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Motivation

Neutrino

Neutrino (1/2, weak interaction, tiny mass)

Neutrino oscillation→Mass & Mixing

Charged lepton sector

/Le, /Lµ, /Lτ
FV is consequence of Neutrino
oscillation
FV decays becomes interesting

PMNS matrix

|να⟩ =
∑

i

Uαi|νi⟩ (α = e, µ, τ)

Parametrized in terms:
θ12, θ13, θ23, δCP

Mass
Dirac Mass

Majorana Mass
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Seesaw models overview

Seesaw models

Weinberg operator: [Weinberg, PRD 22 (1980) 1694]

Ld=5 =
1
2

CΛ
Λ

(
Lc

LH̃∗
) (

H̃†LL

)
+ h.c..

generates Majorana masses for LH neutrinos on EWSB.

Type-I Type-II Type-III
RH Fermion singlet Scalar triplet Fermion triplet
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Seesaw models overview

Intersting features:

The BRs of various CLFV decay modes are closely depends on details of
neutrino mass model
Numerous detailed studies have explored CLFV decays of leptons into a
lighter lepton and a photon, particularly within the three seesaw
mechanisms.
In contrast, CLFV decays of mesons have received comparatively less
attention in the literature.
The decay amplitudes for both radiative and mesonic CLFV processes
are governed by the same set of flavor-violating seesaw parameters.
Bounds on these parameters—primarily obtained from radiative CLFV
decays—can be used to predict rates for meson CLFV processes.
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Seesaw models overview

Type -I

Lagrangian [Minkowski(1977), Mohapatra, Senjanovic (1980)]

LType−I = −L YD H̃ NR −
1
2

Nc
R MR NR + h.c.,

where H̃ = iσ2H∗, YD := 3 × k complex matrix of Yukawa couplings
MR := k × k complex symmetric matrix of Majorana masses.

LM =
1
2

(
ν̄L MD NR +Nc

R MT
D ν

c
L + Nc

R MR NR

)
+ h.c.

=
1
2

n̄LM nc
L + h.c.

where, nL =

(
νL
Nc

R

)
; MD =

YD v
√

2

The minimum value of k = 2 (at least two of the light neutrinos have non-zero masses)
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Seesaw models overview

Block Diagonalization of M (να
WUI
−−−→ νi)

WTMW = WT
(

0 MD
MT

D MR

)
W =

(
mν 0
0 MN

)
=MI.

where,

W ≃
(
I − 1

2 RR† R
−R† I − 1

2 R†R

)
R =M∗

DM−1
R :: 3 × k matrix.

Note: MD is usually parametrized in Casas-Ibarra form, which contains a number of
unknown and unphysical parameters.[Casas, Ibarra(2001)]

Neutrino mass matrix
In the limit MD ≪MR, the light (mν) and heavy (MN) neutrino mass matrices
are

mI
ν ≈ −MDM−1

R MT
D and MN ≈MR.
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Seesaw models overview

Diagonalising matrix: U =W UI [W. Grimus and L. Lavoura JHEP(2000)]

Diagonlization of Neutrino mass matrix

UI =

(
Uν 0
0 UN

)
such that

UT
I MIUI =

 mdiag
ν 0
0 Mdiag

N

 =Mdiag = diag(m1,m2,m3,M1, ...Mk).

Finally

U =
(

Uνν UνN
UNν UNN

)
=

(
(I − 1

2 RR†) Uν RUN

−R†Uν (I − 1
2 R†R) UN

)
.
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Seesaw models overview

The neutrino flavour eigenstate can be written as

να =
[
(I + η) Uν

]
α i νi + Rαk Nk.

The PNMS matrix which connects the neutrino flavor state to the light mass
eigenstates is non-unitary because of light-heavy neutrino mixing arising
through R

UPMNS =
(
I −

1
2

RR†
)

Uν = (I + η) Uν.
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Seesaw models overview

Charged current (CC) and neutral current (NC) weak
interaction: [Ibarra, Molinaro, Petcov (2011)]

(i) νi with definite masses mi:

L
ν
CC = −

g

2
√

2
ℓ̄αγµ(1 − γ5)

[
(1 + η) Uν

]
α i νi Wµ + h.c.,

L
ν
NC = −

g
2 cosθW

ν̄iLγµ
(
U†ν(1 + η + η

†)Uν
)

ij
νjLZµ.

