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1. Naturally safe from EDM and LHC constraints

2. New experimental searches for the evidence of EWBG?
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Electric Dipole Moment (EDM)
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Electric Dipole Moment (EDM)

Measure of the overall electric charge polarity  

For the elementary fermion, nonzero ��: EDM

Under C,P,T transformation 
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Electric Dipole Moment (EDM)

Measure of the overall electric charge polarity  

For the elementary fermion, nonzero ��: EDM

Under C,P,T transformation 
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Existence of permanent EDM: 

Evidence of breaking of CP symmetry



EDM and baryon asymmetry

SM contribution to the EDM 

New physics contribution relevant for EWBG. 

Estimating baryon asymmetry (if the CPV effect during BG is the same as that of zero temp.)  

Khriplovich, Pospelov 1991

Khriplovich 1986, Czarnecki, Krause 1997
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EDM and baryon asymmetry

It is the right time to think the implication of eEDM for electroweak baryogenesis

EDM of some new physics models

thorium monoxide: electrons inside the molecule feel exceptionally strong electric fields: 

ℰ-.. ≃ 78 GeV/cm

ACME II 
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ALP intro (1)

ALP, qErG, is the scalar field in effective theories well below the scale � :   

1)  The SM singlet, and compact with a period: 2O�

t q � t[q 4 2Oℕ�]
q

�



ALP intro (2)

ALP, qErG, is the scalar field in effective theories well below the scale � :  

2) Approximate continuous shifty symmetry ( 1 ]x
(q → q 4 2O�z, where z ∈ ℝ) 

The potentials and interactions to explicitly break shift symmetry are generated at a scale (}) 

much lower than � (} ≪ �). All interactions between ALP and matters can be 

given by the combination of q
� 

T q

q

�



ALP intro (3)

E.g.) considering the hidden non-abelian gauge group ��, the axion-gauge field interactions 

can be generated if ( 1 ]x is anomalous under the t( 2 �, and ��. 

Δℒ� � 1
16O�

q
�  d�Tr �23�� 23 4 d��Tr �23�F23  

For the particle contents of hidden sector, � 4 ��, � 4 �0, with following charges

Then the allowed Lagrangian density is 

�� can be confined at Λ�, with the following hierarchy  J� ≪ Λ� ≪ J�. Integrating out � 4
�0 gives

5

Confinement gives chiral symmetry breaking ��� � Λ�� I���. Due to the chiral anomaly, ��
becomes heavy and get a mass of �EΛ�G. Integrating out �� gives �� → q/�. Finally, 

Particle contents � 4 �� � 4 �0
�� E8, 80G E8, 80G

t( 2 � � ( 1 � ��, �� �
�, ���

Δℒ�-.. � ) J���� 4 ℎ. �. ) ����0
J�

��� 4 ℎ. �.  � �

Δℒ� � J���0 ) J���� 4  ������ 4 ��0��0�� 4 ℎ. �. 

Δℒ-.. � d�
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q
� Tr �23�� 23 ) |J�Λ�� | cos q

�  ) ����0Λ��
J�

cos q
� 4 L � � L � arg ����0
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Axionic extension of the Higgs potential

A scalar potential is constructed by the Higgs and the angular field, g r ≡ qErG/�
T �, q � }��|�|� 4 �|�|Q 4 }�� cos g 4 L |�|� ) ΛQ cos g .

Considering an expansion in terms of q/�,

T ℎ, q � 1
2 }� 4 ��

}�
� q 4 ��

}�
�� q� 4 ��

}�
�� q� 4 ⋯ ℎ� 4 �

4 ℎQ

                                  4 ΛQ
2�� q�  ) ΛQ

24�Q qQ 4 ΛQ
720�� q� 4 ⋯ .

The couplings between ALP and the Higgs are suppressed for JK ≪ �.

Tadpole, cubics and higher dimensional operators can be systematically introduced without 

worrying about stability of the scalar potential even if we consider Δq � �E�G during phase 

transition. 



Schematic description of the potential

The scalar potential can be written as  T ℎ, g � TF g 4 �
� J� g ℎ� 4 �

Q ℎQ.

q

ℎ
J� g j 0 J� g   0

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

¡bT � 0
¡bT � ¡¢T � 0



Schematic description of EWPT

The scalar potential can be written as  Ti ℎ, g � TF g 4 �
� EJ� g 4 �A�Gℎ� 4 �

Q ℎQ

q

ℎ

at AP j A

J� g 4 �A� j 0 J� g 4 � A�   0



Schematic description of EWPT

q

ℎ

as A decreses



Nucleation/thermal tunneling

For usual EWBGs (Δℎ ~ JKG, the phase transition happens just after  AP , i.e. A9 ≃ AP .  

