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・A model with multi-step phase transition

・Fermion extension model

(The SM case)

★ To show the new physics effects, the SMEFT is good 
theory

The EWPT is related to the phenomena beyond the SM. 

Baryon asymmetry of the Universe (BAU)→  The SM has to be extended.

Electroweak Baryogenesis is one of senario 
explaining BAU.

Strongly first-order electroweak phase transition (EWPT)

(φc / Tc >1 )

The EWPT in the SM is crossover.
[Y. Aoki, F. Csikor, Z. Fodor and A. Ukawa, Phys. Rev. D 60, 013001 (1999)]

Strongly first-order EWPT can be realized by NP effects beyond the SM. 

[V. A. Kuzmin, V. A. Rubakov and M. E. 
Shaposhnikov, Phys. Lett. B 155, 36 (1985) ]

★ The shape of Higgs potential is still undetermined.

→  The new physics (NP) effects can  
      contribute to the potential.

★ The dynamics of electroweak phase transition (EWPT) is 
governed by the shape of the Higgs potential.

(φc / Tc >1 )
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・A model with multi-step phase transition

・Fermion extension model

★ However, new particles have not been found by the Large Hadron Collider (LHC) since 
the discovery of the Higgs boson...

(The SM case)

Standard Model Effective Field Theory 
(SMEFT) 

The NP scale may be larger than the 
electroweak (EW) scale 

Baryon asymmetry of the Universe (BAU)→  The SM has to be extended.

the lack of new particle discoveries 
at the LHC strengthens the 
possibility of the NP scale higher 
than the electroweak symmetry 
breaking (EWSB) scale.

SM 
+ High dimensional operators

Energy scale

EW 
scale

NP 
scale

New physics effects

This situation motivates the effective field theory (EFT) 
approach to describe the NP effects.

In this talk, we consider this framework. 
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・A model with multi-step phase transition

・Fermion extension model

★ If the first-order phase transition occurs in the early Universe, the gravitational waves 
(GWs) are produced by collision of bubbles from the phase transition.

(The SM case)

Baryon asymmetry of the Universe (BAU)→  The SM has to be extended.

the lack of new particle discoveries 
at the LHC strengthens the 
possibility of the NP scale higher 
than the electroweak symmetry 
breaking (EWSB) scale.

This situation motivates the effective field theory (EFT) 
approach to describe the NP effects.

The GW spectrum depends on the potential form.

False 
vacuum

True vacuum

Decay rate of vacuum corresponds to the critical bubble nucleation rate per unit volume and per unit time. 
[L. D. Landau, E. M. Lifshitz, ”Statistical Physics”]

[S. Coleman , ”The uses of instantions”, (1977)]

False vacuum 
space

True vacuum 
bubbles

GW

GW
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・A model with multi-step phase transition

・Fermion extension model

★ GW observations can be used to explore the NP effects for the first-order phase transition.

(The SM case)

Baryon asymmetry of the Universe (BAU)→  The SM has to be extended.

the lack of new particle discoveries 
at the LHC strengthens the 
possibility of the NP scale higher 
than the electroweak symmetry 
breaking (EWSB) scale.

This situation motivates the effective field theory (EFT) 
approach to describe the NP effects.

We can quantitatively discuss the expected uncertainties in the GW observations for NP effects 
by the Fisher matrix analysis. [K. Hashino, R. Jinno, M. Kakizaki, S. Kanemura, T. Takahashi and M. Takimoto, PRD 99 (2019) no.7, 075011 ]

(The Fisher matrix corresponds to the inverse of the covariance matrix.)

How precisely can we measure the SMEFT operator effect by GW observation?

 1σ contours (LISA)

LI
SA

DECIG
O

White dwarf BBO

GW spectrum

LISA, White dwarf : [A. Klein et al., Phys. Rev. D93 no. 2, (2016) 024003], 
DECIGO, BBO : [K. Yagi and N. Seto,  Phys. Rev. D83 (2011) 044011]

\hat{\Omega}_{\rm peak } =10^{-7}, 
\hat{f}_{\rm peak} = 10^{-2}Hz

\hat{\Omega}_{\rm peak } 
=10^{-7}\pm3 \times10^{-10}, 
\hat{f}_{\rm peak} = 10^{-2}\pm1.5 
\times10^{-5}Hz

\hat{\Omega}_{\rm peak } 
=10^{-7}\pm3 \times10^{-10}, 
\hat{f}_{\rm peak} = 10^{-2}\pm1.5 
\times10^{-5}Hz

LISA (1 year)

(The magnitude of
1σ confidence intervals)



Motivation

6

・A model with multi-step phase transition

・Fermion extension model

★ GW observations can be used to explore the NP effects for the first-order phase transition.

