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Plan to talk
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✤ イントロダクション 
　　　- 電弱相転移 
✤ Two Higgs doublet model 
✤ Two Higgs doublet modelの電弱相転移 
✤ 研究紹介(Exotic intermediate phases)

MA, Biermann, Borschensky, Ivanov, Mühlleitner, Shibuya,  
JHEP 02 (2024) 232
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素粒子
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クォークや電子など、物質を構成する最小単位となる粒子のこと

他に、 
光子 
ニュートリノ 
ヒッグス粒子 
など
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力の統一

4

 力を伝える粒子 
（ゲージボソン)

時間
現在

宇宙誕生

エネルギー

高い

低い

光子 Zボソン、Wボソン グルーオン
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素粒子物理学
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・eV (電子ボルト)

単位とスケール

・自然単位系を用いる。

質量、エネルギー、運動量が同じ単位で表せる。 

[長さ] = 1/[エネルギー]

ミクロの世界は、高エネルギーの世界
初期宇宙の世界

1[eV] = e[C]×1[V] = 1.6×10-19[J]

c = 1, ~ = 1
<latexit sha1_base64="UpCN82k16injN8wuyBKURLLacr4="></latexit><latexit sha1_base64="UpCN82k16injN8wuyBKURLLacr4="></latexit><latexit sha1_base64="UpCN82k16injN8wuyBKURLLacr4="></latexit><latexit sha1_base64="e1Mzv5maX5wXCtvJ0moZIfPgPBw="></latexit>

0             1 V

電子



  　　     　           Tokyo Woman's University                        Nov. 21, 2024
6

　　　↑　
100 GeV 

1012  T   テラ 
109   G   ギガ 
106   M   メガ 
103   k    キロ 
10-3  m   ミリ 
10-6  μ   マイクロ 
10-9  n    ナノ

現在：2.7 K
”ゼロ温度の宇宙”

単位とスケール

～ 10000度 
<latexit sha1_base64="aNVUM0uXhqbOOg1gTfXjxw7VEic="></latexit>

1 eV = 1.6�19J ⇠ 104 �C
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相転移

7

温度などを変えたとき、ミクロな性質は変わらないまま、マクロな性質が 
大きく変化すること。
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一次相転移
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<latexit sha1_base64="4OFCdeLluXWcAZ5gzzPotnjTBo8="></latexit>✓
@G

@T

◆

P

= �S

<latexit sha1_base64="AEbfpcQGXP7DCOvWuzdG7FX5bi8="></latexit>✓
@G

@p

◆

T

= �V

 一次相転移 : ギブスエネルギーの一次微分が不連続

臨界温度 Tc,   相転移が起こる温度(核生成) Tt

二次相転移

V (', T )

'

Tc

Tt

<latexit sha1_base64="1eVVp3S3nP93ovZj+KbYTwSjkzc="></latexit>

T > Tc

<latexit sha1_base64="auKU4Ul0k7kDYvVO0Zba5EhYj80="></latexit>

Tt > T

h'i 6= 0

h'i = 0
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重力波
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アインシュタインが提唱した一般相対性理論で予想された時空の歪みが伝搬する波動現象

太陽質量の数十倍のBH-BH連星の合体から生じたとされる重力波を初めて検出

❖ 2015年9月 重力波の初検出
✤ レーザー干渉計重力波天文台（LIGO）

❖ 宇宙の一次相転移：背景重力波
✤ LISA (Laser Interferometer Space Antenna)

- 欧州宇宙機関(ESA)が2035年打ち上げ予定 
- 基線長 約250万km

宇宙重力波望遠鏡
h'i 6= 0

h'i = 0
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消えた反物質
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✤ なぜ宇宙は「物質」だけでできているのか? というのが問題
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消えた反物質
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バリオン 反バリオン

陽子 反陽子
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109 109

10億個 10億個

反バリオン
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…

……
…
…… 109

+1 -1

消えた反物質
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-バリオン数を破る相互作用 ( B-violation )


