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• (charged) lepton flavour violation

• neutrinos and the matter-antimatter asymmetry 
of the Universe : leptogenesis



Lepton flavour violation (LFV)

We know that flavour is violated in the lepton sector, since neutrinos 
oscillate (               violates both Le and Lμ)

Since the PMNS matrix U appears in charged lepton current, would naively 
expect strong flavour-violating effects in the charged lepton sector too (i.e. 
processes such as µ → e γ and µ → 3e should be observed).

This is not the case due to a GIM mechanism: LFV is strongly suppressed 
(and in practice unobservable) in the Standard Model

But we have good reasons to believe that there is new physics beyond the 
SM (neutrino masses, dark matter...) ⇒ generally new sources of LFV

�µ � �e



Indeed, many well-motivated new physics scenarios predict large flavour 
violations in the charged lepton sector:

→ the absence of sizeable SM contributions makes LFV a unique probe of 
new physics

Further motivation: connection with neutrino physics

The smallness of neutrino masses suggests a specific mechanism of mass 
generation ⇒ new particles with flavour violating couplings to leptons

→ LFV could tell us something about the origin of neutrino masses

• supersymmetry
• low-scale neutrino mass models
• extra dimensions / composite Higgs models
• ...



Status of lepton flavour violation

So far lepton flavour violation has been observed only in the neutrino 
sector (oscillations). Experimental upper bounds on LFV processes 
involving charged leptons:

[S. Davidson, talk at Planck 2022]
What we know/what we can learn

some processes current constraints on BR future sensitivities
µ→eγ < 4.2× 10−13 6× 10−14

(MEG)

µ→eēe < 1.0× 10−12
(SINDRUM) 10−16

(202x, Mu3e)

µA → eA < 7× 10−13 Au, (SINDRUMII) 10−(16→?)
(Mu2e,COMET)

10−(18→?)
(PRISM/PRIME/ENIGMA)

K+ → π+µ̄e < 1.3× 10−11
(E865) 10−12

(NA62)

...
B+ → µ̄ν < 1.0× 10−6

(Belle) ∼ 10−7
(BelleII)

τ → %γ < 3.3, 4.4× 10−8 few×10−9
(Belle-II)

τ → 3% < 1.5− 2.7× 10−8 few×10−9
(Belle-II, LHCb?)

τ → %{π, ρ,φ, K, ...} <
∼ few× 10−8 few×10−9

(Belle-II)

τ →...

h → τ±%∓ < 1.5, 2.2× 10−3
(ATLAS/CMS)

h → µ±e∓ < 6.1× 10−5
(ATLAS/CMS)

Z → e±µ∓ < 7.5× 10−7
(ATLAS)

µA → eA ≡ µ in 1s state of nucleus A converts to e
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µ→eēe < 1.0× 10−12
(SINDRUM) 10−16

(202x, Mu3e)

µA → eA < 7× 10−13 Au, (SINDRUMII) 10−(16→?)
(Mu2e,COMET)

10−(18→?)
(PRISM/PRIME/ENIGMA)

K+ → π+µ̄e < 1.3× 10−11
(E865) 10−12

(NA62)

...
B+ → µ̄ν < 1.0× 10−6

(Belle) ∼ 10−7
(BelleII)

τ → %γ < 3.3, 4.4× 10−8 few×10−9
(Belle-II)

τ → 3% < 1.5− 2.7× 10−8 few×10−9
(Belle-II, LHCb?)

τ → %{π, ρ,φ, K, ...} <
∼ few× 10−8 few×10−9

(Belle-II)

τ →...

h → τ±%∓ < 1.5, 2.2× 10−3
(ATLAS/CMS)

h → µ±e∓ < 6.1× 10−5
(ATLAS/CMS)

Z → e±µ∓ < 7.5× 10−7
(ATLAS)

µA → eA ≡ µ in 1s state of nucleus A converts to e

[S. Davidson, talk at Planck 2022]



This is consistent with the Standard Model,
in which LFV processes involving charged
leptons are suppressed by the tiny neutrino
masses

e.g. µ → e γ :

Using known oscillations parameters (U = PMNS lepton mixing matrix),    
this gives                                        : inaccessible to experiment!

