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1. バリオン数の破れ 

2. C対称性、CP対称性の破れ 

3. 熱平衡からの離脱

導入:バリオン非対称性
バリオン非対称性: 現在の宇宙を構成するのは粒子からなる物質 
                          反粒子からなる反物質は観測されていない

サハロフの3条件

SMのパラメーターはサハロフの 
3条件を満たさない

⇨ SMを拡張する必要がある
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1. バリオン数の破れ 

2. C対称性、CP対称性の破れ 

3. 熱平衡からの離脱

導入:バリオン非対称性
バリオン非対称性: 現在の宇宙を構成するのは粒子からなる物質 
                          反粒子からなる反物質は観測されていない

サハロフの3条件
→ スファレロン過程

→ カイラルゲージ相互作用、小林益川位相

→ 強い電弱一次相転移

電弱バリオジェネシス 
（標準模型）

SMのパラメーターはサハロフの 
3条件を満たさない

⇨ SMを拡張する必要がある
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導入: 暗黒物質
1, 質量を持つ 
2, 電荷を持たない 
3, 安定である

暗黒物質の性質

XENON Collaboration 
[arXiv:1805.12562]

暗黒物質を説明する模型に 
とって、この制限に抵触し 
ないことが大きな課題

68.3%
4.9%

26.8%

Dark matter
Ordinary matter
Dark energy
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! DM h2 = 0 .120± 0.001
Plank Collaboration [arXiv 1807.06209]
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CxSM
CxSM (Complex singlet extension of the SM) 
　　　　　　　　　　　…SM+ゲージシングレットな複素スカラー場

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,! vrel . 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! SI ! 10! 46 cm2 when m! ! 100 GeV,

which is restriction on the models including DM.

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

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

potential of S and H is given by
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where the system is assumed to be invariant under a global U(1):S " ei " S ($ = const),

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

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

ÞeldsH and S are decomposed as
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CxSM (Complex singlet extension of the SM) 
　　　　　　　　　　　…SM+ゲージシングレットな複素スカラー場

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,! vrel . 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! SI ! 10! 46 cm2 when m! ! 100 GeV,

which is restriction on the models including DM.

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

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

potential of S and H is given by
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where the system is assumed to be invariant under a global U(1):S " ei " S ($ = const),

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

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

ÞeldsH and S are decomposed as
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! ɼd2͸ɼఆ਺Ͱ͸ͳ͘ΤωϧΪʔεέʔϧʹґଘ͢ΔɽΤωϧΪʔͱ ! ɼd2ʹ͸ਖ਼ͷ૬

͕ؔ͋Γɼ௿ΤωϧΪʔεέʔϧʹ͓͚Δ ! ɼd2 ͷ஋͸ɼઁಈ࿦͕༗ޮ͔ͭεΧϥʔϙ
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ͱද͞ΕΔɽ·ͨɼͦͷ࣭ྔݻ༗஋͸ͦΕͧΕ

m2
h1,h2

=
1
2

!

"
#

!
2

v2 + ! 2 !

!
2

v2 " ! 2

cos 2"

$

%
& (3.12)

=
1
2

!

# !
2

v2 + ! 2 !

' (
!
2

v2 " ! 2

) 2

+ 4
(

#2

2
vvS

) 2
$

& , (3.13)

Ͱ༩͑ΒΕΔɽ̎ͭͷ࣭ྔݻ༗ঢ়ଶ h1ɼh2 ͷ͏ͪɼh1 Λ LHC Ͱ؍ଌ͞Ε͍ͯΔώοάεཻ

ʢmh1ࢠ = 125 GeVʣͱ͢Δɽ͜͜Ͱɼࠞ߹֯ " ͸

tan 2" = 2

#2

2
vvS

!
2

v2 " ! 2
, cos 2" =

!
2

v2 " ! 2

m2
h1

" m2
h2

, (3.14)

Λຬͨ͢ɽ·ͨɼμʔΫϚλʔͱͳΔ CP-oddͷεΧϥʔ $ ͷ࣭ྔ͸

m2
! = " b1 "

#
2

a1

vS
, (3.15)

Ͱ༩͑ΒΕΔɽ2ͭͷ CP-evenͷεΧϥʔ h1, h2ͱμʔΫϚλʔ $ ͷ૬࡞ޓ༻߲ L S ͸

L S = gh1!! h1$2 + gh2!! h2$2, (3.16)

gh1!! $ "
m2

h1
+

#
2a1

vS

2vS
sin" ,

gh2!! $ "
m2

h2
+

#
2a1

vS

2vS
cos" ,

ͱද͞ΕΔɽ·ͨɼCP-evenͷεΧϥʔ h1, h2ͱϑΣϧϛΦϯ f ͷ౬઒૬࡞ޓ༻߲ L Y ͸

L Y =
mf

v
f f (h1 cos" " h2 sin" ) , (3.17)

Ͱ༩͑ΒΕΔɽ

3.2 ໛ܕʹର͢Δཧ࿦ɾ࣮ݧత੍ݶ

͜ͷઅͰ͸ɼ໛ܕͷύϥϝʔλʹ༩͑ΒΕΔཧ࿦తɾ࣮ݧత੍ݶΛ঺հ͢Δɽ

ઁಈ࿦/ਅۭͷ҆ఆੑ͔Βͷཁ੥ εΧϥʔϙςϯγϟϧʹଘ͢ࡏΔ 4఺૬࡞ޓ༻ͷ݁߹ఆ਺

! ɼd2͸ɼఆ਺Ͱ͸ͳ͘ΤωϧΪʔεέʔϧʹґଘ͢ΔɽΤωϧΪʔͱ ! ɼd2ʹ͸ਖ਼ͷ૬

͕ؔ͋Γɼ௿ΤωϧΪʔεέʔϧʹ͓͚Δ ! ɼd2 ͷ஋͸ɼઁಈ࿦͕༗ޮ͔ͭεΧϥʔϙ
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h1,h2 DM

