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Electroweak baryogenesis (EWBG)

Baryon asymmetry of the Universe should be answered by physics beyond the SM. However, 

the Higgs still can play an important role for EWBG through electroweak phase transition 

(EWPT) in the early Universe 
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EWBG: Standard picture

Baryon asymmetry of the Universe should be answered by physics beyond the SM. However, 

the Higgs still can play an important role for EWBG through electroweak phase transition 

(EWPT) in the early Universe 
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EWBG: Standard picture
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EWBG: Standard picture
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fast decoupling of the sphaleron process 
as bubble sweep the space:   ΓBCD

�EF G 1 ∼ 
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� > 1  



Extension for first order phase transition

Most of extensions beyond the SM to realize strong 1st order EWPT needs strong couplings 

 (single field description)                                                                         (multi field description)
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[Chung, Long, Wang 12]
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EW phase transition



Effect of thermal plasma

In order to describe the evolution of the early Universe, we have to take into account the 

effect of thermal plasma. First of all, equilibrium dynamics can be described by energy M =
N�, entropy I = J�, and free energy O = P� = M − �I = N − �J �. 

They are related with the partition function, R = Tr(T;UVW ), as (PXY Z[ = 0)

(semiclassical) There are free (thermalized) particles with energy \] = ^_ � `[_
a

, its 

contribution to R is 

and contribution to the free energy density 

R� = b c exp(−e6]\])
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free energy density P(�, �)
If the mass of the particle depends on the Higgs value,  `[ → `[ � = s[�, free energy 

density gives the additional temperature dependent effective potential for the Higgs. 

free energy minimizing principle gives  
tu(�,v)

tv = 0 at � = � �
* In high temperature expansion, the coefficient of the cubic term, s�E, is only given by 

bosonic contribution (^ → 0, `[ � → 0)   

P(�, �) ≡ �� � = �= � �  ΔP = − 1
2 `_�_ � x

4 �z � radiative corrections
� c m nE^

2p E
a

a
−1 f{� ln 1 − −1 f{ exp −e ^_ � `[_(�)a

a

f|i<,f}i;< 

= − ~∗p_
90 �z � 1

2
s�_
12 � sj_

24 �_ − `_ �_ − s�E
12p � �E � x�uu �

4 �z � ⋯  for � ≫ s[�

= �= � − c �z s[�
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free energy density P(�, �)
If the mass of the particle depends on the Higgs value,  `[ → `[ � = s[�, free energy 

density gives the additional temperature dependent effective potential for the Higgs. 

free energy minimizing principle gives  
tu(�,v)

tv = 0 at � = � �
* In high temperature expansion, the coefficient of the cubic term, s�E, is only given by 

bosonic contribution (^ → 0, `[ � → 0). At � = ��, the new minimum is developed at

�f�� ��
��

≃ s�E 
6p x�uu ��

.
Then is the fermion contribution always useless for the first order phase transition? 

1) Radiative corrections : decreasing x�uu 2) Go beyond hight T expansion

P(�, �) ≡ �� � = �= � �  ΔP = − 1
2 `_�_ � x

4 �z � radiative corrections
� c m nE^
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Beyond high � expansion

For given mass (` = s�), ΔP� shows more rapid increasing/saturating behavior compared 

to that of ΔPj as � increases, whose effect can be captured by negative cubic term of �

s[�
�

�=(�)

ΔP[ = p_~∗[
90 �z~�,j

s[�
�   ~�,j 0 = −1,

 ~�,j 2 ≃ −0.5 � 0.03

P = �= � ΔP
ΔPjΔP�



Beyond high � expansion

If `u = s� → 2s� (strong coupling), because of the larger mass, as � increases, the 

thermal effect is decoupled faster than that for the case with the smaller mass: leads to the 

first order phase transition. 

s[�
�

�=(�)

