
Charged lepton flavour violation:  
(nearly) theory overviewFlavour and searches for New Physics:

muons and neutrons at high-intensities

Ana M. Teixeira

Laboratoire de Physique de Clermont - LPC

PSI User’s Meeting 2020, 28 January 2020

Ana M. Teixeira

Laboratoire de Physique de Clermont - LPC

ITN Intense, 18 Septembre 2024



A.M. Teixeira, LPC Clermont 1

Brief overview

(I) The Standard Model and beyond 
A new lepton sector & further SM problems 
EFT approach to NP (and the probing power of flavours...) 

(II) Lepton observables: BSM arena 
Going beyond minimal New Physics 
Lepton observables - cLFV muon transitions, cLFV tau decays 

(Brief EFT parenthesis) 
cLFV at higher energies - meson decays to collider searches 
Toolboxes 

(III) New Physics paths to cLFV 
General NP models & peculiar patterns  
Models of neutrino mass generation - vanilla seesaws, low-scale seesaws 
The singlet seesaw 
The SUSY type I seesaw (and RPV example) 

(IV) The power of cLFV - hints on models of New Physics 
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The SM and its lepton sector
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Lepton sector: charged and neutral fermions

In the SM, three families of quarks and leptons 

Lepton sector: colourless states, "charged" under SU(2) U(1)L ⊗

 3 massive    ( ) 

 massless   no leptonic mixing... 

Minimalistic description based on available data 

at the birth of the SM 

However: massless neutrino hypothesis challenged by  

solar and atmospheric neutrino data! 

Explanation of the "solar " and atmospheric " " problems  neutrino oscillations! 

                

                                                                                                      

Neutrino oscillations  massive neutrinos and non-trivial leptonic mixing! 

 1st "laboratory" discovery of physics beyond the SM (BSM) 

⇒ ℓ ± mℓ ∝ vYℓ

⇒ ν ↝

ν ν ⇒

Pνα→νβ
(L, E) =

3

∑
k, j=1

U*αk Uβk Uαj U*βj exp (−i
Δm2

kj L

2E ) να = UPMNS
αi νi

Δm2
kj = m2

νj
− m2

νk

⇒
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The need for new physics

Neutrino oscillations  massive neutrinos and non-trivial leptonic mixing! 

 1st "laboratory" discovery of physics beyond the SM (BSM) 

Matter dominated Universe: explaining the baryon asymmetry of the Universe (BAU)  
     (i) initial asymmetric composition ✘ (incompatible with inflation)  
    (ii) statistical fluctuations during evolution ✘ (negligible effects) 
   (iii) large scale spatial separation ✘ (incompatible with evolution of primordial Universe) 
     ... Dynamical generation! "Baryon-genesis" ✔ 

Sakharov's conditions for a (successful) BAU 
a priori, all are present in the SM! (electroweak baryogenesis) 

- If originally symmetric Universe, baryon number violation 
Sphaleron production  B & L number violation 

- Differentiate matter from antimatter, CP violation 
CPV from CKM mechanism highly suppressed... 

- Suppress inverse processes, out of (thermal) equilibrium 
Strong 1st order EW phase transition ? soft crossover for a "heavy Higgs" (125 GeV)  

Explain the BAU  BSM physics is also required!

⇒

⇒

⇒
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The need for new physics

Neutrino oscillations  massive neutrinos and non-trivial leptonic mixing! 

 1st "laboratory" discovery of physics beyond the SM (BSM) 

Matter dominated Universe: Explaining the baryon asymmetry of the Universe (BAU)  

Explain the BAU  BSM physics is also required! 

 Dark Matter in the Universe 

PLANCK, WMAP, ... & Galactic dynamics  most matter is "dark"  

"ordinary (SM) matter" - a tiny fraction of mass-energy density  

Dark matter candidate: massive, non-luminous, no strong interactions... 
                           (at best) weakly interacting, stable! 
No such candidate in the Standard Model! 

⇒

⇒

⇒ ΩCDM = 0.259 ± 0.006
Ωb = 0.049 ± 0.001
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The need for new physics

Neutrino oscillations  massive neutrinos and non-trivial leptonic mixing! 

 1st "laboratory" discovery of physics beyond the SM (BSM) 

Matter dominated Universe: Explaining the baryon asymmetry of the Universe (BAU)  

Explain the BAU  BSM physics is also required! 

 Dark Matter in the Universe 

PLANCK, WMAP, ... & Galactic dynamics  most matter is "dark"  
Dark matter candidate: massive, non-luminous, no strong interactions... 

                           (at best) weakly interacting, stable! 
No such candidate in the Standard Model! 

 And a number of "theoretical caveats & puzzles":  
Unification of interactions, desert of fundamental scales... 
Hierarchy problem, metastability of vacuum... 
Strong CP problem, flavour puzzle, ... 
Accidental symmetries, and many "just-so" constructions...

⇒

⇒

⇒ ΩCDM = 0.259 ± 0.006
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Beyond the SM
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NP model in a nutshell

 New Physics is indeed needed - but which new physics model?  
New interactions? Additional states? At which scale?  

 "Golden rule" - extensions of the SM should ideally: 
(i) address (at least one) its observational problems & tensions; 
(ii) ease/render less severe its theoretical caveats; 
(iii) be falsifiable; 
(iv) avoid creating further issues and/or tensions! 

 Extensive ensemble of models...  
From minimal extensions  

(additional states, in general to address one problem),  
to comprehensive constructions... 

 In all cases, SM interpreted as a low-energy limit of a (complete, yet unknown) NP model 
Two approaches to identify the model (necessarily) at work 

 Study various classes of well-motivated models  
 Model-independent, effective approach (EFT) 

⇒
⇒

SM? seesaw? LR?
compositeness? leptoquarks?

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

𝓛eff = 𝓛SM + ∑
n≥5

1
Λn−4

𝓒n(g, Y, . . . ) 𝓞n(ℓ, q, H, γ, . . . )

effective coefficients   Weinberg operator ( )  
  flavoured contributions 

(among many others!)

𝓞5 ↝ mν
𝓞6 ↝

effective operators

(unknown) NP scale

𝒜 ∼ 𝒜SM + 𝒜 ( 𝒞6

Λ2
NP ) + . . .

 master SM prediction!⇒

𝒜 ∼ 𝒜 ( 𝒞6

Λ2
NP ) + . . .

L-EFT

SM-EFT

UV complete 
NP model

ΛEW

ΛNP

mℓ

EFT approach to New Physics

Derive the new "effective" interactions (vertices, ...), and compute contributions to observables 
Agnostic approach, allowing to generically parametrise NP effects 

on observables forbidden in SM and/or observables suggesting deviations from SM
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SM interpreted as a low-energy limit of a (complete, yet unknown) NP model 
 Model-independent, effective field theory approach (EFT)⇒

𝓛eff = 𝓛SM + ∑
n≥5

1
Λn−4

𝓒n(g, Y, . . . ) 𝓞n(ℓ, q, H, γ, . . . )

effective coefficients   Weinberg operator ( )  
  flavoured contributions 

(among many others!)

𝓞5 ↝ mν
𝓞6 ↝

effective operators

(unknown) NP scale

L-EFT

SM-EFT

UV complete 
NP model

ΛEW

ΛNP

mℓ

EFT approach to New Physics

Cast current data (limits, ...)  in terms of  and   
and attempt at inferring info on the dominant operator, and scale of NP  

 Beyond  structure? New vector/axial, (pseudo)scalar or tensor currents? 
Flavour violation beyond SM flavour paradigm? 

 But many unknowns: minimal assumptions must be made, e.g. 

                           "natural"   constrain                                          

                                 "natural"   hint on  

𝒞6
ij Λ2

NP

⇒ (V − A)

⇒
ΛNP → 𝒞6

ij
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The probing power of flavour & CPV

Cast current data in terms of  and  :   bounds on 𝒞6
ij ΛNP 𝒞6

ij ≈ 1 ⇒ ΛNP

EPPSU [1910.11775]
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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 observables: 
probes sensitive to very 
high NP scales  

 
well beyond collider's 
reach!

ΛNP ∼ 𝒪(105 TeV)

𝓛eff = 𝓛SM + ∑
n≥5

1
Λn−4

𝓒n(g, Y, . . . ) 𝓞n(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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Lepton observables: BSM arena 

μ
NP
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Lepton flavours: from  oscillations... ν

SM lepton sector: (strictly) massless neutrinos 
  conservation of total lepton number and lepton flavours 
  tiny leptonic EDMs (4-loop... )dCKM

e ≤ 10−38e cm

Neutrino oscillations: SM description insufficient! Added complexity to the flavour problem... 
Violation of lepton flavour in 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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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!

In the most minimal extension SM                          [SM = “ad-hoc”  (Dirac), ]mν mν
mν UPMNS

          

     &    

BR                 BR

Γ(μ → eγ) =
m5

μ

16π
( |AL |2 + |AR |2 )

∑
i

U*eiUμi

(k2 − m2
i )

= ∑
i

U*eiUμi

k2
+ ∑

i

U*eiUμi

k2 ( m2
i

k2 ) + 𝒪 ( m4
i

k4 ) ∑
i

U*eiUμi
m2

i

M2
W

= U*e2U
e2 Δm 2

21

M2
W

+ U*e3U
e3 Δm2

31

M2
W

(μ → eγ) =
3αe

32π ∑
i

U*eiUμi
m2

i

M2
W

2

⇒ (μ → eγ) ≈ 10−54 ÷ −55
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Lepton flavours: from  oscillations... ν

SM lepton sector: (strictly) massless neutrinos 
  conservation of total lepton number and lepton flavours 
  tiny leptonic EDMs (4-loop... )dCKM

e ≤ 10−38e cm

Neutrino oscillations: SM description insufficient! Added complexity to the flavour problem... 
Violation of lepton flavour in 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

In the most minimal extension SM                          [SM = “ad-hoc”  (Dirac), ] 

          total lepton number still conserved (LNC) 
           lepton EDMs still beyond observation (2-loop contributions from ) 

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

mν mν
mν UPMNS

δCP

μ → eγ ∼ 10−54

 cLFV, LNV, lepton EDMs, ...: observation of SM-forbidden leptonic modes  
 Discovery of New Physics! (possibly before direct signal @ LHC)⇒
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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∗
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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!
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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!

Discovery
 of

NEW PHYSICS !!!

(beyond
 SMmν) 

LFUV (meson decays): 
, ...RK(*), RD(*), Rℓ

K, π

(EDM)e

LNV ( ):
 

ΔL = 2
0ν2β

μ−N → e+N′�
M+

1 → M−
2 ℓ+

α ℓ+
α
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Lepton observables - a very vast array

 Generic New Physics observables in the lepton sector: 

- Lepton number violation (e.g. neutrino masses,  decays, ...) 

- Electric and (anomalous) magnetic moments - ,   

- charged lepton flavour violation

0ν2β
dℓ (g − 2)ℓ

Back to : cast observables in terms of  and    

                                                                                    

ℒeff 𝒞ij ΛNP

ℒeff = ℒSM +
𝒞5𝒪5

ΛLNV
(mν) +

𝒞6𝒪6

Λ2
cLFV

(ℓα ↔ ℓβ) + . . . +
𝒞7𝒪7

Λ′�3
LNV

(0ν2β) + . . .

Deceptively simple task... different new physics scales, numerous operators!  
Technically very involved, even if no "SM background"... 

Majorana  massesν
Kinetic corrections, ... 
EW precision, top physics, ... 
Electric dipole & anomalous magnetic moments, ...  
cLFV (dipole, 3 body, matter assisted, ...) 

Lepton number violation, 
cLFV & LNV,  
...
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Lepton observables - a very vast array

 Generic New Physics observables in the lepton sector: 

- Lepton number violation (e.g. neutrino masses,  decays, ...) 

- Electric and (anomalous) magnetic moments - ,   

- charged lepton flavour violation

0ν2β
dℓ (g − 2)ℓ

 General description: processes (sector by sector approach) 
                    experimental setup; current sensitivity & future prospects  

               phenomenological implications (EFT approach) 

Back to : cast observables in terms of  and    

                                                                                    

ℒeff 𝒞ij ΛNP

ℒeff = ℒSM +
𝒞5𝒪5

ΛLNV
(mν) +

𝒞6𝒪6

Λ2
cLFV

(ℓα ↔ ℓβ) + . . . +
𝒞7𝒪7

Λ′�3
LNV

(0ν2β) + . . .

Deceptively simple task... different new physics scales, numerous operators!  
Technically very involved, even if no "SM background"... 

Majorana  massesν
Kinetic corrections, ... 
EW precision, top physics, ... 
Electric dipole & anomalous magnetic moments, ...  
cLFV (dipole, 3 body, matter assisted, ...) 

Lepton number violation, 
cLFV & LNV,  
...
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Lepton observables: cLFV muon processes



cLFV: muon observables
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Muons - ideal probe for NP: from lepton flavour universality tests,  
                 to anomalous magnetic moments, ... to cLFV!

Muon cLFV - extensive opportunities, numerous observables, relying on very intense beams

Leptonic decays: radiative  and three-body  
    muonic atoms  & LNV   
    nuclear assisted Coulomb decays  
    Muonium oscillations  and decays  

    Light "invisible" searches (e.g. , ...) 

And further! Semi-leptonic decays:  
                       And at colliders: ,  (e.g. FCC-ee, CEPC, ...);  

                           high  dilepton tails in   ... 
                           Numerous channels at a future muon collider!  

μ → eγ μ → 3e
μ−(A, Z) → e−(A, Z) μ−(A, Z) → e+(A, Z − 2)*

μ−e− → e−e−

Mu(μ+e−) − Mu(μ−e+) Mu(μ+e−) → e+e−

μ → eϕ

M → (M′�)μℓ
Z → μτ H → μτ

pT pp → μℓ

!!! Overview of (high-intensity) observables: status & prospects

A lot of muons :)

And friendly neutrons!
Muons: lightest "unstables" - clean objects, ideal & versatile probes for new physics searches 

At the centre of a world-wide comprehensive programme - experiments and theory
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cLFV muon channels: radiative decays
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cLFV decay:  

Event signature:    (  MeV) 
              Back-to-back ; Time coincidence

μ+ → e+ γ

Ee = Eγ = mμ/2 ∼ 52.8
e+ − γ (θ ∼ 180∘)

Backgrounds  prompt physics & accidental 

Prompt: radiative  decays ( , very low )                                      

Accidental: coincidence of  with positron from Michel decays  : 
photon from  ;   from in-flight  annihilation       

Experimental status: 
First searches (!) in 1940's  
Advent of intense muon beams in 2000's MEG @ PSI 

BR( )   (90% CL) 

 Future prospects:  
MEG II (@ PSI): BR( )     

⇒
μ μ → e ν̄eνμ γ Eν [ ∝ Rμ]

γ μ → e ν̄eνμ
μ → e ν̄eνμ γ γ e+e− [ ∝ R2

μ]

μ+ → e+γ ≤ 4.2 × 10−13

μ+ → e+γ ≤ 6 × 10−14

Universe 2021, 8, 299 22 of 39

design. MEG adopted a graded solenoidal field, set at ⇠1.1 T near the center of the
apparatus, that sweeps out the positrons emitted at ⇠90 deg and provides a constant
bending radius for the signal positron essentially independent of the angle of emission.
This feature helps in achieving a uniform and efficient signal track reconstruction. Another
technological breakthrough from the MEG experiment is the development of the liquid
Xe (LXe) calorimeter. The MEG LXe calorimeter is the first application of a large volume
of LXe for particle detection and, so far, it proved to have the best performance for the
electromagnetic calorimetry detection in the energy range below 100 MeV [164].

Figure 12. Schematic of the MEGA experiment (Figure from [163]).

Figure 13. Schematic of the MEG experiment (Figure from [101]).

Table 4. Summary of detector performance for the MEG and MEG-II experiments [102]. sX indicates
the resolution of the observable X, eX the detection efficiency for the particle X. For the case of the
photon energy resolution sEg

, the two values refer to the shallow (<2 cm)/deep (>2 cm) events. ste+g

is the time resolution on the e+ � g time residual. The reported values for the MEG-II case refer to
the updated results from the engineering runs reported in [102].

sp+
e

sq+
e

sEg sxg ste+g
ee+ eg

MEG 380 keV/c 9.4 mrad 2.4%/1.7% 5 mm 122 ps 30% 63%
MEG-II 100 keV/c 6.7 mrad 1.7%/1.7% 2.4 mm 70 ps 65% 69%

Recently, the MEG collaboration worked on the upgrade of the experiment (MEG II),
which aims to reach a sensitivity of 6⇥ 10�14 90% C.L. [102]. Various improvements on the
detector were delivered. The positron spectrometer was replaced with a low-mass single-
volume cylindrical drift chamber with high rate capability. This increased the acceptance of
the spectrometer with respect to the MEG configuration by more than a factor of 2. The
LXe calorimeter was also upgraded by replacing the MEG photomultiplier tubes (PMTs)
with smaller vacuum-ultraviolet sensitive silicon photomultipliers (SiPMs). A novel timing
detector for an active suppression of the accidental background was also introduced. The
results of the engineering runs showed a fast degradation of the wires of the drift chamber

very hard to go beyond  without 
conceptually different approach

10−15

[MEG Coll., 1605.05081]

[MEG II Coll., 2201.008200]
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Figure 14. Schematic of the SINDRUM experiment. B, muon beam; S, focussing solenoid; T, target;
C, five cylindrical multi-wire proportional chambers; H, hodoscope of 64 scintillators; L, light
guides for the hodoscope; P, 128 photomultipliers; A, preamplifiers for the cathode strips and
amplifier/discriminators for the anode wires; M, normal conducting coil of the magnet. Figure and
caption from [165].

A new effort to improve the sensitivity on µ± ! e±e�e+ search is underway at PSI by
the Mu3e collaboration [109]. The Mu3e experiment aims for a 10�16 single-event sensitivity,
which would correspond to an improvement by four orders of magnitude compared to
the limit set by the SINDRUM experiment. Such a leap in sensitivity is enabled by: (i) the
availability of high-intensity muon beams, (ii) the use of silicon pixel detectors instead of
multi-wire proportional chambers to track the decay products, and (iii) a modern data-
acquisition system able to handle the vast amount of data produced by the detector. A first
phase of the experiment is currently under construction at the pE5 beamline at PSI, where
the intense DC surface muon beam of 108µ+/s will be exploited to achieve a single event
sensitivity of 2 ⇥ 10�15 in about 300 days of data taking [110]. The Mu3e experimental
setup is shown in Figure 15. It is designed to track the two positrons and one electron from
the positive muon decaying at rest with a light-weight tracker placed inside a 1 T magnetic
field, thereby reconstructing the decay vertex and invariant mass.

Figure 15. Schematic of the Mu3e experiment (Figure from [110]).

The muon beam is stopped in a hollow double-cone target placed at the center of the
Mu3e solenoid. This allows for the spread out of the decay vertices in z and minimizes the
amount of target material traversed by the decay particles. The target is surrounded by the
cylindrical central tracker, which consists of an inner silicon pixel detector, a scintillating
fiber tracker for time measurements, and an outer silicon pixel detector. A momentum
resolution of better than 1 MeV/c at @ 50 MeV/c is achieved by letting the positrons
(electrons) re-curl in the magnetic field, either crossing the central tracker again or hitting
the outer tracking stations surrounding the upstream and downstream beam pipe. These

16

cLFV muon channels: 3-body decays

cLFV decay:  

Event signature:     
              common vertex; Time coincidence

μ+ → e+ e−e+

Σ Ee = mμ ; Σ ⃗P e = ⃗0

Backgrounds  physics & accidental 

Physics: multi-body  decays ( , very low )                                     

Accidental: Bhabha scattering of Michel  from   decays with atomic   
Michel positrons with  from  conversion     

Experimental status: 
SINDRUM @ PSI  

BR( )   (90% CL) 

 Future prospects:  
Mu3e (@ PSI): expected sensitivity  for Phase I 
                     with HIMB,  for Phase II

⇒
μ μ → e ν̄eνμ e+e− Eν

e+ μ → e ν̄eνμ e+e−

e+e− γ

μ+ → e+e−e+ ≤ 1.0 × 10−12

𝒪(10−15)
𝒪(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

Experimental status: 
SINDRUM @ PSI: CR( )   (90% CL) 

 Future prospects:  
Mu2e (@ FNAL) - ,  
        COMET (@ JPARC) - , ...

μ− − e−, Au ≤ 7.1 × 10−13

𝒪(10−17)
𝒪(10−15 − 10−17)

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 

 

For Aluminium, Lead, Titanium  MeV) 

Which target?** For coherent conversion, maximal rates for  

Backgrounds  Only physics!  decay in orbit, beam purity, cosmic rays, ...

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

30 ≤ Z ≤ 60

⇒ μ
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Figure 17. The SINDRUM-II experimental setup. Figure from [138].

With a total of ⇠1014 stopped muons, SINDRUM-II reached a sensitivity at the level
of ⇠10�13 on the µ�N ! e�N process using different target materials [138].

New experimental concepts have been proposed and are currently under construction
at Fermilab (USA) and J-PARC (Japan) to search for µ�N ! e�N with unprecedented
sensitivity at the level of ⇠10�17. The Mu2e experiment at Fermilab had its genesis back
in the 1980s, behind the Iron Curtain. In a way, Mu2e was born in the Soviet Union. In
1989, the Soviet Journal of Nuclear Physics published a letter to the editor from physicists
Vladimir Lobashev and Rashid Djilkibaev, where they proposed an experiment that would
perform the most thorough search yet for muon-to-electron flavor violation. In 1992, they
proposed the MELC experiment at the Moscow Meson Factory [170], but in 1995, due to
the political and economic crisis, the experiment shut down. The same overall scheme
was subsequently adopted in the Brookhaven National Laboratory MECO proposal in
1997 [171] and then in the Mu2e and COMET experiments.

The Mu2e apparatus [172], shown in Figure 18, consists of three main superconducting
solenoids. The first two, named production and transport solenoid in Figure 18, are used to
generate a high-intensity, low-momentum muon beam starting from a 8 GeV proton beam.
The third solenoid, named ”Detector Solenoid” in Figure 18, contains an Al stopping target,
where the muons are stopped to generate the muonic atoms, and downstream to it, we
have a low-mass straw-tube tracker [173], followed by a pure-CsI crystal calorimeter [174].
Both detectors are left un-instrumented in the inner 38 cm to avoid any interaction with
the largest majority (>99%) of the low momenta electrons coming from the muon DIO
processes in the stopping target. In Mu2e, the stopping target is not placed in the middle of
the tracker as it was done in SINDRUM-II to limit the flux of protons, photons and neutrons
(from the muon nuclear captures) in the detector. A graded magnetic field around the
stopping target increases the detector geometrical acceptance by reflecting the electrons
that initially were emitted in the direction opposite to the detector. The whole detector
solenoid and half of the transport solenoid are covered with a cosmic ray veto system
designed to detect atmospheric muons with an efficiency �99.99%.

Figure 18. Schematic of the Mu2e experiment.

