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Introduction




Inflationary Cosmology

B Cosmic Inflation: accelerated expansion of Universe

* Solve Horizon/Flatness problem

* Generate primordial density perturbations

* Dilute unwanted relics

® Suggested by the slightly red-tilted spectrum of CMB:

Two implications of inflation

. k
ko
- Typically, S 1 is expected.
h .. r= %
1] e B

- Depends on energy scale of inflation.
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Inflationary Cosmology

B Thermal History of Universe

* Creation of hot Universe after inflation: (p)reheating

* Inflaton, ®, must convert its energy into radiation.

- Production of super horizon - Production of radiation: (p)reheating
h o - Baryo/Leptogensis ?
and L] - Dark Matter production ?
- BBN CMB
} ; ; —» Time
Inflation Inflaton oscillation Radiation
dominated dominated

Convert

» Radiation
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Inflationary Cosmology

B: density Qph? .‘[‘PDG]
B Thermal History of Universe AR
I . i i M P24 é | §\ é
* Creation of hot Universe after inflation: (p)reheating w0 =
- \\ .
* Inflaton, ®, must convert its energy into radiation. o, O
B § g
T 3He/H|, \

- Production of super horizon - Production of radiation: (p)reheating \§
h - - Baryo/Leptogensis ? 7L"H"’: ,  mmm—— §§
g and l] - Dark Matter production ? ol ——— N\
- 1 Buyonwshoonmionx 00
: i T)bEnb/nr; T]bNGXlO_lO,
Inflation Inflaton oscillation Radiation
dominated dominated

|4
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» Radiation
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Inflationary Cosmology

B Thermal History of Universe Energy contents

* Creation of hot Universe after inflation: (p)reheating

* Inflaton, ®, must convert its energy into radiation.

Dark Matter

- Production of super horizon - Production of radiation: (p)reheating
- BaryolLeptogensis ?
g and h L] - Dark Matter production ? e
Inflation Inflaton oscillation Radiation
dominated dominated

Non-thermal equil.

|%

A
Convert

» Radiation
>
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Inflationary Cosmology

B Thermal History of Universe

* Creation of hot Universe after inflation: (p)reheating

* Inflaton, ®, must convert its energy into radiation.

- Production of super horizon - Production of radiation: (p)reheating
h o - Baryo/Leptogensis ?
and L] - Dark Matter production ?
- BBN CMB
} ; ; —» Time
Inflation Inflaton oscillation Radiation
dominated dominated

Convert

» Radiation
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Inflationary Cosmology

B Reheating processes after inflation

* Interaction between is required.  y and y should have interactions

with SM particles or be SM particles.

and
inflaton Cz¢2)(2, C¢l/;¢ radiation
«—
0 > v,

Am; (@) 292

® Characterized by... q Y ~ (decreases with time)
m:- ms-
¢ ¢
inflaton oscillation
R Adiabaticity - Large:  (f Z 1

o | - Non-perturbative particle production
—|S1le—gsl
Wi

- Small: q S 1

Perturbative particle production

wi(t): k* + mf(’w(t)
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Inflationary Cosmology

B Typical processes of reheating

Depend on properties of

Non-perturbative

Production Turbulent thermalization ? :
Large: q > 1 - Over-occupied/soft Instant/mixed preheating ? .
. ~J (bosons). . I
i
Far from thermal equil, - Killed by back-reaction f(P) I
V or cosmic expansion. i
/\ 1 v

p Thermalized

£(p) Plasma

: 4 A
| Perturbative "
.’ ¢ Production 1 \ :
- Can be under-occupied/ AP i
Small: q S 1 hard. Bottom-up thermalization ? |
i
- Planck-suppressed .

decay is an extreme
example.
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Inflationary Cosmology

B Two topics of my talk

|. Metastable EW vacuum Depend on properties of

Non-perturbative

v.s. Chaotic Inflation : mEEEmEEsss ==

Production Turbulent thermalization ? .

