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Decadimenti rari a LHCb
๏ Grande σbb = σ(pp → bb̅X) in LHCb  
→ Misure di precisione di transizioni rare b→sℓℓ
• Loop + GIM → soppresse nel MS (BR ~ 10−7)
• Effetti di nuova fisica potenzialmente significativi 
• ΛQCD << mb << mW permette predizioni “precise”  
 
 
 
 
 

๏ Ma σinel ~ 200 σbb̅ in LHCb 
→ Identificazione dei b in ambiente difficile
• Selezione con pT > 1 - 3 GeV e vertice di 

decadimento dislocato (grande boost)
• Ricostruzione particelle cariche più efficiente e 

accurata → preferiti µ±, π±, K±, (e±)

"2

4

meson candidates, where the charge of the kaon or pion
defines the charge or flavor of the B meson. The par-
ticle selection criteria lead to combinatorial background
that is suppressed by applying requirements on the beam-
energy constrained mass, Mbc =

p
E2

beam/c
4 � |~pB |2/c2,

and the energy di↵erence, �E = EB �Ebeam, where EB

and ~pB are the energy and momentum, respectively, of
the reconstructed candidate in the ⌥(4S) rest frame and
Ebeam is the beam energy in the center-of-mass frame.
Correctly reconstructed candidates are centered at the
nominal B mass in Mbc and at zero in �E. Candi-
dates that satisfy 5.22 GeV/c2 < Mbc < 5.30 GeV/c2

and �0.10 (�0.05) GeV < �E < 0.05 GeV for the
electron (muon) modes are retained. Large irreducible
background contributions arise from charmonium decays
B ! J/ K⇤ and B !  (2S)K⇤, in which the cc̄
state decays into two leptons. These decays are ve-
toed with the requirements �0.25 (�0.15) GeV/c2 <
M``�mJ/ < 0.08 GeV/c2 and �0.20 (�0.10) GeV/c2 <
M`` � m (2S) < 0.08 GeV/c2 for the electron (muon)
modes. In the electron case, the veto is applied twice:
with and without the bremsstrahlung-recovery treat-
ment. Di-electron background from photon conversions
(� ! e+e�) and ⇡0 Dalitz decays (⇡0 ! e+e��) is re-
jected by requiring Mee > 0.14 GeV/c2.

To maximize signal e�ciency and purity, neural net-
works are utilized sequentially from the bottom to the
top of the decay chain, transferring the output probabil-
ity from each step to the subsequent step so that the most
e↵ective selection requirements are applied in the last
stage based on all information combined. For all particle
hypotheses, a neural network is trained to separate signal
from background and an output value, oNB, is calculated
for each candidate. The classifiers for e±, µ±,K±, K0

S ,
⇡0, and ⇡± are taken from the neural-network-based full
event reconstruction described in Ref. [16]. For K⇤ se-
lection, a classifier is trained on MC samples using kine-
matic variables and vertex fit information. The final clas-
sification is performed with a requirement on oNB for each
B decay channel using event-shape variables (i.e., mod-
ified Fox-Wolfram moments [17]), vertex fit information,
and kinematic variables as input for the classifier. The
most important variables for the neural networks are�E,
the reconstructed mass of the K⇤, the product of the net-
work outputs of all secondary particles, and the distance
between the two leptons along the beam direction �z``.
If multiple candidates are found in an event (less than
2% of the time), the most probable candidate is chosen
based on oNB. The selection requirements for the neural
networks are optimized by maximizing the figure of merit
ns/

p
ns + nb separately for the electron and muon chan-

nels, where ns and nb are the expected numbers of signal
and background candidates, respectively, calculated from
MC.

Signal and background yields are extracted by an un-
binned extended maximum likelihood fit to the Mbc dis-
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FIG. 1. Distribution of the beam-energy constrained mass

for selected B ! K⇤e+e� (left) and B ! K⇤µ+µ�
(right).

Combinatorial background (shaded blue), signal (red filled)

and total (solid) fit functions are superimposed on the data

points

tribution of B ! K⇤`+`� candidates, presented in Fig. 1,
where the signal is parametrized by a Crystal Ball func-
tion [18] and the background is described by an ARGUS
function [19]. The signal shape parameters are deter-
mined from a fit to B ! J/ K⇤ data in the correspond-
ing q2 veto region while the background shape parame-
ters are allowed to float in the fit. In total 127± 15 and
185 ± 17 signal candidates are obtained for the electron
and muon channels, respectively.
The analysis is performed in four independent bins of

q2, as detailed in Table I, with an additional bin in the
range 1.0 GeV2/c2 < q2 < 6.0 GeV2/c2, which is favored
for theoretical predictions [6]. To make maximum use
of the limited statistics, a data-transformation technique
[20, 21] is applied, simplifying the di↵erential decay rate
without losing experimental sensitivity. The transforma-
tion is applied to specific regions in the three-dimensional
angular space, exploiting the symmetries of the cosine
and sine functions to cancel terms in Eq. 1. With the
following transformations to the dataset, the data are
sensitive to the observable of interest:

P 0
4, S4 :

8
><

>:

�! �� for � < 0

�! ⇡ � � for ✓` > ⇡/2

✓` ! ⇡ � ✓` for ✓` > ⇡/2,

(3)

P 0
5, S5 :

(
�! �� for � < 0

✓` ! ⇡ � ✓` for ✓` > ⇡/2.
(4)

With this procedure, the remaining observables are the
K⇤ longitudinal polarization, FL, the transverse polar-

ization asymmetry, A(2)
T = 2S3/(1 � FL), and P 0

4 or P 0
5.

Two independent maximum likelihood fits for each bin
of q2 are performed to the angular distributions to ex-
tract the P 0

4,5 observables. The fits are performed using
the data in the signal region of Mbc of all decay channels
and separately for the electron and muon mode. The sig-
nal (background) region is defined as Mbc � 5.27 GeV/c2
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Figure 3: Invariant mass m(K+⇡�µ+µ�) for (left) the control decay B0! J/ K⇤0 and (right)
the signal decay B0! K⇤0µ+µ�, integrated over the full q2 range (see text). Overlaid are the
projections of the total fitted distribution (black line) and the signal and background components.
The signal is shown by the blue shaded area and the background by the red hatched area.

Sec. 2. The angular distribution of the signal is described using Eq. (6). The background
angular distribution is modelled with second order polynomials in cos ✓l, cos ✓K and �,
the parameters of which are left free in the fit. The angular distribution is assumed to
factorise in the three decay angles. This assumption has been validated in the upper mass
sideband.

In order to describe the signal angular distribution, the angular acceptance discussed
in Sec. 5 must be accounted for. The acceptance is treated in one of two ways, depending
on the q2 range being fitted. In the narrow q2 bins, the acceptance is treated as being
constant across each bin and is included in the fit by multiplying Eq. (6) by the acceptance
function evaluated at the bin centre. In the wider 1.1 < q2 < 6.0GeV2/c4 and 15.0 < q2 <
19.0GeV2/c4 bins, the shape of the acceptance can vary significantly across the bin. In
this case, the candidates are weighted in the likelihood fit by the inverse of their e�ciency.
The event weights are scaled such that this pseudo-likelihood fit has confidence intervals
with the correct coverage.

The K+⇡�µ+µ� invariant mass is included in the fit to separate signal from background.
The signal and background mass distributions are parameterised as described in Sec. 6.
In order to better constrain the S-wave fraction, a simultaneous fit of the m(K+⇡�)
distribution is performed using the parameterisation described in Sec. 6. The signal fraction
and FS are common parameters in the simultaneous fits to the m(K+⇡�) distribution
and to the angular and m(K+⇡�µ+µ�) distributions. Figure 4 shows the projections
of the fitted probability density function on the angular and mass distributions for the
1.1 < q2 < 6.0GeV2/c4 q2 bin. Good agreement of the fitted function with the data is
observed. Projections for the other q2 bins are provided in Appendix B.