Barger etal, arXiv:0811.0393

5

<latexit sha1_base64="EVzrcOcvn3bBZp1Rg7plF+ltm8c="></latexit>

! 2 !
d2

2
v2

S "
#

2
a1

2vS

<latexit sha1_base64="WXynTNqYkBuITDacGATPBfZApHg="></latexit>

V0 =
m2

2
|H |2 +

!
4

|H |4 +
"2

2
|H |2|S|2 +

b2

2
|S|2 +

d2

4
|S|4 +

!
a1S +

b1

4
S2 + c.c.

"

Global U(1) 対称 Soft breaking term

のヒッグス粒子h1 : 125 GeV



縮退スカラーシナリオ

ୈ 4ষ

μʔΫϚλʔ-֩ࢄࢠཚৼ෯ͷ཈੍ߏػ

ୈ 1ষͷಋೖͰड़΂ͨΑ͏ʹɼμʔΫϚλʔΛؚΉ໛ܕ͸μʔΫϚλʔͷ௚઀୳͔ݧ࣮ࡧΒ

ཚৼ෯͕཈੍͞ࢄμʔΫϚλʔͱΫΥʔΫͷ͍͓ͯʹܕΛड͚Δɽ͜ͷষͰ͸ɼຊ໛ݶ੍͍ڧ

Εɺ௚઀୳͔ݧ࣮ࡧΒͷ੍͕ݶ؇࿨͞ΕΔՄೳੑʹ͍ͭͯٞ࿦͢Δɽ

4.1 μʔΫϚλʔ-֩ࢄࢠཚৼ෯ͷ૬ࡴ৚݅

μʔΫϚλʔ ! ͱΫΥʔΫ qͷࢄཚ͸ h1ͱ h2Λհͯ͠ߦΘΕɼͦͷϑΝΠϯϚϯμΠΞά

ϥϜ͸ਤ 4.1Ͱ༩͑ΒΕΔɽͳ͓ɼ࢝ঢ়ଶ q, ! ͷӡಈྔΛͦΕͧΕ p1, p2ɼऴঢ়ଶ q, ! ͷӡ

ಈྔΛͦΕͧΕ p3, p4ͱ͢Δɽh1ͱ h2͕ഔհ͢ΔμʔΫϚλʔͱΫΥʔΫͷࢄཚৼ෯͸ɼഔ

q
*
m

gadgets - -

*
am

Kkk

ਤ 4.1 ௚઀୳ݧ࣮ࡧͰ؍ଌ͞Ε͍ͯΔμʔΫϚλʔͱΫΥʔΫͷࢄཚͷϑΝΠϯϚϯਤ

հཻ͝ࢠͱʹͦΕͧΕ

iMh1 = −i
mf

vvS

m2
h1

+

√
2a1

vS
t − m2

h1

sin" cos" øu(p3)u(p1), (4.1)

iMh2 = + i
mf

vvS

m2
h2

+

√
2a1

vS
t − m2

h2

sin" cos" øu(p3)u(p1), (4.2)

22

q
<latexit sha1_base64="sZVsE19+w/NLDkoub8bYBjW8YCs="></latexit><latexit sha1_base64="sZVsE19+w/NLDkoub8bYBjW8YCs="></latexit><latexit sha1_base64="sZVsE19+w/NLDkoub8bYBjW8YCs="></latexit><latexit sha1_base64="sZVsE19+w/NLDkoub8bYBjW8YCs="></latexit>

!
<latexit sha1_base64="Z8tQWzuVM416AaRbu8s1R3+z54w="></latexit><latexit sha1_base64="Z8tQWzuVM416AaRbu8s1R3+z54w="></latexit><latexit sha1_base64="Z8tQWzuVM416AaRbu8s1R3+z54w="></latexit><latexit sha1_base64="Z8tQWzuVM416AaRbu8s1R3+z54w="></latexit>

q
<latexit sha1_base64="sZVsE19+w/NLDkoub8bYBjW8YCs="></latexit><latexit sha1_base64="sZVsE19+w/NLDkoub8bYBjW8YCs="></latexit><latexit sha1_base64="sZVsE19+w/NLDkoub8bYBjW8YCs="></latexit><latexit sha1_base64="sZVsE19+w/NLDkoub8bYBjW8YCs="></latexit>

!
<latexit sha1_base64="Z8tQWzuVM416AaRbu8s1R3+z54w="></latexit><latexit sha1_base64="Z8tQWzuVM416AaRbu8s1R3+z54w="></latexit><latexit sha1_base64="Z8tQWzuVM416AaRbu8s1R3+z54w="></latexit><latexit sha1_base64="Z8tQWzuVM416AaRbu8s1R3+z54w="></latexit>

h1, h2
<latexit sha1_base64="dwj+7Z/DCp6WvBdvYYjP8+D0WTQ="></latexit><latexit sha1_base64="dwj+7Z/DCp6WvBdvYYjP8+D0WTQ="></latexit><latexit sha1_base64="dwj+7Z/DCp6WvBdvYYjP8+D0WTQ="></latexit><latexit sha1_base64="dwj+7Z/DCp6WvBdvYYjP8+D0WTQ="></latexit>

p1
<latexit sha1_base64="xyeBEsmBDw7JF0Tdw9eacNTzZB8="></latexit><latexit sha1_base64="xyeBEsmBDw7JF0Tdw9eacNTzZB8="></latexit><latexit sha1_base64="xyeBEsmBDw7JF0Tdw9eacNTzZB8="></latexit><latexit sha1_base64="xyeBEsmBDw7JF0Tdw9eacNTzZB8="></latexit>

p2
<latexit sha1_base64="/mYo+XowjpJ0gca8Ff20CvmHvyI="></latexit><latexit sha1_base64="/mYo+XowjpJ0gca8Ff20CvmHvyI="></latexit><latexit sha1_base64="/mYo+XowjpJ0gca8Ff20CvmHvyI="></latexit><latexit sha1_base64="/mYo+XowjpJ0gca8Ff20CvmHvyI="></latexit>

i (M h1 + M h2 ) = i
mf

vvS

!

