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Rayft de Souza

COSMOLOGICAL AND PARTICLE PHYSICS IMPLICATIONS OF A
NON-MINIMAL RADIATIVE HIGGS INFLATION

RESUMO

Neste trabalho, exploramos aspectos de um modelo de Inflagao Nao-Minima de Higgs,
onde correcoes radiativas sao incluidas a partir da aproximacao de Coleman-Weinberg.
Por meio de uma analise MCMC, vinculamos o parametro que quantifica as corregoes
quanticas ao potencial inflaciondrio com dados cosmoldgicos para uma série de valores
do numero de e-folds da inflagao. Além disso, fazemos uma anélise geral do periodo
de reaquecimento, a fim de estipular um limite superior para a expansao inflacionéaria do
Universo. A fim de melhor compreender os efeitos do cenario proposto em baixas energias,
relacionamos nossos vinculos em cima do paradmetro radiativo com medic¢oes de fisica de
particulas na escala eletrofraca, por meio das Equagoes do Grupo de Renormalizagao, nos
permitindo estimar um limite para a massa do top quark. Por fim, investigamos a quebra
da correlagao entre a constante de Hubble H e o parametro de clustering og, o que torna

o modelo interessante mediante as tensoes cosmologicas discutidas na ultima década.
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Rayft de Souza

COSMOLOGICAL AND PARTICLE PHYSICS IMPLICATIONS OF A
NON-MINIMAL RADIATIVE HIGGS INFLATION

ABSTRACT

In this work, we explore aspects of a Non-Minimal Higgs Inflation model, where ra-
diative corrections are included in the Coleman-Weinberg approximation. By means of a
MCMC analysis, we constrain the parameter that quantifies the quantum corrections to
the potential with cosmological data for a range of the inflationary e-fold number. Also,
we perform a general analysis of the reheating stage, in order to estimate an upper limit
to the inflationary expansion. In the interest of better understanding the effects of the
proposed scenario at low energies, we relate our constraints in the radiative parameter
with particle physics measurements at the electroweak scale, via the Renormalization
Group Equations, which allows us to estimate a limit to the top quark mass. Finally, we
investigate the breaking of the correlation between the Hubble constant H, and the clus-
tering parameter og, rendering the model interesting in light of the cosmological tensions

discussed in the last decade.
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Introduction

Cosmology is the study of the Universe as a whole, from the smallest to the largest
scales of time, space and energy. In 1915, the formulation of the General Theory of Rela-
tivity (GR), by Albert Einstein [Einstein, 1915|, provided us with an interpretation of the
large-scale structure as a dynamic space-time, with its evolution dictated by its matter
and energy content. The early thinking of the pioneers of relativistic Cosmology, includ-
ing Einstein, was that a sensible Universe would look the same everywhere and in all
directions, apart from small irregularities in concentrations of stars and planets [Peebles,
2020]. This blossomed into the formulation of the Cosmological Principle, which states
that the Universe at cosmological scales should be homogeneous (translational symmetry)
and isotropic (rotational symmetry). Early evidences of homogeneity and isotropy already
appeared in the 1930s, according to the mapping of galaxy counts in the sky [Hubble,
1934].

In 1922, Alexander Friedmann demonstrated the possibility of an expanding Universe
emerging from Einstein’s equations [Friedmann, 1922|, which was supported by Edwin
Hubble’s observation of a receding motion of nearby galaxies [Hubble, 1929]. Extrapolat-
ing the expansion back in time, we can infer that the current Universe must have evolved
from an initial state of extremely high temperature and density, composed of a plasma of
different particle species. That marks the beginning of the Hot Big Bang theory.

Throughout the last century, the Big Bang model of the Universe has been constantly
supported by cosmological observations. Namely, the predictions for the abundances of
light elements produced during Big Bang Nucleosynthesis (BBN), the observation of the
near blackbody spectrum of the Cosmic Microwave Background radiation and the dis-
tribution of large-scale structure have all been central pillars of Big Bang Cosmology
[Baumann, 2022]. However, the theory does not come without its shortcomings.

From the theoretical perspective, the near homogeneity of the Last Scattering Surface
(LSS), the flatness of the spatial geometry of the Universe and the absence of unwanted
cosmic relics were relentless puzzles of the last century that did not have a dynamical
explanation on the basis of the Hot Big Bang. That motivated, in the early 1980s, the
proposal of an early period of accelerated expansion, called Cosmological Inflation [Guth,
1981, Starobinsky, 1980]. After this epoch, the Universe would enter the reheating stage,

where the known particle species are produced and the standard Big Bang evolution would



follow. However, the nature of the physical entities that might have taken place during
inflation and reheating are not yet fully understood. This work attempts to shed some
light on the possibilities regarding those scenarios.

On the observational front, the current concordance model of Cosmology, the ACDM
was established in the early 2000s, after the discovery of the present-day cosmic accel-
eration [Riess et al., 1998|. Despite being the most successful cosmological model up to
date, recent observations have raised important statistical tensions between some of the
relevant parameters of the model [Verde et al., 2019].

In parallel to the many developments of Cosmology in the last century, another branch
of modern physics was also the stage of some of the most incredible advances of science.
The invention of Quantum Field Theory and Gauge Theories allowed for the establish-
ment of the Standard Model of Particle Physics (SM), the most accurate physical theory
ever created [Pais, 1986]. Recently, the discovery of the Higgs boson [Chatrchyan et al.,
2012], the only scalar particle in the model, marked an important milestone for the SM,
while also opening the door for many scientific endeavors for the road ahead.

That said, although this work is primarily concerned with Cosmology, we are interested
in developing methods of connecting this branch of science with the study of Elementary
Particles. Our method of connecting these areas - among many possibilities - comes from
a simple but tempting hypothesis: Could the Standard Model Higgs boson have driven
cosmic inflation 7 That is a question that has been addressed by many others [Bezrukov
and Shaposhnikov, 2008] and is still an active topic of research. The main challenge is,
perhaps, satisfying the stringent constraints from both inflationary criteria and low-energy
particle physics.

Thus, this work is organized as follows. In Chapter 1 we review the basics of relativistic
Cosmology and the paradigm of inflation. In particular, we highlight the scalar field dy-
namics of the inflationary expansion and how it can be constrained by CMB observations,
as well as some general features of the reheating stage. We end by discussing the current
concordance model of Cosmology, the ACDM, along with its ongoing observational ten-
sions. Chapter 2 is concerned with properties of the Higgs field. First, we discuss the role
of the Higgs in the SM, namely the spontaneous symmetry breaking mechanism and the
generation of masses for fermions and massive gauge bosons. Then, we focus on recent
proposals of elevating the Higgs boson to the status of inflaton, through a non-minimal
coupling with gravity. In Chapter 3 we employ the tools developed in the previous Chap-
ters to the non-minimal Higgs inflation with radiative corrections. We motivate the form
of the quantum corrections included in the inflationary potential, and analyse how it fits
current CMB data. By exploring the reheating stage, we are able to derive an upper limit
to the amount of expansion during inflation. Then, we conclude by discussing our two
main results. First, we relate our assessment of the radiative corrections to the Higgs

potential to the electroweak scale by means of the Renormalization Group Equation, al-



lowing us to estimate an upper limit for the top quark mass. At last, we discuss the
results of the MCMC analysis in which a breaking of the correlation between the Hubble
constant Hy and the clustering parameter og, both important parameters of ACDM, is

found.



Chapter 1

The Standard Model of Cosmology

Among the four fundamental forces of Nature, the one that primarily concerns the field
of Cosmology is the gravitational interaction. We have confidence that the Universe is, in
average, electrically neutral, so electromagnetism does not play a major role. Since the
weak and strong nuclear interactions are short-ranged, that leaves, in principle, gravity
to explain all of the dynamics of large-scale structure.

As mentioned, the modern formulation of gravity is based on the General Theory of
Relativity of Albert Einstein |Einstein, 1915]. Even though it has passed several tests
from within the solar system up to cosmological scales, we know that it is not the final
theory of gravity, given that it still lacks a high energy completion, where quantum effects
become important. Therefore, GR can be treated as an effective theory for energies below
the Planck scale, providing an accurate description of gravity for most of our cosmological
purposes. The theory expresses the dynamics of space-time geometry, captured by the
metric tensor g,,, in response to its matter and energy content, given by the energy-
momentum tensor, 7,,,. We can represent it mathematically by writing the Einstein-
Hilbert action: 2

S = TPJd4x\/ng. (1.1)

Here, g is the determinant of the metric tensor, Mp = (87G)~'/2? is the reduced Planck

mass and R is the Ricci or curvature scalar, which contains up to second order derivatives

of the metric. The Einstein equations can be derived by applying the action principle to
(1.1):

R — %Rg,w = MpT,, (1.2)

where the Ricci tensor R, is also related to the metric. Cosmology enters the above equa-
tion when one proposes an appropriate ansatz for the geometry and energy-momentum
content of space-time, which can be done by means of symmetry arguments, i.e. the
Cosmological Principle. At large scales (2 100 Mpc), the Universe appears to be ho-

mogeneous and isotropic, which is consistent with the use of the Friedmann-Lemaitre-
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Robertson-Walker (FLRW) metric in the left-hand side of (1.2):

dr?
1—kr?

ds* = g, datde” = —dt* + a*(t) + r?(d6* + sin® 0do?) | . (1.3)

Note that the spatial part of the metric is multiplied by an overall scale factor, a(t). The
constant k refers to the spatial curvature of the metric, and it assumes the values of 0, 1
or —1 for a flat, closed and open Universe, respectively.

Accordingly, the right-hand side of (1.2) should also exhibit the properties of homo-
geneity and isotropy, which is the case if we take the energy-momentum tensor of the

Universe to be of the perfect-fluid type:

T = (p+ p)uru” + pgu (1.4)

where p, p and u* are the fluid’s energy density, pressure and four-velocity, respectively.
Therefore, inserting (1.3) and (1.4) into the Einstein equations (1.2), the 00 component

yields:
, 1 k
H(t) = mp(t) - (1.5)

a

Equation (1.5) is called the Friedmann equation, the dynamical equation for the cosmo-
logical background. At any given moment in cosmic time, the behaviour of the Universe’s
expansion rate, captured by the Hubble parameter H = %, is given by the overall energy
density of all the combined fluid species in the Universe, p = > . p;.
The ij components of Einstein equations, combined with the Friedmann equation,
yield the acceleration equation, which captures the variation of the expansion rate:
a 1
—=——=(p+3p). 1.6
In addition to the Einstein equations, we can impose the general relativistic conserva-
tion condition V, 7" = 0, with the ansatz (1.3) and (1.4):

p+3H(p+p) =0. (1.7)

We have now three equations for the three variables a(t), p(t) and p(t). However, only two
of them are independent, given that (1.5) was used in the derivation of (1.6). Therefore,
in order to close the system of equations, we can use a fluid equation of state, relating its

pressure to the energy density:

p=uwp, (1.8)

with w being the dimensionless equation of state parameter, which depends on the fluid

constituent. For instance, w,, = 0 for ordinary and dark matter, w, = 1/3 for radiation

and wy = —1 for a cosmological constant. If one inserts (1.8) into (1.7), we get poca=31+%).



6 CHAPTER 1. THE STANDARD MODEL OF COSMOLOGY

We can use substitute this result into the Friedmann equation (1.5) in order to find the
evolution of the scale factor for a spatially flat Universe dominated by a component with

equation of state parameter w:
a(t)oc (1.9)

In the interest of estimating the energy density of the various components of the
Universe, it is useful to introduce a more natural scale of p. This is done by defining
the critical density: p. = 3H>M?%, corresponding to the energy density required for the
Universe to be spatially flat. Now, for each component, we define the density parameter:

a—3(1+w)

Q, = %oc . Thus, we can write the Friedmann equation in terms of €2; as
C

H?*(a) = H} ZQia_s(Hwi) + Qa2 (1.10)

where the density parameters are now evaluated at the present time.

The above equations form the basis for the dynamical description of the expanding
cosmological background. For a Universe composed of ordinary matter and radiation,
the pioneers of relativistic Cosmology hoped to be able to fully describe the cosmic past
and its future. The issue is that, contrary to what was expected, observations and non-
empirical assessments pointed to the existence of exotic components of the cosmos, as

well as non-trivial expansion periods.

1.1 The Inflationary Paradigm

As already known in the early days of relativistic Cosmology, a Universe with an initial
singularity some finite time in the past, dominated by radiation and matter, has a finite
particle horizon. Among other consequences, it means that a light signal could only have
traveled so far from the singularity to a given moment in cosmic history, and this maximum
distance defines the causal horizon of a given observer. As discussed previously, current
large-scale observations are consistent with the picture of a Universe which was highly
homogeneous and isotropic at initial times. It turns out that, on the basis of the causal
structure of standard FLRW Cosmology, the primordial Universe was composed of at
least ~ 10% causally disconnected regions [Guth, 1981|, which could not have established
causal contact and hence could not have attained thermal equilibrium. Therefore, the
puzzle of a highly homogeneous early Universe is called the horizon problem of standard
Big Bang Cosmology.

