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Abstract

A search is performed for heavy vector-like top quark partner (T) with electric charge
+2/3 by using proton-proton collision events from Large Hadron Collider (LHC) at a centre-
of-mass energy of 13 TeV. The data corresponds to an integrated luminosity of 35.9fb~!
collected by the Compact Muon Solenoid (CMS) experiment during 2016.

The production of this new hypothetical particle is assumed to be in pairs and strong
interaction is responsible for such production mechanism. T quarks can decay to various
combinations of third generation quarks and standard model bosons: T — bW, tZ, or tH,
and hence the final states consist of pair of opposite-sign leptons consistent with coming
from a Z boson and jets. No significant excess has been observed and hence 95% CL upper
limits are obtained on TT production cross section by assuming different branching ratios.
T quark mass values below 1280 GeV are excluded in case of 100% branching fraction for

T — tZ.
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Chapter 1

Introduction

The universe as we know it today has been evolving continuously since its birth. Many scien-
tists have tried to understand the basic concepts of evolution of the universe and thereby to
answer any mysteries lies within. Many remarkable theories were developed in the beginning
of the 20th century including Quantum Mechanics, which ultimately lead to the formalism
of Standard model (SM) of particle physics, and which is now a complete theory with the
discovery of Higgs boson in 2012 by the ATLAS and CMS experiments.

From the beginning of the 20th century, many fundamental questions were unanswered
and yet to be resolved. One of them was about basic building blocks of matter. With
the discovery of Quantum Mechanics in 1920s and with many theoretical and experimental
discoveries by physicists during the later of that era gave insightful ideas, from which the
SM was born. It describes the fundamental structure of matter. With the experimental
confirmation of Higgs boson in 2012 by the ATLAS and CMS experiments, SM is now a
complete theory.

SM successfully explained almost all of the theoretical predictions and experimental obser-
vations. But the observed mass of the Higgs boson being at the electroweak scale, suggested
that there should be some new physical phenomena involved.

One of the common problems, which came up with the discovery of the Higgs boson, is

the so-called Mass Hierarchy problem. The quantum corrections to the Higgs mass should



make the mass incredibly big, but the observed mass is at the electroweak scale. The only
way to explain this is by fine tuning the Higgs mass, which is unnatural. So there should be
some new physical phenomena at the TeV scale, which ultimately cancel out the quantum
corrections for the Higgs mass. Scientists came up with new theories called Physics beyond
standard model, to keep the mass of the Higgs boson at its observed value.

These new ideas include introducing new particles such that fine tuning of the bare mass
of the Higgs boson could be avoided. Some of these new theoretical extensions of the SM
include supersymmetric partners, where these new particles are considered to be bosonic
partners of the SM quarks. Some other models predict so-called fermionic partners. If
these new hypothetical particles exist, they should have masses around the TeV scale such
that they will cancel out the quantum corrections for the Higgs boson mass to be at the
electroweak scale naturally. The Large Hadron Collider (LHC) was operating at a centre-
of-mass energy of /s = 13 TeV since 2015 and search for these new particles is possible by
using that data.

The purpose of this thesis is to present a search for one such fermionic resonance called
vector-like T quarks by using LHC collision data. At 95% confidence level, the vector-like
quarks with masses below 900 GeV are already excluded by the analyses using Run 1 (2010
-2012) LHC data that corresponds to an integrated luminosity approximately 5 fb~*. The
main goal of this analysis is to expand the search by using the full 2016 data set that

corresponds to 35.9 fb~1.



Chapter 2

Theoretical Background

2.1 The Standard Model

The standard model (SM) contains all the elementary particles discovered up-to-date and
explains the interactions between them within the framework of the quantum field theory.
The development of the SM started in the 1960s. The main contributions came from the elec-
tromagnetic and weak interaction unification by S. Glashow in 1961 and later in 1967 when
S. Weinberg and A. Salam incorporated the Higgs mechanism with Glashow’s electroweak
interaction?!. The capacity of explaining the experimental observations obtained in the high
energy physics experiments by the SM was extraordinary. The remarkable milestone of the
SM was achieved in 2012 when both CMS and ATLAS Collaborations®% announced the
discovery of the Higgs boson, the missing piece of the SM, which predicted to be responsible
for the observed masses of fermions and gauge bosons. All the particles in the SM will be
discussed briefly in this chapter with their interactions, accompanied by some mathematical
relations. Detailed explanation about the SM can be found in references#. Natural units,
¢ = h =1 will be used throughout the thesis unless stated otherwise.

Particles that are included in the SM can be divided into two subgroups, namely: fermions
and bosons. The bosons are particles, which has zero or integer spins, and obey the Bose-

Einstein statistics®). There are four force-carrying gauge bosons (vector bosons), which act



as the force mediators that correspond to four fundamental forces of nature. The strong
force, which is dominant at short range, is mediated by the gluon (g), and is responsible for
binding quarks together to form hadrons. The weak force, which is responsible for nuclear
B-decays, is mediated by the Z (neutral weak boson) and W# (charged weak bosons). The
electromagnetic force, which is responsible for the formation of atoms, is mediated by the
photon (7). All of these vector bosons g, Z, W* and v have spin 1. The final hypothetical
gauge boson; graviton has spin 2 and it is not discovered, thus cannot be incorporated in
the standard model yet. The Higgs boson is the final particle that belongs to the group of
bosons with spin 0. It is responsible for the mechanism, by which the rest of the particles in
the SM acquire their masses!©.

Fermions are subdivided into leptons and quarks. The leptons consist of six spin 1/2
particles; electron (e), muon (u) and tau (7) with electric charge +1e and their neutrinos,
electron-, muon-, tau-neutrino (v, ,) with no-charge. The quarks also consist of six spin
1/2 particles; up (u), charm (c) and top (t) with electric charge +2e/3 and down (d), strange
(s) and bottom (b) with electric charge -1e/3. All of the fermions undergo weak interaction.
Only charged particles undergo electromagnetic interaction while only quarks undergo strong
interaction. All fermions are divided into three generations. The first generation consists of
e, ve, w and d. The second generation consists of y, v,, ¢ and s, while the third generation
consists of 7, v, t and b. There are also particles so-called anti-particles, which have opposite
quantum numbers that of fermions but have the same mass. This information is summarized
in Fig. 2.1.

In 1928 Paul Dirac derived the relativistic wave equation for all spin 1/2 particles, which
is given by Eq. 2.1. This was derived by considering the Lagrangian (L), which describes

the dynamics of the quantum fields. *

iv'o, 0 —mip =0 (2.1)

where, . = 0,....,3 and 0, is the 4-gradient with dy = ;. ¢ is the Dirac spinor and

'More detailed description about the Lagrangian (£) of the SM can be found in Ref. 71,
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Figure 2.1: The standard model” .

* are the gamma matrices taken from Pauli matrices and from 2 x 2 identity matrix (1),

which are given by Eq. 2.2

The SM is described by the Lie group SU(3)¢ x SU(2), x U(1)y, where subgroup SU(3)¢
represents the strong interaction and SU(2),, x U(1)y represents the electroweak interaction.

These interactions are discussed in detail in Sections 2.1.1 and 2.1.2.



2.1.1 The Strong Interaction

The strong interaction, which is responsible for strong nuclear force (color force), is one of
the four fundamental forces. It is approximately 137 times greater than the electromagnetic
force at a distance of about 1 fm. Amongst all the other particles in the SM, quarks are
the only ones that interact via the strong interaction. The strong force is mediated through
gluons. The quarks and gluons have a property called color and these colored charged
particles interact via exchanging gluons. The field theory, which describes this interaction,
is known as Quantum Chromodynamics (QCD). Quarks can occupy only three color states:
red, blue or green and anti-quarks can only occupy anti-red, anti-blue or anti-green®. The
SU(3)c gauge group, which is formed by eight generators, explains that quarks can only
transform as triplets. The eight matrices, which represent these generators, are known as

[9;10]

Gell-Mann matrices T . The QCD Lagrangian can then be written, as in Eq. 2.3, with

the eight colored gluon fields G* given by Eq. 2.4, where a = 1, ...., 819

. . a L 1 LV
Locp = Gy, (0" — igsT*Gh)q; — ZGWG’ (2.3)

G‘LW = (8“GZ - ayGZL + gSfachgGZ>Ta (24)

Here, ¢; represent the quark fields with contributions coming from all quark flavors, gg is
the coupling constant for strong interaction and f,. are the structure constants representing
the SU(3) groupld.

The strong coupling constant gg is an important parameter when considering the energy
scale of the physical process. gs has an inverse relationship to the energy scale (gs o< 1/E)

6. This leads to a strong binding force between

and hence at low energies gg becomes large!
quarks at low energies, which makes perturbative calculations impossible. This phenomenon
is commonly known as quark confinement. The quarks are confined into groups of two or three

quarks, which are known as hadrons, such that these combinations are color neutral. Only

2The “color charge” of quarks and gluons has no relation to the visible colors of the electromagnetic
spectrum and these main colors are used just to emphasize the charge of the strong force.



groups of three quarks (baryons) and two quark-antiquark (mesons) objects are possible
such that combination of three different colors or two color-anti-color combinations make
them color neutral'l. As the energy of the physical process gets high, gg becomes very
small and quarks behave as free particles, where this phenomenon is known as an asymptotic

freedom 1512

But such free states are never observed in nature. At high energy collider
experiments such states are observable due to the phenomenon called hadronization. A
collimated spray of light bound particles is emitted, as the quark moves forward, which is
identified as a jet (6.

The quarks can couple to weak force through electroweak symmetry breaking. These
couplings are represented by the Cabibbo-Kobayashi-Maskawa (CKM) matrix. This matrix
determines how the mass eigenstates of quarks = and electroweak eigenstates = are mixed.

It is often represented as a 3 X 3 unitary matrix, which operates on the charge -1e/3 quark

mass eigenstates d, s and b as shown in 2.5613],

d Vud Vus Vub d d
S| = | Ve Vie Va | |s|=Voru (s (2.5)
b Via Vs Vi) \b b

The matrix elements presented in Eq. 2.5 can be determined by measuring properties
of weak decays of the relevant quarks, using the unitarity of the matrix and assuming only
presence of three generations of quarks. These matrix elements are shown in 2.6/%3. So
the transformation of quarks from one flavor to another through weak interaction is possible
and is described by the CKM matrix elements. The quarks will decay to the next lightest

quark, where the branching fraction is determined by these matrix elements!©.

0.9739 t0 0.9751  0.221 to 0.221  0.0029 to 0.0045
Vexm = | 0221 t0 0.227  0.9730 to 0.9744  0.039 to 0.044 (2.6)
0.0048 0 0.014  0.037 to 0.043  0.9990 to 0.9992



2.1.2 The Electroweak Interaction

The gauge groups SU(2), and U(1).,, represent the weak and electromagnetic interactions
respectively. The electroweak interaction is the unified description of these two fundamental
interactions. The photon () represents the generator of the gauge group U(1)ey,, while
W+ W~ and Z bosons represent the generators of the gauge group SU(2);,. The L of
the SU(2);, denotes that the charged weak interaction (mediated by W*) only couples to
fermions with left-handed chiralities!®l. The neutral weak interaction (mediated by Z°) was
also supposed to behave in the same way but is observed to be coupled to fermions with both
left- and right-handed chiralities. The electroweak unification theory has been introduced to
solve this contradiction. It suggests that the existence of a unified interaction where Z and
7 bosons are a mixture of gauge bosons!®. The symmetry group SU(2); x U(1)y describes
this unified interaction, which is commonly known as electroweak interaction.

Four generators of this group correspond to vector fields B* and WY, ;. Transformation
of particles under SU(2)y, is described by the weak isospin with generators of WY, 5 fields
using the three Pauli-matrices T;; while transformation under U(1)y is described by the
weak hypercharge (Y'). Electromagnetic charge @ is related to the third component of the
weak isospin (73) and Y is given by Eq. 2.7. The observed gauge bosons of the SM emerged
after breaking the symmetry of SU(2), x U(1)y group and described by Brout-Englert-Higgs
mechanism, which will be discussed in detail in section 2.1.36],

Y

The filed strengths of vector fields B* and WY, 5 are given by Eq. 2.8 and 2.9014],

Wi, = 0We — O,W + gae™™WIWS (2.8)
B,, =0d,B, — 9,B, (2.9)

Where ¢, is the coupling constant of W* and € is the structure constant of the Lie

group SU(2).



The physical gauge bosons W+, W=, Z% and ~ are linear superpositions of W1, W2 W3
and B bosons given by Eq. 2.10, 2.11 and 2.12, where 0y is the Weinberg angle.

1
Wt = ﬁ(Wl —iW?) (2.10)
— 1 1 )
W= = E(W +iW=) (2.11)
Z° —sinby  cosOy, w3
= (2.12)
ol cosbyy  sinby, B

The dynamics of the electroweak interaction before the symmetry breaking can be rep-

resented by the Lagrangian given in Eq. 2.13:

Iy g Iy g 1 v v
Lpw =YriDpyr + YriDrpp — Z(BWB“ + W, WH) (2.13)

with,
DL = %(8“ + g]lYV[/B'u - ZngZWlM
Dp = 7,(0" + g1Yw B")

Here, left- and right-handed SM fermion fields are denoted by v, and ¥ g with ¢g; being

the coupling constant for gauge filed B*.

2.1.3 The Higgs Mechanism

The Brout-Englert-Higgs mechanism was introduced by theorists Robert Brout, Franois En-
glert and Peter Higgs to explain how some gauge bosons obtain masses. The Lagrangian
of the SM is gauge invariant and it suggests that all the gauge bosons should have a zero
mass. The photons and gluons immediately follow this principle, while it is experimentally
proven that Z and W bosons are massive particles with masses 91.1876 & 0.0021 GeV and
80.385 4 0.015 GeV respectively*).



The concept of spontaneous symmetry breaking of the electroweak symmetry group SU (2), X
U(1)y introduced by the Brout-Englert-Higgs mechanism resolved this inconsistency. It de-
fines a new field so-called Higgs field, which is a complex doublet field with four real pa-
rameters associated with a potential, called Higgs potentiall®). The Higgs field and Higgs

potential are given by Eq. 2.14 and 2.15, respectively.

+ :
o — ) _ b 01+ ig (2.14)

¢° V2 @3+ 1idy

V(®) = 12 0Td + \(dT0)? (2.15)

The parameters u? and A of the Higgs potential in Eq. 2.15 are specifically chosen to be
2 < 0and A > 0. Then the resultant Higgs potential, shown in Fig. 2.2, is symmetric under
rotation in ¢ space. It has a degenerate minimum, which is not at < ® > = 0, and is known
as the vacuum expectation value (v) given by Eq. 2.16. Electroweak scale is defined by this
parameter v and a small fluctuation around this minimum value spontaneously breaks the

rotational symmetry of the Higgs field.

)
v =L — 946 GeV 2.16
5 (2.16)

The Goldstone’s theorem suggests the existence of three massless bosons whenever a

continuous symmetry is broken 617,

The Higgs field given by Eq. 2.14 has four degrees of
freedom. The three Goldstone’s bosons correspond to three degrees of freedom. These are
longitudinal degrees of freedom? of the Z and W* bosons. The remaining degree of freedom
suggests the existence of a new particle, which has spin 0. This new particle is known to

be Higgs boson and it acquire, mass through parameter p? of the Higgs potential given by

m = +/2|u|1%'®]. The property of the gauge invariance of the Higgs field can be used with a

3The spin 1 massive particles have three degrees of freedom. The one, which is parallel to the direction,
where particle travels is known as the longitudinal degree of freedom. The spin 1 massless particles have
only two degrees of freedom, which are transverse to each other. They do not have a longitudinal degree of
freedom.

10



Figure 2.2: The Higgs potential with u?> < 0 and X > 019

unitary gauge to obtain the mass terms of weak charge and neutral interaction as given by

Eq. 2.17 where g is the coupling constant of the W/ filed introduced in Eq. 2.86:18],

gaV goV

_— —_Ll——_ 2;].
2 2 cosby (2.17)

The Higgs boson can couple to all of the particles in the SM including fermions. The
couplings to fermions generate their mass as given in Eq. 2.18 and commonly known as

Yukawa coupling, where g denotes the coupling constant [6:18]

my =22 (2.18)

V2
The Higgs boson has an observed mass of 125 GeV, which was measured by the ATLAS
and CMS collaborations in 2012. It has many decay modes with different branching fractions,
which are shown in Fig. 2.3. The dominant decays are H — bb, H — W*W~, H — gg and

H — 77.

2.1.4 Shortcomings of the Standard Model

The predictions of the SM have been tested and confirmed by many experiments. These re-

sults agree to a great precision, but there are some phenomenological observations of nature,

11
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Figure 2.3: The Decay modes and branching fractions of the Higgs boson as a function of
the Higgs boson mass!'%2%,

which could not be explained by using the theories of the SM. Few of these observations are

listed below .

e Dark Matter - The SM only explains 5 % of the matter present in the known universe.
Cosmological observations corresponding to the velocity of cosmological objects suggest
that observed velocities do not completely explain the mass accumulation only by
luminous matter. Therefore, about 26 % of energy should be in the form of non-
luminous matter, which is known as dark matter (DM). But DM might interact weakly
with SM fields and DM candidates cannot be explained by the fundamental particles
of the SM [21:22],

12



e Neutrino Masses - SM predicts that neutrinos should be massless particles but recent
experiments on neutrino oscillations have evidence that neutrinos indeed have a mass.

It is not completely understood as how neutrinos acquire their mass 2.

e Hierarchy problem - The elementary particles in the SM acquire their masses through
spontaneous symmetry breaking caused by the Higgs field. The observed mass of the

Higgs boson (my,) is given by the Eq. 2.19[23],

m; = mp,,. + om;, (2.19)

where dmy, represents the quantum corrections due to the presence of virtual particles.
Observed masses of gauge bosons and fermions are viable by the symmetries within
the SM, but there is no symmetry available for the Higgs boson to keep its observed

mass value at 125 GeV[18:23]

The quantum corrections (dmy) can be written by using the renormalized mass as
omj o g3A*P where gy is the Yukawa coupling and A defines the maximum scale
at which the SM predictions are valid (cutoff scale). The maximum value the A can
assume to be is at Planck scale with A = M, (Planck constant). If no new physical
phenomena exist between the electroweak and Planck scale, the second term in Eq. 2.19
becomes huge. This has to be canceled out by choosing a very unnatural value for the
bare Higgs mass (mpq-) to keep the observed Higgs mass at 125 GeV. Choosing this
value is known as the fine tuning and is most unnatural. This phenomenon is known

as mass hierarchy problem.

There are many theoretical solutions proposed to solve the shortcomings of the SM. One
of the most viable solutions is where the SM is assumed to be a successful field theory, which
describes the particle interactions at a low energy scalel®. Prediction of new symmetries at
a higher energy scale is the key concept of some of these models, which are commonly known

as physics beyond the Standard model!®. If such new physical dynamics exist, they could be

13



observed at the collider experiments such as LHC, which is running at a higher energy scale

(13 TeV) during run II.

2.2  Physics Beyond the Standard Model

Many theoretical models have been developed that predict a variety of new particles, which
try to address the above-mentioned problems, including the mass hierarchy. The predicted
particles follow new symmetries and have new physical interactions and dynamics. Two of

these widely used models are described below.

1. Supersymmetry
According to supersymmetry, each particle of the SM has a partner. These new parti-
cles differ from the SM particles only by mass but interact similarly via same forces 4.
They tend to cancel out the quantum loop corrections due to the SM particles on the
mass of the Higgs boson, which helps to resolve the hierarchy problem. These super-

symmetric particles have spin, which differs from their SM partner by 1/2. So SM

bosons have fermionic supersymmetric partners and SM fermions have bosonic super-

symmetric partners%?4. The supersymmetric partners of the SM particles are shown
in Fig. 2.4.
Standard particles SUSY particles
1 ¢t
d h Higgsino
~N A ~
V, \%
AL A A
e T
| Quarks . Leptons . Force particles Squarks Q Sleptons 0 ggfﬁ:llime

Figure 2.4: The SM particles and their supersymmetric partners?’.
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2. Compositeness/extra dimensions
According to this model, the Higgs boson (composite Higgs) is a bound state of new
strong interaction. It predicts the existence of new particles with their masses at the
TeV scale, which are excitations of the composite Higgs[®. Each of the SM particles
has a partner, which is heavier but has the same quantum numbers. Therefore, if these
particles exist, they can be observed at the LHC at /s = 13 TeV. Detailed explanation

about the Composite Higgs model can be found in reference!2%.

2.3 Vector-like Quarks (VLQ)

The composite Higgs models predict new fermionic resonances, which emerge from a mech-
anism called partial compositness!®l. It suggests the mixing of two fields coming from SM
fermions and new fermions which belongs to the strong sector. These new fermions are
known to be the partner particles of the SM fermions with unique properties!®. The quan-
tum numbers are common between the SM fermions and their partners, but they differ by
mass. This thesis is focused on searching for one such fermionic resonance called Vector-like
quarks (VLQ).

The name vector-like comes from the unique feature where the transformation of the left-
and right-handed fields of the VL(Q behaves in the same way under the electroweak symmetry
group SU(2) x U(1)y %8, Unlike the SM quarks, the vector property allows the VLQ to
obtain their mass M through gauge invariant mass term in the form of Ly = —Mun),
which is not constrained by the Yukawa couplings to the Higgs field %27, The VLQs are also
predicted in many other beyond standard model theories like beautiful mirrors?®, Randall-
Sundrum?! and little-Higgs model ",

The VLQ have the same color charge as their SM partner and hence transform as triplets

27l The composite Higgs models suggest that masses of these

under gauge group SU(3)¢ !
partners should be at the TeV scale. This thesis mainly focuses on a search for one such VLQ
candidate, which will be discussed in section 2.3.1 using data collected by CMS experiment

at center-of-mass energy /s = 13 TeV.

