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ABSTRACT
Expanding the Gauge Symmetry of Quantum Chromodynamics in a Twin Higgs Model

Thomas Cochran
Department of Physics and Astronomy, BYU
Bachelor of Science

An extension of the Standard Model of particle physics is proposed that is motivated primarily
by the hierarchy problem. The model expands the gauge group of quantum chromodynamics in
an attempt to provide a viable model of dark matter and a reason for the unexpected nature of the
Higgs vacuum expectation value. These changes introduce new fermion and boson fields to the
Standard Model, as well as interesting new collider phenomenology.

Keywords: Higgs, Higgs Mechanism, Vacuum Expectation Value, Hierarchy Problem, Gauge
Symmetries, Twin Higgs Model, Symmetry Breaking
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Chapter 1

Introduction

Particle physics is the study of the universe’s most fundamental interactions. By understanding
how nature behaves at the shortest length scales, we broaden our scope of knowledge and capacity
for discovery. Particle physicists probe the dynamics of nature’s most fundamental particles by
employing two primary techniques: theory and experiment. Theoretical particle physicists use
mathematical methods to assign structure and dynamics to elementary particles. Experimental
particle physicists employ various experimental techniques to physically observe these particles.
The two classes of physicists work hand in hand; theorists expand on the existing theoretical
framework and predict new particles, while experimentalists look for these new particles to validate
or rule out corresponding theoretical models.

This partnership is prevalent in nearly all areas of modern physics; experimentalists and theorists
work together to understand natural phenomena to the greatest extent possible. Experiment attempts
to explain what nature is doing, while theory attempts to cover why that is the case. Both are
incredibly important to the scientific process.

To illustrate this, we consider Brownian motion. Brownian motion is the random motion of
particles suspended in a fluid. It has been observed for centuries in many fields; it is named after a

Robert Brown, who observed it in pollen suspended in water. Brown ruled out the possibility that
1



the random motion was driven by living things, but was unable to fully explain the phenomenon [1].
So by the early 1900s, Brownian motion was well-observed, but not well-understood. That was
the case until Einstein proposed his model of Brownian motion in 1905. He was able to provide a
physical and mathematical explanation for Brownian motion, which is now used in countless fields.
The development of a theoretical model would not have been possible without the experimental
evidence, and the experimental evidence would have gone unexplained without a theoretical model.

Both experiment and theory are critically important to fully understanding the dynamics of
natural phenomena. And while these fields are often distinct, they are rarely working independently.
Theorists work to explain phenomena already observed, but also to predict new phenomena. Experi-
mentalists search for new phenomena, but also seek to validate theoretically predicted models. This
is very true of particle physics.

Modern particle physics is centered on what is called the Standard Model (SM). The SM
represents our current understanding of fundamental particles, and it does an excellent job predicting
experiment. However, it is not a product of one flash of genius; countless physicists have contributed
to our understanding of fundamental particles, in an ongoing process that has taken over a century.
These physicists have been both experimentalists and theorists, expanding our knowledge of
fundamental phenomena. And their efforts have not been in vain —the Standard Model matches
experimental data incredibly well. However, there is still work to be done.

While it is incredibly accurate to experiment, the SM lacks explanations for some specific
phenomena. A large portion of particle theory is devoted to providing these explanations. Theoretical
particle physicists attempt to expand the scope of the SM by building models of what might exist.
Generally, the goals of these projects are not to improve SM accuracy but to improve understanding
of the underlying principles; the SM predicts most phenomena very accurately, but is occasionally
lacking descriptions of why physical phenomena are what they are. This is where our work will

begin; we present a theoretical model that modifies the properties of the SM. Our model is motivated



by both theory and experiment, and we seek to provide explanations not yet provided by the Standard
Model. By extending the SM in specific ways, our model not only provides potential descriptions
previously lacking, but also predicts new particles. These particles are particularly important when
considering our model in an experimental framework, as they provide a concrete way for the model
to be experimentally verified.

In this thesis, we discuss the Standard Model in Chapter 2 in order to cultivate an understanding
of its structure and dynamics. This discussion will include areas the SM is lacking explanation,
including those our model addresses. Having built an understanding of the current model, Chapter
3 will provide the mathematical framework required to build our extension of the SM that alleviates
some of its limitations. After our model is built, we discuss its potential ramifications in Chapter 4,

including ways to observe new predicted particles experimentally.



Chapter 2

Background

Much of this thesis is taken from our not yet published paper [2], which builds an extension of the
Standard Model that addresses some of the limitations of the Standard Model. In order to understand

where the Standard Model is lacking, a working understanding of its structure is required.

2.1 Standard Model Lagrangian

Before extending the Standard Model, we first consider its current structure. This will be a basis
from which we move to consider its current limitations, followed by our new model’s extensions.
The Standard Model describes the interactions of three fundamental forces. It governs interaction
under the electromagnetic, weak, and strong forces. Fundamental particles can be divided into two
groups —fermions and bosons. Fermions are particles with half-odd-integer spin, spin-1/2 particles
for example, where bosons have integer spin. The fermions of the SM include familiar particles
such as electrons, but also include quarks and other leptons.

