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Introduction

A = e e = pas o b , e o o s o SEAME I Las g bas o o pae .

« The SM cannot explain the origin of neutrino masses
and Baryon asymmetry of the Universe (BAU).

Y ="2 = (8.67740054) x 1071 Planck 20161

« We want to understand these problems by TeV-
scale physics.

. Leptogenesis(LQG) is the scenario which can resolve

the problem of neutrino masses and BAU.
M.Fukugita and T.Yanagida Pays.Lett. B174 (1986) 45

. But the canonical leptogenesis requires heavy right-
handed neutrinos( M; > 0(10°) GeV ).

S. Davidson and A. Ibarra, Phys. Lett. B535, 25 (2002).
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Introduction

N TN

« If right-handed neutrinos are quasi-degenerate, they
generate lepton number resonantly (Resonant
Leptogenesis, RLG).

A.Pilaftsis and T. E. J. Underwood, Null. Pays. B 692 (2004) 303
« We focus on right-handed neutrinos which have

TeV-scale masses.

« At TeV-scale, the flavor effect is essential.

the CP violation of low energy
» neutrino physics are involved with

high energy physics that is yield of
BAU through RLG.

2018/8/17 S12018



2018/8/17

Model

S12018




Model -

ga = ( €la ) (v =e, pu,T) MM = di&g(Ml,MQ,M?,) : l\/Iajorana MasSses

_ ( ¢° ) D, = diag(mi, ma,m3) :active vmasses

VYukawa coupling constant

F = —0 UbpninsDy 2 QMZ, > : Casas-lbarra parameterization
<¢ > (QTQ _ 1) [Casas,lbarra '01]
C13C12 C13512 S1z3e Wep 1 0 0
y ; - X921
Upvns = | —C23812 — 8238136126150p C23C12 — 8238138126150? $23C13 0 e2 0 X
893812 — C23513C12€°0¢P —593C12 — 2351351207 93013 0 0 el o
Sij — sin Hz'j . . . . .
cij = cosfy; - mixing angle Dirac phase Majorana phase

7



Leptogenes|s M. Fukuglta and TYanaglda Pays Lett. B174 (1 986) 45

CP violating parameter

I‘(uRl—>€1+®—F(uR1 —)Zl-l-(I’)

I(z) = z> {1+ (1+:z:)log(

=9

€1 = T3

T (vri = b+ @) +T (vr — 4 + D) J(z) = 1
2
1 Im[(FTF)U][ (M}) (Mg)]
= o_ I\ —5|+J\|—5 x M, I(w)—>—7
8WJ2¢:1 (F1F)1 M? M? {J( 7) >~ (z>1)

(Ml < Mz,M3)
P Need heavy right-handed neutrinos (0(10°) GeV)
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Resonant LG = flavor effect

e e R e

CP violating parameter

F(I/R[—)ea —{—6) —F(VRI—)Z-{-(I))
I (ver = 41+ ®) + T (ver — 41 + )

- Mj)

1 Im[F?, Foy(F'F) ;) MiM;(M?
+ A2

T8 (FTF) 11 (M7 — M3%)?

1 Im[F}, Fo (F'F) ) MM
(F1F)1r 2| A

IeaIlmaa: - oy
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for (Mf

Mn : average value of Mi and My
AM : difference between Mi and My

regulator: A= M;I'y + M;I';

M. Garny, A. Kartavtsev and A. Hohenegger, Annals

Phys. 328 (2013) 26
S.Iso, K. Shimada, and M. Yamanaka, JHEP. 04, 062,

(2014).

(J=1)

— M3)* = (MNAM)? =
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Parameters

Assumptions
-two RHv are responsible to the LG and also seesaw
'~ mechanism.
- The lightest mass of active v is taken to be zero.
- wu is real(CP-violation occurs only in the active v sector).

1 0 0 coswia sinwip 0
Q=10 cosws sinwsys (for NH) —sinwiy coswyz 0 (for IH)

0 —sinwgy cCOSwog 0 0 1

- Input parameters: 0ii, Am?2; (central values) [NuFIT(2018)]

- We estimate maximum value of yield My =1 TeV
of baryon asymmetry. MT'; + M,T;
In other words, AM is minimized. e 2My

Activev : Ocp, a21-a31: NH (a21: IH)
Parameters Sterilev : Rew23: NH (Rew12: IH)
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6cp and Majorana phase

NH case

2.0"

0.0+

Rew23—7t/4

[

~1.0 To.s 0.0
‘ Ocp/m

central value of observation
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- Yield of baryon asymmetry

depend on both Dirac
phase(0 cp) and the
difference of Majorana
phase.

* Determining the Dirac

phase in accelerator
neutrino experiments
such as T2K experiment
IS an important input in
predicting baryon
asymmetry.
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6cp and Majorana phase

IH case

2.0/
’ . Yield of baryon asymmetry is
almost independent on Dirac

1.5
* phase.

| _.w 9P ltis possible that the
| ’ baryon asymmetry of
the universe restricts
Majorana phases.

central value of observation
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Rew and Majorana phase

NH case

-In both regions Rew23<0
and Rew23>0, the observed
BAU can be generated.
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2.0+

1.5 -It is only Rew12>0 regions
when the observed BAU

can be generated.

az/n
(-
=

0.5

0.0
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Neutrino less double beta decay
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Ovpf decay

AR Las g has o g pae .

