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1. Introduction

The study of rare B and D decays is a complementary approach to detect New Physics (NP)
with respect to the direct searches. New particles can enter as virtual particles in loop diagrams and
their effects can be observed as a deviation in the Standard Model (SM) expectation for observables
such as. branching ratio, angular distribution, either in CP violating processes or in very rare decays
involving Flavour Changing Neutral Current (FCNC). These decays are mediated by penguin and
box diagrams and therefore receive very small contribution in the SM. In this case, New Physics
(NP) effects can then be of the same order or even higher than the SM contribution.

Hadronic weak decays can be studied in terms of an effective Hamiltonian of local operator Oi

Heff ∝ ΣiCiOi

where the degrees of freedom of exchanged particles are integrated out, giving rise to the Wilson
coefficients Ci. These terms, depending on the underlying physics model and can be modified by
NP effects.

2. B0
(s)→ µ+µ−

The search for B0
(s) → µ+µ− is one of the most promising ways for the LHCb experiment

to constrain the parameters of any extended Higgs sector. These decays are highly suppressed in
the SM because they are both FCNC and helicity suppressed. The amplitude can be expressed
using scalar (CS), pseudoscalar (CP) and axial vector (CA) Wilson coefficients. The first two are
negligible in the SM while the last one is accurately evaluated at the level of a few percent. The
SM model predictions for these decays are [1]:

B(B0
s → µ

+
µ
−)SM = (3.2±0.2)×10−9

B(B0→ µ
+

µ
−)SM = (1.0±0.1)×10−10

Many extensions of the SM predict large enhancements to these branching fractions. If we
consider the Minimal Supersymmetric SM (MSSM) in the large tanβ approximation C MSSM

S,P ≈
tan3 β/M2

A and B(B0
s → µ+µ−) is found to be approximately proportional to tan6 β [2], where

tanβ is the ratio of the vacuum expectation values of the two neutral CP-even Higgs fields and MA

is the pseudoscalar Higgs mass. The branching fractions could therefore be enhanced by orders of
magnitude for large values of tanβ .

The CDF collaboration observes an excess of B0
s → µ+µ− using a dataset of 7fb−1 compatible

with B(B0
s → µ+µ−) = (1.8+1.1

−0.9)×10−8 [6]. The CMS collaboration, using a sample of 4.9fb−1,
has measured B(B0

s → µ+µ−)< 7.7×10−9 and B(B0→ µ+µ−)< 1.8×10−9 at 95% C.L. [7].
The previous LHCb published limits based on 370pb−1 are B(B0

s → µ+µ−) < 1.6× 10−8 and
B(B0→ µ+µ−)< 3.2×10−9 at 95% C.L. [9].

The results presented here is based on ∼ 1.0fb−1 of data recorded by LHCb in 2011. This
dataset includes the 370pb−1 used for the previous published limit [3]. To separate signal from
background, the analysis uses a multivariate classifier, a boosted decision tree (BDT), based on
kinematic and geometrical variables used to increase the signal and background separation. The
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Figure 1: Unblinded data: 2D plot of mass versus BDT. Orange short-dashed (green long-dashed) lines
indicate the ±60MeV/c2 search window around the B0

s (B0).

Mode ATLAS CMS LHCb Combined
B(B0

s → µ+µ−) (10−9) 22 7.7 (7.2) 4.5 4.2
B(B0→ µ+µ−) (10−10) - 14 (16) 10 8.1

Table 1: Observed upper limit at 95% C.L. on B(B0
(s) → µ+µ−) published by each experiment and their

combination. For CMS, the numbers in parentheses correspond to the analysis used in the combination.

events are classified in a bi-dimensional plane (Fig.1) of the dimuon invariant mass (mµµ ) and
BDT. The plane has been divided into 72 bins and for each bin the expected signal and background
yields are computed. The number of expected signal events, for a given branching ratio hypothesis,
is evaluated by normalizing to the decays Bd → Kπ , B+→ J/ψK+ and Bs→ J/ψφ .