[SINDRUM II Coll., '06]

[Bartoszek et al, 1501.05241] 

[Abramishvili et al, '20] 
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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 & LNV ( ) neutrinoless  conversion  
   

 conversion: coherent process, single nucleon, nuclear ground states 

 conversion: 2 nucleons ( ), possibly excited final state  

A unique connection between LNV (in association with Majorana nature and possibly,  
       neutrino mass generation) and cLFV 

μ−

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

ΔL = 2 μ− − e+

μ− + (A, Z) → e+ + (A, Z − 2)*
μ− − e−

μ− − e+ ΔQ = 2

[see e.g. Geib et al, 1609.09088]

LNV in “muonic” atoms: µ− − e+µ− − e+µ− − e+ conversion

! LNV (∆L = 2∆L = 2∆L = 2) µ− − e+µ− − e+µ− − e+ conversion: µ− + (A,Z)→ e+ + (A,Z − 2)∗µ− + (A,Z)→ e+ + (A,Z − 2)∗µ− + (A,Z)→ e+ + (A,Z − 2)∗

µ− − e−µ− − e−µ− − e−: coherent, single nucleon, nuclear ground state

µ− − e+µ− − e+µ− − e+: 2 nucleons (∆Q = 2), possibly excited final states
!!"#"#
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!)))))))#9:)
!)))))));#)
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! Event signature: single positron - but complex E-spectrum

EN∗

µ−e+ = mµ − EB(A,Z)− ER(A,Z)−∆Z−2(∗)

EAl,GDR
µ−e+

≈ O(83.9 MeV) [< GDRAl >∼ 21.1 MeV (6.7 MeV)] [Geib et al, ’16]

! Experimental status - present bounds:

Collaboration year Process Bound

PSI/SINDRUM 1998 µ−+Ti→ e++Ca∗ 3.6 × 10−11

PSI/SINDRUM 1998 µ−+Ti→ e++Ca 1.7 × 10−12

! Experimental status - future prospects:

Recent studies: best sensitivity associated with Calcium, Sulphur and Titanium targets

CR(µ− − e+µ− − e+µ− − e+)< O( few× 10
−15)< O( few× 10
−15)< O( few× 10
−15) for 48Ti48Ti48Ti (both LNC and LNV searches) [Yeo et al, ’17]

For Aluminium targets improvement of current sensitivity maybe very hard (even factor 10)...
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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 & LNV ( ) neutrinoless  conversion  
   

 conversion: coherent process, single nucleon, nuclear ground states 

 conversion: 2 nucleons ( ), possibly excited final state  

μ−

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

ΔL = 2 μ− − e+

μ− + (A, Z) → e+ + (A, Z − 2)*
μ− − e−

μ− − e+ ΔQ = 2

Event signature: single positron - but complex energy spectrum 

 

For Aluminium (giant dipole resonance)  MeV)

EN*

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

↝ EAl, GDR
μ−e+ ≈ 𝒪(83.9

Experimental status: 

 Future prospects:  
Best sensitivity expected for Ca, S and Ti targets (possibly )∼ 𝒪(few × 10−15)
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LNV in “muonic” atoms: µ− − e+µ− − e+µ− − e+ conversion

! LNV (∆L = 2∆L = 2∆L = 2) µ− − e+µ− − e+µ− − e+ conversion: µ− + (A,Z)→ e+ + (A,Z − 2)∗µ− + (A,Z)→ e+ + (A,Z − 2)∗µ− + (A,Z)→ e+ + (A,Z − 2)∗

µ− − e−µ− − e−µ− − e−: coherent, single nucleon, nuclear ground state

µ− − e+µ− − e+µ− − e+: 2 nucleons (∆Q = 2), possibly excited final states
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! Event signature: single positron - but complex E-spectrum

EN∗

µ−e+ = mµ − EB(A,Z)− ER(A,Z)−∆Z−2(∗)

EAl,GDR
µ−e+

≈ O(83.9 MeV) [< GDRAl >∼ 21.1 MeV (6.7 MeV)] [Geib et al, ’16]

! Experimental status - present bounds:

Collaboration year Process Bound

PSI/SINDRUM 1998 µ−+Ti→ e++Ca∗ 3.6 × 10−11

PSI/SINDRUM 1998 µ−+Ti→ e++Ca 1.7 × 10−12

! Experimental status - future prospects:

Recent studies: best sensitivity associated with Calcium, Sulphur and Titanium targets

CR(µ− − e+µ− − e+µ− − e+)< O( few× 10
−15)< O( few× 10
−15)< O( few× 10
−15) for 48Ti48Ti48Ti (both LNC and LNV searches) [Yeo et al, ’17]

For Aluminium targets improvement of current sensitivity maybe very hard (even factor 10)...

[Yeo et al,'17]
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cLFV in muonic atoms: Coulomb enhanced decay

Experimental status - new observable! 
possibly included in future physics runs (e.g. COMET) 

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

In the presence of New Physics - cLFV muonic atom decay  

Initial : 1s states bound in Coulomb field of muonic atom's nucleus 

Coulomb interaction increases wave function overlap 
rate strongly enhanced in large  atoms,  

Larger phase space (compared with )

μ−

μ− e− → e− e−

μ−, e−

Z Γ ≳ (Z − 1)3

μ → 3e

Event signature: back-to-back electrons,  

Backgrounds  similar to neutrinoless conversion

Ee− ≈ mμ/2

⇒
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cLFV muonium decays

Muonium:  
Hydrogen-like Coulomb bound state, free of hadronic interactions!  
Powerful laboratory for EW tests and cLFV 

In the presence of New Physics - Muonium oscillations and Muonium decays

μ+ e−

Mu-  oscillation 

Spontaneous conversion    
Reflects a double (individual) lepton number violation  

Rate (typically) suppressed by external magnetic fields 

Detection: reconstruct Michel electron from  decays and shell positron  

Experimental status: MACS -  

Future prospects: MACE, AMF (@FNAL)

Mu

μ+ e− ↭ μ− e+

|ΔLe | = |ΔLμ | = 2

μ−

P(Mu − Mu) < 8.3 × 10−11

Mu decays 
  

Clear signal compared to SM-allowed muonium decay, Mu  

No available bounds, no clear roadmap...

μ+ e− → e+ e−

→ e+ e− ν̄μ νe

[Willmann et al, 1999]
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 Need many many (really many!) muons: excellent sensitivity with current sources, 
Amazing prospects with advent of high-intensity beams (PSI, FNAL, J-PARC) 
and beyond?... Muon facility? Muon collider?   

⇒

Fabrizio Cei, KAON2019

Searching for tiny cLFV effects  high-intensity sources for excellent sensitivities⇒

!!! Overview of (high-intensity) observables: status & prospects

A lot of muons :)

And friendly neutrons!
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cLFV muon observables: experimental status
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Lepton observables: cLFV tau processes
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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+

 cLFV tau decays: abundant modes! Pure leptonic, semileptonic (2- and 3-body), ... 

Radiative decay:  

Event signature:  ;  

Backgrounds  coincidence of isolated leptons with  (ISR, FSR); mistagging 
       

τ± → ℓ ± γ

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

⇒ γ

3-body leptonic decay:   

Event signature:  ;  

Backgrounds  No irreducible backgrounds!  

  Small background from  and Bhabha pairs, ...

τ± → ℓ ±
i ℓ∓

j ℓ ±
k

E3ℓ − s /2 ∼ 0 M3ℓ ∼ mτ

⇒
qq̄
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cLFV tau decays: leptonic and more

Semi-leptonic cLFV tau decays  
 2-body final state:   (pseudoscalar, scalar or vector neutral meson) 

 3-body final state:     ( ) 

 cLFV exotic modes (also lepton & baryon number violating) 

     ( )     LNV 

      ( )     LNV & BLV 

        LNV & BLV

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 → p ℓi ℓj ⇒

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+

 cLFV tau decays: abundant modes! Pure leptonic, semileptonic (2- and 3-body), ... 
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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!

⚙

⚙

⚙ FCC-ee

cLFV tau decays: experimental status

⚙

⚙

τ → ℓ γ τ → ℓ ℓ ℓτ → ℓM(P, S, V ) τ → ℓMM
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cLFV lepton observables: (effective approach)
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cLFV: EFT approach to New Physics (again)

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

𝓛eff = 𝓛SM + ∑
n≥5

1
Λn−4

𝓒n(g, Y, . . . ) 𝓞n(ℓ, q, H, γ, . . . )

effective coefficients   Weinberg operator ( )  
  flavoured contributions 

(among many others!)

𝓞5 ↝ mν
𝓞6 ↝

(unknown) NP scale

Cast observables in terms of  and ; Apply current data (limits, ...)     

 

 cLFV data to constrain  and/or infer sensitivity of process to large sets of   

 Hints on  (and on properties of new states & nature of couplings) 

Deceptively simple task... different new physics scales, numerous operators!  
Technically very involved, even if no "SM background"... 

                                                                                     

𝒞ij ΛNP

ℒeff = ℒSM +
𝒞5𝒪5

ΛLNV
(mν) +

𝒞6𝒪6

Λ2
cLFV

(ℓα ↔ ℓβ) + . . . +
𝒞7𝒪7

Λ′�3
LNV

(0ν2β) + . . .

⇒ 𝒞ij 𝒞ij

⇒ ΛNP

L-EFT

SM-EFT

UV complete 
NP model

ΛEW

ΛNP

mℓ

effective operators
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Cast current data (limits, ...)  in terms of  and : cLFV operators ( ) 𝒞ij ΛNP 𝒪6

ℒeff = ℒSM +
𝒞5𝒪5

ΛLNV
(mν) +

𝒞6𝒪6

Λ2
cLFV

(ℓα ↔ ℓβ) + . . .

Muon cLFV: EFT approach to New Physics

e

eNP

m e

r e

q

NP

g

so
µ e

 QED & QCD & NP effective Lagrangian, many involved operators! 

of µ ! e conversion and µ ! 3e in the phenomenological analysis. In addition, we include

the dimension-seven lepton-gluon operator that is relevant in µ ! e conversion [35].

The outline of the paper is as follows: Section 2 introduces the QCD⇥QED invariant

operators of our e↵ective Lagrangian. The essential formulas for the transition rates of

our three processes in terms of the Wilson coe�cients of the operators are recalled in

Section 3. Then, the RGE of these Wilson coe�cients is discussed in Section 4 with the

analytic formulas collected in Appendix A. These results are combined in Section 5 to

obtain limits on various Wilson coe�cients and discuss the complementarity of the three

processes.

2 Low-energy Lagrangian

Following the Appelquist-Carazzone theorem [36], we consider an e↵ective Lagrangian

that is valid below some scale ⇤ with mW � ⇤ � mb. Therefore, it consists of all

operators that are invariant under U(1)QED ⇥ SU(3)QCD and contain the fermion fields

f 2 {u, d, c, s, b, e, µ, ⌧}, as well as the QED and QCD gauge fields. In addition to the

dimension-four QED and QCD Lagrangians, it contains higher-dimensional operators mul-

tiplied by dimensionless Wilson coe�cients C. Having µ ! e transitions in mind, we

restrict ourselves to operators that induce such transitions and are flavour diagonal with

respect to the other fields. Concretely, our Lagrangian reads

Le↵ = LQED + LQCD

+
1

⇤2

⇢
C

D
L O

D
L +

X

f=q,`

�
C

V LL
ff O

V LL
ff + C

V LR
ff O

V LR
ff + C

S LL
ff O

S LL
ff

�

+
X

h=q,⌧

�
C

T LL
hh O

T LL
hh + C

S LR
hh O

S LR
hh

�
+ C

L
ggO

L
gg + L $ R

�
+ h.c., (2.1)

with the explicit form of the operators given by

O
D
L = emµ (ē�

µ⌫
PLµ)Fµ⌫ , (2.2)

O
V LL
ff = (ē�µPLµ)

�
f̄�µPLf

�
, (2.3)

O
V LR
ff = (ē�µPLµ)

�
f̄�µPRf

�
, (2.4)

O
S LL
ff = (ēPLµ)

�
f̄PLf

�
, (2.5)

O
S LR
hh = (ēPLµ)

�
h̄PRh

�
, (2.6)

O
T LL
hh = (ē�µ⌫PLµ)

�
h̄�

µ⌫
PLh

�
, (2.7)

O
L
gg = ↵smµGF (ēPLµ)G

a
µ⌫G

µ⌫
a , (2.8)

where PL/R =
�
I⌥ �

5
�
/2. The field-strength tensors for photons and gluons are denoted

by F
µ⌫ and G

µ⌫
a , respectively. Regarding the matter fields, f represents any fermion

below the decoupling scale mW , and h 2 {u, d, c, s, b, ⌧} is restricted to be either a quark

3
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ff = (ē�µPLµ)

�
f̄�µPRf

�
, (2.4)

O
S LL
ff = (ēPLµ)
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hh = (ē�µ⌫PLµ)

�
h̄�

µ⌫
PLh

�
, (2.7)

O
L
gg = ↵smµGF (ēPLµ)G
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... and further "mixing" effects, from RGE running (including loop effects) ...
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Cast current data (limits, ...)  in terms of  and : cLFV operators ( ) 𝒞ij ΛNP 𝒪6

ℒeff = ℒSM +
𝒞5𝒪5

ΛLNV
(mν) +

𝒞6𝒪6

Λ2
cLFV

(ℓα ↔ ℓβ) + . . .

Muon cLFV: EFT approach to New Physics

 Simple examples: at leading order one has  

BR( )  

BR( )  

CR( , N): far more involved (nuclear target effects, spin (in)-dependent contributions, ...) 

                         

μ → eγ ≃ 384π2 v4

Λ4 ( |CD,L |2 + |CD,R |2 )

μ → eee ≃
v4

Λ4 [ 1
8

|CS,LL |2 + 2 |CV,RR + 4eCD,L |2 + (64 ln
mμ

me
− 136) e |CD,L |2 + |CV,RL + 4eCD,L |2 ]+ (L ↔ R)

μ − e

≈
1

Γcap

m5
μ

Λ4 [ eCD
L DN + 4 (GFmμ mp C̃SL

(p) S(p)
N + C̃VR

(p) V (p)
N + p → n)

2

+ (L ↔ R)]

e

eNP

m e

r e

q

NP

g

so
µ e

: nuclear "overlap integrals" between  

lepton wave functions and nucleon densities (target-dependent)

DN, S(p/n)
N , V (p/n)

N

 What can we learn? Use data to constrain (combinations)  and hint on ...𝒞6 ΛcLFV
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Muon cLFV: EFT approach to New Physics

Cast current data (limits, ...)  in terms of  and : cLFV operators ( ) 𝒞ij ΛNP 𝒪6

ℒeff = ℒSM +
𝒞5𝒪5

ΛLNV
(mν) +

𝒞6𝒪6

Λ2
cLFV

(ℓα ↔ ℓβ) + . . .
e

eNP

m e

r e

q

NP

g

so
µ e

  BR( ) depends on dipole  

(but mixing effects from RGE running  
and loop contributions render it  
also sensitive  
to scalar/tensor/vector contributions,  
even for  operators) 

                     Unexpected findings!

⇒ μ → eγ CD

qq̄

Experimental bounds and Leff

! Effective approach: Leff = LSM +
∑

n≥5Leff = LSM +
∑

n≥5Leff = LSM +
∑

n≥5
1

Λn−4
1

Λn−4
1

Λn−4 Cn(g, Y, ...) On(ℓ, q,H, γ, ...)Cn(g, Y, ...) On(ℓ, q,H, γ, ...)Cn(g, Y, ...) On(ℓ, q,H, γ, ...)

⇒⇒⇒ Apply experimental bounds to constrain C6
ijC6
ijC6
ij and infer sensitivity of a process to C6

ijC6
ijC6
ij

⇒⇒⇒ Challenging task! Many contributions, running & mixing effects...

! Simple “one-at-a-time” limits (not including corrections)...

[Crivellin et al, ’17 (thanks to M. Pruna!)]

Simple "one-at-a-time" limits:

[Crivellin et al, 2017 (courtesy of M. Pruna)]

 Include as many observables & operators as possible!  
(e.g.  contact interactions, angular observables in polarised  decays, ...)μeγγ μ → 3e

   [Davidson et al, 2007.09612]  [Bolton, Petcov, 2204.03468]
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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-light𝒪N-light + CN-heavy⊥𝒪N-heavy⊥]
 ⃗C = {CD, CS, CVR, CVR, CVL, CN-light, CN-heavy⊥}

  Sensitivity to NP scales (current & future):  

    MEG ( )  TeV) [dipole] 

steadily improved by Mu3e  TeV) 

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

    Mu2e/COMET II ( , Al)  TeV) 
[either dipole or 4f]

μ → eγ ↭ ΛcLFV ∼ 𝓞(103

∼ 𝓞(5 × 103

μ − e ↭ ΛcLFV ∼ 𝓞(103

μ − e ↭ ΛcLFV ≲ 𝓞(104

dipole vs. 4-fermion  
dominance

 BR( )     

                        and likewise for other observables   

          BR( ), CR( , N), Muonium oscillations...

⇒ μ → eγ ≃ 384π2 v4

Λ4
| ⃗C . ̂eDR |2 ↝ ≤ BRexp (future)

μ → 3e μ − e

2 2 CD ≈
cos θD

Λ2



 Fully exploring the potential of atomic (elastic) muon-electron conversion, CR( ,N): 

Comparatively more involved theoretical approach!  

Explore target-nucleus dependence to distinguish dominant operator (hint on NP model!)  
               [extensive contributions since Kitano et al, 0203110! see Davidson et al, 1810.01884; Heeck et al, 2203.00702, ...] 


In the advent of an observation (@ Mu2e, COMET  using Aluminium targets) 
   prepare choice of future targets  

Which offer the largest complementarity with respect to Al?

μ − e

↝
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[Heeck et al, 2203.00702]

 cLFV data to constrain  (and infer sensitivity of a process to operator )⇒ 𝒞6 𝒪6

Muon cLFV: EFT approach & conversion in nuclei

2

mass, it can be described to leading order in chiral per-
turbation theory by an e↵ective Lagrangian connecting
muons and electrons via dipole and two-nucleon opera-
tors [4]:

Lµe = �
4GFp

2

X

X=L,R

⇥
mµCD,Xe�↵�PXµF↵�

+
X

N=p,n

⇣
C(NN)

S,X ePXµNN + C(NN)
P,X ePXµN�5N

+ C(NN)
V,X e�↵PXµN�↵N + C(NN)

A,X e�↵PXµN�↵�5N

+ C(NN)
Der,Xe�↵PXµ (N

 !
@ ↵i�5N)

+ C(NN)
T,X e�↵�PXµN�↵�N

⌘i
+ h.c., (2)

where PL,R are chiral projection operators and the C are
dimensionless Wilson coe�cients at the experimental en-
ergy scale ⇠ mµ. We expect spin-independent µ ! e
conversion to dominate due to coherent enhancement.2

This is an assumption that does not hold true in all pos-
sible models [14, 31] but will be employed from here on
out. For spin-independent scattering, only a subset of
Wilson coe�cients contribute, leading to the µ! e con-
version rate, conventionally normalized relative to the
muon capture rate �capture [4, 11],

BRSI(µA! eA) =
32G2

F

�capture

h���Cpp
V,RV

(p) + Cpp0

S,LS
(p)

+Cnn
V,RV

(n) + Cnn0

S,LS
(n) + CD,L

D

4

����
2

+ {L$ R}
#
. (3)

Here, the primed coe�cients are defined as CNN 0

S,X ⌘
CNN

S,X + 2mµ

mN
CNN

T,X , X = L,R [14, 31]. The overlap in-
tegrals,

D =
4p
2
mµ

Z 1

0
dr r2 [�E(r)]

�
g�e f

�
µ + f�

e g�µ
�
, (4)

S(p) =
1

2
p
2

Z 1

0
dr r2Z⇢(p)

�
g�e g

�
µ � f�

e f�
µ

�
, (5)

S(n) =
1

2
p
2

Z 1

0
dr r2N⇢(n)

�
g�e g

�
µ � f�

e f�
µ

�
, (6)

V (p) =
1

2
p
2

Z 1

0
dr r2Z⇢(p)

�
g�e g

�
µ + f�

e f�
µ

�
, (7)

V (n) =
1

2
p
2

Z 1

0
dr r2N⇢(n)

�
g�e g

�
µ + f�

e f�
µ

�
, (8)

contain all the information about the structure of the nu-
cleus, here assumed to be spherically symmetric, through
the density distributions of charge ⇢(c), protons ⇢(p), and
neutrons ⇢(n). These are normalized via

Z 1

0
dr 4⇡r2⇢(c),(p),(n)(r) = 1 . (9)

2 For a recent computation of the conversion rate for 208Pb with
a breakdown into coherent, and incoherent spin-dependent and
spin-independent contributions, see Ref. [30].

The radial electric field E(r), relevant for the dipole over-
lap integral D, is defined as

E(r) =
Ze

r2

Z r

0
dr̃ r̃2⇢(c)(r̃) . (10)

The functions g�e , f
�
e , g�µ , and f�

µ are radial parts of the
electron and muon relativistic wavefunctions, determined
by numerically solving the relevant Dirac equations in the
external electric field of the nucleus, following Ref. [26].

The overlap integrals can be calculated for a given iso-
tope after specifying the nuclear distributions. The Wil-
son coe�cients entering Eq. (3) can be obtained in a
given new-physics model through standard procedure of
matching at the new-physics scale and running down the
coe�cients to the experimental scale via renormalization-
group equations. Here, we will take them to be arbitrary
input parameters.

III. NUCLEAR DISTRIBUTIONS

It is di�cult to compute nuclear charge distributions
accurately from the first principles [32–34], especially for
heavy elements. Instead, they can be extracted from ex-
periments. Information about the nuclear distributions
⇢ can be obtained via spectroscopy in (muonic) atoms
and through elastic scattering. Relying on electromag-
netic interactions, this gives access to the charge distri-
bution ⇢(c), for which numerous data tables exist [35, 36].
Spectroscopic measurements typically allow only to ex-
tract the value of the root-mean-square charge radius.
Electron–nucleus scattering data can probe electromag-
netic form-factors at di↵erent values of the momentum
transfer, but available data points are sparse.

A model-independent determination of the charge dis-
tribution is practically impossible and is typically re-
placed by fitting a theoretically or phenomenologically
motivated ansatz to data. Widely adopted parametriza-
tions for spherically symmetric charge distributions with
varying degrees of complexity are listed below:

1. Three-parameter Fermi model (3pF) [37, 38]:

⇢(c)(r) =
⇢0

1 + exp
�
r�c
z

�
✓
1 + w

r2

c2

◆
. (11)

The two-parameter Fermi model (2pF) can be ob-
tained as the special case w = 0; the one-parameter
Fermi function (1pF) is defined here through w = 0
and z = 0.52 fm (which corresponds to a constant
surface thickness of 2.3 fm).

2. Three-parameter Gaussian model (3pG) [38]:

⇢(c)(r) =
⇢0

1 + exp
�
r2�c2

z2

�
✓
1 + w

r2

c2

◆
. (12)

3. Modified-harmonic oscillator model (MHO) [39]:

⇢(c)(r) = ⇢0

✓
1 + w

r2

a2

◆
e�r2/a2

. (13)

5

mation ⇢(p) = ⇢(c).
We again compare our results with more sophisticated

theoretical ⇢(p) models for 50
22Ti [47] and

208
82 Pb [48], which

only di↵er from our Tab. I values by 2% and 3%, respec-
tively.