ΔP[ = p_~∗[
90 �z~�,j

s[�
�  

ΔPj
 ~�,j 0 = −1,
 ~�,j 2 ≃ −0.5 � 0.03

ΔPj with 
larger mass

Carena, Megevand, Quiros, Wagner, hep-ph/0410352

ΔP�



Beyond high � expansion

Add fermions with `u = s� → |� − s�|, which gives additional large negative contribution 

around � ∼ �/s (mimic the cubic term): could lead to the first order phase transition. 

s[�
�

�=(�)

ΔP[ = p_~∗[
90 �z~�,j

|� − s�|
�  

ΔPj
 ~�,j 0 = −1,
 ~�,j 2 ≃ −0.5 � 0.03

ΔPj with 
`u = |� − s�|

ΔP�



Beyond high � expansion

Minimal Model for baryogenesis with only fermions 

baryogenesis 6�/J = 8.6 9 10;<<.  strong coupling is required: Λ � 1.1 TeV

Egana-Ugrinovic, 1707.02306

Δℒ = − 1
2 `����� − `��z��z − x��z F� − x���zF �� � ℎ. �. − F�F E

Λ_

��� = Arg(x�x�`�∗`�∗)
Mass mixing, and CPV source For Higgs stability 

|`�| = 360 GeV, `� = 360 GeV |x�| = 2, x� = 2.5

n� � 8.7 9 10;_ e cm

��� = −4 9 10;_

EW precision test



More correct treatment for strong couplings

Previous P is just a leading order contribution. Using path integral formalism 

For the Higgs field, taking F =  <
_a  =

v � ΔF(£, ¤⃗) 

periodicity: Φ £, ¤⃗ = � ∑ ¨ nE^ Φ©(^f, ^)a
a T[ (]ª«�]⋅­⃗)af∈ℤ

Strong couplings provide large thermal masses for loop fields (°�`_ ∼ s_�_), which make 

cubic terms for bosonic contribution regular around � ∼ 0. Including thermal masses, the 

expansion parameter (s_�/p`�uu(�)) becomes ±(s_/p_) for fermions, ±(s/p) for bosons. 

R = Tr T;UVW = c 6 T;UVW 6
a

f
= m ²Φ exp − m n£ nE¤⃗

U

=
 ℒ³ Φ(£, ¤⃗ )  

a

´ « i ;< ª{´(«�U)
ℒ³ Φ(£, ¤⃗ )
= −ℒ Φ µ, ¤⃗ ¶·→;[«

 P �, � = − �
� ln m ²Φ exp − m n£ nE¤⃗

U

=
 ℒ³ Φ(£, ¤⃗ , �)  

a

a

P �, � = �= � �  P= �, � � P< �, � � ⋯

ΔP 

^f � = 26p�
^f j = (26 � 1)p�

poles of 6�,j(\) = 1
TU³ � 1



More correct treatment for strong couplings

Example: Inert Higgs model ( Φ �i= = 0) Laine, Meyer, Nardini, 1702.07479

� F, Φ = Z< F _ � Z_ Φ _ � x< F z � x_ Φ z

�xE F _ Φ _ � xz FΦ _ � ¸¹
_ FΦ _ � ℎ. �.


º»¼½
2a ≡ R¾¿À F _

relevent for 
sphaleron rate 



Multi step Phase transition

Squark-Higgs system, Two Higgs doublet model, (complex) singlet extension…  

Here let us consider simple singlet extension. 

In order to avoid large mixing between Higgs and the singlet e.g.  

R_ symmetry for the singlet sector is introduced. I

ℎ

xI F _ ∈ � F, S

� F, S = −Z_ F _ � x F z � 1
2 `=_I_ � Â

4 Iz � Ã F _I_

Kurup, Perelstein, 1704.03381

2nd order

strong 1st  
for I

Â > 10

6X µℎTY`ÄÅ 
+� 

ÆÆ, Ç:  strong 1st order \�+�

might be too conservative. . 



Quenching? 

Sudden change of the Higgs potential after inflation : super-cooling, and low reheating temp.   

