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•Standard model (SM) is consistent with LHC results

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

•Exploring the dynamics of electroweak symmetry breaking is important

•How we can test the first order EW phase transition (EWPT)?

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

Precise measurement
of hhh coupling

Gravitational waves 
from EWPT

Primordial black holes
from EWPT

[Grojean et al., PRD 71 (2005),
Kanemura et al. PLB 606 (2005)]

[Grojean and Servant, PRD 75 (2007)] [Hashino, Kanemura and Takahashi,
PLB 833 (2021)]

[Hashino, Kanemura, Takahashi and
Tanaka, PLB 838 (2023)]
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Baryon asymmetry of the Universe
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•Cosmic microwave background

ηb =
nB

nγ
= (6.12 ± 0.04) × 10−10

•Sakharov’s condition

① Baryon number violation
② C and CP violation
③ Non thermal equilibrium

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

•Although the SM can satisfy 
the Sakharov’s condition,  

 cannot be explainedηb

[PDG 2022]



Baryogeneis in the SM
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•SM can satisfy the Sakharov’s condition

① Baryon number violation: Sphaleron process

② CP violation: Cabbibo-Kobayashi-Maskawa (CKM) phase

③ Non thermal equilibrium: first order EW phase transition

•However…

•EWPT in the SM is crossover (Not first order)•Too small CKM phase 

ηB ∝ J
Δ

T12
c

∼ 10−22 ≪ 10−10 Δ ≡ (m2
u − m2

c )(m2
u − m2

t )(m2
c − m2

t )
× (m2

d − m2
s )(m2

d − m2
b)(m2

s − m2
b) .

J ≃ 3 × 10−5Jarlskog invariant [Jarlskog, Phys. Rev. Lett 55 (1985)]



EW baryogenesis
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Figure 1. Expanding bubbles of the electroweak-broken phase within the
surrounding plasma in the electroweak-symmetric phase.
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Figure 2. Baryon production in front of the bubble walls.

2. These asymmetries diffuse into the symmetric phase ahead of the bubble wall, where they
bias electroweak sphaleron transitions [15, 16] to produce more baryons than antibaryons.

3. Some of the net baryon charge created outside the bubble wall is swept up by the expanding
wall into the broken phase. In this phase, the rate of sphaleron transitions is strongly
suppressed, and can be small enough to avoid washing out the baryons created in the first
two steps.

We illustrate these three steps in figure 2.
These EWBG steps satisfy explicitly the three Sakharov conditions for baryon

creation [17]. Firstly, departure from thermodynamic equilibrium is induced by the passage
of the rapidly expanding bubble walls through the cosmological plasma. Secondly, violation of
baryon number comes from the rapid sphaleron transitions in the symmetric phase. And thirdly,
both C- and CP-violating (CPV) scattering processes are needed at the phase boundaries to
create the particle number asymmetries that bias the sphalerons to create more baryons than
antibaryons.

All the ingredients required for EWBG are contained in the Standard Model (SM).
Unfortunately, EWBG is unable to explain the observed baryon asymmetry within the SM alone.
The first impediment is that the SM EWPT is first-order only if the mass of the Higgs boson

New Journal of Physics 14 (2012) 125003 (http://www.njp.org/)

[Morrissey and Ramsey-Musolf: NJP 14 (2012)]
Vacuum bubbles nucleated by the EWPT

Chiral asymmetry produced via interactions
b/w plasma and vacuum bubble walls

Produced chiral asymmetry transferred into
baryon asymmetry via sphaleron processes

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

①Sphaleron process
②CP violation in Higgs sectors
③ first order EW phase transition

Sakharov’s condition

①Baryon number violation
②C and CP violation
③Non-thermal equilibrium

ηb = (6.12 ± 0.04) × 10−10



Gravitational waves from FOPT
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・Nucleation rate

 : Duration of FOPTβGW

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

[Grojean and Servant, PRD 75 (2007)]

• Parameters describing FOPT

Γbubble ≃ A(T )exp [−
S3(T )

T ],

S3(T ) = ∫ d3x [ 1
2 (∇φb)2+Veff (φb, T)]

 : Temperature starting FOPTTn

 : Released latent heatαGW

First order EWPT may be tested 
by gravitational wave observations

False vacuum

True vacuum

 : vacuum bubble wall velocityvb

• Sources of gravitational waves (GWs)

①Collisions of vacuum bubbles
②Sound waves (compressive waves)
③Turbulence 

[Caprini et al., JCAP 04 (2016)]
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First order EWPT
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Veff(φ, T ) ≃ D(T2 − T2
0)φ2 − ETφ3 +

λT

4
φ4

vn

Tn
∼

vc

Tc
∼

2E
λTn

• Effective potential at finite temperatures
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• Strength of first order EWPT：Important in EW baryogenesis

← Only boson fields

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

v(Tn): VEV at T=Tn

[Hall and Anderson: PRD 45 (1992)



Non-decoupling effect in hhh coupling
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Δλ2HDM
hhh

λSM
hhh

≃ ∑
Φ=H,A,H±

nΦm4
Φ

12π2m2
hv2 (1 −

M2

m2
Φ )

3

≃
∑

Φ

nΦλ3
Φv4

12π2m2
hm2

Φ
(λΦv2 ≪ M2)

∑
Φ

nΦm4
Φ

12π2m2
hv2

(λΦv2 ≳ M2) Non-decoupling

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

∂3Veff(φ)
∂φ3

φ=v

= λSM
hhh (1 +

Δλnew
hhh

λSM
hhh ), Δλnew

hhh = λnew
hhh − λSM

hhh

m2
Φ ≃ M2 + λΦv2 (Φ = H, A, H±)

Eg) Two Higgs doublet model: SM + Iso-doublet scalar field

sin(β-α)=1, M=0

h
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Non-decoupling effect is interesting!
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Decoupling

• hhh coupling is evaluated at the two loop 
level

[Braathen and Kanemura, PLB796 (2019)]

• Masses of additional scalars

m2
Φ ≃ λΦv2

: linear combinations of Higgs self-couplingsλΦ



Sphaleron decoupling condition 
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[Kanemura, Okada and Senaha, PLB606 (2005)]

Eg) Two Higgs doublet model

Large deviation in hhh coupling is 
required to realize first order EWPT

m2
Φ ≃ M2 + λΦv2

Γ(b)
sph(Tn) = A(Tn)e−Esph(Tn)/Tn < HHubble(Tn)

• Sphaleron decoupling condition:

vn

Tn
> ζsph(Tn) ≃ 1

Δλ2HDM
hhh

λSM
hhh

> 20 − 30 %

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

vC /TC > 1

Strongly first order EWPT

Veff(φ, T ) ∋ − ETφ3 ⇔ h
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∂3Veff(φ, T = 0)
∂φ3

φ=v

=

• hhh coupling & sphaleron decoupling condition

⇒ Non-decoupling effect is important
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Figure 11. Sensitivity at 68% probability on the Higgs cubic self-coupling at the various FCs. All values reported correspond
to a simplified combination of the considered collider with HL-LHC. Only numbers for Method (1), i.e. "di-H excl.",
corresponding to the results given by the future collider collaborations, and for Method (4), i.e. "single-H glob." are shown (the
results for Method (3) are reported in parenthesis). For Method (4) we report the results computed by the Higgs@FC working
group. For the leptonic colliders, the runs are considered in sequence. For the colliders with

p
s . 400 GeV, Method (1) cannot

be used, hence the dash signs. Due to the lack of results available for the ep cross section in SMEFT, we do not present any
result for LHeC nor HE-LHeC, and only results with Method (1) for FCC-eh.

improve the precision by about two orders of magnitude, to a 1-2%. For the strange quarks the constraints are about 5-10⇥
the SM value while for the first generation it ranges between 100-600⇥ the SM value. For the latter, future colliders could
improve the limits obtained at the HL-LHC by about a factor of two. For HL-LHC, HE-LHC and LHeC, the determination of
BRunt relies on assuming kV  1. For kg , kZg and kµ the lepton colliders do not significantly improve the precision compared
to HL-LHC but the higher energy hadron colliders, HE-LHC and FCChh, achieve improvements of factor of 2-3 and 5-10,
respectively, in these couplings.

For the electron Yukawa coupling, the current limit ke < 611 [78] is based on the direct search for H ! e+e�. A preliminary
study at the FCC-ee [79] has assessed the reach of a dedicated run at

p
s = mH . At this energy the cross section for e+e� ! H

is 1.64 fb, which reduces to 0.3 with an energy spread equal to the SM Higgs width. According to the study, with 2 ab�1 per
year achievable with an energy spread of 6 MeV, a significance of 0.4 standard deviations could be achieved, equivalent to an
upper limit of 2.5 times the SM value, while the SM sensitivity would be reached in a five year run.

While the limits quoted on kc from hadron colliders (see Table 13) have been obtained indirectly, we mention that progress
in inclusive direct searches for H ! cc̄ at the LHC has been reported from ATLAS together with a projection for the HL-LHC.

Table 13. Upper bounds on the ki for u, d, s and c (at hadron colliders) at 95% CL, obtained from the upper bounds on BRunt
in the kappa-3 scenario.

