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New physics—1

Matter-antimatter asymmetry

¥No galaxy made by ant-baryon is observed

¥Baryon asymmetry is measured by the Planck.
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v Baryon number violation
Y C&CP violation

*Departure from equilibrium

o LLeptogenesis
o Electroweak Baryogenesis
o GUT Baryogenesis

o Afleck-Dine Baryogenesis
o Post-sphleron baryogenesis
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Outline

& Overview of Baryogenesis mechanisms

& Recent Progress

O Basic setup of the Electroweak Baryogenesis

O Progress(l) EWBG vs EDM constraints

O Progress(2) EWBG via symmetry non-restoration(SNR)

O Progress(3) Baryogenesis via SNR

O Progress(4) EWBG vs bubble dynamics

O Progress(d) Chiral magnetic effects

O Progress(6) Baryogenesis without first oder phase transition
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History and development: EW Baryogenesis

EWBG Transport equations

Xut X %L +v-j(z) = —/d3z/ d2°Tr[Y7 (z,2)S<(z,z) — 8™ (z,2)2<(2, )

+S<(z,2)%7 (z,z2) — £5(z,2)S” (2, )]

—F> N H
Yukawa

V()

Sphaleron

<¢>=0

Basic description Bubbe Wil —
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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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History and development: Leptogenesis

WEI CHAO

CTP formalism

Flavor effect

Casas-lbarra
parametrization

Effective field theory

Resonant Leptogenesis

Contents

I

Leptogenesis

t@2015's

With Gravity

With inflation

With axion physics

With phase transition

With plasma physics



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

'

Lifting the potential
via B/L violation

Scalars carrying

Flat directions
non-zero U(1)

(AD fields)

charges

operators

V=m?>=cH)|p|*+1|¢|*

'

0:2: | Long lived Q-ball Evaporation
—— 7)Y
£, gy + 3Hng; = 2flm | —¢
g’ ’ ’ o0
o2 ‘ ] BAU when sphaleron
03] DM candidate o
erase iIs irrelevant

-0.2 0 0.2 0.4 0.6 0.8 1
Re¢ / ¢inf
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QCD Axion

Strong CP

problem

d, =5.2x1071%e - cm

d, < 107%% - cm

Peccei-

Quinn

mechanism

Pseudo-scalar particle

[Preskill, Wise, Wilczek (1983)]
[Abbott, Sikivie (1983)]

[Dine, Fischler (1983)]

Misalignment mechanism: ¢, # 0, ¢ =0

¢+ 3Ho 4

* Ppm ~ My

WEI CHAO

AX(T)

£2

a(T,,)

A

¢ =0
A,
i mqb(TOSC) |

History and development: Axiogenesis

Ax1ogenesis

Kinetic Misalignment mechanism : ¢, # 0, ¢ # 0

4C)

>

R(£§&™\
R(t;) )

0(t;) > ma(

[Co, Hall, Harigaya (2019)] m2 f.2
[Chang, Cui (2019)]

» 0

Non-zero Peccei-Quinn number— Axiogenesis!

Strong sphaleron‘ nPQ — Sz¢ EWsphaleron *

EWsphaleron

Quark chiral ﬁ Baryon asymmetry

asymmetry PRL, 124, 111602



Status for Baryogenesis

O Electroweak Baryogenesis Bochkarev et al 1990

T W O [ cptogenesis YANAGIDA et al. 1986
Al 0 VWash-in Leptogenesis DOMCKE et al 2021
O Electrogenesis CHAO, 2024

O Magnetogenesis JOYCE et al 1997

el NEl © Axion-inflaton Leptogenesis Alexande et al 2004
CECLIREYRN © (el Dine field oscillation Affleck et al 1985
O Axion Baryogenesis CO et al 2019

WEI CHAO 10



WEI CHAO

Outline

& Overview of Baryogenesis mechanisms

& Recent Progress

O Basic setup of the Electroweak Baryogenesis

O Progress(l1) EWBG vs EDM constraints

O Progress(2) EWBG via symmetry non-restoration(SNR)

O Progress(3) Baryogenesis via SNR

O Progress(4) EWBG vs bubble dynamics

O Progress(b) Chiral magnetic effects

O Progress(6) Baryogenesis without first oder phase transition
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EWBG via the SM CP violation

CP wviolation in the CKM BAU

S u,c,t . | g g
>W+ > np = ? { | 2—2) [nl’:‘(a)) — n;é(a))] - | 2—2) [nllf(a)) — nllg(a))] } X A(w)
< < |
d u,c,t

