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        Higgs Independence Day:4 July 2012@LHC  deliberate ！
    Motivation from particle 



Post-Higgs Era 

Higgs  (bouncing ) inflation, 
FPH,et.al.arXiv:1307.7458, 
arXiv:1509.08772

neutrino mass and 
leptogenesis

EW phase transition/ baryogenesis 
FPH,et.al.arXiv:1507.08168,arXiv:1511.03969, 
arXiv:1601.01640,arXiv:1704.04201,arXiv:1709.09691 
arXiv:1804.06813 
See Andrew Long and Jonathan Kozaczuk’s talk 

Higgs portal dark matter 
FPH,et.al.arXiv:1704.04201

Relaxion 
FPH,et.al.arXiv:1605.03120
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➢ After the discovery of 125 GeV scalar at the LHC,  Higgs becomes a 
new and realistic portal to study the fundamental physics and its 
deep connections to cosmology,  such as neutrino mass (leptogenesis), 
Higgs (portal) inflation,  cosmological relaxion,  EW phase 
transition/baryogenesis, Higgs portal dark matter…



    Motivation from wave 



    Post-GW Era 
➢The observation of GW by aLIGO has initiated a new era 

of exploring the nature of gravity,  cosmology and the 
fundamental particle physics by GW. 

➢Obvious shortcomings in our understanding of particle 
cosmology (such as the DM and the baryon asymmetry of 
the universe), and no evidence of new physics at LHC 
may just point us GW approach. 

  
➢GW may be used to hear the echoes of  EW symmetry 

breaking patters, DM, baryogenesis…



Motivation from cosmology
EW phase 
transition QCD phase 

transition



  The nature of  Higgs potential and the type of  EW phase transition

EW phase 
transition 
Physics 

➢The true shape of  Higgs 
potential (Exp:CEPC) 

➢ Baryon asymmetry of the 
universe (baryogenesis) 

➢Gravitational wave (Exp:LISA 
2034) 

➢Dark Matter  blind spots, 
Asymmetry dark matter

Study of EW phase physics at CEPC and LISA 
helps to  explore the evolution history of the 
universe at hundred GeV temperature. 



  The physics of QCD phase transition

As for（dark ）QCD phase transition physics 
➢Axion physics  
➢Axion dark matter  conversion to photon (SKA 2020) 
FPH, Kenji Kadota, Toyokazu Sekiguchi, Hiroyuki Tashiro   
arXiv:1803.08230, Phys.Rev. D97 (2018) no.12, 123001 
➢Gravitational wave (SKA) work in progress

Study of QCD phase physics at SKA helps to  explore 
the evolution history of the universe at about hundred 
MeV temperature and dark matter.



short summary



phase transition GW signals  

E. Witten, Phys. Rev. D 
30, 272 (1984) 
C. J. Hogan, Phys. Lett. 
B 133, 172 (1983);  
M. Kamionkowski, A. 
Kosowsky and M. S. 
Turner, Phys. Rev. D 49, 
2837 (1994)) 
EW phase transition 
GW  becomes  more 
interesting and 
realistic after the 
discovery of  
Higgs by LHC and 
GW    by LIGO.SFOPT can drive the plasma of  the early universe out 

of thermal equilibrium, and  bubbles nucleate during 
it, which will produce GW.



Mechanisms of phase transition GW
 

Bubble collisions:

Turbulence:

Sound wave:



EW baryogenesis in a nutshell

A long standing problem in  particle 
cosmology is the origin of baryon 
asymmetry of the universe (BAU).

(CMB, BBN) 

After the discovery of the Higgs 
boson by LHC and gravitational 

waves (GW) by aLIGO,  electroweak 
(EW) baryogenesis becomes a timely 
and testable scenario for explaining 

the BAU.

I. INTRODUCTION

Electroweak (EW) baryogenesis becomes a promising and testable mechanism at both

particle colliders and gravitational wave (GW) detectors to explain the observed baryon

asymmetry of the Universe (BAU), especially after the discovery of the 125 GeV Higgs

boson at the LHC [1, 2] and the first detection of GWs by Advanced LIGO [3]. The long-

standing puzzle of BAU in particle cosmology is quantified by the baryon-to-photon ratio

⌘B = nB/n� = 5.8�6.6⇥10�10 [4] at 95% confidence level (C.L.), which is determined from

the data of the cosmic microwave background radiation or the big bang nucleosynthesis. It is

well known that to generate the observed BAU, Sakharov’s three conditions (baryon number

violation, C and CP violation, and departure from thermal equilibrium or CPT violation) [5]

need to be satisfied, and various baryogenesis mechanisms have been proposed [6]. Among

them, EW baryogenesis [7–9] may potentially relate the nature of the Higgs boson and phase

transition GWs. An important ingredient for successful EW baryogenesis is the existence

of a strong first-order phase transition (SFOPT) which can achieve departure from thermal

equilibrium. The lattice simulation shows that the 125 GeV Higgs boson is too heavy

for an e�cient SFOPT [9], nevertheless, there exist already in the literature four types of

extensions of the standard model (SM) Higgs sector to produce a SFOPT [10]. Another

important ingredient is su�cient source of CP violation, which is too weak in the SM.

One needs to introduce a large enough CP violation, which also needs to escape the severe

constraints from the electric dipole moment (EDM) measurement.

Thus, in this work, we study the dynamic source of CP violation1, which depends on the

cosmological evolution of a scalar field. For example, this can be realized by the two-step

phase transition, where a su�cient CP violation and SFOPT can be satisfied simultaneously

to make the EW baryogenesis work. The studied scenario could explain the observed BAU

while satisfying all the constraints from EDM measurement and collider data.

As a well-studied example, the SM is extended with a real scalar field S and a dimension-

five operator yt
⌘

⇤SQ̄L�̃tR + H.c. to provide the SFOPT and su�cient CP violation for

EW baryogenesis, which was firstly proposed in Refs. [15, 16]. This dimension-five operator

actually appears in many composite models and this source of CP violation for BAU evolves

1 In recent years, inspiring works on the dynamical CP violation appeared in Refs. [11–14].

2



 
EW baryogenesis:  
SM technically  
 has all the three  
elements for 
baryogenesis ,  
(Baryon violation,  
 C and CP violation, 
 Departure from  
thermal equilibrium  
or CPT violation)  
but not  enough.

➢ B violation from anomaly in B+L 
current. 

➢ CKM matrix, but too weak. 
➢ strong first-order phase transition 

(SFOPT) with expanding Higgs Bubble 
wall. 

D. E. Morrissey and M. J. Ramsey-Musolf,  New 
J. Phys. 14, 125003 (2012).



SFOPT for mH < 75 GeV
Cross over  for mH > 75 GeV

Extension of the Higgs sector can easily produce SFOPT even for 
125 GeV Higgs boson.

From lattice 
simulation

SFOPT in extended Higgs sector motivated 
 by baryogenesis or other new physics



I.Cosmological connection to EW phase transition history 
by CEPC and LISA

From the current data, for 
the Higgs potential, we know 
nothing but the quadratic 
oscillation around the vev 
246 GeV with the mass 125 
GeV.

arXiv:1511.06495  Nima Arkani-Hamed, Tao Han, Michelangelo Mangano, Lian-Tao Wang  
PreCDR of CEPC                   

Leads to SFOPT



 
Particle approach  
we can build more powerful 
colliders, such as planned 

Current  particle collider has no ability to unravel the true 
potential of the Higgs boson, we need new  experiments.  

Wave approach 
GW detectors can test  Higgs  
potential as complementary 
approach. (LISA launch 2034) 

Relate by 
EW phase 
transition 

Double test 
on the 
Higgs 
potential



New Higgs potential and EW phase transition  

To study the  EW phase transition, we need to calculate 
the  one-loop finite temperature effective potential 
using the finite temperature field theory:

Xinmin Zhang Phys.Rev. D47 (1993) 3065-3067  
C. Grojean, G. Servant, J. Well PRD71(2005)036001 
A.Noble,  M. Perelstein  Phys.Rev. D78 (2008) 063518  
D. Bodeker, L. Fromme,S.J. Huber,  M. Seniuch,JHEP 0502 (2005) 026 
D.J.H. Chung, Andrew J. Long, Lian-tao Wang    Phys.Rev. D87 (2013) , 023509 
FPH, et.al, Phys.Rev.D94(2016)no.4,041702 ,Phys.Rev.D93 (2016) no.10,103515 
Lots of discussions, sorry that I can’t cover all

For simplicity to investigate the signals from particle colliders to GW 
detector, we firstly use the effective Lagrangian (discuss renormalizable 
models later)

Benchmark scenario for EW phase transition



➢Here, we focus on the  EW phase transition type  

➢The concerned dim-6  operators can be induced from 
many renormalizable extension of the SM. 
model details see FPH,  et. al   Phys.Rev. D93 (2016) 
103515  and arXiv:1708.0473 

Leads to SFOPT



SFOPT leads to obvious deviation of the 
tri-linear Higgs coupling 

 

At one-loop level, deviation of the 
tri-linear Higgs coupling

The Circular Electron  Positron 
Collider (CEPC), ILC, FCC-ee can  
precisely test this scenario by precise 
measurements of  the hZ cross 
section (e- e+       hZ). 
SM NNLO hZ cross section recently 
by Lilin Yang, et al 2016，Yu Jia et at 
2016 



Hints at hadron collider: Modify the invariant 
mass distribution of Higgs pair due to 
interference effects:

 

See Zhen Liu’s talk 



 

Correlate particle collider and GW signals: Double test 
on Higgs nature and baryogenesis from particle  to wave 

FPH, et.al, Phys.Rev.D94(2016)no.4,041702  
Phys.Rev.D93 (2016) no.10,103515



 
Systematic study on this type of EW phase transition in general 
dimension-six effective operators  from EW observables to future 
lepton collider

Testing electroweak phase transition in the scalar extension models at lepton colliders  
Qing-Hong Cao, FPH , Ke-Pan Xie,  Xinmin Zhang arXiv:1708.0473 
In general,  many other dim-6 operators would occurs  simultaneously 
which will make contributions to the EW precise observables.   
Through the following discussions, we can see that the Higgs sextic 
scenario still works well after considering all the dim-6 operators. 

