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ABSTRACT

Despite the tremendous success of the Standard Model (SM), it needs to be
extended to explain the origin of cosmological inflation, dark matter (DM) and neutrino
masses. We consider gauged U(1) x extended SM, where in addition to the SM particles,
the model includes a U(1) x scalar, Z" gauge boson, and three generations of right-handed
neutrinos (RHNs), where the U(1)y charges of all the particles are defined by a single free
parameter xg. In this model context, we discuss the complementarity between the
cosmological inflation, the DM physics, and new physics searches at the Large Hadron
Colliders (LHC). With the identification of the U(1)x scalar as an inflaton field, we
consider the cosmological inflation scenario. For an effective inflaton potential to develop
an inflection-point with predictions consistent with cosmological observations, the mass
ratios among the Z’ boson, the RHNs, and the inflaton are fixed. Requiring the
inflationary prediction to be consistent with the current cosmological observation and
collider experimental results, we show that our scenario can be tested at the future collider
experiments such as the High Luminosity-LHC and the SHiP experiment. We also consider
SU(5)xU(1) x scenario, where the SU(5) grand unification of the SM quarks and leptons is
realized for vy = —4/5. Hence, the U(1)x charge is quantized in this scenario. With an
additional global Zy symmetry, one RHN, which is Zy odd particles, serves as the DM in
the universe. We investigate the Z’-portal RHN DM scenario and find that the constraints
from the DM relic abundance and the search results for a Z’ boson resonance at the LHC
Run-2 are complementary to narrow down the allowed parameter region, which will be

fully covered by the future LHC experiments for the Z’ boson mass < 5 TeV.
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CHAPTER 1

INTRODUCTION

In theoretical particle physics, the construction of any particle physics model is
based on the gauge principle, which requires the invariance of the Lagrangian under gauge
transformations. This invariance of the Lagrangian necessitates the introduction of gauge
fields which mediate the interactions between various elementary particles. The
mathematical framework that neatly encapsulates our current understanding of the
observed elementary particles in nature and their interactions is known as the Standard
Model (SM) of particle physics. The SM is based on the gauge group
SU(3).xSU(2)xU(1)y, where the SM gauge interactions are mediated by gauge bosons,
namely, gluons, W* bosons, Z boson and photon. All the remaining fields (quarks, leptons,
and Higgs fields) in the SM are then classified by their representation under the gauge
group (see, for example, Refs. [1] and [2]). The predictions of the SM has been rigorously
tested and confirmed by numerous experiments [3].

Despite the tremendous success of the SM in explaining most of the phenomena
currently observed in nature, there are some experimental observational results that are
completely unaccounted for in the SM, such as, the origin of cosmological inflation, the
existence of dark matter (DM), and the neutrino masses and flavor mixings. Hence, it is
quite clear that the SM is not the whole story and needs to be extended. The motivation of
my dissertation research is to address these unresolved issues of the SM by considering an
extension of the SM with new physics beyond the SM which can be tested at future collider

experiments and cosmological observations.



Cosmological inflation is the standard paradigm in modern cosmology, according to
which the universe experienced a period of accelerated expansion in the very early phase of
its evolution (see Refs. [4, b, 6] for a review). Successful inflation solves two major
problems with the Standard Big Bang Cosmology (SBBC), namely, the flatness/fine-tuning
problem and the horizon problem. According to various cosmological observations, the
universe at the current epoch has very flat spatial curvature. However, this requires that
the universe at very early epoch should be very finely tuned to be flat. This is known as
the flatness/fine-tuning problem. On the other hand, the Wilkinson Microwave Anisotropy
Probe (WMAP) [7] and the Planck satellite observations [8] of Cosmic Microwave
Background indicate the universe was very homogenieous and isotropic at the large scale.
However, to explain these observational results within the SBBC framework requires
violation of causaility. This is the so-called horizon problem. During the inflationary
epoch, the accelerated expansion of the universe dilutes any non-zero spatial curvature that
was present before the inflationary epoch. At the same time, the accelerated expansion due
to the inflation evolves a single causal region in the very early universe into the whole
universe currently observed. The tiny inhomogeneities of the energy density in the early
universe are crucial to seed the formation of large scale structure of the present universe
such as the galaxies and galaxy clusters. Cosmological inflation can also naturally generate
such inhomogeneities which are stretched over large cosmological scale during the inflation.
A simple inflationary scenario is so-called slow-roll inflation [4, 5, 6], where the inflation is
driven by a scalar field (inflaton) such that inflaton potential energy dominates over its
kinetic energy during the inflation. However, the SM does not have a viable candidate for
the inflaton.

The existence of the DM in the universe has been confirmed by numerous indirect
astronomical observations, for example, the observations of flat galaxy rotation curves of
stars orbiting their galaxies cannot be explained with just ordinary baryonic matter. This

observation can be nicely explained by the existence of DM which interacts with the



ordinary baryonic matter only via gravitational interaction (see Refs. [4, 9] for a review).
Observation of the matter distribution of the Bullet Cluster using gravitational lensing also
confirmed the existence of DM. The ACDM (lambda cold dark matter) model is the
standard paradigm of modern cosmology which nicely fits with the cosmological
observations. According to various cosmological measurements, the matter energy density
of the universe at large scale is only around 31.5% while the remaining 68.5 % associated
with dark energy; of the 31.5% that constitute matter, only around 4.5 % are ordinary
baryonic matter while the remainder is associated with the DM [8]. If one considers the
DM to be weakly interacting particles in a thermal equilibrium with the SM particles in
the early universe, then the observed DM can be naturally explained as thermal relics
which decoupled from the thermal bath as the universe cooled down at later times. As
measured by the Planck satellite experiment at 68% confidence, the relic abundance of DM
at the current epoch is given by Qpyh? = 0.1198 4 0.0015 [8]. However, the SM does not
include a viable DM candidate.

Neutrinos are massless particles in the SM, and which unlike other particles in the
SM only neutrinos with left-handed chirality are included in the SM framework while their
right-handed partners are missing. However, the observation of the neutrino oscillation
phenomena implies that neutrinos have tiny but non-zero masses and flavor mixings [3]. To
explain the non-zero masses of neutrinos, the SM need to be supplemented with the
missing right-handed neutrinos (RHNs). Another puzzle related to the masses of neutrinos
is the fact that their masses are very small compared to the masses of the other particles in
the SM. For example, their masses are O(107%) times smaller than the mass of an electron.
However, we cannot resolve the neutrino mass puzzle within the SM framework (see, for
example, Ref. [28] for a review).

In the works presented here, we extended the SM with an additional U(1) gauge
group with a minimal extension of the particles content of the SM. The model we consider

is the so-called non-exotic U(1) extension of the SM [10] based on the gauge group, SU(3).



x SU(2),xU(1)y x U(1)x, where the U(1)x is the additional gauge group added to the
SM. In the U(1)x extended SM, except for the U(1)y charge assignment, the structure is
same as the minimal B — L (baryon minus lepton number) model [11, 12, 13, 14, 15, 16],
where the global B — L symmetry of the SM is gauged. In addition to the SM particle
content, this model includes three generations of RHNs required for the cancellation of the
gauge and the mixed-gravitational anomalies, a new U(1)x Higgs field which breaks the
U(1)x gauge symmetry, and a U(1)x gauge boson (Z’). The U(1)x charges of the particles
are defined by a single free parameter zy [17], and it is identical to the minimal B — L
model in the limit of xy = 0. Hence, the minimal U(1)x extended SM is a generalization of
the minimal B — L model'. Even with such a minimal set of new particles, this model is
well motivated and offers rich new physics phenomenologies. The U(1)x model can easily
accommodate cosmological inflation scenario [19, 20, 21] and a suitable candidate for dark
matter particle [22, 23, 24] as well as explain the origin of tiny neutrino masses [25, 26].
Hence, this model can address all three of the major unresolved mysteries of the SM. In
doing so, we find interesting complementarities between various cosmological observations
and the new physics searches at the Large Hadron Colliders (LHC), and this model can be
tested in the future.

Let us consider the slow-roll inflation. From a theoretical point of view, if the
inflaton value is trans-Planckian (¢; > Mp;) during the inflation, where ¢ is the inflaton
field, effective operators suppressed by the Planck mass (Mp;) could significantly affect the
inflaton potential during the inflation, and hence the inflationary predictions. To avoid this
problem, in Refs. [19, 20], we have considered a small field inflation (SFI), where the
inflaton value during inflation is smaller than the Planck mass (¢; < Mp;). Inflection-point
inflation is an interesting possibility to realize a successful slow-roll SFI scenario when the
inflation is driven by a single scalar field. From a particle physics perspective it is

interesting to consider a inflation scenario, where the scalar field (inflaton) plays the role of

n fact this model is equivalent to the minimal B — L model with a kinetic mixing between the SM U(1)y
and U(1)p_r, gauge bosons (see, for example, Ref. [18]).



a Higgs field to spontaneously break some gauge symmetry in new physics models beyond
the SM.

In Ref. [19], we have presented a general study of the inflection-point inflation
scenario, where we have considered a general Higgs model, with the gauge and the Yukawa
interactions, and identified the Higgs field to be the inflaton. In order for a renormalization
group (RG) improved effective A¢? potential to develop an inflection-point, the running
quartic coupling A(¢) must exhibit a minimum with an almost vanishing value in its RG
evolution, namely A(¢7) ~ 0 and By(¢r) =~ 0, where f3) is the beta-function of the quartic
coupling. Requiring the inflationary predictions to be consistent with the cosmological
observation, the conditions, A(¢7) ~ 0 and [)(¢7) ~ 0, lead to relations among the gauge,
the Yukawa and the Higgs quartic couplings. Interestingly, we have found that
inflection-point inflation provides a unique prediction for the running of the spectral index
(a =~ —2.7 x 1073), independently of the model parameters, which can be tested at the
future cosmological experiments.

In Refs. [19, 20], as an example, we have considered the inflection-point inflation in
the context of the minimal U(1)x extended SM, and identified the U(1)x Higgs field with
the inflaton field. For a successful inflection-point inflation to be consistent with the
current cosmological observations [8], the mass ratios among the Z’ gauge boson, the
RHNs, and the U(1)x Higgs boson are fixed. Imposing the Big Bang Nucleosynthesis
constraint on the reheating temperature at the end of inflation (7% > 1 MeV) as well as the
current collider experimental bounds, we have shown that the inflationary predictions are
complementary to Z’ boson searches at the LHC to identify the allowed parameter regions.
In Ref. [19], we have considered the B — L limit (zy = 0). Requiring that the the
inflationary prediction of the model to be consistent with the current cosmological
observations, we have shown the allowed parameter region after considering the current
results for the Z’ boson narrow resonance search at the LHC for myz < 500 GeV. The

entire parameter region can be tested by the future collider experiments such as the High



Luminosity (HL)-LHC and the SHiP experiments [27]. On the other extreme, in Ref. [20],
we have considered the scenario such that the U(1)x gauge symmetry is mostly oriented
towards the SM U(1)y direction (|xg| > 1) and investigated a consistency between the
inflationary predictions and the latest LHC Run-2 results for a Z’ boson resonance search
with di-lepton final states. Although the inflationary predictions requires gauge coupling to
be very small, we have shown that a Z’ mass of a few TeV can be explored at the LHC
Run-2 for |zy| > 1. This is in sharp contrast with the previous case with zy = 0, where
only mz < 500 GeV can be explored in the future.

DM is another interesting possibility that one can consider in the context of the
U(1)x extended SM [22, 23, 24]. With an introduction of a global Zs symmetry and
assigning Zs-odd parity to one of the RHNs, a unique Z-odd RHN is stable and serves as
the DM in our setup, while the remaining two RHNs work to generate the SM neutrino
masses? through the so-called type-I seesaw mechanism (see, for example, [28] for a review).
In this model context, in Ref. [24], we have investigated the Z’-portal RHN DM scenario,
where the RHN DM candidate interacts with the SM particles through the Z’ boson
mediated processes. We have shown that the constraints from the DM relic abundance and
the search results for a Z’ boson resonance at the LHC are complementary to narrow down
the allowed parameter region, which will be fully covered by the future LHC experiments
for the Z’ boson mass < 5 TeV. In addition, in Ref. [24], we have also considered a
SU(5)xU(1) x scenario, and we have shown that the standard SU(5) grand unification of
the SM quarks and leptons is realized for fixed xy = —4/5. Hence, the U(1)x charge is
quantized in this scenario. In our model, all the SM gauge couplings are successfully unified

around Mqur ~ 4 x 10'® GeV in the presence of two additional pairs of vector-like quarks,

2In Ref.[25, 26], we have shown that U(1)x model also provides significant enhancement of the production
cross section of the RHNs from Z’ decay in the future LHC experiments, which is crucial for the discovery
of RHNSs given that the production cross-section of Z’ boson via di-lepton resonance is severely constrained.
With this enhancement and realistic choice of parameters to reproduce the neutrino oscillation data, if
we expect a 5o discovery of RHNs in the future according to the simulation studies, the Z’ boson must be
discovered very soon at the LHC. In this setup, the tiny neutrino masses are naturally generated via so-called
seesaw mechanism [28].



Dy + Dg and Qp + Qg, with their mass of O(1 TeV) in the representations of (3,1,1/3)
and (3,2,1/6), respectively, under the SM gauge group of SU(3).xSU(2),xU(1)y.

This organization of this thesis is as follows. The main body of this thesis is a
compilation of three of my previously published works based on the minimal U(1)x
extension of the SM. Chapters 2 corresponds to my work [19] published in a peer reviewed
journal Physical Review D, entitled “Inflection-point B — L Higgs Inflation”, in
collaboration with N. Okada. For a successful inflection-point inflation in the U(1)x
extended SM at the B — L limit (zg = 0), the entire parameter region for myz < 500 GeV
can be tested by the future collider experiments such as the HL-LHC and the SHiP
experiments. Chapters 3 corresponds to my work [20] published in a peer reviewed journal
Physical Review D entitled “Inflection-point inflation in hyper-charge oriented U(1)x
model”, in collaboration with N. Okada and S. Okada. Although for a successful
inflection-point inflation in the U(1)x extended SM the U(1)x gauge coupling has to be
very small, we have shown that a Z’ mass of a few TeV can be explored at the LHC Run-2
for |xy| > 1. Chapters 4 corresponds to my work [24] published in the a peer reviewed
journal Physics Letters B entitled “ SU(5)x U(1)x grand unification with minimal seesaw
and Z'-portal dark matter”, in collaboration with N. Okada and S. Okada. With an
additional global Z; symmetry in the model, we have shown interesting complementarity
between DM physics, collider searches and grand unification. Chapter 5 is an overall

summary of the all the above works.



