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Introduction

SM flavour puzzle We need to find the 
scale of New Physics!

• LHC found a SM-like Higgs 

• No sign of new phenomena 

• We know there is new physics  
somewhere but we don’t know            
the scale… 

• Why three families? 

• Why the hierarchies? 

   (mt /me = 3.4 x 105)

Why are we interested in             
Flavour Physics?



Introduction

Why do we need New Physics?
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• Hierarchy Problem (?) 

• Dark Matter/Dark Energy 

• Inflation 

• Neutrino masses  

• Baryon asymmetry 

• Origin of flavour hierarchies 

  … 



Introduction

• Hierarchy Problem (?) → TeV-scale New Physics? 

• Dark Matter/Dark Energy 

• Inflation 

• Neutrino masses → See-saw? 

• Baryon asymmetry → Leptogenesis? 

• Origin of flavour hierarchies → Symmetries of flavour? 

... 
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Testable through Hadronic/Leptonic Flavour/CP Violation?

Why do we need New Physics?



Clean example: charged Lepton Flavour Violation

• Neutrinos oscillate → Lepton family numbers are not conserved! 

• Can we observe LFV in charged leptons decays?  

• In the SM + massive neutrinos:  

  Suppression due to small neutrino masses  

  

  In presence of NP at the TeV we can expect large effects!   
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Cheng Li ’77, ’80; Petcov ‘77 
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BR(µ ! e�) = 10�55 ÷ 10�54



Clean example: charged Lepton Flavour Violation

SUSY

W

µ e

γ

νi
Borzumati Masiero ‘86; 

Hisano et al. ‘95
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• Unambigous signal of New Physics 

• Stringent test of NP models 

• It probes scales far beyond the LHC reach



Plenty of stringent limits
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Plenty of stringent limits
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Plenty of stringent limits



Probing high energy scales
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… and we have experiments!

cf. e.g. LC and Signorelli, ‘17
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A very limited selection…

• Anomalies in semi-leptonic B-meson decays 

• Charged Lepton Flavour Violation in SUSY
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Semi-leptonic B-meson decays
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Hot topic! Hundreds of papers…  
I am not even attempting a comprehensive review

Nice discussions in the Flavour parallel session

Experimental status and prospects:  
talks by Caria, Dash, Lancierini, Nayak, Sahoo, Sandilya, Tolk 

and next plenary by Urquijo

Theoretical interpretations: 
talks by Bardhan, Deshpande, Dev, Giri, Kumar, Mandal 

          Two classes of anomalies: 
I. In charged-current processes of the type 

II. In neutral-current                    transitions
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7. – Lepton Flavour (Non-)Universality and Lepton Flavour Violation

In recent years, B-physics experiments have reported a number of interesting anoma-
lous results that might hint to the violation of lepton flavour universality (LFU) in
semi-leptonic B decays. If confirmed, this would be a signal of new physics, because
LFU is predicted by the SM as a consequence of the flavour-independent couplings of
leptons to electroweak gauge bosons. These results concern two classes of observables:
(i) neutral-current transitions of the kind b ! s`+`�, and (ii) charged-current b ! c`⌫
processes.

The following ratios of branching ratios – belonging to the first class – have been
measured by LHCb [205, 206]:

RK ⌘ BR(B+ ! K+µ+µ�)

BR(B+ ! K+e+e�)
= 0.745+0.090

�0.074 ± 0.036 for q2 2 [1, 6]GeV2,(64)

RK⇤ ⌘ BR(B0 ! K⇤ 0µ+µ�)

BR(B0 ! K⇤ 0e+e�)
= 0.685+0.113

�0.069 ± 0.047 for q2 2 [1.1, 6]GeV2,(65)

where q2 is the dilepton invariant mass squared, the first quoted errors are statistical and
the second ones are systematic. In the SM, the above observables, which are theoretically
very clean (hadronic uncertainties cancel in the ratios), are predicted to deviate from
unity only at the percent level due to small radiative corrections: (RK(⇤))SM = 1.00±0.01
[207]. Besides RK(⇤) , other tensions with the SM predictions (at the 3� level) are reported
in b ! sµ+µ� transitions, in particular, in the rate of the decays B ! K⇤µ+µ� [208] and
B0

s ! �µ+µ� [209], and in the angular distributions of B ! K⇤µ+µ� [208, 210, 211].
Coming to the second class of observables, data from Babar [212], Belle [213], and

LHCb [214] (averaged in [77]) show a combined ⇡ 4� deviation from the theory predic-
tions [215, 216]:

RD ⌘ BR(B ! D⌧⌫)exp/BR(B ! D⌧⌫)SM

BR(B ! D`⌫)exp/BR(B ! D`⌫)SM
= 1.34 ± 0.17 ,(66)

RD⇤ ⌘ BR(B ! D⇤⌧⌫)exp/BR(B ! D⇤⌧⌫)SM

BR(B ! D⇤`⌫)exp/BR(B ! D⇤`⌫)SM
= 1.23 ± 0.07 ,(67)

where ` = e, µ and B and D(⇤) charges were averaged.
Both classes of anomalies – if confirmed – would require a sizeable new-physics con-

tribution, at the level of O(10%) of the SM one. This is particularly interesting in the
case of the charged-current (class-II) observables that come from tree-level processes in
the SM: in fact, new physics should contribute to B ! D(⇤)⌧⌫ at the tree-level as well
and lie at a scale not far from the EW scale in order to give such large e↵ect. In the
case of the class-I observables, the new physics sector can be rather heavier, yet below
O(100) TeV. For a detailed recent discussion on the new-physics scales hinted at by these
anomalies see [217].

It is interesting to note that the b ! s`+`� (i.e. class-I) data are in better agreement
with the theory predictions if we introduce new physics as a single two-quarks-two-leptons
e↵ective operator involving only muons – (s̄�µPLb)(µ̄�µµ) or (s̄�µPLb)(µ̄�µPLµ) (in the
latter case, only LH fields appear) – which can lead to a destructive interference with
the SM contributions and hence to a deficit of muon events [218]. Recent global fits
to the data show that this scenario is preferred to the SM at the 4-5� level, see [219]
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R(D(*)): experiments vs theory
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• Babar, Belle and LHCB results point to a ~4σ 
discrepancy between SM predictions and 
experimental results
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it would point to a 20-30% 
 enhancement wrt the SM

test of Lepton Flavour Universality (LFU)
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BR(B ! D(⇤)⌧⌫)

BR(B ! D(⇤)`⌫)
, ` = e, µ

from the SM
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to the data show that this scenario is preferred to the SM at the 4-5� level, see [219]
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 efficiencies. The combination of these four measurements constitutes 
the first observation of a purely leptonic B− decay. Whereas the early 
measurements favoured somewhat larger values, the current average31 of

τ ν→ = . ± . ×τ
− − −B B( ) (1 06 0 19) 10 (6)4

is compatible with the standard model prediction (equation (1)), which 
is lower by 1.4 standard deviations.

Measurements of B  → D(*)τ−   ντ decays 
As defined in equations (4) and (5), ∗RD( ) corresponds to the ratio of 
branching fractions for τ ν→ τ

∗ −B D( )  (signal) and ν→ τ
∗ −B D ℓ( )  (normali-

zation). BaBar and Belle events containing such decays are selected by 
requiring a hadronic Btag, a D or D* meson, and a charged lepton  
ℓ− = e−, µ−. Charged and neutral D candidates are reconstructed from 
combinations of pions and kaons with invariant masses compatible with 
the D meson mass. The higher-mass D*0 and D*+ mesons are identified 
by their D* → Dπ and D* → Dγ decays. In signal decays, the lepton ℓ− 
originates from the τ ν ν→ τ

− −ℓ ℓ decay, leading to a final state with three 
neutrinos and resulting in a broad mmiss

2  distribution, while in normali-
zation decays the lepton originates from the B decay with a single neutrino 
and therefore ≈m 0miss

2 . Non-BB  backgrounds and misreconstructed 
events are greatly suppressed by the Btag reconstruction. The remaining 
background is further reduced by multivariate selections.

At LHCb, only decays of B 0 mesons producing a µ− and D*+ meson 
are selected. Muons are favoured over electrons because of their higher 
detection efficiency and momentum resolution. The D*+ meson is recon-
structed exclusively in D*+ → D0(→K−π+)π+ decays. B mesons produced 
at LHCb have a flight path of the order of 1 cm. This feature is exploited 
to reject the bulk of the background, by requiring that the charged parti-
cles from the B candidate and no other tracks originate from a common 
vertex that is significantly separated from the pp collision point. The 
reduction in signal efficiency due to the use of a single decay chain is 
compensated by the very large production rate of B mesons at the LHC. 
The direction of the B momentum is inferred from the reconstructed pp 
collision point and the D*+µ− vertex, but its magnitude is unknown. 
LHCb approximates the B momentum by equating its component parallel 
to the beam axis to that of the D*+µ− combination, rescaled by the ratio 
of the B mass to the measured D*+µ− mass.

The yields for the signal, normalization, and various background con-
tributions are determined by maximum likelihood fits to the observed 
data distributions. Control samples are used to validate the simulated 
distributions and constrain the size and kinematic features of the back-
ground contributions.

All three experiments rely on the variables mmiss
2 , ∗E ℓ (the energy of the 

charged lepton in the B rest frame) and q2. BaBar and Belle restrict the 
data to q2 > 4 GeV2 to enhance the contribution from signal decays. BaBar 
performs the fit in two dimensions whereas LHCb covers the whole q2 
range in four intervals, thus performing a fully three-dimensional fit. The 

Belle collaboration performs a one-dimensional fit to the mmiss
2  distribu-

tion in the low-mmiss
2  region < .m( 0 85GeV )miss

2 2  dominated by the nor-
malization decays, combined with a fit to a multivariate classifier in the 
high-mmiss

2  region. This classifier includes mmiss
2 , ∗E ℓ, Eextra, and additional 

kinematic variables.
Figure 5 shows one-dimensional projections of the data and the fitted 

contributions from signal, normalization, and background decays. For 
BaBar (and likewise for Belle), the mmiss

2  distributions show a narrow peak 
at zero (Fig. 5a, d), dominated by normalization decays with a single neu-
trino, whereas the signal events with three neutrinos extend to about 
10 GeV2. For ν→ τ

−B Dℓ  decays, there is a sizeable contribution from 
ν→ τ

∗ −B D ℓ  decays, for which the pion or photon from the D* → Dπ or 
D* → Dγ decay was not reconstructed. For LHCb, the peak at zero is 
somewhat broader and has a long tail into the signal region (Fig. 5h) 
because of the sizeable uncertainty in the estimation of the Bsig  
momentum. The ∗E ℓ distributions (Fig. 5c, f, i) provide additional discri-
mination, since a lepton from a normalization decay has a higher average  
momentum than a lepton originating from a secondary τ ν ν→ τ

− −ℓ ℓ  
decay in signal B decays.

Among the background contributions, semileptonic B decays to D** 
mesons (charm mesons of higher mass than the D* mesons) are of con-
cern, primarily because their branching fractions are not well known. 
These D** states decay to a D or D* meson plus additional particles that, 
if not reconstructed, contribute to the missing momentum of the decay. 
As a result, ν→ ∗∗ −B D ℓ ℓ  decays have a broader mmiss

2  distribution than 
do normalization decays. They can be distinguished from signal decays 
by their ∗E ℓ  distributions which extend to higher values. At LHCb, an 
important background arises from B → D(*)HcX decays, where Hc is a 
charm hadron decaying either leptonically or semileptonically, and X 
refers to additional low-mass hadrons, if present. These decays produce 
mmiss

2  and ∗E ℓ spectra that are similar to those of signal events (Fig. 5h, i).
Figure 4 shows the measured values for RD and ∗RD  by the BaBar26, 

Belle32,33 and LHCb34 collaborations. These results include a recent 
 measurement of ∗RD  by Belle that uses a semileptonic tag, but do not 
include earlier results from BaBar35,36 and Belle37,38 based on partial 
 datasets. The averages of the measurements39 are

= . ± . ± .R 0 397 0 040 0 028 (7)D stat syst

= . ± . ± .∗R 0 316 0 016 0 010 (8)D stat syst

Both values exceed the standard model expectations. Taking into account 
the correlations (Fig. 6), the combined difference between the measured 
and expected values has a significance of about four standard deviations.

