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Strong phase in CP violation

|M|2 � |M|2 6= 0
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CP	conjugate

There	is	a	Strong	Phase,	which	does	not	change	under	CP	transf.

e.g. eimt
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Quantum	oscillation

M(�CP ) = M(��CP ) 6= M(�CP )
⇤
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we	get
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	Neutrino	Oscillation	Provides	
CP	violation.	

(If	PMNS	matrix	has	CP	phase)

strong	phase

In	fact,	the	CP	violation	from	neutrino	oscillation	is	observed	at		>90%	CL	
T2K	Collaboration,	1701.00432

⌫i � ⌫̄i
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1503.07089c.f.	B-meson	oscillation
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Thermalization: one way process
At	high	temperature,	some	particles	are	generally	out	of	equilibrium

*Out	of	thermal	equilibrium

Log[t]

Reheating
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Thermalization: one way process
At	high	temperature,	some	particles	are	generally	out	of	equilibrium

*Out	of	thermal	equilibrium

gauge	interaction	becomes	efficient

�gauge / T
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Log[t]

Decoupling	of	gauge	interaction

H / T
2
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TR � T & 1014 GeV
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Particles	lack	of	“force”	are		
being	thermalized.
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Setup
Kitano, Hamada, WY 1807.06582

*Baryon/Lepton	number	violation		

*C	and	CP	violation	

*Out	of	thermal	equilibrium

Neutrino	oscillation

Thermalization



What we found

Enough	baryon	asymmetry	created	during	thermalization		
from	neutrino	osc.	within	SM	with	

Kitano, Hamada, WY

• Baryogenesis could be possible in any UV models  
lead to the effective SM. 

• Testable in neutrino exps.

1807.06582

e.g.	from	integrating	out	heavy	particles		
Yanagida	79;	Gell-Mann,	et	al	79;	Minkowski,	77;		
Glashow, 80; Mohapatra and Senjanovic, 80;
	WY,	1808.00440	as	a	consequence	of	charge	quantization.	
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2. Quantum Mechanics in Thermalization

Thermal	Plasma

e.g.	a	neutrino

Flavor	oscillation	of	leptons	from	the	inflaton	decay	explains	the		
lepton	asymmetry	in	a	different	model. Kitano,	Hamada,	1609.05028

Thermalization:	isolated	particles	get	scattered	into	thermal	plasma.

flavor	oscillation
Strong	Phase
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Kinetic Equation (Extended Boltzmann Eqs)
density	matrix	for	left-handed	leptons		

⌦ij(p)
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Sigl,	Raffelt,	1993 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Hamiltonian:

Interaction	terms	(with	CP	phase)

⇢(p) ⌘ ⇢ij(p)
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This	is	absent	in	ordinary	Boltzmann	eqs.

Kitano, Hamada, WY 1807.06582

(																																																																									)*
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Kinetic Equation (Extended Boltzmann Eqs)
density	matrix	for	left-handed	leptons		
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Hamiltonian:

Interaction	terms	(with	CP	phase)

Flavor	dependent	lepton	asymmetry,	but	

⇢(p) ⌘ ⇢ij(p)
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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.

tr[⇢� ⇢̄] = 0
<latexit sha1_base64="21drZ/axcpa78echlmvl89U4DpM="></latexit><latexit sha1_base64="21drZ/axcpa78echlmvl89U4DpM="></latexit><latexit sha1_base64="21drZ/axcpa78echlmvl89U4DpM="></latexit><latexit sha1_base64="21drZ/axcpa78echlmvl89U4DpM="></latexit><latexit sha1_base64="21drZ/axcpa78echlmvl89U4DpM="></latexit>

Kitano, Hamada, WY 1807.06582

(																																																																									)*
Different

strong	phase	
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⌦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>

Two	scales	approximation,	 p ⇠ m�, p ⇠ T
<latexit sha1_base64="aWvghiJYp6cHGQzaqSYCNyXhO4c="></latexit><latexit sha1_base64="aWvghiJYp6cHGQzaqSYCNyXhO4c="></latexit><latexit sha1_base64="aWvghiJYp6cHGQzaqSYCNyXhO4c="></latexit><latexit sha1_base64="aWvghiJYp6cHGQzaqSYCNyXhO4c="></latexit><latexit sha1_base64="aWvghiJYp6cHGQzaqSYCNyXhO4c="></latexit>

Some formula can be also found in Akhmedov,et al. 9803255; Abada, et al. 0601083.; Asaka, et al. 1112.5565.

