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Abstract

The Standard Model (SM) of particle physics provides no explanation of the light-
ness of the Higgs particle found at the Large Hardron Collider (LHC) in 2012 compared
to the natural scale of its mass, the Planck scale. This problem leads to the study of
the class of physics models known as composite Higgs models, where the Higgs boson
is considered to be a bound state of a new strongly interacting gauge theory. In this
type of models, elementary particles have to couple with this composite state in order
to gain masses. The dependence on the composite partners of the top quark, known
as the top-partners, of Higgs production through gluon fusion has been studied. There
it was found that, due to a subtle cancellation between the contribution of the top
and that of the top partners, it is not possible to infer the top-partner mass from that
process. However, there has been a study on the Higgs plus jet production from gluon
fusion in a model with a top and an additional top partner. In that case, the transverse
momentum distribution of the Higgs boson showed a depenence on the top-partner
mass and coupling.

In this thesis we extend that study by considering Higgs production with a jet
in explicit composite Higgs models, which has never been considered before in the
literature. In particular, we consider composite Higgs models where the right handed
top quark tp was considered to be a composite state of a strong interacting sector
containing either one or two top-partner multiplets. We then study Higgs production
in association with a jet in these models, and in particular we examine thoroughly the
impact of increasing number of the top partner multiplets.

The models studied in our work were categorised according to the representation
of the top partners and the way the standard model left-handed doublet is embedded
in the representations of the symmetry of the strong sector. In the case where there
is only one top partner multiplet in the models, we derived the explicit forms of the
Yukawa couplings of the top quark and the top partners, and the CP-odd couplings
that are present as a result of having a bound state tz. In the case where there are

two top partners multiplets, we discussed the behaviour of the Yukawas and the masses



of the top partners as a function of the input parameters of the models. Numerical
values of the masses, Yukawa couplings, and CP-odd couplings were calculated for
both cases, and these values were input in a numerical programme to calculate the
transverse momentum distribution of the Higgs. Various deviations from the Standard
Model behaviour appear. They are typically model dependent, and have been studied
on a case-by-case basis. In particular, we have discussed the difference between models

with one and two top-partners.
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Chapter 1
Introduction

After the discovery, and the experimental tests, of the electro-magnetic and weak forces,
two of the four fundamental forces, attempts has been made in order to describe these
two forces by one theory, namely, the electroweak theory. In the Standard Model
(SM) of particle physics, the electroweak theory is described by the symmetry of the
SU(2)r x U(1)y gauge group [1H3]. This symmetry is spontaneously broken to give
rise to the U(1)ggrp electromagnetic gauge interaction at low energy. The structure of
the Higgs Lagrangian in the SM is similar to case where, in the theory, we consider
the U(1) gauge theory which is spontaneously broken to give mass to a massive gauge
boson, namely the Abelian Higgs model [4]. In both models there exist a multiplet of
scalar fields ¢ (the Higgs field) with a Lagrangian

LD (D) (DFg) -V (67¢) | (1.1)

where the Higgs potential V (¢¢) is given by

V(6'9) = 166 + A (619)” (1.2)
with A > 0. For the Abelian Higgs model, ¢ is a complex scalar field, i.e.
¢ = % (91 + 1¢2) (1.3)
and
D, =0, +1iqA,, (1.4)

where A, is used to denote the gauge field associated with the U(1) symmetry. From
Eq (1.2), if #* > 0, the vacuum expectation value (VEV) of the field, which corresponds
to the location of the minimum of the potential, is given by (0]4]|0) = (¢)g = 0. In



this case, the VEV of ¢ will be invariant under the symmetry of the model. In the case
p? < 0, however, the potential in Eq. (1.2]) has a continuous set of degenerate minima
corresponding to the VEVs satisfying

V@ =y 5= T (15)

Any of such VEVs is not invariant under the symmetry in the theory, i.e. U(1) for
the Abelian Higgs model. On the other hand, the Lagrangian of the Abelian Higgs
model is invariant under the U(1) symmetry. This situation is known as spontaneous
breaking of the symmetry (U(1) in this case). An important idea, closely related to
the spontaneous symmetry breaking, is incorporated in the SM, and the Abelian Higgs
model. This is the Higgs mechanism, whose purpose is to describe how gauge bosons
are given masses after the spontaneous breaking of the symmetries in the theory. If
we multiply the U(1) generator, which can be taken as an identity matrix, on any of
the VEVs in Eq. , the result is not zero. The group generators of the theory that
cannot annihilate the VEV, such as this case, are referred to as broken generators. Let
us know choose a particular VEV, for instance v/ V2. Fluctuations around this VEV

that can be expressed as

b(x) = % v+ p ()] 2@ (1.6)

where 0 () would be a massless scalar field, known as the Nambu-Goldstone boson
(NGB) or Goldstone boson [5,/6]. Now consider the Goldstone theorem which states
that for each of broken group generators of a spontaneously broken continuous global
symmetry, there exist a massless Goldstone boson in the theory [7]. If U(1) were a
global symmetry, 6 (x) would be a physical Goldstone boson. However, in the Abelian
Higgs model, the U(1) is a gauge symmetry, and this is not a physical symmetry, but
can then be removed from the theory by applying to ¢ (x) a gauge transformation of

the form [4] ,
¢ () = e DN (2) = —=[v+p ()],
] V2 (1.7)
A, () = A, (x) + q—vaﬁ (x) = A,.

Substituting the ¢ (z) given in Eq. (1.7) into Eq. (1.1, the A, () obtains a mass given
by
ma = qu. (1.8)



The last equation is the core of the Higgs mechanism: the gauge fields associated to
each of the spontaneously broken gauge group generators become massive.

While the Abelian Higgs model is regarded as a model where the important features
of a particle physics model can be studied, it cannot be considered as a physical theory
that can be used to describe electroweak interactions, since the group structure is not
large enough to give masses to all of the known electromagnetic and weak gauge fields.
Then, in the SM, the group structure is enlarged to SU(2),, x U(1)y as described above.

In the SM, ¢ is an SU(2) doublet of scalar fields, i.e.

1 [¢1+ i
= 1.9
= alin) o

and

90 901170 _a
D, = aM—ZEBuy—ZEWHU (1.10)

where B, and W} are the gauge fields associated with the U(1)y generator y and SU(2)y,
generators, which is taken to be the Pauli matrices 0%, respectively. The doublet in

Eq. (1.9) has an infinite number of degenerate VEV. For concreteness, we can consider

(¢)o = (E) . (1.11)
V2

Similar to the VEV given in Eq. (1.5), the VEV in Eq. (1.11) is not invariant under
SU(2)p x U(1)y symmetry of the SM models, while the Lagrangian of the model is still

one particular VEV given by

invariant under these symmetries. The symmetry of the SM model is then said to be
spontaneously broken. The generators of the SM, o, and y, can be traded to the new

set of the generators (o1, 09, K, Q)), where

— 0 0 10
K=5"Y_ Q=1 "Y . (1.12)
2 0 —1 2 00
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Applying this set of the generators to the SM VEV in Eq. (1.11]), one would obtain that
0 1 0 -
=1 ) (1) (%) o
10 7% 0

0 —2\ (0 =
7 0 75 0

0 O 0 -
0 -1 7% 0

10 0 0

0 0 7% 0

Among the new set of generators, three of them do not annihilate the vacuum. The

(1.13)

generators of a symmetry that possess this property are known as broken generators.
From Eq. (1.13)), the broken generators can be defined by 7%, for a = 1,2, 3, where

=2 2 s (1.14)

2 2 2
For each of the broken generators, those that do not annihilate the vacuum, there exists
an associated massless scalar Goldstone field. These fields, denoted as 6% (x), can be

parametrised as fluctuation around the VEV as follows

¢ (z) = exp (w) (w?@)) (1.15)

V2
where p (z) is used here to denote the SM Higgs field, and o® denotes the broken
generators in Eq. (L.13). If the SU(2); x U(1)y were a global symmetry, instead
of being a gauge symmetry as appears in the SM, 6% (z) would have been physical
Goldstone fields. In the SM, however, they can be removed from theory by applying
to ¢ (x) given in Eq. a gauge transformation, known as the unitary gauge [8,9],

6 (2) = exp (M) o (x) = <U+S(x>> - (1.16)

V2
Substituting Eq. (1.16]) into Eq. (1.1]), we find that the SM gauge fields are given by

with the action

W- = Wﬁ-{-ZWE W- = W,}—ZWE
I ) no—
NG NG
7 = —goB, + g()Wj’ 4 = go B, + géW/f (1.17)
n = > W=

R+ gy’ a2+ gy’
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and the masses of the fields are

/ 2
my, = v/—22, my =2 my= 1+ (@> . (1.18)

The Standard Model (SM) of particle physics has been successful in describing the
particle with 125 GeV mass found at the Large Hadron Collider (LHC) in 2012. The
LHC performed proton-proton collisions with centre-of-mass energies of 7 and 8 TeV,
and a resonance with a mass of about 125 GeV was declared [10,/11]. This particle
provided an excellent candidate for the SM Higgs particle. The properties of this
particle have been tested and, so far, significant deviations from the SM properties of
this Higgs particle have not been found. Despite this success, the SM does not seem to
be able to provide sensible answers to many questions that our observations propose.
One example is the so-called hierarchy problem, whose solution is the main topic of this
thesis. The main issue is that the SM does not provide an explanation why the SM
Higgs has a light mass compared to its natural scale, which is the Planck mass (of the
order of 10! GeV). Solutions to this problem lead to new models for particle physics.

It is inevitable that theory with fundamental scalar fields, such as the SM, is affected
by quadratic divergences associated with the scalar fields. These divergences could
eventually lead to fine-tuning problems when some parameters of the model have to
be adjusted. In order to see where difficulties arise, suppose in a theory there exists a
fundamental energy scale x and a dimensionsless bare coupling go. The quantity « is
considered to be of the same order as the Planck mass. Suppose further that in the
theory, for a scalar field, there exist a dimensionless bare mass pi, defined as the ratio

of the bare mass my of the scalar field and « [12]

mo
= —. 1.19
Ko o ( )

If this scalar field receives a self-energy correction, arising from e.g. loops of fermions,

then it is possible to write its renormalised mass m? as [12]

m? =mi + Am? = mg + x?g3 (1.20)

where Am? denotes the self-energy correction. From Eq. (1.19), it is then easy to solve
for p2 from Eq. (1.20)), and we obtain [12]

2 2
=" g (1.21)

K2 K2
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As m is one of the physical properties of the theory, it is expected to be stale against
variations of ¢g° and u° for a theory to occur naturally as described above. With « of
order 10 GeV, if m is a light mass of order 1 GeV, then it is required that

g =—gg (1 —107%%). (1.22)

The equation above means that 2 must be adjusted to the 38" decimal place, otherwise
m will be of order 10'* GeV. Hence, quadratic divergences in the scalar particle masses
can lead to unnatural adjustment of the parameters in the theory. In natural theories,
the dimensionless ratios between the free parameters should appear with values of order
1, and the free parameters should not be fine-tuned. Moreover, in natural theories, the
observable properties should be stable under the variation of the fundamental param-
eters |[12]. One of the main issues of the hierarchy problem is the natuaralness of the
model considered to describe the force in nature.

Two particularly interesting scenarios were proposed for solving the problems above.
One of them is supersymmetry, on which a huge amount of work has been carried out in
terms of its search strategies and implications [13-15]. In this model, supersymmetric
partners with a different spin are introduced for any SM particle. Supersymmetry is
in fact the symmetry that constrains the couplings in such a way that cancellation of
quadratic divergences occurring in the calculation of the Higgs mass occurs between
loops of a SM particle and that of its supersymmetric partner.

The other is the composite Higgs [16-18] which instead of being an elementary
particle as the Higgs in the SM, the Higgs particle is now a composite state arising
from the strongly interacting sector in the theory. The composite Higgs model is the
kind of model we have studied in this thesis. The composite Higgs models are based on
two aspects. One is that the Higgs is a pseudo Nambu-Goldstone boson arising from
the spontaneous breaking of a global symmetry [19]. Because of this nature, the Higgs
has no potential at tree level. As a result, the Higgs potential, and hence the EWSB,
must occur via loops of particles. The other is partial compositeness, where quarks and
leptons acquire their masses via a linear mixing with a composite sector. This type of
mixing results in the breaking of the global symmetry of the strong sector, since the
mixings will be invariant under the SM electroweak group, but not under the global
symmetry of the composite sector. The Higgs potential can then arise from loops of
both SM particles, and composite fermions emerging from the strong sector. Since the
top coupling to the Higgs is the strongest among the couplings of SM particles with

the Higgs, the top quark and its composite states, known as the top partners, give the
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most significant contribution to the Higgs potential. The existence of top partners is
expected to have influences on the properties of the top quark, and can therefore be a
viable way to probe the compositeness of the Higgs particle.

However, searching for top-partners is a difficult task. Direct searches for top part-
ners can be carried out via pair production pp — T'T and single production pp — T+ X.
However, this type of searches will be highly model dependent since the search strategy
and limits rely heavily on the knowledge of the decay modes of the top partners. For
top partner searches focusing on some decay channels such as T — W*b, T — Zt
and T — ht, some experimental bounds can be applied. However, these bounds will
weaken if other decay channels are proved to be possible [20,21]. Moreover, this type
of searches suffers from the presence of background processes with large cross sections.
Indirect searches, on the other hand, lead to a complementary approach since they do
not depend on how the top-partner decay modes. Some dependency on top partner
masses is expected in some physical processes. For instance, top partners contribute
through loops to the Higgs total cross section. Unfortunately, due to a very stingent
low energy theorem [22], their contribution cannot be disentangled from that of the top
quark. It has been pointed out recently that [23], in Higgs plus one jet, on the other
hand, the transverse momentum pr distribution of the Higgs (or the associated jet) can
depend on the top partner masses and therefore can be used as a tool to search for top
partners.

In this thesis, we will deal with composite scenarios where the right-handed top
quark is assumed to be a totally composite state rather than an elementary particle as in
the SM. In these models the top partners are also categorised in different representations
of the group symmetry. We concentrate on two models and in each of the models, we
will study the case where we have either one or two top-partner multiplets.

In chapter [2| we will give an overview of the basic principles behind the construction
of composite Higgs models, and explore some important features. Also, we will discuss
a simple model where the basic properties of a composite Higgs model can be learned
and then discuss the procedure for extending the group structure of the model to the
one we studied in the rest of the thesis.

In chapter [3]we describe the models arising from top partner multiplets transforming
in the fourplet and singlet representations of the group SO(4), which were developed
in Ref. [24]. Instead of dealing with only one top partner case as generally done in

previous works, in this thesis we will explain how to deal both with scenarios with one
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top-partner multiplet and two top-partner multiplets. We will also explore the effect
of a term emerging as a result of having a totally composite right-handed top partner
and explain how it eventually leads to CP-odd Yukawa couplings [24,25]. As a novel
result, we have computed the analytical form of the Yukawa couplings in the case of one
top partner, in both models. In the cases where we have two top partner multiplets,
these formulae cannot be derived, and instead, we show how the mass spectrum and
couplings change when we vary the parameters in the models. All these analyses are
presented in chapter

In chapter [} we provide numerical predictions for Higgs plus one additional jet at
the LHC. First, we discuss about previous studies showing that, due to low energy
cancelation the single Higgs production pp — h is not a possible choice for probing the
mass of the top partner. We then discuss how the py distribution computed from the
production pp — Higgs plus a high-pr jet can show sensitivity to the mass of the top
partner, following the strategy of [23]. With this knowledge, we introduce the variable,
closely related to the pr distribution, that we will use as a tool to probe the dependence
on the mass of the top partner, and hence on the compositeness of the Higgs boson.
We then present numerical results for both the cases where, in the theory, there are one
and two top partner multiplets. The chapter ends with a discussion on the significance
of the results.

In the final chapter, we present some conclusion, and some considerations for further

studies.
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Chapter 2

Background Knowledge

2.1 Composite Higgs Models

Since the Higgs field plays such an important role in the breaking of electroweak sym-
metry, understanding the origin of this particle is an essential task. A strong motivation
for the study of theories where the Higgs boson is a composite state comes from the
lack of explanation for the lightness of the Higgs in the SM, where the Higgs field is
an elementary particle. In fact, it is known that a very effective way to have a light
scalar boson in a theory is to identify it as a pseudo Nambu Goldstone boson (pNGB)
of a broken global symmetry. Such mechanism, for instance, explains the smallness
of the masses of the pions compared to the characteristic confinement scale of QCD
Aqcp ~ 200 MeV. Similarly, if we want to allow the Higgs to be formed this way, a
new strongly interacting sector, i.e. a new strong force needs to be included in the the-
ory [26]. The very same strong sector is responsible, through the Higgs mechanism, for
the masses of the vector bosons. QCD cannot be a good candidate for such a theory,
because it will lead to masses of the vector bosons of the order of Aqcp, hence too small
compared to what we observe in nature. It was pointed out that if the composite Higgs
boson emerges as pNGB resulting from the breaking of a global symmetry of the strong
sector, its mass can be naturally light [17,27]. This is the main benefit of composite
Higgs models. Since the Higgs behaves effectively as an elementary particle at the EW
scale, such theories automatically satisfy the electroweak precision tests.

As stated in the Introduction, a theory which is invariant under a symmetry, but
whose vacuum state, or equivalently the vacuum expectation value of a scalar field, is not

invariant is referred to as being spontaneously broken. It is known from the Goldstone
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theorem that if a continuous global symmetry is spontaneously broken so as to leave
a smaller symmetry group, there exits a massless Goldstone boson for each broken
generator. Under the larger symmetry group, the corresponding scalar Goldstone fields
transform non-linearly and, as a result, have no potential.
Let us consider the field 0(x) corresponding to a NGB. This field transforms non-
linearly as follows [29)
0 — 0+ x, (2.1)

where 6 is used to denote a NGB and x represents the parameter of this “shift” trans-
formation. If we want to introduce a potential V' () to the theory, this potential needs
to be symmetric under the field shift in Eq. . Polynomial terms 6", e.g. a mass or
a self coupling of # are forbidden. Also, an interaction term between NGB and gauge
fields 0 AA, where A, denotes the gauge fields, cannot be written down. The transfor-
mation in Eq. only allows the derivative interactions in the form of 9,60 attached
to other conserved current [29]. Hence, at tree-level we cannot construct a potential for
NGBs.

Nambu Goldstone bosons can become pNGBs if the symmetry in the model is broken
explicitly as well as spontaneously [4,29,30]. For a pNGB, a potential can be developed,
and having the Higgs boson as a pNGB can lead to many interesting features, some of
which will be discussed in this section.

There are three main parts required to construct a composite Higgs model. The first
main part is the strong sector which, as briefly described above, will give rise to the Higgs
as its bound state. The strong sector must be constructed from a fundamental theory
with a confinement scale Ayy > TeV, so EW physics is insensitive to it. The other is
an extra elementary sector containing all particles that are not composite states of the
strong sector at the TeV scale. These fields that do not possess the composite nature
that the fields from the strong sector have are referred to as elementary fields. Actually,
these fields are SM fields appearing in the composite Higgs models with one exception,
the right handed top quark, which, in the models we studied, can be considered a
totally composite state of the strong sector. These will also be referred to as external
fields as they are external to the strong sector. This weakly-coupled sector contains the
SM gauge group and its particle content, apart from the Higgs. However, interaction
terms between those particles and the Higgs, which give rise to the Yukawa couplings,
are not included at this stage since there is no Higgs yet. Note that the SM vector

bosons are required to be described by elementary gauge fields only. This requirement
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means that the whole theory, including the strong sector, must respect the SM gauge
symmetry, i.e. the strong sector symmetry group G must contain, apart from an SU(3).,
one SU(2);, x U(1)y subgroup. The W, and B, fields from the elementary sector can
be gauged with the latter subgroup resulting in one communication channel between
the elementary and the composite sector. This communication channel is the last part
required to construct a composite Higgs models.

