
Charged Lepton Flavour Violation 

2018 WPI-next Mini-workshop  
"Hints for New Physics in Heavy Flavors" 

Nagoya University, November 16th 2018

Lorenzo Calibbi 
ITP CAS, Beijing



Outline

Introduction to CLFV 

Lepton flavour (non)universality and CLFV 

Lorenzo Calibbi (ITP)Charged Lepton Flavour Violation



Outline

Introduction to CLFV 

Lepton flavour (non)universality and CLFV 

Lorenzo Calibbi (ITP)Charged Lepton Flavour Violation



Outline

Introduction to CLFV 

Lepton flavour (non)universality and CLFV 

Lorenzo Calibbi (ITP)Charged Lepton Flavour Violation

for a pedagogical review cf. : LC, G. Signorelli, arXiv:1709.00294 [hep-ph]. 



     Unitary rotation matrices, couplings to photon and Z remain  flavour-diagonal:

 In the SM fermion masses, thus the flavour sector,
stems from the Yukawa interactions:

Why no CLFV in the Standard Model?
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AN EXPERIMENTAL AND THEORETICAL INTRODUCTION TO CLFV 7

exist in fact a number of reviews on this subject, which concentrate on theoretical [28, 29]
or experimental aspects [30, 31, 32, 33, 34, 35] or both [36, 37], some including CLFV
in the broader subjects of muon physics [38] or theories of massive neutrinos [39]. We
tried to be complementary to these excellent reviews, presenting things in a somewhat
pedagogical spirit with the hope that newcomers to the field of muon CLFV might find
it useful for a first tour.

In the theoretical part we try to emphasize the conditions, under which a new physics
model leads to sizeable rates for CLFV processes. In order to do so, in section 2, we
first briefly review the lepton sector of the Standard Model and show why lepton family
numbers are conserved in absence of right-handed neutrinos. We then show how minimal
departures from the original formulation of the Standard Model (such as introducing a
second Higgs doublet) can drastically change the picture and induce large CLFV; the
interesting and (experimentally) new subject of LFV decays of the Higgs boson is also
briefly discussed. In section 3 we introduce neutrino masses to the game and review some
details of the standard calculation of µ ! e� from oscillating neutrinos, showing how
this leads to negligible rates unless the new dynamics at the origin of neutrino masses
lies at rather low energy scales. Before moving to discuss predictions of some specific
models, we present a brief discussion of model-independent approaches to CLFV based on
e↵ective operators (section 4). We then discuss, in section 5, CLFV in supersymmetric
models as a case study of model-dependent predictions, on which we give more general
remarks in the subsequent section 6. We conclude the theory part reviewing in section
7 the possible link between CLFV and lepton flavour non-universality in semi-leptonic
B-meson decays that several experiments have recently hinted at.

In the experimental part we highlight the general aspects of the design of experiments
aimed at the most sensitive searches for CLFV, in particular of those involving muons
(mu-e-gamma, mu-to-three-e, and mu-to-e-conversion) albeit in a unified picture we try
to involve also the heaviest lepton, the ⌧ . Section 8 starts by introducing general concepts
regarding the search for rare decays, such as “single event sensitivity” and “signal region”.
In section 9 we discuss the generation and decay of positive and negative muons, free and
in orbit, and in section 10 and 11 we analyse the general aspects, and the di�culties,
of detecting low energy electrons, positrons and photons. Before starting the review
of the experiments, in section 12 we make some comments on the need of calibrations
and monitoring of the experiments, and the care that should be used in their simulation
through Monte Carlo codes. In section 13 we review present and programmed muon
experiments. In this description we did not want to be comprehensive: those eager of
full details are referred to the technical articles describing the experiments. But each
experiment is built around some clever ideas, and those we have tried to pass to our
readers. We will have a look at tau channels in section 14 before looking at future
directions in section 15. Our conclusions are drawn in section 16 in the hope to have
made the theory part accessible to experimentalists as well as the experimental part
readable by theorists!

2. – The lepton sector of the Standard Model and its simple extensions

The flavour sector of the Standard Model (SM) – i.e. the fermion masses and the
mixing among di↵erent generations – arises from the Yukawa couplings of the fermion
fields with the Higgs field �:

(1) �LY = (Yu)ij QL i uR j
e� + (Yd)ij QL i dR j � + (Ye)ij LL i eR j � + h.c.
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where SU(2)L indices were omitted and i and j run over the three families, such that Yf

(f = u, d, e) are in general complex 3 ⇥ 3 matrices(3). The fields are defined as follows:
QL are the left-handed (LH) quark doublets, QT

L = (uL dL), uR and dR the right-handed
(RH) up and down quarks respectively, LL the LH letpon doublets, LT

L = (⌫L eL), and

eR the RH leptons. The conjugate Higgs field is as usually defined as e� ⌘ i⌧2�⇤, where
⌧2 is the second Pauli matrix. Fermion mass terms of the kind mffLfR arise upon the
breaking of the electro-weak (EW) symmetry SU(2)L⇥U(1)Y by the vacuum expectation
value (vev) of the Higgs field, h�iT = (0 v)/

p
2 (v ' 246 GeV), such that:

(2) (mf )ij =
vp
2
(Yf )ij , f = u, d, e

In the original formulation of Standard Model, the Lagrangian in Eq. (1) does not give
rise to mass terms for the neutrinos, which are thus exactly massless. The Yukawa
matrices and thus the fermion mass matrices can be diagonalised by unitary rotations of
the fields, as follows:

(3) Yf = Vf ŶfW †
f , f = u, d, e

where Ŷf denotes diagonal Yukawa matrices. Given the unitarity of the matrices Vf and
Wf , applying these transformations does not modify the kinetic terms and the neutral-
current interactions, such as the fermion couplings to the photon and the Z boson, which
then result flavour conserving. Similarly the fermion couplings to the physical Higgs h
are proportional to the mass matrix, thus they can be diagonalised in the same basis and
no flavour violation is induced in the interactions with the Higgs either:

(4) �Lhf̄f =
mf

v
f̄LfR h + h.c.

On the other hand, the two rotations in Eq. (3) do induce flavour violation in the
charged-current interactions with the W bosons:

(5) Lcc =
gp
2

�
uL�µ(V †

u Vd)dL + ⌫L�µ(V †
⌫ Ve)eL

�
W+

µ + h.c.

As we can see, flavour violation in quark sector arises from the fact that, in general,
diagonalising Yu and Yd requires Vu 6= Vd. Such a misalignment gives rise to flavour-
changing transitions controlled by the matrix VCKM ⌘ V †

u Vd, which is nothing but the
Cabibbo-Kobayashi-Maskawa (CKM) matrix [17, 19]. On the other hand, in the lepton
sector of the original Standard Model with massless neutrinos, one can choose V⌫ = Ve,
because no other term in the Lagrangian involves the lepton doublets, and the leptonic
flavour is exactly conserved. Clearly, this feature does not hold any longer in extensions
of the Standard Model addressing the generation of mass terms for the neutrinos, as we
will discuss in the next section. In other words, the Lagrangian in Eq. (1) is invariant

(3) As already noted in the caption of Table I we collectively indicate the up-type quarks, the
down-type quarks and the charged leptons with u, d and e respectively.

8 LORENZO CALIBBI and GIOVANNI SIGNORELLI

where SU(2)L indices were omitted and i and j run over the three families, such that Yf

(f = u, d, e) are in general complex 3 ⇥ 3 matrices(3). The fields are defined as follows:
QL are the left-handed (LH) quark doublets, QT

L = (uL dL), uR and dR the right-handed
(RH) up and down quarks respectively, LL the LH letpon doublets, LT

L = (⌫L eL), and

eR the RH leptons. The conjugate Higgs field is as usually defined as e� ⌘ i⌧2�⇤, where
⌧2 is the second Pauli matrix. Fermion mass terms of the kind mffLfR arise upon the
breaking of the electro-weak (EW) symmetry SU(2)L⇥U(1)Y by the vacuum expectation
value (vev) of the Higgs field, h�iT = (0 v)/

p
2 (v ' 246 GeV), such that:

(2) (mf )ij =
vp
2
(Yf )ij , f = u, d, e

In the original formulation of Standard Model, the Lagrangian in Eq. (1) does not give
rise to mass terms for the neutrinos, which are thus exactly massless. The Yukawa
matrices and thus the fermion mass matrices can be diagonalised by unitary rotations of
the fields, as follows:

(3) Yf = Vf ŶfW †
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 Rotations to the fermion mass basis:

Couplings to the Higgs are also flavour-conserving (aligned to the mass matrix):

No (tree-level) flavour-changing neutral currents
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Flavour violation occurs in charged currents only:
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where SU(2)L indices were omitted and i and j run over the three families, such that Yf

(f = u, d, e) are in general complex 3 ⇥ 3 matrices(3). The fields are defined as follows:
QL are the left-handed (LH) quark doublets, QT

L = (uL dL), uR and dR the right-handed
(RH) up and down quarks respectively, LL the LH letpon doublets, LT

L = (⌫L eL), and

eR the RH leptons. The conjugate Higgs field is as usually defined as e� ⌘ i⌧2�⇤, where
⌧2 is the second Pauli matrix. Fermion mass terms of the kind mffLfR arise upon the
breaking of the electro-weak (EW) symmetry SU(2)L⇥U(1)Y by the vacuum expectation
value (vev) of the Higgs field, h�iT = (0 v)/

p
2 (v ' 246 GeV), such that:

(2) (mf )ij =
vp
2
(Yf )ij , f = u, d, e

In the original formulation of Standard Model, the Lagrangian in Eq. (1) does not give
rise to mass terms for the neutrinos, which are thus exactly massless. The Yukawa
matrices and thus the fermion mass matrices can be diagonalised by unitary rotations of
the fields, as follows:

(3) Yf = Vf ŶfW †
f , f = u, d, e

where Ŷf denotes diagonal Yukawa matrices. Given the unitarity of the matrices Vf and
Wf , applying these transformations does not modify the kinetic terms and the neutral-
current interactions, such as the fermion couplings to the photon and the Z boson, which
then result flavour conserving. Similarly the fermion couplings to the physical Higgs h
are proportional to the mass matrix, thus they can be diagonalised in the same basis and
no flavour violation is induced in the interactions with the Higgs either:

(4) �Lhf̄f =
mf

v
f̄LfR h + h.c.

On the other hand, the two rotations in Eq. (3) do induce flavour violation in the
charged-current interactions with the W bosons:

(5) Lcc =
gp
2

�
uL�µ(V †

u Vd)dL + ⌫L�µ(V †
⌫ Ve)eL

�
W+

µ + h.c.

As we can see, flavour violation in quark sector arises from the fact that, in general,
diagonalising Yu and Yd requires Vu 6= Vd. Such a misalignment gives rise to flavour-
changing transitions controlled by the matrix VCKM ⌘ V †

u Vd, which is nothing but the
Cabibbo-Kobayashi-Maskawa (CKM) matrix [17, 19]. On the other hand, in the lepton
sector of the original Standard Model with massless neutrinos, one can choose V⌫ = Ve,
because no other term in the Lagrangian involves the lepton doublets, and the leptonic
flavour is exactly conserved. Clearly, this feature does not hold any longer in extensions
of the Standard Model addressing the generation of mass terms for the neutrinos, as we
will discuss in the next section. In other words, the Lagrangian in Eq. (1) is invariant

(3) As already noted in the caption of Table I we collectively indicate the up-type quarks, the
down-type quarks and the charged leptons with u, d and e respectively.
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⌧2 is the second Pauli matrix. Fermion mass terms of the kind mffLfR arise upon the
breaking of the electro-weak (EW) symmetry SU(2)L⇥U(1)Y by the vacuum expectation
value (vev) of the Higgs field, h�iT = (0 v)/

p
2 (v ' 246 GeV), such that:

(2) (mf )ij =
vp
2
(Yf )ij , f = u, d, e

In the original formulation of Standard Model, the Lagrangian in Eq. (1) does not give
rise to mass terms for the neutrinos, which are thus exactly massless. The Yukawa
matrices and thus the fermion mass matrices can be diagonalised by unitary rotations of
the fields, as follows:

(3) Yf = Vf ŶfW †
f , f = u, d, e

where Ŷf denotes diagonal Yukawa matrices. Given the unitarity of the matrices Vf and
Wf , applying these transformations does not modify the kinetic terms and the neutral-
current interactions, such as the fermion couplings to the photon and the Z boson, which
then result flavour conserving. Similarly the fermion couplings to the physical Higgs h
are proportional to the mass matrix, thus they can be diagonalised in the same basis and
no flavour violation is induced in the interactions with the Higgs either:

(4) �Lhf̄f =
mf

v
f̄LfR h + h.c.

On the other hand, the two rotations in Eq. (3) do induce flavour violation in the
charged-current interactions with the W bosons:

(5) Lcc =
gp
2

�
uL�µ(V †

u Vd)dL + ⌫L�µ(V †
⌫ Ve)eL

�
W+

µ + h.c.

As we can see, flavour violation in quark sector arises from the fact that, in general,
diagonalising Yu and Yd requires Vu 6= Vd. Such a misalignment gives rise to flavour-
changing transitions controlled by the matrix VCKM ⌘ V †

u Vd, which is nothing but the
Cabibbo-Kobayashi-Maskawa (CKM) matrix [17, 19]. On the other hand, in the lepton
sector of the original Standard Model with massless neutrinos, one can choose V⌫ = Ve,
because no other term in the Lagrangian involves the lepton doublets, and the leptonic
flavour is exactly conserved. Clearly, this feature does not hold any longer in extensions
of the Standard Model addressing the generation of mass terms for the neutrinos, as we
will discuss in the next section. In other words, the Lagrangian in Eq. (1) is invariant

(3) As already noted in the caption of Table I we collectively indicate the up-type quarks, the
down-type quarks and the charged leptons with u, d and e respectively.

 In the SM fermion masses, thus the flavour sector,
stems from the Yukawa interactions:
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exist in fact a number of reviews on this subject, which concentrate on theoretical [28, 29]
or experimental aspects [30, 31, 32, 33, 34, 35] or both [36, 37], some including CLFV
in the broader subjects of muon physics [38] or theories of massive neutrinos [39]. We
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readers. We will have a look at tau channels in section 14 before looking at future
directions in section 15. Our conclusions are drawn in section 16 in the hope to have
made the theory part accessible to experimentalists as well as the experimental part
readable by theorists!

2. – The lepton sector of the Standard Model and its simple extensions

The flavour sector of the Standard Model (SM) – i.e. the fermion masses and the
mixing among di↵erent generations – arises from the Yukawa couplings of the fermion
fields with the Higgs field �:

(1) �LY = (Yu)ij QL i uR j
e� + (Yd)ij QL i dR j � + (Ye)ij LL i eR j � + h.c.
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f , f = u, d, e
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current interactions, such as the fermion couplings to the photon and the Z boson, which
then result flavour conserving. Similarly the fermion couplings to the physical Higgs h
are proportional to the mass matrix, thus they can be diagonalised in the same basis and
no flavour violation is induced in the interactions with the Higgs either:
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On the other hand, the two rotations in Eq. (3) do induce flavour violation in the
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As we can see, flavour violation in quark sector arises from the fact that, in general,
diagonalising Yu and Yd requires Vu 6= Vd. Such a misalignment gives rise to flavour-
changing transitions controlled by the matrix VCKM ⌘ V †

u Vd, which is nothing but the
Cabibbo-Kobayashi-Maskawa (CKM) matrix [17, 19]. On the other hand, in the lepton
sector of the original Standard Model with massless neutrinos, one can choose V⌫ = Ve,
because no other term in the Lagrangian involves the lepton doublets, and the leptonic
flavour is exactly conserved. Clearly, this feature does not hold any longer in extensions
of the Standard Model addressing the generation of mass terms for the neutrinos, as we
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However, if neutrinos are massless, we can choose:

No LFV   (Ye only ‘direction’ in the leptonic flavour space)



ℓα ℓβ

γ

νk

W

So why are we searching for CLFV?

• Neutrinos oscillate → Lepton family numbers are not conserved! 

• PMNS becomes ‘physical’: neutrino mass eigenstates couple to   
charged leptons of different flavours 

• In the SM + massive neutrinos:  

    Large mixing, but huge suppression due to small neutrino masses  

  

  In presence of NP at the TeV we can expect large effects!   

 

Cheng Li ’77, ’80; Petcov ‘77 
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e.g. SUSY

Borzumati Masiero ‘86; 
Hisano et al. ‘95
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• Unambiguous signal of New Physics 

• Stringent test of NP models 

• It probes scales far beyond the LHC reach

So why are we searching for CLFV?

�(`↵ ! `��)

�(`↵ ! `�⌫⌫̄)
=

3↵

32⇡

������

X

k=1,3

U↵kU
⇤
�k

m2
⌫k

M2
W

������

2

.

<latexit sha1_base64="EgDt03e8uneBsu5d2ZDVf2Tc1cw="></latexit><latexit sha1_base64="EgDt03e8uneBsu5d2ZDVf2Tc1cw="></latexit><latexit sha1_base64="EgDt03e8uneBsu5d2ZDVf2Tc1cw="></latexit><latexit sha1_base64="EgDt03e8uneBsu5d2ZDVf2Tc1cw="></latexit>

�(`↵ ! `��)

�(`↵ ! `�⌫⌫̄)
⇠ 1

G2
F m4

SUSY
<latexit sha1_base64="QYwVsCTmSkILAOaZyLh5AH1dxg0="></latexit><latexit sha1_base64="QYwVsCTmSkILAOaZyLh5AH1dxg0="></latexit><latexit sha1_base64="QYwVsCTmSkILAOaZyLh5AH1dxg0="></latexit><latexit sha1_base64="QYwVsCTmSkILAOaZyLh5AH1dxg0="></latexit>



CLFV has been sought for more than 70 years…
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Plenty of stringent limits
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Reaction Present limit C.L. Experiment Year

µ+ ! e+� < 4.2⇥ 10�13 90% MEG at PSI 2016
µ+ ! e+e�e+ < 1.0⇥ 10�12 90% SINDRUM 1988
µ�Ti ! e�Ti † < 6.1⇥ 10�13 90% SINDRUM II 1998
µ�Pb ! e�Pb † < 4.6⇥ 10�11 90% SINDRUM II 1996
µ�Au ! e�Au † < 7.0⇥ 10�13 90% SINDRUM II 2006
µ�Ti ! e+Ca⇤ † < 3.6⇥ 10�11 90% SINDRUM II 1998
µ+e� ! µ�e+ < 8.3⇥ 10�11 90% SINDRUM 1999
⌧ ! e� < 3.3⇥ 10�8 90% BaBar 2010
⌧ ! µ� < 4.4⇥ 10�8 90% BaBar 2010
⌧ ! eee < 2.7⇥ 10�8 90% Belle 2010
⌧ ! µµµ < 2.1⇥ 10�8 90% Belle 2010
⌧ ! ⇡0e < 8.0⇥ 10�8 90% Belle 2007
⌧ ! ⇡0µ < 1.1⇥ 10�7 90% BaBar 2007
⌧ ! ⇢0e < 1.8⇥ 10�8 90% Belle 2011
⌧ ! ⇢0µ < 1.2⇥ 10�8 90% Belle 2011

⇡0 ! µe < 3.6⇥ 10�10 90% KTeV 2008
K0

L ! µe < 4.7⇥ 10�12 90% BNL E871 1998
K0

L ! ⇡0µ+e� < 7.6⇥ 10�11 90% KTeV 2008
K+ ! ⇡+µ+e� < 1.3⇥ 10�11 90% BNL E865 2005
J/ ! µe < 1.5⇥ 10�7 90% BESIII 2013
J/ ! ⌧e < 8.3⇥ 10�6 90% BESII 2004
J/ ! ⌧µ < 2.0⇥ 10�6 90% BESII 2004
B0 ! µe < 1.0⇥ 10�9 90% LHCb 2017
B0 ! ⌧e < 2.8⇥ 10�5 90% BaBar 2008
B0 ! ⌧µ < 2.2⇥ 10�5 90% BaBar 2008
B ! Kµe ‡ < 3.8⇥ 10�8 90% BaBar 2006
B0 ! K⇤0µe < 1.8⇥ 10�7 90% Belle 2018
B+ ! K+⌧µ < 4.8⇥ 10�5 90% BaBar 2012
B+ ! K+⌧e < 3.0⇥ 10�5 90% BaBar 2012
B0

s ! µe < 5.4⇥ 10�9 90% LHCb 2017
⌥(1s) ! ⌧µ < 6.0⇥ 10�6 95% CLEO 2008

Z ! µe < 7.5⇥ 10�7 95% LHC ATLAS 2014
Z ! ⌧e < 9.8⇥ 10�6 95% LEP OPAL 1995
Z ! ⌧µ < 1.2⇥ 10�5 95% LEP DELPHI 1997
h ! eµ < 3.5⇥ 10�4 95% LHC CMS 2016
h ! ⌧µ < 2.5⇥ 10�3 95% LHC CMS 2017
h ! ⌧e < 6.1⇥ 10�3 95% LHC CMS 2017
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Table IV. – Complete list of the CLFV dimension-6 operators from [107]. The SM fields are
denoted as in eq. (3), and Bµν and W I

µν (I = 1, 2, 3) are the U(1)Y and SU(2)L field strengths.
Family indices are not shown, while a, b = 1, 2 are SU(2)L indices, and τI are the Pauli matrices.
Flavour indices of the fermions are not indicated.

4-leptons operators Dipole operators

Qℓℓ (L̄LγµLL)(L̄LγµLL) QeW (L̄LσµνeR)τIΦW I
µν

Qee (ēRγµeR)(ēRγµeR) QeB (L̄LσµνeR)ΦBµν

Qℓe (L̄LγµLL)(ēRγµeR)

2-lepton 2-quark operators

Q(1)
ℓq (L̄LγµLL)(Q̄LγµQL) Qℓu (L̄LγµLL)(ūRγµuR)

Q(3)
ℓq (L̄LγµτILL)(Q̄LγµτIQL) Qeu (ēRγµeR)(ūRγµuR)

Qeq (ēRγµeR)(Q̄LγµQL) Qℓedq (L̄a
LeR)(d̄RQa

L)

Qℓd (L̄LγµLL)(d̄RγµdR) Q(1)
ℓequ (L̄a

LeR)ϵab(Q̄
b
LuR)

Qed (ēRγµeR)(d̄RγµdR) Q(3)
ℓequ (L̄a

i σµνeR)ϵab(Q̄
b
LσµνuR)

Lepton-Higgs operators

Q(1)
Φℓ (Φ†i

↔
Dµ Φ)(L̄LγµLL) Q(3)

Φℓ (Φ†i
↔
D I

µ Φ)(L̄LτIγµLL)

QΦe (Φ†i
↔
Dµ Φ)(ēRγµeR) QeΦ3 (L̄LeRΦ)(Φ†Φ)

mix and give rise to photon-dipole operators Qeγ(11). Those that are relevant to µ → eγ
read

L ⊃
Ceµ

eγ

Λ2

v√
2

ē σµνPR µFµν +
Cµe

eγ

Λ2

v√
2

µ̄σµνPR eFµν + h.c.,(37)

with Cij
eγ = cos θW Cij

eB − sin θW Cij
eW (sin θW ≃ 0.23 being the weak mixing). Matching

the above Lagrangian to the decay amplitude written in eq. (22), we find

AR =
√

2 v

Λ2
Ceµ

eγ , AL =
√

2 v

Λ2
Cµe ∗

eγ .(38)

Thus, employing these amplitudes in the expression for the decay rate in eq. (24), we get

Γ(µ → eγ) =
m3

µv2

8πΛ4

(
|Ceµ

eγ |2 + |Cµe
eγ |2

)
.(39)

We can now make use of this last expression —and the analogous formulae for µ → eee,
µ → e in nuclei, and τ decays [36, 107, 111-114, 120]— to translate the experimental

(11) The flavour-conserving dipole operators contribute to leptonic anomalous magnetic moments
and electric dipole moments, hence these observables are typically related to CLFV processes.
For a review on the interplay between the muon g − 2 and CLFV, see [28].

 Dimension-6 effective operators that can induce CLFV

Grzadkowski et al. ‘10

Crivellin Najjari Rosiek ‘13
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Figure 46. – History and anticipated upper limits on branching fractions for ⌧ ! µ�, ⌧ ! µ⌘
and ⌧ ! µµµ decays as a function of the integrated luminosity. From [339].

particles(38) in the final state (⌧ ! 3`, ⌧ ! `⇡0, ⌧ ! `⇢0) are a factor two to five
better [310].

We report in Figure 45 the limits set by CLEO, BaBar and Belle to a large number
of CLFV decays, together with some more recent limits posed by ATLAS and LHCb on
selected decay channels. Belle and BaBar samples correspond to ⇡ 109 ⌧ decays which
have been thoroughly analyzed to produce those limits.