Our modern understanding of this issue is most commonly addressed in terms of the
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near homogeneity of the CMB. The maximum distance that an observer can establish
causal contact at a given time in an expanding Universe is given by the comoving Hubble
scale! (aH)™!. The comoving particle horizon is obtained by the logarithmic integration

of this quantity throughout cosmic history [Baumann, 2022]:

dn(n) = Jlna(aH)ldlna , (1.11)
In a;
with 7 being the conformal time coordinate, related to the cosmic time according to
dn = %. In standard FLRW Cosmology, the integral (1.11) is dominated by contribu-
tions of (aH)™! from late times, so that the particle horizon is approximately the same
as the Hubble horizon.

It is important to distinguish between the causal interpretation of the comoving Hubble
radius (aH)~! and the comoving particle horizon dj,. If regions are separated by distances
greater than the comoving Hubble scale, they cannot be on causal contact now?. How-
ever, if they are separated by distances greater than the particle horizon, then they could
have never communicated with one another. In standard FLRW Cosmology, (aH)™! is
a monotonically increasing function, so that regions entering causal contact right now
could have never communicated with each other in the past. In fact, we see patches of
the CMB distribution, separated on scales larger than each others Hubble horizon, that
display near thermal equilibrium. Therefore, these regions could not have been at causal
contact during last-scattering, or at any past time. Also, these scales appear to be cor-
related, as measured in the statistical properties of the CMB temperature anisotropies.
Thus, the horizon problem can be comprehended as an interplay between the concepts of
the Hubble and particle horizons.

In addition, it appeared in 1970 that the overall energy density of the Universe was
very close to the critical density [Hawking and Israel, 2010], which implied that our spatial
geometry is approximately flat. The issue with this conjecture is that an || very close to
zero implies an initial curvature parameter fine-tuned to several orders of magnitude, since
|2| is a monotonically increasing function in standard Big Bang Cosmology. Therefore,
basically any deviation from [2;| = 0 would produce a larger present-day curvature. This
is called the flatness problem and, together with the horizon problem?®, produced serious
doubts regarding the predictive character of the Big Bang theory.

A solution was put forth in the early 1980s, by Alan Guth [Guth, 1981] and Alexei
Starobinsky [Starobinsky, 1980]|, independently. In light of the causality issues arising
from the growing character of the comoving Hubble sphere in standard FLRW Cosmol-

1Often called (comoving) Hubble radius or (comoving) Hubble horizon.

2Specifically, particles outside of the comoving Hubble sphere cannot make causal contact during a
characteristic expansion time H~!.

3The absence of magnetic monopoles and other relics are together called the monopole problem by
some authors [Baumann, 2012].
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ogy, one can stipulate a period of a decreasing Hubble radius prior to the Hot Big Bang,
called Cosmological Inflation*. Accordingly, we can impose that regions that are outside of
the Hubble horizon in the CMB at last-scattering, were in fact inside the horizon at some
point during inflation, in which they had time to establish causal contact and achieve
thermal equilibrium. These scales leave the shrinking Hubble sphere during inflation,
only to re-enter the growing horizon at later times, during standard FLRW evolution. A
schematic picture of this mechanism is depicted in Figure 1.1.

Since the particle horizon dj, is the logarithmic integral of the comoving Hubble radius

scales
h
(a; H;) !
\\ /| /= (aoHo) ™!
, , ‘ ; A
subhorizon superhorizon

~~> %
! 4
CMB today

time
Hot Big Bang ———

Inflation >

Figure 1.1: Tlustration of the way inflation solves the problem of superhorizon correla-
tions. One can see that a given perturbation with characteristic wavelength \ was outside
the horizon at the moment of CMB decoupling, but was inside the horizon at some point
during inflation [Baumann, 2022].

- see (1.11) - the particle horizon continues to grow during inflation, despite a decreas-
ing (aH)~!. Therefore, the inflationary expansion is a mechanism of making the particle
horizon much larger than the comoving Hubble scale, so that regions cannot communicate
today but were in causal contact early on, contrary to what was predicted by the Hot Big
Bang.

The flatness problem can also be conveniently solved in inflation as a consequence of
a shrinking Hubble sphere. Since the curvature parameter is written as || = ﬁ,
it is driven to zero during the inflationary expansion, so that |Q| = 0 is an attractor
independently of its initial value. Even considering the growth of ) in the standard
FLRW evolution, if inflation lasts long enough, we can safely satisfy Planck’s constraints
of || < 0.005 [Aghanim et al., 2020a).

Inflation is most commonly - and equivalently - defined as a period of accelerated

4Following the reasoning of [Baumann, 2022|, we prefer to use a period of a shrinking Hubble sphere
as the very definition of inflation, since it relates more directly to the horizon problem and the generation
of correlated cosmological fluctuations.
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expansion in the very early Universe. One can see that it follows directly from the re-

quirement of a decreasing Hubble radius:

A, i
Cdt (1.12)
@(GH)_1<O — i>0.

Although spacetime expands rapidly during inflation, all physical quantities are said

to be slowly varying. One can see this by rewriting expression (1.12) as

d . aH + Ha 1
) == —amr ~ e
_ (1.13)
_ H
=T

where ¢ is called the slow-roll parameter. Thus, we see that a decreasing Hubble radius
di(aH)™! < 0 is associated with e < 1. If we take the limit in which ¢ — 0, we find that

e—>0—=— H~0
= H ~ const (1.14)

— a(t)oce".

Thus, inflation is usually formulated as an expansion around a quasi-de Sitter spacetime,
in which the Hubble parameter is almost constant (slowly varying) and the expansion is
quasi-exponential®. From (1.9), we can see that the exponential expansion is associated
with a dominant component with w = —1.

One can wonder how much inflation is needed in order to solve the horizon and flatness
problems. Of course, as mentioned, we at least require that the largest observed scales
on the CMB were inside the Hubble horizon at some point during inflation. A more
general way to estimate the duration of the inflationary expansion is to require the whole
observable Universe (the comoving Hubble sphere today) to be smaller than the Hubble

horizon at the beginning of inflation:
(aoHo)il < (aiHl-)fl . (115)

Since the Hubble parameter stays approximately constant during inflation, H; ~ H,,q,
the amount by which the comoving Hubble radius decreases is equal to the amount by

which the scale factor increases. Therefore, we can quantify the inflationary expansion

5One cannot set ¢ = 0 because inflation has to end some time, so the expansion cannot be exactly de
Sitter.
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according to the number of e-folds:

Qend
Q;

The total number of e-folds depends on the energy scale of inflation and details about the
reheating process, which marks the transition between inflation and the Hot Big Bang
(see Section 1.1.3).

1.1.1 The Slow-Roll Mechanism

For the purpose of further investigating the dynamics of the inflationary expansion, we
have to specify the dominant component of the Universe during inflation, which sources
the evolution of the quasi-de Sitter background. Perhaps the simplest proposal to achieve
an expansion of such type is to consider the existence of a scalar field ¢(t,x) in the early
Universe, called the inflaton. The general action for a scalar field in curved spacetime is

given by:

fd“xf[ PR——@@&‘% V(o)| . (1.17)

where the second and third terms are the inflaton’s kinetic and potential energy, respec-
tively. To check weather a field of such type can give rise to an inflationary Universe,
we assume a fluid interpretation of the field condensate. This can be done by obtaining
the energy-momentum tensor 7),, for the inflaton fluid. Under a variation of (1.17) with

respect to the inverse metric, the action changes as

1
0S8 = —3 Jd‘lx«/—gTw(SgW

X (1.18)
T;w = augbaugb — Guv (§6a¢aa¢ + V(¢)> :

Comparing with (1.4), we find that the energy density and pressure, as well as the equation

of state parameter, for the inflaton are:

1

p=50"+V(0)
1.,
p=56"—V(9) (1.19)
wo P29 V()
P+ V(9)
The condition w = —1 can be satisfied if the inflaton’s potential energy dominates over

its kinetic energy. Therefore, by making V' (¢) » %gbz in (1.19) we obtain w ~ —1, which

causes the cosmic background to accelerate while dominated by ¢.
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The set of dynamical equations for the inflationary background are the Friedmann
equation (1.5) with p given by (1.19) and the Klein-Gordon equation, derived by conser-

vation of the energy-momentum tensor, V, 7" = 0. Therefore, we arrive at:

H? = ﬁ Bdﬂ + V((;S)] : (1.20)
d+3Hp+V'(¢)=0. (1.21)

These are coupled equations. The scalar field behavior dictates the evolution of the Hubble
rate, which in turn induces a friction in the inflationary background. We would like to
investigate the conditions that give rise to slow-roll inflation in this scenario.

Combining (1.20) and (1.21) to get H = _%%7 and using the condition of dominant
potential energy, we can express the slow-roll parameter as

: (1.22)

where in the last equality, the denominator comes from (1.20). We can see that the
condition of a flat potential, i.e V(¢) » gzﬁ is equivalent to ¢ « 1. Hence, the slow-
roll condition is satisfied if inflation happens via scalar field that slowly rolls down its
approximately flat potential.

In order for slow-roll inflation to persist, the acceleration of the field must also be

small. It is useful to define the dimensionless parameter 6 = —-2-. The condition § « 1

B . H¢
is equivalent to stating that ¢ « 3H¢ in (1.21), which assures that the inflaton’s kinetic
energy stays subdominant during inflation. Under the assumptions {e, ||} « 1, the

inflationary background equations are simplified to:

H2V

N (1.23)
3M2
. V!

Now, taking the time derivative of (1.24), we obtain 3H¢ + 3H¢ ~ —V"¢ which we can
use to introduce a new parameter 1 defined by:
o H Vv
Hé H?> 3H?'

(1.25)
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Substituting (1.23) and (1.24) in (1.22) and (1.25), we arrive at the slow-roll parameter

expressed exclusively in terms of the inflaton potential®:

M2 [V 2
e= (V)
o (1.26)
- M2
n P V

The parameters (1.26) are extremely useful to judge weather a scalar potential V' (¢) can
give rise to slow-roll inflation, i.e if it allows for a regime where {e,|n|} « 1. They are
important for constraining inflationary models with data and we will come back to them
in the next Chapters.

As far as the inflationary number of e-folds, we can rewrite expression (1.16) in terms

of the inflaton’s evolution:

tend Pend Pend
Aond H 1 f V
Nipr =1 = Hdt = —d¢ ~ — —do . 1.27

/ " a; t J 10} ¢ M]% oV ¢ ( )

i 0

As we can see from Figure 1.1, we require the amount of expansion from the moment a
given wavelength A leaves the horizon to the end of inflation, to be equal to the expansion
from the end of inflation until today. The first quantity is precisely the above expression
for Ny evaluated between field values ¢,, associated with the moment A crosses the
horizon, and ¢.,q, which marks the end of the inflationary period. For a wavenumber k
representative of a given scale A, we define the e-fold number from horizon crossing up to

the end of inflation as

1 d)endv
Ny = — —do . 1.28
=] (1.25)

The relevant scales probed by CMB and LSS observations seem to correspond to a range

of e-folds between 50-60 [Liddle and Leach, 2003|, assuming a reference scale of k =
0.05 Mpc™, which will guide our exploration of N, in Chapter 3.

1.1.2 Contact with Observations

The signatures of cosmological inflation are most generally inferred from observations
of the statistical nature of the CMB and large-scale structure. Although the detection of a
sea of thermal background radiation was extremely important for the establishment of the
Hot Big Bang in the 1960s [Peebles, 2020], the main observational advances in Cosmology
are now tied to the study of small perturbations around the homogeneous background.
Therefore, the analysis of cosmological perturbations involves the treatment of fluctuations
of the metric and the energy momentum-tensor, as they are related through the Einstein

(1.2) and conservation (1.7) equations evaluated up to linear order in perturbation theory.

6From now on, we will denote the parameters (1.26) collectively as the slow-roll parameters.
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Our current theoretical understanding of how those perturbations were generated is
intimately tied with the development of inflationary cosmology in the 1980s. The theory,
initiated by Mukhanov and Chibisov [Mukhanov and Chibisov, 1981]| is based on zero-
point quantum fluctuations of inflaton perturbations around the classical background. In
the usual setting, the perturbations of the inflaton can effectively be treated as a scalar
field in a classical curved background”. The quantization of those perturbations closely
follows the standard treatment of a quantum harmonic oscillator if the fluctuations happen
deep enough in the inflationary regime, where all relevant scales are well inside the horizon
[Baumann, 2012, Birrell and Davies, 1984].

