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What we don’t know

- There remains a mystery in the visible sector as well.

[Planck Collaboration]
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- Energy budget of the Universe
Normal Matter

4.9%

Dark Matter
26.8%

Dark Energy
68.3%

Dark Energy
Dark Matter
Normal Matter

- 95% of the Universe is made of dark objects.

Where is antimatter?

What we don’t know

- There remains a mystery in the visible sector as well.

[Planck Collaboration]



Where is antimatter world?
[NASA] [NASA]

“Touching” experiments

We have touched 

the Moon, the Mars, 
Comets, etc. 

[NASA]

Rosetta space probe

Those are made of ordinary matter.
No annihilation!

How about faraway galaxies?



Where is antimatter world?

Cosmic ray experiments 

(AMS, PAMELA, BESS-Polar 
etc): search for antihelium, etc.

So far, no signal yet.
© Koichi FunakuboM33 galaxy  

Antimatter searches:

*anti-proton is secondary produced. 



Where is antimatter world?

Cosmic ray experiments 

(AMS, PAMELA, BESS-Polar 
etc): search for antihelium, etc.

So far, no signal yet.
© Koichi FunakuboM33 galaxy  

Antimatter searches:

*anti-proton is secondary produced. 

Cosmological difficulty: separation mechanism?
Separation between matter and antimatter at galaxy cluster 
scale (~1012M⊙) is causally impossible. 

[Steigman, Ann. Rev. Astron. Astrophys.14 (1976)]



Baryon Asymmetry of the Universe (BAU)

❒ If the BAU is generated before 

T≃O(1) MeV, the light element 
abundances (D,3He,4He,7Li) can be 
explained by the standard Big-Bang 
cosmology.

Baryogenesis = generate right η

❒ Our Universe is baryon-asymmetric.

nB = (number density of baryons

� number density of antibaryons)

24. Big-Bang nucleosynthesis 3

Figure 24.1: The primordial abundances of 4He, D, 3He, and 7Li as predicted
by the standard model of Big-Bang nucleosynthesis — the bands show the 95%
CL range [5]. Boxes indicate the observed light element abundances. The narrow
vertical band indicates the CMB measure of the cosmic baryon density, while the
wider band indicates the BBN D+4He concordance range (both at 95% CL).

predictions and thus in the key reaction cross sections. For example, it has been suggested
[31,32] that d(p, γ)3He measurements may suffer from systematic errors and be inferior to
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⌘BBN =
nB

n�
= (5.8� 6.6)⇥ 10�10,

⌘CMB =
nB

n�
= (6.09± 0.06)⇥ 10�10.



How do we create  
baryon asymmetry?



Sakharov’s conditions

To get the BAU from initially baryon symmetric Universe,

the following conditions must be satisfied. 

(1) Baryon number violation

(2) C and CP violation

(3) Out of equilibrium

© Nobel foundation

[Sakharov, JETP Lett. 5 (1967) 24]

N.B. (1) does not mean [B(t=0),H]=0 -> [B(t>0),H]≠0

      B is not conserved charge from the beginning.

　　(3) is exempted if CPT is broken.



Without Sakharov’s conditions

i~@⇢(t)
@t

= [H, ⇢(t)]

hOi(t) = Tr[⇢(t)O]

⇢(t) = e�
i
~Lt⇢0 L = L(H, ⇢0)

Expectation value of operator O (Schrodinger picture): 

Liouville eq.

Formal solution:

(1) If [B,H]=0 with B(t=0)=0, B(t>0)=0.

(2) Let’s consider if [C,H]=[CP,H]=0.

ρ: density operator
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hBi(t) = Tr[⇢(t)B] = Tr[⇢(t)BO�1O] = Tr[⇢(t)OBO�1]

= �Tr[⇢(t)B] = �hBi(t)
where we have used OBO�1

= �B for O = C and CP .

