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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).

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 !

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  

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.

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

LISA

BBO

σ(SZ)=13.6 fb
for mS = 115
GeV@CEPC

σ(SZ)=7.9 fb
for mS=135 GeV

U-DECIGO

10-4 0.001 0.010 0.100 1
10-18

10-17

10-16

10-15

10-14

f[Hz]

h2
Ω
G
W

f [Hz]

h
2
�

G
W

�
(
S
Z
)
=

7
.9

fb
at

C
E
P
C

for
m

S
=

135
G

eV

�
(
S
Z
)
=

13
.6

fb
at

C
E
P
C

for
m

S
=

115
G

eV

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.  

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

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

strengths. We apply cross section upper limits on relevant
channels from these collider searches as included in the
package HIGGSBOUNDS-5 [82–85]. Besides, we use the
framework implemented in HIGGSSIGNALS-2 [86] to per-
form a Higgs data fitting. Experimental data from 7þ
8 TeV ATLAS and CMS combined Higgs measurements
[87] and two 13 TeV Higgs measurements with a higher
precision [88,89] are included in the fit. The Higgs signal
strength is required to lie within 2σ C.L. of the measured
central value. Limits from Higgs data and direct searches
are shown in Fig. 3. Reading from the figure, the m S region
near 125 GeV is excluded due to the reduced Higgs signal
strength through strong mixing between H and S, while in
the region with moderate mixing, i.e., the regions away

from 125 GeV, limits are mainly from direct resonance
searches. Among them, the most sensitive search channels
are the diphoton [90] and four-lepton [91] final states.
Figure 3 also shows that the limits from the colliders are
much stronger than EDM in our scenario.

C. Collider signals in the future

There are several channels in our model that may
produce observable signals at the high luminosity LHC,
for example, pp→S→ jj, pp→S→ γγ, pp→S→ZZ"→
lþl−lþl−, and pp → SH. The light dijet resonance search
suffers from a huge QCD background [92] and remains
difficult even at a future LHC run. Due to much less
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FIG. 3. Current exclusion limit and future search sensitivity projected on Λ versus m S plane. In both plots, regions between black

dashed lines are forbidden by mass mixing term Δm 2
HS ¼ a 3m 4

t
2π2Λv; 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 σðHZÞ

σSMðHZÞ with purple dash dotted contour lines. In the plot, we set a ¼ b ¼ 1 and κ ¼ 2.
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FIG. 2. Left: Main branching ratios and total decay width of S with different m S. In this plot, we set a, b, and Λ as 1, 1, and 1 TeV,

respectively. The mass gap around 125 GeV comes from the S −H mixing term Δm 2
HS ¼ a 3m 4

t
2π2Λv. The S −H mixing term changes the S

property hugely when m S is close to m H . Right: S −H field mixing versus m S plot. Maximal mixing is obtained when m S is approaching
the boundary of the mass gap.
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First, we study 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  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. 
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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].
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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
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Secondly, we study a renormalizable model to achieve 
dynamical CP violation for the successful EW baryogenesis 
(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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= Ēiiγ
µ∂µEi − etW Ēiγ
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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)

2

ṽb(0.2) < vb(0.5) < cs(
p
3/3)