CHAPTER 2

INFLECTION-POINT B — L HIGGS INFLATION

2.1 Introduction

Current understanding of the cosmic origin and the evolution is that our universe
went through a period of rapid accelerated expansion at the beginning, which is known as
inflation. Inflation [1, 2, 3, 4] solves several serious problems of the Standard Big Bang
Cosmology, such as the horizon, flatness and monopole problems. More importantly, the
primordial density fluctuations generated during inflation seed the formation of large scale
structure of the universe we see today. In a simple inflationary scenario known as slow-roll
inflation, inflation is driven by a single scalar field (inflaton) when it slowly rolls down to
its potential. During the slow-roll, the energy density of the universe is dominated by the
inflaton potential energy, which drives accelerated expansion of the universe. After the end
of inflation, the inflaton decays to Standard Model (SM) particles to reheat the universe,
and the Standard Big Bang Cosmology begins.

The slow-roll inflation requires the inflaton potential to be sufficiently flat in the
inflationary epoch. In chaotic inflation, such a flat potential is realized by taking initial
inflaton value to be of the trans-Planckian scale. From the field theoretical point of view,
effective operators suppressed by the Planck mass (Mp; = 1.22 x 10* GeV) could
significantly contribute to the inflaton potential and hence the inflationary predictions. For
this reason, it may be more appealing to consider the small-field inflation (SFI) scenario,

where the initial inflation value is smaller than the Planck mass. Hybrid inflation, which is



realized with multiple scalar fields, is a well known example of the SFI [5]. If one considers
the SFI driven by a single scalar field, the so-called inflection-point inflation is an
interesting possibility [6, 7, 8]. In this scenario the potential has an inflection-point, and
hence slow-roll inflation can be realized if the initial inflaton value is taken in the
immediate vicinity of the inflection-point.

An inflation scenario is more compelling if the inflaton field plays another important
role in particle physics. It is then interesting to identify the inflaton (scalar) field with a
Higgs field in a general Higgs model, which plays a crucial role to spontaneously break a
gauge symmetry of the model. For example, in references [9, 10, 11], the SM Higgs field is
identified with the inflaton field. In this Chapter, we investigate the inflection-point
inflation in a general Higgs model, where the inflaton field is identified with the Higgs field
and has both gauge and Yukawa interactions, just like the SM.

To realize the inflection-point in a Higgs/inflaton potential, we consider a
Renormalization-Group (RG) improved effective Higgs/inflaton potential. During the
inflation, we assume that inflaton value is much larger than its Vacuum Expectation Value
(VEV) at the potential minimum, so that the inflaton potential is dominated by its quartic
term. If the RG running of the inflaton quartic coupling first decreases towards high energy
and then increases, inflection-point is realized in the vicinity of the minimum point of the
running quartic coupling, where both the quartic coupling and its beta-function become
vanishingly small [7, 8]!. Interestingly, these boundary conditions lead to correlations
between the very high energy physics of inflation and the low energy particle
phenomenology.

For simplicity, let us consider a Higgs model with its RG improved effective

potential given by

V(6) = 1A6) 6" 2.1)

In the context of the A¢* inflation with a non-minimal gravitational coupling [13], similar conditions
have been derived to ensure the stability of the inflaton potential [14].



where ¢ denotes the inflaton field, A(¢) is the running quartic coupling, and we have
neglected the mass term assuming the initial inflaton value is much larger than the mass

term. The running coupling coupling satisfies the (one-loop) RG equation of the form,

1672

4 4
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where g and Y are the gauge and Yukawa couplings, respectively, and C; and Cy are
positive coefficients whose actual values are calculable once the particle contents of the
model are defined. In Eq. (3.2) we have neglected terms proportional to A (A? term and the
anomalous dimension term) because the SFI requires the quartic coupling A o ¢%, as will
be shown later. Hence the quantum corrections to the effective Higgs potential are
dominated by the gauge and Yukawa interactions. Realization of the inflection-point
requires a vanishingly small beta-function at the initial inflaton value, namely

Cy g — Cy Y = 0. This condition leads to a relation between g and Y, or in other words,
the mass ratio of gauge boson to the fermion in the Higgs model is fixed. Since the Higgs
quartic coupling at low energy is evaluated by solving the RG equation, the resultant Higgs
mass also has a unique relation to the gauge and the fermion masses.

As a concrete example of such a model, in this Chapter we consider the minimal
gauged B — L (baryon number minus lepton number) extension of the SM, where the
global B — L symmetry in the SM is gauged. The model has three right-handed neutrinos
and the B — L Higgs field (identified with inflaton), which are introduced for the
cancellation of the gauge and gravitational anomaly and the B — L gauge symmetry
breaking, respectively. Associated with the B — L gauge symmetry breaking, the B — L
gauge boson and the right-handed neutrinos acquire their masses. With the Majorana
masses for the right-handed neutrinos, the seesaw mechanism [22], which naturally realizes
the light neutrino mass generation, is automatically implemented in this model.

The Chapter is organized as follows. In the next section, we give a brief review of

10



the slow-roll inflation. In Sec. 3, we present the inflationary predictions for the scenario,
where the inflaton potential exhibits an inflection-point-like behavior during the slow-roll.
In Sec. 4, we consider the minimal gauged B — L extension of the SM, where the B — L
Higgs field is identified with the inflaton field. To realize the inflection-point in a
Higgs/inflaton potential, we consider the RG improved effective Higgs/inflaton potential.
In Sec. 5, we consider the constraints on the model parameters from the Big Bang
Nucleosynthesis and the current collider experiments. We also discuss the prospects of
testing the scenario in the future collider experiments, such as the High-Luminosity LHC
and SHiP experiments. Sec. 6 is devoted to conclusions.

Before moving on to the next section we comment on the differences between this
work and the previous work in Ref. [8]. Although the parameterization of our inflaton
potential is slightly different, our discussions in Sec. 3 and Sec. 4 are well overlapping with
those in Ref. [8]. However, the authors in Ref. [8] mainly focus on the the inflection-point
inflation with a large inflaton value beyond the Planck scale in the presence of non-minimal
coupling while we focus on the SFI, so that our parameter regions are very different. More
importantly our motivation for this work is to consider a complementarity between the
inflection-point inflation and the new physics search at low energies as we will discuss in

Sec. 5.

2.2 Brief Review of Slow-roll Inflation

The inflationary slow-roll parameters for the inflaton field (¢) are expressed as

M2 (V! 2 e V'V
o) =5 ()« w0 =013 (7). o) =Mt 23)

where Mp = Mp;/v/81 = 2.43 x 10'® GeV is the reduced Planck mass, V is the inflation

potential, and the prime denotes the derivative with respect to ¢. The amplitude of the
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curvature perturbation A% is given by

1 1V
A2 = —— — 2.4
R 247T2Mj‘5 € ’ (2:4)

ko

which should satisfy A% = 2.195 x 107 from the Planck 2015 results [20] with the pivot
scale chosen at ky = 0.002 Mpc~!. The number of e-folds is defined as
1 [V
N / do, (2.5)
@

E

where ¢; is the inflaton value at a horizon exit corresponding to the scale kg, and ¢z is the
inflaton value at the end of inflation, which is defined by max|e(¢g), |n(¢g)|] = 1. The
value of N depends logarithmically on the energy scale during inflation as well as on the
reheating temperature, and it is typically taken to be 50-60.

The slow-roll approximation is valid as long as the conditions € < 1, |n] < 1, and

¢? < 1 hold. In this case, the inflationary predictions are given by

ne=1—6e+2n, =166, o= 16en — 24> — 2¢?, (2.6)

where n, and 7 and o = 2= are the scalar spectral index, the tensor-to-scalar ratio and

= dink
the running of the spectral index, respectively, which are evaluated at ¢ = ¢;. The Planck
2015 results [20] set an upper bound on the tensor-to-scalar ratio as r < 0.11, while the

best fit value for the spectral index (n,) and the running of spectral index («) are

0.9655 + 0.0062 and —0.0057 + 0.0071, respectively, at 68% CL.
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2.3 Inflection-point Inflation

In the SFI scenario, to realize the slow-roll inflation the inflaton potential must
exhibit an inflection-point-like behavior, where the potential is very flat?. The initial
inflaton value is set in the very flat region ¢; = M. We consider the following expansion of

an inflaton potential around the ¢ = M given by

V3

V(¢)2V0+V1(¢—M)—|—%W—M)Q—l—?(d)—M)g, (2.7)

where V0 is constant and V1, V2 and V3 are the first, second and third derivatives of the
inflaton potential evaluated at ¢ = M. To realize a very flat potential with a
inflection-point-like behavior, we require V1 and V2 to be vanishingly small. From

Egs. (2.3) and (2.7), the slow-roll parameters are then given by

V1iv3

M2 V1 V2
( o (2.8)

(M) = 22 (T2 ) = MA(), ) = M

where we have used the approximation V(M) ~ V0. Similarly, the power-spectrum A% is
expressed as

1 1 v

AL~ ——
R 1272 M V12

(2.9)

Using the observational constraint, A% = 2.195 x 1077, and a fixed n, value, we obtain

3 3/2
VI e (M (V0
M3 Mp M4

= (e () () 210

12

12

2For successful inflation scenario it is not necessary for the potential to realize an ezact inflection-point.
We only require the inflaton potential to exhibit a behavior of almost an inflection-point.

13



where we have used V(M) ~ V0 and e(M) < n(M) as we we see later. For the remainder
of the analysis we set n, = 0.9655 (the center value from the Planck 2015 results [20]). The
inflaton value at the end of inflation is parameterized as ¢g/M = 1 — dp, where 0 < 1. We
define the inflaton value (¢g) at the end of inflation by e(¢g) = 1.

Using Eq. (2.5), the e-folding number (V) is given by

(2.11)

2V0 n V2+V3(p—M) ‘qu
¢=M—Msp

N = arct
M2/ -V22 +2V1V3 V-=V2242V1V3
The inflection-point-like behavior requires V1 ~ 0, V2 ~ 0, and V3 # 0, so we approximate
—V22 +2V1V3 ~ 2V1V3. We will confirm later that this is a good approximation. We

will also show later that V2,v2V1V3 < V3Mdg. Hence the e-folding number is

approximated as

(2.12)

V3Md
N ~ 2y arctan [ = } ~ Y,

V2V1V3

where xy = A@}/T?/W' Using Eq. (2.10), V'3 is then given by

V3 60\ 2/ V01/2
ML 1 —7<—> ( > 2.1
i 6.989 x 10 v) G (2.13)

From Egs. (2.10) and (2.13), we obtain 2V1V3 ~ 9.2(60/N)V22. Hence, for N =~ 60
(=V22 4+ 2V1V3)Y2 ~ (2V1V3)1/? is a good approximation.
Using Eqgs. (2.6), (2.10) and (2.13), we now express all the inflationary predictions

in terms V0, M and N. From Egs. (2.8) and (2.10), tensor-to-scalar ratio (r) is given by

r=3.077 x 107(]\‘2—?43). (2.14)
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The running of the spectral index (a) is given by
2 3 (60 ’
o= —2¢(M) = - 2742 x 107 (=) (2.15)

which is independent of V0 and M. This prediction is consistent with the current
experimental bound, a = —0.0057 £ 0.0071 [20]. Precision measurement of the running of
the spectral index in future experiments can reduce the error to £0.002 [21]. Hence, the

prediction can be tested in the future.

2.4 The Inflection-point-like B — [ Higgs Inflation

|[SU®). SUER) Uy | UL)s-s
qr, 3 2 +1/6 +1/3
uly 3 1 +2/3 +1/3
di 3 1 -1/3 +1/3
1 2 —1/2 | -1
NL| o1 1 0 ~1
e, |1 1 ~1 ~1
H| 1 2 —1/2 0
© 1 1 0 +2

Table 2.1: Particle contents of the minimal B — L model. In addition to the SM particle
contents, the right-handed neutrino N (i = 1,2,3 denotes the generation index) and a
complex scalar ¢ are introduced.

As a simple example of the inflection-point Higgs inflation, in this section we
consider the minimal B — L extension of the SM. Here, anomaly-free U(1)5_; gauge
symmetry is introduced along with a scaler field ¢ (B — L Higgs) and three right-handed
neutrinos (N}%) which are necessary for the cancellation of all the anomalies. The particle
contents of the model are listed in Table 2.1. For the right-handed neutrinos we add

Majorana Yukawa interaction terms,
1 —
£5—5 ; Y;oNLCONE + hee. (2.16)
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Associated with the gauge symmetry breaking, all the new particles, B — L gauge boson

(Z'), the right-handed neutrinos (Ng) and the B — L Higgs acquire their masses as follows:

1
mygr = 2 g uprL, Myi = —= sz UBL, M¢ =V 2\ VUBL, (217)

V2

where vpr = v/2(p) is the VEV of the B — L Higgs field.

