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Abstract

In this thesis, the measurement of the tqZ production cross-section for both the inclusive and
exclusive cases are reported. The top quark being the heaviest particle in the Standard Model
(SM) has been discovered about two decades ago but many of its properties have still not
been fully investigated. The production cross-section of single top quark in association with
a Z boson is an unmeasured rare SM process and also an irreducible background to many
important searches at the Large Hadron Collider (LHC). The process is studied by using the
three final state leptons (electrons, muons) for an integrated luminosity of 19.7 fb~! recorded by
the Compact Muon Solenoid (CMS) detector at the LHC using 8 TeV center-of-mass energy of
proton-proton (pp) collisions. The predicted cross-section times branching ratio for this process
is 0.008+£0.001 pb at the Next-to-Leading Order (NLO) in Quantum Chromodynamics (QCD),
which is comparable to the measured cross-section oy, = 0.018 (stat.)™005s (Syst.) 5004 b
The significance of the tqZ inclusive cross-section as well as the exclusive one for all the leptonic
combinations is also presented. The observed significance of inclusive channel is reported to
be 1.80, which is consistent to the predicted value.

The Resistive Plate Chamber (RPC) is a dedicated trigger detector at the CMS experiment.
The RPC has a significant contribution in the trigger decisions and reconstruction of muon
trajectories in the detector. In this thesis, the stability and performance of the RPC detector
is also discussed for the 2012 data-taking period. The detector stability is studied through the
high voltage scans to determine the optimal operating working voltage for each individual RPC
chamber installed in the CMS experiment. The RPC performance is found to be very stable
and almost caused no interruption in the CMS data-taking during 8 TeV pp collisions. The
CMS down time due to the RPC was less than 1.5 %, and the fraction of active channels was
about 97.5% during the 2012 data-taking period. The background radiation measurements at
the RPC remained within the expectation values and no significant issues were observed at the
nominal luminosity. Over the last few years of the CMS data-taking, the performance of the
RPC detectors both as a triggering and reconstruction system remained well within the CMS

specification.
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Chapter 1

Introduction

The study of top quark physics is of great importance in the Standard Model (SM) of particle
physics and beyond. The large mass and shorter lifetime than the time required for hadroniza-
tion make the top quark an important subject in both the electroweak theory and Quantum
Chromodynamics (QCD). A single top quark is always produced via electroweak interactions
whereas top pairs are produced via strong interactions. The first evidence of top quark was
announced by the CDF and DO experiments at the Tevatron in 1995 [1,2].

This thesis is mainly focused on the study of single top quark along with the associated
production of Z boson with an additional light quark, named as tqZ process, which is a rare
SM process. This process is studied by using the 2012 data of proton-proton (pp) collisions
recorded by the Compact Muon Solenoid (CMS) detector at the Large Hadron Collider (LHC).
The associated production of Z boson may appear as radiation from the quarks scattering or
from the W boson exchange between the quarks. The LHC provides a first opportunity to
study this rare SM process, as the previous generation of accelerators (Tevatron and LEP)
could not access this process due to low beam colliding energies. Therefore, this work can
explore some exciting features of the SM and probably the new physics as well, which were
never studied before.

The cross-section measurement of tqZ process is the main goal of this work, which is a
suppressed electroweak process in the SM |3]. The process is directly related to the sensitivity
of the Z boson coupling to the top quark. An increase in the coupling strength could increase
the tqZ cross-section beyond the prediction of the SM. Therefore, the choice of this study does
not only provide a test of the SM but also it could give a hint of new physics. This measurement
has been performed by using simple cut and count technique. The decay channels involving

only leptons (electrons, muons) in the final state are selected to study because of their clean



signature in the detector. The top quark always decays to a W boson and a b-quark, the W
boson can further decay into a lepton and a neutrino, while the Z boson decays into a lepton,
anti-lepton pair. Thus the final state of tqZ process has three leptons containing the lepton and
anti-lepton pair from the Z boson decay, a neutrino appearing as missing energy at detector
level and at least two quarks and one of them is the b-quark. Since tqZ cross-section is very
small, the other processes having the same final state signature, like W Z, ttZ, t H are therefore
the main backgrounds of this study, which are estimated by using data-driven methods.

The second major work of this thesis is dedicated to the study of performance of the
Resistive Plate Chambers (RPCs), a sub-detector system installed at the CMS experiment.
The RPCs are double-gap gaseous detectors, operating in avalanche mode to ensure the good
performance at high particles collisions rates. The RPCs are dedicated trigger detectors at the
CMS with an excellent time resolution suitable to work at the high LHC luminosities.

Chapter 2 provides a theoretical introduction of the SM and motivation to study the single
top quark physics and its unique properties as a particle along with a brief discussion on
its associated production. Chapter 3 describes the CMS experiment at the LHC with the
explanation of various sub-detector systems of the CMS. Chapter 4 contains a brief discussion
on event generation, detector simulation and particle reconstruction algorithms. The three
subsequent chapters discuss the main analysis. Chapter 5 describes the datasets, both the
data and Monte Carlo (MC) samples for the tqZ process. This chapter also explains the
kinematic regions and object selection criterion in detail. Chapter 6 explains the cross-section
measurement of tqZ with the three leptons in the final state, dominant background estimation
procedure and systematic uncertainties. In Chapter 7, the basic working principle of the RPCs

is described along with the study of performance of the detector.



Chapter 2

The Standard Model and Top quark
Physics

All known matter is composed of atoms, and all the atoms are made up of a nucleus consisting
of neutrons and protons, surrounded by electrons. However, neither the neutron nor the proton
is fundamental, they are composite states of quarks. The electrons and quarks do not have any
sub-structures and they are therefore the fundamental particles. The electron belongs to the
family of leptons. The leptons and quarks are categorized in three generations, as shown in
Table 2.1. The electron (e), muon (x) and tauon (7) and their respective neutrinos (v.,v,, v;)
are divided in three generations of leptons. The up (u) and down (d), the charm (c¢) and
strange (s), and the top (¢) and bottom (b) are the three generations of quarks. Each quark
can have three colors red (r), green (g) and blue (b). Typically quarks only exist in a colorless
bound states [4]. The bound states of quarks are called hadrons. The hadrons have two types,
baryons and mesons. A baryon contains three quarks (¢qq), whereas meson consists of a quark
and an anti-quark pair (¢g). The proton (uud) and pi-meson (ud) are the examples of baryons
and mesons, respectively.

The interactions between the fundamental particles are described through a theoretical
framework, called as the Standard Model (SM) of particle physics.

The analysis is dedicated to the study of associated production of the single top quark with
the Z boson. After a brief description of the SM, the second half of this chapter is dedicated

to the top quark physics.



2.1 The Standard Model

The SM is a theoretical framework based on quantum field theory that summarizes our current
knowledge of elementary particles and their interactions [5,9]. The model was developed in
70’s during last century and emerged as an established theory consistent with the experimental
results.

In the SM, there are two types of particles, fundamental fermions (half-integer spin) and
fundamental bosons (full-integers spin). The leptons and quarks are fermions. The interaction
between fermions is mediated through the exchange of force carriers, called as gauge bosons,

as shown in Table 2.2.

Table 2.1: The twelve fundamental fermions divided into quarks and leptons. The quarks
and leptons in the SM having three generations. The quarks and leptons are listed with their

properties.
Quarks Leptons
Generation Symbol Charge  Mass|[MeV /c¢?| Symbol ~ Charge Mass|MeV /¢?|
1 u z 1.5 to 4 Ve 0 <3.1076
1 d -3 4 to 8 e -1 0.511
2 c +2 (1.15 to 1.35).10° v 0 <0.19
2 S -3 80 to 130 I -1 106
3 t +2 (17240.4 ).10° v, 0 18.2
3 b —3 (4.1 to 4.4).103 T -1 1777

The particle interactions are described in the form of four fundamental forces, the electro-
magnetic, the weak, the strong and the gravitational forces. The SM framework incorporates
all the forces except gravitational force. These forces are part of a mechanism responsible for
generating matter and antimatter (pair production), changing particles from one to another
(e.g. beta decay) or even binding particles together. The electromagnetic force is mediated by
photons, i.e. particles having electric charges couple via photons. The weak force is mediated
by three massive vector bosons W=, Z° The vector bosons couple to particles through the
weak isospin charge. The strong force is mediated by eight gluons, which carry color charge.
The electromagnetic force has no self-coupling of gauge bosons, as photons do not carry any
type of charge. Since the gluons and weak vector bosons carry color and weak isospin charges,

respectively, therefore, they undergo through self-coupling interactions.



Table 2.2: The SM bosons along with their corresponding charge, mass and spin.

Boson Charge | Mass (GeV) | Spin
photon () 0 0 1
w +1 80.4 1
Z 0 91.2 1
gluon (g) 0 0 1
Higgs (H) 0 125.4 0

2.2 Fundamental Interactions

As the SM incorporates all the forces or interactions except gravity, the coupling constants
of these forces depend on the energy scale, which is described later in this section. The SM
describes the interactions between the fermions through the strong, weak and electromagnetic
forces via exchange of various gauge bosons. In the SM, there is a self-coupling of gauge bosons
W=, Z° and gluons but not for the case of photons.

The SM is a gauge theory, which is based on the SU(3) x SU(2) x U(1) symmetry group.
The SU(3) is a gauge group of strong interactions and has eight generators and these generators
correspond to eight gluons. Since the gluons mediate interactions between the quarks, which
are bound in hadrons due to strong interactions. The QCD is known as the theory of strong
interactions.

Quantum Electrodynamics (QED) is the U(1) gauge theory that describes electromagnetic
interactions. The U(1) is a unitary group and corresponds to a single generator, the massless
photon. The electromagnetic force between two charges is mediated via exchange of photons.
The photons are virtual particles because they are not observable directly, rather exchanged
between the two charged particles.

The weak force is mediated by three gauge bosons, which are W+, W~ and Z°. These
gauge bosons are produced by the spontaneous symmetry breaking of the electroweak group
SU(2) x U(1) [10,12]. These bosons are massive and can have three polarization states. There
are two kind of weak interactions: charged interactions are mediated by W and neutral
interactions by Z° bosons. The mediators of weak force are massive unlike the massless gluons
and photon. The weak interaction is the only place in the SM where parity is not conserved.

The parity violating nature of an interaction can be linked directly to the form of the interaction



vertex, which makes it different from QED and QCD [13]. The strength of weak interaction
can directly be determined from the lifetime of muon.

The electroweak unification is a procedure where two independent couplings, the electro-
magnetic (¢ = g.) and the weak (¢’ = g,) coupling constants are replaced by a single unified
coupling along with the weak mixing angle [14]. The electroweak force is the combination of
weak and electromagnetic forces, as proposed by Glashow, Weinberg and Salam [15]. It is
responsible for the transitions of quarks, from one to another flavor via exchange of W bosons.
The decay of top quark into a b quark via exchange of a W boson is an example of weak
interactions, as shown in the Fig. 2.1. The probability of transition of a quark from one to
another flavor is represented by the Cabibbo-Kobayashi-Maskawa matrix (CKM) in the SM.
The CKM matrix is shown in the following Eq. 2.1,

‘Vudl ‘Vu$| |Vub‘
[Vial [Vis| [Viol

where Vj;, for example, gives the transition probability of top to bottom quark. The Lagrangian

44

Figure 2.1: Feynman diagram for the top quark decay into b and W

for the electroweak interaction can be represented by the following Eq. 2.2,

uar Y . .7 . 1 i v
"gg'WI? = ZQLlDQL + ZURlDUR + ZdeDdR + zeRlﬁeR — ZWWVWL

1
- ZBMVB/W + gHiggs + gYukawaa (22)

where a summation is over the fermionic generations, ) = v,D" and Q" = (Z%Z) is SU(2),

doublet for the left-handed fermions, m denotes the three generations of fermions. The three
gauge bosons Wj,i =1,....3, correspond to the three SU(2), generators. They are described in
the adjoint representation. The U(1)y group adds a fourth field B,,. The co-variant derivative
is

D, =0, — ig%W/i —ig =B, (2.3)
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where g and ¢’ are the coupling constants for the SU(2);, and U(1)y, o' are the Pauli matrices

and Y is the weak hyper-charge. The field strength tensors are given as

Wy, = 0,W, — 0,W, + ge ™" Wiw}, (2.4)
B/Ll/ = 8}LBV - aVB;u (25)
where €% is the Levi-Civita symbol, which is a structure constant of SU(2) group.

From Eq. 2.2, the part of Lagrangian %;,,s, due to the scalar Higgs field (¢) is given as
Lrtiggs = (D, @) DFO — V(9Td), (2.6)

where ® = (¢7,¢%)7 is an SU(2). doublet of complex scalar fields with a weak hyper-charge
Yy = 1. The Higgs potential (V(®T®)) is given as following

V(0Td) = 12010 4+ \(DTD)?, (2.7)

where A\ and p are the parameters, and A > 0. The Yukawa coupling between the Higgs field

and the fermions is given by the following equation
gYukawa = _sznQZm(i)uRn - Yn(inQLm(I)an - erm[_/Lm(I)eRn + h.C, (28)

where ® = iy ®* and Y,u4¢ are the Yukawa coupling constants for up- and down- type quarks
and charged leptons, indices m and n are for generations. These interactions are responsible
for generation of fermions masses.

The self-coupling of the scalar field (¢) is responsible for the mass of Higgs boson itself. It
was the last missing link of the SM until July 2012, when the discovery of the Higgs boson was
announced at CERN [16].

2.3 Limitations of the Standard Model

The SM of particle physics has provided a compact and successful description of the properties
of basic blocks of universe and interactions between them. But still it is not a perfect theoretical
model and has some limitations. The SM does not incorporate gravitational interactions due
to incompatibility of the theory of general relativity with the quantum field theory. In the
SM, neutrinos have been treated as a massless entity but there is developing indications, from
solar and atmospheric anomalies that neutrinos are massive [17,18|. The model contains more

than 20 arbitrary parameters (masses, mixing angles, coupling constants etc.) and it is not
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possible to obtain the values of these parameters from the theory. The SM does not explain
why there are only three generations of quarks and leptons. Also the model is inadequate to
explain the existence of dark matter. Cosmological observations suggest the existence of dark
matter in the universe, which is needed to describe large scale gravitational effects. The matter
is said to be dark because it emits no detectable electromagnetic radiation. There is a large
asymmetry between the matter and anti-matter and the observed baryon asymmetry between
matter and antimatter cannot quantitatively described by the CP violating parts of the SM
alone. It is clear that the SM will be an integral part of a more complete theory of particle
in the future [19,20]. The electromagnetic and weak forces get unified within the gauge group
SU(2) x U(1) after Glashow-Salam-Weinberg (GSW) model of unification. The electroweak
and strong interactions are not unified yet. Any theory that does unify these three forces is
called a Grand Unification Theory (GUT).

The SM does not address the famous hierarchy problem that why there is a large difference
between the electroweak scale (O( TeV)) and the Planck scale (O(10' TeV)). In other words,
the apparent mass of the Higgs boson is much smaller than the bare Higgs boson mass having
quantum corrections in it. The SM has no solution to this problem.

A number of theoretical models have been developed to solve some of these problems.
Therefore, in addition to testing the SM, physics analysis are also dedicated to find signatures

for the new physics.

2.4 Top Physics

The top quark, most massive (m(t) > m(H) > m(Z) > m(W)) fundamental particle in the
SM, and its existence was predicted in the late 1970s. The discovery of the top quark in
1995 at Fermilab, Tevatron, by the CDF [21] and DO [22]| collaborations, was one of the
outstanding confirmation of the SM predictions. After the discovery of the bottom quark in
1977 at Fermilab [23], the top quark has been predicted to be missing weak isospin partner of
it, the top quark was postulated as an up-type quark. Due to high mass in comparison to the
other fermions (= 35 times the mass of the next heaviest quark), the top quark provides a rich
phenomenology [24]. The top quark has lifetime ~ 10 =24 sec, which is about 10 times shorter
than the characteristic formation time of the hadrons [25]. Thus the top quark decays before
the formation of top mesons or top baryons. Therefore, the top quark spin is transferred to its

decay products without being depolarized by the strong interaction. The study of top quark



therefore provides a unique possibility to explore a quasi-free quark through its decay products.
In the following sections, the top quark production, decay and some of its key features have

been described.

2.5 The Top Quark Production

The LHC machine is a top factory, which has produced a large amount of the top quarks during
Run-I. The machine has yielded about 800,000 top-antitop (tt) pairs for the CMS experiment
alone in year 2011. Therefore the physics of top quark has already entered into the era of
a precision. At the LHC, the top quarks are produced in two different ways; tt pairs are
produced as a result of gluon-gluon fusion and annihilation of ¢g, which is through the strong
interactions. On the other hand, the production mechanism of single top quark is through
the electroweak interactions. The top quarks tend to be produced more abundantly in the
forward and backward directions, while the top antiquarks are preferentially produced in the
central region. Based on the LHC center-of-mass energy of the colliding beam and the parton

distribution functions (pdfs), the dominant production for ¢ pair is from gluon-gluon fusion.

2.5.1 Top Quark Pair Production

The production of ¢t pair through gluon-gluon fusion (gg — tt) and quarks annihilation (¢g —

tt) are shown in Fig. 2.2, but the second process is suppressed. The top quark pair production

q t 4 t 9P y——

q g

q t g it 9 0000 —+—1|

Figure 2.2: Representative Feynman diagrams for Leading Order (LLO) production of the top
quark pair: (left) quark-antiquark annihilation, (middle) and (right) shows gluons fusion.
Quark-antiquark annihilation is the suppressed production channel at the LHC

via quark-gluon scattering processes (qg/qg — tt) only appear in the Next to Leading Order
(NLO) terms in the QCD perturbative expansion. The total ¢¢ production cross-section in
pp collisions at 8 TeV center-of-mass energy has been calculated at Next-to-Next-to-Leading

Order (NNLO) accuracy, oy (NNLO) = 245878 pb [26], corresponding to 173.3 GeV top



mass. However, differential production cross-sections are calculated up to approximate NNLO
accuracy level only by resuming the soft-gluon emission near the partonic production threshold

27].

2.5.2 Single Top Production

At hadron colliders, production mechanism of the single top quark is through charged-current

electroweak interactions involving Wtb vertex that contributes the factor ;i%” Vi7" (1 — +°)
into the cross-section. The cross-sections for the processes, t-channel, s-channel and associated
production are directly proportional to |Vj|2. Therefore, the production of single top quark
provides a unique opportunity of a direct determination of |Vj| vertex. Since the produc-
tion mode has different topology from each other therefore these modes have distinct event
kinematics. These production modes of the single top quark are also sensitive to any new
physics.

The single top quark production via weak interactions was first discovered at Tevatron in
2009 [28,29|. There are three different production modes of the single top quark within the

SM: the t-channel, the s-channel and the associated production as shown in Fig 2.3.

W W

g t 9000 y——0-: !

b W p ——NNN W

Figure 2.3: The leading order (LO) Feynman diagrams for the single top quark production via
electroweak interaction are shown: top left is the s-channel diagram, top right is the t-channel
diagram and the two bottom diagrams show the associated production of single top quark
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Table 2.3: The production cross-sections for the t-channel, the s-channel and the associated
production at LHC at the center-of-mass energy of 8 TeV. The uncertainties account for the
renormalization, factorization scales and the PDF uncertainties in the calculation.

Channel | Cross Section [pb]

t-channel 87.2134

s-channel 5.55 £ 0.22
tW-channel 22215

The distinction between three production processes is via virtuality of the W boson (Q? = -
q?, where ¢ is the four-momentum of the 7). The production of the single top quark depends
on whether the W-boson is time-like, space-like or real. This distinguishes among the s-
channel, the t-channel and the tWW/-channels, respectively. The detail description of the modes

is following;:

1. t-channel Production: In the t-channel process, W boson is space-like (¢*> < 0), this
virtual W-boson interacts with a b-quark coming from the parton sea. The production
of the single top quark via t-channel is also known as W-gluon fusion mode, since the
b-quark originates from a gluon splitting into a bb pair. The Feynman diagram for t-
channel production of a single top quark is shown in Fig. 2.4. The t-channel production
of the single top is a dominant process for the production of the top quark at the LHC

energies, as described in the Table 2.3.

Figure 2.4: Representative Leading Order (LO) and Next to Leading Order (NLO) Feyn-
man diagrams for the single top production in the t-channel.

2. s-channel Production: This production mode of the single top quark is Drell-Yan type

process. The Feynman diagrams for the NLO production of single top via s-channel are

11



shown in Fig. 2.5. In this process, a time-like W boson is produced as shown in Fig. 2.5,

having ¢* > (M, + mp)?.

g q9 q g

Figure 2.5: The Next-to-Leading-Order (NLO) Feynman diagrams for the production
of single top-quark in the s-channel: (a) quark anti-quark fusion, (b) initial-state gluon
radiation and (c) final state gluon radiation.

3. Associated Production: In this production mode, the single top quark is produced in
association with the real W boson (¢> = M?2). The main partonic processes for ¢ and ¢
productions are gb — tW ™~ and gb — tW ™ respectively, whereas gs and gd contributions
are CKM suppressed. The Feynman diagrams of associated production mode in the

Leading Order (LO) are shown in Fig. 2.6.

9 t g t

b W=1b W=
Figure 2.6: The single top production in associated production modes (with emission of
real W boson).

2.5.3 Properties of the top quark

1. Top Quark Decays: Since the top quark has very large mass and corresponding
shorter lifetime (= 1072° sec) as compared to the characteristic hadronization scale of

QCD. The top quark decays before the formation of any bound states and it is therefore
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the only quark that can be studied before hadronization. As a result, the top quark decay
offers a unique window to the properties of a bare quark free from the long-range effects
of QCD, such as confinement. The top quark decay through electroweak interactions is
shown in following Eq. 2.9

t—q+Wh(g=d,s,b) (2.9)

where ¢ can be a down type quark. Since Vi, > Vs > V4, the top quark therefore
only (approximately 99.8%) decays into W boson and a bottom quark, as shown in the
Fig. 2.7. In the SM, the dominant decay mode of the top quark is ¢ — b+ W™, and any

deviation will be a hint for the fourth generation of quarks. The total decay rate of the

Figure 2.7: The top quark decay

top quark is given by the following formula [30]

Grm3} m? m?
I(t— Wh) = F(Q;) (1— #)2(1 + FV%V), (2.10)

where G is the Fermi constant, with the measured value of top mass m; = 173 GeV,

myy = 80.4 GeV. The total decay width (I';) of the top quark is
I, = 1.5GeV (2.11)

Other than ¢ — Wb decay, allowed decays in the SM are not only rare but mostly too
difficult to identify experimentally.

In the CKM matrix, other than t — bW, there are also off-diagonal modes of the top
quark decays, for example t — dW, t — sW. Also the Flavor-changing neutral currents
(FCNC) decays, t — X% where X° = g,~v,Z, H and ¢ = ¢, u, which are suppressed by
GIM mechanism [31].
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Top Pair Decay Channels
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Figure 2.8: The branching fraction of the top quark in various decay channels.

2. Top Quark Mass and Spin: The mass of the top quark is used as input in
the global electroweak fits that probes the self consistency of the SM and its value has
implications for the stability of the SM vacuum [32]. In the SM, Brout-Englert-Higgs
spontaneous symmetry breaking mechanism is responsible for the mass of fermions. The
mass of the top quark is a fundamental parameter of the SM which places constraints
on the Higgs boson mass and electroweak symmetry breaking [33]. The recent precision
measurement of the top quark mass, by the CMS experiment has been shown in the
Fig. 2.9. A precise knowledge of the top quark mass is a cornerstone for the search of

new physics that could manifest a small deviations from SM predictions [34].

Due to the angular momentum conservation and the well-studied spins of the b-quark
and the vector boson, the spin of the top quark has been determined to be 1/2. Given
that the top quark does not hadronize before the decay, spin polarization and correlation
are passed to the decay products resulting in characteristic angular distributions. The
spin correlation can be measured through the spin correlation coefficient in terms of a
coefficient A, which is a fractional difference of number of events in which top quark and
anti-top quark spins are aligned and those where alignment is in opposite direction. The

ATLAS detector measures the strength of the spin correlation to be Asé\ficity =0.34107
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Figure 2.9: Summary of the top quark mass measurements from year 2010 to 2012 of the
CMS collaboration.

35], whereas the CMS detector measures it to be A7, = 0.247002 [36]. Both the
numbers are in agreement with the SM prediction of A%, = 0.31 [37].

. Rare Decays: The top quark mostly decays into bW with branching ratio almost
equal to 1 as shown in Fig. 2.8, due to the fact that |Vj;| ~ 0.991. The decays which
are forbidden at tree level in the SM are only possible via higher order corrections, the
penguin diagrams. The rare decays are suppressed by GIM mechanism. Thus the studies
of the rare top quark decays are not only the test of the SM but also provide the window
for new physics. The rare decays can be studied via two process, charged currents and
via FCNC, suppressed in the SM up to the order ~ 107'*. Since the LHC is a top factory
which allows probing the top couplings to both the known and new particles which are
involved in possible top decay channels other than the main top decay channel t — bIV.
Thus the LHC provides a good opportunity to study such rare processes. Since the tqZ
is a rare process with branching ratio ~ 1077, as shown in the Fig. 2.10 has been studied

using the LHC data.
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Figure 2.10: Feynman diagrams for the rare decays of the top quark through the emission
of the W boson. The Z boson radiation can occur in any of three legs of the diagram.

