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Our whole Universe was in a hot and dense state, then nearly

14 billion years ago (accelerating) expansion started, ..., That
all started with the Big Bang!

— The Big Bang Theory

TIMELINE OF THE INFLATIONARY UNIVERSE
Bighang

In an infinitely dense
mament 13.7 billion years
ago, the Universe is born
from a singularity.

A mysterious particle or force
accelerates the expansion.
Some models inflate the
Liniverse by a factor of 104% in
less than 10-# seconds.

After 280,000 years, loose electrons Clouds of dark Gas clouds collapse, Gravity causes galaxies to form, merge and drift.
cool enough to combine with protons, hydrogen gas cool The fusion of stars Dark energy accelerates the expansion of the

The Liniverse becomes transparent o and coalesce. begins. Universe, but at a much slower rate than inflation.
light. The microwave background

begins to shine.

Big Bang expansion

13.7 billion years
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Can Higgs be the inflaton?
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[Cervantes-Cota Dehnen 1995]

H lggs inflation [Bezrukov Shaposhnikov 2008]

Nonminimal

Minimal

-------------ﬂ---

Jinsu Kim @ KIAS



[Cervantes-Cota Dehnen 1995]

H lggs inflation [Bezrukov Shaposhnikov 2008]

Minimal Nonminimal
. M32 1 1 WE 1 1 1
Action / d*z /=g ITPR — 59" 0uh0,h — ZAhh“] / d'z /=g [TPR+§§hh2R ~ 59" 0uhdh — k'

--------------ﬂ---
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|Cervantes-Cota Dehnen 1995]

Hi ggs | nflﬂTiOﬂ [Bezrukov Shaposhnikov 2008]

Minimal Nonminimal
: 1 M2
Action /d4x\/ [ PR— 59“”0 ho,h — 4Ahh4] /d‘lx N [—R —£Lh R — —g“”@ ho,h — 4Ahh4
Planck
R Ap ~ 107 A /€2 ~ 4 x 10710
normalisation 5 /&
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|Cervantes-Cota Dehnen 1995]

Hi ggs | nflﬂTiOﬂ [Bezrukov Shaposhnikov 2008]

Minimal Nonminimal
. 1 M2
Action /d4x\/ [ PR— 59“”8 ho,h — 4Ahh4] /d‘lx N [—R —£Lh R — —g“”@ ho,h — 4Ahh4

PICII‘.\CI( . )\h N 10_12 )\h/fi ~ 4 X 10—10
normalisation
Classical A # 1/8 M, ~0.1 & &, ~10* —10°



Higgs inflation
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Nonminimal

Planck 2013
Planck TT4lowP

Planck TT,TE EE+lowP

Natural inflation
Hilltop quartic model
(r attractors
Power-law inflation
Low scale SB SUSY
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Higgs inflation

Minimal Nonminimal
Action /d4a:\/——g [MTFQ’R— %g“”@uhayh — i)\hh‘*] /d4x\/——g [M7§R+%ghh23— %g“”aﬂhayh -~ i)\hh‘l
Plar.lck. Xy ~ 10712 M €2~ 4 x 10~10
normalisation :
Classical A # 1/8 Mo~ 01 & &, ~10* —10°
Ruled out ! Favoured !




Wait!
Quantum Corrections?
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In the pure SM case, assuming that the SM is valid all the way
up to the (nearly) Planck scale, A\;, can be very small due to the
RG effects.

my=125.5 GeV

mt=1700 .
mt=1710
mt=172.0
m=173.1
mt=1740
m=175.0 - - - -

100000 1e+10 1e+15
u, GeV [Cook et al. 2014]

[Hamada et al. 2014]
[Allison 2014]
[Simone et al. 2009]
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Sketch:
» The Einstein-frame potential is

B )\h(t)h4
- 4(1 4+ &ph2/M2)2

U(h)

- Tensor-to-scalar ratio, for example, is given by

64 (ME\*[.  &h2]°
P (=2 ) [Tt |
32\ h ) | a2

1 d\y
) — .
Ap dt

where




Cosmological observables :

Ns

s

ns best-fit

as best-fit
r=0.01
- r=0.05

r=0.1

1 d\y, 1 APy
T d\y,/dt dit?
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Higgs inflation

Minimal Nonminimal
Action /d4a:\/——g [MTFQ’R— %g“”@uhayh — i)\hh‘*] /d4x\/——g [MTI%RJr%{“thR— %g“”@uhayh — i)\hh‘l
Plar?ck. Xy ~ 10712 M €2~ 4 x 10~10
normalisation
Classical A # 1/8 Mo~ 01 & &, ~10* —10°
Quantum A, ~ 10712 E small &, & large r ~ O(0.01) — O(0.1)



Higgs inflation

Minimal Nonminimal
Action /d4x\/——g [MTFQ’R— %g“”@uhayh — i)\hh‘*] /d4x\/——g [M7§R+%ghh23— %g“”ﬁﬂhayh — i)\hh‘l
nor::glri‘:clz(ﬁon A~ 107 A~ 4 x 107
Classical A # 1/8 Mo~ 01 & &, ~10* —10°
Quantum A ~ 10712 ' small & & large r ~ 0(0.01) — O(0.1)

Skill
ruled ouk !