For simplicity, we consider a scenario where the B — L Higgs sector is very weakly
coupled to the SM Higgs doublet. Hence, for the inflationary analysis, the B — L
Higgs/inflaton sector can be treated independently. The tree level potential for the B — L

Higgs field is given by

2
V;free = )\tree (SOTSO - %) . (218)

We redefine the B — L Higgs field as ¢ = (¢ + v)/v/2 in the unitary gauge, where
¢ = /2Ry is the physical B — L Higgs boson, identified as the inflaton. For the
inflationary analysis, we consider vgy, < ¢y, so that the inflaton potential is approximately
given by Viyee = (1/4) Apree®?, at the tree-level. In our analysis, we employ the RG

improved effective potential given by

V(g) = SA(¢) ¢, (2.19)

where A(¢) is the solution to the following RG equations:

dg 1 3
&9 _ 12
00 1672 7

dy, 1 1
L = VP42V Y Y —6g%Y;
O 1o 167T2<Z+2 Zj:J g )
dA
i
¢

= D (2.20)
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Here, the beta-function of the inflaton quartic coupling (3,) is expressed as

1
=1 (20)\2 —48)\g" + 20> VP + 969" — ) Y;*) . (2.21)

We now turn to the inflationary analysis of the RG improved inflaton potential. At
first, we simplify the model, and consider the degenerate mass spectrum for the
right-handed neutrinos, Y = Y; = Y5 = Y3. Thus the beta-function of the quartic coupling
is

B 1
1672

By (200 — (48¢% — 6Y )\ + 964" — 3Y™") . (2.22)

Now we express the coefficients in the expansion of Eq. (2.7) as:

Vi1 1

T LY

V2 1

V3 1 / 2l

where the prime denotes d/d¢. Using V1/M? ~ 0 and V2/M? ~ 0, we obtain
Br(M) =~ —4AN(M), MB\(M) ~= 16\(M). (2.24)

For small values of the couplings, A, g, and Y, we have
M?BY{(M) ~ —MBi (M) ~ —16 (M), where we have neglected higher order coupling terms
such as ¢8, Y®, and A%. Hence the last equation in Eq. (2.23) is simplified to

V3/M ~ 16 A(M). Comparing it with Eq. (2.13), we obtain

A(M) =~ 4.770 x 1016(%>2<%)4, (2.25)
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where we have approximated V0 ~ (1/4)X\(M)M?*. Since the \(M) is extremely small, we

approximate (35(M) ~ 0, which leads to

Y (M) ~ 3214 (M), (2.26)

assuming that the beta-function is dominated by the gauge and the Yukawa couplings.
This equation implies that the mass ratio between the right-handed neutrinos and the

B — L gauge boson is fixed to realize a successful inflection-point inflation. Using the
second equation in Eq. (2.24) and Eq. (2.26), we find A\(M) ~ 3.713 x 1072 g(M)5. Then

from Eq. (2.25), g(M) is expressed as

MN1/3
g(M) ~ 7.107 x 1073 <—> . (2.27)
Mp
Finally, from Egs. (2.14) and (2.25), the tensor-to-scalar ratio (r) is given by
M \6
~3.670 % 10°(——) . 2.98
r X Mp ( )

which is very small, as expected for the SFI scenario.

At the end of inflation €(¢g) is explicitly given by

M 2
e(op) = — <V1 — V2 Még + ?M%E?)

sver  \ e T aarE

OMpEMS S22 V2 V3 L\
STRE ~ P TE .(2.29)

We evaluate dg from €(¢g) = 1. If we assume that the first term dominates in the
parenthesis of the final expression above we find d5 > 1 by using Egs. (2.10) and (2.25),

which is inconsistent. Therefore, the second term dominates, and hence we obtain

S5~ 0.210 (M%P)I/Q, (2.30)

by using Egs. (2.13) and (2.25).
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Before presenting our numerical analysis results, we check the consistency of our
analysis. In our analysis in the previous section we have approximated the inflaton
potential by Eq. (2.7), neglecting the higher order terms. For consistency, we need to check
if the contribution of higher order terms can be neglected in our B — L model. Consider

the following expansion of inflaton potential at ¢ = M,

(n)
Vig) =) Vn! (¢ — M)", (2.31)

where V" is the n-th derivative of the potential evaluated at ¢ = M. As before,
V1=V® and V2 = V® are uniquely fixed by the experimental values of scalar
power-spectrum (A%) and spectral index (n,), respectively. For the consistency of our
previous analysis, we require that the terms V() = V4 and higher contribute negligibly in

determination of dp. Using Eqs. (2.3) and (2.31) €(¢g) is expressed as

2 (n) ?
dor) =~ b (Z Tyl M)”-l) (2.32)

n=1

2
Mp® (V3 v 4
2 M2 (M 6p)"
2v02(2 E+n§(n—1)!( ) !

12

where we have used V(¢g) ~ V0. This leads to constraint

(2.33)

(p—3)
Ok <‘ 5 vV

(p—1)! Ve MS—p‘ '
where p > 4. To proceed further we need to evaluate Eq. (2.33) explicitly for the minimal
B — L model. As has been shown previously in this section, all the higher order derivatives
of the potential can be approximately given by V™ M"~* ~ C,\(M), where C,, is a
constant; for example, Cy = 96 and C5 = 184. We find that the most severe bound for both
cases is from V¥ term. Using Egs. (2.30) we obtain upper bound on M < 5.67Mp.

Let us now present the numerical analysis of B — L Higgs inflation scenario. For the
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Figure 2.1: Left panel and right panels show gauge coupling ¢ and inflaton quartic coupling
A values at M plotted against M /Mp, respectively.

rest of the Chapter, we set e-folding number N = 60, and hence M is the only free
parameter in our analysis, and all the gauge, Yukawa and quartic coupling are expressed in
terms of M. In Fig. 3.1, we show the gauge coupling (left) and the quartic coupling (right)

as a function of M. Imposing M < 5.67Mp, we obtain an upper-bound on the couplings,

g(M) <1261 x 1072, Y(M) < 3.001 x 1072, A\(M) < 1.486 x 10~ (2.34)

In Fig. 3.2, we plot the running quartic coupling (left) and the RG improved
effective inflaton/Higgs potential (right). Here we have fixed M = Mp, which leads to
AM) ~4.770 x 10716 g(M) ~ 7.107 x 107® and Y (M) ~ 1.690 x 1072, In the left panel,
the dashed line corresponds to A = 0. In the right panel, we see inflection-point-like
behavior of the inflaton potential around ¢ = M, marked with dashed-dotted line.

Now we discuss the inflationary predictions of our scenario. The prediction for the
tensor-to-scalar ratio (r) is given by Eq. (2.28). For the upper-bound on M < 5.67Mp, the
prediction for the tensor-to-scalar ratio is bounded by r < 1.108 x 10~%, which is very
small. However, as discussed before the prediction for the running of the spectral index
a ~ — 2.742 x 1073, which is independent of M, is within the reach of future precision

measurements [21]. Note that this result is independent of the particle content of the
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Figure 2.2: Left panel shows the RG running of B — L Higgs/inflaton quartic coupling
plotted against the normalized energy scale ¢/M. Here we have fixed M = Mp, so that
g = 7107 x 1073 Y = 1.690 x 1072, and \(M) ~ 4.770 x 1071, Dashed horizontal line
corresponds to A = 0. Right panel shows the corresponding RG improved inflaton potential,
where the inflection-point-like point appears at ¢ = M.

theory.

We now consider the particle mass spectrum of the model. At first, we evaluate the
mass ratios of the right-handed neutrinos to the Z’ gauge boson, my/mz/, where my is the
degenerate right-handed neutrino mass. From the condition of almost vanishing £, (M), we
have Y ~ 32'/4¢g, and hence my/myz ~ 0.84 at M. This mass ratio remains almost the
same at the B — L Higgs VEV scale since the RG running effects for g and Y are negligible
(see Eq. (2.34)).

As shown in Fig. 3.2, although the inflection-point-like behavior requires
Ba(M) ~ —4X(M) ~ 0, RG running significantly changes the quartic coupling values at the
low energies. In the following discussion we will derive an approximation formula for A\ at
the low energies. Since g(M), Y (M) < 1, the solutions to their RG equations are

approximately given by

90 = g(M)+B,(M)n | £].
Y(u) =~ Y(M)+By(M)h [%} (2.35)
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where (,(M) and By (M) are the beta-functions of g and Y at M, respectively (see

Eq. (2.20)). Hence, the beta-function of the quartic coupling is approximately described as

Ba(p) = 96g* (1) — 3V (u),
~ 4.{969(M)*5,(M) = 3Y (M)*By (M)} In [] .
~ 5941 x 10~2g(M)%In [ﬁ (2.36)

where we have used 96g*(M) ~ 3Y4(M). Then we obtain the approximate solution to the

RG equation as

Moupr) =~ A(M) +3.868 x 10717 (M%p (m [%DQ
3.868 x 1015 (%)2 <ln [%DZ , (2.37)

where vp;, < M. Using myz = 2¢g(vgp)vpr ~ 29(M)vpr, the mass ratio of the B — L Higgs

12

boson/inflaton to the Z’ boson is found to be

MN23 [ M
ﬂ26.157x10’6<ﬁ> In [—] (2.38)

myz P UBL

We now discuss a possibility of testing our scenario in the future collider
experiments. In Ref. [17], the authors consider the heavy neutrino production at the
High-Luminosity LHC [17] and the SHiP [18] experiments in the context of the minimal
B — L model. The process they have considered is a pair production of the heavy neutrinos
via the decay of intermediate Z’ boson, which is produced in proton-proton collisions.
They focused on a simplified scenario where only one right-handed neutrino mixes with
only one flavor of the SM neutrino via a small mixing angle. Since the lifetime of the heavy
neutrino is long, its decay to the SM particles can be observed with a displaced vertex. For

a fixed mz /my = 3, it has been found that the LHC and the SHiP experiments can
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explore the parameter regions, g > 107 and 1 < my[GeV] < 500. To implement this
scenario, we extend our model with non-degenerate Majorana Yukawa couplings. For
simplicity, we fix Y] to satisfy myz /mpy1 = 3, following Ref. [17]. We consider the
remaining Yukawas to be degenerate, Y5 = Y3. We repeat the same analysis as for the
degenerate case, and find that Y53 ~ 2.63¢, or equivalently my23/mz ~ 0.929. We find
that the constant coefficients in Egs. (2.27) and (2.36) change to 7.120 x 10~ and

5.860 x 1072, respectively. These are coincidentally almost identical to those obtained in
the degenerate case. As a result, the low energy value of the quartic coupling, and hence
the mass ratio mg/my is almost the same as that of the degenerate case. In the next

section, we focus on this non-degenerate scenario.

2.5 Constraints from the Big Bang Nucleosynthesis and the Current Collider

Experiments

Let us now consider a reheating scenario after the end of inflation to connect our
inflation scenario with the Standard Big Bang Cosmology. This occurs via inflaton decay
into the SM particles while the inflaton oscillates around its potential minimum. We

estimate the reheating temperature (7x) as

100\ /4
Tr ~0.2 ( ) TMp. (2.39)
s

For the successful Big Bang Nucleosynthesis (BBN), we impose a model-independent lower
bound on the reheating temperature as Tp 2 1 MeV.

The general, renormalizable scalar potential for the B — L Higgs/inflaton field and
the SM Higgs doublet (H) is given by

03\’ 03\’ v? v?
VAL = A (162 = 22 ) b (11 = 22 ) v (1P = 2 ) (1o = 22 ) 2)

where X > 0 is the mixing term between the two scalar fields. The vacuum of the system is
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located at (@) = vpL V2 and (H) = (2 0)T. After the breaking of the B — L and the
V2

electroweak symmetries, the mass matrix is given by

m,% )\,UBLUH h

1
LD —3 [h 4 : (2.41)
)\/’UBL’UH mi Qb

where m? = 2\v;, h is the SM Higgs boson with mass my, = v2Agvg = 125 GeV, where
Ay is the SM Higgs quartic coupling and vy = 246 GeV. We diagonalize the mass matrix by

h cosf sind
- s (2.42)

0] —sinf cosf| |

where ¢; and ¢ are the mass eigenstates. The relations among the mass parameters and

the mixing angle () are the following:

2uprvgN = (mj —mj) tan 26,

2 2 2 2 sin?
Mg, =My (m¢ mh) 1—2sin% 6’
2 2 2 2 sin?
mg, = My + (m¢ mh) 1—2sin%6 ° (2'43)

Since the inflaton is much lighter than the Z’ boson and the heavy neutrinos, it decays to
the SM particles mainly through the mixing with the SM Higgs boson. We calculate the

inflaton decay width as

[y, = sin® 0 x Ty (my,), (2.44)

where 'y (mg,) is the SM Higgs boson decay width if the SM Higgs boson mass were m, .
There are constraints on the mixing angle. Firstly, the introduction of the mixing
coupling modifies the beta-function of the inflaton quartic coupling in Eq. (2.21) as

16723y — 167253y + 2X"2. In order not to change our results in the previous sections, A\
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should be negligibly small in the beta-function i.e \? < 48¢*, evaluated at M. Another
constraint on the mixing angle is from requiring positive definiteness of mass squared
eigenvalues of the mass matrix in Eq. (2.41), which leads to N'? < 4A\y\,. We find that the
latter constraint is more severe and requires § < 1. Hence ¢; and ¢, are mostly the SM
Higgs and the B-L Higgs mass eigenstates, respectively.

In the following analysis we parameterize A”? = 4\ \s¢, with a new parameter

0 < ¢ < 1. From Eq. (2.43), we obtain

2
~e (e
0* ~ ¢ (mh) , (2.45)

where we have used mé < mj for the parameter region we are interested in, namely
1 < mz[GeV] < 500. We also find that mgs ~ myy/1 — €. From Egs. (2.38) and (2.45), we
can express the reheating temperature as a function of M, my and &. For maximum value
of M = 4.6Mp and a fixed &, there is a lower bound on the mass of Z’ from the BBN
constraint on reheating temperature, for example if £ = 0.5, 0.1, and 0.01 we find myz 2
13.6, 21.5, 46.5 GeV, respectively.

