
Leptogenesis	via	
active	neutrino	oscillation

Wen Yin, KAIST in Korea

1807.06582 with Ryuichiro Kitano, and Yuta Hamada 

comic by Yuki Akimoto,  
higgstan.com

Prospects	of	Neutrino	Physics	at	IPMU,	11th	May	2019	



1. Introduction

Sakharov’s	conditions	

*Baryon/Lepton	number	violation		

*C	and	CP	violation		

*Out	of	thermal	equilibrium

How	to	generate	the	baryon	asymmetry?

Unfortunately,	the	SM	does	not	sufficiently	satisfy…



1. Introduction

Sakharov’s	conditions	

*Baryon/Lepton	number	violation		

*C	and	CP	violation		

*Out	of	thermal	equilibrium

The	SM	(probably)	is	an	effective	theory	with	Majorana	neutrino	mass	term	

A	clear	New	Physics!	Neutirno	mass	

How	to	generate	the	baryon	asymmetry?

Unfortunately,	the	SM	does	not	sufficiently	satisfy…



1. Introduction

Sakharov’s	conditions	

*Baryon/Lepton	number	violation		

*C	and	CP	violation		

*Out	of	thermal	equilibrium

The	SM	(probably)	is	an	effective	theory	with	Majorana	neutrino	mass	term	

✔

A	clear	New	Physics!	Neutirno	mass	

How	to	generate	the	baryon	asymmetry?

Unfortunately,	the	SM	does	not	sufficiently	satisfy…



*Baryon/Lepton	number	violation		

*C	and	CP	violation	✔	

*Out	of	thermal	equilibrium

✔

Neutrino	oscillation	can	provide	CP	violation.	It	is	favored	to	happen.

Introduction

Sakharov’s	conditions	
How	to	generate	the	baryon	asymmetry?

The	SM	(probably)	is	an	effective	theory	with	Majorana	neutrino	mass	term	

A	clear	New	Physics!	Neutirno	mass	

See	Lisi’s	talk	slide.	
T2K	Collaboration,	1701.00432
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Big bang is a one way process

� ! SM particles
<latexit sha1_base64="3nKPpESIMLVyUZV89gMrBZ9f/Hc="></latexit>
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Thermal	distribution
from		
direct		
decay

@	last	period	of	inflaton	decay
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� ! SM particles
<latexit sha1_base64="3nKPpESIMLVyUZV89gMrBZ9f/Hc="></latexit>

Inflaton	decay:

Number	
density	of		
SM	particles	

E ⇠ m�/2
<latexit sha1_base64="xJnYEMaF+iIrzWzuPR0P7O1LKgk="></latexit>

thermalized

Big bang is a one way process

Thermal	distribution

@	last	period	of	inflaton	decay
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What I will show

L = LSM+
<latexit sha1_base64="W/dou16I9zrNxxH4HDZsM6TU0LY="></latexit>

Kitano, Hamada, WY 1807.06582

Baryogengesis	due	to	active	neutrino	oscillation	
during	the	reheating/thermalization.	

Setup:

c.f.		Leptogenesis	with	light	enough		
right-handed	neutrinos.	
Fukugida, Yanagida, 86; Pilaftsis, 97; 
Akhmedov et al, 98; 
Asaka, Shaposhnikov, 0505013; 
Asaka, Yoshida, 1812.11323;
See Asaka, Turner, and Yoshida ’s talks.

Leptogenesis from active neutrino oscillation 
with two higher dimensional terms.
Kitano, Hamada 1609.05028.

http://arxiv.org/abs/arXiv:1609.05028
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2.	Neutrino	Oscillation	at	big	bang	

h⌫ini|
<latexit sha1_base64="/YI7wM8TFCsPFcLFruK38I5PNV4="></latexit>

� ! ⌫ini +X, ⌫̄ini + X̄
<latexit sha1_base64="eIb73IkcZPZIskNKqFfIjf/x7MM="></latexit>
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�7

