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Introduction

Seesaw Mechanism

2

m⌫ ' v2y2

2M

- y ~O(1),  M~1014 GeV 
- y ~ ye ,  M~100 GeV

- Neutrino mass scale is much smaller than the q and ℓ masses.
                                       mν ~ 0.1 eV  <<  mq,  mℓ
- The origin of the neutrino mass might be different from that of q and ℓ.

Far from 
experimental reach

ψR : Right-handed neutrino 

Type-II Type-III

Δ: SU(2) triplet scalar Σ : SU(2) triplet fermion
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Radiative Seesaw Mechanism

mij
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�
1
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⇥N fij
�

�⇥0 ⇥2N-loop:
νLνL

3

-  Neutrino masses are generated via the radiative effect.
-  Due to the loop suppression factor, the neutrino masses would be
   explained in a natural way by the TeV-scale dynamics with the
   unsuppressed couplings.

vv

Zee-Babu model Zee (1986); Babu (1988) 

- New particles:   sL
− , s++ 

-  f ~O(1),   M~103 GeV  

 e.g.) 2-loop model

××

●

(νL)cνL
sL−s++sL−

(lL)c (lR)c lR lL
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e.g.) Ma model Ma (2006) 

- Z2 symmetry is introduced. 
- New particles:   Z2 odd  ψR , η 

η: Inert doublet scalar 

⌘ =

✓
⌘+

(⌘0R + i⌘0I )/
p
2

◆
, h⌘i = 0

Model with dark matter particle

- The Z2 symmetry forbids the Dirac ν mass term and guarantees
   the stability of DM.

- DM candidates : ψR , η0R , η0I 
- The framework would explain the neutrino mass and  the DM.

νL
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etc.

Many variety of radiative seesaw models

- Classification of models into several groups by some common 
features enables us to test neutrino mass generation mechanisms.

A B C D

E F G

A

B

C D

E

F

G

 charged LFV,    LFV decays of the Higgs boson 

- The models are classified by focusing on the combinations of new 
Yukawa coupling.
- The mechanisms are tested by LFV phenomena. 

Our work

Gustafsson et al., (2013) etcE.Ma, (2008) etc
 Kajiyama et al., (2013) etcBaek et al. (2014) etc Aoki et al., (2009) etc

Krauss et al., (2003) etc

http://link.springer.com/search?facet-author=%22Yuji+Kajiyama%22
http://link.springer.com/search?facet-author=%22Yuji+Kajiyama%22
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CMS  8TeV

BR(h → μτ)
2.4σ excess

Best Fit

No excess observed< 1.20 % −0.76      %+0.81
−0.8413TeV

- LFV decays of the Higgs boson

0.84      %+0.39
−0.37

Han and Marfatia (2001), Kanemura et.al. (2004) Future colliders  →  O(0.01) % 

< 1.51 % 

BR(h → ℓℓ′) ≡ BR(h → ℓℓ′) + BR(h → ℓℓ′)

Introduction
 h → ll’

- We discuss impact of future discoveries of  h → ll’ 
  on the mechanisms to generate neutrino masses.

ATLAS  8TeV < 1.43 % 0.53      %+0.51
−0.51

CMS 8TeV     < 3.5×10-2 % 

< 1.51 % 

 CMS 8TeV    < 6.9×10-1 % 

BR(h → eμ) 

BR(h → eτ)
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- Tree-level LFV

- Loop-level LFV

h l
l’

h l
l’

Introduction

L = Y [LΦℓ′R] +
Y6

Λ2
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Model with new Yukawa interaction between new scalar and lepton.

Dimension- 4 and -6 operators

Misalignment

L = Y [LΦℓ′R] +
Y6

Λ2
[LΦℓ′R(Φ

†Φ)]

→
(

v√
2
Y +

v3

2Λ2
Y6

)
[ℓLℓ

′
R] +

(
1√
2
Y + 3

v2

2Λ2
Y6

)
[ℓLℓ

′
Rh]
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 h → ll’ 

e.g) Type III two Higgs doublet model LY = y1ijψ̄iψjΦ1 − y2ijψ̄iψjΦ2

1

We consider the FCNC interactions at the tree level are absent.
(by imposing the softly-broken Z2 symmetry)
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4. Summary

8
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Classification of Models
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××

●

(νL)cνL

sL
−s++sL

−

(lL)c (lR)c lR lL××

●

(νL)cνL
sL−s++sL−

(lL)c (lR)c lR lL

M1 LL

“Mechanism”

- We classify the models by focusing only on the combinations of 
  Yukawa coupling matrices.



