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ABSTRACT

A STUDY ON INVESTIGATION OF FCNC tqZ COUPLINGS VIAVZP
PRODUCTION AT FUTURE ELECTRON-PROTON COLLIDERS

MSC THESIS
HANEEN YOUSIF

BOLU ABANT IZZET BAYSAL UNIVERSITY
INSTITUTE OF GRADUATE STUDIES
DEPARTMENT OF PYSICS
(SUPERVISOR: HALUK DENIZLI)

BOLU, DECEMBER 2022
(xv +60)

In the standard model, top quark flavor changing neutral currents are absent at the
tree-level. As a consequence, processes involving these currents can be generated
at loop-level and thus are expected to be strongly suppressed. Nevertheless, they
can be enhanced in the presence of new physics beyond the standard model and
tested at future colliders with high energy. In this thesis, we investigate the top
quark anomalous flavor changing neutral current tqZ within the framework of
effective field theory to probe the best limits on the tqZ couplings, namely
K, :andK;, via single top production in the e p — v, Z q process at the future LHeC
and FCC-he colliders. The signal and SM background events are generated using a
Madgraph and Delphes was used to include realistic detector effects. We have
found that the cross sections of the signal increase remarkably when we take large
values of the couplings and set K;,;=K_;. In addition, we have studied the kinematic
distributions of the final states particles and found that applying certain cuts can
enhance the signal. Our study shows that the FCC-he gives the best limits for the
BR (t — qZ) for (Z— ££) =4 x 10~*.

KEYWORDS: Top quark, Flavour Changing Neutral Current, Beyond the
standard model, Future electron-proton colliders.



OZET

FCNC tqZ KUPLAJLARININ v Z P URETIMi YOLUYLA GELECEK
ELEKTRON-PROTON CARPISTIRICILARINDA INCELENMESI
UZERINE BiR CALISMA

YUKSEK LiSANS TEZi
HANEEN YOUSIF
BOLU ABANT iZZET BAYSAL UNIiVERSITESI
LISANSUSTU EGITIiM ENSTITUSU
FIZIK ANABILIM DALI

(TEZ DANISMANI: HALUK DENIZLI)

BOLU, ARALIK - 2022
(xv + 60)

Standart modelde, agac seviyesinde iist kuark ¢esnisini degistiren ndtr akimlar
yoktur. Sonug olarak, bu akimlari igeren siirecler dongii diizeyinde iiretilebilir ve
bundan dolay1 giiclii bir sekilde bastirilmalar1 beklenir. Bununla birlikte, standart
modelin 6tesinde yeni fizigin varlifinda gelistirilebilir ve gelecekteki yiiksek
enerjili carpistiricilarda test edilebilirler. Bu tezde, tqZ kuplajlar1, K,; ve K.,
tizerindeki en 1yi limitleri e p = v Z q siireci ile gelecekteki LHeC ve FCC-he
carpistiricilarinda st kuark anormal g¢esni degistiren ndtr akimini efektif alan
teorisi g¢ercevesinde inceledik. Sinyal ve SM arka plan olaylari Madgraph
kullanilarak olusturulmustur ve gergeke¢i dedektor efektlerini dahil etmek igin ise
Delphes kullanilmistir. Kuplajlarin biiylik degerlerini aldigimizda ve K=K,
olarak ayarladigimizda, sinyal tesir kesitlerinin belirgin sekilde arttigin1 bulduk.
Ayrica, son durum pargaciklarinin kinematik dagilimlarini inceledik ve belirli
kestirmelerin uygulanmasinin sinyali iyilestirebilecegini gordiik. Calismamiz FCC-
he'nin en iyi limitleri igin BR (t — qZ) for (Z— ¢¢) = 4 x 10~* verdigini
gostermektedir.

ANAHTAR KELIMELER: Ust Kuark, Cesni Degistiren Notr Akim, Standart
Model Otesi, Gelecek Elektron-Proton Carpistiricilari.
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1. INTRODUCTION

Particle physics is a branch of modern physics that is concerned with
particles at the subatomic scale and the main forces acting on them. It aims to
increase our comprehension of the construction of the Universe at this microscopic
scale. This in turn can help us to find answers to some important questions regarding
the predominance of matter over anti-matter in our Universe in what is recognized
as the Universe's baryon asymmetry. In addition, creating particles and anti-
particles in accelerators with high energy in conditions resembling the moments
after the big bang allows us to understand the conditions of the early Universe at
that moments. As a consequence, we can learn about the evolution of the Universe
which is in a state of continuous evolution to other phases. Among other goals of
particle physics is to inspect questions like how many kinds of fundamental forces

and particles exist in our Universe, and how they interact with each other (1).

The Standard Model (SM) has provided the most accurate explanation of
the universe at the sub-atomic scale. Since the early formulation of the SM, it has
shown to be extremely effective in describing the available experimental
observation. In an attempt to improve the theoretical comprehension of the SM, a
new stimulus for physics beyond the SM emerged. This stimulus has sparked a
variety of experiments. It has had to postulate new physics beyond the SM since
some couplings and masses in the SM, as defined by experiments, seem to need
better clarification (2). In the SM, the top quark is known to be the heaviest
fundamental particle Thus, it decays rapidly to other SM particles before
hadronization. Therefore, it has been utilized in the literature as a possible window

to investigate novel physics processes.

The thesis is structured as follows, in chapter 1, we give a concise to the
Standard Model as well as summarize the properties, production, and decays of the
top quark, in addition to the theoretical framework which includes the effective
Lagrangian required for the calculation of the top quark FCNC decay width (t —
gZ) and the branching ratios of the decay modes needed in the study. Chapter 2,
concentrates on the novel features and the capabilities of the two future hadron

electron colliders (LHeC) and (FCC-he) concerning the physic program to be



explored. The aim and scope of this thesis will be introduced in chapter 3. Finally,
in chapter 4, we present our analysis and result for the cross-section of the e p— ve
Z p process, and the kinematic distributions of the final state particles at each
collider. Moreover, based on our computations of the statistical significance, we
will provide our results of the upper limits of the BR (t — qZ) and present a

comparison with the related previous studies.

1.1 Standard Model
The standard model (SM) precisely expresses the characteristics and

interactions of the subatomic particles. Currently, it is the best model that depicts
the main structure of matter and the interaction of elementary particles. This can be
understood as SM predictions were confirmed, for instance, the discovery of the
top-quark and the Higgs boson. The SM is based on a relativistic quantum field
theory which ensures the local SU (3) x SU (2) x U (1) gauge symmetry. A. Salam,
S. Glashow and S. Weinberg formulated the SM in the mid-1970s (3-5).

In the SM, there are two kinds of subatomic particles which known as fermions
and bosons. Fermions are matter particles with a half-integer spin while boson have
integer spin such as photons, gluons, Z and W + bosons. Fermions are classified

into leptons and quarks.

Quarks are massive particles and have electrical and color charge. There are
6 flavors of quarks that are arranged according to their spin to up-type quarks with
electric charge Q = +2/3 and down-type quarks with electric charge Q = -1/3. Up-
type quarks include up (u) quark, charm (c) quark, and top or truth (t) quark. Down-
type quarks include down (d), strange (s), beauty, or bottom (b), they are listed in
tale 1.1. In addition, for each quark, there is an anti-quark of the same mass but with
an electric charge of the opposite sign. Quarks come in three-generation, the first
generation of quarks has the lightest masses and thus quarks in this generation are
stable. Quarks can interact through gravitational, electromagnetic, and weak forces.
Moreover, they can interact also through strong nuclear forces as they have color

charges (1).

Leptons include two types of particles: the neutrinos which are neutral

particles and the electrically charged particles namely, the electron, the muon, and



the tau particles (e, p, T). Leptons are classified into three generations as listed in
Table 1.1. Additionally, for each lepton, there is an anti-lepton, which has the same
mass but with an opposite electric charge. In the SM the neutrinos are massless.
However, neutrino oscillation, which was observed experimentally, indicates that

they have a very small mass (6).

Table 1.1. An overview of the masses and electric charges of the three families of
Standard Model leptons and quarks (7).

Quarks Leptons

Particle Q (qe) Mass GeV Particle Q (qe) Mass GeV
Up u +2/3 0.002 Electron e -1 0.000511
Down d -1/3 0.005 eneutrino v, 0 <107°
Strange s -1/3 0.1 Muon U -1 0.106
Charm ¢ +2/3 1.2 {4 neutrino v, 0 <107°
Bottom b -1/3 4.2 Tau T -1 1.78

Top t +2/3 173 T neutrino v, 0 <107°

In the standard model, there are three kinds of essential forces (interactions);
the strong nuclear force, the weak nuclear force, and the electromagnetic force. On
the other hand, the gravitational force is not included in the SM. In view of quantum
field theory, these forces are mediated by the exchange of gauge bosons.
Specifically, the W and Z bosons are the mediators of the weak interaction while
the mediator of the electromagnetic force is the photon. Finally, the strong force
was explained by Fritsch and Gell-Mann in 1973 (8). It is mediated by 8 massless
gluons. The forces associated with the corresponding bosons and their properties

are listed in Table 1.2.



Table 1.2. Summary of the gauge bosons of the SM, given with their properties and
associated interactions (9).