2.	Neutrino	Oscillation	at	big	bang	

th

th

th

th th

th
h⌫ini|

<latexit sha1_base64="/YI7wM8TFCsPFcLFruK38I5PNV4="></latexit>

� ! ⌫ini +X, ⌫̄ini + X̄
<latexit sha1_base64="eIb73IkcZPZIskNKqFfIjf/x7MM="></latexit>

@	vacuumc.f.	 Pe!µ ' |
X

↵

h⌫e|⌫↵ieitm
2
⌫↵

/kh⌫↵|⌫µi|2
<latexit sha1_base64="T+fpVtQAB6lKcQ5QVg21Te2riVA="></latexit>

Pini!I ' |
X

↵

h⌫ini|⌫↵ieitMFP(mth
⌫↵

)2/kh⌫↵|⌫Ii|2
<latexit sha1_base64="8NYgPpdJNhvGyjr23xhrhA8r+RA="></latexit>



�7

2.	Neutrino	Oscillation	at	big	bang	

th

th

th

th th

th
h⌫ini|

<latexit sha1_base64="/YI7wM8TFCsPFcLFruK38I5PNV4="></latexit>

|⌫Ii
<latexit sha1_base64="0eOdESXW1JbenMU+4GfeT9T0TD0="></latexit>

� ! ⌫ini +X, ⌫̄ini + X̄
<latexit sha1_base64="eIb73IkcZPZIskNKqFfIjf/x7MM="></latexit>

@	vacuumc.f.	 Pe!µ ' |
X

↵

h⌫e|⌫↵ieitm
2
⌫↵

/kh⌫↵|⌫µi|2
<latexit sha1_base64="T+fpVtQAB6lKcQ5QVg21Te2riVA="></latexit>

Pini!I ' |
X

↵

h⌫ini|⌫↵ieitMFP(mth
⌫↵

)2/kh⌫↵|⌫Ii|2
<latexit sha1_base64="8NYgPpdJNhvGyjr23xhrhA8r+RA="></latexit>



�8

Oscillating	frequency	during	reheating.

|⌫↵i
<latexit sha1_base64="J8dhYv059MSBIJHdxF3frpMdStk="></latexit>

is	the	mass	eigen	state.

(mth
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<latexit sha1_base64="pzT4ADGnFfGRaFY9AgADQdKXFGk="></latexit>
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<latexit sha1_base64="XkPukpno6at9rzRcI5D9yOSfKns="></latexit>
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The	mean	free	path	of	the	neutrino.	
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	Neutrino	Oscillation	provides	CP	violation	
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c.f.																																																@vacuum
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How	to	observe	the	“flavor”?	

Only	flavor	dependent	process	can	identify	the	flavor.
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t b
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<latexit sha1_base64="Bk28Qi3h7HU0XuwPZ8lXA+vb8TU="></latexit>

th H
<latexit sha1_base64="lCVnNFH2/MjsvRoEvbaE3KxoYIw="></latexit>

⌫
<latexit sha1_base64="3bZ67ODPNI3zA/e2n0jHFz0HbW0="></latexit>

⌫
<latexit sha1_base64="3bZ67ODPNI3zA/e2n0jHFz0HbW0="></latexit> ⌫̄

<latexit sha1_base64="ReUeToSwOIcDRZlF8Y8LmoMVzeQ="></latexit>

yi
<latexit sha1_base64="XkPukpno6at9rzRcI5D9yOSfKns="></latexit>

yt
<latexit sha1_base64="gQBmkPvEvXwvJCkpOIfX214dH1g="></latexit>


<latexit sha1_base64="K1v75ew9CDwmMXT7SPqkrM7eGX8="></latexit>

“Observation”	is	made	due	to	the	following	interaction	process.

is	the	state	defined	by	the	interaction.		
The	formalism	will	be	given	later.	

|⌫Ii
<latexit sha1_base64="ex+VSmqA2jZOuYZOH5vHYEYrmXg="></latexit>
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Only	flavor	dependent	process	can	identify	the	flavor.
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th H
<latexit sha1_base64="lCVnNFH2/MjsvRoEvbaE3KxoYIw="></latexit>

⌫
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<latexit sha1_base64="K1v75ew9CDwmMXT7SPqkrM7eGX8="></latexit>

Thus,	“observation”	is	made	due	to	the	following	interaction	process.