!
m2

h1
+

!
2a1
vS

t ! m2
h1

+
m2

h2
+

!
2a1
vS

t ! m2
h2

"

sin↵ cos↵øu (p3) u (p1)

" i
mf

vvS
sin↵ cos↵øu (p3) u (p1)

#

#! $
2a1

vS
+ t

" !
1

m2
h1

!
1

m2
h2

"

+

$
2a1

vS
t

!
1

m4
h1

!
1

m4
h2

"$

" i
mf

vvS
sin↵ cos↵øu (p3) u (p1)

$
2a1

vS

!
1

m2
h1

!
1

m2
h2

"

<latexit sha1_base64="MAthlE8ME6LMdn6HXDF0XSpkgjU="></latexit>

@ t!0

! 0 (mh1 " mh2)
6

Abe, Cho, Mawatari arXiv:2101.04887



<latexit sha1_base64="dQhFwXWV/1d0HK3HmpEq8gNFUvQ="></latexit>

LS = � 1

2vS

( 
m2

h1
+

p
2a1
vS

!
sin↵h1�

2 +

 
m2

h2
+

p
2a1
vS

!
cos↵h2�

2

)

<latexit sha1_base64="PspMl2N9gUeo+dLcM0wN9h6Fm0g="></latexit>

LY = �mf

v
f̄f (h1 cos↵� h2 sin↵)

スカラー3点相互作用

湯川相互作用

<latexit sha1_base64="JS+vO0/dk2vJBQPniFfE1qyKFFk="></latexit>

h1 = hSM cos! ! ssin ! , h2 = ! hSM sin ! + scos!
<latexit sha1_base64="Vd2JmhP3Ad7KONA2ZbX83THGtok="></latexit>

! (h1 ! SM) = ! (hSM ! SM)(mh1 ) " cos2 !

! (h2 ! SM) = ! (hSM ! SM)(mh2 ) " sin2 !

q
<latexit sha1_base64="sZVsE19+w/NLDkoub8bYBjW8YCs="></latexit><latexit sha1_base64="sZVsE19+w/NLDkoub8bYBjW8YCs="></latexit><latexit sha1_base64="sZVsE19+w/NLDkoub8bYBjW8YCs="></latexit><latexit sha1_base64="sZVsE19+w/NLDkoub8bYBjW8YCs="></latexit>

!
<latexit sha1_base64="Z8tQWzuVM416AaRbu8s1R3+z54w="></latexit><latexit sha1_base64="Z8tQWzuVM416AaRbu8s1R3+z54w="></latexit><latexit sha1_base64="Z8tQWzuVM416AaRbu8s1R3+z54w="></latexit><latexit sha1_base64="Z8tQWzuVM416AaRbu8s1R3+z54w="></latexit>

h1
<latexit sha1_base64="Why368EZ2EiwI58frK//xTakJUQ="></latexit><latexit sha1_base64="Why368EZ2EiwI58frK//xTakJUQ="></latexit><latexit sha1_base64="Why368EZ2EiwI58frK//xTakJUQ="></latexit><latexit sha1_base64="Why368EZ2EiwI58frK//xTakJUQ="></latexit>

q
<latexit sha1_base64="sZVsE19+w/NLDkoub8bYBjW8YCs="></latexit><latexit sha1_base64="sZVsE19+w/NLDkoub8bYBjW8YCs="></latexit><latexit sha1_base64="sZVsE19+w/NLDkoub8bYBjW8YCs="></latexit><latexit sha1_base64="sZVsE19+w/NLDkoub8bYBjW8YCs="></latexit>

!
<latexit sha1_base64="Z8tQWzuVM416AaRbu8s1R3+z54w="></latexit><latexit sha1_base64="Z8tQWzuVM416AaRbu8s1R3+z54w="></latexit><latexit sha1_base64="Z8tQWzuVM416AaRbu8s1R3+z54w="></latexit><latexit sha1_base64="Z8tQWzuVM416AaRbu8s1R3+z54w="></latexit>

cos!
<latexit sha1_base64="yVyrCDW0D1ZYmamLLCpQJLfl+J8="></latexit><latexit sha1_base64="yVyrCDW0D1ZYmamLLCpQJLfl+J8="></latexit><latexit sha1_base64="yVyrCDW0D1ZYmamLLCpQJLfl+J8="></latexit><latexit sha1_base64="yVyrCDW0D1ZYmamLLCpQJLfl+J8="></latexit>

sin �
<latexit sha1_base64="vxgNZz4QkwDkY2RrQxBO56iOYHU="></latexit><latexit sha1_base64="vxgNZz4QkwDkY2RrQxBO56iOYHU="></latexit><latexit sha1_base64="vxgNZz4QkwDkY2RrQxBO56iOYHU="></latexit><latexit sha1_base64="vxgNZz4QkwDkY2RrQxBO56iOYHU="></latexit>

h2
<latexit sha1_base64="EjwXSKhJVxFXcC75qbA9ejdeTc4="></latexit><latexit sha1_base64="EjwXSKhJVxFXcC75qbA9ejdeTc4="></latexit><latexit sha1_base64="EjwXSKhJVxFXcC75qbA9ejdeTc4="></latexit><latexit sha1_base64="EjwXSKhJVxFXcC75qbA9ejdeTc4="></latexit>

q
<latexit sha1_base64="sZVsE19+w/NLDkoub8bYBjW8YCs="></latexit><latexit sha1_base64="sZVsE19+w/NLDkoub8bYBjW8YCs="></latexit><latexit sha1_base64="sZVsE19+w/NLDkoub8bYBjW8YCs="></latexit><latexit sha1_base64="sZVsE19+w/NLDkoub8bYBjW8YCs="></latexit>

