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Introduction
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• A Higgs boson was discovered at LHC in 2012

← Dynamics of the electroweak (EW) symmetry breaking is unknown

• What can we expect when the EWPT is 1st order?

Large deviation

in the hhh coupling
Gravitational waves

from 1st order phase transition
Primordial black holes

from 1st order EWPT

[Grojean et al., PRD 71 (2005),

Kanemura et al. PLB606 (2005)]

[Grojean and Servant, PRD 75 (2007)]

• In the standard model (SM), EWPT is crossover not 1st order phase transition

[Hashino, Kanemura and Takahashi,
PLB 833 (2021)]

[Hashino, Kanemura, Takahashi and
Tanaka, arXiv: 2211.16225 (2022)]

[Laine and Rummukainen, Nucl. Phys. 73 (1999)]

[Kajantie, Laine, Rummukainen and Shaposhnikov, Nucl. Phys. B 466 (1996)]

• EW symmetry breaking occurred at the early Universe: EW phase transition (EWPT)



Effective field theory
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The SM is consistent with the result in LHC

Unsolved problems: baryon asymmetry of the Universe, dark matter etc…

Energy scale

~100 GeV h, top

New Physics

≈

e.g., Standard Model Effective Field Theory (SMEFT), Higgs EFT (HEFT)

Contributions from heavy new particles can be described by EFT frameworks

[Buchmuller and Wyler: Nucl. Phys. B268 (1986)]

[Grzadkowski et al.: JHEP 10 (2010)]

[Feruglio: Int. J. Mod. Phys. A 8 (1993)]



Effective field theory
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• The framework of the SMEFT is often used [Buchmuller and Wyler: Nucl. Phys. B268 (1986)]

[Grzadkowski et al.: JHEP 10 (2010)]

→ SMEFT is a good EFT for the decoupling new physics

[Appelquist and Carazzone, PRD 11 (1975)]

• Heavy particles can arise large quantum effects (non-decoupling effects)

→ SMEFT does not work well in such the case

[Kanemura et al.: PRD 70 (2004)]

• HEFT can describe the new physics with the large quantum effects

We discuss a phenomenology by using an extended HEFT

[Falkowski, Rattazzi, JHEP 10 (2019), Cohen et. al, JHEP 03 (2021)]

[Feruglio: Int. J. Mod. Phys. A 8 (1993)]



Non-decoupling effects in hhh coupling

Δλ2HDM
hhh

λSM
hhh

≃ ∑
Φ=H,A,H

±

nΦm
4
Φ

12π2m2
h
v2 (1 −

M
2

m2
Φ )

3

≃

∑
Φ

nΦλ3
Φv

4

12π2m2
h
m2

Φ

(λΦv
2 ≪ M

2)

∑
Φ

nΦm
4
Φ

12π2m2
h
v2

(λΦv
2 ≳ M

2) Non-decoupling

[Kanemura et al.: PRD 70 (2004)]

∂3
Veff(φ)

∂φ3

φ=v

= λSM
hhh (1 +

Δλnew
hhh

λSM
hhh

), Δλnew
hhh

= λnew
hhh

− λSM
hhh

m
2
Φ ≃ M

2 + λ
Φ

v
2 (Φ = H, A, H

±
)

Eg) Two Higgs doublet model (2HDM)

sin(β-α)=1, M=0

h

h

h

The non-decoupling effect is interesting
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Decoupling

• In recent, the hhh coupling at two-loop  

level has been evaluated

[Braathen and Kanemura, PLB796 (2019)]

• Masses of additional Higgs bosons

m
2
Φ ≃ λ

Φ
v

2



The strongly 1st OPT and hhh coupling

[Kanemura, Okada and Senaha, PLB606 (2005)]

Eg) Two Higgs doublet model (2HDM)

Large deviation in the hhh coupling is 
important to realize EW baryogenesis

[Grojean, Servant and Wells, PRD 71 (2005),

Kanemura, Okada and Senaha, PLB606 (2005)]
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m
2
Φ

