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Abstract

The Standard Model (SM) of elementary particles has been able to accomodate al-
most every observed quantum physical process within a single theoretical framework.
However, it is widely believed that the SM does not explain a complete picture as it
fails to answer many fundamental problems such as the incorporation of fourth funda-
mental force i.e. gravitational force, absence of dark matter candidate, unification of
the gauge couplings at high energies, and the origin of mass. In order to incorporate
these aspects, New Physics models like Supersymmetry (SUSY), Extra-Dimensions,
Grand Unified Theory (GUT), etc. have evolved over the time. The SM and these
new models predict the existence of a particle called, the Higgs boson, which is sup-
posed to be responsible for providing mass to all the fundamental particles. Many
extensions of the SM also predict the existence of new heavy gauge bosons. Among
these a simplest extension is the one that involves an additional U(1) gauge group
with an associated neutral gauge boson, usually labeled as Z’. A common one among
such extensions is called Sequential Standard Model (SSM) that includes a neutral
gauge boson, Zgg,,, with the same couplings to quarks and leptons as the Standard
Model Z boson. Although this model is not gauge invariant but it has been tradi-
tionally considered by experiments studying high-mass resonances. Other models,
such as the superstring-inspired Eg model, has more complex gauge group structure,
Es — SO(10) x U(1)y, with a corresponding neutral gauge boson denoted as Zj.
Most of the studies performed in this subject assumed generation-independent gauge
couplings for Z’ gauge bosons, but models also exist in which Z’ couples preferentially
to the third generation fermions. In such non-universal scenarios, the sensitivity of
the traditional searches for Z’ production using ete™ and "~ final decay states may
be substantially reduced, motivating the exploration of 777~ decay states. Hence,
the search in Z/ — 777~ final states helps not only in testing the universality of the
couplings but it will also help to establish the branching ratio of Z’ — 777~ relative
to Z' — ete” /utp~ final states. The Large Hadron Collider (LHC) at CERN has

been built to discover the Higgs boson and to probe such New Physics scenarios.
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In this thesis, we report the results from the search of new heavy neutral gauge
bosons, Z’, using proton-proton collision data at center-of-mass energy /s = 7 TeV
and 8 TeV collected with CMS detector during LHC Runs in Years 2010, 2011, and
2012 respectively. The combined search comprises of four dominant decay channels of
Z' — 77~ production: Z' - 177" -y, 2 =ttt w1, 20— T = T,
and 2/ — 777~ — 7.7,, where 7. and 7, refer to leptonically (e and p) decaying
tau-lepton while 75, refers to hadronically decaying tau-lepton. For LHC data of
Run 2010 and Run 2011, the analyses performed in fully hadronic tau final state i.e.
Z' — 717~ — 7,7, have been presented in details while collision data of Run 2012 is
used to perform analysis in Z" — 7t7~ — 7,7, final state. The collision data for Run
2010 and Run 2011 corresponds to an integrated luminosity of 36.1 £ 1.4 pb~! and
4.94 4 0.11 fb~!, respectively. The studies performed with 2012 data corresponds to
an integrated luminosity of 5.104:0.22 fb~!. The potential backgrounds are estimated
mostly using data-driven techniques and excess of events above the Standard Model
background predictions is looked for. To quantify the significance of any possible
excess of observed events or to set an upper limit on the Z’ — 77 production rate, we
perform a fit of the invariant mass distribution of the two taus and employ Bayesian
technique to interpret the results in terms of the upper 95% confidence level limits.
The combined limit takes into account the correlation of systematic uncertainties
within and across all the four decay channels.

The search performed with 2010 data did not reveal any excess of observed events
over the Standard Model background predictions, hence, we excluded a Zggq,, de-
caying to 777~ below mass 468 GeV/c? which exceeded the previous best limit
(Myi_yrir— > 399 GeV/c?) set by Tevatron experiments at Fermilab [1]. The search
performed with higher statistics of 2011 data again showed no excess of observed
events, enabling us to exclude a Z§g,, decaying to 777~ below mass 1.4 TeV and Eg
model Z,, decaying to 777 with mass less than 1.1 TeV. The details of the studies
performed with 5.10 4 0.22 fb~! of 8 TeV data of LHC Run 2012 are also presented
in this thesis. A similar search performed by ATLAS experiment with 4.7 fb=! of 7
TeV data of LHC Run 2011, excluded a Z4q,, — 777~ below mass 1.3 TeV [2].
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Introduction

The word “Science” has originated from the Latin word “Scientia” which in English
means “Knowledge”. Science is a way to answer all the fundamental questions re-
garding natural phenomena occuring around us in the daily life. Science covers many
different fields of study. Particle physics is a branch of science which aims to under-
stand the matter to its deepest level and to study the fundamental laws that govern
the building of matter and the physical universe. In the past century, different the-
ories, experimental results, and discoveries have resulted into a remarkable picture
of the fundamental structure of the matter, which is known as the Standard Model
(SM) [3]. It is a very successful model which explains the structure of the matter and
forces acting between the fundamental particles. The postulates of the SM are well
tested by different experiments at the Large Electron-Positron (LEP) collider, Teva-
tron, B-factories, etc. However, there are strong indications that SM gives incomplete
description of the nature and there are possibilities of the major discoveries in the
current and future high energy particle colliders. In order to observe New Physics
and discover new particles at these colliders, it is very essential to have a very good
understanding of the SM physics. In the light of the New Physics predicted at TeV
energy scale, several extensions of the SM have been developed. Out of such exten-
sions of the SM, some include models which predict the existence of new heavy gauge

bosons Z' and W’.




CHAPTER 1. INTRODUCTION

In this Chapter, an overview of the Standard Model and the properties of the
fundamental particles and forces acting among them, is presented. The physics and
motivation for the search of a theoretically predicted gauge boson, Z’, decaying into

a T-lepton pair, which is the ultimate aim of the present work, is also presented.

1.1 Standard Model of Particle Physics

The Standard Model (SM) is a beautiful theoretical framework that describes how
matter is composed of the fundamental constituents and various types of interactions
acting among these constituents. The underpinning of the SM is a quantum field
theory, a powerful theory that describes the fundamental principles of quantum me-
chanics and special relativity. Developed in the early 1970s, the SM has successfully
explained most of the experimental results and precisely predicted a wide variety of
phenomena. The SM is a gauge invariant theory which is described by the gauge
groups: SU(3)c ® SU(2), ® U(1)y, where C' means color charge, L stands for weak
isospin, and Y represents the hypercharge. According to SM, all visible matter in
the universe is made up of twelve basic building blocks called “fundamental parti-
cles”, categorized in three generations of leptons and three generations of quarks. The
first generation of leptons consists of the electron (e) and the corresponding electron-
neutrino (). The second generation of leptons consists of the muon (u) and the
corresponding muon-neutrino (v,). Similarly, the tau (7) and the tau-neutrino (v;),
form the third generation of leptons. The most significant difference between genera-
tions of leptons are the masses of the particles. For example, the mass of the electron
is 0.511 MeV/c? while the mass of the tau lepton is 1777 MeV/c?, a difference of
almost 10%. Like the leptons, quarks are also divided into three generations. The
up (u) and down (d) quarks are the first generation quarks and combine themselves
to form the protons and neutrons within the atoms. The charm (¢) and strange
(s) quarks form the second generation of quarks, while the top (¢) and bottom (b)
quarks form the third generation. The fundamental forces acting between these el-

ementary particles and the matter are: electromagnetic force, weak force, and the
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1.1. STANDARD MODEL OF PARTICLE PHYSICS

strong force. The gauge groups of the SM govern the symmetries and the underlying
physics behind the bosons that mediate the forces. For example, the gauge group
SU(3)¢c contains the underlying symmetries and governs the way, the strong force is
felt by particles with color charge, such as quarks. The theory of strong interaction
is known as “Quantum ChromoDynamics” (QCD). The SU(3)c symmetry group has
eight generators (gauge bosons), called “gluons” which are massless and carry color
charge. The electromagnetic interactions are described by unitary group U(1). This
interaction is mediated by a massless particle “photon” and the corresponding theory
is called “Quantum ElectroDynamics” (QED). Weak interaction is described in the
form of continuous SU(2) group with 3 gauge bosons (W*, Z%). The gravity is not
included in the SM because of the lack of the theoretical description and experimen-
tal clues of “Graviton”, the boson which is supposed to mediate the gravitational
interaction. The characteristics of the four fundamental forces and the fundamental

particles are briefly discussed in the next Subsections.

rlementary rarticies

F1C1d Forces

III posons

Three Generations of Matter & Forces

Figure 1.1: Building blocks of Standard Model.




CHAPTER 1. INTRODUCTION

1.1.1 Fundamental Forces

All matter in the universe interacts via four distinct forces - gravitational, electro-
magnetic, strong, and weak. These forces are characterized on the basis of following
criteria: the types of particles that experience the force, the relative strength of the
force, the range over which the force is effective, and the nature of particles that
mediate the force. A brief description of the basic properties of these fundamental

forces is given below:

1. Strong Interaction: It is responsible for holding the nucleus together against
the repulsive electromagnetic force due to the presence of protons inside the
nucleus. Yukawa modeled the strong force as an exchange force in which the
exchange particles are pions. It is the strongest of all the four fundamental
forces but with a very short range of the order of 1 femtometer (107! m). The
strong force arises from the exchange of quanta of the strong color field known
as “gluon”. The strong force acts between the particles carrying color charge

(quantum number).

2. Electromagnetic Interaction: The electomagnetic interaction exists between
all the particles which have an electromagnetic charge. For example, electrons
(negatively charged) bind with the nucleus of an atom, due to the presence of
protons (positive charge). The force is long range, in principle extending over
infinite distance. The electromagnetic force is carried by the exchange of a

massless and chargeless particle, called photon.

3. Weak Interaction: The weak force is responsible for the radioactive decay of
unstable nuclei and the interactions of neutrinos and other leptons with matter.
It arises from an exchange of intermediate vector bosons W= and Z°, which are

very massive.

4. Gravitational Interaction: It is the weakest of all the four interactions and
has an infinite range. This force is supposed to be mediated by a gauge boson

called “graviton” which has not been observed experimentally till now. This
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1.1. STANDARD MODEL OF PARTICLE PHYSICS

Force Mediating | Charge | Spin Mass Range (m) | Relative strength
boson (GeV/c?) at atomic scale
Strong | 8 gluons(g) 0 1 0 1071 1
EM Photon(y) 0 1 0 00 1072
W+ +1 1 80.403+0.029 10718 1079
Weak
A 0 1 91.187+0.002
Gravity | graviton 0 2 0 00 1038

Table 1.1: Details of the four fundamental forces known in nature.

force is extremely weak, having a relative strength of 10738 with respect to the

strong force at the atomic scale. It is a purely attractive force which can travel

even through the empty space to attract the two masses towards each other.

This force is responsible for the attraction of objects towards the earth and

elliptical motion of the planets around the sun.

A comparison of the relative strengths of the four forces at the atomic scale is given

in Table 1.1.

1.1.2

Fundamental Particles

As discussed in the Section 1.1, six “quarks” and six “leptons” are considered as

the fundamental particles according to the SM. These fundamental particles appear

to be pointlike when probed at the shortest distance scales accessible to the current

particle accelerators. The quarks carry fractional charges and half-integral spin quan-

1
tum numbers (5) The colorless combination of quarks gives rise to particles called

“hadrons” as described below:

e quark and anti-quark (¢g) combination gives rise to particles known as “mesons”.

Mesons have an integral spin and follow Bose-Einstein statistics.

e combination of three quarks (gqq) gives rise to particles known as “baryons”.

Baryons are half-integral spin particles that follow Fermi-Dirac statistics.
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The antiparticle of a quark i.e. antiquark has opposite sign of electric charge, baryon
number, strangeness, charm, bottomness, and topness. Since quarks are fermions with
spin %, they should obey Pauli’s exclusion principle, i.e. no two identical fermions
can exist in same quantum state. However, for the particular case of three baryons:
ATt =uuu, A~ =ddd, and Q= sss, all three quarks have the same quantum numbers
with at least two quarks having their spin in the same direction because there are only
two choices: spin up (1) and spin down (}). This would seem to violate the Pauli’s
exclusion principle. To resolve this anomaly, it was suggested that the quarks possess
another quantum number “color” which enables them to interact strongly with one

another.

The color quantum number has three-fold degrees of freedom. There are three
primary color charges for quarks: red (R), green (G), and blue (B). Antiquarks have
complementary colors: cyan (R), magenta (G), and yellow (B). All particle states
observed in the nature are “colorless”; baryons have a color state “RGB” and mesons
have color states of RR, GG, and BB. Gluons, the quanta of the color field that bind
the quark states, are bicolored and come in eight states: RB , RG, BG, BR, GR, GB,
\%(RR—BB), (\%(RR—{—BE—QG@)). Ideally, one would expect 3* = 9 combinations
from three colors and three anticolors, but one state (\%(RZ? + BB + GQ)) carries

no net color charge and is excluded.

Leptons are the particles with fractional spin (%) and they do not interact strongly.
Leptons can either carry one unit of electric charge or they can be neutral. As
discussed in Section 1.1, the charged leptons are the electron (e), muon (u), and tau
(7). Each of them possesses an electric charge and a distinct mass. Each charged
lepton has an associated neutral partner called neutrino: v, v,, and v, that has
no electric charge and possesses a non-zero mass. The mass of the antileptons is
identical to that of the leptons, but all of the other properties are reversed. Table 1.2
shows the three families of “fermions”, the constituents of matter. Particles in higher
generations are heavier and unstable. Therefore, particles in higher generations decay
into the particles in lower generations, conserving quantum numbers (Charge, Lepton

number, Baryon number, and Spin).
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Gen Leptons (spin = %) Quarks (spin = %)

Flavor | Charge | Mass (MeV/c?) | Flavor | Charge | Mass (MeV/c?)

e -1 0.511 d -1 3.0-7.0

: Ve 0 < 2x107° u +32 15-3.0

[ -1 105.66 s -3 9525
’ v 0 <0.19 c +2 | (1.2540.09)x 10
T -1 1776 b -3 (4.70£0.07)x 10?
’ . 0 <18.2 t +2 | (172.5+2.7)x10°

Table 1.2: Three generations of elementary particles.

1.1.3 Quantum Chromodynamics (QCD)

Quantum Chromodynamics (QCD) [4], the gauge field theory that describes the
strong interactions of colored quarks and gluons, is the SU(3) component of the
SU3)e @ SU(2)r, ® U(1)y gauge group describing Standard Model (SM) of particle
physics.

QCD has specific features known as asymptotic freedom and confinement, which
determine the behaviour of quarks and gluons in particle interactions at high and low

energy scales:

e Confinement: Confinement means the color-charged particles i.e. quarks and
gluons, cannot be found individually and they remain confined in groups with
other quarks. All particles observed in nature like baryons (three quarks with
three different colors) and mesons (quark-antiquark with opposite color) are
colorless. Particles such as ud or uddd that cannot be combined into color-

neutral states, are never observed.

