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Sakharov conditions

 1. Baryon number violation

 2. C and CP violation

 3. Out of thermal equilibrium

What is CP violation: Charge-parity
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Discovery of CP violation 

Mass eigenstates CP eigenstates 

Observe                   means CP violation

First CPV evidence in neutral kaon decays
1964: Fitch-Cronin Experiment
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Types of CP Violation
1. Direct CP violation via decay

2. CP violation in mixing

3. interference of decay and mixing Meson system

Baryon system

CP violation in SM

Λb → pπ+π−K−

VCKM

Identify new CPV source
nB /s ∼ 8.8 × 10−11

SM: Baryon sector BSM: dark photon, axion…
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Dark photon

2. Dark: No charge under SM gauge groups 

1. A new U(1) gauge boson acting like photon

No direct interaction with SM particle

1. Abelian kinetic mixing

2. Non-abelian kinetic mixing

3. Mass mixing effects

3. SM particle without charge under new U(1) 

−
ϵ
2

X̃′￼μνỸ ′￼μν

ϕ1 : (1,2,1/2)(0), ϕ2 : (1,2,1/2)(1), ϕd : (1,1,0)(1)
σ =

1
σ

2gX

g′￼

v2
2

v2

 These mixing effects enlighten dark photon
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Z interaction

tan(2θ) ≈
2σsW(1 − ϵ)

1 − r̃2

X interaction

Kinetic + 

mass mixing
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Existing limits for Dark photon

arXiv:2005.01515    
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CP violation
CP conserving

CP violating
1. Abelian 

2. Non-Abelian 

Fuyuto, He, Li, Michael, 2019vfe,
CP violating non-Abelian kinetic mixing 

Renormalizable theory 
Type-III seesaw
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EDM constraints

n2EDM

arXiv:1208.4507

CPV EDM 
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Fit results

2310.06526

jμ
Z = −

e
2sWcW

f̄γμ(g̃ f
V − g̃ f

Aγ5)f
g̃ f

V = If
3 − 2Qf s2

W, g̃ f
A = If

3

g f
V ≈ g̃ f

V 1 + σ2s̃2
W ( 1 − ϵ

1 − r̃2
−

(1 − ϵ)2

2(1 − r̃2)2 )
g f

A ≈ g̃ f
A 1 + σ2s2

W (−
(1 − ϵ)2

2(1 − r̃2)2
+

1 − ϵ
1 − r̃2 )

https://arxiv.org/abs/2310.06526
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jμ
Z′￼

= − i
gD

2
(χ2γμ χ1 − χ1γμ χ2)

inelastic dark model

2503.21083 

https://arxiv.org/abs/2503.21083
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CP violating QCD term
ℒCP = θ

αs

8π
G ⋅ G̃

θ < 10−10

Axion θ → a/fa
1. Coupling with gluon

2. Coupling with photon

3. Coupling with fermions

aG ⋅ G̃αs /8πfa
gaγaF ⋅ F̃/4
∂μaaΨ̄γμγ5Ψ/2fa

DFSZ axion : SM quarks charged under PQ (2HDM)
Standard version:  H1,2, S

LY = − Q̄LYuH̃1UR − Q̄LYdH2DR − L̄LYeH1,2ER + H . C .
QL : 0, UR : Xu = X1, DR : Xd = − X2, LL : 0, ER : Xe = − X2,1 .

Variant version: new H3 H1,2 : (1,2, − 1/2)(+X ), H3 : (1,2, − 1/2)(−X )

FCNC
LY = − Q̄LYuH3UR − Q̄L(Yd1H̃1 + Yd2

H̃2)DR − L̄L(Ye1H̃1 + Ye2
H̃2)ER + H . C . .

2006.16931

https://arxiv.org/abs/2006.16931
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Existing limits for axion
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ℒdi→dj
⊃ − gadidj

(∂μa)d̄jγμ𝒫Ldi + H . c . ,

Flavor-changing ALP

ℒEW = −
gaW

4
aWa

μνW̃aμν −
gaB

4
aBμνB̃μν

Coupling with EW gauge bosons

gadidj
≡ −

3 2GFm2
WgaW

16π2 ∑
α∈u,c,t

VαiV*αj f(m2
α /m2

W), f(x) ≡
x[1 + x(log x − 1)]

(1 − x)2

gaFF =
3α2

4 [ 3
4s4

W

gaW

g2
+

(Y2
FL

+ Y2
FR

)
c4

W

gaB

g′￼2 ] log
Λ2

m2
W

+
3
2

Q2
F

α
4π

gaγγ log
m2

W

m2
F

ALP

gaγγ = gaWs2
W + gaBc2

W = 0
photophobic 

2501.15250 

https://arxiv.org/abs/2501.15250
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ALP
Current bounds Future sensitivity



Majoron
sunjin0810@ibs.re.kr

20/26

Extend SM with singlet to break U(1)L 
arise

Majoron

Majoron

Use Type-III seesaw to realize flavor-changing Majoron 

Mass matrix diagonalization

no unitary
Flavor-changing

2012.15287

https://arxiv.org/abs/2012.15287
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0.4 

strongest

0.4 

small 
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Final-state lepton polarization to determine chiral nature
Helicity-conserving decay

Helicity-flipping decay Suppressed

li → ljJ

lepton mass gives small negligibly deviation to 1



Spontaneous baryongenesis

Φn

Λn−4
+ H . c . ⇒ Va(a) =

f n
a

2 n
2 −1Λn−4

1 − cos(na
fa )
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Temperature dependent

Cogenesis 

Cogenesis of DM and baryon asymmetry

Thermal potential
VT(ϕ) ≃

λϕ

4
ϕ4 −

1
2

(m2
ϕ + c T2)ϕ2 ⟨ 2ϕ ⟩T = fa(T ) = f (0)

a
2 + cλT2

cλ ≃ λmix/3λϕ

2406.04180

··θ + (3H + 2
·fa
fa ) ·θ = −

1
n

m2
a(T )sin(nθ)
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MeV < mϕ < 20 MeV

10−6 < sin θhϕ < 10−4

100 GeV < MN < 400 GeV

107 < cλ < 109

m0
a ∼ eV

f 0
a ∼ 106GeV
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Summary

1. CP violation serves to both probe the origins of 
matter-antimatter asymmetry and stringently test 
the SM, where the deficit requires new CP source.


2.  Various CP violation mechanisms—such as dark 
photon, Axion—can occur in BSM.


3. CP violation is explored in conjunction with  

    relevant phenomenological implications, 

    including DM, EWPT, FCNC, baryon asym…
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Type-III seesaw
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Renormalizable CP violation
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CP conserving

CP violating

CPC and CPV kinetic mixing
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SM fermion EDM

Two loop(dominant)

at one loop level No Z-X mixing Barr-Zee

Cancel

CPV EDM 