1 0

VCKM =10 Ca3
0 —s,,

sin 15 = 0.22650 & 0.00048,  sinf;3 = 0.00361 700005,

sin 623 = 0.040531 0 000c; § =1.19679-9%3 : uet, et al., PhysRevD.51(1995)379

- o - wQCD damplng effect (quantum J
«»Jarlskog in CKM J = (3 007, 09) X 10~ . decoherence) reduce the BAU tonegllglble'
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CP violation 1n the top quark sector

<
1 A 1

—#(Sy5p+ Yico + iy>Cysp)th H(Syco — Y,5p+ iy’ C et

V2 V2

Ly ~ y,Q; Htp + —QFHetp —

A E = u /T = CP asymmetry
Ry, Lt< pe _— L;
L R
R¢, Lt< pe T R;
] r E \/ a
\ .,
B Np
—t ~ 3FSph§ — Crsphﬁ
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Constraints

EWBG with new CP violation (example)

0.2~

-0.2+

0.4) =mssedencmncnmmnnmmandannnmenanneem =" nnnnana,

eI Tt e L T LT T p—

-1.0

Chao & Yandong Liu,

13



Constraints of the EWBG

Detection methods
LHC EDM

Conventional EWBG mechanism might be found or excluded in the
near future when these three detection methods are combined.

o Can LHC measurements confirm the patter of EWPT?

o Can GW measurements exclude the possibility of EWBG?
o Can EDM measurements exclude the case of EWBG?

WEI CHAO

The tension between the requirement of a large CP phase by the
EWBG and the non-observation of CPV in EDM experiments

1_IIII IIII|IIII

de=10_26 e cm

Excluded
Region

0.1F

d=16x10"ecm
e -26
dn:2.9x10 ecm

001 L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1
100 150 200 250 300 350 O 0 ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] |

: Ramsey-Musolf, et al., PM

01 :
M, [GeV] 100 150 200 250 300
M2 [GeV]

]
350

* Wino induced baryon asymmetry was excluded by the ACME
result!

* Can any EWBG model escape the constraint of EDM?

14



Progress (1): EWBG via CPV at finite T

Observation:

sector

There exists spontaneous CP phase in the scalar singlet E VV BG

Lemma:

spontaneous CP violation in the
theory of one complex scalar field
may occur only when the related
U(1) is explicitly broken by at least
two spurions whose U(1) charges
are different in magnitude

A possible strategy:

V= —p*(H'H) + NHTH)? = p3(S75) + M(ST9)* + Ao (HTH)(S7S) ——ﬂ352+ A354+hc SM+ complex scalar singlets

S Two-step PT

A

&e;cond—step
First-step /

of

» h

Symmetric phase Broken phase
CP conserved

WEI CHAO

-~ ~nT,St,+ MT, T, +h.c.

: : Inelastic scattering
@ Yukawa interactions
< > Nt p < > Np,

sphaleron

"N

1 [)\1—)\3 m%—mi

= 4+ — arccos
r g 23 )\2’1)2 — ma — m% 4 211,

2
NO constraint of EDM and Higgs search! P T e e
- Transport equation:

15
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Progress (1): EWBG via CPV at finite T

First order EWPT

EoM for three background
fields:

Bubble wall width:

L? ~1.35

A+ /AN,

(o — 27/Mhg) N0 — T (T2)]
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EWBG

Transport EQ

All equations

STV = 9022 / 2

on +v-iz) = _/d3z /_xo d2"Tr[2” (z,2)S<(2,2) — S”(z, 2)2<(2, z)

ot
+8<(z,2)X7 (2, z2) — £5(z, 2)57 (2, z)]

k2dk (er) — n(eh)

(eL —€})?

n(er) + n(er) }

+ (5L5R + k2) (€L n €R)2

n
Im - k2
I {(EL‘SR )

|

"Q, =
OT, =

4T, Ry + Ty, 8¢ + Tyrby + 21,0,
T, Ry — Iy, 8 — T's6s — T'¢6
+I{RE + Ty Ry + Seon”

4+l Ry —T{RE — TRy +Tcbe — S’
TRy —Tyidy
—T'¢6

—TI'y,6; — T8¢

o, =
/
o,

o"S,
OMH, =

(13)

16



Progress (1): EWBG via CPV at finite T

Cartoon for diffusion processes BAU

Top Yukawa
np
Relaxation
weak sphaleron
Strong sphaleron
Yukawa
) (3 ()12
R< I B:’ﬁ,(+)N+_N_
H 12 B N, +N_

strong sphaleron

W. Chao PLB “

| I I I | I I I | I I I | I I I | I I I L]
0 20 40 60 80 100

A(GeV~)
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Push the sphaleron to multi-TeV scale !

