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Lepton couplings in the Standard Model

The requirement of gauge invariance of the Standard Model Lagrangian
implies that

if the electroweak interactions are described by a Yang-Mills theory
if the symmetry group of the electroweak interactions is SU(2)⊗ U(1)

then the lepton couplings are universal
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Only difference in amplitudes resides in the different volume of the phase space
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Hints of lepton non-universality
Lepton universality thoroughly tested in direct and indirect measurements

Several deviations observed by different experiments
Flavour-changing charged currents: semileptonic B decays
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Flavour-changing neutral currents: rare b→ sll transitions
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Violation of lepton universality: SM conditions not satisfied, or contribution
from a new unpredicted source

See Olivier Leroy’s talk (Thursday 5th, QLFP parallel)
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The LHCb experiment at CERN

Single arm spectrometer
designed for high precision
flavour physics measurements
Pseudorapidity range η ∈ [2, 5]
Highly efficient particle
identification
Very good momentum and IP
resolution
Excellent primary and
secondary vertex
reconstruction

The LHCb experiment at CERN

Single arm spectrometer
designed for high precision
flavour physics measurements
Pseudorapidity range η ∈ [2, 5]
Very good particle
identification
Good momentum and IP
resolution
Excellent primary and
secondary vertices
reconstruction

Lorenzo Capriotti - Search for strong CPV in η(′) → π+π− 5 / 18
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PHENOMENOLOGY
OF

RARE
b→ sll

TRANSITIONS
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Phenomenology of b→ sll transitions

FCNC forbidden at tree level in the SM
Rare decays, B ∼ 10−6 − 10−7

Highly sensitive to contribution from
sources outside the SM
Model-independent approach using
effective, four-fermion point interactions
Leff = 4GF√

2 VtbV
∗

ts (
∑

i CiOi)
Oi are current-current operators
Ci are complex coefficients (Wilson
coefficients)
Sensitivity in angular distributions and
differential branching fractions
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Operators and q2 dependence

Study of the differential branching fraction in bins of q2 = m(l+l−)
O7: electromagnetic penguin operator
O9,10: semileptonic operators
In order to remove long distance effects (i.e. b→ (cc̄→ ll)s) the narrow
charmonium resonances are vetoed

Theoretical Framework
› FCNC effective Hamiltonian described by Operator Product Expansion

» Ci (Wilson coefficients): perturbative, short-distance physics, sensitive to E>LEW

» Oi (Operators): non-perturbative, long-distance physics, depend on hadronic FF

YETI 2018Simone Bifani 21

q2 = m(ll)2
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Angular observables
Study of the full angular distribution in bins of q2
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Figure 7: Graphical representation of the angular basis used for B0 → K∗0µ+µ− and

B0→ K∗0µ+µ− decays in this paper. The notation n̂ab is used to represent the normal to

the plane containing particles a and b in the B0 (or B0) rest frame. An explicit description of

the angular basis is given in the text.

23

for q2 < 1 GeV2/c4 and are therefore adopted for the full q2 range. The S1c observable
corresponds to the fraction of longitudinal polarisation of the K∗0 meson and is therefore
more commonly referred to as FL, with

FL = S1c =
|AL

0 |2 + |AR
0 |2

|AL
0 |2 + |AR

0 |2 + |AL
‖ |2 + |AR

‖ |2 + |AL
⊥|2 + |AR

⊥|2
. (3)

It is also conventional to replace S6s by the forward-backward asymmetry of the dimuon sys-
tem AFB, with AFB = 3

4
S6s. The CP -averaged angular distribution of the B0→ K∗0µ+µ−

decay can then be written as

1

d(Γ + Γ̄)/dq2
d4(Γ + Γ̄)

dq2 d~Ω
=

9

32π

[
3
4
(1− FL) sin2 θK + FL cos2 θK

+1
4
(1− FL) sin2 θK cos 2θl

−FL cos2 θK cos 2θl + S3 sin2 θK sin2 θl cos 2φ

+S4 sin 2θK sin 2θl cosφ+ S5 sin 2θK sin θl cosφ

+4
3
AFB sin2 θK cos θl + S7 sin 2θK sin θl sinφ

+S8 sin 2θK sin 2θl sinφ+ S9 sin2 θK sin2 θl sin 2φ
]
.

(4)

Additional sets of observables, for which the leading B0 → K∗0 form-factor uncertainties
cancel, can be built from FL and S3–S9. Examples of such optimised observables include
the transverse asymmetry A

(2)
T [23], where A

(2)
T = 2S3/(1 − FL), and the P

(′)
i series of

observables [24]. In this paper the notation used is

P1 =
2S3

(1− FL)
= A

(2)
T ,

P2 =
2

3

AFB

(1− FL)
,

P3 =
−S9

(1− FL)
,

P ′4,5,8 =
S4,5,8√

FL(1− FL)
,

P ′6 =
S7√

FL(1− FL)
.

