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Being extremely suppressed in the Standard Model, rare decays of heavy-flavoured particles are
a powerful probe of New Physics, and allow to reach energies beyond those accessible through
direct searches. Several new results have been obtained by the LHC experiments. In particular,
b→ sl+l− transitions give access to a large spectrum of observables, which provide complemen-
tary information on possible New Physics contributions. In this sector, tensions with Standard
Model predictions have been observed.
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1. Introduction

In the Standard Model (SM), flavour changing interactions are mediated by the charged weak
bosons. Transitions among the different quark flavours are regulated by the Cabibbo-Kobayashi-
Maskawa (CKM) quark mixing matrix, which is approximately diagonal [1]. Any direct transition
among the up or down type quarks, namely flavour-changing-neutral-current (FCNC) transitions,
are forbidden at tree level, making these processes rare in the SM. FCNCs provides a large variety
of observables which are precisely predicted in the SM, i.e. branching fractions, angular observ-
ables, CP asymmetries, and which may be interested by important deviations from the SM in case
of New Physics (NP), as predicted by several Beyond the Standard Model (BSM) theories.

Rare decays cover a large variety of physical processes, they can be divided according to their
final state, or depending on the parent hadron involved in the decay process. In the former case,
we can talk about purely leptonic decays, with only leptons in the final state (e.g. B0

(s)→ µ+µ−);
semileptonic decays, where both hadrons and leptons are present in the final state (e.g. B0

(s) →
K∗µ+µ−); and radiative decays, where a radiated photon is also involved. In the latter case, we
can split rare decays in B-meson, D-meson and strange (if strange quarks are involved) decays, or
baryonic decays if the decaying particle is a baryon instead of a meson.

Rare decays theoretical description is particularly challenging because of the different scales
involved, from the small QCD scale (ΛQCD ≈ 0.2 GeV) to the large scale which would govern New
Physics. To face this, FCNC transitions can be described by means of an effective field theory in
which short and long distance contribution are separated, and which describe the transition as an
Operator Product Expansion [2]. For b→ s transitions the effective Hamiltonian can be written
has:

He f f =−
4GF√

2
VtbV ∗ts

e2

16π2 ∑
i
[Ci(µ)Oi(µ)+C′i(µ)O

′
i(µ)] (1.1)

where GF is the Fermi constant and Vi j are CKM matrix elements. The Wilson coefficients, Ci,
contain the perturbative, short distance effects, while the non perturbative QCD and long distance
physics is encoded in the operators Oi. New physics effects can be described either by a modifi-
cation of a Wilson coefficient or by the appearance of a new operator not present in the SM. The
sensitivity to different operators and Wilson coefficients depends on the decay topology and on the
q2 region of interest (as shown in Fig. 1 for b→ sl+l− processes), where q2 denotes the invari-
ant mass squared of the lepton pair. Table 1 summarises the operators that contribute to radiative,
purely leptonic and semileptonic decays.

In this document I present a selection of the rare decays sector results from the LHCb, CMS,
ATLAS and Belle experiments.

2. Fully leptonic meson decays

The B0 → µ+µ− and B0
s → µ+µ− decays, are very rare in the SM. They can occur only

through loop diagrams and are helicity suppressed. Given their purely leptonic final state, and
thanks to the very precise lattice QCD calculations, their branching fraction (BF) is very precisely
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   i = 1, 2       Tree 
   i = 3 -6, 8   Gluon penguin   
   i = 7           Photon penguin 
   i = 9, 10     Electroweak penguin 
   i = S           Higgs (scalar) penguin 
   i = P           Pseudoscalar penguin 

Figure 1: Differential branching fraction as a function of the dimuon invariant mass squared, q2,
for b→ sl+l− processes. Depending on the q2 region analysed, different Wilson coefficients can
be probed.

Table 1: Operators that contribute to rare B decays. O7, O9 and O10 are the electromagnetic pen-
guin, vector semileptonic and axial-vector semileptonic operators, respectively; while OS and OP

are the scalar and pseudoscalar operators.

Operator Bd,s→ Xµ+µ− Bd,s→ µ+µ− Bd,s→ Xγ

O7 X X
O9 X
O10 X X
OS X
OP X

predicted in the SM [3],

B(B0→ µ
+

µ
−) = (1.06±0.09)×10−10, (2.1)

B(B0
s → µ

+
µ
−) = (3.66±0.23)×10−9.

Several BSM theories predict NP scalar or pseudoscalar operators, which might sizeable enhance
their decay rate. In addition, the ratio of the branching fractions between the B and the Bs de-
cay modes also provides powerful discrimination among BSM theories, since in case of NP with
minimal flavour violation (MFV), it is not expected to diverge from the SM value.