Scalar with leptonic Yukawa int.

Z2-odd ℓ→ ℓ′γ

s+L s++ Φ2 ∆ s+2 η ℓ′L ℓ′R

SU(2)L 1 1 2 3 1 2

U(1)Y 1 2 1/2 1 1 1/2

Unbroken Z2 + + + + − − Simple models

M1 ! ! ! ! [9, 10]

M2 ! ! ! [1, 11]

M3 ! ! [12]

M4 ! ! [6, 11]

M5 ! ! ! ! [13]

M6 ! ! ! [14]

M7 ! ! This letter2

M8 ! ! [15]

TABLE I. It shows which scalar fields are introduced in the Mechanisms-M1 – M8, which generate

Majorana neutrino masses. A check-mark means that the mechanism includes the scalar field.

Columns of ℓ′L and ℓ′R show the chirality of ℓ′ of ℓ→ ℓ′γ in each mechanism.

Yukawa interaction1 Yaℓ ψa ℓX ϕ between a charged lepton ℓ and a charged scalar ϕ, where

X = L,R denote chirality of ℓ. The particle ψ is a certain fermion. For example, the

Zee-Babu model [9, 10] of the Mechanism-M1 has the interaction with ψ = (ℓR)c, ℓX = ℓR,

and ϕ = s++; for the Ma model [15] of the Mechanism-M8, ψ = ψ0
R, ℓX = ℓL, and ϕ = η+.

This interaction causes ℓ→ ℓ′Xγ, whose branching ratio is given by

BR(ℓ→ ℓ′Xγ) ≃

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

απ4

3(16π2)2G2
F

(2− 3Qϕ)2
∣∣(Y †Y )ℓℓ′

∣∣2

m4
ϕ

BR(ℓ→ eνℓνe) (mψ ≪ mϕ)

απ4

3(16π2)2G2
F

(1− 3Qϕ)2
∣∣(Y †Y )ℓℓ′

∣∣2

m4
ψ

BR(ℓ→ eνℓνe) (mψ ≫ mϕ)

, (1)

where GF is the Fermi constant, α is the fine structure constant, and Qϕ is the electric

charge of ϕ. The electric charge of ψ is Qϕ − 1. Masses of ϕ and ψa are denoted as mϕ and

1 We assume that there is no FCNC at the tree level.

6

 Majorana Neutrino Kanemura, Sugiyama (2016)

× ×

×
η0 η0

ψR0
νL νL

M8

LL

M1

××

●

(νL)cνL
sL−s++sL−

(lL)c (lR)c lR lL
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D1

Gu, Sarkar (2008) 

νL νR
sL
−

(lL )c (lR )c

sR
+

<φ0>

●

D18

νL νRx
(η0)* s20

ψR
0 (ψR0)c

<φ0>

- Dirac masses can be generated at the the loop level.

- In order to forbid the LΦνR, the softly-broken Z2 symmetry (Z2’) 
  is introduced.

 Dirac Neutrino 

Classification of Models

νR  :  Z2’	odd

Nasri, Moussa (2002)



Scalar with leptonic Yukawa int.

Z2-odd ℓ→ ℓ′γ

s0 s+L s+R s++ Φν Φ2 ∆ s02 s+2 η ℓ′L ℓ′R

SU(2)L 1 1 1 1 2 2 3 1 1 2

U(1)Y 0 1 1 2 1/2 1/2 1 0 1 1/2

Lepton number −2 −2 −2 −2 0 0 −2 −1 −1 −1

Z ′
2 + + − + − + + − + + Simple models

D1 ! ! ! ! [18]

D2 ! ! ! ! [2]

D3 ! ! ! !! [2]

D4 ! ! !! [2]

D5 ! ! ! ! [2]

D6 ! ! ! [2]

D7 ! ! [16]

D8 ! ! ! ! ! [2]

D9 ! ! ! ! ! [2]

D10 ! ! ! ! [2]

D11 ! ! ! !! [2]

D12 ! ! !! [2]

D13 ! ! ! ! [2]

D14 ! ! ! [2]

D15 ! ! ! ! [2]

D16 ! ! ! [2]

D17 ! ! ! ! !! [2]

D18 ! ! ! [19]

TABLE II. It shows which scalar fields are introduced in the Mechanisms-D1 – D18, which generate

Dirac neutrino masses. A check-mark means that the mechanism includes the scalar field. Columns

of ℓ′L and ℓ′R show the chirality of ℓ′ of ℓ → ℓ′γ in each mechanism. Two check-marks in a cell for

ℓ′R mean that two scalar fields contribute to ℓ→ ℓ′Rγ.
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 Dirac Neutrino 
Scalar with leptonic Yukawa int.