Lepton	number	violation	happens	through		
“observation”.

Lepton	asymmetry	can	be	made!

�L = 2
<latexit sha1_base64="1gAzjbEXIvbjpN+V4P2O3BohOfU="></latexit>
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The	(rough)	estimation	of	lepton	asymmetry

Flavor	dependent		asymmetry	of	order

How	frequently	the	flavor	is	observed	by	the	llHH	interaction.

with	certain	CP	phase

CP	violation lepton	#	violation

Δm2
th
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<latexit sha1_base64="44Yr6Mo+e1SaJlvxVBky3PRrAiM="></latexit>

m� ⇠ T ⌧ 1012GeV
<latexit sha1_base64="p98N93ulCCuc8aGTSDzUKgQUMrA="></latexit>
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Enough	asymmetry	can	be	made	for		
sufficiently	high	reheat	temperature.

However,	for	a	precise	prediction	or	more	complicated	processes,		
we	need	a	systematic	approach.	

|�nL/s| ⇠ 10�10
<latexit sha1_base64="mt19hRWi6e7xRaH+je/Xq5SuRfs="></latexit>

c.f.	required	asymmetry

The	(rough)	estimation	of	lepton	asymmetry

�nL

s
/ Br�!⌫ini+X/⌫̄ini+X̄ ⇥ 10�9

✓
TR

109GeV

◆2

<latexit sha1_base64="NZ1MXwFoQaortVSSB2UQ9nlDTAg="></latexit>

m� ⇠ T ⌧ 1012GeV
<latexit sha1_base64="p98N93ulCCuc8aGTSDzUKgQUMrA="></latexit>



�15

3. Kinetic Equation (Extended Boltzmann Eqs)
density	matrix	for	left-handed	leptons		

⌦ij(p)
<latexit sha1_base64="d8VACRtMwRI/S7QeU4D6vINsjGI="></latexit><latexit sha1_base64="d8VACRtMwRI/S7QeU4D6vINsjGI="></latexit><latexit sha1_base64="d8VACRtMwRI/S7QeU4D6vINsjGI="></latexit><latexit sha1_base64="d8VACRtMwRI/S7QeU4D6vINsjGI="></latexit><latexit sha1_base64="d8VACRtMwRI/S7QeU4D6vINsjGI="></latexit>

Sigl, Raffelt, 1993 

—
— — —� [⌦(p), ⇢̄(p)]

<latexit sha1_base64="I72Odm2RW3Xyam4w5X9RH+odP60="></latexit><latexit sha1_base64="I72Odm2RW3Xyam4w5X9RH+odP60="></latexit><latexit sha1_base64="I72Odm2RW3Xyam4w5X9RH+odP60="></latexit><latexit sha1_base64="I72Odm2RW3Xyam4w5X9RH+odP60="></latexit><latexit sha1_base64="I72Odm2RW3Xyam4w5X9RH+odP60="></latexit>

Hamiltonian:

Interaction	terms	(with	CP	phase)

⇢(p) ⌘ ⇢ij(p)
<latexit sha1_base64="80ALBNcoRT/ByTTRXrLVI+je/m4="></latexit><latexit sha1_base64="80ALBNcoRT/ByTTRXrLVI+je/m4="></latexit><latexit sha1_base64="80ALBNcoRT/ByTTRXrLVI+je/m4="></latexit><latexit sha1_base64="80ALBNcoRT/ByTTRXrLVI+je/m4="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="80X223E0Cfcs/JO3Cy4+CFpUdKo="></latexit><latexit sha1_base64="80X223E0Cfcs/JO3Cy4+CFpUdKo="></latexit><latexit sha1_base64="OgRCFpJzOIgk5uF/t57whc093JM="></latexit><latexit sha1_base64="80ALBNcoRT/ByTTRXrLVI+je/m4="></latexit><latexit sha1_base64="80ALBNcoRT/ByTTRXrLVI+je/m4="></latexit><latexit sha1_base64="80ALBNcoRT/ByTTRXrLVI+je/m4="></latexit><latexit sha1_base64="80ALBNcoRT/ByTTRXrLVI+je/m4="></latexit><latexit sha1_base64="80ALBNcoRT/ByTTRXrLVI+je/m4="></latexit><latexit sha1_base64="80ALBNcoRT/ByTTRXrLVI+je/m4="></latexit>

