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Baryon Asymmetry in Inflationary Cosmology

» Need tiny asymmetry in the early Universe

= Pair creation/annihilation in equilibrium
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Baryon Asymmetry in Inflationary Cosmology

» Need tiny asymmetry in the early Universe

= Pair creation/annihilation in equilibrium
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= Inflation does NOT allow us to put it as an initial condition before inflation!

= Call for “baryogenesis” after inflation before BBN






Recipe for Baryon Asymmetric Universe

» Sakharov’s conditions on Hamiltonian (H) and state (p)

- Violation of Baryon charge

Heisenberg eq. QB =1[H, Qp] ey [, Q] # 0
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Recipe for Baryon Asymmetric Universe

» Sakharov’s conditions on Hamiltonian (H) and state (p)

J Violation of Baryon charge
Heisenberg eq. QB =1[H, Qp] ey [ H, Q] # 0

» Chiral anomaly

Oufg g5 W“ Wy g%BWB“V) - Instanton @ vacuum

Lot o o 16w /g% 6 (107165

No effect within the current age of Universe

3n2(

Baryon # SU(2)w
Chern-Simons

. - Weak sphaleron at high T
9 quarks + 3 leptons Tws _ 8.0£1.3) x 107 ior I UElbey
are generated T4 o~ (147.741.9+(0.83+0.00) 5y for T <161GeV
B —bo—N, B~ o [A“:"w" B— b+ N; Al [See e.g., Boedeker, Buchmuller 2009.07294]
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Weak sphaleron & Baryogenesis
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Weak sphaleron & Baryogenesis

Weak sphaleron equilibrated

I

10° GeV 10 GeV

U(I)B %B | Tr{e—ﬁ(H—,UQB—L)QB} — _TI-{CPTe—ﬁ(H—MQB—L)CPT—IQB}
— _Tr{e—ﬁ(H;;_;gB_L) QB}

Nonzero QB-L
allows nonzero Qg

4 EIECtroweak Baryogene5|s [Kuzmin, Rubakov, Shaposhnikov] Sakharov’s conditions

: , / should be applied to B-L
- We need a new source of CP violation & strong EWPT .~

[Fukugita, Yanagida]

» Leptogenesis (B-L genesis) ¢

- Two faces of the dim 5 operator

c Probed by
= (Lpg-H)(Lpp-H
M (+L1f )(+L1f ) OVBB decay!

!/
It * B-L violation (Ist condition)
* peutrino mass
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EWPT _ 1013 GeV

Ul)p = J#Ts Ts
i5=2grs ——UW)p-L L1

S (Lip-H)(Lep - H)




Leptogenesis via Majorana RHvV
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Leptogenesis via Majorana RHvV

10°GeV  Weak sphaleron equilibrated 102 GeV

I

_ EWPT "M  RHV equilibrated()

U | DT | THTp  nfeion) -l sermon e
— Sy i ) )
1= gy U)p-r JATp-I T 0, ) o
-1 +1 +1 +1

/
oI

5 1 '
S (Lep-H)(Lep - H) %= hayNraLyrH+ > Mo NraNpa | [

RHV thermally populated

. Sakharov’s
2 Thermal Leptogene5|s [Fukugita, Yanagida Phys.Lett.B 174 (1986)] o
conditions
= non-equilibrium + CP-violating decay of Majorana RHV @ T ~ M
L) @ @:o.3x10‘1°(’<)( i )( ) B
@/ # @l s / 0.1/1109GeV 0.0SiV/
s ‘ \@ @wash-out factor @CP-violating phase

K — 0 @ thermal eq. via V-Yukawa (h)




Leptogenesis via Majorana RHvV

10°GeV  Weak sphaleron equilibrated 102 GeV

Ul)p BT LT s, |

— o f o~ BH-1Q.) . -1
5= 20 % - U)p-L BfTp-p ™ erraerny
\ U(l) =—Tr{e QB—L}

Other conserved quantities in SM?

