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Outline of the talk

2

➡ Standard Model and its Drawbacks: a (very short) overview

➡ Lepton Flavor Violation: 

  - why are we interested in (charged)LFV?

➡ cLFV from heavy New Physics: 

  - Bringing a Realistic Flavor Model Back to Life

➡ Outlooks: 

- what if the NP is not so heavy?
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The Standard Model

ℒSM = ℒg + ℒy + ℒh
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The Standard Model

ℒSM = ℒg + ℒy + ℒh
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The Standard Model and its drawbacks

ℒSM = ℒg + ℒy + ℒh

• Strong CP problem 

• Flavor puzzle 

• Dark Matter 

• Baryon asymmetry of the Universe

ηB ≡
nB − nB̄

nγ 0

≈ 6.1 ⋅ 10−10
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The Standard Model and its drawbacks

ℒSM = ℒg + ℒy + ℒh

Quantum Mechanics 
at work!

• Neutrino masses: who ordered that?
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Great opportunity to probe 
also BSM scenarios!
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Neutrino masses and LFV

de Gouvea, Andre. (2004). 2004 TASI Lectures on Neutrino Physics. 

ν ???
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Neutrino masses and LFV

de Gouvea, Andre. (2004). 2004 TASI Lectures on Neutrino Physics. 

ν ???

Neutrino masses/mixing  
Lepton family numbers are not conserved

⟺ Le , Lμ , Lτ
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Neutrino masses and LFV

Neutrino masses/mixing  
Lepton family numbers are not conserved

⟺ Le , Lμ , Lτ

Thus, the lepton flavor violation in the charged sector is inevitable. 
Why not cLFV? 

μ → eγ , τ → μγ , μ → eee , …
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cLFV in the Standard Model

Cheng Li '77, '80; Petcov '77

SM+ RH-neutrinos

The PMNS dictates how the 
RH-neutrinos couple to 

charged leptons of 
different flavors

Γ (ℓα → ℓβγ)
Γ (ℓα → ℓβν̄ν)

=
3α
32π ∑

k=1,3

UαkU*βk

m2
νk

M2
W

2
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cLFV in the Standard Model

Cheng Li '77, '80; Petcov '77

SM+ RH-neutrinos

The PMNS dictates how the 
RH-neutrinos couple to 

charged leptons of 
different flavors

Γ (ℓα → ℓβγ)
Γ (ℓα → ℓβν̄ν)

=
3α
32π ∑

k=1,3

UαkU*βk

m2
νk

M2
W

2

ℬ(μ → eγ) ≈ ℬ(τ → eγ) ≈ ℬ(τ → μγ) = 10−55 ÷ 10−54

suppressed by tiny  
neutrino masses
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Cheng Li '77, '80; Petcov '77

The PMNS dictates how the 
RH-neutrinos couple to 

charged leptons of 
different flavors

Why are we interested in cLFV?

•An observation of LFV would be an unambigous signal of New Physics 

• It could be related to the mechanism behind the neutrino masses  

• Stringent bounds on NP coupling to leptons 

• Probes scales beyond the LHC reach
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A. Schöning

Next Gen 
Experiments' 

Sensitivity

We are interested, indeed… a long list of experiments 



Simone Marciano - LFV decays in a realistic U(2) model of flavorRoma, 01/07/2025 16

We are interested, indeed… a long list of experiments 

L. Calibbi, X. Marcano, J. Roy (2021)
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cLFV in SM effective field theory

It the New Physics scale  , 
the SM can be seen as the EFT of another UV theory

Λ ≫ MW

The Effective Field Theory represents the low-energy approximation of an Ultraviolet (UV) theory, obtained by 
integrating out the heavy degrees of freedom

As the Fermi theory is the low energy limit of the SM

SMEFT

SU(3)c ⊗ SU(2)L ⊗ U(1)Y

MW

Eexp
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cLFV in SM effective field theory

