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Overview of Leptogenesis

Wei Chao

Department of Physics and Astrophysics, Beijing Normal University




New physics— T he Baryon asymmetry

Baryogenesis

Matter-antimatter asymmetry

¥No galaxy made by ant-baryon is observed

¥Baryon asymmetry is measured by the Planck.

Angular scale
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Baryon asymmetry: Yp = PB _ (8.59 4+ 0.11) x 10~ Planck
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v Baryon number violation
Y C&CP violation
v Departure from equilibrium
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o LLeptogenesis
o Electroweak Baryogenesis
o GUT Baryogenesis

o Afleck-Dine Baryogenesis
o Post-sphleron baryogenesis




Status for Baryogenesis

O Electroweak baryogenesis Bochkarev et al 1990
T W O [ cptogenesis YANAGIDA et al. 1986
b 0 Wash-in Leptogenesis DOMCKE et al 2021
O Electrogenesis CHAO, 2024

O Magnetogenesis "

el NEl © Axion-inflaton Leptogenesis
Violation o Affleck-Dine field oscillation /

O Axion Baryogenesis

JOYCE et al 1997
Alexande et al 2004
Affleck et al 1985
CO et al 2019
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History and development: Leptogenesis

Type-1 seesaw mechanism Leptogenesis (Fukugita&Yanagida 86)

Leptogenesis
via seesaw
Neutrino
physics

Heavy neutrinos
decouple

— [ = YKLHNR—FZNCMRNR—I—hC y o ‘ -.//-\
dN 5 10—12
— = —D(N — Neq 10-13
dz ( )
W NB -1 — _5D(N — Neq) + Wip Ng_r, 0.01 0.05 0410 050 1
* Mn/T
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History and development: Leptogenesis

CTP formalism Flavor effect Casas-Ibarra parametrization

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

Leptogenesis (Fukugita& Yanagida 86)

Unification Testability

GUT model building Effective field theory Resonant Leptogenesis
1986~2016
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Gravitational Leptogenesis

A ~  A: Counting difference
m ©Gravitational chiral anomaly: 0, j;" = 16E2RR between left-nanded and

right-handed fermions

®Pseudo-scalar inflation: AL = F(¢)RR hL,R = \/1_ (h+ + ihx)
2

3 : O . O .
O = HF'¢p ©EOM of Gravitational waves [ |h; = — 2i—h; [ 1hp = — 2i—hj

2
Mpl a , 6 a
. 1 H A H
<BAU n = OH" | —
7271'4 Mpl H
'Alexander, Peskin & Sheikh, 0403069  Maleknejad, 1604.06520  Adshead, et al., 1711.04800 ﬂ
LKamblase etal, 0610905 Kawai and Kim, 1702.07689  Co, et al.,, 2205.01689
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Leptogenesis via axion oscillation

¢ Alexander Kusenko Kai Schmitz Tsutomu T. Yanagida, arXiv:1412.2043

$Axion relaxation after inflation &+ 3Ha + 9,V {a) =0

< Axion-like field couples to EW gauge field via the Chern-Simons form a7y Heofr
4~ +
a(t) &3 O 4 ( T)
VA
£, 32x2 fo "

alf, : the effective chemical potential for leptons and anti-leptons

L~ Tr lWMVWW] —

eq _ ,eq _ eq 2
f;l nL o nf ng lueffT

<»LNVs are mediated by the Majorana neutrinos  7n; + 3Hn; ~ =1 L(nL — nLeq)

> N S
> <
Ng Y Nk NR Np N
= —_ - = — — —_ - = = vl
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Leptogenesis via axion oscillation

¢ Alexander Kusenko Kai Schmitz Tsutomu T. Yanagida, arXiv:1412.2043

¢ - - = -
«Equations describing the reheating , - 310 gev, H™ =~ 2x 101 Gev % = i = 6x 10710, gmin < f o pmax
. Y2 r o't T L
—I— — — r‘P > PIiIIrllfax i __1014 """""""""""""""""""""""""" @ i
'0€0 'DCD (P'OCU o - | E 1011
8 10 510-13 101! 102 <
—_— ' 1010
p.R —I— 4HPR — —I— F pR e 109; 10-10 T |
4 o 8 Lo &
5 < 107
$— (@)
N - 2
? 1085 S 108 -
pqo T pR .= | o =
2 1 |
H* = g 107 E 107
3M?2 s " :
pl E E e
6 106+ Cfmin L 4% 10" GeV
10 : e
106 107 108 10° 1010 10! 1012
Axion mass m, [GeV] Axion mass m, [GeV]
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Wash-in Leptogenesis

e Domcke, Kamada, Mukaida, Schmitz and Yamada, arXiv:2011.09347

B
&Lepton flavor asymmetry: A = 3 L,
©Splitting into two parts: g, = thhermal + qwaSh n

