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Back ground: Baryon Asymmetry
Baryon asymmetry: imbalance in particles and antiparticles in the observable universe

Sakharov conditions 1. Baryon number violation 

2. C symmetry and CP symmetry violation 

3. Interaction out of thermal equilibrium 

→ Sphaleron

→ Chiral gauge interaction, CKM matrix

→ Strong 1st order phase transition

Electroweak  
baryogenesis

The parameters of the SM do not  
satisfy Sakharov conditions.

⇨ We need to extend the SM !
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Back ground: Dark matter

1, massive 
2, no electric charge 
3, stable

The nature of dark matter

XENON Collaboration 
[arXiv:1805.12562]

Strict restriction is imposed 
on the models including DM.

68.3%
4.9%

26.8%

Dark matter
Ordinary matter
Dark energy
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CxSM Model Definition
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

⎛

⎝ 0

v + h

⎞

⎠ , S = (vS + s+ iχ)/
√
2,

DM (DM stability ↔ CP sym.)
✓
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h1, h2 DM

Barger etal, arXiv:0811.0393
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Degenerate-Scalar Scenario
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@ t→0

≃ 0 (mh1 ∼ mh2)
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EWPT in the degenerate-scalar scenario
Strong 1st order phase transition 

(SFOEWPT)
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[Two calculation schemes on the scalar potential (gauge independent)]

[Two resummation methods in evaluating one-loop effective potential (gauge dependent)]

HT potential
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EWPT in the degenerate-scalar scenario
Parametrize the two scalar fields using radial coordinates as 
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EWPT in the degenerate-scalar scenario

About TC small,  positive and sizableTC → δ2→
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EWPT in the degenerate-scalar scenario
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π
4

vS < 1 GeV

(2) small  i.e.,  with its moderate absolute valued2 a1 < 0



Numerical results
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

the varying parameter
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Numerical results

DM relic density Ωχh2 SI scattering cross section σSI

12

mχ = 62.5 GeV

mχ ≥ 2 TeV



Numerical results

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
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Numerical results

BP1

BP2

HT/PRM Parwani/AE
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Numerical results

BP1

BP2

HT/PRM Parwani/AE Ex) BP1

Strong 1st PT !

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
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Summary
We adopted CxSM as a model to explain dark matter, and discussed it from the view 
point of the strong 1st order phase transition necessary to explain baryon asymmetry.

We analytically showed that the suppression of  driven by the smallness of , which 

could be realized by a ratio of the mass difference of two scalars and the singlet VEV , 
conflicts with one of the necessary conditions for the strong first-order EWPT. 

σSI δ2

vS

Our numerical analysis also confirms that  is not suppressed by the degenerated scalar  

masses. Nonetheless, the allowed regions are still present at around   

and .

σSI

mχ = 62.5 GeV

2 TeV

We analyzed EWPT in the viable DM regions by four different calculation schemes: 

HT, PRM, Parwani, and AE  and all the calculations indicate the strong first-order EWPT.
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Back up
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CxSM Model Definition
The general scalar potential
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CxSM Model Definition
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Scalar trilinear interactions

Yukawa interactions
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Degenerate scalar scenario@ one-loop

�NLO
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Degenerate-Scalar Scenario

21



@ ILC
Sachiho Abe , Gi-Chol Cho, Kentarou Mawatari,
arXiv:2101.04887  

Degenerate-Scalar Scenario

22



EWPT in the degenerate-scalar scenario
HT potential

<latexit sha1_base64="dhd9WI5Q8uIA2kHwkkXuZuyna3c="></latexit>

V HT (','S ;T ) = V0 (','S) +
1

2

�
⌃H'2 + ⌃S'

2

S

�
T 2

PRM scheme
<latexit sha1_base64="nRkmyKFiDr7tKOZNK4x5Ad2vJzQ="></latexit>

@Ve↵(', ⇠)

@⇠
= �C(', ⇠)

