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Effective field theories and how CLFV 

constrain the new physics energy scale

Experimental searches for CLFV

What is (charged) Lepton Flavour Violation (CLFV)?

The Standard Model and 

the origin of fermion masses



The Standard Model
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What is the Standard Model?

• Based on the gauge symmetries:

The Standard Model (SM) is the quantum field theory that currently 

describes properties and interactions of all the particles we know

colour weak isospin
weak hypercharge

strong

interactions

electroweak

interactions

SU(3)c ⇥ SU(2)L ⇥ U(1)Y
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• Its predictions have been tested by many experiments over 
several decades to an impressive degree of accuracy

• But we know that something is missing: neutrino masses, 
dark matter, matter-antimatter asymmetry…

 (local field transformations under which the Lagrangian is invariant)
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What is the Standard Model?

Fermions 
(spin 1/2)

Bosons

They mediate 
forces

(spin 1) (spin 0)

They make  
up matter
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You are here

There are 3 families (or “flavours”) of fermions with same spin and charges…

What are fermion flavours?
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see for reviews: Zhi-zhong Xing arXiv:1909.09610, J. Zupan arXiv:1903.05062

Longstanding puzzles
-- what is origin of neutrino mass? 
-- what is dark matter/dark energy? 
-- how to generate matter-antimatter asymmetry? 
-- why 6 flavors? why are masses of matters hierarchical? 

Standard model  ≠  Theory of everything 

J-PARC News - March 2013

https://phys.org/news

Why do we search for Lepton Flavor Violation (LFV)?

… but they have (very) different masses!

3rd generation mass  2nd generation  1st generation≫ ≫

Why? We don’t know…

fermion 
mass

What are fermion flavours?

(for a comparison protons and neutrons ~ 1 GeV)

https://arxiv.org/abs/1909.09610
https://arxiv.org/abs/1903.05062


Where do fermion masses come from?
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The SM Lagrangian is invariant under 

but the vacuum (ground state) of the Higgs field  is not:

SU(3)c × SU(2)L × U(1)Y
Φ

<latexit sha1_base64="/CISF+ErjKMww0YGn0Ngi7V0Wm8="></latexit>

SU(3)c ⇥ SU(2)L ⇥ U(1)Y �! SU(3)c ⇥ U(1)em

The vev of the Higgs field spontaneously breaks the symmetry:

giving mass to electroweak bosons and fermions

vacuum expectation value (vev):
<latexit sha1_base64="LSJ8OYsm7zIk38URaE5f8SIJMeE="></latexit>

h�i = vp
2
' 174 GeV

unbroken 

symmetry

broken 

symmetry



 In the SM, fermion masses (hence the flavour sector) has origin in
the Yukawa interactions among the Higgs and the fermion fields:

Where do fermion masses come from?
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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 mffL

fR 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 =
v
p
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) �L
hf̄f

=
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 =
g
p
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.

flavour diagonal

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 Q
L i

uR j
e�+ (Yd)ij Q

L i
dR j �+ (Ye)ij LL i eR j �+ h.c.
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changing transitions controlled by the matrix VCKM ⌘ V †

u
Vd, which is nothing but the
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If , these terms become mass matrices:⟨Φ⟩ = v/ 2 ≠ 0

We can diagonalize the fermion masses with two unitary matrices:

i, j = 1,2,3 flavour indices

This defines a rotation of the fermion fields to the physical mass basis:

<latexit sha1_base64="vxmwIoc6q8SeNEyeEjz4urMzMmY="></latexit>

uR �! W †
uuR , uL �! V †

uuL , etc.
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V †
f Vf = 1l
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W †
fWf = 1l

complex 
3x3 matrix



 In the SM, fermion masses (hence the flavour sector) has origin in
the Yukawa interactions among the Higgs and the fermion fields:

Where do fermion masses come from?

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 mffL

fR 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 =
v
p
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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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 mffL

fR 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 =
v
p
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) �L
hf̄f

=
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 =
g
p
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.

If , these terms become mass matrices:⟨Φ⟩ = v/ 2 ≠ 0

We can diagonalize the fermion masses with two unitary matrices:

i, j = 1,2,3 flavour indices

This defines a rotation of the fermion fields to the physical mass basis:
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uuL , etc.
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V †
f Vf = 1l
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W †
fWf = 1l

complex 
3x3 matrix

up type quarks (u,c,t) down type quarks (d,s,b) charged leptons (e, , )μ τ

In the original formulation of the SM:

no right-handed neutrinos  neutrino have no mass!⟺

Fermion mass terms require a 
“left-handed” fermion to couple 
with a “right-handed” fermion: 

mf f̄L fR



     Unitary rotation matrices, couplings to photon and Z remain flavour-diagonal:
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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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diagonalising Yu and Yd requires Vu 6= Vd. Such a misalignment gives rise to flavour-
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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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 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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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 Q
L i

uR j
e�+ (Yd)ij Q

L i
dR j �+ (Ye)ij LL i eR j �+ h.c.

 In the SM, fermion masses (hence the flavour sector) has origin in
the Yukawa interactions among the Higgs and the fermion fields:



Flavour violation only occurs in charged currents:
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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 mffL

fR 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 =
v
p
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) �L
hf̄f

=
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 =
g
p
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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UPMNS ⌘ V †
⌫ Ve
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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 mffL

fR 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 =
v
p
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) �L
hf̄f

=
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 =
g
p
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. – The lepton sector of the Standard Model and its simple extensions
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mixing among di↵erent generations – arises from the Yukawa couplings of the fermion
fields with the Higgs field �:

(1) �LY = (Yu)ij Q
L i

uR j
e�+ (Yd)ij Q

L i
dR j �+ (Ye)ij LL i eR j �+ h.c.

 In the SM, fermion masses (hence the flavour sector) has origin in
the Yukawa interactions among the Higgs and the fermion fields:
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current interactions, such as the fermion couplings to the photon and the Z boson, which
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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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†
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) �L
hf̄f

=
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 =
g
p
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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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 Q
L i

uR j
e�+ (Yd)ij Q

L i
dR j �+ (Ye)ij LL i eR j �+ h.c.

 In the SM, fermion masses (hence the flavour sector) has origin in
the Yukawa interactions among the Higgs and the fermion fields:

For example:
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Summary: fermion interactions in the Standard Model 
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Fig. 2: The Feynman diagrams for flavour conserving couplings of quarks to photon, Z boson, gluon and the
Higgs (the first three diagrams), and the flavour changing coupling to the W (the last diagram). The 3⇥ 3 matrices
are visual representations of couplings in the generation space, with couplings to �, Z, g flavour universal, the
couplings to the Higgs flavour diagonal but not universal, and the couplings to W flavour changing and hierarhical.

A conventional parametrization of the CKM matrix is [14]

VCKM =

0

@
1 0 0
0 c23 s23
0 �s23 c23

1

A

0

@
c13 0 s13e�i�

0 1 0
�s13ei� 0 c13

1

A

0

@
c12 s12 0
�s12 c12 0
0 0 1

1

A

=

0

@
c12c13 s12c13 s13e�i�

�s12c23 � c12s23s13ei� c12c23 � s12s23s13ei� s23c13
s12s23 � c12c23s13ei� �c12s23 � s12c23s13ei� c23c13

1

A ,

(21)

where cij ⌘ cos ✓ij , sij ⌘ sin ✓ij , so that the CKM matrix is a product of three rotations with one phase
inserted in the matrix describing the ✓13 rotation. Experimentally, we observe that ✓12 � ✓23 � ✓13,
while � ⇠ O(1).

As the side benefit of the counting of physical parameters we just performed, we also understand
that the flavour breaking due to the Yukawa matrices is as given in Eq. (14). In more detail, if we were
to take nonzero just a single Yukawa coupling matrix at the time, the breaking pattern is

– since Y` 6/ 1: U(3)L⇥U(3)` ! U(1)e⇥U(1)µ⇥U(1)⌧ , i.e., the charged lepton family numbers,
– since Yu 6/ 1: U(3)Q ⇥ U(3)u ! U(1)u ⇥ U(1)c ⇥ U(1)t, i.e., the up-quark family numbers,
– since Yd 6/ 1: U(3)Q ⇥ U(3)d ! U(1)d ⇥ U(1)s ⇥ U(1)b, i.e., the down-quark family number,
– since [Yd, Yu] 6= 0: U(1)6q ! U(1)B , i.e., the above quark U(1)’s further break to a global baryon

number.

Note that the final U(1)’s are composed both from the U(1) factors in the original [U(3) = SU(3) ⇥
U(1)]’s, as well as from the t3 and t8 generators of the SU(3)’s. In particular, not all of the U(1) factors
in Gflavour get broken by the Yukawas. The Gflavour contains five U(1) factors, which can be chosen to
be U(1)5 = U(1)Y ⇥ U(1)B ⇥ U(1)L ⇥ U(1)PQ ⇥ U(1)`R . The U(1)Y is the hypercharge group,
which is gauged, while B and L are the global baryon and lepton numbers. These are not broken by
LYukawa. The remaining two global U(1)’s can be taken to be the Peccei-Quinn symmetry U(1)PQ (H
and di

R
, `i

R
have opposite charges, all others zero), while under U(1)`R only `i

R
is charged. The U(1)PQ

is broken by Yu 6= 0, and U(1)`R by Y` 6= 0. Had we included neutrino masses in the discussion, these
would furthermore break the separate lepton numbers to a common lepton number, U(1)L, if the neutrino
masses are Dirac, while Majorana masses also break U(1)L, see appendix A.

2.5 The flavour violation as seen in the mass basis
The main message of the discussion so far is: in the SM the flavour structure (flavour breaking) resides in
the Yukawa sector of the SM Lagrangian, Eq. (13). If the Yukawa couplings were vanishingly small, the
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Fig. 2: The Feynman diagrams for flavour conserving couplings of quarks to photon, Z boson, gluon and the
Higgs (the first three diagrams), and the flavour changing coupling to the W (the last diagram). The 3⇥ 3 matrices
are visual representations of couplings in the generation space, with couplings to �, Z, g flavour universal, the
couplings to the Higgs flavour diagonal but not universal, and the couplings to W flavour changing and hierarhical.
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inserted in the matrix describing the ✓13 rotation. Experimentally, we observe that ✓12 � ✓23 � ✓13,
while � ⇠ O(1).

