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Outline
➢Electroweak (EW) phase transition dynamics 

and  its cosmological implications 

➢Three concrete simple examples. 

➢Summary and outlook



Strong First-order phase transition (SFOPT) in Higgs 
extended model motivated by baryogenesis, dark matter 
and new physics

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

Extension of the Higgs sector is needed to SFOPT for 125 GeV Higgs boson.

From 
lattice 
simulation

We discuss well-motivated extensions (baryogenesis, dark matte…) of the 
Higgs section to realize SFOPT with abundant cosmological effects. EW  
phase transition and its GW signals becomes more interesting and realistic 
after the discovery of Higgs by LHC and GW by LIGO.



EW phase transition from particle to cosmology
➢The true shape of  Higgs potential and Higgs 

physics at colliders (Exp:CEPC/FCC-ee/LHC) 
➢ Baryogenesis 
➢Gravitational wave (Exp:LISA,Tianqin/Taiji) 
➢new ideas of Dark Matter(DM):DM blind 

spots, Asymmetry DM, (Primordial black 
hole)PBH DM,Q-ball DM 

➢Primordial magnetic field 
➢Z-pole physics

For example, bubble in SFOPT can be the “filters” 
to packet your needed heavy dark matter. 
1709.09691,FPH, C.S. Li 
1912.04238,Dongjin Chway, Tae Hyun Jung, Chang Sub Shin 
1912.0283 Michael J. Baker,Joachim Kopp,and Andrew J. Long
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100 
GeV

Study of EW phase physics at CEPC and LISA 
helps to explore the cosmic evolution history of the 
Universe at 100 GeV temperature. 



EW phase transition dynamics
To discuss the phase transition dynamics, we need 
to calculate the finite-temperature effective 
potential using the thermal field theory.
There are many difficult problems 
1. Daisy resummation problem: Pawani scheme vs. 

Arnold scheme 
2. Gauge dependence problem:See Michael J. Ramsey-

Musolf’s paper and talk 
3. No perturbative calculations:lattice calculations 

and dim-reduction method recently by D. 
Weir,Michael J. Ramsey-Musolf et.al  

4. Reliable calculations of bubble wall velocity:work 
in process with Xiao Wang and Xinmin 

5. GW spectra prediction for ultra-supercooling

Veff (h, T )
<latexit sha1_base64="VIiNtGCScBXRpQLYL4oknCOX4nk=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBAiSNiNgh6DXjxGyAuSEGYnvcmQ2dllZlYIS37DiwdFvPoz3vwbJ8keNLGgoajqprvLjwXXxnW/nbX1jc2t7dxOfndv/+CwcHTc1FGiGDZYJCLV9qlGwSU2DDcC27FCGvoCW/74fua3nlBpHsm6mcTYC+lQ8oAzaqzUbfZTDIJpaXRZv+gXim7ZnYOsEi8jRchQ6xe+uoOIJSFKwwTVuuO5semlVBnOBE7z3URjTNmYDrFjqaQh6l46v3lKzq0yIEGkbElD5urviZSGWk9C33aG1Iz0sjcT//M6iQlueymXcWJQssWiIBHERGQWABlwhcyIiSWUKW5vJWxEFWXGxpS3IXjLL6+SZqXsXZUrj9fF6l0WRw5O4QxK4MENVOEBatAABjE8wyu8OYnz4rw7H4vWNSebOYE/cD5/ABQ7kQ0=</latexit>



Xiao Wang, FPH, Xinmin Zhang, JCAP05(2020)045
The GW spectra should be calculated at percolation temperature.



Bubble wall velocity: stronger GW signals favor large bubble 
velocity, EW baryogengesis favor small bubble velocity. 
New idea by James et.al. EW baryogensis with high bubble 
velocity



EW baryogengesis favoredStronger GW signal favored



Xiao Wang, FPH, Xinmin Zhang, JCAP05(2020)045

↵ quantifies the strength of SFOPT
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Xiao Wang, FPH, Xinmin Zhang, JCAP05(2020)045



GW signals from SFOPT
Bubble collisions

Turbulence

Sound wave

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))Mark Hindmarsh, et 
al., PRL 112, 041301 (2014); Lots of unlisted papers.



