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Abstract

Minimal Gauged U(1) Extension of the Standard Model with
Classical Scale Invariance and Phenomenology

Although the Standard Model (SM) is the best theory in describing phenomena among
elementary particles, it suffers from several problems, such as the gauge hierarchy
problem, origin of the electroweak symmetry breaking, non-zero neutrino mass, and
no candidate of dark matter. For solving these problems, we consider minimal U(1)
extension of the SM with the classically conformal invariance, where an anomaly-free
U(1) gauge symmetry is introduced along with a U(1) Higgs field and three right-
handed neutrinos (RHNs) for the seesaw mechanism generating neutrino masses. With
no mass term allowed by the classically conformal invariance, the U(1) gauge symme-
try is broken through the Coleman-Weinberg mechanism, which subsequently triggers
the electroweak symmetry breaking. We perform parameter scan and identify regions
resolving the SM Higgs vacuum instability, while satisfying the LHC Run-2 bound on
the U(1) gauge boson production and the naturalness constraint. We also investigate
cosmological aspects of the model. Introducing Z parity, one RHN being an unique
parity-odd particle in the model serves as dark matter. A successful inflation sce-
nario is possible by identifying the U(1) Higgs boson with inflaton and introducing its
non-minimal gravitational coupling. Interestingly, the LHC physics and cosmological
observations are complementary narrowing down the model parameter space.
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VEV
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Notations and Conventions

Units

In this thesis, we use the “God-given” units:
h =c¢ =1, (1)

which provide the relations among the fundamental quantities as follows:

mas] = fenerey] = || = [ )

time length

Pauli sigma matrices 7° (¢ = 1,2, 3)

The the fundamental representation of SU(2)y, is defined as 7% = 7°/2, where

@) () e(8)

Gell-Mann matrices A* (a = 1,--- ,8)
The the fundamental representation of SU(3)¢ is defined as T& = A\*/2, where

010 0 —i 0 1 0 0
M=1100], N =1|14i 0 0], N=10-10],
000 0 0 0 0 0 0
00 1 00 —i 000
M=11000], NM=100 0 |, N=1o0o01],
1 00 i 0 0 010

00 0 L, (100
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Nomenclature

Speed of light (2.998 x 10'° ¢cms™)
Planck constant (6.589 x 1072* MeV s)
Gravitational constant (6.709 x 10739 GeV~?)

Planck mass (1.22 x 10! GeV)

Reduced Planck mass (2.44 x 10'8 GeV)

Fermi constant (1.166 x 107> GeV ™ ?)
Standard model Higgs vacuum expectation value (246 GeV)

Weak mixing angle 6, (0.23)

W-boson mass (80.384 GeV)

Z-boson mass (91.189 GeV)

Higgs boson mass (129.09 GeV)

Top quark mass (173.34 GeV)

Entropy density of the present Universe (2890 cm™?)
Critical density (1.05 x 107> GeV cm™?)
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“ The power of instruction is seldom of much efficacy
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Introduction

The standard model (SM) is a well-established model which can provide precise predic-
tions for experiments. However, the SM still has several problems, such as the gauge
hierarchy problem, origin of the electroweak symmetry breaking, non-zero neutrino
mass, and no candidate of dark matter.

One of the most serious problems in the SM is the so-called gauge hierarchy problem,
which has been motivating us to seek new physics beyond the SM for decades. The
problem originates from the fact that quantum corrections to the self-energy of the SM
Higgs doublet field quadratically diverge, and this divergence, once cut off by a physical
new physics scale being much higher than the electroweak scale, must be canceled by
a fine-tuning of the Higgs mass parameter at the tree level. Because of the chiral
nature of the SM, the SM Lagrangian possesses the conformal (scale) invariance at the
classical level, except for the Higgs mass term. It has been argued in [I] that once
the classically conformal invariance and its minimal violation by quantum anomalies
are imposed on the SM, it could be free from the quadratic divergences; hence, the
classically conformal invariance might provide us with a solution to the gauge hierarchy
problem. This picture nicely fits a setup first investigated by Coleman and Weinberg
[2], namely, a U(1) gauge theory with a massless Higgs field. In this setup, it has been
shown that the U(1) gauge symmetry is radiatively broken in the Coleman-Weinberg
effective potential (Coleman-Weinberg mechanism).

Although it is tempting to apply this Coleman-Weinberg mechanism to the SM
Higgs sector, this cannot work with the observed values of top quark and weak boson
masses, since the Coleman-Weinberg potential for the SM Higgs field is found to be
unbounded from below [3]. Therefore, in order to pursue this scheme, it is necessary to
extend the SM. Among several new physics model proposals (see, for example, [4-39]),
classically conformal U(1)p_1 extended SM proposed in [40), 41] is a very simple and
well-motivated model. The B — L (baryon number minus lepton number) is a unique
anomaly-free global symmetry in the SM, and it can be easily gauged. Associated
with gauging the U(1)_1 symmetry, three generation of right-handed neutrinos and a
U(1)p_, Higgs field are introduced to make the model free from all gauge and gravita-
tional anomalies, and to break the U(1)p_, gauge symmetry. Once the U(1)p_;, gauge
symmetry is broken, the U(1)p_ gauge field (Z’ boson) and the right-handed (Majo-
rana) neutrinos obtain their masses. With the Majorana heavy neutrinos, the seesaw
mechanism [42H47)] is automatically implemented. In [40, [41], under a requirement of
the classically conformal invariance, the radiative U(1)p_;, symmetry breaking by the
Coleman-Weinberg mechanism has been investigated. The U(1)p_; gauge symmetry
breaking also triggers the electroweak symmetry breaking by generating a negative
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2 Introduction

mass squared for the SM Higgs doublet.

In this thesis, we introduce the classically conformal U(1)" extension of the SM
[48, [49], where in addition to the SM particle content, three generations of right-handed
neutrinos and a U(1)’ Higgs field are introduced. By assigning generation-independent
U(1)" charges for fermions, making the model free from all gauge and gravitational
anomalies, and reproducing the Yukawa structure in the SM, it turns out that the U(1)’
gauge symmetry is identified as a linear combination of the SM U(1)y and the U(1)p_,
gauge groups [50]. Hence, our model is a generalization on the classically conformal
U(1)p—r extension of the SM proposed in [40, 4I]. The U(1)" gauge symmetry is
radiatively broken by the Coleman-Weinberg mechanism, and the U(1)" gauge field (2’
boson) and the right-handed (Majorana) neutrinos acquire their masses. A mixing
quartic coupling between the U(1)" Higgs and the SM Higgs doublet fields generates a
negative mass squared for the SM Higgs doublet field, and the electroweak symmetry
breaking is driven. Therefore, the radiative U(1)" gauge symmetry is the sole origin
of the mass scale in this model. With the Majorana heavy neutrinos, the seesaw
mechanism [42H47] is also automatically implemented, and tiny active neutrino masses
and their flavor mixing are generated after the electroweak symmetry breaking.

The SM Higgs boson has been discovered at the Large Hadron Collider (LHC),
and this marks the beginning of the experimental confirmation of the SM Higgs sector.
The observed Higgs boson mass of m;, = 125.09 + 0.21(stat.) & 0.11(syst.) GeV from
a combined analysis by the ATLAS and the CMS [51] indicates that the electroweak
vacuum is unstable [52] since the SM Higgs quartic coupling becomes negative far
below the Planck mass, for the top quark pole mass m; = 173.34 £+ 0.76 from the
combined measurements by the Tevatron and the LHC experiments [53]. Practically,
this instability may not be a problem in the SM, since the lifetime of our electroweak
vacuum is estimated to be much longer than the age of the universe [54]. However,
in the presence of the U(1)" Higgs field, our Higgs potential is a function of two Higgs
fields, and there might be a flat path around high mountains of the potential toward
the true vacuum and make the lifetime of our electroweak vacuum very short. Because
of a lack of field theoretical technology for analyzing the effective scalar potential with
multiscalars in a wide range of field values, it would be the best way to solve the
electroweak vacuum instability problem in the context of our model.

In chapter 2 we investigate the electroweak vacuum stability in the classically
conformal U(1)" extended SM by the renormalization group equations (RGEs) at the
two-loop level, and present a complete result for the parameter scan. We also investi-
gate the constraints on the model parameters by taking into account the LHC Run-2
2015 results for the search for Z’' boson resonances |55, [56]. We find that the LHC
Run-2 2015 results dramatically improve those obtained from the Run-1 results. In
addition, we calculate the SM Higgs self-energy corrections from the effective poten-
tial involving the heavy states, the right-handed neutrinos and the Z’ boson, after the
U(1)" symmetry breaking, and derive the naturalness bounds to reproduce the right
electroweak scale for a fine-tuning level better than 10%.

Other important missing pieces in the SM are, for example, a candidate for the
dark matter (DM), and tiny neutrino masses and their flavor mixings. The SM should
be extended so as to supplement these missing pieces. The so-called seesaw mechanism
is a natural way to reproduce the tiny neutrino masses [42-47|, where heavy Majorana



right-handed neutrinos (RHNs) are introduced. The minimal gauged B — L model
[57-62] is one of the simplest extensions of the SM with an extra gauge symmetry, in
which the accidentally anomaly-free global B — L in the SM is gauged. Three RHNs
play an essential roll to cancel the gauge and gravitational anomalies of the model.
Associated with the U(1)p_, symmetry breaking, the RHNs acquire their Majorana
masses, and hence the seesaw mechanism is automatically implemented. The minimal
B — L model can be generalized to the so-called minimal U(1)" model [50]. Here, the
U(1)" gauge group is defined as a linear combination of the U(1)5_;, and the SM U(1)y
gauge groups, so that the U(1)" model is anomaly-free. In Refs. [48 [49], we have
investigated the minimal U(1)" model with classically conformal invariance.

The so-called weakly interacting massive particle (WIMP) is one of the most promis-
ing candidates of the DM in our Universe, which is in thermal equilibrium in the early
Universe. Among many possibilities, a simple way to introduce a WIMP DM in the
minimal U(1)" model has been proposed in [63] (see also [64]), where Zy-parity is in-
troduced and an odd-parity is assigned to one RHN, while all the other particles is
assigned to be Zy-even. We adapt this scheme in our minimal U(1)" model with the
classically conformal invariance, and the Z;-odd RHN is a DM candidate, while the
other two RHNs are utilized for the seesaw mechanism. Note that only two RHNs are
sufficient to reproduce the neutrino oscillation data, and the observed baryon asymme-
try in the Universe through leptogenesis [65]. This system is called the minimal seesaw
[66, [67]. In our model, there are two ways for the RHN DM to interact with the SM
particles. One is mediated by the Z’' boson (Z’-portal) and the other is by the two
Higgs bosons (Higgs portal) which are two mass eigenstates consisting of the SM Higgs
and the U(1)" Higgs bosons. Recently, the Z'-portal DM scenarios [68-96] have been
intensively investigated, while the Higgs portal RHN DM scenarios [63, 97, 98] have
been analyzed in detail.

In chapter B we introduce the classically conformal U(1)" extended SM with the
RHN DM [99]. In Refs. [48,/49], the allowed parameter regions in the classically confor-
mal model are severely constrained in order to solve the electroweak vacuum instability
problem, and to satisfy the LHC limits from the search for Z’ boson resonance. In ad-
dition to these constraints, we investigate the RHN DM physics. Because of the nature
of classical conformality, we find the mass mixing between the SM Higgs and the U(1)’
Higgs bosons is very small, so that the RHN DM pair annihilation process mediated
by the Higgs bosons is highly suppressed. Therefore, we focus on the study of the
Z'-portal RHN DM [85] [94], and identify allowed parameter regions to reproduce the
observed DM relic density from the Planck 2015 result [100]. We show that the DM
physics, LHC phenomenology, and the electroweak vacuum stability condition com-
plementarily work to narrow down the allowed parameter regions. For the identified
allowed regions, we also calculate the spin-independent cross section of the RHN DM
with nucleons and compare our results with the current upper bounds from the direct
DM search experiments.

In the cosmological point of view, cosmological inflation [T01H104] needs to provide
not only solutions to problems in the Standard Big Bang Cosmology, such as the
flatness and horizon problems, but also the primordial density fluctuations which are
necessary for the formation of the large scale structure observed in the present universe.
In a simple inflationary scenario known as the slow-roll inflation, inflation is driven



4 Introduction

by a single scalar field (inflaton) while inflaton is slowly rolling down its potential
to the minimum. During the slow-roll, the inflaton potential energy dominates the
energy density of the universe, and the universe undergoes an accelerated expansion
era, namely, cosmological inflation. The inflation ends when the kinetic energy of
inflaton starts dominating over its potential energy, and the inflaton eventually decays
into particles in the Standard Model (SM). The universe is reheated by relativistic
particles created from the inflaton decay and continues to the Standard Big Bang
Cosmology.

The Planck 2015 results [105] have set an upper bound on the tensor-to-scalar ratio
as 7 < 0.1, while the best fit value for the spectral index (ns) is 0.9655 £ 0.0062 at
68% CL. Hence, the chaotic inflation models with simple inflaton (¢) potentials such
as V o ¢* and V o ¢? are disfavored because of their predictions for r being too
large. Among many inflation models, quartic inflation with non-minimal gravitational
coupling is a very simple model, which can satisfy the constraints from the Planck 2015
results for a non-minimal gravitational coupling & 2 0.001 [106, 107].

In the view point of particle physics, we may think that an inflation model is more
compelling if the inflaton also plays an important role in the model. The Higgs inflation
scenario[108-120] is a well-known example, in which the SM Higgs field is identified
with the inflaton. Also, we may consider a unified scenario between inflaton and dark
matter particle [I21H126]. When the SM is extended with some extra or unified gauge
groups, such extensions always include an extra Higgs field in addition to the SM Higgs
field, which is necessary to spontaneously break the gauge symmetry down to the SM
one. Similarly to the Higgs inflation scenario, we may identify the extra Higgs field
with the inflaton.

In chapter M we introduce the quartic inflation with non-minimal gravitational
coupling in the context of the minimal U(1)" extension of the SM with the conformal
invariance at the classical level [127]. Here, we identify the U(1)" Higgs field as the
inflaton. Because of the symmetry breaking via the Coleman-Weinberg mechanism,
the quartic (self-)coupling of the U(1)" Higgs field relates to the U(1)’ gauge coupling,
in other words, we have a relation between the inflaton mass and the Z’ boson mass.
Since the inflationary predictions are controlled by the inflaton quartic coupling in
the quartic inflation with non-minimal gravitational coupling, we have a correlation
between the inflationary predictions and Z’ boson physics. Assuming the Z’ boson
mass in the range of O(10 GeV)—0O(10 TeV), we investigate complementarities between
the inflationary predictions and the constraints from the Z’ boson resonance search at
the LHC Run-2 2017 [128] as well as the prospect of the search for the Z’ boson and
the right-handed neutrinos at the future collider experiments.

This thesis is organized as follows: In chapter [l we briefly explain the basics of the
SM. In chapter 2] we introduce our U(1)" extended SM with the classically conformal
invariance, and investigate the electroweak vacuum instability problem in the SM. In
chapter Bl we discuss the DM physics in the context of our U(1)" model, where the
Zy-odd RHN serves as a DM candidate. In chapter 4 we consider an inflation scenario
in our U(1)" model, where the U(1)" Higgs field is identified as the inflaton. The last
chapter is devoted to conclusions. Formulas we used in our analysis are listed in the
appendices.



Chapter 1

Standard Model

In this chapter, we briefly review the Standard Model (SM), especially focusing on the
topics which are relevant to studies in this thesis (for more details, see, for example,
Ref. [129]). The SM is one of the quantum field theory (QFT) which is based on
the theory of relativity and the quantum mechanics. Because of the properties of the
QFT, the possible form (terms) of the Lagrangian in the SM should be restricted by
strong constraints, such as Lorentz invariance, renormalizability, and Chiral anomaly
free nature. In addition to the property of the QFT, in the SM, gauge invariance and
spontaneous symmetry breaking (Higgs mechanism) are important extra ingredients.

This chapter is organized as follows: In Sec. [Tl we briefly explain the minimal SM,
including the particle contents of the SM and its Lagrangian. In Sec.[l.2] we explain the
Higgs mechanism, in which the masses are generated through the electroweak symmetry
breaking. In Sec. [[.3] the renormalization group equation is explained. Although the
SM is a well-established theory in describing phenomena among elementary particles,
it has still several problems. We list these problems in Sec. [L4l

1.1 The minimal Standard Model

The SM is a QFT which is based on a gauge group (local and internal symmetry group),

SU(3), x SU(2), x U(1),. (1.1)

The SU(3)¢ and SU(2), x U(1l)y describe the Quantum Chromodynamics (QCD)
and the electroweak (EW) interactions. The particle contents of the SM are shown in
Table LTl The Weyl two-component spinors describe the quark (u* and d') and lepton
(v* and e') matter fields with three generations (i = 1,2,3). The L and R in the particle
contents indicate right- and left-chirality. It is very interesting that only left-handed
particles of the SM are involved in the EW interactions, so that the left-handed matter
fields are described by doublet ones. In addition, only quarks interact with the QCD,
then it behaves as color triplets. In the SM, a scalar doublet field (H) is introduced,
which is called the Higgs field.

As being satisfied the properties of the QFT and the SM, the Lagrangian of the
minimal SM, such that there are no CP-violating term and gravity, has a unique form:

LSM = ﬁgauge + Efermion + 'CYukawa + £scalar7 (12)
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6 Standard Model

SU3). SU@2). U(l)y

1

q}J 3 2 + 6
; 2

) 1
do | 3 1 -3
1

I 1 2 -3
ep 1 1 -1
1

H 1 2 + 5

Table 1.1: Particle contents of the Standard Model (SM). u' (d’) are the up-type
(down-type) quarks, and v’ and e’ are the leptons (neutrinos and electrons), where

t = 1,2,3 denotes the generation index. The L and R indicate right- and left-chirality,
H is the SM Higgs doublet field.

where

1 ) Nz 1 v
ZWWW“ — ZLB‘“’BH ,
Ltermion = qZL(ZEMzL + “ﬁ(ZE)UZR + dﬁ(zﬁ)d% + KE(ZE)EzL + ei?(ip)ei%a
Lyuewa = —Y ¢ Huly — Y gt Hd, — Y900 Hel, + h.c.,
Lscalar = |D/,LH|2 - V(H> (13)

1
ﬁgauge = _ZGzyGauu_

Here, the field strengths, G¢ ley and B,,, are defined as

Nz

Go, = 0,Gi—0,G% + g3 f* GG,

Wi, = 0W.—=0,W,+ gae"*WIW],
B/ﬂ/ = a,uBu_auB,ua (14)

and the covariant derivative is defined as
Dy, = 0, —igsTEG. —igsT'W) —igiY By, (1.5)

where G%, W, and B, correspond to the SU(3)¢, SU(2)z, and U(1)y gauge field,
respectively, and g3, g2, and g; also correspond to the couplings of each gauge group.
f (¢U%) are the structure constants of the SU(3)c (SU(2)r) gauge group, which are
satisfied the commutation relations

[T, 1] = if*T¢,
[T, T7] = ie’* 1", (1.6)



1.2 Electroweak Symmetry Breaking (Higgs Mechanism) 7

For the generation-independent U(1)y charges of the fermions, the SM is completely
free from of the gauge and gravitational anomalies:

Ly 0

3 - )

U(l)y x [SU@B)a]? - 2 (é) (
() -

ULy x [SU(2)J? - 5
G o) ()
(1) =5 (2) =3 () +2(L) -0 - 0 0

Y, Y% and Y, in the Yukawa Lagrangian of Eq. (L3)) are Yukawa couplings, and
H = ir2H*. These interaction terms have the gauge invariance elegantly. All terms
are also renormalizable, and accidentally has the B — L (baryon number minus lepton
number) global symmetry. The Higgs field (particle) also plays an important role of
the unitarity when the symmetry is broken. The Higgs potential V(H) in Eq. (L3)) is
also determined by the gauge symmetry and renormalizability:

V(H) = Mg(H'H)* — *H'H. (1.8)

2
3
1
6
1

w

[U()y]

U(1)y x [grav.]”

In the next section, we briefly explain the Higgs mechanism (spontaneous symmetry
breaking), and we can see how the fermions acquire their masses through the Yukawa
terms with the non-zero Higgs vacuum expectation value (VEV).

1.2 Electroweak Symmetry Breaking (Higgs Mecha-
nism)

Because of the chiral nature of the SM, all fermions should be massless. However,
the fermions at current temperature of universe have their non-zero masses. In order
to explain the mass generation from the original massless theory, there should be, at
least, a mechanism for mass generation. If there is a scalar (Higgs) field in a model,
it is possible to explain the mass generation through the EW symmetry breaking with
non-zero vacuum expectation value (VEV) of the scalar field, even though the theory
is originally massless.

This mechanism of the symmetry breaking with mass generation for vector fields,
is called "the Higgs mechanism." In the SM, the EW gauge group breaks down spon-
taneously into the electromagnetic (EM) gauge group,

SU2), xU(l)y — U(l)gus (1.9)

by the complex scalar (Higgs) which is doublet field H = (H T, HO)T with hypercharge
1/2 in the particle content (Table [.T]).