O*Lmj, buk...
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Higgs inflation

Allowed Higgs inflation

|

126 129
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Realisation
with Higgs portal
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The SM needs to be extended anyway in order to explain, at
least, the existence of DM.

We shall see that Higgs-portal interaction, which is generic In
hidden-sector DM models, revives the Higgs inflation by
weakening the dependence on M;.

In this work, we choose to work with , where
the hidden sector consists of and

The SM sector and the hidden sector communicate through the
Higgs-portal interaction:

1
Vportal — ,USHSHTH + iASHSQHTH :



Important point is to note that
1
~¢5S°R
255

IS generated via RG runnings.
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Numerical Analysis
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Relevant parameter list:
* Ag : quartic coupling of S field
* Ay : coupling between S and 1, Ay, Sy
* Aspg . portal coupling
* « . mixing angle between the dark Higgs and the SM Higgs
* mg . mass of S field
* &5 : Nonminimal coupling of S to gravity
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Relevant parameter list:
* \g : quartic coupling of .S field
* Ay : coupling between S and 1, Ay, Sy
* Asq - portal coupling
* « . mixing angle between the dark Higgs and the SM Higgs
* mg . mass of S field
* &5 : Nonminimal coupling of S to gravity

Note that ¢, is NOT a free parameter; shall be determined by
the Planck normalisation,

Pg~22x1077.
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Relevant parameter list:
. 5\; fq?érﬁzlczﬁou1pliﬁa_5f— S field
* Ay : coupling between S and 1, Ay, Sy
Asy - portal coupllng
* o > mixing angle between the dark nggs and the SM Higgs
* mg . mass of S field

* &g : Nonminimal coupling of S to gravity

r—————— ——— — ]
e LEP bound I
0 <|Ay| < 0.6,
H e oblique parameters H
—0.2 <Agg <04, |
e DM relic densit
’ 0 <\g <0.2
q e DM direct detection
| EEEEEEE———————

Jinsu Kim @ KIAS | Workshop on Multi-Higgs Models 2016 =



Relevant parameter list:

* Ag : quartic coupling of S field

* Ay : coupling between S and 1, Ay, Sy
Asq - portal coupling
* « : mixing angle between the dark Higgs and the SM Higgs
* mg . mass of S field
¢s - Nonminimal coupling of S to gravity

— _ _
| We are interested in the Higgs inflation ! |




Relevant parameter list:

Ag - quartic coupling of S field

Ay : coupling between S and ), Ay Sty

ASH - portal coupling

Q' mlxmg angle between the dark nggs and the SM HEgs
mg > Mass of S field . J

e —

55 Nonminimal coupling of S to gravity
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Asg =02, As =0.2,), =0.25

h[10" GeV]
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We performed a numerical analysis to find cosmological observables,
by considering

e perturbativity

e vacuum stability

e Planck 2015 data
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As = 0.1,
Agzr = 0.25,
Ay = 0.15
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We performed a numerical analysis to find cosmological observables,
by considering

e perturbativity

e vacuum stability

e Planck 2015 data
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Summary
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In this talk, we discussed
» Higgs inflation in the presence of Higgs-portal interaction

- and how a large tensor-to-scalar ratio can be achieved
without resort to a strong dependence on M,.

Especially, using the model of singlet fermion dark matter as a
concrete model, we performed a numerical analysis and
showed how it is realised.

We find it amusing that the dark Higgs guarantees the dark
matter stability and improves the stability of electroweak
vacuum as well as assisting the Higgs inflation at the same time.

Thank you



Backup
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Weyl rescaling

[Cervantes-Cota Dehnen 1995][Bezrukov Shaposhnikov 2008]

1

s— [dtoy=g | SERCEIRY S0 0.00.0 - V(o)

: Jordan frame
One can go to the Einstein frame via Weyl transformation:

Juv — gEy =% 9uv

S:/d4a:\/—_g [M2

2

1
TPR — 9" 0ux0ux — U (x)]

Planck 2013

Planck TT+lowP
Planck TT,TE EE+lowP
Natural inflation

Hilltop quartic model

(x attractors
-  Power-law inflation
Low scale SB SUSY

2 inflation

U(X) — 04

Einstein frame potential
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o 0 s [Cervantes-Cota Dehnen 1995]

al ggs | nflation [Bezrukov Shaposhnikov 2008]
Minimal Nonminimal

Action

1
/d%\ﬁ { PR— 5gWa hO,h — thh‘l]
1

/d%\ﬁ [ PR+ fthR— 5gWa hO,h — —Ahh4
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FGH&AH = 6(1 + 357)A% 4+ 12X \2 — 6]

| ~3An (363 + o1) + 5 (203 + (63 + 61)?)
Relevant parameter list: | L1y
55s\HS
Mg 2 quertie coupling of &gkl e — ]

Ay : coupling between S and ), A\ySye

ASH - portal coupling

Q' mlxmg angle between the dark nggs and the SM HEgs
mg i Mass of S field . Jh

e —

55 Nonminimal coupling of S to gravity
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