The absolute normalization is just the inverse of the number of pruduced taus times
the various e�ciencies, while the main di↵erence between the ⌧ ! `� channels and the
three-daughers channels rests in the fact that the latter are background free (they find
no candidate event in the signal box) while the two body decay with a photon in the
final state is more prone to background events. In fact the main background arises from
e+e� ! µ+µ�� or e+e� ! ⌧+⌧�� where one of the ⌧s decays via ⌧ ! `⌫⌫̄. In both
cases the photon from initial or final state radiation combines with the muon or the
electron to fall accidentally in the signal box, giving rise to an “irreducible” background.

In the near future, the Belle 2 experiment at Super KEKB [297] is expected to im-
prove these limits below 5 ⇥ 10�9 or 10�9 for the radiative and three body decays re-
spectively [339], for an integrated luminosity of 50 ab�1. At this level the two body
decay su↵ers from contamination from the irreducible background, while the three-body
decay being on the contrary still background free, as apparent from the di↵erent scaling
as a function of the luminosity (square root vs linear respectively) shown in Figure 46
(from [339]). However it should be noted that the limit on the ⌧ ! `� final state could
be further improved by using the ⌧ polarization or by accumulating large samples of
tau leptons at a lower center-of-mass energy, where initial state radiation (whose energy
is proportional to the main beam energy) is negligible in the signal region. This could
be the case at a ⌧�charm factory operating just above the ⌧ production threshold (see,

(38) Recall that ⇡0 ! �� and ⇢0 ! ⇡+⇡� immediately after production.

Aushev et al. ‘10
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leads to negligible rates unless the new dynamics at the origin of neutrino masses lies at
rather low energy scales. Before moving to discuss predictions of some specific models,
we present a brief discussion of model-independent approaches to CLFV based on effec-
tive operators (sect. 4). We then discuss, in sect. 5, CLFV in supersymmetric models
as a case study of model-dependent predictions, on which we give more general remarks
in the subsequent sect. 6. We conclude the theory part reviewing in sect. 7 the possible
link between CLFV and lepton flavour non-universality in semi-leptonic B-meson decays
that several experiments have recently hinted at.

In the experimental part we highlight the general aspects of the design of experiments
aimed at the most sensitive searches for CLFV, in particular of those involving muons
(mu-e-gamma, mu-to-three-e, and mu-to-e-conversion) albeit in a unified picture we try
to involve also the heaviest lepton, the τ . Section 8 starts by introducing general con-
cepts regarding the search for rare decays, such as “single event sensitivity” and “signal
region”. In sect. 9 we discuss the generation and decay of positive and negative muons,
free and in orbit and in sects. 10 and 11 we analyse the general aspects, and the difficul-
ties, of detecting low-energy electrons, positrons and photons. Before starting the review
of the experiments, in sect. 12 we make some comments on the need of calibrations and
monitoring of the experiments, and the care that should be taken in their simulation
through Monte Carlo codes. In sect. 13 we review present and programmed muon ex-
periments. In this description we did not want to be comprehensive: those eager of full
details are referred to the technical articles describing the experiments. But each exper-
iment is built around some clever ideas, and those we have tried to pass to our readers.
We will have a look at tau channels in sect. 14 before looking at future directions in
sect. 15. Our conclusions are drawn in sect. 16 in the hope to have made the theory part
accessible to experimentalists as well as the experimental part readable by theorists!

2. – The lepton sector of the Standard Model and its simple extensions

The flavour sector of the Standard Model (SM) —i.e. the fermion masses and the
mixing among different generations— arises from the Yukawa couplings of the fermion
fields with the Higgs field Φ:

−LY = (Yu)ij QL i uR j Φ̃ + (Yd)ij QL i dR j Φ + (Ye)ij LL i eR j Φ + h.c.,(3)

where SU(2)L indices were omitted and i and j run over the three families, such that Yf

(f = u, d, e) are in general complex 3 × 3 matrices(3). The fields are defined as follows:
QL are the left-handed (LH) quark doublets, QT

L = (uL dL), uR and dR the right-handed
(RH) up and down quarks respectively, LL the LH letpon doublets, LT

L = (νL eL), and
eR the RH leptons. The conjugate Higgs field is as usually defined as Φ̃ ≡ iτ2Φ∗, where
τ2 is the second Pauli matrix. Fermion mass terms of the kind mffLfR arise upon the
breaking of the electro-weak (EW) symmetry SU(2)L×U(1)Y by the vacuum expectation
value (vev) of the Higgs field, ⟨Φ⟩T = (0 v)/

√
2 (v ≃ 246 GeV), such that

(mf )ij =
v√
2
(Yf )ij , f = u, d, e.(4)

(3) As already noted in the caption of table I, we collectively indicate the up-type quarks, the
down-type quarks and the charged leptons with u, d and e, respectively.
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In the original formulation of Standard Model, the Lagrangian in eq. (3) does not give rise
to mass terms for the neutrinos, which are thus exactly massless. The Yukawa matrices
and thus the fermion mass matrices can be diagonalised by unitary rotations of the fields,
as follows:

Yf = Vf ŶfW †
f , f = u, d, e,(5)

where Ŷf denotes diagonal Yukawa matrices. Given the unitarity of the matrices Vf and
Wf , applying these transformations does not modify the kinetic terms and the neutral-
current interactions, such as the fermion couplings to the photon and the Z boson, which
then result flavour conserving. Similarly, the fermion couplings to the physical Higgs h
are proportional to the mass matrix, thus they can be diagonalised in the same basis and
no flavour violation is induced in the interactions with the Higgs either:

−Lhf̄f =
mf

v
f̄LfR h + h.c.(6)

On the other hand, the two rotations in eq. (5) do induce flavour violation in the
charged-current interactions with the W bosons

Lcc =
g√
2

(
uLγµ(V †

u Vd)dL + νLγµ(V †
ν Ve)eL

)
W+

µ + h.c.(7)

As we can see, flavour violation in quark sector arises from the fact that, in general,
diagonalising Yu and Yd requires Vu ̸= Vd. Such a misalignment gives rise to flavour-
changing transitions controlled by the matrix VCKM ≡ V †

u Vd, which is nothing but the
Cabibbo-Kobayashi-Maskawa (CKM) matrix [17, 19]. On the other hand, in the lepton
sector of the original Standard Model with massless neutrinos, one can choose Vν = Ve,
because no other term in the Lagrangian involves the lepton doublets, and the leptonic
flavour is exactly conserved. Clearly, this feature does not hold any longer in extensions
of the Standard Model addressing the generation of mass terms for the neutrinos, as we
will discuss in the next section. In other words, the Lagrangian in eq. (3) is invariant
under three independent global U(1) rotations associated to each lepton family, which
implies three conserved charges: the lepton family numbers Le, Lµ, and Lτ (4).

To summarize, in the Standard Model the lepton family numbers are individually
conserved because of the minimality of the construction, which also implies that neutrinos
are massless. In fact, the matrix of the lepton Yukawa couplings Ye defines a single
direction in the space of leptonic flavour. Hence, as we have seen, one can use the freedom
of rotating LH and RH lepton fields to make the matrix diagonal without inducing
flavour-changing effects in other sectors of the theory. This is in contrast to the quark
sector where there are two different Yukawa matrices, Yu and Yd, both involving QL,
such that they can not be simultaneously diagonalised in the same basis.

From the above discussion, we can immediately see under which condition an exten-
sion of the Standard Model features flavour violation in the leptonic sector: the presence
in the Lagrangian of at least another term involving the lepton fields, i.e. of another

(4) This is in contrast to the hadronic sector that is only invariant under a common global
phase rotation of the quark fields, which implies the conservation of the total baryon number
alone.

                                 This is not the case if there is 2nd Higgs doublet or ops like fffffffffffffddd
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Fig. 2. – Examples of one and two loop diagrams giving comparable contributions to τ → µγ in
presence of flavour-violating Higgs couplings Y h

τµ and Y h
µτ . From [88].

see [79]. The two Higgs doublet models most commonly studied in the literature feature
additional symmetries that control the structure of the Yukawa couplings in eq. (8), in
order to suppress the FCNCs. One possibility is introducing a Z2 symmetry and assign
parities to the fields such that the fermions of each sector can couple to one of the two
Higgs doublets only, for instance up quarks to Φ1, down quarks and leptons to Φ2 (the
so-called “type II” model). In this framework —labelled as “natural flavour conserva-
tion” [80, 81]— an alignment of the kind of eq. (6) is restored and no new effects are
generated at the tree level. This is the situation of the minimal supersymmetric mod-
els, whose Higgs sector is in fact a two-Higgs-doublet model of type II(5). Less radical
approaches —but effective in suppressing FCNC processes at acceptable levels— consist
in imposing the ansatz of minimal flavour violation [83] to the Yukawa couplings [84]
(which implies that the new-physics flavour-violating effects are controlled by the CKM
matrix, as the SM contributions), or a flavour symmetry addressing the hierarchy of the
Yukawas dynamically [85].

A rather model-independent parametrisation of Higgs-induced CLFV effects is the
following [86-89]:

−L ⊃ (me)iēL i eR i + (Y h
e )ij ēL i eR j h + h.c.,(14)

where, as we can see, the matrix of the lepton couplings to the physical Higgs Y h
e is in

general not aligned to the lepton mass matrix. As we have seen, a Lagrangian of this
kind arises from a two Higgs doublet model, of which it is an approximation, the better
the heavier the masses of the extra Higgses are —as only one SM-like physical Higgs
is considered here. Alternatively, it can be induced by higher-dimensional operators
featuring the SM leptons and the Higgs field of the type LLeRΦ(Φ†Φ), which result from
integrating out heavier degrees of freedom. The off-diagonal Higgs couplings (Y h

e )i̸=j

give contributions to CLFV processes, such as h → ℓ+i ℓ−j (directly), ℓi → ℓjγ (via a
h-ℓi loop and two-loop diagrams of the Barr-Zee type [90], i.e. featuring one loop of
heavy particles, see fig. 2), ℓi → ℓjℓkℓk (at tree level, as we have seen above, although
the dominant contributions turn out to be the same as for the radiative decay [88]),

(5) Higgs-mediated CLFV effects that arise by introducing small couplings of the leptons to the
“wrong” Higgs doublet —which are indeed radiatively generated in supersymmetric models—
have been studied in [82].

  Useful parameterisation:
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see [79]. The two Higgs doublet models most commonly studied in the literature feature
additional symmetries that control the structure of the Yukawa couplings in eq. (8), in
order to suppress the FCNCs. One possibility is introducing a Z2 symmetry and assign
parities to the fields such that the fermions of each sector can couple to one of the two
Higgs doublets only, for instance up quarks to Φ1, down quarks and leptons to Φ2 (the
so-called “type II” model). In this framework —labelled as “natural flavour conserva-
tion” [80, 81]— an alignment of the kind of eq. (6) is restored and no new effects are
generated at the tree level. This is the situation of the minimal supersymmetric mod-
els, whose Higgs sector is in fact a two-Higgs-doublet model of type II(5). Less radical
approaches —but effective in suppressing FCNC processes at acceptable levels— consist
in imposing the ansatz of minimal flavour violation [83] to the Yukawa couplings [84]
(which implies that the new-physics flavour-violating effects are controlled by the CKM
matrix, as the SM contributions), or a flavour symmetry addressing the hierarchy of the
Yukawas dynamically [85].

A rather model-independent parametrisation of Higgs-induced CLFV effects is the
following [86-89]:

−L ⊃ (me)iēL i eR i + (Y h
e )ij ēL i eR j h + h.c.,(14)

where, as we can see, the matrix of the lepton couplings to the physical Higgs Y h
e is in

general not aligned to the lepton mass matrix. As we have seen, a Lagrangian of this
kind arises from a two Higgs doublet model, of which it is an approximation, the better
the heavier the masses of the extra Higgses are —as only one SM-like physical Higgs
is considered here. Alternatively, it can be induced by higher-dimensional operators
featuring the SM leptons and the Higgs field of the type LLeRΦ(Φ†Φ), which result from
integrating out heavier degrees of freedom. The off-diagonal Higgs couplings (Y h

e )i̸=j

give contributions to CLFV processes, such as h → ℓ+i ℓ−j (directly), ℓi → ℓjγ (via a
h-ℓi loop and two-loop diagrams of the Barr-Zee type [90], i.e. featuring one loop of
heavy particles, see fig. 2), ℓi → ℓjℓkℓk (at tree level, as we have seen above, although
the dominant contributions turn out to be the same as for the radiative decay [88]),

(5) Higgs-mediated CLFV effects that arise by introducing small couplings of the leptons to the
“wrong” Higgs doublet —which are indeed radiatively generated in supersymmetric models—
have been studied in [82].

 In the SM only one lepton Yukawa → flavour conserving

Harnik Kopp Zupan ‘12
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Figure 2. – Examples of one and two loop diagrams giving comparable contributions to ⌧ ! µ�
in presence of flavour-violating Higgs couplings Y h

⌧µ and Y h
µ⌧ . From [88].

two ways: either by introducing RH neutrinos ⌫R, hence extending the field content, or
by considering non-renormalisable operators (for reviews, see e.g. [39, 91]). In the first
case, Dirac mass terms arise upon electroweak symmetry breaking from neutrino Yukawa
couplings, in perfect analogy to what occurs to the other fermions:

(13) LD = �(Y⌫)ij ⌫R i
e�† LL j + h.c. =) (mD

⌫ )ij =
vp
2
(Y⌫)ij .

In such a case, the smallness of neutrino masses can be accounted for only by assuming
tiny values for the entries of Y⌫ , the largest of which should be . 10�12(6). As a
consequence, the second option is perhaps more appealing, namely introducing non-
renomalisabe operators giving rise to Majorana masses for the LH neutrinos alone:

(14) LM = �1

2
mM

⌫ ⌫c
L⌫L + h.c.

Terms of this kind violate the total lepton number L and can be already generated by
the only dimension-5 operators compatible with the SM symmetries that one can write
[92]:

(15) L � Cij

⇤

�
Lc

L i ⌧2�
� �

�T ⌧2LL j

�
+ h.c. =) (mM

⌫ )ij =
Cijv2

⇤
,

where ⇤ corresponds to the mass scale of extra degrees of freedom – associated to the
breaking of L – that have been integrated out. The fact that (mM

⌫ )ij ⌧ v is then
naturally explained if ⇤ � v.

In either way neutrino masses are accounted for, lepton flavour violation in the charged
current interactions of Eq. (5) becomes physical and controlled by the matrix UPMNS ⌘
(V †

e V⌫), which is usually called Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [93,

(6) Moreover, since ⌫R are complete singlets under the SM gauge symmetries, nothing forbids
Majorana mass terms of the kind ⌫c

R⌫R, which would change the picture as we will see below.

 These couplings induce both LFV Higgs decays and low-energy processes:
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leads to negligible rates unless the new dynamics at the origin of neutrino masses lies at
rather low energy scales. Before moving to discuss predictions of some specific models,
we present a brief discussion of model-independent approaches to CLFV based on effec-
tive operators (sect. 4). We then discuss, in sect. 5, CLFV in supersymmetric models
as a case study of model-dependent predictions, on which we give more general remarks
in the subsequent sect. 6. We conclude the theory part reviewing in sect. 7 the possible
link between CLFV and lepton flavour non-universality in semi-leptonic B-meson decays
that several experiments have recently hinted at.

In the experimental part we highlight the general aspects of the design of experiments
aimed at the most sensitive searches for CLFV, in particular of those involving muons
(mu-e-gamma, mu-to-three-e, and mu-to-e-conversion) albeit in a unified picture we try
to involve also the heaviest lepton, the τ . Section 8 starts by introducing general con-
cepts regarding the search for rare decays, such as “single event sensitivity” and “signal
region”. In sect. 9 we discuss the generation and decay of positive and negative muons,
free and in orbit and in sects. 10 and 11 we analyse the general aspects, and the difficul-
ties, of detecting low-energy electrons, positrons and photons. Before starting the review
of the experiments, in sect. 12 we make some comments on the need of calibrations and
monitoring of the experiments, and the care that should be taken in their simulation
through Monte Carlo codes. In sect. 13 we review present and programmed muon ex-
periments. In this description we did not want to be comprehensive: those eager of full
details are referred to the technical articles describing the experiments. But each exper-
iment is built around some clever ideas, and those we have tried to pass to our readers.
We will have a look at tau channels in sect. 14 before looking at future directions in
sect. 15. Our conclusions are drawn in sect. 16 in the hope to have made the theory part
accessible to experimentalists as well as the experimental part readable by theorists!

2. – The lepton sector of the Standard Model and its simple extensions

The flavour sector of the Standard Model (SM) —i.e. the fermion masses and the
mixing among different generations— arises from the Yukawa couplings of the fermion
fields with the Higgs field Φ:

−LY = (Yu)ij QL i uR j Φ̃ + (Yd)ij QL i dR j Φ + (Ye)ij LL i eR j Φ + h.c.,(3)

where SU(2)L indices were omitted and i and j run over the three families, such that Yf

(f = u, d, e) are in general complex 3 × 3 matrices(3). The fields are defined as follows:
QL are the left-handed (LH) quark doublets, QT

L = (uL dL), uR and dR the right-handed
(RH) up and down quarks respectively, LL the LH letpon doublets, LT

L = (νL eL), and
eR the RH leptons. The conjugate Higgs field is as usually defined as Φ̃ ≡ iτ2Φ∗, where
τ2 is the second Pauli matrix. Fermion mass terms of the kind mffLfR arise upon the
breaking of the electro-weak (EW) symmetry SU(2)L×U(1)Y by the vacuum expectation
value (vev) of the Higgs field, ⟨Φ⟩T = (0 v)/

√
2 (v ≃ 246 GeV), such that

(mf )ij =
v√
2
(Yf )ij , f = u, d, e.(4)

(3) As already noted in the caption of table I, we collectively indicate the up-type quarks, the
down-type quarks and the charged leptons with u, d and e, respectively.
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In the original formulation of Standard Model, the Lagrangian in eq. (3) does not give rise
to mass terms for the neutrinos, which are thus exactly massless. The Yukawa matrices
and thus the fermion mass matrices can be diagonalised by unitary rotations of the fields,
as follows:

Yf = Vf ŶfW †
f , f = u, d, e,(5)

where Ŷf denotes diagonal Yukawa matrices. Given the unitarity of the matrices Vf and
Wf , applying these transformations does not modify the kinetic terms and the neutral-
current interactions, such as the fermion couplings to the photon and the Z boson, which
then result flavour conserving. Similarly, the fermion couplings to the physical Higgs h
are proportional to the mass matrix, thus they can be diagonalised in the same basis and
no flavour violation is induced in the interactions with the Higgs either:

−Lhf̄f =
mf

v
f̄LfR h + h.c.(6)

On the other hand, the two rotations in eq. (5) do induce flavour violation in the
charged-current interactions with the W bosons

Lcc =
g√
2

(
uLγµ(V †

u Vd)dL + νLγµ(V †
ν Ve)eL

)
W+

µ + h.c.(7)

As we can see, flavour violation in quark sector arises from the fact that, in general,
diagonalising Yu and Yd requires Vu ̸= Vd. Such a misalignment gives rise to flavour-
changing transitions controlled by the matrix VCKM ≡ V †

u Vd, which is nothing but the
Cabibbo-Kobayashi-Maskawa (CKM) matrix [17, 19]. On the other hand, in the lepton
sector of the original Standard Model with massless neutrinos, one can choose Vν = Ve,
because no other term in the Lagrangian involves the lepton doublets, and the leptonic
flavour is exactly conserved. Clearly, this feature does not hold any longer in extensions
of the Standard Model addressing the generation of mass terms for the neutrinos, as we
will discuss in the next section. In other words, the Lagrangian in eq. (3) is invariant
under three independent global U(1) rotations associated to each lepton family, which
implies three conserved charges: the lepton family numbers Le, Lµ, and Lτ (4).

To summarize, in the Standard Model the lepton family numbers are individually
conserved because of the minimality of the construction, which also implies that neutrinos
are massless. In fact, the matrix of the lepton Yukawa couplings Ye defines a single
direction in the space of leptonic flavour. Hence, as we have seen, one can use the freedom
of rotating LH and RH lepton fields to make the matrix diagonal without inducing
flavour-changing effects in other sectors of the theory. This is in contrast to the quark
sector where there are two different Yukawa matrices, Yu and Yd, both involving QL,
such that they can not be simultaneously diagonalised in the same basis.

From the above discussion, we can immediately see under which condition an exten-
sion of the Standard Model features flavour violation in the leptonic sector: the presence
in the Lagrangian of at least another term involving the lepton fields, i.e. of another

(4) This is in contrast to the hadronic sector that is only invariant under a common global
phase rotation of the quark fields, which implies the conservation of the total baryon number
alone.

                                 This is not the case if there is 2nd Higgs doublet or ops like fffffffffffffddd
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Fig. 2. – Examples of one and two loop diagrams giving comparable contributions to τ → µγ in
presence of flavour-violating Higgs couplings Y h

τµ and Y h
µτ . From [88].

see [79]. The two Higgs doublet models most commonly studied in the literature feature
additional symmetries that control the structure of the Yukawa couplings in eq. (8), in
order to suppress the FCNCs. One possibility is introducing a Z2 symmetry and assign
parities to the fields such that the fermions of each sector can couple to one of the two
Higgs doublets only, for instance up quarks to Φ1, down quarks and leptons to Φ2 (the
so-called “type II” model). In this framework —labelled as “natural flavour conserva-
tion” [80, 81]— an alignment of the kind of eq. (6) is restored and no new effects are
generated at the tree level. This is the situation of the minimal supersymmetric mod-
els, whose Higgs sector is in fact a two-Higgs-doublet model of type II(5). Less radical
approaches —but effective in suppressing FCNC processes at acceptable levels— consist
in imposing the ansatz of minimal flavour violation [83] to the Yukawa couplings [84]
(which implies that the new-physics flavour-violating effects are controlled by the CKM
matrix, as the SM contributions), or a flavour symmetry addressing the hierarchy of the
Yukawas dynamically [85].

A rather model-independent parametrisation of Higgs-induced CLFV effects is the
following [86-89]:

−L ⊃ (me)iēL i eR i + (Y h
e )ij ēL i eR j h + h.c.,(14)

where, as we can see, the matrix of the lepton couplings to the physical Higgs Y h
e is in

general not aligned to the lepton mass matrix. As we have seen, a Lagrangian of this
kind arises from a two Higgs doublet model, of which it is an approximation, the better
the heavier the masses of the extra Higgses are —as only one SM-like physical Higgs
is considered here. Alternatively, it can be induced by higher-dimensional operators
featuring the SM leptons and the Higgs field of the type LLeRΦ(Φ†Φ), which result from
integrating out heavier degrees of freedom. The off-diagonal Higgs couplings (Y h

e )i̸=j

give contributions to CLFV processes, such as h → ℓ+i ℓ−j (directly), ℓi → ℓjγ (via a
h-ℓi loop and two-loop diagrams of the Barr-Zee type [90], i.e. featuring one loop of
heavy particles, see fig. 2), ℓi → ℓjℓkℓk (at tree level, as we have seen above, although
the dominant contributions turn out to be the same as for the radiative decay [88]),

(5) Higgs-mediated CLFV effects that arise by introducing small couplings of the leptons to the
“wrong” Higgs doublet —which are indeed radiatively generated in supersymmetric models—
have been studied in [82].

  Useful parameterisation:
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Higgs doublets only, for instance up quarks to Φ1, down quarks and leptons to Φ2 (the
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tion” [80, 81]— an alignment of the kind of eq. (6) is restored and no new effects are
generated at the tree level. This is the situation of the minimal supersymmetric mod-
els, whose Higgs sector is in fact a two-Higgs-doublet model of type II(5). Less radical
approaches —but effective in suppressing FCNC processes at acceptable levels— consist
in imposing the ansatz of minimal flavour violation [83] to the Yukawa couplings [84]
(which implies that the new-physics flavour-violating effects are controlled by the CKM
matrix, as the SM contributions), or a flavour symmetry addressing the hierarchy of the
Yukawas dynamically [85].

A rather model-independent parametrisation of Higgs-induced CLFV effects is the
following [86-89]:

−L ⊃ (me)iēL i eR i + (Y h
e )ij ēL i eR j h + h.c.,(14)

where, as we can see, the matrix of the lepton couplings to the physical Higgs Y h
e is in

general not aligned to the lepton mass matrix. As we have seen, a Lagrangian of this
kind arises from a two Higgs doublet model, of which it is an approximation, the better
the heavier the masses of the extra Higgses are —as only one SM-like physical Higgs
is considered here. Alternatively, it can be induced by higher-dimensional operators
featuring the SM leptons and the Higgs field of the type LLeRΦ(Φ†Φ), which result from
integrating out heavier degrees of freedom. The off-diagonal Higgs couplings (Y h

e )i̸=j

give contributions to CLFV processes, such as h → ℓ+i ℓ−j (directly), ℓi → ℓjγ (via a
h-ℓi loop and two-loop diagrams of the Barr-Zee type [90], i.e. featuring one loop of
heavy particles, see fig. 2), ℓi → ℓjℓkℓk (at tree level, as we have seen above, although
the dominant contributions turn out to be the same as for the radiative decay [88]),

(5) Higgs-mediated CLFV effects that arise by introducing small couplings of the leptons to the
“wrong” Higgs doublet —which are indeed radiatively generated in supersymmetric models—
have been studied in [82].
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Table III. – Bounds on flavour-violating Higgs couplings to leptons assuming that the flavour di-
agonal Yukawa couplings are as predicted by the SM, Y h

ii = mi/v (i = e, µ, τ); adapted from [88].
The constraints from h → ℓiℓj are reported in [74, 75].