SFOPT produce large modification  
of tri-linear Higgs coupling Thus,  c6  dominate the hZ cross section deviation.   



Renormalizable realization from triplet model

Using the covariant derivative expansion (CDE) method, the 
matched dim-6 operators and their coefficients at one-loop level 
in triplet scalar models can be systematically obtained:



The parameter space of triplet model (without hypercharge) that compatible with 
strong FOPT and current experiments including the future CEPC's prediction.  
Qing-Hong Cao, FPH , Ke-Pan Xie,  Xinmin Zhang arXiv:1708.0473 



Renormalizable realization of the from doublet model

Using CDE, the matched dim-6 operators and their 
coefficients in the doublet scalar models are obtained:



The parameter space of doublet model that compatible with 
FOPT and current experiments including the future CEPC’s 
prediction with fixed 



Singlet model



How to alleviate this tension for successful baryogenesis?

Large enough  
CP-violating source 

for successful  
EW baryogenesis 

pretty small  
CP-violation  

to avoid strong EDM  
constraints

Strong tension in most cases

Current electric dipole moment  (EDM) experiments put severe 
constraints on many baryogenesis models. For example, the ACME 
Collaboration’s new result, i.e. |de| < 1.1× 10−29 cm · e at 90% C.L. 
(Nature vol.562,357,18th Oct.2018) , has ruled out a large portion of 
the CP violation parameter space for many baryogenesis models. 

II. Cosmological connection to EW baryogenesis 
with dynamical CP violation by CEPC and LISA



Answer:     Assume the CP violating coupling evolves with the 
universe. In the early universe, CP violation is large enough 
for successful baryogenesis. When the universe evolves to 
today, the CP violation becomes negligible !
Large enough  

CP-violating source 
in the early universe 

for successful  
EW baryogenesis 

Negligible   
CP-violating source 

at current time 
to avoid strong EDM  

constraints
Dynamical/cosmological evolve 

alleviate by assuming the CP-violating source  
is time dependent

Question:  How to alleviate the tension between sufficient CP 
violation for successful electroweak baryogenesis and strong 
constraints from current electric dipole moment measurements ?

• I. Baldes, T. Konstandin and G. Servant, arXiv:1604.04526, 

• I. Baldes, T. Konstandin and G. Servant, JHEP 1612, 073 (2016)  

• S. Bruggisser, T. Konstandin and G. Servant, JCAP 1711, no. 11, 034 (2017) 

• S. Bruggisser, B. Von Harling, O. Matsedonskyi and G. Servant, arXiv:1803.08546  



First, we study the following case as a representative 
example:see Zhuoni Qian’s talk for more details at CEPC.

Firstly, a second-order phase transition happens, the scalar field S acquire 
a  vacuum exception value (VEV) and the dim-5 operator generates a 
sizable CP-violating Yukawa coupling for successful baryogenesis.  

Secondly,  SFOPT occurs when vacuum transits from (0,<S>) to (<Φ>,0).   
   1. During the SFOPT,  detectable GW can be produced. 
   2. After the SFOPT, the VEV of S vanishes  at tree-level which avoids the 
strong EDM constraints,  and produces abundant collider phenomenology 
at the LHC and future lepton colliders, such as CEPC, ILC, FCC-ee. 

Expanding U and setting renormalisation scale µR as mt, we obtain
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More generally, we can assume that the top-quark Yukawa coupling depends on a scalar field

or its VEV, which changes during the cosmological evolution. For the phase transition case,

the CP -violating top-Yukawa coupling simply depends on the phase transition dynamics.

We take the n = 1 as a simple but representative example to show how it gives successful

baryogenesis and how it is detected with the interplay of collider experiments and gravita-

tional wave detectors. The corresponding e↵ective Lagrangian [15, 16, 38] can be written

as:

L = LSM � yt
⌘

⇤
SQ̄L�̃tR +H.c +

1

2
@µS@

µS +
1

2
µ2S2 � 1

4
�S4 � 1

2
S2(�†�). (2)

Based on this Lagrangian, we study the collider constraints, predictions, GW signals and

EDM constraints in detail. For simplicity, we choose the default values as a = b = 1, namely,

⌘ = 1+ i. We can, of course rescale ⌘ and ⇤ simultaneously to keep the e↵ective field theory

valid up to the interested energy scales. It is not necessary to consider the domain wall

problem here as shown in Refs. [15, 39]. The coe�cients µ2, �, and  are assumed to be

positive in this work. It worth noticing that we just use the same Lagrangian in Refs. [15, 16]

to realize the two-step phase transition and do not consider other possible operators, which

may make the two-step phase transition di�cult to realize. If we neglect the dimension-five

operator, there is a Z2 symmetry in the potential, which makes the two-step phase transition

more available.

For the above e↵ective Lagrangian, a second-order and first-order phase transition could

occur in orders. First, a second-order phase transition happens, the scalar field S acquires

a VEV, and the dimension-five operator generates a sizable CP -violating top-Yukawa cou-

pling, which provides the source of CP violation needed for BAU. Second, a SFOPT oc-

curs when the vacuum transits from (0, hSi) to (h�i, 0). After the two-step phase tran-

sition,3 the VEV of S vanishes at the tree level, which naturally avoids the electron and

neutron EDM constraints, and the dimension-five operator induces the interaction term

�mt

⇤ (aSt̄t + ibSt̄�5t), which produces abundant collider phenomenology at the LHC and

future lepton colliders, such as CEPC, ILC, and FCC-ee.

It is worth noticing that the dimension-five e↵ective operator yt
⌘

⇤SQ̄L�̃tR is present

as well in some NP models [51–53], especially many composite Higgs models [52, 53]. For

3 There are extensive studies on the two-step phase transition in the models of an extended Higgs sector

with singlet scalars as in Refs. [40–50].

5

The singlet and the dim-5 operator can come from many types composite Higgs models              
 arXiv:0902.1483 , arXiv:1703.10624 ,arXiv:1704.08911,

the GW signals. The structure of the paper is as follows: in Sec. II, we describe the

e↵ective model of the dynamical CP violation for successful baryogenesis. In Sec.III, we

discuss the dynamics of the phase transition in detail. In Sec.IV, size of the dynamical CP

violation and the BAU are estimated. In Sec.V, the constraints and predictions from the

EDM measurements and colliders are given. In Sec.VI, we investigate the GW signal and

its correlation to the collider signals. Finally, we conclude in Sec.VII.

II. COSMOLOGICAL EVOLUTION OF THE YUKAWA COUPLING AND

BARYOGENESIS

Based on the fact that su�cient source of CP violation for successful baryogenesis are

typically severely constrained by EDM measurement, there is a possibility that the CP

violating coupling depends on the cosmological evolution history. During the early Universe,

there exists a large CP violation for successful baryogenesis. When the universe evolves to

the current time, the source of CP violation evolves to zero at tree level. In this work, we

study the CP -violating Yukawa coupling which evolves from a su�ciently large value to a

loop-suppressed small value at the current time, by assuming it depends on a dynamical

scalar field; i.e., the phase transition process can make the CP�violating Yukawa coupling

transit from a large value to zero at the tree level. A well-studied example is the CP -

violating top Yukawa coupling scenario as proposed in Refs. [15, 16]. Namely, there exist

extra terms to the SM top-quark Yukawa coupling which reads:

yt⌘
Sn

⇤n
Q̄L�̃tR + h.c. (1)

where yt =
p
2mt/v is the SM top-quark Yukawa coupling, ⌘ = a+ib is a complex parameter,

⇤ is the new physics (NP) scale, � is the SM Higgs doublet field, QL is the third-generation

SU(2)L quark doublet, tR is the right-handed top quark, and S is a real singlet scalar field

beyond the SM. During the phase transition process in the early universe, the scalar field S

acquires a VEV �, and then a sizable CP -violating top-Yukawa coupling can be obtained and

contribute to the EW baryogenesis for BAU. After the phase transition finishes, the VEV of

S vanishes and the Higgs field acquires a VEV v, meaning that the CP -violating top-quark

Yukawa coupling vanishes at the tree-level and evades the strong EDM constraints naturally.

