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Abstract. A search for the rare decay B0
s → µ+µ− has been performed with the ATLAS detector at the Large

Hadron Collider LHC in proton-proton collisions at a centre of mass energy of
√

s = 7 TeV using 2.4 fb−1 of
integrated luminosity. The observed number of signal events is consistent with the background expectations
and the resulting upper limit on the branching fraction is set to B(B0

s → µ+µ−) < 2.2 (1.9) × 10−8 at 95%
(90%) confidence level. A time dependent measurement of CP-violation in the exclusive decay channel B0

s →

J/ψ(µ+µ−)φ(K+K−) has been performed with an integrated luminosity of 4.9 fb−1 at an energy of
√

s = 7 TeV.
The resulting measurements of the CP-violation weak mixing phase φs = 0.22 ± 0.41 (stat.) ± 0.10 (syst.) rad
and the decay width difference ∆Γs = 0.053±0.021 (stat.)±0.008 (syst.) ps−1 are consistent with the theoretical
predictions of the Standard Model and the world average values.

1 Introduction

Heavy flavour physics in the b-quark sector is sensitive to
phenomena beyond the Standard Model (SM). Mediated
by flavour changing neutral currents (FCNC), the rare de-
cay channel B0

s → µ+µ− is CKM suppressed, helicity sup-
pressed and can only occur in SM via higher order elec-
troweak Feynman diagrams. The theoretical prediction of
its branching fraction isB(B0

s → µ+µ−) = (3.5±0.2)×10−9

[1]. Models beyond the SM can increase this branching ra-
tio, thus any deviation from the SM predictions would in-
dicate new physics. A first evidence of this decay has been
seen by the LHCb collaboration with a branching ratio of
B(B0

s → µ+µ−) = 3.2+1.4
−1.2 (stat.)+0.5

−0.3 (syst.) × 10−9 which is
in agreement with the SM predictions.

In the exclusive decay B0
s → J/ψ(µ+µ−)φ(K+K−)

the CP-violation due to a weak phase between the B0
s −

B̄0
s mixing amplitude and the b → cc̄s decay ampli-

tude is described by the CP-violation weak mixing phase
φs ' −2βs, where βs = arg[−(VtsV∗tb)/(VcsV∗cb)] is the an-
gle in one of the unitary triangles. The SM predicts a small
value of φs = −0.0368 ± 0.0018 rad [2]. Non-SM contri-
butions in the B0

s − B̄0
s mixing box diagram could alter this

phase, which can be parametrised by φs = φS M
s +φ∆

s , where
φS M

s is the value predicted by SM and φ∆
s describes addi-

tional phase contributions due to physics beyond the SM
[3]. The decay width difference ∆Γs = ΓL − ΓH of the B0

s
mass eigenstates BH (heavy) and BL (light) is also involved
in B0

s mixing. However, the effects of physics beyond the
SM on ∆Γs are expected to be not significant [3].

This report describes the measurement of the rare de-
cay B0

s → µ+µ− [4] and the untagged angular analysis of
ae-mail: p.jussel@gmail.com

B0
s → J/ψ(µ+µ−)φ(K+K−) decays for the measurement

of φs and ∆Γs [5] by the ATLAS experiment at the LHC.
Both measurements use data collected by the ATLAS ex-
periment in pp collisions at a centre of mass energy of
√

s = 7 TeV, corresponding to an integrated luminosity of
∼ 2.4 fb−1 (B0

s → µ+µ−) and ∼ 4.9 fb−1 (B0
s → J/ψφ). In

section 2 the event selection is outlined. In chapter 3 the
analysis of the decay B0

s → µ+µ− and its results are given,
following [4]. In Section 4 the measurement of φs and ∆Γs

is shown, corresponding to [5]. A summary and an outlook
is given in section 5.

2 Candidate Selection

The ATLAS detector is a LHC multipurpose particle de-
tector described in detail in [6]. For the measurements in
this report the inner tracking detector and the muon sys-
tem are the most important components. The inner detec-
tor consists of a pixel detector, a silicon microstrip detec-
tor and a transition radiation tracker embedded in an axial
magnetic field of 2 T. The muon detector consists of track-
ing chambers and trigger detectors embedded in three su-
perconducting toroidal magnetic fields. Since tracks in the
inner detector are matched with tracks in the muon sys-
tem, data is only used if both systems have been correctly
working.

The trigger strategy for both analysis is based on a di-
muon trigger to select B0

s → µ+µ− candidates directly
or to identify J/ψ → µ+µ− decays. In both cases the
di-muon trigger has a transverse momentum threshold of
pT > 4 GeV for both muon candidates.