!
<latexit sha1_base64="Z8tQWzuVM416AaRbu8s1R3+z54w="></latexit><latexit sha1_base64="Z8tQWzuVM416AaRbu8s1R3+z54w="></latexit><latexit sha1_base64="Z8tQWzuVM416AaRbu8s1R3+z54w="></latexit><latexit sha1_base64="Z8tQWzuVM416AaRbu8s1R3+z54w="></latexit>

q
<latexit sha1_base64="sZVsE19+w/NLDkoub8bYBjW8YCs="></latexit><latexit sha1_base64="sZVsE19+w/NLDkoub8bYBjW8YCs="></latexit><latexit sha1_base64="sZVsE19+w/NLDkoub8bYBjW8YCs="></latexit><latexit sha1_base64="sZVsE19+w/NLDkoub8bYBjW8YCs="></latexit>

!
<latexit sha1_base64="Z8tQWzuVM416AaRbu8s1R3+z54w="></latexit><latexit sha1_base64="Z8tQWzuVM416AaRbu8s1R3+z54w="></latexit><latexit sha1_base64="Z8tQWzuVM416AaRbu8s1R3+z54w="></latexit><latexit sha1_base64="Z8tQWzuVM416AaRbu8s1R3+z54w="></latexit>

cos!
<latexit sha1_base64="yVyrCDW0D1ZYmamLLCpQJLfl+J8="></latexit><latexit sha1_base64="yVyrCDW0D1ZYmamLLCpQJLfl+J8="></latexit><latexit sha1_base64="yVyrCDW0D1ZYmamLLCpQJLfl+J8="></latexit><latexit sha1_base64="yVyrCDW0D1ZYmamLLCpQJLfl+J8="></latexit>

! sin !
<latexit sha1_base64="/c1kZPh26u34azPm5hK1F/XTwDM="></latexit><latexit sha1_base64="/c1kZPh26u34azPm5hK1F/XTwDM="></latexit><latexit sha1_base64="/c1kZPh26u34azPm5hK1F/XTwDM="></latexit><latexit sha1_base64="/c1kZPh26u34azPm5hK1F/XTwDM="></latexit>

<latexit sha1_base64="fn6Y6A/h+Iiz9nGWkchx5A6Tf4M="></latexit>

! (h1 ! SM) + ! (h2 ! SM) " ! (hSM ! SM) for mh1 " mh2

縮退スカラーシナリオ



透過率、反射率
左巻きクォーク

<latexit sha1_base64="25/kq7QEuLcbUViTKka+fGiWgIw="></latexit>

qL 右巻き反クォーク
<latexit sha1_base64="/WXqQrClOVMr/zBPrwneNADUMHI="></latexit>

q̄R=
<latexit sha1_base64="irhftwMFpmep+7Vwimx8cKNhgfQ="></latexit>

qR
<latexit sha1_base64="8Yiwb5V84l6WcWsmZPzEgsFaN8k="></latexit>

q̄L =左巻き反クォーク 右巻きクォーク

① 壁の上 ② Symmetric phase ③ Broken phase

縮退スカラーシナリオ



透過率、反射率
左巻きクォーク

<latexit sha1_base64="25/kq7QEuLcbUViTKka+fGiWgIw="></latexit>

qL 右巻き反クォーク
<latexit sha1_base64="/WXqQrClOVMr/zBPrwneNADUMHI="></latexit>

q̄R=
<latexit sha1_base64="irhftwMFpmep+7Vwimx8cKNhgfQ="></latexit>

qR
<latexit sha1_base64="8Yiwb5V84l6WcWsmZPzEgsFaN8k="></latexit>

q̄L =左巻き反クォーク 右巻きクォーク

① 壁の上 ② Symmetric phase ③ Broken phase

Symmetric phaseで!

作られたバリオン数が!

洗い流されないためには
<latexit sha1_base64="+YoKi2i//nrJtQO0T2bgEFeATXQ="></latexit>

! (b)
B < H

縮退スカラーシナリオ



9

縮退スカラーシナリオにおける相転移

① 壁の上 ② Symmetric phase ③ Broken phase

Symmetric phaseで!

作られたバリオン数が!

洗い流されないためには
<latexit sha1_base64="+YoKi2i//nrJtQO0T2bgEFeATXQ="></latexit>

! (b)
B < H

Broken phaseのバリオン数変化率 �(b)
B (T )

<latexit sha1_base64="Y3ISBJXqy5ydGkibn357oKvC9wI="></latexit>

�(b)
B (T ) ' ( pre )

�(b)
sph

T 3
' ( pre )e�Esph/T

<latexit sha1_base64="C/0ni4rZodDST/XdUXshyLtkvEM="></latexit>

Esph / v(T )

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

ヒッグスのvevが 
大きければ良い

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

Tc
! 1

電弱相転移が強い 
一次であれば良い

→

が小さくなれば良い



縮退スカラーシナリオにおける相転移
相転移の次数(1次,2次)を決定するために有効ポテンシャルを用いる

[one-loopの有効ポテンシャルを評価する２つの方法(gauge dependent)]
<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

◆�

Parwani scheme

AE scheme

をthermally corrected FDM に置き換えるøm2 øM2

<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 を加える

tree level ゼロ温度 
one loop

有限温度 
one loop

Daisy resummation: multi-loopを考えると 
　　　　　　　　　　　高温で摂動展開が破綻する 
　　→ field dependent massを書き換える

10



縮退スカラーシナリオにおける相転移
[別の2つの計算方法(gauge independent)]