HL-LHC +LHeC +HE-LHC +ILC500 +CLIC3000 +CEPC +FCC-ee240 +FCC-ee/eh/hh
ku 560. 320. 430. 330. 430. 290. 310. 280.
kd 260. 150. 200. 160. 200. 140. 140. 130.
ks 13. 7.3 9.9 7.5 9.9 6.7 7. 6.4
kc 1.2 0.87 measured directly
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Figure 9. Representative Feynman diagrams for the leading contribution to double Higgs production at hadron (left) and
lepton (right) colliders. Extracting the value of the Higgs self-coupling, in red, requires a knowledge of the other Higgs
couplings that also contribute to the same process. See Table 18 for the SM rates. At lepton colliders, double Higgs production
can also occur via vector boson fusion with neutral currents but the rate is about ten times smaller. The contribution
proportional to the cubic Higgs self-coupling involves an extra Higgs propagator that dies off at high energy. Therefore, the
kinematic region close to threshold is more sensitive to the Higgs self-coupling.

at lepton colliders for the ZHH process they actually result in a larger cross section, and hence into an increased precision. For
instance at ILC500, the sensitivity around the SM value is 27% but it would reach 18% around k3 = 1.5.

Modified Higgs self-interactions can also affect, at higher orders, the single Higgs processes [67–69] and even the
electroweak precision observables [70–72]. Since the experimental sensitivities for these observables are better than for double
Higgs production, one can devise alternative ways to assess the value of the Higgs self-interactions. For a 240 GeV lepton
collider, the change of the ZH production cross section at NLO induced by a deviation of the Higgs cubic coupling amounts to

sNLO
ZH ⇡ sNLO,SM

ZH (1+0.014dk3). (26)

Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to be measured with an accuracy below
1%, but this is expected to be achieved by e+e� Higgs factories at 240/250 GeV. However, one needs to be able to disentangle a
variation due to a modified Higgs self-interaction from variations due to another deformation of the SM. This cannot always
be done relying only on inclusive measurements [73, 74] and it calls for detailed studies of kinematical distributions with an
accurate estimate of the relevant uncertainties [75]. Inclusive rate measurements performed at two different energies also help
lifting the degeneracy among the different Higgs coupling deviations (see for instance the k3 sensitivities reported in Table 12
for FCC-ee240 vs FCC-ee365; it is the combination of the two runs at different energies that improve the global fit, a single run
at 365 GeV alone would not improve much compared to a single run at 240 GeV).

In principle, large deformations of k3 could also alter the fit of single Higgs processes often performed at leading order,
i.e. neglecting the contribution of k3 at next-to-leading order. The results presented in Section 3.4 were obtained along that
line. It was shown in [73] that a 200% uncertainty on k3 could for instance increase the uncertainty in gHtt or geff

Hgg by around
30–40%. The fact that HL-LHC from the double Higgs channel analysis will limit the deviations of k3 to 50% prevents such a
large deterioration of the global fits to single Higgs couplings when also allowing k3 to float. In the effective coupling basis we
are considering in this report, the effect of k3 would be mostly in the correlations among the single Higgs couplings. In other
bases, like the Warsaw basis, there would be a deterioration up to 15-20% in the sensitivity of the operator Of⇤. Anyway, one
should keep in mind that such a deterioration only concerns specific models where the deviations of the Higgs self-coupling is
parametrically larger than the deviations of the single Higgs couplings and in generic situations, the results of Section 3.4 hold.

In order to set quantitative goals in the determination of the Higgs self-interactions, it is useful to understand how large
the deviations from the SM could be while remaining compatible with the existing constraints on the different single Higgs
couplings. From an agnostic point of view, the Higgs cubic coupling can always be linked to the independent higher dimensional
operator |H|6 that does not alter any other Higgs couplings. Still, theoretical considerations set an upper bound on the deviation
of the trilinear Higgs couplings. Within the plausible linear EFT assumption discussed above, perturbativity imposes a maximum
deviation of the Higgs cubic self-interaction, relative to the SM value, of the order of [27, 73]

|k3|⇠< Min(600x ,4p) , (27)
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Figure 9. Representative Feynman diagrams for the leading contribution to double Higgs production at hadron (left) and
lepton (right) colliders. Extracting the value of the Higgs self-coupling, in red, requires a knowledge of the other Higgs
couplings that also contribute to the same process. See Table 18 for the SM rates. At lepton colliders, double Higgs production
can also occur via vector boson fusion with neutral currents but the rate is about ten times smaller. The contribution
proportional to the cubic Higgs self-coupling involves an extra Higgs propagator that dies off at high energy. Therefore, the
kinematic region close to threshold is more sensitive to the Higgs self-coupling.

at lepton colliders for the ZHH process they actually result in a larger cross section, and hence into an increased precision. For
instance at ILC500, the sensitivity around the SM value is 27% but it would reach 18% around k3 = 1.5.

Modified Higgs self-interactions can also affect, at higher orders, the single Higgs processes [67–69] and even the
electroweak precision observables [70–72]. Since the experimental sensitivities for these observables are better than for double
Higgs production, one can devise alternative ways to assess the value of the Higgs self-interactions. For a 240 GeV lepton
collider, the change of the ZH production cross section at NLO induced by a deviation of the Higgs cubic coupling amounts to

sNLO
ZH ⇡ sNLO,SM

ZH (1+0.014dk3). (26)

Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to be measured with an accuracy below
1%, but this is expected to be achieved by e+e� Higgs factories at 240/250 GeV. However, one needs to be able to disentangle a
variation due to a modified Higgs self-interaction from variations due to another deformation of the SM. This cannot always
be done relying only on inclusive measurements [73, 74] and it calls for detailed studies of kinematical distributions with an
accurate estimate of the relevant uncertainties [75]. Inclusive rate measurements performed at two different energies also help
lifting the degeneracy among the different Higgs coupling deviations (see for instance the k3 sensitivities reported in Table 12
for FCC-ee240 vs FCC-ee365; it is the combination of the two runs at different energies that improve the global fit, a single run
at 365 GeV alone would not improve much compared to a single run at 240 GeV).

In principle, large deformations of k3 could also alter the fit of single Higgs processes often performed at leading order,
i.e. neglecting the contribution of k3 at next-to-leading order. The results presented in Section 3.4 were obtained along that
line. It was shown in [73] that a 200% uncertainty on k3 could for instance increase the uncertainty in gHtt or geff

Hgg by around
30–40%. The fact that HL-LHC from the double Higgs channel analysis will limit the deviations of k3 to 50% prevents such a
large deterioration of the global fits to single Higgs couplings when also allowing k3 to float. In the effective coupling basis we
are considering in this report, the effect of k3 would be mostly in the correlations among the single Higgs couplings. In other
bases, like the Warsaw basis, there would be a deterioration up to 15-20% in the sensitivity of the operator Of⇤. Anyway, one
should keep in mind that such a deterioration only concerns specific models where the deviations of the Higgs self-coupling is
parametrically larger than the deviations of the single Higgs couplings and in generic situations, the results of Section 3.4 hold.

In order to set quantitative goals in the determination of the Higgs self-interactions, it is useful to understand how large
the deviations from the SM could be while remaining compatible with the existing constraints on the different single Higgs
couplings. From an agnostic point of view, the Higgs cubic coupling can always be linked to the independent higher dimensional
operator |H|6 that does not alter any other Higgs couplings. Still, theoretical considerations set an upper bound on the deviation
of the trilinear Higgs couplings. Within the plausible linear EFT assumption discussed above, perturbativity imposes a maximum
deviation of the Higgs cubic self-interaction, relative to the SM value, of the order of [27, 73]

|k3|⇠< Min(600x ,4p) , (27)
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Figure 9. Representative Feynman diagrams for the leading contribution to double Higgs production at hadron (left) and
lepton (right) colliders. Extracting the value of the Higgs self-coupling, in red, requires a knowledge of the other Higgs
couplings that also contribute to the same process. See Table 18 for the SM rates. At lepton colliders, double Higgs production
can also occur via vector boson fusion with neutral currents but the rate is about ten times smaller. The contribution
proportional to the cubic Higgs self-coupling involves an extra Higgs propagator that dies off at high energy. Therefore, the
kinematic region close to threshold is more sensitive to the Higgs self-coupling.

at lepton colliders for the ZHH process they actually result in a larger cross section, and hence into an increased precision. For
instance at ILC500, the sensitivity around the SM value is 27% but it would reach 18% around k3 = 1.5.

Modified Higgs self-interactions can also affect, at higher orders, the single Higgs processes [67–69] and even the
electroweak precision observables [70–72]. Since the experimental sensitivities for these observables are better than for double
Higgs production, one can devise alternative ways to assess the value of the Higgs self-interactions. For a 240 GeV lepton
collider, the change of the ZH production cross section at NLO induced by a deviation of the Higgs cubic coupling amounts to

sNLO
ZH ⇡ sNLO,SM

ZH (1+0.014dk3). (26)

Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to be measured with an accuracy below
1%, but this is expected to be achieved by e+e� Higgs factories at 240/250 GeV. However, one needs to be able to disentangle a
variation due to a modified Higgs self-interaction from variations due to another deformation of the SM. This cannot always
be done relying only on inclusive measurements [73, 74] and it calls for detailed studies of kinematical distributions with an
accurate estimate of the relevant uncertainties [75]. Inclusive rate measurements performed at two different energies also help
lifting the degeneracy among the different Higgs coupling deviations (see for instance the k3 sensitivities reported in Table 12
for FCC-ee240 vs FCC-ee365; it is the combination of the two runs at different energies that improve the global fit, a single run
at 365 GeV alone would not improve much compared to a single run at 240 GeV).