By using the unitary gauge,
1 0
H = — , 1.10
V2 ( h ) (10
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the Higgs potential in Eq. (L8) becomes

g
4

Because of the shape of Mexican-hat Higgs potential, the stationary condition V' |,—,, =
0 leads to produce a non-vanishing Higgs VEV v, (= (h))

_ 4_1“_2 2
V() = S (1.11)

12
= = 1.12
Uh » (1.12)

which is determined by the strength of the weak interaction G (fermi constant) as

1
v, = ————= = 246 GeV. (1.13)

V2Gr
The fluctuating around the Higgs VEV provide the Higss mass, which is the curvature
of the Higgs potential at the Higgs VEV
9 d*v

My = oy = 2% = 2\gv}. (1.14)

h=vy,

The observed Higgs boson mass is m;, = 125.09 £ 0.21(stat.) £ 0.11(syst.) GeV from a
combined analysis by the ATLAS and the CMS [51].

The gauge boson mass terms come from |D,H|* term of Lycarar in Eq. (L3), evalu-
ated at the Higgs VEV (H) = 1/v/2(0, v,)7,

21
DU = [ (W= iWE + (W + 0B)’]

2 4

. 2 2

B (9%)2 Wi Wit V(T (eW- b,

= (2, VW Wil L Vet ) (eWi— 9By
2 V2 2 N

2
1
= myWiW™+ EmzzZuZ“, (1.15)

where in the last expression, three massive gauge bosons (Wf, Z,) and one massless
gauge boson (A,) appear as following:

1 :
W/f = —2(Ai:FZAi>7
1
Z, = —(92A3 - ng,u) = cosf, - A} —sind,, - By,

B+g " '

1 )
Ay = ———=(@14, + ¢:B,) = sinfy - A, +costy - By, (1.16)
93 + 97
with masses
92
my = 5% (: mz(ZOSQW),
2 2
my = V92t 91 v

9 h>
ma = 0. (1.17)
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Here, A, is identified with the massless electromagnetic field, and 6y, is called the weak
mixing angle defined as

g2 g1
V5 + 93 V5 + g3

which transforms the two bases between (W?, B,) and (Z,, A,) as in Eq. (LIG), and
sin? 0, = 0.23 from the experiments. By comparing the effective Lagrangian for the
weak interaction, there is a relation between G'r and v, as

cosfy = sinfy, = (1.18)

G 5 1
- B o (1.19)
V2 8m3y, 207
which has been used to calculate v, in Eq. (LI3).
In term of these mass eigenstate fields, the covariant derivative in Eq. (L)) can be

written in a more convenient way as a following:
: a va ) ——
w = aﬂ — Zg3TCG,u - ZE(W:T—F + W# T )

1
i T, (3T — GBY) — i 2 AT 1Y)

Vg5 + gt V95 + g3

— 0, —igsTeG — i (WET W T

V2
g2 3 o2 . o
— Z,(T° —sin” Oy, - Q) — ieA,Q (1.20)

D

—1

where T* = T £ 4772, the electron charge is defined as

e = 291 _ g2 sin by, (1.21)

V95 + 93

and the electric charge quantum number is Q = 7% + Y. Now, we see that only two
parameters of e and 6, decide the strength of the weak interaction. Because W and
Z boson masses are connected by the 0 in Eq. (LI1), the exchange processes of the
W and Z at tree level can be described by these three fundamental parameters, e, 0y,
and myy.

Once the Higgs VEV has non-zero value, it simultaneously produces the mass of
fermions through Yukawa terms in Eq. (IL3), evaluated at the Higgs VEV (H) =

1/\/§ (O’ Uh>T7

*CYukawa|H:<H> = _YJ]E<]:I>U§% - YZ]E«H)d‘}% - YveZ]@<H>eg% + h.c.

- ()7 (%) i1 () e

= —upmiuy — dimidy — eymep + he.

= - (WUu)i(UJmuWu)ij (WJUR)j - (ZUd)i<U;ded>ij<ngR>j
— (@U) (UlmW.)" (Wieg)” + hc.

Bz RTINS By LTS By YT
u'm ug —dmyY df — e m.Y elf +h.c. (1.22)
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where in the third expression, mass matrices for u, d, and e are defined as

ij Yuij Ydij ij Yeij
m, = EU}“ EU}“ mg = Evha

in the fourth expression, Uy and Wy (f denotes u, d, and e) are unitary matrices to
diagonalize the mass matrices in Eq. (L23). In the last expression of Eq. (L.22), the
mass eigenstates (u/, d', and €’) are related to the gauge symmetric eigenstates (u, d,
and e) by unitary transformations:

mi = (1.23)

i qrid, i g g i qrij i
uy = Uluy’, dy = Ujd;, e, = Ule}’,
L Wiy i Wi i g
Up = Wy Ug; dp = Widg, €r = We'€R (1.24)

and the diagonalized mass matrices, m!,, m}, and m., are defined as

. . . v ) )
m;zy _ UJ zkal qu] — \/_% . U;f ZkYukl qu]’
m7 = UlFmEwl = —\/% U W,
. . . v . .
ml = UlFpEwl = L gliky Ryl (1.25)

V2
and the fermion masses are given by

T i i i
m, = m,", my = my", m., = m.,". (1.26)

Q =

1.3 Renormalization Group Equation

Quantum Correction

In our universe, there are three constants having dimensions, the speed of light c,
the Planck constant h, and the gravitational constant Gx. The units in the study of
particle physics

h =c¢=1, (1.27)

where h = h/(2m), provide the relations among the fundamental units:

fmass] — [energy] — [ ! } _ [ ! ] (1.28)

time length

The short time scale is equivalent to the high energy one, by which virtual particles are
allowed to be created. The virtual particle creations play important roles in the per-
turbative theoretical calculation for finding the probability, "amplitude," of happening
that interactions. The particle interactions can be generally described by a "n-point
function" in a word of "Feynman diagram," in which all possible diagram corresponding

! The charge-changing weak interactions link the three u% quarks with a unitary rotation of the
triplet of d;, quarks. This rotation is given by using the unitary matrices in Eq. (T24) as Voxw = U Uy,
which is known as the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix.
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to a considered energy scale should be taken into account in terms of orders of the cou-
pling constant. However, once we consider all contributions from all energy scale, the
number of diagrams are infinity, which causes the result of non-physical infinite value
("ultraviolet divergence") in the QFT, unless the series is to converge fortunately.

The meaningful physical quantities must be ones which have been already subtracted
by the such divergence systematically, whose method is called "renormalization."

Callan-Symanzik Equation and Beta-function

Particle interactions can be described by the Green’s function. In a language of the
renormalization, if two theories are the same, their bare Green’s functions with bare
couplings and cutoff should be the same one. In general, when the energy scale by
which the system is described is shifted, the renormalized n-point Green’s function
with n-external legs connected diagrams

G™ (@1, 1) = (QTP(z1)p(x2)P(x3) - - - P(20)| Q)connected (1.29)

keeps its bare Green’s function the same. By shifting the field, ¢ — (¢ + dn)p, G™
becomes (1 + ndn)G™. If the Green’s function is the function of a scale y and a
coupling A,

oG ™) oG ™)

WhiCh ﬁnally means
— + ﬁ()\)— + nv(A) G(n)(l’ Lo, T ; )\) = 0 (1 31)
M 9 9}\ 1,42, 43, v My . .

This is called the Callan-Symanzik equation which insists that the Green’s function is
invariant under the change of the scale i, where the coupling A and the field ¢ are also
simultaneously shifted through the 5 and 7 functions

d
= u—A
/8 Mdu 9
d
= —u—m. 1.32
v m (1.32)

Thus the 8 function explains the behavior of the change of the renormalized coupling
at the scale u corresponding to a fixed bare coupling.

Running Coupling Constant

As explained, the strength of the interaction changes with respect to their distance,
which means the coupling constant varies with respect to the energy scale (the running
coupling constant). The behavior for the running of the coupling is described by the
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Figure 1.1: [(a)] The RG evolutions of the gauge couplings g; (blue), go (orange),
and g (green) for the inputs m; = 173.34 GeV and m;, = 125.09 GeV. [b)] The RG
evolution of the top Yukawa coupling ;.

words of renormalization, "Renormalization Group Equation (RGE)." The running
couplings of the SM are governed by the corresponding RGEs. In order to know the
behavior of the SM couplings, simultaneous differential equations for the SM RGEs
should be solved [52]. In Fig. [LI[(a)| For the inputs m; = 173.34 GeV and m; =
125.09 GeV, we plot the RG evolutions of the gauge couplings g; (blue), g, (orange),
and g3 (green) in Fig. the top Yukawa coupling ; in Fig. and the SM
Higgs quartic coupling Ay in Fig. [L2] in which the large top quark mass (Higgs mass)
contributes the RGE negatively (positively). When the energy scale is increased, as we
see from the Fig. , the Abelian gauge coupling g; is increased, which corresponds
f > 0 (Screening effect). On the other hand, the non-Abelian gauge ones, g3 and g,
are decreased with 8 < 0 (Anti-screening effect), especially, the theory with a coupling
constant going to zero at a logarithmic rate is called the "asymptotically free" theory.

1.4 Problems of the SM

The SM is a well-established theory to explain the phenomenology of the particle
physics at low energy scale. However, the SM has several (serious) problems. For
example, in the model, there are two different fundamental energy scale, the EW
symmetry breaking scale 10> GeV and the Planck mass scale 10'9 GeV. The difference
is really large about 107 which is a so-called “gauge hierarchy problem (Naturalness
Problem).” The EW symmetry breaking scale also depends on the shape of Higgs
potential. Adding quartic mass term in the Higgs potential is ad-hoc. The origin of
the EW symmetry breaking, which also related to the Naturalness Problem, is not
known within the framework of the SM. The shape of the Higgs effective potential
dominantly depends on the top quark and the Higgs masses. As we discuss later, it is
known that the current experimental data of the center values of these masses gives the
negative Higgs quartic coupling around 10'0 GeV energy scale, which brings another
problem of the EW vacuum instability.

The SM does not provide an answer to the question, why the neutrino mass is so
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Figure 1.2: The evolution of the SM Higgs quartic coupling Ay for the inputs m; =
173.34 GeV and mj,, = 125.09 GeV.

small comparing to other fermion masses (tiny neutrino mass problem). The smallness
for the 0 as a coefficient of a renormalizable F'F term is also one of the issue in the SM
which related to the CP violation. This is called “strong CP problem.”

From the cosmological observation, such as gravitational lens effect, the speed in the
Galactic plane, and Cosmic Background Microwave (CMB), there exist Dark Matter
(DM) and Dark Energy (DE) which are not ingredients of the SM. In addition, our
universe consists of particles, not anti-particles, meaning “Baryon asymmetry” which
cannot also be derived through the framework of the SM.

The SM is a gauge theory of SU(3)c x SU(2), x U(1)y in which each gauge group
has an independent parameter of coupling. In terms of the symmetry breaking, it
is natural to think that the SM could be an effective theory which can be derived
from higher rank gauge group, Grand Unified Theory (GUT) in which all three gauge
coupling could have the same value at the GUT scale. The same sort of discussion
can be said for the charges in the SM which cannot also take any arbitrary values
in the framework of the SM. The SM does not also include gravitational effect in the
Lagrangian. Some extensions with gravity should be implemented at high energy scale.

In the following subsections, we briefly review of the some issues which are mainly
related to the studies of this thesis.

1.4.1 Instability of the Electroweak Vacuum with LHC Run-2
Results

In the SM, the RG evolution of the the Higgs quartic coupling is sensitive with the
Higgs and the top quark masses. In the current experimental results from the Large
Hadron Collider (LHC), the Higgs boson mass and top quark pole mass are reported
by the ATLAS and CMS combined measurements [51] and the Tevatron and the LHC



14 Standard Model

combined measurements [53] as

m, = 125.00 GeV,
my = 173.34 GeV, (1.33)

respectively. This indicates that the SM Higgs quartic coupling Ay goes to negative
around the pu = 100 GeV scale, as we see in Fig. The potential of the Higgs field
becomes instable with the negative Ay, where the effective potential of the Higgs field
has a true vacuum at the high energy scale comparing to the EW one. In this Higgs
potential, our vacuum will transit to the true vacuum with transitional time. This
is called the EW vacuum instability problem. This might not be a problem in the
framework of the SM if the life time of the universe is smaller than the time of vacuum
transition which is proportional to the inverse of the decay rate. However, this does
not work straightforwardly as we discuss in the context of the extension of the SM, in
which our model has an extra Higgs field. With the extra Higgs field and the current
experimental results of the masses of Higgs boson and top quark, the effective potential
by the two Higgs fields should be a two-dimensional potential, where there might be a
flat path toward to the true vacuum around the concave downward potential. In such
case, the EW vacuum becomes instable.

1.4.2 Dark Matter

The energy budget of the universe is precisely determined by the Planck 2015 mea-
surement [105],

Dark Enargy :  69%
Dark Matter :  26%
Baryon : 5% (1.34)

Because there is no suitable dark matter (DM) candidate in the SM, which explains
cosmological phenomena, such as the velocity distribution of the rotating Galaxy and
the observed gravitational lens effect, the SM should be extended or revised in some
way of the form including and/or connecting to the DM sector.

In general, it is known that the properties of the DM particle are electrically neutral,
no interaction with the strong force, and non-relativistic. If the DM is a "weakly
interacting massive particle (WIMP)," its mass may be considered around from the
EW scale to the TeV scale, which can be detectable by the collider experiment after
creating the DMs directly. If the the energy scale of the DM is close to that of the Higgs
boson, the DM physics and the Higgs one are not irrelevant, in which it is possible that
the DMs interact with the SM particles only through the Higgs mediation. The model
is called the 'Higgs portal’ scenario which has s-channel and t-channel processes. Later,
the direct and the indirect detection will be discussed on the both channels.

1.4.3 Inflation (Problem of the Standard Big Bang Cosmology)

The Hubble’s discovery on 1929 [130] about the relation between distance (d) and
radial velocity (v) among extra-galactic nebulae, which provides an evidence of that
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our universe is expanding by finding a following equation, the Hubble’s law,
v = Hxd, (1.35)

where H is the Hubble constant. In another words, our early universe is in a state of
high temperature and high pressure.
The gravitational dynamics of the universe is governing by the Einstein equation,

1

1
Gu = Ru — §9uuR+A9;w = WT"” (1.36)
P

with the reduced Planck mass Mp = Mp;//87 = 2.44 x 10'"® GeV and the Planck
mass Mp; = 1/v/Gy = 1.22 x 10" GeV, where R, is the Ricci curvature tensor,
R is the scalar curvature, g,, is the metric tensor, Gy is the Newton’s gravitational
constant, T}, is the stress-energy tensor. The left hand side defined by G, shows the
distortion of space-time. On the other hand, the right hand side T}, represents the
energy of matter. Although the cosmological constant A is added by hand so as to
make our universe dynamically static by Einstein, as we seen in the energy budget of
the universe, A has become the necessary ingredient for describing dark energy.

In addition, the discovery of the Cosmic Microwave Background (CMB) also sup-
ports the Hubble’s law. In the picture of the expanding universe, the necleosynthesis
of each step depending on the temperature can naturally be explained. This is a called
the "Big Bang Cosmology (BBC)" in which the "Big Bang Nucleosynthesis" occurs.

However, the standard BBC has several issues, such as the horizon problem, the
flatness problem, the origin of the primordial density fluctuations, and unwanted relics
from the grand unified theory (GUT), ex. monopole problem. The horizon problem
indicated by Misner [131] is as following. In the standard BBC, the horizon means
the distance where the light released from the big bang travels. This is the area
having causality. However, the CMB indicates the flatness in all observed area which
is exceeded from the area of horizon, which contradicts the causality. The flatness
problem is firstly pointed out by Dicke in 1979. The spatial curvature of the current
Universe is found to be very close to zero [105] (95% confidence level):

Qx| < 0.005, (1.37)

where the )k is the density parameter of the spacial curvature K, which satisfies the
relation

Qradiation + Qman;ter + QA + QK = 1 (138)

Because the 2 is proportional to 1/a?, where a is a scale factor and a dot denotes a
derivative with respect to time ¢, the initial value of the 2 grows gradually faster with
the evolution of time. In order to generate the current tiny value of {2x, the initial
value of it should be much smaller than the current one. This brings about unnatural
"super- tunning" at the early universe.

Another problem is coming from the symmetry breaking of the GUT, in which there
is an extremely heavy and stable monopole mass around 10'® GeV. This is an unwanted
relics needed to be diluted. In addition, to create the observed large structure of the
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universe, its origin should generate the primordial density fluctuations. Among these
problems, introducing a long-term period of acceleration at the early universe, which
is called the "inflation" can provide a solution. In the framework of the inflation, the
points inside the horizon can be separated beyond the horizon, and the density param-
eter of spacial curvature Qx can go to zero (flat). In a same way, during the inflational
expansion of the early universe, the number density of the monopole decreases expo-
nentially, in which the probability of finding of the monopole is astronomically small.



Chapter 2

Classically conformal U(1)" extended
SM

In this chapter, we consider the minimal U(1)" extension of the standard model (SM)
with the classically conformal invariance, where an anomaly-free U(1)" gauge symmetry
is introduced along with three generations of right-handed neutrinos and a U(1)" Higgs
field. Since the classically conformal symmetry forbids all dimensional parameters in
the model, the U(1)" gauge symmetry is broken by the Coleman-Weinberg mechanism,
generating the mass terms of the U(1)" gauge boson (Z’ boson) and the right-handed
neutrinos. Through a mixing quartic coupling between the U(1)" Higgs field and the
SM Higgs doublet field, the radiative U(1)" gauge symmetry breaking also triggers the
breaking of the electroweak symmetry. In this model context, we first investigate the
electroweak vacuum instability problem in the SM. Next we interpret the ATLAS and
CMS search limits at the LHC Run-2 2015 for the sequential Z’ boson to constrain the
parameter region in our model. We also calculate self-energy corrections to the SM
Higgs doublet field through the heavy states, the right-handed neutrinos and the Z’
boson.

This chapter is organized as follows: The classically conformal U(1)" extended SM
is defined in Sec. 211 In Sec. 221 we discuss the radiative U(1)" symmetry break-
ing through the Coleman-Weinberg mechanism. The electroweak symmetry breaking
triggered by the radiative U(1)" gauge symmetry breaking is discussed in Sec. 2.3l In
Sec. 2.4l we analyze the renormalization group (RG) evolutions of the couplings at
the two-loop level and find a region in three dimensional parameter space which can
resolve the electroweak vacuum instability and keep all parameters in the perturbative
regime up to the Planck mass. In Sec. 2.5 we analyze the collider bounds of the model
parameters; in particular, the ATLAS and CMS results of the search for the Z’ boson
resonance at the LHC Run-2 2015 are interpreted in the Z’ boson case of our model. In
Sec. 2.6l we evaluate self-energy corrections to the SM Higgs doublet from the effective
potential and derive the naturalness bounds to reproduce the electroweak scale for a
fine-tuning level better than 10%. We summarize our results in Sec. 2711

17
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SU3). SU((2)r U(1)y U(1)
qr, 3 2 +1/6 | x, — %xH + %l‘q;
u'y 3 1 +2/3 | x, = %xH + é:&b
diy 3 1 —-1/3 | zg — —3zp+ 2e
gzL 1 2 —1/2 Ty = —Tyg — %xq;.
vh |1 1 0 |z, — —3%o
et 1 1 —1 Te = —2ay—3Te
() 1 1 0 T — To

Table 2.1: Particle contents. In addition to the SM particle contents, the right-
handed neutrino v% (i = 1,2, 3 denotes the generation index) and a complex scalar @
are introduced.

2.1 Classically conformal U(1)" extended SM

The model we investigate is the anomaly-free U(1)" extension of the SM with the
classically conformal invariance, which is based on the gauge group SU(3)c x SU(2),
xU(1)y xU(1)". The particle contents of the model are listed in Table 2.1l In addition
to the SM particle content, three generations of right-hand neutrinos v% and a U(1)’
Higgs field @ are introduced. The covariant derivatives relevant to U(1)y x U(1)" are

defined as
_ . g1 Gix B
D,=0,—i( Y] Y b 2.1
p=0.—i( N X)(9X1 gx)(BL> (21)

where Y) (Yx) are U(1)y (U(1)") charge of a particle, and the gauge couplings gxi
and g1x are introduced associated with a kinetic mixing between the two U(1) gauge
bosons.