The quarks in a given hadron, exchange gluons among them. If one of the quarks
in a given hadron is pulled away from its neighbors, the color-force field between
that quark and its neighbours gets stretched. More and more energy is added to

the color-force field as the quarks are pulled apart. At some point, it becomes
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energetically favorable for the color-force field to break into a new ¢g pair and
the energy in this process is conserved because the energy of the color-force
field is converted into the mass of the new ¢g pair. Thus, the quarks cannot
exist individually because the color-force increases as they are pulled apart.
This property is called “quark confinement”, which aids in understanding the

absence of isolated quarks so far.

e Asymptotic Freedom: The term “Asymptotic Freedom” [5] is used to de-
scribe the behaviour of quarks at high energy or momentum transfers, or equiv-
alently at small distances. This feature is based on the experimental observa-
tions. In high energy scattering processes between leptons (e.g. electrons or
neutrinos) and protons (or neutrons), the dynamics reveals that the scatter-
ing occurs at pointlike and massless constituents, the “quarks”, rather than at
a homogeneous object. Apparently, at sufficiently high momentum transfers,
quarks behave like free or weakly bound particles. Mathematically, in QCD the
effective coupling constant is given by:

127
aS(Q2) = Q

33— 2nfln(A—§)

where ny is the number of quarks flavors, A is the QCD scaling parameter and
@ is the momentum transfer during the interaction. As Q? — oo, a, — 0,
which means that at large %, the interaction is quite weak. Thus the fact that
the strong interaction becomes “weak” at high energy scales and vanishes to

zero at asymptotically high energies, justifies the term “Asymptotic Freedom”.

1.1.4 Electroweak Theory and Higgs Mechanism

The unification of the weak interaction and the electromagnetic interaction into a sin-
gle mathematical formalism by Sheldon Lee Glashow, Abdus Salam, and Steven Wein-
berg in 1968, was the most remarkable success of the theoretical physics in the second
half of the 20" century. The unified interaction is known as “Electroweak” (EWK)

interaction and the corresponding theory is called “Electroweak theory” [6] [7] [8].
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The simplest unification of parity violating weak force and parity conserving electro-
magnetic force was done using SU(2);, @ U(1)y gauge theory. The electroweak theory
describes both the electromagnetic force and the weak force in one unified framework.
Superficially, these forces appear quite different. The weak force acts only across dis-
tances smaller than the atomic nucleus, while the electromagnetic force can extend
over great distances, weakening only with the square of the distance. Moreover, com-
parison of the strength of these two fundamental interactions between two protons,
for instance, reveals that the weak force is some 10~ times weaker than the electro-
magnetic force at the atomic scale. The electroweak theory is basically an outcome of
the attempt to produce a self-consistent gauge theory for the weak force, in analogy
with quantum electrodynamics, the successful modern theory of the electromagnetic

force developed during the 1940s.

During the 1960s, Glashow, Salam, and Weinberg independently discovered that
they could construct a gauge-invariant theory of the weak force, provided they also
include the electromagnetic force. But the unified theory of electromagnetic and weak
interactions, as described above, was unsatisfactory due to the fact that it contained
four massless gauge bosons, while only one was observed experimentally at that time,
namely the photon. This implies that the underlying symmetry of the theory is hidden
or broken by some mechanism that gives mass to the particles exchanged in weak
interactions but not to the photons exchanged in the electromagnetic interactions.
The assumed mechanism involves an additional interaction with an otherwise unseen
field, called the “Higgs field”, that pervades all over the space. The quanta of this
Higgs field is known as Higgs boson. This led to the idea of spontaneous symmetry
breaking and the Higgs Mechanism. It is widely believed that the Higgs Mechanism

is the key to explain this mass generation of W= and Z gauge bosons.

In the early 1970s, Gerardus’t Hooft and Martinus Veltman provided the math-
ematical foundation to renormalize the unified electroweak theory proposed earlier
by Glashow, Salam, and Weinberg. Renormalization removed the inherent physical
inconsistencies present in the earlier calculations of properties of the carrier particles,

permitted precise calculations of their masses and led to a more general acceptance
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of the electroweak theory. The experimental proof of the existence of force carriers,
the neutral Z particles and the charged W particles, came in 1983 with the discovery
of the W and Z bosons by the UA1 and UA2 collaborations in proton-antiproton
collisions [9] [10] [11] [12]. The masses of these particles were found to be consistent

with their predicted values.

1.2 Need of the Large Hadron Collider (LHC)

As discussed earlier, the Standard Model is able to explain most of the particle physics
phenomena. The predictions of the SM have been verified experimentally at the level
of 0.1% by various colliders like Large Electron Positron (LEP), SLAC (Stanford
Linear Accelerator Center), KEK b-factories and TEVATRON. Inspite of being the
most successful theory, surviving the experimental testing, SM is not the complete
theory in the context of the origin of mass. There are several reasons to believe that
the SM is not the ultimate theory of nature. A few facts or motivations which force

us to think beyond the SM are:

e Gravity: The SM includes the strong and electroweak forces but it is not able
to accomodate the fourth fundamental force in nature i.e. the gravitational

force [13].

e Fermion generations: The SM does not explain why there are exactly three
generations of leptons and quarks, nor why the fermion masses span over many

orders of magnitude.

e Higgs boson mass: In the SM, the mass of the Higgs boson is quadratically
divergent when radiative corrections are applied. Some fine tunings are required

to suppress this divergence.

e Unification problem: It has been verified experimentally that the coupling
constants of the EM, weak, and strong interactions vary with energy. As per
the predictions of the Grand Unified Theory (GUT) [14], these couplings should
unify at a single value ag, at very high energy scale (~10'? V). In SM, this type
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of unification is not possible as observed from extrapolation of experimentally
measured couplings to a very high energy regime. On the other hand, unification

is accessible in more general theories like Supersymmetry (SUSY).

e Neutrino masses: In SM, neutrinos are assumed to be massless but recent
experimental observations with solar and atmospheric neutrinos have shown,
however, that the three generations of neutrinos mix with each other (neutrino
oscillations). This is only possible if the neutrinos have some definite mass

values [15].

e Dark energy and matter: According to the cosmological observations, ap-
proximately 5% of the universe is made of baryonic matter. The rest is dark
energy (72%) and dark matter (23%). The SM can explain only the ordinary
matter (5%).

e Matter-Antimatter asymmetry: At the begining of the universe, matter
and antimatter were created in equal amounts. The SM offers no satisfactory

explanation for the matter-dominated universe we observe.

To summarize, despite of SM’s success in describing most of the phenomena in particle
physics, it is nevertheless incomplete. Perhaps it is able to explain only a part of the
bigger picture that may include New Physics which has been hidden till now, either
deep inside the subatomic world or in the darkness of this universe.

The Large Hadron Collider (LHC) has been built at CERN, Geneva with the
aim of answering all these mysteries of the universe, including missing blocks of the
Standard Model. The LHC is the highest energy proton-proton collider with 14 TeV
designed center-of-mass energy. The details of the LHC machine are given in the
Chapter 2.

As discussed earlier, the present work deals with the search for a particle, Z’
that has been predicted theoretically by many extensions of the SM. The details on
the physics of Z’ gauge bosons and motivation for the search of Z’ gauge bosons in

tau-pair final states have been presented in the next Section.
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1.3 Motivation for the search of Z' gauge bosons de-

caying into a pair of tau-leptons

The existence of additional gauge bosons beyond the ones associated with the Stan-
dard Model gauge group structure, remains an open question in particle physics.
After the introduction of the unified electroweak theory described by the symmetry
groups SU(2);, ® U(1)y, theories containing additional symmetry groups, were also
proposed. Just like the Higgs mechanism, that was introduced to account for the
SU(2)r, ® U(1)y symmetry breaking, it is possible to construct theoretical models
by incorporating additional gauge fields that can lead to new heavy gauge bosons.
Although there are several ways in which new heavy gauge bosons can appear, the
simplest one is the extension of the SM gauge structure, in which the new heavy
gauge bosons are simply the gauge field of a new local broken symmetry. Examples

of such models are:

1. Grand Unified Theory based models: In Grand Unified Theories (GUTSs),
the strong and electroweak interactions are merged into a single interaction,
described by a higher symmetry group. The choice of the symmerty group,
however, varies. The two most popular scenarios are the Left-Right Symmertic
Model (LRM) and Eg models [16] [17]. These models involve SO(10) symmetry
group. The Eg scenario gives rise to four neutral gauge bosons: Z,,, 77, Z;, and
Z!,, while LRM model gives rise to two new gauge bosons, one charged and one

neutral, both couple to right handed quarks and leptons.

2. Stueckelberg extension: The Stueckelberg extension [18] of the Standard
Model also predicts the existence of new gauge bosons. In the Stueckelberg
extension, particle masses are generated without the Higgs Mechanism. The
Stueckelberg gauge field has no direct couplings to the Standard Model fields
and connects only through mixing with the SM gauge bosons. LEP results [19]

gave an upper limit of 1073 on the mixing between SM gauge bosons and Z'.
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3. Sequential Sequential Model: Additional neutral gauge bosons are also
predicted by Sequential Standard Model (SSM) [20] which serves as a “standard
candle” for the experimentalists. The SSM is a simplest extension of the SM
which assumes that the Z’ gauge boson has same couplings as that of the SM
Z gauge boson. The new neutral gauge boson is assumed to be a heavy version
of the Standard Model Z gauge boson. This model is not a gauge invariant and
therefore, not a very realistic model, but it is a useful reference model. If a Z’
gauge boson is created in the pp collisions at the LHC it can decay into any of

the known fermion-antifermion pair.

In the Little Higgs models [21] there is typically an enlarged gauge sector which
is broken down to the SM gauge symmetry around the TeV scale that results
in one or more Z' bosons. The existence of Z’' bosons is also predicted by
models inspired by Extra Dimensions [22]. The simplest case involves a single
extra dimension of radius R which implies the existence of Kaluza-Klein excita-
tions [23] of the states that can propagate in the bulk. The Randall Sundrum
(RS) model [24] also predicts the existence of new gauge bosons. The RS model
assumes a single highly curved (wrapped) extra dimension. In this scenario, the
gravity is localized on one brane (membrane) in the extra dimension and the

SM particles are located on the other.

In most of the extended gauge theories, the symmetry breaking scale is at
sufficiently high energies that the associated extra bosons are beyond the reach
of current or planned experiments. However, there exists several models that
allow a relatively light Z’. If the new gauge couplings are not much smaller
than unity, then the U(1) group must be spontaneously broken at a scale larger
than the electroweak scale to account for the non-observation of the Z’ boson at
LEP and the Tevatron. Such models can have a Z’ that is of the order of TeV
scale and is in the reach of current experiments like the Large Hadron Collider

experiment at CERN.

The theoretically predicted Z’ gauge boson is supposed to be an electrically
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neutral, spin-1 particle. The physics processes governing the neutral current in-

teractions of fermions, J, in the SM are described with the following Lagrangian:
L= gJiWs, + ¢ Jy B,

Here g and ¢ represent the SU(2); and U(1)y gauge couplings, respectively,
while W, is the SU(2), gauge boson and B,, is the U(1)y gauge boson. The J§
and Ji- represent the electromagnetic and weak currents among the fermions. If
one considers the symmetry breaking of SU(2), ® U(1)y, the mass eigen states
corresponding to neutral gauge bosons, the massless field A,, and the massive

Z, are given by:

A, = sinbwWs, + cosbw B,
Z,, = costhyWs, — sinby B,

where the weak angle Oy = tan™'(¢'/g). When an extra U(1)’ field is introduced
with new gauge couplings e = gsinfy and g2 = ¢? + g% = g¢*/cos*Oy, the

Lagrangian describing the neutral currents of fermions becomes:

L=elty A+ Y9, J"Z°

a“op

where « =1 — n+1 and g, Z9

1,0 and Ji" are the gauge couplings, gauge boson

and current of the SM. Additionally, g, and Zgu are the gauge couplings and
bosons of the additional U(1)" extension. If one assumes the electrically neutral
scalar fields attain vacuum expectations values such that A, remains massless,

1
then the Zp, fields acquire mass terms §M 2BZ2HZ2“ such that:

Mﬁﬁ = 2gagﬂEQaiQBi|¢2’

where My = M %O is the mass of SM Z boson. Upon diagonalization the mass
matrix, one can obtain n+1 massive eigenstates Z,, with mass M,. Although
this is the simplest scenario in which new massive eigenstates can be generated;
however the underlying mathematics and physical motivation behind the other

extensions of the SM work in a similar manner.
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The searches for Z’ gauge bosons are of two kinds: indirect and direct. The
indirect searches look for deviations from the SM that might be associated with
the existence of a Z’ gauge boson. Due to the presence of extra gauge groups, a
mixing between the SM Z and Z’ can happen. Changes in some of the measured
values of SM parameters and observables can result from this Z — Z’ mixing.
This, usually involves precision electroweak measurements at, below, and above
the Z-pole. Additionally, precise measurements of W mass can set limits in the
amount of the allowed Z — Z’' mixing. The constraints on the Z — Z’ mixing

allows one to set limits on the Z’ mass.

In contrast, the direct searches rely on the explicit production of the Z’. The
direct searches are categorized in terms of the initial state how a Z’ is produced
and the final state into which it decays. In eTe™ colliders, the process for Z’
production is: efe” — Z' — [T~ (I = e, ) and for hadron colliders the Z’
production process is: pp — Z' — 71~ (I = e, u, 7). The common final states
for Z' searches involve: two oppositely charged light leptons (ete™, u™p™), two

oppositely charged tau-leptons (7777), and decay into ¢t pair.

Although most of the studies performed on the search of Z’ gauge bosons
have assumed generation-independent gauge couplings for Z’, there exists mod-
els [25] [26] in which the Z’ couples preferentially to third generation fermions.
Although the sensitivity for discovering a Z’ gauge boson is more for leptonic
final states (eTe™, uTu~), but in the context of such non-universal scenarios,
the sensitivity for the search of Z’ production using e*e™ and p*p~ final states
may be substantially reduced, motivating the exploration of its decay to 777~
final states. The previous search on a Zgg,, — 777~ performed by the CDF
experiment at Fermilab in Year 2005, excluded a Zgg,, decaying to 777~ below
mass 399 GeV/c?. For comparison, the most stringent limits on a Z4g,, gauge
boson in the di-electron and di-muon decay channels combined are 2.21 TeV

from ATLAS experiment [27] and 2.32 TeV [28] from CMS experiment.
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1.4 Organization of Thesis

In the present study, the search for a new theoretically predicted gauge boson,
7', has been performed using the pp collision data collected with the CMS
detector at y/s= 7 TeV energy accumulated in the LHC Runs in the Years
2010, 2011 and at 8 TeV energy in Year 2012. The layout of the thesis is as

follows:

Chapter 1 covers a brief overview of the Standard Model (SM), Electroweak
theory, shortcomings of the SM, and the need of Large Hadron Collider. The
physics motivation behind the search of a Z’ gauge boson decaying to tau-pair

final states is also presented.

