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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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Neutrinos in focus: entering the precision Era
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Flavor puzzle and neutrino masses

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

3

∑
i

mi < 0.115 eV

Flavor puzzle and neutrino masses

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

A.Shadab et al.

Phys. 

COSMOLOGY

Nat. 
KATRIN

3

∑
i

m2
i |U2

ei | < 0.8 eV
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ν ???

3

∑
i

mi < 0.115 eV
3

∑
i

m2
i |U2

ei | < 0.8 eV
A.Shadab et al.


Phys. 
COSMOLOGY

Nat. 
KATRIN

Flavor puzzle and neutrino masses

me/mμ ≃
1

200

mμ/mτ ≃
1
17

Symmetry 2022, 14(1), 56;

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

nij

ΨL,i H ΨR,j + h.c. → cij ( vΦ

2Λ )
nij

yij

ΨL,i H ΨR,j + h.c.

Introduce some new gauge singlet scalar , called the flavon, and a global U(1) symmetry  Φ

Assume that the SM fermions, the Higgs and the flavon are charged under the new U(1)

Effective operator is allowed: 

Hierarchical pattern determined by the charge assignment

nij = −
1

q(Φ) [q(ΨL,i) + q(ΨR,j) + Q(H)]

 symmetry 
breaking scale

U(1)FN

A realistic model of flavor



Simone Marciano - LFV decays in a realistic U(2) model of flavorPadova, 29/05/2025 9

U(2) model of flavor applied to quarks and charged leptons
 is isomorphic to  U(2) SU(2) ⊗ U(1)

M. Linster & R. Ziegler, A realistic U(2) model of fl

⟨ϕ⟩ = (εϕΛ
0 )

⟨χ⟩ = εχΛ
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U(2) model of flavor applied to quarks and charged leptons
 is isomorphic to  U(2) SU(2) ⊗ U(1)

M. Linster & R. Ziegler, A realistic U(2) model of fl

⟨ϕ⟩ = (εϕΛ
0 )

⟨χ⟩ = εχΛ
These predictions reproduce the experimental values by taking:

εϕ ∼ λ2 , εχ ∼ λ2÷3 , λ ≈ 0.1
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U(2) applied to neutrinos

Ziegler and Linster's assumption
•  is an SU(2) doublet
•  is a singlet

• All positive U(1) charges

(N1, N2)
N3

Majorana mass matrix

Clearly ruled out because it implies a 

NO with 
Δm2

sol
Δm2atm

≃ ε8
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U(2) applied to neutrinos

Ziegler and Linster's assumption
•  is an SU(2) doublet
•  is a singlet

• All positive U(1) charges

(N1, N2)
N3

Majorana mass matrix

Clearly ruled out because it implies a 

NO with 
Δm2

sol
Δm2atm

≃ ε8

Their Approach

U(2)
D6 ⊗ U(1)
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Our Approach

U(2) applied to neutrinos: Version 2.0

Two different scenarios 

• A-Scenario:  

• B-Scenario: 

εϕ ∼ λ2 εχ ∼ λ2

εϕ ∼ λ2 εχ ∼ λ3
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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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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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Predictions on the (g − 2)e,τ

Rb A-Scenario

Cs B-Scenario

10-15 10-13 10-11 10-9 10-710-12
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10-10
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10-6
10-5
10-4
10-3
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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
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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
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(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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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



Simone Marciano - LFV decays in a realistic U(2) model of flavorPadova, 29/05/2025

Conclusions

➡ Neutrinos: A Majorana mass term without invoking 

➡ Fit: Successful fit to the low-energy neutrino observables

➡LFV and the : Incompatibility in SMEFT 
                                      (UV completion?)  

➡Final remark: Fully consistent if   is resolved

D6

(g − 2)μ

(g − 2)μ

A Pongo e Tobia,

così diversi,

così speciali.



Thank you for the attention

S. Marciano,    IFIC - CSIC - UV       
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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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Flavor puzzle and neutrino mixing

U =
1 0 0
0 c23 s23

0 −s23 c23

c13 0 s13e−iδ

0 1 0
−s13eiδ 0 c13

c12 s12 0
−s12 c12 0

0 0 1

reactor/interference

IF�uN64).6 0.0T(

C=
08
v
hs
g
nt
s
O
I
Vs
l
nr
o
g
dp
hb
c
Vs
V

KnplVi Npcdphmf fi�χ1 9 +.5( Cmudpsdc Npcdphmf fiadrs fis(

aeo ±0σ 2σ pVmfd aeo ±0σ 2σ pVmfd

rhm1 θ01 +.2+6�+�+01�+�+00 +.164± +.234 +.2+7�+�+01�+�+00 +.164± +.234

θ01.
◦ 22.57�+�62�+�6+ 20.52± 24.84 22.57�+�62�+�6+ 20.52± 24.84

rhm1 θ12 +.450�+�+01�+�+04 +.32+± +.485 +.451�+�+01�+�+04 +.326± +.486

θ12.
◦ 37.4�+�6�+�8 30.+± 4+.4 37.5�+�6�+�8 30.3± 4+.5

rhm1 θ02 +.+1084�+�+++43�+�+++47 +.+1+12± +.+1265 +.+1113�+�+++45�+�+++46 +.+1+42± +.+1286

θ02.
◦ 7.41�+�00�+�00 7.07± 7.76 7.47�+�00�+�00 7.13± 7.80

�9C.
◦ 066�08�1+ 85± 311 174�14�17 1+0± 237

�/1
10

0+�4 dS1
6.38�+�08�+�08 5.81± 7.+4 6.38�+�08�+�08 5.81± 7.+4

�/1
2.

0+�2 dS1
)1.423�+�+14�+�+12 )1.352± )1.5+5 �1.40+�+�+13�+�+14 �1.473± �1.327

C=
13
v
hs
g
O
I
Vs
l
nr
o
g
dp
hb
c
Vs
V

KnplVi Npcdphmf fiadrs fis( Cmudpsdc Npcdphmf fi�χ1 9 5.0(

aeo ±0σ 2σ pVmfd aeo ±0σ 2σ pVmfd

rhm1 θ01 +.2+7�+�+01�+�+00 +.164± +.234 +.2+7�+�+01�+�+00 +.164± +.234

θ01.
◦ 22.57�+�62�+�6+ 20.52± 24.84 22.57�+�62�+�6+ 20.52± 24.84

rhm1 θ12 +.36+�+�+06�+�+02 +.324± +.474 +.44+�+�+01�+�+04 +.33+± +.473

θ12.
◦ 32.2�0�+�+�7 30.2± 38.8 36.8�+�6�+�8 30.4± 38.7

rhm1 θ02 +.+1104�+�+++45�+�+++47 +.+1+2+± +.+1277 +.+1120�+�+++45�+�+++45 +.+1+5+± +.+13+8

θ02.
◦ 7.45�+�00�+�00 7.08± 7.78 7.48�+�00�+�00 7.14± 7.82

�9C.
◦ 101�15�30 013± 253 163�11�14 1+0± 224

�/1
10

0+�4 dS1
6.38�+�08�+�08 5.81± 7.+4 6.38�+�08�+�08 5.81± 7.+4

�/1
2.

0+�2 dS1
)1.402�+�+10�+�+08 )1.340± )1.467 �1.373�+�+1+�+�+1+ �1.436± �1.310

CP violation?
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Flavor puzzle and neutrino mixing
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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
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The AxiFlavon


