1807.06582 with Ryuichiro Kitano, and Yuta Hamada

Leptogenesis via
active neutrino oscillation

Wen Yin, KAIST in Korea

Neutrino Magic!

Have a Neutrino
good look!

oscillation!

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

There are
more anti-
neutrinos?!

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

©higgstan.com

More anti-neutrinos than neutrinos?

ﬁy‘ Starting with the same numbers of neutrinos and anti-neutrinos,
i some magic under the cloth created an imbalance between them. comic by Yuki Akimoto

o7 This CP violating phenomenon, if it has really happened in the early Universe,
give the reason for the Universe being made of matter rather than anti-matter.  higgstan.com

Prospects of Neutrino Physics at IPMU, 11th May 2019



1. Introduction

How to generate the baryon asymmetry?
Sakharov’s conditions

*Baryon/Lepton number violation
*C and CP violation

*Out of thermal equilibrium

Unfortunately, the SM does not sufficiently satisfy...



1. Introduction

How to generate the baryon asymmetry?

Sakharov’s conditions

*Baryon/Lepton number violation
*C and CP violation

*Out of thermal equilibrium

Unfortunately, the SM does not sufficiently satisfy...

A clear New Physics! Neutirno mass

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

— 2P HH + hc.



1. Introduction

How to generate the baryon asymmetry?

Sakharov’s conditions

*Baryon/Lepton number violation vV
*C and CP violation

*Out of thermal equilibrium

Unfortunately, the SM does not sufficiently satisfy...

A clear New Physics! Neutirno mass

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

— 2P HH + hc.



Introduction

How to generate the baryon asymmetry?

Sakharov’s conditions

*Baryon/Lepton number violation vV

*C and CP violation

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

*Out Of thermal equi/ibrium T2K Collaboration, 1701.00432
See Lisi’s talk slide.

A clear New Physics! Neutirno mass

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

— 2P HH + hc.



Big bang is a one way process

Inflaton decay: ¢ — SM partiCleS
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Big bang is a one way process

Inflaton decay: ¢ — SM pa,rtiC],eS

| @ last period of inflaton decay L "~ mg /2

Number thermalized

density of |
SM particles |

Thermal distribution
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What | will show

Setup:

L=Lsn —

Kitano, Hamada, WY 1807.06582

(lcP l;)HH + h.c.

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

Number
density of

SM particles Boltzman-Maxwell &
distribution

E~my/2

E [GeV]

10% 10° 1010 10"210"3 10™

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

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.
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http://arxiv.org/abs/arXiv:1609.05028

2. Neutrino Oscillation at big bang
® = Vini + X, Uini + X

(Vini| @ >
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Oscillating frequency during reheating.

Rvalvr)|?

1n1—>[ — ‘Z Vlnl‘Voz -/ . '

(mh )2 = ei en[y§T2(5-- 4 0.046(k*K);; T + C6;;
v,a) — €18 g Ci : ij ij
th L/ﬂ‘_\\
e
+h
H *\ H K
Yi Yi K
th

‘Va> is the mass eigen state.



The mean free path of the neutrino.

1n1—>[ — ‘Z Vlnl‘Voz

th \2
M (g |vr)

1 k , y2T2

Oé%T T (mtV},la)Q — elgen[

tMFP ~ 6ij + 0.046(k*K);; T + C6;

th
(Vini ‘—" VI>

th



The mean free path of the neutrino.

1n1—>[ — ‘Z Vlnl‘VOé

th \2
M (g |vr)

1 k , y2T2

Oé%T T (mtV},la)Q — elgen[

— tMFP ~ 6ij + 0.046(k*K);; T + C6;

th
(Vini ‘—" VI>

th



Neutrino Oscillation provides CP violation

c.f. P, — P ocsinitAmZ/k]  @vacuum

Oscillation phase is not too small at the reheating era.
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How to observe the “flavor”?

Panicsr 2 | Y (Vini[va)e ™ o) My i)

Only flavor dependent process can identify the flavor.

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

Yi H

% . /

H vV //-i 1%
t b
/yt

th i H

‘ V[> is the state defined by the interaction.
The formalism will be given later.
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Lepton number violation happens through
“observation”.

. th \2
Pisr = |y (Vini|va)e™ (M) /Ry Jup)|?

«
Only flavor dependent process can identify the flavor.
Thus, “observation” is made due to the following interaction process.

