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Introduction

The Standard Model of particle physics is a free chiral anomaly model based on the gauge
group SU(3)c®@SU(2),®@U(1)y [1-3], it represents the unification of all forces of the universe
(except the gravitation force). Furthermore, it describes all the known elementary particles

which are:
e Three fermion generations (Quarks and leptons),
e Four gauge bosons of the electroweak theory W, v and Z.
e Eight gauge bosons of the strong interactions that called the gluons.

as we show in figure 0.1.

mass— 2.4 MeV/c 1.27 Gevic 171.2 Gevic! 0 =126 GeV, e

charge > 2/3 3 3 0 0
—- - - W G

up charm top photon E‘(',ggﬁ
8 MeV) 104 Mevjc? 2 V) o
1 d 173 1 b ¢ ‘
0”2 12 s p 12 r 1
__4 < __
down strange bottom gluon
0.511 MeV/c? 105.7 MeV/c? 1.777 GeVic 91.2 Gevic*
1 e 1 1 T 0 7
12 12 u w2 1
electron muon tau Z boson
n | <2evc <017 Mevic: <155 Mevic: 30.4 Gevic?
= o 0 0 £1 3
:3 12 ve 172 l)l-l 1 1)1' 1 w O
8- electron muon tau <
“ | neutrino neutrino neutrino W boson

Figure 0.1: The elementary particles in the Standard Model (SM)

Besides the fermions and gauge bosons, Brout, Englert and Higgs in 1964 were proposed
a new neutral scalar boson called the Standard Model Higgs boson and its field (Higgs
filed) (Figure 0.1) with a special theoretical formalism to can explain how all particles gain
their masses through the Higgs mechanism which based on the interactions of the particles
with the Higgs field [4-6]. The Higgs search took a big interest from both theoretical and

13



Introduction

experimental physicist to precise the fundamental properties of it and to determine the ex-
perimental scale in which the Standard Model Higgs boson will appear. Its experimental
discover faced many straggles and hard tries, it started over many years ago at the Large
Electron Positron (LEP) Collider [7-9]. The main production mechanism in e*e~ collisions
is through an intermediate (above mass-shell) Z-boson production, which then decays into
a Higgs and a lower energy Z-boson. No signal was observed at LEP. Next try was in the
Tevatron [10], proton-antiproton Collider. The dominant production mechanisms were via
gluon fusion or vector boson fusion from a W-boson. The shut down of this collider was
in 2011 after ten years of collecting data. No signal of a Higgs was observed but an excess
of events in the bottom- quark decay-channel led to a mass range between 115 GeV and
135 GeV [11]. The next try to detect a Higgs boson was at the Large Hadron Collider
(LHC) [12-15], proton proton Collider. The main Higgs production mechanism at the LHC
was through gluon fusion because of the high energies at LHC. The most expected decay
of the Higgs boson was the decay into two energetic photons. This decay only happens 2
out of every 1000 times, but is relatively easy to detect due to the zero contributions of the
background.

On July 4, 2012, the mystery has been solved, a Higgs-like particle was observed [16,17]
Combined searches from ALTAS and CMS led to an observed mass of my = 125,09 GeV.

After the discovery of a new scalar resonance with a mass around 125 GeV (the Higgs
boson) in the Large Hadron Collider (LHC) [18-24] and the compatibility of the theoret-
ical predictions with the experimental results such as all decay and production modes are
in good agreement with the Standard Model as we show in figure 0.2 and the masses are
compatible in all decay modes as it has been shown in figure 0.3. the Standard Model has
been remarkably successful.

In spite of all the successes, the SM is unable to address the answers of many outstanding
questions like gravity (why it is weak?), the SM can not explain why there are 3 generations
of quarks and leptons, How are neutrino masses generated?, also there are questions about
why is not there the same amount of antimatter as matter in the Universe 7, dark and energy
matter mastery, quantization charges...etc. Thus, theoretical physicist are widely believed
that the SM is incomplete theory.

To answer those fundamental questions and to understand the nature of the unknown
particles. Many models Beyond the Standard Model have been proposed many years ago
such as Two-Higgs Doublet Models (THDM) [26, 27|, left-right symmetric models [28], su-
persymmetric models [29], left-right supersymmetric models [30], 331 models [31-35], 341
models [35-39], little Higgs models [40,41], extra dimension models [42] and many others,
those theories BSM have paved the way for new directions in high energy particle physics.

Among many beyond Standard Model theories, we focus on models based on the gauge
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Figure 0.2: Combined measurements of the products o.BR, normalised to the SM predic-

tions, for the five main production and five main decay modes [25].

group SU(3)c ® SU(4)r ® U(1)x (341 models for short). Those models have new features
such as the existence of new exotic fermions (leptons and quarks) which are produced be-
cause of the arrangements of the fermions in the group SU(4). Moreover, besides W7, Z
and -, those kind of models predict the existence of new charged and neutral gauge bosons.
Furthermore, the 341 models have extra bosons in the scalar sector, some of them have
simply electric charge, others are double charged h™F and there are the neutral ones.

In the literature, there are many classifications of those models depending on the exis-
tence or not of fermions with exotic charges, structure of the scalar potential and spontaneous
symmetry breaking of the gauge group. These models are usually parameterized by two pa-
rameters 5 and v [37-39,43-46|.

The 341 models have many versions, we distinguish them based on the parameters g and
~ which the electric charge expression has been written as a function of them, the exotic
electric charges and based on the number of the scalar fields [37, 38, 44].

The most fundamental feature of all the 341 model versions except the flipped model is
the arrangement of the fermion families, two of the quark generations have arranged in con-
jugate fundamental representation 4, while, the third one with the three lepton generations
lie in the fundamental representation of the group SU(4) (or vice versa). This arrangement
makes the models free from the (SU(4))? anomaly and makes them the most attractive
models to explain theoretically why they do exist three quark families.

This thesis is organized as five chapters, we start with a general introduction, the first
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Figure 0.3: Summary of the Higgs boson mass measurements from the individual analyses
(Run 1 measurement) performed by ATLAS and CMS [25].

chapter ,1 is about the Standard Model, we summarized the most fundamental features, the
particle content of the SM and we discussed how particles gain their mass through the Higgs
mechanism. In the chapter 2, the fundamental features of the 341 models are reviewed, we
discuss the constituents: fermion, gauge boson and scalar sectors and how the chiral anoma-
lies have been canceled. Furthermore, we reviewed four different 341 model versions. In the
second part of the chapter 2, we use the compact 341 version as an example to explain how
to get the electric charges of the particles (fermions, scalar and gauge bosons) and how they
gain their masses through the Higgs mechanism, in the end, we showed the full Lagrangian
of the compact 341 model. In chapter 3, theoretical constraints on the scalar potential of
the compact 341 model with three quadruplets scalar fields are discussed. It is shown that,
in order to ensure the good behaviour of the scalar potential and the validity of the model,
the criteria such as copositivity, minimization, perturbative unitarity, perturbativity of the
scalar couplings and no ghost scalar bosons (scalar bosons masses positivity) are imposed
and bounds on the scalar couplings are obtained. Moreover, the existence of the Landau
pole in the model imposes stringent limits.

The Higgs physics has an important role on the LHC and it is an open window to discover
new physics, that motivate us to discuss the Higgs physics in the compact 341 model.

In chapter 4, the neutral scalar bosons(the SM-like Higgs boson h; besides the other
heavy scalar bosons hy and hg that are predicted by the compact 341 model) decays us-

ing only three scalar fields with additional extra Lagrangian called the effective Lagrangian
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are studied. The starting point was with the calculation of the partial width decays for
many individual channels bb,0¢,yy,vZ ,W*W and Z*Z taking into account the contributions
of news fermions, new gauge bosons and news scalars bosons, notice that all the scalar pa-
rameters A g in our model are constrained by the theoretical conditions. Using those partial
widths expressions, we studied both the signal strength and the branching ratios. The signal
strength for h; has confronted with the results reported at ATLAS, CMS and ATLAS+CMS
combination to determine the deviation of the compact 341 model from the Standard Model.
Whereas, the computation of the branching ratio for the other heavy neutral scalars bosons
hy and hsz are discussed to determine their theoretical properties.

The chapter 5, we have introduced for the first time a new anomaly free model without
exotic electric charge which is different from the ordinary 341 versions in the arrangement of
the particle content. It turns out that the previous quarks and leptons replication is not the
only way to have models free from the SU(4), ® U(1)x gauge anomalies. In this work, we
build a new unique gauge anomaly free model without exotic electric charges baptized the
flipped 341 model as an extension of where the previous scheme of construction is reversed
that is all the quarks generations transform under the same representation while leptons are
not. Thus, a flavor changing neutral current (FCNC) is expected at the tree level in the
lepton sector through the exchange of new neutral gauge bosons Z' and Z” of the model like
in the rare leptonic decays of the form ¢; —» ¢;0},0), and ¢; —» Uy (1 # k). The FCNC and
mixing in the leptonic sector are explored via the study of the rare processes ;1 — eeeé and
i — ey and stringent inequalities and bounds on the Z’ and Z” masses are obtained. The
cancellation of the triangle gauge anomalies leads to the introduction of new extra exotic
leptons v, that is lie in the fundamental representation 10 with X=0 and a quadruplet 1;
which belongs to the conjugate representation 4 with X = ’71 Furthermore, Fermions mix-
ing as well as masses have discussed at both the tree and one loop levels in both charged
and neutral fermions using four scalar fields and two scalar matrices S and S’.

We draw all our fundamental results in conclusion. Finally, the appendices summarize the

principle expressions and additional information that we have used during the calculations.
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Chapter 1

The Standard Model of particle physics
and Beyond

1.1 Introduction

The Standard Model (SM) of the elementary particle physics developed in the 1970s [47-50],
it is a quantum field theory based on the gauge group SU(3)c ® SU(2), ® U(1)y where
C, L and Y refer to the color charge, left-handed and a new quantum number called the
hypercharge respectively. This model describes all the known particles and all forces of the
universe except the gravitation force. The Standard Model is built as a combination of
the quantum chromodynamics (QCD) [51-64] and the electroweak theory (EW), this model
got a great success when the missing piece has discovered at the LHC in 2012, the Higgs
boson which is produced after the spontaneous symmetry breaking (SSB) during the Higgs
mechanism to give masses to all the known particles of the universe.

In this chapter, we discuss and review the basic details of the Standard Model (both
the QCD and the EW theories), the fundamental constituents and its total Lagrangian, we
review how particles gain their masses through the Higgs mechanism in both abelian U(1)
and non-abelian SU(2) ® U(1) theories. in the last part of this chapter, we review the

problem of the SM and we discuss why going beyond it became mandatory.

1.2 The quantum chromodynamics theory

The quantum chromodynamics theory (QCD) is a non-abelian gauge field theory which
based on the gauge group SU(3). It is described the strong interactions between the familiar
six quarks (Up, Down, Charm, Strange, Beauty, Top), which have mediated by eight gluons
(N? — 1 the number of generations of the SU(3) group). The strong interactions have

18
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described by the following Lagrangian:

. 1 V
L= a0+ 97" Ay —mp)ady; — G G" (1.2.1)

where 4* is the Dirac matrices, my is the quarks masses, q represents the quarks fields,
A, = Afte are the gauge bosons (the gluons in the case of the strong interactions), the sum
runs over flavors, i and j are color indices that run over colors and G, is the field strength

tensor which determines the kinetic term of the gluons, its expression has the following form:
G = 0,G, — 0,G), — gseabCGZGl‘i, (1.2.2)

with ¢ is the coupling constant of the strong interaction, its expression has taken the
following form:

gs = dma, (1.2.3)

where « is the strong coupling. According to this coupling, two regions have been disguised
as we show in Figure 1.1. The first region is the asymptotic freedom where at high en-
ergy scales the quarks and gluons become free without interactions, the coupling becomes
small and perturbations calculations are valid, while, the second region is about the con-
finement where at low energy scales the Parton (quarks and gluons) are confined in hadrons

with colorless where the fort coupling diverges and perturbations calculations are not valid
anymore.

0.5 - April 2004
' — - < 3\
|’rn a;i‘“ e Theory | © ; ;_8;
a S = =
a(Q) |2 B 3
Deep Inclastic Scattering A
¢*¢ Annihilation o @
0.4 Hadron Collisions o =1
Heavy Quarkonia = =
-
AT “s(Mz)\
245 MeV —---- 0.1209
‘D ]
0.3 D 1210 Mev 0.1182
ISOMeV — —0.1155
7
0.2 -
0.1

Figure 1.1: The evaluation of a,(Q) as a function of the energy Q(GeV) [25].
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1.3 The electroweak theory

The electroweak theory represents the second part of the Standard Model, it is also a non-
abelian theory that based on the gauge group SU(2), ® U(1)y proposed by Glashow, Salam
and Weinberg, it unified the weak and electrometric interactions, this theory is mediated by
4 gauge bosons WTF, Z and v (Photon) [25,65]. It describes the interactions of all quarks
and leptons with two conserved quantum numbers: isospin and hypercharge.

In the next subsections, we discuss all the particle content and their interactions.

1.3.1 Fermion sector

In the electroweak theory, the representation of the fermions is composed of two spinors:
the felt helicity P, and the right helicity Pr where the 1 is written as a combination between

them:

Y = Prp+ PLp = Yp + 91, (1.3.1)

where
Yr = 5(1= )0, (132)
Yr = %(1 +75)¢- (1.3.3)

The left-handed fermions have the weak isospin I equals to %, that makes the third
component of weak isospin I3 equals to :F%, as a result of this, the felt- handed fermions
are arranged in doublets multiplies in the SU(2),, whereas, the right-handed fermions have
I1=0, that makes the third component of the weak isospin I3 has the value 0 that force the
right handed fermions to arrange as singlets multiplies in SU(2).,. Moreover, a new quantum
number has introduced which associated with the group U(1)y, it is called the hypercharge
Y, it has a direct relationship with both the electric charge Q and the third component of
weak isospin I3 through the Gell-Mann-Nishijima formula [66]:

Q=1+ % (1.3.4)
Thus, the fermion sector in the electroweak theory (under the SU(2), ® U(1)y theory) are

presented as follows:
e For the left-handed quarks:

We have three generations of quarks arranged in doublets multiplies:
t
u ) C b 9 (135)
d s b
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e For the left-handed leptons:

We get also three lepton generations arranged as doublets, each lepton has its partner neu-

()G L)

with weak isospin I = % and Y = —1. For the right-handed fermions, they are presented

trino:

as singlets fermions: ug, dg, cgr, Sg, tgr, br, €r, g and Tg, notice that for the right handed
neutrinos, they do not exist in the Standard Model.

Concerning the anti-particles, each fermion has its own anti-particle which has the same
masse and spin but with opposite electric charge. The following table (1.1) summaries all
the fermion content of the Standard Model.

Multiplet Particles generations SUB)c®@SU2)L@U(1)y

SCIET T e
e 1 T

Er €R, R, TR (1,1,-2)
U c t
321
QL ( d )7 ( s )7 ( b ) ( ) 73)
UR uvaRatR (3717%)
Dgr dgr, SR, br (3,1,52)

Table 1.1: Fermions content of the Standard Model.

1.3.2 Interaction sector

The interactions in the electroweak theory are mediated by gauge bosons of spin 1, based
on the number of the generators (N? — 1), we get three gauge bosons W;*? for SU(2),
and another field B, corresponds to the group U(1)y. The mixing between the last fields
introduces the physical fields of the electroweak theory W, Z and . Those mixings have
presented in the following transformations:

Wt 4 W2

wF o=
V2

B, = Zcosbty + ysinby,
Wj’ = ZcosbBy — ysin by, (1.3.7)

where 6y, is a mixing angle called the Weinberg angle.
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1.3.3 Scalar sector

The scalar sector (Higgs field) is a field that has a non-zero value ¢ in the vacuum, this

scalar has used to break the symmetry (the spontaneous symmetry breaking), it is presented

as a doublet under SU(2):
P+
o (1.3.8)

The scalar potential is given by the following expression:
V(®) = —p*dTd + A(0TD)? (1.3.9)

where \ and ;2 are the Higgs self coupling and a mass dimension parameters respectively.

1.4 The Standard Model Lagrangian

The renormalizable Lagrangian of the Standard model which is invariant under the gauge
group SU(3)c ® SU(2), ® U(1)y has taken the following form:

‘CSM = ['Fermions + 'CGauge + *CHiggs + 'CYuk:awa + £SI (141)
The term Lg; represents the Lagrangian of the strong interactions that is presented in

Eq.(1.2.1).

1.4.1 Fermions Lagrangian

The first term in the Lagrangian of the Standard model represents the fermions Lagrangian

which has the form:
LFermions = Z'\I/R’Y/’LD#\I]R + Z"IJL”Y#D“‘I]L, (142)

where ¥ represents both leptons and quarks and the covariant derivative D, for left and

right handed fields are given respectively by:
1 l
DquL = (aM —I— Eg,YBM + §taW§)\I/L, (143)
1
DM\IJR = (aﬂ + §g,YBlu)\IjR (144)

The t,(a = 1..3) represents the generators of the SU(2) giving by the three Pauli matrix, g
and ¢’ are the couplings constants associated with the groups SU(2) and U(1) respectively.
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1.4.2 Yung-Mills Lagrangian

The second term in L), represents the Lagrangian of gauge bosons (Yung-Mills Lagrangian
[67]), it takes the form:

1 1
'CGauge Bosons — _ZWNVWMV - ZFMVFMV, (145)

this Lagrangian represents the kinematics of the gauge bosons. The strength tensors F),

and B, are given by:

W = 0W8—=0,Wi+gfWiwg. (1.4.6)
F., = 0,F —0,F,, (1.4.7)

where fu. is the structure constant of the group SU(2) and a,b and ¢ run from 1 to 3.

1.4.3 Higgs Lagrangian

The term Lpq4qs presents the Higgs Lagrangian which is responsible for giving masses to
all particles in the SM:

. . 2
i i "
L =100+ §g'yBM¢ + §gTaWM(I> - V(). (1.4.8)

The first part represents the kinematic of the Higgs, while, the second one determines the
scalar potential V(®) that is given in Eq.(1.3.9).
From the Lagrangian (1.4.8) and after SSB, we derived the Higgs mass m; and the

Feynman rules for the Higgs self interaction vertices gpn, and gpppn:

m; = 2% = -2 (1.4.9)

Gnnn = 3idv = 3%%, (1.4.10)
A oomi

Ghhhh = 411 = U_Qh (1.4.11)

The value of v was determined from the following relation:

2M 1
v=" = =246 GeV, (1.4.12)
g V2Gr

where G = 1.1663787 x 107° GeV 2 is the Fermi constant.
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1.4.4 Yukawa Lagrangian

The term Ly, rawe presents the Yukawa lagrangian, it describes the interactions between

fermions and the Higgs field, its expression is:

3
Ly=> ( — NIQ, ), — NI QP — A?fﬁb%) + h.c (1.4.13)
ij=1
Where \; is the Yukawa coupling, L} and % are the left-handed and right-handed fermions
(leptons, quarks) respectively, whereas, ¢ = —iT?®*.
To find physical field u and d, we introduce unitary matrix V, it transforms u and d as

follows:

uyp, = VuLu'L, UR:VULUIR, (1414)
dp = Vardy, dp = Vardp. (1.4.15)

The matrix V is called the Cabibbo-Kobayashi-Maskawa (CKM) matrix, it is defined as
[68,69]:

Vud Vus Vub
Vea Ves Vb (1.4.16)
Via Vis Vi

For completeness, it should be mentioned that, in order to get the total quantum La-
grangian of the Standard Model it is necessary to add a gauge-fixing Lagrangian, Lgp, as

well as a ghost Lagrangian Lgp.s. Therefore, the complete Standard Model Lagrangian is:
ESM - ['Fermions + LGauge + 'CHiggs + £Yukawa + LSI + *CGF + Lghost‘ (1417>

The expressions of Lor and Lypes take the following relations:
—1
28

Lop = ——(0,A")? (1.4.18)

And
Lohost = —¢*0" D, c” (1.4.19)

Where ¢ and ¢ represent the ghost and anti-ghost fields respectively, they are scalars fields
satisfied the Fermi’s statistic.

1.5 The Higgs mechanism

Adding the term m?M* M, to the Standard Model Lagrangian (1.4.1) leads to the violation

of the local SU(2) ® U(1) gauge invariance while due to its absence the gauge bosons remain
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massless. But in fact the WT and Z of the electroweak interactions have a rang which proved
that those gauge bosons are massive, therefore, a fundamental question was asked, how the
physical gauge bosons gain their masses? The same question was asked in the fermions sector
because the fermions are massive particles but the term ma; ¢ (the term which is responsible
to generate fermions masses) violates the invariance of the Yukawa Lagrangian because of
the two chiralities are in different representations of SU(2). To answer this question and to
explain the original source of the masses in the physical spectrum. The Higgs mechanism
has been proposed by Higgs-Brout-Englert in 1964 to generate masses to all particles in the
Standard Model (both the gauge bosons and all fermions leaving the photon massless) by
applying the spontaneous symmetry breaking (SSB) in the electroweak sector, it works only
when we give a non-vanishing vacuum expectation value.

In this section, we apply this mechanism to both abelian U(1) and non-abelian SU(2)

theories.

1.5.1 The SSB in the global continues symetry U(1)
The density Lagrangian for a complex scalar field ® = ‘pﬁ—\/%% is given by:

L= _TIFWF*“’ + (0,®@)1(0"®) — V(). (1.5.1)

The first term represents the kinematic term of ®, while the second one is the Higgs potential:
V(®) = —p2dTd + \(PTd)2. (1.5.2)
Eq.(1.5.1) represents an invariant Lagrangian under the following global transformation U(1):
d=Ud =, (1.5.3)
According to the parameter p2, two regions are distinguished:
e For p? < 0:

To minimize the potential V (&), we have derived it as follows:

oV (@)
0P

= Of(—p? +200%) =0, (1.5.4)

we get:
O (—p? + 2)0?) = 0. (1.5.5)

For A > 0 and p? < 0, we get only one solution ® = 0.

e For p?>0:
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For A > 0 and p? > 0, we get two solutions ® = 0 and ® = 75 Where v = \/";ew.
The solution ® = 0 corresponds to a maximum whereas the solution ® = \% represents a
minimum of the potential, a graphic representation to those solutions has been presented it

the following Figure:

Figure 1.2: The graphic representation of the scalar potential where p? > 0.

In the minimum, the complex scalar field ® has a non-null value < ¢ >= v.
The perturbation around the minimum can be parameterized by: \% =d,— \/LQ and ¢, = \%,

thus, a new scalar field has introduced:

O(r) = %(U +h+if) = ef(v\—/gh

where both £ and h are real fields. We have developed the potential using the expression
(1.5.6), we get:

), (1.5.6)

V@%:W§§+%@fﬁyw“ (1.5.7)

After some steps in the calculations, we get a real scalar field h that has a mass 1/2u2 with

no Goldstone bosons appear in the theory.

1.5.2 The SSB in the abelian gauge theory

In this section, the Higgs mechanism in the abelian gauge theory is discussed using the local
transformation where a(x) is an arbitrary function of space-time, this transformation get

the following form:
P=Ud =P = )P, (1.5.8)

where ¢ is the Noether’s charge, #(x) is a local transformation parameter. Lagrangian is

variant under this transformation, to take its invariance back, that requires to replace 0,
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by D,. The introduction of D, leads to the appearance of a new vector field A, called the

gauge field. The expression of the covariant derivative in the abelian group U(1) is given by:
D, =0, +1iqA,, (1.5.9)
where A, has the following transformation:
A, =A,—0,0. (1.5.10)

The propagation of the field A, is described by the following tensor:

F. =0.F, —0,F,. (1.5.11)
The resulted invariant Lagrangian has the following form:
-1
ﬁ::755@}W”+«L¢¢V(D“¢y+u%wé-A@ﬂ@f. (1.5.12)

As we reported before, if we add the term m?A4*A, to the Lagrangian (1.5.12), that will
break the invariance, therefore, to get the mass of A, we use A > 0 and p? > 0. According

to (1.5.6), we get:

B(z) = %(UJthrié) (15.13)

Using the Eq.(1.5.13) and after the development of the Lagrangian (1.5.12), we get:

1 1 1
L = Y B - §(auh)2 + 5(@@)2
vEAR? + %(221)214#/4“ —evA,0"¢ (1.5.14)

From the Eq.(1.5.14), we get a mass term for the scalar field h given by m;, = \/2u2, the
field £ remains massless and the boson A, get a mass m4 = ev.
To get a pure theory the Goldstone field £ has to disappear, we do that by using the following

transformations that called "the unitary gauge":

AH — AM - (1515)

(v+ h), (1.5.16)
Using the conditions (1.5.15) and (1.5.16), we get the final form of the Lagrangian:

1 1 1 1
L — _ZLF”VFW + 5(@}@)2 + (v + h)2APA, — M2h? — Moh® — Z)\h4 +...(1.5.17)

2
This Lagrangian describes the kinematic part of the scalar boson with its mass my, = /2u?2,

the kinematics of the field A, with its mass expression m4 = qu. Notice that the Goldstone
boson was eaten by the gauge field to can acquire its mass.
In the next section, we discuss this mechanism in the non-abelian theory SU(2) @ U(1)

(electroweak sector).
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1.5.3 The SSB in the non-abelian theory

In the case of the non-abelian theory (electroweak sector), we introduce a doublet complex
scalar field under the group SU(2):

1 [ @ +id
S e (1.5.18)
V2 \ ®5+id,

The local transformation in the electroweak theory has the following expression:
.04
o = exp(zaiE)CD (1.5.19)
The Lagrangian under the group SU(2) ® U(1) is written as:
1
L= (D,®)D"'® + ;20T — \(DTd)? — 7 (1.5.20)
In the case p? > 0 and A > 0, the product ®T® can be expressed as:

2
—u> 1
ot — % = (@7 + 05 + @5+ 0) (1.5.21)

To break the symmetry SU(2), we choose ® to take the following form:

, -0 0
¢ = el | : (1.5.22)
75(1) + h)
where h represents a reel scalar field, we proceed as in the previous section, we perform an
SU(2), scalar field:
0
o = , (1.5.23)
( \%(U + h) )

using the previous field with the product (1.5.21) and after some steps of calculations, we
get the term |D,®|*:

. 2

i
2
(% SOWEHgB)  FeWE- W)\
2 F9Wy +iW5) 0+ 5(gWi —g'By)

7: a
|D,®? = ‘(BM—{— g'yBﬂ+§gTaWM)(I>

2

1 1
— 5(aMH)2 + ggQ(u + H)*|W,, + W2 |?

1
+ S+ HPlgW) = g' B, (1.5.24)
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Substitute the following mixing angles:
g

COS 9W = W, (1525)
g/
9°+yg
gl
tanfy = =, (1.5.27)
g
with the expressions (1.3.7) in the expression (1.5.24), we get the following result:
1 1 1
(D, ®)'(DFp) = 5(aﬂh)2 + Z—ng(U +Rh)PWIW, + g(g/2 + )+ h)’Z+ (1.5.28)
From the expression (1.5.28), we find the masses of the gauge bosons:
mw = gv, (1.5.29)
1
my = 5\/92 + ¢, (1.5.30)
my = 0, (1.5.31)

where we have used the following definitions during the development of the Lagrangian:

W3 — ¢ B*
And - 5
+ "

A= TIT (1.5.33)

In the SM, g and ¢’ are free parameters which have a linear relationship with the gauge
bosons masses my, and myz. Experimentally we have got my, = 80.40 GeV and mz = 91.19
GeV, that help us to determine the values of both cos? 8y and sin? 6y that have taken 0.778
and 0.232 respectively.

Thus, after we apply the spontaneously symmetry breaking in the electroweak theory and
by using the local transformations, we found that the gauge bosons W and Z have absorbed
the Goldstone bosons to gain their masses my+ and my, leaving the U(1)g unbroken (the

photon remains massless) and from all that, we get:

From the same expression (1.5.24), we get the Higgs boson coupling to the gauge bosons:
—2im?
ghvv = ” v, (1.5.35)
—2im?
grvv = T3 v, (1.5.36)

(1.5.37)

where V represents the gauge bosons WT or Z.
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1.5.4 The Higgs mechanism for fermions

In this section, we discuss how fermions gain their masses through the Yukawa Lagrangian
by using the Higgs mechanism.
The expression of the Yukawa Lagrangian as we reported before is:
3 y - .. y . ) .
Ly =) ( — NIQL Ul — NI Q) di, — A;JLZL@%) + h.c (1.5.38)
ij=1
For electrons, we have:

LY == —)\eéL(I)CGR + h.c (1539)

Substituting the same doublet scalar field

b = 0 1.5.40
= 2w+ h) (1540)

in the Lagrangian (1.5.39), we get:

EY = ——€U§L€R — —ehELeR. (1541)

V2
Therefore, the electron mass is:

v. (1.5.42)

me =

From the same Lagrangian (1.5.41), we found the coupling of the Higgs boson with electrons:

1M,

Ghe—et = (1543)

Applying the same method, we can get the remaining lepton masses (m, and m,) and the

other couplings gy, and gn,-

1.6 Neutrinos masses

Neutrinos are assumed to be massless in the Standard Model (SM). The absence of the right
handed neutrinos in SM particle content makes the following Lagrangian:

which represents the Dirac neutrinos mass term is not allowed. But the experiments in-
dicated the existence of neutrino oscillations which can happen only if the neutrinos are

massive and lepton flavors are mixed, thus, a new physics appears but Beyond the Standard
Model.
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In 1979, Weinberg extended the SM to generate non-zero tiny neutrino masses by intro-

ducing some higher-dimension operators in terms of the fields of the SM itself [71,72]:

Li—s Lis
A A

where A denotes the cut-off scale of this effective theory. The lowest dimension operator

ﬁeff = Loy +

T (1.6.2)

that violates the lepton number (L) is the dimension 5 Weinberg effective operator [72]:

Ci;
77 (EQWEBJLgiCLﬁjHVH(,) + h.c. (1.6.3)

where the Greek and Roman indices denote SU(2), and flavor components, respectively.
After spontaneous gauge symmetry breaking (EWSB), this Weinberg operator yields to
neutrinos masses: o

%<H0>21/ECI/LJ- + h.c, (1.6.4)

where the coefficients C are of the order A~! where A is a mass scale which generates the
effective Weinberg operator. The neutrino masses can be sufficiently small < 1 eV only if A
is not far away from the scale of grand unified theories (A ~ 10 GeV for (H) ~ 10* GeV).