i, j = e, µ, ⌧
<latexit sha1_base64="lL1OiPkMydrXplCq8hUVNEFufRE="></latexit><latexit sha1_base64="lL1OiPkMydrXplCq8hUVNEFufRE="></latexit><latexit sha1_base64="lL1OiPkMydrXplCq8hUVNEFufRE="></latexit><latexit sha1_base64="lL1OiPkMydrXplCq8hUVNEFufRE="></latexit><latexit sha1_base64="lL1OiPkMydrXplCq8hUVNEFufRE="></latexit>

This	is	absent	in	ordinary	Boltzmann	eqs.

(																																																																									)*
Oscillation	term	



�16Some formula can be also found in Akhmedov,et al. 9803255; Abada, et al. 0601083.; Asaka, et al. 1112.5565.
See Refs. [Landau and Pomeranchuk 1953; Migdal 1956] for LPM effect.

Equations to be solved

+	eqs	of	right-handed/anti	leptons	

Ωk =
y2

i T2

16mϕ
δij + 0.046(κ*κ)ij

T4

mϕ
ΩT =

y2
i T
16

δij + 0.046(κ*κ)ijT3
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Solution (Normal Hierarchy)

m�/TR = 1
<latexit sha1_base64="IR1MthoPMsJ53KqrlwF7+ssDXNM="></latexit><latexit sha1_base64="IR1MthoPMsJ53KqrlwF7+ssDXNM="></latexit><latexit sha1_base64="IR1MthoPMsJ53KqrlwF7+ssDXNM="></latexit><latexit sha1_base64="IR1MthoPMsJ53KqrlwF7+ssDXNM="></latexit><latexit sha1_base64="IR1MthoPMsJ53KqrlwF7+ssDXNM="></latexit>

m�/TR = 100
<latexit sha1_base64="MCVVVU6JULDr1TU5tNAgD/Ha9hE="></latexit><latexit sha1_base64="MCVVVU6JULDr1TU5tNAgD/Ha9hE="></latexit><latexit sha1_base64="MCVVVU6JULDr1TU5tNAgD/Ha9hE="></latexit><latexit sha1_base64="MCVVVU6JULDr1TU5tNAgD/Ha9hE="></latexit><latexit sha1_base64="MCVVVU6JULDr1TU5tNAgD/Ha9hE="></latexit>

Dirac	phase=-pi/2,	Majorana	phase=0.3	pi,	V∝{1,1,1}

Required	

8 9 10 11 12 13 14 15 16
10-11

10-9

10-7

10-5

10-3

Log10[TR/GeV]

|n
L|/
s/
B

� ! leptons
<latexit sha1_base64="g4RMqwEuopkzhknb3mLPX4g60fI="></latexit><latexit sha1_base64="g4RMqwEuopkzhknb3mLPX4g60fI="></latexit><latexit sha1_base64="g4RMqwEuopkzhknb3mLPX4g60fI="></latexit><latexit sha1_base64="g4RMqwEuopkzhknb3mLPX4g60fI="></latexit><latexit sha1_base64="g4RMqwEuopkzhknb3mLPX4g60fI="></latexit>

This	scenario	works	for	 TR & 108 GeV
<latexit sha1_base64="v7XdSDmTSooAkR7/AIEMzGLuiqg="></latexit><latexit sha1_base64="v7XdSDmTSooAkR7/AIEMzGLuiqg="></latexit><latexit sha1_base64="v7XdSDmTSooAkR7/AIEMzGLuiqg="></latexit><latexit sha1_base64="v7XdSDmTSooAkR7/AIEMzGLuiqg="></latexit><latexit sha1_base64="v7XdSDmTSooAkR7/AIEMzGLuiqg="></latexit>

By	solving	kinetic	equations	for	leptons,	we	get
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 CASE B: Inflaton dominantly to Higgs 

