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1. Introduction



Standard Model (SM)

SM describes well the phenomena of elementary particles below 1TeV

The phenomena unexplained in SM:
* Inflation

 Baryon asymmetry

* Light neutrino masses

e Dark matter



Inflation

e It is a paradigm of accelerated expansion of the early universe
e It is supported by cosmic microwave background (CMB) observations

* It is realized by the potential energy of a slow-rolling scalar field (inflaton)

V(g) —®
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* Many inflation models have been proposed so far

e The CMB observations constrain the inflation models




Hybrid inflation Linde ‘93

* Inflation occurs until slow-rolling inflaton reaches the critical point

It is simple model but not consistent with current CMB observations

critical point

potential



D-term hybrid inflation is revisited from new point of view




Various types of D-term hybrid inflation are realized
depending on the symmetry of the Kahler potential



Various types of D-term hybrid inflation are realized
depending on the symmetry of the Kahler potential

e Superconformal symmetry  Starobinsky type

Buchmuller, Domcke, Schmitz ’13
Buchmuller, Domcke, Kamada 13

e Shift symmetry Chaotic regime (below critical point)

Buchmuller, Domcke, Schmitz ’14
Buchmuller, Ishiwata 13

e Superconformal
+ approx. shift symmetry a-attractor type (below critical point)

Ishiwata ’18



Subcritical hybrid inflation

e Shift symmetry Chaotic regime (below critical point)

Buchmuller, Domcke, Schmitz ’14
Buchmuller, Ishiwata 13

e Superconformal
+ approx. shift symmetry a-attractor type (below critical point)

Ishiwata ’18




Subcritical hybrid inflation

* Inflaton keeps slow-rolling after crossing the critical point

* Inflation continues in subcritical regime with growth of waterfall field

critical point

potential



Superconformal subcritical hybrid inflation

e Superconformal
+ approx. shift symmetry a-attractor type (below critical point)

Ishiwata ’18




Superconformal subcritical hybrid inflation Ishiwata '18

e Superpotential S, S N
W=A18,5_N U(l) q —qg O
qg>0

e Kahler potential

K=-31 ( qD)
_ — O —_——
2\ 73

with ® = —3 + |S, |+ |S_|* + |N|2+%((N2+N2)

superconf. breaking term

A< 1&y~—1--ReN has an approx. shift sym.

Q= \/5 Re N : inflaton field
S E\/E|S_|_| . waterfall field M,;,=1



Superconformal subcritical hybrid inflation Ishiwata '18

0.25

0.20f

Tensor-to-scalar ratio

0.05]

0.15}

0.10]

[ Planck TT+lowP -~ shift sym.
' — superconf. (6x=0.5)
— superconf. (6x=0.7) |
— superconf. (6x=0.9)
Nx= 50
Nx= 60

0.94 0.96 0.98 1.00
Scalar spectral index

3.0

Allowed region for N,.=55-60

-- shift sym.
— superconf.(6x=0.5) :
— superconf.(6x=0.7) |
A — superconf.(6x=0.9)

This model is consistent with the CMB observations:

- Parameter values are 1 ~ 107°,4/& ~ 10'°GeV

- Inflaton mass is m,, ~ /& ~ 10" GeV

E: constant Fayet-lliopoulos term

(&> 0)
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We focus on this model & study about its phenomenology




Outline

2. Leptogenesis after the inflation
3. Generalized superconformal subcritical hybrid inflation

4. Conclusions



2. Leptogenesis after the inflation



The extended model  yGa&ishiwata'19
Introduce three right-handed neutrinos Nl." with the Majorana masses

e Superpotential

|
Wneu — /11' S+S—]Vi + EMl]]\]l N] + yvij]\]i L]Hu

e Kahler potential
o
K=-3 10g<—?>

= =3+ |8, P+ IS+ NP+ SV + N

10



The extended model YG & Ishiwata 19

Ay #0, y3 ~ — 1, The others = 0

: . | t ' .
Consider a minimal extension {Mij = diag(M,, M,, M)