Kanemura, Sakurai, Sugiyama (2016)
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- Under the constraint from the cLFV, the BR of h LFV decay is too
  small to be observed if it is radiatively produced.

 l → l’γ  h → ll’ 

BR( μ → eγ ) < 4.2 ×10−13,  BR( τ → l’γ ) < 10−8

14

BR(ℓ → ℓ′Xγ) ≃

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

απ4

3(16π2)2G2
F

(2− 3Qϕ)2
∣∣(Y †Y )ℓℓ′

∣∣2

m4
ϕ

BR(ℓ → eνℓνe) (mf ≪ mϕ)

απ4

3(16π2)2G2
F

(1− 3Qϕ)2
∣∣(Y †Y )ℓℓ′

∣∣2

m4
f

BR(ℓ → eνℓνe) (mf ≫ mϕ)

- If h LFV decay is observed, we might take FCNC at the tree level
  or take some extension to suppress l→ l’γ by cancellation.

h → ll’ 
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- Each of the Mechanisms has new Yukawa interactions, which can 
  produce both l→ l’γ and h → ll’.

- 14 Mechanisms will be excluded if h → ll’ is observed.

(Y s
S )ℓℓ′

[
(ℓR)c ℓ′R s++

]

1

(Y s
A)ℓℓ′

[
Lℓ ϵL∗

ℓ′ s
−
L

]

 l → l’γ 

lL lR’

γ

lR

S ++

lR⊗ lR lL’

γ

νL

SL +

lL
⊗

M1

Different chiralities of charged leptons 

- All other Mechanisms have two kinds of new Yukawa interactions.
- In the Mechanisms-M1, M5, D1, D2, D8, D9 and D10, 
  their effects to l→ l’γ cannot be cancelled with each other. 

h → ll’ 
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Scalar with leptonic Yukawa int.

Z2-odd ℓ→ ℓ′γ

s0 s+L s+R s++ Φν Φ2 ∆ s02 s+2 η ℓ′L ℓ′R

SU(2)L 1 1 1 1 2 2 3 1 1 2

U(1)Y 0 1 1 2 1/2 1/2 1 0 1 1/2

Lepton number −2 −2 −2 −2 0 0 −2 −1 −1 −1

Z ′
2 + + − + − + + − + + Simple models

D1 ! ! ! ! [18]

D2 ! ! ! ! [2]

D3 ! ! ! !! [2]

D4 ! ! !! [2]

D5 ! ! ! ! [2]

D6 ! ! ! [2]

D7 ! ! [16]

D8 ! ! ! ! ! [2]

D9 ! ! ! ! ! [2]

D10 ! ! ! ! [2]

D11 ! ! ! !! [2]

D12 ! ! !! [2]

D13 ! ! ! ! [2]

D14 ! ! ! [2]

D15 ! ! ! ! [2]

D16 ! ! ! [2]

D17 ! ! ! ! !! [2]

D18 ! ! ! [19]

TABLE II. It shows which scalar fields are introduced in the Mechanisms-D1 – D18, which generate

Dirac neutrino masses. A check-mark means that the mechanism includes the scalar field. Columns

of ℓ′L and ℓ′R show the chirality of ℓ′ of ℓ → ℓ′γ in each mechanism. Two check-marks in a cell for

ℓ′R mean that two scalar fields contribute to ℓ→ ℓ′Rγ.
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D16 ! ! ! [2]

D17 ! ! ! ! !! [2]

D18 ! ! ! [19]
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Dirac neutrino masses. A check-mark means that the mechanism includes the scalar field. Columns
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ℓ′R mean that two scalar fields contribute to ℓ→ ℓ′Rγ.
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7

- Some Mechanisms for Dirac neutrino masses can be compatible 
  with the observation of h → ll’.

h → ll’ 
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D1 ! ! ! ! [18]

D2 ! ! ! ! [2]

D3 ! ! ! !! [2]

D4 ! ! !! [2]

D5 ! ! ! ! [2]

D6 ! ! ! [2]

D7 ! ! [16]

D8 ! ! ! ! ! [2]

D9 ! ! ! ! ! [2]

D10 ! ! ! ! [2]

D11 ! ! ! !! [2]

D12 ! ! !! [2]

D13 ! ! ! ! [2]

D14 ! ! ! [2]

D15 ! ! ! ! [2]

D16 ! ! ! [2]

D17 ! ! ! ! !! [2]

D18 ! ! ! [19]

TABLE II. It shows which scalar fields are introduced in the Mechanisms-D1 – D18, which generate

Dirac neutrino masses. A check-mark means that the mechanism includes the scalar field. Columns

of ℓ′L and ℓ′R show the chirality of ℓ′ of ℓ → ℓ′γ in each mechanism. Two check-marks in a cell for

ℓ′R mean that two scalar fields contribute to ℓ→ ℓ′Rγ.