2.6 Motivations for Single top Physics

The top quark has been discovered long ago and many advances have been made for the
understanding its properties but still there are many to be explored. The LHC, during Run-I
(2010 - 2012) contributed many results in understanding the top quark. Since the top quark
is heaviest among the fermions family, it is therefore believed that it will provide a probe to
new physics. Particularly in case of the single top quark it is expected to be more sensitive
to the new physics. For instance, the corresponding production rates can significantly be
modified by the new physics interactions, such as heavy resonances or non-standard flavor-
changing vertices. Productions of the single top quark proceeds via three modes, these modes
are sensitive to the new physics because any signature of deviation from the SM will indicate a
new coupling with the single top quark. In addition to the SM measurements involving single
top production, many models of physics beyond the SM would affect the production of single
top quarks. Each of the single top channel could be a probe to different types of new physics.
The precise measurement of each of the three channels is important for finding or ruling out
new models [38,40]. The models with new exotic bosons or enhanced flavor changing neutral

currents would result in enhancements to the ¢ and s channel production mechanisms.
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2.6.1 Single top quark production in association with Z boson (t¢%)

The energy and luminosity frontiers being explored by the LHC allow the precision measure-
ment of the electroweak properties of the top quark for the first time. The couplings between
the top quark and the vector bosons are among these properties. The couplings between the
top quark and the neutral vector bosons (v and Z) can also be inferred through the analysis of
direct production of single top quark in association with the Z boson. The Z boson is radiated
off from one of the quark legs or from the exchanged W boson between the quarks. Due to
the presence of Z boson, the process is highly suppressed at the tree level and was not studied
at Tevatron due to very low cross-section. The leading order Feynman diagrams of the tqZ

process are shown in the Fig. 2.11. The predicted cross-sections of tqZ at NLO are given in
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Figure 2.11: Leading-order tZq production Feynman diagrams (all but bottom-right). The ini-
tialand final-state quarks denoted q and q’ are predominantly first generation quarks, although
there are smaller additional contributions from strange- and charm-initiated diagrams. The
bottom-right diagram represents the NLO nonresonant contribution to the tZq process

the Eq. 2.12, 2.13.
onro(tZ) = 16075 (scale) 11 (pdf )b (2.12)
onro(tZ) = 767 (scale) 2 (pdf)fb (2.13)

These theoretical predictions of cross-sections are based on the pp collisions at the center-of-

mass energy of 8 TeV. For the production of single top quark accompanied by a boson which
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can couple with the down-type quark or up-type quark as shown in Fig 2.11. For cases where
boson couples with down-type quark it must have electrical charge (Q = %1) and in the

case of up-type quark boson must be electrically neutral. Thus leading to an overall cross-
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Figure 2.12: Next-to-Leading-Order (NLO) inclusive cross-sections for the single top and top
pair t¢ production with and without an accompanying Z boson [42].

section for tqZ production of 236ﬂg fb [42]. The predicted cross-section was determined by
using the CTEQ6M set of Parton Distribution Functions (PDFs) [41]. The tqZ cross-section is
approximately half that of tqZ, because the ratio of the up quark PDF to the down quark PDF
is approximately 0.5 in the x range typical for this process at LHC energies. The total cross-
section (sum of top and anti-top) of tqZ calculated using aM CQN LO in the 4 Flavor Scheme
(FS) and by considering leptonic decay of Z boson is: 64,7 = 23.17771 (scale)33 (PDf) fb. The
notation tqZ will hereafter be used to refer to both tqZ and tqZ production, no attempt is
made to differentiate between the two in this analysis. The predicted production cross-sections
for tZ and ttZ can be seen from Fig. 2.12 taken from [42]. The tqZ cross-section scales with
center-of-mass energy similarly the 7 at the LHC energies. The production cross-section of
tZ is comparable to the production of t¢Z [42], which suggests that a search for tZ production
should be feasible in Run-I data. This is supported by the most recent results from the CMS
in the search for t¢Z production using the 2012 dataset [43].

The measurement of tqZ has been performed with a topology of tri-leptons, as shown in

the Fig. 2.13. This tri-lepton selection is only possible by having a good control over the SM
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backgrounds. Since tqZ is highly suppressed process of the SM, therefore the clean tri-lepton

final states are chosen for this analysis. The t¢Z is analyzed in the fully leptonic mode so both

. Z boson
top quark

&
protons / protons
94999 0/0 OO O O
Qquark

quark |

——_

Jet

Figure 2.13: Schematic diagram for the production of tqZ, showing Z boson as emitted radia-
tion.

the top and on-shell Z boson give a tri-leptonic final state. As leptons from the Z boson have
the same flavor and opposite sign and third lepton is coming from the W boson decay. The
missing transverse energy is introduced into the analysis via leptonically decaying W boson.
The final part of the event topology is the hadronic jets. There should be at least two jets in
the final state, one jet originating from the b-quark, and other from the light quark.
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Chapter 3

Experimental Setup

The analysis described in this thesis has been performed using pp collisions recorded by the
CMS detector during 2012. The CMS is one of the general purpose detector at the LHC ring,
which is installed at European Organization for Nuclear Research (CERN) near Swiss-French
border in Geneva, Switzerland. This chapter will describe the various sub-detectors of the
CMS with an explanation on the tracking detector, the Electromagnetic Calorimeter (ECAL),
the Hadronic Calorimeter (HCAL) and the muon spectrometers along with a brief description

of the LHC.

3.1 The Large Hadron Collider

The LHC [44] is a giant ring with 27 Km circumference installed 100 m beneath the surface
of Swiss-French borders. It is designed to accelerate two proton beams moving clockwise and
anti-clockwise directions with the 14 TeV center-of-mass energy. The goal of building such
a huge accelerator was search for the undiscovered particle physics predicted by the SM and
possibly beyond. The main motivation of the LHC was the search of the SM Higgs boson, the
last missing link of the model. After the discovery of Higgs boson in 2012, particle physicist
are also excited to look beyond the SM theories such as super-symmetry and theory of extra
dimensions.

The basic working principle of the LHC is to use electric field to accelerate the charged
particles. There are 1,232 dipole magnets used to keep the beams on their circular path,
while an additional 392 quadrupole magnets are used to keep the beams focused. To keep the
magnets at a operating temperature of 1.9 K, the super-fluid helium-4 gas is used. Protons are

circulated around the LHC ring in the form of bunches. There are 2808 bunches in the LHC
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Figure 3.1: The Large Hadron Collider (LHC) Cascade Acceleration of proton beams, the beam
injection layout from Linear Accelerator (LINAC) to the LHC main ring. This is an overview
of the European Organization for Nuclear Research (CERN) accelerator complex.
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storage ring and each bunch contains 115 billion protons corresponding to a collision rate of
40 MHz at the collision points.

Before the injection of proton beams into the LHC ring for collision, the beams are being
accelerated through a number of small particle accelerators. These small accelerators gradually
increase the energy of protons and convert them into bunches, which are separated by 25 ns.
The LHC has its four major interaction points, which are clearly visible from the overview dia-
gram of the CERN accelerator complex, as shown in Fig. 3.1. A Linear Accelerator (LINAC2)
at the start of this cascade acceleration, produces 50 MeV protons. These protons are then
delivered to the Proton Synchrotron Booster (PSB), which accelerates further up to the energy
of 1.4 GeV. The protons are injected to the further stage, which is the Proton Synchrotron
(PS). The synchrotron produces bunches of protons with a 25 ns spacing and also accelerates
them to attain 26 GeV energy. After the PS, these bunches are transferred to the Super Proton
Synchrotron (SPS). The SPS accelerates them further to increase the energy up to 450 GeV.
Finally bunches are injected into the LHC. The LHC can achieve the optimum energy of 7 TeV
per beam in order to obtain the 14 TeV center-of-mass energy at collision points.

The LHC is designed to study pp collisions at a center-of-mass energy of 14 TeV with
a luminosity up to 103" cm~2s7!. However the heavy ions (e.g lead-lead) collisions are also
studied at the LHC. Once these beams reach their maximum energy, they are collided at four
different places on the LHC ring.

The LHC has four major detectors installed in the underground caverns around the collision
points, and the CMS is one out of two general purpose detectors. The nominal number of
protons per bunch is typically 10™: bunches will have a very small transverse spread, o, ~ o,
~ 15 pm, while they are normally 7.5 cm long in the z direction at the collision points. The

main features of the accelerator are summarized in the Table 3.1.

22



Table 3.1: The Large Hadron Collider (LHC) designed parameters for nominal operation.

Parameter Value
Circumference (km) 27
Beam Energy (TeV) 7
Number of magnet dipoles 1232
Dipolar magnetic field (Tesla) 8.386
Magnet Temperature (Kelvin) 1.96
Maximal number of bunches 2,808
Protons per bunch 1.05 x 10!
Bunch length [cm] 7.5
Bunch spacing (ns) 25
Maximum Luminosity (cm™2s71) 103

3.1.1 Luminosity Measurement

In experimental high energy physics experiments, the luminosity is the measure of interactions
per unit time per unit area. It gives the amount of data collected during particle collisions in
the accelerator. For a physics analysis, a precise measurement of the integrated luminosity is
required to convert observed number of events into cross-section. However, one may also need
the measurement of the instantaneous luminosity, possibly bunch-by-bunch. The cross-section
(o) of a physical process at hadron colliders is linked to the event rate dN/dt via luminosity
Z as

— =% Xxo, (3.1)

where o depends on the center-of-mass energy (1/s) of collisions. The instantaneous luminosity
(Z) characterizes the collider performance and is defined as

Z = dme, B*

(3.2)

where f is the revolution frequency, v is the Lorentz factor, N, is the number of protons in a
bunch, kg is the number of bunches, ¢, is the normalized transverse emittance (with a design
value of 3.75 um), * is the betatron function at the interaction point, and F is the reduction
factor due to the crossing angles. In the years 2010 and 2011, the LHC has taken data with a
center-of-mass energy of 7 TeV and delivered the integrated luminosities of 50 pb~! and 6 fb=1,
respectively. In 2012 the LHC center of mass energy was increased to 8 TeV corresponding to

23 tb~! of the data, as shown in Fig. 3.2.
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Figure 3.2: The integrated Luminosity recorded by the Compact Muon Solenoid (CMS) detec-
tor and delivered luminosity by the Large Hadron Collider (LHC).

3.2 The Compact Muon Solenoid

The CMS detector [46,47] is one of the largest experiments ever built for the particle detection.
It is a general purpose detector installed at the LHC ring. The detector is installed 100 meter
underground close to the French village of Cessy, between Lake Geneva and Jura mountains.
The detector is 21.6 m long with a diameter of 14.6 m and a total weight of 12500 ton. The
main feature of the CMS detector is a superconducting solenoid of 6 m internal diameter that
produces a magnetic field of 3.8 T. A schematic view of the CMS detector is shown in Fig. 3.3.

The primary goal of the CMS detector is to fulfill the physics objectives of the LHC with a
good muon identification, momentum resolution, reconstruction of charged particles and miss-
ing transverse energy. The CMS detector is capable of measuring the muon charge precisely,
and also the invariant mass of the di-muon, di-electron and di-jet systems with a good reso-
lution. For the efficient tracking of out going particles and the tracking detectors are placed
close to the interaction point. The CMS detector can achieve a very high resolution for the
Electromagnetic Calorimeter (ECAL) and hermetic Hadronic Calorimeters (HCAL) for a good
reconstruction of the missing energy and jets. The detector has a high performance muon
system and strong magnetic field for the best momentum measurement of highly energetic
muons.

The inner tracking system, ECAL and HCAL are residing inside the superconducting

solenoid and Muon spectrometers are fixed in iron return yokes. Since the CMS detector
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has a cylindrical symmetry, having sub-detectors in the barrel and the endcap regions. In

order to understand the structure of the detector, it is good to define the CMS coordinate first.

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter : 15.0 m Pixel (100x150 um) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 pm) ~200m? ~9.6M channels
Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PEWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

Figure 3.3: The Compact Muon Solenoid (CMS) detector installed at the LHC, all the sub-
detectors showed around cylindrical symmetry of experiment

3.2.1 Coordinate System

For the reconstruction and measurements of an event it is useful to define a coordinate system,
which has its origin at the nominal collision point. The CMS has incorporated the Cartesian

coordinate system and adopted the following convention:
e the r-axis points towards the center of the LHC ring,
e the y-axis points upwards, towards the surface,
e the z-direction coincides with the CMS cylinder axis.

The cylindrical symmetry of the CMS experiment allows to introduce pseudo-angular reference
coordinate system, given by the variable (r, ¢, ), where r is the radial distance from beam

axis, ¢ is azimuthal angle measured with respect to the x-axis in the z-y plane and n represents
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the angular distribution in the apparatus and also know as the pseudo-rapidity,
0
n = —Intan 2 (3.3)

where 6 is the polar angle with respect to z-axis. The advantage of using the pseudo-rapidity
instead of the polar angle is that over an equal distance in 7 the particle flux is approximately
a constant and An between the two vectors is Lorentz invariant. For high energy particles
pseudo-rapidity is a good approximation of rapidity (y), which is defined with the following

equation.
1. E+ P

_ o
y=3 H(E—PL

) (3.4)

where F is the energy of outgoing particles and P, is the momentum of the particle projected
along the beam axis. Due to Lorenz invariance, rapidity is the variable of interest at hadron
colliders. It follows from its definition that the pseudo-rapidity is null for # = 90° and increases
in absolute value when approaching the beam pipe, asymptotically reaching infinity at 6 =
7w on the z-axis means in the direction of beam. The next sub-section will introduce the

super-conducting magnets installed in the CMS.

3.2.2 Superconducting magnet

The superconducting solenoid is a distinguished feature of the CMS apparatus [48]. The high
energy of colliding beams also produces the particles with high energies. For the measurement of
momentum and tracks of outgoing particles, a strong magnetic field is a necessary requirement.
The CMS solenoid is the most powerful solenoid ever built is a 6 m long cold bore, 13 m in
diameter, which is hosting the inner tracking system having crystal ECAL and HCAL in it, as
shown in Fig. 3.4. The superconducting solenoid is made of NbTi. The CMS magnet achieves
a magnetic field of 3.8 T at the full current of 20,000 Amperes, and the energy stored in the
magnet is 2.6 GJ. The flux is returned via iron yoke, which is composed of 5 barrel wheels and
3 endcap disk on each side. The tracking of muons in the CMS is controlled through magnetic
field of returned yoke, which is 1-2 T. The magnet system includes a cryogenic system, power
supply, quench protection, vacuum pumping and control system. Whenever magnet loses its
superconducting property due to quenching, all the stored energy is dumped to resistors within
a time of 200 sec. The CMS super-conducting contains the tracking detectors therefore in the

next sub-section discussion is about the tracker detector.
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Figure 3.4: General artistic view of the 5 modules composing the cold mass inside the cryostat,
with details of the supporting system

3.2.3 The Tracker

The CMS inner most sub-detector is the tracker detector [49]|, which is the closest to the
interaction point. The designed luminosity of the LHC is very high. The efficient tracking
system is therefore an important requirement of the CMS. The basic working goal for the
tracker detector is the vertex and tracks of charged particle reconstructions. The tracker is
completely based on the semiconductor detectors built for the reconstruction of the primary
vertices, lepton identification via matching charged tracks of electromagnetic calorimeter and
muons spectrometers, reconstruction of secondary vertices for the B-meson and 7 decays.
Within the tracker detector, particles can be detected within the pseudo-rapidity range of ||
< 2.5. The silicon tracker is divided into two parts: the Silicon Pixel Detector and the Silicon

Microstrip Detector, as shown in the Fig. 3.5.

3.2.4 Silicon Pixel Detector

The silicon pixel detector consist of 66 million silicon pixels covering the whole range of pseudo-
rapidity, |n| < 2.5. The pixel detector is closest to the CMS interaction point and provides
reconstruction of secondary vertices to form the seed tracks for the outer track reconstruction
and high level triggering. A good reconstruction resolution is of particular interest for the

further identification of jets originating from b-quarks.
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Figure 3.5: Schematic of the Compact Muon Solenoid (CMS) tracker in the rz-plane, showing
the positions of the pixels and various strip subsystems.

In the pixel detector, each silicon pixel cell has a size of 100 x 150 pm. This allows precise
measurement, of the impact parameter in the transverse plane. The pixel tracker consists of
three cylindrical module layers surrounding the beam-pipe and two disks of modules on each
side. There are three barrel pixel layers around the beam pipe at the radii of 4 cm, 7 cm and
10 cm and each of them having a length of 53 cm. The endcap pixel consists of two layers on

each side at z = & 32.5 ¢cm and % 46.5 cm.

3.2.5 Silicon Microstrip Tracker

The silicon microstrip tracker surrounds the pixel tracker detector. It has four main parts

2. The strip tracker

and composed of 15148 silicon strip modules covering an area of 200 m
covers the complete range of pseudo-rapidity |n| < 2.5 and provides a slightly lower transverse

momentum and impact parameter resolution. There are four parts of tracker detector.

e Tracker Inner Barrel (TIB) has four concentric layers of cylindrical shape at different
radii. Four TIB layers are placed in the detector with radius of 25.50 ¢m , 33.90 cm,
41.85 cm and 49.80 ¢cm from the center of detector, respectively, with a length of 1.4 m
along beam pipe having interaction region at the center. The first two layers have double-

sided modules while the outer two layers have single-sided modules.

e Tracker Inner Disk (TID) has three disks on both sides of barrel. There are three rings

of modules on each disk.
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e Tracker Outer Barrel (TOB) contains a single mechanical cylindrical structure supporting
688 module sub-assemblies (from a total of 5200 Silicon modules), called rods. Every
rod gives support and cooling for 6 or 12 silicon detector modules together with their
interconnection and readout electronics. There are six layers of rods on TOB with average
radii of 608 mm, 692 mm, 780 mm, 868 mm, 960 mm and 1080 mm. The cylinder has a
total length of 2360 mm and inner and outer radii of 555 mm and 1160 mm, respectively,

such that it covers the TIB/TID sub-detector.

e Tracker endcap (TEC) has two endcaps wedge shaped carbon fiber support plate called
plates. These plates carry up to 28 modules arranged in 7 radial rings on each side. A
total of 6400 modules are mounted on 288 petals to form 18 such disks for TEC+ and
TEC-. The endcaps extend radially from 220 mm to 1135 mm and from 4+ 1240 mm to
+ 2800 mm along the z-direction. Other than above seven disks there are 2 more disks

on each side of endcap serving as front/back termination.

Despite all the advantages of the CMS tracker detector, there are also some disadvantages
with respect to drift tubes tracking used at the DELPHI and CDF. Since tracker material has
very high density, particles such as electrons radiate in the multiple scattering with the dense
material and lose all energy by producing photons. These photons either reach the ECAL and
produce an energy hit without an associated track, or they convert into electron-positron pairs
leading to two additional tracks and subsequently the ECAL hits [50]. At the outer side of the

tracking detector there is the ECAL, which is described in detail in the next sub-section.

3.2.6 Electromagnetic Calorimeter

The calorimeters are the detectors which measure energy deposition. The ECAL [51] is designed
to measure the energy of electrons, photons and positrons, as shown in the Fig. 3.6. Muons
and hadrons dump small fraction of their energy in the ECAL. The ECAL is a hermetic
homogeneous detector made of 61200 lead tungstate (PbWQO,) scintillator crystals mounted
in the central barrel part of the CMS detector. The crystal calorimeter has capability to
provide an outstanding energy resolution, very quick response and radiation hardness [52].
The scintillation light is detected with the help of avalanche photodiodes (APDs) and vacuum
phototriodes (VPTs) in the barrel and endcap regions, respectively. The barrel part of ECAL
(EB) is made of 61200 crystals and covers the |n| < 1.479, at front face these crystals have a

29



I e
= |
NIAERY o= Ut 100 et s > |
Soiailry i
PPt . ]
§ Ler et Te
P . |
e Preshower (ES) =
d B T L ——— L
B b i e ¥ R Endcap

ECAL (EE)

Figure 3.6: Description of the Electromagnetic Calorimeter (ECAL) system, installed at the
Compact Muon Solenoid (CMS) experiment.

size of 22x22 mm?, which corresponds approximately to 0.0174x0.0174 resolution in the 1 — ¢
space, and each one of them have a total length of 230 mm. Each of the two ECAL endcaps
(EE) consists of 7324 crystals and covers the 1.479 < |n| < 3.0. and have a front face size of
28.62 x 28.62 mm? and a length of 220 mm. The photons produced in the scintillator crystals
are detected in photodetectors. A large amplification is needed to ensure the fast detection and
not much affected by the radiation and magnetic field inside the CMS detector. Therefore the
avalanche photo-diodes are used in the BE and vacuum phototriodes in the EE. The ECAL
energy resolution has been parametrized as a function of incident electron/photon energies, as

shown in the following equation
()= (=) +(5)+ (3.5)

where F is the energy in GeV, S is the stochastic term, N the noise term, and C'is the constant

term, as shown in the Fig. 3.7. The detailed study of energy resolution of calorimeter is given

in [53].

3.2.7 Hadron Calorimeter (HCAL)

The HCAL lies radially outside the CMS tracker and ECAL. It is a sampling detector, which is
made of copper alloy (70 % copper and 30 % zinc) and plastic scintillators. The CMS hadron
calorimeters have been designed particulary for the measurement of hadron jets and exotic
particles resulting in apparent missing transverse energy [54].

The HCAL is composed of four sub-detectors: the hadronic barrel (HB) part covers the
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Figure 3.7: The energy resolution of Electromagnetic Calorimeter (ECAL) as a function of
energy.

range |n| < 1.3, the hadronic endcap (HE) covering 1.3 < |n| < 3.0, the HCAL Outer (HO)
calorimeter covering |n| < 1.3, and the HCAL Forward (HF) calorimeters covering 2.9 < || <
5.0. All the HCAL sub-detectors has been shown in Fig. 3.8.

The Hadronic Barrel

The HB has been divided into two parts (HB+ and HB-) and each part of HB has been
inserted from either ends of the CMS superconducting solenoid. The HB is radially located
between the outer layer of electromagnetic calorimeter at R = 1.77 m and the magnet cryostat
and coil R = 2.95 m. The structure of barrel hadron calorimeter is polygon type and consists
of two part of equal lengths of 4.33 m. A half part HCAL barrel contains 18 wedges and each
wedge has azimuthal angle 20°. The hermiticity of HB has been maintained by placing 16
scintillator with minimal uninstrumented gaps having resolution of (An,A¢) = (0.087,0.087).
The Endcap Hadronic (HE) Calorimeter
The Endcap Hadron calorimeter (HE) covers a substantial portion of the rapidity range, 1.3
< |n| < 3. The layered construction of the HE is similar to that of the HB using 79 mm thick
brass absorbers followed by plastic scintillators. The resolution of the HE towers is (An,A¢)
= (0.087,0.087) for |n| < 1.6 and (An,A¢) = (0.17,0.17) for || > 1.6.

The Hadron Outer (HO) Calorimeter
The space between superconducting solenoid and the ECAL limits the amount of absorber ma-

terial in the HB and may not be enough to stop the highly energetic hadron showers. Therefore
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Figure 3.8: The Compact Muon Solenoid (CMS) detector with longitudinal view, all sub-
detectors of Hadron Calorimeter (HCAL) have been shown: the hadron barrel (HB), endcap
(HE), outer (HO), and forward (HF) calorimeters.

an additional absorber, the HO has been added outside the CMS superconducting solenoid.
The HO consists of two scintillator tiles outside the solenoid to increase the effective thickness

of the HCAL by using superconducting solenoid as an additional absorber.

The Hadron Forward (HF) Calorimeter

The Hadron Forward (HF) is a forward calorimeter detector located at a distance of 11.2 m
from nominal interaction point outside the solenoid, with pseudo-rapidity range 3.0 < |n| < 5.0
and almost hermetic with very high missing transverse energy absorption. Due to extremely
high energy particles and radiation flux, the calorimeter consists of material of two units,
the steel absorber and embedded radiation hard quartz fibers. The fibers collect Cherenkov
radiation emitted by relativistic particles. The HF phototubes are faster as compared to the
HE hybrid photodiodes. The HF has resolution of (An,A¢) = (0.175,0.175.). The large range
of the HF makes it possible to detect forward jets, which are typical signatures of the single top
t-channel process. After the HCAL radially outside the solenoid, the muon system is interleaved

in the return iron yoke. The CMS muon system is explained in the next sub-section.

3.2.8 The CMS Muon System

The detection of muons at CMS is the central feature of the experiment. The identification and

measurement, of muons is critical to physics goals of CMS. The muon interactions with matter
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are very weak and they pass all sub-detectors after loosing only a small fraction of their energy.
Outside the CMS superconducting solenoid, the muon system is embedded in iron return yoke
having a non-uniform magnetic flux. The CMS muon system, as shown in the Fig. 3.9, has
three main functions: muon identification, muon momentum measurement and triggering. The
muon system contains the three types of gaseous detectors, which are installed in the barrel and
endcap regions of the CMS detector. All the three muon sub-detectors with their corresponding
pseudo-rapidity coverage [55] are shown in Fig. 3.9. The Drift Tubes (DT) are installed in the
barrel part of the CMS, and have the pseudo-rapidity coverage of |n| < 1.2. The Cathode
Strip Chambers (CSC) are also muon detectors installed in the endcap region and cover the
pseudo-rapidity range 0.9 < |n| < 2.4. The Resistive Plate Chambers (RPCs) gaseous muon
detectors are installed both in the barrel and endcap regions of the CMS detector. The RPCs

cover the range |n| < 1.6. The DT is a gaseous detector mounted on the wheels of iron return
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Figure 3.9: The location of Compact Muon Solenoid (CMS) muon chambers in polar coordinate
(r,z), location of Drift Tubes (DT) in muon detector is showed with green, Resistive Plate
Chambers (RPC) with red and Cathode Strip Chambers in blue.

yoke in the barrel region of the CMS detector, have 85% Argon (Ar) and 15 % carbon dioxide
(CO3). There are 4 stations of the CMS barrel muon detectors forming concentric cylinders
around the beam pipe: the 3 inner cylinders have 60 drift chambers each and the outer cylinder
has 70 drift tubes. There are about 172000 sensitive wires. Since the magnetic field is expected
to be low in the barrel region, the DT chambers are therefore used as a tracking detectors. A
single chamber of DT is made of 3 (or 2) superlayers (SL), each made of 4 layers of rectangular

drift cells staggered by half a cell. In the 2 outer SLs, the wires are parallel to the beam line
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providing a measurement of track bending in the magnetic field in the plane (r-¢). The wires in
the inner SLs are orthogonal to the beam pipe providing the measurement of z position along

the beam [55]. The block diagram of the DT is shown in Fig. 3.10. The CSCs are multiwire

Anode wire Electrode
-

s

Cathode

13 mm

| 42 mm

Figure 3.10: The Compact Muon Solenoid (CMS) Drift Tubes (DTs) chamber basic principle.

proportional chambers installed at the CMS endcap return yoke, as shown in Fig. 3.11. The
CMS endcap muon system consist of 468 CSCs arranged in 4 disk as follow: 72 Muon Endcaps
(ME) ME1/1, 72 ME1/2, 72 ME1/3, 36 ME2/1, 72 ME2/2, 36 ME3/1, 72 ME3/2, and 36
ME4/1. The CSCs are trapezoidal in shape and each chamber covers either 10° or 20° except
for the ME1/3 ring, which provides an overlap in ¢. The CSCs strips are extended radially and
provide a measurement in ¢ and anode wires are running in the azimuthal direction providing
measurement, along the z-axis. The outermost station of the CSC, the ME4, contains a single
ring of 18 chambers. In total, the CSC is comprised of 468 chambers, with 220,000 cathode
strips and 180,000 anode readout channels. The CMS RPCs are gaseous muons detectors and

wire plane (a few wires shown)
cathode plane with strips

cathode with strips
4 avalanche wires

cathode

7 trapezoidal panels forming 6 gas gaps

Figure 3.11: The layout of a Cathode Strip Chambers (CSCs) made of 7 trapezoidal panels.
A schematic view of a single gap illustrating the principle of CSC operation. [47]

stationed both in the endcap and barrel region. The RPCs are double gap Bakelite detectors,
as shown in Fig. 3.12 and operate in the avalanche mode. The RPCs are fast detector and
can perform a few nano seconds measurements shorter than the 25 ns bunch spacing. The
RPCs are the dedicated detectors for the muon trigger and can distinguish muons coming from

different bunch crossings, even in the presence of high background expected at the LHC. In the
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barrel region, there are six layers of the RPCs, two in each of the first two stations and one in
each of the last two stations.