As the side benefit of the counting of physical parameters we just performed, we also understand
that the flavour breaking due to the Yukawa matrices is as given in Eq. (14). In more detail, if we were
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– since [Yd, Yu] 6= 0: U(1)6q ! U(1)B , i.e., the above quark U(1)’s further break to a global baryon
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Note that the final U(1)’s are composed both from the U(1) factors in the original [U(3) = SU(3) ⇥
U(1)]’s, as well as from the t3 and t8 generators of the SU(3)’s. In particular, not all of the U(1) factors
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is broken by Yu 6= 0, and U(1)`R by Y` 6= 0. Had we included neutrino masses in the discussion, these
would furthermore break the separate lepton numbers to a common lepton number, U(1)L, if the neutrino
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leptons
•  in SM with massless  no leptonic FCNCs

• photon, Z: flavor (generation)  universal interactions 
 
 
 
 

• Higgs has flavor diagonal interactions 

• proportional to lepton masses

• charged currents (W couplings)  
are flavor universal

⇒ ν

ℓi

νi

ℓi

ℓi

ℓi

ℓi

ℓi

ℓi
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Quark interactions:

Lepton interactions:
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Why do we search for Lepton Flavor Violation (LFV)?

Particle Electron flavor
number

Muon flavor
number

Tau flavor
number

𝑒 and 𝜈𝑒 +1 0 0

𝜇 and 𝜈𝜇 0 +1 0

𝜏 and 𝜈𝜏 0 0 +1
Opposite sign for anti-lepton.   Ex. 𝑒 number = −1 for positron

Lepton flavor number 
 -- accidental and empirical symmetry of Standard Model (SM)
 -- conserved number in all processes, i.e., no LFV in the SM

Example: muon decay in the SM

𝜇 number  +1   → +1
𝑒 number  0      →   (+1) + (−1)

Lorenzo Calibbi (Nankai)Lepton Flavour Violation

SM interactions: lepton flavour universal

and (with massless neutrinos) lepton flavour conserving

Lepton flavour numbers are (individually) 
conserved in the Standard Model:

16 > 17

originaria in cui i neutrini non hanno massa, 
predice anche che i numeri leptonici associati 
ad ogni singola famiglia siano conservati, cioè 
che in una reazione non cambi, ad esempio, 
il numero di muoni e neutrini muonici meno 
il numero di antimuoni (muoni positivi) e 
antineutrini muonici, e lo stesso nel caso 
degli elettroni e dei tau. Tale predizione non è 
stata finora contraddetta da quanto osservato 
nel caso di processi dei leptoni carichi e, 
anzi, spiega la presenza di un neutrino e di 
un antineutrino fra le particelle prodotte nel 
decadimento del muone. 
Il muone, infatti, decade con una probabilità 
prossima al 100% in un elettrone, un neutrino 
muonico e un antineutrino elettronico. Come 
mostrato nella fig. b, in questo processo non 
solo il numero leptonico totale, ma anche i 
numeri leptonici del muone e dell’elettrone 
sono singolarmente conservati: il sapore 
è preservato, nel caso di quello muonico 
viene semplicemente trasferito dal muone 
al suo neutrino. Diverso sarebbe il caso di 
un decadimento del muone in un elettrone 
e un fotone, un processo che i fisici cercano 
di osservare da più di settant’anni! Come 
vediamo sempre in fig. b, in tale decadimento 
il numero leptonico totale sarebbe conservato, 
ma non i numeri di famiglia: assisteremmo 
cioè a una trasformazione di sapore, da 
muonico a elettronico. Altrettanto accadrebbe 
nel caso di un muone che decadesse in 
un elettrone più una coppia elettrone-
positrone. A prima vista, può sorprendere 

che tali processi con cambiamento di sapore, 
spesso chiamati processi Lfv (dall’inglese 
lepton flavour violation), non siano stati 
ancora osservati. In primo luogo perché 
fenomeni analoghi avvengono piuttosto di 
frequente nell’ambito dei quark, i cui sapori 
si mescolano e trasformano. Inoltre, abbiamo 
da più di quindici anni l’evidenza che i numeri 
di famiglia leptonici non sono conservati nella 
propagazione dei neutrini. 
Per illustrare quest’ultimo fenomeno, detto di 
“oscillazione dei neutrini”, dobbiamo aprire 
una breve parentesi. Secondo la meccanica 
quantistica uno stato fisico, come per esempio 
una particella, può essere una sovrapposizione, 
una “miscela”, di stati distinti. Così come il 
gatto del famoso esperimento concettuale di 
Schrödinger può trovarsi nell’imbarazzante 
situazione di sovrapposizione degli stati di 
vita e di morte (vd. in Asimmetrie n. 12 p. 
14, ndr), meno drammaticamente un neutrino 
di un dato sapore è in realtà una miscela di 
neutrini di masse diverse. Ciò fa sì che vi sia 
una certa probabilità che neutrini di sapore 
definito, ad esempio prodotti da decadimenti 
di muoni, si trasformino, propagandosi, in 
neutrini di diverso sapore e vengano osservati 
in processi che coinvolgono elettroni o tau. Le 
misure effettuate dagli esperimenti che hanno 
osservato le oscillazioni dei neutrini mostrano 
inoltre che i tre sapori si miscelano in larga 
misura, senza che nessuno di essi prevalga, 
un po’ come una torta venuta piuttosto male 
in cui i sapori dei diversi ingredienti (diciamo 

b.
Se ci fosse un solo numero 
leptonico L, comune a elettroni e 
muoni, posto convenzionalmente 
uguale a 1 per le particelle 
(leptoni negativi e neutrini) e 
-1 per le antiparticelle (leptoni 
positivi e antineutrini), questo 
numero sarebbe conservato 
nel decadimento a sinistra, che 
rappresenta il decadimento del 
muone in elettrone, neutrino e 
antineutrino, che è quello che 
si osserva sperimentalmente, 
ma anche in quello di destra, in 
elettrone e fotone, che non è mai 
stato osservato. Se introduciamo 
invece due numeri leptonici distinti 
per famiglie o sapori (ovvero Le 
per gli elettroni e i loro neutrini e 
Lμ per i muoni e i loro neutrini), 
assegnando, per ciascun sapore, 
di nuovo +1 alle particelle e -1 alle 
antiparticelle, ma 0 alle particelle 
o antiparticelle dell’altro sapore, il 
decadimento di sinistra conserva 
entrambi questi numeri, mentre in 
quello di destra né Le né Lμ sono 
conservati. Si noti che la somma 
dei singoli termini di Le e Lμ fa L.

Standard muon decay

(lepton flavour conserving)
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Lepton flavour violating (LFV) 
decay (never observed!)
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Neutrino have masses and oscillate (change flavour)!

Why searching for CLFV?

Lorenzo Calibbi (Nankai)Lepton Flavour Violation

Lepton flavour numbers are not conserved! 

Longstanding puzzles
-- what is origin of neutrino mass? 
-- what is dark matter/dark energy? 
-- how to generate matter-antimatter asymmetry? 
-- why 6 flavors? why are masses of matters hierarchical? 

Standard model  ≠  Theory of everything 

J-PARC News - March 2013

https://phys.org/news

Why do we search for Lepton Flavor Violation (LFV)?

(                                 )⟺ UPMNS ⌘ V †
⌫ Ve
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6=

Why shouldn’t we observe also charged LFV (CLFV) processes:
µ ! e�, ⌧ ! µ�, µ ! eee, etc. ?
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Why searching for CLFV?

• Neutrinos oscillate → we have to introduce neutrino mass terms:

Petcov ’77; Cheng Li ’77, ’80
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couplings, in perfect analogy to what occurs to the other fermions:

LD = −(Yν)ij νR i Φ̃† LL j + h.c. =⇒ (mD
ν )ij =

v√
2
(Yν)ij .(15)

In such a case, the smallness of neutrino masses can be accounted for only by assuming
tiny values for the entries of Yν , 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:

LM = −1
2

mM
ν νc

LνL + h.c.(16)

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
as [92]

L ⊃ Cij

Λ
(
Lc

L i τ2Φ
) (

ΦT τ2LL j

)
+ h.c. =⇒ (mM

ν )ij =
Cijv2

Λ
,(17)

where Λ 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

ν )ij % v is then
naturally explained if Λ & v.

In either way neutrino masses are accounted for, lepton flavour violation in the charged
current interactions of eq. (7) becomes physical and controlled by the matrix UPMNS ≡
(V †

e Vν), which is usually called Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [93,
94]. Also notice that UPMNS is the matrix that diagonalises the neutrino mass matrix in
the basis of diagonal charged lepton masses, thus connecting neutrino flavour and mass
eigenstates

να =
∑

k=1,3

Uαk νk, α = e, µ, τ.(18)

As is well known, besides inducing neutrino oscillations, UPMNS can in principle give
rise to CLFV as well. This can only occur through loop diagrams involving neutrinos
and W bosons. For example, a diagram contributing to the µ → eγ decay is shown in
fig. 3. A detailed description of the calculation of the resulting %i → %jγ rate —originally
published in [95]— can be be found in [96]. In the following we review some important
features of it, specialising in µ → eγ, being τ → eγ and τ → µγ completely analogous.

In general, the transition is described by an effective muon-electron-photon interaction
that we denote Vα, where α is a Lorentz index. The decay amplitude is then given by

M(µ → eγ) = i ūe(p − q)Vαuµ(p)ε∗α(q),(19)

where p and q are the four-momenta of the muon and the photon respectively, ue and uµ

are the Dirac spinors for the electron and the muon, and ελ the polarisation vector of the

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

RνR, which would change the picture as we will see below.
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rise to CLFV as well. This can only occur through loop diagrams involving neutrinos
and W bosons. For example, a diagram contributing to the µ → eγ decay is shown in
fig. 3. A detailed description of the calculation of the resulting %i → %jγ rate —originally
published in [95]— can be be found in [96]. In the following we review some important
features of it, specialising in µ → eγ, being τ → eγ and τ → µγ completely analogous.

In general, the transition is described by an effective muon-electron-photon interaction
that we denote Vα, where α is a Lorentz index. The decay amplitude is then given by

M(µ → eγ) = i ūe(p − q)Vαuµ(p)ε∗α(q),(19)

where p and q are the four-momenta of the muon and the photon respectively, ue and uµ

are the Dirac spinors for the electron and the muon, and ελ the polarisation vector of the

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

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

Dirac:

or Majorana:

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

• In the SM + massive neutrinos: 


Huge suppression because neutrinos much lighter than the W boson

  but in presence of new physics particles, we can have larger effects  
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MW ⇡ 80 GeV unobservable!
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e.g. supersymmetry

Borzumati Masiero ‘86; 
Hisano et al. ‘95

• Unambiguous signal of New Physics


• Stringent test of NP coupling to leptons


• It probes scales far beyond collider exps.

