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Neutrino masses/oscillations () Le, Lµ, L⌧
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Lepton family numbers are not conserved: 

why not µ ! e�, ⌧ ! µ�, µ ! eee, etc. ?
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     Unitary rotation matrices, couplings to photon and Z remain flavour-diagonal:

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

Why no CLFV in the Standard Model?
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where SU(2)L indices were omitted and i and j run over the three families, such that Yf

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

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

L = (⌫L eL), and

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

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

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

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

(3) Yf = Vf ŶfW †
f , f = u, d, e

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

(4) �Lhf̄f =
mf

v
f̄LfR h + h.c.

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

(5) Lcc =
gp
2

�
uL�µ(V †

u Vd)dL + ⌫L�µ(V †
⌫ Ve)eL

�
W+

µ + h.c.

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

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

(3) As already noted in the caption of Table I we collectively indicate the up-type quarks, the
down-type quarks and the charged leptons with u, d and e respectively.
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(gL f̄L�µfL + gR f̄R�µfR)Z
µ
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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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AN EXPERIMENTAL AND THEORETICAL INTRODUCTION TO CLFV 7

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

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

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

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

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

(1) �LY = (Yu)ij QL i uR j
e� + (Yd)ij QL i dR j � + (Ye)ij LL i eR j � + h.c.



Why no CLFV in the Standard Model?

Flavour violation occurs in charged currents only:
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L = (⌫L eL), and

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

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

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

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

(3) Yf = Vf ŶfW †
f , f = u, d, e

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

(4) �Lhf̄f =
mf

v
f̄LfR h + h.c.

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

(5) Lcc =
gp
2

�
uL�µ(V †

u Vd)dL + ⌫L�µ(V †
⌫ Ve)eL

�
W+

µ + h.c.

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

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

(3) As already noted in the caption of Table I we collectively indicate the up-type quarks, the
down-type quarks and the charged leptons with u, d and e respectively.
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AN EXPERIMENTAL AND THEORETICAL INTRODUCTION TO CLFV 7

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

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

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

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

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

(1) �LY = (Yu)ij QL i uR j
e� + (Yd)ij QL i dR j � + (Ye)ij LL i eR j � + h.c.

8 LORENZO CALIBBI and GIOVANNI SIGNORELLI

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

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

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

L = (⌫L eL), and

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

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

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

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

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

UPMNS ⌘ V †
⌫ Ve
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However, if neutrinos are massless, we can choose:

No LFV   (Ye only ‘direction’ in the leptonic flavour space)
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 In the SM fermion masses, thus the flavour sector,
stems from the Yukawa interactions:
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So why are we searching for CLFV?

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

or Majorana:

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

• In the SM + massive neutrinos:  

    Large mixing, but huge ‘accidental’ (?) suppression due to small neutrino masses 

  In presence of ‘low-scale’ NP, we can expect large effects  



Seesaw Mechanism(s)

Three ways of generating the Weinberg operator at the tree level:

Type I
Heavy fermionic singlets 

(RH neutrinos)
Heavy scalar triplet Heavy fermionic 

triplets

Type II Type III

Minkowski, Gell-Mann, 
Ramond, Slansky, Yanagida, 

Glashow, Mohapatra, 
Senjanovic, …

Magg, Wetterich, Lazarides, 
Shafi, Mohapatra, 

Senjanovic, Schecter, Valle, 
…

Foot, Lew, He, Joshi, Ma, Roy, 
Hambye et al., Bajc et al., 
Dorsner, Fileviez-Perez, ...
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Seesaw Mechanism(s)

Three ways of generating the Weinberg operator at the tree level:

Type I
Heavy fermionic singlets 

(RH neutrinos)
Heavy scalar triplet Heavy fermionic 

triplets

Type II Type III

Y T
N

<latexit sha1_base64="IySnCuoxptw4swn6we/7+i8Wdu8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY9FL56kQr+kXUs2zbax2WRJskJZ+h+8eFDEq//Hm//GbLsHbX0w8Hhvhpl5QcyZNq777RRWVtfWN4qbpa3tnd298v5BS8tEEdokkkvVCbCmnAnaNMxw2okVxVHAaTsYX2d++4kqzaRomElM/QgPBQsZwcZKrfv+7UOj1C9X3Ko7A1omXk4qkKPeL3/1BpIkERWGcKx113Nj46dYGUY4nZZ6iaYxJmM8pF1LBY6o9tPZtVN0YpUBCqWyJQyaqb8nUhxpPYkC2xlhM9KLXib+53UTE176KRNxYqgg80VhwpGRKHsdDZiixPCJJZgoZm9FZIQVJsYGlIXgLb68TFpnVc+tenfnldpVHkcRjuAYTsGDC6jBDdShCQQe4Rle4c2Rzovz7nzMWwtOPnMIf+B8/gCYSY54</latexit><latexit sha1_base64="IySnCuoxptw4swn6we/7+i8Wdu8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY9FL56kQr+kXUs2zbax2WRJskJZ+h+8eFDEq//Hm//GbLsHbX0w8Hhvhpl5QcyZNq777RRWVtfWN4qbpa3tnd298v5BS8tEEdokkkvVCbCmnAnaNMxw2okVxVHAaTsYX2d++4kqzaRomElM/QgPBQsZwcZKrfv+7UOj1C9X3Ko7A1omXk4qkKPeL3/1BpIkERWGcKx113Nj46dYGUY4nZZ6iaYxJmM8pF1LBY6o9tPZtVN0YpUBCqWyJQyaqb8nUhxpPYkC2xlhM9KLXib+53UTE176KRNxYqgg80VhwpGRKHsdDZiixPCJJZgoZm9FZIQVJsYGlIXgLb68TFpnVc+tenfnldpVHkcRjuAYTsGDC6jBDdShCQQe4Rle4c2Rzovz7nzMWwtOPnMIf+B8/gCYSY54</latexit><latexit sha1_base64="IySnCuoxptw4swn6we/7+i8Wdu8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY9FL56kQr+kXUs2zbax2WRJskJZ+h+8eFDEq//Hm//GbLsHbX0w8Hhvhpl5QcyZNq777RRWVtfWN4qbpa3tnd298v5BS8tEEdokkkvVCbCmnAnaNMxw2okVxVHAaTsYX2d++4kqzaRomElM/QgPBQsZwcZKrfv+7UOj1C9X3Ko7A1omXk4qkKPeL3/1BpIkERWGcKx113Nj46dYGUY4nZZ6iaYxJmM8pF1LBY6o9tPZtVN0YpUBCqWyJQyaqb8nUhxpPYkC2xlhM9KLXib+53UTE176KRNxYqgg80VhwpGRKHsdDZiixPCJJZgoZm9FZIQVJsYGlIXgLb68TFpnVc+tenfnldpVHkcRjuAYTsGDC6jBDdShCQQe4Rle4c2Rzovz7nzMWwtOPnMIf+B8/gCYSY54</latexit><latexit sha1_base64="IySnCuoxptw4swn6we/7+i8Wdu8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY9FL56kQr+kXUs2zbax2WRJskJZ+h+8eFDEq//Hm//GbLsHbX0w8Hhvhpl5QcyZNq777RRWVtfWN4qbpa3tnd298v5BS8tEEdokkkvVCbCmnAnaNMxw2okVxVHAaTsYX2d++4kqzaRomElM/QgPBQsZwcZKrfv+7UOj1C9X3Ko7A1omXk4qkKPeL3/1BpIkERWGcKx113Nj46dYGUY4nZZ6iaYxJmM8pF1LBY6o9tPZtVN0YpUBCqWyJQyaqb8nUhxpPYkC2xlhM9KLXib+53UTE176KRNxYqgg80VhwpGRKHsdDZiixPCJJZgoZm9FZIQVJsYGlIXgLb68TFpnVc+tenfnldpVHkcRjuAYTsGDC6jBDdShCQQe4Rle4c2Rzovz7nzMWwtOPnMIf+B8/gCYSY54</latexit>

Y T
⌃

<latexit sha1_base64="+nfWbJwg8q+FJ1xmVl0Vlyk1lKU=">AAAB8nicbVDLSsNAFL3xWeur6tJNsAiuSiKCLotuXFbsS9JYJtNJO3QeYWYilNDPcONCEbd+jTv/xkmbhbYeuHA4517uvSdKGNXG876dldW19Y3N0lZ5e2d3b79ycNjWMlWYtLBkUnUjpAmjgrQMNYx0E0UQjxjpROOb3O88EaWpFE0zSUjI0VDQmGJkrBQ89Hv3dMjRY7Pcr1S9mjeDu0z8glShQKNf+eoNJE45EQYzpHXge4kJM6QMxYxMy71UkwThMRqSwFKBONFhNjt56p5aZeDGUtkSxp2pvycyxLWe8Mh2cmRGetHLxf+8IDXxVZhRkaSGCDxfFKfMNdLN/3cHVBFs2MQShBW1t7p4hBTCxqaUh+AvvrxM2uc136v5dxfV+nURRwmO4QTOwIdLqMMtNKAFGCQ8wyu8OcZ5cd6dj3nrilPMHMEfOJ8/Zt6QqQ==</latexit><latexit sha1_base64="+nfWbJwg8q+FJ1xmVl0Vlyk1lKU=">AAAB8nicbVDLSsNAFL3xWeur6tJNsAiuSiKCLotuXFbsS9JYJtNJO3QeYWYilNDPcONCEbd+jTv/xkmbhbYeuHA4517uvSdKGNXG876dldW19Y3N0lZ5e2d3b79ycNjWMlWYtLBkUnUjpAmjgrQMNYx0E0UQjxjpROOb3O88EaWpFE0zSUjI0VDQmGJkrBQ89Hv3dMjRY7Pcr1S9mjeDu0z8glShQKNf+eoNJE45EQYzpHXge4kJM6QMxYxMy71UkwThMRqSwFKBONFhNjt56p5aZeDGUtkSxp2pvycyxLWe8Mh2cmRGetHLxf+8IDXxVZhRkaSGCDxfFKfMNdLN/3cHVBFs2MQShBW1t7p4hBTCxqaUh+AvvrxM2uc136v5dxfV+nURRwmO4QTOwIdLqMMtNKAFGCQ8wyu8OcZ5cd6dj3nrilPMHMEfOJ8/Zt6QqQ==</latexit><latexit sha1_base64="+nfWbJwg8q+FJ1xmVl0Vlyk1lKU=">AAAB8nicbVDLSsNAFL3xWeur6tJNsAiuSiKCLotuXFbsS9JYJtNJO3QeYWYilNDPcONCEbd+jTv/xkmbhbYeuHA4517uvSdKGNXG876dldW19Y3N0lZ5e2d3b79ycNjWMlWYtLBkUnUjpAmjgrQMNYx0E0UQjxjpROOb3O88EaWpFE0zSUjI0VDQmGJkrBQ89Hv3dMjRY7Pcr1S9mjeDu0z8glShQKNf+eoNJE45EQYzpHXge4kJM6QMxYxMy71UkwThMRqSwFKBONFhNjt56p5aZeDGUtkSxp2pvycyxLWe8Mh2cmRGetHLxf+8IDXxVZhRkaSGCDxfFKfMNdLN/3cHVBFs2MQShBW1t7p4hBTCxqaUh+AvvrxM2uc136v5dxfV+nURRwmO4QTOwIdLqMMtNKAFGCQ8wyu8OcZ5cd6dj3nrilPMHMEfOJ8/Zt6QqQ==</latexit><latexit sha1_base64="+nfWbJwg8q+FJ1xmVl0Vlyk1lKU=">AAAB8nicbVDLSsNAFL3xWeur6tJNsAiuSiKCLotuXFbsS9JYJtNJO3QeYWYilNDPcONCEbd+jTv/xkmbhbYeuHA4517uvSdKGNXG876dldW19Y3N0lZ5e2d3b79ycNjWMlWYtLBkUnUjpAmjgrQMNYx0E0UQjxjpROOb3O88EaWpFE0zSUjI0VDQmGJkrBQ89Hv3dMjRY7Pcr1S9mjeDu0z8glShQKNf+eoNJE45EQYzpHXge4kJM6QMxYxMy71UkwThMRqSwFKBONFhNjt56p5aZeDGUtkSxp2pvycyxLWe8Mh2cmRGetHLxf+8IDXxVZhRkaSGCDxfFKfMNdLN/3cHVBFs2MQShBW1t7p4hBTCxqaUh+AvvrxM2uc136v5dxfV+nURRwmO4QTOwIdLqMMtNKAFGCQ8wyu8OcZ5cd6dj3nrilPMHMEfOJ8/Zt6QqQ==</latexit>

Lorenzo Calibbi (Nankai U.)Neutrino mass models & CLFV



Type I seesaw

Lorenzo Calibbi (Nankai U.)Neutrino mass models & CLFV
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| = 1] CLFV Process
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Table 2: Bounds on the coe�cients of some of the flavour-violating operators of Table 1 for
⇤ = 1 TeV, and corresponding bounds on ⇤ (in TeV) for |C

x

| = 1. Adapted from [?, ?, ?].

No direct e↵ect is induced in the charged lepton sector by such an operator, but flavour
violation is transmitted to charged leptons via a W � ⌫ loop, although at an unobservable
level as we will see below. The situation might change as an e↵ect of the UV completion of
the Weinberg operator. Only three kinds of new fields can generate this operator at the tree
level: (i) fermions that are total singlets under the SM gauge group, usually called RH or
sterile; (ii) scalar SU(2)

L

triplets with hypercharge Y = 1; (iii) fermion SU(2)
L

triplets with
Y = 0. These three options – which have been respectively labelled as type I [cite], type II
[cite], and type III [cite] seesaw – are schematically depicted in Fig. 1. In the following, we
will sketch the main features of the three kinds of the seesaw mechanism for what concerns
the CLFV phenomenology.

The Lagrangian of type I seesaw can be written as

L = LSM + iN /@N �
✓
Y
N

N e�†L+
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2
M

N

NN c + h.c.

◆
, (5)

where e� ⌘ i⌧2�⇤ and family indices are understood. M
N

is a matrix of Majorana mass terms
for the RH neutrinos (that give the necessary violation of L), whose number should be at
least two (three) in order to give mass to two (three) mostly LH (‘active’) neutrinos. Upon
EW symmetry breaking the Yukawa couplings in Y

N

give raise to Dirac RH-LH neutrino mass
terms Y

N

v/
p
2, hence the mass matrix for (⌫
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, N c) reads in blocks:
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Assuming for the mass eigenvalues M
Nk of M

N

that M
Nk � Y

N

v – which is equivalent to
integrating out the N fields from the Lagrangian, thus recovering the e↵ective operator in
Eq. (4) – one obtains the famous seesaw formula for the mass matrix of the light states that
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Table 2: Bounds on the coe�cients of some of the flavour-violating operators of Table 1 for
⇤ = 1 TeV, and corresponding bounds on ⇤ (in TeV) for |C

x

| = 1. Adapted from [?, ?, ?].

No direct e↵ect is induced in the charged lepton sector by such an operator, but flavour
violation is transmitted to charged leptons via a W � ⌫ loop, although at an unobservable
level as we will see below. The situation might change as an e↵ect of the UV completion of
the Weinberg operator. Only three kinds of new fields can generate this operator at the tree
level: (i) fermions that are total singlets under the SM gauge group, usually called RH or
sterile; (ii) scalar SU(2)

L

triplets with hypercharge Y = 1; (iii) fermion SU(2)
L

triplets with
Y = 0. These three options – which have been respectively labelled as type I [cite], type II
[cite], and type III [cite] seesaw – are schematically depicted in Fig. 1. In the following, we
will sketch the main features of the three kinds of the seesaw mechanism for what concerns
the CLFV phenomenology.

The Lagrangian of type I seesaw can be written as
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where e� ⌘ i⌧2�⇤ and family indices are understood. M
N

is a matrix of Majorana mass terms
for the RH neutrinos (that give the necessary violation of L), whose number should be at
least two (three) in order to give mass to two (three) mostly LH (‘active’) neutrinos. Upon
EW symmetry breaking the Yukawa couplings in Y
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Assuming for the mass eigenvalues M
Nk of M

N

that M
Nk � Y

N

v – which is equivalent to
integrating out the N fields from the Lagrangian, thus recovering the e↵ective operator in
Eq. (4) – one obtains the famous seesaw formula for the mass matrix of the light states that
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Figure 1: Possible tree-level UV completion of the Weinberg operator of Eq. (4). From
[Abada-etal].

are identified with the active neutrinos:
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The CLFV e↵ects of the type I seesaw can be easily observed by considering that the
unitary matrix that diagonalises m

⌫

– the PMNS matrix U – does not coincide with the
matrix U that appears in the charged current, as an e↵ect of the mixing between LH and RH
neutrinos. In particular, U is not unitary:

U =
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2
Y †
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M�2
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Y
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U . (8)

Entries of U then appear at the vertices of W �⌫ loop diagrams inducing the decays `
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! `
j

�,
such that [cite]:
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where x
k

= m2
⌫k
/M2

W

(with m
⌫k the eigenvalues of m

⌫

) and the loop function reads:

F (x) =
10� 43x+ 78x2 � 49x3 + 4x4 + 18x3 lnx

3(x� 1)4
=

10

3
� x+O �

x2
�
. (10)

From the above equations, one can see that if the RH neutrinos are decoupled, U reduces to
the unitary PMNS U and the constant term in F (x

k

) does not contribute to �(`
i

! `
j

�).
As a consequence, one recovers from Eq. (9) the classical expression for the neutrino-induced
CLFV [cite] that is severely suppressed by the small neutrino mass di↵erences: BR(`

i

!
`
j

�) ⇠ |�m2
⌫k
/M2

W

|2. This gives for instance BR(µ ! e�) . 10�54, way below any foreseeable
experimental sensitivity. On the contrary, the e↵ect (encoded in the non-unitarity of U) can
be raised at observable level for low-scale RH neutrinos [cite]. The expression in Eq. (9) does
not give the exact one-loop result, as it does not consider loops involving the RH neutrinos
themselves.1 Still it provides a reliable order-of-magnitude estimate of the rates [cite] and

1
Exact expressions – as well as formulae for `i ! `j`k`k and µ ! e conversion in nuclei – can be found in

[cite].
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New contributions to CLFV processes: 

Can we have large CLFV rates fulfilling with                       ? m⌫i . 0.1 eV
<latexit sha1_base64="BHE0sTNLH1apoCMc+dIORp+zLdw=">AAACCHicbVA9SwNBEN2LXzF+nVpauBgEq3AngpZBG8sIJhFyx7G3mSRLdveO3T0hHLGz8a/YWChi60+w89+4Sa7QxAcDj/dmmJkXp5xp43nfTmlpeWV1rbxe2djc2t5xd/daOskUhSZNeKLuYqKBMwlNwwyHu1QBETGHdjy8mvjte1CaJfLWjFIIBelL1mOUGCtF7qGI8kBmERvjgIPWmgns1fyHPFACQ2scuVWv5k2BF4lfkCoq0Ijcr6Cb0EyANJQTrTu+l5owJ8owymFcCTINKaFD0oeOpZII0GE+fWSMj63Sxb1E2ZIGT9XfEzkRWo9EbDsFMQM9703E/7xOZnoXYc5kmhmQdLaol3FsEjxJBXeZAmr4yBJCFbO3YjogilBjs6vYEPz5lxdJ67Tm2+huzqr1yyKOMjpAR+gE+egc1dE1aqAmougRPaNX9OY8OS/Ou/Mxay05xcw++gPn8wckmZlj</latexit><latexit sha1_base64="BHE0sTNLH1apoCMc+dIORp+zLdw=">AAACCHicbVA9SwNBEN2LXzF+nVpauBgEq3AngpZBG8sIJhFyx7G3mSRLdveO3T0hHLGz8a/YWChi60+w89+4Sa7QxAcDj/dmmJkXp5xp43nfTmlpeWV1rbxe2djc2t5xd/daOskUhSZNeKLuYqKBMwlNwwyHu1QBETGHdjy8mvjte1CaJfLWjFIIBelL1mOUGCtF7qGI8kBmERvjgIPWmgns1fyHPFACQ2scuVWv5k2BF4lfkCoq0Ijcr6Cb0EyANJQTrTu+l5owJ8owymFcCTINKaFD0oeOpZII0GE+fWSMj63Sxb1E2ZIGT9XfEzkRWo9EbDsFMQM9703E/7xOZnoXYc5kmhmQdLaol3FsEjxJBXeZAmr4yBJCFbO3YjogilBjs6vYEPz5lxdJ67Tm2+huzqr1yyKOMjpAR+gE+egc1dE1aqAmougRPaNX9OY8OS/Ou/Mxay05xcw++gPn8wckmZlj</latexit><latexit sha1_base64="BHE0sTNLH1apoCMc+dIORp+zLdw=">AAACCHicbVA9SwNBEN2LXzF+nVpauBgEq3AngpZBG8sIJhFyx7G3mSRLdveO3T0hHLGz8a/YWChi60+w89+4Sa7QxAcDj/dmmJkXp5xp43nfTmlpeWV1rbxe2djc2t5xd/daOskUhSZNeKLuYqKBMwlNwwyHu1QBETGHdjy8mvjte1CaJfLWjFIIBelL1mOUGCtF7qGI8kBmERvjgIPWmgns1fyHPFACQ2scuVWv5k2BF4lfkCoq0Ijcr6Cb0EyANJQTrTu+l5owJ8owymFcCTINKaFD0oeOpZII0GE+fWSMj63Sxb1E2ZIGT9XfEzkRWo9EbDsFMQM9703E/7xOZnoXYc5kmhmQdLaol3FsEjxJBXeZAmr4yBJCFbO3YjogilBjs6vYEPz5lxdJ67Tm2+huzqr1yyKOMjpAR+gE+egc1dE1aqAmougRPaNX9OY8OS/Ou/Mxay05xcw++gPn8wckmZlj</latexit><latexit sha1_base64="BHE0sTNLH1apoCMc+dIORp+zLdw=">AAACCHicbVA9SwNBEN2LXzF+nVpauBgEq3AngpZBG8sIJhFyx7G3mSRLdveO3T0hHLGz8a/YWChi60+w89+4Sa7QxAcDj/dmmJkXp5xp43nfTmlpeWV1rbxe2djc2t5xd/daOskUhSZNeKLuYqKBMwlNwwyHu1QBETGHdjy8mvjte1CaJfLWjFIIBelL1mOUGCtF7qGI8kBmERvjgIPWmgns1fyHPFACQ2scuVWv5k2BF4lfkCoq0Ijcr6Cb0EyANJQTrTu+l5owJ8owymFcCTINKaFD0oeOpZII0GE+fWSMj63Sxb1E2ZIGT9XfEzkRWo9EbDsFMQM9703E/7xOZnoXYc5kmhmQdLaol3FsEjxJBXeZAmr4yBJCFbO3YjogilBjs6vYEPz5lxdJ67Tm2+huzqr1yyKOMjpAR+gE+egc1dE1aqAmougRPaNX9OY8OS/Ou/Mxay05xcw++gPn8wckmZlj</latexit>

Ilakovac Pilaftsis ‘94



Type I seesaw

Lorenzo Calibbi (Nankai U.)Neutrino mass models & CLFV

Can the dim-5 coefficient be small while the dim-6 one is large? 
Yes! If the lepton number is approximately conserved…

But that’s not (necessarily) the end of the story: 

• Neutrino masses controlled by L-breaking dim-5 operator: 

• CLFV controlled by L-conserving dim-6 operator: Y †
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Naive expectation for RH neutrinos at the same scale:
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<latexit sha1_base64="YijLVQX2zXTUXE0lfIcfcEzjH80=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoqiRF0GXRjRulgn1IE8NkOmmHTiZxZlIsIb/gxl9x40IRt+7c+TdO2yy09cCFwzn3cu89fsyoVJb1bRSWlldW14rrpY3Nre0dc3evJaNEYNLEEYtEx0eSMMpJU1HFSCcWBIU+I21/eD7x2yMiJI34jRrHxA1Rn9OAYqS05JmVW+8KOiiORfQAHXkvVOoEAuH0Uuuh5/AkS0d3tSzzzLJVtaaAi8TOSRnkaHjml9OLcBISrjBDUnZtK1ZuioSimJGs5CSSxAgPUZ90NeUoJNJNpx9l8EgrPRhEQhdXcKr+nkhRKOU49HVniNRAznsT8T+vm6jg1E0pjxNFOJ4tChIGVQQn8cAeFQQrNtYEYUH1rRAPkA5E6RBLOgR7/uVF0qpVbatqXx+X62d5HEVwAA5BBdjgBNTBBWiAJsDgETyDV/BmPBkvxrvxMWstGPnMPvgD4/MH142dqA==</latexit><latexit sha1_base64="YijLVQX2zXTUXE0lfIcfcEzjH80=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoqiRF0GXRjRulgn1IE8NkOmmHTiZxZlIsIb/gxl9x40IRt+7c+TdO2yy09cCFwzn3cu89fsyoVJb1bRSWlldW14rrpY3Nre0dc3evJaNEYNLEEYtEx0eSMMpJU1HFSCcWBIU+I21/eD7x2yMiJI34jRrHxA1Rn9OAYqS05JmVW+8KOiiORfQAHXkvVOoEAuH0Uuuh5/AkS0d3tSzzzLJVtaaAi8TOSRnkaHjml9OLcBISrjBDUnZtK1ZuioSimJGs5CSSxAgPUZ90NeUoJNJNpx9l8EgrPRhEQhdXcKr+nkhRKOU49HVniNRAznsT8T+vm6jg1E0pjxNFOJ4tChIGVQQn8cAeFQQrNtYEYUH1rRAPkA5E6RBLOgR7/uVF0qpVbatqXx+X62d5HEVwAA5BBdjgBNTBBWiAJsDgETyDV/BmPBkvxrvxMWstGPnMPvgD4/MH142dqA==</latexit><latexit sha1_base64="YijLVQX2zXTUXE0lfIcfcEzjH80=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoqiRF0GXRjRulgn1IE8NkOmmHTiZxZlIsIb/gxl9x40IRt+7c+TdO2yy09cCFwzn3cu89fsyoVJb1bRSWlldW14rrpY3Nre0dc3evJaNEYNLEEYtEx0eSMMpJU1HFSCcWBIU+I21/eD7x2yMiJI34jRrHxA1Rn9OAYqS05JmVW+8KOiiORfQAHXkvVOoEAuH0Uuuh5/AkS0d3tSzzzLJVtaaAi8TOSRnkaHjml9OLcBISrjBDUnZtK1ZuioSimJGs5CSSxAgPUZ90NeUoJNJNpx9l8EgrPRhEQhdXcKr+nkhRKOU49HVniNRAznsT8T+vm6jg1E0pjxNFOJ4tChIGVQQn8cAeFQQrNtYEYUH1rRAPkA5E6RBLOgR7/uVF0qpVbatqXx+X62d5HEVwAA5BBdjgBNTBBWiAJsDgETyDV/BmPBkvxrvxMWstGPnMPvgD4/MH142dqA==</latexit><latexit sha1_base64="YijLVQX2zXTUXE0lfIcfcEzjH80=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoqiRF0GXRjRulgn1IE8NkOmmHTiZxZlIsIb/gxl9x40IRt+7c+TdO2yy09cCFwzn3cu89fsyoVJb1bRSWlldW14rrpY3Nre0dc3evJaNEYNLEEYtEx0eSMMpJU1HFSCcWBIU+I21/eD7x2yMiJI34jRrHxA1Rn9OAYqS05JmVW+8KOiiORfQAHXkvVOoEAuH0Uuuh5/AkS0d3tSzzzLJVtaaAi8TOSRnkaHjml9OLcBISrjBDUnZtK1ZuioSimJGs5CSSxAgPUZ90NeUoJNJNpx9l8EgrPRhEQhdXcKr+nkhRKOU49HVniNRAznsT8T+vm6jg1E0pjxNFOJ4tChIGVQQn8cAeFQQrNtYEYUH1rRAPkA5E6RBLOgR7/uVF0qpVbatqXx+X62d5HEVwAA5BBdjgBNTBBWiAJsDgETyDV/BmPBkvxrvxMWstGPnMPvgD4/MH142dqA==</latexit>

Broncano Gavela Jenkins ‘02
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Type I seesaw

Lorenzo Calibbi (Nankai U.)Neutrino mass models & CLFV

Naive expectation for RH neutrinos at the same scale:
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<latexit sha1_base64="YijLVQX2zXTUXE0lfIcfcEzjH80=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoqiRF0GXRjRulgn1IE8NkOmmHTiZxZlIsIb/gxl9x40IRt+7c+TdO2yy09cCFwzn3cu89fsyoVJb1bRSWlldW14rrpY3Nre0dc3evJaNEYNLEEYtEx0eSMMpJU1HFSCcWBIU+I21/eD7x2yMiJI34jRrHxA1Rn9OAYqS05JmVW+8KOiiORfQAHXkvVOoEAuH0Uuuh5/AkS0d3tSzzzLJVtaaAi8TOSRnkaHjml9OLcBISrjBDUnZtK1ZuioSimJGs5CSSxAgPUZ90NeUoJNJNpx9l8EgrPRhEQhdXcKr+nkhRKOU49HVniNRAznsT8T+vm6jg1E0pjxNFOJ4tChIGVQQn8cAeFQQrNtYEYUH1rRAPkA5E6RBLOgR7/uVF0qpVbatqXx+X62d5HEVwAA5BBdjgBNTBBWiAJsDgETyDV/BmPBkvxrvxMWstGPnMPvgD4/MH142dqA==</latexit><latexit sha1_base64="YijLVQX2zXTUXE0lfIcfcEzjH80=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoqiRF0GXRjRulgn1IE8NkOmmHTiZxZlIsIb/gxl9x40IRt+7c+TdO2yy09cCFwzn3cu89fsyoVJb1bRSWlldW14rrpY3Nre0dc3evJaNEYNLEEYtEx0eSMMpJU1HFSCcWBIU+I21/eD7x2yMiJI34jRrHxA1Rn9OAYqS05JmVW+8KOiiORfQAHXkvVOoEAuH0Uuuh5/AkS0d3tSzzzLJVtaaAi8TOSRnkaHjml9OLcBISrjBDUnZtK1ZuioSimJGs5CSSxAgPUZ90NeUoJNJNpx9l8EgrPRhEQhdXcKr+nkhRKOU49HVniNRAznsT8T+vm6jg1E0pjxNFOJ4tChIGVQQn8cAeFQQrNtYEYUH1rRAPkA5E6RBLOgR7/uVF0qpVbatqXx+X62d5HEVwAA5BBdjgBNTBBWiAJsDgETyDV/BmPBkvxrvxMWstGPnMPvgD4/MH142dqA==</latexit><latexit sha1_base64="YijLVQX2zXTUXE0lfIcfcEzjH80=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoqiRF0GXRjRulgn1IE8NkOmmHTiZxZlIsIb/gxl9x40IRt+7c+TdO2yy09cCFwzn3cu89fsyoVJb1bRSWlldW14rrpY3Nre0dc3evJaNEYNLEEYtEx0eSMMpJU1HFSCcWBIU+I21/eD7x2yMiJI34jRrHxA1Rn9OAYqS05JmVW+8KOiiORfQAHXkvVOoEAuH0Uuuh5/AkS0d3tSzzzLJVtaaAi8TOSRnkaHjml9OLcBISrjBDUnZtK1ZuioSimJGs5CSSxAgPUZ90NeUoJNJNpx9l8EgrPRhEQhdXcKr+nkhRKOU49HVniNRAznsT8T+vm6jg1E0pjxNFOJ4tChIGVQQn8cAeFQQrNtYEYUH1rRAPkA5E6RBLOgR7/uVF0qpVbatqXx+X62d5HEVwAA5BBdjgBNTBBWiAJsDgETyDV/BmPBkvxrvxMWstGPnMPvgD4/MH142dqA==</latexit><latexit sha1_base64="YijLVQX2zXTUXE0lfIcfcEzjH80=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoqiRF0GXRjRulgn1IE8NkOmmHTiZxZlIsIb/gxl9x40IRt+7c+TdO2yy09cCFwzn3cu89fsyoVJb1bRSWlldW14rrpY3Nre0dc3evJaNEYNLEEYtEx0eSMMpJU1HFSCcWBIU+I21/eD7x2yMiJI34jRrHxA1Rn9OAYqS05JmVW+8KOiiORfQAHXkvVOoEAuH0Uuuh5/AkS0d3tSzzzLJVtaaAi8TOSRnkaHjml9OLcBISrjBDUnZtK1ZuioSimJGs5CSSxAgPUZ90NeUoJNJNpx9l8EgrPRhEQhdXcKr+nkhRKOU49HVniNRAznsT8T+vm6jg1E0pjxNFOJ4tChIGVQQn8cAeFQQrNtYEYUH1rRAPkA5E6RBLOgR7/uVF0qpVbatqXx+X62d5HEVwAA5BBdjgBNTBBWiAJsDgETyDV/BmPBkvxrvxMWstGPnMPvgD4/MH142dqA==</latexit>

Observable effects possible for small breaking of lepton number, e.g.: 
• Two almost degenerate RH neutrinos (pseudo-Dirac pair) 
• Extended mass matrix (inverse seesaw, linear seesaw…)
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In type I seesaw, flavour-mixing occur only for neutral states 

         all CLFV modes arise at the loop level:

Phenomenology of type‐I seesaw CLFV

crucial property for CLFV in type‐I seesaw: flavour mixing only at 
        the level of neutral states
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Phenomenology of type‐I seesaw CLFV

conversion in atomic nucleiµ � e

3 µ to e conversion rates

3.1 Calculation of the rates

In the type-I seesaw framework, violation of charged lepton number arises at the one loop level.
µ to e conversion is induced by a series of gauge boson mediated diagrams given in Fig. 1.
The various contributions to the process can be divided in those in which the momentum is
transferred by the photon, by the Z boson or via two W bosons. The first two proceed via
penguin diagrams, whereas the latter processes corresponds to a box diagram. Alike to the
quark case, the internal fermions in the loop must have non-degenerate masses and non trivial
mixings, in order to avoid a GIM cancellation.

For a rigorous calculation of the rate it is necessary to separate the local contributions from
the "extended" ones. This stems from the fact that extended contributions, unlike local ones,
are sensitive to atomic electric field e�ects. The W and Z mediated diagrams are obviously all
local. The � mediated diagrams contribute to both classes of transitions, extended and local.
The µ ⇥ e� matrix element can be written as

iM =
ieg2W

2(4⇤)2M2
W

⇥µ⇥(q)ue(p
�)
�
Fµe
� (q2�µ � ⇤qqµ)PL � i⌅µ⇤q

⇤Gµe
� (mePL +mµPR)

⇥
uµ(p) , (3.1)

where q denotes the photon momentum, q = p � p�. The second term in this equation -
mediated by the photon-lepton "dipole" Gµe

� coupling- is the only one contributing for an
on-shell photon and is non local, whereas the "monopole" term Fµe

� is "local" (i.e. it only
accounts for o�-shell photon exchange and it involves 2 powers of the photon momentum in
the numerator which compensate the long range 1/q2 propagator of the photon between the
lepton and nuclei lines [25]). One can therefore divide the e�ective Lagrangian relevant for

�
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Figure 1. The five classes of diagrams contributing to µ to e conversion in the type-I seesaw model.
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new full calculation: 

see analytic result in Alonso, Dhen, Gavela, TH, JHEP 2013 
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3.1 Calculation of the rates

In the type-I seesaw framework, violation of charged lepton number arises at the one loop level.
µ to e conversion is induced by a series of gauge boson mediated diagrams given in Fig. 1.
The various contributions to the process can be divided in those in which the momentum is
transferred by the photon, by the Z boson or via two W bosons. The first two proceed via
penguin diagrams, whereas the latter processes corresponds to a box diagram. Alike to the
quark case, the internal fermions in the loop must have non-degenerate masses and non trivial
mixings, in order to avoid a GIM cancellation.

For a rigorous calculation of the rate it is necessary to separate the local contributions from
the "extended" ones. This stems from the fact that extended contributions, unlike local ones,
are sensitive to atomic electric field e�ects. The W and Z mediated diagrams are obviously all
local. The � mediated diagrams contribute to both classes of transitions, extended and local.
The µ ⇥ e� matrix element can be written as
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where q denotes the photon momentum, q = p � p�. The second term in this equation -
mediated by the photon-lepton "dipole" Gµe

� coupling- is the only one contributing for an
on-shell photon and is non local, whereas the "monopole" term Fµe

� is "local" (i.e. it only
accounts for o�-shell photon exchange and it involves 2 powers of the photon momentum in
the numerator which compensate the long range 1/q2 propagator of the photon between the
lepton and nuclei lines [25]). One can therefore divide the e�ective Lagrangian relevant for

�

W� W�

ni

µ e

u, d u, d

(a) Photon Penguin Diagram

Z

W� W�

ni

µ e

u, d u, d

(b) Z Penguin Diagram

Z

ni nj

W�

µ e

u, d u, d

(c) Z Penguin Diagram

ni

u u

µ e

dj

W W

(d) Box Diagram

ni

d d

µ e

uj

W W

(e) Box Diagram

Figure 1. The five classes of diagrams contributing to µ to e conversion in the type-I seesaw model.
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tio, Br(µ ! e�)/Br(µ ! eee), is monotonous in m
N

, hence it does not display any m
N

degeneracy.
The ensemble of the results above imply that, from the experimental determination of

two µ� e transition processes, and up to discrete degeneracies, it is possible to determine the
scale m

N

of the generic framework considered. That pair of processes could be any two among
the four processes which will be probed with improved sensitivity in near future: µ ! e�,
µ ! eee, RAl

µ!e

and RT i

µ!e

.
To lift possible degeneracies a third measurement may need to be considered. As an

example, assume that from the MEG and COMET experiments, Rµ�e(Al)
µ!e�

is measured to be
⇠ 0.1: the values m

N

⇡ 2.5 TeV or m
N

⇡ 16.5 TeV would then be singled out, see Fig. 2. To
lift this degeneracy the observation of a third µ ! e transition process would be necessary:
for instance RT i

µ!e

at PRISM or µ ! eee at µ3e�PSI [55]. Alternatively, the measurement of
two rates might be incompatible with the upper bound or measurement of a third one, which
would rule out the scenario 9. Similarly the measurement of a single rate, together with the
upper bound or measurement of another one, could exclude this scenario for ranges of m

N

values (eventually excluding the whole mass range).
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Figure 5. Bounds on |Pk
i YNiµYN⇤

ie
| and |Pk

i UeNiU
⇤
µNi

| for scenarios characterized by one right-
handed neutrino mass scale. The solid lines are obtained from present experimental upper bounds:
from Eq. (1.3) and Br(µ ! e�) < 2.4 · 10�12 [56], Br(µ ! eee) < 10

�12 [57]. The dashed lines
are obtained from the expected experimental sensitivities: from Eqs. (1.1)-(1.2) and Br(µ ! e�) <

10

�14 [58], Br(µ ! eee) < 10

�16 [55].

9Note also that, analogously, the measurement of ⌧ ! l� decay and of ⌧ ! ll

0
l

0 decay would also allow to
determine the mN scale [22]. That determination could be compared with the µ ! e results above, to rule
out or further confirm this scenario.
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Figure 2: From [1209.2679].

makes evident the parametric dependence of the CLFV e↵ects. In fact, from Eq. (8), we
can see that sizeable CLFV requires – besides M

N

not too far above the EW scale – large
neutrino Yukawa couplings. These two conditions are not compatible with the smallness of
the neutrino masses in generic realisations of the seesaw mechanism, as Eq. (7) naively gives
M

N

⇠ O �
1014÷15

�
GeV for Y

N

⇠ O (1). It is clear then that some large cancellation is
required in Eq. (7) in order to have a theory of phenomenological relevance for low-energy
observables including CLFV processes. This condition – which is shared by the three kinds of
seesaw mechanism – does not necessarily require fine tunings, but it can be naturally enforced
through some symmetry shaping the matrices, for instance an approximate lepton number
conservation itself [cite]. Indeed, as vanishing neutrino masses lead to augmented symmetry,
small L-breaking terms (responsible for the smallness of m

⌫

) are technically natural. An
instance of this idea is the so-called inverse seesaw [cite]. For discussions of this kind of
models within the context of low-energy tests of the seesaw mechanism, see [cite].

Following the above philosophy, one can assess the sensitivity of present and future CLFV
experiments on the RH neutrino mass scale by setting no other constraint on the Yukawa
couplings but the perturbativity bound, (Y

N

)
ij

.
p
4⇡. As a result, the µ ! e observables

will test a degenerate RH neutrino mass m
N

up to [1209.2679]:

m
N

⇡ 300 TeV ⇥
✓

10�14

BR(µ ! e�)

◆ 1
4

, m
N

⇡ 1000 TeV ⇥
✓

10�16

BR(µ ! eee)

◆ 1
4

, (11)

m
N

⇡ 1000 TeV ⇥
✓

10�16

CR(µAl ! eAl)

◆ 1
4

, m
N

⇡ 6000 TeV ⇥
✓

10�18

CR(µTi ! eTi)

◆ 1
4

. (12)

Furthermore the ratios of di↵erent observables only depend on m
N

, thus giving in principle a
handle to determine the RH neutrino mass scale or rule out this scenario [Chu,1209.2679,Ibarra].
This is clearly shown in Fig. 2.