The P (0)
i observables introduced in Sec. 2 are determined by reparameterising Eq. (4)

using a basis comprising FL, P1,2,3 and P 0
4,5,6,8. The CP asymmetries are determined by

modifying the angular convention, introducing a relative sign between the angular terms

12

Belle 711 fb-1

B→K*µ+µ−
Nsig ~ 185

LHCb 3 fb-1

B0→K*µ+µ−
Nsig ~ 2400

LHCb, JHEP 1602 (2016) 104

Belle, PRL 118 (2017) no.11, 111801
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Transizioni b→s e nuova fisica

๏ Descrizione con Hamiltoniana effettiva

๏  Operatori più importanti per b→sℓℓ:
• Operatori di dipolo C7(’)  

→ Higgs carichi, correnti destrorse, …
• Operatori (pseudo-)vettoriali C9(’), C10(’)  
→ Z' massivi, leptoquarks, …

• Operatori (pseudo)-scalari CS(’), CP(’)  

→ Higgs massivi, leptoquarks, …  

"3

Introduction Leptonic decays Semi-leptonic b → s decays Semi-leptonic b → d decays b→ sll theory prospects

Effective theory beyond the SM

Heff = −4GF√
2

e2

16π2VtbV∗
ts

∑

i

CiOi + h.c.

! Four-quark operators (many; enter through hadronic effects)
! Dipole operators (can be constrained by radiative decays)
! Semi-leptonic operators:

(Q(′)
9 )ℓq = (q̄L(R)γμbL(R))(ℓ̄γ

μℓ) (Q(′)
10)

ℓ
q = (q̄L(R)γμbL(R))(ℓ̄γ

μγ5ℓ)

(Q(′)
S1)

ℓ
q = mb(q̄L(R)bR(L))(ℓ̄R(L)ℓL(R))

(Q(′)
S2)

ℓ
q = mb(q̄L(R)bR(L))(ℓ̄L(R)ℓR(L)) (Q(′)

T )ℓq = (q̄R(L)σμνbL(R))(ℓ̄R(L)σμνℓL(R))

David Straub (Universe Cluster) .
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Introduction Leptonic decays Semi-leptonic b → s decays Semi-leptonic b → d decays b→ sll theory prospects

Sensitivity to Wilson coefficients

Decay C(′)
7 C(′)

9 C(′)
10 C(′)

S,P

B → Xsγ X
B → K∗γ X

B → Xsℓ+ℓ− X X X
B → K(∗)ℓ+ℓ− X X X
Bs → μ+μ− X X

! Different observables are complementary in constraining NP
! Leptonic decay uniquely sensitive to scalar operators
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Misure di BR b→sµµ

Misure di dB/dq2 in processi 
esclusivi di tipo b→sµµ 

• grande precisione, 
moltitudine di canali  
(B+, B0, Bs, Λb)

• Ampie incertezze teoriche 
(~20-30%) dovute ai fattori 
di forma adronici

• Il pattern è coerente, ma le 
predizioni sono correlate

"4

Branching fraction measurements

• Branching fractions consistently below the SM prediction at low
q2 = [m(`+`�)]2 for many b ! sµµ processes

• SM predictions su↵er from large hadronic uncertainties

P. Álvarez Cartelle (Imperial College London) LFU in B+ ! K+`+`� 7/43

7/40
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Analisi angolari b→sµµ
๏ I decadimenti B→K*µµ costituiscono 

un eccellente laboratorio:
• Struttura angolare complessa: θℓ, θK, 
φ e q2 = m2(µµ) permette di separare i 
diversi contributi al processo b→sµµ 
(coefficienti di Wilson Ci)

"5

in the K⇤0 (K⇤0) rest frame. The angle � is the angle between the plane containing
the e+ and e� and the plane containing the kaon and pion from the K⇤0 (K⇤0) in
the B0 (B0) rest frame. The basis is designed such that the angular definition for
the B0 decay is a CP transformation of that for the B0 decay. A sketch of the
three angles is given in Figure 1.8. These definitions are identical to those used
for the B0! K⇤0µ+µ� analysis [17] and are detailed in Appendix A.1.

Using the notation of Ref. [77], the decay distribution of the B0 corresponds to

d4�

dq2 d cos ✓` d cos ✓K d�
=

9

32⇡

h
Is
1 sin

2 ✓K + Ic
1 cos

2 ✓K +

Is
2 sin

2 ✓K cos 2✓` + Ic
2 cos

2 ✓K cos 2✓` +

I3 sin
2 ✓K sin2 ✓` cos 2� + I4 sin 2✓K sin 2✓` cos� +

I5 sin 2✓K sin ✓` cos� + I6 sin
2 ✓K cos ✓` +

I7 sin 2✓K sin ✓` sin� + I8 sin 2✓K sin 2✓` sin� +

I9 sin
2 ✓K sin2 ✓` sin 2�

i
,

(1.28)

where the angular coe�cients Ij are only functions of q2. The same equation
holds for �̄ with Īj, no sign change is involved with the current definition of an-
gles. Angular coe�cients Ij can be expressed as bilinear combination of six K⇤0

transversity-amplitudes: four transverse, AL,R
?

and AL,R
||

, and two longitudinal,

AL,R
0 (the labels L and R refer to the left and right chirality of the dielectron sys-

tem). All their expressions are reported in Appendix A.2. This is valid in the limit
of massless leptons, which is a very good approximation for electrons, otherwise
one would need one more amplitude of timelike type. Amplitudes encode the de-

Fig. 1.8: A sketch of the definition of the three angles ✓`, ✓K and � for the B0! K⇤0e+e�

decay (adapted from [17]). Details are in the text below and in Appendix A.1

26

µ

µ

more e↵ective than branching ratio measurements in disentangling the di↵erent
Wilson coe�cients involved.
An angular analysis of charged and neutral B ! Kµ+µ� decays was performed
at LHCb. The angular distribution of the angle defined by the dilepton decay
with respect to the recoiling K in the B rest frame, ✓`, was used to measure the
forward-backward asymmetry AFB as well as FH, a measure of the contribution
from (pseudo)scalar and tensor amplitudes. Both these parameters are very sup-
pressed in the SM across the whole q2 range [25]. Measurements are found to be
consistent with this prediction.

The angular analysis of the B0 ! K⇤0µ+µ� decay, with K⇤0 ! K+⇡�, is
more complicated, but also richer in physics. As explained in Section 1.3.3, the
angular decay rate (see Equation 1.28) is described by three angles, ✓`, ✓K and
�, and can be used to measure the angular observables Sj and Aj (defined in
Equation 1.29). The very large yield collected by LHCb in the full Run 1 dataset
allows to fit all these parameters at the same time in fine q2 bins and extract
the correlation between them as well as the contamination from K+⇡� in an S-
wave configuration. The first measurement of the complete set of CP-averaged
observables, Sj, was recently presented by the LHCb collaboration [26] using the
whole Run 1 dataset (see Figure 1.4). The set of corresponding CP-asymmetries,
Aj, is expected to be published soon. Good agreement with the SM predictions
was found for all measured observables apart from S5, which presents some tension

photon 
pole

Long distance 
contributions 
from cc above 
open charm

Fig. 1.2: Artistic sketch of the profile of the di↵erential decay rate of B0! K⇤0`+`� as
a function of q2 [13]. The main Wilson coe�cients contributing to di↵erent q2 regions
are represented on top of the curve.