4

arXiv:1804.06813,  Phys.Rev. D98 (2018) no.1, 015014  
(FPH, Zhuoni Qian, Mengchao Zhang)



Second, we study a renormalizable model to achieve 
dynamical CP violation for the successful EW 
baryogenesis and g-2 discrepancy originating from the 
same coupling. 
work in progress with Eibun Senaha 

Extended Inert Doublet Model∗

Eibun Senaha

June 1, 2018

1 Model

We consider an extended inert doublet model (ExIDM) [1] and discuss its phenomenology. The
particle content is the SM plus a vector-like lepton (Ei), RH-neutrino (NiR) and inert Higgs
doublet (η). Their SM quantum numbers and the Z2 charge are assigned as follows.

Ei : (1,1,−1,−), NiR : (1,1, 0,−), η : (1,2, 1/2,−). (1.1)

The gauge interactions of Ei are

LE = Ēiiγ
µDµEi = Ēiiγ

µ(∂µ − ig1Bµ)Ei

= Ēiiγ
µ∂µEi − etW Ēiγ

µEiZµ + eĒiγ
µEiAµ, (1.2)

where tW = sW/cW with sW ≡ sin θW etc.
The kinetic term of the inert Higgs fields is

Lkin ∋ (Dµη)
†Dµη (1.3)

where

Dµ = ∂µ + ig2
τa

2
Aa

µ(x) + ig1
1

2
Bµ(x). (1.4)

The new lepton Yukawa interaction is

−LY ∋ yij ℓ̄iLηEjR +mEiĒiLEiR + h.c.

=
1√
2
ēLyER(H + iA) + ν̄LyERH

+ +mEiĒiLEiR + h.c.

=
1√
2
ēLyER(H + iA) +

1√
2
ĒRy

†eL(H − iA) + ν̄LyERH
+ + ĒRy

†νLH
− +mEiĒiEi,

(1.5)

where mE has the diagonal form without loss of generality.

∗Since April 18, 2018.
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The gauge interactions of Ei are

LE = Ēiiγ
µDµEi = Ēiiγ

µ(∂µ − ig1Bµ)Ei

= Ēiiγ
µ∂µEi − etW Ēiγ

µEiZµ + eĒiγ
µEiAµ, (1.2)

where tW = sW/cW with sW ≡ sin θW etc.
The kinetic term of the inert Higgs fields is

Lkin ∋ (Dµη)
†Dµη (1.3)

where

Dµ = ∂µ + ig2
τa

2
Aa

µ(x) + ig1
1

2
Bµ(x). (1.4)

The new lepton Yukawa interaction is

−LY ∋ yij ℓ̄iLηEjR +mEiĒiLEiR + h.c.

=
1√
2
ēLyER(H + iA) + ν̄LyERH

+ +mEiĒiLEiR + h.c.

=
1√
2
ēLyER(H + iA) +

1√
2
ĒRy

†eL(H − iA) + ν̄LyERH
+ + ĒRy

†νLH
− +mEiĒiEi,

(1.5)

where mE has the diagonal form without loss of generality.
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The scalar potential is given by

V0(Φ, η) = µ2
1Φ

†Φ+ µ2
2η

†η +
λ1

2
(Φ†Φ)2 +

λ2

2
(η†η)2 + λ3(Φ

†Φ)(η†η)

+ λ4(Φ
†η)(η†Φ) +

[
λ5

2
(Φ†η)2 + h.c

]
, (1.6)

where

Φ =

(
G+

1√
2
(v + h+ iG0)

)
, η = eiθ0

(
H+

1√
2
(vη +H + iA)

)
. (1.7)

Note that even though vη and θ0 are assumed to be zero at T = 0, they could be nonzero at
T > 0.

A tadpole condition at tree level is

Th =

〈
∂V0

∂h

〉
= v

(
µ2
1 +

1

2
λ1v

2

)
= 0. (1.8)

The tree-level Higgs masses are

m2
h = µ2

1 +
3

2
λ1v

2 = λ1v
2, (1.9)

m2
G0 = m2

G± = µ2
1 +

λ1

2
v2 = 0, (1.10)

m2
H = µ2

2 +
1

2
(λ3 + λ4 + λ5)v

2, (1.11)

m2
A = µ2

2 +
1

2
(λ3 + λ4 − λ5)v

2, (1.12)

m2
H± = µ2

2 +
1

2
λ3v

2. (1.13)

1.1 Input parameters

Original parameters: µ2
1, µ2

2, λ1, λ2, λ3, λ4, λ5. (1.14)

Converted parameters: µ2
2, λ2, mh, mH , mA, mH± , (1.15)

where

λ1 =
m2

h

v2
, (1.16)

λ3 =
2

v2
(m2

H± − µ2
2), (1.17)

λ4 =
1

v2
(m2

H +m2
A − 2m2

H±), (1.18)

λ5 =
1

v2
(m2

H −m2
A). (1.19)

For mA = mH±

λ1 =
m2

h

v2
, λ3 =

2

v2
(m2

H± − µ2
2), (1.20)
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Dynamical CP violation can be induced by phase transition process  
in the early universe.

In the early universe, for example, T=100 GeV, the new doublet scalar could  
have a complex VEV during the strong first-order phase transition in some 
parameter spaces, and then CP violating VEV is transferred to the baryon 
asymmetry production process through the new lepton Yukawa interaction with 
the following diagram. 

4 EWPT

Let us define the background fields as

⟨Φ⟩ =
(

0
1√
2
ϕ

)
=

(
0

1√
2
ϕ1

)
, ⟨η⟩ = eiθ

(
0

1√
2
ϕη

)
=

(
0

1√
2
(ϕ2 + iϕ3)

)
. (4.1)

In the vacuum at T = 0, ϕ1 = v, ϕ2 = ϕ3 = 0.

4.1 Effective potential

The daisy-improved 1-loop effective potential is

Veff(ϕ) = V0(ϕ) + V1(ϕ;T ) + Vdaisy(ϕ;T ), (4.2)

where ϕ = {ϕ1,ϕ2,ϕ3} and

V0(ϕ) =
1

2
µ2
1ϕ

2
1 +

1

2
µ2
2(ϕ

2
2 + ϕ2

3) +
λ1

8
ϕ4
1 +

λ2

8
(ϕ2

2 + ϕ2
3)

2 +
1

4
(λ3 + λ4)ϕ

2
1(ϕ

2
2 + ϕ2

3)

+
1

4

[
R5ϕ

2
1(ϕ

2
2 − ϕ2

3)− 2I5ϕ
2
1ϕ2ϕ3

]

V1(ϕ;T ) =
∑

i

ni

[
VCW(m̄2

i ) +
T 4

2π2
IB,F

(
m̄2

i

T 2

)]
, (4.3)

Vdaisy(ϕ;T ) = −
∑

j=h,H,A,H±,G0,G±,
WL,ZL,γL

nj
T

12π

[
(M̄2

j )
3/2 − (m̄2

j)
3/2

]
, (4.4)

with i = h,H,A,H±, G0, G±,W, Z, t and R5 = Re(λ5) and I5 = Im(λ5). VCW and IB,F (a2) are
defined by

VCW(m2
i ) =

m4
i

64π2

(
ln

m2
i

µ̄2
− ci

)
, c =

3

2
(scalars, fermions), c =

5

6
(gauge bosons), (4.5)

IB,F (a
2) =

∫ ∞

0

dx x2 ln
(
1∓ e−

√
x2+a2

)
, (4.6)

where VCW is regularized in the MS scheme. ni are respectively given by

nh = nH = nA = nG0 = 1, nH± = nG± = 2, nW = 6, nZ = 3, nt = −4NC , (4.7)

and nj are

nWL = 2, nZL = nγL = 1. (4.8)

• scalars
Let us define the field-dependent mass matrix of the neutral Higgs bosons as

1

2

(
h H G0 A

)( M̄2
S M̄2

SP

(M̄2
SP )

T M̄2
P

)
⎛

⎜⎜⎝

h
H
G0

A

⎞

⎟⎟⎠ (4.9)
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At late time, T=0, the CP violation disappears:
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and nj are
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Strong First-order EW phase transition

4 EWPT
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with i = h,H,A,H±, G0, G±,W, Z, t and R5 = Re(λ5) and I5 = Im(λ5). VCW and IB,F (a2) are
defined by
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)
, c =
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6
(gauge bosons), (4.5)
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dx x2 ln
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)
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where VCW is regularized in the MS scheme. ni are respectively given by

nh = nH = nA = nG0 = 1, nH± = nG± = 2, nW = 6, nZ = 3, nt = −4NC , (4.7)

and nj are

nWL = 2, nZL = nγL = 1. (4.8)

• scalars
Let us define the field-dependent mass matrix of the neutral Higgs bosons as

1

2

(
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)( M̄2
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SP
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T M̄2
P

)
⎛

⎜⎜⎝

h
H
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A

⎞

⎟⎟⎠ (4.9)
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Ση(T ) =
T 2

12

[
3λ2 + 2λ3 + λ4 +

3

4
(3g22 + g21) + Tr(y†y)

]
, (4.24)

where (y)ij = yij.
• gauge bosons
For the transverse part, there is no static thermal mass in the perturbation theory. Only the
longitudinal part gets the thermal corrections. The thermally corrected mass matrix in the
basis (A1

µ, A
2
µ, A

3
µ, Bµ) takes the form

M̄2
g(ϕ1;T ) =

⎛

⎜⎜⎝

g22ϕ
2
1/4 + ΠW (T ) 0 0 0

0 g22ϕ
2
1/4 + ΠW (T ) 0 0

0 0 g22ϕ
2
1/4 + ΠW (T ) −g2g1ϕ2

1/4
0 0 −g2g1ϕ2

1/4 g21ϕ
2
1/4 + ΠB(T )

⎞

⎟⎟⎠ .