The compatibility of the observed events with background-only and background plus signal
hypothesis is then computed. The modified frequentist method CLs is used for the upper limit
extraction [4]. In order to avoid any bias, the mass region mµµ = [m(B0)− 60MeV/c2,m(B0

s )+

60MeV/c2] is blinded until the analysis is finalized.
The upper limit obtained are:

B(B0
s → µ

+
µ
−)< 4.5×10−9

B(B0→ µ
+

µ
−)< 1.03×10−9

both evaluated at 95% of C.L.. In order to compare the upper limit on B(B0
s → µ+µ−) with the

theoretical prediction, this value has to be multiplied by 0.911±0.014, which takes into account the
effective lifetime of the Bs meson [5]. The CLs curves for B(B0→ µ+µ−) and B(B0

s → µ+µ−)

are shown in Fig.2.
These two upper limits have been also recently combined [10] with the result obtained by

CMS with 4.9fb−1 [7] and ATLAS with 2.9fb−1 [8]. The combined upper limits obtained by each
expertiments are shown in Table 1.

In Fig.3 the CLs curves from the combination are shown. The results are compatible with the
SM prediction and NP enhancements of B(B0

s → µ+µ−) are constrained to be of the same order of
the SM prediction. However, there is still room for contributions from physics beyond the SM. For
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Figure 2: Expected CLs (dashed black line) under the hypothesis to observe background-only (left) for the
B0→ µ+µ− and CLs under background-plus-signal events according to the SM rate (right) for B0

s → µ+µ−,
with yellow area covering the region of ±1σ of compatible observations; the observed CLs is given by the
blue dotted line; the expected (observed) upper limits at 90% and 95% C.L. are also shown as dashed and
solid grey (red) lines.
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Figure 3: CLs as a function of the assumed branching fraction for B0→ µ+µ− (left) and B0
s → µ+µ− (right)

obtained from the combination of LHCb CMS and ATLAS. The long dashed black curves are the medians
of the expected CLs distributions, in case of background-only (left) or background plus signal according to
the SM rate (right). The green (yellow) areas cover, for each branching fraction, corresponding to ±1(2)σ

intervals. The solid blue curves are the observed CLs. The upper limits at 90% (95%) C.L. are indicated by
the dotted (solid) horizontal lines in red (dark gray) for the observation and in gray for the expectation.

example, destructive interference between NP and the SM could decrease significantly the value of
the branching ratio.

3. D0→ µ+µ−

The D0→ µ+µ− decay is very rare in the SM. Its branching fraction is dominated by the long
distance contribution due to two-photons intermediate state which implies a lower bound of the
SM contribution from the vector meson dominance mechanism and an upper bound due to the best
experimental upper limit on B(D0→)γγ . Therefore the SM prediction is in the range 10−13 <B <

6× 10−11 at 90% C.L. [11]. Enhancements are predicted in many NP models, e.g. RPV-SUSY,
which predicts B ∼ 10−9 due to a tree level transition [12]) The current best experimental limit is
B < 1.4×10−7 at 90% C.L., from Belle [13]

An analysis using LHCb data has been performed on a data sample of 0.9fb−1 and select-
ing the decay chain D∗± → D0(→ µ+µ−)π± decays. The selection of the events is based on
geometric and kinematic properties of D0 and its daughter particles. The same selection is ap-
plied to signal and control channels. After this selection the background is mainly composed
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of combinatorial muons from semileptonic decays of b and c hadrons and the peaking back-
ground of D∗± → D0(→ h+h−)π± events, with double hadron misidentification. In order to re-
duce the combinatorial background, a multivariate discriminant is built based on geometrical and
kinematical information. The number of signal events has been obtained by normalizing to the
D∗±→ D0(→ π+π−)π± channel and the branching fraction has been evaluated using the follow-
ing formula:

B(D0→ µ
+

µ
−) =

ND∗+→D0(→µ+µ−)π+

ND∗+→D0(→π+π−)π+

εππ

εµµ

×B(D0→ π
+

π
−)

where N f is the number of observed events in the final state f , and ε f is the total selection ef-
ficiency. Since the normalization and the signal channels have the same kinematics most of the
selection systematic effects cancel out. The event yield is extracted from a 2D fit on the dimuon in-
variant mass and the difference between the D∗+ mass and D0 mass. A preliminary result is given:
B(D0→ µ+µ−)< 1.3×108 at 95% C.L. [14].

4. B0
(s)→ µ+µ−µ+µ−

The B0
(s)→ µ+µ−µ+µ− is a FCNC process and takes its largest contribution from the reso-

nant decay BS → J/ψφ in which both mesons decay to two muons. A non-resonant process can
also occur in the SM with a virtual photon exchange with a branching ratio not exceeding 10−10

[15]. However, NP effects might enhance the B0
(s)→ µ+µ−µ+µ− branching fraction through the

exchange of new particles at tree level.

A cut-based selection has been designed on the 1fb−1 data sample collected during the year
2011. The resonant decay mode has been used to tune the selection algorithm. The signal region
has been kept blind until the analysis was optimized. The combinatorial background was estimated
from the mass sidebands. The selection criteria for signal and control channels are based on particle
identification (PID), separation between the B vertex and the primary vertex, the quality of the
B decay vertex. A veto on φ and B+ masses is applied in order to exclude B+ → J/ψK+ and
B→ K∗φ . All the non-resonant peaking background yields in the signal region are found to be
negligible.

The signal branching fraction was measured by normalizing to B0
s → J/ψ(→ µ+µ−)K∗0(→

K+π−) decays selected with the same criteria. Systematic errors are taken into account comparing
Monte Carlo (MC) simulation and data.

After unblinding, one event is observed in the Bd signal window and no events are observed in
the Bs window. These measurements are consistent with the expected background yields. The CLs

modified frequentist method has been used to evaluate the compatibility with a given branching
fraction hypothesis. The upper limits at 95% C.L. are [16]:

B(B0
(s)→ µ

+
µ
−

µ
+

µ
−)< 1.3 × 10−8

B(B0→ µ
+

µ
−

µ
+

µ
−)< 5.4 × 10−9
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5. Angular analysis of the B0→ K∗0µ+µ− decay

The rare decay B0→ K∗0µ+µ− is a sensitive probe for right handed currents and new scalar
and pseudoscalar couplings (C7 and C9,10) [17]. These NP contributions can effect the angular
distributions of the B0 daughter particles.

The differential decay distribution of the B0→ K∗0µ+µ− process can be described with three
angles, the helicity angle of the kaon, θK , the helicity angle of the µ+, θ`, the angle between the
decay planes of the dimuon and K∗0 systems in the B0 rest frame, φ , and the dimuon mass q2.
Using the folded φ angle, φ̂ 1, the decay distribution can be parametrized using four observables,
AFB, FL, S3 [17] and AIm [18] as follows:

1
Γ

d4Γ

dcosθ`dθKdφ̂dq2
=

9
16π

[
FL cos2

θK +
3
4
(1−FL)(1− cos2

θK)+

FL cos2
θK(2cos2

θ`−1)+
1
4
(1−FL)(1− cos2

θK)(2cos2
θ`−1)+

S3(1− cos2
θK)(1− cos2

θ`)cos2φ̂ +

4
3

AFB(1− cos2
θK)cosθ`+

AIm(1− cos2
θK)(1− cos2

θ`)sin2φ̂
]
,

where AFB is forward backward asymmetry of the dimuon system, FL is the fraction of longitudinal
polarization of the K∗0, S3 is proportional to the transverse asymmetry and AIm is formed from the
imaginary components of the transversity amplitudes of the K∗0.