Multiple searches for these decays have been carried on by the LHC experiments. The first
observation of the B0

s→ µ+µ− decay at 6.2σ significance, and evidence of the B0→ µ+µ− channel
at 3.0σ significance, have been published thanks to the combined analysis of the LHCb and CMS
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collaboration [4]. The measured branching fractions,

B(B0→ µ
+

µ
−) = (3.0+1.6

−1.4)×10−10, (2.2)

B(B0
s → µ

+
µ
−) = (2.8+0.7

−0.6)×10−9,

are compatible with the SM predictions and put strong constraints on BSM theories. In addition, the
measurements have been combined to determine the ratio of branching fractions, which deviates
from the SM expectation by 2.3σ . Figure 2 shows the fitted dimuon invariant mass spectrum and
the variation of the test statistic −2∆ lnL for B(B0

s → µ+µ−).

]2c [MeV/−µ+µm
5000 5200 5400 5600 5800

2 c
W

ei
gh

te
d 

ca
nd

id
at

es
 p

er
 4

0 
M

eV
/

0

10

20

30

40

50

60 Data
Signal and background

−µ+µ →s
0B

−µ+µ →0B
Combinatorial background
Semi-leptonic background
Peaking background

CMS and LHCb (LHC run I)

Figure 2 | Weighted distribution of the dimuon invariant mass, mµ+µ�, for all cate-
gories. Superimposed on the data points in black are the combined fit (solid blue line) and its
components: the B0

s (yellow shaded area) and B0 (light-blue shaded area) signal components; the
combinatorial background (dash-dotted green line); the sum of the semi-leptonic backgrounds
(dotted salmon line); and the peaking backgrounds (dashed violet line). The horizontal bar on
each histogram point denotes the size of the binning, while the vertical bar denotes the 68%
confidence interval. See main text for details on the weighting procedure.

interest, B(B0 ! µ+µ�) versus B(B0
s ! µ+µ�), are obtained by constructing the test

statistic �2�lnL from the di↵erence in log-likelihood (lnL) values between fits with fixed
values for the parameters of interest and the nominal fit. For each of the two branching
fractions, a one-dimensional profile likelihood scan is likewise obtained by fixing only the
single parameter of interest and allowing the other to vary during the fits. Additional fits
are performed where the parameters under consideration are the ratio of the branching

fractions relative to their SM predictions, SB0
(s)

SM ⌘ B(B0
(s) ! µ+µ�)/B(B0

(s) ! µ+µ�)SM,
or the ratio R of the two branching fractions.

The combined fit result is shown for all 20 categories in Extended Data Fig. 1. To
represent the result of the fit in a single dimuon invariant-mass spectrum, the mass dis-
tributions of all categories, weighted according to values of S/(S + B), where S is the
expected number of B0

s signals and B is the number of background events under the B0
s

peak in that category, are added together and shown in Fig. 2. The result of the simulta-
neous fit is overlaid. An alternative representation of the fit to the dimuon invariant-mass
distribution for the six categories with the highest S/(S + B) value for CMS and LHCb,
as well as displays of events with high probability to be genuine signal decays, are shown
in the Extended Data Figs. 2–4.

The combined fit leads to the measurements B(B0
s ! µ+µ�) =

�
2.8 +0.7

�0.6

�
⇥ 10�9 and

B(B0 ! µ+µ�) =
�
3.9 +1.6

�1.4

�
⇥ 10�10, where the uncertainties include both statistical and

systematic sources, the latter contributing 35% and 18% of the total uncertainty for the
B0

s and B0 signals, respectively. Using Wilks’ theorem29, the statistical significance in
unit of standard deviations, �, is computed to be 6.2 for the B0

s ! µ+µ� decay mode
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Figure 4 | Variation of the test statistic �2�lnL as a function of the ratio of branch-
ing fractions R ⌘ B(B0 ! µ+µ�)/B(B0

s ! µ+µ�). The dark and light (cyan) areas
define the ±1� and ±2� confidence intervals for R, respectively. The value and uncertainty for
R predicted in the SM, which is the same in BSM theories with the minimal flavour violation
(MFV) property, is denoted with the vertical (red) band.

standard deviation evidence for the B0 ! µ+µ� decay. The measured branching fractions
of both decays are compatible with SM predictions. This is the first time that the CMS
and LHCb collaborations have performed a combined analysis of sets of their data in
order to obtain a statistically significant observation.
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Figure 2: Weighted distribution of the dimuon invariant mass,mµ+µ− with the fit superimposed
(left), and variations of the test statistic −−2∆ lnL for B(B0

s → µ+µ−) (right).

The ATLAS collaboration also found compatible results with CMS and LHCb, even if their
measurement remains below the evidence level (2σ ) [5].

