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Introduction
Because of the discovery of neutrino oscillations, 
it has been established that neutrinos have tiny masses.

→ We need to clarify a true mechanism that generates 𝑚"
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• In the Standard Model (SM), neutrino mass 𝑚" is zero.

So far, many models to generate 𝑚" have been proposed

• the reason is that the SM does not include 𝜈$.

𝜈$𝜈%

<𝜙0>

EX.1 The same mechanism with quarks and leptons (Dirac mass)

y"𝐿*Φ,𝜈$
If  (SM+𝜈$)

𝑚- =
/	1

2�
v

y"~10672 for 𝑚"~0.1eV ← Unnaturally small



𝑁$ 𝜈% :𝜈%

EX.2 Type-I seesaw model

m" =
y"2𝑣2

𝑀>

𝜈%

<𝜙2?>

𝜙2@𝑆76

ℓ$ℓ% 𝜈%
ℓ$ ℓ$

𝑁$

𝜙2@𝜙2@ 𝑠26

𝑠26

𝑠2?

𝜈% 𝜈% :

𝜂?∗

𝑁$

𝜂?∗ .	.	.	.	

EX.3 A mechanism via radiative correction

Zee,	PLB93	(1980)	389. Aoki,	Kanemura,	Seto,	
PRL	102	(2009)	051805.

Ma,PRD 73	(2006)	077301.

𝜙7? 𝜙7?𝜙? 𝜙?𝜙7?

𝜙? 𝜙?
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ℒ ∋ y"𝐿*Φ,𝑁$ +
𝑀>
2 𝑁J$𝑁$:

Majorana mass

SM+𝑁$ (Sterile neutrino)

y"~1		𝑚"~0.01eV and
NR is too heavy to test

𝑀>~107KGeVIf →



Aoki Kanemura Seto (AKS) model 

𝑠7?, 𝑠2
± : Singlet scalar 

𝑁$ : Singlet fermion 

• Additional fields :

ℒ ∋ 𝑌Oℓ*$𝑠2@𝑁$: + 𝜅Φ,7
QΦ2s26𝑠7? 𝑚"~

1
16𝜋2

U 𝑣V/𝑚XY
V 𝑀>

𝑚OZ
2 +𝑀>

2 𝜅2Y"2YO2

• 𝑚" :   3-loop suppression and many couplings

• Symmetry  :

→ AKS model can explain 3 phenomena beyond the SM (BSM) 

𝜈% 𝜈%
ℓ$ ℓ$

𝑁$

𝜙2@𝜙2@ 𝑠26𝑠26

𝑠7?

Aoki,	Kanemura,	Seto,	Phys.Rev.
Lett.	102	(2009)	051805

𝑍]2 (softly broken)

Φ2 : Higgs doublet  

Z2 (exact) ← for DM

← for FCNC

𝜙7? 𝜙7?

• Neutrino mass  :

• DM:  lightest 𝑧2 odd particle (𝑠7? or 𝑁$)

• Electroweak baryogenesis: strong 1st OPT, CP violation 

Extended	Higgs	sector

Complex	phase	of	THDM

→ ℒ ∋ THDM
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Our interest 
Can we construct a model with Dirac neutrino mass to 
explain 3 BSM phenomena? (AKS model generates Majorana mass)

According to AKS model,

• DM  → Addition to neutral 𝑧2 odd field

• Electroweak baryogenesis

Strong 1st order phase transition → Extension of scalar sector

CP phase        → Additional SU(2) Higgs doublet

In previous our study, we classified 𝑚" models by focusing 
on the flavor structure of 𝑚"

We found a Dirac neutrino mass model to satisfy above 3 requirements

L# violated

L# conserved
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S.	Kanemura,	H.	Sugiyama	and	KS,	PLB	758	(2016)	465	

7/18Result in our previous study 



S.	Kanemura,	H.	Sugiyama	and	KS,	PLB	758	(2016)	465	

・We focused on the model “D15” 
・We examined whether this model can really explain the 3 BSM  

phenomena or not.