The phenomenology of Type II seesaw enjoys some qualitatively di↵erent features. The
seesaw field is a scalar triplet �:

� =

✓
�+/

p
2 �++

�0 ��+/
p
2

◆
, (13)
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Figure 3. |Fu/Fd| (that is, �Fu/Fd) as a function of the right-handed neutrino mass scale mN (solid
line). The dashed lines give the values of (2A � Z)/(A + Z) for the various nuclei. Crossing points
give the values of mN where the µ ! e conversion rate Rµ!e vanishes.

this approximation an expansion in inverse powers of x
N

⌘ m2
N

/M2
W

, as given in Eqs. (4.4)
and (4.5), allows to rewrite the mass value at which R

µ!e

vanishes as

m2
N

�

�
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0
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3
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⇣
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8

⌘

Z

1
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Fig. 4 depicts two other ratios for µ ! e transitions: RT i

µ!e

/RAl

µ!e

and Br(µ ! e�)/Br(µ !
eee) (the latter one from Ref. [22]). Sweeping over increasing m

N

values, the first ratio first
vanishes when RT i

µ!e

does, and later goes to infinity when RAl

µ!e

vanishes. The second ra-
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1
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102

mN@GeVD

R–Æe e e
–Æe ˝

R–Æ eTi ëR–Æ eAl

Figure 4. RTi
µ!e/R

Al
µ!e (black) and Rµ!e�

µ!eee = Br(µ ! e�)/Br(µ ! eee) (red) as a function of mN .
The horizontal dashed line show the large mN asymptotic value of RTi

µ!e/R
Al
µ!e.
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Figure 2. Rµ!e
µ!e� = Rµ!e/Br(µ ! e�) (left panel) and Rµ!e

µ!eee = Rµ!e/Br(µ ! eee) (right panel)
as a function of the right-handed neutrino mass scale mN , for µ ! e conversion in various nuclei.

signs, as an outcome of their different charge and weak isospin. The precise value where the
µ ! e conversion rate vanishes is nuclei-dependent and given by

m2
N

�

�

�

0
= M2

W

exp

0

@

9
8V

(n)
+

⇣

9
8 +

37s2W
12

⌘

V (p) � s

2
W
16eD

3
8V

(n)
+

⇣

4s2W
3 � 3

8

⌘

V (p)

1

A , (4.8)

which shows that small variations on the nuclear form factors may result in sizeable variations
on the value of m2

N

�

�

�

0
, which is thus sensitive to the nuclear physics uncertainties. The uncer-

tainty in the ratio V (p)/V (n) translates, for instance for 5-10% variations, into O(TeV) shifts
on the value of the right-handed neutrino mass at which the conversion rate vanishes. With
the form factor values given in Table 1, the rate vanishes for mass values typically in the 2-7
TeV range, respectively 6.4, 4.7, 2.5 and 2.4 TeV for Al, Ti, Au and Pb, as Fig. 2 shows 8.

For degenerate right-handed neutrinos and light nuclei, ↵Z ⌧ 1, Eq. (3.8) is a good
approximation which allows to rephrase the vanishing condition as

F
u

F
d

= �(2A� Z)

(A+ Z)

. (4.9)

Due to the logarithmic behaviour of F
u

/F
d

, a small variation of (2A� Z)/(A+ Z) results
in a sizeable variation of the value of m

N

for which R
µ!e

vanishes. The atomic ratio on
the right-hand side of Eq. (4.9) takes the value �1.05 for Ti , �1.02 for Al, and �1.15 for
Au and Pb. For illustrative purposes, Fig. 3 shows the value of F

u

/F
d

as a function of m
N

,
together with the value of (2A � Z)/(A + Z) for each nucleus. Furthermore, performing in

8Note that a plot of the same ratio is displayed in Ref. [19], with quite different results, in particular
vanishing rates for much lower mN values, see footnote 6 above.
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Type I Quasi-degenerate RH neutrinos  
dependence on Yukawa couplings drops in ratios of BRs:

BR(µ ! e�)

BR(µ ! eee)
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Future experiments can test RH 
neutrino masses up to:

Chu Dhen Hambye ’11 
Dinh et al. ’12, Alonso et al. ‘12

Alonso Dhen Gavela Hambye ‘12



Seesaw Mechanism(s)

Three ways of generating the Weinberg operator at the tree level:

Type I
Heavy fermionic singlets 

(RH neutrinos)
Heavy scalar triplet Heavy fermionic 

triplets

Type II Type III

Y T
N
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Figure 2: From [1209.2679].

makes evident the parametric dependence of the CLFV e↵ects. In fact, from Eq. (8), we
can see that sizeable CLFV requires – besides M

N

not too far above the EW scale – large
neutrino Yukawa couplings. These two conditions are not compatible with the smallness of
the neutrino masses in generic realisations of the seesaw mechanism, as Eq. (7) naively gives
M

N

⇠ O �
1014÷15

�
GeV for Y

N

⇠ O (1). It is clear then that some large cancellation is
required in Eq. (7) in order to have a theory of phenomenological relevance for low-energy
observables including CLFV processes. This condition – which is shared by the three kinds of
seesaw mechanism – does not necessarily require fine tunings, but it can be naturally enforced
through some symmetry shaping the matrices, for instance an approximate lepton number
conservation itself [cite]. Indeed, as vanishing neutrino masses lead to augmented symmetry,
small L-breaking terms (responsible for the smallness of m

⌫

) are technically natural. An
instance of this idea is the so-called inverse seesaw [cite]. For discussions of this kind of
models within the context of low-energy tests of the seesaw mechanism, see [cite].

Following the above philosophy, one can assess the sensitivity of present and future CLFV
experiments on the RH neutrino mass scale by setting no other constraint on the Yukawa
couplings but the perturbativity bound, (Y

N

)
ij

.
p
4⇡. As a result, the µ ! e observables

will test a degenerate RH neutrino mass m
N

up to [1209.2679]:
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Furthermore the ratios of di↵erent observables only depend on m
N

, thus giving in principle a
handle to determine the RH neutrino mass scale or rule out this scenario [Chu,1209.2679,Ibarra].
This is clearly shown in Fig. 2.

The phenomenology of Type II seesaw enjoys some qualitatively di↵erent features. The
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Some details about the Majoron in inverse seesaw models can be found in Refs. [24,

25]. [RZ: Match to Eq.(1.1)]
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where we omitted quartic scalar couplings of the type�4 and�2�2. After integrating

out the triplet, the neutrino masses result:
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L is broken by µ

�

(in fact L(�) = �2) that can be taken small to give rise to

the correct neutrino masses with a low-energy seesaw scale (and sizeable couplings

in the matrix Y
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). As before, we can introduce a new scalar � responsible of the

spontaneous breaking of the lepton number:
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(Of course the scalar potential and the EWSB can get quite involved here, and

dangerous phenomena such as Higgs to Majoron decays can occur, see e.g. [26]).

[RZ: Match to Eq.(1.1)]
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Figure 2: From [1209.2679].

makes evident the parametric dependence of the CLFV e↵ects. In fact, from Eq. (8), we
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L-breaking term

Concerning CLFV, the main difference wrt Type is µ→eee at the tree level: 
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<latexit sha1_base64="4y3Ol7f2XBB6RQiYctlFU+Gr4dI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigj0WvHisaD+gjWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GNzO//YRK81g+mEmCfkSHkoecUWOle3y86JcrbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwpqfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmldVj236t1dVeq1PI4inMApnIMH11CHW2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDhEI18</latexit><latexit sha1_base64="4y3Ol7f2XBB6RQiYctlFU+Gr4dI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigj0WvHisaD+gjWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GNzO//YRK81g+mEmCfkSHkoecUWOle3y86JcrbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwpqfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmldVj236t1dVeq1PI4inMApnIMH11CHW2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDhEI18</latexit><latexit sha1_base64="4y3Ol7f2XBB6RQiYctlFU+Gr4dI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigj0WvHisaD+gjWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GNzO//YRK81g+mEmCfkSHkoecUWOle3y86JcrbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwpqfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmldVj236t1dVeq1PI4inMApnIMH11CHW2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDhEI18</latexit><latexit sha1_base64="4y3Ol7f2XBB6RQiYctlFU+Gr4dI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigj0WvHisaD+gjWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GNzO//YRK81g+mEmCfkSHkoecUWOle3y86JcrbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwpqfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmldVj236t1dVeq1PI4inMApnIMH11CHW2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDhEI18</latexit>

�++
<latexit sha1_base64="Ug4L7Fhiy3E6s738jDTJuZ+kOYA=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBZBKJREBHss6MFjBVsLbSyb7aZdutmE3YlQQn+GFw+KePXXePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+P2iZONeMtFstYdwJquBSKt1Cg5J1EcxoFkj8E4+uZ//DEtRGxusdJwv2IDpUIBaNopW7vhkukj1m1Ou2XK27NnYOsEi8nFcjR7Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3lKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuimHdz4RKUuSKLRaFqSQYk9n/ZCA0ZygnllCmhb2VsBHVlKFNqWRD8JZfXiXti5rn1ry7y0qjnsdRhBM4hXPw4AoacAtNaAGDGJ7hFd4cdF6cd+dj0Vpw8plj+APn8wet6ZDQ</latexit><latexit sha1_base64="Ug4L7Fhiy3E6s738jDTJuZ+kOYA=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBZBKJREBHss6MFjBVsLbSyb7aZdutmE3YlQQn+GFw+KePXXePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+P2iZONeMtFstYdwJquBSKt1Cg5J1EcxoFkj8E4+uZ//DEtRGxusdJwv2IDpUIBaNopW7vhkukj1m1Ou2XK27NnYOsEi8nFcjR7Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3lKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuimHdz4RKUuSKLRaFqSQYk9n/ZCA0ZygnllCmhb2VsBHVlKFNqWRD8JZfXiXti5rn1ry7y0qjnsdRhBM4hXPw4AoacAtNaAGDGJ7hFd4cdF6cd+dj0Vpw8plj+APn8wet6ZDQ</latexit><latexit sha1_base64="Ug4L7Fhiy3E6s738jDTJuZ+kOYA=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBZBKJREBHss6MFjBVsLbSyb7aZdutmE3YlQQn+GFw+KePXXePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+P2iZONeMtFstYdwJquBSKt1Cg5J1EcxoFkj8E4+uZ//DEtRGxusdJwv2IDpUIBaNopW7vhkukj1m1Ou2XK27NnYOsEi8nFcjR7Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3lKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuimHdz4RKUuSKLRaFqSQYk9n/ZCA0ZygnllCmhb2VsBHVlKFNqWRD8JZfXiXti5rn1ry7y0qjnsdRhBM4hXPw4AoacAtNaAGDGJ7hFd4cdF6cd+dj0Vpw8plj+APn8wet6ZDQ</latexit><latexit sha1_base64="Ug4L7Fhiy3E6s738jDTJuZ+kOYA=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBZBKJREBHss6MFjBVsLbSyb7aZdutmE3YlQQn+GFw+KePXXePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+P2iZONeMtFstYdwJquBSKt1Cg5J1EcxoFkj8E4+uZ//DEtRGxusdJwv2IDpUIBaNopW7vhkukj1m1Ou2XK27NnYOsEi8nFcjR7Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3lKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuimHdz4RKUuSKLRaFqSQYk9n/ZCA0ZygnllCmhb2VsBHVlKFNqWRD8JZfXiXti5rn1ry7y0qjnsdRhBM4hXPw4AoacAtNaAGDGJ7hFd4cdF6cd+dj0Vpw8plj+APn8wet6ZDQ</latexit>

(Y�)µe
<latexit sha1_base64="Wy7BGSI5J7+wkpkSyZEOCUj54w4=">AAAB+3icbVBNS8NAEN34WetXrEcvi0Wol5KIYI8FPXisYD+kCWGznbZLd5OwuxFLyF/x4kERr/4Rb/4bt20O2vpg4PHeDDPzwoQzpR3n21pb39jc2i7tlHf39g8O7aNKR8WppNCmMY9lLyQKOIugrZnm0EskEBFy6IaT65nffQSpWBzd62kCviCjiA0ZJdpIgV2pPQTeDXBNzoPMEymGPLCrTt2ZA68StyBVVKAV2F/eIKapgEhTTpTqu06i/YxIzSiHvOylChJCJ2QEfUMjIkD52fz2HJ8ZZYCHsTQVaTxXf09kRCg1FaHpFESP1bI3E//z+qkeNvyMRUmqIaKLRcOUYx3jWRB4wCRQzaeGECqZuRXTMZGEahNX2YTgLr+8SjoXddepu3eX1WajiKOETtApqiEXXaEmukUt1EYUPaFn9IrerNx6sd6tj0XrmlXMHKM/sD5/AAVhk74=</latexit><latexit sha1_base64="Wy7BGSI5J7+wkpkSyZEOCUj54w4=">AAAB+3icbVBNS8NAEN34WetXrEcvi0Wol5KIYI8FPXisYD+kCWGznbZLd5OwuxFLyF/x4kERr/4Rb/4bt20O2vpg4PHeDDPzwoQzpR3n21pb39jc2i7tlHf39g8O7aNKR8WppNCmMY9lLyQKOIugrZnm0EskEBFy6IaT65nffQSpWBzd62kCviCjiA0ZJdpIgV2pPQTeDXBNzoPMEymGPLCrTt2ZA68StyBVVKAV2F/eIKapgEhTTpTqu06i/YxIzSiHvOylChJCJ2QEfUMjIkD52fz2HJ8ZZYCHsTQVaTxXf09kRCg1FaHpFESP1bI3E//z+qkeNvyMRUmqIaKLRcOUYx3jWRB4wCRQzaeGECqZuRXTMZGEahNX2YTgLr+8SjoXddepu3eX1WajiKOETtApqiEXXaEmukUt1EYUPaFn9IrerNx6sd6tj0XrmlXMHKM/sD5/AAVhk74=</latexit><latexit sha1_base64="Wy7BGSI5J7+wkpkSyZEOCUj54w4=">AAAB+3icbVBNS8NAEN34WetXrEcvi0Wol5KIYI8FPXisYD+kCWGznbZLd5OwuxFLyF/x4kERr/4Rb/4bt20O2vpg4PHeDDPzwoQzpR3n21pb39jc2i7tlHf39g8O7aNKR8WppNCmMY9lLyQKOIugrZnm0EskEBFy6IaT65nffQSpWBzd62kCviCjiA0ZJdpIgV2pPQTeDXBNzoPMEymGPLCrTt2ZA68StyBVVKAV2F/eIKapgEhTTpTqu06i/YxIzSiHvOylChJCJ2QEfUMjIkD52fz2HJ8ZZYCHsTQVaTxXf09kRCg1FaHpFESP1bI3E//z+qkeNvyMRUmqIaKLRcOUYx3jWRB4wCRQzaeGECqZuRXTMZGEahNX2YTgLr+8SjoXddepu3eX1WajiKOETtApqiEXXaEmukUt1EYUPaFn9IrerNx6sd6tj0XrmlXMHKM/sD5/AAVhk74=</latexit><latexit sha1_base64="Wy7BGSI5J7+wkpkSyZEOCUj54w4=">AAAB+3icbVBNS8NAEN34WetXrEcvi0Wol5KIYI8FPXisYD+kCWGznbZLd5OwuxFLyF/x4kERr/4Rb/4bt20O2vpg4PHeDDPzwoQzpR3n21pb39jc2i7tlHf39g8O7aNKR8WppNCmMY9lLyQKOIugrZnm0EskEBFy6IaT65nffQSpWBzd62kCviCjiA0ZJdpIgV2pPQTeDXBNzoPMEymGPLCrTt2ZA68StyBVVKAV2F/eIKapgEhTTpTqu06i/YxIzSiHvOylChJCJ2QEfUMjIkD52fz2HJ8ZZYCHsTQVaTxXf09kRCg1FaHpFESP1bI3E//z+qkeNvyMRUmqIaKLRcOUYx3jWRB4wCRQzaeGECqZuRXTMZGEahNX2YTgLr+8SjoXddepu3eX1WajiKOETtApqiEXXaEmukUt1EYUPaFn9IrerNx6sd6tj0XrmlXMHKM/sD5/AAVhk74=</latexit>

(Y�)ee
<latexit sha1_base64="e7mz3TAWpqeYrnoe1vt9yfNJRJY=">AAAB+HicbVBNS8NAEJ34WetHox69BItQLyURwR4LevBYwX5IG8JmO22XbjZhdyPU0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmhQlnSrvut7W2vrG5tV3YKe7u7R+U7MOjlopTSbFJYx7LTkgUciawqZnm2Ekkkijk2A7H1zO//YhSsVjc60mCfkSGgg0YJdpIgV2qPAS9G+SanAcZ4jSwy27VncNZJV5OypCjEdhfvX5M0wiFppwo1fXcRPsZkZpRjtNiL1WYEDomQ+waKkiEys/mh0+dM6P0nUEsTQntzNXfExmJlJpEoemMiB6pZW8m/ud1Uz2o+RkTSapR0MWiQcodHTuzFJw+k0g1nxhCqGTmVoeOiCRUm6yKJgRv+eVV0rqoem7Vu7ss12t5HAU4gVOogAdXUIdbaEATKKTwDK/wZj1ZL9a79bFoXbPymWP4A+vzBwuskqc=</latexit><latexit sha1_base64="e7mz3TAWpqeYrnoe1vt9yfNJRJY=">AAAB+HicbVBNS8NAEJ34WetHox69BItQLyURwR4LevBYwX5IG8JmO22XbjZhdyPU0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmhQlnSrvut7W2vrG5tV3YKe7u7R+U7MOjlopTSbFJYx7LTkgUciawqZnm2Ekkkijk2A7H1zO//YhSsVjc60mCfkSGgg0YJdpIgV2qPAS9G+SanAcZ4jSwy27VncNZJV5OypCjEdhfvX5M0wiFppwo1fXcRPsZkZpRjtNiL1WYEDomQ+waKkiEys/mh0+dM6P0nUEsTQntzNXfExmJlJpEoemMiB6pZW8m/ud1Uz2o+RkTSapR0MWiQcodHTuzFJw+k0g1nxhCqGTmVoeOiCRUm6yKJgRv+eVV0rqoem7Vu7ss12t5HAU4gVOogAdXUIdbaEATKKTwDK/wZj1ZL9a79bFoXbPymWP4A+vzBwuskqc=</latexit><latexit sha1_base64="e7mz3TAWpqeYrnoe1vt9yfNJRJY=">AAAB+HicbVBNS8NAEJ34WetHox69BItQLyURwR4LevBYwX5IG8JmO22XbjZhdyPU0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmhQlnSrvut7W2vrG5tV3YKe7u7R+U7MOjlopTSbFJYx7LTkgUciawqZnm2Ekkkijk2A7H1zO//YhSsVjc60mCfkSGgg0YJdpIgV2qPAS9G+SanAcZ4jSwy27VncNZJV5OypCjEdhfvX5M0wiFppwo1fXcRPsZkZpRjtNiL1WYEDomQ+waKkiEys/mh0+dM6P0nUEsTQntzNXfExmJlJpEoemMiB6pZW8m/ud1Uz2o+RkTSapR0MWiQcodHTuzFJw+k0g1nxhCqGTmVoeOiCRUm6yKJgRv+eVV0rqoem7Vu7ss12t5HAU4gVOogAdXUIdbaEATKKTwDK/wZj1ZL9a79bFoXbPymWP4A+vzBwuskqc=</latexit><latexit sha1_base64="e7mz3TAWpqeYrnoe1vt9yfNJRJY=">AAAB+HicbVBNS8NAEJ34WetHox69BItQLyURwR4LevBYwX5IG8JmO22XbjZhdyPU0F/ixYMiXv0p3vw3btsctPXBwOO9GWbmhQlnSrvut7W2vrG5tV3YKe7u7R+U7MOjlopTSbFJYx7LTkgUciawqZnm2Ekkkijk2A7H1zO//YhSsVjc60mCfkSGgg0YJdpIgV2qPAS9G+SanAcZ4jSwy27VncNZJV5OypCjEdhfvX5M0wiFppwo1fXcRPsZkZpRjtNiL1WYEDomQ+waKkiEys/mh0+dM6P0nUEsTQntzNXfExmJlJpEoemMiB6pZW8m/ud1Uz2o+RkTSapR0MWiQcodHTuzFJw+k0g1nxhCqGTmVoeOiCRUm6yKJgRv+eVV0rqoem7Vu7ss12t5HAU4gVOogAdXUIdbaEATKKTwDK/wZj1ZL9a79bFoXbPymWP4A+vzBwuskqc=</latexit>

BR(µ ! eee) =
|(Y�)µe|2|(Y�)ee|2

M4
�G

2
F

<latexit sha1_base64="7fx5h/eaiFRm3ivUER0XwMvCqQM="></latexit><latexit sha1_base64="7fx5h/eaiFRm3ivUER0XwMvCqQM="></latexit><latexit sha1_base64="7fx5h/eaiFRm3ivUER0XwMvCqQM="></latexit><latexit sha1_base64="7fx5h/eaiFRm3ivUER0XwMvCqQM="></latexit>

BR(µ+ ! e+e+e�) ' 10�16 ) M� ⇡ 3000 TeV
<latexit sha1_base64="4OvUu6REl9kqPuxSxAbcGqo/e5A="></latexit><latexit sha1_base64="4OvUu6REl9kqPuxSxAbcGqo/e5A="></latexit><latexit sha1_base64="4OvUu6REl9kqPuxSxAbcGqo/e5A="></latexit><latexit sha1_base64="4OvUu6REl9kqPuxSxAbcGqo/e5A="></latexit>

Present bound:

Mu3e sensitivity:

Abada et al. ’07, ‘08



Seesaw Mechanism(s)

Three ways of generating the Weinberg operator at the tree level:

Type I
Heavy fermionic singlets 

(RH neutrinos)
Heavy scalar triplet Heavy fermionic 

triplets

Type II Type III

Y T
N

<latexit sha1_base64="IySnCuoxptw4swn6we/7+i8Wdu8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY9FL56kQr+kXUs2zbax2WRJskJZ+h+8eFDEq//Hm//GbLsHbX0w8Hhvhpl5QcyZNq777RRWVtfWN4qbpa3tnd298v5BS8tEEdokkkvVCbCmnAnaNMxw2okVxVHAaTsYX2d++4kqzaRomElM/QgPBQsZwcZKrfv+7UOj1C9X3Ko7A1omXk4qkKPeL3/1BpIkERWGcKx113Nj46dYGUY4nZZ6iaYxJmM8pF1LBY6o9tPZtVN0YpUBCqWyJQyaqb8nUhxpPYkC2xlhM9KLXib+53UTE176KRNxYqgg80VhwpGRKHsdDZiixPCJJZgoZm9FZIQVJsYGlIXgLb68TFpnVc+tenfnldpVHkcRjuAYTsGDC6jBDdShCQQe4Rle4c2Rzovz7nzMWwtOPnMIf+B8/gCYSY54</latexit><latexit sha1_base64="IySnCuoxptw4swn6we/7+i8Wdu8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY9FL56kQr+kXUs2zbax2WRJskJZ+h+8eFDEq//Hm//GbLsHbX0w8Hhvhpl5QcyZNq777RRWVtfWN4qbpa3tnd298v5BS8tEEdokkkvVCbCmnAnaNMxw2okVxVHAaTsYX2d++4kqzaRomElM/QgPBQsZwcZKrfv+7UOj1C9X3Ko7A1omXk4qkKPeL3/1BpIkERWGcKx113Nj46dYGUY4nZZ6iaYxJmM8pF1LBY6o9tPZtVN0YpUBCqWyJQyaqb8nUhxpPYkC2xlhM9KLXib+53UTE176KRNxYqgg80VhwpGRKHsdDZiixPCJJZgoZm9FZIQVJsYGlIXgLb68TFpnVc+tenfnldpVHkcRjuAYTsGDC6jBDdShCQQe4Rle4c2Rzovz7nzMWwtOPnMIf+B8/gCYSY54</latexit><latexit sha1_base64="IySnCuoxptw4swn6we/7+i8Wdu8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY9FL56kQr+kXUs2zbax2WRJskJZ+h+8eFDEq//Hm//GbLsHbX0w8Hhvhpl5QcyZNq777RRWVtfWN4qbpa3tnd298v5BS8tEEdokkkvVCbCmnAnaNMxw2okVxVHAaTsYX2d++4kqzaRomElM/QgPBQsZwcZKrfv+7UOj1C9X3Ko7A1omXk4qkKPeL3/1BpIkERWGcKx113Nj46dYGUY4nZZ6iaYxJmM8pF1LBY6o9tPZtVN0YpUBCqWyJQyaqb8nUhxpPYkC2xlhM9KLXib+53UTE176KRNxYqgg80VhwpGRKHsdDZiixPCJJZgoZm9FZIQVJsYGlIXgLb68TFpnVc+tenfnldpVHkcRjuAYTsGDC6jBDdShCQQe4Rle4c2Rzovz7nzMWwtOPnMIf+B8/gCYSY54</latexit><latexit sha1_base64="IySnCuoxptw4swn6we/7+i8Wdu8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY9FL56kQr+kXUs2zbax2WRJskJZ+h+8eFDEq//Hm//GbLsHbX0w8Hhvhpl5QcyZNq777RRWVtfWN4qbpa3tnd298v5BS8tEEdokkkvVCbCmnAnaNMxw2okVxVHAaTsYX2d++4kqzaRomElM/QgPBQsZwcZKrfv+7UOj1C9X3Ko7A1omXk4qkKPeL3/1BpIkERWGcKx113Nj46dYGUY4nZZ6iaYxJmM8pF1LBY6o9tPZtVN0YpUBCqWyJQyaqb8nUhxpPYkC2xlhM9KLXib+53UTE176KRNxYqgg80VhwpGRKHsdDZiixPCJJZgoZm9FZIQVJsYGlIXgLb68TFpnVc+tenfnldpVHkcRjuAYTsGDC6jBDdShCQQe4Rle4c2Rzovz7nzMWwtOPnMIf+B8/gCYSY54</latexit>

Y T
⌃
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Hypercharge Y=0

and the Lagrangian reads

L = LSM +Tr[(Dµ�)†(D
µ

�)]�M2
�Tr[�

†�]�
⇣
Y�Lc i⌧2�L+ µ��

T i⌧2�
†�+ h.c.

⌘
, (14)

where we omitted quartic scalar couplings. Integrating out the triplet, one obtains the fol-
lowing neutrino mass matrix:

m
⌫

= �4Y�
µ�v

2

M2
�

. (15)

From this expression we see that the flavour structure of m
⌫

is uniquely determined by that
of the Yukawa couplings in Y�, and that these latter parameters can be large even for EW-
scale M� if the necessary suppression is provided by the L-violating term µ�. This is a
straightforward realisation of the paradigm discussed above.

As it can be directly spotted from Eq. (14) and the diagrams in Fig. 1, the main di↵erence
between type I and type II seesaw regarding CLFV phenomenology is that in the latter one
`
i

! `
j

`
k

`
k

is induced at tree level by exchange of � [cite], with both the neutral and double
charged components contributing. Radiative decays and conversion in nuclei are on the other
hand generated at one loop as usual. Barring special flavour textures of Y�, this makes the
CLFV three-body decays the most suitable observables to test type II seesaw. The decay rate
reads [cite]:

�(`�
i

! `+
j

`�
k

`�
k

) =
m5

`i

192⇡3

|(Y�)ij |2|(Y�)
kk

|2
M4

�

. (16)

This gives for the µ� e sector:

BR(µ� ! e+e�e�) =
|(Y�)21|2|(Y�)11|2

M4
�G

2
F

, (17)

such that the present bound of Tab. ?? translates to

Y� = O (1) ) M� & 293 TeV. (18)

An increase of the sensitivity at the level of BR(µ� ! e+e�e�) ' 10�16 would then test
triplet masses up to M� ⇡ 3000 TeV.

As mentioned above, type III seesaw is realised by introducing two or more generations
of fermion triplets ⌃

i

:

L = LSM +Tr[⌃i /D⌃]�
✓p

2Y⌃ e�†⌃L+
1

2
M⌃Tr[⌃⌃c] + h.c.

◆
, (19)

where flavour indices are omitted as usual and

⌃ =

✓
⌃0/

p
2 ⌃+

⌃� �⌃0/
p
2

◆
. (20)

The resulting neutrino mass matrix is:

m
⌫

= �v2

2
Y T

⌃ M�1
⌃ Y⌃ . (21)

Although this matrix, as well as the Lagrangian in Eq. (19), closely resemble those of type I
seesaw, the low-energy phenomenology of type III is very di↵erent, as a consequence of the
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charged states in ⌃. In fact, these mix with charged leptons (similarly to the neutral states
that mix with neutrinos) inducing flavour-changing couplings with the Z boson [cite]. This
e↵ect induces `

i

! `
j

`
k

`
k

and µ ! e conversion in Nuclei at tree level, while `
i

! `
j

� arises
from loops involving the W boson the neutrinos and the ⌃0

i

. This provides a pattern that
di↵ers from both type I and II seesaw. The resulting expressions for the above processes –
that can be found in [cite] – are all controlled at the leading order by the above-mentioned

fermion mixing, hence by the quantity v

2

2 Y
†
⌃M

�2
⌃ Y⌃. As a consequence, type III seesaw feature

striking correlations among di↵erent observables in the same sector, which makes it a very
predictive scenario [cite]:

BR(µ ! e�) = 1.3⇥ 10�3 ⇥ BR(µ ! eee) = 3.1⇥ 10�4 ⇥ CR(µTi ! eTi), (22)

BR(⌧ ! µ�) = 1.3⇥ 10�3 ⇥ BR(⌧ ! µµµ) = 2.1⇥ 10�3 ⇥ BR(⌧� ! µ�e+e�), (23)

BR(⌧ ! e�) = 1.3⇥ 10�3 ⇥ BR(⌧ ! eee) = 2.1⇥ 10�3 ⇥ BR(⌧� ! e�µ+µ�). (24)

Let us finish this section reminding that CLFV observables are clearly not the only phe-
nomenological consequences of low-energy seesaw models. For detailed discussions of other
e↵ects of a non-unitarity of the mixing matrix, neutrinoless double-beta decay, and collider
searches for the seesaw states, we refer to [cite].

1.3 LFV Higgs Yukawa couplings and Two Higgs Doublets models

1.4 CLFV in SUSY models

1.4.1 General setup

We start discussing possible supersymmetric sources of CLFV within the Minimal Supersym-
metric Standard Model (MSSM). For a detailed presentation of the MSSM, we refer to [?, ?].
In order to set the notation, here we just report the superpotential that defines the MSSM:

WMSSM = (Y
u

)
ij

Q
i

U c

j

H
u

+ (Y
d

)
ij

Q
i

Dc

j

H
d

+ (Y
`

)
ij

L
i

Ec

j

H
d

+ µH
u

H
d

, (25)

where i, j = 1, 3 are flavour indices. We denote with Q, U c, andDc the superfields respectively
corresponding to the LH quark doublets, and the RH up and down quark singlets. Similarly
L and Ec are LH and RH lepton superfields, and H

u,d

the Higgs doublets. The matrices Y
u,d,`

give raise to the ordinary Yukawa couplings of the SM Lagrangian.
In the MSSM with conserved R-parity, the leading contributions to CLFV processes arise

at one-loop level from the interactions involving the SM leptons and their superpartners, as
well as the neutralinos and charginos:

L � e�0
m

�
NL

mi↵

P
L

+NR

mi↵

P
R

�
`�
i

è+
↵

+ e��
n

�
CL

ni�

P
L

+ CR

ni�

P
R

�
`�
i

e⌫⇤
�

+ h.c. , (26)

where `�
i

(i = e, µ, ⌧) are the charged leptons, è±
↵

(↵ = 1, 6) the sleptons in the mass eigen-
state basis, e⌫

�

(� = 1, 3) the sneutrinos, e�0
m

(m = 1, 4) the neutralinos, and e�±
n

(n = 1, 2)
the charginos. The couplings NL,R and CL,R are given in terms of the rotations of the
superpartners from the interaction to the mass basis, as shown in the following.

The neutralinos e�0
m

come from the mixing upon EW symmetry breaking of the neutral
fermionic partners of the SU(2)

L

⇥ U(1)
Y

gauge bosons, the so-called Bino ( eB) and Wino
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limits on CLFV processes reported in table II into bounds on the coefficients |Ca|/Λ2

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

BR(µ → eee) ≃ α

3π

(
log

m2
µ

m2
e

− 3

)
× BR(µ → eγ),(40)

CR(µN → eN) ≃ α × BR(µ → eγ).(41)

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

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

(12) For full calculations of the µ → e conversion rates in different nuclei, see [109,122,123].
(13) As a matter of fact, there are several new-physics models where such operators arise at the
tree level, thus with much larger coefficients than the dipoles that can only be loop induced.
Some examples will be mentioned in sect. 6.
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Table VII. – Pattern of the relative predictions for the µ → e processes as predicted in several
models (see the text for details). Whether the dominant contributions to µ → eee and µ →
e conversion are at the tree or at the loop level is indicated; Loop∗ indicates that there are
contributions that dominate over the dipole one, typically giving an enhancement compared to
eqs. (40), (41).

Model µ → eee µN → eN BR(µ→eee)
BR(µ→eγ)

CR(µN→eN)
BR(µ→eγ)

MSSM Loop Loop ≈ 6 × 10−3 10−3–10−2

Type-I seesaw Loop∗ Loop∗ 3 × 10−3–0.3 0.1–10

Type-II seesaw Tree Loop (0.1–3) × 103 O(10−2)

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

LFV Higgs Loop(a) Loop∗(a) ≈ 10−2 O(0.1)

Composite Higgs Loop∗ Loop∗ 0.05–0.5 2–20

(a)
A tree-level contribution to this process exists but it is subdominant.

TeV to provide a natural solution to the hierarchy problem, hence the anarchical flavour
structure of the couplings give rise to CLFV effects that the elementary-composite mixing
can suppress only to some extent, so that they result several orders of magnitude above
the present bounds [114, 198, 199]. While these minimal models are excluded, one can
conceive setups where additional protection against flavour-violating effects is provided
by a non-trivial structure of the couplings in the strong sector, as given for instance by
some flavour symmetry [114,200,201].

There are several classes of models that, although not providing sharp predictions for
the absolute rates of the CLFV processes, have the appealing feature of predicting definite
patterns of the relative rates in different channels, providing in principle an experimental
“smoking gun”. As we have seen, standard SUSY models feature the correlations of
eqs. (40), (41), as any other scenario where the dominant effect is given by the dipole
operator, hence this pattern of effects —although rather robust— does not provide a
definite handle for model discrimination. Models where other operators in table IV arise
at the tree level such that the dipole is subdominant and eqs. (40), (41) do not hold are
therefore very interesting. This is for instance the case of SUSY models with R-parity
violation, see [202, 203]. Low-energy seesaw models of the type II and III provide other
remarkable examples of these kinds of scenarios, see e.g. [101]. In the type-II seesaw, the
scalar triplet mediates ℓi → ℓjℓkℓk, which thus set the strongest constraints (furthermore
the relative rates of different flavour transitions are directly related to PMNS matrix
elements, as in the SUSY-seesaw example of the previous section). In the type III seesaw,
the charged component of the fermion triplets mix with the leptons generating flavour-
violating couplings to Z. As a consequence ℓi → ℓjℓkℓk and µ → e conversion in nuclei
arise at the tree level from a Z exchange, resulting in very definite predictions for the
ratios of the different modes [204]. We illustrate the pattern of the relative predictions for
the µ → e modes within a selection of models in table VII. The chosen examples are the
minimal (in terms of low-energy particle content) SUSY model discussed in the previous
section (MSSM), the three types of low-energy seesaw models, the scenario with LFV-
couplings of the Higgs (LFV Higgs) that we discussed at the end of sect. 2 (cf. eq. (14)
and table III), and the so-called “two-site” composite Higgs model studied in [114]. The

LC Signorelli ‘17

Searches for the different µ→e modes are highly 
complementary in terms of model discrimination: 

If dipole operator dominates (e.g. as in R-parity conserving SUSY):

Hisano et al. ‘95
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L L

H H

(a) T1-i

L

H

H

L

(b) T1-ii

L L

H H

(c) T1-iii

L L

H H

(d) T3

L L

H H

(e) T4-2-i

L

H

H

L

(f) T4-3-i

Figure 3: Feynman diagram topologies for 1-loop radiative neutrino mass generation with the

Weinberg operator O1 = LLHH. Dashed lines could be scalars or gauge bosons if allowed.

T4-x-i require a discrete Z2 symmetry in addition to demanding Majorana fermions in the loop with

lepton-number conserving couplings. This is difficult to achieve in a field theory, as lepton-number

is necessarily broken by neutrino mass. For example, in topology T4-2-i the scalar connected to

the two Higgs doublets H is necessarily an electroweak triplet and thus its direct coupling to two

lepton doublets L is unavoidable. This coupling induces a type-II seesaw tree-level contribution

to neutrino mass. Similar arguments hold for the other topologies T4-x-i.

1-loop topologies for O′
1 = LLHH(H†H). A similar analysis has been performed for 1-loop topolo-

gies that give rise to the dimension-7 generalized Weinberg operator [101]. Of the 48 possible

topologies, only the eight displayed in Fig. 4 are relevant for genuine 1-loop models. For specific

cases, not all of these eight diagrams will be realized. The three-point vertices can be Yukawa,

gauge or cubic scalar interactions, while the four-point vertices only contain scalar and gauge

bosons.

2-loop topologies for O1 = LLHH. A systematic analysis of 2-loop openings of O1 was performed

in Ref. [102]. Figure 5 displays the topologies identified in this study as able to contribute to

genuine 2-loop models. There are additional 2-loop diagrams – that were termed “class II” – that

have the form of one of the 1-loop topologies of Fig. 3 with one the vertices expanded into a 1-loop

subgraph. They remark the class II topologies may be useful for justifying why a certain vertex
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Process Experiment (90% CL) Bound (90% CL)

µ� ! e+e�e� BR< 1.0⇥ 10�12 |geµg⇤ee| < 2.3⇥ 10�5
�

mk
TeV

�2

⌧� ! e+e�e� BR< 2.7⇥ 10�8 |ge⌧g⇤ee| < 0.009
�

mk
TeV

�2

⌧� ! e+e�µ� BR< 1.8⇥ 10�8 |ge⌧g⇤eµ| < 0.005
�

mk
TeV

�2

⌧� ! e+µ�µ� BR< 1.7⇥ 10�8 |ge⌧g⇤µµ| < 0.007
�

mk
TeV

�2

⌧� ! µ+e�e� BR< 1.5⇥ 10�8 |gµ⌧g⇤ee| < 0.007
�

mk
TeV

�2

⌧� ! µ+e�µ� BR< 2.7⇥ 10�8 |gµ⌧g⇤eµ| < 0.007
�

mk
TeV

�2

⌧� ! µ+µ�µ� BR< 2.1⇥ 10�8 |gµ⌧g⇤µµ| < 0.008
�

mk
TeV

�2

µ+e� ! µ�e+ GMM̄ < 0.003GF |geeg⇤µµ| < 0.2
�

mk
TeV

�2

Table I: Constraints from tree-level lepton flavour violating decays [3].

where cij ⌘ cos ✓ij, sij ⌘ sin ✓ij and since one of the neutrinos is massless, there is only one

physical Majorana phase, �, in addition to the Dirac phase �.

B. Low energy constraints.

In order to provide neutrino masses compatible with experiment, the Yukawa couplings

of the charged scalars cannot be too small and their masses cannot be too large. This

immediately gives rise to a series of flavour lepton number violating processes, as for instance

µ� ! e�� or µ� ! e+e�e�, with rates which can be, in some cases, at the verge of the

present experimental limits. Therefore, we can use these processes to obtain information

about the parameters of the model and hopefully to confirm or to exclude the model in a

near future by exploiting the synergies with direct searches for the new scalars at LHC.

In this section we follow the notation of [12], where all the relevant formulae can be

found, and update the new bounds. We collect the relevant tree-level lepton flavour violating

constraints, from `�a ! `+b `
�
c `

�
d decays and µ+e� $ µ�e+ transitions, in table I.

Universality constraints are summarized in table II where we have combined the mea-

surements presented in [29] for the di↵erent couplings. There seems to be a 2� discrepancy

in Gexp
⌧ /Gexp

e , which we interpret as a bound. If confirmed and interpreted within the ZB

model, one obtains that |fµ⌧ |2 � |feµ|2 = 0.05 (mh/TeV)2. As we will see in section IV, for

NH spectrum feµ ⇠ fµ⌧/2, therefore one needs mh ⇠ 4 fµ⌧TeV, which is easily achieved. For
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being H the SU(2) doublet Higgs boson, while the leptons have Yukawa couplings to both

H and the new charged scalars:

LY = LL Y eH + L̃Lf`h
+ + ecg e k++ + h.c. , (3)

where LL and e are the SM SU(2) lepton doublets and singlets, respectively, and L̃L ⌘
i⌧2L

c
L = i⌧2CLL

T
, with ⌧2 Pauli’s second matrix. Due to Fermi statistics, fab is an antisym-

metric matrix in flavour space while gab is symmetric.