≃ M
2 + λ

Φ
v

2

Γ
(b)
sph

(T
n
) = A(T

n
)e−Esph(T

n
)/T

n < HHubble(Tn
)

• Sphaleron decoupling condition

v
n

Tn

> ζsph(Tn
) ≃ 1

Δλ2HDM
hhh

λSM
hhh

> 20 − 30 %

To realize the EW baryogenesis, the sphaleron process should be decoupled 

[Kuzmin, et al. : PLB155 (1985)]

φ
C

/T
C

> 1

The non-decoupling effect is very important

Strongly 1st order EWPT



Nearly aligned Higgs EFT (naHEFT)

naHEFT can describe the non-decoupling effects

U = exp

(

i

v
π
a

τ
a

)

[Kanemura and Nagai, JHEP 03 (2022)]

M2(h), F(h), K(h), Y
ij

ψ (h), Ŷ
ij

ψ (h)

: polynomial in terms of h

7

• 3 Free parameters in the naHEFT

  ⇒  r ∼ 0 M2
≫

κp

2
v2 Decoupling

  ⇒  r ∼ 1 M2
≪

κp

2
v2 Non-decoupling

For simplicity, we take M
2(h) = M

2 +
κp

2
(h+ v)2

LBSM = ξ

[

−

κ0

4

[

M2(h)
]2

ln
M2(h)

µ2

LnaHEFT = LSM + LBSM,

ξ =
1

16π2

Λ = M2 +
κp

2
v2, κ0, r =

κpv2

2

Λ2

 : non-decouplingnessr

• Field dependent mass of new particles

[

[ ]

+
v2

2
F(h) Tr

[

DµU
†DµU

]

+
1

2
K(h) (∂µh) (∂

µh)

−v
(

q̄iLU
[

Yij
q (h) + Ŷij

q (h)τ3
]

q
j
R + h.c.

)

− v
(

l̄iLU
[

Y
ij
l (h) + Ŷ

ij
l (h)τ3

]

l
j
R + h.c.

)]



Nearly aligned Higgs EFT (naHEFT)

naHEFT can describe the non-decoupling effects

U = exp

(

i

v
π
a

τ
a

)

[Kanemura and Nagai, JHEP 03 (2022)]

M2(h), F(h), K(h), Y
ij

ψ (h), Ŷ
ij

ψ (h)

: polynomial in terms of h
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• 3 Free parameters in the naHEFT

  ⇒  r ∼ 0 M2
≫

κp

2
v2 Decoupling

  ⇒  r ∼ 1 M2
≪

κp

2
v2 Non-decoupling

For simplicity, we take M
2(h) = M

2 +
κp

2
(h+ v)2

LnaHEFT = LSM + LBSM,

ξ =
1

16π2

Λ = M2 +
κp

2
v2, κ0, r =

κpv2

2

Λ2

 : non-decouplingnessr

• Field dependent mass of new particles

LBSM = ξ

[

−

κ0

4

[

M
2(h)

]2
ln

M2(h)

µ2

]



new Higgs EFT at the finite temperature

• naHEFT at finite temperature system

VEFT = VSM +
κ0

64π2

[

M
2(φ)

]2
ln

M2(φ)

µ2
+

κ0

2π2
T 4JBSM

(

M2(φ)

T 2

)

M
2(φ) = M

2 +
κp

2
φ2

JBSM(a2) =

∫ ∞

0

dk
2
k
2 ln

[

1− sign (κ0) e
−
√
k2+a2

]
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[Kanemura, Nagai and Tanaka, JHEP 06 (2022)]

There is a large discrepancy b/w the prediction

on  in the new EFT and the SMEFTv
n
/T

n

SMEFT may not be appropriate when we

discuss the strongly 1st order EWPT

consistent with the result in the SM with a singlet scalar

[Kakizaki et al., PRD 92 (2015), Hashino et al., PRD 94 (2016)]

r =

κpv
2

2

Λ2[Kanemura, Nagai and Tanaka, JHEP 06 (2022)]



