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Lepton flavours: from  oscillations... ν

Neutrino oscillations: 1st laboratory evidence of NP! SM description insufficient... 
Violation of lepton flavour in the neutral lepton sector opens a wide door  

to flavour violation in the charged lepton sector! 

How general is this once we extend the SM to accommodate  ?να ↭ νβ
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In the most minimal extension SM                          [SM = “ad-hoc”  (Dirac), ] 

          total lepton number still conserved 

           lepton EDMs beyond observation (2-loop contributions from ) 

          cLFV possible... but not observable!! BR( )   

mν mν
mν UPMNS

δCP

μ → eγ ∼ 10−54

Leptonic observables: signs of New Physics

! In the Standard Model: (strictly) massless neutrinos

conservation of total lepton number & lepton flavours

lepton flavour universality preserved (only broken by Yukawas)

tiny leptonic EDMs (at 4-loop level.. dCKMe ≤ 10−38e cm)

! Extend the SM to accommodate να " νβνα " νβνα " νβ : assume most minimal extension SMmνmνmν

[SMmνmνmν= “ad-hoc” mν (Dirac), UPMNS]

! In the SMmνmνmν : (total) Lepton number conserved, flavour-universal lepton couplings

cLFV possible... but not observable!! BR(µ → eγ)BR(µ → eγ)BR(µ → eγ) ∼ 10−5410−5410−54

W−

γ

ℓi ℓj

νLUik U∗
jk

EDMs still beyond observation (contributions from δCP @ 2-loop...)

! Observation of SM-“forbidden” modes and/or tensions with data

⇒⇒⇒ discovery of New Physics! Possibly before LHC!

[GIM-like, tiny ...]mν

 cLFV, LNV, lepton EDMs, ...: observation of SM-forbidden leptonic modes  
         Discovery of New Physics!⇒
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Discovery 
of

NEW PHYSICS !!!

(beyond S
Mmν) 

LNV ( ):
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0ν2β

μ−N → e+ N′�
M+

1 → M−
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α

 cLFV, LNV, lepton EDMs, ...: observation of SM-forbidden leptonic modes  
         Discovery of New Physics!⇒



SM? seesaw? LR?
compositeness? leptoquarks?

symmetries? SUSY? 

2A.M. Teixeira, LPCA Clermont

 Additional strong arguments in favour of New Physics! 

   But - which NP model?  

Realised at which scale ? How to unveil it? 

 Numerous hints from lepton physics, fantastic prospects!  

Well-motivated NP models for  mass generation! 

ΛNP

⇒
ν

Flavour'ed paths to New Physics

A number of theoretical caveats... and observations unaccounted for in the SM:  
                    baryon asymmetry of the Universe, viable dark matter candidate, 

                            neutrino oscillations (and some "tensions"...)

 cLFV observables - paths to New Physics 

 Extending the SM: sterile fermions and  mass generation 

 cLFV from Heavy Neutral Leptons: the role of CPV phases  

(and new observables)

ν
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Probing power of cLFV - 
from experimental reach to models of NP

μ − eτ
→

3μμ → eγ

Goal: 
NP model

μ − e

Z → μτ
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NP
cLFV decay:  

Event signature:    (  MeV) 

              Back-to-back ; Time coincidence 

Status: BR( )   (90% CL)   

     MEG II (@ PSI): BR( )     

μ+ → e+ γ

Ee = Eγ = mμ/2 ∼52.8
e+ − γ (θ ∼180∘)

μ+ → e+ γ ≤4.2 × 10−13

μ+ → e+ γ ≤6 × 10−14

cLFV muon decays

very hard to go beyond  without conceptually different approach10−15

[MEG Coll., 1605.05081]

[MEG II Coll., 2201.008200]

cLFV decay:  

Event signature:     

              common vertex; Time coincidence 

Status: BR( )   (90% CL) 

Mu3e (@ PSI): expected sensitivity  for Phase I 

                                         with HIMB  for Phase II

μ+ → e+ e−e+

Σ Ee = mμ ; Σ ⃗P e = ⃗0

μ+ → e+ e−e+ ≤1.0 × 10−12

)(10−15)
)(10−16)
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[SINDRUM Coll., '88]

[Mu3e Coll., 2009.11690]

[Aiba et al, 2111.05788]
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cLFV in muonic atoms:  conversionμ − e

Muonic atoms: 1s bound state formed when  stopped in target 

SM allowed processes: decay in orbit (DIO)   
                                   nuclear capture   

In the presence of New Physics - cLFV neutrinoless  conversion  

 

μ−

μ−→ e−νμν̄e
μ− + (A, Z ) → νμ + (A, Z −1)

μ− − e−

μ− + (A, Z) → e− + (A, Z)

Event signature: single mono-energetic electron 

     MeV) [Aluminium] 

Status: CR( )   (90% CL) 

Mu2e (@ FNAL) - ;  COMET (@ JPARC) - , ...

Eμe = mμ − EB(A, Z ) − ER(A, Z ) ↝ Eμe ≈,(100

μ− − e−, Au ≤7.1 × 10−13

)(10−17) )(10−15 − 10−17)

so
NP NP

la lp

µ e

NP

q

NP

la le g

so
µ e

Ypf
r e

e r e

eNP

q

NP

m e g

WI

tip
Mig

are

FIE I
lplp

NP

[SINDRUM II Coll., '06]

[Bartoszek et al, 1501.05241] [Abramishvili et al, '20] 

cLFV & LNV New Physics: neutrinoless  conversion  

  

Event signature: single positron - but complex energy spectrum  

μ− − e+

μ− + (A, Z) → e+ + (A, Z − 2)*

EN*

μe = mμ − EB(A, Z ) − ER(A, Z ) − ΔZ−2(*)

a et
Y Np I

j w w

IZ A

2 2 A

Nucleus

e re

Mu z MT

Mt et

µ
e ooo I

n i

e
e k u
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cLFV tau decays: leptonic and more

Tau leptons - heaviest of all charged leptons! Cannot have "intense tau beams"    
Copious production at B-factories (BaBar, Belle, LHCb, Belle II, ...)  

Production and decay:  e+ e− → τ+ τ− signal "hemisphere"

tagging "hemisphere" (e.g. )τ+ → ν̄τ νe e+

Radiative decay:  

Event signature:  ;  

3-body leptonic decay:   

Event signature:  ; 

τ± → ℓ ± γ

Efinal − s /2 = ΔE ∼0 Mfinal = Mℓγ ∼mτ

τ± → ℓ ±
i ℓ ∓

j ℓ ±
k

E3ℓ − s /2 ∼0 M3ℓ ∼mτ

Semi-leptonic cLFV tau decays  
 2-body final state:  &  3-body final state:     ( ) 

 cLFV exotic modes (also lepton & baryon number violating) 

      ( );          ( );       

τ → ℓ h0 τ → ℓ hi hj h ↭ π± , K± , K0
s

τ− → ℓ + h±
i h±

j h ↭ π± , K± τ− → Λ h− h ↭ π± , K± τ → pℓi ℓj
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Tau Lepton Flavour Violation Experiments
14

✤ Attractive to search for cLFV at e+e- collider 
✤ Many channels, Valuable inputs for New Physics Considerations
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Figure 7. Current status of observed upper limits at CLEO, BABAR, Belle, ATLAS, CMS, and LHCb
experiments [92] and projections of expected upper limits at the Belle II experiment [40].

Figure 6. Current status of observed upper limits at CLEO, BABAR, Belle, ATLAS, CMS, and LHCb
experiments [92] and projections of expected upper limits at the Belle II experiment [40].

✤ So far, Belle and BaBar experiments 
performed so many searches

Hajime NISHIGUCHI (KEK)                                              ”Lepton Flavour Experiments”                                                                    13th ICFA Seminar

 Tau cLFV: increasingly good prospects!  
At B-factories (LHCb, Belle II)  

and also at FCC-ee

⇒

SciPost Phys. Proc. 1, 041 (2019)

Table 4: Measurement of ⌧-lepton properties at FCC-ee, compared to the present
precisions

Observable Present FCC-ee FCC-ee
value ± error stat. syst.

m⌧ (MeV) 1776.86± 0.12 0.004 0.1
B(⌧! e⌫̄⌫) (%) 17.82 ± 0.05 0.0001 0.003
B(⌧! µ⌫̄⌫) (%) 17.39 ± 0.05 0.0001 0.003
⌧⌧ (fs) 290.3 ± 0.5 0.001 0.04

Table 5: FCC-ee sensitivities to cLFV processes in Z decays and in two benchmark
⌧-decay modes, compared to present bounds. The range of values for the Z ! µe
mode reflects whether or not particle identification via dE/dx will be available.

Decay Present bound FCC-ee sensitivity
Z! µe 0.75⇥ 10�6 10�10–10�8

Z! ⌧µ 12⇥ 10�6 10�9

Z! ⌧e 9.8⇥ 10�6 10�9

⌧! µ� 4.4⇥ 10�8 2⇥ 10�9

⌧! 3µ 2.1⇥ 10�8 10�10
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Tau cLFV - extensive array of modes!
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⚙

⚙ FCC-ee

cLFV tau decays: experimental status
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τ → ℓ γ τ → ℓ ℓ ℓτ → ℓ M(P, S, V ) τ → ℓ MM
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✤ Attractive to search for cLFV at e+e- collider 
✤ Many channels, Valuable inputs for New Physics Considerations
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Figure 7. Current status of observed upper limits at CLEO, BABAR, Belle, ATLAS, CMS, and LHCb
experiments [92] and projections of expected upper limits at the Belle II experiment [40].

Figure 6. Current status of observed upper limits at CLEO, BABAR, Belle, ATLAS, CMS, and LHCb
experiments [92] and projections of expected upper limits at the Belle II experiment [40].

✤ So far, Belle and BaBar experiments 
performed so many searches

Hajime NISHIGUCHI (KEK)                                              ”Lepton Flavour Experiments”                                                                    13th ICFA Seminar
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cLFV collider searches

SM "heavy" states - Higgs, Z-bosons, top quarks ... and (semi)leptonic meson decays! 

Top-quark decays @ LHC: BR( ) ; BR( )  

 decays  searched for at LEP & LHC; excellent prospects for FCC-ee (@Z-pole)! 

Higgs decays  profit from a Higgs factory (LHC)! 

BR( )  ,    BR( )    (ATLAS) 

BR( )  ,    BR( )    (CMS) 

In the future,  colliders (circular or linear) offer striking advances (even ): 

BR( )  @ FCC-ee/CEPC,    BR( )  @ ILC 

BR( )  @ FCC-ee/CEPC,    BR( )  @ ILC 

Further future colliders: Muon collider, ..., asymmetric muon collider ( ) - TRISTAN! 

t → u e μ ≲10−7 t → c e μ ≲10−6

Z0 ⇒

⇒
H → τμ ≲2.8 × 10−3 H → τe ≲4.7 × 10−3

H → τμ ≲1.5 × 10−3 H → τe ≲2.2 × 10−3

e+ e− eμ
H → eμ ≲1.2 × 10−5 H → eμ ≲2.1 × 10−5

H → τℓ ≲1.5 × 10−4 H → τℓ ≲2.4 × 10−4

eμ μ

SciPost Phys. Proc. 1, 041 (2019)
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The EFT approach to flavour

SM interpreted as a low-energy limit of a (complete, yet unknown) NP model 
 Model-independent, effective approach (EFT)⇒

0eff = 0SM + ∑
n≥5

1
Λn−4 2n(g, Y, . . . ) )n(ℓ, q, H, γ, . . . )

effective coefficients   Weinberg operator ( )  
  flavoured contributions 

(among many others!)

