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Introduction

Introduction
Neutrino masses and mixings are confirmed by the neutrino oscillations.

∆m2
21 = 7.49×10–5 [eV2], ∆m2

31 = 2.513×10–3 [eV2] (Normal hierarchy)

Large mixing angles of the PMNS matrix Esteban et al., [arXiv:2410.05380 [hep-ph]]

sin2 θ12= 0.308, sin2 θ23 = 0.470, sin2 θ13 = 0.02215.

Remaining problems

Mass ordering (NH or IH?)

Neutrinos are Dirac or Majorana?

How much is CP phase?
δCP = 212+26–41 [

◦] for NH,
δCP = 274+22–25 [

◦] for IH
⇒ CP conservation? or

maximal violation?
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Introduction

Introduction
In SM, charged Lepton Flavor Violation (cLFV) via small neutrino mases

Br ∝

∣∣∣∣∣U∗
αiUβi

m2
νi

m2
W

∣∣∣∣∣
2

∼ 10–54

Experimental sensitivity: Br ∼ 10–14 ⇒ Too small to be detected

cLFV detection ⇔ New physics beyond the SM
(closely related to ν mass generation)
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Neutrino mass generation mechanims

Neutrino mass generation mechanims
Type-I, II, III seesaw, Inverse seesaw, Linear seesaw, radiative seesaw
etc. Phys.Rev.D 101 (2020) 7, 075032 [arXiv:1912.08858 [hep-ph]]

Type-I seesaw Inverse seesaw

Linear seesaw Radiative seesaw
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Neutrino mass generation mechanims

Neutrino Mass Generation (tree level)
Seesaw mechanism (Type I, Type II, Type III...)
In Type I seesaw, heavy right-handed neutrinos NR are introduced.

L =−H†ℓLyνNR − 1

2
N c
RMNR + h.c.

→− νLmDNR − 1

2
N c
RMNR + h.c. mD = yν⟨H⟩

Mass matrix(
0 mD

mT
D M

)
→ mν = −mDM

−1mT
D + · · ·

(if mD ≪M)

Typical scale
· If Yukawa coupling is O(1), mD ∼ 100 GeV and M ∼ 1014 GeV.
⇒ Cannot reach collider search.
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Neutrino mass generation mechanims

Type-I seesaw mechanism
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Neutrino mass generation mechanims

Type-I seesaw mechanism
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Neutrino mass generation mechanims

cLFV in Type-I seesaw mechanism

cLFV branching ratio (ℓα → ℓβγ)

Br =
3αem

2π2

∣∣∣∣∣
3+N∑
i=4

UαiU
∗
βiGγ

(
m2
i

m2
W

)∣∣∣∣∣
2

U ∼ mD

M
∼
√
mν

M
∼ 10–12

(
1014GeV

M

)1/2

(mν ∼ m2
D/M)

⇒ Br ∼ 10–51
(
1014GeV

M

)2

⇒ still small

Current experimental bounds
Br(µ→ eγ) < 3.1× 10–13

Br(τ → eγ) < 3.3× 10–8

Br(τ → µγ) < 4.2× 10–8
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Radiative Generation of Neutrino Masses

Radiative Generation of Neutrino Masses
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Radiative Generation of Neutrino Masses

Radiative generation of neutrino masses
Zee model A. Zee, Phys.Lett.B (1980,1985)

First radiative model at one-loop
⇒ Almost excluded by current ν oscillation data.

How to construct a radiative model
→ Forbid Dirac mass term with a symmetry (ex. Z2)
Type I seesaw E. Ma, Phys.Rev.D (hep-ph/0601225), Z. Tao Phys.Rev.D (1996)(

loop 0
0 M

)
→ mν ∼ − 1

(4π)2
mDM

−1mT
D

Inverse seesaw H. Okada, T.T., Phys.Rev.D (arXiv:1207.0864) loop 0 0
0 0 M
0 MT µ

 → mν ∼
1

(4π)2
mDM

−1µMT−1
mT
D

where mD ∼ yν⟨H⟩
Takashi Toma (Kanazawa U.) cLFV and ν mass model building 20th April 2026 11 / 31



Radiative Generation of Neutrino Masses

Radiative models
Zee-Babu model (1986)
Zee, Nucl. Phys. B 264, 99 (1986);

Babu, Phys. Lett. B 203, 132 (1988)

SU(2)L U(1)Y
h+ 1 1
k++ 1 2

· Neutrino mass (2-loop level)

Ma-Tao model (2006) hep-ph/0601225

Z. Tao PRD (1996)(Scotogenic model)

SU(2)L U(1)Y Z2

Ni 1 0 −1
η 2 1/2 −1

· Neutrino mass (1-loop level)
· DM candidates (N1 or η

0)

V = µh−
2
k++

V =
λ5
2

(
ϕ†η
)2
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Radiative Generation of Neutrino Masses

Radiative models
Krauss-Nasri-Trodden model (2002)

SU(2)L U(1)Y Z2

S+
1 1 1 +1
S+
2 1 1 −1

NR 1 0 −1

· Neutrino mass (3-loop level)
· DM candidate (NR)