Interpretations of results
The results presented here have attracted the attention of the physics 
community, and have resulted in several potential explanations of this 
apparent violation of lepton universality for decays involving the τ lepton.

BaBar (ST)

BaBar (HT)

Belle (ST)

Belle (HT)

LHCb

(B– → W– QW) (10–4)
0 1 2 3

1.7 ± 0.8
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0.375 ± 0.069
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0.332 ± 0.030 

0.293 ± 0.041 

0.336 ± 0.040 

0.302 ± 0.032 

a b c

Figure 4 | Comparison of measurements with standard model 
predictions. a–c, Shown are the branching fraction τ ν→ τ

− −B B( ) (a), and 
the ratios RD (b) and ∗RD  (c) measured by the BaBar26,29,30, Belle27,28,32,33 
and LHCb34 collaborations. The data points indicate statistical and total 
uncertainties. ST and HT refer to the measurements with semileptonic and 

hadronic tags, respectively. The average values of the measurements and 
their combined uncertainties, obtained by the Heavy Flavor Averaging 
Group31,39, are shown in red as vertical lines and bands, and the expectations 
from the standard model calculations15,17,18 are shown in blue.
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 efficiencies. The combination of these four measurements constitutes 
the first observation of a purely leptonic B− decay. Whereas the early 
measurements favoured somewhat larger values, the current average31 of

τ ν→ = . ± . ×τ
− − −B B( ) (1 06 0 19) 10 (6)4

is compatible with the standard model prediction (equation (1)), which 
is lower by 1.4 standard deviations.

Measurements of B  → D(*)τ−   ντ decays 
As defined in equations (4) and (5), ∗RD( ) corresponds to the ratio of 
branching fractions for τ ν→ τ

∗ −B D( )  (signal) and ν→ τ
∗ −B D ℓ( )  (normali-

zation). BaBar and Belle events containing such decays are selected by 
requiring a hadronic Btag, a D or D* meson, and a charged lepton  
ℓ− = e−, µ−. Charged and neutral D candidates are reconstructed from 
combinations of pions and kaons with invariant masses compatible with 
the D meson mass. The higher-mass D*0 and D*+ mesons are identified 
by their D* → Dπ and D* → Dγ decays. In signal decays, the lepton ℓ− 
originates from the τ ν ν→ τ

− −ℓ ℓ decay, leading to a final state with three 
neutrinos and resulting in a broad mmiss

2  distribution, while in normali-
zation decays the lepton originates from the B decay with a single neutrino 
and therefore ≈m 0miss

2 . Non-BB  backgrounds and misreconstructed 
events are greatly suppressed by the Btag reconstruction. The remaining 
background is further reduced by multivariate selections.

At LHCb, only decays of B 0 mesons producing a µ− and D*+ meson 
are selected. Muons are favoured over electrons because of their higher 
detection efficiency and momentum resolution. The D*+ meson is recon-
structed exclusively in D*+ → D0(→K−π+)π+ decays. B mesons produced 
at LHCb have a flight path of the order of 1 cm. This feature is exploited 
to reject the bulk of the background, by requiring that the charged parti-
cles from the B candidate and no other tracks originate from a common 
vertex that is significantly separated from the pp collision point. The 
reduction in signal efficiency due to the use of a single decay chain is 
compensated by the very large production rate of B mesons at the LHC. 
The direction of the B momentum is inferred from the reconstructed pp 
collision point and the D*+µ− vertex, but its magnitude is unknown. 
LHCb approximates the B momentum by equating its component parallel 
to the beam axis to that of the D*+µ− combination, rescaled by the ratio 
of the B mass to the measured D*+µ− mass.

The yields for the signal, normalization, and various background con-
tributions are determined by maximum likelihood fits to the observed 
data distributions. Control samples are used to validate the simulated 
distributions and constrain the size and kinematic features of the back-
ground contributions.

All three experiments rely on the variables mmiss
2 , ∗E ℓ (the energy of the 

charged lepton in the B rest frame) and q2. BaBar and Belle restrict the 
data to q2 > 4 GeV2 to enhance the contribution from signal decays. BaBar 
performs the fit in two dimensions whereas LHCb covers the whole q2 
range in four intervals, thus performing a fully three-dimensional fit. The 

Belle collaboration performs a one-dimensional fit to the mmiss
2  distribu-

tion in the low-mmiss
2  region < .m( 0 85GeV )miss

2 2  dominated by the nor-
malization decays, combined with a fit to a multivariate classifier in the 
high-mmiss

2  region. This classifier includes mmiss
2 , ∗E ℓ, Eextra, and additional 

kinematic variables.
Figure 5 shows one-dimensional projections of the data and the fitted 

contributions from signal, normalization, and background decays. For 
BaBar (and likewise for Belle), the mmiss

2  distributions show a narrow peak 
at zero (Fig. 5a, d), dominated by normalization decays with a single neu-
trino, whereas the signal events with three neutrinos extend to about 
10 GeV2. For ν→ τ

−B Dℓ  decays, there is a sizeable contribution from 
ν→ τ

∗ −B D ℓ  decays, for which the pion or photon from the D* → Dπ or 
D* → Dγ decay was not reconstructed. For LHCb, the peak at zero is 
somewhat broader and has a long tail into the signal region (Fig. 5h) 
because of the sizeable uncertainty in the estimation of the Bsig  
momentum. The ∗E ℓ distributions (Fig. 5c, f, i) provide additional discri-
mination, since a lepton from a normalization decay has a higher average  
momentum than a lepton originating from a secondary τ ν ν→ τ

− −ℓ ℓ  
decay in signal B decays.

Among the background contributions, semileptonic B decays to D** 
mesons (charm mesons of higher mass than the D* mesons) are of con-
cern, primarily because their branching fractions are not well known. 
These D** states decay to a D or D* meson plus additional particles that, 
if not reconstructed, contribute to the missing momentum of the decay. 
As a result, ν→ ∗∗ −B D ℓ ℓ  decays have a broader mmiss

2  distribution than 
do normalization decays. They can be distinguished from signal decays 
by their ∗E ℓ  distributions which extend to higher values. At LHCb, an 
important background arises from B → D(*)HcX decays, where Hc is a 
charm hadron decaying either leptonically or semileptonically, and X 
refers to additional low-mass hadrons, if present. These decays produce 
mmiss

2  and ∗E ℓ spectra that are similar to those of signal events (Fig. 5h, i).
Figure 4 shows the measured values for RD and ∗RD  by the BaBar26, 

Belle32,33 and LHCb34 collaborations. These results include a recent 
 measurement of ∗RD  by Belle that uses a semileptonic tag, but do not 
include earlier results from BaBar35,36 and Belle37,38 based on partial 
 datasets. The averages of the measurements39 are

= . ± . ± .R 0 397 0 040 0 028 (7)D stat syst

= . ± . ± .∗R 0 316 0 016 0 010 (8)D stat syst

Both values exceed the standard model expectations. Taking into account 
the correlations (Fig. 6), the combined difference between the measured 
and expected values has a significance of about four standard deviations.

Interpretations of results
The results presented here have attracted the attention of the physics 
community, and have resulted in several potential explanations of this 
apparent violation of lepton universality for decays involving the τ lepton.
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Figure 4 | Comparison of measurements with standard model 
predictions. a–c, Shown are the branching fraction τ ν→ τ

− −B B( ) (a), and 
the ratios RD (b) and ∗RD  (c) measured by the BaBar26,29,30, Belle27,28,32,33 
and LHCb34 collaborations. The data points indicate statistical and total 
uncertainties. ST and HT refer to the measurements with semileptonic and 

hadronic tags, respectively. The average values of the measurements and 
their combined uncertainties, obtained by the Heavy Flavor Averaging 
Group31,39, are shown in red as vertical lines and bands, and the expectations 
from the standard model calculations15,17,18 are shown in blue.
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7. – Lepton Flavour (Non-)Universality and Lepton Flavour Violation

In recent years, B-physics experiments have reported a number of interesting anoma-
lous results that might hint to the violation of lepton flavour universality (LFU) in
semi-leptonic B decays. If confirmed, this would be a signal of new physics, because
LFU is predicted by the SM as a consequence of the flavour-independent couplings of
leptons to electroweak gauge bosons. These results concern two classes of observables:
(i) neutral-current transitions of the kind b ! s`+`�, and (ii) charged-current b ! c`⌫
processes.

The following ratios of branching ratios – belonging to the first class – have been
measured by LHCb [205, 206]:

RK ⌘ BR(B+ ! K+µ+µ�)

BR(B+ ! K+e+e�)
= 0.745+0.090

�0.074 ± 0.036 for q2 2 [1, 6]GeV2,(64)

RK⇤ ⌘ BR(B0 ! K⇤ 0µ+µ�)

BR(B0 ! K⇤ 0e+e�)
= 0.685+0.113

�0.069 ± 0.047 for q2 2 [1.1, 6]GeV2,(65)

where q2 is the dilepton invariant mass squared, the first quoted errors are statistical and
the second ones are systematic. In the SM, the above observables, which are theoretically
very clean (hadronic uncertainties cancel in the ratios), are predicted to deviate from
unity only at the percent level due to small radiative corrections: (RK(⇤))SM = 1.00±0.01
[207]. Besides RK(⇤) , other tensions with the SM predictions (at the 3� level) are reported
in b ! sµ+µ� transitions, in particular, in the rate of the decays B ! K⇤µ+µ� [208] and
B0

s ! �µ+µ� [209], and in the angular distributions of B ! K⇤µ+µ� [208, 210, 211].
Coming to the second class of observables, data from Babar [212], Belle [213], and

LHCb [214] (averaged in [77]) show a combined ⇡ 4� deviation from the theory predic-
tions [215, 216]:

RD ⌘ BR(B ! D⌧⌫)exp/BR(B ! D⌧⌫)SM

BR(B ! D`⌫)exp/BR(B ! D`⌫)SM
= 1.34 ± 0.17 ,(66)

RD⇤ ⌘ BR(B ! D⇤⌧⌫)exp/BR(B ! D⇤⌧⌫)SM

BR(B ! D⇤`⌫)exp/BR(B ! D⇤`⌫)SM
= 1.23 ± 0.07 ,(67)

where ` = e, µ and B and D(⇤) charges were averaged.
Both classes of anomalies – if confirmed – would require a sizeable new-physics con-

tribution, at the level of O(10%) of the SM one. This is particularly interesting in the
case of the charged-current (class-II) observables that come from tree-level processes in
the SM: in fact, new physics should contribute to B ! D(⇤)⌧⌫ at the tree-level as well
and lie at a scale not far from the EW scale in order to give such large e↵ect. In the
case of the class-I observables, the new physics sector can be rather heavier, yet below
O(100) TeV. For a detailed recent discussion on the new-physics scales hinted at by these
anomalies see [217].

It is interesting to note that the b ! s`+`� (i.e. class-I) data are in better agreement
with the theory predictions if we introduce new physics as a single two-quarks-two-leptons
e↵ective operator involving only muons – (s̄�µPLb)(µ̄�µµ) or (s̄�µPLb)(µ̄�µPLµ) (in the
latter case, only LH fields appear) – which can lead to a destructive interference with
the SM contributions and hence to a deficit of muon events [218]. Recent global fits
to the data show that this scenario is preferred to the SM at the 4-5� level, see [219]

Semileptonic b-hadron decays provide powerful probes for testing the Standard Model
(SM) and for searching for the e↵ects of physics beyond the SM. Due to their relatively
simple theoretical description via tree-level processes in the SM, these decay modes serve as
an ideal setting for examining the universality of the couplings of the three charged leptons
in electroweak interactions. Recent measurements of the parameters R(D) and R(D⇤),
corresponding to the ratios of branching fractions B(B ! D(⇤)⌧�⌫

⌧

)/B(B ! D(⇤)µ�⌫
µ

),
by the BaBar [1, 2], Belle [3–6] and LHCb [7–9] collaborations indicate larger values than
the SM predictions [10]. Proposed explanations for these discrepancies include extensions
of the SM that involve enhanced weak couplings to third-generation leptons and quarks,
such as interactions involving a charged Higgs boson [11, 12], leptoquarks [13], or new
vector bosons [14]. Furthermore, other hints of the failure of lepton flavor universality
have been seen in electroweak loop-induced B-meson decays [15, 16].