The introduction of a composite Higgs boson could be understood from the following
arguments. We first assume that there exists a strongly interacting sector with a global
symmetry group G broken to a subgroup H; at a scale f. This implies that there
are n = dim(G) — dim(#H;) Goldstone bosons, one for each broken generator of the
group. Then, if the subgroup Hy C G is gauged by external vectors bosons, and
ny = dim(Hy) — dim(H) of all the Goldstone bosons are eaten to give mass to ng
vector bosons, then the remaining n — ng are pNGBs, and the unbroken gauge group
is H = HoNH;i. Among the vector bosons associated with the gauge group H, are the
SM electroweak gauge fields, and, for simplicity, it is possible to consider Hy as the SM
electroweak group [17].

Then, there are two basic requirements for the Higgs boson to be a pNGB, living on
the coset G/Hy, in a composite Higgs model |17]. First, it must be possible to embed
the SM electroweak group Ggy = SU(2), x U(l)y in Hi, G — Hi D G [17,126].
Second, at least one SU(2);, doublet must be contained in the coset G/H;, so that it
is possible to identify this with the Higgs doublet [17,126]. If these requirements are
met, a composite pNGB Higgs can then develop its mass and potential from loop of SM
fermions and gauge bosons. At tree level, it cannot develop its potential as result of
the non-linear Goldstone symmetry acting on it, and Gg) is broken radiatively rather
than at tree level.

One interesting feature that arises when the Higgs is a pNGB is the vacuum mis-
alignment which explains how the Higgs can behave effectively as an elementary particle
in this type of models [16,[26-28]. This mechanism can be understood as follows. The
field ®(z) corresponding to the pNGBs is a member of the coset G/H1, and as such can
be represented in terms of the transformation in the direction of the broken generators
T as

B(z) = " OT°F (2.2)

where the pNGB fields are denoted by 6% (z), ®(z) denotes the field operators of the the-

ory and F' is known as the reference vacuum field configuration. For a global symmetry
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G with the generators
{1} ={1°, 7"}, (2.3)

where 7% and T* denotes the unbroken and broken generators respectively, the reference

vacuum field must be selected so that it can satisfy the conditions

T°F =0, TFF#0. (2.4)
We can identify, among 6*(z), the four real components of the Higgs doublet. The non-
vanishing VEV of this Higgs field, arising from the loop-induced potential, can then
break Ggys as in the SM. The VEV <0’“> can be considered as the “angle” by which the
vacuum is misaligned with respect to F. The projection of F on the Ggy; controls all
the effects of EWSB, such as the masses of SM particles. This projection is equivalent
to set the EWSB scale to v = fsin <¢9k> The actual value of <9k> is different in each of
the models, depending on the details of the composite sector, but it can be determined
by minimising the potential of the pNGBs in the model. For a composite Higgs model,

we can define the £ parameter as [20]
2

= % — sin® (6*) . (2.5)
For a fixed value of v, the composite sector can be decoupled from the low-energy physics
by sending the global symmetry breaking scale f to infinity. This is corresponding to
the limit & — 0, in which all the other bound states decouple from the theory except
the Goldstone boson Higgs. For & — 0, the theory reduces to SM, and the composite
Higgs that remains in the theory becomes effectively elementary. The quantity & is the
only adjustable parameter in composite Higgs models that controls all the departure
from the standard Higgs model, and all the experimental confirmations of the SM can
be recovered by setting £ to a very small value. This could happen at the cost of
fine-tuning.

We note here that in the case where the global symmetry is spontaneously broken
without explicit breaking in the theory, the Higgs VEV cannot be the source of EWSB.
In this case, when the global symmetry is only spontaneously broken, the 6*(z) are
exact NGB. In this case, their potential cannot be formed and <9k > are arbitrary [26].
The <9k> can technically be removed from the theory by a suitable field redefinition
that induces the transformation ® — exp [—i <6k> T'“} ®. This is equivalent to setting
<8k> = 0. Hence, the VEV cannot be responsible for the EWSB.

On the other hand, when there is a small explicit breaking of the global symmetry
in the theory, the #%(x) are now pNGB, and their VEVs are not arbitrary. In fact,
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their VEVs are now observable, since it is no longer possible to set them to zero by
an exact symmetry transformation. As as upshot, this approximate global symmetry,
i.e. the symmetry which is spontaneously broken as well as explicitly broken, is said to
be “non-linearly realised”, in the sense that the transformations related to the broken
generators act non-linearly on the Goldstone fields [26]. This is the point which we will
illustrate later when we talk about models related to our study.

Having mentioned that the global symmetry can be spontaneously broken by the
vacuum state, we note here that if the global symmetry G is to be broken explicitly,
this must occur via other methods. One is by gauging the SM electroweak group, and
the other is the mixing between the SM fermion fields and the fields of strong sector.
The latter is known as partial compositeness, and results in the masses of the fermion
fields. These mechanisms responsible for global symmetry breaking will be mentioned
throughout the rest of this thesis.

The composite Higgs models can be classified according to the symmetries involved
in each model. In our work, we will consider only models where the strongly interacting
sector has a global symmetry G = SO(5) x U(1)x broken down to H; = SO(4) x
U(1)x [17]. For illustrative purpose on how these models work, we will start discussing
a very simple model known as the Abelian Higgs model. This model is not a physical
one in a sense that we cannot embed Gg); in the subgroup Hy, but it is a model in which
the basic aspects of a composite Higgs model can be studied. Then, we will proceed
to study the model with a global symmetry SO(5) broken to SO(4). The structure of
the models studied in our work shares similar features with the Callan-Coleman-Wess-
Zumino (CCWZ) model [31},32].

The Abelian Higgs model

In this simple model, we consider a Lagrangian for a triplet d of real scalar fields [26]
Lo zrouz gz 2T 2\
Ls = 50,8 8“<I>—§<<I> c1>—f) . (2.6)

This Lagrangian is an example of a strongly-interacting composite sector. In this model,
the Lagrangian is invariant under SO(3) transformations, which act on the triplet P as
follows [26]

g A

g0, g=c""" €50(3) (2.7)
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where SO(3) generators obey the relation Tr[TAT?] = §4B. These operators can be
chosen to be T4 = {T*, T*}

l
1

0 —i 0 0
! 000],—=

V2
0

1
T=— 11 ) Tk:{ﬁ

0 0
0
V2

—i |} (2.8)
0

o o O

0

0
i 0 1
where k = 1,2. A non vanishing VEV of the field & spontaneously break SO(3) to
SO(2) subgroup of rotations around <<13> From the conditions in Eq. and the
basis given in , the representative vacuum F is selected for this model as

F = (2.9)

~- O O

where f is derived from <<I§T> <(i5> = f2. In order to study the fluctuations around the
vacuum, a field redefinition must be performed on the three components of ® to trade

them for one radial coordinate o and two Goldstone boson field h*¥ that describe the
fluctuation around the broken generators. This is in analogy with Eq. (2.2), and we

obtain
0
$ = SFH@T (2.10)
f+o()

where the normalisation factor has been selected to obtain a canonical kinetic term
for h*. The exponential matrix exp (z*/Tihk (x) T’“) in the expression above is space-
time dependent and known in general as the o-Goldstone matrix U. For any G — H;
symmetry breaking (G = SO(3) and H; = SO(2) for the case at hand), this matrix
U can be defined, and it will be present very often in composite Higgs models. The

Goldstone matrix, computed in this SO(3) — SO(2) case and in general, is given by

o) I 1 — cos hyBAl  ip bk
U:eth’“Tk _ [ ( hﬁqf) 2 fhh (211)
—SIH?T COS?

where

h= [h1] : (2.12)

h =V ETE, and I denotes 2 x 2 unit matrix. We can define U in this form for any
SO(N) — SO(N — 1) symmetry breaking as long as the broken N — 1 generators are
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chosen to have one non-vanishing entry in the last line and column. With Eq. (2.11]),

the field redefinition can be written as

sin

|

¢=(f+0)

>

COS

h

h] (2.13)
-

Substituting this expression back into the Lagrangian Eq. , we find

1 X 2 2 2
£:§auo,a,u0__(gf) 02—g*f0'3—g—* 4

o
1 o\’ [f*  ,h e 22 8h (2:14)
2 7T opp .2 2 2
+§ <1+?) |:ﬁ811’l ?8#]1 8“h+m (P — Sin ?> 8uh o*h :| .
From this equation, we find that the field o has a mass
My = guf. (2.15)

The o particle is generally referred to as a resonance, as is any particle that emerges
from the composite sector aside from the Goldstone bosons. The mass m, is effectively
the confinement scale of the strong sector. Also from Eq. , after inspecting the
symmetry of this Lagrangian, we can recognise the presence of an SO(2) group, since

h forms a doublet and transforms as [26]
h — 2], (2.16)

The example of SO(2) symmetry is referred to as linearly realised, since it acts in a
linear and homogenous way on the field variables. From E, we can define a complex

field H given by I
This is identified with the Higgs field with unit charge under the group SO(2) =
U(1). The linearly realised SO(2) group induces an SO(3) rotation along the unbroken

H= (2.17)

generator T, as follows:
h— €°2h & & — V2T (2.18)
since the SO(2) invariance follows from one of the symmetries of the original La-
grangian. From Eq. (2.14]), one would expect an identical symmetry involving the
broken generators T*. In fact, there also exist the Goldstone field transformations that
induce rotations of ® along the broken generators

- h f h N h
= h+hcot ~&@ + (— —cot—) (&Th> i

f h f f

T

(2.19)
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The correspondence between these transformations arises in the same way as in the
unbroken SO(2) case. This correspondence ensures that they are symmetries of the
Lagrangian in Eq. , which we can also verify with a direct calculation. The
broken transformations above act non-linearly on the Goldstone field variable h. This
is different from those associated with the unbroken subgroup. Hence, they are referred
to as “non-linearly realised”. According to the form of the transformations, one would
also find that the zero field configuration is transformed into one with constant h field,
i.e. 0 = fa&. This means that for any field configuration, e.g. the one defining the

generic vacuum <ﬁ>, there exists a transformation that changes it into the trivial

vacuum <E> = 0. This implies, as explained above, that the VEV of the composite
Higgs has no physical effect unless an explicit breaking of the symmetry is introduced
into the theory.

The last part that we need in order to fully construct the Abelian Higgs model is
the U(1) gauge field. This field can be introduced into the model by simply gauging
the unbroken U(1) subgroup, namely by promoting ordinary derivatives into covariant

derivative in the Lagrangian with
0B — D& = (9, — iv2eA,T*) B, (2.20)

where A, is a U(1) gauge field with canonical kinetic term. A, is a field residing in the
elementary sector, so its couplings with ® are the elementary/composite interactions
we discussed previously. The gauging of A, leads to the explicit breaking of SO(3) to
SO(2), since it selects only one generator out of three. As a result, the composite Higgs
becomes a pNGB. Having introduced the gauging of U(1), it is now possible to write
down the Abelian composite Higgs theory. We must first replace in Eq.

8, — Dyh = (8, —ieA,00) h. (2.21)

In term of the complex field notation defined in Eq. (2.17)), we can define the covariant
derivative for H [26]
D,H =0,H —ieA,H (2.22)

and the term involving the Higgs in the Lagrangian Eq. (2.14) becomes

A L (. ©o(HP VA
5(1—1—;) [|H|281n2 7 D,H D“H—l-4|H|4 2?—81112 7 (0. H?)?| ,

(2.23)
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where the part involving o field in the Lagrangian remains unchanged. In Eq. (2.23)),
|H| is defined by
|H|=vVH'H . (2.24)

Now as the global symmetry is broken explicitly, the Higgs potential can be formed. It
still vanishes in the tree level Lagrangian, but it can be radiatively constructed from
the loops of the gauge bosons. We note that the loops of the fermions can similarly
lead to formation of the Higgs potential. Eventually, this potential gives the composite
Higgs field a VEV, which is now an observable and can be responsible for the breaking
of the U(1) symmetry. Setting the Higgs to its VEV,

H— (H)y=— (2.25)

we obtain from the first term in the square bracket of Eq. (2.23), a mass for the gauge
field given by [20]

mA:efsiHYEev. (2.26)

In this expression, the scale v of the U(1) symmetry would have been defined as simply
the Higgs VEV in the elementary Abelian Higgs model. In this model, however, the
symmetry breaking scale is provided by the projection of the vacuum configuration, the
feature of the model described as vacuum misalignment above. So, the relation between
v and the Higgs VEV in this Abelian Higgs model is

v:fsin% — fz?—izsinZ%. (2.27)

The minimal composite Higgs model

We now discuss the model where the SO(5) global symmetry group is broken to SO(4).
In this case, the group structure can be enlarged, so that Ggys is contained in the
unbroken group. In addition, the structure of symmetry breaking implies there exist
four real NGBs that transform as a 4 of SO(4). Under SU(2), which is embedded in
SO(4), these bosons will transform as a complex doublet H, and can be identified as
the composite Higgs.

SO(4) can be shown to be isomorphic to SU(2), x SU(2)g [17]. This can be seen
as follow. Suppose there exist a real vector II in the 4 of SO(4), whose components are
in one-to-one correspondence with a 2 x 2 pseudo-real matrix X elements, i.e.

1 1 .
Y= —— (iogll? + LIT*) = —&,117 . 2.28
\/5( B 2 ) \/§J ( )
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In this expression, 8 = 1,2, 3, o3 are Pauli matrices and
5']‘ = {iUﬁ,IQ} . (229)
with the following normalisation, completeness, and reality condition
4 b
Tr [6%4 =20, Y <5T> (5,)." = 2695°
J IR J J/e avcH
=1 a (2.30)
(5']')* :ag5j02, 5.](3.;2_5%5.;[ :25-j5-]1_25jk12-
From the relations in Eq. (2.30)), 3 is seen to be pseudo-real, i.e. it obeys [26]
E* = 0'220'2. (231)

The action of the chiral group SU(2), x SU(2)g on ¥ is a matrix multiplication of the
form [26]
Y = gr3gh, (2.32)

which preserves the pseudo-reality condition in Eq. . So, it can be said that a
matrix ¥ offers a consistent representation of SU(2); x SU(2)g. This matrix is then
noticed as a pseudo real bidoublet (2,2). If the local isomorphism between SO(4) and
SU(2) x SU(2) g exists, an infinitesimal chiral transformation on 3 will have the same
effect as an SO(4) rotation has on the I1. This follows since

Tr [2f] = |0 (2.33)

The trace is invariant under the matrix transformation in Eq. , and this means
that the norm of II is not changed by the chiral transformations. The arguments
above demonstrate that any chiral transformation must be an element of SO(4) since
it contains the most general norm-preserving infinitesimal transformation of a four-
component vector. So, the SO(4) algebra contains the SU(2), x SU(2)r one. But,
aside from the full SO(4) algebra, no sub-algebra with the same dimensionality of the
original one is found. Thus, it is proven that the isomorphism among the two groups
exits. We can then take SU(2), part as the SM left-handed gauge group.

Having mentioned the isomorphism of SO(4) and SU(2), x SU(2)g, it is worth
mentioning that SU(2);, x SU(2)g is an approximate symmetry of the SM. The SM
model Higgs potential V (HTH) is invariant under this symmetry which can be seen if

we write the Higgs doublet H as

hy + ihs
hs + ihy |

: (2.34)
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where h;, with ¢ = 1,...,4, are real fields. However, the Higgs VEV

H = < O ) (2.35)
V2

breaks SU(2), x SU(2)r — SU(2)y ~ SO(3). This symmetry breaking can also be
appreciated by considering the SM Higgs in the sigma-model scenario. More details
about this particular scenario can be found in Ref. [29]. In this scenario, the Higgs

doublet is parametrised in term of the matrix

> =Y2(AH), (2.36)

where

H = —io,H". (2.37)
The SM model Higgs potential is invariant under SU(2); x SU(2)g if the matrix 3

transforms under this symmetry as ¥ — U LZU;, where Uy, g denotes the transformation
under SU(2)1, g. In the unitary gauge, i.e. in Eq. (2.35)), the vacuum expectation value
of ¥ = I. Under SU(2); x SU(2)g, it transforms as [29)

(D) = <ULZU;> - <UL12U;> — ULUL. (2.38)

The (X) will correspond to Iy if Uy = Ug, i.e. SU(2) x SU(2)g is broken to SU(2)y .

Furthermore, if the Yukawa coupling is written as

Ly = <EL BL) (DY <2R> , (2.39)

R

where y is the Yukawa coupling between the SM particles and the Higgs, then this term
transforms under SU(2);, x SU(2)g as
7\ i tr 7 )t tr
(tL bL> ULy sURUR () = (tL bL> vz (") | (2.40)

R R

where y is the matrix of top-bottom Yukawa couplings. This term will be invariant
under SU(2), x SU(2)g under the assumption that the top quark Yukawa coupling is
the same as the bottom Yukawa coupling, so that y is now proportional to the identity.
However, it is known that this is not the case in the SM.

In the fundamental representation, SO(5) generators acting on 5 are given by

a /L 1 aoc (& (& a a
(TL,R)IJ = _§ 56 ’ (5?5J - 5351) + 515?} - 5J5}1 )
. (2.41)
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where T} 5, a = 1,2,3, are the SO(4) ~ SU(2) x SU(2)r unbroken generators, 17,
k=1,...,4, are the broken generators of the coset SO(5)/SO(4) [24]. The indices I
and J run from 1 to 5. Note that it is also possible to use the notation T for the
unbroken generators, where o = 1,...,6. The unbroken generators 77 and 1% can be
identified as those of the SU(2), and SU(2)g subgroups respectively. They thus satisfy
the commutation relation

1% T£,R] = ieabCTﬁR (2.42)

When we consider fermions in the theory, we can extend the structure of the group
to G = SO(5) x U(1)x broken down to H; = SO(4) x U(1)x. The U(1)x was included,
so that the correct hypercharge can be reproduced for these fermions. It is then possible
to embed the SM electroweak group SU(2), x U(1)y into H; = SO(4) x U(1)x, hence
satisfying one of the requirements above. The hypercharge is then given by Y =
T3% 4+ X, where T3 is the third SU(2)r generator [17,[24]. Notice that if we do not
extend the group structure, the hypercharge would have been given by Y = T3%,

The Lagrangian describing the composite sector in this model is again given in
Eq. , where ® is now a 5 of SO(5). Similar to the Abelian Higgs model, one can

parametrise the components of $ as fluctuation along the broken generators as

—

0
f+o

- 3
$ = 7T (2.43)

COS

where o is again a resonance field and h represents the four NGBs associated to each of
the broken generators. Writing the generators in the form given in Eq. , we can
describe the four pNGBs using the o-Goldstone matrix defined in Eq. , which is
applicable in general to SO(N) — SO(N —1). The expression in Eq. was in fact
derived from this definition of U. Under g € SO(5), the transformation of this matrix
U is given by [24]

U—g-U-hi(g,h*(2)), (2.44)

where

o hh () e [0
hi(g,h" (z)) =h (o 1) (2.45)

with hy € SO(4). This means that the matrix U transforms non-linearly under SO(5)
rotations.