(4.25)

The corresponding eigenvalues are

m̄2
WT

= m̄2
W , m̄2

ZT
= m̄2

Z , (4.26)

M̄2
ZL,γL

=
1

2

[
1

4
(g22 + g21)ϕ

2
1 + ΠW (T ) + ΠB(T )

±

√(
1

4
(g22 − g21)ϕ

2
1 + ΠW (T )− ΠB(T )

)2

+
g22g

2
1

4
ϕ4
1

]
, (4.27)

M̄2
WL

= m̄2
W + ΠW (T ), (4.28)

where the thermal masses of the gauge bosons are [5, 6]

ΠW (T ) = ΠSM
W (T ) + Π(2nd Higgs)

W (T ) =

[
11

6
+

1

6

]
g22T

2 = 2g22T
2, (4.29)

ΠB(T ) = ΠSM
B (T ) + Π(2nd Higgs)

B (T ) =

[
11

6
+

1

6

]
g21T

2 = 2g21T
2. (4.30)

5 BAU

5.1 CP-violating source term

Using the Closed-Time-Path (CTP) formalism, the CP-violating source of the SM lepton i
induced by the vector-like lepton j may be cast into the form [7]2

Sℓi(X) =
|yℓiEj |2

2
v2η(X)θ̇(X)H(mi,Γi,mj,Γj), (5.1)

where

H(mi,Γi,mj,Γj) =

∫ ∞

0

dk k2

π2

1

ωiωj
Im

[
(−1 + ni + nj)

EiEj + k2

(Ei + Ej)2
+ (−n∗

i + nj)
E∗
i Ej − k2

(E∗
i − Ej)2

]
,

(5.2)
2The expression is consistent with that in Ref. [7] except a term without the statistical factor ni,j .
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with Ei = ωi − iΓi, ωi =
√

k2 +mi(T )2 and ni = 1/(eEi/T + 1).
For a numerical calculation we may use the following expression

H(mi,Γi,mj,Γj) = T

∫ ∞

0

dx x2

π2

1

ω̃iω̃j
Im

[
(−1 + ni + nj)

ẼiẼj + k2

(Ẽi + Ẽj)2
+ (−n∗

i + nj)
Ẽ∗
i Ẽj − k2

(Ẽ∗
i − Ẽj)2

]
,

(5.3)

where Ẽi = ω̃i − iΓi/T , ω̃i =
√
x2 +m2

i /T
2 and ni = 1/(eẼi + 1).

5.2 CP-conserving source term

Γℓi(X) = Γ+
ℓi
(X)(µEj + µℓi) + Γ−

ℓi
(X)(µEj − µℓi), (5.4)

where

Γ±
ℓi
(X) =

|yℓiEj |2

2T
v2η(X)

∫ ∞

0

dk k2

2π2

1

ωiωj
Im

[
(ñj ∓ ñi)

EjEi + k2

Ej + Ei
+ (ñj ∓ ñ∗

i )
EjE∗

i − k2

Ej − E∗
i

]
, (5.5)

with ñi = ni(1− ni).
For a numerical calculation we may use

Γ±
ℓi
(X) =

|yℓiEj |2

2
v2η(X)T

∫ ∞

0

dx x2

2π2

1

ω̃iω̃j
Im

[
(ñj ∓ ñi)

Ẽj Ẽi + x2

Ẽj + Ẽi
+ (ñj ∓ ñ∗

i )
Ẽj Ẽ∗

i − x2

Ẽj − Ẽ∗
i

]
.

(5.6)

5.3 Diffusion equations

The relevant particle number densities are

Q3 = ntL + nbL , T = ntR , B = nbR , (5.7)

L2 = nνµL
+ nµL , ER = nER , (5.8)

H = nΦ+ + nΦ0 + nη+ + nη0 . (5.9)

The number density (ni) expanded to the leading order in the chemical potential µ is reduced
to nb,f = T 2µkb,f/6 with

kb,f (a) = g
6

π2

∫ ∞

0

dx
x2e

√
x2+a2

(e
√
x2+a2 ∓ 1)2

= g
6

π2

∫ ∞

a

dy
yey

(ey ∓ 1)2
√

y2 − a2, (5.10)

with a = m/T , g counts the degrees of freedom and b (f) denoting bosons (fermions). For
a ≪ 1, one gets

nb =
gT 2µ

6

[
2− 3

πT
(m2)1/2 +

3m2

2πT 2
+O

(
m4

T 4

)]
, (5.11)

nf =
gT 2µ

6

[
1− 3m2

2π2T 2
+O

(
m4

T 4

)]
. (5.12)

13

with Ei = ωi − iΓi, ωi =
√

k2 +mi(T )2 and ni = 1/(eEi/T + 1).
For a numerical calculation we may use the following expression

H(mi,Γi,mj,Γj) = T

∫ ∞

0

dx x2

π2

1

ω̃iω̃j
Im

[
(−1 + ni + nj)
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+ (−n∗

i + nj)
Ẽ∗
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i )
EjE∗

i − k2

Ej − E∗
i

]
, (5.5)
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(Ẽ∗
i − Ẽj)2
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In the massless limit, kb = 2 and kf = 1.
For the numerical calculation, we change the integration variable as

s = ea−
√
x2+a2 ,

ds

s
= − xdx√

x2 + a2
, x =

√
ln s(ln s− 2a). (5.13)

Therefore

nb,f =
T 2µ

6
kb,f (a), (5.14)

where

kb,f (a) = g
6

π2
ea

∫ 1

0

ds
(a− ln s)

√
ln s(ln s− 2a)

(ea ∓ s)2
. (5.15)

The set of Boltzmann equations is given by

∂µj
µ
Q3

= −ΓYt(ξQ3 + ξH − ξT ) + ΓMt(ξT − ξQ3)− 2ΓssN5, (5.16)

∂µj
µ
T = ΓYt(ξQ3 + ξH − ξT )− ΓMt(ξT − ξQ3) + ΓssN5, (5.17)

∂µj
µ
L2

= −ΓYµE(ξL2 − ξH − ξR) + Γ+
MµE

(ξR2 + ξL2) + Γ−
MµE

(ξR2 − ξL2) + SµL , (5.18)

∂µj
µ
ER

= ΓYµE(ξL2 − ξH − ξR)− Γ+
MµE

(ξR2 + ξL2)− Γ−
MµE

(ξR2 − ξL2)− SµL , (5.19)

∂µj
µ
H = ΓYt(ξQ3 + ξH − ξT ) + ΓYµE(ξL2 − ξH − ξR)− ΓHξH , (5.20)

where ξi = ni/ki, N5 = 2ξQ3 − ξT + 9(Q3 + T )/kB, and ∂µj
µ
i = ṅi − Di∇2ni with Di being

a diffusion constant. In solving these coupled equations, we utilize the chemical equilibrium
conditions in light of Γ−1

ss ,Γ
−1
Yt
,Γ−1

YµE
< τdiff , the typical diffusion time for the particles under

consideration. In this case, the above coupled Boltzmann equations are reduced to a single
differential equation with respect to H as [8]

Ḣ(X)− D̄∇2H(X) + Γ̄H(X)− S̄(X) +O
(

1

Γss
,
1

ΓY

)
= 0, (5.21)

where

D̄ =
bcDQ + acDH + adDL

ac+ bc+ ad
, (5.22)

Γ̄ =
ac

kH(ac+ bc+ ad)
(Γ−

Mt
++Γ−

MµE
+ ΓH) ≡ rΓ(Γ

−
Mt

++Γ−
MµE

+ ΓH), (5.23)

S̄ =
ac

ac+ bc+ ad
SµL (5.24)

with

a = kH(9kQ3 + 9kT + kB), b = 9kQ3kT + kQ3kB + 4kTkB, (5.25)

c = kH
(
DLkL2 +DEkER

)
, d = kL2kEDE. (5.26)

Since the wall thickness is much smaller than the wall radius, we can ignore the curvature of
the bubbles. We thus concentrate on the z direction in which the bubble wall is moving (the
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i Ẽj − k2

(Ẽ∗
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with ñi = ni(1− ni).
For a numerical calculation we may use

Γ±
ℓi
(X) =

|yℓiEj |2

2
v2η(X)T

∫ ∞

0

dx x2

2π2

1

ω̃iω̃j
Im

[
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(Ẽi + Ẽj)2
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where rEiµ = m2
Ei
/m2

