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The Standard Model

CMS (2012)

✓ The SM is in agreement with 
collider experiments. 

✓ In 2012, the SM-like Higgs boson 
was discovered by the LHC.
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・Dark matter

・Neutrino masses
SM does not have DM candidate.

SM cannot explain tiny neutrino masses.

Problems in the SM
The SM cannot explain following phenomena:

We need a beyond standard model physics!
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The subject today

Collider searches Gravitational wave

Scotogenic Model
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Outline
・Minimal Scotogenic Model

・A First-Order Electroweak Phase Transition

・Results
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SM + additional SU(2)w doublet + 3 right-handed 
neutrinos can explain following phenomena:

・Dark matter

・Neutrino masses

[E. Ma (2006)]

Scotogenic Model
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The Scalar Potential

Invariant under the Z2 symmetry: S ! �S

<latexit sha1_base64="NfayKaPvXmf5LyHg2hdnlaPYRV0="></latexit>

Suppose that S does not acquire VEV. (Inert scalar doublet)

S is stable, i.e., cannot decay into the SM particles.
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SM Higgs potential

S : SU(2)W doublet

<latexit sha1_base64="1lsOeWeiedO8PiZyPLxRQlnTO60="></latexit>

H : SM Higgs doublet
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Three Right-handed Neutrinos

Lint �
1

2
(MN)ijNiNj + (YijL̄i

eSNj)
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Ni ! �Ni

<latexit sha1_base64="z7cXFBC3mhlJ231AZMehUlnT/t4="></latexit>

S ! �S
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Interactions with new particles preserve Z2 symmetry!

Interactions with SM particles:

•The inert scalar S: SU(2)W×U(1)Y  gauge interactions and 
scalar-Higgs couplings!

•Right-handed neutrinos: Yukawa couplings with SM leptons!

L̄ : SM leptons

<latexit sha1_base64="QxQFRZcRke4Ge1ERWGsSaOyYTRg="></latexit>

Ni : right � handed neutrino

<latexit sha1_base64="T0uE2W/8rdygk2CKOX8pTcW8TG4="></latexit>
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Two DM candidates

•A neutral component of the inert scalar.

•The lightest right-handed neutrino.
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S =

✓
H

+

H0

◆

<latexit sha1_base64="ukjpFaJbAfyhHg3lkYSVz+sfR+M="></latexit>

Charged component

Neutral component
(WIMP dark matter)

H0 =
H + iA

p
2

<latexit sha1_base64="T1f917H+c70ol/T98uZ9AKqT1G0="></latexit>

H: CP-even scalar

A: CP-odd scalar

Scalar masses

m±

<latexit sha1_base64="5Ju39WNmAEKlwjYA7rU8q1NSU1Y="></latexit>

mA
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mH
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Charged
scalar

CP-odd
scalar

CP-even
scalar

Stable

Scalar Masses
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Weakly Interacting Massive Particle (WIMP)
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H (or A) scalar can be a DM candidate!

DM

DM

SM

SM

DM annihilation

•DM is thermally produced.

•Freeze-out occurs when

�(T ) ' H(T )

<latexit sha1_base64="k9tnt4ooluKAJsEYkRyEObhnri8="></latexit>

Reaction rate Hubble parameter

•A correct DM abundance can be obtained with weak 
scale DM mass.

mDM ⇠ O(1 ⇠ 100)GeV

<latexit sha1_base64="ByBnp/xf2yW9nveYQ/L/l3fSIVg="></latexit>



Scalar DM 

High DM mass regime

Low DM mass regime
mDM < 80GeV

<latexit sha1_base64="SsN8bukb6teTHch5W6dyXT5iuTc="></latexit>

Assumption: 100% DM 
mDM > 550GeV

<latexit sha1_base64="kneiRG4p3HNovP/H7gqMl8irXys="></latexit>
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The Direct Detection Constraint
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DM

DM

SM

SM

Direct detection

•DM interacts with SM particles 
(Nucleon) via the SM Higgs.

•Spin-independent (SI) cross-
section with nucleon:

mh : SM Higgs mass

<latexit sha1_base64="jetz5ABOP6O2fCqJHPLZA35Ykuo="></latexit>

mn : Nucleon mass

<latexit sha1_base64="PiA1MJuZviGsb5mDmlUHx4BQBwk="></latexit>

µ = mnmDM/(mn + mDM)
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�H = �1 + �2 + 2�3
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Direct Detection Constraint (Scalar DM)
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� 0 < m1 < 50 GeV

� m1 > 50 GeV

Xenon1T (2018)
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Ruled out!

A small dark matter 
coupling is needed!

(A small m1 is ruled out!)

�H = �1 + �2 + 2�3
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Two DM candidates

•A neutral component of the inert scalar.