Quarks, in addition to having electric charge, are charged under the strong force. The strong
force is driven by the the color charge, which has three charges; these analogous to thes to the

electric charge, but with three rather than one. These charges have been labeled as red, green,
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2.1 Standard Model Lagrangian 5

and blue, though they have no intrinsic connection to the visible light spectrum. Just like electric
charge can be negative, these charges can be as well; so the strong force also has charges of antired,
antigreen, and antiblue, which are the negative counterparts of the standard color charges. This
color charge is what binds the baryons like the proton together, as well as the mesons. Observable
kinematically allowed particles must be colorless, which is possible via two methods: 1) having
an equal number of red, green, and blue charge; 2) having equal parts color and corresponding
anticolor [3].

Quarks are particles bound under all SM forces, including color; thus, they are not allowed to
be independent and must be bound into larger colorless particles. Leptons are not charged under
color and are rarely bound into larger states. The lightest leptons are the electron and the neutrinos,
which are colorless with spin-1/2. The remaining leptons have similar properties but greater mass.

Most bosons in the Standard Model are gauge bosons with spin-1 that correspond to different
forces. In the theoretical framework, these bosons are modeled to mediate fundamental forces by
moving between other particles. The Z and W bosons are massive particles tied to the weak force.
The photon is massless and responsible for carrying the electromagnetic force. Gluons are also
massless and mediate the nuclear force [4].

The SM bosons have the notable outlier in the Higgs boson, which does not carry any particular
force. The Higgs is a scalar boson, which means it is spin-0. It is related to the weak and electric
forces, but does not carry them in the same way the gauge bosons do. The Higgs plays a unique and
important role in the dynamics of the Standard Model, which is explained in later sections.

A Lagrangian simply put is the quantity that governs the dynamics of a given system. In the
case of the SM, the Lagrangian must include all known particles, as well as their dynamics. We will
consider sections of the SM Lagrangian separately in this chapter in order to better understand the
implications of each term. The gauge symmetries of the SM are given as

1 1 1
— 5 GG — AL AN — By B 2.1)



2.1 Standard Model Lagrangian 6

These terms outline the fundamental forces as their underlying symmetries predict. G, A9,
and B each represent the generators of the symmetry corresponding to the force; more information
regarding gauge symmetries is provided in Section 2.2. In the SM, G“ represents the gluon fields,
as their symmetry is preserved at all energy scales. However, A? and B are related to the remaining
gauge bosons, but do not represent the photon or the W and Z; this phenomenon is explained further
in Section 2.3.

Another important section of the SM Lagrangian are often called the Yukawa interactions. They

outline how the Higgs boson interacts with the SM fermions. The terms are given as
MLHE + (A4)50;HD’ + (A,);0,HU’ + h.c.. (2.2)

H represents the Higgs field and E represents the various lepton fields. Q, U, and D all represent the
quark fields. Any terms shared by fields outline their interactions. Here h.c. stands for Hermitian
Conjugate, which means the Hermitian Conjugate of each term is also included, but shortened for
brevity. It is simply a way of covering all possible interactions. These terms in the Lagrangian
are what determine fermion mass—interaction with the Higgs is what results in the masses of
the fermions. The various A are called Yukawa couplings, and they are a measure of how much
the fermions couple to the Higgs. The Yukawa coupling corresponding to a given fermion field
determines how massive its particle is.

The final term we consider is the called the kinetic term. It outlines how the Higgs field interacts

with itself, given by
(DyH)'Dy . (2.3)

H still represents the Higgs field, and D, represents the covariant derivative corresponding to the
Higgs. The covariant derivative depends on the field it is acting on, but in general can be thought of
as representative of the intrinsic motion of a field. This term results in an important process called

the Higgs Mechanisim, outlined in Section 2.3.



2.2 Gauge Symmetries 7

2.2 Gauge Symmetries

Gauge symmetries in the Standard Model are tied to the fundamental forces. The structure of a
symmetry is determined by its Lie Algebra, which is a set of matrices. When these matrices operate
on other matrices, specific patterns are observed that result in symmetries. Lie Algebras are different
for each symmetry. In the SM, each generator corresponds to a massless boson that mediates the
force corresponding to its gauge symmetry. The gauge symmetries of the Standard Model can be

expressed as
SU3), xSU(2)., x U(1)y (2.4)

SU(3), corresponds to the strong nuclear force, where color charges determine chromodynamic
interactions. The Standard Model for QCD includes three color charges—red, green, and blue. The
Lie Algebra for the SU(3) group has 8 generators, so there are 8 force-carrier bosons for SU(3)
color (called gluons).

SU(2)y is related to both electromagnetism and the weak force. The Lie Algebra for SU(2) has
3 generators. U(1)y is also related to the electroweak force, and the Lie Algebra for U(1) has 1
generator. So, there are four massless gauge bosons collectively for the combined symmetry of

SU(2)r, x U(1)y. This becomes important when discussing the breaking of this symmetry.

2.3 Higgs Mechanism

In the Standard Model, spontaneous symmetry breaking occurs as the Higgs boson field breaks
SU2), @ Uy — U(Dgem (2.5)

The symmetry breaking occurs because the Higgs has a nonzero vacuum expectation value
(VEV). A VEV is the value that a field takes in the vacuum. Nature seeks to minimize energy, so

the VEV is the value a field has when its potential energy is minimized.