This makes LFV a unique probe of new physics: the observation of e.g.         
µ → e γ would be an unambiguous signal of new physics (no SM background)

➞ very different from the hadronic sector

Conversely, the present upper bounds on LFV processes already put strong 
constraints on new physics (same as hadronic sector)
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Many new physics scenarios predict “large” LFV rates: supersymmetry,  low-
scale neutrino mass models, extra dimensions / composite Higgs models…

In (R-parity conserving) supersymmetric extensions of the Standard Model, 
LFV is induced by a misalignment between the lepton and slepton mass 
matrices, parametrized by the mass insertion parameters (α ≠ β):

(can be viewed as supersymmetric lepton mixing angles)

⇒ typical µ → e γ rate:

where                               

Theoretical expectations/predictions
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Bounds on LFV processes translate into upper limits on the slepton mass 
insertion parameters as a function of superpartner masses

Case of supersymmetric seesaw mechanism : even if slepton mass matrices  
are flavour diagonal at some high scale (« flavour-blind » supersymmetry 
breaking), radiative corrections induced by the heavy Majorana neutrinos 
may induce large LFV

To a good approximation, these corrections are proportional to the
combinations of seesaw parameters                                               
(assuming universal slepton masses at MU)

Thus, for instance,

In general, however, cannot disentangle the seesaw-induced LFV from the 
LFV induced by supersymmetry breaking. In addition, there is no direct 
relation between the measured neutrino parameters and the seesaw-induced 
LFV, due to the degeneracy of seesaw parameters

It is therefore fair to say that there is no model-independent prediction of 
the supersymmetric (type I) seesaw mechanism for LFV processes

C�⇥ �
�

k Y ⇤
k�Yk⇥ ln(MU/Mk)

BR (l� � l⇥�) ⇥ |C�⇥ |2

[Borzumati, Masiero]



The supersymmetric seesaw mechanism often predicts large LFV rates

Example [Masiero, Vempati, Vives]: SO(10)-motivated ansätze for the seesaw 
parameters

“minimal case”: CKM-like mixing in the Dirac couplings Yij

“maximal case”: PMNS-like mixing in the Dirac couplings Yij
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More predictive version of the seesaw mechanism:

Type II seesaw [heavy scalar SU(2)L triplet exchange]

                ⇒

The radiative corrections to soft slepton masses are now controlled by

⇒ predictive (up to an overall scale) and leads to correlations between LFV 
observables (correlations controlled by the neutrino parameters)
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[A. Rossi]



Example of a radiative model: Zee-Babu model 

introduce 2 charged SU(2) singlet scalars,
     and       , with couplings to leptons:

Lepton number is violated by scalar couplings:

Neutrino mass matrix:

In addition to new exotic scalars, this mechanism predicts flavour-violating 
processes involving charged leptons, such as              :

LFV in non-supersymmetric mechanisms 
of neutrino mass generation

3

Fig. 1 Feynman diagram for the 2-loop Majorana neutrino masses in the model of [3,4].

such realizations usually lead to testable predictions in either high-energy or high-intensity

experiments. In what follows we will discuss two main cases, the Babu-Zee model and

supersymmetric bilinear R-parity violating models, paying special attention to some of their

phenomenological implications.

3 Two loop realization: the Babu-Zee model

In this model the standard model scalar sector is extended by the addition of two new scalars,

h+ and k++, both singlets under SU(2). Their couplings to standard model leptons is given
by

L = fαβ (L
Ti
αLCL

j

βL
)εi jh

++h′αβ (e
T
αRCeβR)k

+++h.c. (2)

Here, LL are the standard model (left-handed) lepton doublets, eR the charged lepton singlets,

α ,β are generation indices and εi j is the completely antisymmetric tensor. Note that f is
antisymmetric, while h′ is symmetric. Assigning L = 2 to h− and k++, eq. (2) conserves

lepton number. Lepton number violation in the model resides only in the following term in

the scalar potential

L =−µh+h+k−−+h.c. (3)

Here, µ is a parameter with dimension of mass.