Process Coupling Bound

h → µe
p

|Y h
µe|2 + |Y h

eµ|2 < 5.4 × 10−4

µ → eγ
p

|Y h
µe|2 + |Y h

eµ|2 < 2.1 × 10−6

µ → eee
p

|Y h
µe|2 + |Y h

eµ|2 ! 3.1 × 10−5

µ Ti → e Ti
p

|Y h
µe|2 + |Y h

eµ|2 < 1.2 × 10−5

h → τe
p

|Y h
τe|2 + |Y h

eτ |2 < 2.3 × 10−3

τ → eγ
p

|Y h
τe|2 + |Y h

eτ |2 < 0.014

τ → eee
p

|Y h
τe|2 + |Y h

eτ |2 ! 0.12

h → τµ
p

|Y h
τµ|2 + |Y h

µτ |2 < 1.4 × 10−3

τ → µγ
p

|Y h
τµ|2 + |Y h

µτ |2 < 0.016

τ → µµµ
p

|Y h
τµ|2 + |Y h

µτ |2 ! 0.25

as well as µN → eN (with again the loop contributions dominant). The bounds that
experimental searches for these processes, cf. table II, set on the flavour-violating Higgs
couplings Y h

ij ≡ (Y h
e )i̸=j are shown in table III. As we can see present limits already set

stringent constraints to such couplings, in particular in the µ-e sector: as a reference,
the SM values of the Higgs-lepton couplings are Y h

ee ≃ 1.6 × 10−6, Y h
µµ ≃ 4.3 × 10−4,

Y h
ττ ≃ 7.2 × 10−3. The bound on Y h

µe and Y h
eµ is dominated by µ → eγ, but given that

the rates of all these processes are ∝ |Y h
µe|2 + |Y h

eµ|2, a future increase by two orders of
magnitude of the sensitivity to µ → eee and µ → e conversion in nuclei would translate
to a comparable constraint. As a consequence of these low-energy constraints, h → eµ
is way too suppressed to be observable at the LHC, namely BR(h → eµ) ! 10−8. On
the other hand, the table shows that in the τ -e and τ -µ sectors the leading constraints
come from the LHC searches for h → eτ and h → µτ themselves, so that the discovery
of CLFV at the LHC, or future leptonic colliders, is still an open possibility.

3. – CLFV in the Standard Model with massive neutrinos

The observation of neutrino oscillations on the one hand provides evidence that the
lepton family numbers are violated. On the other hand, it calls for an extension of the
SM to include neutrino mass terms. As we have discussed in the previous section, these
two points are related, for the conservation of lepton flavours is a mere consequence
of the minimality of eq. (3), where Ye is the only term involving leptonic fields. A
departure from minimality is required to generate neutrino masses and it can occur in
two ways: either by introducing RH neutrinos νR, hence extending the field content, or
by considering non-renormalisable operators (for reviews, see e.g. [39, 91]). In the first
case, Dirac mass terms arise upon electroweak symmetry breaking from neutrino Yukawa

(Y h
ee, Y h

µµ, Y
h
⌧⌧ ) ⇡ (10�6, 10�4, 10�2)
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Figure 8: Constraints on the flavour violating Yukawa couplings, |Yµt|, |Ytµ| and |Yet|, |Yte|,
from the BDT result. The expected (red solid line) and observed (black solid line) limits are
derived from the limit on B(H ! µt) and B(H ! et) from the present analysis. The flavour
diagonal Yukawa couplings are approximated by their SM values. The green (yellow) band
indicates the range that is expected to contain 68% (95%) of all observed limit excursions from
the expected limit. The shaded regions are derived constraints from null searches for t ! 3µ
or t ! 3e (dark green) and t ! µg or t ! eg (lighter green).The purple diagonal line is the
theoretical naturalness limit YijYji  mimj/v2.
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leads to negligible rates unless the new dynamics at the origin of neutrino masses lies at
rather low energy scales. Before moving to discuss predictions of some specific models,
we present a brief discussion of model-independent approaches to CLFV based on effec-
tive operators (sect. 4). We then discuss, in sect. 5, CLFV in supersymmetric models
as a case study of model-dependent predictions, on which we give more general remarks
in the subsequent sect. 6. We conclude the theory part reviewing in sect. 7 the possible
link between CLFV and lepton flavour non-universality in semi-leptonic B-meson decays
that several experiments have recently hinted at.

In the experimental part we highlight the general aspects of the design of experiments
aimed at the most sensitive searches for CLFV, in particular of those involving muons
(mu-e-gamma, mu-to-three-e, and mu-to-e-conversion) albeit in a unified picture we try
to involve also the heaviest lepton, the τ . Section 8 starts by introducing general con-
cepts regarding the search for rare decays, such as “single event sensitivity” and “signal
region”. In sect. 9 we discuss the generation and decay of positive and negative muons,
free and in orbit and in sects. 10 and 11 we analyse the general aspects, and the difficul-
ties, of detecting low-energy electrons, positrons and photons. Before starting the review
of the experiments, in sect. 12 we make some comments on the need of calibrations and
monitoring of the experiments, and the care that should be taken in their simulation
through Monte Carlo codes. In sect. 13 we review present and programmed muon ex-
periments. In this description we did not want to be comprehensive: those eager of full
details are referred to the technical articles describing the experiments. But each exper-
iment is built around some clever ideas, and those we have tried to pass to our readers.
We will have a look at tau channels in sect. 14 before looking at future directions in
sect. 15. Our conclusions are drawn in sect. 16 in the hope to have made the theory part
accessible to experimentalists as well as the experimental part readable by theorists!

2. – The lepton sector of the Standard Model and its simple extensions

The flavour sector of the Standard Model (SM) —i.e. the fermion masses and the
mixing among different generations— arises from the Yukawa couplings of the fermion
fields with the Higgs field Φ:

−LY = (Yu)ij QL i uR j Φ̃ + (Yd)ij QL i dR j Φ + (Ye)ij LL i eR j Φ + h.c.,(3)

where SU(2)L indices were omitted and i and j run over the three families, such that Yf

(f = u, d, e) are in general complex 3 × 3 matrices(3). The fields are defined as follows:
QL are the left-handed (LH) quark doublets, QT

L = (uL dL), uR and dR the right-handed
(RH) up and down quarks respectively, LL the LH letpon doublets, LT

L = (νL eL), and
eR the RH leptons. The conjugate Higgs field is as usually defined as Φ̃ ≡ iτ2Φ∗, where
τ2 is the second Pauli matrix. Fermion mass terms of the kind mffLfR arise upon the
breaking of the electro-weak (EW) symmetry SU(2)L×U(1)Y by the vacuum expectation
value (vev) of the Higgs field, ⟨Φ⟩T = (0 v)/

√
2 (v ≃ 246 GeV), such that

(mf )ij =
v√
2
(Yf )ij , f = u, d, e.(4)

(3) As already noted in the caption of table I, we collectively indicate the up-type quarks, the
down-type quarks and the charged leptons with u, d and e, respectively.
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In the original formulation of Standard Model, the Lagrangian in eq. (3) does not give rise
to mass terms for the neutrinos, which are thus exactly massless. The Yukawa matrices
and thus the fermion mass matrices can be diagonalised by unitary rotations of the fields,
as follows:

Yf = Vf ŶfW †
f , f = u, d, e,(5)

where Ŷf denotes diagonal Yukawa matrices. Given the unitarity of the matrices Vf and
Wf , applying these transformations does not modify the kinetic terms and the neutral-
current interactions, such as the fermion couplings to the photon and the Z boson, which
then result flavour conserving. Similarly, the fermion couplings to the physical Higgs h
are proportional to the mass matrix, thus they can be diagonalised in the same basis and
no flavour violation is induced in the interactions with the Higgs either:

−Lhf̄f =
mf

v
f̄LfR h + h.c.(6)

On the other hand, the two rotations in eq. (5) do induce flavour violation in the
charged-current interactions with the W bosons

Lcc =
g√
2

(
uLγµ(V †

u Vd)dL + νLγµ(V †
ν Ve)eL

)
W+

µ + h.c.(7)

As we can see, flavour violation in quark sector arises from the fact that, in general,
diagonalising Yu and Yd requires Vu ̸= Vd. Such a misalignment gives rise to flavour-
changing transitions controlled by the matrix VCKM ≡ V †

u Vd, which is nothing but the
Cabibbo-Kobayashi-Maskawa (CKM) matrix [17, 19]. On the other hand, in the lepton
sector of the original Standard Model with massless neutrinos, one can choose Vν = Ve,
because no other term in the Lagrangian involves the lepton doublets, and the leptonic
flavour is exactly conserved. Clearly, this feature does not hold any longer in extensions
of the Standard Model addressing the generation of mass terms for the neutrinos, as we
will discuss in the next section. In other words, the Lagrangian in eq. (3) is invariant
under three independent global U(1) rotations associated to each lepton family, which
implies three conserved charges: the lepton family numbers Le, Lµ, and Lτ (4).

To summarize, in the Standard Model the lepton family numbers are individually
conserved because of the minimality of the construction, which also implies that neutrinos
are massless. In fact, the matrix of the lepton Yukawa couplings Ye defines a single
direction in the space of leptonic flavour. Hence, as we have seen, one can use the freedom
of rotating LH and RH lepton fields to make the matrix diagonal without inducing
flavour-changing effects in other sectors of the theory. This is in contrast to the quark
sector where there are two different Yukawa matrices, Yu and Yd, both involving QL,
such that they can not be simultaneously diagonalised in the same basis.

From the above discussion, we can immediately see under which condition an exten-
sion of the Standard Model features flavour violation in the leptonic sector: the presence
in the Lagrangian of at least another term involving the lepton fields, i.e. of another

(4) This is in contrast to the hadronic sector that is only invariant under a common global
phase rotation of the quark fields, which implies the conservation of the total baryon number
alone.
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see [79]. The two Higgs doublet models most commonly studied in the literature feature
additional symmetries that control the structure of the Yukawa couplings in eq. (8), in
order to suppress the FCNCs. One possibility is introducing a Z2 symmetry and assign
parities to the fields such that the fermions of each sector can couple to one of the two
Higgs doublets only, for instance up quarks to Φ1, down quarks and leptons to Φ2 (the
so-called “type II” model). In this framework —labelled as “natural flavour conserva-
tion” [80, 81]— an alignment of the kind of eq. (6) is restored and no new effects are
generated at the tree level. This is the situation of the minimal supersymmetric mod-
els, whose Higgs sector is in fact a two-Higgs-doublet model of type II(5). Less radical
approaches —but effective in suppressing FCNC processes at acceptable levels— consist
in imposing the ansatz of minimal flavour violation [83] to the Yukawa couplings [84]
(which implies that the new-physics flavour-violating effects are controlled by the CKM
matrix, as the SM contributions), or a flavour symmetry addressing the hierarchy of the
Yukawas dynamically [85].

A rather model-independent parametrisation of Higgs-induced CLFV effects is the
following [86-89]:

−L ⊃ (me)iēL i eR i + (Y h
e )ij ēL i eR j h + h.c.,(14)

where, as we can see, the matrix of the lepton couplings to the physical Higgs Y h
e is in

general not aligned to the lepton mass matrix. As we have seen, a Lagrangian of this
kind arises from a two Higgs doublet model, of which it is an approximation, the better
the heavier the masses of the extra Higgses are —as only one SM-like physical Higgs
is considered here. Alternatively, it can be induced by higher-dimensional operators
featuring the SM leptons and the Higgs field of the type LLeRΦ(Φ†Φ), which result from
integrating out heavier degrees of freedom. The off-diagonal Higgs couplings (Y h

e )i̸=j

give contributions to CLFV processes, such as h → ℓ+i ℓ−j (directly), ℓi → ℓjγ (via a
h-ℓi loop and two-loop diagrams of the Barr-Zee type [90], i.e. featuring one loop of
heavy particles, see fig. 2), ℓi → ℓjℓkℓk (at tree level, as we have seen above, although
the dominant contributions turn out to be the same as for the radiative decay [88]),

(5) Higgs-mediated CLFV effects that arise by introducing small couplings of the leptons to the
“wrong” Higgs doublet —which are indeed radiatively generated in supersymmetric models—
have been studied in [82].
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Fig. 2. – Examples of one and two loop diagrams giving comparable contributions to τ → µγ in
presence of flavour-violating Higgs couplings Y h

τµ and Y h
µτ . From [88].
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⌧⌧ ) ⇡ (10�6, 10�4, 10�2)
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Figure 8. – Bounds and prospects for a model with Bino and both LH and RH sleptons. The
blue-shaded region is excluded by direct searches for sleptons at the LHC [137]. The green
region corresponds to a contribution to the muon g� 2 at the level of the observed discrepancy.

and (�RR)12 – at the level 10�5 ÷ 10�4 or smaller – for SUSY particles in the ballpark of
the LHC sensitivity. Interestingly, unlike is the previous model, there is a region of the
parameter space (shaded in green in the figure) where the muon g � 2 anomaly can be
fitted at the level of 2 � or better, i.e. �aSUSY

µ = (2.9 ± 1.8) ⇥ 10�9 [150](18).

(18) Contributions to leptonic magnetic and electric dipole moments arise from flavour-
conserving diagrams similar to that of Figure 6, thus for a given slepton mixing these observables
are correlated to CLFV processes. For a recent discussion on the correlation between the muon
g � 2 and µ ! e� in SUSY, see [151]. For the contributions to the electron EDM from flavour-
mixing sleptons see [152].

LFV vs LHC bounds within simplified models

eeR, eµR, e⌧R

eeL, eµL, e⌧L
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Figure 10. – Bounds and prospects for a model with Wino, Higgsinos, and LH sleptons. The
blue-shaded region is excluded by direct searches for sleptons at the LHC [137], according to
the reinterpretation in [153].

The resulting stringent bounds on (�LL)12 and (�LL)23 are displayed in Figure 10, as well
as the prospects of future experiments. These will be able to test SUSY masses up to
O(100) TeV, in presence of large smuon-selectron mixing. The figure also shows that a
large contribution to the muon g�2 can be easily achieved for SUSY masses still beyond
the present LHC sensitivity.

5

.2. Specific SUSY setups. – As it is clear from the above discussion, we need to
know two basic ingredients if we want to assess the rates of CLFV observables in a
SUSY model: (i) the masses of the sleptons and the other SUSY particles appearing in
diagrams like that in Figure 6; (ii) the compositions of the sleptons in terms of flavour
eigenstates or – which is equivalent in the the limit of degenerate slepton masses – the
CLFV parameters of Eq. (46). In particular, if we lack the latter piece of information,

eH

LFV vs LHC bounds within simplified models

eeL, eµL, e⌧L
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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]

it needs a 20-30% 
 enhancement wrt the SM

Test of the Lepton Flavour Universality 
  of SM couplings RD(⇤) ⌘
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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
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O(100) TeV. For a detailed recent discussion on the new-physics scales hinted at by these
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It is interesting to note that the b ! s`+`� (i.e. class-I) data are in better agreement
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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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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
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the SM contributions and hence to a deficit of muon events [218]. Recent global fits
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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]:
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�0.074 ± 0.036 for q2 2 [1, 6]GeV2,(64)

RK⇤ ⌘ BR(B0 ! K⇤ 0µ+µ�)

BR(B0 ! K⇤ 0e+e�)
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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]:
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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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(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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Flavour structure justified by: 

•  Theoretical considerations (SM hierarchies, MFV paradigm, …) 

•  Observed anomalies (3rd generation affected more than 2nd generation, 
2nd generation more than 1st generation) 

Operators involving 2nd generations generated by rotations to the mass basis:

(in the interaction basis)
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controlled by the charges we assign to the SM quarks. In fact, notice that the mechanism
does not depend on the absolute scales h�i and ⇤ but only on their ratio.

The above Yukawas are as usual diagonalised by a bi-unitary transformation

Y f = V f†Ŷ fW f , f = u, d, e (3)

where Ŷ f are family-diagonal matrices, and V f andW f are unitary matrices corresponding
to rotations of left- and right-handed fields, respectively. Their size can be estimated as:

V u
ij ⇠ ✏|QQi

�Qqj |, V d
ij ⇠ ✏|QQi

�Qqj |, V e
ij ⇠ ✏|QLi

�Q`j |,
W u

ij ⇠ ✏|Qui�Quj |, W d
ij ⇠ ✏|Qdi

�Qdj | , W e
ij ⇠ ✏|Qei�Qej | , (4)

such that for the CKM matrix we have

V CKM

ij = V u
ik V

d ⇤
jk . (5)

2.2 Froggat-Nielsen charges

While the above-presented setup is general, in the following, we will also consider the
possibility that U(1)F only acts either on the quark sector or on the lepton sector, thus
addressing the flavour hierarchies only partially.

In the quark sector, a possible charge assignment is

(QQ1 , QQ2 , QQ3) = (3, 2, 0),

(Qu1 , Qu2 , Qu3) = (5, 2, 0),

(Qd1 , Qd2 , Qd3) = (4, 2, 2), (6)

which leads to the following structure for the Yukawa matrices:

Y u ⇠
0

@
✏8 ✏5 ✏3

✏7 ✏4 ✏2

✏5 ✏2 1

1

A , Y d ⇠
0

@
✏7 ✏5 ✏5

✏6 ✏4 ✏4

✏4 ✏2 ✏2

1

A . (7)

Taking the expansion parameter of the order of the Cabibbo angle,

✏ ⇡ 0.2 ,

and given the freedom of choosing the O (1) coe�cients in au and ad, the above matrices
can easily fit the observed quark masses and CKM mixing. The order of magnitude of the
rotations following from (4) is

V u,d ⇠
0

@
1 ✏ ✏3

✏ 1 ✏2

✏3 ✏2 1

1

A , W u ⇠
0

@
1 ✏3 ✏5

✏3 1 ✏2

✏5 ✏2 1

1

A , W d ⇠
0

@
1 ✏2 ✏2

✏2 1 1
✏2 1 1

1

A , (8)
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⇠ Vcb ⇥ Vtb
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Effective field theory approach

Ops with only 3rd family:

Lorenzo Calibbi (ITP)Charged Lepton Flavour Violation
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Flavour structure justified by: 

•  Theoretical considerations (SM hierarchies, MFV paradigm, …) 

•  Observed anomalies (3rd generation affected more than 2nd generation, 
2nd generation more than 1st generation) 

Operators involving 2nd generations generated by rotations to the mass basis:

(in the interaction basis)

controlled by the charges we assign to the SM quarks. In fact, notice that the mechanism
does not depend on the absolute scales h�i and ⇤ but only on their ratio.

The above Yukawas are as usual diagonalised by a bi-unitary transformation

Y f = V f†Ŷ fW f , f = u, d, e (3)

where Ŷ f are family-diagonal matrices, and V f andW f are unitary matrices corresponding
to rotations of left- and right-handed fields, respectively. Their size can be estimated as:

V u
ij ⇠ ✏|QQi

�Qqj |, V d
ij ⇠ ✏|QQi

�Qqj |, V e
ij ⇠ ✏|QLi

�Q`j |,
W u

ij ⇠ ✏|Qui�Quj |, W d
ij ⇠ ✏|Qdi

�Qdj | , W e
ij ⇠ ✏|Qei�Qej | , (4)

such that for the CKM matrix we have

V CKM

ij = V u
ik V

d ⇤
jk . (5)

2.2 Froggat-Nielsen charges

While the above-presented setup is general, in the following, we will also consider the
possibility that U(1)F only acts either on the quark sector or on the lepton sector, thus
addressing the flavour hierarchies only partially.

In the quark sector, a possible charge assignment is

(QQ1 , QQ2 , QQ3) = (3, 2, 0),

(Qu1 , Qu2 , Qu3) = (5, 2, 0),

(Qd1 , Qd2 , Qd3) = (4, 2, 2), (6)

which leads to the following structure for the Yukawa matrices:

Y u ⇠
0

@
✏8 ✏5 ✏3

✏7 ✏4 ✏2

✏5 ✏2 1

1

A , Y d ⇠
0

@
✏7 ✏5 ✏5

✏6 ✏4 ✏4

✏4 ✏2 ✏2

1

A . (7)

Taking the expansion parameter of the order of the Cabibbo angle,

✏ ⇡ 0.2 ,

and given the freedom of choosing the O (1) coe�cients in au and ad, the above matrices
can easily fit the observed quark masses and CKM mixing. The order of magnitude of the
rotations following from (4) is
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@
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A , W u ⇠
0

@
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✏3 1 ✏2

✏5 ✏2 1

1

A , W d ⇠
0

@
1 ✏2 ✏2

✏2 1 1
✏2 1 1

1

A , (8)
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Correlated LFV operators are generated too:

Glashow Guadagnoli Lane  ’14, Bhattacharya et al. ’14, LC Crivellin Ota ’15, Feruglio Paradisi Pattori ’16,’17 …
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FIG. 2: Allowed regions in the ↵µ⌧–↵sb plane from B ! K⌫⌫̄ (yellow), R(D⇤) (red) and b ! sµ+µ� (blue) for ⇤ = 1TeV
and �(3) = �0.5 (left plot), �(3) = �1 (middle) and �(3) = �2 (right). Note that ↵sb = ⇡/64 roughly corresponds to the angle
needed to generate Vcb and that if �(3) is positive, R(D⇤) and b ! sµ+µ� cannot be explained simultaneously.

3. Q(1)
`q and Q(3)

`q with �(1) = �(3)

In this case the phenomenology is then rather similar
to the case of C(3) only. The major di↵erences are that,
as already mentioned before, the bounds from B ! K⌫⌫̄
are evaded and the relative contribution to b ! sµµ com-
pared to R(D(⇤)) is a factor of 2 larger. In Fig. 3 we
show the analogous plot to the central panel of Fig. 2
(�(3) = �(1) = �1) for this scenario. Note that again
R(D(⇤)) rules out very large branching ratios for lepton
flavour violating B decays in the regions compatible with
b ! sµ+µ� data. We also consider the MFV-like ansatz
[56] with additional flavour rotations (light blue) which
however di↵ers only slightly for the ansatz with third
generation couplings.

V. UV COMPLETIONS

Let us briefly discuss UV completions which can give
the desired coupling structure. As discussed previously,

the 4-Fermi operator Q(3)
`q is relevant both for R(K) and

R(D(⇤)). If Q(3)
`q is mediated by a single field, then there

are only four possibilities: (i) Vector boson (VB) with
the SM charges (SU(3)c, SU(2)L, U(1)Y ) = (1,3, 0), (ii)
Scalar leptoquark (SLQ) with (3,3,�1/3), (iii) Vector
leptoquark (VLQ) with (3,1,2/3), and (iv) Vector lepto-
quark with (3,3,2/3). The vector boson (1,3,0) induces

only Q(3)
`q . On the other hand, the leptoquark fields result

in particular combinations of Q(1)
`q and Q(3)

`q [56]. With
the assumption of the third generation coupling, the rel-
ative size of the e↵ective couplings �(1,3) and the signs
are determined as

VB(1,3,0) : �(3) both positive and negative, (31)

SLQ(3,3,�1/3) : �(1) = 3�(3), �(3) > 0, (32)

VLQ(3,1,2/3) : �(1) = �(3), �(3) < 0, (33)

VLQ(3,3,2/3) : �(1) = �3�(3), �(3) > 0. (34)

The coe�cient Cij
9 is proportional to �(1) + �(3) and a

negative value is favoured by R(K). Therefore, the scalar
leptoquark is rejected as a candidate. To explain R(D(⇤))
simultaneously, �(3) itself must also be negative. This
condition excludes the triplet vector leptoquark. If the

experimental results are explained by the operator Q(3)
`q

under the assumption of third generation coupling only,
the possible mediators are the triplet vector boson or the
singlet vector leptoquark. According to the analysis of
the previous section, a good fit to flavour data requires
a mediator mass of O(1) TeV. This opens interesting
prospects for the LHC, especially in the case of lepto-
quarks that can be produced in proton-proton collisions
via colour interactions and would decay to one lepton (⌧
or more interestingly µ) and one jet (possibly a b-jet).

VI. CONCLUSIONS

In this article we considered the e↵ect of gauge in-
variant dim-6 operators with left-handed fermions on
b ! sµ+µ�, B ! K(⇤)⌫⌫̄, B ! D(⇤)⌧⌫, B ! K(⇤)⌧µ
and Bs ! ⌧µ. For operators with left-handed quarks
and leptons we find the correlations Br [B ! K⌧±µ⌥] ⇡
Br [B ! K⇤⌧±µ⌥] ⇡ 2Br [Bs ! ⌧±µ⌥]. We showed that
the anomalies in b ! sµµ data can be explained simul-
taneously with R(D⇤). For this we considered scenarios
in which third generation couplings in the EW basis are
present only: �(1) 6= 0, �(3) 6= 0 and �(3) = �(1) 6= 0.
Taking into account �(1) 6= 0 only, b ! sµ+µ� data
can be explained without violating bounds from B !