-荷電共役変換の破れ 及び 荷電共役変換とパリティ変換の破れ 
(C- and CP-violation)

13

Sakharov (1967)サハロフの3条件

強い一次相転移か宇宙膨張による非平衡などを利用

物質と反物質の非対称性を生成するための条件

消えた反物質

-熱平衡からのずれ
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電弱バリオン数生成シナリオ
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h'i 6= 0

h'i = 0

Equilibrium 

�sym
sph

T 3
c
� H(Tc)

symmetric phase

<φ>=0

f

f
-

�broken
sph

T 3
c

< H(Tc)
CP

broken phase

<φ>=φC

wall

Decouple

B
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標準模型
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大型ハドロン加速器 (LHC)
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～100 m

• 陽子と陽子をほぼ光の速さでぶつける (重心系衝突エネルギー 13.6 TeV )

一周 : 27 km
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質量
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<latexit sha1_base64="Hqj9mrX6o0bqWU/C46ilSqXnGgo=">AAACCnicbVDLSsNAFJ3UV62vqCtxM1gEVyUpFV0WXeiygn1AU8JkOmmHziRx5kYoofoBfodbxaW49Sf6NyZtNm29MHA45wz33ONFgmuwrKlRWFvf2Nwqbpd2dvf2D8zDo5YOY0VZk4YiVB2PaCZ4wJrAQbBOpBiRnmBtb3Sb6e1npjQPg0cYR6wnySDgPqcEUso1T6Q7xI7mkj1hu3qJE0dJ/HLHWhPXLFsVazZ4Fdg5KKN8Gq45dfohjSULgAqidde2IuglRAGngk1KTqxZROiIDFgyCz7B5ynVx36o0hcAnrELPiK1HksvdUoCQ72sZeR/WjcG/7qX8CCKgQV0vsiPBYYQZy3gPleMghhjQmmaNyaQ5qBDogiFtK2FPZ7MurCXL18F7WrFrlVs+6FWrt/ktRTRKTpDF8hGV6iO7lEDNRFFr+gdfaBP4834Mr6Nn7m1YOR/jtHCGL9/AeeZeg==</latexit>

mh ' 125 GeV✤ ヒッグス粒子の質量
→    標準模型では一次相転移は実現しない
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複素スカラー場：

自発的対称性の破れ
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� =
1p
2
(�1 + i�2)

V = �µ2�⇤�+ �(�⇤�)2 v

� ! e�ie⇤�U(1)対称性を持っている： Φ１

Φ2V

質量 hは質量を得るが、χの質量はゼロ。
χ:南部ゴールドストン(NG)ボソン

 南部ーゴールドストンの定理 (1961)

→真空が自発的に破れると質量ゼロの粒子が現れる

mh =
p
2�v

m� = 0

例 :

�(x) =
1p
2
(v + h(x) + i�(x))

V = �v2h2 + �v(h�2 + h3) +
�

2
h2�2 +

1

4
�h4 +

1

4
��4 + C

Φ1=v, Φ2=0 の周りで展開：



  　　     　           Tokyo Woman's University                        Nov. 21, 2024

素粒子の質量
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<latexit sha1_base64="Hqj9mrX6o0bqWU/C46ilSqXnGgo=">AAACCnicbVDLSsNAFJ3UV62vqCtxM1gEVyUpFV0WXeiygn1AU8JkOmmHziRx5kYoofoBfodbxaW49Sf6NyZtNm29MHA45wz33ONFgmuwrKlRWFvf2Nwqbpd2dvf2D8zDo5YOY0VZk4YiVB2PaCZ4wJrAQbBOpBiRnmBtb3Sb6e1npjQPg0cYR6wnySDgPqcEUso1T6Q7xI7mkj1hu3qJE0dJ/HLHWhPXLFsVazZ4Fdg5KKN8Gq45dfohjSULgAqidde2IuglRAGngk1KTqxZROiIDFgyCz7B5ynVx36o0hcAnrELPiK1HksvdUoCQ72sZeR/WjcG/7qX8CCKgQV0vsiPBYYQZy3gPleMghhjQmmaNyaQ5qBDogiFtK2FPZ7MurCXL18F7WrFrlVs+6FWrt/ktRTRKTpDF8hGV6iO7lEDNRFFr+gdfaBP4834Mr6Nn7m1YOR/jtHCGL9/AeeZeg==</latexit>