In principle, large deformations of k3 could also alter the fit of single Higgs processes often performed at leading order,
i.e. neglecting the contribution of k3 at next-to-leading order. The results presented in Section 3.4 were obtained along that
line. It was shown in [73] that a 200% uncertainty on k3 could for instance increase the uncertainty in gHtt or geff

Hgg by around
30–40%. The fact that HL-LHC from the double Higgs channel analysis will limit the deviations of k3 to 50% prevents such a
large deterioration of the global fits to single Higgs couplings when also allowing k3 to float. In the effective coupling basis we
are considering in this report, the effect of k3 would be mostly in the correlations among the single Higgs couplings. In other
bases, like the Warsaw basis, there would be a deterioration up to 15-20% in the sensitivity of the operator Of⇤. Anyway, one
should keep in mind that such a deterioration only concerns specific models where the deviations of the Higgs self-coupling is
parametrically larger than the deviations of the single Higgs couplings and in generic situations, the results of Section 3.4 hold.

In order to set quantitative goals in the determination of the Higgs self-interactions, it is useful to understand how large
the deviations from the SM could be while remaining compatible with the existing constraints on the different single Higgs
couplings. From an agnostic point of view, the Higgs cubic coupling can always be linked to the independent higher dimensional
operator |H|6 that does not alter any other Higgs couplings. Still, theoretical considerations set an upper bound on the deviation
of the trilinear Higgs couplings. Within the plausible linear EFT assumption discussed above, perturbativity imposes a maximum
deviation of the Higgs cubic self-interaction, relative to the SM value, of the order of [27, 73]

|k3|⇠< Min(600x ,4p) , (27)
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[de Blas et al., arXiv: 1905.03764]

[CMS, Nature 607 (2022)]

−1.4 <
Δλhhh

λSM
hhh

< 5.3

−2.24 <
Δλhhh

λSM
hhh

< 5.49

[ATLAS, arXiv:2211.01216]

• Current constrains from the LHC
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Model independent properties of the EWPT

Energy scale

~100 GeV h, top

New Physics

≈

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

Effects from heavy new particles are 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 (EFT) is needed



Standard Model Effective Field Theory
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φ φ

φ
φ φ

φ

X

VSM = −
μ2

2
φ2 +

λ
4

φ4

Eg) Higgs potential in the SMEFT (up to dim.6)

φ φ

φ
φ φ

φ
mX ≫ v

VSMEFT = −
μ2

2
φ2 +

λ
4

φ4+
c6

m2
X

φ6

• Effective potential including effects from heavy new particles

SM + higher dim. operators→ Standard Model Effective Field Theory (SMEFT)

[Buchmuller and Wyler: NPB 268 (1986)]
[Grzadkowski et al.: JHEP 10 (2010)]

Useful in discussing model independent phenomenology



Nearly aligned Higgs EFT (naHEFT)
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[Kanemura and Nagai, JHEP 03 (2022)]

• Three free parameters

  ⇒  r ∼ 0 M2 ≫
κp

2
v2 Decoupling

  ⇒  r ∼ 1 M2 ≪
κp

2
v2 Non-decoupling

Λ = M2 +
κp

2
v2, κ0, r =

κpv2

2

Λ2

Mass of new particles d.o.f of new particles

 : non-decouplingnessr

• Lagrangian

• In the decoupling region ( ), M2 ≫ κpv2

VBSM(φ) ≃
λ3

Φ

64π2M2
φ6 =

1
Λ2

φ6 ⇒ SMEFT is a good approximation

• SMEFT is not good in the non-decoupling region ( )M2 < κpv2

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

<latexit sha1_base64="azWB0d1Vh4h2Bl2Kppkqtbk1FrE="></latexit>

LnaHEFT = LSM � 0

64⇡2
[M2(')]2 ln

M2(')

µ2

<latexit sha1_base64="AgMT1tE4L0OZ4VBebZU3pGmzgPU="></latexit>

M2(h) = M2 +
p

2
'2

<latexit sha1_base64="hIPheIVd7ocGbq58Xsdi2xD59q8="></latexit>

= M2 +
p

2
(h+ v)2



Possibilities of new physics
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New Physics

Decoupling Non-decoupling

<latexit sha1_base64="qYFlrXv8mFW+d9lltGEsrEvRonY="></latexit>

VBSM ⇠ |�|6
<latexit sha1_base64="6tYtbQJFa5lLjIz1onRd/+rE+Ck="></latexit>

VBSM ⇠ ln |�|2
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New Physics

Decoupling Non-decoupling

<latexit sha1_base64="qYFlrXv8mFW+d9lltGEsrEvRonY="></latexit>

VBSM ⇠ |�|6
<latexit sha1_base64="6tYtbQJFa5lLjIz1onRd/+rE+Ck="></latexit>

VBSM ⇠ ln |�|2

r = 0 r = 1

naHEFT

Possibilities of new physics



NaHEFT at finite temperatures
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• The naHEFT at finite temperatures

VEFT = VSM +
0

64⇡2

⇥
M2(�)

⇤2
ln

M2(�)

µ2
+

0

2⇡2
T 4JBSM

✓
M2(�)

T 2

◆

<latexit sha1_base64="Y9v7stKFOyAL238rqAXxEvhUKF8="></latexit>

M2(�) = M2 +
p

2
�2

<latexit sha1_base64="9dr4/y9FZNrfrO8pikhNy14l6D8="></latexit>

<latexit sha1_base64="qxmLy1JviH41hGEhT6Ztmx18qWM="></latexit>

JBSM(a2) =

Z 1

0
dk2k2 ln

h
1� sign (0) e

�
p
k2+a2

i

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

Large deviation in  exists b/w the SMEFT
and naHEFT

vn/Tn

SMEFT may not be appropriate when we 
discuss the strongly first order EWPT

Consistent with results in the SM with a singlet
[Kakizaki et al., PRD 92 (2015), Hashino et al., PRD 94 (2016)]

<latexit sha1_base64="3aZ4yjSm7hHDWpOSXYkiFsW9RcI="></latexit>

r =
pv

2

2

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



GWs from the first order EWPT
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・Nucleation rate [Linde; Nucl. Phys. B216 (1983)]

[Grojean and Servant, PRD 75 (2007)]

Γbubble ≃ A(T )exp [−
S3(T )

T ],

S3(T ) = ∫ d3x [ 1
2 (∇φb)2+Veff (φb, T)]

J
H
E
P
0
6
(
2
0
2
2
)
0
2
7

Figure 5. The GW spectra for some benchmark values.

In figure 4, we show the predicted values of α and β̃ with varying Λ and κ0. The
green, blue, and red lines correspond to the case for κ0 = 1, 4, and 20, respectively. The
numbers in these figures are the values of Λ [GeV]. We set r = 1 and 0.5 in the left and
right figures, respectively. The maximum value of Λ is determined by the condition of the
completion of the phase transition. The minimum value of Λ is, on the other hand, fixed
by the condition of the realization of the strongly first-order EWPT or Λ ≥ v. We find
that the larger Λ predicts the larger α and smaller β̃. This is because, in the case with
sizable r (corresponding to the non-decoupling case), the large Λ induces the significant
non-decoupling effect which results in large vn/Tn.

We show the GW spectra for some benchmark values in figure 5. The colored lines are
the predicted GW spectra, while the black lines are the sensitivity curves of the LISA [14],
DECIGO [15], TianQin [112], Taiji [113] and BBO [114].5 In the top-left figure, we show the
r-dependence in the GW spectra. Here we take Λ = 1TeV and κ0 = 1. The red, blue, green,
and purple lines correspond to the results for r = 0.525, 0.52, 0.48, and 0.44, respectively.
We find that the larger r makes the amplitude and the peak frequency larger and lower.
This is because the large r makes the first-order phase transition stronger, and results in the
large α and small β̃. We also show the Λ- and κ0-dependences in the top-left and the bottom
figures, respectively. We find that the larger Λ and κ0 also make the height of the spectra
and the peak frequency higher and lower. This is due to the same reason as the large r case.

5Performing the detailed analysis of the sensitivity, one can find the factor improved effective sensitivity
comparing than ones shown in figure 5 [115].

– 13 –

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

Predictions of GWs produced by the first order EWPT are also analyzed

 : Duration of FOPTβGW

• Parameters describing FOPT

 : Temperature starting FOPTTn

 : Released latent heatαGW
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Primordial black hole formation
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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, PRD 88 (2013)]

• Condition for the PBH formation

overdensity region

Horizon

δ =
ρover − ρback

ρback
> δC

back ground

•   can be satisfied when the FOPT occursδ > δC

[Kodama, Sasaki and Sato, PTP 68 (1982);
Hawking, Moss and Stewart, PRD 26 (1982)
Liu et al., PRD105 (2022)]

→ PBHs might be produced by the FOPT

• Primordial black holes (PBH)：BHs formed before the star formation



PBHs and first order phase transition
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1

PBH and first-order phase transition

t

⟨ϕ⟩ = 0

Horizon

PBH

⟨ϕ⟩ ≠ 0

⃗x

[Liu et al., PRD 105 (2022)]

tPBH

• Large density fluctuation can be realized b/w false and true vacua

PBHs can be produced [Liu et al., PRD 105 (2022)]

PBH

Horizon

• We take  as often usedδC = 0.45 [Hawking, Mon. Not. Roy. Astron. Soc. 152 (1971), 
Hawking and Carr, Mon. Not. Roy. Astron. Soc. 168 (1974),
Harada, Yoo and Kohri, PRD 88 (2013)]

δ =
ρover − ρback

ρback
> δC

Time

Space

tPBH

tphase



PBHs produced by first order EWPT
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• Properties of PBH produced by EWPT discussed in the SMEFT
[Hashino, Kanemura and Takahashi, PLB 833 (2021)]

We discussed the PBH formation in the naHEFT instead of the SMEFT

MPBH ∼ 10−5M⊙

• PBH mass in the EWPT

[HSC, https://hsc.mtk.nao.ac.jp/ssp/]
[OGLE, http://ogle.astrouw.edu.pl]

• 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]

 is constrained by  fPBH 10−4

First order EWPT
can be tested by 
PBH observations

https://hsc.mtk.nao.ac.jp/ssp/%5D
http://ogle.astrouw.edu.pl]


Tests of the first order EWPT
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• hhh coupling measurement

• GW observations

• PBH observations

How we can test the first order EWPT?