Measurements of semitauonic decays of other species of b hadrons can provide additional
handles for investigating the sources of theoretical and experimental uncertainties, and
potentially the origin of lepton nonuniversal couplings. This Letter presents the first study
of the semitauonic decay B+

c

! J/ ⌧+⌫
⌧

and a measurement of the ratio of branching
fractions

R(J/ ) =
B(B+

c

! J/ ⌧+⌫
⌧

)

B(B+

c

! J/ µ+⌫
µ

)
, (1)

for which the current SM predictions are in the range of 0.25 to 0.28, where the spread
arises from the choice of modeling approach for form factors [17–20]. Here and throughout
the Letter charge-conjugate processes are implied.

The measurement is performed using data recorded with the LHCb detector at the
Large Hadron Collider in 2011 and 2012, corresponding to integrated luminosities of 1 fb�1

and 2 fb�1 collected at proton-proton (pp) center-of-mass energies of 7TeV and 8TeV,
respectively. The analysis procedure is designed to identify both the signal decay chain
B+

c

! J/ ⌧+⌫
⌧

and the normalization mode B+

c

! J/ µ+⌫
µ

, with J/ ! µ+µ� and
⌧+ ! µ+⌫

µ

⌫
⌧

, through their identical visible final states (µ+µ�)µ+. The muon candidate
not originating from the J/ is referred to as the unpaired muon. The two modes
are distinguished using di↵erences in their kinematic properties. The selected sample
contains contributions from the signal and the normalization modes, as well as several
background processes. The contributions of the various components are determined from
a multidimensional fit to the data, where each component is represented by a template
distribution derived from control data samples or from simulation validated against data.
The selection and fit procedures are developed without knowledge of the signal yield.

The LHCb detector is a single-arm forward spectrometer covering the pseudorapidity
range 2 < ⌘ < 5, described in detail in Refs. [21, 22]. Notably for this analysis, muons are
identified by a system composed of alternating layers of iron and multiwire proportional
chambers [23]. The online event selection is performed by a trigger [24], which in this
case consists of a hardware stage, based on information from the calorimeter and muon
systems, followed by a software stage, which applies a full event reconstruction. Simulated
data samples, which are used for producing fit templates and evaluating the signal to
normalization e�ciency ratio, are produced using the software described in Refs. [25–28].

Events containing a J/ µ+ candidate are required to have been selected by the LHCb
hardware dimuon trigger, with both muon candidates at the trigger level matched to the
decay products of the J/ candidate in the o✏ine selection. In the software trigger, the
events are required to meet criteria designed to select J/ ! µ�µ+ candidates constructed

1

of the ratio of branching fractions

R(J/ ) =
B(B+

c

! J/ ⌧+⌫
⌧

)

B(B+

c

! J/ µ+⌫
µ

)
= 0.71± 0.17 (stat) ± 0.18 (syst). (3)

This result lies within 2 standard deviations of the range of existing predictions in the
Standard Model, 0.25 to 0.28, assuming lepton universality.
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In recent years, B-physics experiments have reported a number of interesting anoma-
lous results that might hint to the violation of lepton flavour universality (LFU) in
semi-leptonic B decays. If confirmed, this would be a signal of new physics, because
LFU is predicted by the SM as a consequence of the flavour-independent couplings of
leptons to electroweak gauge bosons. These results concern two classes of observables:
(i) neutral-current transitions of the kind b ! s`+`�, and (ii) charged-current b ! c`⌫
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The following ratios of branching ratios – belonging to the first class – have been
measured by LHCb [205, 206]:
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where q2 is the dilepton invariant mass squared, the first quoted errors are statistical and
the second ones are systematic. In the SM, the above observables, which are theoretically
very clean (hadronic uncertainties cancel in the ratios), are predicted to deviate from
unity only at the percent level due to small radiative corrections: (RK(⇤))SM = 1.00±0.01
[207]. Besides RK(⇤) , other tensions with the SM predictions (at the 3� level) are reported
in b ! sµ+µ� transitions, in particular, in the rate of the decays B ! K⇤µ+µ� [208] and
B0

s ! �µ+µ� [209], and in the angular distributions of B ! K⇤µ+µ� [208, 210, 211].
Coming to the second class of observables, data from Babar [212], Belle [213], and

LHCb [214] (averaged in [77]) show a combined ⇡ 4� deviation from the theory predic-
tions [215, 216]:

RD ⌘ BR(B ! D⌧⌫)exp/BR(B ! D⌧⌫)SM

BR(B ! D`⌫)exp/BR(B ! D`⌫)SM
= 1.34 ± 0.17 ,(66)

RD⇤ ⌘ BR(B ! D⇤⌧⌫)exp/BR(B ! D⇤⌧⌫)SM

BR(B ! D⇤`⌫)exp/BR(B ! D⇤`⌫)SM
= 1.23 ± 0.07 ,(67)

where ` = e, µ and B and D(⇤) charges were averaged.
Both classes of anomalies – if confirmed – would require a sizeable new-physics con-

tribution, at the level of O(10%) of the SM one. This is particularly interesting in the
case of the charged-current (class-II) observables that come from tree-level processes in
the SM: in fact, new physics should contribute to B ! D(⇤)⌧⌫ at the tree-level as well
and lie at a scale not far from the EW scale in order to give such large e↵ect. In the
case of the class-I observables, the new physics sector can be rather heavier, yet below
O(100) TeV. For a detailed recent discussion on the new-physics scales hinted at by these
anomalies see [217].

It is interesting to note that the b ! s`+`� (i.e. class-I) data are in better agreement
with the theory predictions if we introduce new physics as a single two-quarks-two-leptons
e↵ective operator involving only muons – (s̄�µPLb)(µ̄�µµ) or (s̄�µPLb)(µ̄�µPLµ) (in the
latter case, only LH fields appear) – which can lead to a destructive interference with
the SM contributions and hence to a deficit of muon events [218]. Recent global fits
to the data show that this scenario is preferred to the SM at the 4-5� level, see [219]
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The RK (⇤) measurement Phys. Rev. Lett. 113 (2014) 151601, JHEP 08 (2017) 055

Most precise measurements up to date, integrated luminosity of 3fb�1

R
K
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(
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7. – Lepton Flavour (Non-)Universality and Lepton Flavour Violation

In recent years, B-physics experiments have reported a number of interesting anoma-
lous results that might hint to the violation of lepton flavour universality (LFU) in
semi-leptonic B decays. If confirmed, this would be a signal of new physics, because
LFU is predicted by the SM as a consequence of the flavour-independent couplings of
leptons to electroweak gauge bosons. These results concern two classes of observables:
(i) neutral-current transitions of the kind b ! s`+`�, and (ii) charged-current b ! c`⌫
processes.

The following ratios of branching ratios – belonging to the first class – have been
measured by LHCb [205, 206]:

RK ⌘ BR(B+ ! K+µ+µ�)

BR(B+ ! K+e+e�)
= 0.745+0.090

�0.074 ± 0.036 for q2 2 [1, 6]GeV2,(64)

RK⇤ ⌘ BR(B0 ! K⇤ 0µ+µ�)

BR(B0 ! K⇤ 0e+e�)
= 0.685+0.113

�0.069 ± 0.047 for q2 2 [1.1, 6]GeV2,(65)

where q2 is the dilepton invariant mass squared, the first quoted errors are statistical and
the second ones are systematic. In the SM, the above observables, which are theoretically
very clean (hadronic uncertainties cancel in the ratios), are predicted to deviate from
unity only at the percent level due to small radiative corrections: (RK(⇤))SM = 1.00±0.01
[207]. Besides RK(⇤) , other tensions with the SM predictions (at the 3� level) are reported
in b ! sµ+µ� transitions, in particular, in the rate of the decays B ! K⇤µ+µ� [208] and
B0

s ! �µ+µ� [209], and in the angular distributions of B ! K⇤µ+µ� [208, 210, 211].
Coming to the second class of observables, data from Babar [212], Belle [213], and

LHCb [214] (averaged in [77]) show a combined ⇡ 4� deviation from the theory predic-
tions [215, 216]:

RD ⌘ BR(B ! D⌧⌫)exp/BR(B ! D⌧⌫)SM

BR(B ! D`⌫)exp/BR(B ! D`⌫)SM
= 1.34 ± 0.17 ,(66)

RD⇤ ⌘ BR(B ! D⇤⌧⌫)exp/BR(B ! D⇤⌧⌫)SM

BR(B ! D⇤`⌫)exp/BR(B ! D⇤`⌫)SM
= 1.23 ± 0.07 ,(67)

where ` = e, µ and B and D(⇤) charges were averaged.
Both classes of anomalies – if confirmed – would require a sizeable new-physics con-

tribution, at the level of O(10%) of the SM one. This is particularly interesting in the
case of the charged-current (class-II) observables that come from tree-level processes in
the SM: in fact, new physics should contribute to B ! D(⇤)⌧⌫ at the tree-level as well
and lie at a scale not far from the EW scale in order to give such large e↵ect. In the
case of the class-I observables, the new physics sector can be rather heavier, yet below
O(100) TeV. For a detailed recent discussion on the new-physics scales hinted at by these
anomalies see [217].

It is interesting to note that the b ! s`+`� (i.e. class-I) data are in better agreement
with the theory predictions if we introduce new physics as a single two-quarks-two-leptons
e↵ective operator involving only muons – (s̄�µPLb)(µ̄�µµ) or (s̄�µPLb)(µ̄�µPLµ) (in the
latter case, only LH fields appear) – which can lead to a destructive interference with
the SM contributions and hence to a deficit of muon events [218]. Recent global fits
to the data show that this scenario is preferred to the SM at the 4-5� level, see [219]
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RK(⇤) ⌘
BR(B ! K(⇤)µ+µ�)

BR(B ! K(⇤)e+e�)
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In recent years, B-physics experiments have reported a number of interesting anoma-
lous results that might hint to the violation of lepton flavour universality (LFU) in
semi-leptonic B decays. If confirmed, this would be a signal of new physics, because
LFU is predicted by the SM as a consequence of the flavour-independent couplings of
leptons to electroweak gauge bosons. These results concern two classes of observables:
(i) neutral-current transitions of the kind b ! s`+`�, and (ii) charged-current b ! c`⌫
processes.