I. Benchmark scenario in SM EFT
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     arXiv: 1811.10545    CDR of CEPC           

 Produce a SFOPT

What is the Higgs potential?

Xinmin Zhang Phys.Rev. D47 (1993) 3065-3067  
C. Grojean, G. Servant, J. Well PRD71(2005)036001 
D.J.H. Chung, A. 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

https://arxiv.org/abs/1811.10545


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:

 



 

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



GW spectra for ultra-supercooling 
case(585.254 GeV cutoff)



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

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:



Renormalizable realization of the from doublet model

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



Renormalizable realization of Singlet model



Naive dimensional analysis (NDA) for composite Higgs 

Usually, the SFOPT needs the Higgs portal coupling to be of order one, 
and the large Higgs portal coupling may give a hint of the composite 
nature of the Higgs boson. If the Higgs boson is a pseudo-Goldstone 
boson, from strong dynamics, the coefficients of dim-6 operators can be 
estimated by NDA. The coefficients of dominant CP-conserving 
operators, estimated from the NDA

The parameter space of  all these given models are compatible with 
SFOPT and current experiments including the future CEPC's 
prediction. Qing-Hong Cao, FPH , Ke-Pan Xie,  Xinmin Zhang 
arXiv:1708.0473



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].
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II. Dynamical CP violation for baryogengesis



 
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).

II. Dynamical CP violation for baryogengesis



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. Dynamical CP violation for baryogengesis



Answer:     Dynamical CP-violating source

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 EDM measurements ?

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)

Effective field theory study: FPH, Zhuoni Qian, Mengchao Zhang,Phys.Rev. D98 
(2018) no.1, 015014 
  FPH,Chong Sheng Li, Phys. Rev. D 92, 075014 (2015) 
Renormalizble model: 
Complex 2HDM: Xiao Wang, FPH, Xinmin Zhang, arXiv: 1909.02978 
And work in progress with Eibun Senaha in a extended IDM model



First, we study the following effective scenario as a 
representative example:

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 model,  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)



 After the first step of phase transition, S field obtains a VEV, and 
then the CP violating top quark Yukawa coupling is obtained.  
Thus, during the SFOPT, the top quark has a spatially varying 
complex mass

TABLE II: Benchmark points, which can give a SFOPT and produce phase transition GWs.

Benchmark set  mS [GeV] TN [GeV] ↵ �̃

I 2.00 115 106.6 0.035 107

II 2.00 135 113.6 0.04 120

IV. ELECTROWEAK BARYOGENESIS AND CP VIOLATION

In this section, we estimate the constraints on the dynamical source of CP violation

from the observed value of BAU. To produce the observed baryon asymmetry from EW

baryogenesis, CP violation is necessary to produce an excess of left-handed fermions versus

right-handed fermions and then generate net baryon excess through EW sphaleron pro-

cess [15, 16]. After the first step of phase transition, S field obtains a VEV, and then the

CP -violating top-quark Yukawa coupling is obtained. Thus, during the SFOPT, the top

quark in the bubble wall has a spatially varying complex mass, which is given by [15, 16]

mt(z) =
ytp
2
H(z)

⇣
1 + (1 + i)S(z)⇤

⌘
⌘ |mt(z)|ei⇥(z), where z is the coordinate perpendicular

to the bubble wall. The CP -violating phase ⇥ will provide the necessary CP violation for

the BAU. Taking the transport equations in Refs. [16, 62–64], one can estimate the BAU as

⌘B =
405�sph

4⇡2ṽbg⇤T

Z
dz µBL

fsph e
�45�sph|z|/(4ṽb), (15)

where ṽb is the relative velocity between the bubble wall and plasma front in the deflagration
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and fsph is a function that turns o↵ quickly in the broken phase. The position-dependent