ℒeff = ℒSM + (
d

∑
n=1

∑
i

𝒞(n)
i

Λn−4
𝒪(n)

i + H.c.) , for d > 4 ,

Grzadkowsi et al. '10; Crivellin Najjari Rosiek '13
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cLFV in SM effective field theory

ℒdipole =
1

Λ2 (𝒞′ LR𝒪(6)
LR + 𝒞′ RL𝒪(6)

RL) , 𝒞′ 
†
RL = 𝒞′ LR =

𝒞′ ee 𝒞′ eμ 𝒞′ eτ

𝒞′ μe 𝒞′ μμ 𝒞′ μτ

𝒞′ τe 𝒞′ τμ 𝒞′ ττ

,ℒdipole =
1

Λ2 (𝒞′ LR𝒪(6)
LR + 𝒞′ RL𝒪(6)

RL) , 𝒞′ 
†
RL = 𝒞′ LR =

𝒞′ ee 𝒞′ eμ 𝒞′ eτ

𝒞′ μe 𝒞′ μμ 𝒞′ μτ

𝒞′ τe 𝒞′ τμ 𝒞′ ττ

,

ℒeff = ℒSM + (
d

∑
n=1

∑
i

𝒞(n)
i

Λn−4
𝒪(n)

i + H.c.) , for d > 4 ,

𝒪(6)
LR =

v

2
ĒLσμνERFμν
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U(2) applied to neutrinos: Version 2.0

… how discussed in Rettaroli's talk
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Input values and upper bounds

Δaℓ =
4mℓ

e
v

2

1
Λ2

ℜ [𝒞′ ℓℓ]

Anomalous magnetic moment of the lepton  
( )

ℓ
Δaℓ ≡ aexp

ℓ − aSM
ℓ

ℬ (ℓα → ℓβγ) =
m3

ℓα
v2

8πΓℓα

1
Λ4 ( |𝒞′ αβ |2 + |𝒞′ βα |2 )

Tree-level radiative LFV  
decays Branching Ratios 
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Input values and upper bounds

Δaℓ =
4mℓ

e
v

2

1
Λ2

ℜ [𝒞′ ℓℓ]

Anomalous magnetic moment of the lepton  
( )

ℓ
Δaℓ ≡ aexp

ℓ − aSM
ℓ

ℬ (ℓα → ℓβγ) =
m3

ℓα
v2

8πΓℓα

1
Λ4 ( |𝒞′ αβ |2 + |𝒞′ βα |2 )

Tree-level radiative LFV  
decays Branching Ratios 

Muon g-2

MEG

BaBar/BELLE

BaBar/BELLE
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Input values and upper bounds

Δaℓ =
4mℓ

e
v

2

1
Λ2

ℜ [𝒞′ ℓℓ]

Anomalous magnetic moment of the lepton  
( )

ℓ
Δaℓ ≡ aexp

ℓ − aSM
ℓ

ℬ (ℓα → ℓβγ) =
m3

ℓα
v2

8πΓℓα

1
Λ4 ( |𝒞′ αβ |2 + |𝒞′ βα |2 )

Tree-level radiative LFV  
decays Branching Ratios 

Muon g-2

MEG

BaBar/BELLE

BaBar/BELLE

At the current level of precision there is 
not tension between the SM prediction and 

the experimental world average

after the latest announcement 
from Muon (g-2) [June, 3rd]

Aliberti et al '25
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Input values and upper bounds

Δaℓ =
4mℓ

e
v
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1
Λ2
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Anomalous magnetic moment of the lepton  
( )
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ℓα
v2
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Tree-level radiative LFV  
decays Branching Ratios 
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Predictions on the (g − 2)e,τ

Rb A-Scenario

Cs B-Scenario

10-15 10-13 10-11 10-9 10-710-12
10-11
10-10
10-9
10-8
10-7
10-6
10-5
10-4
10-3
10-2

