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ABSTRACT
A Colorfully Natural Twin Higgs Model

Logan Coleman Page
Department of Physics and Astronomy, BYU
Master of Science

Twin Higgs models have the potential to explain phenomena outside of the Standard Model
and provide an natural explanation of the Higgs mass. Here I explore a new realization of the twin
Higgs concept with an SU(4), symmetry that is spontaneously broken in the Standard Model sector,
but remains unbroken in the Twin sector. I detail the phenomenological results produced by this
model. I show that this construction leads to a qualitatively new behavior regarding the fine-tuning
of the Higgs mass due to the top-quark sector.

Keywords: Twin Higgs, Dark Matter, symmetry breaking, Higgs physics, SU(4), Lie Groups
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Chapter 1

Introduction

Particle physics seeks to describe the universe in terms of its most fundamental, indivisible elements.
This process consists of two parts: theory and experiment. Theory works within the constraints of a
mathematical framework to provide predictions of potential new phenomena, which may or may
not be experimentally observed. Experiment measures data to identify new phenomena, which may
or may not match an existing theory. When the two coincide to describe a new phenomenon with
high accuracy and precision, a discovery is made.

The accepted framework for particle physics model building is Quantum Field Theory, the
combination of special relativity and quantum mechanics. This framework describes every particle
as a fluctuation in a field. Couplings between fields result in all particle interactions. These fields can
exhibit global and/or local symmetries. Global symmetries lead to conserved charges, like baryon
number, that are not associated with a force. Local or “gauge" symmetries, described by Lie groups,
are related to the fundamental forces and their associated charges. An additional consideration is
Lorentz invariance, the relativistic requirement that space have no preferred direction and that all
inertial frames be equivalent. A model must account for each of these considerations and describe
phenomena in a testable way.

Particle physics experiments are usually carried out in particle colliders such as the Large
1



Hadron Collider. Collisions are recorded, and the output particles from each collision are analyzed
for patterns that match theoretical expectations. When a detected signal varies from expected
background values by five standard deviations (50) or more, it is considered a discovery. Although
this benchmark is somewhat arbitrary, it is well agreed-upon and encourages rigorous verification
of claims.

The last century of nuclear and particle physics has provided evidence for a set of particles and
forces now known as the Standard Model (SM) of particle physics. This model has been compiled
over time to describe fundamental particles: quarks, leptons, the photon, the gluon, and the W,
Z, and Higgs bosons. Quarks make up protons and neutrons and experience the strong nuclear
force, which is communicated by gluons. Leptons include electrons and neutrinos. The photon is a
massless particle which communicates electromagnetism. The W+ boson can be either positively or
negatively charged, and along with the neutral Z boson carries the weak force. The Higgs boson is
not directly evident in atomic structures, but is essential in providing mass to other fundamental
particles in a way we explore later on.

Each of these particles and the interactions between them have been described by theory and
observed experimentally. At times, such as for the discovery of electrons, experiment has provided
evidence which was later described by theory. More recently however, with the top quark and
the Higgs boson, experiment has taken decades to confirm what was theoretically expected. The
discovery of the Higgs Boson [1,2] completed the SM as the final experimental verification of the
model’s predicted particles.

The SM contains several sets of particles and three fundamental forces. Each of these particles
is represented by a field. Each field is represented in Lorentz space according to its spin as a scalar,
vector, or tensor. Fermions, including quarks and leptons, are spin—% particles. The photon and the
W and Z bosons have spin 1. The Higgs field, having zero spin, is the only Lorentz scalar. Each

term of the Lagrangian must be invariant under Lorentz transformations.



Quarks and leptons are both paired into two types. Quarks are either up-type or down-type,
depending on their electric charge. Leptons are either electrically charged (electron-type) or neutral
(neutrino). Each of these types is further subdivided into three generations. Two particles of the
same type but different generations have the same charge properties, but different masses. The
three generations of up-type quarks are, in order of increasing mass: up, charm, and top. The three
down-type quarks are, similarly: down, strange, and bottom. The three generations of charged
leptons are: electron, muon, and tau. The three neutral lepton generations are: electron neutrinos,
muon neutrinos, and tau neutrinos. When differentiating between these particles, we often refer to
the quarks and leptons as each having six flavors.

The “gauge bosons" are those which carry fundamental forces. The photon and gluon are
massless spin-1 bosons which carry the electromagnetic force and strong force, respectively. The
W and Z bosons are massive spin-1 bosons which carry the weak force.

The Higgs boson is unique as the only spin-0 boson in the SM. This has an effect related to the
requirement of Lorentz invariance given by Quantum Field Theory. Lorentz invariance requires
space-time to have no preferred direction or velocity; all inertial frames of reference are equivalent.
Thus, any field with a non-zero spin must have an average value of zero throughout space. The
Higgs field, with zero spin, can have a non-zero average value without disrupting Lorentz invariance.
This average value is referred to as the vacuum expectation value, or VEV.

Each field exhibits gauge symmetries, invariances under Lie group transformations, which are
related to the observed fundamental forces of nature. There are three gauge groups that act on
SM fields: SU(3), for fields with color charge, SU(2),, for fields that experience the weak nuclear
force, and U(1)y for fields with hypercharge. A field will interact with each of these symmetries

depending on the charges it has under each. For more detail on Lie groups, see Appendix A.



The primary equation describing the SM is its Lagrangian:

1

1 1
Q?SM - ZGZvGa’uv - ZWﬁvWa'uv - ZB‘uvB'uv

+iLDL+iEDE +iQQ + iDPD + iU PU
+(M)SLHE! + (Aq);QHD! + (A,)50,AU7 + H.e.

+ (DyH)'DyH + Mg |H|* — An|H|* . (1.1)

The first line of Eq. (1.1) contains terms unique to each of the three gauge groups SU(3)., SU(2).,

and U(1)y. The terms G¢

v Wi

1iv» and By represent the field strength tensors of each gauge group,

respectively. A field strength tensor Fjj,, corresponding to a Lie group SU(N) is defined as
Fily = OuAy, — dvAy — g ALAT (1.2)

where Aj; is a gauge field associated to the a generator of SU(N), g is the gauge coupling that
determines the strength of its interactions, and f%¢ gives the structure constants. The group SU(3).
has eight generators, the Gell-Mann matrices 7¢, which correspond to the eight varieties of gluon
fields. The group SU(2); has three generators, proportional to the three Pauli matrices. The group
U(1)y has only one generator, By,. For more detail on Lie groups and their generators, see Appendix
A.

The terms in Eq. (1.1) that contain Dy, and I are the kinetic terms, which describe the kinetic
energy of each field individually. Ip or D, represents the covariant derivative. This is a derivative
which has added terms to make it transform in the same way as the field under gauge transformations.
For a field y that acts under all three gauge groups, the complete gauge covariant derivative is given
by

8

Duy = (9 —ig¥yBu—iSo'Al —i

8

EST“cz) v, (1.3)
and Ip = Dy ¥* to account for the spinor nature of fermion fields. The constants g’, g, and g are the
gauge couplings corresponding to the gauge symmetries U(1)y, SU(2)., and SU(3). respectively.

These factors characterize the strength of the associated force.



The field E represents right-handed charged leptons from each of the three generations via a

suppressed flavor index. Expanding it in flavor space would yield:

€RrR
E=| u |- (1.4)

TR

The field L represents left-handed lepton doublets of SU(2)z. These fields, not E, experience
SU(2), interactions. Each doublet contains a charged lepton and a neutrino from the same generation.

For example, the first generation of L is

L= . (1.5)

The fields D and U represent right-handed up-type and down-type quarks respectively, of all
three generations. Just like E, these two are singlets under SU(2); and do not experience weak force
interactions. Q represents left-handed pairs of up and down quarks which transform under SU(2);.

We represent these in an SU(2);, doublet structure, similar to that of L:

UL
0= : (1.6)
10J3

The field H represents the Higgs field, which is unique as the only scalar field in the model. The
terms in the third line of Eq. (1.1) describe the interactions of H with the fermions. The coupling of
a scalar to a fermion bilinear is a Yukawa interaction, and A is the Yukawa coupling. The |H|* and
|H|* terms are the Higgs potential, which describe the mass and self-interactions of the Higgs field.
H.c. stands for Hermitian conjugate, indicating that the conjugate of the preceding terms in the line

are also included.
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1.1 Color Physics

We use color physics as a brief introduction to gauge symmetries in the Standard Model. SU(3),
is the symmetry which governs colored particles, i.e. quarks and gluons. The strong force is the
fundamental force which acts on color charges. The strong force, much like electromagnetism,
can bind together complementary charges or separate like charges. In contrast to electric charge,
however, there are three variations of color charge, each with its own anti-charge. Because these
three charges combine in ways reminiscent of color, they are assigned the values red, blue, and
green. Similar to electric charge, a stable, neutral configuration of color charges can consist of a
charge and its opposite, e.g. red and anti-red. However, color charge can also be neutral when all
three colors are present. This happens when a red, a blue and a green quark bind to form a proton or
neutron. Just as red, green and blue light mix to show white, the three color charges together are
neutral.

