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The power of indirect searches

3

 are FCNC processes that 
can only occur via loop in the SM
b → sℓ+ℓ−
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observables are altered by 
new (virtual) particles

• Because of the large  mass, rare  decays offer a rich phenomenology for indirect searches of 
New Physics (NP) :

b B

• Precision measurements are a powerful tool to unveil new particles indirectly :

• 1970 charm presence invoked from the suppression of  before the  discovery

• 1973 3X3 CKM matrix is needed to explain the CP violation observed in kaons

• 1987 top mass limit inferred from loop contribution in  mixing: 

K0 → μ+μ− J/ψ

B0 − B0 mt > 50 GeV

[PRD 2 (1970) 1285] [PLB 192 (1987) 245-252][PTP 49 (1973) 652-657]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.2.1285
https://www.sciencedirect.com/science/article/abs/pii/0370269387911774?via=ihub
https://academic.oup.com/ptp/article/49/2/652/1858101
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Effective theory for rare  decaysB

4

• Local operators (long-distance): the corresponding 
form factor is computed with, e.g., lattice QCD

• Wilson coefficients (short-distance): evaluated in 
perturbation theory

high energy, the strong coupling is small enough to allow for a perturbative ap-
proach, but at the low energy scale of the meson binding processes, where quarks
are confined, non-perturbative methods such as lattice calculations are needful.
Fortunately, the high and low energy scales can be disentangled in many cases [41].
A stratagem to separate short-distance (perturbative) and long-distance (gener-
ally non-perturbative) e↵ects is used in the E↵ective Field Theory (EFT). Let
us consider the simplest case of the neutron �-decay. The Feynman diagram in

1 Introduction

1.1 General View

The basic starting point for any serious phenomenology of weak decays of hadrons is the

e↵ective weak Hamiltonian which has the following generic structure

Heff =
GFp

2

X

i

V i

CKM
Ci(µ)Qi . (1.1)

Here GF is the Fermi constant and Qi are the relevant local operators which govern the

decays in question. The Cabibbo-Kobayashi-Maskawa factors V i

CKM
[1, 2] and the Wilson

Coe�cients Ci [3, 4] describe the strength with which a given operator enters the Hamiltonian.

In the simplest case of the �-decay, Heff takes the familiar form

H(�)

eff
=

GFp
2

cos �c[ū�µ(1 � �5)d ⌦ ē�µ(1 � �5)⌫e] , (1.2)

where Vud has been expressed in terms of the Cabibbo angle. In this particular case the Wilson

Coe�cient is equal unity and the local operator, the object between the square brackets, is

given by a product of two V � A currents. This local operator is represented by the diagram

(b) in fig. 1. Equation (1.2) represents the Fermi theory for �-decays as formulated by

W

d u

ν e

(a)

d u

ν e

(b)

Figure 1: �-decay at the quark level in the full (a) and e↵ective (b) theory.

Sudarshan and Marshak [5] and Feynman and Gell-Mann [6] forty years ago, except that

in (1.2) the quark language has been used and following Cabibbo a small departure of Vud

from unity has been incorporated. In this context the basic formula (1.1) can be regarded

as a generalization of the Fermi Theory to include all known quarks and leptons as well as

their strong and electroweak interactions as summarized by the Standard Model. It should

be stressed that the formulation of weak decays in terms of e↵ective Hamiltonians is very

suitable for the inclusion of new physics e↵ects. We will discuss this issue briefly in these

lectures.

1

Figure 1.5: Neutron �-decay at the quark level in the full (a) and e↵ective (b)
theory.

Fig. 1.5a with full W-propagator represents the situation at very short distance
scales of O(MW ), whereas the true picture of a decaying neutron, whose mass
is Mn ⌧ MW , is more properly described by e↵ective point-like vertices which
are represented by the local operator of Fig. 1.5b. An e↵ective Hamiltonian can
therefore be written as [42]

H(�)

eff
=

GFp
2

cos ✓c [ū�µ(1 � �5)d ⌦ ē�
µ(1 � �5)⌫e] , (1.18)

which is the familiar Fermi theory for �-decays.
Analogously to Fermi theory, a generic e↵ective weak Hamiltonian can be written
as

Heff =
GFp

2

X

i

V
i

CKM
Ci(�)Oi(�), (1.19)

where Oi are the local operators relevant for the decay and Ci are called Wilson
coe�cients, which, together with the CKM matrix elements, describe the strength
with which a given operator enters the Hamiltonian. Heff is thus represented
as a series, known as Operator Product Expansion (OPE), of e↵ective vertices
multiplied by e↵ective coupling constants Ci.
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•  decays can be described with an "Effective Hamiltonian", where high- and low-energy 
contributions are factorised ( ):
b → sℓ+ℓ−

Mb ≪ MW

Effective field theory

• Model independent description in effective field theory

Heff = � 4GFp
2⇡

V ⇤
tsVtb

X

i

[CiOi + C 0
iO0

i]
• Ci Wilson coefficients 

encoding info of the short 
distance physics 

• Oi four-fermion operators

b

µ+

µ�

s

Ci

<latexit sha1_base64="D+2dNtEpkjhf/8uxuAT2LsSau78="></latexit><latexit sha1_base64="D+2dNtEpkjhf/8uxuAT2LsSau78="></latexit><latexit sha1_base64="D+2dNtEpkjhf/8uxuAT2LsSau78="></latexit><latexit sha1_base64="D+2dNtEpkjhf/8uxuAT2LsSau78="></latexit>

t

W

t

Z0

b

µ+

µ�

s

<latexit sha1_base64="KLuhI5t0c+FuuaeGDq4L4+RX5i0="></latexit><latexit sha1_base64="KLuhI5t0c+FuuaeGDq4L4+RX5i0="></latexit><latexit sha1_base64="KLuhI5t0c+FuuaeGDq4L4+RX5i0="></latexit><latexit sha1_base64="KLuhI5t0c+FuuaeGDq4L4+RX5i0="></latexit>

• Similarly to the β-decay we can integrate out the heavy 
field of the SM

Full theory Effective description
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• Similarly to the β-decay we can integrate out the heavy 
field of the SM

Full theory Effective description

7

• point-like interaction as in the Fermi description of the neutron decay

[RMP 68 (1996) 1125-1144]

https://arxiv.org/abs/hep-ph/9512380
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Scenarios with two Wilson coef�cients
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flavio

Bs ! µµ & corr. obs. 1�

RK & RK⇤ 1�, 2�

b ! sµµ 1�, 2�

WET at �.8 GeV

I Bs ! µ+µ� and correlated
observables (�F = �)
prefer positive Cbsµµ

��

I Combination of Bs ! µ+µ� and other
b ! sµµ observables:
I b ! sµµ & Bs ! µµ & corr. obs.

depend only on muonic coeff.
I RK & RK⇤ sensitive to LFUV,

insensitive to universal coeff.
I Combination of Bs ! µ+µ� and NC

LFU observables (RK , RK⇤ , DP�0,�0 )

I NCLFU obs. & Bs ! µµ :
very clean theory prediction,
insensitive to universal Cuniv.

�I b ! sµµ sensitive to univ. coeff.
possibly af�icted by
underestimated hadr. uncert.

Peter Stangl (University of Bern) La Thuile ����, �� March ���� ��/��

SM

Probing New Physics with rare  decaysB

5

[Stangl @ La Thuile 2021]

• The latest global fits prefer NP 
contributions to  and  

• Due to several "anomalies", in order 
of precision from the theory:

1.  differential branching 
fractions and angular observables

2. 

3. 

C9 C10

b → sμ+μ−

ℬ(B0
s → μ+μ−)

RK

• SM operators for  :b → sℓ+ℓ− • NP can alter  but also introduce new operatorsC(′ )
i
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Figure 7.2: Feynman diagrams representing (top) SM contributions to b ! sµ+µ� transitions and
(bottom) possible contributions in NP models. The bottom left diagram shows the contribution
of a Z 0 boson, while the bottom right shows that of a leptoquark.

The b ! s and b ! d FCNC processes are described by the e↵ective Hamiltonian,

He↵ = �4GFp
2

VtbV
⇤
tq

"
↵e

4⇡

X

i

Ci(µ)Oi(µ)

#
, (7.3)

where GF is the Fermi constant, Vij are elements of the CKM matrix and ↵e is the fine structure
constant [313]. The Ci coe�cients are the so-called Wilson coe�cients that encode short-distance
contributions to the decay amplitude at scales above µ. The Wilson coe�cients are universal and
apply to both the b ! s and b ! d processes. Finally, the Oi are local operators with di↵erent
Lorentz structures. The most important operators for b ! s`+`� and b ! d`+`� decays are

O(0)
7

=
mb

e

�
s�µ⌫PR(L)b

�
Fµ⌫ ,

O(0)
9

=
�
sPL(R)b

� �
`�µ`

�
,

O(0)
10

=
�
sPL(R)b

� �
`�µ�5`

�
,

(7.4)

where mb is the b-quark mass and PL,R are the left- and right-handed projection operators.
The coe�cients C9 and C10 correspond to the coupling to a vector and an axial-vector leptonic
current, respectively. The V–A structure of the weak interaction leads to the expectation that
C9 ⇡ �C10 and C 0

9,10
⇡ 0. Hadronic matrix elements are parametrised in terms of form factors

that can be determined with non-perturbative methods, such as QCD sum rules or lattice QCD.
Contributions from new particles can modify the Wilson coe�cients, leading to observable e↵ects
in the rate and angular distribution of the decays or introducing new sources of CP violation.

Di↵erent regions of dilepton mass squared (q2) and decays with di↵erent final-state hadrons
provide sensitivity to di↵erent combinations of the Wilson coe�cients. New physics contributions
at energy scales above mb can modify the Wilson coe�cients from their SM-values, or introduce
entirely new Lorentz structures. Decomposing possible NP contributions in terms of e↵ective
operators with a well defined Lorentz structure allows the model-independent correlations
between di↵erent observables and decays to be exploited. The low-q2 region of the decay
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�HNP =
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⇤2
NP
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Precision 
measurements go 
well beyond collision 
energies!
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https://agenda.infn.it/event/25022/contributions/130214/
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Table 1: Di↵erential dB(B0
s ! �µ+µ�)/dq2 branching fraction, both relative to the normalization

mode and absolute, in intervals of q2. The uncertainties are, in order, statistical, systematic,
and due to the uncertainty on the branching fraction of the normalization mode.

q2 interval dB(B0
s ! �µ+µ�)/B(B0

s ! J/ �)dq2 dB(B0
s ! �µ+µ�)/dq2

[ GeV2/c4] [10�5GeV�2c4] [10�8GeV�2c4]

0.1–0.98 7.61± 0.52± 0.12 7.74± 0.53± 0.12± 0.37

1.1–2.5 3.09± 0.29± 0.07 3.15± 0.29± 0.07± 0.15

2.5–4.0 2.30± 0.25± 0.05 2.34± 0.26± 0.05± 0.11

4.0–6.0 3.05± 0.24± 0.06 3.11± 0.24± 0.06± 0.15

6.0–8.0 3.10± 0.23± 0.06 3.15± 0.24± 0.06± 0.15

11.0–12.5 4.69± 0.30± 0.07 4.78± 0.30± 0.08± 0.23

15.0–17.0 5.15± 0.28± 0.10 5.25± 0.29± 0.10± 0.25

17.0–19.0 4.12± 0.29± 0.12 4.19± 0.29± 0.12± 0.20

1.1–6.0 2.83± 0.15± 0.05 2.88± 0.15± 0.05± 0.14

15.0–19.0 4.55± 0.20± 0.11 4.63± 0.20± 0.11± 0.22
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Figure 2: Di↵erential branching fraction dB(B0
s ! �µ+µ�)/dq2, overlaid with SM predictions

using Light Cone Sum Rules [32, 34, 35] at low q2 and Lattice calculations [36, 37] at high q2.
The results from the LHCb 3 fb�1 analysis [1, 30] are shown with gray markers.