Large: q > 1 - Over-occupied/soft Instant/mixed preheating ? .

. ~ (bosons). .. i

i

Far from thermal equil. - Killed by back-reaction rip) |

or cosmic expansion. i

1 \4

p Thermalized
£(p) Plasma

\ Perturbative "

N’ Production 1 :

- Can be under-occupied/ AP i

Small: q S 1 hard. Bottom-up thermalization ? |

|

. - Planck-suppressed I

2. Dark Matter Production decay is an extreme - mEmmEmmsEs--==

in Late Time Reheating example.

Kyohei Mukaida - Kavli [IPMU



Metastable EWW vacuum
and
Chaotic Inflation
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Metastable EW Vacuum

B Near-criticality of the Standard Model:

3
M, GeV - ‘U‘nsta‘bl‘e‘ - 10 /5/1

o

0.10 180 —
, I 1 S I 107 /,/;;11163” i 43 2 (A running for PDG2014 input
- L . | g | Instability .-~ = 107 s Ju Ny
- oosl 30 bands in ] i . ] =T
i M, =173.3 + 0.8 GeV (gray) 178 . R , =
[ @3(Mz) =0.1184 + 0.0007(red) ] "~ Metastable | s
~ 006 M, = 125.1 + 02 GeV (blue) ] > - To0 10 ~
= I ] LGD) 176 = ’ ’ -7 10'3 0124 0126 0 12?0130
g . e P J @ 4 124 0. ) 13
a i = I ol R R T 2
2 004+ : - - ~ a 227 2% .. & 06—y
2 2 174 RN IR o038 3
E oml ] E T Nl e ] .
s 002 2 | Meta-stability Wy ] -8 [0
5 3 \\\ o r.-’ ,”’ ,"r\,‘ 7_—//.// § -12 it \\‘\\\,\.\criica f
&8 i Nl - M= 1711 GeV P e 1721 0 T AL o100 | 10} N\ I
= 0.00 N === = = LT e ] -4 A
I Mo TSNS Sai(M) = 0.1205. - IR AR =~ 1 Z0002 000 002 004
N T T e— = PRS- | -12
F ~ e ——— S 0.00 005
-0.02 j ~ o - \(Yg(MZ):'Ol}éS’ 170 j ::—’:,"%;;‘ ]018 i b
i M =TTS6GeV | o Stable sy M, GeV
_0047 L L L L L L L | L L L L L L L L | L 1 t
‘ gl o o 180 . -
102 10* 10° 10% 10" 10'> 10" 10' 10" 10%° 120 122 124 126 128 130 132 /-
’ g Instability j
RGE seale p in GeV b Higgs pole mass Mj, in GeV g
o e
| 10 [Buttazzo+, JHEP12(2013)089] IR
e = 0
O IR A
< 1027 2T
= ‘1‘01(} 4/ L Y

* A<0at~ 10'% GeV for the center value of M.. il

®@v.s. Cosmology; Stability against cosmological evolution e

120 125 130

1535 140
- Chaotic inflation v.s. et m{}Mh GeV
[Bednyakov+, PRL115(2015)201802]

* v.s. New Physics; modify the effective potential. [Many works..]
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Chaotic Inflation

B Large Hubble parameter during inflation: Hiaf ~ 1013-14 GeV.

* Smoking gun signature: large tensor to scalar ratio: r ~ 0.1 (

inf )2
1014 GeV

* Simple, solve initial condition problem, but require a Planckian field excursion.

[Planck 2015]
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Tensor-to-scalar ratio (rg.002) ) b ﬁ
. 0. 0.20
O
O
7
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.
o

0.94 0.96
Primordial tilt (ns)

* r > 0.1 :disfavored; r ~ O(0.01) : now being constrained.