(The SM case)

Baryon asymmetry of the Universe (BAU)→  The SM has to be extended.

the lack of new particle discoveries 
at the LHC strengthens the 
possibility of the NP scale higher 
than the electroweak symmetry 
breaking (EWSB) scale.

This situation motivates the effective field theory (EFT) 
approach to describe the NP effects.

We can quantitatively discuss the expected uncertainties in the GW observations for NP effects 
by the Fisher matrix analysis. [K. Hashino, R. Jinno, M. Kakizaki, S. Kanemura, T. Takahashi and M. Takimoto, PRD 99 (2019) no.7, 075011 ]

(The Fisher matrix corresponds to the inverse of the covariance matrix.)

How precisely can we measure the SMEFT operator effect by GW observation?

 1σ contours (LISA)

LI
SA

DECIG
O

White dwarf BBO

GW spectrum

LISA, White dwarf : [A. Klein et al., Phys. Rev. D93 no. 2, (2016) 024003], 
DECIGO, BBO : [K. Yagi and N. Seto,  Phys. Rev. D83 (2011) 044011]

\hat{\Omega}_{\rm peak } =10^{-7}, 
\hat{f}_{\rm peak} = 10^{-2}Hz

\hat{\Omega}_{\rm peak } 
=10^{-7}\pm3 \times10^{-10}, 
\hat{f}_{\rm peak} = 10^{-2}\pm1.5 
\times10^{-5}Hz

\hat{\Omega}_{\rm peak } 
=10^{-7}\pm3 \times10^{-10}, 
\hat{f}_{\rm peak} = 10^{-2}\pm1.5 
\times10^{-5}Hz

LISA (1 year)

(The magnitude of
1σ confidence intervals)

The magnitude of 1σ confidence intervals



7

(拡張ヒッグス理論では強い電弱一次相転移が実現可能 )

粒子反粒子がどう質量なんでボルツマン分

布に従ってしまうから、同量のバリオ
ン、反バリオンが生成されてしまう →

SMEFT

[A. D. Sakharov, Pisma Zh. Eksp. 
Teor. Fiz. 5, 32 (1967)]

★ The Lagrangian of the SMEFT [B. Grzadkowski, M. Iskrzynski, M. Misiak, and J. Rosiek, JHEP 10 (2010) 085]

In this time, we consider the SMEFT operators 
involving Higgs and top-quarks.

Large Yukawa coupling 
compared to others
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(拡張ヒッグス理論では強い電弱一次相転移が実現可能 )

粒子反粒子がどう質量なんでボルツマン分

布に従ってしまうから、同量のバリオ
ン、反バリオンが生成されてしまう →

SMEFT

[A. D. Sakharov, Pisma Zh. Eksp. 
Teor. Fiz. 5, 32 (1967)]

★ The Lagrangian of the SMEFT [B. Grzadkowski, M. Iskrzynski, M. Misiak, and J. Rosiek, JHEP 10 (2010) 085]

In this time, we consider the SMEFT operators 
involving Higgs and top-quarks.

Large Yukawa coupling 
compared to others

  The neutral Higgs field in the derivative    
  of these operators cancels.
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(拡張ヒッグス理論では強い電弱一次相転移が実現可能 )

粒子反粒子がどう質量なんでボルツマン分

布に従ってしまうから、同量のバリオ
ン、反バリオンが生成されてしまう →

SMEFT

[A. D. Sakharov, Pisma Zh. Eksp. 
Teor. Fiz. 5, 32 (1967)]

★ The Lagrangian of the SMEFT [B. Grzadkowski, M. Iskrzynski, M. Misiak, and J. Rosiek, JHEP 10 (2010) 085]

In this time, we consider the SMEFT operators 
involving Higgs and top-quarks.