Notice that we can assign lepton number �2 to both scalars, h+ and k++, in such a way

that total lepton number L (or B�L) is conserved in the complete Lagrangian, except for the

trilinear coupling µ of the scalar potential; thus, lepton number is explicitly broken by the µ-

coupling. It is important to remark that lepton number violation requires the simultaneous

presence of the four couplings Y , f , g and µ, because if any of them vanishes one can always

assign quantum numbers in such a way that there is a global U(1) symmetry. This means

that neutrino masses will require the simultaneous presence of the four couplings.

Regarding the physical free parameters in the ZB model, our convention is the following:

without loss of generality, we choose the 3 ⇥ 3 charged lepton Yukawa matrix Y to be

diagonal with real and positive elements. We also use fermion field rephasings to remove

three phases from the elements of the matrix g and charged scalar rephasings to set µ real

and positive, and to remove one phase from f . In summary we have 12 moduli (3 from

Y , 3 from f and 6 from gab), 5 phases (3 from g and 2 from f) and the real and positive

parameter µ, plus the rest of real parameters in the scalar potential. As discussed in [12],

this choice is compatible with the standard parametrization of neutrino masses and mixings.

After electroweak symmetry breaking, the masses of charged leptons are ma = Yaav, with

v ⌘ hH0i = 174GeV, the VEV of the standard Higgs doublet, while the physical charged

scalar masses are given by

m2
h = m02

h + �hHv
2 , m2

k = m02
k + �kHv

2 . (4)

In principle, the scale of the new mass parameters of the ZB model (mh,mk and µ)

is arbitrary. However from the experimental point of view it is interesting to consider

new scalars light enough to be produced in the second run of the LHC. Also theoretical

arguments suggest that the scalar masses should be relatively light (few TeV), to avoid

unnaturally large one-loop corrections to the Higgs mass which would introduce a hierarchy

4

Figure 1: Diagram contributing to the neutrino Majorana mass at two loops.

Assuming no cancellations between the �’s or mass terms, neglecting �H and m02
H , and using

the perturbative limit for the rest of the couplings �i
<⇠ 4⇡ one finds a very conservative

bound on µ

µ <⇠
p
20⇡max(mk,mh) ⇠ 8max(mk,mh) (8)

Tighter limits can be obtained by looking at all directions in the potential and/or allowing

for cancellations.

Given that the neutrino masses depend linearly on the parameter µ, as we will see in

the next section, the ability of the model to accommodate all present data is quite sensitive

to the upper limit allowed for µ. Thus we choose to implement such limit in terms of a

parameter ,

µ < min(mh,mk) , (9)

and discuss our results for di↵erent values of  = 1, 5, 4⇡. Notice that we are using the

naturality upper bound (expressed in terms of min(mh,mk)), which in general is much more

restrictive than the upper bound obtained by requiring that the minimum of the potential

does not break charge conservation (expressed in terms of max(mh,mk)).

A. Neutrino masses.

The lowest order contribution to neutrino masses involving the four relevant couplings

appears at two loops [5, 6] and its Feynman diagram is depicted in fig. 1.

The calculation of this diagram gives the following mass matrix for the neutrinos (defined

6
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Figure 9: (a): Scatter plot of BR(µ ! e�) versus BR(µ ! 3 e) including current

bounds (solid lines) and expected future sensitivities (dashed lines). (b): Scatter

plot of BR(µ ! e�) versus CR(µ-e,Ti) including current bounds (solid lines) and

future sensitivities (dashed lines).

µ ! e� bound would allow, if no signal is found, to exclude an important
region of the parameter space, but many models would remain viable. Not
so with µ ! 3 e and µ-e conversion in nuclei. Future µ ! 3 e and µ-e conver-
sion experiments will probe the entire parameter space consistent with dark
matter via N1-N1 annihilations. And they can do so even if they fall short of
reaching their expected sensitivity. For µ ! 3 e, a branching ratio sensitivity
of 10�14 would be enough to e↵ectively exclude this scenario, two orders of
magnitude larger than what is achievable at the Mu3e experiment. For µ-e
conversion in Titanium, a rate sensitivity of 10�14, four orders of magnitude
larger than the most optimistic figure, could exclude practically the entire
parameter space.

Summarizing, the viable parameter space of the scotogenic model will
be probed in di↵erent ways by future LFV experiments. Searches for LFV
⌧ decays can, by themselves, probe a significant part, including the entire
region with MN3 < 3 TeV. Future searches for µ ! 3 e and µ-e conversion in
nuclei can go deeper and independently probe the whole parameter space we
considered, which extends up to MN3 = 10 TeV. If future LFV experiments
fail to find a signal, this scenario, where N1-N1 annihilations set the dark
matter relic density, can be ruled out.

4.2 Dark matter via N

1

-⌘ coannihilations

If the dark matter relic density is obtained via N1-⌘ coannihilations, the
Yukawa couplings can be smaller and so are the rates for LFV processes. As
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Figure 13: (a): Scatter plot of BR(µ ! e�) versus BR(µ ! 3 e) including current

bounds (solid lines) and expected future sensitivities (dashed lines). (b): Scatter

plot of BR(µ ! e�) versus CR(µ-e,Ti) including current bounds (solid lines) and

future sensitivities (dashed lines).

points with BR(µ ! e�) > 6⇥ 10�14 feature BR(µ ! 3 e) > 10�16, but not
the other way around. Less conclusive is the result of the comparison between
µ ! e� and µ-e conversion –see the right panel. In this case there is no clear
winner: future µ ! e� experiments will probe regions that cannot be probed
with µ-e conversion experiments, and viceversa. In any case, many viable
points will be beyond the expected sensitivity of all future LFV experiments.
In the following, we characterize such points and identify the regions of the
parameter space that will be probed by future experiments.

Because all lepton flavor violating processes in this model are determined
by the neutrino Yukawa couplings, future experiments have the potential to
test the regions featuring the largest values of yi↵. Figure 14 illustrates the
currently viable region (red crosses) and the regions that lie beyond the ex-
pected sensitivity of future LFV experiments (blue squares) for each element
of |yi↵|. The position of the panel in the array corresponds to the respective
matrix element. Thus, the top-left panel shows y1e while the bottom right
shows y3⌧ . The x-axis corresponds instead to the dark matter mass. As
expected, the points that lie beyond the expected sensitivity of future LFV
experiments feature a heavy spectrum (MN1 & 600 GeV) and small values
of the neutrino Yukawa couplings. The e-column of the Yukawa matrix (the
first one) is already the most strongly constrained, and future experiments
can exclude the region |yi↵| & 0.1 over the entire range of MN1 .

The mass of the charged scalar (m⌘+) can a↵ect the rates of LFV pro-
cesses directly and indirectly. On the one hand, ⌘+ always appear in the
LFV loops, with the result that all form factors are proportional to 1/m2

⌘+ .

22

⌫ ⌫

�

0
�

0

⌘

0
⌘

0

N N

c

Figure 1: 1-loop neutrino masses in the scotogenic model.

3⇥ 3 complex matrix. The scalar potential of the model is given by

V = m

2
��

†
�+m

2
⌘⌘

†
⌘ +

�1

2

�
�

†
�

�2
+

�2

2

�
⌘

†
⌘

�2
+ �3

�
�

†
�

� �
⌘

†
⌘

�

+�4

�
�

†
⌘

� �
⌘

†
�

�
+

�5

2

h�
�

†
⌘

�2
+
�
⌘

†
�

�2i
. (2)

For simplicity, we will assume that all parameters in the scalar potential
are real. This, however, can always be accomplished by making use of the
rephasing invariance of the model. In the scotogenic model, the Z2 parity
is assumed to be preserved after electroweak symmetry breaking. This is
guaranteed by choosing a set of parameters that leads to a vacuum with
h⌘i = 0 and forbids the �� ⌘ mixing.

After electroweak symmetry breaking, the masses of the charged compo-
nent ⌘+ and neutral component ⌘0 = (⌘R + i⌘I)/

p
2 are split to

m

2
⌘+ = m

2
⌘ + �3h�0i2 , (3)

m

2
R = m

2
⌘ + (�3 + �4 + �5) h�0i2 , (4)

m

2
I = m

2
⌘ + (�3 + �4 � �5) h�0i2 . (5)

The mass di↵erence between ⌘R and ⌘I (the CP-even and CP-odd components
of ⌘0, respectively) is m2

R �m

2
I = 2�5h�0i2.

Inspecting the new terms in LN and V one finds that the presence of
�5 6= 0 breaks lepton number in two units. Although the usual tree-level
contribution to neutrino masses is forbidden by the Z2 symmetry, these are
induced at the 1-loop level as shown in figure 1. This loop is calculable and
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parameter space, which we analyze in detail. Then, we study the predictions
for di↵erent lepton flavor violating processes within these viable regions, and
examine to which extent future experiments will be able to probe them. We
will show that future LFV experiments have the potential to rule-out the
entire parameter space consistent with a relic density determined by N1-N1

annihilations, and to exclude a significant part of that determined by N1-⌘
coannihilations.

In the next section, we describe the scotogenic model and introduce our
notation. Section 3 deals with lepton flavor violating processes. After re-
porting the experimental situation, we review the expressions for the rates
of di↵erent LFV processes in the scotogenic model . Our main results are
presented in section 4, first for the case where the dark matter density is
obtained without coannihilations and then with coannihilations. In that sec-
tion, we thoroughly discuss the viable parameter space and the impact of
future LFV experiments. Finally, we summarize our findings in section 5.

2 The model

The scotogenic model [2] extends the SM particle content with three singlet
fermions, Ni (i = 1-3), and one SU(2)L doublet, ⌘. In addition, a Z2 parity
is imposed, under which the new particles are odd and the SM ones are
even. This symmetry not only prevents flavor changing neutral currents
but it also renders stable the lightest odd particle in the spectrum, which
becomes a dark matter candidate. In this model, two particles can play
the role of dark matter: the neutral scalar (an inert Higgs) or the lightest
singlet fermion. Both have been shown to give rise to interesting dark matter
scenarios [4, 5, 6, 8, 9, 10, 11, 12]. Additionally, this model may also generate
new signals at colliders [5, 13, 14, 15, 16], explain the baryon asymmetry
of the Universe [17, 18], induce observable rates for lepton flavor violating
processes [3], and account for the observed pattern of neutrino masses and
mixing angles [2, 19].

The new Lagrangian terms involving the right-handed neutrinos can be
written as

LN = Ni@/Ni �
MNi

2
N

c
i PRNi + yi↵⌘NiPL`↵ + h.c. , (1)

where, without loss of generality, the right-handed neutrino mass matrix has
been taken to be diagonal. The matrix of Yukawa couplings, y, is an arbitrary

3

Z2-odd singlet fermions and a scalar 
doublet are introduced:

DM candidates!! ⌘0, N1
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Observed DM abundance requires not too heavy masses / too 
small couplings, large CLFV effects are expected:

N1 DM annihil. through y

N1 � ⌘0 coannhilation
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Mu3e and COMET/Mu2e can test most of the thermal DM parameter space!
Vicente Yaguna ‘14
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Figure 13: (a): Scatter plot of BR(µ ! e�) versus BR(µ ! 3 e) including current

bounds (solid lines) and expected future sensitivities (dashed lines). (b): Scatter

plot of BR(µ ! e�) versus CR(µ-e,Ti) including current bounds (solid lines) and

future sensitivities (dashed lines).

points with BR(µ ! e�) > 6⇥ 10�14 feature BR(µ ! 3 e) > 10�16, but not
the other way around. Less conclusive is the result of the comparison between
µ ! e� and µ-e conversion –see the right panel. In this case there is no clear
winner: future µ ! e� experiments will probe regions that cannot be probed
with µ-e conversion experiments, and viceversa. In any case, many viable
points will be beyond the expected sensitivity of all future LFV experiments.
In the following, we characterize such points and identify the regions of the
parameter space that will be probed by future experiments.

Because all lepton flavor violating processes in this model are determined
by the neutrino Yukawa couplings, future experiments have the potential to
test the regions featuring the largest values of yi↵. Figure 14 illustrates the
currently viable region (red crosses) and the regions that lie beyond the ex-
pected sensitivity of future LFV experiments (blue squares) for each element
of |yi↵|. The position of the panel in the array corresponds to the respective
matrix element. Thus, the top-left panel shows y1e while the bottom right
shows y3⌧ . The x-axis corresponds instead to the dark matter mass. As
expected, the points that lie beyond the expected sensitivity of future LFV
experiments feature a heavy spectrum (MN1 & 600 GeV) and small values
of the neutrino Yukawa couplings. The e-column of the Yukawa matrix (the
first one) is already the most strongly constrained, and future experiments
can exclude the region |yi↵| & 0.1 over the entire range of MN1 .

The mass of the charged scalar (m⌘+) can a↵ect the rates of LFV pro-
cesses directly and indirectly. On the one hand, ⌘+ always appear in the
LFV loops, with the result that all form factors are proportional to 1/m2

⌘+ .
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Figure 9: (a): Scatter plot of BR(µ ! e�) versus BR(µ ! 3 e) including current

bounds (solid lines) and expected future sensitivities (dashed lines). (b): Scatter

plot of BR(µ ! e�) versus CR(µ-e,Ti) including current bounds (solid lines) and

future sensitivities (dashed lines).

µ ! e� bound would allow, if no signal is found, to exclude an important
region of the parameter space, but many models would remain viable. Not
so with µ ! 3 e and µ-e conversion in nuclei. Future µ ! 3 e and µ-e conver-
sion experiments will probe the entire parameter space consistent with dark
matter via N1-N1 annihilations. And they can do so even if they fall short of
reaching their expected sensitivity. For µ ! 3 e, a branching ratio sensitivity
of 10�14 would be enough to e↵ectively exclude this scenario, two orders of
magnitude larger than what is achievable at the Mu3e experiment. For µ-e
conversion in Titanium, a rate sensitivity of 10�14, four orders of magnitude
larger than the most optimistic figure, could exclude practically the entire
parameter space.

Summarizing, the viable parameter space of the scotogenic model will
be probed in di↵erent ways by future LFV experiments. Searches for LFV
⌧ decays can, by themselves, probe a significant part, including the entire
region with MN3 < 3 TeV. Future searches for µ ! 3 e and µ-e conversion in
nuclei can go deeper and independently probe the whole parameter space we
considered, which extends up to MN3 = 10 TeV. If future LFV experiments
fail to find a signal, this scenario, where N1-N1 annihilations set the dark
matter relic density, can be ruled out.

4.2 Dark matter via N

1

-⌘ coannihilations

If the dark matter relic density is obtained via N1-⌘ coannihilations, the
Yukawa couplings can be smaller and so are the rates for LFV processes. As
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Figure 1: 1-loop neutrino masses in the scotogenic model.
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For simplicity, we will assume that all parameters in the scalar potential
are real. This, however, can always be accomplished by making use of the
rephasing invariance of the model. In the scotogenic model, the Z2 parity
is assumed to be preserved after electroweak symmetry breaking. This is
guaranteed by choosing a set of parameters that leads to a vacuum with
h⌘i = 0 and forbids the �� ⌘ mixing.

After electroweak symmetry breaking, the masses of the charged compo-
nent ⌘+ and neutral component ⌘0 = (⌘R + i⌘I)/

p
2 are split to

m

2
⌘+ = m

2
⌘ + �3h�0i2 , (3)

m

2
R = m

2
⌘ + (�3 + �4 + �5) h�0i2 , (4)

m

2
I = m

2
⌘ + (�3 + �4 � �5) h�0i2 . (5)

The mass di↵erence between ⌘R and ⌘I (the CP-even and CP-odd components
of ⌘0, respectively) is m2

R �m

2
I = 2�5h�0i2.

Inspecting the new terms in LN and V one finds that the presence of
�5 6= 0 breaks lepton number in two units. Although the usual tree-level
contribution to neutrino masses is forbidden by the Z2 symmetry, these are
induced at the 1-loop level as shown in figure 1. This loop is calculable and
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parameter space, which we analyze in detail. Then, we study the predictions
for di↵erent lepton flavor violating processes within these viable regions, and
examine to which extent future experiments will be able to probe them. We
will show that future LFV experiments have the potential to rule-out the
entire parameter space consistent with a relic density determined by N1-N1

annihilations, and to exclude a significant part of that determined by N1-⌘
coannihilations.

In the next section, we describe the scotogenic model and introduce our
notation. Section 3 deals with lepton flavor violating processes. After re-
porting the experimental situation, we review the expressions for the rates
of di↵erent LFV processes in the scotogenic model . Our main results are
presented in section 4, first for the case where the dark matter density is
obtained without coannihilations and then with coannihilations. In that sec-
tion, we thoroughly discuss the viable parameter space and the impact of
future LFV experiments. Finally, we summarize our findings in section 5.

2 The model

The scotogenic model [2] extends the SM particle content with three singlet
fermions, Ni (i = 1-3), and one SU(2)L doublet, ⌘. In addition, a Z2 parity
is imposed, under which the new particles are odd and the SM ones are
even. This symmetry not only prevents flavor changing neutral currents
but it also renders stable the lightest odd particle in the spectrum, which
becomes a dark matter candidate. In this model, two particles can play
the role of dark matter: the neutral scalar (an inert Higgs) or the lightest
singlet fermion. Both have been shown to give rise to interesting dark matter
scenarios [4, 5, 6, 8, 9, 10, 11, 12]. Additionally, this model may also generate
new signals at colliders [5, 13, 14, 15, 16], explain the baryon asymmetry
of the Universe [17, 18], induce observable rates for lepton flavor violating
processes [3], and account for the observed pattern of neutrino masses and
mixing angles [2, 19].

The new Lagrangian terms involving the right-handed neutrinos can be
written as

LN = Ni@/Ni �
MNi

2
N

c
i PRNi + yi↵⌘NiPL`↵ + h.c. , (1)

where, without loss of generality, the right-handed neutrino mass matrix has
been taken to be diagonal. The matrix of Yukawa couplings, y, is an arbitrary

3

Z2-odd singlet fermions and a scalar 
doublet are introduced:

DM candidates!! ⌘0, N1
<latexit sha1_base64="v0cP3zWQ2oUe2aHjuBbRAwMqkZc=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksggcpiQh6LHrxJBXsBzQhbLbbdukmG3YnSgntwb/ixYMiXv0Z3vw3btsctPXBwOO9GWbmhYngGhzn2yosLa+srhXXSxubW9s79u5eQ8tUUVanUkjVColmgsesDhwEayWKkSgUrBkOrid+84EpzWV8D8OE+RHpxbzLKQEjBfaBp3ivD0Qp+Tj2GJDAOR3fBm5gl52KMwVeJG5OyihHLbC/vI6kacRioIJo3XadBPyMKOBUsFHJSzVLCB2QHmsbGpOIaT+bPjDCx0bp4K5UpmLAU/X3REYirYdRaDojAn09703E/7x2Ct1LP+NxkgKL6WxRNxUYJJ6kgTtcMQpiaAihiptbMe0TRSiYzEomBHf+5UXSOKu4TsW9Oy9Xr/I4iugQHaET5KILVEU3qIbqiKIRekav6M16sl6sd+tj1lqw8pl99AfW5w+aIJZh</latexit><latexit sha1_base64="v0cP3zWQ2oUe2aHjuBbRAwMqkZc=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksggcpiQh6LHrxJBXsBzQhbLbbdukmG3YnSgntwb/ixYMiXv0Z3vw3btsctPXBwOO9GWbmhYngGhzn2yosLa+srhXXSxubW9s79u5eQ8tUUVanUkjVColmgsesDhwEayWKkSgUrBkOrid+84EpzWV8D8OE+RHpxbzLKQEjBfaBp3ivD0Qp+Tj2GJDAOR3fBm5gl52KMwVeJG5OyihHLbC/vI6kacRioIJo3XadBPyMKOBUsFHJSzVLCB2QHmsbGpOIaT+bPjDCx0bp4K5UpmLAU/X3REYirYdRaDojAn09703E/7x2Ct1LP+NxkgKL6WxRNxUYJJ6kgTtcMQpiaAihiptbMe0TRSiYzEomBHf+5UXSOKu4TsW9Oy9Xr/I4iugQHaET5KILVEU3qIbqiKIRekav6M16sl6sd+tj1lqw8pl99AfW5w+aIJZh</latexit><latexit sha1_base64="v0cP3zWQ2oUe2aHjuBbRAwMqkZc=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksggcpiQh6LHrxJBXsBzQhbLbbdukmG3YnSgntwb/ixYMiXv0Z3vw3btsctPXBwOO9GWbmhYngGhzn2yosLa+srhXXSxubW9s79u5eQ8tUUVanUkjVColmgsesDhwEayWKkSgUrBkOrid+84EpzWV8D8OE+RHpxbzLKQEjBfaBp3ivD0Qp+Tj2GJDAOR3fBm5gl52KMwVeJG5OyihHLbC/vI6kacRioIJo3XadBPyMKOBUsFHJSzVLCB2QHmsbGpOIaT+bPjDCx0bp4K5UpmLAU/X3REYirYdRaDojAn09703E/7x2Ct1LP+NxkgKL6WxRNxUYJJ6kgTtcMQpiaAihiptbMe0TRSiYzEomBHf+5UXSOKu4TsW9Oy9Xr/I4iugQHaET5KILVEU3qIbqiKIRekav6M16sl6sd+tj1lqw8pl99AfW5w+aIJZh</latexit><latexit sha1_base64="v0cP3zWQ2oUe2aHjuBbRAwMqkZc=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksggcpiQh6LHrxJBXsBzQhbLbbdukmG3YnSgntwb/ixYMiXv0Z3vw3btsctPXBwOO9GWbmhYngGhzn2yosLa+srhXXSxubW9s79u5eQ8tUUVanUkjVColmgsesDhwEayWKkSgUrBkOrid+84EpzWV8D8OE+RHpxbzLKQEjBfaBp3ivD0Qp+Tj2GJDAOR3fBm5gl52KMwVeJG5OyihHLbC/vI6kacRioIJo3XadBPyMKOBUsFHJSzVLCB2QHmsbGpOIaT+bPjDCx0bp4K5UpmLAU/X3REYirYdRaDojAn09703E/7x2Ct1LP+NxkgKL6WxRNxUYJJ6kgTtcMQpiaAihiptbMe0TRSiYzEomBHf+5UXSOKu4TsW9Oy9Xr/I4iugQHaET5KILVEU3qIbqiKIRekav6M16sl6sd+tj1lqw8pl99AfW5w+aIJZh</latexit>

Observed DM abundance requires not too heavy masses / too 
small couplings, large CLFV effects are expected:

N1 DM annihil. through y
N1 � ⌘0 coannhilation
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Mu3e and COMET/Mu2e can test most of the thermal DM parameter space!
Vicente Yaguna ‘14



Flavour models

• SM fermions charged under a new horizontal symmetry GF  

• GF forbids Yukawa couplings at the renormalisable level 

• GF spontaneously broken by the vev(s) of one or more scalars (the “flavons”)   

• Yukawas arise as higher dimensional operators

small expansion parameter (M=UV scale)

Froggatt Nielsen ‘79
Leurer Seiberg Nir ’92, ’93 

…

Lorenzo Calibbi (Nankai U.)Neutrino mass models & CLFV

 dictated by the symmetry

GF could abelian or non-abelian, continuous or discrete, global or local… 

→ Everett talk



Flavour models

Lorenzo Calibbi (Nankai U.)Neutrino mass models & CLFV

Which group for GF ? 
U(1), U(1)xU(1), SU(2), SU(3), SO(3), A4 …

Froggatt Nielsen ’79; Leurer Seiberg Nir ’92, ’93; Ibanez Ross ’94; Dudas Pokorski Savoy ’95;                                
Binetruy Lavignac Ramond ’96; Barbieri Dvali Hall ’95; Pomarol Tommasini ’95; Berezhiani Rossi '98; 
King Ross ’01; Ma ’02; Altarelli Feruglio ’05 … … …  

If you have a model of flavour, in particular for the PMNS, prediction 
for CLFV processes can be affected in several ways: 

• The symmetry shapes the flavour structure of effective operators                
(Studied especially in the context of discrete symmetries) 

• In SUSY models, slepton mass matrices determined by the flavour 
symmetry: same dynamics accounts for fermion masses and mixing 
and controls LFV. Examples:   

   SU(3)                               U(2)l xU(2)e                                                A4 

Feruglio Hagedorn Lin Merlo ’08, Altarelli Feruglio ’10, Deppisch ’12

LC Jones Vives ’07;                                             
LC Jones Masiero Park Vives ’09;                      

Blankenburg Isidori Jones ’12 Feruglio Hagedorn Lin Merlo ’08, ’09;  
Hagedorn Molinaro Petcov ’09 
Altarelli Feruglio Merlo Stamou ’12 

LC Lalak Pokorski Ziegler ‘12

• In general this works for the flavour structure of any NP couplings 



Example:

Froggatt-Nielsen U(1)

Lorenzo Calibbi (Nankai U.)Neutrino mass models & CLFV
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yuij = auij ✏
[q]i+[u]j

ydij = adij ✏
[q]i+[d]j
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✏ = h�i/M ⇡ 0.23
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(V u,d
L )ij ⇡ ✏|[q]i�[q]j | (V u,d

R )ij ⇡ ✏|[u,d]i�[u,d]j |
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Vud ⇡ Vcs ⇡ Vtb ⇡ 1 Vub ⇡ Vtd ⇡ Vus ⇥ Vcb
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Quark sector

V f†
L Y fV f

R = Y f
diag

<latexit sha1_base64="CPDULYVHGN0O3H2h0C2Yg9+ia2A=">AAACC3icbZC9TsMwFIWd8lfKX4CRxWqFxFQlCAkWpAoWBoaCaFrUppHjOK1Vx4lsB6mKurPwKiwMIMTKC7DxNjhtBmi5kq1P59wr+x4/YVQqy/o2SkvLK6tr5fXKxubW9o65u+fIOBWYtHDMYtHxkSSMctJSVDHSSQRBkc9I2x9d5n77gQhJY36nxglxIzTgNKQYKS15ZtXxrvtZ2AvQYALv+yF0vFt9n+fsZQHVsmfWrLo1LbgIdgE1UFTTM796QYzTiHCFGZKya1uJcjMkFMWMTCq9VJIE4REakK5GjiIi3Wy6ywQeaiWAYSz04QpO1d8TGYqkHEe+7oyQGsp5Lxf/87qpCs/cjPIkVYTj2UNhyqCKYR4MDKggWLGxBoQF1X+FeIgEwkrHV9Eh2PMrL4JzXLetun1zUmtcFHGUwQGogiNgg1PQAFegCVoAg0fwDF7Bm/FkvBjvxsestWQUM/vgTxmfP1DcmfI=</latexit><latexit sha1_base64="CPDULYVHGN0O3H2h0C2Yg9+ia2A=">AAACC3icbZC9TsMwFIWd8lfKX4CRxWqFxFQlCAkWpAoWBoaCaFrUppHjOK1Vx4lsB6mKurPwKiwMIMTKC7DxNjhtBmi5kq1P59wr+x4/YVQqy/o2SkvLK6tr5fXKxubW9o65u+fIOBWYtHDMYtHxkSSMctJSVDHSSQRBkc9I2x9d5n77gQhJY36nxglxIzTgNKQYKS15ZtXxrvtZ2AvQYALv+yF0vFt9n+fsZQHVsmfWrLo1LbgIdgE1UFTTM796QYzTiHCFGZKya1uJcjMkFMWMTCq9VJIE4REakK5GjiIi3Wy6ywQeaiWAYSz04QpO1d8TGYqkHEe+7oyQGsp5Lxf/87qpCs/cjPIkVYTj2UNhyqCKYR4MDKggWLGxBoQF1X+FeIgEwkrHV9Eh2PMrL4JzXLetun1zUmtcFHGUwQGogiNgg1PQAFegCVoAg0fwDF7Bm/FkvBjvxsestWQUM/vgTxmfP1DcmfI=</latexit><latexit sha1_base64="CPDULYVHGN0O3H2h0C2Yg9+ia2A=">AAACC3icbZC9TsMwFIWd8lfKX4CRxWqFxFQlCAkWpAoWBoaCaFrUppHjOK1Vx4lsB6mKurPwKiwMIMTKC7DxNjhtBmi5kq1P59wr+x4/YVQqy/o2SkvLK6tr5fXKxubW9o65u+fIOBWYtHDMYtHxkSSMctJSVDHSSQRBkc9I2x9d5n77gQhJY36nxglxIzTgNKQYKS15ZtXxrvtZ2AvQYALv+yF0vFt9n+fsZQHVsmfWrLo1LbgIdgE1UFTTM796QYzTiHCFGZKya1uJcjMkFMWMTCq9VJIE4REakK5GjiIi3Wy6ywQeaiWAYSz04QpO1d8TGYqkHEe+7oyQGsp5Lxf/87qpCs/cjPIkVYTj2UNhyqCKYR4MDKggWLGxBoQF1X+FeIgEwkrHV9Eh2PMrL4JzXLetun1zUmtcFHGUwQGogiNgg1PQAFegCVoAg0fwDF7Bm/FkvBjvxsestWQUM/vgTxmfP1DcmfI=</latexit><latexit sha1_base64="CPDULYVHGN0O3H2h0C2Yg9+ia2A=">AAACC3icbZC9TsMwFIWd8lfKX4CRxWqFxFQlCAkWpAoWBoaCaFrUppHjOK1Vx4lsB6mKurPwKiwMIMTKC7DxNjhtBmi5kq1P59wr+x4/YVQqy/o2SkvLK6tr5fXKxubW9o65u+fIOBWYtHDMYtHxkSSMctJSVDHSSQRBkc9I2x9d5n77gQhJY36nxglxIzTgNKQYKS15ZtXxrvtZ2AvQYALv+yF0vFt9n+fsZQHVsmfWrLo1LbgIdgE1UFTTM796QYzTiHCFGZKya1uJcjMkFMWMTCq9VJIE4REakK5GjiIi3Wy6ywQeaiWAYSz04QpO1d8TGYqkHEe+7oyQGsp5Lxf/87qpCs/cjPIkVYTj2UNhyqCKYR4MDKggWLGxBoQF1X+FeIgEwkrHV9Eh2PMrL4JzXLetun1zUmtcFHGUwQGogiNgg1PQAFegCVoAg0fwDF7Bm/FkvBjvxsestWQUM/vgTxmfP1DcmfI=</latexit>

Rotation matrices

Successful predictions for                     :

([q]1, [q]2, [q]3) = (3, 2, 0) ([u]1, [u]2, [u]3) = (5, 2, 0) ([d]1, [d]2, [d]3) = (4, 2, 2)
<latexit sha1_base64="lIn91sjmA2HWlOzrv0SQhqBR830="></latexit><latexit sha1_base64="lIn91sjmA2HWlOzrv0SQhqBR830="></latexit><latexit sha1_base64="lIn91sjmA2HWlOzrv0SQhqBR830="></latexit><latexit sha1_base64="lIn91sjmA2HWlOzrv0SQhqBR830="></latexit>

V CKM = V uV d†
<latexit sha1_base64="cQr53HR1V8HpaSNstugLrLw5dFE=">AAACBHicbVBNS8NAEN3Ur1q/oh57WSyCp5KIoBeh2IsgQgWbFpq0bDabduluEnY3Qgk5ePGvePGgiFd/hDf/jds2B219MPB4b4aZeX7CqFSW9W2UVlbX1jfKm5Wt7Z3dPXP/wJFxKjBp45jFousjSRiNSFtRxUg3EQRxn5GOP25O/c4DEZLG0b2aJMTjaBjRkGKktDQwq04/cwWHzZvbHF5Cp5/qygI3QMN8YNasujUDXCZ2QWqgQGtgfrlBjFNOIoUZkrJnW4nyMiQUxYzkFTeVJEF4jIakp2mEOJFeNnsih8daCWAYC12RgjP190SGuJQT7utOjtRILnpT8T+vl6rwwstolKSKRHi+KEwZVDGcJgIDKghWbKIJwoLqWyEeIYGw0rlVdAj24svLxDmt21bdvjurNa6KOMqgCo7ACbDBOWiAa9ACbYDBI3gGr+DNeDJejHfjY95aMoqZQ/AHxucP5diW+Q==</latexit><latexit sha1_base64="cQr53HR1V8HpaSNstugLrLw5dFE=">AAACBHicbVBNS8NAEN3Ur1q/oh57WSyCp5KIoBeh2IsgQgWbFpq0bDabduluEnY3Qgk5ePGvePGgiFd/hDf/jds2B219MPB4b4aZeX7CqFSW9W2UVlbX1jfKm5Wt7Z3dPXP/wJFxKjBp45jFousjSRiNSFtRxUg3EQRxn5GOP25O/c4DEZLG0b2aJMTjaBjRkGKktDQwq04/cwWHzZvbHF5Cp5/qygI3QMN8YNasujUDXCZ2QWqgQGtgfrlBjFNOIoUZkrJnW4nyMiQUxYzkFTeVJEF4jIakp2mEOJFeNnsih8daCWAYC12RgjP190SGuJQT7utOjtRILnpT8T+vl6rwwstolKSKRHi+KEwZVDGcJgIDKghWbKIJwoLqWyEeIYGw0rlVdAj24svLxDmt21bdvjurNa6KOMqgCo7ACbDBOWiAa9ACbYDBI3gGr+DNeDJejHfjY95aMoqZQ/AHxucP5diW+Q==</latexit><latexit sha1_base64="cQr53HR1V8HpaSNstugLrLw5dFE=">AAACBHicbVBNS8NAEN3Ur1q/oh57WSyCp5KIoBeh2IsgQgWbFpq0bDabduluEnY3Qgk5ePGvePGgiFd/hDf/jds2B219MPB4b4aZeX7CqFSW9W2UVlbX1jfKm5Wt7Z3dPXP/wJFxKjBp45jFousjSRiNSFtRxUg3EQRxn5GOP25O/c4DEZLG0b2aJMTjaBjRkGKktDQwq04/cwWHzZvbHF5Cp5/qygI3QMN8YNasujUDXCZ2QWqgQGtgfrlBjFNOIoUZkrJnW4nyMiQUxYzkFTeVJEF4jIakp2mEOJFeNnsih8daCWAYC12RgjP190SGuJQT7utOjtRILnpT8T+vl6rwwstolKSKRHi+KEwZVDGcJgIDKghWbKIJwoLqWyEeIYGw0rlVdAj24svLxDmt21bdvjurNa6KOMqgCo7ACbDBOWiAa9ACbYDBI3gGr+DNeDJejHfjY95aMoqZQ/AHxucP5diW+Q==</latexit><latexit sha1_base64="cQr53HR1V8HpaSNstugLrLw5dFE=">AAACBHicbVBNS8NAEN3Ur1q/oh57WSyCp5KIoBeh2IsgQgWbFpq0bDabduluEnY3Qgk5ePGvePGgiFd/hDf/jds2B219MPB4b4aZeX7CqFSW9W2UVlbX1jfKm5Wt7Z3dPXP/wJFxKjBp45jFousjSRiNSFtRxUg3EQRxn5GOP25O/c4DEZLG0b2aJMTjaBjRkGKktDQwq04/cwWHzZvbHF5Cp5/qygI3QMN8YNasujUDXCZ2QWqgQGtgfrlBjFNOIoUZkrJnW4nyMiQUxYzkFTeVJEF4jIakp2mEOJFeNnsih8daCWAYC12RgjP190SGuJQT7utOjtRILnpT8T+vl6rwwstolKSKRHi+KEwZVDGcJgIDKghWbKIJwoLqWyEeIYGw0rlVdAj24svLxDmt21bdvjurNa6KOMqgCo7ACbDBOWiAa9ACbYDBI3gGr+DNeDJejHfjY95aMoqZQ/AHxucP5diW+Q==</latexit>

(independent of charge assignment)



Froggatt-Nielsen U(1)

Lorenzo Calibbi (Nankai U.)Neutrino mass models & CLFV

Lepton sector

LH charges can chosen to give a (quasi-)anarchical PMNS 

RH charges then responsible for charged leptons hierarchy

yeij = aeij✏
[L]i+[e]j

(m⌫)ij ⇠
v2

⇤
✏[L]i+[L]j

<latexit sha1_base64="sj1bnR3GJwNVQvf0p9/oPmrQGU0="></latexit><latexit sha1_base64="sj1bnR3GJwNVQvf0p9/oPmrQGU0="></latexit><latexit sha1_base64="sj1bnR3GJwNVQvf0p9/oPmrQGU0="></latexit><latexit sha1_base64="sj1bnR3GJwNVQvf0p9/oPmrQGU0="></latexit>

Examples: Altarelli Feruglio Masina Merlo ‘12

• Anarchy  

• Mu-tau anarchy 

• Hierarchy 

([L]1, [L]2, [L]3) = ([L], [L], [L])
<latexit sha1_base64="tAk2raL5uVHc4j4ssIqAgG57AsM=">AAACDnicbVDLSsNAFJ34rPUVdelmsBRaKCWpBd0IBTcuXFSwD0hDmEwn7dDJJMxMhBL6BW78FTcuFHHr2p1/46TNQlsPXO7hnHuZucePGZXKsr6NtfWNza3twk5xd2//4NA8Ou7KKBGYdHDEItH3kSSMctJRVDHSjwVBoc9Iz59cZ37vgQhJI36vpjFxQzTiNKAYKS15Zrni3LqeXRvUst7I+3n1KtNreVU9s2TVrTngKrFzUgI52p75NRhGOAkJV5ghKR3bipWbIqEoZmRWHCSSxAhP0Ig4mnIUEumm83NmsKyVIQwioYsrOFd/b6QolHIa+noyRGosl71M/M9zEhVcuinlcaIIx4uHgoRBFcEsGzikgmDFppogLKj+K8RjJBBWOsGiDsFePnmVdBt126rbd81Sq5nHUQCn4AxUgA0uQAvcgDboAAwewTN4BW/Gk/FivBsfi9E1I985AX9gfP4AYRWYeQ==</latexit><latexit sha1_base64="tAk2raL5uVHc4j4ssIqAgG57AsM=">AAACDnicbVDLSsNAFJ34rPUVdelmsBRaKCWpBd0IBTcuXFSwD0hDmEwn7dDJJMxMhBL6BW78FTcuFHHr2p1/46TNQlsPXO7hnHuZucePGZXKsr6NtfWNza3twk5xd2//4NA8Ou7KKBGYdHDEItH3kSSMctJRVDHSjwVBoc9Iz59cZ37vgQhJI36vpjFxQzTiNKAYKS15Zrni3LqeXRvUst7I+3n1KtNreVU9s2TVrTngKrFzUgI52p75NRhGOAkJV5ghKR3bipWbIqEoZmRWHCSSxAhP0Ig4mnIUEumm83NmsKyVIQwioYsrOFd/b6QolHIa+noyRGosl71M/M9zEhVcuinlcaIIx4uHgoRBFcEsGzikgmDFppogLKj+K8RjJBBWOsGiDsFePnmVdBt126rbd81Sq5nHUQCn4AxUgA0uQAvcgDboAAwewTN4BW/Gk/FivBsfi9E1I985AX9gfP4AYRWYeQ==</latexit><latexit sha1_base64="tAk2raL5uVHc4j4ssIqAgG57AsM=">AAACDnicbVDLSsNAFJ34rPUVdelmsBRaKCWpBd0IBTcuXFSwD0hDmEwn7dDJJMxMhBL6BW78FTcuFHHr2p1/46TNQlsPXO7hnHuZucePGZXKsr6NtfWNza3twk5xd2//4NA8Ou7KKBGYdHDEItH3kSSMctJRVDHSjwVBoc9Iz59cZ37vgQhJI36vpjFxQzTiNKAYKS15Zrni3LqeXRvUst7I+3n1KtNreVU9s2TVrTngKrFzUgI52p75NRhGOAkJV5ghKR3bipWbIqEoZmRWHCSSxAhP0Ig4mnIUEumm83NmsKyVIQwioYsrOFd/b6QolHIa+noyRGosl71M/M9zEhVcuinlcaIIx4uHgoRBFcEsGzikgmDFppogLKj+K8RjJBBWOsGiDsFePnmVdBt126rbd81Sq5nHUQCn4AxUgA0uQAvcgDboAAwewTN4BW/Gk/FivBsfi9E1I985AX9gfP4AYRWYeQ==</latexit><latexit sha1_base64="tAk2raL5uVHc4j4ssIqAgG57AsM=">AAACDnicbVDLSsNAFJ34rPUVdelmsBRaKCWpBd0IBTcuXFSwD0hDmEwn7dDJJMxMhBL6BW78FTcuFHHr2p1/46TNQlsPXO7hnHuZucePGZXKsr6NtfWNza3twk5xd2//4NA8Ou7KKBGYdHDEItH3kSSMctJRVDHSjwVBoc9Iz59cZ37vgQhJI36vpjFxQzTiNKAYKS15Zrni3LqeXRvUst7I+3n1KtNreVU9s2TVrTngKrFzUgI52p75NRhGOAkJV5ghKR3bipWbIqEoZmRWHCSSxAhP0Ig4mnIUEumm83NmsKyVIQwioYsrOFd/b6QolHIa+noyRGosl71M/M9zEhVcuinlcaIIx4uHgoRBFcEsGzikgmDFppogLKj+K8RjJBBWOsGiDsFePnmVdBt126rbd81Sq5nHUQCn4AxUgA0uQAvcgDboAAwewTN4BW/Gk/FivBsfi9E1I985AX9gfP4AYRWYeQ==</latexit>