In fact, there are other ways to generate the Weinberg operator at tree level (indeed it
can also be generated radiatively [73-76]), the so called seesaw mechanism.

There ought to be two vertices with L’s, H’s and some mediator field. If the two H’s are
in the same vertex, HH must be in a triplet representation of SU(2), (because the singlet
combination is antisymmetric), so the mediator must be a scalar triplet A=(AT+ AT AD)
(type-1I seesaw [77]). If, on the other hand, each vertex contains both an L. and an H, then
the LH combination can be either in an invariant or in a triplet representation of SU(2), ,

so the mediator field must be a fermion singlet vg (type-I seesaw [77]) or a fermion triplet
Y = (2T, 29 37) (type-III seesaw [77]).

Type I seesaw H H Type II seesaw L o n /H
H\\\ yp /// \\\ P H\ Type III seesaw )/
Al A\ 4
‘\ VR VR /’ A A N vy s /
y 'yv NmA>———>——)€——>—— Y ye ) /yE
* 2 k
mp / ma my
/l
L L H/ L L L

Figure 1.3: Diagrams which generate the different seesaw mechanisms. The mediator field
might be a fermionic singlet (type-I seesaw), a scalar triplet (type-II seesaw), or a fermionic

triplet (type-11I seesaw).

1)-The type-I seesaw mechanism: The simplest way to give mass to neutrinos in the SM

is to introduce right-handed neutrinos vg (seesaw mechanism type-I), through the following
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Lagrangian:

After spontaneous gauge symmetry breaking, we get the Dirac neutrino mass % In this
case, the smallness of three neutrino masses m; (for i = 1, 2, 3) is attributed to the smallness
of three eigenvalues of Y,, denoted as y; for i= 1,2,3 (the Yukawa matrix Y, must be of the
order of 107! because of the neutrinos have masses smaller than the electronvolt) . Then

we encounter a transparent hierarchy problem:

&_@< 0.5eV

= ~ 107 1.6.6
Ye me — 0.5MeV ’ ( )

why is y; so small?
There is no explanation at all in this Dirac-mass picture.
The question of why three known neutrinos have tiny masses can be explained at the tree

level by introducing another extra renormalizable term that is allowed by the symmetries:
]'—T *
- L= ....+§VRmRCyR—|—h.c. (1.6.7)

Where C = i?4°. Together with the Dirac mass term shown in Eq.(1.6.5), this Majorana
mass term for the right-handed neutrinos generates a Majorana mass for the light, mostly

left-handed neutrinos, at tree level:
1
—L=..+ §ng£Cl/L + h.c, ml = - Y"TmpYV(H°)?. (1.6.8)

To derive this expression, one assumes that right-handed Majorana neutrino masses are
much heavier than Dirac masses, in such a way that for practical purposes the states vg
become non-dynamical and can be integrated out. As such, Eq.(1.6.8) is to be seen as
the v;, mass generated at tree level by the exchange of heavy vy states, after electroweak
symmetry breaking (EWSB). This scenario, where the heavy mediators are fermions which
are singlets under the Standard Model gauge group, is known as seesaw type-I. In the basis
where both mpz and the light neutrino mass matrix m? are diagonal, the Yukawa matrix Y
has the form [77]

”:L mg miUT .6.
Y (H%vr_ovij, (1.6.9)

where O is some orthogonal matrix which accounts for the mixing involving the heavy
neutrino states.
2)- In type-1I seesaw, the heavy scalar triplet A is added into the Standard Model, it has
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the following mass and interaction terms with leptons and the SM Higgs doublet H:

7

1
Y }/Z]A |:A++6€-C€Lj — §A+(€€iCVLj +11— .]) + AO(VECVLJ']

N ﬂ*m*A |:A++(H+*)2—{—\/§A+H+*HO*+AO(HO*)2:|
2

m
i TA {‘A++‘2 + ’A+‘2 + |AO’2 + h.c., (1.6.10)

leading to an effective neutrino mass matrix of the form

HO 2yA
it = MEYT (1.6.11)
ma

3)- In type-III seesaw, two or more fermionic triplets ; = (3,39 3.7 are necessary to

reproduce neutrino oscillation data:

—L:IH = }/”E <\/§H+E;FVLJ' + H+i?€Lj + HoigVLj - ﬂHoiieLj)

1, ., _ _
+ E(mz)ij (2;”02]. + 35,708 + 577C5Y + hec. (1.6.12)
Here, we used T = (X7). The neutral component of triplets plays an analogous role to

the one of vy in a type-I seesaw. As such, the effective neutrino mass matrix is given by:

mi = YT m 'Y= (H)? (1.6.13)

14

As a result, for each of the seesaw pictures, one may arrive at the unique dimension-5
Weinberg operator of neutrino masses after integrating out the corresponding heavy degrees
of freedom [71]:

%(YVMleVT)QBZQLHHTﬁcLﬁ + h.c,

A T e (Va)apLar HH 655 + hoc, (1.6.14)
s(Ye M"Y g Lo HHT (S 4 + h.c,
corresponding to type-I, type-II and type- III seesaws. After spontaneous gauge symmetry

breaking, H achieves its vacuum expectation value (H) = § with v— 246 GeV. Then we are

left with the effective Majorana neutrino mass term for three known neutrinos,

Lo — %ELM,,VE +he. (1.6.15)
where at the tree level the Majorana mass matrix M, is given by [71]:
—1Y,-vT (Type),
M, = )‘AYAJ\Z_Z (Type-II), (1.6.16)
eV (TypeIID).
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It becomes obvious that the smallness of M, can be attributed to the largeness of Mg,

Ma or My in the seesaw mechanism.

In the end, we have to mention that there are also other, more complex tree level seesaw

realizations. We shall mention here the inverse [78] and linear [79] seesaws.

1.7 The parameters in the Standard Model

The Standard Model contains several physical parameters:

1.

2.

. 2
. The couplings constants o = £, a =

The constants @ and A which the scalar potential has written as a function of them.

The vacuum expectation value v.

2

and ag = %2 of the electromagnetic

interactions, the weak interactions and of the strong interactions respectively .

e
47 sin Oy

. The Cabibbo-Kobayashi-Maskawa (CKM) matrix elements.
. 12 fermions masses (quarks and leptons).

. The electric charge e which equals to:

e = gsinfy = ¢ cos by . (1.7.1)
The parameter p (Veltman):
I (1.7.2)
p_mQZcos29W_ ’ o

where the Weinberg angle is defined by this relation:

/

tan by = g—, (1.7.3)
g
or by:
cos Oy = m—W, (1.7.4)
mz

where my, and my are the masses of the gauge bosons W and Z respectively.

1.8 Theoretical constraints on the mass of the Higgs bo-

son

In the previous sections 1.5 and 1.6, we discussed how all particles in the Standard Model

gain their masses, between all of them we found out that the expression of the Higgs mass
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has written as a function of the unknown parameter A. To can detect the Higgs boson
experimentally many constraints have proposed to determine the upper and lower bounds
on its mass. To constrain the parameter A\, the perturbative unitarity, the stability of the

potential and the triviality conditions are discussed.

1.8.1 Unitarity condition

Limiting the divergences which appear in the elastic scattering of the gauge bosons (e.g
WHW~= — WHW™) by adding the contributions of the scalar particles (the Higgs boson)
determines the upper limit on the mass of the Higgs boson.

In order to derive unitarity constraint one needs to look at the tree level scattering
processes: scalar-scalar scattering, gauge boson-gauge boson scattering, and scalar-gauge
boson scattering [27]. Applying the equivalence theorem [80,82,83|, the unitarity constraint
at the tree level can be implemented by considering only scalar-scalar scattering processes
dominated by quartic interactions.

The scattering amplitude of W*TW = — WTIW ™ can be written in term of the partial

waves as follows [84] :

M(s,t,u) =167 > (21 + 1)P(cos B)ai(s), (1.8.1)
1=0
where s,t,u are the Mandelston variables, a;(s) is the spin | partial wave, P, are the Legendre
polynomial of order 1. The differential cross section of the process W W~ — WHW ™ is
given by [84]:

do 1
— = M| 1.8.2
ds? 647r23| | ( )
The expression of the cross section is found to be:

167 —

o= =25+ 1)) (1.8.3)
s
=0

From the expression of the total cross section and using the optical theorem, we get the

following unitarity constraint [84]:
la))? = Im(a;) = |R(a)|* + |Im(a;)|?, (1.8.4)

for all 1, the expression (1.8.4) is nothing more than an equation for a circle in the plane

(R(a;), Im(a;)) with the radius 1 and the center (0, 3). It can be shown from the graphical

representation of this circle that:
1
|R(a;)| < 5 for all 1 (1.8.5)
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The partial wave a; can be extracted from (1.8.1), then we get:
1
a; = ﬁ/ d(cos 0)P,(cos ) M(s,t,u). (1.8.6)
-1

The expression of the largest amplitude of the process W W~ — WHW ™ is given by [89]:
—3G Fm,%

872 '

max

ao —

(1.8.7)

From the condition (1.8.5), we get:
myp, < 700GeV, (1.8.8)

where we have used Gp = ﬁ and v? = 246 GeV. The expression (1.8.8) is an upper limit
condition on the Higgs boson mass. Thus for the case where m; > 700GeV we lose the
perturbativity of the theory, therefore the unitarity condition will break down.

The other constraints (the triviality and the vacuum stability) comes from the running

of the Higgs self-coupling \ with the energy as we discuss in the next subsections.

1.8.2 Triviality and stability conditions

The second condition which constraints the Higgs mass is coming from the triviality condi-

tion. The coupling A which runs with the energy has described by the following relation:

d\

M 1.8.9

dt 5)\7 ( )
where t = In Q2. At one loop, the scalar contributions of the quartic coupling are shown in

the following diagrams:

Figure 1.4: Diagrams contribute to the loop.

Those diagrams represent the quartic coupling which are run with the renormalization
scale as [90]:
Do (e

== (e M- A b)), (15.10)

e
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where h; is the top Yukawa coupling, A is the Higgs self coupling and B(g, ¢') describes the

contribution of the gauge bosons, this contribution is given by the following relation:

1 1
Blg,q) = gk(i%g2 +9%) + 6—4(394 + 299”7 + g"). (1.8.11)

To can find the constraints on the parameter A, two regions are distinguished:
e \>>gqg,d hy.

o \<<g,q, hy.

The region where \ >> ¢, ¢, Iy

For large values of A\, the contributions of the Higgs top quark coupling and gauge bosons

are negligible, so Eq. (1.8.10) becomes:

dA 3
Eq.(1.8.12) gives the following solution:

A(v)

1= 5 (%)

According to Eq.(1.8.13), we notice that whenever A grows, A(A) grows until it exists a

AA) = (1.8.13)

scale A at which A(A) is infinite, the A(A) keeps increasing until it arrives at a singularity:

BMv) | (A_Q) _1 (1.8.14)

at a scale, we get:

). (1.8.15)

The expression (1.8.15) is known as the Landau pole. If we require \(Q) < A for all

() < A this puts a constraint on the value of the Higgs self coupling at the electroweak scale

(OF
4 2
ANoymes = — . (1.8.16)
That leads to an upper limit on the Higgs mass which is:
Q272

mp < | = my, < 160 GeV, (1.8.17)

where we have used the fact that the maximum Higgs mass has this relation:
mp = /2\(v)mary?2, (1.8.18)
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The region where \ << g, ¢, Iy

In this region, the dominant contribution comes from the gauge bosons and from the Higgs

top quark Yukawa coupling, so in this case Eq.(1.8.10) takes the following form:

1 4 3 4 2 2
= — —(2 1.8.1
B = o] O gt 0 o) (18.19)
2

Since this result is negative, there is a scale A for which A(A) becomes negative with this
kind of solution no theory is constructed because when A(A) < 0 the potential is unbounded
from below. To make the potential bounded from below it should turn A up to be positive

at a scale. This condition puts a lower limit on A(A), therefore:

d\

i By = AA) — A\(v) = AIn (/1}—22) (1.8.21)

To ensure the stability of the potential a condition has proposed on A(A) (A(A) > 0) together

with Eq.(1.8.21), we get:
3U2y2 A2
2 t

The condition (1.8.22) leads to a lower limit on the Higgs mass.

1.9 The Higgs Boson of the Standard Model

After we break the symmetry, all the particles of the Standard Model gain their masses, in
addition, we get a new degree of freedom which represents a new elementary particle called
the Higgs boson.

In 4 July 2012, ATLAS and CMS collaborations in the LHC at CERN have announced
the discovery of a new CP-even scalar particle with 50 of the confidence that ensures the
existence of the Higgs boson. This missing particle has a mass around 125-126 GeV, the
combined measured at ATLAS has precise its mass from a resonance which appears as a
narrow peak in the mass spectra of its decay into 4y or to 4 leptons as it indicated in the
Figure 1.5 to be m;, = 125.09F0.24 GeV, all the experiment results indicate that this boson
has J? = 0" with no electric charge, no color charge with weak isospin equal to ’71 and
hypercharge equal to 1. The production of the Higgs boson comes from many channels but
the most dominant process is the gluon-gluon fusion because of the fact that the density of
gluons is more important than the density of quarks in the proton whereas it can decay to

any allowed finale states since it is an unstable particle, moreover since its coupling with
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particles is proportional to the particle mass, the Higgs boson prefers to decay into heavy

particles as we show in the next section.

CMS Preliminary 2016 + 2017 + 2018 137.1fb™ (13 TeV)
% Ai'LAS Prelliminary T +| Daia T ] %240j\u‘uuuu\‘HHHH\‘H\HHH‘\HHHH‘\Ht
50000 — F ]
o Vs=13TeV, 139 fb — Fit ] (ca 2201 55?1‘25) E
[7)) - . _ .
£ e Background . ~ 200} 99—2Z, Zy*
s 40000F 9 1 o F } Wog-22, 2" -
& E = S 180 Wz+X 3
30000 —] u>.1 160 E E
20000f— — 140~ E
- = 120 =
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0000 H—yy, m,, = 125.09 GeV 100 - =
2  1500F ' = 801 =
> = = - .
% 1000 5 60 o =
-é 500 + —; 40 ;7 7%
@ o = ’ 201 .
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Figure 1.5: SM Higgs boson mass measurements at ATLAS and CMS [25].

Another experimental evidence that prove the existence of the Higgs boson is a param-
eter called the coupling modifier, it represents the ratio between the experimental and the

theoretical cross section [91]:

2_ 9
Kj = = (1.9.1)
it can take this form [91]:
T,
2
K = s (1.9.2)
J

This parameter is used to determine the deviation of the theoretical SM Higgs coupling
from the experimental measurements (if it equals to 1 that leads to the direct evidence of
the existence of the Higgs boson). According to the particle which will couple with the Higgs
boson at the tree level, we can get many individual parameters x; that are kz, Kw,kp, Kr

and k,. ATLAS collaboration have announced the following results [91]:

Ky = Kw=4kKz Ky = 1091000 (1.9.3)
Kp = K =Kp=FK; =K, kp = 1117511 (1.9.4)

Those results are consistent with the SM prediction with some errors due to statistical,
systematical and theoretical uncertainties.
From section 1.5, we found that the expression of the Higgs boson couplings are propor-

tional to the mass for the fermions and they are proportional to the quadratic mass for the
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gauge bosons. Figure 1.6 represents the variation of the coupling of the SM Higgs boson
with the fermions and with the gauge bosons as a function of their masses, in spite of all
the errors, it behaves like a straight line which is in good agreement with the theoretical

prediction. That is a strong experimental evidence of the existence of the Higgs boson.

19.7fb" (8 TeV) + 5.11b' (7 TeV)

_(E :H] T IIIIIIII T T IYlTlll T T IIIIIII T i
e - CMS
N 1E t
= =
O -
s - | =-—58% CL
107 | —os% cL 3
- |---SM Higgs ’
102 ‘ -
107 i (M, &) fit |
=68%CL |
—95%CL |
104 L 1 1 ol Lol .l
0.1 1 10 100

Particle mass (GeV)

Figure 1.6: The graph shows the variation of the coupling constants of the Higgs boson to

various particles. (the statistical errors are presented by the blue and red bars) [92].

1.9.1 Higgs production modes

At LHC, the four main processes to produce the Higgs boson are:
e The gluon-gluon fusion ggF (g9 — h),
e The vector boson fusion VBF (qq¢ — V*V* — qqh),
e Higgs-strahlung (gg — Wh, Zh),
e (th production (gg,qq —> tth).

In this section, we discuss those processes.
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The gluon-gluon fusion (ggF)

The gluon-gluon fusion (ggF) is the dominant mechanism of the main Higgs production
process at the LHC, in spite of the absence of any direct coupling between the Higgs and the
gluons, the process gg — h can happen in indirect manner by a loop as we show in Figure
1.7, it has a contribution comes from only massive fermions (the most dominant fermion is
the top quark), since the gauge bosons are colorless, they can not couple to the gluons hence
they do not have any contribution in the loop. This mode is contributing by 80 % of the

total cross section of the four main Higgs production.

Figure 1.7: Diagram of the ggF process.

The vector boson fusion (VBF)

Higgs boson production via vector boson fusion (VBF) is the second dominant process of
the main Higgs production at the LHC. It can be visualized as the inelastic scattering of two
quarks (anti quarks), mediated by W or Z exchange which will combine together to produce
the Higgs boson (Figure 1.8), this mode is contributing by 6.9 % of the total cross section

of the four main Higgs production.

Figure 1.8: Diagram of the VBF process.
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Higgs strahlung

The third dominant process in the production channel of the Standard Model Higgs boson is
the Higgs strahlung (VH), it associated when a quark collides with an anti-quark to produce
a massive vector bosons W¥, Z which they radiate a Higgs with a vector boson W, Z

(Figure 1.9). This process has a much lower probability at LHC to produce the Higgs, it

contributes only by 4.1 % (5.1 %) of the total cross section of the four main Higgs production.

q

Figure 1.9: Diagram of the Higgs strahlung process.

tth production

The tth production has a lower probability in the Higgs production at LHC, this process
happens by the scattering of two gluons to a pair of top and anti-top mediated by top quark
exchange (Figure 1.10). This channel contributes only by 0.9 % of the total cross section of

the four main Higgs production.

Figure 1.10: Diagram of {th production process.
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1.9.2 Higgs decay modes

The Higgs boson is an unstable boson, it can decay into particles in which we have available

energy. The main decay modes come from:
e Fermionic tree level decay modes h — ff !,
e boson tree level decay modes h — V'V,

e loop-induced decay modes h — gg and h — yy(Z7).

Fermionic tree level decay modes

The Higgs coupling to fermions is proportional to the masses, therefore, the Higgs boson
is likely to decay into heavy fermions (quarks,lepton), thus the most dominant Higgs decay
into fermions are: bb, 77, ¢c and p~p* (see Figure 1.11).

In the region where the mass of the Higgs is equal or smaller than 135 GeV, the most

dominant decays are bb and 7.

Figure 1.11: Diagram of fermionic Higgs decay.

Bosonic tree level decay modes

The Higgs boson can decay into two gauge bosons (two charged W7 or two neutral bosons

Z) by the following gauge vertex:

WZ

WZ

Figure 1.12: Diagram of the Higgs decay into two gauge bosons.

!Fermionic tree level decay modes can be h — 4f, h — VV — 4f.
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The decay of the Higgs into two heavy gauge bosons is one of the main processes of the

SM Higgs boson decay at LHC, two cases have been distinguished during the study:
e For M), < 2Mw(z)

In this case, there is not enough energy to produce two real gauge bosons W or Z, therefore,
the Higgs will decay into one real gauge boson and the other will be a virtual one h — V*V/,

the later V* will decay into a pair of fermions.
e For M, > 2MW(Z)

In the case where M, > 2Myy (), there is enough energy to produce two real gauge bosons,
the decay h — WTW ™ is experimentally difficult to exploit because of the high cross

section of multi-jet processes in pp collisions [25].

Loop induced decay modes

The Higgs boson is a neutral scalar boson, it does not have either an electric charge or color
charge, thus, there is no direct interaction between the Higgs and the photons (gluons).
Therefore, all the following decays h — gg, h — yv(Z~) happen only by loop corrections
(see Figure 1.13).

Figure 1.13: Diagram of the Higgs decay into two gauge gluons and yvy(Z7).

The decay h — gg is mediated only by massive fermions (top quark) whereas both
decays h — vy and h — Z~ are mediated by fermions (via top quark) and via gauge
bosons (W¥). In spite of the fact that the decay into 7 has a small branching ratio at the
LHC, the diphoton channel has used to prove the existence of the Higgs boson since it has

a clean signature.
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1.10 Beyond Standard Model (BSM)

The Standard Model provides an extremely successful to describe the behavior of all the
known elementary particle and all the forces of the universe (except the gravitation force),
it can explain how particles gain their masses through the Higgs mechanism. But in spite
of all the compatibility of the experimental and the theoretical results, the SM became an
effective field theory which is valuable in some scale energy. It fails to address some of the

most fundamental questions about the matter and forces in our universe.

1.10.1 Problems of the Standard Model

The Standard Model failed to explain many fundamental questions:

1. Gravity is a much weaker force compared to the other three forces of nature hence
this force is ignored in the SM. therefore it can not explain how can gravitational

interactions be described in terms of particle physics?
2. The SM can not explain why there are exactly 3 generations of quarks and leptons.

3. The oscillation neutrinos provided that the neutrinos have masses but the SM can
not expect the existence of the right-handed neutrino, therefore, How we can generate

neutrino masses?
4. Why is not there the same amount of antimatter as matter in the universe?

5. The SM can describe only 4% of the universe all the rest of it are dark matter and
dark energy which consistent unknown particles. Thus, The SM can not explain what

does dark matter in the universe consist of?

To answer all those questions, theoretical physicist proposed theories beyond the Standard
Model, among those models we are interested in the extension of the electroweak sector to
get models based on SU(3) ® SU(N) ® U(1) where N=3,4.

1.10.2 SU3)® SU(N)® U(1) gauge models

Models based on the gauge group SU(3)¢ @ SU(N ), ® U(1)x (for short 3-N-1 models) are
the extension of the Standard Model. where N it takes 3 for the first extensions while N=4
(the higher extension of the electro-weak theory) for the second extension. The 3N1 models
have many versions according to the parameters § and v which define the electric charges
of new particles. Fermions fields in the 3N1 models are arranged in the group SU(N) that

leads to the existence of new exotic fermions, depending on the exotic electric charges we
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distinguish many versions, moreover we classify the 3N1 models according to the scalar sec-
tor.

For N=3, we get models based on SU(3)c ® SU(3), ® U(1)x (331 models for short),
they predict new particles in all the three sectors. In the fermions sector, we have additional
particles in the multiplies called exotic fermions either in the lepton or in the quark gener-
ations. In the gauge boson sector, besides WT, v and Z of the SM those models predicted
the existence of five new gauge bosons, some of them are doubly charged, some of them
are neutral and others are singly electric charged. In the scalar sector, each scalar field is a
triplet leading to the existence of new scalar bosons.

For N=4, we get models based on SU(3) ® SU(4) ® U(1), the so called 341 models.

In the next chapter, we discuss the 341 models, their particle content and their fundamental

features in details.

1.11 Summary

The Standard model is a pretty good theory, it can explain all the behavior and all the
interactions of the known particles in the universe even it explains how particles gain their
mass through the Higgs mechanism leaving no particle without mass. But in spite of all its
success they still remain unanswered questions as we discuss in subsection 1.10.1. To explain
the undefined phenomena and to define the unknown particles, going beyond the Standard
Model becomes mandatory. Among those extensions and in our work we focus on models
that based on SU(3) ® SU(4) ® U(1) symmetry.

In the next chapter, we discuss what is the 341 models, we review their content particle
and their fundamental features. Moreover, we show how to make those kind of models free

from the gauge anomalies.
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The 341 models

2.1 Introduction

As we have reported in chapter 1, many unanswered questions reveal that the Standard
Model is an effective field theory and going beyond it became mandatory, therefore, theories
Beyond the Standard Model have been proposed many years ago. Among those theories, we
are interested in models based on the gauge group SU(3)c ® SU(4), @ U(1)x (hereafter the
341 just for short).

In this chapter, we review the theoretical studies of the 341 models in general then we
focus on its compact version. We discuss the chiral anomalies cancellation in the compact
341 model, we show how its particle fields are composed and how they gain their masses
though the Higgs mechanism using only three scalars fields. The fermion, gauge boson and

the scalar sectors are discussed in detail. Moreover, Its total Lagrangian is presented.

2.2  Anomalies cancellation in the 341 models
In general, the fermion representation under SU(3)¢ ® SU(4)r ® U(1)x read:

qr - (3747X¢f) = (3’37X(f) D (371anL)7
Uy, = (2.2.1)
Or: (1,4, XF) = (1,3, X))o (1,1, X}),

and
q (3,47, XE) = (3,3, X @ (3,1, X)),
U = (2.2.2)
e (1L,4% XE) = (1,3, X o (1,1, X}),
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while,
r: (3,1, Xf),
U= (2.2.3)
(p: (1,1, X[,
where X refers to the quantum number associated with U(1)x. The generator of U(1)x
commutes with the matrices of SU(4)r, hence, it should take the form X I 4.
Our multiples (quarks or leptons) transform in the 4 or 4* representation. In the general

case, each multiplet can transform as [93]:

[ (m) (mx)

q;, ,q, m= 1,2 .k m*=k+1,k+2 ..M,
—— o

~~
3k quadreplets 3(M—k) quadreplets

(2.2.4)
E(Ln)7€2n*) n= 1,2,...,5n*=35+1,7+2,...N,
—— > 4

TV
7 quadreplets N—j quadreplets

\

where the 3k-th multiplets of quarks are in the fundamental 4 representation while the
3(M — k) are in the fundamental conjugate 4* representation for a total of 3M quark left-
handed multiples. The factor 3 in the number of quark left-handed multiplets refers to
the existence of three colors. Similarly, the first j left-handed multiplies of leptons are
taken in the representation 4 and the (N — j) are taken in the 4* representation, for a
total of N leptonic left-handed multiplets. To define the fermionic structures and their
representations, the cancellation of the anomalies should be satisfied. Those anomalies come
from a triangular diagram involves the following gauge interactions structures: [SU(3)¢]? ®
Ul)x, SU4).a[U1)x]?, SU(3)e®[U(1)x]?,[SU(3) L], [U(1)x]3, SU3)c®@SU(4) U (1)x
[Grav?@U (1) x, [SUMA) ) @U(1)x, [SU4) )@ SU3)c, [SUB)c]? @ SU(4) L, [SU(3)c]?,
SU(3)c & [Grav]*.

Since Tr[T%] = 0 and Tr[r?] = 0, all the diagrams which are proportional to Tr[7"] and
Tr[r¢] respectively are automatically cancel.

The remaining anomalies: [SU(3)c]> ® U(1)x, [SUB3)L]?, [U1)x]?, [Grav]* @ U(1)x,
[SU(3)c]?, and [SU(4).]* ® U(1)x are non-trivial.

e The [SU(4).)® anomaly:

The total contribution of the [SU(4).]* anomaly comes from [94]:

Aabc 4L ( Z 4L — 24*) Aabc 4L)(TL4L n42), (225)

Qmr, sz

where A%¢(4,) = Tr(T¢{T?,T¢}) and A%¢(4,) = —A%¢(4%), 4, is a SU(4) quadruplet and
4% represents a SU(4) anti-quadruplets, ny, and ng; are the number of fermions quadruplets
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and anti-quadruplets respectively. This anomaly cancels only if the number of quadruplets

n4, is equal to the number of anti-quadruplets ny: . Thus we must have:
3k+j7=3(M—Fk)+ (N — 7). (2.2.6)
o [SU(4).]*>® U(1)x anomaly:

This anomaly cancels only if the sum of all U(1)x charges of the SU(4), chiral multiples is
Zero:
> Xp=jXp, + (N — )Xy +3kX,, +3(M - k)X, =0. (2.2.7)
fin,Qpr
Here M is the number of left handed quarks families, & is the number of SU(4), quadruplets
quarks multiplets and N is the number of left handed leptons multiplets. The cancellation

of this anomaly requires the satisfaction of the following condition:

Y XFH12) XEP-3> xF- N Xf=o (2.2.8)

Singlet
e The [SU(3)¢]? ® U(1)x anomaly:

This anomaly is similar to the [SU(4).]* ® U(1)x case but with [SU(3)¢]?, therefore, only

quarks will contribute, hence, it will be canceled only if:

D AX, + ) 4Xg, =) Xy, =0, (2.2.9)

QmL QnL qr

where X, X,, and X3, are the U(1)x charges of the right-handed quark, the left-handed

qR»

quarks and anti-quarks respectively. Notice that 3 = X,, =>_ _qg, since the U(1)x charges
of the right handed quarks are equal to their electric charges.

e The [Grav]* ® U(1)x anomaly:

To ensure the cancellation of the [Grav]? ® U(1)x anomaly, one needs to ensure that the

sum over all the U(1)x charges of all fermions (both left and right handed fermions) must

Y Xp— ) Xg=o. (2.2.10)

fermions fermions

equal zero:

e The [U(1)x]* anomaly

The [U(1)x]* anomaly cancels only if:

dXp =Y Xho=0, (2.2.11)
Fy, Fgr
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where F, and Fg are the left and the right-handed fermions respectively (quarks and leptons).