Kinetic Equations to be solved

and	eqs	for	CP	conjugate	process 
	and		right-handed	leptons
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3. Leptogenesis via Neutrino Oscillation
 CASE A: Inflaton to Leptons

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.

(means	thermalized.)

inflaton	mass	scale temperature	scale

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>
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Solution (one massless neutrino)

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},	Inverted	Hierarchy

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>

@

Required	

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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Trick of CASE A

Thermal	plasma	
of	all	SM	particles

inflaton

(Mechanism	for	reheating	temp<10^13GeV)

Thermalization	of	the	inflaton	decay	products

liVi, l̄iV
⇤
i

<latexit sha1_base64="XdERE85G03zodHqn75NFyT3+KMg="></latexit><latexit sha1_base64="XdERE85G03zodHqn75NFyT3+KMg="></latexit><latexit sha1_base64="XdERE85G03zodHqn75NFyT3+KMg="></latexit><latexit sha1_base64="XdERE85G03zodHqn75NFyT3+KMg="></latexit><latexit sha1_base64="XdERE85G03zodHqn75NFyT3+KMg="></latexit>
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	out	of	equilibrium.

Trick of CASE A

Thermal	plasma	
of	all	SM	particles

inflaton

decay

(Mechanism	for	reheating	temp<10^13GeV)

Thermalization	of	the	inflaton	decay	products

liVi, l̄iV
⇤
i

<latexit sha1_base64="XdERE85G03zodHqn75NFyT3+KMg="></latexit><latexit sha1_base64="XdERE85G03zodHqn75NFyT3+KMg="></latexit><latexit sha1_base64="XdERE85G03zodHqn75NFyT3+KMg="></latexit><latexit sha1_base64="XdERE85G03zodHqn75NFyT3+KMg="></latexit><latexit sha1_base64="XdERE85G03zodHqn75NFyT3+KMg="></latexit>
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	out	of	equilibrium.

flavor	oscillation

Trick of CASE A

Thermal	plasma	
of	all	SM	particles

inflaton

decay

(Mechanism	for	reheating	temp<10^13GeV)

Thermalization	of	the	inflaton	decay	products

liVi, l̄iV
⇤
i

<latexit sha1_base64="XdERE85G03zodHqn75NFyT3+KMg="></latexit><latexit sha1_base64="XdERE85G03zodHqn75NFyT3+KMg="></latexit><latexit sha1_base64="XdERE85G03zodHqn75NFyT3+KMg="></latexit><latexit sha1_base64="XdERE85G03zodHqn75NFyT3+KMg="></latexit><latexit sha1_base64="XdERE85G03zodHqn75NFyT3+KMg="></latexit>



Neutrino	Magic
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Flavor	dependent	washout	effect	through	llHH,	
This	tends	to	eliminate	the	asymmetry	of	heavier	neutrinos.

Frame	3:

															 															

(Mechanism	for	reheating	temp<10^13GeV)

⌫3, ⌫2, ⌫1
<latexit sha1_base64="F7v1F4E7eCcPYbAs8tnnGZp3i6g="></latexit><latexit sha1_base64="F7v1F4E7eCcPYbAs8tnnGZp3i6g="></latexit><latexit sha1_base64="F7v1F4E7eCcPYbAs8tnnGZp3i6g="></latexit><latexit sha1_base64="F7v1F4E7eCcPYbAs8tnnGZp3i6g="></latexit><latexit sha1_base64="F7v1F4E7eCcPYbAs8tnnGZp3i6g="></latexit>

⌫̄1, ⌫̄2, ⌫̄3
<latexit sha1_base64="muDLwu/5PAzjb5tgi0u27bifeKA="></latexit><latexit sha1_base64="muDLwu/5PAzjb5tgi0u27bifeKA="></latexit><latexit sha1_base64="muDLwu/5PAzjb5tgi0u27bifeKA="></latexit><latexit sha1_base64="muDLwu/5PAzjb5tgi0u27bifeKA="></latexit><latexit sha1_base64="muDLwu/5PAzjb5tgi0u27bifeKA="></latexit>
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 CASE B: Inflaton dominantly 
 to Higgs boson

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

Thermalization	is	through	the	Higgs	boson
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Solution Inverted Hierarchy

Inverted	Hierarchy,	two	massive	neutrinos.	
Inflaton	mass	=100	

Majorana	phaseDirac	Phase=-Pi/2

Solid:	good	sign.	
Dashed:	opposite	sign	

Required	

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>

� ! 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>
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Solution Inverted Hierarchy

Inverted	Hierarchy,	two	massive	neutrinos.	
Inflaton	mass	=100	

Majorana	phaseDirac	Phase=-Pi/2

Solid:	good	sign.	
Dashed:	opposite	sign	

Required	

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>

� ! 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>

UV	insensitive
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Thermal	Plasma

Gauge	interaction	rates	are	slower	than	expansion.