�(`↵ ! `��)

�(`↵ ! `�⌫⌫̄)
=

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>

For a pedagogical introduction (exp + th) cf. LC and Signorelli ‘17

SUSY flavour  
mixing param.
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new physics

particles

Why searching for CLFV?

https://inspirehep.net/files/ce85406a79c9b422b7c719ee342da72b


CLFV has not been found for more than 70 years…
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Stopped cosmic-ray muons

Stopped  
pion beams

Stopped  
muon beams



… and we have new experiments!

MEG II NEW!
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https://arxiv.org/abs/2504.15711


Experimental searches for CLFV



Current/upcoming experiments
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Current/upcoming experiments: MEG II
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The MEGII experiment at PSI: Signal and backgrounds

50

• Searching for μ+ → e+ γ with a sensitivity of ~ 6 10-14    
• Best upper limit on the BR (μ+ → e+ γ) set by the MEG experiment (4.2 10-13  @90% C.L.) 

• Positive muons from a continuous beam are usually stopped in a (thin) target to fully exploit the clear signature of a decay at rest 

• Five observables (Eγ, Ee, !teγ, "eγ, #eγ) to identify a μ→ eγ event and reject background events 

• Precise expectation for a signal event, poor correlated for RMD events, not correlated for Accidental events

γ
µ+e+

γ
µ+e+

ν

ν

γ

µ+e+

ν

ν

(RMD, AIF and 
Breamstrahlung)

Signal Backgrounds

RMD Accidental

Eγ, Ee, "eγ, #eγ,                !teγ

E γ~ Ee ~ mμ/2  !teγ ~ 0 !$eγ ~ % 

slide borrowed from A. Papa



Current/upcoming experiments: MEG II
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Longitudinal view Transverse view

The MEG experiment vs the MEGII experiment

62
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e+

stopping targetμ+

No events observed beyond expected background, they set the limit :

 (MEG II 2025)BR(μ+ → e+γ) < 1.5 × 1013

(and they keep taking data)

https://arxiv.org/abs/2504.15711


Mu3e: The                      search   µ+ ! e+e+e�

• The Mu3e experiment aims to search for μ+ → e+ e+ e- with a sensitivity of ~10-15   (Phase I) 
up to down ~10-16  (Phase II). Previous upper limit BR(μ+ → e+ e+ e- ) ≤ 1 x 10-12 @90 C.L. by 
SINDRUM experiment) 

• Observables (Ee, te, vertex) to characterize μ→ eee events

�78

µ+e+
e+

e -

µ+e+
e+

e -�

�

µ+e+ � µ
+

e
+

�

e -

Signature Background

�teee = 0 ⌃pe = 0

⌃Ee = mµ

Current/upcoming experiments: Mu3e
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Current/upcoming experiments: Mu3e
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The timing detectors: Fibers and tiles

68

• Precise timing measurement: Critical to reduce the accidental BGs 

• Scintillating fibers (SciFi) O(1 ns), full detection efficiency (>99%) 

• Scintillating tiles O(100 ps), full detection efficiency (>99%)

The Mu3e experiment at PSI

66

• The Mu3e experiment aims to search for μ+ → e+ e+ e- with a sensitivity of ~10-15   (Phase I) up to down ~10-16  (Phase II). 
Previous upper limit BR(μ+ → e+ e+ e- ) ≤ 1 x 10-12 @90 C.L. by SINDRUM experiment) 

• Observables (Ee, te, vertex) to characterize μ→ eee events

µ+e+
e+

e -

Signature

µ+e+
e+

e -ν

ν
µ+e+ ν µ

+

e
+

ν

e -

Backgrounds

Mu3e recently started running, first results 
are expected within a few years!



…. and more searches for muon LFV are under construction 

Lorenzo Calibbi (Nankai)Lepton Flavour Violation

𝝁 → 𝒆 conversion in muonic atom

SUSY, Type-II SeeSaw extra dimension models, 
extended Higgs models composite, leptogluonMajorana 𝜈, sterile 𝜈

J. Steinberger and H. Wolfe, Phys. Rev. (1955)

Probe to various LFV operators

Signal  
 -- Monoenergetic electron   𝐸𝑒 ≃ 105 MeV

Experimental status 𝐸𝑒 ≃ 𝑚𝜇

slide borrowed from M. Yamanaka



…. and more searches for muon LFV are under construction 
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𝜇 → e conversion in nuclei experiments 



What about tau CLFV? 
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⌧µ ' 2⇥ 10�6s � ⌧⌧ ' 3⇥ 10�13s

Tau lifetime much shorter:

• We can not produce “tau beams”, stop them and observe the decays

• Taus only produced at colliders, e.g. e+e- → 𝜏+𝜏- (Belle II), pp → 𝜏+𝜏- (LHC) 
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mµ ' 0.106 GeV ⌧ m⌧ ' 1.77 GeV

Tau much heavier:

• m𝜏 > m𝜋 : only lepton that can decay into hadrons


• In principle, many LFV decay modes one can search for

Tau vs muons:
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Current/upcoming experiments: Belle II

Currently running: within ~10 years, Belle II 

will collect more than   events1010 e+e− → τ+τ−



Belle II prospects for tau CLFV

Belle II Snowmass, arXiv:2207.06307
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(limited by ISR bg)
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Expected sensitivities



Belle II prospects for tau CLFV

Belle II Snowmass, arXiv:2207.06307
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⌧ ! ``0`0
<latexit sha1_base64="G/kexYh5th+kGxD7PeAS6iuidDA=">AAAB+nicbVDLSgMxFM34rPXV6tJNsAgupMyIosuCG5cV7AM6Q8mkd9rQTGZI7iil9lPcuFDErV/izr8xbWehrQcCh3POJfeeMJXCoOt+Oyura+sbm4Wt4vbO7t5+qXzQNEmmOTR4IhPdDpkBKRQ0UKCEdqqBxaGEVji8mfqtB9BGJOoeRykEMesrEQnO0ErdUtlHllEfE+qDlNQ/q3dLFbfqzkCXiZeTCslh819+L+FZDAq5ZMZ0PDfFYMw0Ci5hUvQzAynjQ9aHjqWKxWCC8Wz1CT2xSo9GibZPIZ2pvyfGLDZmFIc2GTMcmEVvKv7ndTKMroOxUGmGoPj8oyiT1F467YH2hAaOcmQJ41rYXSkfMM042raKtgRv8eRl0jyvepdV9+6iUqvldRTIETkmp8QjV6RGbkmdNAgnj+SZvJI358l5cd6dj3l0xclnDskfOJ8/0VGTDQ==</latexit>

⌧ ! `P
<latexit sha1_base64="LVZi9Xg49oFIvx3f0yqG3ykhnQg=">AAAB+nicbVDLSgNBEJz1GeNro0cvg0HwIGFXFD0GvHiMYB6QXcLspDcZMvtgplcJaz7FiwdFvPol3vwbJ8keNLGgoajqprsrSKXQ6Djf1srq2vrGZmmrvL2zu7dvVw5aOskUhyZPZKI6AdMgRQxNFCihkypgUSChHYxupn77AZQWSXyP4xT8iA1iEQrO0Eg9u+Ihy6iHCfVASuqdtXp21ak5M9Bl4hakSgo0evaX1094FkGMXDKtu66Top8zhYJLmJS9TEPK+IgNoGtozCLQfj47fUJPjNKnYaJMxUhn6u+JnEVaj6PAdEYMh3rRm4r/ed0Mw2s/F3GaIcR8vijMJDWfTnOgfaGAoxwbwrgS5lbKh0wxjiatsgnBXXx5mbTOa+5lzbm7qNbrRRwlckSOySlxyRWpk1vSIE3CySN5Jq/kzXqyXqx362PeumIVM4fkD6zPH9ppkxM=</latexit>

⌧ ! `V

            

(limited by ISR bg)

<latexit sha1_base64="M6a23OhqAteAk2uZVT3xaphgSEE=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBFclUR8LVwU3LisYB/QhHIznbRDZyZhZiKW0F9x40IRt/6IO//GaZuFth64cDjnXu69J0o508bzvp2V1bX1jc3SVnl7Z3dv3z2otHSSKUKbJOGJ6kSgKWeSNg0znHZSRUFEnLaj0e3Ubz9SpVkiH8w4paGAgWQxI2Cs1HMrgYEsMAkOKOfBAISAnlv1at4MeJn4BamiAo2e+xX0E5IJKg3hoHXX91IT5qAMI5xOykGmaQpkBAPatVSCoDrMZ7dP8IlV+jhOlC1p8Ez9PZGD0HosItspwAz1ojcV//O6mYmvw5zJNDNUkvmiOOPY/joNAveZosTwsSVAFLO3YjIEBcTYuMo2BH/x5WXSOqv5l7WL+/Nq/aaIo4SO0DE6RT66QnV0hxqoiQh6Qs/oFb05E+fFeXc+5q0rTjFziP7A+fwB8YyUYA==</latexit>

⌧ ! `�

Lorenzo Calibbi (Nankai)Lepton Flavour Violation



Testing high-energy new physics



Heavy New Physics: Effective Field Theory approach

Lorenzo Calibbi (Nankai)Lepton Flavour Violation

classic 

example:

Standard Model Fermi theory

<latexit sha1_base64="z27Lb/Jrc0pCvcm+iFS7XDzLsxQ=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BEbwIEcxDkiXMTmaTIfNYZmaFsOQrvHhQxKuf482/cZLsQaMFDUVVN91dUcKZsb7/5RVWVtfWN4qbpa3tnd298v5By6hUE9okiivdibChnEnatMxy2kk0xSLitB2Nr2Z++5Fqw5S8t5OEhgIPJYsZwdZJD9eoxzm67bf75Ypf9edAf0mQkwrkaPTLn72BIqmg0hKOjekGfmLDDGvLCKfTUi81NMFkjIe066jEgpowmx88RSdOGaBYaVfSorn6cyLDwpiJiFynwHZklr2Z+J/XTW18GWZMJqmlkiwWxSlHVqHZ92jANCWWTxzBRDN3KyIjrDGxLqOSCyFYfvkvaZ1Vg1q1dndeqdfzOIpwBMdwCgFcQB1uoAFNICDgCV7g1dPes/fmvS9aC14+cwi/4H18A4o5j5k=</latexit>