Bosons  Interaction Electric charge Mass
% Electromagnetic 0 <1x1078GeV
wt  Weak +1 80.385% 0.015 GeV
Z Weak 0 91.1876%0.0021GeV
g Strong 0 0

Bosons have integer spins that can be 0, 1, 2, and so on. Bosons with spin 0
are called scalars such as Higgs boson while bosons with spin 1 are called vector

bosons such as the gauge bosons mediating the forces listed in Table 1.2 above.

Since the weak bosons are relevant to our study, we focus below on these
bosons.The Z boson has a mass m; =91.1875+0.0021 GeV, full width I'; =2.4952
+0.0023 GeV and it is electrically neutral. W+ has mass of approximately 80 GeV
and a full width [}, of around 2 GeV (10). The mechanism responsible for
generating the masses of the W and Z bosons is known as the Higgs mechanism.
One of the consequences of this mechanism is the presence of the Higgs boson
which is a scalar boson that was observed as the last component of the Standard
Model (SM) in 2012 (11). It was discovered at the Large Hadron Collider (LHC) at
2012 with a mass equal to 125.5 GeV (11). The Higgs boson has rare features. For
instance, it is a scalar field, contrary to every other field of the standard model. Its
important role is to trigger a crucial mechanism that gives masses to the massive
particle in the SM. For instance, the masses of the charged fermions are obtained

through Yukawa interactions between the fermions and the Higgs field (12-13).

1.2 Properties of top quark
At Fermilab, the top quark was discovered, in 1995(14—15). In the SM, the

top quark has an electric charge of +2/3. Exotic models, nevertheless, have been put
out in which the top quark can still decay to a W boson and a b quark despite having
a charge of -4/3. The top quark charge must still be determined experimentally in
order to emphasize that the discovered top quark is the SM top quark. The
likelihood that top quarks have a charge of -4/3 has been evaluated by the CDF (16),
DO (17), and ATLAS (18) experiments, and it has been determined that the SM

value is preferred. The present measurement (18), which eliminates charge -4/3 at



more than 8 standard deviations, has determined that the charge of the top quark is

equal to 0.64 + 0.02 (stat) + 0.08 (syst).

The top quark, which according to the SM is the heaviest subatomic particle.Its
mass (my) is a crucial parameter of the SM and is not foreseen by the model. The
value of m¢ has been determined in a diversity of final states and using an
assortment of techniques. In several of these attempt to reconstruct the top quark
from its decay products and fit the invariant mass of that combination of particles,
while others deduce the value of m based on the cross-section on of top quark pair
or single top quark production. A summary of the most recent computations is
presented in figure 1.1, obtaining the final accurate rates from CMS mass of the top
quark = 172.44 + 0.48 GeV (19) compared to ATLAS's m¢ = 172.69 + 0.48 GeV
(20). The outcomes are contrasted with those obtained using the LHC and the
Tevatron + LHC.

ATLAS+CMS Preliminary M., summary, s = 7-13 TeV  November 2018
LHC{opWG

World comb. (Mar 2014) {2 St ——ip

stat

total uncertainty
LHC comb. (Sep 2013) uciopwa
World comb. (Mar 2014)
ATLAS, I+jets = 17233+ 1.27 (0.752 1.02)
ATLAS, dilepton i 173795 1.41 (0.54 £ 1.30)
ATLAS, all jets _’_--)——o—Hnsx:wzu:ux
ATLAS, single top r—o—o—o- 1722:21(0.7220)
ATLAS, dilepton - 17299+ 0.8 (0.412 0.74)
ATLAS, all jets
ATLAS, I+jets
ATLAS comb. (Oct 2018)
CMS, I+jets
CMS, dilepton

m,, + total (stat £ syst) |
17329 + 0.96 (0.35 = 0.88)
173.34 £ 0.76 (0.36 = 0.67)

737221150552 1.01)
17208+ 0.91 (0.39 2 0.82)
172,69 = 0.48 (0.25 = 0.41)
17349+ 1.06 (0432 0.97)
17250+ 1.52 (0.43 = 1.46)
CMS, all jets

CMS, I+jets

CMS, dilepton

CMS, all jets

CMS, single top

CMS comb. (Sep 2015)
CMS, I+jets

CMS, dilepton

CMS, all jets

17349+ 1.41 (0.60 = 1.23)
172.35+ 0.51 (0.16 £ 0.48)
172822 1.23(0.192 1.22)
17232+ 064 (0.25:0.59)
17295 1.22 (0.77 £ 0.95)
17244 = 0.48 (0.13 2 0.47)
17225+ 063 (0.08 £ 0.62)
17233+ 0.70 (0.4 = 0.69)
17234 £ 0.79 (0.20 2 0.76)
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Figure 1.1. Synopsis of the top quark decay measurements from CMS
and ATLAS (21).
Due to being my significantly above the W b threshold, the decay t =W is
mp

2
29

predictable to dominate the top quark width. Neglecting small terms of order -
t

where my, depicts the mass of the b quark, and higher-order weak corrections, the

top quark width in the SM at NLO is anticipated (22) to be

0 Gpm3
r® = 2 (1 - r)2(1 + 2r7) (L.1)



Where r2 = 2w (1.2)

mi
= (1) (2 ()] 0o

where My, represents the mass of the W boson and V| set to 1, Gr is the Fermi
constant, as stands for the strong coupling constant I, = 1.35 GeV /c? when m, =
173.3 GeV utilizing ag = 0.118 a m; equal to 172.5 GeV, for m=172.5 GeV, the
I'tat NLO equal to 1.33 GeV. According to a current next-to-next-to-leading-order
(NNLO) computation, I't = 1.32 GeV (23). Moreover, the value of I'; can alter in

new physics from what the SM foresees.

1.3 Top quark production and decays
There are two ways to produce top quark, either singly by electroweak

interaction or as pairs, through the strong interaction. Top quarks are mostly created
in pairs in the LHC and Tevatron hadron colliders through strong interactions, gluon
fusion, and q'q annihilation processes. Relying on the collider center-of-mass-
energy (Vs), and on the kind of particle beams being utilized (pp or pp), the two
processes are different in their relative importance. At the Tevatron pp collider,
occurs at the Vs of 1.96 TeV, is produced in the quark-antiquark (tt ) annihilation
at approximately 85%, while at the LHC, when pp collisions happen at 7 TeV,

collider tt production arises from gluon-gluon fusion (24) (gg — tt = 80%).

Production of top-pairs can be also by the weak interaction when two quarks

interchange y or Z° the cross-section of top quark pair production has been
calculated by the LHC at the /s of 13 TeV to be o = 831.87138*351 pb and
o = 252.97511113 pb (25) at+/s = 8 Tev considering the mass of top-quark of
me=172.5 GeV.

Because of the enormous mass of the top quark, the phase space available for
top quark decay is huge. The decay of the top quark is categorized according to the
decay modes of the W boson. Thus, the top quark can decay into pair of different

quarks or into pair of charged and its corresponding (anti) neutrino.

When considering the tt production, the top quark decay modes are
categorized based on the decays of the two W bosons. The essential decay channels

are then included (26).



e Dilepton channel with 10% branching ratio.
e Hadronically with a BR of nearly 46%.
e Final states, which are classified as semileptonic events and

frequently refer to as £ + jets.

These channels are obtained when one of the two W bosons decays

leptonically while the other W decays hadronically.

1.4 FCNC top quark interaction in beyond the standard model
Flavor Changing Neutral Current (FCNC) is a transition that alters the flavor

of a fermion without changing its electric charge. According to the Glashow-
I[liopoulos-Maiani (GIM) mechanism (27), FCNC transitions such as t — qZ, where
q is up or ¢ quark, are absent in the SM at the tree level and only can take place at
the loop level. Since the anticipated FCNC transitions of the top quark are much
larger compared to other quarks, searches for top quark FCNC transitions have
motivated a lot of studies in the literature within diverse models beyond the SM. In
particular, studies within BSM physics might significantly improve FCNC
processes. With the ongoing and planned search of such processes at current and
future colliders, any observation of a top quark FCNC interaction can point to the

presence of new physics.

On the experimental side, CDF (28), DO (29), ATLAS (30), and CMS (31)
collaborators have searched for t —Zq channel in the decays of the produced top
pair tt events. In the performed search, the decays of the Z bosons to light charged

leptons pairs e*e” or p*u” are used to identify them. The result of the search set the

best limit BR (t — Zq) greater than 0.05% is eliminated at 95% CL. With data

acquired at the v/s of 8 TeV and 7 TeV respectively, using 5.0 fb'and 19.7 fb™!,

the CMS search was able to reach this limit.

1.5 Anomalous FCNC top interaction (details of effective
Lagrangian)
This section provides a concise explanation of the theoretical framework for

top FCNC on which our study is based. The FCNC couplings between the top quark,
a light quark, and a Z boson are described utilizing an effective Lagrangian
approach in the tqy and tqZ, the FCNC Lagrangian anomalous interaction can be

defined as (32):
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where g.(gy ) refers to the electromagnetic (weak) coupling constant; ¢y, is the
cosine of the weak mixing angle; Ag(R) and kS(R denote the strengths of anomalous
top FCNC tqy and tqZ couplings, with q indicating an up or charm quark, which
disappear at the leading order in the SM and Py gy stands for the left (right) handed
projection operators. The photon field strength tensor is define as 4,, = d, A4, —
d,A, and Z boson field strength tensor is given by Z,, = 9,Z, — 0,Z,, and the

anti-symmetric tensor o*¥ = %[y”,yv]. The effective Lagrangian Lsf is used to

compute decay rates (for channels tqy and tqZ) as well as production cross sections.