2.3 Higgs Mechanism 8

The Higgs transforms under both the SU(2); and U(1)y gauge symmetries. Thus, when its
nonzero VEV breaks symmetry, it results in a change of basis for all other fields that couple to
SU(2), and U(1)y. The symmetry that remains after symmetry is broken is U(1)gg -

The kinetic term of the Higgs field in the SM Lagrangian is
L = (DyH)'DyH (2.6)

This potential has a minimum at (H) = \/% which is the VEV. Writing H as a two component

object that transforms under SU(2)., and using a convenient gauge transformation yields

(H) = — ) 2.7)

As the Higgs field couples only to SU(2)z and U(1)y, its covariant derivative can be written as

where Aj; and Byrepresents the massless gauge bosons, g and ¢ represent the couplings of their
corresponding forces. d, is the derivative of the field, which will disappear when discussing the
VEV. o and Y are the generators of SU(2);, and U(1)y respectively. Using these terms, we expand
the Higgs’ kinetic term.

T
1 0 1 0

2
g 1 2 1 2 3
—D —D =—2 (A, +iA7)(AH —iAH) + Y,B ——A 2.
\/z,u ) \/i,ll ) 8( L )( L ) 2(gh,u ) (9)

2#

We see sets of these massless bosons grouped together, which we can rewrite as new fields. These

new states have masses, which are determined by the magnitude of their term in Equation 2.9. We



2.4 Hierarchy Problem 9

now find the mass eigenstates of gauge generators after symmetry breaking:

1 :
Wy = E(A}L FiA}) (2.10)
1
Zy = —2(2g'YhB“ —gA}) (2.11)
/g2 + 4Yh gl2
1
Ay = —————(gBu+2g14A}) (2.12)

2+ 4Yh2g/2

So the mass eigenstates after symmetry breaking yield the WHi and Z;, bosons. This diagonal-
ization in the mass basis also yields a definition Ay, of the photon field, which is defined by its
orthogonality to the Z; boson, which requires it to be massless. The Higgs Mechanism results in
massive gauge bosons, which we can use to rewrite the SM Lagrangian in the mass basis. This basis
is particularly useful because it puts our model in terms of observable particles. Once symmetry
breaking has taken place, observing the massless bosons corresponding to the broken symmetry
is impossible, as it is a part of a new massive particle. In the mass basis, actual physical particles

make up the basis, which makes determining the physical dynamics much easier.

2.4 Hierarchy Problem

The previous section discussed the nonzero Higgs VEV resulting in spontaneous symmetry breaking.
The Hierarchy Problem rises from the unexpected magnitude of the Higgs VEV. Experimentally,
the Higgs VEV is approximately 246 GeV. This poses no specific problem, but it is not what is
expected. Naive dimensional analysis predicts a VEV on the order of 10'° GeV [5].

This disparity is 17 orders of magnitude in scale, which is significant. And while this is not
mathematically inconsistent, it is puzzling. The Standard Model provides no explanation for why
the Higgs VEV is so low. And the magnitude of difference implies there are physical principles not

yet understood regarding the Higgs field.
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That is the nature of the Hierarchy Problem—explaining why the Higgs VEV is so much lower

than its predicted value. The Hierarchy Problem is something our new model attempts to address.

2.5 Dark Matter and Twin Higgs Models

Dark matter makes up approximately 26% of the universe’s energy density. Matter accounted for
by the Standard Model makes up only about 5% [6]. Considering the magnitude of dark matter
compared to SM matter, it stands to reason that the dark matter could be just as complex as normal
matter. Considering the complicated nature of the Standard Model, this school of thinking allows
for potentially very complex dark matter structures.

Mirror Twin Higgs models are a class of Beyond the Standard Model (BSM) models that provide
a potential structure for dark matter. These models propose a sector of matter that is symmetric to
visible matter; this can alleviate the Hierarchy Problem in addition to the dark matter potential. In a
Twin Higgs Model, each SM particle has a twin sector counterpart with identical properties, but
transforms under separate twin sector gauge groups. Twin sector matter has a symmetric structure
to SM matter but has its own gauge groups, so there is little interaction with standard matter. This
complex structure with little interaction with visible matter creates a compelling area for potential
dark matter. Dark matter may be composed of one or many of the fields that make up the twin
sector.

The Lagrangian for a Twin Higgs model has the form
Lyisible + Ldark + Lscalar - (2.13)

The Lagrangian for the visible and dark sectors are distinct, so the fields from one do not directly
interact with one another. However, both dark and visible sectors interact with the scalar sector. So
the indirect interactions between the sectors happen via scalar bosons. In the classic Twin Higgs

model, the only scalar boson at low energies is the Higgs, so it carries all interactions. The Higgs
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field in a Twin Higgs model splits its VEV with the twin sector Higgs and the Standard Model
Higgs. This splitting of the Higgs VEV somewhat alleviates the disparity between the observed and
expected magnitude of the Higgs VEV [7]. This alleviation of the hierarchy problem is present in
the model proposed here as well. However, with the addition of color-charged scalar boson field,

the interactions become more complicated.



Chapter 3

Model

In the Standard Model, color-charged particles remain invariant under SU(3) transformations. In this
BSM model, we replace the SU(3) gauge symmetry of chromodynamics with an SU(4) symmetry.
This symmetry adds a fourth color charge to QCD, which allows us to introduce interesting dynamics
that help expand the scope of the Standard Model. However, experimental indicates there are three
color charges. To match experimental data, we break the SU(4) symmetry we have introduced down
to the SU(3) symmetry that matches experiment. This breaking means that at current experimental
energy levels, our model matches with three color charges. But at higher energy levels above current
experiments color gains a fourth color charge.