The first three endcap stations of the CMS are equipped with the RPCs [55].
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Figure 3.12: The Resistive Plate Chambers (RPCs) at the Compact Muon Solenoid (CMS).

3.2.9 CMS Trigger System

The running conditions at the LHC impose severe constraints on the design of the trigger
systems mainly due to the enormous data rate and harsh radiation environment. The LHC
being a pp collider at very high center-of-mass energy of 14 TeV, has a very high interaction
rate ~ 10°. The bunches of protons have spacing of 25 ns with a crossing frequency of 40 MHz.

2sec™!, typically around 20 or more simultaneous

At the nominal designed luminosity 10%* cm™
events are expected. Since it is impossible to store and process the large amount of data
associated with the resulting high number of events, only interesting events are selected for the
processing. Then a drastic rate reduction is achieved for the events with known physics [56].
To keep a separate information of each event, the detectors are required to have a good time
resolution. This is achieved through a proper trigger system. The trigger is one of the most
critical part to select all the potentially interesting events in presence of huge backgrounds by
discarding all the less important processes [57]. The trigger is the start of the event selection
for important physics goals at the CMS. The triggering system reduces the event rate down to
100 Hz. The CMS trigger system is a multiple stage process, and the rate is reduced in two
steps called Level-1 (I.1) trigger and High-Level Trigger (HLT) [57], respectively as shown in

the Fig. 3.13.
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Figure 3.13: Architecture of the Level-1 Trigger [56]

The CMS Level 1 Trigger

The first level trigger is an immensely challenging part of the online data selection and oblig-
atory to have very fast custom designed electronics with a significant portion placed close to
the CMS detector. The L1 trigger is a pure custom-built electronic system, it has to take the
decision to accept or reject an event in a short time of a few microseconds. The L1 trigger is
tremendously fast self-regulating and selects events with interesting physics. The L1 trigger
is just like a scanner that picks events for a given physics specifications. The trigger objects
are sorted according to their rank determined from transverse energy, momentum and quality
information. The highest rank objects are always sent to the global trigger, which then applies
thresholds and other selection criteria according to physics or technical requirements. Other
than particles momenta and energy selection, the CMS L1 Global Trigger has distinguish fea-
ture of keeping the information of location information, notably pseudo-rapidity and azimuthal
angle.

The top level of L1 trigger is global trigger that receives the information from the CMS
muon system and calorimeter. The trigger objects are electrons, muons and jets. These objects
are recorded by the corresponding sub-detectors. The first step is the production of the local

trigger information, called as trigger primitives collected by the calorimeters and the muon
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system. The proton bunches colliding with 40 MHz frequency input to level-1 trigger. The
L1 returns 100 KHz maximum output rate which is determined by the speed of the trigger

electronics. The maximum rate that can be tolerated at the input of the Second Level Trigger.

High Level Trigger (HLT)

The High Level trigger [57] is purely software based trigger and has a very long processing
time with respect to L1. The processing is done via commercial computer farms. The HLT
algorithms have access to the data from all sub-detectors of the CMS including the tracker,
with full granularity and resolution. In contrast to L1 trigger, the HLT algorithm calculates
quantities with resolution comparable to the final state of the detector. The HLT output
quantities have better resolution, purity and efficiency as compared to the L1 trigger output.

The maximum HLT input rate is 100 KHz and the output rate is about 100 Hz.
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Chapter 4

Physics Object Reconstruction

In order to perform the event selection for tqZ analysis, a brief knowledge of physics objects
used in the analysis is described in this chapter. For both the data and MC simulation, the
reconstruction of electrons, muons, jets and missing transverse energy in the scope of CMS
experiment along with the adopted techniques are also discussed. This chapter also includes
the summarized detail about the event generation and about the main generators used for MC

simulation.

4.1 Event Generation

In the field of high energy physics at the LHC, different event generators are used to study
the data events produced as a result of pp collisions. There are several MC generators for
different physics needs, which are interfaced with the CMS experiment. The main focus of
these generators is to provide a description of hadron collisions at the LHC as accurate as
possible. These generators are based on theoretical models with different physics goals, such as
hard and soft interactions, parton distributions, initial and final state parton showers, multiple
interactions, fragmentation and decay. A factorized approach is used for the event generation.

The major steps for the event generation are following:
e modeling the hard scattering parton showers, i.e. initial and final state radiations,
e incorporating the beam remnant and hadronization, and
e taking multiple interactions into account.

In general, the MC simulation at the CMS involves two steps: the generation of physics pro-

cess of interest and simulation of how particles propagate the through detector. The outcome
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from a MC generator is a process that depends on the probability distributions of interesting
observables as a result of particle collisions. Many MC generators with different properties and
techniques are used to describe the parton scattering physics for the pp collisions at the LHC.
The MC generators used in this analysis are briefly described below.

The PyTHIA [58] MC generator is used to generate the QCD multijet events. It is a multi-
purpose generator which provides a link between theory (quarks, gluons) to experiment (meson,
hadrons). The PYTHIA is capable for performing calculations of hard and soft interactions,
initial and final state radiations. Along with hard processes, it can also take into account,
UE, parton showers and hadrons decay. In PYTHIA fragmentation is based on the Lund
model [59]. The PYTHIA can produce hard scattering events to LO in perturbation theory, the
NLO calculation can be performed by introducing different tunes.

The MADGRAPH [60], event generator is used for the calculation of a matrix element of a
certain process. The amplitudes of relevant sub-processes generate automatically and produces
the mapping for the phase space integration. The generator is not a full simulator and therefore
needs an interface with other generators, for example PYTHIA, to describe a complete event.
The complete chain of simulated process could be based on MADGRAPH + PYTHIA. The
MADGRAPH is capable for calculating the Born amplitudes for processes 2 — n, including
jets can be used to calculate cross-sections, making it a natural choice for processes with
high-multiplicity final states. Also the different Flavor Schemes (FS) like 4FS, 5FS are also
supported by the combination of MADGRAPH-+PYTHIA.

aMC@NLO Physics for which we are interested at LHC involves high-multiplicity processes
for which we need at-least the first non-trivial order in perturbation theory, i.e. the Next-
to-Leading Order (NLO). The amplitudes for the processes having NLO corrections can be
calculated with aMC@NLO [61]. Tt is capable of generating standalone all possible NLO
processes. This generator produces matrix elements only and basic idea is to use it for the
calculation of cross-sections.

PoOwHEG (Positive Weight Hardest Emission Generator), is another approach to NLO ma-
trix elements which are matched with the parton showers. The Powheg package provides
combination of a parton shower with NLO QCD calculations. Powheg works with the interface
of POWHEG Box. The basic idea of this MC generator is to generate the hardest radiation first
and then feed the event to any shower generator for softer radiations. POWHEG is frequently
combined with Pythia to simulate showering and hadronization [62, 63, 64].
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The tqZ signal MC is generated by using the MADGRAPH event generator and then com-
pared with the MC sample generated by using the aMC@NLO generator. The dominant
backgrounds ttZ, ttW, WZ and Z + Jets are also generated by using MADGRAPH. The
other backgrounds like ZZ are generated by using POWHEG and WW are generated by using

PYTHIA event generator.

4.1.1 Parton Distribution Functions

The physics of PDFs is very important for the calculation of the production cross-sections that
depends upon the distribution of the momentum fraction x and the virtuality Q? of the partons
(quarks and gluon’s) [65]. The PDF knowledge is continuously improved by taking inputs from
the data analysis of high energy collisions, at the LHC. The important part of the PDFs is
obtained from the global fits of deep inelastic scattering to predict the cross-sections at the

NLO and NNLO accurately. For a process ij — k, the cross-section is given by the Eq. 4.1

s = [ doi [ doaf! @) e (4.1)

where & is the cross-section for the hard partonic processes, f&(x) are the partonic distribution
functions, these partonic distributions describe the probability to find a parton ¢ inside beam
particle a, with parton ¢ carrying fraction = of the total momentum of a. In case of processes
with many particles in the final state it is replaced by an integral over the allowed final-
state phase space. The pdfs also depend on the momentum scale Q? as shown in Fig. 4.1 that

characterizes the hard process. Since hadrons, such as protons, are the composite objects made
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Figure 4.1: The MSTW (left) and the CTEQ (right) Parton distribution functions at the

>

factorization scale Q = 100 GeV. Fig. 4.1 taken from |66|
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of quarks and gluons are typically described by the pdfs. The QCD is not a well understood
subject, the description of hadron distributions still does not exist. Therefore to pin down

the distribution function, it is necessary to rely on parametrization. The composite structure
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Figure 4.2: The process involved after proton-proton collision, hadronization and parton show-

ering

of hadrons allow for multiple parton-parton scatterings to occur, in which correlated parton
distributions are used to describe the multi-parton structure of the incoming beams [67,69].
The most CTEQ10 and MSTWO08 recent versions of the PDFs which are used to study the

hadronization and also QCD processes.

4.1.2 Parton Shower

In high energy collisions, the hard sub-process have very large momentum transfer and therefore
involve partons having large momentum. Similar to a QED process where accelerating charges
radiate (photons), the accelerated partons radiate gluons having color charge and can radiate
further into gluon, quark-antiquark pairs by producing outgoing parton showers. These partons
are generally simulated by Markov chain, where one or more partons are added to the final state,
which is called as a parton shower algorithm. The models for parton shower iteratively produce
parton splitting, which reduces the energy scale of the event. The process of parton showering
start, at the maximum scale of energy )y with the start of hard scattering and continues until

the minimum energy reached (),,;,. Experimentally partons are not distinguishable at Q..
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because they are either soft (low energetic) or their emission direction is towards parent parton.
The values of Q,,;, and @)y are user defined parameters in the simulation by which the amount

of radiation can be regulated during the parton showering.

4.1.3 Hadronization

During the process of hadronization as shown in Fig. 4.2, a set of colored partons are trans-
formed into a color-singlet hadrons, which may subsequently decay into secondary hadrons.
This process leads to the formation of final state hadrons. After the parton collision, at
some point the evolution through perturbation theory becomes invalid, whereas the dynamics
becomes non-perturbative resulting into the formation of hadrons. The currently available
non-perturbative techniques are not capable to calculate hadronization processes, therefore,
the event generators models are only based on the general features of QCD.

The widely used Lund model is one of the most sophisticated models for the hadronization.
Basically there are two main types of hadronization, strings based and clusters based. The
strings transform directly into hadrons while clusters had intermediate stage of cluster objects

having mass in few GeV [70].

4.1.4 Underlying Event

In the pp collisions, everything other than the hard scattering process is a collective part of
Underlying Events (UE) like beam-beam remnants, pileup, detector noise and multiple parton
interactions. These UE events consume very small fraction of energy of the incoming partons.
The interactions involved in the UE are the result of these remnants. The colliding beams
consist of several partons have a high probability to undergo through a separate hard or semi-
hard scatterings during the same collision. At high luminosity of the LHC, several collisions
happen between beam particles in the same or consecutive beam crossing, referred to as pile-up
events. The pileup events are the part of hard scattering. The Multiple Parton Interaction
(MPI) and the Beam-Beam Remnants (BBR) constitute the underlying events interleaved with
the Initial State Radiation (ISR) and the Final State Radiations (FSR ).

4.1.5 Detector Simulation

At the hadron collider, thousands of particles are produced as a result of pp collisions. These

particles travel through the detector material, leaving behind hits in tracker or deposit energy
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in the calorimeter. In case of MC generators, after applying all the physics process on the final
state particles, an accurate and comprehensive simulation of particle detectors is required. The
CMS experiment adopted GEANT4 [71] simulation toolkit for including effects due to detector
material in an event. The GEANT4 takes care of all physical effects of the experiment as shown
in Fig. 4.3 such as energy loss by ionization, bremsstrahlung, electromagnetic and hadronic
interactions and simulates the electric response of the read out electronics. To simulate an
event having full detector effects requires a lot of time and computing resources, therefore a
fast simulation of detector is also developed. The CMS collaboration has developed a Fast MC
simulation for the CMS detector which is ~ 100 times faster than the full simulation [72].

Figure 4.3: The visualization of a simulated events of Z — jj in Compact Muon Solenoid
(CMS) detector using GEANT4 platform.

4.2 Particle-Flow (PF) Algorithm

The PF event reconstruction is an algorithm that aims to reconstruct and identify individual
particles in the event such as; electrons, photons, muons, charged hadrons and neutral hadrons.
The reconstruction of physics objects in the CMS experiment is performed by using the Particle
Flow algorithm, which is a standard tool used for almost all physics analysis [73]. The main
feature of the algorithm is to take all the sub-detectors of CMS into account by analyzing the
information on the different positionand energy measurements (made by calorimeters, tracking,
muon chambers as shown in Fig. 4.5). It combines them in order to characterize the single

particle by giving a more precise result with respect to a single detector measurement as
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shown in Fig. 4.4. By using the information from all the sub-detectors, the PF algorithm
can discriminate the leptons, jets, and missing energy, i.e, neutrinos on event basis. The
algorithm takes the calorimeter clusters or the track measurements, then combine them to
build the physics objects. The CMS tracker can measure tracks of charged particles with
high precision, these tracks provide a seed for the PF algorithm. The track information is
then combined with the calorimeter clusters and tracks from muons spectrometers to form a
list of particles with determined direction, energy and type. The composite objects such as
jets and taus are described with the help of these well reconstructed PF objects. The list of
individual particles from the PF algorithm is used, as if it came from a MC event generator,
to build jets, (from which the quark and gluon energies and directions are inferred), quantify
charged leptons, missing transverse energy (from which we can estimate direction and energy of

neutrinos and other invisible particles ). The momenta of charged particles are measured using
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Figure 4.4: Reconstruction of physical objects via Particle Flow (PF) algorithm.

the CMS tracker, which has capability to measure tracks with very high accuracy. For low
momenta particles, resolution of tracker is very high relative to calorimeter systems, therefore,
the reconstruction of tracks is very important ingredient of the particle flow algorithm. There
are two main requirements for the track reconstruction: tracking efficiency almost close to 100%
and fake rate of tracks equal to 0. For achieving these requirements, an iterative algorithm is
applied on step-by-step basis to loosen the criteria of tracks and mask the identified tracks for

the next iteration.

4.2.1 The Linking Algorithm

In the CMS detector, one particle may give rise to many PF elements in the various sub-
detectors, therefore, these PF elements are connected with each other through the link algo-

rithm to fully reconstruct a single particle and getting rid of any possible double counting
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from different detectors. For each pair of element, the link algorithm is tentatively performed
and defines the distance between the two linked elements to ensure the quality of the link.
The blocks of elements are being produced by the link algorithm which are connected directly
or indirectly. Thanks to the granularity of the CMS detectors, blocks typically contain only
one, two or three elements, and constitute simple inputs for the particle reconstruction and
identification algorithm. The smallness of the blocks ensures the algorithm performance to
be essentially independent of the event complexity. The link between the tracker tracks and
calorimeter clusters proceeds due to the extrapolation of track last hit to the Pre-Shower (PS),
the ECAL and the HCAL. The distance between two clusters is described in (7, ¢)-plane which
is the distance between two cluster positions. The link algorithm reconstructs muons globally
by establishing a link between the charged particle tracks in the tracker and a muon track in
the muon station. The link algorithm performs global fit between the two tracks and returns
acceptable 2. If there are several tracks lying inside the global fit then the muon track having

the smallest x? is retained. The 2 defines the link distance in this case.

4.3 Physics Objects

The collision data recorded by a detector undergoes into many processes to achieve final state
physics objects (electrons, muons, jets, etc) as shown in Fig. 4.5, which are used later for
analysis. The process of physics object reconstruction is always an offline process, in which the
detector readout data is converted into physics objects. In this section, the reconstruction of

the physics objects in the data and MC is discussed.

4.3.1 Track Reconstruction

One of the most challenging task of the CMS experiment is the reconstruction of charged parti-
cles tracks in the silicon tracker. Many algorithms are used for the track reconstruction, every
algorithm uses the reconstructed positions (hits) of the charged particles in the tracker. These
hits are used to determine the helical trajectories of the charged tracks and hence directions
and momenta [74]. The main software designed for the reconstruction of tracks is Combinato-
rial Track Finder (CTF) based on combinatorial Kalman filter, an extension of Kalman Filter.
The track finding software allows pattern recognition and track fitting. For a trajectory, the
best estimate of trajectory parameters is calculated by the track fitting module using Kalman

filter and smoother. The selection of tracks sets quality flags and rejects tracks failing certain
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specified criteria [75]. The CTF algorithms proceed in three ways, seeding, finding and fitting.
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Figure 4.5: The transverse view of the Compact Muon Solenoid (CMS) slice with all sub-
detectors, showing physics objects hits in various sub-detectors and iron return yoke inter-
spersed with the muon chambers

At the seeding stage, a pair of hits is considered as a possible candidate of a track provided
that pr above a threshold level and hits are compatible with the interaction region. A seed
contains small subsets of position measurements in the tracker itself. The hits in the pixel silicon
detector provide best track for seeding because of their three-dimensional position information.

The second step in track reconstruction is finding the good tracks. The tracks finding is
based upon the standard approach of Kalman Filter. At this stage, starting point are the
seeding parameters then the track trajectory is extrapolated to the nearest tracker layer and
compatible hits assigned to a track. The Kalman Filter is a succession of alternating prediction
and filtering steps. At every step the filter updates the track parameters with the new hits. The
assigned parameters are then passed through the quality checks for the further propagation.
Finally, fitting is performed to calculate the track and the Kalman Filter is applied again on
the five parameters of each track. At the end of fitting, the least-squares fit is used for each
trajectory in two stages. First the forward fit, inside-out from the interaction region, removes
the approximations and biases of the seeding and finding stages. In the second outside-in
smoother fit yields the best estimates of the track parameters at the primary vertex [76].

Therefore the reconstruction of vertex offers the following benefits:

e Due to the vertex constraints, the momentum estimation of the particles involved can be

improved.
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e The reconstruction of very short-lived particles or the neutral particle is possible by

finding their decay products and common vertices.

e Since particles leave hits in the tracker, therefore, the decay length of short-lived particles
can be measured by computing the distance between its estimated production vertex and

estimated decay vertex.

4.3.2 Primary Vertex Reconstruction

The production of particles is due to the collision of particles, of two beams or a beam particle
and a target particle, the vertex is primary interaction vertex. The production of particles
through the decay of an unstable particle or by the interaction of a particle with the material
of the detector, then the corresponding vertex is secondary interaction vertex such as vertex of
bremsstrahlung.

The Hard scattering phenomena takes place at the Primary Vertex (PV). The PV re-
construction is very important to estimate the number of pileup events and to make a good
b-tagging. The base of primary vertex reconstruction is to find the common origin of recon-
structed tracks. At the HLT level of trigger, which is an online selection of collision events that
takes place very fast, therefore, the PV search is reduced in a way that only the z-coordinate
is taken into account. For the precise measurement of PV, there are mainly three selection

criteria:
e At least two hits in the pixel detector
e Seven hits in the silicon strip detector

e The y? value of the fit divided by the number of degrees of freedom has to be smaller
than 5.

For the high quality track reconstruction, an iterative algorithm used which makes sure a
high efficiency, as shown in Fig. 4.6. After the successful reconstruction, tracks fed to the PF

algorithm as an input.

4.3.3 Electron

The Gaussian Sum Filter (GSF) algorithm used for the reconstruction of electrons in the

CMS. It takes the information of tracks from the tracker and energy cluster information from
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Figure 4.6: The primary-vertex reconstruction efficiency as a function of the number of tracks

in a cluster, measured in minimum-bias data and MC simulation.

the ECAL. The basic idea of GSF is to model the energy loss distribution by using the mixture
of Gaussian distribution rather than a single Gaussian. It has been observed that the GSF is
able to improve the momentum resolution of electrons as compared to the standard Kalman
filter [77].

The electrons travel through the magnetic field of the CMS detector and leave hits in the
tracker before hitting the ECAL. Then they lose almost all the energy and form a cluster of
energy in the ECAL. The electrons change their trajectories due to magnetic field and emit
bremsstrahlung photons. These photons have larger cluster size in the ECAL as compared to
electrons [78].

There are two complementary methods for the reconstruction of electrons: tracker driven
and ECAL driven seeding. The tracker driven method is for the low pr electrons that often lie
inside jets and ECAL driven are optimized for the high pr electrons coming from the decay of
W or Z boson for example, and this is relevant for the tqZ analysis.

The ECAL driven method is defined for electrons having Fr > 4 GeV, which starts forming
super-clusters (SC) in the ECAL. The method is then optimized for the isolated electrons in
the pr range relevant for Z and W decays up to pr > 5 GeV. In clusters, there is a spread in
the ¢ direction as compared to the n direction, as shown in Fig. 4.7. This spread in ¢ is due to

bremsstrahlung and taken into account for a super-cluster. The electron tracks start from the
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Figure 4.7: The electron reconstruction in the Compact Muon Solenoid (CMS) detector, the arc
of tracks shows the bending in the magnetic field and energy cluster are shown in the Electro-
magnetic Calorimeter (ECAL). The ECAL clusters due to the electron and its bremsstrahlung
photons are shown as green squares. The super-cluster is boxed in blue.

matching of super-cluster with the tracker seed, tracker seed provided two to three hits in the
inner tracker. After this rest of electron track is generated by using GSF fitting of tracker hits.
Due to bremsstrahlung radiation, electrons trajectories becomes smaller. The kinks appear in
the trajectories due to radiation, and GSF algorithm takes into account all of these effect. The
electron candidates reconstructed with the tracker driven method are based on multivariate
analysis, whereas the ECAL driven algorithm is based on the matching between the GSF track

and the super-cluster in n and ¢.

4.3.4 Jets Reconstruction

The high energy pp collisions at the LHC create a very huge amount of QCD data, jets re-
construction is therefore most important for many physics analysis. The tqZ process contains
at-least one light quark jet and one b-tagged jet coming from the decay of top quark. Therefore,
the algorithms for jet reconstruction play a vital role in this analysis as well. A jet is a bunch
of particles generated by hadronization, therefore, the jet algorithm rely on the calorimeters,
i.e. the ECAL and the HCAL.

In hard scattering of partons in pp collisions, jets are the signature of quarks and gluons.

The quarks and gluons have net color charge and do not exist freely due to color confinement.
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The quarks and gluons stick together to form a color-neutral hadron, the process is known
as hadronization. Basically, jets are the result of fragmentation function which is a union of

showering and hadronization, as shown in Fig. 4.8. Jets are simulated using two mainstream
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Figure 4.8: The schematic representation of jets production stages in a pp collision

algorithms: cone-type algorithm and sequential clustering algorithms.

The cone-type algorithms are not infrared and collinearly safe. These are typically complex
and involve several parameters. The two cone-type algorithms: midpoint cone and siscone jet
algorithm, are used in the CMS experiment [79].

In the CMS, the standard jet clustering software is based on the collinear and infrared-safe
anti-kp algorithm [80]. The anti-kr algorithm measures the two distances: d;; is the distance
between two particles ¢ and j or two pseudo-jets and d;p is the distance between an ith particle
and beam line. The minimum of two variables d;; and d;p is calculated, if the distance between
pair of particles (7,7) is the smaller than the distance d;p only then ¢ and j are combined. If

the smallest distance is d;g, then ¢ will be a jet and it is removed from the list of particles.

The two variables mentioned above are defined in Eqs. 4.2 and 4.3.
2

AZ
diy = min(k, k}) = (4.2)

The transverse momentum of the particle ¢, is represented by £;;, and the radius parameter is

denoted by the letter R and R = 0.5 in this analysis. The parameter p governs the relative power
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of energy versus geometrical scales to distinguish the three algorithms: p = 1 kt-algorithm and
p = —1 represents anti-kt algorithm. The distance between beam and the ith particle is defined
as:

dip = k27, (4.3)

where A;; = \/(¢; — ¢;)? + (n; — 1;)%, ¢ is the azimuthal angle and 7 is the pseudo-rapidity.
The process of calculating the smallest distance defined above is applied over complete dataset
to distinguish between jets and other particles. In the process of reconstructing a jet, the
algorithm provides a stability against the low particles inside jets. The softer constituents are
always clustered around the hard constituent before they cluster each other. When a second

hard constituent is present in an event, the behaviors of the algorithm is given below.

e when A;; > 2R : it is a simple accumulation of soft constituents within the circle of

radius R, which is forming a perfect conical jet.

e R < Aj; < 2R : the algorithm is resulting into two jets but the harder one will become
conical jet, in case of both jets have hard transverse momentum, then neither one can

form a perfect conical jet.

e A;; < R : thus the constituent 1 and 2 will form a single jet.