Chapter 2 gives a brief overview of the Large Hadron Collider machine (LHC)
and the various experiments being conducted at LHC. The main emphasis is
given on the Compact Muon Solenoid (CMS) detector, as present work utilizes
the data collected with the CMS detector. Also, a brief overview of various
sub-detectors of CMS detector, their construction and interaction of particles

with the detector material of different sub-detectors has been presented.

Chapter 3 gives a brief description of the event generation methodology with
different Monte Carlo event generators, simulation of the detector geometry
and reconstruction of the particles in the detector. Also, a brief overview of
the reconstruction of the physics object used in various analyses of the present
work: tau-leptons, missing transverse energy, and the muons has been presented.
This Chapter also lists the Monte Carlo and data samples which are used in the

search for a Z’ gauge boson decaying into a pair of tau-leptons.

Chapter 4 covers the details of the analysis workflow for the search of 72/ —
777 using LHC data of Run 2010 at /s=7 TeV, collected using the CMS
detector. The focus has been placed on the studies performed in the Z' —
TT — 7,7y final state. In this Chapter, the signal and potential background

processes have been discussed in details. The estimation of each contributing
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background process in the high mass i.e. signal region is also discussed. The
details of the tau-identification, isolation, and signal event selection are also

discussed.

Chapter 5 covers the details of the analysis workflow for the search of Z' —
777 using LHC data of Run 2011 at /s=7 TeV, collected using the CMS
detector. Since the methodology remains almost the same as that of 2010
analysis, only differences with respect to 2010 analysis have been discussed
in details. The focus has been placed on the studies performed in the 2/ —

77~ — 7,73, final state.

Chapter 6 covers the details of the analysis workflow for the search of Z/ —
777 using LHC data of Run 2012 at /s=8 TeV, collected using the CMS
detector. The studies performed in the Z/ — 777~ — 7,7, final state using

5.10 £ 0.22 fb~! of collision data are presented, in details.

Chapter 7 summarizes the observations and experimental results of the anal-

yses presented in this thesis.
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Large Hadron Collider and CMS

Experiment

The Large Hadron Collider (LHC) [29] is a superconducting-magnet based par-
ticle accelerator built at the European Center for Nuclear Research (CERN),
located on the French-Swiss border near Geneva, Switzerland. The LHC is the
world’s biggest and the most energetic particle accelerator till date. It was
two decades of planning, developing, and building that came to an end in Year
2009, when the LHC finally started the collision operation. There are roughly
10,000 physicists from more than thirty Nations world-wide, that work jointly
to achieve this project, unified by the wish to understand the universe we live
in. The LHC is a circular machine, about 100 meters underground, spanning
27 kms in circumference, built to recreate the conditions that existed just after
the Big-Bang and to probe New Physics. It has been designed to collide two
counter-rotating proton beams at 14 TeV center-of-mass energy with a designed
luminosity of £ = 103 cm=2s7!, aiming for the discovery of the Higgs boson

and physics beyond the Standard Model.

The decision to build the LHC machine in the tunnel of Large Electron Positron

(LEP) collider, was strongly influenced by the cost saving. Hence, it was con-
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structed during the period 2000-2008 into the already existing tunnel complex
of the LEP collider. After eight years of construction, the LHC had the first
beams injected in the Summer-2008. After an unfortunate technical accident in
September 2008, it became operational again and provided first proton-proton
collisions at 900 GeV center-of-mass energy on 23" November 2009. A few
months later, on 30" March 2010, the energy of the proton beams was in-
creased to 3.5 TeV, resulting into a center-of-mass energy /s = 7 TeV. The
core of the whole project is the LHC and its four independent particle detec-
tors: ATLAS, CMS, ALICE, and LHCb. Present work deals with the search for
7' — 717 using CMS detector at the LHC, so the details of the LHC machine

and the CMS detector are presented in the subsequent Sections.

2.1 Layout of Large Hadron Collider

The basic layout of LHC machine follows the LEP tunnel geometry as shown
in Figure 2.1. The LHC tunnel has eight arcs and eight straight sections. Each
straight section is approximately 528 m long and serves as an experimental or
utility insertion. The two high luminosity experimental detector caverns (in-
sertions) are located at diametrically opposite straight sections: the ATLAS
experiment is located at Point 1 and the CMS experiment at Point 5. Two
more detectors are located at Point 2 and Point 8, which also include the in-
jection systems for Beam 1 and Beam 2, respectively. The injection kick occurs
with the two beams arriving at the LHC from the Super Proton Synchrotron.
Two counter-rotating proton beams intersect at four different locations of the
LHC ring. The remaining four straight sections do not have beam crossings.
Each of the insertions at Points 3 and 7 contain two collimation systems. The
insertion at Point 4 contains two RF systems: one independent system for each
LHC beam. The straight section at Point 6 contains the beam-dump insertion,
where the two beams are extracted from the machine using a combination of

horizontally deflecting fast-pulsed (“kicker”) magnets and vertically-deflecting
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double steel septum magnets. Each beam features an independent abort system.

The LHC accelerator lattice has evolved over several versions.

The LHC machine uses a large number of magnets for circulating the proton
beams around the entire LHC ring. It comprises of 1232 dipole magnets, which
provide a magnetic dipole field of 8.33 T at an energy of 7 TeV per proton beam.
The superconducting dipole magnets are cooled with super-fluid helium down
to temperatures of 1.9 K. Each proton beam is separated into bunches of N, =
1.15x 10" protons per bunch, with a bunch-spacing of 25 ns. This corresponds
to a collision frequency of 40 MHz. The design value for the number of bunches

per beam is n;, = 2808.

The LHC achieved a peak luminosity of £ = 2x103? cm™2s7! in the Year 2010.
The LHC machine continued to perform marvellously, and on 227¢ April 2011,
it set a new world record for the beam intensity at a hadron collider by colliding

proton beams with a luminosity of 4.67x1032 cm~2s~!. This exceeds the pre-

~1 set by Fermi National Accelerator

vious world record of 4.024x103% cm™2s
Laboratory’s Tevatron collider (US) in the Year 2010, and it marks an impor-
tant milestone in the LHC commissioning. The LHC provided ~ 36.1 £ 1.4
pb~! of proton-proton collision data at 7 TeV for physics analyses during Run
2010. During Run 2011, LHC provided 5.1 4+ 0.11 fb~! of pp collision data at
7 TeV for physics analyses, and till date its operation at 8 TeV for Run 2012
has delivered more than 16 fb~! of data. Figure 2.2 shows the total integrated
luminosity of the data delivered by the LHC and the data collected by the CMS

detector during LHC Run 2011 and current Run 2012.

Recently, on 4" July, 2012, CERN announced the observation of a new parti-
cle [30] which is most likely to be the elusive Higgs boson predicted theoretically
by Prof. Peter Higgs in 1964 and this observation marks the success of the
LHC project. The observation of this Higgs-like boson has been reported by
two independent experiments: ATLAS (A Toroidal LHC ApparatuS) and CMS
(Compact Muon Solenoid) at the LHC. The current LHC run is scheduled till
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the end of February 2013. This time period will be enough for LHC experiments
to collect enough data to study the properties of this new Higgs-like boson and
also to explore the “potential” New Physics (like the search for Z', SUSY etc.)

before preparing for higher energy and higher luminosity run.

Low B (pp)
High Luminosity

Low {3 (Ions)

(B physics)

Low B (pp)

High Luminosity

(a)

Figure 2.1: Schematic layout of the LHC.

2.1.1 LHC Accelerator System and Injector Complex

Figure 2.3 gives an overview of the LHC accelerator complex. The proton beams are
supplied to the LHC via the following injector chain:

Linac2 — Proton Synchrotron Booster (PSB) — Proton Synchrotron (PS) —
Super Proton Synchrotron (SPS) — LHC. Prior to injection into the main LHC ac-

celerator ring, the proton beams are accelerated by a series of accelerator systems
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Figure 2.2: Graph of total integrated luminosity collected by CMS detector during
Run 2011 (left) and Run 2012 (right).

that increase their energy successively. The first system is the linear particle acceler-
ator LINAC-2 accelerating protons upto 50 MeV, which feeds the Proton Synchrotron
Booster (PSB). By PSB the protons are accelerated upto 1.4 GeV and injected into
the Proton Synchrotron (PS), where they are accelerated further to 26 GeV. Finally
the Super Proton Synchrotron (SPS) is used to further increase their energy upto 450
GeV before they are injected (over a period of 20 minutes) at last into the main LHC
ring. Here the proton bunches are accumulated, accelerated to their peak energy of 7
TeV, and kept circulating for 10 to 24 hours, having collisions at the four intersection

points.

2.1.2 Luminosity and Center-of-mass energy

The luminosity is a measurement of the number of the collisions that can occur in
a detector per square centimeter and per second. The luminosity £ of a collider

experiment is defined as:

NZkae’UPY
L=—""F -2.1
Are, 3
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Figure 2.3: The Large Hadron Collider’s accelerator complex, in France and Switzer-

land.
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where,
e N is the number of particles in each of the k circulating bunches.
e f,.. is the revolution frequency.
e (3* is the value of betatron function at the crossing point.

e ¢, is the emittance corresponding to one o contour of the beam (nominal value

3.75 pm).
e v is the Lorentz factor.
e F is the reduction factor due to the bunch-crossing angle.

The center-of-mass energy (generally used in any collider experiment) for a given

value of beam energy, Epeqanm, is calculated as:

Eé*oll\ljder = 2Epeam-

As mentioned previously, there are four main points where the two counter-rotating
proton beams cross and are made to intersect each other. At each of the four inter-
section points, a detector is placed in order to record the collision events for the study

of interactions among the particles.

2.1.3 Experiments at the LHC

At four different interaction points of the LHC, there are four main experiments:
ATLAS, CMS, ALICE, and LHCb. The CMS [31] and ATLAS [32] are two multipur-
pose detectors and they are designed to cover a wide range of physics measurements
at the energy frontier as well as for the precision measurements of Standard Model
processes. Important areas of New Physics include the potential discovery of the
Higgs boson, signatures of supersymmetric particles, heavy gauge bosons, and other
exotic particles. ATLAS and CMS are complemented by two special purpose detec-
tors: LHCDb [33] and ALICE [34]. The LHCb experiment is particularly designed
for the study of b-physics at a peak luminosity of 10** cm~2s~!. The LHCb will

aid the precise measurements of CP-violation, which allows for indirect searches of
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New Physics in the rare decays. In addition to the proton physics, LHC physics
programme includes the physics of heavy ions using ALICE detector. The ALICE
experiment is a dedicated heavy-ion experiment for the studies of lead-lead collisions
and subsequently for the search of Quark-Gluon Plasma (QGP) [35]. The design
energy per nucleon in Pb-Pb collisions is 2.76 TeV, which results in a total energy
of 1148 TeV of the two colliding lead nuclei. The LHC was operated with heavy-ion
collisions at the end of Year 2010 and Year 2011. Figure 2.4 shows one of the early
proton-proton collision event seen in the CMS detector during LHC Run 2010 at 7
TeV center-of-mass energy.

The total proton-proton interaction cross-section is expected to be roughly 100 mb

High - Energy Collisions at 7 TeV
LHC @ CERN
30.03.2010

Figure 2.4: One of the early proton-proton collision event seen in CMS detector at 7

TeV center-of-mass energy during LHC Run 2010.

at 14 TeV center-of-mass energy. At design luminosity the general-purpose detectors
will, therefore, observe an event rate of approximately 10? inelastic events/sec. This
leads to a number of formidable experimental challenges e.g. storage space required

for such large number of events. The online event selection process (trigger) must
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therefore, reduce the huge rate to about 100 events for storage and subsequent data
analysis. The short time between bunch crossings, 25 ns, has major implications for
the design of the read-out and trigger systems.

At the design luminosity, a mean of about 20 inelastic collisions will be superim-
posed on the single event of interest. This implies that around 1000 charged particles
will emerge from the interaction region every 25 ns. Therefore, the products of an
interaction under study may be confused with those coming from other interactions
in the same bunch crossing. This problem clearly becomes more and more severe
when the response time of the detector element and its electronic signal is longer
than 25 ns. This is called pile-up and effect of this pile-up can be reduced by using
high-granularity detectors with good time resolution. However this requires a large
number of detector channels, resulting in millions of detector electronic channels hav-
ing very good synchronization. The large flux of particles coming from the interaction
region leads to high radiation levels, requiring radiation-hard detectors and front-end
electronics. The detector requirements to meet the goal of the physics programme at

the LHC are mentioned as follows:

e Good muon identification and momentum measurement over a wide range of
momenta and angles, good di-muon mass resolution (1% at 100 GeV), and the

ability to determine unambiguously the charge of muons with pr < 1 TeV.

e Good charged-particle momentum resolution and reconstruction efficiency in the
inner tracker. Efficient triggering and offline tagging of top quarks and b-jets,

requiring the pixel detectors close to the interaction region.

e Good electromagnetic energy resolution, good di-photon and di-electron mass
resolution (1% at 100 GeV), wide geometric coverage, 7° rejection, and efficient

photon and lepton isolation at high luminosities.

e Good missing transverse energy and di-jet mass resolution, requiring hadron
calorimeters with a large hermetic geometric coverage and with fine lateral seg-

mentation.

The Compact Muon Solenoid (CMS), one of the two general purpose detectors at
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the LHC, has been designed to meet the above goals of the LHC physics programme.
The details of the CMS detector are discussed in next Section.

2.2 Compact Muon Solenoid

The CMS detector is a hermetic, 47 coverage multipurpose detector, shown in Fig-
ure 2.5. A comprehensive description of the CMS detector can be found in Ref. [31].
All sub-detectors are arranged concentrically around the cylindrical beam pipe and
the interaction point (IP). The CMS detector is divided into two regions: a central
region, called barrel and two endcap regions. The main feature of the CMS detector
is the 3.8 T magnetic field, created by a superconducting solenoid, which allows for
an excellent momentum resolution of reconstructed charged particles. The weight
of the solenoid including the iron return yoke is 10,000 tons and the total weight of
the whole detector is 12,500 tons. The CMS detector is 22 m in length and 15 m
in diameter. Since these dimensions are relatively smaller than the complementary
experiment ATLAS, hence, CMS detector is named as “Compact” Muon Solenoid.
The fully silicon-based inner tracking system comprises of 3 layers of silicon-pixel
and 10 layers of silicon-strip detector, which allow for an excellent spatial resolution
close to the interaction point, as well as a high momentum resolution. The electro-
magnetic calorimeter (ECAL) is composed of lead-tungstate (PbWOy,) crystals, which
provide an excellent electromagnetic energy measurement of electrons and photons.
It is optimized for a potential discovery of a light, neutral Higgs boson, decaying in
to a pair of photons (H— ~v). A sampling hadronic calorimeter (HCAL) composed
of brass absorbers and plastic scintillators completes the calorimetric system, which
is hosted inside the solenoid. A typical feature of the CMS detector is the presence
of the inner tracking system, as well as the complete calorimetry (ECAL and HCAL)
“inside” the solenoid magnet coil. The calorimetric system is supplemented by an
additional outer hadron (abbreviated as HO) calorimeter, which detects possible tails
of hadronic showers. HO is generally referred to as a “tail-catcher”. Furthermore,

CMS detector has three different subdetectors for the detection of muons, located
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outside the solenoid. In the barrel region, aluminium drift tubes (DTs) are used

while cathode strip chambers (CSCs) are used in the endcaps. Both muon systems

are complemented by Resistive Plate Chambers (RPCs) for improved trigger timing.