The top quark can decay at the tree-level into the new channels with final state
particles consisting of up-type quarks (u or c) and a vector boson such Z boson
through top FCNC interactions presented in Eq. (1.4). The top quark decay width
['; can be written as a summation of the SM decay widths plus the top quark decays
originating from the top FCNC interactions with electroweak neutral gauge bosons.

Thus, the top quark decay width [} can be expressed as:

t=Tt—>W"bh)+T(t->W*s)+T(t->Wrd)+T(t->cZ)+T(t-
uZ)+T(t - cy)+T(t > uy) (1.5)
The predominant SM decay mode of the top quark ist — Wb, the decay width
for this decay mode can be expressed as follows at the leading order (LO):

af Vip 2
16sZ,

3
['(t->W*b) = —(1 - 3m{y/m{ + 2mfy/m¢) (1.6)
w

The expression of I'(t > W*b) the next to leading order (NLO) (33). The ratios of
the SM decay widths are computed (34) as

2
[(t » WHs)/T (t— W*b) =~ L~ 1495 x 10-3

[Vipl?
andT (t > W*d)/T (t > W*'b)T = |V4|* /|Vp|? = 6.318 x 1075

The top quark FCNC decay width of the t — qy channel, for q = u, cis given as



« 2 2
[t— qy) = 7 0& + 2 m;

Wile for the t — qZ channel, for ¢ = u, c can be expressed as (32)

am}

I(t—qZ) = (kar + xGr)(1 — m%7/mf)(2 — m7/mf — mz/m¢) (1.7)

2 2 2
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The estimations of the branching ratio of the decay mode t—qZ can be carried out
using the relation:

It »qz) _ T (t—qZ)
rr  T(t->wb)

BR(t - qZ) = (1.8)



2. OVERVIEW OF THE COLLIDERS

Colliders serve a vital role in measuring various properties of subatomic
particles and comprehending numerous phenomena related to them.They can be
used as a probe for the internal structures of hadrons. This is anticipated to be
achieved using future electron-hadron colliders (35). Collider technology has
progressed from the first development of the charged particle colliders In recent
years, it has advanced from being at the vanguard of advanced scientific equipment

in high-energy physics and beam physics in the middle of the twentieth century.

In this chapter, we will review concisely the LHeC and FCC-he colliders
related to the proposed study in this thesis. These colliders are designed as high-
luminosity colliders and thus they are anticipated to provide great opportunities for

accurate measurements at high energy scales.

2.1 Large hadron electron collider LHeC
The large hadron electron collider LHeC (36) collider has been proposed to

expand the physics program by establishing collisions between electrons from one
of the hadron beams from the LHC machine and a new accelerator infrastructure
(37-38) (HL-LHC). It will permit TeV energy electron-proton collisions at a quit
high luminosity, of O (10**) cm™ s!. In turn, this makes the LHeC collider a Higgs
factory in addition to supporting new searches beyond SM physics (39). Moreover,
it will enable the unraveling of the substructure of the matter and will contribute to
the accuracy and discovery of physics at the HL-LHC and other future hadron
colliders. In Fig 2.1, illustrates the schematic layout of the LHeC design based on
an Energy Recovery Linac ERL, where each linac accelerates the beam to 10
GeV.The luminosity L for the LHeC can be evaluated from the relation (40)

NeNp an(rev'Vp 3

L= Jdl5=
4mep B =1

H; 2.1

Where Ne = 10° (Np = 1.7 » 10'!) is the number of electrons (proton) per bunch, §
the revolution frequency, y, the relativistic factor E,/M,. In the above equation, €,
= 3.7 um represents the normalized proton transverse beam emittance and *=0.1m
is the value of the proton beta function at the IP, expected to be equal in x and y.

The luminosity is moderated by the hourglass factor, H; = Hgye, = 0.9, the pinch

10



or beam-beam correction factor,H, = H,_, =~ 1.3, and the filling factor H; =
H_.o;; = 0.8, It should be noted that, the previously mentioned inputs parameters are
taken from the conceptual design report CDR (40). These parameters are identical
to the nominal LHC proton beam parameters and result in a peak luminosity of 10°3

cm 2s ! (41).

Loss compensation 2 (90m) Loss compensation 1 (140m)

Linac 1 (1008m) —
Injector

Matching/splitter (31m)
Matching/combiner (31m)

Arc 1,3,5 (3142m) Arc 2,4,6 (3142m)

Bypass (230m)

Linac 2 (1008m)

/N

IP line Detector
Matching/splitter (30m)

Matching/combiner (31m)

Figure 2.1. Schematic layout of the LHeC design based on an ERL.
Each linac accelerates the beam to 10 GeV (42).

2.2 Future circular hadron electron collider FCC_he
Circular hadron colliders are characterized as discovery machines because

their reach ability is dependent on beam energy. Thus, increasing the circumference
of the LHC by factor 4 will result in a 100 TeV center of mass energy with a similar
16 T dipole (43). This in turn will allow for a much deep investigation of new
physics at a high energy scale which is one of the objectives of the future circular

colliders FCC.

The FCC collider is one of the planned high-energy frontier post-LHC
colliders. It is planned to be built at CERN to increase the collision energy to 100
TeV. In the first stage of its construction, the FCC collider will be a luminosity-
frontier highest-energy electron-positron (FCC-ee) collider. The stage then will be
followed by the hadron collider (FCC-hh) and the future circular collider electron
collider FCC-eh. In simultaneous operation, the FCC-eh collider is planned to
operate for twenty-five years alongside the FCC-hh collider. This will yield an
integrated luminosity equal to O (2) ab', at a nominal peak luminosity of more than

103 cm? s!.
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The FCC-eh (44) design allows reaching an integrated luminosity of 2 ab™! and
center of mass energy 3.5 TeV through colliding a 50 TeV proton beam with a 60
GeV (45) electron beam from a linear accelerator external and tangential to the main
FCC tunnel. This collision is predictable to open a window to probe new physics in

a way never done before.

The FCC-eh collider physics program will permit testing Higgs self-interactions,
new physics models with extended Higgs sectors and dark matter proposed
scenarios. Moreover, if neutrino oscillations are originated from the existence of
heavy sterile neutrinos, direct searches at the FCC-eh may have an excellent finding
potential in the kinematic regions complementary to the FCC-hh and FCC-ee. This
makes the FCC complex a compelling candidate for highlighting the origin of

neutrino masse (44).
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3. AIM AND SCOPE OF THE STUDY

The essential target of this thesis is the investigation of the top quark FCNC
in the process t — qZ. Particularly, we probe the tqZ couplings ku and K, at the
electron—proton future colliders namely, the LHeC and FCC-he planned ones. We
plan to perform the study in the framework of effective field theory. Our goal is
to obtain the best limits on the tqZ couplings via single top production in the

ep — v, Z q process, where Z boson eventually decays into e*e™ or u*u~ or

qq pairs. In the study, we also include the realistic detector effects by implementing
Delphes in the Madgraph that is utilized in the generation of the signal and SM
background events. For these generated events, we estimate the signal cross
sections corresponding to the various couplings. In addition, we perform studies
related to the kinematic distributions of the final states particles seeking the best
cuts to be applied to improve the signal. Finally, we compute the statistical
significance which allows us to extract the upper limits on the BR (t — qZ) where
Z boson subsequently decays into (£*#~or qq) at LHeC and FCC-he colliders with

an integrated luminosity 1ab-!.
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4. ANALYSIS AND RESULTS

In this chapter, we present our results and analysis related tothe e p — v, Z q
process. The signal and background events, under concern in this study, are
generated using Madgraph version MG5_aMC_V3_1_1 (46), where the effective
Lagrangian for the signal was implemented via FeynRules (47). Next, the parton
showering and realistic detector effects are executed with Pythia 6 (48), and

Delphes 3.5.0 for LHeC and FCC-he (dedector) cards (49), respectively.

In section 4.1, we give a brief introduction about MadGraph. Then, in the rest

of the sections of this chapter, analysis and results will be presented.