@Ve↵(', ⇠)

@'
<latexit sha1_base64="orK85oEPCYCHmiKfg8vJFwIaIIM=">AAADdniclZHNbtNAEMfHMR+lfDSFCxISWhEFiqiiMUWAQEgVXDi2TZNUqotlm0myqr+03kQEy1eQeAEOnEDigHgAHoALL8Chj4A4oSLBgQMTxxKF0kLHsnd2dn4z//V4SSBTjbhlVMxDh48cnTo2ffzEyVMz1dnT7TQeKJ9afhzEas1zUwpkRC0tdUBriSI39ALqeJv3xuedIalUxtGqHiW0Ebq9SHal72oOOdUvbSfD3A6oq+dwXgydrDkvbE2PtMiEVkQizx9kdujqvgqzdBTmua1kr68vX2HSOhgpbovVkr6zoy+jJVdie1T7S+P/RXd0dqo1bGBhYrdjlU4NSluKq+/AhocQgw8DCIEgAs1+AC6k/KyDBQgJxzYg45hiTxbnBDlMMzvgLOIMl6Ob/O3x br2MRrwf10wL2ucuAb+KSQF1/IhvcBs/4Fv8hD/2rJUVNcZaRrx6E5YSZ+bZ2ea3f1Ihrxr6v6h9NWvows1Cq2TtSREZ38Kf8MPHz7ebt1bq2UV8hZ9Z/0vcwvd8g2j41X+9TCsv9tHjsRb+Yzwg689x7HbaVxvW9cbC8rXa4t1yVFNwDi7AHM/jBizCfViCFvhGx8iNJ8bTynfzvFk3L01SK0bJnIHfzMSf4vXorw==</latexit>

V0

⇣
0, vsymS, tree

⌘
+ V1

⇣
0, vsymS, tree ;T

⌘
= V0 (vtree , vS, tree ) + V1 (vtree , vS, tree ;T )

 and  are determined by the use of vC, vSC vsym
SC VHT

Parwani scheme

AE scheme

<latexit sha1_base64="O3pBDy/JUe/WkdrypLPBJGmuAIE="></latexit>

⌃H =
�

8
+

�2
24

+
3g22 + g21

16
+

y2
t

4
, ⌃S =

�2 + d2
12

the gauge-invariant thermal masses 

<latexit sha1_base64="SofigeRhbopGpQGtguuaupEwuRw="></latexit>

Ve↵(','S ;T ) = V0(','S ;T ) +
X

i

ni


VCW

�
m̄2

i

�
+

T 4

2⇡2
IB,F

✓
m̄2

i

T 2

◆�

<latexit sha1_base64="turst+vMm34JDvQg/kF32HT50io="></latexit>

VCW

�
m̄2

i

�
=

m̄4
i

64⇡2

✓
ln

m̄2
i

µ̄2
� ci

◆
, IB,F

�
a2
�

=

Z 1

0
dxx2 ln

⇣
1⌥ e�

p
x2+a2

⌘

Replace  with thermally corrected field depending masses m̄2 M̄2

<latexit sha1_base64="O8X06j81LUbNmSubbG5tP3t0NhA="></latexit>

Vdaisy (','S ;T ) =
X

i=h1,2,�

WL,ZL,�L

�ni
T

12⇡

h�
M̄2

i

�3/2 �
�
m̄2

i

�3/2i

the Nielsen-Fukuda-Kugo (NFK) identity 

23



EWPT in the degenerate-scalar scenario

Gauge independence

Renormalization, 
 so that tree-level relationships 
are also established at the one-

loop level

One loop contribution

HT potential

PRM scheme

Parwani scheme

AE scheme

◯

◯

✖ ◯

◯

◯

✖

✖

✖

◯

◯
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EWPT in the degenerate-scalar scenario
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EWPT in the degenerate-scalar scenario
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EWPT in the degenerate-scalar scenario
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Local minimum   