0.98

Planck TT+lowP

Planck TT+lowP+BKP
Planck TT+lowP+BKP+BAO
Natural inflation

Hilltop quartic model

« attractors

- Power-law inflation

Low scale SB SUSY
R? inflation

V x ¢?

V x ¢?

V o ¢i/3

V x ¢

V x ¢?/3

N,=50

N,=60

10.002

* r ~ 103 : may be probed in the future (e.g. LiteBIRD, PIXIE).

Kyohei Mukaida - Kavli [IPMU

[BICEP2/Keck Array, PRL116(2016)031302]
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Metastability v.s. Cosmology

B Metastable EW vacuum in inflationary cosmology

* Vacuum decay during  * Vacuum decay during * Vacuum decay (in finite temp.)
inflation preheating? - Long enough life time even for the center value
of the top quark mass.
[Ema, KM, Nakayama 1602.00483;; [e.g. Espinosa, Giudice, Riotto, JCAP05(2008)002;
[Hawking, Moss, PLB110(1982); : Herranen et al., PRL115(2015)241301; Rose, Marzo, Urbano, 1507.06912;
Starobinsky, Yokoyama, PRD50(1994)] : Kohri, Mastui] Salvio et al., 1608.02555]
Preheating Reheating
V(h) V(h)

‘ \ > h
Inflation Inflaton oscillation Radiation
dominated dominated

» Time
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Higgs-Inflaton Coupling

B Light fields, m « Hiyf, acquire fluctuations during inflation.

[Hawking, Moss, PLBI 10(1982); Starobinsky, Yokoyama, PRD50(1994)]

. v.s. Potential force
V(h) Vacuum decay
A

- To avoid the vacuum decay

Tension w/ High scale inflation

h
H. 5109Gev( max )
inf 1010 GeV

. —_— > h
4 Observed patches ~exp(3N) should not exhibit the vacuum decay. \

= One order of magnitude severer bound is obtained. [e.g. Espinosa+, ]HEP09(2015)174] hmax

B Heavy fields Huctuations, m > Hiyf, are suppressed.

. . . V(h) Vacuum decay
® Higgs-inflaton coupling can save the EW vacuum! N

- Quartic coupling . during inflation  Stabilized if

—Zn(@,h) = 502¢2h2 mIZJ;h =cpi

2

- Curvature coupling 2 Hinf e

—Line(@,h) = liha my, = 128H; | v h

2 ’ mH;h hmax

Kyohei Mukaida - Kavli IPMU 15



Outlook during Inflation

B High scale inflation v.s. Metastable EW vacuum

® Lower bound on the couplings from mu;n > 3Hine/2

- Quartic coupling - Curvature coupling
3H, m
2 mf~3><1o—6( ? ) E2 2 ~0.2
2. ¢ 1013 GeV ~ 16

e Small Higgs-inflaton coupling can save the EW vacuum

Stable during
- Quartic coupling inflation

1
~Ln b, )= SN | > CQif
~H inf
[(e.g.) Lebedev,Westphal, PLB719(2013)]
- Curvature coupling

1
—Zin(@,h) = zthz : > 5
~ 0.2
[(e.g.) Espinosa, Giudice, Riotto, JCAP05(2008)002]

Kyohei Mukaida - Kavli IPMU |6



Parametric Resonance

B Non perturbative Higgs production

» However, inflaton oscillates after inflation...
® Non-adiabatic change of the effective mass —

Wi:h Condition for explosive Higgs Production
——|>1—>

ks q(t)> 1

~

~ DN

* Typical distribution function for q(t) > I:
f(p) Grows rapidly, eventually killed by
back-reaction/rescatterings or
cosmic expansion.

Kyohei Mukaida - Kavli [IPMU

|7



Parametric Resonance

B Non perturbative Higgs production

» However, inflaton oscillates after inflation...