16

tree b→ccs

7 Unbinned Maximum Likelihood Fit354

7.1 Di↵erential decay rate355

The di↵erential decay rates for the signal decay B0! K⇤0µ+µ� and the conjugate decay356

B0! K⇤0µ+µ�, in terms of q2 and the three decay angles, are given by357

d4�[B0! K⇤0µ+µ�]

dq2 d~⌦
=

9

32⇡

X

i

Ii(q
2)fi(~⌦) and

d4�̄[B0! K⇤0µ+µ�]

dq2 d~⌦
=

9

32⇡

X

i

Īi(q
2)fi(~⌦) ,

(25)

where � (�̄) refers to decays involving a b (b) quark and hence a B0 (B0) meson, the358

terms fi(~⌦) are formed from combinations of spherical harmonics and the Ii (Īi) are359

q2-dependent angular observables. The Ii can be expressed as bilinear combinations of six360

complex decay amplitudes, AL,R
0,k,?, which correspond to the di↵erent transversity states of361

the K⇤0 meson and the di↵erent (left- and right-handed) chiralities of the dimuon system.362

An additional su�x s or c is conventionally added to some of the Ii terms to indicate that363

they have a sin2 ✓K or cos2 ✓K dependence. When q2 is su�ciently large (q2 >⇠ 1GeV2/c4),364

the muons can be considered massless. The list of the angular terms and observables that365

remain in this massless limit is given in Table 15.366

7.2 Angular observables367

Following the notation of Ref. [6], q2-dependent CP averages, Si can be defined as368

Si =
�
Ii + Īi

�.✓
d�

dq2
+

d�̄

dq2

◆
. (26)

In the massless limit, the CP -averaged observables S1(s,c) and S2(s,c) obey the relations369

S1s = 3S2s, S1c = �S2c and
3

4
(2S1s + S1c)� 1

4
(2S2s + S2c) = 1, as detailed in e.g. Ref. [6].370

These relationships reduce the number of independent CP -averaged observables from371

eleven to eight. The relations between the observables also hold to a good approximation372

for q2 < 1GeV2/c4 and are therefore adopted for the full q2 range. The S1c observable373

corresponds to the fraction of longitudinal polarisation of the K⇤0 meson and is therefore374

more commonly referred to as FL, with375

FL = S1c =
|AL

0
|2 + |AR

0
|2

|AL

0
|2 + |AR

0
|2 + |AL

k |2 + |AR

k |2 + |AL

?|2 + |AR

?|2
. (27)

It is also conventional to replace S6s by the forward-backward asymmetry of the376

dimuon system AFB, with AFB = 3

4
S6s. The CP -averaged angular distribution of the377

24

armoniche  
sferiche

Analisi angolare in breve:

osservabili  
angolari

larghezza di decadimento  
differenziale
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the K⇤0 meson and the di↵erent (left- and right-handed) chiralities of the dimuon system.362

An additional su�x s or c is conventionally added to some of the Ii terms to indicate that363

they have a sin2 ✓K or cos2 ✓K dependence. When q2 is su�ciently large (q2 >⇠ 1GeV2/c4),364

the muons can be considered massless. The list of the angular terms and observables that365

remain in this massless limit is given in Table 15.366

7.2 Angular observables367

Following the notation of Ref. [6], q2-dependent CP averages, Si can be defined as368

Si =
�
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�.✓
d�

dq2
+

d�̄

dq2

◆
. (26)

In the massless limit, the CP -averaged observables S1(s,c) and S2(s,c) obey the relations369

S1s = 3S2s, S1c = �S2c and
3

4
(2S1s + S1c)� 1

4
(2S2s + S2c) = 1, as detailed in e.g. Ref. [6].370

These relationships reduce the number of independent CP -averaged observables from371

eleven to eight. The relations between the observables also hold to a good approximation372

for q2 < 1GeV2/c4 and are therefore adopted for the full q2 range. The S1c observable373

corresponds to the fraction of longitudinal polarisation of the K⇤0 meson and is therefore374

more commonly referred to as FL, with375

FL = S1c =
|AL

0
|2 + |AR

0
|2

|AL

0
|2 + |AR

0
|2 + |AL

k |2 + |AR

k |2 + |AL

?|2 + |AR

?|2
. (27)

It is also conventional to replace S6s by the forward-backward asymmetry of the376

dimuon system AFB, with AFB = 3

4
S6s. The CP -averaged angular distribution of the377
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Additional sets of observables, for which the leading B0 ! K⇤0 form-factor uncer-379

tainties cancel, can be built from FL and S3–S9. Examples of such optimised observables380

include the transverse asymmetry A(2)

T
[47], where A(2)

T
= 2S3/(1�FL), and the P (0)

i series381

of observables [48]. In this analysis the notation used is382

P1 =
2S3

(1� FL)
= A(2)

T
,

P2 =
2

3

AFB

(1� FL)
,

P3 =
�S9

(1� FL)
,

P 0
4,5,8 =

S4,5,8p
FL(1� FL)

,

P 0
6
=

S7p
FL(1� FL)

.

(29)

The definition of the P 0
i observables di↵ers from that of Ref. [48], but is consistent with383

the notation used in the LHCb analysis of Ref. [3, 4].384

In addition to the resonant P-wave K⇤0 contribution to the K+⇡�µ+µ� final state,385

the K+⇡� system can also be in an S-wave configuration. The addition of an S-wave386

component introduces two new complex amplitudes, AL,R
S

, and results in the six additional387

angular terms that are given in the lower part of Table 15. The presence of a K+⇡�
388

system in an S-wave configuration modifies the angular distribution to389

1

d(�+ �̄)/dq2
d4(�+ �̄)

dq2 d~⌦

����
S+P

= (1� FS)
1

d(�+ �̄)/dq2
d4(�+ �̄)

dq2 d~⌦

����
P

+
3

16⇡
FS sin

2 ✓l

+
9

32⇡
(S11 + S13 cos 2✓l) cos ✓K

+
9

32⇡
(S14 sin 2✓l + S15 sin ✓l) sin ✓K cos�

+
9

32⇡
(S16 sin ✓l + S17 sin 2✓l) sin ✓K sin� ,

(30)

where FS denotes the S-wave fraction,390

FS =
|AL

S
|2 + |AR

S
|2

|AL

S
|2 + |AR

S
|2 + |AL

0
|2 + |AR

0
|2 + |AL

k |2 + |AR

k |2 + |AL

?|2 + |AR

?|2
, (31)

and the terms S11, S13–S17 arise from interference between the S- and P-wave amplitudes.391

Note that FS replaces the terms S10 and S12, with FS = 3S10 = �3S12. Throughout392

this analysis, FS and the interference terms between the S- and P-wave are treated as393

nuisance parameters. In the mK⇡ mass range used in this analysis, FS has previously been394

measured to FS = (10.1± 1.7± 0.9)% [5].395

7.3 Probability density functions396

The angular observables Si (as well as the alternative basis of angular observables P
(0)
i ) are397

determined in bins of q2 using an unbinned maximum likelihood fit of the reconstructed B0
398
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Analisi angolari b→sµµ
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Figure 8: The optimised angular observables in bins of q2, determined from a maximum likelihood
fit to the data. The shaded boxes show the SM prediction taken from Ref. [14].
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Figure 9: The CP -averaged observables in bins of q2, determined from a moment analysis of the
data. The shaded boxes show the SM predictions based on the prescription of Ref. [19].