([L]1, [L]2, [L]3) = ([L] + 1, [L], [L])
<latexit sha1_base64="C/P6zr9ug4pC6T62vEm64wk9b6Q=">AAACEHicbVBNS8NAEN3Ur1q/oh69BIvYYinZWtCLUPDiwUMF+wFpCJvtpl262YTdjVBKf4IX/4oXD4p49ejNf+OmzUFbHwzz9s0Ms/P8mFGpbPvbyK2srq1v5DcLW9s7u3vm/kFbRonApIUjFomujyRhlJOWooqRbiwICn1GOv7oOq13HoiQNOL3ahwTN0QDTgOKkdKSZ56WnFvXg5VeJc21LJ+Xr1L9DKavNMqeWbSr9gzWMoEZKYIMTc/86vUjnISEK8yQlA60Y+VOkFAUMzIt9BJJYoRHaEAcTTkKiXQns4Om1olW+lYQCR1cWTP198QEhVKOQ193hkgN5WItFf+rOYkKLt0J5XGiCMfzRUHCLBVZqTtWnwqCFRtrgrCg+q8WHiKBsNIeFrQJcPHkZdKuVaFdhXf1YqOe2ZEHR+AYlAAEF6ABbkATtAAGj+AZvII348l4Md6Nj3lrzshmDsEfGJ8/SlWY6Q==</latexit><latexit sha1_base64="C/P6zr9ug4pC6T62vEm64wk9b6Q=">AAACEHicbVBNS8NAEN3Ur1q/oh69BIvYYinZWtCLUPDiwUMF+wFpCJvtpl262YTdjVBKf4IX/4oXD4p49ejNf+OmzUFbHwzz9s0Ms/P8mFGpbPvbyK2srq1v5DcLW9s7u3vm/kFbRonApIUjFomujyRhlJOWooqRbiwICn1GOv7oOq13HoiQNOL3ahwTN0QDTgOKkdKSZ56WnFvXg5VeJc21LJ+Xr1L9DKavNMqeWbSr9gzWMoEZKYIMTc/86vUjnISEK8yQlA60Y+VOkFAUMzIt9BJJYoRHaEAcTTkKiXQns4Om1olW+lYQCR1cWTP198QEhVKOQ193hkgN5WItFf+rOYkKLt0J5XGiCMfzRUHCLBVZqTtWnwqCFRtrgrCg+q8WHiKBsNIeFrQJcPHkZdKuVaFdhXf1YqOe2ZEHR+AYlAAEF6ABbkATtAAGj+AZvII348l4Md6Nj3lrzshmDsEfGJ8/SlWY6Q==</latexit><latexit sha1_base64="C/P6zr9ug4pC6T62vEm64wk9b6Q=">AAACEHicbVBNS8NAEN3Ur1q/oh69BIvYYinZWtCLUPDiwUMF+wFpCJvtpl262YTdjVBKf4IX/4oXD4p49ejNf+OmzUFbHwzz9s0Ms/P8mFGpbPvbyK2srq1v5DcLW9s7u3vm/kFbRonApIUjFomujyRhlJOWooqRbiwICn1GOv7oOq13HoiQNOL3ahwTN0QDTgOKkdKSZ56WnFvXg5VeJc21LJ+Xr1L9DKavNMqeWbSr9gzWMoEZKYIMTc/86vUjnISEK8yQlA60Y+VOkFAUMzIt9BJJYoRHaEAcTTkKiXQns4Om1olW+lYQCR1cWTP198QEhVKOQ193hkgN5WItFf+rOYkKLt0J5XGiCMfzRUHCLBVZqTtWnwqCFRtrgrCg+q8WHiKBsNIeFrQJcPHkZdKuVaFdhXf1YqOe2ZEHR+AYlAAEF6ABbkATtAAGj+AZvII348l4Md6Nj3lrzshmDsEfGJ8/SlWY6Q==</latexit><latexit sha1_base64="C/P6zr9ug4pC6T62vEm64wk9b6Q=">AAACEHicbVBNS8NAEN3Ur1q/oh69BIvYYinZWtCLUPDiwUMF+wFpCJvtpl262YTdjVBKf4IX/4oXD4p49ejNf+OmzUFbHwzz9s0Ms/P8mFGpbPvbyK2srq1v5DcLW9s7u3vm/kFbRonApIUjFomujyRhlJOWooqRbiwICn1GOv7oOq13HoiQNOL3ahwTN0QDTgOKkdKSZ56WnFvXg5VeJc21LJ+Xr1L9DKavNMqeWbSr9gzWMoEZKYIMTc/86vUjnISEK8yQlA60Y+VOkFAUMzIt9BJJYoRHaEAcTTkKiXQns4Om1olW+lYQCR1cWTP198QEhVKOQ193hkgN5WItFf+rOYkKLt0J5XGiCMfzRUHCLBVZqTtWnwqCFRtrgrCg+q8WHiKBsNIeFrQJcPHkZdKuVaFdhXf1YqOe2ZEHR+AYlAAEF6ABbkATtAAGj+AZvII348l4Md6Nj3lrzshmDsEfGJ8/SlWY6Q==</latexit>

([L]1, [L]2, [L]3) = ([L] + 2, [L] + 1, [L])
<latexit sha1_base64="RK/SozldHqLI7pRzdTciI61wQvQ=">AAACEnicbVDLSgMxFM3UV62vUZdugkVoaSmTWtCNUHDjwkUF+4DpMGTStA3NPEgyQhn6DW78FTcuFHHryp1/Y6adhbZeSO7JOfdyc48XcSaVZX0bubX1jc2t/HZhZ3dv/8A8POrIMBaEtknIQ9HzsKScBbStmOK0FwmKfY/Trje5TvXuAxWShcG9mkbU8fEoYENGsNKUa5ZL9q3jomq/muZ6ls/LVylfqaevCkrvsmsWrZo1D7gKUAaKIIuWa371ByGJfRoowrGUNrIi5SRYKEY4nRX6saQRJhM8oraGAfapdJL5SjN4ppkBHIZCn0DBOfu7I8G+lFPf05U+VmO5rKXkf5odq+Glk7AgihUNyGLQMOZQhTD1Bw6YoETxqQaYCKb/CskYC0yUdrGgTUDLK6+CTr2GrBq6axSbjcyOPDgBp6AEELgATXADWqANCHgEz+AVvBlPxovxbnwsSnNG1nMM/oTx+QM21Jla</latexit><latexit sha1_base64="RK/SozldHqLI7pRzdTciI61wQvQ=">AAACEnicbVDLSgMxFM3UV62vUZdugkVoaSmTWtCNUHDjwkUF+4DpMGTStA3NPEgyQhn6DW78FTcuFHHryp1/Y6adhbZeSO7JOfdyc48XcSaVZX0bubX1jc2t/HZhZ3dv/8A8POrIMBaEtknIQ9HzsKScBbStmOK0FwmKfY/Trje5TvXuAxWShcG9mkbU8fEoYENGsNKUa5ZL9q3jomq/muZ6ls/LVylfqaevCkrvsmsWrZo1D7gKUAaKIIuWa371ByGJfRoowrGUNrIi5SRYKEY4nRX6saQRJhM8oraGAfapdJL5SjN4ppkBHIZCn0DBOfu7I8G+lFPf05U+VmO5rKXkf5odq+Glk7AgihUNyGLQMOZQhTD1Bw6YoETxqQaYCKb/CskYC0yUdrGgTUDLK6+CTr2GrBq6axSbjcyOPDgBp6AEELgATXADWqANCHgEz+AVvBlPxovxbnwsSnNG1nMM/oTx+QM21Jla</latexit><latexit sha1_base64="RK/SozldHqLI7pRzdTciI61wQvQ=">AAACEnicbVDLSgMxFM3UV62vUZdugkVoaSmTWtCNUHDjwkUF+4DpMGTStA3NPEgyQhn6DW78FTcuFHHryp1/Y6adhbZeSO7JOfdyc48XcSaVZX0bubX1jc2t/HZhZ3dv/8A8POrIMBaEtknIQ9HzsKScBbStmOK0FwmKfY/Trje5TvXuAxWShcG9mkbU8fEoYENGsNKUa5ZL9q3jomq/muZ6ls/LVylfqaevCkrvsmsWrZo1D7gKUAaKIIuWa371ByGJfRoowrGUNrIi5SRYKEY4nRX6saQRJhM8oraGAfapdJL5SjN4ppkBHIZCn0DBOfu7I8G+lFPf05U+VmO5rKXkf5odq+Glk7AgihUNyGLQMOZQhTD1Bw6YoETxqQaYCKb/CskYC0yUdrGgTUDLK6+CTr2GrBq6axSbjcyOPDgBp6AEELgATXADWqANCHgEz+AVvBlPxovxbnwsSnNG1nMM/oTx+QM21Jla</latexit><latexit sha1_base64="RK/SozldHqLI7pRzdTciI61wQvQ=">AAACEnicbVDLSgMxFM3UV62vUZdugkVoaSmTWtCNUHDjwkUF+4DpMGTStA3NPEgyQhn6DW78FTcuFHHryp1/Y6adhbZeSO7JOfdyc48XcSaVZX0bubX1jc2t/HZhZ3dv/8A8POrIMBaEtknIQ9HzsKScBbStmOK0FwmKfY/Trje5TvXuAxWShcG9mkbU8fEoYENGsNKUa5ZL9q3jomq/muZ6ls/LVylfqaevCkrvsmsWrZo1D7gKUAaKIIuWa371ByGJfRoowrGUNrIi5SRYKEY4nRX6saQRJhM8oraGAfapdJL5SjN4ppkBHIZCn0DBOfu7I8G+lFPf05U+VmO5rKXkf5odq+Glk7AgihUNyGLQMOZQhTD1Bw6YoETxqQaYCKb/CskYC0yUdrGgTUDLK6+CTr2GrBq6axSbjcyOPDgBp6AEELgATXADWqANCHgEz+AVvBlPxovxbnwsSnNG1nMM/oTx+QM21Jla</latexit>
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where both Ye and Yd are lopsided matrices since F5̄ ̸= F10. The relation (13) should be corrected
since it leads to wrong mass equalities for the first two generations. The required corrections
are sizeable, but not huge and (13) can still be valid at the level of orders of magnitude. In
the limit where (13) is exact, it predicts a small contribution to the quark left-handed mixing
and a large contribution to the lepton left-handed mixing, which is exactly what we observe.
For the right-handed components a large (small) mixing for quarks (leptons) is predicted, which
however is not observable at low energies.

The neutrino mass matrix is mν ∝ F5̄wF5̄ v2/M . When (11) holds neutrino mass ratios and
mixing angles reproduce exactly the case of anarchy, since they are generated from the random,
order-one, matrix elements of w. However within the extreme choice in eq. (11) there is no
preference for the type of neutrino mass ordering and no explanation of the smallness of sin2 θ13
and ∆m2

sol/∆m2
atm. It is worth to replace (11) by a more generic possibility, such as

F5̄ =

⎛

⎝
λQ1 0 0
0 λQ2 0
0 0 1

⎞

⎠ . (14)

Here λ is an expansion parameter, typically smaller than 0.5 and Q1,2 are two positive charges,
Q1 ≥ Q2 ≥ 0. Anarchy is reproduced when Q1,2 = 0. It is not surprising that several examples
with Q1 non vanishing can be found where a small θ13 is more easily reproduced than in anarchy
[18, 19, 20, 21, 22]. In all the more successful examples the normal ordering of neutrino masses
is preferred. First hints of such a preference are currently shown in global fits to neutrino
oscillation experiments [23].

Figure 5. Probability distribu-
tion of sin θ13, for several choices of
F5̄, from ref. [20]: Anarchy [A,
(λ, Q1, Q2) = (0.2, 0, 0)], µτ -Anarchy
[Aµτ , (λ, Q1, Q2) = (0.2, 1, 0)], Hierarchy
[H, (λ, Q1, Q2) = (0.4, 2, 1)].

Figure 6. Probability distribution of
tan2 θ23, for several choices of F5̄, from ref.
[20]: Anarchy [A, (λ, Q1, Q2) = (0.2, 0, 0)],
µτ -Anarchy [Aµτ , (λ, Q1, Q2) = (0.2, 1, 0)],
Hierarchy [H, (λ, Q1, Q2) = (0.4, 2, 1)].

These results are impressive. All qualitative features of quarks and lepton masses and
mixing angles are reproduced. The difference between the two mixing matrices, VCKM and
UPMNS , is neatly explained. The amount of symmetry required is minimal. Apart from
the GUT symmetry that connects members of the same fermion generation, the observed
intergenerational hierarchies are all generated by few rescaling factors, which could arise even
without an underlying flavour symmetry. The same mechanism works for SO(10) GUTs as well
[24]. By extending the model by the inclusion of a set of right-handed neutrinos, leptogenesis

Froggatt-Nielsen U(1)

Lorenzo Calibbi (Nankai U.)Neutrino mass models & CLFV

Lepton sector

LH charges can chosen to give a (quasi-)anarchical PMNS 

RH charges then responsible for charged leptons hierarchy
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Leptonic FN “familon”
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Lepton-flavour-violating decays into an (invisible) PNGB:

(VL)ij ⇡ ✏|[L]i�[L]j |, (VR)ij ⇡ ✏|[e]i�[e]j |
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flavour non-universal charges   
      flavour-violating couplings
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PNGB of a spontaneously-broken leptonic FN U(1) 
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FIG. 4. (color online) Confidence intervals set on branching
ratios for µ+ ! e+X0 decays determined from the muon de-
cay spectrum for signals well separated from the endpoint.
Statistical and energy calibration uncertainties are included.
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FIG. 5. (color online) FC confidence intervals determined
at the endpoint as a function of the momentum calibration
o↵set. The black dotted line shows the best a priori estimate
of the momentum calibration as determined from Table I.

density and e↵ective sample size. Since the momentum
resolution was also better than that of the TWIST de-
tector by a factor of 2 at similar angles, the upper limit
on the branching ratio is an order of magnitude smaller
than the comparable limits set by this work. However,
the experiment was also insensitive to signal anisotropies.
Consequently, a signal with A = �1 would have not been
visible, while a signal with A = +1 would have been ex-
cluded with a 1.3 ppm upper limit at 90% confidence.

VII. CONCLUSIONS

No significant evidence for µ

+ ! e

+
X

0 decays has
been found in this search. The limits on these decays
for 13 MeV/c

2
< m

X

0
< 80 MeV/c

2, where the X

0

Decay Signal 90% C.L. p-value
(in ppm)

A = 0 Average 9
p = 37.03 MeV/c 26 0.66

Endpoint 21 0.81
A = �1 Average 10

p = 37.28 MeV/c 26 0.60
Endpoint 58 0.80

A = +1 Average 6
p = 19.13 MeV/c 6 0.59

Endpoint 10 0.90

Previous Results
Balke et al. [24] 100
Bryman and Cli↵ord [25] 300
Jodidio et al. [26] 2.6

TABLE II. The 90% upper limits for the branching ratio of
µ+ ! e+X0 processes which produce positron signals with
positive, negative, and no anisotropy. The average of the
upper limits of e+ signals produced in the presence of massive
X0 particles is shown for all three cases as well as similar
limits associated with massless X0 particles determined from
the positron spectrum endpoint. The momentum, 90% upper
confidence limits, and p-value of the most significant massive
signal is also given. The results of Balke et al. and Bryman
and Cli↵ord are directly comparable to the case of µ+ !
e+X0 decays producing massive bosons with no anisotropy
(A = 0), while the results of Jodidio are comparable to the
production of massless X0 bosons, also assuming A = 0.

decay is not observed, have been improved by a factor of
10 over previously published limits. The dependence of
these limits on the decay anisotropy has been studied for
the first time.
Due to the systematics associated with the detailed

understanding of the decay positron spectrum endpoint,
our limits on µ

+ ! e

+
X

0 processes with m

X

< 13
MeV/c2 are much less restrictive. For this range we have
reported the first inclusive limit on decays having the
same anisotropy as ordinary muon decay, while for other
anisotropies the Jodidio et al. measurement is more sen-
sitive.
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Bounds on LFV decays to a PNGB

Lorenzo Calibbi (Nankai U.)Neutrino mass models & CLFV

SEARCH FOR RIGHT-HANDED CURRENTS IN MUON DECAY 

TABLE I. Values of the muon-decay parameters p, 77, g, and 6 in the V - A model and in the mani- 
festly left-right-symmetric (LRS) model with massless neutrinos. Their world-average experimental 
values (Ref. 21) prior to our experiment are also listed. The values in the LRS model are given to the 
lowest order in the mass-squared ratio E and mixing angle f for the gauge bosons W I  and W2. 

Decay V - A  Value in 
parameter value the LRS model Experimental value 

- 

'P, is the muon longitudinal polarization from a+ decay at rest. 

P, in the y+  rest frame is T-8. The world-average to - 1, 0, and + 1. The spectrum for unpolarized muons 
values2' of the muon-decay parameters p, r ] ,  (, and 6 mea- corresponds to the cosO=O curve, whose sharp edge at 
sured prior to our experiment are given in Table I. Also x = 1 played an important role in the spectrometer 
given there are their values in the L-R-symmetric model, momentum calibration. For cos@= 1, angular-momentum 
to lowest order in E and [. The V  - A values correspond conservation forces the V - A rate to vanish. The V  + A 
to e=C=O. 

The first-order electromagnetic corrections to the 
muon-decay spectrum are of order a ln(mP2/me2) (several 
76). They can be computed accurately with the four- 
fermion contact interaction ~ a m i l t o n i a n , ~ ~  since the 
heavy intermediate vector bosons contribute negligible ad- 
ditional terms23 of order a(m, /m )2. The first-order 
corrections have been computed for the general Fermi in- 
t e r a ~ t i o n , ~ ~  and this general expression was used in Monte 
Carlo simulations to verify the accuracy of the analysis 
method. For the analysis itself only the V  - A corrections 

spectrum at cose is equivalent to the V-A spectrum at 
( -cosf?). The region of greatest experimental sensitivity 
to an admixture of right-handed currents is therefore near 
x = 1 and c o d =  1, where the V - A  rate vanishes while 
the V+A rate is maximum. The experiment was 
designed to measure the positron spectrum for x > 0.85 
and cos0 > 0.95. 

The data analysis was based on a simple property of the 
muon-decay spectrum: if the weak interaction is predom- 
inantly V  - A, with a small admixture of V + A, scalar, 
tensor, or pseudoscalar currents, then the positron spec- 

were needed. trum near the end point, for cose = 1, can be expressed as 
The radiatively corrected muon-decay spectrum for a a sum of the P, cos6= 1 V -A spectrum, which vanishes 

pure V  - A  interaction is shown in Fig. 2 for cose equal linearly at x = 1, and the P, cosB=O V  - A  spectrum, 
which is flat near x = 1 with a step to zero at the end 

2.0 1 point. The relative size of the step at the end point is 
1 -{P, c o d  6 /p .  Measurement of the rate as a function 

I effects of cos0 allows us to extract (P,S/p. 
We introduce 

0 1.6 
0 1 w P = l - Q  u 3 P ,  ' case. - 1  
L 1.4C - 
w 6=1-'6 
a I 3 9 

with p=8 = 0 for a pure V - A  interaction, and the decay 
spectra: S(x,P, cose) is the spectrum for an arbitrary 
weak coupling (i.e., arbitrary values of {,p,6); SVPA (x, 1 ) 
is the V - A  spectrum at P,cose=l, S V - A ( ~ , O )  is the 
V  - A spectrum at P, cose=O. The latter two spectra are 
normalized to S(x,P,, cose). Ignoring the 7 term in (2.11, 
which is negligible near the end point, and ignoring radia- 
tive corrections, we can write 
S(x,P@ C O S ~ ) = ~ ( ~ ) S V - A ( X ,  1 ) + r ( 6 ) S y - A ( ~ , 0 )  (2.2) 
where 

q ( 9)  = CP, C O S ~  - +Z[P, C O S ~  + +p , (2.3) 
Reduced pos~tron energy x 

and r ( 9 )  is the relative rate at the end point: 
FIG. 2. The V - A radiatively corrected muon-decay spec- r ( e ) = (  1 -(P, C O S ~ ) + ~ { P ,  case-p. (2.4) 

trum plotted for c o d =  + 1, 0, and - 1, where T -  B is the angle 
between the positron direction and the muon spin. The effects TO lowest order in p, 3, and ( 1 - P, C O S ~ ) ,  r ( 6 )  and q ( 9 )  
of radiative corrections are also indicated. take the simpler forms 

(Of course the scalar potential and the EWSB can get quite involved here, and

dangerous phenomena such as Higgs to Majoron decays can occur, see e.g. [9]).

Match to Eq.(1.1) - RZ

3 Bounds from Particle Decays

When kinematically allowed, the couplings in Eq. (1.1) give rise to LFV decays with the

(invisible) PGB in the final state. The corresponding decay width is given by

�(`
i

! `

j

a) =
1

16⇡

m

3
`i

F

2
`i`j

 
1�

m

2
j

m

2
i

!3

, (3.1)

and the di↵erential decay rate for a polarized muon is given by (in the limit where m

e

=

m

a

= 0 for simplicity)

d�

d cos ✓
=

m

3
µ

32⇡F 2
µe

"
1 + 2P cos ✓

C

V

µe

C
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µe

(CV

µe

)2 + (CA

µe

)2

#
, (3.2)

where P is the polarization fraction of the muons, and ✓ is the angle between the polariza-

tion vector and the electron momentum.

3.1 Muon decays: F

A,V

µe

The current best bound on the FV decay of the muon mediated by the familon come from

the TRIUMF experiment [10] where 1.8 · 107 muons were collected:

BR(µ ! ea) ⇡ �(µ ! ea)

�(µ ! e ⌫ ⌫̄)
. 2.6 · 10�6 ) f & 6 · 109 GeV . (3.3)

) f & 2.8 · 107 GeV (3.4)

At first sight this bound assumes only vector couplings of the familon and cannot be directly

applied to our scenario where the couplings are instead purely axial. The challenge of this

experiment is to look for the presence of a positron with energy E

line
e

= m

µ

/2. Detecting

such a line at the end of the background distribution of µ ! e ⌫ ⌫̄ is challenging because

the positron spectrum from the background is also peaked at Eline
e

:

d2�

dx d cos ✓
= �

µ

((3� 2x)� P (2x� 1) cos ✓)x2 (3.5)

where x = 2E
e

/m

µ

and the total width of the muon is �
µ

= 3 · 10�9 eV. See [13] for a

nice review of the SM muon properties. It is clear that for hP i = 0 the SM background

is peaked at E

line
e

= m

µ

/2 exactly like the signal. In order to get rid of the background

the TRIUMF experiment [10] used a polarized muon beam and look for positrons in the

direction opposite to the muon polarization. For such a configuration the background from

(3.5) goes to zero for E

line
e

= m

µ

/2. The distribution of the signal for a polarized beam

– 5 –

Bound on isotropic 
             using polarised anti-muons.

Jodidio et al. (TRIUMF) ‘86

) BR(µ+ ! e+a) < 2.6⇥ 10�6
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(Of course the scalar potential and the EWSB can get quite involved here, and

dangerous phenomena such as Higgs to Majoron decays can occur, see e.g. [9]).

Match to Eq.(1.1) - RZ

3 Bounds from Particle Decays

When kinematically allowed, the couplings in Eq. (1.1) give rise to LFV decays with the

(invisible) PGB in the final state. The corresponding decay width is given by
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and the di↵erential decay rate for a polarized muon is given by (in the limit where m

e

=

m

a

= 0 for simplicity)
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#
, (3.2)

where P is the polarization fraction of the muons, and ✓ is the angle between the polariza-

tion vector and the electron momentum.

3.1 Muon decays: F

A,V

µe

The current best bound on the FV decay of the muon mediated by the familon come from

the TRIUMF experiment [10] where 1.8 · 107 muons were collected:

BR(µ ! ea) ⇡ �(µ ! ea)

�(µ ! e ⌫ ⌫̄)
. 2.6 · 10�6 ) f & 6 · 109 GeV . (3.3)

) f & 2.8 · 107 GeV (3.4)

At first sight this bound assumes only vector couplings of the familon and cannot be directly

applied to our scenario where the couplings are instead purely axial. The challenge of this

experiment is to look for the presence of a positron with energy E

line
e

= m

µ

/2. Detecting

such a line at the end of the background distribution of µ ! e ⌫ ⌫̄ is challenging because

the positron spectrum from the background is also peaked at Eline
e

:

d2�

dx d cos ✓
= �

µ

((3� 2x)� P (2x� 1) cos ✓)x2 (3.5)

where x = 2E
e

/m

µ

and the total width of the muon is �
µ

= 3 · 10�9 eV. See [13] for a

nice review of the SM muon properties. It is clear that for hP i = 0 the SM background

is peaked at E

line
e

= m

µ

/2 exactly like the signal. In order to get rid of the background

the TRIUMF experiment [10] used a polarized muon beam and look for positrons in the

direction opposite to the muon polarization. For such a configuration the background from

(3.5) goes to zero for E

line
e

= m

µ

/2. The distribution of the signal for a polarized beam

– 5 –

µ ! e⌫̄⌫
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Considering anisotropy of the signal:
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FIG. 4. (color online) Confidence intervals set on branching
ratios for µ+ ! e+X0 decays determined from the muon de-
cay spectrum for signals well separated from the endpoint.
Statistical and energy calibration uncertainties are included.
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FIG. 5. (color online) FC confidence intervals determined
at the endpoint as a function of the momentum calibration
o↵set. The black dotted line shows the best a priori estimate
of the momentum calibration as determined from Table I.

density and e↵ective sample size. Since the momentum
resolution was also better than that of the TWIST de-
tector by a factor of 2 at similar angles, the upper limit
on the branching ratio is an order of magnitude smaller
than the comparable limits set by this work. However,
the experiment was also insensitive to signal anisotropies.
Consequently, a signal with A = �1 would have not been
visible, while a signal with A = +1 would have been ex-
cluded with a 1.3 ppm upper limit at 90% confidence.

VII. CONCLUSIONS

No significant evidence for µ

+ ! e

+
X

0 decays has
been found in this search. The limits on these decays
for 13 MeV/c

2
< m

X

0
< 80 MeV/c

2, where the X

0

Decay Signal 90% C.L. p-value
(in ppm)

A = 0 Average 9
p = 37.03 MeV/c 26 0.66

Endpoint 21 0.81
A = �1 Average 10

p = 37.28 MeV/c 26 0.60
Endpoint 58 0.80

A = +1 Average 6
p = 19.13 MeV/c 6 0.59

Endpoint 10 0.90

Previous Results
Balke et al. [24] 100
Bryman and Cli↵ord [25] 300
Jodidio et al. [26] 2.6

TABLE II. The 90% upper limits for the branching ratio of
µ+ ! e+X0 processes which produce positron signals with
positive, negative, and no anisotropy. The average of the
upper limits of e+ signals produced in the presence of massive
X0 particles is shown for all three cases as well as similar
limits associated with massless X0 particles determined from
the positron spectrum endpoint. The momentum, 90% upper
confidence limits, and p-value of the most significant massive
signal is also given. The results of Balke et al. and Bryman
and Cli↵ord are directly comparable to the case of µ+ !
e+X0 decays producing massive bosons with no anisotropy
(A = 0), while the results of Jodidio are comparable to the
production of massless X0 bosons, also assuming A = 0.

decay is not observed, have been improved by a factor of
10 over previously published limits. The dependence of
these limits on the decay anisotropy has been studied for
the first time.
Due to the systematics associated with the detailed

understanding of the decay positron spectrum endpoint,
our limits on µ

+ ! e

+
X

0 processes with m

X

< 13
MeV/c2 are much less restrictive. For this range we have
reported the first inclusive limit on decays having the
same anisotropy as ordinary muon decay, while for other
anisotropies the Jodidio et al. measurement is more sen-
sitive.
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charged pions for tag side events for well approximation
mentioned in section 4.1.

To improve this we select events which have a smaller
angle between τ and the hadronic system direction in
the tag side since this angle can be calculated from the
following formulae. On the tag side τ at the center-of-
mass frame,

pτ − ph = pν, (1)

where pτ, ph and pν are 4 momentum of τ, hadron sys-
tem and ντ. Squaring both sides,

(pτ − ph)2 = (pν)2, (2)

and they can represented by energy, 3 momentum and
mass (Eτ, Eh, −→pτ, −→ph and mν) as follows,

(Eτ − Eh)2 − |−→pτ − −→ph|2 = mν ≃ 0. (3)

Although −→pν cannot be measured directly, |−→pν| is calcu-
lated from the first term of the left-hand side in (3) as
follows,

(Eτ − Eh)2 = (
1
2

mΥ(4S) −
√

m2
h + |−→ph|2)2 = |pν|2.(4)

This suggests |−→ph| and |−→pν| are observable values. Then
the angle between τ and the hadronic system (θτh) cal-
culated from the second term of the left-hand side in (3)
and (4) as follows,

|−→pτ − −→ph| = |−→pτ|2 + |−→ph|2 − 2|−→pτ||−→ph| cos θτh (5)

cos θτh =
|−→pτ|2 + |−→ph|2 − |−→pν|2

2|−→pτ||−→ph|
. (6)

This suggests that not only events including a heavy
hadronic system but also events with a light hadron such
as τ− → π−ν.

Our plan is to compare the statistics and sensitivity
with the previous method and new method with events
which have smaller θτh.

5. Summary

To explain the 3 − 4σ discrepancy in aexp
µ − aSM

µ of
the muon anomalous magnetic moment, light Z′ boson
with mass below 1 GeV in Lµ − Lτ model considering
neutrino trident production is suitable. To discover this
Z′ boson, we are searching for τ → lX decay with the
Belle 1 ab−1 sample.

We report MC study for estimation the sensitivities
and upper limits at 90% C.L. for mX = 0.1−1.6 GeV/c2.
The maximum of sensitivity is 2.12 at 1.6 GeV/c2 and
upper limits are lower than the previous result by a fac-
tor of 20.

A more precise approximation of the τ flight direction
is needed to improve sensitivity at low mass of X.
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<latexit sha1_base64="427VAP12IBMFWcncfC66c6EBzbk=">AAACFnicbVBNSwMxEM36WetX1aOXYBEqtGUjggoeSr14rGJboVvLbJq2ocnukmSFsvRXePGvePGgiFfx5r8x/Tho64OBx3szzMzzI8G1cd1vZ2FxaXllNbWWXt/Y3NrO7OzWdBgryqo0FKG680EzwQNWNdwIdhcpBtIXrO73L0d+/YEpzcPg1gwi1pTQDXiHUzBWamUK5ZucJ2PPhJhhLw9eHntdkBKO8AUmReIZLpnGxL1PCufDVibrFt0x8DwhU5JFU1RamS+vHdJYssBQAVo3iBuZZgLKcCrYMO3FmkVA+9BlDUsDsMuayfitIT60Sht3QmUrMHis/p5IQGo9kL7tlGB6etYbif95jdh0zpoJD6LYsIBOFnVigW0Io4xwmytGjRhYAlRxeyumPVBAjU0ybUMgsy/Pk9pxkbhFcn2SLZWncaTQPjpAOUTQKSqhK1RBVUTRI3pGr+jNeXJenHfnY9K64Exn9tAfOJ8/EGWcKw==</latexit><latexit sha1_base64="427VAP12IBMFWcncfC66c6EBzbk=">AAACFnicbVBNSwMxEM36WetX1aOXYBEqtGUjggoeSr14rGJboVvLbJq2ocnukmSFsvRXePGvePGgiFfx5r8x/Tho64OBx3szzMzzI8G1cd1vZ2FxaXllNbWWXt/Y3NrO7OzWdBgryqo0FKG680EzwQNWNdwIdhcpBtIXrO73L0d+/YEpzcPg1gwi1pTQDXiHUzBWamUK5ZucJ2PPhJhhLw9eHntdkBKO8AUmReIZLpnGxL1PCufDVibrFt0x8DwhU5JFU1RamS+vHdJYssBQAVo3iBuZZgLKcCrYMO3FmkVA+9BlDUsDsMuayfitIT60Sht3QmUrMHis/p5IQGo9kL7tlGB6etYbif95jdh0zpoJD6LYsIBOFnVigW0Io4xwmytGjRhYAlRxeyumPVBAjU0ybUMgsy/Pk9pxkbhFcn2SLZWncaTQPjpAOUTQKSqhK1RBVUTRI3pGr+jNeXJenHfnY9K64Exn9tAfOJ8/EGWcKw==</latexit><latexit sha1_base64="427VAP12IBMFWcncfC66c6EBzbk=">AAACFnicbVBNSwMxEM36WetX1aOXYBEqtGUjggoeSr14rGJboVvLbJq2ocnukmSFsvRXePGvePGgiFfx5r8x/Tho64OBx3szzMzzI8G1cd1vZ2FxaXllNbWWXt/Y3NrO7OzWdBgryqo0FKG680EzwQNWNdwIdhcpBtIXrO73L0d+/YEpzcPg1gwi1pTQDXiHUzBWamUK5ZucJ2PPhJhhLw9eHntdkBKO8AUmReIZLpnGxL1PCufDVibrFt0x8DwhU5JFU1RamS+vHdJYssBQAVo3iBuZZgLKcCrYMO3FmkVA+9BlDUsDsMuayfitIT60Sht3QmUrMHis/p5IQGo9kL7tlGB6etYbif95jdh0zpoJD6LYsIBOFnVigW0Io4xwmytGjRhYAlRxeyumPVBAjU0ybUMgsy/Pk9pxkbhFcn2SLZWncaTQPjpAOUTQKSqhK1RBVUTRI3pGr+jNeXJenHfnY9K64Exn9tAfOJ8/EGWcKw==</latexit><latexit sha1_base64="427VAP12IBMFWcncfC66c6EBzbk=">AAACFnicbVBNSwMxEM36WetX1aOXYBEqtGUjggoeSr14rGJboVvLbJq2ocnukmSFsvRXePGvePGgiFfx5r8x/Tho64OBx3szzMzzI8G1cd1vZ2FxaXllNbWWXt/Y3NrO7OzWdBgryqo0FKG680EzwQNWNdwIdhcpBtIXrO73L0d+/YEpzcPg1gwi1pTQDXiHUzBWamUK5ZucJ2PPhJhhLw9eHntdkBKO8AUmReIZLpnGxL1PCufDVibrFt0x8DwhU5JFU1RamS+vHdJYssBQAVo3iBuZZgLKcCrYMO3FmkVA+9BlDUsDsMuayfitIT60Sht3QmUrMHis/p5IQGo9kL7tlGB6etYbif95jdh0zpoJD6LYsIBOFnVigW0Io4xwmytGjRhYAlRxeyumPVBAjU0ybUMgsy/Pk9pxkbhFcn2SLZWncaTQPjpAOUTQKSqhK1RBVUTRI3pGr+jNeXJenHfnY9K64Exn9tAfOJ8/EGWcKw==</latexit>

Crystal Box ‘88

BR(⌧ ! e a) < 2.6⇥ 10�3
<latexit sha1_base64="ccdpK5XfogXRYZC06AIH876zCSQ=">AAACDnicbVC7SgNBFJ2Nrxhfq5Y2gyEQQcNuFLWwCLGxjGIekF3D7GSSDJl9MHNXCEu+wMZfsbFQxNbazr9xkmyh0QMDh3Pu5c45XiS4Asv6MjILi0vLK9nV3Nr6xuaWub3TUGEsKavTUISy5RHFBA9YHTgI1ookI74nWNMbXk785j2TiofBLYwi5vqkH/AepwS01DEL1ZuiAyR2IMQMO4fkAF/gcunUAe4zhW3rLjk6HnfMvFWypsB/iZ2SPEpR65ifTjeksc8CoIIo1batCNyESOBUsHHOiRWLCB2SPmtrGhB9zE2mcca4oJUu7oVSvwDwVP25kRBfqZHv6UmfwEDNexPxP68dQ+/cTXgQxcACOjvUiwXW2Sfd4C6XjIIYaUKo5PqvmA6IJBR0gzldgj0f+S9plEu2VbKvT/KValpHFu2hfVRENjpDFXSFaqiOKHpAT+gFvRqPxrPxZrzPRjNGurOLfsH4+AaFu5k8</latexit><latexit sha1_base64="ccdpK5XfogXRYZC06AIH876zCSQ=">AAACDnicbVC7SgNBFJ2Nrxhfq5Y2gyEQQcNuFLWwCLGxjGIekF3D7GSSDJl9MHNXCEu+wMZfsbFQxNbazr9xkmyh0QMDh3Pu5c45XiS4Asv6MjILi0vLK9nV3Nr6xuaWub3TUGEsKavTUISy5RHFBA9YHTgI1ookI74nWNMbXk785j2TiofBLYwi5vqkH/AepwS01DEL1ZuiAyR2IMQMO4fkAF/gcunUAe4zhW3rLjk6HnfMvFWypsB/iZ2SPEpR65ifTjeksc8CoIIo1batCNyESOBUsHHOiRWLCB2SPmtrGhB9zE2mcca4oJUu7oVSvwDwVP25kRBfqZHv6UmfwEDNexPxP68dQ+/cTXgQxcACOjvUiwXW2Sfd4C6XjIIYaUKo5PqvmA6IJBR0gzldgj0f+S9plEu2VbKvT/KValpHFu2hfVRENjpDFXSFaqiOKHpAT+gFvRqPxrPxZrzPRjNGurOLfsH4+AaFu5k8</latexit><latexit sha1_base64="ccdpK5XfogXRYZC06AIH876zCSQ=">AAACDnicbVC7SgNBFJ2Nrxhfq5Y2gyEQQcNuFLWwCLGxjGIekF3D7GSSDJl9MHNXCEu+wMZfsbFQxNbazr9xkmyh0QMDh3Pu5c45XiS4Asv6MjILi0vLK9nV3Nr6xuaWub3TUGEsKavTUISy5RHFBA9YHTgI1ookI74nWNMbXk785j2TiofBLYwi5vqkH/AepwS01DEL1ZuiAyR2IMQMO4fkAF/gcunUAe4zhW3rLjk6HnfMvFWypsB/iZ2SPEpR65ifTjeksc8CoIIo1batCNyESOBUsHHOiRWLCB2SPmtrGhB9zE2mcca4oJUu7oVSvwDwVP25kRBfqZHv6UmfwEDNexPxP68dQ+/cTXgQxcACOjvUiwXW2Sfd4C6XjIIYaUKo5PqvmA6IJBR0gzldgj0f+S9plEu2VbKvT/KValpHFu2hfVRENjpDFXSFaqiOKHpAT+gFvRqPxrPxZrzPRjNGurOLfsH4+AaFu5k8</latexit><latexit sha1_base64="ccdpK5XfogXRYZC06AIH876zCSQ=">AAACDnicbVC7SgNBFJ2Nrxhfq5Y2gyEQQcNuFLWwCLGxjGIekF3D7GSSDJl9MHNXCEu+wMZfsbFQxNbazr9xkmyh0QMDh3Pu5c45XiS4Asv6MjILi0vLK9nV3Nr6xuaWub3TUGEsKavTUISy5RHFBA9YHTgI1ookI74nWNMbXk785j2TiofBLYwi5vqkH/AepwS01DEL1ZuiAyR2IMQMO4fkAF/gcunUAe4zhW3rLjk6HnfMvFWypsB/iZ2SPEpR65ifTjeksc8CoIIo1batCNyESOBUsHHOiRWLCB2SPmtrGhB9zE2mcca4oJUu7oVSvwDwVP25kRBfqZHv6UmfwEDNexPxP68dQ+/cTXgQxcACOjvUiwXW2Sfd4C6XjIIYaUKo5PqvmA6IJBR0gzldgj0f+S9plEu2VbKvT/KValpHFu2hfVRENjpDFXSFaqiOKHpAT+gFvRqPxrPxZrzPRjNGurOLfsH4+AaFu5k8</latexit>

