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Introduction
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❖ Standard Model

❖  Spontaneous Electroweak Symmetry Breaking

SU(2)L ⇥U(1)Y ! U(1)em

hhi = 246 GeV

→ The SM particles get their masses.
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Electroweak Phase Transition
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❖ Standard Model :  

50 60 70 80 90
mH/GeV

80

90

100

110

120

130

T c/G
eV

 The Standard Model

symmetric phase

Higgs phase

pertu
rbatio

n theory

2nd order
endpoint

Laine, Rummukainen, hep-lat/9809045
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mh ⇠<70 GeV
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mh ' 125 GeV  → crossover
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Electroweak Baryogenesis
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❖ Baryon Asymmetry

❖ The three Sakharov’s conditions Sakharov (1967)

❖ EW Baryogenesis
The strong 1st order PT is required.

B violation 
C, CP violation 
out of equilibrium
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 The criterion for the “strong” 1st order PT.
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The sphaleron process should be decoupled in the broken phase.

→ Bubbles of broken phase are nucleated and expand.
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Gravitational Wave 

6

Phenomena in the early universe can be probed by the GW.

❖ The detection of GWs by LIGO in 2015.　→ a new era  

❖ The strongly 1st order EWPT predicts the GWs in the frequency 
range of 10-3 - 10-1 Hz.

❖ Many new GW experiments are planned in the coming decades.
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- Introduction 
- 1st order PT& Gravitational wave 
- Extended Higgs model   ‥ 2HDM 
- Scale invariant model     ‥ Hidden QCD sector 
- Summary
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❖ High temperature expansion :

❖ Strong 1st order PT :

❖ The condition for the strong 1st order PT :

❖ Two degenerate minima : 

One-loop thermal potential :
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- Boson-loop:

m : field dependent mass

❖  The cubic term arises from the bosonic thermal corrections.

First-order phase transition

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

Ve↵(', T ) = D(T 2 � T 2
0 )'

2 � ET |'|3 + �T

4
'4

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

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

- Fermion-loop:
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There is a sufficiently high and wide potential barrier 
separating the two degenerate vacua at T=Tc.
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SM :

❖  The cubic term arises from the bosonic thermal corrections.
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large λ with small M  →  large E 

❖ The “non-decoupling effects” is important.

Non-decoupling effect is required.

field dependent mass :

First-order phase transition

BSM :
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❖ Higgs self coupling :

Higgs Self Coupling
h

h

h

f, φ=                         +
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→The quantum corrections grow with m4.
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❖ cf) Two Higgs Doublet Model (2HDM)
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� = H,A,H
±

Kanemura, Okada, Senaha, PLB (2005)  

❖ Higgs pair production :

- HL-LHC 

ILC  (√s = 500 GeV , L = 3 ab^-1)

- CEPC, ILC, FCC-ee

de Blas et al., arXiv:1905.03764
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direct probe for the Higgs self-coupling
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S3 : the three-dimensional Euclidean action

- Probability of the bubble nucleation :

❖ Bubble nucleation:

❖ Nucleation temperature : Tn 

h'i 6= 0

h'i = 0

❖ A first order phase transition is characterized by the nucleation of bubbles 
of the broken phase.
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Gravitational Wave 
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ρrad : the thermal energy density

❖ α : Released energy ❖ β-1 : Timescale of the transition
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✤ scalar field contribution 
✤ sound waves  
✤ magnetohydrodynamic turbulence

⌦GW = ⌦' +⌦sw +⌦turb❖ Sources of GWs :

h2⌦peak
GW

High Tn

Large α, β-1

fpeak / (�/H(Tn)) Tn
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Formulas of the GW spectrum are 
given by numerical simulation.

Huber, Konstandin, JCAP(2008), 
Hindmarsh, Huber, Rummukainen, Weir, PRD(2015), 
Caprini, Durrer, Servant, JCAP(2009),  
Binetruy, Bohe, Caprini, Dufaux, JCAP(2012), 
              :  

Gravitational Wave 
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Two Higgs Doublet Model
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❖ The tree-level potential :
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soft-breaking mass parameter :
<latexit sha1_base64="LcSSE3fEnOpQP6vvy6rSHoh92Fk="></latexit>

m2
3

❖ Mass eigenstate 

❖  

CP-conserving



  　　     　    "The Future is Illuminating" workshop                      June. 28, 2022
14

❖ Scalar masses: 

Two Higgs Doublet Model
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❖ Yukawa interactions

Type II, Type Y : severe constraints by b→s γ. 