The setup of eq. (2) and eq. (3) generates Majorana neutrino masses via the two-loop

diagram shown in fig. (1). The resulting neutrino mass matrix can be expressed as

M ν
αβ =

8µ

(16π2)2m2h
fαxωxy fyβI (

m2k

m2h
), (4)

with summation over x,y implied. The parameters ωxy are defined as ωxy = mxhxymy, with

mx the mass of the charged lepton lx. Following [17] we have rewritten hαα = h′αα and

hαβ = 2h′αβ . I (r) finally is a dimensionless two-loop integral given by

I (r) =−
∫ 1

0
dx

∫ 1−x

0
dy

1

x+(r−1)y+ y2
log

y(1− y)

x+ ry
. (5)

For non-zero values of r,I (r) can be solved only numerically. We note that for the range of
interest, say 10−2 ≤ r≤ 102,I (r) varies quite smoothly between (roughly) 3≤I (r)≤ 0.2.
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µ → e γ 
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Fig. 2 Conservative lower limit on the branching ratio Br(µ → eγ) as a function of the charged scalar mass
mh for normal hierarchy (left plot) and inverted hierarachy (right plot). The three lines are for the current

solar angle sin2 θ12 best fit value (full line) and 3 σ lower (dashed line) and upper (dot-dashed line) bounds.
Other parameters fixed at sin2 θ23 = 0.5, sin

2 θ13 = 0.040 and Δm2Atm = 2.0 ·10−3 eV2.

3.1 Flavour violating charged lepton decays

Phenomenological tests of this model have been studied in [17,18,19]. Among all of them

those involving µ → eγ can be regarded as the most stringent ones. In ref. [18] it has been

shown that the corresponding decay branching ratio for this process can be written as

Br(µ → eγ) # 4.5 ·10−10
( ε2

h2µµI (r)2

)( mν

0.05 eV

)2(100 GeV

mh

)2

, (6)

with ε = feτ/ fµτ and mh the mass of the singly charged scalar. Figure 2 shows the resulting

lower limit on Br(µ → eγ) as a function of mh for the case of normal and inverted hierar-

chies. Note that the horizontal solid line indicates the upper limit set by the MEGA experi-

ment [20] and not the new one placed by the MEG experiment, Br(µ → eγ) < 2.4×10−12

at 90% C.L. [21]. Using the updated limits the constraints on the singly charged scalar mass

would be even more stringent that the ones quoted here.

In summary, in this model Br(µ → eγ)≥ 10−13 is guaranteed for singly charged scalar
masses smaller than 590 GeV (5.04 TeV) for normal (inverse) hierarchical neutrino masses,

and larger or even much larger branching ratios are expected in general. Thus, a non-

observation of this process in the next few years, at least for the case of inverse hierarchy,

would certainly remove most of the motivation to study this model.

4 Bilinear R-parity violating supersymmetry

Bilinear R-parity violation (BRpV) provides an intrinsically supersymmetric framework for

Majorana neutrino masses (for a review see [22]). In these models the superpotential in-

cludes, in addition to the MSSM terms, also the term

WBRpV = εiL̂iĤu . (7)

This term breaks not only R-parity but also lepton number in all three generations. In order

to have a consistent model a soft SUSY breaking term has to be added to the scalar potential,

✏ ⌘ fe⌧/fµ⌧

J (r) = loop function



Example of a low-scale seesaw model: inverse seesaw

Conventional type I seesaw: loop contribution of the heavy Majorana 
neutrinos to              are suppressed by the large Majorana masses and/or 
by the small Dirac couplings 