E ⌧ MW

<latexit sha1_base64="Jbwgv2EKtdso0hpygB7UlY4m0PY=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BLx4jmgckS5idTJIhM7PLTK8QlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSqSw6PtfXmFtfWNzq7hd2tnd2z8oHx61bJwaxpsslrHpRNRyKTRvokDJO4nhVEWSt6PJzdxvP3JjRawfcJrwUNGRFkPBKDrpvqfSfrniV/0FyF8S5KQCORr98mdvELNUcY1MUmu7gZ9gmFGDgkk+K/VSyxPKJnTEu45qqrgNs8WpM3LmlAEZxsaVRrJQf05kVFk7VZHrVBTHdtWbi/953RSH12EmdJIi12y5aJhKgjGZ/00GwnCGcuoIZUa4WwkbU0MZunRKLoRg9eW/pHVRDWrV2t1lpV7P4yjCCZzCOQRwBXW4hQY0gcEInuAFXj3pPXtv3vuyteDlM8fwC97HN2BWjd8=</latexit>µ

<latexit sha1_base64="WqN5xqskeTkw1ACPcJB73phIPNs=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHgxWME85DsEmYns8mQmdllHkJY8hVePCji1c/x5t84SfagiQUNRVU33V1xxpk2vv/tra1vbG5tl3bKu3v7B4eVo+O2Tq0itEVSnqpujDXlTNKWYYbTbqYoFjGnnXh8O/M7T1RplsoHM8loJPBQsoQRbJz0GErbz0Nhp/1K1a/5c6BVEhSkCgWa/cpXOEiJFVQawrHWvcDPTJRjZRjhdFoOraYZJmM8pD1HJRZUR/n84Ck6d8oAJalyJQ2aq78nciy0nojYdQpsRnrZm4n/eT1rkpsoZzKzhkqyWJRYjkyKZt+jAVOUGD5xBBPF3K2IjLDCxLiMyi6EYPnlVdK+rAX1Wv3+qtpoFHGU4BTO4AICuIYG3EETWkBAwDO8wpunvBfv3ftYtK55xcwJ/IH3+QM3LJCx</latexit>⌫µ

<latexit sha1_base64="Jbwgv2EKtdso0hpygB7UlY4m0PY=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BLx4jmgckS5idTJIhM7PLTK8QlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSqSw6PtfXmFtfWNzq7hd2tnd2z8oHx61bJwaxpsslrHpRNRyKTRvokDJO4nhVEWSt6PJzdxvP3JjRawfcJrwUNGRFkPBKDrpvqfSfrniV/0FyF8S5KQCORr98mdvELNUcY1MUmu7gZ9gmFGDgkk+K/VSyxPKJnTEu45qqrgNs8WpM3LmlAEZxsaVRrJQf05kVFk7VZHrVBTHdtWbi/953RSH12EmdJIi12y5aJhKgjGZ/00GwnCGcuoIZUa4WwkbU0MZunRKLoRg9eW/pHVRDWrV2t1lpV7P4yjCCZzCOQRwBXW4hQY0gcEInuAFXj3pPXtv3vuyteDlM8fwC97HN2BWjd8=</latexit>µ

<latexit sha1_base64="WqN5xqskeTkw1ACPcJB73phIPNs=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHgxWME85DsEmYns8mQmdllHkJY8hVePCji1c/x5t84SfagiQUNRVU33V1xxpk2vv/tra1vbG5tl3bKu3v7B4eVo+O2Tq0itEVSnqpujDXlTNKWYYbTbqYoFjGnnXh8O/M7T1RplsoHM8loJPBQsoQRbJz0GErbz0Nhp/1K1a/5c6BVEhSkCgWa/cpXOEiJFVQawrHWvcDPTJRjZRjhdFoOraYZJmM8pD1HJRZUR/n84Ck6d8oAJalyJQ2aq78nciy0nojYdQpsRnrZm4n/eT1rkpsoZzKzhkqyWJRYjkyKZt+jAVOUGD5xBBPF3K2IjLDCxLiMyi6EYPnlVdK+rAX1Wv3+qtpoFHGU4BTO4AICuIYG3EETWkBAwDO8wpunvBfv3ftYtK55xcwJ/IH3+QM3LJCx</latexit>⌫µ

<latexit sha1_base64="e6hkUenmTPFtbVIVosxU9uzPE/Q=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVby+zIb4KBac+vuAmSdeAWpQYHWoPrVHyYsi1EaJqjWPc9NTZBTZTgTOKv0M40pZRM6wp6lksaog3xx7IxcWGVIokTZkoYs1N8TOY21nsah7YypGetVby7+5/UyE90GOZdpZlCy5aIoE8QkZP45GXKFzIipJZQpbm8lbEwVZcbmU7EheKsvr5P2Vd1r1BsP17Vms4ijDGdwDpfgwQ004R5a4AMDDs/wCm+OdF6cd+dj2VpyiplT+APn8wfXqY64</latexit>⌫e

<latexit sha1_base64="Sa5xU8JYkP53dhEN8Vnh5Bgc2CA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipiYNyxa26C5B14uWkAjkag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFoTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjrZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1WvVq01ryv1eh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AzGWM8g==</latexit>e

<latexit sha1_base64="e6hkUenmTPFtbVIVosxU9uzPE/Q=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVby+zIb4KBac+vuAmSdeAWpQYHWoPrVHyYsi1EaJqjWPc9NTZBTZTgTOKv0M40pZRM6wp6lksaog3xx7IxcWGVIokTZkoYs1N8TOY21nsah7YypGetVby7+5/UyE90GOZdpZlCy5aIoE8QkZP45GXKFzIipJZQpbm8lbEwVZcbmU7EheKsvr5P2Vd1r1BsP17Vms4ijDGdwDpfgwQ004R5a4AMDDs/wCm+OdF6cd+dj2VpyiplT+APn8wfXqY64</latexit>⌫e

<latexit sha1_base64="Sa5xU8JYkP53dhEN8Vnh5Bgc2CA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipiYNyxa26C5B14uWkAjkag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFoTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjrZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1WvVq01ryv1eh5HEc7gHC7Bgxuowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AzGWM8g==</latexit>e
<latexit sha1_base64="IMKQeM3YDa3UL/JGslAACqXJ8mA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2RmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6tWqteV2p1/M4inAG53AJHtxAHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDty2M5A==</latexit>

W

<latexit sha1_base64="2Km018ZP174duZ0Zung+poeKWKM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORqUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6tWqteV2p1/M4inAG53AJHtxAHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDz22M9A==</latexit>g <latexit sha1_base64="2Km018ZP174duZ0Zung+poeKWKM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORqUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6tWqteV2p1/M4inAG53AJHtxAHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDz22M9A==</latexit>g

<latexit sha1_base64="nMYNfeylLyC2EmJYTmQD15/+50s=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBVZkpUl0WBHUjVLAP6IxDJs20oUlmSDJCGQpu/BU3LhRx60+4829M21lo64HLPZxzL8k9YcKo0o7zbRWWlldW14rrpY3Nre0de3evpeJUYtLEMYtlJ0SKMCpIU1PNSCeRBPGQkXY4vJj47QciFY3FnR4lxOeoL2hEMdJGCuyDq+ASeopy6EUS4ax/Xx1nN0HbtMAuOxVnCrhI3JyUQY5GYH95vRinnAiNGVKq6zqJ9jMkNcWMjEteqkiC8BD1SddQgThRfja9YQyPjdKDUSxNCQ2n6u+NDHGlRjw0kxzpgZr3JuJ/XjfV0bmfUZGkmgg8eyhKGdQxnAQCe1QSrNnIEIQlNX+FeIBMFtrEVjIhuPMnL5JWteLWKrXb03K9nsdRBIfgCJwAF5yBOrgGDdAEGDyCZ/AK3qwn68V6tz5mowUr39kHf2B9/gDDgJb7</latexit>

GF ⇠ g2

M2
W

<latexit sha1_base64="FR0MLgNbdiB0/z5GcekUEyhqMt0=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRG8GvHiSCOaByRJmJ51kyOzsMtMrhiV/4cWDIl79G2/+jZNkD5pY0FBUddPdFcRSGHTdbye3srq2vpHfLGxt7+zuFfcPGiZKNIc6j2SkWwEzIIWCOgqU0Io1sDCQ0AxG11O/+QjaiEjd4zgGP2QDJfqCM7TSQwfhCdPb2tWkWyy5ZXcGuky8jJRIhlq3+NXpRTwJQSGXzJi258bop0yj4BImhU5iIGZ8xAbQtlSxEIyfzi6e0BOr9Gg/0rYU0pn6eyJloTHjMLCdIcOhWfSm4n9eO8H+pZ8KFScIis8X9RNJMaLT92lPaOAox5YwroW9lfIh04yjDalgQ/AWX14mjbOyVylX7s5L1WoWR54ckWNySjxyQarkhtRInXCiyDN5JW+OcV6cd+dj3ppzsplD8gfO5w+TRpDd</latexit>

NP?
<latexit sha1_base64="g3w6eZQIXv/KdZlXDgl5/NYsfeg=">AAAB8HicbVDLSgNBEOyNrxhfUY9eFoPgKeyKRA8eAl68CBHNQ5IlzE5mkyEzs8tMrxiWfIUXD4p49XO8+TdOHgeNFjQUVd10d4WJ4AY978vJLS2vrK7l1wsbm1vbO8XdvYaJU01ZncYi1q2QGCa4YnXkKFgr0YzIULBmOLyc+M0Hpg2P1R2OEhZI0lc84pSgle47yB4xu70ed4slr+xN4f4l/pyUYI5at/jZ6cU0lUwhFcSYtu8lGGREI6eCjQud1LCE0CHps7alikhmgmx68Ng9skrPjWJtS6E7VX9OZEQaM5Kh7ZQEB2bRm4j/ee0Uo/Mg4ypJkSk6WxSlwsXYnXzv9rhmFMXIEkI1t7e6dEA0oWgzKtgQ/MWX/5LGSdmvlCs3p6XqxTyOPBzAIRyDD2dQhSuoQR0oSHiCF3h1tPPsvDnvs9acM5/Zh19wPr4BDTiQkg==</latexit>