For generation-independent charge assignments, the U(1)’ charges of the fermions
are defined to satisfy the gauge and gravitational anomaly-free conditions:

U(1) x [SU(3)¢]* - Wy — Ty — g = 0,
U(1) x [SU©2).)* - 3z, +x = 0,
UL x [UQ)y)* - ry — 8z, — 224+ 32y — 6z, = 0,
U] x Uy : a2 — 22, +ay—aj+al = 0,
u))® 6a) — 3a) — 3a) + 22} —x) —a) = 0,

U(1) x [grav.] : 6z, — 3z, — 324+ 22y — 2, —x. = 0. (2.2)

In order to reproduce observed fermion masses and flavor mixings, we introduce the
following Yukawa interactions:

Lvarawa = =Ygt Huly — Y ¢t Hd, — Y70, Hul, — Y0 Hel, — Y dricvt,+hec., (2.3)
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(xg,xa) the U(1)" extended SM
(0,2) the U(1)p_1 model
(—1,2) the U(1)g model
(—16/41,2) | the orthogonal model

Table 2.2: Model chart of the U(1)" extended SM in the (zy,zs) parameter space.
g and z¢ are the U(1)" charges of H and ®, respectively.

where H = ir2H*, and the third and fifth terms on the right-hand side are for the see-
saw mechanism to generate neutrino masses. These Yukawa interaction terms impose

Ty = —Tu+Ty = Tyg—Tg = —Tp+ T, = Tp— T,
ey — —2113,/. (24)

Solutions to these conditions are listed in Table 2.1] and are controlled by only two
parameters, g and z¢. The two parameters reflect the fact that the U(1)" gauge group
can be defined as a linear combination of the SM U(1)y and the U(1)5_, gauge groups.
Since the U(1)’ gauge coupling gy is a free parameter of the model and it always appears
as a product xegx or rygx, we fix ¢ = 2 without loss of generality throughout this
thesis. This convention excludes the case in which the U(1)" gauge group is identical
to the SM U(1)y. In Table 22 some typical U(1)" extended SMs determined by the
choice of (zy, re) parameters are listed. The choice of (2, xs) = (0,2) corresponds to
the U(1)g_z model. Another example is (zg,ze) = (—1,2), which corresponds to the
SM with the so-called U(1)g symmetry. When we choose (zy,rs) = (—16/41,2), the
beta function of gx1 (g1x) at the 1-loop level only has terms proportional to gx1 (g1x)
(see Appendix [B.1]). This is the orthogonal condition between the U(1)y and U(1)" at
the 1-loop level, under which gx; and g;x do not evolve once we have set gx1 = g1x =0
at an energy scale. Although it is slightly modified (zy becomes slightly larger than
—16/41), we find that the choice of (zg,ze) = (—16/41,2) is a good approximation
even at the 2-loop levell,
Imposing the classically conformal invariance, the scalar potential is given by

V= A (H'H) + Ao (®10)” + A (H H) (910) | (2.5)

where the mass terms are forbidden by the conformal invariance. If A, is negligibly
small, we can analyze the Higgs potential separately for ® and H as a good approxi-
mation. This will be justified in the following sections. When the Majorana Yukawa
couplings Y}, are negligible compared to the U(1) gauge coupling, the ® sector is
identical to the original Coleman-Weinberg model |2], so the radiative U(1)" symme-
try breaking will be achieved. Once ® develops a vacuum expectation value (VEV)
through the Coleman-Weinberg mechanism, the tree-level mass term for the SM Higgs

! Even if we choose (75,7s) = (—16/41,2) and calculate the RG evolution of gxi (g1x) at the
2-loop level, gx1 (g1x) evolves less than O(107°) at the Planck scale once we have set gx1 = g1x = 0
at vy 2 10 TeV.
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is effectively generated through A\ in Eq. ([23]). Taking A,ix to be negative, the in-
duced mass squared for the Higgs doublet is negative and, as a result, the electroweak
symmetry breaking is driven in the same way as in the SM.

2.2 Radiative U(1)’ gauge symmetry breaking

Assuming Ay is negligibly small, we first analyze the U(1)" Higgs sector. Without
mass terms, the Coleman-Weinberg potential [2] at the 1-loop level is found to be

Ao 4 Ba 4 ’ 25
V = — — In|=|—— 2.6
(¢) =" +5¢ Mzl T ) (2.6)
where ¢/v/2 = R[®] which extracts a real part of ®, and we have chosen the renor-

malization scale to be the VEV of ® ((¢) = v,). Here, the coefficient of the 1-loop
quantum corrections is given by

1 .

Bo = 15 20\ + 6% (g%, +9%)" — 16> (Vip)* (2.7)
1 _ 1

~ = 6 (zagx)’ =16 Y (Yap)*| . (2.8)

where in the last expression, we have used A3 < (zogx)* as usual in the Coleman-
Weinberg mechanism and set gx1 = g1x = 0 at (¢) = vy, for simplicity. The stationary
condition dV/d¢|¢:% = 0 leads to

11
)\cp - Eﬁc}, (29)
and this A\g is nothing but a renormalized self-coupling at v, defined as
1 d'V(¢)
= — 2.10
P 3! d(b4 b=vs ( )

For more detailed discussion, see [19].

Associated with this radiative U(1)" symmetry breaking (as well as the electroweak
symmetry breaking), the U(1)" gauge boson (Z’ boson) and the right-handed Majorana
neutrinos acquire their masses as

mz = \/(fﬂcpgx%)Q + (Trgxvn)? =~ Tagxvs, My = \/§Y1\iﬂ)¢>a (2.11)

where vy, = 246 GeV is the SM Higgs VEV, and we have used x¢vy > x vy, which will
be verified below. In this chapter, we assume degenerate masses for the three Majorana
neutrinos, Y3, = yas (equivalently, my: = my) for all i = 1,2, 3, for simplicity. The
U(1)" Higgs boson mass is given by
2 d*V
¢ 2
do P

3 my —2my 6 5 my \'
52 2z ~ Qg my 1-2 o~ ) (2.12)

3
— ﬂqw; ~ 52 ((xq>gX)4 - 8yﬁ4) vi

12
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where ay, = g% /(47). When the Yukawa coupling is negligibly small, this equation
reduces to the well-known relation derived in the original paper by Coleman-Weinberg
[2]. For a sizable Majorana mass, this formula indicates that the potential minimum
disappears for my > my /2", so there is an upper bound on the right-handed neu-
trino mass for the U(1)" symmetry to be broken radiatively. This is in fact the same
reason why the Coleman-Weinberg mechanism in the SM Higgs sector fails to break the
electroweak symmetry when the top Yukawa coupling is large, as observed. In order
to avoid the destabilization of the U(1)" Higgs potential, we simply set m%, > m%
in the following analysis. Note that this condition does not mean that the Majorana
neutrinos must be very light, even though a factor difference between mz and my is
enough to satisfy the condition. For simplicity, we set yp; = 0 at vy in the following
RG analysis.

2.3 Electroweak symmetry breaking

Let us now consider the SM Higgs sector. In our model, the electroweak symmetry
breaking is achieved in a very simple way. Once the U(1)" symmetry is radiatively
broken, the SM Higgs doublet mass is generated through the mixing quartic term
between H and @ in the scalar potential in Eq. (2.3,

A ZHpa Aumix v3n?, (2.13)

V(h) = 1 =

where we have replaced H by H = 1/v/2(0, h)” in the unitary gauge. Choosing
Amix < 0, the electroweak symmetry is broken in the same way as in the SM [40] 41].
However, we should note that a crucial difference from the SM is that in our model
the electroweak symmetry breaking originates from the radiative breaking of the U(1)’
gauge symmetry. At the tree level, the stationary condition V'|,—,, = 0 leads to the
relation [Amix| = 2Am(vn/vy)?, and the Higgs boson mass my, is given by

,  d*V

My = g = |Amix| V] = 2X 0} (2.14)

h=vy,
In the following RG analysis, this is used as the boundary condition for A, at the
renormalization scale 4 = v,. Note that since Ay ~ 0.1 and v, 2 10 TeV by the
large electron-positron collider (LEP) constraint [132HI35], |Amix| ,S 1075, which is
very small.

In our discussion about the U(1)’ symmetry breaking, we neglected Apix by assuming

it to be negligibly small. Here we justify this treatment. In the presence of A and
the Higgs VEV, Eq. (2.9) is modified as

|)\le‘ 1 11 4
= — ~ — / 2.15

Considering the LHC Run-2 2015 bound from the search for Z’ boson resonances
[55, 56], mz 2 3 TeV, we find that the first term in the parentheses in the last equality
is 5 orders of magnitude greater than the second term, and therefore we can analyze
the two Higgs sectors separately.
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Figure 2.1: [(a)] The evolutions of the Higgs quartic coupling Ay (solid line) for the
inputs m; = 173.34 GeV and my, = 125.09 GeV, along with the SM case (dashed line).
@ The RG evolutions of Ag (solid line) and Ay (dashed line). Here, we have taken
ry =2, vy =23 TeV and gx(vy) = 0.09.

2.4 Solving the SM Higgs vacuum instability

In the SM with the observed Higgs boson mass of m;, = 125.09 GeV, the RG evolution of
the SM Higgs quartic coupling shows that the running coupling becomes negative at the
intermediate scale u ~ 10'° GeV [52] for m, = 173.34 GeV, and hence the electroweak
vacuum is unstable. In this section, we investigate RG evolution of the Higgs quartic
coupling and a possibility to solve the Higgs vacuum instability problem in our U(1)’
extended SM. Without the classical conformal invariance, Ref. [136], [137] (see also [138])
has considered the same problem, and identified parameter regions which can resolve
the Higgs vacuum instability. A crucial difference in our model is that because of the
classical conformal invariance and the symmetry breaking by the Coleman-Weinberg
mechanism, the initial values of A\¢ and A.ix at vs are not free parameters. Therefore,
it is nontrivial to resolve the Higgs vacuum instability in the present model. The Higgs
vacuum stability has been investigated in [19] for the classically conformal extension
of the SM with an extend gauge group and particle content including a dark matter
candidate.

In our RGE analysis, we employ the SM RGEs at the 2-loop level [52] from the
top pole mass to the U(1)" Higgs VEV, and connect the RGEs to those of the U(1)’
extended SM at the 2-loop level, which are generated by using SARAH [139] [140].
RGESs used in our analysis are listed in the appendices. For inputs of the Higgs boson
mass and top quark pole mass, we employ a central value of the ATLAS and CMS
combined measurement m;, = 125.09 GeV [51], while m; = 173.34 GeV is the central
value of combined results of the Tevatron and the LHC measurements of top quark
mass [53]. There are only three free parameters in our model, by which inputs at vy
are determined: xp, vy, and gx.

In Fig. we show the RG evolution of the SM Higgs quartic coupling in our
model (solid line), along with the SM result (dashed line). Here, we have taken zy = 2,
vy = 23 TeV, and gx(vy) = 0.09 as an example. Recall that we have fixed z¢ = 2
without loss of generality. The Higgs quartic coupling remains positive all the way
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Figure 2.2: @ The result of the three-dimensional parameter scans for vg, gx and
xy, shown in (mz (GeV), a4, , xy) parameter space with myz ~ x4gxvs, by using the
inputs m; = 173.34 GeV and m;, = 125.09 GeV. As a reference, a horizontal plane
for xty = —16/41 is shown, which corresponds to the orthogonal case. There are
two separated regions of solving the electroweak vacuum instability and satisfying the
perturbative conditions inside very thin curved layers above and below the plane of the
orthogonal case. Same three-dimensional parameter scans as but at a different
angle.

up to the Planck mass, so the Higgs vacuum instability problem is solved. There are
complex, synergetic effects in the coupled RGEs to resolve the Higgs vacuum instability
(see the appendices for RGEs). For example, the U(1)y gauge coupling grows faster
than the SM case in the presence of the mixing gauge couplings gx; and g;x, which
makes the evolution of top Yukawa coupling decrease faster than in the SM case. The
evolution of the mixing gauge coupling is controlled by the U(1)" gauge coupling. Both
of them are asymptotic nonfree. The gauge couplings positively contribute to the beta
function of the SM Higgs quartic coupling, while the top Yukawa coupling gives a
negative contribution. As a result, the RG evolutions of the gauge and top Yukawa
couplings work to change the sign of the beta function of the SM Higgs quartic coupling
at p ~ 102 GeV in Fig. Figure shows the RG evolutions of the other
Higgs quartic couplings. Note that the input of A\¢ and A« is very small because of
the radiative gauge symmetry breaking, and the two couplings remain very small even
at the Planck mass. Thus, the positive contribution of A\« to the beta function of the
SM Higgs quartic coupling is negligible. This is in sharp contrast to U(1) extended
models without the conformal invariance, where A, is a free parameter and we can
take its input to give a large, positive contribution to the beta function; thus, the Higgs
vacuum instability problem is relatively easier to solve.

In order to identify a parameter region to resolve the Higgs vacuum instability,
we perform parameter scans for the free parameters zy, v, and gx. In this analysis,
we impose several conditions on the running couplings at vy < p < Mp (Mp =
2.44 x 10" GeV is the reduced Planck mass): stability conditions of the Higgs potential
(A, Ae > 0), and the perturbative conditions that all the running couplings remain
in the perturbative regime, namely, ¢? (i = 1,2,3), g%, g%, ¢°x < 4m and Ay, Ao,
Amix < 47. For theoretical consistency, we also impose a condition that the 2-loop beta
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Figure 2.3: The result of parameter scan for xy and gx with a fixed vy = 23
TeV, shown in the (mz, zy) plane with myz ~ xegxv,. The shaded regions depict the
parameters to resolve the electroweak vacuum instability and satisfy the perturbative
conditions. As a reference, horizontal lines are depicted for g =2, 0 |[U(1)p_1 case],
—16/41 [orthogonal case|, and —1 [U(1)g case]. Same as but for a parameter
scan for zy and vy with a fixed gx = 0.09.

4.0

3.5¢

3.0r

25¢

XH

2.0¢

.
S
90y

1.5F

““““““““““““““““““““

1 O C L L A1 L . L L L
1500 2000 2500 3000 3500 4000 4500 5000 1500 2000 2500 3000 3500 4000 4500 5000
mz[GeV] mz[GeV]

(a) (b)

Figure 2.4: @ The allowed positive zy region at the TeV scale in Fig. is
magnified, along with the LEP bound (dashed-dotted line), the LHC Run-1 CMS
bound (thin dashed line), the LHC Run-1 ATLAS bound (thin solid line), the LHC
Run-2 CMS 2015 bound (thick dashed line) and the LHC Run-2 ATLAS 2015 bound
(thick solid line) from a direct search for Z’ boson resonance. The region on the left
side of the lines is excluded. Here, the naturalness bounds for 10% (right dotted line)
and 30% (left dotted line) fine-tuning levels are also depicted. [(b)] Same as but for
the negative xy region.




2.4 Solving the SM Higgs vacuum instability 25

25 ‘ A A T T 10— &
A
/ [N N .
Py + s S ] -15}
4 1 ‘.. R
/ ! .. 0.
L S = -2.07\‘\
i: 15[ /'I N ] >3<: ‘\
'/' ......... o5 \\
.I ..... ‘\
10/ =
0 F -3.0
7 gx =0.09
/! .
05 ‘ ‘ ‘ ‘ 35l
1000 2000 3000 4000 5000 6000 7000 1000 2000 3000 4000 5000 6000 7000
mz[GeV] mz[GeV]
(a) (b)

Figure 2.5: [(a)] Same as Fig. 24(a)] but magnifying Fig. Z3(b)l [(b)] Same as
Fig. but magnifying Fig.
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Figure 2.6: @ The result of parameter scan for v, and gx with a fixed x5 = 2 in the
(myz, gy ) plane. The shaded region depicts the parameters to resolve the electroweak
vacuum instability and satisfy the perturbative conditions. @ The allowed region at
the TeV scale in [(a)] is magnified, along with the LEP bound (dashed-dotted line),
the LHC Run-1 CMS bound (thin dashed line), the LHC Run-1 ATLAS bound (thin
solid line), the LHC Run-2 CMS 2015 bound (thick dashed line) and the LHC Run-2
ATLAS 2015 bound (thick solid line) from direct search for Z’ boson resonance. The
region on the left side of the lines is excluded. Here, the naturalness bounds for 10%
(right dotted line) and 30% (left dotted line) fine-tuning levels are also depicted.
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Figure 2.7: Same as Fig. but for xy = —2.5. Same as Fig. Z.d(b)| but

for xg = —2.5.

functions are smaller than the 1-loop beta functions. In Fig. 221 we show the result
of our parameter scans in the three-dimensional parameter space of (myz/, oy, xnH),
where o, = ¢%/(47). As a reference, we show a horizontal plane corresponding
to the orthogonal case xy = —16/41. There are two separated regions of solving
the electroweak vacuum instability and satisfying the perturbative conditions inside
very thin curved layers above and below the plane of the orthogonal case. There is no
overlapping of the plane with the resultant parameter regions to resolve the electroweak
vacuum instability.

In order to discuss our results in detail, we show in Figs. 2.3H2.7 the parameter
scan results on several two-dimensional hypersurfaces in the 3D plot of Fig. The
shaded regions in Figs. 2.3H2.7 depict the parameters to resolve the electroweak vacuum
instability and satisfy the perturbative conditions. In Fig. 23] our results are shown
for xy and gx with a fixed vy = 23 TeV @ and for zy and v, with a fixed gx = 0.09
in the (mz,xy) plane, along with the horizontal lines corresponding to zy =
2, 0 [U(1)p—r case], —16/41 [orthogonal case|, and —1 [U(1)r case]. We can see
that the resultant parameter space is very restricted. For example, the Higgs vacuum
instability cannot be resolved in the classically conformal U(1)s_1, extended SM or the
classically conformal orthogonal U(1) extended SM, for the inputs m; = 173.34 GeV
and m;, = 125.09 GeV. The allowed regions at the TeV scale in Figs. and
are magnified in Figs. 2.4 and 23] respectively. Here we also show the collider bounds,
namely, the LEP bounds (dashed-dotted lines) [132-135], the CMS bounds at the LHC
Run-1 (thin dashed lines) [141) [142], the ATLAS bounds at the LHC Run-1 (thin solid
lines) [143], the CMS bounds at the LHC Run-2 2015 (thick dashed lines) [56], and the
ATLAS bounds at the LHC Run-2 2015 (thick solid lines) [55], from the search for Z’
boson mediated processes, which will be obtained in the next section. The region on
the left side of the lines is excluded. Naturalness bounds (dotted lines), which will be
obtained in Sec. 2.0 are also shown. These naturalness bounds for the 10% fine-tuning
level are found to be compatible with the bounds obtained by the LHC Run-2 2015
results. The result of parameter scan for v, and oy, with a fixed xy = 2 is depicted in
Fig. and the allowed region at the TeV scale is magnified in Fig. along
with the collider and naturalness bounds. Same plots as Fig. but for xy = —2.5
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are shown in Fig. 27

2.5 LHC bounds on the U(1)" Z’ boson

The ATLAS and the CMS Collaborations have searched for Z’ boson resonance at
the LHC Run-1 with /s = 8 TeV, and continued the search at the LHC Run-2 with
Vs = 13 TeV. The most stringent bounds on the Z’ boson production cross section
times branching ratio have been obtained by using the dilepton final state. For the
so-called sequential SM Z' (Z4g4,,) model [144], where the Z%g,, boson has exactly
the same couplings with the SM fermions as those of the SM Z boson, the cross
section bounds from the LHC Run-1 results lead to lower bounds on the Zgg,, boson
mass as mz, > 2.90 TeV in the ATLAS Run- 12 results [143] and mz.,, = 2.96
TeV in the CMS Run-19 results [T41] [142], respectively. In 2015, these bounds have
been updated by the ATLAS and CMS analysis with the LHC Run-2 at /s = 13
TeV as myg,, > 3.4 TeV (ATLAS 2015 [55]) and myz > 3.15 TeV (CMS 20157
[56]), respectively. Furthermore, in 2016, the cross section bounds from the LHC Run-
2 2016 results have continued to update lower bounds on the Z§g,, boson mass as
my, > 4.05 TeV (ATLAS 20169 [145]) and mz, > 4.0 TeV (CMS 20167 [146]),
respectively. In 2017, the cross section bound from the LHC Run-2 ATLAS 20178
results [128] leads to lower bounds on the Zgg,, boson mass as mz, > 4.5 TeV. We
interpret these ATLAS and CMS results in the U(1)" Z’ boson case and derive an upper
bound on xy or agy, as a function of my.

We calculate the dilepton production cross section for the process pp — 2/ + X —
¢t0~ + X. The differential cross section with respect to the invariant mass My, of the
final state dilepton is described as

do 1 2Myy M, 2\ L / L
dMy Z/”;z?e Yo B2 oge Ja (s M) fo (%E%M’M”) o(qq — 2" — 1107),(2.16)

where f, is the parton distribution function for a parton a, and Ecy = 13 TeV (8 TeV)
is the center-of-mass energy of the LHC Run-2 (Run-1). In our numerical analysis, we
employ CTEQ5M [147] for the parton distribution functions. In the case of the U(1)’

2 ATLAS Run-1 denotes the search for Z’ boson resonance in proton-proton (pp) collisions at
/5 =8 TeV with the ATLAS detector, corresponding to an integrated luminosity of 20.3 fb~! in the
dielectron (ee) channel and 20.5 fb~! in the dimuon (uu) channel.

3 CMS Run-1 denotes the CMS results at /s = 8 TeV, 19.6 fb~! (ee) and 20.6 b1 (up).

4 ATLAS 2015 denotes the ATLAS results at /s = 13 TeV, 3.2 b~ (¢/).

> CMS 2015 denotes the CMS results at /s = 13 TeV, 2.6 fb~! (ee) and 2.8 fb~! (up).

6 ATLAS 2016 denotes the ATLAS results at /s = 13 TeV, 13.3 fb=1 (¢/).

7 CMS 2016 denotes the CMS results at /s = 13 TeV, 12.4 fb~! (ee) and 13.0 b~ (up).

8 ATLAS 2017 denotes the ATLAS results at /s = 13 TeV, 36.1 fb=1 (¢4).
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Figure 2.8: [(a)] The cross section as a function of the Z{g,, mass (solid line) with
k = 1.18, along with the LHC Run-1 ATLAS result from the combined dielectron and
dimuon channels in Ref. [143]. Same as[(a)} but with k& = 1.19, along with the LHC
Run-2 ATLAS 2015 result in Ref. [55].

model, the cross section for the colliding partons with a fixed x¢ = 2 is given by

Tl M?
luu — Z' — 0707) = 9x &
( ) 81 (Mg, —m%,)? +m3,T%,

x (852 + 15273, + 10423, + 32wy + 4),

_ 7T062 M2
6(dd— 7 —t7e7) = % 4
( ) 81 (M, —m%,)?+m%.T%,
x (2524 + 202%; + 8z% + 8z + 4), (2.17)

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

Qgyymyz [ 10323 + 862 + 37

Ty =
g 6 3
1722 + 102y + 2+ (722 + 20wy + 4) 2 2
- 21— —* (2.18)
3 my,

Here, we have neglected all SM fermion masses except for m;, and we have assumed
m'y > my /2 for simplicity. By integrating the differential cross section over a range of
My, set by the ATLAS and CMS analyses, respectively, we obtain the cross section as
a function of gy, a4, and myz, which are compared with the lower bounds obtained
by the ATLAS and CMS Collaborations.