For this analysis 1fb−1 of data recorded by LHCb during the 2011 has been used. Events have
been selected applying a soft selection exploiting the geometrical and kinematic properties of the
events. A multivariate discriminant is also applied to improve the background rejection giving a
S/B ratio of three in a 100MeV/c2 mass window around the B0 mass. The selection criteria are
designed to minimize the effects on the angular acceptance. After the application of the selection
900±34 events have been observed, more than the sum of the events observed by BABAR[19], Belle
[20] and CDF [21] collaborations. The effect of the acceptance to the angular distribution has been
corrected using B0→ K∗0J/ψ decays and comparing the data and MC samples. The data sample
has been split in six q2 bins. For the extraction of the four parameter AFB, FL, AIm and S3, an
unbinned maximum likelihood fit has been performed to the angular distribution and the invariant
mass of K+π−µ+µ−. The background contribution is taken into account into the fit. Contribution
from the K+π− S-wave is accounted for in the systematic error.

The results of the fit are reported in Fig.4, compared to theoretical predictions[23]. No SM
prediction have been included for the region between the cc̄ resonances where the prediction breaks
down. The AFB zero-crossing point in q2 has been also measured. This values is well predicted in
the SM, since it is largely free from form-factor uncertainties. This point has been extracted using
an unbinned maximum likelihood fit to K+π−µ+µ− and q2. The zero-crossing point is measured to
be q2

0 =(4.9+1.1
−1.3)GeV2/c4, to be compared with the SM predictions in the range 4.0−4.3GeV2/c4.

1φ̂ = φ +π if φ < 0 and φ̂ = φ if φ ≥ 0

6
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Figure 4: The forward backward asymmetry of the dimuon system AFB (top-left), the fraction of longitudinal
polarization of the K∗0 FL (top-right), the transverse asymmetry S3 (bottom-left) and AIm (bottom-right) as a
function of q2. Data points are reported in black for LHCb. BABAR, Belle and CDF data points are reported
as comparison. Theoretical predictions are superimposed.

6. Isospin asymmetry in B→ K(∗)µ+µ− decay

The isospin asymmetry is defined as follows:

AI =
B(B0→ K(∗)0µ+µ−)− τ0

τ+
B(B+→ K(∗)+µ+µ−)

B(B0→ K(∗)0µ+µ−)+ τ0
τ+

B(B+→ K(∗)+µ+µ−)

where B(B→ f ) is the branching fraction of the B→ f decay and τ0/τ+ is the ratio of the life-
times of the B0 and B+. AI is a theoretically clean observable because the leading form factor
uncertainties cancel out. The SM expectation of this quantity for the B→ K∗µ+µ− is -1% in
the q2 region below the J/ψ resonance, apart the very low region around q2 ∼ 0 where it rises
to O(10%) [24], while there is no precise prediction for the B→ Kµ+µ− decay. The measure-
ment described in this section has been performed with 1fb−1 collected by LHCb during year
2011. The events are selected depending on the kaon decaying region with a cut-based or a mul-
tivariate discriminant selection. Both the selections use geometrical and kinematic information of
the B candidate and of its daughters. The charged and the neutral channels have been selected
using similar criteria in order to minimize systematic effects. An additional veto cut has been
applied on the dimuon invariant mass in order to remove the J/ψ and ψ(2S) resonances. The
signal yields has been determined using an unbinned maximum likelihood fit to the K(∗)µ+µ−

invariant mass in the range 5170− 5700MeV/c2. The fits are performed in six q2 bins and over
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Figure 5: Differential branching fractions of B0→ K0µ+µ− (top-left) and B+→ K∗+µ+µ− with the theo-
retical SM predictions [25]. Isospin Asymmetry of B→ Kµ+µ− (bottom-left) and B→ K∗µ+µ− bottom-
right with its SM prediction

the full range. In order to reduce the systematic uncertainties, each signal mode is normalized
to the B→ J/ψ(→ µ+µ−)K(∗) channel. The differential branching fractions are measured for
B0→ K0µ+µ− and B+→ K∗+µ+µ− and are shown in Fig.5. Theoretical predictions are superim-
posed in high and low q2 regions far from the cc̄ resonances.