Lorenzo Calibbi (ITP)Charged Lepton Flavour Violation

CT = �2, CS = 0 (⇤ = 1 TeV)
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FIG. 3: Allowed regions in the ↵µ⌧–↵sb plane from R(D⇤)
(red) and b ! sµ+µ� (dark blue) for ⇤ =TeV and �(3) =
�(1) = �1. The light blue region corresponds to the MFV-like
ansatz for the lepton masses. Note that ↵sb = ⇡/64 roughly
corresponds to the angle needed to generate Vcb and that the
MFV-like Ansatz only di↵ers marginally from the one with
third generation couplings only in the region compatible with
R(D). The contour lines denote Br[B ! K⇤⌧µ] in units of
10�6.

K(⇤)⌫⌫̄. However, in the allowed regions of parameter
space, Br[B ! K(⇤)⌧µ] can only be up to 1⇥10�6. In the
case of �(3) 6= 0, b ! sµ+µ� data can be explained simul-
taneously with R(D⇤). In these regions Br[B ! K(⇤)⌧µ]
can again be only up to 10�6. Finally we considered
�(3) = �(1) 6= 0. Such a scenario can be realized with a
leptoquark in the singlet representation of SU(2)L (mak-
ing an MFV-like ansatz for the lepton couplings possible)
and constraints from B ! K(⇤)⌫⌫̄ are avoided. Again,
LFV B decays turn out to be of the same order as in the
other scenarios.

Note added — During the completion of this work, an
article presenting a dynamical model with additional vec-
tor bosons and third generation couplings appeared in

which Q(3)
`q is generated [65].
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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)(66)

(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),(67)

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. (3)
– 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. (66, 67) – 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. (3). 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.(68)

More interestingly, radiative e↵ects – i.e. the RG running of the operators from the new-
Considerably below current limit O(10-5)



Radiatively generated LFV and LFUV effects

Ops with only 3rd family:
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<latexit sha1_base64="21ejKpDWVyRGbNqSqEU6SpyQfqo=">AAACGnicbVDLSsNAFJ34rPUVdelmsAjtpiQi6LLUjcsq9oFNKJPpTTt08mBmIpSQ73Djr7hxoYg7cePfOGmz0NYDFw7n3MvMOV7MmVSW9W2srK6tb2yWtsrbO7t7++bBYUdGiaDQphGPRM8jEjgLoa2Y4tCLBZDA49D1Jle5330AIVkU3qlpDG5ARiHzGSVKSwPTdnxBaJo6IsDN26x676gIO4ok+dSyBQOglg3MilW3ZsDLxC5IBRVoDcxPZxjRJIBQUU6k7NtWrNyUCMUoh6zsJBJiQidkBH1NQxKAdNNZtAyfamWI/UjoCRWeqb8vUhJIOQ08vRkQNZaLXi7+5/UT5V+6KQvjREFI5w/5Ccc6Zd4THjIBVPGpJoQKpv+K6ZjorpRus6xLsBcjL5POWd226vbNeaXRLOoooWN0gqrIRheoga5RC7URRY/oGb2iN+PJeDHejY/56opR3ByhPzC+fgBvfaB1</latexit><latexit sha1_base64="21ejKpDWVyRGbNqSqEU6SpyQfqo=">AAACGnicbVDLSsNAFJ34rPUVdelmsAjtpiQi6LLUjcsq9oFNKJPpTTt08mBmIpSQ73Djr7hxoYg7cePfOGmz0NYDFw7n3MvMOV7MmVSW9W2srK6tb2yWtsrbO7t7++bBYUdGiaDQphGPRM8jEjgLoa2Y4tCLBZDA49D1Jle5330AIVkU3qlpDG5ARiHzGSVKSwPTdnxBaJo6IsDN26x676gIO4ok+dSyBQOglg3MilW3ZsDLxC5IBRVoDcxPZxjRJIBQUU6k7NtWrNyUCMUoh6zsJBJiQidkBH1NQxKAdNNZtAyfamWI/UjoCRWeqb8vUhJIOQ08vRkQNZaLXi7+5/UT5V+6KQvjREFI5w/5Ccc6Zd4THjIBVPGpJoQKpv+K6ZjorpRus6xLsBcjL5POWd226vbNeaXRLOoooWN0gqrIRheoga5RC7URRY/oGb2iN+PJeDHejY/56opR3ByhPzC+fgBvfaB1</latexit><latexit sha1_base64="21ejKpDWVyRGbNqSqEU6SpyQfqo=">AAACGnicbVDLSsNAFJ34rPUVdelmsAjtpiQi6LLUjcsq9oFNKJPpTTt08mBmIpSQ73Djr7hxoYg7cePfOGmz0NYDFw7n3MvMOV7MmVSW9W2srK6tb2yWtsrbO7t7++bBYUdGiaDQphGPRM8jEjgLoa2Y4tCLBZDA49D1Jle5330AIVkU3qlpDG5ARiHzGSVKSwPTdnxBaJo6IsDN26x676gIO4ok+dSyBQOglg3MilW3ZsDLxC5IBRVoDcxPZxjRJIBQUU6k7NtWrNyUCMUoh6zsJBJiQidkBH1NQxKAdNNZtAyfamWI/UjoCRWeqb8vUhJIOQ08vRkQNZaLXi7+5/UT5V+6KQvjREFI5w/5Ccc6Zd4THjIBVPGpJoQKpv+K6ZjorpRus6xLsBcjL5POWd226vbNeaXRLOoooWN0gqrIRheoga5RC7URRY/oGb2iN+PJeDHejY/56opR3ByhPzC+fgBvfaB1</latexit><latexit sha1_base64="21ejKpDWVyRGbNqSqEU6SpyQfqo=">AAACGnicbVDLSsNAFJ34rPUVdelmsAjtpiQi6LLUjcsq9oFNKJPpTTt08mBmIpSQ73Djr7hxoYg7cePfOGmz0NYDFw7n3MvMOV7MmVSW9W2srK6tb2yWtsrbO7t7++bBYUdGiaDQphGPRM8jEjgLoa2Y4tCLBZDA49D1Jle5330AIVkU3qlpDG5ARiHzGSVKSwPTdnxBaJo6IsDN26x676gIO4ok+dSyBQOglg3MilW3ZsDLxC5IBRVoDcxPZxjRJIBQUU6k7NtWrNyUCMUoh6zsJBJiQidkBH1NQxKAdNNZtAyfamWI/UjoCRWeqb8vUhJIOQ08vRkQNZaLXi7+5/UT5V+6KQvjREFI5w/5Ccc6Zd4THjIBVPGpJoQKpv+K6ZjorpRus6xLsBcjL5POWd226vbNeaXRLOoooWN0gqrIRheoga5RC7URRY/oGb2iN+PJeDHejY/56opR3ByhPzC+fgBvfaB1</latexit>

BR(⌧ ! `⌫⌫̄)

BR(µ ! e⌫⌫̄)
<latexit sha1_base64="6G9YJHs2Hz84Y75U3zx0SZQ2xaU=">AAACLnicbVDNSgMxGMz6b/2revQSLEK9lF0R9FgqgkcVawtNKdn02zY0yS5JVihLn8iLr6IHQUW8+himaw+19YOQYWY+kpkwEdxY33/zFhaXlldW19YLG5tb2zvF3b17E6eaQZ3FItbNkBoQXEHdciugmWigMhTQCAcXY73xANrwWN3ZYQJtSXuKR5xR66hO8ZJEmrIsI1ri2u2oTCxNiY0xASGISklItbuOR1MOmRtgWu0US37FzwfPg2ACSmgy153iC+nGLJWgLBPUmFbgJ7adUW05EzAqkNRAQtmA9qDloKISTDvL447wkWO6OIq1O8rinJ3eyKg0ZihD55TU9s2sNib/01qpjc7bGVdJakGx34eiVGAXd9wd7nINzIqhA5Rp7v6KWZ+6/qxruOBKCGYjz4P7k0rgV4Kb01K1NqljDR2gQ1RGATpDVXSFrlEdMfSIntE7+vCevFfv0/v6tS54k5199Ge87x+Rhalz</latexit><latexit sha1_base64="6G9YJHs2Hz84Y75U3zx0SZQ2xaU=">AAACLnicbVDNSgMxGMz6b/2revQSLEK9lF0R9FgqgkcVawtNKdn02zY0yS5JVihLn8iLr6IHQUW8+himaw+19YOQYWY+kpkwEdxY33/zFhaXlldW19YLG5tb2zvF3b17E6eaQZ3FItbNkBoQXEHdciugmWigMhTQCAcXY73xANrwWN3ZYQJtSXuKR5xR66hO8ZJEmrIsI1ri2u2oTCxNiY0xASGISklItbuOR1MOmRtgWu0US37FzwfPg2ACSmgy153iC+nGLJWgLBPUmFbgJ7adUW05EzAqkNRAQtmA9qDloKISTDvL447wkWO6OIq1O8rinJ3eyKg0ZihD55TU9s2sNib/01qpjc7bGVdJakGx34eiVGAXd9wd7nINzIqhA5Rp7v6KWZ+6/qxruOBKCGYjz4P7k0rgV4Kb01K1NqljDR2gQ1RGATpDVXSFrlEdMfSIntE7+vCevFfv0/v6tS54k5199Ge87x+Rhalz</latexit><latexit sha1_base64="6G9YJHs2Hz84Y75U3zx0SZQ2xaU=">AAACLnicbVDNSgMxGMz6b/2revQSLEK9lF0R9FgqgkcVawtNKdn02zY0yS5JVihLn8iLr6IHQUW8+himaw+19YOQYWY+kpkwEdxY33/zFhaXlldW19YLG5tb2zvF3b17E6eaQZ3FItbNkBoQXEHdciugmWigMhTQCAcXY73xANrwWN3ZYQJtSXuKR5xR66hO8ZJEmrIsI1ri2u2oTCxNiY0xASGISklItbuOR1MOmRtgWu0US37FzwfPg2ACSmgy153iC+nGLJWgLBPUmFbgJ7adUW05EzAqkNRAQtmA9qDloKISTDvL447wkWO6OIq1O8rinJ3eyKg0ZihD55TU9s2sNib/01qpjc7bGVdJakGx34eiVGAXd9wd7nINzIqhA5Rp7v6KWZ+6/qxruOBKCGYjz4P7k0rgV4Kb01K1NqljDR2gQ1RGATpDVXSFrlEdMfSIntE7+vCevFfv0/v6tS54k5199Ge87x+Rhalz</latexit><latexit sha1_base64="6G9YJHs2Hz84Y75U3zx0SZQ2xaU=">AAACLnicbVDNSgMxGMz6b/2revQSLEK9lF0R9FgqgkcVawtNKdn02zY0yS5JVihLn8iLr6IHQUW8+himaw+19YOQYWY+kpkwEdxY33/zFhaXlldW19YLG5tb2zvF3b17E6eaQZ3FItbNkBoQXEHdciugmWigMhTQCAcXY73xANrwWN3ZYQJtSXuKR5xR66hO8ZJEmrIsI1ri2u2oTCxNiY0xASGISklItbuOR1MOmRtgWu0US37FzwfPg2ACSmgy153iC+nGLJWgLBPUmFbgJ7adUW05EzAqkNRAQtmA9qDloKISTDvL447wkWO6OIq1O8rinJ3eyKg0ZihD55TU9s2sNib/01qpjc7bGVdJakGx34eiVGAXd9wd7nINzIqhA5Rp7v6KWZ+6/qxruOBKCGYjz4P7k0rgV4Kb01K1NqljDR2gQ1RGATpDVXSFrlEdMfSIntE7+vCevFfv0/v6tS54k5199Ge87x+Rhalz</latexit>

⌧ ! µ`` ⌧ ! µ⇡ ⌧ ! µ⇢
<latexit sha1_base64="9YT1+NJ2S94PwS+ooJktaGbtgKQ=">AAACIXicbZDLSgMxFIYz9VbrrerSTbAIrsqMCHZZdOOygr1Ap5RMmrahyWRMToQy9FXc+CpuXCjSnfgyptOC2vrDgZ/vnENy/igR3IDvf3q5tfWNza38dmFnd2//oHh41DDKasrqVAmlWxExTPCY1YGDYK1EMyIjwZrR6GbWbz4ybbiK72GcsI4kg5j3OSXgULdYCYHYEFQoLQ6ZEFk9WNL74WHCl4keqm6x5Jf9THjVBAtTQgvVusVp2FPUShYDFcSYduAn0EmJBk4FmxRCa1hC6IgMWNvZmEhmOml24QSfOdLDfaVdxYAz+nsjJdKYsYzcpCQwNMu9Gfyv17bQr3RSHicWWEznD/WtwKDwLC7c45pREGNnCNXc/RXTIdGEggu14EIIlk9eNY2LcuCXg7vLUvV6EUcenaBTdI4CdIWq6BbVUB1R9IRe0Bt69569V+/Dm85Hc95i5xj9kff1DV62pX4=</latexit><latexit sha1_base64="9YT1+NJ2S94PwS+ooJktaGbtgKQ=">AAACIXicbZDLSgMxFIYz9VbrrerSTbAIrsqMCHZZdOOygr1Ap5RMmrahyWRMToQy9FXc+CpuXCjSnfgyptOC2vrDgZ/vnENy/igR3IDvf3q5tfWNza38dmFnd2//oHh41DDKasrqVAmlWxExTPCY1YGDYK1EMyIjwZrR6GbWbz4ybbiK72GcsI4kg5j3OSXgULdYCYHYEFQoLQ6ZEFk9WNL74WHCl4keqm6x5Jf9THjVBAtTQgvVusVp2FPUShYDFcSYduAn0EmJBk4FmxRCa1hC6IgMWNvZmEhmOml24QSfOdLDfaVdxYAz+nsjJdKYsYzcpCQwNMu9Gfyv17bQr3RSHicWWEznD/WtwKDwLC7c45pREGNnCNXc/RXTIdGEggu14EIIlk9eNY2LcuCXg7vLUvV6EUcenaBTdI4CdIWq6BbVUB1R9IRe0Bt69569V+/Dm85Hc95i5xj9kff1DV62pX4=</latexit><latexit sha1_base64="9YT1+NJ2S94PwS+ooJktaGbtgKQ=">AAACIXicbZDLSgMxFIYz9VbrrerSTbAIrsqMCHZZdOOygr1Ap5RMmrahyWRMToQy9FXc+CpuXCjSnfgyptOC2vrDgZ/vnENy/igR3IDvf3q5tfWNza38dmFnd2//oHh41DDKasrqVAmlWxExTPCY1YGDYK1EMyIjwZrR6GbWbz4ybbiK72GcsI4kg5j3OSXgULdYCYHYEFQoLQ6ZEFk9WNL74WHCl4keqm6x5Jf9THjVBAtTQgvVusVp2FPUShYDFcSYduAn0EmJBk4FmxRCa1hC6IgMWNvZmEhmOml24QSfOdLDfaVdxYAz+nsjJdKYsYzcpCQwNMu9Gfyv17bQr3RSHicWWEznD/WtwKDwLC7c45pREGNnCNXc/RXTIdGEggu14EIIlk9eNY2LcuCXg7vLUvV6EUcenaBTdI4CdIWq6BbVUB1R9IRe0Bt69569V+/Dm85Hc95i5xj9kff1DV62pX4=</latexit><latexit sha1_base64="9YT1+NJ2S94PwS+ooJktaGbtgKQ=">AAACIXicbZDLSgMxFIYz9VbrrerSTbAIrsqMCHZZdOOygr1Ap5RMmrahyWRMToQy9FXc+CpuXCjSnfgyptOC2vrDgZ/vnENy/igR3IDvf3q5tfWNza38dmFnd2//oHh41DDKasrqVAmlWxExTPCY1YGDYK1EMyIjwZrR6GbWbz4ybbiK72GcsI4kg5j3OSXgULdYCYHYEFQoLQ6ZEFk9WNL74WHCl4keqm6x5Jf9THjVBAtTQgvVusVp2FPUShYDFcSYduAn0EmJBk4FmxRCa1hC6IgMWNvZmEhmOml24QSfOdLDfaVdxYAz+nsjJdKYsYzcpCQwNMu9Gfyv17bQr3RSHicWWEznD/WtwKDwLC7c45pREGNnCNXc/RXTIdGEggu14EIIlk9eNY2LcuCXg7vLUvV6EUcenaBTdI4CdIWq6BbVUB1R9IRe0Bt69569V+/Dm85Hc95i5xj9kff1DV62pX4=</latexit>

:

(LFU in Z couplings tested at the permil level)

(LFU in tau decays tested below the percent level)

:

:

Important radiative effects:
b, t

<latexit sha1_base64="PtClLYUb0Xi8EbxxzWhh+Fddj8w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECvVY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB/RkRKhYBSt9BBc4aBccavuAmSdeDmpQI7moPzVH8YsjbhCJqkxPc9N0M+oRsEkn5X6qeEJZRM64j1LFY248bPFqTNyYZUhCWNtSyFZqL8nMhoZM40C2xlRHJtVby7+5/VSDG/8TKgkRa7YclGYSoIxmf9NhkJzhnJqCWVa2FsJG1NNGdp0SjYEb/XlddK+rnpu1buvVRq1PI4inME5XIIHdWjAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwD99I2M</latexit><latexit sha1_base64="PtClLYUb0Xi8EbxxzWhh+Fddj8w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECvVY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB/RkRKhYBSt9BBc4aBccavuAmSdeDmpQI7moPzVH8YsjbhCJqkxPc9N0M+oRsEkn5X6qeEJZRM64j1LFY248bPFqTNyYZUhCWNtSyFZqL8nMhoZM40C2xlRHJtVby7+5/VSDG/8TKgkRa7YclGYSoIxmf9NhkJzhnJqCWVa2FsJG1NNGdp0SjYEb/XlddK+rnpu1buvVRq1PI4inME5XIIHdWjAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwD99I2M</latexit><latexit sha1_base64="PtClLYUb0Xi8EbxxzWhh+Fddj8w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECvVY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB/RkRKhYBSt9BBc4aBccavuAmSdeDmpQI7moPzVH8YsjbhCJqkxPc9N0M+oRsEkn5X6qeEJZRM64j1LFY248bPFqTNyYZUhCWNtSyFZqL8nMhoZM40C2xlRHJtVby7+5/VSDG/8TKgkRa7YclGYSoIxmf9NhkJzhnJqCWVa2FsJG1NNGdp0SjYEb/XlddK+rnpu1buvVRq1PI4inME5XIIHdWjAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwD99I2M</latexit><latexit sha1_base64="PtClLYUb0Xi8EbxxzWhh+Fddj8w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECvVY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB/RkRKhYBSt9BBc4aBccavuAmSdeDmpQI7moPzVH8YsjbhCJqkxPc9N0M+oRsEkn5X6qeEJZRM64j1LFY248bPFqTNyYZUhCWNtSyFZqL8nMhoZM40C2xlRHJtVby7+5/VSDG/8TKgkRa7YclGYSoIxmf9NhkJzhnJqCWVa2FsJG1NNGdp0SjYEb/XlddK+rnpu1buvVRq1PI4inME5XIIHdWjAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwD99I2M</latexit>

b, t
<latexit sha1_base64="PtClLYUb0Xi8EbxxzWhh+Fddj8w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECvVY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB/RkRKhYBSt9BBc4aBccavuAmSdeDmpQI7moPzVH8YsjbhCJqkxPc9N0M+oRsEkn5X6qeEJZRM64j1LFY248bPFqTNyYZUhCWNtSyFZqL8nMhoZM40C2xlRHJtVby7+5/VSDG/8TKgkRa7YclGYSoIxmf9NhkJzhnJqCWVa2FsJG1NNGdp0SjYEb/XlddK+rnpu1buvVRq1PI4inME5XIIHdWjAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwD99I2M</latexit><latexit sha1_base64="PtClLYUb0Xi8EbxxzWhh+Fddj8w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECvVY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB/RkRKhYBSt9BBc4aBccavuAmSdeDmpQI7moPzVH8YsjbhCJqkxPc9N0M+oRsEkn5X6qeEJZRM64j1LFY248bPFqTNyYZUhCWNtSyFZqL8nMhoZM40C2xlRHJtVby7+5/VSDG/8TKgkRa7YclGYSoIxmf9NhkJzhnJqCWVa2FsJG1NNGdp0SjYEb/XlddK+rnpu1buvVRq1PI4inME5XIIHdWjAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwD99I2M</latexit><latexit sha1_base64="PtClLYUb0Xi8EbxxzWhh+Fddj8w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECvVY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB/RkRKhYBSt9BBc4aBccavuAmSdeDmpQI7moPzVH8YsjbhCJqkxPc9N0M+oRsEkn5X6qeEJZRM64j1LFY248bPFqTNyYZUhCWNtSyFZqL8nMhoZM40C2xlRHJtVby7+5/VSDG/8TKgkRa7YclGYSoIxmf9NhkJzhnJqCWVa2FsJG1NNGdp0SjYEb/XlddK+rnpu1buvVRq1PI4inME5XIIHdWjAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwD99I2M</latexit><latexit sha1_base64="PtClLYUb0Xi8EbxxzWhh+Fddj8w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECvVY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB/RkRKhYBSt9BBc4aBccavuAmSdeDmpQI7moPzVH8YsjbhCJqkxPc9N0M+oRsEkn5X6qeEJZRM64j1LFY248bPFqTNyYZUhCWNtSyFZqL8nMhoZM40C2xlRHJtVby7+5/VSDG/8TKgkRa7YclGYSoIxmf9NhkJzhnJqCWVa2FsJG1NNGdp0SjYEb/XlddK+rnpu1buvVRq1PI4inME5XIIHdWjAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwD99I2M</latexit>