$Boltzman equation: (0, + 3H)q," =

ngﬁ QE—ZC
p o

eRight-handed neutrinos can be as light as several hundreds TeV

eNo need for the CP violation in the heavy neutrino sector
oeStrong wash-out effect is turned into effective wash-in effect,
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Affleck-Dine Leptogenesis

e N.Barrie, Chengcheng Han, H.Murayama, arXiv:2106.03381, PRL 128(2022)141801
4_

& Generating the net lepton number during the Higgs
Inflation In the type-ll seesaw framework!

V(h, A%) = =i |2 + A + A ]* + As A% 2 b
';‘ _
> I
5 !
~—~
Large LNV =
Flatten the Potential
(10) m
3 ~1/4
Congl s [(PLendl /M g, dl
! 5 |reh 15 (1.3x10‘16 112.75 ’ BAU
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History and development: Afleck-Dine

Q-ball formation (Non-topological soliton 1n scalar field

Afleck-Dine Mechanism
theory)

Oscillation of AD field

'

Q-ball formation

Scalars carrying Lifting the potential

Flat directions

non-zero U(1) (AD fields) via B/L violation
charges operators

2 N 12 4 ¢"
V=m>—-cH)|p|”+1|¢| (Mn_4 h.c.) i i
:: Long lived Q-ball Evaporation
Q\ 15, + 3H 2tm | 2
3 n Np g, ~ 2lm | —
£ | B,L B,L Y i i
o2 ‘ ) BAU when sphaleron
03] DM candidate o
erase is irrelevant

-0.2 0 0.2 0.4 0.6 0.8 1
Re¢ / ¢inf
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Leptogenesis via Primordial Black Hole

evaporation (right-handed) decay ( lepton ) sphaleron (bary0n>

T. Fujita, et al., 1401.19090 (PBH) > . — >
XN, neutrino Xe€ number XK number
N, The number of neutrino e: CP asymmetry k. efficiency factor
np npRH - emitted from one PBH 10°F
o (tnow) — NIJGK (tevap)a ! \
§ 1072
~ N ek (71'2/30)9* Tgvap/MO 1074+
v N
(x(271'2/ 45 )g* Tgvap = 1076
04 Noex (Mg \=5/2( g \V2( g, \~V/4 = ils (C) (B)
= U.4 X —e—— —— ’ 9 I \\\
a \ My 100 100 = BN \
Interplay between thermal right-handed neutrino and non- 10713 (D)
thermal right-handed neutrinos 10141 ‘
dnB—L 10> 10* 10° 10° 10 1012 104

aH—-— = e! [(”l;lH - Oy, + ny Fz%?] + W Perez-Gonzalez&Turner, 2010.03565 Mo/My,
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Leptogenesis via Symmetry Non-Restoration

e Wei Chao, arXiv:2412.03902

..+ | sphaleron quenches at 10° GeV T_T m
<:_I Weinberg op. | . : °

T - or higher scale. = T~ 105 QeV

3 _‘i__l_meakgsph

e S XKLeft-handed Electron

| rong sph. : : 3 asymmetry can be I:ms

| _i__l—gu;"_h»rimon "E[Eectmn transported to the BAU via Tgw
“"Fﬁ, "“Eﬁmm ““|T'P: sphaleron.

| o bottbm ——_I;-S>Uanée_ _l_(zwni

* No B-L violation is needed!

10t 10" 10" 10" 10° 10" E0° 10°

WEI CHAO . 13



Leptogenesis via Symmetry Non-Restoration

e Wei Chao, arXiv:2412.03902

e Higgs doublet decay into chiral electrons with
CP violation

%} < [N

10" 10° 107 10°
T [GeV]

YB/1O 10

e Chiral asymmetries are generated in the first
generation.
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Chiral Magnetic Effect induced Leptogenesis

e Wei Chao, arXiv:2511.13051

Lagrangian/Action for hyper magnetic field in the presence of chemical potential

2

3 g
2 8 1 Nl = 2Y-B
Cy = Z [—2/413,. T U, — Eﬂdi - gﬂum T gﬂQl. > 3072 !
i=1
e Maxwell equations
OE 0B
— —-VXB+J=0 —+VXE=0 V.E=p V-B=0
on on

