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Current Situation

Spin・Parity

Higgs Discovery  2012

Mass 125 GeV

Agreement with SM prediction SM prediction

No BSM particle found up to now 

2022

2022
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SM is a tentative theory
SM is a good description of the nature around the EW scale, however ….

Higgs sector

SM must be replaced by a new more fundamental theory

Beyond SM phenomena
Neutrino oscillation
Dark matter
Baryon Asymmetry of Universe (BAU)
…

Problems

Gravity
Unification 
Flavor
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Hierarchy Problem
Strong CP Problem



Higgs sector is a probe of new physcs
Although the Higgs boson was found, 
the Higgs sector remains unknown

Higgs potential         (Dynamics of EWSB, EWPT, …)
Yukawa structure     (Flavor Physics, CPV, …)
Elementary or Composite?    Hierarchy?    Multiplet structure? 

SM Higgs sector:  no principle

⇨ BSM phenomena may be explained

Tiny neutrino mass
DM candidates 
Phase Transition (1st Order)
CPV sources for baryogenesis
…

Extension of the Higgs sector

Testable at current and future experiments
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Nature of the Higgs boson

Supersymmetry

Dynamical EW Symmetry Breaking

Gauge Higgs Unification

……

Higgs Nature ⇔ BSM Paradigm

Each new paradigm predicts a specific Higgs sector 

Elementary Scalar                           

Composite of fermions
Vector field in extra D     

…… 
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Baryogenesis and Higgs
Baryon Number 
of the Universe

Sakharov’s 
Condition

1.  ΔB ≠ 0
2.  C and CP violation
3.  Departure from thermal 

equilibrium
SM cannot satisfy these conditions

ηB =
nB
nγ
=
nb − nb
nγ

(= (5− 7)×10−10 )

What is the mechanism to generate the baryon 
asymmetric Universe from the symmetric one?

Sakharov 1967

Baryogenesis
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Extended Higgs models can satisfy them, 
and viable models for baryogenesis can be built 



Neutrino mass and Higgs

Alternative Scenario by quantum effects

Physics of specific extended Higgs sectors

Seesaw Mechanism

Majorana
mass

Seesaw 

Zee model

Tiny mass
Large mass of RH-Neutrinos←

Quantum 
suppression

Tiny mass
Quantum effect
due to additional 
scalar fields

Mediated 
by 
RH 
neutirnos
NR

Mass around 
TeV scale

Neutrino Oscillation → Tiny mass ( < eV)
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Models of neutrino mass with dark matter
Introducing a discrete symmetry

・ Stability of new particle（DM）
・ Loop induced masses

Stochastic model
SM+ H’ + NR

1-loop induced ν-mass
Dark matter candidate [ H’ ]

Model with higher loop effects
2HDM + η0 + S+ + NR

ν-masses are 3-loop induced
DM candidate [ η0 ]
EW Baryogenesis possible (CPV, 1stOPT)

Red lines are
Z2-odd (dark) particles

3 Problems can be explained by the TeV scale physics

Aoki, SK, Seto, 2008 

Zhijian Tao 1996 (IHEP), 
Earnest Ma, 2006 

DM

DM

Aoki, Enomoto, SK, 2023



Higgs is a window to new physics 

Higgs portal new physics
scenarios

SUSY
Dynamical symmetry breaking
Higgs as a pNGB
Gauge Higgs Unification
CW mechanism (CSI)
Higgs portal dark matter 
Inert scalar models 
Radiative neutrino mass models
Electroweak baryogenesis
…

Experimental determination of the shape of the Higgs sector 
is crucial to narrow down new physics beyond SM 



Extended Higgs sector?
Multiplet Structure (with additional scalars)

ΦSM  +   Isospin Singlet,    
 ΦSM  +   Doublet (2HDM),   

ΦSM  +   Triplet,    … 

Additional Symmetry
Discrete or Continuous?
Exact or Approximate or Softly broken?

Interaction
Weakly coupled or strongly coupled?

