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New physics: inflation
A.Guth, 1980; K.Sato, 1980; A.Starobinsky, 1980; Kazanas, 1980; A.Linde, 1981; Albrecht, Steinhardt, 198T;

The Universe experienced an exponential expansion.

Inﬂation solves
horizon and flatn o CEERR
orizon and flatness i iara
problems. -

1st Stars
about 400 million yrs.

Big Bang Expansion
billion years

Inflaton ¢:

Slow-rgy; Quantum fluctuation for
anisotropy of the Universe
which has been observed in CMB.
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New physics: inflation
A.Guth, 1980; K.Sato, 1980; A.Starobinsky, 1980; Kazanas, 1980; A.Linde, 1981; Albrecht, Steinhardt, 198T;

The Universe experienced an exponential expansion.

Inflation solves Inflation
horizon and flathess
problems.

Quantum
Fluctuations

oscillate,
decay to radiation,

reheating (big-bang) Quantum fluctuation for

P / anisotropy of the Universe
\j which has been observed in CMB.

Inflaton ¢:

<0> ¢

Existence of inflaton and inflation is very rigid!



New physics: baryogenesis

0.01 "~

10:3 : :D/H } e ‘_ 10:3
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Inflation reheating o T e
ends (big bang) BBN, CMB (recombination)
| I I
>
t

To generate the baryon asymmetry of our universe
Sakharov’s conditions should be satisfied:

Unfortunately, the SM of the partlcle theory does not suff|C|entIy satlsfy
them... New physics is needed for baryogenesis!




New physics: neutrino oscillation

A simple explanation:

the SM is a non-renormalizable effective theory .
i.e. Majorana neutrino K :

Loy =L~ LI, PLLHH sl

completed by heavy particles. 3
¥ eg. |

seesaw mechanism _
‘ Yanagida 79; Gell-Mann, et al 79;Minkowski, 77; §

Just exist as it is valid
up to 10! Gev

High scale R-parity violating SUSY?
See Prof Liu’s talk slide,

See also WY, 1808.00440 in the context of
charge quantization.
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Baryon asymmetry of universe with
Majorana neutrino

eBaryogenesis with right-handed neutrinos

M. Fukugita, T. Yanagida 1986; Pilaftsis 1997; Buchmuller Plumacher, 1998;
Akhmedov et al,1998; Asaka, Shaposhnikov, 2005; Eijima, Kitano, WY, 2019 (See Eijima’s talk).

e Baryogenesis with the LLHH interaction

term Hamada, kitano, wy, 201s:

See also Hamada, Kawana 2015; Takahashi, Yamada 2015; Hamada Kitano 2016,
with LLHH + other higher dimensional terms.



Baryon asymmetry of universe with
Majorana neutrino

eBaryogenesis with right-handed neutrinos

M. Fukugita, T. Yanagida 1986; Pilaftsis 1997; Buchmuller Plumacher, 1998;
Akhmedov et al,1998; Asaka, Shaposhnikov, 2005; Eijima, Kitano, WY, 2019 (See Eijima’s talk).

o Baryogene5|s W|th the LLHH mteractlon -

te 'M Hamada, Kitano, WY, 2018; Today’s topic '

P

See also Hamada, Kawana 2015; Takahashi, Yamada 2015; Hamada Kitano 2016,
with LLHH + other higher dimensional terms.
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Setup: c

P =L P LHH+h.c.

At around the reheating

(big-bang), neutrino flavor }

oscillation can generate
baryon asymmetry with
LLHH scattering process.

£ Sakharov’s conditions

*Baryon/Lepton #
violation
! *C and CP violationv

¢ Neutrino oscillation! CP-violation
| is favored at 26 T2K,1701.00432
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'; Thermalization around reheating




2. Baryogenesis via active neutrino oscillation
Kitano, Hamada, WY 1807.06582

nflaondecay: ) —» SM particles  @ooay

at the moment of an inflaton decay

7 @t — tR E ~ m¢/2
Number
density of from
SM particles | Thermal distribution direct
decay

10° 10° 107 107 107 107 10
E [GeV] ;



Thermalization during reheating

Inflaton decay:

Number
density of

SM particles

® — SM particles

i @tztR+€

Er\:md,/Q

T

57

thermalized

Thermal distribution

10 10° 107107 107 107 10"
E [GeV]

10



Thermalization during reheating

Inflaton decay: ¢ — SM pa,rtiC],eS

@ =1+e¢ Brymef?
(Due to out of
| P equilibrium interaction)
Number g thermalized -
density of |
SM particles Thermal distribution

107 10° 107107 107 107 10"
E [GeV] .