Jet Energy Corrections

The response of the CMS calorimeters is non-linear and non-uniform, therefore measurement
of the jet energies is not perfect or there is another source of a jet energy which is due to
pile-up interactions. However jets have energy mismatch with the original energy deposition

in the calorimeters, following are the main source of energy mismatch:
e non-uniform response of calorimeter,
e noise of detector electronics,
e deposition of extra energy due to pile-up effects,
e unclustered energy deposits.

Therefore, the jet energy calibration is necessary to account all these effects after recon-

struction of a jet. The reconstructed momentum of a jet can be written as,
Pcorrected _ C«(Praw n)Praw (4 4)
i - T > 7 ) :
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Figure 4.9: The jets calibration states applied on Data and MC.

where P/ is the four-momentum of an uncorrected jet, C(P;* n) is the scale factor for
correction depending upon the pr and 7 of uncorrected jet. There are three levels of jet energy
calibration: MC truth, relative jet energy scale versus 1 and absolute jet energy scale versus
pr as described in Fig. 4.9. More explicitly, these correction factor can be expressed in the

following Eq. 4.5 with the three levels of jet corrections,

corr

pT"" = [Crvi(pr).Crva(pr,n).Crvs(pr)|py <. (4.5)

In order to correct pr of jets in the data, the correction factors are derived from the MC
simulation and then applied to the data as shown in the Eq. 4.5.

The process of jet energy correction is splitted into multiple levels as given below
e L1FastJet: Applied to correct energy of a jet coming from a pileup events.

e L2Relative: Correction in the non-uniformity of jet energy relative to distribution in

each sub-detector.

e L3Absolute: This correction which is based on the pr of jet, and is applied for correcting

the nonlinear energy response of the calorimeters.

e L2L3Residual: This type of correction is applied to the data for the correction of dif-
ferences between the data and MC simulation in the n(L2) and pr(L3) based corrections.
In order to correct pr in the data, correction factors are derived from MC simulation and

then applied to the data as shown in the Eq 4.5.

4.3.5 Reconstruction of b-Jets

The b-jets are produced from b-quarks. The b-quarks hadronize to form B-hadrons having
relatively long life-time and travel almost 500 pum before decaying, the secondary vertex can

therefore be reconstructed easily from the decaying products, as shown in Fig. 4.11. Because
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of large mass and coupling to the charm quark, b-quarks can make hadrons with relatively
long life-time. Since the B-hadrons have long life-time, therefore, at the decay point it pro-
duces Secondary Vertex (SV). This SV is at a large distance from PV and is an indicator of
hadronization. The presence of SV in an event is used for the identification of b-jets. The weak
decay of the b-quark is suppressed by the CKM matrix. Therefore, the b-quark hadronizes
and travels some distance before it decays. The high resolution of the pixel detector allows to
measure the decay length. As a result the displaced track originating from a secondary vertex
is a strong hint on the existence of a b-jet. Several algorithms exploit these characteristics to
identify b-jets.

In the physics objects reconstruction, it is very important to identify b-quark jets (b-tagged),
because b-tagging is used in many physics analysis such as the top quark reconstruction and
also various new physics processes involving b-quark like super-symmetry models (Fig. 4.10).
At hadron collider, due to very high collision rates, it is very challenging to measure the b-
tagging efficiency. The cluster of particle flow reconstructed object form jets, since the particle
flow algorithm collects and combines information from all parts of CMS sub-detectors to create
a consistent set of reconstructed particles for each event.

Thus b-tagging algorithms use several reconstructed objects such as tracks, vertices and
leptons to discriminate between the b-quarks and light quarks jets. These algorithms provide a
single value of discriminator for each jet. The algorithm clustering these reconstructed particles
into jets is anti-kt clustering software. The tracks which fulfill the following criteria are being

used for b-tagging.

AR < 0.3, which is the angular distance between jet axis and a track,

at-least 2 hits in pixel and 8 hits in the tracker including pixel hits,

The transverse momentum pp of a track > 2 GeV,

o X% <5,

spatial distance between the PV and the point of closest approach between the track

trajectory and the jet axis which is decay length and that should be < 5.

Impact parameter is also very important quantity for the reconstruction of b-quark jet and is
defined as the distance between the PV to the track at their point of closest approach in space.
The Combine Secondary Vertex algorithm takes the relatively long life-time of B-hadron into
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Figure 4.10: The reconstructed secondary vertices, b-tagging is based on secondary vertex [81].

account to identify jets coming from the hadronization of b-quarks, referred to as b-jets as
shown in Fig. 4.11. Since the mean free path of B-hadron is long enough, which makes it
possible to reconstruct secondary vertices inside the hadronic jet cone, displaced with respect
to the primary vertex of the collision.

There are several key features of b-quark such as: relatively large impact parameter of
the tracks, higher charged multiplicities, high pr of decay products with respect to b-flight
direction, larger jet mass as compared to the light quark jet and long life-time of the heavy flavor
hadrons. These characteristics of b-quark have been used to develop algorithms which play
important role to distinguish b-jets from those produced by light-flavor quarks and gluons. The
discrimination between b-jets and non b-jets has been performed by using the secondary vertex
and the kinematics variables associated with this vertex. During offline event reconstruction
at the CMS experiment, different algorithms are used to quantify jets from b-jet, the most

efficient known algorithms are:

e Track Counting High Purity (TCHP): The TCHP algorithm based on the third

track with the highest impact parameter significance.

e Jet Probability (JP): The JP algorithm assumes that all the associated tracks are

coming from the primary vertex.

e Simple Secondary Vertex (SSV): The most discriminating variable for SSV algo-
rithm is the significance of-flight distance (the ratio of the flight distance to its estimated

uncertainty).
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e Combined Secondary Vertex (CSV): The CSV algorithm uses the life-time infor-
mation of secondary vertex and track, to build a likelihood discriminator. The vertex
having a radial distance of more than 2.5 cm with respect to the primary vertex and
mass exceeding 6.5 GeV /c? are rejected. The vertex candidates are rejected if the flight

direction of each candidate is outside a cone of AR < 0.5 around the jet direction.
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Figure 4.11: The reconstruction of b-tagged jets using secondary vertex technique.

Efficiency
The efficiency €, of any jet with flavor ¢ to be a b-jet is

_ #tof jets with flavor ¢ tagged as b

4.6
i # of jets with flavor ¢ (4.6)

The efficiency measurements for the CSV tagger using the MC simulations are given in Fig. 4.12

4.3.6 Missing Transverse Energy (MET)

For the detection of particle, it is necessary for the particle to interact with the detector or else
particle needs to decay into detectable products. The detectors used for the particle detection
have characteristic to make visible interaction of particles with their surrounding. Almost
all the stable or long-lived particles are produced during the pp collision at LHC, are being
detected by the CMS detector [83]. But neutrinos and hypothetical neutral weakly interacting

particles are the exception . These particles leave no signature in the detector, their presence is
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derived from the momentum imbalance in the plane perpendicular to the beam direction which

is missing transverse momentum and denoted by ', as shown in Fig. 4.13, the magnitude of

missing transverse momentum is denoted by F; and called as MET. The missing transverse

momentum can be defined as Ep = — > pr, where sum is over all stable particles, Er is total

transverse momentum of all un-observed particles. In the detector, there are many sources of

momentum imbalance:

e particles having no direct signature in the CMS detector like neutrinos or other weakly

interacting particles to be discovered,

e detector calibration effects,

e data not coming from collisions, such as beam halo, cosmic, pile-up, and

e every other possible sources.

The MET is defined as follow

MET = E"™ =3 "E. - > E}

There are different and distinct techniques used in the CMS detector to reconstruct missing

energy.

e PF Er: This is reconstructed by using the particle flow algorithm technique.
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Figure 4.13: In a simulated CMS event, the missing transverse energy along with direction and

magnitude is shown.

e Calo Ep: In this type of reconstruction the calorimeters energies and geometry of

calorimeter tower are used.

e TC FEp: This type of missing energy reconstruction includes the track reconstruction
by the inner tracker and tracks after corrections, the energy deposition in calorimeter

towers.

In this thesis, we have used PF E7r for the analysis. As jets need correction, similarly missing
energy also needs correction before being used in any physics analysis. At the CMS detector,
mainly three types of correction have been applied. Usually correction applied for better

estimations and understanding of MET.

e Type-I Correction

By =- Z pri — Z P (4.8)

i€jets i€uncl
=T -1 5 —Type-I —Taw =T 1
Cp'? = Z bri — ZﬁngjgtET =fr +CF (4.9)
iE€jets jet
e Type-II Correction
C_;;l:ype—ﬂ _ (1 . Cuncl.) Z ﬁTi' (4]_0)
i€uncl.

If the Type-1I correction is added to Type-I corrected MET

—Type-I-1T —Type-1 S Type-I1I
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e Type-0 Correction
Type-0, MET correction

> Pri=-R" D pn (4.12)

i€neuPU 1€chPU

The Type-0 correction is this estimate plus the last sum in raw MET:

PP = (1-R% Y pm (4.13)

1€chPU

The detailed description of MET correction is given in [84].

4.3.7 Muons Reconstruction

The muons have been reconstructed in multi-faceted way as shown in Fig.4.14, using different
technologies of gaseous detectors. There are three different muons reconstructed by the CMS,

Global muons, tracker muons, and standalone muons.

i I w L I !:’L.*'C
TIFLEAEL 11 ol
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=i Dt e e P S 24 DE@S0 2010 CEST
RunEvant: 146511 / 504857308 1

Figure 4.14: (a) The longitudinal (r — z) and (b) the transverse (r — ¢) views of the Compact
Muon Solenoid (CMS) muon system for pp collisions, where four muons have been recon-
structed.

Global muon (outside—in): The global muons are reconstructed by the extension of
standalone muon tracks to the silicon tracker, where the result of best matching of the re-
constructed track of a standalone muon is performed. For finding the global muon, we apply
Kalman-filter technique. For high pr > 100 GeV muons, better momentum resolution is

achieved through global muon fit as compared to the track-fit only.

Tracker muon (inside-out): The muons in the tracker are reconstructed with the
algorithm seeking tracks in the silicon tracker having pr > 0.5 GeV as a muon candidates.

These tracks are extrapolated to the muon stations for compatible segments by taking: the
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magnetic field, the average expected energy losses, and multiple coulomb scattering in the
detector material into account [85]. The matching of tracks-to-segment is performed in local
coordinates at the muon stations. The tracks and segments are considered to be matched if
the distance between the track and hit is less than 3 cm.

The momentum resolution is better in the silicon inner tracker and for high pr > 200 GeV

muons. The global fit improves the momentum resolution, as can be seen from Fig. 4.15.
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Figure 4.15: The muon pr resolution (Apr/pr) as a function of pr using muon system only
(black dashed curve), the inner tracker only (blue dashed-dotted curve), and both (red solid
curve), for the |n| < 0.8 (left) and 1.2 < |n| < 2.4 (right) regions |85].
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Chapter 5

The tqZ Event Selection

In the previous chapter 4, event generation, objects reconstruction and the identification have
been described in detail. Thus after the identification of physics objects, the next step in
analysis is to define the kinematical requirements on the reconstructed objects. The main
purpose of tqZ event selection is to produce datasets which will be enriched with the signal
events. Since the tqZ analysis is using fully leptonic topology therefore the discussion in this
chapter is mainly focused on the selection criteria of final state leptons (e, u), jets and MET.
The data and MC samples have been described along with the trigger selection. The various
kinematical regions are defined where the selection criteria is validated and background is
estimated. The final state signal selection criteria is discussed in section 5.7. The comparison
between the data and MC simulations have been made after applying event selection. The

summary of chapter has been given in section 5.8.

5.1 The Datasets

The full 2012 CMS data corresponding to 8 TeV pp collisions with an integrated luminosity
of 19.7 fb~! is being used for the analysis. The data used in this thesis have been certified
as "good" for physics analysis by the CMS data validation group [86]. During the 2012 pp
collision data taking, the bunches of proton beams crossed each other after 50 ns with an
average of approximately 1380 bunches per fill. The results obtained from the data have been
compared with the prediction by producing the simulated samples by using MC techniques.
There are several processes in the SM which can produce tqZ like final state events and hence
become potential background to signal. Thus the signal (t¢Z) and background processes have

been generated by using the MC simulation generators. The tqZ signal MC sample has been
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produced by using PYTHIA8 with 4 Flavor Scheme (4FS) and backgrounds WZ, tt, ttZ are

produced by using PYTHIA6 and MADGRAPH as shown in Table 5.2.

5.1.1 Analysis Object Datasets (AOD)

The tqZ — blvl*{~ process results in events having three leptons (electrons or muons) in the
final state (fully leptonic decay). Therefore the di-muon, di-electron and MuEG data streams
are used to study the t¢Z final state. The data samples used were collected by using the uu, ee
and pevy triggers. The CMS experiment recorded these data streams at different time period,
and therefore each data stream is a collection of many data Runs. A Run is the time period
of CMS data recording during which all sub-systems were in operating mode. All datasets are

mentioned in Tables A.1, and 5.1.

Table 5.1: Di-lepton (uu, ee) and MuEG (uey) datasets, expressed with time period of data
taking and also taken Runs in that specific period.

Data Streams Data Period Data Runs
Run2012A-22Jan2013-v1 | 190456 - 193621
Di-lepton Run2012B-22Jan2013-v1 | 193834 - 196531

and MuEG Run2012C-22Jan2013-v1 | 198022 - 203742
Run2012D-22Jan2013-v1 | 203777 - 208686

5.1.2 MC Datasets

The MC simulation is used for the prediction of properties of signal and background processes.
In the simulation chain the event generation is followed by simulation of the detector response
as discussed in detail in chapter 4. The CMS MC version used in this thesis is Summerl12 MC,
both for signal tqZ selection and for backgrounds. These simulated samples were generated by
using PYTHIA (version 6) [58], POWHEG [64], MADGRAPH [67| with tune "TuneZ2Star" [68|.
The simulated samples are rescaled to data using NLO or higher order(when available) cross-
sections. All the MC simulated datasets being used in the analysis have been generated using
the pileup scheme "PU_S10". The simulated datasets with generated cross-section are given

in Table 5.2.
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Table 5.2: MC simulated datasets used for tqZ signal and backgrounds are mentioned with

their cross-sections.

Process Dataset o|pb]
Signal (tqZ) | /TZJetsTo3LNuB_8TeV _TuneZ2Star madgraph tauola/[1] | 0.00783
tt /TTJets FullLeptMGDecays 8TeV-madgraph/[2] 234.
ttW /TTWJets 8TeV-madgraph/[1] 0.232
ttZ /TTZJets 8TeV-madgraph v2/[1] 0.2057
Wz /WZJetsTo3LNu_TuneZ2 8TeV-madgraph-tauola/[1] 1.058
Z JZGToLLG_8TeV-madgraph/[1] 132.6
/ZZTode 8TeV-powheg-pythiab/[1] 0.07691
zZ7Z /ZZTodmu_8TeV-powheg-pythia6/[1] 0.07691
/ZZTo2e2mu_ 8TeV-powheg-pythia6 /[1] 0.1767
/DY JetsToLL M-10To50filter 8TeV-madgraph/[1] 860.5
Z + jets /DYJetsToLL M-50_ TuneZ2Star 8TeV-madgraph-tarball/[1] | 3532.8
Wy /WGstarToLNu2E _TuneZ2star 8TeV-madgraph-tauola/[1] 5.873
/WGstarToLNu2Mu_ TuneZ2star 7TeV-madgraph-tauola/[1] | 1.914
wWw /WW _TuneZ2star 8TeV _pythia6_tauola/[1] 5.817
1] Summer12 DR53X-PU_S10_ START53_ V7A-vl/AODSIM

5.2 'Trigger Selection

In section 3.2.9, the trigger system and its objective have been discussed. The high LHC
collision rate results enormous amount of data which all can not be stored on disk. Therefore, a
super-fast algorithm is needed to select interesting events while suppressing less interesting ones.
Thus selection of trigger is doing great job in throwing away unwanted events. The selection
of events is based on HLT paths that require the presence of at least two leptons (electron
and/or muon), with transverse momenta of leading lepton larger than 17 GeV and momenta of
second leading lepton larger than 8 GeV. The muon candidates are reconstructed by using the
CMS muon and inner tracker subsystem information without isolation requirements. Electrons
candidates are reconstructed by combining silicon tracker and calorimeter information. These
are required to full fill very loose identification and isolation conditions. The detailed HLT
paths are listed in Table 5.3.

These events in this analysis are required to pass one of the unprescaled di-lepton trigger,
i-e, double-electron (ee), double-muon (pu) or muon-electron (ep). To avoid double counting

of events, trigger path is required to be exclusive using the following criteria:

e accept all events from the DoubleMu Primary Dataset which have fired the mentioned

di-muon trigger paths as shown in the Table 5.3.
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e accept all events from the DoubleElectron Primary Dataset, if they have fired one of the

di-electron paths and none of the di-muon paths.

e accept all events from the MuEG Primary Dataset, if they have fired one of the cross-

flavor paths as shown in Table 5.3 and neither of the di-muon nor di-electron paths.

Table 5.3: HLT trigger paths used in the analysis
Process HLT Path

Double Electron HLT FElel7 CaloldT CalolsoVL _TrkIdVL TrkIsoVL
_Ele8 CaloldT CalolsoVL TrkIdVL TrklsoVL

Double Mu HLT Mul7 Mu8
HLT Mul7 TkMu8
MuEG HLT Mul7_ Ele8 CaloldT CalolsoVL TrkIdVL TrkIsoVL

HLT Mu8 Elel7 CaloldT CalolsoVL TrkIdVL TrkIsoVL

5.3 Event Selection

There are many stages in the process of an event selection, to be selected as a signal event. For
the data events, there are lot of cleaning filters to exclude the anomalous detector effects. The
event selection of analysis starts from the trigger, that must pass at least one required trigger
path of analysis. After the proper trigger, physics objects expected to be present in the final
state of signal event needs to pass more requirements.

The tqZ analysis has been performed in leptonic final state where the top quark decay into
a W boson and b-quark, the W boson decays further into lepton and neutrino. The Z boson
decay into pair of leptons having opposite charge and same flavor. Therefore, the tqZ final state
contains three leptons (u and e), there will also be measurable missing transverse energy and
at least two jets from which one must be b-tagged. The selection criteria for physics objects

have been discussed in the following sections.

5.3.1 Analysis Main Steps

There are many steps which have been followed to perform the tgZ analysis, these are mentioned

as follows:

e Processes the required Analysis Object Datasets (AOD) datasets in the form of Physics
Analysis Toolkit (PAT) objects.
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e Pre-selection has been performed on events in both data and MC simulation.

e Simulated events are being normalized to data, by using the NLO theoretical cross-

sections.

e Pileup re-weighting has been applied on simulated events to compare efficiency with the

observed data events.
e The comparison between data and MC has been made to validate the analysis.

e Data driven background estimation has been performed to estimate backgrounds due to

fake leptons and di-boson.

e Finally cross-section and systematics uncertainties have been calculated by using Higgs

combine package [87].

5.3.2 Event Vertex Selection

At hadron colliders like LHC, during each bunch crossing, the presence of several hadron col-
lisions is generally called as pileup (PU) and needs a diligent consideration because particles
produced in secondary collisions might add spurious energy to the primary interaction. The
reconstruction of collision vertices is being performed after assigning tracks to the vertex candi-
dates and these assignments are based on the track-longitudinal position at the closest distance
with respect to the beam axis. In order to ensure that events are not being faked, they must
satisfy the good vertex conditions as outlined below. For a good vertex selection the fitted
numbers of degrees-of-freedom (NDoF') have to be greater than 5. The longitudinal position
of vertex should be within |z| < 24 c¢m and the transverse impact parameter (dy) has to be dy
< 2 cm.

The average vertex multiplicity distribution is measured in data based on the total pp
in-elastic cross-section [88] and the instantaneous luminosity of the events. The simulation
events are generated with a distribution of the average number of vertices based on a prior
assumptions of the LHC running conditions. The distributions of the number of vertices in
data and simulation differ |89] as shown in Fig. 5.1. In Fig. 5.1, the distribution of number
of primary vertex is shown before and after applying the pileup re-weighting to the simulation

events. A good agreement between the data and simulation is observed.
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Figure 5.1: Plots of the pileup reweighing procedure. Left: distribution of the number of
reconstructed primary vertices for signal Monte Carlo (MC) and data. The solid blue line
representing the number of primary vertices before applying the re-weight while the solid red
line represent number of primary vertex after applying the pileup re-weighting which shifted
towards data point Right: Comparison of distribution of the number of reconstructed primary
vertices for MC and data after applying pre-selection as discussed in section 5.4. The data is
shown with dots having error bars and filled histograms for backgrounds. The background is
normalized to the data

5.3.3 Muon selection:

Muons are considered to be very clean objects and the reconstruction of CMS muons has
been discussed in detail in 4.3.7. Since the tqZ study is performed leptonically and muon
is a lepton, therefore, there are selection criteria for muon. Muons that have undergone PF
reconstruction have already been identified as both Global and Tracker muons. The muons
having transverse momentum (pr) greater 20 GeV and pseudo-rapidity (|n|) less than 2.4 are
being used in this analysis. A muon candidate with the general requirements described in
Table 5.4, is called a "tight" muon. For the purpose of the event selection, muons with less
stringent criteria are defined as "loose" muons. It is only required to pass the PF identification
and satisfy pr > 10GeV, |n| <2.5. The events containing extra loose muons are being vetoed
in this analysis. Other than the tight selection criteria, muons must be isolated by removing
the neutral hadron and photon contribution from the fixed radius cone. The detail of muons
isolation is given in the appendix C.1. This is referred to as the AS correction and a muon is

considered isolated when Ias < 0.12 within the cone of radius AR = /(An)2 + (A¢)? = 0.4.

For selection of a loose muon, the isolation should be less than 0.2. The detail requirements for
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Table 5.4: Muons identification criteria used in the analysis [90]

Criterion Tight Muon | Loose Muon
Particle Flow Muon ID PF Muon PF Muon
Global and Tracker Muon required Not required
Global or Tracker Muon Not required required
pr > 20 GeV > 10 GeV
I <24 <24
do < 0.2 cm -
d. < 0.5 cm -
Global track fit x*/ngor <10 -
Number of pixel tracker hits > 0 -
Number of silicon tracker hits > 5 -
Number of valid muon chamber hits >1 -
I, < 0.12 <0.2
cone size 0.4 0.4

tight and loose muons are summarized in the Table 5.4. Thus after asking required selection

criteria, the transverse momentum of muons in various decay channel of tqZ is shown in the

Fig. 5.3.
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Figure 5.2: The multiplicity of muons after the requirement of three leptons in event before
pre-selection criteria.
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Figure 5.3: After applying pre-selection criteria, inclusive muon pr in different combinations
of three leptons final state. The figure at the top shows the pr in eeu channel, left bottom
figure shows pr in epp channel and right bottom represents the pr in pup combination. Good
agreement between data and MC and dominant background is W2

5.3.4 Electron Selection

Particle Flow electrons have been used in this analysis which are based on the GSF tracks

reconstruction of electrons. The standard selection criteria used in this analysis is recommended
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by Physics Object Group (POG). The electrons having transverse momentum, pr, greater than
20 GeV and pseudo-rapidity range, |n < | 2.5. All the recommended cuts for tight selection
of electrons are mentioned in Table 5.5. In addition to the tight criteria, electrons must be
isolated to reject leptons from semi-leptonic decays of hadrons, as discussed in appendix C.2.
The relative isolation variable,l,.;, is an estimator of the additional energy around the track of

a given particle. For electron to be considered isolated, it must have a value of I, < 0.15 for

a cone of radius AR = /(An)? + (A¢)? = 0.3. After applying the required selection criteria,

electron multiplicity is shown in the Fig. 5.4.

Table 5.5: Electrons identification criteria used in the analysis [91].

Criterion | Tight Electrons | Loose Electrons
pr > 20 GeV > 10 GeV
In| < 2.1 2.5
| A | 0.004 -
|Din 0.030 -
Tinin 0.01 -
dyt 0.020 -
avte 0.100 -
AR(e,m) > 0.1 -
mva-ID > 0.5 > 0.0
I, < 0.1 < 0.15
cone size 0.3 0.3

The Particle Flow (PF) algorithm is doing identification of electron at the CMS detector
but still there are some additional identification steps. There are many strategies to separate
prompt electrons from the background sources. The main contribution come from photon
conversion, mis-identification of jets as an electron, or electrons coming from semi-leptonic
decay of the b-quark and c-quark. For identification of electrons, multi variate algorithm
(MVA) has been used with values of MVA discriminate ranges from -1 and +1 and greater the
value o discriminant more probable electron like. The MVA cuts are summarized in Table 5.6.
Thus after asking required selection criteria, the transverse momentum of electrons in various

decay channel of tqZ is shown in the Fig. 5.5.

5.3.5 Jet Selection

Jets are cluster of object obtained from particle flow algorithm. For light jets and b-jets

selection in this analysis, official selection as recommended by CMS top physics group are used

68



10° e CMS Preliminary Ns=8Tev. L 21970

. T T ]
- =z
B 1 ttwiz
10" — ] Ziet]
| | N
10° — ]
< — ]
.6103— _
= — —
c | _
w £ -
10— —
107 — =
‘,‘.:!_Z_ T |
% 1.5
g 1 * ¢
-— —— T
fDU 0.5 Y
% 2 4 5

Electréns Multiplicity'®

Figure 5.4: The multiplicity of electrons after the three lepton requirement and before the
pre-selection.

