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INTRODUCTION

MOTIVATIONS FOR INFLATION

m The flatness, homogeneity and isotropy of the universe require
from standard cosmology a fine-tuning of the initial conditions of
the universe.
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INTRODUCTION

MOTIVATIONS FOR INFLATION

m The flatness, homogeneity and isotropy of the universe require
from standard cosmology a fine-tuning of the initial conditions of
the universe.

m CMB spectrum is observed to be quasi scale-invariant, it is well
described by a Gaussian statistics and exhibits acoustic peaks in
the angular power spectrum. These characteristics turn into
requesting Gaussian, quasi scale-invariant and adiabatic initial
conditions.
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INTRODUCTION

INFLATON AND ITS PROPERTIES

The first problems are most elegantly solved by inflation, a period of
exponential expansion
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INFLATON AND ITS PROPERTIES

The first problems are most elegantly solved by inflation, a period of
exponential expansion

The easiest way to realize exponential expansion is to introduce an
additional scalar field, the inflaton, slowly-rolling down a potential
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INTRODUCTION

INFLATON AND ITS PROPERTIES

The first problems are most elegantly solved by inflation, a period of
exponential expansion

The easiest way to realize exponential expansion is to introduce an
additional scalar field, the inflaton, slowly-rolling down a potential

Quantum fluctuations of the inflaton are free and massless scalar
fields in a de Sitter universe: they obey a Gaussian statistics and thus
solve also the second problem
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THE MODEL

It is possible that the Higgs boson of the SM could lead to inflation
(F. Bezrukov and M. Shaposhnikov, arXiv:0710.3755v2).
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INTRODUCTION
@00

THE MODEL

It is possible that the Higgs boson of the SM could lead to inflation
(F. Bezrukov and M. Shaposhnikov, arXiv:0710.3755v2).

THE LAGRANGIAN

Consider Lagrangian of the SM non-minimally coupled to gravity,

Lig, = LSM——R ¢H'HR (1)
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where

m Lgy\ is the SM part

m M is a mass parameter

m R is the scalar curvature
m H is the Higgs field

m ¢ is an unknown constant
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THE MODEL

M2
Lot = Lsm — TR —¢H'HR

where

m Lgy\r is the SM part

m M is a mass parameter

m R is the scalar curvature
m H is the Higgs field
[

¢ is an unknown constant

The vantage of this model is that no new particle besides those
already present in the electroweak theory is required.
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INTRODUCTION

ooe

THE MODEL

REMARK -1
This model is formally equivalent to R2-inflation:

N
|

2 2
SRzz—%/d‘L.’E\/_(R—R—M)

The difference in the predictions between the two models is of order
102 (F. Bezrukov and D. Gorbukov, arXiv:1111.4397v2).
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LIMIT CASES OF THE MODEL

MINIMAL COUPLING

M2
Lot = Lsm — TR —¢H'HR

If ¢ =0, the coupling of the Higgs field to gravity is minimal. Then
M can be identified with the Planck mass Mp = (87G)~1/2.
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LIMIT CASES OF THE MODEL

MINIMAL COUPLING

M2
Lot = Lsm — TR —¢H'HR

If ¢ =0, the coupling of the Higgs field to gravity is minimal. Then
M can be identified with the Planck mass Mp = (87G)~1/2.

”Good” particle physics phenomenology but ”bad” inflation: matter
fluctuations way larger than those observed.
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LIMIT CASES OF THE MODEL

INDUCED GRAVITY

M2
Lot = Lsm — TR —¢H'HR

If M =0, we consider the induced gravity regime, in which
electroweak symmetry breaking generates the Planck mass. This
occurs for /€ ~ 1017,

FRANCESCO CICCIARELLA

INFLATION FR THE HIGGS BOSON



INTRODUCTION
oe

LIMIT CASES OF THE MODEL

INDUCED GRAVITY

M2
Lot = Lsm — TR —¢H'HR

If M =0, we consider the induced gravity regime, in which
electroweak symmetry breaking generates the Planck mass. This
occurs for /€ ~ 1017,

”Good” inflation but ”bad” particle physics: Higgs field almost
completely decoupled from the other fields of SM.
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INFLATION AND CMB FLUCTUATIONS

Scalar sector of the action of the SM non-minimally coupled to
gravity (in unitary gauge H = h/+/2):