Recently, LHCb published an updated analysis of this decay [6], which led to the first obser-
vation by a single experiment of the B0

s → µ+µ− decay, at 7.8σ significance, and to the best upper
limit for the B0 mode. Besides the increased statistics, the measurement benefits from an improved
analysis strategy. In particular, a better sensitivity is achieved thanks to a most performant mul-
tivariate selection, which makes use of a new signal isolation, and a better particle identification
(PID) with a higher muon/pion discrimination power. The measured branching fractions are:

B(B0→ µ
+

µ
−) < 3.4×10−10 at 95% CL, (2.3)

B(B0
s → µ

+
µ
−) = (3.0±0.6(stat)+0.3

−0.2 (syst))×10−9.

The fitted mass distribution of the B0
(s) → µ+µ− candidates with BDT > 0.5 and the likelihood

contours in the B(B0
s → µ+µ−) vs B(B0→ µ+µ−) plane are shown in Fig. 3.

The branching fraction measurement is not able, alone, to constrain all possible NP, given
that it can not distinguish between scalar and pseudo-scalar contributions [7]. A complementary
measurement to that of the branching fraction, is that of the decay width asymmetry,

A∆Γ =
Γ(BH

s → µ+µ−)−Γ(BL
s → µ+µ−)

Γ(BH
s → µ+µ−)+Γ(BL

s → µ+µ−)
(2.4)

In the SM only the heavy Bs mass eigenstate decays to two muons, which implies a decay width
asymmetry A∆Γ = 1, and a lifetime τµ+µ− = 1.610± 0.012 ps. Together with the branching frac-
tion measurement, LHCb published the first measurement of the B0

s → µ+µ− lifetime, τ(B0
s →

3
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Figure 3: Mass distribution of the selected B0
(s)→ µ+µ− candidates with BDT > 0.5 with the result

of the fit is overlaid (left), and likelihood contours in the B(B0
s → µ+µ−) vs B(B0→ µ+µ−) plane

(right).

µ+µ−) = 2.04± 0.44(stat)± 0.05(syst). The measurement is compatible with A∆Γ = 1(−1) at
1 (1.4) σ significance.

Another measurement of purely leptonic B decays performed by LHCb, is the search for the
decay B0

(s)→ τ+τ− [8]. While the same considerations in terms of SM predictions and NP as for
the B0

(s)→ µ+µ− decay mode are valid, the larger τ mass, compared to that of the muon, makes
this channel less helicity suppressed (branching fraction predicted to be ∼ 100 larger). In addition,
MVF models which accomodate the recent results from the Lepton Flavour Universality (LFU)
tests can lead to enhancement of its branching fraction up to a few percents. From the experimental
side, the search for this channel is more demanding than that for the corresponding muonic decay,
because of the presence of neutrinos in the final state. The τ leptons are reconstructed in the
τ−→ π+π−π−ντ final state, and the B0→ D+(K−π+π+)D−s (K

+K−π−) mode is used as control
channel. Since neither the B0 → τ+τ− nor B0

s → τ+τ− has been experimentally observed, each
limit on the branching fraction is set assuming no contribution from the other decay, resulting in

B(B0
s → τ

+
τ
−)< 6.8×10−3 at 95% CL, (2.5)

B(B0→ τ
+

τ
−)< 2.1×10−3 at 95% CL.

These represent the best upper limits so far.
The last analysis of purely leptonic decays presented here, is that of the very rare strange decay

K0
s → µ+µ− [35], performed by the LHCb experiment. K0

s → µ+µ− decays are expected to occur
at a very low rate in the SM, B(K0

s → µ+µ−) = (5.0±1.5)×10−12 [36], but his branching fraction
could be enhanced up to 10−10 in case of NP. In order to measure the BF, the analysis performs a
simultaneous fit in several BDT bins and two trigger categories. The K0

s → π+π− decay mode, is
used as normalization channel, as well as being the main background for this analysis. The best
available upper limit is obtained, B(K0

s → µ+µ−)< 1×10−9 at 95% CL. This analysis as well as
the all strange physics program in LHCb is expected, in the near future, to largely benefit from the
improved trigger available from the beginning of Run2, which will strongly increase the sensitivity
to several rare and very rare strange mesons and baryon decays.
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3. Semileptonic b→ s(d)l+l− transitions

Semileptonic b→ s(d)l+l− transitions provide a rich spectrum of observables which are ex-
perimentally measurable with large enough precision to be sensitive to possible NP contributions.
We can split b→ s(d)l+l− studies in three categories:

• Measurement of differential branching fractions in bins of q2. The main limitation to those
measurements comes from the large theoretical uncertainty due to hadronic form factors and
non-factorisable hadronic effects.

• Angular analyses. They provide access to several observables which gives information com-
plementary to that of the BF measurements. Moreover, it is possible to build observables that
are free from form-factor uncertainties at leading order.

• Tests of lepton flavour universality. In the SM, branching fractions of semileptonic decays to
final states containing e, µ and τ , are expected to be the same except for lepton mass effects.
Ratio of branching fractions are all the more a powerful test of the SM, since most of the
theoretical uncertainties cancel in the ratio between the two channels involved.

