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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].
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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



Sufficient CP-violation for baryogenesis v.s. 
electric dipole moment (EDM) measurement

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| < 8.7 × 10−29 cm · e at 90% C.L. , has ruled out a large 
portion of the CP violation parameter space for many baryogenesis models. 



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 . 
For example, the CP-violating Yukawa can evolves from a sufficiently large value 
in the early universe to a loop-suppressed small value at current time, by 
assuming it depends on a dynamical  scalar field, i.e. the two step phase transition 
process can make the CP violating Yukawa coupling transit from a large value to 
zero at tree level.

Large enough  
CP-violating source 
in the early universe 

for successful  
EW baryogenesis 

Negligible   
CP-violating source 

at current time 
to avoid strong EDM  

constraintsDynamical/cosmological evolve， 
See Prof. Servant’s talk tomorrow 

alleviate by assuming the CP-violating source  
is field 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 take the following case 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 which avoids the strong EDM 
constraints,  and produces abundant collider phenomenology at the LHC 
and future lepton colliders, such as CEPC, ILC, FCC-ee. 
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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.
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Phase transition history in the early universe
To study the phase transition dynamics, we write the effective potential as a 
function of spatially homogeneous background scalar fields 

example, the singlet and the dimension-five operator can come from composite Higgs models

such as SO(6) ⇥ U(1)0/SO(5) ⇥ U(1)0, SO(5) ⇥ U(1)S ⇥ U(1)0/SO(5) ⇥ U(1)0, or SO(6) !

SO(5) [52, 53].

III. PHASE TRANSITION DYNAMICS

In this section we discuss the phase transition dynamics, which provides the necessary

conditions for EW baryogenesis and produces detectable GWs during a SFOPT. To study

phase transition dynamics, we use the the methods in Refs. [54–56] and write the e↵ective

potential as a function of spatially homogeneous background scalar fields, i.e., S(x) ! �(x)

and �(x) ! 1p
2
(0, H(x))T . Thus, the full finite-temperature e↵ective potential up to the

one-loop level can be written as

Ve↵(H, �, T ) = Vtree(H, �) +�V T 6=0
1 (H, �, T ) + V T=0

1 (H, �) , (3)

where Vtree(H, �) is the tree-level potential at zero temperature as defined below in Eq.(4),

�V T 6=0
1 (H, �, T ) is the one-loop thermal corrections including the daisy resummation, and

V T=0
1 (H, �) is the Coleman-Weinberg potential at zero temperature.

The tree-level potential at zero temperature in Eq. (3) is

Vtree(H, �) = �1

2
µ2
SM

H2 � 1

2
µ2�2 +

1

4
�SMH4 +

1

4
��4 +

1

4
H2�2. (4)

We can see that there are four distinct extremal points4, and requiring only two global

minima at V (µSM/
p
�SM , 0) and V (0, µ/

p
�) leads to the relation  > 2

p
��SM . When

µ
4
SM

�SM

= µ
4

�
, the two minima at tree level degenerate, and if

µ
4
SM

�SM

> µ
4

�
, V ( µSMp

�SM

, 0) becomes

the only global minimum. The SFOPT can be realized easily since the potential barrier

height appears at tree level and is not suppressed by loops or thermal factors. Based on

these properties, it is convenient to parameterize � and µ2 as

� = (


2�SM

)2�SM(1 + ��), µ2 = µ2
SM



2�SM

(1 + �µ2). (5)

4 Actually, there are nine extremal points. However, we do not consider the negative H or � in this work.
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After we obtain the nucleation rate, the parameter �̃ can be defined as

�̃ = TN

d

dT

✓
S3(T )

T

◆ �����
T=TN

. (11)

Another important quantity ↵ parametrizes the ratio between the false-vacuum energy den-

sity "(T
N
) and the thermal energy density ⇢rad(TN

) in the symmetric phase at the nucleation

temperature TN . It is defined as

↵ =
"(TN)

⇢rad(TN)
, (12)

where the radiation energy density is given by ⇢rad(T ) = (⇡2/30)g⇤(T )T
4 with g⇤ being the

relativistic degrees of freedom in the thermal plasma. And "(T ) is defined as

"(T ) = �Ve↵('B(T ), T ) + T
@Ve↵('B(T ), T )

@T
, (13)

where 'B(T ) is the VEV of the broken phase minimum at temperature T .

