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Introduction

Sakharov conditions 1. Baryon number violation


2. C symmetry and CP symmetry violation


3. Departure from thermal equilibrium 

The conditions necessary to generate baryon numbers

・CKM phase cannot fully explain the CP asymmetry 
・Strong 1st-order PT gives an upper limit of 70 GeV for the Higgs mass

One hypothesis to solve baryon asymmetry is electroweak baryogenesis

Model: Complex singlet extension of the SM (CxSM)
・strong 1st order phase transition and gravitational waves 
・CP-violation and electric dipole moment (EDM) 
・feasibility of electroweak baryogenesis
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Model definition
CxSM (Complex singlet extension of the SM) 
　　　　　　　　　　… SM + SU(2)  singlet complex scalar L S

Barger etal, arXiv:0811.0393

Scalar potential of the standard model Higgs  and the complex scalar H S

 complexa1, b1 : realm2, λ, δ2, b2, d2 :
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Soft breaking termGlobal U(1) invariant terms 
S → eiϕS (ϕ = const.)

CPV phase derived 
from singlet scalar
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Degenerate scalar scenario
gauge eigenstates

3×3 mixing matrix
 O(αi) mass eigenstates

<latexit sha1_base64="XWB7eKUvh16nXz3mm6IqBAxN+6E="></latexit>

(h1, h2, h3)

Only  couples to SM fermions
and gauge bosons

hSM
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The orthogonality of the mixing matrix
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CxSM Extension
 couples to SM fermions only through the mixing angles  

⇨ pseudoscalar coupling   does not arise 
Even though the complex phases exist in the singlet scalar VEV,  
we do not induce CPV in the matter sector in the SM

S α

hi f̄γ5 f

One possible extension is adding new fermions that couple to  and a new 
contribution to the Yukawa interaction through a higher dimensional operator. 

S

Scalar extension model + higher dimensional operator

・SM + real singlet scalar 
w/ top Yukawa extension through dimension-5 operator

・SM + complex singlet scalar (no singlet CPV) 
w/ top Yukawa extension through dimension-5 operator

Espinosa et al. 2011

Keus et al. 2017
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Higher dimensional operator

 w/ Pauli matrix  
 arbitrary parameters  

: the scale of the integrated fermion 

H̃ = iτ2H* τ2

ci :

Λ ψ

We consider the following dimension-5 operators contributing 
to the top quark and electron Yukawa coupling.
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Electric dipole moment

Two dominant Barr-Zee diagrams 
in which electron phase enters 

EDM is good probe to CP-violation

Upper bound on the electron EDM 
by JILA experiment
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Top-loop

W-loop

[arXiv: 2212.11841]
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The couplings of scalar mass eigenstates  to top quark and electronhi
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almost degenerate

Electric dipole moment
Benchmark points where strong first-order phase transition occurs

Variable

JILA2022 bound
The Higgs mass degeneracy provides the large dip 

Also by cancellation between top-loop and W-loop contributions, the EDMs are suppressed.
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Electric dipole moment

Top-loop contribution
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almost degenerate

<latexit sha1_base64="XpV5snm/XbgowlpJihjdnztGBE4="></latexit>

< 4.1⇥ 10�30 [e cm]

(JILA 2022 bound)
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Electric dipole moment
(ii) When CPV arises from singlet phase and new Yukawa couplings

Top-loop

W-loop

<latexit sha1_base64="Ef2Hue4R2P6qujlMgeqZMan+lAE="></latexit>
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Electric dipole moment

Counters display
<latexit sha1_base64="Y7aF4SfYMkg3nWtu4i881TxzpHQ="></latexit>

|de| = 4.1⇥ 10�30[e · cm]

(JILA2022)

Benchmark points where strong first-order phase transition occurs

almost degenerate

| | | |
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Electric dipole moment

Counters display
<latexit sha1_base64="Y7aF4SfYMkg3nWtu4i881TxzpHQ="></latexit>

|de| = 4.1⇥ 10�30[e · cm]

(JILA2022)

In addition to mass degeneracy of the Higgs boson,  
top and electron phases must coincide and 

cancellations between top-loop and W-loop are needed.