10-14 10-13 10-12

0.2

0.4

0.6

0.8

1.0 6.5×10-14 5.5×10-13

Fr
eq
ue
nc
y

(g-2)μ as input

L. Morel, Z. Yao, P. Cladé and S. Guellati-Khélifa [2020]

R.H. Parker, C. Yu, W. Zhong, B. Estey and H. Müller [2018]
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Predictions on the (g − 2)e,τ

Rb A-Scenario

Cs B-Scenario

10-15 10-13 10-11 10-9 10-710-12
10-11
10-10
10-9
10-8
10-7
10-6
10-5
10-4
10-3
10-2

10-14 10-13 10-12

0.2

0.4

0.6

0.8

1.0 6.5×10-14 5.5×10-13

Fr
eq
ue
nc
y

(g-2)μ as input

A-Scenario ,
𝒞′ ee

𝒞′ μμ
∼

me

mμ
1 + 2

mμ

me

cos θL
23

sin θR
23

𝒞eμλ2

(cos θL
23𝒞μτ − sin θR

23𝒞ττ)
,

B-Scenario ,
𝒞′ ee

𝒞′ μμ
∼

me

mμ (1 −
(1 − cos θR

23) 𝒞μμλ2

sin θR
23𝒞ττ ) ,

L. Morel, Z. Yao, P. Cladé and S. Guellati-Khélifa [2020]

R.H. Parker, C. Yu, W. Zhong, B. Estey and H. Müller [2018]
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 in light of μ → eγ (g − 2)μ

A-Scenario

𝒞′ eμ

𝒞′ μμ
∼

1

cos θL
23

me

mμ
+ cot θR

23

𝒞eμλ2

cos θL
23𝒞μτ − sin θL

23𝒞ττ
+ 𝒪(λ4) ,

𝒞′ μe

𝒞′ μμ
∼ cos θL

23
me

mμ
+ cot θR

23

𝒞eμλ2

cos θL
23𝒞μτ − sin θL

23𝒞ττ
+ 𝒪(λ2 me/mμ) ;

B-Scenario

𝒞′ eμ

𝒞′ μμ
∼

1

cos θL
23

me

mμ
+ cot θR

23

𝒞eμλ2

cos θL
23𝒞μτ − sin θL

23𝒞ττ
+ 𝒪(λ4) ,

𝒞′ μe

𝒞′ μμ
∼ cos θL

23
me

mμ
+ cot θR

23

𝒞eμλ2

cos θL
23𝒞μτ − sin θL

23𝒞ττ
+ 𝒪(λ2 me/mμ) .

With  WCs,  is 
suppressed by at most an 

 with respect to 
 

𝒪(1) 𝒞′ eμ(μe)

𝒪(10−2)
𝒞′ μμ
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LFV decays in light of (g − 2)μ
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LFV decays in light of (g − 2)μ
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Impossible combined explanation of 
(old) AMM of muon and LFV constraints 
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LFV decays in light of (g − 2)μ
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After the latest announcement from the Muon (g-2) collaboration, our U(2) 
models are fully consistent with the data:

• Majorana neutrino mass term without invoking  (Mirko's talk) 

• Successfull fit to neutrino low-energy observables (Mirko's talk) 

• In agreement with the latest measurements of  and LFV 

• Can we push this further?

D6

(g − 2)μ
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What if the flavon is not so heavy?
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What if the flavon is not so heavy?

Flavor symmetry breaking (TeV)∼ 𝒪

Huitu et al '16

𝒞ij ≪ 1

e.g. at high energy muon colliders resonances μ+μ− → φ* → μ+μ−



Grazie - Thanks !

July 1st, 2025 RomaSimone Marciano





S. Marciano,    IFIC - CSIC - UV       

Backup slides
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The curious case of Mr. Neutrino

1930

Pauli's hypotesis:
"what if the missing energy

is carried off by an otherwise
invisible particle?"