⌧
<latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit>

⌧
<latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit>

⌧
<latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit>

⌧
<latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit>

Z
<latexit sha1_base64="fjrAFmA8TBhqjGQQQi8Uk0XdXgk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48t2A9sQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJb3ZpqgH9GR5CFn1Fip+TAoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVX13KrXrFXqtTyOIpzBOVyCB9dQhztoQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AtIuM0A==</latexit><latexit sha1_base64="fjrAFmA8TBhqjGQQQi8Uk0XdXgk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48t2A9sQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJb3ZpqgH9GR5CFn1Fip+TAoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVX13KrXrFXqtTyOIpzBOVyCB9dQhztoQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AtIuM0A==</latexit><latexit sha1_base64="fjrAFmA8TBhqjGQQQi8Uk0XdXgk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48t2A9sQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJb3ZpqgH9GR5CFn1Fip+TAoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVX13KrXrFXqtTyOIpzBOVyCB9dQhztoQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AtIuM0A==</latexit><latexit sha1_base64="fjrAFmA8TBhqjGQQQi8Uk0XdXgk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48t2A9sQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJb3ZpqgH9GR5CFn1Fip+TAoV9yquwBZJ15OKpCjMSh/9YcxSyOUhgmqdc9zE+NnVBnOBM5K/VRjQtmEjrBnqaQRaj9bHDojF1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2ZRsCN7qy+ukfVX13KrXrFXqtTyOIpzBOVyCB9dQhztoQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AtIuM0A==</latexit>

b, t
<latexit sha1_base64="PtClLYUb0Xi8EbxxzWhh+Fddj8w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECvVY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB/RkRKhYBSt9BBc4aBccavuAmSdeDmpQI7moPzVH8YsjbhCJqkxPc9N0M+oRsEkn5X6qeEJZRM64j1LFY248bPFqTNyYZUhCWNtSyFZqL8nMhoZM40C2xlRHJtVby7+5/VSDG/8TKgkRa7YclGYSoIxmf9NhkJzhnJqCWVa2FsJG1NNGdp0SjYEb/XlddK+rnpu1buvVRq1PI4inME5XIIHdWjAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwD99I2M</latexit><latexit sha1_base64="PtClLYUb0Xi8EbxxzWhh+Fddj8w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECvVY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB/RkRKhYBSt9BBc4aBccavuAmSdeDmpQI7moPzVH8YsjbhCJqkxPc9N0M+oRsEkn5X6qeEJZRM64j1LFY248bPFqTNyYZUhCWNtSyFZqL8nMhoZM40C2xlRHJtVby7+5/VSDG/8TKgkRa7YclGYSoIxmf9NhkJzhnJqCWVa2FsJG1NNGdp0SjYEb/XlddK+rnpu1buvVRq1PI4inME5XIIHdWjAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwD99I2M</latexit><latexit sha1_base64="PtClLYUb0Xi8EbxxzWhh+Fddj8w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECvVY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB/RkRKhYBSt9BBc4aBccavuAmSdeDmpQI7moPzVH8YsjbhCJqkxPc9N0M+oRsEkn5X6qeEJZRM64j1LFY248bPFqTNyYZUhCWNtSyFZqL8nMhoZM40C2xlRHJtVby7+5/VSDG/8TKgkRa7YclGYSoIxmf9NhkJzhnJqCWVa2FsJG1NNGdp0SjYEb/XlddK+rnpu1buvVRq1PI4inME5XIIHdWjAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwD99I2M</latexit><latexit sha1_base64="PtClLYUb0Xi8EbxxzWhh+Fddj8w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECvVY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB/RkRKhYBSt9BBc4aBccavuAmSdeDmpQI7moPzVH8YsjbhCJqkxPc9N0M+oRsEkn5X6qeEJZRM64j1LFY248bPFqTNyYZUhCWNtSyFZqL8nMhoZM40C2xlRHJtVby7+5/VSDG/8TKgkRa7YclGYSoIxmf9NhkJzhnJqCWVa2FsJG1NNGdp0SjYEb/XlddK+rnpu1buvVRq1PI4inME5XIIHdWjAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwD99I2M</latexit>

b, t
<latexit sha1_base64="PtClLYUb0Xi8EbxxzWhh+Fddj8w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECvVY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB/RkRKhYBSt9BBc4aBccavuAmSdeDmpQI7moPzVH8YsjbhCJqkxPc9N0M+oRsEkn5X6qeEJZRM64j1LFY248bPFqTNyYZUhCWNtSyFZqL8nMhoZM40C2xlRHJtVby7+5/VSDG/8TKgkRa7YclGYSoIxmf9NhkJzhnJqCWVa2FsJG1NNGdp0SjYEb/XlddK+rnpu1buvVRq1PI4inME5XIIHdWjAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwD99I2M</latexit><latexit sha1_base64="PtClLYUb0Xi8EbxxzWhh+Fddj8w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECvVY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB/RkRKhYBSt9BBc4aBccavuAmSdeDmpQI7moPzVH8YsjbhCJqkxPc9N0M+oRsEkn5X6qeEJZRM64j1LFY248bPFqTNyYZUhCWNtSyFZqL8nMhoZM40C2xlRHJtVby7+5/VSDG/8TKgkRa7YclGYSoIxmf9NhkJzhnJqCWVa2FsJG1NNGdp0SjYEb/XlddK+rnpu1buvVRq1PI4inME5XIIHdWjAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwD99I2M</latexit><latexit sha1_base64="PtClLYUb0Xi8EbxxzWhh+Fddj8w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECvVY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB/RkRKhYBSt9BBc4aBccavuAmSdeDmpQI7moPzVH8YsjbhCJqkxPc9N0M+oRsEkn5X6qeEJZRM64j1LFY248bPFqTNyYZUhCWNtSyFZqL8nMhoZM40C2xlRHJtVby7+5/VSDG/8TKgkRa7YclGYSoIxmf9NhkJzhnJqCWVa2FsJG1NNGdp0SjYEb/XlddK+rnpu1buvVRq1PI4inME5XIIHdWjAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwD99I2M</latexit><latexit sha1_base64="PtClLYUb0Xi8EbxxzWhh+Fddj8w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECvVY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB/RkRKhYBSt9BBc4aBccavuAmSdeDmpQI7moPzVH8YsjbhCJqkxPc9N0M+oRsEkn5X6qeEJZRM64j1LFY248bPFqTNyYZUhCWNtSyFZqL8nMhoZM40C2xlRHJtVby7+5/VSDG/8TKgkRa7YclGYSoIxmf9NhkJzhnJqCWVa2FsJG1NNGdp0SjYEb/XlddK+rnpu1buvVRq1PI4inME5XIIHdWjAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwD99I2M</latexit>

µ
<latexit sha1_base64="/fPRlyK+sPTrpPdGHnj90DUHZ1Y=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8BLx4jmgckS5iddJIhM7PLzKwQlnyCFw+KePWLvPk3TpI9aGJBQ1HVTXdXlAhurO9/e4WNza3tneJuaW//4PCofHzSMnGqGTZZLGLdiahBwRU2LbcCO4lGKiOB7WhyO/fbT6gNj9WjnSYYSjpSfMgZtU566Mm0X674VX8Bsk6CnFQgR6Nf/uoNYpZKVJYJakw38BMbZlRbzgTOSr3UYELZhI6w66iiEk2YLU6dkQunDMgw1q6UJQv190RGpTFTGblOSe3YrHpz8T+vm9rhTZhxlaQWFVsuGqaC2JjM/yYDrpFZMXWEMs3drYSNqabMunRKLoRg9eV10rqqBn41uK9V6rU8jiKcwTlcQgDXUIc7aEATGIzgGV7hzRPei/fufSxbC14+cwp/4H3+AFkojcg=</latexit><latexit sha1_base64="/fPRlyK+sPTrpPdGHnj90DUHZ1Y=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8BLx4jmgckS5iddJIhM7PLzKwQlnyCFw+KePWLvPk3TpI9aGJBQ1HVTXdXlAhurO9/e4WNza3tneJuaW//4PCofHzSMnGqGTZZLGLdiahBwRU2LbcCO4lGKiOB7WhyO/fbT6gNj9WjnSYYSjpSfMgZtU566Mm0X674VX8Bsk6CnFQgR6Nf/uoNYpZKVJYJakw38BMbZlRbzgTOSr3UYELZhI6w66iiEk2YLU6dkQunDMgw1q6UJQv190RGpTFTGblOSe3YrHpz8T+vm9rhTZhxlaQWFVsuGqaC2JjM/yYDrpFZMXWEMs3drYSNqabMunRKLoRg9eV10rqqBn41uK9V6rU8jiKcwTlcQgDXUIc7aEATGIzgGV7hzRPei/fufSxbC14+cwp/4H3+AFkojcg=</latexit><latexit sha1_base64="/fPRlyK+sPTrpPdGHnj90DUHZ1Y=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8BLx4jmgckS5iddJIhM7PLzKwQlnyCFw+KePWLvPk3TpI9aGJBQ1HVTXdXlAhurO9/e4WNza3tneJuaW//4PCofHzSMnGqGTZZLGLdiahBwRU2LbcCO4lGKiOB7WhyO/fbT6gNj9WjnSYYSjpSfMgZtU566Mm0X674VX8Bsk6CnFQgR6Nf/uoNYpZKVJYJakw38BMbZlRbzgTOSr3UYELZhI6w66iiEk2YLU6dkQunDMgw1q6UJQv190RGpTFTGblOSe3YrHpz8T+vm9rhTZhxlaQWFVsuGqaC2JjM/yYDrpFZMXWEMs3drYSNqabMunRKLoRg9eV10rqqBn41uK9V6rU8jiKcwTlcQgDXUIc7aEATGIzgGV7hzRPei/fufSxbC14+cwp/4H3+AFkojcg=</latexit><latexit sha1_base64="/fPRlyK+sPTrpPdGHnj90DUHZ1Y=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8BLx4jmgckS5iddJIhM7PLzKwQlnyCFw+KePWLvPk3TpI9aGJBQ1HVTXdXlAhurO9/e4WNza3tneJuaW//4PCofHzSMnGqGTZZLGLdiahBwRU2LbcCO4lGKiOB7WhyO/fbT6gNj9WjnSYYSjpSfMgZtU566Mm0X674VX8Bsk6CnFQgR6Nf/uoNYpZKVJYJakw38BMbZlRbzgTOSr3UYELZhI6w66iiEk2YLU6dkQunDMgw1q6UJQv190RGpTFTGblOSe3YrHpz8T+vm9rhTZhxlaQWFVsuGqaC2JjM/yYDrpFZMXWEMs3drYSNqabMunRKLoRg9eV10rqqBn41uK9V6rU8jiKcwTlcQgDXUIc7aEATGIzgGV7hzRPei/fufSxbC14+cwp/4H3+AFkojcg=</latexit>

⌧
<latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit>

⌧
<latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit>

µ
<latexit sha1_base64="/fPRlyK+sPTrpPdGHnj90DUHZ1Y=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8BLx4jmgckS5iddJIhM7PLzKwQlnyCFw+KePWLvPk3TpI9aGJBQ1HVTXdXlAhurO9/e4WNza3tneJuaW//4PCofHzSMnGqGTZZLGLdiahBwRU2LbcCO4lGKiOB7WhyO/fbT6gNj9WjnSYYSjpSfMgZtU566Mm0X674VX8Bsk6CnFQgR6Nf/uoNYpZKVJYJakw38BMbZlRbzgTOSr3UYELZhI6w66iiEk2YLU6dkQunDMgw1q6UJQv190RGpTFTGblOSe3YrHpz8T+vm9rhTZhxlaQWFVsuGqaC2JjM/yYDrpFZMXWEMs3drYSNqabMunRKLoRg9eV10rqqBn41uK9V6rU8jiKcwTlcQgDXUIc7aEATGIzgGV7hzRPei/fufSxbC14+cwp/4H3+AFkojcg=</latexit><latexit sha1_base64="/fPRlyK+sPTrpPdGHnj90DUHZ1Y=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8BLx4jmgckS5iddJIhM7PLzKwQlnyCFw+KePWLvPk3TpI9aGJBQ1HVTXdXlAhurO9/e4WNza3tneJuaW//4PCofHzSMnGqGTZZLGLdiahBwRU2LbcCO4lGKiOB7WhyO/fbT6gNj9WjnSYYSjpSfMgZtU566Mm0X674VX8Bsk6CnFQgR6Nf/uoNYpZKVJYJakw38BMbZlRbzgTOSr3UYELZhI6w66iiEk2YLU6dkQunDMgw1q6UJQv190RGpTFTGblOSe3YrHpz8T+vm9rhTZhxlaQWFVsuGqaC2JjM/yYDrpFZMXWEMs3drYSNqabMunRKLoRg9eV10rqqBn41uK9V6rU8jiKcwTlcQgDXUIc7aEATGIzgGV7hzRPei/fufSxbC14+cwp/4H3+AFkojcg=</latexit><latexit sha1_base64="/fPRlyK+sPTrpPdGHnj90DUHZ1Y=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8BLx4jmgckS5iddJIhM7PLzKwQlnyCFw+KePWLvPk3TpI9aGJBQ1HVTXdXlAhurO9/e4WNza3tneJuaW//4PCofHzSMnGqGTZZLGLdiahBwRU2LbcCO4lGKiOB7WhyO/fbT6gNj9WjnSYYSjpSfMgZtU566Mm0X674VX8Bsk6CnFQgR6Nf/uoNYpZKVJYJakw38BMbZlRbzgTOSr3UYELZhI6w66iiEk2YLU6dkQunDMgw1q6UJQv190RGpTFTGblOSe3YrHpz8T+vm9rhTZhxlaQWFVsuGqaC2JjM/yYDrpFZMXWEMs3drYSNqabMunRKLoRg9eV10rqqBn41uK9V6rU8jiKcwTlcQgDXUIc7aEATGIzgGV7hzRPei/fufSxbC14+cwp/4H3+AFkojcg=</latexit><latexit sha1_base64="/fPRlyK+sPTrpPdGHnj90DUHZ1Y=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8BLx4jmgckS5iddJIhM7PLzKwQlnyCFw+KePWLvPk3TpI9aGJBQ1HVTXdXlAhurO9/e4WNza3tneJuaW//4PCofHzSMnGqGTZZLGLdiahBwRU2LbcCO4lGKiOB7WhyO/fbT6gNj9WjnSYYSjpSfMgZtU566Mm0X674VX8Bsk6CnFQgR6Nf/uoNYpZKVJYJakw38BMbZlRbzgTOSr3UYELZhI6w66iiEk2YLU6dkQunDMgw1q6UJQv190RGpTFTGblOSe3YrHpz8T+vm9rhTZhxlaQWFVsuGqaC2JjM/yYDrpFZMXWEMs3drYSNqabMunRKLoRg9eV10rqqBn41uK9V6rU8jiKcwTlcQgDXUIc7aEATGIzgGV7hzRPei/fufSxbC14+cwp/4H3+AFkojcg=</latexit>

Z, �
<latexit sha1_base64="m6lsDyei9U3ZnMWZEWNsVpvhWMU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgQUoiBT0WvHisYD+wDWWy3bRLdzdxdyOU0D/hxYMiXv073vw3btsctPXBwOO9GWbmhQln2njet1NYW9/Y3Cpul3Z29/YPyodHLR2nitAmiXmsOiFqypmkTcMMp51EURQhp+1wfDPz209UaRbLezNJaCBwKFnECBordR4uekMUAvvlilf15nBXiZ+TCuRo9MtfvUFMUkGlIRy17vpeYoIMlWGE02mpl2qaIBnjkHYtlSioDrL5vVP3zCoDN4qVLWncufp7IkOh9USEtlOgGellbyb+53VTE10HGZNJaqgki0VRyl0Tu7Pn3QFTlBg+sQSJYvZWl4xQITE2opINwV9+eZW0Lqu+V/XvapV6LY+jCCdwCufgwxXU4RYa0AQCHJ7hFd6cR+fFeXc+Fq0FJ585hj9wPn8AmziPoQ==</latexit><latexit sha1_base64="m6lsDyei9U3ZnMWZEWNsVpvhWMU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgQUoiBT0WvHisYD+wDWWy3bRLdzdxdyOU0D/hxYMiXv073vw3btsctPXBwOO9GWbmhQln2njet1NYW9/Y3Cpul3Z29/YPyodHLR2nitAmiXmsOiFqypmkTcMMp51EURQhp+1wfDPz209UaRbLezNJaCBwKFnECBordR4uekMUAvvlilf15nBXiZ+TCuRo9MtfvUFMUkGlIRy17vpeYoIMlWGE02mpl2qaIBnjkHYtlSioDrL5vVP3zCoDN4qVLWncufp7IkOh9USEtlOgGellbyb+53VTE10HGZNJaqgki0VRyl0Tu7Pn3QFTlBg+sQSJYvZWl4xQITE2opINwV9+eZW0Lqu+V/XvapV6LY+jCCdwCufgwxXU4RYa0AQCHJ7hFd6cR+fFeXc+Fq0FJ585hj9wPn8AmziPoQ==</latexit><latexit sha1_base64="m6lsDyei9U3ZnMWZEWNsVpvhWMU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgQUoiBT0WvHisYD+wDWWy3bRLdzdxdyOU0D/hxYMiXv073vw3btsctPXBwOO9GWbmhQln2njet1NYW9/Y3Cpul3Z29/YPyodHLR2nitAmiXmsOiFqypmkTcMMp51EURQhp+1wfDPz209UaRbLezNJaCBwKFnECBordR4uekMUAvvlilf15nBXiZ+TCuRo9MtfvUFMUkGlIRy17vpeYoIMlWGE02mpl2qaIBnjkHYtlSioDrL5vVP3zCoDN4qVLWncufp7IkOh9USEtlOgGellbyb+53VTE10HGZNJaqgki0VRyl0Tu7Pn3QFTlBg+sQSJYvZWl4xQITE2opINwV9+eZW0Lqu+V/XvapV6LY+jCCdwCufgwxXU4RYa0AQCHJ7hFd6cR+fFeXc+Fq0FJ585hj9wPn8AmziPoQ==</latexit><latexit sha1_base64="m6lsDyei9U3ZnMWZEWNsVpvhWMU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgQUoiBT0WvHisYD+wDWWy3bRLdzdxdyOU0D/hxYMiXv073vw3btsctPXBwOO9GWbmhQln2njet1NYW9/Y3Cpul3Z29/YPyodHLR2nitAmiXmsOiFqypmkTcMMp51EURQhp+1wfDPz209UaRbLezNJaCBwKFnECBordR4uekMUAvvlilf15nBXiZ+TCuRo9MtfvUFMUkGlIRy17vpeYoIMlWGE02mpl2qaIBnjkHYtlSioDrL5vVP3zCoDN4qVLWncufp7IkOh9USEtlOgGellbyb+53VTE10HGZNJaqgki0VRyl0Tu7Pn3QFTlBg+sQSJYvZWl4xQITE2opINwV9+eZW0Lqu+V/XvapV6LY+jCCdwCufgwxXU4RYa0AQCHJ7hFd6cR+fFeXc+Fq0FJ585hj9wPn8AmziPoQ==</latexit>

Tau CLFV!

⌧
<latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit>

⌫
<latexit sha1_base64="SwO2HJkY/OafZE46wsXvCdDi980=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48VTVtoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ94jTlQUxHSkSCUbTSQ19lg2rNrbsLkHXiFaQGBVqD6ld/mLAs5gqZpMb0PDfFIKcaBZN8VulnhqeUTeiI9yxVNOYmyBenzsiFVYYkSrQthWSh/p7IaWzMNA5tZ0xxbFa9ufif18swuglyodIMuWLLRVEmCSZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BC81ZfXSfuq7rl1775RazaKOMpwBudwCR5cQxPuoAU+MBjBM7zCmyOdF+fd+Vi2lpxi5hT+wPn8AVqtjck=</latexit><latexit sha1_base64="SwO2HJkY/OafZE46wsXvCdDi980=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48VTVtoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ94jTlQUxHSkSCUbTSQ19lg2rNrbsLkHXiFaQGBVqD6ld/mLAs5gqZpMb0PDfFIKcaBZN8VulnhqeUTeiI9yxVNOYmyBenzsiFVYYkSrQthWSh/p7IaWzMNA5tZ0xxbFa9ufif18swuglyodIMuWLLRVEmCSZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BC81ZfXSfuq7rl1775RazaKOMpwBudwCR5cQxPuoAU+MBjBM7zCmyOdF+fd+Vi2lpxi5hT+wPn8AVqtjck=</latexit><latexit sha1_base64="SwO2HJkY/OafZE46wsXvCdDi980=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48VTVtoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ94jTlQUxHSkSCUbTSQ19lg2rNrbsLkHXiFaQGBVqD6ld/mLAs5gqZpMb0PDfFIKcaBZN8VulnhqeUTeiI9yxVNOYmyBenzsiFVYYkSrQthWSh/p7IaWzMNA5tZ0xxbFa9ufif18swuglyodIMuWLLRVEmCSZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BC81ZfXSfuq7rl1775RazaKOMpwBudwCR5cQxPuoAU+MBjBM7zCmyOdF+fd+Vi2lpxi5hT+wPn8AVqtjck=</latexit><latexit sha1_base64="SwO2HJkY/OafZE46wsXvCdDi980=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48VTVtoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ94jTlQUxHSkSCUbTSQ19lg2rNrbsLkHXiFaQGBVqD6ld/mLAs5gqZpMb0PDfFIKcaBZN8VulnhqeUTeiI9yxVNOYmyBenzsiFVYYkSrQthWSh/p7IaWzMNA5tZ0xxbFa9ufif18swuglyodIMuWLLRVEmCSZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BC81ZfXSfuq7rl1775RazaKOMpwBudwCR5cQxPuoAU+MBjBM7zCmyOdF+fd+Vi2lpxi5hT+wPn8AVqtjck=</latexit>

t
<latexit sha1_base64="Bigz+bkoGRjWubeLmJFKN5/riEk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8BLx4TMImQLGF20puMmX0w0yuEkC/w4kERr36SN//GSbIHTSxoKKq66e4KUiUNue63U9jY3NreKe6W9vYPDo/Kxydtk2RaYEskKtEPATeoZIwtkqTwIdXIo0BhJxjfzv3OE2ojk/ieJin6ER/GMpSCk5Wa1C9X3Kq7AFsnXk4qkKPRL3/1BonIIoxJKG5M13NT8qdckxQKZ6VeZjDlYsyH2LU05hEaf7o4dMYurDJgYaJtxcQW6u+JKY+MmUSB7Yw4jcyqNxf/87oZhTf+VMZpRhiL5aIwU4wSNv+aDaRGQWpiCRda2luZGHHNBdlsSjYEb/XlddK+qnpu1WvWKvVaHkcRzuAcLsGDa6jDHTSgBQIQnuEV3pxH58V5dz6WrQUnnzmFP3A+fwDb84zq</latexit><latexit sha1_base64="Bigz+bkoGRjWubeLmJFKN5/riEk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8BLx4TMImQLGF20puMmX0w0yuEkC/w4kERr36SN//GSbIHTSxoKKq66e4KUiUNue63U9jY3NreKe6W9vYPDo/Kxydtk2RaYEskKtEPATeoZIwtkqTwIdXIo0BhJxjfzv3OE2ojk/ieJin6ER/GMpSCk5Wa1C9X3Kq7AFsnXk4qkKPRL3/1BonIIoxJKG5M13NT8qdckxQKZ6VeZjDlYsyH2LU05hEaf7o4dMYurDJgYaJtxcQW6u+JKY+MmUSB7Yw4jcyqNxf/87oZhTf+VMZpRhiL5aIwU4wSNv+aDaRGQWpiCRda2luZGHHNBdlsSjYEb/XlddK+qnpu1WvWKvVaHkcRzuAcLsGDa6jDHTSgBQIQnuEV3pxH58V5dz6WrQUnnzmFP3A+fwDb84zq</latexit><latexit sha1_base64="Bigz+bkoGRjWubeLmJFKN5/riEk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8BLx4TMImQLGF20puMmX0w0yuEkC/w4kERr36SN//GSbIHTSxoKKq66e4KUiUNue63U9jY3NreKe6W9vYPDo/Kxydtk2RaYEskKtEPATeoZIwtkqTwIdXIo0BhJxjfzv3OE2ojk/ieJin6ER/GMpSCk5Wa1C9X3Kq7AFsnXk4qkKPRL3/1BonIIoxJKG5M13NT8qdckxQKZ6VeZjDlYsyH2LU05hEaf7o4dMYurDJgYaJtxcQW6u+JKY+MmUSB7Yw4jcyqNxf/87oZhTf+VMZpRhiL5aIwU4wSNv+aDaRGQWpiCRda2luZGHHNBdlsSjYEb/XlddK+qnpu1WvWKvVaHkcRzuAcLsGDa6jDHTSgBQIQnuEV3pxH58V5dz6WrQUnnzmFP3A+fwDb84zq</latexit><latexit sha1_base64="Bigz+bkoGRjWubeLmJFKN5/riEk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8BLx4TMImQLGF20puMmX0w0yuEkC/w4kERr36SN//GSbIHTSxoKKq66e4KUiUNue63U9jY3NreKe6W9vYPDo/Kxydtk2RaYEskKtEPATeoZIwtkqTwIdXIo0BhJxjfzv3OE2ojk/ieJin6ER/GMpSCk5Wa1C9X3Kq7AFsnXk4qkKPRL3/1BonIIoxJKG5M13NT8qdckxQKZ6VeZjDlYsyH2LU05hEaf7o4dMYurDJgYaJtxcQW6u+JKY+MmUSB7Yw4jcyqNxf/87oZhTf+VMZpRhiL5aIwU4wSNv+aDaRGQWpiCRda2luZGHHNBdlsSjYEb/XlddK+qnpu1WvWKvVaHkcRzuAcLsGDa6jDHTSgBQIQnuEV3pxH58V5dz6WrQUnnzmFP3A+fwDb84zq</latexit>

b
<latexit sha1_base64="9GWjce34+IDjx3x21dO0jc8KBI0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RS2tnd294r7pYPDo+OT8ulZR8epYthmsYhVL6AaBZfYNtwI7CUKaRQI7AbTu4XffUKleSwfzCxBP6JjyUPOqLFSKxiWK27VXYJsEi8nFcjRHJa/BqOYpRFKwwTVuu+5ifEzqgxnAuelQaoxoWxKx9i3VNIItZ8tD52TK6uMSBgrW9KQpfp7IqOR1rMosJ0RNRO97i3E/7x+asJbP+MySQ1KtloUpoKYmCy+JiOukBkxs4Qyxe2thE2ooszYbEo2BG/95U3Sual6btVr1SqNWh5HES7gEq7Bgzo04B6a0AYGCM/wCm/Oo/PivDsfq9aCk8+cwx84nz/Aq4zY</latexit><latexit sha1_base64="9GWjce34+IDjx3x21dO0jc8KBI0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RS2tnd294r7pYPDo+OT8ulZR8epYthmsYhVL6AaBZfYNtwI7CUKaRQI7AbTu4XffUKleSwfzCxBP6JjyUPOqLFSKxiWK27VXYJsEi8nFcjRHJa/BqOYpRFKwwTVuu+5ifEzqgxnAuelQaoxoWxKx9i3VNIItZ8tD52TK6uMSBgrW9KQpfp7IqOR1rMosJ0RNRO97i3E/7x+asJbP+MySQ1KtloUpoKYmCy+JiOukBkxs4Qyxe2thE2ooszYbEo2BG/95U3Sual6btVr1SqNWh5HES7gEq7Bgzo04B6a0AYGCM/wCm/Oo/PivDsfq9aCk8+cwx84nz/Aq4zY</latexit><latexit sha1_base64="9GWjce34+IDjx3x21dO0jc8KBI0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RS2tnd294r7pYPDo+OT8ulZR8epYthmsYhVL6AaBZfYNtwI7CUKaRQI7AbTu4XffUKleSwfzCxBP6JjyUPOqLFSKxiWK27VXYJsEi8nFcjRHJa/BqOYpRFKwwTVuu+5ifEzqgxnAuelQaoxoWxKx9i3VNIItZ8tD52TK6uMSBgrW9KQpfp7IqOR1rMosJ0RNRO97i3E/7x+asJbP+MySQ1KtloUpoKYmCy+JiOukBkxs4Qyxe2thE2ooszYbEo2BG/95U3Sual6btVr1SqNWh5HES7gEq7Bgzo04B6a0AYGCM/wCm/Oo/PivDsfq9aCk8+cwx84nz/Aq4zY</latexit><latexit sha1_base64="9GWjce34+IDjx3x21dO0jc8KBI0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RS2tnd294r7pYPDo+OT8ulZR8epYthmsYhVL6AaBZfYNtwI7CUKaRQI7AbTu4XffUKleSwfzCxBP6JjyUPOqLFSKxiWK27VXYJsEi8nFcjRHJa/BqOYpRFKwwTVuu+5ifEzqgxnAuelQaoxoWxKx9i3VNIItZ8tD52TK6uMSBgrW9KQpfp7IqOR1rMosJ0RNRO97i3E/7x+asJbP+MySQ1KtloUpoKYmCy+JiOukBkxs4Qyxe2thE2ooszYbEo2BG/95U3Sual6btVr1SqNWh5HES7gEq7Bgzo04B6a0AYGCM/wCm/Oo/PivDsfq9aCk8+cwx84nz/Aq4zY</latexit>