❖ Parameters in the Higgs potential
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Each Yukawa type show the similar PT profile.

Two Higgs Doublet Model
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Two Higgs Doublet Model
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：noise spectral density
Yagi, Int. J. Mod. Phys. D22 (2013) 

Signal to Noise Ratio (SNR) for LISA :
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❖ parameter scan

Strength of the 1st order PT :

HL-LHC sensitivity :
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cos(� � ↵) 2 (�0.3, 0.3) , mA 2 (150, 1500)GeV , mH± 2 (150, 1500)GeV.

<latexit sha1_base64="SshnfdZtN0Xrs7/nQlhyZYLgBDk="></latexit>

⇠w = 0.95

<latexit sha1_base64="IsFa60lYVI4NjcMQZPQ0aqMe9To="></latexit>

⌦noise(f) =
2⇡2

3H2
0

f
3
Sn(f)

<latexit sha1_base64="D1Fb8W34PuMKJNhesfhuhnde+B0="></latexit>

Sn(f)

<latexit sha1_base64="xGhNlhXB3VvLl/fxXBXoH2D1abA="></latexit>

tobs = 5 years

Goncalves, Kaladharan, Wu,  arXiv:2108.05356

Wall velocity :

<latexit sha1_base64="BFTP7DpIg1eI6OyXIYufeFI0xTk="></latexit>'c

Tc

  : the observation time

<latexit sha1_base64="ZQbymnMYD/bZ5+6pHWDFuQJo6OU=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiRS0GXRjcsK1hbaWiaTSTN0kgkzN0IJ/QzBjYiu/Bb/wL9x0nbT1gMDh3POcO+5fiqFQdf9dUobm1vbO+Xdyt7+weFR9fjkyahMM95mSird9anhUiS8jQIl76aa09iXvOOP7wq/88K1ESp5xEnKBzEdJSIUjKKVnvvSRgM6zKMomlaG1Zpbd2cg68RbkBos0BpWf/qBYlnME2SSGtPz3BQHOdUomOTTSj8zPKVsTEc8n+06JRdWCkiotH0Jkpm6lKOxMZPYt8mYYmRWvUL8z+tlGN4McpGkGfKEzQeFmSSoSFGcBEJzhnJCKGN234yi3YNFVFOG9kBFeW+16jrpXNW9Rt3zHhq15u3iDmU4g3O4BA+uoQn30II2MNDwBp/w5Sjn1Xl3PubRkrP4cwpLcL7/ABAPjyE=</latexit>

�hhh ,  Φ decay,  etc
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19.73%

7.29% 20.36%
35.25%

3.05%

0.12% 8.16%

6.03%

∏ h
3/
H

!
hh H

/A
/H ±

!
ff

A(H) ! ZH(A)

Type-II ªc > 1

4.42%

5.41% 35.00%
42.42%

1.88%

0.83% 4.51%

5.53%

∏ h
3/
H

!
hh H

/A
/H ±

!
ff

A(H) ! ZH(A)

Type-I SNR > 10

34.43%

3.55% 20.36%
10.52%

5.33%

0.14% 21.45%

4.23%

∏ h
3/
H

!
hh H

/A
/H ±

!
ff

A(H) ! ZH(A)

Type-II SNR > 10

4.47%

8.13% 34.15%
34.96%

3.25%

0.41% 6.10%

8.54%

∏ h
3/
H

!
hh H

/A
/H ±

!
ff

A(H) ! ZH(A)

Two Higgs Doublet Model

°500 °250 0 250 500
¢mH [GeV]

°600

°400

°200

0

200

400

600

¢
m

A
[G

eV
]

Type-I ªc

°500 °250 0 250 500
¢mH [GeV]

Type-II ªc

°500 °250 0 250 500
¢mH [GeV]

Type-I SNR

°500 °250 0 250 500
¢mH [GeV]

Type-II SNR

1.0 1.5 2.0 2.5 3.0 3.5
ªc

1 2 3 4 5 6 7 8
log10(SNR)

<latexit sha1_base64="u48TwUr1a4LeeEi4HI7G/nLJp+0="></latexit>

�
m

A
⌘

m
A
�

m
H

±

<latexit sha1_base64="NCrJ7yeZLGBEszqar+tw8OQO4Uk="></latexit>

�mH ⌘ mH �mH±

<latexit sha1_base64="BilxUOcteXhnTTC073llt2Mg0JI="></latexit>'c

Tc
> 1

❖ 2HDM with Type I 
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<latexit sha1_base64="vhL2hXUfthqpCmQjuMbTasWSmGQ="></latexit>'c