µ, rφµ = m2
φ/m

2
µ and

S1(r1, r2) =

∫ 1

0

dx
x2(1− x)

x(x− 1) + xr1 + (1− x)r2
. (2.3)

For mEi ≃ mφ ≡ M and r = M2/m2
µ

S1(r, r) = −1

2
+

2r cos−1(
√
4r − 1)√

4r − 1
≃
r≫1

1

12r
+

1

60r2
. (2.4)

With this approximation one finds

a(1)µ ≃ 1

32π2

m2
µ

2M2
|yµEi |2 = (1.77× 10−9)

(
100 GeV

M

)2 ∣∣∣
yµEi

1.0

∣∣∣
2

. (2.5)

2.2 Br(µ → eγ)

Br(µ → eγ) =
48π3αem

G2
F

[
|M̃R|2 + |M̃L|2

]
. (2.6)

where

M̃R =
∑

j=H,A

M̃R
j , M̃L =

∑

j=H,A

M̃L
j . (2.7)

1-loop contribution to the Br(µ → eγ) is

M̃R
j = −

∑

i=1−3

yeEiy
∗
µEi

64π2

1

m2
j

F2(rEij), (2.8)

M̃L
j = 0. (2.9)

with rEij = m2
Ei
/m2

j and

F2(r) =

∫ 1

0

dx
x2(x− 1)

1− (1− r)x
=

1

6(1− r)4

[
6r ln r + 2 + 3r − 6r2 + r3

]

=
1

6(1− r)3

[6r ln r
1− r

+ 2 + 5r − r2
]
. (2.10)

We have assumed that me = 0.
The experimental upper bound is

Br(µ → eγ)EXP < 4.2× 10−13. (2.11)

4

λ4 = λ5 =
1

v2
(m2

H −m2
H±). (1.21)

For mH = mH±

λ1 =
m2

h

v2
, λ3 =

2

v2
(m2

H± − µ2
2), (1.22)

λ4 =
1

v2
(m2

A −m2
H±), (1.23)

λ5 =
1

v2
(m2

H −m2
A) = −λ4. (1.24)

For mH = mA = mH±

λ1 =
m2

h

v2
, λ3 =

2

v2
(m2

H± − µ2
2), (1.25)

λ4 = λ5 = 0. (1.26)

It may be convenient to use the Higgs coupling to the DM as the input in place of µ2
2.

Input parameters: λ2, λ̄hXX , mh, mH , mA, mH± , (1.27)

where λ̄hXX denotes the Higgs coupling to the DM (H or A), namely,

λ̄hHH = λ3 + λ4 + λ5, λ̄hAA = λ3 + λ4 − λ5. (1.28)

1.2 To-do lists

• Work out viable parameter space for the DM and compare with the ordinary IDM case.

• Work out viable parameter space for the 1st-order EWPT and compare with the ordinary
IDM case.

• Think about EWBG. One possibility is a spontaneous breaking of Z2. If η and Φ get VEVs
simultaneously (which must be strong 1st-order PT), BAU may arise via the yij ℓ̄iLηEjR

and ySMij ℓ̄iLΦejR interactions. For this scenario to work, VEV of η must vanish at later
stage.

2 Phenomenology

2.1 (g − 2)µ

The discrepancy of the g − 2 of muon between the experimental value and the SM prediction
is estimated as [2]

δaµ = aEXP
µ − aSMµ = (26.1± 8.0)× 10−10. (2.1)

In this model, 1-loop contributions to (g − 2)µ may be cast into the form

a(1)µ =
∑

φ=H,A

∑

i=1−3

|yµEi |2

32π2
S1(rEiµ, rφµ), (2.2)

3

g-2 and dark matter phenomenology

3 Dark matter

3.1 Relic density

If the mass of DM (X = H/A) is less than mW , the main annihilation cross sections are

(σvrel)XX→h→ff̄ = N f
C

m2
f

16πv2
λ2
hXX

β3
f

(s−m2
h)

2 +m2
hΓ

2
h

+O(v2rel), (3.1)

(σvrel)XX→Ek→ℓiℓ̄j =
|yℓiEk

y∗ℓjEk
|2

60πm2
X

v4rel
(1 + rEk

)4
+O(v6rel), (3.2)

where rEk
= m2

Ek
/m2

X and

s =
4m2

X

1− v2rel/4
, βf =

√

1−
4m2

f

s
, (3.3)

λhHH = (λ3 + λ4 + λ5)v, λhAA = (λ3 + λ4 − λ5)v. (3.4)

Let us expand σvrel in powers of vrel as

σvrel ≃ a+ bv2rel + dv4rel + · · · , (3.5)

where a, b and d are s-, p- and d-wave contributions, respectively. One can find a thermal
average of σvrel as

⟨σvrel⟩ ≃ a+
6

x
b+

60

x2
d+ · · · , (3.6)

where x = m/T . After solving the Boltzmann equation, an abundance of X is given by [3]

ΩX =
ρX
ρC

=
mXnX

ρC
=

mXs0
ρC

Y∞ =
s0
ρC

√
45

π

1
√
g∗mplJ(xf )

, (3.7)

where

J(xf ) =

∫ ∞

xf

dx
⟨σvrel⟩
x2

, (3.8)

and s0 is a entropy density of today, ρC is a critical density and mpl denotes a Planck mass.
From cosmological observations, it is found that

s0/kB = 2889.91 cm−3, ρC = 1.05368× 10−5h2 (GeV/c2)cm−3, (3.9)

with h being a reduced Hubble constant and kB(= 1) a Boltzmann constant. With those values,
one arrives at

ΩXh
2 =

C
√
g∗mplJ(xf )

=
Cxf√

g∗mpl(a+ 3b/xf + 20d/x2
f )
, (3.10)

where C = 1.0380× 109 GeV−1, mpl = 1.22× 1019 GeV and xf = 20− 25.
[NOTE] The above approximate formula may not be accurate for mX ≃ mh/2.
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wall is advancing in the negative z direction), X = (t, 0, 0, z). We transform the plasma rest
frame (heat bath) to the wall rest frame as3

z → z̄ = z + vwt. (5.27)

The diffusion equation is reduced to

vwH
′(z̄)− D̄H ′′(z̄) + Γ̄(z̄)H(z̄)− S̄(z̄) = 0. (5.28)

Assuming that Γ̄(z̄) is nonzero and constant for z̄ > 0, the solution for H(z̄) in the symmetric
phase is

H(z̄) = Aevw z̄/D̄, A =
1

D̄λ+

∫ ∞

0

dz′ S̄(z′)e−λ+z′ , λ+ =
vw +

√
v2w + 4D̄Γ̄

2D̄
. (5.29)

In the limit of 4D̄Γ̄ ≫ v2w and Lw

√
Γ̄/D̄ ≪ 1, A is simplified to

A = kHLw

√
rΓ
D̄

SµL√
Γ−
Mt

+ Γ−
MµE

+ ΓH

. (5.30)

where we assume that S̄ is constant.

5.4 Baryon number density

It is a formidable task to calculate the baryon number density (nB) from first principle. Here,
we employ the rather phenomenological approach to estimate nB. The diffusion equation for
nB may take the form

DQn
′′
B(z̄)− vwn

′
B(z̄)− θ(−z̄)RnB(z̄) = θ(−z̄)

Ng

2
Γ(sym)
B nL(z̄), (5.31)

where Ng is the number of the fermion generation and Γ(sym)
B is the baryon changing rate

in the symmetric phase. After imposing the boundary conditions, nB(z̄ → −∞) → 0 and
n′
B(z̄ > 0) = 0, one arrives at

nB(z̄ > 0) =
−NgΓ

(sym)
B

2DQλ+

∫ 0

−∞
dz′ nL(z

′)e−λ−z′ , (5.32)

where

λ± =
1

2DQ

[
vw ±

√
v2w + 4RDQ

]
(5.33)

and nL(z̄) is

nL = Q1 +Q2 +Q3 + L2 = 5Q3 + 4T + L2

=

(
−r1 +

d

c

)
H +O

(
1

Γss
,
1

ΓY

)
, (5.34)

3See Appendix A.
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wall is advancing in the negative z direction), X = (t, 0, 0, z). We transform the plasma rest
frame (heat bath) to the wall rest frame as3

z → z̄ = z + vwt. (5.27)
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H(z̄) = Aevw z̄/D̄, A =
1

D̄λ+

∫ ∞

0

dz′ S̄(z′)e−λ+z′ , λ+ =
vw +

√
v2w + 4D̄Γ̄

2D̄
. (5.29)
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3See Appendix A.
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µ-EWBG τ -EWBG µτ -EWBG
YB ◦ ◦ ◦

(g − 2)µ δaµ ≃ 10−9 × δaµ ≃ 10−9

Z → ℓℓ B(Z → µ+µ−) ≃ 10−6 B(Z → τ+τ−) ≃ 10−6 B(Z → µ+µ−, τ+τ−, µ±τ∓) ≃ 10−6

τ → µγ × × B(τ → µγ) ≃
µγγ 0.9 0.9 0.9

κ3h = λ3h/λSM
3h ! 1.2 ! 1.2 ! 1.2

ΩDMh2 ◦ ◦ ◦

Table 1: Observabilities of various processes in 3 EWBG scenarios.

where r1 = (9kQ3kT − 5kQ3kB − 8kTkB)/a. With this, it follows that

nB =
Ng

2
Γ(sym)
B A

(
r1 −

d

c

)
2D̄

vw
(
vw +

√
v2w + 4RDQ

)
+ 2RD̄

. (5.35)

For v2w ≫ 4RDQ,

nB(z̄ > 0) ≃ −NgΓ
(s)
B

2

vw
v2w +RDQ

∫ 0

−∞
dz′ nL(z

′)eRz′/vw

≃ Ng

2
Γ(s)
B A

(
r1 −

d

c

)
D̄

v2w +R(D̄ +DQ)
. (5.36)

Note that since kQ3 = 6 and kT = kB = 3 in the massless quark approximation, one gets

9kQkT − 5kQkB − 8kTkB = 9 · 6 · 3− 5 · 6 · 3− 8 · 3 · 3 = 0, (5.37)

leading to r1 = 0.