In interpreting the ATLAS and the CMS results for the U(1)" Z’ boson, we follow the
strategy in [85], where the minimal U(1)z_z, model has been investigated and an upper
bound on the U(1)p_; gauge coupling as a function of the Z’ boson mass has been
obtained from the ATLAS and the CMS results at the LHC Run-2. We first analyze
the sequential SM Z" model to check the consistency of our analysis with the one by the
ATLAS and the CMS Collaborations. With the same couplings as the SM, we calculate



2.5 LHC bounds on the U(1)" Z’' boson 29

5x107°

-5
cMs 5x10 cMs
1x10°°} Vs=8Tev| 1 Vs = 13Tev
5x1078} B 1x1075} B
& 5x10°6F
i4 1x10°6F
5% 1077 1x 1076 N
5x 107} T S
1x1077}
L L L L 1x 1077 L L L L
1000 1500 2000 2500 3000 3500 1000 1500 2000 2500 3000 3500
mz.,[GeV] my.,[GeV]
(a) (b)

Figure 2.9: [(a)] The cross section ratio as a function of the Zjg,, mass (solid line)
with k£ = 1.01, along with the LHC Run-1 CMS result from the combined dielectron
and dimuon channels in Ref. [141} 142]. [(b)] Same as but with & = 1.65, along with
the LHC Run-2 CMS 2015 result in Ref. [56].

the differential cross section of the process pp — Zgg,, +X — €10~ 4+ X like Eq. ([2.10).
According to the analysis by the ATLAS Collaboration at the LHC Run-1 (Run-2),
we integrate the differential cross section for the range of 128 GeV< My, < 4500 GeV
[143] (128 GeV< My < 6000 GeV [55], 120 GeV < My, < 6000 GeV [128, [145]) and
obtain the cross section of the dilepton production process as a function of the Zgg,,
boson mass. Our results are shown as solid lines in Fig. for the LHC ATLAS
Run-1, Fig. for the LHC Run-2 ATLAS 2015, Fig. for the LHC Run-2
ATLAS 2016 and Fig. 211l for the LHC Run-2 ATLAS 2017, respectively, along with
the plots presented by the ATLAS Collaborations at the LHC ATLAS Run-1 [143],
the LHC Run-2 ATLAS 2015 [55], the ATLAS 2016 [145], and the ATLAS 2017 [12§].
In Figs. 2.10(a)l and 21T] the experimental upper bounds on the Z’
boson production cross section are depicted as the horizontal solid (red) curves. The
theoretical Z’ boson production cross section is shown as the diagonal dashed lines,
and the lower limits of the Zgg,, boson mass obtained by the ATLAS Collaborations
are found to be 2.90 TeV for the LHC ATLAS Run-1, 3.4 TeV for the LHC Run-2
ATLAS 2015, 4.05 TeV for the LHC Run-2 ATLAS 2016, and 4.5 TeV for the LHC
Run-2 ATLAS 2017, respectively, which can be read off from the intersection points of
the theoretical predictions (diagonal dashed lines) and the experimental cross section
bounds (horizontal solid (red) curves). In order to take into account the difference of
the parton distribution functions used in the ATLAS analysis and our analysis and
QCD corrections of the process, we have scaled our resultant cross sections by a factor
k = 1.18 in Fig. by k = 1.19 in Fig. by k = 1.16 in Fig. and
by k = 1.15 in Fig. .11l with which we can obtain the same lower limits of the Z§g,,
boson mass as 2.90 TeV, 3.4 TeV, 4.05 TeV, and 4.5 TeV. We can see that our results
(solid lines) in Figs. 2-§(a)] and 217 with the factors of k = 1.18,
k=1.19, k =1.16, and k = 1.15, respectively, are very consistent with the theoretical
predictions (diagonal dashed lines) presented by the ATLAS Collaboration. We use
these factors in the following analysis for the U(1)" Z’ production process.

Now we calculate the cross section of the process pp = 2’ + X — (t{~ + X for
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Figure 2.10: [(a)] The cross section as a function of the Z§g,, mass (solid line) with
k = 1.16, along with the LHC Run-2 ATLAS 2016 result from the combined dielectron
and dimuon channels in Ref. [145]. (Here we have also shown the ALTAS 2015 result
[55] for comparison.) [(b)] The cross section ratio as a function of the Z§g,, mass (solid
line) with & = 1.42, along with the LHC Run-2 CMS 2016 result from the combined
dielectron and dimuon channels in Ref. [I46]. (Here we have also shown the CMS 2015
result [56] for comparison.)

various values of gx, zy and vy, and read off the constraints on these parameters from
the cross section bounds given by the ATLAS Collaboration. In Figs. 2427 our
results from the ATLAS bounds at the LHC ATLAS Run-1 and Run-2 ATLAS 2015
are depicted as thin solid lines and thick solid lines, respectively. We can see that the
LHC Run-2 ATLAS 2015 results have dramatically improved the bounds from those
obtained by the LHC ATLAS Run-1 results. Our results from the LHC Run-2 ATLAS
2016 will be depicted as (red) dashed lines in Figs. B.213.3] and the one from the LHC
Run-2 ATLAS 2017 will be depicted as (red) solid lines in Figs.

We apply the same strategy and compare our results for the Zg¢,, model with those
in the LHC CMS Run-1 results [141], 142], the LHC Run-2 CMS 2015 results [56],
and the LHC Run-2 CMS 2016 results [146]. According to the analysis by the CMS
Collaboration at the LHC Run-1 (Run-2), we integrate the differential cross section
for the range of 0.6 my, < My < 1.4 my, [141. 142] (0.97 mz. . < My <
103 mg  [56], 0.95 my, < My < 1.05my,  [146]) and obtain the cross section.
In the CMS analysis, the limits are set on the ratio of the Zgg,, boson cross section to
the Z/~4* cross section:

olpp = 2"+ X = U+ X)
opp—=Z+X U+ X)’

Ry (2.19)

where the Z/+* production cross sections in the mass window of 60 GeV< My, < 120
GeV are predicted to be 1117 pb at the LHC Run-1 [141], [142] and 1928 pb at the
LHC Run-2 [56], [146], respectively. Our results for the Zgq,, model are shown as
the solid lines in Figs. 2.9(b)l and along with the plots presented in
Refs. [141], 142], [56], and [146], respectively. The analyses in these CMS papers lead
to the lower limits of the Zgg,, boson mass as 2.96 TeV for the LHC CMS Run-1,
3.15 TeV for the LHC Run-2 CMS 2015, and 4.0 TeV for the LHC Run-2 CMS 2016,
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Figure 2.11: The cross section as a function of the Zgg,, mass (solid line) with
k = 1.15, along with the LHC Run-2 ATLAS 2017 result from the combined dielectron
and dimuon channels in Ref. [128]. (Here we have also shown the ALTAS 2016 [145]
and 2015 [55] results for comparison.)

which are read off from the intersection points of the theoretical predictions (diagonal
dashed lines) and the experimental cross section bounds (horizontal solid (red) curves).
In order to obtain the same lower mass limits, we have scaled our resultant cross
sections by a factor k = 1.01 in Fig. by k = 1.65 in Fig. and by
k = 1.42 in Fig. respectively. With these k factors, our results (solid lines)
are very consistent with the theoretical predictions (diagonal dashed lines) presented
in Refs. [142], [56], and [146]. We use these k factors in our analysis to interpret
the CMS results for the U(1)" Z’ boson case. In Figs. 2427 our results from the CMS
bounds at the LHC CMS Run-1 and Run-2 CMS 2015 are depicted as thin dashed lines
and thick dashed lines, respectively. We can see that the LHC Run-2 CMS 2015 results
have dramatically improved the bounds obtained by the LHC CMS Run-1 results. We
find that the ATLAS and the CMS bounds we have obtained are consistent with each
other. For the LHC Run-2 2015 results, the ATLAS bounds are slightly more severe
than the CMS bounds for mz < 3.5 TeV and applicable up to myz = 5 TeV, leading
to the most severe LHC bound on the model parameters. In Figs. B2H33l our results
from the LHC Run-2 CMS 2016 will be depicted as (red) solid lines.

The search for effective 4-Fermi interactions mediated by the Z’ boson at the LEP
leads to a lower bound on myz /gx [132HI35]. Employing the limits from the final
LEP 2 data [134] at 95% confidence level, we follow [I33] and derive a lower bound on
mz/gx as a function xgy. Our result is shown in Fig. In Figs. 2427 the LEP
bounds are depicted as the dashed-dotted lines.
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Figure 2.12: The lower bound on myz /gx as a function of xy (with a fixed z¢ =2),
obtained by the limits from the final LEP 2 data [134] at 95% confidence level.

2.6 Naturalness bounds from SM Higgs mass correc-
tions

Once the classical conformal symmetry is radiatively broken by the Coleman-Weinberg
mechanism, the masses for the Z’ boson and the Majorana neutrinos are generated
and they contribute to self-energy corrections of the SM Higgs doublet. If the U(1)’
gauge symmetry breaking scale is very large, the self-energy corrections may exceed
the electroweak scale and require us to fine-tune the model parameters in reproducing
the correct electroweak scale. See [148] for related discussions. We consider two heavy
states, the right-handed neutrino and Z’ boson, whose masses are generated by the
U(1)" gauge symmetry breaking.

Since the original theory is classically conformal and defined as a massless theory,
the self-energy corrections to the SM Higgs doublet originate from corrections to the
mixing quartic coupling A\ix. Thus, what we calculate to derive the naturalness bounds
are quantum corrections to the term Ayich%¢? in the effective Higgs potential

Vegr D %h%ﬁ + %h%fﬁ (In[¢°] +C), (2.20)

where the logarithmic divergence and the terms independent of ¢ are all encoded in C'.
Here, the major contributions to quantum corrections are found to be

CABlym PV 120fadgy 4 (192F + 10zpae + 23) 137 9% 591
ﬁ)\mjx ) 1671'2 + 16772 (167T2)2 7( ’ )

where the first term comes from the one-loop diagram involving the Majorana neutri-
nos, the second one is from the one-loop diagram involving the Z’ boson, and the third
one is from the two-loop diagram [40, 41 involving the Z’ boson and the top quark.
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By adding a counterterm, we renormalize the coupling A« with the renormalization
condition,
O Vet
Oh?20¢?

= Amixs 2.22
]’LZO,(Z):’U¢ ( )

where Ay is the renormalized coupling. As a result, we obtain

)\mix . 2
Ver 2 = 700"+ —ﬁAg“* h*¢? (ln {%} - 3) . (2.23)
Substituting ¢ = vy, we obtain the SM Higgs self-energy correction as
3
Ami = — ZBAmix 'U;
9m,,m3 9 3m2
47?21),2;\[ B Ex?{agxm%/ * 327T3l;]21 (192% 4 20z y + 4) ag,my (2.24)

where we have used the seesaw formula, m, ~ Y2v?/2my [42H4T], and set x4 = 2.
For the stability of the electroweak vacuum, we impose Am2 < m? as the naturalness.
For example, when the light neutrino mass scale is around m, ~ 0.1 eV, we have an
upper bound from the first term of Eq. (2.24)) for the Majorana mass as my < 3 x 10°
GeV. This bound is much larger than the scale that we are interested in, my < 1 TeV.
The most important contribution to Am? is the second term of Eq. (224) generated
through the one-loop diagram with the Z’ gauge boson, and the third term becomes
important in the case of the U(1)p_ model because the xy = 0 condition makes the
second term vanish.

If Amj is much larger than the electroweak scale, we need a fine-tuning of the
tree-level Higgs mass (|Amix|v5/2) to reproduce the correct SM Higgs VEV, v, = 246
GeV. We simply evaluate a fine-tuning level as

2
my,

0= 2lAm2|’

(2.25)

Here, § = 0.1, for example, indicates that we need to fine-tune the tree-level Higgs mass
squared at the 10% accuracy level. In Figs. 24127 the naturalness bounds for 10%
and 30% fine-tuning levels are plotted as the dotted lines. Interestingly, the naturalness
bounds from the 30% fine-tuning level are found to be compatible with the ALTAS
bounds from the LHC Run-2 2015.

2.7 Summary

In this chapter, we have considered the classically conformal U(1)" extended SM with
three right-handed neutrinos and a U(1)" Higgs singlet field. The U(1)" symmetry is
radiatively broken by the Coleman-Weinberg mechanism, by which the Z’' boson as
well as the right-handed (Majorana) neutrinos acquire their masses. With the Majo-
rana heavy neutrinos, the seesaw mechanism is automatically implemented. Through
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a mixing quartic term between the U(1)" Higgs and the SM Higgs doublet fields, a
negative mass squared for the SM Higgs doublet is generated and, as a result, the
electroweak symmetry breaking is triggered associated with the radiative U(1)" gauge
symmetry breaking. Therefore, all mass generations occur through the dimensional
transmutation in our model.

In the context of the classically conformal U(1)" model, we have investigated the
possibility to resolve the electroweak vacuum instability. Since the gauge symmetry is
broken by the Coleman-Weinberg mechanism, all quartic couplings in the Higgs poten-
tial, except the SM Higgs one, are very small, and hence their positive contributions
to the U(1)" model are not effective in resolving the SM Higgs vacuum instability. On
the other hand, in the U(1)’ model, the SM Higgs doublet has a nonzero U(1)" charge,
and this gauge interaction positively contributes to the beta function. In addition, the
U(1)" gauge interaction negatively contributes to the beta function of the top Yukawa
coupling, so the running top Yukawa coupling is decreasing faster than in the SM case,
and its negative contribution to the beta function of the SM Higgs quartic coupling
becomes milder. For three free parameters of the model, my/, a4, and zy, we have
performed a parameter scan by analyzing the renormalization group evolutions of the
model parameters at the two-loop level, and we have identified parameter regions which
can solve the electroweak vacuum instability problem and keep all coupling values in
the perturbative regime up to the Planck mass. We have found that the resultant pa-
rameter regions are very severely constrained, and also that the U(1)s_z model and the
orthogonal model are excluded from having the electroweak vacuum stability with the
current world average of the experimental data, m; = 173.34 GeV [53] and m;, = 125.09
GeV [51].

We have also considered the collider bounds on the U(1)’ Z’ boson mass from
the ATLAS and CMS results at the LHC Run-2 2015 with /s = 13 TeV. We have
interpreted the Z’ boson resonance search results at the LHC Run-1 and Run-2 2015
to the U(1)" Z’ boson case and obtained the collider bound on the U(1)" charge of the
SM Higgs doublet g for a fixed U(1)" gauge coupling, the collider bound on xy for
a fixed VEV of the U(1)" Higgs, or the upper bound on the U(1)" gauge coupling for
a fixed zy as a function of the U(1)" Z’ boson mass myz. Combining the constraints
from the electroweak vacuum stability and the LHC Run-2 2015 results, we find a
bound on the Z’ boson mass as mz 2 3.5 TeV. The LEP results in the search for
effective 4-Fermi interactions mediated by the U(1)" Z’' boson can also constrain the
model parameter space, but the constraint is found to be weaker than those obtained
from the LHC Run-2 2015 results.

Once the U(1)" gauge symmetry is broken, the Z’ boson and the right-handed
neutrinos become heavy and contribute to the SM Higgs self-energy through quantum
corrections. Therefore, the SM Higgs self-energy can exceed the electroweak scale, if
the states are so heavy. Since the SM Higgs doublet has nonzero U(1)’ charge, the
self-energy corrections from the Z’ boson occur at the one-loop level. This is in sharp
contrast to the classically conformal U(1)s_; model |40}, 41], where the Higgs doublet
has no U(1)p_. charge, and the self-energy corrections from the Z’ boson occur at
the two-loop level. We have evaluated the Higgs self-energy corrections and found the
naturalness bounds to reproduce the right electroweak scale for the fine-tuning level
better than 10%. We have found that the naturalness bounds for the 30% fine-tuning
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level are compatible with the ALTAS constraint from the LHC Run-2 2015 results, and
requiring a fine-tuning level > 10% leads to the upper bound on the U(1)" Z’ boson
mass as myz < 7 TeV.

Putting all our results together in Figs. 2427 we have found that the U(1)" Z’
boson mass lies in the range of 3.5 TeVS my S 7 TeV.






Chapter 3

Dark Matter Physics

In this chapter, we consider the dark matter (DM) scenario in the context of the classi-
cally conformal U(1)’ extended standard model (SM) which is introduced in chapter 2|
with three right-handed neutrinos (RHNs) and the U(1)’ Higgs field. The model is free
from all the U(1)" gauge and gravitational anomalies in the presence of the three RHNs.
We introduce a Zs-parity in the model, under which an odd-parity is assigned to one
RHN, while all the other particles is assigned to be Zs-even, and hence the Z3-odd
RHN serves as a DM candidatd?. In this model, the U(1)’ gauge symmetry is radia-
tively broken through the Coleman-Weinberg mechanism, by which the electroweak
symmetry breaking is triggered. As we have already mentioned in chapter 2] there are
three free parameters in our model, the U(1)’ charge of the SM Higgs doublet (zy), the
new U(1)" gauge coupling (gx), and the U(1)" gauge boson (Z’) mass (my/), which are
severely constrained in order to solve the electroweak vacuum instability problem, and
satisfy the LHC Run-2 bounds from the search for Z’ boson resonance. In addition
to these constraints, we investigate the RHN DM physics. Because of the nature of
classical conformality, we find that a RHN DM pair mainly annihilates into the SM
particles through the Z’ boson exchange. This is the so-called Z’-portal DM scenario.
We will combine these three constrains, the electroweak vacuum stability condition, the
LHC Run-2 2016 bounds, and the cosmological constraint from the observed DM relic
density, and find parameter regions to satisfy all three constraints. For the obtained
allowed regions, we also calculate the spin-independent cross section of the RHN DM
with nucleons.

This chapter is organized as follows: In Sec. B.Il we briefly introduce the classically
conformal U(1)" extended SM with the Z;-odd RHN DM. In Sec. B2 we calculate the
relic density of the Z’-portal RHN DM. In Sec. B.3, we combine all the constraints
obtained from the RHN DM physics, collider phenomenology, and the electroweak
vacuum stability, and narrow allowed regions. In Sec. 34l for the allowed parameter
regions, we calculate the spin-independent cross section of the RHN DM with nucleons.
We summarize our results in Sec.

I Although we introduce this ad-hoc Z, parity, without introducing additional scalers, it is difficult
to build a new model which has a stable DM candidate. In this point of view, we put ourselves in a
position in which the existence of the DM implies a new parity.

37
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SU3). SU((2)r U(1)y U(1) Lo

q 3 2 +1/6 | x, st + ire |+
ut, 3 1 +2/3 |z, = ixg+ize | +
- 3 1 —1/3 | x4 —2rp+ txe | +
v 1 2 -1/2 | % = —zp-—ize |+
1/11%’2 1 1 0 x, = —%mb +
vy 1 1 0 T, = —3To | —
e’é 1 1 —1 T, = —2xH— %mb +
H 1 2 +1/2 | zg = TH +
P 1 1 0 T = To | +

Table 3.1: Particle contents of the U(1)" extended SM with Z, parity. In addition
to the SM particle contents, three generations of RHNs v% (i = 1,2,3 denotes the
generation index) and U(1)" Higgs field ® are introduced. Under Z, parity, the only
one RHN v, is odd, while the other particles, including v}, and v%, are even.

3.1 The classically conformal U(1)’ extended SM with
RHN DM

The model we will investigate is the anomaly-free U(1)" extension of the SM with the
classically conformal invariance, which is based on the gauge group SU(3)c x SU(2),
x U(1)y x U(1)" introduced in chapter 2l The particle contents of the model are listed
in Table Bl where we also introduce the Z, parity [63], and assign an odd parity to
one RHN v, while the other particles, including v} and v%, have even parity. The
conservation of Z, parity ensures the stability of v3, which is a unique candidate of
the DM in our model. By introducing the Z parity, the Yukawa sector of the SM is
extended to have

3 2 3
Lviawa D — 3 Y YU Hujy — > Vi ®visvh, + he., (3.1)
=1

i=1 j=1

where H = i72H*, and the terms in the right-handed side are for the seesaw mechanism
to generate neutrino masses. Because of the Z, parity, only two generation RHNs
are involved in the neutrino Dirac Yukawa couplings and hence the neutrino Dirac
mass matrix is 2 by 3. Once the U(1)" Higgs field ® develops a VEV, the U(1)
symmetry is broken and the Majorana mass terms for the RHNs are generated. After
the electroweak symmetry breaking, the seesaw mechanism [42-47] is automatically
implemented, except that only two generation RHNs are relevant. This system is
the minimal seesaw [66] [67], which possesses a number of free parameters Y, and
Yi, (i = 1,2,3, 5 = 1,2) enough to reproduce the neutrino oscillation data with a
prediction of one massless eigenstate.