Tc
> 1

❖ Factions of the parameter points that can 
be covered by distinct search channels 

Goncalves, Kaladharan, Wu,  arXiv:12108.05356
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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

<latexit sha1_base64="dPJhP8Eoqx0Ej7MlwrmYKSe/gc4="></latexit>

m2
2 < 0 with large |m2

2|❖  

The VEVs after each step of the 2-step PTs 
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<latexit sha1_base64="qmIFSe4/u0T6sreEa2rAyVJ8Edk="></latexit>

tan� = 2, cos(� � ↵) = �0.2, m3 = 0

MA, Komatsu, Shibuya, PTEP (2022)<latexit sha1_base64="hiAe+cu/hvRD6btw9ZPh5hUwbsw="></latexit>

hvT2@A UmA = mH±V

❖ The strong 2-step PTs occur only with the mass hierarchy <latexit sha1_base64="MGZ6L6grF+Z7NPB5aKDmBlNun0s="></latexit>

mA > mH .

❖ strong 2-step PTs : The first step PTs of the 2-step PTs are strongly first order.
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<latexit sha1_base64="4FZltYJwtwgv2adb4nIQWTPN+50="></latexit>

��hhh =
�hhh � �SM

hhh

�SM
hhh

= 2.2❖ hhh coupling :

Two Higgs Doublet Model

<latexit sha1_base64="rYDq1oZO0c01rMGXM8EtUUMAQpY="></latexit>

mA = mH± = 490 GeV, mH = 300 GeV, tan� = 2.3, cos(� � ↵) = �0.21, m3 = 20 GeV.

❖ The strengths of the PT :
<latexit sha1_base64="wyq3s87RSD/mKLUDgTz+BISpJ1U="></latexit>'c

Tc
= 2.1 (for 1st), 4.2 (for 2nd)

<latexit sha1_base64="JDUqzRxOZ3RwOK7CbnoYSxM0m+0="></latexit>

⇠w = 1

MA, Komatsu, Shibuya, PTEP (2022)
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VSM = m
2
H
H

†
H + �H(H†

H)2
❖ Hierarchy problem

×VSM = m
2
H
H

†
H + �H(H†

H)2

One of candidates for the solution of hierarchy problem. 

Hur et al, PLB (2011) , Holthausen et al, JHEP(2013) 

Dynamical chiral symmetry breaking (DχSB) in the hidden sector triggers the EWSB.

❖ Classically scale invariance  

MA, Goto, Kubo, PRD (2017) 
MA, Kubo JHEP(2021)

HiddenVisible
QCD-likeSM with mH2=0 

<latexit sha1_base64="Xib5nT+/FH/sGAmUIiTStYNzhaE="></latexit>

⇠ �H⇤2 ⇠ �m2
H

<latexit sha1_base64="WNIRkPN7aelCpfp2ZitR8IgPhLQ="></latexit>

m2
h ⌧ ⇤2

<latexit sha1_base64="g37CWa2CdXL7ACvUi5gJvyLLQVc="></latexit>

m2
h
= m2

H
� �m2

H
' (1016 :2o)2 � (1016 :2o)2 = (125 :2o)2

with the hidden QCD sector 

strong 1st order?
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✤ QCD PT
Ding et al. arXiv: 1111.0185

(Nf = 2+1) 

cross over

SM

mu,d

ms

1

1

1st-order PT

Nf = 3

Chiral limit 
(Classical scale invariance)

Pure SU(3)

EWPT QCD PT
hidden QCD PT

Classical Scale Invariant Model
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❖ Gauge Symmetry : GSM ⇥ SU(3)H
<latexit sha1_base64="l8fyrxKyx/1M9A3p0HXAfGLMfIo="></latexit><latexit sha1_base64="l8fyrxKyx/1M9A3p0HXAfGLMfIo="></latexit><latexit sha1_base64="l8fyrxKyx/1M9A3p0HXAfGLMfIo="></latexit>

S real singlet scalar
 i hidden vector-like fermions (i=1-3)