6 Observabilities

A wall frame and plasma frame

S’ S

vw

(wall frame) (plasma frame)

z (z’)
OO’

z ∈ S (plasma frame),
z′ ∈ S ′ (wall frame)

z = −vwt+ z′, (A.1)

z̄ ≡ z′ = z + vwt, (A.2)

thus we have

∂

∂t
=

∂z̄

∂t

∂

∂z̄
= vw

∂

∂z̄
. (A.3)
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Dynamical CP-violation from inflation is also under study.

The CEPC can  help to test this scenario by precisely 
 measure the Higgs self coupling, Z decay mode 
 and LISA can measure the phase transition gravitational waves.



Inert Doublet Models

provide natural 
 DM candidate  

provide SFOPT and phase transition 
GW

arXiv:1510.08069,N. Blinov, J. Kozaczuk, D. E. Morrissey, A. de la Puente 
FPH,  Jiang-hao Yu, arXiv: 1704.04201 

Motivated by the absence of DM signal in DM direct detection  
(such as the LUX, PandaX-II, XENON1T), a generic classes of 
scalar DM models have been pushed to the blind spots where 
dark matter-Higgs coupling is very small. 
We use the complementary searches via phase transition GW 
and the future lepton collider signatures to un-blind the blind 
DM spots.

III.Cosmological connection to DM by 
GW&CEPC



One-loop finite temperature effective potential 

EW phase 
transition type 
in inert doublet 
model

The two-loop finite temperature effective potential slightly weaken  
the strength of the phase transition.  arXiv:1702.07479, 

 arXiv:1811.00336, 
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A. Inert Singlet, Triplet and Multiplet Scalar

Models

In the inert singlet model, the Higgs portal term
�3|�|2S2

/2 is crucial, where we use S represent the in-
ert singlet scalar instead of H1. A strong FOPT need
�3 ⇠ O(1) in the inert single model. The explicit re-
sults and discussions are given in Ref. [60] and references
therein, where �3 & 4 is needed for a strong FOPT, and
�3 . 10 from reliability of perturbative analysis.
In the inert triplet model, we only consider a simple

model with an SU(2)
L
triplet scalar H3(1, 3, 0) with a

zero hypercharge. The relevant term involving the triplet
scalar H3 should be �3�†�Tr(H2

3 ). To produce a strong
FOPT, �3 should be order one.
However, in both models the direct DM search puts

strong constraint �3 . 0.01, which means the a strong
FOPT is forbidden by the DM direct experiments. For a
general n-multiplet inert scalar Hn models, there are two
competing sources which a↵ect the strong FOPT [61]:

• contributions to phase transition by the Higgs-inert
multiplet coupling;

• plasma screening due to large thermal mass coming
from gauge interactions.

Typically the higher multiplet, the larger screening and
decoupling e↵ects, which weaken the FOPT. According
to Ref. [61], for a multiplet with n > 3, the screening
e↵ects significantly decrease the strength of the FOPT.
Furthermore, another severe constraint for high multiplet
model is from Higgs diphoton rate with all the charged
scalars running in the loop. For the real scalar multiplet
with n > 3, the Higgs coupling measurement data put very
strong constraints on the masses of the scalar multiplet to
be greater than 300 GeV, which makes the scalar degree
of freedom decoupled from the plasma.

B. Inert Doublet Model

As mentioned above, usually the blind spot region with
zero Higgs-DM coupling indicates the DM sector does
not a↵ect the electroweak phase transition. In IDM, zero
Higgs-DM coupling does not indicate zero Higgs-inert
scalar couplings are zero. There is no correlation between
direct detection and strong FOPT in IDM. Therefore, we
expect to obtain the strong FOPT and detectable GW
signals in the blind spot parameter region.
We investigate the finite temperature e↵ective poten-

tial and discuss conditions of strong FOPT in detail [61–
64]. The relevant scalar potential in the IDM is given
in Eq.(4) where H2 stands for the inert doublet scalar
without VEV. In the IDM, we assume that only � can ac-
quire VEV, namely �T = (0, v + h)/

p
2 and H is the

lightest component of the inert doublet H2 with the
mass m

2
H

= M
2
D

+ 1
2�345v

2. Thus, the particle H is
the DM candidate here. The other neutral scalar mass is

m
2
A
= M

2
D
+ 1

2 (�3 + �4 � �5)v2, and the charged scalar
mass is m2

H± = M
2
D
+ 1

2�3v
2. The thermal phase transi-

tion with full 2-loop e↵ective potential has been studied
recently [65] and it shows the one-loop e↵ective potential
in the high temperature expansion is rather reliable in
the IDM. To clearly see the phase transition physics and
simplify the following discussions on the phase transition
GW signals, we take the following approximation of the
one-loop e↵ective potential including the daisy resumma-
tion:

Ve↵(h, T ) ⇡
1

2

�
�µ

2 + cIDM T
2
�
h
2 +

�

4
h
4

�
T

12⇡
⌃nb(m

2
b
(h, T ))3/2

� ⌃nb

m
4
b
(h, T )

64⇡2
log

m
2
b
(h, T )

caT
2

� nt

m
4
t
(h)

64⇡2
log

m
2
t
(h)

cbT
2
, (10)

where log ca = 5.408 and log cb = 2.635. In the e↵ective
potential, the particles running in the loop are the parti-
cles in the model with the following degrees of freedom:

nW± = 4, nZ = 2, n⇡ = 3,

nh = nH = nH+ = nH+ = 1, nt = �12.

The field-dependent masses of the gauge bosons and the
top quark at zero temperature are given by

m
2
W
(h) =

g
2

4
h
2
, m

2
Z
(h) =

g
2 + g

02

4
h
2
,m

2
t
(h) =

y
2
t

2
h
2
,

where yt is the top Yukawa coupling. The field-dependent
thermal masses at the temperature T are

m
2
h
(h, T ) = m

2
⇡
⇡ 3�h2

� µ
2 + c1T

2
,

m
2
H
(h, T ) ⇡

1

2
(�3 + �4 + �5)h

2 +M
2
D
+ c2T

2
,

m
2
A
(h, T ) ⇡

1

2
(�3 + �4 � �5)h

2 +M
2
D
+ c2T

2
,

m
2
H±(h, T ) ⇡

1

2
�3h

2 +M
2
D
+ c2T

2
,

where c1 = �

2 + 2�3+�4
12 + 3g2+g

02

16 + y
2
t
4 and c2 = �2

2 +
2�3+�4

12 + 3g2+g
02

16 . In the above formulae, we have con-
sidered the contribution from daisy resummation, which
reads as

V � �
T

12⇡

X

i=b

nb

⇣⇥
m

2
i
(h, T )

⇤3/2
�

⇥
m

2
i
(h)

⇤3/2⌘
.

Here, the thermal field-dependent masses m
2
i
(h, T ) ⌘

m
2
i
(h) + ⇧i(h, T ), where ⇧i(h, T ) is the bosonic field

i’s self-energy in the IR limit. This cubic term is the
unique source to produce a thermal barrier in the e↵ective
potential, and in the Higgs sector extended models, the
new degree of freedoms in the inert scalar models increase



DM and FOPT favor Higgs funnel region 

N.B.: Even though the Higgs-DM coupling are pretty small constrained from 
DM direct detection, the SFOPT can still be induced.

Higgs funnel region: the DM mass is about half of the Higgs mass
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the barrier and hence produce strong FOPT. However,
the cubic terms should be large enough to produce a
strong FOPT. To avoid diluting the cubic contribution
to the thermal barrier, the Higgs boson field independent
term needs to be very small [35, 65].

By calculations, we find that small DM direct detection
rate and a strong FOPT can be realized when we take
the blind spot region, in which �h�� = �345/2 approaches
to zero 4. The DM model of IDM needs to satisfy the
required DM relic density observed from Planck: ⌦h2 =
0.1184 ± 0.0012 [66]. This put very strict constraints
on the IDM: the DM mass is determined to be m� >

540 GeV [43] except for the parameter region with large
mass splitting between charged and neutral components.
For the DM mass lower than mh/2, the Higgs invisible
decay puts very tight constraint on the parameter space.
According to the latest study [48], there are two viable
mass regions:

• near Higgs funnel region with large mass splitting be-
tween charged and neutral components: m� around
55 ⇠ 75 GeV with �345 < 0.04;

• heavy DM region: mH > 540 GeV with �345 in a
broader range as m� gets heavier.

