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Abstract
A search for√
the decays
→ µ µ and B 0 → µ+ µ− is performed with about 37 pb−1 of
pp collisions at s = 7 TeV collected by the LHCb experiment at the Large Hadron Collider
at CERN. The observed numbers of events are consistent with the background expectations.
The resulting upper limits on the branching ratios are BR(Bs0 → µ+ µ− ) < 5.6 × 10−8 and
BR(B 0 → µ+ µ− )< 1.5 × 10−8 at 95% confidence level.
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Introduction

Precision observables at low energy allow access to information at higher energy scales, con0 → µ+ µ− )
straining possible New Physics (NP) scenarios. The branching ratios (BR) BR(B(s)
have been identified as a very interesting potential constraint on the parameter space of NP
models.
The SM prediction for the BR of the decays Bs0 → µ+ µ− and B 0 → µ+ µ− have been
computed 1 to be BR(Bs0 → µ+ µ− ) = (3.2 ± 0.2) × 10−9 and BR(B 0 → µ+ µ− ) = (0.10 ± 0.01) ×
10−9 .
However NP contributions can significantly modify these values. For example, within Minimal Supersymmetric extensions of the SM (MSSM), the BR(Bs → µ+ µ− ) has contributions
proportional to ∼ tan6 β 2 , where tan β is the ratio of vacuum expectation values of the two
neutral CP-even Higgs fields.
The current published 95% upper limits were obtained using 6.1 fb−1 by the D0 collaboration 3 , BR(Bs0 → µ+ µ− ) < 5.1 × 10−8 and using 2 fb−1 by the CDF collaboration 4 , BR(Bs0 →
µ+ µ− ) < 5.8 × 10−8 and BR(B 0 → µ+ µ− )< 1.8 × 10−8 . The CDF collaboration has also presented preliminary results 5 with 3.7 fb−1 that lower the limits to BR(Bs0 → µ+ µ− )< 4.3 × 10−8
and BR(B 0 → µ+ µ− )< 0.76 × 10−8 .
The LHCb experiment is well suited for such searches due to the high bb̄ cross section at LHC,
the good invariant mass resolution, vertex resolution, muon identification and trigger efficiency.
The measurements presented in this document use about 37 pb−1 of integrated luminosity
√
collected by LHCb between July and October 2010 at s = 7 TeV. Assuming the SM branching
0 → µ+ µ− (B 0 → µ+ µ− ) are expected to be reconstructed within
ratio, about 0.7 (0.08) B(s)
LHCb acceptance.
2

The LHCb detector

The LHCb detector 6 is a single-arm forward spectrometer with an angular coverage from approximately 10 mrad to 300 (250) mrad in the bending (non-bending) plane.
The detector consists of a vertex locator, a warm dipole magnet with a bending power of
R
Bdl = 4 T m, a tracking system, two RICH detectors, a calorimeter system and a muon system.
Track momenta are measured with a precision between δp/p = 0.35% at 5 GeV/c and
δp/p = 0.5% at 100 GeV/c. The RICH system provides charged hadron identification in a
momentum range 2–100 GeV/c. Typically kaon identification efficiencies of over 90% can be
attained for a π → K fake rate below 10%. The calorimeter system consists of a preshower,
a scintillating pad detector, an electromagnetic calorimeter and a hadronic calorimeter. It
identifies high transverse energy (ET ) hadron, electron and photon candidates and provides

information for the trigger. Five muon stations provide fast information for the trigger and
muon identification capability: a muon identification efficiency of ∼ 95% is obtained for a
misidentification rate of about 1–2 % for momenta above 10 GeV/c.
LHCb has a two-level flexible and efficient trigger system both for leptonic and purely
hadronic B decays. It exploits the finite lifetime and relatively large mass of charm and beauty
hadrons to distinguish heavy flavour decays from the dominant light quark processes. The first
trigger level (L0) is implemented in hardware and reduces the rate to a maximum of 1 MHz,
the read-out rate of the whole detector. The second trigger level (High Level Trigger, HLT) is
implemented in software running on an event filter CPU farm. The forward geometry allows
the LHCb first level trigger to collect events with one or two muons with pT values as low as
1.4 GeV/c for single muon and pT (µ1 ) > 0.48 GeV/c and pT (µ2 ) > 0.56 GeV/c for dimuon
triggers. During 2010 data taking, the ET threshold for the hadron trigger varied in the range
2.6 to 3.6 GeV.
The dimuon trigger line requires muon pairs of opposite charge forming a common vertex
and an invariant mass Mµµ > 4.7 GeV/c2 . A second trigger line, primarily to select J/ψ → µµ
events, requires 2.97 < Mµµ < 3.21 GeV/c2 . The remaining region of the dimuon invariant mass
is also covered by trigger lines that in addition require the dimuon secondary vertex to be well
separated from the primary vertex. Other HLT trigger lines select generic displaced vertices,
providing a high efficiency for purely hadronic decays.
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Analysis Strategy