Lepton asymmetry can be made!
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The (rough) estimation of lepton asymmetry

Mg ~ T < 1012Gel/  with certain CP phase

2 th
Ant x Br —~ X t am, « —JUHH
S ¢—=Vini+X/Vini+X MEP T gth
yukawa
CP violation lepton # violation
Amg 1
Flavor dependent asymmetry of order ~ 0.01
T 1y

How frequently the flavor is observed by the [IHH interaction.

th 2 /A2
unH Amy, [v"T

th 2,2
yukawa YrYi

o



The (rough) estimation of lepton asymmetry

mg ~ T < 107 GeV

AnL

S

T 2
X BT¢_>Vini—|—X/ﬁini—|-X x 10 (109G6V>

—10
c.f. required asymmetry ‘ATLL /S‘ ~/ ].O

Enough asymmetry can be made for
sufficiently high reheat temperature.

However, for a precise prediction or more complicated processes,

we need a systematic approach.
14



3. Kinetic EquatiOn (Extended Boltzmann Eqs)

density matrix for left-handed leptons  p(P) = pi; (P) i j =€, 1T

Sigl, Raffelt, 1993

dp(p i
i9P) _ (o). p(p)] - T8 o)} + LTS 1~ p(p)).
Oscillation term Interaction terms (with CP phase)
.dp(p) _ i - ) )
(2P — (). o)~ 5 (T8 7p)} + {151~ 7)) )

Hamiltonian: v, 1" I
amiltonian:  Q;(p) ~ 6 |Zj+0046(/<; m)m| ; for |p| =T
P

This is absent in ordinary Boltzmann eqs.
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Equations to be solved

(Ip
dk [, px] — _{Fk Pk}

+ eqs of right-handed/anti leptons

.dd - 7 ‘ .
20T [Qp, 6pr]| — 5{1_"711,0,071} +201'%,,

dt
Q =2 T s o r Q, =2 T5 +0.046(c1), T
16m¢ my, 6
(11),, = CodT i+ g 32|k|T2("”"””T + Buigt) + g (R
(F%)ij = CIQ%T‘Sij + Giyth(‘SzTOTJyr + 0ipOpj l/;l,) + %}rz)(h* : ’f')ijT3v

T .
(07) ;= CoBT | 1 ()i = C'o3T (57r);

3C(3 . ‘ 3¢(3 . _ ‘ ]
* 87(r3) (5% (P = 3/4p1)" - £)if T° + 87(r3) (k* - (0pr — 3/4dpr)" - K)ii T°.

Some 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.



Solution (Normal Hierarchy)

By solving kinetic equations for leptons, we get

10-3| ¢ — leptons

m¢/TR = 100

Required

8 9 10 11 12 13 14 15 16
Logqo[TR/GeV]
Dirac phase=-pi/2, Majorana phase=0.3 pi, V«{1,1,1}

This scenario works for Tp 2> 10° GeV
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CASE B: Inflaton dominantly to Higgs

LD Ap|H|?
o — HH”
1%

—a—y

H

—> Flavor oscillation




Solution (Normal Hierarchy)

_ Majorana phase
107 — | | | | ]
f ¢ — Higgs Solid: good sign. —ay=11/2 -
: Dashed: opposite sign ay=rt/4
1 0—8 i )/ \\; —ay=0 :
- / W/ aM=—7T/4:
,{7/1 “ “ — aM=_7T / 2 1
Q 9 7 s:;/{;;;/l 7\ ) 7
§ 1 O /Il”l :," ‘\“‘ \\“
Required // . )
1071 i \ |
1 0—1 1 o’;fll | {i | | '
12 13 14 15 16
Logqo[ TR/IGeV]
Inflaton mass =100 T'p

Two massive neutrinos.

Dirac Phase=-Pi/2
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Neutrinoless double beta decay

The CP phase and neutrino mass can be tested from neutrino exps.

65=—11/2, Tr210"°GeV

0.001| \ |
10—4 .............................

-40 -35 -30 -25 -20 -15 -1.0
log10(Myiightest/€V)
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Summary

": Baryon asymmetry explained within SM with

_ %(EPLZJ-)HH +he |

- The observed asymmetry can be explained at
reheat temp > 10° GeV

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



Backups



Inflaton

CASE A

VEle) + V1) + V7] 7))

(V| L)+ (VA 1) + (VT 1)

Initial condition

Pklt=tp = Pxli=tp :NV;;V]-*, 0pT|t=tp = 0pT|t=tr = 0.