15



2.3.1 Properties of VLQ

The VLQ are colored charged particles with half-integer spin. They tend to undergo strong
interaction under the gauge group SU(3)¢ with coupling strength being the same as their SM
partners. The Yukawa couplings are strongest for the third generation SM quarks than any
other quark generations?”. Following on that, the theory of partial compositeness suggests
that it is most likely for VLQ to mix with the third generation SM quarks and hence they are
commonly called top partners®l. Therefore, these third generation SM partners have the
lightest masses and possibly could appear at the TeV scale. They can modify their coupling
to SM gauge bosons and Higgs boson while mixing with third generation SM quarks. These
new hypothetical particles are mentioned in Table 2.1, with their electric charge and possible

27

mixing with third generation SM quarks This thesis is mainly focused on searching for

vector-like T quarks explained in detail in the following sections.

Table 2.1: Vector-like quarks and their decay modes.

0 ElectricCharge Decay modes
TS bW, tH, tZ
B~ % tW~, bH, bZ
X% tW+
Y5 bW~

Table 2.2: Isospin multiplets in which vector-like quarks can appear.

Singlets Doublets Triplets
X T
TL,Ry BL,R (,_)Z{) ) (g) ) (5) ) T ; B
L.R L,R L,R B R Y R

The VLQ can only appear in seven gauge-covariant multiplets as given by Table 2.2[27.

A reasonable assumption has been made according to a theoretical model such that SM top

quarks only mixes with T quarks. This mixing is represented by Eq. 2.2081.
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_up, t1 R _ costy —sinf} e’ t9 r (2.20)

Trr T sindy pe~"n  cosbf p 5

where U}’  is a 2 X 2 unitary matrix with t% and TY representing the weak eigenstates.

The mixing angle between two types of quarks is given by the 6} p with ¢ representing the
phase between them 7.

The mixing angle is constrained by few important factors, such as the model in which

VLQ appear, how VLQ transforms under the electroweak symmetry group and electroweak

precision measurements(®. The appearance of VLQ in possible electroweak isospin multiples

given by Table 2.2, is only possible if scalar sector Lagrangian contains SU(2);, doublets.

2.3.2 Production of VLQ

According to the theoretical models, VLQ can either be pair or singly produced, which can
belong to any of the isospin multiplets mentioned in Table 2.2. The electroweak interaction
is responsible for single production and the production cross section depends on both the
VLQ mass and electroweak coupling strength. The pair production is a dominant process
at the low mass range and produced via the strong interaction. The pair production cross
section only depends on the VLQ mass.

The variation of maximum cross-section (0y,q,) as a function of VLQ mass (my) is shown
in Fig. 2.5 for both single and pair production of VLQ, for centre of mass energy of 13 TeV
computed using PROTOSPY. Tt represents:

e T quark belongs to a singlet in Tbhj production.
e T and B quarks belong to (T B) doublet in Thj, Bbj and Ttj production.
e B and Y quarks belong to (B Y) doublet in Ybj and Bbj productions.

e X and T quarks belong to (X T) doublet in Xtj and Ttj production.

17
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Figure 2.5: The variation of maximum cross section (Omaz) as a function of VLG mass
(mq) for selected VLQ) isospin multiplets at centre-of-mass energy of 13 TeV computed using
PROTOS™".

2.3.2.1 Single production of vector-like T quarks

The T quark is singly produced in proton-proton collisions either via neutral (Z) or charge
(W) weak interaction. The Feynman diagrams are shown in Fig. 2.6. The characteristics
of the interaction include the association of either ¢ or b quark and an extra quark jet
(¢') propagated towards the forward region of the detector known as a forward jet!®l. The
coupling constants of the production of T quark are denoted by C'(tZ) and C'(bW) for the
two processes respectively. These electroweak couplings and mass of the T quark determine

the cross section of the single production.
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Figure 2.6: Feynman diagrams for single production of vector-like T quarks via the neutral
(left) and charged (right) weak interaction. The diagrams were produced by using ROOT
framework!>¥

2.3.2.2 Pair production of vector-like T quarks

The strong interaction is responsible for the production of T quark with its antiquark, T.
This thesis is mainly focused on pair production of vector-like T quarks. Fig. 2.7 shows the
possible TT production at proton-proton collisions.

The predicted cross sections for different vector-like T masses are shown in the Table 2.3
which are calculated at next-to-next-to-leading order (NNLO) using the TOP++ program
(v.2.0)01.

2.3.3 Decay modes and branching fractions of T quarks

The vector-like T quarks can decay into three final states, tZ, tH or bW. The approximate
branching fractions for these decay modes are determined by using model-independent calcu-
lations. These branching fractions depend upon the isospin multiplet, in which the T quark
appears 2733, The allowed branching fractions for the three final states are not independent

and follow the relationship given by Eq. 2.2151.

BT - W)+ B(T —-tZ)+B(T -tH) =1 (2.21)
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Figure 2.7: Feynman diagrams for pair production of vector-like T quarks. The diagrams
were produced by using ROOT framework!*?.

Possible branching fractions for three final states of T quark are shown in Tab. 2.4, where
T quark belongs to either an isospin singlet or doublet. The branching fractions for isospin
triplets are similar to that of either isospin singlet or doublet!®.

The variation of branching fractions for different T quark masses are shown in Fig. 2.9.
The branching fractions for three decay modes vary slightly at lower masses and are almost

[31]

constant at higher masses A full branching ratio scan will be performed for the current

search according to Eq. 2.21.

2.3.4 Constraints on Pair Production of Vector-like T quarks

Many direct searches were performed for pair production of vector-like T quarks using LHC

run I data at centre-of-mass energy /s = 8 TeV and also LHC run II data at centre-of-
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Table 2.3: The predicted cross sections (o) for pair production of vector-like T quarks for
different masses calculated at NNLO.

Mass [GeV] o [fb]
TT, mpr = 800 196457
TT, mr = 900 90.3+32
TT,mp = 1000 | 44.0£2}
TT,mp=1100 | 22.4+11
TT,mpr =1200 | 11.8+5%
TT,mr =1300 | 6.39+537
TT,mr = 1400 | 3.54+522
TT,mp = 1500 | 2.00+13
TT,mr = 1600 | 1.14840:957
TT, mp = 1700 | 0.666+5-058
TT,mp = 1800 | 0.3915:057

Table 2.4: Approximated branching fractions for vector-like T quark for different isospin
multiplet representations.

[sospin multiplet | T —bW | T —tZ | T — tH
T Singlet 0.5 0.25 0.25
(T, B) Doublet 0 0.50 0.50
(X, T, B) Triplet 0 0.50 0.50

mass energy /s = 13 TeV by both CMSP>37 and ATLASP* 41 experiments. None of them
have evidence for existence of vector-like T quarks and hence statistical analyses have been
performed to obtain 95% confidence level (CL) upper limits on production cross section and
lower mass limits corresponds to them.

The lower mass limits on VLQ are given in Fig. 2.9 for Run 1 analyses and also for few
of the Run 2 analyses[*?. The strictest lower limit reported for the T quark mass for Run
1 analyses is approximately 900 GeV, while recent searches from Run 2 analyses (using full
2016 data set) ranges from 1200 - 1350 GeV depending on the different decay modes from

pair production.
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Figure 2.8: The branching ratios of vector-like T quark as a function of its mass for different
decay modes. The T quark is assumed to appear either in SU(2) singlet or doublet scenarios.
The branching ratios are computed using PROTOS4.
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Figure 2.9: The 95 % CL lower mass limits on VLQ from searches*?.
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Chapter 3

The Experimental Setup

The theoretical aspects of the SM should be validated by means of experimental approaches.
This not only aids to improve theoretical approaches but also provides a way to suggest
possible extensions to the SM. Particle accelerators play a major role in fulfilling this goal.
Different particle accelerators exist, where each of them is designed uniquely to meet the
goals of the experiment. All the existing accelerators can be categorized into either linear
or circular accelerators or a combination of both types.

The linear accelerators use a static or dynamic electromagnetic field to accelerate particles
in a straight line. These accelerated particles are then collided with another accelerated
particle or with a fixed target!®. The Stanford Linear Collider is one of the examples of

43 The circular accelerators are widely used today as

colliders which belongs to this type!
they can be used to accelerate the particles to higher collision energies. The earliest designs
of circular accelerators are cyclotrons, where a static magnetic field is used to accelerate
particles. The cyclotrons operate such that the radius of particles increases with increasing
velocity . A modified version of cyclotrons known as synchrotrons are used today, where
a dynamic magnetic field has been employed, which adapts according to the momentum of
the particle by keeping its radius at a constant value. The so-called storage rings use the

same mechanism as synchrotrons but are used to keep the accelerated particles at constant

energy. Particles are accelerated only when necessary to fill up any potential energy losses.
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This improves the operation time of the accelerators by increasing the length of time of data
taking (64,

Different types of particles are collided at different accelerators depending on the physical
process under investigation. The Stanford Linear Collider and the Large Electron-Positron
Collider (LEP) at European Organization for Nuclear Research (CERN), both use electrons
and positrons for the collisions!®. The disadvantage of using electrons is the inability to
accelerate them to higher energies as electrons lose a significant amount of energy due to the
synchrotron radiation. The hadron colliders, on the other hand, do not face this problem
as they use either protons or heavy ions for collisions. Therefore, hadron colliders can be
accommodated to study physical processes that occur at higher energies. The most powerful
hadron collider, which is built to-date is the Large Hadron Collider (LHC) and is situated
at CERN. It collides either proton-proton (pp) or lead-lead(PbPb) particles as described in

Sec. 3.1 in detaillfl,

3.1 The Large Hadron Collider (LHC)

The LHC is the largest and the most powerful particle collider built in the world yet. It
is located in CERN and collisions started in 2008. This ring-shaped machine is 27 Km in
circumference and consists of superconducting magnets and different structures to accelerate
the particles to boost up their energies!%. Fig. 3.1 shows the complete accelerator complex.

The proton source used here is the hydrogen gas, which is passed through an electric
field to yield protons. First, these protons are accelerated by the Linac 2 up to 50 MeV
and then injected to the Proton Synchrotron Booster (PSB), Proton Synchrotron (PS) and
Super Proton Synchrotron (SPS) respectively, where at each point the energy of the proton

471, This proton beam is then

beam is increased up to 1.4, 25 and 450 GeV respectively
transferred to the two pipes of the LHC, where in one pipe the beam circulates clockwise,
while in the other, it circulates counter clockwise. The time duration to fill up each pipe
is about 4 minutes and it takes about 20 minutes for the protons in the beam to reach 6.5

TeV. The protons are grouped into bunches with 25 ns bunch spacing and the collision of
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two bunches is referred to bunch crossing. The two beams are allowed to collide in four
interaction points, where the four detectors CMS, ATLAS, ALICE and LHCb are located

with the total energy at the interaction point being 13 TeV [6:47],
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Figure 3.1: The accelerator complex at CERN along with the interaction points for the
CMS, ATLAS, ALICE and LHCb detectors!*®l.

The four detectors situated at different interaction points of the LHC ring have different
general purposes. The CMS (Compact Muon Solenoid) and ATLAS (A Toroidal LHC Appa-
ratuS) detectors are generally built for studying the SM physics including the Higgs boson,
search for extra dimensions (described in section 2.2) and possible candidates for dark matter

(described in section 2.1.4). The technical designs and solutions and the magnet designs are
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different between these two detectors, while their physics goals are the same®”. The ALICE
(A Large Ion Collider Exzperiment) detector is dedicated to study the heavy ion collisions [50],
while the LHCb (Large Hadron Collider beauty) detector is used to study B-physics! 61,
The LHC has been operating since March 2010. The Run I data were collected from
2010 to 2013. The CMS experiment recorded a total integrated luminosity of 45 pb™!,
6.1 fb~! and 23.3 fb~' with a centre-of-mass energy of 7, 7, 8 TeV during the years 2010,
2011 and 2012 respectively. The Run 2 started in 2015 after two years of maintenance and
technical upgrading®? and ended in 2018. The CMS experiment recorded 4.2, 40.8, 49.8
and 68.2 fb~' in 2015, 2016, 2017 and 2018 respectively with a centre-of-mass energy of 13

TeV. The Fig. 3.2 shows the summary of data collected ®?.
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Figure 3.2: Recorded integrated luminosity by the CMS experiment from 2010 to 20187,
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3.2 The CMS detector

3.2.1 General overview

The CMS detector is a general purpose detector, which sits 100 m underground in one of
the four collision points. Its main objective is to study the SM physics mainly involving
the Higgs boson and also to observe any new physics phenomena that LHC might reveal
including the Dark matter candidates.

A huge amount of particles are produced in the CMS detector at each bunch crossing due
to different physical processes including the hard scattering. The interactions which occurred
by the proton-proton collision during the same bunch crossing are known as in-time pileup
(IT pileup) interactions, while interactions that occurred during the previous or successive
bunch crossing are known as out-of-time pileup (OOT pileup) interactions©,

The detector is composed of many layers of sub-detectors, where each of them is capable
of identifying final state particles such as electrons, muons, photons, charged and neutral
hadrons from the proton-proton interaction!*®l. Fig. 3.3 illustrates the internal structure of
the CMS detector, which covers the total solid angle. Starting from the beam interaction
point, the innermost sub-detector is the silicon pixel and strip tracker followed by the elec-
tromagnetic calorimeter (ECAL), hadronic calorimeter (HCAL), superconducting solenoid
and muon chambers. These sub-detectors will be explained in detail later in this chapter.
The vector-like T quark analysis uses electrons, muons and hadron-jets reconstructed with
the CMS detector.

The coordinates of the CMS detector are aligned in a way such that x-axis lies to the
center of the LHC ring, y-axis lies directly upwards perpendicular to collision point and z-axis
lies parallel the beam to west as shown in Fig. 3.4. The x —y plane is known as the transverse
plane. The polar angle 6 is defined in the r — Z plane, where r is the radial coordinate. The

[46]  Each sub-detector is subdivided into two

pseudorapidity is given by n = —In tan(6/2)
regions depending on this 1 value. The barrel region is defined with |n| < 1 and the endcap

region with |n| 2 1. The azimuthal angle ¢ is defined in the x — y plane. Transverse
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Figure 3.3: The internal structure of the CMS detector consisting of silicon pixel and strip
tracker followed by the electromagnetic calorimeter (ECAL), hadronic calorimeter (HCAL),
superconducting solenoid and muon chambers®4.

momentum (pr) and energy (Er) are then calculated as Er = E sin 6 and pr = p sin 6,

where E and p denotes total energy and momentum[P?. The angular separation between

two particles is usually denoted by AR, where AR = /(An)? + (Ag)219.

3.2.2 The Superconducting Magnet

The central component of the CMS detector is the superconducting solenoid magnet, which
is 12.5 m long, 6.3 m in diameter and produces a uniform magnetic field of 3.8 T which is
100,000 times stronger than the Earth’s magnetic field “%°7). It is made of niobium-titanium

6]

alloy A comparative view is shown in Fig. 3.5. The charged particles bend inside this

strong magnetic field and their paths can be traced to compute the momentum of particles.

29



LHCb

< ALICE ATLAS

Figure 3.4: The spherical coordinates for the CMS detector!”?l.

Having a strong magnetic field allows the tracker and muon detectors to have highly precise

position measurement and also the ability to detect highly energetic charged particles®78.
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Figure 3.5: The Superconducting solenoid magnet of the CMS detector!>”.

3.2.3 The Inner Tracking System

The CMS tracking system is designed to identify the tracks of the charged particles; electrons,
muons and charged hadrons. This is the closest sub-detector to the beam pipe and nominal
interaction point, which is 2.6 m in diameter, 5.8 m long and consists of 25,000 silicon strip
sensors® . With the know magnetic field of 3.8 T, the transverse momentum of the particles

can be calculated using the curvature of their tracks. It also determines the interaction
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vertices namely; primary and secondary vertices. Primary vertex is the position of the hard
scattering process and the secondary vertex is the position where intermediate particles
decay 9.

The detection of the tracks of the charged particles is done using semiconductors. The
entire tracker consists of a large number of modules. Each module comprises small units of
silicon semiconductors!®. A charged particle knocks out electrons from the material, which
creates a net positive charge on the pixel, which can be amplified and measured as tracks.
The silicon returns to its neutral state by passing an electric current .

The tracker can be subdivided into two systems. The one which is closest to the proton-
proton interaction point is known as the pizel detector and the one which is further away
from the beam axis and that encloses the pixel detector is known as the strip tracker. The
main difference between these two subsystems is the size of the small silicon semiconductors.
The size increases as moving away from the beam axis. The entire tracking system covers
up to n < 2.5060,

The pixel detector - This is the innermost layer, which is closest to the nominal
interaction point and hence has an immense track density. Therefore, this subsystem has a
low occupancy (0.002 - 0.02 %) and a high granularity to accommodate the high number of
tracks. It is composed of 66 million silicon pixels in total; each with a size of 100 x 150 pm?
distributed over 1,440 modules!®). These modules are arranged in three layers at radial
distance r = 4.4,7.3 and 10.2 cm in barrel region and two disk situated at each side of the
detector with 6 cm < r < 16 cm and |z| = 34.5,46.5 cm in endcap region[%%1. A fourth
pixel layer has been added during the technical upgrade in 2017 to increase the accuracy in
reconstruction of tracks!%?).

The strip detector - This is the outermost layer covering the pixel detector with low
track density. The size of the strips vary from 10 em x 80 pm to 25 em x 180 pm closer to
the beam axis and outermost point respectively. 9.6 million silicon strips are placed inside
the detector®. The detector is comprised with tracker inner barrel (TIB) with four layers,
tracker outer barrel (TOB) with 6 layers ranging from 20 cm < r < 116 ¢m in barrel region

and tracker inner disk (TID) with three disks, tracker endcap (TEC) with nine disk ranging

31



from 60 cm < |z| < 280 em in the endcap region. A schematic view is shown in Fig. 3.6.
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Figure 3.6: A schematic view of the CMS inner tracking system including the pizel and
strip detector!69.

3.2.4 Electromagnetic Calorimeter (ECAL)

ECAL is the next layer of sub-detectors, which encloses the inner tracker system and spans
between r = 129 to 177 cm. The main purpose of the ECAL is to detect and measure
the energy of the electrons and photons emitted from the particle interactions. The ECAL
consists of ~ 68,000 crystals that are made of lead tungstate (PbWOy,), where each crystal

6], The stopping power and scintillation properties of PbWO, make

has a length of 23 cm
them the best material to use in ECAL. They have a radiation length of 0.89 cm and are
capable of capturing the bulk of the energy of particles!6l.

ECAL is divided into two regions namely; ECAL barrel (EB) with 61,200 crystals and
spans the area |n| < 1.479 and ECAL endcap (EE) with 7324 crystals and spans the area
1.653 < |n| < 3.0. The EB and EE use silicon avalanche photodiodes (APD) and vacuum
photo-triodes respectively to convert the collected scintillation light to energy. In order to
identify the decays of my — 77, there is an addition detector ranging from 1.566 < |n| < 2.6
called the preshower detector (PS) with a thickness of 20 cm!®l. It enhances the ability

to detect photons. A schematic diagram of the ECAL is shown in Fig. 3.7. The ECAL
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energy resolution is given by Eq. 3.1, where three contributions represent stochastic, noise

and constant terms respectively 564,
opNE [ 28% \? / 12% N2 2
(f) N (1 /E/Ge\/> + (E/GeV) +(0-3%) (3.1)
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Figure 3.7: A schematic view of the electromagnetic calorimeter(6”,

3.2.5 Hadronic Calorimeter (HCAL)

The main purpose of the HCAL is to measure the energy of the hadronic particles emerged
from the proton-proton interactions. This sub-detector is divided into four sub-components;
the hadron barrel (HB) which spans || < 1.4, the hadron endcap (HE) which spans 1.3 <
In| < 3.0, the hadron forward (HF) which spans 3.0 < || < 5.2 and the hadron outside
(HO) which spans |n| < 1.4. Both HB and HE are within the solenoid magnet, while HO is
situated outside next to the magnet (6146,

The HB, HE and HO are composed of large segments of brass material and plastic
scintillator tiles!®®. Brass material acts as the absorber, while the produced light from
the scintillator is read by hybrid photodiodes (HPD). Optical fibers are used to connect the
plastic tiles and HPDs. Not all the hadronic particles are absorbed by EB and HB as they do
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not have large enough absorption lengths and hence the HO is placed outside the solenoid
magnet to measure any leakage!®6l. The HF is placed 11.2 m away from the nominal
interaction point closer to the beam axis and hence exposed to a large flux of particles.
For this reason, HF uses steel as the absorber and quartz fiber as the scintillating material,
which are more radiation hard materials/®!. A schematic diagram of the HCAL is shown in
Fig. 3.8. The HCAL energy resolution for particles with momenta between 2 - 350 GeV is
given by Eq. 3.2(67

(%)2 = (\/%)2 (7.4%)° (3.2)

!
T

(T

Figure 3.8: A schematic view of the hadronic calorimeter!(6®,

3.2.6 Muon System

The muon system is the outermost sub-detector, which is used to identify muon tracks. Un-
like any other particles, muons are not stopped and absorbed by any of the calorimeters.
Muons have higher decay lengths than any other particle and hence undetectable within
the dimensions of the calorimeters. Therefore, muons are reconstructed using a track based

reconstruction method by using information from both tracker and muon chambers. The

34



muon system consists of three sub-systems; drift tube chambers (DTs), resistive plate cham-
bers (RPCs) and cathode strip chambers (CSCs)®l. These chambers are filled with gases,
which is ionized by muons. This ionization can be used to reconstruct the muon path. These
chambers are also connected in groups to form so-called muon stations. Fig. 3.9 shows a

schematic diagram of the muon system.
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Figure 3.9: A schematic view of the muon system!"".

Drift Tube Chambers (DTs) - The drift tubes are filled with a gas mixture of Ar
and CO; in the ratio of 85:15 respectively and span |n| < 1.2 region!*®l. They are arranged

(M1 The middle four chambers determine the position of the

in three groups of four layers
muon in 7Z direction, while the two outer layers with eights chambers determine the position
of the muon in r — ¢ planel*d

Resistive Plate Chambers (RPCs) - The RPCs are filled with a gas mixture of
CoHoF4 and i-CoHyg in the ratio of 95:5 respectively between two parallel plates with read-

[46] " They have a much faster timing response to the muon trigger

out strips in the middle
system with resolution around 1ns[™. The RPCs span up to || < 1.6. Six layers of RPCs
are installed with two layers at either side of the first two drift tube stations and one layer

in each of the last two drift tube stations in barrel region. In endcap region, a total of three
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layers of RPCs are installed with one layer at each of the first three muon stations 0.