Substituting Eq. in the full composite sector Lagrangian, we again obtain
Eq. . The symmetry involved in the resulting is very similar to the Abelian Higgs
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model. The SO(4) group is now linearly realised as a rotation of h. This corresponds

to the rotation of ® along the unbroken generators of SO(4), i.e.
ho— et o § — il (2.46)

which is immediately verified by noticing that the rotation of h in Eq. (2.43]) induced
the rotation of & under SO(4) of the first 4 x 4 block. The pNGB fourplet can be

written as

hl —i (hy, — h)

L 2 1 hy + W,

h= vl =5 (hd - hl) . (2.47)
ht ha+ hY

From Eq. (2.47)), the composite Higgs doublet in this model is given by

hu
o~ (). »

The full Lagrangian in this model also has the other symmetry involving the four non-
linearly realised unbroken generators 7%, and their infinitesimal action on h is the same
as in the Eq. (2.19).

Under an SU(2)g rotation, the Higgs doublet mixes with its conjugate H® = ioo H*,
and (H, H°) is a bidoublet under SU(2) x SU(2)g.

If we now consider the unitary gauge where the components of the Higgs doublet

are given by
h  (h)+p

=BT TR

where p is the canonically normalised physical Higgs field and (h) is the VEV of the

h, =0,

(2.49)

Higgs field, the matrix U is simplified, and can be written as [24}33]

1 00 0 0
010 0 0
U=10 01 0 0 (2.50)
0 0 0 cos % sin %
0 0 0 —sin % Cos %

This form of U will be used in the construction of the models we studied.
As an example, we now discuss the case in which also the fermions transform ac-

cording to the 4 of SO(4). The complex components of the fermionic field fourplet 1)°
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can be related to the elements of a generic 2 x 2 matrix via
1 1

U=— —

v %

This matrix ¥ transform in the (2,2) representation shown in Eq. (2.32). It can

be referred as a complex bidoublet (2,2), since it does not obey the pseudo-reality

P +ioayt) = —ap . (2.51)

condition. The two columns of ¥ form two doublets with opposite T3# charge 41/2
under the SU(2);, x U(1)y subgroup

1 ¢4 + i¢3 77[)2 + i@bl

\/5 _¢2 —{—Z‘@/JI 1/)4 . 2'7703
The fourplet components can be written in terms of the up and down components of
the two doublets W% as [26]

= (V_,0,) . (2.52)

- 1

& = E{—i\l/i—i\lf‘i,\lfi—\Il‘i,illli—illl’i,\lf‘i—i—\llﬁ}T. (2.53)
We now discuss the kinetic Lagrangian of the pNGB and the SM gauge fields, intro-
ducing parameters that will be used later. The SO(5)-invariant kinetic Lagrangian for

the pNGBs is given by
(2.54)

where iU0,U = dﬁT’“ + E’L"T“, where T* are given in Eq. (2.41)), and T are again the
unbroken SO(4) generators. Similar to the Abelian Higgs model, the electroweak gauge
group can be introduced into the theory by a gauging procedure. The electroweak group
of the SM can be gauged via promotion of the ordinary derivatives to covariant ones,
Oy = Dy = 0 — igoWiTy —igyB,Th, and addition of the kinetic terms for the gauge
fields. Here, T} /g denote the generators of SU(2)1/r, and gy and g are approximate
SM gauge couplings. The SM gauge fields’ and pNGBs’ kinetic terms are given by

1 f?

BB + Zdﬁd’““ : (2.55)

1 alL aLuv
Lo = = Wiweh -

where A, = iUTD,U = dﬁTk + E;T are the gauged versions of the relation given in

A

terms of czl’j and E?, and W2 and B,, are the field strength tensors for the SU(2)

oo

and U(1)y gauge fields respectively. Under SO(5), A, transforms as
A, — AP =h (A, +i0,)h', (2.56)

which gives rise to a shift term ihd,h' living in the SO(4) subalgebra. If we now

introduce the notation d, = dl’ka and E, = EJT, and consider their transformation
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properties under SO(5)
d, — hd,h',

E,—h(E,+id,)h',
it can be seen that the shift term is carried only by £,. Since the dynamical gauge fields

(2.57)

belong to the SO(4) subalgebra, as can be seen when we defined the A, we consider
the 4 representation of SO(4) instead of the 5 of SO(5), and the full form of the dJ

and E7 are given, in this representation, by

&~ 3 (sin ht l) h.VMhhk B \/ﬁsin:/fv#hk’

z h f h2
)
La La  SH1 (h/2f) 7T a e 2.58
Byt = Ajt — di—— =R, (2.58)
)
Ra __ Ra .S (h/2f> T a
B = Al — di—— S RN,

where VH/; is the covariant derivative of the h field
V.l = (0, —iAL 18 +iAlR t0) I, (2.59)

and
Aﬁ,a = {g()Wia QOW/f’ gUW;:j} )
Al =10,0,9,B.}.
In this definition, we used the 4 x 4 form of SU(2). x SU(2)r generators t¢ 5 given by

(2.60)

t7 0 t% 0
N O B (2.61)
0 0 0 0
In this 4 representation, we obtain the transformations
d* — (h)Fd
w7 (i d, (2.62)

E, = ESt™ — hy (E, +1i0,) b},

in which dﬁ transforms linearly and F), takes into account the shift. In these transfor-
mations, the 4 x 4 form of the SO(4) generators ¢, defined in the same way as t{ p in
Eq. , is used.

Gauging the SM electroweak group results in an explicit breaking of SO(5), and the
Higgs potential is generated through loop corrections. This leads to the spontaneous
breaking of the EW group, and gives rise to the mass of SM gauge fields. In addition

to the Higgs and EW bosons, the theory also describes the resonance o with mass

My = g f - (2.63)
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From Eq. (2.14) we read the part involving the Higgs doublet H

o V2ld £ HP . V2lH
2|H|2sm2 J|c |DuHTDMH+8|H|4 2‘f2‘ —51112% ((9M|H|2)2, (2.64)

where in this expression we used the standard form of the Higgs covariant derivative
, e |
D,H = {0, —igoW 5 = ngBuﬁ H. (2.65)

We can now explore the implications of Eq. (2.64). One way to tackle this is to compute
this expression in the unitary gauge defined in Eq. (2.49). The Higgs part of the

Lagrangian now becomes

1 29_22-2<h>+,0 ziz
2((9“,0) + 4f sin 7 W +20%UZ : (2.66)

where W and Z denote the SM mass and charge eigenstate fields and ¢, denotes the

cosine of the weak mixing angle defined by tan6,, = Z—g. Now in the expression of this

Lagrangian, the mass of the SM W bosons are given by
9f . () _gv

My = CpMy = o) sinT =5 (2.67)

From the expression above, we obtain the relation between (h) and the EWSB scale

v =246 GeV: )

v

=
where € = (h) /f. This equation is in analogy to the Abelian Higgs model [4]. We

= sin’e, (2.68)

note again in this case that v is not defined as the composie Higgs VEV, but rather
it is related to it and the parameter f. Apart from the vector boson masses, we can
also extract an infinite set of interactions involving two gauge bosons and an arbitrary
number of Higgs field by Taylor-expanding the Lagrangian around p = 0. The first few
terms of this expression are

2,2 2 4 3
% (IVV|2 + %22) {2 1— 5? +(1- 25)% —36V/1- 5% T (2.69)

w

where (h) and f were traded for the EWSB scale v and £. From this expression, we
see that the single Higgs and double Higgs vertices are modified with respect to the
SM and higher dimensional vertices with more Higgs fields emerge. In the limit & — 0
which occurs where f — oo, for a fixed value of v, the couplings reach their SM forms

and the higher dimensional interactions are suppressed. The disappearance of the new
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effects means that the composite Higgs then becomes the elementary SM Higgs. We
could also inspect the implication of Eq. (2.64]) by expanding it for large f. From the

full expression, terms up to dimension 6 are found to be [26]
2 1
D, H'D"H — B—P\H\QD#HTD“H - 6—F8#(HTH)8“(HTH) +.... (2.70)

One could notice that the first term is just the kinetic term of the SM Higgs, and in
the limit f — oo this will be the only relevant term. This result also illustrates that
the composite Higgs reduces to the elementary SM for small £. If we consider a model
with a generic G — H symmetry breaking, what we find out might be different since in
this situation there will be more Goldstone bosons than just one Higgs doublet. The
model might not approach the SM model when f is sent to infinity, but rather a theory

with an extended Higgs sector.
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Chapter 3

Top-partners in explicit

composite-Higgs models

The models we studied in our work correspond to the case where the Higgs iss the pNGB
of a strong sector with a global symmmetry SO(5) x U(1)x, which is spontaneously
broken to SO(4) x U(1)x at the scale f. In the model construction, there is also
an explicit breaking of this SO(5) x U(1)x group as described below. The models
structure were previously studied in ref. [24]. In our work, we also extend their analysis
by including an additional top partner multiplet in each of the models in section [3.2]
and show how the mass and Yukawa coupling of each of the top partners, in this
scenario, vary as functions of the fundamental parameters of the models in section [3.5]
Furthermore, in both one and two top partner cases, we also study the CP-odd couplings
which arise in the fourplet models. In one top partner case, we derive the analytical
form of these CP-odd couplings, whereas in the two top partner case, we again discuss
how these couplings vary as functions of the fundamental parameters of the models. All
the SM fields are considered to be elementary, except for the right-handed top quark
tr. In these models, tr is a totally composite bound state of the stong sector, and
is also considered to be a singlet of the multiplet of the unbroken SO(4) subgroup.
Assumptions about the SM gauge fields, W, and B,,, and the elementary left-handed
doublet g, = (t1,by) are also made. SM electroweak boson couplings arise from gauging
the SM subgroup of the global symmetry of the strong sector as described above. From
the partial compositeness, it is also assumed that the elementary left-handed doublet

qr, couples linearly to the strong sector, as follows

L=y (@)Z O'+h.c., (3.1)
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where Q; is used to denote the embeddings of ¢z in SO(5) x U(1)x multiplets, and O*
represents an operator of the strong sector. The operator O° consists of combinations of
top partners in representations of SO(4), whose explicit form will be given in Eq. ,
and the o-Goldstone boson matrix U [24,34]. Hence, O’ can be decomposed into
various representation of SO(4). As O contains the top partner fields, the coupling in
the form given in Eq. gives rise to the couplings between the SM fields and the
top partner. The SM fermions can also obtain their masses as a result of including this
type of mixing in the theory.Considering the definition of U in Eq. , it can be
seen that the form of U in a given model depends on the representation of h . In the
SO(5) x U(1)x spontaneously broken to SO(4) x U(1)x at hand, the representation
of h is given in Eq. , which is related to H in Eq. . If we consider the
component of the doublet H in unitary gauge, given in Eq. , it can be seen that
this leads to the form of U described in Eq. (2.50). Since, O is consisted of U, this
means that O is also dependent on the representation of H. If no additional external
states are introduced, the elementary quark doublet g; cannot completely fill a SO(5)
multiplet, and the coupling is not invariant under SO(5). The mixing in the form given
in Eq. then gives rise to the explicit breaking of SO(5). In our work, we considered
only the third generation quark of the SM and the relevant field when we consider the
elementary-composite mixing terms. The operators O° were considered to be in either
the 533 or 14,3 representations of SO(5) x U(1)x. In order to generate the mass of
the top after EWSB, the U(1)x charge of the operators O must be the same as that of
the right-handed top quark tz. In the low energy theory, the terms in Eq. must
be equivalent to q;, Htr, and hence can give rise to the mass of the top.

The structure of the top-partner effective field theory (EFT) used in our work is
based on the standard CCWZ model [31},[32]. In particular, we use the matrix U in
unitary gauge, as written in Eq. , and the d, symbol constructed out of U and
its derivative. In the model we study, the top-partner multiplet ¥ transforms in the
15,5 and 455 representations of SO(4), and we constructed operators O in SO(5)

representations consisting of ¥ and the matrix U, as outlined above. The embedding
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Q; of the SM doublet will be in 5;/3 and 145,53 of SO(5) x U(1)x. These are given by

iby 0 0 0 0 b

X b 0 0 0 0 b
Qizﬁ ity Q=10 0 0 0 it |, (3.2)

—tg, 0 0 0 0 —t

0 iby, by itp, —t;, O

where Q3 and Q}* denote the embedding in 5 and 14 respectively. The right-handed

top quark can be written in the 5 representation of SO(5) as
) T
th="(0 000 ts) . (3.3)

The top-partner multiplet can also be written in the 5 of SO(5) as

iB —iXs3 0
X B+ Xs,3 0

Ut = 7 iT +iXa3 JUt=10 (3.4)
—T + X3 0
0 T

With these forms of the top partner multiplets, the operator O can be written as
O°=Uv ,0"=U0vU", (3.5)

where O° and O' denote the operators in the 5 and 14 representations of SO(5)
respectively. In these expressions, ¥ denoted the top partner multiplets in the 1 and
4, as written in Eq. . When the SM quarks are embedded as shown in Eq.
and Eq. (3.3), the hypercharge of the g, doublet is fixed to Y = 1/6, and that of the
right-handed top quark is fixed to Y = X = 2/3. It is worth mentioning that the
U(1)x charges of all the fermion fields described above are fixed by the hypercharge of
the right-handed top. The top partners in the 4 decompose into two SU(2);, doublets:
(T, B) which have the same quantum numbers as the SM doublet, and an exotic doublet
(X5/3,X2/3) where X3/3 has the same charge as the top quark and Xj/3 is a state of
exotic charge 5/3.

After decomposing O°, in both 5 and 14 representations, under the unbroken SO(4),
we obtain 53/3 = 43/3+12/3 and 145/3 = 43/3+13/3+92/3 respectively. The embedding
of the SM doublet in Eq. (3.2)), the right-handed top quark in Eq. (3.3)), the top partner
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multiplets in Eq. and the operators constructed from the top partner multiplets
in Eq. are all written in representations of SO(5). Moreover, the mixing in the
form shown in Eq. constructed out of these objects will be invariant under SO(5).
This means that without including the 9 in the theory, it is still possible to construct a
SO(5) invariant Lagrangians. Studying of the 95,3 is beyond the scope of our project,
and hence, will not be considered anywhere in this thesis.

It is important to emphasise that the model employed in our work is a simplified one
which only catches the important features of top-partner states relevant for phenomeno-
logical purposes as outlined in [24]. These are not complete concrete realisations and
the structure of these models is not sufficient to allow one to make a calculable Higgs
potential or to determine the fine-tuning for the model. This is because the models do
not possess states and couplings necessary for the calculation of the Higgs potential.
Because of these reasons we will assume that the mass of the Higgs in our models is
the same as its observed value and lower levels of fine-tuning is implied by a lower
mass for top-partners. However, it is still possible to calculate the top quark mass from
the mixing between the SM top quark and top partners. This mass value will be a
constraint on the parameters in our models. The structure of the models can, in fact,
be improved [24]. More details about how to improve the structure of the models can
be found in ref. [24], but in our work we deal with the minimal models only.

New composite resonances of different spin are expected to appear in composite
Higgs models with masses near the compositeness scale which is defined in our work as
m. [24,35]. It is possible to integrate out from the effective field theory the states above
this mass scale m, if its value is sufficiently large. Nevertheless, we still need to include
top-partners in our theory in order to achieve a natural EWSB. So, it is assumed that
the lightest top-partners masses are below m,, and cannot be integrated out. It our
works, more than one top partner is allowed in contrast to the general approach where
only one top partner lies below the scale m,. Having more than one top partner in
the theory would allow additional cascade of decays and changes in the relationship
between the top-partner masses, couplings and the compositeness scale f.

The effective field theory in this work is constructed in the same way as in [24].
Depending on the SM doublet embeddings (); and whether the top-partners transform
in the 1 or 4 of SO(4), we considered four cases in this work: M45, M444, M15 and
M1q4.
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3.1 One top-partner multiplet

In this section, we consider the situation where we have one set of top-partner multiplets

for each of the models described before.

The M45 model. For the case where the embedding of SM left-hand doublet is in the
5 of SO(5) and a top-partner multiplet transforms in the 4 of SO(4), after integrating
out the states heavier than m,, the relevant effective Lagrangian for the SM particles

and the top-partner is given by

£M45 = Zq_L/D/qL + Zt_RD/tR -+ @@4/D/\IJ4 — M\p\ij4\1/4 -+ iCl\I’%d‘u’Y‘utR

N5 4 A5 7741 (3.6)
+yfQIUYE +yfeaQiUty + hec.

In the expression above, we used the standard notation & = YuD¥, where the Dirac

gamma matrices obey the Clifford algebra
{0 = A =29 (3.7)
and the covariant derivatives associated with the SM gauge group are given by
D,qr = (0M — igoWl‘fLT“L —igy B, T — igSGu) qr,

2 .
Dytr = (8# - zgg(’)BuTgR - ngGu> tr (3.8)

2
D,V = (a# — igggBuTw — z'gSG”) v

where gg is the SU(3). gauge coupling. The top-partners form a colour triplet under
SU(3)., so we included the gluon field G, in its associated covariant derivative. We
note that in the Eq. , the c; 5 are expected to be the order 1 coefficients, and y
is the coupling mixing the elementary states with those from the strong sectors. The
coupling proportional to c¢;, mixing the totally composite tz and the top-partner, is
entirely generated by the strong sector and not mediated by the y coupling. Because
of its nature, this term would have been suppressed if we consider the case of partial
tr compositeness, where in this situation ¢z is not entirely generated from the strong
sector. This term contains couplings involving the top quark, SM gauge fields and the
top-partners [24].

The independent parameters in this model are f,c;,y and the top-partner mass
scale My. The parameter ¢y is used to fix the mass of the top quark to ~ 173 GeV.

As mentioned earlier in this section, a calculable Higgs potential cannot be constructed
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for the models considered in this work and, as a result, it is not possible to investigate
the relation between the Higgs mass and any of the parameters listed above. Hence,
the mass of the Higgs does not eliminate any of the independent parameters.

We can write the mass matrix for the top and top-partners in the unitary gauge as

_ T .

th —y\f;%z sm% %f(l%—cos’?”) %f(l—cos%) tr

T, 0 — My 0 . | . (39
Xoss1 0 0 —My Xo/s.r

Expanding the Higgs field A around its expectation value in the same way as in
Eq. (2.49)), we can write the mass matrix for the top and top-partners and its interaction

with the Higgs field as
T

tL _y\J;C; Se %f(l + Ce) %f(l - Ce) tR
" 0 — My 0 Tr
Xossr 0 0 — My Xo/3.R
T (3.10)
tr —%ce —¥sc s tn
+ | Ty p 0 0 0 Tr | .
Xoss1, 0 0 0 Xo/3,R

where p denotes the canonical Higgs field, s, = sin <—;ﬁ> and ¢, = cos % In Eq. ,
the first part is the matrix that will give rise to the masses of the top and the top
partner, so we will refer to it as the mass matrix. The second part containing p will
give rise to the interaction between the top, the top partner and the Higgs, so we will
refer to this part as the interaction part.