Trick of CASE B

H, l1,2, t
<latexit sha1_base64="EJpCAuQ2GGGwfJLpPuWe8MtpWfk="></latexit><latexit sha1_base64="EJpCAuQ2GGGwfJLpPuWe8MtpWfk="></latexit><latexit sha1_base64="EJpCAuQ2GGGwfJLpPuWe8MtpWfk="></latexit><latexit sha1_base64="EJpCAuQ2GGGwfJLpPuWe8MtpWfk="></latexit><latexit sha1_base64="EJpCAuQ2GGGwfJLpPuWe8MtpWfk="></latexit>

TR � T & 1014GeV
<latexit sha1_base64="Ca94quAEy69ZsFaRSiqd/ie4ZuI="></latexit><latexit sha1_base64="Ca94quAEy69ZsFaRSiqd/ie4ZuI="></latexit><latexit sha1_base64="Ca94quAEy69ZsFaRSiqd/ie4ZuI="></latexit><latexit sha1_base64="Ca94quAEy69ZsFaRSiqd/ie4ZuI="></latexit><latexit sha1_base64="Ca94quAEy69ZsFaRSiqd/ie4ZuI="></latexit>

yt
<latexit sha1_base64="tRGk0A83uoJOaajTmigRA5iLmZc="></latexit><latexit sha1_base64="tRGk0A83uoJOaajTmigRA5iLmZc="></latexit><latexit sha1_base64="tRGk0A83uoJOaajTmigRA5iLmZc="></latexit><latexit sha1_base64="tRGk0A83uoJOaajTmigRA5iLmZc="></latexit><latexit sha1_base64="tRGk0A83uoJOaajTmigRA5iLmZc="></latexit>
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Thermal	Plasma

Gauge	interaction	rates	are	slower	than	expansion.

Trick of CASE B

H, l1,2, t
<latexit sha1_base64="EJpCAuQ2GGGwfJLpPuWe8MtpWfk="></latexit><latexit sha1_base64="EJpCAuQ2GGGwfJLpPuWe8MtpWfk="></latexit><latexit sha1_base64="EJpCAuQ2GGGwfJLpPuWe8MtpWfk="></latexit><latexit sha1_base64="EJpCAuQ2GGGwfJLpPuWe8MtpWfk="></latexit><latexit sha1_base64="EJpCAuQ2GGGwfJLpPuWe8MtpWfk="></latexit>

⌧R, ⌧̄R
<latexit sha1_base64="ZItY1SaQVKp8FWlGcsSKMk8VR34="></latexit><latexit sha1_base64="ZItY1SaQVKp8FWlGcsSKMk8VR34="></latexit><latexit sha1_base64="ZItY1SaQVKp8FWlGcsSKMk8VR34="></latexit><latexit sha1_base64="ZItY1SaQVKp8FWlGcsSKMk8VR34="></latexit><latexit sha1_base64="ZItY1SaQVKp8FWlGcsSKMk8VR34="></latexit>

l⌧ , l̄⌧
<latexit sha1_base64="BLczgycjv1U8K1gp/m9LjXAtlSU="></latexit><latexit sha1_base64="BLczgycjv1U8K1gp/m9LjXAtlSU="></latexit><latexit sha1_base64="BLczgycjv1U8K1gp/m9LjXAtlSU="></latexit><latexit sha1_base64="BLczgycjv1U8K1gp/m9LjXAtlSU="></latexit><latexit sha1_base64="BLczgycjv1U8K1gp/m9LjXAtlSU="></latexit>

y⌧
<latexit sha1_base64="GbTG3dEBu1OohahewN29Qk8PYTY="></latexit><latexit sha1_base64="GbTG3dEBu1OohahewN29Qk8PYTY="></latexit><latexit sha1_base64="GbTG3dEBu1OohahewN29Qk8PYTY="></latexit><latexit sha1_base64="GbTG3dEBu1OohahewN29Qk8PYTY="></latexit><latexit sha1_base64="GbTG3dEBu1OohahewN29Qk8PYTY="></latexit>

