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Higgs sector remains unknown
Non-minimal Higgs sectors

• Multi-plet structure
• Symmetries 
• Strength of interaction

Phase transition 

CP Violation 

DM candidate 

Models for tiny neutrino masses 

Inflatons

…

Important bound from data
vev,  Mh, 
SM-like (nearly aligned)
…

BAU

Rich Phenomenology



Example: 2HDM with softly broken Z2
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Diagonalization

masses



How SM-like is realized?    

4Alignment and Non-Decoupling

Λ :  Cutoff
M :  Mass scale
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Effective Theory is the SM Effective Theory is an extended Higgs sector
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Higgs 
alignment

Decoupling

Λ Λ

kV 1～ SM like



Alignment and non-decoupling case
• To study physics of this case is interesting
• New physics appears at TeV scale
• Testable at experiments 

• 1st OPT for EW baryogenesis is a concrete example
• Today’s subject

EWSB (Higgs physics)
WIMP
Hierarchy problem
EW Phase Transition
…

g-2, B-anomalies, 
…



EW phase transition

Aspect of PT is crucial
for EW Baryogenesis

⇨ EWPT exists in thermal history of Universe 
EWSB



EW Baryogenesis
１）B non-conservation

２）C and CP violation

３）Departure from 
thermal equilibrium

Sphaleron transition at high T

C violation (SM is a chiral theory)
CP in BSM sectors

EWPT is strongly 1st OPT 

Kuzmin, Ruvakov, Shaposhnikov (1985)

Extension of the Higgs sector is required 
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Sakharov Conditions

In the broken phase, sphaleron should quickly decouple to avoid wash out 

Γsph <  H

T
!
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T
"
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T
#
T
cVeff!$, T"

$$c

Condition of Strongly First OPT

Physics of Higgs potential



Extended Higgs can satisfy the condition
Effective Potential
at finite T（HTE）

SM

> 1

The condition
cannot be satisfied

Extended Higgs: Strong 1st OPT possible due to quantum effect

Quantum effects of Φ( = H, A, H+, …) 

Prediction:  Large deviation in the hhh coupling
>  λhhhSM

SK, Y. Okada, E. Senaha, 2005 Grojean, Servant, Wells, 2005



Test of strongly 1st OPT

Aligned 2HDM

Stronlgly 1st OPT
→ A large deviation in the hhh coupling 

SK, Y. Okada, E. Senaha, 2005

The hhh coupling can be measured at  
HL-LHC, or future e+e- colliders

EW Baryogenesis can be directly 
tested by the hhh measurement arXiv:1905.03764

Deviation in the hhh coupling (%)
K. Enomoto, SK, Y. Mura, 2021
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BAUExample
Aligned 2HDM



GW from 1stOPT K. Enomoto, SK, Y. Mura,  2022

GWs for benchmark 
points of BAU
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They may be tested 
by future GW experiments

Dotted curves: Sensitivity Curve 
M. Breitbach et al., arXiv: 1811.11175

Solid curves:  h2ΩPISC  [SNR criterion]
J. Cline et al., arXiv: 2102.12490

K. Enomoto, SK, Y. Mura,  2022 Aligned 2HDM

BAU

Example
Aligned 2HDM



naHEFT (for describing non-decoupling property)
SK, R. Nagai (2021)               

Nearly aligned Higgs EFT (naHEFT)

15

[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)]
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(nearly aligned) 

Λ, κ0, r



Finite Temperatures (1st OPT)

NaHEFT at finite temperatures

18

• The naHEFT at finite temperatures
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[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)]
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M. Kakizaki, SK, T.Matsui (2015)  

SK, R. Nagai, M. Tanaka (2022)                    

SK, R. Nagai, M. Tanaka (2022)    



GW from 1st order EWPT in naHEFT

SK, R. Nagai, M. Tanaka (2022)               

Nucleation completion condition ( → transition temp Tt )

C.Caprini et al., arXiv:1512.06239 GW Spectrum

Linde 1983 

α  Latent heat (released E of false vacuum)

β  Inverse of duration of phase transition



Test of EWPT
• Colliders (hhh, …) HL-LHC              2028? ~

ILC(500)              2040s??~  

• Space based GW interferometer     LISA                   2037? ~
DECIGO              2040s??~

A new possibility of testing EWPT by earlier experiment？

Primordial Black Holes? 