In GR, due to our freedom of choosing coordinates which leave the line element ds?
invariant, we often specify the coordinate system in order to perform calculations, which
is equivalent to choosing a gauge. Therefore, in the spatially flat gauge, the computation

of the variance of inflaton perturbations with characteristic wavenumber k reads

2
(5odon> = (209)5(k + k’)% | (1.29)
Although this variance offers a direct link to quantum zero-point fluctuations of the infla-
ton, the statistics of primordial cosmological perturbations are most commonly expressed
in terms of the comoving curvature perturbation R. In the spatially flat gauge, it is
related to the inflaton perturbations according to R = H %. One can show that R stays
constant outside the horizon, so that it suffices to compute its variance at the moment
of horizon crossing. Using (1.29), we calculate the variance of the comoving curvature
perturbation as
2 2 172
R = () Gouson) = ik + 10 ZE .
= (2m)°0(k + K)Pr(k) ,

where Pr (k) is called the power spectrum of comoving curvature perturbations. It is the
Fourier transform of the two-point correlation function £(r), which is associated with the
probability of finding two correlated elements separated by a distance r in a distribution
sample. Thus, P (k) contains the statistical information of primordial perturbations in
the large-scale structure®. Therefore, the primordial power spectrum serves as an input
of initial conditions for the propagation of perturbations as cosmic sound waves in the

primordial plasma, which leave striking signatures in the CMB temperature distribution.

In the following we assume a light scalar field (my < H).

8In standard single field slow-roll inflation, the variance of d¢ is computed from the quantization of
an approximately free harmonic oscillator, which has a Gaussian distribution in real space. Therefore,
the two-point function (or power spectrum) contains all the statistical information and higher-order
correlations vanish. More involved inflationary models, such as multi-field inflation, predict the existence
of non-gaussianities, which would be detected as higher point correlations in the CMB anisotropies.
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In the literature, it is customary to use the dimensionless power spectrum A% (k) =
%Pg(k), which, according to (1.30), is written as

H2 H? 1 H?

2 — R R— "
Arlk) = (2m)2 g2 8m2Mp ey (1.31)

where, in the last equality, we have substituted the definition of the slow-roll parameter
e. If the inflationary expansion was exactly de Sitter, one would expect a perfect scale
invariance of the dimensionless power spectrum (1.31). But since inflation has to end,
the expansion rate is not exactly constant, and scales exit the horizon at slightly different

values of H,. Therefore, we can parameterize A% (k) according to:

L ng—1
s -as (1)

1 H?
Noe L Hy 1.32
o 8m2M3 ey’ ( )
dIn A2 (k)
=RV
s dln k

The quantities Ag and ng are denoted the amplitude of primordial scalar perturbations
and the scalar spectral index, respectively. The scale k, is taken as a reference point, and
all quantities on the right-hand side are evaluated at the moment k., crosses the horizon.

As mentioned, single field slow-roll inflation predicts a percent-level deviation from
perfect scale invariance (ng = 1). Ag and ng can be constrained, as well as the other
parameters of a given cosmological model, by adjusting the theoretical curve with the

observed CMB power spectrum in Figure 1.2.
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Figure 1.2: The CMB temperature power spectrum [Aghanim et al., 2020a].
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The horizontal axis in Figure 1.2 are Legendre multipoles, which appear as a result of
the two-dimensional projection of the CMB temperature distribution in the sky in terms
of spherical harmonics. The main contribution to the power at a given multipole comes
from scales k ~ XL*, where Yy, is the conformal distance to the last-scattering surface. The
location of the peaks in the power spectrum are associated with the £ modes that entered
the horizon and sourced cosmic sound waves in the primordial plasma that were at an
extreme of an oscillation at the moment of CMB decoupling”. Thus, these oscillations
were captured in the LSS as correlations at those particular scales. The locations of the
peaks are at lpeaks ~ nwi—f:, which depend on the physics of the oscillatory motion of the
photon-baryon fluid, associated with the sound horizon at recombination ry, and on the
angular distance to the last scattering surface d . Naturally, these physical quantities are
sensitive to the adopted cosmological model and its parameters. Also, the correlations in
the CMB anisotropies indicate that the initial perturbations are strongly adiabatic, where
the initial departure from homogeneity of different species is determined by a single degree
of freedom [Lyth and Liddle, 2009]. In what concerns the primordial power spectrum, a
change of Ag produces an overall scaling of the total spectrum, while ng influences the
relative power of large to smaller scales. The latest constraints from CMB data yield
Ag ~2.1-107% and ng ~ 0.9603 [Aghanim et al., 2020a|, which is a remarkable agreement
with the inflationary picture.

Apart from scalar fluctuations, the metric exhibits tensor perturbations, which are also
sourced from the dynamics of the inflationary period. By splitting the metric tensor into a
homogeneous background and a perturbation h;;, we can perform a similar quantization
of the two tensor polarization modes, as was done for the scalar case. The resulting

dimensionless power spectrum of tensor perturbations reads [Baumann, 2012|

2 H?
w2 M2~

AZ(k) = (1.33)
Tensor perturbations are often normalized relative to the scalar counterpart. The tensor-

to-scalar ratio is defined as
A7 (k)

AR(k)

r (1.34)

Since A% is fixed and A7ocH? ~ V| the tensor to scalar ratio is a direct measure of the
energy scale of inflation. The detection of tensor perturbations has evaded the tests of
latest CMB observations, with the upper limit being constrained to the order of » < 0.03.

The parameters Ag, ng and r can be directly related to the slow-roll parameters € and

9We are assuming an instantaneous recombination for this qualitative analysis.
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n and to the inflationary potential by substituting (1.26) into (1.32) and (1.34):

]. V*
Ag—= — %
ST urM2e,
ng — 1 = —6e, + 2, (1.35)
r = 16, .

We will in fact return to those expressions in Chapters 2 and 3 in order to constrain
inflationary models with CMB data.

1.1.3 Reheating

After the inflationary expansion, the Universe sits in a very low-entropy state, with its
energy density consisting of a combination of the inflaton’s kinetic and potential energy.
As previously discussed, the initial conditions for the Hot Big Bang consist of a extremely
hot, high-entropy state, populated by relativistic species. Therefore, the period of transi-
tion between the end of inflation and the onset of the radiation-dominated epoch is called
reheating, where, at its end, the Universe is assigned an initial temperature 7" and the
standard Hot Big Bang evolution follows.

The specific physical processes that took place during the reheating epoch are not
entirely known. However, it is customary to visualize a standard picture, where the in-
flaton undergoes coherent oscillations around the minimum of its potential, ultimately
dissipating energy to the Standard Model particles [Kofman et al., 1997|. As pointed out
in [Kofman et al., 1994], before the perturbative decay of the inflaton, non-perturbative
processes, such as parametric and non-parametric resonant decays, may have been im-
portant in the first stages of the post-inflationary expansion, called preheating.

Notwithstanding, we can perform a more general analysis of the reheating period that
remains agnostic about its specific physical processes and still allows us to investigate
some of its observational signatures. To this end, we can focus on the comoving Hubble
radius (ayHy) ™!, associated with the moment a given scale k = ay, Hy, crossed the horizon
during inflation. By following this scale’s evolution from horizon crossing to the present
day, we can relate it to the current Hubble radius according to [Liddle and Leach, 2003|:

k a,Hy,

= . 1.36
agHy apHy ( )

We now split the right-hand side into contributions from various benchmark stages of the
standard cosmic evolution. After the time inflation ends, we assume a reheating period
that culminates in a radiation-dominated Universe, which lasts up to the equivalence
time between radiation and matter. The instantaneous transitions between those epochs

are labeled by the subscripts 'end, 'reh’, 'RD’ and ’eq’, respectively. Thus, we re-write
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equation (1.36) as

k o Ak Qend Areh ARD Qegq Hk
aOHO Qend Qreh GRD Qeq Q0 HO (1 37)
— Nk ,—Nren ,—NRrD aequq Hy
=e e e —_—
CLQHO Heq

where in the last equality we explicitly wrote the number of e-folds between horizon
crossing and the end of inflation, during reheating and during radiation dominance, re-

spectively. Taking the logarithm on both sides, we have

k QegH Hk
1 = —N; — Nypep, — N, In [ =54 1 ) 1.38
! <a0H0> : n SRp T ( aoHy ) I (Heq) (1.38)

Equation (1.38) is often called the 'matching equation’; as it ties together the cosmic

evolution of a given scale from horizon exit during inflation to the present. We can ma-
nipulate it by following the steps developed in [Cook et al., 2015|. First, we parameterize
the expansion during reheating by assuming a standard fluid description, where the evo-

lution is dictated by an - a priori unknown - equation of state parameter w,.,. Thus,

using poca™3+%) | we can express the number of e-folds during reheating as
Npp = ——t g ((Pend ) (1.39)
3(]— + wreh) Preh

where pe,q and p.., are the energy densities at the end of inflation and at the end of
reheating, respectively. We can write pe,q = %Vend by making wg = —1/3 at the end of
inflation!®. Also, from fluid thermodynamics we can change from the energy density to
the temperature at the end of reheating according to pren = g—;gthfeh, with g,., being
the effective number of relativistic species at the onset of the radiation dominated epoch.

Therefore, we write N,., as

Nreh =

1 45 V.
L (8 e ). o
3(1 + wreh) ™ grehTreh
As the temperature at the end of reheating T, i.e at the beginning of the Hot Big
Bang, is subject to large uncertainties, we can explore the conservation of entropy in
the radiation gas to replace it for the cosmic temperature today. Therefore, taking into

account the change in helicity states from reheating to today, we make

43 1/3 43 1/3
Toon = Tp [ 20 =Ty (220 eMeo . (1.41)
Qreh, llgreh Qeq 1lgreh

ONotice that w < —1/3 is the requirement that the eos parameter of the inflaton must satisfy in order
to accelerate the Universe. Thus, when w = —1/3 inflation ends.
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Now, plugging (1.41) into (1.40), we get:

3(1 + wreh) 1 1 7T2 TQCLO 1 43
S L N IN ey = (Vi)Y = =In [ =g | — 1 — -1 — Nap
1 h n(Vena) 1 n 459 h n Gog 3 n g,en RD
42)

We would like to obtain an expression that relates Ny to N,., only. To this end, we

can eliminate the dependence on Ngp by isolating it from the matching equation (1.38)

and substituting in (1.42). After some algebraic manipulations, we finally get

—1 + 3wyen AR 45 1 43 k
Ny=———"""Nyp —In| =22 | — =1 =1 —1 :
g 4 " " ( Hk 4 ! 7729reh " 3 ! 1lgreh ! CloTo

(1.43)

The last three terms in the above expression are, in principle, fixed by assuming standard

ACDM Cosmology. Hence, inserting g.., =~ 100, Ty = 2.7 K and choosing the pivot scale
of k= 0.05 Mpc™!, we obtain

—1 + 3wy v
Ny = = 2Wreh [ Yend ) 46155 (1.44)
1 Hy

The first two terms in the right-hand side are model-dependent, as one would need to
specify an equation of state parameter for the reheating stage as well as a specific infla-
tionary potential. An useful guide is to consider a power-law potential V (¢)oc|g|™ for the
oscillatory phase during reheating. Under this approximation, it was shown in [Turner,
1983] that for large time scales, the field oscillations average out to mimic an expansion

period dominated by a fluid with equation of state parameter

_n—2
T n+2°

Wreh

(1.45)

In Chapter 3, we will show that for our inflationary potential under consideration,
the evolution after inflation is dictated by an approximately quadratic, followed by an
approximately quartic potential. Ultimately, that allows us to use (1.45) to assign an
effective matter-dominated and radiation-dominated splits to the reheating stage, which
will be useful to quantitatively constrain the inflationary e-fold number from a general

reheating analysis.

1.2 The ACDM Model

The current concordance model of Cosmology is the result of several surprising dis-
coveries in the last century. In 1933, astronomer Fritz Zwicky pointed that the sum of
the masses of all the stars in the Coma cluster was not enough to prevent the galaxies

from escaping the cluster’s gravitational pull [Zwicky, 1933]. This became known as the
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missing mass problem, and was an astronomical puzzle for many years. In the 1970s, a
group led by astronomer Vera Rubin helped to shed more light into the issue [Rubin et al.,
1978|. They observed that the mass of all the stars within a typical galaxy could not ac-
count for the mass needed to keep the stars orbiting the galactic center. Therefore, there
must be some kind of exotic, non-luminous matter constituent in the Universe, which was
dubbed as dark matter. It does not radiate, so we can only infer its existence from its
gravitational influence. It was not clear, however, what was the extent of the role dark
matter would play in the grand scheme of the cosmos.

Since the end of the 1990s and early 2000s, Cosmology started to greatly benefit from
high-precision measurements, from both early- and late-time surveys. Ultimately, that
allowed us to unveil the dynamics of large-scale structure - and consequently its energy
content - with great accuracy. Observations of gravitational lensing - the bending of
background light passing near a massive object - showed that dark matter composes the
majority of the gravitational matter we observe in the Universe. Also, from CMB mea-
surements, it became clear that dark matter had to be present in the early Universe,
so that it could provide the gravitational potential wells necessary for the formation of
large-scale structure. From the particle physics standpoint, there are ongoing efforts to
find a dark matter particle in the current particle accelerators, while many alternatives
have been proposed for dark matter in Beyond the Standard Model Physics.