The expression (2.2.11) can take the following form:
Y (XP 12> (X -3 D) (XM= ) (X[ =0 (2.2.12)
Singlet Singlet

Based on the anomalies cancellation, Table (2.1) shows the general fermionic structure
where we take M = N.

N 0<j3<N 0<3k <3N solution for j + 3k = 2N

1 0,1 0,3 No solution

2 0,1,2 0,3,6 j=Lk=1

3 0,1,2,3 0,3,6,9 j=0k=2 j=3k=1

4 0,1,2,3,4 0,3,6,9,12 j=2:k=2

5 01,2345 0,3,6,9,12,15 j=Lk=3 J=4k=2

6 0123456 0369121518 j=0k=4 7=3k=3 j=6k=2

Table 2.1:  Possible solutions for j + 3k = 2N [93].

It is important to note that there are only some possible ways to choose the number of
quadruplet and antiquadruplet for a given number of multiplets [93].

According to Table (2.1), for N = 1, we get no solutions for the equality j + 3k = 2N.

For N = 2, we get one solution j = 1 and k = 1, which leads to the possibility of the
existence of a lepton and a quark generation lies in the 4 representation and another lepton
with another quark generation are in the 4* representation.

For N = 3, we get two solutions either J =0 and kK =2 or j = 3 and k = 1, for the first
solution 7 = 0 and k& = 2 we get three lepton generations with a quark generation lies in
the 4 representation whereas the other two quark generations are in the 4* representation.
And for the second solution where we have j = 3 and k = 1 that leads to three leptons
generations with a quark generation lie in the 4* representation and the other two quark
generations lie in the 4 representation and so on as we show in Table 2.2.

As we discussed, depending on the value of N we can figure out the possible generations
and their representations.

In the next section, we focus on the case where N = 3, we build the fermion sector based
on the idea of two quarks generations transform in the same representation while the third
one lies in a different representation. Table 2.2 represents the possible representations for

both leptons and quarks multiplies for any version of the 341 models .

IExcept the flipped 341 model

20



CHAPTER 2. THE 341 MODELS

N Allowed representations
04
02 4%
2
qt 4
2 - 4*
(W ) p3) . 4x (W 02 p3) 4
3 ¢V, q® 4 | [ ¢, @4
q®) :4x ¢ .4
(W 02 4
A SN IORY
g, ¢ .4
g®,q® . 4*
(05 -4 NN IR IC R
. ONIONICONICRY L 005) - 4*
@, q® ¢® -4 ’ g3, g ¢® . g*
g, @ . 4* g, q® ;4

Table 2.2:  Possible representations according to table 2.1 [93].

2.3 Particle content in the 341 models

The 341 model is the second extension of the Standard Model which is based on the gauge
group SU(3)c ® SU(4)p ® U(1)x, in this model, the particle content is defined based on
the values of the v and § parameters which the charge operator Q is written as a linear

combination of their values:
Q =Ty + BTs +7Tis + X, (2.3.1)

Where T; = % where A3, A\g and A5 are the diagonal generators of the Gell-Mann matrices
of the group SU(4) where

1
—d’LCLg(]_, ]-) _27 0) )

A3 :dia’g(]-?_]-vO?O)v Ag =
V3
(2.3.2)

1
)\15 = %dzag(l, 1, 1, —3) .

2.3.1 Fermionic content

The leptonic content in the 341 models is built in the way we place the left-handed lepton
doublets of the Standard Model in the SU(4) quadruplet f,; with additional leptons F, and
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far = ~ (1,4, Xu) (2.3.3)

Where a=e, u, 7 and the symbol ~ refer to the quantum numbers of the SU(3)¢, SU(4),
U(1)x respectively.

According to Table (2.2), two quarks generations lie in the fundamental conjugate rep-
resentation 4* while the third one lies in the fundamental representation. All the quarks
generations in the 341 models contain the left-handed quarks doublets of the SM with addi-

tional new quarks called "exotic quarks". Their multiplies are arranged as follows [37]:

Ui dl
dl U; *
QL ~ (3,4, Xyy),  Qur ~ (3,4%, X4q+) (2.3.4)
Ul Dz
Jl JZ
Where ¢ = 2,3, Uy, Ji, D; and J; are exotic quarks with electric charges %, g, %1 and %4

respectively in the case of the 341 model with exotic electric charge, while, in the case of the
341 model without exotic electric charge, they have ordinary electric charge $§ or :F§.
The right-handed quarks transform as singlets under SU(4), ® U(1)x:
u1R, dir, Uigr, JiR, Wigr, dir, Digr, Jig.
To determine the values of the U(1)x charges X4, X4+ and Xy, we have to set the
following relationship Q(¢) = Q(F,) which gives:
_—1+i+—+ 6—1——-0— (2.3.5)

2v3  2v6 V3 2vk

Hence: 8 = \/Lg and to get the value of v we impose that Q(¢) = Q(ﬁa), thus:

—1 3
—+i+—+X —

23 26 2V6

From the relation (2.3.6), we obtain v = \/Lg.

+ X (2.3.6)

With those values we determine a model with 5 = \/Lg and v = \/Lé, the so called model A it
has been studied in [45]. Another model is extracted with different value of 5 and v when
we impose those relations Q(v,) = Q(F,) and Q(¢) = Q(F,) which they give:

s 3

2\/_+2\/‘+ = + X, (2.3.7)

—_1 LB ix, = By
\/_ \/_

+ X, (2.3.8)
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then we obtain: § = \/ig and v = ;—%. The model with those values is called model E.
Beside the models A and E, they do exist many others [45,95] called B, F, C, D, G,

H and I with and without exotic electric charges. Each model has its own features with

different content of the fermions multiples. Table 2.3 shows particle content in all possible

341 models parameterized by S and + and the corresponding 331 sub-representations.

Name 341 representation 331 representation Components F
w@ (1747%1 - % - 27%) (173a%1 - %)@(1717;\/25 - % - %) (V£a€7 nglaF[fn) 3
£e (1,1,1) (1,1,1) £e 3
5 (113 +%28) (11,5 +%5) 5 3

Qii=12) Bdg+35+5%) B3g+imoelli+S2+2)  (udDPUP) 2
2

Qs Bdg — 575 — o) B3 gpelly -3z -2)  (duwUyDP) 1

u® (3,1,5°) (3,1,5°) u® 3

@ G.l) G.LL) @ 3

Uts BLT - %) CRE s ) Uts 2

Us (B.17 + Y22 (B +¥2) Us 1
c 91 —1 B 2 91 —1 B 2 c

D1,2 (3717?_¥_27%) (3717? _ﬁ_?’é) D1,2 2
c 91 =1 91 =1 c

Ds (3’1’§+ﬁ+%) 7 BLs +55+ %) i D5, 1

61 (14,5 + 5%) (133 + 55)@(LL =T+ ) (o160l o) 1

62 WG Hsn+rn)  W—Re(ljtga+ ) (@FePePel) 1

o (dstsptay)  (WBa4spe(llstsmtf) (68686808 1

¢4 (13,57) (13,5 +357)®(1,1,0) (64 6208 61 1

Table 2.3: Particles content of the 341 models for generic f and v parameters where F

represents the number of flavors.

The 321 sub-representations embedded in the fundamental and its conjugate representa-

tions of SU(3) are given by:

Yo O (1,2,‘71)@(1,1,_71—@)@Q,L_—;g—%—%), (2.3.9)
Q o (3,2,%@(3,1,%@)@(3,1,;+2L;§+2—;€>, (2.3.10)
Qs o (3,2%)@(3,1,%—@)@(3,1%—%—2—\%), (2.3.11)
¢ D (1,2,_71)@(1,1,_71+@)@(1,1,_—\/§+%) (2.3.12)
$s O (1,2,_7\@6)@(1,1,0)@(1,1,%1+2%+2—\/%) (2.3.13)
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1 1 V33 1 B 2y
¢3 D (1’2’5)@(1’1’§+T)®(1’1’§+ﬁ+%) (2.3.14)
Y (1,2,%)@(1,1,%+T35)@(1,1,0). (2.3.15)

The following tables represent some 341 model versions.

1)- Model A:

Name 341 representation 331 representation Components F
Vi (1,4,7) (1,3,5H)8(1,1,0)  (e7,»°, N, N") 3

e (1,1,1) (1,1,1) e 3
Qir(i=1,2) (3.4,73) (3,3,0)®(1,1,5) (ui,d;, D;, DY) 2
QsL (3.4,3) (3,3,3)®(1,1,2) (ds,us,Us, U) 1

uc 3,1,3%) (3,.1,3) uc 3

de (3,1,1) (3,1,3) de 3
DiQ (gala%) (5717%) DiQ 2
DY, B.13) (3.1.3) DY, 2
Uk (3,1,52) (3,1,52) Uk 1

Us§ (3,1,32) (3.1,32) Usg 1

b1 (LZ’_i) (137_%)@(1a170) (¢;a¢?7¢/107 /1/0) 1

b (13-1) (L3 -DBL10)  (67.63.00.650) 1

b3 (1,4%) 1.3.3)e(1,11)  (¢5.04.03"¢3") 1

b4 (13,-1) (13.2)(L10) (67600000 1

Table 2.4: Field content of the model A where = \/ig and v = \/ié.
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2)- Model B:
Name 341 representation 331 representation Components F
Via (1,4,52) (1.3,5)®(1,1-1) (e ,E-,E7) 3
€ (1,1,1) (1,1,1) et 9
Qir(i=1,2) (34,73) (3,3,3)®(1,1,3) (diyui, U, U]) 2
Q31 (3:4,73) (3,3,0)®(1,1,3) (us,ds, D3, D3) 1
ut (3.1,32) (3.1,32) u® 3
de (3.1,3) (3.1,1) de 3
Ulc,2 (3717%2) (g7lﬂ%2) Ulc,2 2
Ut (3.1,5) (3.1,%) Ut 2
D (3,1,3) (3,1,1) D 1
D5 (3.1,3) (3,1,1) Ds 1
1 (14-7) (13,-5)@(L10)  (fr.4%.0 0% 1
b2 (1,4,-3) (1,3,-3)®(LL0)  (¢5.,09.¢5.¢5%) 1
¢3 ( ,77%) (13%)@(17171) (¢ga¢;a¢§_/7 ZSH/) 1
P4 (1,4-3) (13.3)8(1,1,0)  (95.09.05.04°) 1
Table 2.5:  Field content of the model B where 8 = \/Lg and v = \/Lg.
3)- Model E:
Name 341 representation 331 representation Components F
Via (1,4,5) (1,3,5H)®(1,1,-1)  (e7,v°,N°E7) 3
e (1,1,1) (1,1,1) ec 6
Qir(i=1,2) (34,3) (3,3,0)®(1,1,%) (uindi, Dy, Uy) 2
Q3L (3:4,%) (33, 5)@®(1,1,5)  (ds,u3,Us,Ds) 1
u® (3,1,52) (3,1,52) u® 3
de (3,1,3) (3,1,3) de 3
Uts (3.1.32) (3.1.7) Ut 2
D, (3.1,3 (3,1,3 D5, 1
Us (31,5 (3.1,5%) Us 2
Ds (3,1,3) (3,1,3) Ds 1
61 UL EZ+ 0 W3-DaLln) (6 0eler) 1
9 WL+ 5250 (U3-Dal-D) (6 0he0dh) 1
s (145 + 57 T57%)  (L33)eMLL0) (608055 08) 1
64 (11,5%) (13.2)e(110) (#0767 .00) 1

Table 2.6: Field content of the model E where = \/Lg and v = ;—%.

4)- Model F:
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Name 341 representation 331 representation Components F
Yra (1,4,5) (1,3,53)®(1,1,0)  (°,e”,E7,N% 3
e’ (1,1,1) (1,1,1) e’ 6
Qz’L(i: 172) (3717%) (33 ) (1713%1) (diyuhUi,Di) 2
Qs (3.4,%) (3,3,0)8(1,1,2) (u3,ds, D3,Uz) 1
u® (3,1,52) (3,1,52) u® 3
de (3,1,3) (3,1,3) de 3
U1C,2 (§7 7%2) (371532) Ulc,2 2
D(1:,2 (g’lvé) (371a3) DT,Z 1
Ds (3.1,3) (3.1,3) Ds 2
Us (3,1,3) (3,1,52) U3‘ 1
¢1 (1,1,;\/’2 + ﬁ) (13?’»'%)@(1a17'1) (¢1_a¢ a(bl ) 1
¢2 (1717%1 + % + 2776) (1’37'%)@(1717'1) (¢2 7¢2a¢2 ) 2 ) 1
¢3 (1;7% + % + 2776) (173%)@(17170) (¢3’¢3 7¢ ) ) 1
¢4 (LZ’%) (1’35%)@(17170) (¢4a¢4 / ) 1
Table 2.7:  Field content of the model F where 5 = and v = \_/—%.
5)- Model of F. Pisano and V. Pleitez:
Name 341 representation 331 representation Components F
Yl (1,4,0) (1,3,54)+(1,1,1) Ve, ba, VS, €) 3
Qir(i=2,3) (3,1,%1) (3,3,0) +(3,1,54) (di,ui, Di, ;) 2
Q1L (3.4, ) (3,3 =)+ (3,1,3) (u1,dq1,Ur, J1) 1
u;ir(j=1,) (3.1,2) (3,1,%) iR 4
dir(j = 1,1) 3.1,%) (3.1,%) dir 5
Jir (3,1,2) (3,1,2) Jin 1
Jir(i=2,3) (3.1,5) (3.1,5) Jir 2
b1 (1,4,0) (1,3,3)®(1,1,-1) (80,07 ,60.67) 1
¢2 (1 4 1) (1’37_%)@( ’ 7'2) (¢2_7¢2a¢/2_7¢2__) 1
¢3 (1 4 0) ( a?’?%)@(lvla_ ) ( 7¢3 7¢3 '3 ) 1
b4 (1 4 1) (137%)@(17130) (¢4 7¢4 > 4 7(154) 1

Table 2.8:  Field content of the model of F. Pisano and V. Pleitez where = =% and
v = % [96].

&

The scalar sector for the model F. Pisano and V. Pleitez contains four scalar fields and

also it can contain an extra 10 plet scalar matrix which is:

HY H{ Hy Hy
Hy H{" Hf Hj
Hy Hy Hy H
H, HY H; H,~

~ (1,104,0). (2.3.16)
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Another version of 341 models is constructed from the F. Pisano and V. Pleitez with an
economical scalar fields (it has been used only three scalar fields [38]), it called the compact
341 model.

2.3.2 Gauge boson sector

In the 341 models, they do exist 42 — 1 gauge bosons. Thus, those models predict the
existence of 15 gauge bosons, Some of them are neutral and the other are charged, namely
W, K’Ql,Kf??’,XQQ,VQ4 and Y95, 7 with extra neutral bosons Z’ and Z”.

From the Lagrangian (2.3.17), we get the gauge bosons masses and their interactions.
£ = (D) (D) + (Dup) (D p) + (D) (D) + . (2.3.17)

where 7, p and ) are scalar fields, D, is the covariant derivative, its expression in the 341

models is giving by:

Wika
g +iXgxW, (2.3.18)

D, =0, +1g

where a=1....15, A\, represent the Gell-Mann matrices of the group SU(4) (see the appendix
C).

2.3.3 Charged gauge bosons

From the Lagrangian (2.3.17), we get the following matrix which collect all the charged

gauge bosons:

Wy + T2 + W Vew+ V2K'-@ \2X @
V2w ~Wa Wy Ws o BRTP oY
WG — VR 2.3.19
7 - \/ﬁKQl \/§KQ3 —\2%/8 + V[\;LS \/§Y—Q5 ( e )
\/§XQ2 \/§VQ4 \/_YQ5 %ng
Where we use the following combinations:
W+ w?
wWF = % (2.3.20)
W4 'W5
K/HFQ17K¥Q1 = %7 (2.3.21)
(WS FiWT)
K79 = % (2.3.22)
W9 ino
YFQ % (2.3.23)
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(W' FiW,?)

ans , 2.3.24
7 ( )
WIS 'W14
yres — W TV (2.3.25)
V2

Using the expression (2.3.1), we find the electric charges of the charged gauge bosons in the

compact 341 model where we have used 5 = \_/—% and v = \_/—%:

Q1 = _12_ b, (2.3.26)
Q2 = # =1, (2.3.27)
Qs = 1T_b =1, (2.3.28)
@y = W =2, (2.3.29)
Qs = _C; b1 (2.3.30)

Notice that we used b=-1 and c=-4, we replace the electric charges values in the matrix
(2.3.19) to get:

Wy + U8 + W V2w V2K"®  \2X-
2~ —Wy+ %24 W VOKT V2V

WoNe = 5 ERCR _g o V2 (2.3.31)
8 V2K° V2K ZeWe V2y-
Vax* VaV VoYt =

From (2.3.31), we get 15 gauge bosons, with simple, double and neutral electric charges.
During the development of the Lagrangian (2.3.17) and by using the matrix (2.3.31) with
the last gauge bosons combinations (2.3.20)-(2.3.25), we get the expression of the charged

gauge bosons masses:

M. = gzvg, (2.3.32)
2 g9’ 2
MK!O KO = ZUTI’ (2333)
M2, = 9—2(u2 +v?) (2.3.34)
KF 48N Pl e
g2
Mis = 0% (2.3.35)
Moy = 9—2(u2 +v2) (2.3.36)
VFF - 4 p X/ I
M. = 9—2(02 +v2) (2.3.37)
Y:F h— 4 ,’7 X . . .

Where g is the coupling constant of the electroweak interactions, v,, v, and v, are the

vacuum expectation values.
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2.3.4 Neutral gauge bosons

Regarding the neutral gauge bosons 7, Z’ and Z”, they receive their masses from the following
matrix where it has written in the basis (W3 W8 W15 W) [38]:

Ug \_/—%Ug Tévz —2tv2
1,2 1.2 2 2 2 2 2
ZV (v, +4uy) \f(fu —2u;) N (2.338)
’—évg ﬁ(vz —20}) (W2 +v2+907) \2/%('0,) + 3v2)
—2tv? \2/—%11/% \2/%(% +302) 4P (v) +u3)
Where
9x S{%V
t="— =4 ——— 2.3.39
g 1—485%, ( )

Diagonalezing the matrix (2.3.38) using the simplifying (and reasonable) assumption v, o~

v, > v, to get its eigenvalues which present the neutral gauges bosons masses:

M3 =0 (2.3.40)
921)2

M =—"F =(91GeV)?, (2.3.41)
202 2

My =100 (2.3.42)

hW

2,2 1 _ 452 + h2

My =Y Ul w) + My (2.3.43)

8h2, (1 —452))

where My < My < My,, the lightest neutral gauge boson corresponds to the Z of the
Standard Model and 6 is the electroweak mixing angle (Weinberg angle). Concerning the
eigenvectors of (2.3.38), they are found to be:

Ar = Sy Wi+ Cy H/Vg( W — 2V2W1) + /1 — 3TV2VW§;] : (2.3.44)
T 1z H 2 M
Zr = C,Wl — Sy \/_( W — 2V2WE) 4+ 1/1 = 3T2 Wk, (2.3.45)

wo_ V3V1-3Ty ’ ’
7" = =i <\/_W 2\/_\/—_W15) (2.3.46)

_ 2
g~ Y3V 45k V145WW{‘5 + 2V25w 143 (2.3.47)
Vhw Vhw

We have motioned here that Cy, = cos Oy, Sy = sin Oy, Ty = tan Oy and hy = 3 — 453,
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2.3.5 Scalar sector
Scalar fields

In the 341 models, in order to break spontaneously the gauge symmetry to give masses to
all particles a set of four scalars fields have been introduced n ~ (1,4, X,),p ~ (1,4,X,),
x ~ (1,4, X,) and £ ~ (1,4, X¢). To determine the value of the X, ,, ¢ and to find the
electric charges of the element of those fields, the electric charge annihilates the VEVs:

S . e

Xe = —3 NN (2.3.48)
_1_ 8 v

X, = 3 NN (2.3.49)
_ B _ v

X, = NN (2.3.50)

x, = 2L (2.3.51)

which also satisfies the relationship X, + X, + X¢ + X, =0. Table (2.9) represents the scalar

fields content of the 341 models for generic 8 and v parameters.

Name 341 representation 331 representation Components F
¢1 (LZv;g ; ﬁ) (1737'%,;— T)@(lulv_T %) ( 2 ¢Q4) 1
¢ (Ld,5 + 273 +:5 rﬁ)ﬂ@(lvlv—a + 2\/‘5 + \}) (43 27 3h05') 1

71 51 1
?3 (14,3 +7W§ +505) L33+ ﬁ)@(l,lu + 35 \/) (5,057 33, 5) 1
¢4 (L&%) (1737%+2\/§) (1,1,0) ( 4 ) 4) 1

Table 2.9: Scalar fields content of the 341 models for generic § and ~ parameters where F

represents the number of flavors.

In the compact 341 model where 5 = \_/—% and v = \_/—%, weget X, =1, X, =0, X, =-1
and X¢ = 0. To avoid the mixing between the scalars n and £, the later has been removed
therefore the scalar sector (which are necessary to generate masses) contains only three Higgs
quadruplets. The compact 341 model version contains a minimum number of the scalar fields
compared to the other versions, since some of them have four scalar fields and the other have
four scalar fields with an additional scalar 10-plet [31].

In the compact 341 model version, the scalar fields are presented by this content:

e PP X
Q2 Qs Q10
nol. o | on |- (2.3.52)
Ub P2 X2
77§4 st XQ12
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Using the expression (2.3.1) with g = \_/—% and v = \_/—%, we get the following fields with their
electric charges entries:

ny p

T X1
p— O .
T P X
L~ (1,4,0), .|~ @, | ~(1,4,-1).  (2.353)
2 P2 X2
T ptt X’

The non-trivial vacuum expectation values of the scalar fields are given by:

0 0 0
0 £ 0
o | vz ol (2.3.54)
V5] 0 0
0 0 7%
The expressions of the n?, 79, p° and X" are:
1 .
77(1) = E(Rm + Z‘ZWl)? (2‘3'55>
1 :
T2 = E(Un + Ry, +ily,), (2.3.56)
1
P’ = E(u,, + R, +1l,), (2.3.57)
1 .
X' = —=(v,+ R, +il), (2.3.58)

S

where R,, R,, and R, are neutrals fields which the scalar bosons hi, hy and hz will be

written as a function of them as we mention in next section and 1, I,,, I,,, I, and R,, are

a set of Goldstone bosons.
The VEV v, is responsible for the first step in breaking the 341 symmetry to 331, while
v, breaks the 331 symmetry to 321 and the final breaking to U(1)ggp is provided by v,:

SU@B).®@SUM4),®@U(1)x
Vo,
SU3).® SU(3), @ U(1) x
J oy, (2.3.59)
SU3). @ SU(2),@U(1)y
Lo,
SU3). ® Ugep

In this way we can impose that v, > v, > v,=246 GeV.

To build the scalar potential in this model, all the possible combinations between 7, p and
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x have to be taken into account 2, we get the most general scalar potential in the compact
341 model which is invariant under the gauge symmetry and under the additional discrete

symmetry Zs [38]:
V(n.p.x) = wnin+ et +2xx + Mn'n)* + Xa(p'p)” + As(x"x)%,
+ M) (p'p) + As (') (XTX) + As(p'p) (XTX) + Ar(p'n) (n'p),
+ A" + Ae(p ) (XTp), (2.3.60)

where pi o are the mass dimension parameters and Ag are dimensionless coupling constants.

The scalar potential (2.3.60) is minimized to get the following minimum conditions:

1 1

iy My + S M) + S Asu =0, (2.3.61)
1 1

“127 + )\QU?) + 5)\4?)72] + §>\6U)2< = O, (2362)
1 1

Scalar bosons

In the compact 341 model, the scalar sector contains 09 scalars bosons, three neutral hy, ho
and hs, four singly AT and hJ and two doubly charged h¥F scalar bosons.
From the scalar potential and by using the minimum conditions (2.3.61)-(2.3.63), in the

basis (R,, R,, R,) we found the following mass matrix:

2MV; AqugU,  AsUpUy,

AiUgU, 202 AgU,U%, (2.3.64)
>\5U77UX )\6U3U>2( 2/\3?))2(.

The eigenvalues of this matrix are:

AsAZ 4+ As(A s — Aids)

2 _ 2
mp, = v, + N =, vy, (2.3.65)
mi, = Ui+ U, (2.3.66)
my, = c;),U)Q< + C4U§, (2.3.67)
where the expression of ¢, ¢y are c3 are given by:
1

2Tt exists another term A1o(nTx)(nTp)+h.c but it is forbidden under the discrete symmetry Zs.
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2
[)\4(/\1 — X3 — V(A1 — A3)2+ A2 + /\5/\6}

4e; [Ag — (A= 23) A3 = M+ /(A — A3)2 + Ag]

1

The three expressions (2.3.65)-(2.3.67) represent the masses of the CP even neutral scalars
hy, hy and hs respectively. The lightest neutral scalar hy is identified as the SM Higgs
like-boson. The matrix (2.3.64) has the following eigenvectors:

hi = R, (2.3.71)
hy = aR,, +bR,. (2.3.72)
hs = cRy, +dR,. (2.3.73)

Those eigenvectors represent the physical neutral scalars hy, hy and hgz respectively where:

A — A3 — /(O — X3)2 £ A2

a= 2.3.74
M4+ (M =X — V(A= X3)2+A2) ( )
b= As (2.3.75)

M4+ (A== V(A= X3)2+A2)

AL — A A — A3)2 4+ A2

o 1 5+ v (M 3)* + A3 (2.3.76)

M+ (M= A+ V(A= A3)2+22)

A

> (2.3.77)

d:
M4+ (= A+ V(A= A3)2 +A2)

From the expressions of hy, hy and hs, we get the expressions of R,, R,, and R, as follows:

Rp - hl, (2378)
an = Oéhg + ,Bhg, (2379)
RX = ’)/hg + O'hg, (2380)

where the parameters «, 3, v and ¢ are in the appendix A.

In the basis (p3, 77 ), we get the following mass matrix:

E ( Aty AW”U’J) (2.3.81)

2
2 \ \ogu, v

Its eigenvalues are:

méiF =0 (2.3.82)
A7
mif = 7(@24—@2) (2.3.83)
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Those eigenvalues represent the massless Goldstone boson G and the mass of the first

charged scalar boson h{. The expression of its eigenvectors are:

GT = N+ ——p53, (2.3.84)
v,% + g \ /U% + Ug
—v —v

o= R — ;0 (2.3.85)

where GT represents a Goldstone Boson, while AT is one of the charged scalars bosons in
this model which will be in the physical spectrum.

Concerning the mass matrix in the basis (75, x3 ), it takes the following form:

2
1 ( AgUy AS“n%) (2.3.86)

2
2 \ Agu, vy, AgUy -

Its eigenvalues are:

mg;F = 0 (2.3.87)
2 As. o 2
Mz = ?(UW +v5) (2.3.88)

Those expressions represent a a massless Goldstone boson G3 and the mass of the second

physical charged scalar boson hJ. This matrix have the following eigenvectors:

GF = — 1 _pFqp X ,F 2.3.89

2 U%_i_vim U%+U)2<P2 ( )
v (¥

hy = E__nf + LT (2.3.90)

Here G7 is the Goldstone boson and h¥ represents the second physical charged scalar boson.
Both the Goldstone bosons Gf and G together with others will be eaten by the eight simply
charged gauge bosons [38].

Another mass matrix that is written in the basis (¥, xTF) has been found:

1 ( Agvy A9UP“X>> (2.3.91)

2
2 \ vy v, Agus.

This matrix has the following eigenvalues:

mg=+= = 0, (2.3.92)
A
Moy = f(vi—l—vi), (2.3.93)
with its eigenvectors:
—v —v
GTF = ——L=—pTT+ ——==—xT". 2.3.94
Jara’ T el (2.3.94)
hFF = _—UXP¥3F+% ¥ (2395)
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GTT is another Goldstone boson which will be eaten by the double charged gauge boson V' 7+
to acquire its mass, and ATT is the physical double charged scalar bosons in the compact
341 model.

2.4 The Lagrangian of 341 models

The Lagrangian in the 341 models is composed by the following terms:

L3411 = Ls1 + Lyukawa + £Gauge + 'CHiggsa (241>

where Lg; is the Lagrangian of the strong interactions, it has the same form of the SM since

the extension only is about the electorweak theory.

2.4.1 Yukawa Lagrangian in 341 models

The interaction between fermions and the scalar bosons in the compact 341 model is de-
scribed by the Yukawa Lagrangian which is composed by two parts the ordinary Yukawa

Lagrangian and the effective Lagrangian:

Ly = MQuxir+ AngiLx*JjR + M, Quipdar + NgQirp tar
_ _ o, AU B .
+ MiQunUir + Ang‘LU Djr + A—12€mnop (QlePnX()??p)uaR
4 _
+ ﬁﬁmnop (Qszp:@XSUP) daR + h.C, (242)

where \{;, A/, A4 \Y

70 “lar May

In the 341 models, the scalar sectors contain four scalar fields with an extra additional

A, /\5 are the Yukawa coupling constants (a=1,2,3 and 1,j=2,3).