LH = �
1

2
Tr F 2 +Tr  ̄ (i/@ + gH /G+ g0Q /B � yS) 

<latexit sha1_base64="qTI21TETGjtZ34md7lORMlOyCG4="></latexit><latexit sha1_base64="wKcUXcTOKaz5WuajMI5QvrpduKY="></latexit><latexit sha1_base64="wKcUXcTOKaz5WuajMI5QvrpduKY="></latexit>

❖ Lagrangian of the hidden sector : 

VSM+S = �H(H†
H)2 �

1

2
�HSS

2(H†
H) +

1

4
�SS

4❖ Scalar potential for vis. sector :

Hidden 
QCD 
scale ⇤H

EW

Explicit χSB
Dynamical χSB

EWSB

⌦
 ̄ 

↵
6= 0

hSi 6= 0

hhi 6= 0

yS
⌦
 ̄ 

↵
<latexit sha1_base64="zhk6ajaqURBDpEQXtLpMMIfcdlA="></latexit><latexit sha1_base64="3xIoBRXo/bOqez3er2ba10/sC0c="></latexit><latexit sha1_base64="3xIoBRXo/bOqez3er2ba10/sC0c="></latexit>

�HS hSi2
�
H

†
H

�
<latexit sha1_base64="OGUIJxg5M7DGZG6By3uiOQv3TEY="></latexit><latexit sha1_base64="fgKz+sYk22jQ18KnvE1Xcd0g+A4="></latexit><latexit sha1_base64="fgKz+sYk22jQ18KnvE1Xcd0g+A4="></latexit>

⌦
 ̄ 

↵
⇠ ⇤3

H
<latexit sha1_base64="agYIfSv11oxv3YFsDTKAcmlOx3Q="></latexit><latexit sha1_base64="PAloywqkfXtrNqhLG/0SKe3rez4="></latexit><latexit sha1_base64="PAloywqkfXtrNqhLG/0SKe3rez4="></latexit>

❖ The DχSB in the hidden sector triggers the EW symmetry breaking.

SU(3)L ⇥ SU(3)R ! SU(3)V
<latexit sha1_base64="rxZQa1AzlSHlUquNBoVFT3Z26Mw="></latexit><latexit sha1_base64="rxZQa1AzlSHlUquNBoVFT3Z26Mw="></latexit><latexit sha1_base64="rxZQa1AzlSHlUquNBoVFT3Z26Mw="></latexit>

h S
HiddenVisible
QCD-likeSM with mH2=0 

 i

Classical Scale Invariant Model
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Chiral condensate Hidden mesons

(�)ij =  ̄i(1� �5) j

LH =
1

2
Tr F 2 +Tr  ̄ (i/@ + gH /G� yS) 

❖  Nambu—Jona-Lasinio (NJL) Lagrangian

❖  The mean-field approximation:

LNJL = Tr  ̄(i/@ + g0Q /B � yS) + 2GTr �†�+GD(det �+ h.c)
<latexit sha1_base64="zw0jK9cZuCizgpXo5gYs9b0g43Y="></latexit><latexit sha1_base64="27xGbHEpyqHhF3bsiFy8OjgOeO8="></latexit><latexit sha1_base64="27xGbHEpyqHhF3bsiFy8OjgOeO8="></latexit>

cf.  current mass  mc 　　   4-Fermi　　 　 6-Fermi

✤ G and GD are dimensional parameters.

<latexit sha1_base64="PXYuz6Fjxu3sVoI1T+T96Ho6h+A="></latexit>

� = �4G
⌦
 ̄ 

↵
, �a = �2iG

⌦
 ̄�5�

a 
↵

<latexit sha1_base64="NJ2eZwkYBGi19mV0GajxlR9WtOk="></latexit>

(a = 1, · · · , 8)
SU(3)V limit

Dark Matter candidates

(Massive NG bosons)

Classical Scale Invariant Model
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VNJL(�, S;⇤H) =
3

8G
�2 �

GD

16G3
�3 � 3ncI0(M ;⇤H)

<latexit sha1_base64="XdxBB3PB38qj3Yr9KHLmdgY/bh4="></latexit><latexit sha1_base64="Qh29PDZRkgMshN75rOUP+jWSNlc="></latexit><latexit sha1_base64="Qh29PDZRkgMshN75rOUP+jWSNlc="></latexit>

the constituent fermion ψ mass : M = � + yS �
GD

8G2
�2

: determined by scaling-up the values for the real hadrons. ✤ G and GD

→ G1/2⇤H = 1.82, (�GD)1/5⇤H = 2.29
<latexit sha1_base64="gaF+4TYjWmErQQ+ex3T1AVH77ZE="></latexit><latexit sha1_base64="VJZg+5dDnl0TLa3hYz5hy4obNdc="></latexit><latexit sha1_base64="VJZg+5dDnl0TLa3hYz5hy4obNdc="></latexit>