These combination rules are the result of the SU(3), symmetry. SU(3) is the Lie group composed
of special unitary 3 x 3 matrices. A special matrix has a determinant of 1. A unitary matrix times

its Hermitian conjugate is the identity. Thus, any matrix U in SU(3) has the properties
DetlU] =1, U'U=I. (1.7)

The group elements are generated by the exponentiation of a related set of matrices, su(3), which
are a basis of the associated Lie algebra. When the Lie group is special and unitary, the elements of

the Lie algebra are traceless and Hermitian. Thus, any matrix 7" in su(3) has the properties
Tr[T)=0, T'=T. (1.8)

In this discussion we prefer to work directly with the algebra. The set of 33 matrices with
these constraints can be specified by eight real parameters. These become the eight gluon fields,

which we can label as G, with a running from 1 to 8. Rather than writing each of the matrices
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separately, we can display all eight simultaneously with the use of superscripts and a summation

over a as
G3+%G8 G'-iG* G*-i6°
G'T,=| G'+iG? —G3+%G8 G —iG" | . (1.9)
4 | 5 6 | (7 2 8
G "+iG G°+iG _ﬂG

Although quarks and gluons both interact with the Lie group SU(3)., they do so in different
ways. A quark is in the fundamental representation of the group SU(3),, the 3 representation, and

as such can be written as a triplet in color space as

9red
9= | Gereen | - (1.10)
qblue
Because this triplet is in the fundamental representation, action by any element U¢ of the group
SU(3), transforms the triplet as

¢ = Ulqb. (1.11)
A quark-antiquark pair being acted on by the group would transform as
79— 4 (U)eU2ap — T'Togp — G°qa » (1.12)

and is thus invariant under action by the color group. This result is equivalent to the quark-antiquark
pair being neutral under color charge, as described earlier. Describing this multiplication in

representation notation shows the same neutral result
33=8®1. (1.13)

This multiplication is expanded using representation theory, as described in Appendix A.
Because the result contains the singlet representation 1, it has a charge neutral part.
A gluon, on the other hand, is in the eight-dimensional adjoint representation, 8, of the color

group. This means that instead of a vector-like triplet with 3 degrees of freedom, we represent it
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as a matrix with 8 degrees of freedom, in the same form as the generators of the group elements.
This correctly implies that there are 8 unique varieties of charge that a gluon can take on. A gluon
has one color and one anti-color of charge, with 7r + gg 4+ bb = 0. Thus, we can map out the gluon

types in the following matrix:

87 8gr 8br
Gy=\|gz 8z & : (1.14)
8 8gp —8r78sz

An object Gy, in the adjoint representation of a group such as SU(3) transforms as
¢ ysGSUHe. (1.15)

This leads to different requirements for gauge invariance and charge neutrality than for the quark

color triplets. For example, a gluon interacting with a quark-anti-quark pair is color invariant, as:
q'Glap — 7" (UUSGIWU")oU a5 —'Glan . (1.16)

or, using representation theory:
3083=27¢100106808®831 . (1.17)

Because the result contains a singlet under SU(3),, it is invariant under color charge transformations.
It transforms only by the identity element, i.e. not at all, when acted on by the group.

These principles of group interactions also hold for SU(2)z and U(1)y, though in simpler ways.
The generator for U(1)y is a number, a rank one matrix. States that are charged under U(1)y
transform as ¢’®. The fundamental states of SU(2) are doublets, 2, rather than triplets, and its

generator matrices can be written as %G“, where o are the three Pauli matrices
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1.2 Spontaneous Symmetry Breaking

An aspect of the SM which is important throughout this discussion is the spontaneous symmetry
breaking caused by the Higgs. Because the Higgs field is a Lorentz scalar, it is allowed to have a
non-zero VEV without breaking Lorentz invariance. The VEV interacts with gauge transformations
in such a way that some of the symmetry is lost. The Higgs, being charged under SU(2); @ U(1)y,
breaks these two symmetries down to a new, smaller symmetry, U(1)ggn. We now examine the
mathematical method by which these symmetries break. Because the Higgs is not charged under
color, the color symmetry does not appear in this calculation. We express the Higgs field as a

doublet under SU(2); @ U(1)y, which is
H= . (1.19)

The terms in the SM Lagrangian defining the Higgs field are

% = (DyH)'DyH —Vy (1.20)
where the Higgs potential, Vy, is

Vg = —u?|H> + A H|*. (1.21)

In order to see how the Higgs field’s VEV disrupts symmetries, we first find its value. The VEV

is the value it takes when energy is at a minimum, so we minimize the Higgs potential and find

(H)ygy = \/LZ_/I .

Since H transforms under SU(2); ® U(1)y as a two component object, we can choose a convenient

(1.22)

gauge transformation to put the entire magnitude of the VEV in the lower component. This becomes

0 1 {0
(H)ypy = , or using conventional notation, (H) = — : (1.23)

u V2|,
V24
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where v = £,

VA

We now can use this form of H and the covariant derivative in Eq. (1.3) to evaluate the kinetic

term containing D, H. We can also assign to Yy, the Higgs’ hypercharge value in the SM, %

1 0 0
—(8“+l oAy +is ]IBu)
V2 y V2 2 2 .

_ e V. (1.24)

From this result, we expand the full kinetic term, noting that d, v = 0:

¥
1 0 1 0 V2 g?

EDu ) ﬁDu ) = T(A}L +idg) (AT —iA) 4+ 82(g'Bu gAy)? . (1.25)

When the symmetry SU(2),®@U(1)y breaks to U(1)ggm, the size of its set of generators must
decrease from four to one. Within the unbroken symmetry, A}[3 and By, represented massless
vector fields which carried associated forces. After breaking to U(1), however, three of the four
basis vectors lose their symmetry and need not remain massless. The Higgs field also began with
four real degrees of freedom (two in each complex component), and is now left with only one in the
direction of v. The three broken symmetry dimensions become massive vector fields by absorbing
degrees of freedom previously held by the Higgs field.

We see that the previously massless vector fields AL‘3 and By have been grouped into two
quadratic terms as a result of multiplication by the VEV. The factor v multiplying them creates
mass terms from previously massless vectors. The quadratic terms show the linear combinations

which result in three massive particles, W, W, and Z. The state orthogonal to these is a massless

particle. It is a linear combination of the original basis vectors, which remains massless and becomes
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the vector field associated with the the residual U(1)ggn gauge symmetry. This is defined to be the

photon, A;,. We also define cos Oy and sin 6y for notational simplicity,

/

g , g
cosOy = ————, sinby = ——, (1.26)
/g2 +g/2 /g2+g/2
1 .
Wﬁt:%(ALqEzAi), (1.27)
1 :
7, = ﬁ(ngu —gA}) = sin 6y By —cos Oy A, | (1.28)
g7 +8
1 :
Ay = ﬁ(g}su +g'A}) = cos OBy +sin Oy A, . (1.29)
g7 +g

These new particles define the mass basis, the basis in which particles will propagate energy
through space and time. To see how the other fields will interact with these new particles, we rewrite
the covariant derivative in the new basis. To do this we substitute the original generators for linear

combinations of the new massive particles, using

1 i

1 + — 2 4 _
Au_%(Wu W) A= (W) (1.30)
A =sinByAy —cosByZy, (1.31)
B = cos OwAy +sinbyZ, . (1.32)

Substituting these into the general covariant derivative (1.3), we see:

Dy =3 — i%G“AZ —ig'YIB,
i
=0 — 3 (6'A} +0°A} +0°A}) —ig YIB,

. )

18 1 + — g 2 + _
=0y ——2 o (W +W, )——o (W —W )
NG WG meooTH

g

— 50'3 (sin OwAy — cos OW]IZu) —ig’ (cos OwAy + sin OWY]IZH)

= (o' +ich)W, — '8 (ol —ic®)W,

ig
) V2 .
= (% sin Oy o2 + ig’ cos BWY]I) Ay — (—%cos Ow o> +ig'sin GWY]I) Zy.  (1.33)
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The coefficient of Ay, is useful because it relates hypercharge to electric charge. Naming the electric

/
coupling e = gsin Oy = g’ cos Oy = \/:2_5;7, the coefficient becomes

1
ie (50'3+Y]I) Ay . (1.34)
Thus the electric charge of an SU(2) doublet is
1 3
g=50"+YI. (1.35)

The Higgs’ kinetic term can now be expressed in terms of massive gauge bosons with the
absence of SU2).®U(1)y symmetry:
T
! 0 1 ’l- @W;W“ +

—D —D
V2R V2 L)

V2

g (g% +8%) ZuZ" . (1.36)

And so spontaneous symmetry breaking has dismantled the SU(2);®@U(1)y symmetry. We began
with four massless vectors: A L ,Aﬁ ,Afn and B. Those have now been rearranged into three massive

particles, W* and Z, a massless photon A passociated with the remaining U(1)ggMm Symmetry.

1.3 Beyond the Standard Model

Although the Standard Model is successful in describing many natural phenomena, there are still
unanswered questions. A complete model of the universe would therefore include more than is
currently described in the SM. Beyond the Standard Model (BSM) research seeks to add to the
SM by identifying possible model extensions and testing them against experimental data. In this
discussion we focus on two of these unanswered questions: the nature of dark matter and the
naturalness of the Higgs VEV.