L � A�|H|2
<latexit sha1_base64="5yzN8Egd303VOB9z4eet/W/E4W8="></latexit><latexit sha1_base64="5yzN8Egd303VOB9z4eet/W/E4W8="></latexit><latexit sha1_base64="5yzN8Egd303VOB9z4eet/W/E4W8="></latexit><latexit sha1_base64="5yzN8Egd303VOB9z4eet/W/E4W8="></latexit><latexit sha1_base64="5yzN8Egd303VOB9z4eet/W/E4W8="></latexit>

� ! HH
⇤

<latexit sha1_base64="jhiiASfZkqkzkJErLWtJ2tNTyj0="></latexit>

H
<latexit sha1_base64="lCVnNFH2/MjsvRoEvbaE3KxoYIw="></latexit>

⌫̄
<latexit sha1_base64="ReUeToSwOIcDRZlF8Y8LmoMVzeQ="></latexit>

<latexit sha1_base64="K1v75ew9CDwmMXT7SPqkrM7eGX8="></latexit>

H
<latexit sha1_base64="lCVnNFH2/MjsvRoEvbaE3KxoYIw="></latexit>

⌫̄
<latexit sha1_base64="ReUeToSwOIcDRZlF8Y8LmoMVzeQ="></latexit>

Flavor	oscillation	!
<latexit sha1_base64="1/RfI8zjeDAFMSe/vDk2H9IeBk0="></latexit>
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Solution (Normal Hierarchy)

Solid:	good	sign.	
Dashed:	opposite	sign	

Required	

� ! Higgs
<latexit sha1_base64="Ixuf/alGmC6S2zZc4w1paBpVM0c="></latexit><latexit sha1_base64="Ixuf/alGmC6S2zZc4w1paBpVM0c="></latexit><latexit sha1_base64="Ixuf/alGmC6S2zZc4w1paBpVM0c="></latexit><latexit sha1_base64="Ixuf/alGmC6S2zZc4w1paBpVM0c="></latexit><latexit sha1_base64="Ixuf/alGmC6S2zZc4w1paBpVM0c="></latexit>

Two	massive	neutrinos.	
Inflaton	mass	=100	

Majorana	phase

Dirac	Phase=-Pi/2
TR

<latexit sha1_base64="RZz3oNgX97qETGwdj4TmPU4IEb8="></latexit><latexit sha1_base64="RZz3oNgX97qETGwdj4TmPU4IEb8="></latexit><latexit sha1_base64="RZz3oNgX97qETGwdj4TmPU4IEb8="></latexit><latexit sha1_base64="RZz3oNgX97qETGwdj4TmPU4IEb8="></latexit><latexit sha1_base64="RZz3oNgX97qETGwdj4TmPU4IEb8="></latexit>
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Neutrinoless double beta decay
The	CP	phase	and	neutrino	mass	can	be	tested	from	neutrino	exps.



Summary

• The observed asymmetry can be explained at  
reheat temp >  

• The scenario can be tested in future neutrino exps,  
especially for inflaton dominantly decays to Higgs.

Baryon	asymmetry	explained	within	SM	with	

108 GeV
<latexit sha1_base64="cisOOaDS2SiKudto2KwpwVV8Ldg="></latexit><latexit sha1_base64="cisOOaDS2SiKudto2KwpwVV8Ldg="></latexit><latexit sha1_base64="cisOOaDS2SiKudto2KwpwVV8Ldg="></latexit><latexit sha1_base64="cisOOaDS2SiKudto2KwpwVV8Ldg="></latexit><latexit sha1_base64="cisOOaDS2SiKudto2KwpwVV8Ldg="></latexit>
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Backups
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Initial	condition

Inflaton !
<latexit sha1_base64="xWON35qPeeimhIBgkScQEOhCFf4="></latexit><latexit sha1_base64="xWON35qPeeimhIBgkScQEOhCFf4="></latexit><latexit sha1_base64="xWON35qPeeimhIBgkScQEOhCFf4="></latexit><latexit sha1_base64="xWON35qPeeimhIBgkScQEOhCFf4="></latexit><latexit sha1_base64="xWON35qPeeimhIBgkScQEOhCFf4="></latexit>