Gravitational waves from 1st OPT
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Veff
(ϕ)

False vacuum

True vacuum ϕ

ΔVeff

・Nucleation rate of the vacuum bubbles

 : Duration of 1st OPTβGW

[Linde; Nucl. Phys. B216 (1983)]

[Grojean and Servant, PRD 75 (2007)]

・Parameters characterizing 1st OPT 

Γbubble ≃ A(T )exp [−
S3(T )

T ],

S3(T ) = ∫ d
3
x [

1

2
(∇φb)

2
+Veff (φb, T)]

 : Temperature starting 1st OPTT
n

 : Latent heat released by 1st OPTαGW

[Kanemura, Nagai and Tanaka, JHEP 06 (2022)]

Strongly 1st order EWPT may be

tested by gravitational wave (GW) observations



Primordial black holes from 1st OPT
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Jeans scale

PBH

[Hawking, Mon. Not. Roy. Astron. Soc. 152 (1971), 

Hawking and Carr, Mon. Not. Roy. Astron. Soc. 168 (1974),

Harada, Yoo and Kohri (2013)]

• To realize the PBH formation,

overdensity region

Horizon volume

δ =
ρover − ρback

ρback

> 0.45

back ground

• When the 1st order phase transition occurs,  can be satisfiedδ > 0.45

[Liu et al., PRD105 (2022)]→ PBHs can be formed by 1st order phase transition

• Primordial black hole (PBH): Black hole formed at very early Universe

before the star formation



PBHs and 1st order phase transition
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⟨ϕ⟩ = 0

⟨ϕ⟩ ≠ 0 Cool down

• We focus on a region where the phase transition delays

• Large energy density fluctuation can be realized  

b/w the false and true vacuum

PBHs can be produced from the 1st OPT

[Liu et al., PRD105 (2022)]

Γbubble(T ) ≃ A(T )exp[−S3(T )/T ]

H−1
Hubble

←  can be evaluated in any models which realize the 1st OPTfPBH

T = Tn



PBHs from 1st order EWPT
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• PBHs from 1st order EWPT is discussed in the SMEFT

[Hashino, Kanemura and Takahashi, PLB 833 (2021)]

We discuss PBH production in the naHEFT instead of the SMEFT
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[Green and Kavanagh, J. Phys. G: Nucl. Part. Phys. 48 (2021)]

M
PBH

∼ 10
−5M

⊙

• Typical mass of PBHs from EWPT

1st order EWPT can be tested

by PBH observations

[HSC, https://hsc.mtk.nao.ac.jp/ssp/]

[OGLE, http://ogle.astrouw.edu.pl]

• Current microlensing observations

Subaru HSC, OGLE

• Future observations: PRIME, Roman

[PRIME: http://www-ir.ess.sci.osaka-u.ac.jp/prime/index.html]

[Roman: https://roman.gsfc.nasa.gov]
 may be constrained by f

PBH
10

−4



Probing the strongly first-order EWPT
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• hhh coupling

• GWs from 1st order phase transition

• Primordial black hole formations from the 1st order EWPT

How can we test the strongly 1st order EWPT?

[Hashino, Kanemura and Takahashi, PLB833 (2021)]

[Grojean and Servant, PRD 75 (2007)]

[Kanemura et al.: PRD 70 (2004)]

Collider: ILC, HL-LHC

GWs: LISA, DECIGO

PBH observations: Subaru HSC, OGLE

• Current or future experiments

We can test 1st order EW phase transition

by using colliders, GW observations and

PBH observations

[Kanemura et al., PLB606 (2005)]

[Grojean et al., PRD71 (2005)]

[Hashino, Kanemura, Takahashi and Tanaka, arXiv: 2211.16225]

[Hashino, Kanemura, Takahashi and Tanaka, arXiv: 2211.16225]



Summary
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• Strongly first-order phase transition can be tested via