Suppose that  [C,H]=[P,H]=[T,H]=0,

C⇢(t)C�1 = ⇢(t), CP⇢(t)(CP )�1 = ⇢(t)

Without Sakharov’s conditions

T⇢(t)T�1 = e+
i
~Lt⇢0 6= ⇢(t)
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CPT⇢(t)(CPT )�1 6= ⇢(t)
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since
*T is anti-unitary operator

Thus

N.B.



Without Sakharov’s conditions

hBi = Tr[⇢eqB] = Tr[⇢eqB(CPT )�1(CPT )]

= Tr[⇢eq(CPT )B(CPT )�1] = �Tr[⇢eqB] = �hBi,

(3) If the system is in thermal equilibrium, 

Therefore, to avoid <B>=0,

⇢eq = e�H/T
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system has to be in out of equilibrium 

or [CPT,H]≠0.
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what scenarios 
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1. GUT baryogenesis. 2. GUT baryogenesis after preheating. 3. Baryogenesis from
primordial black holes. 4. String scale baryogenesis. 5. Affleck-Dine (AD) baryogenesis. 6.
Hybridized AD baryogenesis. 7. No-scale AD baryogenesis. 8. Single field baryogenesis. 9.
Electroweak (EW) baryogenesis. 10. Local EW baryogenesis. 11. Non-local EW baryogenesis.
12. EW baryogenesis at preheating. 13. SUSY EW baryogenesis. 14. String mediated EW
baryogenesis. 15. Baryogenesis via leptogenesis. 16. Inflationary baryogenesis. 17. Resonant
leptogenesis. 18. Spontaneous baryogenesis. 19. Coherent baryogenesis. 20. Gravitational
baryogenesis. 21. Defect mediated baryogenesis. 22. Baryogenesis from long cosmic strings.
23. Baryogenesis from short cosmic strings. 24. Baryogenesis from collapsing loops. 25.
Baryogenesis through collapse of vortons. 26. Baryogenesis through axion domain walls. 27.
Baryogenesis through QCD domain walls. 28. Baryogenesis through unstable domain walls.
29. Baryogenesis from classical force. 30. Baryogenesis from electrogenesis. 31. B-ball
baryogenesis. 32. Baryogenesis from CPT breaking. 33. Baryogenesis through quantum gravity.
34. Baryogenesis via neutrino oscillations. 35. Monopole baryogenesis. 36. Axino induced
baryogenesis. 37. Gravitino induced baryogenesis. 38. Radion induced baryogenesis. 39.
Baryogenesis in large extra dimensions. 40. Baryogenesis by brane collision. 41. Baryogenesis
via density fluctuations. 42. Baryogenesis from hadronic jets. 43. Thermal leptogenesis. 44.
Nonthermal leptogenesis.

[Shaposhnikov, J.Phys.Conf.Ser.171:012005,2009.]
Many possibilities
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- We don’t know which scenario is correct. 

- Only experiments can tell it. 
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✤ B violation: anomalous (sphaleron) process (see later) 


✤ C violation: chiral gauge interaction


✤ CP violation: KM phase and/or other sources in beyond the SM


✤ Out of equilibrium: 1st-order EW phase transition (EWPT) with 
expanding bubble walls

[Kuzmin, Rubakov, Shaposhnikov, PLB155,36 (‘85) ]Sakharov’s conditions

BAU can arise by the growing bubbles.
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EW baryogenesis (EWBG)



Sphaleron
σφαλεροs (sphaleros) “ready to fall”

[F.R.Klinkhamer and N.S.Manton, PRD30, 2212 (1984)]

Sphaleron解を求める
saddle point = least-energy path上のmaximum-energy configuration

NCS=1

NCS=0

vacuum

vacuum

Energy

configuration
space

least-energy path/gauge trf. = noncontractible loop
↕

highest symmetry config.