(ii) Nk with W±and Z0

L
N
CC = −

g

2
√

2
ℓ̄α γµRαk

(
1 − γ5

)
NkWµ + h.c.

L
N
NC = −

g
2 cosθW

ν̄αLγµRαkNkL Zµ + h.c.
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Seesaw models overview

Type -III

Lagrangian:

−LType- III =
1
2

TrΣk(MΣ)kℓΣ
c
ℓ +
√

2H̃†Σk(YΣ)kαLαL + h.c.

The Majorana mass matrix MΣ:= real and diagonal. The Yukawa coupling
matrix (YΣ)kα := k × 3 complex matrix, which leads to mixing between the SM
leptons and the triplet fermions.

L
ℓ
FCNC = −

g
2 cosθW

(
RαkR†kβ

)
ℓ̄α γµ

(
1 − γ5

)
ℓβ Zµ + h.c.,

where we have substituted η = −RR†/2.
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Radiative CLFV decays

Type I: BR for the radiative CLFV decay (µ→ eγ)

Br
(
µ→ eγ

)
=

3αem

32π
|T|2

where T �
∑

k

RekR∗µk
[
f (xk) − f (0)

]
,

f (xk) =
10 − 43xk + 78x2

k − 49x3
k + 4x4

k + 18x3
k log(xk)

3(xk − 1)4
,

and xk = (Mk/MW)2

[Ibarra, Molinaro, Petcov (2011)]

k = 2 (minimum number of RH neutrinos)

M2 =M1(1 + z) , z≪ 1

T �
(2 + z

1 + z

)
Re1R∗µ1

[
f (x1) − f (0)

]
.

Re1R∗µ1 is essentially independent of the heavy neutrino mass Mk
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Radiative CLFV decays

Type III: BR for the radiative CLFV decay (µ→ eγ)

Br
(
µ→ eγ

)
=

3αem

32π
|T|2

The amplitude T is given by

T �
∑

k

RekR∗µk
[
−2.23 + A(xk) + B(yk) + C(zk)

]
,

where xk = (Mk/MW)2, yk = (Mk/MZ)2 and zk = (Mk/MH)2 and MH :: mass of
the Higgs boson. The loop functions are given by

A(xk) =
−30 + 153xk − 198x2

k + 75x3
k + 18(4 − 3xk)x2

k log(xk)

3(xk − 1)4
,

B(yk) =
33 − 18yk − 45y2

k + 30y3
k + 18(4 − 3yk)yk log(yk)

3(yk − 1)4
,

C(zk) =
−7 + 12zk + 3z2

k − 8z3
k + 6(3zk − 2)zk log(zk)

3(zk − 1)4
.

[Abada, etal. (2008)]
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Radiative CLFV decays

Extraction of R from µ→ eγ [JHEP 03 (2025) 183]

Bounds on the product |Rα1R∗β1| in type-I seesaw for z = 10−3 with R =M∗

DM−1
R

Type-I M1 = 100 GeV M1 = 1 TeV

|Re1R∗µ1| 3.43 × 10−5 1.17 × 10−5

|Re1R∗τ1| 9.62 × 10−3 3.28 × 10−3

|Rτ1R∗µ1| 11.1 × 10−3 3.79 × 10−3

Bounds on the product |Rα1R∗β1| in type-III seesaw for z = 10−3 with R =M∗

DM−1
Σ

Type-III M1 = 100 GeV M1 = 1 TeV
|Re1R∗µ1| 3.69 × 10−6 5.39 × 10−6

|Re1R∗τ1| 1.03 × 10−3 1.51 × 10−3

|Rτ1R∗µ1| 1.19 × 10−3 1.74 × 10−3
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Meson CLFV decays

CLFV meson decays in seesaw models( q1 → q2 ℓ+β ℓ
−
α )

The generic four Fermi Hamiltonian

Heff =
4GF
√

2

∑
j=u,c,t

V∗j q1
Vj q2 [C9 O9 + C10 O10],

here the operators

O9 =
α

8π
[q̄2 γ

µ (1 − γ5
)

q1][ℓ̄α γµ ℓβ],

O10 =
α

8π
[q̄2γ

µ (1 − γ5
)

q1][ℓ̄αγµγ5 ℓβ].