mh ' 125 GeV

SU(2)L ⇥U(1)Y ! U(1)em

3つのNGボソン

→    標準模型では一次相転移は実現しない

<latexit sha1_base64="cFFHne823qPPTrsfw1PEb+uRKQQ="></latexit>

� =

✓
⇢+ i⌘

1p
2
(v + h+ i�)

◆ <latexit sha1_base64="W025zuDiBRnpJK22QLp/J+Ig8nE="></latexit>

v = 246 GeV
✤ ゲージ対称性の破れ

✤ ヒッグス粒子の質量
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✤ ヒッグスポテンシャルの形状はまだきちんとわかっていない

<latexit sha1_base64="O7QlSqQr5+qOVRwv4NGSWK+28d0=">AAAB6XicbVBNS0JBFL3Pvsy+rJZthiRoJe+FUEupTUuDTENF5l3n6eS8D2buE0T8D0GbiFr1b/oH/ZtGfRu1AwOHc85w77l+oqQh1/11chubW9s7+d3C3v7B4VHx+OTJxKlGUcdYxbrpcyOUjESdJCnRTLTgoa9Ewx/ezfzGSGgj4+iRxonohLwfyUAiJys9t0dcJwPZxW6x5JbdOdg68TJSggy1bvGn3YsxDUVEqLgxLc9NqDPhmiQqMS20UyMSjkPeF5P5mlN2YaUeC2JtX0Rsri7leGjMOPRtMuQ0MKveTPzPa6UU3HQmMkpSEhEuBgWpYhSzWWfWk1ogqTHjiHbflJPdAwdccyR7m4It761WXSeNq7JXKXveQ6VUvc3ukIczOIdL8OAaqnAPNagDQghv8Alfzovz6rw7H4tozsn+nMISnO8/wcONQQ==</latexit>

'c <latexit sha1_base64="//EE/5DfYbeGttgPTrk+os6fXZ8="></latexit>

'

<latexit sha1_base64="GHmI2Ggb3bjVQdZpBmClnSnFDt0="></latexit>

Ve↵

<latexit sha1_base64="jVAkHu2Z2Lt34bXN6PMGk1eLLPc="></latexit>

T > Tc
<latexit sha1_base64="FBbjZlcYrcX52/+vh6ybBb5qo2Y="></latexit>

T = Tc
<latexit sha1_base64="AnVKyXZ7I6JihvzoyVApwdTuZII="></latexit>

T < Tc

？

？
新物理の寄与

ヒッグスポテンシャル

. . .
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拡張ヒッグス模型
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Electroweak phase transition
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❖ 1st order phase transition (PT) :

❖ High temperature expansion :

✤ Two degenerate minima : 

<latexit sha1_base64="SjJI09LgLeaHD5/JkTzTCXrNYH4="></latexit>

Ve↵(', T ) = D(T 2 � T 2
0 )'