To yield this qualitative behavior mathematically, we introduce a scalar boson field similar to
the Higgs that breaks this SU(4) symmetry such that the remaining symmetry is the SU(3) found in
the Standard Model; this field we will call ¢. We are interested in breaking the SU(4)c symmetry,
so ¢ will be charged under both SU(4)¢; in order to avoid issues with hypercharge later on, ¢ will
also couple to U(1)y, which is related to SM U(1)y. The representation of SU(4) that this field is in
determines its specific properties. We move forward with ¢ in the 4 representation, but a discussion
of an alternative is located in Appendix B. The generators of the SU(4) Lie algebra, which result in

the SU(4) symmetry structure, are given in Appendix A. The SU(4) Lie Algebra has 15 generators;
12



3.1 Breaking SU(4) Color 13

we note that generators 7'~ are the Gell-Mann matrices - the generators for the SU(3) Lie Algebra.
Thus, SU(4) color can be broken such that the preserved symmetry is the SU(3) symmetry structure

of the Standard Model.

3.1 Breaking SU(4) Color

¢ is charged under SU(4)¢ and U(1)x.While ¢ is in the fundamental representation of SU(4), it has

a VEV of the form
0
0
(9) = : (3.1)
0
w
This leads to a symmetry breaking pattern of
SU4)exU(1)xy — SU3)e xU(1)y (3.2)

Before symmetry breaking, this color group has a total of 15 Lie algebra generators; after symmetry
breaking the preserved symmetry SU(3) has only 8. This results in 7 Nambu-Goldstone bosons
(NGBs) being produced. These bosons are "eaten" by the new massive vector bosons that are
produced when diagonalizing into the mass basis. Eight of the SU(4) gauge bosons become the
eight gluons of the SU(3)¢ subgroup which will be called G- Six of the seven NGBs are eaten by

the vector boson we will call §,:

9 .~10
Cu lCM

Su = Cyl —ic)? (3.3)

Sl

13 .14
Cu ZCM



3.1 Breaking SU(4) Color 14

This vector boson is analagous to the W, bosons. Similar to the W, bosons after the Higgs
symmetry breaking, &, is composed of the unpreserved SU(4) generators left after color symmetry
breaking.

The seventh NGB is eaten by a linear combination of X;; and C}f. With (¢) defined for our

symmetry breaking pattern, we consider the covariant derivative acting on it:

e

Xy _ 3015
s Xu—8s\/5Cu

Dy (9) = —i W (3.4)

Covariant derivatives show up in the Lagrangian when the term concerns the self-interaction of
a given field. In this case, we look at the term |Dy, (¢)|?, called the kinetic term of the ¢ field. This
outlines the self-interaction of ¢. After expanding the kinetic term with the new VEV of ¢, we find
that the generators not preserved under SU(3) group together to form the &, as discussed, but also a
new linear combination. The kinetic term becomes

2,2 2
3
et W (—Z T gg?) (€13Hex —xHsy ) (C1¥ex — X5y ) | (3.5)

where

gsV24 8Xx

_ 8V GinOy=sy=—%X
\/2482 + g% \/2482 + g%

Equation 3.5 tells us what combinations of generators produce massive bosons, as well as their

cosOy =cx = (3.6)

masses. From the first term, we identify the mass of &, as

_ 8sW

From the second term of Eq. 3.5, we can define the massive linear combination of C;ls and X; in

3.7

the mass basis as

B}, = Cpcx — Xysx, (3.8)
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which has a resulting mass of

w
mp = —=1/24g2 + g% . (3.9)

42
We have found massive linear combinations of generators, however the parameters that determine
their specific values and masses are not in terms of SM values. Specifically, we have values in terms

of X, and its coupling, rather than SM hypercharge. To do so we rewrite these relations as
Xy =Bycx —Bsx C,’ =By cx +Byusx (3.10)

For a given field y this means that the covariant derivative attached to the SU(4)¢c gauge couplings

becomes
0 ¢ 3
8s 8s 8s H /
STk =G i o +gs\/;TC (B“cx +Busx> , G.11)
n
where the A4 matrices are the Gell-Mann matrices and
1
3 00 0
0 3 00
T. = (3.12)
001 o0
00 0 -1
Now adding the covariant derivative attached to the U(1)x symmetry yields
: 3 :
DyyD— ZBLL gs\/gchc —gxXysx | Y — lg/B” [Xll/ -I—X¢TC} v, (3.13)

where the hypercharge gauge coupling is given by

, gxgs\/g
g =—F (3.14)
1+ X;

/

8 8s %
& = — (3.15)

\/ 383 +82X3
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This puts the coupling associated with U(1)x in terms of SM values and Xy, which will be
determined later in the chapter. This in turn allows us to find the SM hypercharge of any field

charged under SU(4)c x U(1)x:

X
(4,X) — (3,X—|—?¢)@(1,X—X¢) (3.16)
Thus we have found Standard Model hypercharge and its associated coupling in terms of the BSM
parameters of U(1)x. We find ¢ to be in a specific representation of U(1)x which corresponds to its

charge under this gauge.

