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ABSTRACT

In this thesis we explore the compelling BSM model of Walking Techni-
color, where new strong dynamics with a modified slowly running (walking)
coupling dynamically break electroweak symmetry. We detail the Next-to-
Minimal Walking Technicolor (NMWT) model, connecting an effective chiral
Lagrangian to the underlying dynamics via the Weinberg Sum Rules. We dis-
cuss the theoretical upper limit on the NMWT scale, M4, set by the require-
ment of walking dynamics, and experimental limits from reducing tension
with Electroweak Precision Data.

We investigate the potential of the Large Hadron Collider (LHC) to probe
the NMWT model at LHC@13TeV, 36fb~!, using dilepton signatures from
heavy neutral Z' and Z” resonances predicted by the model. We establish
a new limit in the (M4, §) plane, demonstrating the complementarity of the
two resonances. We find the most conservative limit as My > 3TeV for
low g. We set the first complementary limits from searches in the Drell-
Yan produced VV/Vh channels, demonstrating new potential to probe the
intermediate-high g regime.

We use a holographic model to explore WTC from a top-down approach
with varying number of techniquark colours and flavours (N.,Ny), tuning
the gauge running dynamics to produce a light Higgs and low S parameter.
The resulting models predict technimeson masses and couplings above the
current LHC limits, where the top-down equivalent model to NMWT lies at
My ~ 4TeV, g ~ 8. This estimate provides a benchmark for the challenge of
exclusion/discovery of new strong dynamics at future collider experiments.

We begin the task of determining the future of Walking Technicolor, devel-
oping a procedure for setting expected 95% CL limits on neutral resonances
in the DY dilepton channel. We use this to predict the exclusions on the
NMWT parameter space for the LHC era up to HLLHC@14TeV, 3ab~!, and
for future 27TeV and 100TeV colliders. The DY dilepton channel is limited
by the systematics, but can begin to probe the most extreme (large number
of techni-doublets) top-down models from holography. We draw prospects on
predicting limits from V'V/V h searches from Drell-Yan and Vector Boson Fu-
sion production, and to ultimately determine the fate of Walking Technicolor
in the LHC era and beyond.
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Chapter 1

Introduction

The Standard Model (SM) of Particle Physics has prevailed throughout the
last century as the most robust description of fundamental particles and their
interactions, and with the famed discovery of the Higgs boson by the CMS [7]
and ATLAS [8] collaborations in 2012 the SM puzzle is seemingly complete.
However, there remain many important issues that the SM fails to address,
such as a quantum description of gravity, the origin of neutrino masses, and
the nature of Dark Mattelﬂ Perhaps the most imperative unresolved issue
is the nature of Electro-Weak Symmetry Breaking (EWSB) and the origin
of mass for fundamental particles. The current SM understanding of mass
generation through spontaneous EWSB, i.e. the Higgs mechanism, fails to
adequately explain the observed mass of the Higgs boson without introducing
huge fine tuning. This is the hierarchy problem, where radiative corrections
push the Higgs mass up to the Planck scale (Ap;), 16 orders of magnitude
greater than the physical Higgs mass at the weak scale.

To answer these questions we must look Beyond the Standard Model (BSM),
models for which can be categorised into several common classes (e.g. Su-
persymmetry, Extra Dimensions, Grand Unified Theories). One of the more
exciting paradigms is Technicolor, based on the introduction of new strong
dynamics [9, [10], under which a chiral condensate forms and dynamically
breaks electroweak symmetry. This provides a natural scale for mass gen-
eration and removes the fine tuning required for the SM Higgs mechanism.
In the age of high energy and high luminosity colliders it is now possible to
search for new physics at >TeV energy scales, and Technicolor provides a
wealth of phenomenology to explore at this scale.

IThese topics are not discussed within this thesis



The original inception of Technicolor was a replacement of the Higgs mech-
anism, in fact having no Higgs boson at allﬂ Of course, observation at the
LHC tells us such a particle does exist, so where does this leave Technicolor?
Electroweak precision data (EWPD) also disfavours the QCD-like dymanics
of the original Technicolor theory[I1]. Thankfully for us, Technicolor the-
ories with modified strong dynamics can address both of these experimen-
tal constraints, whilst retaining the richness of TeV scale phenomenology of
the original Technicolor. These well motivated Walking Technicolor (WTC)
models contain a new strong coupling ag, modified to include a very slowly
running (‘walking’) regime between the Technicolor scale Ar¢ and some high
energy Extended Technicolor scale Agro[12] 13, 14, 15 16]. The weak scale
phenomenology of WTC includes a composite spin—0 resonance consistent
with the observed Higgs boson, providing a naturally generated Higgs mass
and an interesting potential nature for the Higgs boson. The phenomenology
also includes multiple composite triplets of spin—1 resonances around the
TeV scale, making WTC a prime candidate for experimental searches.

By studying physics at TeV scale colliders, we can probe the WTC paradigm,
the nature of mass generation, and provide insight into the nature of the
Higgs boson itself. Through such searches we hope to provide an answer as
to the current potential of WTC as a solution to the hierarchy problem, as
well as predict the future of Technicolor in the high luminosity LHC era and
beyond.

The structure of this introduction will be as follows; In section the SM
gauge sector, the Higgs mechanism for spontaneous electroweak symmetry
breaking (SEWSB), and the hierarchy problem are detailed. The mechanism
of dynamical EWSB (DEWSB) as observed in the QCD sector is discussed
in [I.2] along with the scaled-up QCD model of Technicolor in the pre-Higgs
discovery era. Finally the evolution of the DEWSB models from running to
walking dynamics is introduced and discussed in section [1.3]

The remainder of this thesis is structured as follows; In chapter [2| the Next-
to-Minimal Walking Technicolor model (NMWT) at the level of the low-
energy effective Lagrangian is introduced and its parameter space discussed
in detail. Chapter |3| details the physical spectrum of NMWT and how it is
obtained from explicit diagonalisation of mass matrices in the model. The
phenomenology of neutral resonances (mass spectra, branching ratios, cross
sections etc.) is explored in detail in chapter . In chapter |5| we update the

2There does exist a composite scalar in QCD-like Technicolor, equivalent to the QCD
o meson, however it has mass> M}, and therefore cannot be identified as the observed
Higgs



Drell-Yan dilepton limits on the NMWT parameter space for LHCQ13TeV,
36fbt, at which we also produce the first limits on NMWT from neutral and
charged resonances in VV/Vh channels. In chapter @ the spectra of Walking
Technicolor models are calculated from a top-down perspective using a Holo-
graphic model, and projected into the NMW'T parameter space to explore the
current capacity of the LHC to probe such models. In chapter |7l a method of
predicting dilepton limits at future colliders (HLLHC, 27TeV LHC, 100TeV
FCC) is detailed and validated, and projected limits on NMWT for these
collider searches are presented and discussed in the context of both bottom-
up (effective £) and top-down (holographic model) constructions of Walking
Technicolor. Finally, we conclude with chapter 8] ultimately determining the
future of Walking Technicolor in the LHC era and beyond.

1.1 Standard Model of Particle Physics

Introduction to SM Gauge Interactions

The history of the Standard Model (SM) is an interesting one; being the
most successful and experimentally consistent theory of fundamental parti-
cle interactions to date and yet still lacking the satisfying resolutions to its
problems, such as the hierarchy problem associated with the Higgs boson. To
understand where the hierarchy problem and electroweak symmetry break-
ing (EWSB) enter in to the SM, it is helpful to recount the history of gauge
interactions in the SM.

The Standard Model is a gauge theory describing interactions under the
strong, electromagnetic and weak forces. Overall the theory has the gauge
structure SU(3)c ® SU(2), ® U(1)y, where C, L, Y represent colour charge,
left-handedness, and hypercharge respectively. Interactions are mediated by
spin-one gauge bosons corresponding to the generators of the relevant sym-
metry group. Let us briefly discuss the gauge sector of the strong force before
giving a detailed overview of the electroweak gauge sector.

The strong force is mediated by eight gluon fields, G}, where a = 1,...,38,
corresponding to the 3x3 matrix generators of the fundamental representation
of the SU(3) group,

HEE (11)

where A* are the Gell-Mann matrices [17]. These generators follow the rela-



tions

8. ,
Trt*t"] = 7" [t 7] = ifoet,., (1.2)

where [ are the antisymmetric structure constants of SU(3)¢. As QCD
is a non-abelian gauge theory, the field strength tensor can be constructed
from the following combination of gluon fields;

G, = 0,G, — 0.G), + ggf“bCGZGf,, (1.3)

where gg is the coupling strength of the strong force interactions.

Testing this field strength tensor under SU(3) transformations will provide
the appropriate kinetic term for the Lagrangian. The SU(3)s group contains
set of 3x3 Unitary matrices with determinant 1, U = ¢#"%  where 0% are
arbitrary parameters. Applying an infinitesimal SU(3)¢ transformation to
the field strength tensor,

Ge, —U'Ge,U (1.4)
is invariant if the gluon field transforms as
1
Go— G — g—sau(aea) — fabe00°GS,. (1.5)

This allows us to safely construct the gauge invariant kinetic Lagrangian for

QCD,

. 1
L8tp = —5TrlG" G (1.6)
]' 4 a
= —ZGQ GW, (1.7)

which, in addition to the usual 2-point gauge boson interactions, contains
both cubic and quartic gluon self-coupling terms. If we try to add in a mass
term for the gluon, e.g. %mGGgGZ, under the transformations given above
this term breaks the gauge symmetry of SU(3)c. Thus, the gluon must be

massless.



As proposed by Glashow, Weinberg, and Salam, the electromagnetic and
weak sectors can be considered together in a unified electroweak theory [18|
19, 20]. Consider the case of exact SU(2);, ® U(1)y symmetry; each group
has its own set of fields corresponding to the generators of said group. The
U(1)y group contains one generator which can be identified as hypercharge,
Y, associated with a field B,,. The SU(2);, group contains three generators
T?, a = 1,2,3, corresponding to three fields W. These SU(2),, generators
are related simply to the 2x2 Pauli matrices by a factor of 1/2,

1/0 1 1/0 —i 1/1 0
T1:§<1 0)’ ngé(z' 0)’ T3:5(0 —1)' 49

The generators follow the commutation relations

[T, T = ie®™T,, [Y,Y]=0, [T%Y]=0, (1.9)

and the field strength tensors of the associated fields B, and Wi take the
form

B, =90,B, - 0,B,,

a a a abc byxrrc (110)
Wi, = 0W; — Wi — goe™ W, W,

where €%¢ are the antisymmetric Levi-Civita structure constants and gy is

the dimensionless gauge coupling associated with SU(2).

The B, field strength transforms as an abelian theory (e.g QED), so the
local gauge transformation of By, is simple to write down, whereas W}, is non-
abelian so should transform similarly to the QCD field strength under SU(2)
transformations. Thus we can see that under infinitesimal transformations
the SU(2), and U(1)y fields transform locally as

1
B,u — Bﬂ + —(’3u9y(x)
" (1.11)
Wi Wi+ a@ﬂ%(z) + eabCWli’@i(x),

where gy, g2 are the dimensionless gauge couplings associated with U(1)y
and SU(2), respectively.



A first hint of unification of the electromagnetic and weak forces can be
seen in the relationship between generators of each group and the proper-
ties (quantum numbers) they represent. The QED generator @) and U(1)y
generator Y represent electric charge and hypercharge respectively, where
the generators of SU(2), represent isospin. Of particular importance is the
third component of isospin, i.e 7, which is the conserved quantity in gauge
transformations of a fermion field under SU(2).. The weak isospin and the
hypercharge are related through the electromagnetic charge as

Q:T3+§ (1.12)

Thus the gauge invariant kinetic Lagrangian for the electroweak sector is

, 1 1
L = —WiWi, — 1 B" B (1.13)
As in the case of the QCD bosonic lagrangian (equation, we are forbidden
from writing down mass terms for the B* and W/ fields if the SU(2),®@U(1)y
gauge symmetry is to remain intact. However, the bosons of the weak force
(W, W=, Z) have been experimentally observed to be massive, so how does
one reconcile the existence of massive gauge bosons with a fully invariant
Lagrangian? There must be some mechanism to break SU(2), ® U(1)y
gauge symmetry whilst preserving the symmetry of the Lagrangian.

1.1.1 Electroweak Symmetry Breaking in the SM

The SM achieves this feat by introducing a complex scalar SU(2) doublet -
the Higgs field - that breaks electroweak symmetry spontaneously, inducing
invariant mass terms for the W+*/~ and Z bosons whilst maintaining a mass-
less photon and a fully gauge invariant Lagrangian. This Higgs doublet is

o,
P — (?;) , (1.14)

where ¢, ¢° are the complex scalar fields

1 1

ot = —=(¢' +i¢?), ¢°=—=(¢"+ig"). (1.15)
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This Higgs doublet enters into the SM Lagrangian with a scalar potential
part and a gauge-interacting part,

Liiggs = (D*®)1(D,®) — V(). (1.16)

The covariant derivative of ® is

g N a a
D,® = (9, + zéYBM +igs T* W), (1.17)

“w

where B, and W are the U(1)y and SU(2), gauge fields introduced previ-
ously.

The mechanism for spontaneous symmetry breaking can be understood through
the form of the Higgs potential

V(®) = 2T + \(PTd)?, (1.18)

where A\ > 0 to ensure the Higgs potential is bounded from below, therefore
ensuring a state of minimum energy is possible.

V(@)
V(®)

&
A Rerg;

Re[gp]

(a) (b)

Figure 1.1: Form of the Higgs potential V(®) in the case of a) u? > 0, b)
2
pue < 0.

Two cases now exist for the form of the potential, the case of u* > 0 (Figure
1.1h) and that of 4*> < 0 (Figure [1.1b). When we take u? > 0, the Higgs



potential V(®) has a unique minimum, the trivial state & = 0. Here, elec-
troweak symmetry is preserved, and the Higgs does not generate masses for
the EW gauge bosons.

The case of p? < 0 is more interesting, as now the ground state no longer
lies at @ = 0 but instead exhibits a degenerate ‘ring’ of ground states at
which the vacuum acquires a non-zero expectation value. At the potential
minimum,

: 12 2
PPy =_" — 1.19
where v is identified as the vacuum expectation value (vev). Only one of
these ¢* (a = 1,...,4) will acquire a vev, and consequently the choice of
vacuum state will spontaneously break EWS.

For any choice of vacuum state, the U(1)gy symmetry is preserved, so the
symmetry breaking pattern is then

SU2) @ U(1)y — U(1) g (1.20)

In light of this, let us make the choice of vacuum state as where (¢)"?* =0
and ¢ = v,

(@) = = (0) . (1.21)

We can also introduce a real scalar field h whose vev is (h) = 0, which enters
in to the scalar doublet as

@:% (Uih). (1.22)

From the Higgs potential we have found the mechanism for spontaneous
breaking of the SU(2),®U(1)y symmetry, but what of the W and Z masses?
According to Goldstone’s theorem, as there are three broken global symme-
tries there will also appear three massless Goldstone bosons [21], 22], 23],
however as these are unphysical degrees of freedom, we will consider the



mass generation mechanism in the Unitary gauge, so we can neglect themﬂ
Let us now consider the kinetic part of the Higgs Lagrangian [1.16]

1 .g1 ) .01 . 1 0
D'®)Y(D,®) = — (0 ZYB Towe | [ =Ly BE—ig, ToW e
( )'(Du2) \/5( U)<22 e M)(Z2 ” )ﬂ(v)

(1.23)

Substituting the generators of the W fields from equation|[I.8and performing
the matrix multiplication, this becomes

(D40 (D) = W2+ W3 + (@Y B — o). (120)

We can recast this in terms of physical gauge bosons, identifying that the
Wi, Wy components can be re-written as

W= = %(W1 FiWs), (1.25)

we can then replace

W2+ W3) =23WHW-. (1.26)

The remaining fields can be rewritten as

2 3
B 32 _ (13 93 —q192Y \ (W
(1Y B, — gaW?)? = (W? B,) (—91921/ e ) (Bu) ;o (1.27)

and setting the hypercharge Y = 1 we can identify the physical photon field,
A, and physical Z boson field, Z,,, as solutions to the eigenvalue equation
formed from equation [1.27]

Au — (ng3 + g2B#> (128)

Vi + 95

7, — WWs —91B,) (1.29)

Vi + 95

3In t’Hooft-Feynman gauge the Goldstone bosons are ‘eaten’ by the physical gauge
bosons, becoming the longitudinal components of the W’s and Z

9



f
Figure 1.2: 1-loop fermion correction to the Higgs propagator.

Thus equation [I.23] can be written in terms of the physical gauge boson fields
as

2
v _
(D"®)!(D, @) = TRAWW ™ + (gt + )22 +042,  (130)
where each term’s coefficient corresponds to the mass-squared of the physical
W= and Z, with of course the massless photon 7.

1.1.2 Hierarchy Problem

The mechanism of EWSB providing the correct EW gauge boson masses and
the discovery of a 125GeV Higgs boson at the LHC provide a compelling
argument for the Higgs mechanism as the mechanism of mass generation
in Nature. Let us assume then that this is the complete picture of strong,
EM, and weak interactions, and the SM is an effective field theory of some
high-scale physics, specifically that it is valid up to the Planck scale Ap;.
This implies that there exist two fundamental scales Agy ~ O(10%)GeV
and Ap; ~ O(10'8)GeV, why then is their separation so large? This is the
hierarchy problem, and we discuss here its implications for the naturalness of
the SM through the lens of radiative corrections to the Higgs mass|24}, 25] 26].

Let us examine the 1-loop fermionic corrections to the Higgs propagator
Figure[l.2). Recalling that the neutral Higgs field in the doublet of equation
takes the form ¢ = (h+v)/v/2, the generic Lagrangian for Higgs-fermion-

10



fermion interactions with a Yukawa coupling Ay is

A - _
[,¢,ff:—7f§(hff+vff). (1.31)
The tree-level mass of the fermion is then m; = Ajv/v/2. We can compute
the two-point function of the Higgs diagram in Figure [1.2]

i = (— ﬁ r _iﬁ o —iﬁ !

10 =) | Gyt [( ﬂ>%—mf< ﬁ)k—mf] .
e [ 1 2m3
- zxf/(%yl [k?—m§+(1@2—m§)2]' (1.33)

The first term in this correlator is divergent, which is not an issue as one can
remove the divergences using regularisation techniques such as dimensional
regularisation or introducing some cut-off scale A, at which new physics ap-
pears. Even if one does not put the cut-off A in the integration by hand, A
still arises upon integration as in the UV, one runs in to a Landau pole in the
QED coupling, at which charged particles would form new bound states - i.e
introducing new physics at the scale A. Once the divergences are dealt with,

there still remains a finite correction to the squared Higgs mass proportional
to A2,

A2A2

TR

AME(f) = (1.34)
In the scenario in which there is no new physics between the EW scale and
the Planck scale, the cut-off is Ap;, so the 1-loop fermion contribution to
the Higgs propagator results in a mass correction of AM? ~ O(A%,). There
are equivalent diagrams to Figure for bosonic loops which exhibit this
A dependence with the opposite sign to the fermion correction, so there is
some cancellation between the fermionic and bosonic loops. However, these
diagrams enter with different vertex coupling strengths, and there remains
a finite correction to the squared Higgs mass proportional to A%2. This is a
disastrous result for the naturalness of the SM, the Higgs has been observed
at M,fhys ~ Apw so one must fine-tune the model to one part in 10%® to
cancel out the O(A%,) mass-squared correction at 1-loop level.

11



This huge level of fine-tuning is already a hint that the SM is an incomplete
description of fundamental physics. Additionally, the sensitivity of the Higgs
to physics at the cut-off scale suggests that the appearance of new physics
at Ayp ~ O(TeV) would naturally solve the hierarchy problem[27, 2§].

1.2 Technicolor

When discussing models of dynamical electroweak symmetry breaking (DEWSB),
one should briefly introduce the pre-Higgs era motivation and formulation of
the original Technicolor paradigm. Although this is roundly excluded by a
number of experimental factors, not least of which is the discovery of a Higgs
boson at M), = 125GeV, it is worthwhile to understand the groundwork laid
by this pioneering approach to solving the hierarchy problem. [29, B0] The
origin of Technicolor stems from the motivation to explain EWSB and the
origin of fundamental particle mass without invoking the Higgs mechanism,
taking inspiration from observations already made in the QCD sector[31]. In
fact, in the absence of a Higgs mechanism the EW symmetry is still broken,
instead breaking due to chiral symmetry breaking in QCD. Here we will detail
this mechanism in the low-scale QCD theory, and discuss the origin of Tech-
nicolor as a QCD-like theory, before discussing the modern interpretations
of new strong dynamics.

1.2.1 Dynamical Symmetry Breaking in QCD

Consider the low energy behaviour of a massless QCD theory, where only
quarks with mass m, < Agcp contribute. This discussion follows closely
that of section 19.3 of Peskin and Schroeder[32]. Although m, < Agep, it is
significantly heavier than the u,d quarks and as such we do not include it in
this discussion. In the massless u, d limit the QCD Lagrangian is

1
LRCD _ —ZGZVGZV +iql)q, (1.35)

where

D, =8, +igst" A%, q= (Z) . (1.36)

This Lagrangian contains no mixing of left and right handed terms, and is

12



invariant separately under left and right unitary transformations of the form

O @6, o

Thus in the limit of low energy massless QCD the Lagrangian exhibits a chiral
symmetry under the symmetry group SU(2);, ® SU(2)r @ U(1)y ® U(1) 4]
By definition we are in the regime in which the coupling between quarks is
strong, as such the energy expenditure for creating bound states is actually
less than that of maintaining free, unbound quarks, and so the ground state
of QCD forms a condensate of quark-antiquark pairs each with zero total
and angular momentum. Naturally then the vacuum state is described by
the non-zero vacuum expectation value

_ _ _ 1 F 5 U
(qq) = (01qrgr + qrqr|0) # 0,  qr/r = 27 (d) : (1.38)

As this describes the ground state of QCD and explicitly contains interac-
tions between left-handed and right-handed fields, this means that the chiral
symmetry must be broken by the formation of this quark condensate[33],
with a chiral symmetry breaking pattern of

SU(2), © SU(2)r — SU(2)y. (1.39)

In this theory the vector symmetries are preserved and transform with Uy, =
Ug for vector currents, however the axial vector currents break the symme-
try and as a result generate massless Goldstone bosons (akin to the Higgs
mechanism described in section [[.1.1])[22]. These are identified as the pions,
which are massless in the m,, = mg = 0 limit but do gain non-zero mass from
adding explicit symmetry breaking mass terms to the QCD Lagrangian of
equation [1.35. These pions form an isospin triplet 7%, which are defined by
the pion decay constant f, through the important relation

(0177 17") = frqud™, (1.40)

where jZ“ are the axial isospin currents with a, b as the isospin indices, and
fr = 93MeV as measured experimentally.

4This is generalised to SU(Ny)r @ SUNf)r @ U(1)y @ U(1)4
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The main result of this chiral symmetry breaking is that as the vacuum state
is a condensate of quark bound-states, any massless quark moving through
the vacuum will gain an effective mass proportional to <QQ>% In the two
flavour approximation we have discussed here, the quark condensate takes the
value (tiu + dd) ~ (250MeV)?[31]. This gives a neat explanation of why the
proton/neutron masses are much larger than the sum of constituent valence
quarks, even in the case of massless u, d quarks.

Additionally, if one were to remove the Higgs mechanism entirely, then this
QCD chiral condensate (tu+ dd) does still break electroweak symmetry[31].
In this mechanism, the chiral condensate induced EW symmetry breaking
generates Goldstone bosons that become the longitudinal modes of the W, Z
bosons. The dynamically generated mass for the W is then

MW _ g2f7r

~ 20MeV. (1.41)

Although this is significantly smaller than the measured W mass (My =~
80.4MeV), it does provide an enticing example of how EW symmetry could
be broken by the dynamics of a theory with strongly interacting fundamental
fermions.