The sandwich-like arrangement of the muon detectors and the iron return yoke gives

rise to the characteristic appearance of the CMS detector.

Superconducting Solenoid

Silicon Tracker

Very-forward
Calorimeter

Pixel Detector

Hadronic
Calorimeter
Electromagnetic
Calorimeter

Compact Muon Solenoid

Figure 2.5: The Compact Muon Solenoid at the Large Hadron Collider.

2.2.1 CMS Co-ordinate system

Figure 2.6 represents the cross-sectional (left) and the longitudinal view (right) of

CMS detector.

The co-ordinate system adopted by CMS detector has the origin

centered at the nominal collision point inside the detector:

e the y-axis points vertically upward (perpendicular to the LHC plane).

e the x-axis points radially inward towards the center of the LHC ring.
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Figure 2.6: Transverse or cross-sectional view (left) and longitudinal view (right) of

the CMS detector.

e the z-axis points along the beam direction.

e the azimuthal angle ¢ is measured from the x-axis in the x-y plane.
e the radial co-ordinate in this plane is denoted by r.

e the polar angle ¢ is measured with respect to the z-axis.

The pseudorapidity is given by n = -In(tan(f/2)) and is used more often than the
polar angle 6. The particle occupancy is measured in a portion of the detector (dn),

which can be quantified in terms of ¢ as:

do

dn = —

sind

2.2.2 Superconducting Magnet

In order to measure the momentum of the charged particles from their bending in
the magnetic field, CMS detector uses a superconducting solenoidal magnetic field.
Due to the solenoidal configuration of the CMS magnet, bending of charged particles
starts at the beam axis which minimizes the detector size for a given bending power.
The superconducting magnet for CMS detector has been designed to reach a 4 T
field in a free bore of 6m diameter and 12.5m length with a stored energy of 2.7 GJ

at full current. The magnetic flux is returned through a 10,000 ton return iron-yoke
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comprising of 5 wheels and 2 endcaps (composed of three disks). An artistic view of

the CMS magnet is shown in Figure 2.7.

Artist View
of CMS Solenoid

Figure 2.7: Artistic view of the CMS solenoidal magnet.

2.2.3 Inner Tracking System

One of the most important aspects of the LHC physics programme requires a robust,
efficient, and precise reconstruction of the trajectories of charged particles with trans-
verse momentum above 1 GeV/c in the pseudorapidity range |n| < 2.5. A precise
measurement of the secondary vertices and the impact parameters is necessary for
the efficient identification of jets originating from heavy quarks like bottom or charm,
which are produced in many of the interesting physics channels. Together with the
electromagnetic calorimeter and the muon system, the tracker has to identify the
electrons and muons, respectively. In order to reduce the event rate from the LHC
bunch crossing rate of 40 MHz to about 100 Hz, which can be stored permanently,
tracking information is heavily used in the high level trigger of CMS.

The inner tracking system of CMS detector is designed to provide a precise and
efficient measurement of the trajectories of the charged particles emerging from the
LHC collisions, as well as a precise reconstruction of secondary vertices. It surrounds

the interaction point and has a length of 5.8 m, with a diameter of 2.5 m. The CMS
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solenoid magnet provides a homogeneous magnetic field of 3.8 T over the full volume
of the tracker. At the LHC design luminosity of 103 cm~2s7!, there will be, on an
average, about 1000 particles from more than 20 overlapping proton-proton interac-
tions, traversing the tracker for each bunch crossing, i.e. every 25 ns. Therefore,
a detector technology featuring high granularity and fast response is required, such
that the trajectories can be identified reliably and attributed to the correct bunch
crossing. However, these features imply a high power density of the detector electron-
ics which in turn require efficient cooling. However, this is in direct conflict with the
aim of keeping the minimum amount of material in order to limit multiple scattering,
bremsstrahlung, photon conversion, and nuclear interactions. A compromise had to
be found in this respect. The intense particle flux will also cause severe radiation
damage to the tracking system. The main challenge in the design of the tracking
system was to develop detector components which are capable of operating in this
harsh environment for an expected lifetime of 10 years. These requirements on granu-
larity, speed, and radiation hardness lead to a tracker design entirely based on silicon
detector technology.

The inner tracking system is divided into two sub-detectors: pixel tracker, which
is also referred to as vertex detector and the strip tracker. Both subsystems are fully
based on silicon sensors. The inner tracking system consists of 66 million silicon pixel
channels and 9.6 million silicon strip channels. Figure 2.8 shows a schematic view of

the CMS inner tracking system.

e Silicon Pixel detector

In the barrel region, close to the interaction point, three layers of pixel detectors
are placed in parallel to the beam pipe at radii of r = 4.4, 7.3, and 10.2 cm with
a pixel-size of 100x 150 pum?. Additionally, there are two pixel endcap disks in
the forward direction transverse to the beam line, both having two pixel layers
at distances of |z| = 34.5 and 46.5 cm. The pixel tracker is also referred to
as vertex detector, because the main task of the inner tracking system is to
provide information about the primary interaction point (primary vertex) and

displaced interaction points (secondary vertices) from the decay of long-lived
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2,4 m

Figure 2.8: Schematic view of the CMS inner tracking system.

unstable particles, like bottom or charm quarks. Due to the strength of high
magnetic field, charged particles traversing the silicon sensors are detected by
the Lorentz force. In the endcap disks, the blades carrying the pixel modules
are rotated by 20° to compensate for the detection, which leads to a turbine-like

geometry of the endcaps, which is shown in Figure 2.9.

Silicon Strip detector The silicon strip tracker system provides a coverage
of |n] < 2.4 and consists of almost 15400 modules, which are mounted on a
carbon-fiber structure and operated at a temperature of around -20 °C'. The
micro-strip tracker covers a region between 20 < r < 110 cm, where the particle
flux decreases with respect to the innermost region of the pixel tracker. The
tracker inner barrel (TIB) consists of four layers of strip detectors. In the first
two layers of the TIB, the modules are mounted as stereo modules with an angle
of 100 mrad in order to provide a measurement in (r-¢) and (r-z) direction. The
outermost region of the inner tracking system is referred to as the tracker outer
barrel (TOB), which covers a radius between 55 < r < 110 cm. The significantly
lower particle flux allows for the use of larger-pitch silicon microstrip detectors

with a good signal-to-noise ratio. The TOB comprises of six layers of silicon
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Figure 2.9: Pixel detector of CMS inner tracking system.

strip detectors, where the first two layers are also mounted as stereo modules.
In the forward region, there are nine layers of micro-strips in each of the two
tracker endcaps (TEC). Additionally, there are three layers of tracker inner disks
(TID) on each side, in order to fill the gap in the transition region between TIB
and TEC. Figure 2.10 shows the transverse and longitudinal impact parameter
resolution as a function of track transverse momentum. The transverse resolution
is better than the longitudinal, since the transverse beam size is measured more
precisely than the longitudinal one. The study of the resolution of the primary
vertex reconstruction as a function of the number of tracks used in fitting the
vertex is reported in Ref. [36] and the performance is shown in Figure 2.11. The
results shown in Figure 2.10 and Figure 2.11 are using pp collision data collected

at 7 TeV CM energy corresponding to an integrated luminosity of 10.9 nb™*.

2.2.4 Electromagnetic Calorimeter

The calorimetry provides an inclusive energy measurement of the particles. Energy of
electromagnetically interacting particles, like the electron and the photon, are mea-

sured in the electromagnetic calorimeter (ECAL) [37]. The electromagnetic calorime-
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Figure 2.10: Measured resolution of track transverse impact parameter (left) and lon-
gitudinal impact parameter as a function of the track transverse momentum (right).
Only central tracks with |n| < 0.4 are considered. Black and red points correspond

to data and MC simulation, respectively.

ter of CMS detector is a hermetic, homogeneous calorimeter made up of 61,200 lead
tungstate (PbWQO,) crystals [38] mounted in the barrel part, closed by 7324 crys-
tals in each of the two endcaps. To have better showering, a preshower detector is
placed in front of the endcap crystals. Avalanche photo-diodes (APDs) are used as
photodetectors in the barrel and vacuum photo triodes (VPTs) in the endcaps. With
the use of high density crystals, the calorimeter has fine granularity and is radiation
resistant, which all are important characteristics in the LHC environment. One of
the driving criteria in the design was the capability to detect the decay of postulated
Higgs boson to a pair of photons. This capability is enhanced by the good energy
resolution provided by a homogeneous crystal calorimeter. The characteristics of the
PbWOQO, crystals make them an appropriate choice for operation at LHC. The crystals
are characterized by high density (8.28 g/cm?) and a short radiation length (X,=0.89
cm), so the calorimeter is very compact and can be placed inside the magnetic coil.

Furthermore, it has a small Moliére radius (Ry;=2.2 cm), which results in a fine gran-
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Figure 2.11: Primary vertex resolution in x (a), y (b), and z (c) as function of the

number of tracks used in the fitted vertex.
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Figure 2.12: Electromagnetic calorimeter of the CMS detector.

ularity, needed because of high particle density produced at LHC. Moliere radius is
the radius of a cylinder containing 90% of the electromagnetic shower energy depo-
sition. In recent years, PbWOQ, scintillation properties and other qualities have been
progressively improved, leading to the mass production of optically clear, fast, and
radiation-hard crystals. The scintillation decay time of these production crystals is
of the same order of magnitude as the LHC bunch crossing time: about 80% of the
light is emitted in 25 ns. The ECAL barrel (EB) covers a region in pseudorapidity of
0 < |n| < 1.479 as shown in Figure 2.12. The inner radius of the EB is 129 cm. The
crystals of the ECAL have a front face cross-section of 22x22 mm? and a length of
230 mm, which corresponds to nearly 26 radiation lengths (Xy). The crystals in the
EB are grouped into 36 identical supermodules. The ECAL barrel has a granularity
An x A¢ = 0.0175x0.0175. The ECAL endcaps (EE) cover a region in pseudora-
pidity of 1.479 < |n| < 3.0. Each of the two endcaps consists of two semi-circular
aluminium plates (dees), where 25 crystals are arranged into an array of 5x5 super-
crystals. They have a front face cross-section of 28.6x28.6 mm? and a length of 220

mm, which corresponds to nearly 25X,.

In front of each EE, a silicon based preshower (ES) device is mounted between
1.653 < |n| < 2.6, which is shown in Figure 2.12. The aim of the preshower detector is
to identify the signal of photons coming from the neutral pions (7°s), by making use

of its high granularity. The preshower is a sampling calorimeter made of 2 layers of
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lead radiators and silicon strip sensors situated immediately after the lead radiators.
The total thickness of the preshower silicon detector is 20 cm (= 3X, long).

The energy resolution of the ECAL can be parametrized as:

(3= e G ¢

where S is the stochastic term which includes the effects of fluctuations in the number
of the photo-electrons as well as in the shower containment, /N is the noise term which
includes contribution from the electronics and pile-up, and C' is the constant term
related to the calibration of the calorimeter. The ECAL energy resolution measured
using test beams of electrons with energy ranging from 20 to 250 GeV [39] is given

as:
12%

VB T EGe)

The result is in good agreement with the design-goal performance expected for a

05 2.8%

(5 =( 2+ (0.3%)?

perfectly calibrated calorimeter.

2.2.5 Hadron Calorimeter

The hadronic calorimeter (HCAL) [40] allows for the measurement of energy and
position of the hadrons. This calorimeter plays an essential role in the identifica-
tion of the quarks and gluons, by measuring the energy and direction of the jets.
Moreover, it can indirectly detect particles that do not interact with the detector
material such as the neutrino (by conservation of the momentum in transverse plane
i.e. missing transverse energy). The measurement of the missing transverse energy is
really important in the search of supersymmetric particles. For good missing energy
resolution, a calorimeter coverage over a large range of pseudorapidity is required. In
addition, the HCAL will also aid in the identification of muons in conjunction with
the tracker, electromagnetic calorimeter, and muon systems.

The design of the HCAL is strongly influenced by the choice of magnet parameters
since most of the CMS calorimeter is located inside the CMS superconducting magnet

coil and surrounds the ECAL system. An important requirement of the HCAL is to
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minimize the non-Gaussian tails in the energy resolution and to provide good con-
tainment of hadronic shower and hermeticity for missing energy measurements. The
HCAL design maximizes the material inside the magnet coil in terms of interaction
lengths. The brass has been chosen as absorber material as it has a reasonably short
interaction length and it is a non-magnetic material. The requirement of maximizing
the amount of absorber before the magnet, results into minimum space for the active
medium. The scintillator tile technology makes an ideal choice. It consists of plastic
scintillator tiles having wavelength-shifting (WLS) fibres to transport the light to the
photodetectors. The WLS fibres are spliced to high attenuation-length clear fibres
outside the scintillator that carry the light to the readout system-photodetectors. The
photodetection readout is based on multi-channel hybrid photodiodes (HPDs). The
gap between the barrel and the endcap HCAL, through which the cable services of
the ECAL and inner tracker pass, is inclined at 53° and points away from the center

of the detector.

The HCAL of CMS detector is thus subdivided into four regions, 2 barrels-HB
(HCAL Barrel), the HO (HCAL Outer), 2 endcaps- HE (HCAL Endcap), and the HF
(HCAL Forward), which provide a good segmentation, a moderate energy resolution,

and full angular coverage upto |n| = 5.

The barrel (HB) part of HCAL consists of 32 towers covering the pseudorapidity
region -1.4< |n| <1.4, resulting in 2304 towers with a segmentation An x A¢ = 0.087
x 0.087. There are 15 brass plates, each with a thickness of about 5 cm, plus 2
external stainless steel plates for the mechanical strength. The particles leaving the
ECAL volume, first sees a scintillator plate with a thickness of 9 mm rather than 3.7
mm for other scintillator plates. There are two endcaps (HE), each one consists of 14 7
towers with 5° segmentation, covering the pseudorapidity region 1.3 < |n| < 3.0. For
the outermost towers (at smaller 7), the ¢ segmentation is 5° and the 7 segmentation
is 0.087. For the 8 innermost towers, the ¢ segmentation is 10°, while 1 segmentation
varies from 0.09 to 0.35 at the highest n. The total number of HE towers is 2304.
The region with 3.0 < || < 5.0 is covered by hadron forward (HF) detectors. These

are made up of steel and quartz fibres. The signal originates from the Cerenkov light
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emitted in the quartz fibres, which is then channeled by the fibres to photomultipliers.
There are 13 towers in 7, all with a size given by An = 0.175, except for the lowest 7
towers with An = 0.1 and the highest n towers with An = 0.3. The ¢ segmentation
of all the towers is 10°, except for the highest n one, which has A¢ = 20°. This leads
to 900 towers and 1800 channels in two HF modulus. The HCAL acceptance region

and layout is shown in Figure 2.13.