We are also able to find the SM values for quark fields with the values in our model.

Xy +1 2-X 1-2X
D ~ (4,1,-%) S U~ (4’1’T¢) . O~ (4,2, g ‘P> . (3.17)

And the lepton and Higgs fields remain unchanged, as does the H field from the quark Yukawa

terms:

1 1 ~ ~ 1
EN(I,I,—l) 5 L~ <1,2,—§) 5 H~ (1,2,5) , H~ <1,2,—§> . (318)

After breaking color symmetry, the quarks are bound under SM SU(3)¢. But what happens to the
quarks carrying the fourth color? These appear as three colorless BSM fermions of SM charges

(SU@3)xSUR).xU(1)y)

4X 1 2 —4X, 1 —8X,
D4~(1,1,— 2 ) U4~(1,1, - “’) , Q4~(1,2, - ‘”). (3.19)

There is no Xy value that allows both electric charges to vanish, so these BSM fermions predicted
by our model are electrically charged. The experimental data regarding charged particles such as
these will put experimental constraints on our model. The 10 representation of ¢ produced charged
particles that were too light; to avoid repeating this issue, we introduce several color singlet fields to
push the masses of these fourth color quarks above experimental limits. These fields will provide

mass terms in the Yukawa interactions:

AFQOFC + ApUPPC + Ay DOV +H.c. (3.20)
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F, P, and V are new BSM fermions providing mass to the fourth color quarks. To preserve Lorentz

invariance in the Lagrangian, these fermion fields will have quantum numbers

‘ 4Xy+ 1 24X . 1-8X
V‘mf(Ll,— g+ ) ,PC~/<L1,——§—2>, F‘m»(LZ, p ¢). (3.21)

In order to avoid introducing additional anomalies into the model, we require any of these left-
handed fields to have vanishing hypercharge. The only left-handed fermion of these three is F.

Requiring the hypercharge of F' to be zero requires

Xo=¢. (3.22)

To avoid anomalies from our right-handed fermions, we require
Xp+Xp =0 and Xp+Xy =0. (3.23)

These requirements, assuming the same choice of Xy, yields

1
Xp=—Xy=7. (3.24)

These are the values required by our model to avoid introducing anomalies, so from these we are

able to determine properties of the fourth color quarks.

3.1.1 Massive Fermionic States

We begin by determining physical constraints on the BSM particles produced by the model. After
the mass mixing caused by color breaking, the fourth color quarks and the F, P, and V fermions are
combined to create a set of fermions capable of being observed. Expressing F¢ and Q4 as SU(2).,

doublets we find

F¢= , Q4= . (3.25)
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These doublets mix using the mass matrices

Apw  Ay4 Avw  ApA
M= | T VE L om = YT TPV2 | (3.26)
AFP\V/—A§ AFW lpv\v/—% XFW

This mixing results in four fermions that we will call U4 and D, which linear combinations of the

previous fields, given by

U+ =cyrP* —syrUra , Ur— =surP +cyrUpa , (3.27)
Ur+ =cuyrUs — syrFy; , Ur— =surUs +cyrFy , (3.28)
where

Z(A3—AZ) +v3 /2 (A2, — A2 AyuAp +ArA

cos26y, — 424 VA/z( =) Sin26y, = —v/2wiy 2 EEEZER (399
2(A3—=A2) +v2 /2 (A3 — A2 Ay AE + ApA

cos26yg — O A2 ZAip) gy MR A g,
m2, —m?2_ m2, —m?_

These characterize the U+ fermions, and a similar definition is true for D+ where U — D, u — d

2
and P — V. The masses of these fermions to leading order in % are

2 2
mi =w?Ag+0 (%) . om2_ =wAR+0O <%) : (3.31)

These leading order masses are not dependent on any fourth color quark mass parameters, only w
and the Yukawa couplings of P, F', and V. As such, the masses do not change with generation. So
while SM fermions have three generations of particles, these BSM fermions are generation-blind,
resulting only four new observable fermions. Remembering our choice of Xy we find that the

fermions u and d+ produced by color breaking have electric charge of :I:%.

3.1.2 Higgs Mechanism with Broken Color

The Higgs Mechanism with this broken color model does not occur exactly like the SM Higgs

Mechanism. The introduction of the ¢ field also introduced the U(1)x symmetry, which is distinct
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from the SM U(1)y symmetry. The Higgs field ultimately couples to X, not just By, as in the SM.

In the visible sector, the Higgs gets a VEV

=L " (332
— |

Because our model doesn’t make any changes to the SU(2); symmetry, the W bosons remain

unchanged, and can be defined as

I
Wi = —= (ApFial) | (3.33)

V2

where they receive the SM mass. But the masses of the neutral bosons are more complicated. In a

process similar to the Higgs Mechanism, we look at the |Dy (H)|? of the scalar Lagrangian. We

ignore teh Wui terms, as they remain unchanged from the SM. We find the term
2

% (ngu - gAi> (gx X" —gA™) (3.34)

where we define

Sinfy = sy = —> | (3.35)

ARy

Using the SM definitions of the photon and the corresponding massive boson, we define
Ay =Bycw +Agsw Zy =—Busw +A)cw (3.36)

as the SM photon and Z. To determine how our model changes them, we substitute these terms into

(2.31), which becomes

2
v _ _
Y (B;ngSX +/g? +8’22u> <B/ngSx +/ g% +g’zZu> : (3.37)

8
These are no longer diagonalized, so there is some mass mixing between the BL and Zu fields. We

then diagonalize the mixing matrix to find the mass states in our model.