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

[Grojean and Servant, PRD 75 (2007)]

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

PBH: Subaru HSC, OGLE, PRIME, Roman
GWs: LISA, DECIGO
Colliders: ILC, HL-LHC

• Current and future observations

First order EWPT can be explored by PBH
observations in addition to GW observations 
and collider experiments

Ongoing!

[Kanemura et al., PLB606 (2005)]
[Grojean et al., PRD71 (2005)]

[Hashino, Kanemura, Takahashi and Tanaka, PLB 838 (2023)]

vn /Tn ≥ 1

[Hashino, Kanemura, Takahashi and Tanaka, PLB 838 (2023)]



Parameter region explored by PBH obs.
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FIG. 6. The parameter region where PBHs from strongly first-order EWPT may be able to be

detected in the 0-⇤ plane (fPBH > 10�4).

PBHs can be produced from first-order EWPT and have found that the PBH observations

could probe the strongly first-order EWPT of the naHEFT. Complementarity in testing the

strongly first-order EWPT by future collider experiments, GW and PBH observations has

also been investigated. From Fig. 6, the PBH observation may be able to be used to explore

wide parameter region. Therefore, the PBH observation is a powerful tool to probe the

strongly first-order EWPT.
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Wide parameter regions in new physics might be explored by PBH observations

[Hashino, Kanemura, Takahashi and Tanaka, PLB 838 (2023)]

fPBH > 10−4



Timeline of experiments
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LHC HL-LHC

ILC

Subaru HSC, 
OGLE

PRIME,
Roman

LISA, DECIGO

2022 2026 2030 2040

hhh coupling 
measurement

GWs from the EWPTPBHs produced by the EWPT

Our research

Dynamics of the EWPT is thoroughly explored in the near future
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Summary
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• We proposed the naHEFT which can appropriately describe the first order EWPT

• Strongly first order EWPT can be tested at current and future PBH observations 
like Subaru HSC, OGLE, PRIME and Roman telescope

• Wide parameter regions may be explored by PBH observations

• Colliders, GWs, PBHs → Dynamics of the EWPT is thoroughly explored
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Nearly aligned Higgs EFT
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naHEFTはノンデカップリング効果を記述できる

this case, deviations from the SM in Higgs coupling constants with gauge bosons and

fermions appear in the loop corrections. We here call the e↵ective theory describing

this scenario as the “nearly aligned Higgs e↵ective field theory (naHEFT)”.

The e↵ective Lagrangian is given as

LnaHEFT = LSM + LBSM , (2.1)

where LSM is the Lagrangian of the SM, and LBSM is defined by

LBSM = ⇠


�0

4
[M2(h)]2 ln

M2(h)
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+
v

2

2
F(h) Tr[DµU

†
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µ
U ] +
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2
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µ
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◆�
, (2.2)

with ⇠ = 1/(4⇡)2. 0 and µ
2 are real parameters. We take v ' 246GeV. h denotes

the 125GeV Higgs boson, and we here assume h = 0 to be the global minimum

of the Higgs potential. We will discuss the validity of this assumption later. U

parameterizes the Nambu-Goldstone (NG) bosons (⇡±
, ⇡

3) eaten by the longitudinal

W
± and Z bosons,

U = exp

✓
i

v
⇡

a
⌧

a

◆
, ⇡

± =
1p
2
(⇡1 ⌥ i⇡

2) , (2.3)

with ⌧
a (a = 1, 2, 3) being the SU(2) Pauli matrices. qi

L and l
i
L denote the SU(2)L

doublet SM quark and lepton fields, respectively. i is the index for the generation,

i = 1, 2, 3. qi
R and l

i
R are vectors defined as qi

R = (ui
R d

i
R)

T and l
i
R = (0 e

i
R)

T where

u
i
R, d

i
R, and e

i
R are the SU(2)L singlet up-type quark, down-type quark and lepton

fields, respectively. The covariant derivative of U is defined as

DµU = @µU + igWµU � ig
0
UBµ , (2.4)

where SU(2)L and U(1)Y gauge boson fields are defined as Wµ =
P

3

a=1
W

a
µ

⌧a

2
and

Bµ = Bµ
⌧3

2
. g and g

0 denote the SU(2)L and U(1)Y gauge couplings. M2(h), F(h),

K(h), Y(h), and Ŷ(h) are polynomial in h,
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4

[Kanemura and Nagai, JHEP 03 (2022)]
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What is the meaning “nearly aligned”?
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• The naHEFT in the canonical basis
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ĥ

v
+ V V

ĥ2
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Figure 1: Higgs coupling factors for the model with N = 1.
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where we ignore the O(⇠2) corrections. In figure 1, we estimate the Higgs coupling

parameters for theN = 1 case. Black, blue and red lines correspond to the cases with

r = 0.01, 0.6, and 1, respectively. We find that, if r ' 0, the coupling derivations are

highly suppressed. On the other hand, if we take r ' 1, the coupling deviation can

be sizable for a large ⇤ due to the enhancement factor with the power of ⇤. These

enhancement corrections are regarded as non-decoupling e↵ects from the integrated

particles. Such a non-decoupling property has been pointed out in the concrete

extended Higgs models in Refs. [11, 12]. We thus find that the non-decoupling

property can be e↵ectively parameterized by the naHEFT.

We note that, if r 6= 1 (M 6= 0), the naHEFT Lagrangian can be expressed in

terms of the polynomial in |�|2, which is a familiar form called the “Standard Model
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with ⇠ = 1/(4⇡)2. 0 and µ
2 are real parameters. We take v ' 246GeV. h denotes

the 125GeV Higgs boson, and we here assume h = 0 to be the global minimum
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The naHEFT can describe extended Higgs
models without alignment ( )κV, 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 Higgs EFT
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We only focus on the Higgs part

3.4. DYNAMICS OF THE FIRST-ORDER PHASE TRANSITION 29

play an important role to realize the strongly first-order EWPT. The dynamics of the EWPT is
also discussed in the literatures [76, 88–92,175].

3.3.2 Review of the Higgs effective field theory

The SMEFT is used as a useful EFT framework in order to discuss model independent phe-
nomenology in extended Higgs models. On the other hand, the Higgs EFT is also discussed as a
good candidate for new EFT framework. In the Higgs EFT, new physics effects are expressed by
polynomials of the fields in the SM, which transform non-linearly under the EW symmetry. We
here compare the part of the SMEFT that only includes the Higgs field and the Nambu-Goldstone
bosons with the same part in the Higgs EFT. In the SMEFT, the part depending only the Higgs
field and the Nambu-Goldstone bosons is expressed by [94]

LSMEFT ! A(|Φ|2) |∂µΦ|2 +B(|Φ|2)
(
∂µ|Φ|2

)2 − V (Φ) + O(∂4), (3.3.1)

where Φ is the Higgs doublet field in the SM. The form factors A(|Φ|2) and B(|Φ|2) can parameterize
new physics effects. In the SM, the form factors take A(|Φ|2) = 1 and B(|Φ|2) = 0. The function
V (Φ) is the Higgs potential. The important property of the SMEFT is that A(|Φ|2), B(|Φ|2) and
V (Φ) are analytic at the origin |Φ|2 = 0. On the other hand, the same part in the Higgs EFT is
expressed by

LHEFT ! 1

2
K(h)∂µh∂

µh+
v2

2
F (h)Tr [∂µU∂µU ] + V (h), (3.3.2)

where the matrix U is defined in terms of the Nambu-Goldstone bosons "π as

U = exp

[
i
"σ · "π
v

]
. (3.3.3)

The form factors K(h) and F (h) include new physics effects. The function V (h) is the Higgs
potential. In the SM, the form factors satisfy K(h) = 1 and F (h) = 1. In the Higgs EFT, K(h),
F (h) and V (h) need not be analytic except for h = 0. It means that the Higgs EFT can be convert
into the SMEFT. However, the opposite is not always possible. This fact is shown in Ref. [176].

As shown in subsection 3.1.2, heavy new particles can give large quantum corrections in Higgs
couplings such as hhh coupling. The non-decoupling effects in hhh coupling come from the radiative
correction to the Higgs potential, which is so-called the Coleman-Weinberg potential [177]. As well
known, the Coleman-Weinberg potential includes the logarithmic functions. Therefore, the Higgs
EFT is a proper EFT framework when we consider new physics with the non-decoupling effects.
Conversely, the SMEFT may not be a good framework when we discuss new physics with the non-
decoupling effects. Actually, it has been shown that the non-decoupling effects in hhh coupling
cannot be described by the SMEFT [93,94].

Considering extensions of the Higgs EFT, we can obtain a new EFT which is able to describe
new physics with the non-decoupling effects. In recently, a candidate for the new EFT has been
proposed in Ref. [178]. We explain the new EFT in Chapter 5.