SM

<latexit sha1_base64="g3w6eZQIXv/KdZlXDgl5/NYsfeg=">AAAB8HicbVDLSgNBEOyNrxhfUY9eFoPgKeyKRA8eAl68CBHNQ5IlzE5mkyEzs8tMrxiWfIUXD4p49XO8+TdOHgeNFjQUVd10d4WJ4AY978vJLS2vrK7l1wsbm1vbO8XdvYaJU01ZncYi1q2QGCa4YnXkKFgr0YzIULBmOLyc+M0Hpg2P1R2OEhZI0lc84pSgle47yB4xu70ed4slr+xN4f4l/pyUYI5at/jZ6cU0lUwhFcSYtu8lGGREI6eCjQud1LCE0CHps7alikhmgmx68Ng9skrPjWJtS6E7VX9OZEQaM5Kh7ZQEB2bRm4j/ee0Uo/Mg4ypJkSk6WxSlwsXYnXzv9rhmFMXIEkI1t7e6dEA0oWgzKtgQ/MWX/5LGSdmvlCs3p6XqxTyOPBzAIRyDD2dQhSuoQR0oSHiCF3h1tPPsvDnvs9acM5/Zh19wPr4BDTiQkg==</latexit>

SM
<latexit sha1_base64="g3w6eZQIXv/KdZlXDgl5/NYsfeg=">AAAB8HicbVDLSgNBEOyNrxhfUY9eFoPgKeyKRA8eAl68CBHNQ5IlzE5mkyEzs8tMrxiWfIUXD4p49XO8+TdOHgeNFjQUVd10d4WJ4AY978vJLS2vrK7l1wsbm1vbO8XdvYaJU01ZncYi1q2QGCa4YnXkKFgr0YzIULBmOLyc+M0Hpg2P1R2OEhZI0lc84pSgle47yB4xu70ed4slr+xN4f4l/pyUYI5at/jZ6cU0lUwhFcSYtu8lGGREI6eCjQud1LCE0CHps7alikhmgmx68Ng9skrPjWJtS6E7VX9OZEQaM5Kh7ZQEB2bRm4j/ee0Uo/Mg4ypJkSk6WxSlwsXYnXzv9rhmFMXIEkI1t7e6dEA0oWgzKtgQ/MWX/5LGSdmvlCs3p6XqxTyOPBzAIRyDD2dQhSuoQR0oSHiCF3h1tPPsvDnvs9acM5/Zh19wPr4BDTiQkg==</latexit>

SM

<latexit sha1_base64="g3w6eZQIXv/KdZlXDgl5/NYsfeg=">AAAB8HicbVDLSgNBEOyNrxhfUY9eFoPgKeyKRA8eAl68CBHNQ5IlzE5mkyEzs8tMrxiWfIUXD4p49XO8+TdOHgeNFjQUVd10d4WJ4AY978vJLS2vrK7l1wsbm1vbO8XdvYaJU01ZncYi1q2QGCa4YnXkKFgr0YzIULBmOLyc+M0Hpg2P1R2OEhZI0lc84pSgle47yB4xu70ed4slr+xN4f4l/pyUYI5at/jZ6cU0lUwhFcSYtu8lGGREI6eCjQud1LCE0CHps7alikhmgmx68Ng9skrPjWJtS6E7VX9OZEQaM5Kh7ZQEB2bRm4j/ee0Uo/Mg4ypJkSk6WxSlwsXYnXzv9rhmFMXIEkI1t7e6dEA0oWgzKtgQ/MWX/5LGSdmvlCs3p6XqxTyOPBzAIRyDD2dQhSuoQR0oSHiCF3h1tPPsvDnvs9acM5/Zh19wPr4BDTiQkg==</latexit>
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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

Q"" (L̄LγµLL)(L̄LγµLL) QeW (L̄LσµνeR)τIΦW I
µν

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

Q"e (L̄LγµLL)(ēRγµeR)

2-lepton 2-quark operators

Q(1)
"q (L̄LγµLL)(Q̄LγµQL) Q"u (L̄LγµLL)(ūRγµuR)

Q(3)
"q (L̄LγµτILL)(Q̄LγµτIQL) Qeu (ēRγµeR)(ūRγµuR)

Qeq (ēRγµeR)(Q̄LγµQL) Q"edq (L̄a
LeR)(d̄RQa

L)

Q"d (L̄LγµLL)(d̄RγµdR) Q(1)
"equ (L̄a

LeR)εab(Q̄
b
LuR)

Qed (ēRγµeR)(d̄RγµdR) Q(3)
"equ (L̄a

i σµνeR)εab(Q̄
b
LσµνuR)

Lepton-Higgs operators

Q(1)
Φ" (Φ†i

↔
Dµ Φ)(L̄LγµLL) Q(3)

Φ" (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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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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CLFV probes very high-energy scales
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E.g., dipole and 4-fermion operators:

5

contamination. An important background arises
from decays in orbit (DIO) in which a muon orbit-
ing the nucleus undergoes a standard model decay.
This is irreducible other than with excellent mo-
mentum resolution on the electron. Other back-
ground processes include radiative decays of both
pions and muons as they capture on the nucleus.
The estimated background contributions in Mu2e-
II are shown in Table VII in section XI.

Mu2e-II will have an order of magnitude higher
data rate than Mu2e, as well as higher dosing of
the front-end electronics. Thus, there are also chal-
lenges for the trigger and data acquisition, and an
R&D program is planned to investigate possible
approaches [39–42].

As a natural evolution of Mu2e, Mu2e-II pro-
vides the nearest-term next step in a possible ma-
jor future muon program at FNAL. Considerable
infrastructure, expertise, and experience has been
and is being developed at Fermilab such that it is
logical to build further upon this investment, espe-
cially given the construction of the powerful PIP-II
accelerator.

The following sections elaborate on the potential
physics, challenges, technological options, and re-
quired R&D towards Mu2e-II. Table I summarizes
a few selected quantities.

II. THEORY

A. General motivation for CLFV searches

It was realized long ago that searches for CLFV
are among the cleanest and most sensitive tests for
physics beyond the Standard Model, cf. the reviews
in [15, 16, 43]. Current limits constrain the cuto↵
scale of CLFV operators up to 103 � 104 TeV, see
e.g. [16] and Fig. 1. This means that searches for
CLFV processes are potentially sensitive to virtual
e↵ects due to the presence of new particles whose
masses are several orders of magnitude larger than
the energies accessible at our present and future
colliders.

The observation of neutrino oscillations has pro-
vided evidence that lepton family numbers are not
conserved and the Standard Model needs to be ex-
tended to account for neutrino masses. In gen-
eral, one can expect non-standard contributions to
CLFV processes in the context of any extension of
the Standard Model that involves new fields cou-
pling to leptons, in particular those addressing the
origin of neutrino masses. Thus new sources of
CLFV beyond those stemming from neutrino os-
cillation are generically to be expected unless the
new physics sector is protected by the same global
flavor symmetries of the Standard Model [14].
However, in most new-physics scenarios, one can
not predict a “minimum-guaranteed” amount of

FIG. 1. Current and future 90% CL bounds from
µ ! e� [46, 47] (cyan lines), µ ! eee [48] (pur-
ple line) and µ ! e conversion (orange lines) on

the e↵ective CLFV operators
Ce�

⇤2 hHi eL �
µ⌫

µR Fµ⌫ +
C`q

⇤2 (eL �
µ
µL) (Q �µQ), where Q = (uL, dL)

T and
hHi ' 174GeV is the vacuum expectation value of
the Higgs field. The limits are displayed as functions
of the new-physics scale ⇤ and the Wilson coe�cient
of the dipole operator Ce� , while the coe�cient of the
4-fermion operator is set to C`q = 1.

CLFV, because, besides depending on the flavor
structure of the new-physics interactions, CLFV
rates are also suppressed by the unknown new-
physics scale. Only very specific models, where
both ingredients (mass scale and flavor structure of
the couplings) are set by additional phenomenolog-
ical requirements, can give definite predictions. An
example can be found in Ref. [44], where such re-
quirements include reproducing the measured neu-
trino mixing and providing a dark matter candi-
date with the observed properties. Ref. [45] gives
another example of a predictive model where the
new-physics scale is fixed by requiring an explana-
tion for the B-physics anomalies (see below) and
the flavor structure is set by addressing the ob-
served neutrino masses and mixing.

The physics case for CLFV searches has been re-
cently further reinforced by the first results of the
FNAL Muon g-2 experiment [49] and by the so-
called B-physics anomalies [50–52]. The Muon g-
2 experiment confirmed the long-standing discrep-
ancy between the measurement of the anomalous
magnetic moment of the muon, (g�2)µ, performed
at BNL and the theoretical prediction [53, 54].
The two measurements are statistically compatible
and their combination currently deviates from the
Standard Model prediction by 4.2�. This makes it
very unlikely that the discrepancy is due to a sta-
tistical fluctuation or some overlooked systematical
e↵ects in the old BNL experiment. Arguably, the
only explanations left are (i) an underestimation
of the Standard Model prediction [53], in particu-
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The flavor charge assignments shown in Tables I and II
that do not explicitly appear in Fig. 1, can be discussed
according to the categories found in the table at the bottom of
this figure. Concretely, the flavor charge assignments
3(0, 1), 4ð0; 1Þ, 5ð0; 1Þ, 6(0, 1), 7ð0; 1Þ, and 8ð0; 1Þ all
only generate the flavor structure eμ† (take a ¼ 1 in the
mentioned table), when restricting to dimension-six SMEFT
operators. The analogous flavor structures, μτ† and eτ†,
are achieved by permuting the lepton flavors e, μ, and τ.
Consequently, the flavor structure μτ† is allowed by
the flavor charge assignments 3(1, 0), 4ð1; 0Þ, 5ð1; 0Þ,
6(1, 0), 7ð1; 0Þ, and 8ð1; 0Þ, being of the form Nða; 0Þ with
a ¼ 1. Likewise, for the flavor structure eτ† viable flavor
charge assignments are 3(1, 2), 4ð1; 3Þ, 5ð1; 4Þ, 6(1, 5),