. In the seesaw mechanism, neutrinos are Majorana fermions.

« The lepton number is then broken.

 If there is lepton number violation, it occurs neutrinoless

double beta decay.

2
Meff = IZmiUei
i

NH

Megr [meV]
N
[9)]

3.5+

1.5+

w
=)
—

2.0

(a21—a31) /7

IH

Mg [meV]

ast

40}

(A Z) = (A Z+2)+2e
Effective neutrino mass of Ov B8

[ ov BB OCmeff2
' ' wnf ' '
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OvBB decay

NH case

4.0 T T T T T T T T T T T T T T T T T T T

BAU constraints on mesf

when Rew23<0 :

the range of mesr is
unaffected

Mg [MeV]
[\®)
wn

when Rew23>0 :

Mefr receives both
upper and lower
bounds from BAU
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OvBB decay

IH case

50— B AU constraints on mefs

=
wn

=
=

T
—
T [ T T T T [ T T T T [ T T T T [ T

Rew12>0 only:

@
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upper bound on meff

Megr [MeV]
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Summary

. e e = pas o b , e o o s o SEAME I Las g bas o o pae .

-We Investigated resonant leptogenesis at TeV-scale.

-We found that sufficient baryon number can be

generated even if the right-handed neutrinos are TeV-
scale masses.

-We demonstrated how the baryon asymmetry correlates
with CP-violating parameters in the PMNS matrix.

-We showed that the region of effective neutrino mass in
neutrinoless double beta decay is restricted in order to
explain the observed baryon asymmetry.

21



Outlook

-We will investigate the impact of quantum effect and
right-handed neutrino oscillation on yield of baryon
asymmetry by using Kdanoff-Baym equation.

-We want to investigate other CP-violating process with
this model.
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€1(Inverted hierarchy)

) MiM; 1 . .
S(FX Foa(FTF)1] = <$)42 5 [(m12|U0,1|2 — mo?|Uqaz|?) sin 2Rw12 sinh 23wy
+ /mimo{(my + mo)R[U},Uyz| cos 2Rw; 9 sinh 2Fw;
+ (my — mo)S[U% Uye) sin 2Rw2 cosh 28wi2 }
the coefficient of X, X, = eSw12
M, M, 1

(@)4 4 [(mllea1|2 - m22|Ua2|2) sin 2Rwy 5 + /mimyV,, cos(2Rw;o — 6,,)]

Va =\/(ml2 + m92)|Uq1|?|Un2|? + 2mima(R[UZ, Uy2)? — S[UX,Uq2]?)

_(m1 — mg)S[U, Uas]
(m1 + mg)?R[Uéanz]

tanf,
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dependence on Imw(lH case)

Imw >>1
104
F o Xo = elmw
00 e - __— AM=AMnmi
. ‘ Xw ~ O(1)
~ 1= v v E
L A sufficient baryon number
~ 001 . *,  can be generated
107
10704 ‘
1 2 5 10 20
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depenee on

2.0

| When AM is minimized,
T Mn>1.5TeV

Ys is almost independent
on Mn.

° ° e o o o ooooooooooooi MN< 1.5 TeV

Wash out effect is

1.0‘ | 15 20 3.0 | 5.0 ‘7.0‘ 10.0 not effective.
MN [TeV]

26



Boltzmann equatlon

dYum . Z YVm (A) (B) (C)
dz sH(Ml){(Yfg; L) Or 420+ )

Y., Y, E)
N o Yo, ) NONIN
> (v 1) o +of7)
dYa, 2 ) (A) 1 oy (A)
de" = TSHOL) ;<—qu 1) €1 |+ ; ( o8 — C3 o

Y, 1 B) 1 Y, (C)
— (Ol taL _ —C’q’) 'y(a (ZC’f, —=C3 (1 + %)) Via
( ﬁYugI 9B I 8 9B ngl I

Y,
F D a
+Z{ (Cag +Cls = 203)(ag +7a5) — (Cas = Co0)%65 | Yoo
, (211 16 16
ot _ B »_ 8
7| 16 211 16 C?® = (1, 1, 1)

16 16 —211 ’ 79
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Contrlbutlon of decay and scattermg

10~ 3
Y|

101

1012

— :decay + scattering
""" :decay only

10713

0.01 0.1 1 M, 10 100
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Equilibration temperatures

Ty | 2.4 x 10" GeV | strong sphaleron

Tws | 1.8 x 102 GeV | weak sphaleron
T, | 4.2 x 1012 GeV | bottom-quark Yukawa
T. | 3.8 x 101! GeV | charm-quark Yukawa
T, | 2.5 x 10°GeV | strange-quark Yukawa
Tu | 1.9 x 10°GeV | up-quark Yukawa

T; | 8.8 x 10GeV | down-quark Yukawa
T, | 3.7 x 10! GeV | 7-lepton Yukawa

T, | 1.3 x 10°GeV | p-lepton Yukawa
T. | 3.1 x 10*GeV | electron Yukawa

Table 1. Equilibration temperatures Tx for Yukawa- and instanton-mediated SM processes. Methods
of the calculations and uncertainties are discussed in the text. Partial equilibration is relevant when
the freeze-out of the lepton asymmetry happens at temperatures between 7'y and 20 T'x.

B. Garbrecht and P. Schwaller, JCAP 1410 (2014) no.10, 012
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