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Due to its sensitivity to New Physics contributions, the branching ratio of the very rare decay B0
s → µ+µ−

is one of the most interesting measurements using the first data from the LHC accelerator. The analysis
strategy for the study of this channel in the LHCb experiment is presented, as well as a review of the
potential of the experiment in such study, using the latest simulations. With four months of nominal data
taking, any enhancement from the Standard Model prediction can be excluded.

PACS: 12.15.Mm, 13.20.He

1. INTRODUCTION AND MOTIVATION
Precision observables at low energy allow to ac-

cess information at higher energy scales, constrain-
ing possible New Physics (NP) scenarios. That is
the case of b → sγ transitions [1, 2] or the muon
anomalous dipole moment [3, 4]. The branching ratio
BR(B0

s → µ+µ−) has been identified as a very in-
teresting potential constraint on the parameter space
of NP models [5]. The SM prediction is BR(B0

s →
→ µ+µ−) = (3.35 ± 0.32) × 10−9 [6], while the cur-
rent upper limit given by Tevatron is BR(B0

s →
→ µ+µ−) < 47 × 10−9 at 90% C.L. [7]. Hence, NP
can contribute up to one order of magnitude. A special
set of NP models, where this measurement has
important implications, are Supersymmetric (SUSY)
models, such as Minimal Supersymmetric Standard
Model (MSSM) [8]. In these models, BR(B0

s →
→ µ+µ−) increases with the sixth power of the ratio
of u-type and d-type Higgs vacuum expectation
values [9], tanβ. For SUSY with low tanβ, BR(B0

s →
→ µ+µ−) can be as small as in the SM and, in fact,
models with extra phases of CP violation may predict
values even lower than the SM [10]. This article
explains how the data analysis for the extraction of
such BR (Section 2) is planned to be done in LHCb,
following the approach shown in [11] but modified
in order to minimize the dependence on simulation,
making use of control channels. In Section 3, simu-
lation of signal and background is used to extract the
potential of the LHCb in the measurement/exclusion
of BR(B0

s → µ+µ−). Finally, in Section 4, different
possible experimental results are interpreted in the
framework of MSSM.
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2. ANALYSIS STRATEGY

The data analysis for extracting BR(B0
s → µ+µ−)

can be schematized as follows:
1. Reconstruction of all µ+µ− combinations1) on

triggered2) events. A given particle is considered
as a µ candidate if it has a minimum number of
associated hits in the Muon System, depending on its
momentum (see “isMuon” definition [12]).

2. Selection of B0
s → µ+µ− candidates according

to event properties. This step is needed in order
to remove a large amount of background, hence
reducing by several orders of magnitude the size of
the data sample, and has been modified since [11].
Section 2.1 describes how it is done.

3. Classification of each selected event in a binned
3D phase space, according to the following proper-
ties. Geometry Likelihood (GL): takes into account
the geometrical properties of the candidate (it is
explained in more detail in Section 2.2). Particle
Identification (PID) likelihood: it is the combined
probability of the muon candidates to be real muons,
over all the other particle hypothesis. Invariant mass
of the µ+µ− couple: only events in a window of
±60 MeV (≈3σ) around B0

s peak (5369.6 MeV) are
considered.

4. The number of background events is computed
interpolating from the mass sidebands (events outside
the ±60 MeV window), where no signal is present.

1)Current Monte Carlo simulations show that the probability,
for a B0

s → µ+µ− decay produced in the LHCb interaction
point, to be reconstructed as a µ+µ− candidate is ≈10%.
Here the main effect is the geometrical acceptance of the
LHCb detector.

2)The LHCb trigger is highly efficient (≈85%) for B0
s → µ+µ−

reconstructed decays.
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5. The probability for a signal event to fall in each
bin of the phase space is determined. Several control
channels are used for that: for the geometrical prop-
erties and the invariant mass, the two-body decays of
B0

d and B0
s , here abbreviated as B → h+h′− (where

h = K,π, h′ = K,π), are used. Section 2.3 describes
this subject in more detail. For PID properties the
control channels are: calibration muons (such as
MIPs in the calorimeter, prompt J/ψ → µ+µ− de-
cays or B → J/ψ(µµ)X), and hadrons coming from
decays of prompt K0

s , Λ → pπ and D∗ → D0(Kπ)π.
The momentum range of signal particles is known
from B → h+h′−, thus the appropriate kinematical
region from those PID control channels can be
chosen.

6. Normalization: in order to translate the number
of signal events into a branching ratio, a measure-
ment of the number of events from a decay with a
known BR is needed. Then BR(B0

s → µ+µ−) can be
extracted from

BR(B0
s → µ+µ−) =

=
BRn · εREC

n εSEL/REC
n εTRIG/SEL

n

εRECεSEL/RECεTRIG/SEL

fn

fB0
s

N

Nn
.

Here, the quantities with n subscript refer to nor-
malization channel. N is the number of events, ε
are the efficiencies of different parts of the process
(reconstruction, selection, and trigger), and f the
hadronization fractions of b quark is the probability to
hadronize in the different hadrons.