To calculate the parameters ↵ and �̃, it is necessary to determine the nucleation temper-

ature TN where the nucleation rate per Hubble volume per Hubble time reaches unity as

�/H4|T=TN
' 1, here H is the Hubble parameter. Thus the condition can be simplified as

S3(TN
)

T
N

= 4 ln(TN/100GeV) + 137. (14)

Using the method above, we are able to numerically calculate TN , ↵ and �̃. For the fol-

lowing discussion, we pick two benchmark sets which can produce two-step phase transition

and SFOPT, and the parameters ↵, �̃, mS, and TN are listed in Table II, Usually, a larger

↵ and smaller �̃ give stronger first-order phase transition and stronger GWs.

TABLE II: Benchmark points, which can give 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

9

After we obtain the nucleation rate, the parameter �̃ can be defined as

�̃ = TN

d

dT

✓
S3(T )

T

◆ �����
T=TN

. (11)

Another important quantity ↵ parametrizes the ratio between the false-vacuum energy den-

sity "(T
N
) and the thermal energy density ⇢rad(TN

) in the symmetric phase at the nucleation

temperature TN . It is defined as

↵ =
"(TN)

⇢rad(TN)
, (12)

where the radiation energy density is given by ⇢rad(T ) = (⇡2/30)g⇤(T )T
4 with g⇤ being the

relativistic degrees of freedom in the thermal plasma. And "(T ) is defined as

"(T ) = �Ve↵('B(T ), T ) + T
@Ve↵('B(T ), T )

@T
, (13)

where 'B(T ) is the VEV of the broken phase minimum at temperature T .

To calculate the parameters ↵ and �̃, it is necessary to determine the nucleation temper-

ature TN where the nucleation rate per Hubble volume per Hubble time reaches unity as

�/H4|T=TN
' 1, here H is the Hubble parameter. Thus the condition can be simplified as

S3(TN
)

T
N

= 4 ln(TN/100GeV) + 137. (14)

Using the method above, we are able to numerically calculate TN , ↵ and �̃. For the fol-

lowing discussion, we pick two benchmark sets which can produce two-step phase transition

and SFOPT, and the parameters ↵, �̃, mS, and TN are listed in Table II, Usually, a larger

↵ and smaller �̃ give stronger first-order phase transition and stronger GWs.

TABLE II: Benchmark points, which can give 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

9

qualitatively see the SFOPT-favored parameter region. Generally speaking, larger washout

parameter represents a stronger first-order phase transition. For the quantitative determina-

tion of the SFOPT, we need to calculate the nucleation temperature TN as discussed below.

Eventually, some typical parameter sets that give a two-step phase transition (the phase

transitions take place as (0, 0) ! (0, hSi) ! (h�i, 0) with the decreasing of the tempera-

ture, where SFOPT occurs during the second step) and produce a SFOPT are shown in

Table. I.

TABLE I: Some typical parameter points, which can give a two-step phase transition and SFOPT.

 �� �µ2 TN [GeV]

0.88 -0.21 -0.61 128.4

0.88 -0.21 -0.51 171.8

0.88 -0.21 -0.41 115.3

1.00 -0.21 -0.41 116.0

2.00 -0.21 -0.41 121.1

2.00 -0.21 -0.22 106.6

2.00 -0.21 -0.30 113.6

4.00 -0.21 -0.21 115.9

We now describe the methods used to obtain the values in Table. I. We first introduce two

important quantities ↵ and �̃, which can precisely describe the dynamical properties of the

phase transition [58]. The key quantity to obtain ↵ and �̃ is the bubble nucleation rate per

unit volume per unit time � = �0 exp[�SE], where SE(T ) = S3(T )/T is the Euclidean action

and �0 / T 4. And S3 is the three-dimensional Euclidean action, which can be expressed as

S3 =

Z
d3 r

(
1

2

✓
dH

dr

◆2

+
1

2

✓
d�

dr

◆2

+ Ve↵(H, �, T )

)
. (8)

To calculate the nucleation rate, we need to obtain the profiles of the two scalar fields.

Here, we need to deal with phase transition dynamics involving two fields using the method

in Refs. [59–61] by choosing a path ~'(t) = (H(t), �(t)) that connects the initial and final

vacuum. Then, we can get the bounce solution 'b by solving the following di↵erential bounce

equation

d2'
b

dr2
+

2

r

d'
b

dr
=

@Ve↵

@'
b

, (9)
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To calculate the nucleation rate, we need to obtain the profiles of the two scalar fields.