— = =

J=0(E+vXB)+ 2_aC B CME: When a medium with a chiral asymmetry is exposed to a
T r | maghnetic field there is an induced electric current
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Chiral Magnetic Effect induced Leptogenesis

EOM for helicity and the energy density of magnetic field

d>x d>x 1
h = A-B=|dkh = | ——B? = Jdk
[ v [ I PB J vV 2 Pk
oh d’ 1 4aC
« EOM — = lim J—x (23  V2A- 4 2 ZCS B%)
o Vo) V c T O

’ oh 2k* T 8 Cr.\ T
T =- hk+—a( ;S>H

ofT oy H" 7oy,

16
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Chiral Magnetic Effect induced Leptogenesis

e Wei Chao, arXiv:2511.13051

B&L violations via Triangle anomalies

2
Ny 8y

U QW L 2R D _ _ W Y Y _
0 =55 (=8’ WW + ¢ BB) AB = AL = N (AN} — ANY) ANgy = ——AH
* Traditional Leptogenesis: ANY =0 Source term comes from the LNV decay of seesaw
cS particles
e Magnetogenesis: Y No other source term
There might be non-helical magnetic field in
e What we focus on: ANgS =0& B #0 the early universe.
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Chiral Magnetic Effect induced Leptogenesis

U, Triangle anomalies
. 1 —~ = ~ 1 ~ 1 ~
2 — 2 IZFF 4 2 FIF/) 9 " B 9 L
0. (i) e (PWW " FF+AGFF)D 0, (ih0) = o (#WW + 5FF)  ®
7 _ . ,ZFﬁ 2 F’ﬁ/ . 1 4 =
O (]E / ) 1672 ( 7 IX ) 3, (Jfé u) = 1672 (_ﬁgleF> )
. 1 o~ ~
WU ) = g (VT ) w1
1 2 7 % (954) = 172 (7" FF 8)
8# (J% ) — 1672 (_g, FF) (5)
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Chiral Magnetic Effect induced Leptogenesis

e Case I: New gauge field carry non-zero helicity and the symmetry is broken at high scale

e Axion inflation — g ¢ — ¢s

-------------------------------------------------------

-------------------------------------------------------

10 1070 10/ 104
T [GeV]
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Chiral Magnetic Effect induced Leptogenesis

e Case ll: No primordial B-LL asymmetry and no primordial helical magnetic field
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Chiral Magnetic Effect induced Leptogenesis

e Case ll: No primordial B-LL asymmetry and no primordial helical magnetic field

10° 10" 10° 10°> 10* 1000 100 108 107 10° 10° 10% 1000 100
T [GeV] T [GeV]
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Detecting Leptogenesis with Cosmological collider

e Yanou Cui and Zhong-zhi Xianyu, arXiv:2112.10793 , PRL129(2022)111301

time
eo
C
B | | |
C‘MB/ LSS/ 21“{! Observables | o0 015t Dirac Majorana  Majorana + CP phases f 0.6 1 logy I\(Is}ignal)
2 © 0.10} | \{2:\\]
Eiis s o < 005} Z ) 2
£ £ -
(=2 L 0.00] 0.2¢ ] 1
= ; < _o0s| N - -
| ——— < —0.05¢ = - R :
i : - = 5 2 0.0_‘\ \‘\\\] i -0
i : i - -0.10} 5 .. 1S5 “\?:f ; -
oh; i0h oh, |5 W O N
| ! | = ! . ] 9
I : I E —04 i - - ]
: Iy]_ . : - N ~ @\\ . 3
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Detecting Leptogenesis with GW

e Murayama, Noether and Schutte-Engel arXiv: 2506.15772

radiation domination

matter domination

radiation domination

4 |< I >|< >|< 105 -
T T T T
M MD D 100 _
N 10—5 -
2
20 —10 _
S 10
RS
—15 _
¢ 0 10
A ¢ —20
N . ﬁh / g 10 ]
‘. N —»——»—< N h
. N M —25 _
N , L%l \ \ 10
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Detecting Leptogenesis with GW

e Yonghua Wang and Wei Chao, arXiv:2510.26235 (The type-ll seesaw case)

. Qavities

. —— Mx=10" GeV
7=10"3
rt0-4 — Mp=10" GeV

x f [Hz]
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Conclusion

CTP formalism Contents With Gravity

N— Flavor effect With inflation
&+%
=%, Casas-lbarra : : :
EEHE - With axion physics
;f%%\ parametrization Leptogenesis
YRR

Effective field theory With phase transition

Resonant Leptogenesis With plasma physics

e A
Thank you for your attention! Time
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