PBH Formation
space

density
collapse



PBH search
• Gravitational microlensing effect
• Brightness is up by passing PBH

Non-observation →   constraint on the PBH abundance
Subaru HSC、OGLE (Optical Gravitational Lensing Experiment)

Light from the star

PBH
Time 

Br
ig

ht
ne

ss



PBHs produced by first order EWPT

23

• 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

OGLE
Subaru
HSC

Current Data have 
already constrained 
some mass regions 

arXiv:1701.02151

arXiv:1901.07120

astro-ph/0607207

Microlensing effect
of visible light

2023~   PRIME telescope
2026~   Roman telescope

Improve in near future



PBH formation from the contrast

ρV ~ const
~ F(t) ΔV 

ρr~ a-4
Space

Time

False vacuum
energy density

Radiation
energy density

ti

tt

tm

tc

Hubble size at ti

Hubble patch where PT delays

Hubble size at tC
ρr~ a-4

Radiation energy density

False vacuum energy density

PBH



Radiation Dominant p = ρ/3 

Radiation (wall) energy density

vacuum energy density
is constant

δ > 0.45  gravitational collapse!

Rate of staying at the symmetric phase in a Hubble volume

(vw = 1)

ρr(t),  H(t) are determined

Friedmann eq

Conservation

Then, from the criterion δc = 0.45,  
TPBH is determined  

Liu, et al. 2021, more



How to calculate the fraction of PBH

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

6.3. PBH FORMATION VIA THE FIRST-ORDER PHASE TRANSITION IN THE NAHEFT63

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
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)(
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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

How to obtain PBH fraction?
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δc = 0.45



PBH from 1st OEWPT

PBHs produced by first order EWPT

23

• 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
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Future observations
PRIME 2023~
Roman 2026~
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[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

http://ogle.astrouw.edu.pl/
https://hsc.mtk.nao.ac.jp/ssp
/

http://www-ir.ess.sci.osaka-u.ac.jp/prime/index.html 
https://roman.gsfc.nasa.gov

K. Hashino, SK, T. Takahashi, M. Tanaka 2023
K. Hashino, SK, T. Takahashi, 2021

Using far infrared rays:  
sensitive to the microlensing 
from center galaxy

http://www-ir.ess.sci.osaka-u.ac.jp/prime/index.html%5d
https://roman.gsfc.nasa.gov/
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 is very sensitive to the parameters in the nearly aligned Higgs EFTfPBH
[Hashino, Kanemura, Takahashi and Tanaka, PLB 838 (2023)]

Theory prediction on α-β plane

r =0.5
κ0 = 1 , 4,  20
for various Λ

With contours of fPBH
10-4 < fPBH < 1

DOF

New scale

Non-dec

PBH 
produced

No PBH 
produced

over 
produced



Strongly 1st OPT

• PBH (red)
• GW  (LISA)
• GW (DECIGO)
• Only Δλhhh (HL-LHC, ILC, …)

Parameter region 
Sphaleron decoupling

Bubble nucleation 
completion

Tests of the first order EWPT

24

• 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

[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)]

← Non-decouplingness



Parameter Regions testable by PBH
1HSM

2HDM

3HDM

← D.o.F. of new particles

Scale of new particles →

Non-decouplingness r 
scanned 

0.3 < r < 1



Schedule (conceptual)

2023 2030 2040

Subaru HSC
Ogle

PRIME
Roman

HL-LHC
ILC500, CLIC ??

LISA

DECIGO ??

PBH from FOEWPT

GW from FOEWPT

Deviation in hhh
from FOEWPT

Complementary



Summary 
• EWPT is the next target 
• If non-decoupling property, EWPT can be strongly first order  

EW baryogenesis

• Test of strong 1st order EWPT 
• Δλhhh HL-LHC, ILC
• GWs          LISA late 2030s,  DECIGO 2040 or after …

• Observation of PBH may also be used (in several years)
Interesting! Will make it more matured



Thank you!



