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Primordial black holes, gravitational 
waves and the hhh coupling as a probe 
of strongly first-order electroweak phase 
transitionPrimordial black holes as a probe of first-order 

electroweak phase transition

 [K. H., Daiki Ueda,  Phys.Rev.D 107 (2023) 9, 095022 ]
 [K. H., Daiki Ueda,  Ongoing work ]
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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 )

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

★ The gravitational wave (GW) are produced by the first-order phase transition. 

False vacuum 
space

True vacuum 
bubbles

GW

GW
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★ GW observations can be used to explore the new physics (NP) effects for the first-order 
phase transition.
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・A model with multi-step phase transition

・Fermion extension model

(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.

 [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?
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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]
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★ We can quantitatively discuss how precisely obtain the NP parameter at the GW observation by 
the Fisher matrix analysis.

We can precisely measure the NP effects by GW observation.
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The magnitude of 1σ confidence intervals

★ We can quantitatively discuss how precisely obtain the NP parameter at the GW observation by 
the Fisher matrix analysis. [K. Hashino, R. Jinno, M. Kakizaki, S. Kanemura, T. Takahashi and M. Takimoto, PRD 99 (2019) no.7, 075011 ]

We can precisely measure the NP effects by GW observation.
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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 →

Theoretical uncertainties

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

★ However, the GW spectra have some theoretical uncertainties... 

[D. Croon, O. Gould, P. Schicho, T. V. I. Tenkanen 
and G. White,JHEP 04 (2021), 055]

★ How precisely can we measure the NP effects via the GW observation by taking 
into account the theoretical uncertainty?

(RG scale dependence is the 
largest theoretical uncertainty.)
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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 →

Theoretical uncertainties

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

★ However, the GW spectra have some theoretical uncertainties... 

[D. Croon, O. Gould, P. Schicho, T. V. I. Tenkanen 
and G. White,JHEP 04 (2021), 055]

★ How precisely can we measure the NP effects via the GW observation by taking 
into account the theoretical uncertainty?

(RG scale dependence is the 
largest theoretical uncertainty.)

We analysis the expected constraints of the SMEFT with the 

theoretical uncertainties due to renormalization scale dependence.
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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.
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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]

It is a dominant effects to realize the first-order phase transition. 
[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.]

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

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.

 [K. H., Daiki Ueda,  Phys.Rev.D 107 (2023) 9, 095022 ]

T=TcVeff(φ,T)

φ

vc
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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 

(0.6TeV, 0) 

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

Fu
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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

 [K. H., Daiki Ueda,  Phys.Rev.D 107 (2023) 9, 095022 ]
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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 →

Results of the last work

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

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

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

Future collider

 [K. H., Daiki Ueda,  Phys.Rev.D 107 (2023) 9, 095022 ]
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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)]

★ Expected constraints 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.

 [K. H., Daiki Ueda,  Phys.Rev.D 107 (2023) 9, 095022 ]

Results of the last work
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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 →

Results with theoretical uncertainty

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

★ Although the uncertainties show up in the 
GW spectra, we may be able to obtain the 
precise value of NP parameter. 

 [K. H., Daiki Ueda,  Ongoing work]

Red line: Q = 2πT

Blue line: Q = T/2

★ Results of CuH

We are studying the expected constraints of other 
operators with theoretical uncertainty. 



Summary

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 may 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

.

★ Although the theoretical uncertainties show up in the 
potential, we may be able to obtain the precise value of 
parameter at the GW observation. 
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Theoretical uncertainties

[D. Croon, O. Gould, P. Schicho, T. V. I. Tenkanen 
and G. White,JHEP 04 (2021), 055]



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



❖ 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 →

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.



26

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
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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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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]].