The B0
s ! f 0

2µ
+µ� decay is searched for using the combined q2 region [0.1, 0.98] [

[1.1, 8.0] [ [11.0, 12.5]GeV2/c4. The branching fraction of the signal decay is determined
relative to the B0

s ! J/ � normalization mode, according to

B(B0
s ! f 0

2µ
+µ�)

B(B0
s ! J/ �)

= B(J/ ! µ+µ�)⇥ B(�! K+K�)

B(f 0
2! K+K�)

⇥
Nf 0

2µ
+µ�

NJ/ �
⇥

✏J/ �
✏f 0

2µ
+µ�

, (2)

where the ratio of branching fractions B(�! K+K�)/B(f 0
2! K+K�) = 1.123±0.030 [26]

is used. To separate the f 0
2 signal from S- and P-wave contributions to the wide m(K+K�)

4

Anomalies in  differential ratesb → sμ+μ−
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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� 22GeV2/c4, while for B+
! K⇤+µ+µ� it is 15� 19GeV2/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.
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• Since Run 1, differential  rates  at LHCb indicate a downward deviation wrt SMb → sμ+μ− (q2 = m2
l+l−)
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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� 22GeV2/c4, while for B+
! K⇤+µ+µ� it is 15� 19GeV2/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.
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FIG. 8. ⇤b ! ⇤ µ
+

µ
� di↵erential branching fraction calculated in the Standard Model, compared to experimental data from

LHCb [28] (black points; error bars are shown both including and excluding the uncertainty from the normalization mode
⇤b ! J/ ⇤ [84]).

hdB/dq
2i hFLi hA`

FBi hA⇤
FBi hA`⇤

FBi hK̂2ssi hK̂2cci hK̂4si hK̂4sci
[0.1, 2] 0.25(23) 0.465(84) 0.095(15) �0.310(18) �0.0302(51) �0.233(19) �0.154(26) �0.009(22) 0.022(22)

[2, 4] 0.18(12) 0.848(27) 0.057(31) �0.306(24) �0.0169(99) �0.284(23) �0.0444(87) 0.031(36) 0.013(31)

[4, 6] 0.23(11) 0.808(42) �0.062(39) �0.311(17) 0.021(13) �0.282(15) �0.059(13) 0.038(44) 0.001(31)

[6, 8] 0.307(94) 0.727(48) �0.163(40) �0.316(11) 0.053(13) �0.273(10) �0.086(15) 0.030(39) �0.007(27)

[1.1, 6] 0.20(12) 0.813(32) 0.012(31) �0.309(21) �0.0027(99) �0.280(20) �0.056(10) 0.030(35) 0.009(30)

[15, 16] 0.796(75) 0.454(20) �0.374(14) �0.3069(83) 0.1286(55) �0.2253(69) �0.1633(69) �0.060(13) �0.0211(80)

[16, 18] 0.827(76) 0.417(15) �0.372(13) �0.2891(90) 0.1377(46) �0.2080(69) �0.1621(66) �0.090(10) �0.0209(60)

[18, 20] 0.665(68) 0.3706(79) �0.309(15) �0.227(10) 0.1492(37) �0.1598(71) �0.1344(70) �0.1457(74) �0.0172(40)

[15, 20] 0.756(70) 0.409(13) �0.350(13) �0.2710(92) 0.1398(43) �0.1947(68) �0.1526(65) �0.1031(97) �0.0196(55)

TABLE VII. Standard-Model predictions for the binned ⇤b ! ⇤ µ
+

µ
� di↵erential branching fraction (in units of 10�7 GeV�2)

and for the binned ⇤b ! ⇤(! p
+
⇡
�)µ+

µ
� angular observables (with unpolarized ⇤b). The first column specifies the bin ranges

[q2min, q
2
max] in units of GeV2.

The uncertainties given for the Standard-Model predictions are the total uncertainties, which include the statistical
and systematic uncertainties from the form factors (propagated to the observables using the procedure explained in
Sec. IV), the perturbative uncertainties, an estimate of quark-hadron duality violations (discussed further below),
and the parametric uncertainties from Eqs. (64), (69), and (70). For all observables considered here (but not for K̂3s

and K̂3sc), the uncertainties associated with the subleading contributions from the OPE (at high q
2) are negligible

compared to the other uncertainties. The central values of the observables were computed at the renormalization
scale µ = 4.2 GeV; to estimate the perturbative uncertainties, we varied the renormalization scale from µ = 2.1 GeV
to µ = 8.4 GeV. When doing this scale variation, we also included the renormalization-group running of the tensor
form factors from the nominal scale µ0 = 4.2 GeV to the scale µ, by multiplying these form factors with

✓
↵s(µ)

↵s(µ0)

◆��
(0)
T /(2�0)

(72)

(as in Ref. [8]), where �
(0)
T

= 2 CF = 8/3 is the anomalous dimension of the tensor current [97], and �0 = (11 Nc �

2 Nf )/3 = 23/3 is the leading-order QCD beta function [98] for 5 active flavors. Even though we did not perform
a one-loop calculation of the residual lattice-to-continuum matching factors for the tensor currents, our estimates of
the renormalization uncertainties in the tensor form factors as discussed in Sec. IV are specific for µ = 4.2 GeV, and
doing the RG running avoids a double-counting of these uncertainties. Note that the contributions of the tensor form
factors to the observables are proportional to 1/q

2 (because of the photon propagator connecting O7 to the lepton
current), and are suppressed relative to those from the vector and axial vector form factors at high q

2. At low q
2,

⇤0
b ! ⇤µµ

[PRD 93 (2016) 074501][JHEP 1809 (2018) 145]
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Figure 5: Di↵erential branching fraction of B0! K⇤(892)0µ+µ� decays as a function of q2. The
data are overlaid with the SM prediction from Refs. [48,49]. 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 systematic
uncertainties, and include the uncertainty on the B0! J/ K⇤0 and J/ ! µ+µ� branching
fractions.

Table 2: Di↵erential branching fraction of B0! K⇤(892)0µ+µ� decays in bins of q2. The first
uncertainty is statistical, the second systematic and the third due to the uncertainty on the
B0! J/ K⇤0 and J/ ! µ+µ� branching fractions.

q2 bin (GeV2/c4) dB/dq2 ⇥ 10�7 (c4/GeV2)

0.10 < q2 < 0.98 1.016+0.067
�0.073 ± 0.029± 0.069

1.1 < q2 < 2.5 0.326+0.032
�0.031 ± 0.010± 0.022

2.5 < q2 < 4.0 0.334+0.031
�0.033 ± 0.009± 0.023

4.0 < q2 < 6.0 0.354+0.027
�0.026 ± 0.009± 0.024

6.0 < q2 < 8.0 0.429+0.028
�0.027 ± 0.010± 0.029

11.0 < q2 < 12.5 0.487+0.031
�0.032 ± 0.012± 0.033

15.0 < q2 < 17.0 0.534+0.027
�0.037 ± 0.020± 0.036

17.0 < q2 < 19.0 0.355+0.027
�0.022 ± 0.017± 0.024

1.1 < q2 < 6.0 0.342+0.017
�0.017 ± 0.009± 0.023

15.0 < q2 < 19.0 0.436+0.018
�0.019 ± 0.007± 0.030

12

B ! K⇤0µµ

[JHEP 1602 (2016) 104] [LHCb-PAPER-2021-014]

• Weaker muon coupling or a common issue with the hadronic interactions (i.e. form factors)?

[JHEP 1406 (2014) 133]

https://arxiv.org/abs/1602.01399
https://arxiv.org/abs/1503.07138
https://arxiv.org/abs/1512.04442
https://arxiv.org/abs/2105.14007
https://arxiv.org/abs/1403.8044


Marco Santimaria /24SIF 2021

Angular analysis of  decaysB0(+) → K*0(+)μ+μ−

7

• Build optimised angular observable with reduced hadronic uncertainty

[PRL 126 (2021) 161802]

2. Angular analyses of B ! K ⇤µ+µ�

⌘ Large number of observables offering complementary constraints on NP
compared to BF’s

⌘ Orthogonal experimental systematics and more precise theory predictions
Left: B0 ! K⇤0µ+µ�

[PRL125011802(2020)], Right: B+ ! K⇤+µ+µ�
[arXiv:2012.13241]
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Global fits

⌘ Combination all b ! s`+`� measurements

⌘ Measurements point to new vector coupling
(Cµ

9 )

⌘ Bs ! µ+µ� and LFU observables have very
clean theory predictions.

⌘ B ! K (⇤)µ+µ� BF and angular observables
potentially suffer from underestimated hadronic
uncertainties.

Improving experimental precision of LFU observables is critical.

K.A. Petridis (UoB) Test of LFU at LHCb March 2021 6 / 20

B0 → K*0μ+μ− B+ → K*+μ+μ−[PRL 125 (2020) 011802]

• LHCb measurements of  on  
decays deviate from the SM by  and 

P′ 5 B0 → K*0μ+μ−

2.5 σ 2.9 σ
• New measurement on  goes 

in the same direction
B+ → K*+μ+μ−

• However, non-trivial charm loop contributions 
are present close to the resonant regions

See e.g. [this talk by M. Ciuchini]

https://arxiv.org/abs/2012.13241
https://arxiv.org/abs/2003.04831
https://agenda.infn.it/event/21800/contributions/110001/attachments/70696/88336/Ciuchini.pdf
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The LHCb detector
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RICH1

• High vertex resolution (VELO)
    
    (  travel distance )

σIP = 15 + 29/pT μm
B 𝒪(1 cm)

• Excellent momentum resolution (T stations)
    
     narrow mass peak

σp /p = 0.5 − 1.0 % (p ∈ [2,200] GeV)
→

• Particle identification capabilities (RICH+CALO+MUON)
   with ϵμ ∼ 98 % ϵπ→μ ≲ 1 %

• Low momentum muon trigger
    (2018)pTμ

> 1.75 GeV

[JINST 3 (2008) S08005]

[IJMP A 30 (2015) 1530022]

https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
https://arxiv.org/abs/1412.6352


Legacy analysis of  decaysB0
(s) → μ+μ−

[LHCB-PAPER-2021-007]

[LHCB-PAPER-2021-008]

https://arxiv.org/abs/2108.09284
https://arxiv.org/abs/2108.09283
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 decays in the SMB0
(s) → μ+μ−
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[JHEP 10 (2019) 232]

ℬ(B0
s → μ+μ−)SM = (3.66 ± 0.14) × 10−9

ℬ(B0 → μ+μ−)SM = (1.03 ± 0.05) × 10−10

single Wilson coefficient & single hadronic constant (known at !)≃ 0.5 %

• In the SM,  and  decays to two muons are FCNC and helicity suppressed :B0 B0
s

• Golden channel: very clean prediction in the SM

branching ratio. Similar e↵ects are not significant for B0
! µ+µ� decays due to the39

negligible decay width di↵erence of the B0 mass eigenstates.40

The B0

s ! µ+µ�� decay is similarly rare in the SM. Compared to the B0

s ! µ+µ�
41

amplitude, the additional suppression arising from the photon is compensated by the lift42

of the helicity suppression, bringing the total branching fraction to O(10�8) [12–14]. Two43

groups of amplitudes contribute to this decay: those where the photon is emitted from44

the initial state (initial state radiation or ISR), shown for example in Fig. 1(c), and those45

in which it is emitted from the final state (final state radiation, FSR), Fig. 1(d). Their46

interference is evaluated to be negligible due to the helicity and the kinematic suppression47

combined [12, 13, 15]. The FSR part of the B0

s ! µ+µ�� process is experimentally48

included in the B0

s ! µ+µ� decay through the description of its radiative mass tail due to49

bremsstrahlung and detector interactions. The ISR contribution is sensitive to a wider50

range of interactions, in particular to vector and electromagnetic ones, and is treated as51

a separate contribution. Similar to other multibody b ! s`` decays, the sensitivity to52

di↵erent interactions depends on the dimuon mass squared, q2, of the decay. At low q2,53

the decay is mostly sensitive to magnetic and vector interactions, while at high q2 the54

vector and axial-vector prevail. This makes the ISR B0

s ! µ+µ�� decay at high q2 an55

ideal place where to probe the same interactions that drive the anomalies that have been56

seen in some b ! s`` decays [16–19]. In the rest of this article B0

s ! µ+µ�� will indicate57

the ISR process.58

Measurements of B0

(s)! µ+µ�(�) processes have attracted considerable experimental59

interest since the first search for these decays at the CLEO experiment [20], almost forty60

years ago. The first evidence for the B0

s ! µ+µ� decay was obtained at LHCb [21] with61

data corresponding to 2 fb�1 of pp collisions, and this decay was definitively observed with62

the combined analysis of the LHCb and CMS experiments data [22]. Further measurements63

B0

s

Z0W+

W�

t

s

b̄

µ�

µ+

(a)

B0

s

W+

⌫µ

W�

t

s

b̄

µ�

µ+

(b)

B0

s

Z0W+

W�

t

�s

b̄

µ�

µ+

(c)

B0

s

Z0W+

W�

t �

s

b̄

µ�

µ+

(d)

Figure 1: Possible SM diagrams mediating (top) the B0
s ! µ+µ� and (bottom) the B0

s ! µ+µ��
processes. Subpanels show (a) the so-called “penguin” diagram and (b) the “box” diagram for
B0

s ! µ+µ�, and (c) an ISR contribution and (d) an FSR contribution to B0
s ! µ+µ��.
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 decays in the SMB0
(s) → μ+μ−
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[JHEP 10 (2019) 232]