It is a dominant effect on the Higgs potential.
[C. Grojean, G. Servant, and J. D. Wells,  Phys. Rev. D 71 
(2005) 036001, D. Bodeker, L. Fromme, S. J. Huber, and M. 
Seniuch, JHEP 02 (2005) 026 and so on.]
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(拡張ヒッグス理論では強い電弱一次相転移が実現可能 )

粒子反粒子がどう質量なんでボルツマン分

布に従ってしまうから、同量のバリオ
ン、反バリオンが生成されてしまう →

SMEFT

[A. D. Sakharov, Pisma Zh. Eksp. 
Teor. Fiz. 5, 32 (1967)]

★ The Lagrangian of the SMEFT [B. Grzadkowski, M. Iskrzynski, M. Misiak, and J. Rosiek, JHEP 10 (2010) 085]

In this time, we consider the SMEFT operators 
involving Higgs and top-quarks.

These effects contribute to the Higgs potential by 
the wave function renormalization.

Integration by parts

(\phi)^2\partial^2(\phi)^2=\partial 
((\phi)^2\partial(\phi)^2)-\partial 
(\phi)^2 \partial(\phi)^2\to -\partial 
(\phi)^2 \partial(\phi)^2=-4\phi^2 
(\partial \phi)^2
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(拡張ヒッグス理論では強い電弱一次相転移が実現可能 )

粒子反粒子がどう質量なんでボルツマン分

布に従ってしまうから、同量のバリオ
ン、反バリオンが生成されてしまう →

SMEFT

[A. D. Sakharov, Pisma Zh. Eksp. 
Teor. Fiz. 5, 32 (1967)]

★ The Lagrangian of the SMEFT [B. Grzadkowski, M. Iskrzynski, M. Misiak, and J. Rosiek, JHEP 10 (2010) 085]

In this time, we consider the SMEFT operators 
involving Higgs and top-quarks.

It contributes to the Higgs potential by the 
top-quark one-loop effects.
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粒子反粒子がどう質量なんでボルツマン分

布に従ってしまうから、同量のバリオ
ン、反バリオンが生成されてしまう →

SMEFT

[A. D. Sakharov, Pisma Zh. Eksp. 
Teor. Fiz. 5, 32 (1967)]

★ The Higgs potential up to the first order of the Wilson coefficients

By using this potential, we can evaluate the first-order EWPT.
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粒子反粒子がどう質量なんでボルツマン分

布に従ってしまうから、同量のバリオ
ン、反バリオンが生成されてしまう →

First-order EWPT

[A. D. Sakharov, Pisma Zh. Eksp. 
Teor. Fiz. 5, 32 (1967)]

★ The results of vc/Tc for normalized (CH , CuH), (CH , CH□) and (CH , CHD).
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粒子反粒子がどう質量なんでボルツマン分

布に従ってしまうから、同量のバリオ
ン、反バリオンが生成されてしまう →

First-order EWPT

[A. D. Sakharov, Pisma Zh. Eksp. 
Teor. Fiz. 5, 32 (1967)]

★ The results of vc/Tc for normalized (CH , CuH), (CH , CH□) and (CH , CHD).

CuH is insensitive as a 
source for the first-order 
EWPT.

CH□ and CHD could be a source for 
the first-order EWPT.
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粒子反粒子がどう質量なんでボルツマン分

布に従ってしまうから、同量のバリオ
ン、反バリオンが生成されてしまう →

First-order EWPT

[A. D. Sakharov, Pisma Zh. Eksp. 
Teor. Fiz. 5, 32 (1967)]

★ The results of vc/Tc for normalized (CH , CuH), (CH , CH□) and (CH , CHD).

CuH is insensitive as a 
source for the first-order 
EWPT.

CH□ and CHD could be a source for 
the first-order EWPT.