10-plet scalar (in other versions) [37], their particles gain their masses from the ordinary
Yukawa Lagrangian (no need to introduce the effective Lagrangian).

Otherwise, in the compact 341 version (where we use only three scalar fields), the minimal
number of its scalar fields leaves some fermions massless, to generate the required masses
we need to introduce a new Lagrangian called the effective Lagrangian. Therefore, some
of the SM fermions get their masses from the non-renormalizable effective operators (the
dimension-6 effective operators) [38].

Concerning the charged Leptons, the absence of the right-handed leptons (as singlets) in

the compact 341 model leads to the introduction of a new effective-five operator:

k[
KZ (LZLp*) (XTLaL> + h.c, (2.4.3)

65



CHAPTER 2. THE 341 MODELS

where ¢ = e, u, 7. After SSB, this operator yields to the following relation:
1 _vv

which represent the mass of the charged leptons.

(2.4.4)

The mass matrix for the Up quarks in the basis (uy, us, us3) is found to take this form [38]:

u UxVUpUn u UxVUpUp u UxVUpUn
1 )\11 2A2 )\12 2A2 )\13 2A2

u u u
51U, A32Up A33Up

M, =

While the down quarks mass matrix in the basis (d;, da, d3) has this form:

d d d
1 A1V AlaUp A3
Mg = —= | N 5505 A5 M e (2.4.6)

\/5 21 2A2
>\d UxVpUn )\d UxVpUn )\d UxUpUn
31 2A2 32 2A2 33 2A2

The matrix M, and M, contain fermions mixing, after the daigonalization, we get the

ordinary quarks masses:

VpUnUy v

v

m* = A , mE= M2 ml =\, 2.4.7
112A2\/§ 22\/5 33\/§ ( )

md — \d e s _ yd YpUnUx b _ yd YpUnUx (2.4.8)

11%» m- = 22—21\2\/57 m- = 33—2/\2\/5'

For the exotic quarks J; (i=1..3), their masses are found from this mass matrix [38|:

My 00
v
MJ:7X§ 0 App Mg (2.4.9)
0 g Mg

which it is written in the basis (Ji, Jo, J3), while, the masses of U; are found from a mass
matrix that is written in the basis (Uy,Dq, D3) [38]:

A0 0
v
Mp = \/—% 0 Mo AR (2.4.10)
0 AD D
Therefore, the matrices M*, M<¢, MY and M’ generate masses to all quarks in the physical

spectrum in the compact 341 model.

2.4.2 The Yang-Mills Lagrangian

The Yang-Mills Lagrangian in the compact 341 model is given by this relation:
-1 —1
£ - TWMWWCWU + TF/WF'[W (2411)

66



CHAPTER 2. THE 341 MODELS

The expressions of W and F* are:

werr aMWaV . auwau +gfabCWbMWCV, (2412)
F* = 9B, —&"B", (2.4.13)

where W,,, and B* represent the gauge bosons associated from SU(4);, and U(1)x respec-
tively where a goes from 1 to 15 and f2 is the structure constant of the group SU(4) (See
the appendix C).

2.4.3 The scalar Lagrangian

The scalar Lagrangian in the compact 341 model composes by two parts, the kinematic
Lagrangian of the scalar bosons see Eq.(2.3.17) and the scalar potential V' (n, p, x) that is
given by Eq.(2.3.60).

2.5 Summary

In this chapter, we have defined models based on the gauge group SUcx(3)® SU(4),@U (1) x
called the anomalies free 341 models. We discussed their particle content (the fermions,
gauge and scalar sectors). We explained how all particles gain their masses in the compact
version of the 341 models. Moreover, we briefly described the total Lagrangian.

In the next chapter, we will discuss the theoretical constraints that we will use to deter-

mine the allowed regions for the unknown scalar parameters in the compact 341 model.
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Chapter 3

Theoretical constraints on scalar

parameters in the compact 341 model

3.1 Introduction

All our final theoretical results in the chapter 4 are written in terms of the unknown scalar
parameters A; g, their values will be our input parameters in the next chapter to build our
phenomenology. The only way to determine the regions of those scalar parameters is by using
the theoretical constraint such as: the boundedness of the scalar potential, minimization
conditions, the perturbative unitarity, the positivity of the scalar bosons masses and the
perturbativity of the scalar potential together with existence of the Landau pole and a
natural cut-off at a scale u, which will ensure the perturbative limit of our model.

In this chapter, we derive the expressions of those theoretical constraints [81]. Moreover,
we discuss the existence of the Landau pole and how it was used to constraint our scalar

parameters.

3.2 Constraints on the parameters space

The compact 341 model has large numbers of free scalar parameters. To determine their
allowed regions and in order to obtain a viable model, many theoretical constraints have to

be imposed on the scalar potential.

3.2.1 Minimization conditions

The first set of the theoretical constraints on the scalar parameters comes from the mini-
mization conditions resulted from the first and the second derivative of the scalar potential.

They require general conditions to provide the vacuum configuration (p)o, (x)o and (n)o to
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be a minimum of the scalar potential (2.3.60).
The first derivative %‘¢=0 = 0 are given by Eqgs (2.3.61)-(2.3.63). The second derivative

test 8?;‘; leads to the so called the Hessian matrix H, evaluated at the vacuum [81]:
iPj

—=®0
4/\11)3 2 000,  2X5050y
Hy= | 2M\u,v, 4)\21;2 200,05 | (3.2.1)

2X5050y 20Uy 4AAgUL

where we have used the relations in (2.3.61)-(2.3.63) in order to simplify the Hessian ma-
trix. Using Sylvester’s criterion and from the positivity of the principal minors, we get the

following conditions [81]:

A1 > 0, Ay >0, A3 >0,
—2/ A1 ha < M < 29/ A1,
—QM < Ay < 2@,
_QM < A < 2\/E7

det(Ho) > 0. (3.2.2)

The positivity of the CP-even scalars masses as we will discuss in the next subsection ensures
the condition det(Hy) > 0 without mentioning the expression of det(Hy).

3.2.2 Boundedness from below

We study the vacuum stability at the tree level, the conditions which guarantee that the
scalar potential is bounded from below in all directions in the field space as the field strength
approaches infinity. In our case, we face a more complicated problem even at the tree level
since we have to deal with large numbers of scalar couplings (twelve couplings). Thus, we
introduce a parameterztaion which greatly reduces the number of variables and make the
problem even more tractable to derive the sufficient and complete constraints of the potential
stability (VS) where we ignore terms with dimension d < 4, since in the limit of large field

values, they are negligible in comparison with the quartic couplings of the scalar potential
VA(n, p.x) [81]:

Vi, p,x) =M (0'n)” + Xa(p'p)* + As(XTX)* + Aa(n'n) (p'p)
+ X (0™ ) (XX) + As(p"p) (XTX) + M (p™n) (n"p)
+ As(X'n) (n'x) + Ae(p"x) (X p), (3.2.3)
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Since we have three different field directions, we define a parametrization of the fields on
a sphere [81]:

> =+ p'p+ x'x,

n'n = r? cos? fsin’ ¢,
o' p=r?sin?fsin® ¢,

XTX = 12 cos? ¢,

f .
NP gt W e i
nl|p| ]|
WX g X
nl|x| x|
i , i .
PX — gpeits PX g omits, (3.2.4)
ol x| Il x|

where we adopt here a parametrization similar to the one of Ref [82], The scalar fields 7, x
and p scan all the fields space, therefore, the radius r scans the domain [0,00[, the angle 6 €
[0,27] and the angle ¢ €[0,5], &(2 = 1,2,3) € [0,1] [82].

Inserting this parameterztaion in the scalar potential (3.2.3), it is straightforward to write

V4(p,x,n) in the following form:

V4(r,cos® ,sin? 0, cos® ¢, &) = r* ()\1 cos? 0 sin? ¢

+ Ao sin? @sin* ¢ + A3 cos® ¢ + Ay cos? @ sin? fsin ¢
+ A5 cos® 0 cos® ¢ + Agsin® @ sin® ¢ cos® ¢ + A7

cos? 0 sin? ¢ sin® ¢ + Ag&2 cos? O sin? ¢ cos? ¢
+ A\o&5 sin” 6 cos® ¢ sin® gzﬁ) : (3.2.5)
We introduce again the following variables [82]:
r=cos’f and y =sin’ ¢, (3.2.6)

Inserting (3.2.6) in the expression (3.2.5), then we get:
VA(r,cos?0,sin? 0, cos® ¢, &) = 3 (A1x2 + Aao(1 — )?
+ Mz(1—2) + MEla(1 — :B)) + A3(1 —y)?
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The expression (3.2.7) has the following form:
F(X) = ax® +b(1L = x)* + ex(1 = x),
The copositivity of the expression (3.2.8) leads to [82]:
a>0, b>0 and c+2Vab> 0.
Applying this criterion on (3.2.7), we get:

A= 02"+ (1 —2)? + Ma(l —2) + Aa(l —2) > 0,
B = )\3 >0

C =7+ As(1 —2) + Xe&5x + Noé3(1 — ) +2VAB > 0.

From the expression (3.2.10), we find:

A >0, Ay >0,

A+ 24/ A > 0.

)\4+)\7—|—2 )\1)\2 > 0.
While the expression (3.2.11) leads to:
Az > 0,

From the expression (3.2.12), we distinguish two cases:

(3.2.8)

(3.2.9)

(3.2.10)
(3.2.11)
(3.2.12)

(3.2.13)

(3.2.14)

If A\¢ and A7 > 0, one gets (3.2.13)-(3.2.14), while, if A5 or A¢ < 0, we obtain the following [81]:

ANz — (A5 + EAg)? > 0,

Ao(&3) = 4dadz — (N +E3Ng)? > 0,

As(&) = 4+ MEDAs — 2(Xs + As&D) (X6 + Xo&3)
+ 2v/A(&)As (&) > 0.

=
e
—
8%
S
N—

Il

(3.2.15)
(3.2.16)

(3.2.17)

The conditions Aq(&) > 0 and A2(&3) > 0 for all & and &3 are equivalent to A;(0) > 0,

A1(1) > 0, A2(0) > 0 and Ay(1) > 0, thus, we obtain the following constraints [81]:

—2/AMAs < A5 < 20/ A1,
—2v/ AN < A5+ s < 20 M s
—2/ A5 < Ae < 2/ A0,
2005 < A6+ Ao < 20/,
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The remaining constrains are coming from A3(&;) > 0 for all &, & and &3 [81]:

A0+ M)A — 2005+ Ag)(Ng + o) +2¢/Ay > 0,
ANAs — 225 ) 2v/As > 0,
Mg — 205( N Xo) + 2v/Ag > 0,
ANAs — 2(As As) (A6 + Ao) + 2¢/A7 > 0,
AN As — 2(Ns As)As + 21/Ag > 0,
AN+ M)A — 2xshe 4+ 2¢/Ag > 0,
)
)

+ 4+ + +

4Aa+ M)A — 2X5(X6 + Ag) + 24/ Ago > 0,
(/\4 + A7)A3 — 2()\5 + /\8)/\6 + 2y A1 > 0. (3222)

Where:

(AM A3 — (A5 + A8)H) (4AA3 — (A6 + No)?), ( )
(4M A3 — A2)(4hohg — A2), ( )
(4X A3 — A2)(4hods — (X6 + Xo)?), ( )
A7 = (4023 — (A5 + 28)2) (43 — (As + Xo)?), (3.2.26)
(4M A3 — (A5 4 As)*) (4h2hs — AD), ( )
(A3 — A2)(Adodg — A2), ( )
(4A1ds — A2)(EAads — (N + Ao)?), (3.2.29)
(4A A3 — (A5 + As)?)(Adads — A2). ( )

All the previous conditions (3.2.13)-(3.2.22) ensure the necessary and sufficient conditions
for the boundedness of the scalar potential from below in any direction in the field space.
Together with the minimization conditions resulted from the positivity of the Hessian matrix

(3.2.2), we determine the first set of the theoretical constraints.

3.2.3 Perturbative Unitarity bounds and the positivity of the scalar

bosons masses

Other constraints on the scalar potential parameters are obtained from the unitarity condi-
tions. As we discussed in chapter 1, to derive this constraint one needs to look at the tree
level scattering processes: scalar-scalar scattering, gauge boson-gauge boson scattering, and
scalar-gauge boson scattering [27].

By applying the equivalence theorem [82,83|. The unitarity constraint at the tree level
in the compact 341 model can be implemented by considering only scalar-scalar scattering

processes dominated by quartic interactions [81].
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The perturbative unitarity conditions are obtained in many BSM models [27,82] by using
the S matrix for all the elastic scatterings of two body scalar boson states, the condition
(1.8.5) constraints the scattering amplitude for all possible two particle states S35 — S35

processes as follows:

(M| < 8 (3.2.31)

Where the S; (i=1,..4) represent all (pseudo) scalar bosons in the model. The unitarity
constraint is found by applying the bound (3.2.31) on all possible eigenvalues of all scattering
matrices [81].

In the compact 341 model, it is difficult to calculate all the eigenvalues of all possible
matrices for all the elastic scatterings of two body scalar boson states since there are many
scalar fields components. Fortunately, there is an alternative method used in Ref [83].
Instead of extracting the S-Matrices and calculate all the eigenvalues, we derive all possible
quartic contact terms as a function of the physical scalar fields [81,83]. In this way we can
immediately find out the unitarity bounds on the quartic couplings.

The possible non-zero quartic couplings that appear in the compact 341 after expanding

the full scalar potential in terms of the physical quartic couplings are [81]:

hihyhihy %
1’\2 2 F2 2 F2 2
h"htThohy ¢ AS2T2 + M\, 120 2+ (X6 + o) 320 ¢ — X5 125“,
2 2 2 2 F2 2
h™"h™Thshg : AgS2T2 4+ \—< 6 (A6+/\9)02 — X5 2256“,
3 52
hy hihihy Aﬁ— + )\4—
h™~h*thyhg 2A3F4P353 + C2I Todg + DuT3C% (Mg 4+ o) + TT952 5,
r2 o, I?
hahohihy )\4(4 =)+ )\64
F2 F2
hshshihy A6Z + A4Z
_ Iy I 25503 25T,
h"hihihs : Ms(—=CpS2 + —=5552) + Xg—2 + A —= ;
VORI R V2 V2
C5C4S S0CoS
h " hihth, @ Ag—2mofe 4 )\, 2ere?
PEASADN 9 \/§ 7 \/5
hl_hg_h—li_—FhQ \/_ a05+)\7\/_ 0534-)\8\/_ aC,Bv
hihy hi"hs 0205 + /\7 C2S;,

s \/_“
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h="htThihy
h™"h™"hihs
htThihy hy
hihi hihsy
hihihohs

hihihihy
hihyhihy
hTThhihy
hTth——htth——
hihi hohy

hihyhshs
b hi hahs
h*thhihs

hi hy hahs

hahohahs
hi hy hshs

hi hy hahs

hy hy hy hy
hahohaohs
hshshshs
hohshshs

hihT hhy

COMPACT 341 MODEL

M$+&&+Mﬁ@,
vr'asbr&
NaCh 4 St 4 A2 52

12 o I2 12
Aﬁ@f+Ayic?+%§%ﬁ+AwéC?+M§%g

I2 I?
NS+ MO+ s %ﬁ+A6%?+A %%
AIS§PQF14—A4F2PIC§-+-A5P4r35§-+»A6F4rgc§-+-A7F2rlc§,
A
25 (0,820, 4 I'3528,),

V2

r2 ., T3 Iyl
MSETT + AaT3C5 + As( 5 CF + %@+%(c¢ —5CaSp
r2 ., Tyl
585+ =5 CsS5),

As
Mrm+&ﬁn+2wrgﬂm%gg

I r2 s

M%W+&W%+%(%% 3%) (ﬁ%+ﬁ%+nm%%x
A
Alsbrgrl4—2A3F4rgcg-+,&xrgrlc%-+1urgsg)+—7f(zr2rlc§

(T1[43)S5C5 + TyT'3S5 +
SEM + AC 4+ AsC553,
I 2

Mg X

T4 4 212
M—2 4+ Ag—2 4\
14+34 54

A
A1r1r3+-A3r3r3+-7§(F1FZP§+-P§FSF4%
As A7

([T 4+ Tol'3)CpSp + I'sT'9Cp.Sp),

MC2 + SQ+ 52
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htth="hihy 20002 4+ M\ S2 4+ A5S8 4+ NgC2S2 + \gS2,
htth=hihy 2)\38205 + /\45502 + )\58235 + )\602(]; + )\7(]255,
r
hihih™ hy f C2C5 + A f C2S5 + As( j’isﬁsg + 7%0553),
A
hihy hyhsy 70 SaTy,
hhy hy hy 2Alsﬁsg + MC2S5 + (A
)\g)C’iCE + As82C;,
30212 31“2I‘2 202 T2 121
hahahshy =24 g 4 A\s(Th Tl + 7:‘ b2y i),
A )\
Wb s MaCE+ D Sat TS
where
v v
cosa=0C, = ——=t—, sina =85, = —2—,
cosan = Cpy = —X sinay = Sy, = ——t
v v
cosf=05 = ——2—, sinf =853 = ——t—,
N R P=5=rmra
Using the fact that v,=v,, v, < v, and v, < vy, we find C2 = C2 =1, S2 = S2 =0,
C3 = S5 = 4. The quartic couplings in four scalar scattering are bounded by 8r. Thus, the
unitarity constraints on the scalar parameters are [81]:
2N, + T3+ o) < 16m,
Fg)\4 + Fi()\() + )\9) < 167‘(’,
['ilods + Tsla(Ae + Ag) < 8,
(T2 + 20T\ + 3N < 327,
N+ N < 327T,
F%)\4 + Fi)\@ < 32,
F4)\9 + F2>\7 < 1671',
Fg)\g + Fl)\7 < 167'(',
F3F4)\6 < 1671',
P%)\4 + Fg/\ﬁ + F%)w < 16,
F%)\4 + Fi)\6 + F%)W < 16m,
F1F2A4 + F4F3>\6 + Fngx\7 < 8,
TN, + 2020 + As(T2 +T2) + \(T2 + T2 + (V2 + 1)T3T) < 327,
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5N+ 2093 + As(T5 +T9) + Ag(T3 + T2 + I',Ty) < 327,
25T A+ 4TuT3As + 2X5(Toly + T3) 4+ Ag(201 + 2Ty
+ Ty +Tyls + Doy +TuTy) < 327,
A1+ A3+ Ay < 32,
I\ + T3)s < 327,
oA+ Do+ T35, < 327,
6I505A;1 + 653N + As(4T Tols Ty + D305 + 305 + T9T3) < 327,
29T\ +  2X3TDy + A5 (Doli 3 + T3I05Ty) < 16,
25T A1 + 2031503 + A5 (Doly T3 + T3l5Ty) < 16,
A+ A+ Ag < 16,
Ay < Am,
M+ e+ A7 < 167, (3.2.36)

where I'y = a, I'y, = 3, I's = v and I'y = o !. Moreover, to maintain the perturbativity
of the model, all the quartic couplings of the scalar potential \;(i = 1...9) must satisfy this

condition:
Al < dm (3.2.37)

In the compact 341 model, the physical scalar bosons masses are fully determined by the
parameters of the scalar potential );, therefore, other constraints on the scalar parameters
can be found from the positivity of all scalar bosons masses. As we reported previously, the
physical spectrum consists of three CP-even scalars, h; (i=1,2,3) four charged scalars, h;
(i=1,2) and two doubly charged scalar bosons h¥F. A complementary set of constraints on

the A; comes from the positivity of all the masses of the scalar bosons is [81]:

)\1+)\3—\/()\1—)\3)2+)\§>0,

AL+ A3+ \/(A1 —A3)24+ A2 >0,
AsAZ 4 Ag(A1dg — Aads)
A2 — 4\ A
A7 >0, As >0, Ao > 0. (3.2.38)

Ao + > 0,

In addition, the scalar parameters are constrained by another strong condition by im-
posing that the lightest scalar boson h; is identical to the Standard Model Higgs like boson,

lwe use this notation (I'y = o, 'y = 3, I's = v and 'y = 0) nomenclature in Eqgs.(3.2.36) and consistently

in this chapter to avoid confusion with the rotation angles defined in Egs.(3.2.33)-(3.2.35).
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by talking M), = 125.09 GeV and v,=246 GeV, therefore [81]:

)‘3/\421 + /\6(/\1>\6 - )\4)\5) . mi1
A2 — 4N\ o2

p

A2 + (3.2.39)
Moreover, Ref [38| reported that the compact 341 model has a Landau pole A around 5
TeV, that leads to a stringent constraint on the parameters. It requires that all scalar bosons
masses and all VEVs are bounded to be less or equal A.
We generate random numbers for \;(i=1..9) subject with the various theoretical con-
straints that we discussed in the text. For example, the following benchmark point was

generated [81]:

A, A2, Az, A, Ashe, Ar, As, Ao =(1.24916, 1.4595, 2.08534, 0.612214, 0.544161, —2.88788, 1.20945,
0.308258, 3.64476). (3.2.40)

3.3 Conclusion

The theoretical constraints on the parameters space are an important issue that must be
imposed on the scalar potential couplings in any theory beyond the Standard Model. Thus
one needs to find the necessary conditions to ensure the allowed region for the scalar cou-
plings.

In this chapter, the corresponding theoretical constraints in the compact 341 model are
derived such as the vacuum stability, minimization of the scalar potential, perturbative
unitarity bounds and perturbativity of the scalar potential couplings. Moreover, other con-
ditions coming from the positivity of the scalar bosons masses with the stringent condition
of the Landau pole are also derived.

In the next chapter, we will focus on the neutral Higgs bosons Ay, hy and hs phenomenol-
ogy in the compact 341 model and confrontations with the LHC results, using the previous

constraints to determine the allowed regions for the scalar parameters A; .
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Chapter 4

A New Compact 341 Model: Higgs
Decay Modes

4.1 Introduction.

The main goal of this chapter is to study the decay of the neutrals scalar bosons A1, ho and hg
in the compact 341 model [39]. We calculate the partial width decay of those neutral scalar
bosons into fermions ff (quarks or leptons), gauge bosons, pair of gluons (gg), diphotons
(v7v) and into Z~.

To investigate the deviation of our model from the Standard Model and to know the
significance of our model in the future search at the LHC, we calculate the signal strength pu
for hy for each individual channels and confront our theoretical results to the data reported
at LHC. Moreover, to search for the other heavy scalar bosons h;(i = 2, 3), we compute their
branching ratios (BR).

4.2 Higgs-like boson h; decay

In this section, we discuss the Higgs-like boson h; decay into ff, WW*, ZZ* ~vv, Z~v and
gg in the compact 341 model.

4.2.1 Higgs-like boson h; decay into two Fermions

The partial width decay’s expression of the Higgs-like boson h; into a pair of fermions

hi(p1) — f(p2) f(ps) is:

Lol — 7) = 5o [ d0 Y IMP (12.1)

thl
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where > | M |* and d® represent the amplitude of the process and the invariant phase

space of the decay products respectively, their expressions have the following form:

2m> 4m>
2 f,. 2 f
E = — - — 4.2.2
| M ’ U2 mh1( Mgl )7 ( )
d3 d3
dd = b2 D3 510 — py — pa), (4.2.3)

(2m)32F5 (2m)32E;
where in the center of mass frame the relativistic four-momenta are given by:
Py = (M, 6)), Py = (Ey, 7). oy = (Ey, ——];) This implies that £y = E; = E; and
My, = 2E. After the calculations, the partial width decay of the Higgs-like boson decay to

fermions anti-fermions is found to be:

3
- Neg? m?cmh1 4m?c 2
Dan(h — ff) = 1—— . (4.2.4)
327 mi,

Notice that we use the relation:

S1f(2)] = % (12,5
oz

where N¢ is the number of colors, it takes 1 for leptons and 3 for quarks, my is the fermion
mass, my, is the Higgs-like boson mass, myy is the mass of the gauge boson W and g is the

coupling constant where

4
137
= ) 4.2.6
g sin HW ( )
The width decay of Higgs-like boson h; into a pair of bottom quarks is:
3
- 39% mimy, 4m?\ 2
[341(h bh) = b (1 b 4.2.
341(h1 — bb) 321 m, mil (4.2.7)
Whereas the decay of h; into two leptons is:
2 2 2\ 5
7 g~ mynp, 4mj\ 2
Ispn(hy — ) = ————|1— —~ ] . 4.2.8
ol —T6) = -0 (1 257 ) (1.29)

4.2.2 Higgs-like boson h; decay into gauge bosons

Since mp, <2my (V=WT, Z), there is not enough energy to produce two real (on mass shell)
weak bosons V', therefore, the decay of h; into two gauge bosons gives a real W with a

virtual W* one which will decay into fermions W* — ff (see Figure (4.1)).
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The width decay expression as a function of the Higgs-like boson h; mass can be written

as:

3g'm m
1

Figure 4.1: Three body Higgs decay hy — W~ ff.

We consider W* — f, f4, where f, = u,c,e,pu, 7 and f; = d, s,b,v,,v,,v,, notice that
the top quark is the heaviest quark, therefore, it will be the only quark that we shall not
consider it as a massless particle.

Notice that we used the following Lorentz invariant kinematical variables:

Sy = (p2+ps)* = My +mi + 2psps, (4.2.10)

Ss = (pa+ps)® =mi + 2papa, (4.2.11)

Sas = (pa+p2)?* = My + 2popa, (4.2.12)

with

p; = mi=m’ (4.2.13)

pi = my =0, (4.2.14)

kps = m®+ psps, (4.2.15)

kps = pspa, (4.2.16)

where pi, p2, p3 and py are the impulsions of the Higgs hy, the real gauge boson W, the
fermions f and the anti-fermions f respectively and the three variables Sys, Sos and Ssy

satisfy the following relation

523 + 524 + 534 = le + MI%V -+ th (4217)
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Figure 4.2: Three body Higgs decay hy — Zf .

In order to be able to express |[M|? as a function of S;; and masses we will read the

following expressions:

1

Da2p3 = 5 <Mh§ — 524 - S34>, (4218)
1

PPy = 5 (524 - MVQV), (4.2.19)
1 2

Psps = 5 Sza —my ). (4.2.20)

Now, we turn our attention to the partial width of the Higgs-like boson decaying to a real
neutral gauge boson Z with a virtual one Z* (hy(p1) — Z(p2)f(p3)f(ps)) (see Figure 4.2).
The amplitude of this process is:
29M7
Up

v <9v - gA'ys> U (pa)- (4.2.21)

kK, 1 _
G zzn €, ( — Y t ]\“4% ) [ERYE U (ps)

Using p3 + ps = k, then we find:
M% 2 TﬁyGIBV

.= 4.2.22
where

T% = Te{y"(gvi — garys) (Bs + m)V (gve — garys) ($a — m)} (4.2.23)

After many steps of calculations, we get

4
. _ g mp 2 mz 2 2 2 2
Lspn(hy — Z27°2) = WGhlzZF(m_hl) (j:1§csb(gjv + i) + (9v + 924)

+ (gov + ng)), (4.2.24)
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where Gz zp, = ﬁgzzm with gzzn, represents the coupling between a pair of Z bosons and
hy (see appendix A), gy and g4 are real parameters, their expressions are reported in the
appendix A. Concerning the kinematic factor F'(x), its expression is:

13 1 3

47
S RN TV AN 9% a2 4
F(z) = -1 x|(2x 5 +x2) 2(1 62° + 42%) In(x)
3(1 — 8x2 + 20z*) 3z2 —1
+ T arccos(2—xS), (4.2.25)

m
where z = 24
mhl

4.2.3 Higgs-like boson h; decay into two photons

It is well known that the Higgs couples to the photon is induced at the loop level processes.
In the Standard Model case the contributions to the diphoton decay channel comes from the
top quark and the gauge boson W, therefore, its partial width decay can be written as [39]:
2,,3 2

Tsar(h — 77) = —gg ‘i‘/;;g Ai(1w) + NeQ? Ay (1) . (4.2.26)
where G is the Fermi Constant, No = 3 the number of color, ); the electric charge of
top quark, A;(my) and A%(Tt) are the loop functions for the W boson and the top quark
respectively.

The compact 341 model contains new charged particles including fermions, scalars (the
new singly and doubly charged scalar bosons) and gauge bosons that will contribute to the
decay amplitudes of the decays hy — vy and h; —> ~Z at one loop level. In the case of hq,
besides the contribution of W¥ boson and the top quark, the processes I'(hy — yy(72))
receive new contributions that come from new particles (gauge and scalar bosons) such as
VFF, K, hi, hi and hTF, Furthermore, in our model, the SM Higgs-like boson h; does
not couple to the new heavy charged fermions, hence, the exotic quarks do not contribute
to the one-loop decay amplitudes of the processes hos — (v, Z7, gg). Figure 4.3 shows
the main contributions to the decay h; — vy and Z7.

Consider a Higgs boson width four-momentum p,, = (my,,0), decaying into two photons
with four momenta: ki = (Ei, k1), ko = (Es, ka).