Benchmark points where strong first-order phase transition occurs

almost degenerate

| | | |
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Conclusion
・EWPT and EDMs were investigated in the CxSM with dimension-5 operators.  
   The coefficients of the new Yukawa interaction may be real or complex,  
   and in the former case the EWBG-related CPV arises from .   
   We focused on three Higgs degenerate regions that suppress collider signals.

ImS

・There are two types of Barr-Zee diagrams including electron phase: 
   top-loop and W-loop.

・electron EDM suppression conditions are as shown in the table below; 

Depending on the degree of mass degeneracy, the cancellation between 
the top-loop and the W-loop contributions are necessary.

14



Backup



electron EDM



-type Barr-Zee diagramhiγ
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General from of W-loop contribution
<latexit sha1_base64="EJobbroln0yUttLuXBAMnXzUCHE="></latexit>

dW /e = � ↵em

32⇡3v

⇢
O11O21

c
i
ev

2⇤
J �
W (mh1) +O12O22

c
i
ev

2⇤
J �
W (mh2)

+O13O23
c
i
ev

2⇤
J �
W (mh3) +O11O31

c
r
ev

2⇤
J �
W (mh1)

+O12O32
c
r
ev

2⇤
J �
W (mh2) +O13O33

c
r
ev

2⇤
J �
W (mh3)

�

= � ↵em

32⇡3

1

2⇤

��
c
i
eO11O21 + c

r
eO11O31

�
(J �

W (mh1)� J �
W (mh3))

�
c
i
eO12O22 + c

r
eO12O32

�
(J �

W (mh2)� J �
W (mh3))

 

= � ↵em

32⇡3

1

2⇤

��
c
i
eO12O22 + c

r
eO12O32

�
(J �

W (mh2)� J �
W (mh1))

�
c
i
eO13O23 + c

r
eO13O33

�
(J �

W (mh3)� J �
W (mh1))

 

If , this line vanishesα2 = 0



EDM for thorium monoxide dThO

The effective EDM for thorium monoxide (ThO) is given by
<latexit sha1_base64="yrUWOSg5/at0xiJmP/UO+KzEVIk="></latexit>

dThO = de + ↵ThOCS
<latexit sha1_base64="st00n9TYwoH6HdiqHuALx/vcbjA="></latexit>

↵ThO = 1.5⇥ 10�20

The CPV interactions between the nucleons and electron are defined as
<latexit sha1_base64="Twl4TXgiPsm8rsDBeO+ZOeSkepw="></latexit>
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2m2
i

<latexit sha1_base64="vzn9eme3YA5LeOwBT6t4PlOJ+to="></latexit>

) CS = �2v2

6.3 (Cue + Cde) + Cse

41MeV

ms
+ Cce

79MeV

mc
+

6.2⇥ 10�2GeV

✓
Cbe

mb
+

Cte

mt

◆�



EDM for thorium monoxide dThO
(i) When CPV arises only from singlet phase (real )ct, ce
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(ii) When CPV arises from singlet phase and new Yukawa couplings

<latexit sha1_base64="iUXbicMVLFcTATPIwUH2yNfzkoA="></latexit>

degenerate
= 0

<latexit sha1_base64="n1rOV/O+eMlUdxltYG2MENPoktY="></latexit>

Cqe (q = u, d, s, c, b) =
X

i

O1i
mq

v

⇣
O2i

1
2
ciev
⇤ +O3i

1
2
crev
⇤

⌘

m2
i

Cte =
X

i

⇣
O1i

mt
v +O2i

1
2
crt v
⇤ �O3i

1
2
citv
⇤

⌘⇣
O2i

1
2
ciev
⇤ +O3i

1
2
crev
⇤

⌘

m2
i

<latexit sha1_base64="VxbaiH/n+EOt86ORB7fiieHpU4s="></latexit>

degenerate
=

X

i

v
2

4⇤

O
2
2ic

r
t c

i
e �O

2
3ic

i
tc

r
e

m2
i

<latexit sha1_base64="/axaz6CFKxc8VTkZRWKwIppUltU="></latexit>

) cie
cre

=
cit
crt

$ ✓e = ✓t



the re-phasing invariant phase

Re-phasing invariant CP phases

case (i)

case (ii)

case (ii)
<latexit sha1_base64="6uS64oFWZBHd7L8NA600ZnCEg1k="></latexit>

de(✓2, ✓4)
degenerate/ sin(✓2 � ✓4)