Ignoring the interaction part for now, the mass matrix can be reduced by an or-

thogonal rotation of the form

t . N 0 0 t
T =50 l+e l-c T |, (3.11)
Xg/g 0 —1—|-CE 1+C€ X2/3

where N = /2 + 2cos? € = /2 + 2¢? and we are left with a matrix containing a mixing
between just one linear combination of the top-partner states and the ¢, while the
orthogonal combination is then decoupled from the ¢; and any other state. These

combining states are given in terms of the original states as

1
T/ = N [(1 + CE)T + (1 — CG)X2/3} s

1 (3.12)
23 = N (14 co)Xays — (1 —c)T] .
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With the new states defined by Eq. (3.12)), the resulting mass matrix reads

T

EL — y\J;C; Se gf\/ 3+ Coe 0 tR

T 0 — My 0 T |, (3.13)
X’z/u 0 0 —My X£/3,R

where X /3 is not mixing with the top-quark and any other states in the mass matrix.
From the block-diagonal form of this matrix, it is straightforward to diagonalise the
matrix using the method known as bi-unitary transformation, as done for instance
in [23]. This can be done by rotating this matrix on the right in a similar way that we
performed in Eq. but with a mixing angle 0y, i.e. with a matrix of the form

cosflp  sinfp O
Ur=| —sinflp cosfp 0], (3.14)
0 0 1

and rotating on the left with a rotation matrix Uy, characterised by a mixing angle 7,
defined by
cosf; sinf; 0
Up=| —sinf; cosf, 0] . (3.15)
0 0 1
Note that these two rotating matrices have the same form. After performing these
rotations, the diagonal elements of the mass matrix will be identified as the physical
top quark mass m,; and the physical mass of the remaining top partner My. The off-
diagonal elements of the mass matrix will be set to zero, so that, given the masses m;
and My, they will yield constraints on the parameters of the theory y, co, f, My. Since
this bi-unitary transformation will be applicable to the other models studied in our
work, it is important to emphasise how to define the rotation angles 6, . Starting, for
example, from the matrix in Eq. , it is possible to write this matrix in the form

() () ()
—{ , (3.16)
T 0 My T r

where we ignore the contribution from fields that do not mix with any other states, e.g.
X, /3 in this case. Then, we can define a parameter 7 as the ratio of the off-diagonal

mixing term in the mass matrix before its diagonalisation, denoted in our work as A,

A

and the top-partner mass parameter My, i.e. n = o

. As an example, in this model

the n is defined as

n=—€4iv3+@m (3.17)
2 My
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since
A= —%f\/S ¥ o (3.18)

in this case. The rotating angle Ay is then given in general by

1 . 2Mprmyn
QR = 5 arcsin (m) . (319)

The relationship between the angle 6 and the left-handed angle 6}, is given by

M
tanf;, = — tanfp. (3.20)
my

Note that the method of diagonalising the mass matrix from the form in Eq.
described above leaves the kinetic term invariant. After diagonalisation of the mass
matrix described above, the state X/ /3 has mass My, while the mass of the top-partner
T" is shifted from this value. Not only X/ /3 but also X5/3 maintains its original mass
mss3 = My. This X553 state cannot mix with the other state due to its exotic charge
and, therefore, its mass value has to stay the same. So, the X,/3 and the exotic state
X5/3 are degenerate states. This property arises as a result of the pNGB nature of the
Higgs, and the composite nature of tz. If the tg were treated as a partially composite
state, the mass matrix would contain additional entries that could possibly result in
mixing between X,/5 and other states [24,33].

The interaction matrix of the Eq. must then be rewritten in terms of the
mass eigentstates. The diagonal elements of this matrix give the Yukawa couplings of
the top and top partner. The off-diagonal terms give the couplings between the Higgs
and different top partner states. However, they are not relevant in our study, since they

will not be involved in the Higgs plus jet production process.

The M4,4 model. For the case where the embedding of SM left-hand doublet is
in the 14 of SO(5) and the top-partner multiplet transforms in the 4 of SO(4), the

relevant terms in the effective Lagrangian are
Lanay, = iqPqr + itgPt, + iU PV — MU0 + i, Uhd, s
+yfTr (QLUYEUT) + yfTr (QLAULRUT) . (3.21)
In Eq. (3.21)), the composite states, the top-partners and ¢z, are embedded in an oper-

ator in the 14 of SO(5) when they are coupling with the SM doublet, and they are in

the 5 elsewhere. With the same particle content as in the M4y case, the mass matrix
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is similar to the one in Eq. (3.10]) [24]

T

t:L —622\% sin% %(cos%—i—cos %) %(COS% — cos 2—;‘) tr
1y, 0 —My 0 Tr
X2/3,L 0 0 —My Xos3,R
(3.22)
We can then expand the Higgs field around its VEV, and obtain
o\ [ ew / /
t_L - 2255 S2¢ y?(ce + 026) y?(ce - 626) lr
Ty 0 — My 0 Tr
X3 0 0 — My Xo/3,R
T (3.23)
tr, —%cge —4(5c +283) —35(se — 259) tr
+ TL 1% 0 0 0 TR y
Xoss1 0 0 0 Xo/3.R
where, in analogy to the M45 model, sy, = sin i;), and co, = cos @ Similar to the
M4y case, it is possible to rotate this matrix with the rotation of the form
t . N 0 0 t
T — N 0 Ce + Coe Ce — Co¢ T y (324)
Xo/3 0 —cetcae ce+ Cac Xo/3

where N = /2 + co + ¢4¢, and ¢4 = coS #, so that in the part of the matrix con-
tributing to the mass only one combination of the top partners couples to the SM field
and the Higgs. We are left with the resulting mass matrix

T

%L - g{/cg s Y2+ cata 0 iR
T 0 My 0 | (325
Xl 0 0 My ) \XYsr

In the same way as in M4g, the Xé/SR has decoupled. This state and X5/3 have the
same mass Myg. The mass matrix in Eq. can be diagonalised by the method of
bi-unitary transformation described previously and setting the off-diagonal elements to
zero. The interaction part of the matrix in Eq. must then be rewritten in terms

of the mass eigenstates in order obtain the expressions for the Yukawa couplings.

The M15 model. In the case where the embedding of the SM left-handed doublet is
in the 5 of SO(5), and the top-partner is in the 1 of SO(4), the relevant parts of the
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effective Lagrangian are given by

£M15 = ichEqL + iEREtR + i‘i’lﬂ\lfl - M\qul\];/l
+yfQIUVE +yfeeQUty + hec. (3.26)
With a top-partner in the 1, we can have only one top-partner state 17" with identical
quantum numbers as tz. The term with ¢; coefficient is now absent from this model.
It is possible to add this mixing term to Eq. (3.26), but this term could be removed

from the theory by a field redefinition. The mass matrix in this model takes a simpler

form than in the case where we have top-partners in the 4, and it reads [24]

T
i _ y\J;%z sin % \y/_]% sin % iR (3.27)
Ty 0 —My Tw) |

After expanding the Higgs field, this mass matrix becomes

A\ yfe yf T\ g2 4
17, 0 —My ) \Tr Ty, 0 0 Ir

We can obtain the masses and Yukawa couplings of the top quark and the top partner

from this matrix by simply rotating it with the bi-unitary transformation, but now in

the 2 x 2 form
0 in 6@
U — ( cosfr sin R) | (3.20)

—sinfr cosfp

and

—sinf; cosbr,

U, (COS@L sin0L> | (3.30)

and sending the off-diagonal elements of the mass part to zero. Again, writing the

interaction matrix in terms of the mass eigenstates gives the Yukawa couplings.

The M1;4 model. In the case where the SM left-handed doublet is embedded in the
14 of SO(5), and the top-partner transforms in the 1 of SO(4), the relevant effective

Lagrangian is

£M114 == Zq_L/D/qL + ZERD%R + Z\Ijl/D/\Ill - M\I,\Ifl\lfl
+yfTr (QPUYRUT) + yfeoTr (QF*ULRUT) + hec. (3.31)
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Analogously to the M414 model, we have embedded the composite states in a 14 of
SO(5) when they couple to the SM doublet in the expression above. The mass matrix
takes a similar form to the one in Eq. (3.27) and is given by

T
n fea ok h f . h
th —?;7; sm2? %st? tr 7 (3.32)
17 0 — My Tr
which becomes

, T
— feo f t 2 R
t,L gx/i 52¢ 22_@825 tr + t,L p 3/5026 \%026 ! , (3.33)
Ty, 0 — My Tr T 0 —My 1n

after we expand the Higgs field around its VEV.

From the mass matrix of each of the models, one would expect that after expanding
h — (h) 4+ p and diagonalising them, the Higgs will have non-zero Yukawa couplings to
the top partners. It was found that this is the case, and we will show the result later
on in this thesis. Hence, top-partner loops will contribute to the gluon initiated Higgs
production, as well as that of the Higgs production in association with jets. We also
found that the X33 top partner decouples from the Higgs and the Yukawa coupling
of this state is zero. This follows from the form of the mass matrices in Egs.
and . This knowledge will be useful when we will repeat the analysis for the
situation where we have two top partner multiplets, since we will be able to decouple
the Xy/3 states from the Higgs.

In this thesis, we want to investigate the impact of the existence of top-partner
multiplets on Higgs production, in particular we want to use the process pp — h + jet
as a probe of the mass and coupling of top partners in specific composite Higgs models.
Similar analyses have been presented in Refs. [23,36,137]. In Ref. [23] studied the
sensitivity of pp — h + jet to the mass and coupling of a single top partner in a generic
composite Higgs model with f > v . Many of the techniques used in our work were
first exploited there. In Ref. [36], an analysis on pp — h + jet production with very
boosted Higgs and a jet with High pr was presented. In particular, the effect of CP-odd
couplings to the amplitudes for pp — h + jet were presented in that work as well. In
our work, we find that, in the models with top-partner multiplet transforming in the 4
representation of SO(4), described in this Chapter, there exist CP-odd couplings which
would result in similar effect on the amplitude of the production process. The detailed
procedure for deriving these couplings will be presented in Section . In Ref. [37], for

h + jet production, the boosted Higgs transverse momentum shape was studied as a
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mean to analyse the modification of the top Yukawa coupling which arises from mixing
with the top partner in both composite Higgs model and minimal supersymmetric SM
(MSSM). In these studies, the analyses were carried out using an EFT that encompassed
the common features of various models. In our study, however, we consider concrete
realisations of perturbative composite Higgs models. Furthermore, in section [3.2] we

extend previous studies by including an additional top partner multiplet in the model.

3.2 Two top partner multiplets

Adding one top-partner multiplet to the models can be done straightforwardly. In order
to keep the models simple, we assume that all the top partner multiplets couple to the
SM with the same strength and each of them would only have different influence on
the SM model due to its mass parameters. The top-partner multiplets are denoted by
U? and W} with their masses denoted by My,. The components of the multiplets are
labelled as T%, B¢, X33 g/3, and 7"

For the M15 and M114 models, additional top-partner multiplets can be included
in the models in a simple way since we are dealing with top partners in the singlet
representaion. As an example to illustrate how to deal with this situation, the mass

matrices for these models when we have two top partner multiples are given by

T

tr —yj;%? Se \y/—gsg \y/—gse tp
T} 0 — My, 0 TL (3.34)
Tg 0 0 —Myo Tf%

for M15 and
ZL —%826 %5% %825 tr
TLl 0 — Mg 0 T}% (3.35)
Tg 0 0 — My, TI%

for M114.

For the M4s and M4,4 models, the situation is very similar. The mass matrix for
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M4y with two top partner multiplets is

B\ [~Ugs $f+e) B1-c) H+e) 2-c)\ [t
T 0 — My, 0 0 0 s
Xél/&L 0 0 — My, 0 0 X§1/3,R
T2 0 0 0 — My 0 T
X, 0 0 0 0 —Mys X
(3.36)
Similarly, the mass matrix for M44 reads
tr ! —yj;‘; Se %(c6 + ¢oc) %(c6 — Coc) %(c6 + c2¢) %(c6 — C2¢) tr
! 0 — My 0 0 0 Ty
Xél/S’L 0 0 — My 0 0 Xél/?,,R
TP 0 0 0 — My, 0 TP
X§2/3,L 0 0 0 0 —Myo X§2/37R
(3.37)

When additional top partner multiplets are included in the models where the top part-
ners are in the 4, one needs to rotate each (7%, X3 /3) pair separately, so that from each
multiplet only one linear combination of top partner states couples to the top quark
and the Higgs. With two top-partner multiplets in each of the fourplet models, such

rotation can be done by the tranformations

t N 0 0 0 0 t
T! 0 14c¢c 1-—c 0 0 T!
X3 | = % 0 —1+c l4c 0 0 X3, (3.38)
T2 0 0 0 l+c l1—c || 72
X§/3 0 0 0 —1+ec l1+4ec X22/3
for M4y with N = v/2 4 2cos? ¢, and
t N 0 0 0 0 t
T 0 Cotoxe Co—ca 0 0 T
X21/3 - % 0 —cetcoe CetCo 0 0 X21/3 (3.39)
T? 0 0 0 Ce+ Coe  Ce— Coe T?
X33 0 0 0 —coten cetea) \X2,

for M414 with N = /2 + 9. + 4. It is important to note that one can decouple the

Xy /3 states form the top quark and the Higgs irrespective of how many top partners
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there are in the models. Similar to the case where we have only one top partner
multiplet in the model, the mass matrices for the cases where there are two top partner

multiplets in the models can be written as

t_L _y\];c; Se %\/ 3 + C2e 0 % \% 3 + C2e 0 tR
T} 0 — My, 0 0 0 Th
X§1/3’L 0 0 — My, 0 0 Xél/S,R (3.40)
TP 0 0 0 — My, 0 T#
X2s. 0 0 0 0 —Mys) \ X7
for M45 and
-\ 7 fe f f
w\ (an 4viTaTa 0 4Tata 0 ) (
T 0 — My, 0 0 0 iy
Xél/g,L 0 0 —My, 0 0 Xél/s,R
77 0 0 0 — My, 0 Ty
X£2/3’L 0 0 0 0 —Mys X§2/37R
(3.41)

for M4,4. We did not show the full form of the interaction parts of the mass matrices
in this discussion, but they can be worked out in the same way as we described in
the cases where we have only one top partner multiplet in the models. Even though,
it is not shown in this thesis, the top partners do not need to be in the same SO(4)
representation as each other, i.e. there can be one or more top partners in the singlet

and the fourplet representation in the same model.

3.3 The CP-odd Yukawa Coupling

We now discuss the effect of the terms with coefficient ¢; in Egs. (3.6) and (3.21)).
Writing the d,, symbol in the unitary gauge, we find that the term ic; W4d, vtz contains

the term [24]

o )
(18] [X2/37R — TR} TptR, (342)

which is a derivative coupling between the top partners and the Higgs boson. This
derivative coupling would result in a CP-odd Yukawa coupling, i.e. in the form of the
coupling between the Higgs and #1051, where 1) represents either the top or top part-

ners, plus couplings with higher order in the Higgs boson, and ¢ ensures hermiticity.
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This term is P-odd and C-even, so CP-odd, as can be checked from any QFT text-
book [38]. This coupling scales as Im(c;). In the SM, the term ic; Uhd, y*tr doesn’t
exist, and there exists only the coupling between the Higgs and 11, which is a CP-even
contribution.

The detail of this procedure will be explained in this thesis for the M45 model with
one top partner case only since it can be analogously applied to the M414 model, and
the case where we have more than one top partner multiplets in the theory. Starting
with the coupling in Eq. , we can perform an integration by parts on this term,

which results in

o .y | _ _

1Cq [(XQ/g)R - TR] TPtR = —chau ([(XQ/g)R - TR} ’Y’utR) ? .
Then, the states must be rotated to the mass eigenstates. This amounts to performing
the following substitution in Eq. (3.42)):

(3.43)

1

Xog=—[T'(1—c)+ X} (1+c)],
/ 1N[ (1) + Xp5 (1 +c)] a0
T:N[T’(1+ce)— 573 (1 —co)]

where N = /2 + 2 cos? € for M45. This is simply the reverse of Eq. (3.12)), which leaves

us with

i l(Xya)n ~ Tal tn = =ici0, (I(Xyn = Toltn) 0 ()

We then rotate the states tg and T} with the angle g used in bi-unitary transfor-

mation which corresponds to performing the substitution

Th = cosOrTy + sinOpth,

tr = cos Ot — sinOgTy (3.46)
/ o
2/3R = X2/3R ;

where t}, and T}, are the mass eigenstates of the right-handed top quark and top partner

respectively. We then arrive at

P

_ _ 2¢, _ _
iCl[(Xg/g)R — TR]%tR = —iCl COS QR sin QRWCOM (Tg’yuTg - t/}%’}/ut%) f + ... (347)

The terms presented in this expression are the only terms relevant to the Higgs plus
jet production process studied in our work. In fact, the omitted terms involve mixing

between different mass eigenstates, hence they do not contribute to the amplitude for
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Higgs plus jet production. Note that the kinetic term is left invariant by this rotation.

Applying the product rule on the expression above, we obtain

2¢. _
ic1[(Xoy3)r — TR]%tR = —icy cos Ok sin GR < ((0.Tp) VT + Tpy" (0,T1))

|

9 (3.48)
icy cos O sin QRWG ((8ut%) vt + thy™ (9,t%h)) ? +....
Now, consider Dirac equation of motion
(iv*0, —m) ¢ (z) =0. (3.49)
Multiplying 3=2 on both sides of Eq. -, we obtain
1—~° . 1+~° 1—~°
S 00, = my o) = (# (F5 ) o= m (55 ) v @)
. 3.50
= iv'0, ¥R () — myy, () (3.50)
=0
where above we used the expressions of the left and right handed fields
1— 75 1+ ,}/5
,QZ)L = wa Q/)R = ’QZ) ) (351)
2 2
and the relations among gamma matrices
.|.
(") =~
{V A"} ="+ =0 (3.52)
(") =1L
From this, we obtain
WO R =My . (3.53)
For the conjugate transpose of Eq. (3.49)
— i (0,0") Y — myTy® =0 (3.54)
multiplying this expression on +7 , we obtain
: Y 0 i o1 L+7°
[—z (8M¢)77“—m¢7]720. (3.55)

Then, using

wzzw(l‘f), w£=¢*(1§”5), (3.56)
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we obtain
(900 (L7 o (L= o= i (90 0 .0
=i (0u) (5 )20 =t (=5 ) 00 = =i (k) 209 = mel® . (3.57)
So, we obtain
— 10, YRy = may, . (3.58)

Using Egs. (3.53)) and (3.58) on Eq. (3.48) results in

_ _ 2¢ce ;. - .
iCl[(XQ/g)R — TR]%tR = —iCl COS QR sin QRWC (ZMTTgT]/é — ZMTT;%TZ) ?
(3.59)
2 ;. o :
+icy cos Op sin HRWC (imet[th, — imytpt]) ?
Now, taking into account the hermitian conjugate term of this expression, we obtain
S _ 4
ZCl[(XQ/g,)R — TR]TptR + h.C. =
. . . 2¢e .  ay, . iy P
— (icy —ic}) cos Op sin QRW (i My T} Ty, — iMyTRTY) 7 (3.60)
. o . 2¢e . T4l . 1wy P
+ (ic; — ic}) cos Ok sin QRW (imetty, — imytppt]) 7
Now, noting that
i(cp —cy) =2Im(¢y) (3.61)
we then obtain
_ — 2 € (. /) .
ic1[(Xay3)r — TR]%tR + h.c. = 2Im (¢;) cos O sin GRWC (@mtt’fit’é — zmtt%t’i) §
. 2¢e . e . niny P
—2Im (¢q) cos O sin QRW (i My T} Ty, — iMyTRTY) 7
(3.62)
Consider now the gamma matrices structure in this expression,
1—7° 41 > 1 5
F[//t;/% _ 7f//]L g 70 +’V t” _ t//T’yO +ry t”, (363)
2 2 2
and 5 . ;
_ 1 1— 1—
t%tz i +7 70 Y o — t//wo i t (3.64)
2 2 2
we arrive at
it — tht] = t"y°t" . (3.65)

The same consideration can be applied to the top partner mass eigenstate. Eq. (3.62)),

then gives

p

_ _ 2cc (. 4
ic1[(Xay3)r — TR]TtR + h.c. = 2Im (¢1) cos O sin GRWC <zmtt”y5t"£

f ) (3.66)
—2Im (¢1) cos Og sin O (iMyT"y°T") .
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This is the CP-odd coupling that arrive as a result of the mixing between the right
handed top partner states and the right hand top in the fourplet models in our study.
We would like to denote here that there is an alternative method to derive this coupling,
that we present in appendix [A] In that calculation, we make use of field redefinitions
and we obtain the same result as the one presented here.