3.4 Dynamics of the first-order phase transition

In this section, we give a review for the details of the first-order phase transition. We first explain
the scenario of EW baryogenesis where the first-order phase transition plays an important role. In
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• SMEFT

• Higgs EFT

←  are analytical at  A(Φ), B(Φ), V(Φ) |Φ | = 0

←  can be non-analytical at  K(h), F(h), V(h) h ≠ 0

⇒ Higgs EFT is more general than SMEFT

V(h) is arbitrary

In the naHEFT, it is assumed that V(h) has Coleman-Weinberg like structure
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When r ' 0 (corresponding to M
2
' ⇤2), the new physics e↵ect should be

decoupled because the new particle obtains the mass almost independently from the

Higgs vacuum expectation value. In this case, our EFT falls into the SMEFT form

(2.4). Let us check this explicitly. We first note that, when M
2
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Note that x� ⌧ 1 when r ' 0 and |�| . v. If x� ⌧ 1, we can expand ln(1 + x�) as
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x
2
� +O(x3

�) . (2.15)

If we truncate ln(1+x�) at O(x�), our e↵ective potential (2.5) can be expressed by

the SMEFT form (2.4) up to mass dimension six operators. Imposing the conditions

Eqs. (2.9) and (2.10), the new physics contribution is obtained as
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The decoupling limit corresponds to r ! 0, which leads to f ! 1. On the other

hand, if we truncate ln(1 + x�) at O(x2
�), our e↵ective potential is expressed as

the SMEFT form (2.4) up to mass dimension eight operators. Using Eqs. (2.9) and
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where f6 and f8 are given as
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The decoupling limit again corresponds to r ! 0 which leads to f6,8 ! 1. We

emphasize that both SMEFT approximations (2.16) and (2.18) fail when |x�| '

1, which typically corresponds to the non-decoupling case. We will revisit this

observation later.
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• Up to dimension six

• Up to dimension eight

Expand the logarithmic part in terms of ϕ
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The expansion is not good at large r
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inside

outside

F(t) = exp [−
4π
3 ∫

t

ti

dt′ Γ (t′ ) a3(t)r3 (t, t′ )]
r (t, t′ ) ≡ ∫

t

t′ 

vw

a(t̃ )
dt̃

δ =
ρin − ρout

ρout

δ > 0.45



How to obtain PBH fraction?

35

1. Evaluate the possibility that the symmetry breaking is not broken in a Hubble 
volume 

2. Calculate how many Hubble patches at  are included in a Hubble 
volume at present

tPBH

1

PBH and first-order phase transition

t

⟨ϕ⟩ = 0

Horizon

PBH

⟨ϕ⟩ ≠ 0

⃗x

[Liu et al., PRD 105 (2022)]

tPBH
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where tPBH is the time when the PBHs are produced, which can be determined by the condi-
tion (6.1.7). If the condition (6.1.7) is satisfied, the symmetry unbroken Hubble volume (red
region in Fig. 6.1) can collapse into a PBH. The mass of the PBHs MPBH is roughly given by

MPBH ∼ 4π

3
H3(tPBH)ρtot(tPBH) = 4πH−1(tPBH). (6.2.10)

Since the PBH production time tPBH is related to a time when the first-order phase transition
occurs, MPBH is also related to the time. If PBHs are produced by the first-order EWPT, the PBH
mass is given by

MEW
PBH ∼ 10−5M", (6.2.11)

where M" is the solar mass. The fraction of the PBHs in dark matter density fPBH can be observed
by PBH observations. For the EWPT, the fraction fEW

PBH is given by

fEW
PBH ≡ ΩEW

PBH

ΩCDM
∼ 1.49× 1011

(
0.25

ΩCDM

)(
TPBH

100GeV

)
P (tPBH), (6.2.12)

where ΩCDM is the current energy density of cold dark matter normalized by the total energy
density, and TPBH is temperature when the PBHs are produced.

In Fig. 6.2, the current constraint on the PBH fraction is shown. We note that the fraction
around the mass region of 10−5M" is already constrained by current microlensing observations
such as Subaru HSC and OGLE. It means that the first-order EWPT can be tested by using
results at microlensing observations. For future microlensing experiments, such as Roman Space
Telescope and PRIME, may be able to test the parameter region with fPBH > 10−4 [223].

6.3 PBH formation via the first-order phase transition in
the naHEFT

We here discuss the PBH formation in the naHEFT.
In Fig. 6.3, model independent results of the PBH fraction fPBH are shown in the (α, β/H)

plane. This result was first discussed in Ref. [87]. The brown, green, orange, blue and red solid
lines correspond to the contours for fPBH = 10−8, 10−6, 10−4, 10−2, 1, respectively. We find that
the PBH fraction fPBH is sensitive to the value of β/H. According to Fig. 6.3, the large PBH
fraction can be realized in the case with large α and β/H. It indicates that the strongly first-order
EWPT is preferred to produce large amounts of PBHs. In the white region above the brown
line, the PBH abundance becomes too small to detect future PBH observations or the PBHs
cannot be produced from the first-order EWPT. In the white region below the red line, PBHs
are overproduced (fPBH > 1). It means that we can discuss constraints on the Higgs sector by
assuming the condition fPBH ≤ 1. Current microlensing experiments, such as Subaru HSC and
OGLE, can explore the parameter region between the red and blue lines with 10−2 < fPBH < 1.
The parameter region between the red and orange lines with 10−4 < fPBH < 1 may be tested by
future microlensing observations such as PRIME and Roman Space Telescope.

In Fig. 6.4, the parameters α and β/H are shown in the naHEFT. The non-decouplingness r
is assumed as r =1 and 0.5 in the left and right panels, respectively. The red, green and blue lines
correspond to the predictions on the parameters α and β/H in the case with κ0 = 1, 4 and 20,
respectively. Points on these lines in Fig. 6.4 represent the value of Λ. Purple dotted and solid

δ =
ρ in − ρout

ρout

TPBH
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Figure 6.2: Current constraints on the fraction fPBH by microlensing observations. The constraints
from Subaru HSC [220], OGLE [221] and EROS [222] are shown.

The evolution of ρR is determined by

dρR
dt

+ 4ρRH = −dρV
dt

, (6.2.5)

where ρV is the vacuum energy density, which is given by

ρV = F (t)∆Veff . (6.2.6)

The evolution of the Hubble parameter H is described by the Friedmann equation [219],

H2 =
ρR + ρV

3
, (6.2.7)

where we take the unit with Mp! = 1. Since the potential energy density difference ∆Veff is related
to the parameter α, the energy densities of radiation and vacuum at the time ti are given by

ρR(ti) =
1

1 + α
ρtot(ti), ρV (ti) =

α

1 + α
ρtot(ti), (6.2.8)

where ρtot(ti) = ρR(ti)+ρV (ti). These values are used as the initial conditions in solving Eqs. (6.2.5)
and (6.2.7).

From Eqs. (6.2.2), (6.2.5) and (6.2.7), we can determine the time evolutions of a(t), ρR(t)
and ρV (t). Then, we can evaluate the probability that Hubble volumes collapse into PBHs. The
probability is given by

P (tn) = exp

[
−4π

3

∫ tn

ti

a3(t)

a3(tPBH)

1

H3(tPBH)
Γ(t)dt

]
, (6.2.9)
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where Ntr and Nrot are the normalization factors for the zero mode related to the translation and
the rotation, respectively. The factor Vrot is the volume of the rotation group, which is given by
Vrot = 8π2. The factor ω− is the frequency for the negative mode around sphalerons. αW is defined
by αW = α/ sin2 θW . The factor κ is the fluctuation determinant around sphalerons. Esph(T ) is an
energy of sphalerons at finite temperatures, which can be expressed by

Esph(T ) =
4πv(T )

g
E(T ). (3.4.10)

The factor E depends on details of models. Eq. (3.4.10) indicates that the Boltzmann suppression
factor in the sphaleron transition rate (3.4.9) disappears at the symmetric phase (v(T ) = 0).
Therefore, the sphaleron process rapidly occurs in the symmetric phase. It is expected that the
sphaleron process plays an important role to explain the BAU.

Since the sphaleron energy characterizes the sphaleron transition rate, determination of the
sphaleron energy is important. In general, the sphaleron energy depends on the details of ex-
tended Higgs models. The sphaleron solutions in extended Higgs models have been calculated in
the literatures [49, 59, 62, 83, 85, 183–190]. The sphaleron energy at the zero temperature can be
determined indirectly via the measurement of the hhh coupling in several extended Higgs mod-
els [189].