To vanish   is needed.de, θ2 = θ4

<latexit sha1_base64="gIM1+5HM0yiUokdpwW3fnonn5Ic="></latexit>) ✓cu1 = ✓ce1



CPC CxSM
“Electroweak phase transition in a complex singlet extension of the Standard Model 
        with degenerate scalars”, Phys.Lett.B 823 (2021) 136787, arXiv:2105.11830



Complex singlet extension of the SM（CxSM）

Global U(1) and soft breaking terms (minimal set of S.B. operators to realize pNG DM)

Abstract

The Standard Model (SM) of particle physics involves quarks, leptons, gauge bosons and

the Higgs boson. Although predictions of the SM are consistent with almost all results

of various experiments, there are some insoluble problems such as the existence of dark

matter (DM). DM, which plays an important role in the galaxy formation and evolution,

have not been found directly yet. The helpful observations for understanding DM are the

DM relic abundance and the cross section of the DM-nucleon scattering. The former, the

relic abundance is the amount of the DM in the present universe. At the early universe,

which was extremely hot and dense, all particles were in the thermal equilibrium state.

With the expansion of the universe, DM is not created from the pair annihilation of light

particles. As a result the DM was decoupled from the thermal equilibrium state and its

number density was frozen. This ditermines the current relic abundance. In other words,

the relic density is given by cross sections of DM pair annihilation, σvrel. With regard to the

latter, the DM direct-detection experiments are carried out using a huge tank containing,

for example, liquid xenon in the underground. The recoil energy of target nuclei scattered

by the DM is the signal in this experiment. According to the XENON1T experiment in

Italy, which is one of the DM direct-detection experiments, the upper limit of the scattering

cross section of DM and nucleon is approximately σSI ∼ 10−46 cm2 when mχ ∼ 100 GeV,

which is restriction on the models including DM.

In this thesis, I study an extension of the SM with a complex scalar field S. In this model,

it is supposed that the scalar field S is a singlet under the SM gauge symmetry. The scalar

potential of S and H is given by

V =
m2

2
|H|2 + λ

4
|H|4 + δ2

2
|H|2|S|2 + b2

2
|S|2 + d2

4
|S|4 +

(
a1S +

b1
4
S2 + c.c.

)
,

where the system is assumed to be invariant under a global U(1): S → eiφS (φ = const),

and also allowed the soft breaking terms of S and the quadratic term of S. Assuming that

vacuum expectation values of the scalar fields H and S are v and vS respectively, the scalar

fields H and S are decomposed as

H =
1√
2
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 0
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√
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Mass eigenstates

Mass eigenvaluesͱද͞ΕΔɽ·ͨɼͦͷ࣭ྔݻ༗஋͸ͦΕͧΕ
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Degenerate scalar scenario@ one-loop
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Strong 1st order phase transition

(SFOEWPT)
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Strong 1st order phase transition

(SFOEWPT)
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EWPT in the degenerate-scalar scenario

Gauge independence One loop contribution

HT potential

PRM scheme

Parwani scheme

AE scheme

◯

◯

✖ ◯

◯

◯

✖

✖

✖

◯

◯

31

Renormalized VCW



Parametrize the two scalar fields using radial coordinates as 

HT potential
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About TC small,  positive and sizableTC → δ2→
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Tree level potential
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About TC small,  positive and sizableTC → δ2→
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Tree level potential
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vS < 1 GeV

