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1. Introduction and overview of current experimental results

Current results from LHC and Planck show incredible agreement with the Standard Model
of particle physics (SM) on the one hand and standard cosmological model (ACDM) on the other
hand. Moreover, in cosmology the Planck results [1] constrain the primordial perturbations to have
low amplitude of tensor modes and have no significant non-Gaussianities, thus favoring single field
inflation with relatively low inflationary scale. In particle physics a Higgs boson with the mass
around 126 GeV was discovered [2, 3], and further searches reveal no new particle states and no
deviations from the SM in predictions of rare decays.

At the same time extension of the SM is necessary to explain experimental problems, that
are neutrino oscillations, baryon asymmetry of the Universe, Dark Matter, and inflation.! Usual
extensions of the SM introduce some particle physics at scales far above electroweak scale. In
such quantum field theories large (proportional to the mass of heavy particles) radiative contri-
butions to the mass of the Higgs boson emerge, which is one way to see the hierarchy problem.
These contributions may be cancelled in e.g. supersymmetric theories, but until now no evidence
of supersymmetric partners for SM particles (or other deviations form SM) have been observed.

An alternative solution to the hierarchy problem may be searched in models without new
particle physics above electroweak scale. In this case the only heavy scale in the theory is related
to the Planck scale defining the quantum gravitational effects, where the problem of quadratic
divergences may be different from the ordinary field theory (see [4] for a toy model example). To
attempt this approach all the experimental facts mentioned in the previous paragraph should be
explained in a theory without heavy particles, see talk by M. Shaposhnikov [5]. The solution to
the Dark Matter and baryogenesis can be achieved within the vMSM extension of the SM by three
light sterile neutrinos, see talks by M. Shaposhnikov and O. Ruchayskiy, and ref. [6] for review.

This talk gives a short overview of selected simple inflationary models that can be used in
such a framework. One way is to add a new (light) scalar inflaton and make it consistent with ob-
servations by a small non-minimal coupling, which is a rather conservative particle physics model
of inflation. Second way is to use large non-minimal coupling for the Higgs boson itself with
the advantage of having no additional degrees of freedom, but with potentially complicated quan-
tum dynamics at high energies. The third method is the R? inflation, which provides the solution
completely within the gravitational part of the theory.

2. Simple inflationary models

2.1 Light non-minimally coupled inflaton with quartic potential

Probably the simplest and most widely known inflationary model uses an additional dedicated
scalar field [7]. The proper normalization of the density perturbations requires the potential of the
field to be very flat. In case of the quartic potential this defines the self coupling constant f§ ~ 1.5 x
10~13. However, the energy scale during inflation turns out to be not small enough and significant
amount of tensor perturbations is generated. The recent Planck results exclude this model at more
than 95% confidence level. This does not mean that models with simple quartic potentials should

IStrictly speaking, one should explain the observed nearly scale invariant spectrum of primordial perturbations.
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be abandoned as inflationary theories. For a scalar field an additional non-minimal coupling to
gravity can be added to the model [8, 9]. Let us note that such a coupling is even required by the
renormalization of a scalar field in a curved space-time background.

The part of the action responsible for inflation is then

M3+ EX?
SN :/,/_gd“x (_P+5

2
where we neglected the possibility of X having a nonzero vacuum expectation value contributing

1 B
R+ —dyXoHx — Ex*
t 5% 4 >

significantly to the Planck mass (see [10] for further discussion). The simplest way to analyze this
model is to make the conformal transformation of the metric
guv — &uv = gy, Q* =1+&EX°/M;,

and redefine the inflaton field X — ) to regain canonically normalized kinetic term. In the new
variables g,y and Y (Einstein frame, as opposed to the original Jordan frame) gravity couples
minimally, while the inflaton potential gets rescaled according to

~ BX*(x) dy  [Q2+6E2X2/M}
0= 307 dX_\/ o

This potential is evidently more flat and gives less tensor perturbations.