7. The statistical method [13] is used, in the case
of exclusion, to get the maximum number of signal
events compatible with the observed data configu-
ration. In case of observation, it is used to get the
significance.

As there is no accurate measurement of any B0
s

branching ratio, normalization to B+ or B0
d decays

is preferred. However, this implies a systematic error
of 14% coming from the ratio fn/fB0

s
[14]. The

normalization channel chosen is the decay B+ →
→ J/ψ(µ+µ−)K+ because of its large statistics and
the J/ψ muons, which correlate the reconstruction
and trigger efficiencies for both signal and normaliza-
tion channels.

2.1. Event Selection

The B0
s → µ+µ− event selection is designed to

be the same, apart from MuonID requirement, as for
the two-body B decays used for GL calibration. It
avoids any selection bias in the distribution of the GL.
Because of the large pion and kaon combinatorial in
the LHC, a selection as soft as in [11] is not suitable
for those control channels. The new selection used
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Fig. 1. Distribution of the discriminant variable GL. Grey
filled histogram is for bb → µµX, non-filled histogram is
for B0

s → µ+µ−. The normalization of both components
is arbitrary. The sensitive region (SR) is defined as
GL > 0.5.

adds to [11] the displacement of the Secondary Vertex
with respect to the Primary Vertex (>12σ), the trans-
verse momentum of the B meson (>700 MeV), and
the impact parameter significance (IPS) of the tracks
(h+, h′− or µ+, µ−) to the PV (>3.5σ). Furthermore,
a similar selection for B+ → J/ψK+ candidates has
the advantage that the fraction of selection efficiencies
in the normalization is less sensitive to systematic
uncertainties. Properties of B mesons are used in
such selection, while the two-track vertex properties
are accounted using the J/ψ → µµ vertex. The cut
on the IPS of the muons used for B0

s → µ+µ− is
applied on the kaon of B+ → J/ψK+. Because of
the tight cut on the displacement of the decay vertex,
the efficiency of that IPS cut becomes the same for
signal and normalization channel. In order to reject

Event yields in SR per nominal year (2 fb−1) (bb → µµX
category does not include any of the other modes presented
in the table, B0

s → µ+µ−γ does not include B0
s → µ+µ−

with final-state radiation, because it is already included in
B0

s → µ+µ−)

Source Events in SR per nominal year

B0
s → µ+µ− 22.8

bb → µµX 150 (<324 at 90% C.L.)

B → h+h− 8 (<17.2 at 90% C.L.)

B0
s → µ+µ−γ 0 (<2.44 at 90% C.L.)

B+
c → J/ψ(µ+µ−)µ+νµ 0 (<20 at 90% C.L.)
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Fig. 2. (Top) BR(B0
s → µ+µ−) excluded at 90% C.L. as

a function of the integrated luminosity L if no signal is
present. (Bottom) Luminosity needed for the obsevation
of a certain BR at (circles) 3σ and (stars) 5σ level.

a large amount of combinatorial muons, a cut on the
J/ψ invariant mass window is needed in the selection
of B+ → J/ψK+. However, due to the large J/ψ
statistics, the efficiency of such cut is expected to be
well known.

2.2. Geometry Likelihood

The GL is built with Monte Carlo (MC) samples
of signal and background and returns, for a given
event, a χ2

s of the signal hypothesis and a χ2
b of the

background hypothesis. The quantity χ2
b − χ2

s , after a
mathematical transformation that makes the distri-
bution to be flat for signal, is used as discriminant
variable. Its distribution for signal and background
is shown in Fig. 1. The input variables used and
the mathematical procedure to extract the χ2 are
described in [11].

The GL is the most discriminant variable used in
the 3D phase space, and almost all the sensitivity is
accumulated in the region of GL > 0.5, called for this
reason “sensitive region” (SR).

2.3. Calibration of Signal Properties

Because real-data properties may differ from MC
simulation, the distribution of the GL needs to be
extracted from data3). For the background it is
computed from the sidebands. For the signal the
two-body B decays are used, because they have
the same geometrical and kinematical properties as
B0

s → µ+µ−. Large statistics is expected from these
channels, as well as high purity in the interesting
phase-space regions. The main issue for GL calibra-
tion is to avoid the bias coming from the hard cuts
of hadronic trigger, but in principle it can be done by
using only those B → h+h′− events triggered inde-
pendently of the signal (TIS)4), where no information
from the B → h+h′− decay is needed for the event
to trigger. Although this procedure implies a strong
reduction on statistics of the calibration channel,
several hundreds (few thousands) of TIS B → h+h′−

are expected in 0.1 (0.5) fb−1, which are enough to
not to be the main source of uncertainty.

The invariant-mass distribution for B0
s → µ+µ−

is also extracted from B → h+h′−, in particular, from
B0

s → K+K−. The excellent performance of RICH
detectors allows to separate that component from the
other two-body B decays with a reasonable purity.
Then the σ of the distribution can be known with a
precision of ≈3% already with 0.1 fb−1 of integrated
luminosity.