Our results are shown in Fig. 3.3. In both panels, from left to right, the diagonal
lines are contours corresponding to T = 1 MeV for fixed £ = 0.5, 0.1 and 0.05,
respectively. The regions to the left of each contour are excluded by the BBN constraint.
For the current experimental constraints and the future search reach we have referred to
the results presented in Ref. [17]. Here, for fixed my /my = 3, the authors have shown all
the current experimental constraints and the future search reach constraints on the
parameter space of the minimal B — L model, namely my and ¢. In Fig. 3.3, we have
re-parameterized the gauge coupling (g) in terms of M/Mp according to Eq. (2.27). In
both of the panels, the excluded regions by the current LHC experiments are shown by the
(Grey) shaded regions bounded by the solid lines. The very narrow regions bounded by the

horizontal solid lines are excluded by the LEP experiment. In the left panel, the (yellow)
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Figure 2.3: In both panels, the diagonal lines from left to right are the contours for the
reheating temperature of Tp = 1 MeV for fixed £ = 0.5, 0.1, and 0.05, respectively. The
regions to the left of the diagonal lines are excluded by the BBN constraint. For myz /my = 3,
the (Grey) shaded regions bounded by the solid lines are excluded by the current LHC
experiments. The very narrow regions bounded by the horizontal solid lines are excluded by
the LEP experiment. The remaining regions bounded by broken lines are the future reach
of different experiments, where the left (right) panel shows the future reach using direct
(displaced vertex) searches.
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shaded regions bounded by the dashed-dotted lines can be tested by the Z’ resonance
search at the High-Luminosity LHC. In the right panel, the regions bounded by the dashed
and the dotted lines (dashed-dotted line) can be tested through the observation of the
displaced vertex of the heavy neutrino decay at the High-Luminosity LHC (SHiP)
experiment. For details about the correspondence of each shaded region to the individual
experimental search, see Ref. [17]. Combining the left and the right panels, all the allowed
regions of our scenario for 13.6 < myz [GeV] < 500 can be tested at the future experiments.
So far in our analysis, the inflaton is considered to be mostly the B — L Higgs boson
with a small mixing with the SM Higgs boson, which allows the inflaton to decay into the
SM particles. Since the inflection-point-like inflation scenario requires A(vpr) < 1, we
expect the reheating temperature to be small. We find that T < 1 GeV, for mz < 500
GeV. In terms of baryogenesis and dark matter physics, a reheating temperature T > 1
GeV is desirable. Note that when we carefully consider the inflation trajectory on the
scalar potential in Eq. (2.40), the reheating process would be more involved. During the
inflation, the inflaton tracks the trajectory with H = 0. When the inflaton field rolls down
to ¢ ~ \/m vy, the potential starts to develop a minimum away from H = 0 in the H
direction. As the ¢ rolls down further, the minimum becomes deeper. Because the A < Ay,
the potential is very flat along the ¢ direction at H = 0, while it sharply drops in the H
direction at ¢ ~ vgy. Hence, the SM Higgs field behaves like the waterfall field in the
hybrid inflation scenario [5]. In this case the decaying inflaton should have a sizable amount
of the SM Higgs component. If the decaying inflaton field is mostly the SM Higgs field, the
reheating temperature is evaluated by the decay width of the SM Higgs boson (I', ~ 4.07
MeV), so that we find T ~ 107 GeV. Although the true reheating temperature must be
less than 107 GeV, we may expect the actual reheating temperature sufficiently high, say,
Tg > 1 TeV, which is desirable for the (thermal) baryogenesis and the dark matter physics.
If the reheating temperature is high, the B — L Higgs boson ¢ can be in thermal

equilibrium through its interactions with the SM Higgs boson and the heavy neutrinos.
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The interaction is so weak that ¢ decouples in the relativistic regime. We requires that ¢
decays before the BBN era, namely the lifetime of ¢ must be shorter than 1 second

(1, =1/T'y < 1), not to ruin the success of the BBN scenario. This condition is
mathematically the same as requiring the reheating temperature T > 1 MeV from the
inflaton ¢ decay. Hence, the results shown in the Fig. 3.3 are also applied to the scenario

with a very high reheating temperature.

2.6 Conclusion

From a theoretical point of view, if the inflaton value is trans-Planckian, effective
operators suppressed by the Planck mass could significantly affect the inflaton potential,
and hence the inflationary predictions. To avoid this problem, we may consider slow-roll
inflation with a small initial inflaton value (¢; < Mp;). In this case, the inflection-point
inflation is an interesting possibility to realize a successful slow-roll inflation when inflation
is driven by a single scalar field. To realize the inflection-point-like behavior for the
renormalization group (RG) improved effective A¢* potential, the running quartic coupling
A(¢) must exhibit a minimum with an almost vanishing value in its RG evolution, namely
A7) = 0 and SBy(¢;) =~ 0, where (3 is the beta-function of the quartic coupling.

From a particle physics perspective, it is more compelling to consider an inflationary
scenario, where the inflaton field plays another important role. We have considered a
general Higgs model, with the gauge and the Yukawa interactions, and identified the Higgs
field with the inflaton. In this case, the conditions, A(¢7) ~ 0 and S(¢;) ~ 0, lead to
relations among the model parameters, the gauge, the Yukawa and the Higgs quartic
couplings. Using the relations and requiring the inflationary predictions to be consistent
with the Planck 2015 results [20], we have found that all the couplings depend only on ¢;.
Hence, the low energy mass spectrum of the model is uniquely determined by only two free
parameters, ¢; and the inflaton/Higgs VEV. Hence the inflationary predictions are

complimentary to the low energy mass spectrum. We have also shown that the
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inflection-point inflation provides a unique prediction for the running of the spectral index
a~ —2.7x1073 (%)2, where N is the e-folding number, independently of the model
parameters. The future experiments can test this prediction for «.

As an example Higgs model, we have considered the minimal gauged B — L
extension of the Standard Model, and identified the B — L Higgs field as the inflaton field.
Hence, we have obtained our predictions for the mass spectrum for the B — L gauge boson,
the right-handed neutrinos, and the B — L Higgs boson as a function of ¢; and the
inflaton/Higgs VEV. We then considered the reheating after inflation. Imposing the Big
Bang Nucleosynthesis constraint and the current collider experimental bounds, we have
identified the allowed parameter regions. The entire parameter region for mz < 500 GeV
can be tested by the future collider experiments such as the High-Luminosity LHC and the

SHiP experiments.
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CHAPTER 3

INFLECTION-POINT INFLATION IN HYPER-CHARGE ORIENTED
U(1)x MODEL

3.1 Introduction

Inflationary universe is the standard paradigm in the modern cosmology [1, 2, 3, 4]
which provides not only solutions to various problems in the Standard Big Bang
Cosmology, such as the flatness and horizon problems, but also the primordial density
fluctuations which seed the formation of large scale structure of the universe we see today.
In a simple inflationary scenario known as slow-roll inflation, inflation is driven by a single
scalar field (inflaton) when it slowly rolls down to its potential minimum. During the
slow-roll, the energy density of the universe is dominated by the inflaton potential energy,
which drives accelerated expansion of the universe, namely, cosmological inflation. After
the end of inflation, the inflaton decays to Standard Model (SM) particles to reheat the
universe to initiate the Standard Big Bang Cosmology.

The slow-roll inflation requires the inflaton potential to be sufficiently flat in the
inflationary epoch. In a simple inflationary scenario such as chaotic inflation, a flat
potential is realized by taking an initial inflaton value to be of the trans-Planckian scale.
However, the field theoretical point of view, it may be more appealing to consider the
small-field inflation (SFI) scenario, where the initial inflaton value is smaller than the
Planck mass and possible higher-dimensional Planck suppressed operators are less
important to the inflationary predictions. Hybrid inflation [5] is a well known example of

the SFI [5], where a flat direction of the scalar potential is realized with multiple scalar
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fields. When one considers the SFI driven by a single scalar field, the so-called
inflection-point inflation [6, 7, 8] is an interesting possibility. If the inflaton potential
exhibits an inflection-point, the slow-roll inflation epoch can be realized with the initial
inflaton value in the immediate vicinity of the inflection-point.

From a particle physics point of view, an inflation scenario seems more compelling if
the inflaton field plays another important role in particle physics models, such as the Higgs
inflation scenario [9, 10, 11] in which the SM Higgs field is identified with the inflaton field.
When the SM is extended with some extra gauge groups or unified gauged groups, such
models always include an extra Higgs field, in addition to the SM Higgs field, to
spontaneously break the gauge symmetries down to the SM one. Similarly to the Higgs
inflation scenario, it is interesting if we can identify the extra Higgs field with the inflaton.
The extra Higgs field usually has Yukawa couplings with some fermions in addition to the
gauge and the quartic couplings, just like the SM Higgs doublet. As will be discussed
below, this gauge-Higgs-Yukawa system is essential to realize the inflection-point inflation
with the identification of the Higgs field as the inflaton.

Let us consider a Renormalization-Group (RG) improved effective Higgs/inflaton
potential [12]. During the inflation, we assume that inflaton value is much larger than its
Vacuum Expectation Value (VEV) at the potential minimum, so that the inflaton potential

is dominated by its quartic term of the form,

V(9) = 2 A(9) ¢, (3.1)

where ¢ denotes the inflaton field, and A(¢) is the running quartic coupling. If the RG
running of the inflaton quartic coupling first decreases towards high energy and then
increases, inflection-point is realized in the vicinity of the minimum point of the running
quartic coupling, where both the quartic coupling and its beta-function become vanishingly

small 7, 8].! In the vicinity of the inflection-point, the running quartic coupling obeys the

Tn the context of the A¢* inflation with non-minimal gravitational coupling [13], similar conditions have
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(one-loop) RG equation of the form,

d\

2
167 dln o

~(C,g"—Cy Y (3.2)

where g and Y are the gauge and Yukawa couplings, respectively, and C; and Cy are
positive coefficients whose actual values are calculable once the particle content of the
model is defined. Here, we have neglected terms proportional to A (A* term and the
anomalous dimension term) because the SFI requires the quartic coupling A o< g%, as will be
shown later. Hence the quantum corrections to the effective Higgs potential are dominated
by the gauge and Yukawa interactions. Realization of the inflection-point requires a
vanishingly small beta-function at the initial inflaton value, namely C, g* — Cy Y* = 0.
This condition leads to a relation between g and Y, or in other words, the mass ratio of
gauge boson to the fermion in the Higgs model is fixed. Since the Higgs quartic coupling at
low energy is evaluated by solving the RG equation, the resultant Higgs mass also has a
unique relation to the gauge and the fermion masses. Therefore, in the inflection-point
inflation scenario with the Higgs field as the inflaton, there is a correlation between the
very high energy physics of inflation and the low energy particle phenomenology.

Recently, two of the authors of this paper (N.O. and D.R.) have investigated the
inflection-point inflation in the minimal gauged B — L (baryon number minus lepton
number) extension of the SM [15], where the B — L Higgs field as the inflaton field [16]. In
order to realize the successful inflection-point inflation, we have obtained the predictions
for the mass spectrum for the B — L gauge boson (Z’ boson), the right-handed neutrinos,
and the B — L Higgs boson as a function of the initial inflaton value (¢;) and the
inflaton /Higgs VEV (vpy). Considering the reheating after inflation with the fixed particle
mass spectrum, we have identified the allowed parameter regions to satisfy the Big Bang
Nucleosynthesis constraint. We have found that the entire parameter region for mz < 500

GeV can be tested by the future collider experiments such as the High-Luminosity Large

been derived to ensure the stability of the inflaton potential [14].

36



Hadron Collider (LHC) [17] and the SHiP [18] experiments.

In this Chapter, we generalize the minimal B — L model to the so-called non-exotic
U(1)x extension of the SM [19]. The non-exotic U(1)x model is the most general extension
of the SM with an extra anomaly-free U(1) gauge symmetry, which is described as a linear
combination of the SM U(1)y and the U(1)p_j, gauge groups. The particle content of the
model is the same as the one in the minimal B — L model except for the generalization of
the U(1)x charge assignment for particles. The orientation of the U(1)x gauge group is
characterized by a U(1)x charge of the SM Higgs doublet (). For example, x5 = 0 is the
U(1)p_r limit, while the U(1)5_, gauge group is oriented to the SM U(1)y direction for
|zg| > 1. In this context, we investigate the inflection-point inflation with the
identification of the U(1)x Higgs field as the inflaton. As we will discuss in the following,
the inflation analysis weakly depends on xy and hence our results are similar to those in
Ref. [16]. However, there is a sharp contract in low energy phenomenologies, in particular,
the U(1)x gauge boson phenomenology at the LHC. An upper bound on the U(1)p_; gauge
coupling, gpr, < 0.01, has been obtained from theoretical consistencies in Ref. [16]. The Z’
boson with such a small coupling can be explored in future collider experiments only for a
small mass region such as mz < 500 GeV. For this case in the inflection-point inflation
scenario, the reheating temperature is estimated to be T < 1 GeV [16]. Such a low
reheating temperature may not be desirable in terms of thermal dark matter physics and
baryogenesis scenario. On the other hand, in the U(1)y generalization, the coupling of the
Z" boson with the SM fermions is controlled by gxx g for |xg| 2 1 with gx being the U(1)x
gauge coupling, and therefore the Z’ boson coupling becomes sizable for |zy| > 1. In this
Chapter, we will investigate the inflection-point inflation for this hyper-charge oriented
U(1)x extension of the SM, which opens up a possibility to explore the mass region of
my > 1 TeV at the LHC Run-2 while successfully realizing the inflection-point inflation.

The Chapter is organized as follows. In the next section, we give a brief review of

the slow-roll inflation. In Sec. 3, we present the inflationary predictions for the scenario,
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where the inflaton potential exhibits an inflection-point-like behavior during the slow-roll.
In Sec. 4, we consider the minimally gauged B — L extension of the SM, where the B — L
Higgs field is identified with the inflaton field. To realize the inflection-point in a
Higgs/inflaton potential, we consider the RG improved effective Higgs/inflaton potential.
In Sec. 5, we consider the constraints on the model parameters from the Big Bang
Nucleosynthesis and the current collider experiments. We also discuss the prospects of
testing the scenario in the future collider experiments, such as the High-Luminosity LHC

and SHiP experiments. Sec. 6 is devoted to conclusions.