Here, we need to deal with phase transition dynamics involving two fields using the method

in Refs. [59–61] by choosing a path ~'(t) = (H(t), �(t)) that connects the initial and final

vacuum. Then, we can get the bounce solution 'b by solving the following di↵erential bounce
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with the boundary conditions

lim
r!1

'b = 0,
d'

b

dr

����
r=0

= 0. (10)

After we obtain the nucleation rate, the parameter �̃ can be defined as

�̃ = TN

d

dT

✓
S3(T )

T

◆ �����
T=TN

. (11)

Another important quantity ↵ parametrizes the ratio between the false-vacuum energy den-

sity "(T
N
) and the thermal energy density ⇢rad(TN

) in the symmetric phase at the nucleation

temperature TN . It is defined as

↵ =
"(TN)

⇢rad(TN)
, (12)

where the thermal energy density is given by ⇢rad(T ) = (⇡2/30)g⇤(T )T
4 with g⇤ being the

relativistic degrees of freedom in the thermal plasma. And "(T ) is defined as

"(T ) = �Ve↵('B(T ), T ) + T
@Ve↵('B(T ), T )

@T
, (13)

where 'B(T ) is the VEV of the broken phase minimum at temperature T .

To calculate the parameters ↵ and �̃, it is necessary to determine the nucleation temper-

ature TN where the nucleation rate per Hubble volume per Hubble time reaches unity as

�/H4|T=TN
' 1, where H is the Hubble parameter. Thus the condition can be simplified as

S3(TN
)

T
N

= 4 ln(TN/100GeV) + 137. (14)

Using the method above, we are able to numerically calculate TN , ↵, and �̃. For the

following discussion, we pick two benchmark sets which can produce a two-step phase tran-

sition and SFOPT, and the parameters ↵, �̃, mS, and TN are listed in Table II. Usually, a

larger ↵ and smaller �̃ give a stronger first-order phase transition and stronger GWs.
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 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

case (the bubble wall velocity vb is smaller than the sound velocity cs =
p
3/3 ⇠ 0.57 in the

plasma). Here, µBL
is the left-handed baryon chemical potential, �sph is the sphaleron rate,

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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We choose reasonably small relative velocity      ~ 0.2, which is favored 
by the EW baryogenesis to guarantee a sufficient diffusion process in 
front of the bubble wall, and large enough bubble wall velocity                
to produce stronger phase transition GW (Roughly speaking, for 
deflagration case, a larger bubble wall velocity      gives stronger GW) 

ṽb

vb

vb ⇠ 0.5

ṽb(0.2) < vb(0.5) < cs(
p
3/3)

• J. M. No, Phys. Rev. D 84, 124025 (2011) vb can be large for a SFOPT with a large washout parameter in the deflagration case.

From the roughly numerical estimation, we see that the observed BAU can be obtained

as long as ��/⇤ ⇠ 0.1 � 0.3, where �� is the change of � during the phase transition

and is determined by the phase transition dynamics. For the two benchmark sets given in

Table. II, the needed ⇤ should be around 1 TeV. Larger ⇤ gives smaller baryon density, and

smaller ⇤ produces an overdensity. The exact calculation of ⌘B would need improvements

from the nonperturbative dynamics of the phase transition and higher order calculations.

In the following, we discuss how to explore the parameters from the GWs, EDM data, and

collider data, which o↵er accurate constraints or predictions.

V. CONSTRAINTS AND PREDICTIONS IN PARTICLE PHYSICS EXPERI-

MENTS

After the SM Higgs obtains a VEV v at the end of the SFOPT, the SM Higgs doublet

field can be expanded around the VEV as �(x) ! 1p
2
(0, v +H(x))T . Thus, the interaction

between S and the top quark becomes

LStt = �
✓
mt

⇤
+

mtH

⇤v

◆
S (at̄t+ ibt̄�5t) . (16)

Top-quark loop-induced interactions between the scalar S and vector pairs are important

in our collider phenomenology study. In this work, mS, mH , and mS +mH are all assumed

smaller than 2mt, and mS > mH/2. So we can in most cases integrate out top-quark

loop e↵ects and use e↵ective couplings to approximately describe the interactions. Here we

use the covariant derivative expansion (CDE) approach [65–67] to calculate our e↵ective

Lagrangian. After straightforward calculations we obtain the relevant one-loop e↵ective

operators

L0
SV V

=
a↵S

12⇡⇤
SGa

µ⌫
Gaµ⌫ � b↵S

8⇡⇤
SGa

µ⌫
G̃aµ⌫ (17)

+
2a↵EW

9⇡⇤
SFµ⌫F

µ⌫ � b↵EW

3⇡⇤
SFµ⌫F̃

µ⌫ .