ℬ(B0
s → μ+μ−)SM = (3.66 ± 0.14) × 10−9

ℬ(B0 → μ+μ−)SM = (1.03 ± 0.05) × 10−10

Single Wilson coefficient

Single hadronic constant
known at !≃ 0.5 %

1.2.4 The Standard Model branching fraction400

From the e↵ective Hamiltonian (1.22), the time-integrated, untagged and helicity-
summed branching fraction (1.23) can be worked out by evaluating the ampli-
tude (1.20). Within the SM, the only non-negligible contribution to B

0

d,s
! µ

+
µ

�

decays comes from the operator O10, whose magnitude in the e↵ective Hamiltonian
is represented by the real Wilson coe�cient C

SM

10
. Scalar (OS) and pseudo-scalar

(OP ) contributions are in fact absent in the SM, with the only exception of the
Higgs penguin process, which is however negligible due to the smallness of the
muon mass. The left-handedness of the charged current also implies that the Wil-
son coe�cients C

0
i
corresponding to the O0

i
operators are suppressed by O(mq/mb),

where q = d, s. The SM branching fraction can therefore be expressed as [44]:

B(B0

q
! µ

+
µ

�)SM

exp
=

⌧Bq
G

4

F
M

4

W
sin4

✓W

8⇡5
|CSM

10
VtbV

⇤
tq
|2

⇥ f
2

Bq
mBq

m
2

µ

s

1 �
4m2

µ

m
2

Bq

1 + yq

1 � y2
q

, (1.34)

where, as stated in Sec. 1.2.2, the mixing e↵ect correction (1 + yq)/(1 � y
2

q
) is401

sizeable only in the B
0

s
! µ

+
µ

� case (q = s).402

C
SM

10
comprises the contributions from Z penguin and W box diagrams of Fig. 1.4,403

and has a value of ⇠ �4.1 [44]. Since Higgs boson couplings are proportional404

to the fermion masses (Eq. (1.8)), its only substantial contributions are those in405

which H
0 is coupled at both end of its propagator to the top quark. The main406

processes for such contributions appear at two-loop level in EW interactions and407

can be safely neglected [42].408

The Hadronic Matrix Element409

As the final state of B
0

q
! µ

+
µ

� is purely leptonic, the hadronic sector of the410

decay can be expressed in terms of a single non-perturbative decay constant fBq
,411

defined by the matrix element [50]412

⌦
0|q̄�µ�5b|B̄q(p)

↵
= ipµfBq

, (1.35)

which contracted with p
µ on both sides gives413

⌦
0|q̄�5b|B̄q(p)

↵
= �ifBq

M
2

Bq

mb + ms

. (1.36)

The decay constant used to be the largest source of uncertainty in the amplitude
calculation, but recent advances in lattice QCD calculations brought this error

16

• In the SM, B decays to two muons are FCNC and helicity suppressed :

299

Unlike charged currents, weak neutral currents are not a↵ected by the base change300

(1.10), so that no flavour mixing terms are present. Therefore, Flavour Changing301

Neutral Current (FCNC) processes are only possible at higher orders, meaning that302

direct transitions between down or up type quarks are highly suppressed within303

the SM, as shown in Sec. 1.2.304

1.2 B
0
d,s

! µ
+
µ

� in the Standard Model305

B
0

d
(b̄d) and B

0

s
(b̄s) decays into a pair of oppositely charged muons, B

0

d,s
! µ

+
µ

�,306

are especially interesting and extremely rare in the SM.307

Given the quark compositions of the B
0

d
and B

0

s
mesons, their dimuon decay implies308

a weak transition between two down-type quarks, b ! d or b ! s, which is309

forbidden at the tree level in the SM (Fig. 1.4a), as deduced in 1.1.2.

charged current is the decay of the ⇡
+ meson, which consists of an up (u) quark of

electrical charge +2/3 of the charge of the proton and a down (d) antiquark of charge
+1/3. A pictorial representation of this process, known as a Feynman diagram, is shown
in Fig. 1a. The u and d quarks are ‘first generation’ or lowest mass quarks. Whenever a
decay mode is specified in this Letter, the charge conjugate mode is implied.

The B
+ meson is similar to the ⇡

+, except that the light d antiquark is replaced by the
heavy ‘third generation’ (highest mass quarks) beauty (b) antiquark, which has a charge
of +1/3 and a mass of ⇠5 GeV/c

2 (about five times the mass of a proton). The decay
B

+ ! µ
+
⌫, represented in Fig. 1b, is allowed but highly suppressed because of angular

momentum considerations (helicity suppression) and because it involves transitions be-
tween quarks of di↵erent generations (CKM suppression), specifically the third and first
generations of quarks. All b hadrons, including the B

+, B
0

s
and B

0 mesons, decay predom-
inantly via the transition of the b antiquark to a ‘second generation’ (intermediate mass
quarks) charm (c) antiquark, which is less CKM suppressed, in final states with charmed
hadrons. Many allowed decay modes, which typically involve charmed hadrons and other
particles, have angular momentum configurations that are not helicity suppressed.

The neutral B
0

s
meson is similar to the B

+ except that the u quark is replaced by
a second generation strange (s) quark of charge �1/3. The decay of the B

0

s
meson to

two muons, shown in Fig. 1c, is forbidden at the elementary level because the Z
0 cannot

couple directly to quarks of di↵erent flavours, that is, there are no direct ‘flavour changing
neutral currents’. However, it is possible to respect this rule and still have this decay occur
through the ‘higher order’ transitions such as those shown in Fig. 1d and e. These are
highly suppressed because each additional interaction vertex reduces their probability of
occurring significantly. They are also helicity and CKM suppressed. Consequently, the
branching fraction for the B

0

s
! µ
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µ

� decay is expected to be very small compared to
the dominant b antiquark to c antiquark transitions. The corresponding decay of the B
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Figure 1 | Feynman diagrams related to the B0
s ! µ+µ� decay: a, ⇡+ meson decay

through charged-current process; b, B+ meson decay through the charged-current process; c, a
B0

s decay through the direct flavour changing neutral current process, which is forbidden in the
SM, as indicated by the large red “X; d and e, higher-order flavour changing neutral current
processes for the B0

s ! µ+µ� decay allowed in the SM; and f and g, examples of processes for
the same decay in theories extending the SM, where new particles, denoted as X0 and X+, can
alter the decay rate.
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(a) Tree

charged current is the decay of the ⇡
+ meson, which consists of an up (u) quark of

electrical charge +2/3 of the charge of the proton and a down (d) antiquark of charge
+1/3. A pictorial representation of this process, known as a Feynman diagram, is shown
in Fig. 1a. The u and d quarks are ‘first generation’ or lowest mass quarks. Whenever a
decay mode is specified in this Letter, the charge conjugate mode is implied.

The B
+ meson is similar to the ⇡

+, except that the light d antiquark is replaced by the
heavy ‘third generation’ (highest mass quarks) beauty (b) antiquark, which has a charge
of +1/3 and a mass of ⇠5 GeV/c

2 (about five times the mass of a proton). The decay
B

+ ! µ
+
⌫, represented in Fig. 1b, is allowed but highly suppressed because of angular

momentum considerations (helicity suppression) and because it involves transitions be-
tween quarks of di↵erent generations (CKM suppression), specifically the third and first
generations of quarks. All b hadrons, including the B

+, B
0

s
and B

0 mesons, decay predom-
inantly via the transition of the b antiquark to a ‘second generation’ (intermediate mass
quarks) charm (c) antiquark, which is less CKM suppressed, in final states with charmed
hadrons. Many allowed decay modes, which typically involve charmed hadrons and other
particles, have angular momentum configurations that are not helicity suppressed.

The neutral B
0

s
meson is similar to the B

+ except that the u quark is replaced by
a second generation strange (s) quark of charge �1/3. The decay of the B

0

s
meson to

two muons, shown in Fig. 1c, is forbidden at the elementary level because the Z
0 cannot

couple directly to quarks of di↵erent flavours, that is, there are no direct ‘flavour changing
neutral currents’. However, it is possible to respect this rule and still have this decay occur
through the ‘higher order’ transitions such as those shown in Fig. 1d and e. These are
highly suppressed because each additional interaction vertex reduces their probability of
occurring significantly. They are also helicity and CKM suppressed. Consequently, the
branching fraction for the B

0

s
! µ

+
µ

� decay is expected to be very small compared to
the dominant b antiquark to c antiquark transitions. The corresponding decay of the B
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Figure 1 | Feynman diagrams related to the B0
s ! µ+µ� decay: a, ⇡+ meson decay

through charged-current process; b, B+ meson decay through the charged-current process; c, a
B0

s decay through the direct flavour changing neutral current process, which is forbidden in the
SM, as indicated by the large red “X; d and e, higher-order flavour changing neutral current
processes for the B0

s ! µ+µ� decay allowed in the SM; and f and g, examples of processes for
the same decay in theories extending the SM, where new particles, denoted as X0 and X+, can
alter the decay rate.
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(b) Z penguin

charged current is the decay of the ⇡
+ meson, which consists of an up (u) quark of

electrical charge +2/3 of the charge of the proton and a down (d) antiquark of charge
+1/3. A pictorial representation of this process, known as a Feynman diagram, is shown
in Fig. 1a. The u and d quarks are ‘first generation’ or lowest mass quarks. Whenever a
decay mode is specified in this Letter, the charge conjugate mode is implied.

The B
+ meson is similar to the ⇡

+, except that the light d antiquark is replaced by the
heavy ‘third generation’ (highest mass quarks) beauty (b) antiquark, which has a charge
of +1/3 and a mass of ⇠5 GeV/c

2 (about five times the mass of a proton). The decay
B

+ ! µ
+
⌫, represented in Fig. 1b, is allowed but highly suppressed because of angular

momentum considerations (helicity suppression) and because it involves transitions be-
tween quarks of di↵erent generations (CKM suppression), specifically the third and first
generations of quarks. All b hadrons, including the B

+, B
0

s
and B

0 mesons, decay predom-
inantly via the transition of the b antiquark to a ‘second generation’ (intermediate mass
quarks) charm (c) antiquark, which is less CKM suppressed, in final states with charmed
hadrons. Many allowed decay modes, which typically involve charmed hadrons and other
particles, have angular momentum configurations that are not helicity suppressed.

The neutral B
0

s
meson is similar to the B

+ except that the u quark is replaced by
a second generation strange (s) quark of charge �1/3. The decay of the B

0

s
meson to

two muons, shown in Fig. 1c, is forbidden at the elementary level because the Z
0 cannot

couple directly to quarks of di↵erent flavours, that is, there are no direct ‘flavour changing
neutral currents’. However, it is possible to respect this rule and still have this decay occur
through the ‘higher order’ transitions such as those shown in Fig. 1d and e. These are
highly suppressed because each additional interaction vertex reduces their probability of
occurring significantly. They are also helicity and CKM suppressed. Consequently, the
branching fraction for the B

0

s
! µ

+
µ

� decay is expected to be very small compared to
the dominant b antiquark to c antiquark transitions. The corresponding decay of the B
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Figure 1 | Feynman diagrams related to the B0
s ! µ+µ� decay: a, ⇡+ meson decay

through charged-current process; b, B+ meson decay through the charged-current process; c, a
B0

s decay through the direct flavour changing neutral current process, which is forbidden in the
SM, as indicated by the large red “X; d and e, higher-order flavour changing neutral current
processes for the B0

s ! µ+µ� decay allowed in the SM; and f and g, examples of processes for
the same decay in theories extending the SM, where new particles, denoted as X0 and X+, can
alter the decay rate.
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(c) W box

Figure 1.4: Dominant Feynman diagrams for B
0

d,s
! µ

+
µ

� decays

310

Nevertheless, B
0

d,s
! µ

+
µ

� can occur in the SM in higher order processes, the311

dominant ones being Z penguin with top loop (75%) and W box (24%) [40], as312

depicted in Fig. 1.4. In addition to being loop and CKM suppressed, B
0

d,s
!313

µ
+
µ

� decays su↵er significant helicity suppression. The neutral B mesons are314

pseudoscalars (JP = 0�), so that the two muons in the final state are forced to315

have the same helicity. The helicity state of one of the two muons is therefore316

always disfavoured by a factor (mµ/MB)2 ⇠ 4 ⇥ 10�4 with respect to the other.317

1.2.1 An E↵ective Field Theory for B decays318

The main obstacle in evaluating amplitudes for hadronic weak decays such as319

B
0

d,s
! µ

+
µ

� is strong interaction. Conversely to QED, where higher order pro-320

cesses are suppressed by powers of ↵EM ' 1/137, the strong coupling of QCD321

largely depends on the transferred momentum scale of the process. At su�ciently322

10

• Clean prediction in the SM:

[PRD 98 (2018) 074512]

(tree) (penguin) (box)

q = d, s
ℬ(B0

q → μ+μ−)SM =
τBq

G4
FM4

W sin4 θW

8π5
|CSM

10 VtbV*tq |2 f 2
Bq

mBq
m2

μ 1 −
4m2

μ

m2
Bq

1
1 − yq

[PRD 98 (2019) 074512]

https://arxiv.org/abs/1908.07011
https://arxiv.org/abs/1712.09262
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 measurementsB0
(s) → μ+μ−

11

•  

•  deviation from the SM

ℬ(B0
s → μ+μ−) = (2.69+0.37

−0.35) × 10−9

2.1σ
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Figure 1: In the left-hand plot, the two-dimensional likelihood contours of the results for
the B0

s
! µ+µ� and B0 ! µ+µ� decays for the three experiments are shown together with

their combination. The dataset used was collected from 2011 to 2016. The red dashed line
represents the ATLAS experiment, the green dot-dashed line the CMS experiment, the
blue long-dashed line the LHCb experiment and the continuous line their combination.
For each experiment and for the combination, likelihood contours correspond to the values
of �2�lnL = 2.3, 6.2, and 11.8, respectively. In the right-hand plot, the combination
of the three experiments is shown with contours of di↵erent shades. Likelihood contours
correspond to the values of �2�lnL = 2.3, 6.2, 11.8, 19.3, and 30.2, represented in order
by darkest to less dark colour. In both plots, the red point shows the SM predictions
with their uncertainties. The published results from the three experiments are detailed
in Ref. [1–3].

account. The resulting curve is shown in Fig. 3. The value of the ratio is determined to
be

R = 0.021+0.030
�0.025 (13)

and its upper limit at 90% (95)% CL isR < 0.052 (0.060). The upper limit is computed in
the same manner as for B(B0 ! µ+µ�), by integrating the likelihood only in the positive
region.