Figure 2.13: Longitudinal cross-section of the quarter of the CMS detector showing
the positions of the hadronic calorimeter barrel (HB), hadronic calorimeter endcap

(HE), forward hadronic calorimeter (HF), and outer hadronic calorimeter (HO).

2.2.6 Outer Hadron Calorimeter

The HCAL plays an important role in CMS experiment for the measurement of jets
and missing transverse energy. The HCAL is placed inside the solenoid and it is not
thick enough to contain complete hadronic shower. Therefore, HCAL is extended
outside the solenoid coil. This extended part of HCAL is called Outer Hadronic
Calorimeter (HO) [41]. The HO utilizes the coil as an additional absorber material
equal to 1.4/sinf interaction lengths (\). It is used to measure energy for late shower

development and to measure the shower energy beyond the geometrical reach of HB.
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Close to the interaction point at n = 0, HB provides minimum interaction length
to the hadrons. Therefore, the central ring (Ring 0) has two layers of HO plastic
scintillators. All other rings (+1, £2) have single HO layer. The total depth of the
hadron calorimeter is thus extended to a minimum of 11.8\ as shown in Figure 2.14,
except the barrel-endcap boundary region. The HO layers are physically located
inside the barrel muon system.

The design of HO is constrained by the geometry of the muon system. The sizes
and positions of the tiles in HO are supposed to roughly map with the layers of HB to
make towers of granularity 0.087 x 0.087 in n and ¢. The HO is physically divided in
to five rings in 7 direction. The rings are numbered as -2, -1, 0, 1, 2 with increasing 7).
Each ring of the HO is divided into 12 identical ¢ sectors and each sector has 6 slices
or trays in ¢ direction. The ¢ slices of a layer are identical in all the sectors. The
scintillation light from the tiles is collected using wave length shifting (WLS) fibers
of diameter 0.94 mm and transported to the photo detectors located on the structure

of the return yoke by splicing a clear fiber (high attenuation length).

20 without HO

m with HO

O L1111 1
0 05 1 1.5 2 25
U

Figure 2.14: Number of interaction lengths till the last sampling layer of the hadron
calorimeter as a function of 7. The two shaded regions correspond to the setups with

and without the outer hadron calorimeter.
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2.2.7 Muon System

Muon detection is a powerful tool for recognizing signatures of interesting processes
over the very high background rate expected at LHC with full luminosity. For exam-
ple, the predicted decay of the Standard Model Higgs boson into ZZ or ZZ*, which
in turn decay into 4 leptons, has been called “gold plated” decay mode for the case
in which all the leptons are muons. Besides the relative ease in detecting muons, the
best 4-particle mass resolution can be achieved if all the leptons are muons because
they are less affected than electrons by radiative losses in the tracker material. This
example and other particles from SUSY models, emphasize the discovery potential of

muon final states and the necessity of wide angular coverage for muon detection.

Therefore, as is implied by the experiment’s middle name, the detection of muons
is of central importance to CMS: precise and robust muon measurement was a cen-
tral theme from its earliest design stages. The muon system has 3 functions: muon
identification, momentum measurement and triggering. Good muon momentum res-
olution and trigger capability are enabled by the high field solenoidal magnet and its
flux-return yoke. The latter also serves as a hadron absorber for the identification of
muons. The material thickness crossed by muons, as a function of pseudorapidity, is

shown in Figure 2.15

The CMS muon system is designed to have the capability of reconstructing the
momentum and the charge of the muons over the the entire kinematic range of the
LHC. The CMS detector uses 3 types of gaseous particle detectors for muon identifi-
cation, namely: Resistive Plate Chambers, Cathode Strip Chambers and Drift Tubes.
The details of all these detectors can be found in Ref. [42]. Due to the shape of the
solenoid magnet, the muon system was naturally driven to have a cylindrical barrel
section and two planar endcap regions. Because the muon system consists of about
25,000 m? of detection planes, the muon chambers had to be inexpensive, reliable,
and robust. A schematic view of the one quadrant of the CMS muon system is shown

in Figure 2.16.
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Figure 2.16: Layout of the one quadrant of the CMS (left) and a display of the

collision event with a muon crossing the DT and CSC chambers in the overlap region

between barrel and endcap (right).
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Drift Tube Chambers

The Drift Tube (DT) chambers [43] based muon detection subsystem, covers a pseu-
dorapidity range, |n| < 1.2. It consists of five wheels, each wheel divided into 12
sectors, each covering an azimuthal region of 30°. Sectors are numbered anticlock-
wise, starting from the right-most vertical sector shown in Figure 2.17, in the direction
of increasing azimuthal angle ¢. Each sector consists of four chambers, one on the
inside of magnet return yoke, one on the outside, and two sandwiched in between the
magnet return yoke. The support for the magnet return yoke is placed in between
the chambers, so they do not overlap in azimuthal angle ¢, thus insuring complete ¢

coverage by the DT chambers.

Each drift-tube chamber is made of either two or three superlayers (SL), each
superlayer, in turn, is made up of four layers of long rectangular drift cells staggered
by half a cell. The drift cell is 2.4 m long with the cross-section 13x42 mm?. A
thin anode wire is stretched in the middle of the tube along the long side of it. The
characteristic transverse dimension of the drift cell is 21 mm, thus the maximum drift
time is 380 ns in the gas mixture of 85% Ar and 15% CO5. The two superlayers on the
outside of chamber have wires inside the cell parallel to the beam line, thus providing
accurate measurement of the azimuthal angle. The superlayer inside the chamber has
wires perpendicular to the beam line, thus measuring the z-position. The superlayer
measuring z-position is not present in the last muon station. The superlayer is a basic
measuring unit of the DT station. One superlayer, that is, a group of 4 consecutive
layers of thin tubes staggered by half a tube, gives an excellent time-tagging capability,
with a time resolution of a few nanoseconds. This capability provides efficient bunch
crossing identification. The time tagging is delayed by a constant amount of time
equal to the maximum possible drift-time, which is determined by the size of the
tube, the electrical field, and the gas mixture. The design and the precise mechanical
construction of the DT chamber allows the CMS detector to achieve 100 pm precision

in global r — ¢ position measurement.
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Center of LHC

Figure 2.17: Layout of the CMS barrel muon DT chambers in one of the 5 wheels.
The chambers in each wheel are identical with the exception of wheels -1 and +1
where the presence of cryogenic chimneys for the magnet shortens the chamber in 2
sectors. Note that in sectors 4 (top) and 10 (bottom) the MB4 chambers are cut in

half to simplify the mechanism assembly and the global chamber layout.
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Cathode Strip Chambers

The Cathode Strip Chambers (CSCs) [44] constitute an essential component of the
CMS muon detector, providing precise tracking and triggering of muons in the end-
caps. Their performance is critical to many physics analyses based on muons. The
region between 0.9< |n| <1.2 is covered by both the DT chambers and CSCs. There
are 468 CSCs in the two muon endcaps. Each endcap consists of 4 “stations” of
chambers, labelled ME1 to ME4 in order of increasing distance from the collision
point, which are mounted on the disks enclosing the CMS magnet, perpendicular to
the beam direction. In each disk the chambers are divided into 2 concentric rings

around the beam axis (3 for ME1 chambers). Each CSC 2.18 (right) is trapezoidal in

wire plane (a few wires shown)
cathode plane with strips
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Figure 2.18: The layout of muon cathode strip chambers (CSCs) in one quarter of
the CMS. Most of the cathode strip chambers are highlighted in dark-red, the ME4 /2
chamber is not highlighted, because it was assumed that it would not be installed
at the start-up of the LHC, but delays in the LHC start-up schedule allowed for its

installation for the first collision data.

shape and consists of 6 gas gaps, each gap having a plane of radial cathode strips and

a plane of anode wires running almost perpendicularly to the strips. All CSCs, except
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those in ME1/3, are overlapped in ¢ to avoid gaps in the muon acceptance. There
are 36 chambers in each ring of a muon station, except for the innermost (highest
n) rings of ME2-ME4 which have 18 chambers. The gas ionization and subsequent
electron avalanche caused by a charged particle traversing each plane of a chamber
produces a charge on the anode wire and an image charge on a group of cathode
strips. Thus, each CSC measures the space coordinates (r, ¢, z) in each of the 6 lay-
ers. Figure 2.18 (left) shows the drawing of a quadrant of CMS detector highlighting
the CSC sub-detector.

Resistive Plate Chamber System

Resistive Plate Chambers (RPCs) [45] are gaseous parallel-plate detectors that com-
bine adequate spatial resolution with a time resolution comparable to that of scintilla-
tors [46] [47]. The RPC is capable of tagging the time of an ionizing particle in a much
shorter time compared to the 25 ns between LHC bunch crossings (BXs). Therefore,
a fast dedicated muon trigger device based on RPCs can identify unambiguously the
relevant BX to which a muon track is associated with, even in the presence of the
high particle rate and background expected at the LHC. Signals from such a device
directly provide the time and position of a muon hit with the required accuracy. A
trigger based on RPCs has to provide the BX assignment to candidate tracks and
estimate the transverse momenta with high efficiency in an environment where rates
may reach 10® Hz/cm?.

The RPC detectors are employed in CMS as a dedicated trigger system in both
the barrel as well as in the endcap regions. They complement the muon tracking
system: drift tubes (DTs) in the barrel and cathode strip chambers (CSCs) in the
endcaps. From the geometrical point of view, the muon system is divided into five
wheels in the barrel and three disks in each endcap. Each barrel wheel is divided into
12 sectors, covering the full azimuthal dimension as shown in Figure 2.19. Each sector
consists of four layers of DT's and six layers of RPCs, with a total of 480 RPC stations
covering average area of 12 m?. The two innermost DT layers are sandwiched between

RPC layers (RB1;, and RB1,,; for the innermost DT layer, RB2;, and RB2,,, for the
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second one). The third and fourth DT layers are complemented with a single RPC
layer, placed on their inner side (RB3 and RB4). For the initial data-taking period,
until the next long shutdown (early 2013) of the LHC machine, the RPC coverage
extends only to the pseudorapidity region |n| < 1.6, which would be increased later

on.

Chamber DT

Figure 2.19: Transverse view of the muon system layout in the barrel region, showing

the positions of the DT and RPC stations.

The measurement of the momentum of the charged particles is affected by system-
atic uncertainties due to the limited knowledge and modeling of the detector material,
the magnetic field, the alignment, and the reconstruction algorithms used to fit the
track trajectory. By studying the mass of resonances like Z, improvements in the
modeling of the detector material and eventually the final calibration of the tracks
and muons can be achieved. The study of the resolution of the transverse momen-

tum as a function of muon pseuodorapidity [48], measured with 40 nb~! of integrated
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Figure 2.20: Resolution on transverse momentum as measured with ~40 nb~! of
integrated luminosity (blue) compared to the Monte Carlo resolution computed from
Monte Carlo truth (red points) and from the fit (black squares). The gray band in
data represents the error on the fitted function for data computed from the errors on

the parameters.
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luminosity with CMS is shown in Figure 2.20.

2.2.8 Trigger system

Level-1 Trigger

The LHC provides proton-proton collisions with a very high interaction rate. The
designed bunch crossing interval for proton beams is 25 ns, which corresponds to a
bunch crossing frequency of 40 MHz. Depending on luminosity, several collisions occur
at each crossing of the proton bunches (approximately 20 simultaneous proton-proton
collisions at the nominal design luminosity of 103* cm~2s71). Since it is impossible
to store and process the large amount of data associated with such a high number of
events, a drastic reduction in the event-rate has to be achieved. This task is performed
by the Trigger System, which is the start of the physics event selection process. The
rate is reduced in two steps called Level-1 (L.1) Trigger [49] and High-Level Trigger
(HLT) [50], respectively.

The Level-1 Trigger consists of custom-designed, largely hardware based pro-
grammable electronics, whereas the HLT is a software based system implemented in
a filter farm of about one thousand commercial computer processors. The event-rate
reduction capability is designed to be atleast a factor of 10° for the combined Level-1
Trigger and HLT. The design output rate limit of the Level-1 Trigger is 100 kHz. The
Level-1 Trigger uses coarsely segmented data from the calorimeters and the muon
system, while holding the high-resolution data in pipelined memories in the front-end
electronics. The High-Level Triggers, implemented as a computer processing farm
that is designed to achieve a rejection factor of 103, write up to 100 events/second
to mass computer storage. The last stage of High-Level Trigger processing does re-
construction and event filtering with the primary goal of making datasets of different
signatures on easily accessible media.

The Level-1 Trigger System is organized into three major subsystems: the Level-1
Global Calorimeter trigger (GCT), the Level-1 Global Muon trigger (GMT), and the
Level-1 Global trigger (GT). The muon trigger is further organized into subsystems
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representing the 3 different muon detector systems, the Drift Tube Trigger in the
barrel, the Cathode Strip Chamber (CSC) trigger in the endcap, and the Resistive
Plate Chamber (RPC) trigger covering both barrel and endcap. The Level-1 muon
trigger also has a global muon trigger that combines the trigger information from the
DT, CSC, and RPC trigger systems and sends this information to the Level-1 Global
trigger. The Global trigger takes the decision to reject an event or to accept it for
further evaluation by the HLT. The decision is based on algorithm calculations and on
the readiness of the sub-detectors and the Data Acquisition System (DAQ), which is
determined by the Trigger Control System (TCS). The Level-1 Accept (L1A) decision
is communicated to the sub-detectors through the Timing, Trigger and Control (TTC)
system. The architecture of the Level-1 Trigger is depicted in Figure 2.21. The Level-1
Trigger has to analyze event information for every bunch crossing. The allowed Level-
1 Trigger latency, between a given bunch crossing and the distribution of the trigger
decision to the detector front-end electronics, is 3.2 us. The processing must therefore
be pipelined in order to enable a quasi-deadtime-free operation. The Level-1 Trigger
electronics is housed partly on the detectors, partly in the underground control room

located at a distance of approximately 90 m from the experimental cavern.