® Non-adiabatic change of the effective mass —

Wie:h Condition for explosive Higgs Production
— > 1 —>
©k;n q(t)>1
* Quartic coupling
5 oo 02(1)2( t) Ordinary Resonance
—Lim=5¢"¢"h q(1)~ 2 232(1)
2 m¢ mIZJ;h(t) S [cos (2m¢ t) + 1:|
* Curvature coupling
1 , ( ) é’(I)Z( t) Tachyonic Resonance
— . = — Rh [)~ 2 2
int 2 g q MSI My, (1) = §m2¢M2(t) [3cos(2myt)+1]
pl

Kyohei Mukaida - Kavli IPMU 18



Resonance is Inevitable

. . . . 1
m Higgs production via Parametric Resonance: —#,,(¢.h) = 5c?¢*

 Parametric resonance is almost inevitable!

- Required coupling Parametric

C(I)ini Z Hinf Resonance
- Condition for resonance : > C(I)lnl
q(tini) >1- CcI)ini Z myg, ™ Hinf
. . . . 1
m Higgs production via Tachyonic Resonance: -«,.(¢.n)=zrn?

 Tachyonic resonance is almost inevitable!

- Required coupling Tachyonic
E=20.2 Resonance
- Condition for resonance | > 5

q(tin) > 1> &R M/®; ~ 0.2

ini

Kyohei Mukaida - Kavli [IPMU
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Vacuum decay via Resonance

[Ema, KM, Nakayama 1602.00483]

B Vacuum decay during resonance: 1 < q(t)=®2(¢)

* Tachyonic effective mass < Inflaton induced mass.

) < 2> ) eZuqtcm¢f ) J C2¢22(t) [COS(2m¢ t) + 1:|
52| = 3IA(RY) o< [AID? ], erw VS, mi, =1 cmiero
> * crv M ) %
e pl oz [3 cos(2my t) + 1]
* Upper bounds on Higgs-inflaton coupling.
Stable?
1 2 1.21,2 1 I
- —ZLini(P,h) = EC ¢°h | | > Cq)lnl
~ Hine ~ 10H;
1 2 1 I
- int(cp; h) = Eth 1 ] > 5
~ (0.2 ~ 10
. [o1 my 1 12l vemy, 1
< 4 . p
510 X[“qtc][lolgGeV] , 5510x[‘ucw] [ B ]
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Vacuum decay via Resonance

B Setup of classical lattice simulation

* To confirm our estimation, we performed a classical lattice simulation.

[Polarsky, Starobinsky, CQGI 3 (1996);

- The Lagrangian: £ = ZL,(@) + Liggs (1) + Lin(@, ), Khlebnikov, Tkachev, PRL77(1996)]
Inflaton Sector (1 Higgs Sector
— c?¢p?h* ---quartic
1 ., ., 5 © q ’ 1 7
ginf(qb) — Ea,ud)a‘uqb o Em(qu ‘gint(qb: h) — < 1 gHiggs(h) — Ea‘uha h— V(h)
1 |~ 3 ERh®>  ---curvature

» h
Interaction
: ,‘ b o< h°
Pini - ' .
mo ~ 103 GeV Add hé to avoid numerical div.

- Properties of our discretized world

Grid Number = 1283, Time step = 10-3/m¢, Length of box = 10/m¢ (20/me), periodic bdry.

- Numerically solve the Einstein equation w/ Gaussian initial conditions mimicking vacuum fluctuations.

Kyohei Mukaida - Kavli [IPMU
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Numerical Simulation

B Vacuum decay via Parametric Resonance:

0.1 m
e To check 6510_4><[ H ?
Ugee | L 1013 GeV

- Stable:c=1 x 10

I
a <¢>

2
10 a(<¢> <¢>)
a“<h™>
10°
3 2
@ ($)®
10°
107
10
a’ <h2> _
3 2\10° | —
a®(5¢?) R
0 20 40 60 100

Myt -s--ﬁv m¢
Resonance is over:
p* < Mo

Kyohei Mukaida - Kavli [IPMU

[Ema, KM, Nakayama 1602.00483]
1
L, 1) = 5 c29?H?