2 � ET |'|3 + �T

4
'4

<latexit sha1_base64="Dc+3QU6AHt761+JkWp+drR82h/0=">AAACA3icbVDLSsNAFL2pr1pfUZduRovgKiRS0I1QdOOygrWFpoTJZNIOnUzCzKRQQrsS/BfBjYiu/AH/wL8xbbNp64GBwzlnuPdcP+FMadv+NUpr6xubW+Xtys7u3v6BeXj0pOJUEtokMY9l28eKciZoUzPNaTuRFEc+py1/cDf1W0MqFYvFox4ltBvhnmAhI1jnkmeeukMskz67sVHmyghNsAgmY1SoHrGQZ1Zty54BrRKnIFUo0PDMHzeISRpRoQnHSnUcO9HdDEvNCKfjipsqmmAywD2azQqM0XkuBSiMZf6ERjN1IYcjpUaRnycjrPtq2ZuK/3mdVIfX3YyJJNVUkPmgMOVIx2h6DRQwSYnmI4QJyfdNsc73IH0sMdH51Sp5eWe56ippXVpOzXKch1q1flvcoQwncAYX4MAV1OEeGtAEAi/wBp/wZTwbr8a78TGPlozizzEswPj+A+WhlsU=</latexit>

' = 0 and 'c.
<latexit sha1_base64="cbcXCAaSYGzRkEURYtRdrFXzqJU=">AAACB3icbVDLSgMxFL3js9bXqEs3wVJwVWZKQTdCUQSXFVpb6JQhk2ba0MyDJFMow+wF/0VwI6Irt/6Bf2OmnU1bDwRuzrk3ued4MWdSWdavsbG5tb2zW9or7x8cHh2bJ6dPMkoEoR0S8Uj0PCwpZyHtKKY47cWC4sDjtOtN7nK9O6VCsihsq1lMBwEehcxnBCtNuWbVmWIRj5lLbhxfYJLW79suyVKH6zeG2E3zW+aaFatmzYHWC7soKlCg5Zo/zjAiSUBDRTiWsm9bsRqkWChGOM3KTiJpjMkEj2g6N5GhqqaGyI+EPqFCc3apDwdSzgJPdwZYjeWqlpP/af1E+deDlIVxomhIFh/5CUcqQnkiaMgEJYrPECZE75tgpfcgY6zTUDq5sjZvr1pdL7r1mt2o2fZjo9K8LXIowTlcwCXYcAVNeIAWdIDAC7zBJ3wZz8ar8W58LFo3jGLmDJZgfP8BZiqZZg==</latexit>

'c =
2ETc

�Tc

✤ The condition for the strong 1st order PT :
<latexit sha1_base64="0rfRW4Rm5kEa34OasG/1jcSPB5Q="></latexit>

'c

Tc
=

2E

�Tc

> 1

The magnitude of E is crucial for the strong 1st order PT.

There is a sufficiently high and wide potential barrier 
separating the two degenerate vacua at T=Tc.

Tunneling

<latexit sha1_base64="GHmI2Ggb3bjVQdZpBmClnSnFDt0="></latexit>

Ve↵

<latexit sha1_base64="//EE/5DfYbeGttgPTrk+os6fXZ8="></latexit>

'

<latexit sha1_base64="jVAkHu2Z2Lt34bXN6PMGk1eLLPc="></latexit>

T > Tc
<latexit sha1_base64="FBbjZlcYrcX52/+vh6ybBb5qo2Y="></latexit>

T = Tc
<latexit sha1_base64="AnVKyXZ7I6JihvzoyVApwdTuZII="></latexit>

T < Tc

<latexit sha1_base64="O7QlSqQr5+qOVRwv4NGSWK+28d0=">AAAB6XicbVBNS0JBFL3Pvsy+rJZthiRoJe+FUEupTUuDTENF5l3n6eS8D2buE0T8D0GbiFr1b/oH/ZtGfRu1AwOHc85w77l+oqQh1/11chubW9s7+d3C3v7B4VHx+OTJxKlGUcdYxbrpcyOUjESdJCnRTLTgoa9Ewx/ezfzGSGgj4+iRxonohLwfyUAiJys9t0dcJwPZxW6x5JbdOdg68TJSggy1bvGn3YsxDUVEqLgxLc9NqDPhmiQqMS20UyMSjkPeF5P5mlN2YaUeC2JtX0Rsri7leGjMOPRtMuQ0MKveTPzPa6UU3HQmMkpSEhEuBgWpYhSzWWfWk1ogqTHjiHbflJPdAwdccyR7m4It761WXSeNq7JXKXveQ6VUvc3ukIczOIdL8OAaqnAPNagDQghv8Alfzovz6rw7H4tozsn+nMISnO8/wcONQQ==</latexit>