2.1)

Starting from this point the analysis is a straightforward slow roll inflation with one field. It
turns out that a very well analytic approximation can be achieved by using the following relation
for the field value Xy at the N e-foldings (1+6&)X3% /M3 = 8(N + 1). Though it is formally correct
only at small &, it smoothly interpolates between the small £ and large & regimes (for large N)
[11]. The resulting slow roll parameters can be obtained now by usual means [11, 8, 9], and
interpolate between zero & and large & limits (see fig. 1). In particular, the tensor-to-scalar ratio r
drops rapidly with increasing & and becomes compatible with observations for & = 0.001. The self
coupling constant f is determined by the CMB normalization and interpolates between the zero &
value and the large £ case 8 ~ (47000/&)2.

The number of e-foldings is not in fact arbitrary for quartic inflation, because after the end of
the slow roll the evolution of the Universe is dominated by the oscillations of the field in quartic
potential which corresponds to the radiation dominated expansion. Thus, though the real reheating
(transfer of the energy to the SM degrees of freedom) is not be immediate, for the purposes of
the estimate of N for the pivot scale k/a = 0.002 Mpc~! the “reheating” is immediate, leading to
N ~ 60, see [11].

Note that non-minimal coupling lessens the concerns that may appear in the large field inflation
because of the field spanning superplanckian range during inflation. For the minimally coupled
inflation the field changes by about Xy ~ 22Mp, while for & ~ 1 only by 8Mp. For & > 1 the
situation becomes more complicated because of the additional scales Mp/E and Mp/ \/E appearing
in the model.

To complete the model one should couple the inflationary sector to the SM. Here we would
like to make an additional assumption that the scale invariance is only broken in the inflaton sector.
Then the scalar part of the model Lagrangian density becomes

Ly Boa i O 0\
L = mix’ = Tx /'L(HH IX>’ (2.2)
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where H is the Higgs field doublet and « is the only constant controlling the interaction between
the SM and inflationary sector. The only free parameter here is @ (A is determined by the Higgs
boson mass, and 3 by the CMB normalization). From the requirement of good cosmological
evolution ¢ can not be too large not to spoil the inflationary potential with radiative corrections;
it can not be too small in order to get sufficient reheating temperature (here we mean transfer of
energy into the SM degrees of freedom) to allow for transfer of the asymmetry from the lepton to
the baryon sector by the sphaleron transitions [12]. The resulting bounds on « are 0.7 x 107! <
o < /0.1 x B, see [13]. For the potential (2.2) these range translates into the bounds on the mass
of the X particle [14, 11]. The resulting inflaton has the mass around GeV and can be searched in
rare decay experiments on LHCb.

Another consequence of (2.2) is that the inflation proceeds along the line H'H = %X 2 in the
field space. Thus, the value of the Higgs field H is actually rather large at inflation, of the order ~
v/ 0/AMp. This implies the lower bound on the Higgs boson mass similar (but just slightly weaker)
than that of the requirement of the absolute stability of the electroweak vacuum (or, equivalently,
viability of the Higgs inflation) [15, 16, 17].

2.2 Higgs inflation

For a large value of & the the self-coupling constant can be made arbitrarily large. So, instead
of adding a new field to the model it is possible to just add the non-minimal coupling to gravity of
the Higgs field itself [18]

SNMHiggs = /\/ —gd*x (_thTHR) :
The HI case corresponds to the large &, > 1 and negligible vacuum contribution of the non-minimal

v+h
ysis is analogous to the previous section with the obvious substitution X — & and 8 — A. For the

coupling to the Planck mass, &7 < MI%. In the unitary gauge H = %( 0 ) the inflationary anal-

large Higgs background A, ¥ > Mp /&), (relevant for inflation) the potential is

4 2 2
U(y) ~ LMZP (1 —e ﬂﬁp) . (2.3)
4§h

For small field i, x < Mp /&), the model returns to the usual SM regime.
The CMB normalization requirement fixes the non-minimal coupling &, ~ 47000v/A, where A

is the Higgs boson self-coupling constant taken at the inflationary scale. To the lowest order in 1 /&,
the spectral index and the tensor-to-scalar perturbation ratio are ng ~ 1 — 8(4N +9) /(4N +3)? ~
0.967, r ~ 192/(4N +3)? ~ 0.0031. The inflation model in the Einstein frame is a simple one
field slow-rolling inflation, with all extra degrees of freedom much heavier than the Hubble scale
(m ~ Mp/ \/57, > H ~ Mp/&,), so it does not predict any significant non-Gaussianities in the
spectrum, and the values of the parameters are well in agreement with observations, see fig. 1.