Astronomical data points to the existence of Dark Matter (DM) which has very limited interaction

with SM matter through any force except gravity. Several observations provide evidence for the
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existence of DM throughout the universe. These include gravitational lensing in galaxy clusters [3,4],
rotation curves of spiral galaxies [5], and in the cosmic microwave background [6]. A Quantum
Field Theory (QFT) model which describes DM would ideally provide fields which have little or no
interaction with the gauge symmetries SU(3).®@SU(2),®U(1)y, but which still provide some sort of
detectable signals in order to check the model. There are unlimited possibilities for the structure
of DM, from a single particle to hundreds of new fields. We therefore wish to include additional
considerations which help motivate certain regions of this huge possibility space, such as Higgs
physics.

The mass parameter u of the Higgs potential is a free parameter in the SM. Measurements have
determined the mass of the Higgs to be 125 GeV [7, 8], where m% = 2u?. This is the only explicit
scale in the SM, but has no apparent cause for its value. The only other known scale is the Planck
scale, which is bigger by a factor of 10!7. While there is no inherent problem with the value of ,
physics associated with the Planck scale is generically expected to produce a Planck scale mass for
the Higgs. This large, arbitrary discrepancy appears fine-tuned or “unnatural”. It is therefore an
appealing quality of a BSM model to provide an explanation or mechanism by which the value of u

is limited to its low scale, thus making its value “natural.”

1.3.1 Twin Higgs Models

A promising BSM theory called the Twin Higgs [9] model presents some possibilities that we
explore here. The Twin Higgs model supposes a new set of fields that are similar in structure to the
Standard Model, but distinct from the SM gauge symmetries. This new sector provides excellent
DM candidates, as it contains a variety of fields which are explicitly separated from the SM forces.
Although there are many possibilities for the structure of DM, we choose to mirror the SM both
because it is a known structure and because it appeals to the prevalence of symmetry in nature.

The twin sector is described by a contribution added to the SM Lagrangian. In the “Mirror Twin
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Higgs" model, the additional Lagrangian contains identical fields describing mirror quarks, leptons,
bosons, and gauge symmetries. The two sectors are connected through interactions between the
Higgs field and its twin. The full scalar potential of the two sectors exhibits an approximate global

U(4) symmetry. This can be seen by considering a four component scalar field:

Hy
H = , (1.37)
Hp
where
HT H*
Hy = Hp = . (1.38)
Hy Hy
SM dark
Here the Higgs potential takes the form
Vir = =M [H[* + A [H|* + 85 (|Ha|* + | Hp|*) +m* (|Hal* — |Hg[?) (1.39)

where My and Ay are constants similar to those in Eq. (1.21), 6y and m determine the strength of

the symmetry-breaking terms, and
H[* = |Ha|* +|Hg[* . (1.40)

This approximate symmetry results in the creation of the observed Higgs boson as a pseudo-
Nambu-Goldstone boson, which naturally has a low mass scale. In this way, the Twin Higgs model
also provides naturalness to the Higgs mass parameter.

The Lagrangian for this model can be written as
L =Ly vmtH+ LB MTH — VI (1.41)

where .Z4 mtH contains the Standard Model sector, £ mtH is a mirror of A, and the potential Vy

contains the interaction terms between the A and B sectors. As the Mirror Twin Higgs model copies
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the exact Lagrangian from the SM, we have

1 1 1
ZLXMTH = — 4TﬁvATa“v 1 ZBWABQ‘V

+iLALA +iEADEs +iQ4 P04 +iDAPD A + iU APU,

a ayjv
W, vAWA -

(2‘1) AHAEA + (A'd) QZAHADA + ( u);@iAHAU}{ +H.c.

+ (DuHp)'DyHy (1.42)
and
1 a (l[,LV 1 a ayv 1 uv

+iLgIPLg +iEIPEg + iQpIPQp + iDpPDg + iU g PUp
+ (A1) LigHpE}L + (Aa)0i5HpDY + (M) :0ipHpU} + Hec.

+(DuHp)'DyHp . (1.43)

There are many possible variations, however, which alter the twin sector in some way. For
instance, in the so-called fraternal twin Higgs [10] the twin sector only includes the third generation
and may not include a photon. Others have considered situations where the gauge symmetry of the
twin sector is modified through spontaneous symmetry breaking [11-14]. A more comprehensive
review of the spectrum of possibilities is given in [15].

The Mirror Twin Higgs model has some side effects which make it naively in tension with
experiment. The cosmological measurement N¢ describes the number of relativistic degrees of
freedom measured to contribute to the energy density of the Universe. For a BSM model, we
require that AN, the variation from the SM’s value for Negr, not exceed observational bounds. By
doubling the Standard Model with no changes, we introduce a new set of three neutrinos and a
photon. By adding these four new degrees of freedom, AN.¢ approaches 5.5 [16—18]. This is well
outside observational limits [6, 19], and so the Twin Higgs model requires some alteration from
the Mirror formulation in order to match experiment. This has been successfully accomplished in

several ways [12,16-18,20-23].



1.3 Beyond the Standard Model 16

The Twin Higgs framework also accommodates many BSM cosmological successes. These
include viable baryogenesis [14,22,24-29] and many dark matter possibilities [14,16,22-24,29-45].
There have also been efforts to explain the tension between various measurements of the Hubble

parameter within the Twin Higgs framework [35,46,47].



Chapter 2

A More Colorful Twin Higgs

In order to resolve some of the issues with the Mirror Twin Higgs, we begin by altering just one
aspect of the model: SU(3),. is extended to become SU(4),. This expanded SU(4) color group with
no Twin Higgs [48,49], along with SU(5). [50,51], were explored by Foot et. al. A 4-dimensional
color symmetry would alter the interactions between quarks and the way they form hadronic matter.
Because experiment has clearly shown 3-color interactions, a fourth color must be found only at
higher energy levels. The SU(4) symmetry would then be spontaneously broken into SU(3) and
some residual pieces, just as the SM Higgs broke SU(2); ®U(1)y. For this to happen, we introduce
a new Higgsing scalar field which behaves similarly to the SM Higgs. In this discussion, we name
this new field ¢. However, since we only have observations of the SM sector, there is no such
requirement for ¢ to break SU(4) in the twin sector. This allows for unique interactions in the twin
sector, which may provide interesting effects for dark matter and Negt.

We add to our Lagrangian this ¢ field and its twin via kinetic terms in their respective sectors,
as well as a potential which both mimics and interacts with that of the SM Higgs. Just as with the

Mirror Twin Higgs, we separate the Lagrangian into three pieces:

.,%:.,%A +$B +«=%nter ) (2-1)

17
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where .2 and £ add only one term to the Mirror Twin Higgs’ Lagrangian. %, contains an

expanded potential with terms for both H and ¢:

Ly =ZLamrn+ (Duda) Duda (2.2)
S =SLpmra+ (Duop) ' Dyop (2.3)
Linter = — M H* + Az [H|* — M| ®D[* + A4 |D|* + Aprg[H*| D[
+ 8 (|Hal* + [Hp|") + 85 (19al* + |98]*)
+ 81 (|Hal” — |Hp[*)(|¢al” — |98]%)

+ L (2.4)

Where |®|? is similar to |H|?, with its specific form being discussed further on. % is a placeholder
for the ¢ interaction terms, which we also determine later. Note that there is no explicit twin
7, breaking term in %y, meaning that an exchange of A and B subscripts leaves the potential
unchanged. This breaking is generated spontaneously when ¢4 acquires a VEV, while ¢p does not.
This differentiates the resulting forms of the two sectors, allowing for new, non-SM structures in the
twin sector. Similar potentials with spontaneous twin symmetry breaking were explored previously
in [11-13,52].

The SU(3).xSU(2);, xU(1)y gauge symmetry of the SM has passed all experimental scrutiny.
We ensure that this model produces the identical structure, including hypercharge, by including
U(1)y in the breaking pattern. To this end, our breaking pattern is SU(4).@U(1)x —SU(3).@U(1)y,
where X is posited as an unbroken Abelian gauge symmetry. The breaking field ¢ must therefore
interact with the SU(4).®@U(1)x symmetries and acquire a VEV.

Using group theory, we explore two different ways in which SU(4) can break into SU(3).
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First, we represent the SU(4) generators as a 4 x4 square matrix with 15 unique elements:

car, =
3 8 15 1 2 4 -5 9 :~10
C +\[C -}-\[C C, —iCy C, —iCy C,—iCy
1 2 3 8 1 ~15 6 all 11 12
C,+iC, _CM+\[CM+76C# C, —iCy C, —iCy ' 2.5)
4 -5 6 7 8 15 13 _ .14
Ch+iC3 C8 +ic], ~2c8 ol op-ic
9 -~10 11 4 ;12 13 14 15
Co +iCl il +ich i +ic} —\ﬁc

Notably, within the top left 33 section of this matrix we can see the equivalent SU(3) matrix using
C' — (8 as described in Sec. 1.1. On their own, the 8 generators of SU(3) have an identical structure.