The CMS and LHCb experiments also measured the e↵ective lifetime of the observed
B0

s
! µ+µ� candidates. The LHCb B0

s
! µ+µ� e↵ective lifetime is measured from a

fit to the background-subtracted decay-time distribution of signal candidates. The CMS
measurement is determined with a two-dimensional likelihood fit to the proper decay
time and dimuon invariant mass; the model introduced in the likelihood fit adopts the
per-event decay time resolution as a conditional parameter in the resolution model. For
both experiments, the measurement is fully dominated by its statistical uncertainty, hence
the two results are uncorrelated. Two variable-width Gaussian likelihoods are used to
describe the CMS and LHCb original likelihoods and the value of �2�lnL obtained from
these functions (shown in Fig. 4) is then minimised to obtain the combined value and the

6

[ATLAS-CONF-2020-049]
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0B
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0B

−µ+µ0(+)π → 0(+)B

µν
−µ p→ b

0Λ

µν
+µψ J/→ +

cB

LHCb
BDT > 0.5

• 1984 The search begins at CLEO

• 2015 First observation of  with CMS + 
LHCb (Run 1 data)

• 2017 First observation of  with a single 
experiment by LHCb ( ) 

ℬ(B0
s → μ+μ−) < 2 × 10−4 (90 % CL)

B0
s → μ+μ−

B0
s → μ+μ−

4.4 fb−1

ℬ(B0
s → μ+μ−) = (3.0 ± 0.6+0.3

−0.2) × 10−9

[PRL 118 (2017) 191801]

• 2020 combination of ATLAS, CMS and LHCb:

[PRD 30 (1984) 11]

[Nature 522 (2015) 68–72]

• 2021 Will show here the "legacy measurement" 
of LHCb on the full Run 1 + Run 2 data ( )9 fb−1

https://cds.cern.ch/record/2728059
https://arxiv.org/abs/1703.05747
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.30.2279
https://www.nature.com/articles/nature14474
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Analysis strategy
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• Select muon pairs with 
 forming a 

displaced vertex
• Signal shape parameters calibrated from 

data 
• Normalisation with  

and . We expect for :

mμ+μ− ∈ [4900,6000] MeV

B+ → J/ψ ( → μ+μ−)K+

B0 → K+π− BDT > 0.25

• The strategy is well established since 2017 but introduces several improvements

• The pre-selected dataset is dominated 
by combinatorial background

• Use a a multivariate classifier "BDT" to 
reject it, mainly exploiting isolation and 
vertex detachment

• Events categorised in BDT bins: 
simultaneous mass fit to measure ℬ

backgrounds. The remaining combinatorial background cannot be reduced by
means of rectangular cuts without loosing a significant amount of sensitivity. For
this reason, the events surviving the full selections are analysed in bins of a BDT
output, which is described in the following section.

4.2 The BDT for combinatorial background re-
jection

The most abundant source of fake B
0

d,s
! µ

+
µ

� signals is represented by the combi-
natorial background. Since b and b̄ are always produced in pairs, their semileptonic
decay can originate two oppositely charged muons. If the muon track extrapola-
tions cross to form a detached vertex, the event can be recognised as a B

0

d,s
! µ

+
µ

�

one, as sketched in Fig. 4.1. Given the arbitrariness of the momentum combination,

B

µ+

µ-

B

Figure 4.1: Cartoon of a combinatorial B
0

d,s
! µ

+
µ

� event. Two B mesons
produced at the PV (green ellipse) decay and produce two muons, whose track
extrapolations (dashed pink) form a B-like vertex (dashed blue).

the invariant mass of the two muons has an exponentially decreasing distribution,
i.e. the mass spectrum of the combinatorial background sharply decreases within
the signal mass region.
To fight this background, a BDT has been defined that exploits the full event

94

N(B0 → μ+μ−)SM ≈ 11
N(B0

s → μ+μ−)SM ≈ 104

BLIND REGION

[LHCB-PAPER-2021-007]
[LHCB-PAPER-2021-008]

https://arxiv.org/abs/2108.09284
https://arxiv.org/abs/2108.09283
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Backgrounds
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Apply a strong PID cut on both muons, 
three classes of backgrounds remain:

1. Combinatorial
2. Semileptonic backgrounds (with either 

2 real muons or 1 misID hadron)
3.  (double misID)B0

(s) → h+h′ − → μ+μ−

[PRD 100 (2019) 112006]

[JHEP 10 (2015) 034]
[PRD 86 (2012) 114025]

[PDG]

[PRL 126 (2021) 081804]

[Nature Physics 10 (2015) 1038]

&

B0 → π−μ+νμ : 91 ± 4

B0
s → K−μ+νμ : 23 ± 3

Λ0
b → pμ−νμ : 4 ± 2

BDT > 0.5

B+(0) → π+(0)μ+μ− : 26 ± 3
B+

c → J/ψ(μ+μ−)μ+νμ : 7.2 ± 0.3

B0
(s) → h+h′ − → μ+μ− : 22 ± 1

• Estimates from simulation, 
PID efficiency calibrated on 
data

• The background 
components are gaussian-
constrained in the fit

[PDG] (LHCb inputs 
shown in red)

[LHCB-PAPER-2021-007]
[LHCB-PAPER-2021-008]

https://arxiv.org/abs/1910.13404
https://arxiv.org/abs/1509.00414
https://arxiv.org/abs/1207.0265
https://academic.oup.com/ptep/article/2020/8/083C01/5891211
https://arxiv.org/abs/2012.05143
https://arxiv.org/abs/1504.01568
https://academic.oup.com/ptep/article/2020/8/083C01/5891211
https://arxiv.org/abs/2108.09284
https://arxiv.org/abs/2108.09283
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Mass fit
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ℬ(B0
s → μ+μ−) = (3.09+0.46+0.15

−0.43−0.11) × 10−9 (10.8σ)

•  and  compatible with background only at  and B0 → μ+μ− B0
s → μ+μ−γ 1.7σ 1.5σ
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https://arxiv.org/abs/2108.09284
https://arxiv.org/abs/2108.09283
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Results

15

ℬ(B0 → μ+μ−) < 2.6 × 10−10 (95 % CL)

ℬ(B0
s → μ+μ−γ)mμ+μ−>4.9 GeV < 2.0 × 10−9 (95 % CL)

•  spot on 
previous LHCb result and SM compatible

• Limits set with the  method:

ℬ(B0
s → μ+μ−) = (3.09+0.46+0.15

−0.43−0.11) × 10−9

CLs
[J. Phys. G28 (2002) 2693]

• Achieved the most precise single-experiment measurement of the  with  error 
• Most precise measurement of the  effective lifetime (see backup)
•  limit at 2.5X the SM prediction: its observation in Run 3 heavily relies on the PID

ℬ(B0
s → μ+μ−) ∼ 15 %

B0
s → μ+μ− →

ℬ(B0 → μ+μ−)

• LHC synergy: ATLAS and CMS can achieve similar precision
• LHCb + ATLAS + CMS combination with full luminosity expected to reach  precision< 10 %

[JINST 15 (2020) T12005]

[LHCB-PAPER-2021-007]
[LHCB-PAPER-2021-008]

https://iopscience.iop.org/article/10.1088/0954-3899/28/10/313
https://arxiv.org/abs/2008.01579
https://arxiv.org/abs/2108.09284
https://arxiv.org/abs/2108.09283
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https://arxiv.org/abs/2103.11769
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The cleanest observable: RK

17

• To avoid hadronic uncertainty, build observables with reduced contributions from QCD

• The  ratio is free from hadronic uncertainties to a large extent and probes  
coupling strengths:

RH (H = K, K*, . . . ) μ /e

The SM predicts  with  
uncertainty

RK = 1 𝒪(1%)

Decays involving b! s`
+
`
� transitions, where ` represents a lepton, are mediated by

flavour-changing neutral currents. Such decays are suppressed in the Standard Model (SM),
as they proceed only through amplitudes that involve electroweak loop diagrams. These
processes are sensitive to virtual contributions from new particles, which could have masses
that are inaccessible to direct searches for resonances, even at Large Hadron Collider
experiments.

Theoretical predictions for exclusive b! s`
+
`
� decays rely on the calculation of

hadronic e↵ects, and recent measurements have therefore focused on quantities where the
uncertainties from such e↵ects are reduced to some extent, such as angular observables
and ratios of branching fractions. The results of the angular analysis of the decay
B

0
! K

⇤0
µ
+
µ
� [1–9] and measurements of the branching fractions of several b! s`

+
`
�

decays [10–13] are in some tension with SM predictions [14–19]. However, the treatment
of the hadronic e↵ects in the theoretical predictions is still the subject of considerable
debate [20–29].

The electroweak couplings of all three charged leptons are identical in the SM and,
consequently, the decay properties (and the hadronic e↵ects) are expected to be the same
up to corrections related to the lepton mass, regardless of the lepton flavour (referred to
as lepton universality). The ratio of branching fractions for B! Hµ

+
µ
� and B! He

+
e
�

decays, where H is a hadron, can be predicted precisely in an appropriately chosen range
of the dilepton mass squared q

2
min < q

2
< q

2
max [30, 31]. This ratio is defined by

RH =

Z
q
2
max

q
2
min

d�[B! Hµ
+
µ
�]

dq2
dq2

Z
q
2
max

q
2
min

d�[B! He
+
e
�]

dq2
dq2

, (1)

where � is the q2-dependent partial width of the decay. In the range 1.1 < q
2
< 6.0GeV2

/c
4,

such ratios are predicted to be unity with O(1%) precision [32]. The inclusion of charge-
conjugate processes is implied throughout this Letter.

The most precise measurements of RK in the region 1.0 < q
2
< 6.0GeV2

/c
4 and

RK⇤0 in the regions 0.045 < q
2
< 1.1GeV2

/c
4 and 1.1 < q

2
< 6.0GeV2

/c
4 have been

made by the LHCb collaboration and, depending on the theoretical prediction used,
are 2.6 [33], 2.1–2.3 and 2.4–2.5 standard deviations [34] below their respective SM
expectations [20, 21, 32, 35–42]. These tensions and those observed in the angular and
branching-fraction measurements can all be accommodated simultaneously in models with
an additional heavy neutral gauge boson [43–46] or with leptoquarks [47–51].

This Letter presents the most precise measurement of the ratio RK in the range
1.1 < q

2
< 6.0GeV2

/c
4. The analysis is performed using 5.0 fb�1 of proton-proton collision

data collected with the LHCb detector during three data-taking periods in which the
centre-of-mass energy of the collisions was 7, 8 and 13TeV. The data were taken in
the years 2011, 2012 and 2015–2016, respectively. Compared to the previous LHCb
RK measurement [33], the analysis benefits from a larger data sample and an improved
reconstruction; moreover the lower limit of the q

2 range is increased, in order to be
compatible with other LHCb b! s`

+
`
� analyses and to suppress further the contribution

from B
+
! �(! `

+
`
�)K+ decays. The results supersede those of Ref. [33].