⋆ 4次元SU(2) gauge-Higgs doublet系 ⋆

L = −1
4
F a

µνF
aµν + (DµΦ)† DµΦ− λ

(
Φ†Φ− v2

2

)2

DµΦ = (∂µ − igAµ) Φ, Fµν = ∂µAν − ∂νAµ − ig[Aµ, Aν], Aµ = Aa
µ

τa

2

— Sphaleron Transition — 39/47

sphaleron

cf. asphalt
ἄσφαλτος 
(ásphaltos)

[wikipedia]
not+fall



Energy

sphaleron

instanton

Ncs0-1 1

Esph �B �= 0
Instanton: quantum tunneling
Sphaleron: thermal fluctuation

- A static saddle point solution w/ finite energy of the gauge-Higgs 
system. [N.S. Manton, PRD28 (’83) 2019]
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3
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B+L anomaly
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B+L violation

T=0

T>0
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B+L =

3
16�2

�
g2
2Tr(Fµ�F̃µ�)� g2

1Bµ�B̃µ�
�
,

�µjµ
B�L = 0,

B+L anomaly

# of Left-handed fermions can change!!

�(B + L) = 3�NCS

LHC can see this process? 

B+L violation

T=0

T>0



M. Mattis, Phys.Rept.214 (1992) 159

Q. What is the probability that B violation might even  
in principle be observable in a supercollider? 

still under debate…



EWBG mechanism

H: Hubble constant

�(b)
B < H

symmetric phase

broken phase

�(s)
B > H

h�i = 0

h�i 6= 0

[Kuzmin, Rubakov, Shaposhnikov, PLB155,36 (‘85) ]



EWBG mechanism

H: Hubble constant

�(b)
B < H

symmetric phase

broken phase

�(s)
B > H

h�i = 0

h�i 6= 0
(1)

CP asymmetric but no B asymmetric

nB = nL
B

6=0
+nR

B
6=0

= 0
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(2)

changed by sphaleron. twall <   tsph  

nB = nL
B + nR

B ! nB 6= 0
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How do we test EWBG?
Can we redo EW phase transition in lab. 

experiments?

No!
- Relevant temperature ≃ 100 GeV.
- Currently achievable temperature ≃ 0.1 GeV.

It’s not easy to increase temperature since

T ∝ E1/4 (Stefan-Boltzmann law)
So, how do we test EWBG, then??
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conditions

B CP out of equilibrium
- We test Sakharov’s conditions instead.
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1st-order EWPT

w/ bubbles 

Sakharov’s 
conditions

Observables

Colliders

EDMs, B physics,

etc.

B CP out of equilibrium

- Higgs couplings and spectrum are determined by “vC/TC≳1”.

Higgs 

couplings/

spectrum

GWssphaleron

at colliders?

- We test Sakharov’s conditions instead.
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Lessons from 
SM EWBG
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How do we get 1st-order EWPT?
1st(2nd) order PT=discontinuities in 1st(2nd) derivatives of free energy (Veff)

Negative contributions 

in Veff.

1st-order PT
⇓

From where?

1st order PT2nd order PT

e.g.

thermal cubic term!!
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e.g., in 2HDM, heavy Higgs loops can enhance E.

non-decoupling

decoupling

NOTE
“Scalar” does not always play a role.

Requirements: 1. large coupling λ, 2. small M2

This leads to interesting phenological consequences (see later).

non-decoupling scalar ⇒ E=ESM+ΔE ⇒ vC/TC ⤴



[update of Kanemura, Okada, E.S., PLB606,(2005)361]

EWPT in 2HDM 

strong 1st-order EWPT

m2
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Heavy Higgs masses:

In vC/TC region,
m2
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What are consequences of non-decoupling scalars?



1. Triple Higgs coupling

2. Higgs -> 2γ 

Pheno. consequences of vC/TC≳1



λhhh coupling in 2HDM 

c=1(2) for neutral (charged Higgs bosons)
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For M2 � �iv2 (m2
� �M2), the quantum corrections would be suppressed.