25

]4c/2 [GeV2q
0 5 10 15

LF

0

0.5

1

LHCb
SM from ABSZ

]4c/2 [GeV2q
0 5 10 15

FBA

-0.5

0

0.5

LHCb
SM from ABSZ

]4c/2 [GeV2q
0 5 10 15

3S

-0.5

0

0.5
LHCb

SM from ABSZ

]4c/2 [GeV2q
0 5 10 15

4S

-0.5

0

0.5
LHCb

SM from ABSZ

]4c/2 [GeV2q
0 5 10 15

5S

-0.5

0

0.5
LHCb

SM from ABSZ

]4c/2 [GeV2q
0 5 10 15

7S

-0.5

0

0.5
LHCb

]4c/2 [GeV2q
0 5 10 15

8S

-0.5

0

0.5
LHCb

]4c/2 [GeV2q
0 5 10 15

9S

-0.5

0

0.5
LHCb

Figure 9: The CP -averaged observables in bins of q2, determined from a moment analysis of the
data. The shaded boxes show the SM predictions based on the prescription of Ref. [19].
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Fit globali b→sµµ
๏ Fit globali dei coefficienti di Wilson (Ci) a 

tutti gli osservabili b→sµµ
• I coefficienti di maggior impatto per questi 

decadimenti sono C9 e C10

๏ Il fit dei dati è molto migliore se si 
accettano contributi di NP in C9 e C10

• Un segno di nuova fisica o un problema 
nelle predizioni teoriche?

• Contributi di loop cc̅ sono difficili da 
stimare

๏ LHCb può fare chiarezza:
• Misure in altri sistemi adronici (B+, Bs, Λb)

• Inclusione nell’analisi di K*J/ψ e K*ψ(2S) 
possono migliorare le predizioni

"7

b→sll interpretation 

9 

Introduction Anomalies LFU violation Outlook Flavour: Outlook

Charm loops in B → K∗μ+μ−

! Culprit: matrix element of O1,2

⟨K̄∗|T{jμem(x)C1,2O1,2(0)}|B̄⟩

! Since O9 ∝ ℓ̄γμℓ, hλ could mimic a
new phyiscs effect in C9

! can be parametrised as
complex-valued (CP-even)
functions of q2: h+,−,0(q2) for the
3 helicity amplitudes

How can we disentangle hλ from C9?

O2 = (s̄LγμcL)(c̄Lγ
μbL)
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•  Community have started to look critically at the 
theory predictions – in particular, the O1,2 
operators have a component that could mimic a 
NP effect in C9 through cc loop 

•  Effect can be parameterised as function of three 
helicity amplitudes, h+-0  [EPJC (2017) 77: 377]  
–  Absorb effect of these amplitudes into a helicity 

dependent shift in C9,                                        
 C9

SM + ΔC9
+-0(q2)       cf.     C9

SM + ΔC9
NP     

–   Look for q2 and helicity dependence of shift in C9 

–  “The absence of a q2 and helicity dependence is 
intriguing, but cannot exclude a hadronic effect as 
the origin of the apparent discrepancies”   

•  Recent 1st NLO calculation of contribution 
includes phases between long and short-
distance amplitudes for 1st time  

Beneke et al. Nucl.Phys.B612:25-58,2001
Beylich et al. Eur. Phys. J. C (2011) 71: 1635

M.Ciuchini et al, PoS BEAUTY2018 (2018) 044
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Figure 1: Two projections of the WET fit to b ! sµµ and R
K(⇤) in the plane of the Wilson

coe�cients Cbsµµ

9 and Cbsµµ

10 (left), and Cbsµµ

9 and C 0bsµµ
9 (right). Solid (dashed)

contours include (exclude) the Moriond-2019 results for RK and RK⇤ . Individual
constraints are shown at 1�, the result of the global fit is shown at 1 and 2�. As
RK only constrains a single combination of Wilson coe�cients in the right plot, its
1� contour corresponds to ��2 = 1. For the other sets of data, 1 and 2� contours
correspond respectively to ��2

⇡ 2.3 and 6.2.

In this case, they cannot lead to significant modifications in semi-leptonic b ! sµµ transitions
[65]. However, the preference of the combination discussed in appendix A for a suppressed
Bs ! µ+µ� branching ratio means that a destructive interference of these Wilson coe�cients
with the SM contribution to the leptonic decay can lead to a moderate improvement of the
likelihood.

3.1.2. Scenarios with a pair of Wilson coe cients

Next, we consider the likelihood in the space of pairs of Wilson coe�cients. The results in
Table 1 suggest that NP in both Cbsµµ

9 and Cbsµµ

10 ought to give an excellent fit to the data.

The left plot of Fig. 1 shows the best fit regions in the Cbsµµ

9 - Cbsµµ

10 plane. The blue and
orange regions correspond to the 1� constraints from RK and RK⇤ , and b ! sµµ observables
(including Bs ! µ+µ�), respectively. The combined 1 and 2� region is shown in red. The
dotted contours indicate the situation without the Moriond-2019 results for RK and RK⇤ . The
best fit point Cbsµµ

9 ' �0.72 and Cbsµµ

10 ' 0.40 has a
p

��2 = 6.5, which, corrected for the
two degrees of freedom, corresponds to a pull of 6.2�. In this scenario a slight tension between
RK and RK⇤ remains, as it predicts RK ' RK⇤ while the data seems to indicate RK > RK⇤ .
In addition, there is also a slight tension between the RK & RK⇤ fit and the fit to b ! sµµ
observables, especially in the Cbsµµ

9 direction.

Overall, we find a similarly good fit of the data in a scenario with NP in Cbsµµ

9 and C 0bsµµ
9 .

The scenario is shown in the right plot of Fig. 1. The best fit values for the Wilson coe�cients

7

Contorno 1σ include: 
• b→ sµµ angolari
• b→ sµµ br. ratios
• Bs→µµ br. ratio

SM

J.Aebischera et al. arXiv:1903.10434

LHCb, JHEP 09 (2015) 179

T.Blake, U.Egede et al EPJC (2018) 78: 453
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Bs→µµ
๏ Molto più raro per “soppressione di elicità” 

• Sensibile a operatori (pseudo-)scalari CS,P 
dovuti a Higgs addizionali

๏ Puramente leptonico → ridotte incertezze 
delle predizioni: BR(Bs→µµ) ~ 6%

๏ LHCb: Bs→µµ osservato con 7.8σ  
(limite superiore su B0→µµ)
• BR(Bs→µµ) misurata con incertezza 20% (!!)

๏ Ultima combinazione LHCb + ATLAS + CMS 
 

๏ Misura estremamente preziosa nella 
comprensione delle anomalie (C10) 

"8

Introduction Leptonic decays Semi-leptonic b → s decays Semi-leptonic b → d decays b→ sll theory prospects

Sensitivity to Wilson coefficients

Decay C(′)
7 C(′)

9 C(′)
10 C(′)

S,P

B → Xsγ X
B → K∗γ X

B → Xsℓ+ℓ− X X X
B → K(∗)ℓ+ℓ− X X X
Bs → μ+μ− X X

! Different observables are complementary in constraining NP
! Leptonic decay uniquely sensitive to scalar operators
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meson, where a d quark replaces the s quark, is even more CKM suppressed because it
requires a jump across two quark generations rather than just one.

The branching fractions of these two decays, B, accounting for higher-order
electromagnetic and strong interaction e↵ects, and using lattice quantum chromo-
dynamics to compute the B0

s and B0 meson decay constants5–7, are reliably cal-
culated1 in the SM. Their values are B(B0

s ! µ+µ�)SM = (3.66± 0.23)⇥ 10�9 and
B(B0 ! µ+µ�)SM = (1.06± 0.09)⇥ 10�10.

Many theories that seek to go beyond the standard model (BSM) include new phe-
nomena and particles8,9, such as in the diagrams shown in Fig. 1f and g, that can signif-
icantly modify the SM branching fractions. In particular, theories with additional Higgs
bosons10,11 predict possible enhancements to the branching fractions. A significant devia-
tion of either of the two branching fraction measurements from the SM predictions would
give insight on how the SM should be extended. Alternatively, a measurement compatible
with the SM could provide strong constraints on BSM theories.