L1 Accept
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Figure 2.21: Architecture of Level-1 trigger
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Data Acquisition and High-Level Trigger

The architecture of the Data Acquisition system (DAQ) of CMS detector is shown
schematically in Figure 2.22. The CMS Trigger and DAQ System is designed to
collect and analyze the detector information at the LHC bunch crossing frequency of
40 MHz. The DAQ system must sustain a maximum input rate of 100 kHz and must
provide enough computing power for a software filter system, the High-Level Trigger
(HLT), to reduce the rate of stored events by a factor of 1000. Thus the main purpose
of the Data Acquisition (DAQ) and High-Level Trigger (HLT) system is to read the
CMS detector event information for those events that are selected by the Level-1
Trigger and to select, among those events, the most interesting ones for output to
mass storage. The proper functioning of the DAQ at the desired performance will be

a key element in reaching the physics potential of the CMS experiment. In addition,

40 MHz Level 1 3 Detector Front-Ends

Trigger
9 Readout
1 Systems

S Control
105 H Builder Network 100 GB/s and
Z | Manager “ M Monitor

10 Hz

Computing Services

Figure 2.22: Architecture of Data Acquisition system

to maximize this physics potential, the selection of events by the HLT must be kept
as broad and as inclusive as possible, not to loose signal too. In summary, the online

event filtering process in the CMS experiment is carried out in two steps:

e The Level-1 Trigger, with a total processing time of 3 us, including the latencies

for the transport of the data and control signals. During this time interval,
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the data are stored in the pipeline memories in the front-end electronics. The

Level-1 Trigger is designed to accept a maximum rate of 100 kHz.

e The High-Level Trigger, with a total processing time of up to ~ 1 s. During this
time interval, the data are stored in random-access memories. The High-Level

Trigger is designed to output a maximum event rate of ~ 100 Hz.

2.3 Particle detection through their interaction with

CMS detector material

Collider detectors which are designed, subsequently to discover new particles, must
detect all the possible decay products, identify them and should be capable of mea-
suring their position and energy very accurately. Particle identification is the most
important aspect while designing a detector. The basic layout of the modern collider

detector is remarkably uniform.

e During crossing of proton bunches in the two circulating beams, interactions
take place and a large number of particles are produced in these interactions.
These produced particles should be detected by various components of the CMS
detector. The particle produced at the interaction point (IP) has to pass first
through the tracking system made up of silicon detector. Tracking device is the
innermost part of the CMS detector close to the IP. When charged particle passes
through the silicon detector, it creates electron-hole pairs which are collected by
electrodes to give signal. To remove the thermally generated electron-hole pairs,
the silicon detector is operated in reverse bias mode. Signals from different

silicon-pixels and silicon-strips are combined to form track of charged particles.

e After the detector tracking layers, the particles enters into the Electromagnetic
Calorimeter (ECAL). In ECAL, the particles having high electromagnetic in-
teraction cross-section like electrons and photons deposit most of their energy
by EM interactions (i.e. ionization, bremsstrahlung, pair production, Comp-

ton scattering, etc.). An energetic electron passing into the ECAL, will radiate
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photons, through Bremsstrahlung. If the energy of the Bremsstrahlung photon
is sufficiently high (> 2M, ~1.02 MeV) it will, in turn, produce an electron-
position pair, through pair-production. Each of the pair-production partner will
then radiate photons. The processes of Bremsstrahlung and pair-production will
then result into an “electromagnetic shower”, shown in Figure 2.23. The growth
of this shower will continue until the secondary particles are no longer capable
of multiplying. At that point, the maximum number of shower particles, N4z,
exits. Beyond the depth of the maximum shower development, the number of
electrons dies away due to ionization and photons by Compton scattering. The
energy loss by an electron is characterized in terms of radiation length (X)),

defined by the relation:

Cdr X,
Thus radiation length, is defined as the distance over which the electron losses

(1/e) fraction of its energy by radiation loss only. The other quantity, which is
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Figure 2.23: Schematic view of an electromagnetic shower.

vitally important for describing the energy loss mechanism, is the critical en-
ergy, E.. The critical energy is that energy above which radiative processes
dominates. For an electron with energy less than 8 MeV (E, of electron in lead),

the energy loss of electron mainly occurs through ionization, whereas for high
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energies radiative process dominates. Figure 2.24 shows the various mechanisms
by which electron losses energy while passing through lead. For photons with en-
ergy less than 500 KeV, photoelectric effect dominates. In case energy is higher
than 500 KeV and less than few MeV, energy loss by Compton scattering dom-
inates. When the energy of photons increases above 100 MeV, pair-production
cross-section dominates. Muons do not usually show EM showering because
their critical energy is ~300 GeV, so they deposit energy because of ionization
only. The charged hadrons also deposit energy by ionization process only. The
material of EM calorimeter is chosen in such a way that full EM shower for
electron and photon remains confined within the ECAL. For example, in CMS
we use PbWO, crystals which have radiation length (Xg) of 0.9 cm and total
thickness of the calorimeter is 25X to contain full EM shower. So all electrons
and photons produced in the interaction are absorbed in the ECAL and energy,

direction of these particles is measured.
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Figure 2.24: Fractional energy loss of electron per radiation length in lead as function

of electron energy.

e The next detector layer which the particle has to travel through is the hadronic
calorimeter (HCAL), where the charged and neutral hadrons deposit their en-

ergy. The detection of hadronic energies is more complex than electromagnetic
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processes. In passing through matter, a hadron can therefore build up a shower
through multiple strong interactions, resulting in the production of a large num-
ber of particles in each secondary interaction. This process results into hadron
shower development. The hadron shower can be parametrized by a “nuclear in-
teraction length (\g)”, similar to the radiation length for electromagnetic show-
ers. For heavy materials, the interaction length is much larger than the radiation
length, so the hadronic showers start later than the electromagnetic shower and
lasts long too. This forms the basis of setting ECAL before the HCAL while de-
signing a detector. However, unlike the case of electromagnetic shower, it should
be noted that there are many different processes possible in the development of
high energy hadronic showers, due to which in general, not all the hadron energy
will be “visible”:
— Electromagnetic component: Some of the hadronic particles like n and 7°
decay in two energetic photons which initiate the EM shower. On an average
one third of the mesons produced in the first interaction are 7°. If kinemat-

0 in next interaction. Thus

ically allowed, charged hadrons produce more 7
good fraction of hadronic shower consists of EM shower also. Depending
on the numbers of 7%-mesons produced in the early stages of the hadronic
cascade, the shower may develop in either a predominantly electromagnetic

or a hadronic mode contributing substantially to the variation in energy

deposit, which will limit the energy resolution in a hadronic calorimeter.

— Up to 30% of hadron energy may be lost due to nuclear excitation and nu-
clear break-up, spallation or “evaporation” of slow neutrons and protons, by
the escape of neutrinos, and also by muons which are produced by the decay
of heavy mesons. In case of hadrons, the medium itself is excited unlike the
electromagnetic calorimeter in which the medium does not participate in
cascade processes such as Bremsstrahlung and pair-production. In hadronic
cascade, due to the interaction with the nucleons of the nucleus, a substan-
tial amount of hadronic energy will go into “binding energy losses” where

the nucleus is excited. However, the binding energy ultimately appears in

56




2.3. PARTICLE DETECTION THROUGH THEIR INTERACTION
WITH CMS DETECTOR MATERIAL

the calorimeter when the nucleus de-excites emitting a slow neutron, photon
or other fragment, but the calorimeter response time is short as compared

to this de-excitation process, thus this energy deposit in not detected.

O0m im m Im am 5m 6m
Key:
Muon
Electron
Charged Hadron (e.g. Pion)
= = = - Neutral Hadron (e.g. Neutron)
""" Photon

Tracker

Electromagnetic
]::! I' Calorimeter
Hadran onduc
Calorimeter Solenoid
Iron return yoke interspersed
Transverse slice with Muon chambers
through CMS

7m

A

==

Figure 2.25: Slice of CMS detector showing interactions of various particles in sub-

detectors of CMS.

The next layer and the final sub-detector which the particles has to enter are
the muon chambers. At the end of HCAL, only muons and neutrinos survive.
Neutrinos pass through the detector without any interaction. Therefore, the
only particles being in the muon chambers are the muons, which are weakly
interacting particles. The muon deposits energy equal to minimum ionizing par-
ticle in ECAL and HCAL. Thus muon will be the only particle passing through

chamber and being detected by this system. The various types of interactions

of particles in different parts of CMS detector are shown in Figure 2.25.

In this Chapter, a brief desciption of the LHC machine and the CMS detector is
presented. Also, the purpose and working of each sub-detector of the CMS detector
has been discussed in details. In the end, a short description of the mechanisms by

which various particles produced in the pp interactions interact and deposit their

energy in various sub-detectors of CMS detector, is presented.
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Samples

The simulation of events is as much fundamental for a high energy experiment as
the particle detectors themselves. It is an art of mimicking nature and man-made
particle detectors. It is an essential component of any experiment from the very early
design stage up to the final commissioning stage. The simulation study of the detec-
tor and the physics processes is quite important before the start of the experiment
as well as after the start of real data taking in the experiment. Performance and
calibration of various components of the detector can be monitored using simulation
techniques. With the help of simulation studies, it is also possible to decide the nature
of backgrounds for a particular physics process and then decide the analysis strategy
accordingly. The designing of a robust and highly sensitive analysis is quite difficult if
one merely considers a set of theoretical equations that drive the underlying physics
of interest. An outcome with 100% certainty is difficult to predict in high energy
physics, the only possibility is to define the probability with which a certain outcome
can occur. For example, consider the case of hadron colliders, if a given number of
events N are produced, it cannot be determined with 100% certainty that n events
out of the total events, correspond to e.g. pp — Z' — 77 production. If p is the

probability associated with the production of such event, then on the average, we
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expect n=Np events due to pp — Z’' — 77 production. Therefore, construction of an
analysis requires the generation of an ensemble of simulated events that can be used
to determine the characteristics of the signal process of interest on a statistical basis.
The comparison of results from simulation with the real data helps in fine-tuning of
the event generators and also checks for the modeling of detector in simulation. No
data analysis or physical interpretation can be done without the help of simulated
data acting as a reference to the experimental outcome. All the results from real
data rely on the efficiency and the acceptance correction factor estimated using the
simulated events. Even the associated systematic errors include the simulation un-
certainties, thus the nature of physics results is strongly dependent on the quality of

the simulation predictions.

The term Monte Carlo (MC) is widely used to describe any technique which makes
use of the random numbers to solve a numerical problem. These techniques are often
used to simulate or solve complex physical or mathematical systems when it is difficult
to obtain the exact result using deterministic equations or algorithms. In statistical
analysis, MC methods are employed when the model of interest contains significant
uncertainty for the inputs. In mathematics, MC methods can be utilized to solve
complex integration problems. In fact, MC integration methods have been used to

extract the statistical significance of the results as can be seen in the next Chapters.

At CMS, the event simulation takes place in two main steps. The first step is
the generation of events with the help of an event generator, based on the Standard
Model or a beyond Standard Model theory. The event generator produces all the
particles that are expected to be produced in the pp collisions. The second step is
to simulate the interactions of these particles with the CMS detector and translate
them into electrical signals for reconstruction of the event. The reconstruction step is
same for both the simulation and the real data. The general structure of the physics

process modeling and event generation is shown in Figure 3.1.
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Figure 3.1: Basic steps in event generation, simulation and data analysis.

3.1 Event Generators

The main motive of the event generators is to generate events as realistic as could be
from a real experiment. Event generators are intended to generate complete events
by subdividing the task into simpler steps. For generation of a given hard process,
the basic steps are as follows: generation of the Feynman diagrams involved in the
physics process of interest, construction of the matrix elements which after being
integrated over whole phase space provides the total and differential cross-section.
Finally, the events are randomly generated according to the full differential cross-
section and provide a set of four momentum vectors each associated with one of the
final state particles. At the theoretical level, it is straight forward to calculate the
matrix elements with “reasonable” accuracy (leading order calculations, LO). The
level of accuracy is analysis dependent. Depending upon the scope of the experi-
ment and a particular analysis, it may become difficult to achieve accuracy beyond

LO calculations due to increase in the number of Feynman diagrams and complex
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mathematical calculations involved. For example, it has been shown that the LO
diagram for the production of a Standard Model Z boson occurs via ¢g annihilation
as depicted in Figure 3.2. However, in the next to leading order (NLO) matrix ele-
ments, additional effects such as the exchange of gluons between initial state quarks
also exist. Therefore, the NLO diagrams can take place via qg — Zq or qq — Zg.
The number of Feynman diagrams and required mathematical calculations increase

significantly when one considers higher order processes.

Parton showering is built upon well motivated belief that the radiation from par-
tons can be built up from a series of similar processes where a parton losses energy as
it radiates a gluon (¢ — gg). The shower begins at the energy scale of the hard pro-
cess or initial interacting partons and continues to evolve until the radiated partons
do not have sufficient energy to continue to shower. Because the strong force does
not allow for asymptotic freedom, the partons (quarks and gluons) cannot exist in
the bare state. Hence, these partons get hadronized to produce hadrons as they move
apart. Thus a general scheme of the event generation assumes the evaluation of the
hard process, then evolve the event through a parton showering and hadronization
step, and the decay of the unstable particles such as 7-leptons. The event informa-
tion contains the four momenta of all the final state particles (hadrons, leptons, and

photons) and the position of their decay vertices.

There are specific generator packages such as PYTHIA [51] and MADGRAPH [52]
which simulate the transformation of partons into hadrons through the parton show-
ering and hadronization algorithms. At hadron colliders like LHC, the hadronic pro-
cesses are even more complex due to non-elementary structure of proton. There will
be large number of possible initial hard scattering states. Moreover, the Multiple
Parton Interactions (MPI) between the partons, not involved in the hard scattering,
must be taken into account. During the collision of two proton bunches in LHC, more
than 25 inelastic events may be superimposed on the single possible interesting event.
These events must also be simulated in order to come as close as possible to the real
situation in the CMS detector. The details of the implementation of various physics

aspects are different in each of these generators, however the underlying principle is
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same for all the generators.
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Figure 3.2: Feynman diagram for tree level Drell-Yan process.

3.1.1 PYTHIA

The PYTHIA package is a general-purpose generator which is used quite frequently
for generation of events in pp, ee, ep collisions. It is designed to generate events, in
as much details as experimentally observable ones, within the bounds of our current
understanding of underlying physics. PYTHIA contains the subprocess library and
generation machinery, initial and final state showers, underlying events, hadroniza-
tion, and decay of the unstable particles. It contains a much richer selection, with
around 300 different hard processes: 2 — 1 processes, 2 — 2 ones, 2 — 3 ones, etc.
all at the LO. This aspect is quite important from programming point of view since
more particles in the final state means more complicated phase space, hence, the
whole generation procedure. PYTHIA is optimized for 2 — 1 and 2 — 2 processes
only. The subsequent decay of unstable particles (W, Z, Higgs, and others) brings
up the partonic multiplicity. The spin correlations for many processes is taken into
account during the decay. The external processes can be evolved through the par-
ton showering and hadronization. The initial state shower is based on the backward

evolution, 7.e. starting at the hard scattering and moving backward in time to the

63




CHAPTER 3. EVENT RECONSTRUCTION CHAIN AND DATA
SAMPLES

shower initiator whereas, the final state shower is based on the forward evolution.