)5 ↝ mν
)6 ↝

effective operators

(unknown) NP scale

L-EFT

SM-EFT

UV complete 
NP model

ΛEW

ΛNP

mℓFor lepton flavours, many potential contributions: 

 

 Experimental data to constrain  and/or infer sensitivity of process to                                                                                     

ℒeff = ℒSM + 55,5

ΛLNV
(mν) + 56,6

Λ2
cLFV

(ℓα ↔ ℓβ) + . . . + 57,7

Λ′�3
LNV

(0ν2β) + . . .

⇒ 5ij ΛNP

Cast current cLFV data in terms of  and                          (  = , , , ...) 

                        minimal assumptions: "reachable"   constrain                                          

                                                    "natural"   hint on  

56
ij Λ2

NP ΛNP ΛNP
FV ΛNP

cLFV ΛNP
CPV ΛNP

LNV

ΛNP → 56
ij

56
ij ≈1 → ΛNP
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Muon cLFV: EFT approach to New Physics

5

orders of magnitude different from the other coefficients, we also plot the reach in a parametrization similar to that
introduced in [19] by defining a variable

D = cotan(✓D � ⇡/2) . (III.1)

This non-linear transformation magnifies the regions where the dipole contribution either dominates the four-fermion
interactions (✓ = 0,⇡) or is suppressed (✓ = ⇡/2). We also define a similar variable V , that magnifies the regions
where leptonic four-fermion coefficients are much larger or smaller than those with quarks. We subtract ⇡/2 in order
to have µ ! e� larger at the centre of the plot, following [19]. However, this choice means that =0 corresponds to
both to ✓ = 0 and ✓ = ⇡, and the rates can be discontinuous at 0 while they are continuous at ±1. This can be
observed in figure 3.
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FIG. 1. Reach as a function of (left) the angle ✓D, which parametrizes the relative magnitude of dipole and four-fermion
coefficients, and (right) the variable D = cotan(✓D �⇡/2). The scale ⇤ is defined in eqn (II.1) with the coefficients normalised
according to Table II. The solid region is currently excluded.

Figure 2 displays the reach as a function of ✓V , which is effectively the angle between the µ ! eēe and µA! eA
four-fermion operators. Results for a vanishing dipole contribution (✓D = ⇡/2) shows that µ ! eēe vanishes at
✓V = ⇡/2 and µA! eA at ✓V = 0,⇡. Adding a small negative dipole coefficient, µ ! eēe doesn’t vanish anymore
since the dipole contributes independently as well as in interference with the four-fermion contributions, and the
rate is reduced when this interference is destructive. The magnitude of the negative dipole coefficient is larger for
✓D = 3⇡/4, exhibiting that µA! eA vanishes when the dipole cancels the four-fermion contributions. Similar plots
for V = cotan(✓V � ⇡/2) are shown in Figure 3.

Figure 4 illustrates the complementarity of heavy and light targets for µA!eA, by plotting the conversion ratios
as function of ~C · ~eAlight / sin� and ~C · ~eAheavy? / cos�. Recall that ~C · ~eAheavy? parametrizes the independent
information obtained with Au. This additional contribution to µAu ! eLAu causes the rate to vanish at a different
value than that of the light targets. The dipole, which also contributes to µA ! eA, was taken to either vanish
(✓D = ⇡/2), be positive (✓D = 3⇡/4) or negative (✓D = ⇡/4). This illustrates the impact of ~C · ~eD on the rate:
cancellations can occur among the dipole and four-fermion contributions, as well as between the two independent
combinations of four-fermion coefficients.

Finally, the dependence of the sensitivity on the angle � and the variable D is exhibited in Figure 5. As expected,
the µ ! e� and µ ! eēe processes are independent of �. The shape of the conversion processes on light and heavy
targets are globally similar, although the ridges along which the rates cancel are slightly different.

[Davidson & Echenard, 2204.00564]

Results of a recent EFT approach to muon transitions: 

 

      

ℒeff
NP, cLFV = 1

Λ2 [CD(ēσνρPRμ)Fνρ + CS(ēPRμ)(ēPRe) + CVR(ēγνPLμ)(ēγνPRe) + CVL(ēγνPLμ)(ēγνPLe)+
+ CN-light,N-light + CN-heavy⊥,N-heavy⊥]

 ⃗C = {CD, CS, CVR, CVR, CVL, CN-l, CN-h⊥}

 Mu2e/COMET II ( , Al)  TeV) 

[either dipole or 4f]

μ − e ↭ ΛcLFV ≳)(104

dipole vs. 4-fermion  
dominance

CD ∝ cos θD
Λ2

Sensitivity to NP scales (current & future):  
nature of NP  dipole vs. 4-fermion  

    MEG ( )  TeV) [dipole] 

steadily improved by Mu3e  TeV) 

    SINDRUM II ( , Au)  TeV) [4f]

↭

μ → eγ ↭ ΛcLFV ∼)(103

∼)(5 × 103

μ −e ↭ ΛcLFV ∼)(103

 -
 N

P 
sc

al
e 

(T
eV

)
Λ

 BR( )  μ → eγ ≃384π2 v4

Λ4 | ⃗C . ̂eDR |2
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Tau cLFV: (semi-) leptonic modes
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Figure 8: Allowed values for C/(GF⇤2) based on the expected Belle II limits, comparing the
individual and marginalized analyses for hadronic tau decays, given at the 99% confidence
level.

Wilson coe�cients involved. Accordingly, the ⌧ ! µ� as well as the ⌧ ! 3µ, two golden
channels to study CLFV ⌧ -involved processes, were not considered. However, these two
modes are usually enhanced close to observable rates in several BSM extensions. Hence,
the results found in Ref. [31] have been recently applied in Ref. [28] to constrain the most
general leptoquark framework (considering all possible leptoquarks at the same time), where
the computation of the ⌧ ! µ� process has been performed and a subsequent bound on
the Yukawa couplings of leptoquarks to matter has been set. It was shown — even though
leptoquarks contribute at the loop level to this observable — that current and expected
experimental sensitivities for this process may contribute to constrain combinations of
Yukawa couplings that otherwise would remain much less restricted.

To demonstrate the sensitivity of the golden channel ⌧ ! µ� to new physics, let us
compute the (only) contribution from the SMEFT operators in Table 3 to this process, i.e.
the contribution from C�O� (see Eq. (4)). The decay width is given by

�(⌧ ! µ�) =
v2

4⇡
m3

⌧

✓
1�

m2
`

m2
⌧

◆3C2

⇤4
. (7)

The bounds from Table 1 (with 90% confidence level) then translate into (applying the

26

Overview of Belle II limits on relevant coefficients (and NP scales) for cLFV tau decays 

  TeV   (for )⇒ ΛNP ∼ 30 − 300 C ≈1

[Banerjee et al, 2203.14919]

For , 

 TeV

C ≈1
ΛNP ∼300

Flavour violating tau decays: leptonic & semi-leptonic (light mesons, 2- and 3-body) 

 EFT approach theoretically much more involved (scales, hadronisation, ...)  

 larger set of contributing operators (e.g. numerous , gluon, ...) 

More challenging to disentangle operator dominance - even at tree level!

⇒
⇒ qqℓℓ

For , 

 TeV

C ≈1
ΛNP ∼3

|C | /(GF Λ2)
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The probing power of flavour & CPV

Cast current "flavoured" data in terms of  and  :   bounds on 56
ij ΛNP 56

ij ≈1 ⇒ ΛNP

[EPPSU, 1910.11775]

� K

A
�

�
m
B

�
m
B
s

�
�
e�

�
�
ee
e

�
A
u
�
eA
u

�
�
�
�

d
e

d
n

h
�
��

t�
ch t�
u
Z

t�
cZ

t�
u
�

t�
c�

d
ir
ec
t
re
a
ch

E
W
p
re
ci
si
o
n

�
m
K

h
�
�
e

1

10

102
103
104
105
106
107

1

10

102
103
104
105
106
107

Observable

Sc
al
e
[T
eV

]

66 CHAPTER 5. FLAVOUR PHYSICS

2. The strong CP problem, that defines the QCD vaccuum. Why is its q parameter
experimentally constrained to be extremely small? For a priori no good reason.

3. The flavour puzzle. Why are there three generations of quarks and leptons? What
accounts for the very different masses and mixings? What fixes the size of CP-
violation, largely insufficient to explain the observed dominance of matter over anti-
matter?

The flavour puzzle, in particular, feeds into the first two tensions. For instance, within the SM
the top loop gives the main contribution to the EW hierarchy problem, while the strong CP
problem is an issue only in as much as all the quarks have non-zero masses. Furthermore,
many NP models designed to solve the EW hierarchy problem tend to worsen the strong CP
problem and generate unacceptably large contributions to electric dipole moments (EDMs), as a
consequence of the presence of CP-violation in non-chiral flavour changing couplings. All three
tensions in their core amount to the question of why certain parameters are very small. In natural
theories small numbers are explained by symmetries or dynamical assumptions, suggesting that
the SM needs to be extended in order to become a natural theory.

The underlying nature of CP violation, which is at the heart of many open questions, de-
serves special mention. On the one hand, the combination of the discrete symmetries C, P and
T is essential to the formulation of quantum field theory itself. On the other hand, CP viola-
tion is at the backbone of the SM three-family flavour puzzle and of the strong CP problem.
In addition, it is also an essential ingredient to generate the observed baryon asymmetry (as-
suming baryogenesis). From a practical perspective, it is one of the main driving forces behind
the present experimental efforts, especially in the neutrino sector. Finally, dark matter itself
may have flavour structure, and a true understanding of flavour would then require an interdis-
ciplinary exploration. As a side benefit, the present and planned flavour experiments are often,
without special requirements, sensitive to light dark matter candidates such as feebly interacting
particles.

The progress in understanding the above fundamental questions can be made through a
variety of tools: directly by increasing the energy at which the world of fundamental particles
and forces is explored, or indirectly by making precise measurements of rare or even SM forbid-
den processes, relying on quantum mechanical effects to probe shorter distances or effectively
higher energies. The expected experimental progress, especially with regards to the indirect
probes, can be neatly encoded in the model-independent tool of effective Lagrangians. As long
as the NP particles are heavier than the energy released in a given experiment, their impact can
be included via effective operators of increasing mass dimensions, constructed from the SM
fields. The resulting effective field theory (SM-EFT) has the following form:

Leff = LSM +
C5
LM

O
(5) +Â

a

Ca
6

L2 O
(6)
a + · · · . (5.1)

The dimension five (d = 5) operator O
(5) breaks lepton number and, if present, induces Majo-

rana neutrino masses of order v2/LM, where LM is assumed to be much larger than the elec-
troweak (EW) scale v. The d = 6 operators O(6)

a encode the effects of NP particles of generic
mass L. Experiments probe the ratios Ca/L2.

For a qualitative appraisal, Fig. 5.1 illustrates the scales probed by the present flavour
experiments (light colours) and mid-term prospects, assuming Ca

6 ⇠ O(1) [258]. This can be
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Flavour & CPV observables: 
probes sensitive to very high 
NP scales  

 
well beyond collider's reach!

ΛNP ∼,(105 TeV)

0eff = 0SM + ∑
n≥5

1
Λn−4 2n(g, Y, . . . ) )n(ℓ, q, H, γ, . . . )

SM interpreted as a low-energy limit of a (complete, yet unknown) NP model 
 Model-independent, effective approach (EFT)⇒

charged lepton flavour violating observables!
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After EFT - New Physics models of cLFV

Effective approach: first characterisation (mostly constraints & hints) on  
  scale of NP and nature of new interactions (couplings and currents) 

 Ultimately we do need to unveil the model of NP at work! 
  