(5)

The definition of the P ′i observables differs from that of Ref. [24], but is consistent with
the notation used in the LHCb analysis of Ref. [8].

In addition to the resonant P-wave K∗0 contribution to the K+π−µ+µ− final state,
the K+π− system can also be in an S-wave configuration. The addition of an S-wave
component introduces two new complex amplitudes, AL,R

S , and results in the six additional

3

AF B is the forward-backward asymmetry of the dileptons
Sj are CP-averaged combinations of the K∗0 polarisation amplitudes
FL is the fraction of longitudinal polarisation of the K∗0

They are all functions of C7, C9, C10

Other cleaner variables, for which the hadronic form factor uncertainties
cancel at leading order, can be defined

[JHEP 1305(2013)137)], [JHEP 02(2016)104]
Lorenzo Capriotti - Flavour anomalies in rare decays at LHCb 8 / 20

https://link.springer.com/article/10.1007/JHEP05(2013)137
https://link.springer.com/article/10.1007%2FJHEP02%282016%29104


b→ sµµ
ANGULAR
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Angular analysis of B0 → K∗0µ+µ−
Dataset: full Run 1 (3 fb−1)Angular analysis of B→ K∗µµ [JHEP 1602 (2016) 104]
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[JHEP 02(2016)104]
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Angular analysis of B0 → K∗0µ+µ−
Angular analysis of B→ K∗µµ
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I Construct observables independent on FF at leading order
I P′5 ≡ S5√

FL(1−FL)
displays significant tension with SM

I LHCb alone: global significance of 3.4 σ
I Results from other experiments consistent (larger uncertainties)

[LHCb: JHEP1602(2016)104] [CMS: PLB781(2018)517-541]

[ATLAS: arXiv:1805.04000] [Belle: PRL118(2017)111801]
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P ′5 = S5√
FL(1−FL)

distribution shows local deviations with respect to SM

Global significance of about 3.4σ (LHCb only)
Measurements from other experiments are compatible

[JHEP 02(2016)104], [arXiv:1805.04000], [PLB 781(2018)517], [PRL 118(2017)111801]
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Angular analysis of Λb → Λµ+µ−

Preliminary results
About 600 candidates from Run 1 and
Run 2 (5 fb−1)
Only high q2 region, q2 ∈ [15, 20] GeV2/c2

Small discrepancy (2σ) in one of the
forward-backward asymmetries

Λ0
b → Λµ+µ− - angular analysis [LHCb-PAPER-2018-029]

• Only candidates in q2 ∈ [15− 20]GeV2/c4q2 ∈ [15− 20]GeV2/c4q2 ∈ [15− 20]GeV2/c4 are used. Where statistics
is sufficient large to perform angular analysis.
• Observables are extracted using method of moments.
• Statistical uncertainties are extracted using bootstrapping technique.
• The decay of Λ0

b → J/ψΛ is used to understand the signal shape of
Λ0

b → Λµ+µ− and the detector acceptance.
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Data sets for Run 1 and Run 2, long-and downstream

are combined (∼ 5fb−1). Result in a yield of ∼ 600 decays.

Georgios Chatzikonstantinidis Flavor anomalies at LHCb June 7, 2018 17 / 19Al
F B = −0.39± 0.04± 0.01

Ah
F B = −0.30± 0.05± 0.02

Alh
F B = 0.25± 0.04± 0.01⇐= 2σ from SM

[LHCB-PAPER-2018-029] (in preparation)
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DIFFERENTIAL
BRANCHING
FRACTIONS
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b→ sµµ differential branching fractionsb→ sµµ branching fractions
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. [JHEP 06 (2014) 133] [JHEP 04 (2017) 142] [JHEP 09 (2015) 179] [JHEP 06 (2015) 115]

Many measurements below SM predictions...

16 / 25

Λ0
b → Λ0µµ

Low-q2 regions: results are consistently lower than the SM predictions
Largest local discrepancy is 3.3σ for B0

s → φµµ

[JHEP 06(2014)133], [JHEP 04(2017)142], [JHEP 09(2015)179], [JHEP 06(2015)115], [PRD 93(2016)074501]
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Global fit from b→ sµµ measurements
377 Page 4 of 12 Eur. Phys. J. C (2017) 77 :377
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Fig. 1 Two-dimensional constraints in the plane of NP contributions
to the real parts of the Wilson coefficients C9 and C10 (left) or C9 and
C ′

9 (right), assuming all other Wilson coefficients to be SM-like. For
the constraints from the B → K ∗μ+μ− and Bs → φμ+μ− angular

observables from individual experiments as well as for the constraints
from branching ratio measurements of all experiments (“BR only”), we
show the 1σ (�χ2 ≈ 2.3) contours, while for the global fit (“all”), we
show the 1, 2, and 3σ contours

The significance of the tension between the branching
ratio measurements and the corresponding SM predictions
depends strongly on the form factors used. To estimate the
possible impact of underestimated form factor uncertainties,
we repeat the fit with NP in C9, doubling the form factor
uncertainties with respect to our nominal fit. We find that
the pull is reduced from 5.2σ to 4.0σ . Significant tensions
remain in this scenario, indicating that underestimated form
factor uncertainties are likely not the only source of the dis-
crepancies.