'c



  　　     　           Tokyo Woman's University                        Nov. 21, 2024

Electroweak phase transition
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❖ One-loop thermal potential :
<latexit sha1_base64="ZsbMZXoNB51oCodQ6dqSvY/XAnI="></latexit>

VT =
T 4

2⇡2

2

4
X

f

nfJF

 
m2

f

T 2

!
+
X

B

nBJB

✓
m2

B

T 2

◆3

5

Boson-loop:
m : field dependent mass

 The cubic term arises from the bosonic thermal corrections.

<latexit sha1_base64="vPkMQLik9jtCJGmWMZdn7VSBeH0="></latexit>

ab = 16⇡22tT(3/2� 2�E), af = ⇡22tT(3/2� 2�E)

Fermion-loop:

<latexit sha1_base64="f73GPKg2nsy+7j4irGBV4Rfs6cA="></latexit>

JB(y) ⇡ �
⇡4

45
+

⇡2

12
y �

⇡

6
y

3
2 �

1

32
y2 HQ;

✓
|y|

ab

◆
+O(y3) ,

<latexit sha1_base64="4Gpzp02tbD+N9egVUL0KO4VnDCk="></latexit>

JF (y) ⇡ �
7⇡4

360
+

⇡2

24
y +

1

32
y2 HQ;

✓
|y|

af

◆
+O(y3)

<latexit sha1_base64="mO6A05tnj/GdqKdn5ptt5T6yfzM="></latexit>

�E = 0.57721 . . .
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Electroweak phase transition
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✤ Standard Model (SM) :

❖  The cubic term arises from the bosonic thermal corrections.

<latexit sha1_base64="zeOsSPLC+AcF1G/c8HdM6xDg7CM="></latexit>

E =
1

12⇡v3
�
6m3

W + 3m3
Z

�

<latexit sha1_base64="9w7rSCY/IcNZu6fUQqlZnch+T+w="></latexit>

E =
1

12⇡v3
�
6m3

W + 3m3
Z + · · ·

�
✤ Beyond the SM (BSM) :

extra bosonic degree of freedom
↑

<latexit sha1_base64="7cQmFzSeJhjookCjVr0/yNz35r8="></latexit>

⇠ 0.01

→
<latexit sha1_base64="4bqn0pcaBMhx5gvpW1XZQbLuEow="></latexit>

50 GeV ⇠> mh

✤ 1st order PT :
<latexit sha1_base64="gSsA1W8mcQK63qsClpCCDcsd5To="></latexit>

'c

Tc
=

2E

�Tc

> 1
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Two Higgs Doublet Model (2HDM)
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Two Higgs Doublet Model
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<latexit sha1_base64="u1WbM4CTlCY0GGfPrECU3wbt+ao="></latexit>