Throughout this Letter B
+
! K

+
`
+
`
� refers only to decays with

1.1 < q
2
< 6.0GeV2

/c
4, which are denoted nonresonant, whereas B+

! J/ (! `
+
`
�)K+

1

[EPJC 76 (2016) 8, 440]

q2 = m2(l+l−)

B+
! K+`+`� and related decays

⌘ Occur through b ! s`+`� transition but in contrast to B0
s ! `+`�, contain

a hadron in the final state.
e.g B+

! K+`+`�, B0
! K⇤0`+`�, Bs ! �µ+µ�, ⇤b ! ⇤⇤`+`�...

The Standard Model (SM) of particle physics provides precise predictions for the1

properties and interactions of fundamental particles, which have been confirmed by2

numerous experiments since the inception of the model in the 1960’s. However, it is clear3

that the model is incomplete. The SM is unable to explain cosmological observations of the4

dominance of matter over antimatter, the apparent dark-matter content of the Universe,5

or explain the patterns seen in the interaction strengths of the particles. Particle physicists6

have therefore been searching for ‘new physics’ — the new particles and interactions that7

can explain the SM’s shortcomings.8

One method to search for new physics is to compare measurements of the properties9

of hadron decays, where hadrons are bound states of quarks, with the SM predictions10

for such properties. Measurable quantities can be precisely predicted in the decays of a11

charged beauty hadron, B+
, into a charged kaon, K+

, and two charged leptons, `+`�
.12

The B+
hadron contains a beauty antiquark, b, and the K+

a strange antiquark, s, such13

that at the quark level the decay involves a b ! s transition. Quantum field theory allows14

such a process to be mediated by virtual particles that have a physical mass larger than15

the mass di�erence between the initial- and final-state particles. In the SM description of16

such processes, these virtual particles include the electroweak-force carriers, the �, W±
17

and Z0
bosons, and the top quark (see Fig. 1). Such decays are highly suppressed [1] and18

the fraction of B+
hadrons that decay into this final state (the branching fraction, B) is19

of the order of 10
�6

[2].20

A distinctive feature of the SM is that the di�erent leptons, electron (e�
), muon (µ�

)21

and tau (��
), have the same interaction strength, which is known as ‘lepton universality’.22

The only exception to this is due to the Higgs boson coupling, since the lepton-Higgs23

interaction strength gives rise to the di�ering lepton masses m� > mµ > me [3–9]. The24

suppression of b ! s transitions is understood in terms of the fundamental symmetries on25

which the SM is built. Conversely, lepton universality is an accidental symmetry of the26

SM, which is not a consequence of any axiom of the theory. Extensions to the SM that27

aim to address many of its shortfalls predict new virtual particles that could contribute28

to b ! s transitions (see Fig. 1) and could have nonuniversal interactions, hence giving29

branching fractions of B+
! K+`+`�

decays with di�erent leptons that di�er from the30

SM predictions. Whenever a decay mode is specified in this article, the inclusion of the31

Figure 1: Fundamental processes contributing to B+
! K+`+`� decays in the SM and possible

new physics models. A B+ meson, consisting of b and u quarks, decays into a K+, containing
s and u quarks, and two charged leptons, `+`�. (Left) The SM contribution involves the
electroweak bosons �, W+ and Z0. (Right) A possible new physics contribution to the decay
with a hypothetical leptoquark (LQ) which, unlike the electroweak bosons, could have di�erent
interaction strengths with the di�erent types of leptons.

1

⌘ Offer multitude of observables complementary to B0
s ! `+`� measurements.

K.A. Petridis (UoB) Test of LFU at LHCb March 2021 2 / 20

SM NP example

•  is experimentally the easiest  channel to reconstruct at LHCb

• SM process is FCNC with 

B+ → K+l+l− b → sl+l−

ℬ ∼ 10−7

https://arxiv.org/abs/1605.07633
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Lepton Flavour Universality

18

• In the SM, the EW couplings of the leptons are accidentally equal ( ), their only 
difference is the masses (Lepton Flavour Universality)

ge = gμ = gτ

• Well established property in ; ;  (with sub-percent precision):Z → ll J/ψ → ll π, K → lν

Introduction to Lepton Flavour Universality 2 / 19

Lepton Flavour Universality in the SM

⌅ Lepton Flavour Universality: In the Standard Model (SM), the couplings of
the charged leptons to the gauge bosons are equal (ge = gµ = g⌧ )

⌅ Di↵erences in branching fractions only due to lepton mass di↵erences

⌅ Well established in Z ! ``, J/ ! ``, ⌧ ! `⌫̄⌫, ⇡ ! `⌫̄, K ! `⌫̄
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[A. Pich PPNP 75 (2014) 41-85] [PRD 98 (2018) 030001]

⌅ Tension in W ! `⌫: 2B(W!⌧⌫̄⌧ )
B(W!e⌫̄e)+B(W!µ⌫̄µ)

= 1.066 ± 0.025 (2.6�)

(but uncertainties large, strong contraints from other measurements)

⌅ Large number of BSM models with non-universal couplings to third
generation quarks and leptons (Charged Higgs, Leptoquarks, . . . ).

C. Langenbruch (RWTH), Beauty 2019 LFU in b ! s`` decays

[
P
R
D
 
9
8
 
(
2
0
1
8
)
 
0
3
0
0
0
1
]

Table 2: A list of the sources of uncertainty a�ecting the measurement. The impact on R(⌧/µ) is assessed by fixing
the relevant fit parameters for a given uncertainty and re-fitting to data. The size of the uncertainty reduction in this
modified fit is the quoted impact. Di�erent individual components used in the fit are combined into categories such
that the leading sources can be seen clearly.

Source Impact on R(⌧/µ)
Prompt dµ

0 templates 0.0038
µ(prompt) and µ(⌧!µ) parton shower variations 0.0036
Muon isolation e�ciency 0.0033
Muon identification and reconstruction 0.0030
µ(had.) normalisation 0.0028
tt̄ scale and matching variations 0.0027
Top pT spectum variation 0.0026
µ(had.) parton shower variations 0.0021
Monte Carlo statistics 0.0018
Pile-up 0.0017
µ(⌧!µ) and µ(had.) dµ

0 shape 0.0017
Other detector systematic uncertainties 0.0016
Z+jet normalisation 0.0009
Other sources 0.0004
B(⌧ ! µ⌫⌧⌫µ) 0.0023
Total systematic uncertainty 0.0109
Data statistics 0.0072
Total 0.013

0.98 1 1.02 1.04 1.06 1.08 1.1
)νµ→W(Β)/ντ→W(Β)=µ/τR(

 

ATLAS
-1 = 13 TeV, 139 fbs

LEP (Phys.Rept. 532 119)

ATLAS - this result
Statistical Uncertainty

Systematic Uncertainty
Total Uncertainty

Figure 4: The measurement of R(⌧/µ) is shown (black circular marker) and compared with the previous LEP
result (red square marker). The statistical and systematic errors are shown separately and also the total error of the
measurement. The vertical dashed line indicates the Standard Model’s prediction lepton-flavour universality, with
equal W boson branching ratios to di�erent lepton flavours.
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(but uncertainties large, strong contraints from other measurements)

⌅ Large number of BSM models with non-universal couplings to third
generation quarks and leptons (Charged Higgs, Leptoquarks, . . . ).

C. Langenbruch (RWTH), Beauty 2019 LFU in b ! s`` decays

updated!

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.030001
https://arxiv.org/abs/2007.14040
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RK⇤ Results
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[JHEP 08 (2017) 055]

BIP [EPJC 76 (2016) 440]
CDHMV [JHEP 04 (2017) 016]
EOS [PRD 95 (2017) 035029]
flav.io [EPJC 77 (2017) 377]
JC [PRD 93 (2016) 014028]

Babar [PRD 86 (2012) 032012]
Belle [PRL 103 (2009) 171801]
Belle 2019 [arXiv:1904.02440]

⌅ Numerical result and compatibility with SM prediction(s):

RK⇤(0.045 < q2 < 1.1 GeV2) = 0.66+0.11
�0.07 ± 0.03 2.1-2.3� at low q2

RK⇤(1.1 < q2 < 6.0 GeV2) = 0.69+0.11
�0.07 ± 0.05 2.4-2.5� at central q2

⌅ Compatible with Babar and Belle with smaller uncertainties
C. Langenbruch (RWTH), Beauty 2019 LFU in b ! s`` decays
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Present experimental picture

19

• The 2019  measurement from LHCb was done on 
 and it's  below the SM

• Belle 2 update on combined  : 

RK

5 fb−1 2.5 σ

RK − RK0
s

1.03+0.28
−0.24 ± 0.01
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[PRL 122 (2019) 191801]

• LFU tests also performed on other channels: 
B0 → K*0l+l− → RK*0

[
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[JHEP 03 (2021) 105]

• Will show here the "legacy measurement" of  on the full Run 1 + Run 2 data ( )RK 9 fb−1

• Λ0
b → pKl+l− → RpK

5 fb−1

https://arxiv.org/abs/1903.09252
https://arxiv.org/abs/1705.05802
https://arxiv.org/abs/1912.08139
https://arxiv.org/abs/1908.01848
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 step 1: fits to resonant modesRK

20

• At LHCb  is measured as a double ratio wrt the resonant modes ( )RK J/ψ

• Same event selection, separated by : 
rare, , 

q2

J/ψ ψ (2S)
Strategy (II)

d�
dq2

q2[4m(`)2]

B+ ! K+ (2S)(`+`�)

B+ ! K+J/ (1S)(`+`�)

B+ ! K+`+`�

Resonant and nonresonant are separated in q2

! However, good overlap between B+ ! K+`+`� and

B+ ! K+J/ (`+`�) in the variables relevant to the detector response

P. Álvarez Cartelle (Imperial College London) LFU in B+ ! K+`+`� 19/43

19/40

1.Mass fits to measure the yields:

Control mode fits
Fits to control data: muons
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Fits to control data: electrons
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[LHCb-PAPER-2021-004]

Measurement Strategy

RK =
B(B+ ! K+µ+µ�)

B(B+ ! K+J/ (µ+µ�))

�
B(B+ ! K+e+e�)

B(B+ ! K+J/ (e+e�))
=

Nrare
µ+µ�"

J/ 
µ+µ�

NJ/ 
µ+µ�"

rare
µ+µ�

⇥
NJ/ 

e+e�
"rare
e+e�

Nrare
e+e�

"
J/ 
e+e�

! RK is measured as a double ratio to cancel out most systematics

⌘ Rare and J/ modes share identical selections

apart from cut on q2

⌘ Yields determined from a fit to the invariant

mass of the final state particles

⌘ Efficiencies computed using simulation that is

calibrated with control channels in data

d�

dq2

q2[4m(`)2
]

B+
! K+ (2S)(`+`�)

B+
! K+J/ (1S)(`+`�)

B+
! K+`+`�

R

(q2 ⌘ dilepton invariant mass squared)
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[LHCB-PAPER-2021-004]

https://arxiv.org/abs/2103.11769
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RK measurement at LHCb

Need two inputs to measure RK : yields and e�ciencies.

RK =
B(B+ æ K+µµ)

B(B+ æ K+ee)

=
N(K+µµ)

N(K+ee)
· Á(K+ee)

Á(K+µµ)

Electron and muon tracks very di�erent in LHCb:

I Electrons interact with material and emit

bremsstrahlung;

I worse mass and q2 resolution;
I lower reconstruction e�ciency.

I Better PID and trigger performances for muons.

e track

µ track

Critical aspect in the analysis: get the electron e�ciencies fully under control.

∆ use double ratio to cancel out most systematic uncertainties.

4 Thibaud Humair

Electrons emit significant 
bremsstrahlung photons at LHCb

To improve the momentum 
resolution, a photon cluster in the 
calorimeter is searched for

Measurement Strategy

RK =
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apart from cut on q2

⌘ Yields determined from a fit to the invariant
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⌘ Efficiencies computed using simulation that is

calibrated with control channels in data
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2.Efficiency ratio(s) : The control of efficiencies is at the core of the analysis

 step 2: efficienciesRK [LHCB-PAPER-2021-004]

• Efficiencies evaluated from simulation, with trigger, PID,  kinematics and  resolution 
calibrated from data

B q2

8.5. ELECTRON IDENTIFICATION 77
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Figure 8.14: The ratio of uncorrected energy of the
charged cluster in ECAL to the momentum of re-
constructed tracks for electrons (open histogram)
and hadrons (shaded histogram).
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Figure 8.15: Electron identification estimators:
(a) the value for the χ2

e estimator for track-
cluster energy/position matching procedure for re-
constructed tracks and charged clusters in ECAL,
(b) the value of the χ2

brem estimator, (c) the energy
deposited in the Preshower, and (d) the deposi-
tion of the energy along the extrapolated particle
trajectory in the hadron calorimeter. The track
sample for these plots was taken from a selection
of B-decay channels, and the shaded component la-
belled “hadrons” also includes the muons from that
sample; the electron and hadron distributions are
normalised (including overflows).