To keep the scalar non-decoupled from the thermal plasma,
it is necessary to have light DM. The dominant DM anni-
hilation channel will be �� ! WW

⇤
, ZZ

⇤ with contact,
t- and s-channels. We will focus on the DM mass around
55 ⇠ 75 GeV, and the blind spot region with �345 ' 0.
Combined the direct DM constraints, the DM relic den-
sity, collider constraints [48] and the conditions for strong
FOPT, this light mass region 55 ⇠ 75 GeV is favored. The
strong FOPT can be produced if �3/2 and (�3+�4��5)/2
are order 1, then detectable GW signals can be produced,
while keep the coupling between Higgs boson and DM
pair small enough to satisfy DM direct experiments and
relic density.
Considering the above discussion, we take one set of

benchmark points �3 = 2.84726, �4 = �5 = �1.41463 and
MD = 59.6 GeV. Then, the corresponding DM mass is
64 GeV, the pseudo scalar mass and the charged scalar
mass are both 299.6 GeV, �h�� = �345/2 = 0.009. In this
model, the 299.6 GeV scalar boson can just make thermal
contributions to the FOPT and they would be decoupled
from thermal plasma if their masses are larger than 300
GeV [63]. And for this set of benchmark points, it is
safe from reliability of perturbative analysis as discussed
in Ref. [63]. Taking this set of benchmark points, the
relic density, DM direct search, collider constraints and
a strong FOPT can be satisfied simultaneously. Using
the methods and formulae above, the phase transition
GW signal from the three souces is shown in Fig.1, which

4 �345 can be very small due to the cancellation between three
couplings �3, �4 and �5 while keeping �3 large enough to produce
a strong FOPT.

FIG. 1: The phase transition GW spectra h2⌦GW in the IDM.
The colored regions represent the expected sensitivities of
GW interferometers U-DECIGO, DECIGO, BBO and LISA,
respectively. The black line depicts the GW spectra in the
IDM for the set of benchmark points, which also represents
the corresponding hZ cross section deviation at the 240 GeV
CEPC and the corresponding DM coupling.

is just within the sensitivity of BBO and U-DICIGO.
The colored regions represent the sensitivities of di↵erent
GW experiments (DECIGO [67], LISA [68], BBO, and U-
DECIGO [41]), and the black line corresponds to the GW
signals, which also means the hZ cross section (e++e

�
!

h+Z) deviation from the SM in 240 GeV circular electron-
positron collider (CEPC). At the 240 GeV CEPC [69]
with an integrated luminosity of 10 ab�1, the precision
of �hZ could be about 0.4% [70]. And at the 240 GeV
CEPC, the deviation of the hZ cross section �hZ ⌘

���SM
�SM

at one-loop level [71] is about 1.67% [72, 73], which is
well within the sensitivity of CEPC. The international
linear collider (ILC) [70] can also test this model. The
GW signal and the hZ cross section deviation at future
lepton collider can make a double test on the DM of IDM
as shown in Fig. 1.

III. GRAVITATIONAL WAVES IN MIXED

DARK MATTERS

We have discussed FOPT and GWs if there is only
one single multiplet scalar dark matter in the dark sector.
Due to the tight correlation between strong FOPT and
the DM direct detection, only the IDM is viable for strong
FOPT and detectable GWs. Based on the relic density
requirement, the IDM has very limited viable parameter
region: m� ' 55 ⇠ 75 GeV, and the blind spot region
�345 ' 0. In this section, we would like to extend the
single DM multiplet models into the mixed scalar DM
models.
The mixed scalar DM scenario involves in several Z2-

odd scalar multiplets in the dark sector, which could be
mixed. The simplest models involve in two dark matter
multiplets: the mixed singlet-doublet model (MSDM)
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the barrier and hence produce strong FOPT. However,
the cubic terms should be large enough to produce a
strong FOPT. To avoid diluting the cubic contribution
to the thermal barrier, the Higgs boson field independent
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By calculations, we find that small DM direct detection
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According to the latest study [48], there are two viable
mass regions:
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55 ⇠ 75 GeV, and the blind spot region with �345 ' 0.
Combined the direct DM constraints, the DM relic den-
sity, collider constraints [48] and the conditions for strong
FOPT, this light mass region 55 ⇠ 75 GeV is favored. The
strong FOPT can be produced if �3/2 and (�3+�4��5)/2
are order 1, then detectable GW signals can be produced,
while keep the coupling between Higgs boson and DM
pair small enough to satisfy DM direct experiments and
relic density.
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MD = 59.6 GeV. Then, the corresponding DM mass is
64 GeV, the pseudo scalar mass and the charged scalar
mass are both 299.6 GeV, �h�� = �345/2 = 0.009. In this
model, the 299.6 GeV scalar boson can just make thermal
contributions to the FOPT and they would be decoupled
from thermal plasma if their masses are larger than 300
GeV [63]. And for this set of benchmark points, it is
safe from reliability of perturbative analysis as discussed
in Ref. [63]. Taking this set of benchmark points, the
relic density, DM direct search, collider constraints and
a strong FOPT can be satisfied simultaneously. Using
the methods and formulae above, the phase transition
GW signal from the three souces is shown in Fig.1, which
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a strong FOPT.

FIG. 1: The phase transition GW spectra h2⌦GW in the IDM.
The colored regions represent the expected sensitivities of
GW interferometers U-DECIGO, DECIGO, BBO and LISA,
respectively. The black line depicts the GW spectra in the
IDM for the set of benchmark points, which also represents
the corresponding hZ cross section deviation at the 240 GeV
CEPC and the corresponding DM coupling.

is just within the sensitivity of BBO and U-DICIGO.
The colored regions represent the sensitivities of di↵erent
GW experiments (DECIGO [67], LISA [68], BBO, and U-
DECIGO [41]), and the black line corresponds to the GW
signals, which also means the hZ cross section (e++e
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h+Z) deviation from the SM in 240 GeV circular electron-
positron collider (CEPC). At the 240 GeV CEPC [69]
with an integrated luminosity of 10 ab�1, the precision
of �hZ could be about 0.4% [70]. And at the 240 GeV
CEPC, the deviation of the hZ cross section �hZ ⌘
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at one-loop level [71] is about 1.67% [72, 73], which is
well within the sensitivity of CEPC. The international
linear collider (ILC) [70] can also test this model. The
GW signal and the hZ cross section deviation at future
lepton collider can make a double test on the DM of IDM
as shown in Fig. 1.

III. GRAVITATIONAL WAVES IN MIXED

DARK MATTERS

We have discussed FOPT and GWs if there is only
one single multiplet scalar dark matter in the dark sector.
Due to the tight correlation between strong FOPT and
the DM direct detection, only the IDM is viable for strong
FOPT and detectable GWs. Based on the relic density
requirement, the IDM has very limited viable parameter
region: m� ' 55 ⇠ 75 GeV, and the blind spot region
�345 ' 0. In this section, we would like to extend the
single DM multiplet models into the mixed scalar DM
models.
The mixed scalar DM scenario involves in several Z2-

odd scalar multiplets in the dark sector, which could be
mixed. The simplest models involve in two dark matter
multiplets: the mixed singlet-doublet model (MSDM)

�h�� = (�3 + �4 + �5)/2 = �345/2



➢ GW and CEPC detectors can explore the blind spots of DM  
➢ The study naturally bridges the particle physics at collider 

with GW and DM. 

Correlate DM, particle collider and GW signals

We also study the mixed inert singlet-doublet and mixed inert singlet-triplet 
model in arXiv: 1704.04201 FPH, Jiang-hao Yu  
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reads as

V � �
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Here, the thermal field-dependent masses m
2
i
(h, T ) ⌘

m
2
i
(h) + ⇧i(h, T ), where ⇧i(h, T ) is the bosonic field

i’s self-energy in the IR limit. This cubic term is the
unique source to produce a thermal barrier in the e↵ective
potential, and in the Higgs sector extended models, the
new degree of freedoms in the inert scalar models increase
the barrier and hence produce strong FOPT. However,
the cubic terms should be large enough to produce a
strong FOPT. To avoid diluting the cubic contribution
to the thermal barrier, the Higgs boson field independent
term needs to be very small [33, 62].

By calculations, we find that small DM direct detection
rate and a strong FOPT can be realized when we take
the blind spot region, in which �h�� = �345/2 approaches
to zero 4. The DM model of IDM needs to satisfy the
required DM relic density observed from Planck: ⌦h2 =
0.1184 ± 0.0012 [63]. This put very strict constraints
on the IDM: the DM mass is determined to be m� >

540 GeV [40] except for the parameter region with large
mass splitting between charged and neutral components.
For the DM mass lower than mh/2, the Higgs invisible
decay puts very tight constraint on the parameter space.
According to the latest study [45], there are two viable
mass regions:

• near Higgs funnel region with large mass splitting be-
tween charged and neutral components: m� around
55 ⇠ 75 GeV with �345 < 0.04;

• heavy DM region: mH > 540 GeV with �345 in a
broader range as m� gets heavier.