• measurement of the triple Higgs boson coupling

• gravitational wave observations

• primordial black hole observations

• We discussed the PBH production by using the naHEFT

We might be able to test the wide parameter region in extended Higgs

models with the strongly first-order phase transition by the PBH observations

• Typical mass of PBHs from the 1st order EW phase transition

M
PBH

∼ 10
−5

M
⊙

Strongly 1st order EW phase transition may be tested by the PBH observations

at the microlensing experiments (e.g., Subaru HSC, OGLE, PRIME, Roman)



Back up
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PBH formation in the naHEFT

, r =
κpv

2

2
/Λ2

Λ
2 = M

2(h = 0) = M2 +
κp

2
v2, r

We might be able to test the wide parameter region by using PBH observations

PBH can be produced

VEFT = VSM +
κ0

64π2

[

M
2(φ)

]2
ln

M2(φ)

µ2
+

Phase transition does not finish

[Hashino, Kanemura, Takahashi and Tanaka, arXiv: 2211.16225]
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The fraction of PBHs and GW parameters

[Hashino, Kanemura and Takahashi, PLB  833 (2021)]

[Hashino, Kanemura, Takahashi and Tanaka, arXiv: 2211.16225]
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PBH formation in the naHEFT



20

PBH formation in the naHEFT
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Fraction of the primordial black holes 

 is very sensitive to the parameters in the nearly aligned Higgs EFTf
PBH

[Hashino, Kanemura, Takahashi and Tanaka, arXiv: 2211.16225]



What is the meaning of “nearly aligned”?

• The naHEFT in the canonical basis
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LnaHEFT =−

1

4
W aµνW a

µν −

1

4
BµνBµν

+
v2

4

(

1 + 2κV

ĥ

v
+ κV V

ĥ2

v2
+O

(

ĥ3

)

)

Tr
[

DµU
†DµU

]

+
1

2

(

∂µĥ
)(

∂
µĥ

)

−

1

2
M2

h ĥ
2
−

1

3!

3M2

h

v
κ3ĥ

3
−

1

4!

3M2

h

v2
κ4ĥ

4
+O

(

h5
)

−

∑

f=u,d,e

mfi

[(

δ
ij
+ κ

ij
f

h

v
+O

(

h2,π2
)

)

f̄ i
Lf

j
R + h.c.

]

,

U = exp

(

i

v
π
a

τ
a

)

The naHEFT can describe extended Higgs

models without alignment ( )κ
V, f

≠ 1

κV =
gnew

hVV

gSM
hVV

, κf =
gnew

hff

gSM
hff

[Kanemura and Nagai, JHEP 03 (2022)]

r = 1

r = 0.6

r = 0.01

κ0 = 1



SMEFT and naHEFT
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VBSM(Φ) =
1

f 2

(

|Φ|2 −
v2

2

)3

,
1

f 2
=

2

3
ξ κ0

Λ
4

v6
r3

1− r

VBSM(Φ) =
1

f 2
6

(

|Φ|2 −
v2

2

)3

−

1

f 4
8

(

|Φ|2 −
v2

2

)4

1

f 2

6

=
1

f 2

1− 2r

1− r
,

• Up to dimension six

• Up to dimension eight

Expand the logarithmic part in terms of ϕ

ξ =
1

16π2

M
2(φ) = M2 +

κp

2
φ2,

r =

κpv
2

2

Λ2
M

2(v) ≡ Λ
2

VEFT = VSM +
ξ

4
κ0

[

M
2(φ)

]2
ln

M2(φ)

µ2

r → 1/2 ⇒ 1/f
8

≫ 1/f
6

1

f4

8

=
1

2f2v2
r

1− r

|Φ|2 = φ2/2

The expansion is not good at large r



SMEFT vs naHEFT: hhh coupling

Decoupling Non-decoupling

κ
3

=
λ

new

hhh

λSM
hhh

κ
3

=
λ

new

hhh

λSM
hhh

Large deviation!