Their presence within SU(4) indicates that a VEV which isolates them would also break SU(4)
into SU(3) as desired. Just as the SM symmetries were broken by the Higgs acquiring a VEV, we
do the same here with a VEV in the ¢ field. There are two forms the ¢ can take that break the

symmetry correctly:

0000 0
00 0O 0
(9) = ) (0) = . (2.6)
00 0O 0
0 0 0w w

For our initial symmetry breaking calculations, the choice of form has no effect on the result, as
it does not change |¢|* or (D, ¢)"Dy¢. In our exploration of additional terms in the Lagrangian,

we refer to the 4 x4 matrix form and the 4x 1 vector form as models I and II respectively.

2.1 SU4).®U(1)xy Symmetry Breaking

To begin exploring the effects of the ¢ field’s VEV on the SU(4),. symmetry, we first examine the
kinetic term (D, (pA)TD“ @4. In the SM, the breaking of the Higgs kinetic term resulted in gauge

bosons W= and Z. Here, we find a similar result.
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The covariant derivative in Eq. (1.3), after replacing SU(3), — SU(4). and U(1)y — U(1)x,

reads:

: 8 _aqra _ 85 raca
Dy = Ju — igxXXy — i50°A} — zEST“CM (2.7)

We begin by writing D, in matrix form, making changes to include SU(4).® U(1)x:

9u igXuX¢ 2 e gy (45 i (9 10
) B ’gXXXflg—s( c3 g, . i, .
%(C}l +zcﬁ) +IC,§_:>\/6C]5) Bl -ic)) Bl -ic?)
; Iu— "X XuX ;
18s 4 -5 igs 6 -7 n ¢ 1gs 13 . 14
i (€9 4+ iC10) igs(Cl 4 ic12) zg_s(cn n 'C14) % ngXﬂX¢
2 iy 2 B iy 2 B iy +xgs\fc15
(2.8)
Either form of (¢) in Eq. 2.6 gives the result (sans zeroes):
L(cp —ic)?)
igs Cll _ ich
Du¢ = 2 (G~ i) . (2.9)
l%s(cB _ iCl4)
— XX, Xy +igs \/gctlts
This result indicates the usefulness of the definition:
(Ca—ic))
| i1 _.m12
E=| &G - | (2.10)
i (13 _ 14
ﬁ(CM —iC,")
which allows us to write simply:
1
758
Duo)y=| V2 6 w. (2.11)
— 80X, Xo + gy \/gcllis
It is now clear to see the kinetic term result in:
(2.12)

2
(Du(9)) Du(e) = %gfwzéﬁé“ - (%ngu?Qb —gs\/gCE) w?
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As we did in the SM case, we introduce here a notational shorthand
8s 3 X
cos Oy = __Vs , sinBy = __8x% (2.13)
8% Xj + 383 83 X; + 383
which allows us to rewrite our result in a normalized form:
i Wzgf el 2( 22, 32 15 : 2
(Du(9)) Dyu(o) = Téué +w” ( gx X5 + g8 (Cu cos By — X sin 9X> . (2.14)
We can now identify the massive state similar to the Z in the SM:
) 3
B;; = C}f cos Oy — X, sin Oy , m%;, =2w? <g;2(X£ + ggf) ) (2.15)
and a massless, orthogonal state associated with SM hypercharge U(1)y:
By = X, cos Oy —i—CLILS sin OBy . (2.16)
We invert this relationship and find
Xy =By cos 6x — By sin Oy C}f :B;L cos Ox + By sin Oy , (2.17)
With this, we can rewrite the SU(4) terms of our broken covariant derivative:
0 ¢ 3
8srara _ 8s 8s M / :
Z2TC = 2= AGE + == +g \/iT <B cosOx +B s1n9X> (2.18)
© u . s c{Pu I ’
2 2 vl gl o 8
where the A% matrices are the generators of SU(3), and
1
37 00 0
030 0
1. = (2.19)
1
00 3 O
0 0 0 —1
By including the U(1)y part we find
. 3 : .
Dy D—iBy, [gs\/; cos OxT. — gx Xy sinOx | —ig'By [Xy + X T¢] (2.20)
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where the hypercharge gauge coupling is given by

/ gxgs\/g
§=—— (2.21)
\/ 8% X5 + 383

The relationship in (2.21) can also be inverted, giving us the value of gx in terms of known

quantities:

\/ggsg’
_ o (2.22)

£x /3 2
§g% _gIZX(p

We have now found the SM hypercharge and coupling in terms of the SU(4) and X charges and
couplings. The coefficient of By allows us to translate between X charge and Y hypercharge, such

that a state in the (4,X) representation of SU(4).xU(1)x becomes

(4,.X) — <3,X+)%) ®(1L,X—-X,), (2.23)

under SU(3).xU(1)y.
In the SM, the quark fields transform under SU(3).xSU(2);, xU(1)y as

1 2 1
D~ (3,1,—§> , U~ (3,1,§> ; QN <3,2,6) . (224)

Using the relation in Eq. (2.23) and the required Y hypercharge values of the SM, we find that

under the original unbroken SU(4).xSU(2);, xU(1)x symmetry the quarks must transform as

X5+ 1 2-X 1—-2X
D~ (4,1,—%) LU~ (4,1,—¢) O~ (4,2, "’) . (2.25)

3 6

For completeness we record the lepton and Higgs fields, though their values do not change from the

SM,
1 1
E~(1,1,—-1), L~(1,2,—5) , H~ (1,2,§> . (2.26)
The quark definitions imply that after symmetry breaking, the broken fourth color component of

each quark becomes a new fermion with SM charges

144X, 2—4X, 1 —8X
Dy ~ (1717_ +3 ¢> ; Ug~ <1717T¢) y Q4 <1727T¢> . (2.27)
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Using the relation in Eq. (1.35), we find the fermions have electric charges of

1 +4X, 24X,

= . 2.28
3 y qU 3 ( )

qp = —

As there is no choice of X such that these both vanish, it must be that this construction predicts at
least one new electrically charged state. Experimental bounds on new charged states are at least
as high as about 100 GeV [53]. If these charged fermions were on the same mass scale as SM
fermions, they would certainly have been discovered. Therefore, they must have additional mass
terms provided by the ¢ VEV within %, in Eq. (2.2). The form of these terms varies depending

on the representation chosen for ¢, so we now divide our discussion between models I and II.

2.1.1 Model I

In model I, we introduce the ¢ field in the 10 representation of SU(4).. A 10-dimensional object
that can be multiplied by the 4 x4 SU(4) matrices is most easily represented as a symmetric matrix,
as shown in Equation (2.6). Labelling this field by its representations under each of the gauge

symmetries SU(4).@SU(2).@U(1)y represents it as
¢~ (10,1,X,) , (2.29)

where we can also see that it is a singlet under SU(2),, and has a U(1)y charge of X.
With ¢ in the 10 representation of SU(4)., we are ready to determine the terms of .Z from Eq.
(2.2). Coupling between ¢ and quarks is allowed in combinations which produce gauge-invariant

multiplets of all gauge groups. For the 10 representation, we can include the Lagrangian terms:

Ly = A1ug (dg)° + 2420,¢(01) + Hee. . (2.30)
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Let’s examine the gauge invariance of these terms in SU(4):

R0 (dr)° — 421024
= (3604) 04
= (3604)® (404)
= (36R4) 21501 (2.31)

Since this multiplication produces a gauge singlet,the 1 portion, it is an allowed coupling. In U(1)y,
hypercharges must sum to zero:

Yy —2Yp=0. (2.32)

When ¢ takes on its VEV, the terms in Eq. (2.30) become mass terms, giving the 4" component

mass:
lAlwﬁ4(d4)C+7LA2W§4(Q4)C+H.C. . (2.33)

Unfortunately, it was shown in [49] for the case of three generations of quarks that the A4, mass
term leads to a new state of about 20 GeV. As we shall see, these states have nonzero electric
charge. Such a particles would have been discovered at LEP [53]. Thus, model I with ¢ in the 10

representation is ruled out, and we do not consider it further.

2.1.2 Model II

In model II, which we use throughout the rest of this discussion, we instead introduce the ¢ field
in the fundamental 4 representation of SU(4).. In this case, gauge invariant coupling between
¢ and the quarks requires the introduction of new fields with appropriate quantum numbers. To
correctly form gauge invariant mass terms of that type, we must introduce new color singlet fields,
which we name F¢, P¢, V¢. These allow us to describe Yukawa interactions between ¢ and the

fourth-component quarks:

ArQOFC + ApU P+ AyDOV° +H.c. . (2.34)
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The charge structures dictate that the new fields have quantum numbers:

1—8X 24X, 144X
FC (1,2,——?;—9) ,pCAJ(l,l,——T;—9> Ve~ (1,1,—- +3 ¢) . (2.35)

so that each term is neutral under all charges. F is left-handed while P and V are right-handed. The
charge conjugation has been used to keep the SM-like situation that SU(2);, couples to left-handed
fields and not to right-handed ones.