3.1 Differential branching fraction measurements

Several analyses of b→ sl+l− transitions have been performed by the LHCb collaboration.
Figure 4 shows the differential branching fraction distributions as a function of q2 for B+ →
K+µ+µ−, B0→K0µ+µ−, B+→K∗+µ+µ−, B0

s → φ µ+µ−, and Λb→Λµ+µ− [9, 10, 11]. All the
experimental measurements are compared with the theoretical predictions in the all q2 spectrum,
excluding the cc resonance regions. Most of the experimental measurements tend to lie below
the SM expectations across the full q2 range, especially in the region below ∼ 6GeV2/c2, despite
most of them are not significantly lower than the SM prediction. In addition to the above men-
tioned decays, the differential branching fraction of the B0 → K∗µ+µ− channel is measured by
both the CMS [13] and LHCb [12] collaborations. The LHCb measurement includes for the first
time the determination of the S-wave fraction of the K−π+ system, which, previously, was treated
as a systematic. The measurement of the S-wave fraction is compatible with theory predictions,
and supports the previous estimates. As shown in Fig. 5, both measurements are in good agree-
ment among each other and with the SM, despite the same pattern observed in the other b→ sl+l−

transitions.

3.2 Angular analysis of B→ K∗µ+µ−

A complementary approach to search for NP in b→ sl+l− transitions is the analysis of their
angular distribution. One of the golden channels for angular analyses is B0 → K∗µ+µ−, which
complex structure gives access to several observables sensitive to the C7, C9 and C10 Wilson coef-
ficients and form factors. Angular analyses of this channel have been performed by the three LHC
experiments, ATLAS [15], CMS [16] and LHCb [14], and by Belle [17]. The angular structure of
the B0→ K∗µ+µ− decay can be fully described by three angles and q2. Its CP-averaged differen-
tial branching fraction can be expressed as a function of the fraction of longitudinal polarisation of
the K∗0, FL, the forward-backward asymmetry AFB, and the CP-averaged terms Si. Despite their
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Figure 2: Di↵erential branching fraction results for the B+ ! K+µ+µ�, B0 ! K0µ+µ� and
B+ ! K⇤+µ+µ� decays. The uncertainties shown on the data points are the quadratic sum
of the statistical and systematic uncertainties. The shaded regions illustrate the theoretical
predictions and their uncertainties from light cone sum rule and lattice QCD calculations.

Table 3: Integrated branching fractions (10�8) in the high q2 region. For the B ! Kµ+µ�

modes the region is defined as 15 � 22 GeV2/c4, while for B+! K⇤+µ+µ� it is 15 � 19 GeV2/c4.
Predictions are obtained using the form factors calculated in lattice QCD over the same q2

regions. For the measurements, the first uncertainty is statistical and the second systematic.

Decay mode Measurement Prediction

B+! K+µ+µ� 8.5 ± 0.3 ± 0.4 10.7 ± 1.2

B0! K0µ+µ� 6.7 ± 1.1 ± 0.4 9.8 ± 1.0

B+! K⇤+µ+µ� 15.8 +3.2
�2.9 ± 1.1 26.8 ± 3.6

measurements are all individually consistent with their respective predictions, they all
have values below those.

9

]4c/2 [GeV2q
0 5 10 15 20

]2
/G

eV
4 c × 

-8
 [1

0
2 q

/dBd 0

1

2

3

4

5

LCSR Lattice Data

LHCb
−µ+µ+ K→+B

]4c/2 [GeV2q
0 5 10 15 20

]2
/G

eV
4 c × 

-8
 [1

0
2 q

/dBd 0

1

2

3

4

5

LCSR Lattice Data

−µ+µ0 K→0B
LHCb

]4c/2 [GeV2q
0 5 10 15 20

]2
/G

eV
4 c × 

-8
 [1

0
2 q

/dBd 0

5

10

15

20
LCSR Lattice Data

LHCb
−µ+µ*+ K→+B

Figure 2: Di↵erential branching fraction results for the B+ ! K+µ+µ�, B0 ! K0µ+µ� and
B+ ! K⇤+µ+µ� decays. The uncertainties shown on the data points are the quadratic sum
of the statistical and systematic uncertainties. The shaded regions illustrate the theoretical
predictions and their uncertainties from light cone sum rule and lattice QCD calculations.

Table 3: Integrated branching fractions (10�8) in the high q2 region. For the B ! Kµ+µ�

modes the region is defined as 15 � 22 GeV2/c4, while for B+! K⇤+µ+µ� it is 15 � 19 GeV2/c4.
Predictions are obtained using the form factors calculated in lattice QCD over the same q2

regions. For the measurements, the first uncertainty is statistical and the second systematic.