For M2 � �iv2 (m2
� � �iv2), the quantum corrections would grow with m4

�.

[S. Kanemura, S. Kiyoura, Y. Okada, E.S., C.-P. Yuan, PLB558 (2003) 157]

⇒ nondecoupling loop effect.

⇒ ordinary decoupling limit

For sin(� � �) = 1

Strong correlation between vC/TC and λhhh!! 

(alignment limit)
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Figure 1: Contour plot of ∆λhhh/λhhh and ϕC/TC in the 2HDM.

1

- (Δλhhh)/λhhh>(15-20)%

- 1st-order EWPT is induced 
by heavy Higgs bosons.

[update of Kanemura, Okada, E.S., PLB606,(2005)361]

strong 1st-order EWPT

- hVV and hff can be SM-like.

EWPT-λhhh correlation in 2HDM 
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For recent studies on EWPT in 2HDM, see, Basler et al 1711.0409, Bernon et al, 1712.08430.



ASM = �6.49

is necessary to have strong 1st-order EWPT
-> charged Higgs loop does not decouple in this case.

[I.Ginzburg, M.Krawczyk, P.Osland, hep-ph/0211371]

h H±

�

�

Charged Higgs contributes to h->γγ
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����1 +
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is necessary to have strong 1st-order EWPT
-> charged Higgs loop does not decouple in this case.

[I.Ginzburg, M.Krawczyk, P.Osland, hep-ph/0211371]
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EWBG-related CP violation

What is BAU-related CP violation?
-> CP violation between the bubble wall (Higgs VEV) and 
some particles with masses of O(100) GeV.

EWBG EDM

B physics

CP phases

CPV is needed for baryogengesis.
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nleft is generated by scatterings btw particles and bubbles.

Im

Re

bubble wall
v(x) v(y)

Diffusion eq. for nB:

diffusion const. wall velocity back reaction sph. rate

z̄ < 0: sym-phase, z̄ > 0: br-phase

 iL

 jR

 iL
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 iL

�CPC
 iL

nB / nleft / SCPV
 iL

/
q
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DQn
00
B(z̄)� vwn
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B(z̄)� ✓(�z̄)RnB(z̄) = ✓(�z̄)
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�(sym)
B nleft(z̄)

EWBG-related CP violation



General 2HDM (no Z2 symmetry)

j = c, t

For Z2-2HDM, vi(x) must be complex.

S

CPV
 iL

(x) = CBAU|Yi|2|vi(x)|2✓̇i(x) ✓i = Arg(vi)

S

CPV
 iL

(x) =
v1,22R

CBAUIm
h
(Y1)tj(Y2)

⇤
tj

i
v

2(x)�̇(x)

top-driven EWBG
[K. Fuyuto, W.-S. Hou, E.S., 1705.05034 (PLB)]



BAU-related CPV in the broken phase

Simplified case: 

t-c case

ρtt is the main contributor to the BAU!!

Guo et al, 1609.09849 [PRD]. 
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Sources of GW

(1) Bubble collisions, 

(2)Sound waves,

(3)Turbulence

GWs are induced by the 1st-order EWPT.

Gravitational Waves from 1st-order EWPT

- GWs play a complementary role in probing Higgs sector.

See Ref.[C.Caprini, M.Hindmarsh, S.Huber, T.Konstandin, 

J.Kozaczuk, G.Nardini, J.M.No, A.Petiteau, P.Schwaller, 

G.Servant, 1512.06239(JCAP)]