Including the CP-odd couplings, the general effective Lagrangian for the top quark
tr,r and the top partner states with charge 2/3, which does not decouple from the top

quark, 77, g, can be written as

Lerr = Lignetic — Myt — mypbb — M%TJTJ — mt%ftp — /@b%gbp

. - 3.67
—l—/ﬁijT%Tjij + ikt%ffyg)tp + i/%]fMT%ijyg,I}p, 00
where j indicates the sum over the number of the top partner multiplets. Note that
in the equation above, ¢t and T" denote the mass eigenstates of the top quark and top
partner respectively. In the SM, the anomalous couplings x; will have the values k; = 1,
and Ky = Ky = 0. The CP-odd couplings in the second line of the equation above will
be present only in the models with the top partner multiplets in the 4 representation,

i.e. M45 and M444, and they will be functions of Im(c;) and the mixing angles.
Electron and neutron Electric Dipole Moment experiments have put constraints on
the ¢; parameter [25]. For the case where we include up to two top partner multiplets
in the models with the ¢, parameter of these multiplet written as c¢;; and c; 2, the
EDM results in ref. [25] indicate that the imaginary part of the parameter must have
the value < 0.2. Since the CP-odd Higgs couplings are derived from these parameters,
this must also affect the possible value that we could impose on ¢;; and c; 5. Since
the purpose of our study does not involve with the effects of these parameters on the
EDMs, we took value of Re (¢1.1), Re (¢1.2), Im (¢1,1) and Im (¢ 2) to be less than 0.2 in

our study.

In section [3.4] we will discuss how the masses and Yukawa couplings respond to
the change of the input parameters in the cases where we have either one or two top

partner multiplets in all the four models.

3.4 Couplings for one top partner multiplet

In the case where there is only one top partner multiplet in the models, after expanding

the Higgs fields to its VEV and its physical field p, and diagonalising the mass matrix,
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we found the Yukawa couplings of the top and the top partner to have the analytical

forms

M1y : k; =c.cos’0y,
_ 12
Kt = c.sin“ 0,

Coe
Mlyy: ki = —cos?fy,
Ce
Coe .
Ky = —sin? 6,

2
CE

2

€
142

€

2
M4y : ki =c, (0052 Or — 1 jf (0052 6, — cos® HR)> ,

KT = Ce (sim2 O — (sim2 0, — sin® QR)) ,

€ € € 2 €
M4y : K= <Ci cos? Op — M (0082 0, — cos’ QR)) ,

Ce 2 (Cg + C%e)
. e (S2¢ +254¢) , . .

where in the M45 and M4,4 models the k7 values are those for the T field, since the
combination X5 /3 interacts with the Higgs field only with 7', and hence this interaction is
not a Yukawa coupling contributing to Higgs plus jet production. As mentioned above,
the CP-odd & coefficients can be calculated from Eq. . Following the procedure
outline above, the couplings with Higgs derivative in Eq. are thus re-cast into
CP-odd Yukawa couplings

dees
Md4s : Ry = —Fr = ————Im(c;) sin O cos O,
V2 + 2c?
As.(1 — 242
M414: R = —Fkp= Mlm(cl) sin 0 cos Or , (3.69)

V2+026+C4E

and couplings to higher powers of the Higgs field. Note that the mass of the bottom
quark is also generated via partial compositeness. However, the right-handed bottom
is not a totally composite state, unlike the right-handed top, and the mixing of the
bottom quark with the composite sector is much smaller. In each of the models, the
Yukawa coupling of the bottom quark is shifted by the same factors of ¢, or ca/c. as the
top quark, and we can make the assumption that the mixing angles with the composite
sector are negligible. So, the anomalous couplings of the bottom quark are x = c.
and #,* = 2= for models with the top pratner in 5 and 14 representations respectively.
Since the CP-odd couplings are also proportional to the mixing with the composite

sector, we can assume that they are absent for the bottom quark.
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An important remark is now in order concerning which parameters one can fix in
each composite Higgs model. Inspecting on eq. , one could realises there are
restrictions on the values of the parameters in models that we can consider. In all of
the models considered in our work, for a fixed value of g, if f is sent to oo while
the top partner mass My is kept at a constant value, then it is implied that the value
of ¥ must be sent to infinity in order to keep value of the top mass at the observed
value. A similar issue occurs when the value of Mrp is sent to infinity while the scale
f and the angle 0 are kept at constant values. In this case, ¥ must again be sent to
infinity. Moreover, it seems to be inevitable to sent y to infinity in the situation where
f and My are both sent to infinity, while the ratio of f/My is constant, so that the
mass of the top is kept at the correct value. From this argument, it seemed that y
must be sent to infinity in the case where one of the parameters in the model is sent
to infinity. In fact, y cannot simply be sent to infinity, because this would correspond
to a non-perturbative regime. Therefore, in this work, the perturbative range of y is
taken to be y < 3 [24]. From this constraint on y, the top-partner mass and the mixing
angles have to be constrained to have only certain values. In order to investigate these
constraints, it is useful to express the off-diagonal term A in terms of a mixing angle.

Starting from the expression of one mixing angle, i.e. 0 r in terms of the other

M?2 cos? 0 m? cos? 0
2 T L 2 t R
0 =  cos?l, = (370
s R M2 cos? 0y, +m?sin® 0y, os L m? cos? O + M2 sin® 0 (3.70)
we could derive the expression for A
A= M2 —m? sin (260R) _ M2 —m? sin (29,;).
Vmicos?Op + MZsin?0p 2 VM2 cos 0, + misin®f, 2
(3.71)

Due to the different scaling of A in terms of v and f, the model parameters will be
restricted differently in the singlet and fourplet models. In the singlet model, A scales
as yv. From this scaling and eq. , for the singlet models, y ~ My /vtan@y for
moderate mixing angle 0, < 7/4 and My > m,. This means that 0, and hence g
must have a very small value if My is going to have a very large value. This is equivalent
to stating that a very heavy top partner will be decoupled from the theory, and this
feature occurs for all value of f. For fourplet models, the scaling of A is given by
A ~ yf. From this scaling, for moderate value of the mixing angle, if f is sufficiently
large, we could send the Mrp to a large value in the fourplet model without violating

the perturbativity bound. This discussion shows that it might not be possible to have
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a perturbative composite Higgs model from a simplified model by simply determining
the mixing angle and the mass of the top partner in the model.

From this discussion, we see that the top partner mass My cannot be sent to infinity
by fixing all other parameter because the perturbativity bound forbids this to happen.
Within the perturbativity bounds, it is however possible to take the limit f — oco. In
such limit, the Yukawa coupling derived in eq. takes the form

M1s, M1y4: Kk =cos?f, kp=sin?6;

(3.72)
M4y, M41,4: Kk =cos’0p Ky =sin®fg

while all CP-odd Yukawa couplings derived in eq. (3.69)) vanish.

3.5 Mass Spectrum for two top partner multiplets

In the case where there are two light top partner multiplets in each of the models, we will
only study the relationship among the fundamental parameters of the models, i.e. mass
parameters of the top partner multiplets, the decay constant f, and the couplings in
each of the models, to the physical top-partner masses and the Yukawa couplings instead
of trying to obtain analytical results in the same way we did for the one top partner
multiplet case. The parameters y, f, My1, Mgo and ¢; are taken as free parameters in
our analysis, while ¢ is used to fix the mass of the top quark to 173 GeV.

The plot for the Yukawa couplings and masses of 7" or T2 as a function of the
heavier vector-like mass for My = 1200 GeV, y = 1, and f = 600/1000 GeV are shown
in Figures and [3.2l  In each of the plots, the masses and couplings of a single top
partner are labelled T only. They are plotted with the same values of y and f, and
My = My,. We note here that, for the plots in this section, the cases labelled T only
indicates the situation where there is only one top partner left in the theory, i.e. the
limit where any other top-partner is decoupled. Also, the label T is used to indicate
the lighter top partner. From Figure |3.1] we can see that, in all the models except for
M4,4, when My, is similar to My,, the Yukawa coupling of the heavier top partner
can becomes larger than that of the lighter top partner. As the gap between the mass
parameters of the multiplets increases, the coupling to the Higgs of the heavier top
partner decreases and the Yukawa coupling of the lighter top partner is approaching
the value we expect to see when there is only one top partner present in the model.
For the models with fourplet top partner multiplets, in particular M4s model, there

is a large region in which the coupling of the heavier top partner dominates that of
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Figure 3.1: The Yukawa couplings for the two T' or T? top-partners as functions of
My,, for My, = 1200 GeV, y = 1, and f = 600/1000 GeV. The results presented in
"T" only’ case can be verified from Egs. (3.68)).
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the lighter top partner. Notably, the Yukawa coupling of the lighter top partner can
be suppressed when there is a heavier top partner having the same charge but slightly
heavier mass.

From Fig. [3.2] we can see that, in the models M15 and M1y4, the vector-like mass
and the mass of the T? almost form mass degenerate states. Also, the behaviour of
My is the same for f = 600 GeV and f = 1000 GeV scenarios for the singlet models,
since in these models the mass matrix is largely insensitive to f. In the models with
fourplet top partner multiplets, however, this behaviour could only be appreciated if
the mass of one of the top partners is much larger than the other. This is because the
mass matrix in these models is no longer insensitive to the scale f. Note that My, , are
the masses of the le/%
the same mass as T2 for My, > My,.

and Xg/é states, in the fourplet models, hence such states have

In figure |3.3| aims at displaying the effect of the elementary-composite mixing pa-
rameter y on the physical masses and Yukawa couplings in the model M45 and M44
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Figure 3.3: The masses and Yukawa couplings of the two 7" top-partners from the M45
and M4,4 model as functions of the elementary-composite coupling y, for My, = 1200

GeV, My, = 1300 GeV, and f = 600/1000 GeV.

From this figure, one first notices that, at small values of y, the top-partner Yukawa
couplings approach zero, and their masses approach the multiplet mass parameters
Mg, ,. This behaviour arises because, in this limit, the top partners are gradually
decoupled from the top quark and the Higgs, while the mass of the top quark is kept
at the observed value by a large ¢ coupling. When we increase the value of y, the
difference between 7' and 72 becomes more significant, the masses of the lighter top
partner is still close to My, while the mass of the heavier state is increased. As can
be seen from the left panel of this figure, the behaviour of the Yukawa couplings as y
varies is less trivial and shows strong dependence on the value of f.

In figure [3.4] we show the behaviour of the masses and Yukawa couplings as we vary
the value of the parameter f in the models M45 and M444 with My, = 1200 GeV and
My, = 1300 GeV. In this plot, we fixed the value of y to 1 and 3.
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Figure 3.4: The masses and Yukawa couplings of the two T" top-partners from the M4j5
and M4,4 model as functions of the scale f, for My, = 1200 GeV, My, = 1300 GeV,
and y =1, 3.

In this figure, we can see that as the value of f is increased one top partner effectively
remains light and decouples from the Higgs, while for the other its mass keep increasing
and its Yukawa coupling approaches those of a single top-partner. Note here that as
we increase the value of f, the ratio v/f becomes small. This indicates that more fine-
tuning will be required for the Higgs potential to reproduce the observed Higgs mass
and vacuum expectation value.

So far we have not discussed the top quark Yukawa coupling, which is expected to
deviate from what is expected in the SM. The top Yukawa coupling as a function of the
compositeness scale f for the four models is plotted in Figure In this Figure, we set
My = My, in the case where there is only one top-partner multiplet in the considered
model. Comparing to Figure[3.1] this plot gives a good representation of the case where
My, < My,. As can be observed from the figure, apart from small values of f, the
top quark anomalous Yukawa coupling do not depend largely on f because at large f

this anomalous coupling is dominated by the mixing angles between the top and the
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Figure 3.5: The Yukawa coupling of the top quark in each of the models as a function
of the scale f, for My, = 1200 GeV, My, = 1300 GeV, and y = 1, 3, for one top partner
(left) and two top partners (right).

top partners. The one top partner (the left panel of Fig. and two top partner (the
right panel of Fig. cases show similar dependence on y. For the singlet models
the y-dependence is much stronger than that of the fourplet models, with roughly 30%
suppression with respect to the SM for larger value of y. There are large deviations
from the standard model for low values of f, particularly in the singlet models. In
fact, the recent observation of associated Higgs production with a top quark pair by
ATLAS experiment [39] set the 20 lower bound k; 2 0.8, which puts the values with
y = 3 for the singlet models in both one and two top partner cases for the all value of
f shown in tension with data. Therefore, in the other plots in this section the value
of y is restricted to y = 1 when there is a comparison between the singlet and fourplet
models.

Last, we discuss the couplings of the top partners to the Higgs derivatives in M4j5
and M414 models, in the case where we have two top partners. These couplings come

from the following contribution to the effective Lagrangian

LD— ’iCl’lTld”’}/'utR — Z'CLQTQd“’}/#tR + h.c.

0.0 —
:—z'%%cgw h.c. (3.73)
with
tr 0 00
V= |Tg and C= ¢, 0 0f. (3.74)
T3 cieg 00

In order to calculate the couplings between the quark and the Higgs derivatives in the

mass eigenbasis, the matrix C' must be rotated by the rotations used to diagonalise
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the mass matrix. Hence in the mass eigenbasis, we write C' = Og(C — C1)O%, where
Op is the matrix used to diagonalise the right-handed fields of the mass matrix. We
can then use the equations of motion, or perform the field redefinition, in a similar
way to the case with one top partner multiplet to change the coupling between quark
and derivative of the Higgs Eq. into CP-odd Yukawa couplings and couplings to
higher powers of the Higgs boson. For the CP-odd Yukawa couplings, we get:

Md. - 7 — 2C.S, & . 2eces. & L 2CSe 4
5. Rt = \/TTCE 11, kK11 = \/ﬁ 22, K12 = \/ﬁ 33
- 25.(1 —2s%) ~ - 25.(1 —2s%) ~ . 2s.(1 —2s%) -
M44: R = ¥Cn, RT1 = ¥C22; Rr2 = ¥

2 2t e
(3.75)

V2 + cae + Cae V2 + coe + Cye

Then, in Figures. and [3.7, we show how the CP-odd couplings of the top and the
top partner, respectively, scale as a function of the input parameters. In these figures,
we are considering the scenario in which the determining parameters of the CP-odd
couplings are universal, i.e. Re(c11) = Im(c11) = Re(c12) = Im (¢12) = ¢. Also, we
study the variation with the scale f for different values of y and ¢ for the CP-odd top
Yukawa couplings and the variation with the multiplet mass parameters My, , for y =1
and two different values of f for the CP-odd top partner Yukawa couplings. We note
here that when one top partner mass is taken to be very heavy, the CP-odd coupling
of that top partner diminishes, and in this limit, the CP-odd couplings of the top and

the lighter top partner are equal and opposite, as in the case with one top partner. In
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Figure 3.6: The CP-odd Yukawa coupling of the top quark in the fourplet models as a
function of the scale f, for My, = 1200 GeV, My, = 1300 GeV, and for different values

of the parameters y and c.

order to compare with Figures [3.6] for one top partner case, we plotted Figures [3.8 to
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Figure 3.8: The CP-odd top-quark Yukawa coupling varies in the fourplet models in the
case where there is only one top-partner multiplet as a function of f, for My; = 1200

GeV, and for different values of the parameters y and c.
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Chapter 4

Top-partners in Higgs production

4.1 Higgs plus jet production process

In this section we compare the discovery potential of the total Higgs cross section,
and Higgs production plus one jet. In particular, we investigate the sensitivity of the
transverse momentum disgtribution of the Higgs to the masses of the top partners in

the composite-Higgs models considered so far.

4.1.1 Higgs production through gluon fusion

Gluon fusion is the main Higgs production mechanism at hadron colliders. This process
appears at one loop level in the minimally coupled theories. Since the SU(3)c QCD
symmetry is not broken, the gluon sits in a different gauge group than that of the Higgs
field and this process cannot appear at tree level. The Higgs is not charged under
SU(3). and so does not couple to gluons. The main contributions to this mechanism
come from loops of the particles that couple strongly to the Higgs. The Higgs boson
couplings to the SM particles will be proportional to their masses. In the SM, the top
quark is the only particle to have significant effect in this process. In BSM theories,
however, additional coloured particles can also give significant contribution on this Higgs
production process. In composite-Higgs models, despite the presence of one or more
top partners, the total Higgs production cross-section has been shown to be essentially
independent of the masses of the top partners in the model[l] This low-energy effect

rendering the cross section insensitive to the mass spectrum of the top partners occurs

1 An actual Born-level calculation shows in fact a small percent-level difference between the contri-

bution of top and top partners to the Higgs cross-section.
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because, in composite Higgs models, the Higgs is a pseudo Nambu-Goldstone boson.

The authors of ref. [40] studied the effect from the new coloured fermions, along
with other less significant effects, to gluon fusion Higgs production in composite Higgs
models by using the method of effective Lagrangians. In their study, they investigated
new physics effects to Higgs coupling from the higher dimensional operators made out
of the SM fields. These operators are

Oy =0"(H'H)0,(H'H), O,=H'Hf Hfr, O,=H'HG,G". (4.1)

In particular, they showed that, in composite Higgs models, the gluon fusion production
rate of the composite Higgs depends on the decay constant f only, and is insensitive to
masses of new particles.