We also perform a fit doubling the uncertainties of the
non-factorizable hadronic corrections (see [32] for details of
how we estimate these uncertainties). We find a reduced pull
of 4.4σ .

3.2 New physics in pairs of Wilson coefficients

Next, we consider pairs of Wilson coefficients. In the last
four rows of Table 1, we show the best-fit points and pulls
for four different scenarios. We observe that adding one of
the primed coefficients does not improve the fit substantially.

In Fig. 1 we plot contours of constant �χ2 in the planes
of two Wilson coefficients for the scenarios with NP in C9

and C10 or in C9 and C ′
9, assuming the remaining coeffi-

cients to be SM-like. In both plots, we show the 1, 2, and 3σ

contours for the global fit, but also 1σ contours showing the
constraints coming from the angular analyses of individual

experiments, as well as from branching ratio measurements
of all experiments.

We observe that the individual constraints are all com-
patible with the global fit at the 1σ or 2σ level. While the
CMS angular analysis shows good agreement with the SM
expectations, all other individual constraints show a deviation
from the SM. In view of their precision, the angular analysis
and branching ratio measurements of LHCb still dominate
the global fit (cf. Figs. 5, 7, 6 and 8), leading to an allowed
region similar to previous analyses. We do not find any sig-
nificant preference for non-zero NP contributions in C10 or
C ′

9 in these two simple scenarios.
Similarly to our analysis of scenarios with NP in one

Wilson coefficient, we repeat the fits doubling the form
factor uncertainties and doubling the uncertainties of non-
factorizable corrections. For NP in C9 and C10, we find that
the pull is reduced from 5.0σ to 3.7σ and 4.1σ , respectively.
For NP inC9 andC ′

9 the pull is reduced from 5.3σ to 4.1σ and
4.4σ , respectively. The impact of the inflated uncertainties is
also illustrated in Fig. 2. Doubling the hadronic uncertainties
is not sufficient to achieve agreement between data and SM
predictions at the 3σ level.

3.3 New physics or hadronic effects?

It is conceivable that hadronic effects that are largely under-
estimated could mimic new physics in the Wilson coeffi-

123

Global fit to the real part of C9 and C10

The best fit for several global analyses points towards a shift in C9

Discrepancy up to 5σ
Discussion is ongoing about our understanding of QCD effects in
branching fractions and angular observables

[JHEP 06(2016)092], [arXiv:1611.05060], [EPJC 77 6(2017)377]
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BF double ratios in b→ sll decays: R(K(∗))

R(K(∗)) = B(B → K(∗)µ+µ−)
B(B → K(∗)(J/ψ → µ+µ−))

/ B(B → K(∗)e+e−)
B(B → K(∗)(J/ψ → e+e−))

Direct test of lepton universality in b→ sll decays
The double ratio reduces systematic uncertainties
Selection between the muon and electron channel as similar as possible
Challenging due to the differences between muons and electrons

Trigger
Efficiencies
Bremsstrahlung
Resolution

See Biplab Dey’s talk (Thursday 5th, QLFP parallel)
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Muons and electrons in LHCb
Electrons emit a large amount of
bremsstrahlung that results in degraded
momentum and mass resolutions
Downstream brem: photon emitted after
the magnet, momentum correctly
measured
Upstream brem: photon emitted before
the magnet, momentum underestimated
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[JHEP 08(2017)055]
Lorenzo Capriotti - Flavour anomalies in rare decays at LHCb 18 / 20

https://link.springer.com/article/10.1007%2FJHEP08%282017%29055


Results for R(K) and R(K∗)
Datasets: full Run 1 (3 fb−1)
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LHCb results are consistently lower than 1
R(K) = 0.745+0.090

−0.074 ± 0.036 (2.6σ) at central q2 ∈ [1.0, 6.0] GeV2/c4

R(K∗) = 0.66+0.11
−0.07 ± 0.03 (2.1σ − 2.3σ) at low q2 ∈ [0.045, 1.1] GeV2/c4

R(K∗) = 0.69+0.11
−0.07 ± 0.05 (2.4σ − 2.5σ) at central q2 ∈ [1.1, 6.0] GeV2/c4

Results from B factories are compatible (with less precision)
These results point to a shift in the muonic C9 in accordance with the
other anomalies detected in b→ sll decays

[PRL 113(2014)151601], [JHEP 08(2017)055]
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Conclusions

A large set of anomalies has been observed in b→ sll decays
They all point to the same direction =⇒ need for additional contribution
with respect to the SM in order to accommodate the data
Many more analyses are ongoing in this sector
Inclusion of Run 2 data might already turn hints into evidences

[arXiv:1709.10308]
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