G
QCD1/2⇤

QCD

= 1.82, (�GQCD
D )1/5⇤QCD = 2.29

<latexit sha1_base64="a3FFEfj8oVhsgnxrifS7i5+h2eo="></latexit><latexit sha1_base64="8ws8pPuf1OCG8WNVnXI6hbHE+E4="></latexit><latexit sha1_base64="8ws8pPuf1OCG8WNVnXI6hbHE+E4="></latexit>

chosen to satisfy

VSM+S = �H(H†
H)2 �

1

2
�HSS

2(H†
H) +

1

4
�SS

4

❖ the free parameters of the model :

❖ the one-loop effective potential from MFA:

�HS, �S, y
<latexit sha1_base64="rH/XajOu5gzftjvTI/9cP31/g3E="></latexit><latexit sha1_base64="AC46C7bzzKlJ+8GaQDo7ECE7T20="></latexit><latexit sha1_base64="AC46C7bzzKlJ+8GaQDo7ECE7T20="></latexit>

<latexit sha1_base64="gRcasj18Sg/y+Cq0Qe8ev3/vvkI="></latexit>

, �H , ⇤H

❖ the <σ> and <S> can be determined through the minimization of the effective 
potential at finite temperature.

<latexit sha1_base64="UMB3bQLUwt9ucAhOZbu/DX39/1I="></latexit>

mh = 126 GeV, v = 246 GeV

Classical Scale Invariant Model



  　　     　    "The Future is Illuminating" workshop                      June. 28, 2022

Hidden Chiral Phase Transitions

26

0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12
T/ΛH

0

1

2

3

4

5

6

7

8

9

v σ
 / 

T 
   

&
   

v S / 
T 

 

λS = 0.001,  λHS = 0 ,  y = 0.00172

vS / T

v
σ
 / T

T/⇤H
<latexit sha1_base64="RNDQ/1Jtxjh/zp/t3ojM0doGCTo="></latexit><latexit sha1_base64="57tD+muQKNhXgmiDDcDxFchvkJ4="></latexit><latexit sha1_base64="57tD+muQKNhXgmiDDcDxFchvkJ4="></latexit>

vσ / T

vS / T

vS / vσ / 

T/⇤H
<latexit sha1_base64="RNDQ/1Jtxjh/zp/t3ojM0doGCTo="></latexit><latexit sha1_base64="57tD+muQKNhXgmiDDcDxFchvkJ4="></latexit><latexit sha1_base64="57tD+muQKNhXgmiDDcDxFchvkJ4="></latexit>
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<latexit sha1_base64="qLXlJlxgHLPmmGXpbzrZEV1vU1I="></latexit>

�S = 0.001, �HS = 0, y = 0.00172
<latexit sha1_base64="zBL1g5HJmnmtQojaZXCgBBb3Mus="></latexit>

�S = 0.001, �HS = 0, y = 0.0045

❖ The chiral PT in the hidden sector becomes first order for
<latexit sha1_base64="CWPH8ZDgP+n0oZmQVJimECkyeIM="></latexit>

y ⇠
<O(10�3) .

<latexit sha1_base64="hUEEQQihI5w12/yIK2+WuXkhEmE="></latexit>

�/H ⇠ 4000 (8000) for y ' 0.0017 (0.001)
❖  α,  β

<latexit sha1_base64="wyzcgUiBFsf+9J7v2SxlthCwAAo="></latexit>

↵ ⇠ 0.02{ ✤ The SW as a GW source are 
active for less than a Hubble time.

h
2⌦sw(f) ! h

2⌦sw(f)⇥ ⌧swH
<latexit sha1_base64="aUu6PoB8glUsdQlEpTd1LMezlcM="></latexit><latexit sha1_base64="k9otOHzXliKEIqHJ0suQHojqUUw="></latexit><latexit sha1_base64="k9otOHzXliKEIqHJ0suQHojqUUw="></latexit>

❖ The reduction factor for the SW contribution: 