Although oscillation data (massive neutrinos) does imply cLFV (not necessarily observable),  
    (observable) cLFV can be independent of mechanism of neutrino mass generation 

 Supersymmetry, Leptoquark models, Extra-dimensions, extended Higgs sectors, ...  

Here: focus on SM extensions aiming at addressing neutrino mass generation via HNLs! 

⇒

Geometric cLFV: RS warped extra dimensions

! Custodially protected model; full inclusion of all dim-6 operators

! Generic anarchic Yukawa couplings

! cLFV processes mediated by KK-lepton excitations, new gauge fields

[Beneke et al, 1508.01705]

! Most stringent constraints from µ→ eγµ→ eγµ→ eγ and µ− eµ− eµ− e conversion

τττ decays comparatively less restrictive

! Current µ− eµ− eµ− e bounds constrain NP scale beyond LHC reach: TKK " 4TKK " 4TKK " 4 TeV

(# 10 TeV for 1st KK-excitations)

! Future cLFV sensitivities: exclude anarchic RS models (without extra symmetries)

up to 8 TeV (KK gluon masses around 20 TeV)

[Beneke et al, 1508.01705]

●  

● 

Ymax = 1/2
Ymax = 3

Results: V1V1V1 leptoquark & non-unitary mixing from VL leptons

Confrontation with the most constraining observables (cLFV decays)
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CR(µ � e, Au)
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e±

µ
⌥
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RD(⇤) & RK(⇤)

RD(⇤) & RK(⇤) & LFV

Current 
bounds

Current 
bounds

Future sensitivity 

Viable Parameter Space

[C. Hati, JK, J. Orlo↵, A. M. Teixeira JHEP12(2019)006]

Future limits: CR(µ � e, Al) . O(10
�17

) (Mu2e, COMET)

Jonathan Kriewald LPC LPC Seminar 26 February 2021 20 / 39

[Hati, Kriewald, Orloff, AMT, 1907.05511] CR( , N)μ − e BR( )μ → eγ

CR
(

, 
N

)
μ

−
e

BR
(

)
K L

→
e±

μ∓
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Heavy neutral leptons -  
appealing (minimal) extensions of the SM

HNL

L V
F
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 Strong arguments in favour of New Physics involving (neutral) leptons! 

New physics in the lepton sector

Extended lepton sectors   
and/or 

New states coupling to leptons  
(exotic fermions, scalars, vectors...)

Neutrino oscillations, 
Baryon asymmetry of the Universe,  
Viable dark matter candidate (?)

 Majorana sterile fermions - a very appealing hypothesis, motivated by extensive  
                                                   theoretical and observational arguments

SM-singlets, present in appealing NP constructions  
(seesaws, Left-Right models, GUTs) 

Potentially very "visible NP portal":  extensive imprints  
from colliders to low-energy experiments, ... 

 Focus on HNL's impact regarding 
charged lepton flavour violation and CP violation
⇒
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Starting point: fermion singlet seesaws and cLFV

Mechanisms for neutrino mass generation: delicate "balance" between  
sources of flavour violation and masses of new propagators 

 account for oscillation data (observation!) ⇒

Type I Seesaw: extend the SM via (Majorana) sterile fermions 

                                                                    an enlarged spectrum  

                                                                    extended mixings  

            

↝
↝

The seesaw mechanism

⋆ Seesaw mechanism: explain small ννν masses with “natural” couplings

via new dynamics at “heavy” scale
mνmνmνY XY XY X MXMXMX

cLFV

BRs, etc

!"

! "

•

H

H

νLνLνL

νLνLνL

= ×××

Y νY νY ν

Y νY νY ν

MRMRMR

νRνRνR

νRνRνR

H

H

νLνLνL

νLνLνL

+ Y∆Y∆Y∆

∆∆∆
µµµ

H

H

νLνLνL

νLνLνL

+

.

×××

Y ΣY ΣY Σ

Y ΣY ΣY Σ

MΣMΣMΣ

ΣRΣRΣR

ΣRΣRΣR

H

H

νLνLνL

νLνLνL

1
ΛLLH H1
ΛLLH H1
ΛLLH H νRνRνR (fermion singlet) ∆∆∆ (scalar triplet) ΣRΣRΣR (fermion triplet)

“Seesaw mechanism” Type I Type II Type III

" Observables: depend on powers of Y νY νY ν # large rates ⇒ sizable Y ν

and on the mass of the (virtual) NP propagators

" Fermionic seesaws: Y ν ∼ O(1)Y ν ∼ O(1)Y ν ∼ O(1) ⇒ Mnew ≈ 1013−15⇒ Mnew ≈ 1013−15⇒ Mnew ≈ 1013−15 GeV!

Suppression of rates due to the large mass of the mediators!

" Low scale seesaws: rich phenomenology at high-intensities! (and also at LHC)

mν ∼(Yνv)T 1
MR

(Yνv)

Low scale type I seesaw

! Addition of 3 “heavy” Majorana RH neutrinos to SM; MeV " mNi " 10fewTeVMeV " mNi " 10fewTeVMeV " mNi " 10fewTeV

! Spectrum and mixings: mνmνmν ≈ −v2Y T
ν M−1

N Yν UUUT M6×6
ν UUU = diag(mi)

UUU =

(

UννUννUνν UνN

UNν UNN

)

UννUννUνν ≈ (1− ε)UPMNSUPMNSUPMNS Non-unitary leptonic mixing ŨPMNSŨPMNSŨPMNS!

! Heavy states do not decouple ⇒ modified neutral and charged leptonic currents

! Rich phenomenology at high-intensity/low-energy and at colliders!

[Alonso et al, 1209.2679]

(see also Dinh et al, ’12-’14)

leptonic mixing  (non-unitary)  ≈UPMNS

active-sterile mixings ( )θ ∝m†
DM−1

R
 = diag( ) UTℳ6×6

ν U mνi

cLFV and the seesaw mechanism

⋆ Seesaw mechanism: explain small ννν masses with “natural” couplings

via new dynamics at “heavy” scale
mνmνmνY XY XY X MXMXMX

cLFV

BRs, etc

"#

" #

•

H

H

νLνLνL

νLνLνL

= ×××

Y νY νY ν

Y νY νY ν

MRMRMR

νRνRνR

νRνRνR

H

H

νLνLνL

νLνLνL

+ Y∆Y∆Y∆

∆∆∆
µµµ

H

H

νLνLνL

νLνLνL

+

.

×××

Y ΣY ΣY Σ

Y ΣY ΣY Σ

MΣMΣMΣ

ΣRΣRΣR

ΣRΣRΣR

H

H

νLνLνL

νLνLνL

1
ΛLLH H1
ΛLLH H1
ΛLLH H νRνRνR (fermion singlet) ∆∆∆ (scalar triplet) ΣRΣRΣR (fermion triplet)

“Seesaw mechanism” Type I Type II Type III

" LFV observables: depend on powers of Y νY νY ν $ large rates ⇒ sizable Y ν

and on the mass of the (virtual) NP propagators

" Fermionic seesaws: Y ν ∼ O(1)Y ν ∼ O(1)Y ν ∼ O(1)⇒Mnew ≈ 1013−15⇒Mnew ≈ 1013−15⇒Mnew ≈ 1013−15 GeV!

Suppression of LFV rates due to the large mass of the mediators!

" Low scale seesaws: rich phenomenology (also at LHC), observable cLFV!
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Simplified approach for phenomenological analyses: SM +      (& non-unitary PMNS)νs

Ad-hoc models of massive Majorana neutrinos

Ad-hoc (low-energy) constructions: SM extended via  Majorana massive states 
                                                No assumption on mechanism of mass generation 

                                           Well-defined interactions in physical basis 

Phenomenological low-energy limit of complete constructions (type I seesaw, ISS, ...)  

nS

Hypotheses: 3 active neutrinos + 2 sterile states        

              interaction basis  physical basis        

nL = (νLe, νLμ, νLτ, νc
s , νc

s′ �)T

↭ |nL > = =5×5 |νi >

Impact of heavy states: “toy model” (SM + νsνsνs)

! Assumptions: 3 active neutrinos + 1 sterile state nL = (νLe, νLµ, νLτ , ν
c
s)

TnL = (νLe, νLµ, νLτ , ν
c
s)

TnL = (νLe, νLµ, νLτ , ν
c
s)

T

interaction basis " physical basis nL = U4×4 νinL = U4×4 νinL = U4×4 νi

UT
4×4 M U4×4 = diag(mν1 , ...,mν4) “Majorana mass”: Ltoy ∼ nT

LCMnL

! Active-sterile mixing Uαi :Uαi :Uαi :

! Left-handed lepton mixing ŨPMNSŨPMNSŨPMNS:

3× 3 sub-block, non-unitary!

U5×5 =

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

Ue1 Ue2 Ue3 Ue4 Ue5

Uµ1 Uµ2 Uµ3 Uµ4 Uµ5

Uτ1 Uτ2 Uτ3 Uτ4 Uτ5

Us1 Us2 Us3 Us4 Us5

Us′1 Us′2 Us′3 Us′4 Us′5

⎞

⎟

⎟

⎟

⎟

⎟
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⎠
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⎜
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⎜

⎜

⎜
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Us′1 Us′2 Us′3 Us′4 Us′5

⎞

⎟

⎟

⎟

⎟

⎟
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⎟
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⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

Ue1 Ue2 Ue3 Ue4 Ue5

Uµ1 Uµ2 Uµ3 Uµ4 Uµ5

Uτ1 Uτ2 Uτ3 Uτ4 Uτ5
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⎟

⎟

⎟

⎟
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⎟

⎟

⎟

⎠

UUU = R45 R35 R25 R15 R34 R24 R14 R23 R13 R12 × diag(1, eiϕ2 , eiϕ3 , eiϕ4 , eiϕ5)

Impact of heavy states: “toy model” (SM + νsνsνs)

! Assumptions: 3 active neutrinos + 1 sterile state nL = (νLe, νLµ, νLτ , ν
c
s)

TnL = (νLe, νLµ, νLτ , ν
c
s)

TnL = (νLe, νLµ, νLτ , ν
c
s)

T

interaction basis " physical basis nL = U4×4 νinL = U4×4 νinL = U4×4 νi

UT
4×4 M U4×4 = diag(mν1 , ...,mν4) “Majorana mass”: Ltoy ∼ nT

LCMnL

! Active-sterile mixing Uαi :Uαi :Uαi :

! Left-handed lepton mixing ŨPMNSŨPMNSŨPMNS:

3× 3 sub-block, non-unitary!

U5×5 =

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

Ue1 Ue2 Ue3 Ue4 Ue5

Uµ1 Uµ2 Uµ3 Uµ4 Uµ5

Uτ1 Uτ2 Uτ3 Uτ4 Uτ5

Us1 Us2 Us3 Us4 Us5

Us′1 Us′2 Us′3 Us′4 Us′5

⎞

⎟

⎟

⎟

⎟

⎟

⎟
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⎟

⎠
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⎛
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⎜

⎜

⎜
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⎜

⎜

⎜

⎝

Ue1 Ue2 Ue3 Ue4 Ue5

Uµ1 Uµ2 Uµ3 Uµ4 Uµ5

Uτ1 Uτ2 Uτ3 Uτ4 Uτ5

Us1 Us2 Us3 Us4 Us5

Us′1 Us′2 Us′3 Us′4 Us′5

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

U5×5 =

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

Ue1 Ue2 Ue3 Ue4 Ue5

Uµ1 Uµ2 Uµ3 Uµ4 Uµ5

Uτ1 Uτ2 Uτ3 Uτ4 Uτ5

Us1 Us2 Us3 Us4 Us5

Us′1 Us′2 Us′3 Us′4 Us′5

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

UUU = R45 R35 R25 R15 R34 R24 R14 R23 R13 R12 × diag(1, eiϕ2 , eiϕ3 , eiϕ4 , eiϕ5)

Left-handed lepton mixing  
 sub-block, non-unitary! 