H
<latexit sha1_base64="7LJVnfaswH0P4hKinZRIP5cYjKo="></latexit><latexit sha1_base64="7LJVnfaswH0P4hKinZRIP5cYjKo="></latexit><latexit sha1_base64="7LJVnfaswH0P4hKinZRIP5cYjKo="></latexit><latexit sha1_base64="7LJVnfaswH0P4hKinZRIP5cYjKo="></latexit><latexit sha1_base64="7LJVnfaswH0P4hKinZRIP5cYjKo="></latexit>tL

<latexit sha1_base64="xrQ3UvvMZGSGzVwYR2XnnUnylx8="></latexit><latexit sha1_base64="xrQ3UvvMZGSGzVwYR2XnnUnylx8="></latexit><latexit sha1_base64="xrQ3UvvMZGSGzVwYR2XnnUnylx8="></latexit><latexit sha1_base64="xrQ3UvvMZGSGzVwYR2XnnUnylx8="></latexit><latexit sha1_base64="xrQ3UvvMZGSGzVwYR2XnnUnylx8="></latexit>

tR
<latexit sha1_base64="pXkB3sVty4Tm1KFrirZTGVaY+rU="></latexit><latexit sha1_base64="pXkB3sVty4Tm1KFrirZTGVaY+rU="></latexit><latexit sha1_base64="pXkB3sVty4Tm1KFrirZTGVaY+rU="></latexit><latexit sha1_base64="pXkB3sVty4Tm1KFrirZTGVaY+rU="></latexit><latexit sha1_base64="pXkB3sVty4Tm1KFrirZTGVaY+rU="></latexit>

TR � T & 1014GeV
<latexit sha1_base64="Ca94quAEy69ZsFaRSiqd/ie4ZuI="></latexit><latexit sha1_base64="Ca94quAEy69ZsFaRSiqd/ie4ZuI="></latexit><latexit sha1_base64="Ca94quAEy69ZsFaRSiqd/ie4ZuI="></latexit><latexit sha1_base64="Ca94quAEy69ZsFaRSiqd/ie4ZuI="></latexit><latexit sha1_base64="Ca94quAEy69ZsFaRSiqd/ie4ZuI="></latexit>

yt
<latexit sha1_base64="tRGk0A83uoJOaajTmigRA5iLmZc="></latexit><latexit sha1_base64="tRGk0A83uoJOaajTmigRA5iLmZc="></latexit><latexit sha1_base64="tRGk0A83uoJOaajTmigRA5iLmZc="></latexit><latexit sha1_base64="tRGk0A83uoJOaajTmigRA5iLmZc="></latexit><latexit sha1_base64="tRGk0A83uoJOaajTmigRA5iLmZc="></latexit>
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Thermal	Plasma

	out	of	equilibrium.

Gauge	interaction	rates	are	slower	than	expansion.

Trick of CASE B

H, l1,2, t
<latexit sha1_base64="EJpCAuQ2GGGwfJLpPuWe8MtpWfk="></latexit><latexit sha1_base64="EJpCAuQ2GGGwfJLpPuWe8MtpWfk="></latexit><latexit sha1_base64="EJpCAuQ2GGGwfJLpPuWe8MtpWfk="></latexit><latexit sha1_base64="EJpCAuQ2GGGwfJLpPuWe8MtpWfk="></latexit><latexit sha1_base64="EJpCAuQ2GGGwfJLpPuWe8MtpWfk="></latexit>

⌧R, ⌧̄R
<latexit sha1_base64="ZItY1SaQVKp8FWlGcsSKMk8VR34="></latexit><latexit sha1_base64="ZItY1SaQVKp8FWlGcsSKMk8VR34="></latexit><latexit sha1_base64="ZItY1SaQVKp8FWlGcsSKMk8VR34="></latexit><latexit sha1_base64="ZItY1SaQVKp8FWlGcsSKMk8VR34="></latexit><latexit sha1_base64="ZItY1SaQVKp8FWlGcsSKMk8VR34="></latexit>