At the top of the potential, there is the exponential growth of soft Higgs modes via 

parametric resonances and or tachyonic transition:

(preheating stage: strong out-of-equilibrium) 

large inhomogeneity: defects are generated,

which could be relevant for baryogenesis

: Cold baryogenesis

borrowed from 1802.00444

Amin, Fan, Lozanov, Reece

�ℎÈ (µ, ^) � (^_−`_ � 3x�_ � ~_ÉÊËÌ_ (µ))�(µ, ^)=0

Garcia-Bellido, Grigoriev, Kusenko, Shaposhinikov, hep-ph/9902449



Strong first order PT with only weak couplings

There is the way to obtain strong first order phase transition with only weak couplings 

between the Higgs and new fields in a controllable way! 

Considering the singlet (the axion-like field, a) whose interaction is suppressed by P ≫  `Í . 

In general, it can be represented as 

where Î ≡ Ä/P.

At � ≪ P, the thermal contribution of the axion loop is suppressed by the power of  (�/P). 

Dominant contribution is coming from the coupling of the Higgs and SM particles. 

� F, Ä = Λz 1 − cos Ä
P � `<_ � `__ cos Ä

P � Ð |F|_ � x F z 

Jeong, Jung, CSS 1806.02591

� ℎ, Î = �Ñ (Î) � 1
2 `_ Î ℎ_ � x

4 ℎz



Schematic description of the potential

The scalar potential can be written as  � ℎ, Î = �Ñ Î � <
_ `_ Î ℎ_ � ¸

z ℎz.

Î = Ä
P

ℎ
`_ Î G 0 `_ Î > 0

The potential is bounded from below due to the periodicity of the axion dependence

ÒD� = 0
ÒD� = ÒÓ� = 0



Schematic description of EWPT

The scalar potential can be written as  �� ℎ, Î = �Ñ Î � <
_ (`_ Î � ��_)ℎ_ � ¸

z ℎz
for a large value of P (� � `Í ≪ P), since the axion is not thermalized.

Î = Ä
P

ℎ

at 0 G � G ��

`_ Î � ��_ G 0 `_ Î � � �_ > 0

ÒD�� = ÒÓ�� = 0

ÒD�� = ÒÓ�� = 0



Schematic description of EWPT

The scalar potential can be written as  �� ℎ, Î = �Ñ Î � <
_ (`_ Î � ��_)ℎ_ � ¸

z ℎz

Î = Ä
P

ℎ

at �� G �

`_ Î � ��_ G 0 `_ Î � � �_ > 0



Schematic description of EWPT

Î = Ä
P

ℎ

first order phase transition happens INDEPENDENTLY from a value of P if it is large enough

as � decreses



Local & nonlocal generation of asymmetry



generation of baryon asymmetry

As the Higgs changes its expectation value during phase transition  � µ, ¤⃗ = 0 → 
 � , 

baryogenesis will be triggered by CP-violating interactions. Effectively we can write them as   

For constant Îs, we can always rotate them away: no physical effects during phase transition, 

or very suppressed even if we introduce several flavors. 

For ÎÔ(µ, ¤⃗) � 0, the CP asymmetry is generated during phase transition. Most of baryon 

asymmetry can be generated simultaneously at the same position (locally) or at different 

position (non-locally)

Δℒ��Õ = ~_
16p_ ÎÍ � Tr � �© � sÖ� ×� exp(Ø�ÙÎÚ � )  × � ⋯
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Non-local generation of baryon asymmetry 

Assuming first order phase transition with bubble formation with following CPV term,

Δℒ��Õ = sÖ� ×� exp(Ø�ÙÎÚ � ) ×
With �� > 1/�, in the wall rest frame: `Ú = sÖ � Û T�[ÓÜ(Ý) , there is the flux from 

symmetric phase to broken phase. Then the semi-classical CPV force is given by 

OÚ − OÚÞ ≃ `Ú
_ÎÚß

ß

2\=\=Ý
− ÎÚß `Ú

_ `Ú
_ ß

4\=E\=Ý

�


��� ≪ ²àÊÌÌ ≃ 100/�f
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Non-local generation of baryon asymmetry 


