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Higgs boson

« My=125GeV.

» consistent with SM prediction.

- SMis completed.

obel Prize in Physks 2013
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Baryogenesis

There remains mystery in particle physics.
We do not understand
dark energy 74% Dark Eneray
dark matter

why energy density of atom is \
so large(baryon asymmetry) —

"B  (8.68+0.05) x 10~

S
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Sakharov’s three

conditions
1. Violation of baryon number

2. Violation of C and CP

Initial state : C and CP symmetric
Final state : C and CP asymmetric

3. Out of thermal equilibrium

otherwise inverse process exists.
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Leptogenesis

One of simplest scenarios : Leptogenesis
%  Asymmetry by decay of RH neutrino

RHyv is produced in thermal plasma for TR = Mg
[(86 Fukugita, Yanagida]

by inflaton decay for mint = MR

ﬂj ['91 Lazarides, Shafi]
J\ L] \I + \ \

Our work

Asymmetry by scattering between lepton and Higgs
at reheating era [15 YH Kawana]
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Plan

1. Leptogenesis at reheating-era

2. seesaw models
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Plan

1. Leptogenesis at reheating-era

2.
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Setup : Action

 Assume the existence of inflaton other than SM.

- Introduce following dim5 and 6 operators.

o [‘97 Aoki and Kawai]
: A _ o \@)
S = / d*z | Loy + =L (Li®)(L;®) + =22 (Liv* L) (TrvuLi) + hec.
. Al A‘é
LH v Majorana mass UV Model dep.
A~-101415GeV If type-1 seesaw
For A,=1 and m _=0.1eV. N,~~10715GeV(later).

» Inflaton sector is characterized by

reheating temperature Tg, inflaton mass mins and
branching ratio of inflaton to L, Br..
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Intuitive explanation

before the reheating process is completed.

Collision between lepton in thermal plasma
and one by inflaton decay.

LOG (p)

LL—®d by 3
AL .
LL_I(bL_Ji) TenM | >
Ay

B is mainly produced |
@time
reheating is just
completed.

ROLL OSCILLATIONS DOMINATED

END OF REHEAT
INFLATION
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Sakharov’s three
conditions

1. Violation of baryon number

. )\(1) - /\(_.'-?) L L
S = / (/LW + \—1(1,.<1>)(‘L‘,-<1>)+ ,I\".afl(l,p,“lﬂ,-)(L L) + h.c )
. {19

/ '
* L-number violation + sphaleron process
— B-violation
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Sakharov’s three

conditions
2. Violation of C and CP

\(D (2)

Y . 4 i] —r e )\I_jlm‘[ — -
S / d*x | Lsm + T(I,,-(b)(_],jd)) + \2 (Liv*L;)(LrvuLi) + h.c.
. ’ (1o

A1 N5
/ P

Coupling A, becomes real by unitary
transformation

A, can have complex phase
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Sakharov’s three

conditions

3. Out of thermal equilibrium

After reheating, all SM particles are in thermal

plasma.

At the era of inflaton domination,
universe is out of equilibrium.

Decay of inflaton

inf—X + L E=Mia <

Thermal plasma

/V
E~T
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Rough estimation

The rough estimation of asymmetry

nB _ Ninf Ly
— & Br €,
"ji”””’a'\\és/// :[1l31131118
Tr Ty : reheating temperature
Inflaton abundance = — m, . : inflaton mass
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Rough estimation

The rough estimation of asymmetry

" .. f e r
- B Y €;

S i Fbrems
/

Branching ratio of inflaton to leptons
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Rough estimation

- The rough estimation of asymmetry

yd - \\

np Tinf B I‘/ I

— €;

5 __tbren

Probability that lepton violation interaction occurs before L loses energy E~min

L PR
11 X m?” 3 /k L e
[, ~——=¢C3)— Tk : 2m | TR
" ’ T VS ['brems = 5 I'ry/
L \\ (D \' Minf

L violation Thermalized w/o L violation
[‘13 Harigaya, Mukaida]
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Rough estimation

The rough estimation of asymmetry

npg " Ninf
S S Fbrems \U

3
) )
Z 1)”1 lTh’ )\( III(IE;\ ) L q)/

interference between
tree and one-loop L @
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Numerical calculation

- Boltzmann equation for first contribution

, 1 TG, Ming
H* = 5 | Pinf + T* + —=n; ) Friedmann e
3M?, (’ T} > ]
Minf . L.
pr +4Hpr = (1 — Br)liys ping + ‘;m N Tprems, fadiation energy
ny +3Hny, =1'y2en; — U'yashnir, lepton asymmetry
Iinf Pint .
ny + 3Hn; = — f Fint Br — n;(I'brems + H), high energy(~mint) lepton
TMiinf
3
Ding = A:})f ((l(f - t(‘ll(1)> (J—l'i,.,-I. inflaton energy
(l
n.: lepton asymmetry l'wash: washout rate
1/4
ni: high energy(~minf) lepton T = ( 9}0 /)R>
=G«
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Numerical Result

[‘15 YH, Kawana]

« dashed : Ao=1015GeV
solid : A>=1014 GeV

11 12 13 14 15 16
Iog‘:f“.(:”?mf [Ge\/])

. /\(1) 3\

S = L “9 (L ®)(L; P il

/ (5\1+A1( )(L; @) + A2
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Plan

1.