3.1.2 MADGRAPH

The MADGRAPH package is one of the most widely used automatized matrix element
generators. It allows for the generation of additional hard parton radiation. It can be
interfaced with general purpose generators such as PYTHIA to perform the showering
and hadronization steps. MADGRAPH automatically generates the amplitudes for
all the relevant sub-processes and produces the mappings for the integration over
the phase space. It is usable both for Standard Model and Beyond Standard Model
(BSM) processes.

3.1.3 TAUOLA

The TAUOLA package is an universal interface to various Event Generators (PYTHIA,
MADGRAPH, HERWIG) for the processing of decay of 7-leptons, as described in
Ref. [53]. The package incorporates a substantial amount of results from high preci-
sion 7-lepton measurements. The universal interface of TAUOLA requires a general
purpose MC generator, such as PYTHIA-6, to produce stable 7-leptons. The event
content, which is provided by the MC generator, is searched through for all stable
7-leptons and neutrinos. It is required, that a flavored pair of particles (777~ or 71;)
originates from the same mother particles. Finally, the decay of the tau-pair is per-
formed by TAUOLA. The TAUOLA package provides not only the correct branching
ratios for tau-lepton decays, but also accounts for the polarization of tau-leptons that

affect the momentum distribution of corresponding decay products.

3.2 CMS Detector Simulation

Simulated events are of great importance in checking and/or correcting for non-trivial
or unforeseen detector or physics effects, as well as comparing detector performance

with expectations. With the possible exception of the effects being studied, simulated
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events should be as close as possible to real data events. Hence, the primary goal of
the simulation programme is to model closely the physical interactions involved, the
detector performance and the event reconstruction. The CMS full simulation is based
on the GEANT4 simulation toolkit [54] which includes a rich set of physics processes
describing electromagnetic and hadronic interactions in details.

GEANT4 also provides tools for modeling the full geometry and the interfaces
required for retrieving information from particle tracking through the sub-detectors.
It also allows the description of the magnetic field. The GEANT4 functionality is
interfaced to the core of CMS software through one single module coming with a set
of parameters which are configurable at run time. Among them, one of the most
relevant is the physics list for the processes to be simulated. Many physics processes
have been tested with GEANT4 together with different particle production cuts. An
interface for the possible tuning of the GEANT4 objects at simulation time is also

implemented. The detailed CMS detector simulation workflow is described as follows:

e A physics group configures an appropriate Monte Carlo event generator to pro-

duce the data samples of interest.

e The production team/system runs the generator software to produce generator

event data files in High-Energy Physics Monte-Carlo (HepMC) [55] format.

e The physics group validates the generated data samples and selects a configura-

tion for the GEANT4 simulation (detector configuration, physics cuts, etc.).

e The production team/system runs the GEANT4-based simulation of CMS, with
generator events as input, to produce (using the standard CMS framework)

persistent hits in the sensitive detectors.

e The physics group validates this hit data which are then used as input to the
subsequent digitization step, allowing for pile-up. This step converts hits into
digitizations (also known as “digis”) which correspond to the output of CMS

electronics.

The output of the simulation program is used as input for reconstructing the Physics

objects (e.g. electrons, muons, taus, jets, and photons).
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3.3 Reconstruction of Physics Objects

Particle reconstruction is the operation of constructing physics quantities (four-momenta)
from the raw data collected in the experiment. In order to perform an analysis, the
raw data have to be converted into particle classes, which are referred to as phys-
ical objects. The process of reconstruction of these objects uses the information of
one or more sub-detectors of the CMS detector to build different classes of particle

candidates.

The reconstruction process can be divided into 3 steps, corresponding to local
reconstruction within an individual detector module, global reconstruction within a
whole detector and combination of these reconstructed objects to produce higher-
level objects. The reconstruction units providing local reconstruction in a detector
module use as input real data from the DAQ system or simulated data representing
the real data. These data in either case are called “digis”. The output from the
reconstruction units are “RecHits”, reconstructed hits which are typically position
measurements (from times or clusters of strips or pixels) in tracking-type detectors
(Muon and Tracker systems) and calorimetric clusters in Calorimeter systems. The

RecHits are used as the input to the global reconstruction.

In the global reconstruction step, information from the different modules of a
sub-detector are combined. For example, Tracker RecHits are used to produce recon-
structed charged particle tracks and Muon RecHits are used to produce candidate
muon tracks. The final reconstruction step combines reconstructed objects from indi-
vidual sub-detectors to produce higher-level reconstructed objects suitable for high-
level triggering or for physics analyses. For example, tracks in the Tracker system
and tracks in the Muon system are combined to provide final muon candidates while
the electron candidates from the Calorimeter system are matched to tracks in the
Tracker system. The process of reconstruction and identification of all the objects
used in this search: taus, muons, and missing transverse energy, is described in the

next Subsections.
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3.4 Particle Flow Reconstruction

Taus are the heaviest leptons among the family of leptons, with a mass of 1.77 GeV /c?
and a lifetime of 2.9 x 107!? seconds. It is the only lepton with enough mass to
decay both leptonically and hadronically. Because of very short lifetime, 7’s decay
immediately after being produced, hence, the existence of hadronically decaying taus
(1n’s) must be inferred from the corresponding signatures of the decay products in
the CMS detector. One way of hadronic tau reconstruction uses only calorimeter
based energy deposits and tracking information to reconstruct other decay products.
More recently, Particle Flow (PF) reconstruction [56] techniques have been used to
construct a mutually exclusive collection of reconstructed particles — namely muons,
electrons, photons, charged hadrons, and neutral hadrons — which are then used as

input for the tau reconstruction algorithms.

The PF reconstruction and identification is performed by combining the infor-
mation from each sub-detector of the CMS, in the form of charged particle tracks,
calorimeter clusters and muon tracks. Because of the much better resolution of the
tracking system, momentum and position of charged particles are measured in the
tracker rather than the calorimeters. This is true even for particles with pr > 100

GeV/c, hence, the tracker sub-detector plays a key role in the particle flow algorithm.

An iterative tracking technique is used to ensure high efficiency of track finding
and negligible fake rates at the desired pr (~ a few hundred MeV/c). This is accom-
plished by seeding and reconstructing tracks using stringent criteria so as to achieve
a negligible fake rate. The first iteration, however, does not achieve significantly high
enough track finding efficiency. Therefore, during subsequent iterations, hits that are
unambiguously assigned to the tracks are removed, and less stringent seeding criteria
is used. This increases the probability to find a real track, while hardly increasing
the probability to reconstruct a track that is a fake track. Only a few iterations are
required to achieve a track finding efficiency of ~ 99.5% for muons and > 90% for
charged hadrons from jets. Finally, in the last few iterations, tracks found in the

initial stages of the iterative tracking algorithm are required to satisfy relaxed con-
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straints on the origin of the vertex to allow the reconstruction of secondary charged
particles from photon conversions, nuclear interactions in the tracker material, and

the decay of long lived particles such as Ko’s or A’s [56].

After the track reconstruction, the PF algorithm uses a calorimeter clustering
algorithm [56] to: (1) detect and measure the energy, direction of stable neutral
particles such as photons and neutral hadrons; (2) separate energy deposits due to
neutral particles from charged hadrons; (3) reconstruct and identify electrons and
all accompanying Bremsstrahlung photons; (4) improve the energy measurement of
charged hadrons for which the track parameters were not determined accurately,
which more often occurs in cases where the tracks have low quality fit parameters,
or high pr tracks. The calorimeter clustering algorithm is performed separately for
ECAL Barrel (EB), ECAL Endcap (EE), HCAL Barrel (HB), and HCAL Endcap
(HE). The clustering algorithm is not applied to the forward calorimeter (HF). First,
any calorimeter cell with energy above some given energy threshold is identified as a
“cluster seed.” Next, neighboring cells with energy values that sit two standard devi-
ations above the noise level, 100 MeV in the barrel and 300 MeV in the endcaps, are

7 Because charged

combined with the “cluster seeds” to form “topological clusters.
particles such as electrons will produce both tracks and calorimeter clusters, a link-
ing algorithm must be employed to resolve any ambiguities and remove the double
counting from different sub-detectors. To establish their link, a track is extrapolated
from its hits in the outer layers of the tracker to (1) the ECAL depth expected from a
typical electron shower profile; (2) the HCAL depth expected from a hadron shower
profile. A link is established if the extrapolated position is within the cluster bound-
ary. In order to collect Bremsstrahlung energy from electrons, tangents to the tracks
at each tracker layer are extrapolated to the ECAL with the requirement that the
extrapolated tangents lie within the cluster boundary. Establishing a link between
the ECAL and HCAL clusters is achieved by requiring ECAL clusters to be within
the HCAL cluster boundaries. Finally, in order to create a link between a track in

the inner tracker layers and a track in the muon chambers, a global fit between the

two segments of a track is performed and a link is determined if the x? value is within
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the acceptable range.

The final stage of the particle flow reconstruction is to construct the mutually
exclusive collection of particles from the links between clusters, tracker tracks, and
muon tracks. First, a “PF muon” is constructed if the global fit of the tracker and
muon tracks results in a combined momentum that is within three standard deviations
from the momentum of the track from the inner tracker. If a track passes the criteria
for a particle flow muon, the link is removed from consideration. Remaining tracks
considered for the reconstruction of charged hadrons are required to have relative
pr uncertainty that is within the calorimetric energy resolution expected for charged
hadrons. Neutral hadrons are reconstructed by comparing the momentum of tracks
with the energy detected in the clusters linked to tracks. If there is more energy in the
linked cluster than accounted for from the linked tracks (considering the resolution of
the tracks and calorimeters), neutral hadron candidates and photon candidates are

formed.

3.5 Hadronic Tau Reconstruction

3.5.1 Shrinking Cone Algorithm (2010 Data)

The main challenge in the identification of hadronically decaying tau-leptons is their
discrimination against generic QCD jets (quarks or gluons) which are produced with
a cross—section, several orders of magnitude larger. CMS has developed several al-
gorithms to reconstruct and identify hadronically decaying taus based on particle
flow objects. For the analysis with 2010 data, a simple cone based algorithm called
“Shrinking Cone” PF tau algorithm (SCPFTau) has been used to reconstruct hadron-
ically decaying taus. The simplicity and robustness of the SCPFTau algorithm makes
it ideal for early data analysis.

Hadronically decaying high pr tau-leptons produce a very collimated jet of one
or three charged particles along with neutral pions. This characteristic allows us to

differentiate a real tau from the more common QCD jet by defining a narrow region
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around the highest pr object in the jet (leading pion). This narrow cone around the
leading pion is called the signal cone. PF candidates found within the signal cone are
associated to the parent tau. In the shrinking cone algorithm, the size of the signal
cone depends on the Er of the tau jet, i.e., 0.07 < AR = 5.0/Er < 0.15, where
AR = \/m with An and A¢ being the distances in pseudorapidity and
azimuthal angle co-ordinates.

In order to enforce the isolation requirement on the reconstructed tau, a second
region around the signal cone is defined (isolation cone) with AR = 0.5. Any PF
candidate with pr above threshold (usually 1 GeV/c) within the isolation region but
outside of the signal region is counted towards the determination of tau isolation.
The signal and isolation cones are illustrated in Figure 3.3.

Neutral pions, produced in the decay of the parent tau, decay immediately into
a pair of photons. As these photons pass through the tracking material they can
interact producing e*e™ pairs. If these electrons are swept by the magnetic field into
the isolation region, the isolation requirement will no longer be satisfied. Some of
the efficiency loss due to the y—conversion can be recovered by expanding the signal
region in the ¢-direction resulting in an elliptical signal cone used to search for PF
gamma candidates. Any PF gamma candidate falling within this elliptical cone is
not counted towards the calculation of tau ECAL isolation.

The introduction of the elliptical signal cone results in the definition of separate

signal region for PF charged hadrons and PF gammas:

e A R;FraCker Signal _ 50 / ET

° RSCAL Signal —0.15

R?];)CAL Signal _ 0.07
A N ae Vg
R?CAL Signal RECAL Signal

AR}I_solation =05

Candidates that reside in the signal region are used to recalculate the four-

momenta of the PF tau. Any associated PF candidates that fall outside the sig-
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nal region and within some outer isolation region are labeled as PF tau isolation

candidates. Figure 3.4 shows the effect of elliptical isolation on tau-identification.

Leading pion
A
i
AL
R B
R
[
[
[

/“Br Signal cone

Figure 3.3: The signal and isolation cones in shrinking cone algorithm.

3.5.2 Hadron-Plus-Strip Algorithm (2011 and 2012 Data)

For the analyses with 2011 and 2012 data, we have used the hadronic taus recon-
structed using the hadron—plus—strips (HPS) algorithm described in Ref. [57]. The
HPS algorithm is the main algorithm which is being used currently in CMS physics
analyses with 7’s in the final state. In HPS algorithm, the reconstruction of a 73, can-
didate starts from a PF jet, whose four-momentum is reconstructed using the anti-kp
algorithm with a distance parameter R = 0.5. Using a PF jet as an initial seed, the
algorithm first reconstructs the 7° components of the 73,, then combine them with
charged hadrons to reconstruct the hadronic tau decay modes and calculate the tau
four-momentum and isolation quantities.

In HPS algorithm, a special attention is paid to photon conversions in the CMS

tracker material. The bending of electron/positron tracks under the influence of
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Figure 3.4: Illustration of elliptical isolation. The electron-positron pairs coming from
photons originated from the decay of neutral pions can be swept out of the circular
signal cone region, hence, they can fall into the isolation cone. By using an elliptical
signal cone, a good fraction of tau-leptons can be recovered which would have been

lost otherwise.
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solenoidal magnetic field of CMS detector broadens the calorimeter signatures of
neutral pions in the azimuthal direction. This effect is taken into account in the HPS
algorithm by reconstructing photons in “strips”, objects that are built out of electro-
magnetic particles (PF photons and electrons). The most energetic electromagnetic
particle within the PF jet acts as the center of the strip. The algorithm then searches
for other electromagnetic particles within a window of size An = 0.05 and A¢ = 0.20
centered on the strip center. If other electromagnetic particles are found within this
window, the most energetic one gets associated with the strip and four-momentum
of the strip is recalculated. This procedure is repeated until no further particles
are found that can be associated with the strip. The strips satisfying a minimum
transverse momentum requirement of pgf”p > 1 GeV/c are finally combined with the
charged hadrons to reconstruct individual 75, decay modes.

The decay topologies that are considered by the HPS tau-identification algorithm

are:

1. Single hadron corresponding to h~v, and h~ 7'y, decays in which the neutral

pions have too little energy to be reconstructed as strips.

2. One hadron + one strip reconstructs the decay mode h~7'v; in events in which

the photons from 7% decay are close together on the calorimeter surface.

3. One hadron + two strips corresponds to the decay mode A~ 7'y, in events in

which photons from 7° decays are well separated.

4. Three hadrons corresponds to the decay mode h™h™h~v,. The three charged

hadrons are required to come from the same secondary vertex.

