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. We do not understand

Baryogenesis

- There remains mystery In particle physics.
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Sakharov’'s three conditions

1. Violation of baryon number
2. Violation of C and CP

3. Out of thermal equilibrium



Conditions in SM

1. Violation of baryon number

- Sphaleron process breaks B+L number. Yes
2. Violation of C and CP

- CKM phase. Yes, but small
3. Out of thermal equilibrium

- EWPT Is crossover. No (w/ observed Higgs mass)



Conditions in SM

1. Violation of baryon number
- Sphaleron process breaks B+L number. Yes
2. Violation of C and CP

- CKM phase. Yes, but small

3. Out of thermal equilibrium  Physics beyond SM is needed.

- EWPT Is crossover. No (w/ observed Higgs mass)



New CP violating phase

Now we know that neutrino i1s massive.

Flavor and mass eigenstates of neutrino are

different.
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Leptogenesis

- One of simplest scenarios : Leptogenesis
[Fukugida-Yanagida '86]

Lepton asymmetry is generated by

decay of VR -, ) ( e /
VR \\ haN w7 \\
‘H

VRIS produced In thermal plasma for TR = MR

by inflaton decay for Mo = MyR

Our work [YH-Kitano '16, YH-Kitano-Yin '18]

Asymmetry by neutrino oscillation at reheating era.



Message

- We propose new scenario of baryogengesis
where the baryon number is generated

during the era of reheating.

. BEven it TRr< Myrand Mo < MVR,

successtul baryogenesis is realized.



[YH-Kitano '16, YH-Kitano-Yin ’18]

Reheating era baryogenesis

- Standard inflationary cosmology

Inflation decays
into SM particles.

Radiation
Cosmic inflation Reheating dominant
universe



[YH-Kitano '16, YH-Kitano-Yin ’18]

Reheating era baryogenesis

- Standard inflationary cosmology

Inflation decays
into SM particles.

Radiation
Cosmic inflation Reheating dominant
. universe

far from thermal equilibrium.
good for baryogenesis.



History of universe

d: inflaton, r; radiation.
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Setup

- Simple model:
Standard model

w/ Majorana left handed neutrino+ (inflaton sector)
L=Lsy+rIUHH + ... k(H)? = U*m, U’
- Inflaton sector I1s characterized by me and Tr.

- Origin of lIHH operator is not specified.

max [m,,|
- Assume EFT description is valid. 1672 (H)>

E<1



Three conditions

- Baryon number violation.

Combination of sphaleron & lIHH op.

. C&CP violation.

PMNS phase in SM w/ massive neutrino.

- Away from equilibrium.

By definition, reheating era satisfies condition.



Neutrino Oscillation

. External line Is

charged lepton.

- Propagator is not 747 A;
diagonalized by v R/ Ve VNX :




CP violating Neutrino Oscillation

- CP violating neutrino oscillation is

relevant for our baryogengesis mechanism.
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Basic scenario

1: Left handed lepton from inflaton decay.

CP violating neutrino oscillation

2. Flavor asymmetry appear (No net lepton asymmetry)

Flavor dependent IIHH washout

3: Net lepton asymmetry appears.



Basic scenario

1: Left handed lepton from inflaton decay.

Origin

We consider two situations.

1. inflaton decays into leptons,

2. inflaton decays into Higgs,
then Higgs—leptons by [IHH.

2: Flavor asymmetry apr.

3: Net lepton asymmetry appears.



Kinetic equation

- We numerically solve equations of motion

for density matrix. Scattering

de J

[kapk] T _{Fdapk}

dt _%

Oscillation

d3p i .
i—+ = [Qr,0pr] - 5{T%,6pr} + idT%.

dt

Because oscillation effect is important, kinetic eq. rather than
Boltzmann eq. is used.

Two scale approximation: P~ Mg, P~ 1



Initial condition

- Inflaton—leptons

Lepton state is parameterized as 1) = Vill;)
3Tp
_ - Ve VA Ve _ *

Pkli=tp = Pxlt=tp = NV;V7, N = 4m¢)Ba

- Inflaton—Higgs
iInitial lepton state Is set by Yukawa/lIHH

Interaction.



Detall

Oscillation
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Some formula are in Akhmedov,et al. ‘98; Abada, et al. ‘06; Asaka, et al. 11.



Comment

- If inflaton dominant decay mode is Higgs,
then sign of asymmetry only

depends on Dirac&Majorana phase.

- Unknown CP phase in UV does not affect |



Neutrino Magic!

Have a Neutrino
goad look! osclllation!

The flavor content of neutrinos and that of anti-neutrinos are
) modified differently by the CP violation in the neutrino oscillation.

There are
more anti-
neutrinos?!

The numbers of the heavy neutrinos and the heavy anti-neutrinos
are equalized by hitting the Higgs bosons.

Ehigrstan.coem

comic by Yuki Yamamoto,
higgstan.com



Analytic solution



Perturbation

- The kinetic eq. can be solved perturbatively.

iiAmass ~ [QII]&SS pmass _|_ ﬁIIIBSS] + P(t) . AII]&SS

dt ; ’ ?
f Oscillation

(density matrix of particle)-(density matrix of anti-particle)

_ Scattering stops
Scattering Oscillation.

Approximately d ‘%

iaﬁllldss ~ [Qma,ss’ plll'd.SS + ﬁIIIaSS} (tini 5 ¢ 5 tcut)
d ~ . U S
Z_Allldbb ~ p(t) . Allld.':b’ (tcut 5 / 5 tend)

dt




Analytic solution

- : (tend ' D4 -
Amass(tend) _ 7— (e—l ftini+tpair dt" P(t )) A(O)

A(O) ~ —f [Qmass, pmass i ﬁmass]t

‘pair

This reproduces numerical result very well.



Numerical Result



[YH-Kitano-Yin '18]

Inflaton & — leptons

Normal hierarchy, my1=0.
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Logqo[Tr/GeV] Reheating temperature
Band: uncertainty of LPM effect. Tr> 1015GeV is not trustable.



[YH-Kitano-Yin '18]

Inflaton ® — Higgs

Normal hierarchy, my1=0, me/Tr=100.

1077—— | | 3
7 —ay=rt/2
/\\ —ay=rt/4
10-8. —ay=0
: / ' ay=-11/4
@ | i \! — C1M=—7T/23
/) / -\ ;
= 10°° 1\ am: Majorana phase
~ | " "
10_10: 1) ’N observed
1ot | . B =
12 13 14 15 16

Log1o[Tr/GeV] Reheating temperature
Band: uncertainty of LPM effect. Tr> 1015GeV is not trustable.



n, |/s/B

[YH-Kitano-Yin '18]

Phase Dependence

Normal, Tr=my/100=2x10"2GeV, myjightest=0eV

B am: Majorana phase
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Solid: correct sign (ng > 0).
Dashed: wrong sign (ng < 0)



Parameter dependence

Inflaton—leptons . branching ratio, Lightest neutrino is massless.

, 3
nr 6 TR ( meg ) —1
. ~CP (1011 GeV) 1013 GeV

Inflaton—Higgs

"L 4 x 10—9B.€<vp( R/, ) ( . )

s 0.01 1013 GeV

Eop ~ (sinay + 0.2sin(aps + 4))



v less double G decay

X V=1
WL:J T ¢
d U

[KamLAND-Zen ’16]
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[YH-Kitano-Yin '18]

Implication

Inflaton—Higgs 6=-3711/4, Tr<10"°GeV
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Summary

- We propose new scenario of baryogengesis

where TrR< Myrand Mo < MyR.

- The osclillation of left handed lepton plays the

crucial role.