→We will show there is a bench scenario can resolve it. 

7/18Result in our previous study 
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Set up
New fields in addition to the SM fields

Higgs doublet  :		Φ2

Scalar singlet  : 𝑠7?, 𝑠2@,	sU@

Gauge singlet fermion : 𝜓`7,		𝜓$2 ,		𝜓$U

Right-handed neutrino :	𝜈$7,  𝜈$2,   𝜈$U

𝜓`a → −𝜓$a, 𝑠7? → −𝑠7?, 𝑠2@ → −𝑠2@

Φ7,2 → +Φ7,2, sU@ → +𝑠U@, 𝜈$ → +𝜈$

𝑧2 odd :

𝑧2 even :

Φ2 =
𝜔7,2@

1
2�
(𝑣7,2 + 𝜙7,2? + 𝑖𝑧7,2)

Red character denote 𝑍2 odd field.
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Symmetries: Z′2×U(1)L(×𝑍2 )

U(1)L : Lepton number
conservation 

Z′2 : Prohibition for 𝑌k𝐿*Φ,𝜐$

𝑍2  : Stability for DM
1𝑠7?

𝑍2 symm. emerges by assignment
of Lepton number
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Scalar potential :

Two Higgs
doublet model

scalar singlet

Interaction terms
𝑠7?𝑠7?

parameter

CP violating phase in the scalar potential  :
• Phase of 𝜇U, 𝜇Un and 𝑚U

2 can be absorbed redefinition of 𝑠U@, 𝑠7? and Φ2.

• Phase of 𝜆K only remains. ←The same as the THDM 

We consider the CP conserving potential
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Yukawa interactions:

New Yukawa
interaction

Type-X

We have introduced additional 𝑍′2n
in order to prohibit   FCNC.

𝑠7?
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Mass eigenstate of scalar field :

,

,

・ Z2 odd scalar state is not mixed 𝑠2
±,	𝑠7?

・ CP – even (odd) scalar states :

・ charged scalar state :

𝑅(𝜃):2×2	rotation	mat.	,	𝛼, 𝛽 :	mixing	angles	

	𝐺±,	𝐻7
±, 𝐻2

±

𝐺?, ℎ, 𝐻, 𝐴

SM like Higgs

Additional Higgs
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𝜈% 𝜈$

	𝑠2@	

𝑠U@

𝜙76

< 𝜙2?∗>

	𝑠7?∗	
𝜓a$:ℓ$

𝑌y@~𝑂 0.01 , 	𝑌y?~𝑂 0.001 , 𝑚y{|	~	𝑂 1 TeV

Neutrino mass

m} is suppressed by 5 coupling constants + 2-loop supp. factor
+ a loop function F 

In order to satisfy  the data of neutrino oscillations and constraint of LFV 
(Lepton Flavor Violation), the following Eq. is required

↑ The heaviest particles

Relevant int. term :

~M-2
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There are 5 annihilation processes :

𝑚OZ~[GeV]

𝒃𝒃J

𝝂J𝑹𝝂J𝑹

𝜸𝜸
�̅�𝒍n

𝝂𝑹𝝂J𝑹

Relic abundance for DM
s7?	is	DM candidate.

We foucus on a mass region
m�� < 80 GeV in which WW 
channel doesn’t open.
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sin(𝛽 − 𝛼) 	= 1𝑚X = 200GeV
𝜆�7O? = 0.02 𝜆�2O? = 0.005



Relic abundance for DM
s7?	is	DM candidate.

There are 5 annihilation processes :

Ωℎ2 = 0.1199 ±0.0020
Plank,	arXiv:1502.01589

m�Z~ = 62 or 63 GeV are 
consistent with Plank exp. data.

We foucus on a mass region
m�� < 80 GeV in which WW 
channel doesn’t open.