Cathode Strip Chambers (CSCs) - The CSCs take the shape of a trapezoidal with
6 layers of 80 copper strips cathode panels and several groups of 16 anode wires oriented
perpendicular to the cathode strips. The gaps are filled with a gas mixture of Ar, COy and
CF, in the ratio of 40:50:10 respectively[™l. The 4 CSP stations span 0.9 < || < 2.4 in the
endcap region. The anodes and cathodes are used to determine the r and ¢ positions of the

muons respectively %l

3.2.7 Trigger System

At every 25 ns time interval, data is produced from proton-proton collision by the LHC at
a very large rate (> 1 GHz) (3] Most of the data produced does not contain any interesting
physical interactions. A decision has to be made as what events to be kept and stored at
the expense of storage space. Very sophisticated trigger system has been implemented to
succeed this scope which is described in detail in Ref.[™!.

Two level decision making is performed at the triggering system. level one (L1) trigger,
where the event rate is reduced to ~ 100 kHz by selecting events upon the information
gathered from the sub-detectors only. The next level of the triggering process is known as
the high-level trigger (HLT). The events that are selected by L1 are served as the input
to HLT. The HLT takes a long time compared to L1 to process and perform a basic event
reconstruction online and reduces the event rate to ~ 400 Hz. These selected events can be
used in offline reconstruction [,

The L1 trigger system is a complicated hardware system. Separate hardware systems are
mounted at several places within the CMS detector. The decision on accepting or rejecting
the event is completely based on the information from calorimeters and muon detectors and a
decision is made within 4us!™!. The overview of the L1 trigger decision is shown in Fig. 3.10.
The global calorimeter trigger (GCT) involves gathering information from the calorimeters
(ECAL and HCAL). This information is then used to identify any possible electron, photon

and jet candidates. The global muon trigger (GMT) involves in gathering information from
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muon subsystems; DTs, CSCs and RPC. The muon candidates are identified by using this
information by using a fast track finding algorithm. The global trigger combines information
from both GCT and GMT to produce a trigger menu. The trigger menu is based on the
kinematics of the possible identified objects. A final decision is made based upon the trigger
menu to either accept or reject the event. For those events, which are accepted, further
information is being stored by the sub-detectors to process and perform the online event

reconstruction at HLT level 6,

L1 Accept

Global Trigger ::.[ Trigger Control System I

e

Global Muon Trigger |Glnhal Calorimeter Tn'ggerl
Ed -
4 Au
23
DT CSC Regional Calorimeter Trigger
Track Finder| Track Finder o . |
T 1 RPC
Local Local Trigger
DT Trigger CSC Trigger] ]' | Trigger Primitive Generators |
T T T T T
DT cscC RPC ECAL HCAL HF
| Muon Trigger | |__Calorimeter Trigger |

Figure 3.10: Decision flow of the CMS L1 trigger!™!.

The HLT trigger system is an advanced software based system. It consists of predefined
event selection criteria so-called HLT paths. The stored information from the sub-detector
systems for the accepted events is used for the online event reconstruction. Less time consum-
ing reconstruction steps are performed at first to verify that the event passes the predefined
requirements from the HLT menu to preserve time. The physics objects reconstructed can

be categorized as :

e Charged tracks - The seeds containing at least two hits in the tracking system are

reconstructed as charged tracks using the Kalman filter(™!
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e Electrons - Information from ECAL and HCAL combined with a matching charged

track from the inner tracker is used to reconstruct electrons.

e Muons - Information from Muons system combined with a matching charged track

from the inner tracker is used to reconstruct muons
e Photons - Information from ECAL and HCAL is used to reconstruct photons.

e Jets - The particle flow (PF) algorithm ™ is used to reconstruct jets using information

form calorimeters and tracks.

e Primary interaction vertex - Either jets or clustering algorithm!®! is used to re-

construct the primary interaction vertex.

e Hadronic 7 leptons - The particle flow algorithm is used to reconstruct 7 leptons

using information form calorimeter and tracks.

The events that are selected by using the HLT menu and passes the HLT trigger are
stored in CMS Tier-0 for offline use. This stored data set is known as the primary data

stream.
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Chapter 4

Event simulation, reconstruction and

particle identification

4.1 Event Simulation

The data from collider experiments should be compared to theoretical predictions in order
to make a quantitative assessment of the standard model parameters or to discover any new
physical phenomenal®. Theoretical predictions are modeled using so-called Monte Carlo
technique (MC). It involves generation of random numbers based on the rates and proba-
bilities of various physical processes!®. So-called event generators represent software based
frameworks and are used to simulate events. The proton-proton collisions corresponding to

various physical processes are simulated in two steps:

1. Event Generation - Physics processes that produce measurable stable particles as
a result of a proton-proton collision are simulated first. There are several physics
processes, which should be considered: hard scattering, initial state showers, resonance
decays, final state showers, hadronization and additional scattering within the same
collision!®. This is accomplished by simulating these processes using event generators,

which are discussed further in this chapter![™.
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2. Detector Simulation - After generating all the stable particles, the actual response
to propagation of those particles through the CMS detector is simulated. The software
tool used for this purpose is known as GEANT 41 which is discussed briefly in
Sec. 4.1.2.

The event generation process begins by simulating the hard scattering process. For the

process, pp — ab — cd, where ab and cd represent scattered and final state stable particles

respectively, the cross sections are related by the factorization theorem given by Eq. 4.1
for all the possible partons, which participate in the process.
Opp—ed = Z / dxadxbfa<xa7 H’%‘)fb(xbv M%)U&bﬁcd(l‘aa Ty, QQa :u?%a ,u%) (41)

ab

Where, 0, ,cq is the cross section of the physics process , 0gp—cq is the cross section of
the parton-parton scattering process , x, and z; are fractions of total parton momenta, f,
and f, are parton distribution functions (PDF). The PDF provides the probability density
of a particle i to have the momentum fraction x;®%. The total momentum transfer of the
parton-parton scattering process is given by Q?1°l. y2 and p2 are the renormalization and
factorization scales, respectively. p% is a measure of energy scale at which the partonic
scattering process occurred, while u% is a measure of the threshold between perturbative

1. The values of p% and p2 are chosen such that they match

and non-perturbative regimes
to the energy scale of Q2.

The cross section of the parton-parton scattering process can be calculated using the

2

matrix element, where o7, , ., o< [M[, .

4~ The Feynman rules can be incorporated to calculate
these matrix elements[®. They are calculated numerically by using so-called ME generators
such as POWHEG and MADGRAPH (_.AMC@NLO). The hard and soft energy scale
transitions are modeled differently in two generators. The POWHEG generator can provide
calculations at the next-to-leading order (NLO) accuracy for a set of physical processes!® 53,
The MADGRAPH generator provides calculations for both at leading order (LO) and NLO.

It is used to process simulations for new models!6.

The PDF's are used to model effects from both low energy regime and perturbations up to
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the energy scale of p%. The dependency of PDFs on non-perturbative energy regime is deter-

51, About 109 replicas are used, which are generated from different

mined from experiments
random seeds (labeled as NNPDF3.0), to extract the PDFs used for this analysis. They were
calculated by the NNPDF collaboration®¥ using experimental data from ATLAS, CMS and

LHCD experiments during Run 1 of the LHC, as well as from HERA experiment %%,

4.1.1 Parton showering and hadronization

A parton from the hard scattering can emit gluons, which can again either emit more ra-
diation or quark-antiquark pairs. This process continues until these partons begin to form
hadrons at the confinement scale (Agcp). The particle clusters formed from this process are

[6:18] " These effects are calculated using the matrix elements of the radiative

known as jets
processes. Some approximations are done using parton showering algorithms (PS) for those
processes. They operate starting from the energy scale of the hard scattering and moving
to lower energy scales by progressive iterations. The process stops after forming mesons and

[6]

baryons, which is known as hadronization'™. These are approximated by using two famous

models, Lund string model ¥ and the cluster model 8%

Two different matching schemes are applied to avoid possible double counting of final
state topologies. MLM scheme® is used to simulate LO, and FzFzY scheme is used to
simulate NLO processes. Finally, above-mentioned processes are simulated using a so-called

matrix element generator that combines several software frameworks. Most commonly used

generators are:

o PyTHIAPZ9] - This is a multi-purpose event generator, which is capable of simulating
entire event chain including underlying event! using stored generic matrix elements!©.
Transverse momentum is used as the ordering variable to model parton showering,

while hadronization is simulated based on the Lund String modell®.

o HErwIGH+[Y - In this generator, parton fragmentation is modeled using cluster

! Any process which is capable of producing jets other than the hard scattering process is known as an
underlying event
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hadronization model, while parton showers are simulated using angular ordering!®.

4.1.2 Detector Simulation

The final state stable particles, which are produced from the scattering processes described
in previous section are then used to perform the detector simulation. The CMS experiment
uses GEANT4 software tool to perform this step. This software includes all actual geometries
of the sub-detectors of the CMS apparatus, including the detector response by considering
possible noises and interactions with material®. The output from this step is passed on to

the next level of analyzing the data, which is called an event reconstruction!®

4.1.3 Signal simulation samples

The TT signal samples are generated in the range 800 — 1800 GeV in steps of 100 GeV.
Equal mixtures of the three final states for each decay of T quark T — tZ, T — tH and
T — bW are generated and events are further filtered at the generator level to separate six
decay channels tZtZ, tZtH, tZbW, tHtH, tHbW and bWbW for further re-weighting to
simulate different decay probabilities.

The signal processes are produced at the leading order (LO) using the MADGRAPH5_AMC@NLO
2.3.3 event generator®. The parton distribution functions (PDFs) are obtained from
NNPDF3.0 by using up to two additional partons for matrix element calculations®4.
PYTHIA 8.212[%] and underlying event tune CUETP8M1% are used to simulate the
showering and hadronization. The underlying event tune adjusts parameters for simulating
events with jets that are not originated from the hard scattering process. TopP++ pro-
gram (v.2.0)[ is used to obtain the theoretical cross sections for the simulated samples at
the NNLO accuracy. These cross sections are used to normalize the signal contributions to
observed integrated luminosity. The cross sections, as a function of T mass, are shown in
Table 4.1.

The six final states, where TT — tZtZ, tZtH, tZbW , t HtH, tHbW and bW bW are used

to compute the correct event composition corresponding to arbitrary values of branching
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Table 4.1: The cross sections!”, as a function of T quark mass.
Process o (pb)
TT, mp = 800 GeV 0.196
TT, mp = 900 GeV | 0.0903
TT, mp = 1000 GeV | 0.0440
TT, mp = 1100 GeV | 0.0224
TT, mp = 1200 GeV | 0.0118
TT, mp = 1300 GeV | 0.00639
TT, mp = 1400 GeV | 0.00354
TT, mp = 1500 GeV | 0.00200
TT, mp = 1600 GeV | 0.001148
TT, mp = 1700 GeV | 0.000666
TT, mp = 1800 GeV | 0.000391

ratios. This is done by re-weighting these six samples according to the relationships given

in Table 4.2.

Table 4.2: The weights for siz decay channels of TT, as a function of T decay branching
ratios.

Channel Weight

TT — tZtZ B(T —tZ) x B(T — tZ)
TT —»tZtH | 2x B(T —tZ) x B(T — tH)
TT — tZbW | 2 x B(T — tZ) x B(T — bW)
TT — tHtH B(T — tH) x B(T — tH)
TT — tHbW | 2 x B(T — tH) x B(T — bW)
TT — bBWOW | B(T — bW) x B(T — bW)

For example, consider the benchmark branching fraction B(T — tZ) = 100%. By sub-
stituting B(T — tZ) = 1.0, B(T — tH) = 0.0 and B(T — bW) = 0.0 from Table 4.2, we
obtain weights 1, 0, 0, 0, 0 and 0 for six samples, tZtZ, tZtH, tZbW, tHtH, tHbW and
bIWbW respectively. Hence, as expected, only TT — tZtZ sample is used for this bench-
mark B scenario with weight 1. In case of another benchmark, where branching fractions
are B(T — tZ) = B(T — tH) = 50%, using B(T — tZ) = 0.5, B(T — tH) = 0.5 and
B(T — bW) = 0.0 from Table 4.2 we obtain weights 0.25, 0.50, 0.0, 0.25, 0.0 and 0.0 for six
samples, tZtZ, tZtH, tZbW, tHtH, tHbW and bWbOW respectively. Hence, TT — tZtZ,
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TT — tZtH and TT — tHtH samples are combined using weights 0.25, 0.50 and 0.50
respectively, to obtain the final signal event composition for this benchmark B scenario.

Table 4.3 summarizes the weights for three examples of benchmark Bs scenarios.

Table 4.3: Weights calculated for siz TT decay channels for the three benchmark Bs.

B(T — tZ) = 100% B(T — tZ) = B(T — tH) = 50% B(T — tZ) = B(T — bW) = 50%
7172 =1x1 =1.0 tZtZ =05x0.5 =0.25 tZtZ =05x05 =0.25
tZtH =2x1x0 =0 tZtH =2 x0.5x0.5 = 0.50 tZtH =2x0.5x0 =0
tZbW =2x1x0 =0 tZbW =2x05x%x0 =0 tZbW =2x0.5x 0.5 = 0.50
tHtH =0x0 =0 tHtH =0.5x 0.5 =0.25 tHtH =0x0 =0
tHOW =2x0x0 =0 tHOW =2x0.5x0 =0 tHOW =2x0x0.5 =0
BWBHW = 0 x 0 =0 BWBHW =0 x 0 =0 BWBW = 0.5 x 0.5 =0.25

4.1.4 Background simulation samples

As mentioned in Sec. 5.1, the TT event signatures can be similar to SM processes. These
include, production of a Z boson decaying into two opposite sign leptons (Z — e*e™ or
w ), production of Z, W, H bosons and top and bottom quarks. The SM processes,
Drell-Yan (Z/~*)+jets (Z decays into eTe™ or utu™), tt + jets, ttZ, dibosons (WW, ZZ
or WZ), tZq, tWZ, and ttW represent SM backgrounds for the current analysis. They are
simulated using MC@QNLO and POWHEG event generators described in Sec. 4.1.

The main background contribution comes from the Drell-Yan (Z/v*)+jets (DY+jets)
production, where Z boson decays into two opposite sign leptons (ete™ or pu*p~™). The
MC@NLO event generator 7 at NLO accuracy is used with FXFX jet matching scheme !(see
Sec. 4.1) to generate the DY+ jets sample. In order to increase statistics of this samples
in the phase space considered for the current search, several samples are generated corre-
sponding to different bins of transverse momentum of the Z boson (pr(Z)), 100-250 GeV,
250-400 GeV, 400-650 GeV and 650 GeV-infinity. PYTHIA 8.11%! and underlying event
tune CUETP8M 1% are used for showering and hadronization of generated events. The
cross sections for these samples are computed by the event generator, and are determined at

the NLO accuracy.
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Smaller contributions come from the tt + jets and ttZ events. POWHEG 2.08%83%] ig
used to generate tt+jets events with PYTHIA 8.212 and underlying event tune CUETP8M2T4[100
for showering and hadronization. The production cross section is determined using top quark
mass of 172.5 GeV, at the NNLO accuracy. MADGRAPH5_AMC@NLO 2.3.3 generator "
at LO accuracy is used to generate ttZ events with up to one additional parton in the cal-
culation of matrix elements. The MLM matching scheme (see Sec. 4.1) is used for parton
showering 191,

Relatively smaller contributions come from diboson (ZZ, WZ and WW), tZq, tWZ, and
ttW production. PYTHIA 8.212 is used to generate SM diboson events. The rare single top
processes, tZq and tWZ, with ttW are generated using MADGRAPH5_AMC@NLO 2.3.3
generator with MLM matching scheme for parton showering.

The background MC samples used in the analysis are summarized in Table. 4.4 along

with their respective cross sections.

Table 4.4: MC background samples used in the analysis and their cross sections.

Process o (pb)
DY+jets, pr(Z) € [100,250] GeV | 83.12
DY+jets, pr(Z) € [250,400] GeV | 3.047
DY -+iets, pr(Z) € [400,650] GeV | 0.3921
DY +jets, pr(Z) € [650, 00] GeV | 0.03636

tt + jets 831.76
WW 118.7
WZ 46.74

77 16.91
ttZ 0.783
ttW 0.611
tZq 0.0758
tWZ 0.01123

4.2 Event reconstruction

A huge amount of data from proton-proton collisions are collected from sub-detectors of the
CMS detector. A dedicated system of algorithms exists in order to process this information

and to reconstruct physical objects. This chapter provides a brief introduction to those
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algorithms and the process of particle identification.

4.2.1 Track and primary vertex reconstruction
4.2.1.1 CTF algorithm for general track reconstruction

The very first step, which is performed, is the track identification and reconstruction. The
traces that charged particles leave in both pixel and strip detectors can be used to recon-
struct tracks. For objects like leptons and charged hadrons, the highest energy resolution is
provided by the charged tracks and hence keeping the high efficiency of track reconstruction
is crucial (€.

The electronic output from the silicon pixel and strip detectors is used to identify the
hit clusters for charged track reconstruction. Different algorithms are used to minimize the
electronic noise by assigning different charge thresholds to each readout pixel .

The combinatorial track finder (CTF) algorithm!'9271%4 is used to reconstruct charged
tracks. It is capable of mapping possible particle trajectories and finding a so-called seed hit
to begin the track reconstruction. The next hit is determined by considering several track
based variables and the related probability densities. All possible hits are identified in this
way and a final fit is performed using the least-square method to provide the final trajectory
of the charged particlel). The CTF performs in a way such that the reconstruction starts
from easiest tracks using a limited number of hits. Tracks that are already used are masked
during the next iteration to reduce computational load. The first iteration starts with tracks
having pr > 0.8 GeV and at least three hits in the pixel detector®l. These requirements are
reduced in each subsequent iterations to reconstruct low pr tracks.

For a given iteration, the tracks should satisfy a certain set of requirements to be accepted.
These include, the number of hit layers, the number of missed hit layers, x?/ngy, transverse
and longitudinal impact parameters with respect to the beam spot? and the closest pixel

vertex divided by their associated uncertainties. The exact requirements are listed in Ref. 01,

2The beam spot is the centre of the estimated luminous region which is reconstructed over many events!61.
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4.2.1.2 GSF algorithm for electron track reconstruction

Electrons are reconstructed using both tracks and energy deposits from the ECAL, compat-
ible with each other. The bremsstrahlung radiation causes a significant decrease in energy
of electrons. This results in a lower number of track hits needed for reconstructing the
trajectory of electrons by CTF algorithm, as well as kinks in the electron trajectory. This
drawback is overcame by using a Gaussian sum filter (GSF) algorithm, which is capable of
refitting those poorly reconstructed tracksl®. It combines information from both the tracker

and ECAL to reconstruct electron tracks/6:105],

4.2.1.3 Reconstruction of the primary vertex

The primary vertex (PV) is the position, where the hard scattering process is occurred. The
positions of tracks identified by the CTF algorithm are reconstructed first. The considered
tracks should have a transverse impact parameter significance w.r.t the beam spot (|do|/0,)
< 5, at least 2(5) hits in the pixel(strip) layer and the x? of the fit for particle trajectory
less than 2016,

The deterministic annealing (DA)'%] algorithm followed by adaptive vertex fitter (AVF)[107]
are then used to cluster those tracks according to their z-position of the closest approach
from the beam spot and to fit the vertex respectively. The AVF uses specific weights w;,
for each track to make sure that the track is originated from the vertex. These weights are
related to the number of degrees of freedom (ngos) of the fit by ngoy = =3+ 2> w; (61,

Then a primary vertex is identified as the vertex with the maximum transverse momen-
tum of associated tracks (3 pF). They should have ng; > 4, impact parameter w.r.t the
beamspot in the x-y plane (|p|) < 2 cm and impact parameter w.r.t the beamspot in z

direction (|z]) < 24 cm.

4.2.2 Particle-flow (PF) algorithm

The PF algorithm incorporates the entire information from sub-detectors to reconstruct final

o [108]

state stable particles, such as electrons, photons and muon . It uses tracks reconstructed
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by CTF and GSF algorithms described in Sections 4.2.1.1 and 4.2.1.2. It also uses tracks
reconstructed from hits in the muon chambers. The extrapolated trajectory of the considered
muon tracks should be compatible with the nominal interaction point. These tracks are called
standalone-muon tracks 619,

Calorimeter clusters in ECAL and HCAL are used to measure energy. Clusters are
identified in two steps, where at first the cell having the maximum energy is tagged as a seed
cell. Any nearby cells having energy greater than the noise of the detector are combined
with the seed cell. Additional set of clusters in ECAL are identified as superclusters, if
the hit pattern is identified to be coming from the bremsstrahlung radiation emitted by
photons 105,

So-called blocks are formed by the link algorithm "% by combining all of this information.
Next, categorization is performed according to the availability of tracks, either =1 or > 1
accounted from either inner or GSF tracks. The number of clusters/superclusters from both
ECAL and HCAL and the number of muon tracks are = 0 or > 0. Links are established
by extrapolating inner tracks and their tangents to find compatible calorimeter clusters.
The tangents of tracks that are compatible with calorimeter clusters can be used to identify
bremsstrahlung photons. Clusters/superclusters, which are close in the n — ¢ plane in PS,
ECAL and HCAL are also linked together. Finally, links are also made between inner and
muon tracks, if a reasonable y? can be obtained by performing a global fit 7.

The process is iterative, such that reconstruction of the least time-consuming candidates
is done first using appropriate blocks. The blocks, which are already used, are masked in the
following iteration. These reconstructed candidates are known as particle-flow candidates

and are listed below.

e Electrons - Appropriate blocks are chosen such that, they do not have more than two
tracks in total, while at least one of them is a GSF track. The energy measured in
ECAL and HCAL are linked and measured energy in the HCAL clusters should be
less than 10% of measured energy in the ECAL clusters®l. A multivariate technique

is used to identify the PF electrons by considering various block elements like energy
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loss of GSF tracks, while linking together the ECAL clusters with tracks!'™. The
identified tracks and calorimeter clusters are then used to determine the momentum

and the energy of the PF electrons.