Associated with the radiative U(1)" symmetry breaking (as well as the electroweak
symmetry breaking), the U(1)" gauge boson (Z’ boson), the Majorana RHNs V}f, and
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the RHN DM particle v3 acquire their masses as

my = \/(I¢ng¢)2 + (Tpgxvn)? ~ Togx Vs,
mpyi2 = \/§YA1/I’2U¢, mpmMm = \/EY]\?;[U¢, (32)

where v, = 246 GeV is the SM Higgs VEV, and we have used zgvy > zyvs. In

this chapter, we assume degenerate masses for 1/}52, (Y, = Y% = yu, equivalently,

my12 = my), for simplicity. The U(1)" Higgs boson mass is given by

d?V 1
2 _ 2 - 4 H 4 2
mg — . = 5¢v¢ =32 (3(5U<I>QX) 16y, 8yDM) Uy

1 3my —4miy — 2mpy

12

& o2 | (33)

where ypy = Y3, For a sizable Majorana mass, this formula indicates that the po-
tential minimum disappears, so that there is an upper bound on the RHN mass for
the U(1)" symmetry to be broken radiatively. In order to avoid the destabilization of
the U(1)" Higgs potential, we simply set m%, > m} in the following analysis, while
mpwm =~ myz /2 as we will find in the next section. Note that this condition does not
mean that the Majorana RHNs must be very light, even though a factor difference
between myz and my is enough to satisfy the condition. For simplicity, we set yy; = 0
at vy in the following RG analysis as an approximation.

3.2 Relic density of the RHN DM

In this section, we calculate the thermal relic density of the RHN DM and identify
the model parameter region to be consistent with the Planck 2015 measurement [100]
(68% confidence level):

Qpmh? = 0.1198 +0.0015. (3.4)

Because of the nature of classical conformality, we find the mass mixing between the SM
Higgs and the U(1)" Higgs bosons is very small, so that the RHN DM pair annihilation
process mediated by the Higgs bosons is highly suppressed. Therefore, in our model,
the RHN DM particles mainly annihilate into the SM particles through the s-channel
process mediated by the U(1)" gauge boson Z2.

The Boltzmann equation of the RHN DM is given by

dy zs(ov)

dx H (mDM)
2 The freeze out temperature from the equilibrium state of the RHN DM is determined by a
condition that the life time of the RHN DM nearly equals the life time of Universe (1/T'py ~ 1/H).
Even if we consider a temperature 7' ~ 100 TeV, just above our targeted energy scale mpy ~

O(1 TeV), the equilibrium condition I'py > H is satisfied. Thus, the RHN DMs of our model are in
the thermal equilibrium in the early Universe.

(Y? = Yiq), (3.5)
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Figure 3.1: The relic density of the RHN DM as a function of its mass (mpy). We
have fixed xtyg = —0.575 and mz = 4 TeV, and have shown the relic densities for various
values of the gauge coupling, a,, = 0.002, 0.00235, 0.003, 0.004 and 0.005 (solid lines
from top to bottom). The two horizontal lines denote the range of the observed DM
relic density, 0.1183 < Qpyh? < 0.1213 in the Planck 2015 results [T00].

where temperature of the Universe is normalized by the mass of the RHN DM z =
mpm/T, H(mpwm) is the Hubble parameter at 7' = mpy, s is the entropy density,
Y = n/s is the yield of the RHN DM which is defined by the ratio of the number
density n to s, Yrq is the yield in the thermal equilibrium, and (ov) is the thermal
averaged product of the RHN DM annihilation cross section o and relative velocity v.
Explicit formulas of these are summarized as follows:

2 2 3
s — lg*mDM7

45 3

7T2 m2
Hm — DM
(o) 9007 Mp

3

m
sYpq = ?)7“24 DMy (a), (3.6)

where gpy = 2 is the number of degrees of the freedom for the RHN DM, g, is the
effective total number of degrees of freedom for particles in thermal equilibrium (in
this chapter, we set g, = 106.75 for the SM particles), and K5 is the modified Bessel
function of the second kind. The thermally-averaged annihilation cross section times
velocity is given by

o) = ety [ aotvaa () 6)

mpwm

where the reduced cross section is defined as 6(s) = 2(s — 4m,;)o(s) with the total
cross section o(s), K is the modified Bessel function of the first kind. The total cross
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section of the RHN DM annihilation process vyvy — Z' — ff (f denotes the SM
fermion)® is calculated as

O'(S) za2 S( 4m]2)M)
3 X (s—m%)%+m%1?%,
1030, + 862y +37 | 1Ty + 100 + 2+ (T + 200y + 4)mt | Ami
3 3 s
(s = m%)* miym? 4m?
+18x§18(5 — 4752 ) 21“3 LyJ1— T’f : (3.8)
DM zZ!

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

r., - QexMz {1033:%1 + 86y + 37
76 3

17:1:H+10xH+2+(7xH+20xH+4) m2
+ j
3 mZ
3
4m3\ 2 : %
+2<1— ”ZN) e(mz 4) (1— <mf —4) (3.9)
g mz' Mpm

Here, we have neglected all SM fermion masses except for the top quark mass m;.

rno

By solving the Boltzmann Eq. (3.5) numerically, we find the asymptotic value of
the yield Y (00), and the present DM relic density is given by

Y
Opuh? = M), (3.10)

where sy = 2890 ¢cm™3 is the entropy density of the present Universe, and p./h? =
1.05 x 107° GeV /em? is the critical density. Our analysis involves four parameters,
namely ogy,, mz, mpu and xg. For my = 4 TeV and zy = —0.575, we show in
Fig. B.1l the resultant RHN DM relic density as a function of the RHN DM mass mp,
along with the range of the observed DM relic density, 0.1183 < Qpyh? < 0.1213 [100]
(two horizontal dashed lines). The solid lines from top to bottom show the resultant
RHN DM relic densities for various values of the gauge coupling, o, = 0.002, 0.00235,
0.003, 0.004 and 0.005. The plots indicate the lower bound on ag4, > 0.00235 for
my = 4 TeV and g = —0.575 in order to reproduce the observed relic density. In
addition, we can see that the enhancement of the RHN DM annihilation cross section
via the Z’ boson resonance is necessary to satisfy the cosmological constraint and hence,

mpv = mZ//2.
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Figure 3.2: The allowed regions to solve the electroweak instability problem for m
and oy, with a fixed g = —0.575 at the TeV scale, along with the dark matter lower
bound ((blue) right solid line) on ay, , the LHC Run-2 (2016) CMS upper bound ((red)
solid line) on «,, and the LHC Run-2 ATLAS (2016) upper bound ((red) dashed line)
on a,, from direct search for Z’ boson resonance. The (green) shaded region in between
two solid lines satisfies all constraints. Here, the naturalness bounds for 10% (right
dotted line) and 30% (left dotted line) fine-tuning levels are also depicted, which have
been discussed in Sec.

3.3 Combined results

Now let us combine all the constraints that we have obtained in the previous sec-
tions from the RHN DM physics, collider phenomenology, and the electroweak vacuum
stability. In Fig. B.2] we show the allowed region in the (mgz/, g4, )-plane for fixed
xy = —0.575, as an example. The shaded region indicates the parameter space for
solving the electroweak vacuum instability. The (blue) right solid line shows the lower
bound on ay, as a function of my to reproduce the observed DM relic density of the
Planck result [I00]. The (red) left solid (dashed) line shows the LHC Run-2 2016 upper
bound on ¢, obtained from the search results for Z’ boson resonance by the CMS [146]
(ATLAS [145]) Collaboration. The (green) shaded region in between two solid lines
satisfies all constraints. These three constraints are complementary to narrow down
the allowed region to be 4 TeV < myz < 8 TeV and 0.009 S oy, S 0.017. We also
show the naturalness bounds for 10% (right dotted line) and 30% (left dotted line)
fine-tuning levels, which have been discussed in Sec.

In Fig. B3] we show allowed parameter regions in the (g, oy, )-plane for various
my values. Fig. is for mz = 4 TeV. The shaded region indicates the parameter
space for solving the electroweak vacuum instability. The (blue) convex-downward solid

3 Although there are also other annihilation processes, such as v3vy — ¢¢, vevsy, — ¢Z' and
vivh — Z'Z' (see, for example, Ref. [149]), all these cross sections are estimated to be much less than
1 pb, which is a typical cross section to reproduce Qpyvh? ~ 0.1, for ay, ~ 0.01 (see Figs. and
m), YpmMm ~ gx, and mpm ~ 1 TeV.
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Figure 3.3: Allowed parameter regions in the (zy, a,, )-plane for various my values.
@ is for myz = 4 TeV. The shaded region indicates the parameter space for solving
the electroweak vacuum instability. The (blue) convex-downward solid line shows the
cosmological lower bound on a4, as a function of xy. The (red) convex-upward solid
(dashed) line shows the LHC Run-2 2016 upper bound on oy, obtained from the Z’
boson search by the CMS [146] (ATLAS [145]) Collaboration, and the (red) dashed-
dotted lines show the LEP upper bounds obtained from Fig. 2121 The (green) shaded
region in between two solid lines satisfies all constraints. Here, the naturalness bounds
for 10% (dashed line) and 30% (dotted line) fine-tuning levels are also depicted, which

have been discussed in Sec. [(b)] and [(d)] are the same as [(a)} but mz = 3.75
TeV, 3.5 TeV and 3 TeV, respectively.
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line shows the lower bound on oy, as a function of zy to reproduce the observed DM
relic density. The (red) convex-upward solid (dashed) line shows the LHC Run-2 2016
upper bound on ¢y, obtained from the search results for Z’ boson resonance by the
CMS [146] (ATLAS [145]) Collaboration®, and the (red) dashed-dotted lines also show
the LEP upper bounds obtained from Fig. (for more details, see Sec. 25). The
(green) shaded region in between two solid lines satisfies all constraints. These three
constraints are complementary to narrow down the allowed region to be —1.1 S xpy <
—0.4 and 0.002 S oy, < 0.02. We also show the naturalness bounds for 10% (dashed

~Y

line) and 30% (dotted line) fine-tuning levels, which have been discussed in Sec.
Figs. B.3|(b)] Iﬂ@] and are the same as Fig. but my = 3.75 TeV, 3.5
TeV and 3 TeV, respectively. From Fig. , the allowed region to satisfy these three
constraints indicates —0.9 S zy < —0.5 and 0.003 < o, < 0.015 for fixed my = 3.75
TeV. As my decreases, the LHC upper bound lines are shifted downward, while the DM
lower bound line remains almost the same (it slightly moves to downward). Therefore,
the allowed region between the LHC upper bounds and the DM lower bound narrows.
On the other hand, the shaded region remains almost the same, so that the (green)
shaded region disappears for myz < 3.5 TeV.

Finally, we roughly estimate the future Z’ detections from the end of the LHC
Run-2 with about 100 fb~! luminosity and the full HL-LHC with about 3000 fb~!
one. The experimental cross section bound is inversely proportional to the luminosity,
which can see from the Fig. 211l In addition, from Eqs. (2.16)-(2I8]), we see that
the cross section is proportional to oy, because the narrow width approximation can
be applied here for high mass range of myz. As a result, in Fig. B.3] we see that the
upper bound on «,, at the end of LHC Run-2 (100 fb™') will be decreased roughly
13.3 fb=1/100 fb~! times lower than one at the LHC Run-2 2016 (13.3 fb=!), which
means the all allowed (green) shaded region will be disappeared. The same can be said
for the HL-LHC bound on ay,, which gives a more strong constraint and will exclude
the allowed regions even if my > 4 TeV.

3.4 Direct detection of RHN DM

A variety of experiments are underway and also planned for directly detecting a DM
particle through its elastic scattering off with nuclei® In this section, we calculate the
spin-independent elastic scattering cross section of the RHN DM particle via the Higgs
bosons exchange® and compare our results with the current experimental results and

4 For the validity for the use of the narrow width approximation in the analysis of Fig. B3 we
confirmed that the upper bound satisfying I'z» < my is far above the (red) collider upper bounds in
Fig.B.3l. Even the upper bound satisfying I'z/ < 0.05my- is still above the LHC Run-2 2016 bounds.

> We can also consider an indirect detection of the RHN DM through cosmic rays from a pair
annihilation of the RHN DMs. However, using the parameters in the allowed regions shown in Sec. [3.3]
we have found that the pair annihilation cross section is much smaller than the current upper bounds
obtained from, for example, the Fermi-LAT experiments [150].

6 There is another process for the RHN DM to scatter off with nuclei via Z’-boson exchange. Since
the RHN DM is a Majorana particle, only its interaction with nuclei is spin-dependent. We have
calculated this spin-dependent cross section to be osp ~ 1072 pb, which is far below the current
upper bounds, osp < 107* pb obtained from the LUX [151] and the IceCube [152] experiments.
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Figure 3.4: For a fixed z; = —0.575, the resultant spin-independent cross section og;

as a function of my:. Here, for a fixed my value, oy, is taken from the shaded region
in Fig. to solve the electroweak vacuum instability problem. The (green) shaded
region in between around 3.5 TeV and 9 TeV corresponds to the (green) shaded pa-
rameter region in Fig. B.2] which satisfies all three constraints, the electroweak vacuum
stability condition, the LHC Run-2 2016 bound, and the cosmological constraint from
the observed RHN DM relic density. The (red) upper solid (dashed) line shows the
XENONIT [153] (LUX 2016 [154]) upper bound on ogr as a function of myz =~ 2mpy,
and the (red) dotted line shows the prospective reach for the upper bound on og; in
the next-generation successor of the LUX experiment, the LUX-ZEPLIN (LZ) DM
experiment [155].

a prospective reach by future experiments.
From Eq. (82), the U(1)’ Higgs VEV vy is expressed as a function of my/, a,, and
TH:

2 2 2
v = 2 [1—4mgx (%>] ~ Mz (3.11)

16marg, my 16mar,,

In Sec. B2, we have also shown that mpy ~ my /2 to satisfy the experimental relic
density of the Z’-portal RHN DM, which means ypy =~ mZ//Qﬂv¢ ~ \/2may,, and
then Eq. (83) is approximately expressed as

1 23mj 23
My ¥ g5g 2 1 Cox Mz (3.12)

Using the SM Higgs boson mass in Eq. (2.I4), the scalar mass matrix is found to be

M = o <_Z> . (3.13)
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Figure 3.5: The resultant og in the (xg, ogr)-plane for various my values, corre-
sponding to the parameter regions shown in Fig. 3.3l @ shows our results for myz =4
TeV. The shaded regions indicate the parameter space for solving the electroweak
vacuum instability. The (green) shaded region in the range of —1.1 < zy < —0.4
corresponds to the (green) shaded region in Fig. which satisfies all three con-
straints, the electroweak vacuum stability condition, the LHC Run-2 2016 bound, and
the cosmological constraint from the observed RHN DM relic density. The (red) upper
solid (dashed) line shows the XENONIT [153] (LUX 2016 [154]) upper bound on og,
and the (red) dotted line shows the prospective reach for the upper bound on og; in the
LZ DM experiment [I55]. Figs.[(b)][(c)]and [(d)]are the same as[(a)] but for mz = 3.75

TeV, 3.5 TeV and 3 TeV corresponding to Fig. and respectively.
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The mass eigenstates h’ and ¢ are defined as

' cosf) —sinf h
(¢/> - (Sin9 cos 6 ) <¢>’ (3.14)

with the mixing angle 6 given by

2m? (v /v
tan20 — 20n(n/%) (3.15)
and their mass eigenvalues are given by
v
my = mjcos® 6+ mé sin® @ + 2mi—h sinfcosf ~ m;,
Vg
v
m2, = misin®0 +m?cos® 6 — 2mi—sinfcosf ~ m2. (3.16)
¢ h ¢ h o ¢

Here, we have used the fact that except for the special case, m? ~ m , the mixing angle
is always small because of the suppression by v, /vy with v, = 246 Ge\/ and v, 2 10
TeV. Thus, the mass eigenstate ' is the SM-like Higgs boson, while ¢’ is the U(1)’-like
Higgs boson.

The spin-independent elastic scattering cross section with nucleon is given by

2
1 1
oy = — (ﬁyDM sin 6 cos 9) (ILLDMN) fN < —2>
T Uh mh/ m¢/

2
HDM,N 1
~ 492agx ( o ) fN ( h — m_é> y (317)

where pupmn = mympwm/(my + mpy) is the reduced mass of the RHN DM-nucleon
system with the nucleon mass my = 0.939 GeV, and

v = ( > [, +ngG> my (3.18)

q=u,d,s

is the nuclear matrix element accounting for the quark and gluon contents of the
nucleon. In evaluating fr,, we use the results from the lattice QCD simulation [156]:
fr, + fr, ~ 0.056 and |fr,| < 0.08. For conservative analysis, we take fr, = 0 in
the following. Using the trace anomaly formula, > _, ;. fr, + fr¢ = 1 [I5THI6T], we
obtain f% ~ 0.0706 m3. Using Eqs. (3.11), (B12) and (BI3), og is expressed as a
function of only two free parameters: oy, and my.

For a fixed xrg = —0.575, the resultant spin-independent cross section og; as a
function of my is depicted in Fig. B.4l Here, for a fixed my value, o, is taken from
the shaded region in Fig. to solve the electroweak vacuum instability problem.
The (green) shaded region in between around 3.5 TeV and 9 TeV corresponds to the
(green) shaded parameter region in Fig. B2l which satisfies all three constraints, the
electroweak vacuum stability condition, the LHC Run-2 2016 bound, and the cosmo-
logical constraint from the observed RHN DM relic density. The (red) upper solid
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(dashed) line shows the XENONIT [153] (LUX 2016 [154]) upper bound on og; as
a function of myz =~ 2mpy, and the (red) dotted line shows the prospective reach
for the upper bound on og; in the next-generation successor of the LUX experiment,
the LUX-ZEPLIN (LZ) DM experiment [155]. Our resultant spin-independent cross
section appears below the future reach.

In Fig. BAl we show the resultant og; in the (zy, ogr)-plane for various my: values,
corresponding to the parameter regions shown in Fig. B3l Fig. shows our results
for mz = 4 TeV. The shaded regions indicate the parameter space for solving the
electroweak vacuum instability. The (green) shaded region in the range of —1.1 <
rg < —0.4 corresponds to the (green) shaded region in Fig. which satisfies all
three constraints, the electroweak vacuum stability condition, the LHC Run-2 2016
bound, and the cosmological constraint from the observed RHN DM relic density. The
(red) upper solid (dashed) line shows the XENONI1T [153] (LUX 2016 [154]) upper
bound on ogj, and the (red) dotted line shows the prospective reach for the upper
bound on ogr in the LZ DM experiment [155]. Figs. and are the
same as Fig. but for myz = 3.75 TeV, 3.5 TeV and 3 TeV corresponding to
Fig. and respectively. Fig. has a (green) shaded region in

the range of —0.9 < zy < —0.5 to satisfy the three constraints, while Figs. B.H(c)| and

3.0(d)| have no such region.

3.5 Summary

In this chapter, we have considered the DM scenario in the context of the classically
conformal U(1)" extended SM, with three RHNs and the U(1)" Higgs field. The model
is free from all the U(1)’ gauge and gravitational anomalies in the presence of the
three RHNs. We have introduced a Z,-parity in the model, under which an odd-parity
is assigned to one RHN, while all the other particles are assigned to be Zs-even. In
our model, the Zy-odd RHN serves as a stable DM candidate, while the other two
RHNs are utilized for the the minimal seesaw mechanism in order to reproduce the
neutrino oscillation data and the observed baryon asymmetry in the Universe through
leptogenesis. In this model, the U(1)" gauge symmetry is radiatively broken through
the CW mechanism, by which the electroweak symmetry breaking is triggered. There
are three free parameters in our model, the U(1)’ charge of the SM Higgs doublet (zx),
the new U(1)" gauge coupling (ay, ), and the U(1)" gauge boson (Z’) mass (mz).

In this model context, we have first investigated a possibility to resolve the elec-
troweak vacuum instability with the current world average of the experimental data,
m; = 173.34 GeV and m;, = 125.09 GeV. By using the same strategy in chapter 2l we
have found that the resultant parameter regions are very severely constrained. Next,
we have calculated the thermal relic density of the RHN DM and identified the model
parameter region to reproduce the observed DM relic density of the Planck 2015 mea-
surement. In our model, the RHN DM particles mainly annihilate into the SM particles
through the s-channel process mediated by the Z’ boson. We have obtained the lower
bound on ay, as a function of mz and zy from the observed DM relic density. We
have also considered the LHC Run-2 2016 bounds from the search for the Z’' boson
resonance by the ATLAS and CMS analysis, which lead to the upper bounds on ay,
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as a function of myz and zy. The LEP results from the search for effective 4-Fermi
interactions mediated by the Z’ boson can also constrain the model parameter space,
but the LEP constraints are found to be weaker than those obtained from the LHC
Run-2 2016 results. Finally, we have combined all the constraints. The cosmological
constraint on the RHN DM yields the lower bound on ay, as a function of mz and
2y, while the upper bound on ay, is obtained from the LHC Run-2 2016 results, so
that these constraints are complementary to narrow the allowed parameter regions.
We have found that only small portions in these allowed parameter regions can solve
the electroweak vacuum instability problem. In particular, no allowed region to satisfy
all constraints exists for mz < 3.5 TeV. For the obtained allowed regions, we have
calculated the spin-independent cross section of the RHN DM with nucleons. We have
found that the resultant cross section well below the experimental (XENON1T [153]

and LUX 2016 [154]) upper bounds.