1.2.2 Technicolor as scaled-up QCD

With the inspiration from dynamical symmetry breaking and mass genera-
tion already observed in the QCD sector, the explanation for EWSB as a
consequence of new strong dynamics at the TeV scale emerged in the form of
Technicolor|29, B0]. In direct analogy to the low-energy limit of QCD with
two flavours, the simplest Technicolor model is an SU(Np¢) = SU(3) gauge
theory with two techniquarks in the fundamental of SU(Nz¢),

U
(D>L7 UR7 DR; (142)

which in the massless limit exhibit a chiral SU(2);, ® SU(2)r symmetry.

These techniquarks interact strongly around the scale of the theory, Ap¢, as
such the vacuum state of the theory is filled with a condensate of techni-quark
bound states

(ULUR) = (D Dg) ~ A, (1.43)
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which spontaneously breaks the chiral symmetry in the familiar pattern of

SU2), © SU(2)r @ U(1)y — SU2)y @ U(L)y- (1.44)

As in the QCD model, the spontaneously broken chiral symmetry produces
three pions 7, 7, 7° with a new pion decay constant F,, which become the
longitudinal modes of the W*, Z bosons. The W bosons acquire a mass of

_ 92F7T

MW 27

(1.45)

where setting £, = v = 246GeV recovers the correct EW mass spectrum.

Additionally to inducing EWSB from a dynamical origin and providing a
natural scale for generation of gauge boson masses, the Technicolor model
also contains a spectrum of techni-mesons at the TeV scale in analogy to
the p, a; mesons in QCD. This provides a rich phenomenology that could
be accessed by high-energy collider experiments, and which (at the time of
Technicolor’s origin in the 70’s) would not yet have been observedﬂ

Despite its initial appeal as a solution to the hierarchy problem via DEWSB,
the scaled-up QCD version of Technicolor is roundly excluded for a number of
reasons. The most obvious failing of new QCD-like strong dynamics is that it
completely replaces the Higgs mechanism, and there is no particle resembling
the Higgs - the composite scalar mode that is generated (the techni-o) is sig-
nificantly heavier than the Higgs that has famously been discovered at the
LHCI8, [7]. The model is also strongly disfavoured by electroweak precision
data (EWPD)[I1], and attempts to provide mass to the SM fermions with
Extended Technicolor (ETC) sectors result in flavour changing neutral cur-
rents (FCNC) which are highly constrained[34] [35]. In light of this plethora
of experimental evidence against scaled-up QCD dynamics, it may seem that
DEWSB by formation of a techniquark condensate is not the correct mech-
anism for mass generation. However, there is a surprisingly elegant solution
to all of these aforementioned issues in the form of new strong dynamics with
a modified running coupling, i.e Walking Technicolor.

5The purpose of this statement is to provide further motivation for new strong dynamics
over models of Supersymmetry, which predicts the existence of new particles with equal
mass to those SM particles already observed at experiment
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1.3 Walking Technicolor

The general idea of Walking Technicolor (WTC) paradigms is that there
are two new fundamental scales of physics, Apc (~TeV scale) and Aprc
(some high scale), between which the running arc of the new strong force is
modified to be ‘walking’ (very slowly running). WTC [36], 37, 38, 39, 40, 41]
and its recent developments [42, (13 [16], 14}, [15], 43] provide a very compelling
candidate for the underlying theory of Nature.

To demonstrate the need for a modified running behaviour of the new strong
coupling are, one should inspect the implications for SM fermion mass gen-
eration for running and walking Technicolor models. In both scenarios,
the SM fermion masses originate from the ETC interactions, where tech-
nifermions and SM fermions couple and interact via some ETC gauge boson
of mass Mpgrc of order O(Agrc)[44]. When the chiral techni-quark conden-
sate (QQ)(= (UU) = (DD)) is formed, these fermion /technifermion interac-
tions generate a fermion mass of the form

2
9erc ;A
~ 1.4
my M2 (QQ)pre, (1.46)

where gpre is the coupling strength of the interaction, (QQ) grc is the value
of the chiral condensate evaluated at the scale Agrc.

The condensate evaluated at the ETC can be related to the TC scale con-
densate via

(QQ)ere = (QQ)rc exp ( / dfv(amm))), (1.47)

TC

where v is the anomalous dimension of the technifermion mass operator.
Herein lies the difference between models with a QCD-like ap¢ and those
with a regime of walking ard’}

In Technicolor models resembling a scaled-up QCD, between the scales Ar¢
and Agrc the coupling are runs with scale p as

1

— 1.48
i (1.48)

arc(p)

6Note here that the subscript arc does not refer to the specific value of « at the TC
scale, rather a label identifying this as the coupling of a new strong force in a general
Technicolor model
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which enhances the chiral condensate by a factor of

v

(QQ)prc ~ (QQ)rc In (/}\ETC> ; (1.49)
TC

and leads to the anomalous dimension 7 o« arc(p). The logarithmic en-
hancement along with the running of the anomalous dimension infers that
the enhancement to the chiral condensate from the ETC scale physics is neg-
ligible in comparison to the condensate at the TC scale. We can therefore
directly substitute the TC scale condensate (QQ)rc ~ A3 [45, [46] 47, 48]

into the fermion mass relation (equation to find

2
9ETC A3
~ A, 1.50

mf M%TC TC ( )

This approximation must be considered in the context of FCNCs, which are
severely experimentally constrained, most strongly by potential |[AS| = 2
interactions and their contributions to the K — Kg mass difference (see [49,
44) for details). The main point here is that the mass/coupling ratio of the
ETC gauge boson must be pushed up to at least the level of 2 O(600TeV),
greatly suppressing the SM fermion mass generated by the ETC interaction.
With this approximation for the fermion masses, one cannot hope to generate
the correct fermion mass of even the strange quark, and certainly not the top
quark!

One can solve the problem of avoiding problematic FCNCs while generating
sufficient masses for the SM fermions if the contribution to the techniquark
condensate from the ETC sector is enhanced. This is the motivation for
modifying the arc coupling such that it walks (i.e very slowly runs) in the
regime of Ar¢ < p < Agrce, where the walking behaviour approaches a
conformal fixed point ok, = (g4o)?/4m near the scale Arc. The chiral
condensate then receives an enhancement from the ETC sector of

Y(ere)
~ ~ A
(QQ) prc ~ <QQ>TC< AE;TCC> : (1.51)

where the anomalous dimension is evaluated at o~ and is approximately
constant across this energy range. This constant O(1) anomalous dimension,
along with the now linear enhancement of the chiral condensate, significantly
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Figure 1.3: Visual representation of running (blue) and walking (red) dy-
namics of ag = arc as a function of momentum pu.

enhances (QQ) prc above the ETC contribution with QCD-like running cou-
pling dynamics. This relieves tension with FCNCs as the interaction between
SM fermions and technifermions is enhanced while interactions between only
SM fermions is unaffected.

The concept of modified Technicolor with a walking coupling regime up to
an ETC scale was originated and explored initially from 1987[50, 51, 52], 53,
54l (551 56, 57, B3, B8, (I [60], with a revival in interest from 2005 with the
demonstration that certain Walking Technicolor theories can be physically
viable within limits from FCNCs and EWPDI61], [13].

In Figure the general picture for the coupling arc(p) in QCD-like Tech-
nicolor and Walking Technicolor models. For WTC, the new strong force is
QCD-like up to Ar¢, where the walking behaviour begins up to some high
scale Agre, after which the theory runs again and is asymptotically free. The
exact physics of the ETC sector is not known, and to account for the gen-
erations of SM fermions there should be some staggered set of scales which
provide mass to each generation. For the purpose of exploring BSM physics
from a phenomenological perspective, we do not need to know the exact ETC
theory, we can simply take the analysis of the modified running coupling and
assume that the correct ETC theory does provide a dynamical origin of the
SM fermion masses.

We will discuss in detail the simplest model of WTC in chapter [2], first let
us make some final statements on the advantages of Walking dynamics. The
technimeson spectrum of WTC models contain not only p and A mesons

(analogous to the QCD p and ay), but also a composite scalar meson anal-
ogous to the QCD o. Identifying the scale of WTC as Ape ~ 1TeV and
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the technipion decay constant F, as the SM Higgs vev v = 246GeV, the
dynamical mass of the ¢ meson can be lighter than M, ~ Aprc. Accounting
for negative corrections from top loops, the ¢ mass naturally is found to be
M, = M}, = 125GeV[62]. Thus WTC models naturally generate a composite
scalar consistent with the observed Higgs, removing the hierarchy problem
and providing a dynamical origin of mass.
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Chapter 2

Next-to-Minimal Walking
Technicolor Model

With the concepts behind Walking Technicolor (WTC) firmly in place (1.3)),
the models underpinning this mechanism of DEWSB can be constructed. As
with all Beyond the Standard Model (BSM) theories, one should always be-
gin with the most minimal model possible. In the case of WTC, there are two
possibilities available as ideal candidate models, each with their own unique
chiral symmetry breaking pattern. The first is Minimal Walking Technicolor
(MWTC)[42], built on an SU(4) global symmetry with the symmetry break-
ing pattern SU(4) — SO(4). Despite its name, MWTC is actually not the
most minimal model of WTC in terms of additional particle content. Both
MWT and NMWT have Ny = 2 flavours of Dirac techni-fermions in the
two index symmetric representation of SU(N,.), with N, = 2 and N. = 3
respectively. The two-colour model suffers from a Witten anomaly as there
are an odd number of EW doublets, so the model must introduce a new lep-
tonic EW doublet to remedy this[63] [42]. Additionally, the global symmetry
breaking to SO(4) generates nine Goldstone bosons, three of which become
the longitudinal modes of W, Z, and the remainder are expected to obtain
mass from the dynamics of the ETC sector[64], 34, [35] [65].

Therefore, the simplest model with respect to additional composite parti-
cles is Next to Minimal Walking Technicolor (NMWT). The model has an
SU(2), ® SU(2)g global symmetry, whose chiral symmetry breaking pattern
is

SU2),@SU2)rU)y = SUR2)y @U(1)y. (2.1)
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NMWT has the advantage of exhibiting near-conformal behaviour in the
new strong force coupling with just two Dirac flavours[66]. The breaking to
SU(2)y generates only the Goldstone bosons required for the SM EW gauge
bosons, and as N, = 3 there are an even number of EW doublets, so there is
no Witten anomaly and no need for additional leptonic doublets. In fact the
NMWT chiral symmetry breaking pattern is the minimal pattern required to
generate three Goldstone bosons which become the longitudinal modes of the
W, Z, the correct tree-level value for sin 8y, and a Higgs sector resembling the
SM. This means that the NMWT model can be used as a template/guideline
for the greater class of Walking Technicolor theories, hence our focus on this
model.

An interesting feature of the NMWT model is the presence of two triplets of
techni-mesons, corresponding to new heavy spin-one resonances similar to the
SM weak force triplet of W+ Z. It is these new resonances that particularly
strike our interest in this model, as will be discussed later in chapter [4]

2.1 NMWT Effective Low Energy Model

At the scale of DEWSB, Are, the Technicolor interactions with the elec-
troweak sector can be investigated within an Effective Field Theory (EFT),
i.e an approximate description of the model’s interactions at a low energy
(relative to Aprc). Following the prescription of [67), 66], we can encode the
underlying composite dynamics within a generic chiral EF'T which exhibits
a global SU(2)p ® SU(2)gr symmetry. The new heavy spin-1 triplets are
represented at the level of the gauge eigenbasis as A} /R gauge fields under
SU(2)/r respectively. Identifying that the SU(2), group here is gauged as
the equivalent SU(2)., in SM weak interactions, we can see that A} trans-
forms as a triplet under SU(2);[T} where the A’; fields transform as singlets
under SU(2).

The electroweak SM fields in the gauge eigenbasis, W* and B*, can then be
combined with the effective L/R technicolor fields to define the chiral fields

CLM = AL,LL — %Wlﬂ CR,u = AR# — %Wlﬂ (22)

where g1, g» are the standard coupling constants of the SM EW sectoi’], and

! Analogous to the gauge triplet W in the SM (see section j
2These are commonly referred to in the literature as g, ¢’, I identify g = g» and g’ = g
to avoid confusion between SM and TC nomenclature with regards to the superscript
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g is the effective coupling of the chiral TC interactions.

The lightest composite scalar resonance, identified as the Higgs H, appears
alongside a triplet of pions 7%, where a = 1,2, 3, as a bi-doublet field under
the SU(2)1/r symmetries. These can be represented by the 2 x 2 matrix M,

1
M = —[v+ H + 2in*T*], (2.3)

V2

where v = pu/ VX is the vev associated with the chiral symmetry breaking
at the EW scale’] and T are the generators of SU(2) defined in equation
This Higgs mixes with the EW fields in the gauge eigenbasis through
the covariant derivative of M

DM = 0,M +igi M B,T* — igsW5T* M. (2.4)
With the gauge fields defined, we can now write the gauge kinetic and gauge

interaction contributions (up to dim-4 operators) to the low-energy effective
Lagrangian as

1 e 1o -~ 1 } V
Looson == 5T [Wu W] = 2B B" — S TrlFryu FY+ Fru FR|

1
+ m*Tr[C},+Ch,] + §Tr[DuMD“MT | — §ProTr[Cr, MChLMT]

. %Tr[CLM(MD“MT — DFMM?) + Cru(MTD*M — DPMIM)]
g’s 2 2 t 1 t A 12
+ TTY[CLN + ORM]TI'[MM ] + ?TI'[MM ] — ZTI'[MM ] N

(2.5)

where W and B are the SM field strength tensors of the EW sector,
and Ff}'R are the field strength tensors corresponding to the Ap,r vector
meson fields. The Ay fields can be interpreted as gauge fields of a ‘Hidden
Local Symmetry’ [68] [69], with the same gauge structure as the original
SU(2) ® SU(2) g global symmetry as described by [70, [66]. This means that
the Lagrangian Lyson is written in a ‘mixed’ gauge, where the A% /R fields
have already absorbed the associated Goldstone bosons and the remaining

3 3 b
prime
3See section for detailed discussion on how the vev appears from the Higgs field.
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pions of the Higgs matrix M are the Goldstone’s associated with the usual
EW fields W, and B,,.

The chiral theory introduces techni-doublets under SU(2)/r in the unbroken
phase, where the symmetry breaking pattern described above results in the
doublets producing

2; ®2r — 3y + 1y. (26)

The vector singlets of the theory are considered to be decoupled, and as
we discuss further in chapter [6] do little to alter the model if an arbitrary
number of singlets are added by hand. This leaves a vector meson triplet
V under SU(2)y, as well as an axial-vector partner triplet A, which are
analagous to the QCD vector mesons p and a;. Thus, the physical spectrum
of this chiral gauge theory consists of the usual EW gauge boson triplet of
W* and Z, a light scalar meson identified as the Higgs, plus two additional
triplets which throughout this thesis are referred to as (W, W"~, Z’") and
(W W=, Z") (see our work in ref [4]).

2.2 Weinberg Sum Rules: Chiral EFT—-NMWT

Thus far the Lagrangian in equation is generalised to any chiral SU(2),®
SU(2)r gauge theory with Np = N;/2 doublets. We now wish to apply this
generalised theory to our NMWT model, first we specify that there exists
a single doublet containing two Dirac flavours. Additionally, we can make
use of the Weinberg Sum Rules (WSR) [71] to connect the effective field
theory to the dynamics and DEWSB of the underlying model. The WSRs
describe the 2-point correlation functions of vector and axial currents and
thus sensitive to chiral symmetry breaking, providing potential constraints
on the parameter space of a given chiral field theory.

The generic 2-point correlation function of the time-ordered product of left-
handed (LH) and right-handed (RH) currents as a function of 4-momentum

q is
il (q) = 2i/d4x exp™®(0|T(L*(z) R*(0)1)|0). (2.7)

The L/R* are currents of the quark spinor Q(z) arising from the new strong
dynamics, so can be written as
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14(z) = Q(0) L (1 - 49)Qx), (2.8)
Ri(2) = Q) (1 +79)Q(a). (2.9)

It is useful here to translate the correlation functions from a L/R basis to a
V/A (vector/axial) basis, where the vector and axial currents are defined as

J = QTQ, JY = QTv"+°Q. (2.10)

The correlation function in the V/A basis is then defined as the difference
between vector-vector and axial-axial currents;

il p(a) = / d*z exp™ (T3 (2) 5 (0)) = (5 a(@) Iy 4(0))].  (2.11)

In the chiral limit, i.e. light quarks taken as massless, the correlator in
momentum space can be written as

HZ;/I),LR(Q) = (qqu - guuq2)5abHLR(q2), (2.12)

where the SU(Ny) 1/ generators have been normalised such that Tr[T*T*] =
6%/2, anda,b=1,..., N]%—l are the flavour currents of the chiral groups[72].
The chiral momentum squared function I1;z(¢?) obeys the unsubtracted dis-
persion relation

h p(s)
Mop(e®) = | ds——— 2.13
) = [ st (2.13)
where p(s) is the spectral function. The form of the spectral function can be
found by utilising the identity 1/(s — ¢* +i€) ~ 1/(s — ¢*) +i7d(s — ¢°*) to
separate the real and imaginary parts of 111 z(¢?);

3| =

p(s) = —Imllg(s). (2.14)
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To compute Iz z(¢?) in a regime where the intermediate states do not dom-
inate, we consider the intermediate states as far off-shell, i.e. the correlator
is in a spacelike momentum regime, * = —¢® > 0. Hence the momentum-
squared correlator becomes

I, n(Q%) = %/OOO ds%g(f), (2.15)

note that % is momentum in this particular regime, not the techni-quark
spinor previously defined.

As discussed in section [1.3] we expect NMWT to be asymptotically free be-
yond the ETC energy scale, Agrc, and as such can assume that the dispersion
relation in equation scales as in QCD (Q~%). We can safely perform a
Taylor expansion of in this regime,

1 o ImHLR(s) 1 /OO ImHLR(s)
IT H== ds————= — — dss———= + ... 2.16
(@) == [ a2 [P )
so using the QCD-like properties of NMWT at asymptotically high momenta,
the 1st and 2nd WSRs respectively are

/ dsImll;g(s) =0, / dssImll g(s) = 0. (2.17)
0 0

Assuming that only the lowest vector and axial resonances saturate the
WSRs, we can directly connect the WSRs with the NMW'T model, by recast-
ing I g in terms of the vector and axial states and defining the vector/axial
spectral functions

[z r(s) =y (s) — ILa(s)
Imlly (s) = 7 F0(s — M)
Imll4(s) = mF76(s) + mF30(s — M3),

where My 4, Fy/4 are the masses and decay constants of the vector and axial
mesons respectively, and F} is the TC pion decay constant.

Applying this to the 1st WSR we find,

F2 - F%=F2 (2.18)
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The additional factor of s in the 2nd WSR implies that this integral is less
sensitive dynamics in the IR, instead receiving important contributions from
the near conformal region. Thus we follow the procedure in Ref. [72] and al-
low for a modification of the 2nd WSR encoded by a dimensionless parameter
a?

872

d(R)

a

F = F2M} — FiM3, (2.19)

where we expect a > 0 and O(1), and d(R) is the dimension of the gauge
group representation of the underlying techni-fermions.

We can further parameterise the NMWT model using the WSR at order
O(Q"), as one can identify the Oth WSR as the definition of the Peskin-
Takeuchi S parameter[11],

v Fi

- —=|. 2.2
ME (2:20)

o ] 3
S = 4/ O Inil, p(s) = 4n
0

S

Note that ImIl; is the usual spectral function for Iz with the Goldstone
contribution subtracted.

2.3 Parameter Space of NMWT

With the gauge sector of a generic global SU(2);, @ SU(2)g gauge theory
set up, and theoretical constraints from WSRs defined, we can now fully
connect the EFT to NMWT. Initially the parameter space of NMWT is
defined by the Lagrangian parameters of equation 2.5 m, 79, g, 73,s. Aside
from the g parameter which we have seen previously is the effective coupling
for chiral technicolor interactions, these parameters do little to enlighten us
on the physical interpretation of the NMWT model. We wish to express the
parameter space of the model in the most minimal and physically sensible
set of independent parameters.

To this end, in the limit of zero electroweak couplings these can be combined
to parameterise the masses and decay constants of the vector and axial res-
onances,

26



M2 =m? + . Fy=—" 2.21
2 - - 221)
g 2 2M
Mi:m2+9(szr2)07 FA:\/_~A 7 (2.22)
where
v2g%r
X=1- 4M23. (2.23)
A

The vector/axial masses in particular have a similar structure in all but the
sign of the o contribution, so it is sensible to make the replacement of m, ry
to My, My as independent parameters of the model. Our 5-dimensional
parameter space is now (My, My, g, 73, s).

Now considering the decay constants, we can make use of the WSRs to
connect the decay constants of the model, F, Fyy and F,. In TC models
with Np doublets of technifermions and no scalar doublets, the pion decay
constant is F; = 2461/NpGeV, so as Np = 1 in our NMWT model this decay
constant is simply fixed at F; = 246GeV. Perhaps one may wish to express
the pion decay constant in terms of constants of nature, for these readers we
express F, as

1
F,=,——, 2.24
V2Gp (2:24)

where G is the Fermi coupling constant. Combining the definitions in [2.22
the decay constants are related by the equation

F? = (1 +2w)F2 — F3, (2.25)

where we define this new w parameter as the combination

'U2§2
w= M(l — 13+ 73). (2.26)

Equation looks very similar to the 1st WSR in equation [2.18] with a
modification from the w parameter. If NMWT is constrained such that there
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is no deviation from the 1st WSR, then we recover equation [2.18 and enforce
the constraint w = 0, leading to the relation

g = T3 — 1. (227)
We want the S parameter to replace one of the Lagrangian variables, r3, as an
independent parameter, which can be achieved by inspecting the dependence

of x on S. Using the result for the 0th WSR (equation [2.20) combined with

the above definitions for Fy/4, we can write the S parameter as

8

thus y can be written as

g%s
—J1-2Z2 2.2
b% o (2.29)

Combining this definition of x with equation [2.23] r3 as a function of inde-
pendent parameters is then

AN [ 55
r3 = U2g2 (1 — 1— 8_> . (230)

Thus making the replacement of ro — My — My and r3 — S, the NMWT
parameter space is now defined in terms of (Mg, My, S, g, s)ﬂ

It is expected that the vector and axial masses cannot be independently
defined, making this connection the NMWT parameter space is reduced by
one degree of freedom. Let us choose M4 to be the independent parameter.
Substituting the expressions for Fy 4 in terms of My,4 into the 1st WSR

(equations and respectively),

~2
M2 = M2\® + %F,?. (2.31)

4For the curious reader, I present the full derivation of all dependent parameters in the
full 5-D parameter space in Appendix |§|
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With the definition of x in equation we can write the vector mass as a
function of independent parameters,

~2 ~2
M2 = M? (1 - gg—f) + %Fﬁ. (2.32)

The 4-D independent parameter space of NMWT is now defined as
MAa ga 87 S. (233)

2.3.1 Constraints on S from Electroweak Precision Data

The S parameter is of particular importance in this model. In terms of
physical parameters, S represents the mass splitting between the vector and
axial masses (equation , thus defining the level of degeneracy between
the Z" and Z” vector mesons. Further to this, identifying S as the oblique
electroweak parameter, S, established by Peskin and Takeuchi[II], places
significant experimentally motivated restrictions on NMWT.