Muons - The blocks containing muon tracks linked with inner tracks are used to
identify PF muons. Three types of muons can be reconstructed in this way, which
are called standalone, tracker and global muons. Standalone muons are reconstructed
using only tracks in the muon chambers. Tracker muons are identified using inner tracks
that when extrapolated are compatible with at least one hit in the muon chambers!®.
The inner tracks that are compatible with tracks from standalone muons are used
to reconstruct global muons. Identified PF muons should be either tracker or global
muons, depending on their pr. Muons with pr < 10 GeV are reconstructed as tracker
muons, while muons with pr > 10 GeV are reconstructed as global muons. For very
high pr muons (pr > 200 GeV), a combinatorial fit is performed between inner and

muon tracks to obtain the muon pr 9.

Charged hadrons - Blocks with inner tracks compatible, with energy deposits in both
ECAL and HCAL are used to reconstruct the PF charged hadrons. Energy deposits
in both ECAL and HCAL are re-calibrated by charged hadron simulation to increase

108] " This step of energy re-calibration is

the accuracy in the energy measurement!
important at high energies where the energy resolution of inner tracks is low and since
the higher 7 region (n > 2.5) is not covered by pixel or strip detectors. In those cases,
the four-momenta of the charged hadrons are determined using the information from

calorimeters only (%,

Neutral hadrons and photons - The isolated PF photon candidates are identified
in a similar way as PF electron candidates, i.e. the links between both ECAL and
HCAL are considered, where energy measured in the ECAL superclusters should exceed
10 GeV and the energy measured in the HCAL clusters must be less than 10 % of the
energy deposited in linked ECAL cluster. The identified ECAL clusters should be
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isolated from inner tracks and HCAL clusters. The non-isolated PF photons and PF
neutral hadrons are identified by considering any remaining calorimeter clusters from

ECAL and HCAL that are not linked to inner tracks[®57,

e Missing transverse momentum (MET) - The identification of neutrinos emitted
during the hard scattering process are determined by the transverse momentum of all
the other particles. According to the momentum conservation law, the sum of momenta
of all the particles in the transverse plane should be equal to zero. This momentum
imbalance can be used to determine the energy and momentum of neutrinos!'®. The
Eq. 4.2 and 4.3 give the missing transverse momentum and missing transverse enerqgy

respectively.

B ==Y b (4.2)

where, ¢ runs over all the particles within an event.

Er = |pf™] (4.3)

4.2.3 Relative lepton isolation (/)

This variable is defined to identify leptons originated from the hard scattering process, which

18]

are isolated from the jet activity!*®!. It is given by Eq. 4.4, where pr in the denominator

denotes the transverse momentum of the lepton.

1
Lo = ) <ZpT (charged hadrons) + ZpT (neutral hadrons) + ZpT (photons))

pr(lepton
(4.4)

This variable is usually calculated within a cone of AR = \/(An)2 + (A¢)? around the

lepton, where An and A¢ are differences in pseudorapidity and azimuthal angle w.r.t the
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direction of lepton. The contributions from pileup are removed before calculation!"?, and
AR is chosen to be 0.3(0.4) for electrons(muons). In addition, for electrons, I, is also

corrected for effective area of the jets[!12113],

4.2.4 Identification of Electrons

The electrons used for this analysis should satisfy an additional set of criteria apart from
the PF electron selection. These requirements are implemented by the CMS electron physics
object group to identify so-called tight electrons and are known as cut-based electron iden-

114 The following variables are used for the selection of

tification and isolation criteria
electrons that fall in EB(|nsc| < 1.479) and EE (1.479 < |nsc| < 2.5) regions of the ECAL

detector with selections summarized in Table 4.5.

e Full5x5_o;,,, - This is a variable, which depends on a shape of the energy deposited

in an area of 5 x 5 cluster crystals around the seed crystal in ECAL 0,

® |A7 mseed| - The absolute distance between the supercluster seed and the extrapolated

GSF track in the 7 direction.

e |A¢ 1| - The absolute distance between the supercluster and the extrapolated GSF

track in the ¢ direction[*%,

e H/E - The ratio of energies measured in HCAL and ECAL 0],

e Rellso (withEA) - The relative electron isolation with corrections for effective jet

areas mentioned in Sec. 4.2.3, calculated within a cone of AR = 0.3.

e |1/E - 1/p| - The absolute difference in the inverse super cluster energy and the track

momentum 46,

e Expected Missing Hits - The expected number of missed hits in the electron tra-

jectory 6],

e pass conversion veto - The rejection of tracks originating from photon conversion.
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e |d | - The transverse impact parameter w.r.t the primary vertex.

e |d ,| - The longitudinal impact parameter w.r.t the primary vertex.

Table 4.5: Tight Electron selection requirements.

Observable Value (EB) | Value (EE)
full5x50 51, < 0.00998 | < 0.0292
| A7 1nSeed| < 0.00308 | < 0.00605
| AP 1] < 0.0816 < 0.0394
H/E < 0.0414 < 0.0641
Rellso (withEA) < 0.0588 0.0571
|1/E - 1/p| < 0.0129 < 0.0129
Expected Missing Hits | <=1 <=1
pass conversion veto | yes yes
|d o < 0.05 < 0.10
|d | < 0.10 < 0.20

This criteria result in the electron identification efficiency for the tight id working point

of about 70% . Scale factors are derived by the CMS electron object group for any

[115] [105]

Y

inefficiency of the ID and reconstruction by using so-called tag and probe method
which depends on both electron pr and supercluster |n|. These scale factors are applied to
correct MC simulation, as a function of the pr and 7 of the electron.

“Tight” electrons, which are identified according to the criteria mentioned above, are

used for the current analysis. In addition, selected electrons should reside in the |n| < 2.4

region excluding the gap, 1.442 < |n| < 1.556 in ECAL.

4.2.5 Identification of Muons

The muons used for this analysis should satisfy an additional set of criteria apart from the
PF muon selection. These requirements are implemented by the CMS muon physics object

group to identify so-called tight muons 16,

e is Global Muon - The muon is identified as a global muon as described in Sec. 4.2.2.
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e is PF Muon - The muon is identified as a PF muon by the PF algorithm as described
in Sec. 4.2.2.

e x? /ndof of the global-muon track fit - This quantity represents the quality of

the muon track, which reflects how well the hits are modeled in the fit 117,
e no. of valid muon hits - The number of muon hits identified by the PF algorithm.

e no. of matched muon station - The number of muon stations identified with muon

hits.
e |dg| - The muon impact parameter in the transverse plane w.r.t the primary vertex.
e |d,| - The muon impact parameter in the longitudinal plane w.r.t the primary vertex.
e no. of pixel hits - Number of hits in the pixel detector.
e no. of track layers - Number of layers in both of the tracking detectors.

e [sopq - The relative muon isolation described in Sec. 4.2.3, calculated within a cone

of AR =0.4.

Table 4.6: Tight muon identification requirements.

Observable Value or range

is Global Muon yes
is PF Muon yes

x? /ndof of the global-muon track fit | < 10
no. of valid muon hits >0
no. of matched muon station > 1

|d0| < 0.2

|d,| < 0.5
no. of pixel hits >0
no. of track layers > 5

150, < 0.15

Scale factors are derived by the CMS muon object group for any inefficiency of the 1D

and reconstruction"'® using the tag and probe method!'*) as a function of both muon pr
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and supercluster |n|. These scale factors are applied to correct MC simulation, as a function
of the pr and 7 of the muon.
“Tight” muons, which are identified according to the criteria mentioned above are used

for the current analysis. In addition, selected muons should reside in the |n| < 2.4 region.

4.2.6 Identification and reconstruction of jets

Quarks and gluons produced during collisions do not exist as single particles. They undergo
a process called hadronization, as described in Sec. 2.1.1, and produce a collimated spray
of lightly bound particles in the form of charged and neutral hadrons®. Dedicated clus-
tering algorithms exist, which take the four-momenta of these particles as their input and
reconstruct jets. The particles, which are reconstructed by the PF algorithm mentioned in
Sec. 4.2.2 are used for this purpose.

The sequential recombination algorithm!'?%) is widely used to reconstruct jets. This algo-

rithm runs iteratively based on two variables, d;; and d;p given by Eq 4.5 and 4.6 respec-

tively 121, )
, AR?,

dij = min(p7h, pr) — (4.5)

dip = pr; (4.6)

Here, the angular separation between the objects ¢ and j is given by AR;;. The shape
and cone size of the jet is influenced by the pre-defined parameters, ¢ and R respectively (6.
At each iteration, the object ¢ is clustered with object j, if it satisfies the condition d;; < d;p.
This iteration continues until all the input objects are considered and clustered into jets!18l.
This iterative procedure is shown in Fig. 4.1. The final output of the sequential recombination
algorithm does not contain very soft and low-angle radiation.

The clustering algorithm adds the four-momenta of the particles at each iterating step and

most important jet quantities like mass, energy, momentum and direction can be extracted

from the four-momentum of the clustered jet. The axis of the clustered jet is determined by
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Figure 4.1: The mechanism of jet clustering algorithm!*?!.

the sum of three momenta (p,, py, p.) of the constituent particles 5, Depending on the choice
of ¢ value in Eq. 4.5 and 4.6, three common algorithms exist, which are kr algorithm (KT),
Cambridge Aachen algorithm (CA) and anti-kr algorithm (AK) as shown in Table. 4.7.

Table 4.7: Jet clustering algorithms.

q value Name description
1 kr algorithm Soft particles are clustered first
0 Cambridge Aachen algorithm | Clustering based on angular seperation
-1 anti-kp algorithm hard particles are clustered first

[122

CMS uses anti-kr algorithm to reconstruct jets'??. This algorithm clusters starting from

the hardest particles within the collection. The hardest particles are the ones that have the

55



highest momentum and hence jets, which are reconstructed using this algorithm, have the
largest fraction of momentum of the initial parton. The reconstructed jets have a circular
cone size for a given R valuel®l. Two types of jets are used in this analysis based on the R

value in Eq. 4.5.

e AK4 jets- These are reconstructed jets using R = 0.4. They are capable of capturing

the hard gluons and light flavor quarks such as u,d, ¢, s and b.

e AKS jets - These are reconstructed jets using R = 0.8. They are useful in cases where

there are jets originated from two or more nearby partons.

Both types of jets must satisfy pr > 30 GeV and |n| < 2.4 to be considered as candidates
for this analysis. They also should satisfy the loose PF jet identification given in Table. 4.8
as recommended by the CMS JetMET Physics object group™?¥. Any charged hadron track
originated from non-primary vertices are removed before clustering in order to minimize
the effect from pileup interactions. This process is commonly known as charged hadron

subtraction (CHS)!'24. This is applied to all jets and the reconstructed jets are known as

PFCHS jets.

Table 4.8: Loose and Tight jet identification requirements.

Observable Value or range (loose) | Value or range (Tight)

neutral hadron energy fraction of the jet | < 0.99 < 0.90

neutral EM fraction < 0.99 < 0.90
number of constituent particles > 1 > 1

In| <24 <24

charged hadron energy fraction of the jet | > 0.00 > (.00
charged hadron multiplicity >0 >0

charged EM energy fraction of the jet < 0.99 < 0.99

AKA4 jets that satisfy the loose jet identification criteria with jet pr > 30 GeV and
In| < 2.4 are selected for the current analysis. Leptons, which are misidentified as jets, are

removed from the AK4 jet collection, if they are within a cone of AR(lepton,jet) = 0.4.
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Since many hadronic decays are involved in this analysis, the events that have at least three
AKA4 jets are selected.

In addition, the jets should have a fair amount of boost. Jets that are originated from
a high energetic parton with high transverse momentum are known as boosted jets. The

variable Ht defined as, Hr = > (AK4) is used to select events having boosted jets with

pr
Hr > 200 GeV for the current analysis. Since the decay products from a massive T quark
decay are expected to be boosted, the leading and second-leading jet thresholds are raised
to pr > 100, 50 GeV respectively for the signal search, where any additional jets should have

pr > 30 GeV.

4.2.6.1 Jet energy correction (JEC)

Many factors affect the energy of the reconstructed jets. Most important contribution is from
pileup interactions (mostly from neutral hadrons, which are not removed by charged hadron
subtraction process) and how sub-detectors, such as calorimeters, respond to the particle
interactions with the material in the detector. The energy of the initial parton divided by
the energy of the reconstructed jet is defined as the JESI®. The simulated jet energy scale
response is shown in Fig. 4.2 as a function of jet 7 for different values of jet pr. There is
almost stable response in EB, while there is a strong pr dependence in both EC and HF 2]

The differences between observed and simulated jet pr are accounted for by applying jet

energy corrections to the simulated jet. These corrections are

1. Pileup corrections
2. Relative and absolute corrections

3. Residual corrections

4.2.6.2 Pileup corrections

Any remaining contributions from pileup interactions to JES that are not removed by CHS

procedure are corrected by applying the pileup corrections!®. It corrects the individual jet
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Figure 4.2: The simulated jet energy scale response as a function of jet n for different jet
pr values!'?%

response by using a correction factor based on jet pr, 1, area (A) and diffuse offset energy
(p). The variables A and p are defined as area and mean grid cell energies occupied by the
jet in the n — ¢ planel®,

The correction factors are obtained by simulating events with and without pileup inter-
actions using di-jet samples. They are applied to jets that are reconstructed in both data
and simulation®. Any difference remaining between the data and simulation, after applying
those scale factors is also accounted using so-called Zero bias data stream and applied to
simulation as an additional scale factor. The detailed procedure can be found in Ref. [125:126]
The Fig. 4.3 illustrates the average offset in transverse momentum (pr) per average ad-
ditional pileup interaction (u) in data and simulation (left) and additional scale factors to
correct simulation, as a function of 7 (right) derived using data collected by CMS experiment

during different run periods in 2016.
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Figure 4.3: Average offset in transverse momentum (pr) per average additional pileup
interaction (u) in data and simulation (left) and scale factors as a function of n (right)"%’.

4.2.6.3 Relative and absolute corrections

These are used to correct the JES for the full n range considered by trying to match it
to the original parton energy. The initial parton and their corresponding reconstructed jet
are matched using AR(initial parton, reconstructed jet) < 0.2 requirement, using simulated
multi-jet sample!®. The correction factor Ry, which is a function of average jet pr and 7,

is given by Eq. 4.7 is applied to both data and simulation.

pr)
Rptcl(<pT>7 77) = < [pT,ptch 7]] (47)
<pT,ptcl>
Where ptcl stands for quantities from particle-level jets. The term <p<Tp Tt>l> [DT ptet, 1] TED-
spte

resents the ratio of arithmetic means of transverse momenta of reconstructed and particle

level jets in bins of pr of the particle level jet and 7 of the reconstructed jet 2.

4.2.6.4 Residual corrections

These corrections are involved in matching the simulated jet response to that of data. Di-jet

events are used to derive the correction factors by using the tag and probe method 2. The

59



tag jet should satisfy |n| < 1.3, while the probe jet does not have any restriction on 1. Two

MPF
rel

different correction factors, RFY, and RMPY given by Eq. 4.8 and 4.91'%%) are used, where the
former uses transverse momenta and the latter considers all hadronic activities including

MET (also known as MPF method) .

1+ (A)
RPT — 4.8
rel 1 — <A> ( )

1+ (B)
MPF _ 4.9
rel 1— <B> ( )

where,
A= PT probe — pT,tag; B— ﬁ%ﬂss'(ﬁTatag/pTvtag) (410)
2pT,ave 2pT,ave

By using the ratio given by Eq. 4.11, the scale factors are derived to correct pr and MET
in the simulation. The Fig. 4.4 shows the correction value at average pr in each bin of 7 for

data collected by CMS experiment at different run periods during 2016126,

Rrel,data

Ry = (4.11)

Ryt simulation

The Z — ptp (ete™) + jets and v + jets events are used to calculate the residual
corrections as a function of pp. This procedure makes use of the fact that the mass of
the Z boson, photon and leptons energies are more precisely measured than jet energies!©.
Therefore, the measured energy of the boson candidate can be used to calibrate the energy
of the corresponding reconstructed jet using the energy balance®. The corrections are
also extrapolated to the higher pt regime by smearing multi-jet events and a global fit is
performed in all of these measurements to calculate the corrections!®. These corrections for

different data taking periods are shown in Fig. 4.5[125].

4.2.6.5 Jet energy resolution (JER)

The JER is determined by using the distribution of pr/prpta, where pr and prpa are

transverse momenta of the reconstructed and particle level jet respectively. This distribution
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Figure 4.4: correction value at average pr in each n bin for data collected by CMS experi-
ment during different run periods!"%.
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Figure 4.5: Residual corrections as a function of jet pr for data collected by CMS experiment
during different run periods!'?%.

has a shape of a Gaussian distribution as shown on the left plot of Fig. 4.6 and the resolution
is given by the width of this distribution 7.

The JER scale factors are derived using Z — p*u~(ete™) + jets and v + jets events.
The measured energy of the boson candidate is used to calibrate the reconstructed jets using

the energy balance and to measure the 1 dependent scale factors (SF(1,ec0)). They are used

to smear the jet pp according to Eq. 4.12.
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pr(smeared) = pr(ptel) + SF (Nreco) (pr(reco) — pr(ptel))

(4.12)
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Figure 4.6: The distribution of pr/prpa(left) and JER scale factors as a function of |n|
(right) 1?7,

4.2.6.6 Identification of b jets

The jets originating from light flavor quarks are almost similar and difficult to differentiate
from each other. However, there are some differences between jets originating from ¢ and b
quark decays and from decays of the light quarks!®l. These differences can be used to identify
them. Identification of jets originating from b quarks (known as b jets) is essential for this
analysis, as it is sensitive to the decays, T'— 0W, T' — tZ and T — tH, where top quark
decays to a b quark and a W boson.

The property that allows a b jet to be identified within the CMS detector comes from
their relatively long lifetime compared to the rest of the light flavor quarks. The b quarks
travel a small distance away from the primary interaction vertex before hadronization (to
form a B meson), which leads to displaced tracks as shown in Fig. 4.7. The position, where
B meson decays, is known as the secondary vertex (SV) and can be identified using the pixel
detector!®,

b tagging algorithms use this information to distinguish b jets from other light flavor
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Figure 4.7: Identification of a b jet from displaced tracks!'?%.

jets. CMS uses the combined secondary vertex (CSV) algorithm to identify b jets!'2%. Tt
makes use of both tracks in a jet and secondary vertices, which are reconstructed using the
inclusive secondary vertex finder (IVF) and the adaptive vertex filter (AVF) mentioned in
Sec. 4.2.1.33% The complete selections on tracks and jets can be found in Ref(!*’l. The
output of the CSV algorithm provides a numerical value ranging from 0 — 1, where b jets
have a higher value closer to 1, while the light jets have a lower value and hence can be used
as a discriminator. c-jets could be misidentified as b-jets since they have a discriminator
value in the medium range between b-jets and light flavor jets.

Fig. 4.8 shows the discriminator (CSVv2) for AK4 jets obtained using a muon enriched
QCD jet sample!"3!]. The different colored stacked histograms show the discriminator for
different jet flavors. It can be seen that majority of the b-tagged AK4 jets (red colored
histogram) have discriminator values closer to 1, while majority of the light flavor u, d, s
and g tagged AKA4 jets (blue colored histogram) have lower discriminator values. The c-jets
have discriminator values in the medium range.

Different working points for the CSV algorithm are introduced by the CMS b-tagging
physics object group (BTV POG)[32 based on the discriminator (CSVv2) value. This
analysis uses medium working point (CSVv2M = 0.8484), which corresponds to a b-tagging

efficiency ~ 70% and misidentification rate for light jets ~ 1%. The scale factors for b and
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Figure 4.8: CSVv2 discriminator for AK4 jets obtained using a muon enriched QCD jet
samplel17.

light flavor tagging are provided by the CMS BTV physics object group, where the scale
factor is given by the ratio of €440 and €gmuiation- Here, €gata and €gimuiation are tagging
efficiencies in data and simulation respectively'®3. The scale factors and efficiencies are
functions of jet flavour, pr and 1. The simulation efficiencies for each background and signal
processes considered in this analysis are obtained as a function of jet pr and 7 after some
pre-event selection (which is described in Sec. 5.3.4). The simulation efficiencies are used
to obtain the scale factors and applied as an event weight to the simulated MC events.

Signal selection for the current analysis requires at least one b-tagged AK4 jet per event

with pr > 50 GeV.

4.2.6.7 Jet substructure techniques

Jet substructure techniques are extensively used to identify boosted heavy particles such as
top quarks and SM bosons. At low pr, decay products of these particles can be reconstructed
as separate AK4 jets. When pr of the heavy particle is considerably high (boosted), emitted
jets become collinear (small separation in  — ¢ plane) and it is hard to reconstruct them as
separate AK4 jets!6).

An example is shown in Fig. 4.9, where top quark decays into a W — ¢¢’ and a b quark.
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At low pr, all three quarks, ¢, ¢’ and b can be reconstructed as three separate AK4 jets. But
at high pr, the decay products are more boosted so that they become collinear with each

other.

Low top pt High top pr

Y

Figure 4.9: Boosted top jet!!%.

A new technique has been developed known as jet substructure technique by the CMS
collaboration, where decay products of this type of boosted particles are reconstructed as a
single jet with a higher distance parameter than AK4 jets(®!. Then the inner structure of
this jet is used to identify the original heavy particle. This technique is employed to identify
boosted objects used in this analysis!!3>136] CMS uses AKS jets to identify boosted objects.

There are two major jet grooming algorithms, soft-drop and pruning, which are used to
aid the substructure technique. They basically remove the soft radiation and large-angle
emissions in jets and are capable of providing the measurement if mass of the original heavy

particle very accurately, which is known as the groomed jet mass. Employing this technique

also reduces the influence by pileup interactions on jets!'®.