[K.Hashino, R.Jinno, M.Kakizaki, S.Kanemura, T.Takahashi, M.Takimoto, 1809.04994]
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Figure 17: (Blue) LISA 1� contours for the real Higgs singlet model with the fiducial values
mH = 166.4 GeV and  = 0.96. Narrow and wide contours correspond to fixed and marginalized
µ�S , respectively. The same as Fig. 15. (Green) The region where the condition for a strongly
first-order phase transition is satisfied. (Yellow) ILC 1� sensitivity region with

p
s = 250 GeV and

L = 2 ab�1. (Gray) The region excluded by the direct search for a heavy Higgs [147].
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Figure 15: (Left) GW spectrum from sound waves (blue-dashed) and turbulence (blue-dotted) for
the parameter point in Sec. 5.2 with vw = 0.95. (Right) 1 � contours in the mH– plane for LISA.
The narrow contours correspond to fixed µ�S , while the wide contours correspond to marginalized
µ�S . In drawing both contours, vS and µ0

S are fixed to be the fiducial values.

Figure 16: (Top) GW spectra from sound waves (blue-dashed) and turbulence (blue-dotted) for
the parameter point in Sec. 5.2 with vw = 0.1. (Bottom) 1 � contours in the mH– plane for
DECIGO (left) and BBO (right). Otherwise the same as the right panel of Fig. 15.
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e.g. SM+S

Gravitational Waves from 1st-order EWPT

GWs also provide exquisite probes of the Higgs sector!!



Remaining issues

(1) Electroweak phase transition
- Standard perturbative treatment of vC/TC is gauge-dependent.

EWBG calculation is subject to a lot of uncertainties.

(3) BAU calculation

- Necessity of refined (gauge-inv.) thermal resummation

- Beyond the VEV insertion approximation
- Beyond derivative expansion (more challenging)

(2) Sphaleron
- Refinement of ΓB < H

- Bubble wall profile (width, velocity)

Closed-time-path formalism



Summary

(1) ΓB < H (vC/TC≿1) plays an important role.
EWBG was tested, is being tested and will be tested.

(2) CP violation & BAU

*details are model dependent
Higgs sector = “Alignment without decoupling” 

- BAU-related CPV =  CPV btw bubble wall (VEV) & particles

- BAU is still order-of-magnitude estimate, 

but is in the right ballpark ~10-10 within theoretical uncertainties. 

Very encouraging!!

eEDM bound (ACME18) is overwhelmingly stringent.

constrained by exp. data

min <

����
�g

gSM

���� < max
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Higgs spectrum



Golden Age (2030’s) is coming soon!!

2019 203420302026

ILC250 (under planning)

2040

HL-LHC

LISA

LHC Run3

SuperKEKB

Golden Age

+ EDM experiments:

EWBG would be completely tested!!

- electron EDM (ACME, JILA, etc)
- proton EDM (IBS-CAPP, BNL, etc)



Backup



Review papers

A.G. Cohen, D.B. Kaplan, A.E. Nelson, hep-ph/9302210


M. Quiros, Helv.Phys.Acta 67 (’94)


V.A. Rubakov, M.E. Shaposhnikov, hep-ph/9603208


K. Funakubo, hep-ph/9608358


M. Trodden, hep-ph/9803479


A. Riotto, hep-ph/9807454


W. Bernreuther, hep-ph/0205279



Suppose we have 2 Higgs doublets and 2 EW-interacting 
fermions (ψ).

BAU-related CPV

e.g.

Bino-driven EWBG,

Singlino-driven EWBG

ψi: Dirac fermion
ψj: Majorana fermionL =

1p
2
 ̄i(cLvaPL + cRvbPR) j + h.c.

<latexit sha1_base64="NF45l31x99PksqTkp8P2EWRZAKg="></latexit>

bubble wall
Im Scpv

nB / SCPV = CBAUIm(cLc
⇤
R)
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Suppose we have 2 Higgs doublets and 2 EW-interacting 
fermions (ψ).

BAU-related CPV

complex parameters

e.g.

Bino-driven EWBG,

Singlino-driven EWBG

ψi: Dirac fermion
ψj: Majorana fermionL =

1p
2
 ̄i(cLvaPL + cRvbPR) j + h.c.
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Electric Dipole Moments (EDMs)
The same CP-violating phase induces the following Barr-Zee 
diagram.