Table 5.6: The electron multivariate identification utilizing Boosted Decision Tree (BDT). The
cuts on BDT value are dependent on the pr and n of the particular electrons.

pr I BDT Output
5-10 GeV < 0.8 > 0.47
0.8 - 1.479 > 0.004
> 1.479 > 0.295
> 10 GeV < 0.8 > - 0.34
0.8 -1.479 > - 0.65
> 1.479 > 0.60
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Figure 5.5: The transverse momentum (pr) of electron in different combinations of three leptons

final state after applying pre-selection criteria. The figure at the top shows the pr in eeu

channel, left bottom figure shows pr in eup channel and right bottom represents the pr in eee

combination. There is a good agreement between data and MC, and dominant background is

WZ.
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[92]. The detail discussion of jets is given in section 4.3.4. There are various algorithms for jet
reconstruction in CMS which produce generator jets, calorimeter jets, and PF jets with different
cone sizes. The PF jets of cone size 0.5 has been used in this thesis, jets are reconstructed
using the anti-kp algorithm and corrected with first three levels of jet energy correction such as
L1FastJet, L2Relative, L3Absolute for MC simulation. In addition "L2L3Residual" are applied
to data.

Jet are selected in |n| < 4.5 (Fig. 5.6) range with transverse energy greater than 30 GeV.
Other than pr and 7 requirement, jets also need to pass a set of quality cuts. The large pseudo-
rapidity range has to be considered due to the light quark jet, which is preferably emitted in
the forward region. The jets must have neutral hadronic, charged electromagnetic, and neutral
electromagnetic energy fractions smaller than 99%. The charged hadronic energy fraction and

charged particle multiplicity have to be larger than 1%.
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Figure 5.6: The light jets eta (n) after the three leptons requirement.

5.3.6 b-tag Jet Selection

Identification of b-jets or b-tagging is an important and key feature of many processes in ex-
perimental high energy physics. Due to large mass, the top quark is being studied for precision
measurement of SM and for new physics hints, at the LHC. The efficient reconstruction of the
b-quark is therefore necessary. The proper reconstruction of b-quark can reduce the overwhelm-

ing background processes of the top quark pairs. The properties of the bottom hadrons can be
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Figure 5.7: The light jets multiplicity for four different combinations after applying pre-selection
criteria. top-left: multiplicity in ppe combination, top-right: multiplicity in eep combination,
bottom-left: multiplicity in eee combination, bottom-right: multiplicity in ppup combination.
Dots with error bars correspond to the observed data, while the background is represented as
filled histograms. The legend shows all the MC processes for signal and dominant backgrounds.

72



Entries / 10 GeV

()]

20 SHH_ : CMS‘ Prelimi‘ngry : : : Ns=8 ToV, L, =197 [
C —#— Data 7y |
L I tZq CItwiz
L zz 1 Zjet_|
[ I wz |__Fall
15
10— —

O 15
I I SR G
3. S R e
0,
50 100 P, of%ading Jet [Ge¥f°
30 MUK : CM§ Prelimi(r_g_ry : : : \E:ST‘EV.L =197
= “ Data =z o
[ I tZq Cdawz
25— oz 1 Zier
- N wz
3 20— =
O C 3
S 3
T s -
5 1°F -
Q2 C ]
= C -
LICJ 10__ -
5 =
F
Q 15
= 4]
g o UL S SO SR =
o + 1
0,
50 100 P, of T%ading Jet [Ge¥°
Figure 5.8:

Entries / 10 GeV

Data/MC

Entries / 10 GeV

Data/MC

15

eeu

CMS‘ Prelfmilngly

NE=8Tev.L =197
T T

T T
—4— Data
I tZq
1zz
B wz

2y
O ttweg
[ Zet_|
.

100

P, otT%a

S

ding Jet [GeV

20 eee : CMS‘ Pretfmiln_g_ry : : | Ns=8 TeV, L =197 [
— —4— Data B zZy
r I tZq [ ttwrz)
r Jzz [ Zjet|
B . wz i
15— [ stat. ]
10— —
5 C B e | ol ]
2
15
X 4 e
0.5 1 |
o 50 00 0

P, of%ading Jet [GeV¥

Leading light jets transverse momentum (pr) after applying pre-selection criteria.

top-Left: Jet pr in ppe combination, top-right: Jet pr in eey combination, bottom-left: Jet
pr in epp combination, top-right: Jet pr in eep combination, bottom-left

73



used to identify a jet originating from the b-quark. The CSV b-tagging algorithm is used for
the identification of b-jets. The detail description of b-tagging algorithm is given in [93] and
b-tag jet reconstruction is given in section 4.3.5. The CSV b-tag discriminator varies between 0
to 1 as shown in Table 5.7. In this dissertation, medium working point (Table 5.7) of b-tagging
is used which corresponds to efficiency of 65 % for b jet identification. After the selection of
discriminator value, the transverse momentum of the b-tagged jet is required to be greater
than 30 GeV and |n| less than 2.4 . Since b-jet is discriminaing variable between tqZ signal
and dominant backgrounds, therefore b-jet reconstrion is necessary. After applying required

selection criteria of tqZ, b-jet multiplicities in various combination are shown in the Fig. 5.9.

Table 5.7: CSV b-tagging discriminant threshold for different working points of the algorithm
[93]. The approximate light-jet mis-identification and b-jet identification efficiencies are also

given in last two columns.

CSV Name CSV Threshold | Light-Jet Efficiency [%] | b-Jet Efficiency [%]
CSVL (Loose) > 0.244 ~ 10 ~ 80
CSVM (Medium) | > 0.679 ~1 ~ 65
CSVT (Tight) > 0.898 ~ 0.1 ~ 50

5.3.7 The Missing Transverse Energy (MET) Selection

There is a critical role of MET (£r) in many physics analysis at the LHC and its also a key
variable for many searches beyond the SM such as super-symmetry, extra dimension and search
for dark matter. The precise measurement of MET is also necessary for SM physics involving
W bosons and top quarks [94].

The MET is defined as the vectorial sum of all PF particles in the transverse plane with
an opposite sign. It is taken as the transverse momentum of the neutrino in the semi-leptonic
top quark decay to reconstruct the top quark in the final state. MET is one of the most
important variables for reducing the QCD and Drell-Yan backgrounds in the analysis which
involves leptonic decays of W bosons such the tqZ cross-section measurement. Thus the PF
type-I corrected MET has been selected for the tqZ analysis and transverse energy should
be greater than 30 GeV. The detail discussion of MET is given in 4.3.6. The Fig. 5.11 show
the distributions of MET, in all four combination (eee, eeu, eup, ppp) after applying the

pre-selection requirements. These plots shows that the dominant backgrounds at pre-selection
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Figure 5.10: B jet discriminant after requiring the three leptons in an event.

level are W Z and ZZ.

5.4 Preselection

After the selection of events which are passing the required analysis trigger, there are set of
selection cuts which are being called pre-selection. These selection cuts enhances the signal

events and suppress background events. The complete pre-selection is defined as the following,

e require exactly three tight isolated leptons, multiplicity of leptons is given in Fig. 5.12,
where lepton is either muon or electron (u, €). The leptons selection and isolation have

been discussed in sections 5.3.3 and 5.3.4.

e two leptons should be making a Z-mass within window [78,102] GeV. The two leptons
which are making Z boson should be same flavor and oppositely charged. The separation

A¢y+- between the two leptons of the Z boson should be greater than 0.5 .
e third lepton should be from the W boson, which is the decay product of the top quark.

e since third lepton is coming as a decay product of the W boson therefore asking missing
transverse energy greater than 30 GeV. The lepton (u, €) and the neutrino (v) coming as

a decay product of the W boson should be well separated with A¢y,, > 1.
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e veto any other loose lepton (u, €) present in the event.
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Figure 5.12: The multiplicity of three tight isolated leptons, before the pre-selection require-
ment requirement. An event must contain at-least three leptons to be selected as a signal.

5.5 Di-lepton (Z boson) Invariant Mass after Event Pre-
selection

In the tqZ rare SM process, the Z boson appears as a radiation from the quarks scattering.
Therefore it is one of the key features of the analysis to suppress backgrounds such as ¢, which
may result in similar final state as signal process. The current analysis is performed in fully
leptonic final state where both the top quark and Z boson decays into leptons, i.e, electron
or muons. Therefore, the Z boson is required to be made of pair of same flavor opposite sign
leptons with invariant mass M to lie within a window of [78,102] GeV. To have a very clean
signal of Z boson which is produced in association with the top quark, a very strict window of
Z boson mass applied. In the event, where more than one pair of di-leptons are in the range
close to the Z mass, the pair which is closest to the pole Z mass (91.1876 GeV) [94] is selected

as a Z candidate. In Fig. 5.13, invariant mass of the Z boson is shown for four different lepton
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combinations, the different colors shows the signal (tgZ) and all relevant backgrounds MC. At
the level of pre-selection, the dominant backgrounds are di-bosons, WZ, ZZ and ttZ.
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Figure 5.13: The invariant mass of Z boson for four, uue, eeu, eee, ppp, combinations after
applying pre-selection criteria. top left: Z boson invariant mass in ppe combination, top
right: Z boson invariant mass in pee combination, bottom left: Z boson invariant mass in eee
combination and bottom right: Z boson invariant mass in ppup combination. Dots with error
bars correspond to the observed data, while the background is represented as filled histograms.
The legend shows all the MC processes for signal and dominant backgrounds.

5.6 Data MC Comparison after Pre-selection

Since the pre-selection is a set of selection cut, to obtain a clean signal of t¢Z as described in

section 5.4. For tqZ process, the three leptons final state can have four possible combinations
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Figure 5.14: Inclusive Z boson invariant mass after applying pre-selection criteria. Dots with
error bars correspond to the observed data, while the background is represented as filled his-
tograms. The legend shows all the MC processes for signal and dominant backgrounds.

are pu, ppe, pee and eee. The selection process of events starts from the appropriate trigger
implementation, which are puu, ee and pey. After the trigger selection, the next step is to
select three tight isolated leptons and vetoing any fourth loose lepton present in event as
discussed in pre-selection and in sections: 5.3.3, 5.3.4. At this stage, a tqZ signal event must
contain a W boson, which is the decay product of top quark and a Z boson introduced as a

radiation in signal process. The transverse mass of W boson reconstructed by using W =

\/ 2Pr¢Pr,(1 — cosA¢) where Pr, is transverse momentum of leptons (e or u), Pp, is the
neutrino energy or MET and A¢ is the angle between lepton and corresponding neutrino. A
well separated lepton and neutrino are required to have A¢ > 0.5 to obtain a clean signal of the
W boson. The transverse mass of the W boson in all four exclusive and inclusive combinations
is shown in Fig 5.17 and Fig. 5.18, respectively. The di-lepton invariant mass (M = E? — P?)
is well understood physical observable at experiments that can be used for the validation of the
selection cuts and the understanding of backgrounds. The invariant mass of the Z boson for
different four exclusive and inclusive combinations are shown in Fig. 5.14 and Fig. 5.13. The
invariant Z boson mass is well reconstructed and shows good agreement between the data and
MC. The transverse momentum distributions of Z boson in all combinations and inclusive are

shown in Fig. 5.15 and Fig. 5.16.
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Since tqZ measurement has been performed leptonocally by using cut and count method.
Therefore a very well reconstruction of leptons was a requirement. Muon and electron multi-
plicities are shown in Fig. 5.2 that shows a good agreement between data and MC. Missing
Transverse Energy in all combinations is shown Fig. 5.11. Untagged jets multiplicities in all
combinations and for inclusive one are shown in Fig. 5.7 and Fig. 5.19. Distributions of pre-
selected leading untagged jets P is shown in Fig. 5.8.

The plots are shown to demonstrate the agreement between the data and MC simulation.
At pre-selection level, there is no untagged or b-tagged jet requirement. This is done to be able
to preserve the b-tag requirement. As it can be seen from cut flow table that number of events
in signal and background are much more in pre-selection region than signal selection which
includes b-tagged jets. From these plots it is quite evident that the pre-selection is working
well and we are able to reconstruct the basic objects in the final state. At pre-selection the
contribution of WZ background is dominating. All these plots shown are normalized to data

luminosity.

5.7 tqZ Signal Selection

For the final selection of signal events, there are additional requirements from pre-selection
described in section 5.4. The event, that is fulfilling the pre-selection set of cuts, must have at
least two jets in that specific event. From these two jets one should be b-tagged and the second
is light quark jet. The invariant mass of Z boson along with its transverse momentum is shown
in Fig. 5.21, after applying the final signal selection criteria. The dominant backgrounds are
ttZ/W, and WZ after final selection which are shown with different colors. The transverse
mass and transverse momentum of W boson are shown in Fig. 5.22, similarly the transverse

momentum of the top quark is shown in Fig. 5.23.

5.8 Summary

This chapter 5, contains the information about data streams and MC simulation used for
the analysis. The trigger used in the analysis has been discussed briefly. The main focus
remained on object selection for tgZ analysis and the requirements have been discussed on
these physics objects. Since the analysis is using leptons, MET and jets in final state, therefore

their selection criteria have been discussed in detail. The tqZ analysis has been performed
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Figure 5.15: The transverse momentum (pz) of Z boson in four different combination of t¢Z
after applying pre-selection criteria. top-left: Z boson pr in ppe combination, top-right: Z bo-
son in pr pee combination, bottom-;aft: Z boson in pr eee combination and bottom-right:
Z boson in pr ppp combination. Dots with error bars correspond to the observed data, while
the background is represented as filled histograms. The legend shows all the MC processes for
signal and dominant backgrounds.
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Figure 5.16: Inclusive transverse momentum (pr) of Z boson after applying the pre-selection
criteria. Dots with error bars correspond to the observed data, while the background is rep-

resented as filled histograms. The legend shows all the MC processes for signal and dominant
backgrounds.

by adopting kinematical regions, which are set of selection cuts, therefore these kinematical
regions have defined in this chapter like pre-selection and final signal selection regions. At the
end of this chapter, after applying the pre-selection criteria comparison between the data and
MC simulations have been made. After the pre-selection cuts implementation, the dominant
backgrounds are, WZ, ttZ and less dominant are tt, and Z + Jets. Since WZ and ttZ have
similar final state like signal process therefore these appears as dominant backgrounds, whereas

the tt is less dominant because it has different final state than signal.
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Figure 5.17: The W boson transverse mass (Mr) after applying pre-selection. top-left: W bo-

son transverse mass distribution in ppe combination, top-right: W boson transverse mass

distribution in pee combination, bottom-left: W boson transverse mass distribution in eee

combination and bottom-right: W boson transverse mass distribution in pee combination.

Dots with error bars correspond to the observed data, while the background is represented as

filled histograms. The legend shows all the MC processes for signal and dominant backgrounds.
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Figure 5.18: Inclusive W boson transverse mass after applying pre-selection. Dots with error

bars correspond to the observed data, while the background is represented as filled histograms.

The legend shows all the MC processes for signal and dominant backgrounds.
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Figure 5.19: The inclusive transverse momentum of the light quark jets after pre-selection.
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Figure 5.20: Top quark transverse mass after pre-selection. Dots with error
the observed data, while the background is represented as filled histograms
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Figure 5.21: The invariant mass and transverse momentum (pr) of Z boson after applying

the final signal selection. Dots with error bars correspond to the observed data, while the

background is represented as filled histograms. The legend shows all the MC processes for

signal and dominant backgrounds.
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Figure 5.22: The transverse mass and transverse momentum (pr) of W boson after applying
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background is represented as filled histograms. The legend shows all the MC processes for
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Figure 5.23: The transverse momentum of the top quark after applying the final signal selection.
Dots with error bars correspond to the observed data, while the background is represented as
filled histograms. The legend shows all the MC processes for signal and dominant backgrounds.
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Chapter 6

The tqZ Cross-Section Measurement

In this chapter, the measurement of tqZ cross-section has been presented using 19.7 fb~! of
data collected by the CMS experiment at 8 TeV during Run-I. The cross-section has been
measured in fully leptonic decay mode for the top quark produced in association with Z boson.
The Higgs combine package [107] has been used for the cross-section measurement in inclusive
as well as four exclusive leptonic combinations which are eee, eeu, epp, ppp. The systematic

uncertainties as well as data driven background estimations have been discussed.

6.1 Introduction to Cross-Section

In the field of experimental high energy physics, the cross-section is one of the important
observable which can be compared to the theoretical calculations. The interactions of funda-
mental particles are described in terms of cross-sections. The cross-section is the probability
that an interaction will occur, represented by ¢ and measured in the units of area. The most
frequently used units are, barns (1072 m?), picobarn etc. In other words, o is an effective
cross sectional area of the target presented to incident particles or projected particles. The
interaction cross-section is Lorentz invariant quantity and therefore its form does not depend
on the frame of reference. For a process to occur, it depends upon the flux of incident particles,
and the number of interaction per unit time per target particles.

The production cross-section of tqZ is measured by counting the number of observed events
in the detector and by taking into account the time-integrated luminosity (.£), efficiency and
acceptance of the detector. Then the measured cross-section of tqZ is compared with the
prediction of SM. For the measurement of cross-section with very low interaction probability

like tqZ needs sufficiently large number of collisions rate, which is characterized by the .Z. The
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cross-section for any physical process is defined as

Nobs _kag
S S —— 6.1
? LxAxe’ (6.1)

where Ny, is the total number of observed events after applying the final selection criteria, Ny,
is the total number of background events in the process, .Z is the total integrated luminosity,
A is the acceptance and ¢ is the efficiency of the detector. For rare processes such as tqZ,
backgrounds play very important role in the measurement. Therefore the study of backgrounds

processes is necessary to measure their contributions to the cross-section measurement.

6.2 Background Estimation

The SM processes with very similarly event topology as the tqZ final state are considered
as backgrounds. To subtract the background contributions, it needs to be determined very
precisely. After applying the pre-selection criteria as described in section 5.4, the dominant
background contributions are coming from ttZ, WZ and Z + jets. There are two types of
background processes, an event having the same final state with all prompt leptons like signal
event is called irreducible background processes like W Z and a background having one or more
than one fake leptons and passing signal selection criteria reducible like Z + Jets. Data driven
technique has been used for the measurement of reducible and irreducible background process.
All other backgrounds except WZ and Z + jets are estimated from MC scaled with higher

order available cross-sections.

6.2.1 tZ Background

The top quarks pair production in association with Z boson is a reducible background process.
The contribution of ttZ has been estimated from MC simulations. The gluon-gluon fusion is
dominant process for tZ production during pp collisions at the LHC, the Feynman diagram
of the process is shown in Fig. 6.1. The ttZ background process passes the selection criteria
of signal because it also includes the reconstruction of the Z boson in the final state. The ttZ
process pass the selection cuts because two leptons are coming from the decay of Z boson and
the other two are the decay products of t¢. Therefore this constitutes a major background to

the tqZ cross-section measurement. The measured contribution of t£Z is given in the Table 6.7.
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Figure 6.1: The Feynman diagram of ¢tZ production, via gluon-gluon fusion. The gluon fusion
is predominant source of ttZ process, which is one of the significant background the in tqZ
cross-section measurement.

6.2.2 WZ Background

In case of di-boson (WZ), there are three real leptons in the final state and therefore it
constitutes irreducible background to signal. The Feynman diagram of the W Z production
process is shown in Fig. 6.2. Since this process contains the three real leptons, therefore, pass
the final selection criteria as of signal process and appears as a one of the dominant background
in the tqZ cross-section measurement. For estimating the contribution of WZ background
process, the data driven method has been adopted. The contribution of W Z background is
shown in Table 6.7.

§=

Figure 6.2: The Feynman diagram of W Z production which further decays to three leptons and
neutrino, a dominant background process in the tqZ cross-section measurement and estimated
by using the data driven technique.

To estimate background, a control region is defined by reconstructing di-lepton mass in the
pre-selection with no b-jet in the event. Distributions of di-lepton invariant mass in 0 b-jet bin
for all leptons combinations are shown in Fig. 6.5. As visible in all combinations, background

is dominated by W Z final states. To estimate W Z background contributions, ratio between
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Table 6.1: Scale Factors (SFs) obtained in Z mass window [78,102] GeV in 0 b-jet bin. Errors

are statistical only.

Combination | Scale Factor
j 1.016 £ 0.009
eee 0.822 £+ 0.037
e 0.938 £ 0.021
eef 0.911 £ 0.027
inclusive 0.940 + 0.010

the data and MC is calculated in the Z mass window [78,101] GeV. The Scale Factors (SFs)
derived this way are shown in Table 6.1.

Before extrapolating these SFs to the signal region, comparison of di-lepton invariant mass
shapes in 0 b-jet and 1 light jet bins are shown in Fig. 6.3. The mass comparison is made after
applying pre-selection cuts. There is no significant difference between Z boson mass shapes in
the two regions, which validates the method that the SFs derived can be applied in the final
selection regions.

The WZ contribution in the signal region is weighted with the SFs given in Table 6.1.
Distributions of di-leptons mass for all combinations after applying pre-selection criteria and
scaling W Z background are shown in Fig. 6.6. These distributions are inclusive in all b-jets
bins and therefore they include contribution from all b-jet including 0 b-jet bin. There is a good
agreement between data and MC as can be seen in the ratio plots in Fig. 6.6. The SFs given
in Table 6.1 are finally used to obtain yield of W Z for the final cross-section measurement.
Systematic uncertainties on the W2 SFs have been evaluated by varying the Z mass window

by 2 GeV.

6.2.3 Fake Leptons Backgrounds

The fake leptons are mis-identified objects especially jets in an event. For any physics analysis,
it is necessary to understand and measure the fake objects. Fake is a very broad term, they may
be truly fake e.g. jets taken as electrons or real leptons from a heavy flavor decay or electrons
from ~+ conversion. The tqZ event contains a Z-boson and a top quark which further decays
into W-boson and b-quark. The tqZ event must contain a Z-boson because event selection

process starts from the re-construction of Z-boson. Therefore only lepton coming from the
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Figure 6.3: The shape comparison of di-lepton mass in different combinations in 0 b-jet and
1 light jet bins using signal Monte Carlo (MC) where red color represents signal MC in pre-
selection plus 0 b-jet region and blue color is for pre-selection plus 1 light jet region. The
upper left plot shows invariant Z boson mass in eup combination, upper right shows invariant
Z boson mass in eep. The bottom left plot shows invariant Z boson mass in eee and bottom
right shows invariant Z boson for eep combination.
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Figure 6.4: The shape comparison of inclusive di-lepton mass in 0 b-jet and 1 light jet bins.
Left: Inclusive di-lepton mass in signal Monte Carlo where red color represents signal MC in
pre-selection plus 0 b-jet region and blue color is for pre-selection plus 1 light jet region. Right:
Inclusive di-lepton mass in data where black color dot represents data in pre-selection plus 0
b-jet region and red color dot is for pre-selection plus 1 light jet region.

decay of W-boson can fake in an event. The backgrounds with one fake lepton are composed of
Drell-Yan (DY), WW, tt and single top events, the highly dominating fake lepton background
is DY. In this analysis, background events with more than one fake lepton are considered as
negligible. The tqZ event contains a Z-boson therefore Z + Jets can easily pass the signal
selection where jet will fake as a lepton.

The estimation of various backgrounds contribution to the signal region is performed by
using simulated samples of the processes expected to contribute. This approach is viable for
the majority of background processes. The contribution of two prompt and one fake lepton
background events to the signal sample may not be accurately described by simulation because
rates of non-prompt leptons are not well modeled. It was found that the limited statistics
of the Z + Jets sample in three lepton region results in an inaccurate background estimate.
Therefore, simulation cannot be used to determine the Z + Jets background contribution and
needs to be estimated using data-driven method. In this method, scale factor has been derived
by performing profile likelihood fit on transverse mass (m)') of the W-boson in signal and DY
enriched regions. A Control Region (CR) most likely similar to signal region but enriched in
Z + Jets is required. In this CR isolation is inverted for third lepton coming from the decay
of W-boson and relaxing the cut on MET and creating a sample enriched in the fake leptons

of the Z + Jets that pass the signal selection requirements. The transverse mass (m)) is
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Figure 6.5: The invariant mass of Z boson for four, euu, eeu, eee, pup, combinations after
applying pre-selection criteria plus 0 b-jets which corresponds to W2 enriched region. top
left: Z boson invariant mass in eup combination, top right: Z boson invariant mass in eeu
combination, bottom left: Z boson invariant mass in eee combination and bottom right: Z
boson invariant mass in ppp combination. Dots with error bars which correspond to the
observed data, while the background is represented as filled histograms. The legend shows all

the MC processes for signal and dominant backgrounds.

calculated with following formula

mlf = /2B pry(1 — cos Ag) (6.2)

where pp; is the lepton’s transverse momentum which are originating from the W decay, and
A¢ is the polar angle between E}** and the leptons coming from the decay of W-boson.
Therefore, background processes containing real W-boson decay, such as WZ and ttZ events,
the transverse mass m} distribution peak is around the mass of W at 80 GeV as shown in
Fig. 6.8. On the other hand, the process containing no real W decay, such as Z + Jets events

where a falling distribution peaking at 0 is observed as shown in Fig. 6.9. Similarly to validate
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Figure 6.6: The invariant mass of Z-boson after scaling with W2 MC Scale Factors (SFs)
shown in Table 6.1, for four, eupu, eeu, eee, pup, combinations. These plots shows pre-selection
criteria plus 0 b-jets which corresponds to W Z enriched region. top left: Z boson invariant
mass in ey combination, top right: 7 boson invariant mass in eey combination, bottom
left: 7Z boson invariant mass in eee combination and bottom right: Z boson invariant mass
in ppp combination. Dots with error bars which correspond to the observed data, while the
background is represented as filled histograms. The legend shows all the MC processes for
signal and dominant backgrounds.

the CR for fake rate, MET plots are compared in two regions as shown in Fig. 6.10 and
Fig. 6.11. In CR Z + Jets appears as a dominant background with respect to signal region
where dominant backgrounds are di-boson and ¢Z. The W-boson transverse mass distribution
is used in profile likelihood fitting. Fitting this distribution allowed a weight to be applied to
the data-driven fake lepton background.
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Figure 6.7: Event yields after applying final selection. The left plot shows event yield in each
combination before applying W Z Scale Factors (SFs). The right plot shows event yield in each
combination after applying W2 SFs.

6.2.4 Other Backgrounds

All other minor backgrounds like t¢, t{WW and ZZ have been calculated by using MC simulation.

Their contribution in the final signal selection is estimated as given in Table 6.7.