4.1 Madgraph
MadGraph 5 (50) is a very useful free source software for providing all the

required elements for SM and BSM phenomenology. It is an automatic meta-code
written in Python language that can be utilized in the generation of the tree-level
and next-to-leading order Feynman diagrams of a given process. Besides, it can
compute the tree-level and next-to-leading order cross sections, generate events for
any process at colliders, of their matching to parton shower simulations, of merging
matched samples that differ by light-parton multiplicities, as well as the usage of a
number of instruments required for event editing and analysis MadGraph 5 includes
many new, efficient algorithms that boost the performance and functionality of the
program in all areas. In MadGraph 5 there is a new user interface, quite several
new output formats, including C++ process libraries for Pythia 8 (51), and full
compatibility with FeynRules for beyond SM physics implementation which allows
for event generation for any model that can be expressed in Lagrangian format. All
the capabilities of MadGraph enable avoiding the complexity of the calculations
and the time wasting as well as performing the analysis of the given process within

the SM and BSM in great precision

The procedure of implementing computation using MadGraph can be
concisely described as follows: the first step is to specify a given process. This can
be achieved through specifying the initial and final state particles and permitting a
number of selected criteria that can involve, for instances, forced or forbidden s-

channel resonances, not considered internal particles, and forced decay chains of
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final state particles. In the second step, multiparticle labels are used to pick out all
possible processes that involve a range of particles. Therefore, MadGraph produces
all Feynman diagrams for the process. In fact, MadGraph generates a visual
representation of the produced Feynman diagrams for the process. In addition,
MadGraph constructs the computer code necessary to evaluate the matrix element
at a given point in the phase space. In the third step, the evaluation of the matrix
elements can be done through calls to helicity wave functions and amplitudes, as
were first implemented in the HELAS package (52). This operation is effective as
it clearly allows helicity wave functions corresponding to similar subdiagrams to
be reused across diagrams. In the fourth step, the computer code generated by
MadGraph can be used to generate events and estimate cross-section or decay

width, for instance, with the help of the MadEvent package (53).

The evaluation of the cross-section using MadGraph includes three stages:
generation, output, and running. Each stage is achieved by implementing on-line
commands in the MadGraph shell. The commands can be accessed through the
execution from a terminal shell in the main directory. Examples of these commands

and their descriptions are given below.

When "/bin/mg5 aMC " command is written in the command line in the
terminal, one can go inside the Madgraph with a prompt showing "MG5 aMC>".
The three stages, of the evaluation of the cross-section, mentioned above are
realized by the following three commands in the MadGraph shell: "generate",
"output”, and "launch". After generating the process, the parameters related to the
run will be stored in different cards (inside the Cards directory). Some of the

important cards used are listed below with a brief explanation:

param_card: this card includes all the parameters of the model such as masses,

couplings,

run_card: all the parameters in relation to the collider and run settings including

energy, Nevents, cuts, scales can be found this card.

pythia_card (MadEvent) / shower_card (aMC): parameters in needs to shower

the partonic events

plot_card (MadEvent): which variables to plot
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delphes/pgs_card: simulation for detector response

Having briefly discussed MadGraph, we are ready now to perform the required
calculations for the process ep — v, Z q followed by various Z boson decay
channels at LHeC and FCC-he using the effective field theory approach. The
process can be generated using MadGraphS through executing the following

command:
MG5aMC> generate ep — v, Z q.

For the process under concern in this thesis, the inclusion of the model
expressed by the Lagrangian given in Egs. (1.4) in MadGraphS5_aMC@NLO can
be done using FeynRules package (46) as a Universal FeynRules Output (UFO)
(54). After implementation of this UFO model file in MadGraph5_aMC@NLO,
one can directly estimate the cross sections of the processes ep = v, Z q — v, q€?¥
and ep - v, Z q — v, qqq at the future LHeC and FCC-he colliders at different
center of shell

(KappaLRuZero_KappalLRcvarry.sh.) used in MadGraphS_aMC@NLO to scan

mass energies. Example of script

the couplings (for production cross section) between K,; = 0 to K, = 0.1 and
K. =0 to K, = 0.1 for LHeC collider is given in Figure 4.1. The name of the
model is top FCNC which has been discussed in details in chapter 2. Below, we

give descriptions to a set of essential commands listed in Figure 4.1.

1% Macro Tor 2 paraneter scan
18 Usage: python . /bla/ags_aNC KappalRuZERD_KappalRcvarry,sh 40 set Rexiut 6.08

31nport model topFCNG_UFO 41 set RekRut 9.00

4define pp = p b b- 42 set ReKict 8.04

5define Bb = b b 43 set ReKRct 8,04

6 define ww = wo W 44 Launch -n run_ReKapaLRUT.00_KaparLco.ss
7 defioe ve V1 Vi~ 45 set nevents 19000

§define tt= t t- 46 set ebeanl 7000

9 define s 1o 1 47 set ebean2 60

10 define eex e+ e- 48 set lppl 1

11 define w= v ¥- ¢ C-

12 geserate pp e¢ > v 2 pp Ws1

13 cutput workdir/lhec_fenc KappalReZERD_KappatRevarry
14 Taunch -n run_ReKapalRu0.00_KapalRco.00
15 set nevents 18990

16 set edean] 7000

17 set ebeam2 60

18 set lppl 1

19 set 1pp2 6

20 set ReXRut 0,09

21 set ReKiut 0.80

22 set ReKRct 0.80

23 set ReKict 0.08

24 launch «n run_ReXapalRu0.69_Kapalacs.s2
25 set nevents 10000

26 set ebeanl 7000

27 set_ebean2 60

28 det lppl 1

29 set 1pp2 0

30 set ReXRUL 9.00

31 set ReKLut 6,80

32 set RexRct 0,02

31 set ReKict 0.82

34 laonch -n run_ReXapalRud.80_KapalRct.ed
35 set nevents 18068

36 set ebeanl 7000

17 set ebean2 60

38 set 1ppt 1

39 set 1pp2 &

49 set 1pp2 0

58 set ReKLut 8,00

51 set ReKRut 8,00

52 set ReKict 0.96

53 set RekRct 6,06

54 Launch -n run_ReKapalRuto.00_KapalRet.os
55 set nevents 16000

56 set ebeanl 7000

57 set ebean2 60

58 set 1pp1 1

59 set 1pp2 &

60 set Rexlut 8.00

61 set ReKRut .00

62 set ReKlct 0.08

63 set ReKRet 8,08

64 launch -n run_ReKapalR0.80_KapalRc9.18
65 set nevents 18800

66 set ebean1 7000

67 set ebean2 60

68 set 1ppl 1

69 set 1pp2 &

70 set ReKlut 0,00

71 set ReKRut 0.80

72 set ReKLct 0.1

73 set RexRect 0.10

74 launch -n run_ReKapalRu.08_KapalRce.12
75 set nevents 16600

76 set ebeanl 7000
77 set ebean2 60

78 set ppt 1 LR Kapgicnnery it - Seemtedert

Figure 4.1. Section of Shell script (KappalRuZero_KappaLRcvarry.sh) to
scan Kq coupling where Kyt = Ket.
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4.2 Cross-section for the processep — ve Z q
The results for the total cross sections of the process e p = v, Z q, where q

might be up or charm quark, are given in this section. These cross sections will be
displayed for various values of the couplings K, and can shed light on the top quark

anomalous FCNC interactions in the tqZ vertices.

There are three cases shown in Figure 4.2 for the process e p = v, Z q at
LHeC future collider. First case, both k,; and k., set equal to each other and then
varied between 0 and 0.2. In the second case, we take ku = 0 and vary k¢ in the
range [0, 0.2]. The third case corresponds to setting ke =0 and varying Ky = Kt in
the range [0, 0.2]. The cross sections in the presence of FCNC are evaluated for
these values and plotted in the left plot of the figure in blue, red, and black colors
for the first case, second case and third case respectively. This figure shows that the
cross section for Kyt = ke =0 1s 0.74 pb (which is SM) and increases up to the 1.08
pb as we see from blue line. On the other hand, in Figure 4.2 right, we show the
two-dimensional density plot of the total cross-section as a function of the two
couplings Kq where the colors indicate the values of the cross sections, we used the

fit function in our computation:

— 2 2
0 (Kyp Ker) = QKy” +bie® +Ckyp Kee +d

Where a=0.126098, b =1.06332, c = 0.122115, and d = 0.529004.

We also note from the left plot in the Figure that larger cross section can be
obtained for the first case k= k. with non-vanishing values of the couplings.
Moreover, the cross sections for the second and third case in which one of the
couplings is zero and the other is not equal to zero have very close values.
Deviations of the cross-section start to appear at approximately 0.02 for all three
considered cases for the couplings. These deviations indicate that the cross section
is enhanced for the case k,;= k.. Regarding the right plot in Figure 4.2, we remark
the dependence of the cross section simultaneously on the couplings k,; and
Kk swWhere colors indicate the strength. The cross-section increases remarkably, as

can be noted from the yellow color in the plot, at large values of the couplings.
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Figure 4.2. Left: the cross-section for the e p = ve Z q process including the
anomalous FCNC tq Z vertex as a function of the couplings ku: and «ct at LHeC
future collider. The right plot represents the two-dimensional density plot of the
cross-section at the same collider.

In Figure 4.3 we display the plots corresponding to the three aforementioned cases
in Figure 4.2. Following similar discussions to the one done in Figure 4.2, we see
from the left plot of the Figure that, the SM prediction of the cross-section is 2 pb
and enhanced to roughly 2.8 pb in the presence of the non-vanishing couplings
Kyt=Kc¢. Therefore, in this case, the cross-section can be increased with respect to
the SM by a value up to 50 %. In the right plot, Figure 4.3, we varied both k,; and
K.t hoticeably, large values of the couplings k,and k. result in an increment in
the cross-section as demonstrated by the yellow color. It should be remarked that,

for obtaining the right plot, the fit function is written as:
O-(Kutl KCt) =a Kutz + b Kctz +c Kut Kct + d

Where a=9.58073,b=28.3631,c=0.563768, and d = 2.31374.
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Figure 4.3. Left: the cross-section for the e p = ve Z q procses including the anomalous
FCNC tgZ vertex as a function of the couplings «.t and ky at FCC-he future collider.
The right plot denotes the two-dimensional density plot of the cross-section at the same
collider.