→ It might be local min. also in  subspace

(vh, vS, vA)

S = vS, h = vh

When the coeff. of  is negative,  has min.A2 V0(vh, vS, A)

In this study, this inequality does not hold.
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In , it is stable at A=0 due to thermal contributionT ≠ 0

EWPT in the degenerate-scalar scenario
Phys. Rev. D 93, 065032 (2016)



Electroweak baryogenesis 

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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Electroweak baryogenesis 

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)
B (T )
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Esph / v(T )

<latexit sha1_base64="6dBSuxiv6nRXnP1J/aDLs5aQe0s="></latexit>

Higgs vev must be large

<latexit sha1_base64="V2//LOJM8m2+4O1qcW0QezvFjZ8="></latexit>vc
Tc

& 1

<latexit sha1_base64="7KBf4v3mQT4hWBBa5nD8k1k7HjE="></latexit>

�(b)
B (T ) must  be small
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�(b)
B (T ) ' ( pre )e�Esph/T < H(T ) ' 1.66

p
g⇤T

2
/mP

<latexit sha1_base64="rZXwbtqHw40NSF3L4EAY49NqFds="></latexit>

�(b)
B (T ) < H

<latexit sha1_base64="dpPhGAYNHG+a5AOksU9tgsciyvE="></latexit>

→

g⇤

<latexit sha1_base64="3LD/2DfvGcMsp0lD8iivugVVlYA="></latexit>

……massless dof

mP

<latexit sha1_base64="urw6B8Slbtq68bX0swbNLSEAKds="></latexit>

……Plank mass

Esph = 4⇡vE/g2

<latexit sha1_base64="blMQxb93vbaDGGkcn4S4ZgcMw2Y="></latexit>

→

v

T
� g2

4⇡E (42.97 + logcorrections)

<latexit sha1_base64="8Q6yU/yxZ5q1j5g1FOOiAaK3+LA="></latexit>

g2

<latexit sha1_base64="Pu293PjDl3M4803LOVh+m/VOFhE="></latexit>

……SU(2) gauge coupling constant

In the case of the SM

mh = 125 GeV, E = 1.92(T = 0)

<latexit sha1_base64="0J8JorFSv5LseKOhA7MtnzEpKV0="></latexit>

v

T
� 1.16

<latexit sha1_base64="K+USKi/4jANXmAVEyQ0Cgz4gu6I="></latexit>
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EWPT in the SM

Effective potential of the SM ・tree level potential 
・zero-temperature one loop potential 
　（the Coleman Weinberg Potential） 
・finite-temperature one loop potential

D = 2m2
W+m2

Z+2m2
t

8v2

E = 2m3
W+m3

Z
4⇡v3

T 2
o = m2

h�8Bv2

4D
B = 3

64⇡2v4

�
2m4

W +m4
Z � 4m4

t

�

�(T ) = �� 3
16⇡2v4

⇣
2m4

W log m2
W

ABT 2 +m4
Z log m2

Z
ABT 2 � 4m4

t log
m2

t
AFT 2

⌘

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

V (�c, T ) = D
�
T 2 � T 2

o

�
�2
c � ET�3

c +
�(T )

4
�4
c

<latexit sha1_base64="vsueO4d480agVPo411I10bB+XeU="></latexit>

H =

 
�1 + i�2
�c+h+i�3p

2

!