2 V.22 v /
1 _ my + T8xSx Mzy58X5X B!
- (B’ ,zﬂ) BT asxn T (3.38)
2 H v 2 —H
Mz, 58XSX mz, Z
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where
_V 2 2
mz, = 3 g-+g (3.39)
is the SM mass of the Z boson. The mass eigenstates of this mass matrix are
Z, =Bycy —Zusy Zy =Bysu~+Zucu (3.40)

where the mixing angles are defined as

2 V22 2
My + 7 8xSx — Mz,

cpy = Cos20y = 3 3 (3.41)
Mz =Nz
sp = sin26y = — Q8K (3.42)
Mz —mz
The mass eigenvalues corresponding to these eigenstates are
mi = (3.43)

L 2 Voo v? vt
5 (mB’ +mz, + 7 8X%5X +4/ (mg — m%())z + (mg, + m%())?g)zfs)z( + Eﬁﬁ?{ :
where m = myz and m_ = myz. Because v << w we can expand the mass eigenvalues to leading
oy ..
order in . This yields
2 .2.22
vV 8xSx

2
Vooo2 o2 o Mz

2 2 2
my ~ mpy + 7 8X5x > Mz N mz — ) (3.44)
B/

Thus, our model predicts three electrically neutral bosons; in addition to the photon and Z;, boson,
we predict a Z;L boson that is a leftover of broken color symmetry. These fields can be written as

linear combinations of the gauge generators as such:

Ay =cwexXy +swA;, + cwsxCy (3.45)
Zﬂ :CMCWA}Z — (CMSWCX +SMSx)X“ + (SMCX — CMSWSX)C/}LS (3.46)

Zy, =(cmex + SMSWSX)C'LILS — sMcWAz — (emsx +smswex )Xy - (3.47)
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‘We note that

3
e=gsw=gcw, §=gxex= 8\/;&5)( , (3.48)

and define the electric charge as

1
QW:XW+T3+§TC. (3.49)

The kinetic term of the scalar Lagrangian can then be written in terms of these massive particles.

3

8 3.2 SMSW CX 5%
teI/A,U +Z’ua CM(T _SWQV/)+ ’TC_SC—ZXV/

2
y 8 | CMSwCex Sx 3 2
+ZH$ |: 85y (TC_SgXl[/) _SM<T _SWQV/)} : (350)

This equation shows how the fermion fields couple to the photon, the Z, and the Z'. We can see
that the coupling to the photon is dependent only on electric charge, just as in the Standard Model.
The couplings to the Z are similar to the Standard Model, but with an added dependence on 7.
Assuming sy is small, the change from the Standard Model is small. The Z’ couples very little to

leptons because for them 7¢ = 0, but couples strongly to quark and fourth color quarks.

3.2 Dark Matter

Having defined our model in the visible sector, we are able to do the same for the dark sector. The
dark sector is defined as being identical to the visible sector, with two differences. In order to avoid

being Z, symmetric between sectors, we set the VEV of the ¢ field in the dark sector to be zero

(3.51)

=
o3}
~
I
© o o o
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This makes the dark sector dynamically different from the visible sector, breaking the mirror
symmetry between them. Having a VEV of zero means that color symmetry is not broken in the
dark sector — there are four unbroken color charges regardless of energy scale. This results in
colorless hadrons in dark the sector being bosons; our model produces a novel and interesting
structure of dark matter that needs further exploration.

The dark sector also alleviates the hierarchy problem with the introduction of another Higgs

field. We use the nonlinear parametrization of these fields

. f . (Vh'h
Hy _h\/ﬁmn( 7 ) (3.52)
0
Hg = (”h“ﬁ) (3.53)
fcos T

where f is the scale at which the Higgs and the twin Higgs become different. We define h as a

global Higgs doublet that has the VEV

-7 (354
=" |

The resulting VEVs for these fields can be written as

0 0
(Hy) = , (Hp)= (3.55)

: v v
fsmfﬁ fcosfﬁ

Here, the global Higgs VEV is shared by the visible and dark sector Higgs fields. The visible Higgs

VEV is then only a portion of the global VEV, which is considerably larger. This alleviates the
hierarchy problem by providing a reason for the low value of the Higgs VEV — the global VEV is
higher than the observed value, but much of it is hidden in the dark sector Higgs VEV. This provides

a limited explanation for why the Higgs VEV is so low, which alleviates the hierarchy problem.
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3.3 New Model Lagrangian

Our model maintains the core structure of the Standard Model while adding a dark matter sector,
as well as several new fields and symmetries. These changes are reflected in the Lagrangian for
this model. We define the individual components of the Lagrangian for clarity; the full-model

Lagrangian is given by their sum.
Lmodel = Lvisible + Ldark + Lscalar (356)

In our model, £, 1s very similar to that of the SM, but modified to reflect the extensions. The

gauge symmetries from Eq. 2.1 becomes

1 1 1
T T = Wi, WY — 2 BuyBHY (357

where T¢ are the generators of SU(4) rather than SU(3). This change reflects the extended color
of our model. The introduction of this extension also changes the interactions of the Higgs, so the