],we performed a classical lattice simulation.

. - Unstable: c=2 x 10

2 | a <¢>
10 <¢> <¢>)
i a<h‘2
10°
I |
B |
10° -
10
10°
10-8 L - TUA'A
"/ v 1
0 10 20 30 40

50 60
Mgt "‘“‘b m ¢ t

Resonance is over:
p* < Mo

22



Numerical Simulation

[Ema, KM, Nakayama 1602.00483]

. . 1
B Vacuum decay via Parametric Resonance: —#,(¢,h) = S Hh
* Evolution of comoving phase space number density of Higgs, ni;n(t).

-c=1x 104 : -c=2x 0%

103 - () — ]

I 30—
40 m— ]
50  — -
00 m—
70 —
80 =——

1 10 . 1 10

Comoving momentum k/m, : Comoving momentum k/m N
—p k/mg: '—p k/m,

Kyohei Mukaida - Kavli IPMU 23



Numerical Simulation

B Vacuum decay via Tac

. - Unstable: § = 20

12
1 1?[ vV2m
e To check §S10><[ ] bl
Mery (I)ini _
- Stable: £ =10
e|13<<|)>2 I
10% | a®(<¢®> - <¢>?) 10°
a%<h®>
10°

20

15
mjt

Resonance is over:
l}k< M

Kyohei Mukaida - Kavli [IPMU

25 30

102 t
10 t
10° t

108 t

[Ema, KM, Nakayama 1602.00483]

: 1
1yonic Resonance: —,(¢,h) = S ERI?

, we performed a classical lattice simulation.

a3<¢>
a3(<¢2> - <>
a“<h™>

N
\.L\DN

W

10

15 20 25 30
Mt oy 111 b t
Resonance is over:

p* < Mo
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Numerical Simulation

[Ema, KM, Nakayama 1602.00483]
. . 1
B Vacuum decay via Tachyonic Resonance:  —#,.(¢,) = ;&rn?

* Evolution of comoving phase space number density of Higgs, ni;n(t).

1 10 ‘...1 | | .‘.‘.‘10
Comoving momentum k/m, :

-—-—-b k/m¢ Comoving momentum k/m,, m—-b k/m¢
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Summary of the 1st part

B Preheating may destabilize the EW vacuum.

B We have obtained on Higgs-inflaton couplings.

e Bounds could be severer if you look at all the observable patches ~ e3N.

e Towards precise bounds — Full inclusion of EW gauges on the lattice.

B Depend on reheating/thermalization in D

Stable?

1
- int(qb:h)zicchzhz > ch)lm

10H;

1
- int(qbah) — zthZ
~ 10

It is not easy to reheat the universe “adiabatically”.

[Ema, KM, Nakayama 1602.00483]
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DM Production

in

Late Time Reheating
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Inflationary Cosmology

B Two topics of my talk

|. Metastable EW vacuum
v.s. Chaotic Inflation

Large: q Z 1

Far from thermal equil.

small: (] S l\’

2. Dark Matter Production
in Late Time Reheating

Kyohei Mukaida - Kavli [IPMU

Non-perturbative Depend on properties of

Production Turbulent thermalization ? :
- Over-occupied/soft Instant/mixed preheating ? .
(bosons). i
i
- Killed by back-reaction fp) i
or cosmic expansion. i
1 \4

p Thermalized

Plasma

p) -
Perturbative "
Production 1 :
- Can be under-occupied/ > p i
hard. Bottom-up thermalization ? .
|
- Planck-suppressed 1

decay is an extreme
example.

28



Perturbative Reheating

B Reheating temperature Tr

* Temperature when inflaton decays completely.

90

1/4
4+Assumption|. Resonance does not take place;
rfP ~H — TR ~ (ﬂgg ) \/rﬁb Mpl 4+Assumption2. Radiation is thermalized.
*

* Relation between Tr and q for q < I.