The S, T, and U parameters classify vacuum polarisations in the electroweak
sector, effectively providing quantifiable corrections to weak sector parame-
ters such as the W and Z masses. Collider experiments measure the prop-
erties of the weak bosons ever more precisely, providing constraints on these
Peskin-Takeuchi parameters and therefore being sensitive to additional con-
tributions to the EW sector from new physics. Any new gauge sector that
couples to the EW bosons will contribute in the form of radiative corrections
at one-loop level to the W and Z self-energies. In the case of technicolor
models (and assorted BSM models), the U parameter receives negligible con-

tributions from new physics at the Ap¢ energy scale, so the usual assumption
of U = 0 is universally applied in NMWT.

The T parameter provides a measure of weak-isospin breaking effects, whereas
S is a measure of chiral symmetry breaking effects so is more sensitive to
additional neutral currents from new physics in the EW sector. Precision
experiments such as LEP provide the best measurements of EW parameters,
from which global fits can be performed to provide the simultaneous con-
straints on the S and 7" parameters[2]. The recent constraints provided by
the GFITTER group are shown in Figure [2.1

Interpreting the experimental constraints on 7" and S in the context of
NMWT, let us first apply the assumption that the contribution from the
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Figure 2.1:  Global fits of S and T oblique electroweak parameters from
electroweak precision data (EWPD)[I], with U = 0. Figure from GFITTER

group|2].

TC sector to weak isospin breaking is minimal, so 7" = 0. Then from Figure
the limits on S can be easily determined, as such the level of degeneracy
between the neutral TC gauge mesons must be highly constrained in accor-
dance with equation [2.20] A unique feature of Technicolor models is that the
S parameter can in fact be negative, as the relative size of the vector and
axial pion correlators can be ordered in such a way as to re-order the low-
est neutral mesons. For the NMW'T parameter space, S is an independent
parameter which we restrict to take any value within the constraints from
electroweak precision data (EWPD).

2.3.2 Theoretical Constraint on M4 from the 2nd WSR

This parameter space discussion thus far has consisted of parameters and
relationships directly from the gauge sector Lagrangian, however we must
note that an additional parameter arises indirectly as a result of the 2nd
WSR. This is the dimensionless a parameter (equation , which defines
the level of deviation from the 2nd WSR coming from the near-conformal
region.

The a parameter depends on the group representation dimension d(R) of the
techni-fermions in the model, and in NMWT there is a single techni-quark
doublet of two Dirac fermions in the two-index symmetric representation,
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where d(R) = 6.
Combining the 1st and 2nd WSRs, the a parameter in NMWT is then

3
a= %Q—W(Mé — Mix?), (2.34)

so the a parameter contributes to the mass splitting of vector and axial states,
thus it contributes to the already constrained S parameter.

Initially we stated that a is expected to be positive, but in principle the sign
of a could be negative. However if we consider that the S parameter must
be small due to EWPD then it stands to reason that a should contribute
negatively to S, which occurs in the case where a > 0.

Furthermore, in a QCD-like theory one would expect the 2nd WSR. to hold
exactly such that a = 0, while the modified dynamics of a walking coupling
introduces a near-conformal region which contributes positively to the 2nd
WSR, so we expect a > 0[72]. The implications of a positive a on the near-
degeneracy of the vector and axial mesons appears to be conform to the
results of various Schwinger-Dyson analyses of walking dynamics [73], [74].
Throughout this work, a > 0 is taken to be a strict condition necessary for
the walking dynamics of NMWT. We can then set a limit on the model such
that a < 0 corresponds to non-walking dynamics and is therefore excluded.
Setting s = 0 and choosing discrete values of S, we can project a in the 2-
dimensional M4, g parameter space (Figure . Here we see that there is an
S dependent upper limit on the mass scale of Technicolor, so if one considers
the restriction a > 0 to be concrete then NMW'T can be bounded from above
in M4. This offers exciting implications for the eventual exploration of the
entire NMW'T parameter space at experiments, as will be discussed in later
chapters.

2.3.3 Further Theoretical Constraints on NMWT

As stated in section the NMWT gauge sector Lagrangian Lyesen (equation
2.5) is written in a ‘mixed’ gauge, where the Ay fields have absorbed their
corresponding pions and are already massive gauge fields. While we do not
derive this Lagrangian explicitly in this work (see [7(]), it is useful to note
that the vev for the TC sector, f,

2m

[== (2.35)

31



'Walking' parameter a vs M, g for $=0.0 'Walking' parameter a vs My, g for S=0.1

9 9
8 8
7 7
6 6 Y
=5 \:19 =5 %
N
4\, 4 2 E
=
3 3
2% 2t%
| |
51()0 1000 1500 2000 2500 3000 3500 4000 §OO 1000 1500 2000 2500 3000 3500 4000
M, (GeV) M, (GeV)
(a) (b)
9 'Walking' parameter a vs My, g for §=0.2 9 'WaIklng parameter a vs My, g for §=0.3
8 8
71 % 7
6 6
=5 S =5
m —~
4 b o 4
3 h 3
v v
i / i
51()0 1000 1500 2000 2500 3000 3500 4000 00 1000 1500 2000 2500 3000 3500 4000
M, (GeV) M, (GeV)
(c) (d)

Figure 2.2:  Contour levels for a parameter in (Mg4,§) NMWT plane for
various values of S and fixed s = 0. The red-shaded region corresponds to
excluded a < 0 space.

defined in terms of the ratio between the mass and coupling Lagrangian
parameters in the TC sector. This is no surprise, however if we redefine this
in terms of the independent NMW'T parameters then a useful feature of the
model parameter space from can be easily derived;

f \/4MA (TQ + 8)

(2.36)

S}

In order for the theory to remain physical, this TC vev then enforces a
model-dependent upper bound on the Higgs to EW/TC coupling parameter
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s < — 9. (2.37)

In part this forbids the theory to have a mass scale that is too low to gen-
erate the TC scale symmetry breaking, and restores the hierarchy of masses
between the Higgs and EW scale gauge bosons with the TC gauge mesons.

Furthermore there is an upper bound on the TC effective coupling g enforced
by the definition of F4. Combining the F4 definition of equation [2.22| with
x as defined in equation the limit is

g < \/% (2.38)

This is a theoretical hard limit on the decoupling of the TC sector from the
EW sector, ensuring that all decay constants (in particular the axial-vector
decay constant) are strictly real. The tightest constraint comes from the
case in which the degeneracy of the vector and axial modes is minimised
with respect to the EWPD parameter S. Although EWPD already rules out
values as high as S = 0.3, historically this has been the benchmark value
for early WTC studies, so for direct comparison with [66] the upper limit in
this case is g < 9.15. Despite the updated benchmark of S = 0.1, where the
upper limit is § < 15.85, we present the parameter space up to § = 9 (as in
Figure in order to avoid presenting an unphysical parameter space as we
explore the phenomenology of S # 0.1.
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Chapter 3

Physical Spectrum of NMWT

3.1 Mass Matrices in NMWT

The physical spectrum of NMW'T at the symmetry breaking scale consists of
the EW gauge bosons v, Z, W+, the composite Higgs, and the gauge meson
triplets Z', W'+ and Z”, W"*, which arise from the basis transformation from
the gauge eigenbasis to the mass eigenbasis. The interaction terms of the
Lagrangian Lp,s, (equation contain 2-point interactions between the
AR, Wm and ]3’# fields. As such we can construct a mass-term Lagrangian
for the gauge fields in the gauge eigenbasis as

W+u 1 I/TB;:;“

Lo = (Wi Ap, Ag ) Me | A" |45 (B Wi AL, AR) M| o
AR A?%M

(3.1)

where MZ and M3, are the charged and neutral sector mixing matrices
which diagonalise to the mass eigenbasis.

In the broken phase of the chiral theory, this low-energy NMWT is broken
to a vector/axial gauge group, so it is useful to translate the L/R fields in
the bosonic Lagrangian to V/A fields. The L/R fields are then simple linear
combinations of vector and axial fields V}, and A,,,

Va1 Ac Ve _ Ae
A%,u, = %7 AaRu = %7 (32)
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where a = +, —, 0 correspond to the electric charge assignments of the com-
ponents of the vector (axial) triplet.

Let us now redefine the mass-mixing Lagrangian in terms of the vector/axial

fields

WHh 1 ng“

Lonass = (W, A, V) MG Aif‘ +5 By WAL V)M o |
v o

(3.3)

where now the charged/neutral mixing matrices are formed of the two-point
functions of the bosonic Lagrangian after the substitution in equation is
made.

If one makes the usual parameterisation of Lagrangian coefficients in terms of
vector and axial masses My, 4, these mixing matrices in the gauge eigenbasis
are then

2
Doy MR -
M= | g 0 (3.4)
2
2
i
93 172 2 2
M2, = o M _f_;g]yAX MV 35
9 _ g
At —g M a0
— MY — M 0 My

where the constraint w = 0 has been applied to achieve the 4-D parame-
terisation of NMWT as described in section 2.3] A fully independent and
generalised form of these matrices is given in Appendix [A]

A few notes should be discussed regarding these matrices, firstly one can
easily identify that the charged mixing matrix M2 is exactly the lower 3 x 3
block of the neutral M?%.. This reflects the lack of hypercharge mixing in the
charged sector as well as the indistinguishable mixing of the purely SU(2)
components in the gauge eigenbasis. There is also the interesting feature of
zero mixing between the neutral component of Wu with the Bu field in this
basis, contrary to the equivalent mixing in the SM. There is also the feature
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of a strictly diagonal gauge mixing sector for purely TC gauge interactions.
This ensures that before diagonalisation, the TC sector is formed of purely
axial and purely vector fields.

An important note is that we assert that the mass ordering of the resonances
7' and Z"” must be such that Mz < Myz». In the regime in which the azxial-
vector resonance has the heavier mass, the 3rd and 4th columns/rows of the
matrices (3.5 should be switched (as well the V), and A, fields in the vectors of
3.3). The process of diagonalisation in such a regime will of course produce
an entirely different phenomenology with respect to the physical resonances
and their interactions. The analytic results in the regime M4 > My are
discussed in Appendix [B]

The gauge sector in the gauge and mass eigenbases are related through the
elements of the matrices N'/C that diagonalise the M?\//C mixing matrices
respectively. In the regime M4 < My, the linear combinations of physical
gauge mediators v, Z, Z', Z" in the neutral sector are

B = Nuy+ NiwZ + NigZ' + NuZ"
WO = No1y + NooZ + Nog Z' + Noy Z"
A% = N31v + N2 Z + N33 Z' + Ngy Z"
V= Nuy+ NpZ + NigZ' + NuZ",

in the charge sector the gauge fields as linear combinations of W+, W'* and
W"* are

W™ = CyuW™* + CraW'™ + Cos W™
A:t — 021wz|: + CQQW/:I: + 023W//:|: (37)
‘/i = Cglwi + 032W/i + 033W//i.

The picture in the M4 > My regime also swaps the order of the vector and

axial fields such that for A*©) Cy; — Cs; (N3; — Nyj) and vice versa for
V:I:(O)'
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giﬁ(l_ﬁ+ﬂf§2) 0 aMi [ S _glMi( _ S, P2
2 8 QM% L V2§ , 8w \/552 8m ZM%
9 M5 @S FRg®y My [y S _g2Mi . §’S | FRg°
0 7> (1-%= +2M3) V2§ - V2§ (1-% +2M3
M3 [, %S _g2M3 [ 328 2
M\/Qig 12 8T - Mg/ig 2]' 87r2 , MA 20 -
_gl A _ﬁ ng _g2 A _ﬁ ng 2 _ﬁ ng
V2§ (1 81 QME‘) V23 (1 8™ QME‘) 0 MA(l 87 + 2M124)
(3.8)

3.2 Analytic Diagonalisation of Mixing Ma-
trices

The elements N;;(C;;) provide important insight into the mixing between the
neutral(charged) fields, including the structure and contributions to coupling
strengths and the composition of the neutral resonances. The N (C) matrices
are calculated by diagonalising the bosonic mixing matrices however the
explicit diagonalisation of M3, e yields complicated analytic forms for the N/
and C matrices. As such we calculate N;;(C;;) by performing a perturbative
analysis in orders of 1/g, calculating the eigenvalues and eigenvectors of N'(C)
order by order up to O(1/g?).

Let us first perform the perturbative diagonalisation of the neutral sector.
Rephrasing the x and M parameters in terms of the independent parameter
space (equations and respectively), we can rewrite the gauge mixing
matrices in a fully independent way. The matrix M3, is then

At Oth order in 1/g, the mass squared terms for the neutral bosons are

~2
g:S, 1.
) H0F (39)

M2=0, Mj=0, Mz =M, Mz =M;1-
At this order, the eigenvalues for the v, Z are degenerate and mz, m% = 0,
so the eigenvectors cannot be uniquely defined at this stage. To resolve this
degeneracy we introduce a generic parameter x will be fixed at higher order
in the expansion. The 0th order eigenvectors are then

. _ _1L_ g0
\/li»:v2 \/1+:812
g = | Vita? C Vita? 00 (3.10)
0 0 1 0
0 0 0 1
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We can now construct the higher order corrections order by order. To calcu-
late the 1st order corrections, we consider the eigenvalue equation

Mo = \o (3.11)

where M = My+ M;+ Ms+. .. is the mixing matrix M?V(C) in orders of 1/g,
U =10y + 01+ Uy + ... are the eigenvectors of M, and A = g+ A1 + X2+ ...
are the eigenvalues of M. At first order we have

(Mo + M) (v + 1) = (Ao + A1) (0o + 1)
M(ﬂ_)l + Ml’l_J() + My, = /\0’171 + )\11_)() + )\1771
A1 = Tg (Mg — X\o)v + ¢ My,

_T _
)\1 = UO M1U0,

where we have used the Oth order eigenvalue equation Myvg = A\g¥y to remove
Oth order terms, and have discarded terms of order > 1.

We can immediately see that the 1st order eigenvalues are \i = 0 for all
i=1,...,4, as M3 does not have any diagonal components at order 1/g.
Further to this, there should not be corrections to the squared masses of
the vector bosons at odd order in 1/g as this would result in mass terms
dependent on fractional powers in the coupling.

The first order eigenvectors and in terms of model parameters and the un-
known x are

0 0 92—g1% _3%s g2tg1z
V25V 1422 8w V25V 1422
0 0 __g1tgez 1 — 325 g1—g2z
U = V251422 87 V25v1+22
9 _#S g _ g8
Vi 1 o Wor 1 - 0 0
_q _ 92 0 0
V2§ V2§
(3.12)

To find the 2nd order eigenvalues, we follow the same procedure as above,
and keeping only 2nd order terms we find

)\2 = 1_)ng1'1_}1 + @gMQT)O - @gAlﬁl, (313)

38



where we use the fact that Ay = 0 to reduce this to

Ay = U M0y + v Moy, (3.14)
At this order we can now fix x, which turns out to be z = g2/¢g1, and we
arrive at the 2nd order corrections to the neutral vector boson masses;

2 2 2 2 2 2 1 2 2
~2 2~2
g-sS F:g
M?(1 - 2= ), 3.16
Al 8T 2M§) (3.16)

A2, 9Lt g 27
257

Finally, the rotation matrix N can be constructed from the transpose of the
sum of Oth, 1st and 2nd order eigenvectors;

g2 g1 91X _ 9

Vitas V92443 V2§ V24

g1 g2 _ 92X _ 92
N v/ 93 +g2 g3+93 V25 V2§
0 Vi torx 1 (97 -93) 2MAX*+*F2)x |
V2§ G2 M3 (4x>—1)+25*F2
V29192 (97—95) 4(92f*g§)Mix 1
~ ~ 52 2_ ~4 2
Vai+e3i  V2in/di+gs  29°ME(*-4)+gtFR

(3.17)

where we have replaced the function y for a more concise expression.

Repeating this process in the charged sector we find C to second order,

1 _ 92x _ 92
V2§ V2§ )
oM
_ 92X 92X A
C= V2§ 1 \/ig(1+2Mi(3x2—1)+3§2F3) ) (3-18)
92 395 M3 x 1
V2§ 2g2 M3 (x%—3)+g1 F?

and the charged resonance masses up to O(g—?) are

F292 92 92 F2§2
M2, =22 M2, = M| 1+22+2 M2, = M?*| 1+22 R
w 1 w A +2§2X ; w A +2§2 +2M31

(3.19)
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The diagonalising matrices N' and C will change significantly in the region
of parameter space where M, > My, so the calculation is repeated with the
columns/rows of M% and M2 switched as described in section 3.1 As A
and C are simply constructed of eigenvectors of the mixing matrices, they are
again related to equations and by switching the order of the final

two columns/rows.

3.3 Solving for EW couplings

The gauge couplings for the EW sector, g; and ¢o, are no longer independent
parameters as in the SM, as such there exist analytic formulae for g; and go
in terms of the independent parameters of NMWT. These couplings can be
derived as roots of the characteristic equation for the Z boson eigenvalue, i.e
we can solve the equation det[M3% — 1M%] = 0. Taking the absolute values
of the roots, we find two solutions to this equation which correspond to the
couplings ¢go and g; respectively,

o= (3% — 2€2)abM2 + /abM2(2e2 M2 + §2b) (a(g2 M2 — 2€2b) + 2e2 M x?)
i MZa(4e? + 3(b — MZ)) — Mix*(2¢2 M3 + 5°0))
(3.20)

(32— 2e2)abMZ — \/abM2(2e2 M3 + §2b)(a(§> M3 — 2¢2b) 4 2¢2M i x?)
" MEa(1e? + g2(b — MZ)) — MAX*(2eME + °0))

(3.21)
where a = (M3 — M%), b = (M2 — M%), e is the electromagnetic coupling
which is fixed to its SM value. Again we have not replaced My and x with

their explicit functions of independent parameters, as this does not provide
much useful insight for these gauge couplings.

3.4 CalcHEP Implementation of Diagonalisa-
tion

The NMWT model has already been implemented in the CalcHEP frame-
work by Frandsen et al[70] 66], with the reduced set of independent param-
eters (My, g, S). This model requires external functions interfaced with the
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CalcHEP model that perform the diagonalisation of mass matrices and nu-
merical evaluation of g, respectively. We have since updated the model to
encapsulate the full 5D (M4, g, S, s,w) parameter space, as well as scripting
inbuilt mass-matrix diagonalisation and analytic form of g, such that the
model is self-contained. The details of these extensions are briefly detailed
here.

The extension of the model to a fully 5D parameter space was trivial to
implement at the level of the LanHEP formulation of the Lagrangian param-
eters, the addition of the s parameter was already in place so we simply set s
to be a variable parameter rather than hard-coded to s = 0 as in the original
model. The w parameter was implemented in the context of the ry and r3
parameters. Using the relationship found in equation [2.26| we redefine the
model parameters such that

7"2:7’3—1—(11, (322)
where @ is a placeholder parameter that defines the actual w parameter

V2520

=2 2
e (3.23)

W

This has now fully parameterised the NMWT model in 5 dimensions, as the
remaining variables are written in terms of r5 and r3 which implicitly contain
the independent parameter w.

Where the previous model relied on an external C/FORTRAN script to cal-
culate go in a model-dependent way, this was purely a numerical approxima-
tion. As we have analytically evaluated the g; and g, parameters in terms of
the NMWT parameter space in the previous section |3.3] we simply write in
these analytic functions (equations and directly into the LanHEP
model.

Finally, we replace the external mass matrix diagonalisation script with in-
built SLHA functions written at the level of the LanHEP model. The SLHA+
library [75] provides routines for diagonalisation that are inbuilt into the
CalcHEP and LanHEP programmes. A sample of the code is shown in Fig-
ure |3.1], where the full code for the neutral sector is included. These built in
functions allow the CalcHEP model outputted from the LanHEP implemen-
tation to be fully self-contained.
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% SLHA+ functions
external_func(rDiagonal,*).
external_func(MassArray,*).
external_ func(initDiagonal,n).
external func(MixMatrix,*).
external_func(MixMatrixu,*).

parameter zero = initDiagonal.

rDiagonal(4,VN11,VN12,VN13,VN14,
VN22,VUN23,VN24,
VN33,VUN34,

VN44).

parameter nDiag

MassArray(nDiag,1).
parameter mass? MassArray(nDiag,2).
parameter massZp MassArray(nDiag,3).
parameter massZpp = MassArray(nDiag,4).

parameter massph

parameter Mph = sqgrt(fabs(massph)),
MZ d = sqrt(fabs(massZ)}).

parameter MZp = sqrt(fabs(massZp)),
MZpp = sqrt(fabs(masszZpp)).
~i=1-4 in j=1-4 in parameter ZpD i1 j=MixMatrix(nDiag, i1, j).
orthMatrix ({{ZpD11,ZpD12,ZpD13,ZpD14},
{ZpD21,ZpD22,ZpD23,ZpD24},

{ZpD31,ZpD32,ZpD33,ZpD34},
{zpD41,ZpD42,ZpD43,ZpD44}}).

Figure 3.1: SLHA+ procedure for diagonalising the neutral gauge sector of
the NMWT model in LanHEP
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Chapter 4

Phenomenology of Z’s in
NMWT

The physical spectrum of NMWT is rich with new resonances to discover in
the LHC accessible energy range, with the unique and interesting signature
of a pair of distinct neutral TeV-scale resonances. The potential for discovery
of two new neutral gauge particles depends on their properties, which can
be fully explored and categorised with Matrix Element Generator tools. The
phenomenology of the NMWT model is explored using the CalcHEP pack-
age [76] which allows us to perform a simple and robust analysis of tree-level
2 —=>n,n =1,...6, cross sections and simulation of such events at collid-
ers. The Lagrangian for NMWT was implemented using LanHEP [77], from
which all interaction vertices are generated for use in CalcHEP. The model
implementation is similar to the original implementation from Frandsen et
al[70], with the addition of the features described in section [3.4]

We focus on the phenomenology of the neutral heavy spin-1 resonances in the
NMWT parameter space presented in [2.33], with the additional restriction of
s = 0. Where Higgs interactions are involved, we will loosen this constraint,
however outside of this it is sufficient to consider the 3-dimensional M4, g,
S parameter space. The results are presented in the My, g parameter space
for discrete values of S in the range S = —0.1,0.0,...,0.3, where S = 0.3
provides direct comparison to the previous work [66]. The remaining limits
of the scan over S ensure that the tension with EWPD is minimised (for
the zero T-paramter). The results in the benchmark case of S = 0.1 are
presented here, and results for S # 0.1 are presented in Appendix [C]

The purpose of this phenomenological study is to explore the potential for
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Z/(//)
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V/(//) V/(//) ,\N\‘((IJ
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\Va

Table 4.1:  Drell Yan production of heavy resonance (left) Dilepton, V'V and
Vh decay modes (right), where V' = Z/ W'* W'~ (V" = Z" W't W"~)

probing NMWT with heavy resonance searches at the LHC and future col-
liders. To this end, the set of diagrams we are interested in are those of
Drell-Yan produced heavy resonances that subsequently decay via dilepton,
vector-vector, and vector-Higgs channels. The full set of Feynman diagrams
we are interested in are given in Figure [4.1

The mass spectra of the Z'/Z" are presented in section the coupling
strength of Z'/Z" vertices in section [4.2} followed by a discussion of the total
widths and dilepton branching ratios in section [£.3] production and total
cross sections for DY processes of Z'/Z" are given in section section
explores the interference between the neutral resonances and discusses the
validity of reinterpreting LHC constraints for the NMWT model.

4.1 Mass Spectrum

Following from the analytic diagonalisation performed in section (3.2, analytic
mass terms for the neutral resonances can be constructed. Note that we first
discuss here the regime with mass ordering M, < My . The Oth and 2nd
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order corrections to the Z’ and Z” derived in section (equation |3.16])
combine to give the masses

2 2
_|_
M2 = M? (1+—912§292x2), (4.1)
2 2 ~2 172
+g g°F
M2, = M2([14 9% 2 i 42

up to O(g~%). Tt is clear from equation that at Oth order in §=', My
is exactly equivalent to M4, so the mass scale of NMWT is defined by the
mass of the lighter of the new neutral resonances.