The left- and right-handedness of these new particles has the potential to introduce anomalies
into the theory. Anomalies are the result of a classically valid symmetry being disrupted in a
quantum theory, introducing unexpected interactions. Here, we require new anomalies to vanish so
as to not alter observed signals. The SU(2); anomaly is governed by the sum over hypercharges of
the fields which are in the 2 representation of SU(2).. As we have only introduced one such field,

F, we require its charge X to vanish. From Eq. (2.35), this implies that

1
Xy == (2.36)
8
The remaining anomalies cancel if
Xp+Xp =0 and Xp+Xy =0. (2.37)

This is indeed satisfied for this same choice of Xy, which also provides

1
Xp=—Xy =3 (2.38)

We note that this also implies the fourth component quark fields have electric charges of i%.
The additional fermion fields gain mass by the same Higgs mechanism as SM particles, through
the Higgs couplings
ApyF HV® + AppF HP® + H.c. (2.39)
where H is defined as in the up-type quark Higgs Yukawa coupling in the SM. These provide

another source of mass for these fermions. More importantly, in the twin sector, where ¢p does not

get a VEV, these mass terms prevent the introduction of new light states.
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2.2 Symmetry Breaking and Gauge Bosons

Now that model II is described in terms of the SM symmetries plus residual pieces, we are ready
to once again break SU(2),®@U(1)y —U(1)ggm using the Higgs field. As the Higgs field is now
charged under X charge rather than Y hypercharge, there are slight differences to account for. The

applicable covariant derivative matrix for the Higgs under SU(2); @U(1)x is

8 §x

] i 1 YV
V2L Bal+iad) i dlexXu—s4})

The W= bosons form in the same way as in the SM case, so we define them here and omit them

from future calculations:
1
+_ )
Wi = (Au$zA”> . (2.41)
The remaining terms correspond to the bottom right element of the derivative matrix. We adjust the

covariant derivative to show the broken symmetry and group the massless vectors

0
Du | | =0 —iS Xyv+iSALy
1%
:igAZv - ig%( <Bu cos By — BL sin 9X> 1
VEx . i
:z% sin 0 By, + (gAfL . g/Bu> V. (2.42)

Note that from Egs. (2.13) and (2.21), we see that gx cos Oy = g’.
We can now define a massless photon and a massive boson in anticipation of expanding the

kinetic term:

1
Ty (gA3 _JB ) : . — <g'A3 —i—gBu) . (2.43)
" /2 + g2 u " H /a2 1 g2 H
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Then the mass term from | Dy, ¢ |? is easily identified as:

:
1 0 0 ) _ / - ' / -,
) Dy Dy - Y (gx sinOx B, + \/g2+g’22”> (gx sinOxB* 4+ /g2 +g"*Z > .

v v
(2.44)

We now see that B’ and Z both gain mass from the Higgs VEV. Due to the cross terms in
multiplying the above mass term, B’ and Z are not actually in their mass basis yet. By diagonalizing
their mass matrix, we can see two distinct massive neutral bosons. First we substitute the SM Z

mass, mgz,, and write the terms in a matrix. As a shorthand, sy = sin 6y,

y
SVE+e?, (2.45)

mgz, = 3
2 v 202 v /
1 _ my, + gy sy Mz 58xSX BH
A N B (2.46)
Mz, 58X SX M%O /s
The diagonal masses are
mi = (2.47)
! m2 md 4+ gdsh 4 (m2, —m3 )2+ (m%, +m> )ﬁ 2s2—|—ﬁ 5%
R L Zo gX X B Zo B ) 8xSx 16£’X x| -
The mass eigenstates are defined by
Z;l :BLCM _ZusM , ZIJ :BLSM —I—Z'uCM , (2.48)

where m; = myz and m_ = mz. The mixing angles, sin 6y = sy and cos 6y = ¢y , are defined by

2 V22 2
Mp + 78Sy —Mz, . Mz Vgx Sx
e L s

Mz, —mz my, — iz

cos20y =

(2.49)

We note that as the energy scale of color breaking by ¢ must be much greater than that of electroweak
breaking by H, v < w. Using this, we can expand the mass eigenstates to find, to leading order in

v/w, that
2
ms vogys
2 .2 V29 2 .2 Zy" 8X°X
My Mg+ —8xSx , Mz "Mz —— —5—— (2.50)
4 4mB,
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The mixing angle to the same order in v/w, is

2 2

1 TeV

Oy ~ —AV8 oy 104< © > . 2.51)
3w2g3\/6 w

We rewrite the unbroken gauge fields in terms of the mass eigenstate fields, in order to rewrite

the broken covariant derivative:

XH :CxCWA“ — (SxSM + CxSWCM)Zu + (CxSWSM — SxCM)Z;L (2.52)
A} =swAy + cwemZy — cwsuZy, (2.53)
CI.ILS :chwA'u + (CXsM — SXSWCM)Z“ + (sXsWsM + CXcM)Z;J . (2.54)

From the covariant derivative we can use these relations to determine the couplings of the

various fields. We find that

3
exXyX, +gTAj + g \/;ch}f =

Au

3
gxexewXy +gswT + g \/;SXCW Tc]

3
+Zy | —gx (sxsm + cxswem )Xy + gewem T + gs\/;(CXSM - SXSWCM)Tc]

3
—f-ZL gx(cszsM — SXCM)XVI — gCWSMT3 + g5 \/;(CXCM + SxSWSM)TC] . (2.55)

We note that many constants in the A, term can be simplified, since

3
e=gsw=gcw, §=gxcx= 8\/ggsSX : (2.56)
This lets us define the electric charge from the coefficient of A, as

1
Oy =Xy +T+ gle (2.57)
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So, we find

3
exXyXu+ 8T A} + gy \/;TCCLS =

8 SMSWCX X
eQyAy +Z#J [CM(T3 — 53 0y) + o <Qw _T3_ _211/)}

Cx
8 | eMSwex 3 Xy 3.2
Z = —T° —— | —sy(T° — ) 2.58
+ Hew [ Sx (QW c§) sm( SWQW)} ( .

The coefficients of these terms tell us all of the interactions between charged particles and
gauge bosons. The photon couplings are as expected. Because the photon is the carrier of the
electromagnetic force, its coupling to any particle is simply e times that particle’s electric charge.
The SM Z couples primarily through the weak force. Here, the Z has small modifications from
the SM couplings; as sy, — 0, it matches the SM exactly. Z’, which does not appear in the SM, is
mainly the result of color breaking. Intuitively, then, it couples most strongly to quarks due to the

first T, term depending on color.

2.3 Charged Gauge Bosons

The remaining gauge bosons in the model are the W* and the . These formed as the result
of symmetry breaking, when the off-diagonal terms of the covariant derivative grouped together
with their Hermitian conjugates. Their mass terms in Eqgs. (1.36) and (2.12) show this, being
~ m%,W+W_ and ~ m%ﬁ% The W= boson shows no new interactions from the SM, as SU(2),.
was unaltered. The & boson, however, has new interactions with the quarks.

In the kinetic terms of the quark fields, they are acted on by the covariant derivative. We have
now seen that this covariant derivative carries gauge bosons after symmetry breaking. These kinetic
terms are:

iDIPD +iUPU +iQDQ . (2.59)

Because the & appears in the off-diagonal quadrants of I3, we will focus only on those.
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For these terms, we denote the quarks in two components: the SM color triplet and the fourth

color component, as follows:

U; D, Qi
U — 7 D= : 0= . (2.60)

Uy Dy 04

Expanding the kinetic terms like this, we find interactions in which the & interacts with one SM
quark and one fourth-color quark:
8s

7 [Ui§Us+Di§Ds+ Q;§ Q4] + He.. (2.61)

Gauge invariance, as always, holds for these terms. & and U; are in the fundamental and
anti-fundamental representations of SU(3),, so they are color-neutral. Because the total electric
charge of any term must be zero, we can quickly see that £# has an electric charge of Q¢ = %. This
combination of color and electric charge is unique. Therefore, &# can only be pair-produced in
collider experiments through 5“6& couplings to electrically neutral states, such as gluons and other

gauge bosons.

2.4 New Fermion Masses

In this section we determine the mass eigenstates of the new BSM fermions: F¢, P¢, V¢, and the
fourth-color quarks. We express the SU(2);, doublet fields as
F¢ Urs

F¢= . Qu= : (2.62)
F§ Dis

From the interactions in Egs. (2.34) and (2.39), we put together the fermion mass matrices

PC VC
(U4—7Fuc)%u ) (D47ch)%d I (263)
U4 Dy
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with coefficients (from the highest generations where available)

Apw  m Ayw  m
= P (A = % bA , (2.64)

A}QD\V/—Ai )LFW Apv\v/—% AFW

where we denote the Higgs VEV v4 and fermion masses of the visible sector with an A. By

diagonalizing these mass matrices, we find the physical masses are

1 V2
2 2022 | 72 2 2
My = 5 (W (Ap +AF) +myy +7LFP?A

2\ 2 2
:|:\/ <)~I%W2 + A%Wz + mtzA + )L]%PVTA> —4 (QLFAPWZ — Appmya %) . (2.65)
To leading order in v /w? these become
2 = wiAl4 O ﬁ 2 _ 292 ﬁ
L =W AR+ 2 ) M =W F+0 el (2.66)

This shows that these fermions have masses on the order of the ¢ VEV w, as long as the Yukawa
couplings Ap and Ar are not too small. This is in contrast to the low-mass charged fermions in
model I.