3.2 Basics of Inflection-Point Inflation

The inflationary slow-roll parameters for the inflaton field (¢) are given by

M2 (V! 2 \ AV
o) =" () o=z () o =mpt 33)

where Mp = Mp;/v/8m = 2.43 x 10'® GeV is the reduced Planck mass, V is the inflaton
potential, and the prime denotes the derivative with respect to ¢. The amplitude of the

curvature perturbation A% is given by

1 1V
AL = — 4
R 24m2 My e, (3:4)

ko

which should satisfy A% = 2.195 x 107 from the Planck 2015 results [20] with the pivot
scale chosen at ky = 0.002 Mpc—!. The number of e-folds is defined as

1 [V

N=— d
MIQ:’ ¢E ¢V/7

(3.5)

where ¢; is the inflaton value at a horizon exit corresponding to the scale kg, and ¢ is the
inflaton value at the end of inflation, which is defined by €(¢g) = 1. The value of N

depends logarithmically on the energy scale during inflation as well as on the reheating
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temperature, and it is typically taken to be 50 — 60.
The slow-roll approximation is valid as long as the conditions € < 1, |n| < 1, and

¢? < 1 hold. In this case, the inflationary predictions are given by

ng=1—6¢+2n, r=16¢, a= 16en— 24e* — 27, (3.6)

— dns
— dink

where n,, r and « are the scalar spectral index, the tensor-to-scalar ratio and the
running of the spectral index, respectively, which are evaluated at ¢ = ¢;. The Planck 2015
results [20] set an upper bound on the tensor-to-scalar ratio as r < 0.11, while the best fit
value for the spectral index (ns) and the running of spectral index («) are 0.9655 £ 0.0062
and —0.0057 £ 0.0071, respectively, at 68% CL.

In the SFI scenario, to realize the slow-roll inflation the inflaton potential must
exhibit an inflection-point-like behavior, where the potential is very flat.? Setting the

inflaton value at the horizon in the very flat region ¢; = M of the potential, we

approximate the inflaton potential by the following expansion around ¢ = M:3

v

V(#) = Vo+ Valé — M)+ (¢ = M)* + (6 — M)?, (37)
where 1} is a constant and V7, V5 and V3 are the first, second and third derivatives of the
inflaton potential evaluated at ¢ = M. When V; and V; are vanishingly small, the inflaton
potential exhibits the inflection-point-like behavior. From Egs. (3.3) and (3.7), the slow-roll
parameters are then given by

M2 (V2 Va ViV
con = (1) won = (1), eon = 35)
0

where we have used the approximation V(M) ~ V4. Similarly, the power-spectrum A% is

2For successful inflation scenario it is not necessary for the potential to realize an ezact inflection-point.
We only require the inflaton potential to exhibit a behavior of almost an inflection-point.

3Although our parameterization of the inflaton potential is slightly different, most of analysis in this
section overlaps with that in Ref. [8].
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expressed as

I VA

AL~ — :
R 12r2 MOV

(3.9)

Using the constraint A% = 2.195 x 107? from the Planck 2015 results, we can express V;

and V5 as

3 3/2
Vi qge (M) ()
M3 Mp M*

v o 1-—n, M\ [V,
2L 175x1 Yo 1
M2 725 x 10 (1—0.9655) (Mp) (M4 ’ (3.10)

where we have used V(M) ~ V; and e(M) < |n(M)| as will be verified later. For the

12

following analysis we set ng = 0.9655 at the center value from the Planck 2015 results [20].
We define the inflaton value (¢g) at the end of inflation by €(¢g) = 1. Using

Eq. (3.5), the e-folding number (V) is given by

2 - M =M
N = Vo arctan V2 + 15(0 ) ‘ ) (3.11)
M2\/—VZ +2ViV; V=VE 42V V3 | le=M(1-65)

where we have parametrized ¢p as ¢p/M =1 — dp with 0 < g < 1. The
inflection-point-like behavior of the inflaton potential requires V;, V5 ~ 0 and V3 > 0, so
that we can approximate —V;2 + 2V, Vs ~ 2V, V5. This approximation is justified later. As
we will also show later, V5, v/2Vi Vs < V3MJy and hence the e-folding number is

approximated as

N ~ __ 2o arctan [%] o~ WL (3.12)
- MEV2W Vs V2ViVs]  MREV2Vs '
Using Eq. (3.10), V3 is then given by
Vs 60\* | Vq
— ~6.989x 1077 | — — 3.13
M 8 (N) MM (3:13)
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From Egs. (3.10) and (3.13), we find 2V, V3 ~ 9.2(60/N)V, and —VZ + 2V V3 ~ 2V, V3 is a
good approximation for N = 50 — 60.
Using Egs. (3.6), (3.8), (3.10), and (3.13), we now express all inflationary predictions

in terms Vp, M and N. From Egs. (3.8) and (3.10), the tensor-to-scalar ratio (r) is given by

r=3.077 x 107 (%) : (3.14)

P

The running of the spectral index («) is found to be
2 5 (60
o= =2 (M) = —2742 x 107 () (3.15)

Note that this « value is a unique prediction of the inflection-point inflation independently
of Vo and M. This prediction is consistent with the current experimental bound,

a = —0.0057 £ 0.0071 [20]. It is expected that the future experiments can reduce the error
to +0.002 [21], and therefore the prediction of the inflection-point inflation scenario can be

tested in the future.

3.3 The Inflection-point U(1)y Higgs Inflation

The model we will investigate is the anomaly-free U(1)x extension of the SM, which
is based on the gauge group SU(3).xSU(2),xU(1)y xU(1)x. The particle content of the

model is listed in Table 4.1. The covariant derivative relevant to U(1)y x U(1)x is given by
DH = aﬂ — Z(gly -+ ng)Bu — l'ngXZl/“ (316)

where Y (Qx) are U(1)y (U(1)x) charge of a particle, and the gauge coupling ¢ is
introduced in association with a kinetic mixing between the two U(1) gauge bosons.
Although we set g zero at the U(1)y symmetry breaking scale, it is generated through the

RG evolutions. The particle content includes three generations of right-hand neutrinos N4
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SU®). SU©2), U(l)y U(1)x
¢ | 3 2 1/6 | (1/6)xy + (1/3)ze
wy, |3 1 2/3 | (2/3)zm + (1/3)z0
d, | 3 1 —1/3 | (=1/3)an + (1/3)2e
[ 2 —1/2 (—1/2)xy — zo
ezé 1 1 —1 (—1)$H — T
H| 1 2 —1/2 (—1/2)zx
N]Z% 1 1 0 —To
) 1 1 0 +224

Table 3.1: The particle content of the minimal U(1)x extended SM. In addition to the SM
particle content (i = 1,2,3), the three right-handed neutrinos (N§ (i = 1,2,3)) and the
U(1)x Higgs field (®), which is identified with the inflaton, are introduced. The extra U(1)x
gauge group is defined with a linear combination of the SM U(1)y and the U(1)p_; gauge
groups, and the U(1)x charges of fields are determined by two real parameters, ry and xg.
Without loss of generality, we fix £ = 1 throughout this Chapter.

and a U(1)y Higgs field ®, in addition to the SM particle content. The U(1)x gauge group
is identified with a linear combination of the SM U(1)y and the U(1)p_ gauge groups, and
hence the U(1)x charges of fields are determined by two real parameters, xy and zg. Note
that in the model the charge x4 always appears as a product with the U(1)x gauge
coupling and it is not an independent free parameter. Hence, we fix x4 = 1 throughout this
Chapter. In this way, we reproduce the minimal B — L model with the conventional charge
assignment as the limit of 2y — 0. The limit of x — +00 (—o0) indicates that the
U(1)x is (anti-)aligned to the SM U(1)y direction. The anomaly structure of the model is
the same as the minimal B — L model and the model is free from all the gauge and the

gravitational anomalies in the presence of the three right-handed neutirnos.

The Yukawa sector of the SM is extended to have

3 3 3
J— A 1 -
Ly ukawa D — § § Y}/ i HNJ, — 3 § Y ®NECNG +hee., (3.17)
k=1

i=1 j=1

where the first and second terms are the neutrino Dirac Yukawa coupling and the

iFor wy = —4/5 and zy = —2, the U(1)x gauge group can arise from breaking of the SO(10) grand
unified gauge group into the Standard Model one via the SU(5)xU(1)x for the standard SU(5) and the
flipped SU(5) subgroups of the SO(10), respectively.
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Majorana Yukawa coupling, respectively. Without loss of generality, the Majorana Yukawa
couplings are already diagonalized in our basis. Once the U(1)x Higgs field ® develops
non-zero VEV, the U(1)x gauge symmetry is broken and the Majorana masses for the
right-handed neutrinos are generated. Then, the seesaw mechanism [22] is automatically
implemented in the model after the electroweak symmetry breaking.

The renormalizable scalar potential for the SM Higgs doublet (H) and the U(1)x

Higgs (®) fields is given by
02\ 0%\ V3 v3
V=g (HTH — ?’1) + Ao (qﬂ@ — TX) + Amix (HTH — 3’1) (qﬂcb - TX) , (3.18)

where all quartic couplings are chosen to be positive. At the potential minimum, the Higgs

fields develop their VEVs as
(3.19)

Associated with the U(1)y symmetry breaking (as well as the electroweak symmetry
breaking), the U(1)x gauge boson (Z’ boson), the right-handed Majorana neutrinos, and

the U(1)x Higgs boson (¢) acquire their masses as

/ x? 1 .
my = gx\/ 4% + IHU% ~ 29xVx, Myi = EY]QUX, my = v/ 2 pUx, (3.20)

where v, = 246 GeV is the SM Higgs VEV, and we have used the LEP constraint [23]
v% > v?. Because of the LEP constraint, the mass mixing of the Z’ boson with the SM Z
boson is very small, and we neglect it in our analysis in this Chapter.

We identify the physical U(1)x Higgs field (¢) with the inflaton, which is defined as
® = (¢ +v;)/V/2 in the unitary gauge, and consider the inflation trajectory ¢ > vx,v, and

H = 0 in the scalar potential in Eq. (3.18). In our analysis, we employ the RG improved
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effective potential along this inflation trajectory, which is dominated by the inflaton quartic

term and given by

A(9) ¢, (3.21)

where A(¢) is the solution to the RG equation listed in Appendix. With the RG improved

effective potential, we express the coefficients in the expansion of Eq. (3.7) as

Vi

1
w1 (4o + Brg) s
Vi 1
1 = 7 (12478, + MB,,).
V. 1
Mg = (24he + 2685, +10MB,, + M5, (3:22)

where the prime denotes d/d¢, and ), is the beta function of the quartic coupling A\
given by

1

P T Gy

3
o {20)\¢ +2 Z(Y;‘J)Q — 48 (§* + gi)} + 202
=1
3
+ 96 (P +g%) - (Y

i=1

: (3.23)

Using Vi /M? ~ 0 and V,/M? ~ 0 to realize the inflection-point like behavior of the inflaton

effective potential, we obtain

B (M) ~ —4Ae (M), Mpy, (M) ~ 16Ae(M). (3.24)

For the couplings being in the perturbative regime, we evaluate

M?BY (M) ~ —Mp4 (M) ~ —16As(M) as a good approximation. Hence the last equation
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in Eq. (3.22) is simplified to be V3/M ~ 16 A\p(M) and Eq. (3.13) leads to

M\ [60\"
Ao (M) =~ 4.770 x 1071 (E) (W) : (3.25)

where we have used Vy ~ (1/4)\o(M)M*. For M < Mp, \e(M) is found to be very small.
In evaluating ), (M), we simply assume Apix(M) is negligibly small. Although we

have set g(vx) = 0, non-vanishing (M) is generated through its RG evolution through its

beta function consisting of two terms: one is proportional to g and the other is

proportional to gx. However, as we will see later, the inflection-point inflation requires

gx (M) < 1, and hence § stays negligibly small at any scales. As a result, Eq. (3.24) with

Eq. (3.25) leads to Sy, (M) ~ 0, and we find

Vs (M) ~ 324 (M), (3.26)

where we have taken the degenerate Yukawa couplings for three right-handed neutrinos
Yy =Y, = Y =Y}, for simplicity. Therefore, the mass ratio between the right-handed
neutrinos and the Z’ gauge boson is fixed to realize a successful inflection-point inflation.

Now RG equations for A\g, gx and Y), at the 1-loop level are approximately give by

dX
1672 y 1n®¢ ~ 96g% — 3V,
dgx 72+ 64xy + 41x%{
1 2 — 3
O dn g ( 6 Ix
dy; 5
167r2d1n]\zb ~ Yu (51/;’4 - 6g§() . (3.27)

Using the second equation in Eq. (3.24) and Egs. (3.25)-(3.27), we express the U(1)x gauge

coupling at ¢ = M as

1.511 x 102 M3 760\ %?
gx (M) ~ 78 < ) (—) : (3.28)
(93 + 25625 + 164z42) Mp N
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Finally, from Egs. (3.14) and (3.25), the tensor-to-scalar ratio (r) is given by

M \6
P~ 3.670 x 10—9(m) , (3.29)

which is very small, as expected for the SFI scenario.

At the end of inflation, €(¢g) is explicitly given by

Mp2 Vé 2¢ 2 2 MP2 M6 5E2 Vv2 VE’) 2

We evaluate dg from €(¢g) = 1. If we assume that the first term dominates in the
parenthesis of the final expression above, we find g > 1 by using Egs. (3.10), (3.13), and
(3.25), which is inconsistent with 0 < 05 < 1. Therefore, the second term must dominate,

and hence we obtain

55 =~ 0.210 (Mﬂp)m, (3.31)

by using Egs. (3.13) and (3.25).

Before presenting our numerical results, let us check the consistency of our analysis.
In the previous section we have approximated the inflaton potential by Eq. (3.7),
neglecting the higher order terms. For consistency, we need to check if the contribution of
higher order terms can actually be neglected in our model. Consider the following

expansion of inflaton potential at ¢ = M,

()
V(g)=> Vn! (¢ — M), (3.32)

n=0

where V(™ is the n-th derivative of the potential evaluated at ¢ = M. As has been
discussed in the previous section, V; = VM and V5, = V® are fixed by the experimental

values of the scalar power-spectrum (A%) and the spectral index (ny), respectively. For the
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Figure 3.1: Left and right panels show the U(1)x gauge coupling (gx(M)) and the inflaton
quartic coupling (Ae(M)) as a function of M/Mp, respectively, for a fixed z gy = 400.

consistency of our previous analysis, we require that the terms V(4 and higher contribute
negligibly in determination of r compared to V3 at the end of inflation. Using Egs. (3.3)

and (3.32), e(¢g) is expressed as

2 (n 2
(6n) ~ f—jg(zmv—)w My ) (3.33)

2
M Vé 2 (TL) n—1

12

where we have used V(¢g) ~ V. This leads to constraint

— 1M vVe
opPY < ’(p PV s (3.34)

2 vV (®)

where p > 4. To proceed further we need to evaluate Eq. (3.34) explicitly for the minimal

U(1)x model. As has been shown previously in this section, all the higher order derivatives

of the potential can be approximately given by V™ M"=* ~ C,\(M), where C,, is a

constant. For example, Cy = 96 and C5 = 184. We find that the most severe bound for

both cases is from V* term. Using Eqgs. (3.31) we obtain an upper bound on M < 5.67Mp.
Let us now present the numerical results of the inflection-point U(1)x Higgs

inflation scenario. For the rest of the Chapter, we employ the e-folding number N = 60.
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Figure 3.2: Left panel shows the RG running of the U(1)x Higgs/inflaton quartic cou-
pling plotted against the normalized energy scale ¢/M. Here we have fixed M = Mp and
g = 400, which corresponds to gx(M) = 8.756 x 1074, Yy (M) = 2.478 x 1073, and
Ag(M) ~ 4.770 x 107'°. The dashed horizontal line indicates A = 0. Right panel shows the
corresponding RG improved inflaton potential, where the inflection-point-like point appears
at o = M.