4.2.6.8 The soft-drop algorithm

The soft-drop algorithm is based on Cambridge- Aachen (CA) algorithm mentioned in
Sec. 4.2.6, which re-clusters jet constituents according to their angular separation. Pair of

jets (71, 72) is considered by declustering the original jet at first. Then soft-drop condition
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is given by Eq. 4.13:

. AN
min(propra) (M) (113)

Pr,1 + P1,j2 Re

where the cone size parameter of the original jet is given by R., AR(j1,j2) is the separa-
tion between j1 and j2 in n — ¢ plane, z.,; refers to the soft threshold, and [ is the angular
exponent (6137

If subjets, j1 and j2, satisfy the above condition, the new jet (j) is constructed as the
final soft-drop jet and then the iteration stops. Otherwise, the jet j is defined as the sub-jet
with the highest pr of the pair and the iteration continues until further de-clustering cannot
be done. Then the jet j is defined to be the final soft-drop jet. This is illustrated in Fig. 4.10.

The jet mass obtained after re-clustering is known as soft-drop mass!58,

L ‘ . 0 [
’ ¢ ¢ 0
. 0
. 0 . o — o 0 , by — o 0 , ) 0 , — . 0 .
. Demus'er . TOO SOﬁ . Declusler . Condition .
0. . [ . . “remove @ . 0. . 5:-&.:. —1 0. .

J. Dolen

Figure 4.10: [llustration of soft drop algorithm!'?.

If 2., is chosen to be 0.1, then different [ values give different characteristics of the
algorithm. = 0 will remove the softer sub-jet given that pr < 0.1 and is equivalent to the
modified mass-drop tagger (MMDT)!38), 3 < 0 tags hard and large angle jets instead of
grooming them. 8 > 0 removes the softer sub-jet given that pr < x, where x is a AR depen-
dent parameter with a maximum value of 0.1. If 3 — oo, no grooming is performed %21,
These characteristics are shown in Fig. 4.11.

Fig. 4.12 illustrates the significance of using the soft-drop mass when identifying boosted
top quark jets. The left plot shows the difficulty of separating QCD jets with merged top

quark jets by using the un-groomed jet mass. The right plot shows how easily a merged top

jet can be identified by selecting a soft-drop mass window, which is symmetric around the
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Figure 4.12: Significance of using soft-drop algorithm to identify boosted top quark jets.
mass distributions without(left) and with (right) soft-drop algorithm are shown!"?!/,

4.2.6.9 The pruning algorithm

The pruning algorithm iterates similarly to the soft-drop algorithm except for different con-

ditions!'*). A pruning radius (Rp.une) is defined for each jet by using the mass (m) and the

transverse momentum (pr) and new radius parameter Ry, given by Eq. 4.1418],
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2
Rprune = Rfact_m (414)
Dr

There are two conditions that should be satisfied by the two jets, jet! and jet2 under
consideration, which are given by Eq. 4.15. The jet with smaller pr is dropped if the
condition is not satisfied, otherwise both jets are kept. Decay products of the heavy particle
are determined by the final subjets identified by the algorithm. z.,; and Ry, values are set

to 0.1 and 0.5 respectively '3,

AR(jetl, jet2) > Ryrune
(4.15)

MaAn(Pr jert Prjet2) < Zeuwt (DT jet1 + PT jet2)
4.2.6.10 N-subjettiness(7y)

The N-subjettiness (7y) is a variable, which measures consistency of a jet with having N
hypothesized sub-jets. It is given by Eq. 4.16[121140) The value can vary between 0 < 7y < 1.
The lower the 7y is, the higher is the probability that the jet consists of N sub-jets. The
ratio 7y /7y where M = N — 1 is also used to obtain better discriminating power'?!. For
example, 75/71 ratio can be used to identify hadronic decay of a Z boson, since the decay

consists of only two quarks that are reconstructed as two sub-jets within an AKS jet.

1
T = ——————
N ZZ pT,iR

)

ZpTyi.min(ARu, ARQJ', ........ s ARNz) (416)

4.2.6.11 Subjet b tagging

In the process of subjet b tagging, the b tagging procedure described in Sec. 4.2.6.6 is ap-
plied to the subjets identified by the soft-drop algorithm. This process is highly efficient in

identifying boosted H boson decays, where H — bbl%.
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4.2.6.12 W/Z boson tagging

This analysis uses CHS AKS8 jets (pr > 200 GeV, |n| < 2.4) with the pruning algorithm
to identify boosted W /Z bosons. AKS8 pruned jet mass should be within 65 < M,ynea <
105 GeV and should only have two subjets. This is commonly known as the W/Z tagging.
The performance of this method is evaluated by using a data sample enriched in tt + jets
events, which contains hadronic W boson decays. Detailed information of the procedure

135] The scale factors and related uncertainties for jet mass scale and

can be found in Ref.!
jet mass resolution for this tagging method for given pruned mass window are computed
by the CMS Jet MET Algorithms and Reconstruction (JMAR) group for different 75/m

requirements 135141],

4.2.6.13 Higgs tagging

This analysis uses CHS AKS8 jets (pr > 300 GeV, |n| < 2.4) with the pruning algorithm
to identify boosted H boson. AKS pruned jet mass should be within 105 < Mynea <
135 GeV and should have only two subjets. This is commonly known as H tagging. The
subjet b-tagging method mentioned in Sec 4.2.6.11 has been used to identify b-jets for this
tagger, both identified subjets are required to be identified as b-jets. This method gives
70-90% efficiency of identifying a b-tagged subjet depending on the pr of the subjet and 10%
misidentification rate for subjets from gluons and light-flavored quarks. Corrections to the

jet mass scale and resolution are done according to Ref.[142],

4.2.6.14 top quark tagging

This analysis uses CHS AKS8 jets (pr > 400 GeV, || < 2.4) with the softdrop algorithm to
identify boosted top quarks. The AK8 softdrop jet mass should be within 105 < My, ftarep <
220 GeV with 73/7 < 0.81. The scale factors and related uncertainties for jet mass scale and
jet mass resolution for this tagging method for given softdrop mass window are computed
by the CMS Jet MET Algorithms and Reconstruction (JMAR) group for different 75/7

[143]

requirements In addition, the W/Z, H and top jets can be mistagged. Mistag scale
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factors and related uncertainties for such mistagged jets are derived and applied to both

background and signal samples as described below.

4.2.7 Mistag rates for W/Z, H and top taggers

Regions that are orthogonal to signal region are known as control regions(see Sec. 5.4),
where SM background processes provide the major contribution, and signal contributions
are negligible. In such regions, the standard model backgrounds are not expected to have
boosted objects such as W/Z, H and top jet candidates identified by the jet substructure
techniques as mentioned in Sec. 4.2.6.7. But, the jet substructure taggers may still identify
a small fraction of boosted jets in those regions. This is known as “mistag” of a boosted jet
and the associated rates should be studied. The mistag rate per event is calculated by using

the definition given by Eq. 4.17.

Number of jets passed the respective jet substructure tagger
Total number of AKS jets

Mistag rate = (4.17)

A dedicated control region labelled as CR3, is defined in Sec. 5.4 to study this effect,
where we do not expect the boosted W/Z, H and top jet candidates from SM backgrounds.
This region is similar to signal region with St > 1000 GeV but with zero b jets, where
St = Hr + pr(Z) + E®. The Fig. 5.14 shows the Sy distribution in this region where
signal contamination is found to be 0.7 and 0.5 % respectively for Z — pu*p~ and Z — ete”
channels. The sub-jet b tagging requirement is removed from the H tagger to be compatible
with zero b jet requirement.

In order to study the difference between data and background simulation, the pr distri-
butions of the W/Z-, H-, top-tagged and AKS8 jets are investigated. DY sample is used for
background simulation, as it provides the dominant background contribution in this analysis.
The mistag rates for data and DY MC are calculated separately as shown in left side plots

of Fig. 4.13. The mistag rate scale factors and their associated uncertainties are calculated
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by taking the ratio between data and DY MC mistag rates for the W/Z, H and top taggers
separately and by performing a linear fit as there is no strong pt dependence observed, which
can be seen in right side plots of Fig. 4.13. The obtained scale factors and their uncertainties
are shown in Table 4.9.
Table 4.9: Derived mistag rate SFs and their related uncertainties.
Tagger SF
W tagger | 1.08 £ 0.05

H tagger | 0.98 £+ 0.14
top tagger | 1.04 £ 0.07

The mistag scale factors in Table 4.9 are applied to all background simulation as an
additional event weight per tagged jet identified by the jet substructure taggers.

Mistag rate for signal samples - In order to match reconstructed boosted jets origi-
nated from the hard scattering process, we require AR between boosted jet and generator
level particle to be < 0.8. If the condition is satisfied, appropriate efficiency scale factors
are applied as mentioned in Sections 4.2.6.12, 4.2.6.13 and 4.2.6.14, otherwise, appropriate
mistag scale factors from Table 4.9 are applied.

boosted jet overlapping in signal and efficiency scale factor - Due to the small
overlapping mass window between H and top tagger, small fraction of jets can be tagged
by both taggers. In such cases, corresponding scale factors are applied by first performing
AR(reco jet, gen particle) < 0.8 matching and confirming the jet to be either a top or H-
tagged AKS jet.

4.2.8 Pileup reweighting

Dependency of observables on pileup interactions, remaining after CHS procedure and pileup
corrections, are accounted by applying the pileup reweighting procedurel®. The scale fac-
tors are derived by using the distribution of number of pileup vertices in both data and
simulation. The distribution of number of pileup vertices (1) for data is obtained by using

instantaneous luminosity and total inelastic cross section (69.2 mb)!®l. The similar distribu-
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tion for simulation is obtained by producing a Poisson distribution that have a mean value
of u, which is also known as true pileup distribution. The ratio between the distributions of
data and simulation provides the scale factors, which depend on number of pileup vertices
present in an event (.

These scale factors are finally applied to simulated events based on the number of pileup
vertices found in simulation. The uncertainty of the procedure is calculated by varying the

inelastic cross section 69.2 mb by 5 % up and down and repeating the same procedure.
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Chapter 5

Event selection and control regions

5.1 Introduction

In this chapter, we describe the search for pair produced vector-like top quarks (TT pairs),
using the proton-proton collision data collected by the CMS experiment in 2016 at a centre-
of-mass energy /s = 13 TeV, which corresponds to a total integrated luminosity of 35.9 fb~L.

The search is performed assuming that one of the T quark decays into a third generation
top quark and a Z boson, where the Z boson decays into two opposite-sign leptons, e*e™
or utp~. The other T quark might decay into any of the three possible states tZ, tH
or bW, where top and bottom quarks and W, Z and H bosons decay hadronically and are
reconstructed as jets. Fig. 5.1 shows the Feynman diagram for TT production. Events with
two opposite-sign leptons consistent with coming from a Z boson decay, Z — eTe™ or u*pu~
and jets are considered in this analysis.

The VLQ gauge group determines the final decay channels of TT production and corre-
sponding benchmark branching ratios(8)?7. Since a massive T quark is assumed to couple
to third generation SM quarks, only three decay modes are possible. The Bs are chosen using
a benchmark model, where mass differences between Z, W and H bosons are assumed to be
small and should satisfy the relation, B(T — bW) + B(T — tZ) + B(T — tH) = 127 as

described in Sec. 2.3.3. Combinations of all possible Bs are scanned to cover the full phase

74



=l

W/ (Z, H)

Figure 5.1: Feynman diagram of TT production, where one of the T quark decays into a
top quark and Z boson and the Z boson decays into opposite-sign lepton pair (Z — 1717)
(shown at the upper branch of the diagram). The other T quark can decay into any of the
three states T — tZ,tH or bW. The diagram was produced by using ROOT framework!"?.

space.
Since T quarks with masses below 700 GeV are excluded by the Run 1 analyses as
described in Sec. 2.3.4, T quarks with masses above 700 GeV are considered in the current
analysis. In this mass regime, decay products that are originated from the T quarks have
a fair amount of Lorentz boost. Therefore, they have high transverse momentum and are
collimated. Collimated particles are close to each other in the n — ¢ plane with a low AR.
Fig. 5.2 shows the TT signal distributions for AR between two opposite sign leptons in
Z — ete” and Z — ptp~ channels after event preselection (see sec. 5.3.4 for more detailed
description on event pre-selection). The signal processes shown here correspond to three
different T quark masses, my = 800, 1300 and 1800 GeV in the TT — tZtZ decay channel.
According to Fig. 5.2, most of the pre-selected signal events lie in the AR(IT,l17) < 0.5
region, for both Z — e*te™ and Z — ptp~ channels. This suggests that the Z bosons
originated from the massive T quarks are boosted. The AR(I*,17) < 0.5 region is known as
the boosted Z regime. Also, the peak of the AR(I™,17) distribution moves toward low AR

regime with increasing T quark masses. This suggests that the Z bosons originated from
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T quarks with larger masses become more boosted, where more pre-selected events tend to
have a AR(I*,17) < 0.5. The scope of this analysis is to search for the TT pairs in the

boosted Z regime.

CMS 35.9 fb (13 TeV) CMS 35.9 fb (13 TeV)
£ £
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Figure 5.2: TT signal distributions for AR between two opposite sign leptons in Z —
ete” (left) and Z — ptu~ (right) channels after event preselection. The signal processes
correspond to three different T quark masses, mp = 800, 1300 and 1800 GeV in the TT —
tZt7 decay channel. The signals are normalized to 1 pb cross section for better visualization.

Many standard model (SM) processes may have similar signatures as TT events. The
main contribution comes from the Drell-Yan (Z/v*)+jets (DY+jets) production, where Z
boson decays into two opposite-sign leptons, ete™ or u* ™ pair. This signature is similar to
the Z boson originated from one of the massive T quark and acts as the main background for
the current search. Smaller background contributions come from tt+jets and ttZ production,
where signatures are similar to t and t quarks and Z bosons originated from the massive T
quarks. Much smaller backgrounds are the SM diboson production: WW, ZZ and WZ, and
SM rare processes such as tZq, tWZ, and ttW productions. These background processes are
simulated using MC generators described in Sec. 4.1 and are discussed in Sec. 4.1.4 in detail.
Their contributions and kinematics are studied to separate them from the signal process.

The strategy of this search is to use pre-selected events, with two opposite sign leptons
and jets, and then to reconstruct all hadronically-decaying objects that are originated from

the TT decay channel. This involves reconstruction of the W, Z and H bosons and top
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and bottom quarks. As mentioned earlier, the decay products from T quarks have a fair
amount of Lorentz boost and hence have a high transverse momentum compared to decay
products from SM processes. Therefore, a variable, sensitive to the transverse momentum
(pr) of the reconstructed final state objects is a good discriminator between the signal and
SM background events. The variable St is used for this purpose, which is defined as the
sum of pr of all the final state objects in an event. This includes leptons, jets and missing
transverse energy (FEss),

Fig. 5.3 shows the St distributions for the SM background and signal processes in the
Z — ete” and Z — ptp~ channels after event pre-selection (see Sec. 5.3.4 for more detailed
description on event pre-selection). The signal processes shown here correspond to three
different T quark masses, my = 800, 1300 and 1800 GeV in the TT — tZtZ decay channel.
Area of the signal and background distributions are normalized to 1 pb and 4 pb respectively

for better visualization.
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Figure 5.3: St distributions for SM background and signal processes in Z — eTe™ (left)
and Z — ptu~ (right) channels after event preselection. The signal processes shown here
correspond to three different T quark masses, my = 800, 1300 and 1800 GeV in the TT —
tZtZ decay channel. The area of the signal and background distributions are mormalized
to 1 pb and 4 pb respectively for better visualization. “other backgrounds” represents the
combination of smaller background contributions such as dibosons, ttW, tZq and tWZ

From Fig. 5.3, it can be seen that most of the SM background events have St < 1000 GeV.
More than 95% of the signal events have St > 1000 GeV and the peak shifts towards the
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high St regime with increasing T quark mass. Hence, St can be used as the discriminating
variable between the signal and SM backgrounds. Since TT decay consists of many hadron-
ically decaying candidates, the events can be categorized according to the number of such
reconstructed candidates, top (Ny), W/Z (Ny), Higgs (Ng), and b jets (IV,) present in an
event. The search is optimized using the St distribution in those event categories. This

procedure is described in Chapter 6 in detail.

5.2 Datasets

5.2.1 Collision data

The proton-proton collision data used in the analysis were collected by the CMS detector at
centre-of-mass energy /s = 13 TeV in 2016 with 25 ns bunch spacing. The primary data
sets to identify two oppositely charged leptons are chosen with events having one electron
(SingleElectron) and one muon (SingleMuon) data streams at the HLT level.

Due to the inefficiency of reconstructing high pr electrons (pr > 300 GeV) by the HLT
trigger used for SingleElectron data stream, the data stream with events having one photon
(SinglePhoton) is also added to the SingleElectron data stream. The HLT triggers used
for the analysis are discussed in Sec. 5.3.1.

Data events are selected, when all the sub-detectors of the CMS detector are fully func-
tional, including the superconducting solenoid. This is to verify that the data events selected
for the analysis are of high quality and without any detector malfunction. A set of additional
filters are used to remove events with detector noises and signal interferences that are not

originated from the hard scattering processes. These include:

e Events, which do not have at least one good primary vertex reconstructed, as described

in Sec. 4.2.1.3.
e Events with pre-identified noise patterns in HB and HE.

e Events with pre-identified noise patterns in EB and EE.
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e Events with masked ECAL crystals, where energy cannot be detected.

e Events with dead tracker cells, where detected energy from the ECAL superclusters

cannot be correlated.

e Events where proton beam interacts with residual gas, which is commonly known as a

beam halo.

All the generated signal and background MC events described in sections 4.1.3 and 4.1.4
are simulated using the GEANT4 software to model the response of the CMS detector 78144
The same software configurations are used for both data and simulation to reconstruct events.
The effect of pileup interactions are simulated using PYTHIA 8.1 generator as described in
Sec. 4.2.8 with a total inelastic proton-proton cross section of 69.2 mb!49].

In text, legends or tables, the term “other backgrounds” represents the combination of
smaller background contributions such as dibosons, ttW, tZq and tWZ. From this point
onward, in plots/tables, only exclusive TT — tZtZ, TT — tZtH and TT — tZbW decays
are used to represent the signal without considering the real mixtures of events due to Bs.
All the background and signal MC samples are normalized to their cross sections, unless
stated otherwise. The hashed band shown in plots represents the statistical and systematic

uncertainties added in quadrature. The systematic uncertainties considered for the analysis

are discussed in Chapter 7.

5.3 Event Selection

This section describes the event selection for the TT search. The main purpose of the event
selection is to choose events that are only relevant to TT search and to study and reduce
the contributions from SM background as much as possible. So-called event pre-selection,
described in Sec. 5.3.4, is used to reduce the number of events that are used for the analysis.
Subsequent selections, so-called signal selections are used on the pre-selected events to define
a boosted regime, where the search for TT pairs is performed. Finally, these selected events

according to signal selection criteria are used to optimize the TT search using the St variable.
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5.3.1 Trigger and lepton selection

The trigger selection is the first step of event selection. Several triggers are studied, which
provide the maximum signal efficiency after trigger selection. As the search uses events
with two opposite sign leptons, the HLT triggers (described in Sec. 3.2.7) that select events
according to presence of reconstructed leptons are considered for the analysis. The triggers

studied are,

e Double Muon (Mul7 Mu8) - Events with two isolated (see lepton isolation crite-
ria described in Sec. 4.2.3) tracker muons (see Sec. 4.2.2), with minimum transverse

momenta of 17 and & GeV.

e Double Electron (Ele23 Elel2) - Events with two isolated electrons identified using
the information from tracker and ECAL, with minimum transverse momenta of 23 and

12 GeV.

e Single Muon (Mu24) - Events with an isolated muon, either identified as a tracker

muon or a global muon with minimum transverse momentum of 24 GeV.

e Single Electron/ Single Photon (Ele115 Phol75) - Events with an electron identified
using information from tracker and ECAL with minimum transverse momentum of 115

GeV, or a photon identified with minimum transverse momentum of 175 GeV.

The primary data sets with events having two electrons and muons are used to study
Ele23 Elel2 and Mul7 Mu8 triggers respectively, while primary data sets with events
having one electron, photon and muon are used to study Ele115 Phol75 and Mu24 triggers
respectively. As mentioned in Sec. 5.1, the signal region in this analysis represents the
boosted Z regime and hence, pair of leptons originating from a 7Z boson decay should have
a fair amount of Lorentz boost. Hence, transverse momentum of the leading and second-
leading leptons (the most energetic leptons reconstructed within an event) are chosen such
that the signal efficiency is preserved and it should be compatible with the trigger choices.

The leptons selected according to minimum pr requirements are given in Table 5.1.
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Table 5.1: Selection on lepton pr for different triggers.

Lepton pr Ele23 Elel2 | Mul7 Mus8 | Elel115 Phol75 | Mu24
Leading lepton pr [GeV] > 45 > 45 > 120 > 45
Second leading lepton pr [GeV] > 25 > 25 > 25 > 25

The isolation requirement at the trigger level affects the signal acceptance. Therefore,
the AR(I*,17) distribution after the event pre-selection (see Sec. 5.3.4) is used to determine
the most optimal trigger that preserves the signal efficiency. Fig. 5.4 shows the AR(I*,17)
distributions for triggers, Ele23 Elel12, Mul7 Mu8, Elel115 Phol75 and Mu24 after
event pre-selection. The TT processes shown here correspond to three different T quark

masses, mrp 800,1000 and 1200 GeV in the TT — tZtZ decay channel. The signal

processes are normalized to 1 pb cross section for better visualization. The number of signal
events in the boosted Z regime, with AR(I™,17) < 0.3 are shown in Table. 5.2.

According to the Fig. 5.4 and Table 5.2, it is seen that there are more signal events
preserved for the triggers, Ele115 Pho175 and Mu24 than, Ele23 Ele12 and Mul7 Mus8.
Therefore, Ele115 Phol75 and Mu24 triggers are selected as the default triggers for the
current analysis. The photon trigger (Phol75) is used to capture electrons with pr > 300
GeV. It recovers the electrons that are not captured by the electron trigger (Ele115) alone.
Combining the Phol75 with Elel15 recovers 2.4% of the data events and 0.4% of signal

events for TT — tZtZ decay channel.