Freeze-out temperature ~130 GeV

Progress (2): EWBG via Symmetry non-restoration

Alfredo Glioti, et al., JHEP04(2019)027

|

SM+scalars

WEI CHAO

Conventional
EWBG

may lead to
BAU via

EWBG-like
mechanism

Heavy particle

18



Progress (2): EWBG via Symmetry non-restoration

Basic setup

E Kpy o Oty M
ro sph brok“w¥p
nghk(T) = Kprok@y T €XP ( T ) Egn > T log ( 3T )
mgs
~ 10° 4y [ 3 2 2
S A S [4(1”)2 PP+ S+ P + o0 = 1)
J0

By requiring the SNR T to be 10° GeV:

| ‘EW symmetry should be

' l[restored in the early|

universe, in order to have a|
workable EWBG *

WEI CHAO 19




Progress (2): EWBG via Symmetry non-restoration

2HDM ( with mert Higgs)+ a scalar singlet or Fermion dark matter

A

— e Picture taken from Marcela Carena, Claudius Krause,
' Zhen Liu, and Yikun Wang, PRD 2021

-—
—
——
——
—

V=— u2H'H+ AHH)? + p2(®'®) + Ig(®'D)>

Field value at global minimum

e + Ay (H H)(D'®) + -
Voo b a Vi o
: \/ +E//ti X +Z/1i)(i "‘3’1;@% (O'D)
: L0 5 L
-5 t> i (HH) - OF  —=jy(®'0)
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Progress (3): BAU via Symmetry non-restoration

Sphaleron may quench before the electron Yukawa interaction entering the equilibrium

Interaction | Weinberg WS SS Y. Y, Y- | | ;_I___ : :
2 2 | ' Weinberg op. | : |
r,/T? Iﬁwn:;ZW SRWSQS 2RSSO} Ky, Y2 KY. Y, Ky, Y2 | feoo__ S S S i E
E : | | | | .
12 12 13 5 9 12 . N _lhmeak; sph. 3
Ty [GeV] | 6.0 x 10 | 2.5 x 10** | 2.8 x 10*° | 1.1 x 10° | 4.7 x 10” | 1.3 x 10 SN e : | -+
ﬁ strong sph. . f -
Interaction Y. Y. Y; Y, Y Y, ; [ N ol
Lo /T A ) ) ) 5 ) ” f i I_guf |—:iuon Z :[__eTectron
o Ry, Yu Ry, Ye KRy, Y Ry, Yq Ry; Ys KRy Y —— | | S
t d Jd d a Ib |—;’p kﬁlarm ; ; I_:l
T,[GeV] | 1.0x 105 | 1.2 x 101! | 4.7 x 10 | 4.5 x 10° | 1.1 x 10° | 1.5 x 10!2 T Pom F;angehgwr,
Valerie D k, Yohei E Kyohei Mukali Masaki Y HEP
alerie Domck, Yohei Ema, Kyohei Mukai and Masaki Yamada, J 1017 1015 1013 10! 10° 107 TO° 103

08(2020)096

KLeft-handed Electron asymmetry can be transported to the BAU via sphaleron.

WEI CHAO 21



Progress (3): BAU via Symmetry non-restoration

e Higgs doublet decay into chiral electrons with CP violation

; Im Yngthr(Y” YZ) | Mg,
£ =
871' tI‘(YlJle) M(Dl

e Chiral asymmetries are generated in the first generation.

e No primordial B-L violation is generated!

* No matter right-handed neutrinos exist or not!

WEI CHAO 22



Progress (3): BAU via Symmetry non-restoration

e Transport equation

- 3 - mmm Flectron Yukawa
d (/’LLk) _ 1 Yws Z (,uLz. | SHQi) == EW sphaleron
dnT \ T g, H |[S\NT T O e A
- - Nnnitla ¢ O
1 VYve, ( BE, | KL ,UH) Initial B — Ly of WIL
ng H T ! T T In?t?al B — L;é of DL
1 47T29 D £G Initial Le
I *S < (Y . Y ) Final BAU
g, 15 H \* 7%
2 9p (SpL, M
— 19
Lol (5o -tm) a9
15
Y = "B 1B
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Progress (3): BAU via Symmetry non-restoration

CHAO, 2024

Observed BAU

WEI CHAO 24



Progress (4): Calculation methods of EWBG

favors high wall velocity

BAU favors low bubble wall velocity, Gravitational wave

Physics relevant: fraction of plasma that can stay ahead
of a bubble wall velocity.