Decay mode Measurement Prediction

B+! K+µ+µ� 8.5 ± 0.3 ± 0.4 10.7 ± 1.2

B0! K0µ+µ� 6.7 ± 1.1 ± 0.4 9.8 ± 1.0

B+! K⇤+µ+µ� 15.8 +3.2
�2.9 ± 1.1 26.8 ± 3.6

measurements are all individually consistent with their respective predictions, they all
have values below those.

9

]4c/2 [GeV2q
0 5 10 15 20

]2
/G

eV
4 c × 

-8
 [1

0
2 q

/dBd 0

1

2

3

4

5

LCSR Lattice Data

LHCb
−µ+µ+ K→+B

]4c/2 [GeV2q
0 5 10 15 20

]2
/G

eV
4 c × 

-8
 [1

0
2 q

/dBd 0

1

2

3

4

5

LCSR Lattice Data

−µ+µ0 K→0B
LHCb

]4c/2 [GeV2q
0 5 10 15 20

]2
/G

eV
4 c × 

-8
 [1

0
2 q

/dBd 0

5

10

15

20
LCSR Lattice Data

LHCb
−µ+µ*+ K→+B

Figure 2: Di↵erential branching fraction results for the B+ ! K+µ+µ�, B0 ! K0µ+µ� and
B+ ! K⇤+µ+µ� decays. The uncertainties shown on the data points are the quadratic sum
of the statistical and systematic uncertainties. The shaded regions illustrate the theoretical
predictions and their uncertainties from light cone sum rule and lattice QCD calculations.

Table 3: Integrated branching fractions (10�8) in the high q2 region. For the B ! Kµ+µ�

modes the region is defined as 15 � 22 GeV2/c4, while for B+! K⇤+µ+µ� it is 15 � 19 GeV2/c4.
Predictions are obtained using the form factors calculated in lattice QCD over the same q2

regions. For the measurements, the first uncertainty is statistical and the second systematic.

Decay mode Measurement Prediction

B+! K+µ+µ� 8.5 ± 0.3 ± 0.4 10.7 ± 1.2

B0! K0µ+µ� 6.7 ± 1.1 ± 0.4 9.8 ± 1.0

B+! K⇤+µ+µ� 15.8 +3.2
�2.9 ± 1.1 26.8 ± 3.6

measurements are all individually consistent with their respective predictions, they all
have values below those.

9

Table 1: The signal yields for B0
s ! �µ+µ� decays, as well as the di↵erential branching fraction

relative to the normalisation mode and the absolute di↵erential branching fraction, in bins of q2.
The given uncertainties are (from left to right) statistical, systematic, and the uncertainty on the
branching fraction of the normalisation mode.

q2 bin [ GeV2/c4] N�µµ
dB(B0

s!�µµ)
B(B0

s!J/ �)dq2 [10�5 GeV�2c4] dB(B0
s!�µ+µ�)
dq2 [10�8 GeV�2c4]

0.1 < q2 < 2.0 85+11
�10 5.44+0.68

�0.64 ± 0.13 5.85+0.73
�0.69 ± 0.14 ± 0.44

2.0 < q2 < 5.0 60+10
�9 2.38+0.39

�0.37 ± 0.06 2.56+0.42
�0.39 ± 0.06 ± 0.19

5.0 < q2 < 8.0 83+12
�11 2.98+0.41

�0.39 ± 0.07 3.21+0.44
�0.42 ± 0.08 ± 0.24

11.0 < q2 < 12.5 70+10
�10 4.37+0.64

�0.61 ± 0.14 4.71+0.69
�0.65 ± 0.15 ± 0.36

15.0 < q2 < 17.0 83+10
�10 4.20+0.53

�0.50 ± 0.11 4.52+0.57
�0.54 ± 0.12 ± 0.34

17.0 < q2 < 19.0 54+8
�7 3.68+0.53

�0.50 ± 0.13 3.96+0.57
�0.54 ± 0.14 ± 0.30

1.0 < q2 < 6.0 101+13
�12 2.40+0.30

�0.29 ± 0.07 2.58+0.33
�0.31 ± 0.08 ± 0.19

15.0 < q2 < 19.0 136+13
�13 3.75+0.37

�0.35 ± 0.12 4.04+0.39
�0.38 ± 0.13 ± 0.30
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Figure 4: Di↵erential branching fraction of the decay B0
s ! �µ+µ�, overlaid with SM predic-

tions [4,5] indicated by blue shaded boxes. The vetoes excluding the charmonium resonances are
indicated by grey areas.

measurement is evaluated by varying the Wilson coe�cient C9 used in the generation
of simulated signal events. By allowing a New Physics contribution of �1.5, which is
motivated by the global fit results in Ref. [38], the resulting systematic uncertainty is

7

the predictions in the low-q2 region.