⇥(z) can provide the CP-violating source in the transport equations and contribute to net

left-handed baryon µBL
. Here, we choose ṽb ⇠ 0.2, which is smaller than the bubble wall

velocity vb [34]. It is because the EW baryogenesis usually favors the deflagration bubble

case, and the BAU depends on the relative velocity between the bubble wall and the plasma

front. Thus, we have reasonably small relative velocity ṽb, which is favored by the EW

baryogenesis to guarantee a su�cient di↵usion process in front of the bubble wall and large

enough bubble wall velocity vb to produce stronger phase transition GWs (In the deflagration

case, a larger bubble wall velocity gives stronger GWs [33, 34]). We take the default value

of the bubble wall velocity vb ⇠ 0.5, which is reasonable since the di↵erence between ṽb and
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ṽb(0.2) < vb(0.5) < cs(
p
3/3)



Particle phenomenology induced by  
CP-violating top loop
After the SM Higgs obtains a VEV v at the end of the phase 
transition,  we have

The one-loop effective operators can be induced by covariant  
derivative expansion method

Mixing for H and S from one-loop contribution
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the inclusive HZ cross section to about 1.0% sensitivity. In Fig. 3 we draw contour lines for

di↵erent ratio �(HZ)
�SM (HZ) . Unlike the nearly symmetric shape the direct search lines, �(HZ)

shows a larger deviation in the lighter mS region. This e↵ect comes from the Higgs field

wave function renormalization, which is more sensitive to a lighter mS. This indirect de-

tection method shows good sensitivity, and gives complementary information on the model

parameters in addition to our direct search.
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Abundant collider signals
Hadron collider:  

Lepton collider (CEPC for example):
1.Direct search:  ZS production recoiled muon pair mass distribution:

2.Indirect search: ZH cross section deviation from mixing and field strength 
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CEPC. We are especially sensitive to regions with mS closer to 125 GeV, which corresponds

to an increasing S-H mixing.

In addition, S-H mixing could also be detected through a potentially visible deviation of

�(e+e� ! HZ) measurement, which can be an indirect signal of our model [98]. Further

more, wave function normalization of Higgs field which comes from 1
2S

2(�†�) reduces

�(e+e� ! HZ) by a global rescaling factor:
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Here we fix  to 2, because a large  is favored by SFOPT. So �(e+e� ! HZ) will be

rescaled by a factor |O22|2Z. Quoting from the proposed precision of CEPC with 5 ab�1

data, it is capable to measure the inclusive HZ cross section to about 1.0% sensitivity. In

Fig. 3 we draw contour lines for di↵erent ratio �(HZ)
�SM (HZ) . Unlike the nearly symmetric shape

of our direct search lines, �(HZ) shows a larger deviation in light mS region. This e↵ect

comes from the Higgs field wave function normalization, which will be enhanced by a light

mS. This indirect detection method shows an even better search ability compared to the

direct peak search.

VI. GRAVITATIONAL WAVE SIGNALS AND THEIR CORRELATION WITH

COLLIDER SIGNALS

The key point to predict the phase transition GW signal is to calculate the two parameters

↵ and �̃ from the finite temperature e↵ective potential in Eq. (3) using the method described

in Sec. III. The two parameters are related to the phase transition strength and the inverse

of time duration, respectively. The GWs also depend on the energy e�ciency factors �i
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VI. GRAVITATIONAL WAVE SIGNALS AND THEIR CORRELATION WITH

COLLIDER SIGNALS

The key point to predict the phase transition GW signal is to calculate the two parameters

↵ and �̃ from the finite temperature e↵ective potential in Eq. (3) using the method described

in Sec. III. The two parameters are related to the phase transition strength and the inverse

of the time duration, respectively. The GWs also depend on the energy e�ciency factors �i

(i=col, turb, sw, denoting bubble collision, turbulence, and sound waves, respectively) and

bubble wall velocity vb. For the GW spectrum from bubble collisions, we use the formulas

from the envelope approximations [31, 97]:
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pp ! HS

TABLE III: Production cross sections of S times branching ratios at 14 TeV LHC, with ⇤ = 1
TeV.

mS[GeV] �(pp ! S) ⇥ BR(S ! ��) �(pp ! S) ⇥ BR(S ! ZZ⇤)