In the B0
s → µ+µ− analysis the two muon candidates

are fitted to a common vertex. The events are loosely se-
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lected by applying a cut on 4 GeV < mµ+µ− < 8.5 GeV to
be compatible with a B0

s candidate.
In the CP-violation analyses a further trigger is used

in an asymmetric configuration, selecting events with a
higher pT threshold (4 GeV−10 GeV) for one of the muons
and looser requirement (threshold below 4 GeV) for the
second muon. The invariant di-muon mass is required to
be compatible with the J/ψ mass. The φ candidates are
obtained by combining opposing charged tracks assum-
ing a φ → K+K− decay, where the charged tracks are not
identified as muons. The two muon candidates and the
two kaon candidates are fitted into a common vertex with
χ2/d.o.f. < 3 to build the B0

s candidate, where the invariant
mass of the two muons is fixed to the J/ψ mass [10]. More
details on the reconstruction of B0

s → J/ψφ decay can be
found in [4].

3 Measurement of the Branching Ratio of
the Rare Decay B0

s → µ+µ−

3.1 Analysis Strategy

The branching fraction B(B0
s → µ+µ−) is measured with

respect to the abundant decay B± → J/ψ(µ+µ−)K± in or-
der to be independent of uncertainties of the luminosity
and the bb̄ production cross section:

B(B0
s → µ+µ−) =

Nµ+µ−

NJ/ψK±
×
εJ/ψK±

εµ+µ−
×

AJ/ψK±

Aµ+µ−
×

fu
fs
×

B(B± → J/ψK±) · B(J/ψ→ µ+µ−),

where for each decay mode i the number of observed
events is Ni and the absolute efficiencies and acceptances
are denoted as εi and Ai. For both decay channels the
efficiencies and acceptances are determined from Monte
Carlo. The ratio of the b-quark fragmentations fu/ fs and
the branching ratios for the reference channel are taken
from measurements [10, 11]. The branching ratio corre-
sponding to one single measured event (Nµ+µ− = 1) is de-
fined as the single event sensitivity (SES).

In order to perform a blind analysis, the signal region
defined in the range (5066, 5666) MeV around the B0

s mass
is excluded in the optimisation procedure. The data in
the sidebands is split into two halves: one half for the
signal/background optimisation and the other half for the
measurement of the background in the search window. For
the signal/background discrimination, a boosted decision
tree (BDT) is trained on on half of the sideband data as
background model and on reweighted signal Monte Carlo
events, where for the reweighting half of the B± → J/ψK±

events are used. A total of 14 variables with high dis-
criminating power are chosen for the multivariate analy-
sis, where all variables show no correlation with the di-
muon mass and are not strongly correlated to each other.
The variables with the highest discrimination power are
the pointing angle of the B0

s momentum vector, the trans-
verse decay length and the isolation of the decay particles.

The mass resolution and thus the signal/background
separation of the ATLAS detector depends on the pseudo-
rapidity η of the muon tracks. Therefore the data is split
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Figure 1: For each mass-resolution category i the invariant di-
muon mass distribution of selected B0

s → µ+µ− candidates with
q > qi

cut is shown as dots, where the horizontal dashed lines il-
lustrate the search windows with size ∆mi and the shaded area
correspond to the sidebands. The expected signal as predicted by
Monte Carlo assuming B(B0

s → µ+µ−) = 3.5 × 10−8 is shown as
continuous line. Figure taken from [4].

into three invariant mass-resolution zones defined by the
muon with larger pseudorapidity, |η|max in ranges of: 0−1,
1 − 1.5 and 1.5 − 2.5 with approximated mass resolutions
of 60, 80 and 110 MeV, respectively. For each mass-
resolution category i the size of the search window ∆mi

and the cut on the BDT classifier qi
cut is optimised individ-

ually.
The background consists of continuous background

with a smooth dependence on the di-muon mass and res-
onant background components. The continuous back-
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ground originates from random combination of muon
tracks from various prompt (e.g. Drell-Yan) or non-
prompt (mainly bb̄ → µ+µ−X) processes. The non-
resonant background in the signal region is measured by
interpolation from half of the sideband data into the search
region, resulting in a background scale factor Ri

bkg for each
mass-resolution category. The uncertainty in the back-
ground scaling is common for all bins as a global factor
Rglob. The resonant background comes from B decays,
in which one or two charged tracks have been misiden-
tified as muons due to decays in flight or punch-through
of hadrons into the muon system. Since B → hh′ decays
cannot be distinguished from signal decays in the mea-
surement and consequently are hard to suppress, the reso-
nant background contribution is estimated from dedicated
Monte Carlo samples. The expected number of resonant
background events is shown in Table 1 for the three differ-
ent resolution zones as well as the number of background
counts in the sidebands and the background scale factors.