M2 2
Sy = /d‘ix\ﬁ{*fhzﬂ %@hé)“h - 2(]12 — UQ)Q} (2)

with 1 < /€ < 10'7 and therefore M ~ Mp.
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INFLATION AND CMB FLUCTUATIONS

Scalar sector of the action of the SM non-minimally coupled to
gravity (in unitary gauge H = h/+/2):

2 2
Sy = /d4x\ﬁ{MR+ %@hé)“h - 2(]12 _ UQ)Q} 2)

with 1 < /€ < 10'7 and therefore M ~ Mp.
Through a conformal transformation we can switch to the Einstein
frame, where the action is

Sp = /d%\/fg{—]\f’l% - %%xé’“x - U(x)} (3)
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INFLATION AND CMB FLUCTUATIONS

with
m g = Vg, P =142 /M3E

m ) is a scalar field which casts the kinetic term in minimal form,

defined by
dx [+ 6£2h2 /M3 (4)
dh 04

m R is the Ricci scalar calculated using the metric g,,,,
m The potential U(x) is

(h(x)* = v*)? (5)

m v~ 246 GeV is the vacuum expectation value of the Higgs field.
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INFLATION AND CMB FLUCTUATIONS

POTENTIAL

U(x) w :

AM*E?4 E

AMYEZ16

o ‘

0 Xend XCcoBE X

Ficure: Effective potential in the Einstein frame.
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INFLATION AND CMB FLUCTUATIONS

POTENTIAL
Ux)
AM*E?4
AMYE16 |
0
0 Xend XCOBE X

Ficure: Effective potential in the Einstein frame.

For large values of the field h > Mp/\/€ (or x > v6Mp) the
potential is exponentially flat. This feature makes successful inflation
possible.
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INFLATION AND CMB FLUCTUATIONS

[ Jelele]e}

ANALYSIS VIA SLOW-ROLL APPROXIMATION

SLOW-ROLL PARAMETERS

In the limit A% > M3 /£ > v?,

MR (dU/dx\* _ AM}
-2 U = 3e2pd
d2U/dy>? 4M?
— M2 ~ _ P
T=MPT 3¢h?
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INF!
[e] lele]e}

ANALYSIS VIA SLOW-ROLL APPROXIMATION

At the end of the inflation € ~

Wl =
=
8
=
S
=

hend =
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INFLATION AND CMB FLUCTUATIONS

[e] lele]e}

ANALYSIS VIA SLOW-ROLL APPROXIMATION

At the end of the inflation ¢ ~ 1, so

AN M
Pend =~ <) P 107 =E
3 VE VE

The number of e-foldings for the change from hgy to henq is therefore

1 fhenddp 6 hy — h?
~ 0 end (8)

NE M, Vaew 8 MR
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INFLATION AND CMB FLUCTUATIONS

[e] lele]e}

ANALYSIS VIA SLOW-ROLL APPROXIMATION

At the end of the inflation ¢ ~ 1, so

AN M
Pend =~ <) P 107 =E
3 VE VE

The number of e-foldings for the change from hgy to henq is therefore

_L frena dh ~ th — hgnd (8)
Mp Jny  /2e(h) 8 M3/

REMARK -2

For all \/€ << 10'7 the inflationary physics does not depend on the
SM scale v.

N =
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INFLATION AND CMB FLUCTUATIONS

[e]e] lele}

ANALYSIS VIA SLOW-ROLL APPROXIMATION

For N ~ 60 e-foldings of inflation, imposing the COBE normalization
(D. Lyth and A. Riotto, arXiv:hep-ph/9807278v4) computed using
Planck 2013 data (Planck collaboration, arXiv:1303.5082v2)

U
—= (0.027Mp)*

we find

A N mpg
~y /S~y A=4 ~ 171
¢ \/; S o773 75007/ = 47500 NP 7190 (9)

where we used the recent result mpy = 125.9 GeV (Particle Data
Group, Phys.Rev. D86 (2012), 010001).
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INFLATION AND CMB FLUCTUATIONS

[e]e] lele}

ANALYSIS VIA SLOW-ROLL APPROXIMATION

For N ~ 60 e-foldings of inflation, imposing the COBE normalization
(D. Lyth and A. Riotto, arXiv:hep-ph/9807278v4) computed using
Planck 2013 data (Planck collaboration, arXiv:1303.5082v2)

U
—= (0.027Mp)*

we find

A N mpg
~y /S~y A=4 ~ 171
¢ \/; S o773 75007/ = 47500 NP 7190 (9)

where we used the recent result mpy = 125.9 GeV (Particle Data
Group, Phys.Rev. D86 (2012), 010001).