(2) small  i.e.,  with its moderate absolute valued2 a1 < 0
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Other conditions imposed on the parameters 

・Bounded from below
<latexit sha1_base64="JBBfzx+OTf28R6dhlYsHrB/jxDE="></latexit>

� > 0, d2 > 0,�d2 > �22

・Vacuum stability

<latexit sha1_base64="lsfzRwUCByQk5UR1ss6TZHZa3tw="></latexit>

�

 
d2 +

2
p
2 |a1|
v3S

!
> �22

<latexit sha1_base64="Ml+1XUr65gbwf5L8uGf7PWizOK0="></latexit>

� 5 16

3
⇡, d2 5 16

3
⇡・Conditions from perturbation Theory

35

Conditions imposed on the parameters 



Two benchmark points

(For the moment,  is treated as the varying parameter.)mχ

Calculate the DM relic density  and SI cross section with the nucleons  in BP1.Ωχh2 σSI
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We use a public code micrOMEGAs to calculate  and  .Ωχh2 σSI

The value of  should not exceed the observed valueΩχh2
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DM relic density Ωχh2 SI scattering cross section σSI
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The core of the cancellation mechanism in the degenerate-scalar scenario:


The suppression of  owing to  with moderate values of . δ2 mh1
≃ mh2

vS

Strong 1st EWPT


large


small


(less than )

δ2 →
vS →

1 GeV

The conditions for the strong 1st EWPT is incompatible with the suppression mechanism.

The scattering of

dark matter  and quark χ q

40

Degenerate scalar scenario and 
strong 1st-order EWPT
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BP1

BP2

HT/PRM Parwani/AE

1st-order EWPT



BP1

BP2

HT/PRM Parwani/AE Ex) BP1

The consequences found in BP1 all apply to BP2 as well. 

Strong first-order EWPT in the degenerate-scalar scenario is possible 


in the both cases  and  . mh1
> mh2

mh1
< mh2

42

Condition of SFOEWPT
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The viable DM regions: mχ = 62.5 GeV, 2 TeV

When , one can find the first-order EWPT in the HT, Parwani, and AE schemes 

while not in the PRM scheme. 

mχ = 2 TeV
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the right-hand side has to be lower than the left-hand side at zero temperature,


otherwise, the degeneracy point where  is defined would not exist. 


Ex) BP1


For , the right-hand side would exceed the left-hand side.

TC

mχ ≳ 700 GeV

→ This bound could be relaxed when one includes higher-order corrections.

1st-order EWPT
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Energy

Tunneling effect

Classical vacuum

Sphaleron

Baryon number 
quark：1/3 
antiquark：-1/3 
lepton：0 
boson：０

Baryon number violation

→ Sphaleron process 
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Transmittance, Reflectance

Left-handed quark
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q̄L =Left-handed antiquark Right-handed quark

On the wall Symmetric phase Broken phase

Not to wash out

generating 

baryon number

……Hubble constantH
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The change rate in the baryon number in the broken phase �(b)
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�(b)
B (T ) ' ( pre )e�Esph/T < H(T ) ' 1.66
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……SU(2) gauge coupling constant

In the case of the SM

mh = 125 GeV, E = 1.92(T = 0)
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EWPT
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Effective potential of the SM ・tree level potential 
・zero-temperature one loop potential 
　（the Coleman Weinberg Potential） 
・finite-temperature one loop potential
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Higgs field
……real background field�c
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……goldstone bosons

M. Quiros, [arXiv:hep-ph/9901312 [hep-ph]]
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from finite-temperature boson loop causes a 1st order PT.�ET�3
c
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1st order

2nd order
1st order

2nd order
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　  makes  
discontinuous 
transition. 