Neutrino oscillation during thermalization

E ~my/2

gb—> Vini+Xaﬂini+X

10% 10° 10'°10"'10"210"3 104

(Vini| @ >

Poicsr 2| (Vini[va )™ (e Ry 1) 2
(8%

., 2
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Neutrino oscillation during thermalization

E ~my/2
:

¢_> Vini+X7§ini+X

8 409 10101011 1012 ':13 14
10 10° 1010 "10°“10°°10 p|asm
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2
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Neutrino oscillation during thermalization

@t =tzte E~§m,,/2 . —
| ¢_>Vini+X7Vini+X

<Vini’ ‘_>| VI> plasma
plasma

plasma

Poicsr 2| (Vini[va )™ (e Ry 1) 2
(8%

., 2
cf Posp=|) (velva)e™™a/"(valn,)|? @ vacuum

(07

11



Neutrino oscillation provides CP violation

c.f. P, — P ocsinitAmZ/k]  @vacuum

Oscillation phase is not too small at thermalization
around the reheating. Hamada Kitano 2016

12




How to observe “flavor”?

Pt = |5 il omros
6" AR

Only flavor dependent process can identify the flavor.
“Observation” is made due to the following interaction process.

Yi
1%
W Y /
t b
/yt /

plasma plasma H

Ny

‘ V[> is the state defined by the interaction.

13



Lepton number violation happens through
“observation”.

: th \2
Rni—)[ =~ ‘Z <Vini‘Va>67/tMFP(mya) /k<VOz‘VI>’2

e
Only flavor dependent process can identify the flavor.
“Observation” is made due to the following interaction process.

Lepton asymmetry can be made!

14



The (naive) estimation of lepton asymmetry

Mg ~ T < 1012Gel/  with O(1) CP phase, general flavor structure

2 th
Ang B o Am;  OrpH
— XDy XX X pp— X
) T o
yukawa
Lepton asymmetry Branching ratio CP violation Lepton # violation
Amg 1
Flavor dependent asymmetry of order 7 ~ 0.01
th

th 2y21)4
Gyukawa Ye ViV



The (naive) estimation of lepton asymmetry

Mg ~ T < 1012Gel/  with O(1) CP phase, general flavor structure

AI’IL - TR 2
T & B¢—>Vini+X/Dini+X X 10 9 ( 1 >

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

Enough asymmetry can be generated with
sufficiently high reheating temperature.

16



Numerical result (Normal Hierarchy)

By solving kinetic equations, Sigl, Raffelt, 1993

we get
_3 Dirac phase=-pi/2,

1077 | Majorana phase=0.3

1 0—5 i
2 .
B i 1 Assumption:
— _7 Preexisting thermal
E' 107"+ mg/Tr = 100 plasma of
T 7 all the SM particles.

1 0—9 i

Required
1 0—1 1

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

17



Numerical result (Normal Hierarchy)

By solving kinetic equations, Sigl, Raffelt, 1993

we get
_3 Dirac phase=-pi/2,
1077 | Majorana phase=0.3
f {V«{1,1,1}

1 0—5 i
G\UJ) i { Assumption:
— _7 Preexisting thermal
E‘ 107"+ plasma of
T 7 all the SM particles.

1 0—9 i

Required
1 0—1 1

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

Baryogenesis can be successful for Tr > 10° GeV due to

active neutrino oscillation during thermalization. .



3. Baryogenesis from PMNS matrix

Let us consider the renormalizable inflaton coupling to the SM
LD —-Ap| [‘]|2 — ﬂ¢¢2 | [‘I|2 A, Ay: real parameters
sk
b — HH
Vini
\,\,\’\Y\/ —
H v

/

H —> Baryogenesis!

ini — Neutrino flavor oscillation!



3. Baryogenesis from PMNS matrix

Let us consider the renormalizable inflaton coupling to the SM
LD —-Ap| [‘]|2 — ﬂ¢¢2 | [‘I|2 A, Ay: real parameters

o — HH”

ini — Neutrino flavor oscillation!

H —> Baryogenesis!

CP violation can only appear via CP phases in
LLHH interaction, i.e. the PMNS matrix.
The baryon asymmetry is related with the PMNS matrix



Numerical result:

Dirac phase dependence

Normal, TR=m¢/1OO=2><1O1zGeV, Myjightest=0€V

1. %1079 e
5.x10"10

-y g,

................

Dirac phase () Solid: good sign.