The B± yield is measured by a binned maximum like-
lihood fit of the B± → J/ψ(µ+µ−)K± invariant mass spec-
trum. For the limit extraction, the CLs method [7, 8] with
a profile likelihood ratio is used. Statistical and system-
atic uncertainties in ε = ( fs/ fu)B(B± → J/ψ(µ+µ−)K±),
εi = B(B0

s → µ+µ−) = NJ/ψK± (Aµ+µ−εµ+µ− )/(AJ/ψK±εJ/ψK± )
and Rglob are taken into account in the limit extraction, as
shown in Table 1.

3.2 Results

In Table 1 all quantities for the extraction of a limit on
the branching ratio are summarised. The unblinded di-
muon invariant mass distribution using the full statistics
in the search window is shown in Figure 1. Using the
CLs method an upper limit on the branching fraction
B(B0

s → µ+µ−) < 2.2(1.9) × 10−8 at 95 % (90 %) CL has
been set, as shown in Figure 2. This result has been used
for the first LHC-wide combination of measurements by
ATLAS, CMS and LHCb on B(B0

s → µ+µ−) [9].

Table 1: Single event sensitivity SES = (εεi)−1 and their compo-
nents, where ε is common to all bins and εi for each bin. Global
background scaling factor Rglob and relative scaling factors per
bin Ri

bkg, background counts in the sidebands N i
bkg, resonant back-

ground estimates in the search region N i
B→hh′ and event count in

the search window N i
obs for the three different mass resolution

categories. Table adapted from [4].

|η|max range 0 - 1.0 1.0 - 1.5 1.5 - 2.5.
SES (10−8) 0.71 1.6 1,4
ε (103) 4.45 ± 0.45
εi (104) 3.14 ± 0.17 1.40 ± 0.15 1.58 ± 0.26
Rglob 1.00 ± 0.04
Ri

bkg 1.29 1.14 0.88
N i

bkg 5 0 2
N i

B→hh′ 0.10 0.06 0.08
N i

obs 2 1 0

]
8

)[10µ+µ→
s

0
BR(B
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s
C
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Figure 2: The observed CLs (circles) as a function of the branch-
ing fraction B(B0

s → µ+µ−). The 95 % CL upper limit corre-
sponds to the intersection of the horizontal line with the observed
CLs line. The green and yellow bands correspond to ±1σ and
±2σ fluctuations of the expected limit from the median of the
expectation (dashed line). Figure taken from [4].

4 Measurement of the CP-violating weak
phase φs and the decay width difference
∆Γs in the decay B0

s → J/ψφ

4.1 Maximum Likelihood Fit

For the determination of the physics parameters we are
interested in, an unbinned maximum likelihood fit of the
measured physics variables of selected B0

s candidates is
performed. A total of 26 parameters are determined, in-
cluding eight physics parameters: three parameters of the
B0

s system (CP-violation weak mixing phase φs, decay
width Γs and decay width difference ∆Γs) and five pa-
rameters related to the decay amplitudes. The remaining
parameters describe the J/ψ mass distribution, the decay
time and the angular distribution of the background.

There are three angular momentum states in the decay
B0

s → J/ψφ, combined in three different polarisation states
at proper time zero: one longitudinal polarisation A0(0)
and two transverse polarisations, one with the polarisation
of the vector mesons parallel to each other A‖(0) and one
with the polarisation vectors perpendicular to each other
A⊥(0). In terms of CP-eigenstates the first two states are
CP-even whereas the third one is CP-odd. Due to contam-
ination of non-resonant B0

s → J/ψK+K− and B0
s → J/ψ f0

decays, another CP-odd state can be produced, adding a
fourth independent S -wave amplitude AS (0). Due to nor-
malisation |A0(0)|2 + |A‖(0)|2 + |A⊥(0)|2 + |AS (0)|2 = 1 only
three of the four amplitudes are free parameters.

Each amplitude Ai comes with an associated strong
phase δi. Because only differences between the phases
can be measured, one phase is arbitrary, i.e. we use
the convention δ0 = 0. Due to the absence of ini-
tial state flavour tagging the analysis is not sensitive to
δ⊥. Consequently the two strong phases δ‖ and δS will
be determined by the fit. Furthermore, without flavour
tagging the PDF is invariant under the transformation

13001-p.3
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Figure 3: Mass fit projection for the B0
s . The pull distribution

at the bottom shows the difference between the data and fit value
normalised to the data uncertainty [5].

{φs,∆Γs, δ⊥, δ‖, δS } → {π − φs,−∆Γs, π − δ⊥,−δ‖,−δS } as
well as {φs,∆Γs, δ⊥, δ‖, δS } → {−φs,∆Γs, π−δ⊥,−δ‖,−δS }.
Therefore the parameter δ⊥ is fixed by a Gaussian con-
straint from LHCb measurements δ⊥ = (2.95 ± 0.39) rad
[12].

The unbinned maximum likelihood fit uses the infor-
mation of the reconstructed B0

s as the invariant mass, the
proper decay time and their uncertainties as well as the
transversity angles of the final state particles [14].