- Boson:

q(®)m; q*(Pini) M,
Am ()~ —5— X ( Z ¢)""l¢
- Fermion: 2
_ (®) _ q(®ini)m
Amy (@ ~ L0 gy ( = ¢)m¢

®Tr could be low for (fjnj <K 1 and/or ng L P i~ Mpl-

q /2 Mg 3/2 hjpl ~_ 2
TR ~ 100GeV ( ) ( ) (_) y 4 = q°(Pini) or g(Pip;)
10—17 1013 GeV (I)ini

Kyohei Mukaida - Kavli [IPMU
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Perturbative Reheating

B Schematic picture

* Evolution of energy densities (obtained from Boltzmann egs.)

. : 1/4
Assume radiation is thermalized:
I~ P rad
(

(12MyuH)"* for T, <H
4 T~ .
QD 1
B (M H) for H <T,
5
-
S
)
; <t
L] N

» Time

DMs are produced at some period

Kyohei Mukaida - Kavli IPMU 30



Dark Matter Production

\"ﬁ 1‘ Thermal freeze-out

* DM was in thermal equilibrium — decoupled later by the cosmic expansion.

A
oM (T ann)
DM s
0
) , i » Time
production annihilation mpy/ T ~ 20
m
eq ¢
nDM(ﬂ:) <Oannv> ~ H(Tg), Tp~ 20

®Question: production of DM with mDM >> TR

Kyohei Mukaida - Kavli [IPMU
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Dark Matter Production
( “Heavy” DM production with mDM >> TR

* Production from direct inflaton decay

di di
"m ~ TR?)nDll\rd ~ 5 I Br(¢p — DM)
S now 4IO¢ T~Tg 4m¢

* Production from thermal plasma with T > mpm > Tr

- Radiation with T » Tg; (assume radiation is thermalized)

t Pg TNpradN(TRszlH
\ nth 3nth

h
pm| o 2MoM| "M (TR )5
DM T ~ _DM| [ “R
\ J now 4IO¢ F S F Tl’:
' >

TR Dilution factor

1/4
) for H>1,

Kyohei Mukaida - Kavli IPMU 32



Dark Matter Production
( “ “Heavy” DM production with mDM >> TR

®Production via interaction between and
- Typical phase space distribution of radiation f(p) for r¢ < H. [ Baier et al.,’00; Kurkela, Moore, | 1]
f(i?) LPM-suppressed splitting rate
A
c T
o split
31 ’ E
k=
3
A
5
)
O
<
Q.
7))
. :
2 LMy Highenergy Decay ¢
< Mt Tm(mg)t primaries
Inflaton
: >
T My
+ dominates both energy and number of radiation for I, (my)> H.

Kyohei Mukaida - Kavli IPMU 33



Dark Matter Production
( \\ “Heavy” DM production with mDM >> TR

®Production via interaction between and

- Typical phase space distribution of radiation f(p) for 1, < H.

f(p) M 2
A
> Mpm
< ~y
.9 \
3 1 DM
E split T3 oo
% Ppom 5 for my, > DM
O S mDM TR
§_ [K. Harigaya, M. Kawasaki, KM and M.Yamada, 1312.3097]
7))
0 :
g LM Highenergy Decay ¢
< M Tlmy )t primaries
Inflaton
} >
T Mg
+ dominates both energy and number of radiation for I, (my)> H.

Kyohei Mukaida - Kavli IPMU 34



Dark Matter Production
B “Heavy” DM production with mDM >> TR

* Contour plot of DM density as a function of Tr and me.