E1
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E0

p

Magnet ECAL

e

γ

γ

Figure 8.16: Schematic illustration of
Bremsstrahlung correction. An electron may
radiate photons when passing through material
before or after the magnet: in the first case, a well
defined cluster is seen in the ECAL, with energy
E1, whilst in the second case the Bremsstrahlung
energy forms part of the electron cluster with
energy E2; for electron identification E2 = p,
the momentum measured in the spectrometer,
while the energy of the electron at the origin,
E0 = E1 + E2.

(ghosts are ignored). After normalisation the his-
tograms provide the likelihood distributions for
electrons and background. For a given track, the
difference of log-likelihood for the electron and non-
electron hypotheses are computed, and summed
for the different variables. Finally, the Calorime-
ter information is combined with the RICH and
Muon detectors, as described Sect. 8.3, significantly
improving the electron identification performance.
The log-likelihood difference ∆ lnLeπ is shown in
Fig. 8.17, for tracks that have information avail-
able from the Calorimeter system.

To illustrate the performance of electron iden-
tification, the J/ψ mass plot is shown as the open
points in Fig. 8.13 (b). The signal is fit with a func-
tion including a radiative tail, to account for the
imperfect correction of Bremsstrahlung. The back-
ground is larger than in the muon channel, and
is either due to real (secondary) electrons, or due
to one of the pair of tracks being a ghost track;
the contribution from misidentified hadrons is very
small. These background tracks are dominantly of
low pT, and can be efficiently rejected by apply-
ing the requirement pT > 0.5 GeV/c for the elec-
tron candidates, as shown by the solid points in
Fig. 8.13 (b).

The average efficiency to identify electrons in
the calorimeter acceptance from J/ψ → e+e−
decays in B0 → J/ψK0

S events is 95%, for a
pion misidentification rate of 0.7%, as shown in

upstream
brem

downstream
brem

air

https://arxiv.org/abs/2103.11769
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Cross-check: Measurement of rJ/ 

⌘ To ensure that the efficiencies are under control, check

rJ/ =
B(B+

! K+J/ (µ+µ�))

B(B+ ! K+J/ (e+e�))
= 1,

known to be true within 0.4% [Particle Data Group].
! Very stringent check, as it requires direct control of muons vs electrons.

⌘ Result:
rJ/ = 0.981 ± 0.020 (stat + syst)

⌘ Checked that the value of rJ/ is compatible with unity for new and previous
datasets and in all trigger samples.

K.A. Petridis (UoB) Test of LFU at LHCb March 2021 13 / 20
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[LHCb-PAPER-2021-004]

Cross-check: Measurement of R (2S)

Measurement of the double ratio

R (2S) =
B(B+

! K+ (2S)(µ+µ�))

B(B+ ! K+J/ (µ+µ�))

�
B(B+

! K+ (2S)(e+e�))

B(B+ ! K+J/ (e+e�))

⌘ Independent validation of
double-ratio procedure at q2 away
from J/ 

⌘ Result well compatible with unity:

R (2S) = 0.997 ± 0.011 (stat + syst)

! can be interpreted as world’s best LFU

test in  (2S) ! `+`�
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Figure S2: Candidate invariant mass distributions. Distribution of the invariant mass
m (2S)(K

+`+`�) for B+
!  (2S)K+ resonant candidates in the (left) sample previously anal-

ysed [10] and (right) the new data sample. The top row shows the fit to the muon modes, the
combinatorial component is included in the fit but is too small to be seen. The subsequent rows
show the fits to the electron modes triggered by (second row) one of the electrons, (third row)
the kaon and (last row) by other particles in the event. The fit projections are superimposed.
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[LHCb-PAPER-2021-004]

Fit to new B+ !  (2S)(`+`�)K+
data

Use  (2S) constrained m(K+`+`�)

Cross-check: Measurement of R (2S)

Measurement of the double ratio

R (2S) =
B(B+

! K+ (2S)(µ+µ�))

B(B+ ! K+J/ (µ+µ�))

�
B(B+

! K+ (2S)(e+e�))

B(B+ ! K+J/ (e+e�))

⌘ Independent validation of
double-ratio procedure at q2 away
from J/ 

⌘ Result well compatible with unity:

R (2S) = 0.997 ± 0.011 (stat + syst)

! can be interpreted as world’s best LFU

test in  (2S) ! `+`�
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Figure S2: Candidate invariant mass distributions. Distribution of the invariant mass
m (2S)(K

+`+`�) for B+
!  (2S)K+ resonant candidates in the (left) sample previously anal-

ysed [10] and (right) the new data sample. The top row shows the fit to the muon modes, the
combinatorial component is included in the fit but is too small to be seen. The subsequent rows
show the fits to the electron modes triggered by (second row) one of the electrons, (third row)
the kaon and (last row) by other particles in the event. The fit projections are superimposed.
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[LHCb-PAPER-2021-004]

Fit to new B+ !  (2S)(`+`�)K+
data

Use  (2S) constrained m(K+`+`�)

• The double ratio cancels most of the  systematic effects, however we check:e − μ

→ stringent test as it requires muon and 
electron efficiencies to be controlled 
individually (not needed for )RK

•  tested in kinematic 
bins: no trend observed
rJ/ψ

Measurement Strategy

RK =
B(B+ ! K+µ+µ�)

B(B+ ! K+J/ (µ+µ�))

�
B(B+ ! K+e+e�)

B(B+ ! K+J/ (e+e�))
=

Nrare
µ+µ�"

J/ 
µ+µ�

NJ/ 
µ+µ�"

rare
µ+µ�

⇥
NJ/ 

e+e�
"rare
e+e�

Nrare
e+e�

"
J/ 
e+e�

! RK is measured as a double ratio to cancel out most systematics

⌘ Rare and J/ modes share identical selections

apart from cut on q2

⌘ Yields determined from a fit to the invariant

mass of the final state particles

⌘ Efficiencies computed using simulation that is

calibrated with control channels in data
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 step 2.5: efficiency checksRK [LHCB-PAPER-2021-004]

• Also in a different  
region ( )

q2

ψ (2S)
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Figure 10: Double di↵erential rJ/ measurement. (Left) the value of rJ/ , relative to the average
value of rJ/ , measured in two-dimensional bins of the maximum lepton momentum, p(l), and
the opening angle between the two leptons, ↵(l+, l�). (Right) the bin definition in this two-
dimensional space together with the distribution for B+

! K+e+e� (B+
! J/ (! e+e�)K+)

decays depicted as red (blue) contours.

systematic uncertainty is assigned for the potential contribution from B! K
+
⇡⇡e

+
e
�

events. A comparable uncertainty to that from the modelling of the signal and background
components is induced by the limited sizes of calibration samples. Other sources of
systematic uncertainty, such as the calibration of B+ production kinematics, the trigger
calibration and the determination of the particle identification e�ciencies, contribute at
the few-permille or permille level, depending strongly on the data-taking period and the
trigger category.

The uncertainties on parameters used in the simulation model of the signal decays a↵ect
the q

2 distribution and hence the selection e�ciency. These uncertainties are propagated
to an uncertainty on RK using predictions from the flavio software package [7] but
give rise to a negligible e↵ect. Similarly, the di↵ering q

2 resolution between data and
simulation, which alters estimates of the q2 migration, has negligible impact on the result.
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Measurement Strategy

RK =
B(B+ ! K+µ+µ�)

B(B+ ! K+J/ (µ+µ�))

�
B(B+ ! K+e+e�)

B(B+ ! K+J/ (e+e�))
=

Nrare
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! RK is measured as a double ratio to cancel out most systematics

⌘ Rare and J/ modes share identical selections

apart from cut on q2

⌘ Yields determined from a fit to the invariant

mass of the final state particles

⌘ Efficiencies computed using simulation that is

calibrated with control channels in data
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 step 3: fits to rare modesRKMeasuring RK

⌘ RK is extracted as a parameter from an unbinned maximum likelihood fit to
m(K+µ+µ�) and m(K+e+e�) distributions in B+

! K+`+`� and
B+

! J/ (`+`�)K+ decays
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Figure 2: Candidate invariant mass distributions. Distribution of the invariant mass
m(J/ )(K

+`+`�) for candidates with (left) electron and (right) muon pairs in the final state for the
(top) nonresonant B+

! K+`+`� signal channels and (bottom) resonant B+
! J/ (! `+`�)K+

decays. The fit projection is superimposed. In the resonant-mode distributions, some fit
components are too small to be visible.

events (see Methods) and data-taking periods are taken into account in these constraints.164

The combined statistical and systematic uncertainty is then determined by scanning the165

profile-likelihood and the statistical contribution to the uncertainty is isolated by repeating166

the scan with the e�ciencies fixed to their fitted values.167

The determination of the rJ/ ratio requires control of the relative selection e�ciencies168

for the resonant electron and muon modes, and does not therefore benefit from the169

cancellation of systematic e�ects in the double ratio used to measure RK . Given the scale170

of the corrections required, comparison of rJ/ with unity is a stringent cross check of171

the experimental procedure. In addition, if the simulation is correctly calibrated, the172

measured rJ/ value will not depend on any variable. This ratio is therefore also computed173

as a function of di�erent kinematic variables that are chosen to provide overlap with the174

spectra of the nonresonant decays. Although the range of q2
di�ers between resonant175

and nonresonant decays, the e�ciency depends on laboratory-frame variables such as the176

momenta of the final-state particles, or the opening angle between the two leptons, rather177

than directly on q2
. A given set of values for the final-state particles’ momenta and angles178

in the B+
rest frame will result in a distribution of such values when transformed to the179

laboratory frame. As a result, there is significant overlap between the nonresonant and180

resonant samples in the relevant distributions, even if they are mutually exclusive as a181

function of q2
.182
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Figure 2: Candidate invariant mass distributions. Distribution of the invariant mass
m(J/ )(K

+`+`�) for candidates with (left) electron and (right) muon pairs in the final state for the
(top) nonresonant B+

! K+`+`� signal channels and (bottom) resonant B+
! J/ (! `+`�)K+

decays. The fit projection is superimposed. In the resonant-mode distributions, some fit
components are too small to be visible.

events (see Methods) and data-taking periods are taken into account in these constraints.164

The combined statistical and systematic uncertainty is then determined by scanning the165

profile-likelihood and the statistical contribution to the uncertainty is isolated by repeating166

the scan with the e�ciencies fixed to their fitted values.167

The determination of the rJ/ ratio requires control of the relative selection e�ciencies168

for the resonant electron and muon modes, and does not therefore benefit from the169

cancellation of systematic e�ects in the double ratio used to measure RK . Given the scale170

of the corrections required, comparison of rJ/ with unity is a stringent cross check of171

the experimental procedure. In addition, if the simulation is correctly calibrated, the172

measured rJ/ value will not depend on any variable. This ratio is therefore also computed173

as a function of di�erent kinematic variables that are chosen to provide overlap with the174

spectra of the nonresonant decays. Although the range of q2
di�ers between resonant175

and nonresonant decays, the e�ciency depends on laboratory-frame variables such as the176

momenta of the final-state particles, or the opening angle between the two leptons, rather177

than directly on q2
. A given set of values for the final-state particles’ momenta and angles178

in the B+
rest frame will result in a distribution of such values when transformed to the179

laboratory frame. As a result, there is significant overlap between the nonresonant and180

resonant samples in the relevant distributions, even if they are mutually exclusive as a181

function of q2
.182
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⌘ Correlated uncertainties on efficiency ratios included as multivariate
constraint in likelihood
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[LHCb-PAPER-2021-004]

N(K+e+e�) ⇠ 1640N(K+µ+µ�) ⇠ 3850

• 3.  parameter of a simultaneous fit to  and  rare modesRK e+e− μ+μ−

[LHCB-PAPER-2021-004]

RK with full Run1 and Run2 dataset

RK = 0.846 +0.042
�0.039 (stat) +0.013

�0.012 (syst)

⌘ p-value under SM hypothesis: 0.0010
! Evidence of LFU violation at 3.1�

⌘ Compatibility with the SM obtained by
integrating the profiled likelihood as a
function of RK above 1

⇤ Taking into account the 1% theory
uncertainty on RK [EPJC76(2016)8,440]
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RK with full Run 1 and Run 2 LHCb data

The measured value of RK is:

RK = 0.846 +0.042
�0.039 (stat.) +0.013

�0.012 (syst.)

dominant systematic e�ect: fit model
� e�ects such as calibration of trigger & kinematics

are at permille-level

p-value under SM hypothesis: 0.0010

significance: 3.1 � (evidence)
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[LHCb-PAPER-2021-004]Submitted to Nature Physics

•  distance from the SM
• "Evidence" of LFU violation

3.1σ

• Result:

https://arxiv.org/abs/2103.11769
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• Two very clean observables measured on the full LHCb dataset, protagonists in the 
"anomalies" scenario

• Other legacy measurements on LFU tests ongoing: hope for a clarification in 1-2 years
• Synergy with ATLAS and CMS on several observables is essential
• LHCb Run 3 to profit from extensive hardware interventions and fully software trigger

Conclusions
Using the full LHCb dataset to date, presented:

1. Single most precise measurement of B(B0
s ! µ+µ�), improved precision on

⌧µ+µ� and first every limit on B0
s ! µ+µ��

2. Updated RK measurement ! 3.1� departure from LFU!
! Reframing discussion on flavour anomalies

0.5 1 1.5
KR

-1LHCb 9 fb
4c/2 < 6.0 GeV2q1.1 < 

-1LHCb 5 fb
4c/2 < 6.0 GeV2q1.1 < 

Belle
4c/2 < 6.0 GeV2q1.0 < 

BaBar
4c/2 < 8.12 GeV2q0.1 < 

032012]86[PRD

[JHEP03(2021)105]

[LHCb-PAPER-2021-004]

191801]122[PRL

Complementarity between RK and B(B0
s ! µ+µ+) measurements crucial moving

forward.
“...perhaps the end of the beginning.”