��� ≪ ²àÊÌÌ ≃ 100/�f

Around the bubble wall, diffusion happens through thermal interaction    

chemical potential

Induced by diffusion

n6�
nµ � 3F6� = 3

2
ΓBCD(sym)

� Z�(sym) − 15
2

6�
�_
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Non-local generation of baryon asymmetry 


��� ≪ ²àÊÌÌ ≃ 100/�f

Around the bubble wall, diffusion happens through thermal interaction    

chemical potential

Induced by diffusion

n6�
nµ � 3F6� = 3

2
ΓBCD(sym)

� Z�(sym) − 15
2

6�
�_

From G. Servant

The Serendipity of Electroweak Baryogenesis
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Local generation of baryon asymmetry 

If the wall width is very large, adiabatically generated inside the bubble wall by Higgs 

dependent chemical potential

non-zero chemical potential 

inside a bubble wall  


��� ≫ ²àÊÌÌ ≃ 100/�f

n6�
nµ � 3F6� = 3

2
ΓBCD(�)

� Z�uu( �) − 15
2

6�
�_



Local generation of baryon asymmetry

Δℒ��Õ = ~_
16p_ ÎÍ � Tr � �© � sÖ� ×� exp(Ø�ÙÎÚ � )  × � ⋯

time

� µ, ¤⃗
ÎÔ µ, ¤⃗ΓBCD µ /�EF



Local generation of baryon asymmetry  

Δℒ��Õ = ~_
16p_ ÎÍ � Tr � �© � sÖ� ×� exp(Ø�ÙÎÚ � )  × � ⋯

time

� µ, ¤⃗
ÎÔ µ, ¤⃗ΓBCD µ /�EF

baryon asymmetry is 

generated and frozon



Local generation of baryon asymmetry  

Example 

effective chemical potential for the CS number:  gives the bias for the change of ���

Including the wash-out effects, 

Note that it does not require the bubble formation. However if it is 2nd order pT or cross-over, 

ÎÔÍ ∼ F, therefore 

The fast transition is still required.

Δℒ��Õ = ~_
16p_ ÎÍ � Tr � �© ≃ −ÎÔÍ â��= (¤)

1
�

n���
nµ ��Õ

= Ò¾â��
¾

� ≃ Tr T;UVÒ¾â��
¾

TrãT;UVä ≃ ÎÔÍ
2� ΓBCD F ≃ F= � mnE¤⃗

a

a
ÎÍ
4p_ TrãΠæ ⋅ �ä 

n6�
nµ � 3F6� ≃ 3

2
ΓBCD

� ÎÔÍ − 15
2 �<

6�
�_  n(6�/67)

nµ ≃ 45�<
4

ΓBCD
�E

ÎÔÍ
�_� − 6�

67
 

6�
67

� 6�
67 �Ö

= ÎÔÍ
�_� ���

∼ F(�³Í)
�³Í

∼ �³Í
��ç

= ± 10;<Ù ≪ 6 9 10;<=



Minimal example 

Within the SM field contents. Introducing high dimensional operators to give 

Δℒ��Õ = ~_
16p_ ÎÍ � Tr � �© � sÖ� ×� exp(Ø�ÙÎÚ � )  × � ⋯

de Vries, Postma, van de Vis, White  1710.04061

ℒ�uu = ℒ�è − F é
Λ_ � Ø F _

Λ��_  s·ê�Fµ� � ℎ. �. XY ØÐ
Λ��_ ê�²_F µ� �  ℎ. �. 

for CPV source (scenario A or B)

related by classical e.o.m

for 1st order pT: Λ ≃ 800GeV

Difficult to use effective theory description
Difficult to achieve a correct baryon abundance



Short summary 

First order phase transition (or sudden change of Higgs expectation value at give space)

is usually required to generate the sizable asymmetry. 

In simple set-ups, they generally require strong couplings with the Higgs, which predict 

observable consequences. However, so far there is no hint from EDM and LHC. Such models 

are strongly constrained.  

On one hand, first order phase transition can be realized with only weak couplings, which 

can lead to new possibility for baryogenesis and detectability.  