Table 5.2: Number of signal events in the boosted Z regime. The signal processes correspond
to three different T quark masses, my = 800,1000 and 1200 GeV in the TT — tZtZ decay
channel. The signal processes are normalized to 1 pb cross section for better visualization.

Signal sample Ele23 Elel2 | Mul7 Mu8 || Ele115 Phol75 | Mu24
TT — tZtZ, mt = 800 GeV 191.96 203.64 201.34 230.23
TT — tZtZ, mt = 1000 GeV 360.15 388.42 383.93 405.16
TT — tZtZ, mt = 1200 GeV 486.56 533.01 510.51 548.37

The signal acceptance after applying trigger requirements is shown in Fig. 5.5 for T quark
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masses 900, 1100, 1300, 1500 and 1700 GeV for both electron and muon channels. The signal

acceptances for both electron and muon channels remain nearly constant over the T mass

range considered in the analysis.

These trigger requirements are applied to both data and simulation. Any mismatch
between data and simulation is corrected by trigger efficiency scale factors.

factors are obtained as a function of lepton p and 7 by using the tag-and-probe method %%

They are applied to simulated samples.
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Figure 5.5: Signal acceptance obtained for Ele115 Pho175 (left) and Mu24 (right) trig-
gers as a function of T mass. Branching ratios shown in the legend represent the three
benchmark Bs mentioned in Sec. 5.1.

5.3.2 Dilepton invariant mass

Two electrons (muons) are selected with pr > 120, 25 GeV (pr > 45, 25 GeV) as mentioned
in Sec. 5.3.1, that have opposite charges, should satisfy the dilepton invariant mass selection,
75 < M(It17) < 105 GeV to assure that they are originating from a Z boson decay. The Z
boson candidate is required to have pp(Z) > 100 GeV. Events that have exactly one such Z

boson are selected in this analysis.

5.3.3 Number of jets

The rest of the particles originated from T quarks decay hadronically and reconstructed as
jets. Hence, events are required to have > 3 AK4 jets (see Sec. 4.2.6). Furthermore, the
jets are expected to have a fair amount of Lorentz boost as they are originated from heavy
T quarks. The variable Hr defined as, Hr = ZAMjetS(pT) is required to be > 200 GeV to

select boosted jets.
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5.3.4 Event pre-selection

The events selected according to the trigger and dilepton invariant mass selections, and
number of AK4 jets described in Sections 5.3.1, 5.3.2 and 5.3.3 are considered in this analysis.

This selection criterion is known as event pre-selection and is summarized in Table 5.3.

Table 5.3: Summary of event pre-selection.
Variable Selection
Trigger selection | As described in Sec. 5.3.1
Z boson mass | 75 < M(Z) < 105 GeV
N(Z —1717) =1
pr(Z — 1117) > 100 GeV
N(AK4 jets) | >3
Hry > 200 GeV

5.3.5 Definition of the signal regionl

As the decay products are originated from a heavy T quark, a variable that is sensitive to
pr has more discriminating power to discover the new signal ( see Sec. 5.1). Hence, the St
variable defined as St = Ht + pr(Z) + E2 is used. In general, it has a good discriminating
power to distinguish signal and SM background as can be seen in Fig. 5.3.

In order to preserve the signal efficiency (especially for mt < 1300 GeV), signal region
for the search is defined as events having St > 1000 GeV. Furthermore, the leading and sub
leading AK4 jets are required to have pr > 100 and > 50 GeV respectively plus at least one

b jet is required. This is defined as signal selection and summarized in Table 5.4.

Table 5.4: Summary of signal selection.
Variable Selection
Leading AK4 jet pr > 100 GeV
2nd leading AK4 jet pr | > 50 GeV
N(Db jets) >1
St > 1000 GeV

The control regions are used to validate the background MC simulations and are discussed
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in Sec. 5.4 in detail. These regions are defined such that they are orthogonal to signal region
and, where the contribution from TT signal is negligible. One of the requirements of the
signal selection listed in Table 5.4 is inverted to define these regions. For example, requiring
St < 1000 GeV or N(b jets) = 0 defines control regions, where main contribution comes
from the SM background processes. These control regions can be used to study the modeling

of the SM backgrounds in simulation.

5.3.6 Event cutflow

Fig. 5.6 and Table. 5.5 present the event cut flow for both data and simulation after event
pre-selection and subsequent signal selection steps for both Z — ete™ and Z — putp~
channels. The data distributions are shown with black points with vertical and horizontal
bars. The background distributions are presented as shaded histograms, while the signal
distributions are shown in solid lines. The signal samples shown here are normalized to
their expected cross sections given in Table 4.1. The hashed band shows the statistical and
systematic uncertainties on the total background contribution.

There is a good agreement between data and background simulation within the total
uncertainty after event pre-selection and for subsequent selections including the signal region,

which is the last bin in Fig. 5.6.

5.3.7 Kinematics after event pre-selection

Fig. 5.7 shows the invariant mass distribution of the two opposite sign leptons M(Z — [717),
the pr of the Z boson candidate pr(Z —I717) and the separation between the two leptons
AR(IT,17) after the event pre-selection. The M(Z — [*17) distribution has a peak around
Z boson mass of 91.2 GeV, confirming that two opposite sign leptons are originated from
a Z boson. The mismodeling seen in both dilepton invariant mass and the tail of Z boson
candidate pr distributions in the Z — eTe™ channel is due to the electron pr resolution.
Most of the bins in these distributions are within the systematic uncertainty. In addition,

the pr distribution of the two leptons are shown in Fig. 5.8, which has a good agreement
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Figure 5.6: The event cutflow after preselection and subsequent signal selection requirements
for Z — ete™ (left) and Z — p*p~ (right) channels. The hashed band shows the statistical
and systematic uncertainties.

between data and background MC simulation within the total uncertainty.
Fig. 5.9 shows the distributions for E® AK4 jets multiplicity, Hy and St for Z —
ete"and Z — ptp~channels. All of these distributions have a good agreement between

data and background MC simulation.

5.4 Validation of MC simulation in Control regions

Control regions orthogonal to the signal region are defined to validate the data modeling
of background MC simulation and to derive any scale factors to correct the MC simulation
if necessary. The main background contribution comes from the DY+jets process, where
Z boson decays into two opposite-sign lepton pair (ete™ or p*u~). The other background
contributions such as tt, ttZ, ZZ, WZ, WW, tZq, tWZ, and ttW are small. The contribution
from the standard model single top quark, W+jets and QCD multi jet production processes

are found to be negligible. The background yields for the analysis are estimated based on
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Figure 5.7: Distributions for dilepton invariant mass, pr of the Z boson candidate and
AR(l1) for Z — ete (left) and Z — ptu~ (right) channels after event pre-selection. The
hashed band shows the statistical and systematic uncertainties.
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Figure 5.9: Distributions for EX AK/ jets multiplicity, Hr and St for Z — eTe™ (left)
and Z — ptu~ (right) channels after event pre-selection. The hashed band shows the statis-

tical and systematic uncertainties. 90



the MC predictions.
There are three main control regions defined as CR2, CR3 and CR4 for the current

analysis as mentioned in Table 5.6 to validate the modeling of data by simulation.

Table 5.6: Selection criteria for the control regions CR2, CR3 and CRj.

Selection CR2 CR3 CR4
Pre-selection | Yes Yes Yes
N(bjets) =0 =0 >1
St >0 GeV | > 1000 GeV | <1000 GeV

5.4.1 Control region CR2

Control region CR2 is enriched with DY background. It is defined by requiring N (bjets) = 0
and loosening the St requirement (St > 0 GeV). This region is mainly used to check
the DY modeling in data. AK4 jet multiplicity distribution shows a mismatch between
data and DY simulation. This difference is largest at higher jet multiplicities. Correction
factors for DY simulation are obtained by using this distribution according to the description
provided below. These correction factors are applied to the DY simulation as an event weight

depending on the number of AK4 jets present in an event.
Correcting DY simulation using data

A mis-modeling in background simulation is observed in the distribution of AK4 jet mul-
tiplicity. The mis-modeling is prominent at higher jet multiplicity bins, as they are not
modeled well by the MC generator. Fig. 5.10 shows the AK4 jet multiplicity distributions
after pre-selection (first row) and in the control region CR4 (see Sec. 5.4.3) (second row) for
7 — ete” and Z — putp~ channels. It can be seen from this figure that the TT signal tends
to occupy the higher jet multiplicity bins. Since this analysis relies on the MC predictions,
it is important to correct the DY simulation by using this distribution.

These correction factors are derived by taking the ratio between data (tt, ttZ and other
background yields are subtracted from data) and DY simulation using the AK4 jet multiplic-
ity distribution. The top row of Fig. 5.11 shows the AK4 jet multiplicity distribution in CR2
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and the bottom row shows the ratio between data (tt, ttZ and other background yields are

subtracted) and DY simulation for both Z — eTe™ (left) and Z — pp~ (right) channels.

Obtained scale factors per bin of jet multiplicity distribution are given in Table. 5.7 and are

shown in the bottom row of Fig. 5.11. These scale factors are applied to the DY simulated

events as a function of the number of AK4 jets reconstructed within an event.
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Figure 5.11: The upper plots show the jet multiplicity distribution in CR2 and the lower
plots show the ratio between background subtracted data and DY simulation for both Z —

ete” (left) and Z — ptu~ (right) channels.

The Fig. 5.12 and Fig. 5.13 show the effect of applying DY scale factors on the NAK4

and St distributions after event pre-selection and in control region CR4 for both Z — eTe™

and Z — ptp~ channels respectively. Left (right) plots of Fig. 5.13 show the kinematic

distributions before (after) applying DY scale factors on DY simulation. It can be seen



Table 5.7: Calculated DY correction factors for ee+jets and pu+jets channel.

Number of AK4 Jets | Z — eTe channel | Z — ™~ channel
=3 0.86 £ 0.01 0.93 £+ 0.01
=4 1.01 4+ 0.02 1.03 £+ 0.01
=95 1.03 £+ 0.04 1.15 4+ 0.03
=6 1.21 £+ 0.10 1.33 £+ 0.06
> 7 1.47 + 0.22 1.66 + 0.14

from these distributions that applying the DY scale factors improves the overall data to MC

modeling.

5.4.2 Control region CR3

Control region CR3 is defined, where events that are pre-selected should satisfy N (bjets) = 0
and St > 1000 GeV. This region is used to verify an agreement between data and background
MC simulation and validate modeling of the St variable. Fig. 5.14 shows the St distributions
for both Z — ete™ and Z — p*p~ channels in this region.

SM backgrounds do not have any boosted bosons in this region. Therefore, this region
is used to determine the mistag rate scale factors for jet substructure, W/Z-, H- and top-
taggers and their associated uncertainties as mentioned in Sec. 4.2.7. The scale factors are

applied to background MC simulation per tagged jet in an event.

5.4.3 Control region CR4

Control region CRA4, is a low St control region, where pre-selected events are required to have
N(bjets) > 1 and St < 1000 GeV. This region is used to validate the modeling between data
and background simulation for all of the generic kinematic variables including St. Fig. 5.15
shows the distributions for dilepton invariant mass, pr of the Z boson candidate and AR(l, ()
in both Z — eTe~and Z — u*p channels. The Fig. 5.16 shows the distributions for E&iss,
AK4 jets multiplicity, Ht and St distributions in Z — eTe~and Z — "~ channels. There

is a good agreement seen in all of the distributions.
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and Z — ptp~ (right) channels in control region CR4. The DY correction factors are applied.
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Chapter 6

Search strategy and optimization

Fig. 6.1 and Table 6.1 present the St distributions and the expected number of events after
full event selection for both Z — eTe™ and Z — pt i~ channels. The signal processes shown
in Fig. 6.1 correspond to TT — tZtZ, TT — tZtH and TT — tZbW decay channels, where
the samples are normalized to 1 pb cross section for better visibility. According to Fig. 6.1, it
can be seen that the contribution from the background MC events decreases with increasing
St and the TT signal contribution peaks at higher St values as expected.

The selected events are further categorized according to the number of W/Z, H bosons
and top and bottom quark candidates reconstructed within an event as described in Sec. 6.1.
The purpose of this event categorization is to further purify the signal and reduce the SM

background contributions.

6.1 TT event reconstruction

According to the Feynman diagram shown in Fig. 5.1, the final states of TT decay con-
sist of many hadronically decaying objects such as W/Z and H bosons, top and bottom
quarks. Identifying these hadronically decaying candidates after full event selection is im-
portant to optimize the TT search. Signal events are expected have a larger number of such

reconstructed candidates. First, all the hadronically decaying W/Z and H bosons, top and
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Figure 6.1: St distributions in Z — ete™ (left) and Z — ptp~ (right) channels after
full event selection. The signal MC' are normalized using a cross section of 1 pb for better
wvistbility. The DY correction factors are applied. The hashed band shows the statistical and
systematic uncertainties.

Table 6.1: Lupected number of events after the full event selection. The signal MC yields
are given for the three decay modes, TT — tZtZ, TT — tZbW and TT — tZtH for T quark
mass of 1000 GeV. The background uncertainties include both statistical and systematic

contributions.

Sample Z — eTe channel | Z — p*p~channel
Data 308 571

DY +jets 233.4 4+ 24.8 432.3 + 48.4

tt 28.6 £ 5.6 77.7 + 16.5

ttZ 18.6 £ 1.5 29.0 £ 24
other backgrounds 10.2 +£ 2.5 9.3 £22

Total Bkg. 290.9 £ 27.2 548.3 £ 554
TT — tZt7Z 35.8 £ 0.8 44.2 + 0.9
TT — tZbW 171+ 04 21.8 £ 0.5
TT — tZtH 18.6 + 0.4 25.5 £ 0.5

101



bottom quark candidates are identified within an event. This is done as follows.

The hadronically decaying objects can be identified in three different ways defined as
resolved, partially merged or fully merged candidates. Resolved candidates are identified,
where the W/Z and H bosons, and top quarks originated from the T quarks are not boosted.
Therefore, any subsequent decays from these objects can be reconstructed as separate AK4
jets. Partially or fully merged candidates are identified, where few or all of the W/Z and H
bosons, and top quarks originated from the T quarks are boosted. In such cases, these objects
can be reconstructed as AKS8 jets and jet substructure techniques mentioned in Sec. 4.2.6.7
can be employed to identify them. The resolved and merged (partially or fully merged)
candidates correspond to different pr regimes of the W/Z and H bosons, and top quarks.

Since the reconstructed AK8 jets have a cone size parameter (R=0.8) greater than the
AK4 jets (R=0.4), there can be instances, where AK4 jets overlap with AKS8 jets. Such
overlaps between AK4 and AKS jets are identified if AR(AK4 jet, AK8 jet) < 0.8 and
corresponding AK4 jet is removed from the AK4 jet collection to avoid double counting.

The hadronically decaying candidates can be identified as:

e Top quark candidates - A top quark decays into a W boson and a b quark. As the
top quarks in this analysis are originated from heavy T quarks, they can be identified

as either resolved, partially merged or fully merged top quarks as described below.

— Resolved top quark- Resolved top quark candidates are identified when a top
quark decays via, t — Wb — ¢'gb as shown in the left diagram of Fig 6.4, and
all three quarks ¢’,q and b are reconstructed as three separate AK4 jets with

invariant mass of the three jets consistent with the top quark mass.

The selections to define the resolved top quark candidates are derived using the
generator level information from the TT signal MC samples. Two AK4 jets
matched to two quarks that are originated from a hadronically decaying W boson
(W — ¢'q) are combined with an AK4 jet that is matched to a b quark from the
same top quark decay, are used to identify resolved top quark candidates. The

matching is done by applying AR(generator level particle, reco AK4 jet) < 0.3
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requirement. The invariant mass and the vector sum pr distributions of the three
selected AK4 jets are shown in Fig. 6.2. The signal processes shown here corre-
spond to three different T quark masses, mt = 800, 1200 and 1600 GeV in the

TT — tZtZ decay channel.
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Figure 6.2: The mass and pr distributions of the three reconstructed AK/ jets corresponding
to decay products of a top quark. The signal processes shown here correspond to three different
T quark masses, mt = 800, 1200 and 1600 GeV in the TT — tZtZ decay channel.

As can be seen in Fig. 6.2, the invariant mass of the three jet system peaks
around the top quark mass. Hence, the invariant mass of the three jet system,
120 < M(j1, Jo,J3) < 240 GeV consistent with the top quark mass and vector
sum pr of the three jet system, > pr(j1,72,73) > 100 GeV are used to identify
resolved top quark candidates. More than 98% of the signal is preserved by using

these selections.

Partially merged top quark - Partially merged top quark candidates can be
identified when a top quark decays to a W boson and a b quark via t — Wb,
where W boson is boosted as shown in the middle diagram of Fig 6.4 . In this case,
W boson is reconstructed as a W tagged AKS jet as mentioned in Sec. 4.2.6.12.

The selections on partially merged top quark candidates are derived by using the
generator level information from the TT signal MC samples. W tagged AKS jet
matched to a hadronically decaying W boson is combined with an AK4 jet that is
matched to a b quark, are used to identify partially merged top quark candidates.

The matching is done by applying AR(generator level b quark, reco AK4 jet) <
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0.3 and AR(generator level W boson, reco AKS8 jet) < 0.8 requirements. The
invariant mass and the vector sum pr distributions of the selected AK4 jet and W
tagged AKS jet are shown in Fig. 6.3. The signal processes shown here correspond
to three different T quark masses, mp = 800, 1200 and 1600 GeV in the TT —
tZtZ decay channel.

op Je ass A R(Gen particle, Reco jet) <0. op Jei A R(Gen particle, Reco jet) <0.
60CMS top Jet M (G icl jet) < 0.3 CMS top Jet Pt G icl jet) <0.3
c ( = =
£ O £ 20F
@ r —tZtz_M800 o "k —ztz_M800
2 5o o 18
5 U — tZtZ_M1200 § 160 — 1ZtZ_M1200
> r > E
Y obE —1z7t7_M160d Y 4E —tztz mM1600
E 128
301 10
E ;|
20— c
C 6
10 4
C 2F
C Shodlan .ol ! ! E A N i,

OO

In L |
100 200 300 400 500 600 700, 800 900 1000
Jet Mass [GeV]

OO

Ll M . | 1 L1 L
100 200 300 400 500 600 700 800 9?& WOO
P, 1Ge

Figure 6.3: The mass and pr distributions of the reconstructed AK4 and W tagged AKS jets
corresponding to decay products of a top quark. The signal processes shown here correspond
to three different T quark masses, mt = 800, 1200 and 1600 GeV in the TT — tZtZ decay
channel.

According to Fig. 6.3, the invariant mass of the two jet system W tagged AKS jet
and b jet, peaks around the top quark mass. Hence, the invariant mass of the two
jet system, 120 < M(jy, j2) < 240 GeV consistent with the top quark mass and
vector sum pr of the two jet system, > pr(j1,j2) > 150 GeV are used to identify
partially merged top quark candidates. More than 98% of the signal is preserved

by using these selections.

— Fully merged top quark - Fully merged top quark candidates can be identified
when a top quark is boosted as shown in right side digram of Fig. 6.4. Decay
products from the top quark are collinear and hence reconstructed using the
boosted top quark tagger mentioned in Sec. 4.2.6.14, using the softdrop algorithm.
According to the requirements of this tagger, a boosted top quark is identified
if the reconstructed AKS8 jet has only three subjets with a softdrop jet mass
(Mgoftarop) that satisfy 105 < M, prarep < 220 GeV. In addition, 73/ < 0.81 and
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pr > 400 GeV are required.

Unmerged Partially merged Fully merged

hadronic top m‘;,';‘t"jitj‘::) hadronic top jet

Figure 6.4: The resolved(left), partially merged (middle) and fully merged (right) top quark
jets121

e W/Z (V) boson candidates

— Resolved V boson - Resolved V bosons originated from a T quark can decay
into two quarks via, W — ¢'q or Z — qq. The two quarks are reconstructed as
two separate AK4 jets.

The selections on resolved V boson candidates are derived using the generator
level information from the TT signal MC samples. Two AK4 jets matched to
two quarks originated from a hadronically decaying V boson (V' — ¢q) are used
to identify resolved V boson candidates. The matching is done by applying
AR(generator level particle, reco AK4 jet) < 0.3 requirement. The invariant
mass and the vector sum pr distributions of the two selected AK4 jets are shown
in Fig. 6.5. The signal processes shown here correspond to three different T quark
masses, mp = 800, 1200 and 1600 GeV in the TT — tZtZ decay channel.

According to Fig. 6.5, the invariant mass of the two jet system peaks around the
V boson mass. Hence, the invariant mass of the two jet system, 70 < M(j1, j2) <
120 GeV consistent with the V boson mass and vector sum pr of the two jet
system, > pr(j1,72) > 100 GeV are used to identify resolved V boson candidates.

More than 95% of the signal is preserved by using these selections.
— Fully merged V boson - Fully merged V bosons can be identified when W or

7 boson is boosted. Decay products are collinear and hence reconstructed using
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Figure 6.5: The mass and vector sum pr distributions of the two reconstructed AK/4 jets
that are originated from a V boson. The signal processes shown here correspond to three
different T quark masses, mp = 800, 1200 and 1600 GeV in the TT — tZt7Z decay.

the boosted W/Z boson tagger mentioned in Sec. 4.2.6.12, using the pruning
algorithm. According to the requirements of this tagger, a boosted V boson is
identified if the reconstructed AKS8 jet has only two subjets with a pruned jet
mass (Mprunea) that satisfy 65 < My.uneq < 105 GeV. No selection is applied on

To/71 variable (i.e 72/ < 1.0) and pr > 200 GeV is requried.
e H boson candidates

— Resolved H boson - Resolved H bosons originated from a T quark can decay into
two quarks via, H — qq. The two quarks are reconstructed as two separate AK4

jets where at least one of them should be b tagged as mentioned in Sec. 4.2.6.6.

The identification criteria for resolved H boson candidates are derived using the
generator level information from the TT signal MC samples. Two AK4 jets are
matched to two quarks originated from a hadronically decaying H boson (H —
qq), where at least one of them is a b jet. The matching is done by applying
AR(generator level particle, reco AK4 jet) < 0.3 requirement. The invariant
mass and the vector sum pr distributions of the two selected AK4 jets are shown
in Fig. 6.6. The signal processes shown here correspond to three different T quark

masses, mp = 800, 1200 and 1600 GeV in the TT — tZtH decay channel.