6.3 Systematic Uncertainties

The measurement is effected by many sources of systematics which can affect the measurement
of cross-section. Therefore, for the assessment of a systematic error due to any particular source,
the full analysis procedure be repeated obtaining the new value of the measurement. Thus the
difference in the varied and nominal measurement is then quoted as systematic uncertainty.
For the comparison of measured and expected data, it’s very important to correctly account

for uncertainties in the measurement. Several systematic effects have been studied as follows,

e Acceptance and efficiency of the detector is limited, it serves as the source of systematic

uncertainty.

e Detector efficiencies are known with certain finite accuracy and any deviation from the

true value will cause a shift of the number of selected signal and background events.
e Inefficient measurement technique.

e Uncertainties in the modeling of theory.
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Figure 6.8: The W boson transverse mass (Mr) after applying pre-selection. top-left: W boson
transverse mass distribution in ppe combination, top-right: W boson transverse mass distribu-
tion in pee combination, bottom-left: W boson transverse mass distribution in eee combination
and bottom-right: W boson transverse mass distribution in pee combination. Dots with error
bars correspond to the observed data, while the background is represented as filled histograms.
The legend shows all the MC processes for signal and dominant backgrounds.
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Figure 6.9: W boson transverse mass (M}') plots in Control Region (CR) specified for fake
rate measurement. In the CR, dominant background is Z 4 Jets and peaking towards zero.
top left: W boson transverse mass in ece combination, top right: W boson transverse mass
in ppp combination, bottom left: W boson transverse mass in eey combination and bottom
right: Z boson invariant mass in epp combination. Dots with error bars which correspond to
the observed data, while the background is represented as filled histograms. The legend shows

all the MC processes for signal and dominant backgrounds.
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Figure 6.10: Missing Transverse Energy (MET) plots in signal region. In the signal region,
dominant backgrounds are di-boson and ¢tZ. Top left: Missing Transverse Energy (MET) in eee
combination, top right: Missing Transverse Energy (MET) in puu combination, bottom left:
Missing Transverse Energy (MET) in eep combination and bottom right: Missing Transverse
Energy (MET) in epp combination. Dots with error bars which correspond to the observed
data, while the background is represented as filled histograms. The legend shows all the MC

processes for signal and dominant backgrounds.
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Figure 6.11: Missing Transverse Energy (MET) plots in the CR for fake rate estimation. Plots
shows the dominant contribution of Z 4 Jets background in specified CR. Top left: Missing
Transverse Energy (MET) in eee combination, top right: Missing Transverse Energy (MET)
in ppp combination, bottom left: Missing Transverse Energy (MET) in eep combination and
bottom right: Missing Transverse Energy (MET) in eup combination. Dots with error bars
which correspond to the observed data, while the background is represented as filled histograms.
The legend shows all the MC processes for signal and dominant backgrounds.
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Systematic uncertainties due to experimental setup affects both the signal and background
estimation, such as jet energy correction, jet energy resolution, efficiency of b-tagging jets, and
leptons reconstruction efficiencies.

The jet energy scale systematic, which comes from the non-linear response of the HCAL in
the energy measurement, is the dominant uncertainty. For each jet, a correction is applied to
map the measured jet energy to its true energy. These systematics are pr and n dependent, and
these systematics has been derived by using v/Z + Jets MC data samples [95]. The systematic
uncertainty due to this correction is used for the jet energy scale systematic estimation, whole
analysis has been repeated with the one sigma variation in the systematic scales.

The CMS silicon detector, one of the closest detector from beam pipe is being used for the
measurement of the instantaneous luminosity. The luminosity measurement method depends
on the fact that the instantaneous luminosity is proportional to the number of reconstructed
clusters in the pixel detector in each bunch crossing. The CMS collaboration has assigned 2.6%
total uncertainty on the measurement of luminosity [97].

Whenever, several measurements are combined ', uncertainties are being considered correlated
or un-correlated. Also systematic uncertainties among different samples are allowed to be
correlated or anti-correlated.

To calculate the measured and expected significances, we consider the systematical uncer-

tainties due to each of the following sources,

e Jet energy scale

Jet energy resolution

b-tagging

Lepton selection and trigger

Pile-up re-weighting

Parton Distribution Functions (PDFs)

e Un-clustered MET

In our Analysis, four leptonic channels (eee, eup, eeu, ppuu) are being combined and all systematics are
being considered un-correlated
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e [actorization Scale Q?
e ME/PS matching thresholds

The contributions to the total systematic uncertainty from each of these sources are discussed

later in these sections.

6.3.1 Jet Energy Scale (JES)

The JES systematic comes from the non-linear response of the HCAL in the energy measure-
ment. For each jet, a correction is applied to map the measured jet energy to its true energy.
These systematics are pr and n dependent, and these systematics have been derived by using
v/Z+ Jets MC data samples [95]. The systematic uncertainty due to this correction is used for
the JES systematic estimation, whole analysis has been repeated with the one sigma variation
in the systematic scales.

Jet energy corrections are applied, as suggested by Physics Object Group (POG) [95], to
account for differences between measured jet energies in the data and MC simulations. These
corrections come with uncertainties thus matter in calculations. To account this, jet transverse
momentum has been varied up and down by one standard deviation and compared the change
in predicted yields in MC. The resultant uncertainty in different three leptons combinations

are listed in Tables [6.3 - 6.6].

Table 6.2: Summerl2 systematic samples used in the analysis

Systematic Process | sample
Q? Scale Up w2z WZJetsTo3LNu_scaleup 8TeV TuneZ2Star madgraph tauola

tz TTZJets 8TeV scaleup-madgraph-pythia6 TuneZ2star
Q? Scale W2z WZJetsTo3LNu_scaledown 8TeV TuneZ2Star madgraph tauola
Down ttZ TTZJets 8TeV _scaledown-madgraph pythia6 TuneZ2star
PS/ME W2z WZJetsTo3LNu _matchingup 8TeV TuneZ2Star madgraph tauola
Matching Up ttZz TTZJets 8TeV matchingup-madgraph-pythia6 TuneZ2star
PS/ME W2z WZJetsTo3LNu_matchingdown 8TeV TuneZ2Star madgraph tauola
Matching Down | ttZ TTZJets 8TeV _matchingdown-madgraph-pythiab TuneZ2star
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6.3.2 Jet Energy Resolution (JER)

The JER in simulated events is corrected by using |n| dependent factors. The 10% uncertainty
on the energy resolution of particle flow jets is used to correct the simulated events to match the
one measured in the data. The JER is calculated by smearing the jet momentum in simulation
as a function of the true and reconstructed n and pr. The uncertainty measured by varying
up and down one standard deviation, i.e, 10%. The change in the momentum is propagated to
the E7¢ and JER. The JER uncertainty is measured for the signal MC and for the dominant
backgrounds. The uncertainty due to JER for all four combinations of t¢Z is found to be less

than 1%.

6.3.3 Lepton selection and Trigger

The systematic uncertainty on the lepton identification and isolation is estimated by shifting
the central value of SFs by its statistical error up and down. The uncertainty was introduced
by shifting the mean scale factor by 0.7% (0.5% for identification and 0.2% for isolation). The
systematic uncertainty on the trigger is measured by variations on nominal SFs (given in D.3)

up to 3.5%.

6.3.4 Luminosity

The instantaneous luminosity is measured in CMS using the silicon pixel detector, the closest
detector to the beam pipe. The method relies in the fact that the instantaneous luminosity
is proportional to the number of reconstructed clusters in the pixel detector in each bunch
crossing. The total uncertainty on the luminosity determination is calculated to be 2.6% [97],

and is treated as a systematic uncertainty on the signal normalization.

6.3.5 b-tagging

The b-tagging algorithm Combined Secondary Vertex (CSV) is used with the medium working
point. The b-tagging SFs and uncertainties on these were taken as suggested by physics object
group. The scale factors used for correcting the difference in the efficiency in the b-tagging
algorithms between data and simulation are varied by one standard deviation [82]. The uncer-
tainties on the b-tag SFs, that are applied to the samples, are taken from [82]. The variations

of the shapes for the b-tag and the mis-tag uncertainties are taken into account. The relative
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MC signal and background yield differences due to these uncertainties are quoted as b-tagging

systematics and are listed in Table [6.3 - 6.6].

6.3.6 E7"** modeling

The analysis which have neutrino in their final state are affected by an uncertainty due to the
modeling of Er in the simulation. Where the E7r is the vectorial sum of py of all particle flow
reconstructed objects along with un-clustered energy. The un-clustered energy is the one that
is not taken into account by the calorimeter cluster because of isolated object or low pr. Thus
the uncertainty due to un-clustered energy propagates to Ep. During the reconstruction of
physics objects, energy correction applied after the reconstruction, but the un-clustered energy
does not undergo any such correction, meaning that it effectively dominates the uncertainty
in the missing transverse energy. Therefore, to calculate the uncertainty due to un-clustered
E7ss the pr of all reconstructed particles is removed the EF** and the remaining energy is
scaled up and down by 10%. The contribution of un-clustered EZ*** in all combinations is

shown in Table [6.3 - 6.6].

6.3.7 Pileup re-weighting

The simulation has been re-weighted according to the data instantaneous luminosity. We
take the difference between re-weighted and non-re-weighted samples. CMS detector measures
luminosity using silicon pixel detector and this measure luminosity of each bunch crossing
times the total inelastic cross-section provides the total number of interactions in the data. So
practically two sources of systematic uncertainty are present interaction measurement, which
are: uncertainty in the measurement of luminosity and due to total inelastic cross-section [132].
The pileup uncertainty is evaluated by varying the inelastic proton-proton cross section by +5%.

The effect on the background yields is taken as a normalization systematic uncertainty.

6.3.8 PDF Uncertainty

The distribution of parton within the proton is described by the PDFs. The PDF represent
the probability to find a parton of flavor f with a momentum fraction x at a given scale )
(factorization scale). To estimate PDF uncertainty, the so called re-weighting method is used
as described in [65]. The uncertainty due to the choice of the PDF is taken into account

by re-weighting the simulation based on the uncertainty in the 22 eigenvalues of the CTEQ
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PDF sets. A total of 44 weights are found for each simulated event, following the LHAPDF
prescription and the largest and smallest of these are applied as the plus and minus systematic
uncertainties.

To asses systematic uncertainty due to PDF, di-lepton mass distribution is re-weighted per
event by the set of weights defined by the ratio of PDF values evaluated for the different error
PDFs with respect to the best fit PDF. The plots of di-lepton mass distributions CT10nlo
PDFs are shown in Fig. 6.12. Systematic uncertainties due to PDF sets are are up to 6%.
Normal Distribution
The Gaussian pdf is used for the description of uncertainties on the parameters which can be
both positive and negative, and the Gaussian is commonly used for calculation of systematic
uncertainties. Gaussian pdf is one of the most suitable distributions for the shape changing
systematics. The Gaussian probability density function is given by,

pl018) = ——ean( - 150, (6.4)

where o is the width of each bin.

Log-Normal Distribution

The log-normal (InN) is used for the systematics which is affecting the normalization. The
log-normal distribution is an alternate to avoid all the difficulties of the truncated Gaussian
distributions.

(Inf — 1n9)2) (6.5)

~ 1

p010) = V270 1n Hexp( a 21n? k
where the width of the log-normal pdf is characterized by x, e.g x = 1.10 implies that the
observable can be larger or smaller by a factor 1.10.
The Gamma Distribution
For the description of statistical uncertainties in the number of events of MC simulations or
number of observed events in data, the gamma distribution is being used. In both cases, the
event rate n in the signal search region can be related to the number of events N in MC or
data through a simple relationship n = a.N [98]. The uncertainties on the predicted rate n
associated with the observation of N events is described by the gamma distribution is shown

by the Eq. 6.6:

exp(—n/a). (6.6)

105



4000

1es

4000

1es

Entri
Entri

3000 3000

2000 2000

1000 1000

(=3
o]
(=1
0
(=1
-
o
o
-
—
o
o
o
o
w
o
-
(=3
(=]
-
-y
(=1

reI] uqcertainity
oo oo
o o = =]
AN OoO N B
rel. uncertainity

M, [GeV/c?] M, [GeV/c?]

Figure 6.12: Di-lepton invariant mass is shown with PDF re-weighting per event. Relative
uncertainty is shown in the bottom plots. Left: distribution of di-lepton invariant mass with
MSTW PDF re-weighting. Right: distribution of di-lepton invariant mass with CTEQ PDF
re-weighting.

6.3.9 Factorization Scale (Q?)

The unphysical dependence on the factorization and normalization scales will be a source of
systematic uncertainties. Dedicated simulated samples (listed in Table 6.2) where the Q? is
doubled and halved are produced for the W Z and ttZ backgrounds to investigate the impact
on the analysis. Both factorization and renormalization scale uncertainties for the signal tqZ
sample are calculated by the aM CQN LO generator and included as additional weights in the
generated events. The nominal value for the Q2 scale used in the production of the simulation
is defined as m? + >_ p%(jet) and the systematics samples have the value varied to 4.Q? and

1/4 .Q? for the scaled-up and scaled-down samples, respectively.

6.3.10 ME/PS matching thresholds

PYTHIA uses thresholds for PS/ME matching to generate the parton shower, different choices
of which will influence the result of the analysis. Simulated samples with larger and smaller

scales are generated for the W Z and ttZ backgrounds and listed in the Table 6.2.
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Table 6.3: Summary of systematic uncertainties on the signal selection and expectation in pue

channel.
Source Method tZq (%) | WZ (%) | tZ (%)
Jet Energy Scale Momentum Scale 0.79 2.38 1.92
Up/Down
Jet Energy Resolution Momentum Smearing 0.09 0.78 2.56
b-tagging Discriminant Reweight 2.70 7.21 3.43
Lepton Efficiency Tag & Probe 1.99 2.00 2.00
Pile-up re-weighting + 1 o of min. bias o 2.61 2.01 6.42
Trigger +1o 3.99 3.99 3.99
PDF Systematics LHAPDF 3.00 - -
WZ SF Z-mass Window Z Mass window - 0.17 -
variation of 2 GeV
Non-WZ Contamination 30 % varition of - 1.67 -

non-WZ contents in
W Z control region
W Z SF Propagation Calculated SFs - 23.5 -
with W Z Nominal ,
W Z Scale and Matching
up/down samples

Un-clustered MET 10 % variation 2.95 0.94 8.84
in unc. MET
ttZ Normalization 30 %variation - - 12.17
of ttZ cross-section
ttZ Scale Q? variation - - 9.83
W Z scale and matching Q)? variation - 2.36 9.83
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channel.

Table 6.4: Summary of systematic uncertainties on the signal selection and expectation in uee

Source Method tqZ (%) | WZ (%) | tZ (%)
Jet Energy Scale Momentum Scale 0.77 2.25 0
Up/Down

Jet Energy Resolution Momentum Smearing 0.05 0.48 0.37
b-tagging Discriminant Reweight 2.72 6.75 3.75
Lepton Efficiency Tag & Probe 2.21 2.17 2.21
Pile-up re-weighting + 1 o of min. bias o 3.05 4.32 4.97
Trigger t+t1lo 4.002 4.002 4.002
PDF Systematics LHAPDF 6.00 - -
WZ SF Z-mass Z Mass window - 0.36 -
Window variation of 2 GeV
Non-WZ Contamination 30 % varition of - 1.63 -

non-WZ contents in

W Z control region
W Z SF Propagation Calculated SFs - 16.27 -

with W Z Nominal ,

W Z Scale and Matching

up/down samples

Un-clustered MET 10 % variation 3.14 1.02 4.3
in unc. MET

ttZ Normalization 30 %variation - - 12.61

of ttZ cross section
ttZ Scale Q? variation - - 1.74
W Z scale and matching Q? variation - 2.01 -
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Table 6.5: Summary of systematic uncertainties on the signal selection and expectation in eee

Source Method tqaZ (%) | WZ (%) | ttZ (%)
Jet Energy Scale Momentum Scale 0.71 2.08 0.66
Up,/Down
Jet Energy Momentum Smearing 0.05 0.47 1.97
Resolution
b-tagging Discriminant Reweight 2.68 6.66 3.02
Lepton Efficiency Tag & Probe 2.88 2.90 2.82
Pile-up re-weighting + 1 0 of min. bias o 3.31 2.79 1.25
Trigger t1lo 4002 | 4.002 | 4.002
PDF Systematics LHAPDF 6.00 - -
WZ SF Z-mass Z Mass window - 0.15 -
Window variation of 2 GeV
Non-WZ Contamination 30 % varition of - 5.63 -
non-WZ contents in
W Z control region
W Z SF Propagation Calculated SFs - 41.27 -
with W Z Nominal ,
W Z Scale and Matching
up/down samples
Un-clustered MET 10 % variation 3.32 0.918 5.29
in unc. MET
ttZ Normalization 30 %variation - - 11.42
of ttZ cross-section
ttZ Scale Q? variation - - 7.73
W Z scale and matching Q? variation - 4.29 -
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Table 6.6: Summary of systematic uncertainties on the signal selection and expectation in pupu

Source Method taZ (%) | WZ (%) | ttZ (%)
Jet Energy Scale Momentum Scale 0.82 2.0 0.79
Up,/Down
Jet Energy Momentum Smearing 0.08 0.64 1.98
Resolution
b-tagging Discriminant Re-weight 2.40 6.52 3.44
Lepton Efficiency Tag & Probe 2.95 297 2.94
Pile-up re-weighting + 1 0 of min. bias o 1.51 0.48 3.56
Trigger +1o 3.99 3.99 3.99
PDF Systematics LHAPDF 6.00 - -
WZ SF Z-mass Z Mass window - 0.14 -
Window variation of 2 GeV
Non-WZ Contamination 30 % varition of - 1.81 -
non-WZ contents in
W Z control region
W Z SF Propagation Calculated SFs - 12.9 -
with W Z Nominal ,
W Z Scale and Matching
up/down samples
Un-clustered MET 10 % variation 2.82 0.93 9.44
in unc. MET
ttZ Normalization 30 %variation - - 12.0
of ttZ cross section
ttZ Scale Q? variation - - 0.71
W Z scale and matching Q? variation - 2.01 -
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6.4 Uncertainty Summary

In section 6.3, all possible sources of systematic uncertainties appearing in the measurement of
tqZ have been discussed. The measured uncertainties for all four combinations on tqZ cross-
section have been shown in Tables 6.3 - 6.6. The systematic uncertainties measured for signal
MC (tqZ) and for two major backgrounds ttZ and W Z.

In ppp channel of tqZ, the major systematic uncertainty in signal MC (t¢Z) is due to
choice of PDF and followed by trigger. The leading uncertainty in ¢£Z appeared due to the
normalization and sub-leading is from un-clustered MET. The prominent uncertainty in W2
is from propagation of SFs and followed by b-tagging. The systematic uncertainties are shown
in Table 6.6.

In ppe channel of tqZ, the major systematic uncertainty in signal MC (tgZ) is due to
trigger and followed by choice of PDF. The leading uncertainty in ¢tZ appeared due to the
normalization and sub-leading is from MC scaling. The prominent uncertainty in W2 is from
propagation of SFs and followed by b-tagging. The systematic uncertainties are shown in
Table 6.3.

In pee channel of tqZ, the major systematic uncertainty in signal MC (t¢Z) is due to
choice of PDF and followed by trigger. The leading uncertainty in ¢tZ appeared due to the
normalization and sub-leading is from pileup re-weighting. The prominent uncertainty in W2
is from propagation of SFs and followed by b-tagging. The systematic uncertainties are shown
in Table 6.4.

In eee channel of tqZ, the major systematic uncertainty in signal MC (t¢Z) is due to
choice of PDF and followed by trigger. The leading uncertainty in ttZ appeared due to the
normalization and followed by MC scaling of ttZ. The prominent uncertainty in WZ is from
propagation of SFs and followed by b-tagging. The systematic uncertainties are shown in

Table 6.5.

6.5 The tqZ Cross-Section

The measured inclusive cross-section of tqZ 04,7 = 0.018 (stat.) ™0 00s (Syst.) 0004 pb, which is

arare SM process. The cross-sections for each channel, pup, ppe, eep, eee and the combination
of these channels is measured using the ROOSTAT based Higgs combination package [98,99],

which are given in Table 6.8. The cross-section measurement is in agreement with the SM
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prediction. The event yield after applying final signal selection criteria is shown in Table 6.7.
The complete cut-flow of the analysis, for both the data and MC simulations is shown in
Fig. 6.13. There are total 20 events observed in the data, in which pupp is a dominating
channel having 7 events and 5 events for each pue, eee for each channel, while eep has 3
data events. The total expected events from MC simulation for both the signal (t¢Z) and
background processes are 15.42, in which the expected signal events are 3.4 and 5.24 from ttZ
and 3.59 from WZ contributions. The other background processes have small contribution
from ZZ and ttW which are 0.13 and 0.49, respectively. The dominant background process
ttZ is estimated from the MC simulations while the second major background process W Z is
estimated using data-driven technique. The SFs for W Z background are derived in a region
having no b-jets along with pre-selection criteria.

There are many sources of systematic uncertainties on the measurement of cross-sections.
These sources are, JES, JER, pileup, b-tagging, lepton identification and due to choice of PDF
and MC scaling of WZ and ttZ processes. The mentioned systematics have been measured
by using tqZ signal MC and two major backgrounds WZ and ¢tZ as shown in Tables [6.3
- 6.6]. The PDF systematic is dominant in the signal MC following by the b-tagging. The
W Z SFs propagation are dominant source of uncertainty for W2 MC simulation sample. The
systematics uncertainties due to the W27 modeling are accounted by considering renormal-
ization /factorization scale variations and matching the threshold variations. The ¢tZ MC
simulation have major systematics due to the normalization and MC scaling.

The corresponding signal significance is estimated by using the Higgs combination package
[99]. The observed and expected significance for inclusive cross-section are 1.80 and 0.81,
respectively. The one and two standard deviations are also given in Table 6.9. All the expected
and measured significances for all the exclusive and inclusive channels are given in Table 6.9

and shown in Fig. 6.15.

6.6 Exclusion Limits

The statistical analysis is used for the interpretation of the data for two possibilities, the
existence of signal is excluded when there is no signal, or to confirm the existence of signal after
rejecting the background hypothesis strongly. For statistical approach, the two test hypothesis
are used: null-hypothesis and alternate-hypothesis.

In the null-hypothesis, there is an assumption that the signal is absent from the process,
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Figure 6.13: The event cut-flow comparison between the data and Monte Carlo (MC) simulation
presented after applying the pre-selection (PS) and final signal selection (FS) criteria. The plot
shows the contribution of backgrounds after each step. Before three leptons requirement the
dominant Drell-Yan (DY) and t¢ (blue) are dominant backgrounds, in PS region W Z (pink) is
dominant and also have some contribution from Z + Jets (gray). After FS ttZ/W (Yellow) is
leading while W Z is sub-leading background. The ratio between the data and MC is shown in
the bottom panel.
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Figure 6.14: The tqZ measured inclusive and exclusive cross-sections (o) in three lepton final
state by using 19.7 fb~! CMS 2012 data at center-of-mass energy 8 TeV. The Standard Model
(SM) expected cross-section is shown with blue dotted line while the dots with error bars

represent the measured values of o for inclusive and exclusive combinations.

Table 6.8: The tqZ measured cross-section (o) in three leptons final state for four exclusive and

inclusive channels using Higgs combination tool. The statistical and systematics uncertainties

for each channel are also given.

Channel

cross-section (pb)

[t

+0.004

0.020 (stat.)T00r2 (Syst.) 0003

ece

10.032 10.008
stat.) 2y 21 —0.007

efupl

eep

+0.024
005

inclusive

( )
(stat.) (Syst.)
0.019 (stat.) 324 (Syst.) 590
(stat.) (Syst.)
(stat.) (Syst.)

-)—0.
F0.011
stat.) Z9.009
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Table 6.9: The expected and measured significance of inclusive and exclusive combinations of
tqZ cross-section (o) are given within the standard deviations with respect to the background

hypothesis.
Channel Expected Significance Observed Significance
- Mean lo 20 -
UL 0.66 = 0.03 | 0-1.45|0-2.48 1.35
eee 0.46 £0.03 | 0-1.15]|0-2.18 1.20
efLfl 0.61 £0.03|0-135]|0-2.28 1.04
eefl 0.53 £0.02|0-1.16 | 0-2.20 0.32
inclusive | 0.81 & 0.04 | 0-1.59 | 0 - 2.68 1.80
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Figure 6.15: Expected and observed significance with one and two standard deviation bands
using Higgs combine tool. The red dotted line is for measured significance while the solid black
line shows the expected. The yellow band shows the one standard deviation whereas the green
is for second standard deviation.
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whereas the alternate-hypothesis may confirm the existence of the signal. The statistical anal-
ysis requires defining some observables, which comprise the search results. A test-function uses
these observables and model parameters of the known background.

In this analysis, the CLs method based on modified-frequentist approach [100,101] is used
to set the upper limits on cross-sections by using signal (C'Lg) and signal plus background
(C'Lgyp) hypothesis. For an ambiguous situation, when there is a lack of available information
to distinguish between the signal and signal plus background hypothesis, the normalization of
the confidence level observed for C'L,y;, to the background hypothesis only (CLy) is used in
the CLs method. In this approach, it is possible to obtain sensible exclusion limits even in the

case of very low signal with respect to background. The modified frequentist can be written as

_ OLyy

CL =7 (6.7)

Alternatively, it can also be written as, this equation is for the test statistics g, about back-

ground only and background plus signal hypothesis.

p
CLS(M) = 1 _upbv (68)

this equation is for the test statistics g, about background only and background plus signal
hypothesis, where p,, is the p-value for an observed value of ¢, which is background plus signal
hypothesis and the only background hypothesis is represented by pj,.

The exclusion limits for the tgZ inclusive and exclusive cross-sections have been calculated

as a function of signal strength. The expected and observed upper limits on the signal strength

with 95% Confidence Level (CL) shown in Fig. 6.16 and given in Table 6.10.

Table 6.10: The observed and expected upper limits with 95% Confidence Level (CL) with the
one and two standard deviations with respect to the background by using CLg method.