4.2 Results

Maximising the likelihood function gives the best fit pa-
rameters. Results not consistent with the constraints from
LHCb measurements [12, 13] are excluded. The most in-
teresting physics parameters are summarised in Table 2.
The strong phase δ‖ is fitted close to π, but due to non-
Gaussian pull distributions for this parameter the result of
δ‖ is given as the 1σ confidence interval [3.04, 3.24] rad.
The phase of the S -wave component is fitted relative to
δ⊥ with the best fit value δ⊥ − δS = (0.03 ± 0.13) rad. The
amplitude for the S -wave contribution due to non-resonant
K+K− and f0 contamination is found to be consistent with
zero.

The systematic uncertainties of the parameters are as-
signed by considering effects that cannot be obtained by
the maximum likelihood fit. Systematics of the fit model
are determined by pseudo-experiments with varied signal
and background mass models, resolution models, back-
ground lifetime and background angle models. The largest
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Figure 4: Proper decay time fit projection for the B0
s . The pull

distribution at the bottom shows the difference between the data
and fit value normalised to the data uncertainty [5].

contribution comes from the variation of the background
angle models.

The fit projections for the B0
s mass variable and the

B0
s proper decay time variable are shown in Figure 3 and

Figure 4, respectively. In the mass fit projection the peak
of 22 700 B0

s signal events on top of a large background
contamination is clearly visible. The reason for this large
background contribution can be seen in the Figure 4: while
in measurements by LHCb a lifetime cut is applied on the
B0

s candidates, in ATLAS this is avoided. The large peak
around t ∼ 0 is mainly due to events with prompt J/ψ’s
produced directly in pp collisions. The main advantage of
not doing a lifetime cut is that the events around t ∼ 0 al-
low to better measure the properties of background events,
as e.g. the angular distributions, and consequently helps to
distinguish between the CP-eigenstates.

In Figure 5 the two parameters most sensitive for new
physics beyond the SM are shown as a two-dimensional

Table 2: Fitted values for the physics parameters and their sta-
tistical and systematic uncertainties. Table taken from [5].

Parameter Value Stat. Syst.
φs(rad) 0.22 0.41 0.10
∆Γs(ps−1) 0.053 0.021 0.010
Γs(ps−1) 0.677 0.007 0.004
|A0(0)|2 0.528 0.006 0.009
|A‖(0)|2 0.220 0.008 0.007
|AS (0)|2 0.02 0.02 0.02
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Figure 5: Likelihood contours in the φs −∆Γs plane. Three con-
tours show the 68 %, 90 % and 95 % confidence intervals (statis-
tical errors only). The green band is the theoretical prediction of
mixing-induced CP-violation. The PDF contains a fourfold am-
biguity. Three minima are excluded by applying the constraints
from the LHCb measurements. Figure taken from [5].

likelihood contour plot for 68 %, 90 % and 95 % confi-
dence intervals. By using a profile likelihood method,
these contours do not include the systematic uncertain-
ties, but as shown in Table 2 they are small compared
to the statistical uncertainties. In previous measurements
by LHCb with flavour tagging and consequently sensitive
to the measurement of δ⊥, only solutions with a positive
φs and two ∆Γs values symmetric around zero are quoted.
Further more, solutions with negative ∆Γs are excluded by
another LHCb measurement [13]. Since in the ATLAS
measurement δ⊥ is constrained by LHCb measurements,
only the solution compatible with these measurements is
shown in Figure 5.

5 Summary and Outlook

From 2.4 fb−1 of data collected in pp collisions at
√

s =

7 TeV by the ATLAS experiment in 2011 an upper limit
on the branching ratio B(B0

s → µ+µ−) < 2.2(1.9) × 10−8

at 95 % (90 %) CL has been set. This result has been used
for the first LHC-wide combination of results by ATLAS,
CMS and LHCb on B(B0

s → µ+µ−) [9]. An update of the
ATLAS result with more data is about to be published.

Using 4.9 fb−1 of data the decay time and angular
distributions of about 22 700 B0

s → J/ψ(µ+µ−)φ(K+K−)

events have been analysed. In absence of initial state
flavour tagging and assuming δ⊥ = (2.95 ± 0.39) rad
we obtain a value for the CP-violation weak mix-
ing phase φs = 0.22 ± 0.41 (stat.) ± 0.10 (syst.) rad and
∆Γs = 0.053 ± 0.021 (stat.) ± 0.10 (syst.) ps−1 the decay
width difference.

In data with pp collisions at a centre of mass energy of
√

s = 8 TeV the thresholds on the trigger transverse mo-
mentum are increased. As a consequence the proper time
resolution is increased at the expense of event rate. In or-
der to increase the precision of the φs measurement AT-
LAS plans to distinguish the initial B0

s state using flavour
tagging.
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