D. Overlap integrals S(n) and V (n)

The overlap integrals S(n) and V (n) depend on the neu-
tron density ⇢(n), which is far more di�cult to measure
than the proton or charge density and only known for
very few nuclei. We have no choice but to make a the-
oretical ansatz here. The elementary approximation is
simply ⇢(n) ' ⇢(p), in which case S(n) ' (N/Z)S(p) and
V (n) ' (N/Z)V (p), listed in Tab. I.

For comparison to more realistic distributions, we use
the state-of-the-art predictions of ⇢(n) for 50

22Ti [47] and
208
82 Pb [48] as well as the experimental data for 40

20Ca [49]
to calculate S(n) and V (n). In all cases, the deviations
are between 2% and 3%, well within our allotted errors.
Despite the many approximations we had to make to cal-
culate the neutron overlap integrals, the results seem ro-
bust.

E. Summary

Our final results are shown in Fig. 3 and tabulated in
Tab. I. For D, they are based on the 1pF charge dis-
tribution and we estimate an uncertainty of about 2%
at low Z that grows to 8% at large Z. For S(p) and
V (p), we unfold the 1pF charge distribution to account
for the finite proton size and obtain the proton-center
distribution following Ref. [46]. We estimate the uncer-
tainties to range from 5% for low Z to 10% at high Z.
For the neutron overlap integrals S(n) and V (n) we ap-
proximate ⇢(n) = ⇢(p) and use the same distributions as
for S(p) and V (p). For small Z, we expect a similar un-
certainty around 5%, while at large Z the approximation
⇢(n) = ⇢(p) is going to become increasingly worse, intro-
ducing an error in excess of 10%. While the accuracy
of the overlap integrals is su�cient for our current pur-
poses, e↵orts should be undertaken to improve them if
muon-to-electron conversion is observed.

V. COMPLEMENTARITY OF TARGETS

Assuming optimistically that COMET or Mu2e ob-
serve µ ! e conversion on their aluminium target with
su�cient significance to claim a discovery, what target
nucleus should be investigated next? One answer was
given long ago: any high-Z target, e.g. gold, since the
overlap integrals become more distinguishable at large
Z [4, 11–15] (see Fig. 3). Unfortunately, high-Z elements
have a very short muon lifetime that renders them di�-
cult to use in experimental setups similar to Mu2e.

In order to find appropriate low -Z targets, we must
first find a quantitative measure of complementarity.
Following Refs. [4, 14], we write the spin-independent

D
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FIG. 3. All overlap integrals as a function of Z, using the
data from Tab. I. We approximate ⇢(n) = ⇢(p) and use the
proton-center distribution unfolded from the 1pF charge dis-
tribution.

branching ratio from Eq. (3) as

BRSI =
32G2

F

�capture

⇥
|v ·CL|2 + |v ·CR|2

⇤
, (17)

where

v ⌘
✓
D

4
, V (p), S(p), V (n), S(n)

◆
(18)

is a vector specific to the µ ! e conversion target and

CL ⌘
⇣
CD,R, C

pp
V,L, C

pp
S,R, C

nn
V,L, C

nn
S,R

⌘
, (19)

(similar for CR) contains all new-physics information.
By measuring µ ! e conversion on di↵erent nuclei we
can measure C along di↵erent directions in order to de-
termine its individual components. Since all overlap inte-
grals are positive and of similar magnitude, the di↵erent
vectors v all point roughly in the same direction, so this
procedure requires a precise understanding of the nuclear
structure.

Assuming µ ! e conversion is measured on Al, the
next target material should be chosen so as to provide
as much complementary information to Al as possible,
which is equivalent to demanding that the corresponding
vector v is maximally misaligned with vAl. This can be
quantified through the misalignment angle3

✓Al = arccos

✓
v · vAl

|v||vAl|

◆
. (20)

We show this angle in Fig. 4, which clearly confirms that
high-Z targets have the largest complementarity with Al
overall.

Restricting ourselves to Mu2e-friendly Z < 25 targets,
lithium-7 and titanium-50 show the largest complemen-
tarity with respect to aluminium, followed by chromium-
54 and vanadium. They have larger N/Z ratios, 2.33 and

3 Since the dipole overlap integral D is somewhat special and in
any case well constrained through µ ! e�, one might consider
defining v without D; this turns out to not make a di↵erence in
✓, which is dominated by the proton vs. neutron di↵erence and
essentially insensitive to the D direction.

Overlap integrals:  
more distinguishable at large  ! Z

Better disentangle dominant NP contributions...
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FIG. 4. Misalignment angle with Al, as calculated with
Eq. (20) using our data from Tab. I. The misalignment angle
increases with the number of neutrons in isotopes.

2.27 for lithium-7 and titanium-50, respectively, com-
pared to Al’sN/Z ' 2.08, which might ultimately help to
distinguish CLFV operators involving protons from those
involving neutrons [4]. Lithium has already been identi-
fied as a promising target in Ref. [4]. Titanium has long
been proposed as a suitable second target for aluminum-
based experiments, and our analysis shows that the iso-
tope Ti-50 would be particularly useful; aside from the
conversion rate and the background from muon decay
in orbit, di↵erent isotopes of an element are expected
to behave essentially identically experimentally, notably
because the conversion energy depends only weakly on
the number of neutrons [26]. The theoretically interest-
ing isotopes Ti-50, Ti-49, and Cr-54 have a low natural
abundance and are di�cult enrich in the large quanti-
ties necessary for conversion experiments; Li-7 and V-51,
on the other hand, are the dominant isotopes and hence
practically preferable as second targets after an observa-
tion of µ ! e conversion on aluminium.

VI. CONCLUSIONS

The search for lepton flavor violation is one of our most
sensitive probes of physics beyond the Standard Model.
Experiments searching for µ� ! e� conversion such as
COMET, DeeMe, and Mu2e, promise to improve existing
limits by several orders of magnitude. Robust theoretical
predictions, as presented here, are crucial ingredients for
experimental simulations of possible signal strength and

are relevant for the choice of alternative targets. An ob-
servation of the coherent conversion signal would clearly
indicate new physics. Still, it would not provide enough
information to understand the nature of the new interac-
tions. Our results allow tracking the nucleus-dependence
of the µ� ! e� conversion rate by looking at di↵er-
ent target materials, which would then help to discrimi-
nate the possible underlying new-physics models and ef-
fective operators. Such studies are instrumental in the
context of proposed upgrades of the already approved
experiments [50].

Our results indicate that the isotope dependence can
exceed the uncertainty due to the nuclear charge distri-
bution. Thus, experiments must carefully control the
isotope composition of the targets to enable the proper
interpretation of the results in terms of bounds on un-
derlying short distance parameters of the e↵ective La-
grangians. The isotope dependence can also improve
the experiments’ potential to distinguish various New
Physics scenarios if a signal is observed.

Further improvement of the total coherent conversion
rates requires more precise determination of the proton,
neutron, and charge density profiles. The progress in the
many-body computational methods may allow in the fu-
ture ab-initio evaluation of these density functions, which
would be highly desirable for experimentally studied tar-
get materials.
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- Heavier nuclei (Au, Pb)! ... not feasible... 
(pulsed beams) 

- Among experimental-friendly  targets 

   several (theoretically good) candidates 
   Li-7, Ti-50, Ti-49, Cr-54, .., V-51

Z ≤ 25

[Heeck et al, 2203.00702]

Muon cLFV: EFT approach & conversion in nuclei

    Li-7 and/or V-51 : preferable "second" targets 
post CR( ,Al) observation

⇒
μ − e

 Fully exploring the potential of atomic (elastic) muon-electron conversion, CR( ,N): 

Comparatively more involved theoretical approach!  

Explore target-nucleus dependence to distinguish dominant operator (hint on NP model!)  
               [extensive contributions since Kitano et al, 0203110! see Davidson et al, 1810.01884; Heeck et al, 2203.00702, ...] 


In the advent of an observation (@ Mu2e, COMET  using Aluminium targets) 
   prepare choice of future targets  

Which offer the largest complementarity with respect to Al?    

μ − e

↝

θAl

 cLFV data to constrain  (and infer sensitivity of a process to operator )⇒ 𝒞6 𝒪6
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Muon cLFV: EFT approach & conversion in nuclei

 Fully exploring the potential of atomic (elastic) muon-electron conversion, CR( ,N): 

And of its lepton number violating counterpart,  

A unique connection between LNV (in association with Majorana nature and possibly,  
       neutrino mass generation) and cLFV

μ − e
μ− + (A, Z) → e+ + (A, Z − 2)(*)

 cLFV data to constrain  (and infer sensitivity of a process to operator )⇒ 𝒞6 𝒪6

From a theoretical point of view, not straightforward! 

- Higher-dimension operators in  (dim 6, 10, 14...) 

- Nuclear matrix elements extremely hard to compute! 

 

                               (only two  known, for Ti-48...)  
                                                                                                      [Domin et al, 0409033; Simkovic et al, 0103029]


    Very hard to draw implications... Must tackle NME! 
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Tau cLFV: (semi-) leptonic modes

Diagnosing power: the τLFV matrix

Tree-level contributions to τ→μ processes from low-scale operators Celis-VC-Passemar 
1403.5781

18

…

…

Low-scale 
operators

CD ⌘ CDL 6= 0 , CS ⌘ Cu
SL = Cd

SL = Cs
SL 6= 0 , Celse = 0 . (5.1)

In this case only the parameters CD/⇤2 and r ⌘ |CS/CD| appear. The radiative ⌧ ! µ� and
semileptonic decays ⌧ ! µ⇡

+
⇡
�
, µ⇢, µf0 receive contributions at tree-level from these operators.

Note from Eq. (3.10) that there is no interference between dipole and scalar contributions so that
there is no sensitivity to the sign of CS/CD. It is possible to test the two-operator dominance
hypothesis by (i) taking ratios of the BRs in the di↵erent decay modes (see Fig. 8), and also by
(ii) analyzing the ⇡⇡ spectrum in ⌧ ! µ⇡

+
⇡
�, where both the ⇢ and f0 features will appear,

with relative strength controlled by the ratio of Wilson coe�cients. An explicit example of this
is given by non-standard LFV Higgs couplings, that generate both dipole and scalar operators.
The resulting spectrum is shown in Ref. [23].

Figure 8: Dipole-Scalar model: Ratios BR(⌧ ! µ⇡
+
⇡
�
)/BR(⌧ ! µ�) (top), BR(⌧ !

µ⇡
+
⇡
�
)/BR(⌧ ! µ⇢) (bottom-left), and BR(⌧ ! µ⇡

+
⇡
�
)/BR(⌧ ! µf0) (bottom-right) as a function

of Log10(r), with r = |CS/CD|.

6 Conclusions

In this work we have analyzed the model-discriminating power of lepton flavor violating ⌧ decays
within an e↵ective field theory framework, including radiative, purely leptonic, and semileptonic
decay modes. The vast majority of available phenomenological studies has focused on the
radiative and leptonic LFV ⌧ decays, in part because these do not su↵er from the hadronic

18

Flavour violating tau decays: large number of modes 
Leptonic (radiative, three-body) as well as semi-leptonic (light mesons, 2- and 3-body) 

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

 larger set of (tree-level) contributing operators (e.g. numerous , gluon, ...)!

⇒
⇒ qqℓℓ

[Celis et al, 1403.5781]

More challenging to disentangle  
operator dominance... (even @ tree level!) 

   Example: for only   
study ratios of cLFV observables 
Less trivial interpretation

CD, CS ≠ 0

r = |CS /CD |
-FV can also lead to muon cLFV:  

 

complementary sensitivity to 

τ
(μ → τ) × (τ → e)

CτℓQq [Ardu et al, 2202.09246 ]
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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

[Banerjee et al, 2203.14919]

For , 

 TeV

C ≈ 1
ΛNP ∼ 300

Flavour violating tau decays: comparatively large number of modes 
Leptonic (radiative, three-body) as well as semi-leptonic (light mesons, 2- and 3-body) 

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

 larger set of (tree-level) contributing operators (e.g. numerous , gluon, ...)!

⇒
⇒ qqℓℓ

For , 

 TeV

C ≈ 1
ΛNP ∼ 3
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cLFV at higher energies:  
from meson decays to colliders 

(EFT studies...) Model Independent Collider Probes of b ! sµµ

Wolfgang Altmannshofer (UCSC) Rare B Decays as Probes of New Physics May 24, 2023 27 / 32

[From Altmannshofer, 2023]
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Meson decays: LFUV, cLFV and more

Meson decays: excellent hunting grounds for "leptophilic" New Physics  

 deviations from SM (lepton flavour universality violation, angular distributions, ...) 

 new phenomena (cLFV, LNV, ...) 

cLFV semileptonic meson decays!  

"Old" experimental results (around 2018) 
But insight into plethora of modes  

Comparative illustration of sensitivity 
in different systems: muons, taus, mesons... 

Although heavy meson cLFV decays offer  
less powerful probes,  
impressive bounds from rare kaon decays! 

BR( )  

 

⇒
⇒

K0
L → μe < 4.7 × 10−12

AN EXPERIMENTAL AND THEORETICAL INTRODUCTION TO CLFV 75

Table II. – Limits for the branching ratio of charged lepton flavour-violating processes of leptons,
mesons, and heavy bosons. More extensive lists of B-meson and τ CLFV decays (including all
hadronic modes) can be found in [76, 77].

Reaction Present limit C.L. Experiment Year Reference

µ+ → e+γ < 4.2 ×10−13 90% MEG at PSI 2016 [49]

µ+ → e+e−e+ < 1.0 ×10−12 90% SINDRUM 1988 [50]

µ−Ti → e−Ti (a) < 6.1 ×10−13 90% SINDRUM II 1998 [51]

µ−Pb → e−Pb (a) < 4.6 ×10−11 90% SINDRUM II 1996 [52]

µ−Au → e−Au (a) < 7.0 ×10−13 90% SINDRUM II 2006 [54]

µ−Ti → e+Ca∗ (a) < 3.6 ×10−11 90% SINDRUM II 1998 [53]

µ+e− → µ−e+ < 8.3 ×10−11 90% SINDRUM 1999 [55]

τ → eγ < 3.3 ×10−8 90% BaBar 2010 [56]

τ → µγ < 4.4 ×10−8 90% BaBar 2010 [56]

τ → eee < 2.7 ×10−8 90% Belle 2010 [57]

τ → µµµ < 2.1 ×10−8 90% Belle 2010 [57]

τ → π0e < 8.0 ×10−8 90% Belle 2007 [58]

τ → π0µ < 1.1 ×10−7 90% BaBar 2007 [59]

τ → ρ0e < 1.8 ×10−8 90% Belle 2011 [60]

τ → ρ0µ < 1.2 ×10−8 90% Belle 2011 [60]

π0→ µe < 3.6 ×10−10 90% KTeV 2008 [61]

K0
L → µe < 4.7 ×10−12 90% BNL E871 1998 [62]

K0
L → π0µ+e− < 7.6 ×10−11 90% KTeV 2008 [61]

K+ → π+µ+e− < 1.3 ×10−11 90% BNL E865 2005 [63]

J/ψ → µe < 1.5 ×10−7 90% BESIII 2013 [64]

J/ψ → τe < 8.3 ×10−6 90% BESII 2004 [65]

J/ψ → τµ < 2.0 ×10−6 90% BESII 2004 [65]

B0→ µe < 2.8 ×10−9 90% LHCb 2013 [68]

B0→ τe < 2.8 ×10−5 90% BaBar 2008 [69]

B0→ τµ < 2.2 ×10−5 90% BaBar 2008 [69]

B → Kµe (b) < 3.8 ×10−8 90% BaBar 2006 [66]

B → K∗µe (b) < 5.1 ×10−7 90% BaBar 2006 [66]

B+ → K+τµ < 4.8 ×10−5 90% BaBar 2012 [67]

B+ → K+τe < 3.0 ×10−5 90% BaBar 2012 [67]

B0
s → µe < 1.1 ×10−8 90% LHCb 2013 [68]

Υ(1s) → τµ < 6.0 ×10−6 95% CLEO 2008 [70]

Z → µe < 7.5 ×10−7 95% LHC ATLAS 2014 [71]

Z → τe < 9.8 ×10−6 95% LEP OPAL 1995 [72]

Z → τµ < 1.2 ×10−5 95% LEP DELPHI 1997 [73]

h → eµ < 3.5 ×10−4 95% LHC CMS 2016 [74]

h → τµ < 2.5 ×10−3 95% LHC CMS 2017 [75]

h → τe < 6.1 ×10−3 95% LHC CMS 2017 [75]

(a)
Rate normalised to the muon capture rate by the nucleus, see eq. (99).

(b)
B-charge averaged modes.
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Meson decays: LFUV, cLFV and more

Meson decays: excellent hunting grounds for "leptophilic" New Physics  

 deviations from SM (lepton flavour universality violation, angular distributions, ...) 

 new phenomena (cLFV, LNV, ...) 

cLFV semileptonic meson decays!  

⇒
⇒

[recent study - Calibbi et al, 2207.10913]

2q2` operators

O
(1)

`q,prst (L̄p�µLr)(Q̄s�µQt) O
(3)

`q,prst (L̄p�µ⌧ ILr)(Q̄s�µ⌧ IQt)

O`u,prst (L̄p�µLr)(ūs�µut) O`d,prst (L̄p�µLr)(d̄s�µdt)

Oeu,prst (ēp�µer)(ūs�µut) Oed,prst (ēp�µer)(d̄s�µdt)

Oqe,prst (Q̄p�µQr)(ēs�µet) O`edq,prst (L̄per)(d̄sQt)

O
(1)

`equ,prst (L̄a
per)✏ab(Q̄

b
sut) O

(3)

`equ,prst (L̄a
p�µ⌫er)✏ab(Q̄

b
s�

µ⌫ut)

4` operators Dipole operators

O``,prst (L̄p�µLr)(L̄s�µLt) OeW,pr (L̄p�µ⌫er)⌧ I'W I
µ⌫

Oee,prst (ēp�µer)(ēs�µet) OeB,pr (L̄p�µ⌫er)'Bµ⌫

O`e,prst (L̄p�µLr)(ēs�µet)

Lepton-Higgs operators

O
(1)

'`,pr ('†i
 !
D µ')(L̄p�µLr) O

(3)

'`,pr ('†i
 !
D I

µ')(L̄p�µ⌧ ILr)

O'e,pr ('†i
 !
D µ')(ēp�µer) Oe'3,pr (L̄per')('†')

Table 3: Complete list of the dimension-6 SMEFT operators relevant to LFV processes. Q and
L respectively denote quark and lepton SU(2)L doublets (a, b = 1, 2 and I = 1, 2, 3 are SU(2)L
indices, ⌧ I are the Pauli matrices). u, d and e are (up and down) quark and lepton singlets. '

represents the Higgs doublet with '† $
Dµ ' ⌘ '†(Dµ')� (Dµ')†'. Bµ⌫ and W I

µ⌫ are the U(1)Y and
SU(2)L field strengths, respectively. p, r, s, t = 1, 2, 3 denote flavour indices.

and by dimension-6 4-lepton (4`) operators

L4` = CV,LL
ee,prst (¯̀p�

µPL`r)(¯̀s�µPL`t) + CV,RR
ee,prst (¯̀p�

µPR`r)(¯̀s�µPR`t)

+ CV,LR
ee,prst (¯̀p�

µPL`r)(¯̀s�µPR`t) +
h
CS,RR
ee,prst (¯̀pPR`r)(¯̀sPR`t) + h.c.

i
, (4)

where ` denotes leptons, q = u, d, that is, up-type or down-type quarks, and p, r, s, t are flavour
indices. All fields are defined in the physical mass basis. Notice that, in contrast to the SMEFT
case, the WCs of the above LEFT interactions are dimensionful parameters.

As we will show in the next section, besides the effects induced by the above LEFT opera-
tors, certain quarkonia processes are also sensitive to dimension-7 lepton-gluon and lepton-photon
operators that read [67]

L``GG = CeGG,pr (¯̀pPR`r)G
a
µ⌫G

aµ⌫ + CeGG̃,pr (
¯̀
pPR`r)G

a
µ⌫G̃

aµ⌫ + h.c. , (5)

L``FF = CeFF,pr (¯̀pPR`r)Fµ⌫F
µ⌫ + CeF F̃ ,pr (

¯̀
pPR`r)Fµ⌫F̃

µ⌫ + h.c. , (6)

where the dual field strength tensors are defined by F̃µ⌫ = 1

2
✏µ⌫↵�F↵� .

The tree-level matching at the EW scale of the dimension-6 SMEFT operators of Table 3 to the
above presented LEFT basis was computed in Ref. [45]. For completeness, we collect the matching
formulae in Appendix A. The dimension-7 lepton-gluon/photon operators are obtained from tree-
level matching to dimension-8 SMEFT operators and from 1-loop matching to dimension-6 scalar
operators with quarks, see e.g. Ref. [67]. Moreover, in order to obtain phenomenological predictions
in terms of the WCs, the latter need to be evaluated at the energy scale relevant for the process of
interest. As usual, this can be done by solving the RGEs of the WCs that, for the LEFT framework,
can be found in Ref. [53], while for SMEFT operators the running of the WCs is given by the RGEs
calculated in Refs. [50–52].

5

Comparative study of the probing power of quarkonium  
(charmonium)  cLFV decays for relevant  μ − e 𝒞μe = 1

�ℓ�� μ���
(�)

�ℓ�� μ���
(�)

�ℓ�� μ���

�ℓ�� μ���

���� �� μ�

���� μ���

���� μ���

10-2 10-1 1 10 100 103 104

10-2 10-1 1 10 100 103 104

Λ [���]

J/ψ→eμ μ → eee CR (μ → e) μ → eγ

Figure 3: Defining a single non-zero SMEFT WC at µ = ⇤, and assuming a perturbative coefficient
|C(⇤)|  1, these bars show the highest NP scale that each µe LFV observable can probe. Darker
colours are for current bounds, while lighter ones are for future sensitivities. For LFV quarkonium
decays, we show the prospects assuming a future improvement of 1, 2, 3 orders of magnitude.

we illustrate with different shadings possible improvements of the sensitivity to the branching
ratio by one, two, and three orders of magnitude. The left (right) plot shows the results for
2q2` operators with second (third) generation quarks, motivated by searches for LFV charmonium
(bottomonium) decays. For all operators, searches for µ ! e conversion in nuclei (yellow), followed
by µ ! eee (blue) provide the most stringent constraints with an expected improvement of one
order of magnitude in the future. Both LFVQD and µ ! e� (grey) are less sensitive to 4-fermion
2q2` SMEFT operators. If new physics mainly generates the operators in Figure 3 with couplings
C/⇤2 & 1/(1000TeV)2 � 1/(100TeV)2, we thus expect that both µ ! e conversion in nuclei and
µ ! eee will be observed at upcoming experiments, while µ ! e� and LFVQD, such as J/ ! eµ
and ⌥(nS) ! eµ, will not. Hence any observation of LFVQD to eµ would be a most striking signal
that cannot be explained in terms of a single 2q2` SMEFT operator.

