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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 waves (GWs) are produced by the first-order phase transition (FOPT). 

GW

GW

GW observations can be used to explore the new physics 
(NP) effects for the first-order phase transition.

We can evaluate the width of confidence interval of the NP effects by GW observation.

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

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

\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

(The magnitude of
1σ confidence intervals)

GW spectra depends on the new physics effects.

Expected uncertainties for GW spectra
λnew = 0.5 ± 0.05

Mnew = 300 ± 3 GeVError 
propagation

＊Example

Expected uncertainties for NP effects 

We can evaluate the width of confidence interval of the NP effects by GW 
observation.

 K. H., R. Jinno, M. Kakizaki, S. Kanemura, T. Takahashi and M. Takimoto, PRD 99 (2019) no.7, 075011,  
 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)]

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

T

摂動の高次の効果に感度がある時に大きくなる不定性

(The uncertainties become large 
when higher order corrections 
affect the potential.)

Theoretical uncertainties
★ However, the GW spectra have some theoretical 

uncertainties... 

We revisit Fisher matrix analyses the based on the daisy-resummed approach, 
explicitly incorporating renormalization scale uncertainties.

The uncertainties have been highlighted using the Standard Model Effective Field Theory (SMEFT) as a benchmark.

Renormalization scale
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T

摂動の高次の効果に感度がある時に大きくなる不定性

(The uncertainties become large 
when higher order corrections 
affect the potential.)

Theoretical uncertainties
★ However, the GW spectra have some theoretical 

uncertainties... 

We revisit Fisher matrix analyses the based on the daisy-resummed approach, 
explicitly incorporating renormalization scale uncertainties.

The uncertainties have been highlighted using the Standard Model Effective Field Theory (SMEFT) as a benchmark.

Renormalization scale

We evaluate the width of confidence interval of the NP effects by Fisher 

matrix analyses with renormalization scale uncertainties.
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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 first-order phase transition

● Theoretical uncertainties

Benchmark model (SMEFT)

These operators can describe various NP effects 
in a model-independent manner.

We adopt the SMEFT as a benchmark.

 SMEFT 
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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 GW spectra is evaluated by the 
effective potential at typical scales 
of the FOPT.

RG running

Many operators can contribute to the Vfull . 

GW spectra

Benchmark model (SMEFT)

\bar{\mu}_{PT} = 2\pi T_n ~{\mbox   
and}~~T_n/2  

★ In this work, we compare the GW spectra predicted by the effective potential at two 
different renormalization scales:

The vast number of SMEFT operators affect the potential.

　・Tree-level contributions 

　・One-loop RGE effects involving 
the Higgs 
    　self-couplings, the top Yukawa 
coupling, and 
    　the gauge coupling

over 20 operators
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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 →

The GW spctra

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

We assume that the value of CH is provided 
by future collider experiments, e.g., FCC-hh.

★ If the value of |CH| is 1/Λ2 = 1/(600 GeV)2 , 
the GW spectra are given by right figure. 

It is difficult to determine the 
value of CH by only an 
observation of GW spectrum.

(All others are set to zero)

It is the source of 
first-order PT

This Λ value is defined at Z boson mass scale.
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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 →

The results

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

★  1/Λ2 = 1/(600 GeV)2 , CH□ , vb= 0.5, and DECIGO experiment case.

(Λ = 600 GeV)

We also performed the analysis for different values of Λ, operators, velocities, and experiments.

2πTn 

Tn /2

Q = 2πTn 

Q = Tn /2

 [K. H., Daiki Ueda,  arXiv: 2505.13074, JHEP09(2025)094]



10

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 →

The results

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

★  1/Λ2 = 1/(600 GeV)2 , CH□ , vb= 0.5, and DECIGO experiment case.

(Λ = 600 GeV)

We also performed the analysis for different values of Λ, operators, velocities, and experiments.

We can consider other operators, other value of Λ, other GW 

experiments, and other bubble wall velocity cases!!!!!

 [K. H., Daiki Ueda,  arXiv: 2505.13074, JHEP09(2025)094]
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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(DECIGO)

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

The dark- and light-colored bands represent the 
choices μPT = 2πTn and Tn/2, respectively,

Within each shade, different colors indicate different
central values of |CH|. 

vb= 0.5

 [K. H., Daiki Ueda,  arXiv: 2505.13074, JHEP09(2025)094]

Λ = 600 GeV
660 620 680 700 

640 



12

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(DECIGO and BBO)

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

BBO (bluish bands) and DECIGO (reddish bands)

vb= 0.5

 [K. H., Daiki Ueda,  arXiv: 2505.13074, JHEP09(2025)094]

680 660 640 620 600 

680 
660 640 620 600 

700 

Λ= 700 
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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 →

Other operators

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

BBO (bluish bands) and DECIGO (reddish bands)

The dark- and light-colored bands represent the 
choices μPT = 2πTn and Tn/2, respectively,

Within each shade, different colors indicate different
central values of |CH|. 

 [K. H., Daiki Ueda,  arXiv: 2505.13074, JHEP09(2025)094]
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Other operators

[A. D. Sakharov, Pisma Zh. Eksp. 
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 [K. H., Daiki Ueda,  arXiv: 2505.13074, JHEP09(2025)094]
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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 →

Other operators

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

We may use the GW observation to explore new physics effects, even if 
there are theoretical uncertainties in GW spectra, when the source of 
first-order phase transition, e.g., CH, is provided other experiment.

 [K. H., Daiki Ueda,  arXiv: 2505.13074, JHEP09(2025)094]



Summary

φ3 と φ4 項が負

λeff   ⊃ 
       8π2

μeff 
2 ⊃       8π2

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

★ The spectra of GW from first-order phase transition 
depends on the NP effects.

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.

★ The GW observations can remain sensitive to various 
new physics effects, even in the presence of 
renormalization scale uncertainties, provided that the 
source of first-order phase transition is precisely 
measured, e. g., by future collider experiments.

→ We can use the GW observation experiments to 
　 explore the NP effects.

We find that future GW observations can remain
sensitive to various dimension-six SMEFT effects, even in the presence of renormalization
scale uncertainties, provided that the SMEFT (H†H)3 operator is precisely
measured, e.g., by future collider experiments.
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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) ]

White dwarf

DECIGOなどの感度領域には届いてないが新物理効果を検証できるか？
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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]].