3 Thermal Leptogenesis [Fukugita, Yanagida Phys.Lett.B 174 (1986)]
= non-equilibrium + CP-violating decay of Majorana RHV @ T ~ M > 10° GeV

[KM+ Phys. Rev. Lett. 126,201802 (2021)]

- Some conserved (?) charge qe is converted to qg-L



Approximate conserved charges in SM

» Decoupling of SM interactions at high T
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- Conserved charges emerge at high T
E.g., rigsht-handed electron charge
g, rig g U(l)e,
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Approximate conserved charges in SM

» Decoupling of SM interactions at high T
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Right-handed electron Yukawa

yeERELeHT + H.C.

1017 10 108 101! 10° 107
[B.A.Campbell+ Phys.Lett.B 297 (1992) |18-124; KM+ JHEP 08 (2020) 096]

- Conserved charges emerge at high T

T(GeVl ||Ye  Yas Vi Ys  Ysb Yu Ye Yr Ypb WS SS yi
™| (10%,108) | ge v VA N A A A A A A A 4
)| (10510%) ||Ge 92B,-Bp,-Bs Gu-a g & F S I IS
(i) (10%,10""""%) | qe G2B,-B,-By Gu-a dd-s GBy-B, Gu v ¥ ¥ ¥ ¥
(i) |(10"71%,1019) || ge G2B,-B,~Bs Gu-a da-s 4B,-B, u Gu-c 9t da-b 98 v
@ | (1013,10) ||ge G28,-B,~B; Gu-d da-s 9B,-B, du Gu-c 9r da-b 9B qu
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[KM+ Phys.Rev.Lett. 126 (2021) 20,201802]

[KM+ Phys.Rev.Lett. 126 (2021) 20,201802]



Leptogenesis via Majorana RHvV

10°GeV  Weak sphaleron equilibrated 102 GeV

I

Electron Yukawa equilibrated EWPT 10°GeV M

Ulp BT 75
— How do we generate (er!
qB = = qB-L U(I)B_L %B_L (or in general qc?) )

79
qB-1L = 10 X (ep

[KM+ Phys. Rev. Lett. 126,201802 (2021)]

- ApprOX|mate conserved charge qc Tg- [GeV] |Indexa| e  [2B-Bp~B; Mu-d Md—s FBi-B, My Hu-—c  Fr  Ha-b BB Hu M,
. . W | (105108 | ent | -3 X X x X X X X X X X|x
at high T is converted to gs-L w| (05109 [emr| % 0 L x x X X x X xx|x
i| (10°,10M712) e, [ R0 3B R R FEREE X X X X X |38
i | (1011-12 1013 —23P+7 1 3 1 _3 z23P+7 3 -23P+7 _4 23 23
(i) [(10 10%°) I X
CIB L — E XC 6]c| . ’ 33191 i’ g ? 110 3?}91 110 33191 115 910 1 330
C I~M ] (107,107) I == 5 % -1 "1 —¢- 1 —1 “3 & 3|1

- It works even if... |.M > 105 GeV, 2.No CPV, 3.Strong wath-out



Examples of qc asymmetry generation

» Non-equilibrium CPV decay of heavy particle (revival of GUT baryogenesis?)

Eg, Y9, H Lisery Two heavy “Higgs” H (e, 3HDM)

iy
)@ 0=qL= qL|sphaleron t fey
A @ ~— :
@ Majorana RHV scatterings (¢B-L = 10 Aer

» Effective chemical potential from axion inflation
¢

E.g., T Y#  axion-like inflaton ® w/ Chern-Simons coupling to U(I)y

- Simultaneous production of U(1)y gauge field & ger asymmetry during inflation
~(Yu Y*") =4(Ey -By) 20 W ¢ 20

g5
atCIeR a <] R>_ Y

(Y, YHYY +.
By A TEY 1672 "

....... y s che e ) Yukawa interaction negligible
H """" ‘{.r forT > 10> GeV
orizon .




Other options?

10°GeV  Weak sphaleron equilibrated 102 GeV

Electron Yukawa equilibrated EWPT 10°GeV M

Ul)p  Ts 175 has NiaLig H+ 5 Mo NeaNre

qugxq:_L\ U(l?B_L HTB-1 o It)(L -
I;EHQR V\SU(I)QR M \Lf Lf

Probed by OV 8 decay

qB-1L = 10 X (ep

4 Thermal LeptogenESiS [Fukugita, Yanagida Phys.Lett.B 174 (1986)]

» Wash-=in Le ptogen @SIS  [KM+ Phys. Rev. Lett. 126,201802 (2021)]



Other options?