•The lightest right-handed neutrino.

The direct detection constraint is stringent.
H (or A) boson should be the lightest state.
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Fermion DM (1)
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Masses for Z2 odd particles

m±

<latexit sha1_base64="5Ju39WNmAEKlwjYA7rU8q1NSU1Y="></latexit>

mA

<latexit sha1_base64="WM7NjnYFgs6cslk5Sy/gUVpKI3w="></latexit>

mH
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Charged
scalar

CP-odd
scalar

CP-even
scalar

MN
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Right-handed 
neutrino

There is no restriction on 
scalar masses!

(The charged scalar can 
be light.)

DM

DM

SM

SM

DM annihilation

N1

<latexit sha1_base64="xN/V3dsauVcQtT6yEh0uHcF1Upc="></latexit>

N1
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Fermion DM (2)

The direct detection constraint is 
not relevant!

(The fermion DM does not couple 
to the SM Higgs at tree level!)

The charged scalar can be 
lighter than neutral component. 

Assumption: 100% DM 
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Scalar VS Fermion DM
Scalar DM Fermion DM 
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Two DM candidates

•A neutral component of the inert scalar

•The lightest right-handed neutrino
The direct detection constraint is not relevant.

The direct detection constraint is stringent.
H (or A) boson should be the lightest state.

The charged scalar can be lighter than neutral component. 

19



Two DM candidates

•A neutral component of the inert scalar

•The lightest right-handed neutrino
The direct detection constraint is not relevant.

The direct detection constraint is stringent.
H (or A) boson should be the lightest state.

The charged scalar can be lighter than neutral component. 
However, Yukawa interactions with SM leptons are sources of 

lepton flavor violation processes. 
(Discuss later) 20



SM + additional SU(2)w doublet + 3 right-handed 
neutrinos can explain following phenomena:
・Dark matter

・Neutrino masses

The inert (scalar) dark matter
The lightest right-handed neutrino

[E. Ma (2006)]

Scotogenic Model

21

DM

DM

SM

SM

DM annihilation



Neutrino masses
Neutrino masses are generated radiatively!
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1

2
(MN)ijNiNj

<latexit sha1_base64="5htvSEh2c4R5cocybOZhCmeIQMg="></latexit>

+(YijL eSNj + h.c.)
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Yukawa interaction and Majorana mass

Lint � �3(H
†
S)2 + h.c.
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Higgs-scalar doublet interaction hHi
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One-loop suppression!

Thanks to the one-loop suppression, tiny neutrino masses 
are generated with TeV scale Majorana masses!

e.g.)
�3 = 0.01
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[E. Ma 2006]

Neutrino masses

Y ⇠ O(0.1)

<latexit sha1_base64="8PQdRm0xMyKJ0zEuChn3XPQwUjs="></latexit>



Lepton Flavor Violation (LFV)
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LFV constraint can be evaded with small Yukawa couplings!
A correct DM abundance is obtained by coannihilation 

with the charged scalar.

In the SM, LFV is generated at one-loop which is suppressed 
by tiny neutrino masses.
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η+

η+

Ni

"α

"β

γ

Ni "β

η+

"α

"β

γ

"α
Ni

η+"α

"β

γ

FIG. 1: 1-loop Feynman diagrams leading to #α → #βγ.

III. ANALYTICAL RESULTS

In this section we present our analytical results for the LFV processes #α → #βγ, #α → 3 #β and

µ− e conversion in nuclei. Before we proceed to the analytical discussion a comment is in order. It

is well-known that the rates for LFV processes get greatly enhanced in models with right-handed

neutrinos at the electroweak scale [34–42]. This is due to the fact that the GIM suppression at

work in the SM contribution is spoiled by the mixing between left- and right-handed neutrinos.

One could naively think that this is also the case in the scotogenic model. However, the unbroken

Z2 symmetry forbids this mixing, (see footnote 2), and thus the enhancement in the W − ν loops

is not present. We will show that the enhancement is still possible, but with η±−N loops instead.

A. #α → #βγ

The most popular searches for LFV have focused on the radiative process #α → #βγ. This is

described by the effective Lagrangian

Leff =
(µβα

2

)

#βσ
µν#αFµν , (12)

where µβα is a transition magnetic moment. It proves convenient to define it in terms of the

dipole form factor AD as µβα = emαAD/2, where terms proportional to mβ have been neglected

and e is the electromagnetic coupling, related to the electromagnetic fine structure constant as

αem = e2/(4π). In the model under consideration, AD gets contributions at the 1-loop level from

the Feynman diagrams in Fig. 1. They lead to the following expression

AD =
3
∑

i=1

y∗iβyiα

2(4π)2
1

m2
η+

F2 (ξi) , (13)

H
+
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Fermion DM (3)
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Scotogenic Model

・Dark matter

・Neutrino masses
Right-handed neutrino

hHi
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DM

DM

SM

SM

SM + additional SU(2)w doublet + 3 right-handed 
neutrinos can explain following phenomena:

26

The inert (scalar) dark matter
The lightest right-handed neutrino



Summary of Scotogenic Model

•The minimal scotogenic model can explain the DM and tiny 
neutrino masses.

