier. Top: B s0 → μ+ μ- MC 
sample (squares) and data sidebands (circles); bottom: B± → J/ψK± events from 
tuned MC samples (triangles) and sideband-subtracted data (stars). 

channel (±5%) and asymmetry differences in detector response to 
K+ and K - mesons (±1%).

Table 5
Values of the acceptance-times-efficiency ratio R A ̂  between reference and search 
channel, shown separately for the different categories in mass resolution.

Inimax range RiA^ A % stat. A %syst.

0-1.0 0.274 3.1 3.1
1.0-1.5 0.202 4.8 5.5
1.5-2.5 0.143 5.3 5.9

Table 4, the selection required the BDT output to exceed 0.23–0.27, 
depending on the mass-resolution category. The systematic uncer
tainties induce a fractional change in the number of events passing 
the BDT cut varying between 10% and 20% depending on the cat
egory. This change is highly correlated between the two channels: 
the corresponding variation on the efficiency ratio is 0.6%, which 
was taken as a systematic uncertainty and is smaller than the 
±2.3% error due to the finite MC statistics.

The value of R A^ and its systematic uncertainties (shown in 
Table 5) were derived separately in the three mass-resolution cat
egories. The MC-based efficiency was compared with that from 
B± → J/ψK± data, computing the efficiency of the BDT cut rel
ative to the preselection. The results are of similar precision and 
fully consistent: 0.258 ± 0.013(stat) for the data and 0.234 ± 
0.014(stat) ± 0.011(syst) for MC.

Additional smaller contributions to the uncertainty on R A^ are 
due to the data–MC discrepancy in vertex reconstruction efficiency 
(±2%) [24], the uncertainty on the absolute K ± reconstruction ef
ficiency as derived from simulation of the B± → J/ψK± reference

4.2. B± → J/ψ K± event yield

The reference channel yield N J/ψK ± was determined from a 
binned likelihood fit to the invariant-mass distribution of the 
μ+μ- K ± system, performed in the mass range 4930–5630 MeV. 
To avoid any bias induced by the DD re-weighting of the MC sam
ples discussed in Section 3.3, only even-numbered events were 
used in the extraction of the B± → J/ψ K± event yield. The B± 
signal was modelled with two Gaussian distributions of equal 
mean value. The background was modelled with the sum of: (a) an 
exponential function for the continuum combinatorial background; 
(b) an exponential function multiplied by a complementary er
ror function describing the low-mass (m < 5200 MeV) contribu
tion for partially reconstructed decays (such as B → J/ψ K∗, B → 
J/ψ K (1270) and B → χcK); and (c) a Gaussian function for the 
background from B± → J /ψπ±. Fig. 6 shows the invariant-mass 
distribution and the result of the fit for the selected data sample.

All parameters describing the signal and background were de
termined from the fit, with the exception of the mass and the 
width of the last component (c), which were obtained from sim
ulation. The fit was performed for each of the three categories of 
mass resolution.

Systematic uncertainties affecting the extracted reference yield 
were estimated by varying the fit model: use of different bin sizes 
(10 or 25 MeV and unbinned), different models for signal and 
continuum background, inclusion of event-wise di-muon mass res
olution. The resulting B ± yields are given with their statistical and 
systematic uncertainties in Table 6.
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5. Inputs to the limit extraction

The evaluation of the SES requires as input the combined 
branching fraction for the reference channel B± → J/ψK± → 
μ+μ- K ±, which is (6.01 ± 0.21) × 10-5 [20]. The relative pro
duction rate of Bs0 relative to B± fs/fu is 0.267 ± 0.021 [22], as
suming f u = fd (following Ref. [21]) and no kinematic dependence 
of fs/ fu . The ratio of acceptance-times-efficiency is discussed in 
Section 4 and presented in Table 5. The branching fractions un
certainties, those on fu/ fs, together with those mentioned in the 
last paragraph of Section 4.1, were treated coherently in the three 
categories of mass resolution.

In each mass-resolution category the B 0s → μ+ μ- signal yield 
N μ+ μ- was obtained from the number of events observed in the 
search window, the number of background events in the side
bands, and the small amount of resonant background discussed in 
Section 3.1. The expected ratio of the background events in the 
sidebands to those in the search window is described by the pa
rameter R bi kg, which depends on the width of the invariant-mass 
interval and on the fraction of events from the sidebands used 
for the interpolation. The former varies according to the mass
resolution category, and the latter is equal to 50%, corresponding 
to the even-numbered events in the data collection. Uncertainties 
in the mass dependence of the continuum background produced a 
±4% systematic error in the value of R ibkg, evaluated by studying 
the variation of Ribkg for different BDT output cuts and background 
interpolation models. The systematic variation accounts also for 
additional background components in the low mass sidebands (e.g. 
partially reconstructed B decays). This uncertainty was treated co
herently in the three mass-resolution categories.

The values of the SES are given in Table 7 which also shows the 
values of the parameters R bi kg, the background counts in the side- 
bands,2 the resonant background, and finally the observed number 
of events in the search region, as found after unblinding. Fig. 7 
shows the invariant-mass distribution of the selected candidates 
in data, for the three mass categories, together with the signal 
projections as obtained from MC assuming BR( B0s → μ+ μ-) = 
3.5 × 10-8 (i.e. approximately 10 times the SM expectation).

2 For comparison, the number of odd-numbered events observed in the side
bands, which is expected to be biased due to the use of the same sample in 
selection optimization and BDT training, was found to be equal to one event in 
each of the three mass-resolution categories.