As discussed in section the U(1)y and SU(2). couplings g1, g2 (see
equations , are functions of the NMW'T parameters My, g, S.
Both ¢, and g, have a very mild dependence on the model parameters, with
variation in the couplings at less than 1% level across the viable parameter
space. For the purpose of discussion and insight into the analytic behaviour
of Z'/Z" properties, we will consider gy, g fixed to their SM values, which in
the M S scheme are g; = 0.357 and g, = 0.652[49]. Note that the properties
calculated with CalcHEP use the full analytic form of these gauge couplings.

My, vs M,, g for §=0.1 My(GeV) AM/My vs M, § for §=0.1 AM/ My

9 4400 ' 1040
8 4000 105
3600 1000
3200
g 2800 10705
> 2400 SN A 10710
4 2000 10-15
1600 " A |
gy 10-20
1200 S
2 800 ‘\ e 10725
200 B 3.0

0 1000 1500 2000 2500 3000 3500 4000 0 1000 1500 2000 2500 3000 3500 4000 '
M, (GeV) M, (GeV)

(a) (b)

Figure 4.1: (a) Mz (GeV) (b) AM /My as a function of My, g, at benchmark
values of S = 0.1 and s =0

The mass spectrum of the Z’ is shown in Figure for the mass range
500GeV< My < 4000GeV. Again for the majority of the parameter space
where § 2 2, My ~ M3 as expected from equation In Figure
we present the spectrum for the relative mass difference, AM /My, where
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AM = Myzw — My The behaviour of the mass splitting is due to the non-
trivial dependence of Mz on g%, which arises from the x and F?/M?3 terms
of equation . The effects of the g dependence are in ‘competition’ with
the S and MZQ coefficients, leading to an enhanced quadratic dependence -
and as such enhanced mass splitting - in the low M4, high g regime.

For large M4 one can observe that Z’ starts to mildly depend on §. This
change in behaviour is due to a change of state of the Z'(Z”) from mostly
axial(vector) to mostly vector(axial)[66]. Figure clearly reflects this
mass inversion for § > 2 at a fixed M;,, = M4 which to 2nd order in g!
takes the form

2, 2
g7 +9g5 )\ 4m
M2, = (1 + 1§2 2) gFﬁ. (4.3)
Using the benchmark S = 0.1 the mass inversion occurs at M4 = 2760GeV,
we clearly observe this behaviour in Figure 1.

The mass splitting is large at low M4, high g, opening new decay channels
such as Z"” — WHIW™' as is discussed further in section

We also numerically presented the Z’ and Z” masses in Table for a range
of points in the 3D parameter space of My, g, S, restricting the results to the
My < M, regime. Qualitatively, one can see that varying S affects the Z”
mass spectrum, reducing Mz~ as S increases, but increasing the mass when
S becomes negative. This is due to the contribution to the x? factor in My,
which is proportional to 1 — g2S. The effect of S is most prominent at large
My, where the F2g*/2M? is suppressed and the enhancement/suppression
due to S becomes the dominant effect. The My is only affected by S at 2nd
order in §~!, so away from the mass inversion where Z’ is a more pure axial
mode, the deviation from vector/axial degeneracy is reflected in the vector
(Z") mass behaviour.

4.2 Coupling Strengths

The couplings of the neutral resonances in fermion and gauge sector interac-
tions are constructed from the elements N;; of the diagonalisation matrix A
Each element of IV;; (and Cj; in the charged sector) represent the mixing of
the vector boson/meson states, e.g Nog represents a mixed Z — Z” state, and
components with ¢ = j represent mixing of a gauge field with itself. By in-
specting the analytic behaviour of the interaction vertex couplings, features
of the phenomenology of widths/branching ratios etc can be explained from
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MA(GGV)

S | g 1000 1500 2000 2500
1| 1080(1339) | 1614(1984) | 2148(2639) | 2683(3296)
3| 1016(1163) | 1523(1640) | 2030(2138) | 2536(2643)
-0.1 | 5 | 1006(1370) | 1509(1808) | 2012(2283) | 2515(2778)
71 1003(1642) | 1505(2049) | 2007(2510) | 2508(3001)
9 | 1002(1947) | 1503(2334) | 2005(2788) | 2506(3280)
1| 1078(1325) | 1610(1976) | 2144(2629) | 2678(3283)
3| 1015(1130) | 1520(1590) | 2023(2071) | 2522(2565)
0.1 | 5| 1005(1295) | 1507(1678) | 2010(2100) | 2511(2543)
7 | 1002(1518) | 1503(1821) | 2004(2175) | 2505(2560)
9 | 1001(1773) | 1502(1998) | 2002(2277) | 2503(2591)
1 | 1075(1320) | 1607(1968) | 2139(2618) | 2672(3270)
3| 1013(1097) | 1514(1541) | 1985(2034) | 2452(2540)
0.3 | 5| 1004(1215) | 1505(1537) | 1898(2008) | 2280(2510)
71 1001(1382) | 1502(1560) | 1779(2002) | 2025(2503)
9 | 1000(1580) | 1500(1593) | 1611(2000) | 1634(2500)
Table 4.2:  Masses of the neutral resonances at reference points in the

Ma, g, S parameter space, displayed in the format Mz (Mzr) in GeV for

each parameter space value
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a fundamental perspective. Here we discuss the analytic forms of the cou-
pling strengths at interesting vertices, and in section their effect on the
branching ratios and widths are further explored. Ultimately, the strength of
the neutral vector meson couplings will define how best to probe the param-
eter space of NMW'T with collider observables, and inform the experimental
searches on the relevant production and decay channels for the Z’ and Z”.

4.2.1 Z'/Z" Fermionic Coupling

Couplings of the heavy neutral resonances to fermions are important to un-
derstand for interpretation in collider searches, such as Z'(Z")qq for analysis
of Drell-Yan production and the charged lepton coupling for dilepton final
state searches. The Z'(Z")ete™ coupling is composed of left and right handed
pieces, which can be individually numerically explored in the NMWT param-
eter space. The Z'ete™ LH and RH couplings as a ratio to their SM Zete™
counterparts are presented in Figure and respectively. Both L and
R components of the Z’ dilepton coupling increase as g — 1, however as
the coupling is diluted through the mixing effects between the gauge fields,
gzn+i- = gzi+1- is never realised.

Figures and show the LH and RH Z” dielectron coupling in the
M4, g parameter space, again presented as a ratio to the SM ZeTe™ cou-
pling.Similarly, the L. component of the Z” dilepton coupling grows as § — 1,
however this is not the case for the R component. The R component is sup-

pressed in comparison to the Z’ as the mixing with the photon is smaller for
v—Z" than v — 7'

Figures and clearly confirm the switch from axial(vector) to vec-
tor(axial) Z'(Z") at the mass inversion, M;,,. The composition of the neu-
tral resonances affect both LH and RH coupling strengths, suppressing the
coupling as the Z'(Z") becomes mostly vector(axial).

In order to understand the relative suppression one should inspect the an-
alytic forms for the dilepton couplings in the regimes of M4 < M;,, and
M, > M;,,. The LH/RH dilepton couplings are constructed as

1

1
Jorio = Z(Nli%gl + NozGa),  Girete- = §N1391, (4.4)

where for the Z” the mixing elements switch to N;3 — Nyy.

From this equation [4.4] we see that the Z’—dilepton couplings are built from
the mixing of the U(1)y gauge boson with the Z’ and the mixing of Z — Z'.
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In fact, all fermionic couplings follow a similar structure, containing only
off-diagonal terms of the mixing matrix N. This mixing is the origin of the
hypercharge and isospin components of the fermionic couplings, hence we can
generalise the fermionic couplings of Z’ and Z” in a mass regime dependent
way.

R R

7 lgh /gl |vs. M, gfor S=0.1  \9Zec/9%| 7 9B JoB |vs. M,, jfor §=0.1  9Zcc/9zc|

0.40 z 0.40

0.32 0.32

0.24 0.24

> >

0.16 0.16

0.08 0.08

0.00 0.00

0 1000 1500 2000 2500 3000 3500 4000 5100 1000 1500 2000 2500 3000 3500 4000
M, (GeV) M, (GeV)

(a) (b)

Figure 4.2: Coupling of Z’ to charged lepton pairs as a ratio to its SM equiv-
alent separated into left and right handed components, (a) | ¢5,+,-/9zi+1- |,
() | 9541~ /92141~ |, as a function of M4 and g parameters at the benchmark
values of S =0.1 and s =0

My < M;,, regime

In the mass regime My < M;,,, the generalised Z’/Z" fermionic couplings
9z g5 and gz 5 take the form

X X

gé’ff = 2—\/% (—[393 + Ygf) ; gIZ%’ff - 2\/—§'qu%7 (4.5)
1

gé”ff 2\/—~ ([392 + Ygl) ggflff = 2\/—_§C]f9%a (4.6)

where I3 = +1/2 is usual 3rd component of the weak Isospin for up and
down-fermions respectively, Y = ¢q; — I3 is their hypercharge, and ¢y is the
charge of the fermions.

Compounding the results of the numeric analysis, in the low g region the Z”
dilepton coupling is stronger than that of the Z’, due to the y suppression
in the Z’ couplings. For positive S, then y < 1 across the full parameter
space, so represents a small suppression where it appears in the coupling.
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Figure 4.3: Coupling of Z” to charged lepton pairs as a ratio to its SM equiv-
alent separated into left and right handed components, (a) | g5+~ /97141~ |,
(b) | 9541~ /9z1+1- |, as a function of M, and g parameters at the benchmark
values of S = 0.1 and s =0

Thus when interpreting experimental limits in the NMWT parameter space,
we would expect constraints at low ¢ region to be strongest from the Z”.

My > M;,, regime

The couplings g,/ ;7 and gy ;7 in the My > My, regime to order O(g') are
Ghyys = —— (—Isg} + Y g?)  J—— (4.7)
241~ 9 /25 2 1) 241 = 5 fag I

X

The only major change in comparison to the M, < M,,, regime is that
the factor y is now applied to the Z” fermion couplings. This leads to
a relative suppression of the Z”ff interactions in comparison to the 7/,
with the greatest suppression occuring at high ¢ due to the structure of
X(g,5). This suppression of the Z” dilepton couplings is present in Figure
especially notable for the LH coupling due to the contribution from v— 2"
and Z — Z" mixing.
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4.2.2 7'/Z7" VV/Vh Coupling

Additionally to the fermionic couplings, gauge sector interactions could play
an important role in probing the NMWT parameter space at colliders. Al-
ternatively to the Drell-Yan channel, the Z’/Z"” may be produced by Vector
Boson Fusion (VBF), so one should investigate coupling to V'V pairs. Inter-
actions involving the Higgs may also provide interesting collider signatures,
so we also study the Z’'/Z” coupling to Vh.

ZWW
The Z'W*W ™ vertex coupling has the structure

gzww = —g2C7 Nag — %(0221]\743 + C2 Ny3 + 2C5C31 N33). (4.9)

Note that the Z'WW vertex coupling has a linear momentum dependence,
however here we present the dimensionless coupling coefficient to the mo-
mentum in this vertex.

In the M4 > M;,, regime, substituting the elements of A" and C from equa-
tions and [B.3] the coupling becomes

gB(l=x)  g3(g? — g)MZ(x +x°)

= , 4.10
= g V25 (M3 — 4M2) (4.10)
which up to 2nd order in §—! simplifies to
2
1—
20X | oG9, (4.11)

gzww = — =2
V2§

As established previously, the SM-like gauge couplings ¢g; and gy are mini-
mally dependent on the WTC parameters My, g, and .S, such that they can
safely be considered constant for this discussion. With this approximation
the coupling gz ww is independent of the mass scale M4 and fixed for a given
gand S.

The behaviour of gzww as a function of § is not obvious from equation
4.11} due to the non-trivial dependence of y on the parameters S and g (see
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equation [2.29)). In the regime where both of the following conditions are met,

S~2
§g>1, and % <1, (4.12)

we can perform a Taylor expansion of x around §—! = 0,

_ |y 5S¢
x(gt,S) = 1_8_7r

B SgQ B 52§4 N
160 512

Taking only the leading terms and substituting into equation 4.11| we find
the leading order (LO) behaviour of gzww is

Z'WW 16\/571’7

which in this regime (equation [4.12|) describes the coupling behaviour to
1% level. Thus the Z' — WW interaction grows linearly with ¢ once g is
sufficiently large as to satisfy the expansion conditions.

(4.13)

In the M, < M,,, regime the Z’ is the mostly axial-vector resonance, nat-
urally one would expect this to result in the Z'WW coupling being highly
suppressed. Substituting the elements of N and C from equations [3.17]
into gzww (equation [£.9), we find

~ g5(gt — g3) MAix(1 +x?)

gzww = . (4.14)
V203 (4M3 — M)

Immediately one can see that the coupling gzww only contains O(g~3) con-

tributions, i.e the contributions in which all particles are in a mixed state.
Interestingly, the contribution from self-mixing W states (C? Na3 in equa-
tion cancels ezactly with the contribution from the self-mixing 7’ state
(C51C31 N33 in equation , leading to an overall zero contribution from the
on-diagonal elements of A and C.

The implication of this analysis is that the Z'WW interaction becomes im-
portant in the high My, high § regime. As the suppression of Z’ fermionic
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couplings is §~! dependent, regions of the NMWT parameter space that can-
not be effectively probed by fermionic couplings may be accessed through
this triple vector particle coupling. The complementarity of fermionic and
bosonic channels motivate the search for these new resonances at high energy
colliders in both Drell-Yan (DY) and Vector-Boson Fusion (VBF') production
channels.

Z'Zh

When the Z’ is a mostly vector resonance, the dominant 3-point gauge in-
teraction should be that of Z'Zh. In terms of mixing elements, the Z'Zh
coupling is constructed from elements of N in the following way;

~2

v v
9z' zh :Z (29§N22N23(1 +s)+ 295N12N13(S —13)) + %(N32N33(7"2 + )
— NogNo3 (1 +13) + NyoNys(s — 7’2)>
qu
+ e (\/591(N13N42(7"2 — 8) + N13N3a(s — 1) + NigNys(re — s) + N1aN3z(s — 1))

+ \/592(]\723]\732(1 — 8) 4+ NogNyo(rg — 5) + NogN33(1 — s) + NogNys(r2 — 8))) ;

(4.15)

where we note that gz 7, has a mass dimension arising from the vev, as such
it does not contain a momentum dependence as is the case for the Z/WW
vertex.

The form of equation contains many terms as the coupling takes contri-
butions from several operators in the Lagrangian 2.5, however if we apply the
usual restriction of s = 0 this can be reduced. In the M, < M;,, regime, we
can find an approximate asymptotic for gz z;, in terms of the 3-dimensional
parameter space (Mg, g,S),

gM3 [(g8 +93)S
oy = . 4.16
92 zh 64v T ( )

The key here is that the Z'Zh coupling is enhanced by g when the Z’ is the
mostly axial resonance, which could offer an exciting opportunity to probe
the difficult to access high g regime, where equivalent fermionic channels are
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suppressed by 1/g. This suggests that the dominant process for the Z’ at
low-intermediate M, is the decay to Zh, motivating the search for NMWT
in a variety of neutral resonance searches.

4.3 Widths and Branchings

The validity of the low-energy effective Lagrangian as a description of
the NMWT parameter space is dependent on perturbativity of the model.
A natural insight into whether interactions can be calculated perturbatively
is the width of the neutral resonances - if the width is sufficiently small
compared to the particle mass then perturbation theory holds and Ly,son
accurately describes the low energy behaviour of said particle. The width-

to-mass ratio I'/M for Z" and Z” is shown in Figure

T, /My, vs My, gfor $=0.1 Tz/Myz 9 T, /My vs My, g for $=0.1 Ty /My

100 1010
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(a) (b)

Figure 4.4: (a) 'z /My, (b) T zn/Mzn as a function of M4 and g parameters
at benchmark values of S = 0.1 and s =0

One can see from Figure[d.4h that the Z’ is narrow across the whole parameter
space, and 'z /M is always below 10%.

For M, > M,,,, where the Z’' is the mostly-vector resonance, its width
is enhanced by the opening of the Z' — WTW~ decay channel. Tz is
maximised for the high g region of this mass regime, as we see from equation
gzww is proportional to g. The Z’ width is most narrow in the M, <
M, and low g regime, due to the suppression of the WIW and Zh channels
relative to the fermionic channels. In this regime, the dominant process of
Drell-Yan to difermions forces the intermediate resonance to be narrow. This
effect appears in the relative branching ratios of the Z’, shown in Figure
(a,b) for low g = 3 and high g = 8 respectively. This also occurs in
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MA(GGV)
S |g 1000 1500 2000 2500
1| 291(35.28) | 4.54(52.92) 6.63(72.28) 9.76(94.34)
31 1.29(10.79) 2.92(7.73) 7.20(12.28) 17.39(24.99)
0.1 [ 5| 1.37(180.97) | 5.10(117.65) | 16.44(110.57) | 44.28(143.36)
71 2.89(932.69) | 11.15(691.70) | 35.46(648.36) 93.58(742.68)
9 ] 6.75(3028.96) | 23.56(2435.70) | 69.88(2375.84) | 176.01(2685.93)
1| 272(3370) | 4.02(48.93) 5.50(64.11) 7.50(79.44)
3| 0.88(4.13) 1.80(2.69) 4.74(6.40) 12.93(15.07)
0.1 [5] 0.79(76.29) | 3.60(19.00) | 12.85(14.75) | 36.46(36.86)
71 1.99(350.34) | 8.64(109.07) | 28.30(46.82) | 75.39(76.16)
9 | 5.66(899.79) | 19.44(328.60) | 55.33(124.77) | 134.68(135.22)
1| 270(32.48) | 4.62(47.28) 8.91(64.77) 19.03(90.61)
31 1.87(2.75) 9.37(10.55) | 34.98(37.18) | 99.34(107.84)
0.3 [ 5] 5.53(30.22) | 27.87(27.69) | 79.15(97.60) | 197.15(288.29)
7 | 18.16(108.87) | 64.34(59.34) | 113.87(195.62) | 217.11(580.30)
9| 72.97(125.19) | 160.17(109.98) | 116.31(318.94) | 124.76(617.72)

Table 4.3: Widths of the neutral resonances in the My, g, S parameter space,
displayed in the format I'z/(I'z~) in GeV for each parameter space value

the near-degenerate theory of S ~ 0 as one can see from Figures and
in Appendix [C, where we present additional phenomenological results
for S = —0.1,0,0.2 and 0.3. One should also note that for large g and
My < M, the dominant contribution to the width is from the 72/ — Zh
decay channel, as shown in Figure [£.5b. The implication of the above is
that the Z’ decays via three important channels, dilepton, WW, Zh, which
can probe complementary regions of the parameter space. As such, a fully
comprehensive experimental search of the NMWT parameter space must
consider these main signatures at collider experiments.

The behaviour of the Z” width-to-mass ratio (Figure [£.4p) is qualitatively
different from the Z’. For g < 5, the width also below 10% of Mz~, however
as g grows beyond this range I'z»/Mzyz» becomes very large. This is most
extreme for the low M4 regime where I'y» > Mzr, due to the opening of
the purely technicolor decay channel Z” — W/*W'~ which scales with g (as
the interaction vertex involves only technicolor gauge particles). The effect
is confirmed in Figures [4.5{c,d), where for g = 8 and M4 < 1TeV all other
channels are suppressed with respect to Br(Z" — W/'W").

For the My > M,,, regime, the high § regime is dominated by the Z” — Zh
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Figure 4.5: Br(Z')(a,b) and Br(Z")(c,d) for all decay channels as a function
of M4 at the fixed values of (a)g = 3, (b)g = 8, at benchmark values of
S=01lands=0

channel due to the g enhancement in this coupling vertex and the axial-
vector composition of the Z” (Figure [1.5d). From Figure we see similar
behaviour for S > 0, where the suppression of all other channels relative to
Zh is greater for increased S, i.e as the mass separation of the Z’ and Z” is
maximised. Interesting behaviour occurs for negative S (Figure , where
for My > M;,, the dominant decay channel is Z” — WW. This is due to
the definition that Mz» > Mz which means that to achieve a negative S,
the mass ordering of M, and My is switched - so at M, > M;,, the Z" is
the mostly-vector resonance.

The ultimate goal of this phenomenology analysis is to probe and assess
the viability of the NMWT parameter space at collider experiments. The
cleanest channel to explore is the charged dilepton signature, as it has a low
SM background and narrow resonant peak in the invariant mass spectrum.
Let us inspect the dilepton branching ratio for the Z’ and Z” resonances
across the 2D (M4, §) parameter space, presented for S=0.1 in Figure
We also present numerical results for Br(Z' — ete™) and Br(Z" — ete™)
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Figure 4.6: (a)Br(Z' — ete™), (b)Br(Z" — eTe™) as a function of M4 and
g parameters at benchmark values of S = 0.1 and s =0
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at reference values across the 3D (My, g,.S) parameter space in Table .

The expected 1/g suppression from equations and is present in Figure
For low values of g both Br(Z' — ITl7) and Br(Z" — ITl7) are
enhanced above the respective SM branching ratio Br(Z — [*]7) value of
3%. For example, from Table |4.4] we see that for M4 = 1500GeV, S = 0.1
and ¢ = 1, Br(Z' — e*te) ~ 12.3% which is ~ 4 times greater than the
respective SM branching ratio. This enhancement is caused by a subtle effect
in the mixing contributions to the vertex coupling, which is not evident from
equation [4.5] as this equation breaks down for values of g ~ 1. A numerical
analysis of the mixing contributions indicates that for ¢ ~ 1 the v — Z’
mixing is enhanced, while Z — Z’' mixing is suppressed. This leads to a
relative suppression of Br(Z' — vv) and Br(Z' — qqGs) with respect to
Br(Z' — 1T17) and Br(Z" — ququ).

Let us look beyond the dilepton channels Br(Z' — ete™) and Br(Z" —
ete”) to the interdependent branching ratios to V'V and Vh. Along with
the dominance of WW and Zh channels at high g discussed previously, there
is the presence of unusual dips in the Z’ and Z” diboson channels (Figure[4.5).
These dips occur for low-intermediate g and M4 < M,,,, and are the result
of the respective Z'"WW and Z'") Zh couplings changing sign such that at
the dips the respective branching ratios go to zero. The source of the sign
change in the couplings can be investigated through the mixing contributions
to the coupling vertex, i.e the contributions from N;; and Cj; elements in the
coupling. From equations[4.9]and [£.15] we see that the WW and Zh couplings
contain contributions from gauge kinetic terms as well as from 7, and r3 terms
from the Lagrangian of equation [2.5] These terms combine in such a way as
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MA(G6V>
S g 1000 1500 2000 2500
1| 10.941(3.963) | 10.759(3.873) | 9.854(3.749) | 8.467(3.576)
3 2.226(0.782) | 1.377(1.572) | 0.704(1.313) | 0.350(0.807)
-0.1 [ 5| 0.827(0.019) | 0.327(0.038) | 0.134(0.052) | 0.061(0.049)
71 0.217(0.002) | 0.083(0.004) | 0.035(0.005) | 0.016(0.005)
9| 0.062(0.000) | 0.026(0.001) | 0.012(0.001) | 0.006(0.001)
1 | 11.788(4.080) | 12.280(4.112) | 12.084(4.154) | 11.119(4.174)
372.986(1.991) | 1.930(4.455) | 0.903(2.487) | 0.502(1.229)
0.1 [ 5] 1.171(0.042) | 0.373(0.220) | 0.133(0.360) | 0.050(0.183)
71 0.211(0.005) | 0.072(0.021) | 0.029(0.058) | 0.013(0.043)
9 | 0.038(0.001) | 0.016(0.005) | 0.008(0.014) | 0.004(0.015)
1 [ 11.988(4.162) | 10.784(4.186) | 7.532(4.040) | 4.429(3.595)
3| 1.255(2.910) | 0.356(1.077) | 0.301(0.233) | 0.147(0.085)
0.3 [ 5] 0.129(0.099) | 0.033(0.142) | 0.058(0.016) | 0.028(0.006)
7| 0.012(0.016) | 0.005(0.033) | 0.019(0.002) | 0.012(0.001)
9 | 0.000(0.009) | 0.000(0.011) | 0.010(0.000) | 0.010(0.000)

Table 4.4: Di-electron branching fraction of Z’, Z" in the My, g, S parameter
space, displayed in the format Br(Z' — ete™)(Br(Z" — ete™)) in %.

to partially cancel the contributions, with the sign of the coupling indicating
which Lagrangian terms are the greatest contribution, as such there is some
value in the parameter space at which these contributions cancel exactly -
hence the dips in the branchings.