2. various seesaw models
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Origin of higher dimensional operator

origin of dimension 5 & 6 operators

\ )\(1) 2\(2)
N— 4 - N _I‘] . T » . T IJI{[ .f'\;ll . ~/ .
. — / (l -I.~ (Lb.\I + '\ (lJl(l))(]J‘] (1)) + '\2 (IJ( l IJJ )([JL' ‘!,l ]J,) + ]l.(-)
. 1\ A5

« seesaw models
type-|, (-, -Ill), tree-level seesaw

Ma model, radiative seesaw
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type-l seesaw

Lagrangian

_ ~ My,
Type-I I 7 , R.1
AL P — yz]LZNR](D | 9

]c?gLNRz + h.c.

o Y N o L. j \\ / L;
‘ [ f \\ > ’

:x:,(p
L./ \ L, LA N NL
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type-l seesaw

« dim-5&6 terms

)\( 1.) T 2
1] - I ] — 1,, l —_ N o .
1\ 1 _ ol/ J“ [R OU - ()IJ 1,2 I 1

1 (2) N N I B 2
Iul(/\"ﬂ"l) ~ l z Ilu(yzl'.myll'my{‘ny}n) loc "'\[11’.111
Aﬁ B (871')2 A[}-){.m o ﬂ[}zf.n Z A[}zf.n

m.,n

« (Casas-lbarra R is complex orthogonal matrix




type-l seesaw

/\(1) T o2
Al_Jl = y]‘/\jl? lyI — ()lj 1}37”1/1'.
| (‘2) o P G
Iln(/\,ljju N IHI yzm YimYk nyjn)
2 )2 2 — M?
A2 m,n A[R m A[R Kk
We can see

N1~ 101415 GeV for my=0.1eV,

No~ 101516 GeV for my=0.1eV & R=1-10.
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Parameter region

type-|
iInvestigate region where BAU can be generated

parameters: Tr, mint, Mg, R, Br, CP phase

Take  minf = Mg or minr = My

to maximize the asymmetry

6|‘m-inf=1\11 =1
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Log, O[TR!'GGV]

Figure: type-l seesaw

Br=1, CP phase=1 are taken
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Normal Mass Ordering : my=0.1eV
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Almost same result is obtained for inverted mass ordering case.
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Ma model(radiative seesaw)

Lagrangian, v mass is radiatively generated.

MRg ;
Aﬁ—y LN377] 2R N;?LNRz

A5 .
: (n'®)? + h.c.

P, D L; \ ) / L;

\
s N/
S

l,\\ 7]

v ' LAN Nk
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Ma model(radiative seesaw)

. y|—}y|\/|, MR—}MReff

i T . 2
/;Jl = ( My ) LM% — (>,J 5 M
(2) * * ] 2
Inl(/\iﬂ\.,) 1 Z Im(yM z/,l\,i, z/}\\f, z/J\,', ) los M3
I\j (871’)2 m.n \11}.771 \[1-?.71 N j\[igl)ll
V)t = X p(M2/M2) M R |
(" R ) T ‘273')2 (" R/‘ I,)‘I R F(l) == 1 (_r_ l l()g.l"— 1)

- We can see
N1~ 101415GeV for my=0.1eV,
N2~ 101315 GeV depending on parameters.
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Parameter region

- Ma model
region where BAU can be generated

. ~1/2
2 ) M3z .
M . \/j ZT RI
Yy =1 —./m, . Rij; — | F —
Jij v ket VA5 ( ( -m._,zl ))

parameters: Tr,mint, MR, R2/As5, Br, CP phase

Take mMint = Mg or Mins = My

to maximize the asymmetry
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Log,,[Tr/GeV]

Figure: Ma model

Br=1, CP phase=1, R=1 are taken

15

Thermal Leptogenesis

10
Normal Mass Ordering : my=0.1eV, R=1

10 " 12 13 14 15 16
Log,,[Mr/GeV]

Log,,[Tr/GeV]
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[‘15 YH, Tsumura, Yasuhara]
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Summary

We propose the new way to produce BAU.

- Even if RHv is not produce In the early universe,
the baryon asymmetry can be explained.

Embedding in seesaw models are discussed.
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