6. Branching fraction limits

The upper limit on the B s0 → μ+μ- branching fraction was ob
tained by means of an implementation [32] of the CLs method [33]. 
The extraction was based on the likelihood:

L = Gauss(^obs|^,σ^) × Gauss^Rbokbsg^^Rbkg,σRbkg^

Nbin
× Poisson Niobs^^^i BR+Nibkg + NiB→hh

i=1

× Poisson^Nobbksg,i ^̂RbkgRibkgNibkg^

× Gauss(^obs,i|^i,σ^i ).

For each mass-resolution category, the likelihood contains Poisson 
distributions for the event counts in the search and sideband re
gions and a Gaussian distribution for the relative efficiency ^i .Two 
additional Gaussians describe the coherent systematic uncertain
ties in R bkg and in the SES. The mean of the Poisson distribution 
in the search region is equal to the sum of the B s0 branching frac-

Fig. 7. Invariant-mass distribution of candidates in data. For each mass-resolution 
category (top to bottom) each plot shows the invariant-mass distribution for the 
selected candidates in data (dots), the signal (continuous line) as predicted by MC 
assuming BR(B0s → μ+μ-) = 3.5 × 10-8, and two dashed vertical lines correspond
ing to the optimized ^m cut. The grey areas correspond to the sidebands used in 
the analysis.

tion (scaled by the normalization and relative efficiency parame
ters), the continuum background and the resonant background. The 
mean of the Poisson distribution in the sidebands is equal to the 
background scaled by Rbkg. The parameters σ^ (σ^i ), σRbkg (σRbkg) 
account for the correlated (uncorrelated) uncertainties in the SES 
and the background scaling factor. In this analysis the uncertainties 
on Ribkg are negligible, with R bkg = 1.00 ± 0.04. All input parame
ters are summarized in Table 7.

The expected limits were obtained by setting the counts in 
the search region equal to the interpolated background plus the
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Table 7
Single event sensitivity and event counts in the three mass-resolution categories. The second and third lines report how the SES = (^^i )-1 was split between a coefficient 
common to all bins, and the per-bin component. The table does not include the additional common uncertainties corresponding the sources mentioned in the last paragraph 
of Section 4.1 (±5.5% in RiA^ ) and to the parameterization of the mass dependence of the continuum background (±4% in Ribkg).

|η|max range 0–1.0 1.0–1.5 1.5–2.5

SES= (^^i)-1 [10-8] 0.71 1.6 1.4
^ =(fs/fu)/BR(B± → J/ψK±→μ+μ-K±) [103] 4.45 ± 0.38
^i = NiB±→J/ψK±/RiA^ [104] 3.14± 0.17 1.40 ± 0.15 1.58± 0.26
bkg. scaling factor R ibkg 1.29 1.14 0.88
sideband count N obbksg,i (even numbered events) 5 0 2
expected resonant bkg. NiB →hh 0.10 0.06 0.08
search region count Niobs 2 1 0

Fig. 8. Observed CLs (circles) as a function of BR(Bs0 → μ+ μ- ). The 95% CL limit 
is indicated by the horizontal (red) line. The dark (green) and light (yellow) bands 
correspond to ±1σ and ±2σ fluctuations on the expectation (dashed line), based 
on the number of observed events in the signal and sideband regions.

small resonant background, before the unblinding of the signal re
gion. A median expected limit of 2.3-+01..05 × 10-8 at 95% CL was 
obtained, where the range encloses 68% of the background-only 
pseudo-experiments.

For comparison the mass-resolution categories were merged 
and the selection optimization was performed on the merged sam
ple. In this case eight events were found in the sidebands, resulting 
in a branching fraction limit of 2.9+-01..38 × 10-8 at 95% CL. This test 
confirms the expectation of a more sensitive analysis when sepa
rate mass-resolution categories are used.

The background counts found in odd-numbered events were 
used to assess the magnitude of the bias that would be caused by 
using the same sample for selection optimization and the estima
tion of N bkg. The expected limit obtained using the same sample 
for optimization and signal extraction is 1.7 × 10-8 , about 30% 
smaller than the limit presented in this Letter, for which indepen
dent samples were used for optimization and for signal extraction. 
The observed bias is consistent with simulation-based assessments 
of this effect.

Fig. 8 shows the behaviour of the observed CLs for differ
ent tested values of the B s0 → μ+μ- branching fraction, com
puted with 300 000 toy MC simulations per point. The observed 
limit is < 2.2(1.9) × 10-8 at 95% (90%) CL. The p -values for the 
background-only hypothesis and for background plus SM predic
tion [1,2] are 44% and 35%, respectively.

Despite the difference between the total numbers of observed 
and interpolated background events (equal to 3 and 6.5, respec
tively), the interplay of the event counts observed in the three 

mass-resolution categories produced an observed CLs limit close 
to the expected value.

7. Conclusions

A limit on the branching fraction BR(B s0 → μ+μ-) is set using 
2.4 fb-1 of integrated luminosity collected in 2011 by the ATLAS 
detector. The process B± → J/ψK±,with J/ψ → μ+μ-,isused 
as a reference channel for the normalization of integrated lumi
nosity, acceptance and efficiency. The final selection is based on a 
multivariate analysis performed on three categories of events de
termined according to their mass resolution, yielding a limit of 
BR(B0s → μ+μ-) < 2.2(1.9) × 10-8 at 95% (90%) CL.
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