SU(2)L U(1) Z2

(softly broken)
�1 2 1/2 +
�2 2 1/2 �

❖ Flavor Changing Neutral Current (FCNC) @tree level

<latexit sha1_base64="v8UJu8oMsu8uZcby62N33m0ni6M="></latexit>

s̄

<latexit sha1_base64="tl/61zzK5cucaOedz7ecSDsQG5Y="></latexit>

d

<latexit sha1_base64="vd15M517JYsxyOxUl2NGVHmuq5M="></latexit>

d̄

<latexit sha1_base64="3ukp07DzQEIYuYmtJkfxlB65ey0="></latexit>

s

<latexit sha1_base64="yBG3NFZ53RgcFQRWm7Lgq8yrpEE="></latexit>

K0 � K̄0 mixing

<latexit sha1_base64="kJ9o2ZqzhXjQrV951EXUmOE3/pQ="></latexit>

�1,�2

<latexit sha1_base64="kJ9o2ZqzhXjQrV951EXUmOE3/pQ="></latexit>

�1,�2

<latexit sha1_base64="nlpup/y6VfAqI1mFLHs2MvDfyaM="></latexit>

dL, sL, bL
<latexit sha1_base64="cPRN66BTdrl5fxW0y2QtOyiv4OI="></latexit>

dR, sR, bR

Z2 symmetry :
<latexit sha1_base64="qeXBX3cazV/RMkHPGU029kgyFaY="></latexit>

�1 ! �1, �2 ! ��2

✤ To avoid FCNC, give different charges to Φ1 and Φ2



  　　     　           Tokyo Woman's University                        Nov. 21, 2024

Two Higgs Doublet Model
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<latexit sha1_base64="ZigEGhaT90reiglI9A81xYE1iHI="></latexit>

Vi`22 = m2
11�

†
1�1 +m2

22�
†
2�2 �m2

12

⇣
�†

1�2 + h.c.
⌘
+

�1

2

⇣
�†

1�1

⌘2
+

�2

2

⇣
�†

2�2

⌘2

+ �3

⇣
�†

1�1

⌘⇣
�†

2�2

⌘
+ �4

⇣
�†

1�2

⌘⇣
�†

2�1

⌘
+

�5

2

⇣
�†

1�2

⌘2
+ h.c.

�
,

<latexit sha1_base64="o3SdxHinylPscozaEW+4bw8fbHk="></latexit>

tan� ⌘ v2
v1

✤ Bounded from below (BFB)
<latexit sha1_base64="L1JVeKKTOlZ97/TfUR32trsoRUs="></latexit>

�1 > 0, �2 > 0, �
p
�1�2 < �3, �

p
�1 + �2 < �3 + �4 � �5

<latexit sha1_base64="eG4tpkWs7F+IaAerhJT4Ysn5TQ4="></latexit>

|�n| < 4⇡ (n = 1, 2, · · · 5)✤ Perturbativity

❖ Theoretical constraints :

<latexit sha1_base64="s7btScLBKd/3HfkY334oycjOD68="></latexit>

�1 =

✓
!+
1

1p
2
(v1 + h1 + iz1)

◆
, �2 =

✓
!+
2

1p
2
(v2 + h2 + iz2)

◆

<latexit sha1_base64="KJiOncRR3etpEir4AQS/XoWYTpo="></latexit>

v ⌘
q

v21 + v22 = 246 GeV

❖ Tree level potential :
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❖ Physical eigenstates  Neutral Charged

CP-even CP-odd {
<latexit sha1_base64="GIDsye660gtsukxYw9KtjJzXyhQ="></latexit>

h, H, A, H
±

<latexit sha1_base64="E5jhj4pfKuNQRu0DHuew3WOlizY="></latexit>{
Basler et al. JHEP (2017)
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Color points have a PT of strong first order.

❖ Parameters in the Higgs potential

→

246 GeV

125 GeV
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mh, mH , mA, mH± ,

v, tan�, cos(� � ↵), m2
12
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MA, Komatsu, Shibuya, PTEP (2022)
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MA, Komatsu, Shibuya, PTEP (2022)

EW vacuum

<latexit sha1_base64="Ne22FNgJ9ug/P1FK5Rgms+V0zR0="></latexit>

mA (:2o) mH (:2o) tan� cos(� � ↵) m3 (:2o)
hvT2@A UmA = mH±V R3yĜRyyyUfRyV RjyĜRyyyUfRyV kĜRyUfyX8V �yXk8ĜyXk8UfyXy8V yĜRyyUf8V

The first step in the 2-step PT tends to occur along the φ2 axis.