4.4 Cross Sections

The Z’ and Z” resonances can be produced via the Drell-Yan production
mechanism|[78], where they can subsequently decay to dileptons. This DY
dilepton signature is a promising probe of NMWT at proton-proton colliders
such as the LHC, as such we study the theoretical DY dilepton cross sections
for the Z’ and Z” in detail here. The cross sections are directly related to
the fermionic couplings and dilepton branching ratios presented in sections
and [4.3] respectively. The total leading order (LO) cross sections for
the pp — Z'/Z" — eTe™ processes at 13TeV are presented in Figure
across the 2D (My, §) parameter space with S = 0.1. Analogous results
are presented in Figures [C.13| and [C.14] for discrete S = —0.1,0.0,0.2,0.3
(Appendix . We also present numerically the DY production cross sections
pp — Z'/Z' in Table for the 3D grid (Ma, g, S).
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Figure 4.7:  (a)o™(pp — Z' — eTe™) (tb)(b)a™(pp — Z" — eTe™) (Ib)
at /s = 13TeV as a function of My, g at benchmark values of S = 0.1 and
s=0

MA(GGV)

S 1g 1000 1500 2000 2500

1] 6.37x102(3.08x 10°) | 1.03x 10%(4.20x10%) | 23.7(33.5) 6.54(19.1)

3 [ 3.37x 10%(2.39%x107) 10.6(52.2) 10.4(14.1) 2.66(4.31)
0.1 1[5 143x10%(37.0) 92.9(9.83) 5.29(2.84) 1.47(0.89)

7 80.2(7.89) 13.0(2.54) 3.03(0.81) 0.85(0.26)

9 53.9(2.00) 8.78(0.74) 2.05(0.25) | 0.58(8.59% 10~ 2)

1] 6.39x10%(3.10x10°) | 1.04x10%(4.34x10%) | 24.0(84.7) 6.64(19.5)

3 [ 3.06x10%(2.72x 107) 30.8(65.3) 5.79(20.0) 0.96(6.50)
0.1 [5] L17x10%(47.7) 18.5(14.4) 1.03(4.72) 0.81(1.89)

7 54.0(11.5) 8.75(4.70) 2.01(1.85) 0.52(0.76)

9 27.7(3.22) 150(1.73) 1.05(0.85) 0.20(0.41)

1| 6.43x10%(3.12x 10%) | 1.05x10%(4.40x10%) | 24.3(85.8) 6.75(19.8)

3 [ 2.70x10%(3.15x107) 16.1(93.9) 8.68(19.0) 3.47(4.70)
0.3 [5 00.4(63.2) 11.8(24.1) 6.98(3.82) 2.64(1.04)

7 27.9(17.6) 1.30(10.2) 5.18(1.0) 2.64(0.31)

9 1.35(5.65) 0.22(5.43) 5.13(5.22x10°2) | 4.79(147x10°2)
Table 4.5:  Cross section o(pp — Z'/Z") at LO in the My, g, S parame-

ter space at /s = 13TeV, displayed in the format oz (oz~) in fb for each
parameter space value

We evaluate the theoretical cross sections in the Narrow Width Approxima-
tion (NWA)[79] for consistency with the LHC@13TeV limits from the CMS
experiment[80], which allows us to interpret the CMS limit in the NMWT pa-
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rameter space. This interpretation is discussed further in chapter |5, with the
relevant elements of the CMS procedure presented where appropriate here.
The CMS paper itself follows the prescription of[81] to set appropriate mass
window cuts around a generic resonant Z’, where Accomando et al calculate
that a cut of Mz + 5%+/s produces a cross section that is within 10% of
the calculation from the NWA. This discrepancy comes from the difference
between a direct 2 — 2 cross section calculation, which does not necessarily
have a sharp narrow resonance, and the 2 — 1 x Br(1 — 2) method which
forces the resonance to have a narrow width. We provide results for both
procedures, where Figure was calculated following the CMS 2 — 2 cross
section procedure, and Table is the 2 — 1 resonant production that one
can apply the branching ratios from section to create the dilepton cross
section with an enforced narrow width.

Cross sections are calculated using the Matrix Element Generator package
CalcHEP [76], using the platform of the High Energy Physics Model Database
(HEPMDB) [82] which is linked to the Southampton based IRIDIS4 super-
computer. The PDF set used is NNPDF23 LO as_0130_QED[83], and we
set the QCD coupling scale ) to be equal to the dilepton invariant mass,
Q = M(ete). To account for NNLO QCD effects we multiply the LO cross
sections by a mass-dependent K-factor. This K-factor is found using the
WZPROD program [84] 85, [86] which we have modified to evaluate Z’ and
W’ cross sections, and linked to LHAPDFG library [87] as described in [8§].
These NNLO K-factors are presented in Table [4.6]

As expected, the §—! suppression from the dilepton coupling is observed

for both Z’ and Z” in Figure [4.7, At high resonance mass there is also
suppression of the cross section coming from the PDFs. It is important to
note that for high M, and low-intermediate values of § the signal from the
Z" is higher than that of the Z’, whereas the Z’ dilepton signal is higher
at low M4 and high g. This highlights the complementarity between the
two resonances, indicating that the Z’ and Z” DY processes will exclude
different areas of the NMWT parameter space. This motivates our study of
both resonances in conjunction, as we will exclude a greater portion of the
parameter space with combined searches.
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Mz (GeV) Knnro || Mz (GeV) Knnzo
500 1.35 1500 1.41
600 1.36 1600 1.41
700 1.36 1700 1.42
800 1.37 1800 1.42
900 1.38 1900 1.42
1000 1.39 2000 1.41
1100 1.39 2100 1.41
1200 1.40 2200 1.41
1300 1.40 2300 1.41
1400 1.41 2400 1.40

My (GeV) | Knnro || Mz (GeV) | Knnro
2500 1.40 3500 1.31
2600 1.39 3600 1.30
2700 1.39 3700 1.29
2800 1.38 3800 1.28
2900 1.37 3900 1.26
3000 1.36 4000 1.25
3100 1.35 4100 1.24
3200 1.34 4200 1.22
3300 1.33 4300 1.21
3400 1.32 4400 1.19

Table 4.6: K-factors for NNLO QCD corrections to Drell-Yan cross sections
at y/s = 13TeV evaluated with the help of the modified ZWPROD program
as described in the text, using NNPDF23 LO as_0130_QED and NNPDF23
NNLO as_0119_QED[3] PDFs for LO and NNLO cross sections respectively.

4.5 7'/7Z" Interference

Following the discussion of the DY cross sections in section [4.4] it is vital to
study the interference between the Z' and Z” dilepton signatures. We will
eventually interpret the LHC experimental limits on heavy neutral resonances
in the context of the NMWT parameter space, where the experimental search
is based on a single resonance in the dilepton channel. In conjunction with
this, one must explore the separation of the neutral resonance peaks, their
relative contributions to the dilepton signal, and their individual I'/M ratio.
As such, this section explores the validity of the single peak interpretation
of experimental limits in the NMWT parameter space.
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Figure 4.8: (a) Contour levels for o(pp — Z' — eTe™) at the /s = 13TeV

and ratio of Z'/Z"” DY dilepton cross sections in M4, § parameter space at
S=0.1. (b) Interference between Z’ and Z” contributions to the dilepton
signature arising from the pp — Z'/Z" — [T1~ process in M4, g parameter
space at S=0.1.

In Figure [4.§]a) we present contour levels for o(pp — Z' — e*e™) at /s =
13TeV along with the relative ratio of dilepton production via Z’ vs. Z”
production for S=0.1. We calculate the cross sections with a finite width
and a mass window cut around the resonance mass (following the procedure
described in section , which allows us to correctly estimate the size of the
Z']Z" interference. The pattern is qualitatively similar for varying S, so it
is sufficient to explore the consequences of interference at S = 0.1 and apply
it throughout. The result of Figure is that the Z” dilepton signature
becomes dominant at mass regimes from M, > 1.5TeV and low g, which
confirms our results in section [4.4] and reaffirms the motivation to study the
two resonances in parallel.

The interference between the Z’ and Z” contributions to the dilepton signa-
ture is presented in Figure [4.8b. One can clearly see that the interference is
at most at the level of 1%, and can therefore be safely neglected across the
whole M4, g parameter space at S = 0.1. Again, the results for S # 0.1 are
qualitatively similar so the result applies for the full 3D (M4, g, .S) parameter
space.

Let us now consider the interpretation of the LHC limits in the Z’ and Z”
dominated regions of the parameter space. In the region of low M4 < 1TeV
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the dominant contribution to the dilepton signature comes from the Z’, so
one can interpret the LHC single-resonance limits in this region of parameter
space. Using similar logic, one can see that the region of M, > 1.5 TeV
the Z” gives the dominant contribution to the di-lepton signature, thus one
can interpret the LHC limits in this region of NMWT parameter space from
the Z” signal. Finally, in the intermediate region of 1TeV< M,y < 1.5TeV
the contributions from the Z’ and Z” dilepton signatures are comparable,
however this does not invalidate the single peak interpretation. Recalling the
relative mass ratio (Figure [4.1p), we see that the Z’ and Z” peaks are well
separated in mass (Mz» > 10%Mzy/), and the width-to-mass ratios (Figure
are both at the percent level, as such the LHC limits in this region of
parameter space can be applied separately to either the Z’ or Z” signatures.

Therefore we conclude that for the entire (M4, g, S) parameter space of inter-
est, we can use signals from Z’ or Z” to independently probe complementary
regions of the NMWT parameter space. In principle one can study the sta-
tistical combination of both Z’ and Z” signatures, however this is outside
the scope of this thesis as it would require the experimental procedure to
change. I would encourage the experimentalists to develop a procedure for
a double-peak resonance search, as this may increase sensitivity to models
with more than one heavy neutral resonance such as NMW'T.
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Chapter 5

Current LHC Limits

5.1 Set-up for LHC Limits

The potential of the LHC to probe the NMW'T parameter space is depen-
dent on the experimental set-up and assumptions used in creation of the
experimental limits on new physics processes. We provide details of cuts,
acceptance and efficiency functions etc. for each LHC@Q13TeV experimen-
tal search used for limit interpretation into the NMW'T parameter space.
Throughout this work the parton distribution functions used are as detailed
in section [4.4] These will later be discussed in the context of probing NMWT
with future colliders in chapter [7]

5.1.1 Dilepton set-up

The interpretation from experimentalists of dilepton limits in the NMWT
parameter space was last provided by ATLAS at the LHC@Q8TeV [89]. Since
this Run 1 result, experimentalists have not explicitly interpreted their own
limits in the context of NMW'T, so the following set-up applies for any generic
7' resonance in the DY dilepton channel, and for this study is specific to
CMSI[80].

The CMS limit on Z’ resonances in the dilepton channel are expressed as
a ratio of the DY di-electron cross section through a Z’ mediator to the
equivalent SM cross section through a Z mediator, R, = o(pp — 2’ —
ete”)/o(pp — Z — eTe™). Expressing the limit in this way removes the
dependency of the limit on the theoretical prediction of the Z boson cross
section, as well as experimental uncertainties associated with this dilepton
measurement.
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We simulate the limit setting procedure employed by CMS in order to validate
the approach, with the projection to high energy/luminosity future colliders
in mind. The following details our simulation of the CMS limits, which were
found to match the CMS limit to ~ 1% level.

To reproduce these limits, the CMS mass distribution for the dilepton back-
ground is simulated using the background probability density function:

mnea+ﬂm+7m2+5m3+em4 (5‘1)
where k, a, 3,7, 6 and € are function parameters. This PDF describes a back-
ground distribution in the invariant di-electron mass, where the background
is dominated by di-electron events produced via the Drell-Yan production
mechanism. This simulated background is normalised with respect to the Z
boson mass window (60 < m.. < 120 GeV) in experimental vs. simulated
data. For this reason, we set limits on the NMW'T parameter space using
the di-electron limits set by CMS at 13TeV and 36fb~!.

For a given integrated luminosity L, the total number of events in the data
is Ni. In this particular analysis the integrated luminosity is L = 36fb™!,
however this procedure can be generically applied to any luminosity mea-
sured in the CMS detector. Using the PDF in equation we generate
many (O(100)) data sets, where each data set has a total number of events
equal to a varying Poisson fluctuation on Nj. For each data set, we step
through invariant mass bins and set 95% confidence level (CL) limits on R,
in each bin. To set these limits we employ an unbinned extended likelihood
function using a Bayesian approach, where the likelihood function distribu-
tion is calculated as a function of the number of signal events, Ng, in a given
mass bin. The signal PDF used in the likelihood analysis is a convolution
of a Breit-Wigner function and a Gaussian function with exponential tails
to either side, to simulate a single finite width Z’ peak above the smooth
background for a given mass bin. The size of the symmetric mass window is
+60'g, where ['g is the width of the signal resonance, and in high invariant
mass regimes this window is symmetrically enlarged to capture a minimum
of 100 events within it.

We identify Ngs as the 95% CL upper limit on the number of signal events
Ng, where for a likelihood function f(N;60) in a given mass bin, the upper
limit Ngs5 is the number of events at which

Nos
1—a=095= F(N;60)dN. (5.2)
0
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In converting the upper limit Ng5 to a limit on the cross section ratio R,,
one must consider the detector geometry and efficiency. These are modelled
by the mass-bin dependent acceptance (A) and efficiency (¢€) functions, more
commonly quoted as a combined A x e function. The acceptance and ef-
ficiency are geometry dependent, and will have a different functional form
for the barrel-barrel, barrel-endcap, and endcap-endcap regions of the CMS
detector. The CMS detector identifies the regions of the electron calorimeter
(ECAL) by the pseudo-rapidity regions |n¢| < 1.44 (ECAL barrel region)
and 1.57 < |nc| < 2.50 (ECAL endcap), where the intermediate transition
region 1.44 < |no| < 1.57 between the barrel and endcap is excluded due to
the physical set up of the calorimeters. We account for this in our simula-
tions by calculating the SM background using separate CalcHEP batch mode
scans for each of the regions of interest, and combining them in such a way
as to accurately model the number of events Ny, captured by the CMS detec-
tor in a given invariant mass window. Additionally, the selection criteria for
di-electron events via a massive neutral mediator requires that the electrons
both have a transverse momentum of py > 35GeV, again accounted for in
the batch scan stage of our background simulation.

The cross section limit is then Ngs/(L x A X €). For each of the simulated
data sets, we calculate a 95% CL upper limit on the cross section ratio in
each mass bin. From these sets of limits we can then calculate the median
95% CL limit, as well as 1o and 20 standard deviations on the 95% CL limit
at each invariant mass bin.

5.1.2 VV/Vh set-up

The Drell-Yan production of V'V and Vh via Z'(") is simply the product of the
DY production cross sections o(pp — Z'/Z") (Table with the branching
ratios Br(Z'(Z") — W*W~) and Br(Z'(Z") — Zh) (Figure [£.5). The
batch mode calculation of the 2 — 2 process across a fine grid in (M4, g, 5)
is computationally expensive, instead one can reduce the calculation time
from the ~ O(hours) to ~ O(seconds) by writing explicit C code interfaced
with CalcHEP to produce all phenomenological results in a fine 3D grid. In
this method, the production cross section is not calculated directly, rather it
is reconstructed from the parton-level couplings to the Z’(Z"), for example

olpp — Z') = quwqq(MZ/)g%,qq, (5.3)

where wyg(Mz/) are the mass-dependent PDF functions for each pair of inter-
acting quarks, and ¢z, are their coupling strengths to the Z’. The squared
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coupling implicitly combines left and right handed components as the sum
of squares of LH and RH. The PDFs of parton processes are found by eval-
uating a smooth function of o(qq — Z'/Z") with all couplings set to unity.
This method was validated against the 2 — 2 calculation to within ~ 1%
level.

One should also note that the involvement of the composite Higgs in this
V'V h vertex necessitates the exploration of the parameter space with non-
zero s. This additional parameter enters due to the Tr[CF, + C% | Tr[M M']
term in the gauge sector Lagrangian (equation . For a qualitative view
of how the s parameter affects the reach of LHC probes of NMWT, we will
present the results in section for s = —1,0, 1.

5.2 Dilepton Limits on NMWT for LHCQ13TeV

With the theory level NNLO cross sections for DY dilepton production of
7' and Z” in section and the CMS experimental set-up described in
section [5.1.1], we can now explore the status of dilepton probes of the NMWT
parameter space at Run 2 of the LHC. The 95% CL observed limit on R, =
olpp— Z' — ete”)/o(pp — Z — eTe™) at 13TeV and 36 fb~! can be found
in Figure 3 of the CMS paper[80].

The SM NNLO cross section for the DY di-electron process is given as o (pp —
Z/y* — ete”) = 1.928nb, which is then used to convert the ratio R, to a
limit on o(pp — Z’ — ete™). This limit is then projected in the 2D (Ma, )
NMWT parameter space, interpolating the limit with di-electron invariant
mass and mapping this to My at each point in the parameter space. The
95% CL limit in the NMWT parameter space is then compared to the NNLO
theoretical cross section for Z' and Z” signals, and all regions in which the
theoretical cross section is greater than the experimental limit are excluded.

The resulting exclusions on the NMWT (M4, §) parameter space with S =
0.1 are presented in Figure |5.1} The power of the LHC to probe NMWT
through dilepton searches is already powerful at low g, in fact for § = 1 the
lower limit on the TC scale is M4 > 3.5TeV. This is also approaching the
upper limit set by the a parameter, implying that the LHC could potentially
completely close the parameter space for certain values of ¢, an exciting
prospect that is explored further in the final chapter of this thesis (chapter
7). These exclusions also highlight the complementarity of the Z’ and Z”, an
important feature that is key to effectively probing the NMW'T parameter
space. As expected from the results of section[4.4] the Z’ is more powerful for
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Figure 5.1: Exclusion of the (My, §) parameter space from Z' and Z” DY
processes in the dilepton channel at /s = 13TeV and luminosity of 36 fb~!

probing low M 4 regimes up to high g, whereas the Z” probes low-intermediate
g up to high M. This can also be observed for varying S, presented in Figure
of Appendix [C| When S # 0, the reach of the exclusions is similar in
M 4 but suppressed in g to compensate for the deviation from degeneracy of
the Z' and 7', whereas S = 0 significantly extends the exclusion region in
both g and M, as the signal is boosted thanks to increased mixing between
the near-degenerate neutral states. The a parameter limit probes lower in
M 4 for increasing S, so for large S the low g regions of the parameter space
can be fully excluded already, however one should keep in mind that EWPD
disfavours S 2 0.1.

5.3 VV/VhLimits on NMWT for LHC@13TeV

Analogously to the dilepton limits, we set the first limits on the NMWT
parameter space from complementary signatures at the LHC. The analytic
couplings presented in section[4.2.2]in conjunction with the relative branching
ratios for Z'/Z" decays (section motivate the search for vector-vector
(VV) and vector-Higgs (Vh) signatures. The potential for these searches to
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access the high g regions of the (M4, §) parameter space could provide a
comprehensive study of the whole spectrum of possible Walking Technicolor
models.

5.3.1 Drell-Yan produced Vh signatures

The Z' and Z” can both decay to a Zh pair in complementary regions of
the parameter space, with the coupling controlled by the vector/axial com-
position of the neutral resonance. When the Z’ is the mostly axial resonance
(i.e in the My < My, regime) the Zh decay channel dominates for large
g, and vice-versa for the Z” in the M, > M;,, regime. DY production of
Z'/Z" remains the cleanest production mechanism, however there are a num-
ber of potential final states in which the pp — Z'/Z" — Zh signature can
be explored at colliders. The signatures characteristic of Zh production in
colliders include semi-leptonic final states, where the Higgs decays to pairs
of b-jets or c-jets and the Z decays to dileptons, and the fully hadronic final
states, where the Z decays to a pair of quark jets.

Here we consider the current limits on DY produced Z’ in the Zh chan-
nel from the semi-leptonic ATLAS Vh — [Ibb search at /s = 13TeV and
36/b71[00]. This was chosen over the fully hadronic search and the equiva-
lent CMS limits as at the time of writing, these are the strongest limits set
on this channel, and the limit covers a large invariant mass range of 500 <
Mz, < 5000GeV. The ATLAS limits are expressed as a limit on the cross
section o (pp — Z' — Zh) x Br(h — bb, c¢), where the Higgs branching ratio
is a sum over bb and c¢ decay modes and is fixed to Br(h — bb, cc) = 60.6%.
Using this fixed branching fraction to convert the data to a limit on purely
o(pp — Z' — Zh), we can then project the limit into the NMWT parameter
space and compare to the theoretical pp — Z'/Z" — Zh cross section to
produce exclusions on the model. The excluded regions from this search are
given in Figure 5.2 for s = —1,0,1 and S = 0.1.

The first interesting observation is that the s parameter changes very little
regarding the excluded regions, with the only observable effect appearing at
very low M, < 1TeV. In this region, the s parameter contributes negatively
to the pp — Z’ — Zh cross section, boosting (suppressing) the cross section
very slightly at M4 ~ 500GeV and s = —1(1). This region of the parameter
space is already excluded by the dilepton channel, so we can conclude that
the s = 0 assumption can be safely applied for the purpose of this thesis.

Another interesting feature is the visible band of parameter space between the
excluded regions that is allowed. This is due to the cancellation effect within
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Figure 5.2: Exclusions on the M4, § parameter space from Z’ and Z” in
the Zh channel at /s = 13TeV and 36fb~! with benchmark values of (a)
s=-1,(b) s=0,(c)s=1,and S=0.1, w=0

the Z'Zh coupling discussed in section 4.2.2, and is a 2D representation of
the resulting ‘dips’ in the branching ratio (Figure .

Once can observe that the Z' — Zh in the mass regime M, < M,,, has
the power to probe the high g regime significantly better than the dilepton
channel, again highlighting the complementarity of dilepton and V' h searches.
As the Z” is the mostly-vector resonance in the My < M;,, parameter space,
the Zh coupling is suppressed relative to the Z'Zh. However there is some
small mixing between vector and axial states, so the Z” does have some
limited regions in which it can decay to Zh.

The semi-leptonic ATLAS search also sets limits on charged V' — V' h signa-
tures in the DY production channel. Following a similar procedure to the one
we employ for the Z'), we interpret these limits in the NMWT parameter
space for the W’ and W”, presented in Figure [5.3] Similarly to the neutral
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resonance, the s parameter has only a small visible effect on the excluding
power of the W/ — Wh channel in the M, ~ 500GeV regime. We can
superficially note that this regime is saturated by the exclusions from DY
dileptons, so the s parameter is of little import. The charged resonances in-
crease the exclusions for the mass region M4 ~ 2TeV in comparison to their
neutral counterparts. Although this complementarity is not as significant as
that of the mass-ordered resonances V' and V", this observation motivates
the extension of our triple-vector searches to the charged resonances.