Channel Expected Significance Observed Significance
- Mean lo 20 -
ppp | 448 | 1.45-2.48 | 2.12-10.36 7.21
eee 7.72 | 5.09-12.18 | 3.60 - 18.61 11.86
efLfl 5.68 | 3.87-9.15 | 2.73-13.82 8.52
eefl 6.53 | 4.28 - 10.43 | 2.99 - 16.10 7.40
inclusive | 2.27 1.91-4.08 | 1.40 - 5.83 5.01
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Figure 6.16: The upper limit with 95% confidence level on signal strength u = o/ogy using
the CMS 2012 data for the tqZ inclusive and exclusive cross-section. The observed (solid line)
and expected (dotted line) upper limits, along with one (yellow) and two (green) standard
deviations on the expected values are shown.
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6.7 Summary

In this chapter, the measurement of the tqZ cross-section for the inclusive and exclusive cases
are reported. All the cross-sections are measured by using the Higgs combine tool. The major
backgrounds in the measurement are ttZ and W Z processes. The ttZ is a reducible background
and is estimated from the MC simulation. The W Z process is a irreducible background,
which is measured by using data-driven technique. The SFs for W Z have been estimated in
a kinematical region having no b-jets along with pre-selection criteria. The region enriched
with W Z background is used to calculate the SFs, which are estimated from the ratio of the
data to MC simulation. The SFs are then implemented to reduce the contribution from W2
in the signal region. The other backgrounds such as ZZ, tW, having small contribution in
the signal are estimated by using the MC simulations. The contribution of ¢t and Z+Jets are
estimated by fake leptons procedure. The fake leptons SFs are derived from the shape analysis
and applied to the final signal selection.

All the possible systematic uncertainties in measuring the cross-section are incorporated in
the analysis. The uncertainties have been estimated for the signal MC (t¢Z) and for the two
major background processes, ttZ and W Z. In the signal MC, the leading systematic is due to
the PDF choice which is followed by trigger selection. In the t¢Z MC simulation, the dominant
systematic is due to the normalization and then from the un-clustered MET. In the W Z MC
simulations the prominent uncertainty is due to the W2 SFs propagation and then the second
dominant systematic is from b-tagging. The systematic due to fake leptons SFs is taken as
100% and is straight forwardly incorporated.

Finally the significance of the tqZ inclusive cross-section as well as the exclusive cases for
all combinations is presented. The observed significance of inclusive channel is reported to be
1.80 while the expected significance is 0.81 with the one and two standard deviations ranges,
0.00 - 1.59 and 0 - 2.68, respectively. The expected and observed upper limits with the 95%

Confidence on signal strength are reported.
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Chapter 7

RPCs Performance at the CMS

7.1 Introduction

R. Santonico and R. Cardarelli have developed the very first Resistive Plate Chamber (RPC)
in 1981 [109]. RPC a parallel plate gaseous detector working in avalanche mode and consist of
electrodes of high volume resistivity, for example electrodes being used now a days are: Glass
electrodes or Bakelite (phenol-formaldehyde polymer). RPC combines a reasonable spatial
resolution with a time resolution of about 1 ns. The time resolution of the RPCs allows
assigning a detected muon with a specific bunch crossing. Many experiments adopted RPCs
because of their robustness, simple to construct and operate. The key attribute of these
detectors are large signal output, excellent time as well as position resolutions and low cost
per unit area of coverage. From the very beginning of the RPC technology, streamer was
the operational mode which was providing large signal, and due to which read out electronics
was simple however streamer mode is not capable for high collision rates. The RPCs operate
in avalanche mode instead of streamer mode, due to the large collision rate at the LHC.
The avalanche mode based on the application of intense electric field inside the gap for the
generation of limited discharge which is localized near the crossing point of the ionizing particle
where in the avalanche process the electric field is reduced with the application of robust signal
amplification at the front-end electronics. This increases the rate capability of RPCs with more

than one order of magnitude.

7.1.1 Working Principle of RPCs

The RPCs are gaseous detectors and their basic working principle is to detect charged particles

via ionization phenomena. When a charged particle passes through the detector it leaves
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signature in the gas in form of electron ion pair. Electrons produced during ionization drift
towards anode and secondary ionization is produced due to the presence of a strong electric field
as shown in the Fig. 7.1. The propagation of the growing number of charges induces a signal
on a read out electrode. The high voltage that is applied to the parallel plate electrodes leads
to a uniform electric field in the gas gap. After applying a proper threshold, signal generated

signal ¢,

0,
pick-up electrodes(s) \
+
HV —

Figure 7.1: Charged particle passes through the RPC gas gap, generates a signal at the readout
strips [110].

due to electrons at anode can be detected. The application of proper threshold determines the

time delay of the pulse, efficiency and the time resolution of the detector.

7.1.2 CMS RPCs

There are many different configurations of RPC detector. The CMS experiment host the
double-gap RPCs as shown in the Fig. 7.2 with a read out plane between the two gas gaps.
The read out plane is a roll consisting of a number of detecting strips, which read the incoming
signal and determine the spatial coordinate of the incoming signal. The advantage of more
than one gas gap is an increase of the electron signal on the read out strips. At the LHC, the
RPCs has been chosen as a dedicated muon trigger detector at CMS experiment [112]. For
RPC detectors, with the proper choice of the resistivity and thickness of parallel plates, high
rate capability can be achieved and for CMS RPCs its Bakelite selected as a resistive material
to address the high rate capability. The fundamental requirements of RPCs construction and

operation are given in the Table 7.1. The RPC detector is made of two parallel plates of
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Table 7.1: RPCs basic for construction and operation

Bakelite thickness 2 mm

Bakelite bulk resistivity 1- 2 x10%m

Gap width 2 mm

Gas mixtures 96.2% CyHyFy,0.3% SFg, 3.5% i — CyH,0
Operating High Voltage 9-10kV

# Gaps 2

Bakelite (phenolic polymer), the bulk resistivity of the Bakelite is 1 - 2 x 101° Q c¢m and
the distance between two parallel plates is 2 mm as shown in the Table 7.1. The plates are
separated by means of spacers that are placed on a 10cm x 10cm grid. Inside the gas gaps,
a gas mixture is being circulated, three component gas mixture contains CoHoF, 95.2%, i -
CyHy (isobutane) 4.5% and weighted contribution of SFp is 0.3 %, with a 35% - 40% humidity
at temperature of 21 C° [112]. In the CMS experiment, the RPC double gas gap structure is
being called a chamber. The whole chamber is made gas tight and the outer surface of the
Bakelite plates is coated with a thin conductive graphite layer to form the high voltage (HV)
and ground electrodes. The surface resistivity of the graphite coat is of the order of 10° Q cm.
The Fig. 7.2 shows complete schematically view of the RPCs with the double gap geometry.

This gas mixture is circulated in a close loop with 10% fresh gas in each cycle and gas mixture

graphite, -HY

2 mm bakelite
/Iinseed ol

— 2 mm gas gap

& 8 mm spacer

linseed il

2 mm bakelite
graphite, +HY

copper strips

Figure 7.2: Schematic cross-sectional view of CMS RPC double gap [111].

is continuously being observed [114]. At the graphite coated surface, high voltage has been

applied to obtain the electric field inside the gas gap, thus along the track of an ionizing particle
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this electric field generates a charge avalanche. RPCs are being operated in avalanche mode to
address the issue of high rates (1 kHzem™?2). Therefore induced signal due to avalanche process
appears on the stripes of copper which are placed outside the gap and these strips are isolated
from graphite and connected with front-end electronics. All the parameters of RPC has been

optimized to fulfill the general requirements of CMS [113].

7.1.3 RPC Design Requirements

There are fundamental requirements for the RPC detector which need to be fulfilled and these
are: good timing, low cluster size, and good rate capability. Other than the general criteria
RPCs are expected to have high intrinsic efficiency and in a very high background needs to
be with standing long term operation of the detector. For this purpose, the requirements have

been described in the Table 7.2. The RPC read out electronics installed at the detectors must

Table 7.2: CMS RPCs general technical requirement

Efficiency > 95%

Time resolution < 3 ns (98% within 20 ns)
Average Cluster size < 2 strips

Rate Capability > 1 kHz/cm?
Power Consumption < 2-3W/m?
Operation Plateau > 300 V

# streamer < 10%

be radiation tolerant to a level of few Gy per year and also detector should tolerate the effect
of magnetic field which is up to 1.5 T near RPCs location. For the RPC detectors at CMS

experiment, avalanche mode selected as operational mode which keeps the gas gain very low.

7.1.4 Layout of RPC Detector

The RPC detector is divided into two regions, the barrel region (0 < |n| < 1.2) and the endcap
region (0.9 < |n| < 1.6). In total RPC detector consist of 912 double gap chambers, having
total readout strips 2 x 10° and which are covering the total area of 3400 m?2. For the purpose
of triggering and muons reconstruction, the CMS detector has adopted the gaseous detector
technologies. Resistive Plate Chambers are based outside the CMS solenoid in an iron return
yoke to trace the muons in an event. The RPCs are detecting the muons with in the time

resolution of < 3 ns and spatial resolution up to 1 ¢cm in both barrel and Endcap regions,
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and this detection is possible only up to the pseudo-rapidity range |n| < 1.6 as shown in the

Fig. 7.21.
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Figure 7.3: RPCs installed at CMS detector with 7 distribution. The CMS detector, R-Z
cross-section of a quadrant where the horizontal axis (z) is running parallel to the beam and
radius (r) increasing upward. The n-values (and the equivalent f-angles) are shown at the top
and right. At the lower left corner, there is an interaction region. Various Muons stations have
been shown and the steel disks (red areas). The labels of four stations of drift tubes (DT) are
MB ("Muons Barrel"), where the labels ME ("Muons Endcap") represents the cathode strip
chambers. Resistive plate chambers (RPC, in green) are in both the barrel and the endcaps of
CMS

Barrel Region

In the barrel region of the CMS detector, there are four RPC stations, RB1, RB2, RB3 and
RB4. There are five wheels (W+2, W+1, W+0, W-1, W-2) in each barrel station and these
stations are approximately concentric cylinders. Then these wheels are further divided into
12 sectors, accommodating 4 iron gaps or stations. There are 2 layers on the first and second
muon stations and whereas these chambers are located at both sides of DT chambers. At
smaller radius RBlin and RB2in are installed whereas at larger radius RBlout and RB2out
are installed. There are 2 RPC chambers at the third and fourth station of muons, and these

chambers are located on the inner side of DT chambers layer (named RB3+ and RB3-, RB4+
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and RB4-). Fig. 7.4 shows the layout of the RPC system in the barrel region. Muons with
transverse momentum pr between 3 and 6 GeV/c in the barrel region are not able to reach
the outer stations RB3 and RB4, therefore, additional layers are inserted in each of the inner
stations RB1 and RB2, raising the total amount of sensitive layers in the barrel to six: RBlin,
RB1lout, RB2in, RB2out, RB3 and RBA4.

Barrel region of the CMS equipped with 480 chambers which consist of 68136 strips, these

strips are wide from 2.28 to 4.10 cm and total area covered by these chambers is 2285 m?.

RB3 - RB4 +

Sector 2

Chamber DT

Figure 7.4: One of the barrel wheel schematic layout, All wheels are divided into 12 sectors
and numbering is shown on the wheel [112]

Endcap Region

Endcap system of the RPC detector consist of four stations on each side of the interaction
point and these four stations are RE +1 — 4. These chambers are mounted on the 3 disks
in the forward and backward regions. The azimuthal symmetry of the endcap RPC system
is clearly visible in the Fig. 7.5. Each station can be divided into three rings (RE/y, y = 1;
2; 3) with the changing value of r, which is measured with respect to the beam pipe. A set

of 36 RPC chambers in the same station with the same distance r are placed in a given ring.
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These rings are divided into six sectors of 60". Shape of the end-cap RPC is a trapezoidal
and each chamber covers 10° in ¢, and the readout strips of the endcap chambers are also
trapezoid. One double gap chamber of endcap contains 96 strips perpendicular to the beam
line. The mechanical structure of an RPC (a chamber) in the endcap contains three "rolls",

which are the n partitions. The endcap region of CMS detector is equipped with the 432 RPC

Figure 7.5: View of the front side (Positive side) of YE-3 (front) and the back side (Negative
side) of YE-1.

chambers having 41427 strips where width of each strip is between 1.95 to 3.63 cm. The total

area covered by the RPC endcap detectors is 668 m?.

7.2 The RPC Power system

The power system for the RPCs has to work under very hostile conditions of high magnetic
field as well as with very high flux of radiation; therefore a very large portion of the power
system is installed near the detector on balcony racks. In the region where RPC are installed

the magnetic field can reach up to 1 Tesla and particle flux on average is: 5 x 10'° protons/cm?
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and 5 x 10'! neutrons/cm?. To overcome these conditions of experiment, CMS collaboration
approved a new design for RPC power system to enable to work in these hard conditions. The
general requirements for High Voltage (HV) and Low Voltage (LV) system of RPC detector
have been described in the Table 7.3.

Power system for RPC is depending upon master /slave architecture. Mainframe is "master"
and controlling the slaves from an accessible area like control room. The "slaves" are sitting
near the detector and they are designed to accept both LV/HV in a functional form. These
HV/LV modules have to work in a hostile as well as inaccessible area; therefore these modules
are based on radiation and magnetic-field tolerant electronics. To make the whole system

operationally efficient, "master" to be placed in an accessible area. The power system for

Table 7.3: CMS RPCs general HV and LV power supply requirements [114]

HV LV for FEB LV for LBB
Maximum Voltage 12 kV TV 4V
Maximum Current 1 mA 3A 14 A
Ripple < 100 mV 10 mA 10 mA
Programmable Voltage from 0 to 12 kV | from 0 to 7V | from 0 to 5 V
Current monit. precision 0.1 pA 100 mA 100 mA
Voltage monit. precision <10V < 100 mV < 100 mV
Trip Settings 0-100s 0-10s 0-10s

RPC detector designed in such a way that environmental conditions were taken into account
and all necessary steps have been taken to reduce the probability to have dead regions or
operating with less efficiency due to the collapse of power supply channels.

Every double gap RPC chamber requires two independent HV channels, one per layer of
gaps. For powering Front End Boards (FEBs), two independent LV channels are needed. High
voltage is required to generate the electric field lines inside the gas gap active volume whereas
the digital and analogue power supply is needed for FEB chips operation. For barrel and endcap
regions, different configurations are adopted to adjust the cost and granularity. Chamber in
a barrel region has two gaps joint together to the same HV channel and to supply power to
FEBs, two independent LV channels are used. In the endcap region, two chambers are sharing
one HV channel but for LV supply two different channels for each chamber are used.

Low voltages are also needed to power up the Link Boards which are mounted on the
balconies near the detector inside the experimental cavern. Therefore complete power system

for RPCs consists of the following:
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RE+1 from the IP

Figure 7.6: View of RE disk, showing that two chamber of ring 2 and ring 3, are connected to
one HV module

e 912 total high voltage channels
e ~ 1000 low voltage channel for the detector front end electronics

e =~ 300 low channels for the RPC link boards

7.2.1 RPC EASY SYSTEM

RPC power system is based on CAEN [114] EASY Embedded Assembly SYstem (EASY) that is
approved by the RPC sub-detector collaboration. This system contains radiation and magnetic
field tolerant electronics components. The CAEN system provides opportunity to separate the
control of the supply modules allowing them to operate in hostile environment. Standard
approach has been used for the power system, it depends upon the common modular system

of crates and controllers where different power supply can be selected as per requirement.
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Important ingredient of the CAEN EASY technology is the Main Frame controller SY1527,
which dictates the crates located several meter away via branch controller boards which controls
and communicate with the help of CAEN bus. The two possible configurations have been
adopted for RPC power scheme as shown in the Fig. 7.7. One is to put complete power supply
underground electronics rooms and second is to separate control units and power modules.

Thus the Power system for RPC contains the 96 EASY CAEN A3009 LV boards for the
purpose of FEB powering, 64 EASY CAEN A3016 LV for power system of Link Boards where
as HV system of RPC has 116 EASY CAEN A3512N boards [114]. Complete power system is
described in the Table 7.3.

Counting Room EA5Y SYSTEM Experimental Cavern
M S*'T~ R CONTROL ROOM HOSTILE AREA S LAVE

Control Bus

Power Line

SOURCE BATTERY

>gom W

ADC

Figure 7.7: Schematic representation of RPC power supply system, RPC power system is based
on the CAEN EASY Technology

7.3 Gas Supply of RPCs

The RPCs, dedicated trigger detectors at CMS experiment are gaseous detectors therefore
performance, stability and efficiency is strongly correlated with gaseous mixture used in the
detectors. The standard mixture approved by the collaboration contains CoHoF, 95.2 %,
isobutene ¢ — CyHyo 4.5% and the quencher SFy 0.3% as shown in the Table 7.1 [116]. Other
than gas, most important part of the RPC detectors is Bakelite. In order to maintain the
resistivity of Bakelite sheet, up to 40% water vapors are being mixed with the gaseous mixture.
Main functionality of the gas system is to mix the different ingredients of the gas and then
properly and continuously distribute to all chambers. Since the covered area of the RPC

detectors is large and also relatively expensive gas is being used therefore close-loop circulation
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of gas is mandatory. The whole gas system consists of many modules, initial gas supply, gas

Gas Building SGX Veni

——  Suppliers
— Mixer
——  Humidifier

Purifier module
—— Pre-distribution and pump
—— Final distribution

pipe length

SGX - USC
=235 m

USCS5

GasRacks £ | \
in Servdce (—\\

Area

Length

~70m
l—

| Distribution
] Racks for RPC's

——

Figure 7.8: Closed loop circulation system of RPC [47].

mixer, and gas circulation system, distributor to chambers, purifier, pump, and gas-analysis
station as shown in the Fig. 7.8. For the detector, gas should be non-flammable, therefore
it’s continuously being observed, if the proportion of isobutane is getting increased then gas
automatically stops working. For barrel and endcap, mixed gas is circulated in a common loop.
Barrel part of the detector is divided into two regions and for each barrel chamber, there is
an independent gas line. Due to this configuration for the full barrel system 250 gas channels
are required, implying 50 gas channels for each wheel as shown in the Fig. 7.9. For the endcap
system, situation is different from barrel. RPC endcap consists of three disks, RE1l, RE2 and
RE3, having 216 double gap chambers on each side of the interaction point. There are two rings
in each disk containing 36 chambers per ring. Rings of RE1 have been divided into 6 gas sectors
of ¢ and every sector contain 6 chambers and gas is being supplied via two line, one for bottom
and other for top gaps. For RE2 and RE3 disk, division is in 12 gas sectors corresponding to
¢, and each gas sector contains 3 chambers of ring 2 and 3, in total six chambers as shown in

the Fig. 7.10.
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Figure 7.9: RPC barrel wheel is divided into two regions and each station (2 chambers) is

provided with a gas line [47].

R R T R R

| 7.7 m height
i ~2.2 mbar

Figure 7.10: RPC endcap disk has been divide into two rings (a) RE1 chambers has divided
into 60° sector (b) RE2,3 has been divided in 30° sector, containing 3 chambers of internal ring
and 3 from external one. Two independent gas lines supplied to every sector [47].

7.4 Readout System of RPCs

Strips for read-out of signal in RPC detectors are connected to Front-End Boards (FEBs).
First, signal are being amplified and discriminated and then unsynchronized signal is being
sent to Link Boards (LBs) which are placed around the detector. Synchronization process with
the 40-MHz LHC clock is being performed by the LLBs and then transmitting this signal toward

the trigger system located in the counting room of CMS experiment at a distance of 90-m and
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connected via optical link at 1.6 GHz as shown in the Fig. 7.11.

For an event, accurate timing information from the RPC detector is crucial for the assign-
ment of unambiguous bunch crossing, therefore a technique of zero-crossing has been adopted
to make the response time amplitude-independent. Range for the RPC signal is quite dynamic
i.e. from few tens of fC to 10 pC, due to crossing technique time walk remains below 1 ns, while
discrimination due to leading edge technique provides time walk of the order of 10 ns. At the

end LVDS driver are being used to send the signal hits to the LBs in differential mode [116].

Detector Periphery

Link Board

Synchronizer
Optical Tansm.

"

$ LVDS

FE_B,@/’
RPC

Figure 7.11: RPC readout electronics block diagram, Figure taken from [117].

7.4.1 RPC DCS System

One of the important requirements of the CMS collaboration is most powerful Detector Control
System (DCS) to ensure the safe and efficient operation of the detector. Functionality of DCS
depends upon the JCOP and PVSS software. DCS closely follows the geometry of the detector.

The RPC DCS hierarchical structure allows checking the status of all hardware involved in the

(FEBA/—F) |

Counting Room

RPC Trigger
Electronics

operation and problematic hardware can be handled remotely using DCS.

RPC Detector Control System (DCS) constitutes three main parts:

e DCS for the RPC HV and LV system

e RPC TC DCS (Trigger Crate Control), which controls 14 VME crates in 8 racks in CMS

counting room
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e RPC LB DCS, which comprises the control of the Link Board and FEB

Figure 7.12: The RPC power system Mainframe works independently to handle modules and
can communicate with RPC DCS [118], The DCS monitors the system status and sends com-
mands to the Mainframe.

Due to this software, protection at hardware level has been enhanced by implementing several
safety checks and it provides an easy and robust interface for system operation. With the help
of this detector control, LV and HV can be switched off, gently ramping up or down towards
safe conditions in case of problem. Other than, HV and LV, DCS also control cooling system
and environment parameters like temperature, pressure and humidity. There are three main
states of RPC control, ON, OFF and STANDBY, when problems occur at detector level, it
can be hardware or software issue, detector goes to ERROR state. These states of the detector

are used whenever needed to ensure uniformity and compatibility with the central CMS DCS.

7.5 Operational Parameters of RPCs

The RPC system at CMS experiment performed very well during 2012 data taking where the
instantaneous luminosity 6.6 x 1033c¢m~2s~! was very high [123]. The CMS collaboration has
implemented certain conditions on the performance of the RPCs and those conditions need
to be fulfilled during data taking. The performance of RPCs is studied during data taking to
verify whether the CMS requirements are fulfilled or not. Numbers of important parameters

which are important for the performance study of RPCs are discussed in this chapter.
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7.5.1 Efficiency

Efficiency means the ratio of active strips of the detector with the reference of total strips of the
detector. The RPC efficiency has been performed by using segment extrapolation technique. In
this procedure, segment extrapolation of DT /CSC reconstructed tracks to the RPC planes are
used to find the RPC hits around the area of extrapolated point. Thus efficiency is the ratio of

the number of observed RPC hits and the expected number of hits from segment extrapolation.

7.5.2 RPC Cluster Size

A cluster is defined as a consecutive set of strips, each of them collecting a charge above the
discrimination threshold of 180 fC (230 mV). The number of strips within a cluster is called the
cluster size and depends on the pitch (width) of the readout strips, the impact point position

with respect to the strip and the track crossing angle.

7.5.3 Dark Current

Current detected in the electronics of the detector without applying the high voltage across

the gas gap. The sources of dark current could be leakage current, loose electronics etc.

7.6 Hardware status

Since RPCs performed extremely well during the data taking of Run-I, here comparison has
been made for each year of running and the problematic chambers in barrel and endcap regions
of the detector are identified. At the end of data taking, status of RPC detector was as follow;

Barrel Chambers:

e RB Chambers in Single Gap (SG) Mode - 15
e RB Chambers OFF - 8

e RB Threshold Problems - 42 (ROLLS)
Endcap Chambers:

e RE Chambers in SG - 29
e RE Chambers OFF - 4

e RE Threshold Problems - 12
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Figure 7.13: Left: chambers of barrel in Single Gap mode (SG) during the data taking, a
comparison between 2010 - 2012. (Right) SG mode of endcap chambers.

7.6.1 RPC Efficiency Measurement Method

Efficiency measurement of RPC depends upon the presence of either a DT (in the barrel) or
a CSC chamber (in the endcap) which allows to profit by the redundancy of the CMS muon
system in order to define the RPC hit efficiency in an independent way, without the need of
relying on physics analysis with muons. For the hit efficiency measurement, only those events
are being taken into account which have DT or CSC trigger whereas the events only triggered

by the RPCs are discarded.

acceptance region to find clusters

A
b 4

cluster
P

residual

-
<>

/‘ \ RPC strip plane
extrapolated impact point

local track segment

cluster center

CSC / DT chamber

Figure 7.14: RPCs efficiency measurement by extrapolation method, A DT or CSC track
segment is linearly extrapolated to the RPC strip plane. RPC hits are sought in the acceptance
region around the extrapolated impact point.

RPC hits are predicted by the extrapolation method, track segments of muons, recon-
structed with multi-layer detectors DT and CSC, are linearly extrapolated to the RPC strip
plane and used to predict RPC hits in a fiducial region around the extrapolated impact points,
as illustrated in Fig. 7.14. In this method of extrapolation, every hit which is being extrapo-

lated is being matched with the closest cluster of RPC hits, that cluster is formed by contiguous

135



fired strips and measured RPC cluster size corresponds to about two strips.

Due to high rate of background particles, some additional requirements have been applied
to ensure that only extrapolated segments associated to muon tracks with hits in the central
tracker are taken into account, while DT/CSC reconstructed segments due to hits probably

originated by neutral background particles are discarded.

7.6.2 RPC Working Points (WP)

High efficiency (> 95%) of muon chambers is the basic requirement of the CMS detector that
is why high voltage scans performed at the start of data taking during 2011 and 2012 LHC
running for pp collisions. The main purpose of these scans is to find the optimal operating point
for every chamber for the sake of high efficiency requirement. Since RPC is a gaseous detector
therefore its performance has dependence on the pressure and temperature of the environment.
Therefore pressure P and temperature T of the CMS experimental cavern has been taken into
account during 2011 - 2012 data taking for the measurement of efficiency. During the collision,
data was taken at eleven different values of effective HV (where HV.s; defined in Eq.(7.4)).
The Range of those eleven different points of HV starts from 8.5 kV to 9.7 kV. The chamber
WP has been defined as the HV corresponding to the 95% of the maximum efficiency plus 100V
(7.2) for the barrel and 150V (7.3) for the endcap. Then a linear extrapolation of the track
segment in the DT and CSC chambers was performed toward the closest RPC strip plane and
then matched to RPC cluster in a range of 8 strips around the extrapolated impact point. The
high voltage shift between barrel and endcap chambers depends on few microns difference in
the spacer’s width (located inside the gas gap). A dedicated data stream was used, containing
information from the muon detectors and the first level trigger.