Figure 4 displays the analogous results for the single SMEFT operator analysis in the ⌧e sector.6
The different coloured bars illustrate now the sensitivity of LFVQD (orange-red), ⌧ ! eee (blue),
⌧ ! eµµ̄ (green), ⌧ ! ⇢e (yellow), ⌧ ! ⇡e (purple), Z ! e⌧ (dark red) and the radiative decay

6Similar results are obtained for the ⌧µ sector with the only exception being J/ ! µ⌧ , for which there is no
BESIII analysis yet.
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cLFV collider searches: "heavy" decays

SM "heavy" states - Higgs, Z-bosons, top quarks, all abundantly produced at the LHC! 

cLFV top-quark decays @ LHC: BR( ) ; BR( )  

cLFV  decays  extensively searched for at LEP & LHC 
  excellent prospects for FCC-ee in its Z-pole runs! 

cLFV Higgs decays  profit from a Higgs factory (LHC)! 

BR( )  ,    BR( )    (ATLAS) 

BR( )  ,    BR( )    (CMS) 

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

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

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

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

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

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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From low to high energies: spinning operators

Albeit leading to formally different transitions, the same leptonic and semi-leptonic  
operators can be at the origin of flavour violating transitions in very distinct contexts 

Consider a 4-fermion quark-lepton operator ( ), with  

One operator can source rare LHC cLFV decays (rich "flavour" content!),  
cLFV semileptonic decays, muon-electron conversion, ... 
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From low to high energies: spinning operators
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Lepton flavours @ high Tera-Z

High-energy colliders: also high-intensity frontier (amazing luminosities!) 
LHC   abundant sources of flavour in pp collisions 

(and also a Higgs-factory...) 
TeraZ factory (FCC-ee, CEPC)  EW precision & flavour violation 

↝

↝

� → μ� μ → ��� �� (μ → �) μ → �γ

Qφℓ
(1) eμ Qφℓ
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Figure 2: Values of the NP scale ⇤ that are accessible by each of the LFV observables with
current bounds (solid bars) and future sensitivities (lighter bars). We assume that C(⇤)  1

for each operator at a time, while the others vanish at µ = ⇤.

are currently mostly constrained by ⌧ ! ⇢` decays, which imposes indirect limits of the order
BR(Z ! ⌧`) . 10�8

�10�7. While still below the reach of current LEP/LHC bounds (as well
as the expected HL-LHC sensitivity), these decay rates could be probed at a future Tera Z
factory.

Next, we consider as input the WCs at the NP scale µ = ⇤, as it would be the scale at
which we could integrate out the new heavy fields related to the UV dynamics and generate
the SMEFT operators. In order to compare better the sensitivity reach of future high- and
low-energy LFV experiments to such operators, we focus our discussion on what would be the
largest NP scale that we could probe in each case. Under our hypothesis of switching on a
single operator at a time, the LFV observables under consideration would scale as C(⇤)2/⇤4,

12

[Calibbi et al, 2107.10273]

For  better sensitivity of  
dedicated (low-energy) cLFV searches 

,  conversion 

Z → μe

μ → eee μ − e

TeraZ factory  cLFV  decays↝ Z
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Lepton flavours @ high Tera-Z

High-energy colliders: also high-intensity frontier (amazing luminosities!) 
LHC   abundant sources of flavour in pp collisions 

(and also a Higgs-factory...) 
TeraZ factory (FCC-ee, CEPC)  EW precision & flavour violation 
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Figure 2: Values of the NP scale ⇤ that are accessible by each of the LFV observables with
current bounds (solid bars) and future sensitivities (lighter bars). We assume that C(⇤)  1

for each operator at a time, while the others vanish at µ = ⇤.

are currently mostly constrained by ⌧ ! ⇢` decays, which imposes indirect limits of the order
BR(Z ! ⌧`) . 10�8

�10�7. While still below the reach of current LEP/LHC bounds (as well
as the expected HL-LHC sensitivity), these decay rates could be probed at a future Tera Z
factory.

Next, we consider as input the WCs at the NP scale µ = ⇤, as it would be the scale at
which we could integrate out the new heavy fields related to the UV dynamics and generate
the SMEFT operators. In order to compare better the sensitivity reach of future high- and
low-energy LFV experiments to such operators, we focus our discussion on what would be the
largest NP scale that we could probe in each case. Under our hypothesis of switching on a
single operator at a time, the LFV observables under consideration would scale as C(⇤)2/⇤4,
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Figure 2: Values of the NP scale ⇤ that are accessible by each of the LFV observables with
current bounds (solid bars) and future sensitivities (lighter bars). We assume that C(⇤)  1

for each operator at a time, while the others vanish at µ = ⇤.
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BR(Z ! ⌧`) . 10�8

�10�7. While still below the reach of current LEP/LHC bounds (as well
as the expected HL-LHC sensitivity), these decay rates could be probed at a future Tera Z
factory.

Next, we consider as input the WCs at the NP scale µ = ⇤, as it would be the scale at
which we could integrate out the new heavy fields related to the UV dynamics and generate
the SMEFT operators. In order to compare better the sensitivity reach of future high- and
low-energy LFV experiments to such operators, we focus our discussion on what would be the
largest NP scale that we could probe in each case. Under our hypothesis of switching on a
single operator at a time, the LFV observables under consideration would scale as C(⇤)2/⇤4,
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cLFV collider searches: new resonances

At high-energy colliders, on-shell production of "heavy" New Physics states 

 new propagators (scalars, vectors, fermions) 

 new interactions (possibly violating lepton flavour!) 

Multiplicity, composition, ... properties of the final state(s) are strongly model-dependent 

Striking NP signatures (with little SM background), additional contribution to , ... 

⇒
⇒

Emiss
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cLFV collider searches: new resonances

At high-energy colliders, on-shell production of "heavy" New Physics states 

 new propagators (scalars, vectors, fermions) 

 new interactions (possibly violating lepton flavour!) 

Multiplicity, composition, ... properties of the final state(s) are strongly model-dependent 

Striking NP signatures (with little SM background), additional contribution to , ... 

Example: SUSY cLFV interactions (in neutral current interactions)   

 +       (LHC) 

                      (FCC-ee, LC, ...)  

⇒
⇒
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Toolboxes: neutrinos, lepton flavours and more
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And now?

SM lepton flavours are strictly conserved... 

 but neutrino oscillations imply that neutrinos are massive and that there is  
flavour mixing in the neutral lepton sector 

 a neutrino mass generation mechanism must be included! 

If lepton flavours are not conserved, if neutrinos are massive - New Physics is there 

Many cLFV observables (and not only!) at low- and high-energies,  
searched for in a word-wide effort 

⇒

⇒

How does NP generate contributions to cLFV? Are all contributions "observable"? 

What can we expect from (well-motivated) models of neutrino mass generation? 

Can cLFV observables hint at the NP model? Or contribute to falsify it?

 And... How does one compute all this???
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Some hints from a young colleague

Semi-Automatic Amplitude calculation

Feynrules

FeynCalc + FeynArts and FeynHelpers

• Tool used to implement Lagrangians to be read by a vast
landscape of cutting edge analysis tools (Madgraph, Omega, 
FeynArts…).

.mod and .pars files

• FeynArts to draw topologies and extract the corresponding bare
Amplitude.

• FeynCalc to do reduce said Amplitudes (D-dimensionnal
Integration, Dirac, Lorentz and Spinor algebra…).

• FeynHelpers (especially the PackageX commands) to analyse 
Loop functions (UV divergences, PaVe function analytic
expressions…)

Useful links: FeynCalc: https://feyncalc.github.io/ , FeynArts: https://feynarts.de/ , FeynRules:  https://arxiv.org/abs/1310.1921 , FeynHelpers: https://arxiv.org/abs/1611.06793

Many dedicated tools: SARAH, SPheno, Flavio, ... 
Compute observables and confront with available bounds 

Develop your own code! (from experience gathered in analysing a given set of models...)

Thanks to Adrian Darricau (LPC)!

https://sarah.hepforge.org/ 
https://spheno.hepforge.org/ 
https://flav-io.github.io/
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New Physics paths to cLFV: 
models of neutrino mass generation
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Lepton flavours: from  oscillations... ν

SM lepton sector: (strictly) massless neutrinos 
  conservation of total lepton number and lepton flavours 
  tiny leptonic EDMs (4-loop... )dCKM

e ≤ 10−38e cm

Neutrino oscillations: SM description insufficient! Added complexity to the flavour problem... 
Violation of lepton flavour in 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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Several paths to charged lepton flavour violation (and other New Physics effects): 
For Dirac neutrinos, analogous to rare quark transitions and decays  

("CKM-sourced"  "PMNS-sourced")    tiny contributions to cLFV observables... 
More generically, in association to lepton mixing "PMNS-sourced" and  

to new heavy mediators present in mechanisms of neutrino mass generation 
Due to the presence of new lepton flavour violating interactions (unrelated to )

→ ↝

mν
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SM lepton sector: (strictly) massless neutrinos 
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  tiny leptonic EDMs (4-loop... )dCKM
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Neutrino oscillations: SM description insufficient! Added complexity to the flavour problem... 
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Several paths to charged lepton flavour violation (and other New Physics effects): 
For Dirac neutrinos, analogous to rare quark transitions and decays  

("CKM-sourced"  "PMNS-sourced")    tiny contributions to cLFV observables... 
More generically, in association to lepton mixing "PMNS-sourced" and  

to new heavy mediators present in mechanisms of neutrino mass generation 

Due to the presence of new lepton flavour violating interactions (unrelated to )

→ ↝

mν

An overview of contributions to cLFV transitions in   

distinct realisations of the Seesaw mechanism of  

neutrino mass generation!
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Neutrino masses (brief "how to"...) 
Most minimal possibility: SM extended by Dirac RH neutrinos (impose L conservation) 

   but tiny Yukawa couplings,  

No impact for cLFV; GIM-like suppression due to smallness of  

BR( )  and similarly for other observables... 

Allow for L violation: realisations of Weinberg operator!    

⇒ 𝓛mν
∼ − YνLH̃ νR 𝒪(10−13)

mνi

μ → eγ ∼ 10−54

𝓛5
mν

∼
𝓒5

ΛNP
(L̄c H H L)

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!

Type III (fermion triplet)Type I (fermion singlet) Type II (scalar triplet)

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
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“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)

The seesaw mechanism
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" 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)

The seesaw mechanism

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

via new dynamics at “heavy” scale
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" 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)

Tree-level seesaw realisations

mν ∼ (Yνv)T 1
MR

(Yνv) mν ∼
YΔ μ

2
v2

M2
Δ

mν ∼ (YΣv)T 1
MΣ

(YΣv)

All successfully accounting for oscillation data... so far, no hint from experimental searches!

New Physics and (Majorana) : cLFVmν
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cLFV from "standard" Seesaws

Mechanisms for neutrino mass generation: delicate "balance" between  
sources of flavour violation (new couplings, e.g. ) and  
masses of new propagators 

 account for oscillation data (observation!) 

Yν

⇒

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

                                                                    an enlarged spectrum  

                                                                    extended mixings  

                 If light neutrino masses generated by  

                 "natural" new physics  very high energy NP scale 

                                                                                 GeV

↝
↝

⇒
Yν ∼ 𝒪(1) MR ∼ 1014−16

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
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“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    

(unitary to very good approximation)

≈ UPMNS

negligible active-sterile mixings ( )θ ∝ m†
DM−1

R

 = diag( ) UTℳ6×6
ν U mνi

 Decoupled new physics! No contributions for cLFV observables,  
                    no resonance within collider reach...

⇒

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

"#

" #
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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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cLFV from "standard" Seesaws

Type III Seesaw: extend the SM via SU(2) triplet fermions 

                                                                    an enlarged spectrum  

                                                                    extended mixings  

                 If light neutrino masses generated by  

                 "natural" new physics  very high energy NP scale 

                                                                                  GeV

↝
↝

⇒
YΣ ∼ 𝒪(1) MΣ ∼ 1014−16

negligible mixings between active neutrinos  
and NP states ( )θ ∝ m †

ΣM−1
Σ

 Decoupled new physics! No contributions for cLFV observables,  
                    no resonance within collider reach... 

⇒

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
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“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 ∼ (YΣv)T 1
MΣ

(YΣv)

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
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“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!

Mechanisms for neutrino mass generation: delicate "balance" between  
sources of flavour violation (new couplings, e.g. ) and  
masses of new propagators 

 account for oscillation data (observation!) 

Yν

⇒
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cLFV from "standard" Seesaws

Type I & III Seesaw: a quick EFT detour - integrate out the heavy mediators ( ) 
                                                                 

NR, Σ

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
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νLνLνL

+ Y∆Y∆Y∆

∆∆∆
µµµ
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νLνLνL

νLνLνL
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×××

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 ∼ (YΣv)T 1
MΣ

(YΣv)

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
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+ Y∆Y∆Y∆

∆∆∆
µµµ
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×××

Y ΣY ΣY Σ

Y ΣY ΣY Σ
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H
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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)

Dimension 5  
(Weinberg operator)

YT
ν M−1

R Yν (Lc
Lϕ̃*) (ϕ̃†LL) YT

Σ M−1
Σ YΣ (Lc

Lϕ̃*) (ϕ̃†LL)

Dimension 6  Y†
ν M−2

R Yν (LLϕ̃*) ∂/ (ϕ̃†LL)

[see Broncano et al, 0210271]

 Y†
Σ M−2

Σ YΣ (LL ⃗τϕ̃) D/ (ϕ̃† ⃗τLL)

θ θ† νL∂/ νL

[see Abada et al, 0707.4058]

 suppression of "light neutrino masses" entails strong suppression of NP effects!⇒

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
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Y ΣY ΣY Σ
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H
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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!

Mechanisms for neutrino mass generation: delicate "balance" between  
sources of flavour violation (new couplings, e.g. ) and  
masses of new propagators 

 account for oscillation data (observation!) 

Yν

⇒
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cLFV from "standard" Seesaws

Type II Seesaw: extend the SM via SU(2) triplet scalars 

                                                                    an enlarged spectrum  

                                                                    extended mixings  

                 A different scenario: additional ingredient! 

                 "natural" new physics   very high energy NP scale 

                                                                  Smallness of  also from (tiny)  coupling 

                                                                         for "natural"  and not "too heavy" 

↝
↝

⇒/
mν μ

YΔ MΔ

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
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×××

Y ΣY ΣY Σ
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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 ∼
YΔ μ

2
v2

M2
Δ

Dimension 5 

Dimension 6 

4 YΔ μ M−2
Δ (Lc

Lϕ̃*) (ϕ̃†LL)

 YΔ Y†
Δ M−2

Δ (LLγμLL) (LLγμLL)

[see Abada et al, 0707.4058]

 suppression of "light neutrino masses"  
decorrelated from contribution to NP effects!
⇒

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
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∆∆∆
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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!

Mechanisms for neutrino mass generation: delicate "balance" between  
sources of flavour violation (new couplings, e.g. ) and  
masses of new propagators 

 account for oscillation data (observation!) 

Yν

⇒
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Seesaw scales and phenomenology

- Light neutrino masses generated by "natural" new physics at a very high energy scale 
("vanilla" or standard high-scale seesaw) 

If    GeV  hierarchy problem (if  GeV) 

 Decoupled new physics! No contributions at high energy, or high intensity... 

 Only hypothesise a viable BAU from "vanilla" thermal leptogenesis ( ...) 

- Light neutrino masses generated via tiny couplings of (very) light sector 
 even below the MeV!    Also "natural" since  restores L conservation 

 Contributions to phenomena suppressed by very light fermion masses 

 Potential conflict with active neutrino data (extremely large mixings ) 

- Accept a certain tuning between couplings and scale, sacrificing "naturality" of couplings 

  Explore regimes of comparatively lower   

- Rely on symmetry-protection! Smallness of neutrino masses from  
approximate symmetry conservation (e.g. lepton number conservation)

Y ∼ 𝒪(1) ⇒ MNP ∼ 1014−16 ↝ MR ≥ 107

⇒
⇒ MR ≥ 109

MR MR → 0
⇒
⇒ θas

⇒ MNP

"Low-scale seesaw realisations"
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Low-scale models of  generation: type I seesaw mν

Addition of 3 "heavy" Majorana right-handed neutrinos  to the SM  
but explore considerably lighter range for       MeV  TeV 

After EW symmetry breaking, 6 states in the neutral lepton spectrum 

                                       3 light neutrinos    

                                       3 heavy states       

Enlarged  mixing matrix  = diag( ) 

                          Non-negligible active-sterile mixings!  ( ) 

                                     Non-unitary leptonic mixing  

Low-scale realisations of the Type I seesaw open door to a very rich phenomenology 
from cLFV signals, to collider searches 

Similar implications for low-scale Type III  
(but important direct/indirect constraints due to the non-singlet nature of new states...)

νR
MR ≤ MR ≤ 10few

mν ≈ − v2YT
ν M−1

R Yν

mN ≈ MR

6 × 6 UTℳ6×6
ν U mνi

θ ∝ m†
DM−1

R

ŨPMNS

Ana M. Teixeira

Laboratoire de Physique de Clermont

UCA - Campus des Cézeaux

4 Avenue Blaise Pascal, TSA 60026

63178 Aubière Cedex, France

Tel: +33 4 73407301

email: Ana.Teixeira@clermont.in2p3.fr
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To whom it may concern,

M
6×6
ν =

(

0 Y ν v

(Y ν)T v MR

)

Cordially yours,

Ana M. Teixeira

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)

Type I (fermion singlet)

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
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νLνLνL

+ Y∆Y∆Y∆

∆∆∆
µµµ
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+
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×××

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)
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Addition of two new species of fermionic gauge singlets 
 right-handed neutrinos  (L ) and  extra sterile states  (L ) 

   

For natural values of  
interplay of two scales driving smallness of :  and   

Comparatively "light" heavy spectrum (   TeV) for 

small values of  (around eV - keV) 

Natural ('t Hooft criterium) since B-L conservation restored when  ! 

Symmetry protected "smallness" of  - approximate LNC 

nR νR νR
= 1 nX X X = − 1

ℒ(3,3)
ISS

= − YνL̄ H̃ νR − MR ν̄c
R X −

1
2

μX X̄cX

Yν ∼ 𝓞(1)
mν MR μX

ΛEW ↔
μX

μX → 0
mν

Low scale models of mass generation: Inverse Seesaw (ISS)

! Addition of 3 “heavy” RH neutrinos and 3 extra “sterile” fermions XXX to the SM

M9×9
ISS =

⎛

⎜

⎜

⎝

0 YνvYνvYνv 0

Y T
ν vY T
ν vY T
ν v 0 MRMRMR

0 MRMRMR µXµXµX

⎞

⎟

⎟

⎠

⇒

⎧

⎨

⎩

3 light ννν :mν ≈ (Yνv)2

(Yνv)2+M2
R
µXµXµX

3 pseudo-Dirac pairs : mN±mN±mN± ≈MR ± µXMR ± µXMR ± µX

! Abundant “flavour” signals! At high-intensities and at colliders...

(3,3) ISS realisation [Abada, De Romeri and AMT, ’16] [Abada, De Romeri, Monteil, Orloff, AMT, ’15]
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excluded

! Sizeable values for the cLFV muon observables! Within experimental reach!

! Z → µτZ → µτZ → µτ within FCC-ee reach! Probe µ− τµ− τµ− τ cLFV beyond Belle II reach...

Low scale: Inverse Seesaw (ISS)

! Addition of 3 “heavy” RH neutrinos and 3 extra “sterile” fermions XXX to the SM

!M9×9
ISS =

⎛

⎜

⎜

⎝

0 YνvYνvYνv 0

Y T
ν vY T
ν vY T
ν v 0 MRMRMR

0 MRMRMR µXµXµX

⎞

⎟

⎟

⎠

⇒

⎧

⎨

⎩

3 light ννν :mν ≈ (Yνv)2

(Yνv)2+M2
R
µXµXµX

3 pseudo-Dirac pairs : mN±mN±mN± ≈MR ± µXMR ± µXMR ± µX

! Non-unitarity ŨPMNSŨPMNSŨPMNS ⇒ modified neutral and charged leptonic currents

! New (virtual) states & modified couplings: cLFV, non-universality, signals at colliders!

! cLFV in muonic atoms: µ−e− → e−e−µ−e− → e−e−µ−e− → e−e− vs µ− eµ− eµ− e conversion in Aluminium
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[Abada, DeRomeri, AMT, ’15]

lepton number violating! 

Low-scale models for : Inverse Seesawmν

[Mohapatra and Valle, '86]

  mν ∼ (Yνv)T μX

M2
R

(Yνv)

Variants of type I seesaw aiming at a natural realisation of a low-scale  mechanismmν

ISS(3,3)



A.M. Teixeira, LPC Clermont 50

Addition of two new species of fermionic gauge singlets 
 right-handed neutrinos  (L ) and  extra sterile states  (L ) 

   

For natural values of  
interplay of two scales driving smallness of :  and   

Comparatively "light" heavy spectrum (   TeV) for 

small values of  (around eV - keV) 

 Despite small , a "low" NP scale , and sizeable mixings ( ) ! 

nR νR νR
= 1 nX X X = − 1

ℒ(3,3)
ISS

= − YνL̄ H̃ νR − MR ν̄c
R X −

1
2

μX X̄cX

Yν ∼ 𝓞(1)
mν MR μX

ΛEW ↔
μX

⇒ mν ∼ μX
m2

D

M2
R

∼ MR θ ∝ m†
DM−1

R

Low scale models of mass generation: Inverse Seesaw (ISS)

! Addition of 3 “heavy” RH neutrinos and 3 extra “sterile” fermions XXX to the SM

M9×9
ISS =

⎛

⎜

⎜

⎝

0 YνvYνvYνv 0

Y T
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ν vY T
ν v 0 MRMRMR

0 MRMRMR µXµXµX

⎞
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⎟

⎠

⇒

⎧
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⎩

3 light ννν :mν ≈ (Yνv)2

(Yνv)2+M2
R
µXµXµX

3 pseudo-Dirac pairs : mN±mN±mN± ≈MR ± µXMR ± µXMR ± µX

! Abundant “flavour” signals! At high-intensities and at colliders...

(3,3) ISS realisation [Abada, De Romeri and AMT, ’16] [Abada, De Romeri, Monteil, Orloff, AMT, ’15]
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! Sizeable values for the cLFV muon observables! Within experimental reach!

! Z → µτZ → µτZ → µτ within FCC-ee reach! Probe µ− τµ− τµ− τ cLFV beyond Belle II reach...

Low scale: Inverse Seesaw (ISS)

! Addition of 3 “heavy” RH neutrinos and 3 extra “sterile” fermions XXX to the SM

!M9×9
ISS =

⎛
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3 light ννν :mν ≈ (Yνv)2

(Yνv)2+M2
R
µXµXµX

3 pseudo-Dirac pairs : mN±mN±mN± ≈MR ± µXMR ± µXMR ± µX

! Non-unitarity ŨPMNSŨPMNSŨPMNS ⇒ modified neutral and charged leptonic currents

! New (virtual) states & modified couplings: cLFV, non-universality, signals at colliders!

! cLFV in muonic atoms: µ−e− → e−e−µ−e− → e−e−µ−e− → e−e− vs µ− eµ− eµ− e conversion in Aluminium
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lepton number violating! 