ŨPMNS
3 × 3

Active-sterile mixing  
 rectangular matrix 

Uαi
3 × 5

Physical parameters: 5 masses [3 light (mostly active) & 2 heavier (mostly sterile) states] 
                     10 mixing angles, 10 CPV phases (6 Dirac , 4 Majorana )δij φi

ns = 2

15
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cLFV prospects of HNL extensions: 
CPV phases do matter!

μ
NP
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Dominant topologies & NP cLFV patterns

cLFV patterns reflect the topology of contributions associated with the new mediators 
(dipole or Z-dominated, tree vs. loop, ...)

Nature of new propagators and interactions  contributions to cLFV observables ⇒
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Dominant topologies & NP cLFV patterns

Nature of new propagators and interactions  contributions to cLFV observables ⇒
Correlation of observables in NP models: peculiar patterns

⇒⇒⇒ Focus on muon sector! Consider SUSY seesaw case

l̃ (ν̃)

γ

ℓi ℓj

χ̃0 (χ̃±)
ℓj (ℓk)

ℓj (ℓk)

ν̃ (ℓ̃)

γ (Z,H)

ℓi ℓjχ̃± (χ̃0)

N N

q q

ν̃ (ℓ̃)

γ (Z,H)

µ eχ̃± (χ̃0)

SUSY: fermions + scalar fermions [(ℓ, ν) ! (ℓ̃, ν̃)(ℓ, ν) ! (ℓ̃, ν̃)(ℓ, ν) ! (ℓ̃, ν̃)]

gauge/Higgs + fermionic “inos” [(Z,W,H) ! (χ̃0, χ̃±)(Z,W,H) ! (χ̃0, χ̃±)(Z,W,H) ! (χ̃0, χ̃±)]

⋆⋆⋆ If dominant contribution to µ− eµ− eµ− e conversion is:

Photonic penguin ⇒⇒⇒ correlation between BR(µ → eγµ → eγµ → eγ), BR(µ → 3eµ → 3eµ → 3e) and CR(µ− eµ− eµ− e,N)

CR(µ− eµ− eµ− e,N) ≈ 5× 10−3≈ 5× 10−3≈ 5× 10−3 BR(µ → eγµ → eγµ → eγ) ; BR(µ → 3eµ → 3eµ → 3e) ≈ 6× 10−3≈ 6× 10−3≈ 6× 10−3 BR(µ → eγµ → eγµ → eγ)

Z penguin ⇒⇒⇒ correlation between BR(µ → 3e) and CR(µ− e,N) [and BR(Z → µe)!]

HHH penguin ⇒⇒⇒ unusual patterns! CR(µ− eµ− eµ− e,N) ][][][ BR(µ → 3eµ → 3eµ → 3e), BR(µ → eγµ → eγµ → eγ) ...

CR(µ− eµ− eµ− e,N) ≈ 0.08− 0.15≈ 0.08− 0.15≈ 0.08− 0.15 BR(µ → eγµ → eγµ → eγ) ; BR(µ → 3eµ → 3eµ → 3e) ≈ 6× 10−3≈ 6× 10−3≈ 6× 10−3 BR(µ → eγµ → eγµ → eγ)

Correlation of observables in NP models: peculiar patterns

⇒⇒⇒ Focus on muon sector! Consider SUSY seesaw case

l̃ (ν̃)

γ

ℓi ℓj

χ̃0 (χ̃±)
ℓj (ℓk)

ℓj (ℓk)

ν̃ (ℓ̃)

γ (Z,H)

ℓi ℓjχ̃± (χ̃0)

N N

q q

ν̃ (ℓ̃)

γ (Z,H)

µ eχ̃± (χ̃0)

SUSY: fermions + scalar fermions [(ℓ, ν) ! (ℓ̃, ν̃)(ℓ, ν) ! (ℓ̃, ν̃)(ℓ, ν) ! (ℓ̃, ν̃)]

gauge/Higgs + fermionic “inos” [(Z,W,H) ! (χ̃0, χ̃±)(Z,W,H) ! (χ̃0, χ̃±)(Z,W,H) ! (χ̃0, χ̃±)]

⋆⋆⋆ If dominant contribution to µ− eµ− eµ− e conversion is:

Photonic penguin ⇒⇒⇒ correlation between BR(µ → eγµ → eγµ → eγ), BR(µ → 3eµ → 3eµ → 3e) and CR(µ− eµ− eµ− e,N)

CR(µ− eµ− eµ− e,N) ≈ 5× 10−3≈ 5× 10−3≈ 5× 10−3 BR(µ → eγµ → eγµ → eγ) ; BR(µ → 3eµ → 3eµ → 3e) ≈ 6× 10−3≈ 6× 10−3≈ 6× 10−3 BR(µ → eγµ → eγµ → eγ)

Z penguin ⇒⇒⇒ correlation between BR(µ → 3e) and CR(µ− e,N) [and BR(Z → µe)!]

HHH penguin ⇒⇒⇒ unusual patterns! CR(µ− eµ− eµ− e,N) ][][][ BR(µ → 3eµ → 3eµ → 3e), BR(µ → eγµ → eγµ → eγ) ...

CR(µ− eµ− eµ− e,N) ≈ 0.08− 0.15≈ 0.08− 0.15≈ 0.08− 0.15 BR(µ → eγµ → eγµ → eγ) ; BR(µ → 3eµ → 3eµ → 3e) ≈ 6× 10−3≈ 6× 10−3≈ 6× 10−3 BR(µ → eγµ → eγµ → eγ)

Supersymmetry (SUSY):  
fermions + scalar fermions [ ] 
gauge/Higgs + fermionic "inos" [ ] 

"Dipole domination" in 3-body decays &  conversion

(ℓ, ν) ↭ (ℓ̃, ν̃)
(Z, W, H ) ↭ ( χ̃0, χ̃± )

μ −e

Correlation of observables in NP models: peculiar patterns

⇒⇒⇒ Focus on muon sector! Consider SUSY seesaw case

l̃ (ν̃)

γ

ℓi ℓj

χ̃0 (χ̃±)
ℓj (ℓk)

ℓj (ℓk)

ν̃ (ℓ̃)

γ (Z,H)

ℓi ℓjχ̃± (χ̃0)

N N

q q

ν̃ (ℓ̃)

γ (Z,H)

µ eχ̃± (χ̃0)

SUSY: fermions + scalar fermions [(ℓ, ν) ! (ℓ̃, ν̃)(ℓ, ν) ! (ℓ̃, ν̃)(ℓ, ν) ! (ℓ̃, ν̃)]

gauge/Higgs + fermionic “inos” [(Z,W,H) ! (χ̃0, χ̃±)(Z,W,H) ! (χ̃0, χ̃±)(Z,W,H) ! (χ̃0, χ̃±)]

⋆⋆⋆ If dominant contribution to µ− eµ− eµ− e conversion is:

Photonic penguin ⇒⇒⇒ correlation between BR(µ → eγµ → eγµ → eγ), BR(µ → 3eµ → 3eµ → 3e) and CR(µ− eµ− eµ− e,N)

CR(µ− eµ− eµ− e,N) ≈ 5× 10−3≈ 5× 10−3≈ 5× 10−3 BR(µ → eγµ → eγµ → eγ) ; BR(µ → 3eµ → 3eµ → 3e) ≈ 6× 10−3≈ 6× 10−3≈ 6× 10−3 BR(µ → eγµ → eγµ → eγ)

Z penguin ⇒⇒⇒ correlation between BR(µ → 3e) and CR(µ− e,N) [and BR(Z → µe)!]

HHH penguin ⇒⇒⇒ unusual patterns! CR(µ− eµ− eµ− e,N) ][][][ BR(µ → 3eµ → 3eµ → 3e), BR(µ → eγµ → eγµ → eγ) ...

CR(µ− eµ− eµ− e,N) ≈ 0.08− 0.15≈ 0.08− 0.15≈ 0.08− 0.15 BR(µ → eγµ → eγµ → eγ) ; BR(µ → 3eµ → 3eµ → 3e) ≈ 6× 10−3≈ 6× 10−3≈ 6× 10−3 BR(µ → eγµ → eγµ → eγ)

Type I seesaw & variants 

"Z-penguin domination" in 3-body decays &  conversionμ −e

The seesaw mechanism

⋆ Seesaw mechanism: explain small ννν masses with “natural” couplings

via new dynamics at “heavy” scale
mνmνmνY XY XY X MXMXMX

cLFV

BRs, etc

!"

! "

•

H

H

νLνLνL

νLνLνL

= ×××

Y νY νY ν

Y νY νY ν

MRMRMR

νRνRνR

νRνRνR

H

H

νLνLνL

νLνLνL

+ Y∆Y∆Y∆

∆∆∆
µµµ

H

H

νLνLνL

νLνLνL

+

.

×××

Y ΣY ΣY Σ

Y ΣY ΣY Σ

MΣMΣMΣ

ΣRΣRΣR

ΣRΣRΣR

H

H

νLνLνL

νLνLνL

1
ΛLLH H1
ΛLLH H1
ΛLLH H νRνRνR (fermion singlet) ∆∆∆ (scalar triplet) ΣRΣRΣR (fermion triplet)

“Seesaw mechanism” Type I Type II Type III

" Observables: depend on powers of Y νY νY ν # large rates ⇒ sizable Y ν

and on the mass of the (virtual) NP propagators

" Fermionic seesaws: Y ν ∼ O(1)Y ν ∼ O(1)Y ν ∼ O(1) ⇒ Mnew ≈ 1013−15⇒ Mnew ≈ 1013−15⇒ Mnew ≈ 1013−15 GeV!

Suppression of rates due to the large mass of the mediators!

" Low scale seesaws: rich phenomenology at high-intensities! (and also at LHC)
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Dominant topologies & NP cLFV patterns

cLFV patterns reflect the topology of contributions associated with the new mediators 
(dipole or Z-dominated, tree vs. loop, ...)

Correlation of observables in NP models: peculiar patterns

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

CR(µN→eN)
BR(µ→eγ)

CR(µN→eN)
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† Loop∗ † ≈ 10−2 O(0.1)

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

ℓj (ℓk)

ℓj (ℓk)

ν̃ (ℓ̃)

γ (Z,H)

ℓi ℓjχ̃± (χ̃0)

N N

q q

ν̃ (ℓ̃)

γ (Z,H)

µ eχ̃± (χ̃0)

[Calibbi et al, 1709.00294]

! Most models predict/accommodate extensive ranges for observables

(no new physics yet discovered, only bounds on new scale!)

! Correlations might allow to disentagle models of cLFV in the absence of

NP discovery ... and provide complementary information to direct searches!