The same fact was illustrated in [22]. There it was shown with a different approach
that the contribution to gluon fusion Higgs production from the top partners is hard, if
not impossible to appreciated. For pp — h, even though top-partners do contribute to
Higgs production through loops, it was shown that there is a low energy cancellation
that renders this process basically insensitive to the mass of the top-partners. Even
though the work in [22] was performed for a model with top partners in the 5, their
argument holds for all composite-Higgs models discussed in chapter [3] The low-energy
cancellation can be understood as follows. A generic contribution to the Lagrangian

from a model with heavy fermions is given in the physical mass basis by [22]

At Born level, a fermion will give a contribution to the ggh production cross-section
given by [22]
2
) a’m? Y. .
Oggsi = 5767? Z #AUQ(T]-) §(3 —m3)), (4.3)
j J

where Yj; is the Yukawa coupling of fermion j of mass M; to the Higgs boson, 5 is
the partonic centre-of-mass energy squared, and A;»(7;) is the following function of
T = m%{/(él]\/[f):

arcsin® /7 T7<1
Aipo(1) = =27+ (1= 1)f(7)] /72, f(r) = 1 {1 14 mr .
n——m—— T>1

I R e

(4.4)
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In the limit where the fermions participating in the loop are massive, we have Ay /5(7 —
0) — 1. The contribution to ggh of fermions with a mass larger than the mass of the
Higgs is given by v

0GHgg X Z ﬁ (4.5)

Mj>mH
where the sum is performed over states that are heavier than the Higgs. This contri-

bution can be rewritten as

Yij Yij -1 Yij
I L =Tr(YM - Y L 46
J Mj Mj<mp Mj Mj<mp J ( )

where M is a matrix whose eigenvalues are the masses of the fermions and Y incorpo-
rates the corresponding Yukawa couplings. Moreover, it can be shown [22] that
_ 0log(det M
Tr(YM™) = #. (4.7)
The above representation of the sum in eq. makes the calculation of the ggh
coupling more efficient, since there is no need to perform the calculation in the mass
eigenstates explicitly.
If we repeat the analysis of ref. [22] for our composite Higgs models we find that,

for the models M15 and M45, we have

Olog(det M) 1 (<h>) Ce
— ‘= —cot|— | = —, 4.8
om 1\ ) 48)
whereas for the models M1,4 and M4,4 we obtain
Olog(det M) 2 2 (h) C2e
T _Z V) = = 4.
o= e (5 = 9

which are independent of the masses and couplings of the top partners. For a single top
partner, the above results can be checked explictly by computing the Higgs partonic
cross section as in eq. (4.3)) using the Yukawa couplings obtained from eq. .
Note that in ref. [22], the same analysis was performed on a composite Higgs model
where a top-partner multiplet is in the 5 of SO(5) x U(1)x. The form of the top partner
in this representation can be written in the same way as in Eq. . A field redefinition
of the composite quark
U — UT? (4.10)
where U is defined in Eq. , was also performed to simplify the analysis. This
redefined field mixes with the elementary top quark, and the relevant terms in the

action are given by [22]

L= MU0 + NG PUS, + Mg PBUTS + Y f(Uhoo)(of¥2) + hee. (4.11)
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where P, and P, are used to project out the components of the composite multiplet
with the quantum numbers of the left- and right-handed top quark respectively and the

standard vacuum configuration oq is defined as
T
=000 0 1) . (4.12)

From this equation, it is possible to derive the mass matrix for the top quark and the

top partners [22]

0 Ag(cos((h)/NH1)  Aglcos((h)/f)+1)  iAgsin((h)/f)
2 2 V2
i\ sin((h)/f) M 0 0
M=1 _i /1) 05 M 0 (4.13)
g i)/ ) g
A cos((h) /f) 0 0 Ms+Yf

In Eq. , we can see that there is no Higgs dependence in the composite sub-
block of the matrix which benefits from using the field redefinition in Eq. . This
property will be true in any basis because the determinant of a matrix will stay the
same under unitary transformations. Moreover, the composite part of the mass matrices
will be independent of the Higgs for each different charge species individually since
the generator of electric charge commutes with the matrix U. Using Eq. , the
contribution to Higgs coupling to gluons from the top quark and the top partners in

this model is found to be

0log(det M) —zco 2(h)
o 7] t( 7 ) (4.14)

for a light Higgs with my < m;. In this model, the only fermion in loops with a
mass smaller that mpy is the bottom quark, whose Yukawa coupling is not dependent
on the top-partner masses and couplings, since it does not couple to the top partners.
Hence, > My<mu % is not dependent on the masses and couplings of the top partners.
From the result calculated in Eq. , dgmgy from Eq. will show no dependency
on the the top partner masses and couplings. So, the modification to the ggh effective
coupling in Eq. , calculated from this sample model shows no dependence on the
masses and coupling strength of the top partners. The same argument applies to the
results of the composite Higgs models studied in this thesis in Egs. and as

well.

4.1.2 Higgs plus jet production

In contrast to single Higgs production, in the Higgs plus jet production process pp —

h + j, the cross section of this process will be dependent on the top partners’ masses.
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In fact, as shown in ref. [23], the low-energy theorem that renders the cross section
insensitive to the masses of the loop fermions does not hold any longer in pp — h + J.
At the lowest order, in this production process pr; = pr,. When the transverse
momentum pr of either the Higgs or the jet in the final states is large, it is not possible
to use the low-energy theorem assumption. In order to get a better idea of how this
comes about, we consider what happens when this py takes high or low values. At

parton level, there are four processes contributing to pp — h + j:
99 —+h+g,9¢9—h+q,q9 —h+q¢,94—h+g. (4.15)

We now consider for instance gg — h + g, but similar considerations hold for the other
subprocesses as well. The partonic cross section of gg — h + ¢g can be written in terms

of a sum over different gluon helicity configurations and fermions running in the loop

as [23] ,

. 3 By o N
G ggshg = 21673 1re? X:i ;M/\lz\zkg S t,u,mj,yj) , (4.16)
.7_ J

where [ is the final state velocity, A; are the helicities of the three gluons, and f; is the
indication of the different fermion species in the loop. The matrix element ./\/lg\1 Ap)s fOT
one fermion species with mass m; and Yukawa coupling y = %/@ ¢ running in the loop
will behave differently for different pr magnitude. Consider for instance, the amplitude

M,y in the limit where pr > my, my. In this limit, the amplitude will take the

form [23]
m2 2 2
My x (AO + A ln (p ) + Ay In? (p—7;>) , (4.17)
pr mf my

where Ay, A, Ay are combination of constants and m-independent logarithms. It can

be seen from this expression that the matrix element shows dependencies on both the
mass and the coupling to the Higgs of the fermion running in the loop. For low pr
limit, the amplitude becomes

Miqq X Kypr, (4.18)

where the dependence on fermion mass is absent. The expression in Eq. is
proportional to what one would obtain for gg — h. If we consider the contributions
from a top quark with mass m; and Yukawa coupling “*r;, and a top partner with mass
M7 and Yukawa couphng =Lk to the matrix element M ., the low energy theorm
applies when the final states have low pr. If the transverse momentum of the final state

is increased to the range m; < pr < My, however, the contributions from the top can
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be approximated to be in the high py limit, i.e., the one shown in Eq. (4.17)), while the
contribution from the top partner can be approximated to be in the low p limit shown
in Eq. (4.18). In this kinemetic region, we then obtain

2 2

2
M+++ XX M e <A0 + Al In (p_'_g) + AQ 1112 (p_;,;)) + Rrpr , (419)
pbr m m

t t

where the amplitude is only dependent on the top mass and the Yukawa couplings of
the top and the top partner. The amplitude will show dependence on the top partner
mass when the pr is increased further to the region pyr > my, mg, mr. In this range of
the final state transverse momentum, the contributions from both the top and the top

partner will approximately be in the high-ps limit, and we obtain [23]

2 2 2
My x Tr;t:t (Ao,t + Arsln (%) + Ay In? (%))

t t

%RT ( (fpj ) 2 (ipj ))
A AirIn + Ay 1n .
b1 0,T 1,7 % 2,1 72’

Even though, we show here only the approximated forms of M ., when pr is increased,

(4.20)

the other matrix elements ./\/li\1 Aong Show a similar behaviour for different values of
pr. Numerical analyses were carried out in ref [23] to confirm the behaviour of the
matrix elements, both at the parton level, and after including the effect of the parton
distribution function (PDF).

4.2 One top partner multiplet

Having discussed the four models in our work, and derived the Yukawa couplings of the
top quark and the top partners in each of the models in Eq. , we compute the pr
distributions for these models at the LHC with a centre-of-mass energy /s = 14 TeV.
In this computation, we set the top quark mass m; = 173.5 GeV, the bottom quark
mass m, = 4.65 GeV, and use MSTW2008NLO parton distribution function [41], cor-
responding to as (Mz) = 0.12. The data used to produce the plots in this section was
obtained by interfacing the matrix elements of [42] contained in the program HERWIG
6.5 [43] with LHAPDF [41,/44,45], using the PDF evolution toolkit HOPPET [46], to
obtain the transverse momentum distribution CZ)#'T of a Higgs or a recoiling jet. The
code was originally developed by my supervisor and used for the first time in [23]. In
this thesis, the core of the code, which contains the details of the numerical integrations

needed to obtain do/dpr, was left untouched, and we have only modified the couplings
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to the fermions in the loops contributing to Higgs plus jet (see appendix for de-
tails). Note that this is not the only way to integrate the matrix elements of [42]. For
an example of an alternative implementation of the same calculation one could look at
the SusHi program [47]. In particular, for this thesis, only the couplings of the particles
involved in the process were modified and no edits to the main structure of the code
have been performed. For the case with one top parter, the couplings of the particles

are modified according to the relation
_ My - _
— kit — ke L TTh — k2 Bbh (4.21)
v v v

The lowest-order amplitude for Higgs plus jet is then computed using these couplings,

and convoluted with parton distribution functions to obtain 4%-. In particular, for the

dor
case with one top partner, the couplings k., k1, kK, are automatically computed by the
program simply from the input values of the scale f, the mixing angle sin® f;, g, and an
integer indicating one of the models. For the scenario with multiple top partners, the
number of quark participating in the computation, the masses and couplings of each
of the parton (bottom, top and top partners) are input from a file. More details on
the modification made to the code, and basic instructions to run it, can be found in
Appendix.

From the differential py spectrum, we construct the integrated transverse momen-

tum distribution o (pr > p$™*) defined as

do

4.22
de ( )

(pT > p%ut) = / dpr——
pt

The reason behind considering o (pr > p*

) is that, for large values of pr, we do not
have many events, so this observables aims at collecting as many events as possible.
With the above program, it would already be useful to analyse the difference between

cut

the observable o (pr > p$") in each of the models considered in chapter |3| and in the

SM as a mean to probe the compositeness of the Higgs. In our work, we studied instead

cut

the efficiency e(pr > p") defined as the fraction of events for which the Higgs (or at

least one jet) has a transverse momentum larger than a given pr cut

1 do
tor > ) = [ o (4.23)
g pcut pT

The advantage of computing this quantity can be appreciated when two spectra are
different just by an overall factor due to different total cross section. Since no infor-

mation about the presence of top partners can be assessed when this difference occurs,



68

it will be better to avoid this discrepancy by studying dicrepancy from the SM of the
efficiency rather than of the cross section in Eq. . More precisely, from the pp
distribution of the Higgs produced in each of the models, we studied egsy(pr > p™),
defined as the fraction of the events for which the Higgs, generated in one of the models
studied in this work, has a transverse momentum larger than a given p$**. For the SM,
we similarly studied egyv(pr > p$"), which is defined as the fraction of the events for
which the SM Higgs has a transverse momentum larger than a given pi**. We then
produce contour plots for §(p5™*) defined as the deviation of the efficiency of the BSM

from that of the SM .
() = Blpr > PE) (4.24)

g esm(pr > p)

These contour plos are computed in percentage, as a function of the top partner mass

My and the compositeness scale f using Mathematica. We note here that in the SM
case, the value §(p$) will be zero. Since in ref. [23], the case f > My has already
been considered, in these contour plots, M7y and f values are in the range that are not
excluded by current measurements, and there is no specific hierarchy between these
two parameters. In line with ref. |23], in the single top-partner case, we also fix the
value of the mixing angle between the top and the top partner. In particular, for
the contour plots of the singlet models, we fix the value of sin? @, whereas for those
of the fourplet models, we fix the value of sin?€@z. Different mixing angles are fixed
in the singlet and fourplet models because in the singlet model the Yukawa coupling
modification depends only on sin?#; which becomes increasingly large with the top
partner mass according to Eq. . The contribution of the top gets smaller as the
value of f get larger, and the spectrum is dominated by the top-partner contribution.
For the fourplet models, on the other hand, the Yukawa coupling is largely dependent on
sin? O, for large values of f. However, when the top-partner masses are increasing, for a
finite f, the Yukawa couplings contains a negative contribution proportional to sin? 6,
for the top partner and cos? 8, for the top quark. We would like to stress here that the
predictions presented in our work correspond to those presented in ref. [23] in the limit
f > v. We then decided to fix the same parameters in order to assess the impact of
choosing a finite value of f. This choice exposes us to problems with perturbativity of
the models. In fact, as discussed in section , fixing sin® f;, z might not correspond to
any perturbative composite-Higgs model. In all the contour plots of §(p$™*) for models
with a single top partner, we include lines corresponding to fixed values of y, so that the

region where y is in the perturbative regime can be clearly distinguished. Furthermore,
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the lower bound on x; mentioned in chapter [3| further constrains the value of mixing
angles in both singlets and fourplet models. This results in the fact that singlet models
with sin?6; > 0.2 are in strong tension with data, so we have deviced not to show any
contour plots for those.

In Fig. [4.1] contour plots of §(p3it) for ps® = 200 GeV and sin®6;, = 0.1 are
shown for singlet models. Similarly, with sin? € = 0.1, the contour plots of §(p$t) are
presented in Fig. for fourplet models and for the same value of p$*. The first thing
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Figure 4.1: The contour plots of &(ps*) with sin?6, = 0.1 and p§** = 200 GeV for
each of the singlet models with only one top partner multiplet included in each of the
models. The solid lines indicates constant values of the coupling y. The region marked

by dashed white lines corresponds to the case where x; < 0.8.

that can be observed from these figures is that the deviation from the SM is not large.
This arises from the fact that the spectrum of the integrated transverse momentum is
dominated by the lowest pr values, where the top still behaves as a heavy particle in
loops. The cancellation between top and top partner contribution still has an effect
in this range of pr, and results in this small deviation. Nevertheless, the difference
in the behaviour of the singlet (Fig. and fourplet (Fig. 4.3)) models can still be
noticed. For singlet models, when the values of Mr is increased, the deviation from
the SM slightly increases. For fourplet models, as the value of f is increased, the SM
deviation increases. This behaviour appears because when the value of f is increased,
the negative contributions from the Yukawa coupling depending on sin? 6, and cos? 6,

are getting smaller. We denote here that, for M4,4, when the value of f is small, these
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Figure 4.2: The contour plots of &(ps*) with sin?6, = 0.1 and p§* = 600 GeV for
each of the singlet models with only one top partner multiplet included in each of the
models. The corresponding values of y are shown by the solid lines. The region marked

by dashed white lines corresponds to the case where x; < 0.8.

negative contributions dominate, which in turn results in negative interference between
the contribution of the top and the top partner. In both Figs. and and all
remaining contour plots in this section, we include the solid lines indicating the fixed
values of the parameter y, so that one can then determine if the corresponding choice of
parameters correspond to a perturbative composite Higgs model. Recall that the value
of y must fall in the range y < 3 due to the perturbativity requirement, it is possible to
observe that one cannot legitimately probe My above 1600 GeV for singlet models. In
the fouplet models, however, the range of parameters chosen here results in predictions
that are almost always allowed by the perturbativity requirement.

Keeping the values of sin? 01 r = 0.1 and increasing the value of p$** to 600 GeV, we
show the corresponding contour plots of 4(p5™*) as a function of Mz and f in Figs.
and 4.4 1In this case, The values of pr are high enough so that the cancellation between
the contribution of a top and a top-partner in loops are broken. This results in large
deviations from the SM for singlet models. For the fourplet models, we observe again
that the deviation decreases when the value of f is decreased. This is again because of
the fact that the negative contribution to the Yukawa couplings proportional to sin®#é;,
and cos? 0, becomes more relevant for small values of f, and eventually vanishes when

f — oo. For M414 model, the most significant features can be noticed when one look
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Figure 4.3: The contour plots of d(p$™*) with sin®fz = 0.1 and p$** = 200 GeV for
each of the fourplet models with only one top partner multiplet included in each of the
models. The solid lines indicates constant values of the coupling y. No parameter space

on these plots corresponds to x; < 0.8.

small value of f. In this range of f, a large negative interference between top and
top-partner contributions can be seen. Note that the contour plots show also a shaded
region that corresponds to x; < 0.8, to highlight a region in parameter space that is in
tension with current data for Higgs production in association with a top-antitop pair.
In order to have a full comparison with the results presented in |23], we should then
repeat the same analysis for sin®; p = 0.4. Unfortunately, in the singlet models, if
sin?f;, = 0.4, it would result in the case that are not allowed by perturbative regime.
We are then left with the choice to consider only fourplet models with sin? 0z = 0.4.
With this value of sin? #z, we show the contour plots with psi® = 200 GeV in Fig. 4.5
In this case, we again observe a moderate deviation form the SM, which occurs from
the same reasons as the corresponding case where we set sin?fr = 0.1. In addition,
since sin? 0 is set at a larger value, the negative contributions to the Yukawa couplings
due to cos? 0, and sin? 6;, become less important. Then, for fourplet model, we increase
the value of p$** to 600 GeV while keeping the value of sin?fz = 0.4, and show the
corresponding contour plots in Fig. 4.6, The larger value of the mixing angle, sin? = 0.4
prevents the negative contributions to take over. So, the top quark in the loops gives the
contribution which is smaller than compared to the contribution from the top partner,

giving a sizeable deviation from the SM.
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Figure 4.4: The contour plots of d(p$™*) with sin®fr = 0.1 and p$** = 600 GeV for
each of the fourlet models with only one top partner multiplet included in each of the
models. The corresponding values of y are shown by the solid lines. No parameter

space on these plots corresponds to x; < 0.8.

The next thing to consider is the CP-odd contributions induced by the couplings &,
and k7 in Eq. , which exist only in the fourplet models. Since these contributions
cannot interfere with the SM, their contribution to 6(p$™) is very small, at sub-percent
level for most of the choices of sin®6f considered in our work. There is an exception
for sin? = 0.4 with p§** = 600 GeV, for which the deviation from the SM is of a few
percent. We show the corresponding contour plots in Fig. [£.7]

We also consider an extra example in the singlet models, with sin?#; = 0.025, in
order to have a better idea of the deviation one would expect from this type of models
for acceptable values of the parameters. With this value of sin? 8, we show the contour
plots with pj* = 200 GeV in Fig. [4.8] and those with p** = 600 GeV in Fig.[1.9 From
comparison between these figures, it can be observed again that by increasing the value
of p** the cancellation between the contribution from the top and top partner in the
loop is overcome, and hence in Fig. the deviation from the SM is more significant.
In addition, we observe in both figures that the behaviour approaches that of the SM
when the value of the compositeness scale f is increased.

To summarise this section, with one top partner there exist a variety of deviations
from the SM, reflecting the different ways Yukawa couplings are modified according to

the fundamental parameter of each model. In particular, in the singlet models, the
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Figure 4.5: The contour plots of § with sin?fp = 0.4 and p$** = 200 GeV for each of
the fourplet models with only one top partner multiplet included in each of the models.
The corresponding values of y are shown by the solid lines. As shown by the dashed

white lines, all the points on these plots corresponds to x; < 0.8.

deviations from the SM can be huge even from a mild mixing of right-handed fermions.
So, the parameters considered in these models will be the easiest to access through
Higgs production in association with a jet. For fourplet models, the analysis must
be carried on a case-by-case basis for each choice of the parameters because of non-
trivial cancellations between different contributions to the Yukawa couplings. From the
analysis presented in this section, it is promising though that one can expect to see

sizeable deviations from the SM for large mixings angle with high values of pS™.

4.3 Two top-partner multiplets

For the two top-partner case, we extend the analysis used in the case of one top partner
by considering a number of benchmark scenarios, obtained by fixing some of the fun-
damental parameters of the theory as described in section [3.5] instead of varying the
physical top partner mass My and the scale f. In the first three scenarios, we consid-
ered the cases where the CP-odd couplings ¢;; and ¢; » are both set to zero. Then, in

the fourth scenario, the CP-odd couplings have non-zero values:

1.y =1, My, = 1200GeV, 1300 GeV < My, < 3000GeV, f = 800GeV (see
Figs. ,.
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Figure 4.6: The contour plots for § with sin? g = 0.4 and p§* = 600 GeV for each of
the fourplet models with only one top partner multiplet included in each of the models.
The corresponding values of y are shown by the solid lines. As shown by the dashed

white lines, all points on these plots corresponds to x; < 0.8.

2. 05 <y <3, Mg, = 1200GeV, My, = 1300GeV, f = 800GeV (see Fig. |3.3))
(fourplet models only).

3.y =1, My, = 1200GeV, My, = 1300GeV, 800GeV < f < 2000GeV (see
Figs. ,.