3.4.2 Bubble nucleation at the early Universe

The first-order phase transition at the early Universe proceeds via the nucleation and expansion
of vacuum bubbles. The nucleation rate of the vacuum bubbles is given by [191]

Γbubble(T ) ! T 4

(
S3(T )

2πT

)3/2

exp

[
−S3(T )

T

]
, (3.4.11)

where S3(T ) is three-dimensional action for bounce solutions, which is defined by

S3(T ) =

∫
d3x

[
1

2

(
&∇φb

)2
+ Veff (φb, T )

]
. (3.4.12)

The field φb is the bounce solution, which is determined by solving the following field equation
with the boundary conditions

d2φb

dr2
+

2

r

dφb

dr
− ∂Veff

∂φb
= 0,

dφb

dr

∣∣∣∣
r=0

= 0, φb|r=∞ = 0. (3.4.13)

Calculating the bounce solutions in extended Higgs models, we utilize the public code CosmoTran-
sitions [192]. In order to complete the first-order phase transition by today, at least one vacuum
bubble must be nucleated in the horizon. A temperature at which one vacuum bubble is nucleated
in the horizon is called as the nucleation temperature Tn, which is defined by

Γbubble(T )

H4(T )

∣∣∣∣
T=Tn

= 1, (3.4.14)

where H(T ) is the Hubble constant, which is given by

H(T ) ! 1.66

√
g∗(T )T 2

Mp!
. (3.4.15)
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 is very sensitive to the parameters in the nearly aligned Higgs EFTfPBH

[Hashino, Kanemura, Takahashi and Tanaka, PLB 838 (2023)]
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Veff(φ, T ) ≃ D(T2 − T2
0)φ2 − ETφ3 +

λT

4
φ4

φ

Veff(φ)

T = Tc

vM
ΔV(vM, Tc) ∝ ( vc

Tc )
3

vc

ΔV(vM, Tc)

• Height of the effective potential

• β parameter (thin-wall approximation)

β
H

∝ ( vc

Tc )
−5/2

[Eichhorn et al., JCAP 05 (2021)]

→ Large vc/Tc favored to realize the strongly first-order

→ When vc/Tc is large, β can be small

⇒ small β is preferred to delay the first-order phase transition

⇒ PBH formation requires small β
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・Nucleation rate of vacuum bubbles [Linde; Nucl. Phys. B216 (1983)]

Γbubble ≃ A(T )exp [−
S3(T )

T ], S3(T ) = ∫ d3x [ 1
2 (∇φb)2+Veff (φb, T)]

Γ/H4 ≥ 1

Γ/H4 ≤ 1

Γ/H4 = 1 ⇔ S3/T ∼ 140

Non-decoupling effects are required
to realize the delay of first-order EWPt

r = 1

r = 0.99
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FIG. 6. The parameter region where PBHs from strongly first-order EWPT may be able to be

detected in the 0-⇤ plane (fPBH > 10�4).

PBHs can be produced from first-order EWPT and have found that the PBH observations

could probe the strongly first-order EWPT of the naHEFT. Complementarity in testing the

strongly first-order EWPT by future collider experiments, GW and PBH observations has

also been investigated. From Fig. 6, the PBH observation may be able to be used to explore

wide parameter region. Therefore, the PBH observation is a powerful tool to probe the

strongly first-order EWPT.
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Wide parameter region can be explored by PBH observations

[Hashino, Kanemura, Takahashi and Tanaka, PLB 838 (2023)]

fPBH > 10−4

d.o.f. of new particles

2HDM with mH± = mA = mH
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FIG. 4. Regions of strongly first-order EWPT, where vn/Tn � 1, are shown as colored regions

in the r-⇤ plane for 0 = 1, 4, 8 and 16. In the red region, fPBH can be larger than 10�4. The

EWPT has not been finished at the current Universe in top right white regions above the red one:

�/H4
< 1. The orange regions represent that the detectable GW at DECIGO experiment can

be produced. The GW spectrum for the blue and red regions can be observed by both LISA and

DECIGO experiments. The black dotted lines are the deviation in the hhh coupling from the SM

prediction value ��hhh/�
SM

hhh = 20, 50, 100 and 200 % from the bottom, respectively.

by collider experiments, GW and PBH observations.

Fig. 6 shows the parameter region where PBHs from strongly first-order EWPT may be

able to be detected in the 0-⇤ plane. The solid and dashed red lines of this figure correspond

to the same as the red region of Fig. 5 for r = 1 and 0.3, respectively. In the red region, the

fraction of PBHs can be sizable with fPBH > 10�4 for 0.3 < r < 1. The PBH observation

11
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FIG. 5. Regions of strongly first-order EWPT, where vn/Tn � 1, are shown as colored regions in

the 0-⇤ plane for r = 0.3, 0.5, 0.8 and 1. Otherwise the same as Fig. 4.

may be able to be used to explore the strongly first-order EWPT in such a wide parameter

region.

IV. CONCLUSION

We have investigated the production of PBHs from first-order EWPT in the framework

of the naHEFT, in which non-decoupling quantum e↵ects are properly described. Since

the mass of PBHs from first-order EWPT is about 10�5 of the solar mass, the current and

future microlensing observations such as Subaru HSC, OGLE, PRIME and Roman Space

Telescope may be able to probe the EWPT. We have examined the parameter region where

12
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• Condition  is derived in radiation dominant caseδ > 0.45
[Harada, Yoo and Kohri, PRD 88 (2013)

• PBH may be easily realized in vacuum  
energy dominant universe

[Jedamzik and Niemeyer, PRD 59 (1999)

∵ EoS　 p = − ρ

• PBH formation with  ( )  
has been discussed

p = wρ 0.01 ≤ w ≤ 0.6

[Musco and Miller, Class. Quantum Grav. 30 (2013)]

Class. Quantum Grav. 30 (2013) 145009 I Musco and J C Miller

Figure 7. Different shapes of the energy density perturbation obtained with different values of α,
for the particular case w = 1/3 and δ = δc.

Figure 8. The left-hand plot shows the behaviour of γ as a function of w (with the dashed line
indicating the corresponding results obtained semi-analytically by Maison [26]). The right-hand
plot shows the behaviour of δc as a function of w, as well as the variations depending on the shape
parameter α (these variations are negligible in the left-hand plot and so are not shown there).

obtained semi-analytically by Maison [26] (which are indicated here with the dashed line).
Within the range shown, there is a roughly linear behaviour which is consistent with the limit of
γ → 0.106 for w → 0 obtained by Snajdr [27]. Regarding δc, although the change with α does
not seem to be very large, it could be cosmologically relevant because the PBH mass spectrum
is very sensitive to the precise value of δc. It is therefore important to establish the connection
between different inflationary models and the probabilities for different initial perturbation
shapes, and this should be investigated more in future for getting a better understanding of
the possible cosmological impact of PBHs. The plot indicates that among the profiles studied
here, the simple Mexican hat (with α = 0) gives the lowest value of δc and so the highest
probability of forming PBHs. The relation between δc and w confirms that any epochs in the

17

δ =
ρover − ρback

ρback
> δC

[Musco and Miller, Class. Quantum Grav. 30 (2013)]
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we detect the horizon. For 0.805≲ μ≲ 0.845, we need more
efforts to resolve the horizon formation. On the other hand,
since kHkmax is always well controlled (≲0.03) for the
bouncing dynamics for μ ¼ 0.795, we expect that the
threshold value is given by μth ≃ 0.8.
Since the system is spherical if we ignore the effect of the

boundary condition, we can check the resultant threshold
value based on the compaction function C in the constant
mean curvature slice [10], which is directly related to the
more conventional indicator δ̄, the averaged density per-
turbation in the overdense region on the comoving slicing
at horizon entry, through δ̄ ¼ ð4=3ÞC if the radius for C is
identified with that of δ̄ [21]. The threshold value ∼0.4 of
the maximum value Cmax is conventionally used. More
recently, it has been reported that the volume average C̄ of C
within the radius rm, at which C takes a maximum, gives a
very stable threshold value 0.3 at a level of a few %

accuracy for a moderate shape of the inhomogeneity [30].
In Fig. 4, we show the values of C̄, Cmax, and δ̄ as functions
of μ. For μ ¼ 0.8, in our initial setting, the value of C̄ is
given by 0.297 which is about only 1% deviation from the
reference value 0.3. Having this agreement, throughout this
paper, we conclude that a PBH is formed if the bouncing
back behavior is not observed. For all the nonbouncing
cases, even if the value of kHkmax becomes of the order of
1, we can eventually find an apparent horizon.

B. Nonspherical initial data

By numerical simulations with nonzero χ2, we find that
the PBH formation becomes harder for larger ellipticity,
which is consistent with the hoop conjecture [31]. We look
for the critical value of χ2 beyond or below which no
horizon is formed, for μ ¼ 0.805. As a result, we find PBH
formation for −0.6 ≤ χ2 ≤ 0.8 with μ ¼ 0.805, while
we find a bouncing behavior for χ2 ≤ −0.7 or χ2 ≥ 0.9

FIG. 4. The averaged compaction function C̄, the maximum
compaction function Cmax and the averaged comoving density
perturbation δ̄ in the overdense region at horizon entry as
functions of μ.
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YOO, HARADA, and OKAWA PHYS. REV. D 102, 043526 (2020)

043526-4

• Non-spherical symmetric case

Time evolution

If the over density region does not respect the spherical symmetry,
realization of PBH formation might be difficult

x-axis

y, z-axis

[Yoo, Harada and Okawa, PRD 102 (2020)

Initial config.
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Time

Space

radiation energy density
vacuum

ρrad ∝ a−4

ρvac = const

Horizon

1

PBH and first-order phase transition

t

⟨ϕ⟩ = 0

Horizon

PBH

⟨ϕ⟩ ≠ 0

⃗x

[Liu et al., PRD 105 (2022)]

tPBH
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outside

inside ρtot = ρrad + ρvac
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the Tevatron22 at Fermilab. In the SM, the Higgs boson is an elementary 
scalar particle, a type that had never been observed before. Fundamen-
tal scalar particles are subject to quantum corrections that can be as 
large as the scale of the physics beyond the SM (BSM). As this scale can 
be many orders of magnitude larger than the electroweak scale, which 
is about 100 GeV, the measured mass of the Higgs boson is puzzlingly 
small. How to resolve this puzzle is part of the motivation for future 
work and accelerators.
The BEH mechanism does not predict the mass of the Higgs boson, but 
once the mass is fixed, all its other properties are precisely defined. 
The Higgs boson, once produced, decays directly to the heaviest 
allowed elementary particles. However, decays to massless particles 
can also occur through quantum loops. At the LHC, the production of 
Higgs bosons is dominated by gluon–gluon fusion (ggH) proceeding 
via a virtual top quark loop. The mass of a real particle is defined as 
m2 = E2 − p2, where E is the energy and p is the momentum vector of the 
particle. For a virtual particle, this equation is not valid and thus a virtual  
particle does not have a defined value of the mass. A virtual particle is 
denoted by an asterisk, for example, W* denoting a virtual W boson. 
Henceforth the distinction between real and virtual particles will be 
dropped, unless mentioned otherwise. At a mass of around 125 GeV, the 
Higgs boson decays dominantly into a b quark and its antiquark. Hence-
forth, the distinction between a particle and its antiparticle will be  
dropped.