l⌧ , l̄⌧
<latexit sha1_base64="BLczgycjv1U8K1gp/m9LjXAtlSU="></latexit><latexit sha1_base64="BLczgycjv1U8K1gp/m9LjXAtlSU="></latexit><latexit sha1_base64="BLczgycjv1U8K1gp/m9LjXAtlSU="></latexit><latexit sha1_base64="BLczgycjv1U8K1gp/m9LjXAtlSU="></latexit><latexit sha1_base64="BLczgycjv1U8K1gp/m9LjXAtlSU="></latexit>

y⌧
<latexit sha1_base64="GbTG3dEBu1OohahewN29Qk8PYTY="></latexit><latexit sha1_base64="GbTG3dEBu1OohahewN29Qk8PYTY="></latexit><latexit sha1_base64="GbTG3dEBu1OohahewN29Qk8PYTY="></latexit><latexit sha1_base64="GbTG3dEBu1OohahewN29Qk8PYTY="></latexit><latexit sha1_base64="GbTG3dEBu1OohahewN29Qk8PYTY="></latexit>

H
<latexit sha1_base64="7LJVnfaswH0P4hKinZRIP5cYjKo="></latexit><latexit sha1_base64="7LJVnfaswH0P4hKinZRIP5cYjKo="></latexit><latexit sha1_base64="7LJVnfaswH0P4hKinZRIP5cYjKo="></latexit><latexit sha1_base64="7LJVnfaswH0P4hKinZRIP5cYjKo="></latexit><latexit sha1_base64="7LJVnfaswH0P4hKinZRIP5cYjKo="></latexit>tL

<latexit sha1_base64="xrQ3UvvMZGSGzVwYR2XnnUnylx8="></latexit><latexit sha1_base64="xrQ3UvvMZGSGzVwYR2XnnUnylx8="></latexit><latexit sha1_base64="xrQ3UvvMZGSGzVwYR2XnnUnylx8="></latexit><latexit sha1_base64="xrQ3UvvMZGSGzVwYR2XnnUnylx8="></latexit><latexit sha1_base64="xrQ3UvvMZGSGzVwYR2XnnUnylx8="></latexit>

tR
<latexit sha1_base64="pXkB3sVty4Tm1KFrirZTGVaY+rU="></latexit><latexit sha1_base64="pXkB3sVty4Tm1KFrirZTGVaY+rU="></latexit><latexit sha1_base64="pXkB3sVty4Tm1KFrirZTGVaY+rU="></latexit><latexit sha1_base64="pXkB3sVty4Tm1KFrirZTGVaY+rU="></latexit><latexit sha1_base64="pXkB3sVty4Tm1KFrirZTGVaY+rU="></latexit>

TR � T & 1014GeV
<latexit sha1_base64="Ca94quAEy69ZsFaRSiqd/ie4ZuI="></latexit><latexit sha1_base64="Ca94quAEy69ZsFaRSiqd/ie4ZuI="></latexit><latexit sha1_base64="Ca94quAEy69ZsFaRSiqd/ie4ZuI="></latexit><latexit sha1_base64="Ca94quAEy69ZsFaRSiqd/ie4ZuI="></latexit><latexit sha1_base64="Ca94quAEy69ZsFaRSiqd/ie4ZuI="></latexit>

yt
<latexit sha1_base64="tRGk0A83uoJOaajTmigRA5iLmZc="></latexit><latexit sha1_base64="tRGk0A83uoJOaajTmigRA5iLmZc="></latexit><latexit sha1_base64="tRGk0A83uoJOaajTmigRA5iLmZc="></latexit><latexit sha1_base64="tRGk0A83uoJOaajTmigRA5iLmZc="></latexit><latexit sha1_base64="tRGk0A83uoJOaajTmigRA5iLmZc="></latexit>
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Thermal	Plasma

	out	of	equilibrium.

Gauge	interaction	rates	are	slower	than	expansion.

flavor	oscillation

Trick of CASE B

H, l1,2, t
<latexit sha1_base64="EJpCAuQ2GGGwfJLpPuWe8MtpWfk="></latexit><latexit sha1_base64="EJpCAuQ2GGGwfJLpPuWe8MtpWfk="></latexit><latexit sha1_base64="EJpCAuQ2GGGwfJLpPuWe8MtpWfk="></latexit><latexit sha1_base64="EJpCAuQ2GGGwfJLpPuWe8MtpWfk="></latexit><latexit sha1_base64="EJpCAuQ2GGGwfJLpPuWe8MtpWfk="></latexit>