In Fig.5 the isospin asymmetry of B→Kµ+µ− and B→K∗µ+µ− are shown. In the q2 region
below 4.3GeV/c2 and in the region above 16GeV/c2, AI is negative in the B→ Kµ+µ− channel.
This asymmetry is dominated by a deficit in the observed B0→K0µ+µ− signal. The total deviation
from zero integrated over the whole q2 range is equal to 4.4σ . The AI in the B→ K∗µ+µ− case
agrees with the SM prediction [25].

7. First observation of B+→ π+µ+µ−

In the SM the b→ d`+`− transition is even more suppressed than b→ s`+`−, by a factor
|Vtd |/|Vts|. Furthermore, this process has never previously been observed. The predicted SM
branching fraction for B+→ π+µ+µ− is (1.96± 0.21)× 108 [26]. However, many new physics
models predict enhanced branching fractions for this decay [27]. The best limit has been published
by Belle and it is B(B+→ π+µ+µ−)< 6.9×10−8 at 90% of C.L. [28]

The analysis performed by LHCb is based on a sample of 1.0fb−1 of data collected in 2011.
The selection is based on a multivariate discriminant (BDT), trained using the kinematic prop-

erties of the daughters and the vertex quality of the B candidate. The J/ψ and ψ(2S) resonances

8



P
o
S
(
H
Q
L
 
2
0
1
2
)
0
2
8

Rare heavy flavour decays at LHCb Flavio Archilli

are excluded using a veto on the dimuon mass.
The signal yields extracted from the fit is 25.3+6.7

−6.4. This result corresponds to an excess of
5.2σ with respect to the null hypothesis and consequently it represents the first observation of a
b→ d`+`− decay. Normalizing the observed signal to the B+→ J/ψK+ decay, LHCb obtained:

B(B+→ π
+

µ
+

µ
−) = (2.4±0.6(stat)±0.2(syst))×10−8

which is in agreement with the SM expectation [29].

8. Conclusion

LHCb has demonstrated its power in many flavour physics topics, e.g. CPV studies with b
and c hadrons, rare B and D decays and spectroscopy. We have presented some of the rare decays
analyses based on 1fb−1 collected by LHCb during year 2011.

The results on the upper limits on B(B0→ µ+µ−) and B(B0
s → µ+µ−) put severe constraints

on NP.Further improvements are foreseen with the analysis of the data sample that will be collected
in year 2012. The combination of the upper limits obtained by ATLAS, CMS and LHCb has been
also reported. This combination improves on the limits obtained by the individual experiments
and represents the best existing limits on these decays. LHCb has also measured the upper limit
on B(D0 → µ+µ−) which improves the current best published upper limit of about an order of
magnitude. A search for the decays B0

s → µ+µ−µ+µ− and B0→ µ+µ−µ+µ− is also discussed
and the upper limits on their branching fractions are reported.

LHCb has also measured the differential branching fractions and the angular observables of
the B→K∗0µ+µ− process. These are the most precise measurements of these quantities up to date
and they are consistent with the SM predictions. The study of the isospin asymmetry AI for the
B→ K(∗)µ+µ− process is reported. A 4σ deviation from the SM expectation has been observed
for the B→ Kµ+µ− decays. This discrepancy in not observed in B→ K∗µ+µ− case which agrees
with the SM prediction. Moreover LHCb has clearly observed for the first time the B+→ π+µ+µ−

decay. The evaluated branching fraction is in agreement with SM model expectation.
Many improvements are foreseen in the near future. With the 2012 run LHCb expects to

double the data statistics and and becomes even more competitive in constraining the phase spaces
of NP models.
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