Detailed calculations can be referred in the Appendix.

Another e↵ect that needs to be considered here is the one-loop mixing e↵ect between the
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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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FIG. 5: Leading-order di↵erential cross section for the gg ! SH process, with  = 2, mS = 115
GeV, ⇤ = 1 TeV and

p
s = 14 TeV. The separate contributions from the diagrams are shown in

di↵erent color schemes. “tris”(magenta) represents the cross section considering only the first type
of diagrams as in Fig.4, “tri4”(red) represents the second, and “box”(green) represents the last.
The blue curve shows the cross section including the “tri4” and the “box” contributions. The black
curve is the total cross section including all diagrams and their interference, which is dominated
by the “tris”, or  term at a low energy scale, and by the dimension-five ⌘ term and interference
at a high energy scale.

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
2S

2(�†�) reduces

�(e+e� ! HZ) by a global rescaling factor:

Z = 1 +
2v2

32⇡2m2
H

0

@1 � 4m2
S

m2
H

1q
4m2

S

m
2
H

� 1
arctan

1q
4m2

S

m
2
H

� 1

1

A . (25)

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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�(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
2S

2(�†�) reduces

�(e+e� ! HZ) by a global rescaling factor:

Z = 1 +
2v2
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2
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2
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� 1

1

A . (25)

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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FIG. 6: Left: µµ recoil mass distribution for the SM background and signal, with ⇤ = 1 TeV
and mS = 115 GeV. Right: µµ recoil mass distribution for the SM background and signal, with
⇤ = 1 TeV and mS = 135 GeV. Vertical dotted black lines represent the mass window we choose.
Luminosity is taken at 5 ab

�1 following the CEPC report. The y axis represents the number of
events per bin, which is taken to be 0.25 GeV.

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
/s

(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
2S

2(�†�)

reduces �(e+e� ! HZ) by a global rescaling factor:

Z = 1 � 2v2
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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

17



100 105 110 115 120 125 130 135 140 145 150

1E-3

0.01

0.1

1

 

 

 bb
 ττ
 cc
 gg
 γγ
 WW
 ZZ

B
R

(S
→

X
X

)

mS(GeV)

100 105 110 115 120 125 130 135 140 145 150

1E-3

0.01

0.1

1  bb
 ττ
 cc
 gg
 γγ
 WW
 ZZ

B
R
(S
→
X
X
)

mS(GeV)

100 105 110 115 120 125 130 135 140 145 150
0.0

0.2

0.4

0.6

0.8

 

 

|s
in
θ|

mS(GeV)

|O
1
2
|

mS [GeV] mS [GeV]

B
ra

n
ch

in
g

ra
ti

os
of

S

|O
1
2
|

0.001

FIG. 2: Left: Main branching ratios and total decay width of S with di↵erent mS . In this plot we
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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 
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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.



➢Bubble collision: well-known source  from 
1983 

➢Turbulence in the plasma fluid: a fraction 
of the bubble wall energy  converted into turbulence. 

➢Sound wave in the plasma fluid: after 
the collision a fraction of bubble wall energy converted 
into motion of the fluid (and is only later dissipated). 
New mechanism of GW：sound wave  

      Mark Hindmarsh, et al., PRL 112, 041301 (2014); 

Mechanisms of GW during phase 
transition



 

Sound wave

Bubble   
collision

Turbulence



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
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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.  



By assuming a dynamical source of CP violation, the tension 
between sufficient CP violation for successful electroweak 
baryogenesis and strong constraints from current EDM 
measurements could be alleviated.  

We have studied how to explore such scenarios through 
gravitational wave in synergy with collider signals for a 
representative example. The correlation between GW and 
collider signals can make a double test. 

The dynamical CP-violation for baryogenesis from cosmological 
evolutions deserves further study: 
     1. A renormalizable model to achieve the EW baryogenesis with dynamical 
CP-violation is working in process with Eibun Senaha  by extending the Two Higgs 
doublet model. 

    2. Dynamical CP-violation from inflation is also under study. 

                               Thanks for your attention!

Summary and outlook