We set g(vyx) = 0 and choose A (M) to be Amix> < 48¢x*, and hence all our results
presented in the rest of this section are controlled by only three parameters, M, xy and vy.
In Fig. 3.1, we show the U(1)x gauge coupling (left) and the inflaton quartic

coupling (right) at ¢ = M as a function of M (see Egs. (3.25) and (3.26)). Here, we have
fixed xy = 400, which is motivated by the LHC phenomenology to be discussed in the next
section.

In Fig. 3.2, we plot the running quartic coupling Ag(¢) (left) and the RG improved
effective inflaton/Higgs potential (right). Here we have fixed M = Mp and xzy = 400,
which corresponds to gx (M) = 8.760 x 1074, Y3;(M) = 2.103 x 1073, and
Ao (M) ~ 4.770 x 1071¢. In the left panel, the dashed line indicates A = 0. In the right
panel, we see the inflection-point-like behavior of the inflaton potential around ¢ = M,
marked with a dashed-dotted vertical line.

Here let us look at the inflationary predictions of our scenario. The prediction for
the tensor-to-scalar ratio (r) is given by Eq. (3.29). For the upper bound on M < 5.67Mp,

the resultant tensor-to-scalar ratio is given by 7 < 3.047 x 107, which is too small to test in

the future experiments. However, as discussed in the previous section, the inflection-point
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inflation predicts the running of the spectral index to be o ~ —2.742 x 1073, independently
of M. This predicted value is within the reach of future precision measurements [21].

We now consider the particle mass spectrum of the model at low energies. As we
have discussed, the condition of the almost vanishing /3y, (M) leads to the relation of
Yar(M) ~ 32Y/4gx (M). The low energy mass spectrum of the Z’ boson and the
right-handed neutrinos are obtained by extrapolating the couplings to low energies. From
Eq. (3.26) with the upper bound on M < 5.67Mp, we can see gx(M) < 1 and hence the
RG running effects of the gauge and Yukawa couplings are negligible and my/myz ~ 0.84
remains almost the same at low energies. On the other hand, the RG evolution of the
inflaton quartic coupling significantly changes its value at low energies (as shown in the left
panel of Fig. 3.2), since its beta function is controlled by the gauge and Yukawa couplings.
Let us approximately solve the RG equations in Eq. (3.27). Since gx (M), Ya (M) < 1, the

solutions to their RG equations are approximately given by

gx(w) = gx(M)+ 5, | 1],

M
Yar(p) = Yar(M) + By (M) In | 4], (3.35)

M

12

where (3,(M) and Py (M) are their beta-functions evaluated at © = M. Hence, the

beta-function of the quartic coupling is approximately described as

Bro (1) == 96g™ (1) — 3Y* (1)

~ 4 (96gx (M)3B,(M) — 3Yar(M)*By(M)) In [%}
~ Mg, (M) [%} ~ 16\p(M) In [%] , (3.36)

where we have used Mj) (M) ~ 16As(M) in Eq. (3.24). Then we obtain the approximate
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solution to the RG equation as

Ao(vy) =~ 8Ao(M) <ln [U—XD2

M
~ 3.868 x 1015(%)2 (1n [%])2 (3.37)

where we have used Eq. (3.25) and vy < M. Using mz = 2g(vx)vx ~ 2g(M)vx, the mass

ratio of the U(1)x Higgs/inflaton to the Z’ boson is given by

(3.38)

mzg: P Ux

MNP M
7~ 9,911 x 107 (ﬁ> (87 + 2562y + 1642%) " In [—} .

3.4 LHC Run-2 Constraints

If kinematically allowed, the Z’ boson in the minimal U(1)x model can be produced
at the LHC. The ATLAS and the CMS collaborations have been searching for a narrow
resonance with di-lepton final states at the LHC Run-2 and set the upper limits of a Z’
boson production cross section [24, 25]. In the analysis by the ATLAS and the CMS
collaborations, the so-called sequential SM Z' (Z5g,,) model [26] has been considered as a
reference model, where the Z’ boson has the same couplings with the SM fermions as the
SM Z boson. In this section, we interpret the current LHC constraints on the sequential Z’
boson into the U(1)x Z’ boson to identify an allowed parameter region. Then, we examine
a consistency of the inflection-point inflation scenario with the LHC Run-2 constraints.

We first calculate the cross section for the process pp — 72/ + X — (t¢~ + X. The
differential cross section with respect to the invariant mass My, of the final state di-lepton

is given by

2

do 1 2Myp 9 MEZ )\ ., L
dMy %:/E“ dz—s—fo(2,Q )fq( Q%) 6(qq = Z' — 070, (3.39)
’ M

2 2
Ty T ey

where f, is the parton distribution function for a parton (quark) “¢”, and Ecy = 13 TeV is
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the center-of-mass energy of the LHC Run-2. In our numerical analysis, we employ
CTEQS6L [27] for the parton distribution functions with the factorization scale Q@ = m.

Here, the cross section for the colliding partons is given by

MQ
"2 Z Fu(zn), (3.40)

6(qg— 2" — 1707 = a ¢
( ) 1296~ (M2 —m%,)2 +m2,1%, " *

where ax = g%/(47), the function F(zy) are

Fu(zg) = (8+ 20wy + 172%)(8 + 1225 + ba%y),

Fy(ry) = (8 —4dxy+52%)(8 + 120y + 5x3,) (3.41)

for ¢ being the up-type (u) and down-type (d) quarks, respectively, and the total decay

width of Z’ boson is given by

4m3,\ 2 ,
Ty = X | Flan) + 3 (1 - mQN> 0 (m—z - 2)] (3.42)

mz/ mN

with F(xy) = 13 + 16z + 10z%. By integrating the differential cross section over a range
of My, set by the ATLAS and the CMS analysis, respectively, we obtain the cross section to
be compared with the upper bounds obtained by the ATLAS and the CMS collaborations.
In interpreting the 2016 results by the ATLAS and the CMS collaborations into the
U(1)x Z' boson case, we follow the strategy in [28] (see also [29] for the minimal B — L
model). In the Chapter, the cross section for the process pp — Zigy + X — (707 + X is
calculated and the resultant cross sections are scaled by a k-factor to match with the
theoretical predictions presented in the ATLAS and the CMS papers. With the k-factor
determined in this way, the cross section for the process pp — Z' + X — (T4~ + X is
calculated to identify an allowed region for the model parameters of ax, ry and myz. See
Ref. [28] for the details of the strategy and the k-factors. Our analysis in this section is

exactly the same as that in this reference.
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Figure 3.3: The upper bounds on ax x% as a function of zy from the CMS results on search
for a narrow resonance from the combined di-electron and di-muon channels [25]. The lower
and upper dashed lines correspond to xy > 0 and zy < 0, respectively. Here we have fixed

myz = 4 TeV. The diagonal solid lines depict Eq. (3.25) for M = Mp (left) and M = 0.01Mp
(right), along which the successful inflection-point inflation is achieved.

For mz = 4 TeV, we show in Fig. 3.3 the upper bounds on ay z% as a function of

ry from the CMS results on search for a narrow resonance from the combined di-electron
and di-muon channels [25]. The lower and upper dashed lines correspond to zy > 0 and
xg < 0, respectively. The upper bounds from the ATLAS results [24] are found to be very
similar to but slightly weaker than those from the CMS results, and we have shown only
the CMS results. As we can see from the cross section formula, the dashed lines approach
each other for a large |zy|. The diagonal solid lines depict Eq. (3.25) for M = Mp (left)
and M = 0.01Mp (right), along which the successful inflection-point inflation is achieved.
For the diagonal solid lines with a fixed M, the results for xty > 0 and zy < 0 are
indistinguishable. From this figure, we find an upper bound on zx < 200 and zgx < 600,
respectively, for M = Mp (left) and M = 0.01Mp (right). Note that even though the
successful inflection-point inflation requires the U(1)x gauge coupling to be very small, this
scenario can still be tested at the LHC when |zg| > 1, in other words, the U(1)x gauge

symmetry is oriented towards the SM hyper-charge direction.
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3.5 Constraints from the Big Bang Nucleosynthesis

Let us now consider a reheating scenario after inflation to connect our inflation
scenario with the Standard Big Bang Cosmology. This occurs via inflaton decay into the
SM particles during the inflaton oscillates around its potential minimum. We estimate the

reheating temperature (Tg) as

100\ /4
TR:O.55( ) VT oMp, (3.43)

G

where I, is the inflaton decay width into the SM particles. For the successful Big Bang
Nucleosynthesis (BBN), we impose a model-independent lower bound on the reheating
temperature as T 2 1 MeV.

In the Higgs potential of Eq. (3.18), a mass matrix between the inflaton (¢) and the
SM Higgs boson (h) is generated after the U(1)y symmetry and the electroweak symmetry

breaking:

2
my AmixUnVx | | R

LD —% [h 4 , (3.44)

2
AmixvhUX m¢ Qb

where my = v/2X\pvx, and my, = 2 v, = 125 GeV. We diagonalize the mass matrix by

h cosf sinf
- s (3.45)

) —sinf cosf| | o

where ¢; and ¢, are the mass eigenstates. The relations among the mass parameters and
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the mixing angle (#) are the following:

205V Amix = (M7 — mg,) tan 26,

2 2 2 2 sin? 6
My, =My (m¢ mh) 125026’

sin? 6
mg, =mg + (mg —mj) 555 (3.46)
Since the inflaton is much lighter than the Z’ boson and the heavy neutrinos, it decays to

the SM particles mainly through the mixing with the SM Higgs boson. We calculate the

inflaton decay width as
F¢2 = sin2 0 x Fh(m¢,2), (347)

where 'y, (m,) is the SM Higgs boson decay width if the SM Higgs boson mass were m, .
There are constraints on the mixing angle. Firstly, we have imposed A2, < 48¢% to
neglect the contribution of the A, to Se. Another constraint on the mixing angle is from

requiring positive definiteness of mass squared eigenvalues of the mass matrix in Eq. (3.44),

which leads to A2, < 4\gAs. We find that the latter constraint is more severe and
requires < 1. Hence ¢; and ¢, are mostly the SM Higgs and the U(1)x Higgs mass

eigenstates, respectively.

2

In the following analysis we parameterize Ay, = 4A\gAs§ with a new parameter

0 < ¢ < 1. From Eq. (3.46), we obtain

0~ ¢ (%>2 (3.48)

mp

where we have used mé < mj from Eq. (3.38) for the parameter region we are interested
in, namely mz = O(1 TeV). We also find that mg ~ mgy/1 — €. From Egs. (3.38), (3.43),
(3.47) and (3.48), we can express the reheating temperature as a function of M, my, vy

and . To simplify our analysis, let us fix xtg = 400 and £ = 0.1. In Fig. 3.4, we show the
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Figure 3.4: The contours corresponding to the reheating temperatures T = 1 MeV, 1 GeV,
100 GeV, and 1 TeV, from bottom to top, for xtg = 400 and £ = 0.1.

contours corresponding to Tg = 1 MeV, 1 GeV, 100 GeV, and 1 TeV, from bottom to top.

3.6 Conclusions

From a theoretical point of view, if the inflaton value is trans-Planckian, effective
operators suppressed by the Planck mass could significantly affect the inflaton potential
during inflation, and hence the inflationary predictions. To avoid this problem, we may
consider the SFI, where the inflaton value during inflation is smaller than the Planck mass.
In this case, the inflection-point inflation is an interesting possibility to realize a successful
slow-roll inflation when inflation is driven by a single scalar field. To realize the
inflection-point-like behavior for the RG improved effective A¢* potential, the running
quartic coupling A(¢) must exhibit a minimum with an almost vanishing value in its RG
evolution, namely A(¢7) ~ 0 and SBy(¢r) =~ 0, where f3) is the beta-function of the quartic
coupling.

From a particle physics perspective, it is more compelling to consider an inflationary
scenario, where the inflaton field plays another important role. We may consider a general

Higgs model, namely the gauge-Higgs-Yuakwa system, and identify the Higgs field as
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inflaton. In this case, the conditions, A(¢;) ~ 0 and 5\(¢;) ~ 0, lead to a relation among
the gauge, the Yukawa and the Higgs quartic couplings. Using the relation and requiring
the inflationary predictions to be consistent with the Planck 2015 results, we have found
that all the couplings (at ¢;) depend only on ¢;. Hence, the low energy mass spectrum of
the model is uniquely determined by only two free parameters, ¢; and the inflaton/Higgs
VEV, and the inflationary predictions are complementary to the low energy mass
spectrum. It is also interesting that the inflection-point inflation provides a unique
prediction for the running of the spectral index av ~ —2.7 x 1073, which can be tested in
the future experiments.

