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The sphaleron process should be decoupled in the broken phase.

→ strong 1st order EW phase transition h'i 6= 0

h'i = 0
❖ Electroweak Baryogenesis
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mh ' 125 GeV  → crossover

✤ SM :  1st order PT gives an upper limit on     

❖ A first order phase transition is characterized by the nucleation of bubbles 
of the broken phase.



Electroweak phase transition
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❖ Strong 1st order PT :

❖ High temperature expansion :

✤ The condition for the strong 1st order PT :

✤ Two degenerate minima : 
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The magnitude of E is crucial for the strong 1st order PT.

There is a sufficiently high and wide potential barrier 
separating the two degenerate vacua at T=Tc.

Tunneling
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Electroweak phase transition
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One-loop thermal potential :
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Boson-loop:

m : field dependent mass

❖  The cubic term arises from the bosonic thermal corrections.
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Electroweak phase transition
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SM :

❖  The cubic term arises from the bosonic thermal corrections.
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→  large E 

❖ The “non-decoupling effects” is important.

Non-decoupling effect is required.

field dependent mass :
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3 loop radiative seesaw model
MA, Kanemura, Seto, PRL(2009) 

MA, K. Enomoto , S. Kanemura,  Phys.Rev.D 107 (2023) 11



Radiative seesaw model
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Neutrino masses would be explained by the TeV-scale physics.

N-loop:

⇒ Due to the loop suppression factor,  Λ can be lower. 

Neutrino masses are generated via the radiative effect. 

νLνL

φ φ
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3-loop radiative seesaw model
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α=1, 2
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3-loop radiative seesaw model
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Z2 even
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Z2 odd
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❖ The tree-level potential :

(softly broken) Z2 symmetry :
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Two Higgs Doublet Model 
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    h       CP-even neutral (SM-like Higgs boson) 
    H      CP-even neutral 
    A      CP-odd neutral 
    H±       Charged                   

Mass matrices can be diagonalized by the mixing angles α and β.

tan� =
v2

v1

❖ Mass eigenstate 

❖ Parameters in the Higgs potential

→
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❖ Scalar masses: 
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❖ Yukawa interactions
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→ Flavor Changing Neutral Current

In general, the Yukawa couplings are not simultaneously 
diagonalized by the same biunitary transformation. 

-  introduce a Z2 symmetry
-  

❖ Avoid FCNC,   

 can be simultaneously diagonalized. 

✔

(Yukawa alignment)
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❖ Four types of Yukawa interactions

Type II, Type Y :  b→s γ 
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Neutrino mass matrix is related to the data by  
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Possible values turn out to be   

Type-X Yukawa interaction 
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Electroweak Phase Transition
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❖ Higgs self-coupling

Deviations in the hhh coupling  
from the SM values
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MA, K. Enomoto , S. Kanemura,  Phys.Rev.D 107 (2023) 

3-loop radiative seesaw model (2023)



EDM constraints

18

ACME (2018)electron EDM :
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❖ The EDM measurements put severe constraints on the CPV source.
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α=1, 2, 3
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❖ Higgs potential
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The stationary condition of the vacuum 
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Four independent CP-violating phases:
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H1 is the SM-like Higgs boson at the tree level.

→ Higgs alignment

❖ Higgs alignment
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✤  quarks and charged leptons

-  introduce a Z2 symmetry
-  Yukawa alignment✔

We assume the flavor universality for quarks.
SM Yukawa
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✤  right-handed neutrino
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❖ Yukawa interactions
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❖ Electric Dipole Moment

eEDM can be small by destructive interference. 

1

1
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✤ Parameters in the Higgs potential

✤ Parameters in the Yukawa interaction
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overproduced 
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- Destructive interference 

- CPV vacuum at intermediate stage 

       :

❖  Ideas to make the EWBG successful :
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strongly 1st order
Baryogenesis

CP-violating 2HDM
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❖ The one-loop corrected effective potential at the finite temperature :
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The tree-level scalar potential :

The Coleman-Weinberg potential :
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→

❖ Parameters in the Higgs potential
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- Electroweak precision data

- Flavor experiments 

- Higgs couplings strength  
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- Stability



Multistep Phase Transition

32

MA, Komatsu, Shibuya, PTEP (2022)

EW vacuum
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Exotic intermediate phases?

such as charge-breaking ones 

MA, Biermann, Borschensky, Ivanov, Mühlleitner, Shibuya  [2308.04141]  



CP-conserving 2HDM with softly broken Z2 symmetry
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❖ charge-breaking (CB) vacuum:

❖ Potential:
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