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

V HT (! , ! S ; T) = V0 (! , ! S ) +
1
2

!
! H ! 2 + ! S ! 2

S

"
T2

：higgsとcomplex scalarのtwo-point self energy#H,#S

PRM scheme

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

@Ve↵(', ⇠)

@⇠
= �C(', ⇠)

@Ve↵(', ⇠)

@'
<latexit sha1_base64="orK85oEPCYCHmiKfg8vJFwIaIIM="></latexit>

V0

!
0, vsym

S, tree

"
+ V1

!
0, vsym

S, tree ; T
"

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

 と  は  を使って計算するvC, vSC vsym
SC

VHT

M. J. Ramsey-Musolf, JHEP 07 (2011), 029.

* tree levelとthermal massのみ(one loopの寄与を含まない)

* one loopの寄与を含む
11

the Nielsen-Fukuda-Kugo (NFK) identity 



ゲージ依存性

繰り込み可能性 
（tree levelの関係が 
one loopでも成り 
立っているか）

One loopの寄与

HT potential

PRM scheme

Parwani scheme

AE scheme

◯

◯

✖ ◯

◯

◯

✖

✖

✖

◯

◯

縮退スカラーシナリオにおける相転移



２つのスカラー場を極座標表示する

HT potential

<latexit sha1_base64="63ogCldSvcT1EPA2tIcln5jOJ+Y="></latexit>

! = z cos" , ! S = z sin" + vsym
S

<latexit sha1_base64="F2My69hcHBrM4KE6m3qp04zjMQ8="></latexit>

vsym
S

縮退スカラーシナリオにおける相転移

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

V HT (! , ! S ; T) = V0 (! , ! S ) +
1
2

!
! H ! 2 + ! S ! 2

S

"
T2

<latexit sha1_base64="8yjeO7prxghx+KCWYts3R/blDoQ="></latexit>

V HT (z, ! ; T) = c0 + c1z + ( c2 + c!
2T2)z2 ! c3z3 + c4z4!

cf.) SMの場合 V (! c, T) = D
!
T2 ! T2

o

"
! 2

c ! ET ! 3
c +

" (T)
4

! 4
c

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

! c

V(! c, T)
<latexit sha1_base64="rRot9SACqko94E5LGCT1utKRncs="></latexit>

! 2
c

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

! 3
c

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

�4
c 1次相転移を起こすには 

場の3次の項が必要



一次相転移が起こるとき

<latexit sha1_base64="tjR5ysfZA4Zd8JwK/828iyQgRc0="></latexit>

TC !

!"
"
# 1

2! H

$

" m2 "
(vsym

SC )2

2
! 2

%

,

vC !

&
2! 2 (vsym

SC )2

"

'
1 "

vSC

vsym
SC

(

<latexit sha1_base64="RPd7zcFx4r+X6iIAI/0S36bqS6Q="></latexit>

vC = lim
T ! TC

v(T)

vSC = lim
T ! TC

vS(T)

vsym
SC = lim

T " TC

vS(T)

SFOEWPTの条件
<latexit sha1_base64="V2//LOJM8m2+4O1qcW0QezvFjZ8="></latexit> vc

Tc
! 1

縮退スカラーシナリオにおける相転移

14



About TC 小さい,  正かつ大きいTC $ "2$

<latexit sha1_base64="EQY01e29OnOXFWSZ/x8udfpStL0="></latexit>

�2 =
2

vvS

!
m2

h1
�m2

h2

"
sin↵ cos↵ 小さい, 最大角  vS $ # $

$

4

<latexit sha1_base64="WXynTNqYkBuITDacGATPBfZApHg="></latexit>

V0 =
m2

2
|H |2 +

!
4

|H |4 +
"2

2
|H |2|S|2 +

b2

2
|S|2 +

d2

4
|S|4 +

!
a1S +

b1

4
S2 + c.c.

"

15

Tree level potential

<latexit sha1_base64="tjR5ysfZA4Zd8JwK/828iyQgRc0="></latexit>

TC !

!"
"
# 1

2! H

$

" m2 "
(vsym

SC )2

2
! 2

%

,

vC !

&
2! 2 (vsym

SC )2

"

'
1 "

vSC

vsym
SC

(

SFOEWPTの条件
<latexit sha1_base64="V2//LOJM8m2+4O1qcW0QezvFjZ8="></latexit> vc

Tc
! 1

縮退スカラーシナリオにおける相転移



About TC 小さい,  正かつ大きいTC $ "2$

<latexit sha1_base64="EQY01e29OnOXFWSZ/x8udfpStL0="></latexit>

�2 =
2

vvS

!
m2

h1
�m2

h2

"
sin↵ cos↵ 小さい, 最大角  vS $ # $

$

4

<latexit sha1_base64="WXynTNqYkBuITDacGATPBfZApHg="></latexit>

V0 =
m2

2
|H |2 +

!
4

|H |4 +
"2

2
|H |2|S|2 +

b2

2
|S|2 +

d2

4
|S|4 +

!
a1S +

b1

4
S2 + c.c.

"

15

Tree level potential

<latexit sha1_base64="tjR5ysfZA4Zd8JwK/828iyQgRc0="></latexit>

TC !

!"
"
# 1

2! H

$

" m2 "
(vsym

SC )2

2
! 2

%

,

vC !

&
2! 2 (vsym

SC )2

"

'
1 "

vSC

vsym
SC

(

SFOEWPTの条件
<latexit sha1_base64="V2//LOJM8m2+4O1qcW0QezvFjZ8="></latexit> vc

Tc
! 1

縮退スカラーシナリオにおける相転移



<latexit sha1_base64="tjR5ysfZA4Zd8JwK/828iyQgRc0="></latexit>

TC !

!"
"
# 1

2! H

$

" m2 "
(vsym

SC )2

2
! 2

%

,

vC !