Another breakthrough happened in 1998, when a group led by Adam Riess discov-
ered that light coming from distant Type Ia Supernovae (SNIa) appeared dimmer than
expected, based on standard cosmological assumptions |Riess et al., 1998]. Since SNIa
are standardized candles, i.e objects with well-determined luminosity, we can directly

infer their distance from the measured flux!!

, so the SNIa were also farther away than
anticipated. Considering the range of distances probed by the experiment, this effect
must come from a cosmological origin, pointing to a discrepancy between the assumed
cosmological expansion and the novel data. A solution appears if one assumes that the
Universe is currently undergoing an accelerated expansion. It has the effect of increasing
the physical distance that light has to travel from a SNla event to us, explaining the
weakening of its light intensity. Since we know that a cosmic fluid composed of any of
the SM particles does not produce this effect, this acceleration must be propelled by an
exotic component of the Universe, called dark energy. In the context of classic GR, the
simplest way to give origin to a dark energy component is by introducing a constant A
into the Einstein-Hilbert lagrangian, which gives rise to an extra term in the action (1.1):

S = MTI% Jd4x\/jg(R —2A) . (1.46)

where L is the objects’ intrinsic

"UThe integrated flux coming from all wavelenghts is f = ﬁ,

luminosity and d its distance.
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The Friedman equation (1.5) is modified accordingly:

1

0 = 53
P

(p(t) + pa) — % : (1.47)
where py = M2A is the (constant) density of dark energy. Note that, according to the
conservation equation (1.7) with py = 0 we find py = —p,. Hence, the cosmological con-
stant behaves as a fluid with negative pressure, contributing to a positive acceleration for
the Universe. From the theoretical point of view, one could interpret A as vacuum energy
density, resulting from the zero-point energy of all quantum fields in nature. However,
the inferred value from cosmological measurements is ~ 120 order of magnitudes smaller
than expected from quantum field theoretical calculations. This enormous discrepancy is
called the cosmological constant problem and still motivates several discussions regarding
the true nature of dark energy.

In terms of the density parameter Q5 = pp/p., we can rewrite equation (1.10) as
H?*(a) = HZ(Qma™® + Q) , (1.48)

where €2, = Q, + (). is the matter density parameter in terms of the baryonic and dark
matter fractional density. We have also dropped the radiation term, which is negligible
nowadays €2, ~ 107* and spatial curvature, which is diluted to zero due to inflation.

In order to be constrained with large-scale observations, the ACDM model assumes
six free parameters: the amplitude of primordial scalar perturbations Ag; the scalar
spectral index mg; the physical baryon density and matter densities: w, = Q,h% and
Wi = Qnh?2; the cosmological constant density parameter €24 and the integrated optical
depth to recombination 7, which affects the propagation of CMB photons through the

ionizing effect of the first generation of stars. Their measured values are in Table 1.1.

Parameter Value
109Ag 2.198 + 0.085
ng 0.967 £+ 0.004

100cws 2.242 +0.014
100cwp, 14.24 + 0.009
Qa 0.689 + 0.006
T 0.056 £+ 0.007

Table 1.1: Parameters of ACDM Cosmology [Baumann, 2022].

Thus, the current concordance picture of Cosmology is that we are currently living in
a spatially flat Universe, dominated by a cosmological constant, with most of the matter

density in form of dark matter and a small fraction of ordinary baryonic matter.

12The parameter h is the dimensionless Hubble constant, defined as Hy = 100k km s~' Mpc™!
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1.2.1 Current Cosmological Tensions

As mentioned, the ACDM model faces the challenge of providing a satisfactory phys-
ical interpretation for the nature of dark matter and dark energy. Apart from these
theoretical issues, the model has also been questioned from the observational front in the
last decade, with non-trivial discrepancies between early- and late-time surveys.

The currently most significant cosmological tension is focused on the present-day ex-
pansion rate, the Hubble constant Hy. It is most directly measured by observations of
nearby objects, up to redshifts z ~ 0.1, or distances of ~ 100 Mpc. Since it is a probe of
the local Universe, it does not require knowledge of the whole dynamics of the expansion

rate H(z), so we can Taylor expand the scale factor a(t) around its present value:

(t) (1.49)

a(t)
a(to)

Using the definition of the cosmological redshift z = — 1, we can write the above
expression up to first order as

2= Hydp + ..., (1.50)

where, d;, = t — %y is, in natural units, the distance traveled by a light signal sent from
some time t in the past. This equation was employed by Edwin Hubble, in the 1930s,
in the process of finding evidence for an expanding Universe, using the redshift of light
coming from receding nearby galaxies. Nowadays, a similar version, with higher order

terms, is used in order to assess slightly more distant objects:
-1 1 2 1 2 . 3
dL = HO Z+§(1—QQ)Z — 6(1—(]0—3(]0 +]0)Z . (151)

The parameters gy and jy are related to higher order derivatives of the scale factor.

In this century, the SHOES collaboration [Riess et al., 2022|, using the Hubble Space
Telescope, was able to build a distance ladder and establish a distance-redshift relation
(1.51) with observations of SNIa, callibrated with Cefeids in the Large Magellanic Cloud.
Their best-fit value for the Hubble constant is Hy = 73.04 + 1.04 km s~! Mpc ™.

Another possibility of measuring the Hubble constant is by assessing the distant Uni-
verse, through observations of the Cosmic Microwave Background. In section 1.1.2 we
discussed how the CMB temperature power spectrum is able to constrain the parameters
of a cosmological model. However, our discussion of ACDM did not include the Hubble
constant as a free parameter. Since the Friedmann equation (1.48) relates Hy to the

density parameters €),, and {25, we can make 2, a derived parameter and substitute
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Qp =1 —9," back into (1.48):

H?(a)
(100 km s~" Mpc™)2

=wp(a?+1) +h*. (1.52)

The parameter-dependence in the above expression for the expansion rate changes the
distance to the last-scattering surface, which affects the peak locations in the CMB spec-
trum. The physical matter density w,, is well constrained by the height of the first few
peaks in the power spectrum. Therefore, in order to maintain the peak locations, the
CMB spectrum requires a Hubble constant of Hy = 67.36+0.54 km s~ Mpc ™! [Aghanim
et al., 2020a].

This last result represents a discrepancy of ~ 40 with the value from the discussed
local distance-ladder measurements, known as the Hubble constant tension. One might
wonder if this disagreement is a consequence of systematic errors in the datasets, but this
conjecture cannot solve the tension alone [Di Valentino et al., 2021c|. On the other hand,
this picture might be an evidence of beyond ACDM signatures in Cosmology. Several sce-
narios have been proposed in order to resolve or alleviate the tension [Di Valentino et al.,
2021a]. However, modifying the standard cosmological model in an effort to account for
the Hy tension has proven to be rather difficult, given the success of the six-parameter
ACDM in satisfying the constraints from a multitude of datasets.

Another cosmological parameter that has been at the center of recent observational
discrepancies is the clustering parameter og. It measures the amplitude of matter pertur-
bations at the scale of 8 h~! Mpc, and is given by [Dodelson, 2003]:

1/2
oy = (0212 = {% | i e . (1.53)
with ¢, being the density contrast of matter perturbations and W (k) the window func-
tion. The linear matter power spectrum, P(k) encodes the evolution of scales throughout
cosmic history, making the clustering parameter dependent on the cosmological model.
Lower redshift assessments of oy involves weak gravitational lensing measurements,
which affects the shapes of observed galaxies. On cosmological scales, we can use this
effect to better understand the matter distribution of the Universe. Since this is a more
direct probe of matter perturbations, one can use the definition in (1.53) to constrain the
clustering parameter. It is often quantified in terms of Sy = Ug\/m, where €, is
the overall matter density parameter. In particular, the Kilo-Degree Survey (KiDS-1000)
lensing estimation reported a clustering value of Sg = 0.75970921 [Asgari et al., 2021].
On the other hand, we can also investigate the clustering of matter through observa-

tions of the CMB. Since the CMB power spectrum places tight constraints on the cosmo-

13This comes from evaluating the Friedmann equation (1.48) in the present day, which yealds 1 =
Qm + Q.
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logical parameters, it also probes the amplitude and growth of the matter distribution,
hence, og. This model-dependent estimation, however, is sensitive to other parameters
that might affect the clustering of matter, such as the optical depth to reionization 7
[Di Valentino et al., 2021b]. Assuming flat ACDM, CMB data seem to prefer a larger
amount of matter clustering, returning a value of Sy = 0.834 £ 0.016 [Aghanim et al.,
2020a], which shows a discrepancy of ~ 30 with weak lensing measurements.

The usual theoretical approach to aleviate the Sg tension involves modifying the mat-
ter sector of ACDM. However, any modification of €2, also induces a modification of
the CMB-inferred value of Hy, given the tight constraints on the physical matter density
W = Qmh?, known as geometric degeneracy. In turn, this produces a modification of
distances to sources, of the sound horizon, the growth of matter and CMB anisotropies,
which usually result in a higher value of og due to an extended period of matter domination
[Di Valentino et al., 2021b|. Hence, the Hy and Sy tensions are correlated, and proposals
applied to alleviate one usually tend to exacerbate the other. It goes without saying that
finding a solution to the discrepancies on both of these parameters is troublesome. We

will return to this discussion in Chapter 3.



Chapter 2
Aspects of Higgs Inflation

So far, among the fundamental forces of nature, everything discussed was only con-
cerned with the gravitational interaction and its effect on large-scale structure. As gravity
is currently portrayed by the laws of General Relativity, the strong force, the weak force
and electromagnetism, are described by what is called the Standard Model of Particle
Physics (SM). The structure of the SM is the result of many developments in Quantum
Field Theory and Group Theory in the last century [Pais, 1986]. The former incorporates
the rules of quantum mechanics and special relativity to fundamental fields and, in a
phenomenological point of view, allows one to compute amplitudes for numerous elemen-
tary particle processes; while the latter allows us to write the SM lagrangian by means of
symmetry arguments. In this sense, this lagrangian is made invariant with respect to the

set of transformations:
Poincaré x SUx(3) x SUL(2) x Uy (1) . (2.1)

The first term in (2.1) refers to the Poincaré group, which, ultimately, is responsible
for assigning the spin of elementary particles! and establishing the structure of the free
lagrangian. The remaining groups in (2.1) are gauge groups, which have the role of
adding interaction terms to the lagrangian, expressed in terms of gauge fields. SUqx(3)
is the symmetry group of the theory of quantum chromodynamics (QCD), which governs
the interaction of charged color particles (quarks) with gluons. SUL(2) x Uy(1) is the
electroweak sector, acting on left-handed chirality particles that carry the hypercharge
quantum number. All matter particles are charged under the SUL(2) x Uy (1) symmetry.

The matter particles of the SM are collectively called fermions. They are described
by spin-1/2 fields and are divided into quarks and leptons. Quarks carry color charge and
therefore are charged under both QCD and electroweak interactions. Leptons do not carry

color charge and are just part of the electroweak sector. The force mediator particles are

IParticles of different spin are associated with different representations of the ortochronous Lorentz
group, contained in the larger Poincare group.
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represented by spin-1 fields and are called gauge bosons. They are the gluon of QCD, the

W+, W~ and Z of weak interaction phenomena, and the photon of electromagnetism.
This whole puzzle of the SM particles, interactions and symmetries was completed

in the 1970s, after the establishment of the Higgs mechanism and electroweak symmetry

breaking. This is where the Higgs boson, the main character of our discussion, came into

play.

2.1 The Higgs in the Standard Model of Particle
Physics

In the 1950s, a group led by Chien-Shiung Wu [Wu et al., 1957| discovered a violation of
the parity symmetry in processes involving the weak interaction. Later, Richard Feynman
and Murray Gell-Mann [Feynman and Gell-Mann, 1958] proposed a theory in which only
left-handed particles (and right-handed antiparticles) are charged under the weak force,
which would account for the observed violation of parity. A profound consequence is that
all fermions of the SM should be fundamentally massless®>. Evidently, that is not the
case. A solution was put forward by Higgs-Brout-Angels [Englert and Brout, 1964, Higgs,
1964] and, independently, by Guralnik-Hagen-Kibble [Guralnik et al., 1964| in 1964, in
which a new field, the Higgs, was introduced. In the fundamental theory, at high energies,
every field is massless. Particles that couple to the Higgs would gain their masses in a
spontaneous symmetry breaking (SSB) process of the Higgs potential. This mechanism
is also incorporated in the unification of the electromagnetic and weak interactions, the
electroweak model of Weinberg-Glashow-Salam |Glashow, 1959, Salam, 1968, Weinberg,
1967]. Thus, the electroweak sector of the SM symmetry groups in (2.1) is spontaneously

broken into the known electromagnetic U(1) gauge group, according to:

SUL(2) x Uy (1) 22 U (1) . (2.2)

The spontaneous symmetry breaking process is formulated in terms of the dynamics

of the Higgs field. A potential that can give rise to such mechanism is

2 )
V(e) = 5o? + Jo". (2.3)

¢(+)
¢(0)

the electric charges of each Higgs component.® This potential can, in fact, undergo SSB

in which ¢? = ®'®d. & = ( ) is the Higgs SU(2) doublet and the superscripts reflect

2A spinor mass term represented by £ > myn) = mappihr + mipryyr is not allowed in chiral theories
(such as the one proposed by [Feynman and Gell-Mann, 1958]), since it explicitly mixes right- and left-
handed spinors.

