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1.Introduction

Why we need an inflation?

・The flatness problem

 1 002 0 011 The Universe is flat = 1.002 ± 0.011
|P – 1| ≲ O(10-60)

The Universe is flat
but the standard cosmology 
cannot explain this flatness.

・The horizon problem

The temperature of the CMB 
is almost the same value but 
light cone cover less than 2°

Th bl b l d b i l i

light cone cover less than 2

These problems can be solved by exponential expansion.



1.Introduction

Inflation

We introduce a real scalar 

If H is a constant, The Universe expands by exponential.

  1
2 MP

2(V ' /V )2 1   MP
2V ' ' /V 1

If potential satisfies the slow-roll condition, 
 can act as an inflaton.



2.Higgs inflation

Inflaton＝Higgs
i b ( )

  1
2 MP

2(V ' /V )2 1
・Higgs boson mass (mh=126GeV)
・Slow‐roll condition(ε, η)
・CMB temperature fluctuations (PR)

2 P

  MP
2V ' ' /V 1

V() =

( )(               )

k d h h ik ( )

WMAP：
Bezrukov and Shaposhnikov (2008)

SM-Higgs satisfies  and PR !



Problems in the simplest caseProblems in the simplest case
(Ⅰ)Unitarity (Ⅱ)Vacuum stability( ) y ( ) y

J.Elias‐Miro et al, Phys. Lett. B 709, 222 (2012)

A4,tree = =ξ2E2/mP
2

ξE2/m ξE2/m

1/E2
T. Han and S. Willenbtock, Phys. Lett. B 616, 215 (2005)

ξE2/mP ξE2/mP
A4,tree

1

E
mP/ξ↑ ↑ mP/√ξ 102 1010106 1014 1018

ξ=O(104)⇒Λ~mP/ξ

P ξ P/ ξ
(inflation scale)

U i i i b k O(1015) G V
Vacuum cannot 

mh=126GeV⇒Λ~1010GeV

10 00

Unitarity is broken at O(1015) GeV be stabilized at O(1010) GeV
⇒Simplest Higgs inflation cannot reach to the inflation scale



Solutions for the problemsSolutions for the problems
(Ⅰ) G.F.Giudice, H.M.Lee, PLB694, 294(2011)Unitarity

(Ⅱ)Vacuum stability⇒ Extended Higgs sector.

We add a heavy scalar particle saving unitarity.

・Renormalization group equations

Th b i l

λ3
λ5

The new bosonic loop 
cancel the yt effect!

λ2
λ4

λ

2HDM

λ1

λ1：running lift by A

μ
S.Kanemura, T.Kasai, Y.Okada, Phys.Lett. B471 (1999) mh=126GeV, mt=173.5GeV

μ



The inert doublet modelPrevious work

Gong, Lee and Kang (2012)

Vacuum stability:

H

Vacuum stability:

Inflaton condition:

Inflation can be explained

Dark matter and neutrino

CMB temperature fluctuations:

Dark matter and neutrino 
masses cannot be explained.



3.Our Model

Our model can explain:
Inflation (inert doublet model)Inert + νR
Inflation (inert doublet model)
Neutrino masses (radiative seesaw)
Dark matter (CP-odd higgs A)( gg )

The mass spectrum is almost determined 
f th t d tfrom the current data.

Our model can be tested by measuring 
model parameters at collider experiments



3.Our Model

Inflation

Vacuum stability:Vacuum stability:

Inflaton condition:

CMB temperature fluctuations:



3.Our Model

Inflation

Vacuum stability:

a -( + ) ≈ 0

Vacuum stability:

Inflaton condition:
a2 (3+4) ≈ 0
at the inflation scale

5 becomes a large value
CMB temperature fluctuations:



3.Our Model

Dark matter

A A

h

For vacuum stability bound → 3,4,5 ≳ O(0.1)

N N

 = 0 1 → (AN → AN) ～ 1 5×10-44 cm2hAA = 0.1 → (AN → AN) ～ 1.5×10 44 cm2

（XENON100: (AN → AN) < 2×10-45cm2）
XENON collaboration (2012)

3+4-5 ≈ O(0.01) at O(102) GeV



3.Our Model

Mass spectrum

102GeV 1017GeV

λ1 0.262 1.75 ←mH=126GeV（LHC）
λ2 0.367 9.00

λ3 0.495 7.11

λ 0 447 3 16

←mH 6GeV（ HC）

←Dark matter(WMAP+XENON100)
←Inflation

λ4 ‐0.447 ‐3.16

λ5 0.0700 0.116
mh=126GeV

←Dark matter(WMAP+XENON100)

mH=92.0GeV
mH±=141GeV
m =65 0GeV

a=0.4,
ξ2=5×105,
μ2

2~4230GeV2mA=65.0GeV μ2

mA< mH (≈90GeV) <mh < mH±( ≈140GeV)

Our model predicts 
the mass spectrum of inert scalar bosons ! 



4.Phenomenology
LHC Q.H.Cao, E.Ma, G.Rajasekaran(2007)

If mA = 65 GeV and mH is large, 
it would be difficult to test 

h LHCat the LHC



4.Phenomenology
ILC
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4.Phenomenology
ILC

e- W+* jet

jetH+
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Th t f i t l b
E(jet,jet) E(jet,jet)

The mass spectrum of inert scalar bosons
could be measured at the ILC



4.Phenomenology

h to 

≈ 0 982h



SM + H±   0.982 h



SM + H±

hhh



hhh

h

≈  0.0118
h

SM 
+ A, H, H±

h



5.Conclusion 

① We consider the case of the Higgs inflation.
② It is difficult that SM act as the inflation② It is difficult that SM act as the inflation 

③ We show that inflation, dark matter and neutrino 
masses can be e plained sim ltaneo sly by the inertmasses can be explained simultaneously by the inert 
doublet with right handed neutrinos. 

④ Our model predicts④ Our model predicts                                                            
mass spectrum of inert scalar boson. 

⑤ Mass spectrum of inert scalar boson⑤ Mass spectrum of inert scalar boson                        
could be tested at the ILC.

⑥ If Higgs and inert doublet components act as⑥ If Higgs and inert doublet components act as     
an inflaton, this case could be tested at the ILC.



Back up



Inflation of inert doublet modelInflation of inert doublet model
θ

h2
, θ

h
tan‐1 r

h1

Potential of r
V(φ,θ,r0) Start point 

of inflaton

r

rr0

Potential of , θ
Inflaton condition:

r0
, θ

θ



, θ

Inflation is happened on minimum value of r



LEP boundLEP bound

jet
e

Z

jet

jet
A

H
Z* Our parameter

E
A

XS ≈ 1 × 10‐1 pb

Our parameter consistent with LEP bound



LEP boundLEP bound

Our parameter

Our parameter consistent with LEP bound



3.Our model

Inert + νR
Ma model

λ5

・Inflation

ynyn

Inflation
・Dark matter
・neutrino masses

M:majorana mass of Nk, 
m0:mass of inert higgs (η0)

Our model can explain these problemp p
and would be tested at collider experiments