We consider the precise measurements of CuH , CH□ and CHD at the GW observations 
when the first-order EWPT occurs by CH effect.
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粒子反粒子がどう質量なんでボルツマン分

布に従ってしまうから、同量のバリオ
ン、反バリオンが生成されてしまう →

First-order EWPT

[A. D. Sakharov, Pisma Zh. Eksp. 
Teor. Fiz. 5, 32 (1967)]

★ Example of the expected uncertainty for (CH , CH□) at the GW observation 

(0.6TeV, 0) 

CH = 0.6 TeV,  CH□ = 0
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粒子反粒子がどう質量なんでボルツマン分

布に従ってしまうから、同量のバリオ
ン、反バリオンが生成されてしまう →

First-order EWPT

[A. D. Sakharov, Pisma Zh. Eksp. 
Teor. Fiz. 5, 32 (1967)]

★ Example of the expected uncertainty for (CH , CH□) at the GW observation 

(0.6, 0) 

95% C.L. confidence regions for DECIGO and BBO with 1-year statistics, assuming the 
central values of the benchmark point.

Fu
tu

re
 c

ol
lid

er

Future collider: ILC250 + HL-LHC
[J. De Blas, G. Durieux, C. Grojean, J. Gu, and 
A. Paul, JHEP 12 (2019) 117, 
[arXiv:1907.04311],  J. de Blas, Y. Du, C. 
Grojean, J. Gu, V. Miralles, M. E. Peskin, J. Tian, 
M. Vos, and E. Vryonidou, Global SMEFT Fits at 
Future Colliders, in 2022 Snowmass Summer 
Study, 6, 2022. arXiv:2206.08326.]

 CH□ = 0 ± (DECIGO)

The magnitude of
95% confidence intervals
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粒子反粒子がどう質量なんでボルツマン分

布に従ってしまうから、同量のバリオ
ン、反バリオンが生成されてしまう →

First-order EWPT

[A. D. Sakharov, Pisma Zh. Eksp. 
Teor. Fiz. 5, 32 (1967)]

★ Example of the expected uncertainty for (CH , CH□) at the GW observation 

The magnitude of 95% C.L. confidence intervals of vertical axis (CH□).

Future collider
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粒子反粒子がどう質量なんでボルツマン分

布に従ってしまうから、同量のバリオ
ン、反バリオンが生成されてしまう →

First-order EWPT

[A. D. Sakharov, Pisma Zh. Eksp. 
Teor. Fiz. 5, 32 (1967)]

★ Expected uncertainties for other effects at the GW observation 

DECIGO and the BBO experiments can be sensitive to the SMEFT effects, such as CuH and CH□, once the 
SFO-EWPT arises.

Future collider 95 % C.L.

Future collider 95 % C.L.



Summary
★ New physics effects are required to realize the strongly 

first-order EWPT.

φ3 と φ4 項が負

λeff   ⊃ 
       8π2

μeff 
2 ⊃       8π2

★ In this time, we consider the SMEFT and discuss the 
dimension-six operator effects on the spectrum of GWs.

As an example, we focused on the model with 
dimension 6 and 8 operators and discuss the 
testability of it. 

★ DECIGO and the BBO experiments can be sensitive to 
the SMEFT effects, once the SFO-EWPT arises.

we can show that the model with first-order EWPT can be comprehensively tested by the stronger correlation than 
before. 

電弱一次相転移が実現できる有効理論におけ
る電弱一次相転移の検証可能性を、加速器実
験や重力波観測実験だけでなく、PBH観測実
験を用いて議論する。

{\cal O}_H, {\cal O}_{H\square}, 
{\cal O}_{HD}, {\cal O}_{uH}, 

In particular, its sensitivities to the operators OuH  and Ou□ 
are potentially higher than future collider experiments.

Fu
tu

re
 c

ol
lid

er
 9

5 
%

 C
.L

.

Future collider 95 % C.L.
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Fisher matrix analysis
❖ Likelihood function

Noise for detection of GW：

Taylor expansion

[E. Thrane and J. D. Romano, Phys. Rev. D 88, no. 12, 124032 (2013)]

[N. Seto, Phys. Rev. D 73, 063001 (2006)]

[B. Allen and J. D. Romano, PRD59 (1999) 102001], [N. Seto, PRD73 (2006) 063001]



❖ Likelihood function

LISA, White dwarf : [A. Klein et al., 
Phys. Rev. D93 no. 2, (2016) 024003]

DECIGO, BBO : [K. Yagi and N. Seto,  
Phys. Rev. D83 (2011) 044011]

❖ Sample point

ΩGW, peak LI
SA

DECIG
O

White dwarf
BBO

GW spectrum

^

fGW, peak
^

(We assume that we can apply the 
expression to one detector (LISA).)