* Processes: (i) Production from inflaton decay, (ii) Thermal production,
Production via splittings [K. Harigaya, M. Kawasaki, KM and M.Yamada, 1312.3097]

> >

O O

O O

~— ~—

= =

~ ~

2 2

on — 17 1)

2 ~ 2
2 mp=10GeV 7%, § 2 my=10GeV
N Br(DMs)=1 \E : N Br(DMs)=1 |
_2‘”‘3”“4””5””6””7””8 _2‘”‘3”“4””5””6””7””8

loglo(mDM/GeV) loglo(mDM/GeV)

Br(inflaton =& DMs) = |
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Dark Matter Production
B “Heavy” DM production with mDM >> TR

* Contour plot of DM density as a function of Tr and me.

* Processes: (i) Production from inflaton decay, (ii) Thermal production,

Production via splittings [K. Harigaya, M. Kawasaki, KM and M.Yamada, 1312.3097]
> >
D) )
@, @,
~ ~
= =
=) =)
S S
o0 —17 60
2 | =
: my=10""GeV Y | : my=10"-"GeV
, Br(DMs)=0.02 ST , Br(DMs)=0.02 ]
23 4 s 6 71 8 2 3 4 s 6 71 8
loglo(mDM/GeV) loglo(mDM/GeV)

Br(inflaton =& DMs) = 0.02
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Summary of the 2nd part

B For an extremely small decay rate of inflaton (e.g. Planck-
suppressed), primary particles are under occupied.

B Splittings of hard primaries play important roles in particle

production (also in thermalization).
[K.Harigaya and KM, 1312.3097]

B “Heavy” DM with mpm > T can be produced via splittings of

hard p]_‘ima]_‘ies. [K. Harigaya, M. Kawasaki, KM and M.Yamada, 1312.3097]
fp)
A m2
> DM

v ~

35 !

> 2

§ E High

< 2 Q- Igh energy

o O r¢zl4§1r (1 ) /9\% primaries Deca)’

mit Tpi(my)t
. p « Inflaton

T My
Kyohei Mukaida - Kavli [IPMU



Summary

[Ema, KM, Nakayama 1602.00483]

Stable?

1
- —Z($,h) = S¢%h7 > CD,.;

(1) = S ER

> <

[K. Harigaya, M. Kawasaki, KM and M.Yamada, 1312.3097]

f(f) DM ,
> Mpwm
9§ 1 ~
8 5 DM
“ 3
a5 High
& & oW igh energy
B T 2N primaries D€CAY
myt Topie(mg)t
A p Inflaton
T my

Kyohei Mukaida - Kavli [IPMU






EW gauges and Top quarks

B Production of EW gauge bosons/top quark might affect the

dynamics of Higgs via gauge and Yukawa couplings.

B Two ways to produce them.

» Schematic figure of the setup we have discussed.

Inflaton Higgs
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EW gauges and Top quarks

B Production of EW gauge bosons/top quark might affect the

dynamics of Higgs via gauge and Yukawa couplings.

B Two ways to produce them.

* Schematic figure of the setup we would like to discuss.
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Electroweak gauges

B EW gauge production from Higgs

* g2A2h2 might stabilize the Higgs.

* To mimic it, we have introduced another scalar X via g2x2h2.
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« X-production is suppressed due to g(<h2>)12 = Higgs dynamics is not altered.

* Same for the curvature coupling.
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Electroweak gauges

B EW gauge production from Higgs

* g2A2h2 might stabilize the Higgs.

* To mimic it, we have introduced another scalar X via g2x2h2.
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« X-production is suppressed due to g(<h2>)12 = Higgs dynamics is not altered.

* Same for the curvature coupling.

Kyohei Mukaida - Kavli [IPMU

43



Inflaton decays into other SMs

B Caution: relevant time scales are quite short, and thus
instantaneous thermalization assumption is questionable...

- Quartic coupling : - Curvature coupling

¢ (10" Gev 5 £z
< :

Mg

. inflaton decay: Tr < 10/ GeV.