According to Fig. 6.6, the invariant mass of the two jet system peaks around the
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Figure 6.6: The mass and vector sum pr distributions of the two reconstructed AK/4 jets
originated from a H boson where at least one of them is a b jet. The signal processes shown
here correspond to three different T quark masses, mt = 800,1200 and 1600 GeV in the
TT — tZtH decay channel.

H boson mass. Hence, the invariant mass of the two jet system, 80 < M(jy, j2) <
160 GeV consistent with the H boson mass and vector sum pr of the two jet
system, > pr(j1,72) > 100 GeV are used to identify resolved H boson candidates.

More than 95% of the signal is preserved by using these selections.

— Fully merged H boson - Fully merged H bosons can be identified when H bo-
son is boosted. Decay products originated from the H bosons have a fair amount
of Lorentz boost and are collinear with each other. Hence, they cannot be re-
constructed as separate AK4 jets. The boosted H boson tagger mentioned in
Sec. 4.2.6.13 is used in such cases with the pruning algorithm. According to the
requirements of this tagger, a boosted H boson is identified if the reconstructed
AKS jet has only two subjets with a pruned jet mass (Mpyunea) that satisfy 105
< Mpruned < 135 GeV. No selection is applied on 7,/7 variable (i.e 72/ < 1.0)

and pr > 300 GeV is required.

These selections are summarized in Table. 6.2. The resolved, partially merged and fully
merged objects within an event are identified according to these selections. These recon-
structed objects are used to optimize the signal search. As mentioned earlier, TT signal
events should have a higher number of such reconstructed objects than the SM background

events. The multiplicity of these objects can be used to reduce SM background contribu-
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tion. The selected events after full event selection are categorized according to number of

identified candidates and number of b jets, present within an event.

Table 6.2: Selection summary for hadronically decaying top, V and H candidates

Category top \% H

n(b jets) > 1

ZPT(jth,jg) > 100 GeV ZpT(jl,j2> > 100 GeV ZpT<j1,j2) > 100 GeV
Resolved 120 < M(j1, jo, ja) < 240 GeV | 70 < M(j1, j2) < 120 GeV | 80 < M(ji,j2) < 160 GeV

V tagged AKS jet
65 < Mpruned < 105 GeV
. pr > 200 GeV
Partially merged
7—2/7'1 <1.0
> pr(ji, j2) > 150 GeV
120 < M(j1, j2) < 240 GeV

top tagged AKS jet V tagged AKS jet H tagged AKS jet

Fully merged
pr > 400 GeV pr > 200 GeV pr > 300 GeV

7’3/7’2<0.81 TQ/T1<1.0 T2/7'1<1.0

105 < Mo frdrop < 220 GeV | 65 < Mppunea < 105 GeV | 105 < Myrunea < 135 GeV

The reconstructed AK4 and AKS jets within an event are used to identify the resolved,
partially merged and fully merged candidates for hadronically decaying V and H bosons,
and top quarks according to the selection criteria mentioned in Table 6.2. The total number
of hadronically decaying objects (Nx) for each type (V, H or top) is then obtained by
summing the number of resolved (Ngesowed), partially merged (Npartiaiiy merged) and fully

merged (Nguiry merged) candidates identified for each object per event as given by Eq. 6.1.

NX = NResolved(X) + NPartially merged(X) + NFully merged(X) (6 1)

Where X = top/ V/ H. For example, the total number of hadronically decaying top
quarks (NV;) in an event is obtained by summing the number of resolved, partially merged
and fully merged top candidates identified using the AK4 and AKS jets according to selection
criteria mentioned in Table 6.2. The total numbers of hadronically decaying V bosons (Ny)

and H bosons (Ny) are counted in the same way. Then, events can be categorized according
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the number of such identified objects N;, Ny, Ny and number of b jets (V). Sixteen event
categories are constructed according to Ny =0 or > 1, Ny =0or > 1, Ny =0 or > 1 and

Ny, =1 or > 2 as shown in Table 6.3.

Table 6.3: Description of sixteen categories depending on Ny, Ny, Ny and Ny.
Category | Ny | Ny | Ng | Ny

1 | t1Z1H1bl | > 1 | >1|>1 ] =1
2 [t1Z1HIb2 | 21| >1 | >1|>2
3 | t1Z1HObl | >1 | >1| =0 | =1
4 [t1Z1H1b2 | >1 [ >1 | =0 | > 2
5 | t0Z1H1bl | = >1|1>1] =1
6 | t0OZ1H1b2 | = >1(>1]>2
7 | t0Z1HOb1 | = >1| =0 =1
8 | t0Z1H1b2 | = >1|=0|>2
9 | t1Z0H1b1 | >1 | =0 | > 1| =1

10 [ t1Z0H1b2 | > 1 | =0 | >1 | > 2
11 | t1Z0HOb1 | > 1 | =0 | =0 | =1
12 | t1Z0H1b2 | > 1 | =0 | =0 | > 2

13 | t0Z0H1b1 | = =0 | >1| =1
14 | t0Z0OH1b2 | = =0 |>1]|>2
15 | t0ZOHOb1 | = = =0 | =1
16 | t0Z0OH1b2 | = =0 | =0|>2

The counting of t, V, H and b candidates is done independently. All possible AK4 jet
permutations are considered, which satisfy the resolved top, H and V candidate requirements
mentioned in Table 6.2. Therefore, the same AK4 jet can be used by more than one resolved
tagger. These possible overlaps between different types of candidates within an event are
allowed to simplify the analysis.

According to strategy of the analysis, if a candidate is identified and counted as both
a top candidate and a H candidate, the event is counted in “t1H1” category only. Despite
the overlaps between candidates, each event falls into only one of the sixteen categories
mentioned in Table 6.3, depending on the number of candidates identified. So the sixteen
event categories are mutually exclusive.

The small overlapping mass window of top and H taggers mentioned in Sections 4.2.6.14
and 4.2.6.13 allows the same AKS jet to be tagged as both a top quark and a H boson

candidate. In such cases the MC truth information is used to identify true top and Higgs

109



candidates originated from the hard scattering process as mentioned in Sec. 4.2.7. The
appropriate efficiency or mistag scale factors are applied as an event weight based on these
information.

Fig. 6.7 and Table 6.4 show the distribution of data, background and signal events among
the sixteen categories mentioned in Table 6.3, in Z — ete™ and Z — ptp~ channels in
signal region. The signal event distributions among sixteen categories are shown separately
in Fig. 6.8 for TT — tZtZ, TT — tZtH and TT — tZbW decay channels, for the benchmark
T quark mass of 1000 GeV.
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Figure 6.7: FEvent counts in all the 16 mutually exclusive event categories based on the
number of t, V, H and b candidates identified in Z — eTe™ (left) and the Z — p*u~ (right)
channels in signal region. The hashed band shows the statistical and systematic uncertainties.
The DY correction factors are applied.

According to Fig. 6.8, most of the signal events mainly fall into the categories t1Z1H1b1,
t1Z1H1b2, t1Z1HOb1 and t1Z1HOb2. This is expected for the TT signal, as these are the
categories that have many boosted top quarks, H or V bosons within an event. It can be
seen from Fig. 6.7, that most of the background events fall into the t0Z0HOb1 category. This
is because, most of the background MC events in the signal region already have > 1 b jet
(according to final event selection), but are not expected to have boosted top quarks, H or
V bosons.

In order to use these categories for the TT signal optimization, they are validated for
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Figure 6.8: Fvent counts in all the 16 mutually exclusive event categories based on the
number of t, V, H and b candidates identified in Z — e*e™ (left) and the Z — p*u~ (right)
channels in signal region for TT — tZtZ, TT — tZtH and TT — tZbW decay channels.

the agreement between data and background simulation in control region CR4 (mentioned
in Sec. 5.4.3) as shown in Fig. 6.9. All sixteen categories have a good agreement between
data and background simulation in control region CR4 for both Z — ete™ and Z — ptpu~

channels, and hence further optimization is possible.

6.2 TT signal optimization

The search for the new physics signal is performed using the Bayesian likelihood technique,
which is described in Sec. 8.1.2. The fit to the observed St distribution is performed using the
combination of background and signal St distributions. This is done by using the THETA
framework 146! and computing 95% confidence level limits'.

Not all sixteen categories described earlier are sensitive to the TT signal. Only some

of these categories are selected based on their significance. Significance is defined as the

ratio between number of signal events and y/number of background events (S/v/B) present

in each category. The event categories with the highest significance are the most sensitive

I The statistical concepts and a brief introduction to THETA framework is given in Sec. 8.1
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Figure 6.9: Fvent counts in all the 16 mutually exclusive event categories based on the
number of t, V, H and b candidates identified in Z — eTe™ (left) and the Z — p*u~ (right)
channels in control region CR4. The hashed band shows the statistical and systematic un-
certainties. The DY correction factors are applied.

to TT signal. Fig. 6.10 shows the significance for each event category using TT — tZtZ,
TT — tZtH and TT — tZbW decay channels for the benchmark T quark mass of 1000 GeV.
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Figure 6.10: Significances (S/v/B) for sizteen event categories in Z — ete” (left) and
the Z — p*u~(right) channels in the signal region for TT — tZtZ, TT — tZtH and
TT — tZbW decay channels with mt = 1000 GeV.

The Table 6.5 shows the distribution of background and signal events for combined Z —

113



ete” and Z — pp~ channels in all sixteen categories. The signal processes shown here
correspond to TT — tZtZ, TT — tZtH and TT — tZbW decays assuming mr = 1000 GeV.
Significance of different event categories for each decay mode are given in columns 5, 8 and
11 of Table 6.5.

The categories that have the highest significance are more sensitive to the TT signal.
The 95% confidence level expected limit computed using the Bayesian likelihood technique
(described in Sec. 8.1.2) can be used to select the event categories that are most sensitive to
signal. This is done as follows.

First, the categories given in Table 6.5 are sorted according to their significance in the
TT — tZtZ decay channel in descending order. The category with the highest significance
(t1Z1H1b2) is tested for the expected limit *by considering it as an individual channel.
The next category in the sorted list is then added as another individual channel and the
expected limit is computed. If the latter category has a similar significance compared to
the former category, the expected limit is also computed by merging them together to form
one channel. If the addition does not improve the expected limits, the latter category is
kept as a separate channel and the next category is tested by repeating the same procedure.
The merging of the different event categories from the sorted list is done in this way until
no further improvement is observed in the expected limit. It is observed that merging the
event categories with similar significance improves the expected limit because one can use
finer binning in the St distributions to capture the shape difference between signal and
background.

Four event groups A, B, C and D are formed by merging the event categories t1Z1H1b2,
t1Z1HO0b2, t1Z1HOb1, t1Z1H1b1, t1Z0HOb2, t1Z0H0b1, t1Z0H1b2, t0Z1H1b2 and t0Z1HOb2,
as they provide the highest expected limit. Merging the rest of the event categories does not
improve the expected limit and hence they are discarded. The four event groups selected
for the analysis are shown in Table 6.6. According Table 6.6, groups A and B are the most

sensitive channels to the TT signal as they capture events that have boosted top quarks, H

2Expected limit is calculated by using the St distributions from the background and signal simulations
only.
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,V bosons and b quarks. Groups C and D are not sensitive as group A and B but, they tend
to capture considerable fraction of signal events in the TT — tZtH and TT — tZbW decay
channels. The St distributions corresponding to these four event groups are employed, when
calculating the 95% CL limits using the THETA framework as described in Chapter 8. The
expected limit is improved by ~ 70 GeV by using A, B, C and D event groups instead of all

sixteen categories.

Table 6.6: Event groups that provide the highest significance for the TT search.

Significance in

Group  Np Ny Ny N the TTg—> tZt7Z channel
A =1 >1 =0 >1 1.61

=1 >1 >1 >1 1.31
B >2 >1 =0 >1 2.38

>2 >1 >1 >1 2.93
o =1 =0 =0 >1 0.69

>2 >1 =0 =0 0.52

>2 >1 >1 = 0.64
D >2 =0 >1 >1 0.66

>2 =0 =0 >1 0.88

Fig 6.11 shows the St distributions in final four event groups A, B, C and D in signal
region for both Z — ete™ and Z — p*pu~ channels. The signal processes are normalized
to 1 pb cross section for better visibility. It can be seen from Fig 6.11, that TT signal
peaks in the high-St regime (~ St > 1500 GeV) while the majority of the SM background
contributions fall into the low-St regime (~ St < 1500 GeV).

As this analysis relies on the predicted background simulation, these final four event
groups should be validated in the control region CR4 to account any mismodeling between
data and background simulation. Fig. 6.12 shows the St distributions in final four event
groups A, B, C and D in control region CR4. The hashed band shows the statistical and
systematic uncertainties. All the distributions are in good agreement within the total un-
certainty.

The events that fall into the final four event groups, A, B, C and D are used with their

corresponding St distributions for the final search as described in Chapter 8.
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Figure 6.11: St distributions in A, B, C and D groups for Z — ete™ (left) and Z — p*pu~
(right) channels in the signal region. For visibility, signal contributions are normalized to
1 pb cross section. The DY correction factors are applied. The hashed band shows the
statistical and systematic uncertainties.
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Figure 6.12: St distributions in A, B, C and D groups for Z — ete™ (left) and Z — p*pu~
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Chapter 7

Systematic uncertainties

The predicted rates and shapes of the physical observables obtained from the MC simulation
depend on many parameters. For example, the b tagging efficiency scale factors (described
in Sec. 4.2.6.6) applied to MC simulation affect both the rate and shape of the observable.
There can be uncertainties associated with these parameters, which are known as systematic
uncertainties.

The contribution from these uncertainties should also be considered together with statis-
tical uncertainties. The total uncertainty band shown in the kinematic distributions in the
previous sections includes contributions from statistical and systematic uncertainties added
in quadrature. This helps to determine the agreement between data and MC simulation.
Also, the systematic uncertainties are used in the final statistical analysis as described in
Sec. 8.1.

This section describes the systematic uncertainties considered in the analysis, in the
cross section x branching ratio calculations. The systematic uncertainties can be divided

into two main categories as normalization and shape uncertainties.

7.1 Normalization uncertainties

These uncertainties only affect the normalization (rate) of the distribution. These include:
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¢ Luminosity uncertainty - The uncertainty on integrated luminosity is measured to

be 2.5 %7 This affects both background and signal yields.

e SM background measurement uncertainty - The production cross-sections for the
main SM background processes DY +jets, tt + jets, ttZ and dibosons were measured at
center-of-mass energies /s = 8 TeV and /s = 13 TeV. The uncertainties correspond

to these measurements were estimated to be 15 % each [148-150],

e Lepton identification uncertainty - The identification of electrons and muons for
the analysis is described in Sections 4.2.4 and 4.2.5. Efficiency scale factors for lepton
identification are applied to MC simulation. The uncertainty on lepton identification

efficiency scale factors is measured to be 3%.

e Trigger efficiency uncertainty - The uncertainty on trigger efficiency scale factors

is measured to be 1%.

7.2 Shape uncertainties

These uncertainties affect both normalization and shape of the distribution. The contribution
from the shape uncertainties is accounted for a given parameter by producing two templates,
which are further referred as up- and down- templates. In order to produce these templates,
the nominal template is varied up and down separately moving the respective parameter by
+ and — lo.

The produced up and down templates represent one standard deviation of the corre-
sponding systematic uncertainty. They are used with the nominal template in the statistical
model described in Sec. 8.1 for the limit calculations, where the method is commonly known

as vertical template morphing. The shape uncertainties include:

e Renormalization(ur) and factorization (1) scale uncertainties - The renormalization(pg)

and factorization (ur) scales are used in the cross section measurements described

120



in Sec. 4.1. ug is a measure of energy scale at which the partonic scattering pro-
cess occurred, while ug is a measure of the threshold between perturbative and non-
perturbative regimes. The values of pu% and p?% are chosen such that they match to
energy scale of Q?(momentum transfer of the hard scattering process)®. Since there
are no prior constraints assigned on these two parameters, possible variations of them

should be considered as systematic uncertainties!©.

The pugr and pp scale uncertainties provide a considerable contribution to the systematic
uncertainties. This contribution is evaluated by considering six variations correspond
to weights 2 (up variations) and 1/2 (down variations) for both pg and pp parameters.
Two of these distributions are obtained by varying both pr and pup up or down si-
multaneously, while other four distributions are obtained by varying only one of them
at a time by fixing the other one. The final up and down variations are obtained by
calculating the maximum bin by bin variation from all six variations with respect to

nominal ¢,

PDF uncertainty - As described in Sec. 4.1, PDF's are used to model the momentum
transfer of the scattered partons in the proton-proton scattering process. The uncer-
tainties associated with the PDFs used in the analysis should be considered. Event
weights that correspond to 100 replicas are stored in the MC samples for this purpose.
These replicas are obtained by performing the fit to the nominal PDF distribution 100

times using different random numbers for the initialization when minimizing the fit (9.

This is described in PDFALHC procedure® in detail, where the systematic uncertainty
is calculated using these replicas. The observable is re-computed using the specified
weight for each replica. The up and down variations that correspond to one standard
deviation are obtained by taking the bin by bin root mean square values of all hundred

distributions 6!

Pileup uncertainty - An inelastic cross-section of 69.2 mb is used to perform the

pileup reweighting as described in Sec. 4.2.8. The uncertainty related to this cross-
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section measurement is estimated to be 5%. The uncertainty related to the pileup
reweighting procedure is taken into account by producing up and down variations that
correspond to one standard deviation by varying the nominal proton-proton inelastic

cross section up and down by 5% [145),

DY scale factor uncertainty - The DY scale factors were derived to correct the AK4
jet multiplicity distribution mainly in the higher AK4 jet multiplicity bins. The scale
factors listed in Table 5.7 are applied to DY MC simulation by default, depending on
the number of AK4 jets reconstructed within an event. The corresponding uncertainty
is obtained by producing the up and down templates without applying the DY scale
factors to DY MC simulation. Since, both up and down templates are equivalent in

this case, they are known as one sided systematic uncertainties.

b tagging uncertainty - b tagging plays an important role in the current analysis
as it provides a better discrimination between the signal and SM background events.
Efficiency scale factors for identified heavy and light flavor jets are applied on simulation
as described in Sec. 4.2.6.6. The uncertainty on the b tagging efficiency scale factors
is evaluated by varying the nominal scale factor for identified b-, c¢- and light-flavor
jets up and down by their uncertainty and producing templates corresponding to one
standard deviation!®. Two different methods are used to evaluate the tagging efficiency
scale factors for heavy (b and c¢) and light flavors. So the uncertainties measured for

them are considered as uncorrelated!©.

Jet energy scale and jet energy resolution uncertainty - The observed differ-
ences between data and simulation, for both jet energy scale and resolution of the
reconstructed AK4 and AKS jets, are corrected by using dedicated measurements as

described in Sections 4.2.6.1 and 4.2.6.5.

The systematic uncertainty associated with these measurements are evaluated by si-
multaneously varying four vectors of AK4 and AKS jets with provided uncertainties up

and down and producing the templates correspond to one standard deviation 261511,
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e H/W/Z tagging uncertainty - W/Z and H tagged AKS jets carry additional sources
of systematic uncertainties apart from the jet energy scale and resolution uncertainties
mentioned earlier. These are due to the pruned jet mass and 75 /77 selections described
in Sections 4.2.6.12 and 4.2.6.13. The efficiency scale factors for these selections are
derived using the difference between the peaks of the pruned jet mass distributions
obtained from data and MC simulations!®. There are two sources of systematic uncer-
tainties associated with pruned jet mass selection known as jet mass scale and jet mass
resolution. They are estimated to be 2.3% and 18%. The corresponding uncertainty

on 7y/7; selection is estimated to be 8%.

The up and down templates correspond to one standard deviation of the uncertainty
are obtained by varying the jet mass scale up and down by 2.3% simultaneously with
the jet energy scale and by varying the jet mass resolution up and down by 18%

simultaneously with the jet energy resolution according to Eq. 7.1

Mgmeared jet = Mlgenerator level jet + (1 =+ 018) (mreconstructed jet — Mgenerator level jet) (71)

Similarly, up and down templates corresponding to one standard deviation on the
uncertainty of the 75/71 selection are obtained by varying the corresponding 75/7
efficiency scale factor up and down by 8%, An additional uncertainty of 0.041 x
In(pr/200) GeV is applied on high pr (pr > 200 GeV) W/Z and H tagged AKS8 jets
as a function of AKS8 jet pr. For H tagging, the uncertainty on b-tagging is considered

on the b-tagged subjets!f.

e top tagging uncertainty - top tagged AKS jets carry an additional source of sys-
tematic uncertainty apart from the jet energy scale and resolution uncertainties men-
tioned earlier. This is due to the soft-drop jet mass and 73/75 selections described in
Sec. 4.2.6.14. An efficiency scale factor is derived by using the difference between the

peaks of the soft-drop mass distributions from data and MC simulation corresponds to
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73/7T2 = 0.81 selection. The uncertainty corresponds to this selection is evaluated to be
9%. The systematic templates correspond to this uncertainty is obtained by varying
the N-subjetiness scale factor (733 = 0.81) up and down by 0.09 per top tagged AKS8

jet in an event.

e Boosted W/Z, H and top misidentification rate uncertainties - Boosted W/Z,
H and top jets can be misidentified by the jet substructure taggers in the background
MC simulation as described in Sec. 4.2.7. Mistag rate scale factors are derived to apply
on background MC simulation per tagged W/Z, H and top jet. The uncertainty per
mistagged W/Z, H and top jets is estimated to be 5%, 14% and 7% respectively.

The systematic templates correspond to one standard deviation of the uncertainty are
obtained by varying the misidentification scale factors mentioned in Table 4.9 by their

uncertainties per misidentified jet in the background MC simulation.

The summary of systematic uncertainties used in the analysis are shown in Table 7.1.