The inverse matrix of Fab is the covariance matrix.

 1σ contours (LISA)

❖ The expected constraints on the GW spectrum propagate to the parameters in the model.

Fisher matrix analysis



❖ Effective sensitivity 

[A. Klein et al., Phys. Rev. D93 no. 2, (2016) 024003]

[K. Yagi and N. Seto, Phys. Rev. D83 (2011) 044011]

Fisher matrix analysis



❖ Noise for the white dwarf [A. Klein et al., Phys. Rev. D93 no. 2, (2016) 024003]

Fisher matrix analysis



❖ 白色矮星によるノイズ

❖ The expected uncertainties for LISA at Fiducial point (mH, κ) = (166.4 GeV, 0.96)
（Blue ellipeses and bands）

Fisher matrix analysis

(vw=0.95）

 (vS, μ’S fixed)

 (vS, μ’S , μΦS fixed)



❖ Noise for binary neutron stars and binary black holes (Stochastic GW)

[Virgo, LIGO Scientic Collaboration, B. P. Abbott et al., arXiv:1710.05837 [gr-qc]]

This noise does not affect our analysis, because frequency of the noise is small.→

Fisher matrix analysis

(We tried to extrapolate the noise to 1 Hz, but our result doesn’t change.)
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粒子反粒子がどう質量なんでボルツマン分

布に従ってしまうから、同量のバリオ
ン、反バリオンが生成されてしまう →

[A. D. Sakharov, Pisma Zh. Eksp. 
Teor. Fiz. 5, 32 (1967)]

φ part of the Lagrangian
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粒子反粒子がどう質量なんでボルツマン分

布に従ってしまうから、同量のバリオ
ン、反バリオンが生成されてしまう →

[A. D. Sakharov, Pisma Zh. Eksp. 
Teor. Fiz. 5, 32 (1967)]

First-order EWPT
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粒子反粒子がどう質量なんでボルツマン分

布に従ってしまうから、同量のバリオ
ン、反バリオンが生成されてしまう →

[A. D. Sakharov, Pisma Zh. Eksp. 
Teor. Fiz. 5, 32 (1967)]

First-order EWPT
★ Potential with finite temperature effects.
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粒子反粒子がどう質量なんでボルツマン分

布に従ってしまうから、同量のバリオ
ン、反バリオンが生成されてしまう →

[A. D. Sakharov, Pisma Zh. Eksp. 
Teor. Fiz. 5, 32 (1967)]

★ SNR results with respect 
to CH and CuH

★ SNR results with respect 
to CH and CuH
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粒子反粒子がどう質量なんでボルツマン分

布に従ってしまうから、同量のバリオ
ン、反バリオンが生成されてしまう →

[A. D. Sakharov, Pisma Zh. Eksp. 
Teor. Fiz. 5, 32 (1967)]

★ SNR results with respect 
to CH and CHD
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粒子反粒子がどう質量なんでボルツマン分

布に従ってしまうから、同量のバリオ
ン、反バリオンが生成されてしまう →

[A. D. Sakharov, Pisma Zh. Eksp. 
Teor. Fiz. 5, 32 (1967)]

★ SNR results with respect 
to CH and CH□
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粒子反粒子がどう質量なんでボルツマン分

布に従ってしまうから、同量のバリオ
ン、反バリオンが生成されてしまう →

[A. D. Sakharov, Pisma Zh. Eksp. 
Teor. Fiz. 5, 32 (1967)]



The bubble for true vacuum (<φ>≠0) nucleates in the space 
filled with false vacuum (<φ>=0) by the tunneling effect.

True vacuum

False vacuum

True vacuum
<φ>≠0

True vacuum
<φ>≠0

T  〜 Tc 

★ The bubble dynamics is determined by the following parameters: 

(1)  Tt : Transition temperature  (The temperature of the Universe just 
after the phase transition.) 

Tunneling effect

Causality at Tt

True 
vacuum

Bubble nucleation rate per unit time and per unit volume:

Transition temperature can be obtained by the following equation:

  (H : Hubble parameter)

The GW spectrum from first-order EWPT can be featured by these parameters.