⌧
<latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit><latexit sha1_base64="Dk1kSmpn8/yAFc/1TZ8TK1W+hyU=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOZpMhM7PLTK8QQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlEph0fe/vdLG5tb2Tnm3srd/cHhUPT5p2yQzjLdYIhPTjajlUmjeQoGSd1PDqYok70STu9zvPHFjRaIfcZryUNGRFrFgFHOpjzQbVGt+3V+ArJOgIDUo0BxUv/rDhGWKa2SSWtsL/BTDGTUomOTzSj+zPKVsQke856imittwtrh1Ti6cMiRxYlxpJAv198SMKmunKnKdiuLYrnq5+J/XyzC+DWdCpxlyzZaL4kwSTEj+OBkKwxnKqSOUGeFuJWxMDWXo4qm4EILVl9dJ+6oe+PXg4brWuC7iKMMZnMMlBHADDbiHJrSAwRie4RXePOW9eO/ex7K15BUzp/AH3ucPHPeOOg==</latexit>

⌫
<latexit sha1_base64="SwO2HJkY/OafZE46wsXvCdDi980=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48VTVtoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ94jTlQUxHSkSCUbTSQ19lg2rNrbsLkHXiFaQGBVqD6ld/mLAs5gqZpMb0PDfFIKcaBZN8VulnhqeUTeiI9yxVNOYmyBenzsiFVYYkSrQthWSh/p7IaWzMNA5tZ0xxbFa9ufif18swuglyodIMuWLLRVEmCSZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BC81ZfXSfuq7rl1775RazaKOMpwBudwCR5cQxPuoAU+MBjBM7zCmyOdF+fd+Vi2lpxi5hT+wPn8AVqtjck=</latexit><latexit sha1_base64="SwO2HJkY/OafZE46wsXvCdDi980=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48VTVtoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ94jTlQUxHSkSCUbTSQ19lg2rNrbsLkHXiFaQGBVqD6ld/mLAs5gqZpMb0PDfFIKcaBZN8VulnhqeUTeiI9yxVNOYmyBenzsiFVYYkSrQthWSh/p7IaWzMNA5tZ0xxbFa9ufif18swuglyodIMuWLLRVEmCSZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BC81ZfXSfuq7rl1775RazaKOMpwBudwCR5cQxPuoAU+MBjBM7zCmyOdF+fd+Vi2lpxi5hT+wPn8AVqtjck=</latexit><latexit sha1_base64="SwO2HJkY/OafZE46wsXvCdDi980=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48VTVtoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ94jTlQUxHSkSCUbTSQ19lg2rNrbsLkHXiFaQGBVqD6ld/mLAs5gqZpMb0PDfFIKcaBZN8VulnhqeUTeiI9yxVNOYmyBenzsiFVYYkSrQthWSh/p7IaWzMNA5tZ0xxbFa9ufif18swuglyodIMuWLLRVEmCSZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BC81ZfXSfuq7rl1775RazaKOMpwBudwCR5cQxPuoAU+MBjBM7zCmyOdF+fd+Vi2lpxi5hT+wPn8AVqtjck=</latexit><latexit sha1_base64="SwO2HJkY/OafZE46wsXvCdDi980=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48VTVtoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ94jTlQUxHSkSCUbTSQ19lg2rNrbsLkHXiFaQGBVqD6ld/mLAs5gqZpMb0PDfFIKcaBZN8VulnhqeUTeiI9yxVNOYmyBenzsiFVYYkSrQthWSh/p7IaWzMNA5tZ0xxbFa9ufif18swuglyodIMuWLLRVEmCSZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BC81ZfXSfuq7rl1775RazaKOMpwBudwCR5cQxPuoAU+MBjBM7zCmyOdF+fd+Vi2lpxi5hT+wPn8AVqtjck=</latexit>

W
<latexit sha1_base64="ol4LP9soJK2O6DKC0W1FB4ngj3E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RS2tnd294r7pYPDo+OT8ulZR8epYthmsYhVL6AaBZfYNtwI7CUKaRQI7AbTu4XffUKleSwfzCxBP6JjyUPOqLFSqzssV9yquwTZJF5OKpCjOSx/DUYxSyOUhgmqdd9zE+NnVBnOBM5Lg1RjQtmUjrFvqaQRaj9bHjonV1YZkTBWtqQhS/X3REYjrWdRYDsjaiZ63VuI/3n91IS3fsZlkhqUbLUoTAUxMVl8TUZcITNiZgllittbCZtQRZmx2ZRsCN76y5ukc1P13KrXqlUatTyOIlzAJVyDB3VowD00oQ0MEJ7hFd6cR+fFeXc+Vq0FJ585hz9wPn8Ar/+MzQ==</latexit><latexit sha1_base64="ol4LP9soJK2O6DKC0W1FB4ngj3E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RS2tnd294r7pYPDo+OT8ulZR8epYthmsYhVL6AaBZfYNtwI7CUKaRQI7AbTu4XffUKleSwfzCxBP6JjyUPOqLFSqzssV9yquwTZJF5OKpCjOSx/DUYxSyOUhgmqdd9zE+NnVBnOBM5Lg1RjQtmUjrFvqaQRaj9bHjonV1YZkTBWtqQhS/X3REYjrWdRYDsjaiZ63VuI/3n91IS3fsZlkhqUbLUoTAUxMVl8TUZcITNiZgllittbCZtQRZmx2ZRsCN76y5ukc1P13KrXqlUatTyOIlzAJVyDB3VowD00oQ0MEJ7hFd6cR+fFeXc+Vq0FJ585hz9wPn8Ar/+MzQ==</latexit><latexit sha1_base64="ol4LP9soJK2O6DKC0W1FB4ngj3E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RS2tnd294r7pYPDo+OT8ulZR8epYthmsYhVL6AaBZfYNtwI7CUKaRQI7AbTu4XffUKleSwfzCxBP6JjyUPOqLFSqzssV9yquwTZJF5OKpCjOSx/DUYxSyOUhgmqdd9zE+NnVBnOBM5Lg1RjQtmUjrFvqaQRaj9bHjonV1YZkTBWtqQhS/X3REYjrWdRYDsjaiZ63VuI/3n91IS3fsZlkhqUbLUoTAUxMVl8TUZcITNiZgllittbCZtQRZmx2ZRsCN76y5ukc1P13KrXqlUatTyOIlzAJVyDB3VowD00oQ0MEJ7hFd6cR+fFeXc+Vq0FJ585hz9wPn8Ar/+MzQ==</latexit><latexit sha1_base64="ol4LP9soJK2O6DKC0W1FB4ngj3E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RS2tnd294r7pYPDo+OT8ulZR8epYthmsYhVL6AaBZfYNtwI7CUKaRQI7AbTu4XffUKleSwfzCxBP6JjyUPOqLFSqzssV9yquwTZJF5OKpCjOSx/DUYxSyOUhgmqdd9zE+NnVBnOBM5Lg1RjQtmUjrFvqaQRaj9bHjonV1YZkTBWtqQhS/X3REYjrWdRYDsjaiZ63VuI/3n91IS3fsZlkhqUbLUoTAUxMVl8TUZcITNiZgllittbCZtQRZmx2ZRsCN76y5ukc1P13KrXqlUatTyOIlzAJVyDB3VowD00oQ0MEJ7hFd6cR+fFeXc+Vq0FJ585hz9wPn8Ar/+MzQ==</latexit>

`, q
<latexit sha1_base64="B5ClDMP8wjEhJ+R1hI/hIG5rstM=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECnosePFYwX5AG8pmO2nXbjZxdyOU0P/gxYMiXv0/3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2Z++wmV5rG8N5ME/YgOJQ85o8ZKrR4KcfHYL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m187JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZvU4GXCEzYmIJZYrbWwkbUUWZsQGVbAje8surpHVZ9dyqd1er1Gt5HEU4gVM4Bw+uoA630IAmMHiAZ3iFNyd2Xpx352PRWnDymWP4A+fzB0Rnjt4=</latexit><latexit sha1_base64="B5ClDMP8wjEhJ+R1hI/hIG5rstM=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECnosePFYwX5AG8pmO2nXbjZxdyOU0P/gxYMiXv0/3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2Z++wmV5rG8N5ME/YgOJQ85o8ZKrR4KcfHYL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m187JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZvU4GXCEzYmIJZYrbWwkbUUWZsQGVbAje8surpHVZ9dyqd1er1Gt5HEU4gVM4Bw+uoA630IAmMHiAZ3iFNyd2Xpx352PRWnDymWP4A+fzB0Rnjt4=</latexit><latexit sha1_base64="B5ClDMP8wjEhJ+R1hI/hIG5rstM=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECnosePFYwX5AG8pmO2nXbjZxdyOU0P/gxYMiXv0/3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2Z++wmV5rG8N5ME/YgOJQ85o8ZKrR4KcfHYL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m187JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZvU4GXCEzYmIJZYrbWwkbUUWZsQGVbAje8surpHVZ9dyqd1er1Gt5HEU4gVM4Bw+uoA630IAmMHiAZ3iFNyd2Xpx352PRWnDymWP4A+fzB0Rnjt4=</latexit><latexit sha1_base64="B5ClDMP8wjEhJ+R1hI/hIG5rstM=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECnosePFYwX5AG8pmO2nXbjZxdyOU0P/gxYMiXv0/3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2Z++wmV5rG8N5ME/YgOJQ85o8ZKrR4KcfHYL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m187JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZvU4GXCEzYmIJZYrbWwkbUUWZsQGVbAje8surpHVZ9dyqd1er1Gt5HEU4gVM4Bw+uoA630IAmMHiAZ3iFNyd2Xpx352PRWnDymWP4A+fzB0Rnjt4=</latexit>

`, q
<latexit sha1_base64="B5ClDMP8wjEhJ+R1hI/hIG5rstM=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECnosePFYwX5AG8pmO2nXbjZxdyOU0P/gxYMiXv0/3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2Z++wmV5rG8N5ME/YgOJQ85o8ZKrR4KcfHYL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m187JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZvU4GXCEzYmIJZYrbWwkbUUWZsQGVbAje8surpHVZ9dyqd1er1Gt5HEU4gVM4Bw+uoA630IAmMHiAZ3iFNyd2Xpx352PRWnDymWP4A+fzB0Rnjt4=</latexit><latexit sha1_base64="B5ClDMP8wjEhJ+R1hI/hIG5rstM=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECnosePFYwX5AG8pmO2nXbjZxdyOU0P/gxYMiXv0/3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2Z++wmV5rG8N5ME/YgOJQ85o8ZKrR4KcfHYL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m187JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZvU4GXCEzYmIJZYrbWwkbUUWZsQGVbAje8surpHVZ9dyqd1er1Gt5HEU4gVM4Bw+uoA630IAmMHiAZ3iFNyd2Xpx352PRWnDymWP4A+fzB0Rnjt4=</latexit><latexit sha1_base64="B5ClDMP8wjEhJ+R1hI/hIG5rstM=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECnosePFYwX5AG8pmO2nXbjZxdyOU0P/gxYMiXv0/3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2Z++wmV5rG8N5ME/YgOJQ85o8ZKrR4KcfHYL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m187JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZvU4GXCEzYmIJZYrbWwkbUUWZsQGVbAje8surpHVZ9dyqd1er1Gt5HEU4gVM4Bw+uoA630IAmMHiAZ3iFNyd2Xpx352PRWnDymWP4A+fzB0Rnjt4=</latexit><latexit sha1_base64="B5ClDMP8wjEhJ+R1hI/hIG5rstM=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBg5RECnosePFYwX5AG8pmO2nXbjZxdyOU0P/gxYMiXv0/3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2Z++wmV5rG8N5ME/YgOJQ85o8ZKrR4KcfHYL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m187JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZvU4GXCEzYmIJZYrbWwkbUUWZsQGVbAje8surpHVZ9dyqd1er1Gt5HEU4gVM4Bw+uoA630IAmMHiAZ3iFNyd2Xpx352PRWnDymWP4A+fzB0Rnjt4=</latexit>

`
<latexit sha1_base64="Umw58aDQUttApJQ+bjnYFlwRdFc=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOepMhM7PLzKwQQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlApurO9/e6WNza3tnfJuZW//4PCoenzSNkmmGbZYIhLdjahBwRW2LLcCu6lGKiOBnWhyl/udJ9SGJ+rRTlMMJR0pHnNGbS71UYhBtebX/QXIOgkKUoMCzUH1qz9MWCZRWSaoMb3AT204o9pyJnBe6WcGU8omdIQ9RxWVaMLZ4tY5uXDKkMSJdqUsWai/J2ZUGjOVkeuU1I7NqpeL/3m9zMa34YyrNLOo2HJRnAliE5I/ToZcI7Ni6ghlmrtbCRtTTZl18VRcCMHqy+ukfVUP/HrwcF1rXBdxlOEMzuESAriBBtxDE1rAYAzP8ApvnvRevHfvY9la8oqZU/gD7/MHCTCOLQ==</latexit><latexit sha1_base64="Umw58aDQUttApJQ+bjnYFlwRdFc=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOepMhM7PLzKwQQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlApurO9/e6WNza3tnfJuZW//4PCoenzSNkmmGbZYIhLdjahBwRW2LLcCu6lGKiOBnWhyl/udJ9SGJ+rRTlMMJR0pHnNGbS71UYhBtebX/QXIOgkKUoMCzUH1qz9MWCZRWSaoMb3AT204o9pyJnBe6WcGU8omdIQ9RxWVaMLZ4tY5uXDKkMSJdqUsWai/J2ZUGjOVkeuU1I7NqpeL/3m9zMa34YyrNLOo2HJRnAliE5I/ToZcI7Ni6ghlmrtbCRtTTZl18VRcCMHqy+ukfVUP/HrwcF1rXBdxlOEMzuESAriBBtxDE1rAYAzP8ApvnvRevHfvY9la8oqZU/gD7/MHCTCOLQ==</latexit><latexit sha1_base64="Umw58aDQUttApJQ+bjnYFlwRdFc=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOepMhM7PLzKwQQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlApurO9/e6WNza3tnfJuZW//4PCoenzSNkmmGbZYIhLdjahBwRW2LLcCu6lGKiOBnWhyl/udJ9SGJ+rRTlMMJR0pHnNGbS71UYhBtebX/QXIOgkKUoMCzUH1qz9MWCZRWSaoMb3AT204o9pyJnBe6WcGU8omdIQ9RxWVaMLZ4tY5uXDKkMSJdqUsWai/J2ZUGjOVkeuU1I7NqpeL/3m9zMa34YyrNLOo2HJRnAliE5I/ToZcI7Ni6ghlmrtbCRtTTZl18VRcCMHqy+ukfVUP/HrwcF1rXBdxlOEMzuESAriBBtxDE1rAYAzP8ApvnvRevHfvY9la8oqZU/gD7/MHCTCOLQ==</latexit><latexit sha1_base64="Umw58aDQUttApJQ+bjnYFlwRdFc=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOepMhM7PLzKwQQn7BiwdFvPpD3vwbZ5M9aGJBQ1HVTXdXlApurO9/e6WNza3tnfJuZW//4PCoenzSNkmmGbZYIhLdjahBwRW2LLcCu6lGKiOBnWhyl/udJ9SGJ+rRTlMMJR0pHnNGbS71UYhBtebX/QXIOgkKUoMCzUH1qz9MWCZRWSaoMb3AT204o9pyJnBe6WcGU8omdIQ9RxWVaMLZ4tY5uXDKkMSJdqUsWai/J2ZUGjOVkeuU1I7NqpeL/3m9zMa34YyrNLOo2HJRnAliE5I/ToZcI7Ni6ghlmrtbCRtTTZl18VRcCMHqy+ukfVUP/HrwcF1rXBdxlOEMzuESAriBBtxDE1rAYAzP8ApvnvRevHfvY9la8oqZU/gD7/MHCTCOLQ==</latexit>

⌫
<latexit sha1_base64="SwO2HJkY/OafZE46wsXvCdDi980=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48VTVtoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ94jTlQUxHSkSCUbTSQ19lg2rNrbsLkHXiFaQGBVqD6ld/mLAs5gqZpMb0PDfFIKcaBZN8VulnhqeUTeiI9yxVNOYmyBenzsiFVYYkSrQthWSh/p7IaWzMNA5tZ0xxbFa9ufif18swuglyodIMuWLLRVEmCSZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BC81ZfXSfuq7rl1775RazaKOMpwBudwCR5cQxPuoAU+MBjBM7zCmyOdF+fd+Vi2lpxi5hT+wPn8AVqtjck=</latexit><latexit sha1_base64="SwO2HJkY/OafZE46wsXvCdDi980=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48VTVtoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ94jTlQUxHSkSCUbTSQ19lg2rNrbsLkHXiFaQGBVqD6ld/mLAs5gqZpMb0PDfFIKcaBZN8VulnhqeUTeiI9yxVNOYmyBenzsiFVYYkSrQthWSh/p7IaWzMNA5tZ0xxbFa9ufif18swuglyodIMuWLLRVEmCSZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BC81ZfXSfuq7rl1775RazaKOMpwBudwCR5cQxPuoAU+MBjBM7zCmyOdF+fd+Vi2lpxi5hT+wPn8AVqtjck=</latexit><latexit sha1_base64="SwO2HJkY/OafZE46wsXvCdDi980=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48VTVtoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ94jTlQUxHSkSCUbTSQ19lg2rNrbsLkHXiFaQGBVqD6ld/mLAs5gqZpMb0PDfFIKcaBZN8VulnhqeUTeiI9yxVNOYmyBenzsiFVYYkSrQthWSh/p7IaWzMNA5tZ0xxbFa9ufif18swuglyodIMuWLLRVEmCSZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BC81ZfXSfuq7rl1775RazaKOMpwBudwCR5cQxPuoAU+MBjBM7zCmyOdF+fd+Vi2lpxi5hT+wPn8AVqtjck=</latexit><latexit sha1_base64="SwO2HJkY/OafZE46wsXvCdDi980=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48VTVtoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ94jTlQUxHSkSCUbTSQ19lg2rNrbsLkHXiFaQGBVqD6ld/mLAs5gqZpMb0PDfFIKcaBZN8VulnhqeUTeiI9yxVNOYmyBenzsiFVYYkSrQthWSh/p7IaWzMNA5tZ0xxbFa9ufif18swuglyodIMuWLLRVEmCSZk/jcZCs0ZyqkllGlhbyVsTDVlaNOp2BC81ZfXSfuq7rl1775RazaKOMpwBudwCR5cQxPuoAU+MBjBM7zCmyOdF+fd+Vi2lpxi5hT+wPn8AVqtjck=</latexit>
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Radiatively generated LFV and LFUV effects

Figure 5: Impact of one-loop-triggered constraints when addressing the B anomalies through left-
handed currents, for two di↵erent C

1

vs. C
3

configurations (left : C
1

= 0, right : C
1

= C
3

). For

C
1

= C
3

, simultaneously imposing all bounds is actually equivalent to impose R⌧/`
⌧ alone. In the

scan the parameters varied in the following ranges: C
1,3/⇤2 2 {�4, 4} TeV�2, ⇤ 2 {1, 10} TeV,

|�d,e
23

| 2 {0, 0.5}. All bounds refer to 2� uncertainties.

Figure 6: Left (right): Correlation Br(⌧ ! 3µ) vs. Br(B ! K⌧µ) (Br(⌧ ! 3µ) vs. Br(⌧ !
µ⇢)) within our model, while satisfying all other bounds but R⌧/`

D(⇤) , for two di↵erent C
1

vs. C
3

configurations. In the scan the parameters varied in the following ranges: C
1,3/⇤2 2 {�4, 4} TeV�2,

⇤ 2 {1, 10} TeV, |�e
23

| 2 {0, 0.5}, �d
23

2 {�0.2,�0.01}. All bounds refer to 2� uncertainties.
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LFV tests of the B anomalies

All constraints imposed but RD(*)

B-anomalies and LFV Ferruccio Feruglio

Figure 1: Impact of constraints arising from quantum corrections in the benchmark model, for two different
C1 vs. C3 configurations (left: C1 = 0, right: C1 = C3). For C1 = C3, simultaneously imposing all bounds
is actually equivalent to impose R

t/µ
t alone. In the scan the parameters varied in the following ranges:

C1,3/L2 2 {�4,4} TeV�2, L 2 {1,10}TeV, |l d,e
23 | 2 {0,0.5}. All bounds refer to 2s uncertainties. Figures

from ref. [17, 18].

Figure 2: Left : Correlation between R

t/`
t and R

t/`
D

(⇤) predictions when scanning the parameter space of the
model. In the scan the parameters varied in the following ranges: C1,3/L2 2 {�4,4} TeV�2, L2 {1,10}TeV,
|l e

23| 2 {0,0.5}, l d

23 2 {�0.2,�0.01}. The 2s lower limit for the R

t/`
D

(⇤) anomaly and the combined 2s
bounds of R

t/µ
t and R

t/e

t are also shown. Right : Correlation Br(t ! 3µ) vs. Br(B ! Ktµ) (Br(t ! 3µ)
vs. Br(t ! µr)) within our model, while satisfying all other bounds but R

t/`
D

(⇤) , for two different C1 vs. C3
configurations. All bounds refer to 2s uncertainties. Figures from ref. [17, 18].

(C1�C3)⇡O(1), the leading effects on B(t ! µ``) are proportional to m

2
t

/L2 and the following
numerical estimate applies:

B(t ! 3µ)⇡ 5⇥10�8 (C1 �C3)2

L4(TeV4)

✓
l e

23
0.3

◆2

, (3.6)

to be compared with the current experimental bound B(t ! 3µ)< 1.2⇥10�8 [31]. Similarly, the
decays t ! µr and t ! µp are predicted with branching ratios:

5
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B(t ! µr) ⇡ 5⇥10�8 (C1 �1.3C3)2

L4(TeV4)

✓
l e

23
0.3

◆2

, (3.7)

B(t ! µp) ⇡ 8⇥10�8 (C1 �C3)2

L4(TeV4)

✓
l e

23
0.3

◆2

, (3.8)

where the current bounds are B(t !µr)< 1.5⇥10�8 and B(t ! µp)< 2.7⇥10�8 [31].
The overall impact of these constraints is displayed in fig. 1, for two typical choices of the

parameters C1,3, namely C1 = 0 and C1 =C3. The black dots are allowed by tree-level semileptonic
bounds, i.e. those discussed in section 2. When C1 = 0, LFU violation in Z decays provides the
most powerful constraint, while for C1 =C3 the constraint coming from R

t/µ
t is the strongest one.

In both cases values of R

t/`
D

(⇤) exceeding 1.05 are strongly disfavoured. In fig. 2, left panel, we

reach the same conclusion by the comparing the R

t/`
D

(⇤) prediction with the most challenging LFUV

observable, R

t/`
t . Finally, the right plot of fig. 2 shows the LFV predictions of the benchmark

model. In this plot all bounds, but the R

t/`
D

(⇤) anomaly, are satisfied. We see that the process t ! 3µ
is preferred over B ! Ktµ to prove LFV effects in this scenario, due both to the closeness of
the predicted Br(t ! 3µ) to the present experimental bound and to the expected improvements of
such bound in the near future. In conclusion, a simultaneous explanation of both the R

t/`
D

(⇤) and R

µ/e

K

(⇤)

anomalies is strongly disfavoured in the benchmark scenario, where NP at the TeV scale affects
left-handed currents and the third fermion generation.