4.3 Kinematic distribution of final state particles at LHeC future
collider
This section elaborates the kinematic variables of the final state particles at

LHeC future collider. In particular, we consider the transverse momentum pPT,
pseudo rapidity n, missing transverse energy MET, and invariant mass of the Z
boson reconstructed from leading and sub leading light charged leptons with
opposite electric charges or the leading and sub leading jets according to the final

state particles.

In order to reveal the distribution of kinematic variables of final state particles,
we prouduce all graphs of the signal and SM background with the same final state
particles using madgraph, Pythia and Delphes procedure as mentioned before.
Distributions are examined in the following sections where the singly produced Z

boson decays to e* e or u* u"or qq.

43.1 ep—oveZq —veete q
In this channel, the produced top quark decays through FCNC into Z boson

and q quark, i.e. t —» Zq — q e'e . In the figures starting from Figure 4.4 till
figure 4.8, we present our results corresponding to the LHeC future collider with
integrated luminosity 1 ab™' and for chosen values of the couplings taken as k=K.
= 0.3, where the red curve represents the SM background while the blue curve

points out to the signal.
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Figure 4.4, exhibits the kinematic distributions of the transverse momentum
of leading electron PJ; (top left), pseudo-rapidity 7, (top right), cosf, (bottom left)
and the azimuthal angle ¢, (bottom right) corresponding to the process under
concern. Regarding the distributions in the top left and right plots, we note that the
signal is enhanced much larger compared to the SM for the value of the Pg; below
[60 GeV], and for the 7, in the range [3,5]. Diverting now to the bottom left plot
in the figure, we find that values of cosf, close to one lead to maximum
enhancements in the signal. Concerning the azimuthal angle ¢, , one can see from

the plot in the bottom right of the figure that, the signal is boosted compared to the

background for all values of the ¢y, .
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Figure 4.4. The distributions of the transverse momentum of the leading
electron Pg; (top left), pseudo-rapidity 7., (top right), cosf, (bottom left) and
the azimuthal angle ¢, (bottom right) for the process e p > veZ q — ve et e
q at the LHeC collider for a chosen values x,; =k, = 0.3.

Figure 4.5, has plots of the same distributions presented in Figure 4.4 but
here they correspond to subleading electron for the same process. Clearly from the
left plot in the same Figure, a large enhancement in the signal compared to the SM

occurs at values of the transverse momentum of sub leading electron Pez lay in the

interval [20 GeV,40 GeV]. Additionally, from the top right plot, we see that the
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signal is enhanced considerably in comparison with the SM for values of pseudo-

rapidity 7, in the interval [2,5].
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Figure 4.5. The distributions of the transverse momentum of sub leading electron
Pez (top left), pseudo-rapidity 7,, (top right), cos 6, (bottom left) and the
azimuthal angle ¢, (bottom right) corresponding to the process e p > veZq — Ve
e* e g at the LHeC collider for a chosen values x,;; = k.= 0.3.

The kinematic distributions of the quark produced in the process e p = Ve Z q
- v, e*e~q,are shown in Figure 4.6. From the top left plot, we deduce that signal
can be enhanced much larger compared to the SM for values of the transverse
momentum Pqu belong to the interval [30 GeV,70 GeV]. Moreover, from the top
right plot, one can notice that, the signal is largely enhanced comparing to the SM
one when the pseudo-rapidity takes values roughly in the range [2,5]. From the
bottom left (right) plots in the same Figure, the large enhancements in the signal

correspond to large values of cos,, close to one and to all the azimuthal angle ¢, .
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Figure 4.6. The distributions of the transverse momentum Pq7; (top left),
pseudo-rapidity 74, (top right), cos 6, (bottom left) and the azimuthal
angle ¢4, (bottom right) of the quark corresponding to the process e p > veZ q
— ve e* e q at the LHeC collider for a chosen values «ut = ket = 0.3.

The distributions of the angular distances between the final state particles
e1,€; and qq, ARgqe; (top left), AR, 4, ( top right), AR, 4, ( bottom left), and the
Missing Transverse Energy MET (top right) are shown in Figure 4.7. The angular

separation AR, , is evaluted as AR, = /(1; —12)% + (¢p1 — ,)* between the

two final particles.
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Figure 4.7. The distributions of the angular separation particles: leading electron
AR, ¢, (top left), leading electron and quark AR, 4, (top right), subleading electron
and quark AR, 4. (bottom left), as well as MET (bottom Iright) for the process e
p—VveZq — ve e" e q at the LHeC collider for a chosen values ku = ket = 0.3.

In Figure 4.8, we demonstrate the kinematic distributions of both signal and
SM of the invariant mass of the Z boson reconstructed from the two electrons

M .,(left) and the invariant mass of M, ¢ 4,

( right ) where we require that the
reconstructed mass of two electrons lies between 86 GeV < M, ., < 92 GeV.
Clearly from the left plot in the figure, the signal has a peak around the Z mass and
is larger than the SM. On the other hand, and from the right plot in the figure, the

peak of the signal is shifted around invariant mass M =150 GeV approximately

€1€2q1

and becomes much larger than the SM background.
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Figure 4.8. Invariant mass distribution of Z boson for two electrons M, ¢, (left)

while the right plot includes the invariant mass of Z boson with one quark
M at LHeC.
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432 ep—oveZq-oveptn-q
In this process, the generated top quark decays to a Z boson and light g quark,

then followed by decaying of the Z boson into muon anti-muon pair t— Zq—
ut p~q. In the figures below, we display our results for the case of the LHeC
future collider with integrated luminosity 1 ab™'. In this channel, we take the values
of the couplings as k,; =k, = 0.7 to evaluate the kinematic distributions of the

final state particles for SM background and signal.

Figure 4.9, illustrates the kinematic distributions which are represented as the
transverse momentum of leading muon PuT1 (top left), pseudo-rapidity n,,, (top
right), cos 6, (bottom left) and the azimuthal angle ¢, (bottom right)
corresponding to the process ep = Vo Zq — Ve 4t p~q . One can remark from
the plots in the figure that, the distributions concerning this process follow same
behavior as in the process e p > V. Z q = v, e’ e~ q with little bit differences

where the signal here is enhanced much larger compared to the SM for value of the
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P#T1 and Ny 1lies in the range [50 GeV,90 GeV] and [3.4], respectively. Moreover,

the enhancements in the signal is achieved at values of cos 6, close to one.
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Figure 4.9. The distributions of the transverse momentum of leading muon PMT1
(top left), pseudo-rapidity n,, (top right), cos 6, (bottom left) and the
azimuthal angle ¢, (bottom right)) corresponding to the process € p = veZ q
— Vet "u g at the LHeC collider for a chosen values k,,;= k.= 0.7.

We consider now the same kinematic distributions for the subleading muon.
These distributions with K,;;=K. = 0.7 are displayed in Figure 4.10 for the same
process ep 2 V. Z q = V. ut u~q . Again, the plots show same patterns as in
Figure 4.9 However, the large values of the signal compared to the SM background
occur at values of the PMTZ and pseudo-rapidity roughly belong to the intervals [25
GeV.,45 GeV] and [2,4] respectively. Another remark from the bottom plots is that,
the improvements in the signal can be obtained at values of cos 6, close to one and
for all values of the azimuthal angle ¢,,, which was the case also in the previous

cases.
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Figure 4.10. The distributions of the transverse momentum subleading muon P#TZ
(top left), pseudo-rapidity 7, (top right), cos 6, (bottom left) and the azimuthal
angle ¢,,, (bottom right) corresponding to the process e p > veZ q = Vel "u~ q at
the LHeC collider for a chosen values k,;= K= 0.7.

We divert now to discuss the kinematic distributions of the quark in the
decay channel ep » v.Zq— v, ut u~q, they are shown in Figure 4.11. One
can see from the figure that, the signal is notably enhanced compared to the SM
for Pqu lies in the range [30 GeV,70 GeV] and 74, roughly in the range [2,5]. On
the other hand, from the same figure, larger raises in the signal can be obtained for

cos Gq . close to one.
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Figure 4.11. The distributions of the transverse momentum Pqu (top left),
pseudo-rapidity 7,4, (top right), cos 6, (bottom left) and the azimuthal angle
¢4, (bottom right) of the quark corresponding to the process € p = veZ q = Ve 1
"1~ q at the LHeC collider for a chosen values k= k.= 0.7.

In Figure 4.12, The distributions of the angular distances between the final

state iy, U, and q;, where AR, . (topleft), AR, , (topright), AR ( bottom

qi1H1 q1H2

left) as well as the Missing Transverse Energy MET (top right) are presented for
the effective couplings K,,;=K.. = 0.7 at LHeC.
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Figure 4.12. The distributions of the the angular separation particles: top
left AR, ,.,, top right AR, , bottom left AR, ,. as well as the MET (bottom
right) at LHeC collider.