3This is based on the Higgs coupling with the other SM fields, so that all interaction terms conserve
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if % < 0, as shown in Figure 2.1.
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Figure 2.1: Higgs potential (2.3).

Notice that a transition between the regimes of x? > 0 and p? < 0 is associated with

an evolution of the minimum of the potential - obtained by solving i‘; =0-at ¢ =0,

to the minima at ¢ = + —“72. Under this last vacuum configuration, the symmetries

of (2.1) are not realized anymore. Instead, they are reduced to (2.2), and we say that a

spontaneous symmetry breaking has occurred.

This non-trivial vacuum configuration is only possible because the Higgs is a scalar
field, associated with a spin-0 particle. One cannot attribute a non-zero VEV for fermions
or vector bosons because they possess non-trivial spin, which would imply in a breaking of
Lorentz symmetry (vacuum should be orthogonal to non-zero spin states). For the same
reason, we infer that the Higgs VEV ought to be represented by the neutral component of
the Higgs doublet, since the vacuum should be electric neutral. Therefore, we can propose

a general parametrization of the Higgs doublet in vacuum as

@:(8), (2.4)
2

where v ~ 246 GeV is the Higgs VEV. As mentioned earlier, the symmetry breaking
process is associated with the generation of fermion and vector boson masses. That can

be seen through their coupling with the Higgs after SSB.

electric charge.
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First, let us consider a generic lepton? generation coupled to the Higgs doublet (2.4).
!

The lepton SUL(2) doublet is L = YL , where [, and v} are the lepton’s and the
L

lepton neutrino’s left-handed components, respectively. The right-handed counterpart is
a SUL(2) singlet [p°. The interaction term with the Higgs can be written as [Schwartz,
2014

V2
= ml(ZLlR + ZRZL),

_ _ 0
Loy L®lg +hec =y (z?lL ZL) ( . ) Ir + h.c.
2.5
. (2.5)

my=Y—r,
l ylﬁ

where m; is the lepton’s mass and y; the lepton’s Yukawa coupling. Thus, a coupling with
the Higgs produces, after SSB, a lepton mass proportional to the Higgs VEV.

In the case of gauge bosons, we first start by writing the lagrangian for the gauge
fields’ kinetic terms and the Higgs sector:

Loaye 1o
L= (Wi = 1B+ (D,®) (D"®) + V(@) (2.6)
with W¢, = ,W¢ — 0,W — ge®WW¢ and B, = 6,B, — 0,B, being the SU(2) and
U(1) field strenghts, respectively. W¢ = W1, W2 W2 and B, are, respectively, the SU(2)
and U(1) gauge fields.

The generation of masses can be visualized by the definition of the Higgs covariant
derivative, D,®, appearing in the above lagrangian. The procedure of introducing inter-
actions in the SM involves localizing a gauge symmetry®, such as the ones of (2.1). After
this, in the interesting of keeping the lagrangian gauge invariant, one is forced to redefine
the derivatives in terms of a more general covariant derivative. Since the Higgs is charged
under both SUL(2) and Uy (1), its covariant derivative features the gauge fields of both

these symmetry groups:

i e a i
D,®=0,o— égWMa o — ég/BM(IJ . (2.7)
Here, g and ¢’ are the SU(2) and U(1) couplings, respectively. o® = o' 0% 0% are
the SU(2) generators, often called the Pauli matrices in the fundamental representa-
tion. Therefore, the kinetic term for the Higgs (D,®)"(D*®) = |D,®|?, using (2.4) and

4The generation of quark masses is still understood in terms of the Higgs mechanism but is a little
more involved due to the mass (CKM) mixing matrix [Schwartz, 2014]. For our purposes, we can focus
on leptons.

5Right-handed neutrinos have never been observed so they are not included in the SM.

5The gauge symmetry groups in (2.1) define a set of transformations that preserve said symmetry.
These transformations can be effectively described by a set of generators and parameters. Localizing the
symmetry means making these parameters space-time dependent.
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(2.7) reads [Schwartz, 2014]

2 LB, + W3 W!—iW?
Lo |D0f =g (0 1) (o T e
W) +iW? 2B, — W}

! 3 1 Trr2
x (g?ff“ +,W‘2‘ W _ZW’;> <O> (2.8)
Wu + ZWM %Bu — Wu 1
2”2 142 212 g 3 ?

These terms are quadratic in the gauge fields, so we can identify them as mass terms.
However, the masses must be diagonalized. This can be done under the set of field

redefinitions:

Z,, = cos HWWE — sin Oy B3

A, =sin QWVV;:’ + cos HWB,?: (2.9)
1
+ _ 1 1i2
W= S0V
where Oy is the Weinberg angle. With the fields (2.9) and the covariant derivative (2.8),

we can rewrite the lagrangian (2.6) as

1 1 1 1
Lo _ZF’i’ - ZZ?“’ + §m2ZZ“Zl, — 5((3qu —o,WH(0W, =W, )+ m%VWJW“*,
myz = J (% mw = g?) .
2cos Oy 2

(2.10)

Therefore, the above lagrangian tells us that, after SSB, the gauge bosons Z and W+ also
acquire masses proportional to the Higgs VEV. The one combination in (2.9) that does
not gain mass is precisely the electromagnetic photon A,,.

Thus, the Higgs mechanism provides a way of breaking the electroweak symmetry,
generating both the phenomenology of the weak interactions mediated by massive vector
bosons, and ordinary electromagnetism with the massless photon. Also, thorugh the
Yukawa couplings, the Higgs VEV also generates mass to the fermions of the SM. This
whole machinery has been well tested and supported experimentaly, especially with the
discovery of the Higgs at the LHC in 2012 [Aad et al., 2012].

2.2 The Higgs as the Inflaton

Keeping in mind the discussion of Chapter 1, the idea of promoting the Higgs boson

to the status of the inflaton is tempting, since it is the only scalar particle in the SM.
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Thus, it is not surprising that this hypothesis has been raised by several authors in the
recent past [Barbon and Espinosa, 2009, Bezrukov and Shaposhnikov, 2008, Burgess et al.,
2010]. Unfortunately, the potential (2.3) is poorly constrained by CMB measurements, as
it requires a value for the Higgs quartic coupling far too small A ~ 10713 to reproduce the
observed amplitude of the primordial power spectrum. Therefore, in 2008, Bezrukov and
Shaposhnikov proposed a new Higgs inflationary potential, which had the novel feature
of a non-minimal coupling between the Higgs and gravity |[Bezrukov and Shaposhnikov,
2008]. The action is then given by (1.17), where we now denote the Higgs scalar as h,

more commonly used in the literature:

S = Jd‘{m/—g [R — %aﬂha“h —V(h)|,

2
[y >‘4 L,
V(h) = 5n?+ Zh* + Z¢n’R
(h) 5 +4 +2§ ,

(2.11)

where ¢ is the non-minimal coupling parameter. The addition of the non-minimal term
considerably increases the difficulty in manipulating the dynamic equations related to such
potential. Therefore, it is customary in the literature to perform a change of variables,
both in the metric and in the scalar field, in order to simplify the analysis. With regard to

the metric g,,,, we employ a conformal transformation of the type [Faraoni et al., 1999]:

Juv — g,uzz = 92(55)9#1/ 5 (212)

with Q(z) being a spacetime-dependent conformal factor. The transformation (2.12)
corresponds to a local rescaling of spatial and temporal distances. The action (2.11),
which is a function of the original metric g, is referred to as the Jordan frame action,
whereas the action as a function of the conformally transformed metric g, is called the
Einstein frame action. Naturally, the metric determinant g and the Ricci scalar R are
going to change under the conformal transformation. Following the steps developed in
|Garcia-Bellido et al., 2009], under the transformation (2.12), the action (2.11) transforms

as

M2 +£h2 ~ _ 3 ~ ~ é hé“h Vj(h)
4 P 2 ~ UV 2 2
sJHSE:f””‘g{W[“?’Dm I VBV I = o -
(2.13)

We can conveniently choose the conformal factor in order to recover the usual Einstein-

Hilbert term. Thus, we make:
£’
DPh)=1+>%. 2.14
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Under this specific transformation, the action above reduces to

(M. 1[0+ 6e2h2 /M2 Vy(h
SE:Jd4x /_g{TPR_§|: 34 / P:|gM aﬂhayh—%}, (215)

where we have omitted the specific form of Q? to keep the expression cleaner. The last
step is getting rid of the non-minimal kinetic term for the scalar field. To this end, we

can perform a field redefinition:

dx \/92 +6€2h2/M3 |1+ &(1 + 6£)h2/ M3
hoxe g = Q - \/ (1+En2/MR)?2 (216)

As we will most generally investigate the scalar field dynamics during inflation in the
Einstein frame, we drop the tilde notation from now on. The action in the Einstein

frame, as a function of the new scalar field y, reads:

e = [ty=g | 22~ L - Vel

(2.17)

Ve(x) Vi(h(x)) -

Note that the action has recovered the usual minimal coupling of the scalar field with
gravity. The Einstein frame potential is obtained from the Jordan frame potential (2.11)
and the conformal factor Q?(h) = 1 + %, where the dependence in A must be changed
to a dependence in x according to (2.16). This can be done by direct integration, which

yields

VE . | | u
Ex(h) — /1 + 6 sinh ™ (4/1 + 6€u) — A/6€ sinh (\/&\/Tiu?) , (2.18)

where u = /EMp. We can work in the large coupling regime (which will be justified
later) and assume & » 1. Thus, 1 + 6 ~ 6¢, and we can use the identity sinh 'z =
In(xz + +/2% + 1) to approximate equation (2.18) to

x(h) = V6MpIn/1+ En2/ME = V6 MpIn Q, 2.19)
2.19
— %(y) = eViE

Therefore, the approximation £ » 1 allows us to express the conformal factor in terms
of the new field x in a very simple way. Hence, we can use (2.17) to write the Einstein

frame potential as

2 X 2 2 _x
Ve(x) = )\éf\f/[f [eVSP — (1 +§AU4—2123)} Vi (2.20)
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Since v « Mp we can approximate 1 + & AZ—QQ ~ 1 and effectively write the inflationary
P

potential as
M3

2 X 2
Vi = (1—6‘ P) . (2.21)

The potential (2.21) is valid for the region xy > 0, which is relevant for inflation”. This
form of the Higgs inflationary potential was first studied in [Bezrukov and Shaposhnikov,
2008] and is plotted in Figure 2.2. Notice that the flat region consistent with slow-roll

inflation is achieved for large field values.

Ux)
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Figure 2.2: The Higgs inflationary potential (2.21) [Bezrukov and Shaposhnikov, 2008|.

To quantitatively check weather this model can successfully achieve slow-roll inflation,
we develop the usual analysis in terms of the slow-roll parameters. Therefore, substituting

the potential and its derivatives into (1.26), we get

4
‘T3

A
- 3e2pt
3 2
4(2— eVins) AM2
N= " = —aris
3 A3ms _q 3¢N?

(V37 )2

(2.22)

The slow-roll conditions {e,n} « 1 translate to the field regime during inflation, which is
X » V6Mp, or, equivalently, h » Mp/+/E. As always, we can find the field value at the
end of inflation by making € ~ 1, corresponding to henq = (4/3)V*Mp/+/€ ~ 1.07TMp/+/€.