[adapted from Calibbi et al, 1709.00294]

Upon experimental determination of rates for cLFV transitions: 

comparison of  with    

and of  with  

BR(μ → 3e)
BR(μ → eγ)

exp

BR(μ → 3e)
BR(μ → eγ)

NP-th

CR(μ − e, N)
BR(μ → eγ)

exp

CR(μ − e, N)
BR(μ → eγ)

NP-th

Probe NP model  
at the source 

of cLFV

Nature of new propagators and interactions  contributions to cLFV observables ⇒
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cLFV contributions from HNL: ad-hoc model

Consider "3+2 " ad-hoc model (addition of 2 heavy sterile states) 

cLFV observables dominated by common topology 

 conversion in nuclei 

3-body muon decays ( ) 

νs

μ − e
μ → 3e

Z-penguin dominance 

 CP conserving∙

Sr
NP NP

la les

lo u e

Np lip Np

la lp 9 9

r r of
NP NP

u e u e

e u e

Np e Np

u e 9 9

WIjWI e lo

emf r.in
a Npr LP zo

es wt e X
ep ep

NR NR

lp T.tn Ip

NP

so
NP NP

la lp

µ e

NP NP

la le g g

go on N
NP

µ e

NP

µ e

e r e

eNP

q

NP

gm e

WI

eine
in

i
s

FIE I
lp

NP

10�25 10�23 10�21 10�19 10�17 10�15 10�13

BR(µ� ! e�e+e�)

10�25

10�23

10�21

10�19

10�17

10�15

10�13

C
R

(µ
!

e,
A

l) COMET, Mu2e

SINDRUM II (Au)

Mu3e

SINDRUM

Strong correlation 
   (CP conserving)

Observation of   

 observation of  
     conversion

μ → 3e
⇒

μ − e

  TeV m4 = m5 = 1

[Abada, Kriewald, AMT, 2107.06313]
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cLFV observables & HNLs: the role of CPV phases

Consider "3+2 " ad-hoc model (addition of 2 heavy sterile states) 

Phases do matter in cLFV transitions...  

A very simple study: focus on  conversion in nuclei 
fix all parameters (masses & mixings) and vary only CPV phases

νs

μ − e

Figure 8: Neutrinoless µ � e conversion in Aluminium as a function of the degenerate heavy sterile
mass, m4 = m5 (in GeV). We set ✓1j = 10�3, ✓2j = 0.01, for di↵erent values of the tau-sterile mixing
angles: ✓3j = 0 (blue), ✓3j = 0.01 (orange) and ✓3j = 0.1 (green), with j = 4, 5. On the left, we
set all Majorana phases to zero and consider three choices of the Dirac phase, �14 = 0, ⇡/2 and ⇡,
respectively corresponding to solid, dashed and dotted lines. Conversely, on the right panel all Dirac
phases are set to zero, and we consider three choices of the Majorana phase, '4 = 0, ⇡/4 and ⇡/2,
corresponding to solid, dashed and dotted lines.

0 1 2 3 4 5 6

�34

0

1

2

3

4

5

6

�
4

10�19

10�18

10�17

10�16

10�15

10�14

10�13

C
R

(µ
!

e,
A

l)

Figure 9: Contour plots for cLFV µ � e conversion in Aluminium, for fixed values of the degenerate
heavy sterile mass, m4 = m5 = 1 TeV, for ✓1j = 10�3, ✓2j = 0.01 and ✓3j = 0.1 (j = 4, 5) and varying
CPV phases: on the top row, spanned by pairs of Dirac phases, (�14��24) and (�14��34), respectively
left and right panels; bottom row, spanned by Dirac-Majorana phases, (�14 � '4) and (�34 � '4),
respectively left and right panels. The colour scheme denotes the associated value of CR(µ � e, Al)
as indicated by the colour bar to the right of each plot (white regions denote CR(µ � e, Al)> 10�13).

13

CP conserving 
(within future reach)

CPV (max destructive interference, beyond!)

CPV (max constructive interference, excluded!)

 
 

θe4 = θe5 = 10−3

θμ4 = θμ5 = 0.01
θτ4 = θτ5 = 0.1

  TeV m4 = m5 = 1  Interference effects 
Both destructive AND constructive! 

Joint effect of Dirac ( ) and  

Majorana ( ) CPV phases 

 From within near future reach 
to beyond experimental  

sensitivity... 
or even already excluded!

δ34
φ4

⇒

[Abada, Kriewald, AMT, 2107.06313]
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Breaking correlations (continued)

Both µ � eµ � eµ � e conversion and µ ! 3eµ ! 3eµ ! 3e dominated by ZZZ-penguins, expect strong correlation

10�27 10�25 10�23 10�21 10�19 10�17 10�15 10�13

BR(µ� ! e�e+e�)

10�26

10�24

10�22

10�20

10�18

10�16

10�14

10�12

C
R

(µ
!

e,
A

l) COMET, Mu2e

SINDRUM II (Au)

Mu3e

SINDRUM

AKT 2107.06313

blue: all phases vanishing; orange: random phases; green: phases grid scan

))) Hypothetical signal e.g. only in µ ! 3eµ ! 3eµ ! 3e does not disfavour HNL models!

Jonathan Kriewald LPC IRN Terascale 24.11. 2021 16 / 19

Loss of correlation! 
    (CP violating)

Strong correlation 
   (CP conserving)

  TeV m4 = m5 = 1

19

Consider "3+2 " ad-hoc model (addition of 2 heavy sterile states) 

cLFV observables dominated by common topology 

 conversion in nuclei 

3-body muon decays ( )  

νs

μ − e
μ → 3e

Z-penguin dominance 

CP violating phases do matter for cLFV!       
Impacting naïve expectations (also for experimental searches) 

Observation of   

 observation of  
     conversion

μ → 3e
⇒

μ − e

 CP conserving 

 CPV (random ) 

 CPV (grid ) 

∙
∙ δα4, φ4
∙ nπ /4

cLFV observables & HNLs: the role of CPV phases

[Abada, Kriewald, AMT, 2107.06313]
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Enlarging the set of cLFV observables

cLFV patterns: extensively used to falsify/discriminate potential NP constructions

In most NP models, CPV phases are naturally present - and essential to address the BAU! 
In HNL extensions of the SM, CPV phases strongly disrupt cLFV patterns...  

cLFV experiments - including Mu3e, Belle II and SCTF - aim at producing polarised  and  

 Can we explore a new class of cLFV (& CPV) observables?   

μ τ
⇒

`�
�

`+
�

`+
�

P

P 0

✓"

�"ẑ x̂

ŷ

New observables sensitive to CPV phases ( )δ, φ

Asymmetries in 3-body cLFV decays !

[Kuno and Okada, 9909265; Kitano and Okada,  

  0012040;  ... ; Bolton and Petcov, 2204.03468;

  Redigolo, Tammaro, Tesi, 2408.00847]

?μ3e
T = Γ(μ → 3e; sϕ > 0) −Γ(μ → 3e; sϕ < 0)

Γ(μ → 3e)
               {  ,  ,  }  

& {  ,  ,  ,  }  (for case "b")

?P ?P′� ?T

AFB AFB
P AFB

P′� AFB
T

(high polarisation rates) 

[Darricau, Kriewald, AMT, 2512.05032]

Several cLFV decays to explore: 
a)  ;  b)  ; c)  ℓα → 3 ℓβ ℓ +

α → ℓ +
β ℓ +

γ ℓ −
γ ℓ +

α → ℓ +
β ℓ +

β ℓ −
δ
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Consider "3+2 " ad-hoc model (addition of 2 heavy sterile states)  
Carry out a comprehensive survey of prospects for the distinct asymmetries

νs

 Asymmetries in  decays (at Mu3e) 

Excellent prospects for the relevant observables 
within clear reach of Mu3e (even @ )

μ → 3 e

10−15

Observable Current bound Future sensitivity

BR(µ ! 3e) < 1.0 ⇥ 10�12 (SINDRUM [64]) 10�15(�16) (Mu3e [65])

BR(⌧ ! 3e) < 2.7 ⇥ 10�8 (Belle [66]) 5 ⇥ 10�10 (Belle II [67])

BR(⌧ ! 3µ) < 1.9 ⇥ 10�8 (Belle II [68]) 5 ⇥ 10�10 (Belle II [67])

1.4 ⇥ 10�10 (STCF [63])

5 ⇥ 10�11 (FCC-ee [69])

BR(⌧+
! e

+
µ

+
µ

�) < 2.7 ⇥ 10�8 (Belle [66]) 5 ⇥ 10�10 (Belle II [67])

BR(⌧+
! µ

+
e
+
e
�) < 1.8 ⇥ 10�8 (Belle [66]) 5 ⇥ 10�10 (Belle II [67])

BR(⌧+
! e

+
e
+
µ

�) < 1.5 ⇥ 10�8 (Belle [66]) 3 ⇥ 10�10 (Belle II [67])

BR(⌧+
! µ

+
µ

+
e
�) < 1.7 ⇥ 10�8 (Belle [66]) 4 ⇥ 10�10 (Belle II [67])

Table 1: Current experimental bounds and future sensitivities on relevant leptonic cLFV observables.
Notice that limits are given at 90%C.L., and that Belle II projected sensitivities rely on an integrated
luminosity of 50 ab�1.

the formal extrema of the latter, with increasingly larger spans corresponding to regimes for which
there is no clear operator dominance (typically the case for smaller associated branching ratios). This
is all the more evident for the ⌧ ! 3µ asymmetries. Notice that conflict with current bounds from
CR(µ � e, Au) preclude larger values for BR(µ ! 3e).
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Figure 10: Expected ranges of the asymmetries vs. the corresponding branching ratios. On the top
row, ⌧+ ! µ

+
e
+
e
� decays (on the left P , P 0 and T asymmetries, while on the right the corresponding

FB ones). On the lower panels, µ
+

! e
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� (left) and ⌧

+
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� (right). Only points

complying with available constraints are displayed.

For completeness, and from the exploration of our data sets, we have numerically identified the
extreme values for the distinct asymmetries (independently of experimental considerations). The
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Figure 13: Joint prospects for µ ! 3e asymmetries (top panels) and for ⌧ ! 3µ asymmetries (bottom
panels). All points displayed are in agreement with current experimental bounds; the blue (grey)
points are within (beyond) future sensitivity for the decays under consideration. For the case of ⌧
decay asymmetries, blue points correspond to Belle II’s future reach, and red to FCC-ee’s expected
sensitivity.

5 Outlook

In a clear departure from SM prediction, the discovery of neutrino oscillations clearly signalled that
individual flavours were not conserved in the neutral lepton sector, and opened a wide door for the
violation of charged lepton flavours. Numerous NP constructions (among them those encompassing
a mechanism of neutrino mass generation) can be at the source of observable contributions to cLFV
processes. Interestingly, heavy sterile fermions are an integral part of several well-motivated models
of neutrino mass generation and, if not excessively heavy, can also lead to sizeable contributions to
cLFV observables.

Generic NP models featuring heavy neutral leptons further open the possibility of additional
sources of CP violation, in the form of new Dirac and Majorana phases. In recent years, the im-
pact of the CPV phases on cLFV observables has been extensively addressed [41, 43, 47] - strikingly,
both Dirac and Majorana CPV phases can strongly a↵ect näıve correlation patterns between ob-
servables (in fact leading to a loss of correlation), which in turn hinders one’s capacity to test HNL
extensions as the underlying source of the observed cLFV.