Bubble nucleation rate with the Euclidean

action t� for an O(3)-symmetric critical bubble 

Typically in those cases, 

at A � AP at A � A9

130

ℎ ℎ 

A9  ≃ AP

t�
A

Γ¥¦§ A9 /�� � � AQ/�� I
¨©i ≃ �EA9G

1 ) A9
AP

ª �E0.01 ) 0.1G



Nucleation/thermal tunneling

As  � ≫ JK, t� increases as t� ∝ �� , so phase transition is delayed. 

where ­ � �/� with e.o.m.

For a large f, the Higgs trajectory is nearly following ¡bT ® 0 and its effect on t� negligible.  

q � �g 
Δq ~ �

t� � � ��r⃗ 1
2 E¯ℎG�4 1
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Nucleation/thermal tunneling

As increasing � ≫ JK ,  t� increases as �� , so phase transition is delayed, 

q � �g 
Δq ~ �

until the barrier is quite lowered (bubble wall is disappear at A�.
A9 is lower than AP )could be stronger first order phase transition 

Still, very different from the second order phase transition



Conditions for baryogenesis

As the bubble expands, the scalar fields (q, ℎ) will settle down at the potential minimum 

values : (qEAG, ZEAG) within time scales

Δ± ∼ 1
J²

∼ �
JK�

≪ 1
� A

Bubble profile 

just after tunneling

ZEA9G

Still, very different from second order phase transition

Z A9
A9

  1 



Bubble wall width

For large � ≫ JK,  

ℎ 200GeV0

0

600GeV

0

12TeV 200GeV0

q

q

ℎ

� � 1TeV
�f ≃ 10/A9

� � 20TeV
�f ≃ 80/A9

A9 � 58GeV

A9 � 57GeV

�K ∼ 1
J²

∼ 1
A9

�
JK

� ≲ � 10 ) 100  TeV : non-local gen.
� ≳ �E10 ) 100G TeV : local gen.



Time scales for bubble expansion

After a first bubble is formed, bubbles are continuously produced and expand. They 

percolate and fill the Universe.  Using the fraction of symmetric phase, �M¶E±G

for a Euclidean action expanded as t�/A � t� ±� /A ) z ± ) ±� 4 � ± ) ±� �  where  

z/� � �Et�/AG/� ln A ≃ 130/E1 ) A�/A9G.

�M¶ ±� ® 1 

E�·¦¸¸¹º �� � 1G

�M¶ ±» ® 0.99 �M¶ ±] ® 0.7 �M¶ ±½ ® 0.01 

±» ) ±� ≃ z
� ln z/� �¾»
8OZf�

±½ ) ±» ≃ 6z
�

z ≪ J² → 10
�eV
1 ) A�/A9

≃ 10
�eV �
JK

¿
≪ J² ∼ JK�

�

[Megevand, Ramirez 16 ]



Sphaleron decoupling condition

After fixing parameters by the Higgs mas and the Higgs VEV from          (with }��   0, }�� j 0) 

the free parameters are                                                              

T ℎ, q � }��
2  ℎ� 4 �

4 ℎQ 4 }��
2 cos g 4 L  ℎ� ) ΛQ cos g

Λ, L, À � 2�� Λ�/E)}��G

Z A9
A9

    1



CP violation

CPV is provided by the field dependent electroweak theta-term: gK � q/�. 

During phase transition 

Δℎ ]i ∼ � JK ,  ΔgK ]i � Δq/� ∼ � 1

For the EDM contribution, it is always suppressed as Z/� � ≪ 1. 

However, ΔgK ∼ � 1 ≫ Z/� � Enhancing CPV effects

ΔgK

ℒ\]Á ∋ d�� 
16O�

q
� Tr �23 �� 23



For �   � 10 ) 100  TeV
Baryon asymmetry is nearly independent of � for � j �E10Ã GeVG due to efficient dampings

���
�± ≃ 3

2
ΓMabE±G

A
�gK

�±  ) 13
2

��
A� ) Ewash out due to residual oscillationG

Δg ∼ � 1 is possible because of fast rolling after creation of bubbles (J² ≫ �)

d�� gK
16O�  Tr �23 �� 231811.03294

��
� ≃ 27LK7

g∗
ΔgK e
ÆÇÈÉÊËÌÍ

��
-Î
� ∼ gÏK

 d∗A9
∼ J²

d∗A9
∼ 10
�� 10���IT

�

±/J²

��

q/�

ΔgK



For �   � 10 ) 100  TeV
Baryon asymmetry is nearly independent of � for � j �E10Ã GeVG

Totally safe from EDM and LHC constraints! 