&
2! 2 (vsym

SC )2

"

'
1 "

vSC

vsym
SC

(

About vC

<latexit sha1_base64="4AtQ9xKIy0xl8NYrUiVhICPSk/4="></latexit>

(vsymSC )
3
+AvsymSC +B = 0

<latexit sha1_base64="XDSyomPrDWkaieNKLd9nUBgFg08="></latexit>

A = 2 ( b1 + b2 + 2 ! S) /d 2
<latexit sha1_base64="QXMUDdMYCgAOIg+xVsa0b+Wqwgs="></latexit>

B = 4
!

2a1/d 2

 は によってスケールされるvsym
SC

1/ d2 small%d2 $

 a1 < 0

<latexit sha1_base64="w95csw36v5Lp60dQnj1CZmItuIg=">AAA </latexit>

d2 =
2

v2
S

!

m2
h1

+
"
m2

h2
! m2

h1

#
cos2 ! +

"
2a1

vS

$

#
2

v2
S

!

m2
h1

+

"
2a1

vS

$

16

<latexit sha1_base64="3DMBQRDfHKPpYGVY0J8EGN34T+M="></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.

◆

SFOEWPTの条件
<latexit sha1_base64="V2//LOJM8m2+4O1qcW0QezvFjZ8="></latexit> vc

Tc
! 1

大きい、vC $
<latexit sha1_base64="f3QGZ7oTZ9iU/+8g3OZuI+Y9obk="></latexit>

(vsym
SC )2 (1 ! vSC /v sym

SC )は増幅因子

縮退スカラーシナリオにおける相転移



<latexit sha1_base64="tjR5ysfZA4Zd8JwK/828iyQgRc0="></latexit>

TC !

!"
"
# 1

2! H

$

" m2 "
(vsym

SC )2

2
! 2

%

,

vC !

&
2! 2 (vsym

SC )2

"

'
1 "

vSC

vsym
SC

(

About vC

<latexit sha1_base64="4AtQ9xKIy0xl8NYrUiVhICPSk/4="></latexit>

(vsymSC )
3
+AvsymSC +B = 0

<latexit sha1_base64="XDSyomPrDWkaieNKLd9nUBgFg08="></latexit>

A = 2 ( b1 + b2 + 2 ! S) /d 2
<latexit sha1_base64="QXMUDdMYCgAOIg+xVsa0b+Wqwgs="></latexit>

B = 4
!

2a1/d 2

 は によってスケールされるvsym
SC

1/ d2 small%d2 $

 a1 < 0

<latexit sha1_base64="w95csw36v5Lp60dQnj1CZmItuIg=">AAA </latexit>

d2 =
2

v2
S

!

m2
h1

+
"
m2

h2
! m2

h1

#
cos2 ! +

"
2a1

vS

$

#
2

v2
S

!

m2
h1

+

"
2a1

vS

$

16

<latexit sha1_base64="3DMBQRDfHKPpYGVY0J8EGN34T+M="></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.

◆

SFOEWPTの条件
<latexit sha1_base64="V2//LOJM8m2+4O1qcW0QezvFjZ8="></latexit> vc

Tc
! 1

大きい、vC $
<latexit sha1_base64="f3QGZ7oTZ9iU/+8g3OZuI+Y9obk="></latexit>

(vsym
SC )2 (1 ! vSC /v sym

SC )は増幅因子

縮退スカラーシナリオにおける相転移



<latexit sha1_base64="tjR5ysfZA4Zd8JwK/828iyQgRc0="></latexit>

TC !

!"
"
# 1

2! H

$

" m2 "
(vsym

SC )2

2
! 2

%

,

vC !

&
2! 2 (vsym

SC )2

"

'
1 "

vSC

vsym
SC

(

About vC

<latexit sha1_base64="4AtQ9xKIy0xl8NYrUiVhICPSk/4="></latexit>

(vsymSC )
3
+AvsymSC +B = 0

<latexit sha1_base64="XDSyomPrDWkaieNKLd9nUBgFg08="></latexit>

A = 2 ( b1 + b2 + 2 ! S) /d 2
<latexit sha1_base64="QXMUDdMYCgAOIg+xVsa0b+Wqwgs="></latexit>

B = 4
!

2a1/d 2

 は によってスケールされるvsym
SC

1/ d2 small%d2 $

 a1 < 0

<latexit sha1_base64="w95csw36v5Lp60dQnj1CZmItuIg=">AAA </latexit>

d2 =
2

v2
S

!

m2
h1

+
"
m2

h2
! m2

h1

#
cos2 ! +

"
2a1

vS

$

#
2

v2
S

!

m2
h1

+

"
2a1

vS

$
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<latexit sha1_base64="3DMBQRDfHKPpYGVY0J8EGN34T+M="></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.

◆

(1) 正かつ大きな         and "2 %! #! !
$

4
vS < 1 GeV

(2) 小さな          かつ 適当な値d2 %a1 < 0

SFOEWPTの条件
<latexit sha1_base64="V2//LOJM8m2+4O1qcW0QezvFjZ8="></latexit> vc

Tc
! 1

大きい、vC $
<latexit sha1_base64="f3QGZ7oTZ9iU/+8g3OZuI+Y9obk="></latexit>

(vsym
SC )2 (1 ! vSC /v sym

SC )は増幅因子

縮退スカラーシナリオにおける相転移



<latexit sha1_base64="D8Ylwf455oWKJisE7290quwsIn8="></latexit>

�E =V0 (0, v
sym
S )� V0 (v, vS)

=
p
2a1 (v

sym
S � vS) +

1

4
(b1 + b2)

⇣
(vsymS )

2 � v2S

⌘
+

d2
16

⇣
(vsymS )

4 � v4S

⌘

� m2

4
v2 � �

16
v4 � �2

8
v2v2S

・ で与えられるEW vacuumと  で与えられるlocal vacuum間のエネルギー差(v, vS) (0,vsym
S

)

・ポテンシャルが負に落ち込まない
<latexit sha1_base64="JBBfzx+OTf28R6dhlYsHrB/jxDE="></latexit>

� > 0, d2 > 0,�d2 > �22
<latexit sha1_base64="lsfzRwUCByQk5UR1ss6TZHZa3tw="></latexit>

!