（1st order PT）
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In the SM, SFOEWPT condition
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vc
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�(Tc)
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mh . 64 GeV

Conflict with observation at LHC → We need to extend the SM!
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CPV CxSM
 “CP-violating effects on gravitational waves from electroweak phase transition in the 

        CxSM with degenerate scalars”, accepted for PRD, arXiv:2205.12046



Model definition
CPV CxSM
Tadpole condition with respect to h, s, χ
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CP domain wall
CPV CxSM

Even though , one could encounter another domain wall  
in the case of spontaneous CPV (called CP domain wall) with  
In this case,  is invariant under  transformation χ → -χ.  
Once the  symmetry is broken spontaneously, the CP domain wall would appear. 

a1 ≠ 0
ai

1 = bi
1 = 0

V0 Z2
Z2

<latexit sha1_base64="MNRiFr4QPRAwvdVf4C8nxwkDGMw="></latexit>

viS = ±

vuut�vr
2

S +
2�

�22 � �d2

 
��2m2

�
+ b2 +

p
2ar1
vrS

!

this vacuum degeneracy is resolved when the explicit CPV is present,  
making the CP domain wall unstable. 



Parameters
CPV CxSM
Nine degrees of freedom in the scalar potential
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CPV CxSM
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By using tadpole conditions
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Parameters
CPV CxSM
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Degenerate scalar scenario
The interactions between Higgs  and fermions , gauge bosons (h) ( f ) (V = W±, Z )
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Degenerate scalar scenario
The interactions between Higgs  and fermions , gauge bosons (h) ( f ) (V = W±, Z )
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Higgs coupling
CPV CxSM
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The interactions between Higgs  and fermions , gauge bosons (h) ( f ) (V = W±, Z )



Degenerate scalar scenario
CPV CxSM
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In our benchmark points the smallest mass differences is 500 MeV and  
the sum of  the total decay widths are at most .ΓSM
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CPV CxSM
Cross section
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One may consider the cases  to satisfy the orthogonality 

of the rotation matrix. However, the size of  is closely related to the strong 
First-order EWPT.  
Thus, we have to take 

|δ2 | ≪ 1 and |d2 | ≪ 1

δ2

vri
i

S /v ≪ 1 while maintaining δ2 = 𝒪(1) and d2 = 𝒪(1)



Electroweak phase transition
Strong 1st order EWPT
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CxSM PT：structure of tree level potential is most important
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Three scalar fields are reexpressed in terms of the polar coordinate
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Qualitative discussion
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Potential at TC
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i
S

� �
�2 + d2t

2
�C

�

c4 =
c4�C

16

�
�+ 2�2t

2
�C

+ d2t
4
�C

�

<latexit sha1_base64="zGkyC6zAnTurcqlCi+m8a/ttiOc="></latexit>

t�C =
vrSC � ṽrSC
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When 1st-order phase transition occur

Strong 1st-order PT
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CPV CxSM
Phase dependent part of HT potential
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Benchmark points
CPV CxSM and CPC CxSM

CPV

CPC

Phys.Lett.B 823 (2021) 136787, 
arXiv:2105.11830

73



Benchmark points
CPV CxSM and CPC CxSM

CPV

CPC

degenerate

Phys.Lett.B 823 (2021) 136787, 
arXiv:2105.11830

73



Benchmark points
CPV CxSM and CPC CxSM

CPV

CPC

degenerateallowed regions

Phys.Lett.B 823 (2021) 136787, 
arXiv:2105.11830

73



Benchmark points
CPV CxSM and CPC CxSM

CPV

CPC

degenerateallowed regions

degenerate

Phys.Lett.B 823 (2021) 136787, 
arXiv:2105.11830

73



Benchmark points
CPV CxSM and CPC CxSM

CPV

CPC

degenerateallowed regions

degenerate DM

Phys.Lett.B 823 (2021) 136787, 
arXiv:2105.11830

73



T = TN T = TN + ΔT

bubble 
expansion

nucleation collision  
→ completion of PT

Not all bubbles will expand 
→ the radius of the bubble must be above a certain value (critical bubble)

Bubble nucleation

 and bubble wall profile are derived from the energy of critical bubbleTN

Parameters important for BAU realization
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nucleation rate per time per volume

: critical bubble energy at S3(T ) T

Definition of nucleation temperature TN
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Gauge-Higgs system
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Energy functional
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⇢rS(r) = ṽrS , lim
r!1

⇢iS(r) = ṽiS ,
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Thick wall regime

In BP1
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1/TN ' 0.01GeV�1
→ thick wall

The bubble wall thickness  is larger than the typical interaction length.  