We have investigated the inflection-point inflation in the context of the minimal
U(1)x extended SM, where the anomaly-free extra gauge symmetry is defined as a linear
combination of the SM hyper-charge and the gauged B — L groups. Identifying the U(1)x
Higgs field with the inflaton, we have obtained a prediction for the mass spectrum for the
Z'" boson, the right-handed neutrinos, and the U(1)x Higgs boson as a function of ¢, zy,
and the inflaton/Higgs VEV. Even though the successful inflection-point inflation requires
the U(1)x gauge coupling to be very small, we have found that the Z’ boson with mass of
a few TeV can be explored at the LHC Run-2 when the direction of the U(1)y symmetry is
oriented towards the SM hyper-charge, or equivalently |xy| > 1. This is in sharp contrast
to the inflection-point inflation scenario in the minimal U(1)p_; extended SM previously
investigated in Ref. [16]. We have also considered the reheating after inflation and found a

large portion of parameter space which can reheat the universe sufficiently high.
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3.A RG equations in the minimal U(1)x model

In this Appendix we list the one-loop RG equations for the couplings which are used

in our analysis. See Appendix in Ref. [30] for a complete list. The RG equations for the
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gauge couplings at the one-loop level are given by
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Here, z is a U(1)x charge of a corresponding fermion (f) in Table 4.1. For example,
zg = (1/6)xy + (1/3)ze, and . = —xy — xe. For the RGEs for the Majorana Yukawa

couplings at the one-loop level we have
vy, Yy

M~ ()

(Vi) + % > (Vi) + (1222 — 623) (3% + 9%) |- (3.50)
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Finally, the RGEs for the scalar quartic couplings are given by

d\e 1
arm (drr)?

2N, - 423:(1/;'4)4 +6{ (v09)" + (xq>gx)2}2] 7

=1

)\@{20)@ +23 (¥i)? - 12(wed)” — 12(:Eq>gX)2}

=1

CD\mix o 1 2 : 7 \2
il v [Amix{ 1205 + 8Ag + 4Amix + 672 + ;(YM)
9, 1 Y \2 2 2
- 3%~ 6 S trug) — 6(z09)” —6(zmgx)” — 6(zagx)
1 2
+ 12 { (591 + $H§])(37<p§) + (ngx)(afq>gx)} ] . (351)

64



CHAPTER 4

SU(5)xU(1)x GRAND UNIFICATION WITH MINIMAL SEESAW AND
Z'-PORTAL DARK MATTER

4.1 Introduction

Despite its great success, the Standard Model (SM) suffers from several problems.
The neutrino mass matrix and a candidate of dark matter (DM) are two major missing
pieces of the SM, and they must be supplemented by a framework beyond the SM. The
minimal U(1)p_, model [1] is a very simple extension of the SM, where the anomaly-free
global B — L (baryon number minus lepton number) symmetry in the SM is gauged and
only the three right-handed neutrinos (RHNs) and the U(1)p_, Higgs field in addition to
the SM particle content. In the presence of the RHNs, the seesaw mechanism [2] is
automatically implemented. Associated with the spontaneous U(1)p_; symmetry breaking
by a vacuum expectation value (VEV) of the U(1)p_; Higgs field, the U(1)p_, gauge
boson (Z’ boson) and the three Majorana RHNs acquire their masses. The SM neutrino
mass matrix is generated through the seesaw mechanism after the electroweak symmetry
breaking.

Among various possibilities of introducing a DM candidate into the minimal
U(1)p_1 model, a way proposed in Ref. [3] would be the simplest, where instead of
extending the particle content, a Zs-parity is introduced and a unique Z,-odd RHN plays
the role of DM. The remaining two RHNs work to generate the SM neutrino mass matrix
through the seesaw mechanism. Therefore, in this framework, the three RHNs are

categorized into one Zs-odd RHN DM and two Zs-even RHNs for the so-called Minimal
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Seesaw [4], which is the minimal setup to reproduce the neutrino oscillation data with a
prediction of one massless eigenstate. In this way, the two missing pieces of the SM are
supplemented with no extension of the particle content of the minimal U(1)z_; model.

The RHN DM communicates with the SM particles in two ways: One is through
exchanges of Higgs bosons in their mass basis (Higgs-portal RHN DM), where two physical
Higgs bosons are realized as linear combinations of the U(1)p_; and the SM Higgs bosons.
The other is through Z’ boson exchange (Z’-portal RHN DM). Phenomenology of the RHN
DM has been extensively studied [3, 5, 6], in particular, a complementarity between the
RHN DM physics and the LHC physics for the Z’-portal RHN DM scenario has been
pointed out in Ref. [6].

The minimal U(1)p_;, model is easily generalized to the minimal U(1)x model [7],
whose particle content is the same as the one of the minimal U(1)p_, model. The
generalization appears in the U(1)x charge assignment for the SM fields: the U(1)x charge
of an SM field (f) is defined as Qx = Yy zy + Q%_,, where Y; and Q%,_, are the
hypercharge and the B — L charge of the field, and z is a new real parameter (see
Table 4.1). With the charge assignment, the minimal U(1)y model is free from all the
gauge and mixed-gravitational anomalies (see, for example, Ref. [8] for detailed calculations
of the anomaly coefficients). The minimal U(1)p_; model is defined as the limit of zz — 0.
The RHN DM is introduced in exactly the same way for the U(1)z_;, model. In Ref. [9],
the minimal U(1)x model with the Z’-portal RHN DM has been extensively studied. In
the analysis, only four free parameters are involved: the U(1)x gauge coupling (ax), the Z’
boson mass (mz), g, and the RHN DM mass (mpy). It has been found in Ref. [9] that
mpm =~ my /2 is required to reproduce the observed DM relic density, and the number of
free parameters is effectively reduced to three: ax, mz and zy. The cosmological
constraint from the DM relic density leads to a lower bound on ax for fixed values of my
and xy. On the other hand, the LHC Run-2 results from the search for a Z’ boson

resonance provide an upper bound on ay for fixed values of mz and xg. Therefore, the
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DM physics and the LHC Run-2 phenomenology are complementary to narrow down the
model parameter space.

In this letter, we propose a grand unified SU(5)xU(1)x model,! into which the
minimal U(1)x model with the RHN DM is embedded. The grand unified theory (GUT)
has been attracting a lot of attention since its first proposal in Ref. [11], where all the three
gauge interactions in the SM are embedded into the SU(5) gauge group, and all the
fermions in the SM are unified into three generations of 5* and 10-representations under
the SU(5). The picture is not only mathematically beautiful, but also provides the charge
quantization for the SM quarks and leptons. It seems natural to regard the GUT as a
primary candidate of physics beyond the SM. However, if this is the case, we may require a
GUT model to incorporate the neutrino mass matrix and a DM candidate. The model we
propose satisfies this requirement with the RHN DM and two RHNs for the minimal type-I
seesaw. As in the original proposal in Ref. [11], the SM gauge groups are embedded into
the SU(5) group. However, note that the unification of the quarks and leptons into 5* and
10-representations is possible only if zy = —4/5. Therefore, the U(1)x charge is quantized

and xy is no longer a free parameter.

4.2 SU(5)xU(1)x Unification

In the following, we show that our GUT model is phenomenologically viable. As we
will discuss below, the SU(5) gauge symmetry is broken at Mgyr ~ 4 x 10'® GeV, and the
minimal U(1)x model with the RHN DM (zy = —4/5) is realized as low energy effective
theory. The U(1)yx symmetry is assume to be broken at the TeV scale. We first review this
effective minimal U(1)x model at the TeV scale, and investigate phenomenological
constraints on the model parameters. In our analysis, we follow Ref. [9] and identify an

allowed parameter region, which will be found to be very narrow since xy = —4/5 is no

LA similar model, but the unification into the flipped SU(5)xU(1) group has been recently proposed in
Ref. [10].
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SUB)e SUR)L Uy U)x Zs
¢ | 3 2 1/6 | (1/6)xn+1/3 | +
w, | 3 1 2/3 | (2/3)zg+1/3 | +
d, | 3 1 —1/3 | (=1/3)zy+1/3 | +
¢ 1 2 “172 | (=12zn -1 | +
et 1 1 -1 (—1)xg —1 +
H | 1 2 ~1/2 (—1/2)zy +
N[ 1 1 0 —1 +
Nel| 1 1 0 ~1 -
d 1 1 0 +2 +

Table 4.1: The particle content of the minimal U(1)x extended SM with Zs-parity. In
addition to the SM particle content (i = 1,2,3), the three RHNs (N} (j = 1,2) and Npg)
and the U(1) x Higgs field (®) are introduced. The unification into SU(5)xU(1)x is achieved
only for zy = —4/5, and xy is quantized in our model.

longer a free parameter. Next, we discuss that the SM gauge couplings are successfully
unified at Mgyt with some extra fermions at the TeV scale, which originate one 5 + 5* and
one 10 + 10* multiplets under the SU(5) gauge group. After the SU(5) breaking, a kinetic
mixing between the U(1)y and U(1)x gauge bosons is generated through the
renormalization group (RG) evolution. We also discuss that this mixing is negligibly small
and has little effect on our analysis.

We first define the minimal U(1)x model by the particle content listed in Table 4.1.
The minimal B — L model is reproduced as the limit of zz — 0. The model is free from all
the gauge and the gravitational anomalies in the presence of the three RHNs. Because of
the Zy-parity assignment shown in Table 4.1, the Ng is a unique (cold) DM candidate.
Fixing zy = —4/5, we can see the unification of quarks and lepton into SU(5)xU(1)x
multiplets: F5' of (5%, —3/5) O (dip)e @ 0%, and Fj, of (10,1/5) D q¢% @ (uly)° & (ek)°.

The Yukawa sector of the SM is extended to have

3 2 2
— 1 - 1 -
Lyukava DO =D, ) YHULHNy =2 YVONE N — SYNON N+ He., (4.1)
k=1

i=1 j=1

where the first term is the neutrino Dirac Yukawa coupling, and the second and third terms
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are the Majorana Yukawa couplings. Without loss of generality, the Majorana Yukawa
couplings are already diagonalized in our basis. Note that only the two Z;-even RHNs are
involved in the neutrino Dirac Yukawa coupling. After the U(1)x and the electroweak
symmetry breakings, the Z’ boson mass, the Majorana masses for the RHNs, and the

neutrino Dirac masses are generated:

1
mz = gxi\/ 4l + foq’l}}% ~ 20x Vs,

Yy Y i _Yp

N
—Vp, MpMm = —=Vp, M Vp, 4.2
\/§<I> DM \/§<I> D \/§h ( )

mpyi =

where gy is the U(1)x gauge coupling, (®) = vg/v/2, v, = 246 GeV is the SM Higgs VEV,

and we have used the LEP constraint [12Jvg? > vj,%.

4.3 Z'-portal Dark Matter

Now we investigate phenomenological constraints for the minimal U(1)x model with
the RHN DM. We follow Ref. [9] for our analysis, where only four free parameters,
ax = g%/(47), mz, xg and mpy. However, the grand unification to SU(5)xU(1)x
requires to fix zy = —4/5, and hence the resultant allowed parameter space is more
restricted.

Let us first evaluate the DM relic density by integrating the Boltzmann equation

given by [13]

dY — xs(0el) 10 2
= H s (V2 —Y2), (4.3)

where x = mpy /T is the ratio of the DM mass to the temperature of the Universe (7'),
H(mpwm) is the Hubble parameter at T'= mpy, Y is the yield (the ratio of the DM number
density to the entropy density s) of the DM, and Ypq is the yield of the DM particle in

thermal equilibrium. The thermal average of the DM annihilation cross section times
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relative velocity, (o), is calculated from the total cross section of the DM pair
annihilation process NN — Z' — ff (f denotes the SM fermions) given by
T o2 s(s — dmiy)

= _ F
o(s) 34X (s =m%)?2+m%I%, (zn),

where
4\?* 33
F(.I‘H)Zlo (Z‘H—Fg) +E,

and the total decay width of Z’ boson is given by

r, — ‘%XmZ, [F(zw) + 58°0(6%)]

where g = \/ 1 — 4m#,,;/m2,, 6(z) is the unit step function, and the masses of all SM

(4.4)

(4.6)

fermions are neglected. Here, we have assumed MyL2 > MpM, Mz /2, for simplicity. By

solving the Boltzmann equation numerically, the present DM relic density is evaluated by

mpwm So Y (00)

Qpuh® =
DM pc/h2 )

where sy = 2890 cm ™2 is the entropy density of the present Universe, and

(4.7)

pe/h?* =1.05 x 107> GeV /em? is the critical density. We identify a parameter region to

reproduce the observed DM relic density in the range of 0.1183 < Q, A% < 0.1213 (68%

confidence level), measured by the Planck satellite experiment [14]. As shown in Ref. [9],

an enhancement of the DM pair annihilation cross section via the Z’' boson resonance in

the s-channel is necessary to reproduce the observed DM density. Hence, we always find

mpwm =~ my /2, and thus our results are effectively described by only two free parameters:

ax and my.

Next we consider the current LHC constraints from the search for a narrow
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Figure 4.1: Allowed parameter region (green shaded) for the Z’-portal RHN DM scenario
in the context of our SU(5)xU(1)x model (zg = —4/5). The (black) solid line denotes the
lower bound on ayx as a function of mz to reproduce the observed DM relic abundance.
The diagonal dashed line (in red) shows the upper bound on ay obtained from the search
results for a Z’ boson resonance at the LHC, which is applicable to mz < 5.0 TeV. The
perturbativity bound (see the discussion around Eq. (4.15)) is depicted by the horizontal
dashed line. Combining all three constraints, we obtain the Z’ boson mass bound in the
range of 3.0 < my[TeV] < 9.2.
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resonance with dilepton final states at the LHC Run-2. In the analysis by the ATLAS and
CMS collaborations, the so-called sequential SM Z’ (Z§g,,) has been studied as a reference
model. We interpret the current LHC constraints on the Z§g,, boson into the Z’ boson in
our U(1)x model to identify an allowed parameter region. Although our analysis follows
that in Ref. [9], we will update the LHC constraints presented in Ref. [9] by employing the
latest ATLAS results in 2017 [15].