From bubble dynamics to GW spectrum

α  Latent heat (released E of False vacuum)

β  Inverse of duration of phase transition

ex）GW strength and peak frequency from sound waves (Fitting function)
C.Caprini et al., arXiv:1512.06239 

Γ(T) = Γ0 exp(- S3 /T) 

Tt transition temp
is determined by

GW Spectrum is determined by Tt, α, β, vb

Veff(φ, Tt)

φ

tunneling

false

true
Depth of the potential

Speed of transition

Nucleation rate per
time and volume

vb: wall velocity
28

Linde 1983 
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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
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with ⇠ = 1/(4⇡)2. 0 and µ
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the 125GeV Higgs boson, and we here assume h = 0 to be the global minimum
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this case, deviations from the SM in Higgs coupling constants with gauge bosons and
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this scenario as the “nearly aligned Higgs e↵ective field theory (naHEFT)”.
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q (h)⌧3
i
qjR + h.c.

⌘
� v

⇣
l̄iLU

h
Yij
l (h) + Ŷij
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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)

µ2

+
v

2

2
F(h) Tr[DµU

†
D

µ
U ] +

1

2
K(h)(@µh)(@

µ
h)

� v

✓
q̄

i
LU

h
Y ij

q (h) + Ŷ ij
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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
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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

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

parameterizes the Nambu-Goldstone (NG) bosons (⇡±
, ⇡
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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,
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K(h), Y(h), and Ŷ(h) are polynomial in h,

M2(h) =
X

n=0

Mn

n!

✓
h

v

◆n

, (2.5)

F(h) =
X

n=1

fn

n!

✓
h

v

◆n

, K(h) =
X

n=0

kn

n!

✓
h

v

◆n

, (2.6)

4

[Kanemura and Nagai, JHEP 03 (2022)]

<latexit sha1_base64="Ht4cySE7KJOVA1MjFaGE0imKlKQ="></latexit>

M2(h), F(h), K(h), Yij
 (h), Ŷij
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Nearly aligned Higgs EFT

arbitrary polinominals

Fergulio (1993), 
Giudice et al (2007), … 

Higgs EFT

To describe non-decoupling effects 
we put a CW type structure (1‒loop) 

Further assume the form 

SK, R Nagai (2021)



Bubble nucleationBubble nucleation
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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



Ratio of energy density 
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inside

outside

outside

inside ρtot = ρrad + ρvac

Ratio of energy density

Condition for PBH formations

43

• 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)]

δc = 0.45
TPBH



Fraction of the false vacuumFraction of the false vacuum 
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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



Fraction of PBHFraction of primordial black holes
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6.3. PBH FORMATION VIA THE FIRST-ORDER PHASE TRANSITION IN THE NAHEFT63

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

62CHAPTER 6. PRIMORDIAL BLACKHOLES AND THE FIRST-ORDER PHASE TRANSITION

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)



General 2HDM

Higgs basis 

Most general Higgs potential

Most general Yukawa Interation
How we nallow down? 
No principle

Use experimental data! 
and basic requirements



Higgs alignment 

To satisfy LHC data、need to avoid mixing between h and heavy Higgs bosons: 

Higgs basis 

Mass matrix 
of neutral scalar 
bosons

Higgs potenshal

Higgs
Alignment
(h: SM-like)

SK, M. Kubota, K. Yagyu (2020)

K. Enomoto, SK, Y. Mura (2021)

rephasing

arg 𝜆! ≡ 𝜃!Physical Phase in the Higgs potential :

We work on this Higgs alignment scenario in the following discussion 

λ6~0

Simply λ6 = 0



Avoiding FCNC:  Yukawa alignment is imposed by hand 

To satisfy LHC data、avoid mixing between h and heavy Higgs bosons:  λ6~0

Higgs basis 

Mass matrix 
of neutral scalar 
bosons

Higgs potenshal

Yukawa
alignment

Higgs
alignment

SK, M. Kubota, K. Yagyu (2020)

K. Enomoto, SK, Y. Mura (2021)

rephasing

Higgs potential 
Yukawa couplings

Pich and Tuzon (2009)

2HDM (scenario 1)

Multiple CPV phases