3. POTENTIAL OF THE EXPERIMENT

3.1. Event Yields

The main sources of background for the LHCb
experiment are assumed to come from inclusive bb
events. This is confirmed by the fact that after the
LHCb muon trigger, running on a minimum bias
sample, most of the events left are bb. The analysis
of a full MC simulation sample of those events,
corresponding to ≈0.08 pb−1, shows that the main
contribution for B0

s → µ+µ− are inclusive bb → µµX
events, with a fraction increasing rapidly to ≈100%
when the GL increases. A 5.3-pb−1 MC sample
of bb → µµX was then used in order to estimate
the background level for B0

s → µ+µ− studies. This
background is expected to contribute with ≈80 K
events in 2 fb−1 (the expected integrated luminosity in
one nominal year), but only 150 of them fall in the SR.

3)Also, the real data can be used to redefine the GL, but this
point is not discussed here.

4)This category does not exclude the possibility to trigger on
the signal. In this case there are two different ways to trigger
in the same event. For this reason, no trigger bias is expected
in the TIS category.
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Fig. 3. Different SUSY constraints depending on the experimental results. (Top) NUHM benchmark plot tanβ vs. MA. The
cross is the best minimum of the fit. The lines are regions compatible with different values of BR(B0

s → µ+µ−): 10−7 (solid
line), 2 × 10−8 (dashed line), and 5 × 10−9 (dotted line). (Bottom) Regions of CMSSM parameter space compatible with
different measurements of BR(B0

s → µ+µ−): (left) 10−8 with 5σ, (right) 5 × 10−9 with 3σ, for µ > 0 and A0 = 0.

Several other specific backgrounds were analyzed as
well. The expected yields are summarized in the table.

For B0
s → µ+µ−, the expected annual yield is

≈46 BR(B0
s→µ+µ−)

BR(B0
s→µ+µ−)SM

reconstructed, selected, and
triggered events. Due to the flat distribution of the

GL, in the SR the yield ≈23 BR(B0
s→µ+µ−)

BR(B0
s→µ+µ−)SM

is
expected.

3.2. Exclusion/Measurement Potential
From the MC predictions of signal and back-

ground properties and annual yields, the potential of
the LHCb experiment on the exclusion or measure-
ment of BR(B0

s → µ+µ−) can be extracted. Figure 2
(top) shows the BR excluded at 90% C.L. as a func-
tion of the integrated luminosity, up to 0.5 fb−1 (one
quarter of nominal data-taking year). The expected
limit at the end of Tevatron, 2 × 10−8, is overtaken
with less than 0.1 fb−1. With 0.5 fb−1 limits on the BR
down to SM prediction are set if no signal is present.

In the case of presence of signal, the luminosity
needed for the 3σ observation of a given BR is shown
on Fig. 2 (bottom). Between 2 and 5 fb−1 is enough
for a 3σ observation if the BR is the SM prediction.

4. EXAMPLES OF IMPLICATIONS

CMSSM (constrained MSSM) is commonly used
to show the potential of experimental measurements
on SUSY searches, because it has only five free
parameters. This model is used in Section 4.2 to show
how the value of the measured branching ratio con-
strains the values of SUSY parameters. For the case
of exclusion (Section 4.1) a more general approach,
called Non-Universal Higgs Masses (NUHM) [15,
16], is used in order to show the luminosity needed
to exclude the current best χ2 of its parameter fit.

4.1. Exclusion of the Best χ2 of Non-Universal
Higgs Masses

NUHM reduces the MSSM parameter phase
space in almost the same way as CMSSM, but
avoiding the condition of universal Higgs masses,
providing a framework for the study of the Higgs
sector. Relaxing such condition lets the parameters
MA and |µ| to be free. The parameter MA is the mass
of the physical CP-odd neutral Higgs A0.

If no signal is observed, LHCb accesses the region
of the minimum of the SUSY fit with very low
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integrated luminosity (see Fig. 3, top), ≈0.1 fb−1 is
needed to exclude the best χ2 point and 0.5 fb−1 to
exclude all the region (in MA vs. tanβ plane) with
∆χ2 < 2.3 around it. For the other three benchmark
surfaces in [16] the situation is similar.

4.2. Observation and CMSSM

The main CMSSM parameters which affect
BR(B0

s → µ+µ−) are tanβ, m0, and m1/2. For
the study shown in this section, the other two
parameters were fixed to A0 = 0 and µ > 0. The
programs SoftSUSY5) and SUITY v-1.06) were used
to compute the surfaces in the tanβ, m0, and m1/2

compatible with a given BR(B0
s → µ+µ−) and with

the experimental constraints Mh0 > 114 GeV (light-
est Higgs mass) and MW = 80.398 ± 0.025 GeV.

Large values of BR(B0
s → µ+µ−), such as 1 ×

× 10−8, can be measured with very low integrated
luminosities. The parameter space surface compatible
with a 5σ discovery of BR(B0

s → µ+µ−) = 1 × 10−8

is shown in Fig. 3 (bottom, left). Of course, values
just slightly larger than SM predictions need more in-
tegrated luminosity to be measured. The implications
of a 3σ observation of BR(B0

s → µ+µ−) = 5 × 10−9

are shown in Fig. 3 (bottom, right).
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