1
Wneu — /13 S+S—N3C + EMi]ViC]ViC + yyij]vichHu
C )(3 C \ 7C
®=—3+[S, "+ |S_|*+|N|*+ 7(N32+N32)

¢ = \/5 Re NV : inflaton field
s = \/5 1S, | :waterfall field

We study the thermal history after the inflation in this setup

11



The effect of M5 on inflation

An additional term appears in the inflaton potential by the extension

v

inf —

= V+AV(M,) 1%

1

1
of = A58, S_+—M;Ns Ny +

The condition to avoid the effect of AV on the inflationary trajectory

AV(M3)V < 1

The upper bound on M;

M; $2x10'" GeV < my~10"GeV  my,: inflaton mass

12



The effect of M, , on inflation

On the other hand, there are no restrictions on M1,2

.-« M, , are free parameters

We consider the thermal history in two cases:

). M,M, <m,
D). M, M, > m,, my, = 10° GeV: Inflaton mass

13



Light neutrino masses

Seesaw mechanism: M, = — ! M~ 7
M,
i m, 7 M,
"= \o 0 0 |l Miimy
_ 0 my i O
mwj — yyij<Hu> \ ’ '
4 %X 3 matrix 4 X 4 matrix

The mass matrix is different from a conventional one

14



Light neutrino masses

. <H0> Z yl/klyl/k]

* The lightest neutrino mass is zero ( . rank M, = 2)
Normal hierarchy (NH) Inverted hierarchy (IH)
0.05 0.05
0.04 0.04
0.03 0.03
> 3 =

0.02 0.02 —m
0.01. 0.01
0.00 0.00

* m,, M,, and lare not restricted from neutrino experiments
¢ 3 v3i

It determines the reheating temperature

15



Reheating

The universe becomes radiation dominated by the inflaton decay

------------
** Yo

OO~
Inflaton ™~ @ @ - bath

llllllllllllllll

Reheating temperature

(yvyj)% v
Tp=14x 101 GeV { === o< [y,3

.-+ 1 is a free parameter

For simplicity, we focus on a simple situation, 15 < m;



Leptogenesis

Lepton asymmetry is produced, which is then converted to baryon asymmetry
Fukugita, Yanagida 86

We have considered two representative cases:

. M,M, <m, - Thermal leptogenesis
(). My, M, > my, --- Non-thermal leptogenesis my ~ 10" GeV

Current baryon asymmetry

n
7o = 2 = (6.12£0.03) x 10710

n}/O Planck '18

17



Case (D). M, M, < m,

Leptogenesis by decay of thermally produced right-handed (s)neutrinos

llllllllllllllllllllllllll

------------
** %e

bath

llllllllllllllll
llllllllllllllllllllllllllll

Asymmetry

Simple situation M| < M, & M| < Tp

Produced baryon asymmetry

= (<) (500 )
8 =", 10-6 )\ 2 % 10-2

4 Buchmuller, Di Bari, Plimacher '05

Asymmetric parameter

8.2 x 10~ (NH) 9 ( M, ) ( sin & )
€, =
1 1.5 % 1078 (IH) 1010 GeV /\ 0.5




Case (D). M, M, < m,

1014E -
- W NH
- W H

T
my [eV]

. (mvmzj )11




Case (D). M, M, < m,
10145

1072 ' T 10
my [eV
e m, ~ 8.6 X 107°eV (NH)
iy >

m; ~4.9x107%eV (IH) 19



Case (D). M, M, < m,
1014E

M, < my=10"GeV

71072

10~
my [eV]
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Case (D). M, M, < m,

10145 -
- W NH
- W H

19_||||| | | T
0 1072 1071

my [eV]

Successful leptogenesis is realized in wide range of parameter space
19



Case (1) . M, M, > m,,

Leptogenesis by the inflaton decay

Q/

IIIIIIIIIIIIIIIII
00000

------

Murayama, Suzuki, Yanagida, Yokoyama '93
Hamaguchi, Murayama, Yanagida ’02
Ellis, Raidal, Yanagida '04