Inverse seesaw :

µ → e γ 

Lepton Flavour Violating processes           (L conserving)

                        expected small in seesaw models: dim-6 operator effect:

µ � e�, ⇥ � µ�, ⇥ � e�, µ � eee, ⇥ � lll, µ � e atomic conversion, ...

m� � YN
1

MN
Y T
N v2

if YN � 1, m� = 0.1 eV

e.g. requiresMN � 1014 GeV e.g. requiresYN � 10�6

if MN � 1 TeV, m� = 0.1 eV

                        but not necessarily: inverse seesaw models
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Approximately L conserving type-I seesaw model

example with n N  and n N  : 

if       is large,        not too high:                       YN MN

1 2 LN1 = +1 , LN2 = �1

Br(µ ⇥ e�) � 10�11 � experimental upper limit

INVERSE SEESAW texture
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* Toy: 1 light ! 

Mohapatra, Valle, Glez- Garcia

soft L breaking

    “inverse seesaw” as in
Mohapatra, Valle ’86    

        Gonzalez-Garcia, Valle ‘89 

                   Branco, Grimus, Lavoura ’89
            Kersten, Smirnov ’07

            Abada, Biggio, Bonnet, 
  Gavela, T.H. ‘07
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[Abada, Biggio, Bonnet, Gavela, Hambye ’07]



Source of flavour violation = couplings
of light fermions to Kaluza-Klein
excitations

Milder flavour violation in warped
(Randal-Sundrum) models in which
the fermion mass hierarchies are
accounted for by different fermion
localizations in extra dimensions (small overlap with KK wavefunction)

Agashe, Blechman, Petriello: RS model with Higgs propagating in the bulk or 
localized on the IR brane (li → lj γ UV sensitive if Higgs localized on the IR brane)

Present bounds on LFV processes compatible with O(1 TeV) KK masses if 
Higgs localized on the IR brane, essentially excluded by µ → e γ up to 10 TeV 
KK masses if propagates in the bulk

LFV in extra-dimensional scenarios
Warped models may overcome both difficulties

Gherghetta & Pomarol;

                Huber & Shafi (00)

♦ 0-modes configuration looks similar to flat case. 

Higgs and KK states are localized on the IR. 

⇥
2

⇥
�

f��⇥
Higgs

heavylight

Warped 5D

1st KK

Light fields have highly suppressed coupling to KK modes!

UV IR



FIG. 4: Scan of the µ → 3e and µ − e conversion predictions for MKK = 3, 5, 10 TeV. The solid

and dashed lines are the PDG and SINDRUM II limits, respectively.

set of processes.

B. Scan for the bulk Higgs field scenario

We now present the results of our scan over the bulk Higgs parameter space. For the scan
we set ν = 0, which mimics the composite (or A5) Higgs model of [16]; we present separately
the ν dependence of the most important constraints.

We again begin by considering muon initiated processes. The constraints from µ → 3e
and µ − e conversion are highly correlated, as we saw in the previous subsection. Since
the bounds from µ − e conversion are stronger, we focus on this and µ → eγ. We show in
Fig. 6 scatter plots of the predictions for BR(µ → eγ) and Bconv coming from our scan of
the RS parameter space, for the KK scales MKK = 3, 5, 10 TeV. For µ → eγ we include
both the current constraint from the Particle Data Group [24] and the projected sensitivity
of MEG [18]. The current bounds from µ → eγ are quite strong; from the MKK = 3 TeV
plot in Fig. 6, we see that only one parameter choice satisfies the BR(µ → eγ) bound.
This point does not satisfy the µ − e conversion constraint. We can estimate that it would
satisfy both bounds for MKK > 3.1 TeV. In our scan over 1000 sets of model parameters
the absolute lowest scale allowed is thus slightly larger than 3 TeV. Also, a large portion of

19

[Agashe, Blechman, Petriello]

brane Higgs field
scenario