Figure 4.13, clarifies the kinematic distributions of both signal and SM of

the invariant mass of the Z boson reconstructed from the two muons M, (left)

Hil2

and the invariant mass M, ,. 4, ( right ) where we require that the reconstructed
mass of two muons lies between 86 GeV < M1, <92 GeV. Plainly, from the left
plot in the figure, the signal has a peak around the Z mass and is larger than the SM
background. Furthermore, from the right plot in the figure, the peak of the signal

corresponds to invariant mass M =170 GeV.

H1H241
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Figure 4.13. Invariant mass distributions of Z boson ( left-handed ) for muon while
the(right-handed) includes the invariant mass for two muons with one quark M, .4,
for the signal and background at LHeC.

433 ep-oveZq—ve qQqQq
In addition to the previous channels, we consider the process where the

produced top quark decays to Z boson and g quark. We are interested here in the
process t — Zq — q qq at LHeC future collider with integrated luminosity 1 ab™.
In this process, we choose the values of the couplings as k,; = k.= 0.1 to estimate
the kinematic distributions of the final state particles for both signal and SM

background.

In Figure 4.14, we illustrate the kinematic distributions for the transverse
momentum of the leading jet PJZ (top left), the pseudo-rapidity n;, (top right), cos
6;, (bottom left) and the azimuthal angle ¢;, (bottom right). Analogous to the
distributions in the processes ep > V.Z q >V, ete”"q and ep »> V. Z q —
Ve Ut U™ q, we recognize from all these distributions that the signal (in the blue
curve) is larger in a comparison with SM background (red curve) for values Pf;,
nj,. lay in the ranges [30 GeV,80 GeV] and [3,5] respectively. Moreover, the

enhancements in the signal take place for values of cos 8 close to one.
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Figure 4.14. The distributions of the transverse momentum of the leading jet
PZ (top left), pseudo-rapidity n;, (top right), cos 8; (bottom left) and the
azimuthal angle ¢;, (bottom right) corresponding to the process e p > veZ q —
Ve qq q at the LHeC collider for a chosen values k= k.= 0.1.

Considering the subleading jet, in Figure 4.15 we plot of the same
distributions presented in Figure 4.14 for the same process. Distinctly, from the left
plot in the figure that, a large enhancement in the signal compared to the SM occurs
at values of the PJZ lay in the interval [0 GeV, 60 GeV]. Furthermore, from the top
right plot, we deduce that the signal is enhanced considerably in comparison with

the SM for values of 7;, in the interval [2, 5].
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Figure 4.15. The distributions of the transverse momentum of subleading jet,
PJE (top left), pseudo-rapidity n;, (top right), cos 6;, (bottom right) of the
subleading jet corresponding to the process e p > veZ q — ve qq q at the
LHeC collider for a chosen values k,;= k. = 0.1.

We discuss now the kinematic distributions of the quark produced in the
process e p = V. Z q = Ve qqq, Where distributions in this case are shown in
Figure 4.16. From the top left plot, the transverse momentum Pqu in the range [0
GeV, 30 GeV]. Additionally, from the top right plot, the enhancement can be

obtained when the pseudo-rapidity n,, takes values roughly in the range [2, 5].
Similar to all previous studied cases, values of cos 6, close to one lead to large

signal and this is the conclusion also for all values of the azimuthal angle ¢y, .
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Figure 4.16. The distributions of the transverse momentum Pgl (top left),
pseudo-rapidity 14, (top right), cos 8, (bottom left) and the azimuthal angle
¢q, (bottom right) of the quark to the process € p—>veZq— Ve qq q at the
LHeC collider for a chosen values k,;= k. = 0.1.

The distributions of the angular distances of the leading jet AR;_ ;, (top left),

subleading jet AR; 4, (top right), AR; 4 (bottom left), as well as missing transverse

241

energy MET (bottom right) are illustrated in Figure 4.17.
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and bottom right represents MET, at LHeC collider.

In Figure 4.18, we show The distributions of the invariant masses of the Z
boson reconstructed of the two jets, are displayed for both the signal and the SM
left and right respectively. In this figure we demand that the reconstructed mass of

the two jets fall in the range of 86 GeV< M; ;, < 92 GeV. The signal has a peak

around the Z mass and is larger than the SM background, which is evident from the
left plot in the figure. The peak of the signal, on the other hand, is displaced around

invariant mass M; =150 GeV.

J1J291
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Figure 4.18. Invariant mass distributions of Z boson (left ) of jets M;, ;, while
the (right ) includes the invariant mass for two jet with one quark M;
the signal and background at LHeC.
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4.4 Kinematic distribution of final state particles at FCC-he
future collider
In this part , we investigate the kinematic variables of the final state

particles at FCC-he future collider with integrated luminosity 1 ab™! in a similar way
to what was done in the previous section. Consequently, these variables are PT,
n, MET, and invariant mass of the Z boson reconstructed from leading and sub
leading light charged leptons with opposite electric charges or the leading and sub
leading jets depending on the final state particles. In addition, we give details of
the simulation and the cut-based analysis steps in order to separate signal from
background. In all figures, the red curve represents the SM while the signal is

depicted by the blue curve.

44.1 ep—-oveZq —veete q
We start with the FCNC top quark decay t — Zq — q e*e” , we present our

plots concerning the distributions of the kinematic variables for the FCC-he future
collider with integrated luminosity 1ab™! and for particular coupling values taken as

Kut: ct = 0.1.

Figure 4.19, displays the kinematic distributions of the leading electron for
both signal and SM background corresponding to the process ep = v Z q —

V. e*te™q. The plots are as follows: transverse momentum of leading electron Pg;
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(top left), pseudo-rapidity 1, (top right), cos6,, (bottom left) and the azimuthal
angle ¢, (bottom right). Concerning the distributions in the figure, we barely can

discriminate the signal from SM unlike the distributions in the case of the LHeC

collider in which signal and SM can be distinguished.
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Figure 4.19. The distributions of the transverse momentum of leading electron
PeT1 (top left), pseudo-rapidity 7., (top right), cosf,, (bottom left) and the
azimuthal angle ¢, (bottom right) corresponding to the processep = veZ q —
ve €7 e q at the FCC-he collider for a chosen values k,; = k.= 0.1.

The distributions plotted in Figure 4.20 correspond to the transverse
momentum of sub leading electron Pez . From the left top we barely can distinguish
the signal from the SM,this is contrary to the previous collider LHeC where all the
distributions can be observed readily. The other plots of the pseudo-rapidity, cos
0.,and the azimuthal angle ¢, indicate also that signal and background follow

same behavior.
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Figure 4.20. The distributions of the for transverse momentum of sub leading
electron PeT2 (top left), pseudo-rapidity 7., (top right), cos6,, (bottom left) and the
azimuthal angle ¢,, (bottom right) for the process e p > veZq — ve €" € q at the
FCC-he collider for a chosen values k,;; = k.= 0.1.

In Figure 4.21, we plot the kinematic distributions of the quark in the
process ep = V. Z q = V. ete”q namely, the transverse momentum Pqi (top
left), pseudo-rapidity n,, (top right), cos 6,, (bottom left) and the azimuthal angle
¢q, (bottom right). We conclude from these distributions that the behavior of the

signal and the SM is close to each other.
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Figure 4.21. The distributions of the transverse momentum Pqu (top left),
pseudo-rapidity 14, (top right), cos 8, (bottom left) and the azimuthal angle
¢q, (bottom right) of the quark corresponding to the process e p > veZq — Ve
e" ¢ g at the FCC-he collider for a chosen values «kut = ket = 0.1.

In Figure 4.22, we present our results of the distributions of the angular
separation between final state particles e, e; and g1, AR, (top left), AR, 4, (top
right), AR, ,, ( bottom left), and the missing transverse energy MET (bottom

right).
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Figure 4.22. The distributions of the angular separations AR, ., (top left),
AR, 4, (top right), AR, 4 (bottom left), as well as MET (bottom right) for the

process e p > VveZ q — ve € e q at the FCC-he collider for a chosen values ku
=Kk« =0.1.

In Figure 4.23, we show the kinematic distributions of both signal and SM
of the invariant mass of the Z boson of two electrons M,., (left) and the invariant
mass Meqe241( right ) where the reconstructed mass of two electrons is demanded
to lay between 86 GeV < M, ., <92 GeV. From the right plot in the figure, we see

the peak of the signal is shifted around invariant mass M, =170 GeV

16241

approximately and becomes larger than the SM background compared with the left

plot.
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Figure 4.23. Invariant mass distributions of the Z boson for two electrons M, ,

(left) while the right plot includes invariant mass for Z boson with one quark
M at FCC-he collider.
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442 ep-oveZq-oveptpn-q
In the following figures, we show our plots for the ep - v.Z q —

Ve ut u~q process at the FCC-he future collider with integrated luminosity 1 ab™'.
To assess the kinematic distributions of the final state particles for both the signal

and SM background in this channel, we use the coupling values k=K. = 0.3.