Hint for 
BSM models
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Rho parameter Multi-doublet (and singlet) structures

FCNC Suppression Strong constraint on the Yukawa sector

LHC data show  

SM-like



Example: 2HDM with softly broken Z2 
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Diagonalization

masses



How SM-like is realized?    

13Alignment and Non-Decoupling (M ~ v)

Λ :  Cutoff
M :  Mass scale

irrelevant 
 to VEV
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∑
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Effective Theory is the SM Effective Theory is an extended Higgs sector
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1

Higgs 
alignment

Decoupling  (M >> v)

Λ Λ

kV 1～ SM like



Higgs Potential

Non-decoupling effect
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It is very important to know the hhh coupling 
to reconstruct the Higgs potential

Top loop 
effect 
in the SM

h

h
h

Sensitive to the new physics!     

Brief Article

The Author

October 26, 2016

SU(2)I × U(1)Y → U(1)em

ρ =
m2

W

m2
Z cos2 θW

G√
2
=

g2

8M2
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4G√
2
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σ(νµN → µ−X)
∼ 0.31

1

Dynamics of EWSB

The hhh measurement is crucial.



EW phase transition

Aspect of PT is crucial for EW Baryogenesis

⇨ EWPT exists in thermal history of Universe 
EWSB

Next target!



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
!
T c

T
"
T
c

T
#
T
cVeff!$, T"

$$c

Condition of Strongly First OPT

Physics of Higgs potential



1st OPT by nondecoupling quantum effect 
Effective Potential
at finite T（HTE）

SM:

> 1
Non-minimal Higgs can satisfy it due to non-decoupling quantum effects

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

The condition cannot be satisfied

(when 
M << mΦ)



Test of strongly 1st OPT

Aligned 2HDM

Strongly 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:
viable scenario
of EWBG

Hgg can also be sensitive to non-decoupling effects



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
Aligned 2HDM:
viable scenario
of EWBG



How we can test models of 1st OPT?
• We discuss how to test the strongly 1st OPT using Higgs EFT with some assumptions

• Nearly aligned HEFT 
(SM-like: assuming small mixing and deviation in Higgs couplings mainly comes 
from quantum effects of BSM)

• Simply EWPT can be described by parameters 
κ0 (d.o.f. of new particle)  
Λ (mass of new particle),  
r  (non-decouplingness)

k0: d.o.f of new particles with non-decoupling property
k0 = n0 + 2 n+ + 2 n++ + …    

(n0, n+, n++ : # of neutral/charged/doubly-charged particles)

• How we can test 1st OPT by future experiments?



Nearly aligned Higgs EFT

30

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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 (h)

: ヒッグス場の多項式

• 3つのパラメータ

  ⇒  r ∼ 0 M2 ≫
κp

2 v2 デカップリング

  ⇒  r ∼ 1 M2 ≪
κp

2 v2 ノンデカップリング

簡単化のために次の形を仮定 M2(h) = M2 +
p

2
(h+ v)2
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q (h)⌧3
i
qjR + h.c.

⌘
� v

⇣
l̄iLU

h
Yij
l (h) + Ŷij
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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
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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
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q (h)⌧ 3

i
q

j
R + h.c.

◆

� v

✓
l̄
i
LU

h
Y ij

l (h) + Ŷ ij
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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 (⇡±
, ⇡

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),
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l (h)⌧3
i
ljR + h.c.

⌘i

<latexit sha1_base64="VPwMelA386zQ7ruao+FzBuQeOwo="></latexit>

Nearly aligned Higgs EFT

arbitrary polynomials

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

Higgs EFT

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

SK, R. Nagai (2021)
Buchalla, et al  (2013)



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

Non-decouplingness



Higgs couplings in naHEFT
Nearly aligned case:  
small mixing and Higgs couplings can deviate mainly by quantum corrections

Λ:  mass of new particles
k0:  d.o.f. of new particles
r:     non-decouplingness

k0 = n0 + 2 n+ + 2 n++ + … 

R. Florentino, S.K., M. Tanaka (2024)



Finite Temperatures (1st OPT)

NaHEFT at finite temperatures

18

• The naHEFT at finite temperatures

VEFT = VSM +
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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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SK, R. Nagai, M. Tanaka (2022)                    