The value of ¢ found falls in the range assumed at the beginning,
1 < VE< 107,
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INFLATION AND CMB FLUCTUATIONS

[e]e]e] o}

ANALYSIS VIA SLOW-ROLL APPROXIMATION

PREDICTIONS OF THE MODEL

For N = 60 the spectral index n = 1 — 6e 4+ 2n and the tensor to
scalar ratio r = 16¢ are

8(4N +9)
— = ~0. 1
(4N + 3)2 0-97 (10)
192
~—— ~ (. 11
" (4N + 3)2 0-0033 (11)
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INFLATION AND CMB FLUCTUATIONS

[e]e]e]e] }

ANALYSIS VIA SLOW-ROLL APPROXIMATION

PREDICTIONS OF THE MODEL -2

The predicted values fall within one sigma of the current Planck
measurements (Planck collaboration, arXiv:1303.5082v2):

o
P S bR j W Planck+ WP BAQ
‘\ B Planck+WP 4 highl
~8L ! | Planck+WP
g‘:‘ . \\ I Matural Inflation
£ s Hilltop quartic model
-% ﬂ L \\ 1| == Power law inflation
5 = \ Low scale 556 SUSY
T’: \ \\ R? Inflation
f 2 II". * 4] =— Vocg?
l‘I-‘I_ = \II \\ — 1." .'.\.'l’ﬁ".]
E e ! Y Voo
= g : v Voo o
'\I \\\ e N,=50
8 | | 2 e @ N=060
° 094 0.96 0.98 1.00

Primordial tilt (n.)
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RADIATIVE CORRECTIONS

RADIATIVE CORRECTIONS

It is crucial that radiative corrections don’t spoil the flatness of the
potential at large x in order to maintain inflation possible.

In order to achieve this, it is possible to show that at the inflationary
stage the sufficient condition is the requirement of asymptotic
symmetry of the theory at large values of the inflaton field (F.
Bezrukov et al., arXiv:1008.5157v4):
m In the Jordan frame, the corresponding symmetry is scale
invariance.

m In the Einstein frame, symmetry under shifts of the inflaton field.
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PRESENT DEVELOPMENTS

A (DIS)PROOF?

BICEP2 announced on March 2014 the detection of B-modes in the
polarization of the CMB, consistent with inflation and gravitational
waves in the early universe at the level of r = 0.2015-07. (BICEP2
collaboration, arXiv:1403:3985v3)

T T T
Planck+WP+highL

04 | —
Planck+WP+highL+BICEP2

10.002
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PRESENT DEVELOPMENTS

Is HicGs INFLATION DEAD?

It has been argued (Cook et al., arXiv:1403.4971v1) that Higgs
inflation predictions are naively incompatible with BICEP2
measurement.
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PRESENT DEVELOPMENTS

Is HicGs INFLATION DEAD?

It has been argued (Cook et al., arXiv:1403.4971v1) that Higgs
inflation predictions are naively incompatible with BICEP2
measurement.
The attempts made to reconcile with BICEP2 are essentially of two
types:
m Flatten the potential in some other ways (e.g. fine tuning the
Higgs and top masses such that Higgs self-coupling A ~ 10~ or
adding new physics beyond SM which can affect the running of A)
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PRESENT DEVELOPMENTS

Is HicGs INFLATION DEAD?

It has been argued (Cook et al., arXiv:1403.4971v1) that Higgs
inflation predictions are naively incompatible with BICEP2
measurement.
The attempts made to reconcile with BICEP2 are essentially of two
types:
m Flatten the potential in some other ways
m Achieve large r (e.g. tuning Higgs potential to form a false
vacuum at large scales and adding a new scalar with non-minimal
coupling to gravity)
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PRESENT DEVELOPMENTS

Is HicGs INFLATION DEAD?

It has been argued (Cook et al., arXiv:1403.4971v1) that Higgs
inflation predictions are naively incompatible with BICEP2
measurement.
The attempts made to reconcile with BICEP2 are essentially of two
types:

m Flatten the potential in some other ways

m Achieve large r

In both cases, the canonical HI with non-minimal coupling to gravity
as the only new physical input doesn’t appear to be compatible with
BICEP2 result.
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