13 TR 2 Hinf 4
- Thermal mass is always smaller:  p.(t) >my R 8T ~ 1077 GeV x g 1010 Gev 1014 GaV

* Here we naively assume instantaneous thermalization, but Tmax may be much lower.
[Harigaya, KM, JHEP05(2014)006 ;KM, Yamada, JCAP02(2016)003; (cf.) Ellis+, JCAP03(2016)008]
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- They might “kick” the Higgs towards True Vacuum(?).

Normalized by the initial inflaton amplitude ®;;
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Vacuum decay via Resonance

B Vacuum decay after resonance in the case ﬁ |

* Initially, tachyonic effective mass < inflaton induced mass
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Vacuum decay via Resonance

B Vacuum decay after resonance in the case ﬁ |

* Eventually, tachyonic effective mass > inflaton induced mass !!
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Vacuum decay via Resonance

B Vacuum decay after resonance in the case ﬁ |

* Eventually, tachyonic effective mass > inflaton induced mass !!
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* Production of EW gauge bosons and top quarks might save the vacuum:
- Direct decay of inflaton into these particles (required for complete reheating) = depend on Tr

- Thermalization v.s. Vacuum decay...Further studies are required.
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Vacuum decay via Resonance

B Vacuum decay after resonance in the case ﬁ I

* Eventually, tachyonic effective mass > inflaton induced mass !!
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* Production of EW gauge bosons and top quarks might save the vacuum:

- Direct decay of inflaton into these particles (required for complete reheating) = depend on Tr

- Thermalization v.s. Vacuum decay...Further studies are required.
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Vacuum decay via Resonance

B Vacuum decay after resonance in the case ﬁ |

* Eventually, tachyonic effective mass > inflaton induced mass !!

2 __ 2 —2 m2. oc ®* oc a”

3

* Production of EW gauge bosons and top quarks might save the vacuum:
- Direct decay of inflaton into these particles (required for complete reheating) = depend on Tr

- Thermalization v.s. Vacuum decay...Further studies are required.
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Simple Scenario

B What we have discussed

e Curvature coupling +
- Curvature coupling: stabilize the EW vacuum during inflation

- Chaotic inflation: solve initial condition + provide the density fluctuations observed by Planck

Chaotic MD RD
: : » Time
V(o)
e Resonance is almost inevitable.
2
M2
pl
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Simple Scenario

B Simple scenario consistent with the metastability

e Curvature coupling +

-+

- Curvature coupling: stabilize the EW vacuum during inflation

- Chaotic inflation: solve initial condition + provide the density fluctuations observed by Planck

- :avoid the resonance + provide the dominant component of DM as PBHs
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* Resonance does not take place.
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Simple Scenario

B Simple scenario consistent with the metastability

e Curvature coupling +

-+

- Curvature coupling: stabilize the EW vacuum during inflation

- Chaotic inflation: solve initial condition + provide the density fluctuations observed by Planck

- :avoid the resonance + provide the dominant component of DM as PBHs
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Simple Scenario

B Simple scenario consistent with the metastability

e Curvature coupling + +
- Curvature coupling: stabilize the EW vacuum during inflation
- Chaotic inflation: solve initial condition + provide the density fluctuations observed by Planck

- :avoid the resonance + provide the dominant component of DM as PBHs

[Kawasaki, KM, Yanagida;
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Simple Scenario

B Simple scenario consistent with the metastability

e Curvature coupling +

-+

- Curvature coupling: stabilize the EW vacuum during inflation

- Chaotic inflation: solve initial condition + provide the density fluctuations observed by Planck

- :avoid the resonance + provide the dominant component of DM as PBHs
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Simple Scenario

[Kawasaki, KM, Yanagida;

B Simple scenario consistent with the metastability

e Curvature coupling + +

- Curvature coupling: stabilize the EW vacuum during inflation

- Chaotic inflation: solve initial condition + provide the density fluctuations observed by Planck

- :avoid the resonance + provide the dominant component of DM as PBHs
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