Figure 4.24, elucidates the kinematic distributions for both SM background
and signal. We conduct the same analysis as we did for the case of ep > Ve Zq —
V. et e”q. The distributions in the figure are shown for the transverse momentum
of leading muon PuT1 (top left), pseudo-rapidity 1, (top right), cos 6, (bottom left),
and azimuthal angle ¢, (bottom right) corresponding to the process e p = V. Z q
— Ve Ut u~q. The plots in the figure show that, enhancements correspond to the

value of the transverse momentum and pseudo-rapidity laying in the range [40

GeV- 80 GeV] and [3,4] respectively.
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Figure 4.24. The distributions of the transverse momentum of the leading muon

PMT1 (top left), pseudo-rapidity 1, (top right), cos 6, (bottom left) and the
azimuthal angle ¢,,, (bottom right) corresponding to the processep > veZ q =
Ve L "u ” q at the FCC-he collider for a chosen values Ky = ket = 0.3.

The kinematic distributions for the subleading muon and for the same process
are presented in Figure 2.25, the transverse momentum sub leading muon PHT2 (top
left), pseudo-rapidity 1, (top right), cos6,, (bottom left), and azimuthal angle ¢,,,
(bottom right). Given this, the plots in the Figure 2.25 demonstrate that the
transverse momentum has a low impact on enhancing the signal and approximately

the same for pseudo-rapidity and cos 6,, however, the large effect for the

enhancements is due to the azimuthal angle ¢,,, .
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Figure 4.25. The distributions of the transverse momentum of the sub leading
muon PMT2 (top left), pseudo-rapidity n,,, (top right), cos 6, (bottom left) and
the azimuthal angle ¢,,, (bottom right), corresponding to the process e p = ve Z q
— Ve "u” q at the FCC-he collider for a chosen values ky = ket = 0.3.

The kinematic distributions of the quark in the decay channel e p —» v, Z q
— Ve Ut u~qare presented in Figure 4.26, including transverse momentum Pqu
(left plot), pseudo-rapidity, cos 6, (right plot) and the azimuthal angle ¢, (bottom

right). From the distributions in the figure the enhancements of the signal compared
to the SM background occur at values of the transverse momentum, and pseudo-

rapidity, lay in the ranges [30 GeV, 60GeV], [4, 6], respectively.
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Figure 4.26. The distributions of the transverse momentum Pqu (top left),
pseudo-rapidity 14, (top right), cos 6, (bottom left) and the azimuthal angle
¢4, (bottom right) of the quark at the FCC-he collider for a chosen values k,; =
KCt= 0.3

Figure 4.27, shows the distributions of the angular the distances between
finale state p,,u, and q;, where AR, . (top left), AR, ,, (top right), AR, ,,

(bottom left) as well as the Missing Transverse Energy MET (bottom right).
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Figure 4.27. The distributions of the angular separation: top left AR, ., top
right AR, ,, bottom left AR, ,, as well as MET (bottom right) at FCC-he
collider.

Figure 4.28, depicts the kinematic distributions of both signal and SM of the
invariant mass of the Z boson reconstructed from leadind and subleading muon

M, ., (left) and the invariant mass of two muons with one quark M, ., (right).

The reconstructed mass of two muons must be in the range 86 GeV < M,, ., <92

GeV. It is obvious from the right plot that the signal is remarkably increased
compared with the SM background and has a peak in the left plot at roughly a value

of My, u,q, =170 GeV.
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Figure 4.28. Invariant mass distributions of Z boson M, ,,. (left-handed) while
the (right-handed) includes the invariant mass for Z boson and one quark

M, 1, q, for the signal and background at FCC-he.

443 ep—oveZq—-ve qqq
In the following figures, the results are offered for the FCC-he future collider

with integrated luminosity 1 ab™'. To obtain the kinematic distributions of the final
state particles for both the signal and the SM background, we use the coupling
values at k,;; = k. = 0.1. Here, we take into account the two jets produced by the

decay of the Z boson.

Figure 4.29, shows the kinematic distributions the transverse momentum of
the leading jet PJZ (top left), pseudo-rapidity n;, (top right), cos 6;, (bottom left) and
the azimuthal angle ¢; (bottom right) corresponding to the process ep = v.Zq

— Ve qq q. We see from the figure that the enhancements happen for transverse
momentum varies within the range [25 GeV,90 GeV], the pseudo-rapidity values

roughly in the range [4,6] respectively.
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Figure 4.29. The distributions of the transverse momentum of the leading jet
PJZ (top left), pseudo-rapidity n;, (top right), cos 6; (bottom left) and the
azimuthal angle ¢;, (bottom right), at FCC-he collider for a chosen values k,,; =
K ct= 0 1 .

We display the distributions for the transverse momentum of the sub leading

jet P]Z, pseudo-rapidity 7;,, cos 6;,, and azimuthal angle ¢;,in Figure 4.30. We
conclude from the plots that the increments in the signal associated with transverse
momentum between [20 GeV - 60 GeV], pseudo-rapidity values roughly in the

range [4,6], and values of cos 6;,close to one.
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Figure 4.30. The distributions of the transverse momentum of the subleading
jet P]Z (top left), pseudo-rapidity 7n;, (top right), cos6;, (bottom left) and the
azimuthal angle ¢;, (bottom right) at FCC-he collider for a chosen values
Kyt = Kee=0.1.

Now we look at the kinematic distributions of the quark produced by the
process ep 2 Ve.Z q — Ve qqq at FCC-he collider. The related kinematic
distributions are shown in Figure 4.31. From the plots in the figure we note that

large enhancements can not be obtained in this case.
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Figure 4.31. The distributions of the transverse momentum P;l (top left),
pseudo-rapidity 74, (top right), cosf,, (bottom left) and the azimuthal angle ¢,
(bottom right) of the quark. corresponding to the process ep = V. Z q —
Ve qq q at FCC-he collider for a chosen values k,; = 1. =0.1.

The distributions of the angular distances of the leading for jet AR; ; (top
left), leading jet with one quark AR; , (top right), and subleading jet with one quark

AR

i,q, (bottom left), as well as missing transverse energy MET (bottom right) are

demonstrated in Figure 4.32.
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Figure 4.32. The angular separation top left AR;, ;, , top right AR; 4 , bottom
left AR; 4, . as well as MET (bottom right) at FCC-he collider using the

coupling K,y = K =0.1.
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Figure 4.33, shows the distributions of the invariant masses of the Z boson
reconstructed from the two jets Mj; j, and Mj; j,4, for both the signal and the SM.
We require that the reconstructed masses of the two jets be in the 86 GeV <

M;, ;, < 92 range (left plot).
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Figure 4.33. Invariant mass distributions of Z boson (left-handed) of two jets

M;, ;, while the (right-handed) M;_ ; ,, at FCC-he using the coupling k,; = K¢ =

0.1.

In Table 4.1, we display the kinematic cuts utilized in our analysis of the signal
and the background at LHeC and FCC-he colliders with Linc = 1 ab™!. In order to
select signal events, we demand having two oppositely charged light leptons and
one jet in the final state. Particles are ordered according to the highest transverse
momentum. Regarding the invariant mass of the two oppositely charged light
leptons and the two jets obtained from the Z decay, we require their invariant mass
to be close to the Z boson mass. The selected values of the other cuts are chosen to
improve the signal in comparison with the background, as is shown in the figures

below for all decay channels.
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Table 4.1. Events selection and kinematic cuts are utilized for the analysis of signal
and background at LHeC and FCC-he colliders with Liy = 1 ab™ L.

Accelerator | Decay
channels

Cuts

ete

LHeC

Pe{>30GeV, P,,> 20 GeV, Pj;>30GeV and 2 <1 (ej,e; ,q1) <6
invariant mass 86 GeV < M, ,,< 92 GeV
AR, .,> 0.7, AR, 4,> 0.7, AR, 4. > 0.7 and MET >10 GeV

+

Tt

Pi> 30 GeV, Pj, >20GeV, Pj;> 30 GeVand 2 <1 (g, iz, G1) <6
invariant mass 86 GeV< M,;1,,, <92 GeV
AR, ,,,> 0.7, AR, 4, > 0.7, AR, ,.> 0.7 and MET >10 GeV

Pf >30 GeV, P> 20 GeV, PI,> 30 GeV and 2 < 1 (ji,j2q1) < 6
invariant mass 86 GeV < M; ; <92 GeV

J1j2
ARj1j2> 0.7, ARh‘h > 0.7, AR; ,. > 0.7 and MET >10 GeV

J241
Pel>20 GeV, PL> 25GeV, Pj;> 15 GeV and 2 < 1 (ey,e;5 ,q;) < 6
invariant mass 86 GeV< M, ,,< 92 GeV
AR, .,> 0.7, AR, 4, > 0.7, AR, 4. > 0.7 and MET >10 GeV

FCC-he -

P7,> 40 GeV, P20 GeV, PJ;> 25 GeV and 2 < 0 (uy, iz, G1) < 6
invariant mass 86 GeV < M4,,< 92 GeV
AR, .,> 0.7,AR, 4> 0.7, AR, , > 0.7 and MET >10 GeV

Pf >30 GeV, P5> 20 GeV , P1;> 30 GeV and 2 < 1 (jy,j2,q1) < 6
invariant mass 86 GeV < M; ; < 92 GeV

J1j2
ARj1j2> 0.7, ARf1Q1 > 0.7, AR; ,.> 0.7 and MET >10 GeV

J241

Figures 4.34 and 4.35, demonstrate the distribution of the invariant mass

My, for different decay channels of Z boson without (left) and with (right) the cuts

for the LHeC and FCC-he colliders respectively. The Z boson is reconstructed from

ete”,utu"and qg are shown in the top, middle and bottom rows, respectively.