Yukawa interactions in Eq. 2.2 becomes

MLHE+2,9HD + A, QHU + h.c. (3.58)

+241004 (FL) +A20i94 (ER ) + Aa3d9a (Vr)* +h.c. (3.59)

Thus, the BSM fermions couple to the Higgs field like the SM fermions, which allows us to predict
their masses. These changes are reflected in the dark sector, so £ ;4% = Lyisipie, With one change:

the color breaking VEV w that is nonzero in the visible sector is zero in the dark sector. And finally,

L carar iIncludes the kinetic terms of all scalar fields, which is defined as
Lscatar =(DyHa) 'DyHa + (Dpda) 'Dyéa + (DpHg) ' DyHg + (Dyds) Dy + Vicatar - (3.60)

Here V4145 1S the scalar potential of our model, which dictate how the scalar fields Hy, Hp, ¢4, and

¢p interact with each other.
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This Lagrangian defines all interactions our model predicts. It can be split into the visible and
dark sectors, with any interactions between the two occurring via scalar fields. Having finished
the model Lagrangian, all that remains is to determine BSM parameter constraints and potential
collider signals. Our model introduces new fields and dynamics, which are partially defined by
known parameters. But they are also defined by new free parameters that are not defined by the
Standard Model. We use experimental data to determine constraints on these BSM parameters, and

then determine potential collider signals after these parameters are determined.



Chapter 4

Results

In this thesis we have outlined a mathematical extension of the Standard Model that extends the
gauge symmetry governing color interactions. This change introduced new fermion and boson fields
which are outside the scope of existing models. As these fields are not predicted by the Standard
Model, in most cases their properties are not fixed values. Their characteristics are determined by
the parameters introduced in our model; these parameters do not have fixed values, but are affected
by other factors that can be experimentally evaluated. In order to determine the experimental
characteristics of our model and its fields, we seek to constrain the BSM parameters on which our

field properties depend.

4.1 Fermion Masses

We first look at the u4 and d+ BSM fermions, which have electric charge i%. There are experimental
bounds on such charged particles — it is likely their masses must be at least 1.5 TeV. Fixing their
masses to 1.5 TeV, we plot the Yukawa couplings of the F, P, and V fermion fields for various w
values in Figure 4.1. We are now able to characterize the masses of the u+ and d+ for a variety of

physical parameters. In general, as w is decreased, the Yukawa couplings must increase to give the

25
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fermions enough mass to be experimentally viable. However, for a given color breaking VEV w, F,
P, and V can couple to the Higgs to varying degrees. The experimental constraints on the value
of w found in Figure 4.2 further specify the Yukawa couplings for our BSM fermions. The values
of our BSM Yukawa couplings are not fixed, but we have constrained them to a smaller range of
potential values. This constraining allows our model to be as specific as possible, which makes

potential experimental observation more straightforward.

] AR AR AR AARAARRAREARRAS: IR (X-] NSRS RRAAARARAARE REARRAS:

my,=1.5TeV w=2TeV k
0.8} . 0.8f 1
w=2TeV
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Figure 4.1 Contour plots of the BSM fermions u. (top) and d+ (bottom) with masses of

1.5 TeV as a function of the Yukawa couplings and for various values of the color breaking

VEV w. The coupling App = Apy is taken to be 0.02 and has little effect on the outcome
for values of this magnitude or smaller [2].
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4.2 Collider Signals

This gives us some constraints on the masses of the fermions predicted by our model; the masses of
the bosons must be characterized as well. The Z’ boson can be produced in a collider through quark-
antiquark interaction. These processes have been searched through dilepton [8, 9] and dijet [10]
resonances for bosons like our Z’.

Because the Z’ boson predicted in this model is a product of color breaking, it has comparatively
large interactions with quarks, and comparatively small couplings to leptons. However, our Z’ is
color neutral, but carries that leftover fourth charge after symmetry breaking, just like the fourth
color quarks uy and d+. So, the Z' couples most strongly to the fourth color quarks if they are
available. As found in Equations 3.31 and 3.44, the masses of both the massive fourth color states
and the Z’ both depend on the color breaking VEV w. However, it possible for the post-decay sum
of masses of u+ and d,m to be greater than the mass of the Z'; in this case, the Z’ cannot decay into
the BSM fermions because of conservation of mass. If the masses of the fourth color quarks are
lower, u+ and d- are kinematically available for the Z’ to decay into.

When the fourth color quarks are kinematically available to the Z’, the branching fraction for
our model’s Z' to SM quarks is approximately 18%, while the branching fraction to leptons is
only about 0.01%. But when the BSM fermions are too heavy for the Z’ to decay into them, these
branching fractions change to 99.5% into SM quarks and 0.1% into leptons [2]. In the case where
BSM fermions are allowed kinematically, the Z’ prefers to decay into u+ and d-. However, our
model can be constructed with this allowance or without. This gives us two specific ways to check
our model’s Z’ experimentally.