<latexit sha1_base64="/NufC43AFN+HjGeoGM0ffUVL7Sc="></latexit>

Higgs field
……real background field�c

<latexit sha1_base64="NFyyjdd+a94bimmeO8Zk3XP4r5E="></latexit>

�a (a = 1, 2, 3)

<latexit sha1_base64="P/4bPXB3tf5eHeH71Rf2WbQ3BFY="></latexit>

……goldstone bosons

M. Quiros, [arXiv:hep-ph/9901312 [hep-ph]] 

� [�c] = �
Z

d4xVe↵ (�c)

<latexit sha1_base64="PCLgEd1pCFH+zdsSZHMIKU9W1cE="></latexit>
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from finite-temperature boson loop causes a 1st order PT.�ET�3
c

<latexit sha1_base64="xYjrx6fjzs4RnYOUKAraRAgmpFY="></latexit>

…
…
…

T > Tc

<latexit sha1_base64="hq6I3RZwP4+pqtR4X/lBRF+u1Y0="></latexit>

T = Tc

<latexit sha1_base64="CTzqpnQG+a9JWrHrneHGA7KLzck="></latexit>

T < Tc

<latexit sha1_base64="VBA7f3xZ9KPC0avZgFEn9BYE7Ts="></latexit>

1st order

2nd order
1st order

2nd order
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EWPT in the SM

V (�c, T ) = D
�
T 2 � T 2

o

�
�2
c � ET�3

c +
�(T )

4
�4
c

<latexit sha1_base64="vsueO4d480agVPo411I10bB+XeU="></latexit>

<latexit sha1_base64="rRot9SACqko94E5LGCT1utKRncs="></latexit>

�2
c

<latexit sha1_base64="XGSrnV8ZLOzl9U0ajfiho5z6ac0="></latexit>

�3
c

<latexit sha1_base64="eQqGtqsNKpWZ5rMo4L/LLlQcmXA="></latexit>

�4
c

A barrier is needed  
between the origin,  
and

<latexit sha1_base64="vkTPwXkI5A7F3AJA2QsITJzrvSA="></latexit>

v(T )

　  makes  
discontinuous 
transition. 

（1st order PT）

<latexit sha1_base64="vkTPwXkI5A7F3AJA2QsITJzrvSA="></latexit>

v(T )

contributes.
<latexit sha1_base64="XGSrnV8ZLOzl9U0ajfiho5z6ac0="></latexit>

�3
c
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In the SM, SFOEWPT condition

<latexit sha1_base64="Ota5s6af95Yfq0+jj1KegKiHH2k="></latexit>

vc
Tc

=
2E

�(Tc)
& 1

<latexit sha1_base64="cyXNlO17DWlM+Fb2Q8ifZ9lU4PI="></latexit>

mh . 64 GeV

Conflict with observation at LHC → We need to extend the SM!
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36



Numerical results
We use a public code micrOMEGAs to calculate  and  .Ωχh2 σSI

The value of  should not exceed the observed valueΩχh2

<latexit sha1_base64="kmup6710Mn+aVuziS79UlRkZU70="></latexit>

⌦DMh2 = 0.1200± 0.0012

In the case of , for instance, the maximum value is  

under the assumption  .

mχ = 30 GeV σSI ≃ 4.1 × 10−47 cm2

Ωχ = ΩDM

In cases that , we scale  asΩχ < ΩDM σSI
<latexit sha1_base64="B4nfY/MPgsBQk/6xFTJyYdtCHOs="></latexit>

e�SI =

✓
⌦�

⌦DM

◆
�SI



Future work
Main topic: About the feasibility of CxSM when CP symmetry is broken.

1. Spontaneous CP violation
<latexit sha1_base64="WXynTNqYkBuITDacGATPBfZApHg="></latexit>

V0 =
m

2

2
|H|2 + �

4
|H|4 + �2

2
|H|2|S|2 + b2

2
|S|2 + d2

4
|S|4 +

✓
a1S +

b1

4
S
2 + c.c.

◆

Introduce complex phaseInvestigate the feasibility of SFOEWPT

2. Explicit CP violation

<latexit sha1_base64="hcUdvXIL549Aq6VX+Vg1wpREBzY="></latexit>

(coe↵.) t̄L�5tRS + h.c.

Introduce such a dimension-five operator

There is a phase in the (coeff.) that cannot be removed by the field redifinition, 
and it contributes to the baryon number generation.