4.y = 2, My, = 1200 GeV, My, = 1300 GeV, 800 GeV < f < 1400GeV, ¢ =
c12 = 0.27 (see Figs. and .
cut

From all these scenarios, the deviation from SM 6 (p$") are plotted as a function of
pt for the selected values of the parameters that are varied in these scenarios.

In benchmark [T, we investigate the impact of varying the mass parameter of the
top partner multiplet My,, from the case in which this parameter is quasi-degenerate
with the mass My, to the case which My, > My,, where the second top partner is
decoupled from the theory. In this scenario, the compositeness scale is set to the value
f =800 GeV, which is an intermediate value between the two chosen in Figs. 3.2
From the data files computed in this scenario, we plot the deviation from the SM 4 (p§*)
as a function of p§" in Figure for selected values of My, (the solid curves). In the
same figure, we also include the plots for the case where there is only one top partner

in the model (the dashed curve), with the same value of y and My = My, and f = 800
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Figure 4.7: The contour plots of the contribution to § with sin? 0z = 0.4 and pS** = 600
GeV for each of the fourplet models with only one top partner multiplet included in
each of the models. In this figure, only the CP-odd Yukawa coupling is taken into
account. The corresponding values of y are shown by the solid lines. As shown by the

dashed white lines, all points on these plots corresponds to x; < 0.8.

GeV. In this figure, we can see that there is an enhancement in the with respect to the
SM for singlet models, while there is a depletion, due to negative interference, for the
fourplet models. The dependence on My, is appreciable in all of the models, which is
in accordance with the behaviour of the Yukawa coupling shown in Fig. 3.1 As the
value of My, gets bigger the deviation approaches that with the single top partner,
since the heavier top-partner is decoupled from the models. This is also expected from
Figs. and [3.2] where we can see that as the value of My, is increased the masses
and couplings of the lighter top partner tend to those of the models with only one top
partner multiplet.

In benchmark [2] we investigate the effect of varying the parameter y in models
with two top partner, occurring as a result of including two top partner multiplets
with similar masses, which is plotted as the solid curves in Fig. [£.11] Again, in the
same figure, we also include the corresponding curves for the same models with one top
partner only (the dashed curves) with My = My,. Since the experimental constraint
k¢ > 0.8 forces the value of y to be less than one in singlet models, we presented in
Fig. the results for fourplet models only, where y is allowed to take a larger value.

A variety of features are present in this case. For M4s, the transverse momentum
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Figure 4.8: The contour plots of §(p$™t) with sin? 8, = 0.025 and p$*t = 200 GeV for the
singlet models with only one top partner multiplet included in each of the models. The
corresponding values of y are shown by the solid lines. The region marked by dashed

white lines corresponds to the case where x; < 0.8.

distribution is suppressed in comparison to that of the SM because of a persistent
negative interference between the top and top-partner contributions, as can be seen
in Fig. B.3] In M4,4, negative interference is only dominant when the value y is not
too large. When y and p§'* are increased, the interference can become as large as the
contribution of the SM. So, in this range of parameters, the amplitude square of the
heavier top partner dominates, as can be understood from considering Eq. . This
results in the positive values of 0 (p§**) at large p™.

In benchmark [3| we investigate the impact of varying the compositeness scale f in
the case where in the models there are two quasi-degenerate vector-like quarks (the
solid lines in Fig. and where there is only a top partner with My = My, in the
model (the dashed lines in Fig. [1.12). As shown in section [3.5] in this situation the
heavier top partner can have a larger anomalous Yukawa coupling than that of the
lighter top partner. For each of the models considered in our study, 0 (p5™*) is plotted
as a function of pS** for some selected values of f. In the singlet models, the values
of the parameters considered in this benchmark lead to the SM deviation that are not
too big, and are largely independent of the f scale. This is what one would expect
from looking at the upper panel of Figs. 3.1} where there is a small different in Yukawa

coupling when varying the compositeness scale for singlet models. We would like to
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Figure 4.9: The contour plots of §(p$™t) with sin? 8, = 0.025 and p$*t = 600 GeV for the
singlet models with only one top partner multiplet included in each of the models. The
corresponding values of y are shown by the solid lines. The region marked by dashed

white lines corresponds to the case where x; < 0.8.

denote that we also observe the same behaviour in the one top partner case as shown
in Figs. and for the singlet models. For the two top-partner case, the deviations
from the SM are approximately twice as large as that of the case where there is only
a single top partner in the models because the Yukawa couplings of both top partners
are close to the one top-partner case for the parameters selected here. For fourplets
models, the situation is more interesting since we observe negative deviations from the
SM results in both M4y and M4,4 models. This negative deviation can be understood
when one considers the negative values of the Yukawa couplings in the fourplet models
in Figs. For M45 model, the deviation from the SM result is not large, but it is
strongly dependent on the compositeness scale, which can be inferred from considering
the left panel of Fig. [3.4] In this case, it can be seen that the deviation from the SM
reaches zero when the scale f is equal to the value of the mass parameter My, , before
becoming positive for larger f scale. A strong dependence on f can also be appreciated
in M4,4 because of the fact that for smaller value of the compositeness scale f the
negative anomalous Yukawa couplings are larger.

Lastly, benchmark 4] investigates the impact of the CP-odd contributions in the
models M4y and M4,4. As the case where we have one top partner in the models,
only the ratio between the CP-odd contribution and the SM result is plotted (the solid
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curves in Fig. 4.13)), since there is no interference between the CP-odd terms and the SM
amplitude. In Fig. [£.13] we also include the plot for one top partner case for the same
value of y and My = My, (the dashed curves in Fig. [4.13]). For both of these models,
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Figure 4.13: The distribution of §(p$*) computed from the data files generated with the
parameters in benchmark scenario 4] and the fourplet models considered in section .

the expected deviation from the SM are less than 10%, which is rather small, for the
whole range of the considered values of p$™, with the deviations in M4;4 are slightly
larger than those of the M45. One remarkable feature one can see in Fig. [4.13|is that,
the deviations are roughly two times as big in the two top partner case compared to the
one top-partner case, which can also be appreciated from inspection on Fig. This
is a peculiar feature that arises from the fact that the values of the masses parameters
My, and My, are very close in this benchmark scenario. If the value of the larger
mass (My, in this case) increases, the CP-odd Yukawa coupling of the lighter mass
(Mg, in this case) approaches that of the case with a single top partner. To better
understand this effect, one would need to observe how the CP-odd coupling vary with
the underlying parameters in the models as shown in Figs. and where the
CP-odd couplings in the case with two top-partner are significantly larger than in the
one top-partner case for the selected values of the parameters in Fig. .13

To summarise, there is a variety of deviations from the SM in the p; spectrum of the
Higgs boson or a jet exhibited by models with two top partners. From the fact that the
deviation shows strong dependency on p$, it is implied that a shape analysis of the pr
distribution is the best way to exclude large fractions of parameter space for composite
Higgs models. In order to make the most use of such analysis, it is required to develop

an appropriate model of the irreducible SM background to Higgs production, including
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detailed acceptance cuts and experimental systematic uncertainties for the Higgs decay
products. Though this is very interesting topic, it is beyond the scope of the work
carried out in this thesis.

We would like to mention here that there is yet any measurement on the § (p$").
Instead, the information that one could gain from the current experimental data is that
of the d% distribution. The measurement cross section with Pr > 200 GeV with an
integrated luminosity around 80 fb~! at /s =13 TeV [48,|49] seems to suggest at most
a deviation of 20%. So, it would be safe to exclude the results present in this chapter
where the percentage of ¢ (p$*) was greater than 20%. However, we need to keep in
mind that the data of refs. [48,/49] correspond to Higgs decaying in two photons and
a pair of Z bosons. Our analysis only consider modifications to the production cross
section, and not to the Higgs decays. Therefore, any constraints from those data has
to be taken with a grain of salt.

The results presented in this chapter has been involved only with indirect searches
on top partner, as a complement to most of the results presented in literatures that
focus on the direct search for top partner (see for instance ref. [50] and some of the
references therein). As mentioned in Chapter [1} the direct searches for top partner
depends on the model used to determine the decay channels the search will be focussed
on, and knowledge on the background processes involved. On the other hand, in our
study, even though the investigation has been concentrated on specific models, the
methods discussed in this thesis should be applicable on a model independent basis.
In addition, the result presented here are carried out on a more concrete perturbative
composite-Higgs models than those studied in the literature, e.g. in Ref |23]. Including
a second top partner in each of the models also lead to a variety of deviations from the
SM, especially in the case of two quasi-degenerate top-partner masses.

We conclude with some very simplified arguments on the potential of increasing
luminosity in LHC experiments to exclude the models considered in this thesis. First,
in order to make use of our results, we need that at least one event could be detected. For

a physical process, the expected number of events can be calculated from the relation
oL =N, (4.25)

where ¢ is used to denote the total cross-section of the physical process, £ denotes the

integrated luminosity and N denote the number of expected events. From this relation,
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we construct the significance parameter [51]

Significance = % . (4.26)

where S is used to denote the expected number of signal events, which in our case, it
is the h + jet in the composite-Higgs scenario, and B is used to denote the expected
number of background, i.e. SM Higgs plus one jet and the corresponding irreducible
background. In Eq. , S is defined as

S = (O_BSM(p%ut) - O'SM(p%ut)) L (427)

where opgm(p5't) is the h + jet total cross section computed in our composite Higgs

scenario and ogy(p$™) is the cross section of the Higgs plus jet production computed

in the SM. B is defined as

B = (USM(pCTm) + UB(pCTut)ﬁ x~ UB(chut)ﬁ- (4.28)

where op(ps*") denotes the cross section for all the processes that give an irreducible

background to Higgs production. Eq. can used to determine the probability to
find the signal event of h 4 jet process from the populated background events in the
LHC. Focusing on the decay h — ~7, with an integrated luminosity of 3000 ab~!,
we obtain at most one event for p* around 1 TeV. At the moment, the efficiency in
eq. (4.23)) is not measured. Nevertheless, we can still ask what relative deviations from
the SM could be appreciated, using the integrated pr distribution. In particular, we
can consider the relative deviation with respect to the SM, as follows

cut cut

cuty __ OBSM\D — OsMm\P

5BSM(th) = ( T ) — ( T )
USM(pT )

(4.29)

In term of this quantity, the significance in Eq. (4.26) can be rewritten in the form

cut

Significance = dpsm (pS) %piu? VL. (4.30)

os(p)

By convention, a given BSM scenario is excluded if the significance is bigger than 2.
This gives that, with an integrated luminosity £, we can probe values of dpgn(p5)
as large as QW /osm. This depends crucially on the value of op, which has to be
made as small as possible, but still much larger than ogy. Such an analysis requires
a detailed study of the backgrounds to Higgs production with appropriate acceptance

cuts, and is beyond the scope of the present thesis.
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Chapter 5
Conclusions

The purpose of this thesis is to investigate the effect of including one or two top-partner
multiplets in composite-Higgs models, where the Higgs boson is a bound state of a strong
sector rather than an elementary particle, to the distributions of transverse momentum
of the jet radiated in Higgs production in association with a jet. This study can lead
to an effective way to probing the compositness of the Higgs. If the pr distribution of
the jet (or Higgs) produced in the Higgs plus jet production shows sensitivity to the
top-partner masses, this is expected to be a good indication that the Higgs is not an
elementary particle, but instead a composite particle.

After the discussion on basic structure of a general composite Higgs model, including
how this particle occur out of the symmetry breaking pattern of the model, in chapter 2]
we then discuss, in chapter [3] the structure of the models studied in our work, and the
procedure to diagonalise the matrices and obtain the Yukawa couplings, both in the
generic case where there is only one top partner multiplet in the model and the case
where we include two top partner multiplets in the models. These models are based
on the work in ref. [24], where the top partner multiplets are categorised in either the
singlet or fourplet representation of SO(4) and the right-handed top quark is a totally
composite particle arising from the strong sector. From these models, we derive the
analytical formulae of the Yukawa couplings of the top and top partner in the situation
where we have one top partner multiplet in each of the models. These formulae are
expressed in terms of the mixing angles 67, and fr used to diagonalise the mass matrices
in the theory. In contrast to the similar analysis presented in Ref. [23], we find that
in the singlet model the anomalous couplings of both the top and the top partner are
dependent on 6}, instead of g, and in the fourplet models the anomalous couplings of

both types of the quarks are functions of both 6, and fz. Also, as a result of assuming
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that the top partner is a totally composite quark, we find, in the fourplet models,
CP-odd Yukawa couplings for both top quark and top partner, and we compute their
analytical forms in terms of the mixing angles. For the case where there are two top
partner multiplets in the models, the fundamental parameters of the models are varied
to see how the masses and couplings to the Higgs of the top and top partners respond to
this change. Various features arise, the most intersting is the fact that, when the two top
partners have similar masses, the heavier top-partner can have a larger coupling to the
Higgs than the lighter top-partner. When the difference between the mass parameters
of the two top partner multiplets gets larger, the heavier top partner begins to decouple
from the Higgs.

After discussing the argument stated in ref. [23] that in the Higgs production in
association with one jet, the presence of a top partner induces deviation from the SM
in the transverse momentum distribution of either the Higgs or the jet, we then prove
this point in the situation where a single top partner multiplet in both representations is
included in the theory by presenting contours plots of the parameter §(p5t), related to
the integrated py distribution down to a lower bound p$™, as a function of the physical
top partner mass My and the compositeness scale f. The contours plots are presented
for different values of sin® fz and p$* for the singlet models discussed in chapter [3| and
for different values of sin? @, for the fourplet models discussed in the same chapter. It
is found that for the singlet models the deviation from the SM is huge, even for small
values of sin? . Increasing the value of the pS'* leads to a huge deviation from the SM
in these models. For the model with the top-partners in the 4, the difference from the
SM pr spectrum must be analysed on a case-to-case basis, with the highest values for
both sin? @, and pS giving the most promising deviation from the SM.

For the situation where we have two top partner multiplets in the models, we studied

the deviation from the SM as a function of p§*. We find a variety of deviations from

the SM, but the fact that all plots show strong dependence on p§'* suggests that an
analysis on pr distribution gives promise to exclude large fractions of parameter space
for composite Higgs models.

We believe that a shape analysis of the Higgs transverse momentum spectrum is
the best observable to probe masses and couplings of top partners. Moreover, if one
normalises this quantity to the total cross section, it will be possible to disentangle
also the effect of the compositeness scale resulting in a trivial change in normalisa-

tion of the spectrum. Assessing whether this is feasible or not with present or future
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colliders requires a careful analysis of the ireducible background to Higgs production.
This is beyond the scope of this thesis, but opens the way to many interesting further

phenomenological studies.
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Appendix A

An alternative method for deriving

the CP-odd Higgs couplings

We would like to present an alternative method for deriving the CP-odd Higgs couplings
from the mixing in Eq. (3.42)). The starting point of this procedure is to rotate the
Tr and (Xg /3)r states to the mass eigenstates with the rotations used to diagonalise

the mass matrix in each of the models. Substituting Eq. (3.44]) on Eq. (3.42)), we first

arrive at

. _ .4 s _ 2¢c. 4
ZCl[(XQ/g)R — TR]—ptR = ZCl[(Xlg/g)R — T/ ]—ptR (Al)
f N f
Using then Eq. (3.46)), we are then left with
1} 1}
201[(X2/3)R — TR]TptR = icy cosOp sm@R N Tg pr” —icycosOp sm@R N t’é Py th+ .
(A.2)

We show here only the relevant terms for the Higgs plus jet production since the other
terms will involve mixing between two different right-handed states and those cannot
participate in fermion loops contributing to the process. From this expression, we could
expect that these terms will interfere with all other terms in the theory that involve
only the same species of the right-handed fields. Before rotating to the eigenstates, the

terms in the original Lagrangian involving only the right-handed states are
iCl\I/;l%dﬂ’yutR + ZERﬂtR + ZTRﬁTR + iXQ/gRﬁXQ/gR + h.c. (Ag)

The kinetic terms of all the right handed fields are invariant under the rotation to the

mass eigenstates, i.e.

itpdty + iTRATR + 1 Xo/3p0Xos3r = WWpdty + iT" )Ty +iX"5ysr0X5 )3, (A4)
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so their contributions can be handled straightforwardly. Let us consider ic;U%d, v"tr
and its hermitian conjugate term. Their contributions read

) . ,3P /ﬁp '
(zcl —zc{) (COSGR sm@R N (T’ 7 Ty — 1 775}%))

= 2Im(c;) (COS Or SmHR N (t’éip ty T”ipT )) :

Then, in order to analyse how the terms in Eq. (A.3]) combine with one another we act
on the contribution in Eq. (A.5)) with a field redefinition

(A.5)

1 (14 %)t’é, (A.6)

where ¢ is a complex constant to be defined. This leaves us with

. 2c P\ Op —,Ip
t // /e s liad e !/l
2Im(cl)COSGRsm9R—N ((1—1— f) f (1—|— f) tp —Tg 7 Tx
/ﬁ / 7/8/ !
= 2Im(c;) cos O Sm@R N (t’ fpt’ TéTPTI’%) +.,

where we neglect higher order terms in p since only terms with single Higgs field con-

(A7)

tribute to the Higgs production process in association with a jet. At the lowest power in
p, this field redefinition does not change any contributions from the terms in Eq. (A.5]).

However, once this redefinition is applied on it,@t7, we obtain

n/j " . /) 6—i.p_// " ~p 1
i (A.8)
1

ith ity + it (5%}@) + i%f’éﬁt’é +0(p?) .

From this expression, only the second and third terms could contribute to the Higgs
plus jet production process since they are the only terms containing a single Higgs
field. They are the only terms that can participate in the fermion loop of the process.
Unlike in Eq. , the terms with a single Higgs field contain either a factor of ¢ or

¢t Carrying out integration by parts on the second and third terms of the last line in
Eq. (A.8), we obtain

~t =t
i (c%ﬂ,) Ly~ —i (0,8 fpt;; '(éh (%tR)> o (A9)

If we then use the product rule on the second term of this expression, we obtain

. /) // i ~ ﬁ "
— i (Oul'r) M; i (OutR) fp’Y“tR_ itp fptR (A.10)
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Then, if we set é = —¢&, we are left with only the —if’]’%%@t’]’% term. This term can
cancel the first term in the last line of the Eq. (A.7)) by setting

¢=—¢ :4@'Im(01)0089381n03%. (A.11)
We use the same trick on the top partner field, i.e. with another field redefinition

Tg%(r+%ﬁfg (A.12)

where ¢, is a complex constant. If we go back to the Eq. (A.7)), the effect of this field
redefinition on last expression in this equation is
2 (., Dp _dp_\ dp Cop
2Tm(cy) cos Og sin HRW (t'éTt'é — <T§ + %Tg " Ty + TT;%' +...