❖ 2-step PT The VEVs after each step of the 2-step PTs 
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hvT2@A UmA = mH±V
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Exotic intermediate phases?

MA, Biermann, Borschensky, Ivanov, Mühlleitner, Shibuya, JHEP 02 (2024)
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Ivanov, Acta Phys. Polon. B 40 (2009). 
Ginzburg, Ivanov and Kanishev, PRD81 (2010). 

❖ The CB phase were analyzed within the high-T approximation of 
the 2HDM potential.

EW symmetric  → neutral → charge-breaking (CB) → EW vacuum  

✤ The sequence of phases from high-T to the EW vacuum at T = 0:

✤ Is it possible that some of these phase transitions become first-order? 

Questions：
✤ Does such an intermediate CB phase indeed exist within a more accurate 

analysis with the effective potential?
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Present vacuum (T=0) :
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vj = !̄j |T=0
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vCB = vCP = 0,

Exotic intermediate phases
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❖ Tree level potential :

✤ We assume CP conservation.
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The sign of λ3 is not fixed. 
<latexit sha1_base64="6QqqKQ7gr6P7uZgZbS/MWXhAa7A="></latexit>
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✤ CB vacuum :
• BFB conditions 

•

<latexit sha1_base64="XFolGqjCqbDXchnXT8HOsNsHjuU="></latexit>

m2
12 = 0❖ a toy model:   
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22 < 0
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�3 > 0

✤ EW symmetric vacuum  (v=0) :    
<latexit sha1_base64="4+Wmn0JeZRjdQbkcTSgSgtxedFY="></latexit>
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m2
22 = m2

11 ⇥ (�2/�3)

unphysical.

The T=0 situation 
must reside.

❖ T=0

2HDM with an exact Z2 symmetry 
High-T approximation
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Ivanov, Acta Phys. Polon. B 40 (2009). 
Ginzburg, Ivanov and Kanishev, PRD81 (2010). 
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EW symmetric
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�3 > 0

✤ Phase transition sequence with an intermediate CB
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❖ Temperature evolution 
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c2/c1 ⇡ 0.78- �2/�3 ⇡ 0.42

e.g.)

✤ If we drop the top-quark contribution to c2, we miss the charge-breaking region.
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�2 ⇡ 1/4→

✤ The ray rises steeper than the wedge:
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✤ The charged Higgs boson mass:
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If the starting point approaches the boundary of CB phase, the             vanishes. 
<latexit sha1_base64="dBsQg/TnLkzJ8G0D+wR+labCXEI="></latexit>

m2
H±

Avoiding a dangerously small             is not an easy task. 
<latexit sha1_base64="gK0uoU8Br7FJEv28Sls0/b61Tt8="></latexit>

m2
H±

We need the larger λ3  or  a larger           . 

<latexit sha1_base64="ts0GlemJ5mvGuSzMCFiN5TVxXEc="></latexit>

m2
22

m2
11



  　　     　           Tokyo Woman's University                        Nov. 21, 2024

A toy model (m212 ≠ 0)

37

→ The evolution can miss the CB region more easily. 

T = 0
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✤ The larger          , the further the CB region retracts from the origin. 
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✤ CB vacuum :

hyperbolic conical section
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❖ The one-loop corrected effective potential at the finite temperature :
<latexit sha1_base64="kcZNRvZ4JGNPX3+X2F1v6q6JKjc="></latexit>
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The Coleman-Weinberg potential :
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The one-loop thermal contributions : 
<latexit sha1_base64="UFHmxOoGvtkyMRsHHs3JlUH2r4o="></latexit>

VT

<latexit sha1_base64="FnDgSvrf4q4yZEDSPoiWQmGeAuI="></latexit>

VCTThe counter term potential : 



  　　     　           Tokyo Woman's University                        Nov. 21, 2024

Symmetry (non-)restoration

39

<latexit sha1_base64="6nWxpFVdNhA/W8vwUn6gZHnLDTY="></latexit>

Hij ⌘
@
2
VT

@!̄i@!̄j

����
!̄i,j=0

, i, j = 1, 2.