𝑚OZ~

Model	prediction

Planck	data
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sin(𝛽 − 𝛼) 	= 1𝑚X = 200GeV
𝜆�7O? = 0.02 𝜆�2O? = 0.005



Sphaleron process

CP	phase	in	the	extended	Higgs	sector

Strong	1st Order	phase	Transition (1st OPT)

Electroweakbaryogenesis
Sakharov’s conditions

B violation
C and CP violation
Out of equilibrium

𝑉���

Broken	phaseSymmetric
phase

𝜑

A condition to occur 1st OPT: 𝜑:/𝑇: > 1

→ We examined parameter space which
satisfy  the condition in our model

𝑇:: Temperature	at	which	two	minima	degenerate

	𝜑:: nonzero	minimum	at	𝑇 = 𝑇:

𝜑�

𝑇: and		𝜑: are	calculated	by	effective	potential
at	finite	temperature
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Strong 1st OPT 
𝑀2 = 100GeV 2,
𝑚OU
2 = 200GeV 2𝑚O2

2 = 0GeV 2,
sin(𝛽 − 𝛼) 	= 1,

We calculated 𝜑:/𝑇: in the plane of
𝑚O�Y and 𝑚�

(orange region) : 𝜑:/𝑇: <1

(white region) : 𝜑:/𝑇: >1

→ In𝑚O�Y > 300GeV	or	𝑚� > 470GeV,
strong	1st OPT	can	be	realized

We also evaluated deviations from
the SM in hγγ coupling and hhh

→ The	case	of	𝜑:/𝑇:=1		corresponds	to
Δ𝜅  ≅ −6.2%	and	Δ𝜆¢¢¢/𝜆¢¢¢£¤ ≅20%	

→Precision measurement	of	Higgs	coup.	can	test	EW	baryogenesis scenario.

・ ILC	1TeV	can	measure	𝜆¢¢¢ with	a	10%	 accuracy	
・ HL-LHC	can	measure	𝜅  with	a	2%		accuracy	
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Δ𝜅  = Γ(ℎ → 𝛾𝛾)/Γ ℎ → 𝛾𝛾 £¤ - 1

Δ𝜆¢¢¢/𝜆¢¢¢ = 𝜆¢¢¢/𝜆¢¢¢£¤ - 1



A successful scenario

sin(𝛽 − 𝛼) 	= 1,

𝑚X = 200GeV,

𝜆�7O? = 0.02, 𝜆�2O? = 0.005,
𝑀2 = 200GeV 2, 𝑚O2

2 = 0GeV 2,

✓ Neutrino oscillation

✓ DM relic density

✓ Strong 1st OPT

5TeV

Mass

𝑌y@ =
1 0.01 0.01

0.01
0.01

1
0.01

0.01
1

, 𝑌y? ≅
0.32 −0.0040 −0.0031
0.27
0.39

−0.0014
0.0039

−0.0028
−0.0026

𝜇Un = 50GeV, sin𝜃@ = 0.1,𝑚y{Z = 𝑚y{� = 𝑚y{§ = 5TeV,

𝑚XZ
± = 200GeV, 𝑚X�

± = 300GeV, 𝑚O�
± = 350GeV,

𝑚OZ~ = 63GeV,

tan𝛽 = 3,

𝜓$2 𝜓$U
𝜓$7

𝑠7?63GeV

200GeV
𝐻7
± 𝐻 𝐴

300GeV 𝐻2
±

350GeV 𝑠2
±

𝑚� = 200GeV,

𝑚OU
2 = 200GeV 2
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✓ LFV

✓ Lepton Universality

✓ Direct detection for DM
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Summary

We proposed a new Dirac neutrino mass model which can
simultaneously resolve 3 problems ( Neutrino oscillations 
dark matter and baryon asymmetry of the Universe )

We confirmed that there was a benchmark scenario 
explaining these three BSM phenomena.

This new model was found by classifications for neutrino
mass model in our previous studies. 
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