The following ratios of branching ratios – belonging to the first class – have been
measured by LHCb [205, 206]:

RK ⌘ BR(B+ ! K+µ+µ�)

BR(B+ ! K+e+e�)
= 0.745+0.090

�0.074 ± 0.036 for q2 2 [1, 6]GeV2,(64)

RK⇤ ⌘ BR(B0 ! K⇤ 0µ+µ�)

BR(B0 ! K⇤ 0e+e�)
= 0.685+0.113

�0.069 ± 0.047 for q2 2 [1.1, 6]GeV2,(65)

where q2 is the dilepton invariant mass squared, the first quoted errors are statistical and
the second ones are systematic. In the SM, the above observables, which are theoretically
very clean (hadronic uncertainties cancel in the ratios), are predicted to deviate from
unity only at the percent level due to small radiative corrections: (RK(⇤))SM = 1.00±0.01
[207]. Besides RK(⇤) , other tensions with the SM predictions (at the 3� level) are reported
in b ! sµ+µ� transitions, in particular, in the rate of the decays B ! K⇤µ+µ� [208] and
B0

s ! �µ+µ� [209], and in the angular distributions of B ! K⇤µ+µ� [208, 210, 211].
Coming to the second class of observables, data from Babar [212], Belle [213], and

LHCb [214] (averaged in [77]) show a combined ⇡ 4� deviation from the theory predic-
tions [215, 216]:

RD ⌘ BR(B ! D⌧⌫)exp/BR(B ! D⌧⌫)SM

BR(B ! D`⌫)exp/BR(B ! D`⌫)SM
= 1.34 ± 0.17 ,(66)

RD⇤ ⌘ BR(B ! D⇤⌧⌫)exp/BR(B ! D⇤⌧⌫)SM

BR(B ! D⇤`⌫)exp/BR(B ! D⇤`⌫)SM
= 1.23 ± 0.07 ,(67)

where ` = e, µ and B and D(⇤) charges were averaged.
Both classes of anomalies – if confirmed – would require a sizeable new-physics con-

tribution, at the level of O(10%) of the SM one. This is particularly interesting in the
case of the charged-current (class-II) observables that come from tree-level processes in
the SM: in fact, new physics should contribute to B ! D(⇤)⌧⌫ at the tree-level as well
and lie at a scale not far from the EW scale in order to give such large e↵ect. In the
case of the class-I observables, the new physics sector can be rather heavier, yet below
O(100) TeV. For a detailed recent discussion on the new-physics scales hinted at by these
anomalies see [217].

It is interesting to note that the b ! s`+`� (i.e. class-I) data are in better agreement
with the theory predictions if we introduce new physics as a single two-quarks-two-leptons
e↵ective operator involving only muons – (s̄�µPLb)(µ̄�µµ) or (s̄�µPLb)(µ̄�µPLµ) (in the
latter case, only LH fields appear) – which can lead to a destructive interference with
the SM contributions and hence to a deficit of muon events [218]. Recent global fits
to the data show that this scenario is preferred to the SM at the 4-5� level, see [219]
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… but are hadronic uncertainties fully under control?
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7. – Lepton Flavour (Non-)Universality and Lepton Flavour Violation

In recent years, B-physics experiments have reported a number of interesting anoma-
lous results that might hint to the violation of lepton flavour universality (LFU) in
semi-leptonic B decays. If confirmed, this would be a signal of new physics, because
LFU is predicted by the SM as a consequence of the flavour-independent couplings of
leptons to electroweak gauge bosons. These results concern two classes of observables:
(i) neutral-current transitions of the kind b ! s`+`�, and (ii) charged-current b ! c`⌫
processes.

The following ratios of branching ratios – belonging to the first class – have been
measured by LHCb [205, 206]:

RK ⌘ BR(B+ ! K+µ+µ�)

BR(B+ ! K+e+e�)
= 0.745+0.090

�0.074 ± 0.036 for q2 2 [1, 6]GeV2,(64)

RK⇤ ⌘ BR(B0 ! K⇤ 0µ+µ�)

BR(B0 ! K⇤ 0e+e�)
= 0.685+0.113

�0.069 ± 0.047 for q2 2 [1.1, 6]GeV2,(65)

where q2 is the dilepton invariant mass squared, the first quoted errors are statistical and
the second ones are systematic. In the SM, the above observables, which are theoretically
very clean (hadronic uncertainties cancel in the ratios), are predicted to deviate from
unity only at the percent level due to small radiative corrections: (RK(⇤))SM = 1.00±0.01
[207]. Besides RK(⇤) , other tensions with the SM predictions (at the 3� level) are reported
in b ! sµ+µ� transitions, in particular, in the rate of the decays B ! K⇤µ+µ� [208] and
B0

s ! �µ+µ� [209], and in the angular distributions of B ! K⇤µ+µ� [208, 210, 211].
Coming to the second class of observables, data from Babar [212], Belle [213], and

LHCb [214] (averaged in [77]) show a combined ⇡ 4� deviation from the theory predic-
tions [215, 216]:

RD ⌘ BR(B ! D⌧⌫)exp/BR(B ! D⌧⌫)SM

BR(B ! D`⌫)exp/BR(B ! D`⌫)SM
= 1.34 ± 0.17 ,(66)

RD⇤ ⌘ BR(B ! D⇤⌧⌫)exp/BR(B ! D⇤⌧⌫)SM

BR(B ! D⇤`⌫)exp/BR(B ! D⇤`⌫)SM
= 1.23 ± 0.07 ,(67)

where ` = e, µ and B and D(⇤) charges were averaged.
Both classes of anomalies – if confirmed – would require a sizeable new-physics con-

tribution, at the level of O(10%) of the SM one. This is particularly interesting in the
case of the charged-current (class-II) observables that come from tree-level processes in
the SM: in fact, new physics should contribute to B ! D(⇤)⌧⌫ at the tree-level as well
and lie at a scale not far from the EW scale in order to give such large e↵ect. In the
case of the class-I observables, the new physics sector can be rather heavier, yet below
O(100) TeV. For a detailed recent discussion on the new-physics scales hinted at by these
anomalies see [217].

It is interesting to note that the b ! s`+`� (i.e. class-I) data are in better agreement
with the theory predictions if we introduce new physics as a single two-quarks-two-leptons
e↵ective operator involving only muons – (s̄�µPLb)(µ̄�µµ) or (s̄�µPLb)(µ̄�µPLµ) (in the
latter case, only LH fields appear) – which can lead to a destructive interference with
the SM contributions and hence to a deficit of muon events [218]. Recent global fits
to the data show that this scenario is preferred to the SM at the 4-5� level, see [219]
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First: exclusive b→sμ+μ- 
branching fractions
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… but are hadronic uncertainties fully under control?
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7. – Lepton Flavour (Non-)Universality and Lepton Flavour Violation

In recent years, B-physics experiments have reported a number of interesting anoma-
lous results that might hint to the violation of lepton flavour universality (LFU) in
semi-leptonic B decays. If confirmed, this would be a signal of new physics, because
LFU is predicted by the SM as a consequence of the flavour-independent couplings of
leptons to electroweak gauge bosons. These results concern two classes of observables:
(i) neutral-current transitions of the kind b ! s`+`�, and (ii) charged-current b ! c`⌫
processes.

The following ratios of branching ratios – belonging to the first class – have been
measured by LHCb [205, 206]:

RK ⌘ BR(B+ ! K+µ+µ�)

BR(B+ ! K+e+e�)
= 0.745+0.090

�0.074 ± 0.036 for q2 2 [1, 6]GeV2,(64)

RK⇤ ⌘ BR(B0 ! K⇤ 0µ+µ�)

BR(B0 ! K⇤ 0e+e�)
= 0.685+0.113

�0.069 ± 0.047 for q2 2 [1.1, 6]GeV2,(65)

where q2 is the dilepton invariant mass squared, the first quoted errors are statistical and
the second ones are systematic. In the SM, the above observables, which are theoretically
very clean (hadronic uncertainties cancel in the ratios), are predicted to deviate from
unity only at the percent level due to small radiative corrections: (RK(⇤))SM = 1.00±0.01
[207]. Besides RK(⇤) , other tensions with the SM predictions (at the 3� level) are reported
in b ! sµ+µ� transitions, in particular, in the rate of the decays B ! K⇤µ+µ� [208] and
B0

s ! �µ+µ� [209], and in the angular distributions of B ! K⇤µ+µ� [208, 210, 211].
Coming to the second class of observables, data from Babar [212], Belle [213], and

LHCb [214] (averaged in [77]) show a combined ⇡ 4� deviation from the theory predic-
tions [215, 216]:

RD ⌘ BR(B ! D⌧⌫)exp/BR(B ! D⌧⌫)SM

BR(B ! D`⌫)exp/BR(B ! D`⌫)SM
= 1.34 ± 0.17 ,(66)

RD⇤ ⌘ BR(B ! D⇤⌧⌫)exp/BR(B ! D⇤⌧⌫)SM

BR(B ! D⇤`⌫)exp/BR(B ! D⇤`⌫)SM
= 1.23 ± 0.07 ,(67)

where ` = e, µ and B and D(⇤) charges were averaged.
Both classes of anomalies – if confirmed – would require a sizeable new-physics con-

tribution, at the level of O(10%) of the SM one. This is particularly interesting in the
case of the charged-current (class-II) observables that come from tree-level processes in
the SM: in fact, new physics should contribute to B ! D(⇤)⌧⌫ at the tree-level as well
and lie at a scale not far from the EW scale in order to give such large e↵ect. In the
case of the class-I observables, the new physics sector can be rather heavier, yet below
O(100) TeV. For a detailed recent discussion on the new-physics scales hinted at by these
anomalies see [217].

It is interesting to note that the b ! s`+`� (i.e. class-I) data are in better agreement
with the theory predictions if we introduce new physics as a single two-quarks-two-leptons
e↵ective operator involving only muons – (s̄�µPLb)(µ̄�µµ) or (s̄�µPLb)(µ̄�µPLµ) (in the
latter case, only LH fields appear) – which can lead to a destructive interference with
the SM contributions and hence to a deficit of muon events [218]. Recent global fits
to the data show that this scenario is preferred to the SM at the 4-5� level, see [219]
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7. – Lepton Flavour (Non-)Universality and Lepton Flavour Violation

In recent years, B-physics experiments have reported a number of interesting anoma-
lous results that might hint to the violation of lepton flavour universality (LFU) in
semi-leptonic B decays. If confirmed, this would be a signal of new physics, because
LFU is predicted by the SM as a consequence of the flavour-independent couplings of
leptons to electroweak gauge bosons. These results concern two classes of observables:
(i) neutral-current transitions of the kind b ! s`+`�, and (ii) charged-current b ! c`⌫
processes.

The following ratios of branching ratios – belonging to the first class – have been
measured by LHCb [205, 206]:

RK ⌘ BR(B+ ! K+µ+µ�)

BR(B+ ! K+e+e�)
= 0.745+0.090

�0.074 ± 0.036 for q2 2 [1, 6]GeV2,(64)

RK⇤ ⌘ BR(B0 ! K⇤ 0µ+µ�)

BR(B0 ! K⇤ 0e+e�)
= 0.685+0.113

�0.069 ± 0.047 for q2 2 [1.1, 6]GeV2,(65)

where q2 is the dilepton invariant mass squared, the first quoted errors are statistical and
the second ones are systematic. In the SM, the above observables, which are theoretically
very clean (hadronic uncertainties cancel in the ratios), are predicted to deviate from
unity only at the percent level due to small radiative corrections: (RK(⇤))SM = 1.00±0.01
[207]. Besides RK(⇤) , other tensions with the SM predictions (at the 3� level) are reported
in b ! sµ+µ� transitions, in particular, in the rate of the decays B ! K⇤µ+µ� [208] and
B0

s ! �µ+µ� [209], and in the angular distributions of B ! K⇤µ+µ� [208, 210, 211].
Coming to the second class of observables, data from Babar [212], Belle [213], and

LHCb [214] (averaged in [77]) show a combined ⇡ 4� deviation from the theory predic-
tions [215, 216]:

RD ⌘ BR(B ! D⌧⌫)exp/BR(B ! D⌧⌫)SM

BR(B ! D`⌫)exp/BR(B ! D`⌫)SM
= 1.34 ± 0.17 ,(66)

RD⇤ ⌘ BR(B ! D⇤⌧⌫)exp/BR(B ! D⇤⌧⌫)SM

BR(B ! D⇤`⌫)exp/BR(B ! D⇤`⌫)SM
= 1.23 ± 0.07 ,(67)

where ` = e, µ and B and D(⇤) charges were averaged.
Both classes of anomalies – if confirmed – would require a sizeable new-physics con-

tribution, at the level of O(10%) of the SM one. This is particularly interesting in the
case of the charged-current (class-II) observables that come from tree-level processes in
the SM: in fact, new physics should contribute to B ! D(⇤)⌧⌫ at the tree-level as well
and lie at a scale not far from the EW scale in order to give such large e↵ect. In the
case of the class-I observables, the new physics sector can be rather heavier, yet below
O(100) TeV. For a detailed recent discussion on the new-physics scales hinted at by these
anomalies see [217].