ARGUS ‘95

BR(⌧ ! µa) < 4.5⇥ 10�3
<latexit sha1_base64="g76cENwtt6PHIcD/cAC/Khj73Lw=">AAACEHicbVC7SgNBFJ2Nrxhfq5Y2g0GMoGFXI1pYhNhYRjEPyK5hdjJJhsw+mLkrhCWfYOOv2FgoYmtp5984SbZQ44GBwzn3cuccLxJcgWV9GZm5+YXFpexybmV1bX3D3NyqqzCWlNVoKELZ9IhiggesBhwEa0aSEd8TrOENLsd+455JxcPgFoYRc33SC3iXUwJaapv7lZuCAyR2IMSOH2PnkBzgC1wqnjrAfaawbd0lRyejtpm3itYEeJbYKcmjFNW2+el0Qhr7LAAqiFIt24rATYgETgUb5ZxYsYjQAemxlqYB0cfcZBJohPe00sHdUOoXAJ6oPzcS4is19D096RPoq7/eWPzPa8XQPXcTHkQxsIBOD3VjgXX6cTu4wyWjIIaaECq5/iumfSIJBd1hTpdg/408S+rHRdsq2telfLmS1pFFO2gXFZCNzlAZXaEqqiGKHtATekGvxqPxbLwZ79PRjJHubKNfMD6+ATjDmio=</latexit><latexit sha1_base64="g76cENwtt6PHIcD/cAC/Khj73Lw=">AAACEHicbVC7SgNBFJ2Nrxhfq5Y2g0GMoGFXI1pYhNhYRjEPyK5hdjJJhsw+mLkrhCWfYOOv2FgoYmtp5984SbZQ44GBwzn3cuccLxJcgWV9GZm5+YXFpexybmV1bX3D3NyqqzCWlNVoKELZ9IhiggesBhwEa0aSEd8TrOENLsd+455JxcPgFoYRc33SC3iXUwJaapv7lZuCAyR2IMSOH2PnkBzgC1wqnjrAfaawbd0lRyejtpm3itYEeJbYKcmjFNW2+el0Qhr7LAAqiFIt24rATYgETgUb5ZxYsYjQAemxlqYB0cfcZBJohPe00sHdUOoXAJ6oPzcS4is19D096RPoq7/eWPzPa8XQPXcTHkQxsIBOD3VjgXX6cTu4wyWjIIaaECq5/iumfSIJBd1hTpdg/408S+rHRdsq2telfLmS1pFFO2gXFZCNzlAZXaEqqiGKHtATekGvxqPxbLwZ79PRjJHubKNfMD6+ATjDmio=</latexit><latexit sha1_base64="g76cENwtt6PHIcD/cAC/Khj73Lw=">AAACEHicbVC7SgNBFJ2Nrxhfq5Y2g0GMoGFXI1pYhNhYRjEPyK5hdjJJhsw+mLkrhCWfYOOv2FgoYmtp5984SbZQ44GBwzn3cuccLxJcgWV9GZm5+YXFpexybmV1bX3D3NyqqzCWlNVoKELZ9IhiggesBhwEa0aSEd8TrOENLsd+455JxcPgFoYRc33SC3iXUwJaapv7lZuCAyR2IMSOH2PnkBzgC1wqnjrAfaawbd0lRyejtpm3itYEeJbYKcmjFNW2+el0Qhr7LAAqiFIt24rATYgETgUb5ZxYsYjQAemxlqYB0cfcZBJohPe00sHdUOoXAJ6oPzcS4is19D096RPoq7/eWPzPa8XQPXcTHkQxsIBOD3VjgXX6cTu4wyWjIIaaECq5/iumfSIJBd1hTpdg/408S+rHRdsq2telfLmS1pFFO2gXFZCNzlAZXaEqqiGKHtATekGvxqPxbLwZ79PRjJHubKNfMD6+ATjDmio=</latexit><latexit sha1_base64="g76cENwtt6PHIcD/cAC/Khj73Lw=">AAACEHicbVC7SgNBFJ2Nrxhfq5Y2g0GMoGFXI1pYhNhYRjEPyK5hdjJJhsw+mLkrhCWfYOOv2FgoYmtp5984SbZQ44GBwzn3cuccLxJcgWV9GZm5+YXFpexybmV1bX3D3NyqqzCWlNVoKELZ9IhiggesBhwEa0aSEd8TrOENLsd+455JxcPgFoYRc33SC3iXUwJaapv7lZuCAyR2IMSOH2PnkBzgC1wqnjrAfaawbd0lRyejtpm3itYEeJbYKcmjFNW2+el0Qhr7LAAqiFIt24rATYgETgUb5ZxYsYjQAemxlqYB0cfcZBJohPe00sHdUOoXAJ6oPzcS4is19D096RPoq7/eWPzPa8XQPXcTHkQxsIBOD3VjgXX6cTu4wyWjIIaaECq5/iumfSIJBd1hTpdg/408S+rHRdsq2telfLmS1pFFO2gXFZCNzlAZXaEqqiGKHtATekGvxqPxbLwZ79PRjJHubKNfMD6+ATjDmio=</latexit>

ARGUS ‘95

Future prospects

Perrevoort (Mu3e) ‘18

µ ! ea
<latexit sha1_base64="Jjq8ykqmH4qo2ZJjk/uClJA7ZBs=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8AmlMn0ph06mYSZiVBC/8KNC0Xc+jfu/BunbRbaemDgcM69zD0nTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVZ69OPMNwlBQvvVmlt35yCrxCtIDQo0+9Uvf5CwLEZpmKBa9zw3NUFOleFM4LTiZxpTysZ0iD1LJY1RB/n84ik5s8qARImyTxoyV39v5DTWehKHdjKmZqSXvZn4n9fLTHQd5FymmUHJFh9FmSA25Cw+GXCFzIiJJZQpbm8lbEQVZcaWVLEleMuRV0n7ou65de/+sta4Keoowwmcwjl4cAUNuIMmtICBhGd4hTdHOy/Ou/OxGC05xc4x/IHz+QPg1JBh</latexit><latexit sha1_base64="Jjq8ykqmH4qo2ZJjk/uClJA7ZBs=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8AmlMn0ph06mYSZiVBC/8KNC0Xc+jfu/BunbRbaemDgcM69zD0nTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVZ69OPMNwlBQvvVmlt35yCrxCtIDQo0+9Uvf5CwLEZpmKBa9zw3NUFOleFM4LTiZxpTysZ0iD1LJY1RB/n84ik5s8qARImyTxoyV39v5DTWehKHdjKmZqSXvZn4n9fLTHQd5FymmUHJFh9FmSA25Cw+GXCFzIiJJZQpbm8lbEQVZcaWVLEleMuRV0n7ou65de/+sta4Keoowwmcwjl4cAUNuIMmtICBhGd4hTdHOy/Ou/OxGC05xc4x/IHz+QPg1JBh</latexit><latexit sha1_base64="Jjq8ykqmH4qo2ZJjk/uClJA7ZBs=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8AmlMn0ph06mYSZiVBC/8KNC0Xc+jfu/BunbRbaemDgcM69zD0nTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVZ69OPMNwlBQvvVmlt35yCrxCtIDQo0+9Uvf5CwLEZpmKBa9zw3NUFOleFM4LTiZxpTysZ0iD1LJY1RB/n84ik5s8qARImyTxoyV39v5DTWehKHdjKmZqSXvZn4n9fLTHQd5FymmUHJFh9FmSA25Cw+GXCFzIiJJZQpbm8lbEQVZcaWVLEleMuRV0n7ou65de/+sta4Keoowwmcwjl4cAUNuIMmtICBhGd4hTdHOy/Ou/OxGC05xc4x/IHz+QPg1JBh</latexit><latexit sha1_base64="Jjq8ykqmH4qo2ZJjk/uClJA7ZBs=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8AmlMn0ph06mYSZiVBC/8KNC0Xc+jfu/BunbRbaemDgcM69zD0nTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVZ69OPMNwlBQvvVmlt35yCrxCtIDQo0+9Uvf5CwLEZpmKBa9zw3NUFOleFM4LTiZxpTysZ0iD1LJY1RB/n84ik5s8qARImyTxoyV39v5DTWehKHdjKmZqSXvZn4n9fLTHQd5FymmUHJFh9FmSA25Cw+GXCFzIiJJZQpbm8lbEQVZcaWVLEleMuRV0n7ou65de/+sta4Keoowwmcwjl4cAUNuIMmtICBhGd4hTdHOy/Ou/OxGC05xc4x/IHz+QPg1JBh</latexit>

⌧ ! µa
<latexit sha1_base64="hjlYaxL5LUMsKmrET3P24rcFqdY=">AAAB9HicbVDLSgNBEJz1GeMr6tHLYBA8hV0R9Bj04jGCeUB2Cb2T2WTIzOw6j0BY8h1ePCji1Y/x5t84SfagiQUNRVU33V1xxpk2vv/tra1vbG5tl3bKu3v7B4eVo+OWTq0itElSnqpODJpyJmnTMMNpJ1MURMxpOx7dzfz2mCrNUvloJhmNBAwkSxgB46QoNGBDk+JQWAy9StWv+XPgVRIUpIoKNHqVr7CfEiuoNISD1t3Az0yUgzKMcDoth1bTDMgIBrTrqARBdZTPj57ic6f0cZIqV9Lgufp7Igeh9UTErlOAGeplbyb+53WtSW6inMnMGirJYlFiOXZvzhLAfaYoMXziCBDF3K2YDEEBMS6nsgshWH55lbQua4FfCx6uqvXbIo4SOkVn6AIF6BrV0T1qoCYi6Ak9o1f05o29F+/d+1i0rnnFzAn6A+/zB0NekcA=</latexit><latexit sha1_base64="hjlYaxL5LUMsKmrET3P24rcFqdY=">AAAB9HicbVDLSgNBEJz1GeMr6tHLYBA8hV0R9Bj04jGCeUB2Cb2T2WTIzOw6j0BY8h1ePCji1Y/x5t84SfagiQUNRVU33V1xxpk2vv/tra1vbG5tl3bKu3v7B4eVo+OWTq0itElSnqpODJpyJmnTMMNpJ1MURMxpOx7dzfz2mCrNUvloJhmNBAwkSxgB46QoNGBDk+JQWAy9StWv+XPgVRIUpIoKNHqVr7CfEiuoNISD1t3Az0yUgzKMcDoth1bTDMgIBrTrqARBdZTPj57ic6f0cZIqV9Lgufp7Igeh9UTErlOAGeplbyb+53WtSW6inMnMGirJYlFiOXZvzhLAfaYoMXziCBDF3K2YDEEBMS6nsgshWH55lbQua4FfCx6uqvXbIo4SOkVn6AIF6BrV0T1qoCYi6Ak9o1f05o29F+/d+1i0rnnFzAn6A+/zB0NekcA=</latexit><latexit sha1_base64="hjlYaxL5LUMsKmrET3P24rcFqdY=">AAAB9HicbVDLSgNBEJz1GeMr6tHLYBA8hV0R9Bj04jGCeUB2Cb2T2WTIzOw6j0BY8h1ePCji1Y/x5t84SfagiQUNRVU33V1xxpk2vv/tra1vbG5tl3bKu3v7B4eVo+OWTq0itElSnqpODJpyJmnTMMNpJ1MURMxpOx7dzfz2mCrNUvloJhmNBAwkSxgB46QoNGBDk+JQWAy9StWv+XPgVRIUpIoKNHqVr7CfEiuoNISD1t3Az0yUgzKMcDoth1bTDMgIBrTrqARBdZTPj57ic6f0cZIqV9Lgufp7Igeh9UTErlOAGeplbyb+53WtSW6inMnMGirJYlFiOXZvzhLAfaYoMXziCBDF3K2YDEEBMS6nsgshWH55lbQua4FfCx6uqvXbIo4SOkVn6AIF6BrV0T1qoCYi6Ak9o1f05o29F+/d+1i0rnnFzAn6A+/zB0NekcA=</latexit><latexit sha1_base64="hjlYaxL5LUMsKmrET3P24rcFqdY=">AAAB9HicbVDLSgNBEJz1GeMr6tHLYBA8hV0R9Bj04jGCeUB2Cb2T2WTIzOw6j0BY8h1ePCji1Y/x5t84SfagiQUNRVU33V1xxpk2vv/tra1vbG5tl3bKu3v7B4eVo+OWTq0itElSnqpODJpyJmnTMMNpJ1MURMxpOx7dzfz2mCrNUvloJhmNBAwkSxgB46QoNGBDk+JQWAy9StWv+XPgVRIUpIoKNHqVr7CfEiuoNISD1t3Az0yUgzKMcDoth1bTDMgIBrTrqARBdZTPj57ic6f0cZIqV9Lgufp7Igeh9UTErlOAGeplbyb+53WtSW6inMnMGirJYlFiOXZvzhLAfaYoMXziCBDF3K2YDEEBMS6nsgshWH55lbQua4FfCx6uqvXbIo4SOkVn6AIF6BrV0T1qoCYi6Ak9o1f05o29F+/d+1i0rnnFzAn6A+/zB0NekcA=</latexit>

Yoshinobu Hayasaka (Belle simul.) ‘17

1/ab

Bounds on LFV decays to a PNGB



LFV decays into a leptonic familon

Lorenzo Calibbi (Nankai U.)Neutrino mass models & CLFV
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<latexit sha1_base64="g9+Nusbzemelo7J92LDQ5q74hnk="></latexit><latexit sha1_base64="g9+Nusbzemelo7J92LDQ5q74hnk="></latexit><latexit sha1_base64="g9+Nusbzemelo7J92LDQ5q74hnk="></latexit><latexit sha1_base64="g9+Nusbzemelo7J92LDQ5q74hnk="></latexit>

Cij
V ⇡ �Cij

A
<latexit sha1_base64="7yIfcV2blA9YcN5k8EvpzPvcY4s=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgxjIjgi6r3bisYB/Q1iGTZtrYTBKSjFiGLtz4K25cKOLWj3Dn35i2s9DWAxcO59zLvfeEklFtPO/byS0tr6yu5dcLG5tb2zvu7l5Di0RhUseCCdUKkSaMclI31DDSkoqgOGSkGQ6rE795T5Smgt+YkSTdGPU5jShGxkqBW6zepvRuHDRgB0mpxAM8hpl0Ebglr+xNAReJn5ESyFAL3K9OT+AkJtxghrRu+5403RQpQzEj40In0UQiPER90raUo5jobjp9YgwPrdKDkVC2uIFT9fdEimKtR3FoO2NkBnrem4j/ee3EROfdlHKZGMLxbFGUMGgEnCQCe1QRbNjIEoQVtbdCPEAKYWNzK9gQ/PmXF0njpOx7Zf/6tFS5zOLIgyI4AEfAB2egAq5ADdQBBo/gGbyCN+fJeXHenY9Za87JZvbBHzifP5rxl2k=</latexit><latexit sha1_base64="7yIfcV2blA9YcN5k8EvpzPvcY4s=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgxjIjgi6r3bisYB/Q1iGTZtrYTBKSjFiGLtz4K25cKOLWj3Dn35i2s9DWAxcO59zLvfeEklFtPO/byS0tr6yu5dcLG5tb2zvu7l5Di0RhUseCCdUKkSaMclI31DDSkoqgOGSkGQ6rE795T5Smgt+YkSTdGPU5jShGxkqBW6zepvRuHDRgB0mpxAM8hpl0Ebglr+xNAReJn5ESyFAL3K9OT+AkJtxghrRu+5403RQpQzEj40In0UQiPER90raUo5jobjp9YgwPrdKDkVC2uIFT9fdEimKtR3FoO2NkBnrem4j/ee3EROfdlHKZGMLxbFGUMGgEnCQCe1QRbNjIEoQVtbdCPEAKYWNzK9gQ/PmXF0njpOx7Zf/6tFS5zOLIgyI4AEfAB2egAq5ADdQBBo/gGbyCN+fJeXHenY9Za87JZvbBHzifP5rxl2k=</latexit><latexit sha1_base64="7yIfcV2blA9YcN5k8EvpzPvcY4s=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgxjIjgi6r3bisYB/Q1iGTZtrYTBKSjFiGLtz4K25cKOLWj3Dn35i2s9DWAxcO59zLvfeEklFtPO/byS0tr6yu5dcLG5tb2zvu7l5Di0RhUseCCdUKkSaMclI31DDSkoqgOGSkGQ6rE795T5Smgt+YkSTdGPU5jShGxkqBW6zepvRuHDRgB0mpxAM8hpl0Ebglr+xNAReJn5ESyFAL3K9OT+AkJtxghrRu+5403RQpQzEj40In0UQiPER90raUo5jobjp9YgwPrdKDkVC2uIFT9fdEimKtR3FoO2NkBnrem4j/ee3EROfdlHKZGMLxbFGUMGgEnCQCe1QRbNjIEoQVtbdCPEAKYWNzK9gQ/PmXF0njpOx7Zf/6tFS5zOLIgyI4AEfAB2egAq5ADdQBBo/gGbyCN+fJeXHenY9Za87JZvbBHzifP5rxl2k=</latexit><latexit sha1_base64="7yIfcV2blA9YcN5k8EvpzPvcY4s=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgxjIjgi6r3bisYB/Q1iGTZtrYTBKSjFiGLtz4K25cKOLWj3Dn35i2s9DWAxcO59zLvfeEklFtPO/byS0tr6yu5dcLG5tb2zvu7l5Di0RhUseCCdUKkSaMclI31DDSkoqgOGSkGQ6rE795T5Smgt+YkSTdGPU5jShGxkqBW6zepvRuHDRgB0mpxAM8hpl0Ebglr+xNAReJn5ESyFAL3K9OT+AkJtxghrRu+5403RQpQzEj40In0UQiPER90raUo5jobjp9YgwPrdKDkVC2uIFT9fdEimKtR3FoO2NkBnrem4j/ee3EROfdlHKZGMLxbFGUMGgEnCQCe1QRbNjIEoQVtbdCPEAKYWNzK9gQ/PmXF0njpOx7Zf/6tFS5zOLIgyI4AEfAB2egAq5ADdQBBo/gGbyCN+fJeXHenY9Za87JZvbBHzifP5rxl2k=</latexit>

Cij
V ⇡ Cij

A
<latexit sha1_base64="LQf26NSgH7diZfonSL2L23R++S0=">AAACAnicbVDLSgMxFM34rPU16krcBIvgqsyIoMtqNy4r2Ae045BJM21sJglJRixDceOvuHGhiFu/wp1/Y9rOQlsPXDiccy/33hNJRrXxvG9nYXFpeWW1sFZc39jc2nZ3dhtapAqTOhZMqFaENGGUk7qhhpGWVAQlESPNaFAd+817ojQV/MYMJQkS1OM0phgZK4XufvU2o3ejsAE7SEolHmAuXIRuySt7E8B54uekBHLUQver0xU4TQg3mCGt274nTZAhZShmZFTspJpIhAeoR9qWcpQQHWSTF0bwyCpdGAtlixs4UX9PZCjRephEtjNBpq9nvbH4n9dOTXweZJTL1BCOp4vilEEj4DgP2KWKYMOGliCsqL0V4j5SCBubWtGG4M++PE8aJ2XfK/vXp6XKZR5HARyAQ3AMfHAGKuAK1EAdYPAInsEreHOenBfn3fmYti44+cwe+APn8wfMg5cI</latexit><latexit sha1_base64="LQf26NSgH7diZfonSL2L23R++S0=">AAACAnicbVDLSgMxFM34rPU16krcBIvgqsyIoMtqNy4r2Ae045BJM21sJglJRixDceOvuHGhiFu/wp1/Y9rOQlsPXDiccy/33hNJRrXxvG9nYXFpeWW1sFZc39jc2nZ3dhtapAqTOhZMqFaENGGUk7qhhpGWVAQlESPNaFAd+817ojQV/MYMJQkS1OM0phgZK4XufvU2o3ejsAE7SEolHmAuXIRuySt7E8B54uekBHLUQver0xU4TQg3mCGt274nTZAhZShmZFTspJpIhAeoR9qWcpQQHWSTF0bwyCpdGAtlixs4UX9PZCjRephEtjNBpq9nvbH4n9dOTXweZJTL1BCOp4vilEEj4DgP2KWKYMOGliCsqL0V4j5SCBubWtGG4M++PE8aJ2XfK/vXp6XKZR5HARyAQ3AMfHAGKuAK1EAdYPAInsEreHOenBfn3fmYti44+cwe+APn8wfMg5cI</latexit><latexit sha1_base64="LQf26NSgH7diZfonSL2L23R++S0=">AAACAnicbVDLSgMxFM34rPU16krcBIvgqsyIoMtqNy4r2Ae045BJM21sJglJRixDceOvuHGhiFu/wp1/Y9rOQlsPXDiccy/33hNJRrXxvG9nYXFpeWW1sFZc39jc2nZ3dhtapAqTOhZMqFaENGGUk7qhhpGWVAQlESPNaFAd+817ojQV/MYMJQkS1OM0phgZK4XufvU2o3ejsAE7SEolHmAuXIRuySt7E8B54uekBHLUQver0xU4TQg3mCGt274nTZAhZShmZFTspJpIhAeoR9qWcpQQHWSTF0bwyCpdGAtlixs4UX9PZCjRephEtjNBpq9nvbH4n9dOTXweZJTL1BCOp4vilEEj4DgP2KWKYMOGliCsqL0V4j5SCBubWtGG4M++PE8aJ2XfK/vXp6XKZR5HARyAQ3AMfHAGKuAK1EAdYPAInsEreHOenBfn3fmYti44+cwe+APn8wfMg5cI</latexit><latexit sha1_base64="LQf26NSgH7diZfonSL2L23R++S0=">AAACAnicbVDLSgMxFM34rPU16krcBIvgqsyIoMtqNy4r2Ae045BJM21sJglJRixDceOvuHGhiFu/wp1/Y9rOQlsPXDiccy/33hNJRrXxvG9nYXFpeWW1sFZc39jc2nZ3dhtapAqTOhZMqFaENGGUk7qhhpGWVAQlESPNaFAd+817ojQV/MYMJQkS1OM0phgZK4XufvU2o3ejsAE7SEolHmAuXIRuySt7E8B54uekBHLUQver0xU4TQg3mCGt274nTZAhZShmZFTspJpIhAeoR9qWcpQQHWSTF0bwyCpdGAtlixs4UX9PZCjRephEtjNBpq9nvbH4n9dOTXweZJTL1BCOp4vilEEj4DgP2KWKYMOGliCsqL0V4j5SCBubWtGG4M++PE8aJ2XfK/vXp6XKZR5HARyAQ3AMfHAGKuAK1EAdYPAInsEreHOenBfn3fmYti44+cwe+APn8wfMg5cI</latexit>

µ ! ea
<latexit sha1_base64="Jjq8ykqmH4qo2ZJjk/uClJA7ZBs=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8AmlMn0ph06mYSZiVBC/8KNC0Xc+jfu/BunbRbaemDgcM69zD0nTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVZ69OPMNwlBQvvVmlt35yCrxCtIDQo0+9Uvf5CwLEZpmKBa9zw3NUFOleFM4LTiZxpTysZ0iD1LJY1RB/n84ik5s8qARImyTxoyV39v5DTWehKHdjKmZqSXvZn4n9fLTHQd5FymmUHJFh9FmSA25Cw+GXCFzIiJJZQpbm8lbEQVZcaWVLEleMuRV0n7ou65de/+sta4Keoowwmcwjl4cAUNuIMmtICBhGd4hTdHOy/Ou/OxGC05xc4x/IHz+QPg1JBh</latexit><latexit sha1_base64="Jjq8ykqmH4qo2ZJjk/uClJA7ZBs=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8AmlMn0ph06mYSZiVBC/8KNC0Xc+jfu/BunbRbaemDgcM69zD0nTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVZ69OPMNwlBQvvVmlt35yCrxCtIDQo0+9Uvf5CwLEZpmKBa9zw3NUFOleFM4LTiZxpTysZ0iD1LJY1RB/n84ik5s8qARImyTxoyV39v5DTWehKHdjKmZqSXvZn4n9fLTHQd5FymmUHJFh9FmSA25Cw+GXCFzIiJJZQpbm8lbEQVZcaWVLEleMuRV0n7ou65de/+sta4Keoowwmcwjl4cAUNuIMmtICBhGd4hTdHOy/Ou/OxGC05xc4x/IHz+QPg1JBh</latexit><latexit sha1_base64="Jjq8ykqmH4qo2ZJjk/uClJA7ZBs=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8AmlMn0ph06mYSZiVBC/8KNC0Xc+jfu/BunbRbaemDgcM69zD0nTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVZ69OPMNwlBQvvVmlt35yCrxCtIDQo0+9Uvf5CwLEZpmKBa9zw3NUFOleFM4LTiZxpTysZ0iD1LJY1RB/n84ik5s8qARImyTxoyV39v5DTWehKHdjKmZqSXvZn4n9fLTHQd5FymmUHJFh9FmSA25Cw+GXCFzIiJJZQpbm8lbEQVZcaWVLEleMuRV0n7ou65de/+sta4Keoowwmcwjl4cAUNuIMmtICBhGd4hTdHOy/Ou/OxGC05xc4x/IHz+QPg1JBh</latexit><latexit sha1_base64="Jjq8ykqmH4qo2ZJjk/uClJA7ZBs=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF+8AmlMn0ph06mYSZiVBC/8KNC0Xc+jfu/BunbRbaemDgcM69zD0nTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXB8O/M7T6g0T+SDmaQYxHQoecQZNVZ69OPMNwlBQvvVmlt35yCrxCtIDQo0+9Uvf5CwLEZpmKBa9zw3NUFOleFM4LTiZxpTysZ0iD1LJY1RB/n84ik5s8qARImyTxoyV39v5DTWehKHdjKmZqSXvZn4n9fLTHQd5FymmUHJFh9FmSA25Cw+GXCFzIiJJZQpbm8lbEQVZcaWVLEleMuRV0n7ou65de/+sta4Keoowwmcwjl4cAUNuIMmtICBhGd4hTdHOy/Ou/OxGC05xc4x/IHz+QPg1JBh</latexit>

differential decay rate:

LH rotations dominate:RH rotations dominate:

LC Redigolo Ziegler Zupan to appear

Anarchical model

�(µ ! ea) ⇡ 1

16⇡

m3
µ

f2
|(VR)12|2

<latexit sha1_base64="ByQxKmAzyJAjDr+UcKvKvb1FrcE="></latexit><latexit sha1_base64="ByQxKmAzyJAjDr+UcKvKvb1FrcE="></latexit><latexit sha1_base64="ByQxKmAzyJAjDr+UcKvKvb1FrcE="></latexit><latexit sha1_base64="ByQxKmAzyJAjDr+UcKvKvb1FrcE="></latexit>

�(µ ! ea) ⇡ 1

16⇡

m3
µ

f2
|(VL)12|2

<latexit sha1_base64="tYWrcL1j6dEadJ8PYXxeBejisko="></latexit><latexit sha1_base64="tYWrcL1j6dEadJ8PYXxeBejisko="></latexit><latexit sha1_base64="tYWrcL1j6dEadJ8PYXxeBejisko="></latexit><latexit sha1_base64="tYWrcL1j6dEadJ8PYXxeBejisko="></latexit>

O(me/mµ)
<latexit sha1_base64="a0KFelfzpWuiMr2VbQtgSxMV+H8=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbOiKDLoht3VrAP6AxDJs20oUlmSDJCGbvwV9y4UMStv+HOvzHTzkJbDwQO59zLPTlhwqjSjvNtlZaWV1bXyuuVjc2t7R17d6+t4lRi0sIxi2U3RIowKkhLU81IN5EE8ZCRTji6zv3OA5GKxuJejxPiczQQNKIYaSMF9oHHkR5ixLLbSY0H5JQHHk9PArvq1J0p4CJxC1IFBZqB/eX1Y5xyIjRmSKme6yTaz5DUFDMyqXipIgnCIzQgPUMF4kT52TT/BB4bpQ+jWJonNJyqvzcyxJUa89BM5mnVvJeL/3m9VEeXfkZFkmoi8OxQlDKoY5iXAftUEqzZ2BCEJTVZIR4iibA2lVVMCe78lxdJ+6zuOnX37rzauCrqKINDcARqwAUXoAFuQBO0AAaP4Bm8gjfryXqx3q2P2WjJKnb2wR9Ynz+AtZW/</latexit><latexit sha1_base64="a0KFelfzpWuiMr2VbQtgSxMV+H8=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbOiKDLoht3VrAP6AxDJs20oUlmSDJCGbvwV9y4UMStv+HOvzHTzkJbDwQO59zLPTlhwqjSjvNtlZaWV1bXyuuVjc2t7R17d6+t4lRi0sIxi2U3RIowKkhLU81IN5EE8ZCRTji6zv3OA5GKxuJejxPiczQQNKIYaSMF9oHHkR5ixLLbSY0H5JQHHk9PArvq1J0p4CJxC1IFBZqB/eX1Y5xyIjRmSKme6yTaz5DUFDMyqXipIgnCIzQgPUMF4kT52TT/BB4bpQ+jWJonNJyqvzcyxJUa89BM5mnVvJeL/3m9VEeXfkZFkmoi8OxQlDKoY5iXAftUEqzZ2BCEJTVZIR4iibA2lVVMCe78lxdJ+6zuOnX37rzauCrqKINDcARqwAUXoAFuQBO0AAaP4Bm8gjfryXqx3q2P2WjJKnb2wR9Ynz+AtZW/</latexit><latexit sha1_base64="a0KFelfzpWuiMr2VbQtgSxMV+H8=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbOiKDLoht3VrAP6AxDJs20oUlmSDJCGbvwV9y4UMStv+HOvzHTzkJbDwQO59zLPTlhwqjSjvNtlZaWV1bXyuuVjc2t7R17d6+t4lRi0sIxi2U3RIowKkhLU81IN5EE8ZCRTji6zv3OA5GKxuJejxPiczQQNKIYaSMF9oHHkR5ixLLbSY0H5JQHHk9PArvq1J0p4CJxC1IFBZqB/eX1Y5xyIjRmSKme6yTaz5DUFDMyqXipIgnCIzQgPUMF4kT52TT/BB4bpQ+jWJonNJyqvzcyxJUa89BM5mnVvJeL/3m9VEeXfkZFkmoi8OxQlDKoY5iXAftUEqzZ2BCEJTVZIR4iibA2lVVMCe78lxdJ+6zuOnX37rzauCrqKINDcARqwAUXoAFuQBO0AAaP4Bm8gjfryXqx3q2P2WjJKnb2wR9Ynz+AtZW/</latexit><latexit sha1_base64="a0KFelfzpWuiMr2VbQtgSxMV+H8=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6qbOiKDLoht3VrAP6AxDJs20oUlmSDJCGbvwV9y4UMStv+HOvzHTzkJbDwQO59zLPTlhwqjSjvNtlZaWV1bXyuuVjc2t7R17d6+t4lRi0sIxi2U3RIowKkhLU81IN5EE8ZCRTji6zv3OA5GKxuJejxPiczQQNKIYaSMF9oHHkR5ixLLbSY0H5JQHHk9PArvq1J0p4CJxC1IFBZqB/eX1Y5xyIjRmSKme6yTaz5DUFDMyqXipIgnCIzQgPUMF4kT52TT/BB4bpQ+jWJonNJyqvzcyxJUa89BM5mnVvJeL/3m9VEeXfkZFkmoi8OxQlDKoY5iXAftUEqzZ2BCEJTVZIR4iibA2lVVMCe78lxdJ+6zuOnX37rzauCrqKINDcARqwAUXoAFuQBO0AAaP4Bm8gjfryXqx3q2P2WjJKnb2wR9Ynz+AtZW/</latexit>

O(✏)
<latexit sha1_base64="oJa5WcKVThA+dEVDxvB2+8plP4U=">AAAB/nicbVDLSsNAFL2pr1pfUXHlJliEuimJCLosunFnBfuAJpTJdNIOncyEmYlQQsFfceNCEbd+hzv/xkmbhbYeGDiccy/3zAkTRpV23W+rtLK6tr5R3qxsbe/s7tn7B20lUolJCwsmZDdEijDKSUtTzUg3kQTFISOdcHyT+51HIhUV/EFPEhLEaMhpRDHSRurbR36M9Agjlt1Naz5JFGWCn/Xtqlt3Z3CWiVeQKhRo9u0vfyBwGhOuMUNK9Tw30UGGpKaYkWnFTxVJEB6jIekZylFMVJDN4k+dU6MMnEhI87h2ZurvjQzFSk3i0EzmYdWil4v/eb1UR1dBRnmSasLx/FCUMkcLJ+/CGVBJsGYTQxCW1GR18AhJhLVprGJK8Ba/vEza53XPrXv3F9XGdVFHGY7hBGrgwSU04Baa0AIMGTzDK7xZT9aL9W59zEdLVrFzCH9gff4ANqGVoQ==</latexit><latexit sha1_base64="oJa5WcKVThA+dEVDxvB2+8plP4U=">AAAB/nicbVDLSsNAFL2pr1pfUXHlJliEuimJCLosunFnBfuAJpTJdNIOncyEmYlQQsFfceNCEbd+hzv/xkmbhbYeGDiccy/3zAkTRpV23W+rtLK6tr5R3qxsbe/s7tn7B20lUolJCwsmZDdEijDKSUtTzUg3kQTFISOdcHyT+51HIhUV/EFPEhLEaMhpRDHSRurbR36M9Agjlt1Naz5JFGWCn/Xtqlt3Z3CWiVeQKhRo9u0vfyBwGhOuMUNK9Tw30UGGpKaYkWnFTxVJEB6jIekZylFMVJDN4k+dU6MMnEhI87h2ZurvjQzFSk3i0EzmYdWil4v/eb1UR1dBRnmSasLx/FCUMkcLJ+/CGVBJsGYTQxCW1GR18AhJhLVprGJK8Ba/vEza53XPrXv3F9XGdVFHGY7hBGrgwSU04Baa0AIMGTzDK7xZT9aL9W59zEdLVrFzCH9gff4ANqGVoQ==</latexit><latexit sha1_base64="oJa5WcKVThA+dEVDxvB2+8plP4U=">AAAB/nicbVDLSsNAFL2pr1pfUXHlJliEuimJCLosunFnBfuAJpTJdNIOncyEmYlQQsFfceNCEbd+hzv/xkmbhbYeGDiccy/3zAkTRpV23W+rtLK6tr5R3qxsbe/s7tn7B20lUolJCwsmZDdEijDKSUtTzUg3kQTFISOdcHyT+51HIhUV/EFPEhLEaMhpRDHSRurbR36M9Agjlt1Naz5JFGWCn/Xtqlt3Z3CWiVeQKhRo9u0vfyBwGhOuMUNK9Tw30UGGpKaYkWnFTxVJEB6jIekZylFMVJDN4k+dU6MMnEhI87h2ZurvjQzFSk3i0EzmYdWil4v/eb1UR1dBRnmSasLx/FCUMkcLJ+/CGVBJsGYTQxCW1GR18AhJhLVprGJK8Ba/vEza53XPrXv3F9XGdVFHGY7hBGrgwSU04Baa0AIMGTzDK7xZT9aL9W59zEdLVrFzCH9gff4ANqGVoQ==</latexit><latexit sha1_base64="oJa5WcKVThA+dEVDxvB2+8plP4U=">AAAB/nicbVDLSsNAFL2pr1pfUXHlJliEuimJCLosunFnBfuAJpTJdNIOncyEmYlQQsFfceNCEbd+hzv/xkmbhbYeGDiccy/3zAkTRpV23W+rtLK6tr5R3qxsbe/s7tn7B20lUolJCwsmZDdEijDKSUtTzUg3kQTFISOdcHyT+51HIhUV/EFPEhLEaMhpRDHSRurbR36M9Agjlt1Naz5JFGWCn/Xtqlt3Z3CWiVeQKhRo9u0vfyBwGhOuMUNK9Tw30UGGpKaYkWnFTxVJEB6jIekZylFMVJDN4k+dU6MMnEhI87h2ZurvjQzFSk3i0EzmYdWil4v/eb1UR1dBRnmSasLx/FCUMkcLJ+/CGVBJsGYTQxCW1GR18AhJhLVprGJK8Ba/vEza53XPrXv3F9XGdVFHGY7hBGrgwSU04Baa0AIMGTzDK7xZT9aL9W59zEdLVrFzCH9gff4ANqGVoQ==</latexit>

Anisotropy (thus exp. bound) depends on the model:

BR(µ ! ea) < 2.6⇥ 10�6
<latexit sha1_base64="gBsiDfnbofDickjIbErZEpS4YZA=">AAACEnicbVC7TsMwFHXKq5RXgJHFokJqB6KkQoWBoSoLY0H0ITWhclyntWonke0gVVG/gYVfYWEAIVYmNv4Gt80ALUeydHTOvbo+x48Zlcq2v43cyura+kZ+s7C1vbO7Z+4ftGSUCEyaOGKR6PhIEkZD0lRUMdKJBUHcZ6Ttj66mfvuBCEmj8E6NY+JxNAhpQDFSWuqZ5dQVHNZvJyWXJ9BVESQQleElrFhVV1FOJHTs+/S0OumZRduyZ4DLxMlIEWRo9Mwvtx/hhJNQYYak7Dp2rLwUCUUxI5OCm0gSIzxCA9LVNET6mJfOIk3giVb6MIiEfqGCM/X3Roq4lGPu60mO1FAuelPxP6+bqODCS2kYJ4qEeH4oSBjUyaf9wD4VBCs21gRhQfVfIR4igbDSLRZ0Cc5i5GXSqliObTk3Z8VaPasjD47AMSgBB5yDGrgGDdAEGDyCZ/AK3own48V4Nz7mozkj2zkEf2B8/gCk45rq</latexit><latexit sha1_base64="gBsiDfnbofDickjIbErZEpS4YZA=">AAACEnicbVC7TsMwFHXKq5RXgJHFokJqB6KkQoWBoSoLY0H0ITWhclyntWonke0gVVG/gYVfYWEAIVYmNv4Gt80ALUeydHTOvbo+x48Zlcq2v43cyura+kZ+s7C1vbO7Z+4ftGSUCEyaOGKR6PhIEkZD0lRUMdKJBUHcZ6Ttj66mfvuBCEmj8E6NY+JxNAhpQDFSWuqZ5dQVHNZvJyWXJ9BVESQQleElrFhVV1FOJHTs+/S0OumZRduyZ4DLxMlIEWRo9Mwvtx/hhJNQYYak7Dp2rLwUCUUxI5OCm0gSIzxCA9LVNET6mJfOIk3giVb6MIiEfqGCM/X3Roq4lGPu60mO1FAuelPxP6+bqODCS2kYJ4qEeH4oSBjUyaf9wD4VBCs21gRhQfVfIR4igbDSLRZ0Cc5i5GXSqliObTk3Z8VaPasjD47AMSgBB5yDGrgGDdAEGDyCZ/AK3own48V4Nz7mozkj2zkEf2B8/gCk45rq</latexit><latexit sha1_base64="gBsiDfnbofDickjIbErZEpS4YZA=">AAACEnicbVC7TsMwFHXKq5RXgJHFokJqB6KkQoWBoSoLY0H0ITWhclyntWonke0gVVG/gYVfYWEAIVYmNv4Gt80ALUeydHTOvbo+x48Zlcq2v43cyura+kZ+s7C1vbO7Z+4ftGSUCEyaOGKR6PhIEkZD0lRUMdKJBUHcZ6Ttj66mfvuBCEmj8E6NY+JxNAhpQDFSWuqZ5dQVHNZvJyWXJ9BVESQQleElrFhVV1FOJHTs+/S0OumZRduyZ4DLxMlIEWRo9Mwvtx/hhJNQYYak7Dp2rLwUCUUxI5OCm0gSIzxCA9LVNET6mJfOIk3giVb6MIiEfqGCM/X3Roq4lGPu60mO1FAuelPxP6+bqODCS2kYJ4qEeH4oSBjUyaf9wD4VBCs21gRhQfVfIR4igbDSLRZ0Cc5i5GXSqliObTk3Z8VaPasjD47AMSgBB5yDGrgGDdAEGDyCZ/AK3own48V4Nz7mozkj2zkEf2B8/gCk45rq</latexit><latexit sha1_base64="gBsiDfnbofDickjIbErZEpS4YZA=">AAACEnicbVC7TsMwFHXKq5RXgJHFokJqB6KkQoWBoSoLY0H0ITWhclyntWonke0gVVG/gYVfYWEAIVYmNv4Gt80ALUeydHTOvbo+x48Zlcq2v43cyura+kZ+s7C1vbO7Z+4ftGSUCEyaOGKR6PhIEkZD0lRUMdKJBUHcZ6Ttj66mfvuBCEmj8E6NY+JxNAhpQDFSWuqZ5dQVHNZvJyWXJ9BVESQQleElrFhVV1FOJHTs+/S0OumZRduyZ4DLxMlIEWRo9Mwvtx/hhJNQYYak7Dp2rLwUCUUxI5OCm0gSIzxCA9LVNET6mJfOIk3giVb6MIiEfqGCM/X3Roq4lGPu60mO1FAuelPxP6+bqODCS2kYJ4qEeH4oSBjUyaf9wD4VBCs21gRhQfVfIR4igbDSLRZ0Cc5i5GXSqliObTk3Z8VaPasjD47AMSgBB5yDGrgGDdAEGDyCZ/AK3own48V4Nz7mozkj2zkEf2B8/gCk45rq</latexit>