Bubble

h2Qcon(f) = 1.67 x 1077 (

mm

collision

)|

3'8(f/fcoll)2.8 ]
1+28(f/ feon)®® ]

Hy,
Sound wave [IEEAAREACEE N (7) (

2 100)% ( 0.1103
— X
i 0.42 + v2
4+3(f/ fow)?

MHD
turbulence

o) (i
(f/ftu)3

“ A F/ Fo) (1 + 87 f )

— BAU via WKB Approximation, JHEP03(2007)049

-0.5
Iog10( w)

WEI CHAO

= M(x) + (x — y)0,M:(x)

Valid in slowly varying
bubble wall background

S%PV = 2Im[M 20ﬂM 2]([ d*y(y — x)* X

(GER()C, )’)GEL y,Xx) — G;R(X, )’)GLL<(y,x)>

BAU via the VEV insertion method

I e e e I a—
' J.Cline, Kainulainen, 2020

0.4

0.3

as

0.2

0.1
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Progress (4): Calculation methods of EWBG

Conclusion: BAU smoothly evolves to zero with the increase of the wall velocity, a large velocity is allowed

4 _ICIII<-ISIIII| I IIIII| T IIIIII 1 IIIII| I I’I‘IIII 101 E:--~.~.~"'~.I~_~.\ | [ | | [ [ 1 | _CK-S [ _g
—— CK-h ','/ II - T — — CK-h _
3 |=---FH-s P —~—— T ~. ----FH-s -
—— CK- K. =1 /'/ i i i - == il
>0 % J.Gline, Kainulainen, 2020
_ 10° =
E: -
_ S
10" &
< -
_1 I IIIIIIII I IIIIIIII | IIIIIIII I IIIIIIII [ LIl i )
-5 4 _3 ) 1 0 10-2 | | | I I B N |
10 10 10 § 10 10 10 10° 101
- w - .S(Z) LT
Top triggered EWBG+two-step EWPT: yih(2)h (1 + ’T) R +He., Ty
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Progress (4): Calculation methods of EWBG

EWBG via the WKB approximation vs via the “VEV-insertion” A scalar example in the CTP formalism : analog to stop
method induced BAU
M?, M?
CK-fluid: Full WKB - o - & = 0,)(0"p) — ¢t t*¢ Yy ;L I;R
result - // . Mgzr Mgg
CK-diffusion: WKB :_/L/ _____ ) ] Kadanoff-Baym equation: Wigner transforming of the
source + VEV- £ Schwinger-Dyson equation
insertion diffusion L — | |
ti . — \ . ,
eqguations, E ‘E ik - axGﬂ — Ee_w ([%2, Gﬂ] + [H}t, Gh] + E({H>’ G<} - {H<, G>}))
VEV-VEV: Full VEV- - - .
insertion method; - - 1 .
-~ CK: fluid Left-handed side: Eaﬂj o) ik" (G”(k, x) + G<(k, x)) = — 9,(J*(x))
VEV-WKB: VEV- E_—CK: diffusion \ _E
. . ---—-VEV-VEV o\ T
Insertion source ~  VEV-WKB o\ ) ) ) )
term + WKB | | | \ Source term: |VEV-i Postma, Jorinde van de Vis and White, JHEP 2022
transport 0 0.2 0.4 ) 0.6 0.8 1 4y
equations. W Sip=— J 2 ([4*, G + G<] + [IT” + IS, G" + {IT”, G} — {115, G })
T
Conclusion: the VEV-insertion method seems over-estimate the CPV  JROZZUeIElelaERVIEERialeR = N=To[IE=1ilo]aW=T¢=No] oI=Ig o [UI=X1d o]0}
source term.

Recent progress: Li, Ramsey-Musolf, and Yu, 2024
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Progress (5): Chiral Magnetic Effect

CME: When a medium with a chiral asymmetry is exposed to a magnetic field there is an

induced electric current.