The ratio of the branching fractions of the two decay modes provides powerful dis-
crimination among BSM theories12. It is predicted in the SM1,13–15 to be R ⌘ B(B0 !
µ+µ�)SM/B(B0

s ! µ+µ�)SM = 0.0295+0.0028
�0.0025. Notably, BSM theories with the property of

minimal flavour violation16 predict the same value as the SM for this ratio.
The first evidence for the decay B0

s ! µ+µ� was presented by the LHCb collabora-
tion in 201217. Both CMS and LHCb later published results from all data collected in
proton-proton collisions at centre-of-mass energies of 7TeV in 2011 and 8TeV in 2012.
The measurements had comparable precision and were in good agreement18,19, although
neither of the individual results had su�cient precision to constitute the first definitive
observation of the B0

s decay to two muons.
In this Letter, the two sets of data are combined and analysed simultaneously to exploit

fully the statistical power of the data and to account for the main correlations between
them. The data correspond to total integrated luminosities of 25 fb�1 and 3 fb�1 for the
CMS and LHCb experiments, respectively, equivalent to a total of approximately 1012

B0
s and B0 mesons produced in the two experiments together. Assuming the branching

fractions given by the SM and accounting for the detection e�ciencies, the predicted
numbers of decays to be observed in the two experiments together are about 100 for
B0

s ! µ+µ� and 10 for B0 ! µ+µ�.
The CMS20 and LHCb21 detectors are designed to measure SM phenomena with high

precision and search for possible deviations. The two collaborations use di↵erent and
complementary strategies. In addition to performing a broad range of precision tests of
the SM and studying the newly-discovered Higgs boson22,23, CMS is designed to search for
and study new particles with masses from about 100GeV/c2 to a fewTeV/c2. Since many of
these new particles would be able to decay into b quarks and many of the SMmeasurements
also involve b quarks, the detection of b-hadron decays was a key element in the design
of CMS. The LHCb collaboration has optimised its detector to study matter-antimatter
asymmetries and rare decays of particles containing b quarks, aiming to detect deviations
from precise SM predictions that would indicate BSM e↵ects. These di↵erent approaches,
reflected in the design of the detectors, lead to instrumentation of complementary angular
regions with respect to the LHC beams, to operation at di↵erent proton-proton collision
rates, and to selection of b quark events with di↵erent e�ciency (for experimental details,
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the SM and studying the newly-discovered Higgs boson22,23, CMS is designed to search for
and study new particles with masses from about 100GeV/c2 to a fewTeV/c2. Since many of
these new particles would be able to decay into b quarks and many of the SMmeasurements
also involve b quarks, the detection of b-hadron decays was a key element in the design
of CMS. The LHCb collaboration has optimised its detector to study matter-antimatter
asymmetries and rare decays of particles containing b quarks, aiming to detect deviations
from precise SM predictions that would indicate BSM e↵ects. These di↵erent approaches,
reflected in the design of the detectors, lead to instrumentation of complementary angular
regions with respect to the LHC beams, to operation at di↵erent proton-proton collision
rates, and to selection of b quark events with di↵erent e�ciency (for experimental details,
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2 σ sotto il MS!
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J.Aebischera et al. arXiv:1903.10434
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CMS: PRL 111 (2013) 101804
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๏ b→sℓℓ può essere usato per studiare l’universalità 
leptonica del MS e delle sue estensioni
• Nuove particelle virtuali in b→sℓℓ potrebbero 

introdurre differenze tra ℓ = e,µ,τ

๏ LHCb testa b→sµµ contro b→see. Grande vantaggio:  
 

• Le incertezze adroniche si cancellano perfettamente
• 1% incertezza residua per correzioni radiative

๏ LHCb ha misurato RK(*) < 1 con i dati di Run 1  
(troppi elettroni / troppo pochi muoni)

๏ Nuovo RK con (parte dei) dati Run 2: ⬇ ⬇ ⬇

æ

RK (ú) =
B(B æ K (ú)µ+µ≠

)

B(B æ K (ú)e+e≠)

SM
= 1.0

Universalità leptonica in b→sℓℓ 

"9

Previous RKú and RK results (LHCb Run 1 data)

LHCb: PRL113(2014)151601

BaBar: PRD86(2012)032012

Belle: PRL103(2009)171801

LHCb: JHEP08(2017)055

All LHCb results below SM expectations:

I RK = 0.745
+0.090

≠0.074
± 0.036 for 1.0 < q2 < 6.0 GeV2

, ≥ 2.6 ‡ from SM;

I RKú = 0.66
+0.11

≠0.07
± 0.03 for 0.045 < q2 < 1.1 GeV2

, ≥ 2.2 ‡ from SM;

I RKú = 0.69
+0.11

≠0.07
± 0.05 for 1.1 < q2 < 6.0 GeV2

, ≥ 2.4 ‡ from SM;

Together with b æ sµµ results, RK and RKú constitute an interesting pattern of anomalies,

but the significance is still low.

3 Thibaud Humair
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M.Bordone et al, Eur. Phys. J. C76 (2016)

2.6 σ 

2.4-2.5 σ 
2.1-2.3 σ 
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Universalità leptonica in b→sℓℓ 
๏ Analisi dati 2011-2016 (statistica raddoppiata)

• Possibile raddoppiare di nuovo con tutti i dati Run 2

๏ L’analisi si concentra sul canale elettronico perché più 
complesso a LHCb:
• Trigger con calorimetro meno efficiente (pT > 3 GeV)
• Grande emissione di bremsstrahlung  Ee ~ 10-100 GeV  
→ alcuni e± perdono energia ed escono dall'accettanza  
→ misura del momento con lo spettrometro è più difficile 

"10

Fig. 2.13: (left) Schematic explanation of the principle of identification of photons,
electrons and hadrons with the calorimeter system. Adapted from [114]. (right) Dis-
tribution of m(K+K��) for a sample of B0

s ! �� events collected by LHCb with 2011
1 fb�1 data [115]. The mass resolution is dominated by the reconstructed photon energy
by the ECAL.

constraints and less stringent requirements on the resolution. Indeed, its main
purpose is to provide a trigger for charged hadrons having high transverse energy.

Electron identification and reconstruction

Electrons are identified by the energy deposit signature they leave in the calorime-
ter system, but also by looking for a track associated to the cluster and based on
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Fig. 2.14: (left) Distribution for the ECAL of E/pc for electrons (red) and hadrons
(blue), as obtained from the first 340 pb�1 recorded in 2011 [105]. (right) Schematic
representation of bremsstrahlung photons emitted by an electron before and after the
magnet [95].

45

brem prima del magnete

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)

?
B(B+ æ K+J/Â(µµ))

B(B+ æ K+J/Â(ee))

=
N(K+µµ)

N(K+J/Â(µµ))
· N(K+J/Â(ee))

N(K+ee)
· Á(K+J/Â(µµ))

Á(K+µµ)
· Á(K+ee)

Á(K+J/Â(ee))

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.
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Fit di massa simile Fit di massa simile Accettanza simile

Rapporto con il canale di controllo  
 B+→K+J/ψ(ℓℓ) semplifica la misura 
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Accettanza simile
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Universalità leptonica in b→sℓℓ 
๏ Calibrazioni usando con canali di 

controllo: efficienze tracking, PID, 
trigger e risoluzione di massa invariante

๏ Test rigoroso delle accettanze con canale 
di controllo:  
 

๏ Ma K*J/ψ(ℓℓ) ha q2 diverso da K*ℓℓ:
• Test differenziale nelle variabili diverse 

nel sist.di rif. del laboratorio
• Nessuna tendenza (bias RK ~ 0.1%)

๏ Ri-analisi dei dati Run 1  
→ RK perfettamente compatibile
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Cross-check 1: rJ/Â in 1D

To check e�ciencies are correct, check:

rJ/Â =
B(B æ K+J/Â(µµ))

B(B æ K+J/Â(ee))
= 1.0,

Result:

rJ/Â = 1.014 ± 0.035 (stat. + syst.)

I Check that e�ciencies are understood as a

function of any variable:

∆ di�erential rJ/Â demonstrates it is the

case: rJ/Â is flat for all variables examined.