7ð1; 6Þ, and 8ð1; 7Þ, meaning Nða;N − aÞ for a ¼ 1 in
agreement with the table at the bottom of Fig. 1. The flavor
structure eμ†μ†τ is allowed by the flavor charge assignments
5ð1; 1Þ, 6ð1; 1Þ, 7ð1; 1Þ, and 8ð1; 1Þ, all being of the form
Nða; aÞwitha ¼ 1.Applyingpermutationsamong the lepton
flavors e, μ, and τ, the flavor structures eeμ†τ† (up to
Hermitian conjugation) and eμτ†τ† arise. Examples of flavor
charge assignments allowing eeμ†τ† as only (nontrivial)
flavor structure with dl ≤ 6 are 5ð4; 2Þ, 6ð5; 2Þ, 7ð6; 2Þ,
and 8ð7; 2Þ, whereas eμτ†τ† is permitted by, for example,
the flavor charge assignments 5ð2; 4Þ, 6ð2; 5Þ, 7ð2; 6Þ, and
8ð2; 7Þ. The two flavor charge assignments 6(1, 2) and8ð1; 3Þ
both lead to the flavor structure eeτ†τ†, cf. flavor charge
assignment 2Nða;N − aÞ with a ¼ 1 in the table at the

FIG. 1. Illustration of compatibility between flavor charge assignments and flavor structures with dl ≤ 6, taking into account
permutations of the charged lepton flavors. Colored segments indicate compatibility. Only flavor charge assignments that allow for at
least two (independent and nontrivial) flavor structures with up to four leptons, dl ≤ 6 (see Table I) are shown. For each flavor structure
an example of a cLFV process is given in parentheses. The table lists restrictions on the flavor charge assignments from observing
(at least) one cLFV process corresponding to a certain flavor structure, again accounting for permutations among the charged lepton
flavors. The parameter a is an integer.
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 conversion in nuclei seems to be the most powerful probeμ → e
BUT…

it is important to look for any channels:  
non-trivial symmetries might forbid certain processes allowing others

residual symmetries Gl ¼ ZN with N small usually occur,
and it is, thus, reasonable to only consider N ≤ 8.
One may also employ direct products of cyclic sym-

metries as Gl. However, they do not lead to new results as
the impact of Gl ¼ Z2 × Z2 can be deduced from the
combination of the results for Gl ¼ Z2, and similarly for
Gl ¼ Z2 × Z2 × Z2 as well as Gl ¼ Z2 × Z4; see com-
ments in Sec. III E. The groupZ2 × Z3 is isomorphic toZ6,
and therefore the results corresponding to this choice are
also covered in the present study.
As happens in models implementing the idea that the

mismatch of the residual symmetries Gl and Gν encodes
lepton mixing, none of the residual symmetries are exact.
In general, Gl is broken, e.g., by (small) shifts in the
alignment of the vacuum of the flavor symmetry breaking
fields as well as by contributions of higher-dimensional
operators to the charged lepton sector that involve fields
that break the original flavor symmetry to Gν; see, e.g., [6].
Consequently, we expect that a process forbidden by Gl is
not strictly absent in a concrete model, but rather has a
signal strength that is (highly) suppressed compared to
those of processes that are compatible with Gl. In the case
of lepton triality, for example, a signal of τ → μμμ̄ should
be suppressed compared to τ → eeμ̄—see, e.g., [20].
Eventually, we point out that in concrete realizations the

branching ratios of two processes compatible with Gl may
have different sizes, e.g., the branching ratio of τ → μμē is
much larger than that of τ → eeμ̄ in the supersymmetric
version of the well-known A4 model [21]. Nevertheless,
this conclusion depends on whether the flavor symmetry
breaking fields mix or not, as shown in [20]. Such a mixing
can be achieved via the inclusion of certain soft super-
symmetry breaking terms.
In the current study, we do not consider explicit models,

and thus we do not take into account corrections to the
breaking of the residual symmetry Gl in the charged lepton
sector, nor effects that can induce a hierarchy among the
signal strengths of different processes allowed by Gl.
Rather, we focus on the possible constraints on cLFV
processes arising from Gl different from Z3 and for all
possible flavor charge assignments.

III. FLAVOR CHARGE ASSIGNMENTS AND
FLAVOR STRUCTURES

We begin by systematically listing the flavor structures of
operators with charged lepton fields which are compatible
with the (nontrivial) flavor charge assignments for
the different choices of Gl.

2 With this at hand, we construct
in Sec. IV all allowed SMEFT operators up to dimension
six and categorize the cLFV processes that are permitted by a
givenGl and flavor charge assignment. Thus, in this section,
theLorentzandotherstructuresof theoperatorsaresuppressed

so that only their lepton flavor structure is specified. For
example, we have the following correspondences:

ðlμγνleÞðlμγνleÞ → eeμ†μ† and ðφ†φÞðlτeeφÞ → eτ†;

ð1Þ

where li is a left-handed lepton doublet of flavor i; ej a right-
handed charged lepton of flavor j; φ denotes the Higgs field;
and e, μ, and τ are the three lepton flavors.

A. Constraints on number of charged leptons
and flavor charges

Consider an operator that conserves the number of
charged leptons and can contain any number of the three
flavors of the charged lepton fields. The individual charged
lepton numbers must obey the condition

ðn−e − nþe Þ þ ðn−μ − nþμ Þ þ ðn−τ − nþτ Þ
≡ Δne þ Δnμ þ Δnτ ¼ 0; ð2Þ

where n−e;μ;τ, nþe;μ;τ are respectively the number of particle
and antiparticle fields of charged lepton flavor e, μ, and τ
and Δne;μ;τ is the change in the corresponding individual
charged lepton number.
Similarly, for e, μ, and τ carrying flavor charge α, β, and

γ under Gl ¼ ZN, the conservation of lepton flavor charge
imposes the condition

αΔne þ βΔnμ þ γΔnτ ¼ 0 mod N: ð3Þ

These flavor charges are defined modulo N. Any operator
with individual charged lepton numbers satisfying Eqs. (2)
and (3) is permitted by the residual symmetry Gl and the
flavor charge assignment.

B. Notation of flavor charge assignments

We represent an assignment of lepton flavor charges
under Gl ¼ ZN as

ZNðα; β; γÞ; ð4Þ

with α, β, and γ being the flavor charges for e, μ, and τ,
respectively. Using the two constraints in Eqs. (2) and (3),
we can reduce the labeling of the flavor charge assignment
from three to two independent parameters. An allowed
flavor structure must satisfy Eq. (3),

0 modN¼αΔneþβΔnμþγΔnτ
¼αðΔneþΔnμþΔnτÞþδ1Δnμþðδ1þδ2ÞΔnτ;

ð5Þ

with δ1 ≡ β − α and δ2 ≡ γ − β defined as the differences
between the assigned flavor charges. Taking into account

2We assume that only charged leptons and no other SM
particles are charged under Gl.
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residual symmetries Gl ¼ ZN with N small usually occur,
and it is, thus, reasonable to only consider N ≤ 8.
One may also employ direct products of cyclic sym-

metries as Gl. However, they do not lead to new results as
the impact of Gl ¼ Z2 × Z2 can be deduced from the
combination of the results for Gl ¼ Z2, and similarly for
Gl ¼ Z2 × Z2 × Z2 as well as Gl ¼ Z2 × Z4; see com-
ments in Sec. III E. The groupZ2 × Z3 is isomorphic toZ6,
and therefore the results corresponding to this choice are
also covered in the present study.
As happens in models implementing the idea that the

mismatch of the residual symmetries Gl and Gν encodes
lepton mixing, none of the residual symmetries are exact.
In general, Gl is broken, e.g., by (small) shifts in the
alignment of the vacuum of the flavor symmetry breaking
fields as well as by contributions of higher-dimensional
operators to the charged lepton sector that involve fields
that break the original flavor symmetry to Gν; see, e.g., [6].
Consequently, we expect that a process forbidden by Gl is
not strictly absent in a concrete model, but rather has a
signal strength that is (highly) suppressed compared to
those of processes that are compatible with Gl. In the case
of lepton triality, for example, a signal of τ → μμμ̄ should
be suppressed compared to τ → eeμ̄—see, e.g., [20].
Eventually, we point out that in concrete realizations the

branching ratios of two processes compatible with Gl may
have different sizes, e.g., the branching ratio of τ → μμē is
much larger than that of τ → eeμ̄ in the supersymmetric
version of the well-known A4 model [21]. Nevertheless,
this conclusion depends on whether the flavor symmetry
breaking fields mix or not, as shown in [20]. Such a mixing
can be achieved via the inclusion of certain soft super-
symmetry breaking terms.
In the current study, we do not consider explicit models,

and thus we do not take into account corrections to the
breaking of the residual symmetry Gl in the charged lepton
sector, nor effects that can induce a hierarchy among the
signal strengths of different processes allowed by Gl.
Rather, we focus on the possible constraints on cLFV
processes arising from Gl different from Z3 and for all
possible flavor charge assignments.

III. FLAVOR CHARGE ASSIGNMENTS AND
FLAVOR STRUCTURES

We begin by systematically listing the flavor structures of
operators with charged lepton fields which are compatible
with the (nontrivial) flavor charge assignments for
the different choices of Gl.

2 With this at hand, we construct
in Sec. IV all allowed SMEFT operators up to dimension
six and categorize the cLFV processes that are permitted by a
givenGl and flavor charge assignment. Thus, in this section,
theLorentzandotherstructuresof theoperatorsaresuppressed

so that only their lepton flavor structure is specified. For
example, we have the following correspondences:

ðlμγνleÞðlμγνleÞ → eeμ†μ† and ðφ†φÞðlτeeφÞ → eτ†;

ð1Þ

where li is a left-handed lepton doublet of flavor i; ej a right-
handed charged lepton of flavor j; φ denotes the Higgs field;
and e, μ, and τ are the three lepton flavors.

A. Constraints on number of charged leptons
and flavor charges

Consider an operator that conserves the number of
charged leptons and can contain any number of the three
flavors of the charged lepton fields. The individual charged
lepton numbers must obey the condition

ðn−e − nþe Þ þ ðn−μ − nþμ Þ þ ðn−τ − nþτ Þ
≡ Δne þ Δnμ þ Δnτ ¼ 0; ð2Þ

where n−e;μ;τ, nþe;μ;τ are respectively the number of particle
and antiparticle fields of charged lepton flavor e, μ, and τ
and Δne;μ;τ is the change in the corresponding individual
charged lepton number.
Similarly, for e, μ, and τ carrying flavor charge α, β, and

γ under Gl ¼ ZN, the conservation of lepton flavor charge
imposes the condition

αΔne þ βΔnμ þ γΔnτ ¼ 0 mod N: ð3Þ

These flavor charges are defined modulo N. Any operator
with individual charged lepton numbers satisfying Eqs. (2)
and (3) is permitted by the residual symmetry Gl and the
flavor charge assignment.