Exclusion from pp —W' /W' —Wh, LHC@13TeV 366", S=0.1, s=—1 Exclusion from pp W' /W' —Wh, LHC@13TeV 360", S=0.1, s=0
0, (e}
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Figure 5.3: Exclusions on the My, § parameter space from W’ and W” in
the Wh channel at /s = 13TeV and 36fb~" with benchmark values of (a)
s=-1,(b) s=0,(c)s=1,and S=0.1, w=0

5.3.2 Drell-Yan produced V'V signatures

Analogously to the Vh channel, one can set limits on NMWT from LHC
searches for heavy resonances in the DY V'V channel. In the My < M;,,
regime the Z' coupling to W*W ™ is heavily suppressed (see section [4.2.2)),

71



so we expect that the Z’ will not provide any limits in this mass regime.
Although there is potential for this coupling to grow with ¢ when in the
My > M, regime, the cross section o(pp — Z' — WW) is inherently lim-
ited by the DY production mechanism, due to the suppression of the Z’qq
coupling. One can expect that the Z” will be able to probe the My < M;,,
parameter space due to its mostly-vector composition. As evident from Fig-
urdd.5k,d in section [4.3] the branching ratio to the WW channel is dominant
for intermediate M 4, so we expect that this channel will be able to probe the
parameter space of 1TeV< My < M;,,.

For the LHC@13TeV and 36fb~!, the ATLAS Collaboration provide the
best current limits on W’ and Z’ resonances in the V'V channel, again in
the semi-leptonic final state lvgq [91]. This search is sensitive to invariant
mass ranges of 0.5-5TeV, so can be interpreted for the whole M4 range of
interest in the NMWT parameter space. The experimental 95% CL limit
is given explicitly as a limit on o(pp — V' — VV) for Z/ — WTW~ and
W' — W Z respectively, to which we simply apply conversion from fb — pb.
We interpret this limit in the My, g parameter space for neutral resonances
in Figure [5.4] and charged resonances in Figure [5.5

As expected, the Z’ does not produce any limit on NMWT in the WW
channel, however the W’ does provide a limit in a small region of parameter
space around g ~ 2.5 and My ~ 1.2TeV. Although the phenomenology is
qualitatively similar between the neutral and charged technicolor resonances,
in this region of parameter space Br(W' — W Z) ~ 1072 — 107! as opposed
to Br(Z' — WW) ~ 1073 — 1072, The Z’ is more suppressed due to its
axial-vector composition which leads to a highly suppressed WW coupling,
whereas the W' is not limited by such composition as it is necessarily a
vector meson. The Z” and W” exclude almost entirely identical regions of
the parameter space, probing the 2 < g ~ 5 for as high as M, = 2.5TeV.
The reach in the low M, regime is poor as the V'V channel is suppressed
relative to decays of V” to V'V), whose couplings grow with §. Once these
Technicolor decay channels close, the V'V channel becomes the dominant
one for both neutral and charged resonances. At this point the limitation is
set by the DY production channel, hence the unprecedented reach in the g
regime.

5.3.3 Combined reach of VV/Vh limits on NMWT

In this section we have discussed the potential to probe the NMW'T param-
eter space from the individual V'V and Vh searches, as well as the effect of
the non-zero s parameter on these exclusions. The conclusion we can draw is
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Figure 5.4: Exclusions on the My, § parameter space from Z’ and Z” in
the WTW~ channel at /s = 13TeV and 36fb~! with benchmark values of
s=0,5=01,w=0

that s # 0 either has no effect on the overall excluded regions, or contributes
to the very low My ~ 500GeV regime. This regime is already covered by the
dilepton limits presented in section [5.2] so any effect on V'h exclusions from
the s parameter is saturated by complementary channels. As such, one can
examine the combined reach of all DY produced V'V and Vh probes at s =0
without loss of generality.

The combined exclusion on the NMWT (M, §) parameter space is presented
in Figure for S = 0.1 and s = 0. Here the results from neutral resonances
and charged resonances for a given channel are coded with the same colour,
where the darkened regions for that channel represent the parameter space
that is excluded by both resonances in that channel. For example, the V' —
V' h exclusion region in purple has a large region of M4 < 2TeV parameter
space that is excluded by both Z’ — Zh and W’ — Wh, with additional
complementary exclusions from the individual channels.

The full picture of the new limits we have set on the NMW'T parameter space
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Figure 5.5: Exclusions on the My, § parameter space from W’ and W” in
the W Z channel at /s = 13TeV and 36 fb~! with benchmark values of s = 0,
S=01,w=0

from all DY produced channels is given in Figure[5.7} The V'V +Vh combined
channels probe the high g region of the parameter space very effectively,
with Vh limits covering all g > 4 at My < 1.5TeV, and V'V limits can
exclude up to g ~ 5 as high as M4 ~ M;,, ~ 2.7TeV. In combination
with the dilepton limits which are sensitive to the low M4 regime and low-
intermediate ¢, this means that already with LHC@13TeV at 36fb~! we
can exclude almost the entire M4 < Mj;,, parameter spaceﬂ Additionally,
experimental limits on o(pp — V'/V" — VV) and o(pp — V'/V" — Vh)
have never been interpreted into the NMW'T parameter space previously, so
we have conclusively demonstrated that the combination of complementary
channels is essential in the endeavour to discover (or completely exclude) the
Walking Technicolor paradigm.

!Note that this is for the benchmark value of S = 0.1. As discussed in the main text,
the s parameter does not extend/affect the total exclusions from all channels, so we set
5s=0.
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Combined exclusions on NMWT from VV and Vh searches at
LHC@13TeV 36!, with S=0.1, s=0
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Figure 5.6: Combined exclusions on the M4, g parameter space from Drell-
Yan V'(V") — Vh and V'(V"”) — V'V channels at /s = 13TeV and 36 fb~!
at benchmark values S =0.1, s=0, w =0

5.4 Always Allowed /Always Excluded NMWT
Limit Analysis

To explore the sensitivity of the LHC@Q13TeV searches for heavy resonances
to the whole NMWT parameter space we perform scans over the full 5D
(My,g,S,s,w) parameter space, generating O(107) random points for each
of the dilepton, V'V, and Vh theoretical cross sections. The random scan
covers the parameter space of S ranged from (—0.1,0.3), s ranged (—1,1),
and w between (0,0.01). We then project these theoretical cross sections into
the usual M4, g plane, apply the appropriate LHC limits, and evaluate the
most conservative and most optimistic limits from each individual search.
For the most conservative limits, we layer the points that are allowed after
applying the experimental 95% CL limits on top of those that are excluded
from the Z" or Z”, such that the excluded points that remain are excluded
for all possible combinations of S, s,w. We also present the reverse of this,
where the excluded points are layered on top of the allowed points, so the
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Exclusions on NMWT from ["]~, VV, Vh searches at
LHC@13TeV 36!, with S=0.1, s=0
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Figure 5.7: Combined exclusions on the M4, g parameter space from Drell-
Yan Z'/Z" — IT1=, V/(V") — Vh, and V'(V") — VV channels at /s =
13TeV and 36 fb~! at benchmark values S = 0.1, s =0, w =0

remaining allowed points are ‘always’ allowed for all S,s,w and cannot be
excluded for a given LHC observed limit.

In Figure[5.8a we present the current status of LHC sensitivity in the dilepton
channel, where the excluded points by the Z” (dark grey) are layered on top
of those excluded by the Z’ (light grey). For this particular channel, there is
minimal mixing due to the presence of no additional gauge particles and as
such the w parameter even at its largest does not affect the reach of the LHC
dilepton limit. One can see that even this maximally conservative limit has
the power to exclude up to M ~ 3.1TeV for low values of g. This limit on
M 4 is significantly (around 1TeV) higher than any previously limit, with the
prior strongest limits set by the ATLAS collaboration[92, [89]. One should
note that the previous limits from ATLAS which are set with S = 0.3, s =0,
w = 0 are actually the most optimistic limits for NMWT, as S as large as
0.3 is disfavoured by EWPD.

Figure [5.8b shows the most optimistic limits on NMWT from LHC@Q13TeV,
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Figure 5.8: Projections on M,, g parameter space of theoretical DY Z’/Z"
dilepton cross section showing the excluded for all S and s region (a), allowed
for all S and s region (b) for the current CMS exclusion for LHC@13TeV
and 36 fb~! integrated luminosity. Blue points are allowed, light grey points
are excluded by the Z’, and dark grey points are excluded by the Z”.

36fb~! dilepton searches. One can see that the most optimistic limits from
DY dileptons follow the shape of the benchmark exclusion with S = 0, see

Figure [C.15p.

We repeat this process interpreting the limits on V'V and VA Drell-Yan res-
onances into the My, g plane for both neutral and charged heavy resonances.
Figure [5.9|shows the reach of the Z'(Z")Zh (a,b) and W/(W")Wh (c,d) lim-
its. Neither the neutral or charged resonances in the V'h channel have the
power to conclusively exclude regions of the M4, g plane for all S, s, w, with
only a very small region of low M, and low g excluded. For the neutral
resonance, this is due to the S dependence of the axial/vector composition of
the Z'/Z", as when S < 0 the composition switches to a vector Z’ and axial
Z" in the M4 < M;,,, regime. For the charged sector a similar switching oc-
curs, but instead of axial and vector composition the switching is due to the
mixing of the heavy resonances aligning to a mass ordering of My < Myy».

The optimistic reach of V'h limits (Figure [p.9(b,d)) is more promising, the
neutral (charged) resonances can exclude all g for M4 ~ 2TeV(2.5TeV) for
certain combinations of S, s and w, again the main parameter controlling this
is S. If EWPD can rule out negative S then the V' h processes can provide a
powerful probe for the NMW'T parameter space, so this result highlights the
importance of EWPD in interpreting limits on Walking Technicolor.

Finally, Figure [5.10| shows the conservative and optimistic interpretations
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of LHC@13TeV V'V limits on the NMWT parameter space for the M4, g
projections. As with the V'h channel, the neutral and charged V'V searches
do not conclusively exclude any region of the My, g regime. This is caused
by the behaviour of the V'/V" composition controlled by the S parameter
analogously to the behaviour of the VA 5D exclusion regions. The optimistic
limits on NMWT for neutral and charged resonances, Figure [5.10[(b,d) re-
spectively, demonstrate the complementarity of the double resonance feature
of NMWT as well as that of the charged and neutral searches in tandem.
For certain combinations of S, s,w, one can exclude a vast range of My, g
space, with the W’ even providing a reach into the M4 > M;,,, regime which
is untouched by the optimistic limits from other channels and resonances we
have explored. Although the configuration for such complete covering of the
M 4, g plane relies heavily on the choice of 9, s, w, the regions that are ‘always
allowed” motivate us to combine LHC searches to fully explore the potential
for discovery or total exclusion of Walking Technicolor theories.
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Figure 5.9: Projections on My, § parameter space of theoretical o(pp —
7']7Z" — Zh) showing the excluded for all S, s, w region (a), allowed for
all S, s, w region (b) and theoretical o(pp — W'/W"” — Wh) showing the
excluded for all S, s, w region (c), allowed for all S, s, w region (d) for the
current ATLAS exclusion for LHC@13TeV and 36 fb~! integrated luminosity.
Blue points are allowed, light grey points are excluded by the Z'(W’'), and
dark grey points are excluded by the Z”(W").
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Figure 5.10: Projections on My, § parameter space of theoretical o(pp —
Z'/Z" — WTW ™) showing the excluded for all S, s, w region (a), allowed for
all S, s, w region (b) and theoretical o(pp — W'/W" — W Z) showing the
excluded for all S, s, w region (c), allowed for all S, s, w region (d) for the
current ATLAS exclusion for LHC@13TeV and 36 fb~! integrated luminosity.
Blue points are allowed, light grey points are excluded by the Z/(W’), and
dark grey points are excluded by the Z”(W").
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Chapter 6

NMWT Spectrum from
Holography

6.1 Brief Introduction to Holography

Thus far we have studied Walking Technicolor from the perspective of its EW
scale phenomenology, using a ‘bottom-up’ approach in which the Lagrangian
describes the low energy behaviour of the model but does not know about
the non-perturbative dynamics of the explicit Technicolour gauge dynam-
ics. This is useful for exploring the model in the context of studies we can
perform within the scope of modern particle colliders, however the method
of scanning the parameter space of the low-energy theory does not provide
insight from the underlying physics as to where one would naturally expect
the realistic models to lie in the parameter space. Such predictions would
require implementation of a ‘top-down’ approach, one in which the funda-
mental physics of the model would predict the low-energy physics, i.e where
in the parameter space the models would be predicted to exist.

The difficulty that arises with top-down evaluations of Technicolor models
is that the underlying dynamics are strongly coupled. The low-energy be-
haviour of weakly coupled NMWT interactions at Apc is well defined, the
phenomenological properties of the particles and their interactions can be
safely calculated with perturbation theory. Strongly coupled theories such
as QCD in which perturbation theory breaks down are considerably more
complicated; one must look to tools in which properties of the strong dy-
namics can be approximated or simplified in some way. One such framework
is that of Lattice Field Theory, in which space-time is discretised and calcu-
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lations of QCD properties are performed on a grid (or lattice) of spacing a,
such that in the limit of @ — 0 one recovers the continuous field theory[93].
This lattice spacing provides a UV cut-off at the scale Ayy ~ O(1/a),
regularising the theory thus ensuring that the quantum field theory is fi-
nite. In principle, the Lattice Field Theory approach can be applied to any
model exhibiting a non-perturbative strong dynamics, and in fact work has
already begun from the lattice side on calculations within Walking Tech-
nicolor paradigms[94, 095, 06, ©7, 08, 09, T00]. A major issue with lattice
techniques is that they are computationally expensive even for QCD where
properties such as N. (number of colours) are well understood, so the sit-
uation quickly becomes a huge computational challenge. Lattice methods
also struggle where there is a large separation in energy scales over which
the coupling is strong, such as the characteristic running behaviour of Walk-
ing Technicolor theories. To explore such theories would require calculations
across both long and short distance scales, which quickly becomes computa-
tionally challenging with separation of Ap¢ and Agre required for modern
WTC models. A full exploration of possible WTC theories across the entire
spectrum of possible N, Ny will take on the order of tens of years on the
lattice, and even then a much larger portion of the lattice community would
be required to provide the man-power and computing power needed for such
an exploratory search.

The alternative for calculations within strong-coupling regimes is to exploit
the AdS/CFT (Anti de Sitter/Conformal Field Theory) correspondence[101],
where one can model the strongly interacting theory as living on the bound-
ary of a weakly-interacting theory in one additional dimension. The extensive
work of string theorists to provide an alternative description of Renormalisa-
tion Group (RG) flow has allowed us to glean insight on the properties of field
theories with RG scale. Comprehensive literature on this construction can
be found in [102] 103, 104], 105, 106], we focus here on the resulting demon-
stration of AdS/CFT correspondence and the idea behind the Holographic
method [107].

The string theory construction of RG flow promotes a (3+1)-dimensional
field theory to slices in a 5-dimensional bulk[I08, [109], analogous to the
description of information at the event horizon of a black hole. A pictorial
view of this principle is given in Figure [6.1] where the field theory lives on
planes in RG space.
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________________

Figure 6.1:  Visual analogy of RG space in which the (341)-dimensional
field theory exists on planes in the bulk (4+1)-dimensional space, where RG
scale r provides the additional length dimension.

The metric for the RG scale dependent field theory is

dr?
d52 f T2dx§+1 + ?, (61)

where r is the RG scale, i.e the radial direction in the 5-dimensional space
(Figure . The metric must necessarily be invariant under scale transfor-
mations; for a scale transformation by a factor N the RG scale transforms
as r — r/N, i.e r scales as a mass (m — m/N). One can clearly see then
that this metric is invariant under scale transformations.

Let us inspect a scalar field ¢ in RG space, the Klein-Gordon equation for
this scalar is simple to derive and is embedded in RG space via the action

5= [ d'ey=g0,00,69" + m'e?), (6.2)

where ¢ is the determinant of the metric tensor

—2 0 0 0 0
0 72 0 0 0
gw=|]0 0 2 0 0 (6.3)
0 0 0 r2 0
0 0 0 0 r2
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Using this the Klein-Gordon equation for ¢ can now be recast in terms of r,

r(r*(0,0(r))* + m*¢?), (6.4)

where the factor of r3 arises directly from the r dimensionality of /—¢g =
\/—det(g,). Applying the Euler-Lagrange equation, the equations of motion
for this scalar field are

0r(r°0,¢) — r*m?¢* = 0, (6.5)

which has the solution

A

where the dimensionful exponent A is related to the bulk mass as

m? = A(A —4). (6.7)

Noting that the scalar field has no mass-dimension, the coefficient A must
carry a mass-dimension of A, in fact this coefficient can be directly identified
with the expectation value of operators of the (3+1)-dimensional field theory.
This is a clear demonstration of the correspondence between the bulk mass
in 5-dimensions with the (3+1)-dimensional field theory operators, and this
result is the foundation of Holography.

Consider a strongly interacting field theory embedded in the 5D space de-
scribed above, one can study the vacuum of the theory via the quark con-
densate (gq). In the UV, the mass dimension of the quark condensate is
3, so from equation the bulk mass-squared m? = —3. If we wish to
study the properties of the condensate as it runs with RG scale, we can in-
troduce a mass for the scalar particle, Am?(r) # 0, which runs with RG
scaldﬂ The running mass-squared now allows us insight into the running
of (qq), effectively introducing a running anomalous dimension, ~, for the
quark condensate. Thus, one can perform perturbative calculations in the
5D bulk theory which inform us of the properties of the strongly interacting
(341)-dimensional field theory.

INote here that Am?2 = 0 recovers the UV solution for the scalar mass
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Holography provides a rigorous method of calculation for strongly interacting
gauge theories that are close to a N' = 4 supersymmetric gauge theory[110)]
111}, 112, [113]. The advantage of using such an approach to glean information
about strongly interacting theories is that it is much less computationally
expensive, in fact one can already employ the holographic method to calculate
top-down predictions for theories with new strong interactions.

Throughout this chapter, I will detail the work carried out in collaboration
with holography experts Prof Nick Evans and Dr Marc Scott[5]. T will de-
scribe their holographic method in section as detailed in this paper. The
remainder of this chapter will detail our collaborative efforts to predict the
full spectrum of WTC theories and deduce where these theories lie in the
NMWT parameter space.

6.2 Holographic Model

Using the model of AdS/QCD one can calculate phenomenological properties
of QCD such as masses and couplings of 7, p,a mesons etc. from a holo-
graphic perspective[114], [1T5], where the simplest model inputs the dynamics
of the techni-quark condensate < gg > by hand. To apply this to generic
strongly coupled gauge theories one must extend the holographic model to
include the dynamics of said gauge theory. The caveat is that one must still
input an assumed form for the running of the anomalous dimension, v, of
< gq >. Details of this Dynamic AdS/QCD model are given in [116] 117],
here we present a summary of the key components of this model. One can
validate the holographic model for the well established QCD spectrum (in
which N. = N; = 3), where the resulting predictions are within 10% of
the experimental values. Our philosophy here is to hope that this will hold
true for WTC models, giving sensible predictions for at least some values of
N, Ny. For those that, understandably, doubt the reliability of these pre-
dictions, we offer that the predicted spectra calculated using the top-down
holographic method give a rough guide as to where the physical theories exist
in the parameter space.

Let us make some qualitative statements regarding the physical spectrum of
WTC models in the AdS/QCD context. The spectrum of physical particles
looks QCD-like in that there exist heavy mesons akin to the QCD o, p and A,
which we can identify as the composite Higgs, Z’, and Z” of the phenomeno-
logical NMW'T model respectively. Generic scaled up QCD running coupling
will generate a large S and heavy o, however the holographic model can
produce a sufficiently light o (Higgs) if one modifies the running to be near-
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conformal at the symmetry breaking scale. The tuning of the holographic
model to small S corresponds to tuning the mass splitting of p and A mesons
to near-degeneracy. We predict the heavy meson spectrum for a range of
N., Ny, with the hope that at least one of them will produce the correct
walking dynamics to correspond to a physical WTC theory. Although the
exact spectrum will be wrong for many, if not most, of these N., Ny choices,
we present all spectra in the parameter space to give Technicolor the best
chance of survival as well as providing a guide for potentially total exclusion
of the Walking Technicolor paradigm.

The action of the Dynamic AdS/QCD model is

Am?(r) 1
T|X|2+ Q—M(F\Q/ﬂLFfo) , (6.8)

1
S = —/d4xduTru3 —2|DX|2 +
r

where u is the holographic co-ordinate dual to the energy scale, X is a field
dual to the quark condensate ¢q, k is a tunable parameter that controls the
V — A mass splitting, Am?(r) is an RG scale mass term. In the models of
interest here Am? is fixed from the running of the gauge coupling at two-loop
level, which also encapsulates the existence of IR fixed points in the running
for certain N, Ny. The vacuum of the theory is described by the solution of
the equations of motion for the quark condensate (see equation .

We choose the on-mass-shell condition | X |(u = Xy) = X, with | X|'(X,) = 0.
We require | X| = 0 in the UV to ensure that the techniquarks are massless.
Fluctuations of the field dual X correspond to the o and 7 fields. The vector
and axial fields are described by the operators gv*q and gv*v5q respectively,
where their fluctuations describe the spectrum and couplings of the p and A
respectively. Studying these vector and axial operators from a Holographic
perspective is equivalent to studying a gauge field V,, (A, for the axial field)
living in the 5D space depicted in Figure [6.1

Following from the derivation in section the theory exists in the 5-
dimensional metric

1
ds* = r’da3, | + ﬁdu2, (6.9)
where we now define the radial co-ordinate 7 as

r? =u? + |TrX % (6.10)
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The trace term in the radial co-ordinate represents a ‘back-reaction’ on the
metric in the spirit of probe brane models [110, 11T} 112} 113], as well as
communicating the mass gap to the meson spectrum.

To calculate the spectrum of the theory, one must look at linearised fluctua-
tions of the fields around the vacuum, where fields generically take the form
f(u) exp® with p> = —M?. One can also determine the decay constants
for the scalar, vector, and axial mesons by substituting their respective wave
functions back into the action S and integrating over u. Normalisation of
these fluctuations can be achieved by matching to the expected scalar-scalar,
vector-vector, and axial-axial correlators from the gauge theory in the UVEL

The initial focus of these models is the case of a single EW doublet of techni-
quarks and one technicolor singlet as in the NMW'T model, where the singlet
is decoupled from the theory at the TC scale but can change the running
of the coupling in the UV. Models with increased numbers of doublets and
singlets will then be explored and their spectra calculated. For all models,
we tune the running of the anomalous dimension  in the IR such that the o
meson is generated at m, = 125GeV. To achieve this tuning we set a value
of apc at the scale at which we deviate from the running regime of the UV
theory. Below this scale, we allow Ny to be a free parameter and choose N J{R
in such a way as to allow the ¢ meson mass to be tuned to the observed
Higgs mass. One should note here that N ]{R is not the true value of Ny in
the theory, and in fact is Nj# ~ 11.43 for all cases. Physically, this matching
scale appears as a discontinuity in the running of ar¢, which is dealt with
by performing the calculations in the two different sections (below and above
the discontinuity) and matching the fields and their derivatives at this point.
The matching point itself is varied between 0.3 < arc < 0.7, to give some
idea of the error in the predictions of the spectrum.