To keep the scalar non-decoupled from the thermal plasma,
it is necessary to have light DM. The dominant DM anni-
hilation channel will be �� ! WW

⇤
, ZZ

⇤ with contact,
t- and s-channels. We will focus on the DM mass around
55 ⇠ 75 GeV, and the blind spot region with �345 ' 0.
Combined the direct DM constraints, the DM relic den-
sity, collider constraints [45] and the conditions for strong
FOPT, this light mass region 55 ⇠ 75 GeV is favored. The
strong FOPT can be produced if �3/2 and (�3+�4��5)/2
are order 1, then detectable GW signals can be produced,
while keep the coupling between Higgs boson and DM
pair small enough to satisfy DM direct experiments and
relic density.
Considering the above discussion, we take one set of

benchmark points �3 = 2.84726, �4 = �5 = �1.41293 and
MD = 60.89 GeV. Then, the corresponding DM mass is
66 GeV, the pseudo scalar mass and the charged scalar

4 �345 can be very small due to the cancellation between three
couplings �3, �4 and �5 while keeping �3 large enough to produce
a strong FOPT.

FIG. 1: The phase transition GW spectra h2⌦GW in the IDM.
The colored regions represent the expected sensitivities of
GW interferometers U-DECIGO, DECIGO, BBO and eLISA,
respectively. The black line depicts the GW spectra in the
IDM for the set of benchmark points, which also represents
the corresponding hZ cross section deviation at the 240 GeV
CEPC and the corresponding DM coupling.

mass are both 300 GeV, �h�� = �345/2 = 0.0107. In this
model, the 300 GeV scalar boson can just make thermal
contributions to the FOPT and they would be decoupled
from thermal plasma if their masses are larger than 300
GeV [60]. And for this set of benchmark points, it is
safe from reliability of perturbative analysis as discussed
in Ref. [60]. Taking this set of benchmark points, the
relic density, DM direct search, collider constraints and a
strong FOPT can be satisfied simultaneously. Using the
methods and formulae above, the phase transition GW
signal is shown in Fig.1, which is just within the sensitivity
of BBO and U-DICIGO. The colored regions represent the
sensitivities of di↵erent GW experiments (DECIGO [64],
LISA [65], BBO, and U-DECIGO [38]), and the black
line corresponds to the GW signals, which also means
the hZ cross section (e+ + e

�
! h+ Z) deviation from

the SM in 240 GeV circular electron-positron collider
(CEPC). At the 240 GeV CEPC [66] with an integrated
luminosity of 10 ab�1, the precision of �hZ could be about
0.4% [67]. And at the 240 GeV CEPC, the deviation of
the hZ cross section �hZ ⌘

���SM
�SM

at one-loop level [68] is
about 1.68% [69, 70], which is well within the sensitivity
of CEPC. The international linear collider (ILC) [67] can
also test this model. The GW signal and the hZ cross
section deviation at future lepton collider can make a
double test on the DM of IDM as shown in Fig. 1.

III. GRAVITATIONAL WAVES IN MIXED

DARK MATTERS

We have discussed FOPT and GWs if there is only
one single multiplet scalar dark matter in the dark sector.
Due to the tight correlation between strong FOPT and
the DM direct detection, only the IDM is viable for strong

5

the barrier and hence produce strong FOPT. However,
the cubic terms should be large enough to produce a
strong FOPT. To avoid diluting the cubic contribution
to the thermal barrier, the Higgs boson field independent
term needs to be very small [35, 65].

By calculations, we find that small DM direct detection
rate and a strong FOPT can be realized when we take
the blind spot region, in which �h�� = �345/2 approaches
to zero 4. The DM model of IDM needs to satisfy the
required DM relic density observed from Planck: ⌦h2 =
0.1184 ± 0.0012 [66]. This put very strict constraints
on the IDM: the DM mass is determined to be m� >

540 GeV [43] except for the parameter region with large
mass splitting between charged and neutral components.
For the DM mass lower than mh/2, the Higgs invisible
decay puts very tight constraint on the parameter space.
According to the latest study [48], there are two viable
mass regions:

• near Higgs funnel region with large mass splitting be-
tween charged and neutral components: m� around
55 ⇠ 75 GeV with �345 < 0.04;

• heavy DM region: mH > 540 GeV with �345 in a
broader range as m� gets heavier.

To keep the scalar non-decoupled from the thermal plasma,
it is necessary to have light DM. The dominant DM anni-
hilation channel will be �� ! WW

⇤
, ZZ

⇤ with contact,
t- and s-channels. We will focus on the DM mass around
55 ⇠ 75 GeV, and the blind spot region with �345 ' 0.
Combined the direct DM constraints, the DM relic den-
sity, collider constraints [48] and the conditions for strong
FOPT, this light mass region 55 ⇠ 75 GeV is favored. The
strong FOPT can be produced if �3/2 and (�3+�4��5)/2
are order 1, then detectable GW signals can be produced,
while keep the coupling between Higgs boson and DM
pair small enough to satisfy DM direct experiments and
relic density.
Considering the above discussion, we take one set of

benchmark points �3 = 2.84726, �4 = �5 = �1.41463 and
MD = 59.6 GeV. Then, the corresponding DM mass is
64 GeV, the pseudo scalar mass and the charged scalar
mass are both 299.6 GeV, �h�� = �345/2 = 0.009. In this
model, the 299.6 GeV scalar boson can just make thermal
contributions to the FOPT and they would be decoupled
from thermal plasma if their masses are larger than 300
GeV [63]. And for this set of benchmark points, it is
safe from reliability of perturbative analysis as discussed
in Ref. [63]. Taking this set of benchmark points, the
relic density, DM direct search, collider constraints and
a strong FOPT can be satisfied simultaneously. Using
the methods and formulae above, the phase transition
GW signal from the three souces is shown in Fig.1, which

4 �345 can be very small due to the cancellation between three
couplings �3, �4 and �5 while keeping �3 large enough to produce
a strong FOPT.
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FIG. 1: The phase transition GW spectra h2⌦GW in the IDM.
The colored regions represent the expected sensitivities of
GW interferometers U-DECIGO, DECIGO, BBO and LISA,
respectively. The black line depicts the GW spectra in the
IDM for the set of benchmark points, which also represents
the corresponding hZ cross section deviation at the 240 GeV
CEPC and the corresponding DM coupling.

is just within the sensitivity of BBO and U-DICIGO.
The colored regions represent the sensitivities of di↵erent
GW experiments (DECIGO [67], LISA [68], BBO, and U-
DECIGO [41]), and the black line corresponds to the GW
signals, which also means the hZ cross section (e++e

�
!

h+Z) deviation from the SM in 240 GeV circular electron-
positron collider (CEPC). At the 240 GeV CEPC [69]
with an integrated luminosity of 10 ab�1, the precision
of �hZ could be about 0.4% [70]. And at the 240 GeV
CEPC, the deviation of the hZ cross section �hZ ⌘

���SM
�SM

at one-loop level [71] is about 1.67% [72, 73], which is
well within the sensitivity of CEPC. The international
linear collider (ILC) [70] can also test this model. The
GW signal and the hZ cross section deviation at future
lepton collider can make a double test on the DM of IDM
as shown in Fig. 1.

III. GRAVITATIONAL WAVES IN MIXED

DARK MATTERS

We have discussed FOPT and GWs if there is only
one single multiplet scalar dark matter in the dark sector.
Due to the tight correlation between strong FOPT and
the DM direct detection, only the IDM is viable for strong
FOPT and detectable GWs. Based on the relic density
requirement, the IDM has very limited viable parameter
region: m� ' 55 ⇠ 75 GeV, and the blind spot region
�345 ' 0. In this section, we would like to extend the
single DM multiplet models into the mixed scalar DM
models.
The mixed scalar DM scenario involves in several Z2-

odd scalar multiplets in the dark sector, which could be
mixed. The simplest models involve in two dark matter
multiplets: the mixed singlet-doublet model (MSDM)



➢The correlation between GW and collider signals at 
CEPC can make a double test on the Higgs nature, DM, 
and baryogenesis. 

➢GW provides a novel way to explore 
cosmology, such as DM, baryogenesis…(More 
and more relevant experiments, LISA, SKA, FAST, 
Tianqin, Taiji…) 

 Two examples: 
   (1) Using aLIGO to probe extra dimension, 
 H. Yu, B. Gu, FPH, Y. Wang, X. Meng, Y. Liu.  JCAP 1702 (2017) no.02, 039  
  (2) Using SKA to detect axion cold dark matter,  
FPH, K. Kadota, T. Sekiguchi, H.Tashiro, Phys.Rev. D97 (2018) no.12, 123001

Summary



Higgs

SM

Cosmology: 
inflation, 
dark matter, 
baryogenesis…

Theoretical study? 
Higgs as a portal to search for 
the new physics beyond the 
SM and the cosmology

Outlook

Experimental test! Crosscheck by 
Higgs factory like CEPC 
+ Gravitational Wave Detectors like LISA 
(new experimental approach)

Thanks for your attention!