In view of these findings, it becomes increasingly important to extend (and diversify) the number
of observables under scrutiny, in order to isolate relative phases between the contributing operators. In
this work we have thus proposed to investigate the prospects for a number of asymmetries in association
with cLFV three-body decays, in the context of a minimal “ad-hoc” extension of the SM via 2 sterile
states. In particular, we have considered µ ! 3e decays - which will be explored at Mu3e, as well
as all possible (purely leptonic) cLFV tau decay modes. For the relevant cases, we have considered
P , P 0 and T asymmetries, as well as “Forward-Backward” ones. In our study, we have carried out
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Asymmetries in cLFV  3-body decaysμ
Consider "3+2 " ad-hoc model (addition of 2 heavy sterile states)  
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Figure 11: Projected values for the T -asymmetry in association with µ ! 3e decays. On the left, in
association with BR(µ ! 3e) vs. BR(µ ! e�); on the right, BR(µ ! 3e) vs. CR(µ � e, Al). The
blue-coloured bands denote regimes for the maximal possible values of the absolute value of the T

asymmetry. Grey (and grey-dashed) regions correspond to exclusion due to conflict with experimental
bounds. Horizontal and vertical lines denote future sensitivity and current experimental bounds.

in µ
+

! e
+
e
+
e
� for three di↵erent parameter benchmark choices, which respectively maximise the

angular coe�cients AP,P 0,T . The relevant data for each point is given in Table 3.

m4 �m45 ✓1i ✓2i ✓3i �1i �2i �3i 'i AP A
0
P AT BR(µ ! 3e)

P1 8 0 0.0031 �0.0025 0.026 4.5 5.3 4.8 0.4 0.87 0.07 0.03 4.7 ⇥ 10�16

�0.0031 0.0025 0.026 4.5 5.3 4.8 1.1

P2 2.5 0 0.0009 �0.0023 0.034 4.5 3.3 0.6 5.3 0.29 0.49 0.05 2.4 ⇥ 10�16

0.0009 0.0023 0.034 4.5 �3.3 �0.6 4.0

P3 9 0.5 0.0017 0.00074 0.049 5.1 0.2 4.8 2.4 0.14 0.06 0.34 1.1 ⇥ 10�15

0.0017 0.0067 �0.0014 5.9 4.5 5.5 5.9

Table 3: Benchmark points maximising the di↵erent asymmetries (as depicted in Fig. 12). For a given
point, the upper (lower) lines correspond to (rounded values of) ✓a4(5), �a4(5) and '4(5), with a = 1�3.
Masses and mass splittings in TeV. We underline the maximal values for each of the asymmetries.

As can be seen, the distributions show very distinctive patterns, potentially allowing, should enough
statistics be available, for further refined binned analyses beyond the integrated asymmetries. This
could help to eliminate flat directions in e↵ective (Wilson) coe�cient space and increase the model
discriminating power of the `↵ ! `�`�`� systems.

After this brief survey of the angular observables, we will henceforth rely on the integrated asym-
metries, as these could be measured even with lower associated statistics.

4.4 Future prospects for tau-lepton decays

A final important aspect to investigate concerns the prospects for the experimental observation of
di↵erent asymmetries (associated with a unique cLFV decay, or the comparison of asymmetries related
to di↵erent flavour transitions). In order to provide a comprehensive view, in Fig. 13 we present the
ranges of pairs of asymmetries for ⌧ ! 3µ and µ ! 3e decays. We display (phenomenologically
allowed) points both within and beyond future sensitivity, cf. Table 1.

From Fig. 13, and for the case of µ ! 3e decays, one readily verifies that the expected future
sensitivity of Mu3e o↵ers a good coverage of the full range of the presented asymmetries. (We notice
that the grey region encompasses rates from the future sensitivity to values as tiny as O(10�40).)

The situation is however very di↵erent when one considers ⌧ ! 3µ decays. The moderate expected
improvement o↵ered by Belle II (and FCC-ee) in what concerns the future sensitivity only allows
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Observable Current bound Future sensitivity

BR(µ ! 3e) < 1.0 ⇥ 10�12 (SINDRUM [64]) 10�15(�16) (Mu3e [65])

BR(⌧ ! 3e) < 2.7 ⇥ 10�8 (Belle [66]) 5 ⇥ 10�10 (Belle II [67])

BR(⌧ ! 3µ) < 1.9 ⇥ 10�8 (Belle II [68]) 5 ⇥ 10�10 (Belle II [67])

1.4 ⇥ 10�10 (STCF [63])

5 ⇥ 10�11 (FCC-ee [69])

BR(⌧+
! e

+
µ

+
µ

�) < 2.7 ⇥ 10�8 (Belle [66]) 5 ⇥ 10�10 (Belle II [67])

BR(⌧+
! µ

+
e
+
e
�) < 1.8 ⇥ 10�8 (Belle [66]) 5 ⇥ 10�10 (Belle II [67])

BR(⌧+
! e

+
e
+
µ

�) < 1.5 ⇥ 10�8 (Belle [66]) 3 ⇥ 10�10 (Belle II [67])

BR(⌧+
! µ

+
µ

+
e
�) < 1.7 ⇥ 10�8 (Belle [66]) 4 ⇥ 10�10 (Belle II [67])

Table 1: Current experimental bounds and future sensitivities on relevant leptonic cLFV observables.
Notice that limits are given at 90%C.L., and that Belle II projected sensitivities rely on an integrated
luminosity of 50 ab�1.

the formal extrema of the latter, with increasingly larger spans corresponding to regimes for which
there is no clear operator dominance (typically the case for smaller associated branching ratios). This
is all the more evident for the ⌧ ! 3µ asymmetries. Notice that conflict with current bounds from
CR(µ � e, Au) preclude larger values for BR(µ ! 3e).
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Figure 10: Expected ranges of the asymmetries vs. the corresponding branching ratios. On the top
row, ⌧+ ! µ

+
e
+
e
� decays (on the left P , P 0 and T asymmetries, while on the right the corresponding

FB ones). On the lower panels, µ
+

! e
+
e
+
e
� (left) and ⌧

+
! µ

+
µ
+
µ
� (right). Only points

complying with available constraints are displayed.

For completeness, and from the exploration of our data sets, we have numerically identified the
extreme values for the distinct asymmetries (independently of experimental considerations). The
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Asymmetries in cLFV  3-body decaysτ
Consider "3+2 " ad-hoc model (addition of 2 heavy sterile states)  
Carry out a comprehensive survey of prospects for the distinct asymmetries

νs

Observable Current bound Future sensitivity

BR(µ ! 3e) < 1.0 ⇥ 10�12 (SINDRUM [64]) 10�15(�16) (Mu3e [65])

BR(⌧ ! 3e) < 2.7 ⇥ 10�8 (Belle [66]) 5 ⇥ 10�10 (Belle II [67])

BR(⌧ ! 3µ) < 1.9 ⇥ 10�8 (Belle II [68]) 5 ⇥ 10�10 (Belle II [67])

1.4 ⇥ 10�10 (STCF [63])

5 ⇥ 10�11 (FCC-ee [69])

BR(⌧+
! e

+
µ

+
µ

�) < 2.7 ⇥ 10�8 (Belle [66]) 5 ⇥ 10�10 (Belle II [67])

BR(⌧+
! µ

+
e
+
e
�) < 1.8 ⇥ 10�8 (Belle [66]) 5 ⇥ 10�10 (Belle II [67])

BR(⌧+
! e

+
e
+
µ

�) < 1.5 ⇥ 10�8 (Belle [66]) 3 ⇥ 10�10 (Belle II [67])

BR(⌧+
! µ

+
µ

+
e
�) < 1.7 ⇥ 10�8 (Belle [66]) 4 ⇥ 10�10 (Belle II [67])

Table 1: Current experimental bounds and future sensitivities on relevant leptonic cLFV observables.
Notice that limits are given at 90%C.L., and that Belle II projected sensitivities rely on an integrated
luminosity of 50 ab�1.

the formal extrema of the latter, with increasingly larger spans corresponding to regimes for which
there is no clear operator dominance (typically the case for smaller associated branching ratios). This
is all the more evident for the ⌧ ! 3µ asymmetries. Notice that conflict with current bounds from
CR(µ � e, Au) preclude larger values for BR(µ ! 3e).
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Figure 10: Expected ranges of the asymmetries vs. the corresponding branching ratios. On the top
row, ⌧+ ! µ

+
e
+
e
� decays (on the left P , P 0 and T asymmetries, while on the right the corresponding

FB ones). On the lower panels, µ
+

! e
+
e
+
e
� (left) and ⌧

+
! µ

+
µ
+
µ
� (right). Only points

complying with available constraints are displayed.

For completeness, and from the exploration of our data sets, we have numerically identified the
extreme values for the distinct asymmetries (independently of experimental considerations). The
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Observable Current bound Future sensitivity

BR(µ ! 3e) < 1.0 ⇥ 10�12 (SINDRUM [64]) 10�15(�16) (Mu3e [65])

BR(⌧ ! 3e) < 2.7 ⇥ 10�8 (Belle [66]) 5 ⇥ 10�10 (Belle II [67])

BR(⌧ ! 3µ) < 1.9 ⇥ 10�8 (Belle II [68]) 5 ⇥ 10�10 (Belle II [67])

1.4 ⇥ 10�10 (STCF [63])

5 ⇥ 10�11 (FCC-ee [69])

BR(⌧+
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�) < 2.7 ⇥ 10�8 (Belle [66]) 5 ⇥ 10�10 (Belle II [67])

BR(⌧+
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�) < 1.8 ⇥ 10�8 (Belle [66]) 5 ⇥ 10�10 (Belle II [67])
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�) < 1.5 ⇥ 10�8 (Belle [66]) 3 ⇥ 10�10 (Belle II [67])

BR(⌧+
! µ
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+
e
�) < 1.7 ⇥ 10�8 (Belle [66]) 4 ⇥ 10�10 (Belle II [67])

Table 1: Current experimental bounds and future sensitivities on relevant leptonic cLFV observables.
Notice that limits are given at 90%C.L., and that Belle II projected sensitivities rely on an integrated
luminosity of 50 ab�1.

the formal extrema of the latter, with increasingly larger spans corresponding to regimes for which
there is no clear operator dominance (typically the case for smaller associated branching ratios). This
is all the more evident for the ⌧ ! 3µ asymmetries. Notice that conflict with current bounds from
CR(µ � e, Au) preclude larger values for BR(µ ! 3e).
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Figure 10: Expected ranges of the asymmetries vs. the corresponding branching ratios. On the top
row, ⌧+ ! µ

+
e
+
e
� decays (on the left P , P 0 and T asymmetries, while on the right the corresponding

FB ones). On the lower panels, µ
+

! e
+
e
+
e
� (left) and ⌧

+
! µ

+
µ
+
µ
� (right). Only points

complying with available constraints are displayed.

For completeness, and from the exploration of our data sets, we have numerically identified the
extreme values for the distinct asymmetries (independently of experimental considerations). The
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Observable Current bound Future sensitivity

BR(µ ! 3e) < 1.0 ⇥ 10�12 (SINDRUM [64]) 10�15(�16) (Mu3e [65])

BR(⌧ ! 3e) < 2.7 ⇥ 10�8 (Belle [66]) 5 ⇥ 10�10 (Belle II [67])

BR(⌧ ! 3µ) < 1.9 ⇥ 10�8 (Belle II [68]) 5 ⇥ 10�10 (Belle II [67])

1.4 ⇥ 10�10 (STCF [63])

5 ⇥ 10�11 (FCC-ee [69])

BR(⌧+
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+
µ

�) < 2.7 ⇥ 10�8 (Belle [66]) 5 ⇥ 10�10 (Belle II [67])
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�) < 1.8 ⇥ 10�8 (Belle [66]) 5 ⇥ 10�10 (Belle II [67])
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�) < 1.5 ⇥ 10�8 (Belle [66]) 3 ⇥ 10�10 (Belle II [67])

BR(⌧+
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+
e
�) < 1.7 ⇥ 10�8 (Belle [66]) 4 ⇥ 10�10 (Belle II [67])

Table 1: Current experimental bounds and future sensitivities on relevant leptonic cLFV observables.
Notice that limits are given at 90%C.L., and that Belle II projected sensitivities rely on an integrated
luminosity of 50 ab�1.

the formal extrema of the latter, with increasingly larger spans corresponding to regimes for which
there is no clear operator dominance (typically the case for smaller associated branching ratios). This
is all the more evident for the ⌧ ! 3µ asymmetries. Notice that conflict with current bounds from
CR(µ � e, Au) preclude larger values for BR(µ ! 3e).
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Figure 10: Expected ranges of the asymmetries vs. the corresponding branching ratios. On the top
row, ⌧+ ! µ

+
e
+
e
� decays (on the left P , P 0 and T asymmetries, while on the right the corresponding

FB ones). On the lower panels, µ
+

! e
+
e
+
e
� (left) and ⌧

+
! µ

+
µ
+
µ
� (right). Only points

complying with available constraints are displayed.