B. Notation of flavor charge assignments

We represent an assignment of lepton flavor charges
under Gl ¼ ZN as

ZNðα; β; γÞ; ð4Þ

with α, β, and γ being the flavor charges for e, μ, and τ,
respectively. Using the two constraints in Eqs. (2) and (3),
we can reduce the labeling of the flavor charge assignment
from three to two independent parameters. An allowed
flavor structure must satisfy Eq. (3),

0 modN¼αΔneþβΔnμþγΔnτ
¼αðΔneþΔnμþΔnτÞþδ1Δnμþðδ1þδ2ÞΔnτ;

ð5Þ

with δ1 ≡ β − α and δ2 ≡ γ − β defined as the differences
between the assigned flavor charges. Taking into account

2We assume that only charged leptons and no other SM
particles are charged under Gl.
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The flavor charge assignments shown in Tables I and II
that do not explicitly appear in Fig. 1, can be discussed
according to the categories found in the table at the bottom of
this figure. Concretely, the flavor charge assignments
3(0, 1), 4ð0; 1Þ, 5ð0; 1Þ, 6(0, 1), 7ð0; 1Þ, and 8ð0; 1Þ all
only generate the flavor structure eμ† (take a ¼ 1 in the
mentioned table), when restricting to dimension-six SMEFT
operators. The analogous flavor structures, μτ† and eτ†,
are achieved by permuting the lepton flavors e, μ, and τ.
Consequently, the flavor structure μτ† is allowed by
the flavor charge assignments 3(1, 0), 4ð1; 0Þ, 5ð1; 0Þ,
6(1, 0), 7ð1; 0Þ, and 8ð1; 0Þ, being of the form Nða; 0Þ with
a ¼ 1. Likewise, for the flavor structure eτ† viable flavor
charge assignments are 3(1, 2), 4ð1; 3Þ, 5ð1; 4Þ, 6(1, 5),

7ð1; 6Þ, and 8ð1; 7Þ, meaning Nða;N − aÞ for a ¼ 1 in
agreement with the table at the bottom of Fig. 1. The flavor
structure eμ†μ†τ is allowed by the flavor charge assignments
5ð1; 1Þ, 6ð1; 1Þ, 7ð1; 1Þ, and 8ð1; 1Þ, all being of the form
Nða; aÞwitha ¼ 1.Applyingpermutationsamong the lepton
flavors e, μ, and τ, the flavor structures eeμ†τ† (up to
Hermitian conjugation) and eμτ†τ† arise. Examples of flavor
charge assignments allowing eeμ†τ† as only (nontrivial)
flavor structure with dl ≤ 6 are 5ð4; 2Þ, 6ð5; 2Þ, 7ð6; 2Þ,
and 8ð7; 2Þ, whereas eμτ†τ† is permitted by, for example,
the flavor charge assignments 5ð2; 4Þ, 6ð2; 5Þ, 7ð2; 6Þ, and
8ð2; 7Þ. The two flavor charge assignments 6(1, 2) and8ð1; 3Þ
both lead to the flavor structure eeτ†τ†, cf. flavor charge
assignment 2Nða;N − aÞ with a ¼ 1 in the table at the

FIG. 1. Illustration of compatibility between flavor charge assignments and flavor structures with dl ≤ 6, taking into account
permutations of the charged lepton flavors. Colored segments indicate compatibility. Only flavor charge assignments that allow for at
least two (independent and nontrivial) flavor structures with up to four leptons, dl ≤ 6 (see Table I) are shown. For each flavor structure
an example of a cLFV process is given in parentheses. The table lists restrictions on the flavor charge assignments from observing
(at least) one cLFV process corresponding to a certain flavor structure, again accounting for permutations among the charged lepton
flavors. The parameter a is an integer.
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Very high energies ( ≫ LHC’s c.o.m. E ) can be tested 

 conversion in nuclei seems to be the most powerful probeμ → e
BUT…

it is important to look for any channels:  
non-trivial symmetries might forbid certain processes allowing others

residual symmetries Gl ¼ ZN with N small usually occur,
and it is, thus, reasonable to only consider N ≤ 8.
One may also employ direct products of cyclic sym-

metries as Gl. However, they do not lead to new results as
the impact of Gl ¼ Z2 × Z2 can be deduced from the
combination of the results for Gl ¼ Z2, and similarly for
Gl ¼ Z2 × Z2 × Z2 as well as Gl ¼ Z2 × Z4; see com-
ments in Sec. III E. The groupZ2 × Z3 is isomorphic toZ6,
and therefore the results corresponding to this choice are
also covered in the present study.
As happens in models implementing the idea that the

mismatch of the residual symmetries Gl and Gν encodes
lepton mixing, none of the residual symmetries are exact.
In general, Gl is broken, e.g., by (small) shifts in the
alignment of the vacuum of the flavor symmetry breaking
fields as well as by contributions of higher-dimensional
operators to the charged lepton sector that involve fields
that break the original flavor symmetry to Gν; see, e.g., [6].
Consequently, we expect that a process forbidden by Gl is
not strictly absent in a concrete model, but rather has a
signal strength that is (highly) suppressed compared to
those of processes that are compatible with Gl. In the case
of lepton triality, for example, a signal of τ → μμμ̄ should
be suppressed compared to τ → eeμ̄—see, e.g., [20].
Eventually, we point out that in concrete realizations the

branching ratios of two processes compatible with Gl may
have different sizes, e.g., the branching ratio of τ → μμē is
much larger than that of τ → eeμ̄ in the supersymmetric
version of the well-known A4 model [21]. Nevertheless,
this conclusion depends on whether the flavor symmetry
breaking fields mix or not, as shown in [20]. Such a mixing
can be achieved via the inclusion of certain soft super-
symmetry breaking terms.
In the current study, we do not consider explicit models,

and thus we do not take into account corrections to the
breaking of the residual symmetry Gl in the charged lepton
sector, nor effects that can induce a hierarchy among the
signal strengths of different processes allowed by Gl.
Rather, we focus on the possible constraints on cLFV
processes arising from Gl different from Z3 and for all
possible flavor charge assignments.

III. FLAVOR CHARGE ASSIGNMENTS AND
FLAVOR STRUCTURES

We begin by systematically listing the flavor structures of
operators with charged lepton fields which are compatible
with the (nontrivial) flavor charge assignments for
the different choices of Gl.

2 With this at hand, we construct
in Sec. IV all allowed SMEFT operators up to dimension
six and categorize the cLFV processes that are permitted by a
givenGl and flavor charge assignment. Thus, in this section,
theLorentzandotherstructuresof theoperatorsaresuppressed

so that only their lepton flavor structure is specified. For
example, we have the following correspondences:

ðlμγνleÞðlμγνleÞ → eeμ†μ† and ðφ†φÞðlτeeφÞ → eτ†;

ð1Þ

where li is a left-handed lepton doublet of flavor i; ej a right-
handed charged lepton of flavor j; φ denotes the Higgs field;
and e, μ, and τ are the three lepton flavors.

A. Constraints on number of charged leptons
and flavor charges

Consider an operator that conserves the number of
charged leptons and can contain any number of the three
flavors of the charged lepton fields. The individual charged
lepton numbers must obey the condition

ðn−e − nþe Þ þ ðn−μ − nþμ Þ þ ðn−τ − nþτ Þ
≡ Δne þ Δnμ þ Δnτ ¼ 0; ð2Þ

where n−e;μ;τ, nþe;μ;τ are respectively the number of particle
and antiparticle fields of charged lepton flavor e, μ, and τ
and Δne;μ;τ is the change in the corresponding individual
charged lepton number.
Similarly, for e, μ, and τ carrying flavor charge α, β, and

γ under Gl ¼ ZN, the conservation of lepton flavor charge
imposes the condition

αΔne þ βΔnμ þ γΔnτ ¼ 0 mod N: ð3Þ

These flavor charges are defined modulo N. Any operator
with individual charged lepton numbers satisfying Eqs. (2)
and (3) is permitted by the residual symmetry Gl and the
flavor charge assignment.

B. Notation of flavor charge assignments

We represent an assignment of lepton flavor charges
under Gl ¼ ZN as

ZNðα; β; γÞ; ð4Þ

with α, β, and γ being the flavor charges for e, μ, and τ,
respectively. Using the two constraints in Eqs. (2) and (3),
we can reduce the labeling of the flavor charge assignment
from three to two independent parameters. An allowed
flavor structure must satisfy Eq. (3),

0 modN¼αΔneþβΔnμþγΔnτ
¼αðΔneþΔnμþΔnτÞþδ1Δnμþðδ1þδ2ÞΔnτ;

ð5Þ

with δ1 ≡ β − α and δ2 ≡ γ − β defined as the differences
between the assigned flavor charges. Taking into account

2We assume that only charged leptons and no other SM
particles are charged under Gl.
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residual symmetries Gl ¼ ZN with N small usually occur,
and it is, thus, reasonable to only consider N ≤ 8.
One may also employ direct products of cyclic sym-

metries as Gl. However, they do not lead to new results as
the impact of Gl ¼ Z2 × Z2 can be deduced from the
combination of the results for Gl ¼ Z2, and similarly for
Gl ¼ Z2 × Z2 × Z2 as well as Gl ¼ Z2 × Z4; see com-
ments in Sec. III E. The groupZ2 × Z3 is isomorphic toZ6,
and therefore the results corresponding to this choice are
also covered in the present study.
As happens in models implementing the idea that the

mismatch of the residual symmetries Gl and Gν encodes
lepton mixing, none of the residual symmetries are exact.
In general, Gl is broken, e.g., by (small) shifts in the
alignment of the vacuum of the flavor symmetry breaking
fields as well as by contributions of higher-dimensional
operators to the charged lepton sector that involve fields
that break the original flavor symmetry to Gν; see, e.g., [6].
Consequently, we expect that a process forbidden by Gl is
not strictly absent in a concrete model, but rather has a
signal strength that is (highly) suppressed compared to
those of processes that are compatible with Gl. In the case
of lepton triality, for example, a signal of τ → μμμ̄ should
be suppressed compared to τ → eeμ̄—see, e.g., [20].
Eventually, we point out that in concrete realizations the

branching ratios of two processes compatible with Gl may
have different sizes, e.g., the branching ratio of τ → μμē is
much larger than that of τ → eeμ̄ in the supersymmetric
version of the well-known A4 model [21]. Nevertheless,
this conclusion depends on whether the flavor symmetry
breaking fields mix or not, as shown in [20]. Such a mixing
can be achieved via the inclusion of certain soft super-
symmetry breaking terms.
In the current study, we do not consider explicit models,

and thus we do not take into account corrections to the
breaking of the residual symmetry Gl in the charged lepton
sector, nor effects that can induce a hierarchy among the
signal strengths of different processes allowed by Gl.
Rather, we focus on the possible constraints on cLFV
processes arising from Gl different from Z3 and for all
possible flavor charge assignments.