Gustafsson-No-Rivera model (2012)
SU(2)L U(1)Y Z2

Φ2 2 1/2 −1
S+ 1 1 −1
ρ++ 1 2 +1
· Neutrino masses (3-loop level)
· DM candidate (inert doublet)

hep-ph/0210389

V = λs
(
S+
1 S

−
2

)2
arXiv:1212.4806

V = µρ++S−S− + λ5

(
Φ†
1Φ2

)2
Cocktail diagram
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Radiative Generation of Neutrino Masses

Features of Radiative Models
Neutrino masses are suppressed by loop factor mν ∼

(Yukawa)m

(4π)2n

(n is number of loop)

Coupling with SM particles can be larger than the canonical seesaw
mechanism at tree level.
⇒ Strong correlation with cLFV.

Br(ℓ→ ℓ′γ) ∝ αemy
4

(4π)4

Discrete symmetry forbids Dirac mass term and stabilize DM.

DM couples with neutrinos (and charged leptons).

Sensitive at collider searches
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Scotogenic Model

Scotogenic Model
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Scotogenic Model

Scotogenic Model (Ma-Tao Model) Ma, PRD (2006), Tao, PRD (1996)

(skotos = darkness in Greek)

New particles

SU(2)L U(1)Y Z2

Ni 1 0 −1
η 2 1/2 −1

Neutrino mass generation at one-loop level
(Benchmark model for radiative ν masses)

Inert η: ⟨η⟩ = 0

DM candidates: N1 and η
0

No mixing between H and ηLagrangian

L = |Dµη|2 +
1

2
Ni (i∂/ −Mi)Ni − yiαηNiLα + h.c.− V (ϕ, η)

V (ϕ, η) = m2
H |H|2 +m2

η |η|
2 +

λ1
2
|H|4 + λ2

2
|η|4

+ λ3 |H|2 |η|2 + λ4
(
H†η

) (
η†H

)
+
λ5
2

[(
H†η

)2
+
(
η†H

)2]
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Scotogenic Model

Neutrino masses
After electroweak symmetry breaking,

η0 =
ηR + iηI√

2
(mass eigenstates), m2

R −m2
I = 2λ5⟨H⟩2

(mν)αβ =

3∑
i=1

yiαyiβMi

2 (4π)2

[
m2
R

m2
R −M 2

i

log

(
m2
R

M 2
i

)
− m2

I

m2
I −M 2

i

log

(
m2
I

M 2
i

)]
∼
(
yTMy

)
αβ

Neutrino mass scale mν ∼ 0.1 eV

Diagonalization

UT
PMNSmνUPMNS = diag (m1,m2,m3)

⇒ Casa-Ibarra parametrization

y =
√
Λ
−1
R
√
m̂νU

†
PMNS
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Scotogenic Model

Lepton Flavor Violation

ℓα → ℓβγ and ℓα → ℓβℓβℓβ at one-loop level
(µ→ eγ) (µ→ 3e)

In most of parameter space, Br(ℓα → ℓβγ) ≫ Br(ℓα → ℓβℓβℓβ)
∝ y4 ∝ y8

(also phase space suppression for µ→ 3e)

Dipole operator iMγ = iemαADu(k1)iσ
µνqνu(p)ϵµ(q)

⇒ Br(ℓα → ℓβγ) =
3(4π)3αem

4G2
F

|AD|2Br(ℓα → ℓβνανβ)
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Scotogenic Model

Lepton Flavor Violation

ℓα → ℓβℓβℓβ at one-loop level

iMγ = ie2ANDu(k1)γ
µPLu(p)u(k1)γµv(k2)

+ie2
mα

q2
ADu(k1)σ

µνqνPRu(p)u(k3)γµv(k2)− (k1 ↔ k3)

iMbox = e2B
[
u(k3)γ

µPLv(k2)
][
u(k1)γµPLu(p)

]
Z-penguin contribution is negligible.
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Scotogenic Model

Lepton Flavor Violation

Branching ratio

Br
(
ℓα → ℓβℓβℓβ

)
=

3(4π)2α2
em

8G2
F

[
|AND|2 +

8

3
|AD|2

(
log

(
m2
α

m2
β

)
− 11

4

)
+
1

6
|B|2

+

(
−2ANDA

∗
D +

1

3
ANDB

∗ − 2

3
ADB

∗ + h.c.

)]
Br (ℓα → ℓβνανβ)

The experimental bounds

Br (µ→ eγ) < 4.2× 10−13 Br (µ→ 3e) < 1.0× 10−12
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Scotogenic Model

Lepton Flavor Violation
If dipole operator is dominant,

Br(µ→ 3e) ≈ αem

3π

(
log

(
m2
µ

m2
e

)
− 11

4

)
Br(µ→ eγ) ≈ 0.006 Br(µ→ eγ)

Normal hiearchy Inverted hierarchy
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µ→ 3e can be larger than µ→ eγ if mi/mη+ ≪ 1 or mi/mη+ ≫ 1.
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Scotogenic Model

Lepton Flavor Violation
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µ→ eγ is dominant.
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Scotogenic Model

Dark matter
N1 or ηR (ηI) can be dark matter candidates.