Low-scale models for : Inverse Seesawmν

[Mohapatra and Valle, '86]

  mν ∼ (Yνv)T μX

M2
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(Yνv)

Variants of type I seesaw aiming at a natural realisation of a low-scale  mechanismmν

ISS(3,3)
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Addition of two new species of fermionic gauge singlets 
 right-handed neutrinos  (L ) and  extra sterile states  (L ) 

   

For natural values of  
interplay of two scales driving smallness of :  and   

Comparatively "light" heavy spectrum (   TeV) for 

small values of  (around eV - keV)

nR νR νR
= 1 nX X X = − 1

ℒ(3,3)
ISS

= − YνL̄ H̃ νR − MR ν̄c
R X −

1
2

μX X̄cX

Yν ∼ 𝓞(1)
mν MR μX

ΛEW ↔
μX

Low scale models of mass generation: Inverse Seesaw (ISS)

! Addition of 3 “heavy” RH neutrinos and 3 extra “sterile” fermions XXX to the SM

M9×9
ISS =

⎛

⎜

⎜

⎝

0 YνvYνvYνv 0

Y T
ν vY T
ν vY T
ν v 0 MRMRMR

0 MRMRMR µXµXµX

⎞

⎟

⎟

⎠

⇒

⎧

⎨

⎩

3 light ννν :mν ≈ (Yνv)2

(Yνv)2+M2
R
µXµXµX

3 pseudo-Dirac pairs : mN±mN±mN± ≈MR ± µXMR ± µXMR ± µX

! Abundant “flavour” signals! At high-intensities and at colliders...

(3,3) ISS realisation [Abada, De Romeri and AMT, ’16] [Abada, De Romeri, Monteil, Orloff, AMT, ’15]
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! Sizeable values for the cLFV muon observables! Within experimental reach!

! Z → µτZ → µτZ → µτ within FCC-ee reach! Probe µ− τµ− τµ− τ cLFV beyond Belle II reach...

Low scale: Inverse Seesaw (ISS)

! Addition of 3 “heavy” RH neutrinos and 3 extra “sterile” fermions XXX to the SM

!M9×9
ISS =

⎛

⎜

⎜

⎝

0 YνvYνvYνv 0

Y T
ν vY T
ν vY T
ν v 0 MRMRMR

0 MRMRMR µXµXµX

⎞

⎟

⎟

⎠

⇒

⎧

⎨

⎩

3 light ννν :mν ≈ (Yνv)2

(Yνv)2+M2
R
µXµXµX

3 pseudo-Dirac pairs : mN±mN±mN± ≈MR ± µXMR ± µXMR ± µX

! Non-unitarity ŨPMNSŨPMNSŨPMNS ⇒ modified neutral and charged leptonic currents

! New (virtual) states & modified couplings: cLFV, non-universality, signals at colliders!

! cLFV in muonic atoms: µ−e− → e−e−µ−e− → e−e−µ−e− → e−e− vs µ− eµ− eµ− e conversion in Aluminium
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[Abada, DeRomeri, AMT, ’15]

lepton number violating! 

Low-scale models for : Inverse Seesawmν

[Mohapatra and Valle, '86]

  mν ∼ (Yνv)T μX

M2
R

(Yνv)

Variants of type I seesaw aiming at a natural realisation of a low-scale  mechanismmν

Similar frameworks:   (addition of new species, ) 

sizeable mixings ( ) even for vanishing 

ℒSM + mD N̄R νL + MN N̄R NL NL,R

θ ∝ m†
DM−1

N mν
[Branco et al, '88; Kersten and Smirnov, 0705.3221]

ISS(3,3)
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Low-scale seesaws: phenomenological impact

New Physics states at a comparatively low scale;  
non-negligible mixings between new states and SM leptons...  

How does this actually lead to abundant phenomenological implications? 

Presence of non-negligible mixings between active neutrinos and NP states has  
non-negligible consequences for the leptonic mixing matrix, i.e.  

Recall (for Type I and variants):

UPMNSLow 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   ( )≈ UPMNS 3 × 3

For non-negligible active-sterile mixings,        non-unitary  

Modified leptonic currents! 

Extensive implications for EW precision observables, flavour conserving transitions,  
and cLFV! 

UνN ≠ 0 ⇒ ŨPMNS

 = diag( ) UT ℳ(3+n)×(3+n)
ν U mνi

active-sterile mixings:  

( )

UνN = UνN(θ)
θ ∝ m†

DM−1
R

: 
 unitary matrix
U(3 + n,3 + n)
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 Seesaw realisations: distinctive expectations for numerous cLFV observables 
               topology strongly depends on nature of new mediators

Type I (fermion singlet)

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)

 Type I seesaw - sterile fermions:  
No interactions with gauge bosons; only neutral leptons and Higgs,  
Possible searches at colliders (displaced vertices, LNV); constraints from EWPO, cLFV, ...

H0

cLFV and the seesaw: distinctive features

SM + (sterile)         

 

active-sterile mixings:  

νR

ℒType I ⊃ v Yν ν̄L νR +
1
2

MRν̄c
R νR

νL − νR

⇒ θ ≈ 𝒪(m†
D M−1

R )
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  ∝
3+ns

∑
j=1

Uαj

∝ (1 − η)UPMNS

  

 

∝
3+ns

∑
i, j=1

∑
ρ

U†
iρUρj

∝ (1 − 2η)UPMNS

Deviations from unitarity:  ;  ŨPMNS = (1 − η)UPMNS η =
1
2

θθ†
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 Seesaw realisations: distinctive expectations for numerous cLFV observables 
               topology strongly depends on nature of new mediators

Type I (fermion singlet)

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
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µµµ
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Y ΣY ΣY Σ
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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)

PUT THIS BEFORE DISCUSSINH ISS ??

 Type I seesaw - sterile fermions:  
No interactions with gauge bosons; only neutral leptons and Higgs,  
Possible searches at colliders (displaced vertices, LNV); constraints from EWPO, cLFV, ...

H0

cLFV and the seesaw: distinctive features

SM + (sterile)         

 

active-sterile mixings:  

νR

ℒType I ⊃ v Yν ν̄L νR +
1
2

MRν̄c
R νR

νL − νR

⇒ θ ≈ 𝒪(m†
D M−1

R )
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All @ loop-level...
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 Seesaw realisations: distinctive expectations for numerous cLFV observables 
               topology strongly depends on nature of new mediators

PUT THIS BEFORE DISCUSSINH ISS ??

 Type II seesaw - triplet scalars:  
Interactions with gauge bosons; direct couplings with matter  
Important bounds from direct collider searches and precision physics (and cLFV!)

Type II (scalar triplet)

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
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µµµ

H

H

νLνLνL

νLνLνL

+

.
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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)

cLFV and the seesaw: distinctive features

SM + triplet         

 

Δ Δ = Δ0, Δ+, Δ++

ℒType II ⊃ YΔ L̄L ⃗τ Lc
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⃗Δ + μΔ ϕ† ⃗τ ϕ̃ ⃗Δ
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Tree-body decays @ tree-level...
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 Seesaw realisations: distinctive expectations for numerous cLFV observables 
               topology strongly depends on nature of new mediators

 Type III seesaw - triplet fermions:  
Interactions with gauge bosons ( ) 
Mixings with neutrinos and charged leptons 
Important bounds from direct collider searches and precision physics (and cLFV!)

Σ̄− Σ− Z, Σ̄+ Σ+ Z, Σ̄0 Σ+ W−, Σ̄0 Σ− W+

Type III (fermion triplet)

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
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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)

SM + (hypercharge-less)         

 

Fermion-triplet mixings:  and   

Σ Σ = Σ+, Σ0, Σ−

ℒType II ⊃ v YΣ Σ+ ℓ− + v YΣ Σ0 ν + MΣ Σ̄ Σ

Σ0 − ν Σ+c − ℓ−

⇒ θ ≈ 𝒪(vYΣ M−1
Σ )

cLFV and the seesaw: distinctive featuresex
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 Seesaw realisations: distinctive expectations for numerous cLFV observables 
               topology strongly depends on nature of new mediators

 Type III seesaw - triplet fermions:  
Interactions with gauge bosons ( ) 
Mixings with neutrinos and charged leptons 
Important bounds from direct collider searches and precision physics (and cLFV!)

Σ̄− Σ− Z, Σ̄+ Σ+ Z, Σ̄0 Σ+ W−, Σ̄0 Σ− W+

Type III (fermion triplet)

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
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! "

•
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νLνLνL

= ×××
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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)

SM + (hypercharge-less)         

 

Fermion-triplet mixings:  and   

Σ Σ = Σ+, Σ0, Σ−

ℒType II ⊃ v YΣ Σ+ ℓ− + v YΣ Σ0 ν + MΣ Σ̄ Σ

Σ0 − ν Σ+c − ℓ−

⇒ θ ≈ 𝒪(vYΣ M−1
Σ )

cLFV and the seesaw: distinctive features

∝ (1 + ε)UPMNS
∝ (1 − 2ε)UPMNS
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 Seesaw realisations: distinctive expectations for numerous cLFV observables 
               topology strongly depends on nature of new mediators

 Type III seesaw - triplet fermions:  
Interactions with gauge bosons ( ) 
Mixings with neutrinos and charged leptons 
Important bounds from direct collider searches and precision physics (and cLFV!)

Σ̄− Σ− Z, Σ̄+ Σ+ Z, Σ̄0 Σ+ W−, Σ̄0 Σ− W+

Type III (fermion triplet)

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
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! "

•
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νLνLνL

= ×××
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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)

SM + (hypercharge-less)         

 

Fermion-triplet mixings:  and   

Σ Σ = Σ+, Σ0, Σ−

ℒType II ⊃ v YΣ Σ+ ℓ− + v YΣ Σ0 ν + MΣ Σ̄ Σ

Σ0 − ν Σ+c − ℓ−

⇒ θ ≈ 𝒪(vYΣ M−1
Σ )

cLFV and the seesaw: distinctive features
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Tree-body decays and conversion in nuclei @ tree-level... 
due to the modified  vertex!Zℓαℓβ
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cLFV - the singlet seesaw case
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cLFV in low-scale seesaw (type I and variants)

Consider a low-scale realisation of a type I seesaw and variants: SM   
leading to non-negligible mixing between active (3) and sterile states ( ) 

+νR + . . .
nS

Contributions to cLFV transitions: simple examples 😀  
(all transitions at loop-level!)
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Figure 1: Vertex diagrams contributing the cLFV decays. The flavour of the charged leptons is denoted
by ↵, �, ... = e, µ, ⌧ ; in the neutral fermion internal lines, i, j = 1, ..., 3+nS denote the neutral fermion
mass eigenstates.
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Figure 2: Example of box diagrams (depicted for the box contributions to neutrinoless µ�e conversion).
In the quark internal lines, j = 1, ..., 3 runs over the quark families; in the neutral fermion ones,
i = 1, ..., 3 + nS .

2.1 Leptonic cLFV decays

We first provide the expressions for the branching ratios of the “pure” leptonic cLFV decays, i.e.
the radiative decays `� ! `↵� and the 3-body decays1 `� ! `↵`�`

0
� . For the sake of brevity, we

present here the expression for `� ! 3`↵ decays (the full expression for the most general case can be
found in Ref. [16]). Notice that in our numerical analysis we have considered all possible decays for
`� ! `↵`�`

0
� .

In SM extensions via ns heavy sterile fermions, the rates for the radiative and three-body decays
are then given by [15]
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Here, MW is the W boson mass, ↵w = g
2
w/4⇡ denotes the weak coupling, sw the sine of the weak

mixing angle, and m� (��) the mass (total width) of the decaying charged lepton of flavour �. The
form factors present in the above equations are given by [15,16]
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1In the most general 3-body cLFV decay, `� ! `↵`�`0� the primed final state denotes the possibility of having equal

or opposite charges for both `� and `(0)� .
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by ↵, �, ... = e, µ, ⌧ ; in the neutral fermion internal lines, i, j = 1, ..., 3+nS denote the neutral fermion
mass eigenstates.
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Figure 2: Example of box diagrams (depicted for the box contributions to neutrinoless µ�e conversion).
In the quark internal lines, j = 1, ..., 3 runs over the quark families; in the neutral fermion ones,
i = 1, ..., 3 + nS .

2.1 Leptonic cLFV decays

We first provide the expressions for the branching ratios of the “pure” leptonic cLFV decays, i.e.
the radiative decays `� ! `↵� and the 3-body decays1 `� ! `↵`�`
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present here the expression for `� ! 3`↵ decays (the full expression for the most general case can be
found in Ref. [16]). Notice that in our numerical analysis we have considered all possible decays for
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Here, MW is the W boson mass, ↵w = g
2
w/4⇡ denotes the weak coupling, sw the sine of the weak

mixing angle, and m� (��) the mass (total width) of the decaying charged lepton of flavour �. The
form factors present in the above equations are given by [15,16]

G
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� =
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1In the most general 3-body cLFV decay, `� ! `↵`�`0� the primed final state denotes the possibility of having equal

or opposite charges for both `� and `(0)� .
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nS heavy states, the contributions to mee can be written as [96, 97]

mee '

3+nsX

i=1

U
2
ei p

2 mi

p2 � m
2
i

'

3X

i=1

U
2
ei mi +

3+nsX

k=4

U
2
ek

p
2 mk

p2 � m
2
k

, (45)

in which p
2 corresponds to the virtual momentum, with p

2
' �(100 MeV)2. In our analysis, we take

into account the KamLAND-ZEN [98] upper limit on m
e↵
ee . (61 ÷ 165) MeV which is obtained using

the isotope 136Xe.

B Additional information on cLFV transitions and decays

B.1 Loop functions

Below we summarise the loop functions for the cLFV transitions discussed in our study, as well as
their relevant limits19, as taken from Refs. [15, 16]. The photon dipole and anapole functions and
relevant asymptotic limits, are given by
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The loop functions of the Z-penguins are given by a two-point function
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and two three-point functions which are symmetric under interchange of the arguments.
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cLFV in low-scale seesaw (type I and variants)

Form factors

Loop functions: 
 Fγ, FZ, GZ, HZ, Gbox, FXbox
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Figure 1: Vertex diagrams contributing the cLFV decays. The flavour of the charged leptons is denoted
by ↵, �, ... = e, µ, ⌧ ; in the neutral fermion internal lines, i, j = 1, ..., 3+nS denote the neutral fermion
mass eigenstates.
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Figure 2: Example of box diagrams (depicted for the box contributions to neutrinoless µ�e conversion).
In the quark internal lines, j = 1, ..., 3 runs over the quark families; in the neutral fermion ones,
i = 1, ..., 3 + nS .

2.1 Leptonic cLFV decays

We first provide the expressions for the branching ratios of the “pure” leptonic cLFV decays, i.e.
the radiative decays `� ! `↵� and the 3-body decays1 `� ! `↵`�`
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� . For the sake of brevity, we

present here the expression for `� ! 3`↵ decays (the full expression for the most general case can be
found in Ref. [16]). Notice that in our numerical analysis we have considered all possible decays for
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In SM extensions via ns heavy sterile fermions, the rates for the radiative and three-body decays
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Here, MW is the W boson mass, ↵w = g
2
w/4⇡ denotes the weak coupling, sw the sine of the weak

mixing angle, and m� (��) the mass (total width) of the decaying charged lepton of flavour �. The
form factors present in the above equations are given by [15,16]
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1In the most general 3-body cLFV decay, `� ! `↵`�`0� the primed final state denotes the possibility of having equal

or opposite charges for both `� and `(0)� .
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in which the sums run over the neutral mass eigenstates (i, j = 1, ..., 3 + nS). The loop functions are
given in Appendix B, with the corresponding arguments defined as xi = m
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the (3 + ns) ⇥ (3 + ns) lepton mixing matrix (unitary) and Cij is defined as
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2.2 Neutrinoless µ � e conversion in nuclei

The coherent conversion rate2 in the presence of a nuclei (N) can be cast as [15]
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In the above expression, �capt. denotes the capture rate for the nucleus N; D, V
(p) and V

(n) correspond
to nuclear form factors whose values are given in [55], with e being the unit electric charge. The form
factors present in the above equations are given by [15,16]
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In addition to the form factors previously defined in Eqs. (3 - 6), eFµe
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call upon the following box

contributions,
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in which xq = m
2
q/M
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and V is the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix.
Other cLFV transitions and decays also occur in the presence of muonic atoms. This is the case of

Muonium oscillations and decays (Mu�Mu, Mu ! ee), and of the Coulomb enhanced decay µe ! ee.
The expressions for the cLFV rates of the latter can be found in Appendix B; here we only emphasise
that all depend on combinations of µe form factors already introduced for the radiative and 3-body
decays (corresponding to Z- and photon-penguins, and box diagrams).

2.3 cLFV Z decays

As the topology of cLFV Z decays is closely related to contributions at the origin of several cLFV
leptonic decays and transitions (Z-penguins), we thus also include Z ! `↵

¯̀
� decays in our study3.

2In the present discussion we only consider the coherent conversion; for a general discussion of spin-dependent con-
tributions to the process, we refer to Refs. [53, 54].

3In view of the very distinct topological contributions, we do not include cLFV Higgs decays in the present work (for
a recent discussion see [26, 56–58]).
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Other cLFV transitions and decays also occur in the presence of muonic atoms. This is the case of

Muonium oscillations and decays (Mu�Mu, Mu ! ee), and of the Coulomb enhanced decay µe ! ee.
The expressions for the cLFV rates of the latter can be found in Appendix B; here we only emphasise
that all depend on combinations of µe form factors already introduced for the radiative and 3-body
decays (corresponding to Z- and photon-penguins, and box diagrams).

2.3 cLFV Z decays

As the topology of cLFV Z decays is closely related to contributions at the origin of several cLFV
leptonic decays and transitions (Z-penguins), we thus also include Z ! `↵

¯̀
� decays in our study3.

2In the present discussion we only consider the coherent conversion; for a general discussion of spin-dependent con-
tributions to the process, we refer to Refs. [53, 54].
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Consider a low-scale realisation of a type I seesaw and variants: SM   
leading to non-negligible mixing between active (3) and sterile states ( ) 

+νR + . . .
nS

Contributions to cLFV transitions: simple examples 😀  
(all transitions at loop-level!)
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Form factors

Loop functions: 
 Fγ, FZ, GZ, HZ, Gbox, Fbox, FXbox
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in which the sums run over the neutral mass eigenstates (i, j = 1, ..., 3 + nS). The loop functions are
given in Appendix B, with the corresponding arguments defined as xi = m
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2.2 Neutrinoless µ � e conversion in nuclei
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In the above expression, �capt. denotes the capture rate for the nucleus N; D, V
(p) and V

(n) correspond
to nuclear form factors whose values are given in [55], with e being the unit electric charge. The form
factors present in the above equations are given by [15,16]
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and V is the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix.
Other cLFV transitions and decays also occur in the presence of muonic atoms. This is the case of

Muonium oscillations and decays (Mu�Mu, Mu ! ee), and of the Coulomb enhanced decay µe ! ee.
The expressions for the cLFV rates of the latter can be found in Appendix B; here we only emphasise
that all depend on combinations of µe form factors already introduced for the radiative and 3-body
decays (corresponding to Z- and photon-penguins, and box diagrams).

2.3 cLFV Z decays

As the topology of cLFV Z decays is closely related to contributions at the origin of several cLFV
leptonic decays and transitions (Z-penguins), we thus also include Z ! `↵

¯̀
� decays in our study3.

2In the present discussion we only consider the coherent conversion; for a general discussion of spin-dependent con-
tributions to the process, we refer to Refs. [53, 54].

3In view of the very distinct topological contributions, we do not include cLFV Higgs decays in the present work (for
a recent discussion see [26, 56–58]).

5

F
�↵

� =
3+nsX

i=1

U↵i U
⇤
�i

F�(xi) , (4)

F
�↵

Z
=

3+nsX

i,j=1

U↵i U
⇤
�j

⇥
�ij FZ(xj) + Cij GZ(xi, xj) + C

⇤
ij HZ(xi, xj)

⇤
, (5)

F
�3↵
box =

3+nsX

i,j=1

U↵i U
⇤
�j

⇥
U↵i U

⇤
↵j Gbox(xi, xj) � 2 U

⇤
↵i U↵j FXbox(xi, xj)

⇤
, (6)

in which the sums run over the neutral mass eigenstates (i, j = 1, ..., 3 + nS). The loop functions are
given in Appendix B, with the corresponding arguments defined as xi = m

2
i
/M

2
W

. Furthermore, U is
the (3 + ns) ⇥ (3 + ns) lepton mixing matrix (unitary) and Cij is defined as

Cij =
3X

⇢=1

U
†
i⇢

U
⇢j

. (7)

2.2 Neutrinoless µ � e conversion in nuclei

The coherent conversion rate2 in the presence of a nuclei (N) can be cast as [15]

CR(µ � e, N) =
2G

2
F

↵
2
w m

5
µ

(4⇡)2 �capt.

����4V
(p)

⇣
2 eFµe

u + eFµe

d

⌘
+ 4V

(n)
⇣
eFµe

u + 2 eFµe

d

⌘
+ s

2
w

G
µe
� D

2e

����
2

. (8)

In the above expression, �capt. denotes the capture rate for the nucleus N; D, V
(p) and V

(n) correspond
to nuclear form factors whose values are given in [55], with e being the unit electric charge. The form
factors present in the above equations are given by [15,16]

eFµe

d
= �

1

3
s
2
wF

µe

� � F
µe

Z

✓
1

4
�

1

3
s
2
w

◆
+

1

4
F

µedd

box , (9)

eFµe

u =
2

3
s
2
wF

µe

� + F
µe

Z

✓
1

4
�

2

3
s
2
w

◆
+

1

4
F

µeuu

box . (10)

In addition to the form factors previously defined in Eqs. (3 - 6), eFµe

u,d
call upon the following box

contributions,

F
µeuu

box =
3+nsX

i=1

X

qd=d,s,b

Uei U
⇤
µi Vuqd

V
⇤
uqd

Fbox(xi, xqd) , (11)

F
µedd

box =
3+nsX

i=1

X

qu=u,c,t

Uei U
⇤
µi Vqud

V
⇤
qud

FXbox(xi, xqu) , (12)

in which xq = m
2
q/M

2
W

and V is the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix.
Other cLFV transitions and decays also occur in the presence of muonic atoms. This is the case of

Muonium oscillations and decays (Mu�Mu, Mu ! ee), and of the Coulomb enhanced decay µe ! ee.
The expressions for the cLFV rates of the latter can be found in Appendix B; here we only emphasise
that all depend on combinations of µe form factors already introduced for the radiative and 3-body
decays (corresponding to Z- and photon-penguins, and box diagrams).

2.3 cLFV Z decays

As the topology of cLFV Z decays is closely related to contributions at the origin of several cLFV
leptonic decays and transitions (Z-penguins), we thus also include Z ! `↵

¯̀
� decays in our study3.

2In the present discussion we only consider the coherent conversion; for a general discussion of spin-dependent con-
tributions to the process, we refer to Refs. [53, 54].

3In view of the very distinct topological contributions, we do not include cLFV Higgs decays in the present work (for
a recent discussion see [26, 56–58]).