In Figure we show the running of agpc for the various Ny values we
explore in the case of WTC with N, = 3, along with a QQCD-like running for
comparison. One can see that the IR running is essentially the same for all
of these theories due to the tuning to the Higgs mass, which has implications
we will discuss in section [6.4l

Along with the tuning to the Higgs mass, we tune the coupling x such that
the p— A (Z' — Z" in NMWT) degeneracy is sufficiently small to produce S
consistent with EWPD. As is the generally identified benchmark presented in

2Note that the holographic literature expresses the dim-2 coupling of the vector meson
and its source is written as FZ, as opposed to the WSR literature where it is written as
My Fy. We follow the latter here for consistency within this thesis.
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Figure 6.2: The running of ap¢ against RG scale imposed on the holographic
model with N, = 3. The curve furthest to the left is for a technicolor model
that is a scaled up version of QCD with the usual two loop result for the
running. The next curve over is that same theory forced to have a IR fixed
point to produce a light higgs (clearly we know for this theory that this
assumption is wrong!). Moving further to the right we see the running as
further singlet techi-quarks are added, again with N j{R chosen to give a light
higgs. The IR of all such theories is shared and uniquely determined by
needing the observed higgs mass.

the phenomenology of the bottom-up model (chapter [4f), we choose S = 0.1.
For most N., Ny theories this is almost certainly not the case and the mass
splitting would be greater, however again we are invoking our philosophy of
generosity towards giving WTC theories the best chance of survival. Exclud-
ing even these extremely favourable models would mean conclusive exclusion
of the whole WTC paradigm. One should note that in the case of K = 0,
the Lagrangian terms for the p and A mesons are indistinguishable and their
masses exactly degenerate. However, the first term in the action (equation
links the A meson and the symmetry breaking field X and is suppressed,
and so in order to maintain the correct F, one must raise the overall scale of
the A meson.

Let us now summarise the holographic model and indicate the properties it
predicts. For a theory with N., Ny the UV running of the coupling (and
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subsequently the anomalous dimension ) is fixed at 2-loop order in pertur-
bation theory. The overall scale is set by F, = 246GeV (as in the NMWT
phenomenological model, equation . The IR running is modified by ad-
justing the effective N J{R such that the o mass is fixed to the Higgs mass.
This IR modification occurs below the matching scale are, which is varied
from 0.3 to 0.7 to approximate an error in the predicted spectrum. With
all this implemented, the holographic model then predicts the spectrum in
terms of M,, F,, M4, F'4, which are functions of the 5D gauge coupling .
Tuning & to fix S = 0.1 removes one degree of freedom, and we can rephrase
the remaining predictions as

My, g=

(6.11)

o T2\ 2

V2My 1 (Fg +F? 1)
in order to interpret them into the NMW'T parameter space. One should
note here that for all of the models explored using this method we find
w < 0.05. This is sufficiently low as to provide no meaningful alteration to
the reach of experimental limits on the NMWT parameter space, so results
presented in section suppress this factor and can be essentially considered
w independent.

6.3 NMWT Set-up for Np > 1

The phenomenological model thus far discussed is the NMW'T model with
N. = 3 and Ny = 2, however one may wish to explore the phenomenol-
ogy of the varying Ny and N, Walking Technicolor models explored in the
holographic method. The implementation of these models into CalcHEP
is beyond the scope of this thesis, however here we detail the changes to
the effective low-energy WTC model in the case of additional techni-quark
doublets and singlets. We discuss the effect on the physical spectrum from
symmetry breaking in the case of additional doublets and additional singlets,
and the modification to the effective Lagrangian and mixing matrices for the
example case of Np = 2 doublets of techni-quarks.

6.3.1 WTC with Additional Doublets

Generalising the chiral symmetry of the NMWT model presented in sec-
tion [2.1] the chiral symmetry SU(Ny) ® SU(Ny)g is dynamically breaks to
SU(Ny)y. As the additional techniquarks are doublets under the SU(Ny)
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group the number of doublets is Np = 2N;. The generalised symmetry
breaking pattern is

(202023... ), x(202023...)r — N3(3) v+ (N5 —1)(1)y+(1)y, (6.12)

which reproduces the pattern of equation in the Np = 1 case. The conse-
quence of this is that in the broken phase there are now N3 triplets of vector
and axial mesons, i.e N3 (Z/,W') and N3 (Z"”,W") mesons in the gauge
sector. Note that there are also N? — 1 singlets (plus the lone (1")y singlet)
which arise from symmetry breaking, however these are decoupled from the
theory at the scale Ar¢ so they have no effect on the LHC phenomenology.

In terms of the gauge sector Lagrangian, the new gauge fields contribute in
the same way as the Ay, and Apg fields in equation [2.5. For Np techni-quark
doublets the low-energy Lagrangian is then

*Cboson = - %TI' [WMVWMV} — lB B“V Z Tr LMVFZ MV—‘—F]Z% Fi,uu]

Np Np
, ) 1 ~ 7 7
+m? > Tr[(Ch)*+(Ch,)? + iTr[D#MD“MT] — g2y Tr[C, MCR M|

i=1 i=1

W?’ ZT r[C} (MD*M' — DFM M) + Cy (MTD*M — D*M'M)]

~2
g-s i \2 i \2 T /L t A 2
M ;Tf[(%) + (Cp) I Te[MM'] + - T MM — ST MM,

(6.13)

Let us inspect the gauge mixing sector in the case of Np = 2. There are then
4 copies of the p(A) sector which can all mix with the electroweak gauge
bosons. This means that the charged sector will have a 9 x 9 gauge mixing
matrix, and the neutral sector a 10 x 10 gauge mixing matrix. Before rotation
into the mass basis, we can write mixing matrices for the neutral and charged
bosons in terms of the Lagrangian parameters g1, go, g, f, v, 7o and r3, where
f is the TC vev as defined in equation [2.36, The gauge mixing Lagrangian
is
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The mixing matrices M3, and M%, are
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where a = (1—73), b = (14r9—7r3), ¢ = (r2—73) and d = —rs.

One can see that diagonalisation of the gauge sector very quickly becomes
a lengthy and difficult analytic calculation, and practical construction of
phenomenological WTC models with Np > 1 may be undesirable. Neverthe-
less, we can infer some consequences of the additional doublets; firstly the
techni-pion decay constant F will be increased by the contribution of the
additional vector and axial fields, so to counteract this the mass scale of the
model, M4, should decrease. Secondly, we expect that vertices with TC-EW
interactions will be diluted by the presence of the additional gauge mesons,
as the coupling structure of such vertices will be modified by the contribution
from N/Cy; elements where 4 < j < Ny. We will discuss the consequences
of additional doublets in the context of the holographic predictions of the
spectra in section [6.4]

6.3.2 WTC with Additional Singlets

The holographic calculation was also performed with a single techni-quark
doublet with an increasing number of singlets, which requires an alternative
approach to building a WTC model. The unbroken phase then consists of a
single doublet of techni-quarks (so fixing Np = 1) and Ny — 2 techni-quarks
singlets. The symmetry breaking pattern of the SU(Ny), ® SU(Ny)r

201010...),x(28101®...)g = )y +2(Np—2)(2)y + (N; —2)*(1)y
(6.16
along with the axial-vector copy of this physical spectrum.

This is distinctly different to the breaking pattern in equation as there
is now only a single p(A) sector, with 2(N; — 2) vector doublets arising
out of the symmetry breaking instead. Again there are gauge singlets (al-
though now there are (N; — 2)? of them) which are considered decoupled
from the theory at the scale Arc. This could offer an interesting and unique
WTC phenomenology with an extended gauge doublet sector, though the
phenomenology of such models from the bottom-up perspective is yet to be
explored.

As a prelude to the eventual building of such models (should anyone wish
to take up this mantle), one can begin by understanding the structure of
interactions in the unbroken phase of the model. Let us consider the case of
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Ny = 4, before symmetry breaking the WTC gauge sector consists of

U
(D) ) ny, Na, (617)

where n; and ns are techni-quark singlets.

The Lagrangian for techni-quark mixing in the unbroken phase is

L:mmmg:(U D nq TLQ) M2 5 (618)

where

%

M= (" ml) . (6.19)

mo 0

Each of the elements in M is a 2 x 2 matrix, split up into 4 sectors defining
the allowed mixing of the doublet and singlets. The o are the usual Pauli
matrices, my, my are (as yet unspecified) non-zero matrices. This means that
the doublet techni-quarks U and D can interact mix (i.e form bound states)
with any of the other techni-quarks where their interactions are defined by
the 0%, m;, my quadrants of M. However, there is no mixing purely between
techni-quark singlets ny and nsy. For this case, under symmetry breaking we
then have 3 states from the upper-left mixing sector which combine to form
one gauge meson triplet, and 8 states from the off-diagonal mixing sectors
which combine to form 4 doublets. The remaining degrees of freedom are
taken up by non-interacting singlets generated by the symmetry breaking.
This matches the expected spectrum in equation for Ny = 4.

6.4 NMWT Spectrum from Holography

As detailed in our paper [5], Figure presents the holographic predictions
of the WTC spectrum for varying N., Ny projected into the usual My, g
parameter space, along with the exclusion region from DY dileptons at the
LHC@13TeV, 36fb~t. The limit setting procedure and results for dileptons
are presented in chapter[5.2l The holographic spectra are presented for WTC
models with a global SU(N,) symmetry where N, = 3,4,5. For each N,
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the models with a single doublet and additional techni-quark singlets are
calculated for Ny = 2,4,6,8,10,12 (all), Ny = 14 (for N, = 4,5) and Ny = 16
(for N. = 5). Models with additional doublets of techni-quarks are calculated
for Np =1,2,3,4,5,6 doublets (all N.), Np =7 (for N, = 4,5), and Np = 8
(for N. = 5). These Np values are chosen such that Np < 2N, as this is
where the theories are assumed to enter the conformal window.

To understand the interpretation of holographic spectra in the WTC pa-
rameter space, let us first discuss the spectrum of a QCD-like Technicolor
model as predicted by holography. The model itself is simply a scaled up
QCD; the model has a running coupling and is built of an SU(3) gauge
group with Ny = 2, and the pion decay constant is scaled from the QCD
fr = 93MeV to the usual techni-pion decay constant F, = 246GeV. Running
such a model through the holographic calculation, the spectrum is predicted
to be M, = 2.05TeV, My = 3.25TeV, S = 0.3 and g = 7. Of course, one
should note that the absence of a light Higgs excludes this model, and in any
case the S = 0.3 is disfavoured by EWPD (outright excluded for 7' = 0). It
is interesting to note however that due to the large M4 and g, this model
is not excluded by the Z’/Z" dilepton limit. With this in mind, let us ex-
plore the position of the Walking models in the WTC theory space and the
implications for the models.

As discussed in section [6.2, one can somewhat choose the value of apc at
which the coupling begins to slowly run to a conformal fixed point, here the
cases of arc = 0.3 and arc = 0.7 as the extremities of the valid range.
The most minimal model of WTC is the one with a QCD-like gauge group,
ie N. = 3 and Ny = 2, but with deformed running in the IR (see Figure
. As an example, if the IR running kicks in at ape = 0.7, the predicted
spectrum for this minimal model lies at M4 = 4.11TeV, g = 8.49 (along with
w = 0.047, although as previously discussed this parameter is negligible),
where we have tuned x such that S = 0.1. This model appears in Figure|6.3|as
the uppermost red point. The main observation here is that the deformation
of the running coupling of a QCD-like model to produce a light Higgs pushes
the model spectrum higher in both M, and g, so moving away from the
dilepton limits. This is due to the modification of the running, as from
Figure [6.2] one can see that these models have a strong coupling o out to
much higher energy scales than the scaled-up QCD running.

For each SU(N.) gauge group, WTC models with additional EW singlets are
shown as points in Figure[6.3] The effect of the additional singlets is to move
the position of the model spectrum lower in My, with no meaningful alter-
ation in § (< 1% level). These models all have very similar spectra, owing to
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the additional singlets only affecting the UV running. The IR running of all
additional singlet models is very similar, as such the physical techni-meson
spectrum feels only a very small effect necessitated by the tuning to Mj,.

The WTC models with additional techni-quark doublets are represented in
Figure by the lined boxes, the width of which represent the error cor-
responding to the lower and upper values of the matching scale arc. The
lines at the top of the spectrum along which the singlet models lie are those
models where Np = N;/2 = 1. The effect of additional doublets on the mass
scale M4 is somewhat intricate - on the surface the additional doublets in-
creases F; by \/ﬁf hence reducing M 4. However, the S parameter naturally
grows with Ny, so to maintain S = 0.1 one has to tune ~ and consequently
increase the mass scale of the theory. These two effects combine to slightly
reduce M4, with an overall difference in M, between minimal to maximal
Np models at AM, < 0.5TeV. The effect on the gauge coupling ¢ is much
more pronounced, as the axial decay constant F4 also scales as \/Ff causing
g to decrease as Np increases.

A notable feature amongst the holographic predictions is that all models lie
on or around the line at which the phenomenological parameter a (see equa-
tion , associated with the 2nd WSR, is a = 0. This is caused by the
relationship between the a parameter and the degeneracy of p, A (or Z’, Z"
in the phenomenological model), as similarly to S this a parameter naturally
grows with increasing p — A degeneracy. By forcing S to be small one sub-
sequently causes a towards zero, as the tuning of x physically corresponds
to a complicated tuning of the vector/axial masses and decay constants to
achieve S = 0.1. Although it is unclear whether these tunings are realistic or
even achievable in a UV complete model, we cite our philosophy of allowing
predictions even for unrealistic WTC models.

One can clearly see from Figure[6.3]that the current reach of dilepton searches
at the LHC is insufficient to rule out any of the holographic models. Compar-
ing to the VV/V h limits in Figure[5.6 even the addition of these alternative
channels does not probe the parameter space occupied by the holographic
models. The models closest to the current exclusions are those of maximal
Np for a given N., with the SU(5), Np = 8 model offering the most likely
chance of exclusion from future results as comparatively to prior results, the
Z']Z" dilepton limits have increased in M4 for low g.

Along with the dilepton limit, we also present a signal-to-background ratio
characteristic of this channel at which S/B = 1%, at which point the system-
atic uncertainty of the detector would saturate any potential signal. This is
represented by a dashed line in Figure[6.3], above which the dilepton channel
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would no longer be effective for these neutral resonance searches. The S/B is
a useful tool to explore the maximal potential reach of experimental searches,
as the ratio is expected to stay the same for a given channel regardless of
collider energy /luminosity. The limit for dileptons of S/B > 1% arises from
the extent to which one can reduce the statistical uncertainty in measuring
the dilepton background. This statistical uncertainty reaches a minimum
when it reaches the limits of the systematics of (in our case) the CMS detec-
tor [I18]. Even in the case of very high statistics for measuring the dilepton
background, there is some irreducible uncertainty around the level of 1%,
hence the choice of S/B ~ 0.1 as a systematic limit independent of collider
energy. The positive thing to note here is that the signal is saturated only at
large g, so one could feasibly use the dilepton channel to probe the parameter
space of multi-doublet holographic models in future collider experiments. Of
course, strictly speaking the experimental limits have been generated only
for a single doublet case, however the interpretation of holographic predic-
tions in the theory space still provides a useful guide to both theorists and
experimentalists wishing to explore/exclude the WTC paradigm.
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Exclusion from pp — 2'/Z" —171~, LHC@13TeV, 36 fb!

|| Mm@ Exclusion from Z’
Exclusion from Z”

2HET a<0
--- S/B=1%
200 1000 1500 2000 2500 3000 3500 4000 4500 5000

My (GeV)

Figure 6.3:  Excluded regions are 95% CL limit from neutral resonance
dilepton searches at LHC@13TeV, 36fb~! in the (My,g) parameter space
for Z', Z". Limit on potential reach of dilepton searches from systematics
is presented as the point at which Signal/Background;j0.01 (see . The
predictions of the holographic model (tuned at each N., Ny to give S=0.1 and
the correct higgs mass) are overlaid. The predictions are colour coded for the
different N, models; N. = 3 is red, N. = 4 is green, and N, = 5 is blue. The
top edge of the box in each case is the one electroweak doublet theory result
with the width representing an estimate of the theoretical error (see section
6.2). The points correspond to the motion of the right hand point on that
line as the number of singlets is changed to vary the UV running - the effect is
small because the theories share much the same IR running to generate M.
Moving down in the box corresponds to increasing the number of electroweak
techni-doublets from one to 2N, where the theories are assumed to enter the
conformal window. Parameter a from the phenomenological model (equation
, is related to p — A degeneracy and the holographic points lie near the
line @ = 0 as a result of tuning to a small S parameter.
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Chapter 7

The Future of NMWT at
Colliders

7.1 Future High Energy Collider Experiments

Thus far we have established the up-to-date experimental limits on the
NMWT parameter space from DY produced dilepton, V'V, and V' h channels,
as well as calculating from the top-down holographic model the spectrum of
WTC theories of varying N., Ny which are projected into the (M4, §) param-
eter space. At present, none of the DY produced neutral resonance searches
at the LHC can probe the parameter space occupied by these holographic
models, but will future collider experiments be able to explore this regime?
How will the landscape of Walking Technicolor models change with the ever
increasing capabilities of high energy physics experiments? Might it be pos-
sible to exclude or discover Walking Technicolor within our lifetime?

We begin the task of answering these important questions here, exploring
the predicted reach of dilepton searches in the NMWT parameter space up
to the proposed end point of the LHC[4], and in potential/planned future
high energy collider experiments[5]. Plans for the HLLHC upgrades in beam
energy and luminosity are detailed in [I19], along with potential plans for
both 27TeV and 100TeV colliders to be built in the LHC tunnel post-HLLHC.
Section describes the method of predicting experimental limits on neutral
resonance dilepton searches, predicted exclusions on the NMW'T parameter
space are presented for several benchmark HLLHC points in section
and finally predicted exclusions on NMWT for 27TeV and 100TeV collider
experiments are presented in section
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7.2 Recreating CMS 13TeV Dilepton Limits

Thus far the observed 95% CL limits have been used to set limits on the viable
parameter space of NMWT, now we wish to emulate the limit setting proce-
dure in order to predict analogous limits on NMWT at future experiments.
We focus on predicting the limits of neutral resonances in dilepton searches
due to its clean and simple to control background, allowing us to model the
signal and background effectively without complications from jets/QCD pro-
cesses as would appear in VV/Vh searches. The analysis is being extended
to these channels with their more complicated background structure, which
is the subject of our upcoming work [6].

Building from the CMS procedure for the observed dilepton limit as out-
lined in section [5.1.1] we design a procedure to simulate the expected CMS
limit. One should note that our analysis method employs a binned likelihood
method, as opposed to the CMS unbinned likelihood analysis. Our analy-
sis is divided into two statistical regimes; where the number of background
events is Ny, > 10 we model the signal as a Gaussian fluctuation over the
background, and where N, < 10 we instead use Poisson statistics to model
the signal. The background is modelled as smoothly falling with invariant
dilepton mass, where the smooth distribution has been generated from many
distributions in the invariant mass windows of interest. We assume that the
resonance width for a generic Z’ signal, Iz, is sufficiently narrow such that
we can model the resonance using the Gaussian-smearing effect of the finite
detector resolution. In the N, > 10 regime the signal probability distribution
function (PDF) is thus defined by a Gaussian peak of width 'z = 1.2%M 4
(i.e equal to detector resolution), and in the N, < 10 regime is modified
by a signal strength modifier . In the Poisson regime we employ the C'L;
method to evaluate the expected upper limit, where the background PDF is
evaluated using a toy Monte-Carlo model.

To validate this method we generate the 95% CL limit for the LHC@13TeV
and 36 fb~1 and compare it to the expected limit from CMS[S0]. Figure
shows the limits we already have established from the current CMS dilepton
resonance search, along with solid and dashed lines representing the expected
limit from CMS and from our maximal binned likelihood analysis. The CMS
expected limit closely follows that of the observed limit, with some devia-
tion from statistical fluctuations at the experimental level. Our predicted
limit is within % level agreement with the CMS limit setting procedure, so
we conjecture that this method should reliably reproduce the CMS expected
limits at higher energy and luminosity. We must make a few assumptions,
such as that the detector resolution will remain around 1.2%, and that accep-
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tance/efficiency functions (A x €) will not change significantly at the HLLHC.

One should also note that the signal-to-background ratio S/ B is not expected
to change with the increase of the collider energy as the signal will scale the
same way as the irreducible dilepton background for increasing /s, hence
the limit on dileptons from the systematics will remain as presented in Fig-
ure [6.3] The scope of this analysis is to give an estimate of the potential of
high energy/luminosity pp colliders to probe the NMWT parameter space,
and to use these predictions as a guideline for theorists and experimental-
ists regarding how best to approach finding/excluding Walking Technicolor
models.

Exclusion from pp — 2'/Z" —171~, LHC@13TeV, 36 fb!

9 :
Exclusion from Z’

8 Exclusion from Z” ||

7 . T a<0

6
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N

200 1000 1500 2000 2500 3000 3500 4000
My (GeV)

Figure 7.1:  Observed 95% CL exclusion on the My, § parameter space
from the CMS dilepton resonance searches at the LHC@13TeV with 36 fb~.
Solid and dashed lines along the borders of the shaded area represent the
expected CMS limit and our predicted limit using binned likelihood method
respectively.
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7.3 Prospects for Probing NMWT at HLLHC

With the set up and validation of our limit setting procedure described in
section [7.2] we can now explore the potential for the LHC to probe the
NMWT parameter space up to the expected end point of the High Luminosity
LHC (HLLHC). To effectively explore how the increasing luminosity and
centre-of-mass energy will impact the NMWT parameter space, we simulated
projected limits at /s = 13TeV with 1000, /s = 14TeV with 30001,
and the end-point of the HLLHC at /s = 14TeV with 3ab~!. To generate
14TeV dataset limits, the limit setting procedure (section is repeated,
but to convert the 13TeV background distribution into a 14TeV distribution
the background probability density function is multiplied by an NNPDF scale
factor.

Exclusion on My, g from pp—2'/Z" —1%1 Exclusion on M, g from pp—2' /2" 111"
0 for vs =13TeV at 365!, with S=0.1 for Vs =13TeV, 100.0/6! at $=0.1, s=0
8 B 7' Exclusion 8 Bmm 7 Exclusion
Z" Exclusion 7" Exclusion
7 = <0 7 = a<0
6 6
=5 > 5
4 4
3 3
2 2

g’OO 1000 1500 2000 2500 3000 3500 4000 5100 1000 1500 2000 2500 3000 3500 4000

M, (GeV) M, (GeV)
(a) (b)
Exclusion on M, g from pp—Z2'/Z" =11~ Exclusion on M, g from pp—2'/Z" =1t 1"
for vs =14TeV, 300.0/6~"' at $=0.1, s=0 for vs =14TeV, 3000.0b! at §=0.1, s=0

B 7' Exclusion B 7' Exclusion
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6 6
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3 3
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500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000
M, (GeV) M, (GeV)
(c) (d)

Figure 7.2: Exclusion of the M4-g parameter space from Z’ and Z” DY pro-
cesses at /s = 13TeV and luminosity of 36fb~!(a); Predicted exclusion re-
gions for the NMWT parameter space at (b) /s = 13TeV and £ = 100/b!,
(c)y/s = 14TeV and L = 300fb7 ", (d) /s = 14TeV and L = 3000/~

103



The projected limit interpreted in the NMWT (My, §) parameter space at
S = 0.1 is displayed in Figure [7.2] where we have also restated the current
LHC@13TeV limits presented in section for comparison. We also provide
results for the projected 14TeV, 3ab~! limits on (M,, §) with varying S =
—0.1,0.0,0.2,0.3 in Figure of Appendix [C] Already at 100fb~! (Figure
[7.2b) one can see that both the Z’ and Z” dilepton exclusions probe visibly
further than the 36 fb~! limits. At low g the Z” probes significantly further
in My, at g =1 the limit improves in M4 from 3.5TeV to around 3.8TeV.

Increasing the centre-of-mass energy to /s = 14TeV and luminosity to
300fb~! (Figure ), the bounds from dileptons at experiment and the
theoretical upper limit on M4 of a < 0 begin to meet. In fact, for the whole
region of g < 2 the NMWT model is excluded for all M4, with the strongest
exclusions coming from the Z” in this regime. This alone is a powerful
conclusion for the potential of the LHC to explore/exclude NMWT models,
however looking to the end point of the HLLHC with an order of magnitude
increase in the integrated luminosity (Figure ) significantly increases the
exclusions on (My, g). The projected dilepton limit not only completely ex-
cludes NMWT models with g < 3, but also excludes up to g = 9 at low
My.