⌧R, ⌧̄R
<latexit sha1_base64="ZItY1SaQVKp8FWlGcsSKMk8VR34="></latexit><latexit sha1_base64="ZItY1SaQVKp8FWlGcsSKMk8VR34="></latexit><latexit sha1_base64="ZItY1SaQVKp8FWlGcsSKMk8VR34="></latexit><latexit sha1_base64="ZItY1SaQVKp8FWlGcsSKMk8VR34="></latexit><latexit sha1_base64="ZItY1SaQVKp8FWlGcsSKMk8VR34="></latexit>

l⌧ , l̄⌧
<latexit sha1_base64="BLczgycjv1U8K1gp/m9LjXAtlSU="></latexit><latexit sha1_base64="BLczgycjv1U8K1gp/m9LjXAtlSU="></latexit><latexit sha1_base64="BLczgycjv1U8K1gp/m9LjXAtlSU="></latexit><latexit sha1_base64="BLczgycjv1U8K1gp/m9LjXAtlSU="></latexit><latexit sha1_base64="BLczgycjv1U8K1gp/m9LjXAtlSU="></latexit>

y⌧
<latexit sha1_base64="GbTG3dEBu1OohahewN29Qk8PYTY="></latexit><latexit sha1_base64="GbTG3dEBu1OohahewN29Qk8PYTY="></latexit><latexit sha1_base64="GbTG3dEBu1OohahewN29Qk8PYTY="></latexit><latexit sha1_base64="GbTG3dEBu1OohahewN29Qk8PYTY="></latexit><latexit sha1_base64="GbTG3dEBu1OohahewN29Qk8PYTY="></latexit>

H
<latexit sha1_base64="7LJVnfaswH0P4hKinZRIP5cYjKo="></latexit><latexit sha1_base64="7LJVnfaswH0P4hKinZRIP5cYjKo="></latexit><latexit sha1_base64="7LJVnfaswH0P4hKinZRIP5cYjKo="></latexit><latexit sha1_base64="7LJVnfaswH0P4hKinZRIP5cYjKo="></latexit><latexit sha1_base64="7LJVnfaswH0P4hKinZRIP5cYjKo="></latexit>tL

<latexit sha1_base64="xrQ3UvvMZGSGzVwYR2XnnUnylx8="></latexit><latexit sha1_base64="xrQ3UvvMZGSGzVwYR2XnnUnylx8="></latexit><latexit sha1_base64="xrQ3UvvMZGSGzVwYR2XnnUnylx8="></latexit><latexit sha1_base64="xrQ3UvvMZGSGzVwYR2XnnUnylx8="></latexit><latexit sha1_base64="xrQ3UvvMZGSGzVwYR2XnnUnylx8="></latexit>

tR
<latexit sha1_base64="pXkB3sVty4Tm1KFrirZTGVaY+rU="></latexit><latexit sha1_base64="pXkB3sVty4Tm1KFrirZTGVaY+rU="></latexit><latexit sha1_base64="pXkB3sVty4Tm1KFrirZTGVaY+rU="></latexit><latexit sha1_base64="pXkB3sVty4Tm1KFrirZTGVaY+rU="></latexit><latexit sha1_base64="pXkB3sVty4Tm1KFrirZTGVaY+rU="></latexit>

TR � T & 1014GeV
<latexit sha1_base64="Ca94quAEy69ZsFaRSiqd/ie4ZuI="></latexit><latexit sha1_base64="Ca94quAEy69ZsFaRSiqd/ie4ZuI="></latexit><latexit sha1_base64="Ca94quAEy69ZsFaRSiqd/ie4ZuI="></latexit><latexit sha1_base64="Ca94quAEy69ZsFaRSiqd/ie4ZuI="></latexit><latexit sha1_base64="Ca94quAEy69ZsFaRSiqd/ie4ZuI="></latexit>

yt
<latexit sha1_base64="tRGk0A83uoJOaajTmigRA5iLmZc="></latexit><latexit sha1_base64="tRGk0A83uoJOaajTmigRA5iLmZc="></latexit><latexit sha1_base64="tRGk0A83uoJOaajTmigRA5iLmZc="></latexit><latexit sha1_base64="tRGk0A83uoJOaajTmigRA5iLmZc="></latexit><latexit sha1_base64="tRGk0A83uoJOaajTmigRA5iLmZc="></latexit>



Neutrino	Magic
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Flavor	dependent	washout	effect	through	llHH,	
This	tends	to	eliminate	the	asymmetry	of	heavier	neutrinos.