5

F
�↵

� =
3+nsX

i=1

U↵i U
⇤
�i

F�(xi) , (4)

F
�↵

Z
=

3+nsX

i,j=1

U↵i U
⇤
�j

⇥
�ij FZ(xj) + Cij GZ(xi, xj) + C

⇤
ij HZ(xi, xj)

⇤
, (5)

F
�3↵
box =

3+nsX

i,j=1

U↵i U
⇤
�j

⇥
U↵i U

⇤
↵j Gbox(xi, xj) � 2 U

⇤
↵i U↵j FXbox(xi, xj)

⇤
, (6)

in which the sums run over the neutral mass eigenstates (i, j = 1, ..., 3 + nS). The loop functions are
given in Appendix B, with the corresponding arguments defined as xi = m

2
i
/M

2
W

. Furthermore, U is
the (3 + ns) ⇥ (3 + ns) lepton mixing matrix (unitary) and Cij is defined as

Cij =
3X

⇢=1

U
†
i⇢

U
⇢j

. (7)

2.2 Neutrinoless µ � e conversion in nuclei

The coherent conversion rate2 in the presence of a nuclei (N) can be cast as [15]

CR(µ � e, N) =
2G

2
F

↵
2
w m

5
µ

(4⇡)2 �capt.

����4V
(p)

⇣
2 eFµe

u + eFµe

d

⌘
+ 4V

(n)
⇣
eFµe

u + 2 eFµe

d

⌘
+ s

2
w

G
µe
� D

2e

����
2

. (8)

In the above expression, �capt. denotes the capture rate for the nucleus N; D, V
(p) and V

(n) correspond
to nuclear form factors whose values are given in [55], with e being the unit electric charge. The form
factors present in the above equations are given by [15,16]

eFµe

d
= �

1

3
s
2
wF

µe

� � F
µe

Z

✓
1

4
�

1

3
s
2
w

◆
+

1

4
F

µedd

box , (9)

eFµe

u =
2

3
s
2
wF

µe

� + F
µe

Z

✓
1

4
�

2

3
s
2
w

◆
+

1

4
F

µeuu

box . (10)

In addition to the form factors previously defined in Eqs. (3 - 6), eFµe

u,d
call upon the following box

contributions,

F
µeuu

box =
3+nsX

i=1

X

qd=d,s,b

Uei U
⇤
µi Vuqd

V
⇤
uqd

Fbox(xi, xqd) , (11)

F
µedd

box =
3+nsX

i=1

X

qu=u,c,t

Uei U
⇤
µi Vqud

V
⇤
qud

FXbox(xi, xqu) , (12)

in which xq = m
2
q/M

2
W

and V is the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix.
Other cLFV transitions and decays also occur in the presence of muonic atoms. This is the case of

Muonium oscillations and decays (Mu�Mu, Mu ! ee), and of the Coulomb enhanced decay µe ! ee.
The expressions for the cLFV rates of the latter can be found in Appendix B; here we only emphasise
that all depend on combinations of µe form factors already introduced for the radiative and 3-body
decays (corresponding to Z- and photon-penguins, and box diagrams).

2.3 cLFV Z decays

As the topology of cLFV Z decays is closely related to contributions at the origin of several cLFV
leptonic decays and transitions (Z-penguins), we thus also include Z ! `↵

¯̀
� decays in our study3.

2In the present discussion we only consider the coherent conversion; for a general discussion of spin-dependent con-
tributions to the process, we refer to Refs. [53, 54].

3In view of the very distinct topological contributions, we do not include cLFV Higgs decays in the present work (for
a recent discussion see [26, 56–58]).

5

F
�↵

� =
3+nsX

i=1

U↵i U
⇤
�i

F�(xi) , (4)

F
�↵

Z
=

3+nsX

i,j=1

U↵i U
⇤
�j

⇥
�ij FZ(xj) + Cij GZ(xi, xj) + C

⇤
ij HZ(xi, xj)

⇤
, (5)

F
�3↵
box =

3+nsX

i,j=1

U↵i U
⇤
�j

⇥
U↵i U

⇤
↵j Gbox(xi, xj) � 2 U

⇤
↵i U↵j FXbox(xi, xj)

⇤
, (6)

in which the sums run over the neutral mass eigenstates (i, j = 1, ..., 3 + nS). The loop functions are
given in Appendix B, with the corresponding arguments defined as xi = m

2
i
/M

2
W

. Furthermore, U is
the (3 + ns) ⇥ (3 + ns) lepton mixing matrix (unitary) and Cij is defined as

Cij =
3X

⇢=1

U
†
i⇢

U
⇢j

. (7)

2.2 Neutrinoless µ � e conversion in nuclei

The coherent conversion rate2 in the presence of a nuclei (N) can be cast as [15]

CR(µ � e, N) =
2G

2
F

↵
2
w m

5
µ

(4⇡)2 �capt.

����4V
(p)

⇣
2 eFµe

u + eFµe

d

⌘
+ 4V

(n)
⇣
eFµe

u + 2 eFµe

d

⌘
+ s

2
w

G
µe
� D

2e

����
2

. (8)

In the above expression, �capt. denotes the capture rate for the nucleus N; D, V
(p) and V

(n) correspond
to nuclear form factors whose values are given in [55], with e being the unit electric charge. The form
factors present in the above equations are given by [15,16]

eFµe

d
= �

1

3
s
2
wF

µe

� � F
µe

Z

✓
1

4
�

1

3
s
2
w

◆
+

1

4
F

µedd

box , (9)

eFµe

u =
2

3
s
2
wF

µe

� + F
µe

Z

✓
1

4
�

2

3
s
2
w

◆
+

1

4
F

µeuu

box . (10)

In addition to the form factors previously defined in Eqs. (3 - 6), eFµe

u,d
call upon the following box

contributions,

F
µeuu

box =
3+nsX

i=1

X

qd=d,s,b

Uei U
⇤
µi Vuqd

V
⇤
uqd

Fbox(xi, xqd) , (11)

F
µedd

box =
3+nsX

i=1

X

qu=u,c,t

Uei U
⇤
µi Vqud

V
⇤
qud

FXbox(xi, xqu) , (12)

in which xq = m
2
q/M

2
W

and V is the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix.
Other cLFV transitions and decays also occur in the presence of muonic atoms. This is the case of

Muonium oscillations and decays (Mu�Mu, Mu ! ee), and of the Coulomb enhanced decay µe ! ee.
The expressions for the cLFV rates of the latter can be found in Appendix B; here we only emphasise
that all depend on combinations of µe form factors already introduced for the radiative and 3-body
decays (corresponding to Z- and photon-penguins, and box diagrams).

2.3 cLFV Z decays

As the topology of cLFV Z decays is closely related to contributions at the origin of several cLFV
leptonic decays and transitions (Z-penguins), we thus also include Z ! `↵

¯̀
� decays in our study3.

2In the present discussion we only consider the coherent conversion; for a general discussion of spin-dependent con-
tributions to the process, we refer to Refs. [53, 54].

3In view of the very distinct topological contributions, we do not include cLFV Higgs decays in the present work (for
a recent discussion see [26, 56–58]).

5

Nuclear form factors 
(overlap integrals)

wt wt

e ref einer eine
Nr z E

ex it

JEFE Ele
e TH p

NR la
un ne

Na ly

bin artyWi e

Ui

d Ui s e Vi n

wt wt we we

5 j a pet

vjet.JI.E.myiEi
5 WE at the et

Consider a low-scale realisation of a type I seesaw and variants: SM   
leading to non-negligible mixing between active (3) and sterile states ( ) 

+νR + . . .
nS

Contributions to cLFV transitions: simple examples 😀  
(all transitions at loop-level!)

`↵

`�

�, Z

=

`↵

`�

�, Z

W

W

⌫i +

`↵

`�

Z

⌫i

⌫j

W + . . .

Figure 1: Vertex diagrams contributing the cLFV decays. The flavour of the charged leptons is denoted
by ↵, �, ... = e, µ, ⌧ ; in the neutral fermion internal lines, i, j = 1, ..., 3+nS denote the neutral fermion
mass eigenstates.
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Figure 2: Example of box diagrams (depicted for the box contributions to neutrinoless µ�e conversion).
In the quark internal lines, j = 1, ..., 3 runs over the quark families; in the neutral fermion ones,
i = 1, ..., 3 + nS .

2.1 Leptonic cLFV decays

We first provide the expressions for the branching ratios of the “pure” leptonic cLFV decays, i.e.
the radiative decays `� ! `↵� and the 3-body decays1 `� ! `↵`�`

0
� . For the sake of brevity, we

present here the expression for `� ! 3`↵ decays (the full expression for the most general case can be
found in Ref. [16]). Notice that in our numerical analysis we have considered all possible decays for
`� ! `↵`�`
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� .

In SM extensions via ns heavy sterile fermions, the rates for the radiative and three-body decays
are then given by [15]
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Here, MW is the W boson mass, ↵w = g
2
w/4⇡ denotes the weak coupling, sw the sine of the weak

mixing angle, and m� (��) the mass (total width) of the decaying charged lepton of flavour �. The
form factors present in the above equations are given by [15,16]
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Low-scale models for : Inverse Seesawmν

Inverse seesaw: well-motivated low-scale mechanism of neutrino mass generation 

ISS(3,3)  SM + 3  + 3                               (rich phenomenology  testability!)⇒ νR X ⇒

 Abundant "flavour" signals: cLFV transitions (at low and high energies) 
Regimes already disfavoured from current bounds! 
cLFV actively constrains parameter space of ISS 

 Opportunities to observe cLFV in (near-)future facilities:  
 sector @ Mu3e, COMET & Mu2e 
 sector @ Belle II, FCC-ee, ...
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Low-scale models for : Inverse Seesawmν

Inverse seesaw: well-motivated low-scale mechanism of neutrino mass generation 

ISS(3,3)  SM + 3  + 3                               (rich phenomenology  testability!)⇒ νR X ⇒

 Correlated observables! ⇒
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Low-scale models for : Inverse Seesawmν

Inverse seesaw: well-motivated low-scale mechanism of neutrino mass generation 

ISS(3,3)  SM + 3  + 3                               (rich phenomenology  testability!)⇒ νR X ⇒

 Correlated observables! 

A consequence of the dominant contribution of Z-penguins in the 3-body decays and  
in neutrinoless conversion in nuclei (for the most "observable" regimes...) 
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cLFV and the seesaw: peculiar patterns
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 Seesaw realisations: distinctive expectations for numerous cLFV observables 
ratios of observables to identify seesaw mediators & constrain their masses!

Hambye, 2013

Correlation of observables in NP models: peculiar patterns

⇒⇒⇒ Focus on muon sector! Consider different seesaw realisations

singlet fermions NNN (type I), triplet scalars ∆∆∆ (type II) or fermions ΣΣΣ (type III)

Type I: cLFV transitions at loop level (radiative, 3-body, conversion in Nuclei)

Type II: ℓi → ℓjγ & µ− e,N at loop level; 3-body decays ℓi → 3ℓjℓi → 3ℓjℓi → 3ℓj at tree level!

Type III: 3-body decays and coherent conversion at tree-level! ℓi → ℓjγ @ loop...

! Use ratios of observables to constrain and identify mediators!
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The seesaw mechanism

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

via new dynamics at “heavy” scale
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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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cLFV patterns reflect the topology of contributions associated with the new mediators 
(dipole or Z-dominated, tree vs. loop, ...)

[adapted from Calibbi et al, 1709.00294]

cLFV and the seesaw: peculiar patterns
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 Seesaw realisations: distinctive expectations for numerous cLFV observables 
ratios of observables to identify seesaw mediators & constrain their masses!
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 Seesaw realisations: distinctive expectations for numerous cLFV observables 
ratios of observables to identify seesaw mediators & constrain their masses!

Hambye, 2013

Correlation of observables in NP models: peculiar patterns

⇒⇒⇒ Focus on muon sector! Consider different seesaw realisations

singlet fermions NNN (type I), triplet scalars ∆∆∆ (type II) or fermions ΣΣΣ (type III)

Type I: cLFV transitions at loop level (radiative, 3-body, conversion in Nuclei)

Type II: ℓi → ℓjγ & µ− e,N at loop level; 3-body decays ℓi → 3ℓjℓi → 3ℓjℓi → 3ℓj at tree level!

Type III: 3-body decays and coherent conversion at tree-level! ℓi → ℓjγ @ loop...

! Use ratios of observables to constrain and identify mediators!
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" Low scale seesaws: rich phenomenology at high-intensities! (and also at LHC)
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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)

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]

cLFV and the seesaw: peculiar patterns
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 Seesaw realisations: distinctive expectations for numerous cLFV observables 
ratios of observables to identify seesaw mediators & constrain their masses!

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]

cLFV and the seesaw: peculiar patterns

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
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cLFV from neutrino masses in extended  
frameworks: the SUSY seesaw
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(Type I) SUSY seesaw

 Minimal SUSY constructions do not include a mechanism for  mass generation 
 R-parity conserved, no , no Higgs triplets, ... 

 Embed a seesaw (type I, II or III) in the context of (otherwise) flavour conserving SUSY  
Minimal Supersymmetric Standard Model - cMSSM  

universal soft breaking terms at GUT scale:  

 Example: cMSSM + type I seesaw 

 

 

"Standard high-scale" seesaw:  GeV),  
                                                                                                   

 Origin of contributions to lepton flavour violating processes?  

How to generate sizeable , ... ?   Flavour-blind soft-breaking terms!    

                                            

 RGE-induced lepton flavour mixing from non-trivial structure of   
                                   (required to account for oscillation data!)                                                             

ν
νR

Mf̃
L,R = M0, Af̃ = A0

W = N̂c Yν L̂ Ĥ2 + ̂Ec Yℓ L̂ Ĥ1 +
1
2

N̂c MR N̂c

ℒsoft : (mL̃)2
ij = (mẼ)2

ij = (mÑ)2
ij = (ML̃)2

ij = M2
0 δij ; (Aℓ)ij = A0 (Yℓ)ij, (Aν)ij = A0 (Yν)ij

MR ∼ 𝒪(1010−16 Yν ∼ 𝒪(1)

δLL
αβ =

(m2
L̃)αβ

m̄2
L

, δLR
αβ , δRR

αβ

Yν

mν ∼ (Yνv)T 1
MR

(Yνv)
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(Type I) SUSY seesaw

 Contributions to low-energy cLFV observables in a type I "standard" SUSY seesaw 

 RGE-induced lepton flavour mixing from non-trivial structure of   

Before decoupling at , contributions from right-handed (s)neutrinos  
to RGE-running of slepton soft-breaking terms

Yν

MR

where Γlj is the total lepton width, and the form factors AL,R
2 receive contributions from two

types of diagrams, sneutrino-chargino loops and charged slepton-neutralino loops. These

BRs were computed in Ref. [5, 6]. We will use in our analysis the explicit formulae for the

|AL,R
2 | form factors as in Ref. [18].

Regarding the LFV decays into three leptons, lj → 3 li, the one-loop computation was

presented in [6], and later revised and completed in [18]. The latter work included the full set

of SUSY one-loop contributing diagrams, namely photon-, Z-, and Higgs-penguins, as well

as box diagrams. As shown by the explicit computation of [18], the dominant contribution

is clearly coming from the photon-penguin diagrams and, more specifically, from the same

form factors AL,R
2 as in the case of the radiative decays1. This is valid even in the case of

very large tanβ where the Higgs-penguin diagrams, although enhanced, induce contributions

which are still many orders of magnitude below those associated with the photon-penguins2.

Therefore, the BR for the lj → 3 li decays can be approximated by the simple expression,

BR(lj → 3li) =
α

3 π

(

log
m2

lj

m2
li

−
11

4

)

× BR(lj → li γ) , (18)

where α is the electromagnetic coupling constant. However, and although we have verified

that this is indeed a very good approximation, we use in the present analysis the full one-loop

formulae for the BR(lj → 3li) from Ref. [18].

Finally, and regarding the estimation of the low-energy parameters, we consider the full

2-loop RGE running, except for the neutrino sector which is treated at the 1-loop level.

Nevertheless, for the forthcoming discussion, it will be clarifying and interesting to compare

the full results with the simplified estimation which is obtained within the leading logarithmic

approximation (LLog). In the latter framework, the RGE generated flavour mixing in the

slepton sector is summarised by the following logarithmic contributions,

(∆m2
L̃
)ij = −

1

8 π2
(3M2

0 + A2
0) (Y

†
ν LYν)ij ,

(∆Al)ij = −
3

16 π2
A0 Yli (Y

†
ν LYν)ij ,

(∆m2
Ẽ
)ij = 0 ; Lkl ≡ log

(
MX

mMk

)
δkl , (19)

which are originated by the running from MX to the right handed mass scales mMi
, i =

1, 2, 3. The matrix elements (Y †
ν LYν)ij in Eq. (19) can be simply written in terms of the

1This has also been concluded in a generic, non-seesaw, MSSM scenario [39].
2Notice that the Higgs-penguin contribution could only be relevant in a generic MSSM framework [40, 41].

9

towards  
Planck scale

ΛEW

ΛGUT

MR

MSUSY

21

cLFV and SUSY seesaws (indirect)

For type I, II and III:

WHAT IS THE ORIGIN OF            ?

STANDARD APPROACH: Consider flavour"
blind SSB terms @ a high"scale ?>M and 

rely on RGE effects to generate sLFV 

cv

cv
c
v

XIX IFT Xmas Workshop " Filipe Joaquim                                          cLFV in seesaw models      

Soft-masses scale (almost trivially) with   (Leading Log approximation) 

Approximately, one has    BR  BR( ),  

 If  is large, sizeable RGE-induced 

Yν

(ℓα → ℓβγ) ≈
α3

G2
F

tan2 β
m̄4

SUSY
(δLL

αβ )2 ℓα → ℓβναν̄β

⇒ Yν δLL
αβ , δLR

αβ , δRR
αβ
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(Type I) SUSY seesaw

 Contributions to low-energy cLFV observables in a type I "standard" SUSY seesaw 

 RGE-induced lepton flavour mixing from non-trivial structure of   

Before decoupling at , contributions from right-handed (s)neutrinos  
to RGE-running of slepton soft-breaking terms

Yν

MR

where Γlj is the total lepton width, and the form factors AL,R
2 receive contributions from two

types of diagrams, sneutrino-chargino loops and charged slepton-neutralino loops. These

BRs were computed in Ref. [5, 6]. We will use in our analysis the explicit formulae for the

|AL,R
2 | form factors as in Ref. [18].

Regarding the LFV decays into three leptons, lj → 3 li, the one-loop computation was

presented in [6], and later revised and completed in [18]. The latter work included the full set

of SUSY one-loop contributing diagrams, namely photon-, Z-, and Higgs-penguins, as well

as box diagrams. As shown by the explicit computation of [18], the dominant contribution

is clearly coming from the photon-penguin diagrams and, more specifically, from the same

form factors AL,R
2 as in the case of the radiative decays1. This is valid even in the case of

very large tanβ where the Higgs-penguin diagrams, although enhanced, induce contributions

which are still many orders of magnitude below those associated with the photon-penguins2.

Therefore, the BR for the lj → 3 li decays can be approximated by the simple expression,

BR(lj → 3li) =
α

3 π

(

log
m2

lj

m2
li

−
11

4

)

× BR(lj → li γ) , (18)

where α is the electromagnetic coupling constant. However, and although we have verified

that this is indeed a very good approximation, we use in the present analysis the full one-loop

formulae for the BR(lj → 3li) from Ref. [18].

Finally, and regarding the estimation of the low-energy parameters, we consider the full

2-loop RGE running, except for the neutrino sector which is treated at the 1-loop level.

Nevertheless, for the forthcoming discussion, it will be clarifying and interesting to compare

the full results with the simplified estimation which is obtained within the leading logarithmic

approximation (LLog). In the latter framework, the RGE generated flavour mixing in the

slepton sector is summarised by the following logarithmic contributions,

(∆m2
L̃
)ij = −

1

8 π2
(3M2

0 + A2
0) (Y

†
ν LYν)ij ,

(∆Al)ij = −
3

16 π2
A0 Yli (Y

†
ν LYν)ij ,

(∆m2
Ẽ
)ij = 0 ; Lkl ≡ log

(
MX

mMk

)
δkl , (19)

which are originated by the running from MX to the right handed mass scales mMi
, i =

1, 2, 3. The matrix elements (Y †
ν LYν)ij in Eq. (19) can be simply written in terms of the

1This has also been concluded in a generic, non-seesaw, MSSM scenario [39].
2Notice that the Higgs-penguin contribution could only be relevant in a generic MSSM framework [40, 41].

9

towards  
Planck scale

ΛEW

ΛGUT

MR

MSUSY

21

cLFV and SUSY seesaws (indirect)

For type I, II and III:

WHAT IS THE ORIGIN OF            ?

STANDARD APPROACH: Consider flavour"
blind SSB terms @ a high"scale ?>M and 

rely on RGE effects to generate sLFV 

cv

cv
c
v

XIX IFT Xmas Workshop " Filipe Joaquim                                          cLFV in seesaw models      

Soft-masses scale (almost trivially) with   (Leading Log approximation) 

Approximately, one has    BR  BR( )  

 If  is large, sizeable RGE-induced  

 If new mediators not too heavy, (TeV)

Yν

(ℓα → ℓβγ) ≈
α3

G2
F

tan2 β
m̄4

SUSY
(δLL

αβ )2 ℓα → ℓβναν̄β

⇒ Yν δLL
αβ , δLR

αβ , δRR
αβ

⇒ MSUSY ∼ 𝒪
Sizeable cLFV !
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(Type I) SUSY seesaw

 Contributions to low-energy cLFV observables in a type I "standard" SUSY seesaw 

 RGE-induced lepton flavour mixing from non-trivial structure of   

Before decoupling at , contributions from right-handed (s)neutrinos  
to RGE-running of slepton soft-breaking terms

Yν

MR

where Γlj is the total lepton width, and the form factors AL,R
2 receive contributions from two

types of diagrams, sneutrino-chargino loops and charged slepton-neutralino loops. These

BRs were computed in Ref. [5, 6]. We will use in our analysis the explicit formulae for the

|AL,R
2 | form factors as in Ref. [18].

Regarding the LFV decays into three leptons, lj → 3 li, the one-loop computation was

presented in [6], and later revised and completed in [18]. The latter work included the full set

of SUSY one-loop contributing diagrams, namely photon-, Z-, and Higgs-penguins, as well

as box diagrams. As shown by the explicit computation of [18], the dominant contribution

is clearly coming from the photon-penguin diagrams and, more specifically, from the same

form factors AL,R
2 as in the case of the radiative decays1. This is valid even in the case of

very large tanβ where the Higgs-penguin diagrams, although enhanced, induce contributions

which are still many orders of magnitude below those associated with the photon-penguins2.

Therefore, the BR for the lj → 3 li decays can be approximated by the simple expression,

BR(lj → 3li) =
α

3 π

(

log
m2

lj

m2
li

−
11

4

)

× BR(lj → li γ) , (18)

where α is the electromagnetic coupling constant. However, and although we have verified

that this is indeed a very good approximation, we use in the present analysis the full one-loop

formulae for the BR(lj → 3li) from Ref. [18].

Finally, and regarding the estimation of the low-energy parameters, we consider the full

2-loop RGE running, except for the neutrino sector which is treated at the 1-loop level.