III. FLAVOR CHARGE ASSIGNMENTS AND
FLAVOR STRUCTURES

We begin by systematically listing the flavor structures of
operators with charged lepton fields which are compatible
with the (nontrivial) flavor charge assignments for
the different choices of Gl.

2 With this at hand, we construct
in Sec. IV all allowed SMEFT operators up to dimension
six and categorize the cLFV processes that are permitted by a
givenGl and flavor charge assignment. Thus, in this section,
theLorentzandotherstructuresof theoperatorsaresuppressed

so that only their lepton flavor structure is specified. For
example, we have the following correspondences:

ðlμγνleÞðlμγνleÞ → eeμ†μ† and ðφ†φÞðlτeeφÞ → eτ†;

ð1Þ

where li is a left-handed lepton doublet of flavor i; ej a right-
handed charged lepton of flavor j; φ denotes the Higgs field;
and e, μ, and τ are the three lepton flavors.

A. Constraints on number of charged leptons
and flavor charges

Consider an operator that conserves the number of
charged leptons and can contain any number of the three
flavors of the charged lepton fields. The individual charged
lepton numbers must obey the condition

ðn−e − nþe Þ þ ðn−μ − nþμ Þ þ ðn−τ − nþτ Þ
≡ Δne þ Δnμ þ Δnτ ¼ 0; ð2Þ

where n−e;μ;τ, nþe;μ;τ are respectively the number of particle
and antiparticle fields of charged lepton flavor e, μ, and τ
and Δne;μ;τ is the change in the corresponding individual
charged lepton number.
Similarly, for e, μ, and τ carrying flavor charge α, β, and

γ under Gl ¼ ZN, the conservation of lepton flavor charge
imposes the condition

αΔne þ βΔnμ þ γΔnτ ¼ 0 mod N: ð3Þ

These flavor charges are defined modulo N. Any operator
with individual charged lepton numbers satisfying Eqs. (2)
and (3) is permitted by the residual symmetry Gl and the
flavor charge assignment.

B. Notation of flavor charge assignments

We represent an assignment of lepton flavor charges
under Gl ¼ ZN as

ZNðα; β; γÞ; ð4Þ

with α, β, and γ being the flavor charges for e, μ, and τ,
respectively. Using the two constraints in Eqs. (2) and (3),
we can reduce the labeling of the flavor charge assignment
from three to two independent parameters. An allowed
flavor structure must satisfy Eq. (3),

0 modN¼αΔneþβΔnμþγΔnτ
¼αðΔneþΔnμþΔnτÞþδ1Δnμþðδ1þδ2ÞΔnτ;

ð5Þ

with δ1 ≡ β − α and δ2 ≡ γ − β defined as the differences
between the assigned flavor charges. Taking into account

2We assume that only charged leptons and no other SM
particles are charged under Gl.
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Conceptual design of MACE detector system

I. Surface muon stop in target → muonium
II. M diffuse into vacuum & convert to ഥM
III. Decay in a vacuum: ഥM → 𝑒+𝑒−𝜈𝜇 ҧ𝜈𝑒
IV. CDC detects Michel 𝑒− track

Triple coincidence:
➢ MMS + MCP + ECAL

Atomic 𝑒+Michel 𝑒−

I. Transport atomic 𝑒+ to MCP (conserving transverse position)
II. MCP detects 𝑒+ position
III. 𝑒+ annihilates on MCP
IV. ECAL detects 2 back-to-back annihilation 𝛾

MMS:
• CDC: 𝑒− tracking
• TTC: Trigger, timing
PTS:
• Accelerate and 

transport atomic 𝑒+

PDS:
• MCP: atomic 𝑒+ 

transverse position
• ECAL: 𝑒+ identification

MACE will increase the sensitivity on the 
 process


 
by about three order of magnitude

|ΔLμ | = |ΔLe | = 2
Mu (μ+e−) → Mu (μ−e+)

which used B = 0.1 T, for which |c0,0|2 = 0.32 and |c1,0|2 = 0.18. The 90% CL upper limit on the
oscillation probability obtained by MACS is PMu Mu < 8.3⇥ 10�11 [87]. Concerning the future prospects,
the proposed MACE experiment is expected to reach with 5⇥ 108 µ/s on target and one year of data taking)
a single event sensitivity of 3⇥ 10�14, corresponding to the 90% CL upper limit PMu Mu < 7⇥ 10�14 [88,
89, 105]. MACE plans to employ the same field as MACS, B = 0.1 T, hence the quantities X and cJ,mJ ,
required in Eq. (13) to interpret the experimental results in terms of the ALP parameters, are also the same.

B.2 LFV muon and tau decays

Process Current limit Future limit

µ ! e� 4.2⇥ 10�13 MEG [90] 6⇥ 10�14 MEG II [91]

µ ! eeē 1.0⇥ 10�12 SINDRUM [94] 10�16 Mu3e [95]

⌧ ! µ� 4.2⇥ 10�8 Belle [106] 6.9⇥ 10�9 Belle II [103, 104]

⌧ ! µµµ̄ 1.9⇥ 10�8 Belle II [107] 3.6⇥ 10�10 Belle II [103, 104]

⌧ ! µeē 1.8⇥ 10�8 Belle [108] 2.9⇥ 10�10 Belle II [103, 104]

⌧ ! e� 3.3⇥ 10�8 BaBar [109] 9.0⇥ 10�9 Belle II [103, 104]

⌧ ! eeē 2.7⇥ 10�8 Belle [108] 4.7⇥ 10�10 Belle II [103, 104]

⌧ ! eµµ̄ 2.7⇥ 10�8 Belle [108] 4.5⇥ 10�10 Belle II [103, 104]

Table 8: Present and expected future 90% CL limits on branching ratios of LFV decays. Notice that if
` = `� then ¯̀ = `+ and vice versa. For the modes involving invisible ALPs, we refer to discussions and
references in Section 4.

The LFV decays giving the most stringent constraints on the paramter space that we are interested in
include `i ! `j a, `i ! `j�, `i ! `j`k`k. The present and future experimental limits for these processes
are collected in Table 8.

If both LFV and LFC ALP interactions are present, they can induce the radiative LFV decays `i ! `j�

at one loop. The resulting decay width reads [27]:

�(`i ! `j�) =
↵m`i

2

✓
|F2(xi)|

2 + |G2(xi)|
2

◆
, (14)

where xi ⌘ m2
a/m

2

`i
and
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m`iC
A
`i`j

64⇡2f2
a


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A
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V
`i`j

64⇡2f2
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m`iC

A
`i`ig1(xi)�m`jC

A
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�
. (16)

The loop functions g1,2 are listed in Appendix B.4.
If kinematically allowed, LFV ALP couplings alone induce lepton decays into ALPs, whose decay
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Figure 2: Current lower bounds on and future sensitivities to the new physics scale ⇤ (in TeV),

based on experimental limits for various processes at 90%C.L.. The results are grouped according to

the residual flavour symmetry G` and flavour charge assignment of the charged leptons, cf. Table 1

and Figure 1. Present bounds (dark colours) and future sensitivities (light colours) are shown for the

two di↵erent scenarios with tree-level (blue) and loop-level contributions (orange). The results for

the scenario with chirally suppressed contributions are indicated by a horizontal black line, where

relevant. See text for details and Appendix D for the numerical values of the new physics scale ⇤

in the di↵erent considered scenarios.

in order to underpin the existence of a certain residual symmetry G` and flavour charge assignment.

In particular, Figure 2 shows that if one cLFV ⌧ lepton decay is observed at Belle II, while not

observing several more, this would disfavour G` = Z2 as residual symmetry among charged leptons.

Moreover, cLFV searches for the tri-lepton decays ⌧ ! eeµ̄ and ⌧ ! µµē are suitable to test flavour

charge assignments associated with the residual symmetries G` = Z3 and G` = Z4. In general,

along with stronger constraints on muonium to antimuonium conversion, stronger constraints on

⌧ lepton decays could provide information on the plausibility of all the discussed flavour charge

assignments. Furthermore, we note that, although several residual symmetries G` and flavour

charge assignments allow muonium to antimuonium conversion, this quantitative study shows that

stringent bounds from µ ! e transitions render this process unobservable for the flavour charge

assignment 2(0,1) and G` = Z2, while it could be observed, but alongside cLFV ⌧ lepton decays,

if either the flavour charge assignment 2(1,0) or 2(1,1) is (approximately) realised in Nature.

Additionally, experimental evidence of muonium to antimuonium conversion alone is compatible

with (and could provide support for) the flavour charge assignment 4(2,3) and G` = Z4.

5.2 High-energy colliders

The limits in Figure 2 do not take into account SMEFT operators corresponding to flavour structures

in Table 1 that contain two same sign ⌧ leptons. These would be directly tested, when searching
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LFV selection rules from residual symmetries

• Many models of neutrino masses and mixing introduce discrete flavour 
symmetries (e.g. A4)


• After symmetry breaking, a residual Abelian symmetry (ZN) in the charged 
lepton sector is often preserved (at least approximately)


• A residual symmetry imply selection rules on the possible LFV operators 

• 𝜇→e decays may be forbidden such that 𝜏 and muonium CLFV is stronger
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Summary

Hence, CLFV processes are among the cleanest 

and most stringent tests of new physics

Present/future CLFV experiments can test new physics 
up to very large energies: of the order of 107 − 108 GeV

Lorenzo Calibbi (Nankai)Lepton Flavour Violation

We might have indirect evidence of new particles or 
interactions in the upcoming years!

CLFV does not occur within the Standard Model

For a pedagogical introduction to CLFV, check out: 
LC and Signorelli arXiv:1709.00294 

https://inspirehep.net/files/ce85406a79c9b422b7c719ee342da72b


Questions?Thanks!