1934

Fermi's theory of 
weak interactions 

and beta decay 1956

Discovery of the 
neutrino by

Cowan & Reines

 1960/1970∼

The Standard 
Model of Particle 

Physics
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✓ Neutrinos are assumed to be massless particles in the SM
‣ No right-handed neutrino 
‣ Minimal lepton sector
‣ Accidental lepton number conservation 

✓ There are three different neutrino flavors: electron-, muon- and tauon- neutrinos

νR

Super-Kamiokande
1998

A. McDonald

Takaaki Kajita

Sudbury Neutrino Observatory
2001 Physics Nobel 2015

Neutrinos, an overview
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✓ Neutrinos are assumed to be massless particles in the SM
‣ No right-handed neutrino 
‣ Minimal lepton sector
‣ Accidental lepton number conservation 

✓ There are three different neutrino flavors: electron-, muon- and tauon- neutrinos

νR

•  Their mass eigenstates do not correspond to the flavor ones        

•  Mass eigenstates evolve in time via the Schrödinger equation 
 

•  Flavor neutrino states oscillate    

➡ Neutrinos must have a non zero mass!

|να⟩ = Uαi |νi⟩

|νi (t) ⟩ = e−imit |νi (0) ⟩

⟨να (t) |νβ (0) ⟩ ≠ δαβ

Neutrinos, an overview

Quantum Mechanics 
at work!
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cLFV in the Standard Model

Cheng Li '77, '80; Petcov '77

SM+ RH-neutrinos

The PMNS dictates how the 
RH-neutrinos couple to 

charged leptons of 
different flavors

Γ (ℓα → ℓβγ)
Γ (ℓα → ℓβν̄ν)

=
3α
32π ∑

k=1,3

UαkU*βk

m2
νk

M2
W

2

ℬ(μ → eγ) ≈ ℬ(τ → eγ) ≈ ℬ(τ → μγ) = 10−55 ÷ 10−54

suppressed by tiny  
neutrino masses

In presence of heavy 
(at least order TeV) 

New Physics we 
expect large effects
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The Leptonic Dipole Operator

ℒdipole =
1

Λ2 (𝒞′ LR𝒪(6)
LR + 𝒞′ RL𝒪(6)

RL) , 𝒞′ 
†
RL = 𝒞′ LR =

𝒞′ ee 𝒞′ eμ 𝒞′ eτ

𝒞′ μe 𝒞′ μμ 𝒞′ μτ

𝒞′ τe 𝒞′ τμ 𝒞′ ττ

,ℒdipole =
1

Λ2 (𝒞′ LR𝒪(6)
LR + 𝒞′ RL𝒪(6)

RL) , 𝒞′ 
†
RL = 𝒞′ LR =

𝒞′ ee 𝒞′ eμ 𝒞′ eτ

𝒞′ μe 𝒞′ μμ 𝒞′ μτ

𝒞′ τe 𝒞′ τμ 𝒞′ ττ

,

ℒeff = ℒSM + (
d

∑
n=1

∑
i

𝒞(n)
i

Λn−4
𝒪(n)

i + H.c.) , for d > 4 ,

𝒪(6)
LR =

v

2
ĒLσμνERFμν
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i
d
dt

νe
νμ
ντ

=
1

2Eν
U

0 0 0
0 Δm2

21 0
0 0 Δm2

3ℓ

U†+ACC (
1 0 0
0 0 0
0 0 0)

νe
νμ
ντ

mass splittings

matter potential

U =
1 0 0
0 c23 s23
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Neutrino mixing parameters

JHEP 12 (2024) 216
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 octant?θ23

The atmospheric angle is almost maximal,
but only small sensitivity to its octant
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νe
νμ
ντ

mass splittings

matter potential

Flavor puzzle and neutrino mixing

http://dx.doi.org/10.1007/JHEP09(2020)178
http://arxiv.org/abs/2007.14792
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The three unknowns in neutrino oscillation