N1 DM case ⇒ strong correlation with cLFV

Interactions: L = y1αηN1PLLα + h.c.

Annihilation cross section

⟨σv⟩ ∼ y4M 2
1

8π2M 4
η

⇒ Large y for Ωh2 ≈ 0.12, but tension with cLFV

Ωh2 ∝ 1

⟨σv⟩
(1) parameter tuning between flavors
(2) consider co-ann. with η (M1 ≲Mη)
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Scotogenic Model

Correlation with charged lepton EDM
TT, Abada, arXiv:1802.00007, 2405.01648

EDM at two-loop

EDM ∼ emℓ

(4π)4m2
η+

MiMj

m2
η+
JCPIloop

∝ y4

Experimental bound
|de|/e ≤ 4.1× 10–31 cm

(b1) + (b2) = 0,
(c1) + (c2) = 0
at any order
TT, Abada, arXiv:2405.01648

Similar argument for g-2
⇒ number of diagrams

are reduced.
Cvitanovic and Kinoshita, PRD 10, 4007 (1974)
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Scotogenic Model

Correlation with charged lepton EDM 2
TT, Abada, arXiv:1802.00007, 2405.01648

Constraints: ν oscillation data, LFV, EWPT, DM

100 GeV ≤M1 ≤ 100 TeV, 1 ≤ M2

M1
,
mη0

M1
,
mη+

M1
≤ 10,

0 ≤ CP phases < 2π, 0 < | sin ξ| < 1
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Z3 symmetric model

Z3 symmetric model
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Z3 symmetric model

Z3 symmetric model Ma, PLB 662 (2008), Aoki, TT, JCAP 09 016 (2014)

LL ecR ψL ψcR H Σ η χ
SU(2)L 2 1 1 1 2 1 2 1
U(1)Y –1/2 1 0 0 1/2 0 1/2 0

Global U(1)L 1 –1 –1/3 –5/3 0 2 2/3 2/3
Remnant Z3 0 0 1 –1 0 0 1 1

Spin 1/2 1/2 1/2 1/2 0 0 0 0

Lagrangian

L = ψii∂/ψi + |∂µΣ|2 + |Dµη|2 + |∂µχ|2 − V(H,Σ, η, χ)

−

(
yαH

†eαLα + yνiαηψiPLLα +
yLij
2
χψciPLψj + yΣi ΣψiPLψi + h.c.

)

V(H,Σ, η, χ) ⊃ λHΣ|H|2|Σ|2 + µ̃χ
(
H†η

)
χ∗ +

λ̃χ
3!
Σ∗χ3 ⇒ λ̃χ⟨Σ⟩

3!
χ3

Global U(1)L ⇒ Z3
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Z3 symmetric model

Neutrino masses

(mν)αβ ≈
λ̃χvσ sin

2 2α cos2α

4
√
2(4π)4

∑
i,j

yνiαy
L
ijy

ν
jβIloop

Diagonalization:
UTmνU = diag(m1,m2,m3)
with PMNS matrix U

Correlation with DM coupling (assuming diagonal yν)

yL11 = 0.2

(
0.01

ye1 sin 2α

)2
(
1 GeV

λ̃χvσ

)(
0.1

Iloop

)(
(mν)ee
10−2 eV

)
⇒ tension between cLFV and DM can be relaxed.
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Z3 symmetric model

Constraints

Neutrino masses and mixings ⇒ mν ∝ yL (mixing)

Lepton flavor violation ℓα → ℓβγ ⇒ Roughly diagonal yν

Br ≈ αem

768πG2
Fm

4
η

|(yν)1α(yν)∗1β|2

Electroweak precision test (∆ρ and Z invisible decay Z → φ∗φ)
⇒ mφ ≪ mφ̃ ≈ mη ∼ TeV and sinα ≲ 0.39

Higgs mixing angle sin θ: K+ → π+νν
⇒ 10–5 ≲ sin θ ≲ 10–4

BBN: τs ≲ 1s ⇒ ms ≳ 1 MeV

Potential stability

λχ −
1

96
√
3π

(
λ̃χvσ
mχ

)4

≳ 0
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Z3 symmetric model

Boosted DM search from semi-ann. (ψψ → ψν)

Scattering with nucleons ψN → ψN

Testable by DARWIN and DUNE

Br(µ→ eγ) ∼ 10–14

assuming
off diag

diag
= 0.1

sσ

hSM

N

ψ

N

ψ
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Summary

Summary
1 cLFV is closely related to neutrino mass generation mechanisms.

2 Radiative neutrino mass generation is interesting because an imposed
symmetry simultaneusly forbids tree level neutrino masses and DM
decays.
⇒ cLFV and DM phenomenology are strongly correlated.

(also electron EDM)

3 In the Z3 symmetric model, prediction for cLFV also correlates with
new signals of DM (boosted DM).
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