For completeness, and from the exploration of our data sets, we have numerically identified the
extreme values for the distinct asymmetries (independently of experimental considerations). The
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Figure 13: Joint prospects for µ ! 3e asymmetries (top panels) and for ⌧ ! 3µ asymmetries (bottom
panels). All points displayed are in agreement with current experimental bounds; the blue (grey)
points are within (beyond) future sensitivity for the decays under consideration. For the case of ⌧
decay asymmetries, blue points correspond to Belle II’s future reach, and red to FCC-ee’s expected
sensitivity.

5 Outlook

In a clear departure from SM prediction, the discovery of neutrino oscillations clearly signalled that
individual flavours were not conserved in the neutral lepton sector, and opened a wide door for the
violation of charged lepton flavours. Numerous NP constructions (among them those encompassing
a mechanism of neutrino mass generation) can be at the source of observable contributions to cLFV
processes. Interestingly, heavy sterile fermions are an integral part of several well-motivated models
of neutrino mass generation and, if not excessively heavy, can also lead to sizeable contributions to
cLFV observables.

Generic NP models featuring heavy neutral leptons further open the possibility of additional
sources of CP violation, in the form of new Dirac and Majorana phases. In recent years, the im-
pact of the CPV phases on cLFV observables has been extensively addressed [41, 43, 47] - strikingly,
both Dirac and Majorana CPV phases can strongly a↵ect näıve correlation patterns between ob-
servables (in fact leading to a loss of correlation), which in turn hinders one’s capacity to test HNL
extensions as the underlying source of the observed cLFV.

In view of these findings, it becomes increasingly important to extend (and diversify) the number
of observables under scrutiny, in order to isolate relative phases between the contributing operators. In
this work we have thus proposed to investigate the prospects for a number of asymmetries in association
with cLFV three-body decays, in the context of a minimal “ad-hoc” extension of the SM via 2 sterile
states. In particular, we have considered µ ! 3e decays - which will be explored at Mu3e, as well
as all possible (purely leptonic) cLFV tau decay modes. For the relevant cases, we have considered
P , P 0 and T asymmetries, as well as “Forward-Backward” ones. In our study, we have carried out
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Figure 14: Joint prospects for ⌧+ ! µ
+
e
+
e
� asymmetries. Colour code as in Fig. 13.

a full and independent computation of all above mentioned angular asymmetries, clarifying several
points in what concerns phase space integration, and providing detailed expressions for all studied
observables. In particular, and for the case of tau decays, we considered the various possible final
state configurations (leading to (un)distinguishable charged leptons). The results of our study clearly
demonstrate that - and as expected - CP violating phases can lead to significant contributions to
the asymmetries, in association with decay rates within future experimental sensitivity. In certain
scenarios, one can potentially have asymmetries as large as (or even above) 10%. Furthermore, the
patterns in angular distributions can be very distinctive. Should a sizeable cLFV signal be observed
and should enough statistics eventually become available, full binned analysis could further increase
the model discriminating power of these observables.

We have also emphasised the crucial role of synergetic measurements of di↵erent observables -
in particular for the µ � e sector. Even for the most general case of non-vanishing CP violating
phases (which would prevent falsifying the model as µ ! 3e and mu � e no longer are correlated,
see [47]), this simple extension of the SM can be probed relying on the joint observation of cLFV rates
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Figure 14: Joint prospects for ⌧+ ! µ
+
e
+
e
� asymmetries. Colour code as in Fig. 13.

a full and independent computation of all above mentioned angular asymmetries, clarifying several
points in what concerns phase space integration, and providing detailed expressions for all studied
observables. In particular, and for the case of tau decays, we considered the various possible final
state configurations (leading to (un)distinguishable charged leptons). The results of our study clearly
demonstrate that - and as expected - CP violating phases can lead to significant contributions to
the asymmetries, in association with decay rates within future experimental sensitivity. In certain
scenarios, one can potentially have asymmetries as large as (or even above) 10%. Furthermore, the
patterns in angular distributions can be very distinctive. Should a sizeable cLFV signal be observed
and should enough statistics eventually become available, full binned analysis could further increase
the model discriminating power of these observables.

We have also emphasised the crucial role of synergetic measurements of di↵erent observables -
in particular for the µ � e sector. Even for the most general case of non-vanishing CP violating
phases (which would prevent falsifying the model as µ ! 3e and mu � e no longer are correlated,
see [47]), this simple extension of the SM can be probed relying on the joint observation of cLFV rates
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  cLFV rates beyond experimental sensitivity 

Narrow bands of allowed values  

Leading to (almost) predictive scenarios 
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Addition of two new species of fermionic gauge singlets 
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lepton number violating! 

Low-scale models for : Inverse Seesawmν

[Mohapatra and Valle, '86]
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Variants of type I seesaw aiming at natural realisations of a low-scale  mechanismmν
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Figure 1: Casas-Ibarra parametrisation: constraints on the ISS(3,3) parameter space from current
bounds and future sensitivities on several cLFV observables, in the µ � e (left panel) and ⌧ � `
(right panel) sectors, together with the bound from fits to low-energy lepton universality observables
from [40]. We have set R = 1 and assume MR and µX to be degenerate. Current bounds correspond to
shaded regions while future sensitivities are indicated by dashed lines (see Table 1 for further details).
Dark grey regions correspond to exclusion from low-energy universality bounds, while dashed black
lines reflect non-perturbative Yukawa couplings.

4.1 Simplified scenarios

We begin our discussion by a simple - yet illustrative - case, relying in the ISS-modified Casas-Ibarra
parametrisation (cf. Eq. (4)). Taking MR and µX as diagonal and universal, and setting R = 1, we
display in Figure 1 several leptonic cLFV processes, separately focusing on µ� e and ⌧ � ` transitions.
Shaded regions denote constraints from current experimental bounds on various cLFV processes, while
dashed lines denote the future sensitivity of upcoming (or already running) cLFV experiments. Note
that for neutrinoless µ � e conversion we display the two most sensitive projections of the COMET
and Mu2e experiments (see Table 1). We further display the current upper bound on Tr(⌘) obtained
in [40] and highlight regimes associated with non-perturbative Yukawa couplings, i.e. Y ij

D �
p

4⇡.
As can be seen in the two plots in Figure 1, the contributions for µ�e flavour violating and ⌧ -lepton

related observables are strongly entangled with each other and cannot be separately analysed. This is
a consequence of having a unique “source” of flavour violation - the (non-unitary) PMNS matrix. In
order to evade the stringent constraints from data on low-energy universality observables (which do
exclude important regions of the µX�MR parameter space) as well as bounds on µ�e flavour violating
transitions, one could in principle finely tune the complex angles in the R-matrix appearing in Eq. (4),
but there is no clear indication on the path to take. One could further assume a non-minimal flavour
structure in µX and/or MR, but also this approach does not o↵er a simple connection to ⌘ due to the
non-linear appearance of µX and MR in Eq. (4).

Instead of relying on the Casas-Ibarra parametrisation, we take the proposed parametrisation
shown in Eq. (21), using a numerical eigenvalue decomposition of ⌘ to fix YD entirely from low-energy
universality data (encoded in ⌘ii) up to V2, which we take as trivial, i.e. V2 = 1. In this way, we only
parametrise the mixing between active and sterile states while neglecting potential mixings exclusive
to the sterile states. At this stage, we will assume the heavy spectrum to be degenerate: in other
words, we take MR to be diagonal and universal.

To begin with, let us then analyse the impact of the mixing of a single heavy pseudo-Dirac pair
with the active sector, which can be parametrised via one of the diagonal ⌘ii. In this limit (one heavy
pair mixing with one active flavour, and degenerate heavy states) cLFV can only be mediated by
light neutrino exchange and is therefore negligible. In Figure 2 we show exclusion contours of current
experimental data and future sensitivities of several Z-pole observables in the plane spanned by a
single ⌘ii and the mass of the (degenerate) heavy spectrum MR. Notice that the contour from the
low-energy fit [40], cf. Eq. (32), is independent of the heavy mass scale, since only tree-level LFUV
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Figure 1: Casas-Ibarra parametrisation: constraints on the ISS(3,3) parameter space from current
bounds and future sensitivities on several cLFV observables, in the µ � e (left panel) and ⌧ � `
(right panel) sectors, together with the bound from fits to low-energy lepton universality observables
from [40]. We have set R = 1 and assume MR and µX to be degenerate. Current bounds correspond to
shaded regions while future sensitivities are indicated by dashed lines (see Table 1 for further details).
Dark grey regions correspond to exclusion from low-energy universality bounds, while dashed black
lines reflect non-perturbative Yukawa couplings.

4.1 Simplified scenarios

We begin our discussion by a simple - yet illustrative - case, relying in the ISS-modified Casas-Ibarra
parametrisation (cf. Eq. (4)). Taking MR and µX as diagonal and universal, and setting R = 1, we
display in Figure 1 several leptonic cLFV processes, separately focusing on µ� e and ⌧ � ` transitions.
Shaded regions denote constraints from current experimental bounds on various cLFV processes, while
dashed lines denote the future sensitivity of upcoming (or already running) cLFV experiments. Note
that for neutrinoless µ � e conversion we display the two most sensitive projections of the COMET
and Mu2e experiments (see Table 1). We further display the current upper bound on Tr(⌘) obtained
in [40] and highlight regimes associated with non-perturbative Yukawa couplings, i.e. Y ij

D �
p

4⇡.
As can be seen in the two plots in Figure 1, the contributions for µ�e flavour violating and ⌧ -lepton

related observables are strongly entangled with each other and cannot be separately analysed. This is
a consequence of having a unique “source” of flavour violation - the (non-unitary) PMNS matrix. In
order to evade the stringent constraints from data on low-energy universality observables (which do
exclude important regions of the µX�MR parameter space) as well as bounds on µ�e flavour violating
transitions, one could in principle finely tune the complex angles in the R-matrix appearing in Eq. (4),
but there is no clear indication on the path to take. One could further assume a non-minimal flavour
structure in µX and/or MR, but also this approach does not o↵er a simple connection to ⌘ due to the
non-linear appearance of µX and MR in Eq. (4).

Instead of relying on the Casas-Ibarra parametrisation, we take the proposed parametrisation
shown in Eq. (21), using a numerical eigenvalue decomposition of ⌘ to fix YD entirely from low-energy
universality data (encoded in ⌘ii) up to V2, which we take as trivial, i.e. V2 = 1. In this way, we only
parametrise the mixing between active and sterile states while neglecting potential mixings exclusive
to the sterile states. At this stage, we will assume the heavy spectrum to be degenerate: in other
words, we take MR to be diagonal and universal.