115 37.73 fb 54.69 fb

135 18.38 fb 520.60 fb

third-order Chebychev polynomial function respectively. Parameters are fixed by fitting with

the CEPC group report [95]. The signal is a scalar-strahlung process e+e� ! Z⇤ ! ZS,

with a total cross section [96]

�(e+e� ! ZS) =
G2

F
m4

Z

96⇡s
(v2

e
+ a2

e
)|O12|2

p
�̃

�̃+ 12m2
Z
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(1 � m2
Z
/s)2

. (24)

Here ve = �1+ 4s2
w
, ae = �1, and �̃ = (s2 +m4

Z
+m4

S
� 2sm2

Z
� 2sm2

S
� 2m2

S
m2

Z
)/s2 where

p
s = 250 GeV, sw is sine of the Weinberg angle. The shape of the signal peak is estimated

and obtained by a rescaling and shifting from the fitted SM Higgs shape. Figure 6 shows the

recoil mass distribution. Then we count the number of SM background and signal events in

the [mS�1GeV,mS+1GeV] mass window, noted as B and S respectively. So the significance

can be written as S/
p

B + ✏2B2, with ✏ = 1.0% being the dominant systematic uncertainty.

The region with S/
p

B + ✏2B2 > 5 can be observed at 5 ab�1 CEPC with a significance

higher than 5�, and the curve is shown as well in Fig. 3. It is clear from Fig. 3 that there is

a large currently allowed parameter space that can be covered by High Luminosity LHC or

CEPC. We are especially sensitive to regions with mS closer to 125 GeV, which corresponds

to an increasing S-H mixing.

In addition, S-H mixing could also be detected through a potentially visible deviation

of �(e+e� ! HZ) measurement, which can be an indirect signal of our model [98]. Fur-

thermore, wave function renormalization of the Higgs field which comes from 1
2S

2(�†�)

reduces �(e+e� ! HZ) by a global rescaling factor:
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As a result, the total cross section �(e+e� ! HZ) will be rescaled by a factor of |O22|2Z.

Quoting from the proposed precision of CEPC with 5 ab�1 data, it is capable to measure
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2⇡2⇤v . The S-H mixing term changes the S property hugely when
mS is close to mH . Right: S-H field mixing versus mS plot. Maximal mixing is obtained when
mS is approaching the boundary of the mass gap.
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Current exclusion limit and future search sensitivity projected on Λ versus ms 
plane.The regions below dotted blue lines have been excluded by EDM measurement; 
regions below dashed  red lines have been excluded by collider scalar searches and 
Higgs data. In the left plot, regions below dash dotted olive lines can be observed from 
ZS production at 5 ab−1 CEPC with a C.L.  higher than 5σ. In the right plot, we show 
the ratio  of ZH cross section with purple dash dotted contour lines.   

N.B.     Limit from EDM is much weaker than Higgs data, due to  
the fact the contributions to EDM in this scenario come from three-loop contributions 



The correlation between the future GW and collider signals
cerned scenario with the benchmark parameter sets. From Fig. 7, we can see that the GWs
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FIG. 7: The correlation between the GW spectrum and the associated collider signals for the
benchmark sets with  = 2 and ⇤ = 1 TeV. The colored regions depict the expected sensitivities
from the future GW experiments LISA, BBO and U-DECIGO, respectively. The black line repre-
sents the phase transition GW spectrum for the benchmark sets at mS = 115 GeV, which is related
to the detectable lepton collider signal with a cross section �(SZ) = 13.6 fb at CEPC . The green
line represents the case for another benchmark set at mS = 135 GeV.

produced in this EW baryogenesis scenario can be detected marginally by LISA, BBO and

certainly by U-DECIGO. We also show the corresponding CEPC cross sections as a double

test on this scenario, and vice versa. For example taking benchmark set I, the GW spectrum

is represented by the black line in Fig. 7, which can be detected by LISA and U-DECIGO.