Chapter 4

Inflation

In this chapter, we propose quartic inflation with non-minimal gravitational coupling
in the context of the classically conformal U(1)" extension of the Standard Model (SM),
which is introduced in chapter2l In this model, the U(1)" gauge symmetry is radiatively
broken through the Coleman-Weinberg mechanism, by which the U(1)" gauge boson
(Z' boson) and the right-handed Majorana neutrinos acquire their masses. We consider
their masses in the range of O(10 GeV)—O(10 TeV), which are accessible to high energy
collider experiments. As we have already mentioned in chapter 2] the radiative U(1)’
gauge symmetry breaking also generates a negative mass squared for the SM Higgs
doublet, and the electroweak symmetry breaking occurs subsequently. We identify the
U(1)" Higgs field with inflaton and calculate the inflationary predictions. Due to the
Coleman-Weinberg mechanism, the inflaton quartic coupling during inflation, which
determines the inflationary predictions, is correlated to the U(1)" gauge coupling. With
this correlation, we investigate complementarities between the inflationary predictions
and the constraint from the Z’ boson resonance search at the LHC Run-2 2017 as well
as the prospect of the search for the Z’ boson and the right-handed neutrinos at the
future collider experiments.

This chapter is organized as follows: In Sec. 1], we review the basics of the quartic
inflation with non-minimal gravitational coupling and the constraints on the inflation-
ary predictions from the Planck 2015 results [105]. In Sec. [4.2] identifying the U(1)’
Higgs field in the classically conformal U(1)’ extended SM as an inflaton, we investigate
the quartic inflation with non-minimal gravitational coupling. Because of the radiative
U(1)" symmetry breaking, the inflaton quartic coupling during inflation relates to the
U(1)" gauge coupling at low energies through the renormalization group evolutions. In
Sec. [£3, we discuss the LHC Run-2 2017 constraints on the Z’ production cross sec-
tion [128] and the future prospects of the search for the Z’ boson and the right-handed
neutrinos. Here, we emphasize complementarities between the collider physics and the
inflationary predictions. In Sec. 4.4l for completion of our inflation scenario, we also
discuss reheating after inflation. We summarize our results in Sec.

ol
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4.1 Non-minimal quartic inflation

In this section, we introduce the quartic inflation with non-minimal gravitational cou-
pling (non-minimal quartic inflation). We define the inflation scenario by the following
action in the Jordan frame:

A
Si= [dey=g| -5+ PR+ 50 0.0 @) - 797 (11)

where the reduced Planck mass, Mp = 2.44 x 10'® GeV, is set to be 1 (Planck unit), ¢ is
a real scalar (inflaton), £ > 0 is a dimensionless and real parameter of the non-minimal
gravitational coupling, and A is a quartic coupling of the inflaton. In the limit & — 0,
the model is reduced to the minimal quartic inflation.

In the Einstein frame with a canonical gravity sector, we describe the action with
a new inflaton field (o) with a canonical kinetic term. The relation between the new
inflaton o and the original inflaton ¢ is given by

do\? 1 1)¢?
CapmELTR o
d¢ (1+£¢?)
The action in the Einstein frame is then given by
1 1,
Se = [ dioy=ae |~ 5Re+ 3ok 0,0) 0u0) - Vito(6)]. (4.3
where the inflaton potential in terms of the original ¢ is described as
A ot
Vp= . 4.4
ERERAE 4

We express the slow-roll parameters in terms of ¢ as follows:

1/ VL \°
E(¢) - §(VEO_,) ’
Vi Vi "

Vi (a’)2 o Vi (01)3’
C(¢> _ < Vé ) < VE/{/ _3 Vé/ O_// +3VE/' (O_II)Q Vé O_/// >7 (45)

Voo ) \Ve (0P Vg (0)* "V (0P Vg (o)

where a prime denotes a derivative with respect to ¢. The amplitude of the curvature
perturbation Ay is given by

2 Ve

R 24rm2e
which should satisfy A% = 2.195 x 107 from the Planck measurements [105] with the
pivot scale chosen at ko = 0.002 Mpc~t. The number of e-folds is given by

1 o o’
%:ﬁ/fwd@ (4.7)

, (4.6)

ko
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Figure 4.1: The inflationary predictions (n, and r) in the non-minimal quartic infla-
tion for various values of ¢ > 0, along with the contours for the limits at the confidence
levels of 68% (inner) and 95% (outer) obtained by the Planck measurements (Planck
TT+lowP+BKP) [105]. The solid and the dashed diagonal lines correspond to the
inflationary predictions for Ny = 60 and Ny = 50, respectively. The predictions of the
minimal quartic inflation (£ = 0) for Ny = 60 and Ny = 50 are depicted by the right
and left black points, respectively. Here, we also show the predictions of the quadratic
inflation for Ny = 60 and Ny = 50 as the right and left triangles, respectively. As &
is increased, the predicted r values approach their asymptotic values » ~ 0.00296 and
0.00419 for Ny = 60 and Ny = 50, respectively.

where ¢q is the inflaton value at horizon exit of the scale corresponding to kg, and ¢,
is the inflaton value at the end of inflation, which is defined by €(¢.) = 1. The value
of Ny depends logarithmically on the energy scale during inflation as well as on the
reheating temperature, and we take its typical value to be Ny = 50 — 60 in order to
solve the horizon and flatness problems.

The slow-roll approximation is valid as long as the conditions € < 1, || < 1 and
( < 1 hold. In this case, the inflationary predictions, the scalar spectral index ng, the

tensor-to-scalar ratio r, and the running of the spectral index a = %, are given by

ne=1—06e+2n, r=16¢, o= 16en — 24> —2(. (4.8)

Here, the inflationary predictions are evaluated at ¢ = ¢o. Under the constraint of
A% = 2195 x 107Y from the Planck measurements [I05], once Ny is fixed, all the
inflationary predictions as well as the quartic coupling A are determined as a function
of £&. In Fig. 1] we show the inflationary predictions (ns and r) for various values of
¢ > 0, along with the contours for the limits at the confidence levels of 68% (inner)
and 95% (outer) obtained by the Planck measurements ( Planck TT-+lowP+BKP) [105].
The solid and the dashed diagonal lines correspond to the inflationary predictions for
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Ny = 60
3 o Pe N r a(107%) A
0 22.1 283 | 0951 0262 —8.06 |1.43x10
0.00333 || 22.00 2.79 | 0.961 0.1 —7.03 [3.79 x 10713
0.0689 18.9 2.30 | 0.967 0.01 —5.44 |6.69 x 10712
1 8.52 1.00 | 0.968 0.00346 —5.25 |4.62 x 10710
10 2.89  0.337 |0.968 0.00301 —5.24 | 4.01 x 1078
100 0.920 0.107 | 0.968 0.00297 —5.23 | 3.95x 107¢
1000 0.291 0.0340 | 0.968 0.00296 —5.23 | 3.94 x 10~*
Ny =50
3 o Pe s r a(107%) A
0 202 283 | 0941 0314 —115 |245x10 7
0.00527 || 20.0 2.77 10.955 0.1 —9.74 | 7.83 x 10713
0.119 15.8 2.07 | 0.961 0.01 —7.70 | 1.96 x 1071
1 7.82 1.00 | 0.961 0.00489 —7.51 | 6.56 x 10710
10 2.65 0.337 [0.962 0.00426 —7.49 | 5.70 x 1078
100 0.844 0.107 | 0.962 0.00420 —7.48 | 5.61 x 107¢
1000 0.267 0.0340 | 0.962 0.00419 —7.48 | 5.60 x 10~*

Table 4.1: Inflationary predictions for various values of £ in the non-minimal quartic
inflation for fixed Ny = 60 and 50. Here, ¢y and ¢, are evaluated in the Planck units
(Mp =1).

Ny = 60 and Ny = 50, respectively. The predictions of the minimal quartic inflation
(& = 0) for Ng = 60 and Ny = 50 are depicted by the right and left black points,
respectively. Here, we also show the predictions of the quadratic inflation for Ny =
60 and Ny = 50 as the right and left triangles, respectively. As ¢ is increased, the
inflationary predictions approach their asymptotic values, ng ~ 0.968, r ~ 0.00296 and
a ~ =523 x 1071 for Ny = 60 (n, ~ 0.962, r ~ 0.00419 and o ~ —7.48 x 1074 for
Ny = 50). In Fig. A1l we find a lower bound on & > 0.00385, which corresponds to
r < 0.0913 for Ny = 60, from the limit at 95% confidence level. We have summarized
in Table [4.1] the numerical values of the inflationary predictions for various £ values
and fixed Ny = 60 and 50.

4.2 Non-minimal quartic inflation with the U(1)’ Higgs
field

The model we will investigate is the minimal U(1)’ extension of the SM with classically
conformal invariance [48 [49], which is based on the gauge group SU(3). x SU(2); X
U(1)y x U(1)" introduced in chapter 2l The particle content of the model is listed in
Table 211 In the following, the real part of the U(1)" Higgs filed ® is identified with
the inflaton in the non-minimal quartic inflation. In the original Jordan frame action,
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we introduce the non-minimal gravitational coupling of
(@) R, (1.9

which leads to the non-minimal gravitational coupling in Eq. ({.1]) for the inflaton /Higgs
filed defined as ¢ = v2R[®]. The scalar potential in Eq. (@) is replaced by the ef-
fective potential in Eq. (2.6). Since the inflaton value ¢ > v4 during inflation, we can
neglect the effects of the VEV wvy4 for the non-minimal coupling as well as the infla-
ton potential. In our inflation analysis, we employ the renormalization group (RG)
improved effective potential of the form [162],

V(6) = 1hal(6)6" (4.10)
where \(¢) is the solution to the RG equation with identifying the renormalization
scale as ¢ along the inflation trajectory.

As we have discussed in Sec. [Tl the inflationary predictions are determined by the
parameter £ of the non-minimal gravitational coupling. From the view point of the
unitarity arguments [163-166] of the non-minimal quartic inflation scenario, we may
take & < 10 to make our analysis valid. This means from Table 1] that the inflaton
quartic coupling is very small, A < 4 x 1078 for Ny = 60. Note that the stationary
condition of Eq. (2.9) derived from the Coleman-Weinberg mechanism requires the
quartic coupling to be very small. Hence, one may consider it natural to realize the
non-minimal quartic inflation with a small £ in the context of our classically conformal
model. Because of the stationary condition and A\ < 1, the U(1)" gauge and the
Majorana Yukawa couplings must be very small, gx, yps < 1. Thus, the RG evolutions
of all couplings in our model are very mild, and we calculate the inflationary predictions
with a constant quartic coupling, Ag(¢do), evaluated at the inflaton value ¢ = ¢y.
Our results for the inflationary predictions in the non-minimal quartic inflation are
presented in Sec. [l In the following analysis, we identify A\ in Sec. 1] with A =
Ao (o).

We evaluate the inflaton quartic coupling at ¢ = ¢¢ by extrapolating the gauge,
the Majorana Yukawa, and the Higgs quartic couplings at v, through their RG equa-
tions. Since all couplings are very small, the RG equations at the one-loop level are
approximately given by

d\

dlnq:h = [y 96a§x — 4804§M,

doag, 184 32zy + 41a3;

dmg ~ M= 3

doy,,, 1

m = ByM = ;O‘yM (5ayM - 30‘9;{)? (4'11)

where o, = g% /(47) and ay,, = y3,;/(47). In the leading-log approximation, we have
the solutions of the RG equations for o, and oy, as

agx ((b) = @_‘_@ln {%} ) OéyM((b) & O‘Z/M

+ By, In [fl : (4.12)
Yo



56 Inflation

where @y, = a4y (Vg), Tgoy = Qy,, (Vs), and B, and B,,, are the beta functions in
Eq. [@II) evaluated with @, and @,,,. Using these solutions, we obtain

Bro ~ 960, —48al ~ By, +2 (96 gy By, — 487y, By,,) In {%} , (4.13)

where K = 96 o, — 48 @y,,. Finally, we arrived at an approximate solution as

2
o) = Tt B[ 2] @6 - a8y ) (] 2])
U¢ Ud’
2
= (G m | 2] ) v s ) (| 2] ) e
6 U¢ U¢

where \g = Ao (vy), and we have used Eq. (2.9) in the second line.

In the next section, we will discuss the collider physics for the Z’ boson and the
heavy Majorana neutrinos. For our discussion, it is convenient to adopt the Z’ boson
mass (my) and the degenerate heavy Majorana neutrino mass (my) as free parameters,
instead of the U(1)" Higgs VEV v, and 737. In our analysis, we have 5 free parameters,
namely, &, xu, gx, mz, and my, after replacing v, and yas by using the relations,
vy = mz/(29x%) and Tar = my/vV2vs = V2 Gx (my/mz). As has been discussed
in Sec. 1] once ¢ is fixed, not only the inflationary predictions but also ¢g, ¢. and
Ao (pp) are all determined. When &, myz and my values are fixed, we obtain gy as a
function of zy from Eq. (£I4). In Fig. B2l we show @y z% as a function of zy for
various values of & for@mzf =3 TeV and xg > 0, @mzf =3 TeV and xy < 0,
myz =4 TeV and zy > 0, and [(d)] mz = 4 TeV and zy < 0. In Figs. EHa)l(d)] the
diagonal (black) lines correspond to & = 10, 1, 0.0689, and 0.00333 from left to right.
Here, we have fixed my = my /3 (see the next section), for simplicity. The results for
xg >0 and zgy < 0 are well overlapped and indistinguishable.

4.3 Complementarity between collider physics and in-
flation

Realizing the non-minimal quartic inflation in the context of the classically conformal
U(1)" model, we have obtained a relation between the U(1)" gauge coupling and the
inflationary predictions once xy, myz and my are fixed. If my < 10 TeV, the 2’
boson in our U(1)’ model can be produced at the high-energy colliders, which has been
discussed in Sec. Since the production cross section of the Z’ boson depends on
its mass, the gauge coupling and xy, we have in our model a correlation between the
collider physics on Z’ boson and the inflationary predictions.

By following the same strategy in Sec. 2.5l we interpret the LHC Run-2 ATLAS
2017 results [128] on the Z§g,, boson into the U(1)" Z’ boson case. In Fig. [£L.2] the
horizontal (red) lines show the upper bounds on @y, % as a function of xy from the
ATLAS 2017 results on the search for a narrow resonance with the combined dielectron
and dimuon channels [I128]. As we can see the cross section formula, the horizontal

(red) lines in Figs. and (Figs. and [£.2(d))) approach to a constant
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Figure 4.2: [(a)] The diagonal (black) lines depict @,y =%, as a function of zy for
various values of & = 10, 1, 0.0689, and 0.00333 from left to right, along which the
non-minimal quartic inflation is realized. Here, we have fixed my = 3my = 3 TeV
and zy > 0. The horizontal (red) line shows the upper bound on @ z% as a function
of 2y from the ATLAS 2017 results on the search for a narrow resonance [128]. [(b)]is
the same as [(a)] but for z < 0. The result diagonal (black) lines for [(a)] zz > 0 and
@ xy < 0 are well overlapped and indistinguishable. and @ are the same as @
and but for myz = 3my =4 TeV.

value of 0.00008 (0.00055) for a large |xy|. Combining the ATLAS 2017 constraints
with the diagonal (black) lines from the inflationary analysis, we find upper bounds on
vy S5, 15, 40, and 80 for my =3 TeV (xgy < 12, 40, 110, and 220 for my = 4 TeV),
corresponding to & = 10, 1, 0.0689, and 0.00333, respectively. Recall that the inflaton
quartic coupling is extremely small for £ < 10 (see Table [41]), and this indicates that
the U(1)" gauge coupling is also very small (see Eq. (4.14])). Nevertheless, as has been
pointed out in Ref. [167], the Z’ boson with mass of O(1 TeV) can still be tested at the
LHC Run-2 when the U(1)" gauge symmetry is oriented to the SM U(1)y hyper-charge
direction, namely, |xg| > 1.

As the Z' boson is heavier, the LHC bounds become weaker, because of the energy
dependence of the parton distribution functions. We can see this fact by comparing the
horizontal (red) lines in Fig. (Fig. £2(b)) and Fig. (Fig. @2(d)). When we

take mz =5 TeV, which is the maximum Z’ boson mass in the ATLAS analysis [12§],
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Figure 4.3: @ The combined result for mz = 5 TeV and zxg > 0. The shaded
(green) region depicts the parameters to resolve the electroweak vacuum instability,
while satisfying the perturbativity of the gauge coupling at Mp. The horizontal (red)
line denotes the upper bound from the ATLAS 2017 results for the Z’ boson search at
the LHC Run-2 [128]. The diagonal (black) lines correspond to £ = 10, 1, 0.0689, and
0.00333 from left to right, along which the non-minimal quartic inflation is realized.
@ Same as @, but for xgz < 0.

another interesting parameter region of our model opens up. In chapter 2, we have been
investigated in the view point of the electroweak vacuum stability. As is well-known,
the SM Higgs potential becomes unstable at high energies, since the running SM Higgs
quartic coupling runs into the negative region at the renormalization scale of j ~ 10'°
GeV [52]. It has been shown in chapter ] that this electroweak vacuum instability
problem can be solved in the context of the classically conformal U(1)" model with
o, ¥3 2 0.0025. It is interesting to combine our inflation analysis with the results in
chapter

Fig. €3 shows the combined results in (zp, @,y 2% )-plane. In Fig. the
parameter region to resolve the electroweak vacuum instability is shown as the shaded
(green) region for mz =5 TeV and xy > 0. In order to solve the instability problem,
a,, ¥3 2 0.0025 is necessary, while @, has an upper bound for a fixed zy from the
requirement o, (Mp) < 1 that the running U(1)’ gauge coupling is in the perturbative
regime at = Mp. The horizontal (red) line denotes the upper bound from the ATLAS
2017 results. The diagonal lines correspond to & = 10, 1, 0.0689, and 0.00333 from left
to right, along which the non-minimal quartic inflation is realized. Since we have found
that the leading-log approximation for the RG analysis is not sufficiently reliable for
o, r3 2 0.0025, we have numerically integrated the RG equations in this analysis.
See chapter [2] (also see Ref. [48, [49]) for details of our RG analysis. The upper bounds
on o, x3 < 0.0045 shown on the diagonal (black) lines are also from the requirement
of gy (¢9) < 1 for a given €. Since ¢g > Mp for £ < 10, the requirement of ay, (¢o) < 1
is more severe than that of ay, (Mp) < 1. We find the allowed parameter region for
¢ 2 0.0689 and zgx < 350, although it is very narrow. Fig. is the same as
Fig. but for xy < 0.

Even if the U(1)" gauge coupling is very small and |zgy| < 1, we can test our
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Figure 4.4: The B — L gauge coupling (gx) a function of my/, along with the results
presented in Ref. [I68]. The horizontal lines correspond to our results for £ = 10, 1,
0.0689, and 0.00333 from top to bottom, respectively, along which the non-minimal
quartic inflation is realized. According to the analysis in Ref. [I68], we have fixed
my = myz /3. The shaded regions are excluded by the indicated experiments. The
projected reach of the proposed searches for a Z’ boson production and its decay into
a pair of RHNs are shown in thick (solid and dashed) curves. The thin (black) curves
show the projected sensitivity of direct searches for the Z’ boson production via its
decay Z' — (T¢~ from the LHC Run-1 (dashed), and the High-Luminosity LHC (dot-
dashed). See Ref. [168] for more details.

model when the Z’ boson is light, say, mz < 500 GeV. In Ref. [168], the authors
have considered the RHN production at the High-Luminosity LHC [169] and the SHiP
[170] experiments in the contest of the minimal B — L model (the limit of 5 = 0 in
our U(1)" model), where a pair of RHNs is created through the decay of a Z’ boson
resonantly produced at the colliders. When the RHNs have the mass of O(100 GeV) or
less, it is long-lived and its decay to the SM particles provides a clean signature with
a displaced vertex. It has been found in Ref. [I68] that for a fixed my = my /3, the
High-Luminosity LHC and the SHiP experiments can explore the B — L gauge coupling
up to gx = 107* for 10 GeV < my < 500 GeV. In the B — L limit of 2 = 0, we show
in Fig. 4.4 the B — L gauge coupling (gx) as a function of my:, along with the results
presented in Ref. [I68]. The horizontal lines correspond to our results for £ = 10, 1,
0.0689, and 0.00333 from top to bottom, respectively, along which the non-minimal
quartic inflation is realized. Our results very weakly depend on my in the mass range
shown in Fig. 44l as can be understood from Eq. (£.I14).
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Figure 4.5: The mass ratio of my/myz as a function of zy for £ = 10, 1, 0.0689, and
0.00333 from top to bottom. Although we have used myz = 3 TeV as a reference, we
obtain almost identical results for other values of my.

4.4 Inflaton mass and reheating after inflation

To complete our inflation scenario, we finally discuss reheating after inflation through
the inflaton decay into the SM particles. Since the inflaton is much lighter than the
7' boson and the RHNs in our scenario with & < 10, it decays mainly into the SM
fermions through the mixing with the SM Higgs boson.

From the Higgs potential in Eq. (23] with the radiative corrections in Eq. (2.6]),
we find the following mass matrix for the inflaton (¢) and the SM Higgs boson (h) at
the potential minimum:

1 mi:  —m2. | [h
co-zn o | b o] 3], (4.15)
where m2,. = [Amix|vnvg, mp = 125 GeV and my is given in Eq. (212). As can be seen

in Secs. 2223 m? ., mi < m} and the mass matrix is almost diagonal. We define
the mass eigenstates, h’ and ¢', by

n cosf —sind| [h
Lzﬁ’} N {sin@ cos f } M ’ (4.16)
with a small mixing angle
2
0~ TZ;;X = 2% (ﬂzh ) < 1. (4.17)
h z'

Since the mixing angle is very small, the mass eigenstate h’ (¢’) is almost the SM Higgs
boson (the U(1)" Higgs boson).