Therefore, Scpv is linearly correlated with EDM.

L =
gp
2

⇣
 +�µ iW

+
µ +  i�

µ +W�
µ

⌘
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dWW
f

e
= CWW

EDMIm(cLc
⇤
R)
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Extra fermion-driven EWBG

4

term and the EDM is spoiled by contamination of BAU-
unrelated CP violation. As delineated below, such a sit-
uation can arise when we address the issue of the strong
first-order EWPT.
The SM Higgs sector has to be extended in such a

way that the EWPT is of first order. There are two
representative cases for achieving this:

• Thermal loop driven case

• Tree potential driven case

For example, the former corresponds to the SM, MSSM
and a two Higgs doublet model (2HDM) and so on. In
such cases, the cubic-like terms arising from the bosonic
thermal loops play an essential role in inducing the first-
order EWPT. In the latter case, on the other hand, a
specific structure of a tree-level Higgs potential is the
dominant source for generating a barrier separating the
two degenerate minima at a critical temperature. One
of such an example is the EWPT in the SM with a real
singlet Higgs boson (rSM) [16, 17]. In this case, nonzero
doublet-singlet Higgs mixing terms are responsible for
the strong first-order EWPT. Once the singlet Higgs field
(S) exists, it is conceivable that the following interactions
may give rise to an extra source for CP violation.

L = ψ+(gS + iγ5g
P )ψ+S. (13)

If the doublet-singlet Higgs mixing is present, the Higgs-
photon(Z)-mediated Barr-Zee diagrams could be gener-
ated, as depicted in Fig. 2. In this case, the EDM is the
sum of those diagrams, in addition to dWW

f .

df
e

=
dWW
f

e
+

dHγf

e
+

dHZ
f

e
. (14)

As far as EWBG is concerned, the new CP-violating
phase appearing in Eq. (13) is not directly related to
baryogenesis. Therefore, the linear correlation between
the CP-violating source term and the EDM in Eq. (11)
no longer hold. One of the interesting possibilities is that
if a cancellation among those contributions becomes ef-
fective, it is possible for df to be made highly suppressed
but with the nonzero dWW

f , so the BAU-related CP vio-
lation is not constrained by a single EDM experiment in
this case.
Nevertheless, one may probe such a parameter space

with Higgs physics since the nonzero doublet-singlet
Higgs mixing parameter and gS,P would lead to some
deviations in the Higgs signal strengths. We will explic-
itly demonstrate this possibility in the next section.
So far, we have exclusively focused on the relation-

ship between the CP-violating source term and the EDM.
Here, we comment on the dependence of Im(cLc∗R) on the
baryon number density (nB) briefly. Under some mild
assumptions, one may have

nB = κB
SCPV√
ΓCPC

, (15)

particles SU(3)C × SU(2)L × U(1)Y Z2

Φ1 (1, 2, 1/2) −
Φ2 (1, 2, 1/2) +
S (1, 1, 0) −
Φ̃1 (1, 2, − 1/2) −
Φ̃2 (1, 2, 1/2) +
S̃0 (1, 1, 0) −

TABLE I. Particle content of the Higgs and the new EW-
interacting fermion sectors.

where κB is a coefficient. SCPV is a CP-violating
term arising from Sψi discussed above and ΓCPC a CP-
conserving particle changing rate. For the latter, for ex-
ample, the interactions in Eq. (2) induce

Γψi(X) =
1

T

[(
|cL|2v2a(X) + |cR|2v2b (X)

)
Fji

+ 2Re
(
cLc

∗
R

)
v1(X)v2(X)mimjRji

]
,

(16)

where Fji and Rji are the thermal functions presented
in Ref. [9]. As studied in Ref. [18], Γψi also has the
resonant behavior at mi = mj , rendering nB smaller.
It should be emphasized that a cancellation between the
first and second terms in Γψi can happen depending on
the choice of Arg(cLc∗R) andmi,j . Therefore, nB does not
necessarily take its maximal value at Arg(cLc∗R) = π/2
or −π/2, which may relax the EDM constraint to some
extent.