The inflationary e-fold number, which quantifies the expansion from horizon crossing of

"As discussed in [Garcia-Bellido et al., 2009], the conformal transformation is ill-defined for negative
field values.
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a given scale to the end of inflation, is given in terms of the potential according to (1.28):

o1V fdx\’ 3 h3 — h?
Ne=| - (5| dh~ >0 e 2.23
g hend MI% dV/dh (dh) 4 M]%/f ( )

The authors in [Bezrukov and Shaposhnikov, 2008] fixed the number of e-folds to
Ny = 62, which is associated with the horizon crossing of the largest scales probed by
the COBE satellite. Thus, by also having h.,; we can derive hy from the above integral
as being hy ~ 9.4Mp/+/. With the field value at horizon crossing, we can impose the
normalization condition for the amplitude of the primordial power spectrum. Hence,

importing the expression (1.35), we have:

Vi

= =247’ MpAg ~ (0.027Mp)* . (2.24)
€x

Recall that the subscript = refers to the horizon crossing moment. Solving for V, /e, in

terms of the h field, we get

v i
€. 16

* 2.25
3L ( )

T (0.027Mp)* |

where in the last equality we substituted (2.24). Inserting heng ~ (4/3)Y4*Mp//€ ~

1.07Mp/+/€ into (2.23) we get hg ~ 242, /2 which we can substitute back into (2.25)

to get

)\ Nk mg
~AlZ ~ 49000V \ = 49000 —— 2.26
§ 30.0272 VA Vou ' (2.26)

with my = +/2\v being used in the last equality. As the authors in [Bezrukov and

Shaposhnikov, 2008] noticed, concerning Higgs inflation, expression (2.26) relates the
non-minimal coupling parameter, which is necessary to reproduce a viable inflationary
expansion in the early Universe, to the Higgs mass, which is a well-measured parameter at
low energies. Using my ~ 125.35 GeV and v ~ 246 GeV, we get £ ~ 1.8 x 10*, supporting
our £ » 1 approximation. As far as the inflationary observables are concerned, we can
readily compute the spectral index ng = 1 — 6e, + 21, ~ 0.97 and the tensor-to-scalar
ratio r = 16e, ~ 0.0033, for N, = 60, corresponding to the scale k& = 0.002 Mpc™'. As
an initial result, the above potential does in fact satisfies CMB requirements, as shown in
Figures 2.3 and 2.4.

An objection that one might make regarding the suitability of the tree-level (classical)
potential (2.21) for inflation is weather quantum corrections would be important at such
high energies. In fact, the authors in [Bezrukov and Shaposhnikov, 2008] did consider

this possibility. Whatever radiative corrections may arise, it is important that they do
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Figure 2.3: Contour intervals for the WMAP allowed region for ng and r, assuming 50

and 60 e-folds [Bezrukov and Shaposhnikov, 2008|.
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Figure 2.4: 68% and 95% Planck confidence levels in the ng — r plane, as well as the
prediction for several inflationary models [Akrami et al., 2020].

not spoil the flatness of the potential during inflation, which would doom its success

in reproducing the observed values of the spectral index and the tensor-to-scalar ratio.

They also argue that the quantum corrections to the tree-level potential would come in

two qualitatively different types. First, one can think about quantum gravity corrections.

Those would be proportional to the energy density of the field, which is of the order

Py ~ Ve(x)/Mp ~ \/&%. For large € required by observations, those terms are suppressed.

Another kind of corrections are those induced by the coupling between the Higgs field and

the other SM degrees of freedom®. In the one-loop approximation, these terms have the

8The authors in [Bezrukov and Shaposhnikov, 2008] also discuss corrections arising from the running



34 CHAPTER 2. ASPECTS OF HIGGS INFLATION

general structure?:

AV (x) ~ 7?;1539 In m;g” , (2.27)

where m(y) is the mass of a given SM particle in the y—background and p is a renor-
malization scale - to be discussed in the next Chapter. The masses of those fields get
rescaled under the conformal transformation according to m(x) = m(x)/Q(x) ~ 1/V¢,
according to (2.14). Note that in the large-coupling regime (£ » 1), the contributions
in (2.27) become small and actually independent of y. However, it was pointed out in
[Barvinsky et al., 2008, that the true contributions of the corrected potential in the action
are accompanied by a factor of /=g = Q*(x)y/—g. This has the effect that, if the correc-
tions are computed in the Einstein frame, they are much weakly suppressed, proportional
to the logarithm of the conformal factor. This raises the question of what frame is the
most suited to compute the radiative corrections to the potential'®. In this sense, the
corrections can be computed according to prescription I (Einstein frame) or prescription
IT (Jordan frame) [Rodrigues et al., 2021]. It is argued in [Barvinsky et al., 2008| that
prescription I is the most natural choice in order to relate the inflationary dynamics to low
energy scales, since physical (atomic) clocks measure proper times that are related to the
original Jordan frame metric. Nevertheless, without an ultraviolet completion of the SM
coupled to gravity at hand, it is still difficult to judge from first principles which frame
is more appropriate to compute quantum effects. In any case, since the quantum correc-
tions during inflation ought to be small for the purpose of preserving the flatness of the
potential, we expect that the results do not depend strongly on the choice of prescription.
Although small, those radiative terms are useful to relate the inflationary requirements
of the model to the electroweak observables measured at low energies, as we will discuss

in the next Chapter.

of the non-minimal coupling £ but those turn out to be negligible during inflation as well.

9We will indeed discuss similar one-loop corrections in the next chapter.

10Since the theory is not conformally invariant, the renormalization procedure yields results that possess
a weak logarithm frame dependence.



Chapter 3
Non-Minimal Radiative Higgs Inflation

Having discussed the general non-minimal model of Higgs inflation in the previous
Chapter, we now focus on a particular modification of the inflationary potential, featuring
the inclusion of radiative corrections. In order to do that, we have to briefly discuss one of
the greatest achievements of theoretical physics in the 20th century, the quantum theory
of fields.

The development of quantum field theory (QFT) through the 1930s and 1940s was
marked by a constant battle with infinities in the evaluation of amplitudes of several
processes |Pais, 1986]. Those calculations, at higher orders in perturbation theory, were
plagued by integrals that diverge when the internal momenta are too high. The salvation
came when the pioneers of QFT admitted their ignorance: the theory should not be
presumably valid to arbitrarily high energies. This reasoning motivated the advent of
regularization schemes, such as the introduction of a cutoff in the calculation of divergent
integrals, allowing the infinities to be identified'. Then, the renormalization program was
able to remove such infinities by adding counterterms to the lagrangian, rendering the
theory finite and predictive. That was, of course, a major step in establishing QFT as

the framework for describing interactions among elementary particles.

3.1 The Effective Potential

One of the consequences of the renormalization procedure is that the constants of a
renormalized theory are not actually constants. In order to relate renormalized ampli-
tudes of processes occurring at different energy regimes, masses and coupling constants,
for example, must also depend on the energy scale. The equations that govern the be-
haviour of the - now called - running couplings are collectively called Renormalization
Group Equations (RGE) - see Section 3.4. Therefore, the Higgs potential showed in (2.3),

'Regularization schemes, such as Pauli-Villars regularization and dimensional regularization, allow
one to identify the divergent terms in the calculation of loop diagrams of Green functions [Pascual and
Tarrach, 1984].

35
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which depends on the couplings p and A, must receive extra terms coming from the renor-
malization procedure, which we call quantum (or radiative) corrections.

One way to include such terms is to work with the effective potential, which includes
in the tree-level (or zero-order) lagrangian quantum corrections up to a given order in per-
turbation theory. To leading order, the effective potential for a scalar field with potential

V(¢) reads [Zee, 2003|

V(o) = Vo) - 3 [ e () 3.1)

This is the Coleman-Weinberg potential [Coleman and Weinberg, 1973]. It encodes the
first quantum corrections, also called one-loop order, to the potential energy of the back-
ground field ¢, due to the emission and absorption of virtual particles [Sher, 1989|. The
integral in (3.1) is an example of a divergent integral, mentioned earlier. It turns out
that it has a quadratic and a logarithmic divergence when the integrated momenta go to

arbitrarily large values. Thus, we include two counterterms and integrate up to a cutoff

B LN dk (R V(9) > 4
Ver(9) = V(9) QJ (zﬂ)ﬂ < — k2 ) theECo (3.2)
s % Vo) 6417T2 V() In [%}(@] LB+ O

Hence, if V(¢) is at most a fourth order polynomial, V”(¢) and [V"(¢]? are, respectively,
quadratic and quartic in ¢, meaning that they are precisely canceled by the two coun-
terterms. Therefore, we work with the massless scalar potential (2.3), given that, at the
inflationary regime of interest, at high field values h » v, we can safely ignore the mass

term. Thus, substituting V' (¢) = %QS‘L in the above expression, yields

_ /\ 4 3A2 2 3>\2 4 ¥ 2 4
‘/;3 (¢) = Z¢ +W>\¢ +W¢ In F +B(b +C¢ . (33)

Note that the second and third terms precisely contain the quadratic and logarithmic
divergence when A is taken to infinity. They can be removed by carefully fixing the coef-

ficients B and C, which amounts to imposing renormalization conditions on the effective

potential. In the original massless potential, V (¢) = %gb‘*, we had %\¢=0 = 0. In order

to keep with a (renormalized) massless theory, we have to impose %M,:O = 0. This

fixes the first constant B = —;’2/;22)\. Accordingly, in the classical potential, the quartic
‘fl% = 6. However, since d;‘;z“

at ¢ = 0. Thus, we set the second renormalization condition at an arbitrary high-energy

coupling is given by depends on In ¢, we cannot evaluate it
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scale p, as 4 d(‘;zﬂ é—n = 6A(1), where \(p) is the renormalized quartic coupling, given by
d*Vg 9\2 A? TH\?

=6 — | +24C = 6A 3.4

d¢t lo—u 1672 n(;ﬂ) T 39 (1) (3.4)

From (3.4), we can read off the second counterterm as C' = 1[A(u) — A] +
1%\;2 [ <—§> ] Substituting B and C' back into (3.3) we obtain

Vo) = 1+ o (2) - 2 (35

Ty 12872 112 '

where the quartic coupling is now renormalized at a given scale A\(x). We also highlight
that, as expected, the effective potential has lost its dependence on the cutoff A.

Although it seems that the effective potential has a dependence on the scale u, we
can absorb it in the renormalized coupling A(u). Therefore, if we had chosen a different
renormalization scale 1/, we would have obtained the same potential with a new coupling
A(1). In fact, we can express the variation of the coupling with the scale by demanding
that pLet e‘“f = 0, which gives |Zee, 2003|

dA\(p) _ 3N (n)

p = T = ). (3.6)

with ) being the quartic coupling’s beta-function, which measures the variation of the

coupling with the renormalization scale Substituting ) back into (3.5) and performing

the field redefinition ln(Z—z) — In% — 2 to remove the constant terms in the logarithm,
we get
A B h
wi(h) = Sht+ =2htIn [ — | . .
Vest () 1 + L v in (M) (3.7)

The potential (3.7) was derived by considering a simple scalar field. In the context
of the Higgs in the SM, one has to account for the coupling of the Higgs with other
particle species, which makes the renormalization procedure somewhat more involved.
Nonetheless, the resulting effective potential recovers the general structure of (3.5), with
the effective coupling A(x) encoding the contributions from the relevant running couplings
of the electroweak model [Sher, 1989]. Also, it is mentioned in [Rodrigues et al., 2021]
and references therein, that the Higgs quartic coupling and its beta-function holds only a
weak dependence on the renormalization scale p at high energies. Thus, we can use the

expression (3.7) as an approximation for the Higgs effective potential:

A h
%ﬁ”(h) X Zh (1 +a ln E) s (38)
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where Mp is the high energy scale around which the approximation (3.8) is valid. An

=5
=&,

tree-level potential. Therefore, the above expression can be interpreted as a generaliza-

important parameter in our analysis is a’ since it quantifies the deviation from the

tion of the quartic potential used in the non-minimal model of (2.11), where radiative

corrections, computed in the Jordan frame, are included.

3.2 Slow-Roll Analysis

As usual in non-minimal models of inflation, we apply the set of transformations (2.12)
and (2.16) in order to check the suitability of the potential (3.9) as a model for single-field

slow-roll inflation. Therefore, the effective potential in the Einstein frame reads

2
Verr(x) ~ Aig‘i’ (1 = e—ﬂﬁ;) <1 +d ln\/W> . (3.9)

In a similar fashion to what was done in the last Chapter with the standard non-

minimal Higgs inflation, we can compute the spectral index and tensor to scalar ratio for
the potential (3.9) according to the expressions showed in (1.35). As always, note that the
slow-roll parameters are evaluated at the horizon crossing moment which is determined
once the number of e-folds during inflation is specified. Extending the results of [Rodrigues
et al., 2021], we perform the calculation for N, = 50,55,60. The results are presented in
Figure (3.1).

The curves represent a range of the radiative parameter from —0.1 (lower limit) to
1.0 (upper limit)?, for each number of e-folds. Note that there is a significant dependence
of the inflationary predictions with the amount of expansion during inflation, achieving
compatibility with the Planck result®>. We will indeed perform a more detailed analysis
for a wider range of e-folds in the next Section. It is also important to mention that the
results obtained for the prediction of inflationary parameters are highly independent of

the parameter &, once the strong-coupling regime is assumed.