1 2 &k
[(hy — vy) = 2m) "6 (pn, — — Y| e
dl'(hy — ) thl( )"0 (pn, — (k1 +k2))‘Mh1 M| 35, @y
d3ks
—_— 4.2.27
2E2<27T)3 ( )
In the center of mass frame the total 3 momentum is zero thus k1 = —ky, B4 = F3 = F and
d*k = EdEdS), then we get:
1
dr'(hy — = 2, 4.2.28

82



CHAPTER 4. A NEW COMPACT 341 MODEL: HIGGS DECAY MODES

Figure 4.3: The one-Loop diagrams contributing to h; — yy(vZ) decay where i=1,2 or 3.

Using the parameterizations of Feynman integrals (See appendix B) to get [39]:

o’mj
102473

L(hy — yy) =

g vv 20n
TEEQVAN () + Y QN 1AL ()
% mV f mf

2
: (4.2.29)

+ D gz%s Q% Ne,5.Ao(7s)
7

where V', f and S refer to Spin 1, Spin % and Spin 0 particles respectively, Qv, Qf, Qs are
electric charges of the vectors, fermions and scalars, g, ss,9n,vv and gy, ¢y are the couplings of
the Higgs-like boson with S, V and f respectively their expressions are tabulated in tables
(A.1)-(A.6) (see the appendix A), Ny, N.g are the number of fermion and scalar colors
respectively, A (v ), A% (7¢) and Ay(7s) are the loop functions for V,f and S respectively

(See the appendix B).

4.2.4 Higgs-like boson h; decay into photon and Z

The main contributions to the decay h; — Zv are shown in Figure 4.3, the explicit form
of the partial width for hy — yZ can be written down as [39]:

2,3 2\ 3
M

T(hy — vZ) = Oémhl(l——”zz)
h1

2

2 Asu gl

v sin Oy

(4.2.30)

The factors A and Agys represent the contributions of the new particles which predicted by

our model and the contributions coming from the particles of the Standard Model respec-
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tively, their expressions are given by [39]:

~ 2
A = ghl‘;vgzvvfh(ﬁf,)\v) =+ Nc,f ghlff2@f(gzu)v41(7'f7)\f)
TTI,V mf 2
~ 2,
— Nes %QSSngzssAo(T& As), (4.2.31)
5
2Tt — 4@, sin 02,
ASM = COsewA1<Tw,Aw) +NCQt< 3 Qt - W)Al(Tt,)\t), (4.2.32)
cos Oy 2
where 7; = fnﬁ,/\i = ;eran and T3 = % is the weak isospin of the top quark, A;(x,y) represent
H2 Z2

1

the loop functions (see the appendix B), Q; = % is the electric charge of the top quark,

9zf.9zvyv and gzss represent the couplings of the Z boson with the fermions f, gauge bosons
V' and scalar bosons S respectively, their expressions are tabulated in tables (A.1)-(A.6) in

the appendix A.

4.3 Heavy scalar bosons decay h;(i = 2, 3)

In this section, we study the heavy scalar bosons h;(i = 2,3) decay in the compact 341

model.

4.3.1 Heavy scalar bosons decay into two Fermions

The partial widths decays of h;(i = 2,3) into two Fermions are:

Dlhy — 00) = 2 Memns (4 (o) (4.3.1)
2 327 my, m;, Uxfy ’ o
2 2 2\ 3 2
g° mimy, dm;\2 (v
W hs X
B 302 m2 Am2\ 2 2
P(hs — Bb) — %M@_ﬂ) (&w m), (1.33)
T mi, mj, Uy Uy
B 302 m2 Am2\ 2 2
T(hy —> bb) = STgmbThS <1—%) (ﬁﬁﬂﬁ) (4.3.4)
T mi, m;, Uy Uy

If myp, > 2my(y), hi can decay into a pair of exotic quarks U(J) as follows:

2.2 A2 3 2
T(hy — UU) = %mUThS (1— ";U) (%> (4.3.5)
T miy, mj,, Uy,
3g% mZmy, 4m2\? (v B8\°
[(hy — UU) = —%(1— 2U) (L) : (4.3.6)
321 myy, my, Uy
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And
302 m2 Am2 2 2
T(hy — JJ) = 32imJTh2 (1— ”;J) (M) (4.3.7)
m mW mh2 ’UX
302 m2m,. Am2\ 2 2
r%—ﬁy)z-i@4%0—7?)cﬂ>, (4.38)
327 myy, My, Uy

where my, my, mp,(i = 2,3) and my, m, are the masses of leptons, gauge boson W, the
scalar bosons h; and the exotic quarks respectively, «, [, v, o are real parameters (see

appendix A), v, is the vacuum expectation value.

4.3.2 Heavy scalar bosons decay into gauge bosons

If mp, > 2myy, 7, the heavy scalar bosons h; can decay into a pair of real Z bosons, into
a pair of new gauge bosons V; (V; = XF VFF K K, YF) and into a pair of Z’ bosons,

their partial widths decays are given respectively by:

1 M4 AM2\ 2 ML M2

T(hy — Z27) = ——2 [1—-—Z 3 hi ZThi )2 4.3.9
( )= w0 ) () 69

ke MA AM2 \ 2 1ME M2
I'(h; ViV)) = L W [ Vi R QI S — L 4.3.10
(hi — ViVi) 47?]\/[;“1),3( M,fi> ( +4M(§i M2 ) ( )
D(h; — 2'7") = L M 1 AR 3+M’%2 M, G (4.3.11)

‘ T 87 My, 02 M, M3, Mg, ) A A

where in the case of hy, the coefficients k; are given in the following table:

nggS kXJF kvﬂpqﬁ k’K/O kaF kyqﬁ

Ux Ux YUn Un 1
ha ! wl 5% Y UP(UXPY‘FUnO‘)

Table 4.1: k; coefficients in the case of hs.

while, in the case of hs, the coefficients k; are given by:

nggS ]{IXJF ]{ZV¥¥ ]{ZK/O /{?Kit kyqﬁ
hy 2o Zg 2 g Lo +u,0)
P P p P p

Table 4.2: k; coefficients in the case of hs.
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The expressions of Gzz,, and Gz 2y, are given by:

G = %@Z_ﬁ(c%)%Jrqou) 1—S§1VS%VU_p \/_\/1_452 Z,, SO0ty
+ %(CQQ)Q%ZCYvL@Z—pa—\/—1_8022023U—pa), (4.3.12)
+ 3(022)25—26 @Z—Zﬁ— %022023&6}. (4.3.13)
+ 3(032)2%204 (023)25_Za_\/i1_8032033v_za)’ (4.3.14)
+ (032) UZBJr (023) U"ﬁ—\/il_SC?’QO%Z—Zﬁ}. (4.3.15)

Furthermore, in the compact 341 model there is no direct coupling between the gauge
boson W7 and the heavy scalar bosons (W™W~hy =0 and WTW~hz = 0), thus,

L(hy — WHW™) =T(hs — WTW™) = 0.
Notice that we used the following relation:

mGB

And the following kinematics:

pllt = (mh37 ?)7
_+

pg - (EVN _p)>

pg - (EVH ?)’

(4.3.16)

(4.3.17)

(4.3.18)

where p;, p2 and p3 are the impulsion of h; ,gauge bosons V,© and V™ respectively.

4.3.3 Heavy scalar bosons decay into gluon gluon

In the Standard Model, at the LHC the decay of h — g¢g is mediated by a top quark. In

the compact 341model, there is no direct coupling between h; and the top quark therefore,

86



CHAPTER 4. A NEW COMPACT 341 MODEL: HIGGS DECAY MODES

the one loop contribution of the decay h; — gg comes from the exotic quarks, thus, the

partial width expressions for h; — gg are:

2173
aSMh

_ 2 2 2
I'(hy — gg9) = T8 }E Ax(ry 1287T3U2 |§ Ar(mll’s (4:3.19)
2 3
[(hs — gg9) = 128W3;25 \E AL(mo)|” + 1287T3U2 \E As(m)l|" (4.3.20)
n =1

where «ay is the strong coupling, A%(TU) and A%(T 7) are loop functions of the exotic quarks
U and J.

4.3.4 Heavy scalar bosons decay into two photons and (Z7)

The one loop expressions for hy 3 decays into final states including massless bosons vy and
Z~ can be mediated by new contributions that come from the new charged particles namely
KF, K° XT YF VFF U, J, hi, hg and h¥F, we note that the contribution of the W7
boson is not included in these amplitudes since there is no direct coupling between hg 3
and the W7 boson. The interaction between h; with the particles that run in the loop are
presented in tables (A.1)-(A.6) (see the appendix A).

4.3.5 Heavy scalar boson decay into scalars bosons

It is worth pointing out that h; may decay into a pair of scalar bosons hihy, hohs and hqhs .
For hs, it can decay into two identical Higgs-like bosons (hy — hih;), while, h3 can decay
into two identical Higgs-like bosons hy, into two identical hy (hs — hohs) and into hyhs
(hs — hihs).

hy decay into hih;

The partial width decay of ho —> hihq is:

[341(hy — hihy) = 5 (gh2h1h1)2/d<b, (4.3.21)
th
using the condition:
2E),, = mp,, (4.3.22)
we get:
o = Mg A, )3 (4.3.23)
- 2 m}?L2 . .
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Substitute (4.3.23) in Eq.(4.3.21), then we get:

1 9 4771%1 2
[s41(hy — hihy) = W(Q}thhl) I—— , (4.3.24)
ha

where the coupling gp,n,n, represents the trilinear interaction between hohihy, its expression
1s: \ \
6 4V
ghzhlhl - UX (?7 + ?éCX) . (4325)

where \g, A4 are the scalar coupling parameters.

hs decay into hih;

The partial width decay of hy — hyhy is [39)]:

1 Am? 2
[341(hg — hihy) = W(thhlm)Q(l - zhl) ; (4.3.26)
3

The coupling gpn,n,n, describes the trilinear interaction hghihq, it’s expression is found to be:

)\6 )\4 Uy )
Ghshihy — U (—0’ + = . (4327)
3h1ny X 2 2 UX

hs decay into hshs

Concerning the partial width decay of hy — haha, it is found to be [39]:

1 4m? \ 2
Daui(hy — hohy) = £ (i p—_ 4.3.28
341( 3 2 2) 327Tmh3 (gh3h2h2> ( mis ) ) ( )
where: \
Ghshohy = ?5 (Ux(aza + 2a67) + ’Un(ﬁ")/2 + 20470)) ) (4.3.29)

hs decay into hihs

Using Eq.(4.2.1) and the expression of the phase space d® which is:

d3p1d3p2 4 4
de = [ ————— — P2 — 2 4.3.

where pi, po and ps3 are the impulsions of hy, hy and hs respectively, we get:

1
2 (gh3h2h1)2P10 (4331>

F341(h3 — h2h1) = 87?7
h3
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where: 1
1/mi  2m2 m? 4 2
PO = —( by M_he _om? 4 T _om? 4+ m? ) , (4.3.32)
Looo2\m? mj, 2 ns L 3
Thus, the partial width decay of hy into hohy is [39):
1 my. 2m2 m? my 2
T Ba — hohy) = 2 ha hi""ha 2m2 hi Im2 2
341( 3 2 1) 167Tm}213 (gh3h2h1) ( }213 m}%j mhz + m}213 mhl + mhs )
(4.3.33)
where the coupling gp.n,n, represents the trilinear term hshohy, its expression is:
Ghghahs = AaUpa3 + XgU,y0. (4.3.34)

4.4 The signal strength

The signal strength of any process with a giving initial state ¢« producing an Higgs h which
decays to the final state f can be written as a product of the Higgs boson production cross
section and its branching ratio in units of the corresponding value predicted by the SM [39]:
Hay = 0341 (pp — h1) BR3y1 (b1 — xy)

osm(pp — h)BRsy(h — zy)

where the superscript SM and 341 refer to the Standard Model and the compact 341 model
respectively, while, x and y are any finale state, o; and BR; (i=341, SM) are the correspond-

(4.4.1)

ing cross section production taking gluon-gluon fusion (ggF') is the dominant contribution
of the Higgs production and the branching ratio respectively. In the compact 341 model,
the coupling tth is the same as tth of the Standard Model (SM), hence, the cross section of
the light Higgs h; production process is the same as the SM at the LHC:

o3a1(pp — h1) = ogm(pp — h), (4.4.2)

thus, the signal strength fi,, becomes the ratio between the branching ratio of the SM and

of the compact 341 model:

_ BR341 _ FSM(h — all)l“341(hi — a:y)
BRg F341(hi — all)FSM(h — $y)7

Ly (4.4.3)

where the total decay width I's41(hy — all) turns out to be the same as the one of the SM
Higgs boson I'gps(h — all):

Pygi(hy — all) = Taq(hy — bb) 4+ Tyay(hy — 7777) + Dot (hy — WW?)
+ Tan(hi — Z2Z7) + Tann (b — 9y) + Dz (. — 72)
+ Daa(hi — g9). (4.4.4)
In this section, we use the expression (4.4.3) to discuss the signal strength for different

individual channels €¢, bb, WW*, ZZ*, vy and Z~ in the context of the compact 341 model.
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4.4.1 The signal strength of hy — ff

From table (A.1), we have (ffhy)sa—(ffh)sa, thus:

Taai(h — ff) =Tsu(h — fF).

(4.4.5)

By using Eq.(4.4.3), the signal strength of the channels h; — ¢/ and h; —> bb equal to:

- Loy (h — all)
Hop = Hee = F341(h1 — all) '

4.4.2 The signal strength of hy — VV* (V = WorZ)

According to table (A.1), we have (WWhy)3s=(WWh)sps then:
F341(h — WW*) = FSM(h — WW*)

The signal strength of the channel hy — WW* is:

Db — all)
- F341(h1 — all)’

Hw=w

while, the signal strength iz« of the process hy — ZZ* is:

FSM(h — all)F341(h — Z*Z)

Hzrz = F341(h1 — all)FgM(hl — Z*Z)

4.4.3 The signal strength of hy — vvy(Z7)
For the channels vy and Zv, we get:

FSM(h — all)F341
F341(h1 — all)FSM
FSM(h — all)F341
F341(h1 — all)FSM

h —77)

Hyy =
h — Z7)

Mz~

—_— ]

4.5 The branching ratio

hi — v7)’

(4.4.6)

(4.4.7)

(4.4.8)

(4.4.9)

(4.4.10)

(4.4.11)

The branching ratio plays a very important role at the LHC to identified the Higgs boson

mass my, it has been used to precise the probability of the occurrence of one mode, that

motives us to use it to identified the new neutral scalar bosons predicted in our model.

The branching ratio (BR) is the fraction of the partial width decay of an individual decay

over the total partial width decay:
T
BR = —"
Iy’
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where I'r = Y T'; is the total decay rate that represents the sum of the individual decay
rates. The total decay width of hy is determined by the following channels:

F341 (h2 — CLH) = F341 (hg — T+T_, bl_)) + F341 (h2 — ZZ)
+ Dsai(he — vZ) 4 Laq1(he — vy) + Tsar(he — g9)
+ Taa(hy — haha). (4.5.2)

Furthermore, hy can also decay to new charged and neutral particles F including fermions,
scalar and gauge bosons, if kinematically allowed which would require my, > 2mp, therefore,
in this case, I'sy;(ha — all) has new contributions I'sy;(hy — F') where F' can be K7,
K" XT, YT VFF Z' or exotic quarks. Regarding the other neutral scalar boson hs, its

total width decay is composed by the following decays:

F341 (hg — (lll) = F341 h3 — 7'+T7, bg) + F341 (hg —> exotic quarks)

+ Ds41(hg — hohg) + I'sg1(hs — hihy)

(
+ Tsqi(hs — vy) + Tsa1(hs — Z7) + Tsar(hs — g9)
(
4+ Tag1(hs — hahy) 4+ Dsyi(hg — VV). (4.5.3)

Where V represents gauge bosons namely X*, V** Kj K YT Z and Z'.

4.6 Numerical Analysis

In this section, we discuss the phenomenology of the signal strength of h; and the branching
ratio (BR) of the heavy scalar bosons h;(i = 2, 3).

In our work, we consider the following scenario:
v,=246 GeV, vy, = v,=2 TeV, for the scalar parameters A; 9, we generate random choices
subject with the various theoretical constraints that we discussed in chapter 3, in the compact
341 model, the fermion sector contains e,, v,, € and v where a can be an electron, y or 7,
the six familiar flavors Up, Down, Charm, Strange, Top and Bottom with extra six exotic

quarks. Their masses are:

me. = 0.511 MeV, m,, = 106 MeV, m, = 1777 MeV,
m, = 2.3.107° GeV, mg = 4.95.107% GeV, me = 1.40 GeV,
ms = 95.107% GeV, my = 172.5 GeV, my = 4.75 GeV. (4.6.1)

Notice that v§ and v, are massless leptons and based on the results that reported at CMS
collaborations [97], the exotic quarks masses have to be bigger than 650 GeV. In our work,
we take their masses equals to 700 GeV. The gauge bosons masses are given by Eqs.(2.3.32)-
(2.3.37), using the fact that g = \/:/ sin Oy and Oy = 28.15°, then we get:

4
137
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Gauge boson mass(GeV)

My 80.398
my 91.1876
M= 655
M= 650
My 655
mi; 650
my+ 920

Table 4.3:  Gauge bosons masses in the compact 341 model [39].

In our model, the scalar bosons masses are:

AsAZ + As(A e — Aids)

2 2 2 2 2
m = AU VI my = ClUL + CovU
hi P )\g — 4\ A5 P’ ha X P’
A A
2 _ 2 2 2 _ AT 2 2 2 _ 8/ 2 2
My, = C3U T CaU,, My = ?(U,7 +v3), My =5 (v, +v3)
mies = ﬁ%ﬁ+wﬂ) (4.6.2)
hT++ - 2 p X Y.

Generating random numbers for the scalar parameters \; leads to the scalar boson masses.

4.6.1 The signal strength

In this section, we review the signal strength reported at CMS and ATLAS. Then, we discuss

our results and their confrontations with the experimental data.

The signal strength ;4 at LHC

The SM Higgs boson is produced from the ggF fusion (the most dominant production pro-
cess at LHC) and since it is an unstable boson then it will decay into different final states
before its arrival to the detector, therefore, the detectors can not measure the cross section
and the branching ration separately. Experimentally we can measure the so called the Signal
Strength .

As we discussed in section 4.4, the signal strength represents the product of the Higgs
boson production cross section and its branching ratio in units of the corresponding value
predicted by the SM. Thus in the Standard Model, this parameter ;1 determiners the agree-
ment between the theoretical expectations versus the experimental results.

Table (4.4) summaries the available experimental signal strength values from LHC Run
1 for the combination of ATLAS and CMS, and separately for each experiment, for the
combined /s = 7 and 8 TeV data for different Higgs boson decay channels. The expected
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uncertainties in the measurements are displayed in table 4.4. These results are obtained

assuming that the Higgs boson production process cross sections at s = 7 and 8 TeV are the

same as in the SM [98] of each individual channel £/, bb, ZZ*, WW* and 7.

Decay channel

ATLAS

CMS

ATLAS+CMS

G 1147920 1114020 114753
17 1.527040 1041032 1.2919-28
yw 1.227023 0.90+02 1.097518
s 1417940 0881930 1.11%9%
1t 0.621937  0.81+94 0.70792

Table 4.4: h signal strengths of the official ATLAS, CMS and ATLAS and CMS combination
for Run 1 [98], based on 25 fb™! of integrated luminosity.

The signal strength in the compact 341 model

Table 4.5 shows the signal strength results in our model and Figure 4.4 shows the signal
strengths for the various decay modes ZZ*, vy, WW*, 777~ and bb in the compact 341
model with the data reported at ATLAS, CMS and the combined ATLAS+ CMS Runl.
Our results can fit the current data withing the experimental errors as we can be seen in
Figure 4.4 that makes the compact 341 model in perfect agreement with the values measured
by ATLAS and CMS. That ensures the viability of the compact 341 model to be an available
model in the future work at the LHC.

6

CMs

ATLAS ATLAS +CMS

st —e—o /lbb llbb 1 L e be
. MTT

4 *—eo — l‘/‘ — e — —eo— uTT

oo I Cee v o L

o0 — H ! —ee I Y oo uﬂ
1 *—o — /J‘ZZ —— ’uZZ o — #ZZ
Figure 4.4: The signal strength results of hy, the blue and the red points represent the

Standard Model and the compact 341 model results respectively.
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Decay channel Our results

w7 1.03
I 1.06
uvw 0.99
wr 0.99
b 0.99

Table 4.5: The signal strengths in the compact 341 model [39].

4.6.2 The branching ratio

In this section, we discuss the BR in the SM and in the compact 341 model.

The branching ratio in the Standard Model

The left curve in Figure 4.5 represents the branching ratios of different channels of the
Standard Model Higgs boson decays as function of its mass my, whereas the curve in the
right side represents the variation of the total width decay versus the Standard Model Higgs
boson mass.

Figure (4.5) shows that a light Higgs boson where my < 130 — 140 GeV behaves very

—
T
l=a|

|

|

|

|
11 i1l

LNC MIGGS XS5 WG 2010

\n
LHC MIGGS XS5 WG 2010

IR TTT S T 1) N O O O V1 I W W A1}

o b

Branching ratios

1071822
74

iy

200 300 500 1000 100 200 300 500 1000
M, [GeV] M, [GeV]

Lol

107

Lol

An0-3
107700

Figure 4.5: The Standard Model Higgs decay branching ratios (left) and total width decay

(right) as a function of my [99].

differently from a heavy Higgs boson where my > 130 — 140 GeV [99].
In the region where my € (160 — 180 GeV) the Standard Model Higgs boson prefers to
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decay into a pair of electroweak gauge bosons WW or ZZ and the other decays into fermions
and loop induced decays are suppressed except the decay into a pair of top quarks tt.

Regarding the SM Higgs boson decay into two gauge bosons WW and ZZ, we distinguish
two cases: The decay into two real gauge bosons WW and ZZ happen when my > 160
GeV, otherwise, below the WW and ZZ threshold the decay becomes into an off shell with
an on shell gauge bosons WW* and ZZ* leading to three body decay.

On the other hand, in the region my < 130 GeV, the decay into a pair of bottom quarks
bb dominates followed by the other decays into other fermions at the tree level. Additionally,
in this region the decay H — ¢g is the most dominant process among the loop induced
decays, but Unfortunately, the SM Higgs boson decay into a pair of gg is a useless process
because its huge QCD background contributions. In spite of the relatively small branching
ratio value ~ 0.2 of the decay H — ~y GeV (the SM Higgs boson does not couple to
massless photons directly that makes it a rare decay), it has an important role in the SM
Higgs boson searches at Large Hadron Collider (LHC), it has used as a fundamental process
to identified the SM Higgs boson because of its zero QCD background contributions (clean
process without hadronization).

The Standard Model predictions for the decay branching fractions for the Higgs boson
with a mass of 125.09 GeV, together with their uncertainties [100] are summarized in the

following table:

Decay modes Branching fraction

hbb 57.5F 1.9
AW W 21.6 0.9
hqg 08.56 F 0.86
hitt 06.30 F 0.36
hée 02.90 F 0.35
hZZ 02.67 7 0.11
hyy 0.228 7 0.011
hZ~ 0.155 F 0.014
hp 0.022 = 0.001

Table 4.6: Branching ratio of different channels in the Standard Model [93].
The total width decay of the SM Higgs boson with my = 125 GeV is Iy, = 4.07.1073

GeV as we shown in Figure 4.5 (the right curve) indicated with a relative uncertainty of
+4.0 and -3.9.
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Searches for h;(i =2,3)

Figure 4.6 shows BR(hy — h1hq) as a function of the heavy Higgs hy mass for v, = v,=2
TeV where in the allowed parameter space, the mass of my, ranges from 500 GeV to 3.5
TeV. Its clear that in the region 500-1300 GeV , the decay channel ho — hyh; is the most
important one with a BR > 90%, this happens because the trilinear coupling h;hohs increases
about one order of magnitude v,. Interestingly, one can has a new production mechanism
for hy namely pp — ho — hqhy. This production channel might be useful to increase the
signal of the double Higgs production at the LHC.

As the mass becomes larger than 1300 GeV, we can notice that the decay modes of
hy into the heavy gauge bosons K K, Y¥, VFF XT and Z’ and into exotic quarks
are kinetically allowed, in this case, the total decay width contains additional channels
hy — VV and hy — QQ where V = K K, Y¥ VFF XT and Z’ and ) = exotic
quarks. The maximum value of the branching ratio of the decay of hy into gauge bosons K",
K, VFF and X7 plateaus close to ~0.35, ~0.26 as we shown in table 4.7, therefore, one
may notice that those decays are the most significant decay channels and the decay channel
hy — h1hy becomes weak and contributing roughly ~ 20%.

The branching ratios of the remaining decay modes are tabulated in the following tables:

Decay channel BR where my, € [500-1300](GeV) BR where m;, € [1300-3500](GeV)

bb ~ O(1079) [107° — 1079]
T ~ O(1077) ~ 1077
7Y ~ O(1077) ~ 1077
vZ ~ O(107%) [1073 — 2.6.1079)
99 ~ O(107) [107% — 1077
77 ~ O(10732) [10732 — 1073
7'7 ~ O(107) [107% — 1072
K"OK" 0 [1073-0.26]
Y+Y - 0 [1074-1072]
XtX~ 0 [1073-0.35]
VYT 0 [1073-0.34]
KK, 0 [1073-0.26]
uU 0 [10-%-1072]
JJ 0 [1074-107]

Table 4.7:  The branching ratios (BRs) of the heavy scalar hy for differnet channels.
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Figure 4.6: The branching ratio of ha — hyh; versus the heavy Higgs ho mass.

Now we turn our discussion to hg, Figure 4.7 shows BR(hy — ZZ) as a function of the
heavy Higgs hs mass for v, = v,=2 TeV where in the allowed parameter space, the mass of
mp, ranges from 3 TeV to 4 TeV. The decay channel hy — ZZ is the most important one
with a BR > 80% which is about ~0.8, while, the BR in hyh; is the second most significant
decay channel contributing roughly 20%. The lowest value of the branching ratio in that
region is just below ~ 1077,

The branching ratios of the other decays are shown in the following tables:

Decay channel BR where my, € [3000-4000](GeV)

bb ~ O(1079)
T~ [1077 — 1077
Yy (1077 — 1079]
V7 103 — 102
gg [107° — 107
27 ~ 0.80
77 [10-7 — 10-7]
KOK™ 1.5.10°6 — 1.9.107|
Yty - [6.10°6 — 5.107]
XX~ [10-° — 3.107]
Tanntes 106 — 1077]
KiKT [1.5.1076 — 1.9.10~]

Table 4.8: The branching ratios (BRs) of the heavy scalar hs for differnet channels.
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Decay channel BR where my, € [3000-4000](GeV)

uu [5.1072 — 0.25]
JJ [5.1072 — 1073]
hihy ~0.20

hihy [107* — 1072
hohs [5.107% — 1079

Table 4.9: The branching ratios (BRs) of the heavy scalar hj for differnet channels.
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Figure 4.7: The branching ratio of h3 — ZZ as a function of the heavy Higgs h3 mass.

4.6.3 Double Higgs Production

The double Higgs boson production is one of the main goal that the LHC is looking to
achieve it. Its measurement leads to precise the Higgs boson coupling (the scalar potential

shape) or to prove new physics.

4.6.4 Double Higgs Production at the LHC

The double Higgs production has been searched in the Run 1 and Run 2 in both resonant
and non-resonant final state.

Non resonant decay

In the Standard Model, the main non-resonant production of the Higgs boson proceeds
through two Feynman diagrams: Box diagram and through trilinear coupling of the Higgs

boson (see Figure 4.8).
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g , 8 h
h,” WYY -
h / t
\ b
Y, 8

Figure 4.8: Feynam diagrams of the Higgs pair production, box diagram (right) and trilinear
coupling diagram (left).

Notice that we have considered that the dominant process to produce the Higgs bosons
comes from the gluon-gluon fusion mode.
At Run 1, the different possibilities final state of the SM Higgs boson decay are [101,102]:

hh — bbyy, hh — bbr 7", hh —> bbbb, (4.6.3)
hh — W*W~y, hh — WWW*W, hh — W*WZ*Z, (4.6.4)
hh — Z°ZZ°7, hh—s WWrrt, hh —s 2275, (4.6.5)
hh — 77t 71T, (4.6.6)

whereas, at Run 2 the previous channels (Run 1) have been updated in both CMS and
ATLAS collaboration:

hh — bbyy, hh — bbr 7" (4.6.7)
hh — bbbb, hh — bW TV~ (4.6.8)
hh — A YWTW™ (4.6.9)

The box diagram interferes negatively with the trilinear coupling diagram, that make the
rate of this production very small, therefore, its detection becomes very difficult experimen-

tally.

Resonant decay

Concerning the resonant Higgs pair production, it can happen via a new particle which
will decay into a Higgs boson pair making this process visible even at a lower luminosity
pp —> X — hh where h can decay into many possible final state.

In this section, we discuss the different channel decays in the resonant case.
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hh — ~ybb

The first channel that can happen through the resonant X is the decay into vy and a pair
of bb (Figure 4.9):
pp —> X — hh — yybb (4.6.10)

o

Figure 4.9: Feynman diagram of hh — y7bb.

Swy

This process is a good possible way to search for the double Higgs boson production
since the channel 47 is a clean channel which will help to reduce the QCD background that
participate through the decay h — bb. But, experimentally this process has a low statistic
at the LHC.

hh —> bbbb
The second possible channel can be:
pp — X — hh — bbbb (4.6.11)

Figure 4.10 represents the Feynman diagram of the process (4.6.11).