III. A MODEL

Now, we define our model and give basic ingredients
for calculating the BAU and the electron EDM. The par-
ticle content of the Higgs and the new EW-interacting
fermion sectors in the model is shown in Table I. The
total Lagrangian is given by

L = L2HDM +
1

2
∂µS∂

µS − VS − VΦS + LΦ̃S̃ ,

LΦ̃S̃ =
∑

i=1,2

Φ̃iiσ̄
µDµΦ̃i + S̃0iσ̄µ∂µS̃
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[ ∑

j=1,2

(
Φ̃a

1c1jΦ
b
j + Φ̃a

2c2j(iτ
2Φb∗

j )
)
S̃0

+ (µ+ λS)Φ̃a
1Φ̃

b
2 + h.c.

]

+
1

2
(µS̃ + κS)S̃0S̃0 + h.c., (17)

where Φ̃1,2 and S̃0 are the two-component spinors, and
ϵ12 = −ϵ21 = +1. As is the case in the MSSM, to
avoid a lepton flavor violation, we impose a matter par-
ity under which new EW-interacting fermions are odd

Next-to-MSSM-like model 

YB
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= 1
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Y obs
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= 0.1

[K. Fuyuto, J. Hisano, E.S., 1510.04485 (PLB)].

Case 1: BAU-related CPV 
dominantly exists.

|de| < 1.1⇥ 10�29 e cm
[ACME, Nature 562,355(2018)]

current bound: 
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term and the EDM is spoiled by contamination of BAU-
unrelated CP violation. As delineated below, such a sit-
uation can arise when we address the issue of the strong
first-order EWPT.
The SM Higgs sector has to be extended in such a

way that the EWPT is of first order. There are two
representative cases for achieving this:

• Thermal loop driven case

• Tree potential driven case

For example, the former corresponds to the SM, MSSM
and a two Higgs doublet model (2HDM) and so on. In
such cases, the cubic-like terms arising from the bosonic
thermal loops play an essential role in inducing the first-
order EWPT. In the latter case, on the other hand, a
specific structure of a tree-level Higgs potential is the
dominant source for generating a barrier separating the
two degenerate minima at a critical temperature. One
of such an example is the EWPT in the SM with a real
singlet Higgs boson (rSM) [16, 17]. In this case, nonzero
doublet-singlet Higgs mixing terms are responsible for
the strong first-order EWPT. Once the singlet Higgs field
(S) exists, it is conceivable that the following interactions
may give rise to an extra source for CP violation.

L = ψ+(gS + iγ5g
P )ψ+S. (13)

If the doublet-singlet Higgs mixing is present, the Higgs-
photon(Z)-mediated Barr-Zee diagrams could be gener-
ated, as depicted in Fig. 2. In this case, the EDM is the
sum of those diagrams, in addition to dWW

f .

df
e

=
dWW
f

e
+

dHγf

e
+

dHZ
f

e
. (14)

As far as EWBG is concerned, the new CP-violating
phase appearing in Eq. (13) is not directly related to
baryogenesis. Therefore, the linear correlation between
the CP-violating source term and the EDM in Eq. (11)
no longer hold. One of the interesting possibilities is that
if a cancellation among those contributions becomes ef-
fective, it is possible for df to be made highly suppressed
but with the nonzero dWW

f , so the BAU-related CP vio-
lation is not constrained by a single EDM experiment in
this case.
Nevertheless, one may probe such a parameter space

with Higgs physics since the nonzero doublet-singlet
Higgs mixing parameter and gS,P would lead to some
deviations in the Higgs signal strengths. We will explic-
itly demonstrate this possibility in the next section.
So far, we have exclusively focused on the relation-

ship between the CP-violating source term and the EDM.
Here, we comment on the dependence of Im(cLc∗R) on the
baryon number density (nB) briefly. Under some mild
assumptions, one may have

nB = κB
SCPV√
ΓCPC

, (15)

particles SU(3)C × SU(2)L × U(1)Y Z2
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S (1, 1, 0) −
Φ̃1 (1, 2, − 1/2) −
Φ̃2 (1, 2, 1/2) +
S̃0 (1, 1, 0) −