TR,m�, B, Vi
<latexit sha1_base64="JIovDcEAibWyyKHOlkoziA812Jg="></latexit><latexit sha1_base64="JIovDcEAibWyyKHOlkoziA812Jg="></latexit><latexit sha1_base64="JIovDcEAibWyyKHOlkoziA812Jg="></latexit><latexit sha1_base64="JIovDcEAibWyyKHOlkoziA812Jg="></latexit><latexit sha1_base64="JIovDcEAibWyyKHOlkoziA812Jg="></latexit>

Parameters	

and	those	for	neutrino	oscillation.

V e| lei+ V µ| lµi+ V ⌧ | l⌧ i ,
(V e)⇤| l̄e

↵
+ (V µ)⇤| l̄µ

↵
+ (V ⌧ )⇤| l̄⌧

↵
<latexit sha1_base64="jn4ylHz0lLbSnTmGvZFfF10Ep0g="></latexit><latexit sha1_base64="jn4ylHz0lLbSnTmGvZFfF10Ep0g="></latexit><latexit sha1_base64="jn4ylHz0lLbSnTmGvZFfF10Ep0g="></latexit><latexit sha1_base64="jn4ylHz0lLbSnTmGvZFfF10Ep0g="></latexit><latexit sha1_base64="jn4ylHz0lLbSnTmGvZFfF10Ep0g="></latexit>

 CASE A
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Analytic Formula  T_R<10^13 GeV

Baryon	asymmetry	could	be	explained	by	any	model,	with

L = LSM + llHH + ...
<latexit sha1_base64="glhdvZSYyW9N2adAm0jJC3PXNLw="></latexit><latexit sha1_base64="glhdvZSYyW9N2adAm0jJC3PXNLw="></latexit><latexit sha1_base64="glhdvZSYyW9N2adAm0jJC3PXNLw="></latexit><latexit sha1_base64="glhdvZSYyW9N2adAm0jJC3PXNLw="></latexit><latexit sha1_base64="glhdvZSYyW9N2adAm0jJC3PXNLw="></latexit>

@ µRG > 108GeV
<latexit sha1_base64="974frqH7i55qqOY/9VyOdgfK3vk="></latexit><latexit sha1_base64="974frqH7i55qqOY/9VyOdgfK3vk="></latexit><latexit sha1_base64="974frqH7i55qqOY/9VyOdgfK3vk="></latexit><latexit sha1_base64="974frqH7i55qqOY/9VyOdgfK3vk="></latexit><latexit sha1_base64="974frqH7i55qqOY/9VyOdgfK3vk="></latexit>
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10-11

10-9
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This	scenario	works	for	

TR & 108 GeV
<latexit sha1_base64="v7XdSDmTSooAkR7/AIEMzGLuiqg="></latexit><latexit sha1_base64="v7XdSDmTSooAkR7/AIEMzGLuiqg="></latexit><latexit sha1_base64="v7XdSDmTSooAkR7/AIEMzGLuiqg="></latexit><latexit sha1_base64="v7XdSDmTSooAkR7/AIEMzGLuiqg="></latexit><latexit sha1_base64="v7XdSDmTSooAkR7/AIEMzGLuiqg="></latexit>
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 CASE B

Initial	conditions

Inflaton !
<latexit sha1_base64="xWON35qPeeimhIBgkScQEOhCFf4="></latexit><latexit sha1_base64="xWON35qPeeimhIBgkScQEOhCFf4="></latexit><latexit sha1_base64="xWON35qPeeimhIBgkScQEOhCFf4="></latexit><latexit sha1_base64="xWON35qPeeimhIBgkScQEOhCFf4="></latexit><latexit sha1_base64="xWON35qPeeimhIBgkScQEOhCFf4="></latexit>

TR,m�, B, Vi
<latexit sha1_base64="JIovDcEAibWyyKHOlkoziA812Jg="></latexit><latexit sha1_base64="JIovDcEAibWyyKHOlkoziA812Jg="></latexit><latexit sha1_base64="JIovDcEAibWyyKHOlkoziA812Jg="></latexit><latexit sha1_base64="JIovDcEAibWyyKHOlkoziA812Jg="></latexit><latexit sha1_base64="JIovDcEAibWyyKHOlkoziA812Jg="></latexit>

and	those	for	neutrino	oscillation.