It is interesting to note that the b ! s`+`� (i.e. class-I) data are in better agreement
with the theory predictions if we introduce new physics as a single two-quarks-two-leptons
e↵ective operator involving only muons – (s̄�µPLb)(µ̄�µµ) or (s̄�µPLb)(µ̄�µPLµ) (in the
latter case, only LH fields appear) – which can lead to a destructive interference with
the SM contributions and hence to a deficit of muon events [218]. Recent global fits
to the data show that this scenario is preferred to the SM at the 4-5� level, see [219]
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In recent years, B-physics experiments have reported a number of interesting anoma-
lous results that might hint to the violation of lepton flavour universality (LFU) in
semi-leptonic B decays. If confirmed, this would be a signal of new physics, because
LFU is predicted by the SM as a consequence of the flavour-independent couplings of
leptons to electroweak gauge bosons. These results concern two classes of observables:
(i) neutral-current transitions of the kind b ! s`+`�, and (ii) charged-current b ! c`⌫
processes.

The following ratios of branching ratios – belonging to the first class – have been
measured by LHCb [205, 206]:
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BR(B+ ! K+e+e�)
= 0.745+0.090

�0.074 ± 0.036 for q2 2 [1, 6]GeV2,(64)
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BR(B0 ! K⇤ 0e+e�)
= 0.685+0.113

�0.069 ± 0.047 for q2 2 [1.1, 6]GeV2,(65)

where q2 is the dilepton invariant mass squared, the first quoted errors are statistical and
the second ones are systematic. In the SM, the above observables, which are theoretically
very clean (hadronic uncertainties cancel in the ratios), are predicted to deviate from
unity only at the percent level due to small radiative corrections: (RK(⇤))SM = 1.00±0.01
[207]. Besides RK(⇤) , other tensions with the SM predictions (at the 3� level) are reported
in b ! sµ+µ� transitions, in particular, in the rate of the decays B ! K⇤µ+µ� [208] and
B0

s ! �µ+µ� [209], and in the angular distributions of B ! K⇤µ+µ� [208, 210, 211].
Coming to the second class of observables, data from Babar [212], Belle [213], and

LHCb [214] (averaged in [77]) show a combined ⇡ 4� deviation from the theory predic-
tions [215, 216]:

RD ⌘ BR(B ! D⌧⌫)exp/BR(B ! D⌧⌫)SM

BR(B ! D`⌫)exp/BR(B ! D`⌫)SM
= 1.34 ± 0.17 ,(66)
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BR(B ! D⇤`⌫)exp/BR(B ! D⇤`⌫)SM
= 1.23 ± 0.07 ,(67)

where ` = e, µ and B and D(⇤) charges were averaged.
Both classes of anomalies – if confirmed – would require a sizeable new-physics con-

tribution, at the level of O(10%) of the SM one. This is particularly interesting in the
case of the charged-current (class-II) observables that come from tree-level processes in
the SM: in fact, new physics should contribute to B ! D(⇤)⌧⌫ at the tree-level as well
and lie at a scale not far from the EW scale in order to give such large e↵ect. In the
case of the class-I observables, the new physics sector can be rather heavier, yet below
O(100) TeV. For a detailed recent discussion on the new-physics scales hinted at by these
anomalies see [217].

It is interesting to note that the b ! s`+`� (i.e. class-I) data are in better agreement
with the theory predictions if we introduce new physics as a single two-quarks-two-leptons
e↵ective operator involving only muons – (s̄�µPLb)(µ̄�µµ) or (s̄�µPLb)(µ̄�µPLµ) (in the
latter case, only LH fields appear) – which can lead to a destructive interference with
the SM contributions and hence to a deficit of muon events [218]. Recent global fits
to the data show that this scenario is preferred to the SM at the 4-5� level, see [219]
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7. – Lepton Flavour (Non-)Universality and Lepton Flavour Violation

In recent years, B-physics experiments have reported a number of interesting anoma-
lous results that might hint to the violation of lepton flavour universality (LFU) in
semi-leptonic B decays. If confirmed, this would be a signal of new physics, because
LFU is predicted by the SM as a consequence of the flavour-independent couplings of
leptons to electroweak gauge bosons. These results concern two classes of observables:
(i) neutral-current transitions of the kind b ! s`+`�, and (ii) charged-current b ! c`⌫
processes.

The following ratios of branching ratios – belonging to the first class – have been
measured by LHCb [205, 206]:

RK ⌘ BR(B+ ! K+µ+µ�)

BR(B+ ! K+e+e�)
= 0.745+0.090

�0.074 ± 0.036 for q2 2 [1, 6]GeV2,(64)

RK⇤ ⌘ BR(B0 ! K⇤ 0µ+µ�)

BR(B0 ! K⇤ 0e+e�)
= 0.685+0.113

�0.069 ± 0.047 for q2 2 [1.1, 6]GeV2,(65)

where q2 is the dilepton invariant mass squared, the first quoted errors are statistical and
the second ones are systematic. In the SM, the above observables, which are theoretically
very clean (hadronic uncertainties cancel in the ratios), are predicted to deviate from
unity only at the percent level due to small radiative corrections: (RK(⇤))SM = 1.00±0.01
[207]. Besides RK(⇤) , other tensions with the SM predictions (at the 3� level) are reported
in b ! sµ+µ� transitions, in particular, in the rate of the decays B ! K⇤µ+µ� [208] and
B0

s ! �µ+µ� [209], and in the angular distributions of B ! K⇤µ+µ� [208, 210, 211].
Coming to the second class of observables, data from Babar [212], Belle [213], and

LHCb [214] (averaged in [77]) show a combined ⇡ 4� deviation from the theory predic-
tions [215, 216]:

RD ⌘ BR(B ! D⌧⌫)exp/BR(B ! D⌧⌫)SM

BR(B ! D`⌫)exp/BR(B ! D`⌫)SM
= 1.34 ± 0.17 ,(66)

RD⇤ ⌘ BR(B ! D⇤⌧⌫)exp/BR(B ! D⇤⌧⌫)SM

BR(B ! D⇤`⌫)exp/BR(B ! D⇤`⌫)SM
= 1.23 ± 0.07 ,(67)

where ` = e, µ and B and D(⇤) charges were averaged.
Both classes of anomalies – if confirmed – would require a sizeable new-physics con-

tribution, at the level of O(10%) of the SM one. This is particularly interesting in the
case of the charged-current (class-II) observables that come from tree-level processes in
the SM: in fact, new physics should contribute to B ! D(⇤)⌧⌫ at the tree-level as well
and lie at a scale not far from the EW scale in order to give such large e↵ect. In the
case of the class-I observables, the new physics sector can be rather heavier, yet below
O(100) TeV. For a detailed recent discussion on the new-physics scales hinted at by these
anomalies see [217].

It is interesting to note that the b ! s`+`� (i.e. class-I) data are in better agreement
with the theory predictions if we introduce new physics as a single two-quarks-two-leptons
e↵ective operator involving only muons – (s̄�µPLb)(µ̄�µµ) or (s̄�µPLb)(µ̄�µPLµ) (in the
latter case, only LH fields appear) – which can lead to a destructive interference with
the SM contributions and hence to a deficit of muon events [218]. Recent global fits
to the data show that this scenario is preferred to the SM at the 4-5� level, see [219]
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In recent years, B-physics experiments have reported a number of interesting anoma-
lous results that might hint to the violation of lepton flavour universality (LFU) in
semi-leptonic B decays. If confirmed, this would be a signal of new physics, because
LFU is predicted by the SM as a consequence of the flavour-independent couplings of
leptons to electroweak gauge bosons. These results concern two classes of observables:
(i) neutral-current transitions of the kind b ! s`+`�, and (ii) charged-current b ! c`⌫
processes.

The following ratios of branching ratios – belonging to the first class – have been
measured by LHCb [205, 206]:

RK ⌘ BR(B+ ! K+µ+µ�)

BR(B+ ! K+e+e�)
= 0.745+0.090

�0.074 ± 0.036 for q2 2 [1, 6]GeV2,(64)

RK⇤ ⌘ BR(B0 ! K⇤ 0µ+µ�)

BR(B0 ! K⇤ 0e+e�)
= 0.685+0.113

�0.069 ± 0.047 for q2 2 [1.1, 6]GeV2,(65)

where q2 is the dilepton invariant mass squared, the first quoted errors are statistical and
the second ones are systematic. In the SM, the above observables, which are theoretically
very clean (hadronic uncertainties cancel in the ratios), are predicted to deviate from
unity only at the percent level due to small radiative corrections: (RK(⇤))SM = 1.00±0.01
[207]. Besides RK(⇤) , other tensions with the SM predictions (at the 3� level) are reported
in b ! sµ+µ� transitions, in particular, in the rate of the decays B ! K⇤µ+µ� [208] and
B0

s ! �µ+µ� [209], and in the angular distributions of B ! K⇤µ+µ� [208, 210, 211].
Coming to the second class of observables, data from Babar [212], Belle [213], and

LHCb [214] (averaged in [77]) show a combined ⇡ 4� deviation from the theory predic-
tions [215, 216]:

RD ⌘ BR(B ! D⌧⌫)exp/BR(B ! D⌧⌫)SM

BR(B ! D`⌫)exp/BR(B ! D`⌫)SM
= 1.34 ± 0.17 ,(66)

RD⇤ ⌘ BR(B ! D⇤⌧⌫)exp/BR(B ! D⇤⌧⌫)SM

BR(B ! D⇤`⌫)exp/BR(B ! D⇤`⌫)SM
= 1.23 ± 0.07 ,(67)

where ` = e, µ and B and D(⇤) charges were averaged.
Both classes of anomalies – if confirmed – would require a sizeable new-physics con-

tribution, at the level of O(10%) of the SM one. This is particularly interesting in the
case of the charged-current (class-II) observables that come from tree-level processes in
the SM: in fact, new physics should contribute to B ! D(⇤)⌧⌫ at the tree-level as well
and lie at a scale not far from the EW scale in order to give such large e↵ect. In the
case of the class-I observables, the new physics sector can be rather heavier, yet below
O(100) TeV. For a detailed recent discussion on the new-physics scales hinted at by these
anomalies see [217].

It is interesting to note that the b ! s`+`� (i.e. class-I) data are in better agreement
with the theory predictions if we introduce new physics as a single two-quarks-two-leptons
e↵ective operator involving only muons – (s̄�µPLb)(µ̄�µµ) or (s̄�µPLb)(µ̄�µPLµ) (in the
latter case, only LH fields appear) – which can lead to a destructive interference with
the SM contributions and hence to a deficit of muon events [218]. Recent global fits
to the data show that this scenario is preferred to the SM at the 4-5� level, see [219]
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7. – Lepton Flavour (Non-)Universality and Lepton Flavour Violation

In recent years, B-physics experiments have reported a number of interesting anoma-
lous results that might hint to the violation of lepton flavour universality (LFU) in
semi-leptonic B decays. If confirmed, this would be a signal of new physics, because
LFU is predicted by the SM as a consequence of the flavour-independent couplings of
leptons to electroweak gauge bosons. These results concern two classes of observables:
(i) neutral-current transitions of the kind b ! s`+`�, and (ii) charged-current b ! c`⌫
processes.