TABLE I. Particle content of the Higgs and the new EW-
interacting fermion sectors.

where κB is a coefficient. SCPV is a CP-violating
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conserving particle changing rate. For the latter, for ex-
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where Fji and Rji are the thermal functions presented
in Ref. [9]. As studied in Ref. [18], Γψi also has the
resonant behavior at mi = mj , rendering nB smaller.
It should be emphasized that a cancellation between the
first and second terms in Γψi can happen depending on
the choice of Arg(cLc∗R) andmi,j . Therefore, nB does not
necessarily take its maximal value at Arg(cLc∗R) = π/2
or −π/2, which may relax the EDM constraint to some
extent.

III. A MODEL

Now, we define our model and give basic ingredients
for calculating the BAU and the electron EDM. The par-
ticle content of the Higgs and the new EW-interacting
fermion sectors in the model is shown in Table I. The
total Lagrangian is given by

L = L2HDM +
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µS − VS − VΦS + LΦ̃S̃ ,
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+
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where Φ̃1,2 and S̃0 are the two-component spinors, and
ϵ12 = −ϵ21 = +1. As is the case in the MSSM, to
avoid a lepton flavor violation, we impose a matter par-
ity under which new EW-interacting fermions are odd

Next-to-MSSM-like model 
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= 1
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= 0.1

[K. Fuyuto, J. Hisano, E.S., 1510.04485 (PLB)].

Case 1: BAU-related CPV 
dominantly exists.

|de| < 1.1⇥ 10�29 e cm
[ACME, Nature 562,355(2018)]

current bound: 

However, this can be avoided if a cancellation mechanism is at work.



BAU-unrelated CP violation
- If strong 1st-order EWPT is realized due to the presence 
of singlet Higgs, another CPV can come into play.

Nonzero doublet-singlet Higgs 
mixing induces another Barr-
Zee diagram.

- Linear correlation between Scpv and EDM is lost.

L =  +(gS + i�5g
P ) +S
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- If strong 1st-order EWPT is realized due to the presence 
of singlet Higgs, another CPV can come into play.

Nonzero doublet-singlet Higgs 
mixing induces another Barr-
Zee diagram.

BAU-related CPV BAU-unrelated CPV

- Linear correlation between Scpv and EDM is lost.
cancellation could happen!!
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Impact of BAU-unrelated CPV

- Electron EDM can be zero due to the cancellation.
- But still testable with the help of Higgs physics.

Case 2: BAU-unrelated 
CPV comes into action.

dsume = dWW
e + dH�

e + dHZ
e
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μγγ: signal strength of 

h(125) -> γγ

[K. Fuyuto, J. Hisano, E.S., 1510.04485 (PLB)].



Scheme dependences in SM+S
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Scheme dependences in SM+S

- All the schemes are qualitatively consistent. 
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Scheme dependences in SM+S

- All the schemes are qualitatively consistent. 
- Higher order corrections are necessary for quantitative studies.
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2-step PT

- Phase transitions occur twice.

This has to be 1st-order for EWBG.
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1st: O -> A, 2nd: A -> B (EWPT).

λHS⤴ 

typical example

- Increase of λHS makes the vacuum 

energy of phase A smaller. EA

EB

TC (T@EA=EB) gets lowered.
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vC/TC ⤴

2 step PT expands EWBG possibilities. 

Goodness of 2-step PT: 

[Funakubo et al, PTP114 (2005) 369.]
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