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

naHEFT at finite temperature



Testing EW 1st OPT in nearly aligned case
Strongly 1st OPT (φ/T > 1)

• Sensitive to the hhh coupling, and also (if charged BSM) to the hgg coupling 
• HL-LHC ㊉ ILC etc Δκg measured with 1% accuracy 
• HL-LHC   (ILC1000)       Δκ3 measured with about 50% (10%) 

• Gravitational Waves (with 10-3 to 10-1 Hz)     
LISA, DECIGO, BBO, …

• Primordial Blackholes (MPBH = 10-5 Msolar for EW 1st OPT)
PBH may be formed at the 1st EWPT  by the contrast of the PT time around Tc  
(depending on the Higgs potential) .

PBH searches by microlensing:  Subaru HSC, OGLE, Prime, Roman, …

Liu et al (2021)
Hashino, SK, Takahashi (2021)



Strongly 1st OPT

• PBH (Roman detectable fPBH > 10-4)
• GW  (LISA detectable)
• GW (DECIGO detectable)
• Only Higgs couplings can test 1st OPT

(Δλ3, Δκg, …. )

Colored region satisfies two conditions 

Sphaleron decoupling

Bubble nucleation 
completion

Non-decouplingness

PBH
LISA

DECIGO

k0=4

Only 
Higgs
couplings

Γ/H4 < 1

Φc/Tc < 1

M
as
s

R. Florentino, S.K., M. Tanaka (2024)
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Strongly 1st OPT

Non-decouplingness

PBH
LISA

DECIGO

k0=4

If Δκg = -2% ± 1% (LHC+ILC), predicted 
150% > Δk3 > 72%

GW, PBH can also be used

Only 
Higgs
couplings

Unitarity bound

Δκg

=-2%

Γ/H4 < 1

• PBH (Roman detectable fPBH > 10-4)
• GW  (LISA detectable)
• GW (DECIGO detectable)
• Only Higgs couplings can test 1st OPT

(Δκ3, Δκg, …. )

Colored region satisfies two conditions 

Sphaleron decoupling

Bubble nucleation 
completion

Φc/Tc < 1

M
as
s

R. Florentino, S.K., M. Tanaka (2024)



Strongly 1st OPT

Non-decouplingness

PBH
LISA

DECIGO

k0=4

If Δκg = -4% ± 1% (LHC+ILC), predicted
135% > Δk3 > 55%

GW, PBH can also be used

Only 
Higgs
couplings

Unitarity bound

Δκg

=-2% Δκg

=-4%

• PBH (Roman detectable fPBH > 10-4)
• GW  (LISA detectable)
• GW (DECIGO detectable)
• Only Higgs couplings can test 1st OPT

(Δλ3, Δκg, …. )

Colored region satisfies two conditions 

Sphaleron decoupling

Bubble nucleation 
completion

Φc/Tc < 1

Γ/H4 < 1

M
as
s

R. Florentino, S.K., M. Tanaka (2024)



Summary
• Higgs sector is unknown
• Various possibility of extension
• Such extension can be connected to physics BSM
• Aspect of EWPT is a next global target
• Strongly 1st OPT is motivated by EW baryogenesis 
• A simple mechanism for 1st OPT is the non-decoupling loop effect
• Described by the naHEFT
• Precision measurements of hgg and hhh vertices, GW observation, 
PBH searches provide a complementary probe of EW 1stOPT



Thank you!



Schedule (conceptual)

2024 2030 2040

Subaru HSC
Ogle

PRIME
Roman

HL-LHC
ILC, CLIC?

LISA

DECIGO ?   

PBH from FOEWPT

GW from FOEWPT

Deviation in hhh
from FOEWPT

Complementary

Muon colliders?
FCCee? CEPC? FCChh? 

Taiji?





PBH Formation
space

density
collapse

Figure by Masanori Tanaka



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



PBH formation from the contrast

ρV ~ constant
~ F(t) ΔVeff

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

PBHJ. Liu, et al. (2021)



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

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
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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

δc = 0.45

H-1(ti)

H0-1
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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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