Tt ,α , β/H, vb 

φb : Bounce 
      solution

35

GW from first-order phase transition

One bubble nucleates in the 
causality. The transition temperature depends on the 

shape of the potential.



The bubble for true vacuum (<φ>≠0) nucleates in the space 
filled with false vacuum (<φ>=0) by the tunneling effect.

True vacuum

False vacuum

True vacuum
<φ>≠0

True vacuum
<φ>≠0

T  〜 Tc 

★ The bubble dynamics is determined by the following parameters: 

The GW spectrum from first-order EWPT can be featured these parameters.

Tt ,α , β/H, vb 

36

GW from first-order phase transition

36

Tunneling effect

(2) α 〜 Normalized latent heat released by EWPT

(3)  β/H 〜 1 / (Duration of EWPT)

ε : Latent heat 
ρrad : Radiative energy density

ΔVeff 

Tt 

(4)  vb : Bubble wall velocity（It is related to the interaction between bubble and plasma.）
In this time, we treat it as constant. 36



The bubble for true vacuum (<φ>≠0) nucleates in the space 
filled with false vacuum (<φ>=0) by the tunneling effect.

True vacuum

False vacuum

True vacuum
<φ>≠0

True vacuum
<φ>≠0

T  〜 Tc 

★ Complicated numerical simulations are necessary to obtain the 
GW spectrum from first-order EWPT. 

[M. Hindmarsh, S. J. Huber, K. Rummukainen and D. J. Weir, PRD 96, no.10, 103520 (2017)[erratum: PRD 
101, no.8, 089902 (2020)], H. K. Guo, K. Sinha, D. Vagie and G. White, JHEP 06, 164 (2021)]

When the ratio is larger than 10, we could typically detect the GW spectrum.

  : efficiency factor

Ωh2~

The potential parameters can be 
determined by this observation.

If we observe the GW 
spectrum...

We could obtain Tt ,α , β/H, vb 
informations.

We can use the GW observation to test the new physics model.

37

GW from first-order phase transition

We use approximate fitting formula to evaluate it.

Spectrum

Sensitivity

fSW

★ We use the signal to noise ratio to discuss whether the model can be tested by the GW observation.  

(T is the duration of experiments.)

C. Caprini et al., JCAP 1604, no. 04, 001 (2016) [arXiv:1512.06239 [astro-ph.CO]] 
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 PRL 119, no. 16, 161101 (2017)

EFT (dim. 6)
1σ

J. de Blas, M. Cepeda, J. D'Hondt, R. K. Ellis, C. 
Grojean, B. Heinemann, F. Maltoni, A. Nisati, E. 
Petit and R. Rattazzi, et al., JHEP 01 (2020), 139 
[arXiv:1905.03764 [hep-ph]].



hhh coupling measurements

・ 100 TeV hadron collider 30ab-1 →  5% accuracy.

・ ILC 500GeV(1TeV) 4000fb-1(2000fb-1,5000fb-1) →  27%(16%,10%) accuracy.
[D. Goncalves, T. Han, F. Kling, T. Plehn and M. Takeuchi, Phys. Rev. D 97 (2018) no.11, 113004 [arXiv:1802.04319 [hep-ph]], J. Chang, K. Cheung, J. S. Lee, C. T. Lu and 
J. Park, Phys. Rev. D 100 (2019) no.9, 096001 [arXiv:1804.07130 [hep-ph]], P. Roloff et al. [CLICdp], Eur. Phys. J. C 80 (2020) no.11, 1010 [arXiv:1901.05897 [hep-ex]], M. 
Cepeda, S. Gori, P. Ilten, M. Kado, F. Riva, R. Abdul Khalek, A. Aboubrahim, J. Alimena, S. Alioli and A. Alves, et al. CERN Yellow Rep. Monogr. 7 (2019), 221-584 
[arXiv:1902.00134 [hep-ph]], K. Fujii, C. Grojean, M. E. Peskin, T. Barklow, Y. Gao, S. Kanemura, H. D. Kim, J. List, M. Nojiri and M. Perelstein, et al.,  arXiv:1506.05992]

❖ Future collider experiments

❖ Current constraint

・ HL-LHC 14 TeV 3000fb-1 can measure the λhhh at 50% accuracy.  (1σ)

・ HE-LHC 27 TeV 15 ab-1 →  15% accuracy. 