From the accurate observation and measurement of the products 
of the Higgs boson decays and of those associated with its production, 
experiments are able to infer its properties, including the strength of 
its self-interaction (λ)23 and, potentially, decays into BSM particles.

This paper presents the combination of results from single Higgs 
boson production and decay, and its pair production, using datasets 
corresponding to an integrated luminosity ( )L  up to 138 fb−1 (ref. 24), 
collected by the CMS in 2016–2018. An integrated luminosity of 1 fb−1 
corresponds to about 100 trillion proton–proton collisions at a 
centre-of-mass energy of 13 TeV.

In addition, a few projections are made for an assumed data sample 
corresponding to L = 3, 000 fb−1, recorded at s = 14 TeV, expected to 

be accumulated by the end of the next decade during the high-luminosity 
operation of the LHC accelerator (HL-LHC).

The CMS experiment and datasets
The CMS apparatus25, illustrated in Extended Data Fig. 1, is a multipur-
pose, nearly hermetic detector, designed to trigger on26,27 and identify 
electrons (e), muons (µ), photons (γ) and (charged and neutral) had-
rons28–30. A trigger is a filter that selects interesting events, where ‘event’ 
refers to the result of the selected interaction in a beam crossing, as 
observed in the detector. A global event reconstruction algorithm31 
combines the information provided by the all-silicon inner tracker, 
crystal electromagnetic calorimeter, and brass and scintillator hadron 
calorimeters, operating inside a 3.8-T superconducting solenoid, with 
data from gas-ionization muon detectors embedded in the solenoid 
flux-return yoke, to build electrons, muons, tau (τ) leptons, photons, 
hadronic jets, missing transverse momentum p( )T

miss  and other physics 
objects32–34. Collimated streams of particles arising from the fragmen-
tation of quarks or gluons are called ‘jets’. These jets are identified, and 
their energies measured, by specialized reconstruction algorithms31,33. 
The missing transverse momentum vector is measured with respect 
to the incoming proton beams, and it is computed as the negative vec-
tor sum of transverse momenta of all particles in an event.

Several improvements have been introduced into the CMS experi-
ment since the discovery of the Higgs boson in 2012 (Methods).

By July 2012, CMS had collected data corresponding to L = 5.1 fb−1 at 
a proton–proton (pp) collision centre-of-mass energy s = 7 TeV   
(in 2011) and = 5.3 fb−1L  at s = 8 TeV  (in the first half of 2012), with 
which the Higgs boson was discovered. By the end of 2012 (Run 1), CMS 
had collected data corresponding to L = 19.7 fb−1 at s = 8 TeV (ref. 35).

In LHC Run 2 (2015–2018), the accelerator delivered collisions at 
s = 13 TeV. At this larger energy, the cross-section for Higgs boson 

production increases by a factor of 2.2–4.0, depending on the produc-
tion mode36–39. Physics analyses presented here are based on 2016–2018 
data, corresponding to L of up to 138 fb−1 (the additional approximately 
2 fb−1 recorded in 2015 are not used in this combination). This enabled 
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Fig. 1 | Feynman diagrams for the leading Higgs boson interactions.  
a–f, Higgs boson production in ggH (a) and VBF (b), associated production with 
a W or Z (V) boson (VH; c), associated production with a top or bottom quark 
pair (ttH or bbH; d) and associated production with a single top quark (tH; e,f). 
g–j, Higgs boson decays into heavy vector boson pairs (g), fermion–antifermion 
pairs (h) and photon pairs or Zγ (i,j). k–o, Higgs boson pair production through 

ggH (k,l) and through VBF (m,n,o). The different Higgs boson interactions are 
labelled with the coupling modifiers κ, and highlighted in different colours for 
Higgs–fermion interactions (red), Higgs–gauge-boson interactions (blue) and 
multiple Higgs boson interactions (green). The distinction between a particle 
and its antiparticle is dropped.

• Higgs pair-productionを通じてhhh結合が測定できる
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the Tevatron22 at Fermilab. In the SM, the Higgs boson is an elementary 
scalar particle, a type that had never been observed before. Fundamen-
tal scalar particles are subject to quantum corrections that can be as 
large as the scale of the physics beyond the SM (BSM). As this scale can 
be many orders of magnitude larger than the electroweak scale, which 
is about 100 GeV, the measured mass of the Higgs boson is puzzlingly 
small. How to resolve this puzzle is part of the motivation for future 
work and accelerators.
The BEH mechanism does not predict the mass of the Higgs boson, but 
once the mass is fixed, all its other properties are precisely defined. 
The Higgs boson, once produced, decays directly to the heaviest 
allowed elementary particles. However, decays to massless particles 
can also occur through quantum loops. At the LHC, the production of 
Higgs bosons is dominated by gluon–gluon fusion (ggH) proceeding 
via a virtual top quark loop. The mass of a real particle is defined as 
m2 = E2 − p2, where E is the energy and p is the momentum vector of the 
particle. For a virtual particle, this equation is not valid and thus a virtual  
particle does not have a defined value of the mass. A virtual particle is 
denoted by an asterisk, for example, W* denoting a virtual W boson. 
Henceforth the distinction between real and virtual particles will be 
dropped, unless mentioned otherwise. At a mass of around 125 GeV, the 
Higgs boson decays dominantly into a b quark and its antiquark. Hence-
forth, the distinction between a particle and its antiparticle will be  
dropped.

From the accurate observation and measurement of the products 
of the Higgs boson decays and of those associated with its production, 
experiments are able to infer its properties, including the strength of 
its self-interaction (λ)23 and, potentially, decays into BSM particles.

This paper presents the combination of results from single Higgs 
boson production and decay, and its pair production, using datasets 
corresponding to an integrated luminosity ( )L  up to 138 fb−1 (ref. 24), 
collected by the CMS in 2016–2018. An integrated luminosity of 1 fb−1 
corresponds to about 100 trillion proton–proton collisions at a 
centre-of-mass energy of 13 TeV.

In addition, a few projections are made for an assumed data sample 
corresponding to L = 3, 000 fb−1, recorded at s = 14 TeV, expected to 

be accumulated by the end of the next decade during the high-luminosity 
operation of the LHC accelerator (HL-LHC).

The CMS experiment and datasets
The CMS apparatus25, illustrated in Extended Data Fig. 1, is a multipur-
pose, nearly hermetic detector, designed to trigger on26,27 and identify 
electrons (e), muons (µ), photons (γ) and (charged and neutral) had-
rons28–30. A trigger is a filter that selects interesting events, where ‘event’ 
refers to the result of the selected interaction in a beam crossing, as 
observed in the detector. A global event reconstruction algorithm31 
combines the information provided by the all-silicon inner tracker, 
crystal electromagnetic calorimeter, and brass and scintillator hadron 
calorimeters, operating inside a 3.8-T superconducting solenoid, with 
data from gas-ionization muon detectors embedded in the solenoid 
flux-return yoke, to build electrons, muons, tau (τ) leptons, photons, 
hadronic jets, missing transverse momentum p( )T

miss  and other physics 
objects32–34. Collimated streams of particles arising from the fragmen-
tation of quarks or gluons are called ‘jets’. These jets are identified, and 
their energies measured, by specialized reconstruction algorithms31,33. 
The missing transverse momentum vector is measured with respect 
to the incoming proton beams, and it is computed as the negative vec-
tor sum of transverse momenta of all particles in an event.

Several improvements have been introduced into the CMS experi-
ment since the discovery of the Higgs boson in 2012 (Methods).

By July 2012, CMS had collected data corresponding to L = 5.1 fb−1 at 
a proton–proton (pp) collision centre-of-mass energy s = 7 TeV   
(in 2011) and = 5.3 fb−1L  at s = 8 TeV  (in the first half of 2012), with 
which the Higgs boson was discovered. By the end of 2012 (Run 1), CMS 
had collected data corresponding to L = 19.7 fb−1 at s = 8 TeV (ref. 35).