τSW : the duration of the sound-wave period 

Ellis, Lewicki, No, JCAP(2019) 
Ellis, Lewicki, No, Vaskonen, JCAP(2019) 

<latexit sha1_base64="350NN1121+jQ6G1RJHII+i6gNms="></latexit>

⌧swH ⇠ 5⇥ 10�3 for �/H ⇠ 104 ξw=0.6809Jouguet detonation : 

MA, Kubo JHEP(2021)

❖ We find 
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�HS
<latexit sha1_base64="ihUVKnqC4rV//ypUUc/s0/RntXQ="></latexit><latexit sha1_base64="HqZUdOvytYHpiNRkqSnINGD/VUw="></latexit><latexit sha1_base64="HqZUdOvytYHpiNRkqSnINGD/VUw="></latexit>
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<latexit sha1_base64="FPgeTkGxwg4cvlrBtrPAnEfEPDk="></latexit>

mS < mh
<latexit sha1_base64="UtyDgZXNqlekxW227mNM8iI3nWQ="></latexit>

mS > mh

MA, Kubo JHEP(2021)

<latexit sha1_base64="jYvJpFa/UQ3zmv2lWQLy4hOBXGs=">AAACD3icbVDLSgMxFM3UVx1foy7dBIvFjcOMFtRFoejCLlxU6As6ZchkMm1o5kGSEcpQv0HwXwQ3IrrSP/BvTB+btl4IHM45Se45XsKokJb1q+VWVtfWN/Kb+tb2zu6esX/QFHHKMWngmMW87SFBGI1IQ1LJSDvhBIUeIy1vcDvWW4+ECxpHdTlMSDdEvYgGFCOpKNc4C11RLF9bMHN4+HRHmiPH0Z179YCP3CoslkvmxVSrK801CpZpTQYuA3sGCmA2Ndf4cfwYpyGJJGZIiI5tJbKbIS4pZmSkO6kgCcID1CPZJMwInijKh0HM1YkknLBzPhQKMQw95QyR7ItFbUz+p3VSGVx1MxolqSQRnn4UpAzKGI6bgT7lBEs2hAhjtW+KpNoD9xFHWKoGdRXeXoy6DFrnpl0ybfuhVKjczHrIgyNwDE6BDS5BBVRBDTQABi/gDXyCL+1Ze9XetY+pNafN7hyCudG+/wBVGJoO</latexit>

ms = 90 GeV

⇤H = 4.3 TeV

BP1:

BP2:
<latexit sha1_base64="OAG5hFPYJitJxvaEM/8CZ1qdzvE=">AAACEHicbVDLSgMxFM3UVx1foy7dBIvF1TAjtbopFF3YhYsKfUGnDJlMpg3NPEgyQhnqPwj+i+BGRFf9A//G9LFp64XA4ZyT5J7jJYwKaVm/Wm5jc2t7J7+r7+0fHB4ZxyctEacckyaOWcw7HhKE0Yg0JZWMdBJOUOgx0vaG91O9/Uy4oHHUkKOE9ELUj2hAMZKKcg0zdEWxYl9bMHN4+PJAWmPH0Z1H9YKP3BosVspmea41lOYaBcu0ZgPXgb0ABbCYumtMHD/GaUgiiRkSomtbiexliEuKGRnrTipIgvAQ9Uk2SzOGF4ryYRBzdSIJZ+ySD4VCjEJPOUMkB2JVm5L/ad1UBre9jEZJKkmE5x8FKYMyhtNqoE85wZKNIMJY7ZsiqfbAA8QRlqpCXYW3V6Oug/aVaZdM234qFap3ix7y4Aycg0tggxtQBTVQB02AwRv4AN/gR3vV3rVP7WtuzWmLO6dgabTJH826mko=</latexit>

ms = 150 GeV

⇤H = 6.6 TeV
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MA, Kubo JHEP(2021)



  　　     　    "The Future is Illuminating" workshop                      June. 28, 2022

Summary
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❖ The 1st order PT is a promising probe for the new physics in the early Universe. 

a scale invariant model with the hidden QCD sector

❖ Many models with extended scalar sector predict the strong 1st order PT.

❖ The GW signal predicted by the BSM could be detected at future space-based 
GW detector.

2HDM

- Dynamical chiral PT in the hidden sector becomes the 1st order for   
the smaller Yukawa coupling.

❖ The GW, LHC, and future collider complementarities will probe the 1st order PT. 

- favors low scalar masses
- strong 2-step PTs are possible