・ CLIC (combined data from 1.4 TeV to 3TeV) → 10% accuracy.

[D. Goncalves, T. Han, F. Kling, T. Plehn and M. Takeuchi, Phys. Rev. D 97 (2018) no.11, 113004 [arXiv:1802.04319 [hep-ph]], J. Chang, K. Cheung, J. S. Lee, C. T. Lu and 
J. Park, Phys. Rev. D 100 (2019) no.9, 096001 [arXiv:1804.07130 [hep-ph]], P. Roloff et al. [CLICdp], Eur. Phys. J. C 80 (2020) no.11, 1010 [arXiv:1901.05897 [hep-ex]], M. 
Cepeda, S. Gori, P. Ilten, M. Kado, F. Riva, R. Abdul Khalek, A. Aboubrahim, J. Alimena, S. Alioli and A. Alves, et al. CERN Yellow Rep. Monogr. 7 (2019), 221-584 
[arXiv:1902.00134 [hep-ph]], K. Fujii, C. Grojean, M. E. Peskin, T. Barklow, Y. Gao, S. Kanemura, H. D. Kim, J. List, M. Nojiri and M. Perelstein, et al.,  arXiv:1506.05992]

https://project-hl-lhc-industry.web.cern.ch/content/project-schedule



各実験のノイズ

❖ Effective sensitivity 

[A. Klein et al., Phys. Rev. D93 no. 2, (2016) 024003]

[K. Yagi and N. Seto, Phys. Rev. D83 (2011) 044011]

The acceleration noise includes the noise caused by the 
actuator for the control of the resonance condition, 
thermal noise due to gas damping, especially with a 
small gap between the mirror and the mirror housing

“other measurement noise”
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The bubble for true vacuum (<φ>≠0) nucleates in the space 
filled with false vacuum (<φ>=0) by the tunneling effect.

True vacuum

False vacuum

True vacuum
<φ>≠0

True vacuum
<φ>≠0

T  〜 Tc 

Ground-based GWs interferometers
 (LIGO, KAGRA, Virgo, …) 101 - 104 Hz

Space-based GWs interferometers (LISA, 
DECIGO, TianQin ... )10-4 - 100 Hz

10-14

10-18

10-22

http://gwplotter.com/
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GW interferometers

These will launch 
into space in 2030s.

http://gwplotter.com/


今年の２月と６月にLIGOが直接観測

したと発表

 PRL 119, no. 16, 161101 (2017)

About HR* (mean bubble separation)
J. Ellis, M. Lewicki and J. M. No, JCAP 04 (2019), 003, 
[arXiv:1809.08242 [hep-ph]]

Energy distribution:

(General case)

(Strong phase transition)

bubble number density



今年の２月と６月にLIGOが直接観測

したと発表

 PRL 119, no. 16, 161101 (2017)

About β

★ 線形近似が使えない場合

S_3/T

T
180

J. Ellis, M. Lewicki and J. M. No, JCAP 04 (2019), 003, 
[arXiv:1809.08242 [hep-ph]]

（Γ/H=1 (S3/T ~ 140)を満たす温度がない）

T_m

相転移が低温度の場合（例えば Γ/H=1の条件を満たせないような時）、
ΓのLinear approximationがbreak downする可能性がある

その時はNext orderに注目する

これまでのPBHの解析のΓを変更すれば良いと思われる



今年の２月と６月にLIGOが直接観測

したと発表

 PRL 119, no. 16, 161101 (2017)

About T_p

★ How to evaluate T_p by “Mathematica” ?

1. Fixing benchmark point including temperature 

2. Evaluating minima points (Red points)

3. Obtaining S_3 and S_4

4. Comparing 

5. Integrating 

6. A condition of percolation temperature 

T_pとはP(T)=0.34となるときの温度（ P(T)はFalse vacuum spaceが空間にどれだけ占められてい
るのかを表す）であり、相転移が完了したときの温度に対応する

相転移の温度が高い場合 T_n〜T_p