V∗j q1
Vj q2 := product of the CKM matrix elements.

C9 and C10 :=Wilson coefficients
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Meson CLFV decays

Diagrams contributing to q1 → q2ℓ+β ℓ
−
α CLFV process in type-I seesaw:

C9 (I) ≃ xt

[
Rα1R∗β1

] [ 1
2 sin2 θW

I1(xt , x1)
]

2W exchange is the most dominant
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Meson CLFV decays

Additional diagrams contributing to q1 → q2ℓ+β ℓ
−
α CLFV process in type-III

seesaw:

C9 (III) ≃ xt

[
Rα1R∗β1

]
[Itot(xt , x1)]
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Meson CLFV decays

Purely leptonic decay:

Br(KL → µ
+e−) = 2τK

G2
Fα

2

32π3
f 2
KmKm2

µ

1 −
m2
µ

m2
K

2 [
ℜ(Vt sV∗t d)

]2
|C9|

2.

Semileptonic decay:

Br
(
K+ → π+µ+e−

)
= aK

9 |C9|
2 ,

Br
(
B→M′ℓ+β ℓ

−

α

)
= 2a9 |C9|

2
× 10−9,

Br
(
B→ Vℓ+β ℓ

−

α

)
= 2(a9 + b9) |C9|

2
× 10−9.

where the numerical factor, aK
9 = 1.94 × 10−13 [Carrasco, Lami et al. (2016)] &

M′-pseudoscalar meson, V- vector meson
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Meson CLFV decays

Upper bound on CLFV Meson decay

[JHEP 03 (2025) 183]
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Comparision: Seewsaw model vs A4 mass model

A4 based model [X. G. He, Y. Y. Keum and R. R. Volkas, JHEP 04 (2006), 039]

Predicts tri-bimaximal mixing purely based on symmetry and symmetry
breaking.

Does not require fine tuning of parameters (VEVs or YCs).

Fermion content is same as SM + multiple Higgs scalar.

Higgs doublets in the model lead to charged lepton flavour violation.

A small perturbation in the Majorana mass matrix of the heavy right-chiral
neutrinos in this model, can lead to sin2 θ13 ≈ 0.02 and maximal CP
violation [A. Dev, P. Ramadevi and S. U. Sankar, JHEP 11 (2015), 034].
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Comparision: Seewsaw model vs A4 mass model

The gauge and the A4 quantum numbers of all the fermions

SU(3) ⊗ SU(2) ⊗U(1)Y ⊗ A4

QiL =

(
uiL
diL

)
∼

(
3, 2, 1

3

) (
3
)

d1R ⊕ d2R ⊕ d3R ∼
(
3, 1,− 2

3

) (
1 ⊕ 1′ ⊕ 1′′

)

u1R ⊕ u2R ⊕ u3R ∼
(
3, 1, 4

3

) (
1 ⊕ 1′ ⊕ 1′′

)

DiL =

(
νiL
ℓiL

)
∼ (1, 2,−1)

(
3
)

ℓ1R ⊕ ℓ2R ⊕ ℓ3R ∼ (1, 1,−2)
(
1 ⊕ 1′ ⊕ 1′′

)

νR ∼ (1, 1, 0)
(
3
)
.
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Comparision: Seewsaw model vs A4 mass model

The gauge and A4 quantum numbers of three Higgs fields

ϕi =

 ϕ
+
i

ϕ0
i

 ∼ (1, 2,−1)
(
3
)
, ϕ0 =

 ϕ
+
0

ϕ0
0

 ∼ (1, 2,−1)
(
1
)
, χ0

i ∼ (1, 1, 0)
(
3
)
.

VEV of Higgs fields

⟨ϕ1⟩ = ⟨ϕ2⟩ = ⟨ϕ3⟩ =

 0

v

 , ⟨ϕ0⟩ =

 0

v0

 , ⟨χ0
i ⟩ = (0,w2, 0).