Note that reheating is quite effective in this model [19, 20], with 7, ~ 0.3-1.1 x 10'* GeV.
Precise estimate is complicated, but in any case for 7 < Mp/& the expansion of the Universe is
governed by the quartic potential of SM and is radiatively dominated, so effectively 7, > 10!} GeV
[10]. This reheating temperature corresponds to the number of e-foldings N ~ 57.54+0.2.

The calculation of the quantum corrections in the Higgs inflation requires additional assump-
tions on the UV properties of the theory. The variable change (2.1) leads to higher dimensional
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Figure 1: Left: dependence of the tensor-to-scalar ration r on non-minimal coupling constant & for the
quartic potential. Right: predictions of the described inflationary models for tensor-to-scalar ratio r and
spectral index ng and existing experimental bounds from Planck 2012 release [1]. Also shown expected
precision from the PRISM experiment [21].

operators in the potential suppressed by the scale Mp/& leading to tree unitarity violation in elec-
troweak vacuum at this energy. This scale is just slightly above to the Hubble scale at inflation
H ~AMp /&. The situation is improved by noting that at inflation the background is very differ-
ent from the vacuum solution and the small perturbations on top of this background can be safely
analyzed at tree level up to a much higher energy (in the Einstein frame up to Mp for the gravi-
tational perturbations, and Mp/ \/E for SM particle like excitations, see [10, 22]). The inflation
starts from the large value of the Higgs field the Higgs inflation can proceed only if the electroweak
vacuum is absolutely stable, providing a lower bound on the Higgs mass [15].

2.3 R? inflation

A related mechanism of inflation emerges in modification of the gravity action alone [23, 24]

M} M3
_ 7 4 P P p2
As far as this is a theory with higher order derivatives it has an additional degree of freedom,
scalaron ¢ (x), which emerges in the simplest way in the conformally transformed (Einstein) frame

8uv — uv = eV 2/3¢/Mpguv’

with the Einstein frame action having exactly the form
M3l 3u>M3 ~ 20 \?
SEF:/«/—gd“x{—2PR+28“¢8“¢—N4P (1—e ﬁMP> . 2.4)

In the inflationary domain this potential coincides with that of the Higgs inflation (2.3), so the
inflationary predictions of these models are very similar. However, the reheating process here
proceeds via Planck scale suppressed operators [24, 25] leading to significantly lower reheating
temperature T, ~ 3.1 x 10° GeV (or even lower for conformally coupled Higgs boson [25]). This
leads to a different number of e-foldings N ~ 54 [26, 25] and slightly modified CMB predictions,
see fig. 1. The next generation CMB experiments may be able to reach the required precision.
Another important feature of the R? inflation is that it does not require the Higgs field to reach
large values throughout the evolution of the Universe, thus making it possible to work even if the
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electroweak vacuum is metastable [26, 25]. Also, because the potential in (2.4) is exact the cut-off
scale in R? inflation is just Mp, what is immediately seen after expanding the potential in power
series. Note, that this effect is similar to what happens in the inflationary models with non-minimal
coupling in the induced gravity regime. (in particular the perturbative UV-completion of the Higgs
inflation [27]).

3. Conclusions

I described here three inflationary models which can be realized on top of the SM without
introduction of heavy particle states in the theory. This is important if one wants to evade quadratic
divergences associated with heavy particles in the theory, and may allow to connect inflationary
physics with low energy phenomenology.

The main way to distinguish these models is the improved measurements of the parameters
of the primordial perturbations, that is the spectral index and tensor-to-scalar ratio. The not so
small tensor-to-scalar ratio can easily distinguish the non-minimally coupled quartic inflation, and
possibly even determine the value of the non-minimal coupling &. Significant improvement in ng
measurement may distinguish R> and Higgs inflation.

Another significant measurement is related to the analysis of the stability of the electroweak
vacuum. Specifically, the Higgs inflation and light non-minimally coupled inflation described in
this talk are possible only if the electroweak vacuum is absolutely stable, while the R? inflation
may work even for a metastable one. The current Higgs boson mass can be compatible within
experimental and theoretical errors with both stable and metastable electroweak vacuum [15, 28].
The most significant improvement here may be measurement of the top quark mass (or directly the
top quark Yukawa constant), strong gauge coupling and, finally, Higgs boson mass itself.
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