0 → µ+ µ− search at LHCb is described in detail in 7 . It is done in two
The analysis for the B(s)
steps: first a set of selection cuts removes the biggest amount of the background while keeping
∼ 60% of the reconstructed signal decays. Then each event is given a probability to be signal
or background in a two-dimensional probability space defined by the dimuon invariant mass
and a multivariate analysis discriminant likelihood, the Geometrical Likelihood (GL) 10,11 . The
compatibility of the observed distribution of events in the GL vs invariant mass plane with a
given branching ratio hypothesis is computed using the CLs method 8 .
The number of expected signal events is evaluated by normalizing with channels of known
branching ratios: B + → J/ψ(→ µ+ µ− )K + , Bs0 → J/ψ(→ µ+ µ− )φ(→ K + K − ) and B 0 →
K + π − . This normalization ensures that knowledge of the absolute integrated luminosity and
bb̄ production cross-section are not needed, and that systematic uncertainties related to the
efficiency cancel out in the ratio.

3.1

Event selection

The event selection is designed to reduce the amount of data to analyze, and the real discrimination between signal and background is done by the likelihoods. The selection consists of loose
requirements on track separation from the interaction point, decay vertex quality and compatibility of the reconstructed origin of the B meson with the interaction point. The selection
cuts were defined in simulation before starting data taking. Events passing the selection are
0 → µ+ µ− candidates if their invariant mass lies within 60 MeV/c2 of the nominal
considered B(s)
0 mass. Assuming the SM branching ratio, There are 343 (342) B 0 → µ+ µ− candidates seB(s)
(s)
lected from data in the Bs0 (B 0 ) mass window. A similar selection is applied to the normalization
channels, in order to minimize systematic errors in the ratio of efficiencies.
0 → µ+ µ− selection is expected to be bb̄ → µµX 9 .
The dominant background after the B(s)
This is confirmed by comparing expected yield and the kinematical distributions of the sideband
data with a bb̄ → µµX MC sample.

The muon misidentification probability as a function of momentum obtained from data using
→ π + π − , Λ → pπ − and φ → K + K − decays is in good agreement with MC expectations. It
0 → h+ h0 − is negligible for the amount of
is found that the background from misidentified Bs,d
data used in this analysis.
KS0

3.2

Signal and background likelihoods

After the selection the signal purity is still about 10−3 for Bs0 → µ+ µ− and 10−4 for B 0 → µ+ µ−
assuming the SM branching ratios. Further discrimination is achieved through the combination
of two independent variables: the multivariate analysis discriminant likelihood, GL, and the
invariant mass. The GL combines information related with the topology and kinematics of
0 lifetime, the minimum impact parameter of the two muons, the distance
the event as the B(s)
0 impact parameter and p and the isolation of
of closest approach of the two tracks, the B(s)
T
the muons with respect to the other tracks of the event. These variables are combined using
the method described in 10,11 . The expected GL distribution for signal events is flat, while for
background events it falls exponentially.
The analysis is performed in two-dimensional bins of invariant mass and GL. The invariant
mass in the signal regions (±60 MeV/c2 around the Bs0 and the B 0 masses) is divided into six
bins of equal width, and the GL into four bins of equal width distributed between zero and one.
A probability to be signal or background is assigned to events falling in each bin.
0 → h+ h0 −
The GL variable is defined using MC events but calibrated with data using Bs,d
selected as the signal events and triggered independently on the signal in order to avoid the bias
introduced by the hadronic trigger lines.
0 → h+ h0 − events in each GL bin is obtained from a fit to the inclusive
The number of Bs,d
mass distribution.
0 → µ+ µ− mass resolution from data.
Two methods have been used to estimate the B(s)
The first method uses an interpolation between the measured resolutions for cc resonances
(J/ψ, ψ(2S)) and bb resonances (Υ(1S), Υ(2S), Υ(3S)) decaying into two muons. Interpolating
linearly between the five fitted resolutions to MBs0 an invariant mass resolution of σ = 26.83±1.0
MeV/c2 was estimated.
The second method that was used to estimate the invariant mass resolution from data is to
0 → h+ h0 − sample. The result of the fit for the mass resolution, σ = 25.8±2.5
use the inclusive Bs,d
MeV/c2 , is consistent with the value obtained from the interpolation method.
The weighted average of the two methods, σ = 26.7 ± 0.9 MeV/c2 , is taken as the invariant
mass resolution and considered to be the same for B 0 and Bs0 decays.
The prediction of the number of background events in the signal regions is obtained by fitting
with an exponential function the µµ mass sidebands independently in each GL bin. The mass
sidebands are defined in the range between MB 0 ± 600 (1200) MeV/c2 for the lower (upper)
(s)

two GL bins, excluding the two search windows (MB 0 ± 60 MeV/c2 ).
(s)
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Normalization factors

The number of expected signal events is evaluated by normalizing with channels of known
branching ratios, B + → J/ψK + , Bs0 → J/ψφ and B 0 → K + π − , as shown in Table 1, first
column.
The first two decays have similar trigger and muon identification efficiency to the signal but
a different number of particles in the final state, while the third channel has the same two-body
topology but cannot be efficiently selected with the muon triggers. The branching ratio of the
Bs0 → J/ψφ decay is not known precisely (∼ 25%) but has the advantage that the normalization