The red lines of Figure 4.2 are the experimental signal for bosons like the Z’ as a function of
the boson mass. In order for our model to not be experimentally ruled out, it must predict cross

sections below the experimental signal, otherwise they would have been observed already. So, we
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(b) Dijet Signal

Figure 4.2 (a) We plot the bounds, in red, on the Z’ from an ATLAS dilepton search [8].
(b) We plot the bounds, in red, on the Z’ from an CMS dijet search [10].

Both: Solid blue lines denote the cross section when Z’' decays to BSM fermions are
allowed. Dashed blue lines denote the cross section when Z’ decays to BSM fermions are
not allowed. [2]

are interested in regions of the graphs where our predicted Z’ branching fractions are below the red
lines.
The solid blue lines of Figure 4.2 corresponds to the case where Z’ can decay into BSM fermions;

this makes the branching fraction for SM fermions significantly lower. In this case, the Z’' mass
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must have a mass of nearly 3.5 TeV to remain undetected. This Z' mass corresponds to a color
breaking VEV of roughly 4 TeV. A search for our Z’ which decays into BSM fermions would need
to probe energies in that region.

The dashed blue lines of Figure 4.2 corresponds to the case where Z' cannot decay into BSM
fermions; in this case Z’ decays primarily into SM quarks. For this case, there are regions of Z’
mass as low as nearly 1 TeV where our model’s Z’' would remain undetected. However, only with a
Z' mass above roughly 2.5 TeV do both dijet and dilepton branching fraction predictions fall below
experimental bounds. This mass corresponds to a color breaking VEV of roughly 2.9 TeV. A search
for our Z' decaying only into SM fermions would probe masses above this energy level.

We have analyzed our model’s Z’ boson potential collider signals to determine its experimentally
allowed masses. The Z’ remains undetected and thus experimentally viable in regions of Figure 4.2
where the blue lines are below the red. Depending on the availability of BSM decays, the allowed
7' mass changes along with the color breaking VEV w. As discussed in Section 4.1, the Yukawa
couplings of the F, P, and V fermion fields depend on allowed values for w. Our model’s two
cases of Z'-to-fermion decay require w values greater than 2.9 TeV and 4 TeV respectively. Thus,
our analysis has allowed us to further constrain the Yukawa couplings of the BSM fermions and

characterize our Z’' boson more specifically.

4.3 Final Remarks

Our mathematical model predicts several BSM particles with the potential to be physically observed;
the properties of these particles are dependent on variable parameters of the model which are
constrained by experiment. The model remains experimentally feasible and mathematically rigorous
while adding BSM fields and dynamics. The introduction of a dark sector alleviates the hierarchy

problem and posits a novel structure for dark matter. The structure of this dark matter is complex
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and interesting, and the coupling through the Higgs field predicts potentially observable collider
signals. However, further study of its theoretical properties is required — specifically, how the
integer spin hadrons in the dark sector behave phenomenologically. The corresponding gauge
symmetry that creates these hadrons is broken in the visible sector, which breaks the Z; mirror
symmetry of the model. This breaking of color symmetry in the visible sector leads to interesting
new dynamics while maintaining the information of the Standard Model. At high energy scales,
color in the visible sector has the same SU(4)¢ symmetry as the dark sector. But at scales currently
observable, quarks transform under the SU(3)¢ symmetry that is identical to the Standard Model.
Our model introduces BSM fields that are potentially observable in collider experiment, and resolves

problems for which the Standard Model does not have solutions.



Appendix A

Generators of SU4)

We use the following representation of the SU(4) Lie Algebra
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Appendix B

Representations of SU(4)

10 Representation Model

In this model, the ¢ field is in the 10 representation of SU(4), with ten dimensions. In this

representation, it gets a VEV of the form

(B.1)

o o o O

o o o O

o o o O
o

w

Having ¢ take this form is attractive because it does not require the addition of more BSM fermions
to maintain Lorentz invariance [11]. However, the subsequent model proposed by foot introduces
charge i% fermionic particles [12], which we found have since been experimentally excluded.

Having been experimentally excluded, we move ¢ to the 4 representation of SU(4).

33
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4 Representation Model

The 4 representation of SU(4) is the fundamental representation of this group, which means it is
has the lowest dimensions possible while maintaining this symmetry pattern. While ¢ is in the

fundamental representation of SU(4), it has a VEV of the form

0

0
(9) = (B.2)
0

w

Having a VEV of this form preserves the SU(3)¢ subgroup after symmetry breaking

ETl,...,8<¢> -0 (B.3)

This VEYV is also an eigenvector of the 7! generator because

1 1 /3

15/ 4\ _
o <¢>——§ §<¢>~ (B.4)

Using this model of ¢ we define the gauge boson of U(1)x as X, and the gauge coupling gx, We
will define the gauge coupling of SU(4)¢ as gy because it is inherited by the residual SU(3)¢ color
group of the Standard Model. The gauge bosons of this color group will be denoted by Cj;. The

complete gauge covariant derivative is given by

Dy = (3 —igxXyXy — iSoat — £ 17C; ) v, (B.5)

where Xy is the U (1)y charge of y and g is the usual SU(2), gauge coupling. This U(1)x charge
is different from standard hypercharge, as it is attached to the U(1) gauge group broken by ¢ that
results in U(1)y after symmetry breaking. The generators and gauge bosons of SU(2);, are the same
as the Standard Model — %G“ and Aj; respectively. In this thesis we model ¢ in the fundamental 4

representation of SU(4).
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