4. Ways Out

The above conclusions are essentially unchanged moving in a more general setup defined by
the most general set of (current⇥current) gauge-invariant semileptonic operators involving only the
3rd generation [32]:

L 0
NP

(L) =
1

L2

�
C1 q̄

0
3L

gµ
q

0
3L

¯̀0
3L

gµ`
0
3L

+C3 q̄

0
3L

gµta

q

0
3L

¯̀0
3L

gµta`03L

+ C4 d̄

0
3R

gµ
d

0
3R

¯̀0
3L

gµ`
0
3L

+C5 d̄

0
3R

gµ
d

0
3R

ē

0
3R

gµe

0
3R

+C6 q̄

0
3L

gµ
q

0
3L

ē

0
3R

gµe3R

�
(4.1)

Also in this case we find that the most relevant effects of quantum corrections are the modification
of the leptonic W/Z couplings and the generation of a purely leptonic effective Lagrangian, both
involving LFU violation and LFV at the same time. For example, a combination of Wilson coef-
ficients favoured by global fits to NC semileptonic B-decays is realized by choosing C1 +C3 =C6

and C4 =C5 = 0. This choice reproduces at low energies a NC operator product of a V �A quark
current and a V charged-lepton current. A numerical analysis of this particular example and a more
general scan over the full parameter space of the model based on eq. (4.1) confirm and reinforce
the conclusion that the stringent experimental bounds on Z-pole observables and t decays forbid
a simultaneous explanation of NC and CC anomalous data, at least within the reasonable, though
restrictive, assumptions of the benchmark scenario.

There are more general conditions under which this negative result can be evaded. A first
possibility is that the leading logarithmic contributions arising from the RGE analysis are par-
tially/fully cancelled by finite terms arising at the scale L in a UV complete model. These finite

6



• LFV and LFUV observables limit the possibility of addressing both class of 
anomalies simultaneously  

• On the other hand, these observables (in particular tau LFV decays) are 
expected to be in the reach of Belle II if there is NP behind the B anomalies 

•  A more general flavour structure (ops directly involving 2nd generations, 
2-3 LH quark rotations > Vub etc.) can still allow a combined explanation, 
although at the price of some tuning, see e.g.  

• LFV processes are still a prediction/test of such construction!

Combined explanations to class I and II anomalies

Lorenzo Calibbi (ITP)Charged Lepton Flavour Violation

Buttazzo, Greljo, Isidori, Marzocca ‘17
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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

11
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“triplet-triplet”
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U(2)q x U(2)l        
flavour structure

Simplified UV completions: 

• Colorless vectors:      B  (1,1,0)      W (1,3,0) 

• Scalar Leptoquarks:  S1 (3,1,1/3)  S3 (3,3,1/3)  

• Vector Leptoquarks:  U1 (3,1,2/3)  U3 (3,3,2/3)         

A single vector LQ U1 can do the job Alonso Grinstein Camalich ’15                 
LC Crivellin Ota ‘15
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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
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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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U1 has the quantum numbers of a SU(4) gauge boson!                                               
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LC Crivellin Li ’17                              

Bordone Cornelia Fuentes Isidori ‘17

Simplified UV completions: 

• Colorless vectors:      B  (1,1,0)      W (1,3,0) 

• Scalar Leptoquarks:  S1 (3,1,1/3)  S3 (3,3,1/3)  

• Vector Leptoquarks:  U1 (3,1,2/3)  U3 (3,3,2/3)         



LFV processes are still a prediction/test of such construction! Examples:
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Figure 8: Coupling x

s⌧

L

is plotted against xbµ
L

(left panel), and x

b⌧

L

is plotted against xsµ
L

(right
panel), by assuming m

U1 = 1.5 TeV. Color code is the same as in Fig. 7.

which remains rather stable lower bound for the LFV mode. With 300 fb�1 we get that this
bound is improved to B(B ! Kµ⌧) & 5⇥ 10�7. In other words, we get an absolute lower
bound of O(10�7). We see that lowering the upper bound on B(B ! Kµ⌧) at the LHCb
and/or Belle II can have a major impact on the model building by further restraining the
parameter space.

Figure 9: B(B ! Kµ⌧) is plotted against B(⌧ ! µ�) for the U

1

model. Color code is the same
as in Fig. 7. Current bounds on these two decays, as respectively established by BaBar [76] and
by Belle [72], are also shown.

25

Figure 5.2: 68% (dark blue) and 95% (light blue) posterior probabilities of the NP shifts in
RD⇤ vs. �RK . The experimental values at 1� (2�) are indicated by the dark (light) coloured
bands.

Figure 5.3: Left: 68% (dark blue) and 95% (light blue) posterior probabilities of B(⌧ ! µ�) and
B(B+ ! K+⌧+µ�) from the global fit. The black lines denote the 95% posterior probabilities
fixing �RK = �0.3 (solid) and �RK = �0.2 (dashed). The red bands show the 90% CL
exclusion limits for these observables. Right: 68% (dark blue) and 95% (light blue) posterior
probabilities of B(⌧ ! 3µ) and B(Bs ! 3µ) from the global fit.
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Angelescu et al. ‘18

Bordone et al. ‘18

Generic vector LQ

UV-complete vector LQ model 
based on (SU(4)xSU(2)LxSU(2)R)3



Scalar LQs

LFV processes are still a prediction/test of such construction! Examples:
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FIG. 3: Left: Contours and excluded region for B ! K⌧µ = (B ! K⌧+µ� + B ! K⌧�µ+)/2 for C22
9 = �0.5, i.e.

assuming that C22
9 takes the central value obtained from the b ! sµ+µ� fit. The colored regions are allowed by the various

processes. For R(D) and R(D⇤) we used again the weighted average for R(D(⇤))EXP/R(D(⇤))SM. Right: The contour lines
show Br[⌧ ! µ�] ⇥ 108. The gray region is excluded by the current upper limit and (light) red region is allowed by aµ at
the (2�) 1� level. Note that both �aµ and ⌧ ! µ� are only a function of �L

33/�
L
32 and therefore independent of b ! sµ+µ�

transitions.

B. b ! sµ+µ� and b ! s⌧±µ⌥

Let us now consider the e↵ect of including b ! sµ+µ�

transitions in our analysis. In this case e↵ects in B !
D(⇤)µ⌫/B ! D(⇤)e⌫ are predicted if still addressing
R(D) and R(D⇤) simultaneously. We checked that the
e↵ect is at the per-mill level which is compatible with
BELLE and BABAR measurements3. However, interest-
ing correlations with b ! s⌧µ processes appear. Here we
find

C32

9

= �2
⇡

↵

Vcb

V ⇤
ts

�L
32

�L
33

⇣p
XD(⇤) � 1

⌘
, (25)

C23

9

=
�L
33

�L
32

C22

9

, (26)

which depends only on the ratio �L
33

/�L
32

as a free param-
eter. Note that the dependence on C22

9

is much weaker
than on XD(⇤) . The resulting bounds and predictions are
shown in the left plot of Fig. 3. We take the experimental

3 This is contrary to Ref. [13] which cannot explain R(D(⇤)) and
b ! sµ+µ� data simultaneously without violating the bounds
from B ! D(⇤)µ⌫/B ! D(⇤)e⌫ as pointed out in Ref. [88].
However, this tension can be relieved with leptoquarks masses
larger than 5 TeV [89].

limit [90]

Br [B ! K⌧µ] < 4.8⇥ 10�5 . (27)

Note that R(D(⇤)) can only be fully explained for
�L
33

/�L
32

> 1.

C. aµ and ⌧ ! µ�

Considering only the couplings �L the e↵ect in ⌧ ! µ�
is negligibly small. Things get much more interesting if
we aim at a simultaneous explanation of the anomalous
magnetic moment of the muon. In this case chirally en-
hanced e↵ects also appear in ⌧ ! µ�. We have

Br [⌧ ! µ�] � ↵m3

⌧

16�⌧

a2µ
m2

µ

����
�L
33

�L
32

����
2

. (28)

Here we set �R
33

= 0.
Note that Br (⌧ ! µ�) can only be enhanced by allow-

ing �R
33

to be di↵erent from zero, resulting in the � sign
in Eq. (28). The result is shown in the right plot of Fig. 3.
Note that aµ can only be explained for �L

33

/�L
32

< 0.65 (at
the 2� level). This is opposite to the case of b ! sµ+µ�

which can only be explained for �L
33

/�L
32

> 1. There-
fore, we conclude that our model can explain out of the
three anomalies R(D(⇤)), b ! sµ+µ� and aµ only two
simultaneously.



Concluding remarks

CLFV observables among the cleanest and most stringent 
test of physics beyond the Standard Model

CLFV in the tau sector nicely complementary to muon  
observables as a model discriminator (e.g. SUSY seesaw  

typically predicts tau LFV rates below the reach of Belle II)

B anomalies favours new physics more strongly coupled 
to 3rd generation fermions

LFUV and LFV involving taus are key observables to test 
the models addressing the anomalies (the latter typically  

predicted within the future Belle II/LHCb sensitivity)

Lorenzo Calibbi (ITP)Charged Lepton Flavour Violation
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Probing high energy scales
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 Dimension-6 effective operators that can induce CLFV

 Example, dipole operators:

88 LORENZO CALIBBI and GIOVANNI SIGNORELLI

Table IV. – Complete list of the CLFV dimension-6 operators from [107]. The SM fields are
denoted as in eq. (3), and Bµν and W I

µν (I = 1, 2, 3) are the U(1)Y and SU(2)L field strengths.
Family indices are not shown, while a, b = 1, 2 are SU(2)L indices, and τI are the Pauli matrices.
Flavour indices of the fermions are not indicated.

4-leptons operators Dipole operators

Qℓℓ (L̄LγµLL)(L̄LγµLL) QeW (L̄LσµνeR)τIΦW I
µν

Qee (ēRγµeR)(ēRγµeR) QeB (L̄LσµνeR)ΦBµν

Qℓe (L̄LγµLL)(ēRγµeR)

2-lepton 2-quark operators

Q(1)
ℓq (L̄LγµLL)(Q̄LγµQL) Qℓu (L̄LγµLL)(ūRγµuR)

Q(3)
ℓq (L̄LγµτILL)(Q̄LγµτIQL) Qeu (ēRγµeR)(ūRγµuR)

Qeq (ēRγµeR)(Q̄LγµQL) Qℓedq (L̄a
LeR)(d̄RQa

L)

Qℓd (L̄LγµLL)(d̄RγµdR) Q(1)
ℓequ (L̄a

LeR)ϵab(Q̄
b
LuR)

Qed (ēRγµeR)(d̄RγµdR) Q(3)
ℓequ (L̄a

i σµνeR)ϵab(Q̄
b
LσµνuR)

Lepton-Higgs operators

Q(1)
Φℓ (Φ†i

↔
Dµ Φ)(L̄LγµLL) Q(3)

Φℓ (Φ†i
↔
D I

µ Φ)(L̄LτIγµLL)

QΦe (Φ†i
↔
Dµ Φ)(ēRγµeR) QeΦ3 (L̄LeRΦ)(Φ†Φ)

mix and give rise to photon-dipole operators Qeγ(11). Those that are relevant to µ → eγ
read

L ⊃
Ceµ

eγ

Λ2

v√
2

ē σµνPR µFµν +
Cµe

eγ

Λ2

v√
2

µ̄σµνPR eFµν + h.c.,(37)

with Cij
eγ = cos θW Cij

eB − sin θW Cij
eW (sin θW ≃ 0.23 being the weak mixing). Matching

the above Lagrangian to the decay amplitude written in eq. (22), we find

AR =
√

2 v

Λ2
Ceµ

eγ , AL =
√

2 v

Λ2
Cµe ∗

eγ .(38)

Thus, employing these amplitudes in the expression for the decay rate in eq. (24), we get

Γ(µ → eγ) =
m3

µv2

8πΛ4

(
|Ceµ

eγ |2 + |Cµe
eγ |2

)
.(39)

We can now make use of this last expression —and the analogous formulae for µ → eee,
µ → e in nuclei, and τ decays [36, 107, 111-114, 120]— to translate the experimental

(11) The flavour-conserving dipole operators contribute to leptonic anomalous magnetic moments
and electric dipole moments, hence these observables are typically related to CLFV processes.
For a review on the interplay between the muon g − 2 and CLFV, see [28].
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Fig. 4. – Schematic representation of the contribution to processes such as ℓi → ℓjℓkℓk and
µ → e conversion arising from a flavour-violating dipole operator and, conversely, to ℓi → ℓjγ
from 4-fermion operators.

Table V. – Bounds on the coefficients of some of the flavour-violating operators of table IV for
Λ = 1 TeV, and corresponding bounds on Λ (in TeV) for |Ca| = 1. Superscripts refer to the
flavour indices of the leptons appearing in the operators. Adapted from [107,112,114].

|Ca| [Λ = 1TeV] Λ (TeV) [|Ca| = 1] CLFV Process

Cµe
eγ 2.1 × 10−10 6.8 × 104 µ → eγ

Cµµµe,eµµµ
ℓe 1.8 × 10−4 75 µ → eγ [1-loop]

Cµττe,eττµ
ℓe 1.0 × 10−5 312 µ → eγ [1-loop]

Cµe
eγ 4.0 × 10−9 1.6 × 104 µ → eee

Cµeee
ℓℓ,ee 2.3 × 10−5 207 µ → eee

Cµeee,eeµe
ℓe 3.3 × 10−5 174 µ → eee

Cµe
eγ 5.2 × 10−9 1.4 × 104 µ−Au → e−Au

Ceµ
ℓq,ℓd,ed 1.8 × 10−6 745 µ−Au → e−Au

Ceµ
eq 9.2 × 10−7 1.0 × 103 µ−Au → e−Au

Ceµ
ℓu,eu 2.0 × 10−6 707 µ−Au → e−Au

Cτµ
eγ 2.7 × 10−6 610 τ → µγ

Cτe
eγ 2.4 × 10−6 650 τ → eγ

Cµτµµ
ℓℓ,ee 7.8 × 10−3 11.3 τ → µµµ

Cµτµµ,µµµτ
ℓe 1.1 × 10−2 9.5 τ → µµµ

Ceτee
ℓℓ,ee 9.2 × 10−3 10.4 τ → eee

Ceτee,eeeτ
ℓe 1.3 × 10−2 8.8 τ → eee
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Q(1)
ℓq (L̄LγµLL)(Q̄LγµQL) Qℓu (L̄LγµLL)(ūRγµuR)

Q(3)
ℓq (L̄LγµτILL)(Q̄LγµτIQL) Qeu (ēRγµeR)(ūRγµuR)

Qeq (ēRγµeR)(Q̄LγµQL) Qℓedq (L̄a
LeR)(d̄RQa

L)

Qℓd (L̄LγµLL)(d̄RγµdR) Q(1)
ℓequ (L̄a

LeR)ϵab(Q̄
b
LuR)

Qed (ēRγµeR)(d̄RγµdR) Q(3)
ℓequ (L̄a

i σµνeR)ϵab(Q̄
b
LσµνuR)

Lepton-Higgs operators

Q(1)
Φℓ (Φ†i

↔
Dµ Φ)(L̄LγµLL) Q(3)

Φℓ (Φ†i
↔
D I

µ Φ)(L̄LτIγµLL)

QΦe (Φ†i
↔
Dµ Φ)(ēRγµeR) QeΦ3 (L̄LeRΦ)(Φ†Φ)

mix and give rise to photon-dipole operators Qeγ(11). Those that are relevant to µ → eγ
read

L ⊃
Ceµ

eγ

Λ2

v√
2

ē σµνPR µFµν +
Cµe

eγ

Λ2

v√
2

µ̄σµνPR eFµν + h.c.,(37)

with Cij
eγ = cos θW Cij

eB − sin θW Cij
eW (sin θW ≃ 0.23 being the weak mixing). Matching

the above Lagrangian to the decay amplitude written in eq. (22), we find

AR =
√

2 v

Λ2
Ceµ

eγ , AL =
√

2 v

Λ2
Cµe ∗

eγ .(38)

Thus, employing these amplitudes in the expression for the decay rate in eq. (24), we get

Γ(µ → eγ) =
m3

µv2

8πΛ4

(
|Ceµ

eγ |2 + |Cµe
eγ |2

)
.(39)

We can now make use of this last expression —and the analogous formulae for µ → eee,
µ → e in nuclei, and τ decays [36, 107, 111-114, 120]— to translate the experimental

(11) The flavour-conserving dipole operators contribute to leptonic anomalous magnetic moments
and electric dipole moments, hence these observables are typically related to CLFV processes.
For a review on the interplay between the muon g − 2 and CLFV, see [28].
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Table IV. – Complete list of the CLFV dimension-6 operators from [107]. The SM fields are
denoted as in eq. (3), and Bµν and W I

µν (I = 1, 2, 3) are the U(1)Y and SU(2)L field strengths.
Family indices are not shown, while a, b = 1, 2 are SU(2)L indices, and τI are the Pauli matrices.
Flavour indices of the fermions are not indicated.

4-leptons operators Dipole operators

Qℓℓ (L̄LγµLL)(L̄LγµLL) QeW (L̄LσµνeR)τIΦW I
µν

Qee (ēRγµeR)(ēRγµeR) QeB (L̄LσµνeR)ΦBµν

Qℓe (L̄LγµLL)(ēRγµeR)

2-lepton 2-quark operators

Q(1)
ℓq (L̄LγµLL)(Q̄LγµQL) Qℓu (L̄LγµLL)(ūRγµuR)

Q(3)
ℓq (L̄LγµτILL)(Q̄LγµτIQL) Qeu (ēRγµeR)(ūRγµuR)

Qeq (ēRγµeR)(Q̄LγµQL) Qℓedq (L̄a
LeR)(d̄RQa

L)

Qℓd (L̄LγµLL)(d̄RγµdR) Q(1)
ℓequ (L̄a

LeR)ϵab(Q̄
b
LuR)

Qed (ēRγµeR)(d̄RγµdR) Q(3)
ℓequ (L̄a

i σµνeR)ϵab(Q̄
b
LσµνuR)

Lepton-Higgs operators

Q(1)
Φℓ (Φ†i

↔
Dµ Φ)(L̄LγµLL) Q(3)

Φℓ (Φ†i
↔
D I

µ Φ)(L̄LτIγµLL)

QΦe (Φ†i
↔
Dµ Φ)(ēRγµeR) QeΦ3 (L̄LeRΦ)(Φ†Φ)

mix and give rise to photon-dipole operators Qeγ(11). Those that are relevant to µ → eγ
read

L ⊃
Ceµ

eγ

Λ2

v√
2

ē σµνPR µFµν +
Cµe

eγ

Λ2

v√
2

µ̄σµνPR eFµν + h.c.,(37)

with Cij
eγ = cos θW Cij

eB − sin θW Cij
eW (sin θW ≃ 0.23 being the weak mixing). Matching

the above Lagrangian to the decay amplitude written in eq. (22), we find

AR =
√

2 v

Λ2
Ceµ

eγ , AL =
√

2 v

Λ2
Cµe ∗

eγ .(38)

Thus, employing these amplitudes in the expression for the decay rate in eq. (24), we get

Γ(µ → eγ) =
m3

µv2

8πΛ4

(
|Ceµ

eγ |2 + |Cµe
eγ |2

)
.(39)

We can now make use of this last expression —and the analogous formulae for µ → eee,
µ → e in nuclei, and τ decays [36, 107, 111-114, 120]— to translate the experimental

(11) The flavour-conserving dipole operators contribute to leptonic anomalous magnetic moments
and electric dipole moments, hence these observables are typically related to CLFV processes.
For a review on the interplay between the muon g − 2 and CLFV, see [28].
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limits on CLFV processes reported in table II into bounds on the coefficients |Ca|/Λ2

of the relevant operators. The diagrams of fig. 4 schematically show how the dipole
operator give also rise to contributions to processes such as ℓi → ℓjℓkℓk and µ → e
conversion, and vice versa how a 4-fermion operator can contribute to ℓi → ℓjγ. In
table V, we show the bounds for a subset of the operators considered in [107], obtained
by switching on only one operator at a time. The second column reports bounds on |Ca|
for Λ = 1 TeV, the third column limits on Λ for |Ca| = 1. The well-known conclusion
of an analysis of this kind is that any new dynamics generating CLFV operators must
either i) feature a strong suppression mechanism (due to loops, small mixing angles,
etc.) yielding |Ca| ≪ 1, especially if the new particles have TeV-scale masses, or ii)
lie at very high-energy scales, in particular if some of the operators in table IV are
induced at tree level by unsuppressed couplings between new physics and SM fields, i.e.
|Ca| = O(1). Moreover, we can appreciate the complementarity among the different
observables, which are more or less sensitive to different operators, hence they are able
to test different new-physics sources of CLFV. In other words, observing or not CLFV
in different channels would provide precious information on the underlying new physics.
Given the experimental situation, this is especially true for the observables involving
µ → e transitions. Let us for instance consider the case of the dipole operator Qeγ as
the main source of CLFV. In such a case, tables V and II show us that the experimental
sensitivity to µ → eee and µ → e conversion in nuclei has to be improved by more than
two orders of magnitudes, in order to provide a more stringent constraint than the one
currently given by µ → eγ. This is due to the fact that, if the dipole operator dominates,
the rates of µ → eee and µN → eN are suppressed by a factor of order α with respect
to µ → eγ [121], as it can be intuitively understood from fig. 4(12)

BR(µ → eee) ≃ α

3π

(
log

m2
µ

m2
e

− 3

)
× BR(µ → eγ),(40)

CR(µN → eN) ≃ α × BR(µ → eγ).(41)

Therefore the MEG bound on BR(µ → eγ) translates —within this scenario— to a
limit to the above observables at the 10−15 level. Conversely, a measurement of the
rates of µ → eee and µN → eN much above that value would clearly signal that the
source of CLFV is not the dipole operator Qeγ , rather some of the 4-fermion operators
listed in table IV(13). This would rule out large classes of models, such as the typical
supersymmetric frameworks that we will discuss in sect. 5. A graphical representation
of present and forecast limits on the coefficient of the dipole operators from µ → e
observables is shown in fig. 5.

The above considerations are based on the rather unrealistic hypothesis that new-
physics effects are encoded in a single operator. Although this can be approximately true
in certain scenarios, yet the coefficients of the operators in table IV are in general not
independent due to radiative effects. Such effects —summarised by the renormalisation
group (RG) equations— can mix the operators, for instance generating at low energies
some that vanish at the scale Λ. The effects of the RG running above and below the

(12) For full calculations of the µ → e conversion rates in different nuclei, see [109,122,123].
(13) As a matter of fact, there are several new-physics models where such operators arise at the
tree level, thus with much larger coefficients than the dipoles that can only be loop induced.
Some examples will be mentioned in sect. 6.
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Model µ ! eee µN ! eN BR(µ!eee)
BR(µ!e�)

CR(µN!eN)

BR(µ!e�)

MSSM Loop Loop ⇡ 6⇥ 10�3 10�3 � 10�2

Type-I seesaw Loop⇤ Loop⇤ 3⇥ 10�3 � 0.3 0.1�10

Type-II seesaw Tree Loop (0.1� 3)⇥ 103 O(10�2)

Type-III seesaw Tree Tree ⇡ 103 O(103)

LFV Higgs Loop† Loop⇤ † ⇡ 10�2 O(0.1)

Composite Higgs Loop⇤ Loop⇤ 0.05� 0.5 2� 20

Table VII. – Pattern of the relative predictions for the µ ! e processes as predicted in several
models (see the text for details). It is indicated whether the dominant contributions to µ !
eee and µ ! e conversion are at the tree or at the loop level; Loop⇤ indicates that there are
contributions that dominate over the dipole one, typically giving an enhancement compared to
Eq. (38, 39). † A tree-level contribution to this process exists but it is subdominant.

violating couplings to Z. As a consequence `i ! `j`k`k and µ ! e conversion in nuclei
arise at the tree level from a Z exchange, resulting in very definite predictions for the
ratios of the di↵erent modes [204]. We illustrate the pattern of the relative predictions
for the µ ! e modes within a selection of models in Table VII. The chosen examples
are the minimal (in terms of low-energy particle content) SUSY model discussed in the
previous section (MSSM), the three types of low-energy seesaw models, the scenario
with LFV-couplings of the Higgs (LFV Higgs) that we discussed at the end of section 2

(cf. Eq. (12) and Table III), and the so-called ‘two-site’ composite Higgs model studied in
[114]. The displayed results highlight the model-discriminating power of the three modes
and show how all the three searches are necessary. In Figure 14 these correlations are
nicely displayed for the case of the low-energy type I seesaw (from [103]).