•The lightest neutral inert scalar or the right-handed 
neutrino can be a DM candidate.

•In the scalar DM scenario, the direct detection 
constraint is stringent.

•In the fermion DM scenario, LFV processes give a stringent 
constraint (depending the size of Yukawa coupling).

27



Outline
・Minimal Scotogenic Model

・A First-Order Electroweak Phase Transition

・Results
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First-order phase transition 
proceeds through bubble 
nucleation.

Three sources of the 
Gravitational Wave:

Bubble collisions

Sound Waves of the 
plasma

Turbulence of the plasma 

First-order Phase Transitions

Tunneling!

[Kosowski et al. 1992]

[Hindmarsh et al. 2014]

[Kamionkowski et al. 1993]
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Detections of Gravitational Wave (GW)

http://gwplotter.com 30
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Electroweak Phase Transition (EWPT)

•EWPT in the SM is not of first order.

•EWPT in the inert doublet model 
can be of strong first order.

[M. LAINE  (2000)]

[arXiv:1204.4722]

[arXiv:9510020]



The scalar potential

V = �SM

✓
|H|2 �

v
2
SM

2

◆2

+ m
2
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SM Higgs potential
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S : SU(2)W doublet
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The tree level potential is same as SM.

How is the strength of the phase transition changed? 
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4
�4
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M2(T )

2
�2
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Ve↵ =
M2(T )

2
�2 � ET�3 +

�SM

4
�4
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Thermal fluctuation

�ET�3
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Potential barrier comes from bosons!
(Matsubara zero-modes)

Standard Model: SU(2)W ⇥ U(1)Y

<latexit sha1_base64="mTnFuvFjmvOikiv47I6l1VYKjBM="></latexit>

This model: SU(2)W ⇥ U(1)Y
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+ one scalar doublet

A Potential Barrier
Thermal effective potential at one-

loop order

�
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Overview of Calculation Method

Quantum and Thermal effects

GW spectrum

Solve bounce eq.

Fix a model

Bubble dynamics
Bubble wall velocity: 

Efficiency factor:

etc..
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Important parameters for GW
GW amplitude is related to two important parameters.

Vacuum energy difference:

Duration of phase transition:

Vacuum decay rate

Linde.(1983)

Bubble nucleation rate per 
unit time per unit volume

Tunneling occurs at 

35



GW amplitude

Quadra-pole formula:

Bubble size at collision:

Bubble volume

Large vacuum energy and long-
duration enhance the GW amplitude.⌦GW ⇠

✓
H

�

◆2 ✓
↵

1 + ↵

◆2

v
3
w
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efficiency factor:
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EGW ⇠
Z

dtPGW ⇠ ��1PGW

<latexit sha1_base64="lkOphhmis/7vK69x2X/FSMdbSSY="></latexit>



The Scalar Potential

V = �SM

✓
|H|2 �

v
2
SM

2

◆2

+ m
2
1|S|2 + �1|H|2|S|2
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+�2|H†
S|2 + [�3(H

†
S)2 + h.c.] + �S|S|4
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SM Higgs potential

S : SU(2)W doublet

<latexit sha1_base64="1lsOeWeiedO8PiZyPLxRQlnTO60="></latexit>

H : SM Higgs doublet

<latexit sha1_base64="rpuvLAUJ8C4qkRbOV+m76JzY8tk="></latexit>

No couplings between SM Higgs and 
the additional scalar!

m1 ! 1

<latexit sha1_base64="wJaT0vCLl+1quRGOWxJM37MzaNs="></latexit>

S is heavy so that it does not contribute to 
the thermal effective potential. 37

�H(A) ⌘ �1 + �2 ± 2�3

<latexit sha1_base64="S5h5WnPoxCbmeTikbVjpeS1hCSw="></latexit>

�1,�H ,�A ! 0

<latexit sha1_base64="oiuTJ5kVM+M5rprbFJty2+/xtrQ="></latexit>
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�SM

4
�4
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Standard Model (small E) SM + one scalar doublet (large E)

�SM

4
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�ET�3
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�ET�3

<latexit sha1_base64="UToHOGcVectDjHf8TZJdg9Po77c="></latexit>

Small 
tunneling rate

Large 
tunneling rate

�
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�
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Effective Potential and Tunneling Rate
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�SM
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Standard Model (small E) SM + one scalar doublet (large E)