Frame	3:
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Gauge	interaction	rates	are	slower	than	expansion.

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>

Independent	of																								,	but	around	the	required	value	~-10^(-10)!

Thermal	Plasma

	out	of	equilibrium.

flavor	oscillation

H, l1,2, t
<latexit sha1_base64="EJpCAuQ2GGGwfJLpPuWe8MtpWfk="></latexit><latexit sha1_base64="EJpCAuQ2GGGwfJLpPuWe8MtpWfk="></latexit><latexit sha1_base64="EJpCAuQ2GGGwfJLpPuWe8MtpWfk="></latexit><latexit sha1_base64="EJpCAuQ2GGGwfJLpPuWe8MtpWfk="></latexit><latexit sha1_base64="EJpCAuQ2GGGwfJLpPuWe8MtpWfk="></latexit>

⌧R, ⌧̄R
<latexit sha1_base64="ZItY1SaQVKp8FWlGcsSKMk8VR34="></latexit><latexit sha1_base64="ZItY1SaQVKp8FWlGcsSKMk8VR34="></latexit><latexit sha1_base64="ZItY1SaQVKp8FWlGcsSKMk8VR34="></latexit><latexit sha1_base64="ZItY1SaQVKp8FWlGcsSKMk8VR34="></latexit><latexit sha1_base64="ZItY1SaQVKp8FWlGcsSKMk8VR34="></latexit>

l⌧ , l̄⌧
<latexit sha1_base64="BLczgycjv1U8K1gp/m9LjXAtlSU="></latexit><latexit sha1_base64="BLczgycjv1U8K1gp/m9LjXAtlSU="></latexit><latexit sha1_base64="BLczgycjv1U8K1gp/m9LjXAtlSU="></latexit><latexit sha1_base64="BLczgycjv1U8K1gp/m9LjXAtlSU="></latexit><latexit sha1_base64="BLczgycjv1U8K1gp/m9LjXAtlSU="></latexit>

y⌧
<latexit sha1_base64="GbTG3dEBu1OohahewN29Qk8PYTY="></latexit><latexit sha1_base64="GbTG3dEBu1OohahewN29Qk8PYTY="></latexit><latexit sha1_base64="GbTG3dEBu1OohahewN29Qk8PYTY="></latexit><latexit sha1_base64="GbTG3dEBu1OohahewN29Qk8PYTY="></latexit><latexit sha1_base64="GbTG3dEBu1OohahewN29Qk8PYTY="></latexit>

H
<latexit sha1_base64="7LJVnfaswH0P4hKinZRIP5cYjKo="></latexit><latexit sha1_base64="7LJVnfaswH0P4hKinZRIP5cYjKo="></latexit><latexit sha1_base64="7LJVnfaswH0P4hKinZRIP5cYjKo="></latexit><latexit sha1_base64="7LJVnfaswH0P4hKinZRIP5cYjKo="></latexit><latexit sha1_base64="7LJVnfaswH0P4hKinZRIP5cYjKo="></latexit>tL

<latexit sha1_base64="xrQ3UvvMZGSGzVwYR2XnnUnylx8="></latexit><latexit sha1_base64="xrQ3UvvMZGSGzVwYR2XnnUnylx8="></latexit><latexit sha1_base64="xrQ3UvvMZGSGzVwYR2XnnUnylx8="></latexit><latexit sha1_base64="xrQ3UvvMZGSGzVwYR2XnnUnylx8="></latexit><latexit sha1_base64="xrQ3UvvMZGSGzVwYR2XnnUnylx8="></latexit>

tR
<latexit sha1_base64="pXkB3sVty4Tm1KFrirZTGVaY+rU="></latexit><latexit sha1_base64="pXkB3sVty4Tm1KFrirZTGVaY+rU="></latexit><latexit sha1_base64="pXkB3sVty4Tm1KFrirZTGVaY+rU="></latexit><latexit sha1_base64="pXkB3sVty4Tm1KFrirZTGVaY+rU="></latexit><latexit sha1_base64="pXkB3sVty4Tm1KFrirZTGVaY+rU="></latexit>

Even	does	not	depend	on	m⌫lightest
<latexit sha1_base64="H2KxzPynGM0ZjbdEu7oR20c70fQ="></latexit><latexit sha1_base64="H2KxzPynGM0ZjbdEu7oR20c70fQ="></latexit><latexit sha1_base64="H2KxzPynGM0ZjbdEu7oR20c70fQ="></latexit><latexit sha1_base64="H2KxzPynGM0ZjbdEu7oR20c70fQ="></latexit><latexit sha1_base64="H2KxzPynGM0ZjbdEu7oR20c70fQ="></latexit>

(Degenerated	case	has	almost	same	result.)