Before moving to discuss the experimental aspects of searches for CLFV, let us com-
ment about the possible connection between recent hints of breaking of lepton flavour
universality and CLFV observables.
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Figure 14. – Correlations among di↵erent µ ! e observables [RA
B ⌘ BR(A)/BR(B)] for a low-

energy seesaw of type I as a function of the RH neutrino mass. From [103].
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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]

test of Lepton Flavour Universality (LFU)

RD(⇤) ⌘
BR(B ! D(⇤)⌧⌫)

BR(B ! D(⇤)`⌫)
, ` = e, µ

b c

W ℓ

νℓ
SM diagram

R(D)
0.2 0.4 0.6

BaBar had. tag
 0.042± 0.058 ±0.440 

Belle had. tag

 0.026± 0.064 ±0.375 

Average 

 0.024± 0.039 ±0.407 

FNAL/MILC (2015) 

 0.011±0.299 

HPQCD (2015) 

 0.008±0.300 

HFLAV
FPCP 2017

/dof = 0.4/ 1 (CL = 52.00 %)2χ

R(D*)
0.2 0.3 0.4

BaBar had. tag
 0.018± 0.024 ±0.332 

Belle had. tag
 0.015± 0.038 ±0.293 

Belle sl.tag
 0.011± 0.030 ±0.302 

Belle (hadronic tau)
 0.027± 0.035 ±0.270 

LHCb
 0.030± 0.027 ±0.336 

LHCb (hadronic tau)
 0.029± 0.019 ±0.285 

Average 
 0.007± 0.013 ±0.304 

S. Fajfer et al. (2012) 
 0.003±0.252 

HFLAV
FPCP 2017

/dof = 0.4/ 1 (CL = 52.00 %)2χ

Only two measurements available for R(D)
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where ` = µ or the e/µ average.1 Within the Standard Model, these ratios are predicted to
be considerably smaller than one as a consequence of the small phase space of the ⌧ mode
compared to the e and µ modes. The most recent evaluations give [8–11]

RSM

D = 0.300± 0.008 , RSM

D⇤ = 0.252± 0.003 . (3)

The results of the currently available measurements of RD(⇤) are shown in the following table.

Observable Experiment Type of analysis Result Ref.
RD BaBar Hadronic tag 0.440± 0.058± 0.042 [1, 2]
RD Belle Hadronic tag 0.375± 0.064± 0.026 [3]
RD⇤ BaBar Hadronic tag 0.332± 0.024± 0.018 [1, 2]
RD⇤ Belle Hadronic tag 0.293± 0.038± 0.015 [3]
RD⇤ Belle Semi-leptonic tag 0.302± 0.030± 0.011 [4]
RD⇤ Belle Hadronic ⌧ decays 0.270± 0.035+0.028

�0.025 [5]
RD⇤ LHCb Leptonic ⌧ decays 0.336± 0.027± 0.030 [6]
RD⇤ LHCb Hadronic ⌧ decays 0.291± 0.019± 0.026± 0.013 [7]

Here the first error is statistical, the second one systematic.2 The combination of these mea-
surements gives [?]

Rexp

D = 0.407± 0.039 (stat)± 0.024 (syst), Rexp

D⇤ = 0.304± 0.013 (stat)± 0.007 (syst). (4)

As we can see, the measured values of both observables exceed the SM predictions of Eq. (3).
Such discrepancy amounts to 2.3� and 3.4� for RD and RD⇤ respectively [?]. Combining the
two correlated observable, the tension with the theoretical prediction raises to about 4�, as is
shown in Figure 2 from [?].

RJ/ . Another LFU observable based on charged-current transitions of the kind b ! c`⌫ is
the following:

RJ/ ⌘ BR(B+

c ! J/ ⌧+ ⌫⌧ )

BR(B+

c ! J/ µ+ ⌫µ)
. (5)

This quantity has been recently measured by LHCb [12] as

Rexp

J/ = 0.71± 0.17 (stat)± 0.18 (syst). (6)

The above result is larger (but within 2�) than the current SM estimates [13–16], which lie in
the following range:

RSM

J/ = 0.25� 0.28. (7)

1
Notice that definition of RD(⇤) does not specify the charge of the B meson (and hence that of the D and the

lepton). In fact, although the experimental analyses typically involved

¯B0
, some also employed B0

and B�
.

2
In the last row, the third error is due to the uncertainty of the branching ratio of a normalisation mode.

3
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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]

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`⌫
processes.

The following ratios of branching ratios – belonging to the first class – have been
measured by LHCb [205, 206]:
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= 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]:
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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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Most precise measurements up to date, integrated luminosity of 3fb�1

R
K

= 0.745+0.090
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K
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(
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�0.07 (stat)± 0.03 (syst) [0.045� 1.1] GeV2

0.69+0.11
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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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… 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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… 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]

It seems that we have to fit a deficit of muon events

Altmannshofer Stang Straub ’17 

RH currents not favored
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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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�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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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
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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
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= 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
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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.

Sizeable NP contribution would be required, O(10)% of the SM one:

“Clean” observables only!

Capdevilla et al. ‘17
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Both classes of anomalies can be explained by adding a single new field: 
a spin-1 leptoquark with SU(3)c xSU(2)L xU(1)Y quantum numbers as 

(3, 1, 2/3) LC Crivellin Ota ‘15

Where does such an exotic field come from? 
Interestingly, it has the quantum numbers of a SU(4) vector boson

We built a Pati-Salam - SU(4)xSU(2)L xSU(2)R - model  
to accommodate this vector leptoquark

We have to introduce extra vectorlike fermions embedded in the same  
PS representations containing the SM fermions, in order to generate  

flavour non-universal couplings of the leptoquark
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Field content:

2

TeV scale realization possible2. This goal is achieved by
adding three generations of vector-like fermions to the
original model. After mixing of these heavy vector-like
fermions with the light SM-like ones, the model gives in-
teresting e↵ects in flavour physics, in particular, it could
explain the hints for new physics in b ! s`+`�, R(D(⇤))
and also the measurement of the anomalous magnetic
moment (AMM) of the muon. The couplings of the
SM quarks and leptons to the vector leptoquarks are in-
duced by the above-mentioned mixing itself, which can be
generation-dependent, hence giving rise to lepton flavour
non-universal e↵ects.

II. THE MODEL

Our starting point is the PS model [43] with the gauge
group SU(4) ⇥ SU(2)

L

⇥ SU(2)
R

. Thus, left-handed
fermions are SU(2)

L

doublets and right-handed fermions
form SU(2)

R

doublets. This necessarily leads to the in-
troduction of three right-handed neutrinos. In our model,
we extend the fermion content of the original model hav-
ing now 6 fermion fields XL,R

i

, Y L,R

i

, ZL,R

i

as well as (at
least) one more Higgs field ⌃. These fields transform
under the PS gauge group and one additional Peccei-
Quinn-like U(1) group as

SU (4) SU(2)
L

SU(2)
R

U(1)
PQ

XL

i

4 2 1 0
Y L

i

4 2 1 0
Y R

i

4 2 1 1
XR

i

4 1 2 0
ZR

i

4 1 2 0
ZL

i

4 1 2 1
⌃ 4̄⌦ 4 1 1 - 1

TABLE I: Field content of the model

Here the superscripts L and R label the chirality of the
fields and i = 1, 2, 3 is a flavour index. In the following
we will not explicitly specify the EW symmetry breaking
sector whose Higgs fields are therefore not included in
Table I. However, we know that due to the decoupling
theorem, the symmetry breaking sector must reduce, in
the limit of heavy additional Higgses, to one light SU(2)
doublet with vev v giving rise the chiral fermion and weak
gauge boson masses. A possible completion of the above-
sketched model, including the EW-breaking sector, will
be given in the Outlook. In our phenomenological dis-
cussion, we are not considering the implications of the
extended Higgs sector, but rather we only include the
pseudo-Goldstone bosons by working in unitary gauge.

2
Another crucial feature of the PS leptoquarks is that it allows

for a low-energy realization such that it does not lead to proton

decay at any loop level. For a recent discussion see Ref. [42].

This approach is model independent in the sense that in-
cluding additional physical Higgses would imply focusing
on a specific UV realization of the model.

A. Fermion masses

Considering only the SU(2)
L

doublet fermions
(XL

i

, Y L,R

i

), we can write down the following mass terms
after ⌃ acquires its vev v⌃:

L � �vab⌃ X̄aL

i

x
ij

Y aR

j

� vab⌃ Ȳ aL

i

y
ij

Y bR

j

+ h.c. (1)

Here a and b are SU(4) indices, and we denoted the
Yukawa-like couplings by x

ij

and y
ij

. Note that our as-
signment for the PQ charges avoids bare mass terms for
the fermions before PS symmetry breaking. Therefore,
the masses of the vector-like fermions are, for perturba-
tive couplings, at most of the order of the SU(4) breaking
scale. After ⌃ acquires its vev SU(4) is broken down to
SU(3)

c

⇥ U(1)
B�L

and quarks and leptons become dis-
tinguishable. Decomposing the SU(4) multiplets as

Y
R

=

✓
Q0

R

L0
R

◆

i

, Y
L

=

✓
Q

L

`
L

◆

i

, X
L

=

✓
q
L

L
L

◆

i

(2)

we see that Q and q are SU(3)
c

triplets corresponding to
quarks, while ` and L are SU(3)

c

singlets and thus cor-
respond to leptons. Expanding Eq. (1) into components
we find

L � �
⇣
mQ

ij

q̄
iL

+MQ

ij

Q̄
iL

⌘
Q0

jR

�
�
ML

ij

L̄
iL

+mL

ij

¯̀
iL

�
L0
jR

,

(3)
with

mQ

ij

= v11⌃ x
ij

, mL

ij

= v22⌃ y
ij

ML

ij

= v22⌃ x
ij

, MQ

ij

= v11⌃ y
ij

. (4)

Here the superscript 1 corresponds to a 3⇥3 unit matrix
in color space while 2 represents only a single number.
Without loss of generality, one can choose MQ and ML

to be diagonal in flavour space. Assuming the following
flavour structure,

MQ,L

ij

= MQ,L�
ij

mQ,L

ij

=

0

@
mQ,L

1 0 0
0 mQ,L

2 0
0 0 mQ,L

3

1

A

ij

(5)

the mass matrices for quarks and leptons decompose each
into three (one for each generation) rank one matrices
diagonalized by the rotations

✓
q
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Q
iL

◆
!

✓
c
iQ

�s
iQ

s
iQ

c
iQ
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q
iL

Q
iL

◆
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`
iL

L
iL

◆
!

✓
c
iL

�s
iL

s
iL

c
iL

◆✓
`
iL

L
iL

◆ . (6)
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SU(2)

FIG. 1: Couplings of the gauge bosons to the heavy vector-like fermions (L,Q) and light SM-like fermions (`, q). After mixing
among SM-like and vector-like fermions, the couplings to the leptoquark result become flavour non-universal, whereas the
couplings to the other gauge bosons (in particular the one associated to B � L) remain flavour diagonal.

As stated above, we do not explicitly specify the UV
completion of the Higgs sector responsible for the EW
symmetry breaking but rather use the decoupling theo-
rem asserting that there is one light SU(2)

L

doublet with
vev v giving rise to the chiral fermion and weak gauge bo-
son masses. We can now write down the usual Yukawa
couplings and diagonalize the resulting 3 ⇥ 3 matrices
using biunitary transformations

q
iL

! U qL

ij

q
jL

, `
iL

! U `L

ij

`
jL

, (7)

with q = u, d and the corresponding expression for right-
handed fields. For our final results, only the misalign-
ment between left-handed quark and leptons

U q`L
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= U qL⇤
jf

U `L

ji

, (8)

as well as the CKM matrix V CKM
fi

= UuL⇤
jf

UdL

ji

are impor-
tant. Note that in the following, we work in the down ba-
sis, i.e. CKM rotations are only present once left-handed
up-quarks are involved. We neglect Higgs couplings in-
volving chiral and vector-like fermions in our phenomeno-
logical analysis.
In analogy to the SU(2)

L

sector, we embedded the
fermions charged under SU(2)
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in the following repre-
sentations:
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and the above discussion about masses and mixing can
be replicated for the RH fermions of the SM.

B. Couplings of fermions to gauge bosons

After SU(4) symmetry breaking, its 15 generators cor-
respond to 8 massless gluons, 6 leptoquarks (V µ + V̄ µ),
and one B � L gauge boson. As we can see from Fig. 1,
after mixing of q (`) with Q (L) the couplings of the
B �L gauge boson remains flavour universal, as a result
of the unitarity of the mixing matrices, with strength
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p
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/
p
6) for quarks (leptons). Since we do not

completely specify the Higgs sector (a possible realization
will be given in the Outlook), we take the masses of the
B � L gauge boson and the leptoqaurks as free parame-
ters. The masses should be of the same order, but due to
the strong constraints from Z 0 searches, we assume that
the B � L gauge boson is heavier (around a factor of 2)
than the leptoquarks.

Let us now consider the couplings of the vector-
leptoquark V µ. Here, the rotations in Eq. (6) induced
by the mixing between vector-like and SM fermions do
not drop out, as it is apparent from Fig. 1. In addition,
after EW symmetry breaking, the misalignment between
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lepton mass matrices U q`L
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, cf. Eq. (8), enters in the cou-
pling of V µ with the SM fermion doublets:
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Considering for illustration only the second and third generations, which are of interest for our phenomenological
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SU(4)-breaking scalar
2

TeV scale realization possible2. This goal is achieved by
adding three generations of vector-like fermions to the
original model. After mixing of these heavy vector-like
fermions with the light SM-like ones, the model gives in-
teresting e↵ects in flavour physics, in particular, it could
explain the hints for new physics in b ! s`+`�, R(D(⇤))
and also the measurement of the anomalous magnetic
moment (AMM) of the muon. The couplings of the
SM quarks and leptons to the vector leptoquarks are in-
duced by the above-mentioned mixing itself, which can be
generation-dependent, hence giving rise to lepton flavour
non-universal e↵ects.

II. THE MODEL

Our starting point is the PS model [43] with the gauge
group SU(4) ⇥ SU(2)

L

⇥ SU(2)
R

. Thus, left-handed
fermions are SU(2)

L

doublets and right-handed fermions
form SU(2)

R

doublets. This necessarily leads to the in-
troduction of three right-handed neutrinos. In our model,
we extend the fermion content of the original model hav-
ing now 6 fermion fields XL,R

i

, Y L,R

i

, ZL,R

i

as well as (at
least) one more Higgs field ⌃. These fields transform
under the PS gauge group and one additional Peccei-
Quinn-like U(1) group as

SU (4) SU(2)
L

SU(2)
R

U(1)
PQ

XL

i

4 2 1 0
Y L

i

4 2 1 0
Y R

i

4 2 1 1
XR

i

4 1 2 0
ZR

i

4 1 2 0
ZL

i

4 1 2 1
⌃ 4̄⌦ 4 1 1 - 1

TABLE I: Field content of the model

Here the superscripts L and R label the chirality of the
fields and i = 1, 2, 3 is a flavour index. In the following
we will not explicitly specify the EW symmetry breaking
sector whose Higgs fields are therefore not included in
Table I. However, we know that due to the decoupling
theorem, the symmetry breaking sector must reduce, in
the limit of heavy additional Higgses, to one light SU(2)
doublet with vev v giving rise the chiral fermion and weak
gauge boson masses. A possible completion of the above-
sketched model, including the EW-breaking sector, will
be given in the Outlook. In our phenomenological dis-
cussion, we are not considering the implications of the
extended Higgs sector, but rather we only include the
pseudo-Goldstone bosons by working in unitary gauge.

2
Another crucial feature of the PS leptoquarks is that it allows

for a low-energy realization such that it does not lead to proton

decay at any loop level. For a recent discussion see Ref. [42].

This approach is model independent in the sense that in-
cluding additional physical Higgses would imply focusing
on a specific UV realization of the model.

A. Fermion masses

Considering only the SU(2)
L

doublet fermions
(XL

i

, Y L,R

i

), we can write down the following mass terms
after ⌃ acquires its vev v⌃:
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Y bR
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+ h.c. (1)

Here a and b are SU(4) indices, and we denoted the
Yukawa-like couplings by x

ij

and y
ij

. Note that our as-
signment for the PQ charges avoids bare mass terms for
the fermions before PS symmetry breaking. Therefore,
the masses of the vector-like fermions are, for perturba-
tive couplings, at most of the order of the SU(4) breaking
scale. After ⌃ acquires its vev SU(4) is broken down to
SU(3)

c

⇥ U(1)
B�L

and quarks and leptons become dis-
tinguishable. Decomposing the SU(4) multiplets as
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=

✓
Q

L

`
L

◆

i

, X
L

=

✓
q
L

L
L

◆

i
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we see that Q and q are SU(3)
c

triplets corresponding to
quarks, while ` and L are SU(3)

c

singlets and thus cor-
respond to leptons. Expanding Eq. (1) into components
we find
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⌘
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ij

, mL

ij

= v22⌃ y
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ML
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= v22⌃ x
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, MQ
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= v11⌃ y
ij

. (4)

Here the superscript 1 corresponds to a 3⇥3 unit matrix
in color space while 2 represents only a single number.
Without loss of generality, one can choose MQ and ML

to be diagonal in flavour space. Assuming the following
flavour structure,

MQ,L

ij

= MQ,L�
ij

mQ,L

ij

=

0

@
mQ,L

1 0 0
0 mQ,L

2 0
0 0 mQ,L

3

1

A
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(5)

the mass matrices for quarks and leptons decompose each
into three (one for each generation) rank one matrices
diagonalized by the rotations

✓
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study, we find

L � 
ij

q̄L
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�µP
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V
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+ h.c. with 
ij

=
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sp
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BB@

cQ1 s
L

1 + cL1 s
Q

1 0 0
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⌘

0
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sq`12 cq`23

⇣
cQ3 s

L

3 + cL3 s
Q

3

⌘

1

CCA

ij

. (11)

Here sq`23, c
q`

23 are the rotations induced by the misalign-
ment between the SM Yukawa couplings of quarks and
leptons, encoded in Eq. (8). Recall that we assumed that
the first generation quarks and leptons do not mix. This
ensures that our model is consistent with the bounds from
K

L

! µe and K ! ⇡µe for TeV scale masses.
Similarly, couplings of V µ to right-handed leptons and

quarks might arise as an e↵ect of the mixing with the
vector-like fermions in the SU(2)

R

sector, i.e. the field
embedding in Eq. (9). Such couplings should be small
(but not necessarily zero) due to the observed patterns
in R(D(⇤)) and b ! sµ+µ� transitions. In our setup,
this can be easily achieved by a mild suppression the
SM-like/vector-like fermion mixing in the RH sector.

III. OBSERVABLES

A. R(D) and R(D⇤)

We define the e↵ective Hamiltonian for b ! c`⌫ tran-
sitions as

H
`

f

⌫

i

e↵ =
4G

Fp
2
V
cb

Cfi

L

[c̄�µP
L

b]
⇥
¯̀
f

�
µ

P
L

⌫
i

⇤
, (12)

where in the SM Cfi

L

= �
fi

and the contribution of our
vector leptoquark is given by

C
L

=

p
2

4G
F

V
cb

⇤
33V2jj3

M2
, (13)

leading to

R(D(⇤))/R(D(⇤))SM = |1 + C
L

|2 , (14)

where we neglected contributions with muon or electron
neutrinos. This has to be compared to the experimental
measurements of R(D⇤)EXP = 0.304± 0.013± 0.007 and
R(D)EXP = 0.407±0.039±0.024, and the corresponding
SM predictions, R(D⇤)SM = 0.252±0.003 and R(D)SM =
0.300± 0.008 [44, 45].

B. b ! s`+`� transitions

Using the e↵ective Hamiltonian

H
`

f

`

i

e↵ = �4G
Fp
2
V
tb

V ⇤
ts

X

a=9,10
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Ofi
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,

Ofi

9(10) =
↵
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b] [¯̀
f

�
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(�5)`
i

] , (15)

we have

Cfi
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10 =
�
p
2
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F

V
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V ⇤
ts

⇡

↵

2i
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3f

M2
. (16)

The allowed range is given by [1]

� 0.36(�0.48) � C22
9 = �C22

10 � (�0.73)� 0.87 , (17)

at the 2(1)� level. In the case of lepton flavour violat-
ing B decays, we use the the results of Ref. [46] for the
analysis of B ! K(⇤)⌧µ which currently gives the best
experimental limits for µ⌧ final states of [47]

Br [B ! K⌧µ]EXP  4.8⇥ 10�5 , (18)

at 90% confidence level. For our case of C9 = �C10 we
get

Br [B ! K⌧µ] = 1.96⇥ 10�8
⇣��C23

9

��2 +
��C32

9

��2
⌘
. (19)

Finally, we also get an e↵ect in B
s

! ⌧+⌧� of

Br
�
B

s

! ⌧+⌧�
�
= Br

�
B

s

! ⌧+⌧�
�
SM

✓
1 +

C33
10

CSM
10

◆2

,

(20)
with Br(B

s

! ⌧+⌧�)SM = (7.73± 0.49) ⇥ 10�7 [48, 49]
and CSM

10 ⇡ �4.3 [50, 51]. The current experimental limit
is Br(B

s

! ⌧+⌧�)EXP  6.8⇥ 10�3 [52].

C. Bs �Bs mixing

With H = C1s̄�µP
L

bs̄�
µ

P
L

b we get
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⇤
3s2t

⇤
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2D4
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!
, (21)

using unitary gauge. Here s, t = 1 � 6 labels the six
fermions with the quantum numbers of charged leptons.
Note that after summation over the internal leptons the
result is finite due to the GIM-like cancellation originat-
ing from our unitary rotation matrices in Eqs. (6, 8). The
standard loop functions D

x

⌘ D
x

(M
LQ

,M
LQ

,m
s

,m
t

)
are defined as
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SM/vectorlike fermion mixing generates flavour non-universal leptoquark couplings:

Depending on the field rotations, both class I (in blue) and class II (in red) can be fitted:5

RHDH*LL 2s
RHDH*LL 1s
C9
mm=-C10

mm 2s
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mm 1s

FIG. 2: Left: Allowed regions from R(D(⇤)) for MLQ = 1.5TeV and sQ3 = sL3 = 1/
p
2. Here we used the weighted average for

R(D) and R(D⇤). The contour lines denote Br(Bs ! ⌧+⌧�)⇥ 104. Right: Combined results for R(D(⇤)) and b ! s`+`�, and
contours for [Br(B ! K⌧+µ�) + Br(B ! K⌧�µ+)]/2. The red region is preferred by the global fit to b ! s`+`� data.

IV. PHENOMENOLOGICAL ANALYSIS

Let us first consider R(D) and R(D⇤) where the least
number of free parameters enters. In order to get a
sizable e↵ect, the mixing of LL

3 with the tau lepton
`L3 should be large. Assuming it to be maximal (i.e.
ML

33 = mL

33), we show the regions preferred by R(D(⇤))
in the left plot of Fig. 2 for M

LQ

= 1.5TeV. From this we

can see that also the mixing between QL

3 and qL3 (sQ3 ), as
well as the misalignment between the quark and lepton
Yukawa couplings of the second and third generations
(sq`23) should be sizable. Our model predicts a signifi-
cant enhancement of B

s

! ⌧+⌧� compared to the SM
prediction since this process is in our setup mediated at
tree-level with order one couplings.

Let us now turn to the explanation of b ! s`+`�

data. Assuming the absence of mixing with leptons of the
first generation, we are safe from processes like µ ! e�
or b ! sµe [53] and get the right e↵ect in R(K) and
R(K⇤). Assuming maximal mixing for the third gener-
ation quarks and leptons, we show the preferred region
from b ! s`+`� in the right plot of Fig. 2. This region
overlaps with the one from R(D(⇤)) for small mixing be-
tween the second generation fermions (sQ,L

2 ) where the
predicted branching ratio for B ! K⌧µ is automatically
compatible with the experimental bounds. However, the
predicted rate is still sizable and well within the reach of
future measurements.

So far, we did not specify the absolute mass scale of
the vector-like fermions since it did not enter any of the
observables. However, for B

s

�B
s

mixing, the masses of
the vector-like leptons are crucial. In fact, since we cal-
culated B

s

� B
s

mixing in unitary gauge, the e↵ects of
Goldstone bosons are automatically included and there-

fore the result scales proportional to (ML)2 (like the SM
contribution is proportional to m2

t

). Thus, in order to re-
spect the B

s

�B
s

mixing bounds while still accounting for
R(D(⇤)), rather light vector-like leptons are required. We
checked that the B

s

�B
s

mixing bounds are respected for
masses around 500GeV. Since these are third generation
leptons, this is compatible with the bounds from direct
LHC searches [54, 55]. Anyway, since we only included
the e↵ect of the Goldstone bosons and not of physical
Higgses in this calculation, this should only be under-
stood as a proof that B

s

� B
s

mixing does not rule out
large e↵ects in R(D(⇤)). A more precise prediction would
require to specify the Higgs sector explicitly and would
be therefore subject to more model dependence.

V. CONCLUSIONS AND OUTLOOK

In this article we presented a renormalizable phe-
nomenologically valid TeV scale model of a vector lepto-
quarks with flavour dependent couplings. The model is
an extension of the PS model obtained by adding three
generations of vector like-fermions which are in funda-
mental representations of SU(4). Our model can suc-
cessfully address the observed deviations from the SM
predictions in semi-leptonic B decays (R(D(⇤)) as well
as in b ! s`+`� transitions) and easily account for the
anomaly in the AMM of the muon too, as we discuss
below. An explanation of R(D(⇤)) predicts a significant
enhancement of B

s

! ⌧+⌧� and once also b ! s`+`� is
included, sizable rates for b ! ⌧µ processes must occur.
Also bounds from B

s

� B
s

mixing are respected for not
too heavy vector-like leptons.
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