The following ratios of branching ratios – belonging to the first class – have been
measured by LHCb [205, 206]:

RK ⌘ BR(B+ ! K+µ+µ�)

BR(B+ ! K+e+e�)
= 0.745+0.090

�0.074 ± 0.036 for q2 2 [1, 6]GeV2,(64)

RK⇤ ⌘ BR(B0 ! K⇤ 0µ+µ�)

BR(B0 ! K⇤ 0e+e�)
= 0.685+0.113

�0.069 ± 0.047 for q2 2 [1.1, 6]GeV2,(65)

where q2 is the dilepton invariant mass squared, the first quoted errors are statistical and
the second ones are systematic. In the SM, the above observables, which are theoretically
very clean (hadronic uncertainties cancel in the ratios), are predicted to deviate from
unity only at the percent level due to small radiative corrections: (RK(⇤))SM = 1.00±0.01
[207]. Besides RK(⇤) , other tensions with the SM predictions (at the 3� level) are reported
in b ! sµ+µ� transitions, in particular, in the rate of the decays B ! K⇤µ+µ� [208] and
B0

s ! �µ+µ� [209], and in the angular distributions of B ! K⇤µ+µ� [208, 210, 211].
Coming to the second class of observables, data from Babar [212], Belle [213], and

LHCb [214] (averaged in [77]) show a combined ⇡ 4� deviation from the theory predic-
tions [215, 216]:

RD ⌘ BR(B ! D⌧⌫)exp/BR(B ! D⌧⌫)SM

BR(B ! D`⌫)exp/BR(B ! D`⌫)SM
= 1.34 ± 0.17 ,(66)

RD⇤ ⌘ BR(B ! D⇤⌧⌫)exp/BR(B ! D⇤⌧⌫)SM

BR(B ! D⇤`⌫)exp/BR(B ! D⇤`⌫)SM
= 1.23 ± 0.07 ,(67)

where ` = e, µ and B and D(⇤) charges were averaged.
Both classes of anomalies – if confirmed – would require a sizeable new-physics con-

tribution, at the level of O(10%) of the SM one. This is particularly interesting in the
case of the charged-current (class-II) observables that come from tree-level processes in
the SM: in fact, new physics should contribute to B ! D(⇤)⌧⌫ at the tree-level as well
and lie at a scale not far from the EW scale in order to give such large e↵ect. In the
case of the class-I observables, the new physics sector can be rather heavier, yet below
O(100) TeV. For a detailed recent discussion on the new-physics scales hinted at by these
anomalies see [217].

It is interesting to note that the b ! s`+`� (i.e. class-I) data are in better agreement
with the theory predictions if we introduce new physics as a single two-quarks-two-leptons
e↵ective operator involving only muons – (s̄�µPLb)(µ̄�µµ) or (s̄�µPLb)(µ̄�µPLµ) (in the
latter case, only LH fields appear) – which can lead to a destructive interference with
the SM contributions and hence to a deficit of muon events [218]. Recent global fits
to the data show that this scenario is preferred to the SM at the 4-5� level, see [219]
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In recent years, B-physics experiments have reported a number of interesting anoma-
lous results that might hint to the violation of lepton flavour universality (LFU) in
semi-leptonic B decays. If confirmed, this would be a signal of new physics, because
LFU is predicted by the SM as a consequence of the flavour-independent couplings of
leptons to electroweak gauge bosons. These results concern two classes of observables:
(i) neutral-current transitions of the kind b ! s`+`�, and (ii) charged-current b ! c`⌫
processes.

The following ratios of branching ratios – belonging to the first class – have been
measured by LHCb [205, 206]:

RK ⌘ BR(B+ ! K+µ+µ�)

BR(B+ ! K+e+e�)
= 0.745+0.090

�0.074 ± 0.036 for q2 2 [1, 6]GeV2,(64)

RK⇤ ⌘ BR(B0 ! K⇤ 0µ+µ�)

BR(B0 ! K⇤ 0e+e�)
= 0.685+0.113

�0.069 ± 0.047 for q2 2 [1.1, 6]GeV2,(65)

where q2 is the dilepton invariant mass squared, the first quoted errors are statistical and
the second ones are systematic. In the SM, the above observables, which are theoretically
very clean (hadronic uncertainties cancel in the ratios), are predicted to deviate from
unity only at the percent level due to small radiative corrections: (RK(⇤))SM = 1.00±0.01
[207]. Besides RK(⇤) , other tensions with the SM predictions (at the 3� level) are reported
in b ! sµ+µ� transitions, in particular, in the rate of the decays B ! K⇤µ+µ� [208] and
B0

s ! �µ+µ� [209], and in the angular distributions of B ! K⇤µ+µ� [208, 210, 211].
Coming to the second class of observables, data from Babar [212], Belle [213], and

LHCb [214] (averaged in [77]) show a combined ⇡ 4� deviation from the theory predic-
tions [215, 216]:

RD ⌘ BR(B ! D⌧⌫)exp/BR(B ! D⌧⌫)SM

BR(B ! D`⌫)exp/BR(B ! D`⌫)SM
= 1.34 ± 0.17 ,(66)

RD⇤ ⌘ BR(B ! D⇤⌧⌫)exp/BR(B ! D⇤⌧⌫)SM

BR(B ! D⇤`⌫)exp/BR(B ! D⇤`⌫)SM
= 1.23 ± 0.07 ,(67)

where ` = e, µ and B and D(⇤) charges were averaged.
Both classes of anomalies – if confirmed – would require a sizeable new-physics con-

tribution, at the level of O(10%) of the SM one. This is particularly interesting in the
case of the charged-current (class-II) observables that come from tree-level processes in
the SM: in fact, new physics should contribute to B ! D(⇤)⌧⌫ at the tree-level as well
and lie at a scale not far from the EW scale in order to give such large e↵ect. In the
case of the class-I observables, the new physics sector can be rather heavier, yet below
O(100) TeV. For a detailed recent discussion on the new-physics scales hinted at by these
anomalies see [217].

It is interesting to note that the b ! s`+`� (i.e. class-I) data are in better agreement
with the theory predictions if we introduce new physics as a single two-quarks-two-leptons
e↵ective operator involving only muons – (s̄�µPLb)(µ̄�µµ) or (s̄�µPLb)(µ̄�µPLµ) (in the
latter case, only LH fields appear) – which can lead to a destructive interference with
the SM contributions and hence to a deficit of muon events [218]. Recent global fits
to the data show that this scenario is preferred to the SM at the 4-5� level, see [219]
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3

All LFUV

1D Hyp. Best fit 1 � 2 � PullSM p-value Best fit 1 � 2 � PullSM p-value

CNP
9µ -1.10 [�1.27,�0.92] [�1.43,�0.74] 5.7 72 -1.76 [�2.36,�1.23] [�3.04,�0.76] 3.9 69

CNP
9µ = �CNP

10µ -0.61 [�0.73,�0.48] [�0.87,�0.36] 5.2 61 -0.66 [�0.84,�0.48] [�1.04,�0.32] 4.1 78

CNP
9µ = �C0

9µ -1.01 [�1.18,�0.84] [�1.33,�0.65] 5.4 66 -1.64 [�2.12,�1.05] [�2.52,�0.49] 3.2 31

CNP
9µ = �3CNP

9e -1.06 [-1.23,-0.89] [-1.39,-0.71] 5.8 74 -1.35 [�1.82,�0.95] [�2.38,�0.59] 4.0 71

All LFUV

2D Hyp. Best fit PullSM p-value Best fit PullSM p-value

(CNP
9µ , CNP

10µ) (-1.17,0.15) 5.5 74 (-1.13,0.40) 3.7 75

(CNP
9µ , C0

7) (-1.05,0.02) 5.5 73 (-1.75,-0.04) 3.6 66

(CNP
9µ , C90µ) (-1.09,0.45) 5.6 75 (-2.11,0.83) 3.7 73

(CNP
9µ , C100µ) (-1.10,-0.19) 5.6 76 (-2.43,-0.54) 3.9 85

(CNP
9µ , CNP

9e ) (-0.97,0.50) 5.4 72 (-1.09,0.66) 3.5 65

Hyp. 1 (-1.08,0.33) 5.6 77 (-1.74,0.53) 3.8 77

Hyp. 2 (-1.00, 0.15) 4.9 61 (-1.89,0.27) 3.1 39

Hyp. 3 (-0.65,-0.13) 4.9 61 (0.58,2.53) 3.7 73

Hyp. 4 (-0.65,0.21) 4.8 59 (-0.68,0.28) 3.7 72

TABLE II: Most prominent patterns of New Physics in b ! sµµ with high significances. The last four rows corresponds
to hypothesis 1: (CNP

9µ = �C90µ, CNP
10µ = C100µ), 2: (CNP

9µ = �C90µ, CNP
10µ = �C100µ), 3: (CNP

9µ = �CNP
10µ, C90µ = C100µ) and 4:

(CNP
9µ = �CNP

10µ, C90µ = �C100µ). The “All” columns include all available data from LHCb, Belle, ATLAS and CMS, whereas the
“LFUV” columns are restricted to RK , RK⇤ and Q4,5 (see text for more detail). The p-values are quoted in % and PullSM in
units of standard deviation.

have a significant e↵ect in our results, since the isospin
breaking in the SM is small (but accounted for in our
analysis), and we do not consider NP contributions to
four-quark operators.

I The new ATLAS measurements [26] on the angular
observables P1, P 0

4,5,6,8 in B0 ! K?0µ+µ� as well as FL

in the large recoil region.

I The new CMS measurements [27] on the angular
observables P1 and P 0

5 in B0 ! K?0µ+µ�, both at
large and low recoils (we consider only the [16,19] bin
at low recoil). We take FL and AFB from an earlier
analysis [35]. We also include the data from an earlier
analysis at 7 TeV [36]. A very welcome check of the
stability of the CMS results would consist in performing
a simultaneous extraction of FL, P1 and P 0

5, using the
same folding distribution as ATLAS, LHCb and Belle.

I The new measurements of the lepton-flavour non-
universality ratio RK? in two large-recoil bins by the
LHCb collaboration [29]. The likelihood of these mea-
surements is asymmetric, and dominated by statistical
uncertainties. We thus take the two measurements as
uncorrelated, and for each of the two bins, we take a
symmetric Gaussian error that is the larger of the two
asymmetric uncertainties (while keeping the central
value unchanged). This approach makes us underesti-
mate the impact of these measurements on our fit, but
it is conservative until the likelihood is known in detail.

Following Ref. [12], we take into account the corre-

lations whenever available, and assume that the mea-
surements are uncorrelated otherwise. In order to avoid
including measurements with too large correlations, we
include the LHCb measurements of the ratios RK⇤ and
RK , as well as the di↵erential branching ratios B(B0 !
K⇤0µµ) and B(B+ ! K+µµ), but we discard B(B0 !
K⇤0ee)[0.0009,1] and B(B+ ! K+ee)[1,6].

Regarding the theory computation of all observables,
we follow Refs. [12, 22], which take into account the the-
oretical updates for the branching ratios of B ! Xs� ,
B ! Xsµµ and Bs ! µµ in Refs. [37–39]. For B ! K?

form factors at large recoil we use the calculation in
Ref. [40], which has more conservative uncertainties than
the ones in Ref. [41], obtained with a di↵erent method.
For Bs ! � the corresponding calculation is not avail-
able, and therefore we use Ref. [41]. This leads to smaller
hadronic uncertainties quoted for Bs ! �`` and R�, but
we stress that this is only due to the choice of input.

We follow the same statistical method as in Ref. [12]:
We perform a frequentist analysis with all known theory
and experimental correlations taken into account through
the covariance matrix when building the �2 function,
which is minimised to find best-fit points, pulls, p-values
and confidence-level intervals. Depending on the dimen-
sionality of the hypothesis, the minimisation is performed
either using a simple scan or the Markov-Chain Monte
Carlo Metropolis-Hastings algorithm.

Capdevilla et al. ‘17

Sizeable NP contribution would be required, O(10)% of the SM one:
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(and references therein for early theoretical interpretations). Of course, setups involving
more operators – possibly also with electrons – can also give a good fit. In terms of the
SU(2)L ⇥ U(1)Y -invariant operators listed in Table IV, the above-mentioned low-energy

operator (s̄�µPLb)(µ̄�µPLµ) arise from both Q(1)
`q and Q(3)

`q (which di↵er by the SU(2)L

contractions) with suitable choices of flavour indices:

(Q(1)
`q )µµbs = (L̄a

L 2 �µ La
L 2)(Q̄

b
L 2 �µ Qb

L 3)(68)

(Q(3)
`q )µµbs =

X

I=1,3

(L̄a
L 2 �µ(⌧I)ab Lb

L 2)(Q̄
c
L 2 �µ(⌧I)cd Qd

L 3),(69)

where a, b, c, d are summed-up SU(2)L indices. Interestingly, the second operator also
gives rise to charged-current interactions, hence it can in principle contribute to the class-
II observables, RD(⇤) , as well [220]. Notice that these operators also induce processes
with final-state neutrinos such as B ! K(⇤)⌫⌫̄, which give a stringent constraint that
can be however relaxed if the fundamental theory generates both operators with equal
coe�cients [221].