K.A. Petridis (UoB) Test of LFU at LHCb March 2021 19 / 20
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• Two normalisation channels are employed to compute the branching fraction from the signal yield

2.  
Two-body B decay                                   

 same signal topology

B0 → K+π−

→

1.  
Two muons in the final state                     

 similar trigger and reconstruction

B+ → J/ψ ( → μ+μ−)K+

→

4.4 Normalisation

One can count the number of B
0

d,s
! µ

+
µ

� events via an invariant mass fit of
the candidates and calculate the branching fraction of the process via the basic
equation (2.3), as:

B(B0

d,s
! µ

+
µ

�) =
NB

0
d,s

!µ+µ�

Lint ⇥ �pp!bb̄ ⇥ 2 ⇥ fd,s ⇥ ✏B0
d,s

!µ+µ�
, (4.6)

i.e. the number of B
0

d,s
! µ

+
µ

� events divided by the total number of produced
B

0

d,s
(or B̄

0

d,s
), given by the product of the number of produced bb̄ pairs and the

hadronisation fractions fd,s, times the total e�ciency and geometrical acceptance
of the B

0

d,s
! µ

+
µ

� channel. Although feasible, Eq. (4.6) is a↵ected by large
uncertainties stemming from the measurements of the cross section and the inte-
grated luminosity.
To improve the precision, a normalisation channel is used: the number of events of
a well-known process is measured so that the branching fraction can be expressed
as the ratio between the observed B

0

d,s
! µ

+
µ

� candidates and the normalisation
candidates, as

B(B0

d,s
! µ

+
µ

�) =

↵sz }| {
Bnorm

Nnorm

⇥ ✏norm

✏sig| {z }
↵d

⇥fnorm

fd,s

⇥NB
0
d,s

!µ+µ� , (4.7)

where ↵d and ↵s are called normalisation factors for B
0

d
! µ

+
µ

� and B
0

s
! µ

+
µ

�,
respectively.

The approach of Eq. (4.7) requires to calculate the normalisation channel yield
and e�ciency, but avoids to use the absolute number of produced B mesons. To
minimise the systematic error, the normalisation channel has to be similar to the
signal as far as trigger, reconstruction and selection are concerned. To this purpose,
two normalisation channels are employed in the present analysis:

1. B
+ ! J/ K

+, with J/ ! µ
+
µ

�, which has a very similar muon trigger
selection with respect to B

0

d,s
! µ

+
µ

�,

2. B
0

d
! K

+
⇡

�, which is a two-body B decay and therefore exhibits a similar
reconstruction and topology with respect to B

0

d,s
! µ

+
µ

�.

Both channels have large yields and precisely measured branching fractions.5 The
resulting normalisation factors are then combined, as described in Sec. 4.4.1.

5 B(B+ ! J/ K+) = (1.026 ± 0.031) ⇥ 10�3, B(J/ ! µ+µ�) = (5.961 ± 0.033)% and
B(B0

d
! K+⇡�) = (1.96 ± 0.05) ⇥ 10�5 [158].

108

 

fs /fd (7 TeV) = 0.239 ± 0.008

fs /fd (13 TeV) = 0.254 ± 0.008

[LHCb-PAPER-2020-046]
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• we can extract the asymmetry  , = 1 in the SM 

• Clean observable  additional NP constraints

Aμ+μ−

ΔΓ

→
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'P free; |S| = 0; |P | = 1± 10%
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• Sensitivity to  (ISR) at high  ,    
new observable included this analysis

B0
s → μ+μ−γ mμ+μ−

[
P
R
L
 
1
0
9
 
(
2
0
1
2
)
 
0
4
1
8
0
1
]

[
P
R
L
 
1
1
2
 
(
2
0
1
4
)
 
1
0
1
8
0
1
]

2

1
!

Γµµ

d
!!dmµµ

Γµµ!γ"

mµµ #GeV$
5.0 5.1 5.2 5.3 5.4 5.5

0.01

0.1

1

10

100

FIG. 1: Contributions to the dimuon invariant-mass spectrum
in Bs → µ+µ−(nγ) with n = 0, 1, 2, . . . (see the text). Both of
them are displayed in bins of 0.01GeV width.

1/ sin2 θW , powers of m2
t/M

2
W or logarithms ln2 M2

W /µ2
b ,

as explained in Ref. [6]. None of these enhancements is
possible for the O(αem) term in Eq. (3) once µb ∼ mb.
This term is µb-dependent and contains contributions
from operators like (b̄γαγ5q)($̄γα$) or (b̄γαPLc)(c̄γαPLs),
with photons connecting the quark and lepton lines. It
depends on non-perturbative QCD in a way that is not
described by fBq

alone, and it must compensate the µb-
dependence of CA(µb). Since we neglect this term, scale
dependence serves as one of the uncertainty estimates.
When µb is varied from mb/2 to 2mb, our results for
|CA(µb)|2 vary by about 0.3%, which corresponds to a
typical size of O(αem) corrections that undergo no extra
enhancement. On the other hand, the NLO EW correc-
tions to |CA(µb)|2 often reach a few percent level [6].
The only other possible enhancement of QED correc-

tions that one may worry about is related to soft pho-
ton bremsstrahlung. For definiteness, let us consider
Bs → µ+µ−(nγ) with n = 0, 1, 2, . . . . The dimuon
invariant-mass spectrum in this process is obtained by
summing the two distributions shown in Fig. 1. The dot-
ted (blue) curve corresponds to real photon emission from
the quarks (Eq. (25) of Ref. [9]), while the tail of the solid
(red) one is dominated by soft photon radiation from the
muons (Eqs. (19)–(23) of Ref. [10]). The vertical dashed
and dash-dotted (green) lines indicate the CMS [4] and
LHCb [5] signal windows, respectively. In the displayed
region below the windows (i.e. between 5 and 5.3 GeV),
each of the two contributions integrates to around 5% of
the total rate.
The determination of Bsµ on the experimental side in-

cludes a correction due to photon bremsstrahlung from
the muons. For this purpose, both CMS [4] and LHCb [5]
apply PHOTOS [11]. Such an approach is practically
equivalent to extrapolating along the solid curve in Fig. 1
down to zero. In the resulting quantity, all the soft
QED logarithms cancel out, and we obtain Bsµ as in
Eq. (3), up to O(αem) terms that undergo no extra en-
hancement [10].
The direct emission, i.e. real photon emission from

Parameter Value Unit Ref.

GF 1.166379 × 10−5 GeV−2 [13]

α(5)
s (MZ) 0.1184 (7) – [13]

α(5)
em(MZ) 1/127.944 (14) – [13]

∆α(5)
em,hadr(MZ) 0.02772 (10) – [13]

MZ 91.1876 (21) GeV [13]

Mt 173.1 (9) GeV [13]

MH 125.9 (4) GeV [13]

MBs 5366.77 (24) MeV [13]

MBd
5279.58 (17) MeV [13]

fBs 227.7 (4.5) MeV [14]

fBd
190.5 (4.2) MeV [14]

1/Γs
H 1.615 (21) ps [15]

2/(Γd
H + Γd

L) 1.519 (7) ps [15]

|Vcb| 0.0424 (9) – [16]

|V !
tbVts/Vcb| 0.980 (1) – [17, 18]

|V !
tbVtd| 0.0088 (3) – [17, 18]

TABLE I: Numerical inputs.

the quarks is infrared safe by itself because the decay-
ing meson is electrically neutral. It is effectively treated
as background on both the experimental and theoretical
sides. On the experimental side, it is neglected in the
signal window (being very small there, indeed), and not
included in the extrapolation. On the theory side, it is
just excluded from Bsµ by definition. This contribution
survives in the limit mµ → 0, which explains its consid-
erable size below the signal window in Fig. 1.
In this context, one may wonder whether the helicity

suppression factor r2q" in Eq. (3) can be relaxed at higher
orders in QED. For the two-body decay it is not possible
in the SM because a generic non-local interaction of Bq

with massless leptons contains vector or axial-vector lep-
ton currents contracted with the lepton momenta, which
means that it vanishes on shell. On the other hand, con-
tributions with (real or virtual) photons coupled to the
quarks may survive in the m" → 0 limit, but they are
phase-space suppressed in the signal window (cf. the dot-
ted line in Fig. 1). In the Bsµ case, the phase-space sup-
pression is at least as effective as the helicity suppression,
given the applied window sizes in both experiments.
We are now ready to numerically evaluate the branch-

ing ratios in Eq. (3). Our inputs are collected in Ta-

ble I. The MS-renormalized coupling constants α(5)
s (MZ)

and α(5)
em(MZ) are defined in the SM with decoupled

top quark. Hadronic contributions to the evolution of

αem are given by ∆α(5)
em,hadr. This quantity is used to

evaluate the W -boson pole mass according to the fit
formula in Eqs. (6) and (9) of Ref. [12], which gives
MW = 80.358 (8)GeV, consistently with the direct mea-
surement MW = 80.385 (15)GeV [13]. All the masses
in Table I are interpreted as the on-shell ones. In the
top-quark case, this is equivalent to assuming that the

FSR
ISR

• By measuring the  
effective lifetime:

B0
s → μ+μ−

[JHEP 11 (2017) 184]

branching ratio. Similar e↵ects are not significant for B0
! µ+µ� decays due to the39

negligible decay width di↵erence of the B0 mass eigenstates.40

The B0

s ! µ+µ�� decay is similarly rare in the SM. Compared to the B0

s ! µ+µ�
41

amplitude, the additional suppression arising from the photon is compensated by the lift42

of the helicity suppression, bringing the total branching fraction to O(10�8) [12–14]. Two43

groups of amplitudes contribute to this decay: those where the photon is emitted from44

the initial state (initial state radiation or ISR), shown for example in Fig. 1(c), and those45

in which it is emitted from the final state (final state radiation, FSR), Fig. 1(d). Their46

interference is evaluated to be negligible due to the helicity and the kinematic suppression47

combined [12, 13, 15]. The FSR part of the B0

s ! µ+µ�� process is experimentally48

included in the B0

s ! µ+µ� decay through the description of its radiative mass tail due to49

bremsstrahlung and detector interactions. The ISR contribution is sensitive to a wider50

range of interactions, in particular to vector and electromagnetic ones, and is treated as51

a separate contribution. Similar to other multibody b ! s`` decays, the sensitivity to52

di↵erent interactions depends on the dimuon mass squared, q2, of the decay. At low q2,53

the decay is mostly sensitive to magnetic and vector interactions, while at high q2 the54

vector and axial-vector prevail. This makes the ISR B0

s ! µ+µ�� decay at high q2 an55

ideal place where to probe the same interactions that drive the anomalies that have been56

seen in some b ! s`` decays [16–19]. In the rest of this article B0

s ! µ+µ�� will indicate57

the ISR process.58

Measurements of B0

(s)! µ+µ�(�) processes have attracted considerable experimental59

interest since the first search for these decays at the CLEO experiment [20], almost forty60

years ago. The first evidence for the B0

s ! µ+µ� decay was obtained at LHCb [21] with61

data corresponding to 2 fb�1 of pp collisions, and this decay was definitively observed with62

the combined analysis of the LHCb and CMS experiments data [22]. Further measurements63
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Figure 1: Possible SM diagrams mediating (top) the B0
s ! µ+µ� and (bottom) the B0

s ! µ+µ��
processes. Subpanels show (a) the so-called “penguin” diagram and (b) the “box” diagram for
B0

s ! µ+µ�, and (c) an ISR contribution and (d) an FSR contribution to B0
s ! µ+µ��.