�SM

4
�4

<latexit sha1_base64="aPkr47vvZWXPPYoQuA5RKnmkJR8="></latexit>

�ET�3

<latexit sha1_base64="UToHOGcVectDjHf8TZJdg9Po77c="></latexit>

�ET�3

<latexit sha1_base64="UToHOGcVectDjHf8TZJdg9Po77c="></latexit>

↵

<latexit sha1_base64="N7neCuIpQg2bWnQFQiMk5ixQlhs="></latexit>

�

<latexit sha1_base64="5YmMjfY+0WbPq2eiSCm82lUyPxI="></latexit>

:large! :small!↵
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:small :large
⌦GW

<latexit sha1_base64="Pufjrk9j47rEbnnua4/eMOzir4I="></latexit>

:small ⌦GW

<latexit sha1_base64="Pufjrk9j47rEbnnua4/eMOzir4I="></latexit>

:large!
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Effective Potential and Tunneling Rate



Effective Potential and Tunneling Rate

�SM

4
�4
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Standard Model (small E) SM + one scalar doublet (large E)
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Outline

・Minimal Scotogenic Model

・A First-Order Electroweak Phase Transition

・Results
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Parameter Scan

Imposing following conditions:
(1) Perturbative conditions

(2) The vacuum stability and unitarity conditions

(3) The lightest state is the CP-even scalar.
(scalar DM case)

Investigate the parameter regime which satisfies:
�(T⇤)

T⇤
> 1

<latexit sha1_base64="QQBUEjZt5W8vjt4Ie8y34gYGRWA="></latexit>
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|�i| < 4⇡, |Yij| <
p
4⇡, gi <

p
4⇡

<latexit sha1_base64="sLoeAsrSShD49EOJfzS/DeMf15A="></latexit>

�S > 0, �1 + 2
p
�SM�S > 0, �1 + �2 �

|�3|
2

+ 2
p
�SM�S > 0

<latexit sha1_base64="k+uhyaW/zPH3EgI9KFKU/l/+oD8="></latexit>

[cosmoTransitions: arXiv:1109.4189]
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Strong First-Order Phase Transition (Scalar DM)

m1 ⌧ 50GeV

<latexit sha1_base64="9j3Xho02+2L77wszEquLiXyRSBQ="></latexit>

�H < �1,A ' O(1)

<latexit sha1_base64="a1kgkrJQz9XHMV+fIR08yxuZAl0="></latexit>

A small DM mass is preferred!



Gravitational Wave Signals (Scalar DM)

44

Assumption: 100% DM!

m1 ⌧ 50GeV

<latexit sha1_base64="9j3Xho02+2L77wszEquLiXyRSBQ="></latexit>

�H < �1,A ' O(1)
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Direct Detection Constraint Revisited

� 0 < m1 < 50 GeV

� m1 > 50 GeV

Xenon1T (2018)

20 40 60 80
10-11

10-10

10-9

10-8

10-7

10-6

mDM (GeV)

�
S
I
(p
b
)

Ruled out!

EWPT is of 
strong first order!

EWP T is “not” of 
strong first order!
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Why?

46

•A neutral component of the inert scalar must be lightest!

•A large  and small  is needed to enhance the GW 
signals.

λH m1

•A large  and small  is constrained by the direct 
detection constraint.

λH m1
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Strong First-Order Phase Transition (Fermion DM)

m1 ⌧ 50GeV

<latexit sha1_base64="9j3Xho02+2L77wszEquLiXyRSBQ="></latexit>

�1,H,A ⇠ O(1)
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Gravitational Wave Signals (Fermion DM)

48

Assumption: 100% DM!

m1 ⌧ 50GeV

<latexit sha1_base64="9j3Xho02+2L77wszEquLiXyRSBQ="></latexit>

�1,H,A ⇠ O(1)

<latexit sha1_base64="rbfARTSrwXJJ6LtNnnfhR/yzTvI="></latexit>



Why?

49

•A neutral component of the inert scalar must be lightest!

•A large  and small  is needed to enhance the GW 
signals.

λH m1

•A large  and small  is constrained by the direct 
detection constraint.

λH m1

As long as the right-handed neutrino is lightest, the 
charged scalar can be light!

In the fermion DM case, the direct detection constraint is 
not important!



Summary
•The inert scalar and RH neutrinos are introduced in 

minimal scotogenic model.

•GW signals within reach of U-DECIGO-corr with 100% DM 
are almost ruled out by the DM direct detection experiment 
in the scalar DM scenario.

•The scalar DM mass and coupling are stringently 
constrained by the direct detection experiment.

50

•GW signals within reach of U-DECIGO-corr with 100% DM 
are not ruled out in the fermion DM scenario.
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Negative cubic terms?
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Negatie cubic term!

Constant term…