From all these figures we can see the effect of optimized cuts used in the analysis.

Applying these cuts allows us to see the impacts of the cuts on the signal and the

background. The aim is to obtain the cuts that optimize the discrimination between

signal and background and eventually allows us to evaluate the statistical

significance.
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Figure 4.34. Distributions of invariant mass M for different decay channel of
Z boson (e*e’, p'p and qq ) with and without optimized cuts (right column and
left column , respectively) for LHeC.

50



number of events
N
[0
8
=}

I RS e | IS BN T n
50 100 150 200 250 300 358| 400
o050,

50 100 150 200 250 300 35& 400
n,a,

— Signal
— SM

number of events
N [A]
o [*]
o Q
o =]
=] =]

20000}-
15000}-

10000}

1 1 1 1
() 50 100 150 200 250 300 350 400 o S0 100 150 200 250 300 350 400
MI

29,

Figure 4.35 . Distributions of invariant mass Mq for different decay channel of Z
boson (e*e’, u*u and qq ) with and without optimized cuts (right column and left
column, respectively) for FCC-he.

4.5 The statistical significance
Statistical significance is the notion that a set of observed data is not random

but can instead be arising from a certain reason. In other words, it lends credibility

to the notion that the results are real and not caused by luck or chance.

In this section, we evaluate the statistical significance (SS) of the
process ep = V. Z q at LHeC and FCC-he future colliders with integrated
luminosity 1 ab!. The distributions of the reconstructed Z bosons with one

quark Mz, given in figure 4.34 for the LHeC collider and figure 4.35 for the FCC-
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he collider, for all decay channels are normalized to the integrated luminosity 1
ab’! and the range between 140 GeV < Mz, <180 GeV, is utilized to compute

Statistical Significance (32) which is defined as

SS = \/2[(S+B)In(1 +%) ~5]

In order to quantify the SS, we evaluate S+B (blue curve ) and the total
background (B) (red curve), then we estimate the signal (S) by taking the difference
between S+B and B events at a given specific integrated luminosity after applying
the final cuts. The results of the SS rely on the considered values of the couplings
Kyt= K¢ at Line= 1ab' and on the final states originating from the Z decays namely,
the leptonic (electron and muon) ones and the hadronic ones. Consequently, with
the help of the evaluated SS, we can fit the significance as a function of the
couplings. Moreover, this fit can be used to impose upper limits on these couplings
and hence these limits can be adopted to calculate the branching ratios for the given

process for each collider considered in this study.

In Table 4.2, we provide our results of the statistical significance for the
leptonic final states channels corresponding to a selected set of values of the
effective couplings K,,; = K., at the LHeC and FCC-he colliders. We see from the
Table 4.2, in both colliders, the SS increases with increasing the value of the
effective couplings. We remark also from the table that, large couplings lead to

remarkably large values of the SS

Table 4.2. The estimated SS for selected values of the couplings for leptonic final
states channels at LHeC and FCC-he colliders.

LHeC FCC-he

Couplings SS Couplings SS

0.05 11.9937 0.008 0.744842
0.07 14.19 0.01 5.75491
0.1 32.7633 0.05 15.8986
0.3 171.616 0.07 32.1202
0.5 341.072 0.1 59.2944
0.7 524.24 0.3 295.574
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Figure 4.36, illustrates the statistical significance (SS) of the ep - v.Z q
process as a function of the couplings for the leptonic final state channels (electron
and muon) at Lin=1 ab ™! for LHeC (left plot) and for FCC-he (right plot). As can
be seen from the left plot in the figure, the upper limit of the coupling reaches the
value 0.024 at 36 SS (see the black line in the plot) for the LHeC collider while for
the FCC-he collider the upper limit of the coupling approaches the value equal to
0.0172 at 35 SS as indicated from the black line in the right plot. It should be noted
that we used the fit function of K = ax® + bx? + cx and represented by the red
line in the figure. The values of SS versus the couplings are listed briefly in table

4.2 for LHeC and FCC-he future colliders.

p e->v,2pNP=1for topFCNC UFO model at LHeC pe >V, 2 pNP=11or topFCNC UFO model at FCC-eh

o

0.1 0.1
0.01 0.1 0.001 0.01 0.1

Couplings Couplings

Figure 4.36. Statistical significance as a function of the anomalous FCNC
couplings after applying the cuts of finale state for leptonic channels at Li, =1
ab! for LHeC (left) and the FCC-he (right).

In Table 4.3, we show our obtained results of the statistical significance for the
hadronic final states channels for a set of values of the effective couplings K,,;= K.,
at the LHeC and FCC-he colliders. We note from Table 4.3 that, the SS increases
with increasing the value of the effective couplings for both colliders. Moreover,
one can notice from the table that, large couplings yield considerably large values

of the SS.
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Table 4.3. The evaluated SS for a set of selected values of the couplings for

hadronic final states channels at LHeC and FCC-he colliders.

LHeC FCC-he
Couplings SS Couplings  SS
0.05 222178 0.008 1.7226
0.07 7.88512 0.03 3.0772
0.1 23.0855 0.05 16.9153
0.3 105.757 0.07 36.6093
0.5 219.882 0.1 63.0251
0.7 335.979 0.3 331.917

In Figure 4.37, we display the statistical significance (SS) of the process
e p — V. Zq as function of the couplings for the hadronic final states channels at
Lin=1 ab™! for LHeC collider (left plot) and FCC-he collider (right plot). As in
Figure 4.37 the black color represents the 36 SS and the red line represents the fit
function K = ax®+ bx*+ cx . Plainly from the Figure 4.37 , the upper limits of the

couplings are 0.03 and 0.0216 for LHeC and FCC-he colliders, respectively.

p 8->V, zp NP=1for topFCNC UFO model at LHeC
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Figure 4.37. Statistical significance as a function of the anomalous FCNC
couplings after applying the cuts for hadronic channels Lin=1 ab™! for LHeC (left)

and the FCC-he (right).

pe ->v,2pNP=11or topFCNC UFO model at FCC-eh
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S. CONCLUSIONS

Searching for the top quark FCNC in the vertex tZq, where g points out u
or ¢ quark at electron-proton colliders can be a good probe for NP beyond the
Standard Model. Particularly, due to the absence of such FCNC vertex in the SM

at the tree-level.

In this thesis, we have examined the ep — v, Z q process followed by Z boson
decaying into two leptons or two jets at the future electron hadron colliders under
consideration, LHeC and FCC-he with an integrated luminosity 1 ab"!. We have
generated the signal and background events for the e p = v, Z q process using
MadGraph5_aMC@NLO, and Delphes was utilized for realistic detector effects.
We have evaluated the cross sections of the e p = v, Z q process for different

scenarios of the parameter k,; contributing to the signal. We have found that non-

vanishing k,,; and k., can enhance the cross section.

We also executed an analysis of the kinematic distributions including the
transverse momentum, pseudo-rapidity and invariant mass distribution of the Z
boson. In addition, we have applied a cut on the invariant mass of the final state to
evaluate the statistical significance. Our goal for doing this is to obtain the best
limits on the anomalous top FCNC tqZ couplings and give an estimation of the
upper values of the branching ratios of the given final states. The computation of
the branching ratio of the decay mode t—qZ has been found using Eq (1.8). We
find the branching ratios BR (t — qZ) =8 X 10™* (4 x 10™*) for the channel Z—
£%¢~ while BR (t — qZ)=1.2x 1073 (6 x 10~*) for the channel Z - qq at LHeC
(FCC-he) collider. We deduce from these results that FCC-he has the best limits for

the leptonic channel.

We compare our results for ep — v, Z q process for BR (t —qZ) with its
prediction in the SM and other colliders given in the literature. Within SM, has
found BR (t — cZ) ~ 1071*(55). Furthermore, at the LHC the CMS collaboration
utilizing a combined result for the tqZ couplings (via anomalous tZ production) has
enhanced the limits BR (t — uZ)<2.2 x 10™* and BR (t — ¢Z) <4.9 x 10~* (56).
Considering the High Luminosity Large Hadron Collider (HL-LHC) with Liy = 3
ab ™! the limits on the top FCNC were estimated to be BR (t — uZ) <4.3 x 10™°and
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BR (t —cZ) < 5.8 x 107> (57) at 95% C.L. Regarding other future colliders, the
sensitivities to the top quark FCNC interactions have been assessed on the BR (t —
uZ) < 107° for the HL-LHC with Vs = 14 TeV and Lin = 3 ab™'. A recent study
carried out in Ref (58) about the search for Zt production at FCC-hh with \s =100
TeV and Lint = 10 ab™! found that the BR (t — uZ) < 10~ and BR (t — ¢Z) < 107>,
In Ref (32) limits for the branching BR(t — qZ) for 1 ab™! luminosity projections
at LHeC and FCC-he were estimated to be BR (t — qZ)<4.0 x 1075 and BR (t —
qZ) <9.5 x 10~ ® respectively for the e p — ¢~ Wq +X processs.

Comparing our results with the obtained results above in other colliders, we
find that at LHeC and FCC-eh colliders the obtained limits on the branching ratio
via the e p — v, Z q process is comparable. One can improve these results with new

machine learning techniques such as Boosted Decision Tree (BDT).
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