*Vacuum alignment is key to obtain TBM form of PMNS matrix
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Comparision: Seewsaw model vs A4 mass model

Yukawa Lagrangian

−f̄L Mf fR − ν̄L MD νR +
1
2
νT

R C−1 MR νR + h.c.

Higgs VEVs, we have MD = h0v0I

Mass matrices for charged fermions and the neutrinos

Mf =
√

3 v U†ω


h1f 0 0

0 h2f 0

0 0 h3f

 I, MR =


M 0 hχw2

0 M 0

hχw2 0 M

 ,
where f = (u, d, ℓ).
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Comparision: Seewsaw model vs A4 mass model

The matrix Uω

Uω =
1
√

3

 1 1 1
1 ω ω2

1 ω2 ω

 ,
ω is cube root of unity.

The diagonalizing matrix of MR

Uν =
1
√

2


1 0 −1
0
√

2 0
1 0 1


PMNS matrix

U = UωUν =


2
√

6
1
√

3
0

−
ω
√

6
−
ω
√

3
−

eiπ/6
√

2

−
ω2
√

6
−
ω2
√

3
eiπ/6
√

2


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Comparision: Seewsaw model vs A4 mass model

Steps to obtain mass eigenstates of neutral scalar

• Obtain mass square matrix from the potential
• Obtain the diagonalizing matrix UH of the mass square matrix

ϕ0
α = (UH)α βΦ0

β ,

where Φ0
β (β = 0, 1, 2, 3) is mass eigenstates of neutral scalar.

It can be shown that
Im(Φ0

0) becomes Goldstone boson coupling to Z0

Re(Φ0
0) becomes SM Higgs boson

Finally

• Write the Lagrangian in mass eigenbasis of the scalar fields
• Couplings of Φ2 and Φ3 to charged fermions are FV and that of Φ0 and Φ1

are flavour conserving.
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Comparision: Seewsaw model vs A4 mass model

Highlights

SM Higgs no FV couplings

Multiple Higgs, FV couplings

f − ϕ couplings dictated by A4
symmetry

LFV decays of neutral mesons

q̄i qj → ℓ+m ℓ
−
n

Generic form

gij f̄iLfjRΦ0
2 + g̃ij f̄iLfjRΦ0

3 +
(
gji

)∗
f̄iRfjL

(
Φ0

2

)∗
+

(
g̃ji

)∗
f̄iRfjL

(
Φ0

3

)∗
,

where f = (u, d, ℓ)

gij =
hj
√

6
(−1 + ω) g̃ij = −

hj
√

2
ω2,

(ij) = (21), (32), (13) [odd]

gij =
hj
√

6
(−1 + ω2) g̃ij = −

hj
√

2
ω,

(ij) = (12), (23), (31) [even] .
[Korrapati, More, Rahaman,Umasankar, EPJC (2020)]
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Highlights

SM Higgs no FV couplings

Multiple Higgs, FV couplings

f − ϕ couplings dictated by A4
symmetry

LFV decays of neutral mesons

q̄i qj → ℓ+m ℓ
−
n

Generic form

gij f̄iLfjRΦ0
2 + g̃ij f̄iLfjRΦ0

3 +
(
gji

)∗
f̄iRfjL

(
Φ0

2

)∗
+

(
g̃ji

)∗
f̄iRfjL

(
Φ0

3

)∗
,

where f = (u, d, ℓ)

gij =
hj
√

6
(−1 + ω) g̃ij = −

hj
√

2
ω2,

(ij) = (21), (32), (13) [odd]

gij =
hj
√

6
(−1 + ω2) g̃ij = −

hj
√

2
ω,

(ij) = (12), (23), (31) [even] .
[Korrapati, More, Rahaman,Umasankar, EPJC (2020)]
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A4 mass model

A4 mass model contains SM + multiple scalar multiplets, each with a
different set of quantum numbers
In general lead to tree level flavour changing neutral couplings (FCNC) of
heavy scalar bosons.
The structure of FCNCs can be such that both neutral meson mixing and
radiative CLFV decays are forbidden.
However, the FCNCs can lead to some very distinctive meson CLFV
decays.
Neutrino mass model:: the meson CLFV decay branching ratios are
larger than those of the corresponding radiative CLFV decay branching
ratios.
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Comparision: Seewsaw model vs A4 mass model