Dim6

naHEFT

[Kanemura and Nagai, JHEP 03 (2022)]
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M
2(φ) = M2 +

κp

2
φ2, r =

κpv
2

2

Λ2
M

2(v) ≡ Λ
2



NaHEFT and SM with singlets
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LBSM = ξ

[

−

κ0

4

[

M2(h)
]2

ln
M2(h)

µ2

+
v2

2
F(h) Tr

[

DµU
†DµU

]

+
1

2
K(h) (∂µh) (∂

µh)

−v
(

q̄iLU
[

Yij
q (h) + Ŷij

q (h)τ3
]

q
j
R + h.c.

)

− v
(

l̄iLU
[

Y
ij
l (h) + Ŷ

ij
l (h)τ3

]

l
j
R + h.c.

)]

• We consider the SM with singlets

V (Φ, !S) = m2|Φ|2 + λ|Φ|4 +
M2

2
(!S · !S) +

κp

2
|Φ|2(!S · !S) +

λS

4
(!S · !S)2

• Form factors

κ
0

= κ
2

= N

[Kanemura and Nagai, JHEP 03 (2022)]



NaHEFT and SM with singlets
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• Predictions
Form factor

By measuring , we can estimate the structure of form factorsκ

Nearly aligned Higgs Effective Field Theory is very useful !



Momentum dependence on hhh coupling
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[Kanemura, Okada, Senaha and Yuan, PRD 70 (2004)]



PBH production in the standard model EFT
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Veff(φ, T ) = −
μ2

2
φ2 +

λ

4
φ4 +

ϵ

8Λ2
φ6 +

1

16Λ4
φ8

+∑
i

ni

64π2
M4

i (φ)(ln ( M2
i (φ)

Q2 ) − ci) + ΔVT

 4

 5

 6

 7

 8

 9

 10

 11

 12

 1  10

!
/H

"

10
-10

10
-8

  

10
-6

  

10
-4

  

10
-2

  

1     

fPBH = ΩPBH /ΩDM

fPBH

• Effective potential in the SMEFT [Hashino, Kanemura and Takahashi, PLB  833 (2021)]
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Gravitational waves from 1st OPT

Origin of the gravitational waves (GWs) from 1st OPT

Eg) Compression wave (leading contribution)

The peak height

The peak frequency

LISA

PTPlot used [Caprini et al., JCAP 03 (2020) 024]

①Bubble collisions

②Compression wave of plasma

③Plasma turbulence

ΩSW( f )h2 = Ω̃
peak

SW
h2

× (f / f̃SW)
3 7

4 + 3 (f / f̃SW)
2

7/2

Ω̃
peak
sw h2

≃ 2.65 × 10−6vbβ̃−1
GW ( κswαGW

1 + αGW )
2

(
100

g*
)

1/3

f̃sw ≃ 1.9 × 10−2
1

vb

β̃GW (
Tn

100GeV ) (
g*

100 )
1/6

mHz

[Caprini et al., JCAP 04 (2016)]

: efficiency factor κsw

False vacuum

True vacuum

[LISA: arXiv:1702.00786]
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hhh measurement at future colliders

0 10 20 30 40 50
 [%]3κ68% CL bounds on 

CLIC
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FCC-ee/eh/hh

HE-LHC
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under HH threshold
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di-Higgs single-Higgs
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50%
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50%
HL-LHC

[10-20]%
HE-LHC

50%
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5%
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25%
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15%
LE-FCC
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-17+24%
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24%

     4IP

365
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33%

     
365
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49%

     
240

FCC-ee

10%
1000

ILC

36%
1000

ILC

27%

 
500

ILC

38%

 
500

ILC

 
49%

 
250

ILC

 
49%
CEPC

-7%+11%
3000
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49%
3000
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36%
1500
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49%
1500
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50%
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CLIC
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(47%)

(40%)

(18%)

(14%)

(19%)

(19%)

(25%)

(27%)

(29%)

(17%)

(35%)

(41%)

(46%)

• Lepton colliders

• Hadron colliders

e
−

νe

ν̄ee
+

h

h

hW

W

h

[de Blas et al., arXiv: 1905.03764]