!

d2 +
2
!

2 |a1|
v3

S

"

> " 2
2

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

� 5 16

3
⇡, d2 5 16

3
⇡

17

縮退スカラーシナリオにおける相転移
パラメーターに課されるその他の制限

のとき  は負になってしまう → には上限、 には下限が存在する"2 & 1, d2 ' 1 ( E "2 d2

> 0

・真空の安定性

・摂動論からの要請



数値計算
2つのベンチマークポイント

(しばらくの間、  は変数として扱う)m%

BP1におけるDMの残存量  と DM-核子散乱断面積  を計算する。) %h
2 &SI

18



数値計算
2つのベンチマークポイント

(しばらくの間、  は変数として扱う)m%

BP1におけるDMの残存量  と DM-核子散乱断面積  を計算する。) %h
2 &SI

18

Variable

Variable



DM残存量 ) %h
2 DM-核子散乱断面積 &SI

19

数値計算

!" #$%

!" #$&

!" #$'

!" #$$

!" #$(

!" ) !" ( !" $

m! [GeV]

! ! S
I
[c

m
2 ]

!! SI

XENON1T

10-6

10-5

10-4

10
-3

10-2

10-1

1

10

102 103 104

mχ [GeV]

Ω
χ
h
2

Ωχh2

ΩDMh2 = 0.12



DM残存量 ) %h
2 DM-核子散乱断面積 &SI

19

数値計算

m%= 2020GeV
!" #$%

!" #$&

!" #$'

!" #$$

!" #$(

!" ) !" ( !" $

m! [GeV]

! ! S
I
[c

m
2 ]

!! SI

XENON1T

10-6

10-5

10-4

10
-3

10-2

10-1

1

10

102 103 104

mχ [GeV]

Ω
χ
h
2

Ωχh2

ΩDMh2 = 0.12



DM残存量 ) %h
2 DM-核子散乱断面積 &SI
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数値計算

m%= 62.5GeV

m%= 2020GeV
!" #$%

!" #$&

!" #$'

!" #$$

!" #$(

!" ) !" ( !" $

m! [GeV]

! ! S
I
[c

m
2 ]

!! SI

XENON1T

10-6

10-5

10-4

10
-3

10-2

10-1

1

10

102 103 104

mχ [GeV]

Ω
χ
h
2

Ωχh2

ΩDMh2 = 0.12



DM残存量 ) %h
2 DM-核子散乱断面積 &SI

19

数値計算

m%= 62.5GeV

m%* 2 TeV

m%= 2020GeV
!" #$%

!" #$&

!" #$'

!" #$$

!" #$(

!" ) !" ( !" $

m! [GeV]

! ! S
I
[c

m
2 ]

!! SI

XENON1T

10-6

10-5

10-4

10
-3

10-2

10-1

1

10

102 103 104

mχ [GeV]

Ω
χ
h
2

Ωχh2

ΩDMh2 = 0.12



<latexit sha1_base64="Nxo04A1dphMieVb84hvG6kkzqXM="></latexit>

�SI / sin2 ↵ cos2 ↵

 
1

m2
h1

� 1

m2
h2

!2
a21
v4S

=
�22v

2

4m4
h1
m4

h2

a21
v2S

<latexit sha1_base64="EQY01e29OnOXFWSZ/x8udfpStL0="></latexit>

�2 =
2

vvS

!
m2

h1
�m2

h2

"
sin↵ cos↵

縮退スカラーシナリオにおける抑制メカニズム : 
適度な大きさを持つ  に対して、  による  の抑制vS mh1

! mh2
"2

SFOEWPT 

大 

小 

( 以下)

"2 $

vS $

1 GeV

SFOEWPTの条件は抑制メカニズムと相反する

DM  とクォーク  の散乱% q

20

数値計算



21

BP1

BP2

HT/PRM Parwani/AE

数値計算



例) BP1

BP2で得られる結果もBP1で得られるものと同じ

縮退スカラーシナリオにおける強い電弱一次相転移は
 と  の場合も起こることが分かったmh1

> mh2
mh1

< mh2

22

数値計算

BP1

BP2

HT/PRM Parwani/AE



例) BP1

BP2で得られる結果もBP1で得られるものと同じ

縮退スカラーシナリオにおける強い電弱一次相転移は
 と  の場合も起こることが分かったmh1

> mh2
mh1

< mh2

22

数値計算

BP1

BP2

HT/PRM Parwani/AE

Strong 1st PT !



可能なDM質量領域: m%= 62.5GeV, 2 TeV

のとき、HT, Parwani, AEスキームでは一次相転移となるが、PRM

スキームのときはそうならない。
m%= 2 TeV

<latexit sha1_base64="orK85oEPCYCHmiKfg8vJFwIaIIM="></latexit>

V0

!
0, vsym

S, tree

"
+ V1

!
0, vsym

S, tree ; T
"

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

ゼロ温度で右辺が左辺より低くならないといけない 
そうでないと、  が定義されるような縮退点が生まれない 
Ex) BP1 

のとき、右辺が左辺を上回ってしまう

TC

m%+ 700 GeV

→ Higher orderの寄与を含めればDM質量へのバウンドは緩和されるかもしれない

数値計算



まとめ

24

DMを記述するモデルとしてCxSMを導入し、バリオン非対称性を説明する 
強い一次相転移の観点から議論した。

 の小ささによって引き起こされる  の抑制を解析的に示した。 
これには、2つのスカラーの質量差とsinglet vevの比が重要であり、強い電弱 
一次相転移の必要条件の1つに抵触する。