Figure 4.10: Feynman diagram of hh — bbbb.
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This process has a high rate in its branching ratio (58%) [101,102]. In spite of this
advantage it contains a large multi-jet background.

In this case, experimental physicist expect to get a signal from a peak in the smooth
diHiggs invariant mass distribution [101,102| but according to the figure 4.11, no excess has

been found.
. 23" (13 Tev)
£ % cms & .
E b Preliminary [ Zﬁ:ﬁ‘f” I
I - Expacwd = 2a
E'In.: - Obaenasd Unpesr Limit
% £ RH-Gravhon, HL=35, kM, =01
:
x
[
a 1
2
:
g2
=
Figure 4.11: Search for the resonant X — hh — bbbb [102].
hh —s bbll

Another possible way to search for the double Higgs production at the LHC is from this
decay:

pp — X —> hh —> bbl/ (4.6.12)

Includes the following signals:
pp — X — hh — bW (v0)W (vl) (4.6.13)
pp — X — hh — bbZ (L) Z(vv) (4.6.14)

Those processes are presented as follows:
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A

Figure 4.12: Feynman diagrams of hh — bl/.

Due to the presence of the neutrinos in the final state, a lost of energy leads to a waste
in the invariant mass resolution.
hh — bbrt 7~

The pp — X — hh — bbr ™7~ is another process that used at the LHC (see Figure
4.13). Particle physicist applied the same idea that reported in the decay hh — bbbb, they

were looking for a peak in the m, -+ distribution [102], but no excess has been detected.

Tt

:]><

Figure 4.13: Feynman diagram of hh — bbr*r

4.6.5 Double Higgs Production in the compact 341 model

The heavy neutral scalar bosons hy and hg in our model can be candidates to be the resonant
in the pair Higgs productions process, their contributions can enhance the signal excess at
the LHC to increase the probability to detect the Higgs pair productions.

Figure 4.14 represents the trilinear Feynman diagram of the Higgs pair production
through the resonant hes (pp — hos — hihy) in the compact 341 model, this one loop
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process happens through the exchange of the exotic quarks (there is no direct coupling be-
tween hy 3 and the top quark). Notice that besides the trilinear Feynman diagram the Higgs
pair productions can happen through a box diagram which is similar to the Standard Model

one (the right diagram in figure 4.8).

8 i

g h N,

Figure 4.14: Trilinear Feynam diagram of the Higgs pair production in the compact 341

model.

4.7 Conclusion

In this chapter, we discussed the phenomenology of the neutral scalar bosons in the compact
341 model. We derived all the necessary partial decay widths where the lightest scalar h; is
identified as the SM Higgs boson to calculate the signal strength and the branching ratios
where we have used the theoretical constraints to constrain the scalar parameters such as:
perturbative unitarity, boundedness from below constraints and the positivity of the scalar
bosons masses.

To check the validity of the model we calculated the signal strength of the Higgs like-
boson h; and compare our results with the experimental data that reported in ATLAS, CMS
and ATLAS+CMS combination. For the other heavy scalar bosons hse and hg, we calculated
the branching ratio trying to discuss at which scale they will be appeared. Furthermore,
We discussed the Higgs pair production in the compact 341 model trying to discuss how to
increase the signal of this production using the contribution of our model.

In the next chapter, we introduced a new version of the 341 model which does not exist
in the literature called the flipped 341 model. we discus its particle content : fermion, gauge
and scalar sectors, we explain how all particles gain their masses using four scalar fields with

two extra scalar matrices S and S’ . Furthermore, we discuss the appearance of the FCNC.
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Chapter 5

A new anomaly-free flipped 341 model

5.1 Introduction

In the chapter 2, we have discussed the 341 models with and without exotic electric charges,
where we have reported that all the quarks families must be arranged in different represen-
tations while leptons generations are in the same representation to ensure the cancellation
of the triangle gauge anomaly. But it turns out that this quarks and leptons replication
is not the only way to get a model free from the SU(4)3 anomaly. Following Ref [103]
regarding the 331 model, we introduce a new unique gauge anomaly-free model where all
the quark generations transform under the same representation while leptons are not. This
model baptized flipped 341 model.

Since two lepton generations v, and {/; arranged differently from the others 1, and ¥,
and all the quarks are identical under SU(4), the tree level Flavor Changing Neutral Current
(FCNC) in our model is expected in the lepton sector (and it is absent in the quark sector)
though the exchange of the new neutral gauge bosons Z' and Z” such as the rare decays
0; —> 000, and ¢; —> Uiy,

In this chapter, a new model called the flipped 341 model is introduced [104, 105], its
fundamental features and its particle content are discussed. The FCNC is discussed through

the processes p — eee and u — e7y. Moreover, the new physics parameter U,,, M, and

ey
Mz are constrained by using the experimental limits on yu — eee and yu — ev.

5.2 The flipped 341 model

In this model, the three quark generations transform under the same conjugate fundamental
representation while the lepton generations lie in different representations. It is important

to mention that contrary to the ordinary 341 models, a forth generation of lepton is required
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in order to cancel the gauge anomaly SU(4)3 which requires that the number of the fermion
quadruplets must be equal to the number of anti-fermions quadruplets. Table 5.1 summarizes
the particle content in this model where there are no fractionally electric charged different
from :F§ and :F% for exotic quarks and there are no integer electric charges different from 0
and F1 for femrions and gauge bosons (model without exotic electric charges). Moreover,
this model is unique. The decomposition of the lepton 10-plet 7, contains as subgroups
(1,6,X)+(1,3,X")+(1,Q), to get a real (1,6,X) representation, the value of 3 should be equal
to \/ig [103]. In the ordinary 341 models and for a giving value of § one has tow models with
v = \/Lé and v = \_/—%. In the flipped version of the first model one has fractionally charged
leptons which are forbidden.!. Therefore, the only acceptable flipped 341 model is the one
with g = \/Lg and 7 = \’/—% [105].

The 10-plets 9. , S and S’ contain XF, 0, A+, A= A A A*+ and A=~ which stand
for triplets sub-representations, (ve,e), (Hd, H2) and (Hg ,Hg ~) form SU(2). doublets,
(8%, B° NO), (HET Hs,HE) and (HE,H,g,Hyg) compose the triplets denoted by (1,3,3),
(1,3,3) and (1,3,-2) respectively, while, E, 0T, 02, ¢&F, o and ¢ are singlets [105].

Using the tensor products and branching rules which are tabulated in the appendix D, we

get the decomposition of 1., S and S” where the decomposition of the sextets representation

(1,6,%1) 5 (1,3,0)+(1,2,‘71)+<1,1,—1>, (5.2.1)
(1,6,%) S5 (L3 1) +(1,2,5)+ (1,1,0) (5.2.2)
(1,6,%4) 5 (1,3,—1)+(1,2,_73)+(1,1,2). (5.2.3)

As we showed in table 5.1, the decomposition of the 10 plet (1,10,0) representation is:

—1 1

)+ (1,3,3)+ (1, L1) (5.2.4)
where the sextet (1,6, 5F) of SU(3),, breaks into a triplet (1,3,0), a doublet (1,2, 5F) with
a singlet (1,1,-1) [103]. A triplet 3 of SU(3), breaks into a doublet 2 plus a singlet 1 of
SU(2)y, following Ref [106], we may simply label the components of 2 by their isospin (%

and 5t), we can settle with the following identification [105,106:

(1,6,

N |=

2
2 %}

4= "7 |, 3= 24 (5.2.5)
1 2
it !

!Fractionally charged leptons, produced abundantly in the early universe, would lead to an unacceptable

cosmology, because there are no decay modes for the lightest of these exotic states [103].
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Name 341 representation 331 representation components F
E+ 270 Ve ﬂ
V2 V2 V2
2 oy e B2
be (1,10,0) (1,6,55)+(1,3,4)+(1,1,1) Ve Ei X3 1
V2 V2 e V2
gt B N+
vz vz vz ¢
Vala = p1,7) (14.5) (13,32)+(1,1,0) (Vs Lo By, ND) 2
(14,5 (13,55 +(1,1-1) (e, 7, N°, E7) 1
I3 (1,1,1) (1,L,1) I3 6
ro (3717%) (3733%)+(3717%1) (domuoanvDoz) 3
u® (3,1,52) (3,1,52) u® 6
de (3,1,3) (3,1,3) de 6
¢1 (1%7 _21) (17‘5’: _?I)Jr(lvlv'l) (¢;7¢(1)7 /10’¢/17) 1
¢2 (1747_21) (1’37_?1)+(1’17'1) (¢;’¢gv¢éo’ /27) 1
¢3 (L%a%) (17§a%)+(17170) ( ga¢§_7¢g+7 éO) 1
¢ (14,3) (13,3)+(1,1,0) (6501 .65 .¢7) 1
A+ ot HE HST
V2 V2 V2
A;r AO ig H1+s
S (1,10,1) (1,6,2)+(1,3,2)+(1,1,2) I{S% o Vg Iﬁ; 1
vz V2 7S »h
H{*  Hfg HE 4t
V2 V2 V2 S
a0 AT HZ g
V2 V2 V2
/ _ —4 —2 2 2 2
S (1,10,-1) (1,6, 3 )-+(1,3, 5 )+(1,1,0) e H e H 1
V2 V2 S V2
HY  Hys  Hyg 0

V2 2 V2 S

Table 5.1: The complete anomaly free fermions content and scalar sector in the flipped 341
model with their flavors (F).

In our case, we have m-j4i4;. is gauge invariant, therefore, one must have the following
identification [105]:

3 1 1
3 & L L2
30 3 1o Lo
10=| 2 bovets vty (5.2.6)
-2, Lo, 1 I
\{5 2 \{i =z
/ / !/ "
Notice that the charge operator @ (Eq(2.3.1)) acts on the representations 4 and 4 as:
1 b c -1 b ¢ —b ¢ —c
4 = Diag( -4+ -+ 4 x, 4245 20 xSy x
Q] 1ag(2+6+12—}- 2 e T3 Tt T )
. -1 b c 1 b c b c c
i = Diag( — 2 - S yx--2_-°2 2 xS x 5.2.7
QU 1ag(2 6 12 2 6 123 12 i’ ) (5:2.7)
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Thus, the electric charge for leptons in 1, is [105]:

+1 0 0 +1

0 -1 -1 0
= ) 5.2.8
© 0 -1 -1 0 ( )

+1 0 0 +1

We also mentioned in table 5.1 that the decomposition of the scalar matrices S and S’ is

respectively given by [105]:

(1,6,§)+(1,3,§)+(1,1,2), (5.2.9)
(1,6,%4)+(1,3,%2)+(1,1,0), (5.2.10)

where the decomposition of (1,6, %) and (1,6, %4) has already been given in Eqs (5.2.2) and
(5.2.3) respectively, while the triplets (1, 3, %) and (1,3, %2) break respectively into:

(1,2,§)+(1,1,1), (5.2.11)

i (5.2.12)

1,2
(’72

Using those decomposition with the previous identification of 10, we get the electric charge
for the scalars in S [105]:
+2 +1 41 +2
+1 0 0 +1
= , 5.2.13
“ +1 0 0 +1 ( )

+2 +1 +1 +2
and the electric charge for the scalars in S’ [105]:

0 -1 -1 0
-1 -2 -2 -1
= . 5.2.14
@ -1 -2 +2 -1 ( )
0 -1 -1 0

Regarding the vector bosons, they are in the adjoint representation 15 of SU(4) where
the presentation (1,15,0) of SU(4), ®U(1)x breaks into (1,8,0) of SU(3),® U(1)x/, a triplet
(1,3, %2), an anti-triplet (1,3, %) and a singlet (1,1,0). The identification of 15-plet will be
resulted from the contraction of 15@'1;43', but instead of using it one can write 15:L)\QW/‘}

V2
where oo = 1...15 which represent the Gell-Mann matrices, therefore the 15 gauge bosons can
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be written as [105]:

0 N bt1 34+b+2c
2 6
Do, Wi KS X,
0 KIFTl V73+b+26
1 W, D
o 2p 1p I
§>\QW5 = —(b2+1) —(b2—1) 0 —(173 ) , (5.2.15)
Kﬂ Klu DSM Y;’»
—(3+b+2¢c) (3—b—2¢) (b—c)
6 — 3 0
X, vy, De,
3 8 15 3 8 15 8 15 15
o Wi W \ Wiro o ZWe \ Wu Wit o 2We | W 0 _ =W,
where Dy, = 72+ 76+ U5 Doy = —5 + 5 + Az Daw = —5= + 5 and Dy, = —5-

In our model, we have b=1 and c¢=-2, therefore:

DY, Wi K& X0
Lowa— | W Do Koo Vi (5.2.16)
2 g K, K?u Dgu Y,

X0 Vi ov; DY,

Thus, the electric charge for the vector bosons is [105]:

0 +1 +1 O

-1 0 0 -1
= . 5.2.17
© -1 0 0 -1 ( )
0 +1 +1 0

Namely, the flipped 341 model predicts the existence of W¥, KT V¥ YT X°%XY) and
K°(K") besides other neutral gauge bosons Z, Z’ and Z”.

5.3 Anomalies cancellations

Based on to the fact that Tr[T%] = 0 and Tr[7*] = 0 where 7% and 7% are the generators
of the Lie gauge groups SU(3) and SU(4) respectively, all the triangle gauge anomalies are
automatically canceled expect those of the non-trivial ones: [SU(4).]?, [SU(3)¢]?* @ U(1)x,
[SUA4) 2@ U(1)x, [SUB)c)?, [U(1)x]* and [Grav]? @ U(1)x. From the particles content
shown in table 5.1, we notice that our flipped 341 model is free from all the gauge triangle
anomalies. In fact and as we mention in chapter 2, the total contribution of the [SU(4);]?

anomaly comes from [94]:

A“bC(4L)( > o4 - Z‘lL) A% (47) (nay, — ng,) (5.3.1)
Qmr,fiL QnL
where the anomaly coefficient A%¢(4;) = Tr(T¢{T?,T¢}) with A%¢(4;) = —A%¢(4;) and

47 respectively 47 are SU(4) quadruplet and anti-quadruplets fundamental representations.
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Here nyr and nz, are the number of left-handed fermions quadruplets and anti-quadruplets
respectively. This anomaly cancels only if the number of the quadruplets in the fundamental
representation 45 equals to the number of the quadruplets in the conjugate fundamental
representation 47 as it is the case in our model (see Table 5.1). We remind that the 10-plet
1. contributes as much as eight quadruplets in the group SU(4) [107| (A(10) = 8.A(4)),
together with the remaining lepton generations v, and 1);, the contribution of all lepton
generations equals to 10.4(4), while, the arrangement of the three quarks families in the
fundamental conjugate representation 4 makes their contribution equals to 9.4(4). Thus, to
ensure the cancellation of the [SU(4)7]* anomaly, a new exotic lepton @Z lies in the conjugate
representation 4 must be introduced [105].

The cancellation of the [SU(3)c]® anomaly requires the introduction of the charge con-
jugate of each quark field as an SU(4), ® U(1)x singlet for which the quantum number X
coincides with the electric charge @ [46].

The flipped 341 model is free from the [SU(4).]* @ U(1)x, [SUB)c]* @ U(1)x, [Grav]?* ®
U(1)x and [U(1)x]® anomalies only if its particles content satisfied the following conditions
respectively [104, 105]:

%(ZX; + 32){5):0, (5.3.2)
%(42)(; - fo):o, (5.3.3)

Sing

Ay XP+12) X - 3ZXR—ZXf:0, (5.3.4)
Y (X 12 (X = 3 (X =D (X =0 (5.3.5)

Sing Sing

where X ) and X ) are the quantum numbers associated to the U(1)x group of the left (L)
and rlght (R) handed leptons (¢) and quarks (q). The factor 4 appears to take into account
all the components of the quadruplets and anti-quadruplets [94], the factor 3 appears because
the quarks are in SU(3)¢ triplets [94], while, the factors 12 represents the multiplication of
3 x 4, the quark generations are quadruplets and triplets under the group SU(4) and SU(3)
respectively.

The special content of the flipped 341 model ensures the cancellation of the [Grav]2 ®
U(1)x anomaly which requires that the sum of all the U(1)x charges yields to zero as it
mentioned in Eq.(5.3.4). Table 5.2 shows the cancellation of the gauge anomalies in the
flipped 341 model. Notice that the sum of all rows of each column in table 5.2 multiplied by

the number of flavors (F) vanishes. Therefore, the model is gauge anomalies free.
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Field [SUB)c]® [SUM)L]? [SU@LPUL)x  [SUB)CPUL)x  [UM)x]? (Grav)?U(l)x F
e 0 4 0 0 0 0 1
Yo 0 3 3 0 5 -2 2
o 0 3 2 0 S -2 1
e 0 0 0 0 1 1 6
Qo 2 El 1 3 1§ 2 3
ug, 5 0 0 = =2 -2 6
de, 5 0 0 i 3 1 6

Table 5.2:  Gauge anomalies fields contributions in the flipped 341 model [105].

5.4 Fermion masses

In our flipped 341 model, in order to generate masses for particles one has to have four scalar
fields @1, ¢o, @3, ¢4 and two new scalar matrices 10-plets S and S’ which transform under
the fundamental representation 10 of the group SU(4). Following Ref [103], we assume that
there exists a stable, charge-preserving vacuum state. In this spirit, we allow all neutral

scalar components in Table 5.1 to have a non-zero vacuum expectation value (VEV) [105]:

0 0 ks ks
k k 0 0
) =1{ |, (o= |, (¢5) = , {¢) = (5.4.1)
ny Ng 0 0
0 0 n3 Ny
O O O O (NG O O 7%
0 va YL 0 0 00 0
(5) = f v2 , (9) = (5.4.2)
0 % v, 0 0 00 0
0 0 0 0 % 0 0 vy

The gauge symmetry in the flipped 341 model is broken to the Standard Model one via the

following steps:
SU@B).®@SU4),@U(1)x

I n3, Ny, Vg, Vo
SU3). ® SUB)L ® U(1)x
I ni,no (5.4.3)
SU3).®@SU(2),@U(1)y
ki, ko, ks, ka, Vg, Vi, va, var
SU(3)e ® Uem
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Where k;(i = 1,2,3,4), 04, Vg, 0a, 0ar <K Ny, Mo K (0 = 3,4), vy, Vg
The Yukawa Lagrangian Ly that is invariant under 341 symmetry has the following form:

'CY = ELeptons + Equarks~ (544>

With
2

/ 4 .
Lieptons = 3 Ynd Vol + Ngel§S™ + %weweSS’ + Yl atisS” + > Y D,
j=3

=1

4
+ > w5t + WS + he.,
j=3

2 4
Loarks = 3 Uos'Qausti + Y yad Qadse + hec.. (5.4.5)
i=1 j=3

where 8 and « stand for the flavors of the fermion fields. In the flipped 341 model, the full

scalar potential V(¢;, ¢;,S,S") that is invariant under the gauge symmetries is:

V((bl) ¢j7 Sa SI)

13, 0L0i + 13, 010 + ETr[STS] + pe T[S + Mg, (4i0)])°

Ao, (6052 + AsTr[STS]? + Ag Tr[STS"]? + NgTr?[STS)]

No T2 [STS] + Ao, (8160) (0165) + Ny, (6:007) (0555)

Nj o (B167)(8560) + Ny (0:6:)(6565) + Ap,s (6 6) Te[STS]

Ao, s (D107 TX[STS] + Ag,50 (66 TE[STS'] + Ay, 0(]b;) TH[STS]

X5 s (019)(STe) + Nj, (659 (ST¢) + N5 6 (615) (S )

+ N g (858 (ST¢y) + (fS¢igs + f'S' b5 + huc.), (5.4.6)

+ o+ o+ 4+ +

where 1 = 1,2, 5 = 3,4, the couplings \’s are dimensionless, while the parameters p’s, f and
f" have mass dimension.

It is worth to mention that the introduction of the effective term:
/
Leps = %¢e¢855' (5.4.7)

is necessary to generate the neutrino mass matrix where A represents a new physics or cutoff
scale that defines the effective interaction.

Notice that the following effective Lagrangian (where n = 1,2,3,4, 7= 1,2 and j = 3,4):
_ Y Y Y Y o Y Y N
Lepr = K%%Qﬁi%‘ + Xwewe@(bi + K%we(?jfbj + Kweweébi ¢; + K%?/Je@(ﬁj + K¢e¢e¢i o
y/ * y_l y_/ el y_l * Qk y_/ Ix QI y_/ !
+ JVeedif + TUePeSS + eSS + TPt STST + St STST + S hetedn S
y/ * ! g’ /% y_’ y_/ * y_/ *
+ Kweweaﬁns + Ai/Jewe(bnS + A%weqﬁns + Al/&ﬂ/}e%S + Awewedms ; (5.4.8)
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is not invariant under SU(4), and U(1)x symmetries, therefore, it is not allowed.

Fermion masses are generated from the following interactions [103]:

EFermions masses — mgg\lﬂa\l’g + mZB\I/Z\IJZ) + mg/gqjg\pﬁc + miﬁ\lfi\lfgc -+ h.c. (549)

5.4.1 Quark masses

By substituting the VEVs into the Yukawa Lagrangian L yarks, We find the tree level masses

of the up and down quarks respectively:

u(1) u(2)

u Yo K1+ Yoy K2

m¥ = u(ﬁl) ué) (5.4.10)
Yap 11 + Yap M2

(3 d(4

m = ( yg((@))kﬁygéi“ ) (5.4.11)
Yap M3 T Yop N4

where we have written m" (resp. m?) in the basis (uq, Uy) and (u3) (resp.(da, Do) and (d5)),

yzg) (i=1,2), yig) (j = 3,4) represent the Yukawa couplings.

In the case of only ¢; and ¢3, the mass matrices m* and m¢ will generate massless
quarks. On the other hand, with two copies of ¢; 2 and ¢34 and requiring that 7% =+ Z—z and
Z—z =+ s—i [103,105], we can generate all the quark masses at the tree level. Therefore, this
leads us to consider our model with two copies of ¢ 2 and ¢s 4.

The admixture of u and U (d and D), it can be avoided by applying the diagonalization of
the mass matrices using the perturbation theory in powers of € where € = Agw /Anp [105,108].
Or we can use an assumption which assumes that some of the Yukawa couplings in the Lieptons

are zeros [105].

5.4.2 Charged lepton masses

At the tree level, the charged lepton mass matrix m’ which is written in the basis ¥ =( B

Y ot 1) and =(ly, Es, (c7)¢, (87)¢, E,, L., ¥7) where (o = p, 7 and 8=1,...6) is [105]:

ek + Y ks 0 0 0
v+ yny 0 0 0
wg(g)ng + wg(4)n4 0 YO, + Y, YOk + YL,
mt = wé(g)k‘g + wé(4) ky Yy + YO, 0 Y@ ng 4+ Y Hp,
)\gva _Ty,vg/vA _Ty,vA/UA yX/vAf%
)\gvg %UU/UH yX/UHUA/ _K/UH%
/\gvA %’/vgvg/ %vgvm %vgvd,

(5.4.12)
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A striking feature of this matrix is that the combination of the last three rows in the
matrix m’ adds up to 0, hence there is a massless combination of the ¢ and of the ¥* [103]
which corresponds to vy X~ + (v, —va)le —vg E.. A natural possibility, although perhaps not
the only one [103], is to associate this combination to the left-handed electron, the lightest of
the charged leptons [103]|. Hence, the electron mass can be generated by radiative corrections
to the matrix m* [103], the effective operator (’)Sj)weﬁggbi:m(bj:l,g (see figure 5.1), generates
a contribution, roughly of the order of [105]:

2
Fi.; gl 2
Fig.5.1 diagram oc Z L y L0 LK) ge ((ninj)Ee + E(kznj + kjn;)l,

ij=1

+ (kikj)Z_) (5.4.13)

where Fy; is the coupling constants of S¢;¢y (j7,k = 1,2). Here A is a parameter of the order
of the 341 breaking scale. We insert very roughly n; ~ A ~ 1 TeV, k; ~ 300 GeV and all

couplings y ~ y' ~ Fj; ~ 0.6 results in a electron mass correction of the O(MeV).

Figure 5.1: Loop diagram responsible for generating the electron mass [105].

Notice that we have identified the charged elements of @Z namely, € and E~ with the
charge conjugated of leptons already introduced in the electron generation 1), which are 5

and o respectively [105].

> (5°)

~ v v

b = f\’;o =1 5 (5.4.14)
E- (o)°
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We have used this identification to avoid the presence of charged exotic leptons with masses
of the order of the electroweak scale [108].

5.4.3 Neutral lepton masses

We turn our discussion to the neutrino masses, in our model there are 10 colorless neutral

fields. From the Lieptons, We get the following mass matrix in the basis (Va—pr, No=prs Ve,

607 N67 ;7 ZO ) N) (Where .] = 374) [105]

ygﬁ\% Yoo’ 0 0 0 0 0 0
! / _ ) yé(j)k.
0 0 25{ VAUs! Qy_AUHU¢ \/»TZJ;\UAU¢ Z(Q) \/»TyAUHUU/ 7 J
/ / — Y*tU)n . —a
Vo 0 0 L UHVg yX/vgvA/ ny{\vA/vH 7 el \[TyA%vg 0
B 0 0 Y Aty v LA 0 Y ygv YOln,
V24 VAo ﬁA(ffA A VAYA 2A<H¢ V2
YU 117 Y¢0) 2Ww
—y’ —y ' () '
0 0 nyAprug/ nyA%vg SI_AU_H% %kj VsV 0
0 R 0 Yon Moy 0 W,
(5.4.15)
The mass matrix M can be written in the following form [105]:
N4><4 04><6
_ af
M = ( RIS (5.4.16)

The neutrino mass matrix M can be block-diagonalized into two blocks, the sub-matrix
4x4 is in the basis (v,, Ng) denoted by N,z and the second sub-matrix 6x6 is in the basis
(Ve, Bo, Ne, v, X , N) denoted by V.

Where [105]:
Nap = ( Yas¥s' Yap s ) (5.4.17)
af "o Ve "o : T
yaﬂ\/i yaﬁ o

Since we have v,s > v4, v/, in the seesaw approximation the eigenvalues take the form:

Mag =~ Ynglol, (5.4.18)
~ 1" _ U; " 1 N=1/.1m \t 5.4.19
Mag = Yopln %yaﬂ(yaﬂ> (yaﬁ) (5.4.19)

The light neutrinos masses my, 5 are a mixture of a type-II and type-III seesaw mechanism

contribution and the heavy neutrinos masses mgﬁ are proportional to the heavy VEV v,..
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Regarding the sub-matrix V, it has the form [105]:

Yoavg  Logv Y vpav 0 vy ks

A TATT RRTHTG  paTATe V2 i e V2

y_,fU v y_//U NG __y/fU 'V Y (])’llj __y/ Vs, O

2AVHTG  KToTAL A TATTH T VN et ;

—y/ —y -y 0 v Y,

V= | Vaavave ppvmvar VAU it (5.4.20)
YED W Yl 2Wey [ -

S - R

—y -y Yy Yy Y

VeAUHVe ppUslo 9xUnVs ki RUsUo !

o Yo 9w %
75 ki 0 vz e 0 W

Notice that the mass matrix V' can be written in the following form [105]:

1(4x4) (4x2)
v=| " " (5.4.21)
m (2x4) M/(2><2)
Since M’ > m,m’ and using the seesaw approximation, the eigenvalues have the following
form:
/
m= o~ yKUUUU/, (5.4.22)
mY ~ W, (5.4.23)
m” ~ m —mM " mT (5.4.24)

Both ¥y and N are heavy sterile neutrinos since they are proportional to the heavy VEVs
v, and v,., while, the mass matrix m* is a mixture of a type-II and type-III seesaw mecha-
nism contribution that represents the light neutrinos.

The analytical eigenvalues and eigenstates of m” represent the masses of v, 8y, N., 7,
the masses schematically take the following form: % where Viight = Vg, Ui, va, var [105].

Ref [109] discussed the possible existence of sterile neutrinos in the eV-scale. Moreover,
there are some indications from LSND and miniBoone for an eV mass sterile neutrino, in
our model, £y, N, and v represent light sterile neutrinos .

In our case, v, does not mix with v, (o = p,7) that makes this picture is not sufficient
since oscillation neutrinos requires that v, mixes with the two other light neutrinos. Thus,
we have to consider loops contributing to the neutrino mass matrix. We are especially inter-
ested in effective operators of the type O’ sz)qﬁewaqﬁj @5 @0, here i=1,2 and (,j=3,4 (see figure

5.2). Since these will generate contributions mixing v, with v, and v, [103,105].
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Di=1,2 $j=34

Figure 5.2: Loop diagram responsible for the mixing of v, with v, and v, [105].

A rough estimate of this diagram results in [105]:

2
ij kinik —n;n:k
Fig.5.2 diagram o Z Jighp yf(P)wf(f)YeUc) |:Va (( n; e)ye+( n;n; Z)Eo

16m2A2728 78
i=1

R (BN ) 4

+ (nl\];jgbg)ﬁo 4 (—kikjng)N0)7

WeplVely + WerVelr + Wy VsV + WerVsVr + WaouVgoVu + Waer Vs Ve

+

WNEUVNEVU + WNgrVNgVr + WNEeVNEVe T WNTeVNT Ve T WNES VNEVS,
T WNgmoUNgVse T W B VNG VB T WNG B VNG Ve T WNENVNEVNG T

+ WNOTNSVNEVNOE' (5425)

where fijr, represents the coupling constant of the quartic scalar interactions ¢;¢;dr¢,
(i,p=1,2 and k, j,¢ = 3,4). Note that Eq.(5.4.25) does not include the corresponding loop
functions and thus serves only as a rough order-of-magnitude estimate [103].

