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New physics—The Baryon asymmetry
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No galaxy made by ant-baryon is observed


Baryon asymmetry is measured by the Planck.

Matter-antimatter asymmetry Baryogenesis

YB =
⇢B
s

= (8.59± 0.11)⇥ 10�11Baryon asymmetry: Planck

★Baryon number violation

★C&CP violation        

★Departure from equilibrium

Leptogenesis

Electroweak Baryogenesis

GUT Baryogenesis

Afleck-Dine Baryogenesis

Post-sphleron baryogenesis
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 Status for Baryogenesis
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Magnetogenesis																														JOYCE	et	al	1997

Axion-inflaton	Leptogenesis												Alexande	et	al	2004Primordial B-L 
Violation Affleck-Dine	field	oscillation															Affleck	et	al	1985	

Primordial B-L 
Conservation

Electroweak	baryogenesis													Bochkarev	et	al	1990

Electrogenesis																																						CHAO,	2024

Leptogenesis																										YANAGIDA	et	al.	1986

Wash-in	Leptogenesis																			DOMCKE	et	al	2021

Axion	Baryogenesis																													CO	et	al	2019	

CPT

CPT
CPT
CPT
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History and development: Leptogenesis
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Type-I	seesaw	mechanism Leptogenesis	(Fukugita&Yanagida	86)

Neutrino 
physics

BAU

Leptogenesis 
via seesaw

Lagrangian: �L = Y⌫`LH̃NR +
1

2
N

C
RMRNR + h.c.

Neutrino mass:

Seesaw Mechanism

M⌫ = �MDM�1
R MT

D

H H

N νν Elegant but losing 
testability at colliders!

BV CPV Out of EQ

Heavy neutrinos 
decouple

Boltzmann EQ

dN

dz
= �D(N �N eq)

dNB�L

dz
= �"D(N �N eq) +WIDNB�L
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History and development: Leptogenesis
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Leptogenesis	(Fukugita&Yanagida	86)

CTP	formalism Flavor	effect Casas-Ibarra	parametrization

GUT	model	building Effective	field	theory Resonant	Leptogenesis

Precision BAU Thermal history Connection of low-high 
energy neutrino physics

TestabilityUnification

1986~2016
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Gravitational Leptogenesis
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Gravitational chiral anomaly: Framework ∂μ jμ
L =

A
16π2

RR̃ Counting difference 
between  left-handed and 
right-handed fermions

Pseudo-scalar inflation: Δℒ = F(ϕ)RR̃

EOM of Gravitational waves □ hL = − 2i
Θ
a

·h′￼L □ hR = − 2i
Θ
a

·h′￼R

hL,R =
1

2
(h+ ∓ ih×)

Θ =
8

M2
pl

HF′￼

·ϕ

BAU n =
1

72π4 ( H
Mpl )

2

ΘH4 ( μ
H )

6

Alexander, Peskin & Sheikh, 0403069 Maleknejad, 1604.06520
Kambiase, et al., 0610905

Adshead, et al., 1711.04800
Kawai and Kim, 1702.07689 Co, et al., 2205.01689

A: 
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Leptogenesis via axion oscillation
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• Alexander Kusenko, Kai Schmitz, Tsutomu T. Yanagida,  arXiv:1412.2043

Axion-like field couples to EW gauge field via the Chern-Simons form

ℒ ∼
a(t)
fa

g2
2

32π2
Tr [WμνW̃μν] →

∂μa
fa

jμ
L →

·a
fa

nL

 : the effective chemical potential for leptons and anti-leptons ·a/fa

neq
ℓ,ℓ̄

∼ T3 (1 ±
μeff

T )
neq

L = neq
ℓ − neq

ℓ̄
∼ μeffT2

Axion relaxation after inflation ··a + 3H ·a + ∂aVeff(a) = 0

LNVs are mediated by the Majorana neutrinos ·nL + 3HnL ∼ − ΓL(nL − neq
L )
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Leptogenesis via axion oscillation
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• Alexander Kusenko, Kai Schmitz, Tsutomu T. Yanagida,  arXiv:1412.2043

·ρφ + 3Hρφ = − Γφρφ

Equations describing the reheating 

·ρR + 4HρR = + ΓφρR

H2 =
ρφ + ρR

3M2
pl
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Wash-in Leptogenesis
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• Domcke, Kamada, Mukaida, Schmitz and Yamada,  arXiv:2011.09347

Δα =
B
3

− LαLepton flavor asymmetry:

Splitting into two parts: qΔα
= qthermal

Δα
+ qwash−in

Δα

Boltzman equation: (∂t + 3H)qwi
Δα

= ∑
β

Γw
αβ (q0

β − ∑
σ

Cβσqwi
Δσ)

•Right-handed neutrinos can be as light as several hundreds TeV

•No need for the CP violation in the heavy neutrino sector

•Strong wash-out effect is turned into effective wash-in effect,
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Affleck-Dine Leptogenesis
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• N.Barrie, Chengcheng Han, H.Murayama,  arXiv:2106.03381, PRL 128(2022)141801
Generating the net lepton number during the Higgs 
inflation in the type-II seesaw framework!