]c)) [MeV/−l(
T
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Given expected min(pT (¸+
), pT (¸≠

) spectra,

bias expected on RK if deviations are genuine

rather than fluctuations is 0.1%.
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LHCb, arXiv:1903.09252
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Universalità leptonica in b→sℓℓ 

๏ Valore centrale più vicino al MS, deviazione 
sempre a livello di 2.5σ (miglior precisione) 

๏ Dovuto a Run 2 più simile al MS  
(ma compatibile con Run 1 a 1.9σ)

๏ BR(B+→K+µµ) Run 2 compatible con Run 1 (< 1σ) 
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RK result with 2011 to 2016 data LHCb-Paper-2019-009

Using 2011 and 2012 LHCb data, RK was:

RK = 0.745
+0.090

≠0.074
(stat.) ± 0.036(syst.),

≥ 2.6 ‡ from SM (PRL113(2014)151601).

Adding 2015 and 2016 data, RK becomes:

RK = 0.846 +0.060
≠0.054(stat.) +0.016

≠0.014(syst.)

≥ 2.5 ‡ from SM.
]4c/2 [GeV2q
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Dominant systematic uncertainties:

Fit shape, trigger calibration, B+
kinematics.

9 Thibaud Humair

RK result with 2011 to 2016 data LHCb-Paper-2019-009

Using 2011 and 2012 LHCb data, RK was:

RK = 0.745
+0.090

≠0.074
(stat.) ± 0.036(syst.),

≥ 2.6 ‡ from SM (PRL113(2014)151601).

Adding 2015 and 2016 data, RK becomes:

RK = 0.846 +0.060
≠0.054(stat.) +0.016

≠0.014(syst.)

≥ 2.5 ‡ from SM.
]4c/2 [GeV2q

0 5 10 15 20

KR

0.0

0.5

1.0

1.5

2.0

BaBar
Belle
LHCb Run 1
LHCb Run 1 + 2015 + 2016

LHCb

Dominant systematic uncertainties:

Fit shape, trigger calibration, B+
kinematics.

9 Thibaud Humair

LHCb, arXiv:1903.09252

LH
C

b, arXiv:1903.09252



Martino Borsato - University of Heidelberg

Altri test di universalità leptonica

๏ LHCb può dire ancora molto:
• Aggiornare misure con dati Run 2
• Test in altri canali adronici  

(diversi fondi e sistematici)
• Analisi angolare di B0→K*e+e− 

possibile usando intero Run 2

๏ LFUV → LFV
• Ricerche di violazione del sapore 

leptonico già cominciate (B0→eµ)
• Molti altri canali possibili

"13)
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s ! e±µ⌥ and B0 ! e±µ⌥

is performed based on a sample of proton-proton collision data corresponding
to an integrated luminosity of 3 fb�1, collected with the LHCb experiment at
centre-of-mass energies of 7 and 8TeV. The observed yields are consistent with
the background-only hypothesis. Upper limits on the branching fraction of the
B0

s ! e±µ⌥ decays are evaluated both in the hypotheses of an amplitude com-
pletely dominated by the heavy eigenstate and by the light eigenstate. The re-
sults are B(B0

s ! e±µ⌥) < 6.3 (5.4)⇥ 10�9 and B(B0
s ! e±µ⌥) < 7.2 (6.0)⇥ 10�9 at

95% (90%) confidence level, respectively. The upper limit on the branching fraction of
the B0! e±µ⌥ decay is also evaluated, obtaining B(B0! e±µ⌥) < 1.3 (1.0)⇥ 10�9

at 95% (90%) confidence level. These are the strongest limits on these decays to
date.
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Note: an amplitude fit to the electron channel is only possible thanks to the fact 
that the determination of all the nuisance parameters is completely dominated by 
the large muon sample 

Unbinned VS binned approach
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Figure 1: Two projections of the WET fit to b ! sµµ and R
K(⇤) in the plane of the Wilson

coe�cients Cbsµµ

9 and Cbsµµ

10 (left), and Cbsµµ

9 and C 0bsµµ
9 (right). Solid (dashed)

contours include (exclude) the Moriond-2019 results for RK and RK⇤ . Individual
constraints are shown at 1�, the result of the global fit is shown at 1 and 2�. As
RK only constrains a single combination of Wilson coe�cients in the right plot, its
1� contour corresponds to ��2 = 1. For the other sets of data, 1 and 2� contours
correspond respectively to ��2

⇡ 2.3 and 6.2.

In this case, they cannot lead to significant modifications in semi-leptonic b ! sµµ transitions
[65]. However, the preference of the combination discussed in appendix A for a suppressed
Bs ! µ+µ� branching ratio means that a destructive interference of these Wilson coe�cients
with the SM contribution to the leptonic decay can lead to a moderate improvement of the
likelihood.

3.1.2. Scenarios with a pair of Wilson coe�cients

Next, we consider the likelihood in the space of pairs of Wilson coe�cients. The results in
Table 1 suggest that NP in both Cbsµµ

9 and Cbsµµ

10 ought to give an excellent fit to the data.

The left plot of Fig. 1 shows the best fit regions in the Cbsµµ

9 - Cbsµµ

10 plane. The blue and
orange regions correspond to the 1� constraints from RK and RK⇤ , and b ! sµµ observables
(including Bs ! µ+µ�), respectively. The combined 1 and 2� region is shown in red. The
dotted contours indicate the situation without the Moriond-2019 results for RK and RK⇤ . The
best fit point Cbsµµ

9 ' �0.72 and Cbsµµ

10 ' 0.40 has a
p

��2 = 6.5, which, corrected for the
two degrees of freedom, corresponds to a pull of 6.2�. In this scenario a slight tension between
RK and RK⇤ remains, as it predicts RK ' RK⇤ while the data seems to indicate RK > RK⇤ .
In addition, there is also a slight tension between the RK & RK⇤ fit and the fit to b ! sµµ
observables, especially in the Cbsµµ

9 direction.

Overall, we find a similarly good fit of the data in a scenario with NP in Cbsµµ

9 and C 0bsµµ
9 .

The scenario is shown in the right plot of Fig. 1. The best fit values for the Wilson coe�cients

7

Conclusioni
๏ LHCb ha aperto nuova frontiera in b→sℓℓ 
→ alcuni risultati inaspettati

๏ Scenario coerente? Fit globali preferiscono un 
contributo di nuova fisica a C9 e C10

๏ Ruolo di Bs→µµ fondamentale a questo punto

๏ Test di universalità leptonica 
• Sembrano coerenti con effetti in b→sµµ se 

causati da NP che preferisce µµ a ee
• Nuova misura di RK si avvicina al MS ma non 

cambia la situazione
• Più precisione necessaria  

๏ LHCb sta preparando molte altre misure  
(e un upgrade dell’esperimento)

๏ Anche Belle II, ATLAS e CMS hanno il 
potenziale di contribuire

"14

SM

tratteggiata: prima nuovo RK  

continua: dopo nuovo RK 

Fit migliore del MS di 6.2σ  
Forti assunzioni, Nobel

J.Aebischera et al. arXiv:1903.10434
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Analisi angolari b→sµµ

"16
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Figure 4: Angular and mass distributions for 1.1 < q2 < 6.0GeV2/c4. The distributions of
m(K+⇡�) and the three decay angles are given for candidates in the signal mass window
±50MeV/c2 around the known B0 mass. The candidates have been weighted to account for
the acceptance. Overlaid are the projections of the total fitted distribution (black line) and its
di↵erent components. The signal is shown by the blue shaded area and the background by the
red hatched area.
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Figure 4: Angular and mass distributions for 1.1 < q2 < 6.0GeV2/c4. The distributions of
m(K+⇡�) and the three decay angles are given for candidates in the signal mass window
±50MeV/c2 around the known B0 mass. The candidates have been weighted to account for
the acceptance. Overlaid are the projections of the total fitted distribution (black line) and its
di↵erent components. The signal is shown by the blue shaded area and the background by the
red hatched area.
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Fit di massa e distribuzioni angolari
LHCb, JHEP 02 (2016) 104