Hierarchical model

CV/A = V †
RXRVR ± V †

LXLVL
<latexit sha1_base64="WBURvIgEuB12Pmy8ZNdSC9LZSKA=">AAACFnicbVDLSgMxFM3UV62vUZdugkVwY50RQTdCtRsXXdRip4XOOGQyaRuaeZBkhDL0K9z4K25cKOJW3Pk3ZtoRtPVAyLnn3EtyjxczKqRhfGmFhcWl5ZXiamltfWNzS9/esUSUcExaOGIR73hIEEZD0pJUMtKJOUGBx0jbG9Yyv31PuKBReCtHMXEC1A9pj2IkleTqRzU3tY4vxxfQcpt3to/6sOM2s8KOA3XVf7R6Vrh62agYE8B5YuakDHI0XP3T9iOcBCSUmCEhuqYRSydFXFLMyLhkJ4LECA9Rn3QVDVFAhJNO1hrDA6X4sBdxdUIJJ+rviRQFQowCT3UGSA7ErJeJ/3ndRPbOnZSGcSJJiKcP9RIGZQSzjKBPOcGSjRRBmFP1V4gHiCMsVZIlFYI5u/I8sU4qplExb07L1as8jiLYA/vgEJjgDFTBNWiAFsDgATyBF/CqPWrP2pv2Pm0taPnMLvgD7eMbQ2qc6w==</latexit><latexit sha1_base64="WBURvIgEuB12Pmy8ZNdSC9LZSKA=">AAACFnicbVDLSgMxFM3UV62vUZdugkVwY50RQTdCtRsXXdRip4XOOGQyaRuaeZBkhDL0K9z4K25cKOJW3Pk3ZtoRtPVAyLnn3EtyjxczKqRhfGmFhcWl5ZXiamltfWNzS9/esUSUcExaOGIR73hIEEZD0pJUMtKJOUGBx0jbG9Yyv31PuKBReCtHMXEC1A9pj2IkleTqRzU3tY4vxxfQcpt3to/6sOM2s8KOA3XVf7R6Vrh62agYE8B5YuakDHI0XP3T9iOcBCSUmCEhuqYRSydFXFLMyLhkJ4LECA9Rn3QVDVFAhJNO1hrDA6X4sBdxdUIJJ+rviRQFQowCT3UGSA7ErJeJ/3ndRPbOnZSGcSJJiKcP9RIGZQSzjKBPOcGSjRRBmFP1V4gHiCMsVZIlFYI5u/I8sU4qplExb07L1as8jiLYA/vgEJjgDFTBNWiAFsDgATyBF/CqPWrP2pv2Pm0taPnMLvgD7eMbQ2qc6w==</latexit><latexit sha1_base64="WBURvIgEuB12Pmy8ZNdSC9LZSKA=">AAACFnicbVDLSgMxFM3UV62vUZdugkVwY50RQTdCtRsXXdRip4XOOGQyaRuaeZBkhDL0K9z4K25cKOJW3Pk3ZtoRtPVAyLnn3EtyjxczKqRhfGmFhcWl5ZXiamltfWNzS9/esUSUcExaOGIR73hIEEZD0pJUMtKJOUGBx0jbG9Yyv31PuKBReCtHMXEC1A9pj2IkleTqRzU3tY4vxxfQcpt3to/6sOM2s8KOA3XVf7R6Vrh62agYE8B5YuakDHI0XP3T9iOcBCSUmCEhuqYRSydFXFLMyLhkJ4LECA9Rn3QVDVFAhJNO1hrDA6X4sBdxdUIJJ+rviRQFQowCT3UGSA7ErJeJ/3ndRPbOnZSGcSJJiKcP9RIGZQSzjKBPOcGSjRRBmFP1V4gHiCMsVZIlFYI5u/I8sU4qplExb07L1as8jiLYA/vgEJjgDFTBNWiAFsDgATyBF/CqPWrP2pv2Pm0taPnMLvgD7eMbQ2qc6w==</latexit><latexit sha1_base64="WBURvIgEuB12Pmy8ZNdSC9LZSKA=">AAACFnicbVDLSgMxFM3UV62vUZdugkVwY50RQTdCtRsXXdRip4XOOGQyaRuaeZBkhDL0K9z4K25cKOJW3Pk3ZtoRtPVAyLnn3EtyjxczKqRhfGmFhcWl5ZXiamltfWNzS9/esUSUcExaOGIR73hIEEZD0pJUMtKJOUGBx0jbG9Yyv31PuKBReCtHMXEC1A9pj2IkleTqRzU3tY4vxxfQcpt3to/6sOM2s8KOA3XVf7R6Vrh62agYE8B5YuakDHI0XP3T9iOcBCSUmCEhuqYRSydFXFLMyLhkJ4LECA9Rn3QVDVFAhJNO1hrDA6X4sBdxdUIJJ+rviRQFQowCT3UGSA7ErJeJ/3ndRPbOnZSGcSJJiKcP9RIGZQSzjKBPOcGSjRRBmFP1V4gHiCMsVZIlFYI5u/I8sU4qplExb07L1as8jiLYA/vgEJjgDFTBNWiAFsDgATyBF/CqPWrP2pv2Pm0taPnMLvgD7eMbQ2qc6w==</latexit>

Stronger exp. limit applies:

But suppressed rate:

Weaker exp. limit applies:

BR(µ ! ea) < 5.8⇥ 10�5
<latexit sha1_base64="60zTzkA5811nQeRGg4tGaPpyhqg=">AAACEnicbVC7TsMwFHXKq5RXgJHFokJqB6IEUdGBoSoLY0H0ITWhclyntWonke0gVVG/gYVfYWEAIVYmNv4Gt80ALUeydHTOvbo+x48Zlcq2v43cyura+kZ+s7C1vbO7Z+4ftGSUCEyaOGKR6PhIEkZD0lRUMdKJBUHcZ6Ttj66mfvuBCEmj8E6NY+JxNAhpQDFSWuqZ5dQVHNZvJyWXJ9BVESQQleElrFhVV1FOJHTs+/S0MumZRduyZ4DLxMlIEWRo9Mwvtx/hhJNQYYak7Dp2rLwUCUUxI5OCm0gSIzxCA9LVNET6mJfOIk3giVb6MIiEfqGCM/X3Roq4lGPu60mO1FAuelPxP6+bqKDqpTSME0VCPD8UJAzq5NN+YJ8KghUba4KwoPqvEA+RQFjpFgu6BGcx8jJpnVmObTk358VaPasjD47AMSgBB1yAGrgGDdAEGDyCZ/AK3own48V4Nz7mozkj2zkEf2B8/gCrPpru</latexit><latexit sha1_base64="60zTzkA5811nQeRGg4tGaPpyhqg=">AAACEnicbVC7TsMwFHXKq5RXgJHFokJqB6IEUdGBoSoLY0H0ITWhclyntWonke0gVVG/gYVfYWEAIVYmNv4Gt80ALUeydHTOvbo+x48Zlcq2v43cyura+kZ+s7C1vbO7Z+4ftGSUCEyaOGKR6PhIEkZD0lRUMdKJBUHcZ6Ttj66mfvuBCEmj8E6NY+JxNAhpQDFSWuqZ5dQVHNZvJyWXJ9BVESQQleElrFhVV1FOJHTs+/S0MumZRduyZ4DLxMlIEWRo9Mwvtx/hhJNQYYak7Dp2rLwUCUUxI5OCm0gSIzxCA9LVNET6mJfOIk3giVb6MIiEfqGCM/X3Roq4lGPu60mO1FAuelPxP6+bqKDqpTSME0VCPD8UJAzq5NN+YJ8KghUba4KwoPqvEA+RQFjpFgu6BGcx8jJpnVmObTk358VaPasjD47AMSgBB1yAGrgGDdAEGDyCZ/AK3own48V4Nz7mozkj2zkEf2B8/gCrPpru</latexit><latexit sha1_base64="60zTzkA5811nQeRGg4tGaPpyhqg=">AAACEnicbVC7TsMwFHXKq5RXgJHFokJqB6IEUdGBoSoLY0H0ITWhclyntWonke0gVVG/gYVfYWEAIVYmNv4Gt80ALUeydHTOvbo+x48Zlcq2v43cyura+kZ+s7C1vbO7Z+4ftGSUCEyaOGKR6PhIEkZD0lRUMdKJBUHcZ6Ttj66mfvuBCEmj8E6NY+JxNAhpQDFSWuqZ5dQVHNZvJyWXJ9BVESQQleElrFhVV1FOJHTs+/S0MumZRduyZ4DLxMlIEWRo9Mwvtx/hhJNQYYak7Dp2rLwUCUUxI5OCm0gSIzxCA9LVNET6mJfOIk3giVb6MIiEfqGCM/X3Roq4lGPu60mO1FAuelPxP6+bqKDqpTSME0VCPD8UJAzq5NN+YJ8KghUba4KwoPqvEA+RQFjpFgu6BGcx8jJpnVmObTk358VaPasjD47AMSgBB1yAGrgGDdAEGDyCZ/AK3own48V4Nz7mozkj2zkEf2B8/gCrPpru</latexit><latexit sha1_base64="60zTzkA5811nQeRGg4tGaPpyhqg=">AAACEnicbVC7TsMwFHXKq5RXgJHFokJqB6IEUdGBoSoLY0H0ITWhclyntWonke0gVVG/gYVfYWEAIVYmNv4Gt80ALUeydHTOvbo+x48Zlcq2v43cyura+kZ+s7C1vbO7Z+4ftGSUCEyaOGKR6PhIEkZD0lRUMdKJBUHcZ6Ttj66mfvuBCEmj8E6NY+JxNAhpQDFSWuqZ5dQVHNZvJyWXJ9BVESQQleElrFhVV1FOJHTs+/S0MumZRduyZ4DLxMlIEWRo9Mwvtx/hhJNQYYak7Dp2rLwUCUUxI5OCm0gSIzxCA9LVNET6mJfOIk3giVb6MIiEfqGCM/X3Roq4lGPu60mO1FAuelPxP6+bqKDqpTSME0VCPD8UJAzq5NN+YJ8KghUba4KwoPqvEA+RQFjpFgu6BGcx8jJpnVmObTk358VaPasjD47AMSgBB1yAGrgGDdAEGDyCZ/AK3own48V4Nz7mozkj2zkEf2B8/gCrPpru</latexit>

But larger rate:



Bounds on the flavour-breaking scale f

Lorenzo Calibbi (Nankai U.)Neutrino mass models & CLFV

Anarchical model Hierarchical model

µ ! e a �
<latexit sha1_base64="A11sgrA2zQYSPyK+oLA4fasVTds=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCh1ISEfRY9OKxgv2AJpTJdtMu3d2E3Y1QQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rezsrq2vrFZ2ipv7+zu7bsHhy2dZIrQJkl4ojoRaMqZpE3DDKedVFEQEaftaHQ79duPVGmWyAczTmkoYCBZzAgYK/Xc40BkgUkwxUEVgioOBiAE9NyKV/NmwMvEL0gFFWj03K+gn5BMUGkIB627vpeaMAdlGOF0Ug4yTVMgIxjQrqUSBNVhPjt/gs+s0sdxomxJg2fq74kchNZjEdlOAWaoF72p+J/XzUx8HeZMppmhkswXxRnH9t9pFrjPFCWGjy0Bopi9FZMhKCDGJla2IfiLLy+T1kXN92r+/WWlflPEUUIn6BSdIx9doTq6Qw3URATl6Bm9ojfnyXlx3p2PeeuKU8wcoT9wPn8Ai6iUjw==</latexit><latexit sha1_base64="A11sgrA2zQYSPyK+oLA4fasVTds=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCh1ISEfRY9OKxgv2AJpTJdtMu3d2E3Y1QQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rezsrq2vrFZ2ipv7+zu7bsHhy2dZIrQJkl4ojoRaMqZpE3DDKedVFEQEaftaHQ79duPVGmWyAczTmkoYCBZzAgYK/Xc40BkgUkwxUEVgioOBiAE9NyKV/NmwMvEL0gFFWj03K+gn5BMUGkIB627vpeaMAdlGOF0Ug4yTVMgIxjQrqUSBNVhPjt/gs+s0sdxomxJg2fq74kchNZjEdlOAWaoF72p+J/XzUx8HeZMppmhkswXxRnH9t9pFrjPFCWGjy0Bopi9FZMhKCDGJla2IfiLLy+T1kXN92r+/WWlflPEUUIn6BSdIx9doTq6Qw3URATl6Bm9ojfnyXlx3p2PeeuKU8wcoT9wPn8Ai6iUjw==</latexit><latexit sha1_base64="A11sgrA2zQYSPyK+oLA4fasVTds=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCh1ISEfRY9OKxgv2AJpTJdtMu3d2E3Y1QQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rezsrq2vrFZ2ipv7+zu7bsHhy2dZIrQJkl4ojoRaMqZpE3DDKedVFEQEaftaHQ79duPVGmWyAczTmkoYCBZzAgYK/Xc40BkgUkwxUEVgioOBiAE9NyKV/NmwMvEL0gFFWj03K+gn5BMUGkIB627vpeaMAdlGOF0Ug4yTVMgIxjQrqUSBNVhPjt/gs+s0sdxomxJg2fq74kchNZjEdlOAWaoF72p+J/XzUx8HeZMppmhkswXxRnH9t9pFrjPFCWGjy0Bopi9FZMhKCDGJla2IfiLLy+T1kXN92r+/WWlflPEUUIn6BSdIx9doTq6Qw3URATl6Bm9ojfnyXlx3p2PeeuKU8wcoT9wPn8Ai6iUjw==</latexit><latexit sha1_base64="A11sgrA2zQYSPyK+oLA4fasVTds=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCh1ISEfRY9OKxgv2AJpTJdtMu3d2E3Y1QQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rezsrq2vrFZ2ipv7+zu7bsHhy2dZIrQJkl4ojoRaMqZpE3DDKedVFEQEaftaHQ79duPVGmWyAczTmkoYCBZzAgYK/Xc40BkgUkwxUEVgioOBiAE9NyKV/NmwMvEL0gFFWj03K+gn5BMUGkIB627vpeaMAdlGOF0Ug4yTVMgIxjQrqUSBNVhPjt/gs+s0sdxomxJg2fq74kchNZjEdlOAWaoF72p+J/XzUx8HeZMppmhkswXxRnH9t9pFrjPFCWGjy0Bopi9FZMhKCDGJla2IfiLLy+T1kXN92r+/WWlflPEUUIn6BSdIx9doTq6Qw3URATl6Bm9ojfnyXlx3p2PeeuKU8wcoT9wPn8Ai6iUjw==</latexit>

µ ! e a
<latexit sha1_base64="Xw6xtvHSqofG0AFI2sRz5kbECbw=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgQcKuCHoMevEYwTwgu4TZSW8yZGZ2mYcQlvyGFw+KePVnvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6W19Y3NrfJ2ZWd3b/+genjU1qlVFFo05anqxkQDZxJahhkO3UwBETGHTjy+m/mdJ1CapfLRTDKIBBlKljBKjJPCUNjQpBhweEH61Zpf9+fAqyQoSA0VaParX+EgpVaANJQTrXuBn5koJ8owymFaCa2GjNAxGULPUUkE6Cif3zzFZ04Z4CRVrqTBc/X3RE6E1hMRu05BzEgvezPxP69nTXIT5Uxm1oCki0WJ5di9OQsAD5gCavjEEUIVc7diOiKKUONiqrgQguWXV0n7sh749eDhqta4LeIooxN0is5RgK5RA92jJmohijL0jF7Rm2e9F+/d+1i0lrxi5hj9gff5AwAokP0=</latexit><latexit sha1_base64="Xw6xtvHSqofG0AFI2sRz5kbECbw=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgQcKuCHoMevEYwTwgu4TZSW8yZGZ2mYcQlvyGFw+KePVnvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6W19Y3NrfJ2ZWd3b/+genjU1qlVFFo05anqxkQDZxJahhkO3UwBETGHTjy+m/mdJ1CapfLRTDKIBBlKljBKjJPCUNjQpBhweEH61Zpf9+fAqyQoSA0VaParX+EgpVaANJQTrXuBn5koJ8owymFaCa2GjNAxGULPUUkE6Cif3zzFZ04Z4CRVrqTBc/X3RE6E1hMRu05BzEgvezPxP69nTXIT5Uxm1oCki0WJ5di9OQsAD5gCavjEEUIVc7diOiKKUONiqrgQguWXV0n7sh749eDhqta4LeIooxN0is5RgK5RA92jJmohijL0jF7Rm2e9F+/d+1i0lrxi5hj9gff5AwAokP0=</latexit><latexit sha1_base64="Xw6xtvHSqofG0AFI2sRz5kbECbw=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgQcKuCHoMevEYwTwgu4TZSW8yZGZ2mYcQlvyGFw+KePVnvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6W19Y3NrfJ2ZWd3b/+genjU1qlVFFo05anqxkQDZxJahhkO3UwBETGHTjy+m/mdJ1CapfLRTDKIBBlKljBKjJPCUNjQpBhweEH61Zpf9+fAqyQoSA0VaParX+EgpVaANJQTrXuBn5koJ8owymFaCa2GjNAxGULPUUkE6Cif3zzFZ04Z4CRVrqTBc/X3RE6E1hMRu05BzEgvezPxP69nTXIT5Uxm1oCki0WJ5di9OQsAD5gCavjEEUIVc7diOiKKUONiqrgQguWXV0n7sh749eDhqta4LeIooxN0is5RgK5RA92jJmohijL0jF7Rm2e9F+/d+1i0lrxi5hj9gff5AwAokP0=</latexit><latexit sha1_base64="Xw6xtvHSqofG0AFI2sRz5kbECbw=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgQcKuCHoMevEYwTwgu4TZSW8yZGZ2mYcQlvyGFw+KePVnvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6W19Y3NrfJ2ZWd3b/+genjU1qlVFFo05anqxkQDZxJahhkO3UwBETGHTjy+m/mdJ1CapfLRTDKIBBlKljBKjJPCUNjQpBhweEH61Zpf9+fAqyQoSA0VaParX+EgpVaANJQTrXuBn5koJ8owymFaCa2GjNAxGULPUUkE6Cif3zzFZ04Z4CRVrqTBc/X3RE6E1hMRu05BzEgvezPxP69nTXIT5Uxm1oCki0WJ5di9OQsAD5gCavjEEUIVc7diOiKKUONiqrgQguWXV0n7sh749eDhqta4LeIooxN0is5RgK5RA92jJmohijL0jF7Rm2e9F+/d+1i0lrxi5hj9gff5AwAokP0=</latexit>

⌧ ! e a
<latexit sha1_base64="JDs8SLOf7ThJ6bvKc9nnT0zzPFU=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWz3bRLN5u4OymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhakUBl332ymsrW9sbhW3Szu7e/sH5cOjpkkyzXiDJTLR7ZAaLoXiDRQoeTvVnMah5K1weDfzWyOujUjUI45THsS0r0QkGEUrBT7SzMeEcOJf0G654lbdOcgq8XJSgRz1bvnL7yUsi7lCJqkxHc9NMZhQjYJJPi35meEpZUPa5x1LFY25CSbzo6fkzCo9EiXalkIyV39PTGhszDgObWdMcWCWvZn4n9fJMLoJJkKlGXLFFouiTBL75iwB0hOaM5RjSyjTwt5K2IBqytDmVLIheMsvr5LmZdVzq97DVaV2m8dRhBM4hXPw4BpqcA91aACDJ3iGV3hzRs6L8+58LFoLTj5zDH/gfP4Ax6KRbw==</latexit><latexit sha1_base64="JDs8SLOf7ThJ6bvKc9nnT0zzPFU=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWz3bRLN5u4OymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhakUBl332ymsrW9sbhW3Szu7e/sH5cOjpkkyzXiDJTLR7ZAaLoXiDRQoeTvVnMah5K1weDfzWyOujUjUI45THsS0r0QkGEUrBT7SzMeEcOJf0G654lbdOcgq8XJSgRz1bvnL7yUsi7lCJqkxHc9NMZhQjYJJPi35meEpZUPa5x1LFY25CSbzo6fkzCo9EiXalkIyV39PTGhszDgObWdMcWCWvZn4n9fJMLoJJkKlGXLFFouiTBL75iwB0hOaM5RjSyjTwt5K2IBqytDmVLIheMsvr5LmZdVzq97DVaV2m8dRhBM4hXPw4BpqcA91aACDJ3iGV3hzRs6L8+58LFoLTj5zDH/gfP4Ax6KRbw==</latexit><latexit sha1_base64="JDs8SLOf7ThJ6bvKc9nnT0zzPFU=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWz3bRLN5u4OymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhakUBl332ymsrW9sbhW3Szu7e/sH5cOjpkkyzXiDJTLR7ZAaLoXiDRQoeTvVnMah5K1weDfzWyOujUjUI45THsS0r0QkGEUrBT7SzMeEcOJf0G654lbdOcgq8XJSgRz1bvnL7yUsi7lCJqkxHc9NMZhQjYJJPi35meEpZUPa5x1LFY25CSbzo6fkzCo9EiXalkIyV39PTGhszDgObWdMcWCWvZn4n9fJMLoJJkKlGXLFFouiTBL75iwB0hOaM5RjSyjTwt5K2IBqytDmVLIheMsvr5LmZdVzq97DVaV2m8dRhBM4hXPw4BpqcA91aACDJ3iGV3hzRs6L8+58LFoLTj5zDH/gfP4Ax6KRbw==</latexit><latexit sha1_base64="JDs8SLOf7ThJ6bvKc9nnT0zzPFU=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWz3bRLN5u4OymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhakUBl332ymsrW9sbhW3Szu7e/sH5cOjpkkyzXiDJTLR7ZAaLoXiDRQoeTvVnMah5K1weDfzWyOujUjUI45THsS0r0QkGEUrBT7SzMeEcOJf0G654lbdOcgq8XJSgRz1bvnL7yUsi7lCJqkxHc9NMZhQjYJJPi35meEpZUPa5x1LFY25CSbzo6fkzCo9EiXalkIyV39PTGhszDgObWdMcWCWvZn4n9fJMLoJJkKlGXLFFouiTBL75iwB0hOaM5RjSyjTwt5K2IBqytDmVLIheMsvr5LmZdVzq97DVaV2m8dRhBM4hXPw4BpqcA91aACDJ3iGV3hzRs6L8+58LFoLTj5zDH/gfP4Ax6KRbw==</latexit>

⌧ ! µa
<latexit sha1_base64="kzsPuvsF5tpy316QDfv8/YNkE8Y=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCCymJCLosunFZwT6gCeVmOmmHziRhHkIN/RI3LhRx66e482+ctllo64ELh3Pu5d57oowzpT3v2ymtrW9sbpW3Kzu7e/tV9+CwrVIjCW2RlKeyG4GinCW0pZnmtJtJCiLitBONb2d+55FKxdLkQU8yGgoYJixmBLSV+m410GACneJAGBycQ9+teXVvDrxK/ILUUIFm3/0KBikxgiaacFCq53uZDnOQmhFOp5XAKJoBGcOQ9ixNQFAV5vPDp/jUKgMcp9JWovFc/T2Rg1BqIiLbKUCP1LI3E//zekbH12HOksxompDFothwbB+dpYAHTFKi+cQSIJLZWzEZgQSibVYVG4K//PIqaV/Ufa/u31/WGjdFHGV0jE7QGfLRFWqgO9RELUSQQc/oFb05T86L8+58LFpLTjFzhP7A+fwB3OaSjQ==</latexit><latexit sha1_base64="kzsPuvsF5tpy316QDfv8/YNkE8Y=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCCymJCLosunFZwT6gCeVmOmmHziRhHkIN/RI3LhRx66e482+ctllo64ELh3Pu5d57oowzpT3v2ymtrW9sbpW3Kzu7e/tV9+CwrVIjCW2RlKeyG4GinCW0pZnmtJtJCiLitBONb2d+55FKxdLkQU8yGgoYJixmBLSV+m410GACneJAGBycQ9+teXVvDrxK/ILUUIFm3/0KBikxgiaacFCq53uZDnOQmhFOp5XAKJoBGcOQ9ixNQFAV5vPDp/jUKgMcp9JWovFc/T2Rg1BqIiLbKUCP1LI3E//zekbH12HOksxompDFothwbB+dpYAHTFKi+cQSIJLZWzEZgQSibVYVG4K//PIqaV/Ufa/u31/WGjdFHGV0jE7QGfLRFWqgO9RELUSQQc/oFb05T86L8+58LFpLTjFzhP7A+fwB3OaSjQ==</latexit><latexit sha1_base64="kzsPuvsF5tpy316QDfv8/YNkE8Y=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCCymJCLosunFZwT6gCeVmOmmHziRhHkIN/RI3LhRx66e482+ctllo64ELh3Pu5d57oowzpT3v2ymtrW9sbpW3Kzu7e/tV9+CwrVIjCW2RlKeyG4GinCW0pZnmtJtJCiLitBONb2d+55FKxdLkQU8yGgoYJixmBLSV+m410GACneJAGBycQ9+teXVvDrxK/ILUUIFm3/0KBikxgiaacFCq53uZDnOQmhFOp5XAKJoBGcOQ9ixNQFAV5vPDp/jUKgMcp9JWovFc/T2Rg1BqIiLbKUCP1LI3E//zekbH12HOksxompDFothwbB+dpYAHTFKi+cQSIJLZWzEZgQSibVYVG4K//PIqaV/Ufa/u31/WGjdFHGV0jE7QGfLRFWqgO9RELUSQQc/oFb05T86L8+58LFpLTjFzhP7A+fwB3OaSjQ==</latexit><latexit sha1_base64="kzsPuvsF5tpy316QDfv8/YNkE8Y=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCCymJCLosunFZwT6gCeVmOmmHziRhHkIN/RI3LhRx66e482+ctllo64ELh3Pu5d57oowzpT3v2ymtrW9sbpW3Kzu7e/tV9+CwrVIjCW2RlKeyG4GinCW0pZnmtJtJCiLitBONb2d+55FKxdLkQU8yGgoYJixmBLSV+m410GACneJAGBycQ9+teXVvDrxK/ILUUIFm3/0KBikxgiaacFCq53uZDnOQmhFOp5XAKJoBGcOQ9ixNQFAV5vPDp/jUKgMcp9JWovFc/T2Rg1BqIiLbKUCP1LI3E//zekbH12HOksxompDFothwbB+dpYAHTFKi+cQSIJLZWzEZgQSibVYVG4K//PIqaV/Ufa/u31/WGjdFHGV0jE7QGfLRFWqgO9RELUSQQc/oFb05T86L8+58LFpLTjFzhP7A+fwB3OaSjQ==</latexit>

5⇥ 108 GeV
<latexit sha1_base64="wiYzluUY3yFf5Ub1buRIIQGOVX4=">AAACAXicbVBNS8NAEN34WetX1IvgZbEIHqQkUrHHggc9VrAf0MSy2U7apbtJ2N0IJdSLf8WLB0W8+i+8+W/ctjlo64OBx3szzMwLEs6Udpxva2l5ZXVtvbBR3Nza3tm19/abKk4lhQaNeSzbAVHAWQQNzTSHdiKBiIBDKxheTfzWA0jF4uhOjxLwBelHLGSUaCN17cMLTzMBCrvOfdU7yzwp8DU0x7hrl5yyMwVeJG5OSihHvWt/eb2YpgIiTTlRquM6ifYzIjWjHMZFL1WQEDokfegYGhGz1c+mH4zxiVF6OIylqUjjqfp7IiNCqZEITKcgeqDmvYn4n9dJdVj1MxYlqYaIzhaFKcc6xpM4cI9JoJqPDCFUMnMrpgMiCdUmtKIJwZ1/eZE0z8uuU3ZvK6VaJY+jgI7QMTpFLrpENXSD6qiBKHpEz+gVvVlP1ov1bn3MWpesfOYA/YH1+QMcrJVU</latexit><latexit sha1_base64="wiYzluUY3yFf5Ub1buRIIQGOVX4=">AAACAXicbVBNS8NAEN34WetX1IvgZbEIHqQkUrHHggc9VrAf0MSy2U7apbtJ2N0IJdSLf8WLB0W8+i+8+W/ctjlo64OBx3szzMwLEs6Udpxva2l5ZXVtvbBR3Nza3tm19/abKk4lhQaNeSzbAVHAWQQNzTSHdiKBiIBDKxheTfzWA0jF4uhOjxLwBelHLGSUaCN17cMLTzMBCrvOfdU7yzwp8DU0x7hrl5yyMwVeJG5OSihHvWt/eb2YpgIiTTlRquM6ifYzIjWjHMZFL1WQEDokfegYGhGz1c+mH4zxiVF6OIylqUjjqfp7IiNCqZEITKcgeqDmvYn4n9dJdVj1MxYlqYaIzhaFKcc6xpM4cI9JoJqPDCFUMnMrpgMiCdUmtKIJwZ1/eZE0z8uuU3ZvK6VaJY+jgI7QMTpFLrpENXSD6qiBKHpEz+gVvVlP1ov1bn3MWpesfOYA/YH1+QMcrJVU</latexit><latexit sha1_base64="wiYzluUY3yFf5Ub1buRIIQGOVX4=">AAACAXicbVBNS8NAEN34WetX1IvgZbEIHqQkUrHHggc9VrAf0MSy2U7apbtJ2N0IJdSLf8WLB0W8+i+8+W/ctjlo64OBx3szzMwLEs6Udpxva2l5ZXVtvbBR3Nza3tm19/abKk4lhQaNeSzbAVHAWQQNzTSHdiKBiIBDKxheTfzWA0jF4uhOjxLwBelHLGSUaCN17cMLTzMBCrvOfdU7yzwp8DU0x7hrl5yyMwVeJG5OSihHvWt/eb2YpgIiTTlRquM6ifYzIjWjHMZFL1WQEDokfegYGhGz1c+mH4zxiVF6OIylqUjjqfp7IiNCqZEITKcgeqDmvYn4n9dJdVj1MxYlqYaIzhaFKcc6xpM4cI9JoJqPDCFUMnMrpgMiCdUmtKIJwZ1/eZE0z8uuU3ZvK6VaJY+jgI7QMTpFLrpENXSD6qiBKHpEz+gVvVlP1ov1bn3MWpesfOYA/YH1+QMcrJVU</latexit><latexit sha1_base64="wiYzluUY3yFf5Ub1buRIIQGOVX4=">AAACAXicbVBNS8NAEN34WetX1IvgZbEIHqQkUrHHggc9VrAf0MSy2U7apbtJ2N0IJdSLf8WLB0W8+i+8+W/ctjlo64OBx3szzMwLEs6Udpxva2l5ZXVtvbBR3Nza3tm19/abKk4lhQaNeSzbAVHAWQQNzTSHdiKBiIBDKxheTfzWA0jF4uhOjxLwBelHLGSUaCN17cMLTzMBCrvOfdU7yzwp8DU0x7hrl5yyMwVeJG5OSihHvWt/eb2YpgIiTTlRquM6ifYzIjWjHMZFL1WQEDokfegYGhGz1c+mH4zxiVF6OIylqUjjqfp7IiNCqZEITKcgeqDmvYn4n9dJdVj1MxYlqYaIzhaFKcc6xpM4cI9JoJqPDCFUMnMrpgMiCdUmtKIJwZ1/eZE0z8uuU3ZvK6VaJY+jgI7QMTpFLrpENXSD6qiBKHpEz+gVvVlP1ov1bn3MWpesfOYA/YH1+QMcrJVU</latexit>

107 GeV
<latexit sha1_base64="yddjKqPo3Zoj0QiusImyPXqPYrY=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBg5RdKdRjwYMeK9gP6K4lm07b0CS7JNlCWfpPvHhQxKv/xJv/xrTdg7Y+GHi8N8PMvCjhTBvP+3YKG5tb2zvF3dLe/sHhkXt80tJxqig0acxj1YmIBs4kNA0zHDqJAiIiDu1ofDv32xNQmsXy0UwTCAUZSjZglBgr9VzX955qwVUWKIHvoDXDPbfsVbwF8Drxc1JGORo99yvoxzQVIA3lROuu7yUmzIgyjHKYlYJUQ0LomAyha6kkAnSYLS6f4Qur9PEgVrakwQv190RGhNZTEdlOQcxIr3pz8T+vm5rBTZgxmaQGJF0uGqQcmxjPY8B9poAaPrWEUMXsrZiOiCLU2LBKNgR/9eV10rqu+F7Ff6iW69U8jiI6Q+foEvmohuroHjVQE1E0Qc/oFb05mfPivDsfy9aCk8+coj9wPn8Acn+SMA==</latexit><latexit sha1_base64="yddjKqPo3Zoj0QiusImyPXqPYrY=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBg5RdKdRjwYMeK9gP6K4lm07b0CS7JNlCWfpPvHhQxKv/xJv/xrTdg7Y+GHi8N8PMvCjhTBvP+3YKG5tb2zvF3dLe/sHhkXt80tJxqig0acxj1YmIBs4kNA0zHDqJAiIiDu1ofDv32xNQmsXy0UwTCAUZSjZglBgr9VzX955qwVUWKIHvoDXDPbfsVbwF8Drxc1JGORo99yvoxzQVIA3lROuu7yUmzIgyjHKYlYJUQ0LomAyha6kkAnSYLS6f4Qur9PEgVrakwQv190RGhNZTEdlOQcxIr3pz8T+vm5rBTZgxmaQGJF0uGqQcmxjPY8B9poAaPrWEUMXsrZiOiCLU2LBKNgR/9eV10rqu+F7Ff6iW69U8jiI6Q+foEvmohuroHjVQE1E0Qc/oFb05mfPivDsfy9aCk8+coj9wPn8Acn+SMA==</latexit><latexit sha1_base64="yddjKqPo3Zoj0QiusImyPXqPYrY=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBg5RdKdRjwYMeK9gP6K4lm07b0CS7JNlCWfpPvHhQxKv/xJv/xrTdg7Y+GHi8N8PMvCjhTBvP+3YKG5tb2zvF3dLe/sHhkXt80tJxqig0acxj1YmIBs4kNA0zHDqJAiIiDu1ofDv32xNQmsXy0UwTCAUZSjZglBgr9VzX955qwVUWKIHvoDXDPbfsVbwF8Drxc1JGORo99yvoxzQVIA3lROuu7yUmzIgyjHKYlYJUQ0LomAyha6kkAnSYLS6f4Qur9PEgVrakwQv190RGhNZTEdlOQcxIr3pz8T+vm5rBTZgxmaQGJF0uGqQcmxjPY8B9poAaPrWEUMXsrZiOiCLU2LBKNgR/9eV10rqu+F7Ff6iW69U8jiI6Q+foEvmohuroHjVQE1E0Qc/oFb05mfPivDsfy9aCk8+coj9wPn8Acn+SMA==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="W4Vxcnu1fA6Dipx2tAhvE6sPghw=">AAAB7nicbZBLSwMxFIXv1FetVUe3boJFcCEl46YuBRe6rGAf0BlLJs20oUlmSDKFMvSfuHGhiD/Hnf/G9LHQ1gOBj3MS7s2JM8GNxfjbK21t7+zulfcrB9XDo2P/pNo2aa4pa9FUpLobE8MEV6xluRWsm2lGZCxYJx7fzfPOhGnDU/VkpxmLJBkqnnBKrLP6vh/g50Z4VYRaonvWnqG+X8N1vBDahGAFNVip2fe/wkFKc8mUpYIY0wtwZqOCaMupYLNKmBuWETomQ9ZzqIhkJioWm8/QhXMGKEm1O8qihfv7RUGkMVMZu5uS2JFZz+bmf1kvt8lNVHCV5ZYpuhyU5ALZFM1rQAOuGbVi6oBQzd2uiI6IJtS6siquhGD9y5vQvq4HuB48YijDGZzDJQTQgFt4gCa0gMIEXuAN3r3Ce/U+lnWVvFVvp/BH3ucPK0eQ2g==</latexit><latexit sha1_base64="W4Vxcnu1fA6Dipx2tAhvE6sPghw=">AAAB7nicbZBLSwMxFIXv1FetVUe3boJFcCEl46YuBRe6rGAf0BlLJs20oUlmSDKFMvSfuHGhiD/Hnf/G9LHQ1gOBj3MS7s2JM8GNxfjbK21t7+zulfcrB9XDo2P/pNo2aa4pa9FUpLobE8MEV6xluRWsm2lGZCxYJx7fzfPOhGnDU/VkpxmLJBkqnnBKrLP6vh/g50Z4VYRaonvWnqG+X8N1vBDahGAFNVip2fe/wkFKc8mUpYIY0wtwZqOCaMupYLNKmBuWETomQ9ZzqIhkJioWm8/QhXMGKEm1O8qihfv7RUGkMVMZu5uS2JFZz+bmf1kvt8lNVHCV5ZYpuhyU5ALZFM1rQAOuGbVi6oBQzd2uiI6IJtS6siquhGD9y5vQvq4HuB48YijDGZzDJQTQgFt4gCa0gMIEXuAN3r3Ce/U+lnWVvFVvp/BH3ucPK0eQ2g==</latexit><latexit sha1_base64="PF7XSJLdbxhCCpHBrYs9LZ9ak8Q=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4kLIRoR4LHvRYwX5AE8tmO2mX7iZhd1Moof/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMC1PBtSHk21lb39jc2i7tlHf39g8O3aPjlk4yxaDJEpGoTkg1CB5D03AjoJMqoDIU0A5HtzO/PQaleRI/mkkKgaSDmEecUWOlnut65KnmX+a+kvgOWlPccyukSubAq8QrSAUVaPTcL7+fsExCbJigWnc9kpogp8pwJmBa9jMNKWUjOoCupTGVoIN8fvkUn1ulj6NE2YoNnqu/J3IqtZ7I0HZKaoZ62ZuJ/3ndzEQ3Qc7jNDMQs8WiKBPYJHgWA+5zBcyIiSWUKW5vxWxIFWXGhlW2IXjLL6+S1lXVI1XvgVTq10UcJXSKztAF8lAN1dE9aqAmYmiMntErenNy58V5dz4WrWtOMXOC/sD5/AFxP5Is</latexit><latexit sha1_base64="yddjKqPo3Zoj0QiusImyPXqPYrY=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBg5RdKdRjwYMeK9gP6K4lm07b0CS7JNlCWfpPvHhQxKv/xJv/xrTdg7Y+GHi8N8PMvCjhTBvP+3YKG5tb2zvF3dLe/sHhkXt80tJxqig0acxj1YmIBs4kNA0zHDqJAiIiDu1ofDv32xNQmsXy0UwTCAUZSjZglBgr9VzX955qwVUWKIHvoDXDPbfsVbwF8Drxc1JGORo99yvoxzQVIA3lROuu7yUmzIgyjHKYlYJUQ0LomAyha6kkAnSYLS6f4Qur9PEgVrakwQv190RGhNZTEdlOQcxIr3pz8T+vm5rBTZgxmaQGJF0uGqQcmxjPY8B9poAaPrWEUMXsrZiOiCLU2LBKNgR/9eV10rqu+F7Ff6iW69U8jiI6Q+foEvmohuroHjVQE1E0Qc/oFb05mfPivDsfy9aCk8+coj9wPn8Acn+SMA==</latexit><latexit sha1_base64="yddjKqPo3Zoj0QiusImyPXqPYrY=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBg5RdKdRjwYMeK9gP6K4lm07b0CS7JNlCWfpPvHhQxKv/xJv/xrTdg7Y+GHi8N8PMvCjhTBvP+3YKG5tb2zvF3dLe/sHhkXt80tJxqig0acxj1YmIBs4kNA0zHDqJAiIiDu1ofDv32xNQmsXy0UwTCAUZSjZglBgr9VzX955qwVUWKIHvoDXDPbfsVbwF8Drxc1JGORo99yvoxzQVIA3lROuu7yUmzIgyjHKYlYJUQ0LomAyha6kkAnSYLS6f4Qur9PEgVrakwQv190RGhNZTEdlOQcxIr3pz8T+vm5rBTZgxmaQGJF0uGqQcmxjPY8B9poAaPrWEUMXsrZiOiCLU2LBKNgR/9eV10rqu+F7Ff6iW69U8jiI6Q+foEvmohuroHjVQE1E0Qc/oFb05mfPivDsfy9aCk8+coj9wPn8Acn+SMA==</latexit><latexit sha1_base64="yddjKqPo3Zoj0QiusImyPXqPYrY=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBg5RdKdRjwYMeK9gP6K4lm07b0CS7JNlCWfpPvHhQxKv/xJv/xrTdg7Y+GHi8N8PMvCjhTBvP+3YKG5tb2zvF3dLe/sHhkXt80tJxqig0acxj1YmIBs4kNA0zHDqJAiIiDu1ofDv32xNQmsXy0UwTCAUZSjZglBgr9VzX955qwVUWKIHvoDXDPbfsVbwF8Drxc1JGORo99yvoxzQVIA3lROuu7yUmzIgyjHKYlYJUQ0LomAyha6kkAnSYLS6f4Qur9PEgVrakwQv190RGhNZTEdlOQcxIr3pz8T+vm5rBTZgxmaQGJF0uGqQcmxjPY8B9poAaPrWEUMXsrZiOiCLU2LBKNgR/9eV10rqu+F7Ff6iW69U8jiI6Q+foEvmohuroHjVQE1E0Qc/oFb05mfPivDsfy9aCk8+coj9wPn8Acn+SMA==</latexit><latexit sha1_base64="yddjKqPo3Zoj0QiusImyPXqPYrY=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBg5RdKdRjwYMeK9gP6K4lm07b0CS7JNlCWfpPvHhQxKv/xJv/xrTdg7Y+GHi8N8PMvCjhTBvP+3YKG5tb2zvF3dLe/sHhkXt80tJxqig0acxj1YmIBs4kNA0zHDqJAiIiDu1ofDv32xNQmsXy0UwTCAUZSjZglBgr9VzX955qwVUWKIHvoDXDPbfsVbwF8Drxc1JGORo99yvoxzQVIA3lROuu7yUmzIgyjHKYlYJUQ0LomAyha6kkAnSYLS6f4Qur9PEgVrakwQv190RGhNZTEdlOQcxIr3pz8T+vm5rBTZgxmaQGJF0uGqQcmxjPY8B9poAaPrWEUMXsrZiOiCLU2LBKNgR/9eV10rqu+F7Ff6iW69U8jiI6Q+foEvmohuroHjVQE1E0Qc/oFb05mfPivDsfy9aCk8+coj9wPn8Acn+SMA==</latexit><latexit sha1_base64="yddjKqPo3Zoj0QiusImyPXqPYrY=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBg5RdKdRjwYMeK9gP6K4lm07b0CS7JNlCWfpPvHhQxKv/xJv/xrTdg7Y+GHi8N8PMvCjhTBvP+3YKG5tb2zvF3dLe/sHhkXt80tJxqig0acxj1YmIBs4kNA0zHDqJAiIiDu1ofDv32xNQmsXy0UwTCAUZSjZglBgr9VzX955qwVUWKIHvoDXDPbfsVbwF8Drxc1JGORo99yvoxzQVIA3lROuu7yUmzIgyjHKYlYJUQ0LomAyha6kkAnSYLS6f4Qur9PEgVrakwQv190RGhNZTEdlOQcxIr3pz8T+vm5rBTZgxmaQGJF0uGqQcmxjPY8B9poAaPrWEUMXsrZiOiCLU2LBKNgR/9eV10rqu+F7Ff6iW69U8jiI6Q+foEvmohuroHjVQE1E0Qc/oFb05mfPivDsfy9aCk8+coj9wPn8Acn+SMA==</latexit><latexit sha1_base64="yddjKqPo3Zoj0QiusImyPXqPYrY=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBg5RdKdRjwYMeK9gP6K4lm07b0CS7JNlCWfpPvHhQxKv/xJv/xrTdg7Y+GHi8N8PMvCjhTBvP+3YKG5tb2zvF3dLe/sHhkXt80tJxqig0acxj1YmIBs4kNA0zHDqJAiIiDu1ofDv32xNQmsXy0UwTCAUZSjZglBgr9VzX955qwVUWKIHvoDXDPbfsVbwF8Drxc1JGORo99yvoxzQVIA3lROuu7yUmzIgyjHKYlYJUQ0LomAyha6kkAnSYLS6f4Qur9PEgVrakwQv190RGhNZTEdlOQcxIr3pz8T+vm5rBTZgxmaQGJF0uGqQcmxjPY8B9poAaPrWEUMXsrZiOiCLU2LBKNgR/9eV10rqu+F7Ff6iW69U8jiI6Q+foEvmohuroHjVQE1E0Qc/oFb05mfPivDsfy9aCk8+coj9wPn8Acn+SMA==</latexit>