10°GeV  Weak sphaleron equilibrated 102 GeV

I

Electron Yukawa equilibrated EWPT 10° GeV M RHV equilibrated(?)

Ul)p | DTy 1T ey NiaLipH + 5 Mo Nia N
2 '\U(DB L AT Z Z)(L »
AT, v\U(l)eR R

Probed by OV decay
CIB e _E X e

[Laine, Shaposhnikov 991 1473]
2
qp =0.03x ) _yg qa,
f

Sakharov’s conditions
should be applied

lepton Yukawa corrections
to ideal gas approx.

[Fukugita, Yanagida Phys.Lett.B 174 (1986)]

"» Thermal Leptogenesis
» Wash-=in Le ptogenesis [KM+ Phys. Rev. Lett. 126,201802 (2021)]

3 Le ptofl avo rge N es i S [KM+ to appear in Phys. Rev. Lett.]



C L Fv & Le ptofl AvVO rge nes i S [KM, K.Schmitz, M.Yamada 21 11.03082]

2 12
10°GeV  Weak sphaleron equilibrated 1077 GeV

I

Uy ey @

qp ~0.03 nye U(I)Lf Lf’ = JJ'Hj‘Lf Lf’ Sakharov’s conditions
should be applied.

» Equilibration of cLFV interactions

- E.g., MU to ey
ff!
C = EWPT ff ff'
l ﬁ 2C, C
v Current bound [Future prospect] v Decoupling temperature of cLFV
4/3
A AN L/C
>6.7x 107 [1.0 x 108] GeV Tdee - 3% 104 GeV o
Ccte Y 108 GeV
\ “ey [MEG / MEG II]



C L Fv & Le ptofl AvVO rge nes i S [KM, K.Schmitz, M.Yamada 21 11.03082]

2 12
10 GeV Weak sphaleron equilibrated 107~ GeV

I

2 —4
yr ~ 10 I I E] T
qp = 0.03 x Z‘ye\ U(I)Lf Lf/ | Lf Lf’ Sakharov’s conditions

should be applied.
» Concrete realization of leptoflavorgenesis via cLFV?

- Eg, M to ey otk Cff
- LTfa Ver Wy H 170"V erpBuyH

v' Thermal leptoflavorgenesis — However, difficult to generate large asymmetry

v Wash-=in IeptoflavorgeneSis [KM, K.Schmitz, M.Yamada 2111.03082]

Need some mechanism to generate qer. * Significant suppression if TE;C < T;,leec ~10°GeV
v Affleck-Dine leptoflavorgenesis [.March-Russell+ JHEP 1 (1999) 015]
v Spontaneous leptoflavorgenesis [KM, K.Schmitz, M.Yamada 2111.03082]



Baryogenesis via Leptogenesis

» B-L genesis by Majorana RHV (dim 5 op.)

1 fr!
hagNeaLigH+ > MaNgaNea = 7 (Lig-H)(Lip - H) ) Probed by OVBB decay?

- Thermal leptogenesis [KM-+ PRL 126,201802 (2021)]
B L B L » i »y® T Te L
&, 70
i@ L ¥
....... ' | . '
hal AL RH

Resonant leptogenesis, sphaleron ,y" scat::arin .
Flavored leptogenesis,... T Horizon AT &

4 Leptoflavorgenesis via LFV (dlm 6 OP) [KM, K.Schmitz, M.Yamada 21 11.03082]

E.g., Cff, + Cff, v p v
51 fO' eRf/Bu,,H —> A Eff()’” PRgf’Fuv ' Probed b)’ H to eY'
Le Ly L+ B Le Ly L+ B

gp = 0.03 x Zygf qa, Need large lepton asymmetry
f

|st order QCD PT? [Gao, Oldengott PRL 128 (2022)]
[Laine, Shaposhnikov 991 1473]

sphaleron + lepton Yukawa