Martino Borsato - University of Heidelberg

Analisi angolari b→sµµ
๏ Misure in altri sistemi adronici (B+, Bs, Λb)
• Complementari, ma per ora limitate dalla 

statistica

๏ Estrazione Wilson in funzione di q2  
(NP dovrebbe essere indipendente)

๏ Includere nell’analisi le regioni dei 
decadimenti puramente adronici K*J/ψ e 
K*ψ(2S) possono migliorare le predizioni
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Figure 5: CP -averaged angular observables FL and S3,4,7 and CP asymmetries A5,6,8,9 shown by
black dots, overlaid with SM predictions [4, 5], where available, indicated as blue shaded boxes.
The vetoes excluding the charmonium resonances are indicated by grey areas.
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b→sll interpretation 

9 

Introduction Anomalies LFU violation Outlook Flavour: Outlook

Charm loops in B → K∗μ+μ−

! Culprit: matrix element of O1,2

⟨K̄∗|T{jμem(x)C1,2O1,2(0)}|B̄⟩

! Since O9 ∝ ℓ̄γμℓ, hλ could mimic a
new phyiscs effect in C9

! can be parametrised as
complex-valued (CP-even)
functions of q2: h+,−,0(q2) for the
3 helicity amplitudes

How can we disentangle hλ from C9?

O2 = (s̄LγμcL)(c̄Lγ
μbL)

David Straub (Universe Cluster) .
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•  Community have started to look critically at the 
theory predictions – in particular, the O1,2 
operators have a component that could mimic a 
NP effect in C9 through cc loop 

•  Effect can be parameterised as function of three 
helicity amplitudes, h+-0  [EPJC (2017) 77: 377]  
–  Absorb effect of these amplitudes into a helicity 

dependent shift in C9,                                        
 C9

SM + ΔC9
+-0(q2)       cf.     C9

SM + ΔC9
NP     

–   Look for q2 and helicity dependence of shift in C9 

–  “The absence of a q2 and helicity dependence is 
intriguing, but cannot exclude a hadronic effect as 
the origin of the apparent discrepancies”   

•  Recent 1st NLO calculation of contribution 
includes phases between long and short-
distance amplitudes for 1st time  

Figure 3: Distributions of the angular observables P 0
5, AFB S7, and FL as a function of

q2 for regions below (left) and above (right) the open charm threshold (cyan). Specific
choices are highlighted for ✓0j = 0 (hatched band) and ✓0j = ⇡ (dark band). The measured
values of the observables from Ref. [49] are also shown (black points). The theoretical
predictions (magenta band) using flavio [48] are shown for comparison.

in the SM. The observable S7 exhibits a particularly large dependence on the strong
phases, demonstrating that measurements of the angular distribution of B0

! K⇤0µ+µ�

decays can be used to determine the phases of the hadronic resonances. Therefore, this
observable can be used to separate short-distance from the non-local contributions, as only
the non-local part has a strong-phase di↵erence. The remaining CP -averaged observables
can be found in Appendix B. Definitions of these observables can be found for instance in
Ref. [47]. As the phase ✓0j of all the resonant final states appearing in Table 1 are unknown,
all possible variations of phases ✓0j are considered. The uncertainties arising from the
combined light-cone sum rules and lattice QCD calculations of B ! K⇤ form factors are
accounted for using the covariance matrix provided in Ref. [15]. The predictions of these
observables using flavio [48] are also shown for comparison. The lack of knowledge of
the phase ✓0j results in a large uncertainty for the prediction of P 0

5, diluting the sensitivity
of this observable to the e↵ects of physics beyond the SM. However, for the choice of ✓0j
that results in a non-local charm contribution that is compatible with the latest prediction
presented in Ref. [21] and is shown in Fig. 2), the tension of the prediction with the
measured value of P 0

5 cannot be explained solely through hadronic e↵ects.
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Figure 5: CP -averaged angular observables FL and S3,4,7 and CP asymmetries A5,6,8,9 shown by
black dots, overlaid with SM predictions [4, 5], where available, indicated as blue shaded boxes.
The vetoes excluding the charmonium resonances are indicated by grey areas.
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Bs→φµµ

T.Blake, U.Egede et al EPJC (2018) 78: 453

W.Altmannshofer, et al EPJC (2018) 78: 453

EPJC
 (2018) 78: 453

EPJC
 (2018) 78: 453

LHCb, JHEP 09 (2015) 179

NP indip da q2

Figure 3: Distributions of the angular observables P 0
5, AFB S7, and FL as a function of

q2 for regions below (left) and above (right) the open charm threshold (cyan). Specific
choices are highlighted for ✓0j = 0 (hatched band) and ✓0j = ⇡ (dark band). The measured
values of the observables from Ref. [49] are also shown (black points). The theoretical
predictions (magenta band) using flavio [48] are shown for comparison.

in the SM. The observable S7 exhibits a particularly large dependence on the strong
phases, demonstrating that measurements of the angular distribution of B0

! K⇤0µ+µ�

decays can be used to determine the phases of the hadronic resonances. Therefore, this
observable can be used to separate short-distance from the non-local contributions, as only
the non-local part has a strong-phase di↵erence. The remaining CP -averaged observables
can be found in Appendix B. Definitions of these observables can be found for instance in
Ref. [47]. As the phase ✓0j of all the resonant final states appearing in Table 1 are unknown,
all possible variations of phases ✓0j are considered. The uncertainties arising from the
combined light-cone sum rules and lattice QCD calculations of B ! K⇤ form factors are
accounted for using the covariance matrix provided in Ref. [15]. The predictions of these
observables using flavio [48] are also shown for comparison. The lack of knowledge of
the phase ✓0j results in a large uncertainty for the prediction of P 0

5, diluting the sensitivity
of this observable to the e↵ects of physics beyond the SM. However, for the choice of ✓0j
that results in a non-local charm contribution that is compatible with the latest prediction
presented in Ref. [21] and is shown in Fig. 2), the tension of the prediction with the
measured value of P 0

5 cannot be explained solely through hadronic e↵ects.
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Figure S3: Simulated K+e� mass distributions for signal and various cascade background
samples. The distributions are all normalised to unity. (Left) the bremsstrahlung correction to
the momentum of the electron is taken into account, resulting in a tail to the right. (Right) the
mass is computed only from the track information (mtrack). The notation ⇡[!e] (e[!⇡]) is used
to denote an electron (pion) that is misidentified as a pion (electron).

figures show the projections from the simultaneous fit that is used to obtain RK . The
total yields for the resonant and nonresonant decays obtained from these fits are given in
Table S1.

The distributions of the ratio rJ/ as a function of the B
+ transverse momentum and

the minimum pT of the leptons are shown in Fig. S6, together with the spectra expected
for the resonant and nonresonant decays. This single ratio does not benefit from the
cancellation of systematic e↵ects that the double ratio exploits in the measurement of
RK , and is therefore a stringent test of the control of the e�ciencies. No significant
trend is observed in either rJ/ distribution and the results are compatible with rJ/ = 1.
Assuming the deviations observed indicate genuine mismodelling of the e�ciencies, rather
than fluctuations, and taking into account the spectrum of the relevant variables in the
nonresonant decay modes of interest, a total shift of RK at the level 0.002 would be
expected for the B

+
pT and lepton minimum pT. This variation is compatible with the

estimated systematic uncertainties on RK . Similarly, the variations seen in all other
reconstructed quantities are compatible with the systematic uncertainties assigned. The
ratio rJ/ is also computed in two- and three-dimensional bins of reconstructed quantities.
An example is shown in Fig. S7. Again, no significant trend is seen and the distributions
are compatible with rJ/ = 1.