We use the physical states of these fermions for naturalness considerations. They are given by

Upy =cos Oy P —sinBy U4 , Up_ =sin Oy P¢ 4+ cos Oy U , (2.67)
Ugr+ =cos OyrUy — sin GURFMC , Ug_ =sinOyrUs + cos GURFMC , (2.68)
where
2(A3 — A2 2 Az /2 Ar + ApA 2
cos 26y, = VNPTV s TAEPAIZ G g, — oMt T AR V2 6)
my, —m,_ my,, —n,_
2(A3—AZ) —mP + A2 V2 /2 Ap+ApA 2
cos20yg = W (Ap Fz) m”‘z—i— FpVa/ , sSin20ygr = —2wmlA P—; d szA/\/_ . (2.70)
my,, —ny,_ my, —m,_

A similar set of equations holds for .#; with U — D, u — d, m; — my, and P — V.
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In the twin sector the SU(4), color is unbroken, so there are no w contributions to the mass.
The fourth-component of the quark does not separate from the rest of the multiplet, and gets the
same mass. The F¢, P¢, and V¢ states also get masses from the normal Higgs symmetry breaking

mechanism. These are given by

A% A%
mpp = )«FP% , mpy = lFVjBi : (2.71)

2.5 Vacuum Expectation Value

Having verified that this model is not excluded in the same way as model I, we now include
calculations to find its VEV. The scalar potential in %, can have non-zero local minima, to
which the fields H and ¢ can settle at low energies. Minimizing the potential in its four fields
simultaneously yields the values of these minima.

Having chosen the fundamental 4 representation for ¢, the VEVs take the forms:

0
0 0
(H) = and (¢) = . (2.72)
% 0
w

Using subscripts to differentiate A and B sectors, and inserting these into the scalar potential given

in Eq. (2.2) yields:

Vscalar("a; Vb, Waawb) = M[%I (VZ + VZ%) +An (Vi + V%)z
202 2 2 2\2 2 2 2 2
—Mg(wg +wp) + Ay (Wy +wp)™ + Arg (v +v,) (Wg +wp)

+ 8 (Vg +v3) + 8p (Wga +wp) + S (va —vi) (WE —wi) . (2.73)
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Next we differentiate in terms of each variable, finding a system of equations which gives the

simultaneous minimum for all fields.

O, 1 0 =va [—Mp +2Am (v +3) + Aug (Wi +wp) +28mve+ s (Wa—w3)] . (2.74)
Oty 2 0= vy [~MF +24n (Ve +2) + Amg (W +wh) +28uvi — Sg (Wa—wp)] . (2.75)
Qg 0= wa | MG +20g (w2 3) + A (Vi +13) +280w2 + 8 (2 —43)| . 276)
Doy 0= wiy | M3+ 25 (w24 wE) + Ao (v2+12) +286w3 — 8 (v —}) | 2.77)

To restrict the set of possible solutions to those that do not contradict the SM but still provide new
phenomena, we are interested in only cases in which v, vy, w, # 0 and wj, = 0. This simplifies the

equations to:

Oy 2 0= —Mp; + 24y (Va+}) + Agwa + 28uva + Spowy, | (2.78)
Oy : 0= —Mp; + 22y (V2+V3) + Aygwa + 28uv; — SHows (2.79)
gy 1 0= =M +2Aswo + i (v +v3) + 28,5 + g (vi —v3) (2.80)
Doy 1 0=y . (2.81)

Adding and subtracting the equations gives the relations:

OH, — Oty : 0= 0 (vg — V%) + 5H¢w§ , (2.82)
Oty + Oty 2 0 = —Mpy + 2An + 8u) (V2 +3) + Agw? (2.83)
which yields
0,
v2vE= -l (2.84)
Ox
M2 — Apow?
V24vp = LA (2.85)

2Ay + Oy
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Using these relations as we solve Eq. (2.76) now gives:

1
2 2 2,2 2 2
= IM; - A o) —
M T 2N+ 89) 10 Ho (Va+Vp) + O (v — Vi)
B Mq%(SH + ZlH) _M1217LH¢ (2.86)
= T . .
Sfrp (1+252) = Az +2(8m +24m) (A9 + &)
We can now use w, to solve for H VEVs:
2 2
2o Mi Ot My , (2.87)
40 +20g  Adu(Ag +0p) — 231%”)
M2 SroM?
V2 H H07¢ (2.88)

T W28 A5u(he +89) 203,

2.6 Exclusion Criteria

Now that all of the features of the model have been determined, it is useful to determine the current
experimental bounds on these phenomena. As a simple first example of the criteria, the model

predicts a change to the mass of the Z boson from the SM value. From Eq. (2.50), we find that

2 .2,2 o2
5 ) Mz gx sin By
mz—mz ~ ———————

(2.89)
4m129,

The most current estimate of the Z mass, mgz,, from the Particle Data Group (PDG) is 91.1876 &

0.0021 GeV [54]. This, using substitutions from Eqgs. (2.13), (2.15), and (2.22), shows that our

predicted Z mass is within 20 of the experimental value when
w2275 GeV . (2.90)

This provides a lower limit on the energy scale of color breaking. This is well below the TeV
scale we expect, so the Z mass does not meaningfully limit the theory.
The couplings of the Z’ boson shown in Eq. (2.58) give insight to the production and detection

of this new boson. The couplings show that Z’ can be produced through Drell-Yan processes or
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similar, in which a quark and anti-quark annihilate and produce a neutral boson. It can then decay
into either a pair of SM fermions, new BSM fermions, Zh, or W=E. Of these signals, the cleanest
channel to observe is a pair of SM leptons. However, as noted following Eq. (2.58), the coupling to
leptons is much smaller than for the the coupling to quarks and other bosons. A search done for
similar neutral bosons for other theories determined that the mass of such a boson is unlikely to be
less than ~ 3 TeV [55]. In conjunction with Eq. (2.50), this sets a lower limit on the ¢ VEV w in
the TeV range.

The M bosons, due to their unusual color charge, can only be pair-produced, which requires
double the energy as producing a single particle like the Z’. Therefore, the signals detectable from
&M production are expected to be much weaker than those from the Z’, giving it a less significant
role in establishing bounds.

The BSM fermions F¢, V¢, and P¢ can be analyzed similarly. These have electric charge i%.
From Eq. (2.58) we see these fermions couple to Ay, Z;;, and ZL with significant strength. They
can also be pair produced through Drell-Yan processes at the LHC. Initial estimates of the bounds
on states with exotic charges, from review of [56,57], indicate that they are absent up to ~500 GeV.

Taken together, these varying criteria seem to point to TeV range energies for the w VEV and
the newly introduced particles. As all of these bounds are tied to w in some way, any experimental
bound can be evaded by making the VEV larger. However, this increase tends to make the model

less natural, as discussed below.

2.7 Naturalness Considerations

As a final consideration, we determine the potential of the observed Higgs boson by way of the

Coleman-Weinberg [58] potential. This potential aggregates all one-loop corrections to the Higgs’
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potential up to a UV cutoff A from our Lagrangian:

2
Ne N°Tr.#* — Ne Tr [///4 <ln£ — l)} : (2.91)

Vew = —¢73 1672 A2 2

where N, is the number of colors of the included fermions and .# is the matrix of scalar field
dependent fermion masses.
As a warm-up, we consider the generated potential in the standard Mirror Twin Higgs framework.

We use a nonlinear parameterization of the Higgs boson (see for instance [59]) such that

Hy =

0
VA
\/;:Thhsin (Th> . Hp= fcos(1/_hfh) , (2.92)
f

where f is the VEV of the four-component H given in Eq. (1.39). The fermion mass matrix in the
top-quark sector is given by

H 0
(eas o) | T el (2.93)

0 MAfHp Op

Note that the quark masses are given by
mp = A fsin®d, mp = A fcos?d, (2.94)

where © = v/(fV/2).
The A? term of the potential is independent of h, because the trace combines sin®(vhth/f) +

cos?(vVh'h/f) from the parameterized values of Hy and Hp:

VO R

f

sin? (
Te "t = A? F*Tr
J 0 cos? < Vh'h

= A2 =mi +my . (2.95)
")

Because this value is a constant, it does not contribute to the h'h part of the Higgs potential, and in
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particular does not lead to a mass proportional to A%. We next evaluate

[ 2000 (Vih 2£2 a2
\ » o' h A f7sin < 7 ) | ) R A? f%cos (
A sin ~3 +cos In

In e

A? 2
~ constant + 2 A A (nify + mig)In——— + 0 (h'h) " . (2.96)
i T

Therefore, we find only a logarithmic contribution to the Higgs mass parameter. In other words, the
corrections to the Higgs mass parameter 1?> from all additional one-loop interactions is
A2

7} 7 o
My +mp

32

2—_—
ou = 872

(m?y +mZ)In (2.97)

where the 3 in the numerator comes from the number of SM colors. We then define the tuning in

the Higgs mass [60] as
26u2|"!