A sigmoidal response function, a well-known formula that can describe the efficiency (e)
dependence on HV,¢; which takes into account atmospheric pressure variations and can be

written as:

emal'
€= 1 4+ e MHVepp=HVsoz)) (7.1)

where €, is the asymptotic efficiency for HV — oo, the \ coefficient is proportional to the
sigmoid slope at the inflection point, and the High Voltage value HV5gy is the inflection point
of the sigmoid, for which 50% of €, reached. Efficiency of an endcap chamber as a function of
effective high voltage is shown in the Fig. 7.15. In the Fig. 7.15, it is shown that the "knee" is

the value of HV,s; at which 95% of the asymptotic efficiency is reached. To make sure that the
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Figure 7.15: Efficiency measurement (in %) as a function of the effective High Voltage HV, ;¢
(in KV) for a typical chamber. The "knee" and the optimal working point, shown in the
picture, are defined in the text.

chambers are working at high efficiency, the optimal Working Point (WP) is selected beyond

the "knee" and in the flat region to minimize the effect of environmental parameters.
HVy, = HVipee + 100V (barrel) (7.2)

HVyp = HVipee + 150V (Endcap) (7.3)

This difference in the WP of endcap and barrel chambers is due to the different trigger
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Figure 7.16: Average Barrel and EndCap efficiency during the High Voltage Scan performed
in 2012 superimposed with the High Voltage Scan in 2011. The similarity in the curves shows
the stability of the system, no aging effects for the CMS RPC chambers.

algorithms. The endcap trigger algorithm, requiring three coincidences out of three planes,
is more sensitive to efficiency variations. The resulting WP values are averaged for chambers
belonging to the same HV channel. Up to a maximum of two chambers, i.e. up to four rolls
in the barrel or up to six rolls in the endcap, are fed by the same HV supply. Output result
of the sigmoidal function is highlighted in the Fig. 7.16, and the HVjqy for endcap and barrel

chambers is presented in Fig. 7.17. Fig. 7.18 shows the chamber efficiency map as measured
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Figure 7.17: For barrel, distribution of H V59 has been shown in the left curve and with curves
red and green, and for endcap rolls showed with the black and green curves. Here the red and
green curves show 2012 data. 50% of the asymptotic efficiency obtained at H Vg

in 2012 for one wheel and for one disk. Most of the chambers have an efficiency of more than

95%, except for few cases; the lower efficiency is due to known hardware problems.
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Figure 7.18: Left: chambers efficiency map for the wheel +1. The plot shows the 12 sectors
on x axis and the 6 RPC layers on y axis. Right: chambers efficiency map in disk -1. The 36
sectors are shown on x axis and the 3 layers on y axis.

7.6.3 Detector Stability

Since CMS RPC detector is installed underground with very controlled environmental parame-
ters, therefore inside the CMS cavern, the variation in the environmental pressure P and in the
temperature T, was taken into account by rescaling the defined reference values (Py = 965mbar

and Ty = 293K) and these changes were considered with the Equation 7.4:

P, T
HV;(P,T)=HV - =

5T (7.4)
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where HV,;¢(P,T) is the resulting High Voltage (HV). In the environmental parameters, pres-
sure have dominant effect on the resulting voltage: a 1% variation in the pressure of cav-
ern, of the order of about 10 mbar will produce a considerable HV,s;(P,T') difference about
100 V. Starting from July 2011, automatic correction of the Equation (7.4) had been imple-
mented [124]. Results have been obtained on 2011 data with the application of these automatic
corrections as shown in the Fig. 7.19 and Fig. 7.20.

After the implementation of automatic correction in the reference parameters i.e. pressure
and temperature, improvement is obtained in the stability of the efficiency and cluster size as
a function of time. Fluctuation in the efficiency of barrel part of the RPCs as shown in the
Fig. 7.19 is mainly due to pressure variations in the CMS cavern and are reduced from about
+ 1% to about +0.5%. In the first part of 2011 data taking, higher reference value of the
pressure has been chosen, so higher average efficiency (~ 97% compared to ~ 96%) has been
observed during this period.

After proper working of automatic pressure and temperature correction, an increased sta-
bility, with reduced fluctuations, is also observed in the endcap cluster size as a function of
time (Fig. 7.19, right). As discussed above about the efficiency, the same considerations apply
to the average values before and after the HV, (P, T) correction.

In the Fig. 7.20, average cluster size in the barrel (left) and endcap (right) region has been
shown, before and after the application of automatic pressure correction. Both in the barrel
and in the endcap, a clear anti-correlation is shown in the first part of 2011, when the correction
was not applied. The slight positive correlation in the second part of the year might hint at

an over correction in Eq. (7.4).

7.6.4 Noise

Since RPCs are dedicated muon trigger detectors therefore intrinsic noise should be kept
low. Noise rate has been measured during no-collision periods, an intrinsic noise well be-
low 0.5 Hz/cm? was measured for most of the chambers. Measured noise rate is well below for
muon triggering because for trigger system, three or more strips should be fired within the 25
ns window and in a limited spatial region.

The intrinsic noise of the RPC chambers can have an important contribution in the overall
efficiency of the system. High values of the noise in chambers can affect the performance of

the trigger and efficiency of the pattern recognition of of muon tracks. Before every proton
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Figure 7.19: Left: Barrel efficiency (in %) as a function of the run number, i.e. as a function

of time, for runs taken between April 2011 and October 2011. The two regions, before and

after the automatic HV .;¢(P,T) correction, are shown in the plot. Right: Endcap cluster size

(in number of strips), as a function of the run number, for the same run range between April
and October 2011.
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Figure 7.20: Average cluster size for the barrel (left) and for the endcap (right), in number of

strips, as a function of the atmospheric pressure P (in mbar), for runs before (left, blue curve)

or after (right, red curve) the automatic HV,;¢(P,T) correction. Preliminary results with 2011

data are shown.
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beam fill, the intrinsic noise rate is measured in order to mask noisy strips where needed. Noise
comparison is given in the Fig. 7.22, this comparison is for the both endcap and barrel systems.
The average values, of about 0.1 Hz/cm?, well below the CMS requirements and is stable during

the whole running period. It is shown in the Fig. 7.23, the noise rate map measure at chamber
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Figure 7.22: Distributions of the noise rate for barrel (left) and for the endcap (right) for the
3 years running 2010 - 2012.

level in the one barrel wheel and in one disk of endcap region at a luminosity 2.10% cm™2s™ 1.
Thus in the barrel region, the highest rate found to ~ 7THzem ™2 in the outer most station
RB4 and this rate is mainly due to the neutron background, and in the innermost stations
(RB1), due to charged particles and punch through hadrons. In the endcap side, the highest

rate measured was ~ 12 Hz/cm? in the inner ring of disk 2 [125].
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Figure 7.23: Measured noise rate map in one of the barrel wheel -2 (left) and rate map in the
endcap Disk+2 (right)

7.6.5 Background Radiation

For stability and performance of the CMS muon system, background radiations are important
consideration. There are many parameters which can affect the trigger performance, pattern
recognition of muon tracks and overall performance of the system, such as, production of

particles due to the interaction of beam with collimator, gas residual and with the components
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of beam pipe. One of the most important impacts of the radiation level is: detector aging,
high level of radiation can cause the aging effect.

In the Fig. 7.24, the average background rate as a function of the instantaneous luminosity
during 2012 for all barrel wheels and background rate have linear dependence on the luminosity.
As expected, the rates increase as the chambers are farther from the IP: wheel 0 is the closest

one to the interaction point, +2 and -2 are the farthest.
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Figure 7.24: Measurement performed for background rate in barrel wheels as a function of the
LHC luminosity in 2012 (wheel 0 is the closest one to the interaction point, +2 and -2 are the
farthest).
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Figure 7.25: Background rate as function of instantaneous luminosity in the endcap station 2
and 3 of the negative disk 2 and 3.

7.7 Conclusion

The results have been described about the stability and uniformity of CMS RPCs during 2011
and 2012 data taking periods. HV scans have been performed at the beginning of 2011 and
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again at the beginning of 2012. They have been extremely effective, allowing to select the
optimal operating HV values for each individual RPC chamber and to obtain a high level of
uniformity both in the barrel and in the endcap. A new method for determining the RPC
hit efficiency is used by the CMS RPC Collaboration and automatic HV,;¢(P,T) corrections
are in place since July 2011. Those efforts result in increased efficiency stability and increased

cluster size stability as a function of pressure and time.
e RPC systems are operating extremely well delivering good triggers and data for physics.
e The contribution to the CMS downtime is very low (less than 1.5 %).
e The fraction of active channels is very high and stable (more than 98 %).

e After three years running of LHC with growing instantaneous luminosity and its six years
from the start of construction of the RPC detectors, the performance and efficiency of
the detector remains within the specification of collaboration both as a trigger detector

and as a reconstruction system.
e Excellent synchronization and efficiency of the trigger system is obtained.
e The RPC performance is stable with no degradation observed.

e Background measurements are within expectation. No significant issues for running at

nominal luminosity are observed.
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Conclusion

The LHC high instantaneous and integrated luminosity is making it possible to measure the
rare processes like tqZ. In this thesis, tqZ analysis has been presented by using CMS 8 TeV data
collected during 2012 LHC running, corresponding to an integrated luminosity of 19.7 fb=.
The main goal was to measure the production cross-section of single top quark in association
with the Z boson. The measurement is performed in the full leptonic configuration of tqZ
channel where both Z — ¢/~ and t — Wb — (*u;b decay into leptons. These leptons
have been selected after passing the tight selection criteria. This analysis is based on simple
cut and count technique. This technique has been used for the extraction of signal events
and to separate them from the dominant backgrounds like WZ and t{Z. The Data Driven
technique has been used for the estimation of contribution of the dominant background W2
and for fake rate calculation. For the calculation of cross-section different sources of systematic
uncertainties have been taken into account. Systematics having effects on the cross-section are:
Lepton Identification, Trigger, Jet Energy Correction and Jet Energy Resolution, Un-clustered
MET, Pileup and luminosity. The SM predicted cross-section of times branching ratio of tqZ
process is 0.00783 pb and the significance due to simulation is 0.79 + 0.04. The measured
cross-section is 0,7 = 0.018 (stat.) 0555 (Syst.) o0 pb with the observed significance for the
inclusive cross-section is 1.8¢ using background only hypothesis, while the expected significance
is 0.81 having a one o range of [0.00-1.59] at the 68% CL. This is the first measurement of t¢Z
at the LHC energies, and the measured cross-section is in agreement within uncertainty with
the expected NNLO prediction. The inclusive tqZ measured cross-section is in agreement with
the SM prediction and with the BDT-based result [126].

In chapter 7, the results have been described about the stability and uniformity of CMS
RPCs during 2012 data taking period. HV scans have been performed at the beginning of 2011
and again at the beginning of 2012. The HV scans were extremely effective, allowing to select

the optimal operating HV values for each individual RPC chamber and to obtain a high level
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of uniformity both in the barrel and in the endcap. Those efforts for calculating the the real
working point of RPC chambers with the help of HV scan and automatic HV,;¢(P,T'), result
in increased efficiency stability and increased cluster size stability as a function of pressure
and time. The operation of the CMS RPC muon system during 2012 data taking period of
the LHC was outstanding. RPC systems are operating extremely well delivering good triggers
and data for physics. The contribution to the CMS downtime is very low (less then 1.5 %).
The fraction of active channels is very high and stable (more then 98 %). After three years
running of LHC with growing instantaneous luminosity and its six years from the start of
construction of the RPC detectors, the performance and efficiency of the detector remains
within the specification of collaboration both as a trigger detector and as a reconstruction
system. An excellent synchronization and efficiency of the trigger system is obtained. The
RPC performance is stable with no degradation observed. The background measurements are

within expectation. No significant issues for running at nominal luminosity are observed.
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Appendix A

Datasets and Trigger

A.1 AQOD Datasets

For the study of Standard Model tqZ process which is a rare decay, full 2012 dataset is used.
The dataset corresponds to pp collision with integrated luminosity of 19.7 fb~! collected by
CMS experiment at 8 TeV. The tqZ process results in events having three leptons (electrons
or muons) in the final state. Therefore DoubleMu, DoubleElectron and MuEG data streams
are used in this analysis. Each of these datasets is associated with a special HLT path. Latest
golden JSON file with the reconstruction tag "22JANRERECO" is being used. All datasets

are filtered to have good lumi sections only.

Table A.1: MuEG Datasets expressed accordingly time period of data taking, used in the

analysis
Datasets Runs Number of Events
/MuEG/Run2012A-22Jan2013-v1/AOD | 190456 - 193621 2518137
/MuEG/Run2012B-22Jan2013-v1/AOD | 193834 - 196531 14776453
/MuEG/Run2012C-22Jan2013-v1/AOD | 198022 - 203742 20791905
/MuEG/Run2012D-22Jan2013-v1/AOD | 203777 - 208686 21978229

A.2 Trigger

For the data samples given in above tables, events are required to pass one of the unprescaled
double-electron, double-muon or muon-electron triggers. To avoid double counting of events,

trigger path is required to be exclusive using the following criteria,
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Table A.2: Double Electron Datasets with total number of events in each run period, used
in the analysis

Datasets Runs Number of Events
/DoubleElectron/Run2012A-22Jan2013-v1/AOD | 190456 - 193621 12964286
/DoubleElectron/Run2012B-22Jan2013-v1/AOD | 193834 - 196531 23571931
/DoubleElectron/Run2012C-22Jan2013-v1/AOD | 198022 - 203742 33843769
/DoubleElectron/Run2012D-22Jan2013-v1/AOD | 203777 - 208686 34526899

Table A.3: Double Mu datasets for each run period collected by CMS experiment, which
have been used in this analysis

Datasets Runs Number of Events
/DoubleMu/Run2012A-22Jan2013-v1/AOD 190456 - 193621 5636274
/DoubleMuParked /Run2012B-22Jan2013-v1/AOD | 193834 - 196531 29308627
/DoubleMuParked /Run2012C-22Jan2013-v1/AOD | 198022 - 203742 36820243
/DoubleMuParked /Run2012D-22Jan2013-v1/AOD | 203777 - 208686 38006513

e accept all events from the DoubleMu primary dataset which have fired the above men-

tioned di-muon trigger paths

e accept all events from the DoubleElectron primary dataset, if they have fired one of the

above di-electron paths and none of the di-muon paths

e accept all events from the MuEG primary dataset, if they have fired one of the above

cross-flavor paths and neither of the di-muon nor di-electron paths

A.3 MC Datasets

In this Analysis, Summer12 signal (tgZ) and background Monte Carlo (MC) samples have been
used for comparison with real data and background study. These simulated samples were gen-
erated by using Pythia (version 6), Powheg, Madgraph with tune "TuneZ2Star" and simulated
samples were rescaled to total data integrated luminosity using NLO or higher order(when
available) cross section. The complete list of MC simulated datasets which have been used
in this anlysis were generated by using the same pileup scheme "PU_S10". The simulated

dataset with generated cross-section are given in Table A.5.
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Appendix B

Systematic Uncertainties Plots
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Figure B.1: Comparison of di-lepton invariant mass with and without trigger up/down system-
atic uncertainty in signal Monte Carlo. Left: distribution of di-lepton invariant mass in pue
channel. Right: distribution of di-lepton invariant mass in eey channel.
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Figure B.2: Comparison of di-lepton invariant mass with and without trigger up/down sys-

tematic uncertainty in W2 Monte Carlo. Left: distribution of di-lepton invariant mass in ppue

channel. Right: distribution of di-lepton invariant mass in eey channel.
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Figure B.3: Comparison of di-lepton invariant mass with and without trigger up/down sys-
tematic uncertainty in ttZ Monte Carlo. Left: distribution of di-lepton invariant mass in pue
channel. Right: distribution of di-lepton invariant mass in eey channel.
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Figure B.4: Comparison of di-lepton invariant mass with and without trigger up/down sys-

tematic uncertainty in ttZ Monte Carlo. Left: distribution of di-lepton invariant mass in pue

channel. Right: distribution of di-lepton invariant mass in eey channel.
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Figure B.5: Comparison of di-lepton invariant mass for different tri-lepton combinations with

and without pileup up/down systematic uncertainty in signal Monte Carlo.
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Figure B.6: Comparison of di-lepton invariant mass for different tri-lepton combinations with
and without pileup up/down systematic uncertainty in WZ Monte Carlo.
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Figure B.7: Comparison of di-lepton invariant mass for different tri-lepton combinations with
and without pileup up/down systematic uncertainty in ttZ Monte Carlo.
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Appendix C

Lepton Isolation

C.1 Muon Isolation

In addition to the identification requirements, a further quality cut on isolation is performed
to reduce contamination from muons that originate from hadronic processes. Recommended
definition of isolation has been used for muons, which is shown in Eq. C.1. The purpose of
isolation implementation in an analysis is that, muon should be an isolated particle in an
event. It means that the energy flow in its vicinity is below a certain threshold, can effectively
discriminate muons from the decays of W and Z boson from those produced in heavy-flavor
decays and hadron decays in flight. The isolation for muons depends upon the pr of all charged
hadrons, photons transverse energy FEr, and the Ep of all neutral hadrons within a cone of
radius AR < 0.4 centered on the muon track direction, divided by the muon track pr as
shown in Eq. C.1. The energy of the neutral hadrons and photons are corrected for pile-up

contamination by using an estimate of the total contribution of PU tracks.

1 C n,
° = W { p(Th) + max( p(T "o Zp(TW) — AB, 0.0)} (C.1)
Dr
1 ch,PU
Ap = B ZP(T : (C.2)

h,PU) . : , .
where > p(TC ) is the sum of transverse momenta of tracks associated to non-leading vertices.

C.2 Electron Isolation

[solation refers to the amount of energy deposits surrounding a lepton, and it is a powerful
quantity for discriminating against fake lepton signatures commonly found in jets. Electron

isolation is computed by summing over the pr of charged hadron, neutral hadron, and photon
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collections generated using particle flow (PF) algorithm. We restrict the particles used in the

isolation sum to be in the vicinity of the electron by imposing the following requirement:

AR = \/A@ + A <0.3 (C.3)

The isolation sum needs to be computed from particles originating from the same hard scat-
tering event as the electron. Because of pile-up, the energy sum could become contaminated
with extraneous particles, which degrades the effectiveness of isolation. To mitigate the pile-up
contamination from charged particles, we asked charged particles with their tracks originate at
the primary vertex.

The expected energy density p, from neutral hadrons and photons is computed using an
algorithm called FastJet. In this procedure, the average energy density from all jet activity
is computed as a function of the number of pile-up vertices. To obtain the expected energy
contribution, we have to multiply p with effective area A.f;. Where A.ss is the slope of the
average isolation divided by p as a function of the number of pile-up vertices. Z has been used
to calculate the effective area A.;; and are provided by the electron/photon Physics Object
Group (POG) [127,131].

Another effect to be accounted for, is the fact that the average energy present around
an electron increases with its pr. By placing a hard cut on the isolation energy, we would
eliminate otherwise good electrons with high pr. To avoid this, the isolation sum is divided by
the electrons pr. We call this relative isolation.

Putting everything together, the isolation for an electron is defined as

1 C n,
IN=— {pr + ma:z:( pE 3P = p X A, 0.0)} (C.4)
Dt

where pg?), pgh), p(T” h), and pg ) are from the electron, charged hadrons, neutral hadrons, and

photons respectively. The max statement is to ensure that the corrected neutral energy com-
ponent does not drop below zero. At CMS experiment, we referee this as particle-flow isolation

and requirement for this isolation is 1Pt < 0.15 for a cone size AR = 0.3

rel
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Appendix D

MC Correction Factors

D.1 Pileup Re-weighting

Simulated Monte Carlo samples are often produced before or during a given data-taking period.
It is to be expected, then, that the distribution of the average number of interactions per bunch
crossing, obtained in MC will not necessarily match that from data. Therefore, to obtain a
more accurate representation, an event weight is applied to fully reconstruct simulated events
referred to as "pile-up re-weighting". The pile-up scenario simulated in MC simulation in
general does not match with the pile-up conditions during 2012 data taking periods at the
LHC. Simulated datasets have been generated before RunC and RunD of pp collision data were
recorded. For this reason, simulation distributions are different from the actual ones. Simulated
distributions are therefore re-weighted to make them in agreement with the pileup distribution
in data. Pileup weights are calculated as a function of the expected additional interaction in
simulated events because expected additional interaction has been used in Monte-Carlo event
generation. In simulated events the expected additional interactions are accessed via method
PileupSummarylnfo::get TrueNumlInteractions(). In case of pp collision data, the distribution
over this parameter is deduced from instantaneous Luminosity calculated per bunch crossing.
Procedure of MC reweighting is known as reweighting and based on "true" number of additional
interactions. Pileup re-weighting procedure is documented in detail in reference [132]. Number
of reconstructed primary vertex distribution has been used to show the effects before and after
pile-up re-weighting as shown in Fig. D.1. This Scale factor then applied to all distribution as
a weight.

Therefore events from simulation are corrected event-by-event to match the measured dis-

tribution in data. The vertex multiplicity distribution is shown after applying the correction to
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the simulation events. A good agreement between the data and the simulation can be observed.

CMS Average Pileup, pp, 2012, Vs = 8 TeV
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Figure D.1: No. of primary vertices reconstructed using simulation

D.2 b-tag Scale Factors

Identification efficiency of b-jet and the probability to identify a non-bet as a b-jet is not the
same in data and MC simulation. Therefore to account for the difference in data and MC
simulation, scale factors needs to be applied to the simulation. The BTV POG [133] measures
the b-tagging efficiency scale factors for b and light flavor jets. The scale factors depend in
general on the jet flavor, the jet pr and jet |n).

N, )

er(i,j) = TNT( ) (D.1)

Where N7°!(i, j) and N}’ftagged(i,j) are the total number and the number of b-tagged jets,
respectively, of flavor f in the (pr,n) bin(i, 7). Jets flavor has been estimated using tool mention
at [134] which determines the MC truth flavor of a jet. Tagging efficiencies depend on the event
kinematics. Therefore, tagging efficiencies for each flavor, first computed from simulation and
these efficiencies are dependent on the transverse momentum of jet and jets pseudo-rapidity
shown in the Fig. D.2. After-wards MC simulated events have been weighted by the calculated
SF values using one of the recommendations POG. After calculating the efficiency of tagger,
events have been re-weighted by using event weight which depends upon the efficiencies and
scale factors. The purpose of event re-weight is to predict the correct event yield in data by

only changing the weight of the selected MC events.
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Figure D.2: b-tagging efficiency using signal MC and two dominant backgrounds, ttZ and WZ
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The probability of a given configuration of jets in MC simulation and data is defined as

pme)= ] &« I (-¢) (D.2)

i=tagged  j=nottagged

P(Data) = [ SFe [ (1-SEe) (D.3)

i=tagged j=nottagged

where ¢; is efficiency of b-tagging, SF; are scale factors and functions of the jet flavor, py, and

1. The event weight calculated as D.4,

_ P(Data)
w = POIC) (D.4)

D.3 Lepton trigger Scale Factors

The trigger efficiency scale factors applied to correct the MC are given below in the Table D.3

Table D.1: Trigger efficiencies and data-to-MC scale factors are given in the table for four
exclusive channels of tqZ.

Channel Efficiency | Scale Factor (SF)

ppp | Data | 0.979 0.98310 0%
MC | 0.995

ppe | Data | 0.844 0.8860:013
MC | 0.952

jee Data 0.891 0.9871“8:8%
MC | 0.953

cce | Data | 0.957 0.9870:050
MC | 0.970

D.4 Lepton Identification and Isolation Scale Factors

Lepton efficiencies are estimated using a tag and probe method, following a simple cutcount
based approach. In order to estimate the efficiency such that the measurement is uncorrelated
from the di-lepton trigger efficiency, single lepton triggered data samples have been used to
calculate the identification efficiencies. In Fig. D.3, total scale factors as a function of (n, pr)

of leptons are given.

160



GlobalSF
Entries 3280760
Mean x 0.003166
Mean y 57.56
RMS x 1.551
RMS 39.56

Figure D.3: Table shows the leptons Scale Factors as a functions of (1, pr), for muons (left)
and electrons (right).

Table D.2: Muon Scale Factors.

-n 20-30 GeV | 30-40 GeV | 40-60 GeV | 60-200 GeV | > 200 GeV
-2.4 to -1.2 1.047 1.012 1.002 0.999 0.999
-1.2 to0 -0.9 1.050 1.005 0.994 0.998 0.998

-09 to 0 1.052 1.017 0.993 0.993 0.993
0 to 0.9 1.038 1.015 0.995 0.994 0.994
0.9 to 1.2 1.026 1.003 0.993 0.993 0.993
1.2 t0 2.4 1.038 1.014 1.000 0.999 0.999

Table D.3: Electron Scale Factors.

pt- eta 20-30 GeV | 30-40 GeV | 40-60 GeV | 60-200 GeV | > 200 GeV
-2.5 to -2.0 1.009 1.027 1.016 1.016 1.016
-2.0 to -1.556 0.970 0.996 1.002 1.000 1.000
-1.556 to - 1.442 0.956 0.984 0.968 0.946 0.946
-1.556 to - 1.442 0.956 0.984 0.968 0.946 0.946
-1.442 to -0.8 0.943 0.984 0.989 0.977 0.977
-0.8 to 0 0.954 0.984 0.989 0.981 0.981
0 to 0.8 0.960 0.985 0.988 0.981 0.981
0.8 to 1.442 0.945 0.986 0.987 0.977 0.977
1.442 to 1.556 0.946 0.989 0.985 0.971 0.971
1.556 to 2 0.978 1.003 1.004 0.991 0.991
2to0 24 1.014 1.031 1.024 1.019 1.019
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