7

D3

D4

(Y s
S )ℓℓ′

[
(ℓR)c ℓ′R s++

]

1

(Y s)ℓi
[
(ℓR)c νiR s+R

]

1

-  The singlet scalars sR+ and s++ 
   interact with ℓ       R .

sR
+ s++ 

- Some Mechanisms for Dirac neutrino masses can be compatible 
  with the observation of h → ll’.

h → ll’ 
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 l → l’γ 

lL lR’

γ

lR

S ++

lR

SR +/

νR/
⊗

- The 10-3 tuning of two amplitudes is required for the cancellation 
   to satisfy BR( l→ l’γ ) < 10−8 ,  since BR(h →μτ) ∼ 10−3 naively   
   corresponds to BR(τ → μγ) ∼ 10−2. 

- Contributions of these scalars toℓ→ℓR γ can be destructive.

D3, D4

h → ll’ 
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λhs+vh|s+R|2, λhs++vh|s++|2

1

19

 h → ll’ 
- The contributions of sR+ and s++ to h → ll’ can be constructive.

- The scalar interactions                                                     are not used 
  for the neutrino mass generation. They are free from constraints 
  from neutrino oscillation experiments.

D3
Scalar SU(2)L U(1)Y L#

s+3 1 1 0

Φ3 2
1

2
−2

Φ4 2
3

2
−2

TABLE IV: Examples of scalar fields that can be used to close scalar lines in Figs. 1-6 and Figs. 8-

18.

if some scalar particle is discovered at collider experiments. In this way, our classification is

useful to discriminate mechanisms for generating Dirac neutrino masses by testing not each

model but each group of models.

Acknowledgments

This work was supported, in part, by Grant-in-Aid for Scientific Research

No. 23104006 (SK) and Grant H2020-MSCA-RISE-2014 No. 645722 (Non Minimal Higgs)

(SK).

Appendix A: Examples to close scalar lines in cases without dark matter

We show examples to close scalar lines for Figs. 1-6 by using additional scalar fields in

Table. IV. Notice that these scalar fields do not have Yukawa interactions. In Table V, we

summarize scalar particles and relevant interactions for each of Figs. 1-6. See also Figs. 19

and 20.

For Fig. 1, the example corresponds to the model in Refs. [24, 25]. The Z ′
2 symmetry is

softly broken by µ2. For the other five figures listed in Table V, the parameter µ or µ′ softly

breaks Z ′
2 whether the additional scalar is the Z ′

2-even or odd. Therefore, we can confirm

that both of µ and µ′ are necessary to close the scalar line with the soft-breaking of Z ′
2. For

Fig. 7, which has only a scalar line, explicit models can be found in Refs. [20, 21].

16

Kanemura, Sakurai, Sugiyama (2016)

- The Mechanisms-D3, D4, D11, D12, and D17 of the Dirac neutrino 
  mass would be preferred when h → ll’		is observed.

- The  λhS+ and λhS++  should have the opposite sign.

(e.g.)

h → ll’ 



D4

D17

D12

D11

D3

symmetric matrix

mD ∝ yℓX∗
SRY

s
____

XSR = Y s
S

D3, D4
D11, D12

Neutrino mass matrix

XSR =

{
Y s
S

(Y +
ψ )∗Mψ(Y

+
ψ )†

XSR =

{
Y s
S

(Y +
ψ )∗Mψ(Y

+
ψ )†

mD ∝ Y η
ψ (Y

+
ψ )†Y s
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- We have studied the LFV decay of the Higgs boson in a wide set of   
  models for neutrino masses.

- The simple models of Majorana neutrinos are excluded if h → ll’ is
  discovered.
- The five Mechanisms for Dirac neutrinos can give a significant
  amount of h → ll’	with the suppressed l→ l’γ process.

 ・Two kinds of scalar particles couple to lR. 
 ・Their contributions to l→ l’γ can be cancelled with each other.

SR
+  ,  S++D3, D4 

D11, D12, D17 SR
+  ,  S2

+ (Z2 odd)

- Future discovery of the nonzero BR(h → ll’) shall be a strong probe 
   of models for neutrino masses.