Nevertheless, for the forthcoming discussion, it will be clarifying and interesting to compare

the full results with the simplified estimation which is obtained within the leading logarithmic

approximation (LLog). In the latter framework, the RGE generated flavour mixing in the

slepton sector is summarised by the following logarithmic contributions,

(∆m2
L̃
)ij = −

1

8 π2
(3M2

0 + A2
0) (Y

†
ν LYν)ij ,

(∆Al)ij = −
3

16 π2
A0 Yli (Y

†
ν LYν)ij ,

(∆m2
Ẽ
)ij = 0 ; Lkl ≡ log

(
MX

mMk

)
δkl , (19)

which are originated by the running from MX to the right handed mass scales mMi
, i =

1, 2, 3. The matrix elements (Y †
ν LYν)ij in Eq. (19) can be simply written in terms of the

1This has also been concluded in a generic, non-seesaw, MSSM scenario [39].
2Notice that the Higgs-penguin contribution could only be relevant in a generic MSSM framework [40, 41].

9

towards  
Planck scale

ΛEW

ΛGUT

MR

MSUSY

21

cLFV and SUSY seesaws (indirect)

For type I, II and III:

WHAT IS THE ORIGIN OF            ?

STANDARD APPROACH: Consider flavour"
blind SSB terms @ a high"scale ?>M and 

rely on RGE effects to generate sLFV 

cv

cv
c
v

XIX IFT Xmas Workshop " Filipe Joaquim                                          cLFV in seesaw models      

Soft-masses scale (almost trivially) with   (Leading Log approximation) 

Approximately, one has    BR  BR( ),  

 ratios independent of non-flavoured SUSY parameters!  

e.g. 

Yν

(ℓα → ℓβγ) ≈
α3

G2
F

tan2 β
m̄4

SUSY
(δLL

αβ )2 ℓα → ℓβναν̄β

⇒

BR(τ → μγ)
BR(μ → eγ)

≈
δLL

τμ

δLL
μe

2
BR(τ → μντν̄μ)
BR(μ → eνμν̄e)
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(Type I) SUSY seesaw

 Contributions to low-energy cLFV observables in a type I "standard" SUSY seesaw 

 RGE-induced lepton flavour mixing from non-trivial structure of   

Before decoupling at , contributions from right-handed (s)neutrinos  
to RGE-running of slepton soft-breaking terms

Yν

MR

where Γlj is the total lepton width, and the form factors AL,R
2 receive contributions from two

types of diagrams, sneutrino-chargino loops and charged slepton-neutralino loops. These

BRs were computed in Ref. [5, 6]. We will use in our analysis the explicit formulae for the

|AL,R
2 | form factors as in Ref. [18].

Regarding the LFV decays into three leptons, lj → 3 li, the one-loop computation was

presented in [6], and later revised and completed in [18]. The latter work included the full set

of SUSY one-loop contributing diagrams, namely photon-, Z-, and Higgs-penguins, as well

as box diagrams. As shown by the explicit computation of [18], the dominant contribution

is clearly coming from the photon-penguin diagrams and, more specifically, from the same

form factors AL,R
2 as in the case of the radiative decays1. This is valid even in the case of

very large tanβ where the Higgs-penguin diagrams, although enhanced, induce contributions

which are still many orders of magnitude below those associated with the photon-penguins2.

Therefore, the BR for the lj → 3 li decays can be approximated by the simple expression,

BR(lj → 3li) =
α

3 π

(

log
m2

lj

m2
li

−
11

4

)

× BR(lj → li γ) , (18)

where α is the electromagnetic coupling constant. However, and although we have verified

that this is indeed a very good approximation, we use in the present analysis the full one-loop

formulae for the BR(lj → 3li) from Ref. [18].

Finally, and regarding the estimation of the low-energy parameters, we consider the full

2-loop RGE running, except for the neutrino sector which is treated at the 1-loop level.

Nevertheless, for the forthcoming discussion, it will be clarifying and interesting to compare

the full results with the simplified estimation which is obtained within the leading logarithmic

approximation (LLog). In the latter framework, the RGE generated flavour mixing in the

slepton sector is summarised by the following logarithmic contributions,

(∆m2
L̃
)ij = −

1

8 π2
(3M2

0 + A2
0) (Y

†
ν LYν)ij ,

(∆Al)ij = −
3

16 π2
A0 Yli (Y

†
ν LYν)ij ,

(∆m2
Ẽ
)ij = 0 ; Lkl ≡ log

(
MX

mMk

)
δkl , (19)

which are originated by the running from MX to the right handed mass scales mMi
, i =

1, 2, 3. The matrix elements (Y †
ν LYν)ij in Eq. (19) can be simply written in terms of the

1This has also been concluded in a generic, non-seesaw, MSSM scenario [39].
2Notice that the Higgs-penguin contribution could only be relevant in a generic MSSM framework [40, 41].

9

towards  
Planck scale

ΛEW

ΛGUT

MR

MSUSY

21

cLFV and SUSY seesaws (indirect)

For type I, II and III:

WHAT IS THE ORIGIN OF            ?

STANDARD APPROACH: Consider flavour"
blind SSB terms @ a high"scale ?>M and 

rely on RGE effects to generate sLFV 

cv

cv
c
v

XIX IFT Xmas Workshop " Filipe Joaquim                                          cLFV in seesaw models      

Soft-masses scale (almost trivially) with   (Leading Log approximation) 

Approximately, one has    BR  BR( ) 

 N.B.: effects from general SUSY LFV hard to disentangle from seesaw induced cLFV...

Yν

(ℓα → ℓβγ) ≈
α3

G2
F

tan2 β
m̄4

SUSY
(δLL

αβ )2 ℓα → ℓβναν̄β
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 Embed the seesaw mechanism in the framework of flavour-conserving SUSY models  

Flavour-blind SUSY breaking (cMSSM-like): lepton flavour mixing from  

At GUT scale, large   (type I "vanilla seesaw") 

Flavour violation in (s)lepton sector ( , ): RGE-running ( , ) 

 cLFV transitions driven by exchange of virtual SUSY states (masses around TeV scale)

Yν

Yν ∼ 𝓞(1)
Mℓ̃,ν̃ Aℓ̃,ν̃ Yν MGUT → MR

⇒

SUSY seesaw: cLFV at low- and high energies

Embed seesaw in the framework of (otherwise) flavour-conserving SUSY models

! Large Y νY νY ν : sizable contributions to cLFV observables

cLFV driven by the exchange of virtual SUSY particles

l̃ (ν̃)

γ

ℓi ℓj

χ̃0 (χ̃±)

ℓ� (ℓ� )

ℓ� (ℓ� )

ν̃ (ℓ̃)

γ (Z,H)

ℓ� ℓ�χ̃� (χ̃0)

N N

q q

ν̃ (ℓ̃)

γ (Z,H)

µ eχ̃� (χ̃0)

! Flavour blind SUSY breaking: RGE running of Y ν (MGUT → MR)

induces flavour-violating terms in slepton soft-breaking masses

! Y νY νY ν unique source of FV: all observables strongly related

MEG 2013

! Synergy of low-energy observables

⇒⇒⇒ hints on seesaw scale MRMRMR!

⇒⇒⇒ disfavour the model
[Antusch, Arganda, Herrero, AMT, ’06 - ’07]

Unique source of cLFV ( )  
 all observables strongly related 

Synergy of low-energy cLFV observables 
  hints on the seesaw scale  
  

Yν

⇒

⇒ MR

[Antusch, Arganda, Herrero, AMT, '06-'08]

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)

(Type I) SUSY seesaw: leptonic cLFV
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[Abada, Figueiredo, Romao, AMT, '10]

LHC: cLFV in neutral current interactions  

  

 new edges in dilepton mass distributions 

Flavour conserving case: double triangular  

             

cLFV from type I SUSY seesaw:  
new edge in  from intermediate light  

        cLFV @ LHC!

χ0 ℓ̃i ℓj

χ0
2 → ℓ±ℓ∓ + ET

miss

⇒

mμμ

χ0
2 → μ̃L,Rμ → χ0

1 μμ

mμμ τ̃

χ0
2 → τ̃μ → χ0

1 μμ

SUSY seesaw: cLFV at low- and high energies

! High-energy coliders: direct access to slepton sector""" on-shell ℓ̃̃ℓ̃ℓ

! cLFV in SUSY neutral current interactions χ0χ0χ0 - ℓ̃ĩℓĩℓi - ℓjℓjℓj

LHC: χ0
2 → ℓ± ℓ∓ + ET

missχ0
2 → ℓ± ℓ∓ + ET

missχ0
2 → ℓ± ℓ∓ + ET

miss cascades - new edges in dilepton mass distributions mℓℓmℓℓmℓℓ

10-6

10-5

10-4

10-3

10-2

0 20 40 60 80 100 120 140 160 180

Γ
-1 to

ta
ld
Γ

(χ
0 2
→

χ0 1
µ
µ)

 / 
dm

µµ
[1

/G
eV

]

mµµ [GeV]

! Flavour conserving case:

Double triangular distributions (2 edges)

χ0
2 → µ̃L,R µ→ χ0

1 µµχ0
2 → µ̃L,R µ→ χ0

1 µµχ0
2 → µ̃L,R µ→ χ0

1 µµ

! cLFV: in parallel to other observables...

Appearance of new edge in mµµ :mµµ :mµµ : intermediate τ̃2̃τ2̃τ2

[# flavour violation!]

! cLFV at the LHC: χ0
2 → τ̃2 µ → χ0

1 µµχ0
2 → τ̃2 µ → χ0

1 µµχ0
2 → τ̃2 µ → χ0

1 µµ
[Abada, Figueiredo, Romão, AMT, ’10]

 Embed the seesaw mechanism in the framework of flavour-conserving SUSY models  

Flavour-blind SUSY breaking (cMSSM-like): lepton flavour mixing from  

At GUT scale, large   (type I "vanilla sesesaw") 

Flavour violation in (s)lepton sector ( , ): RGE-running ( , ) 

 At colliders: on-shell sparticle production  (masses around TeV scale) 

                                                        

Yν

Yν ∼ 𝓞(1)
Mℓ̃,ν̃ Aℓ̃,ν̃ Yν MGUT → MR

⇒ ℓ̃

(Type I) SUSY seesaw: cLFV @ LHC
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Rp-violating supersymmetry

 The MSSM (and variants, constrained cases)  not the most generic SUSY realisation! 

 Discrete symmetry (i.e. R-parity) assumed:  

 SM particles are R-even; SUSY partners are R-odd 

 sparticles are pair-produced; LSP is stable (DM candidate!) 

 Most general case,    

 Strong constraints on  from cLFV leptonic and (semi) leptonic decays!

↝
(−1)R ≡ (−1)3(B−L)+2s

⇒
⇒

WRpV =
λijk

2
Li Lj Ēk + λ′ �ijk Li Qj D̄k + λ′�′�ijk Ūi D̄j D̄k + μi Li Hu

λ(′�)
ijk

baryon number violating 
 proton decay...⇒

cLFV transitions 
(even @ tree level!)

BR( )  

   (for (TeV))

K0
L → μe < 4.7 × 10−12

⇒ |λ′�*1k1 λ′�*2k2 | ≲ 10−4 MSUSY ∼ 𝒪

BR( )   

  ( ) 

μ → 3e < 10−12

⇒ |λn21 λ*n11 | ≲ 7 × 10−9 n ≠ 1

 : tree-level contributions to  conversion ;      @ 1-loop from λ λ′� μ − e μ → eγ λ λ, λ′� λ′�

RpV SUSY - leptoquarks!

li
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p
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e 710
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i
i o
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The power of cLFV:  
hints on models of New Physics
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NP models of flavour: so many possibilities!

Extensive contributions in recent years - driven by NP hints ( , AMMs, B-anomalies...) 

 exploring flavoured signatures of BSM realisations 

Neutrino mass generation and the BAU 

Higgs portal to flavours 

DM flavoured portals 

Symmetry-enforced 

UV-complete models: GUTs,  Supersymmetry, extra dimensions, ... 

Ultimately addressing all (several) SM problems, and testable (via flavours?!) ?? 

Can lepton flavours help us disentangle the NP model at work?  
Or falsify candidates?

mν

⇒

Z′�

sterile fermions

extra scalars

additional  
Higgs leptoquarks

vector-like   
quarks & leptons

axion-like  
particles

Majorons

flavons

...
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W.Ootani, “Dipole Moments and Charged Lepton Flavour Violation”, 2017 ICFA Seminar, Nov. 6th-9th, 2017, Ottawa, Canada 6

W.Altmannshofer et al., Nucl. Phys. B 830(2010)17

78 W. Altmannshofer et al. / Nuclear Physics B 830 (2010) 17–94

Table 8
“DNA” of flavour physics effects for the most interesting observables in a selection of SUSY and non-SUSY models

signals large effects, visible but small effects and implies that the given model does not predict
sizable effects in that observable.

AC RVV2 AKM δLL FBMSSM LHT RS

D0 − D̄0 ?

ϵK

Sψφ

SφKS
?

ACP(B → Xsγ ) ?

A7,8(B → K∗µ+µ−) ?

A9(B → K∗µ+µ−) ?

B → K(∗)νν̄

Bs → µ+µ−

K+ → π+νν̄

KL → π0νν̄

µ → eγ

τ → µγ

µ + N → e + N

dn

de

(g − 2)µ ?

RVV2, AKM) and (LHT, RS) models can easily be made with the help of BR(Bs → µ+µ−) and
BR(K+ → π+νν̄) only but the inclusion in this test of Sψφ will be very helpful. The distinction
between the AC and RVV2 models has been discussed in the previous sections while the one
between LHT and RS in [16,77]. Here the correlation between KL → π0νν̄ and K+ → π+νν̄

markedly different in both models and the hierarchy in (7.1) could play important roles.

7.2. DNA-flavour test of new physics models

We have seen in the previous sections and in Section 7.1 that the patterns of flavour violation
found in various extensions of the SM differed from model to model, thereby allowing in the
future to find out which of the models considered by us, if any, can survive the future measure-
ments. Undoubtedly, the correlations between various observables that are often characteristic
for a given model will be of the utmost importance in these tests.

In Table 8, we show a summary of the potential size of deviations from the SM results allowed
for a large number of observables considered in the text, when all existing constraints from other
observables not listed there are taken into account. We distinguish among:

Low energy probes have broad sensitivities to BSM models

NP models of flavour: so many possibilities!

Extensive contributions in recent years - driven by NP hints ( , AMMs, B-anomalies...) 

 exploring flavoured signatures of BSM realisations 

mν

⇒

[Altmannshofer et al, '10]

“DNA of New Physics” 
 (a la Prof. Dr. A.J. Buras) 

David Hitlin                ICHEP Melbourne                    July 6, 2012 13 

Heavy flavor studies provide a “DNA Chip” for New Physics 

GLOSSARY 

AC [10] 
RH currents & U(1) flavor 
symmetry 

RVV2 [11] SU(3)-flavored MSSM  

AKM [12] 
RH currents & SU(3) family  
symmetry 

GLL  [13] CKM-like currents 

FBMSSM 
[14]  Flavor-blind MSSSM 

LHT [15] Little Higgs with T Parity  

RS [16] Warped Extra Dimensions 

W. Altmannshofer, A.J. Buras, S. Gori, P. Paradisi and D.M. Straub  
The pattern of measurement: 
��� large effects 
��     visible but small effects 
�        unobservable effects 
is characteristic,  
often uniquely so,  
of a particular model 

These are a subset of a subset listed by Buras and Girrbach 
MFV, CMFV, 2HDMMFV, LHT, SM4, SUSY flavor. SO(10) – GUT,  
SSU(5)HN, FBMSSM, RHMFV, L-R, RS0, gauge flavor, ………. 
 

Expected impact for observables: 
large effects 
small, but visible 
unobservable

AC: RH currents & U(1) flavour sym 
RVV2: SU(3)-flavoured MSSM 
AKM: RH currents & SU(3) family sym 
LL: CKM-like currents 

FBMSSM: flavour-blind MSSM 
LHT: Little Higgs (T-parity) 
RS: Warped extra dimensions 

δ

Densely populated sector!  
cLFV transitions amongst the most sensitive observables to numerous NP models!
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cLFV in extended frameworks: 
illustrative examples
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Low-scale models for : DM connection (?)mν

Scotogenic models: a link between neutrino mass generation and dark matter! 
  Additional  symmetry: stabilises dark matter candidate ... but 

                             neutrino masses @ 1-loop

Z2

⇒

A minimal realisation: extend SM by inert scalar doublet  and RH neutrinos  
               

η NR

[Review on phenomenology of generalised scotogenic models: Hagedorn et al, 1804.04117] 

[Ma, 2006]

 cLFV observables: numerous contributions from  and/or η NR

ℳν
ij ≃

λ5

16π2

2 Y η
ik Y η

jk v2

M2
Ni

M2
Nk

m2
0 − M2

Nk

+
M4

Nk

(m2
0 − M2

Nk
)2

log (
M2

Nk

m2
0 )

 (for , with )λ5 ≪ 1 m0 = mηR
∼ mη1

Suppression of neutrino masses: 
smallness of  and loop factors!λ5

LH 247

7 s.no
α 45

Va Ni β

f

5 s.pt
Ni
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ex Ngk lo

I
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Low-scale models for : DM connection (?)mν

Scotogenic models: a link between neutrino mass generation and dark matter! 
  Additional  symmetry: stabilises dark matter candidate ... but 

                             neutrino masses @ 1-loop

Z2

⇒

A minimal realisation: extend SM by inert scalar doublet  and RH neutrinos  
               

η NR

[Review on phenomenology of generalised scotogenic models: Hagedorn et al, 1804.04117] 

Scotogenic models: neutrinos, dark matter and cLFV

!!! SM extended by (inert) scalar doublet ηηη and RH neutrinos NNN [Ma, ’06]

Additional Z2Z2Z2 symmetry: neutrino masses @ 1 loop

dark matter candidate (NNN or ηηη)

!!! cLFV observables: nature of DM candidate & absolute neutrino mass scale

[Toma and Vicente, ’14]

!!! Current (muon) cLFV bounds favour mN ≥ mηmN ≥ mηmN ≥ mη; ηηη " DM candidate!

Determination of Rµe = BR(µ→3e)
BR(µ→eγ)

Rµe = BR(µ→3e)
BR(µ→eγ)Rµe = BR(µ→3e)
BR(µ→eγ) ⇒⇒⇒ hints on lightest neutrino mass mν1mν1mν1

[Review on phenomenology of generalised scotogenic models: Hagedorn et al, 1804.04117]

Determination of  = BR( )/BR( )  hints on lightest neutrino mass  Rμe μ → 3e μ → eγ ⇒ mν1

[Toma and Vicente, 1312.2840]

 cLFV observables: hints on the nature of the DM candidate (  or ) and  mass scaleη NR ν 12
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FIG. 6: Br(µ → eγ) and Br(µ → 3e) as a function of ξ = (mN/mη+)2. A degenerate right-handed neutrino

spectrum has been assumed, see text for details. To the left for NH, whereas to the right for IH. The

horizontal dashed lines show the current upper bounds.

Since the photonic dipole operators contribute to both observables, the only way to obtain

Rµe > 1 is to have dominant contributions from box and/or photonic non-dipole diagrams in

µ → 3e (Z-penguins are suppressed by charged leptons and thus their contribution is always

negligible). Since the photonic non-dipole diagrams, given by the AND form factor, never exceed

the dipole ones as much as to compensate the large factor that multiplies |AD|2 in the branching

ratio formula (see Eq. (22)), they are never dominant. We are therefore left with a competition

between photonic dipole operators and box diagrams.

Assuming box dominance in µ → 3e and a degenerate right-handed neutrino spectrum one can

estimate

Rµe ∼
y4

48π2e2
H(ξ), (31)

where y is the average size of the Yukawa coupling and the function H(ξ) is defined as

H(ξ) =

(

1
2D1(ξ, ξ) + ξD2(ξ, ξ)

F2(ξ)

)2

. (32)

The function H(ξ) is shown in Fig. 5. Notice the cancellation for ξ = 1. This pole is caused by

an exact cancellation between the contributions from the loop functions D1 and D2. However, for

ξ ≪ 1 and ξ ≫ 1 one always has H(ξ) > 1.

It is clear from Eq. (31) and Fig. 5 that in order to increase the value of Rµe one requires

large Yukawa couplings and a large mass difference between the right-handed neutrinos and the η

scalars (in order to be far from ξ = 1). This is illustrated in Fig. 6, where we show Br(µ → eγ)

(blue) and Br(µ → 3e) (red) as a function of ξ = (mN/mη+)
2. The horizontal dashed lines
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FIG. 8: The ratio Rµe = Br(µ → 3e)/Br(µ → eγ) as a function of the lightest neutrino mass. Scenario A is

assumed, see text for details. To the left for NH, whereas to the right for IH.

Rµe is then trivially deduced from these considerations. Notice that this quantity can reach values

as high as ∼ 50. In this case it is obvious that one cannot ignore Br(µ → 3e), but in fact this

branching ratio becomes the most relevant LFV observable.

The discussion for IH would be a bit more involved. In this case we find a larger relevance of

the D2 piece. In fact, for mν1 ∼ 10−2 eV this term competes with the D1 term, leading to the

feature observed on the right-hand sides of Figs. 7 and 8.

Let us now consider our results for scenario B, shown in Figs. 9 and 10. Again, we present

our results for NH on the left-hand side and our results for IH on the right-hand side. Regarding

NH, it is already clear at first sight that the results are qualitatively very similar to those found in

scenario A. Although the LFV rates are very different (much lower in this case), the dependence

on mν1 is very similar. Notice that all points in these figures are actually allowed by the current

limits. This was expected, since it is well-known that LFV constraints are more easily satisfied in

scenarios with mN > mη+ [29]. On the other hand, the difference between NH and IH found in

scenario A is not present in scenario B, in which both cases show the same behavior.

Finally, let us briefly discuss a scenario with non-degenerate right-handed neutrinos. The spec-

trum in the right-handed neutrino sector has an impact on the LFV rates, as we want to illustrate

here. In order to do so, we consider a spectrum of the type mN = (m̃N , m̄(1)
N , m̄(2)

N ), with two fixed

mass eigenvalues (m̄(1,2)
N ) and one varying (m̃N ). Although one can imagine other scenarios, this

simple family of non-degenerate spectra serves to show the qualitative behavior that we want to

emphasize.

Fig. 11 shows a representative example of how the LFV rates can change in a non-degenerate

right-handed neutrino spectrum. On the left, we show Br(µ → eγ) (blue) and Br(µ → 3e) (red)

[Ma, 2006]
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Figure 5: Results for the relevant cLFV decays with the current limits from MEG col-

laboration [30] and Belle [52, 53] (full lines) and expected sensitivities (dashed lines) from

MEGII [49], Mu3e [50] and Belle II [54]. The other decays not shown here lay below the

expected future bounds.

limits of charged LFV searches. This hierarchy is linked to that of gR, as both contribute

equally to these processes, see Appendix A. While both g2
 
and g2

R
have to be large to fit

(g� 2)µ, g1 and g1
R
must remain small to not exceed the current limit of BR(µ ! e�). On

the same grounds, g3
 
and g3

R
are similarly constrained by the upper limit on BR(⌧ ! µ�).

It is worth noting that the fit of (g � 2)µ links the components of gR and g with the

trilinear coupling ↵, as can be seen in Fig. 4 (right). As discussed in Sec. 3, the dominant

contribution to (g � 2)µ and charged LFV decays comes from the left diagram in Fig. 1,

proportional to ↵. For example, smaller values of ↵ imply larger values of g2
 

and g2
R

in

order to fit the anomalous magnetic moment (g � 2)µ, as can be seen in the upper corner

on the right panel of Fig. 4.