The oscillation probabilities (in vacuum) read:

 appearanceνe  disappearanceνμ

P(νμ → νe) ≃ sin2 2θ13 sin2 θ23 sin2 ( Δm2
31L

4E ) P(νμ → νμ) ≃ 1 − sin2 2θ23 cos4 θ13 sin2 ( Δm2
31L

4E )

atmospheric regime (fast oscillation)
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The three unknowns in neutrino oscillation

The oscillation probabilities (in vacuum) read:

 appearanceνe  disappearanceνμ

P(νμ → νe) ≃ sin2 2θ13 sin2 θ23 sin2 ( Δm2
31L

4E ) P(νμ → νμ) ≃ 1 − sin2 2θ23 cos4 θ13 sin2 ( Δm2
31L

4E )

atmospheric regime (fast oscillation)

The oscillation probabilities (in vacuum) read:

 appearanceνe  disappearanceνμ

P(νμ → νe) ≃ sin2 2θ13 sin2 θ23 sin2 ( Δm2
31L

4E ) P(νμ → νμ) ≃ 1 − sin2 2θ23 cos4 θ13 sin2 ( Δm2
31L

4E )

No dependence on the sign of the mass splitting
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The three unknowns in neutrino oscillation

atmospheric regime (fast oscillation)

The oscillation probabilities (in vacuum) read:

 appearanceνe  disappearanceνμ

P(νμ → νe) ≃ sin2 2θ13 sin2 θ23 sin2 ( Δm2
31L

4E ) P(νμ → νμ) ≃ 1 − sin2 2θ23 cos4 θ13 sin2 ( Δm2
31L

4E )
The atmospheric angle  is almost maximal, 

but only small sensitivity to its octant
θ23
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The three unknowns in neutrino oscillation

atmospheric regime (fast oscillation)

The oscillation probabilities (in vacuum) read:

 appearanceνe  disappearanceνμ

P(νμ → νe) ≃ sin2 2θ13 sin2 θ23 sin2 ( Δm2
31L

4E ) P(νμ → νμ) ≃ 1 − sin2 2θ23 cos4 θ13 sin2 ( Δm2
31L

4E )
The CP - violating phase  appears only in the 

subleading contribution
δ
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The AxiFlavon

Φ =
1

2
(VΦ+ϕ) eia/VΦ

The CP-odd axiflavon is massless at the classical level, 
but receives a non-zero mass from the breaking of  by  

the QCD anomaly
U(1)The CP-even flavon field  has a mass 

, therefore 
it is not directly relevant for the low 

energy phenomenology and  
it can be integrated out

ϕ
mϕ ∼ 𝒪(VΦ)
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The AxiFlavon

ℒ =
αs

8π
a
fa

GG̃+
E
N

αem

8π
a
fa

FF̃

Axion couplings 

a = ∑
i

Xi Vi ai

∑ X2
j V2

j

δabN = ∑
f

Tr (λaλb) Qf
PC d (If)

E = ∑
f

(Qf
em)

2
d (Cf) Qf

pc

⇒
2Va = a1 + a2
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The AxiFlavon

ℒ =
αs

8π
a
fa

GG̃+
E
N

αem

8π
a
fa

FF̃ a = ∑
i

Xi Vi ai

∑ X2
j V2

j
⇒

2Va = a1 + a2
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The AxiFlavon

ℒ =
αs

8π
a
fa

GG̃+
E
N

αem

8π
a
fa

FF̃ a = ∑
i

Xi Vi ai

∑ X2
j V2

j
⇒

2Va = a1 + a2

E/N=8/3
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The AxiFlavon
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The AxiFlavon
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The AxiFlavon
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The AxiFlavon
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The AxiFlavon
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The AxiFlavon

Linster and Ziegler '18
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The AxiFlavon

Linster and Ziegler '18
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LFV decays in light of (g − 2)μ
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Within an  flavor model, the current experimental limits on the branching ratios 
of LFV decays are not compatible with the observed anomalous 

U(2)
Δaμ