<latexit sha1_base64="aLkFzNuzl6sKidam7/gXZfP8zFM="></latexit>

H ⌘ lim
T!1

H

T 2
= lim

T!1

✓
H11
T 2

H12
T 2

H21
T 2

H22
T 2

◆
=

✓
H11 0
0 H22

◆
,

The Hessian matrix : 
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✤ Symmetry (non-)restoration:
✤ the curvature of VT with respect to the EW VEVs around the origin.
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✤ In order for the stationary point at the origin to be a 

minimum, all eigenvalues are required to be positive:
<latexit sha1_base64="MtKnOdaWSbVxN53FlADlezb1+6U="></latexit>

H11 > 0 �M/ H22 > 0 .



  　　     　           Tokyo Woman's University                        Nov. 21, 2024

Yukawa interactions

40

<latexit sha1_base64="njLozB8ncyKT3bS4Dgi5mrAX5q8="></latexit>

�1 �2 uR dR `R QL- LL

hvT2@A + � � � � +
hvT2@AA + � � + + +
hvT2@s + � � � + +
hvT2@u + � � + � +

❖ Four types of Yukawa interactions
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✤ Scan ranges:
MA, Biermann, Borschensky, Ivanov, Mühlleitner, Shibuya, JHEP02(2024)

✤ All relevant theoretical and experimental constraints are satisfied.
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- Electroweak precision data

- Flavor experiments 

- Higgs couplings strength  
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1✤ Relatively low charged Higgs masses :
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✤ Degenerate configuration :
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✤ Only points with λmax < 5 lead to EW 
symmetry restoration.

When requiring the parameter points to fulfill the all three constraints 
simultaneously, no viable points are found.

- an intermediate CB phase  
- EW symmetry restoration 
- the experimental constraints 
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Intermediate CB phase :
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❖ Temperature evolution of the absolute values of the EW and CB VEVs. 
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"Sk 893X8R Rd8X88 RdRX9j 98Xjk yXy93 eekNXNd
"Sj j9kX8k kjyXyk R3jXdk k3eXyy yXyyN 9RyXRd
"S9 883X8e RN9X8k Re3X9j 3yX39 yXyke j38dXNy
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1    Neutral 　→  CB    →  EW vacuum.
✤ We find a first-order phase transition from the electrically neutral to the CB phase.

✤ The sequence of phases from high temperatures to the EW vacuum at T = 0:
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✤ We investigated the possibility of an intermediate CB phase in the 2HDM type I

✤ The appearance of a CB phase favours rather low charged Higgs masses 
and large quartic couplings.

✤ If we accept symmetry non-restoration:

Typical collider features :
<latexit sha1_base64="CPSgf5kZtNlWtRC3m750Jjd0YSo="></latexit>

H ! AZ

<latexit sha1_base64="vWXrxADE0UOV5G5YuFSaxPyxL9Y="></latexit>

H ! H
±
W

⌥or

using the full one-loop corrected effective potential.
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まとめ
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✤ 電磁気力と弱い力は高エネルギーでは統一されており、電弱相
転移によって2つに分かれた。 

✤ 電弱相転移が一次相転移の場合、背景重力波が観測される可能
性や物質-反物質非対称性を説明できる可能性がある。 

✤ 標準模型では電弱一次相転移は起こらないが、拡張模型では実
現可能。 

✤ 2HDMは、標準模型のヒッグス場と同様の場を1つ加えたシンプ
ルな拡張の模型。しかし、ポテンシャルはとてもリッチな相転
移ダイナミクスを引き起こす。 

✤ マルチステップ相転移やIntermediate CB相の物理もリッチ。