Preliminary results:

CLFV Decays Branching ratio Exp. Limit
K+ → π+e−µ+ 8.4 × 10−15 1.1 × 10−11

B+ → K+e−µ+ 2.5 × 10−11 1.8 × 10−8

B+ → K+e−τ+ 4.1 × 10−9 3.1 × 10−5

B+ → K+µ−τ+ 3.9 × 10−9 3.1 × 10−5

B+ → π+e−µ+ 2.4 × 10−11 9.2 × 10−8

B+ → π+e−τ+ 4.3 × 10−9 7.5 × 10−5

Table: Predicted branching ratios for different CLFV meson three-body decays in A4

mass model.
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Conclusions

Conclusions-I

In this study of three seesaw models: BR(Meson CLFV) < BR(Radiative
CLFV)

If otherwise, it strongly suggests that the neutrino mass generation
mechanism involves dynamics beyond the simple seesaw framework.

A comparison of the branching ratios of the radiative decays and meson
decays will enable us to identify which of the above types of seesaw is
operative in generating neutrino masses.
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Conclusions

Conclusions-II

A4 Model predicts the tri-bi-maximal form of the neutrino mixing matrix
purely from the symmetry considerations.

The Yukawa couplings of the fermions to the multiple Higgs doublets of
this model are governed by the A4 symmetry.

This models predict an enhanced branching ratio for CLFV decays, up to
3 to 6 orders of magnitude larger, with distinct decay signatures.
Future experiments can test these predictions to differentiate between
various neutrino mass-generation mechanisms
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Conclusions

Takeaways

A comprehensive study of charged lepton flavor violation (CLFV),
alongside neutrino oscillations, provides crucial insights into the correct
neutrino mass-generation mechanism.
Understanding how neutrinos acquire mass is not only an intriguing
problem but also a challenging one, requiring contributions from both
theory and experiments.
The relationship between radiative CLFV decays and meson CLFV
decays can help distinguish between different seesaw mechanisms and
uncover new physics beyond the Standard Model.
Symmetry-based models, such as A4, predict enhanced CLFV decay
rates, making them testable in future experiments.
If meson CLFV branching ratios exceed radiative ones, it suggests that
the mass-generation mechanism is more complex than simple seesaw
models.
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Conclusions

Happy Guru Purnima

Thank you!
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Conclusions

Extras
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Conclusions

Yukawa Lagrangian of this model [He 2006, Grimus 2012]

where ϕ̃i = iσ2ϕ∗i and ϕ̃0 = iσ2ϕ∗0
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Conclusions

Part of Yukawa Lagrangian in mass eigenstates of fermion and scalar

into their mass eigenstates. With this transformation the Yukawa couplings are in the mass

eigenbasis of both the fermions and the scalars.

L`Y uk = −h1`√
3

[
(ēL + µ̄L + τ̄L)

(
1√

3 + x2
Φ0

0 +
1√

3 + y2
Φ0

1 −
1√
2

Φ0
2 +

1√
6

Φ0
3

)

+
(
ēL + ωµ̄L + ω2 τ̄L

)
(

1√
3 + x2

Φ0
0 +

1√
3 + y2

Φ0
1 +

1√
2

Φ0
2 +

1√
6

Φ0
3

)

+
(
ēL + ω2µ̄L + ω τ̄L

)
(

1√
3 + x2

Φ0
0 +

1√
3 + y2

Φ0
1 −

2√
6

Φ0
3

)]
eR

− h2`√
3

[
(ēL + µ̄L + τ̄L)

(
1√

3 + x2
Φ0

0 +
1√

3 + y2
Φ0

1 −
1√
2

Φ0
2 +

1√
6

Φ0
3

)

+
(
ω2ēL + µ̄L + ω τ̄L

)
(

1√
3 + x2

Φ0
0 +

1√
3 + y2

Φ0
1 +

1√
2

Φ0
2 +

1√
6

Φ0
3

)