"2 &SI

また、数値解析の結果、2つのスカラーの質量が縮退していても、  が抑制され 
ないことを確認した。一方で、  と  付近にはまだ許される 
領域が存在していた。

&SI

m%= 62.5GeV 2 TeV

4つの異なる計算方式(HT, PRM, Parwani, AE)を用いて、 に 
おけるEWPTを解析した。その結果、すべての計算で強い電弱一次相転移を得た。

m%= 62.5GeV



今後の展望

1. バリオン数の破れ 
2. C対称性、CP対称性の破れ 
3. 熱平衡からの離脱

サハロフの3条件
今のモデルではDMの安定性を 
CP対称性により保証している 
→  破れた場合どうなるか

CP対称性の破り方
① spontaneous CP violation

<latexit sha1_base64="WXynTNqYkBuITDacGATPBfZApHg="></latexit>

V0 =
m2

2
|H |2 +

!
4

|H |4 +
"2

2
|H |2|S|2 +

b2

2
|S|2 +

d2

4
|S|4 +

!
a1S +

b1

4
S2 + c.c.

"

 complexa1,b1, vS :

② explicit CP violation
<latexit sha1_base64="NhQcVoE+IDDMsY0h+y8jue1smCc="></latexit>

+(coe! .)øtL ! 5tR HS + h .c.

調べたいこと 
1. DMは十分長寿命か 
2. EDMのboundはどうなるか 
3. 強い電弱一次相転移が起こるか



Back up

26



The general scalar potential

V =
m

2

2
|H|2 + �

4
|H|4 + �2

2
|H|2|S|2 + b2

2
|S|2 + d2

4
|S|4

+

✓
a1S +

�1

4
|H|2S +

�3

4
|H|2S2 +

b1

4
S
2 +

c1

6
S
3 +

c2

6
S|S|2 + d1

8
S
4 +

d3

8
S
2|S|2 + c.c.

◆

<latexit sha1_base64="TngX/YmLj4kJhgCoAAe3Ksyonc4="></latexit>

The minimalization condition
<latexit sha1_base64="bNgKcEAT69ghewuRMLb2SaLUTtI="></latexit>

�m2 =
�

2
v2 +

�2
2
v2S ,

�b2 =
�2
2
v2 +

d2
2
v2S + b1 + 2

p
2
a1
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Mass eigenvalues

CxSM
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Degenerate scalar scenario@ one-loop

! NLO
! N = sin 2"

!
µ! N f N mN

mh1 mh2

" 2 m2
h1

! m2
h2

v3v3
S

" loop func.
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コライダーにおける縮退ヒッグス粒子の探索可能性
e+ e! ! H Z (

"
s = 250 GeV)

300 320 340 360 380 400
! RL [fb]

400

425

450

475

500

525

550

575

600

! L
R

[fb
]

e+ e! " H Z , H " b b,
#

s = 250 GeV

CxSM
SM

e+

e!

Z

H

(h1, h2)

! LR : (Pe+ , Pe! ) = (+1 , ! 1)

! RL : (Pe+ , Pe! ) = ( ! 1, +1)

▷SMとCxSMのそれぞれの予言値に大きな差はない
21



HT potential
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the gauge-invariant thermal masses 

the Nielsen-Fukuda-Kugo (NFK) identity 

31

縮退スカラーシナリオにおける相転移

where  denotes some functional that is calculable order by order in perturbation theory. 

One can obtain the NFK identity to given order by expanding each term in the both sides in powers of . 

In our work,  is determined to  using the following degeneracy condition 

C(' , ( )

0

TC 1 (0)
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Parwani scheme

AE scheme
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Replace  with thermally corrected field depending masses øm2 øM2
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At high temperature,
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Local minimum   

→ It might be local min. also in  subspace

(v, vS, v%)

S= vS, h = v

When the coeff. of  is negative,  has min.%2 V0(v, vS, %)

This inequality does not hold.
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In , it is stable at  due to thermal contributionT 2 0 %= 0

Phys. Rev. D 93, 065032 (2016)
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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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from finite-temperature boson loop causes a 1st order PT.! ET ! 3
c
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In the SM, SFOEWPT condition
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mh . 64 GeV

Conflict with observation at LHC → We need to extend the SM!
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電弱バリオジェネシス

Energy

Tunneling effect

Classical vacuum

Sphaleron

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

Baryon number violation

→ Sphaleron process 

40

(B-L)は保存 
(B+L)は保存されない
💡トンネリング確率 
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2 ! 10! 162
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@symmetric phase
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高温でバリオン数を破る
課程が頻繁に起きる
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Transmittance, Reflectance

Left-handed quark
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qL Right-handed antiquark
<latexit sha1_base64="/WXqQrClOVMr/zBPrwneNADUMHI="></latexit>

q̄R=
<latexit sha1_base64="irhftwMFpmep+7Vwimx8cKNhgfQ="></latexit>

qR
<latexit sha1_base64="8Yiwb5V84l6WcWsmZPzEgsFaN8k="></latexit>

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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…… sphaleron energy
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Higgs vev must be large
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! (b)
B (T) ! ( pre )e! E sph /T < H (T) ! 1.66

"
g" T2/m P
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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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We use a public code micrOMEGAs to calculate  and  .) %h
2 &SI

The value of  should not exceed the observed value) %h
2
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⌦DM h2 = 0 .1200± 0.0012

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

under the assumption  .

m%= 30 GeV &SI ! 4.13 10, 47 cm2

) %= ) DM

In cases that , we scale  as) %< ) DM &SI
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将来研究
Main topic: About the feasibility of CxSM when CP symmetry is broken.

1. Spontaneous CP violation
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Introduce complex phaseInvestigate the feasibility of SFOEWPT

2. Explicit CP violation
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(coe! .) øtL ! 5tR S + 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.