4⇥ 108 GeV
<latexit sha1_base64="z9Gf8dXMDGyCLOt8adRzwdIsY8c=">AAACAXicbVBNS8NAEJ3Ur1q/ol4EL4tF8CAlkYI9FjzosYL9gCaWzXbTLt1Nwu5GKKFe/CtePCji1X/hzX/jts1BWx8MPN6bYWZekHCmtON8W4WV1bX1jeJmaWt7Z3fP3j9oqTiVhDZJzGPZCbCinEW0qZnmtJNIikXAaTsYXU399gOVisXRnR4n1Bd4ELGQEayN1LOPqp5mgirkOvc17zzzpEDXtDVBPbvsVJwZ0DJxc1KGHI2e/eX1Y5IKGmnCsVJd10m0n2GpGeF0UvJSRRNMRnhAu4ZG2Gz1s9kHE3RqlD4KY2kq0mim/p7IsFBqLALTKbAeqkVvKv7ndVMd1vyMRUmqaUTmi8KUIx2jaRyozyQlmo8NwUQycysiQywx0Sa0kgnBXXx5mbQuKq5TcW+r5Xo1j6MIx3ACZ+DCJdThBhrQBAKP8Ayv8GY9WS/Wu/Uxby1Y+cwh/IH1+QMbEZVT</latexit><latexit sha1_base64="z9Gf8dXMDGyCLOt8adRzwdIsY8c=">AAACAXicbVBNS8NAEJ3Ur1q/ol4EL4tF8CAlkYI9FjzosYL9gCaWzXbTLt1Nwu5GKKFe/CtePCji1X/hzX/jts1BWx8MPN6bYWZekHCmtON8W4WV1bX1jeJmaWt7Z3fP3j9oqTiVhDZJzGPZCbCinEW0qZnmtJNIikXAaTsYXU399gOVisXRnR4n1Bd4ELGQEayN1LOPqp5mgirkOvc17zzzpEDXtDVBPbvsVJwZ0DJxc1KGHI2e/eX1Y5IKGmnCsVJd10m0n2GpGeF0UvJSRRNMRnhAu4ZG2Gz1s9kHE3RqlD4KY2kq0mim/p7IsFBqLALTKbAeqkVvKv7ndVMd1vyMRUmqaUTmi8KUIx2jaRyozyQlmo8NwUQycysiQywx0Sa0kgnBXXx5mbQuKq5TcW+r5Xo1j6MIx3ACZ+DCJdThBhrQBAKP8Ayv8GY9WS/Wu/Uxby1Y+cwh/IH1+QMbEZVT</latexit><latexit sha1_base64="z9Gf8dXMDGyCLOt8adRzwdIsY8c=">AAACAXicbVBNS8NAEJ3Ur1q/ol4EL4tF8CAlkYI9FjzosYL9gCaWzXbTLt1Nwu5GKKFe/CtePCji1X/hzX/jts1BWx8MPN6bYWZekHCmtON8W4WV1bX1jeJmaWt7Z3fP3j9oqTiVhDZJzGPZCbCinEW0qZnmtJNIikXAaTsYXU399gOVisXRnR4n1Bd4ELGQEayN1LOPqp5mgirkOvc17zzzpEDXtDVBPbvsVJwZ0DJxc1KGHI2e/eX1Y5IKGmnCsVJd10m0n2GpGeF0UvJSRRNMRnhAu4ZG2Gz1s9kHE3RqlD4KY2kq0mim/p7IsFBqLALTKbAeqkVvKv7ndVMd1vyMRUmqaUTmi8KUIx2jaRyozyQlmo8NwUQycysiQywx0Sa0kgnBXXx5mbQuKq5TcW+r5Xo1j6MIx3ACZ+DCJdThBhrQBAKP8Ayv8GY9WS/Wu/Uxby1Y+cwh/IH1+QMbEZVT</latexit><latexit sha1_base64="z9Gf8dXMDGyCLOt8adRzwdIsY8c=">AAACAXicbVBNS8NAEJ3Ur1q/ol4EL4tF8CAlkYI9FjzosYL9gCaWzXbTLt1Nwu5GKKFe/CtePCji1X/hzX/jts1BWx8MPN6bYWZekHCmtON8W4WV1bX1jeJmaWt7Z3fP3j9oqTiVhDZJzGPZCbCinEW0qZnmtJNIikXAaTsYXU399gOVisXRnR4n1Bd4ELGQEayN1LOPqp5mgirkOvc17zzzpEDXtDVBPbvsVJwZ0DJxc1KGHI2e/eX1Y5IKGmnCsVJd10m0n2GpGeF0UvJSRRNMRnhAu4ZG2Gz1s9kHE3RqlD4KY2kq0mim/p7IsFBqLALTKbAeqkVvKv7ndVMd1vyMRUmqaUTmi8KUIx2jaRyozyQlmo8NwUQycysiQywx0Sa0kgnBXXx5mbQuKq5TcW+r5Xo1j6MIx3ACZ+DCJdThBhrQBAKP8Ayv8GY9WS/Wu/Uxby1Y+cwh/IH1+QMbEZVT</latexit>

4⇥ 105 GeV
<latexit sha1_base64="tcVVqlXbMAtzQLKKn//Aj0NwMWo=">AAACAXicbVBNS8NAEJ3Ur1q/ol4EL4tF8CAlkYoeCx70WMF+QBPLZrtpl+4mYXcjlFAv/hUvHhTx6r/w5r9x2+agrQ8GHu/NMDMvSDhT2nG+rcLS8srqWnG9tLG5tb1j7+41VZxKQhsk5rFsB1hRziLa0Exz2k4kxSLgtBUMryZ+64FKxeLoTo8S6gvcj1jICNZG6toHVU8zQRVynftz7zTzpEDXtDlGXbvsVJwp0CJxc1KGHPWu/eX1YpIKGmnCsVId10m0n2GpGeF0XPJSRRNMhrhPO4ZG2Gz1s+kHY3RslB4KY2kq0miq/p7IsFBqJALTKbAeqHlvIv7ndVIdXvoZi5JU04jMFoUpRzpGkzhQj0lKNB8Zgolk5lZEBlhiok1oJROCO//yImmeVVyn4t5Wy7VqHkcRDuEITsCFC6jBDdShAQQe4Rle4c16sl6sd+tj1lqw8pl9+APr8wcWYZVQ</latexit><latexit sha1_base64="tcVVqlXbMAtzQLKKn//Aj0NwMWo=">AAACAXicbVBNS8NAEJ3Ur1q/ol4EL4tF8CAlkYoeCx70WMF+QBPLZrtpl+4mYXcjlFAv/hUvHhTx6r/w5r9x2+agrQ8GHu/NMDMvSDhT2nG+rcLS8srqWnG9tLG5tb1j7+41VZxKQhsk5rFsB1hRziLa0Exz2k4kxSLgtBUMryZ+64FKxeLoTo8S6gvcj1jICNZG6toHVU8zQRVynftz7zTzpEDXtDlGXbvsVJwp0CJxc1KGHPWu/eX1YpIKGmnCsVId10m0n2GpGeF0XPJSRRNMhrhPO4ZG2Gz1s+kHY3RslB4KY2kq0miq/p7IsFBqJALTKbAeqHlvIv7ndVIdXvoZi5JU04jMFoUpRzpGkzhQj0lKNB8Zgolk5lZEBlhiok1oJROCO//yImmeVVyn4t5Wy7VqHkcRDuEITsCFC6jBDdShAQQe4Rle4c16sl6sd+tj1lqw8pl9+APr8wcWYZVQ</latexit><latexit sha1_base64="tcVVqlXbMAtzQLKKn//Aj0NwMWo=">AAACAXicbVBNS8NAEJ3Ur1q/ol4EL4tF8CAlkYoeCx70WMF+QBPLZrtpl+4mYXcjlFAv/hUvHhTx6r/w5r9x2+agrQ8GHu/NMDMvSDhT2nG+rcLS8srqWnG9tLG5tb1j7+41VZxKQhsk5rFsB1hRziLa0Exz2k4kxSLgtBUMryZ+64FKxeLoTo8S6gvcj1jICNZG6toHVU8zQRVynftz7zTzpEDXtDlGXbvsVJwp0CJxc1KGHPWu/eX1YpIKGmnCsVId10m0n2GpGeF0XPJSRRNMhrhPO4ZG2Gz1s+kHY3RslB4KY2kq0miq/p7IsFBqJALTKbAeqHlvIv7ndVIdXvoZi5JU04jMFoUpRzpGkzhQj0lKNB8Zgolk5lZEBlhiok1oJROCO//yImmeVVyn4t5Wy7VqHkcRDuEITsCFC6jBDdShAQQe4Rle4c16sl6sd+tj1lqw8pl9+APr8wcWYZVQ</latexit><latexit sha1_base64="tcVVqlXbMAtzQLKKn//Aj0NwMWo=">AAACAXicbVBNS8NAEJ3Ur1q/ol4EL4tF8CAlkYoeCx70WMF+QBPLZrtpl+4mYXcjlFAv/hUvHhTx6r/w5r9x2+agrQ8GHu/NMDMvSDhT2nG+rcLS8srqWnG9tLG5tb1j7+41VZxKQhsk5rFsB1hRziLa0Exz2k4kxSLgtBUMryZ+64FKxeLoTo8S6gvcj1jICNZG6toHVU8zQRVynftz7zTzpEDXtDlGXbvsVJwp0CJxc1KGHPWu/eX1YpIKGmnCsVId10m0n2GpGeF0XPJSRRNMhrhPO4ZG2Gz1s+kHY3RslB4KY2kq0miq/p7IsFBqJALTKbAeqHlvIv7ndVIdXvoZi5JU04jMFoUpRzpGkzhQj0lKNB8Zgolk5lZEBlhiok1oJROCO//yImmeVVyn4t5Wy7VqHkcRDuEITsCFC6jBDdShAQQe4Rle4c16sl6sd+tj1lqw8pl9+APr8wcWYZVQ</latexit>

5⇥ 103 GeV
<latexit sha1_base64="tr8u++3ryg1Mzy2QumJ3nHKYfBE=">AAACAXicbVBNS8NAEN34WetX1IvgZbEIHqQkWtFjwYMeK9gPaGLZbDft0t0k7E6EEurFv+LFgyJe/Rfe/Ddu2xy09cHA470ZZuYFieAaHOfbWlhcWl5ZLawV1zc2t7btnd2GjlNFWZ3GIlatgGgmeMTqwEGwVqIYkYFgzWBwNfabD0xpHkd3MEyYL0kv4iGnBIzUsffPPeCSaew692feSeYpia9ZY4Q7dskpOxPgeeLmpIRy1Dr2l9eNaSpZBFQQrduuk4CfEQWcCjYqeqlmCaED0mNtQyNitvrZ5IMRPjJKF4exMhUBnqi/JzIitR7KwHRKAn09643F/7x2CuGln/EoSYFFdLooTAWGGI/jwF2uGAUxNIRQxc2tmPaJIhRMaEUTgjv78jxpnJZdp+zeVkrVSh5HAR2gQ3SMXHSBqugG1VAdUfSIntErerOerBfr3fqYti5Y+cwe+gPr8wcU3JVP</latexit><latexit sha1_base64="tr8u++3ryg1Mzy2QumJ3nHKYfBE=">AAACAXicbVBNS8NAEN34WetX1IvgZbEIHqQkWtFjwYMeK9gPaGLZbDft0t0k7E6EEurFv+LFgyJe/Rfe/Ddu2xy09cHA470ZZuYFieAaHOfbWlhcWl5ZLawV1zc2t7btnd2GjlNFWZ3GIlatgGgmeMTqwEGwVqIYkYFgzWBwNfabD0xpHkd3MEyYL0kv4iGnBIzUsffPPeCSaew692feSeYpia9ZY4Q7dskpOxPgeeLmpIRy1Dr2l9eNaSpZBFQQrduuk4CfEQWcCjYqeqlmCaED0mNtQyNitvrZ5IMRPjJKF4exMhUBnqi/JzIitR7KwHRKAn09643F/7x2CuGln/EoSYFFdLooTAWGGI/jwF2uGAUxNIRQxc2tmPaJIhRMaEUTgjv78jxpnJZdp+zeVkrVSh5HAR2gQ3SMXHSBqugG1VAdUfSIntErerOerBfr3fqYti5Y+cwe+gPr8wcU3JVP</latexit><latexit sha1_base64="tr8u++3ryg1Mzy2QumJ3nHKYfBE=">AAACAXicbVBNS8NAEN34WetX1IvgZbEIHqQkWtFjwYMeK9gPaGLZbDft0t0k7E6EEurFv+LFgyJe/Rfe/Ddu2xy09cHA470ZZuYFieAaHOfbWlhcWl5ZLawV1zc2t7btnd2GjlNFWZ3GIlatgGgmeMTqwEGwVqIYkYFgzWBwNfabD0xpHkd3MEyYL0kv4iGnBIzUsffPPeCSaew692feSeYpia9ZY4Q7dskpOxPgeeLmpIRy1Dr2l9eNaSpZBFQQrduuk4CfEQWcCjYqeqlmCaED0mNtQyNitvrZ5IMRPjJKF4exMhUBnqi/JzIitR7KwHRKAn09643F/7x2CuGln/EoSYFFdLooTAWGGI/jwF2uGAUxNIRQxc2tmPaJIhRMaEUTgjv78jxpnJZdp+zeVkrVSh5HAR2gQ3SMXHSBqugG1VAdUfSIntErerOerBfr3fqYti5Y+cwe+gPr8wcU3JVP</latexit><latexit sha1_base64="tr8u++3ryg1Mzy2QumJ3nHKYfBE=">AAACAXicbVBNS8NAEN34WetX1IvgZbEIHqQkWtFjwYMeK9gPaGLZbDft0t0k7E6EEurFv+LFgyJe/Rfe/Ddu2xy09cHA470ZZuYFieAaHOfbWlhcWl5ZLawV1zc2t7btnd2GjlNFWZ3GIlatgGgmeMTqwEGwVqIYkYFgzWBwNfabD0xpHkd3MEyYL0kv4iGnBIzUsffPPeCSaew692feSeYpia9ZY4Q7dskpOxPgeeLmpIRy1Dr2l9eNaSpZBFQQrduuk4CfEQWcCjYqeqlmCaED0mNtQyNitvrZ5IMRPjJKF4exMhUBnqi/JzIitR7KwHRKAn09643F/7x2CuGln/EoSYFFdLooTAWGGI/jwF2uGAUxNIRQxc2tmPaJIhRMaEUTgjv78jxpnJZdp+zeVkrVSh5HAR2gQ3SMXHSBqugG1VAdUfSIntErerOerBfr3fqYti5Y+cwe+gPr8wcU3JVP</latexit>

106 GeV
<latexit sha1_base64="E1Z6ze2+UK9ftjOlnc+R512UBvk=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBg5RdKeqx4EGPFewHdNeSTadtaJJdkmyhLP0nXjwo4tV/4s1/Y9ruQVsfDDzem2FmXpRwpo3nfTuFtfWNza3idmlnd2//wD08auo4VRQaNOaxakdEA2cSGoYZDu1EARERh1Y0up35rTEozWL5aCYJhIIMJOszSoyVuq7re09XwUUWKIHvoDnFXbfsVbw58Crxc1JGOepd9yvoxTQVIA3lROuO7yUmzIgyjHKYloJUQ0LoiAygY6kkAnSYzS+f4jOr9HA/VrakwXP190RGhNYTEdlOQcxQL3sz8T+vk5r+TZgxmaQGJF0s6qccmxjPYsA9poAaPrGEUMXsrZgOiSLU2LBKNgR/+eVV0rys+F7Ff6iWa9U8jiI6QafoHPnoGtXQPaqjBqJojJ7RK3pzMufFeXc+Fq0FJ585Rn/gfP4AcO+SLw==</latexit><latexit sha1_base64="E1Z6ze2+UK9ftjOlnc+R512UBvk=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBg5RdKeqx4EGPFewHdNeSTadtaJJdkmyhLP0nXjwo4tV/4s1/Y9ruQVsfDDzem2FmXpRwpo3nfTuFtfWNza3idmlnd2//wD08auo4VRQaNOaxakdEA2cSGoYZDu1EARERh1Y0up35rTEozWL5aCYJhIIMJOszSoyVuq7re09XwUUWKIHvoDnFXbfsVbw58Crxc1JGOepd9yvoxTQVIA3lROuO7yUmzIgyjHKYloJUQ0LoiAygY6kkAnSYzS+f4jOr9HA/VrakwXP190RGhNYTEdlOQcxQL3sz8T+vk5r+TZgxmaQGJF0s6qccmxjPYsA9poAaPrGEUMXsrZgOiSLU2LBKNgR/+eVV0rys+F7Ff6iWa9U8jiI6QafoHPnoGtXQPaqjBqJojJ7RK3pzMufFeXc+Fq0FJ585Rn/gfP4AcO+SLw==</latexit><latexit sha1_base64="E1Z6ze2+UK9ftjOlnc+R512UBvk=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBg5RdKeqx4EGPFewHdNeSTadtaJJdkmyhLP0nXjwo4tV/4s1/Y9ruQVsfDDzem2FmXpRwpo3nfTuFtfWNza3idmlnd2//wD08auo4VRQaNOaxakdEA2cSGoYZDu1EARERh1Y0up35rTEozWL5aCYJhIIMJOszSoyVuq7re09XwUUWKIHvoDnFXbfsVbw58Crxc1JGOepd9yvoxTQVIA3lROuO7yUmzIgyjHKYloJUQ0LoiAygY6kkAnSYzS+f4jOr9HA/VrakwXP190RGhNYTEdlOQcxQL3sz8T+vk5r+TZgxmaQGJF0s6qccmxjPYsA9poAaPrGEUMXsrZgOiSLU2LBKNgR/+eVV0rys+F7Ff6iWa9U8jiI6QafoHPnoGtXQPaqjBqJojJ7RK3pzMufFeXc+Fq0FJ585Rn/gfP4AcO+SLw==</latexit><latexit sha1_base64="E1Z6ze2+UK9ftjOlnc+R512UBvk=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBg5RdKeqx4EGPFewHdNeSTadtaJJdkmyhLP0nXjwo4tV/4s1/Y9ruQVsfDDzem2FmXpRwpo3nfTuFtfWNza3idmlnd2//wD08auo4VRQaNOaxakdEA2cSGoYZDu1EARERh1Y0up35rTEozWL5aCYJhIIMJOszSoyVuq7re09XwUUWKIHvoDnFXbfsVbw58Crxc1JGOepd9yvoxTQVIA3lROuO7yUmzIgyjHKYloJUQ0LoiAygY6kkAnSYzS+f4jOr9HA/VrakwXP190RGhNYTEdlOQcxQL3sz8T+vk5r+TZgxmaQGJF0s6qccmxjPYsA9poAaPrGEUMXsrZgOiSLU2LBKNgR/+eVV0rys+F7Ff6iWa9U8jiI6QafoHPnoGtXQPaqjBqJojJ7RK3pzMufFeXc+Fq0FJ585Rn/gfP4AcO+SLw==</latexit>

106 GeV
<latexit sha1_base64="E1Z6ze2+UK9ftjOlnc+R512UBvk=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBg5RdKeqx4EGPFewHdNeSTadtaJJdkmyhLP0nXjwo4tV/4s1/Y9ruQVsfDDzem2FmXpRwpo3nfTuFtfWNza3idmlnd2//wD08auo4VRQaNOaxakdEA2cSGoYZDu1EARERh1Y0up35rTEozWL5aCYJhIIMJOszSoyVuq7re09XwUUWKIHvoDnFXbfsVbw58Crxc1JGOepd9yvoxTQVIA3lROuO7yUmzIgyjHKYloJUQ0LoiAygY6kkAnSYzS+f4jOr9HA/VrakwXP190RGhNYTEdlOQcxQL3sz8T+vk5r+TZgxmaQGJF0s6qccmxjPYsA9poAaPrGEUMXsrZgOiSLU2LBKNgR/+eVV0rys+F7Ff6iWa9U8jiI6QafoHPnoGtXQPaqjBqJojJ7RK3pzMufFeXc+Fq0FJ585Rn/gfP4AcO+SLw==</latexit><latexit sha1_base64="E1Z6ze2+UK9ftjOlnc+R512UBvk=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBg5RdKeqx4EGPFewHdNeSTadtaJJdkmyhLP0nXjwo4tV/4s1/Y9ruQVsfDDzem2FmXpRwpo3nfTuFtfWNza3idmlnd2//wD08auo4VRQaNOaxakdEA2cSGoYZDu1EARERh1Y0up35rTEozWL5aCYJhIIMJOszSoyVuq7re09XwUUWKIHvoDnFXbfsVbw58Crxc1JGOepd9yvoxTQVIA3lROuO7yUmzIgyjHKYloJUQ0LoiAygY6kkAnSYzS+f4jOr9HA/VrakwXP190RGhNYTEdlOQcxQL3sz8T+vk5r+TZgxmaQGJF0s6qccmxjPYsA9poAaPrGEUMXsrZgOiSLU2LBKNgR/+eVV0rys+F7Ff6iWa9U8jiI6QafoHPnoGtXQPaqjBqJojJ7RK3pzMufFeXc+Fq0FJ585Rn/gfP4AcO+SLw==</latexit><latexit sha1_base64="E1Z6ze2+UK9ftjOlnc+R512UBvk=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBg5RdKeqx4EGPFewHdNeSTadtaJJdkmyhLP0nXjwo4tV/4s1/Y9ruQVsfDDzem2FmXpRwpo3nfTuFtfWNza3idmlnd2//wD08auo4VRQaNOaxakdEA2cSGoYZDu1EARERh1Y0up35rTEozWL5aCYJhIIMJOszSoyVuq7re09XwUUWKIHvoDnFXbfsVbw58Crxc1JGOepd9yvoxTQVIA3lROuO7yUmzIgyjHKYloJUQ0LoiAygY6kkAnSYzS+f4jOr9HA/VrakwXP190RGhNYTEdlOQcxQL3sz8T+vk5r+TZgxmaQGJF0s6qccmxjPYsA9poAaPrGEUMXsrZgOiSLU2LBKNgR/+eVV0rys+F7Ff6iWa9U8jiI6QafoHPnoGtXQPaqjBqJojJ7RK3pzMufFeXc+Fq0FJ585Rn/gfP4AcO+SLw==</latexit><latexit sha1_base64="E1Z6ze2+UK9ftjOlnc+R512UBvk=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBg5RdKeqx4EGPFewHdNeSTadtaJJdkmyhLP0nXjwo4tV/4s1/Y9ruQVsfDDzem2FmXpRwpo3nfTuFtfWNza3idmlnd2//wD08auo4VRQaNOaxakdEA2cSGoYZDu1EARERh1Y0up35rTEozWL5aCYJhIIMJOszSoyVuq7re09XwUUWKIHvoDnFXbfsVbw58Crxc1JGOepd9yvoxTQVIA3lROuO7yUmzIgyjHKYloJUQ0LoiAygY6kkAnSYzS+f4jOr9HA/VrakwXP190RGhNYTEdlOQcxQL3sz8T+vk5r+TZgxmaQGJF0s6qccmxjPYsA9poAaPrGEUMXsrZgOiSLU2LBKNgR/+eVV0rys+F7Ff6iWa9U8jiI6QafoHPnoGtXQPaqjBqJojJ7RK3pzMufFeXc+Fq0FJ585Rn/gfP4AcO+SLw==</latexit>

Present bounds

To be compared to the bound (from the 
coupling to electrons) from star cooling: 

LC Redigolo Ziegler Zupan to appear

f > 2⇥ 107 GeV
<latexit sha1_base64="YONUWogW6tjrTc1lHeU+oJ3vDbI=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBhZSkCHUlRRe6rGAf0MQymU7aoTOTMDMRSii48VfcuFDErT/hzr9x0mahrQcuHM65l3vvCWJGlXacb6uwtLyyulZcL21sbm3v2Lt7LRUlEpMmjlgkOwFShFFBmppqRjqxJIgHjLSD0VXmtx+IVDQSd3ocE5+jgaAhxUgbqWcfhBdVT1NOFHSd+5p3mnqSw2vSmpR6dtmpOFPAReLmpAxyNHr2l9ePcMKJ0JghpbquE2s/RVJTzMik5CWKxAiP0IB0DRXIbPXT6Q8TeGyUPgwjaUpoOFV/T6SIKzXmgenkSA/VvJeJ/3ndRIfnfkpFnGgi8GxRmDCoI5gFAvtUEqzZ2BCEJTW3QjxEEmFtYstCcOdfXiStasV1Ku7tWbl+mcdRBIfgCJwAF9RAHdyABmgCDB7BM3gFb9aT9WK9Wx+z1oKVz+yDP7A+fwBL8pYA</latexit><latexit sha1_base64="YONUWogW6tjrTc1lHeU+oJ3vDbI=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBhZSkCHUlRRe6rGAf0MQymU7aoTOTMDMRSii48VfcuFDErT/hzr9x0mahrQcuHM65l3vvCWJGlXacb6uwtLyyulZcL21sbm3v2Lt7LRUlEpMmjlgkOwFShFFBmppqRjqxJIgHjLSD0VXmtx+IVDQSd3ocE5+jgaAhxUgbqWcfhBdVT1NOFHSd+5p3mnqSw2vSmpR6dtmpOFPAReLmpAxyNHr2l9ePcMKJ0JghpbquE2s/RVJTzMik5CWKxAiP0IB0DRXIbPXT6Q8TeGyUPgwjaUpoOFV/T6SIKzXmgenkSA/VvJeJ/3ndRIfnfkpFnGgi8GxRmDCoI5gFAvtUEqzZ2BCEJTW3QjxEEmFtYstCcOdfXiStasV1Ku7tWbl+mcdRBIfgCJwAF9RAHdyABmgCDB7BM3gFb9aT9WK9Wx+z1oKVz+yDP7A+fwBL8pYA</latexit><latexit sha1_base64="YONUWogW6tjrTc1lHeU+oJ3vDbI=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBhZSkCHUlRRe6rGAf0MQymU7aoTOTMDMRSii48VfcuFDErT/hzr9x0mahrQcuHM65l3vvCWJGlXacb6uwtLyyulZcL21sbm3v2Lt7LRUlEpMmjlgkOwFShFFBmppqRjqxJIgHjLSD0VXmtx+IVDQSd3ocE5+jgaAhxUgbqWcfhBdVT1NOFHSd+5p3mnqSw2vSmpR6dtmpOFPAReLmpAxyNHr2l9ePcMKJ0JghpbquE2s/RVJTzMik5CWKxAiP0IB0DRXIbPXT6Q8TeGyUPgwjaUpoOFV/T6SIKzXmgenkSA/VvJeJ/3ndRIfnfkpFnGgi8GxRmDCoI5gFAvtUEqzZ2BCEJTW3QjxEEmFtYstCcOdfXiStasV1Ku7tWbl+mcdRBIfgCJwAF9RAHdyABmgCDB7BM3gFb9aT9WK9Wx+z1oKVz+yDP7A+fwBL8pYA</latexit><latexit sha1_base64="YONUWogW6tjrTc1lHeU+oJ3vDbI=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBhZSkCHUlRRe6rGAf0MQymU7aoTOTMDMRSii48VfcuFDErT/hzr9x0mahrQcuHM65l3vvCWJGlXacb6uwtLyyulZcL21sbm3v2Lt7LRUlEpMmjlgkOwFShFFBmppqRjqxJIgHjLSD0VXmtx+IVDQSd3ocE5+jgaAhxUgbqWcfhBdVT1NOFHSd+5p3mnqSw2vSmpR6dtmpOFPAReLmpAxyNHr2l9ePcMKJ0JghpbquE2s/RVJTzMik5CWKxAiP0IB0DRXIbPXT6Q8TeGyUPgwjaUpoOFV/T6SIKzXmgenkSA/VvJeJ/3ndRIfnfkpFnGgi8GxRmDCoI5gFAvtUEqzZ2BCEJTW3QjxEEmFtYstCcOdfXiStasV1Ku7tWbl+mcdRBIfgCJwAF9RAHdyABmgCDB7BM3gFb9aT9WK9Wx+z1oKVz+yDP7A+fwBL8pYA</latexit>

f > 2⇥ 1010 GeV
<latexit sha1_base64="xaZUeXrd7fxLpkiU2sxKsljJgHg=">AAACB3icbVDLSgMxFM34rPU16lKQYBFcSEmKoCsputBlBfuAzlgyaaYNTWaGJCOUoTs3/oobF4q49Rfc+Tem7Sy09cCFwzn3cu89QSK4Ngh9OwuLS8srq4W14vrG5ta2u7Pb0HGqKKvTWMSqFRDNBI9Y3XAjWCtRjMhAsGYwuBr7zQemNI+jOzNMmC9JL+Ihp8RYqeMehBew4hkumYYY3WcYjbwTmHlKwmvWGHXcEiqjCeA8wTkpgRy1jvvldWOaShYZKojWbYwS42dEGU4FGxW9VLOE0AHpsbalEbGL/WzyxwgeWaULw1jZigycqL8nMiK1HsrAdkpi+nrWG4v/ee3UhOd+xqMkNSyi00VhKqCJ4TgU2OWKUSOGlhCquL0V0j5RhBobXdGGgGdfnieNShmjMr49LVUv8zgKYB8cgmOAwRmoghtQA3VAwSN4Bq/gzXlyXpx352PauuDkM3vgD5zPHwhil4A=</latexit><latexit sha1_base64="xaZUeXrd7fxLpkiU2sxKsljJgHg=">AAACB3icbVDLSgMxFM34rPU16lKQYBFcSEmKoCsputBlBfuAzlgyaaYNTWaGJCOUoTs3/oobF4q49Rfc+Tem7Sy09cCFwzn3cu89QSK4Ngh9OwuLS8srq4W14vrG5ta2u7Pb0HGqKKvTWMSqFRDNBI9Y3XAjWCtRjMhAsGYwuBr7zQemNI+jOzNMmC9JL+Ihp8RYqeMehBew4hkumYYY3WcYjbwTmHlKwmvWGHXcEiqjCeA8wTkpgRy1jvvldWOaShYZKojWbYwS42dEGU4FGxW9VLOE0AHpsbalEbGL/WzyxwgeWaULw1jZigycqL8nMiK1HsrAdkpi+nrWG4v/ee3UhOd+xqMkNSyi00VhKqCJ4TgU2OWKUSOGlhCquL0V0j5RhBobXdGGgGdfnieNShmjMr49LVUv8zgKYB8cgmOAwRmoghtQA3VAwSN4Bq/gzXlyXpx352PauuDkM3vgD5zPHwhil4A=</latexit><latexit sha1_base64="xaZUeXrd7fxLpkiU2sxKsljJgHg=">AAACB3icbVDLSgMxFM34rPU16lKQYBFcSEmKoCsputBlBfuAzlgyaaYNTWaGJCOUoTs3/oobF4q49Rfc+Tem7Sy09cCFwzn3cu89QSK4Ngh9OwuLS8srq4W14vrG5ta2u7Pb0HGqKKvTWMSqFRDNBI9Y3XAjWCtRjMhAsGYwuBr7zQemNI+jOzNMmC9JL+Ihp8RYqeMehBew4hkumYYY3WcYjbwTmHlKwmvWGHXcEiqjCeA8wTkpgRy1jvvldWOaShYZKojWbYwS42dEGU4FGxW9VLOE0AHpsbalEbGL/WzyxwgeWaULw1jZigycqL8nMiK1HsrAdkpi+nrWG4v/ee3UhOd+xqMkNSyi00VhKqCJ4TgU2OWKUSOGlhCquL0V0j5RhBobXdGGgGdfnieNShmjMr49LVUv8zgKYB8cgmOAwRmoghtQA3VAwSN4Bq/gzXlyXpx352PauuDkM3vgD5zPHwhil4A=</latexit><latexit sha1_base64="xaZUeXrd7fxLpkiU2sxKsljJgHg=">AAACB3icbVDLSgMxFM34rPU16lKQYBFcSEmKoCsputBlBfuAzlgyaaYNTWaGJCOUoTs3/oobF4q49Rfc+Tem7Sy09cCFwzn3cu89QSK4Ngh9OwuLS8srq4W14vrG5ta2u7Pb0HGqKKvTWMSqFRDNBI9Y3XAjWCtRjMhAsGYwuBr7zQemNI+jOzNMmC9JL+Ihp8RYqeMehBew4hkumYYY3WcYjbwTmHlKwmvWGHXcEiqjCeA8wTkpgRy1jvvldWOaShYZKojWbYwS42dEGU4FGxW9VLOE0AHpsbalEbGL/WzyxwgeWaULw1jZigycqL8nMiK1HsrAdkpi+nrWG4v/ee3UhOd+xqMkNSyi00VhKqCJ4TgU2OWKUSOGlhCquL0V0j5RhBobXdGGgGdfnieNShmjMr49LVUv8zgKYB8cgmOAwRmoghtQA3VAwSN4Bq/gzXlyXpx352PauuDkM3vgD5zPHwhil4A=</latexit>



Lorenzo Calibbi (Nankai U.)Neutrino mass models & CLFV

Anarchical model Hierarchical model

µ ! e a �
<latexit sha1_base64="A11sgrA2zQYSPyK+oLA4fasVTds=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCh1ISEfRY9OKxgv2AJpTJdtMu3d2E3Y1QQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rezsrq2vrFZ2ipv7+zu7bsHhy2dZIrQJkl4ojoRaMqZpE3DDKedVFEQEaftaHQ79duPVGmWyAczTmkoYCBZzAgYK/Xc40BkgUkwxUEVgioOBiAE9NyKV/NmwMvEL0gFFWj03K+gn5BMUGkIB627vpeaMAdlGOF0Ug4yTVMgIxjQrqUSBNVhPjt/gs+s0sdxomxJg2fq74kchNZjEdlOAWaoF72p+J/XzUx8HeZMppmhkswXxRnH9t9pFrjPFCWGjy0Bopi9FZMhKCDGJla2IfiLLy+T1kXN92r+/WWlflPEUUIn6BSdIx9doTq6Qw3URATl6Bm9ojfnyXlx3p2PeeuKU8wcoT9wPn8Ai6iUjw==</latexit><latexit sha1_base64="A11sgrA2zQYSPyK+oLA4fasVTds=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCh1ISEfRY9OKxgv2AJpTJdtMu3d2E3Y1QQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rezsrq2vrFZ2ipv7+zu7bsHhy2dZIrQJkl4ojoRaMqZpE3DDKedVFEQEaftaHQ79duPVGmWyAczTmkoYCBZzAgYK/Xc40BkgUkwxUEVgioOBiAE9NyKV/NmwMvEL0gFFWj03K+gn5BMUGkIB627vpeaMAdlGOF0Ug4yTVMgIxjQrqUSBNVhPjt/gs+s0sdxomxJg2fq74kchNZjEdlOAWaoF72p+J/XzUx8HeZMppmhkswXxRnH9t9pFrjPFCWGjy0Bopi9FZMhKCDGJla2IfiLLy+T1kXN92r+/WWlflPEUUIn6BSdIx9doTq6Qw3URATl6Bm9ojfnyXlx3p2PeeuKU8wcoT9wPn8Ai6iUjw==</latexit><latexit sha1_base64="A11sgrA2zQYSPyK+oLA4fasVTds=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCh1ISEfRY9OKxgv2AJpTJdtMu3d2E3Y1QQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rezsrq2vrFZ2ipv7+zu7bsHhy2dZIrQJkl4ojoRaMqZpE3DDKedVFEQEaftaHQ79duPVGmWyAczTmkoYCBZzAgYK/Xc40BkgUkwxUEVgioOBiAE9NyKV/NmwMvEL0gFFWj03K+gn5BMUGkIB627vpeaMAdlGOF0Ug4yTVMgIxjQrqUSBNVhPjt/gs+s0sdxomxJg2fq74kchNZjEdlOAWaoF72p+J/XzUx8HeZMppmhkswXxRnH9t9pFrjPFCWGjy0Bopi9FZMhKCDGJla2IfiLLy+T1kXN92r+/WWlflPEUUIn6BSdIx9doTq6Qw3URATl6Bm9ojfnyXlx3p2PeeuKU8wcoT9wPn8Ai6iUjw==</latexit><latexit sha1_base64="A11sgrA2zQYSPyK+oLA4fasVTds=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCh1ISEfRY9OKxgv2AJpTJdtMu3d2E3Y1QQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5kUpZ9p43rezsrq2vrFZ2ipv7+zu7bsHhy2dZIrQJkl4ojoRaMqZpE3DDKedVFEQEaftaHQ79duPVGmWyAczTmkoYCBZzAgYK/Xc40BkgUkwxUEVgioOBiAE9NyKV/NmwMvEL0gFFWj03K+gn5BMUGkIB627vpeaMAdlGOF0Ug4yTVMgIxjQrqUSBNVhPjt/gs+s0sdxomxJg2fq74kchNZjEdlOAWaoF72p+J/XzUx8HeZMppmhkswXxRnH9t9pFrjPFCWGjy0Bopi9FZMhKCDGJla2IfiLLy+T1kXN92r+/WWlflPEUUIn6BSdIx9doTq6Qw3URATl6Bm9ojfnyXlx3p2PeeuKU8wcoT9wPn8Ai6iUjw==</latexit>