To begin with, let us then analyse the impact of the mixing of a single heavy pseudo-Dirac pair
with the active sector, which can be parametrised via one of the diagonal ⌘ii. In this limit (one heavy
pair mixing with one active flavour, and degenerate heavy states) cLFV can only be mediated by
light neutrino exchange and is therefore negligible. In Figure 2 we show exclusion contours of current
experimental data and future sensitivities of several Z-pole observables in the plane spanned by a
single ⌘ii and the mass of the (degenerate) heavy spectrum MR. Notice that the contour from the
low-energy fit [40], cf. Eq. (32), is independent of the heavy mass scale, since only tree-level LFUV
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Low scale models of mass generation: Inverse Seesaw (ISS)

! Addition of 3 “heavy” RH neutrinos and 3 extra “sterile” fermions XXX to the SM
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! Abundant “flavour” signals! At high-intensities and at colliders...
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Figure 1: Casas-Ibarra parametrisation: constraints on the ISS(3,3) parameter space from current
bounds and future sensitivities on several cLFV observables, in the µ � e (left panel) and ⌧ � `
(right panel) sectors, together with the bound from fits to low-energy lepton universality observables
from [40]. We have set R = 1 and assume MR and µX to be degenerate. Current bounds correspond to
shaded regions while future sensitivities are indicated by dashed lines (see Table 1 for further details).
Dark grey regions correspond to exclusion from low-energy universality bounds, while dashed black
lines reflect non-perturbative Yukawa couplings.

4.1 Simplified scenarios

We begin our discussion by a simple - yet illustrative - case, relying in the ISS-modified Casas-Ibarra
parametrisation (cf. Eq. (4)). Taking MR and µX as diagonal and universal, and setting R = 1, we
display in Figure 1 several leptonic cLFV processes, separately focusing on µ� e and ⌧ � ` transitions.
Shaded regions denote constraints from current experimental bounds on various cLFV processes, while
dashed lines denote the future sensitivity of upcoming (or already running) cLFV experiments. Note
that for neutrinoless µ � e conversion we display the two most sensitive projections of the COMET
and Mu2e experiments (see Table 1). We further display the current upper bound on Tr(⌘) obtained
in [40] and highlight regimes associated with non-perturbative Yukawa couplings, i.e. Y ij

D �
p

4⇡.
As can be seen in the two plots in Figure 1, the contributions for µ�e flavour violating and ⌧ -lepton

related observables are strongly entangled with each other and cannot be separately analysed. This is
a consequence of having a unique “source” of flavour violation - the (non-unitary) PMNS matrix. In
order to evade the stringent constraints from data on low-energy universality observables (which do
exclude important regions of the µX�MR parameter space) as well as bounds on µ�e flavour violating
transitions, one could in principle finely tune the complex angles in the R-matrix appearing in Eq. (4),
but there is no clear indication on the path to take. One could further assume a non-minimal flavour
structure in µX and/or MR, but also this approach does not o↵er a simple connection to ⌘ due to the
non-linear appearance of µX and MR in Eq. (4).

Instead of relying on the Casas-Ibarra parametrisation, we take the proposed parametrisation
shown in Eq. (21), using a numerical eigenvalue decomposition of ⌘ to fix YD entirely from low-energy
universality data (encoded in ⌘ii) up to V2, which we take as trivial, i.e. V2 = 1. In this way, we only
parametrise the mixing between active and sterile states while neglecting potential mixings exclusive
to the sterile states. At this stage, we will assume the heavy spectrum to be degenerate: in other
words, we take MR to be diagonal and universal.

To begin with, let us then analyse the impact of the mixing of a single heavy pseudo-Dirac pair
with the active sector, which can be parametrised via one of the diagonal ⌘ii. In this limit (one heavy
pair mixing with one active flavour, and degenerate heavy states) cLFV can only be mediated by
light neutrino exchange and is therefore negligible. In Figure 2 we show exclusion contours of current
experimental data and future sensitivities of several Z-pole observables in the plane spanned by a
single ⌘ii and the mass of the (degenerate) heavy spectrum MR. Notice that the contour from the
low-energy fit [40], cf. Eq. (32), is independent of the heavy mass scale, since only tree-level LFUV
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To begin with, let us then analyse the impact of the mixing of a single heavy pseudo-Dirac pair
with the active sector, which can be parametrised via one of the diagonal ⌘ii. In this limit (one heavy
pair mixing with one active flavour, and degenerate heavy states) cLFV can only be mediated by
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The Inverse Seesaw (3,3): cLFV overview 

 Sizeable cLFV contributions in the ISS!  
(& constraints on ISS parameter space) 

⇒
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 Correlated observables for both  and  sectors,  
in the absence of (CPV-driven) interferences 

A consequence of the dominant contribution of Z-penguins in the 3-body decays  
and in neutrinoless conversion in nuclei 
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ISS(3,3): asymmetries in cLFV 3-body decays

Inverse seesaw: well-motivated mechanism of neutrino mass generation 
Abundant cLFV contributions...  
and significant interference effects for generically large CPV phases!
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 Asymmetries in  decays & cLFV observables: 
measurement of BR( ) together with  

 observation of  conversion by COMET and Mu2e!     

New leptonic sources of CPV!                                                                           
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[Darricau, AMT, 2026]

 INTERNAL 

 INTERNAL 

 (similar conclusions as for ad-hoc model)
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Concluding remarks

New Physics and lepton observables

! Confirmed observations suggest the need to go beyond the SM

Other than ννν-masses, many experimental “tensions” nested in lepton-related observables

! Lepton physics might offer valuable hints in constructing and probing NP models

(Synergy of) lepton observables can provide information on the underlying NP model

⇒⇒⇒ Hint on NP couplings & new Lorentz structure

⇒⇒⇒ Exclude regimes and regions in BSM parameter space

⇒⇒⇒ Falsify (!!) a model (direct, or via correlations, ...)

⇒⇒⇒ Probe (otherwise) unreachable scales

! New Physics can be manifest via cLFV, LNV, ... even before any direct discovery!

! Experimentally exciting near-future!

Accompanied by th and pheno analyses and ideas

N
ew

 P
h

y
si

c
s 

m
o

d
el



Outlook

A.M. Teixeira, LPCA Clermont

Confirmed observations and theoretical caveats suggest the need to go beyond the SM 

In the lepton sector, -masses provided the 1st laboratory evidence of NPν

Lepton physics might offer valuable hints in constructing and probing NP models 
New Physics can be manifest via cLFV, LNV, ... even before any direct discovery! 

 Synergies of (cLFV) lepton observables emerge as extremely powerful probes to test  

and falsify NP in the lepton sector (consequence of potential operator dominance)

cLFV patterns , role of phases, extend set of observables 

Fig. 5.15: Bounds on the coefficients Ci of dimension-six operators constrained by selected
flavour observables, expressed as bounds on the effective scale (Ci = 1/L2

i ). The coloured bars
denote current limits, while the empty bars the expected improvements in the best scenario
(assuming, in particular, FCC-ee for b and t observables). For quark-violating observables the
hatched bars indicate current bounds assuming a MFV structure (see text).

strained by that observable is reported,1 assuming Ci = 1/L2
i . This functional form of the

couplings is purely conventional, but it provides a qualitative indication of the high-scale sen-
sitivity of these observables. Particularly noteworthy are the expected improvements in EDMs
and LFV measurements, where the scales probed by future projects will exceed the current ones
by one order of magnitude or more.

The drawback of EDMs and LFV is that it is difficult to define a minimum value for the
coupling. The situation is different in the quark sector, where the Yukawa couplings do provide
an irreducible source of flavour violation in any consistent extension of the SM. The bounds
obtained under the Minimal Flavour Violation (MFV) hypothesis [261–263], i.e. assuming the
Yukawa couplings are the only accessible sources of flavour violation, are shown with hatched
lines in Fig. 5.15. As can be seen, these bounds are as high as a few TeV, reaching in a few cases
up to 10 TeV: this demonstrates that quark FCNCs currently provide constraints competitive
with direct searches even in NP models with minimal flavour-violating couplings.

Concerning FCNCs and meson mixing, future improvements depend, in large part, also on
the expected improvements in determining the CKM matrix elements. The best example in this
respect is eK , whose current SM uncertainty, around 20%, is dominated by the parametric error
on |Vcb| (mainly due the existing tension between exclusive determinations of |Vcb|). Thanks to
the precision on |Vcb| expected from W decays (see Sect. 5.4.3), as well as progress from LQCD
(see Sect. 5.2.2), this could drop below 3%, with a gain of a factor 3 in the scale of NP probed.

5.5.2 Impact in NP models with motivated flavour structure
A realistic example of TeV-scale dynamics is provided by NP that couples mainly to the third-
generation and is invariant under a U(2)5 flavour symmetry acting on the light generations [265,

1In the cases of µ ! 3e and t ! 3µ , the most constrained operators are the corresponding dipole LFV terms.
However, since these operators are already strongly limited by µ ! eg and t ! µg , we instead report the bounds
on the corresponding four-lepton LFV contact interactions.
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Heavy neutral leptons feature in very appealing NP constructions ( -mass, BAU, ...) with  

extensive phenomenological implications (cLFV, LNV, colliders, among others)  

HNL extensions of SM: for CP conserving regimes, operator dominance for various cLFV modes; 

 correlations between observables can be used to probe & falsify constructions... 

CPV phases are generically present (and required to address the BAU!)   

in HNL constructions and impact naïve expectations,  

both theory predictions & experimental interpretation 

ν

Cannot spell  

cLFV  

without CPV!
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Figure 15: Prospects for T -asymmetries in association with `↵ ! 3`� decays. All points displayed are
in agreement with current experimental bounds; light blue points are within future Mu3e experimental
reach, while dark blue points correspond to having both decays within future expected reach (Mu3e
and Belle II). Finally, red points correspond to expected sensitivity of FCC-ee to cLFV tau decays,
still within Mu3e reach. Grey points lie beyond any future experimental sensitivity.

and asymmetries: a future measurement of BR(µ ! 3e)⇠ O(10�15) associated with A
T

⇠ O(20%),
suggested that µ � e conversion would necessarily be measured with a rate larger than 10�14.

In this manuscript we have also highlighted the probing power of the asymmetries associated with
tau decays. Since the expected improvement in associated experimental sensitivity is less striking
than for muon cLFV channels, only a fraction of the potentially allowed asymmetries realistically lie
within observation reach; in turn this implies that this NP model becomes almost predictive regarding
the possibly observed values of the asymmetries. Beyond this simple study relying on an ad-hoc
construction, we can envisage a full analysis of low-scale seesaw models, encompassing also further
direct CP asymmetries as outlined in [43]. For instance in the case of the Inverse Seesaw, relying
on the parametrisations developed in [70], one can systematically di↵erentiate regimes of operator
dominances to potentially disentangle the source of leptonic CP violation: from the PMNS-sector,
heavy-light mixings or heavy-heavy mixings. Such a study, potentially allowing also for connections
to low-scale leptogenesis scenarios, will be left for future work.

From the point of view of the distinct operators at work, notice that while phases disrupt the
clear cLFV operator dominance (as occurred regarding Z-penguin dominance in the CP conserving
case, which led to strong correlations for muon-electron conversion in nuclei and µ ! 3e decays), they
now also lead to a non-negligible interference between operators - which can be investigated through
measurements of the asymmetries. As also clear from our discussion, the angular observables together
with CP-odd asymmetries play a crucial role in identifying the operator set responsible for cLFV.
This will pave a bottom-up approach to construct more elaborate (well-motivated) models which can
account for neutrino mass generation, and accommodate the experimentally measured observables.

Clearly, if either µ or ⌧ cLFV transitions are observed in the (near) future, they will bring forth
a very rich experimental programme; in this sense, the exploration of the most comprehensive set of
associated observables is of paramount importance. In particular, and as we have argued here, the
exploitation of angular observables and asymmetries should be foreseen in advance, and carried out
in association with any possible measurement.
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 SM + HNL: large asymmetries expected in  decays 

 Potential "falsifiability" of HNL cLFV recovered 

 Exploitation of asymmetries from the onset of  
cLFV measurements ! 

And a potential discovery of new leptonic CPV sources...
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impacting naïve cLFV expectations - theory predictions & experimental interpretation 
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