Nakayama, Takahashi, Yanagida '16

Inflaton
..... '.A: .S.)./.r-r-]‘rne'-t.r.);.-......‘
Simple situation Tx/m;, < 1
Produced baryon asymmetry
3 T p Agph = 28/79
=——0a €
B A4 m m, sph ** ~¢ d=so/n,
Asymmetric parameter
9 M, sin o’
¢y 3.9% 107 ( ) (<)
107 GeV 0.5
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Case (1) . M, M, > m,,
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Case (1) . M, M, > m,,
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Case (1) . M, M, > m,,
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Successful leptogenesis is realized in wide range of parameter space
21



Summary

We have studied the leptogenesis after superconformal subcritical hybrid inflation
iIn an extended model by introducing three right-handed neutrinos

* One of the right-handed sneutrinos plays a roll of inflaton

Light neutrino mass matrix given by seesaw mechanism has an unconventional
structure

Inflaton decay reheat the universe and the temperature is a free parameter

 Thermal or Non-thermal leptogenesis can be realized

22



3. Generalized superconformal subcritical hybrid inflation



The generalized model YG & ishiwata 21

e Superpotential S, S N
W=218,5_N U(1) q —qg O
qg>0

e Kahler potential
o = 1 in typical model

()
K= — 30510%(‘?) a > (0 in this model

with ® = =3+ S, >+ |S_|* + |N|2+%((N2+N2)

superconf. breaking term

P = \/5 Re N :inflaton field
s E\/E|S+| : waterfall field M, =1

23



The generalized model YG & ishiwata 21

e F-term potential

_ (P, 5) 1_3(1’1_2 )
VP = ( 3 ) 4a¢ °

* D-term potential

o= (-2

2

>_1aq52 — 25]

O(p,s) = -3 +%(S2 + (1 +)()gb2)

g : gauge coupling constant
& : constant Fayet-lliopoulos term (& > 0)

24



Inflaton potential

S = Smin

(@) after critical point

25



Inflaton potential

‘/’[Ot(¢9 S) — VF + VD

s = s,.. (¢h) after critical point

¢20

v

Potential in subcritical regime

k [ ®(p,0)\2 %
Vi) = £ ¥p)(1-2¥@p) a7 )

k= 1%1qg*&

25



Inflaton potential
‘/’[Ot(¢9 S) — VF + VD

S = Smin

(@) after critical point \

v

Potential in subcritical regime

i ok D(g0)
v = v (1-3v@) M2
= A"1q8

Use V(¢) to identify params. consistent with CMB
& to clarify prediction of tensor-to-scalar ratio r

>2—3a¢2

25
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Allowed region for a & y
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Allowed region for a & y
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a = 2/3 case
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Summary

We have studied subcritical hybrid inflation in a generalized superconfomal model

 Successful inflation is realized
iIn wide range of parameters

e Potential changes drastically
dependingon a & y

. ris fond to range from 10™* to 10!
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Conclusions



Conclusions

We have studied the phenomenology of superconformal subcritical hybrid inflation

* Successful leptogenesis is realized in the extended model

» Subcritical hybrid inflation is realized in a generalized model

Leptogenesis after the inflation
YG & Ishiwata ’19

e Light neutrino masses
 Reheating

e Baryon asymmetry

Generalized superconformal

subcritical hybrid inflation
YG & Ishiwata '21

extension

Superconformal

subcritical hybrid inflation

Ishiwata ’18

<

generalization
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Inflation
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CMB constraints on inflationary models
may provide hints for new physics