ALP searches

There is the interesting allowed window for � ∼ 10� ) 10Ã GeV (J² ∼ 5 ) 100 MeV) 

^ � axion-Higgs mixing ∝ 1/� 



ALP searches

There is the interesting allowed window for � ∼ 10� ) 10Ã GeV (J² ∼ 5 ) 100 MeV) 

^ � axion-Higgs mixing ∝ 1/� 

SN1987 
bound
revised by 
Chang, Essig, 
McDermott 1803.00993
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Cosmic magnetic fields 

There are some indirect evidence/constraints on the cosmic scale magnetic fields 

(coherence length: sub pc ~ kpc) 

From Kohei Kamada’s slide
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Cosmic magnetic fields 

There are some indirect evidence/constraints on the cosmic scale magnetic fields 

(coherence length: sub pc ~ kpc) 

Intergalactic magnetic fields can change the spectrum of gamma-ray we observe 
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Baryon asymmetry from helical magnetic fields 

If the magnetic fields are generated before the electroweak phase transition, it will be that of 

the hypercharge magnetic field. Then it can be related with baryon asymmetry through 

Taking a gauge Ñ� � 0, Ñ� � Ò,  �� À�ÓÔÑ�Ô � Ñ�,  Ñ�� � "�,  then Ñ23ÑF23 � )4 "� ⋅ Ñ�. 

At the early Universe, the helical gauge fields can be generated through the scalar field 

dynamics such as Affleck-Dine mechanism 

The dramatic change of the helicity of the hypercharge magnetic field (Õ�) happens during 

EWPT, because of nonzero Weinberg angle (gf), which yields the baryon asymmetry without 

need of strong first order phase transition  

¡2Ö�
2 � ¡2Ö�

2 � �.
32O� 2d�Tr[�23�� 23] ) d°� Ñ23ÑF23

Õ� � ���r⃗ Ò ⋅ Ñ�
�

�
� T � ��×

2O �  E|ÒÔØ|� ) |ÒÔ�|�G
�

�
,  

���
�± � ) �.d°�

16O�
1
T

�Õ�
�± � )2 ���r⃗ "� ⋅ Ñ�

�

�

K.Kamada, CSS 1905.06966

��
� ≃ 10
�� sin 2gf

�gf
�lnA i≃��7ÙºÚ

�cK
10��IT
�

ÑcK
10
��IT�

�

Kamada, Long 1606.08891
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Gravitational waves from strong 1st order PT

Production of bubbles and collision, and subsequent motion of plasma generate large 

anisotropy of the energy momentum tensor. Gravitational waves are generated with

Late time transition gives a lower peak frequency.

The energy density of GW is determined by the energy fraction of the Universe for the bubble 

walls and shock waves when they collide. 

- The super-cooled Universe gives lower frequency and larger GW energy. 

�M¶ ±� ® 1 

E�·¦¸¸¹º �� � 1G

�M¶ ±» ® 0.99 �M¶ ±] ® 0.7 �M¶ ±½ ® 0.01 

±» ) ±� ≃ z
� ln z/� �¾»
8OZf�

±½ ) ±» ≃ 6z
�

�Ûf ÜºÝÞ ∼ z
� � A∗

A�
A∗

∼ z
�

A∗
ß]à



Gravitational waves from strong 1st order PT

Example in singlet extension 

1st order phase transition in super-cooled Universe generically predicts ZK ∼ �, which makes 

difficult to generate baryon asymmetry through CP-violating force from bubble walls.  

The Universe will be reheated through the collision of the bubble walls/plasma. Around the 

collision time,  there can be local restoration of the electroweak symmetry. The stage of 

preheating: a kind of cold baryogenesis can happen.

Beniwal, Lewicki, White, Williams 1810.02380



Gravitational waves from strong 1st order PT

Example in singlet extension 

1st order phase transition in super-cooled Universe generically predicts ZK ∼ �, which makes 

difficult to generate baryon asymmetry through CP-violating force from bubble walls.  

The Universe will be reheated through the collision of the bubble walls/plasma. Around the 

collision time,  there can be local restoration of the electroweak symmetry. The stage of 

preheating: a kind of cold baryogenesis can happen.

However, calculating the baryon asymmetry is quite difficult. 

Beniwal, Lewicki, White, Williams 1810.02380

Konstandin Servant, 1104.4793



Summary 

Electroweak baryogenesis is the natural idea to obtain the baryon asymmetry of the 

Universe. Especially its strong prediction at low energy experiments makes it very attractive. 

So far, there is no clear evidence, and recent measurement of the electron EDM provides 

strong implication for the EWBG. We can think more interesting ideas to provide observable 

EDM in the future experiments or we can try the orthogonal direction more seriously, in 

which the new observables are presented. 

The interesting connections with ALP searches, large scale helical magnetic fields, and the 

strong gravitational wave signals can be studied. New experiments and observations will 

eventually guide us to the correct direction for baryogenesis. 