2%, (- _
= 2TIm(cy) cosOg sin Oy ]ff (t;ﬁz%t;’% — TE%TJQ) +..,

(A.13)
which, similarly to the field redefinition in Eq. , does not change the contribution
from the terms with one Higgs derivative. We can then perform this field redefinition
on iThdTy in the same way we applied Eq. to the it},dt’. In this case, however,
the terms involving one Higgs field emerging from the top partner kinetic will be able
to cancel out the second term in the last line of Eq. only if we set

Gy = —Ch = —4iTm(cy) cos g sin 93% : (A.14)
At the level of one Higgs field, the contributions from every terms in Eq. cancel
each other out, and it might seem to be the case that the ¢; parameter does not have
any effect on the Higgs plus jet production at hand. However, we must also perform the
field redefinitons in Egs. and on the mass terms of the mass eigenstates.
For the top mass eigenstate, the effect of the field redefinition reads

c ot
_ _ C . ¢
mit] s + mitht] — met] (1 + Tp)t;’2 + myth (1 + Tp)tg
~ - (A.15)
/i n Cp " /s n/ CTp "
where the second and fourth terms are the contribution to the Higgs plus jet process.
If we again set ¢ = —¢', these two terms give
_C _, C

Wﬂ%%—m%%%. (A.16)
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If we consider the Gamma matrices structure of these terms then from mtf’,:% "%, We

obtain

i/ 6/) [~ é—pt”Tl — 75701 + 75t// _ mté_pt/n‘,y()l +75t//

—
Ry 2 2 f 2
where above we used the definition of the left and right handed fields Eq. (3.51)) and

the relations for the gamma matrices in Eq. (3.52)). For mtt}’%% !, we similarly obtain

(A.17)

@ ol +7° g1—1° c 17
mtt’é%t'L’:mt%t"T —;7 7 27 t//:mt%t//wo%tm (A.18)

The resulting contribution then becomes

_E _, é é
mtt’L’—pt;g — mtt;’%—pt’,—i — m, Pyt

f f £

and we arrive with the CP-odd coupling for the top quark that we want. We could
apply Eq. (A.12) to the mass term of the top partner eigenstate, and carry on with the
steps described above to extract the CP-odd couplings for the top partner. In the case

0Pt (A.19)

of the top partner, the coupling should have the opposite sign to the CP-odd coupling
derived from the top quark. This whole procedure works for the M4;4 model and in

the situation where we have an infinite number of top partner multiplets in the models.
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Appendix B

Computational Tools

We now discuss about the computational tools we used in our work. One is the Her-
wigjet program that we used to calculate the transverse momentum distribution of the
radiated jet and the integrated transverse momentum distribution o (pr > p5™*) defined
in Eq. [23]. The other is the PERL script we used to compute the ratio of efficien-
cies of the models studied in our work and the SM, i.e. %. This PERL script

is used in our work in the case with one top partner only. The last one is Mathematica

codes that we used to make plots for the diviation of this distributions.

B.1 Herwigjet

Herwig is a Monte Carlo event generator written in the Fortran77 computing language.
It can be used to generate event samples of physics processes with their respective
properties, such as distributions of physical observables. In ref. [23], Herwig was in-
terfaced with a numerical integrator in order to produce the transverse momentum
in Higgs plus one jet events. The interface involves the packages HOPPET [46] and
LHAPDFF [41,44,/45] that perform the convolution of tree-level matrix element squared
provided by Herwig with parton distribution functions. The program is modular, so in
our case we were able to include the effect of top partner multiplets without touching
its core structure. In particular, our high-level interface is such that for the cases where
we have one top partner multiplet in each of the models, the pr distribution of the
radiated jet and the integrated distribution defined in Eq. are computed from
the programme by simply inputting the values of the scale f, the physical masses of

the top and of the top partner, the mixing angle of the right-handed fields sin? #; and
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an integer corresponding to one of the models described in chapter [3]

We have seen that, in the case of multiple top partners, simple analytical expressions
are not practical. Therefore, we also modified the code so that arbitrary numbers of
top-partners masses and couplings can be read from a file, and directly taken into
account by the program to compute transverse momentum distributions.

In Herwig, there are only two main files that allow users to implement the pro-
gramme for their purposes: the main program hljet.f90, and the helper FORTRAN
modules mass_parameters.f90. The mass_parameters.f90 file provide subroutines
used for calculating masses and Yukawa couplings of the particles involving in physical
processes. These subroutines are used by the file mass_helper.f90 and hwhig helper.f
to compute the Higgs (or jet) transverse momentum distribution. The file
mass_helper.f90 contains the matrix element squared and subroutines for numerical
integration. Some of these functions call subroutines from mass_parameters.f90 to
have access to the couplings and masses of the particles involved. The hwhig helper.f
file contains the amplitude for Higgs plus one jet with an arbitrary number of fermions
running in loops. It also contains functions necessary for the subroutine constructed in
this file, such as function to calculate one loop scalar integrals. Some of the subroutines
from hwhig helper.f are called by functions in mass_helper.f90. The hljet.£f90 file
is dedicated to computing the kinematics distributions, and input/output procedure.
This file also allows user to input specific parameters for the computation such as set-
ting renormalisation and factorisation scales, as well as parton distribution functions.
Users will be able to execute the program herwig via the executable file hljet.

We will now discuss the modification we made to the file mass_parameters.f90.
For the case where there is one top partner in each of the models studied in our work,
we set up the program, so that it implements analytical formulae for each model, as
well as the limit where the model should correspond to the SM. In order to achieve this,

we add the following statements

sthRsq = sthsq

cthRsq = one-sthRsq

tanthlLsq = (mtp/mt)**2xsthRsq/cthRsq
cthLsq = one/(one+tanthLsq)

sthLsq = one-cthlsq

if (invfscale == zero) then

select case(model)
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case(M1_5, M1_14)
yt = yt*xcthlsq
ytp = ytp*sthlsq
case(M4_5,M4_14)
yt = yt*xcthRsq
ytp = ytp*sthRsq

case default

call wae_error(’set_mass_parameters’,’unrecognised model: ’,&

&intval=model)
end select
else

seps = vev*invfscale

ceps = sqrt(one-seps**2)

select case(model)
case(M1_5)
yt = yt*cthLsqg*ceps
ytp = ytp*sthLsqg*ceps
case(M1_14)
yt = yt*cthLsqg* (two*ceps**2-one)/ceps
ytp = ytp*sthLsq*(twoxceps**2-one)/ceps
case(M4_5)
yt=yt*ceps* (cthRsq-seps**2/ (one+ceps**2) * (cthLsq-cthRsq))

ytp=ytp*ceps* (sthRsq-seps**2/ (one+ceps**2)* (sthLsq-sthRsq))

case(M4_14)
yt=yt*(cthRsq* (twoxceps**2-one) /ceps-&
&seps**2xceps/ (four*xceps**4-three*ceps**2+one) *&
& (8. _dp*ceps**2-three) * (cthLsq-cthRsq))
ytp=ytp* (sthRsq* (two*ceps**2-one) /ceps—&
&seps**2xceps/ (fourkceps**4-three*ceps**2+one) *&
& (8. _dp*ceps**2-three) * (sthLsq-sthRsq))

case default

call wae_error(’set_mass_parameters’,’unrecognised model:

&intval=model)

end select
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end if

In the statement above, invfscale is used to represent the value of f~!. If this param-
eter takes the value of zero, the analytical limit f — oo is implemented, as can be seen
from the arguments in the first if statement above, i.e. if (invfscale == zero). If
invfscale is not set to zero, then the Yukawa couplings of the fermions are taken to
be those listed in Eq. . model is used to determined which of the models herwig-
jet must perform the computation with, which is done via select case(model). The
variables yt and ytp are used to denote the Yukawa couplings for the top quark and
top partner in the theory respectively. In the computation of the Yukawa couplings,
seps is used for the value of s, defined in Eq. as can be seen from

seps = vev*invfscale

ceps = sqrt(one-seps**2)

where vev take the value of the EW scale v, and ¢, is defined in the second line of this
part of the code. The variables sthLsq, cthLsq, sthRsq and cthRsq are introduced
for storing the value of the sin®6;, cos?6;, sin® 0z and cos? @ used in the bi-unitary
transformation respectively. The relationship defined in Eq. between between 6,

and Op is included in the code via

tanthlsq = (mtp/mt)**2*sthRsq/cthRsq

and this relation is linked to the definition of the cos?#; via
cthLsq = one/(one+tanthlLsq)

For the case where there is more than one top partner multiplet in the theory, the
program is modified in such a way that it could create arrays of masses and Yukawa
couplings to perform the calculation out of some input files that user feeds to it. For

this task, we created the following basic subroutine

subroutine read_top_partners(indev,nqmax)

integer, intent(in) :: indev, ngmax

integer :: i

allocate(mass_array(ngmax) ,yukawa(ngmax))
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do i=1,ngmax
read(indev, *) mass_array(i), yukawa(i)

end do

close(indev)

end subroutine read_top_partners
This subroutine is then called via a simple if statement as follows

if (log_val_opt(’-in’)) then

indev = idev_open_opt(’-in’,status="old")

read(indev,*,iostat=ios) ngmax_eq, ngmax

| maximum number of quarks, including bottom and top

ngmax = min(int_val_opt(’-ngmax’, ngmax) ,ngmax)

call read_top_partners(indev, ngmax)
else if (mb == zero) then
allocate(mass_array(1l),yukawa(1l))
mass_array = (/mt/)
yukawa = (/yt/)
else if (mtp == zero) then
allocate(mass_array(2) ,yukawa(2))
mass_array = (/mt,mb/)
yukawa = (/yt,yb/)
else
allocate(mass_array(3),yukawa(3))

mass_array = (/mt,mb,mtp/)

! The inverse of fscale
if (log_val_opt(’-fscale’)) then
invfscale = one/dble_val_opt(’-fscale’,zero)

else



95

invfscale = zero
end if

model = int_val_opt(’-model’,1)

call set_top_yukawa(model,mt, mtp, invfscale, yt,ytp)
yukawa = (/yt,yb,ytp/)

end if

In this subroutine, the main if statement allows a user to open an input file containing
numbers, masses, and Yukawa couplings of quarks via -in command-line option. It
then calls the subroutine read _top_partners to create arrays of mass and top Yukawa
couplings that herwigjet will use in the calculation for the case with more than one top
partner multiplet. If we want to perform the calculation in the case where there is one
top partner in the model, instead of feeding an input file to the programme, we can
provide the value of f, sin? @z, mass of the top partner and the model name. We can
input to the programme, f scale via -fscale which the programme will automatically

convert to invfscale as can be seen from

if (log_val_opt(’-fscale’)) then

invfscale = one/dble_val_opt(’-fscale’,zero)
else
invfscale = zero

From this part of the code, if -fscale is not provided, invfscale will be set to zero,
i.e. the limit f — oo will be computed. The value sin® fz can be input by the user via

the command-line option -sthsq. The part
call set_top_yukawa(model,mt, mtp, invfscale, yt,ytp)

is used to call subroutine set_top_yukawa which will contain the if statement for de-
termining the form of the Yukawa couplings and the limit of the calculation for one top
partner case we describe above. This subroutine set_top_yukawa would also contain
the code to calculate the value of sin?; and the relevant trigonometric functions de-
scribed using Eq. (3.20). Notice that if a user does not specify the model to calculate
and the value of -fscale is not set, herwigjet will perform the computation for the
SM.
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The HERWIG code modified for our work can be exploited as described below. If
the code is obtained and properly set up on a machine, the user need to compile it by

executing

$ make

At the directory where HERWIG is installed, the program can be simply run by
$ ./hljet

By executing this command the program will compute the transverse momentum dis-
tribution do/dpr and the cross section o (pr > p$*) of the pp — h + j process, in a
given bin of the transverse momentum of a jet or Higgs pr for the SM. Each of the
bins is specified by the minimum, medium value and maximum py. The default units

cut

of do/dpr and e(pr > p3*) are nb/GeV and nb respectively. In the version of HER-
WIG used in our work, this command is the most simple one, and there exist several
options to specify how the program generates the simulations. The simplest option to
the modify the command above is the choice of the maximum transverse momentum

which can be achieved, for example, with the command
$ ./hljet -ptmax 4000

where —-ptmax is the syntax used to denote the maximum value of the transverse momen-
tum, which is 4000 GeV in the example above. The c.m. energy used in the simulation

can be controlled by adding the syntax -roots, e.g.
$ ./hljet -roots 14000

would result in the SM simulation with 14000 GeV. If this option is not specified, the
default value of the c.m. energy is 8000 GeV in our code. The output file can be
generated with the option -out. For example, if the user wants to produce an output
file named LHC14-SM.res for the SM computation with c.m. energy of 14 TeV, this

could be done with the command
$ ./hljet -roots 14000 -out LHC14-SM.res

For the models discussed in our work, the user may be able to generate result files for
these models in two ways as outlined above. The first option is to input the values
of the physical parameters used in the models directly to the Herwigjet. The user

can generate the result files in this way only if they are restricted themself to models
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with one top partner. As mentioned above, the parameters that can be input are
the mixing angle sin? 0z, the compositeness scale f and mass of the top partner my.
Before specifying these parameters, the user must indicate which of the composite Higgs
models the program will compute the result files for, via the number assigned for each
of the models considered in our work. The model selection can be done via the option
-model, and the numbers used to identify the models are 1,2,3 and 4 corresponding
to models M15, M1y4, M45 and M4, respectively. If the user does not specify the
model, then the default one is the SM. The mixing angle can be specified via the option
-sthsq. The scale f can be input into the computation via the option -fscale. The
value of mp can be specified in the computation via -mtp option. As an example of
how to use the options described above, the command to simulate pp — h + 7 in M45
with sin? 6z = 0.1, f = 600 GeV, mp = 1250 GeV at LHC with 14 TeV c.m. energy is

$ ./hljet -roots 14000 -sthsq 0.1 -fscale 600 -mtp 1250 -model 3
-out LHC14-sth2_0.1-f_600-mtpl_1250.res

where LHC14-sth2_0.1-f_600-mtpl_250.res is the input file in this example. During
the writing of this thesis, CP-odd contributions have been also implemented, according
to the calculation in ref. [52]. The user then has also the option of taking into account
only the CP-odd Yukawa couplings given in Eq. for generating the result files, by
adding the option -cpodd. Since the analytical forms of the CP-odd Yukawa couplings
in Eq. also depend on the value of Im (¢1), the value of the imaginary part of
the ¢; parameter must also be provided via -imc1 after adding the option -cpodd.
For illustrative proposes, if the user wants to repeat the computation in the previous
example, with only the CP-odd Yukawa couplings taking into account, this can be done

with the command

$ ./hljet -roots 14000 -sthsq 0.1 -fscale 600 -mtp 1250 -model 3
-out LHC14-sth2_0.1-f_600-mtpl_1250_cpodd.res -cpodd -imcl 0.2

where now LHC14-sth2 0.1-f _600-mtp1_1250_cpodd.res is the name of the output
file.

The second method for running the code is via an input file, a .txt file containing
the mass and Yukawa couplings of the particles that would be considered in the com-
putation. The advantage of running the code with this option is that the user can now
perform the simulation in either cases with a single top partner multiplet or cases of

more than one top partner multiplet. For an example of the input file that can be used
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to run the program with this option, suppose the user wants to run the simulation for
two top partners in any of the models discussed in chapter |3 the input file would be

similar to the following:

ngmax: 4

4.65 0.951459791218233 0

173.74257800960504 0.9639943661520481 -0.015766977146788846
1246.0955797523338 -0.00009836393686296971 0.00027684138704548936
1679.545946828568 -0.012347921454152677 0.015490135759743444

Above, the first line is the total number of the particles that the program will take
into account in the simulation. The information in the second line and the rest of the
file will be the masses of the particles in the first column following by the CP-even
Yukawa couplings and the CP-odd Yukawa couplings in the second and third columns
respectively. Each column is separated from the other one by the blank space. The
input file can be provided to the program via the option —in. If —-in is used alone, the
computation would be carried out with the CP-even coupling, i.e. the second column

of the input file. The command that can be used to run the code will be, for instance,

./hljet -roots 14000 -in M452tp_y1_M1200_£f800.txt -out
pth-LHC14-HT_M452tp_y1_M1200_£800.res

where above M452tp_y1 M1200_£800.txt is an input file, and the name of the output
file is pth-LHC14-HT M452tp_y1 M1200_£f800.res. Note that in the example above, the
computation was performed with the CP-even Yukawa couplings and the c.m. energy is
also specified. In fact, the user can perform the simulation with the CP-odd couplings,
the third column of the input file, by adding the option -cpodd. Here is an example:
If one wanted to perform the computation with CP-odd Yukawa coupling instead, the

command will be

./hljet -roots 14000 -in M452tp_y1_M1200_£800.txt -out
pth-LHC14-HT _M452tp_y1_M1200_£800_cpodd.res -cpodd

where pth-LHC14-HT M452tp_y1 M1200_£800_cpodd.res is the name of the output file.
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B.2 PERL

We used a PERL script to calculate the % for the case where there is one top
partner in each of the four models studied in our work. Before using this script, data
files must be produced for varying values of the scale f, the top partner My, sin? 60z
(sin®@y) for the fourplet (singlet) models, along with the SM data file from herwigjet.
The script starts with the variable corresponding to p$', which we defined here as
$ptmin. Then, we open the SM file, and store the value of o (pr > p$*) defined in

Eq. (4.22)) for the corresponding value of p§** with

$smfile = ’pth-LHC14-HT-SM.res’;
open (IN,"<$smfile");
while ($line = <IN>) {

if ($line =~ /"\s+$ptmin/) {
@sm = split(’ ’,$line);

}
}
close(IN);

cut

Here, we first search for the line in data file where the value of o (pr > p$"*) correspond-

ing to p§™* is located. We then split that line with space, and store the data in the array
@sm. We then used a similar code to search for the total cross section of the production

g

open (IN,"<$smfile");
while ($line = <IN>) {
if ($line=" /sigma0/){
@smn= split(’ ’,$line);

}
close(IN);

We can then use this style of code to store the values of o and o (pr > p$™*) for the

four composite Higgs model. Then, from the variable @sm, @smn, @bsm and @bsmn, we

cut
esMPr>PE) g1 5 data file. We can then define arrays to store this
esm (pT>pTt)

value for a specific set of parameters: f, My, sin?6d; p and the name of the models,

compute the ratio

which we can then loop over any pair of these arrays to generate the “table” of the
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ratio for each of the specific values of the other two parameters. In our work, we loop

over the compositeness scale f and My for each of the sin? 01 r and models.

B.3 Mathematica

We used a Mathematica code to make plots that illustrate the different in Higgs plus

jet production between the SM and our models.

Contour plots for §(ps*)

One way to present §(pi*) defined in Eq. (4.24)) is to make a contour plots of this variable

for each of the models for a value of sin? §z with a value of pi**. The Mathematica code

eBsMm (P >pY)

esm(pr>pSHt)
is calculated for each of the models over ranges of f scale and top partner mass My,

cut

that we used to plot the deviation 6(p$"*) works as follow. Suppose the ratio
and this set of data is tabulated in a file for specific values of sin®fp and p$*. We can

then import this file with the command
delta = Import["C:\\file.res", "Table"];

Here, the delta is used to store the table of the ratio of efficiency values. We then
create a set of coordinates for the contour plot of the data in this table. In our work,
we will define the coordinates as f in the range 600 GeV < f < 1200 GeV and M7 in
1200 GeV < My < 2200 GeV. This coordinate can be created by

coordinates =

CoordinateBoundsArray [{{600, 1200}, {1200, 2200}}, {50, 503}];

weher coordinates is used to store the coordinates. In the code above, we created

both coordinates with 50 increments. Then, we create the contour of §(p$*) by

dat = Table[0, {j, 13}, {k, 21}1;
For[i =1, i <= 13, i++,
For[j =1, j <= 21, j++,
dat[[i, j]] = Flatten[{coordinates[[i, jl], (deltal[i, jl] - 1) 100}]
]
]

Then, we flatten the result with
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datt = Flatten[dat, 1]

so that it could be included in the argument of ListContourPlot. We then make the
contour plot using ListContourPlot directly out of datt.
Patches of Mathematica code have also been used to compute the masses and

Yukawa couplings in the case with two top partners.
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