Through the mixing angle, the inflaton decays into the SM particles. We evaluate
the inflaton decay width as

F¢(m¢) ~ 92 XFh(M¢), (418)
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Figure 4.6: Reheating temperature after inflation. @ Reheating temperature as a
function of xy for & = 10, 1, 0.0689, and 0.00333 from top to bottom, with mz = 3
TeV. The results for xy > 0 and zy < 0 are well overlapped and indistinguishable. @
Reheating temperature as a function of my in the B — L model (zy = 0). The solid
lines correspond to the results for & = 10, 1, 0.0689, and 0.00333 from top to bottom.
Sharp rises of the reheating temperature for threshold values of my imply that new
decay channels are opened.
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where I'y,(my) is the SM Higgs boson decay width if the SM Higgs boson mass were
myl. From Eqs. (Z12) and (@I7), the inflaton mass and its decay width is a function
of @, and my (with my = my/3). For the successful non-minimal inflation, oy is
determined as a function of £, xy and my/, and hence the inflaton mass and the decay
width are controlled by the three parameters, £, zy and myz. With the inflaton decay
width, we estimate reheating temperature by

90 1/4
TRH = (7]_29 ) \/F¢Mp ~ \/Fd)Mp, (419)

*

where g, is the total effective degrees of freedom of thermal plasma.

In Fig. .5 we show the ratio of my/my as a function of xy for £ = 10, 1, 0.0689,
and 0.00333 from top to bottom. The results for zy > 0 and gy < 0 are well overlapped
and indistinguishable. Although we have used myz = 3 TeV as a reference, we find
that the result is almost independent of my:, as we have seen in Fig. L4 with x5 = 0.
The resultant mass ratios are also weakly depending on zy.

In Fig.[4.6] we show the estimated reheating temperature after inflation. Fig.
depicts the reheating temperature as a function of z for & = 10, 1, 0.0689, and 0.00333
from top to bottom, with mz = 3 TeV. For the B — L limit of z; = 0, Fig.
depicts the results as a function of myz.. The solid lines from top to bottom correspond
to the results for & = 10, 1, 0.0689, and 0.00333, respectively. Sharp rises of the
reheating temperature for threshold values of myz imply that new decay channels are
opened. For example, in the plot for £ = 10, a new decay channel of ¢ — ptpu~
opens at myz ~ 80 GeV. All results presented in Fig. [4.6]satisfy the model-independent

1 T (my) is a function of the SM Higgs boson decay width I'y,(my,) replacing my, with m.
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lower bound on reheating temperature, Tgy = 1 MeV, for the successful Big Bang
Nucleosynthesis.

4.5 Summary

The non-minimal quartic inflation is a simple and successful inflation scenario, and its
inflationary predictions are consistent with the Planck 2015 results for the non-minimal
gravitational coupling with £ = 0.003 for Ny = 60. This inflation scenario would be
more compelling if the inflaton plays essential roles for not only inflation but also par-
ticle physics phenomena. In many models beyond the SM where the gauge symmetry
of the SM is extended, a new Higgs field to break the extended gauge symmetry is
commonly introduced. It is an interesting possibility to identify such a Higgs field with
the inflaton in the non-minimal quartic inflation.

In this chapter, we have considered the classically conformal U(1)" extended SM,
where the U(1)" gauge group is realized as a linear combination of the U(1)p_, and
the SM U(1)y gauge groups. This model has an interesting property that all the gauge
symmetry breakings in the model originates from the Coleman-Weinberg mechanism:
The U(1)" gauge symmetry is radiatively broken through the Coleman-Weinberg mech-
anism, and this breaking generates a negative mass squared for the SM Higgs doublet
and hence, the electroweak symmetry breaking occurs subsequently. Associated with
the U(1)" gauge symmetry breaking, the Z’ boson and the right-handed neutrinos ac-
quire their masses. We have set their masses in the range of O(10 GeV)—0O(10 TeV),
which is accessible at high energy collider experiments

We have investigated the non-minimal inflation scenario in the context of this clas-
sically conformal U(1)" model by identifying the U(1)" Higgs field with the inflaton.
In this model, the U(1)" gauge symmetry is radiatively broken through the Coleman-
Weinberg mechanism, due to which the inflaton quartic coupling is determined by the
U(1)" gauge coupling. Since the inflationary predictions in the non-minimal quartic
inflation are determined by the inflaton quartic coupling during inflation, we have a
correlation between the inflationary predictions and the U(1)" gauge coupling. With
this correlation, we have investigated complementarities between the inflationary pre-
dictions and the constraint from the Z’ boson resonance search at the LHC Run-2 2017
as well as the prospect of the search for the Z’ boson and the right-handed neutrinos
at the future collider experiments. For completion of our inflation scenario, we have
considered a reheating scenario due to the inflaton decay through the SM Higgs boson,
and found the reheating temperature to be sufficiently high.

Finally, we comment on the stability of the scalar potential during inflation. We
have considered the inflation trajectory in the direction of ¢ with H = 0. For ¢ > vy,
the scalar potential is approximated by Eq. (2.5) with replacing the quartic couplings
at the tree-level by their RG running couplings. If A\,,;x < 0 during inflation, we can see
a problem that the inflaton potential is destabilized in the SM Higgs direction. In fact,
when we take into account the RG evolution of A\, see Fig. as an example,
we can find that Ay > 0 during inflation (4 2 Mp), and therefore the potential is
stabilized in the SM Higgs direction.

In our analysis we have considered the number of e-folds to be a free parameter and
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have fixed Ny = 60. However, the number of e-folds is determined by the reheating
temperature Tx, and the inflaton potential energy at the horizon exit (Vgl|x,) as (see,
for example, Refs. [171], 172])

2 VE|]1§/4 1 Tr
Ny ~ 5ld+ 2| =Lk |4 (28 ). 42
0 pld+3ln (1015GeV T3\ 107Gev (4.20)

Because of this relation, the number of e-folds is not a free parameter and is determined
as a function of &, xy, and my.. Using this relation we can make our predictions more
precise. However, in such an analysis the inflationary predictions, low energy observ-
ables, and the reheating temperature are related with each other in a very complicated
way through the free parameters &, xy, and myz. To keep our discussion very clear we
have treated Ny as a free parameter. From Eq. (4.20), we can see that the true value of
Ny lies in between 50 and 60. As shown in Table 1] the inflationary predictions for a
fixed £ weakly depend on Ny values. Hence our results with Ny = 60 well approximate
the true values.






Conclusion

In chapter [I we have briefly reviewed the standard model (SM). The SM is a well-
established model which can provide precise predictions for experiments. However,
the SM still has several problems, such as the gauge hierarchy problem, origin of the
electroweak symmetry breaking, non-zero neutrino mass, and no candidate of dark
matter.

The classical conformal symmetry with its violation through quantum anomalies
could be a solution to the gauge hierarchy problem in the SM. Unfortunately, we
cannot simply apply this mechanism to the SM, since the large top Yukawa coupling
destabilizes the effective Higgs potential. In chapter 2l we have introduced the minimal
gauged U(1)" extension of the SM with classically scale invariance, in which three
RHNs and a U(1)" Higgs singlet field are introduced [48, 49]. The U(1)" gauge group
is an anomaly-free linear combination of the U(1)p_ and the SM U(1)y gauge group.
This model has an interesting property that all the gauge symmetry breakings in the
model originates from the Coleman-Weinberg mechanism. The U(1)’ gauge symmetry
is radiatively broken through the Coleman-Weinberg mechanism, and this breaking
generates a negative mass squared for the SM Higgs doublet and hence, the electroweak
symmetry breaking occurs subsequently. Associated with the U(1)" gauge symmetry
breaking, the Z’ boson and the right-handed neutrinos acquire their masses. With
the Majorana heavy neutrinos, the seesaw mechanism is automatically implemented.
Therefore, all mass generations occur through the dimensional transmutation in our
model.

In addition to the measurement of the top quark mass, with the discovery of Higgs
particle at the LHC on 2012, it is possible to discuss the electroweak vacuum stability
more directly than before. The data of these top quark and Higgs masses indicates that
our electroweak vacuum seems instable because the SM Higgs quartic coupling goes to
negative at high energy scale less than Planck mass one. Although it might not be a
problem, if the transitional time toward to the true vacuum is smaller than the life time
of universe, it is not clear for our extended model which has an extra Higgs single field
for using the Coleman Weinberg mechanism. The additional Higgs scalar filed affects
its effective potential which might have a flat path toward the true vacuum with current
experimental data of the top quark and the Higgs boson masses. In chapter 2l we have
first investigated a possibility to resolve the electroweak vacuum instability with the
current world average of the experimental data, m; = 173.34 GeV [53] and m;,, = 125.09
GeV [51]. Since the gauge symmetry is broken by the Coleman-Weinberg mechanism,
all quartic couplings in the Higgs potential, except the SM Higgs one, are very small,
and hence their positive contributions to the U(1)" model are not effective in resolving

65
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the SM Higgs vacuum instability. On the other hand, in the U(1)’ model, the SM Higgs
doublet has a nonzero U(1)" charge, and this gauge interaction positively contributes
to the beta function. In addition, the U(1)" gauge interaction negatively contributes
to the beta function of the top Yukawa coupling, so the running top Yukawa coupling
is decreasing faster than in the SM case, and its negative contribution to the beta
function of the SM Higgs quartic coupling becomes milder. For three free parameters
of the model, mz/, oy, and xy, we have performed a parameter scan by analyzing the
renormalization group evolutions of the model parameters at the two-loop level, and we
have identified parameter regions which can solve the electroweak vacuum instability
problem and keep all coupling values in the perturbative regime up to the Planck mass.
We have found that the resultant parameter regions are very severely constrained, and
also that the U(1)p_1 model and the orthogonal model are excluded from having the
electroweak vacuum stability with the current world average of the experimental data,
m, = 173.34 GeV and m;, = 125.09 GeV.

In chapter 2] we have also considered the collider bounds on the U(1)" Z’ boson
mass from the recent ATLAS and CMS results at the LHC Run-2 2015 with /s = 13
TeV. We have interpreted the Z’ boson resonance search results at the LHC Run-1
and Run-2 (2015) to the U(1)" Z’ boson case, and obtained the LHC bound on the
U(1)" charge of the SM Higgs doublet xy for a fixed U(1)" gauge coupling, the LHC
bound on zy for a fixed VEV of the U(1)" Higgs, or the LHC upper bound on the
U(1)" gauge coupling for a fixed zp as a function of the U(1)’ Z' boson mass my:.
We have also considered naturalness of our model. Once the U(1)" gauge symmetry is
broken, the Z’ boson and the right-handed neutrinos become heavy and contribute to
the SM Higgs self-energy through quantum corrections. Therefore, the SM Higgs self-
energy can exceed the electroweak scale, if the states are so heavy. Since the SM Higgs
doublet has nonzero U(1)" charge, the self-energy corrections from the Z’ boson occur
at the one-loop level. This is in sharp contrast to the classically conformal U(1)p_
model [40} 4], where the Higgs doublet has no U(1)p_, charge, and the self-energy
corrections from the Z’ boson occur at the two-loop level. We have evaluated the Higgs
self-energy corrections, and found the naturalness bounds as mz < 7 TeV to reproduce
the right electroweak scale for the fine-tuning level better than 10%, Combining the
constraints from the electroweak vacuum stability. the LHC Run-2 2015 results, and
naturalness bounds, we have found that the U(1)" Z’ boson mass lies in the range of
3.5 TeVS my S 7 TeV.

In chapter Bl we have considered the DM scenario in the context of the classically
conformal U(1)" extended SM, with three RHNs and the U(1)" Higgs field [99]. The
model is free from all the U(1)" gauge and gravitational anomalies in the presence of
the three RHNs. We have introduced a Zs-parity in the model, under which an odd-
parity is assigned to one RHN, while all the other particles are assigned to be Zs-even.
In our model, the Zy-odd RHN serves as a stable DM candidate, while the other two
RHNs are utilized for the the minimal seesaw mechanism in order to reproduce the
neutrino oscillation data and the observed baryon asymmetry in the Universe through
leptogenesis. There are three free parameters in our model, the U(1)’ charge of the SM
Higgs doublet (z), the new U(1)" gauge coupling (o, ), and the U(1)" gauge boson
(Z') mass (my/). In this model context, we have first investigated a possibility to resolve
the electroweak vacuum instability with the current world average of the experimental
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data, m; = 173.34 GeV and m;, = 125.09 GeV, by using the same strategy in chapter
Next, we have calculated the thermal relic density of the RHN DM and identified the
model parameter region to reproduce the observed DM relic density of the Planck 2015
measurement. In our model, the RHN DM particles mainly annihilate into the SM
particles through the s-channel process mediated by the Z’ boson. We have obtained
the lower bound on a4, as a function of myz and xy from the observed DM relic
density. By using the same strategy in chapter Bl we have also calculated the LHC
Run-2 2016 bounds from the search for the Z’ boson resonance by the ATLAS and
CMS analysis, which lead to the upper bounds on «,, as a function of my and xy.
Finally, we have combined all the constraints. The cosmological constraint on the RHN
DM yields the lower bound on ¢, as a function of mz and xy, while the upper bound
on oy, is obtained from the LHC Run-2 2016 results, so that these constraints are
complementary to narrow the allowed parameter regions. We have found that only
small portions in these allowed parameter regions can solve the electroweak vacuum
instability problem. In particular, no allowed region to satisfy all constraints exists
for mz < 3.5 TeV. For the obtained allowed regions, we have calculated the spin-
independent cross section of the RHN DM with nucleons. We have found that the
resultant cross section well below the current experimental upper bounds.

In chapter ], we have investigated the non-minimal inflation scenario in the context
of this classically conformal U(1)" model by identifying the U(1)" Higgs field with the
inflaton [127]. The non-minimal quartic inflation is a simple and successful inflation sce-
nario, and its inflationary predictions are consistent with the Planck 2015 results for the
non-minimal gravitational coupling with £ 2 0.003 for Ny = 60. Hence, it is interesting
to identify the U(1)" Higgs field with the inflaton in the non-minimal quartic inflation.
In this model, the U(1)" gauge symmetry is radiatively broken through the Coleman-
Weinberg mechanism, due to which the inflaton quartic coupling is determined by the
U(1)" gauge coupling. Since the inflationary predictions in the non-minimal quartic
inflation are determined by the inflaton quartic coupling during inflation, we have a
correlation between the inflationary predictions and the U(1)" gauge coupling. With
this correlation, we have investigated complementarities between the inflationary pre-
dictions and the constraint from the Z’ boson resonance search at the LHC Run-2 2017
as well as the prospect of the search for the Z’ boson and the right-handed neutrinos
at the future collider experiments. For completion of our inflation scenario, we have
considered a reheating scenario due to the inflaton decay through the SM Higgs boson,
and found the reheating temperature to be sufficiently high.






Appendix A

U(1)’ RGES AT THE ONE-LOOP
LEVEL

In this appendix we present the one-loop RGEs for the U(1)" extension of the SM,
which are used in our analysis. The covariant derivative relevant to U(1)y x U(1)" in
this Appendix is defined as

D“ = 8# — Z(gly + ng>BH — igXQZZl’“ (Al)

where Y (Y') are U(1)y (U(1)" ) charge of a particle, and the gauge coupling § is
introduced associated with a kinetic mixing between the two U(1) gauge bosons. The
definitions of the Yukawa interactions and the scalar potential are given by Eqs. (2.3])
and (2.3, respectively. We only include the top quark Yukawa coupling y; and the right-
handed neutrino Majorana Yukawa coupling Y7, since the other Yukawa couplings are
negligibly small. The U(1)" charges x; are defined in Table 2J1 The RGEs for the
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gauge couplings at the one-loop level are given by

dgs 93 [
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For the RGEs for the Yukawa couplings at the one-loop level we have

dy, N Yt 9 4 2 9, 1 ~ 2 ~
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Finally, the RGEs for the scalar quartic couplings are given by
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Appendix B

U(1) RGES AT THE TWO-LOOP
LEVEL

In this appendix we present the two-loop RGEs for the U(1)" extension of the SM,
which are used in our analysis, especially numerical analysis. The covariant derivatives
relevant to U(1)yx U(1)" in this Appendix and chapter Zhre defined as

D,=8,—i( Y YX)(91 glx)(gN, (B.1)

gx1 9x

where V) (Yx) are U(1)y (U(1)") charge of a particle, and the gauge couplings gxi
and g, x are introduced associated with a kinetic mixing between the two U(1) gauge
bosons. The definitions of the Yukawa interactions and the scalar potential are given
by Egs. (2.3) and (2.3]), respectively. We only include the top quark Yukawa coupling y;
and the right-handed neutrino Majorana Yukawa coupling yy, = Y3, (i = 1,2, 3) since
the other Yukawa couplings are negligibly small. The U(1)’ charges z; are defined in
Table 21l The U(1)’ RGEs at the two-loop level have been generated by using SARAH
[139] [140].

B.1 U(1)’ RGEs for the gauge couplings

The RGEs for the gauge couplings at the two-loop level are given by

dg'
o — g 4 52 B.2
Nd!'/ 9i i) ( )

where Béil ) and 6;2) are the one-loop and two-loop beta functions for the gauge cou-
plings, respectively, and g; represents gs, g2, g1, 9x1, g1x and gx. Here, the one-loop
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beta functions for the gauge couplings are given by
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nW = g lgl { 59 + 3 (82zy + 1676)g1gx1 + 3 (82zF + 32z e + 9xq>)gXl}

41 1 1
+ Gix {Eglng + 5(411:;1 + 8x¢,)glgx + 5(413511 + 895¢)91ng1

1 8212, + 32 92
+ 5( Ty + 20T + xcp)g)ﬂgx )

1 41 1 1
By = 1o [gXl{EQ“§<82““6%>919X1+§<82ﬁf+32”%+9x@9§“}

41 1 1
+ gx 5 N1gix + §(41£EH +8z4) g19x + §(41!KH + 8%4) g1xgx1

1
+ 3 (8235%1 + 32zxyre + Qx?p)g)agx}] )

1 1

41 )
O = Tom {ng {ggfx + 5 (822 + 1628 guxgx + 5 (820% + B2wpre + 923) gg(}

41 1 1
+ {Eglng + 5(41IH + 81’@)919)( + 5(41%{ + 89€<1>)91X9X1

1 8212 + 32 92
+ 5( Ty + 20T + $¢)9X19X )
1

41 1 1
B = {gx {—ng + —(82:EH + 16$q>)g1xgx + 5(8290%1 + 2xyre + 9xé)g§(}

9x 1672 6 3
41 1 1
+ gx1 5 191x + §(41$H + 8z¢) g19x + 5(41$H + 8%¢) g1xgx1
1

5(82.%125{ + 2ryre + 9a:é)gXngH , (B.3)
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and the two-loop beta functions for the gauge couplings are given by

1 3
BR = 167 %3 [11gf + 2795 — 15645 + 11g7y + 44g1xgxrh + 44g19x170 + 4495 7%

+ 4493(&?{ +4g1x9xTe +4919x1T0 + 89§($H$q> + 8g§(1$H$<1> + 293&%@ + 29§(1$<2p — 12%2]7

1 3
/6_((73) = (1672)° : %2 [99% + 3595 + 7295 + 991x + 3691x9xzh + 36g19x17H + 3695 TF + 369%1 77
+ 12g1x9xTe + 12919x170 + 24050y + 2495, T HTe + 69% 15 + 693115 — 9yt2] ,
1

2
B

1
(1671'2)2 18 [19991 + 819192 + 2649193 + 3989?9%}( + 8191939%)( + 26491932,9%)(

1999191)( + 11943 g1 x gx x5 + 16291951 x 9x T + 528919%91)(9)(%1{

1194¢165 x gxxm + 1592¢1 gx12m + 32497 95 9x121 + 105645 g39x 101 + 19909797y gx12 5
1629397 x 9x120 + 528930 x 9x171 + 398¢1 x gx17 1 + 79697 g% % + 23880105 x 95 TH
557297 g1x 9x 9x17% + 32493 91x gx gx10% + 10569391 x gx gx127; + 238897y gxgx12%
4776919X1$H + 324919595, 2% + 1056919595 2% + 31849191 x g% 10% + 159291 91x g T
3184g1 g% gx 12y + ATT607 v g% gx 12 + 79609191 x9x 9512 + 63689795123
159297 x 95127 + 3184g1x 9% 9x127 + 31849195 95173 + 318491x9x 951 1
3184919517 + 24697 g1 x9x T + 54g19591x Ix Lo + 48919591 x Yx T

2469197 x gx e + 32891 gx120 + 108g7g39x120 + 9697 g3 9x 120 + 41097 g7y gx 120
54939%X9X1$t1> + 489:?9%){9)(13% + SQQ%XQXNC@ + 3289?9?(3%53@ + 984919%)(93(95}133@
22969; 91x 9x 9x17 e + 2169591 x 9x 9x1TpTe + 1920591 x 9x Ix1ZH T
984gi’XngXlex¢, + 19689?g§1xHIq> + 216glg§g§(1xgx@ + 19291g§g§(1x1{x¢
13129197 x G310 u %o + 984g191x g5 T3 we + 196807 g% gx10%Ta + 295207 x 9% gx 103 Ta
49209191 x x Gx1THTa + 393691951 T Te + 98477 v g3 TorTe + 262491 x 9% X175 T e
2624g1ngXl:1:qu> + 2624g1XngX1:cqu> + 2624g1gX1:L’qu> + 46g1gXa:q>
138191 x 9x o + 32207 G1x9x 9x125 + D45 g1 x gx gx1T5 + 489391 x Ix gx 175