Inserting the w,p coefficients in the mass matrix M, the full 10x 10 neutrinos mass matrix

in the basis (ve, v, V-, Bo, U, Ne, Ny, Nr, o, N) has the following form [105]:

(6x6) (6x4)
M, M,
M = ( MTExO) gaxa) ) : (5.4.26)

Notice that N,,,N.,X, and N are heavy neutrinos, then we should integrating them out by
applying the seesaw formula, we obtain a (6x6 ) matrix for the active and sterile neutrinos
in the basis (ve, v, V-, Bo, 7, Ne) [105]:

MY ~ M;— MyS *MT 5.4.27
2

m§3><3) Ms(3><3)
= MST(3x3) M(3x3) )

S
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and (4x4) matrix for the heavy sterile neutrinos that are in the basis (N,,N-,3,N):
my ~ S. (5.4.28)

From the matrix MY, there exist six light neutrinos, three of them are the active neutrinos
Ve,v, and v, and the others are the light sterile neutrinos fy, v and N..
In the case where ps > Mg, mq, one may apply the seesaw formula again and find the

light neutrinos mass matrix in the basis (ve,v,,v;):
m” ~my — M(ps) M}, (5.4.29)
and the three light sterile neutrinos mass matrix in the basis (5, 7, Ne):
mh >~ L. (5.4.30)

Let us note that the smallness of the active neutrino masses m" arises from the inverse
powers of the high energy cutoff A (where it is an upper bound depends on the Landau
pole of the model (study under investigation)) and from their linear dependence on the light
VEVs va, var, v, vg [105].

5.5 PMNS matrix

Regarding the structure of the lepton mixing matrix (PMNS), in our model there are nine
charged leptons and ten neutral leptons, that makes the PMNS matrix is not a square matrix,

but it is a 9 x 10 matrix. It is given by the W coupling with leptons, which is written as:

9

V2

9

W Fiy"UN + h.c = 7

W, fuy" N+ h.c, (5.5.1)

S O O O O o o o
o O O O o o o~ O
S O O O O o = O O
S O O O o o o o o
S O O O o o o o o
S O O O o o o o o
S O O O O o o o o
_ O O O O O o o o
S O O O o o o o o

ooﬁloooooo

where f = ((g(8 = 1..6),X7,(01)", (51)) and N = (ve, vy, Vr, Ney Ny, Nyy 2o, 5o, U, N).
In order to go to the mass eigenstates, it is necessary to introduce the rotation matrices

V.., and V,, which lead to the appearance of the lepton mixing matrix PMNS, thus:

%WM FLV"UN + h.c = vgyNS%WM F'oARN! + e (5.5.2)
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Where the 9x10 equivalent of PMNS is:
VEMNS — vt gy, (5.5.3)

Despite V., and V, are unitary but the presence of I/ yields a nonunitary VFMNS in the
flipped 341 model. If we want to adequately reproduce the SM, we should, however, recover
a unitary PMNS matrix if we remain at low energies and consider only the flavor subspace of
the SM particles [108]. As indicated in Ref [108|, at low energies, the diagonalization of the
fermion mass terms occurs in a block-diagonal way: the mixing matrices V. and V,, consist
in two unitary blocks, one mixing the SM particles among themselves, and the other one
mixing the exotic ones among themselves. Furthermore, U reduces to 133 in the SM flavor
subspace [108] as we shown in (5.5.1). Therefore, the 3x3 SM block of VFMNS i given by
the product of the two unitarity 3x3 SM subspaces of V., and V.

VEMNS — (5.5.4)

VPMNS

This obviously does not mean that remains unitary, and our model does indeed

generate small deviations of unitarity for VVFMNS,
Both VJL and V, are 3x3 matrices which we can parameterize them using Euler angles

0;; and phases. The parameterztaion of V, is:

V, =U,P, (5.5.5)
where
C12C13 S12€13 size” "
U= —S512C23 — 012523513€i6 C12C23 — 812513616 523C13 ) (5-5-6)
512823 — 012023813€i6 —C12823 — 812023313€i5 C23C13
and
1 0 0
P=10 ¢° 0 ) (5.5.7)
0 (0 eiB+9)

while V.7, we parameterize it similarly as [108], s;;=sing,, c;;=cosg,, and P is a diagonal

phase matrix which contains two Majorana 3, a and one Dirac ¢ type cp-violating phases.
The combination of the parameterztaions of VJL and V, leads to the parametrization

of the PMNS matrix, where we have to take into account the neutrino oscillation data to

precise the values of all the rotation angles and phases.

5.6 Flavor Changing Neutral Current (FCNC)

The ordinary versions of the 341 models predict the existence of new heavy neutral gauge

bosons Z’ and Z” which have universal couplings with leptons, while, the quarks couplings
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with the new gauge bosons are non-universal. The existence of a non diagonal matrix when
we rotate the flavor basis into the mass eigenstates leading to the occurrence of FCNC in
the quark sector.

This scheme is reversed in the flipped 341 model, the coupling of the leptons to the
photon and the Z boson are universal, while, the couplings of the leptons to Z" and Z” are
not due to the fact that two of lepton families are arranged differently from the remaining
lepton generations, a mixing matrix will appear which leads to the FCNC at the tree level
in the lepton sector when they are rotated to mass eigenstates ? [81].

The aim of this section is to study the lepton flavor violation processes namely ;1 —> eee
and . — ey and to find some constraints on the matrix element |U,,| and the masses of
the neutral gauge bosons.

The lepton neutral currents of Z’ and Z” are described by the following Lagrangian:
/CNC' D) —gF’)/M (TgMAg + TgAgu + T15A15,u + XgXBu) F. (561)

where T; = \;/2 and \; (i=3,8,15) are the diagonal Gell-Mann matrices in the group SU(4),
g and gy represent the gauge couplings of the SU(4), and U(1)x respectively, X is the
charge associated to the group U(1)x and F runs over all fermions multiplets and

Taha = it (5.6.2)
and
T = SO+ ) (563

where (7 = 3,8,15) and o = p, 7. The right-handed leptons e,z and E,r do not participate
in FCNC [112]. Substituting Eqgs (5.6.2) and (5.6.3) in the Lagrangian (5.6.1), then we
obtain [105]:

1—t3 - _ .

ENC D) g<\/3—_7twév) (ﬁL’y”Tyl/L + KL"y’ungL + EL’}/MTEEL + NL'}/MTVNL) , Z//i
g —2 — ! 7 / il ! T / "

+ 5 <T4t§() (VL")/MTVVL + gL")/'ungL + EL’}/'MTEEL + NL’}/MTVNL) Z,u7

(5.6.4)

where t3 = s%,/(1 — 2s¥,) [113], sw, cw and ty are the sine, cosine and tangent of the

electroweak mixing angle, while 7; and 77 are [105]:

T -T, - diag(1,<—1—t%)/(l—t%wm—l—t%m/u—t%w), (5.6.5)

2 We assume that this induced FCNC is mediated by very heavy neutral scalars such as ¢%, 0%, ¢3* and
@1 and therefore as it was pointed out by Refs [110,111]. Its radiative loop contribution is highly suppressed
and negligeable. Notice that, one can also suppress this induced FCNC by introducing some mechanisms
such that Froggatt-Nelson, flavor alignement etc... [110,111].
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Tp = diag<(4 —2t3) /(1 = tiy), (2 = 2t5) /(1 — i), (2 — 2t3) /(1 — t%V)) ,(5.6.6)
Ty = diag<2/(1 - t%v),o,o), (5.6.7)
T, = T,=T,=diag (1, (1—2t%)/2, (1 — 2@)/2)) (5.6.8)
and

Ty = diag( —1,-(3+2t%)/2,-(3 + zt?x)/z). (5.6.9)

Changing from the flavor basis into the mass basis ¢, = Vy.0), we get the following

Lagrangian:

1—t3 \—= -2 _
Lyc D %<—;V2)£/L’7M (VeTLTEVKL>£/LZ,Z - g(—)f’fﬂ“ (%]LLTéWL>€/I,Z;Z'

3— 13 6+ 4t% 56,10

Thus,

1—t2 \— -9 _
Lne D2 (—W)E’m“(v}z)m(m)mﬁiz,l +2 <—)f’w"(%)m(%)mﬁ’LZZ-

2\ /31t 2\ /6 +4t% 56

Here ¢’ can be e, v, E, N and i # j for flavor changing.

The corresponding Feynman diagrams that represent the decays y — eee and u — ey
which are used to search for the charged lepton flavor violation are shown in figure 5.3. The
first vertex in the left diagram shows the tree level FCNC coupling of Z’'(Z") boson (cLF
changing), whereas the right diagram represents the one loop level process where ¢; can be
any lepton [105]. Here we consider the internal fermions line to be either p or e, so that we
will have only one FCNC Z'pe (Z" ue) vertex.

Z/7 Z//

Figure 5.3: The decays u —» eee and y —> ey via the neutral gauge bosons Z’(Z") [105].

The transferred momentum, whose maximal value is about the muon mass, is much

smaller than Mz [112], therefore, the Branching ratio of the processes y — ece and
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p — ey through the exchange of Z' and Z” are found to be respectively [105]:

Brip —s ec?) = MU (Lot - 2 (5.6.12)

r eee - € 7 N
240 (1 . t2 )2 4 2

. _ dag 2, 5.6.13

where U, is the mixing matrix. Notice that we have neglected the contribution coming from
the electron internal line as it is proportional to m./m, [114] and considered the electrons
as massless particles.

Using the experimental upper limit of the branching ratio Br(y — eee) < 10712 [115]
together with the current experimental limit Br(y — ey) < 10713 [115], we obtain, an

upper limit on the lepton flavor violating matrix element |U,.| < 1.66 x 1072 ﬁ Z; |105] and
a stringent bound on the gauge bosons masses Mz < 0.597Mz» [105].
Figure 5.4 shows the variation of Mz and My~ as a function of |U,.| and the dashed

areas represent the allowed region where the constraints are verified.

3.5 6. T
3.0 + 5 1
S oasd =
g e
3.1
15+
2.
1.0 4 - b B S S T A — : . i |
0 5 10 15 20 0 5 10 15 20
|Ueul x 1073 |Ueu| x 1073

Figure 5.4: The variation of Mz and My» as a function of |Ue,|.

5.7 Conclusion

In this chapter, we have introduced another version of the 341 models called the flipped 341
model without exotic electric charges where all the quark families are arranged in the same
representations while leptons are not. The cancellation of the gauge anomalies requires the
introduction of extra exotic leptons a 10-plet ¢, which lies in the fundamental representation
10 and a quadruplet J that belongs to the conjugate fundamental representation 4. Using
four scalar fields with two 10 plets scalar matrices, we have generated the masses of all
particles at the tree and one loop levels. Furthermore, we have discussed the occurrence of
the FCNC in the lepton sector through the exchange of the heavy neutral gauge bosons 7’
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and Z” in the rare decays u — ee€ and u — ey. The constraints on the masses of Z’ and

Z" were discussed as well as the lepton mixing matrix U,,,.
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Despite of the success of the Standard Model some fundamental questions such as matter-
anti matter asymmetry, CP violation, dark matter ect....remain unsolved. Thus, going be-
yond the Standard Model becomes mandatory. In this thesis, we are interested in a specific
BSM model called the 341 models where the SU(3)c ® SU(2)r ® U(1)y gauge group of the
SM is extended to SU(3)c ® SU(4), ® U(1)x. This provides the existence of new particles
for the next step in energy scale past the SM. To assign the fermionic content of these kind
of models, one has to determine the values of the two parameters 5 and ~.

The first chapters 1 and 2, we have summarized the fundamental feature and the particle
content of the Standard model and the 341 models .

In chapter 3, we derived the theoretical constrains in the compact 341 model that are
required to determine the allowed regions of the unknown scalar parameters. We have used
parametrizations which allows us to find analytically the conditions which guarantee the
boundedness of the scalar potential in all the directions. Together with the positivity of the
Hessian matrix resulted from the first and second derivative of the scalar potential, we derive
the first set of the theoretical constraints on the scalar couplings. To derive the tree level
conditions for the quartic couplings of the scalar potential coming from the perturbative
unitarity conditions, we express the quartic couplings in terms of the physical scalar fields
instead of calculating the s-wave amplitude matrix for all possible 2 to 2 body (pseudo)
scalar boson elastic scatterings in the high energy limit. Also, the positivity of all scalar
bosons masses are taken into account imposing additional constraints on A;(i = 1..9). Fi-
nally, We have used the fact that all quartic scalar couplings are smaller than 47 to ensure
the perturbativity of the scalar potential.

The combination of all those theoretical constraints together with the emergence of the
Landau pole at around 5 TeV determine the allowed regions of the parameters space which
must be taken into account in our phenomenological studies (chapter 4) in the context of
the compact 341 model.

In chapter 4, we discussed the neutral scalar bosons decays in the context of the com-
pact 341 model where we used three scalar fields. To check the validity of the model we
calculated the signal strength of the Higgs like-boson h; of different channels, we obtained
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a good fit to the data as we can be seen in Figure (4.4). In particular, with v,= 2 TeV,
and confronted them with the ATLAS, CMS and ATLAS+CMS combination data, we have
shown that the compact 341 model is achieved to a good result that are compatible to the
recent measurement of LHC.

The second focus of this chapter is the computation of the branching ratio of the other
heavy scalar bosons hy and hs. We found that ho decay preferentially into a pair of Higgs-
like particles with a branching ratio ~ 1 a feature not easily obtained in other extensions
of Standard Model, while, hs decay preferentially into a pair of Z boson as we shown in the
Figures (4.6) and (4.7).

In conclusion, we studied the scalar sector of a new version of the compact 341 model
and showed that at a scale of a few TeV this model is a compelling alternative to the SM
once it is able to explain the recent measurements of LHC regarding the signal strength.

The production process gg — hg 3 followed by the decays hgs — hihi , hihy could
be sizeable and could be an important source of the h; production in the case where h; has
a large singlet component where it is rather difficult to produce it using the conventional
channel of the SM.

Throughout the chapter 5, we have introduced a new and unique anomalies free model
based on the gauge group SU(3)c ® SU(4)r, ® U(1)x baptized the flipped 341 model where
all the three quark families arrange in the same representation whereas lepton generations
are not. The anomalies cancellation requires the introduction of new extra exotic leptons
like 10 plet a 1), and a quadruplet J..etc.

The self consistency of the model requires the introduction of an effective non renormal-
izable dim 5 term to the leptonic Yukawa Lagrangian. Moreover and in order to generate
the leptons masses and the PMNS mixing matrix, two 10 plets as well as 4 anti quadruplets
scalars are needed. As a result, we have found that the mass matrix of the neutral leptons
is a mixture or a hybrid of type II and type III Seesaw. Furthermore, it turns out that the
obtained mixing matrix PMNS is not unitary with the presence of €V scale sterile neutrinos.
Note that in order to take into account correctly the neutrino oscillation phenomenon, we
were obliged to introduce a one loop radiative correction.

Concerning the FCNC, we have argued that the most important sources contributing
to the lepton flavor violation come from the gauge bosons interactions between the charged
leptons and the gauge bosons Z’ and Z” while the contribution from heavy neutral scalars of
the model through radiative loops is highly suppressed and using the experimental bounds
of the branching ratios 4 — eee and u — e~y, an upper limit on the lepton flavor violating
matrix element |U,| as well as a stringent bound between the neutral gauge bosons are
obtained.

Finally, we added appendices where we have presented the Feynman rules, Parametriza-
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tions of integrals that we have used through the calculation in chapter 4 and the resulted
loop functions, the Gell-Man Matrices and the Non-zero structure constant of the group
SU(4), The branching rules and the tensor products of the group SU(4).
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Appendix A

Feynamn rules

In appendix A, we tabulated the couplings (Feynman rules in the compact 341 model) that
contribute in our discussion (chapter 4) in tables (A.1), (A.2), (A.3), (A.4), (A.5) and (A.6).

Those trilinear vertices are found from Lagrangian (2.3.17) and from the scalar potential
that is giving in Eq.(2.3.60). We have used also the effective Lagrangian Eq.(2.4.2) to get
the interaction between quarks and the neutral scalar bosons h; (i=1,3), while, the trilinear
vertices of the gauge boson Z with the other gauge bosons that are predicted by the compact
341 model comes from the Yung-Mills Lagrangian that is given in Eq.(2.4.11).

Interactions Couplings
wu;hy MU: with u; = u, ¢, t
did;hy f‘gd with d; = d, s,b

0lhy T—p"
WHW=hy o,
Ky K{hy L,

VYV hy v,

h*Th="hy 200,
hihih 200,
hi hy hy (N6 + Aa)

ZZh, gi%((cmy . \%021022 . %621023 + (C?j)2 4 \/%C'ZZC23+

(023)2 42 4
. +%(024)2—415024021—|—4tC24C22—|—7%024023>

Table A.1: Higgs hy interactions.
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Interactions Couplings
Gqhs Af—;(v + Z—’;a) with ¢ = u, s, b
TJTh, M7y
UUhQ M}(JOé
— “n
0lhy ey
Ux
X+X"h, Lo,y
VItV —"hy %UXV
K"°K"h, 92—21)7704
_ 2
K{ K{hy Lo
2
Y~ Yth,y L (vyy + vpa)
h™Th™"hs /\4U770( + (/\6 + )\g)UX’}/
hi’—hl_hg (/\4 —I— )\7)1}7]0( —I— )\G’UX’}/
hihy ho V(205 + s + Ag) + A8 LTI (N 4 Ag 4 2)) + Lk
7 Zhs g%“x %(sz;)z + 4t2(C24)2 + 1_\/25023024 + ngTaUn %(022)2 + (0263)2 _ %022023
7' Z'hs %Ux %(033)2 +42(0%)? + %033034 4 g%“n %1(032)2 + (023)2 _ %032033
hlhlhg %UX/V + %UWOC

Table A.2: Higgs ho interactions.
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Interactions Couplings
qqhs If—:(U + Z—’;ﬂ) with ¢ = u, s,b
JJhs M
UUhs “,{—:
Uhs mig
X+Xhy % oo
V= hy Lo
KYK"Yh %Uﬂﬁ
K~Kth;s %Unﬂ
Y=Y hy %(UXU + v, )
W hs Aunf + vy (As + Ao)
hihy h 0B + M) + Agvro
hShs by 57 (20 A+ As) 2528+ (0 + A+ 2A0) + P

(023)2 B

ZZhs g?uxo %(023)2+4t2(024)2+%023(]24 +92;}nﬁ %(022)2+ - %022023

7' Z'hs QQZXU %(033)2—1-4152(6’34)2—1—1—\/2%6'33034 —1—922"'8 §(032)2+ (023)2 o %032033
hlhlhg UXAJQiO- + %Unﬁ

hahohsg 20 (0?0 + 2087) + 222 (82 + 2a170)

h2h1h3 )\4’1]/)(16 + )\6Up’}/0'

Table A.3: Higgs hs interactions.

A.1 The vertex ZS5S

The interactions of the Z boson and the charged scalar bosons are found by using Eq.(2.3.17).

Interactions Couplings

Zhtth—— 0
Zhihy 0
Zhihy 0

Table A.4: Couplings ZSS.

A.2 The vertex ZVV

The vertex ZV'V are tabulated in the following table:
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Interactions Couplings
WiW, Z, igC* 32 5, (0, K, 0)
KpK)Z, SHCT +VBCP) Y 5, (0, K )
XiXsZo  FE(VBOR £ C2LCH)Y L (5 k,q)
KfﬁKl_aZu *Tig(\/gom - C%) Zaﬁu(ﬁ k.q)
V5++Vojizu %(_\/5021 + 0?2 ¢ 023) Zaﬁu(p’ k, C])
YEYJZM ;&%(_022 +C%) Zaﬁu(p’ k,q)

Table A.5: Couplings ZVV where V is the gauge bosons X, YT, VFF K[, K and W,
while, 3205, (P F: @) = gap(p = K) + gou(k = Qo + Gualq = p)s-

A.3 The vertex Zqq

The interactions of quarks and the Z boson, they are found from the neutral current, based
on the expression of the covariance derivative:

a

 Wida
D, =0, +ig ’; +iXgWrE. (A.3.1)

The interactions Zqq are in the following table:

Interactions gv ga

auz 2SwTw + Cw o

ddz 1SwTw — Cw e

387 Cw — 3SwTw  Cw — 3SwTw

bbZ Cw —2SwTw  Cw —3SwTw

ccZ —Cw + 3SwTw —ﬁ

itz —Cw + 5SwTw —a-
U,U,Z 2SwTw 0
JhZ =208y Tw 0
DyDs>Z 3SwTw 0
DsD3Z sSwTw 0
JoJoZ D SwTw 0
J3 52 8 Sy Ty 0

Table A.6: Couplings %(gv — 7594) of the Zqq vertex.

We motioned that Sy = sin Oy, Cyr = cos Oy, Ty = tan Oy and hy = 3—4S5%,, whereas
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the parameters «, 3, v and o are found to be:

—\/X2 + (Y = VX2 +Y?)?
X+ 7?)
\/X2 +(Y + VX2 +Y?)?
X+ 7?)
(¥ + VREEYR)(/X2 4 (Y - VRTF V2))
X \/IXZ+7?)
(Y - VR V(X2 4 (Y + VRTF V)

X\/4(X? +Y?)

with
X=X Y=X-)\.
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Appendix B

Parameterizations of integrals and loop

functions

In chapter 4, during our calculations of the partial widths decays of h; — v and h;, — Z7,

we have used famous Parameterizations of integrals, their expressions are given by:

dPp 1 (=) T(E-B) s

/ (27T)D (p2 — M2)r3 o (477_)% F(ﬁ) (M ) ) (BOI)
dPp p? G e 2 N C R S VPP -u

/(27T)D (p? — M?)8 n (471.)% 9 T'(3) (M7) 7 ) (B.0.2)
dp  ptp” (= 1)6 'DL(B -2~ -1), P

/ (27T)D (p2 — M2)r3 o (471') D 9 F(ﬁ) (M ) A ; (B.0.3)

where I'(«) is the Gamma function, its fundamental properties are:

I'(z+1) = 2I'(») (B.0.4)
'n) = (n—1)! (B.0.5)
1 2n!

B.1 Loop Function for the Decay h — v

The loop functions of the decay h — 7 for gauge bosons, fermions and scalar bosons

respectively are given by:

Ay(z) = —2®2z7 2+ 327 43027 = 1) f(a )]
Ai(z) = 20z 4+ (27t = 1) f(a )]
Ao(z) = —2’27' = f(z7h)], (B.1.1)
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where
arcsin®y/z  for @ >1,

flz) = 2 (B.1.2)

B.2 Loop Function for the Decay h — Z~

The loop functions of the decay h — Z~ for gauge bosons, fermions and scalar bosons

respectively are given by:

Ai(z,y) = 43 —tanOy)Ly(z,y) + [(1+ 22 1) tan® Oy — (5 + 207 1) | [1(z, y),

Al(l',y) = Il($7y)_12(x>y)a

AO(xuy) - Il('r’y)a (B21>
where
hwy) = 52 SV o) — oy B 22)
2e—y)  2z—y) (z —y)
—TY -1 -1
L(z,y) = ————f(z7") — fy )] B.2.3
ey) = 5l - f) (B.23)
with
Va~! — larcsin/x for x>1,
g(m) - 1 1
A5t | I[P for z<1.
The parameters x and y represent 7; and \; that are given by ;7212 and fnn;? respectively.
hs 7.

K3 7
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Appendix C

Gell-Man Matrices and the Non-zero

structure constant of the group SU(4)

The 15 Gell-Man matrices of the group SU(4) are [116]:
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APPENDIX C. GELL-MAN MATRICES AND THE NON-ZERO STRUCTURE
CONSTANT OF THE GROUP SU(4)

The non-zero structure constants f®¢ of SU(4) group are tabulated in the following ta-
bles [116]:

a c fabc
1 12 1
1 10 11
2 9 11 3
2 10 12 3
3.9 10 3
3 11 12
49 14 3
4 10 13
5 9 13 3
5 10 14 3
6 11 14 3
6 12 13
7011 13 3
7 12 14
8 9 10 -5
8 11 12 &
8 13 14 ;=
9 10 15 5%
1112 15 5z
13 14 15 5=

Table C.1: The structure constants f¢ of SU(4).
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Properties of irreducible Representation

SU(N)

The dimensions of the simplest representations are [117]:

Dimension Description
N Defining irrep
N? N ® N Defining
N?—-1 N®N -U(1) adjoint irrep
w Symmetric
N(V-1) Anti-Symmetric

2
N3 N ® N ® N Defining

Table D.1: Dimensions of Irreps of SU(N).

Table (D.2) summaries the feature of representations of A(n—1) = SU(n)(n > 2), where
SU(n) irrep., d(R), C2(R), T(R) and A(R) stand for the Dynkin label of the irreducible rep-
resentations of A(n —1) = SU(n) , their dimension, their quadratic Casimir invariant, their
Dynkin index, their triangle anomaly numbe respectively, where T'(R)d(G) = Cy(R)d(R)
and d(G) is the dimension of the adjoint representation. The anomaly number of a represen-

tation is the same magnitude and its opposite sign of that of its conjugate representation:

A(R) = —A(R) [107].
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SU(n) d(R) Ca(R) T(R) A(R)
(0000..0000) 1 0 0 0
(1000..0000) n =1 1 1
(0000..0001) n =l 1 -1
(1000..0000) "=l = =2 n—4
(0000..0010) "V n+l)(n-2) o=l —n+4
(2000..0000) "l n=1)(n2) s n+4
(0000..0002) ™l n—L)ntd) nt2 —n —4
(1000..0001)  n?—1 n n 0
(00100000> n(n— lé( 2) (n72)(n1723)(n74) (n73{4(n72) (n73)2(n76)
(00000100) n(n— lg(n 2) (n—2)(n1—3)(n—4) (n—3¥n—2) _(n—3)2(n—6)

n(n—1)(n n2— n2—
(1100..0000) E },;E +B z; - z; E 5 : n?—9
(0000..0011)  Mr=)t n L —n?+9
(0200 0000) % n(n 3—16) n(n— 2(2 (n+2) n(n—4§(n+4)
n2(n4+1)(n—1) n(n2—16) n(n—2)(n+2) n(n—4)(n+4)
(0000..0020) *rtAn=l) s 16 ) e

Table D.2: Representations of SU(n).

-For the representation SU(3):

SU@) d(R) Cy(R) T(R) A(R)
0,00 1 0 0 0
(1L,o) 3 : 5 +1
01 3 . 3 -1
(0,2) 6 2 s +7
(200 6 2 2 -7
(L,1) 8 3 3 0

Table D.3: SU(3) representation.

136



APPENDIX D. PROPERTIES OF IRREDUCIBLE REPRESENTATION SU(N)

-For the representation SU(4)

SU4) d(R) Cy(R) T(R) A(R)
(0,00) 1 0 0 0
(1,0,0) 4 2 5 +1
(0,0,1) 4 1 . -1
(0,1,0) 6 s 1 0
(2,0,0) 10 2 3 +8
(0,0,2) 10 g 3 -8
(1,0,1) 15 4 4 0

Table D.4: SU(4) representation.

D.1 Tensor products

Tables D.5, D.6, ?? and D.7 represent some tensor products in the groups SU(2), SU(3)
and SU(4) respectively [107,118]:

SU(2) tensor products
1®1=1
201=2

202 =361
3®1=3
32=4@2
33=163®5

Table D.5:  Tensor products of SU(2).

SU(3) tensor products
3® 336
3® 3=8@1
323=6 & 3
6® 3=8 ©10
606=108®27
603 =108

Table D.6: Tensor products of SU(3).
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SU(4) tensor products
4® 4=1066
104 =15@1

44=1006
604=2004
1024=4036

10010 = 20" ¢ 35 @ 45

100 10=1315384
1006=15445
6R6=1H156020/

200 @200 =105@84 @20 1 d 175 15

Table D.7:  Tensor products of SU(4).

D.2 Branching rules

Tables D.8 and D.9 represent some branching rules of SU(n) into SU(n—1)®@U(1) (where
n = 3,4) [107, 118]:
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Table D.9: Branching rules of SU(4) D SU(3) ® U(1).
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Mentouri University, Constantinel, Algeria
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Abstract New developments in the anomaly free compact 341 model are discussed and the
higgs bosons decay modes are studied taking into account the contributions of new fermions,
gauge bosons and scalar bosons predicted by the model. It is shown from signal strengths and
the branching ratios of the various decay modes analysis and the LHC constraints that there is a
room for this extended BSM model and it is viable.

1. Introduction

Despite all successes of the standard model, many questions remained unsolved and not well
understood like dark matter, neutrinos oscillation, matter anti-matter asymmetry etc... Trying to find
a solution to those problems, one needs to extend the standard model and go beyond (BSM). The most
proposed model on the literature are the ones with two-Higgs doublets (THDM)[1], supersymmetry
[2], 331, extra dimensions [3] and 341 gauge models [4-11].

Among those extensions, we focus on a model which is based on the SU(3).®SU(4),QU(1)y
gauge symmetry (denoted by 341 model for a short hand). This model has new particles like exotic
quarks, new gauge bosons Ko, Ko, Ky , X*,V** | Y* | Z; and Z, . Moreover, the 341 model has a very
specific arrangement of the fermions into generations; for leptons, one has both right and left handed
helecities arranged in the same multiplet. In order to make the model anomaly free, the second and
third quarks families has to belong to the conjugate 4* fundamental representation of the SU(4),
gauge group, while the first family transforms as a quadruplet in the 4 fundamental representation. In
this compact 341 model, we have a minimum of three scalars quartets[8] and after SSB which is
achieved via three steps, one ends up with three CP even neutral higgses hq, h, and h; and eight CP
odd massive higgses hi, h; and h**.