¢ Electric current induced by magnetic field in usual media? NO!

| | Chirality of fermions
P:j—-—-j] E—--F B->B

In the presence of a parity odd quantity, electric current can be induced! W MO <y
p > <€ p
- . . . o left-handed «—— right-handed
Chiral chemical potential can be generated due to topological transition. Parity
ps 0 ,

.//t —~— N 62 — o
In the presence of magnetic field, electric aﬂ ] = 5 FF — J = Hs B J
current is generated 327 22 "

U5

WEI CHAO
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Progress (5): Chiral Magnetic Effect

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

1 (137 EW Y * 11
~ L ~ Tl Cowngs + C,NEg+ 1Y, + -
2 8 1 v 87
Cy = Zl [_ZﬂRi TR, TG T Sy, T gﬂQi] Nes=35721 By

e Maxwell equations
oE )5}
a__VxB_|_]:() a—+V><E:O V-E=p V-B=0

1 I

— = =

J = G(E 4+ v X B) + Z_ac B CME: When a medium with a chiral asymmetry is exposed to a
r ‘ maghnetic field there is an induced electric current

WEI CHAO 29



Progress (5): Chiral Magnetic Effect

EOM for helicity and the energy density of magnetic field

o d>x dx 1 ,
e Definition h — V A . B S dkhk pB — J'TEB — J'dkpk
oh d’ 1 4aC
« EOM — = lim J—x (23 V24— 4 2GS B%)
o Vo) V c T O

WEI CHAO 30



Progress (5): Chiral Magnetic Effect

B&L violations via the Triangle anomalies

2
_ _ W ANY y _ 8y
AB = AL = N (AN} — ANL) ANgs=~——AH
/A
* Traditional Baryogenesis: A NY — 0 Source term comes from the LNV decay of seesaw
cS particles or CPV interaction on the babble wall.

e Magnetogenesis: ANY + () No other source term
S

v There might be non-helical magnetic field in
e A third scenario: ANCS =0& B #0 the early universe.

WEI CHAO 31



Progress (5): Chiral Magnetic Effect

Transport equations for EWBG when CME effects are included.

d HeN 1 7g [ HE /“;Li 7 N 6 a oh
 dnT\T) g H\T T T) g 2z0mT

L = — — o — — _
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Progress (5): Chiral Magnetic Effect

e No primordial B-L asymmetry and no primordial helical magnetic field

0 00 Chao, 2025

10° 10" 10° 10> 10* 1000 100 105 107 10° 10° 10% 1000 100
T [GeV] See also Hui Liu& Ligong Bian, 2025 T 1GgV]
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Progress (6): BAU without the first order EWFT

e Sphaleron decoupling as the third condition for the baryogenesis

1 3

sphaleron (NCS =5 )

e Sphaleron rate

[iatticesph (1) /T* = (8.0 £1.3) x 10~7 (T > Tew)
log(Tlatticespn (T)/T4) = (0.83 £0.01)T/GeV — (147.7 £ 1.9) (T < Tgew),

o Sphaleron rate W|th size factor a

e—M(T a)/T
Flattice,sph (T) — / da Psph (T, a), Wlth Fsph (T a) f dCL e_M(T a)/T Pla,ttme ,Sph (T)

vacuum

° D. Kharzeev, E. Shuryak, and 1. Zahed, Phys.
Rev.D 102 no. 7, (2020) 073003, * Hong, Kamada, Yokoyama, Phys.Rev.D 108 (2023) 6, 6
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Progress (6): BAU without the first order EWFT

Hong, Kamada, Yokoyama, —Phys.Rev.D 108 (2023) 6, 6 Source term induced by decoupled sphaleron size sector

1O—7_| T T T T T T T T T T T T T T T T T T T T T T T T T_]

! P(T) { ( [ da Tepn(T, a) + [ da Tapn(T, a)) 3Acp, for T, <T < Taw,

Amin

10_11 —

Plattice,sph | 3"élCPa for T S Tca
1 ‘ dn 39 Ty
= ‘ : h,
| : Transport equations: L 4 3Hn, = 2, + P(T)
10791 - dt 4 T3
3 | . :
- n./s Hong, Kamada, Yokoyama, PRD 2023
0 1 ‘ 3 4 S _14b
] 2.x10" - e
CPV induced transition asymmetry at 41 5510~
the sphaleron decoupling sector: 1014 &
Acp ~ 2.5 % 10710 5.x 107" :
! * T(GeV
* D. Kharzeev, E. Shuryak, and 1. Zahed, Phys. 120 130 140 150 160 R e
Rev. D 102 no. 7, (2020) 073003, c
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Baryogenesis Summary

80s~90s

O0s~10s

10s~20s

15s~20s

20s~now

Thank you for your attention!
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