µ ! e a
<latexit sha1_base64="Xw6xtvHSqofG0AFI2sRz5kbECbw=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgQcKuCHoMevEYwTwgu4TZSW8yZGZ2mYcQlvyGFw+KePVnvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6W19Y3NrfJ2ZWd3b/+genjU1qlVFFo05anqxkQDZxJahhkO3UwBETGHTjy+m/mdJ1CapfLRTDKIBBlKljBKjJPCUNjQpBhweEH61Zpf9+fAqyQoSA0VaParX+EgpVaANJQTrXuBn5koJ8owymFaCa2GjNAxGULPUUkE6Cif3zzFZ04Z4CRVrqTBc/X3RE6E1hMRu05BzEgvezPxP69nTXIT5Uxm1oCki0WJ5di9OQsAD5gCavjEEUIVc7diOiKKUONiqrgQguWXV0n7sh749eDhqta4LeIooxN0is5RgK5RA92jJmohijL0jF7Rm2e9F+/d+1i0lrxi5hj9gff5AwAokP0=</latexit><latexit sha1_base64="Xw6xtvHSqofG0AFI2sRz5kbECbw=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgQcKuCHoMevEYwTwgu4TZSW8yZGZ2mYcQlvyGFw+KePVnvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6W19Y3NrfJ2ZWd3b/+genjU1qlVFFo05anqxkQDZxJahhkO3UwBETGHTjy+m/mdJ1CapfLRTDKIBBlKljBKjJPCUNjQpBhweEH61Zpf9+fAqyQoSA0VaParX+EgpVaANJQTrXuBn5koJ8owymFaCa2GjNAxGULPUUkE6Cif3zzFZ04Z4CRVrqTBc/X3RE6E1hMRu05BzEgvezPxP69nTXIT5Uxm1oCki0WJ5di9OQsAD5gCavjEEUIVc7diOiKKUONiqrgQguWXV0n7sh749eDhqta4LeIooxN0is5RgK5RA92jJmohijL0jF7Rm2e9F+/d+1i0lrxi5hj9gff5AwAokP0=</latexit><latexit sha1_base64="Xw6xtvHSqofG0AFI2sRz5kbECbw=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgQcKuCHoMevEYwTwgu4TZSW8yZGZ2mYcQlvyGFw+KePVnvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6W19Y3NrfJ2ZWd3b/+genjU1qlVFFo05anqxkQDZxJahhkO3UwBETGHTjy+m/mdJ1CapfLRTDKIBBlKljBKjJPCUNjQpBhweEH61Zpf9+fAqyQoSA0VaParX+EgpVaANJQTrXuBn5koJ8owymFaCa2GjNAxGULPUUkE6Cif3zzFZ04Z4CRVrqTBc/X3RE6E1hMRu05BzEgvezPxP69nTXIT5Uxm1oCki0WJ5di9OQsAD5gCavjEEUIVc7diOiKKUONiqrgQguWXV0n7sh749eDhqta4LeIooxN0is5RgK5RA92jJmohijL0jF7Rm2e9F+/d+1i0lrxi5hj9gff5AwAokP0=</latexit><latexit sha1_base64="Xw6xtvHSqofG0AFI2sRz5kbECbw=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgQcKuCHoMevEYwTwgu4TZSW8yZGZ2mYcQlvyGFw+KePVnvPk3TpI9aGJBQ1HVTXdXnHGmje9/e6W19Y3NrfJ2ZWd3b/+genjU1qlVFFo05anqxkQDZxJahhkO3UwBETGHTjy+m/mdJ1CapfLRTDKIBBlKljBKjJPCUNjQpBhweEH61Zpf9+fAqyQoSA0VaParX+EgpVaANJQTrXuBn5koJ8owymFaCa2GjNAxGULPUUkE6Cif3zzFZ04Z4CRVrqTBc/X3RE6E1hMRu05BzEgvezPxP69nTXIT5Uxm1oCki0WJ5di9OQsAD5gCavjEEUIVc7diOiKKUONiqrgQguWXV0n7sh749eDhqta4LeIooxN0is5RgK5RA92jJmohijL0jF7Rm2e9F+/d+1i0lrxi5hj9gff5AwAokP0=</latexit>

⌧ ! e a
<latexit sha1_base64="JDs8SLOf7ThJ6bvKc9nnT0zzPFU=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWz3bRLN5u4OymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhakUBl332ymsrW9sbhW3Szu7e/sH5cOjpkkyzXiDJTLR7ZAaLoXiDRQoeTvVnMah5K1weDfzWyOujUjUI45THsS0r0QkGEUrBT7SzMeEcOJf0G654lbdOcgq8XJSgRz1bvnL7yUsi7lCJqkxHc9NMZhQjYJJPi35meEpZUPa5x1LFY25CSbzo6fkzCo9EiXalkIyV39PTGhszDgObWdMcWCWvZn4n9fJMLoJJkKlGXLFFouiTBL75iwB0hOaM5RjSyjTwt5K2IBqytDmVLIheMsvr5LmZdVzq97DVaV2m8dRhBM4hXPw4BpqcA91aACDJ3iGV3hzRs6L8+58LFoLTj5zDH/gfP4Ax6KRbw==</latexit><latexit sha1_base64="JDs8SLOf7ThJ6bvKc9nnT0zzPFU=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWz3bRLN5u4OymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhakUBl332ymsrW9sbhW3Szu7e/sH5cOjpkkyzXiDJTLR7ZAaLoXiDRQoeTvVnMah5K1weDfzWyOujUjUI45THsS0r0QkGEUrBT7SzMeEcOJf0G654lbdOcgq8XJSgRz1bvnL7yUsi7lCJqkxHc9NMZhQjYJJPi35meEpZUPa5x1LFY25CSbzo6fkzCo9EiXalkIyV39PTGhszDgObWdMcWCWvZn4n9fJMLoJJkKlGXLFFouiTBL75iwB0hOaM5RjSyjTwt5K2IBqytDmVLIheMsvr5LmZdVzq97DVaV2m8dRhBM4hXPw4BpqcA91aACDJ3iGV3hzRs6L8+58LFoLTj5zDH/gfP4Ax6KRbw==</latexit><latexit sha1_base64="JDs8SLOf7ThJ6bvKc9nnT0zzPFU=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWz3bRLN5u4OymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhakUBl332ymsrW9sbhW3Szu7e/sH5cOjpkkyzXiDJTLR7ZAaLoXiDRQoeTvVnMah5K1weDfzWyOujUjUI45THsS0r0QkGEUrBT7SzMeEcOJf0G654lbdOcgq8XJSgRz1bvnL7yUsi7lCJqkxHc9NMZhQjYJJPi35meEpZUPa5x1LFY25CSbzo6fkzCo9EiXalkIyV39PTGhszDgObWdMcWCWvZn4n9fJMLoJJkKlGXLFFouiTBL75iwB0hOaM5RjSyjTwt5K2IBqytDmVLIheMsvr5LmZdVzq97DVaV2m8dRhBM4hXPw4BpqcA91aACDJ3iGV3hzRs6L8+58LFoLTj5zDH/gfP4Ax6KRbw==</latexit><latexit sha1_base64="JDs8SLOf7ThJ6bvKc9nnT0zzPFU=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0WvXisYD+gCWWz3bRLN5u4OymU0t/hxYMiXv0x3vw3btsctPXBwOO9GWbmhakUBl332ymsrW9sbhW3Szu7e/sH5cOjpkkyzXiDJTLR7ZAaLoXiDRQoeTvVnMah5K1weDfzWyOujUjUI45THsS0r0QkGEUrBT7SzMeEcOJf0G654lbdOcgq8XJSgRz1bvnL7yUsi7lCJqkxHc9NMZhQjYJJPi35meEpZUPa5x1LFY25CSbzo6fkzCo9EiXalkIyV39PTGhszDgObWdMcWCWvZn4n9fJMLoJJkKlGXLFFouiTBL75iwB0hOaM5RjSyjTwt5K2IBqytDmVLIheMsvr5LmZdVzq97DVaV2m8dRhBM4hXPw4BpqcA91aACDJ3iGV3hzRs6L8+58LFoLTj5zDH/gfP4Ax6KRbw==</latexit>

⌧ ! µa
<latexit sha1_base64="kzsPuvsF5tpy316QDfv8/YNkE8Y=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCCymJCLosunFZwT6gCeVmOmmHziRhHkIN/RI3LhRx66e482+ctllo64ELh3Pu5d57oowzpT3v2ymtrW9sbpW3Kzu7e/tV9+CwrVIjCW2RlKeyG4GinCW0pZnmtJtJCiLitBONb2d+55FKxdLkQU8yGgoYJixmBLSV+m410GACneJAGBycQ9+teXVvDrxK/ILUUIFm3/0KBikxgiaacFCq53uZDnOQmhFOp5XAKJoBGcOQ9ixNQFAV5vPDp/jUKgMcp9JWovFc/T2Rg1BqIiLbKUCP1LI3E//zekbH12HOksxompDFothwbB+dpYAHTFKi+cQSIJLZWzEZgQSibVYVG4K//PIqaV/Ufa/u31/WGjdFHGV0jE7QGfLRFWqgO9RELUSQQc/oFb05T86L8+58LFpLTjFzhP7A+fwB3OaSjQ==</latexit><latexit sha1_base64="kzsPuvsF5tpy316QDfv8/YNkE8Y=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCCymJCLosunFZwT6gCeVmOmmHziRhHkIN/RI3LhRx66e482+ctllo64ELh3Pu5d57oowzpT3v2ymtrW9sbpW3Kzu7e/tV9+CwrVIjCW2RlKeyG4GinCW0pZnmtJtJCiLitBONb2d+55FKxdLkQU8yGgoYJixmBLSV+m410GACneJAGBycQ9+teXVvDrxK/ILUUIFm3/0KBikxgiaacFCq53uZDnOQmhFOp5XAKJoBGcOQ9ixNQFAV5vPDp/jUKgMcp9JWovFc/T2Rg1BqIiLbKUCP1LI3E//zekbH12HOksxompDFothwbB+dpYAHTFKi+cQSIJLZWzEZgQSibVYVG4K//PIqaV/Ufa/u31/WGjdFHGV0jE7QGfLRFWqgO9RELUSQQc/oFb05T86L8+58LFpLTjFzhP7A+fwB3OaSjQ==</latexit><latexit sha1_base64="kzsPuvsF5tpy316QDfv8/YNkE8Y=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCCymJCLosunFZwT6gCeVmOmmHziRhHkIN/RI3LhRx66e482+ctllo64ELh3Pu5d57oowzpT3v2ymtrW9sbpW3Kzu7e/tV9+CwrVIjCW2RlKeyG4GinCW0pZnmtJtJCiLitBONb2d+55FKxdLkQU8yGgoYJixmBLSV+m410GACneJAGBycQ9+teXVvDrxK/ILUUIFm3/0KBikxgiaacFCq53uZDnOQmhFOp5XAKJoBGcOQ9ixNQFAV5vPDp/jUKgMcp9JWovFc/T2Rg1BqIiLbKUCP1LI3E//zekbH12HOksxompDFothwbB+dpYAHTFKi+cQSIJLZWzEZgQSibVYVG4K//PIqaV/Ufa/u31/WGjdFHGV0jE7QGfLRFWqgO9RELUSQQc/oFb05T86L8+58LFpLTjFzhP7A+fwB3OaSjQ==</latexit><latexit sha1_base64="kzsPuvsF5tpy316QDfv8/YNkE8Y=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCCymJCLosunFZwT6gCeVmOmmHziRhHkIN/RI3LhRx66e482+ctllo64ELh3Pu5d57oowzpT3v2ymtrW9sbpW3Kzu7e/tV9+CwrVIjCW2RlKeyG4GinCW0pZnmtJtJCiLitBONb2d+55FKxdLkQU8yGgoYJixmBLSV+m410GACneJAGBycQ9+teXVvDrxK/ILUUIFm3/0KBikxgiaacFCq53uZDnOQmhFOp5XAKJoBGcOQ9ixNQFAV5vPDp/jUKgMcp9JWovFc/T2Rg1BqIiLbKUCP1LI3E//zekbH12HOksxompDFothwbB+dpYAHTFKi+cQSIJLZWzEZgQSibVYVG4K//PIqaV/Ufa/u31/WGjdFHGV0jE7QGfLRFWqgO9RELUSQQc/oFb05T86L8+58LFpLTjFzhP7A+fwB3OaSjQ==</latexit>

Future sensitivity

To be compared to the bound (from the 
coupling to electrons) from star cooling: 

f > 8⇥ 108 GeV
<latexit sha1_base64="PehmZ80KXOK0ai4GsnyFN4R3oFg=">AAACA3icbVBNS8NAEN34WetX1JteFovgqSRSsCcpeNBjBfsBTSyb7aRdutmE3Y1QQsWLf8WLB0W8+ie8+W/ctjlo64OBx3szzMwLEs6Udpxva2l5ZXVtvbBR3Nza3tm19/abKk4lhQaNeSzbAVHAmYCGZppDO5FAooBDKxheTvzWPUjFYnGrRwn4EekLFjJKtJG69mF4gaueZhEo7Dp31QeceTLCV9Acd+2SU3amwIvEzUkJ5ah37S+vF9M0AqEpJ0p1XCfRfkakZpTDuOilChJCh6QPHUMFMUv9bPrDGJ8YpYfDWJoSGk/V3xMZiZQaRYHpjIgeqHlvIv7ndVIdVv2MiSTVIOhsUZhyrGM8CQT3mASq+cgQQiUzt2I6IJJQbWIrmhDc+ZcXSfOs7Dpl96ZSqlXyOAroCB2jU+Sic1RD16iOGoiiR/SMXtGb9WS9WO/Wx6x1ycpnDtAfWJ8/kbyWJQ==</latexit><latexit sha1_base64="PehmZ80KXOK0ai4GsnyFN4R3oFg=">AAACA3icbVBNS8NAEN34WetX1JteFovgqSRSsCcpeNBjBfsBTSyb7aRdutmE3Y1QQsWLf8WLB0W8+ie8+W/ctjlo64OBx3szzMwLEs6Udpxva2l5ZXVtvbBR3Nza3tm19/abKk4lhQaNeSzbAVHAmYCGZppDO5FAooBDKxheTvzWPUjFYnGrRwn4EekLFjJKtJG69mF4gaueZhEo7Dp31QeceTLCV9Acd+2SU3amwIvEzUkJ5ah37S+vF9M0AqEpJ0p1XCfRfkakZpTDuOilChJCh6QPHUMFMUv9bPrDGJ8YpYfDWJoSGk/V3xMZiZQaRYHpjIgeqHlvIv7ndVIdVv2MiSTVIOhsUZhyrGM8CQT3mASq+cgQQiUzt2I6IJJQbWIrmhDc+ZcXSfOs7Dpl96ZSqlXyOAroCB2jU+Sic1RD16iOGoiiR/SMXtGb9WS9WO/Wx6x1ycpnDtAfWJ8/kbyWJQ==</latexit><latexit sha1_base64="PehmZ80KXOK0ai4GsnyFN4R3oFg=">AAACA3icbVBNS8NAEN34WetX1JteFovgqSRSsCcpeNBjBfsBTSyb7aRdutmE3Y1QQsWLf8WLB0W8+ie8+W/ctjlo64OBx3szzMwLEs6Udpxva2l5ZXVtvbBR3Nza3tm19/abKk4lhQaNeSzbAVHAmYCGZppDO5FAooBDKxheTvzWPUjFYnGrRwn4EekLFjJKtJG69mF4gaueZhEo7Dp31QeceTLCV9Acd+2SU3amwIvEzUkJ5ah37S+vF9M0AqEpJ0p1XCfRfkakZpTDuOilChJCh6QPHUMFMUv9bPrDGJ8YpYfDWJoSGk/V3xMZiZQaRYHpjIgeqHlvIv7ndVIdVv2MiSTVIOhsUZhyrGM8CQT3mASq+cgQQiUzt2I6IJJQbWIrmhDc+ZcXSfOs7Dpl96ZSqlXyOAroCB2jU+Sic1RD16iOGoiiR/SMXtGb9WS9WO/Wx6x1ycpnDtAfWJ8/kbyWJQ==</latexit><latexit sha1_base64="PehmZ80KXOK0ai4GsnyFN4R3oFg=">AAACA3icbVBNS8NAEN34WetX1JteFovgqSRSsCcpeNBjBfsBTSyb7aRdutmE3Y1QQsWLf8WLB0W8+ie8+W/ctjlo64OBx3szzMwLEs6Udpxva2l5ZXVtvbBR3Nza3tm19/abKk4lhQaNeSzbAVHAmYCGZppDO5FAooBDKxheTvzWPUjFYnGrRwn4EekLFjJKtJG69mF4gaueZhEo7Dp31QeceTLCV9Acd+2SU3amwIvEzUkJ5ah37S+vF9M0AqEpJ0p1XCfRfkakZpTDuOilChJCh6QPHUMFMUv9bPrDGJ8YpYfDWJoSGk/V3xMZiZQaRYHpjIgeqHlvIv7ndVIdVv2MiSTVIOhsUZhyrGM8CQT3mASq+cgQQiUzt2I6IJJQbWIrmhDc+ZcXSfOs7Dpl96ZSqlXyOAroCB2jU+Sic1RD16iOGoiiR/SMXtGb9WS9WO/Wx6x1ycpnDtAfWJ8/kbyWJQ==</latexit>

7⇥ 106 GeV
<latexit sha1_base64="V1m1hbRwkqwkSrpOfQpqKxznCWY=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkoixXoseNBjBfsBTSyb7aZdutmE3YlQQnvxr3jxoIhX/4U3/43bNgdtfTDweG+GmXlBIrgGx/m2VlbX1jc2C1vF7Z3dvX374LCp41RR1qCxiFU7IJoJLlkDOAjWThQjUSBYKxheT/3WI1Oax/IeRgnzI9KXPOSUgJG69nHVAx4xjV3nIbscTzJPRfiGNcddu+SUnRnwMnFzUkI56l37y+vFNI2YBCqI1h3XScDPiAJOBRsXvVSzhNAh6bOOoZKYrX42+2CMz4zSw2GsTEnAM/X3REYirUdRYDojAgO96E3F/7xOCuGVn3GZpMAknS8KU4EhxtM4cI8rRkGMDCFUcXMrpgOiCAUTWtGE4C6+vEyaF2XXKbt3lVKtksdRQCfoFJ0jF1VRDd2iOmogiiboGb2iN+vJerHerY9564qVzxyhP7A+fwBa5pYi</latexit><latexit sha1_base64="V1m1hbRwkqwkSrpOfQpqKxznCWY=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkoixXoseNBjBfsBTSyb7aZdutmE3YlQQnvxr3jxoIhX/4U3/43bNgdtfTDweG+GmXlBIrgGx/m2VlbX1jc2C1vF7Z3dvX374LCp41RR1qCxiFU7IJoJLlkDOAjWThQjUSBYKxheT/3WI1Oax/IeRgnzI9KXPOSUgJG69nHVAx4xjV3nIbscTzJPRfiGNcddu+SUnRnwMnFzUkI56l37y+vFNI2YBCqI1h3XScDPiAJOBRsXvVSzhNAh6bOOoZKYrX42+2CMz4zSw2GsTEnAM/X3REYirUdRYDojAgO96E3F/7xOCuGVn3GZpMAknS8KU4EhxtM4cI8rRkGMDCFUcXMrpgOiCAUTWtGE4C6+vEyaF2XXKbt3lVKtksdRQCfoFJ0jF1VRDd2iOmogiiboGb2iN+vJerHerY9564qVzxyhP7A+fwBa5pYi</latexit><latexit sha1_base64="V1m1hbRwkqwkSrpOfQpqKxznCWY=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkoixXoseNBjBfsBTSyb7aZdutmE3YlQQnvxr3jxoIhX/4U3/43bNgdtfTDweG+GmXlBIrgGx/m2VlbX1jc2C1vF7Z3dvX374LCp41RR1qCxiFU7IJoJLlkDOAjWThQjUSBYKxheT/3WI1Oax/IeRgnzI9KXPOSUgJG69nHVAx4xjV3nIbscTzJPRfiGNcddu+SUnRnwMnFzUkI56l37y+vFNI2YBCqI1h3XScDPiAJOBRsXvVSzhNAh6bOOoZKYrX42+2CMz4zSw2GsTEnAM/X3REYirUdRYDojAgO96E3F/7xOCuGVn3GZpMAknS8KU4EhxtM4cI8rRkGMDCFUcXMrpgOiCAUTWtGE4C6+vEyaF2XXKbt3lVKtksdRQCfoFJ0jF1VRDd2iOmogiiboGb2iN+vJerHerY9564qVzxyhP7A+fwBa5pYi</latexit><latexit sha1_base64="V1m1hbRwkqwkSrpOfQpqKxznCWY=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInkoixXoseNBjBfsBTSyb7aZdutmE3YlQQnvxr3jxoIhX/4U3/43bNgdtfTDweG+GmXlBIrgGx/m2VlbX1jc2C1vF7Z3dvX374LCp41RR1qCxiFU7IJoJLlkDOAjWThQjUSBYKxheT/3WI1Oax/IeRgnzI9KXPOSUgJG69nHVAx4xjV3nIbscTzJPRfiGNcddu+SUnRnwMnFzUkI56l37y+vFNI2YBCqI1h3XScDPiAJOBRsXvVSzhNAh6bOOoZKYrX42+2CMz4zSw2GsTEnAM/X3REYirUdRYDojAgO96E3F/7xOCuGVn3GZpMAknS8KU4EhxtM4cI8rRkGMDCFUcXMrpgOiCAUTWtGE4C6+vEyaF2XXKbt3lVKtksdRQCfoFJ0jF1VRDd2iOmogiiboGb2iN+vJerHerY9564qVzxyhP7A+fwBa5pYi</latexit>

2⇥ 107 GeV
<latexit sha1_base64="TzSJ1mf27T23tujIq5T5ay/R45U=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tF8FSSUqjHggc9VrCt0MSy2W7apZtN2J0IJbQX/4oXD4p49V9489+4bXPQ1gcDj/dmmJkXJIJrcJxvq7C2vrG5Vdwu7ezu7R/Yh0dtHaeKshaNRazuA6KZ4JK1gINg94liJAoE6wSjq5nfeWRK81jewThhfkQGkoecEjBSzz6pesAjprHrPGT1yTTzVISvWXvSs8tOxZkDrxI3J2WUo9mzv7x+TNOISaCCaN11nQT8jCjgVLBJyUs1SwgdkQHrGiqJ2epn8w8m+NwofRzGypQEPFd/T2Qk0nocBaYzIjDUy95M/M/rphBe+hmXSQpM0sWiMBUYYjyLA/e5YhTE2BBCFTe3YjokilAwoZVMCO7yy6ukXa24TsW9rZUbtTyOIjpFZ+gCuaiOGugGNVELUTRFz+gVvVlP1ov1bn0sWgtWPnOM/sD6/AFUbpYe</latexit><latexit sha1_base64="TzSJ1mf27T23tujIq5T5ay/R45U=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tF8FSSUqjHggc9VrCt0MSy2W7apZtN2J0IJbQX/4oXD4p49V9489+4bXPQ1gcDj/dmmJkXJIJrcJxvq7C2vrG5Vdwu7ezu7R/Yh0dtHaeKshaNRazuA6KZ4JK1gINg94liJAoE6wSjq5nfeWRK81jewThhfkQGkoecEjBSzz6pesAjprHrPGT1yTTzVISvWXvSs8tOxZkDrxI3J2WUo9mzv7x+TNOISaCCaN11nQT8jCjgVLBJyUs1SwgdkQHrGiqJ2epn8w8m+NwofRzGypQEPFd/T2Qk0nocBaYzIjDUy95M/M/rphBe+hmXSQpM0sWiMBUYYjyLA/e5YhTE2BBCFTe3YjokilAwoZVMCO7yy6ukXa24TsW9rZUbtTyOIjpFZ+gCuaiOGugGNVELUTRFz+gVvVlP1ov1bn0sWgtWPnOM/sD6/AFUbpYe</latexit><latexit sha1_base64="TzSJ1mf27T23tujIq5T5ay/R45U=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tF8FSSUqjHggc9VrCt0MSy2W7apZtN2J0IJbQX/4oXD4p49V9489+4bXPQ1gcDj/dmmJkXJIJrcJxvq7C2vrG5Vdwu7ezu7R/Yh0dtHaeKshaNRazuA6KZ4JK1gINg94liJAoE6wSjq5nfeWRK81jewThhfkQGkoecEjBSzz6pesAjprHrPGT1yTTzVISvWXvSs8tOxZkDrxI3J2WUo9mzv7x+TNOISaCCaN11nQT8jCjgVLBJyUs1SwgdkQHrGiqJ2epn8w8m+NwofRzGypQEPFd/T2Qk0nocBaYzIjDUy95M/M/rphBe+hmXSQpM0sWiMBUYYjyLA/e5YhTE2BBCFTe3YjokilAwoZVMCO7yy6ukXa24TsW9rZUbtTyOIjpFZ+gCuaiOGugGNVELUTRFz+gVvVlP1ov1bn0sWgtWPnOM/sD6/AFUbpYe</latexit><latexit sha1_base64="TzSJ1mf27T23tujIq5T5ay/R45U=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tF8FSSUqjHggc9VrCt0MSy2W7apZtN2J0IJbQX/4oXD4p49V9489+4bXPQ1gcDj/dmmJkXJIJrcJxvq7C2vrG5Vdwu7ezu7R/Yh0dtHaeKshaNRazuA6KZ4JK1gINg94liJAoE6wSjq5nfeWRK81jewThhfkQGkoecEjBSzz6pesAjprHrPGT1yTTzVISvWXvSs8tOxZkDrxI3J2WUo9mzv7x+TNOISaCCaN11nQT8jCjgVLBJyUs1SwgdkQHrGiqJ2epn8w8m+NwofRzGypQEPFd/T2Qk0nocBaYzIjDUy95M/M/rphBe+hmXSQpM0sWiMBUYYjyLA/e5YhTE2BBCFTe3YjokilAwoZVMCO7yy6ukXa24TsW9rZUbtTyOIjpFZ+gCuaiOGugGNVELUTRFz+gVvVlP1ov1bn0sWgtWPnOM/sD6/AFUbpYe</latexit>

LC Redigolo Ziegler Zupan to appear

Mu3e phase I

Belle2 (50/ab)

? ?MEG-II ? Mu3e?

4⇥ 1010 GeV
<latexit sha1_base64="+RLU7X21gRWBdis6ihI3+Ht5YBk=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgQkoiBV0WXeiygn1AZyyZNNOGZjJDkhHKMAs3/oobF4q49SPc+Temj4W2HrhwOOde7r0nSATXBqFvp7Cyura+UdwsbW3v7O65+wctHaeKsiaNRaw6AdFMcMmahhvBOoliJAoEawejq4nffmBK81jemXHC/IgMJA85JcZKPbdc8wyPmIYY3WcY5d4pzDwVwWvWyntuBVXRFHCZ4DmpgDkaPffL68c0jZg0VBCtuxglxs+IMpwKlpe8VLOE0BEZsK6lktjFfjZ9IofHVunDMFa2pIFT9fdERiKtx1FgOyNihnrRm4j/ed3UhBd+xmWSGibpbFGYCmhiOEkE9rli1IixJYQqbm+FdEgUocbmVrIh4MWXl0nrrIpRFd/WKvXLeRxFUAZH4ARgcA7q4AY0QBNQ8AiewSt4c56cF+fd+Zi1Fpz5zCH4A+fzB10PlqA=</latexit><latexit sha1_base64="+RLU7X21gRWBdis6ihI3+Ht5YBk=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgQkoiBV0WXeiygn1AZyyZNNOGZjJDkhHKMAs3/oobF4q49SPc+Temj4W2HrhwOOde7r0nSATXBqFvp7Cyura+UdwsbW3v7O65+wctHaeKsiaNRaw6AdFMcMmahhvBOoliJAoEawejq4nffmBK81jemXHC/IgMJA85JcZKPbdc8wyPmIYY3WcY5d4pzDwVwWvWyntuBVXRFHCZ4DmpgDkaPffL68c0jZg0VBCtuxglxs+IMpwKlpe8VLOE0BEZsK6lktjFfjZ9IofHVunDMFa2pIFT9fdERiKtx1FgOyNihnrRm4j/ed3UhBd+xmWSGibpbFGYCmhiOEkE9rli1IixJYQqbm+FdEgUocbmVrIh4MWXl0nrrIpRFd/WKvXLeRxFUAZH4ARgcA7q4AY0QBNQ8AiewSt4c56cF+fd+Zi1Fpz5zCH4A+fzB10PlqA=</latexit><latexit sha1_base64="+RLU7X21gRWBdis6ihI3+Ht5YBk=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgQkoiBV0WXeiygn1AZyyZNNOGZjJDkhHKMAs3/oobF4q49SPc+Temj4W2HrhwOOde7r0nSATXBqFvp7Cyura+UdwsbW3v7O65+wctHaeKsiaNRaw6AdFMcMmahhvBOoliJAoEawejq4nffmBK81jemXHC/IgMJA85JcZKPbdc8wyPmIYY3WcY5d4pzDwVwWvWyntuBVXRFHCZ4DmpgDkaPffL68c0jZg0VBCtuxglxs+IMpwKlpe8VLOE0BEZsK6lktjFfjZ9IofHVunDMFa2pIFT9fdERiKtx1FgOyNihnrRm4j/ed3UhBd+xmWSGibpbFGYCmhiOEkE9rli1IixJYQqbm+FdEgUocbmVrIh4MWXl0nrrIpRFd/WKvXLeRxFUAZH4ARgcA7q4AY0QBNQ8AiewSt4c56cF+fd+Zi1Fpz5zCH4A+fzB10PlqA=</latexit><latexit sha1_base64="+RLU7X21gRWBdis6ihI3+Ht5YBk=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgQkoiBV0WXeiygn1AZyyZNNOGZjJDkhHKMAs3/oobF4q49SPc+Temj4W2HrhwOOde7r0nSATXBqFvp7Cyura+UdwsbW3v7O65+wctHaeKsiaNRaw6AdFMcMmahhvBOoliJAoEawejq4nffmBK81jemXHC/IgMJA85JcZKPbdc8wyPmIYY3WcY5d4pzDwVwWvWyntuBVXRFHCZ4DmpgDkaPffL68c0jZg0VBCtuxglxs+IMpwKlpe8VLOE0BEZsK6lktjFfjZ9IofHVunDMFa2pIFT9fdERiKtx1FgOyNihnrRm4j/ed3UhBd+xmWSGibpbFGYCmhiOEkE9rli1IixJYQqbm+FdEgUocbmVrIh4MWXl0nrrIpRFd/WKvXLeRxFUAZH4ARgcA7q4AY0QBNQ8AiewSt4c56cF+fd+Zi1Fpz5zCH4A+fzB10PlqA=</latexit>

f > 2⇥ 1010 GeV
<latexit sha1_base64="xaZUeXrd7fxLpkiU2sxKsljJgHg=">AAACB3icbVDLSgMxFM34rPU16lKQYBFcSEmKoCsputBlBfuAzlgyaaYNTWaGJCOUoTs3/oobF4q49Rfc+Tem7Sy09cCFwzn3cu89QSK4Ngh9OwuLS8srq4W14vrG5ta2u7Pb0HGqKKvTWMSqFRDNBI9Y3XAjWCtRjMhAsGYwuBr7zQemNI+jOzNMmC9JL+Ihp8RYqeMehBew4hkumYYY3WcYjbwTmHlKwmvWGHXcEiqjCeA8wTkpgRy1jvvldWOaShYZKojWbYwS42dEGU4FGxW9VLOE0AHpsbalEbGL/WzyxwgeWaULw1jZigycqL8nMiK1HsrAdkpi+nrWG4v/ee3UhOd+xqMkNSyi00VhKqCJ4TgU2OWKUSOGlhCquL0V0j5RhBobXdGGgGdfnieNShmjMr49LVUv8zgKYB8cgmOAwRmoghtQA3VAwSN4Bq/gzXlyXpx352PauuDkM3vgD5zPHwhil4A=</latexit><latexit sha1_base64="xaZUeXrd7fxLpkiU2sxKsljJgHg=">AAACB3icbVDLSgMxFM34rPU16lKQYBFcSEmKoCsputBlBfuAzlgyaaYNTWaGJCOUoTs3/oobF4q49Rfc+Tem7Sy09cCFwzn3cu89QSK4Ngh9OwuLS8srq4W14vrG5ta2u7Pb0HGqKKvTWMSqFRDNBI9Y3XAjWCtRjMhAsGYwuBr7zQemNI+jOzNMmC9JL+Ihp8RYqeMehBew4hkumYYY3WcYjbwTmHlKwmvWGHXcEiqjCeA8wTkpgRy1jvvldWOaShYZKojWbYwS42dEGU4FGxW9VLOE0AHpsbalEbGL/WzyxwgeWaULw1jZigycqL8nMiK1HsrAdkpi+nrWG4v/ee3UhOd+xqMkNSyi00VhKqCJ4TgU2OWKUSOGlhCquL0V0j5RhBobXdGGgGdfnieNShmjMr49LVUv8zgKYB8cgmOAwRmoghtQA3VAwSN4Bq/gzXlyXpx352PauuDkM3vgD5zPHwhil4A=</latexit><latexit sha1_base64="xaZUeXrd7fxLpkiU2sxKsljJgHg=">AAACB3icbVDLSgMxFM34rPU16lKQYBFcSEmKoCsputBlBfuAzlgyaaYNTWaGJCOUoTs3/oobF4q49Rfc+Tem7Sy09cCFwzn3cu89QSK4Ngh9OwuLS8srq4W14vrG5ta2u7Pb0HGqKKvTWMSqFRDNBI9Y3XAjWCtRjMhAsGYwuBr7zQemNI+jOzNMmC9JL+Ihp8RYqeMehBew4hkumYYY3WcYjbwTmHlKwmvWGHXcEiqjCeA8wTkpgRy1jvvldWOaShYZKojWbYwS42dEGU4FGxW9VLOE0AHpsbalEbGL/WzyxwgeWaULw1jZigycqL8nMiK1HsrAdkpi+nrWG4v/ee3UhOd+xqMkNSyi00VhKqCJ4TgU2OWKUSOGlhCquL0V0j5RhBobXdGGgGdfnieNShmjMr49LVUv8zgKYB8cgmOAwRmoghtQA3VAwSN4Bq/gzXlyXpx352PauuDkM3vgD5zPHwhil4A=</latexit><latexit sha1_base64="xaZUeXrd7fxLpkiU2sxKsljJgHg=">AAACB3icbVDLSgMxFM34rPU16lKQYBFcSEmKoCsputBlBfuAzlgyaaYNTWaGJCOUoTs3/oobF4q49Rfc+Tem7Sy09cCFwzn3cu89QSK4Ngh9OwuLS8srq4W14vrG5ta2u7Pb0HGqKKvTWMSqFRDNBI9Y3XAjWCtRjMhAsGYwuBr7zQemNI+jOzNMmC9JL+Ihp8RYqeMehBew4hkumYYY3WcYjbwTmHlKwmvWGHXcEiqjCeA8wTkpgRy1jvvldWOaShYZKojWbYwS42dEGU4FGxW9VLOE0AHpsbalEbGL/WzyxwgeWaULw1jZigycqL8nMiK1HsrAdkpi+nrWG4v/ee3UhOd+xqMkNSyi00VhKqCJ4TgU2OWKUSOGlhCquL0V0j5RhBobXdGGgGdfnieNShmjMr49LVUv8zgKYB8cgmOAwRmoghtQA3VAwSN4Bq/gzXlyXpx352PauuDkM3vgD5zPHwhil4A=</latexit>

Bounds on the flavour-breaking scale f
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CLFV observables among the cleanest and most stringent 
tests of physics beyond the Standard Model

CLFV processes are an unavoidable consequence of any  
physics that may be behind neutrino masses and mixing 
(At observable levels? This depends on the scale of NP…)

Different muon and tau CLFV modes nicely complementary  
as model discriminators

Simple abelian flavour models can be tested by CLFV 
decays into a light invisible pseudoscalar ‘familon’.  

Future limits can supersede stellar bounds. 

If violation of lepton universality in B decays is confirmed, 
we expect observable tau CLFV at Belle-II!



谢 谢 ! 
ありがとうございました!
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Table IV. – Complete list of the CLFV dimension-6 operators from [107]. The SM fields are
denoted as in eq. (3), and Bµν and W I

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

4-leptons operators Dipole operators

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

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

Qℓe (L̄LγµLL)(ēRγµeR)

2-lepton 2-quark operators

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

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

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

L)

Qℓd (L̄LγµLL)(d̄RγµdR) Q(1)
ℓequ (L̄a

LeR)ϵab(Q̄
b
LuR)

Qed (ēRγµeR)(d̄RγµdR) Q(3)
ℓequ (L̄a

i σµνeR)ϵab(Q̄
b
LσµνuR)

Lepton-Higgs operators

Q(1)
Φℓ (Φ†i

↔
Dµ Φ)(L̄LγµLL) Q(3)

Φℓ (Φ†i
↔
D I

µ Φ)(L̄LτIγµLL)

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

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

L ⊃
Ceµ

eγ

Λ2

v√
2

ē σµνPR µFµν +
Cµe

eγ

Λ2

v√
2

µ̄σµνPR eFµν + h.c.,(37)

with Cij
eγ = cos θW Cij

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

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

AR =
√

2 v

Λ2
Ceµ

eγ , AL =
√

2 v

Λ2
Cµe ∗

eγ .(38)

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

Γ(µ → eγ) =
m3

µv2

8πΛ4

(
|Ceµ

eγ |2 + |Cµe
eγ |2

)
.(39)

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

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

 Dimension-6 effective operators that can induce CLFV

Grzadkowski et al. ‘10

Crivellin Najjari Rosiek ‘13
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ℓα ℓβ

γ

˜ℓk/ν̃k

χ̃0
m/χ̃

±
m

Charged Lepton Flavour Violation in SUSY

Slepton mass matrix:

Flavour-conserving 
counterparts: 

g-2, EDMs

Hisano et al. ‘95
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LFV in SUSY seesaw

In SUSY, new fields interacting with the MSSM fields enter the radiative 
corrections of the sfermion masses Hall Kostelecky Raby ‘86 

   This applies to the new seesaw interactions: 
generically induce LFV in the slepton mass matrix!

Type I

Borzumati Masiero ‘86

Borzumati Masiero ‘86

Type II

A. Rossi ‘02; Rossi Joaquim ‘06

Type III Similar to type I Biggio LC ‘10; Esteves et al. ‘10
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Fig. 12. – Bounds and prospects for a SUSY seesaw model with degenerate RH neutrinos, as in
eq. (61), for tan β = 5 (left) and 50 (right). The blue region is excluded by LHC searches for
sleptons [137].

play no significant role in this scenario, as we can see from

BR(τ → µγ)
BR(µ → eγ)

=

∣∣∣
∑

k y2
νk

UτkU∗
µk

∣∣∣
2

∣∣∑
k y2

νk
UµkU∗

ek

∣∣2
× BR(τ → µν̄ν) ! 10,(63)

which shows that the MEG bound implies that BR(τ → µγ) can not be above the 10−12

level.
For simplicity, here we have only considered the first and simplest kind of seesaw

mechanism based on extending the SM Lagrangian with RH neutrino fields. There are
other two ways to generate the neutrino mass operator of eq. (17) at the tree level: by
introducing one scalar SU(2)L triplet with hypercharge Y = 1, or two or more fermion
SU(2)L triplets with Y = 0. These further options have been respectively labelled as
type II [187] and type III [188] seesaw. In both cases, supersymmetric CLFV effects are
radiatively generated in a similar way as in eq. (54), as was shown in [189,190] for type II
and in [191,192] for type III. Particularly interesting is the case of type II seesaw, where
the mixing structure of the seesaw Yukawa couplings is directly controlled by the PMNS
matrix, so that, without the need of further assumptions, the predictions are similar to
those displayed above in figs. 12 and 13 for the case of degenerate RH neutrinos. Finally,
let us remark that, in extended versions of the seesaw models, seesaw scales as low as the
TeV scale does not necessarily imply so small Yukawa couplings that the induced CLFV
parameters of eq. (54) vanishes, as it occurs in the ordinary seesaw, cf. eq. (55). In fact,
as we mentioned in sect. 3, there are setups, such as the so-called inverse seesaw, that
allow large couplings and low seesaw scales at the same time. CLFV processes in these
scenarios have been discussed e.g. in [193, 194]. For a recent review of CLFV effects in
SUSY seeesaw models, including non-minimal extensions of this kind, see [195].

LC, Signorelli ‘17

Type I