The perturbativity requirement for both the Yukawa couplings and ↵ sets then a lower

and upper limit on the trilinear coupling of roughly 30 GeV . ↵ . 4m
�
0
1
. Note, that the

upper bound is actually given for ↵/M� where M� is the average masses of the scalars

involved in this coupling.

5.2 Charged lepton flavour violating decays

Charged lepton flavour violating decays rank among the most stringent constraints for

neutrino mass models, as fitting the neutrino mixing angles, in general, requires non-

diagonal Yukawa matrices that connect also to the charged leptons and allow for transitions

between di↵erent lepton flavours. While the limits to the branching ratios of these processes

are already remarkable, especially for the limit on the decay µ ! e� from the MEG

collaboration [30], there is a renovate interest with new experiments expected to take place

in the near future, such as MEGII [49], Mu3e [50], or COMET [51], with an expected

improvement on the sensitivity of even four orders of magnitude for certain processes like

µ ! 3e, or Belle and Belle II for the tau decays [52–54].

– 13 –
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Low-scale models for : DM connection (?)mν

[Alvarez et al, 2301.08485]

 cLFV observables: strict correlation between BR( ), BR( ) [dipole dominated] 

muon cLFV decays  falsify model @ MEG II and Mu3e !
μ → eγ μ → 3e

⇒

Recent example: SM extended by  Weyl fermions, Majorana fermion singlets & scalars 
  mass generation, DM candidates,  and BAU via leptogenesis

SU(2)L

⇒ ν (g − 2)μ

with i, j = 1, 2 and k = 1, 2, 3. Lk and ec
k
denote the left-handed and right-handed leptons,

respectively. Moreover, we have introduced the notation �̃ = i�2�⇤ for � = H, ⌘. Without

loss of generality we work in a basis where MF12 = 0. Moreover, we impose |M1|  |M2|,

where we have simplified the notation by setting Mi = MFii
for i = 1, 2. Finally, we adopt

the phase-convention  1 = ( 0
1
, �

1
) and  2 = ( +

2
,� 0

2
) for the SU(2)L doublets.

After EWSB, we have a charged heavy Dirac state  + with mass M and four neutral

Majorana fermions. Their mass matrix is given in the basis {F1, F2, 0
1
, 0

2
} as

M�0 =

0

BBBB@

M1 0 vp
2
y11

vp
2
y21

0 M2
vp
2
y12

vp
2
y22

vp
2
y11

vp
2
y12 0 M 

vp
2
y21

vp
2
y22 M 0

1

CCCCA
. (2.9)

This matrix is diagonalised by a unitary matrix U� according to

diag
�
m

�
0
1
,m

�
0
2
,m

�
0
3
,m

�
0
4

�
= U�M�0U�1

� , (2.10)

with the convention m
�
0
i

 m
�
0
j

for i < j.

2.3 Neutrino masses

The main di↵erence with respect to the T1-2-A model discussed in Refs. [19, 20] is the

extra copy of the singlet fermion. Although the mechanism is very similar, in this case,

due to the extra degree of freedom, the neutrino mass matrix has rank three instead of two,

and consequently, all three active neutrinos will acquire a non-zero mass. After EWSB,

rotating to the mass eigenbasis, a Majorana mass term is generated at the one-loop level

via the diagram

⌫i
�0

k

⌫j

�0
n

⌘ ⌫c
j

�
M⌫

�
ji
⌫i , (2.11)

where the neutrino mass matrix can be expressed as

M⌫ = G
T ML G . (2.12)

This is a well-known structure common to most of the scotogenic models and similar to

the type-I seesaw, where the matrix G contains the couplings defined in Eq. (2.8) ordered

as

G =

0

B@
g1
 

g2
 

g3
 

g1
F1

g2
F1

g3
F1

g1
F2

g2
F2

g3
F2

1

CA , (2.13)

and ML is a 3 ⇥ 3 symmetric matrix which encodes the information of the loop function,

and the mixing in the neutral scalar and fermion sectors, defined in Eqs. (2.5) and (2.10),

– 5 –

[Review on phenomenology of generalised scotogenic models: Hagedorn et al, 1804.04117] 

Scotogenic models: a link between neutrino mass generation and dark matter! 
  Additional  symmetry: stabilises dark matter candidate ... but 

                             neutrino masses @ 1-loop

Z2

⇒
[Ma, 2006]
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Enhanced gauge symmetries: Left-Right models

 Minimal Left-Right extensions of the SM (non SUSY) 

Extensions of the SM gauge group (restore parity!) 

SU(2) U(1)  SU(2) SU(2) U(1)  

 automatically included,  &  currents, extended Higgs sector (bidoublet & triplet) 

                                                                                                

Abundant contributions to cLFV observables at low and high-energies (colliders)! 

L ⊗ ⟶ L ⊗ R ⊗ B−L

νR ZR W±
R

Hints of an organising principle: cLFV in Left-Right models

⋆ Minimal Left-Right extension of the SM (non-SUSY)

" extend SM gauge group: SU(2)LLL⊗U(1)⇒ SU(2)LLL⊗SU(2)RRR⊗U(1)B−LB−LB−L

" RH neutrinos automatically included Mν ≈

(

yMvL yDmEW

yT
DmEW yMvR

)

bi-doublet and triplet Higgs; new ZR, WR bosons

" New contributions to cLFV observables at low- and high-energies

ft), conversion in nuclei (center) and
d decay of a heavy right-handed neutrino with dilepton
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FIG. 12: Dependence of the rates of low energy

" If LHC
√
s
√
s
√
s above heavy neutrino threshold:

dilepton LFV signatures pp→WR → e±µ∓ + 2pp→WR → e±µ∓ + 2pp→WR → e±µ∓ + 2 jets

" Complementarity studies of LHC signatures and

low-energy rare decays
[Das et al, 1206.0656]
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s above heavy neutrino threshold:

dilepton LFV signatures pp→WR → e±µ∓ + 2pp→WR → e±µ∓ + 2pp→WR → e±µ∓ + 2 jets

" Complementarity studies of LHC signatures and

low-energy rare decays
[Das et al, 1206.0656]

Dirac masses ( )∝ ΛEW

Majorana masses (dynamical generation)
Hints of an organising principle: cLFV in Left-Right models

⋆ Minimal Left-Right extension of the SM (non-SUSY)
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" If LHC
√
s
√
s
√
s above heavy neutrino threshold:

dilepton LFV signatures pp→WR → e±µ∓ + 2pp→WR → e±µ∓ + 2pp→WR → e±µ∓ + 2 jets

" Complementarity studies of LHC signatures and

low-energy rare decays
[Das et al, 1206.0656]

Right-handed currents

Triplet scalars
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Enhanced gauge symmetries: Left-Right models

 Minimal Left-Right extensions of the SM (non SUSY) 

Extensions of the SM gauge group (restore parity!) 

SU(2) U(1)  SU(2) SU(2) U(1)  

 automatically included,  &  currents, extended Higgs sector (bidoublet & triplet) 

                                                                                                

Extensive work in recent years (here just a "classic" example)

L ⊗ ⟶ L ⊗ R ⊗ B−L

νR ZR W±
R

If LHC  above threshold for  production: 
dilepton cLFV signatures  

 jets 

Complementary studies of Left-Right cLFV 
 LHC signatures and low-energy rare decays 

s νR

pp → WR → e±μ∓ + 2

⇒

Hints of an organising principle: cLFV in Left-Right models
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dilepton LFV signatures pp→WR → e±µ∓ + 2pp→WR → e±µ∓ + 2pp→WR → e±µ∓ + 2 jets

" Complementarity studies of LHC signatures and

low-energy rare decays
[Das et al, 1206.0656]

[Das et al, 1206.0656]

Dirac masses ( )∝ ΛEW

Majorana masses (dynamical generation)
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" If LHC
√
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s above heavy neutrino threshold:

dilepton LFV signatures pp→WR → e±µ∓ + 2pp→WR → e±µ∓ + 2pp→WR → e±µ∓ + 2 jets

" Complementarity studies of LHC signatures and

low-energy rare decays
[Das et al, 1206.0656]
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GUT models & cLFV   

 Grand unified models: several possibilities explored, from (SUSY)  to , ...  
Many realisations include mechanisms of  mass generation, and open the door to 
        flavour violation (at all levels)  
Realised at very high scales ( ) - how to probe and test them? 

SU(5) SO(10)
ν

MGUT
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GUT models: type II seesaw (and more)    

 Grand unified models: several possibilities explored, from (SUSY)  to , ...  
Many realisations include mechanisms of  mass generation, and open the door to 
        flavour violation (at all levels)  
Realised at very high scales ( ) - how to probe and test them? 

SU(5) SO(10)
ν

MGUT

Illustrative example: SUSY GUTs  

SO(10) type II SUSY seesaw (leptogenesis motivated) 
reduce arbitrariness of  [CKM- and PMNS inspired textures] 

 highly correlated cLFV observables! Falsifiable!
Yν

⇒

Hints of an organising principle: cLFV and SUSY GUTs

⋆ Supersymmetric Grand Unified Theories

" Reduce arbitrariness of Y νY νY ν [SO(10) CKM- and UPMNS-inspired patterns..]

" SO(10) type II SUSY seesaw example

(leptogenesis motivated)

highly correlated cLFV observables!

10-16

10-15

10-14

10-13

10-12

10-11

10-10

10-9

10-14 10-13 10-12 10-11 10-10

BR(µ → e γ )

MEG expected

10-16

10-15

10-14

10-13

10-12

10-11

10-10

10-9

10-14 10-13 10-12 10-11 10-10

BR(µ → e γ )

MEG expected

10-16

10-15

10-14

10-13

10-12

10-11

10-10

10-9

10-14 10-13 10-12 10-11 10-10

BR(µ → e γ )

MEG expected

BR(τ → µ γ )

10-16

10-15

10-14

10-13

10-12

10-11

10-10

10-9

10-14 10-13 10-12 10-11 10-10

BR(µ → e γ )

MEG expected

BR(τ → µ γ )
BR(µ → e e e )

10-16

10-15

10-14

10-13

10-12

10-11

10-10

10-9

10-14 10-13 10-12 10-11 10-10

BR(µ → e γ )

MEG expected

BR(τ → µ γ )
BR(µ → e e e )

CR(µ → e in Ti )

[Calibbi et al, 0910.0377]

" SU(5) + RH neutrinos SUSY GUTs

correlated CPV and FV observables

in lepton and hadron sectors!

[Buras et al, 1011.4853]

[Calibbi et al, 0910.0377]

[Buras et al, 1011.4853]

Hints of an organising principle: cLFV and SUSY GUTs

⋆ Supersymmetric Grand Unified Theories

" Reduce arbitrariness of Y νY νY ν [SO(10) CKM- and UPMNS-inspired patterns..]

" SO(10) type II SUSY seesaw example

(leptogenesis motivated)

highly correlated cLFV observables!
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[Calibbi et al, 0910.0377]

" SU(5) + RH neutrinos SUSY GUTs

correlated CPV and FV observables

in lepton and hadron sectors!

[Buras et al, 1011.4853]
SU(5) SUSY GUT (& RH neutrinos) 

strong dependency of CPV and flavour observables  
in lepton & quark sectors!
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cLFV in general NP models
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Extended Higgs sectors: 2 Higgs doublet model

 Two Higgs Doublet: an additional scalar doublet ( ) - motivated by larger frameworks  
In general cases (e.g. non-SUSY), doublets coupling to all species lead to  
significant flavour-changing-neutral currents  conflict with data! 

Impose symmetries to avoid tree-level FCNC! 

Type I: SM fermions couple only to one Higgs 
Type II: up quarks couple to ; down quarks and charged leptons to  (SUSY-like) 

Generic Lagrangian: 

 

  

Leading to abundant cLFV transitions !

H2

⇒

H2 H1

−ℒ2HDM = Yℓ
ij ℓ̄i H1 ej + Yu

ij q̄i H̃1 uj + Yd
ij q̄i H1 dj +

Kℓ
ij ℓ̄i H2 ej + Ku

ij q̄i H̃2 uj + Kd
ij q̄i H1 dj + H.c. + V(H1, H2)

And to cLFV Higgs decays: 

 Γ(h → ℓiℓj) ∝ mh

|Kℓ |2
ij + |Kℓ |2

ji

16π
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Flavour violating Higgs: cLFV
21
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Figure 8: Expected (red line) and observed (black solid line) 95% CL upper limits on the LFV
Yukawa couplings, |Yµt | vs. |Ytµ | (left) and |Yet | vs. |Yte | (right). The |Yµt | or |Yet | couplings
correspond to left chiral muon or electron and right chiral t lepton, while |Ytµ | or |Yte | cou-
plings correspond to left chiral t lepton and right chiral muon or electron. In the left plot, the
expected limit is covered by the observed limit as they have similar values. The flavor diagonal
Yukawa couplings are approximated by their SM values. The green and yellow bands indicate
the range that is expected to contain 68% and 95% of all observed limit variations from the
expected limit. The shaded regions are constraints obtained from null searches for t ! 3µ or
t ! 3e (dark blue) [92] and t ! µg or t ! eg (purple) [93]. The blue diagonal line is the
theoretical naturalness limit |YijYji| = mimj/v

2 [11].

Table 4: Observed and expected upper limits at 95% CL and best fit branching fractions for
each individual jet category, and their combinations, in the H ! µt channel.

Expected limits (%)
0-jet 1-jet 2-jets VBF Combined

µte <0.34 <0.57 <1.13 <0.83 <0.27
µth <0.33 <0.43 <0.49 <0.30 <0.18
µt <0.15

Observed limits (%)
0-jet 1-jet 2-jets VBF Combined

µte <0.31 <0.36 <0.77 <0.58 <0.19
µth <0.37 <0.40 <0.50 <0.39 <0.24
µt <0.15

Best fit branching fractions (%)
0-jet 1-jet 2-jets VBF Combined

µte �0.03 ± 0.17 �0.40 ± 0.28 �0.66 ± 0.56 �0.41 ± 0.39 �0.14 ± 0.13
µth +0.05 ± 0.17 �0.05 ± 0.22 +0.02 ± 0.25 +0.10 ± 0.16 +0.07 ± 0.09
µt +0.00 ± 0.07

  Limits on "effective" Yukawa couplings (@ LHC)
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Figure 7: Observed (expected) 95% CL upper limits on the B(H ! µt) (left) and B(H ! et)
(right) for each individual category and combined. The categories from top to bottom row
are µth 0Jets, µth 1Jet, µth 2 Jets, µth VBF, µte 0Jets, µte 1Jet, µte 2 Jets, µte VBF, and µt
combined (left) and eth 0Jets, eth 1Jet, eth 2 Jets, eth VBF, etµ 0Jets, etµ 1Jet, etµ 2 Jets, etµ
VBF, and et combined (right).

reported in Tables 4 and 5. The limits are also summarized in Table 6 and graphically shown
in Fig. 7. The limits are improved from previous results [30]. The improvement relies on the
larger data set, the updated background estimation techniques, and BDT classification. The
results are cross-checked with an additional investigation following the strategy in Ref. [30]
and are found to be consistent.

The upper limits on B(H ! µt) and B(H ! et) are subsequently used to put constraints on
LFV Yukawa couplings [11]. The LFV decays et and µt arise at tree level from the assumed
flavor violating Yukawa interactions, Y`a`b , where `a, `b are the leptons of different flavors (`a 6=
`b). The decay widths G(H ! `a`b) in terms of the Yukawa couplings are given by:

G(H ! `a`b) =
mH

8p
(|Y`a`b |2 + |Y`b`a |2),

and the branching fractions are given by:

B(H ! `a`b) =
G(H ! `a`b)

G(H ! `a`b) + GSM
.

The SM Higgs boson decay width is assumed to be GSM = 4.1 MeV [90] for mH = 125 GeV. The
95% CL upper limit on the Yukawa couplings obtained from the expression for the branching
fraction above is shown in Table 6. The limits on the Yukawa couplings are

p
|Yµt |2 + |Ytµ |2 <

1.11⇥10�3 and
p
|Yet |2 + |Yte |2 < 1.35⇥10�3 and are shown in Fig. 8. Tabulated results are

available in the HepData database [91].

[CMS Coll, 2105.03007]

CLFV2023 - June 21, 2023G. Pezzullo  (Yale University)

Search for  (l=e or µ) in ATLASH → lτ
• The  is related to the non-

diagonal Yukawa coupling matrix elements
B(H → lτ)
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[ATLAS Coll, 2302.05225]

cLFV Higgs decays  
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H → τμ ≲ 1.5 × 10−3

H → τe ≲ 2.2 × 10−3
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Vector-like fermions: impact for cLFV

 Massive vector-like fermions (leptons) present in well-motivated SM extensions: 

composite Higgs models, warped extra dimensions, ad-hoc extensions, ... 

Offer new possibilities for neutrino mass generation:  
dynamical Majorana mass generation, higher order contributions, ...

Illustrative view: generic set-up (composite Higgs inspired), SM + 3 generations of  and  

Neutrino masses from  and interactions with vector-like partners

LV
i EV

i
νR

cLFV observables: contributions from reduced set of couplings  correlated rates!⇒

Vector-like leptons: an example

!!! Massive vector-like fermions present in well-motivated SM extensions:

composite Higgs models, warped extra dimensions, ...

!!! Global view: generic set-up (composite Higgs inspired), 3 generations of LV
iL
V
iL
V
i and EV

iEV
iEV
i

massive neutrinos from additional νR and vector-like partners

!!! cLFV parametrised by small set of couplings

⇒⇒⇒ correlated observables!
BR(h→ℓiℓj)
BR(ℓi→ℓjγ)

≈
4π
3α

BR(h→ℓiℓi)|SM
BR(ℓi→ℓjνiν̄j)

BR(h→ℓiℓj)
BR(ℓi→ℓjγ)

≈
4π
3α

BR(h→ℓiℓi)|SM
BR(ℓi→ℓjνiν̄j)

BR(h→ℓiℓj)
BR(ℓi→ℓjγ)

≈
4π
3α

BR(h→ℓiℓi)|SM
BR(ℓi→ℓjνiν̄j)

[Falkowski et al, ’14]

!!! Synergy between FV Higgs decays and cLFV! Flavour conserving EDM and δaµδaµδaµ as well!

BR(h → ℓi ℓj)
BR(ℓi → ℓj γ)

≈
4π
3α

BR(h → ℓi ℓj) |SM

BR(ℓi → ℓj νiν̄j)

An example: 

 Synergy between cLFV Higgs  
and cLFV radiative decays! 

⇒

[Falkowski et al, '14]
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Geometric flavour: RS warped extra dimensions

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

MTeV ≃ MPlanck e−πkL5

 Embed 4dim space-time into 5dim AdS space (extra dim compactified on orbifold) 

Two branes (UV, IR) and bulk between them 

Localise fields: Higgs close to IR brane 
   SM fermions & gauge bosons on bulk 
   KK excitations close to IR brane  

Interactions  overlap of wave functions 
(L)FV from couplings of light fermions to KK excitations 

Geometrical distribution of fermions in bulk:  
reproduce hierarchy in 4dim Yukawas from "anarchic"  dim5 couplings! 

Non-negligible phenomenological issues:  
enlarge bulk symmetry to prevent violation of custodial SU(2) symmetry 
additional "rescue" strategies to avoid excessive FCNCs,  

to protect EW precision observables, ..., among other issues 

↭

𝒪(1)

[Burdman, ’02; Agashe et al, ’04; Csaki et al, ’08; Blanke et al & Buras et al, ’08-’09; 

Bauer et at, ’10; Vempati et al, ’12; Beneke et al, ’12-’15; and many others...] 
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Geometric cLFV: RS warped extra dimensions

 Example: custodially protected model, full inclusion of all dim-6 cLFV operators 

   generical anarchic Yukawa couplings 

   new gauge fields & KK-excitations of lepton fields  cLFV transitions ⇒

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)

Most stringent constraints from  and  conversion 

                                  decays comparatively less restrictive 

Current  cLFV bounds constrain NP scale to be very heavy, beyond LHC reach 

 TeV        (corresponding to  TeV) 

Future  sensitivities: exclude anarchic RS models (without additional symmetries) 

up to  TeV (corresponding to KK gluon masses around  TeV)

μ → eγ μ − e
τ

μ − e
TKK ≳ 4 m1

KK ≳ 10
μ − e

8 20

[Beneke et al, 1508.01705]

●  

● 

Ymax = 1/2
Ymax = 3
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Composite Higgs and warped extra dimensions

 Holographic composite Higgs model based on enlarged symmetry,    

, with  

(Discrete) symmetries - predict the lepton mixing pattern (masses unconstrained) 

Applied to 5dim model in warped space; both cases of Dirac and Majorana neutrinos

𝓖SM × Gf

Gf = X × ZN X = S4, A4, Δ(96,384)

cLFV observables (as well as EDMs) typically below experimental bounds (  TeV) 

MEG (I & II) bounds on   constrain the size of boundary kinetic terms!  

Important role played in the future by Mu3e data 

 cLFV allows to infer relevant information on fundamental parameters  

m1
KK ∼ 3 − 4

μ → eγ ↝

⇒

Adding symmetry: composite Higgs and warped extra dims

! Holographic composite Higgs models based on Gf = X × ZNGf = X × ZNGf = X × ZN [X = S4, A4,∆(96, 384)]

! Symmetries allow to predict lepton mixing pattern (masses unconstrained)

! Apply to 5D model in warped space; models for both Dirac and Majorana νννs

!
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[Hagedorn and Serone, ’11-’12]

! cLFV observables (and EDMs) typically below experimental bounds (MKK ∼ 3 - 4 TeV)

! MEG results on BR(µ→ eγµ→ eγµ→ eγ)""" constraints size of boundary kinetic terms!

⇒ relevant information on fundamental parameters from cLFV!

[Hagedorn and Serone, '11-'12]
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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

ys
ic

s 
m

o
d

el



Outlook

83A.M. Teixeira, LPC Clermont

Confirmed observations and several "tensions" suggest the need to go beyond the SM 

In the lepton sector, -masses provided the 1st laboratory evidence of NP 
Many experimental "tensions" nested in lepton-related observables

ν

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

New Physics is there! Lepton physics might be a perfect portal to address SM problems 

 First hints on preferred paths to NP from EFT approach 

 Attempt at identifying the underlying model capable of accounting  

for all SM problems ( , DM and BAU) and further "tensions" with observation! 

cLFV emerges as extremely powerful probe to test and falsify NP in the lepton sector 

Explore different paths, and profit from amazing experimental prospects in the near future! 

⇒
⇒

mν
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Confirmed observations and several "tensions" suggest the need to go beyond the SM 

In the lepton sector, -masses provided the 1st laboratory evidence of NP 
Many experimental "tensions" nested in lepton-related observables

ν

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

New Physics is there! Lepton physics might be a perfect portal to address SM problems 

 First hints on preferred paths to NP from EFT approach 

 Attempt at identifying the underlying model capable of accounting  

for all SM problems ( , DM and BAU) and further "tensions" with observation! 

cLFV emerges as extremely powerful probe to test and falsify NP in the lepton sector 

Explore different paths, and profit from amazing experimental prospects in the near future! 

⇒
⇒

mν

"Leave no (flavoured) stone unturned" - 


leave no single grain of sand unobserved,  

or flavour unte(a)sted!   😀  
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Thank  you !

Happy flavours :)