It is notable that even at the final energy and luminosity of the HLLHC, the
dilepton limit does not saturate the limit from the systematic uncertainty on
S/B < 1% in this channel. This indicates that the potential of DY dileptons
to probe NMWT can be even more powerful at future high energy colliders,
which we discuss in the following section. The dilepton channel is powerful
for excluding models outside of the high M4, high § regime, which motivates
the projection of limits from complementary channels akin to the VV/Vh
exclusions presented in section [5.3] This is the subject of our upcoming work
[6].

7.4 Projected Limits for 27TeV and 100TeV
Colliders

The projected limits at the end-point of the HLLHC show a promising im-
provement on the LHC@13TeV and 36 fb~! observed limits, however they are
still insufficient to probe the important regime of high M4 and intermediate-
high §. In fact, the LHC@14TeV and 3ab! only just begins to probe the
space occupied by the most extreme top-down holographic models. For a
total exclusion of the Walking Technicolor paradigm one would need to ac-
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cess and exclude the space of My from 3.5-5TeV, motivating the need for
much higher collider energies. Furthermore, the most realistic top-down
holographic model (the SU(3) model with a single techni-quark doublet,
i.e NMWT) lives in the space of § > 1, which given the g~! suppression
of the difermion coupling is unlikely to be accessible by DY dileptons, and
perhaps even inaccessible by any DY produced signature. This necessitates
the projection of limits from both DY VV/Vh signatures (as in section
and VBF produced signatures.

To demonstrate and explore the limitations of DY dilepton searches, we have
repeated the analysis described in section for future colliders with /s =
27,100TeV and integrated luminosity 15,3ab~! respectively. The resulting
predicted exclusions in the NMW'T parameter space are presented in Figure
along with the S/B < 1% systematic limit and the holographic spectra
as calculated in chapter [0l The increase in energy and luminosity gives a
significant improvement in sensitivity in the M4 ~ 4TeV, g ~ 4 regime as
compared to the HLLHC (Figure , such that between the Z” dilepton
exclusions and the theoretical limit of @ > 0 all models up to this mass-
coupling regime are excluded.

The 27TeV, 15ab~! (Figure [7.3|top)) and 100TeV, 3ab~! (Figure [7.3|bot-
tom)) predicted exclusions are qualitatively very similar, with the main im-
provement by the 100TeV collider being the increased sensitivity to interme-
diate values of g in the high M, region. Dilepton searches at both of these
collider energies/luminosities are able to probe top-down WTC models with
a high number of techni-quark doublets, most notably for the gauge group
SU (3) which is inaccessible at the HLLHC. Unfortunately, the limits are still
far from excluding the single doublet models at § ~ 8.

In the low-intermediate M, regime, the dilepton limit at these higher en-
ergy/luminosity colliders begins to saturate the limit from the systematics,
with complementarity of the Z’ and Z” signatures further highlighted. The
dilepton limits for both 27TeV and 100TeV colliders are projected to be able
to entirely exclude the regime of M4 < 1TeV which is useful in itself, how-
ever the lack of sensitivity and limit from systematics outside of this regime
necessitates complementary experimental signatures.

One should note that VBF production of Z’/Z" followed by V'V or V h decay
are especially promising for the intermediate-high g regime as the coupling
strengths for Z')V'V /Z'"V h are not suppressed and can in fact grow with
g (see section . Already the LHC@13TeV 36fb~! limits from DY pro-
duced V'V/V h searches (section exclude more of the high g regime than
the dilepton counterparts, so the extension to VBF production may enhance
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the sensitivity in the vitally important high g, high M4 regime. This moti-
vates exploration of these additional V'V /V H signatures and VBF production
channel, which could potentially cover the whole WTC parameter space[d].
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Figure 7.3:  Projected 95% CL exclusion on the My, § parameter space for
27TeV(15ab™") (top) and 100 TeV (3ab™!)(bottom) pp colliders from dilepton
DY resonance searches. Notation for the holography predictions are the same
as in Figure |6.3]
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Chapter 8

Conclusions

The Walking Technicolor paradigm is a well motivated and phenomenologi-
cally rich BSM model, providing a dynamical origin for mass and producing
a light composite Higgs consistent with experiment from a natural scale Ar¢.
In this thesis we have detailed the WTC model with the most minimal par-
ticle content, Next-to-Minimal Walking Technicolor (NMWT). We have con-
nected the effective Lagrangian to the Weinberg Sum Rules, and discussed
the theoretical upper limit on the axial mass M, from the requirement of
‘walking” dynamics in the 2nd WSR. We have performed and presented the
first detailed analytic diagonalisation of the gauge mixing matrices, providing
explicit analytic forms for the masses and couplings for the NMW'T gauge
particles and interactions. Constraints on the model from electroweak pre-
cision data (EWPD) are discussed through the lens of the Peskin-Takeuchi
S parameter, which is sensitive to additional gauge particles in 1-loop cor-
rections to EW gauge interactions. EWPD restricts to a small S, as such
we study a range of S = —0.1,0,0.1,0.2,0.3, the largest of which is already
strongly disfavoured however is included for comparison to previous studies
for which S = 0.3 is the benchmark value.

We then detail a phenomenological study of NMWT, specifically in the con-
text of new neutral resonances arising from the Technicolor dynamics. The
presence of two gauge mesons, Z' and Z”, provide potential for comple-
mentary searches at colliders. These resonances exhibit a complex inter-
dependence in terms of vector/axial vector composition, consequences of this
are presented in detail. Analytic and numerical analyses of Z'/Z" properties
are explored, motivating the complementary study of both resonances and
a number of decay channels at colliders. Previous studies on NMWT have
utilised a 3D version of the model, presenting properties in the (My, §) plane
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with fixed S = 0.3. We extend this analysis for the above S values, as well
as exploring the full 5D parameter space with non-zero s and w parameters.

The /s = 13TeV, 36 fb~! LHC data is interpreted for an up-to-date view of
the experimental limits on the viable NMW'T parameter space. We establish
new limits on the NMWT (M, §) parameter space from Drell-Yan produced
Z'" and Z" in the dilepton final state. For this channel we provide the limits for
fixed S in the usual (My,, g) parameter space, as well as establishing the first
limits from a full (My, g, S, s) parameter scan from which the most optimistic
and most conservative limits are established. The dilepton limit even in the
most conservative case extends the limit for low ¢ up to My ~ 3.1TeV,
which is more than 1TeV higher than the previously established dilepton
limit. In addition to the dilepton channel we have also established the first
limits on NMWT from VV/Vh searches at the LHC, and demonstrate the
new potential of these channels for both neutral and charged resonances to
probe the intermediate-high g regime.

We have also worked with Holography physicists to explore the Walking
Technicolor paradigm from a top-down perspective. For WTC models with
a range of N, N¢, the running behaviour of arc was modified in the IR to
produce a sufficiently light Higgs, with the hope that one of these theories
captures the true viable theory of WTC. The resulting holographic spectra
are projected into the NMW'T parameter space to explore the likely position
of WTC models in theory space. The combination of top-down holography
predictions with the bottom-up phenomenological model provides insight on
the potential of the LHC to probe both NMWT and the WTC paradigm as
a whole.

The whole idea of this thesis is to give insight on the viability of Walking
Technicolor in the era of TeV scale collider experiments, and ultimately de-
termine the future of Walking Technicolor. To this end, we develop a method
for simulating expected 95% CL limits on Z’/Z" in the DY dilepton channel,
modelled after the CMS limit setting procedure. Validating our procedure to
within a few % against CMS for /s = 13TeV, 36 fb~!, we then simulate ex-
perimental limits for increased luminosity and energy up to the 14TeV, 3ab~!
end point of the High Luminosity LHC (HLLHC). We demonstrate that the
LHC DY dilepton searches will have the power to completely exclude the
NMWT model for low g, a promising result for eventual discovery/total ex-
clusion of Walking Technicolor.

We also explore the potential of future high-energy colliders to probe the
NMWT parameter space for the DY dilepton channel. For both a 27TeV,
15ab~! collider and a 100TeV, 3ab~! collider, the DY dileptons are projected
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to completely exclude NMWT for all g < 4. The projected limits also begin
to cover some of the parameter space for the top-down Holographic models,
however this also acts to highlight the limitations of DY dileptons. The most
realistic (i.e most minimal N,, Ny) top-down models are still far out of reach
of the HLLHC and future high-energy colliders if one considers only the DY
dilepton channel. To truly determine the future of Walking Technicolor, we
must explore all complementary production and decay channels.

At the time of writing I am working with collaborators on developing a pro-
cedure for simulating the LHC limit setting procedure for the complementary
VV/Vh channels. Procedures are being developed for both Drell-Yan and
Vector Boson Fusion (VBF) production of neutral and charged V'/V" reso-
nances. Through this work we hope to access areas of the (M4, §) parameter
space complementary to the DY dileptons, as well as hopefully probing the
regime at which the most minimal top-down models lie.

We have significantly improved upon previous exploration of and established
potential of complementary searches to probe the NMW'T parameter space,
and the Walking Technicolor paradigm as a whole. It is my view from this
work that with the additional production and decay channels, future collider
experiments will conclusively exclude or discover Walking Technicolor.
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Appendix A

Dependent Parameters of
NMWT

Throughout the majority of this thesis we have set constraints on NMW'T
in the 4-D (often 3-D where the Higgs plays no role and s = 0) parameter
space. However, if we allow deviations from the 1st WSR then we can explore
a general treatment of all dependent parameters in terms of the 5 independent
parameters My, g, S, s,w, where the simple replacement of w = 0 will bring
these formulae into the 4-D framework that is commonly applied throughout
this thesis. To clearly denote the dependent and independent parameters,
here I will express all dependent parameters as functions, e.g

x(g,S) = \/1—‘(782—5. (A.1)

We begin with the general equations to (inclusive). The first note
is that the w factor now appears in the coefficient of F2 in the 1st WSR, so
when constructing the functional form of My there is an additional factor of
(1 + 2w) multiplying MZ. Accounting for this factor and substituting for y

(equation [2.29)) we have
~2 ~2
g°S 9 2
Mil1-2Z= =F
A( 87T> * 27

which of course recovers the original equation when the exact 1st WSR is
strictly enforced. From this we can conclude a non-zero w parameter acts to
reduce My, in turn increasing the splitting of vector and axial masses. As

ME(Ma, g, S, w) = , (A.2)

14 2w
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the S parameter is tightly constrained by EWPD, this w parameter cannot
be too large in a viable theory. Varying w above the per-mill level alters the
W boson mass and sin fy, from their observed SM values, so the assumption
of w = 0 throughout the main body of this thesis is valid. The remaining
analysis is included for completeness.

An important note is that the vev associated with the EWSB, v, is not itself
an independent and fixed parameter in NMW'T but a function of independent
parameters. This function can be derived simultaneously with the r and r3
functions. Taking the difference between the axial and vector mass-squared
equations in , we can find an expression for r9v2,

2 -

rov? = ?(Mi — M (Ma, g, S,w)), (A.3)

where the function M2(My, g, S,w) will be kept temporarily in this form for
brevity.

2

An equation for rsv? is simply a rearrangement of equation [2.23)

rav? = %Mﬁ(l —x(3.5)). (A4)

Rearranging the definition of w a linear equation in terms of coefficients of

v? can be written as

4
v? — r3v? + rpv? = ~—2wM‘2,(MA, g,5,w), (A.5)
g

which combined with the previous equations and then gives the vev

function

2
v*(Ma, g, S,w) = ?[M\Q/(MA@ S,w)(1+2w) + Mi(1 - 2x(g,5)).  (A.6)

This can now be directly substituted into equations and to find the
functional forms of ry and rs,
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(M3 — M3 (Ma, 3, S,w))
MZE(Ma, g, S,w)(1+2w) + M3(1 —2x(g,9))

2M3(1 - x(g,9))
r3(Ma, g, 8,w) = M2 (Mg, 3, S, w)(?+2w)+M2(1—2x(g SY) (A-8)

r2(Ma, g, S, w) = (A7)

The Lagrangian mass parameter m is found from the addition of the axial
and vector mass-squared equations in [2.22

G*v%s

2

2m? + = M7+ M3, (A.9)

so the functional form of m is

§2U2(MA7 ga S, w)s
5 .

1
m<MA7§7 S,s,w) = _\/M\%(MAM(}? S? LU) + Mi -
V2 (A.10)

Note that m(Ma, g, S,w,s) is the only Lagrangian parameter that has an
explicit dependence on the s parameter, this can be understood by identifying
m as the mass term for the Ay /g fields in Lyoson The s parameter controls
the coupling strength of the composite Higgs to the TC sector, so it is only
natural that this ‘mass’ parameter m should depend on the strength of these
interactions as to display the hallmarks of EWSB in the NMW'T framework.

For completeness, a set of fully parameterised functions of the above is pre-
sented here.

L, 1 [gr S
MV(MAugusau'J) = <1+2w) 2 +MA - 87 (All)

2M2 2
U(MA,Q,S,W) = FT% +— (1 - 1 - _S> ) (A12)

g? 8

) ( _'_ %) 2F2
ro(Ma, g, S,w) = , (A.13)
(2B -
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N

M (1+w) (1 925

m(May,g,S,s,w) =

r3(Ma, g,S,w) =

1
V2 4+ 2w

Y

2M3(1— /1 - Z5)
2F2 =2
+ M3(1—4/1—L5)2

(A.14)

M§<1+ (1——5

§2

81

) (1—s— 23w)> — §*°F2w.

(A.15)

Finally, let us express the a parameter of the 2nd WSR as a function of the
NMWT parameter space,

a(My,g,S,w) =

3

272(1 + 2w)?

g2

4

MA
F2

(1_

8

9_)+
T

AMA
F4§2

(wtw?)

A.0.1 Independent formulation of mass matrices

. (A.16)

The mass matrices described in can also be written in terms of indepen-
dent parameters of the fully 5-dimensional description of NMWT,

g°

_l’_

M3 =2
2M2) 9192g W(l g S+

2M2 )

g1gaM3w g2s F25° QQMA(l'H‘J) 925 F2g?
— === (1= =3 ) —(1- =3 )
g1 M3 1_§ _92Mj i3S
fg 8w \[g 8w
_g1M3 25 | F2§° _ g2M3 §25 | F23°
V2§ 2 T 8w 2M§) NGT A (1-5 81 +2M2)
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Appendix B

Analytic Diagonalisation in the
M 4 > My Regime

The details of the analytic diagonalisation of M3 and M2 are laid out
in section [3.2] and only encapsulates the parameter space below the mass
inversion (M4 < M;,,). Outside of this regime, the Z’ switches from being
the mostly-axial to the mostly-vector resonance (and the converse for Z”).
This corresponds to the gauge mixing matrix switching mass ordering of the
technicolor gauge fields, switching columns/rows 3 and 4 to give the following
mixing matrix;

SMI(1+w) —LEMIw —SM2 M3y
9192 £ /2 95 172 2
M= |~ e FMyl+w) Wj” “EMAX | B
_\ng _f_2§MV O M

where M2, the lower-right 3x3 submatrix of M?%. Following the procedure
of [4], we perturbatively diagonalise M3, in orders of g~! up to 2nd order.
Here however expand without inserting the fully independent form for My,
but note that M2 scales as g>. We then find that the diagonalising matrices
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for M% and MZ are

g2 g1 V24192
Vit /di+ad g/ 93+63
g1 _ g2 (9% —95
N = | Voi+d3 V93 +93 V93 +63
_ 91 __ 92 1
V2§ V2§ s o
g1x _ 92X 2(g5—97)MZx
V2§ V2§ g2(AM3— M)
1 57_2~
y2g,
C g2 395 MAX
= “/ar 92332 — M2
V25 252(BM3E-M3)
_ 92 1
V2§
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V2§
2(g3 —93) MP x
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1

92X

V2§

_ %
257 (M3 —3M3)
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Appendix C

Phenomenology of Z'/Z" with
S #0.1

Here we provide the additional figures and information relevant to the phe-
nomenological study presented in chapter Throughout this chapter the
results were presented at benchmark values of S = 0.1, s = 0, and w = 0.
The effect of varying S is discussed here. As s is the Lagrangian parameter
that quantifies Higgs interactions with the WTC gauge bosons, we continue
to assume s = 0 throughout.

Mass Spectra

Figures and present My and AM /My respectively for different
values of S. The main feature to note is the mass inversion M;,, defined
by Eq.(4.3) such that M2, oc 1/S. The inversion point with AM ~ 0 can

wmv
be seen in Fig where the Z’ is axial-vector below the inversion point
and vector above it. One can observe the inversion only for large values of

S = 0.2 and 0.3 for the M4 around 2 and 1.6 TeV respectively according to

the Eq.(4.3).
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and s = 0 throughout
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AM/My vs M, g for §=-0.1 AM/IMZ’ AM/My vs M, § for $=0.0 AM/ My

00 10%-0

100.5 10&5

100.0 100.0
10705 10705
10710 SN 10-10
10—1.5 10—1.5
10—2.0 10—2.0
10—2.5 10—2.5
10—3.0 10—3.0

300 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000
M, (GeV) M, (GeV)
(a) (b)

AM/My vs My, j for 5=0.2 0 AM/M; vs My, g for §=0.3 AM/lft‘)ﬁZ_;,

8 g 10045

7 1000
6 10705
=5 1010
4 10717
3 10720
2 10725
200 1000 1500 2000 2500 3000 3500 4000 0" 200 1000 1500 2000 2500 3000 3500 4000 0"

M, (GeV) M, (GeV)
(c) (d)

Figure C.2: AM/My as a function of M, and § parameters for the fixed
values of S = —0.1 (a), S = 0.0 (b), S = 0.2 (c), S = 0.3 (d) respectively,
and s = 0 throughout
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Couplings

In Figures (C.4] and Figures C.6| we present the L-R components of
the dilepton couplings for the Z’ and Z”, respectively, for different values of
S. These are analogous to the couplings presented in section [4.2.1, where
the analytic form for the coupling components are also presented. The S
dependence of these couplings is implicit in x, g1, and go, and the effect on
the parameter space dependence for varying S is presented here.
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Figure C.3: Left handed component of the coupling of Z’ to charged lepton
pairs as a ratio to its SM equivalent, | gzi+- /gzi+1- |, as a function of My
and ¢ parameters for the fixed values of S = —0.1 (a), S = 0.0 (b), S =0.2
(c), S =0.3 (d) respectively
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Figure C.4: Right handed component of the coupling of Z’ to charged lepton
pairs as a ratio to its SM equivalent, | gzi+- /gzi+1- |, as a function of My
and § parameters for the fixed values of S = —0.1 (a), S =0.0 (b), S =0.2
(c), S = 0.3 (d) respectively
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Figure C.5: Left handed component of the coupling of Z” to charged lepton
pairs as a ratio to its SM equivalent, | gzu+1- /gzi+1- |, as a function of My
and § parameters for the fixed values of S = —0.1 (a), S =0.0 (b), S =0.2
(c), S = 0.3 (d) respectively
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Figure C.6: Right handed component of the coupling of Z” to charged
lepton pairs as a ratio to its SM equivalent, | gzn+;- /gz+i- |, as a function
of M4 and § parameters for the fixed values of S = —0.1 (a), S = 0.0 (b),
S =02 (c), S=0.3 (d) respectively
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Widths and branching ratios

The width to mass ratio for Z’ and Z”for different S are shown in Figures
[C.7] and The widths largely show similar behaviour to those at the
benchmark value of S = 0.1 (Figure , with the exception of S = 0. At
S =0, the Z’ width to mass ratio is very small (less than 1% level), so the
Z' resonance is always narrow at this S. The Z” also has a narrower width
for much of the parameter space at S = 0, however the region of 'z > My
nevertheless appears in the region with low M4 and high g.
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Figure C.7: T'z//Mz as a function of My and § parameters for the fixed
values of S = —0.1 (a), S =0.0 (b), S =0.2 (c), S = 0.3 (d) respectively

The branching ratio spectra for the Z’ with § = 3,8 is presented in Figures
C.10)), and for the Z” with g = 3,8 — in Figures[C.11] [C.12] for various

values S. The features of the branching ratio spectra such as the dips in
the VV/Vh channels are discussed in section and again we note that
the Z” — W'TW’'™ channel is opened at low My, high g at all values of
S. Also note that for the Z’, at S = 0 where the resonance is very narrow,
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the dilepton and diquark branching ratios are boosted and are the dominant

decay channels across the whole (My, g) parameter space.

Again, the mass inversion point can also be identified as the point at which
the W*+W ™= and Zh branching ratios have a crossing point, hence the lack of

crossing point at S = —0.1, 0.
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Branching ratios of Z’ vs M 4 for S=-0.1,=3 Branching ratios of Z’ vs M, for 5§=0.0,5=3
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Figure C.9: Br(Z') for all decay channels as a function of M4 at fixed value
of g =3 for S=-0.1(a), S=0.0 (b), S=0.2 (c), S =0.3 (d) respectively
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Branching ratios of Z' vs A1, for $=-0.1,=8 Branching ratios of Z’ vs M, for 5=0.0,5=8
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Figure C.10: Br(Z') for all decay channels as a function of M4 at fixed
value of § = 8 for S = —0.1 (a), S = 0.0 (b), S = 0.2 (¢), S = 0.3 (d)
respectively
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Branching ratios of Z” vs M, for S=-0.1,5=3 Branching ratios of Z” vs M, for $=0.0,5=3
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Figure C.11:  Br(Z") for all decay channels as a function of M4 at fixed
value of § = 3 for S = —0.1 (a), S = 0.0 (b), S = 0.2 (¢), S = 0.3 (d)
respectively
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Branching ratios of Z” vs M, for S=-0.1,5=8 Branching ratios of Z” vs M, for $=0.0,5=8
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Figure C.12:  Br(Z") for all decay channels as a function of M4 at fixed
value of § = 8 for S = —0.1 (a), S = 0.0 (b), S = 0.2 (¢), S = 0.3 (d)
respectively
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Cross sections

The DY production cross sections at LO for pp — Z/ — e*Te™ and pp —
Z" — eTe” processes are presented in Fig. and Fig. |C.14] respectively
as contour levels of the cross section in (Mg, g) space for different S.
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Figure C.13: DY production cross sections at LO for pp — Z' — ete™ for
S =-0.1(a), S=0.0(b),S=0.2(c), S=0.3 (d) respectively
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Figure C.14: DY production cross sections at LO for pp — Z” — eTe™ for
S=-0.1(a), S=0.0(b), S=0.2(c), S=0.3 (d) respectively
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C.0.1 Effect of S on Drell-Yan NMWT Exclusions

As noted in section the S parameter could be of great importance in de-
termining the excluded region of WTC parameter space. As such, we present
a set of figures for each discrete S in which we show the LHC@13TeV, 36 fb~!
Drell-Yan dilepton limits on the WTC parameter space for fixed S. This is for
direct comparison to the exclusions quoted and discussed in section [5.2| Fig-
ure[C.15(a,b,c,d) show the excluded regions of My, g for S = —0.1,0,0.2,0.3

respectively.

The projected limits depend strongly on the S parameter, and for large S,
the limit from dilepton searches at the LHC covers less of the parameter
space, while the theoretical limit requiring a > 0 excludes a large portion of
the M4 parameter space from above.
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Figure C.15: Exclusion of the M4,g parameter space from Z’ and Z” DY
processes at 1/s = 13TeV and luminosity of 36tb~! for S = —0.1 (a), S = 0.0
(b), S=10.2 (c), S = 0.3 (d) respectively
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Figure C.16: Exclusion of the M,,§ parameter space from Z’ and Z” DY
processes at /s = 14TeV and luminosity of 3000f6~! for S = —0.1 (a),
S =0.0 (b), S=0.2(c), S=0.3 (d) respectively
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