+
(
ω ēL + µ̄L + ω2 τ̄L

)
(

1√
3 + x2

Φ0
0 +

1√
3 + y2

Φ0
1 −

2√
6

Φ0
3

)]
µR

− h3`√
3

[
(ēL + µ̄L + τ̄L)

(
1√

3 + x2
Φ0

0 +
1√

3 + y2
Φ0

1 −
1√
2

Φ0
2 +

1√
6

Φ0
3

)

+
(
ωēL + ω2 µ̄L + τ̄L

)
(

1√
3 + x2

Φ0
0 +

1√
3 + y2

Φ0
1 +

1√
2

Φ0
2 +

1√
6

Φ0
3

)

+
(
ω2ēL + ωµ̄L + τ̄L

)
(

1√
3 + x2

Φ0
0 +

1√
3 + y2

Φ0
1 −

2√
6

Φ0
3

)]
τR + h.c. (22)

10
Jai More (IITB, India) Phoenix2025, IIT Hyderabad, 2025 35



Conclusions

LYuk = L
ℓ
Yuk +L

u
Yuk +L

d
Yuk +L

ν
Yuk

where

L
ℓ
Yuk = −

h1ℓ
√

3

[ (
ēL + µ̄L + τ̄L

)
ϕ0

1 +
(
ēL +ωµ̄L +ω

2τ̄L

)
ϕ0

2 +
(
ēL +ω

2µ̄L +ωτ̄L

)
ϕ0

3

]
eR

−h1ℓ

[
ν̄1Lϕ

+
1 + ν̄2Lϕ

+
2 + ν̄3Lϕ

+
3

]
eR

−
h2ℓ
√

3

[
........

]
µR + −

h3ℓ
√

3

[
.......

]
τR

+
h0
√

3

[
(ēL + µ̄L + τ̄L)ν1R +(ēL +ωµ̄L +ω

2τ̄L)ν2R +(ēL +ω
2µ̄L +ωτ̄L)ν3R

]
ϕ−0

+ h.c.
Note

1 Light neutrino mass nearly degenerate (upper limit 1.1 eV)
2 MD = 1 MeV and MR = 1 TeV
3 h0, h1ℓ ≪ h2ℓ, h3ℓ
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Conclusions

Higgs Potential

V = V(ϕi) + V(χ) + V(ϕ0) + V(ϕi, χ) + V(ϕi, ϕ0) + V(ϕ0, χ) + V(ϕi, χ, ϕ0).

Simplification
• FCN interactions of charged leptons are only due to scalar (Higgs doublets).

• χ terms are dropped as they do not take part in CLFV.

• Neglect admixture of ϕi and ϕ0.

• Higgs potential is CP conserving.

Higgs potential becomes

V(ϕα) = µ2
1(ϕ2

1 + ϕ
2
2 + ϕ

2
3) + λ1 (ϕ2

1 + ϕ
2
2 + ϕ

2
3)2

+ µ2
2 ϕ

2
0 + λ3 ϕ

4
0 + λ4(ϕ2

1 + ϕ
2
2 + ϕ

2
3)ϕ2

0,

where ϕ2
α = ϕ

†
α ϕα (α = 0, 1, 2, 3).
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Type I

Type III
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Conclusions

The loop integral functions for type I are

I1(xj , xk) = xk

[
− ln xj

(xj − xk)(1 − xj)2
+

ln xk

(xj − xk)(1 − xk)2
−

1
(1 − xj)(1 − xk)

]
,

I2(xj , xk) = xk

[
−xj ln xj

(xj − xk)(1 − xj)2
+

xk ln xk

(xj − xk)(1 − xk)2
−

1
(1 − xj)(1 − xk)

]
.

The loop function for type III

Itot(xt , x1) =
1

2 sin2 θW

[
I1(xt , x1) +

(
6 cosθW + 2 +

1
2

cos 2θW xt

)
I3(xt)

]
+

1
sin2 θW

[(
1 −

4
3

sin2 θW

)
I4(xt) −

4
3

sin2 θW I5(xt)
]

+
1

2 sin2 θW
xt

[4
3

sin2 θW I4(xt) −
(
1 −

4
3

sin2 θW

)
I5(xt)

]
.
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