In LHC Run 2 (2015–2018), the accelerator delivered collisions at 
s = 13 TeV. At this larger energy, the cross-section for Higgs boson 

production increases by a factor of 2.2–4.0, depending on the produc-
tion mode36–39. Physics analyses presented here are based on 2016–2018 
data, corresponding to L of up to 138 fb−1 (the additional approximately 
2 fb−1 recorded in 2015 are not used in this combination). This enabled 
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Fig. 1 | Feynman diagrams for the leading Higgs boson interactions.  
a–f, Higgs boson production in ggH (a) and VBF (b), associated production with 
a W or Z (V) boson (VH; c), associated production with a top or bottom quark 
pair (ttH or bbH; d) and associated production with a single top quark (tH; e,f). 
g–j, Higgs boson decays into heavy vector boson pairs (g), fermion–antifermion 
pairs (h) and photon pairs or Zγ (i,j). k–o, Higgs boson pair production through 

ggH (k,l) and through VBF (m,n,o). The different Higgs boson interactions are 
labelled with the coupling modifiers κ, and highlighted in different colours for 
Higgs–fermion interactions (red), Higgs–gauge-boson interactions (blue) and 
multiple Higgs boson interactions (green). The distinction between a particle 
and its antiparticle is dropped.

[CMS, Nature 607 (2022)]

−1.4 <
Δλhhh

λSM
hhh

< 5.3

−2.24 <
Δλhhh

λSM
hhh

< 5.49

[ATLAS, arXiv:2211.01216 (2022)]

•現在のLHC実験による制限

• High-Luminocity LHCでは50%の精度で測定可能 [Cepeda et al., arXiv:1902.00134]

[CMS, Nature 607 (2022)]
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FIG. 60: Diagrams contributing to (a) e+e� ! Zhh and (b) e+e� ! ⌫⌫hh.

FIG. 61: Cross sections for the double Higgs production
processes, e+e� ! Zhh and e

+
e
� ! ⌫⌫hh, as a function ofp

s for mh = 125GeV.

both reactions, to get the correct extrapolation a careful
analysis taking into account the dependence on

p
s for

both the total cross sections and interference contribu-
tions was performed in Ref. [216]. The results are shown
in Fig. 62 as the blue lines for the two reactions. In ad-
dition to the results from realistic full simulations, the
expectations for the ideal case, assuming no background
and 100% signal e�ciency, are shown as the red lines
in the figure. The di↵erences between the blue and the
read lines, is as large as a factor of 4-5. This suggests
that there is much room for improvement in the clus-
tering algorithm used to identify 2-jet systems with the
Higgs boson mass, which lead to improvements in the fi-
nal results. Improvements could also come from better
flavor-tagging algorithms and inclusion of additional sig-
nal channels such as Z ! ⌧

+
⌧
�. The figure does imply

that
p
s = 500–600 GeV is optimal for e+e� ! Zhh but

that CM energies of 1 TeV or above would be needed for
e
+
e
�
! ⌫⌫hh.

Since large deviations of the trilinear Higgs coupling
are expected in some new physics models, in particular
in models of electroweak baryogenesis, it is interesting
to see how the expected precisions would change in that
case. Figure 63(left) gives the cross sections of the two re-
actions as a function of the actual triple Higgs coupling �,
and Figure 63(right) shows the expected precisions of the
ILC measurements. The natures of interference between
the triple Higgs coupling and the SM production am-
plitude is very di↵erent for the two reactions, construc-
tive for e+e� ! Zhh but destructive for e+e� ! ⌫⌫hh.
Therefore, the two reactions, useful at 500 GeV and 1
TeV respectively, are complementary in determining the
trilinear Higgs coupling. If the trilinear Higgs coupling is
indeed a factor of 2 larger, as expected in some models,
the double Higgsstrahlung process at 500 GeV becomes
very useful and would already provide a measurement of
around 15% precision for the trilinear Higgs coupling.

The indirect determination of the trilinear Higgs cou-
pling is based on the observation of McCullough [217]
that the cross section for e

+
e
�

! ZH contains a ra-
diative correction involving the trilinear coupling that
lower the cross section by about 1.5% from 250 GeV to
500 GeV, with most of the decrease taking place below
350 GeV. Taken a face value in the simple context with
only the trilinear coupling free, the ILC cross section
measurements would determine the trilinear coupling to
about 40%.

It is important to note, however, that the determina-
tion of the trilinear coupling involves two separate ques-
tions. First, is the SM violated? The accuracies with
which this question can be answered are those given
above. Second, can the violation of the SM be attributed
to a change in the trilinear coupling or the Higgs poten-
tial rather than being due to other possible new physics
e↵ects? A precise way to ask this question is: Can the
shift of the trilinear coupling be measured independently

• ILC@500GeV

• ILC@1TeV
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TeV respectively, are complementary in determining the
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indeed a factor of 2 larger, as expected in some models,
the double Higgsstrahlung process at 500 GeV becomes
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measurements would determine the trilinear coupling to
about 40%.

It is important to note, however, that the determina-
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tions. First, is the SM violated? The accuracies with
which this question can be answered are those given
above. Second, can the violation of the SM be attributed
to a change in the trilinear coupling or the Higgs poten-
tial rather than being due to other possible new physics
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[Bambade et al., arXiv: 1906.01629]
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Figure 8: The expected precisions of the Higgs self-coupling � at the ILC as a function of the
assumed value of �, for the reactions e+e� ! Zhh (red) and for e+e� ! ⌫⌫hh (blue). The
luminosities assumed are: 4 ab�1 at 500 GeV and 4 ab�1 with (Pe� , Pe+) = (�80%,+20%)
at 1 TeV.

12 Conclusion

In this paper, we have described the potential of the ILC to improve precision
electroweak measurements and other precision probes of the Standard Model.

For precision electroweak measurements, we have shown that the capabilities of the
ILC are very powerful, both using data from running at 250 GeV and especially from
a dedicated GigaZ stage of running at the Z pole. The availability of polarised beams,
both for electrons and for positrons, is an important part of this story. With few ex-
ceptions, the limiting factor in precision electroweak measurements is not statistics
but rather the control of systematic errors. We have explained how the ILC experi-
ments will control the e↵ective polarisation of beams to the level of (3�5)⇥10�4 and
will transfer this level of precision to the most important electroweak observables.

We have also reviewed and updated the ILC capabilities for studies of fermion
pair production, including b and t quark production. The ILC will determine the top
quark mass to a precision of 2⇥ 10�4. It will also give strong bounds on the presence
of Z 0 resonances and contact interactions due to new physics at high energies. The
availability of polarised beams will make these constraints very specific in terms of
the flavor and helicity structure of the operators probed—or, in the event that a
deviation from the SM is discovered, will make the origin of the corrections to the

42

[Bambade et al., arXiv: 1906.01629]

ILC@500GeV: hhh coupling can be measured with 27% accuracy

ILC@1TeV: hhh coupling can be measured with 10% accuracy
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Figure 18: Regions of the (cos(� � ↵), tan �) plane of four types of 2HDMs excluded by fits to the measured rates of
Higgs boson production and decays. Contours at 95% CL, defined in the asymptotic approximation by �2 ln⇤ = 5.99,
are drawn for both the data and the expectation for the SM Higgs sector. The cross in each plot marks the observed
best-fit value. The angles ↵ and � are taken to satisfy 0  �  ⇡/2 and 0  � � ↵  ⇡ without loss of generality.
The alignment limit at cos(� � ↵) = 0, in which all Higgs boson couplings take their SM values, is indicated by the
dashed red line.
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The alignment limit at cos(� � ↵) = 0, in which all Higgs boson couplings take their SM values, is indicated by the
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Fig. 9 Excluded parameter regions (95% CL) in the tanβ versus MH± plane from individual observables for the four 2HDM scenarios considered:
Type-I (top left), Type-II (top right), lepton specific (bottom left), flipped (bottom right)

on the Type-II model are also obtained from B(Bs →
µµ).9

The measurements of R(D) and R(D∗) differ from their
SM predictions [104,105,148]. In the 2HDM only the Type-
II scenario features a compatible parameter region (at large
tanβ and relatively small MH± , not shown in the upper
right plot of Fig. 9), which is, however, excluded by several
other observables. Similar results have been reported in Ref.
[122]. Because of this incompatibility R(D) and R(D(∗)) are
excluded from our analysis in the following.

Footnote 8 continued
depending on the statistical method used (the CL has a relatively weak
gradient versus MH± and thus exhibits a strong numerical sensitivity to
the details of the interpretation). Similar exclusion limits on MH± can
be achieved in a complex 2HDM (C2HDM), which features additional
mixing between the neutral CP-even and CP-odd Higgs bosons [146].
9 Note that Refs. [122,147] obtain weaker limits because of the use
of a two-sided test statistic while we use a one-sided one. In addition,
updated values of input parameters improve the limits, especially the
new B(Bs → µµ) measurements and better known CKM matrix ele-
ments.

3.3 Constraints from the anomalous magnetic moment of
the muon

The measured value of the anomalous magnetic moment of
the muon aµ = (gµ − 2)/2 shows a long-standing tension
with the SM prediction of "aµ = (268± 63± 43) · 10−11

[26,149], where the first uncertainty is due the the mea-
surement and the second the prediction (see also the recent
reanalysis in Ref. [150]). Loops involving 2HDM bosons
can modify the coupling between photons and muons. We
have adopted the two-loop 2HDM prediction of "aµ from
Refs. [151,152], which depends on all 2HDM parameters.
We make use of the code implementation kindly provided by
Stöckinger-Kim.

Figure 10 shows the 68 and 95% CL allowed regions in the
tanβ versus MH± plane for the four 2HDM scenarios using
only "aµ as input. All other parameters of the 2HDM are
left free to vary within their respective bounds. Compatibility
is found in a narrow band with tanβ $ 1 and MH± below
about 600 GeV (depending on the scenario), as well as for a
region with larger tanβ that broadens with decreasing MH± .
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