In this paper, we focus on the analysis of the neutral Higgs decays modes and discuss the signal
strengths and the branching ratios of the various decay modes as well as the LHC constraints and show
that there is a room for this extended BSM model and it is viable. In section2, we present a brief
review of the theoretical model. In section3, we give the various analytical expressions of the partial
decays width which we have derived using the new Feynman rules of the model. Finally, in section4,
we give our numerical results concerning the signal strength of the various higgses branching ratios,
after imposing the self consistency and compatibility constraints on the scalar potential of the model
like triviality, unitarity, vacuum stability and non-ghost conditions, make comparison with the signal
strengths of the recent experimental data reported by ATLAS, CMS and combined ATLAS+CMS and
draw our conclusions.
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Abstract. An anomaly free flipped 341 model where leptons and quarks generations are
arranged in new different SU(4), representations is proposed.

1. Introduction

The neutrinos oscillation phenomenon reveals that the Standard Model is an effective field
theory, therefore, theories Beyond the SM (BSM) are needed to explain and answer all the
remaining unsolved questions.

Among the many BSM models, we are interested in the 341 models based on the gauge group
SUB)c ® SU(4)r ® U(1)x for which one can distinguish different versions according to:

(i) The values of the parameters 8 and « which the electric charge Q is written in function of
them.

a4

NERR

where A3, Ag and A5 are the diagonal Gell-Mann matrices of the group SU(4). Each value

of B and v lead to a model with different fermions field content.

Q= %(/\3 - >\15) + X, (1)

(ii) The presence or absence of the exotic fermions (quarks and leptons) electric charge.

(iii) Moreover, we classify the 341 models according to the scalar sector content [1, 2].

The construction of any model beyond the SM must be free from the gauge anomalies [3], to
ensure the cancellation of the [SU(4)1]® anomaly (which requires that the number of multiplets
lying in the fundamental representation 4 be the same as the number of anti quadruplets
arranged in 4) in the 341 models, the three quarks generations have to be arranged in different
representations: two of the three families with the three lepton generations lie in the fundamental
representation 4, while, the third one have to arrange in the conjugate representation 4 (or vice
versa). Table 1 represents the fermion content of the 341 models for generic 5 and 7.

2. The model

All the 341 model versions require that the quarks generations must be arranged in different
representations in order to cancel the triangle gauge anomalies. It turns out that this scheme is
not unique. The quarks families are arranged in the same representation while leptons are not,
leading to a new version called the flipped 341 model. Table 2 shows the particle content in this

model where we have used 8 = \%, v = \_7% [1].

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
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Theoretical constraints on the scalar potential of the compact 341 model with three
quadruplets scalar fields are discussed. It is shown that in order to ensure the good
behavior of the potential and the viability of the model, the criteria, such as copositivity,
minimization, perturbative unitarity, perturbativity of the scalar couplings and no ghost
scalar bosons (scalar bosons masses positivity), are imposed and bounds on the scalar
couplings are obtained. Moreover, the existence of the Landau pole in the model imposes
stringent limits.

Keywords: BSM model; perturbative unitarity; boundedness from below; perturbativity;
scalar masses; Landau pole.
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1. Introduction

Despite the success of the Standard Model, some fundamental questions such as
matter—anti-matter asymmetry, CP violation, dark matter, etc. remain unsolved.
Thus, going beyond the Standard Model becomes mandatory. Among the interesting
proposed theories Beyond the Standard Model (BSM) is the so-called 341 model
based on the Lie gauge group SU(3)c ® SU(4)p,® U(1)x.'* In the literature,
there are many classifications of this model depending on the existence or not of
fermions with exotic charges, structure of the scalar potential and spontaneous
symmetry breaking of the gauge group. These models are usually parameterized by
two parameters 3 and v.»%%5 In this paper, we focus on the compact 341 model
with exotic electric charges where 3 = \’/—% and v = \’/—%.1*2 The most attractive
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A new flipped SU(3)¢ ® SU(4) ® U(1) x model without exotic electric charges is pro-
posed. All the quark families are arranged in the same representation while lepton gen-
erations are in different representations leading to a tree level FCNC. Moreover, it is
shown that the cancellation of the triangle gauge anomalies requires new additional lep-
tons a 10-plet and a quadruplet. All fermion masses have been also discussed. Further-
more, using the most recent experimental data of the branching ratios of u — eee and
pn — ey rare decay modes, stringent bounds on the heavy neutral bosons masses and
the muon-electron mixing matrix element are obtained.

Keywords: Beyond standard model; Gauge symmetry; neutrino physics.

PACS numbers: 12.60.—i, 14.60.Pq, 12.15.Ff

1. Introduction

Neutrinos oscillation phenomenon, dark matter, replication of quark families, charge
quantization and many other fundamental questions reveal that the Standard Model
(SM) is an effective gauge field theory. Thus, going beyond the Standard Model
(BSM) becomes mandatory to explain these outstanding unsolved problems. In this
paper, we are interested in a specific BSM model based on the Lie gauge group
SU@B)e ® SU(4)r, ® U(1)x (denoted by 341 for short).!™ Much interest has been
devoted to this kind of models especially those related to the LHC physics.? ® The
most attractive feature of those models is the explanation of the family replication
coming from the triangle gauge anomaly cancellation which together with QCD

*Corresponding author.

2150101-1

144



Bibliography

1]
2l
13l
4]
5]
6]

17l

8]
19]
[10]

[11]

[12]
[13]
[14]
[15]

[16]

[17]

W. Buchmiiller and C. Liideling, DESY-06-151 (2006), ArXiv: 0609174 [hep-ph].
Garcia Canal, C.A,; CERN Yellow Rep. School Proc., 4 1-25 (2018).

Boos, E., 10.5170/CERN-2015-004.1 ,1-64 (2015), 1608.02382|hep-ph].

F. Englert and R. Brout, Phys. Rev. Lett. 13, 321 (1964).

P. W. Higgs, Phys. Rev. Lett. 13, 508 (1964).

G. S. Guralnik, C. R. Hagen and T. W. B. Kibble, Phys. Rev. Lett. 13, 585 (1964).

ALEPH Collaboration, DELPHI Collaboration, 1.3 Collaboration, and OPAL Collabo-
ration, Physics Letters B 565 (2003) 61-75.

David Smith, Third Latin American Symposium on High Energy Physics.
P. Teixeira-Dias, J. Phys. Conf. Ser., 110, 042030 (2008), arXiv:0804.4146 [hep-ex].
Lidija Zivkovic, FERMILAB-CONF-1/-335-E, 9 (2014), arXiv: 1409.4215 [hep-ph].

Caterina Vernieri and CMS Collaboration, Nuclear and Particle Physics Proceedings
273-275, 733-739 (2016).

Particle Data Group: Review of searches for Higgs Bosons.

CMS Collaboration, Phys. Lett. B, 716, 30-61 (2012), arXiv: 1207.7235 [hep-ex].
ATLAS Collaboration, Phys. Lett. B, 716, 1-29 (2012), arXiv: 1207.7214|hep-ex].
A. A Migdal and A.M.Polyakov, SOVIET PHYSICS JETP 24, 91 (1967).

ATLAS Collaboration, G. Aad et al., Phys. Lett. B 716, 1-29 (2012), ArXiv:1207.7214
[hep-ex].

CMS Collaboration, S. Chatrchyan et al., Phys. Lett. B 716, 30-61 (2012),
ArXiv:1207.7235 [hep-ex|

145



BIBLIOGRAPHY

[18] ATLAS Collaboration, Observation of an excess of events in the search for the Standard
Model Higgs boson in the gamma-gamma channel with the ATLAS detector, July 2012.

[19] ATLAS Collaboration, Observation of an excess of events in the search for the Standard
Model Higgs boson in the H — ZZ") — 40 channel with the ATLAS detector, July
2012.

[20] ATLAS Collaboration, Phys. Lett. B 716, 1-29 (2012).
[21] ATLAS Collaboration, Science 338, 6114 1576-158.
[22] ATLAS Collaboration, JHEPO0S8, 045 (2016).

[23] ATLAS and CMS Collaborations, Phys. Rev. Lett.114, 191803 (2015), arXiv:
1503.07589 [hep-ex].

[24] The CMS Collaboration, Phys. Rev. Lett. B805, 135425 (2020), arXiv: 2002.06398|hep-

ex|.
[25] Zyla, P.A. and others, PTEP2020, 083C01 (2020).
[26] H. Haber, G. L. Kane, and T. Sterling, Nucl. Phys. B161, 493 (1979).

[27] A. Arhrib, R. Benbrik, M. Chabab, G. Moultaka, M.C. Peyranere, L. Rahili,
J.Ramadan, Phys.Rev.D 84, 095005 (2011).

[28] R. Mohapatra and J. C. Pati, Phys.Rev. D11, 2558 (1975).
[29] H. E. Haber and G. L. Kane, Phys.Rept. 117, 75 (1985).

[30] C.S. Aulakh, A. Melfo, and G. Senjanovic, Phys.Rev.D 57, 4174 (1998), arXiv:9707256
[hep-ph].

[31] F. Pisano and V. Pleitez, Phys.Rev. D 46, 410 (1992), arXiv:hep-ph/9206242 |hep-ph].
[32] P. Frampton, Phys.Rev.Lett. 69, 2889 (1992).

[33] Duong Van Loi, Phung Van Dong and Le Xuan Thuy, JHEP, 09, 054 (2019), arXiv:
1906.10577 [hep-ph].

[34] P.V. Dong, H.N. Long, D.V. Soa and V. Vien, Fur. Phys. J. C 71, 1544 (2011).

[35] R. Foot, H. N. Long and T. A. Tran, Phys. Rev. D 50, 34-38 (1994), arXiv:9402243
[hep-ph].

146



BIBLIOGRAPHY

[36] Guillermo Palacio, Int. J. Mod. Phys. A, 31, 1650142 (2016), arXiv: 1608.08676[hep-
ph].

[37] F. Pisano and V. Pleitez, Phys. Rev. D51, 3865-3869 (1994), ArXiv:9401272[hep-ph)].

[38] A. G. Dias, P. R. D. Pinheirob, C. A. de S. Pires and P. S. Rodrigues da Silva, Ann. Phys.
349, 232 (2014), arXiv:1309.6644 [Lep-ph.

[39] N. Mebarki, M. Djouala, J. Mimouni, and H. Aissaoui, J. Phys. Conf. Ser., 1258,
012011 (2019), ArXiv: 2009.04242 [Lep-ph.

[40] N. Arkani-Hamed, A. G. Cohen, and H. Georgi, Phys.Lett. B513, 232 (2001), arXiv:hep-
ph/0105239 [hep-ph].

[41] N. Arkani-Hamed, A. Cohen, E. Katz, and A. Nelson, JHEP 0207, 034 (2002),
ArXiv:hep-ph /0206021 [hep-ph].

[42] L. Randall and R. Sundrum, Phys.Rev.Lett.83, 3370 (1999), ArXiv:hep-ph/9905221
[hep-ph].

[43] A. Palcu, Mod. Phys. Lett. A 24, 1731 (2009), ArXiv:0902.1828 [hep-ph].
[44] A.Jaramiloo and L.A.Sanchez, Phys. Rev D.84.115001, (2011) ArXiv:1110.3363 |hep-ph].

[45] J.M.Cabarcas and J.A.Rodriguez, Mod. Phys. Lett.A 29, 1450032 (2014),
ArXiv:1303.5332 |hep-ph].

[46] William A. Ponce and Luis A. Sanchez, Int. J. Mod. Phys. A 22, 435-447 (2007),
ArXiv:0607175 [Lep-ph].

[47] A. Salam, Elementary Particle Theory, eds.: Svartholm, Almquist and Wiksells, Stock-
holm, 1968; S. L. Glashow, J. Iliopoulos and L. Maiani, Phys. Rev. D2, 1285 (1970).

[48] S. Glashow, Nucl. Phys. 22, 579 (1961)..
[49] S. Weinberg, Phys.Rev.Lett.19, 1264-1266 (1967).

[50] A. Salam, Proceedings of the Eighth Nobel Symposium, N. Svartholm, 367-377.
Almqvist and Wiksell, (1968).

[51] M. Gell-Mann, Phys. Lett.8 (1964) 214.
[52] G. Zweig, CERN-Report 8182/TH401 (1964).

[53] H. Fritzsch, M. Gell-Mann and H. Leutwyler, Phys. Lett. BA7, 365 (1973).

147



[54]
[55]
[56]
[57]
[58]
[59]
[60]
[61]
[62]
[63]

[64]

[65]
[66]
[67]
|68

[69]

[70]

[71]
[72]
73]
[74]

[75]

BIBLIOGRAPHY

D. Gross and F. Wilczek, Phys. Rev. Lett.30, 1343 (1973).
H.D. Politzer, Phys. Rev. Lett.30, 1346 (1973).

G.’t Hooft, Marseille Conference on Yang-Mills fields (1972).
G. Zweig, CERN-TH-412, NP-14146 (1964) .

J. Bjorken, Phys.Rev. 179, 1547-1553 (1969).

R. P. Feynman, Phys.Rev.Lett.23, 1415-1417 (1969).

D. Gross and F. Wilczek, Phys. Rev. Lett.30, 1343-1346 (1973).
H. D. Politzer, Phys.Rev.Lett. 30, 1346-1349 (1973).

O. Greenberg, Phys.Rev.Lett.13 (1964) 598-602.

M. Han and Y. Nambu, Phys.Rev.139, B1006-B1010 (1965).

H. Georgi and H. D. Politzer, Phys.Rev. D9,416-420 (1974).
Prog. Theor. Exp. Phys. 2020, 083C01 (2020) and 2021 update.

UA1 Collaboration, G. Arnison et al., Phys.Lett. B122,103-116 (1983).
F. Halzen and A. D. Martin. Quarks and leptons. Wiley, (1984).

C.-N. Yang and R. L. Mills, Phys.Rev. 96,191-195 (1954).

N. Cabibbo , Phys. Rev. Lett.10, 531-533 (1963).

M. Kobayashi and T. Maskawa. CP-violation in the renormalizable theory of weak

interaction 1973.

Nicolas MERIC, Etude théorique et expérimentale des corrections électrofaibles au pro-
cessus de production inclusive de jets Développement de méthodes de détection de topolo-
gies extrémes, https://tel.archives-ouvertes.fr/tel-00959427.

Zhi-zhong Xing, Nuclear Physics B (Proc. Suppl.) 203-204 (2010) 82-117.
S. Weinberg, Phys.Rev. Lett.43 1566-1570 (1979).

A. Zee, Phys.Lett. B93, 389 (1980).

A. Zee, Nucl. Phys. B264, 99 (1986).

K. Babu, Phys.Lett. B203, 132 (1988).

148



BIBLIOGRAPHY

[76] G. Branco, W. Grimus, and L. Lavoura, Nucl. Phys. B312,492 (1989).

[77] Renato Miguel Sousa da Fonseca, Renormalization in supersymmetric models,
ArXiv:1310.1296 |[hep-ph].

[78] R. Mohapatra and J. Valle, Phys.Rev. D34,1642(1986).

[79] M. Malinsky, J. C. Romio, and J. W. F. Valle, Phys.Rev.Lett.95,161801 (2005),
ArXiv:hep-ph /0506296 [hep-ph].

[80] Yao Y. P. and Yuan C. P., Phys. Rev. D38, 2237 (1988); Veltman H. G. J., Phys. Rev.
D 41, 2294 (1990); He H. J. et al.,Phys. Rev. Lett.69, 2619 (1992).

[81] M.Djouala and N.Mebarki, Int.J. Mod. Phys. A 36, 2150093 (2021),
ArXiv:2002.08758[hep-ph]

[82] A. Arhrib, R. Benbrik, M. EL Kacimi, L. Rahili, and S. Semlali, Fur.Phys.J.C 80,13
(2020).

[83] J. Chakrabortty, J. Gluza, T. Jelinski, T. Srivastava, Phys.Lett. B759,361-368 (2016).

[84] A.Arhrib in Workshop on Noncommutative Geometry, Superstrings and Particle Physics
(2000),ArXiv:0012353v1 [hep-ph].

[85] Abdelhak DJOUADI, Phys. Rept.457, 1-216, ArXiv: 0503172[hep-ph].

[86] Purusottam Ghosh, Abhijit Kumar Saha, Arunansu Sil, Phys.Rev. D97,075034 (2018).
[87] J. Horejsi and M. Kladiva, Eur. Phys. J.C 46, 81 (2006), ArXiv:0510154 [hep-ph].
[88] G. Bhattacharyya and D. Das, Pramana, JHEP 87, 40 (2016).

[89] Ivan Angelozzi,Part of the Lecture Particle Physics II, UvA Particle Physics Master
2013-2014.

[90] H. Arason, D. J. Castano, B. Keszthelyi, S. Mikaelian, E. J. Piard, P. Ramond and B.
D. Wright, Phys. Rev. D 46, 3945 (1992).

[91] The ATLAS and CMS Collaborations,, ATLAS-CONF044 (2015).
[92] Chiara Mariotti,Int. J. Mod. Phys. A32, 1730003 (2017), ArXiv:1612.00269[hep-ph].

[93] Rodolfo A. Diaz, R. Martinez, F. Ochoa Phys.Rev.D 72, 035018(2005),
ArXiv:0411263[hep-ph].

149



BIBLIOGRAPHY
[94] H.N.Long, L.T.Hue and D.V.Loi, Phys.Rev.D 94, 015007  (2016),
ArXiv:1605.07835[hep-ph].

[95] W. A. Ponce and L. A. Sanchez, Mod. Phys. Lett. A 22, 435 (2007), ArXiv: 0607175
[hep-ph].

[96] F.Pisano and V.Pleitez, Phys.Rev. D51, 3865(1995), ArXiv:9401272[hep-ph].

[97] J. Beringer et al., Phys. Rev. D 86,010001 (2012) .

[98] The ATLAS and CMS Collaborations, JHEP 08 045 (2016), ArXiv: 1606.02266|hep-ex].
[99] S. Dittmaier et al., CERN-2011-002 (2011), ArXiv:1101.0593 [hep-ph].

[100] The ATLAS Collaboration, Phys. Rev. D 111 012002 (2020), ArXiv: 1909.02845|hep-

ex.

[101] Amit Adhikary, Shankha Banerjee, Rahool Kumar Barman, Biplob Bhattacherjee and
Saurabh Niyogi, JHEP 07, 116 (2018), ArXiv: 1712.05346|hep-ph)].

[102] Cao, Qing-Hong and Li, Gang and Yan, Bin and Zhang, Dong-Ming and Zhang, Hao,
Phys. Rev. D 96 095031 (2017), ArXiv: 1611.09336 |hep-ph].

[103] R. M.Fonseca and M. Hirsch, JHEP 08, 003 (2016), Arxiv:1606.01109 |[hep-ph].
[104] M.Djouala and N.Mebarki, J. Phys. Conf. Ser.1766, 012016 (2021).

[105] M.Djouala, N.Mebarki and H.Aissaoui,Int. J. Mod. Phys. A 36, 2150101 (2021),
ArXiv:1911.04887 [hep-ph].

[106] R.M.Fonseca, and M.Hirsch, Phys. Rev. D94, 115003, (2016), ArXiv:1607.06328|hep-
phl.

[107] N.Yamatsu, ArXiv:1511.08771 |[hep-ph].

[108] S. Descotes-Genon, M. Moscati and G. Ricciardi, Phys.Rev. D 98, 115030 (2018),
ArXiv:1711.03101 hep-ph].

[109] Riazuddin and Fayyazuddin, Eur. Phys.J.C, 56, 389-394 (2008), ArXiv:0803.4267|hep-
ph|.

[110] K.Hutchu and N.Korvunin, JHEP 10 (2019), 065, arXiv:1905.05278v2|hep-ph].

[111] A.Panuela and A.Pich, JHEP 12, 084 (2017), arXiv:1710.02040 [hep-ph].

150



BIBLIOGRAPHY
[112] D.T.Huong, D.N.Dinh, L.D.Thien, and P.Van Dong, JHEP 08, 051 (2019),
arXiv:1906.05240 [hep-ph].

[113] Duong Van Loi and Phung Van Dong, JHEP 09, 054 (2019), arXiv:1906.10577 |[hep-
ph].

[114] R.Mohanta, Fur.Phys.J.C 71, 1625 (2011), arXiv:1011.4184|hep-ph].
[115] M. Tanabashi et al., Phys. Rev. D 98, 030001 (2018).

[116] Mahmoud A. A. Sbaih., Moeen KH. Srour, M. S. Hamada and H. M. Fayad, EJTP10,
28 (2013).

[117] Marina von Steinkirch , Introduction to Group Theory for Physicists, 12, 2011.

[118] Robert Feger and Thomas W. Kephart, ArXiv:1206.6379 [hep-ph].

151



Sl Z390dl ol glo s
s o

‘,4_’.5‘.0

oo (M) okl 3903l 3 W KLl e sl 28 L)) (BSM) (el z3sadl <l s Lo C*-*’i
SUBIc® J) SUBc®SURILOUL)y (pd Legez ey & (g)leall pisadl chy b ol i Oy
&.. AR Ll C‘“‘”M & Csu‘ odd il N Ed) 341 Cst@, sl SU(4)L @ U(1)x
SUM)L o @k 3¢ ) 330 S Jlal o of My gy Sl plde 5 353l o) o
er Qo I WL il sl & o ot Lo o ol 2l 5 0o Quu s B e 001
(Sl 1) T ol ol 2l e g Uil e @301 Jn Yl

Cof il e s oo e K 8 Jly 3l ol e @kt Sllas] U bl ey WY1 ods
Uy ell Laal) LN Ly P o Salad] Lol Slgsedl oy cgadl L)) G elal) degez
AR A 5 daldl a3 (L gae gl ad sl By el ad Loud) sl iy Lé w Salad] Lol
el gy i) el U] e sl Syl 5 Ll2) e U T By Lt (s e Sg3le
Ul ks e e et e Jsaml Saeyll @ W) i SUsllly SIS sds LS O
L f WL ol Oy S9dll e JB asgs e 145 Wi B3ed puls s Lo 2« SU()L® U(D)x
Ly el i ot J 93 SIS0 Jlan a0 (1 e Gldl sl a2 Ko slasef 341 gl 5500
gl 3 328 gt Lo (FONC) 41 pate wile L3 5= sl o (WL S e DUl
oo oY el el Ly 2l sgud Slasill 27 5 7 Saae dule wld Ols e O Bl e 50
Sl Bl U] Bghall jaie dms J o5l 4K el de fe st & sl gzl st
Saladl Loall ©by el 57 L dag Ml il
oY Cdad (4 gue gl w3 GLELNT aS (alad) w3 Gagdl e (gLl Pasadl ey L datall ol
Uy AV sl ¢ bl bls

152



La physique au-dela du modéle Standard
Djouala Meriem

Résumé

Au-dela du modéle standard (BSM) devient obligatoire pour expliquer de nombreux prob-
lémes non résolus. Parmi des théories au-dela du modéle standard, nous nous intéressons a
I'extension du groupe de jauges du SM SU(3)c®@SU(2),@U(1)y a SU(3)c®@SU(4),@U(1)x
(les modeéles 341). La caractéristique la plus intéressante de ces modeéles est I'explication de
la réplication de la famille issue de I’annulation d’anomalie de jauge triangulaire qui nécessite
que les trois générations de quarks appartiennent a des représentations SU(4) différentes:
deux avec un la chiralité gaucheére @); se situe dans la représentation fondamentale 4, alors
que la troisiéme Q37 avec les trois générations de leptons 1, doivent se transformer sous la
représentation conjugué 4 (ou vice versa).

Dans cette thése, nous avons montré différentes versions de ces modéles qui sont carac-
térisées par chaque génération de leptons ayant une représentation différente sous le groupe
de jauge. Dans le compact version, nous avons étudié les désintégrations des bosons scalaires
neutres a travers ’étude des différents modes des bosons scalaires neutres. ot nous avons
contraint les paramétres scalaires inconnus en utilisant la stabilité, la minimisation du po-
tentiel scalaire et la perturbativité des couplages de potentiel scalaire. De plus, nous avons
dérivé d’autres conditions qui proviennent de la positivité des masses de bosons scalaires avec
la condition stricte de la Landau pole. Il s’avére que cette réplication des quarks et leptons
n’est pas le seul moyen de avoir un modéle exempt d’anomalies de jauge SU(4);, @ U(1)y,
basé sur celui que nous avons introduit un nouveau modéle unique sans anomalie de jauge
sans charges électriques exotiques baptisé le modéle flipped 341 comme une extension de
I’endroit ou le schéma de construction précédent est inversé, c’est-a-dire toutes les géné-
rations de quarks se transforment sous la méme représentation alors que les leptons ne le
sont pas. Ainsi, un courant neutre (FCNC) est attendu au niveau de 'arbre dans le secteur
leptonique par I’échange de nouveaux bosons de jauge neutre Z’ et Z”. Utilisant les limites
expérimentaux des deux rares désintégrations leptoniques une limite supérieure de |U,,,| ainsi
qu'une borne stricte sur les bosons de jauge neutre des masses sont obtenues.

Mots clés: Au-dela du modéle standard; physique de Higgs; unitarité; perturbativité;

masses scalaires; Pole de Landau; symétrie de jauge; physique des neutrinos.
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Physics Beyond the Standard Model
Djouala Meriem

Abstract

Going Beyond the Standard Model (BSM) becomes mandatory to explain many out-
standing unsolved problems. Among of many theories beyond the Standard Model, we are
interested in the extension of the SM SU(3)c ® SU(2), ® U(1)y gauge group to SU(3)c ®
SU(4),®@U(1)x the so called 341 models. The most attractive feature of those models is the
explanation of the family replication coming from the triangle gauge anomaly cancellation
which requires that the three quark generations belong to different SU(4), representations:
two with a left handed chirality @, lie in the fundamental representation 4, whereas , the
third one (Y37, together with the three lepton generations ¢, have to transform under the
conjugate fundamental representation 4 (or vice versa).

In this thesis, we showed various versions of these models which are characterized by each
lepton generation having a different representation under the gauge group. In the compact
version, we studied the neutral scalar bosons decays through the study of the various modes
of the neutral scalar bosons. where we have constrained the unknown scalar parameters us-
ing the vacuum stability, minimization of the scalar potential, perturbative unitarity bounds
and perturbativity of the scalar potential couplings. Moreover, we derived other conditions
that come from the positivity of the scalar bosons masses with the stringent condition of the
Landau pole. It turns out that this quarks and leptons replication is not the only way to
have a model free from the SU(4), ® U(1)x gauge anomalies, based on that we introduced
a new unique gauge anomaly free model without exotic electric charges baptized the flipped
341 model as an extension of where the previous scheme of construction is reversed that is
all the quarks generations transform under the same representation while leptons are not.
Thus, a flavor changing neutral current (FCNC) is expected at the tree level in the lepton
sector through the exchange of new neutral gauge bosons Z’ and Z”. Using the experimental
bounds of the branching ratios of the two rare leptonic decays an upper limit on the lepton
flavor violating matrix element |U,,,| as well as a stringent bound on the neutral gauge bosons
masses are obtained.

Keywords: Beyond Standard Model; Higgs physics; perturbative unitarity; boundedness

from below; perturbativity; scalar masses; Landau pole; gauge symmetry; neutrino physics
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Abstract

Going beyond the Standard Model (BSM) becomes mandatory to explain many outstanding
unsolved problems. Among of many theories beyond the Standard Model, we are interested in
the extension of the SM SU(3)¢®@SU(2),®@U(1)y gauge group to SU(3)c®@SU(4),@U(1)x
the so called 341 models. The most attractive feature of those models is the explanation of
the family replication coming from the triangle gauge anomaly cancellation which requires
that the three quark generations belong to different SU(4). representations: two with a
left handed chirality @;; lie in the fundamental representation 4, whereas , the third one
(31, together with the three lepton generations v,;, have to transform under the conjugate
fundamental representation 4 (or vice versa).

In this thesis, we showed various versions of these models which are characterized by each
lepton generation having a different representation under the gauge group. In the compact
version, we studied the neutral scalar bosons decays through the study of the various modes
of the neutral scalar bosons. where we have constrained the unknown scalar parameters using
the vacuum stability, minimization of the scalar potential, perturbative unitarity bounds and
perturbativity of the scalar potential couplings. Moreover, we derived other conditions that
come from the positivity of the scalar bosons masses with the stringent condition of the
Landau pole. It turns out that this quarks and leptons replication is not the only way to
have a model free from the SU(4), ® U(1)x gauge anomalies, based on that we introduced
a new unique gauge anomaly free model without exotic electric charges baptized the flipped
341 model as an extension of where the previous scheme of construction is reversed that is
all the quarks generations transform under the same representation while leptons are not.
Thus, a flavor changing neutral current (FCNC) is expected at the tree level in the lepton
sector through the exchange of new neutral gauge bosons Z’ and Z”. Using the experimental
bounds of the branching ratios of the two rare leptonic decays an upper limit on the lepton
flavor violating matrix element |U,,,| as well as a stringent bound on the neutral gauge bosons
masses are obtained.

Keywords: Beyond Standard Model; Higgs physics; perturbative unitarity; boundedness

from below; perturbativity; scalar masses; Landau pole; gauge symmetry; neutrino physics.
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