Trick of CASE B
TR � T & 1014GeV

<latexit sha1_base64="Ca94quAEy69ZsFaRSiqd/ie4ZuI="></latexit><latexit sha1_base64="Ca94quAEy69ZsFaRSiqd/ie4ZuI="></latexit><latexit sha1_base64="Ca94quAEy69ZsFaRSiqd/ie4ZuI="></latexit><latexit sha1_base64="Ca94quAEy69ZsFaRSiqd/ie4ZuI="></latexit><latexit sha1_base64="Ca94quAEy69ZsFaRSiqd/ie4ZuI="></latexit>
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Majorana	phase

Dirac	phase

Phase Dep. at very High temp

Solid:	good	sign.	
Dashed:	opposite	sign	

-3 -2 -1 0 1 2 3
1.×10-11

5.×10-11
1.×10-10

5.×10-10
1.×10-9

δ

|n
L
|/s

αM=0

αM=-π/2

αM=-π/4

αM=π/4

αM=π/2

Inverted, TR=mϕ /100=1016GeV, mνlightest=0
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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 >  

• For the Higgs case, the CP phase needed is within  
the PMNS mat.  
The scenario can be tested in future neutrino exps.

Kitano, Hamada, WY,1807.06582

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>

Phys.Rev. D98 (2018) 015042; Graham, Scherlis, 1805.07362
A	low	scale	inflation	around	this	scale	may	open	the	axion	window.

Takahashi,	WY,	Guth,
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Backups



�27

Not complete washout at  
very High Temp

 ' 1/v2diag[m⌫ ,m⌫ , 0]
<latexit sha1_base64="QRc910IGI1o0dbhXdyZzjl60TAU="></latexit><latexit sha1_base64="QRc910IGI1o0dbhXdyZzjl60TAU="></latexit><latexit sha1_base64="QRc910IGI1o0dbhXdyZzjl60TAU="></latexit><latexit sha1_base64="QRc910IGI1o0dbhXdyZzjl60TAU="></latexit><latexit sha1_base64="QRc910IGI1o0dbhXdyZzjl60TAU="></latexit>

SO(2)⇥ U(1)
<latexit sha1_base64="NfFTywy8QRs6riw6UfJi4nekve4="></latexit><latexit sha1_base64="NfFTywy8QRs6riw6UfJi4nekve4="></latexit><latexit sha1_base64="NfFTywy8QRs6riw6UfJi4nekve4="></latexit><latexit sha1_base64="NfFTywy8QRs6riw6UfJi4nekve4="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="4lGRInSOpj6LCXkBjX8lebnz+JE="></latexit><latexit sha1_base64="4lGRInSOpj6LCXkBjX8lebnz+JE="></latexit><latexit sha1_base64="K9TG65HgTx4noW4rzNh7Qt3b+wo="></latexit><latexit sha1_base64="NfFTywy8QRs6riw6UfJi4nekve4="></latexit><latexit sha1_base64="NfFTywy8QRs6riw6UfJi4nekve4="></latexit><latexit sha1_base64="NfFTywy8QRs6riw6UfJi4nekve4="></latexit><latexit sha1_base64="NfFTywy8QRs6riw6UfJi4nekve4="></latexit><latexit sha1_base64="NfFTywy8QRs6riw6UfJi4nekve4="></latexit><latexit sha1_base64="NfFTywy8QRs6riw6UfJi4nekve4="></latexit>

sym.

Conserved	current	for	lepton	(flavor)	number!

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

Inverted	Hierarchy
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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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normal	hierarchy	one	massless	neutrino.	
Other	parameters	are	same	as	the	main	part	one.
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8 9 10 11 12 13 14 15 16
10-11

10-9

10-7

10-5

10-3

Log10[TR/GeV]
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normal	order	degenerate	mass.	mnulightest=0.07eV	
Other	parameters	are	same	as	the	main	part	one.
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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

inverted	order	degenerate	mass.	mnulightest=0.07eV	
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