3.3 Varying e-fold Number and Reheating Analysis

The number of e-folds during inflation is not a free parameter entirely, as it is tied
to the subsequent evolution of the Universe, given its association with the horizon exit
of relevant cosmological scales. As mentioned in Chapter 1, the relevant scales probed

by Planck seem to correspond to an interval of 50-60 e-folds, which guides our range of

2The values of a’ varying between [-0.010, 0.053], [-0.020, 0.036] and [-0.027, 0.023], corresponding to
N = 50, 55 and 60, respectively, are in agreement with the 95% C.L. Planck result [Aghanim et al.,
2020a].

3This agreement relies on the slow-roll approximations for the inflationary parameters and the phe-
nomenological power-law expansion of the primordial power spectrum.
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Figure 3.1: n, vs. r for N, = 50,55 & 60. The points in each curve indicate the parameters
for a null resultant of the radiative corrections (a’ = 0). The blue areas show the favored
regions by Planck 2018, with 68% and 95% confidence level (Planck TT, TE, EE + lowE
+ lensing + BK15 + BAO data set) [Aghanim et al., 2020a, Rodrigues et al., 2023|.

exploration of the parameter Ny, associated with the horizon exit of the chosen pivot scale
k= 0.05 Mpc™.

In order to constrain the model with cosmological data, we develop the method-
ology exploited in [Rodrigues et al., 2021], which was also used in [Rodrigues et al.,
2023]. Thus, we consider the standard values for most of the cosmological parameters,
namely, the the physical baryon density, ws, the physical cold dark matter density, w,,
the optical depth, 7, and the angular diameter distance at decoupling, 6. However, we
do not consider the usual parametrization of the primordial power spectrum, in terms of
the amplitude of scalar perturbations, Ag, and the spectral index, ng, even though, as
we have seen in Chapter 1, they are closely related to the inflationary potential in the
slow-roll approximation. Instead, we modify the Boltzmann solver Code for Anisotropies
in the Microwave Background (CAMB), according to the specifications of ModeCode,
which allows the computation of the primordial power spectrum directly in terms of the
inflationary potential, without needing to resort to the power-law parametrization. This
has the advantage of replacing the usual cosmological parameters Ag and ng with the
parameters of the potential ¢ and a’, where the latter is free to vary®.

In addition, we perform a MCMC analysis to estimate the parameters of the model

4Since the results are highly independent of £ once the strong-coupling regime is assumed, we choose
& = 1000 for the numerical calculation.
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with the CosmoMC package and a combination of early- and late-time data®. Since we are
interested in relating our results with the electroweak scale via an estimation of the top
quark mass (see Section 3.4), the main focus of our analysis is in the radiative parameter
a’. Note that the potential (3.9) is dependent on the parameters A, £ and a’. Therefore,
we can use the expression for the measured amplitude of primordial perturbations (1.35)
as a constraint equation in order to express A({,a’). Thus, by fixing the non-minimal
coupling parameter, our analysis returns an unique value for a’. Figure (3.2) shows the
derived constraints on the most significant parameters of our analysis for N, in the 50 —60

range. In order to narrow our range of exploration of the parameter N, we can perform

a 70.02 Hy 08
Nj.=50 0.179+ 0.072 | 0.032 £ 0.013 | 68.82 + 0.38 | 0.841 4+ 0.005
Np=52 0.040 + 0.015 | 0.007 +0.002 | 68.31 +0.41 | 0.835 4+ 0.005
Ni=54 0.011 + 0.014 | 0.004 4+ 0.001 | 67.71 +£0.45 | 0.817 4+ 0.003
Ni=54.5 | 0.009 + 0.013 | 0.004 + 0.001 | 67.68 + 0.43 | 0.811 + 0.003
N =55 0.010 + 0.013 | 0.004 4+ 0.001 | 67.71 +0.44 | 0.804 4+ 0.003
N =56 0.022 + 0.015 | 0.005 + 0.001 | 67.94 + 0.45 | 0.793 4+ 0.003
Nj, =58 0.283 £ 0.169 | 0.044 £+ 0.019 | 68.37 £ 0.39 | 0.779 4+ 0.004
N;.=60 0.243 + 0.088 | 0.042 £+ 0.015 | 68.46 + 0.38 | 0.766 4+ 0.005

Figure 3.2: Constraints for fixed Ny at 68% C.L. using the Planck TT,TE, EE + lowE +
lensing + BICEP2/Keck + BAO + Pantheon combination [Rodrigues et al., 2023|.

a general reheating analysis with the tools we developed in Section 1.1.3. At first, we can
analytically explore the behavior of the potential (3.9) at different field values, obtained
when the inflaton evolves from deep in the inflationary epoch into the reheating stage.
To this end, we closely follow the steps developed in [Bezrukov et al., 2009]. First, note
that for field values x < x. ~ Mp, immediately after the end of inflation, we can expand
the exponentials in (3.9) according to: e\/gﬁ ~ 1+ \/g MLP Under this approximation,

/ 2X2
2+ S (22X )]
X[U“%M]%

Therefore, apart from a small logarithmic correction proportional to the radiative

we can rewrite the potential as

AM2

(3.10)

parameter, the potential is approximately quadratic right at the end of the inflationary
regime. As discussed in Section 1.1.3, this is characteristic of the preheating stage, where
strong coherent oscillations of the inflaton condensate are expected to happen. Also, we

previously pointed out that a polynomial potential of the type V' (x)ocx” is associated with
n—2

w5+ Thus, the quasi-quadratic potential

an effective equation of state parameter w =

®We use the CMB Planck (2018) likelihood [Aghanim et al., 2020b], using Plik temperature power
spectrum, TT, and HFI polarization EE likelihood at ¢ < 29; BICEP2 and Keck Array experiments
B-mode polarization data [Ade et al., 2018]; BAO measurements from 6dFGS [Beutler et al., 2011],
SDSS-MGS [Ross et al., 2015], and BOSS DR12 [Alam et al., 2017] surveys, and the Pantheon sample of
Type Ta supernovae [Scolnic et al., 2018].
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after expansion induces an expansion of the cosmos as if it is dominated by a matter-like
fluid. Let us assign to this initial state a duration of N; e-folds, with equation of state
parameter wy ~ 0.

To proceed for smaller field values, note that the transformation law between the scalar
fields in the Jordan and Einstein frames, (2.16), can be rewritten in the large-coupling

approximation (£ » 1) as

d |1t 6821 1+ 2 3.1)
SR Y S— 3.11
dh N\ (1+ E1z)? (1+ 4 ,’;j )2
where we have defined h,, = \/g % For h > h,,, we recover the x(h) expression of (2.19)

by direct integration of (3.11). For h < h,., we obtain the simple relation dy/dh ~

which implies that h ~ y and we can use (2.17) to write

(3.12)

In the last step, we again used the h < h.. and h ~ x approximations. Note that the
potential becomes approximately fourth-order in the field y, associated with a Universe
expansion dominated by a radiation-like fluid component. To this later stage, we assign
a duration of Ny e-folds with equation of state parameter wy ~ 1/3.

Therefore, we can summarize the different behaviors for the potential for distinct field

regimes according to:

( 2
4 /2 x 2 X
%(l—e \/;MP) <1+a’ln\/%€ 3MP_%>7 X > Xe

~ )\M a 2 .
Vehd) ~ 3 e X [1 + T n (%A’;—%ﬂ ; X <X <xe (313)
, 2
ZX4|:1+%IH<MLP>:|, X < Xer s
where x. ~ Mp and Y. = 3 & Again, we assign to each regime of the potential an
effective equation of state parameter of w;,y = —1, wy ~ 0 and wy ~ 1/3.

Thus, we have the picture of a reheating stage divided into a matter- and radiation-like
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expansion periods. Therefore, we have to slightly modify the matching equation (1.44)
in order to replace the unknown global reheating equation of state parameter w,., with
the known w; = 0 and wy = 1/3. To this end, we follow the procedure outlined in [Gong
et al., 2015|. The splitting of the number of e-folds during reheating into N,ep, = Ny + N
has the effect of modifying the expression (1.38) according to:

k QegH, Hk
1 =—N,— N — Ny — N, In [ -4 1 : 3.14
! <a0H0> eo T e e n( aoHo ) o (He) (314
Analogously to what was done in Section 1.1.3, the e-fold numbers for the first and second
reheating stage can be expressed as N, = mm <%> and Ny = Mm (pil)’

where p., is the energy density of the cosmic fluid at the transition time between matter
and radiation dominance during reheating, associated with the field value x... We can

further manipulate N, to find an useful expression:

1
N, = In ( Per )
3(]— + w2) Preh
1
- In < Per pe"d> (3.15)

3(1 + w2) Pend Preh
1
_ |:1n < Per ) + ln (pend)] ‘
Therefore, the combination —N; — Ny appearing in (3.14) can be rewritten as
1 cr 1 cr en
N = Ny = ln(p )— lm(p )—I—ln(p d)]
3<1 + wl) Pend 3<1 + w2) Pend Preh (3 16)
e ) e ()
= — In — In .
3(1+w)  3(1+4 ws) Pend 3(1 4+ wo) Dreh

Note that the last term in (3.16) is precisely the definition of N,., in (1.39) with w;.ep
replaced by ws. Hence, if we substitute (3.16) into (3.14) we arrive at

k Qe H Hk
1 = — N, — N, — N 1 L 1
! (CLOHO) ‘ h‘“’Z R ¥ n( agHy ) i (Heq>
1 1 Per
+ — 1 )
l3<1+w1> 3<1+w2>] (,,)

This last expression is exactly the matching equation (1.38) with w,., — ws and an

(3.17)

additional term. We can perform the same steps of Section 1.1.3 to derive the analog of
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equation (1.44):

—1 + 3w, v 1 1 Der
Ny=——"N,p—In|[ =% | +61.55+ — 1
F 4 h t ( Hk 3(1 + wl) 3(1 + U)Q) t Pend

1 — 3w, Pren v 1 1 Per
- 1 “In | - ) +61.55 + - 1 ,
12(1 + wy) (pend) " ( , 31+ wi) 301 +ws) |\ pena

(3.18)

Preh
Now, substituting the equation of state parameters w; = 0 and wy = 1/3, and using

Ny =1ln ('%f), we finally arrive at

=3
1 VYA
Ny=—-N;—In (%) +61.55 . (3.19)

where in the last equality we used N,., = m In (”—”d>

4 Vil(@)/

We have also used the background equation to approximate Hj ~ \/m, valid at the
horizon crossing moment during inflation, and we highlight the a’ dependence of the po-
tential.

Let us now pause for a moment to interpret this last result. Based on the behav-
ior of the scalar field potential at different field regimes, we have effectively exchanged
the unknown expansion of the Universe during reheating to an initial matter-dominated
expansion, parameterized by the e-fold number N;. The price to pay is that the later
radiation-dominated stage of reheating gets confused with the actual onset of the Hot Big
Bang evolution, which is also dominated by radiation. For our purposes of constraining
the number of e-folds during inflation, this distinction will turn out to be harmless.

Thus, although the details of the physical processes that took place during the reheat-
ing epoch are highly obscure, one can attempt to constrain this period observationally.
With equation (3.19), we can relate the inflationary e-fold number probed in our analysis
with the duration of the initial matter-dominated reheating stage, quantified by N;. A
plot of (3.19), with each value of @’ coming from a Monte Carlo Markov Chain (MCMC)
analysis, is made in Figure (3.3).

Note that for a number of e-folds during inflation of ~ 56 or greater, N; would have
to be negative in order to satisfy the matching condition (3.19), implying in a contrac-
tion of the Universe during the initial matter-dominated period of reheating. Therefore,
we regard those values as non-physical. Hence, in the context of the non-minimal Higgs
inflation scenario, we infer a maximum number of inflationary e-folds that results in an
instantaneous transition to the radiation-dominated expansion. According to Table 1,
N, = 56 is associated with a radiative parameter of approximately a’ = 0.022 + 0.015.

We will explore further consequences of this value of the inflationary e-fold number in the
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+ 0.179

50 52 54 55 56 58 60
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Figure 3.3: Ni vs. N; for each inflationary number of e-folds taken into consideration.
N is given by the matching equation (3.19), with ¢’ coming from the MCMC analysis
(highlighted beside each point). Through a linear regression between the points (solid blue
line), we estimate a maximum number Ny, - where the transition to a radiation-dominated
Universe happens instantaneously [Rodrigues et al., 2023].

following Sections.

3.4 Constraints on the Top Quark mass

We are now in position to link our results to the electroweak scale. This can be
interpreted as a consistency test for the inflationary constraints on the Higgs potential,
namely on the radiative parameter a’. The chosen quantity for comparison will be the top
quark pole mass, due to the inherent uncertainties in its Monte Carlo mass reconstruction
[Butenschoen et al., 2016|. Then, we can compare our assessment with the latest inferred
values from low-energy physics.