2
n,

A= ' , (2.98)

where my, is the mass of the Higgs. In Fig. 2.1 this tuning is plotted for cutoffs of 2 TeV and 5 TeV
as a function of m,p. We see that as the cutoff gets higher the tuning becomes more stringent, as
indicated by a lower value of percent tuning for the blue line than for the yellow line. As the twin
top mass gets larger, moving along the x-axis, the tuning also becomes more stringent as expected.
This means that the lower the mass of the top partner, the more natural and less fine-tuned the model
is.

In our expanded SU(4). model this analysis is changed in a few significant ways. First, in the
twin sector the SU(4), color group is unbroken, so N, is 4 rather than 3 as it is in the SM quark
sector. This mismatch is compensated at still higher scales by the missing components of the SU(4),.
quark multiplets.

We first consider the N, Tr.#? part of the potential. In the twin section this is fairly straightfor-

ward. We have that N, = 4. Also, the trace of the squared matrix is independent of the Higgs, while
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Figure 2.1 Plot of percent tuning in twin Higgs models for a range of cutoffs as a function
of the twin top mass. A higher value on the y-axis indicates a more natural result.

the same is not true for the matrix to the fourth contribution. Isolating the twin sector matrix .#3,

Vh'h

we find
NeTrat?| ;= (407 + Afp+ Apy ) f* cos® (T) : (2.99)

where we have dropped SM Yukawas smaller than A,. In the visible sector we find
2 2,22, 92 2 vR2a 2|V h'h 2002 1 32 2
N.Trdl?| = (3A7 + A7+ Afp+ Apy) f*sin 5 +w (A5 + A7 +245) . (2.100)

While somewhat more complicated, the sum of the contributions from each sector does lead to a h

independent contribution to the potential through the addition of sin?(v'hth/f) +cos?(vh'h/f).
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The .#* contribution from the hidden sector is simply
A2 f2 cos? h'h
M1 Vh'h ' 7 1
4" 1 _ 434 4 _ 1t
N.Tr [/// (ln 2 2>] . 42} f* cos ( 7 In 2 5
N
Y P (—? ") I
+ Afp 4 cos 7 In 2 ~3
T
4 N Agvfzc(,sz( },h) 1
+ Afy f* cos — In o -3 (2.101)

The .#* terms are more complicated in the visible sector, where we must use the mass eigenstates

given in Eq. (2.66) with v — /2 sin(V/ h'h /f). Employing this substitution we have

QLZfZ Sil’l2 ( V hTh)
2 NN t Fa
NTr {///4 (ln % - %)] =32} f*sin* (ﬂ> In !

f A2 2

A

(2.102)

Putting the two sectors together we do find logarithmic contributions to the Higgs mass parameter

I 2 ’
2 2
ou” = ~3 2{47L (mis + mig) In T+7LFPf ln?L%sz
2 2 2 44 2
Wi APULFP—H; )+22?tF7LFP7l¢ In /2\ o )"ZFV)LVZI /2\ ;
AE—Ap w2Ap A=A wrA]
PR Ar(Afp+A2) +2ApArpds . A? 2 Ay ¢ In A2 }

2

A
+ A{va In——— )VI%VfZ

22— 22 Nz T a2 ez

(2.103)
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Figure 2.2 Percent tuning as a function of m,p for a cutoff of 5 TeV for a range of w VEVs.
We see that tuning is reduced in a central region where the different contributions cancel.

The twin top mass with mild tuning depends on the Yukawa couplings.

The Apy and Agp couplings primarily serve to ensure there are not more light degrees of freedom

in the twin sector. Hence, we take them to be about the size of A;, and neglect their effects, finding:

A2 A2 w22 A? w22 A2
Su’=— 1 |4(m’ +m%)In + P _In — £ _In
H 872 [ (mzA mtB) mtzA +mt23 QL}% —7%% wzl,% ),% _)’[2) WZ)’I%
A't2 2 2 AZ 2 A2 WZ)‘% )u[%
=— L 4(m* +m%)In————— —w?ln + n=E| . 2.104
82 { it g Y Y a2 109

Without loss of generality, suppose that Ar > Ap. We see that there is at least a partial cancella-
tion between the top-sector contributions. In Fig. 2.2 we plot the tuning as a function of m,p for a
few values of w. The cutoff is taken to be 5 TeV. One sees that the tuning at low m;p is about 10%,
as the fourth component of the top field has a w scale mass. At larger masses, however, the tuning
lessens dramatically, before returning to percent level values. In the plot on the left both A and Ap
are taken order 1 and with order one difference. In this case the region of reduced tuning depends
on w. In the plot on the right there is a mild hierarchy between the Yukawa couplings and so the

region of reduced tuning does not change much with the color breaking VEV.
We note also that regions of exact cancellation may seem fine tuned themselves. However, the
regions of reduced tuning are more generic and do not depend on exact cancellation of independent

parameters. Therefore, we feel that this reduction in tuning for higher m;p is an accurate charac-
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terization, at least within the low energy theory. It is also the case that the color breaking VEV w
produces both of the new mass scales. It directly gives mass to the new fermions (modulated by a
Yukawa coupling) and provides the Z; breaking mass term in the Higgs potential, being multiplied

by the small quartic coupling 6.



Chapter 3

Conclusion

The potential signals and tuning measurements of this model have proven interesting. Our explo-
ration of this model has resulted in updated phenomenology of Twin Higgs models. We discovered
that model I using SU(4).. is excluded due to its low-mass states with electric charge. We have also
improved the calculation of bounds for model I, finding lower limits for the new charged fermions.
Most interestingly, there are new, less-studied signals which can be tested at the LHC in the form of
fractionally charged particles.

The most qualitatively novel result from this model lies in the tuning measurements assessment
found from the calculations of the Coleman-Weinberg potential. In most models that introduce a
symmetry partner for the top quark, the tuning of the model becomes more severe as the partner
mass increases. This lowers the motivation of the models as higher energies fail to discover a new
partner. Using SU(4) model II, however, we see in Fig. 2.2 a region of increasing top partner
mass in which the tuning improves. Current experimental methods aim to test to high precision the
deviations of Higgs parameters from the SM. In the case that little to no deviation is found, many
models be pushed into fine-tuned regions of parameters space. With the new pattern of improved

tuning at higher masses, however, a lack of deviation would not make the model unnatural.

42
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Our future work includes more precise testing of the limits of this model. One aspect of that will
be through improved calculations on bounds from collider experiments. We expect that di-lepton
resonance searches with provide the most powerful probe of the color breaking scale w through
the Z'. We also anticipate that the bounds on fractionally charged particles can be strengthened
significantly. Additionally, we will explore in more detail the limits provided by cosmology through
Dark Matter and AN.¢. Further analysis of the Dark Matter candidates of this model, especially the

baryons of the unbroken twin color, will likely provide additional interesting phenomena.



Appendix A

Representations of SU(4)

This appendix provides a more detailed description of the Lie Group SU(4) and its representations.
The principles and some of the matrices included are also valuable in understanding other Lie
Groups used in the Standard Model.

The generator matrices of SU(4) are:
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Ay =

Ay =

Ao =

S o o O

~. =) =) )

S o o O
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S o o O

o o O

o o o O

o o O
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o o o O

o o o O

S o o O

0

o o o O

S o o O

-1 00 1
0O 00 0
A=
00 0
0O 0O 0
0 - O 0
0O 0 O 0
/’L6 =
0O 0 O 0
0O 0 O 0
0O 0 O 0
1 0 O 0
7(;9 —
0 -2 0 0
0O 0 O 1
0 0O 0
0 01 0
Ap =
0 0O 0
1 00 0
00 O
00 O Y 1
15 = —#=
0 0 —i \/6
0O ¢ O

0
0
0

o o o O
o o o O

o o o O

p—

o o o o
o o O

o o o O

0 1
00

-3

(A.1)

(A.2)

(A.3)

(A4)

(A.5)

These matrices are all orthogonal to each other, and Tr(liz) = 2. To normalize all 15 generators in

Killing form, we define:

(A.6)
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Note also that 3 of these are simultaneously diagonalizable: 73, Tg, and T}5. These 3 form the

Cartan subalgebra of the group:

1 0 00 10 0 0 100 0

Lot|o-tool ot oof 1 foro ool
210 0 0 0 V310 0 —2 0 V60 01 o
0 0 00 00 0 0 000 -3

The structure constants of the 15 generator matrices are defined by:
[1:,T)] = if Ty

Many of these f/* values are zero. For the commutators which obtain a diagonal generator matrix,

the sum over f¥T} gives us multiple non-zero terms, such that

(12,73 = if PTs +if BTy +if VP Ths
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With the non-zero structure constants being:

i k| fik
1 2 3|1
1 4 7|1
15 6|—3
1 9 12 ]
1 10 11| —3
2 4 6] 3
2 5 7] 3
2 9 11| 3
2 10 12| 3
3 4 5] 3
36 7|-%
3.9 10| 3
311 12| -1
4 5 8|
4 9 14| ]

i j k| Sk
4 10 13| —3
5 9 13 1
5 10 14| 3
6 7 8| ¥
6 11 15| 1
6 12 14| —3
7 11 13| 1
7 12 14| 1
8 9 10| 57
8 11 12
8 13 14—
9 10 15| /3
11 12 15| /3
13 14 15| /3

(A.8)

The Cartan elements can help us define important representations of the group. Starting with

the fundamental representation known as 4, we define its basis vectors simply as:

fi= P

o o O

0

/3

0

Ja

o o O

(A.9)

To find the weights of this representation, we find the eigenvalues of each of these vectors when
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acted on by each of the Cartan generators 73, Tg, and Tis.