The black line also corresponds to 0.9339�SM(HZ) of the HZ cross section for e+e� ! HZ

process and 115 GeV recoil mass with 13.6 fb cross section for the e+e� ! SZ process at

CEPC, which has a 5� discovery potential with 5 ab�1 luminosity at CEPC. Other lepton

colliders are similarly capable to detect this collider signals, such as ILC and FCC-ee. The

observation of GWs with several mHz peak frequency at LISA and the observation of the 115

GeV recoil mass at CEPC are related by this EW baryogenesis scenario. We can see that

the future lepton collider and GW detecter make a double test on the scenario [100–103].

VII. CONCLUSION

We have studied the collider search and GW detection of the EW baryogenesis scenario

with a dynamical source of CP violation realized by a two-step phase transition. The VEV

of a new scalar field hSi evolves with the two-step phase transition, and provides both the

20

For example taking benchmark set I, the GW spectrum is represented by the black line, which can be detected by LISA and U-DECIGO. 

The black line also corresponds to 0.9339σSM(HZ) of the HZ cross section for e+e− → HZ process and 115 GeV recoil mass with 13.6 fb 

cross section for the e+e− → SZ process, which has a 5σ discovery potential with 5 ab−1 luminosity at CEPC.  



Based on arXiv:1905.10283, Phys. Rev. D100, 035014 
(2019)FPH, Eibun Senaha,  
and work in progress with Eibun Senaha

III.Successful DM and EW baryogenesis 
with dynamical CP-violating source



Dynamical CP violation can be produced during first-order 
phase transition process in the early universe induced by the 
complex Yukawa coupling.
For example,  at temperature around 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.

At late time, T=0, the CP violation disappears:



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 





Planck 2018 

Without loss of generality, we can assume  

 In this simple scenario,  the CP-even particle H can be DM candidate.   

Further, if                            ,T parameter is zero and  

Dark Matter





Allowed by LHC data， Lorenzo Calibbi, Robert Ziegler, Jure Zupan,  
1804.00009 (JHEP)



Direct measurements of  vector-like lepton mass



Indirect search by

Large enhancement of Z boson decay by the 
requirements  
of EW baryogenesis and DM.  
Further generalisation of this enhancement  
effects from the aspects of symmetry breaking 
is working in progress.

An important missing observable  
in many previous study!



To satisfy the EW strong first-order phase transition (baryogenesis) and DM 
it requires the large mass splitting of the scalar mass spectrum in the same multiplet, 
which leads to significant enhancement of the Z boson decay.  
Tera-Z can be a new indirect search to explore DM and baryogenesis.



Indirect search by GW signals 
Complementary test by GW signals, precise measurements of Z boson decay,  
HZ cross section measurements and direct production of di-muon plus MET. 

FPH,  Jiang-hao Yu, Phys.Rev.D 98 (2018) 9, 095022



Gravitational wave and collider signals in complex two-Higgs  
doublet model with dynamical CP-violation at finite temperature 
Xiao Wang, FPH, Xinmin Zhang, Phys.Rev.D 101 (2020) 1, 015015

Dynamical CP-violating source for electroweak baryogenesis can appear only 
at finite temperature in the complex two-Higgs doublet model, which might 
help to alleviate the strong constraints from the electric dipole moment 
experiments. In this scenario, we study the detailed phase transition dynamics 
and the corresponding gravitational wave signals in synergy with the collider 
signals at future lepton colliders. For some parameter spaces, various phase 
transition patterns can occur, such as the multi-step phase transition and 
supercooling. Gravitational wave in complementary to collider signals can help 
to pin down the underlying phase transition dynamics or different patterns. 

Other possible realization



Schematic phase transition GW spectra for SKA-like and  
LISA-like experiments to explore DM and baryogenesis  
FPH, Xinmin Zhang, Physics Letters B 788 (2019) 288-294  

EW phase transition can be 
Extended to phase transition at 
different energy scale



➢EW first-order phase transition has abundant 
collider and cosmological effects in 
baryogenesis, dark matter, GW… 

➢The correlation between GW and collider signals at 
CEPC can make a double test on the Higgs nature, 
baryogenesis, dark matter and the cosmic evolution 
history at 100 GeV. 

➢More precise study are needed, such as reliable daisy 
resummation scheme, non-perturbative calculations, 
bubble dynamics, GW spectra for ultra-supercooling…

Summary and outlook

Thanks for your attention