13897 xgxgx1%g + 27691 95105 + 54919595175 + 48919395105 + 18491075 93175
2769191 x 95 T T + 5529105 gx 17T + 82807 v g% Ix 17T + 13809191 x Ix X1 TH T
104g7 931705 + 27691 x 93170 + 1104g1x g3 gx1 7505 + 11049103 031 0305
110491 xg9x 9312325 + 1104919510325 + 2891910 9% g + 5691 9% 9x 125

8491x 9% 9x17¢ + 1409191 x 9x 9510 + 1120795175 + 28075 9% 10 + 22491X 9x 9x 101 Ty
2249195 9% 10Ty + 22491x9x O3 TH Ty + 22491951 T 2e + 100g1x GX Ix175
100g19% 9%1 %0 + 100g1x gx 95175 + 1009195125 — B4g1x gx 9103y — 54919517543
5191y; — 5lg197xy; — 1020191xgxwmy; — 20497 gx12my; — 10291k gx12my;
20491 x9x gx105Y; — 2049195125y — 150101x9x Ty} — 3097 gx170Y;

T T T i i s s s o S S o

— 15¢ivgx170y; — 60g1x9x 9x1ZHTaY; — 6091951 THTaY; — 691X Ix Ix1T8Y; — 6glg§<1$§>y3] :
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1 1
55(7?1 - (16%2)2 18 [ 99¢°g1x9x + 819192g1x9x + 264919291 x9x + 199919° v gx + 19991 gx1

81g1g59x1 + 26497 959x1 + 19991 g1k gx1 + 3989195 wm + 16291959501

528g1939%vn + 11949197 x gk vr + 199097 g1 x gx gx12m + 1629591 x9x 9x121
52803 01x xgx17m + 39897 x gx gx10m + 159297 g% v h + 32401959% 101
10569193951 n + 796919t x 9310 + 2388g191xgx w3 + 31840195 gx12%
32495 9% gx12% + 10569395 gxr127y + 238897 g gx12% + 55720191x gx 9517

ATT6g7 g510% + 324959317 + 10569395 10% + 79607 x 93127 + 1592g19% 7
477691 x g% 9x 175 + 796091 9% 93 1T + 477691X9X9x137ﬂ + 63689195175

318495 gx177; + 636895 gx1 7 + 318405, 7 + 8297 g% Te + 549195 9% Te + 48019595 T
2464107y 93 Ta + 41097 1x gx Ix170 + D4gag1x Ix Ix 170 + 489591 x Ix Ix1T 0
8201x gx gx17e + 3289795170 + 108919595170 + 969193095170 + 1640191 x 9% 170
9849101 x Ix TrTe + 131262 9% gx 12 nTe + 21695 0% 9x17 T + 1920595 9x1T 1T @
98497 g 9x 17 Te + 22960191 x Ix 931 THTe + 196807 g% T rTe + 2160505 T T
192g§g§’(1xHa;<p + 3289%Xg§(1.%'}11'q> + 984glg§(x§{$q> + 295291Xg§(gXlx%{xq>
492091 g% 9% 1T 5T + 295201 x gx G 25T e + 393691 9% 1T Te + 262405 gx 105 T
52480% Gy 1T e + 262495, 0526 + 1389191 x g T + 1849195 gx175 + 549305 gx175
489§g§{gXlx3b + 1389%Xg§<gxﬂgb + 3229191ngg§{1$?1> + 2769fg§<1xq> + 54g2gX1xq)
48939X1$q> + 4691X9X1x<19 + 276919X$H$<1> + 82891X9X9X137H$¢> + 1380919X9X1xH$?D
8281 xgx g 10T + 1104g1 g5 2 px3 + 110495 gx 10525 + 220895 9510505
1104g§<1$§{:€<21, + 2891931{163) + 84‘6]1Xg§<g;(1aﬁfi> + 14OgnggXl:L‘q, + 8491XngXlx¢
11291931(1:103> + 224g§(gXlexé + 4489%9?’(@1{:162, + 224gX1meq> + 100ngXlx¢
2009% 9x1%s + 100931 7s — 5495 gx173Y3r — 54951085 — 5l191x9xy; — 5lgigx1y;
10201 9% wry; — 102g1x9x9x128Y; — 204919520 Y; — 2049% gx175y7 — 2049% 2507
15919% Tay; — 15g1x9x gx17ay; — 30g19%1%ay; — 6095 gx17nTey; — 609% THTey;

e e i e i e e S S A S

- 69?(9X1$%(>?/t 69)(15%.%
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5(2)

gi1x

e e ae al el e S e i ol SR S|

1 1
(1672)2 18 [19991191)( + 81gig591x + 2649795 91x + 398g797x + 819397 x

2649391 + 19997k + 398g1gxxn + 162¢7ga9xwm + 52807 g39x v + 19909797 x gx T u
324g§g%XgXxH + 1()56g§nggXxH + 1592nggXxH + 1194gfglngla:H

1629195 91xg9x12m + 528G195G1x9x17m + 1194g1 63 v gx10m + 318405 g1 x g% v
3249591 x g% + 10569501 x gx v + 477697 x g% 3 + 238897 gx gx 177

324g1939x gx12% + 105691939x gx12 + 55720197 gx gx 12y + 238807 g1x 9% 1 0%
79697 x %10 H + 159297 g% x5 + 636897 g%l + 79600191 x 9% gx12 + 4TT69T9x g% 1 0
318447 v gx 9317 + 15920191 x G512 + 318491 x g T + 318491 9% gx17]

3184g1x9x 95175 + 3184g19x 9% 21 + 8291 9x e + D4gi g gx e + 4897 g5 gx e
4109797 x gxra + 1089597 x gx e + 969391y gx e + 32891y gxTe + 2469791 x gx 170
54019591 x9x170 + 48919501 x Ix170 + 2460191 x 9x 170 + 131207 1x 9% THT S
216g§g1xg§(xHa:q> + 1929§glxg§($H:rq> + 1968ngg§(a:H:1?q> + 984gnggXlex¢,
21691959x gx12Te + 19201939x gx12aTe + 22969107 x gx gx12aTe + 984G g1x P 1 T TS
3289:13Xg§(1xqu> + 984gfg§(x§{x<p + 39369%Xg§(x§{:c¢, + 4920g1g1Xg§(gXla;fq:cq>
295207 gx 9310 H e + 196897 x gx 9310 HTe + I84G191x O3 1 T T + 262491 x g5 Ty T
2624glg§‘(gXlx?{xq> + 2624g1Xg§(g§(1x§Ix¢ + 2624glgxgg’(1x§{xq> + 184gfglxg§(xé
549591x 9% T + 4803 91x 9x T + 27697 x 95 x5 + 13897 9x gx175 + 5401059x gx17%
4891939x gx17% + 3220197 x 9x gx17% + 13897 g1x 9% 173 + 4697 x %1 7%

276gfg§’<1:Hxé + 1104ngg§’<xHxé + 1380glglxg§<gXlexé + 8289fgxg§(1xHx<2b
5529%ngg§(1tz§, + 276g191Xg§(1xHa:3b + 110491;(9;1(3512113% + 11049193’(9)(19512113%
110491 x93 9312325 + 110491 9x 0310 H 75 + 2807 9% + 11207x g% 75
140g191x g% 9x173 + 8491 9x 93128 + 5691 x 9x 9x1%a + 280191x9x1 70
22491)(931(93}1:5% + 224glg§’(gXlex§p + 224glxg§(g§(1meg + 224glgxg§’ﬂxHx§>
100g1xgx@g + 1009195 gx 124 + 100g1x 9% 93123 + 100919x 9x170 — 5491x 9% Ty
54919x 9x1%5Yar — SLgigixy; — 51gixy; — 10207 gxwny; — 20497 gx v ry;
1020191 x gx17mY; — 20401x 9% 0 HY; — 204919x gx12hY; — 1597 9x Ty}

309;x 9xZay; — 15g11x9x120Y; — 6091x g% THTay; — 60919x 9x1THT Y]

691x9xToY; — 6919x9x175Y; |5
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11
BR = TEHRE 1999797 x 9x + 819397 x gx + 2649597 9x + 19991 x gx + 199¢7g1x gx1

81g19501x9x1 + 264919591x9x1 + 1999197 x gx1 + 79697 1x 9% T

324g591x g5 tn + 10569501 x g5 v + 159297 x g% v m + 398¢7gx gx17m

162g1959x gx121 + 528g1959x gx120 + 19909197 x gx gx120 + 11949701 x 95121
1629591 x 9510w + 5289391)(9)(1961{ + 398¢% v 9512w + 79691 g% w7 + 324gngxH
105645 g% 13 + AT7697 g5 1% + 55720101 x 9 9x 177 + 2388919x G317
324959x g5 0% + 1056939x 9317 + 318497 xgx g5 17 + 23889191x9§<156§1
636891 x g2 + 4T76g19% gx175 + 796091 x 9% 93175 + 4T76G19x 951 7%
1592g1XgXle + 3184gXxH + 6368ngXle + 3184ngX1.CEH + 164glglngxq>
1089391 x 9x Te + 969391x gx Lo + 32891 x 9% Lo + 8297 gx gx12e + 5491959x gx1%a
4891939x 9x170 + 4100197 x gx gx 170 + 2469701 x 93170 + 549591x 9% 1 T e
489§glxg§(1xq> + SngXgilx(p + 328gfg§’(xHa:q> + 216g§g§(waq> + 192g§g§(1‘Hx<p
1968ngg§(xHx<p + 2296glglxg§<gXlex¢ + 984gngg§(1xqu> + 216g§gxg§<1xHx¢)
192g§gxg§ﬂ:cHx<p + 1312ngng§(1xH:C¢, + 984glglxg§(1:cqu> + 3936g1xg§(x§{xq>
2952glg§(gXleqarq> + 4920g1xg§(g§(1x12q$¢ + 2952919Xg§(1x12q$q> + 98491Xg§(1x§{:vq>
2624gXxqu> + 52489XgXlexq> + 2624ngXlexq> + 46919qu) + 54gnga:q,
4893gX:Uq, + 27691X9Xx¢, + 32291g1XngXlx¢, + 138919X9X195¢ + 5492ngXlxq,
48939x 95173 + 18497 v gx 95175 + 138g191x %125 + 110401 x gx Ty

8289195 9x127% + 138001 x 9% 931 THTs + 828019x 91 THTS + 27601 x X1 THT S

14091 x g% 9175 + 84919x 931 7% + 28g1xgx1 7% + 22495 wpwy + 4489% g1 T HTY

R i T S T T T e

204g%27y; — 2049x 95,25 Y; — 30g1x9%Tay; — 15g19x9x120y; — 1591 x 951 TaY;

— 60g%TrTeYl — 60gx g1 THTSYE — 695 THYE — 6gx X1 THYE |-

B.2 U(1) RGEs for the Yukawa couplings

The RGEs for the Yukawa couplings at the two-loop level are given by

dy; 1) 4 5@
- B.

where 53(/3) and Bg(f) are the one-loop and two-loop beta functions for the Yukawa cou-
plings, respectively, and y; represents y; and yy;. Here, the one-loop beta functions for

1104g% a5 + 2208¢% g5 255 + 1104gx g5 2 7s + 1121 x g% 2% + 849195 gx 105

2249x gx12n Ty + 1005wy + 2009% g%, 7g + 100gx 9x 17 — DA% T3yir — 549X Ix1T Y
5191xgxyi — 5lg1gixgx1y; — 2041 x 9% v ry; — 102019x9x12mY; — 10291 x 9% THY}
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the Yukawa couplings are given by

9 9 1
5?(,3) = 16 {2 yi — 893 — 195 - 6(91 +2rpgx1 + $<1>9X1) (491 +8rpgx1 + xcbg)ﬂ)

1
- ( g1+ 2$H9X1) - _(ng +2rpgx + I@QX) (491X +8rpgx + chgx)

6
_ (ng +2$ng)2:|

Ym 3
BS(IB = 1672 |:10y12\/[ - 5‘%%@ (gg(l +g§():| ) (BG)

and the two-loop beta functions for the Yukawa couplings are given by

BR = m ' é [ —9(=72y) — y; (22397 + 405g3 + 76845 + 223g7x + 892g1xgxTH
8921 9x175 + 892g5 1% + 892¢%, 2% + 5091 xgxTo + 50g19x1270 + 100g% T T
10095,z nwe + 1695 x5 + 1695, 5 — 324y; — 576)y))

Yt (2374g1 3244795 — 24844, + 912g7 g5 + 38889593 — 4665693 + 474847 g1y
3249397 x + 912g597 ¢ + 237491y + 1899297 g1xgxtr — 12969591 x gx i
36489591 x gxrr + 189927 v gxxpr + 1899207 gx 121 — 129691959 x17 1
364891g3gXle + 189929191X9Xle + 18992919X$H 1296929XxH

3648g3gXxH + 5697691ngxH + 7596891glnggXle + 56976gngle

+ o+ + 1+ + o+

1296g2gX1xH + 3648939Xl:vH + 18992g1XgXle + 7596891XgXxH

75968¢19% gx175; + 7596891 x gx a1 7oy + 7596891 9% 15 + 3798445 x4
759689XgXle + 37984gXle + 40169191ngx¢ + 48692g1Xgqu>

4809391)(9)(1’@ + 401691X9X$<1> + 4016919X196’c1> + 48691929X195q> - 480919§9X195q>
401691nggXlxq> + 80329%93(901{%) + 9729§g§(xH:v<p — 960g§g§(xqu>

2409697 g5 T e + 32128¢101x 9x gx 12T e + 2409697 g% 1 T HTe + 9720505 THT 3
96Og§g§(1xqu> + 80329%Xg§<1:1:H:E¢ + 4819291Xg§<x%{x¢ + 481929193(99(12:%:5@
4819291 x gx g3 1 T o T + 481929195 17579 + 32128g5% x4 10 + 6425695 931 TH Ta
32128¢ wy e + 81997 g 1 + 8lgsgx s — 969395 wg + 325507 x 9x g

487201 91x9x gx12% + 3255919)(15% + 81929)(1%) 96939%1 7% + 81997 x 93175
1302091 x g5 vy + 1302091 9% 9x12 175 + 1302091 x gx 951 v + 1302091 9% 2115
13020952775 + 2604095 g%, 2575 + 1302095, 2575 + 133091 x g% T

+ o+ o+ 4

1330g19% gx17% + 1330g1x gx g%1 7% + 1330919525 + 2660g% 22y, + 532095 g% T 1T
266095 2575 + 2039513 + 4069% g3 173 + 2039517 + 1530977 + 2430g3y?

8640g3y; + 1530g7xy; + 612091 xgx xuy; + 6120g19x121Y; + 612095 2707

612095, 7%y7 + 90091 x gxTaoy; + 90091 9x170y7 + 180095 prey? + 18009%, T nTeY?

18092 2292 + 180932252 — 2916y + 2592\%, + 216)2,.,) } :

+ + + +
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2) 1 1

Py = T [?JM (—709%)(9?(55% — 1409191 x9x 9x17% — 709195175 — 28091 x 95T HTS

(16m2)* 48
- 280919§(QX195HI% - 28091X9X9§(1$H$<21> - 280919?(1$H$<1> 2809XxHI<I>

—  560g% g% 1575 — 28095, 15 1s — 64g1x g5 T — 64919% 9x 128 — 641X 9x 11T

- 64919)(195@ 1289X$H$q> 2569X9X1$H95<1> 1289X195H$c1> 3819X$<1> 7629X9X1$<1>

—  38lgy 1z + 360 (g% + g%1) T3ya — 1728yn, + 4805, + 192A3)
+6(22493, — 3203, (=11 (g% + %) 72 + 92, + 8\a)) } .

B.3 U(1)’ RGEs for the scalar quartic couplings

Finally, the RGEs for the scalar quartic couplings at the two-loop level are given by

d\; D e
man = BB (B.8)

where BS) and Bg) are the one-loop and two-loop beta functions for the scalar quartic
couplings, respectively, and A; represents Ay, A¢ and Apic. Here, the one-loop beta
functions for the scalar quartic couplings are given by

2
B = = [/\H {24>\H +12¢2 — 992 — 3(g1 + 22mgx1)° — 3(g1x + 27Hgx) }

9 3 2 2) 2
+ Al — 6y + ggg + 3 {(91 +2zpgx1) + (91x + 2219x) }

3 3
+ 195 (g1 + 2z1gx1)° + 193 (g1x + 2a:ng)2} :
1

B = 1o {%{%Aw%yﬁ—12(%9X1)2—12(%9X>2}

2
+ 202 — 48y, + 6{($¢)gXl)2 + (I’q;gx)z} ],

1

9 3 3
- 593 - 5(91 + 2$H9X1)2 - 6($<1>9X1)2 - 5(91){ + 235H9X)2 - 6(ZE<1>9X)2

+ 3{ (91 4 2z gx1)(egx1) + (91x + 2259x ) (Togx) }2} ; (B.9)

(B.7)
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and the two-loop beta functions for the scalar quartic couplings are given by

1 379¢% 559 289 305¢5 469 75
Go7 | s F R YI% — g9+ T — g i9ix — g 919301x
289 469 559 379g9 469
5 ——g291x — I —0idix — el 9301 — 481X — 3 9191x9xTu
75 289 , 469 559 4 4
5 919291X9X37H ~ 19 9291X9X3?H - 6 9191X9X$H 6 — 9291x9XTH
379 379 599 4 4 289 4 469 5 ,
1 91X9X$H Tgngl H— 6 —01929x1%H — 19 —=01929X1TH — 6 — 91 91x9x17H
75 469 469 , , , 7 5 9 9 o 289 4 5 o

9 919291)(9X1 H — 12 — 9191 x9x1TH — 12 —a 919x% H 791929XxH - 12 gzginH

469 559 1895 938
: — i GixIxTH — 5 — B TixIxTH — T ——gix g% T — 2 —glgixgxgx17h

895 4 5 o 999 45 5 o

9
1509195 91xgx gx1T5 — ngf’xgxgxﬂfq — 1 I9x1Th — GGGy
289 469 75 469 938
00T — L9 91T — = B ixIx1TH — = Jix 91T — —— G IX I T
12 2 2 12 3
1118 s s 3790 4 4

ngglxgxfEH 3 Yix9xTe T 3 ——gigx9x1wy — 150919595 9x12Y

938
9389191x9XgX133H - 9389191X9X9x133H 1509291)(9)(9)(1371{ 3 gi’XgX9§<1$?f[

37390919X1 7 11318919593}11‘?1 - ?919&9%%‘2 - ?9?9@% 52993932%?1
189597 gx T — 373529191nggx1xH 93891 9% 9% 1% — 1509595 9512
93891X9X9X1x§{ 373529191X9X9X1$H 1895919}(195411{ 529939§(1$§{
42991XgX1xH 151691 x g% 3 — 1837691513‘(9)(113% - ifzglxgi}gilx%
3735291g§<9§’<1$?1 1837691xgx9X193H 15169195173 — ?9?&% 183769§(g§<1x%
@gigilx% - %g%x% - L;gfgi”xgx% — ?gigfxgxm — L;g?xgx%
?glgxw@ 1369i”g§gx1xq> - ?Q?Q%XQXN% —320191x 9% THTa — 32059 x gX THTe
160 64 64 160 , ,

3 91x9x$H$<1> ?glngngXlexCI’ - gglglngQXﬂfHI@ T3 = 919x1THLS
3201 g30% 1T nTe — 3291 i 91T nTe — 6497 01x g% T Te — 640501x 95 Ty T
6;109%)(9?(%1{37@ 6349%9§<9X1$§{$q> - 128919%)(9%{9){1%?{37@ - 1289%91){9){9%(133?{56@
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Appendix C

SM RGES AT THE TWO-LOOP
LEVEL

The RGEs for coupling constants of the SM up to two-loop level [52] are given by

9 . 11
{—2695, + 593 + g — 293} :

6
Cfi_f - (495)2 _E‘g} {12 + 36593 + ;g? - ;y?] :
3
Cc% - (41:)2 g — 89 igg ggl]
+ (4‘@;)4 yf (—12%2 — 12\ + 3693 + %gg + %g%)
+ 6A% —108g; — ?92 + 121186791 + 99595 + 199929f - Zgigf] :
MC?—MH = 1 4;)2 {AH (240 + 1207 — 993 — 3¢7) — 6y + Zg;* + ggi* + zgégﬂ
+ @ [)\%I( ~ 312\ — 14492 + 108¢2 + 36g§>
+ Agy? (—33/? + 8093 + 42—593 + %59?) + AH( 78392 + %gi‘ + 37;99393)
+ y (30@/? — 32¢3 — gﬁ) + (—293 — 12991" + %9393)
+ 31065 %g? 24889939? 5458993911} (C.1)
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In our analysis, we numerically solve these SM RGEs with the following boundary
conditions at p = m; [52] @

as(mz) —0.1184 ( my )
— 1.1666 + 0.00314 — 0.00046 —173.34
ga(me) i ( 0.0007 GeV ’

my my — 80.384GeV
— 0.64 00004 —173.34) + 0.00011
ga(my) = 0.64779 + 0.0000 <GeV 73.34) + 0.000 ( e ) ,
B my my — 80.384GeV
gi(my) = 0.35830 + 0.00011 (GeV 173.34) = 0.00020 ( T ) ,
B my asz(my) —0.1184
y(me) = 0.93690 + 0.00556 ( . 173.34) 0.00042 ( oo ,

mp my

GeV GeV

using the inputs az(my) = 0.1184, m; = 173.34 GeV, m;, = 125.09 GeV, and my =
80.384 GeV.

Ar(my) = 0.12604 + 0.00206 ( - 125.15) — 0.00004 ( - 173.34) . (C.2)

! We employed the boundary conditions in arXiv version 4 of Ref. [52].
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