N=3Trp
4m¢,

Parameters
TR) meg., B7 ‘[L

and those for neutrino oscillation.
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Analytic Formula T_R<10%13 GeV

1073}
0 This scenario works for
% 1077} 1
- 8
1079} — TR Z 10 G@V
10~ 1 ! 1 1 1 1 1 1 1
8 9 10 11 12 13 14 15 16
Logqo[Tr/GeV]
"L, 9% 107 gop-B- (TR ( i )_1. (Tg > 10! GeV),
S ’ 1011 GeV 1013 GeV ’ ~ |
and
nr,

_ Tr ’ m -1 :
B 6 B ¢ < 101
s~ 2x10ger- B (1011 GeV ) (1013 GeV) o (TrS107 GeV),

Baryon asymmetry could be explained by any model, with

L=Lgp +KIHH + ... @ pre>103CeV
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CASE B

LD AglH|?
Inflaton —>  Higgs, Higgs* —> l7l_

Initial conditions

21((3) x .\ ..73 3/2
o — (P )i — o3 (K K)ij Ti —2 mg, 1/2 Tr
()i = ()ig =N - 22 P 751072 N (idy ) \1om Gov )
CG2TR me

PT|t:tR = /5T|t:tR = 0 (Leptons are not thermalized initially)

Parameters
TR, m¢

and those for neutrino oscillation.
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Not complete washout

with degenerate case

“2”' (°Ppl;)HH + h.c.

k o~ 1/v3diag[m,, m,, m,]

SO(3)  om

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

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



Oscillation phase

2

— yT 7
t—1 ~ 2T ~ 10
05¢ " 16 (1012G6V

T
1012GeV

) GeV

t L. ~a3T ~ 10° ( ) GeV

Phase ~ t i tenq; < 1

OoScC

Coherently scattering (LPM effect) becomes important and it is included in the analysis.



FIGURES FOR
INFLATON->LEPTON



|nL|/S/B

Inverted hierarchy one massless neutrino.
Other parameters are same as the main part one.

10—11

8 9

10 11 12 13 14 15 16
Logqo[TR/GeV]
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I, |/s/B

normal order degenerate mass. mnulightest=0.07eV
Other parameters are same as the main part one.

8 9 10 11 12 13 14 15 16
Logqo[TR/GeV]
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inverted order degenerate mass. mnulightest=0.07eV
Other parameters are same as the main part one.

|n.|/s/B

8 9 10 11 12 13 14 15 16
Logqo[TR/GeV]



FIGURES FOR
INFLATON->HIGGS



Inverted degenerate case.
mnulightest=0.07eV

1076+ | | | | |
— CZM=7T/2
—ay=r1/4
— aMzo |
aM=—7T/4 |
—ay=—71/2
8
IS
101" /i | e | e
11 12 13 14 15 16

Logo[ TR/GeV]
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Normal hierarchy one massless neutrino.
10" — | | | |
: —ay=T11/2
— CZM=7T/4
— aMzo i
— CZM=—7T/4§
— aM=—7T/2:

Logo[ Tr/IGeV]
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Normal hierarchy degenerate case.
mnulightest=0.07eV
1075} | | | | |
: — CZM=7T/2
— CZM=7T/4
— aMzo ]
CZM=—7T/4E
— aM=—7T/2,:

Logo[ Tr/GeV]
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|n.|/s/B

Inverted, Tr=my/100=4x10"*GeV, Myightest=0eV

1.x10-2
5.x10-10

1.x10~10
5.x101

[ T [ T [ T T T T [ T T [ T T T T [ T T [

ay=-T114

ayp= 71/4

aM=7T/2
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|n.|/s/B

Inverted, Tr=my/100=7x10""GeV, Myiightest=0.07eV
5_x10_9N““N““N“"N““N““N““N

— CZM=O

— CXM=—7T/2

CZM=—7T/4

— CZM=7T/4

— CZM=7T/2
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|n; |/s/B

Normal, TR=m¢/1OO=2><1O1ZGeV, M yjightest=0eV
1.x10°—mmm—m—m—m — —————

5.)(10_10’ | = ay=0
..... y-—.—:._.__._ir_-::;:._._.
— " " =T — aqy=-n2
1.x10710] | v
5. x10~11| — =114
— ap=71/4
1.x107"

—  ap=71/2
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|n.|/s/B

Normal, Tr=my/100=7x10""GeV, myjightest=0.07eV

5.x107°

1.x1072 |
5.

1.
5.

x 1010

ap=0
ap=-—T11/2
ap=-7114
ap=114

ap=11/2
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Normal, Tr=mg=1 01°GeV, Mylightest =0€V

1.x10°°% "
5_)(10_10* | — ap=0
(7))
= — ay=-112
= 1.x1010}
— 5.x10-1 —  q=-11/4
— ap=114
1.x10-1
— ap=112
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Normal, Tr=m=10"°GeV, myjightest=0.07eV

1 %x10~% —————————
5.x10°10 f -
” :
= — ap=-711/2
El 1.X1O_10
— 5.x107" S
— apy=714
1.x10~ 1

_3 ' -

ap=T11/2
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Inverted, Tr=my=10""GeV, Myjightest=0.07€V
1.x107° P |

—_— ap=-112
— ap=-714

— =114

— ap=7112
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6=-3711/4, Tr<10"3GeV

-40 -3.5 -3.0 —25 -20 -15 -1.0
l0g40 (Muiightest/€V)
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