At temperature , the interaction length is expressed as 

Lω

T l ≃ 1/T
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) L! > 1/T

Bubble nucleation 
and bubble wall profile



Bubble nucleation
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�
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r
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*The energy of the bubble is smallest  
when the configuration is spherically symmetric 
→ the scalar fields depend only on the radial direction

The wall is thinner when a strong first-order phase transition occurs
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Before evaluating the CPV phase related to EWBG

 couples to fermions only through the mixing angles  

pseudoscalar coupling   does not arise 
→ Even though the complex phases exist in the scalar potential and the singlet     
    scalar VEV, we do not induce CPV in the matter sector in the SM

S α

hi f̄γ5 f

One possible extension is adding new fermions that couple to S.  
We consider the following higher dimensional operators contributing 
to the top Yukawa coupling.
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⇤
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⇤2
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⇤2
S
2
+ · · ·

⌘
tR + H.c

 left-handed doublet fermion  

 w/ Pauli matrix  
 arbitrary parameters  

: the scale of the integrated fermion

qL :

H̃ = iτ2H* τ2

ci :

Λ

Bubble nucleation
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Bubble nucleation
CPV phase related to EWBG
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The change with respect to  is constant for 
all benchmark points 
→ baryon number generation is not possible?

r

the baryon number arises from the  derivative of r θ

top mass during PT
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the addition of this term allows  
 to vary with θ r
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→ Baryon number would generate!
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GWs spectrum
<latexit sha1_base64="NGOlbWYBg7S/ZtQ4LOTXgo12oHw="></latexit>

⌦GW(f)h2 = ⌦col(f)h
2 + ⌦sw(f)h

2 + ⌦turb(f)h
2

<latexit sha1_base64="246EkU0OEqqFsHZNxdZm9BzNt5Y="></latexit>

⌦colh
2 = 1.67⇥ 10�5

✓
�

H⇤

◆�2✓
col↵

1 + ↵

◆2✓100

g⇤

◆1/3✓ 0.11v3w
0.42 + v2w

◆
3.8 (f/fcol)

2.8

1 + 2.8 (f/fcol)
3.8

⌦swh
2 = 2.65⇥ 10�6

✓
�

H⇤

◆�1✓
v↵

1 + ↵

◆2✓100

g⇤

◆1/3

vw

✓
f

fsw

◆3
 

7

4 + 3 (f/fsw)
2

!7/2

⌦turbh
2 = 3.35⇥ 10�4

✓
�

H⇤

◆�1✓
turb↵

1 + ↵

◆ 3
2
✓
100

g⇤

◆1/3

vw
(f/fturb)

3

[1 + (f/fturb)]
11
3 (1 + 8⇡f/h⇤)

<latexit sha1_base64="8rxFdjRhcwJ8KlTr33t7WHy2G+M="></latexit>

h⇤ = 1.65⇥ 10
�5

✓
T⇤

100GeV

◆⇣ g⇤
100

⌘1/6
Hz

 : wall velocityvw

Gravitational waves
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As a phenomenological consequence, gravitational waves from  
the first-order EWPT are also evaluated
The amplitudes and frequencies of GWs would be modulated according to  
the amount of latent heat ( ) and/or duration of the phase transition ( ).α β
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Sources of GWs

bubble collision sound wave turbulence 

Gravitational wave
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The GWs spectrum  is amplified by a larger  and smaller   

realized by a stronger first-order phase transition.

ΩGW( f )h2 α β
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Gravitational wave

- If , 

  GWs are verifiable.

θ = tan−1 (vi
S /vr

S) ≲ 0.7

- overlay the sensitivity curves 
  of the future GW experiments

- The case of BP1 and CPC 
   has a large spectrum,  
   which could be verified  
   by some experiments