Fig 7.1 and Fig. 7.2 show the nominal (black), up (red) and down (blue) variations for
the St variable for jet energy scale (JEC), jet energy resolution (JES), pileup (PU), ugr
scale (Scale), pdf (Pdf), b-tagging (BTAG) , DY scale factors (NAK4), mistag rates for
W.H and top tagging (Mistag W, Mistag H, Mistag Top) for total background simulation
in Z — ete +jets and Z — ptpu~ +jets channels in signal region. It can be seen from these
figures that maximum contribution for total background comes from the pr and pp scale
uncertainties.

These systematic uncertainties are used to marginalize the maximum likelihood function

described in Sec. 8.1.2.
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Figure 7.1: nominal and +10 St variations for jet energy scale (JEC), jet energy resolution
(JES), pileup (PU), prr scale (Scale) and pdf (Pdf) for total background simulation in
ee+jets (left) and pp+jets (right) channel in the signal region.
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Figure 7.2: nominal and +1o St wariations for b-tagging (BTAG) , DY scale factors
(NAK/), mistag rates for W,H and top tagging (Mistag W, Mistag H, Mistag Top) for total
background simulation in ee+jets (left) and pp+jets (right) channel in the signal region.
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Table 7.1: Systematic uncertainties considered on background and signal simulation.

Source Uncertainty (%)
Normalization Integrated luminosity 2.5

DY +jets measurement 15

tt + jets measurement 15

ttZ measurement 15

Diboson measurement 15

Lepton identification efficiency 3

Trigger efficiency 1

Shape & Normalization

Jet energy scale

Jet energy resolution
Pileup

b tagging scale factor

DY correction factor

W /Z/H-tagging
Top-tagging (732)

subjet b-tagging for H-tag
PDF

KR/ F scale

mistag rate SF for W-tag
mistag rate SF for H-tag
mistag rate SF for top-tag
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Chapter 8

Interpretation and results

The final four event groups, A, B, C and D described in Sec. 6.2 are used in the statistical
analysis. The statistical concepts and models used for the analysis are described in Sec. 8.1.
Table 8.1 and 8.2 provide the number of observed data events in each group for the TT
production in both Z — ete™ and Z — ptp~ channels. It also presents the expected
number of background yields along with the expected number of signal yields for the three
benchmark Bs, B(T — tZ) = 100% (tZtZ) , B(T — tZ) = B(T — tH) = 50% (tZtH), and
B(T — tZ) = B(T — bW) = 50% (tZbW). The uncertainties for the expected background
event yields include the contributions from both statistical and systematic uncertainties.
The uncertainties for data and TT signal include statistical uncertainty only. The observed
number of data events and background yields agree within their uncertainties.

The St distributions in groups A, B, Cand D in Z — e*e™ and Z — ptp~ channels are
combined together to perform the statistical analysis. This is to increase the background
MC statistics of each category and thereby to reduce the contribution from the statistical
uncertainty. These combined rebinned St distributions are shown in Fig. 8.1. The TT signal
shown corresponds to the benchmark branching ratio, B(T — tZ) = 100% with mass of the T
quark, mt = 1200 GeV. It is multiplied by a factor of two for better visibility. No indication
of new signal is present in any of the St distributions and hence 95% C.L exclusion limits

are set on the T quark mass using the Bayesian technique as described in Sec. 8.1.
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Table 8.1: The expected and observed number of events in the final four event groups, A, B,
C and D in the Z — ete™ channel. The expected numbers of TT events are shown for three
benchmark branching ratios, B(T — tZ) = 100% (tZtZ) , B(T — tZ) = B(T — tH) = 50%
(tZtH), and B(T — tZ) = B(T — bW) = 50% (tZbW) for T quark masses, mr = 800 and
1200 GeV. The background uncertainties include both statistical and systematic uncertainties
added in quadrature.

Event group A B C D
DY +jets 54.9+5.2  9.0+19 17.0x24  7.24+14
tt + jets 7.9£1.7 1.7+0.8  3.2%+1.1 1.840.8
ttZ 8.24+0.8  4.940.6 1.34+0.2 1.34+0.2
Other backgrounds 3.0x1.7 0.940.7 0.6+0.4 0.1+0.1
Total 74.146.2  16.54+2.5 22.2429 10.44+1.8

Data 84 15 25 11

tZt7Z, mpr=800 GeV | 54.9+2.2 43.6+2.0 9.6+0.9 9.6+0.9
tZtH, mp=800 GeV | 24.8+1.0 26.7+0.8 4.24+0.3 6.5+0.4
tZbW mpr=800 GeV | 24.5+1.0 17.940.6 5.4£0.3 5.240.3
tZt7Z, mr=1200 GeV| 3.6+0.1 3.3+0.1 0.9+0.1 0.8+0.1
tZtH, mpr=1200 GeV| 1.6%+0.1 1.8+0.1 0.4+0.1 0.6+0.1
tZbW,mr=1200 GeV| 1.6+0.1 1.3£0.1 0.5+0.1 0.4+0.1

Table 8.2: The expected and observed number of events in the final four event groups, A, B,
C and D in the Z — ptu~ channel. The expected number of TT events are shown for three
benchmark branching ratios, B(T — tZ) = 100% (tZtZ) , B(T — tZ) = B(T — tH) = 50%
(tZtH), and B(T — tZ) = B(T — bW) = 50% (tZbW) for T quark masses, mr = 800 and
1200 GeV. The background uncertainties include both statistical and systematic uncertainties
added in quadrature.

Event group A B C D
DY +jets 102.5+10.2 15.8+3.1 36.8+4.4 10.2+2.1
tt + jets 18.4+3.4 6.8+1.7 5.7+£15  6.3£1.7
ttZ 12.5£1.2 7.7£1.0 2.0+0.3 2.34+0.3
Other backgrounds 4.2+1.3 0.940.4 0.54+0.3 0.34+0.1
Total 137.6+11.6 31.24+4.5 45.045.0 19.14+3.2

Data 126 36 45 22

tZtZ, mp=800 GeV 72.8£2.5 65.4+2.4 10.9+1.0 11.9£1.0
tZtH, m1r=800 GeV 33.0£0.8 40.0+0.9 5.5%0.3 8.4£0.4
tZbW,m1r=800 GeV 34.9+0.9 26.2£0.8 7.0£0.4 7.0£0.4
tZt7Z, mr=1200 GeV 4.440.1 3.7£0.1 1.2+0.1 1.0£0.1
tZtH, mr=1200 GeV 2.0£0.1 2.240.1 0.6+0.1 0.8%£0.1
tZbW, mr=1200 GeV 1.9+0.1 1.4+0.1 0.7£0.1 0.5%£0.1
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Figure 8.1: The St distributions for the final groups A, B, C and D with combined
Z —ete” and Z — ptu~ channels. The points with vertical and horizontal bars represent
the data distributions where vertical bars show the central 68% CL intervals for Poisson-
distributed data and horizontal bars show the bin widths. The colored shaded histograms
represent the expected background distributions. The dotted lines show the TT signal for
benchmark branching ratio, B(T — tZ) = 100% with mr = 1200 GeV scaled by a factor of
2 for visibility. The grey hatched bands represent the statistical and systematic uncertainties
i the total background simulation added in quadrature.
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8.1 Statistical methods

This section describes the statistical concepts used for the analysis including the Bayesian
technique. It also describes the THETA framework, which is used to compute the 95% C.L

expected and observed limits.

8.1.1 Maximum-likelihood method

Maximum-likelihood method can be employed to analyze the distribution of a measured
data sample. It is capable of providing the true values for unknown parameters of the data
distribution. The relationship between the measured data and the the unknown parameters
is given by the maximum-likelihood function L(x|6) given by Eq. 8.1,

N

Lialo) =[] £(xl0) (8.1)

i=1

Here, x represents the measured data set that consists of N measured values. The data
set © = X1,X0,X3, ..., Tj, .oon.. , Ty, can be thought as a distribution with N bins where z;
represents the data yield in " bin. 6 represents the unknown parameters that should be
measured. 6 defines how the data is distributed within the so-called model. Then, f(x;|0)
defines how the data z is distributed in relation to 6. f(x;|6) is known as the probability
density function (pdf)©,

It is assumed that a discrete probability distribution follows a Poisson distribution. The
probability of observing k events is given by the Poisson distribution as shown in Eq. 8.2

where, A is the rate parameter.

e—AAk
Probability(k, A) = o (8.2)
So f(z;|0) can be written in terms of Poisson distribution as given by Eq. 8.3.
Aigxw—MW)
(o)) = MO (83)
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The parameter dependent expectation value for each bin i is given by \;(6). Parameters
6 can be estimated by maximizing the likelihood function, that satisfy the relation given by

Eq. 8.4161,

OlnL(x|0)

5 (8.4)

If M systematic uncertainties are involved with parameters ¢, they can be incorporated
to maximum-likelihood function by expanding L(z|f) using an additional term D(v) =
H d(v;]0;,0,,) as given by Eq. 8.50.

J_

L(z|0(v),v) = H f (0w HH F(@i|0(vy))d(vj| D5, 0,,) (8.5)

These new parameters v are known as nuisance parameters such that individual system-
atic uncertainty contribution is represented by free parameter v;. v; influences the 6(v) when
maximizing the likelihood function. 7; and o, represent the mean and width of D(v). v; is
chosen such that, 7; = 0 and 0,, = 1. So, nominal value for 6 is given by when v; = 0 and
+1 standard deviation of systematic uncertainty j is given by when v; = £1 respectively (61,

There are two type of systematic contributions so-called rate and shape uncertainties as
described in Chapter 7. Rate uncertainties only affect the normalization while shape uncer-
tainties affect both normalization and shape of the distributions of parameters 6. Log-normal
and Gaussian terms are included in the term d(v;|7;,0,,) to account for the contributions
coming from rate and shape uncertainties respectively[®. The maximum-likelihood function
L(z|0(v),v) given by Eq. 8.5 has a wide range of applications. It is used in the Bayesian
technique mentioned Sec 8.1.2 to perform the limit calculations.

This analysis uses Bayesian likelihood based technique to compute 95% confidence level
limits. In comparison to the method discussed earlier, 6(v) for this analysis correspond to the
predicted standard model (SM) background yields for a given variable 6], These backgrounds
(6) are dependent on a set of systematic uncertainties given by parameter v/,

These background MC contributions are predicted by using the MC generators mentioned
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in Sec. 4.1.4. As these predictions are obtained using a finite number of MC events, there
is an additional source of uncertainty; called statistical uncertainty contributions for the
modeling of § that depends on MC statistics(®). The variations of systematic uncertainties
for a given distribution are correlated between the bins of the distribution and hence there
is only one parameter v;, per systematic uncertainty. Conversely, statistical uncertainties
are un-correlated between bins such that there is one parameter v; per each bin of the
distribution[®l. These statistical uncertainties are also treated in the same way as systematic
uncertainties.

When there are large enough event statistics, the statistical uncertainty can also be
treated as a Gaussian distribution according to Barlow-Beeston light method'°%153  This
is accomplished by choosing proper binning for the variable (St in this case) such that the
statistical uncertainty per each bin is < 20% ).

The response function can be derived to both types of systematic uncertainties. For rate
uncertainties, the variation is created by correlated shift of the corresponding parameter v,
across all bins. For shape uncertainties, the variations corresponding to v; = £1 are created
by varying the given uncertainties by one standard deviation up and down from the nominal
value. This procedure is know as vertical template morphing!®l. The final response function
for parameters considering systematic templates (6(v;)) is calculated by interpolating the
templates for v; = 0, £1 with a cubic function!®.

For the current analysis, all the systematic uncertainties for the maximum likelihood
function are created for St variable for the final event groups A, B, C and D using vertical

template morphing.

8.1.2 Bayesian method

A quantitative test should be performed to predict the existence of the the new physics signal
after full event selection. This is done by constructing a hypothesis H(u) that depends on
the strength of the new physics signal . Then, p > 0 and g = 0 corresponds to the presence

of signal hypothesis and null (or background only) hypothesis respectively. Presence of signal
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is usually proportional to its production cross section. Using the statistical inference, one
can either reject the hypothesis (null hypothesis) or derive the confidence intervals for which
p has true values at a certain confidence level(CL)®). There are two statistical models called
Frequentist and Bayesian, in order to test the hypothesis constructed. Current search uses
Bayesian approach to obtain the confidence intervals.

Bayesian concept is based on the Bayesian theorem given in Eq. 8.6 with P(B) # 0 and

A, B are events of the experiment!©.

P(BlA)P(A)

PUAIB) = =5

(8.6)
P(A|B) represents the conditional probability where likelihood of event A to occur given
B is true. P(A) and P(B) are independent probabilities of observing events A and B.
In order to validate the parameter i defined earlier, Eq. 8.6 can be written as shown in
Eq. 8.7,

P(ul) = L(z|p)m(p) (8.7)

[ L) () dy!

Here, P(u|x) is known as the posterior probability of having signal strength u, given a set

of data x. L(x|u) is the likelihood function mentioned in Eq. 8.1 and it depends on signal
strength . m(p) is known as the prior probability that varies according to u[. Usually,

7(p) is assigned values as shown in Eq. 8.8 and known as having a flat prior distribution!®.

() =0 for p <0 and w(pu) =1for p>0 (8.8)

The denominator of Eq 8.7 is normalized to obtain probability values between 0 and
1. The probability P(u|x) gives the degree of belief for the parameter u to have a specific
value. The likelihood function L(x|u) can be expanded using background processes with

their corresponding systematic uncertainties as given by Eq. 8.9

Lizlu) = / Lia|u(v), 6(0)) 7(v)dv (8.9)
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Then, L(x|u) is known as the marginal likelihood function. v is the set of systematic
uncertainties (nuisance parameters) that affect both background (#(v)) and signal strength
(1(v)) parameters. The prior probability distribution 7(v) of the v systematic parameters
can be assumed in a similar way according to the definition of D(v) as given in Eq. 8.5.
Barlow-Beeston light method described in Sec. 8.1.1 is employed to incorporate the statistical
uncertainties associated with the parameters 6(v) 6.

The confidence interval related to Bayesian model can be calculated according to Eq. 8.10,

where 1 — a represent the confidence level (CL).

Hu

l-—a= /p(ulx)du (8.10)

0

The upper limit on the production cross section is calculated at 95% CL (i.e 1 — a =
0.95). ., represents a free parameter that represents the upper bound. The corresponding
signal model can be excluded at 95% CL if, u, < theoretical cross-section predicted at the
corresponding signal strength 7.

The p, can be calculated using either measured data or MC simulation. The upper limit
computed using measured data (MC simulation) is known as observed (ewpected) limit !0,
Expected limit can be used as a relative parameter to optimize the analysis strategy. For
current analysis, it is used to merge the most optimal event categories described in Sec. 6.2.
The combinations that provide the highest expected limit are chosen as the final four event
groups A, B, C and D. The limit calculation is performed by using the THETA package[146:154
described in Sec. 8.1.3.

8.1.3 THETA framework

The THETA framework is used to compute the 95% CL observed and expected limits de-
scribed in Sec. 8.1.2. This framework consists of many python scripts, programs and li-

o [146;154]

brarie . It is a template-based framework that takes a set of root files as input. For

current analysis four separate root files for each event group A, B, C and D are provided as
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the input.

Each root file consists of St distributions for data, SM background processes (DY +jets,
tt + jets, t1Z and other backgrounds) and signal processes for T quark masses in the range
800 - 1800 GeV. The Signal distributions are produced by considering different B hypothesis
described in Sec. 4.1.3, where only one B is considered at a time. In addition, the root file
also contains the up and down templates corresponding to one standard deviation of the
systematic uncertainty for the possible systematic uncertainties described in Chapter 7, for
both background and signal MC processes. Different naming conventions are used to identify
the data, SM background, signal and systematic uncertainty distributions.

The integration given by the Eq. 8.10 is performed numerically to compute the limits. The
provided St distributions are used as the input. The Markov Chain Monte Carlo (MCMC)
method is used to calculate this integral. In this method the integral is approximated by
using a large number of iteration. In each iteration, a point in the parameter space of signal
strength (u) is randomly selected and the likelihood function is calculated. The calculated
value is added to the integral. This process is repeated until all the points in the parameter
space are considered according a probability density function (%54

The complete process is known as a Markov Chain and consists of 10000 iterations. Since,
an approximation of the integral given by Eq. 8.10 is obtained per Markov Chain, ten such
chains are run in the calculation of observed limit and the median is taken as the 95% CL
observed limit. In case of calculating the expected limit, 1000 such chains are run and the
median is taken as the 95% CL expected limit. In addition, the confidence intervals at 68%
and 95% CLs are also provided (6.

8.2 95 % CL exclusion limits

The Bayesian likelihood technique (described in Sec. 8.1.2)['%] is employed using THETA
framwork (described in Sec. 8.1.3)1%4 to compute 95% confidence level (CL) upper limits on
the TT cross section. This is done by performing a simultaneous maximum likelihood fit to

the rebinned St distributions correspond to event groups A, B, C and D, shown in Fig. 8.1
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for different T quark masses and for different branching ratios mentioned in Sec. 5.1. The St
distributions are rebinned to make sure that statistical uncertainty on the total background
in each bin of the St distribution is < 20%. The systematic uncertainties described in
Chapter 7 are used as nuisance parameters to marginalize the maximum likelihood fit. The
normalization uncertainties are taken as log-normal priors and shape uncertainties are taken
as Gaussian-distributed priors as described in Sec. 8.1.1. Parameter for the signal cross
section is taken as a uniform(flat) prior (as described in Sec. 8.1.1).

Fig. 8.2 shows the 95% CL upper limits on the TT cross section as a function of T
quark mass (solid black line) for three benchmark branching ratios, B(T — tZ) = 100%
(tZtZ) , B(T — tZ) = B(T — tH) = 50% (tZtH), and B(T — tZ) = B(T — bW) = 50%
(tZbW). The dotted black line shows the expected median upper limits. Inner (green) and
outer (yellow) bands show the £1 and £2 standard deviation uncertainties in the expected
median limits respectively. The theoretical signal cross section is given by the blue dotted-
dashed line!!.

If the computed 95% CL upper limit on cross-section is less than the theoretical cross-
section, the considered signal model can be excluded below that point. According to Fig. 8.2,
these exclusion mass points for observed and expected cross-sections are given by the inter-
section of the blue dotted-dashed line (theoretical signal cross section) with the solid black
line (95% CL observed cross-section) and the dashed line (95% CL expected cross-section)
respectively. According to this figure, the T quarks with masses less than 1280, 1185 and
1120 GeV are excluded for three corresponding benchmark branching ratios by comparing
the observed cross section limits with theoretical cross sections. The corresponding expected
upper limits are 1290, 1175 and 1115 GeV respectively.

Apart from the three benchmark branching ratios mentioned earlier, the 95% CL observed
and expected limits on the T quark mass are computed for a set of different Bs to cover the
full phase space. Different Bs are considered according the relationship B(T — tZ)+ B(T —
tH) + B(T — bW) = 1, described in Sec. 2.3.3. The correct signal composition for each B
combination is obtained according to the description provided in Sec. 4.1.3.

The computed 95% CL observed and expected limits on T quark mass corresponding to
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Figure 8.2: The 95% CL observed (solid line) and expected (dashed line) upper limits on
the TT cross section as a function of the T quark mass, in GeV. The results are shown for
three benchmark branching ratios, B(T — tZ) = 100% (upper left), B(T — tZ) = B(T —
tH) = 50% (upper right) and B(T — tZ) = B(T — bW) = 50% (lower). Inner (green) and
outer (yellow) bands show the +1 and £2 standard deviation uncertainties in the expected
limats respectively. The theoretical signal cross section is displayed by blue dotted-dashed line.
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different B scenarios are shown in Table 8.3 and Fig. 8.3.

Table 8.3: The 95% CL observed and expected limits on T quark mass correspond to different

B scenario.
95% CL 95% CL
Combination | B(T — tH) | B(T — bW) | B(T — tZ) || Observed limit | Expected limit

(GeV) (GeV)
1 0.0 0.0 1.0 1280 1290
2 0.2 0.0 0.8 1250 1255
3 0.4 0.0 0.6 1205 1205
4 0.6 0.0 0.4 1140 1135
5) 0.8 0.0 0.2 1035 1020
6 1.0 0.0 0.0 < 800 < 800
7 0.0 0.2 0.8 1235 1230
8 0.2 0.2 0.6 1180 1185
9 0.4 0.2 0.4 1120 1120
10 0.6 0.2 0.2 1015 1005
11 0.8 0.2 0.0 < 800 < 800
12 0.0 0.4 0.6 1155 1160
13 0.2 0.4 0.4 1095 1090
14 0.4 0.4 0.2 985 975
15 0.6 0.4 0.0 < 800 < 800
16 0.0 0.6 0.4 1070 1065
17 0.2 0.6 0.2 940 945
18 0.4 0.6 0.0 < 800 < 800
19 0.0 0.8 0.2 915 910
20 0.2 0.8 0.0 < 800 < 800
21 0.0 1.0 0.0 < 800 < 800
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Figure 8.3: The 95% CL observed (left) and expected (right) limits on the T quark mass, in
GeV, for different branching fractions, where B(T — tZ) + B(T — tH) + B(T — bW) =1
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Chapter 9

Conclusion

A search is presented for pair production of vector-like top (T) quarks by using the proton-
proton collision data collected by the CMS experiment in 2016 at a center-of-mass energy
Vs = 13 TeV that corresponds to an integrated luminosity of 35.9 fb~1. Events are consid-
ered where one of the T quark decays via T' — tZ and other T quark via T — tZ, tH or bW.
Events having two opposite sign leptons, ete™ or utu~ consistent with originating from a
Z boson decay and jets are investigated. Events are categorized according to the number of
identified W, Z and Higgs bosons and top and bottom quark candidates. Search is optimized
for the categories that are sensitive to the TT signal.

The fit to the St distributions in those categories is performed for the statistical analy-
sis. A simultaneous binned maximum-likelihood fit is performed for observed data in those
categories and 95% CL upper limits are obtained on TT production cross section by assum-
ing different branching ratios. Theoretical cross sections predicted for TT production are
compared with upper limits as a function T quark mass and 95% CL lower limits are placed
on T quark mass for different branching fractions. T quark mass values below 1280 GeV are

excluded in case of 100% branching fraction for T — tZ.
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