What are the consequences in the context of CLFV of possible new physics in the
above form? Would a new physics contribution to these operators imply the arising of

their LFV counterparts (e.g. (Q(1,3)
`q )⌧µbs) too? As it should be clear from the previous

sections, (lepton) flavour-conserving and flavour-violating operators are not related in
general terms. In other words, we can not draw a definite conclusion unless the underlying
new physics theory that give rise to our operators is fully specified. However, it is also
fair to say that if such large breaking of LFU is verified – implying new physics coupling
with very di↵erent strengths to the di↵erent lepton generations – CLFV e↵ects are to be
expected to some extent [222]. Indeed, it is likely that a theory inducing operators like

(Q(1,3)
`q )µµbs in the interaction basis does induce the CLFV counterparts as well, either

directly or at least as a consequence of the rotation to the lepton mass basis – cf. Eq. (5)
– unless a very specific structure of the lepton Yukawa matrix is assumed (possibly a
consequence of a symmetry of flavour). As an illustration of the above discussion, let us
consider – as in [220, 221, 222, 223, 224, 226, 227] – a scenario where the underlying new
physics mainly generates operators involving third generations, i.e. b quarks and taus:

(Q(1,3)
`q )⌧⌧bb. This choice – resembling the hierarchical structure of the SM Yukawas –

is a natural consequence of a flavour structure controlled either by the minimal flavour
violation ansatz [223] or by a flavour symmetry U(2)q ⇥U(2)` acting on first and second
generation quarks and leptons only [224]. Our operators in Eq. (68, 69) – and thus
the wanted LFU e↵ects – are then generated by rotating the LH quarks and the LH

leptons to the respective mass basis. As a consequence, the coe�cients of (Q(1,3)
`q )µµbs

result / (Vd)32 ⇥ |(Ve)32|2, where we used the notation of Eq. (5). As we can see, it

is thus unavoidable to generate at the same time the LFV operators (Q(1,3)
`q )⌧µbs with

coe�cients / (Vd)32 ⇥ (Ve)32. These operators induce the CLFV processes Bs ! ⌧µ,
B ! K(⇤)⌧µ, although with rates below the present limits (if any at all, cf. Table II), at
least for the choices of the parameters fitting the LFU anomalies and fulfilling bounds
from B ! K(⇤)⌫⌫̄ [221]:

BR(B ! K⇤⌧µ) ⇡ 2 ⇥ BR(B ! K⌧µ) ⇡ 2 ⇥ BR(Bs ! ⌧µ) . 10�6.(70)

More interestingly, radiative e↵ects – i.e. the RG running of the operators from the new-
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it gives also rise to charged-current, 
it can address the 1st class anomalies They both give C9 =-C10

B ! K(⇤)⌫⌫̄
Alonso Grinstein Camalich ’15                 

LC Crivellin Ota ‘15

One can attempt to explain class 1 and 2 anomalies simultaneously
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Figure 3: The lines show the correlations among triplet and singlet operators in single-mediator models.
Colour-less vectors are shown in green, coloured scalar in blue, while coloured vectors in red. Electroweak
singlet mediators are shown with the solid lines while triplets with dashed.

compensate for the radiative constraints (see Figure 1 bottom-right). In other words, in the
small �q

sb scenario the tuning problem is moved from the �F = 2 sector to that of electroweak
observables. We will present an explicit realisation of the small �q

sb scenario in Section 3.3.

3 Simplified models

In this section we analyse how the general results discussed in the previous section can be
implemented, and eventually modified adding extra ingredients, in three specific (simplified)
UV scenarios with explicit mediators.

The complete set of single-mediator models with tree-level matching to the vector triplet
and/or singlet V � A operators consists of: colour-singlet vectors B0

µ ⇠ (1,1, 0) and W 0
µ ⇠

(1,3, 0), colour-triplet scalars S
1

⇠ (3̄,3, 1/3) and S
3

⇠ (3̄,3, 1/3), and coloured vectors Uµ
1

⇠
(3,1, 2/3) and Uµ

3

⇠ (3,3, 2/3) [46]. The quantum numbers in brackets indicate colour, weak,
and hypercharge representations, respectively. In Figure 3 we show the correlation between
triplet and singlet operators predicted in all single-mediator models, compared to the regions
favoured by the EFT fit.

The plot in Figure 3 clearly singles out the case of a vector LQ, Uµ
1

, which we closely
examine in the next subsection, as the best single-mediator case. However, it must be stressed
that there is no fundamental reason to expect the low-energy anomalies to be saturated by the
contribution of a single tree-level mediator. In fact, in many UV completions incorporating one of
these mediators (for example in composite Higgs models, see Section 4), these states often arise
with partners of similar mass but di↵erent electroweak representation, and it is thus natural
to consider two or more of them at the same time. For this reason, and also for illustrative
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compensate for the radiative constraints (see Figure 1 bottom-right). In other words, in the
small �q

sb scenario the tuning problem is moved from the �F = 2 sector to that of electroweak
observables. We will present an explicit realisation of the small �q

sb scenario in Section 3.3.

3 Simplified models

In this section we analyse how the general results discussed in the previous section can be
implemented, and eventually modified adding extra ingredients, in three specific (simplified)
UV scenarios with explicit mediators.

The complete set of single-mediator models with tree-level matching to the vector triplet
and/or singlet V � A operators consists of: colour-singlet vectors B0

µ ⇠ (1,1, 0) and W 0
µ ⇠

(1,3, 0), colour-triplet scalars S
1

⇠ (3̄,3, 1/3) and S
3

⇠ (3̄,3, 1/3), and coloured vectors Uµ
1

⇠
(3,1, 2/3) and Uµ

3

⇠ (3,3, 2/3) [46]. The quantum numbers in brackets indicate colour, weak,
and hypercharge representations, respectively. In Figure 3 we show the correlation between
triplet and singlet operators predicted in all single-mediator models, compared to the regions
favoured by the EFT fit.

The plot in Figure 3 clearly singles out the case of a vector LQ, Uµ
1

, which we closely
examine in the next subsection, as the best single-mediator case. However, it must be stressed
that there is no fundamental reason to expect the low-energy anomalies to be saturated by the
contribution of a single tree-level mediator. In fact, in many UV completions incorporating one of
these mediators (for example in composite Higgs models, see Section 4), these states often arise
with partners of similar mass but di↵erent electroweak representation, and it is thus natural
to consider two or more of them at the same time. For this reason, and also for illustrative
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compensate for the radiative constraints (see Figure 1 bottom-right). In other words, in the
small �q

sb scenario the tuning problem is moved from the �F = 2 sector to that of electroweak
observables. We will present an explicit realisation of the small �q

sb scenario in Section 3.3.

3 Simplified models

In this section we analyse how the general results discussed in the previous section can be
implemented, and eventually modified adding extra ingredients, in three specific (simplified)
UV scenarios with explicit mediators.

The complete set of single-mediator models with tree-level matching to the vector triplet
and/or singlet V � A operators consists of: colour-singlet vectors B0

µ ⇠ (1,1, 0) and W 0
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⇠ (3̄,3, 1/3), and coloured vectors Uµ
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3

⇠ (3,3, 2/3) [46]. The quantum numbers in brackets indicate colour, weak,
and hypercharge representations, respectively. In Figure 3 we show the correlation between
triplet and singlet operators predicted in all single-mediator models, compared to the regions
favoured by the EFT fit.

The plot in Figure 3 clearly singles out the case of a vector LQ, Uµ
1

, which we closely
examine in the next subsection, as the best single-mediator case. However, it must be stressed
that there is no fundamental reason to expect the low-energy anomalies to be saturated by the
contribution of a single tree-level mediator. In fact, in many UV completions incorporating one of
these mediators (for example in composite Higgs models, see Section 4), these states often arise
with partners of similar mass but di↵erent electroweak representation, and it is thus natural
to consider two or more of them at the same time. For this reason, and also for illustrative
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Class 1 anomalies (charged-current) require a NP scale at O(1) TeV 
Addressing only class 2 anomalies give much more freedom 

(plenty of beautiful Z’ models, but dangerous tree-level contribution to  Bs-Bs )  
with scales up to ~100 TeV, but it depends on the flavour structure…

Scales and constraints

Lorenzo Calibbi (ITP)Testing New Physics with Flavour

cf. Di Luzio Nardecchia ‘17
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Figure 5: ATLAS (13 TeV, 3.2 fb�1) ⌧⌧ search [37] exclusion
limits on bb̄ ! H0 ! ⌧⌧ resonances. The preferred value from
the fit to the R(D(⇤)) anomaly is YbY

⇤
⌧ ⇥v2/M2

H+ = (2.9±0.8).

optimized as we are forced to use a certain fixed number
of bins and their sizes and cannot leverage the full control
of experimental systematics.

3. 2HDM exclusion limits

The cross-sections for A,H0 production from bb̄ an-
nihilation can be estimated at NNLO in QCD using the
Higgs cross-section WG results [45]. While the results are
directly applicable for the CP even state H0, we expect
them to hold as a good approximation also for a heavy
CP-odd A0 due to the restoration of chiral symmetry
when mb/mH0 ⌧ 1 . We have checked explicitly that
di↵erences between scalar and pseudoscalar production
are negligible up to NLO [46] for the interesting mass
region mA0,H0 & 200 GeV. In setting bounds, we there-
fore rescale the LO simulation results to the Higgs cross-
section WG production cross-sections [45] taken at the
lower factorization, renormalization and 68% CL PDF
uncertainty ranges.

Conservatively considering only a single neutral scalar

ATLAS ττ: 13 TeV, 3.2 fb-1

ATLAS ττ: 8 TeV, 19.5 fb-1

13TeV, 300 fb-1

RD@1σ
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Vector LQ exclusion

Figure 6: (Upper plot) 8 TeV [36] (13 TeV [37]) ATLAS
⌧+⌧� search exclusion limits are shown in red (black) and
R(D(⇤)) preferred region in green for the vector leptoquark
model. Projected 13 TeV limits for 300 fb�1 are shown in
grey. (Lower plot) the same search exclusion limits for the
scalar leptoquark model.

resonance contribution (denoted by H 0 meaning either
A0 or H0), we show the resulting 95% CL upper lim-
its on the |YbY⌧ | ⇥ v2/M2

H0 (evaluated at the b-quark
mass scale µR ' 4.3 GeV) after recasting the ATLAS
13 TeV [37] ⌧+⌧� search in Fig. 5. We observe that
even after accounting for the possible O(100 GeV) mass
splitting between the charged and the lightest neutral
state within the scalar H 0 doublet, the R(D(⇤)) preferred
value YbY

⇤
⌧ ⇥ v2/M2

H+ = (2.9± 0.8) cannot be reconciled
with existing ⌧+⌧� resonance searches at the LHC in the
mA,H0 & 200 GeV region.6

6 In case of H0 = H0 (with A0 decoupled), small departures from
the 2HDM alignment limit (i.e. non-zero h � H0 mixing), con-
sistent with existing experimental constraints, in particular on
h ! ⌧+⌧�, bb̄ [47] (see e.g. [48]), can further mildly alleviate
the bound due to somewhat reduced e↵ective Yb,⌧ couplings of
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Figure 1: Diagramatic representation of s�channel (left-
hand side) and t�channel (right-hand side) resonance ex-
hange (drawn in blue double see-saw lines) contributions to
bb̄ ! ⌧+⌧� process.