1 1 1
Ifi = Efl Iyfi = mfl Tisfi1 = mfl (A.10)
1 1 1
Lf, = —Efz TIyfr = ﬁfz Tisfr = mfz (A.11)
1 1
Bfz=0f3 TIzfs = —%ﬁ Tisf3 = mﬁ (A.12)
3
TI3f4 =04 Tgfa =0y Tisfs = ——\/— (A.13)

We then assign each f; an associated vector y;, containing its 3 eigenvalues. This u vector is

called the weight vector, which we write in the order 73, Tg, T}s.

11 1
e (5’77) I
1
o= (2373 \—@) -
1
_<0, ﬁ ) (A.16)
<o,0, > (A.17)

We now define the complex conjugate representation of the fundamental. The Lie algebra is
defined as:

Ti=—(T)"

The basis vectors f remain the same, because the dimension of the representation has not
changed. Acting on these basis vectors with the Cartan subalgebra of T yields the weights of the

conjugate representation of the fundamental.
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1 1
o=(-= - A.18
My ( > 2\/6) (A.18)
/1 |
o, = (5,—— 6) (A.19)
1
Tae (0 — A.20
Hs ( Vi 2\/—) (A.20)
I, = (o,o, ) (A21)

The highest of these weights is [I,.
Next, we want to find the adjoint representation. The adjoint is a representation in which the

generators are also the basis states. Their action on each other is defined as:
X, Y] = X[Y)

To find the adjoint representation, we change our basis such that each of our generators are
eigenvectors of our Cartan subalgebra. This is done by taking the nonzero structure constants
involving any Cartan subalgebra element and combining its associated pair of generators into a new

normalized eigenstate. For example:

13 =1 (A.22)

[13,Ty] = iT> (A.23)

[T3,T»] = —iT} (A.24)

(T3, (Ty £1T)] = 4+ (T} +iTh) (A.25)

V2 V2
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Following the same pattern shown above, we find:

1 , 1 .
T3, —=(T1 £iD)] = +—— (T, £iT»)

V2 V2
1
[Tg, E(Tl :i: sz)] - 0
1
[T]S, E(Tl isz)] - 0
1 . 11 )
[T3yﬁ(T4izT5)] = iiﬁ(ﬂizﬁ)
1 . V3 1 .
[Ts,ﬁ(nisz)] = :ETE(T4:EIT5)
1
[TIS>E(T4iiTS)] =0
1 . 11 .
[T3, E(Yé :i:lT7)] = :FEE(YB + lT7)
1 . V3 1 .
[T87 E(Té Il:lT7)] = iTE('Z% :i:lT7)
1 .
[T]57 %(TG + lT7)] =0
1 . 11 )
T3, ﬁ(% +iT0)] = j:i_Z(Tg +iTy0)
1 . 1 1 ,
[Tg, E(T9 + lTlO)] = iﬁ—z(Tg +iTyo
1 . 21 ,
[Ts, ﬁ(% +iT0)] ==+ g—z(Tg +iTy)
1 . 11 ,
[T37 _<Tll ilTlZ)] = :F——(Tll :|:lT12)
V2 2V2
1 . 11 ,
[T87 ﬁ(Tll :I:ZTIZ)] = i;_z(Tll +iT»
1 . 21 ‘
[T157 ﬁ(Tll ilTlZ)] == 5—2(T11 :l:lle)
1
T3, ﬁ(TB +iT14)] =0
1 . 1 1 _
[TS» E(TB + lTl4)] = :F—3—2(T13 + lT14)
1 . 21 ,
[Tis, ﬁ(TB +iT4) ==+ 5—2(T13 +iT4

(A.26)

(A.27)

(A.28)

(A.29)

(A.30)

(A31)

(A.32)

(A.33)

(A.34)

(A.35)

(A.36)

(A.37)

(A.38)

(A.39)

(A.40)

(A.41)

(A.42)

(A.43)
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This identifies 12 eigenvectors of the Cartan subalgebra. We can relabel these states for

simplicity, in an order which will become clear momentarily, as follows:

XF = %(n +iT5) (A.44)
X = %(TB +iT4) (A.45)
Xy = %(TH +iT7)) (A.46)
Xi = %(Tg +iTjo) (A.47)
XF= \%(Q +iTy) (A.48)
X:= %(T1 +iT5) (A.49)

These 12 vectors, as well as the Cartan subalgebra T3, Ty, and T;s, we define to be the basis
states of our adjoint representation. The weights of this basis are important to all representations,
and are called the roots of the algebra. The root vectors are found in the same way as the weights of

the fundamental were, using the eigenvalues determined above. They are:

1 V3 1 \F
= +-.+2"0 =0, F——,+4/2 A.50
041 < 27 D) 7) 042 <7:F\/§7 3) ( )
1 1 2 1 1 \/E
A= |t=,F—— F1/= Qua=|d=,+—— +4/2 A51
13 (23F2\/§4E 3> 14 <2 3 3> ( )

1 V3
s — <i§,$\/7_,0> 0 = (+£1,0,0) (A.52)

We now want to select a subset of these as our positive roots. Positive roots are a subset of the
roots that obey the following rules:
1) multiplying a positive root by -1 does not yield another positive root

2) if the sum of any two positive roots is also a root, that root is positive
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Displaying the roots graphically as vectors, this is equivalent to choosing one half of the unit
sphere and setting its contained roots as positive. In our case, we will choose our set of positive

roots to be:

1 V3 1 \F
=== =10,——,/2 A.

Ot ) 70> Oy2 <07 \/ga 3> (A.53)
11 2 1 1 \/E

o — - — ,— —_ (04 —= T —, — A.54

B2 703 3) i (2 23 3) (A>%)
1 V3

05 = 5,—%,0) o6 =(1,0,0) (A.55)

Having chosen the positive roots, we now take a subset of them to be the positive simple roots.
Simple roots are positive roots that cannot be written as the sum of two other positive roots. By

checking which of these positive roots sum to give another positive root, we find that:

Opq =041+ 042 05 = Opp + 043 (A.56)

Ot =043+ Opyg Oy = Oy1+ 0+ 063 (A.57)

This means that we can exclude o1, 03, and a4 from the positive simple roots, and we are left
with the set of o2, 05, and a;¢. We can now write all roots as linear combinations of the positive

simple roots.

T o T +og (A.58)

+ (a1 + o) +(m+o3) +(a+ o+ o) (A.59)

Using these roots, the eigenvectors of the Cartan subalgebra, defined above as X, are identified as
the raising and lowering operators. Relabeling them using our linear combinations of simple roots,

they are:
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XF = %(n + iTs) (A.60)
X5 = \%(Tlg +iTi4) (A.61)
Xy = %(Tll +iTy,) (A.62)
X35 = \%(Tg +iTyo) (A.63)
X5 = \%(R +iT) (A.64)
X5 = %(Tl +iT») (A.65)

These operators relate vectors with weight u to vectors with weight i + a.

It is important to note that the highest weight of the adjoint representation, the root (1,0,0), is
the sum of the highest weights of the fundamental and conjugate representations. This is an example
of a general result. A representation can be defined by a pair of integers (m,n) which indicate its
highest weight as a linear combination of the highest weights of the fundamental and its conjugate.
In other words, the highest weight of the (m,n) representation of SU(4) equals m; + nft,. Written
this way, the fundamental is (1,0), its conjugate is (0, 1), and the adjoint representation is the (1,1)

representation. We will use this fact to identify further representations.

J Classifying Vector

In addition, each of the raising and lowering operators X* has an associated ch operator analogous
to the o> angular momentum operator, defined by:
1
X) = ol (T3 + Ty + o3Tis) (A.66)
3 o-p
Xalw) = —7In) (A.67)

We can also use the simple positive roots to identify and label all representations of SU(4), by

defining a list j which classifies the highest weight of the representation. Using Notes 9.201.
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We take a representation, find its state with the highest weight i1, and act on that state with the

Xg‘ operator for each simple root.

) _ o o _ o m @ o (A68)
7T ep 7T alp 7T labp |
These eigenvalues then go into a list j = (2 .2 j(2>,2 j(3)> to label the representation.
Using this method on the fundamental representation, we find:
1 1 1
=(=,—,— A.69
H1 (2 e 2\/5> (A.69)
(15:0) (batrats) s
. 120 2137 2/6
i > V3TV 5 (A.70)
1 2 I
o) (o,—%,\@) (b2 2s)
J = e =0 (A.71)
L I .(1 I
3) 207 23 3 223 2v6
Jjo = 2 =0 (A.72)
(A.73)

Thus the fundamental representation gives us j = (1,0,0). Repeating this process with the adjoint:

w = (1,0,0)

(1) _ (%,\/T§70> (17070) _l
= 12 32
) (0,—%,\@) (100

We find j = (1,0,1).

(A.74)
(A.75)
(A.76)
1
5 (A.77)
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