Inflation

Supersymmetry (SUSY) is one of the candidates for new physics

e Superstring theory requires SUSY

e Dark matter candidate exists

e Flat directions appear » Suitable for inflation

Many F, D-term hybrid inflation models have been considered

v

scalar



Inflation

Vscalar — VF T VD

D-term hybrid inflation has been revisited from new point of view



Reheating

Decay width

(yuyj)%
~ m¢
87T

Iy

_ (3,333 (0,2.)33 M3

L, ,n=0, .z = my, T, ip =T, su =

Reheating temperature

1/4
Tr =~ (90/7°g.(Ty)) \/F¢Mpl

12 172 —1/4
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o 1013GeV 10-9 228.75




Case (D). M, M, < m,

Produced baryon asymmetry Buchmiiller, Di Bari, Pliimacher 05
3 asph

Np = €1kt
4 f

Efficiency factor in strong washout regime (71; > m. ~ 103 eV)

0.01eV \ 11201 N -3
=2+ D)x 1072 ——) s {mz— 8.6 X 107V (NH)
m m; ~ 4.9 x 107%eV (IH)

Asymmetric parameter

8.2 x 10~ (NH) 9 ( M, ) < sin5>
€, =
1 1.5 % 1078 (IH) 1010 GeV /\ 0.5




Case (1) . M, M, > m,,

When Ty 2 My, N3 & Nj; are thermally produced

lllllllllllllllllllll

A 4
lllllllllllllllllll

Asymmetry

We need to evaluate the time evolution equation of the lepton asymmetry

n; + 3Hn; = (source) — (washout)
leg + 3H”1\7§ = — D1\7§ + IDﬁg — SI\7§
’;lNB + 3HnN3 —_— = l)]\]3 -+ ID]\]3 — SN3



Case (I) .M, M, > my Inflation
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Case (1) . M, M, > m,,
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Stability of inflationary trajectory
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LSP production by gravitino decay

Gravitino decays to the lightest supersymmetric particles (LSP)
When R-Parity is conserved, LSP becomes DM

’ 0_13_ ol ST - 10-1C Qpwh __
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Gravitino production processes k =mimy,

(1) Inflaton decay My, : gravitino mass

(1) Thermal production by scattering m = km,; : soft SUSY mass scale (k > 1)

(111)SUSY particle decay in thermal bath My <p : LSP mass scale ( ~ 1 TeV)



LSP production by gravitino decay

Gravitino decays to the lightest supersymmetric particles (LSP)
When R-Parity is conserved, LSP becomes DM
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- Gravitino decays to LSP before thermal freeze-out of LSP when m,,; = 3 X 10° GeV
« Mo S 10'°-10'! GeV should be satisfied to realize the reheating (qub_%]\,3 < 0.1)



Mass spectrum

my = 10" GeV

My (S 1019GeV)

mygp =~ 1 TeV

Case. (I)

Case . (II)
Ny

LSP

M, , (> my)



Potential in the pre-critical regime

V(¢) — Vtree + Vl loop

%

tree — ngz/z
giq*E?

Vl loop — 39 72 L(‘P)

L) =" -1 -D+ @+ D@ +1)=2%In¥ -1n16

k[ D($,0) 2-3a
¥ = 2052( 3 ) %




Potential in the subcritical regime

1
V) = 281 - 3¥9))

kD($,0)\2 3,
Y@= 202 < 3 ) ?
k= 21%/qg*&

g & g can be absorbed into redefining 4 & &

.- We take ¢ = g = 1 in numerical analysis



Masses of S
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1
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The critical point value qbc can be determined from szr =0, ie.,

ok k= A*1qg%¢
¢ = ¢, at the critical point

< (I)(gqﬁc) )2—3a¢2 - 2a



Waterfall field value in subcritical regime

¢ = ¢, at the critical point

§ = Smin(¢) for §b < ch

) 2
Rl =~ (1= W)

I >
D(p) =1- g(l + ¥

Y= <§<(jc)> >2_3G%; ) %<‘%¢)>2_3a¢2
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The generalized Model

Lagrangian in a Jordan frame:

Z,
\/ —8J

N =—1X

IS PHISPHINE g

] _
= -k N =Ny DD -V,

7/ ={S,.S_,N}

N2XY

N2xY

| X0 2

(

X0

X0

)

a

\4

Gauge fixing X° = X0 =+/3
Wey! transformation g, = (—N13)7} 8E

Lagrangian in the Einstein frame:

2L

\/ —8E 2

; W\

® i
K = —3alog<—?>, ®=—3+|S, 2+ |S_|>+ |N|2+§(N2+N2)




Correspondence with the previous studies

| -1.0
10 a=1, y~—-1
B Superconf. + approx. shift sym. model
I Soaa0eseotes Ishiwata ‘18
S : -1.5
2.8/3- - - o
, y=-—1
2.6/3 2.0 Shift symmetric model
I £ Buchmuller, Domcke, Schmitz ’14
> Buchmuller, Ishiwata ‘13
i (@)]
2.4/3+ 25 =2
2.2/3" -3.0
L T s
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The generalized Model

Constant Fayet-lliopoulos term

Introduce an additional term in the Lagrangian in the Jordan frame

Agj —./Vé Buchmuller, Domcke, Schmitz ’13
= 8
\/ —8J 3

P =—gQPNy— gNEI3

Constant Fl term appears in D-term potential in the Einstein frame

g2

Vo =5 (Kp0 - &)’



Effect of s to the adiabatic curvature perturbation

Trajectory of the inflation is almost straight along the inflation field

The effect on the scalar amplitude
A — Al =elA

... eP gives an impact on A,

The effect is sufficient small
el —1 ~ nif ~ 10719

.-+ The effective description in the subcritical regime is valid



Stability of ImN

Mass of 7 = \/5 ImA in subcritical regime

2% | () |1 i
m=2==(-—==) (1-¥@) |1 -3 -+ 3az - D)

Proffered region to satisfy stability condition, i.e., mT2 > 0:
e ¥y < —1

1/7342/3(1—py)<a<l
a < 1/3 4+ 2/3(1 + y), depending on other parameter

e ¥y > —1

y <1
y > 1 and small a ( but < 2/3)



Canonically normalized inflaton

Canonically normalized inflaton g$ determined by solving the equation:

% B K]%% $=Smin
~ 3a (1 +p%° - N
"= o) [1 "o | 7 =D



x=0

10_1;"'N*=55 - ]
- — N. =60 ]

.| Planck |
TT,TE,EE
+lowE
+lensing

a=2.16/3 ||

a=2.12/3 |-
- a=2.08/3 ||
- a=2.04/3
- a=2/3

I I I I I
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1
V = ngij 1 —E\P

Normalized potential V
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Canonically—-normalized inflaton ab [Mol]
¢* = 6 tanh* ——
v 6a
3k p
Y = — tanh? —— X cos
a \ 6

h2(3a—2)



y = 0 case

1 5 | é\bend (%* ]

<>
© i
c
2
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(o}
= e
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N
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+lensing | §
B o) 1
- a=2.16/3 |- pd a A0 A€ [10%GeV]
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- 02083 |1 212/3 14 13
20413 2.08/3 1.2 0.89
- s : 2043 1.0 0.70
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0.94 0.95 0.96 0.97 0.98 0.99 8 10 12 14

Ns Canonically-normalized inflaton cll\) [Mol]

Potential in large field value limit for & # 2/3

1 . .
V = ngz‘l’(l — 5‘1’) ~ VOeM’ (W~ Cep¢) p=v2/3a(3a—2)
C = 3k/43 22
(ng,r) ~ (1 = p?, 8p*) k = A2/qg¢

Numerical results deviate from the approximation due to P2 term in the potential



y = 0 case

x=0 x=0
L T T T T T T L e L
10_15"'N*=55 ] -=-N, =55
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a = 2/3 case

a=2/3, N,=60
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. Larger r corresponds to smaller k (k = 1%/qg?&)

e Largest r is determined by k > 4(1 + y)/27
This is give by —®(¢.)/3 > 0, i.e., ¢, <1/6/(1 + )




a = 2/3 case
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