Table 4: Measured di↵erential branching fraction of ⇤0
b ! ⇤µ+µ�, where the uncertainties

are statistical, systematic and due to the uncertainty on the normalisation mode, ⇤0
b ! J/ ⇤,

respectively.

q2 interval [ GeV2/c4 ] dB(⇤0
b ! ⇤µ+µ�)/dq2 · 10�7[( GeV2/c4)�1]

0.1 – 2.0 0.36 + 0.12
� 0.11

+ 0.02
� 0.02 ± 0.07

2.0 – 4.0 0.11 + 0.12
� 0.09

+ 0.01
� 0.01 ± 0.02

4.0 – 6.0 0.02 + 0.09
� 0.00

+ 0.01
� 0.01 ± 0.01

6.0 – 8.0 0.25 + 0.12
� 0.11

+ 0.01
� 0.01 ± 0.05

11.0 – 12.5 0.75 + 0.15
� 0.14

+ 0.03
� 0.05 ± 0.15

15.0 – 16.0 1.12 + 0.19
� 0.18

+ 0.05
� 0.05 ± 0.23

16.0 – 18.0 1.22 + 0.14
� 0.14

+ 0.03
� 0.06 ± 0.25

18.0 – 20.0 1.24 + 0.14
� 0.14

+ 0.06
� 0.05 ± 0.26

1.1 – 6.0 0.09 + 0.06
� 0.05

+ 0.01
� 0.01 ± 0.02

15.0 – 20.0 1.20 + 0.09
� 0.09

+ 0.02
� 0.04 ± 0.25
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Figure 5: Measured ⇤0
b ! ⇤µ+µ� branching fraction as a function of q2 with the predictions of

the SM [15] superimposed. The inner error bars on data points represent the total uncertainty
on the relative branching fraction (statistical and systematic); the outer error bar also includes
the uncertainties from the branching fraction of the normalisation mode.
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Figure 4: Differential branching fractions as a function of the dimuon invariant mass q2 for the
B+ → K+µ+µ−, B0 → K0µ+µ−, B+ → K∗+µ+µ−, B0

s → φ µ+µ−, and Λb → Λµ+µ− decay
channels. Theoretical predictions are superimposed.
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796 < mKπ < 996MeV/c2 for the normalisation modes. The second error was to perform

the calculation of the efficiency of the signal process in the region 796 < mKπ < 996MeV/c2

instead of 644 < mKπ < 1200MeV/c2. This has now been corrected, resulting in a correc-

tion factor with a weak q2 dependence. This correction factor varies between 0.89 in the

lowest q2 bin, rising to 0.95 in the highest q2 bin due to the reduced available phasespace.

Having resolved both issues, the corrected results for the differential branching fraction

in the q2 region 1.1 < q2 < 6.0GeV2/c4 is

dB/dq2 =
(
0.342+0.017

−0.017(stat)± 0.009(syst)± 0.023(norm)
)
× 10−7c4/GeV2.

This number should replace the differential branching fraction appearing in the abstract

of ref. [1].

The integrated branching fraction of B0→ K∗(892)0µ+µ− decay is

B
(
B0→ K∗(892)0µ+µ−) =

(
0.904+0.016

−0.015 ± 0.010± 0.006± 0.061
)
× 10−6,

where the uncertainties, from left to right, are statistical, systematic, from the extrapolation

to the full q2 region and due to the uncertainty of the branching fraction of the normalisation

mode. This number should replace the integrated differential branching fraction appearing

at the bottom of section 7 of the original paper.

All other text remains unchanged. All tables and figures in which the measurements

are affected are given below, with the numbering and captions being identical to those in

the original paper.

]4c/2 [GeV2q
0 5 10 15

]
2

/G
eV

4
c

 [
2

q
/d

B
 d

0

0.05

0.1

0.15
6−10×

LHCb

Figure 5. Differential branching fraction of B0→ K∗(892)0µ+µ− decays as a function of q2. The
data are overlaid with the SM prediction from refs. [47,48]. No SM prediction is included in the
region close to the narrow cc̄ resonances. The result in the wider q2 bin 15.0 < q2 < 19.0GeV2/c4

is also presented. The uncertainties shown are the quadratic sum of the statistical and system-
atic uncertainties, and include the uncertainty on the B0→ J/ψK∗0 and J/ψ → µ+µ− branching
fractions.