Our method’s main tool will be the Renormalization Group Equations [Sher, 1989].
As briefly discussed in the beginning of this Chapter, those equations are intrinsically
connected with the non-dependence of physical quantities with energy scales, which, in
turn, make the parameters of a given theory - such as masses and coupling constants -
functions of energy. We can start our quantitative analysis by considering a generalization

of the potential (3.5), where the Higgs effective potential now depends on several other
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couplings \; as well as on the renormalization scale: Vg(h, \;, ). Thus, applying the

chain rule to ud(‘i/—sz = 0, we get

0 0 0
— 4+ fBi=— —y=— | Vs =0, 3.20
<“aﬂ +ﬁa/\i Wah) ff (3.20)
where (; = u% are the f-functions for the relevant coupling constants and ~ = —%%

the Higgs field anomalous dimension.

The set of partial differential coupled equations (3.20) determine the flow of the pa-
rameters of the potential Vs as a function of the renormalization scale p, according to
the symmetries and particle content of the theory. For the SM, we are particularly inter-
ested in the flow of the Higgs quartic coupling A, the top quark Yukawa coupling v, the
electroweak g and ¢’ gauge couplings and the strong gs gauge coupling®. Naturally, a set
of differential equations for the relevant parameters require a set of contour conditions.
Following the standard approach, we fix the gauge couplings ¢ and ¢’ to its central values
at the electroweak scale. Therefore, according to [Zyla et al., 2020|, we obtain their values

in the MS renormalization scheme as being:

g(1 = my) = VATae, sin? 0y = 0.651784
g (1 =mg) = A/ 4T Qe cos? Oy = 0.35744 |

with ae, = 1/137 being the electromagnetic fine-structure constant. As for A, y;, and

(3.21)

gs, higher order threshold corrections are needed at the weak scale, given the magnitude
of QCD and top Yukawa interactions |[Rodrigues et al., 2021|. We can make use of the

interpolating formulas obtained in [Buttazzo et al., 2013]:

A = my) = 0.12604 + 0.00206 (% - 125.15) ~ 0.00004 (é’g/ - 173.34)
my myg
ye(i = my) = 0.93690 + 0.00556 <Ge\/ — 173.34) — 0.00042 (@ _ 125.15) (3.22)
—0.1184
g5t = my) = 1.1666 + 0.003140‘5(mg)()00(7) S 0.00046 (ég/ - 173.34) ,

where ag is the MS strong coupling”.

With the current global fit of the electroweak precision data as contour conditions and
the two-loop [-functions (Appendix A of [Rodrigues et al., 2021]), we can solve the set of
RGEs. Note that the Higgs and top quark pole masses appear as input parameters of the

contour conditions. For the Higgs boson, we opt to fix its pole mass to the central value

6In principle, we would also need to include the flow of the non-minimal parameter £. However, as
was the case for the slow-roll analysis, our main results will only show a mild dependence to a specific
value of &, once the large-coupling regime is assumed. Nevertheless, we will specify the value of £ when
needed.

"Per |Zyla et al., 2020], we set its central value to a.g = 0.1179 £ 0.0010.
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obtained in [Zyla et al., 2020] of mpy = 125.10 + 0.14 GeV. On the other hand, we leave
the top quark pole mass as a free parameter, which shall be determined based on our
cosmological estimation of the radiative parameter a’. Our analysis proceeds as follows.
Note that, once we have solved the RGE for a given value of m;, we will have the values
at = Mp of both A and f3,. Since, per definition, a’ = /A, we can tune the top quark
mass m; in order to obtain 5\(Mp) and A(Mp) which, in turn, yields an a’ parameter
consistent with the values given in the cosmological MCMC analysis - see Table (3.2).
In [Rodrigues et al., 2021], the authors performed a thorough investigation for Ny = 55,
where the main results are plotted in Figure (3.4). In this occasion, it was found that,
in order to reproduce the value of a/(Mp) consistent with the MCMC analysis, one must
impose and upper limit of m; < 170.222 GeV in the solution of the RGEs.
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Figure 3.4: Posterior distribution of the MCMC analysis developed in [Rodrigues et al.,
2021] for N, = 55. Note that the constraints on the cosmological parameters overlap for
each value of the non-minimal coupling &.

In our work [Rodrigues et al., 2023|, we had the opportunity to perform a similar
investigation for a wider range of the inflationary e-fold number, while keeping in mind
the upper limit of N, ~ 56, derived from the reheating considerations. In this case,
where the transition to the radiation dominated epoch happens instantaneously, we find
m; < 170.44 GeV, in order to reproduce the a’ value cited earlier.

The comparison with electroweak measurements is based on two distinct methodolo-

gies. One class of constraints on the top quark mass are obtained from the kinematic
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reconstruction of ¢t events, where m; is employed in a Monte-Carlo generator in order to
fit the data [Abazov et al., 2004, Abe et al., 1994]. From [Workman and Others, 2022],
the average value for the top quark mass is set to m; = 172.69 + 0.30 GeV, obtained
from LHC and Tevatron data. If contrasted with the limit on m; from our cosmological
analysis, this represents a significant discrepancy of ~ 7.50.

Instead, one may consider the inference of the top quark pole mass on measurements
of the cross-section of the top quark production, since the theoretical computation of
o(tt) is explicitly performed in a particular renormalization scheme (e.g., MS) [Langen-
feld et al., 2009]. In this case, the average value, obtained from the Tevatron and LHC
runs, is my; = 172.5 £ 0.7 GeV [Workman and Others, 2022|, lowering the discrepancy
with our cosmological estimate to ~ 30. More recently, the CMS collaboration reported
m; = 170.5 £ 0.8 GeV, obtained from the differential cross-section of top production
[Sirunyan et al., 2020]. Such result perfectly agrees with the results of our cosmological

analysis of Higgs Inflation.

3.5 Breaking the H; — og Correlation

In Chapter 1, we highlighted some ongoing tensions involving important parameters of
ACDM Cosmology, in light of distinct early- and late-time cosmological surveys. Perhaps
the most important discrepancy between observational results is the disagreement on the
Hubble parameter Hj inferred from the CMB anisotropies and its measured value from
SNIa redshift-distance relation. Also, the clustering parameter on the 8h~! Mpc scale,
s, based on lensing estimation by the Kilo-Degree Survey (KiDS-1000) is currently con-
strained to og = 0.7661595] [Asgari et al., 2021], which is higher than expected from CMB
measurements. In addition to the two tensions, these parameters are also correlated, as
discussed in Section 1.2.1. Thus, by increasing the CMB inferred value for Hy, for the
sake of lowering the tension with local measurements, we end up increasing the estimation
for og, worsening its agreement with local data.

We can ask ourselves how the Hubble constant and the clustering parameter are re-
produced in our analysis as a function of the inflationary e-fold number. The posterior
distributions are shown in Figure 3.5.

Note from the figure and Table 3.2 that both Hy and og decrease from N, = 50 until
the turning point at N, = 54.5. However, from that e-fold number up to N, = 60, og
continues to show smaller values while Hy increases. Thus, for N, > 54.5, the model
breaks the correlation between the Hubble constant and the clustering parameter, as
also shown in Figure 3.5. In particular, for our limiting case of N, = 56, correspond-
ing to an instantaneous transition to the radiation-dominated epoch, the analysis returns
Hy = 67.94 + 0.45 Km s~ Mpc ™!, reducing the Hubble constant tension to ~ 3¢ from

SNIa measurements |Riess et al., 2022|. Also, the constrained value for the clustering
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Figure 3.5: Confidence levels and posterior distributions for the Hy and og parameters
using the joint data set CMB Planck (2018) + BICEP2 and Keck Array + BAO +
Pantheon SNe Ia sample and considering several values of N, [Rodrigues et al., 2023].

parameter is at og = 0.793 £+ 0.003, which is in full agreement with KiDS-1000 results
[Asgari et al., 2021].



Chapter 4
Conclusions

We started our discussion in Chapter 1 with several aspects of the standard description
of Cosmology, based on the General Theory of Relativity and the Cosmological Principle.
We have seen that the Hot Big Bang model, formulated in terms of a FLRW spacetime,
does not provide a satisfactory explanation for the near homogeneity of large-scale struc-
ture, as well as its superhorizon correlations, primarily manifested in the temperature
distribution of the CMB. Thus, one is motivated to postulate an initial period of expan-
sion where the comoving Hubble horizon decreases, so that scales that are apparently out
of causal contact now could have in fact communicated with one another early on. This
conjecture, called Cosmological Inflation, dynamically explains most of the shortcomings
of the Big Bang model and has received continuous observational support in the last
decades. We then proceeded to discuss the transition from the inflationary period to the
Hot Big Bang, the reheating stage. Although the details of this period are difficult to
probe observationally, one can attempt to provide a macroscopic description, based on
the reheating number of e-folds, which is related to the duration of inflation and to other
benchmark epochs of cosmic evolution through the matching equation and its variations.
At last, we focused on the current concordance model of Cosmology, the ACDM. It was
formulated in the late 1990s and early 2000s, as the result of high-precision measurements
that further supported the existence of cold dark matter and provided solid evidence for
a dark energy component. Currently, this successful paradigm has been facing the ob-
servational challenge of reconciling independent measurements of some of its parameters,
namely the Hubble constant Hy and the clustering of matter os.

In Chapter 2 we delved deeper into the realm of Particle Physics, in order to discuss
some well established aspects of our inflaton candidate, the Higgs boson. First, we dis-
cussed the role of the Higgs in the Standard Model, primarily in the Higgs mechanism of
electroweak symmetry breaking and generation of masses for fermions and massive gauge
bosons. Then, we analysed a popular inflationary model of the late 2000s in which the
Higgs is non-minimally coupled to gravity. We performed the slow-roll analysis of the

Einstein frame potential and showed that it provides great agreement with latest CMB

49
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data.

Finally, Chapter 3 is concerned with our work developed in [Rodrigues et al., 2023|.
There, we extend the model of non-minimal Higgs inflation with the inclusion of radiative
corrections. In order to account for quantum effects, we work with the one-loop effective
potential, where the first corrections due to absorption and emission of virtual particles
are included in the scalar field potential energy. We proceed with the usual treatment
of non-minimal inflationary models, with the computation of slow-roll parameters in the
Einstein frame. As an initial analysis, we checked that the potential satisfies the CMB
requirements for the scalar spectral index ng and tensor-to-scalar ratio r, for small ranges
of the radiative parameter a’ and N, = 50,55,60. In order to more carefully assess the
effects of varying the inflationary number of e-folds, we perform a cosmological MCMC
analysis with a modified spectrum of primordial perturbations, where, instead of the usual
parametrization in terms of Ag and ng, we use directly the inflationary potential as an
input, in order to solve the system of Boltzmann equations. This allows us to constrain
the parameters of the potential, mainly, the radiative parameter o', for each Ny. Then, we
focused on the reheating stage, in order to further constrain our proposed inflationary e-
fold number interval. As expected for successful slow-roll inflation, the subsequent stages
of evolution, during reheating, are dominated by a potential approximately quadratic
and, afterwards, quartic in the scalar field, which reproduces a matter- and radiation-like
dominated expansion, respectively. Thus, by relating the number of e-folds of inflation
to the e-folds of reheating through the matching equation, we obtained an upper limit of
Ny, ~ 56, in order to have, at most, an instantaneous transition to the radiation-dominated
epoch.

The main result of our work is twofold. First, we opted to develop a consistency check
of the Higgs inflation scenario by relating our cosmological constraints on the radiative
parameter a’, to the electroweak scale, namely, by estimating the top quark mass. To
this end, we solved the Renormalization Group Equations for different values of my, in
order to obtain A and [, near the Planck scale, which could be readily related to a’. For
N, = 56, we found m; < 170.44 GeV. This estimate can be compared with the latest
results from electroweak measurements. Assuming the analysis of ¢f events from the LHC
and Tevatron team, one finds m; = 172.69 £+ 0.30 GeV, representing a 7.50 discrepancy
with our result. Instead, one can consider the computation of the cross-section of top
quark production, yielding m; = 172.5+ 0.7 GeV from LHC and Tevatron runs - lowering
the tension to ~ 30 - and m; = 170.5 + 0.8 GeV from the CMS collaboration - which
agrees with our cosmological estimation. Second, the MCMC analysis with current cos-
mological data reported a breaking of the Hy — og correlation for the inflationary e-fold
number larger than 54.5. For the instantaneous transition to the radiation-dominated
epoch, which corresponds to fixing N = 56, the Hj tension is slightly reduced to ~ 3o,

while the clustering parameter is constrained at og = 0.793 + 0.003, consistent with the
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latest weak gravitational lensing measurements.

Therefore, based on the latest particle physics phenomenology results, one cannot
completely rule out the Higgs inflation scenario, as new data from collider experiments
are needed in order to better constrain this hypothesis. Also, the capability of the model
to alleviate ongoing cosmological tensions makes it interesting from the observational
point of view. We hope that novel theoretical and experimental insights in the fields of
Cosmology and Particle Physics come to light in the near future, in an effort to better

investigate the Higgs inflation conjecture and alternatives thereof.
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