Higgs,	Higgs*	 !
<latexit sha1_base64="xWON35qPeeimhIBgkScQEOhCFf4="></latexit><latexit sha1_base64="xWON35qPeeimhIBgkScQEOhCFf4="></latexit><latexit sha1_base64="xWON35qPeeimhIBgkScQEOhCFf4="></latexit><latexit sha1_base64="xWON35qPeeimhIBgkScQEOhCFf4="></latexit><latexit sha1_base64="xWON35qPeeimhIBgkScQEOhCFf4="></latexit> l, l̄

<latexit sha1_base64="asqjihWrv3HWjibziqhnnSgOoyM="></latexit><latexit sha1_base64="asqjihWrv3HWjibziqhnnSgOoyM="></latexit><latexit sha1_base64="asqjihWrv3HWjibziqhnnSgOoyM="></latexit><latexit sha1_base64="asqjihWrv3HWjibziqhnnSgOoyM="></latexit><latexit sha1_base64="asqjihWrv3HWjibziqhnnSgOoyM="></latexit>

⇢T |t=tR = ⇢̄T |t=tR = 0
<latexit sha1_base64="3+ChBbv3XpemBVmEfKTSeu8PGg8="></latexit><latexit sha1_base64="3+ChBbv3XpemBVmEfKTSeu8PGg8="></latexit><latexit sha1_base64="3+ChBbv3XpemBVmEfKTSeu8PGg8="></latexit><latexit sha1_base64="3+ChBbv3XpemBVmEfKTSeu8PGg8="></latexit><latexit sha1_base64="3+ChBbv3XpemBVmEfKTSeu8PGg8="></latexit>

Parameters	

(Leptons	are	not	thermalized	initially)

L � A�|H|2
<latexit sha1_base64="5yzN8Egd303VOB9z4eet/W/E4W8="></latexit><latexit sha1_base64="5yzN8Egd303VOB9z4eet/W/E4W8="></latexit><latexit sha1_base64="5yzN8Egd303VOB9z4eet/W/E4W8="></latexit><latexit sha1_base64="5yzN8Egd303VOB9z4eet/W/E4W8="></latexit><latexit sha1_base64="5yzN8Egd303VOB9z4eet/W/E4W8="></latexit>



�26

Not complete washout  
with degenerate case

sym.

Conserved	current	for	lepton	flavor	sym.		
Certain	flavor	dependent	asymmetry	remains.

Even	with	very	high	Temp,	conserved	current	protects	lepton	asymmetry!

 ' 1/v2diag[m⌫ ,m⌫ ,m⌫ ]
<latexit sha1_base64="RhtgD++olwqAv9cCRKPhuKOU3JY="></latexit><latexit sha1_base64="RhtgD++olwqAv9cCRKPhuKOU3JY="></latexit><latexit sha1_base64="RhtgD++olwqAv9cCRKPhuKOU3JY="></latexit><latexit sha1_base64="RhtgD++olwqAv9cCRKPhuKOU3JY="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="iSFaeq+QHN2Jdb1g6w4iagjE4kw="></latexit><latexit sha1_base64="iSFaeq+QHN2Jdb1g6w4iagjE4kw="></latexit><latexit sha1_base64="Yc68HE8eT9testHXDLexdBjPowI="></latexit><latexit sha1_base64="RhtgD++olwqAv9cCRKPhuKOU3JY="></latexit><latexit sha1_base64="RhtgD++olwqAv9cCRKPhuKOU3JY="></latexit><latexit sha1_base64="RhtgD++olwqAv9cCRKPhuKOU3JY="></latexit><latexit sha1_base64="RhtgD++olwqAv9cCRKPhuKOU3JY="></latexit><latexit sha1_base64="RhtgD++olwqAv9cCRKPhuKOU3JY="></latexit><latexit sha1_base64="RhtgD++olwqAv9cCRKPhuKOU3JY="></latexit>