Table 1: Summary of the factors and their uncertainties needed to calculate the normalization factors
(αB 0 →µ+ µ− ) for the three normalization channels considered. The branching ratios are taken from Refs. 12,14 and
(s)

includes also the BR(J/ψ → µ+ µ− ) and BR(φ → K + K − ). The trigger efficiency and number of B 0 → K + π −
candidates correspond to only TIS events, as described in the text.
SEL|REC

REC
norm norm
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SEL|REC

REC
sig
sig
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norm

Nnorm
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sig

αB 0

(s)

(×10−5 )

→µ+ µ−
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Bs0
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→ J/ψφ

B 0 → K + π−

3.4 ± 0.9

0.25 ± 0.02

1.94 ± 0.06 0.82 ± 0.06 0.072 ± 0.010

1.99 ± 0.40

0 → µµ with a B 0 decay does not require the knowledge of the ratio of fragmentation
of B(s)
s
fractions, which has an uncertainty of ∼ 13% 13 .
0 → µµ) can be calculated as:
Using each of these normalization channels, BR(B(s)

0
BR(B(s)
→ µµ) = BRnorm ×

= αB 0

(s)

where αB 0

(s)

→µµ

→µµ

SEL|REC TRIG|SEL
norm
SEL|REC TRIG|SEL
REC
sig sig
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REC
norm norm

× NB 0

(s)

→µµ ,

×

0 →µµ
fnorm NB(s)
×
fB 0
Nnorm
(s)

(1)

denotes the normalization factor, fB 0 denotes the probability that a b-quark
(s)

0 and f
fragments into a B(s)
norm denotes the probability that a b-quark fragments into the
b-hadron relevant for the chosen normalization channel with branching fraction BRnorm . The reconstruction efficiency (REC ) includes the acceptance and particle identification, while SEL|REC
denotes the selection efficiency on reconstructed events. The trigger efficiency on selected events
is denoted by TRIG|SEL .
The ratios of reconstruction and selection efficiencies are estimated from the simulation using
different levels of smearing on the track parameters and checked with data, while the ratios of
trigger efficiencies on selected events are determined from data 15 .
The yields needed to evaluate the normalization factor are shown in Table 1, where the uncertainty is dominated by the differences observed using different models in fitting the invariant
mass lineshape.
As can be seen in Table 1, the normalization factors calculated using the three complementary channels give compatible results. The final normalization factor is a weighted average which
takes, with the result:

αB 0

(s)

→µµ

= (8.6 ± 1.1) × 10−9 ,

αB 0 →µµ = (2.24 ± 0.16) × 10−9 .
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Results

For each of the 24 bins (4 bins in GL and 6 bins in mass) the expected number of background
events is computed from the fits to the invariant mass sidebands described in Sect. 3.2. The
expected numbers of signal events are computed using the normalization factors from Sect. 4,

GL

1
0.9

LHCb

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

4500

5000

5500

6000

6500
mµµ (MeV/c2)

0.7

LHCb

0.6

CLs

CLs

Figure 1: Observed distribution of selected dimuon events in the GL vs invariant mass plane. The orange shortdashed (green long-dashed) lines indicate the ±60 MeV/c2 search window around the Bs0 (B 0 ).
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Figure 2: (a) Observed (solid curve) and expected (dashed curve) CLs values as a function of BR(Bs0 → µ+ µ− ).
The green shaded area contains the ±1σ interval of possible results compatible with the expected value when
only background is observed. The 90 % (95 %) CL observed value is identified by the solid (dashed) line. (b) the
same for BR(B 0 → µ+ µ− ).

and the signal likelihoods computed in Section 3.2. The distribution of observed events in the
GL vs invariant mass plane can be seen in Fig. 1.
The compatibility of the observed distribution of events in the GL vs invariant mass plane
with a given branching ratio hypothesis is evaluated using the CLs method 8 . The observed
distribution of CLs as a function of the assumed branching ratio can be seen in Fig. 2.
The expected distributions of possible values of CLs assuming the background-only hypothesis are also shown in the same figure as a green shaded area that covers the region of ±1σ of
background compatible observations. The uncertainties in the signal and background likelihoods
and normalization factors are used to compute the uncertainties in the background and signal
predictions.
The upper limits are computed using the CLs distributions in Fig. 2 with the results:
BR(Bs0 → µ+ µ− ) < 4.3 (5.6) × 10−8 at 90 % (95 %) C.L.,
BR(B 0 → µ+ µ− ) < 1.2 (1.5) × 10−8 at 90 % (95 %) C.L.,
while the expected values of the limits are BR(Bs0 → µ+ µ− ) < 5.1 (6.5) × 10−8 and BR(B 0 →
µ+ µ− ) < 1.4 (1.8)×10−8 at 90 % (95 %) CL. The limits observed are similar to the best published

limits 3 for the decay Bs0 → µ+ µ− and more restrictive for the decay B 0 → µ+ µ− 4 .
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