Flatten the Potential

Large LNV

BAU
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History and development: Afleck-Dine
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Afleck-Dine	Mechanism
Q-ball	formation	(Non-topological	soliton	in	scalar	field	

theory)

Scalars carrying 
non-zero U(1) 

charges

Flat directions 

(AD fields)

Lifting the potential 
via B/L violation 

operators

V = (m2 − cH2) |ϕ |2 + λ |ϕ |4 + ( ϕn

Mn−4
+ h . c . )

·nB,L + 3HnB,L ∼ 2Im [ ∂V
∂ϕ

ϕ]

Oscillation of AD field

Q-ball formation

Long lived Q-ball

DM candidate

Evaporation

BAU when sphaleron 
erase is irrelevant
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Leptogenesis via Primordial Black Hole
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: The number of neutrino 
emitted from one PBH

Nν : CP asymmetryε :  efficiency factorκ

Interplay between thermal right-handed neutrino and non-
thermal right-handed neutrinos

aH
dnB−L

da
= ε1 [(nTH

N1
− neq

N1
)ΓT

N1
+ nBH

N1
ΓBH

N1 ] + W

T. Fujita, et al., 1401.1909 

Perez-Gonzalez&Turner, 2010.03565 
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Leptogenesis via Symmetry Non-Restoration
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• Wei Chao,  arXiv:2412.03902

Sphaleron quenches at  GeV 
or higher scale.

105

L e f t - h a n d e d E l e c t r o n 
a s y m m e t r y c a n b e 
transported to the BAU via 
sphaleron.

No B-L violation is needed!
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Leptogenesis via Symmetry Non-Restoration
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• Wei Chao,  arXiv:2412.03902

ef′￼′￼

• Chiral asymmetries are generated in the first 
generation. 

• Higgs doublet decay into chiral electrons  with 
CP violation
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Chiral Magnetic Effect induced Leptogenesis
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Lagrangian/Action for hyper magnetic field in the presence of chemical potential 

−ℒ ∼
1
4

YμνYμν + CEWnEW
CS + CYNY

CS + jμYμ + ⋯

CY =
3

∑
i=1

[−2μRi
+ μLi

−
2
3

μdi
−

8
3

μuRi
+

1
3

μQi]
• Maxwell equations 

NY
CS =

g′￼2

32π2
2Y ⋅ BY

∂E
∂η

− ∇ × B + J = 0
∂B
∂η

+ ∇ × E = 0 ∇ ⋅ E = ρ ∇ ⋅ B = 0

J = σ(E + v × B) +
2α
π

CYB CME: When a medium with a chiral asymmetry is exposed to a 
magnetic field there is an induced electric current 

• Wei Chao,  arXiv:2511.13051
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Chiral Magnetic Effect induced Leptogenesis
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EOM for helicity and the energy density of magnetic field  

h = ∫
d3x
V

A ⋅ B = ∫ dkhk ρB = ∫
d3x
V

1
2

B2 = ∫ dkρk

• EOM
∂h
∂η

= lim
V→∞ ∫

d3x
V (2B ⋅ ∇2 A

1
σ

+
4α
π

CCS

σ
B2

Y)

−T
∂hk

∂T
= −

2k2

σ0

T
H

hk +
8α
πσ0 ( CY

CS

T ) T
H

ρk −T
∂ρk

∂T
= −

2k2

σ0

T
H

ρk +
2αk2

πσ0 ( CY
CS

T ) T
H

hk
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Chiral Magnetic Effect induced Leptogenesis
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B&L violations via Triangle anomalies

ΔB = ΔL = Ng(ΔNW
CS − ΔNY

CS) ΔNY
CS =

g2
Y

16π2
ΔH

• Traditional Leptogenesis: ΔNY
CS = 0

• Magnetogenesis:

Source term comes from the LNV decay of seesaw 
particles

ΔNY
CS ≠ 0 No other source term 

• What we focus on: ΔNY
CS = 0 & B ≠ 0

There might be non-helical magnetic field in 
the early universe.

• Wei Chao,  arXiv:2511.13051

∂μ jμ
L =

Nf

32π2
(−g2WW̃ + g′￼2B B̃ )
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Chiral Magnetic Effect induced Leptogenesis
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Triangle anomalies• U(1)Le−Lμ

∂μ (jμ
B − jμ

L) = −
g2

X

8π2
F′￼̃F ′￼ ≠ 0
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Chiral Magnetic Effect induced Leptogenesis
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• Case I:  New gauge field carry non-zero helicity  and the  symmetry is broken at high scale

• Axion inflation → qCS → q5

V. Domcke and K. Mukaida, JCAP 2018
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Chiral Magnetic Effect induced Leptogenesis

20

• Case II:  No primordial B-L asymmetry and no primordial helical magnetic field
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Chiral Magnetic Effect induced Leptogenesis
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• Case II:  No primordial B-L asymmetry and no primordial helical magnetic field
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Detecting  Leptogenesis with Cosmological collider
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• Yanou Cui and Zhong-zhi Xianyu, arXiv:2112.10793 ， PRL129(2022)111301
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Detecting  Leptogenesis with GW
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• Murayama, Noether and Schutte-Engel arXiv: 2506.15772
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Detecting  Leptogenesis with GW
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• Yonghua Wang and Wei Chao, arXiv:2510.26235  (The type-II seesaw case)
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Conclusion
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Thank you for your attention!

Leptogenesis

Resonant Leptogenesis

Flavor effect

CTP formalism

Casas-Ibarra 
parametrization

Effective field theory

With plasma physics

With inflation

With Gravity

With axion physics

With phase transition

Contents

Time

问题本
身⼗分
重要，
值得持
续深⼊
的探索