2

τμ+μ− =
τBs

1 − y2
s [

1 + 2Aμ+μ−

ΔΓ ys + y2
s

1 + Aμ+μ−

ΔΓ ys ]

Aμ+μ−

ΔΓ ≡
Rμ+μ−

H − Rμ+μ−

L

Rμ+μ−

H + Rμ+μ−

L

ys =
ΔΓs

2Γs

[PRD 97 (2018) 053007]

• Bremsstrahlung (FSR) experimentally 
included in  via PHOTOSℬ(B0

s → μ+μ−)
• SM prediction at  for 𝒪(10−10) mμ+μ− > 4.9 GeV

https://arxiv.org/abs/1204.1737
https://arxiv.org/abs/1311.0903v3
https://arxiv.org/abs/1708.02649
https://arxiv.org/abs/1712.07926
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Figure 10: Mass distribution of signal candidates (black dots) for (left) Run 1 and (right) Run 2
samples in regions of BDT. The result of the fit is overlaid (blue line) and the di↵erent components
detailed in the legend. The solid bands represent the variation of the signal branching fractions
within their total uncertainty.
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Figure 10: Mass distribution of signal candidates (black dots) for (left) Run 1 and (right) Run 2
samples in regions of BDT. The result of the fit is overlaid (blue line) and the di↵erent components
detailed in the legend. The solid bands represent the variation of the signal branching fractions
within their total uncertainty.
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 effective lifetime 1/2B0
s → μ+μ−

31

Since the expected sensitivity on  is low, the effective lifetime measurement introduces some 
simplifications wrt the branching fraction analysis:

• Tighter mass cut, : mass fit model with  signal + combinatorial

• Looser PID requirement (no misidentified backgrounds)
• 1. Mass fit on two BDT bins is performed to extract sWeights 

Aμ+μ−

ΔΓ

mμ+μ− > 5320 MeV B0
s → μ+μ−

[NIM A555 (2005) 356–369]
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Figure 13: Dimuon mass distributions of B0
s ! µ+µ� candidates with the fit model used to

perform the background subtraction for the measurement of the B0
s ! µ+µ� e↵ective lifetime

superimposed in the (left) low and (right) high BDT regions.

mated. This decay-time acceptance is calculated using simulated B
0

s
! µ

+
µ
� candidates,

which have been weighted in order to improve agreement with data. The parameters
of the functions used to model the decay-time e�ciency are extracted using unbinned
maximum-likelihood fits to the decay-time distributions of simulated B

0

s
! µ

+
µ
� candi-

dates, with the e↵ective lifetime fixed to its true value. Since the decay-time e�ciency
has a di↵erent form in the two BDT regions, two di↵erent empirical functions are used.
In the low BDT region the e�ciency is modelled as

"(t) = a⇥ Erf
⇣
t

p
b⇥ tanh(c t3)

⌘
+ exp (�d t

e)� 1, (16)

where Erf is the error function, t is the reconstructed decay time, a, b, c, d and e are free
parameters and "(t) = 0 when t < 0.26 ps. The acceptance in the high region is modelled
using

"(t) = exp

 
�
1

2

✓
ln (t� t0)� f

g

◆2
!
, (17)

where f, g and t0 are free parameters and "(t) = 0 when t  t0. The forms of these
functions with respect to the B

0

s
meson decay time are shown in Fig. 14. The di↵erent

behaviour in the two intervals reflect the positive correlation of the B
0

s
-meson decay time

with the BDT response, so that the low (high) BDT region contains more signal decays
with small (large) decay times.

Finally, the B0

s
! µ

+
µ
� e↵ective lifetime is determined using a simultaneous fit to the

background-subtracted decay-time distributions in the two BDT regions in data, where
the decay-time distributions are modelled by the acceptance functions above multiplied
by an exponential function. Only the e↵ective lifetime is allowed to float freely in the fit,
while the parameters of the acceptance function are Gaussian constrained to the results
of the fits to simulation.

Pseudoexperiments are used to evaluate several systematic e↵ects that have the
potential to bias the measurement. The fit procedure is found to return an unbiased
estimate of the lifetime to a precision of 0.009 ps and good coverage. The e↵ects of residual
contamination from physical background, predominantly B

0

(s)
! h

+
h
0� and ⇤

0

b
! pµ

�
⌫µ

decays, is found to introduce a bias of around 0.012 ps. The e↵ect of the decay-time
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• 2. The sWeights are applied to obtain the background-subtracted decay time distribution
• which is then fitted with an exponential X acceptance function

τμ+μ− = 2.07 ± 0.29 ± 0.03 ps

 effective lifetime 2/2B0
s → μ+μ−

• Result compatible at  with  
(SM) and at  with 

• Run 3 data are needed to say more

1.5σ AΔμ+μ−

Γ = 1
2.2σ AΔμ+μ−

Γ = − 1

• The acceptance function (efficiency vs decay time) is tested by measuring the known  
and  effective lifetimes

B0 → K+π−

B0
s → K+K−
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Figure 17: Background-subtracted decay-time distributions with the fit model used to extract
the B0

s ! µ+µ� e↵ective lifetime superimposed in the (left) low and (right) high BDT regions.

10 Conclusions

In summary, the full Run 1 and Run 2 data sample of the LHCb experiment was analysed
to measure the B

0

s
! µ

+
µ
� branching fraction and e↵ective lifetime and to search for the

B
0
! µ

+
µ
� and B

0

s
! µ

+
µ
�
� decays.

The branching fractions of the B
0

s
! µ

+
µ
�, B0

! µ
+
µ
� and B

0

s
! µ

+
µ
�
� decays are

measured to be

B(B0

s
! µ

+
µ
�) =

�
3.09+0.46+0.15

� 0.43� 0.11

�
⇥ 10�9

,

B(B0
! µ

+
µ
�) =

�
1.20+0.83

� 0.74
± 0.14

�
⇥ 10�10

,

B(B0

s
! µ

+
µ
�
�) = (�2.5± 1.4± 0.8)⇥ 10�9 with mµµ > 4.9GeV/c2,

where the first uncertainty is statistical and the second systematic. The systematic
uncertainty on the B

0

s
! µ

+
µ
� decay is significantly reduced compared to previous

measurements thanks to a new precise value of the hadronisation fraction ratio and a
more precise calibration of the BDT response and of the particle misidentification rate.
The B

0

s
! µ

+
µ
� branching fraction is the most precise single-experiment measurement to

date.
The B

0
! µ

+
µ
� and B

0

s
! µ

+
µ
�
� signals are not statistically significant, and consis-

tent with the background-only hypothesis at 1.7 and 1.5 � level, respectively. Therefore,
upper limits on the branching fractions are set to

B(B0
! µ

+
µ
�) < 2.6⇥ 10�10

B(B0

s
! µ

+
µ
�
�) < 2.0⇥ 10�9

at 95% CL, the latter with mµµ > 4.9GeV/c2. The limit on the B
0
! µ

+
µ
� decay is the

most stringent to date from a single experiment. An upper limit on the B
0

s
! µ

+
µ
�
�

branching fraction is determined for the first time. This limit only constrains the high-q2

region of this decay and no attempt is made here to extrapolate the result to the full
branching fraction.

Using the same data sample, with a slightly di↵erent selection, the e↵ective lifetime of
the B

0

s
! µ

+
µ
� decay is found to be

⌧µ+µ� = 2.07± 0.29± 0.03 ps,
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Figure 9: Overlay of the correlations for R versus Aµµ

��
(left) and Sµµ (right) for

the various specific models considered. The lepton couplings are varied in the ranges
|�µµ

S,P
(H)| 2 [0.012, 0.024] and �µµ

A
(Z 0) 2 [0.3, 0.7]. All particles are taken to have a

mass of 1 TeV.

In the LRS case, as expected, NP e↵ects are very small as scalar and pseudoscalar
contributions are absent and (64) applies. We then find for the muon couplings fixed as
in (74):

0.984  Aµµ

��
 1.00, |Sµµ|  0.18. (76)

Finally we investigated whether the relation (73), representing Scenario E is still
consistent with all available constraints. This is not the case if we take the pseudoscalar
lepton coupling chosen in (74) and a mass for the pseudoscalar of 1 TeV. For the LHS and
RHS schemes a lepton coupling of �µµ̄

P
(H) ⇡ ±i 0.06 is needed to satisfy the relation. If

a pseudoscalar does manage to make P vanish, then a scalar particle is needed to satisfy
the lower bound on R. Such a model, with both a pseudoscalar and scalar particle
present, is discussed in Section 4.3.

4.2.3 Comparison with Z0 Scenario

While the discussion presented above shows that the contributions of scalars and pseu-
doscalars can be distinguished through the observables considered, more spectacular
di↵erences occur when one includes the Z

0 scenario in this discussion. Indeed the cor-
relation between Sµµ and R in the left panel of Figure 5 has a very di↵erent structure
from the case of pseudoscalar or scalar exchanges shown in Figure 8.

In the right panel of Figure 9 an overlay of these regions is shown for LHS schemes,
with the lepton couplings varied as given in (75). Similarly, in the left panel of Figure 9
we show the correlation between Aµµ

��
and R, where strong contrasts between the allowed

regions also emerge. The di↵erence between the Z
0 and pseudoscalar exchange is striking

because, unlike for a scalar, both particles generate Scenario A.
The di↵erence between the A

0-scenario and Z
0-scenario in question can be traced

back to the di↵erence between the phase of the NP correction to P̃ , which was defined
in (40). As the phase �23 in the quark coupling �bs

L
from the analysis of Bs-mixing in

26

 what's next?B0
s → μ+μ−

33

•  precision on the time-dependent 
CP asymmetry ( ) with 
∼ 20 %

Sμμ 300 fb−1
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FIG. 6. Expected sensitivities in the mA - tan � plane in the MSSM scenario discussed in the text. Left:
integrated luminosities of 50 fb�1 at LHCb and 300 fb�1 at CMS and ATLAS. Right: integrated luminosities
of 300 fb�1 at LHCb and 3000 fb�1 at CMS and ATLAS. The dark and light green shaded regions will be
allowed by the expected BR(Bs ! µ+µ�) sensitivity at the 1� and 2� level, assuming the SM rate. The
black hatched region could be excluded by direct searches for ⌧+⌧� resonances assuming no non-standard
signal. The blue hatched region can be covered by measurements of the mass-eigenstate rate asymmetry
A��. In both plots the light Higgs mass is mh = 125 GeV.

where �
bb̄

(H/A)SM is the production cross section of H/A with SM like couplings to b quarks, and

the ✏b parameter was already given above. The �
bb̄

(H/A)SM cross section depends only on the mass

of the neutral Higgs bosons and we compute it at NNLO using the public code bbh@nnlo [61].

Concerning the heavy Higgs decays, we note that multi-TeV Higgs bosons are su�ciently close

to the decoupling limit, such that we can neglect decays of the scalar H to massive gauge bosons

WW and ZZ and decays of the pseudoscalar into A ! Zh. We also neglect decays into two light

Higgs bosons H ! hh (which is tan � suppressed) and A ! hh (which is non-zero only in the

presence of CP violation). In our setup, all other SUSY particles are su�ciently heavy such that

“exotic” decays for example into neutralinos H ! �0�0, or staus H ! ⌧̃+⌧̃� are not kinematically

open. In this case, the main decay modes are H/A ! tt̄, bb̄, ⌧+⌧�. For low tan �, the decays to

tops dominate. For large tan � one has roughly 90% branching ratio to bb̄ and 10% branching ratio

to ⌧+⌧�. We approximate the total decay width as sum of the top, bottom and tau decay widths.

The relevant expressions are

�(H/A ! tt̄) =
1

t2
�

⇥ �(H/A ! tt̄)SM , (30)

�(H/A ! bb̄) =
t2
�

(1 + ✏bt�)2
⇥ �(H/A ! bb̄)SM , (31)

�(H/A ! ⌧+⌧�) =
t2
�

(1 + ✏⌧ t�)2
⇥ �(H/A ! ⌧+⌧�)SM . (32)

In the decay to tt̄, we do not include higher-order non-holomorphic corrections. Those become
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... and a glimpse of the detector and upgrades

3

• Large  cross section

•  produced at low angle → 

forward spectrometer

• b-hadrons produced with large 

boost → excellent vertex resolution 

for background reduction  

pp → bbX

bb

• Excellent muon identification (εµ = 98%) and low misID εh→µ ~ 0.5%
• High trigger efficiency on B decays with muons 

(εµ~90%)

• Well suited for  analysesb → sℓℓ
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LHCb upgrades plan & strategy

Federico Alessio, CERN 6

LHCb Phase-I upgrade ongoing now during LS2 for Run3 and Run4
• full software trigger and readout all detectors at 40MHz
• replace tracking detectors + PID + VELO and � ~ 2 x 1033 sec-1 cm-2

• Consolidate PID, tracking and ECAL during LS3

LHCb Phase-II upgrade during LS4 beyond Run4 
• Use new detector technologies + timing to increase � ~ 1.5 x 1034 sec-1 cm-2

Preparing the 
detector for a 
bright future! ℒint ∼ 23 fb−1
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