Majorana phase

Dashed: opposite sign

ap=0
ap=—71/2
ap=—711/4
ap=11/4

apN=T1/2

19



Neutrinoless double beta decay

The CP phase and neutrino mass are related and 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)

20



Summary

Baryon asymmetry can be explained due to neutrino
. oscillation with

Kii _ . q
& =P TJL",-PLLJ-HH+ h.c  at around reheating era. |

T, 2 103GeVfor g - v+ X, 0+ X

. If ¢ - HH*, the scenario, can be tested from

ground-based experiments.

See also Eijima’s talk for baryogenesis
via active neutrino oscillation with sterile neutrinos.
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Enhancement by non-trivial reheating
dynamics

Reheating can complete via the scattering process: Inflaton Thermal
_ condensate Plasma

d+H — v +e z

J ¢
Daido, Takahashi, WY, 1710.11107,1903.00462, ...

i.e. due to dissipation effect. yokoyama 0510091 etc. - e

. J
No thermal blocking process: Thermal el
ng 3T Plasma Plasma

o~ > 1
S 4dmy,

Tg/m, ~ 10°7 in Refs. 1710.11107,1903.00462

Thus, the asymmetry is enhanced.

seesaw scenario:

107
T, = 10°GeV
TR/m¢

LLHH scenario:

103 172

TR/m('b

T, = 10°GeV x



http://arxiv.org/abs/arXiv:1903.00462
http://arxiv.org/abs/arXiv:1903.00462

The upper bound of the QCD axion window can be relaxed

. _ . . . H < A Peter W. Graham, Adam Scherlis, 1805.07362,
in low-scale inflation with 17, S Agcp- Fuminobu Takahashi, WY, Alan H. Guth, 1805.08763

Fuminobu Takahashi, WY, Alan H. Guth, 1805.08763

10} ¢ R R

0.=1 1 % tuning

H, inf [G@V]

Assumptions:

1-N>>Hi2nf/m3/ ..i.(l)lz. .....i.(l)13. .....1..(I)14. .....]i.(l)ls. .....]i.(l)16. .....1..I017. ....1018
2. Axion potential form

~ x(T') cos 6 does not change fa [GGV]

during and after inflation.



http://inspirehep.net/author/profile/Graham%2C%20Peter%20W.?recid=1674091&ln=ja

The upper bound of the QCD axion window can be relaxed

. _ . . . H < A Peter W. Graham, Adam Scherlis, 1805.07362,
In inf QCD* Fuminobu Takahashi, WY, Alan H. Guth, 1805.08763

{ Conventional axion
! window, 12
‘, 1, <10 GeV ,’

Fuminobu Takahashi, WY, Alan H. Guth, 1805.08763

< A E

10

1 % tuning

H, inf [G@V]

0.01}

Assumptions:

2. Axion potential form

~ x(T') cos 6 does not change fa [GGV]

during and after inflation.



http://inspirehep.net/author/profile/Graham%2C%20Peter%20W.?recid=1674091&ln=ja

The upper bound of the QCD axion window can be relaxed

_ H. A Peter W. Graham, Adam Scherlis, 1805.07362,
In IOW scalellnflatlon W'th inf ~ “2QCD* Fyminobu Takahashi, WY, Alan H. Guth, 1805.08763

¢ Conventional axion

: window, fa < 1012 GeV

Fuminobu Takahashi, WY, Alan H. Guth, 1805.08763

< A E

1 % tuning

H, inf [G@V]

0.01}

Assumptions: o The a)_(lon wmd_ow opens up to Mpl S ]

1.N > HZ./m? 10'2 1013 10% 1015 1016 1017 1018

2. Axion potential form

~ x(T') cos 6 does not change fa [GGV]

during and after inflation.
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Numerical estimation

density matrix for left-handed leptons p(pP) = pi; (P) ij=e, T

Kinetic Equation (Extended Boltzmann Eqgs) Slg|, Raffelt, 1993

i) (0(p). p(p)] ~ (T ()} + L (TG 1~ p()).

Oscillation term Interaction terms (with CP phase)

- [Q(p)aﬁ o _{F(pi) /)( )} + §{Ff)1 o /)(p)}

4

. . 272 T
Ham||t0n|an: Q@j(p) ilél | ,Lj + 0. 046(/{ K)zj‘ | for |p| > T

This is absent in ordinary Boltzmann eqs.