The cross section for the process pp — Z' + X — £T¢~ + X is given by
' 2My 2 M/?e 2\ Ay = / + )—
o = 2 ;/dmz /M Ao~ £, (2, @), (?@ ) 6(aq— 2 — (70), (48)

where My, is the invariant mass of a final state dilepton, f, is the parton distribution
function for a parton (quark) “¢”, and /s = 13 TeV is the center-of-mass energy of the
LHC Run-2. In our numerical analysis, we employ CTEQGL [16] for the parton
distribution functions with the factorization scale () = my.. The cross section for the
colliding partons is given by

2
T 9 M;,

6(qg — 7' — 1707 = a
( ) 1296 X (M2, —m2,)2 +m2, 1%,

Fou(rw), (4.9)

where the function F,(zy) is given by

Fu(rg) = (84 20wy + 172%) (8 + 1225 + 5x%;),

Fu(zg) = (8 — 4wy + 52%)(8 + 12z + 5a%;) (4.10)

for ¢ being the up-type (u) and down-type (d) quarks, respectively. By integrating the
differential cross section over a range of My, set by the ATLAS analysis, we obtain the
cross section to be compared with the upper bounds obtained by the ATLAS collaboration.
Only two free parameters, ax and my/, are involved in our analysis.

In Figure 4.1, we show our combined results from the DM relic abundance and the
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Figure 4.2: Allowed parameter region (green shaded) as a function of zg, for myz =4 TeV
in the minimal U(1)x model with the Z’-portal RHN DM. For the grand unified model,
xg = —4/5 is indicated by a vertical solid line. The (black) solid line shows the cosmological
lower bound on ax as a function of xy. The dashed line (in red) shows the upper bound on
ax obtained in Ref. [9] by employing the LHC data with a 13/fb luminosity. Our update of
the results by employing the ATLAS results with 36/fb is shown by the (red) solid line.
search results for a Z’ boson resonance at the LHC. We can see these two constraints are
complementary to narrow down the allowed parameter region. In Figure 4.1, we also show
the perturbativity bound (see the discussion around Eq. (4.15)), which provides the upper
bound on the U(1)x gauge coupling. Combining all three constraints, we have obtained the
Z' boson mass bound in the range of 3.0 < myz[TeV] < 9.2.

Although in our grand unified model xy = —4/5 is not a free parameter, we present
the combined results as a function of zy in Figure 4.2 for m/, = 4 TeV, in order to show
that zy = —4/5 has an interesting phenomenological implication. The (black)
convex-downward solid line shows the cosmological lower bound on ax as a function of zy.
The (red) convex-upward dashed line shows the upper bound on ax presented in Ref. [9],
where the results are obtained from the LHC 2016 data with a 13/fb luminosity. We have
updated the results by employing the latest ATLAS results with 36/fb [15], and our result

is shown by the (red) convex-upward solid line. The (green) shaded region is the final result
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for the allowed parameter space after combining the cosmological and the LHC constraints
when zy is a free parameter. Interestingly, the plot indicates that xy = —4/5 required by

the grand unification into SU(5)xU(1)x is almost the best value within the allowed region.

4.4 Gauge Coupling Unification

Let us now consider the gauge coupling unification. To realize the grand unification
picture, the SM gauge coupling must be unified at a high energy scale. It has been shown
in Ref. [17] that the SM gauge couplings are successfully unified around Mgyt ~ 4 x 10'°
GeV in the presence of two pairs of vector-like quarks, D, + Dgr and @ + Qr, with their
mass of O(1 TeV) in the representations of (3,1,1/3) and (3,2, 1/6), respectively, under
the SM gauge group of SU(3)cxSU(2),xU(1)y. Here, we adopt this simple case to our
scenario with a common mass (M) for Dy, + Dg and Qr + Qr. We simply take M = my/ /2
not to change the Z’ boson decay width that we have used in our DM analysis. The
unification scale leads to proton lifetime to be 7, ~ 10 years, which is consistent with the
current experimental lower bound obtained by the Super-Kamiokande [18],

7(p — ™) = 10** years.

In the grand unified SU(5)xU(1)x picture, Dy + D, and Qp + Q,¢ are unified into
Fs + F5 = (5,3/5) + (5*,—3/5) and Fio + Fip = (10,1/5) + (10*, —1/5), respectively. The
way to realize the mass splittings among the components in the SU(5) multiplets and leave
only Dy + Dgr and Q) + Qg light is analogous to the triplet-doublet mass splitting for the
5-plet Higgs field in the usual SU(5) GUT model. We introduce the Yukawa couplings and

the mass terms such as

Ly = F5(Y3% — M5)F5 + tr [Fio(Y10X — Mio) Fio) (4.11)

where Yj 19 are Yukawa coupling constants, M5 ;o are masses for the vector-like fermions, X

is a U(1)x charge-neutral SU(5) adjoint Higgs field, whose VEV of
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(3) = vgur diag(1,1,1,—-3/2,—3/2) breaks the SU(5) gauge group into the SM ones, and
we have used antisymmetric 5 x 5 matrices to express Fio and Fiy. We tune the Yukawa
coupling to realize Ysvgur — M5 = O(1 TeV) for Fy + F5, so that the vector-like SU(3)¢
color triplets (D + Dg) become light, while the vector-like SU(2),, doublets in the
multiplets are heavy with mass of (5/2)Mj;. By tuning Yo to realize Yipvgur +4Mio = O(1
TeV) for Fyy and Fyy, we obtain Q; + Qg light, while the rest in the 10-plets are heavy
with mass of 5My,. Taking suitable values for Y510 = O(1), we can obtain the common TeV
scale mass for Dy + Dgr and Q)1 + QQr, while the other components have GUT-scale masses.

Once the SU(5) symmetry is broken to the SM gauge groups at Mgyr, a kinetic
mixing between the U(1)y and the U(1)x gauge bosons is generated at low energies
through the RG evolutions. Following standard techniques in Ref. [19], we generally set a
basis where the gauge boson kinetic terms are diagonalized and a covariant derivative of a
field is defined as

gy Ymix | [ B
D,=08,— (Y Qx) ", (4.12)

0 gx Z,
Here, Y and Qx are U(1)y and U(1)x charges of the field, respectively, B, is the SM
U(1)y gauge field, and gy is the U(1)y gauge coupling. Originating from the gauge kinetic
mixing, a new parameter, namely, “mixed gauge coupling” gmix is introduced. In this basis,
the RG evolution of the SM U(1)y gauge coupling remains the same as the SM one at the
one-loop level, while gx and gy, evolve according to their coupled RG equations. At the

one-loop level, the coupled RG equations for p > O(TeV) are given by

,Ung _ 59;( Iudgmix _ ﬁgmix
dp 1672’ du 1672’

(4.13)
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where

1
By = X [(80 + 64z 5 + 4527;) g% + 2 (32 + 452 1) 9x Gmix + 459mix] »
5 32
B = 5932/ {(E + 9$H) gx + ggmix:|
1
6

Gmix [(80 + 64z + 4527,)g% + 2(32 + 452 ) gx Gmix + 4500y ] - (4.14)

Here we have taken into account all particle contributions to the beta functions at the TeV
scale. Numerically solving the RG equations with g,,;, = 0 and various values of gx at
i = Mgur, we have found that g /gx ~ 0.034 at the TeV scale for any input values of gx
at Mqur. Therefore, we can safely neglect effects of g, in our analysis and set gn,;x = 0 as
a good approximation.

Neglecting gpmix in the RG equations, we find the following analytic solution for the

U(1)x gauge coupling:

Oéx(mzl) = aX(MGUT) s (415)

1+ ax(Mgur)3s In [—MGUT}

My

where by = (80 + 64z + 452%) /6 = 48/5 for zy = —4/5. Since the running U(1)x gauge
coupling arx (p) is asymptotically non-free, we now impose the “perturbativity bound” that
ax(Mgur) must be in the perturbative regime. Adopting a condition of ax(Mgur) < 4,
we find ax(myz) < 0.022 for mz < 10 TeV. In Figure 4.1, we see that this perturbativity

bound is more severe than the LHC bound for myz 2 4.5 TeV.

4.5 Conclusion and Discussion

We have proposed a grand unified SU(5)xU(1)x model, where the standard SU(5)
grand unified theory is supplemented by minimal seesaw and a right-handed neutrino dark
matter with an introduction of a global Zs-parity. With three right-handed neutrinos

(RHNS), the model is free from all gauge and mixed-gravitational anomalies. The SU(5)
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symmetry is broken into the Standard Model (SM) gauge group at Mgyt ~ 4 x 10 GeV
in the standard manner, while the U(1)x symmetry breaking occurs at the TeV scale,
which generates the TeV-scale mass of the U(1)x gauge boson (Z’ boson) and the three
Majorana RHNs. A unique Z»-odd RHN is stable and serves as the dark matter (DM) in
the present Universe, while the remaining two RHNs generate the SM neutrino masses
through the minimal seesaw. We have investigated the Z’-portal RHN DM scenario in this
model context. We have shown that the constraints from the DM relic abundance, and the
Z'" boson search at the Large Hadron Collider (LHC), and the perturbativity bound on the
U(1)x gauge coupling are complementary to narrow down the allowed parameter region in
the range of 3.0 < my[TeV] < 9.2 for the Z’ boson mass. The allowed region for mz <5
TeV will be fully covered by the future LHC experiments.

Finally, our grand unified SU(5)xU(1)x model can also account for the origin of the
Baryon asymmetry in the Universe through leptogenesis [20] with two Z;-even RHNs if
they are almost degenerate (resonant leptogenesis [21]). Introducing non-minimal
gravitational couplings, the U(1)yx Higgs field plays the role of inflaton. We can achieve the
successful cosmological inflation scenario with a suitable choice of the non-minimal

gravitational coupling constant. See, for example, Ref. [22].
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CHAPTER 5

CONCLUSION

Despite the tremendous success of the SM in explaining most of the phenomena
currently observed in nature, the SM does not include viable candidates to account for the
cosmological inflation, observed DM relic abundance, and neutrino masses. Hence, we need
to extend the SM beyond its current framework. With a motivation to address these issues,
we have considered anomaly free minimal U(1)x extended SM, where in addition to the
particles in the SM, we have three generations of RHNs, a new B — L Higgs field to break
the U(1)x gauge symmetry, and a U(1)x gauge boson (Z’). The U(1)x charges of the
particles are defined by a single free parameter xg. This model is a generalization of the
minimal B — L model, and is identical to the minimal B — L model in the limit of x5z =0

From a theoretical point of view, if the inflaton value is trans-Planckian (¢; > Mp;)
during the inflaton, effective operators suppressed by the Planck mass (Mp;) could
significantly affect the inflaton potential during the inflation, and hence the inflationary
predictions. In chapters 2 [19], we have shown that the inflection-point inflation is an
interesting possibility to realize a successful slow-roll inflation when inflation is driven by a
single scalar field with initial inflaton value less than Planck mass (¢; < Mp;). To realize
the inflection-point-like behavior for the RG improved effective A\¢* potential, we have
shown that the running quartic coupling A(¢) must exhibit a minimum with an almost
vanishing value in its RG evolution, namely A(¢;) ~ 0 and £,(¢;) ~ 0, where (3, is the
beta-function of the quartic coupling. Imposing the consistency of the inflationary

predictions with the observed Planck measurements, we have shown that the conditions,
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A7) ~ 0 and By\(¢;) ~ 0, lead to relations among the gauge, the Yukawa and the Higgs
quartic couplings at ¢;. Interestingly, inflection-point inflation provides a unique prediction
for the running of the spectral index o >~ —2.7 x 1073, independently of the other model
parameters.

From a particle physics perspective, it is more compelling to consider an inflationary
scenario, where the inflaton/scalar field plays the role of a Higgs field which spontaneously
breaks a gauge symmetry of the model. As an example, in Chapters 2 and 3, Refs. [19] and
[20], respectively, we have considered the inflection-point inflation with the identification of
U(1)x Higgs field to be the inflaton field. Requiring the inflationary predictions to be
consistent with the cosmological observation, the conditions A\(¢;) ~ 0 and Sx(¢;) ~ 0,
uniquely fixes the mass ratios among the Z’ boson, RHNs, and the U(1)x Higgs field,
which is determined by only two free parameters, ¢; and xy. After considering the
reheating at the end of inflation and imposing the BBN constraint as well as the current
collider experimental bounds, we have shown that the inflationary predictions are
complimentary to Z’ boson searches at the LHC to identify the allowed parameter regions.
In Chapter 2 [20], we have considered U(1)x Higgs inflation at the B — L limit (zy = 0),
to show that the entire parameter region for mz < 500 GeV can be tested by the future
collider experiments such as the High Luminosity (HL)-LHC and the SHiP experiments. In
Chapter 3 [21], we have considered U(1)x Higgs inflation for |zy| > 1. Although the
inflationary predictions requires gauge coupling to be very small, we have shown that 7’
mass of a few TeV can be explored at the LHC Run-2. This is in sharp contrast with the
previous case with xy = 0, where only mz < 500 GeV can be explored in the future.

In the same model context, in Chapter 4 [24], we have also considered
SU(5)xU(1) x, where the SM quarks and lepton are unified into SU(5) for fixed
xg = —4/5. Hence, the U(1)x charge is quantized for zy = —4/5. With the introduction
of a global Z, symmetry, we have assigned Z,-odd parity to one of the RHNs which is

stable and serves as the DM in our setup. We have investigated the Z’-portal RHN DM
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scenario, where the RHN DM candidate interacts with the SM particles through the Z’
boson mediated processes. For the Z’ boson mass < 5 TeV, we have found that the
constraints from the DM relic abundance and the search results for a Z’ boson resonance at
the LHC with di-lepton final states are complementary to narrow down the allowed
parameter region. The allowed parameter region will be fully covered by the future
HL-LHC experiment. Also, with two additional pairs of vector-like quarks, all the SM
gauge coupling are successfully unified around Mgyt ~ 4 x 10'6 GeV.

In addition, in Refs. [25, 26], we have shown that this model can also explain the
origin of observed neutrino masses. Using a realistic choice of parameters to reproduce the
neutrino oscillation data, we have shown that the model provides significant enhancement
of the production cross section of the RHNs from Z’ boson decay, which is crucial for the
discovery of RHNs in the future LHC experiments.

In conclusion, we have shown that the U(1)x extended SM is a very well motivated
extension of the SM framework. Even with a minimal extension of the SM particle content,
we have shown that the model can accommodate the cosmological inflation scenario, the
DM particle as well as the masses for the neutrinos. Hence, this model can address all
three major shortcomings of the SM. Importantly, we have established interesting
complementarities between cosmological observations of the inflationary scenario and the
DM physics with the new physics searches at the collider experiments. Hence, the model

can be tested in the future.
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