SO(3)
<latexit sha1_base64="D6BvHdGnwm+LwsjLrK5YmWxEoqA="></latexit><latexit sha1_base64="D6BvHdGnwm+LwsjLrK5YmWxEoqA="></latexit><latexit sha1_base64="D6BvHdGnwm+LwsjLrK5YmWxEoqA="></latexit><latexit sha1_base64="D6BvHdGnwm+LwsjLrK5YmWxEoqA="></latexit><latexit sha1_base64="D6BvHdGnwm+LwsjLrK5YmWxEoqA="></latexit>
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Oscillation phase

t�1
scat ⇠ ↵2

2T ⇠ 109
✓

T

1012GeV

◆
GeV

<latexit sha1_base64="KC7QVjeRSuiD0vCfd2inxiPDU80="></latexit><latexit sha1_base64="KC7QVjeRSuiD0vCfd2inxiPDU80="></latexit><latexit sha1_base64="KC7QVjeRSuiD0vCfd2inxiPDU80="></latexit><latexit sha1_base64="KC7QVjeRSuiD0vCfd2inxiPDU80="></latexit><latexit sha1_base64="KC7QVjeRSuiD0vCfd2inxiPDU80="></latexit>

t�1
osc ⇠

y2⌧
16

T ⇠ 107
✓

T

1012GeV

◆
GeV

<latexit sha1_base64="BOfls68A1kXeUAZlJJUCYr9z5g0="></latexit><latexit sha1_base64="BOfls68A1kXeUAZlJJUCYr9z5g0="></latexit><latexit sha1_base64="BOfls68A1kXeUAZlJJUCYr9z5g0="></latexit><latexit sha1_base64="BOfls68A1kXeUAZlJJUCYr9z5g0="></latexit><latexit sha1_base64="BOfls68A1kXeUAZlJJUCYr9z5g0="></latexit>

Phase ⇠ t�1
osctscat ⌧ 1

<latexit sha1_base64="AHKFt+Bdt+6ysHkt2cLVGmth+5s="></latexit><latexit sha1_base64="AHKFt+Bdt+6ysHkt2cLVGmth+5s="></latexit><latexit sha1_base64="AHKFt+Bdt+6ysHkt2cLVGmth+5s="></latexit><latexit sha1_base64="AHKFt+Bdt+6ysHkt2cLVGmth+5s="></latexit><latexit sha1_base64="AHKFt+Bdt+6ysHkt2cLVGmth+5s="></latexit>

Coherently	scattering	(LPM	effect)	becomes	important	and	it	is	included	in	the	analysis.
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FIGURES	FOR		
INFLATON->LEPTON
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Inverted	hierarchy	one	massless	neutrino.	
Other	parameters	are	same	as	the	main	part	one.
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normal	order	degenerate	mass.	mnulightest=0.07eV	
Other	parameters	are	same	as	the	main	part	one.
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inverted	order	degenerate	mass.	mnulightest=0.07eV	
Other	parameters	are	same	as	the	main	part	one.
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FIGURES	FOR		
INFLATON->HIGGS
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αM π/2
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Inverted	degenerate	case.		
mnulightest=0.07eV	



�34

αM π/2
αM=π/4
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αM=-π/4
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Normal	hierarchy	one	massless	neutrino.
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αM π/2
αM=π/4
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αM=-π/4
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Normal	hierarchy	degenerate	case.		
mnulightest=0.07eV
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Inverted, TR=mϕ/100=4×1012GeV, mνlightest=0eV
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Inverted, TR=mϕ/100=7×1011GeV, mνlightest=0.07eV
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Normal, TR=mϕ/100=2×1012GeV, mνlightest=0eV
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Normal, TR=mϕ /100=7×1011GeV, mνlightest=0.07eV
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Normal, TR=mϕ=1015GeV, mνlightest=0eV
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Normal, TR=mϕ=1015GeV, mνlightest=0.07eV
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Inverted, TR=mϕ=1015GeV, mνlightest=0.07eV
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δ=-3π/4, TR≤1013GeV