25



Numerical estimation

density matrix for left-handed leptons p(p) = pi;(p) ij=e,uT

Kinetic Equation (Extended Boltzmann Eqgs) Sigl, Raffelt, 1993

S (T8 p(p)} + S{Th. 1~ p(p)},

Interaction terms (W|th CP phase)

{ ,p(P)} + {P 1—p(p)},

Oscillating phase

y2T? T

Hamiltonian: Q;;(p) ~ 16| |5Zj + 0.046(m*m)¢jﬂ, for |p| 2 T
p

This is absent in ordinary Boltzmann eqs.

25



Numerical estimation

density matrix for left-handed leptons p(p) = pi;(p) ij=e,uT

Kinetic Equation (Extended Boltzmann Eqgs) Sigl, Raffelt, 1993

Interaction terms (W|th CP phase)

1% 2

| A AL

Oscillating phase  Thermalization, observation, L # violation

y2T? T

Hamiltonian: Q;;(p) ~ 16| |5zj + 0.046(m*m)ijﬂ, for |p| 2 T
p

This is absent in ordinary Boltzmann eqs.

25



Two scale approximation

Pl ~ K]

Number density
-_— -_— -_—
A A

N (8] (o]

102 10° 10'°10'"10"210"3 104
E [GeV]

26



Equations to be solved

(Ip
dk [, px] — _{Fk Pk}

+ eqs of right-handed charged/anti leptons

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

dt
yiT? T4 ;T
Q ~ : Qp ~ : —0;; + 0.046(x*«),;,T
T 9y? 21¢(3)
d ~ 2 kL3
(Fk)ij - Ca T |k| z.7 + 6471 3|k|T (OZTOTJUT + OWOMJJ/J,) + 3271,3 (h’ h’)UT ’
- 9y? 21¢(3)
d ~ 2 . t AN aX]
<FT)ij ~ C'a;Téij + . 3T(5zroryyr + 0ipOpj l/;l,) + W(h - K)i 17,

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, Pomeranchuk 1953; Migdal 1956] for LPM effect. 27



¢ = Vini + X, Uini + X

Initial condition

Pkli=tr = Pkli=tr = NViV}",  0prli=tp = 6prli=tz = 0.

N=3Irp
4my

Free parameters
TR7 me, Ba ‘/’L

+Parameters in neutrino sector.

28



Thermal mass

th
Rm—)[ — ‘Z Vlnl‘Voz> ZtMFPu/k<Va‘VI>’

(874
i T
(m)")?* = eigen[ 11 5; + 0.046(k*x),;T"] + C5;
th . ! /\F\
Yi i"" Yi li*wﬁ
th

‘Va> is the mass eigenstate.

29



Mass basis + interaction basis!

th . L/ﬂv\
Mass: e
Yi <H >Z/z %*W}i
th

" 1%
Interaction: /li
t b
vt o

CP violation can take place!

30



T —
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Normal hierarchy: (Fwo)B is largest.
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* Inverted Hierarchy:

(Fwo)l ™ (Ffwo)Z > (Fwo)S
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* Inverted Hierarchy:

(Fwo)l ™ (Ffwo)Z > (Fwo)S
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* Inverted Hierarchy:
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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



Numerical

result (Normal Hierarchy)

10-7 | ‘ ‘ ‘ Majorana phase
¢ — HH* Solid: good sign. —ay=T11/2
i Dashed: opposite sign ay=rt/4
1078 ) —an=0
\ ay=-711/4
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E 1 0_9 /';/ “ ',"I \‘ “\‘\ -
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1010/ L ‘\ |
10~ / | ) ] | —r———
12 13 14 15 16
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Ty/m, = 1/100

Two massive neutrinos.

Dirac Phase=-Pi/2 38



Inverted hierarchy
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Inverted degenerate case.
mnulightest=0.07eV
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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

Normal, Tr=m/100=7x10""GeV, myjightest=0.07eV
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5. X 10_10 7 | = apy=-12
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........ — ap=114
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|n.|/s/B

Inverted, Tr=my/100=4x10"*GeV, Myightest=0eV
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[ T [ T [ T T T T [ T T [ T T T T [ T T [
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|n.|/s/B

Inverted, Tr=my/100=7x10""GeV, Myiightest=0.07eV
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|n; |/s/B

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

Normal, Tr=my/100=7x10""GeV, myjightest=0.07eV
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1.
5.

x 1010

ap=0
ap=-—T11/2
ap=-7114
ap=114

ap=11/2

46



Normal, Tr=mg=1 01°GeV, Mylightest =0€V
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Normal, Tr=m=10"°GeV, myjightest=0.07eV

1 %x10~% —————————
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Inverted, Tr=my=10""GeV, Myjightest=0.07€V
1.x107° P |

—_— ap=-112
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— =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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