– 2 –

B→K*0µµ differential BF
� Latest Run I LHCb and CMS BF measurements along same lines

� Main systematic uncertainty from knowledge of normalization 
channel, i.e. BF(B0→J/ψK*0)

7Flavour Physics at LHC Run 2, 21-27/05/2017 (Some) B anomalies and rare decays

JHEP 11 (2016) 047 PLB 753 (2016) 424

0 *0B K µµ→ 0 *0B K µµ→

JHEP 08 (2016) 098 (LCSR)          
PRD 89 (2014) 094501 (Lattice)

JHEP 07 (2010) 098          
PRD 87 (2012) 034016

Figure 5: Differential branching fractions as a function of the dimuon invariant mass q2 for the
B0 → K∗µ+µ− channel, measured by LHCb (right) and CMS (left). Theoretical predictions are
superimposed.

sensitivity to possible NP, those variables are strongly affected by theoretical uncertainties. It is
possible, however, to combine them in order to create a theoretically cleaner basis. In particular,
the P′i set of variables [18], such as P′5 = S5/

√
FL(1−FL), are defined so that the dependence on

form factors is reduced.
While most of the measured observables are in good agreement with the SM predictions, some

discrepancies have been observed in the P′5 variable by LHCb, ATLAS and Belle. The deviation of
the LHCb measurement from the SM is at the level of 2.8 σ and 3.0 σ for P′5, in the bins 4 < q2 < 6
GeV2/c4 and 6 < q2 < 8 GeV2/c4, respectively. Combining all the angular observables in the
LHCb analysis, a global difference of 3.4 σ from the SM expectation is observed.
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In addition to the muonic channel, Belle measured also P′4 and P′5 for the electron channel. The
difference Q′i =P′i,µ−P′i,e, expected to be 0 in the SM, can be used as lepton flavour universality test.
While both measurements are compatible with the SM, a deviation of 2.6σ is observed only for the
muon channel, in good compatibility with the LHCb and ATLAS results. The same discrepancy is
not observed in the electron channel, which point to the same direction of the LFU test results [19,
20]. Figure 6 compares the observed values for P′5 with the theoretical expectation in the muonic
channel (left), and the measured P′5,µ and P′5,e from Belle (right).

B0
d ! K⇤µ+µ� results
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FBA

-0.5
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• Several observables appear
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• In particular P 0
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significant discrepancy

• Global fits show large
disagreement
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(Mbc < 5.27 GeV/c2). For each measurement in q2, the
signal fraction is derived as a function of Mbc. The back-
ground angular distribution is described using the direct
product of kernel density template histograms [22] for
�, ✓` and ✓K while the shape is predetermined from the
Mbc sideband. Acceptance and e�ciency e↵ects are ac-
counted for in the fit by weighting each event by the
inverse of its combined e�ciency, which is derived from
the direct product of the e�ciencies in �, ✓`, ✓K and
q2. The individual reconstruction e�ciency for each ob-
servable is obtained by extracting the ratio between the
reconstructed and generated MC distributions.

All methods are tested and evaluated in pseudo-
experiments using MC samples for each measurement
and the results are compared to the input values. Sys-
tematic uncertainties are considered if they introduce an
angular- or q2-dependent bias to the distributions of sig-
nal or background candidates. Small correlations be-
tween ✓` and q2 are not considered in the treatment of
the reconstruction e�ciency. The deviation between a
fit based on generator truth and an MC sample after
detector simulation and reconstruction reweighted with
e�ciency corrections is evaluated for a bias. The di↵er-
ence between the two fits (0.045 on average) is taken as
the systematic uncertainty for the e�ciency correction;
this is the largest systematic uncertainty. Peaking back-
grounds are estimated for each q2 bin using MC. In total,
fewer than six (one) such background events are expected
in the muon (electron) channels. The impact of the
peaking component is simulated by performing pseudo-
experiments with MC samples for signal and background
according to the measured signal yields, replacing six ran-
domly selected events from the signal class with events
from simulated peaking background in each measure-
ment. The observed deviation from simulated values
(0.02 on average) is taken as the systematic uncertainty.
An error on the background parametrization is estimated
by repeating all fits with an alternative background de-
scription using third-order polynomials and taking the
observed deviation (0.028 on average) as the systematic
error. Finally, an error on the signal parametrization
is considered by repeating the fit with the signal shape
parameters adjusted by ±1�, leading to systematic un-
certainties of order 10�4. Signal cross-feed is evaluated
for all signal decay channels and found to be insignificant.
The parametrization in Eq. 1 does not include a possi-
ble S-wave contribution under the K⇤(892) mass region.
With the expected fraction of 5% [1, 20], we estimate
the S-wave contribution for each measurement to be less
than one event and the resulting e↵ects to be negligible.
Statistically equal numbers of B and B̄ candidates in the
signal window are found; consequently, CP-asymmetric
contributions to the measured CP-even parameters are
neglected. The total systematic uncertainty is calculated
as the sum in quadrature of the individual values.