III. MODELS

The di↵erent chiral structures being probed by R(D(⇤))
single out a handful of simplified single mediator mod-
els [22]. In the following we consider the representative
cases, where we extend the SM by a single field trans-
forming non-trivially under the SM gauge group.

Color singlet Color triplet

Scalar 2HDM Scalar LQ

Vector W 0 Vector LQ

Table I: A set of simplified models generating b ! c⌧⌫ tran-
sition at tree level, classified according to the mediator spin
and color.

First categorization of single mediators is by color.
While colorless intermediate states can only contribute
to b ! c⌧⌫ transitions in the s ⌘ (pb�pc)2-channel, col-
ored ones can be exchanged in the t ⌘ (pb � p⌧ )2- or
u ⌘ (pb � p⌫)2-channels. The colorless fields thus need
to appear in non-trivial SU(2)L multiplets (doublets or
triplets) where the charged state mediating semileptonic
charged currents is accompanied by one or more neu-
tral states mediating neutral currents. Such models thus
predict ŝ ⌘ (p⌧+ + p⌧�)2-channel resonances in ⌧+⌧�

production (see the left-hand side diagram in Fig. 1). In
addition to the relevant heavy quark and tau-lepton cou-
plings, searches based on the on-shell production of these
resonances depend crucially on the assumed width of the
resonance, as we demonstrate below in Sec. IV. Alter-
natively, colored mediators (leptoquarks) can be SU(2)L
singlets, doublets or triplets, carrying baryon and lep-
ton numbers. Consequently they will again mediate
⌧+⌧� production, this time through t̂ ⌘ (pb � p⌧�)2- or
û ⌘ (pb�p⌧+)2-channel exchange (see the right-hand side
diagram in Fig. 1). In this case a resonant enhancement
of the high-pT signal is absent, however, the searches do
not (crucially) depend on the assumed width (or equiva-
lently possible other decay channels) of the mediators. In
the following we examine the representative models for
both cases summarized in Table I.

A. Vector triplet

A color-neutral real SU(2)L triplet of massive vectors
W 0a ⇠ W 0±, Z 0 can be coupled to the SM fermions via

LW 0 = �1

4
W 0aµ⌫W 0a

µ⌫ +
M2

W 0

2
W 0aµW 0a

µ + W 0a
µ Jaµ

W 0 ,

Jaµ
W 0 ⌘ �q

ijQ̄i�
µ�aQj + �`

ijL̄i�
µ�aLj . (4)

Since the largest e↵ects should involve B-mesons and tau

leptons we assume �
q(`)
ij ' gb(⌧)�i3�j3, consistent with an

U(2) flavor symmetry [15]. Departures from this limit
in the quark sector are constrained by low energy flavor
data, including meson mixing, rare B decays, LFU and
LFV in ⌧ decays and neutrino physics, a detail analysis of
which has been performed in Ref. [15].2 The main impli-
cation is that the LHC phenomenology of heavy vectors
is predominantly determined by their couplings to the
third generation fermions (gb and g⌧ ). The main con-
straint on gb comes from its contribution to CP violation
in D0 mixing yielding gb/MW 0 < 2.2 TeV�1 [25]. On the
other hand lepton flavor mixing e↵ects induced by finite
neutrino masses can be neglected and thus a single lepton
flavor combination written above su�ces without loss of
generality.

In addition, electroweak precision data require W 0 and
Z 0 components of W 0a to be degenerate up to O(%) [26],
with two important implications: (1) it allows to cor-
relate NP in charged currents at low energies and neu-
tral resonance searches at high-pT ; (2) the robust LEP
bounds on pair production of charged bosons decaying to
⌧⌫ final states [27] can be used to constrain the Z 0 mass
from below MZ0 ' MW 0 & 100 GeV. Finally, W 0a cou-

pling to the Higgs current (W 0
aH

†�a
$
Dµ H) needs to be

suppressed [15], and thus irrelevant for the phenomeno-
logical discussions at LHC.

Integrating out heavy W 0a at tree level, generates the
four-fermion operator,

Le↵

W 0 = � 1

2M2

W 0
Jaµ
W 0J

aµ
W 0 , (5)

and after expanding SU(2)L indices,

Le↵
W 0 � �

�q
ij�

`
kl

M2
W 0

(Q̄i�µ�
aQj)(L̄k�

µ�aLl)

� �
gbg⌧

M2
W 0

�
2Vcbc̄L�

µbL⌧̄L�µ⌫L + b̄L�
µbL⌧̄L�µ⌧L

�
. (6)

The resolution of the R(D(⇤)) anomaly requires cQQLL ⌘
�gbg⌧/M

2

W 0 ' �(2.1 ± 0.5) TeV�2, leading at the same

2 Also, Ref. [24] considers leading RGE e↵ects to correlate large
NP contributions in cQQLL with observable LFU violations and
FCNCs in the charged lepton sector. The resulting bounds can
be (partially) relaxed in this model via direct tree level W 0 con-
tributions to the purely leptonic observables.

Faroughy Greljo Kamenik ‘16

Model building requirements Possible Models Summary Model building overview

Dimuon constraints: two examples
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10-3

10-2

10-1

100 0.2 0.4 0.6 0.8 1.0 1.2 1.4

MZ ' [TeV ]

ΔL
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(ΔL
μμ)min

Altmannshofer and Straub 1411.3161

! ForMZ′ ! 3.5TeV, coupling to light
quarks must be suppressed

ATLAS 13 TeV, 36.1 fb-1
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Greljo Marzocca ‘17
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What I could not even mention…

Correlated obs: other processes of the two classes 
+ depending on the model

Explanations in R-conserving SUSY excluded by the LHC                    
(loop&coupling suppression would require a Wino                                      
at the LEP limit and 200-300 GeV down squarks)

But RPV SUSY can! 
See FP talks by Dev, Giri, Kumar

Typically flavour structure rather ad hoc:  
plenty of room for model building

Lorenzo Calibbi (ITP)Testing New Physics with Flavour

B ! K(⇤)⌧⌧ / ⌧µ, Bs ! ⌧⌧ / ⌧µ, . . .



Charged Lepton Flavour Violation in SUSY

Hisano et al. ‘95

Slepton mass matrix:

Flavour-conserving 
counterparts: 

g-2, EDMs

Lorenzo Calibbi (ITP)Testing New Physics with Flavour



Mass Insertion Approximation

Slepton mass matrix:
Hall Kostelecky Raby '86 
Pokorski Rosiek Savoy '99

Examples:

Limits on δ's 
Gabbiani Masiero '89 
Gabbiani et al. '96 
Masina Savoy '02 
Paradisi '05    ...

Lorenzo Calibbi (ITP)Testing New Physics with Flavour
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(b) Direct ˜̀ pair production
(combined left-handed, ˜̀L,

and right-handed sleptons, ˜̀R)

Figure 6: Observed and expected exclusion limits on the �̃±1 , ˜̀ and �̃0
1 masses in the context of SUSY scenarios with

simplified mass spectra for direct �̃+1 �̃
�
1 pair production (a) and direct ˜̀ pair production (b) using the 2`+0jets signal

regions. For �̃+1 �̃
�
1 pair production all SF and DF bins are used whereas for ˜̀ pair production only the SF channels

are considered. The contours of the band around the expected limit are the ±1� results, including all uncertainties
except theoretical uncertainties on the signal cross-section. All limits are computed at 95% CL. The observed limits
obtained from ATLAS in Run I are also shown [22]. These plots have been updated since the versions released for
the LHCP conference.
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with W Z-mediated decays

Figure 7: Observed and expected exclusion limits on the �̃0
1 and the degenerate �̃0

2 and �̃±1 masses in the context
of SUSY scenarios with simplified mass spectra for direct �̃±1 �̃

0
2 pair production with ˜̀-mediated decays using a

statistical combination of SR3-slep-a to c (a) and W Z-mediated decays using a statistical combination of SR3-WZ-
0Ja to c and SR3-WZ-1Ja to c. The contours of the band around the expected limit are the ±1� results, including all
uncertainties except theoretical uncertainties on the signal cross-section. All limits are computed at 95% CL. The
observed limits obtained from ATLAS in Run I are also shown [22, 23].
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Comparing LFV and LHC bounds

 EW-searches at the LHC went far beyond the limits set by LEP
They directly look for the particles that can induce LFV transitions 

ATLAS-CONF-2017-039

Lorenzo Calibbi (ITP)Testing New Physics with Flavour



Comparing LFV and LHC bounds

CMS-PAS-SUS-16-039

 EW-searches at the LHC went far beyond the limits set by LEP
They directly look for the particles that can induce LFV transitions 

Lorenzo Calibbi (ITP)Testing New Physics with Flavour



What is the impact of direct searches for SUSY particles at the LHC on 
the discovery prospects of LFV processes at low-energy experiments?

Comparing LFV and LHC bounds

We can study LFV/LHC complementarity within the same simplified 
models used by the collaborations for the interpretation of the searches

Examples:

eH

eeR, eµR, e⌧R
eeR, eµR, e⌧R

eeL, eµL, e⌧L
eeL, eµL, e⌧L

eeL, eµL, e⌧L

Lorenzo Calibbi (ITP)Testing New Physics with Flavour

LC Galon Masiero Shadmi Paradisi ‘15 
LC Signorelli ‘17



LFV vs LHC bounds within simplified models

MEG ‘16

eeR, eµR, e⌧R

BR(µ ! e�) < 4.2⇥ 10�13

ATLAS arXiv:1403.5294

Lorenzo Calibbi (ITP)Testing New Physics with Flavour



LFV vs LHC bounds within simplified models

eeR, eµR, e⌧R

eeL, eµL, e⌧L

Lorenzo Calibbi (ITP)Testing New Physics with Flavour



LFV vs LHC bounds within simplified models

eeR, eµR, e⌧R

eeL, eµL, e⌧L

Lorenzo Calibbi (ITP)Testing New Physics with Flavour

ATLAS-CONF-2017-039



LFV vs LHC bounds within simplified models

CMS-PAS-SUS-16-039

eeL, eµL, e⌧L

Lorenzo Calibbi (ITP)Testing New Physics with Flavour



eH

LFV vs LHC bounds within simplified models

eeL, eµL, e⌧L

Lorenzo Calibbi (ITP)Testing New Physics with Flavour

Eckel et al. arXiv:1408.2841



LFV processes at the LHC

Fraction of LFV events:

Arkani-Hamed et al. ’96. '97

Lorenzo Calibbi (ITP)Testing New Physics with Flavour

see also Guchait et al. ‘15



LFV processes at the LHC

50% of e-μ events still 
compatible with MEG!

Lorenzo Calibbi (ITP)Testing New Physics with Flavour

eeL, eµL, e⌧L



Impact on slepton searches at the LHC 

 LHC bound relaxed by about 50 GeV (with 50% of e-μ events) !

LC Galon Masiero Shadmi Paradisi ‘15

Lorenzo Calibbi (ITP)Testing New Physics with Flavour

eeL, eµL, e⌧L



Impact on slepton searches at the LHC 

LC Galon Masiero Shadmi Paradisi ‘15

Lorenzo Calibbi (ITP)Testing New Physics with Flavour

eeL, eµL, e⌧L



Messages from CLFV

As we have been knowing for long, there is indeed a SUSY  
flavour problem, especially in setups accounting for the muon g-2

LFV can affect the interpretation of slepton/EWKinos  
searches at the LHC and mass limits can be relaxed

Lorenzo Calibbi (ITP)Testing New Physics with Flavour

However, peculiar spectra can alleviate it 
(and obviously the LHC limits do that too)



Concluding remarks

There is New Physics out there 
but we don't know the scale!

If naturalness paradigm is incorrect,  
the next fundamental scale might be >> MEW

FCNC and CPV processes (hadronic and leptonic) are a  
unique laboratory to search for NP beyond the LHC reach 

No established breakdown of the SM yet 
but many experiments are at work or in preparation:  

they could give us surprises soon!

Lorenzo Calibbi (ITP)Testing New Physics with Flavour