Table S1: Total yields of the decay modes B+
! K+e+e�, B+

! K+µ+µ�,
B+

! J/ (! e+e�)K+ and B+
! J/ (! µ+µ�)K+ obtained from the fits to the data.

Decay Mode Event Yield

B
+
! K

+
e
+
e
� 766± 48

B
+
! K

+
µ
+
µ
� 1 943± 49

B
+
! J/ (! e

+
e
�)K+ 344 100± 610

B
+
! J/ (! µ

+
µ
�)K+ 1 161 800± 1 100
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Figure S8: Likelihood function from the fit to the data profiled as a function of RK (solid line).
The blue dashed line depicts the expected shape of the likelihood profile if the uncertainties were
Gaussian.

The profile likelihood for the fit is shown in Fig. S8. The likelihood is Gaussian to a
reasonable approximation in the range 0.75 < RK < 0.95, but non-Gaussian e↵ects can be
seen outside of this range due to the comparatively low yield in the B

+
! K

+
e
+
e
� decay.

The RK values derived from a fit to just the 7 and 8TeV data, and a fit to just the
13TeV data are

R
7 and 8TeV
K

= 0.717 +0.083
� 0.071

+0.017
� 0.016 ,

R
13TeV
K

= 0.928 +0.089
� 0.076

+0.020
� 0.017 ,

where the first set of uncertainties are statistical and the second systematic. The combi-
nation of these values, or a combination of the latter value with the previously published
LHCb result [33], requires that correlations are properly taken into account, as is done in
the simultaneous fit used to derive the RK measurement given in the main body of the
Letter.
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๏ If fitting RK separately in Run1 and Run2:  
 
 
 

๏ Compatibility (with correlations):
• Previous Run1 with new Run1: < 1σ 
• Run1 vs Run2: 1.9σ 

"19

Final results (II)

• RK is obtained from a simultaneous fit to Run 1 and Run 2 datasets.

• If instead the Run 1 and Run 2 were fitted separately:

RK
oldRun1 = 0.745 +0.090

�0.074 ± 0.036 ,

RK
newRun1 = 0.717+0.083

� 0.071
+ 0.017
� 0.016 ,

RK
2015+ 2016 = 0.928+0.089

� 0.076
+ 0.020
� 0.017 .

Compatibility taking correlations into account:

! Previous Run 1 result vs. this Run 1 result: < 1�
(new reconstruction, selection)

! Run 1 result vs. Run 2 result: 1.9�

P. Álvarez Cartelle (Imperial College London) LFU in B+ ! K+`+`� 36/43

36/40

[LHCb-PAPER-2019-009]

LHCb, arXiv:1903.09252
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Figure S6: (Top) distributions of the spectra of (left) the B+ transverse momentum and (right)
the minimum pT of the leptons. (Bottom) the single ratio rJ/ relative to its average value⌦
rJ/ 

↵
as a function of these variables.

) bin number−l, +l(α ×)) −l(p), +p(lmax(
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

〉 
ψ

J/r 〈
 / 

ψ
J/r

0.9

1.0

1.1 LHCb

4.0 4.5 5.0 5.5
)))−l(p), +p(l(max(

10
log

0.00

0.05

0.10

0.15

0.20

0.25

0.30

) [
ra

d]
− l, + l(

α

1

2

3

4

5

6
7

8

9

10
11

12

13
14
15

16

LHCb
simulation

Figure S7: (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.
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Figure 6: E�ciency of the L0Electron line as a function of the transverse energy of one of the

two electron candidates (probe) for B+! J/ (! e+e�)K+
simulated events, in the inner-most

ECAL regions and for the Run 2 data taking conditions. The e�ciency is shown in the case

where no requirement is placed on the other electron (red), when the other electron is required

to have fired the L0Electron trigger (blue), when the other electron is required not to have

fired the L0Electron trigger (black) and when the other electron has fired but is more than 1m

away from the probe electron (orange).
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Figure 7: E�ciency corrected (left) B+! J/ (! e+e�)K+
and (right) B+! J/ (! µ+µ�

)K+

yields in the Run 1 sample as a function of the B+
transverse momentum. The values are shown

both before and after the calibration of the simulation used to determine the e�ciencies.
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Figure 4: Invariant mass distribution for partially reconstructed backgrounds to the

B+! K+e+e� decay and leakage from B+! J/ (! e+e�)K+
obtained from simulation. The

lower edge of the m(K+`+`�) range in which the nonresonant mode is selected is shown with

a dotted black line. The relative branching fraction of B0,+! K⇤
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decays and decays containing K⇤+
1,2 mesons is assumed to be equal to that observed in the

equivalent resonant modes [4].
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candidate measured using B+! J/ (! e+e�)K+
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Figure S3: Simulated K+e� mass distributions for signal and various cascade background
samples. The distributions are all normalised to unity. (Left) the bremsstrahlung correction to
the momentum of the electron is taken into account, resulting in a tail to the right. (Right) the
mass is computed only from the track information (mtrack). The notation ⇡[!e] (e[!⇡]) is used
to denote an electron (pion) that is misidentified as a pion (electron).

figures show the projections from the simultaneous fit that is used to obtain RK . The
total yields for the resonant and nonresonant decays obtained from these fits are given in
Table S1.

The distributions of the ratio rJ/ as a function of the B
+ transverse momentum and

the minimum pT of the leptons are shown in Fig. S6, together with the spectra expected
for the resonant and nonresonant decays. This single ratio does not benefit from the
cancellation of systematic e↵ects that the double ratio exploits in the measurement of
RK , and is therefore a stringent test of the control of the e�ciencies. No significant
trend is observed in either rJ/ distribution and the results are compatible with rJ/ = 1.
Assuming the deviations observed indicate genuine mismodelling of the e�ciencies, rather
than fluctuations, and taking into account the spectrum of the relevant variables in the
nonresonant decay modes of interest, a total shift of RK at the level 0.002 would be
expected for the B

+
pT and lepton minimum pT. This variation is compatible with the

estimated systematic uncertainties on RK . Similarly, the variations seen in all other
reconstructed quantities are compatible with the systematic uncertainties assigned. The
ratio rJ/ is also computed in two- and three-dimensional bins of reconstructed quantities.
An example is shown in Fig. S7. Again, no significant trend is seen and the distributions
are compatible with rJ/ = 1.

Table S1: Total yields of the decay modes B+
! K+e+e�, B+

! K+µ+µ�,
B+

! J/ (! e+e�)K+ and B+
! J/ (! µ+µ�)K+ obtained from the fits to the data.

Decay Mode Event Yield

B
+
! K

+
e
+
e
� 766± 48

B
+
! K

+
µ
+
µ
� 1 943± 49

B
+
! J/ (! e

+
e
�)K+ 344 100± 610

B
+
! J/ (! µ

+
µ
�)K+ 1 161 800± 1 100
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Cross-check 3: rJ/ in 2D

• Repeat the exercise in 2D, to check against correlated e↵ects.

• Choose q2-dependent variables relevant for the detector response.

• Select B+
! K+J/ (`+`�) events in bins of this 2D space and compute rJ/ 

in each of them
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! Flatness of R2D
J/ plots gives confidence that e�ciencies are understood over all

phase-space
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Cross-check 4 & 5

• 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�))
,

Result well compatible with unity:

R (2S) = 0.986 ± 0.013 (stat + syst)

! Good compatibility found separately for Run 1 and Run 2 datasets,

and in all trigger categories.

• Checked that the B(B+ ! K+µ+µ�) is compatible with previous

determination [LHCb JHEP06 (2014) 133], but less precise owing to the

selection being optimised for RK .

! Good compatibility between the measurements in the Run 1 and

Run 2 samples is also found.
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