The result of all fits is presented in Table I and dis-

FIG. 2. P 0
4 and P 0

5 observables for combined, electron and
muon modes. The SM predictions are provided by DHMV
[9] and lattice QCD [24] and displayed as boxes for the muon
modes only. The central values of the data points for the
electron and muon modes are shifted horizontally for better
readability.

played in Fig. 2 where it is compared to SM predictions
by DHMV, which refers to the soft form-factor method
of Ref. [23]. Predictions for the 14.18 GeV2/c2 < q2 <
19.00 GeV2/c2 bin are calculated using lattice QCD with
QCD form factors from Ref. [24]. The predictions include
the lepton mass, leading to minor corrections between
the SM values for the electron and muon modes. For the
electron mode, fits in the region 10.09 GeV2/c2 < q2 <
12.90 GeV2/c2 are excluded because it overlaps with the
 (2S) veto range, leading to insu�cient statistics for sta-
ble fit results. In total, all measurements are compatible
with SM predictions. The strongest tension of 2.6� (in-
cluding systematic uncertainty) is observed in P 0

5 of the
muon modes for the region 4 GeV2/c2 < q2 < 8 GeV2/c2;
this is in the same region where LHCb reported the so-
called P 0

5 anomaly [1, 20]. In the same region, the elec-
tron modes deviate by 1.3� and all channels combined

Figure 6: Comparison of P′5 as a function of q2 from LHCb, Belle, ATLAS and CMS, for the
B0→ K∗µ+µ− channel (left). P′5 distribution for B0→ K∗l+l− decays from Belle (right).

3.3 Global fits and results interpretation

All the results showed so far, do not show a significant deviation from the SM if considered
separately. However, it is possible to perform a combined analysis, which takes in account all the
observables from b→ s(d)ll, b→ ll and b→ hγ transitions, for a total of ∼ 90 variables, and all
the experimental results. By those, so called, global fits, data-prediction deviations are minimised
by varying the Wilson coefficient and allowing for NP contributions. As a result, a negative NP
contribution with C9 ∼ −1 seems to be preferred, with a significance of ∼ 4− 5σ [31, 32, 33,
34]. The interpretation of this result is not unambiguous. A first, more optimistic, scenario can
explain those deviations as NP effect due to, for example, a Z′ boson [21, 22, 23, 24, 25, 26] or
leptoquarks [27, 28, 29]. On the other hand, those deviations could be the result of underestimated
hadronic uncertainties, in particular contributions from the charm loop. To improve understanding,
LHCb performed an analysis of the B→ K+µ+µ− channel [30], including all the resonances and
measuring the relative phases between the short-distance and the narrow-resonance amplitudes.

dΓ

dq2 =
G2

Fα2|VtbV ∗ts|2
128π5 |k|β

{
2
3
|k|2β

2 ∣∣C10 f+(q2)
∣∣2 +

4m2
µ(m

2
B−m2

K)
2

q2m2
B

∣∣C10 f0(q2)
∣∣2

+ |k|2
[

1− 1
3

β
2
]∣∣∣∣C9 f+(q2)+2C7

mb +ms

mB +mK
fT (q2)

∣∣∣∣
2
}
, (3.1)

where mB, mK , mb, ms and mµ are the masses of the mesons, quarks and leptons involved; the
constants GF , Vtq, and α , and are the Fermi constant, the relevant CKM matrix elements and the
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Figure 7: Fit to the dimuon mass distribution of the B+→K+µ+µ− events (left). Two-dimensional
likelihood profile for the Wilson coefficients C9 and C10 (right).

QED fine structure constant; |k| denote the kaon momentum in the B+ meson rest frame; f0,+,T

represents the scalar, vector and tensor B→ K form factors; and β 2 = 1− 4m2
µ/q2. Finally, Ci

are the Wilson coefficients involved in the decay. This analysis takes in account in the Wilson
coefficient the long-distance contribution, allowing all the magnitudes and relative phases between
the resonances to vary in the fit to the dimuon mass spectrum (see Fig. 7 (left)). The interference
between the resonant and non-resonant contribution is found to be small, and not able to explain
the tension observed in P′5. From the C9 and C10 two-dimensional likelihood profile, Fig. 7 (right),
the fit prefers |C9| >

∣∣CSM
9

∣∣ and |C10| <
∣∣CSM

10

∣∣ if both free in the fit, and |C9| <
∣∣CSM

9

∣∣ if C10 is
constrained to the SM value. This is in agreement with the global fits results. The branching
fraction of the short-distance component is found to be,

B(B+→ K+
µ
+

µ
−) = (4.37±0.15(stat)±0.23(syst))×10−7 (3.2)

in good agreement with the previous result from the exclusive analysis.

4. Conclusions

Rare decays constitute powerful probes to test the SM and validate BSM theories, given the
precise SM predictions, and the large expected contributions from NP. Many interesting results,
only few of them covered here, have been published by various experiments, like LHCb, Belle,
CMS and ATLAS. All the results, so far, are compatible with the SM predictions. Recently a
pattern has emerged in global fits that might hint to NP. A lot of work is still required to clarify the
tensions with the SM. New channels and observables have to be identified, and larger statistics will
be needed in order to increase the sensitivity and clarify the still open questions.
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