There are no separate tau decay topologies for the h=7n%7v,. and h=h*h= 7%,
decay modes. They are reconstructed via the existing topologies. All charged hadrons
and strips are required to be contained within a cone of size AR = (2.8 GeV/c)/p,
where p7' is the transverse momentum of the 7, as reconstructed by HPS algorithm.
The four-momentum vector of the reconstructed tau is required to match the (7, ¢)

direction of the original PF jet within a maximum distance of AR = 0.1, where

AR = \/(An)* + (Ag)*.
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The four-momenta of charged hadrons and strips are reconstructed according to
the respective 75, decay topology hypothesis, assuming all charged hadrons to be
pions, and are required to be consistent with the masses of the intermediate meson
resonances listed in Table 3.1. The invariant mass windows allowed for candidates
are: 50 — 200 MeV/c? for 7%, 0.3 — 1.3 GeV/c? for p, and 0.8 — 1.5 GeV/c? for a;. In
cases where a 75, decay is consistent with more than one hypothesis, the hypothesis

giving the highest p7" is chosen.

Finally, isolation is imposed on the reconstructed candidates. The isolation cri-
terion requires that, apart from the 7, decay products, there should be no charged
hadrons or photons present within an isolation cone of size AR = 0.5 around the
direction of the 7,. By adjusting the pr threshold for particles that are considered
in the isolation cone, three working points, “loose”, “medium”, and “tight” are de-
fined as shown in Table 3.2. The working points are determined using a simulated
sample of QCD dijet events. The “loose” working point corresponds to a probability
of approximately 1% of the jets to be misidentified as 75,. Successive working points

reduce the misidentification rate by a factor of two with respect to the previous one.

Decay Mode Resonance | Mass (MeV/c?) | Branching fraction (%)
T- = hu; 11.6
T = h O, o 770 26.0
7= — h~ 7%, ay 1200 9.5
T~ = h hth v, ay 1200 9.8
T~ = h hTh 7. 4.8

Table 3.1: Branching fractions of the dominant hadronic decays of the 7-lepton, the
symbols and masses of the intermediate resonances. The h stands for both p and
K, but in this analysis the p mass is assigned to all charged particles. The table is

symmetric under charge conjugation.
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Working point prFehad threshold (GeV/c) | piF7 threshold (GeV/c)

Loose Isolation 1.0 1.5
Medium Isolation 0.8 0.8
Tight Isolation 0.5 0.5

Table 3.2: Definition of different working points of HPS tau isolation.

3.6 Missing Transverse Energy

The CMS detector is able to detect all known particle species (except for neutrinos)
produced in pp collisions up to |n| ~ 5. This feature allows for a fairly precise
measurement of the momentum imbalance in the transverse direction relative to the
beam direction (missing transverse energy, E [58]). At CMS, the MET vector, %,
is calculated by using energy depositions in the calorimeters (CaloMET) or by using
reconstructed particle momenta obtained by combining information from all the sub-
detectors (PFMET). For the search presented in this thesis we have used the PFMET
which makes use of the more complex particle flow algorithm to reconstruct the

momenta of individual particles as follows:
%
Br==) 7

where the index 7 runs over all PF candidates.

3.7 Muon Reconstruction

Muon reconstruction is a multistep process that begins with the information gathered
from the muon sub-detector. As a first step, standalone muons are reconstructed from
hits in the individual drift tube (DT) and cathode strip (CSC) chambers. Hits from
the innermost muon stations are combined with hits in the other muon segments
using the Kalman filter algorithm. The standalone muon trajectory is reconstructed
by extrapolating from the innermost muon station to the outer tracker surface. This

standalone trajectory is then used to find a matching track reconstructed in the silicon
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tracker. Finally, standalone muons and matching tracker tracks are used to perform
a global fit resulting in a “global” muon. Muon reconstruction is described in more
detail in Ref. [59] [60].

Once a muon is required to have matching tracks in the inner and outer detectors,
the main source of background consists of charged hadrons that leave a signature in
the inner silicon tracker while also penetrating through the hadronic calorimeter and
creating hits in the muon chambers. However, unlike muons, charged hadrons, that
penetrate the hadronic calorimeter and leave hits in the muon system, will deposit
significant energy in the calorimeters. Therefore, muon identification is based on an
inside out algorithm that quantifies how well a muon track or global fit is compatible

with that of expected for a real muon.

3.8 Monte-Carlo and Collision Data Samples Analyzed

3.8.1 Search for 7/ — 77 — 7,7, using 2010 collision data

Collision Data samples used

For the search of Z' — 77, the proton-proton collision data at 7 TeV center-of-mass
energy, collected using CMS detector during LHC Run 2010 are used. The datasets
correspond to an integrated luminosity of 36.141.4 pb~!. The collision data is stored
into different blocks with the help of online trigger selection, e.g. double-tau triggered
data is stored separately from double-electron triggered data. In this analysis, the
Double-Tau triggered data has been used which requires atleast two taus in an event
above a given pr threshold at the online selection level. In particular, the primary
datasets listed in Table 3.3 have been used in this analysis. These primary datasets

correspond to distinct run-periods of the LHC machine.

Monte-Carlo samples used

For comparing the experimental results with the predictions of theory, the signal and

the background samples generated by various Monte-Carlo (MC) generators have
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ANALYZED
Physics Sample CMS Official Datasets
Run 2010A BTau /BTau/Run2010A — NovjReReco vl /| RECO
Run 2010B BTau /BTau/Run2010B — NovjReReco_vl /RECO

Run 2010A JetMETTau /JetMETTau/Run2010A — NovjReReco_vl | RECO
Run 2010A MinimumBias | /MinimumBias/Run2010A — NovjReReco_ vl /RECO

Table 3.3: Collision Data Samples for LHC Run 2010.

been used. All the MC samples used in this study are listed in Table 3.4.

e Signal Monte-Carlo: Due to the unavailability of CMS official Z’ samples,

private signal samples for various Z’ mass points ranging from 350 GeV/c? to

1000 GeV /c? were generated using PYTHIA.

e Monte-Carlo samples for background processes:

— DY — 7777 has been generated using TAUOLA package interfaced with
parton shower generator PYTHIA-6 having Tune-Z2 for underlying event
modeling. A lower cut on the di-lepton invariant mass of the final state

particles has been set to 20 GeV /c?, i.e. CKIN(1) parameter in PYTHIA-6.

— DY — e'e: has been generated using parton shower generator PYTHIA-6
having Tune-Z2. A lower cut on the di-lepton invariant mass of the final

state particles has been set to 20 GeV/c?.

— W + jets: samples with W decaying into any lepton flavor and the corre-
sponding neutrino, generated with Tune-Z2 of PYTHIA-6 have been used.

— tt pair: samples generated using TAUOLA and parton showered with
PYTHIA-6 Tune-Z2 have been used.

— QCD multijet: MC samples for QCD multijet process were generated using
PYTHIA-6 having Tune-Z2 for the underlying event modeling. A lower and
an upper cut off on the pr of hard interaction i.e. (CKIN(3) and CKIN(4)
parameter in PYTHIA), has been applied at the generation level to produce
the QCD multijet sample in different pr bins. QCD multijet samples gener-
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Physics Sample

CMS Official Datasets

Z'(500) — 77~
Z — 11~

Z —ete”

W + jets

tt

qed 15 — 30
qed 30 — 50
qged 50 — 80
qcd 80 — 120
qcd 120 — 170
qed 170 — 300

qcd 300 — 470

private production

/DY ToTauTau-M-20_TuneZ2_7TeV-pythiab-tauola/Fall10-STARTS8_V12-v1/

/DYToEE_M-20_TuneZ2_7TeV-pythia6/Fall10-START38_V12-vl/

/WdletsToLNu_TuneZ2_7TeV-madgraph-tavola/Fall10-STARTS8_V12-v1/

/TT_TuneZ2_7TeV-pythiab-tauola/Fall10-STARTS8_V12-v1/

/QCD_Pt_15t030_TuneZ2_-7TeV_pythia6/Fall10-START38_V12-v1/

/QCD_Pt_30to50_TuneZ2_7TeV_pythiab/Fall10-START38_V12-v1/

/QCD_Pt_50t080_TuneZ2_7TeV_pythia6/Fall10-START38-V12-v1/

/QCD_Pt_80to120_-TuneZ2_7TeV_pythia6/Fall10-START38-V12-v1/

/QCD_Pt_120to170_TuneZ2_7TeV_pythia6/Fall10-START38_V12-v1/

/QCD_Pt_170t0300_TuneZ2_7TeV_pythiab/Fall10-START38_V12-v1/

/QCD_Pt_300t0470-TuneZ2_7TeV_pythia6/Fall10-START38-V12-v1/

Table 3.4: List of MC samples used. All these samples correspond to GEN-SIM-

RECO chain.

ated with the generator level transverse momentum pr in the range: 15-30,

30-50, 50-80, 80-120, 120-170, 170-300, and 300-470 GeV /c, were used in this

analysis. Note that the MC based QCD multijet background estimation was

performed for sensitivity studies only. The final QCD multijet estimation is

done in a data-driven way taking rates and shapes directly from the collision

data.

3.8.2 Search for Z/ — 77 — 7,7, using 2011 collision data

Collision Data samples used

The search for Z/ — 77 is performed using proton-proton collision data at 7 TeV

center-of-mass energy, collected using CMS detector during LHC Run 2011. The

datasets correspond to an integrated luminosity of 4.94 4= 0.11 fb~ 1.

The primary
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datasets listed in Table 3.5 are used in this analysis.

Physics Sample CMS Official Datasets

Run 2011A MaylOReReco | /Tau/Run2011A-Mayl0ReReco-v1
Run 2011A PromptReco-v4 | /Tau/Run2011A-PrompReco-v4
Run 2011A PromptReco-v5 | /Tau/Run2011A-PrompReco-v5
Run 2011A PromptReco-v6 | /Tau/Run2011A-PrompReco-v6

Run 2011B PromptReco-vl | /Tau/Run2011B-PrompReco-v1

Table 3.5: Collision Data Samples for LHC Run 2011.

Monte-Carlo samples used

All the background MC samples used in this study are listed in Table 3.6. The signal
MC samples used for this study involve Zgg,, and Z; samples with various mass
points ranging from 350-1750 GeV/c? corresponding to cross-sections 7.51-0.0009
pb. All the MC samples correspond to CMS official “Summer11” production.

Physics Sample | CMS Official Datasets o(pb)
Z—Ttr~ /DY ToTauTau-M-20_TuneZ2_7TeV-pythia6-tauola/Summerll | 1666
Z —ete /DYToEE_M-20_TuneZ2_7TeV-pythia6/Summerll 1666
W + jets /WJetsToLNu_TuneZ2_7TeV-madgraph-tauola/Summer11 31314
tt /TT_TuneZ2_7TTeV-pythia6-tauola/Summerll 165
QCD Data-driven —

Table 3.6: List of MC samples used. Note that the QCD multijet background is

extracted directly from the collision data.
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3.8.3 Search for Z' — 77 — 7,7, using 2012 collision data

Collision Data samples used

The search for Z' — 77 is performed in 2’ — 77 — 7,7, final state using proton-
proton collision data at 8 TeV center-of-mass energy, collected using CMS detector
during LHC Run 2012. The datasets correspond to an integrated luminosity of 5.10+
0.22 fb~!. The primary datasets used for this study are listed in Table 3.7.

Physics Sample CMS Official Datasets

Run 2012A PromptReco-v1 | /SingleMu/Run2012A-PromptReco-v1/RECO
Run 2012B PromptReco-v1l | /SingleMu/Run2012B-PromptReco-vl/RECO

Table 3.7: Collision Data Samples for LHC Run 2012.

Monte-Carlo samples used

All the background MC samples used in this study are listed in Table 3.8. The signal
MC samples used for this study involve Zgg,, and Zj, samples with various mass
points ranging from 500-2000 GeV/c? corresponding to cross-sections 2.505-0.0027
pb. All the MC samples are taken from CMS official “Summer12” production.

Physics Sample | CMS Official Datasets o(pb)
Z =TT /DY ToTauTau M-20_TuneZ2star_8TeV-pythia6-tauola/Summer12 | 1915.083
Z — i /DY ToMuMu_M-20_TuneZ2star_8TeV-pythia6/Summer12 1915.083
W + jets /WJetsToLNu_TuneZ2star_8TeV-madgraph-tarball /Summer12 36257.2
tt /TTJets_TuneZ2star_8TeV-madgraph-tauola/Summerl2 225.197
QCD Data-driven —

Table 3.8: List of MC samples used. Note that the QCD background is extracted

directly from the collision data.

In this Chapter, a brief description of the general steps involved in the physics
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analysis are discussed. Starting with the MC event generators, a short description of
the detector simulation is given. The reconstruction of the Physics objects: muons,
hadronically decaying tau-leptons, and missing transverse energy ¢.e. all the Physics
objects used in the present work, have been discussed in details. A brief description

of various MC event generators 7.e. PYTHIA, MADGRAPH, and TAUOLA, used in

this search is also given.
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Search for Z' — 77 using LHC collision
data of Run 2010 collected with CMS

detector

4.1 Introduction

The Standard Model of Particle Physics is able to explain most of the physics processes
which have been verified experimentally. Still there are some assumptions that need
experimental verifications. In view of that, various extensions of the Standard Model
(SM) have been formulated. There exists some extensions of the SM which predict
the existence of additional heavy gauge bosons, Z’ [16] [17] [61]. Although most
models with extra gauge bosons obey the universality of the couplings, some models
include generational dependent couplings resulting in a Z’' gauge boson that decays
preferentially to a pair of tau-leptons [62]. One can conceive, at the simplest level,
a U(1) extension of the SM in which the Z’ gague boson has same interactions as
the Standard Model Z boson. Such an extension is commonly known as Sequential
Standard Model (SSM) where the mass of this new heavy gauge boson is the only
unknown parameter. Although it is more probable to discover a Z’ gauge boson in

its leptonic decay modes (Z" — putu~, Z' — ete™) due to reduced backgrounds, still,
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Final State Branching Ratio (%)
T = ut v, 3.1
T = eteT v T T, 3.1
T = e uT U (V). (1,) 6.2
7 = hetv, v v (D) 23.1
T =t v, (1)) 22.5
7" — hhv, U, 42.0

Table 4.1: Branching Ratios of 777~ decay modes.

it is critical to probe the Z’ — 777~ final states in order to measure the couplings
relative to Z' — [T17(l = pu,e) final states and also to test the universality of the

coupling constants.

In this Chapter, the search for a Z" — 77 in the proton-proton collisions at 7 TeV
center-of-mass energy is reported using 36.1%1.4 pb~! of the LHC data, collected
with the CMS detector in Year 2010. Since a tau-lepton can decay into ev v, (17.8%),
pv,vy (17.4%), and hadrons+v, (64.8%), there are six possible final states for a pair
of tau-leptons: (1) 7,7, (2) TeTe, (3) TeTy, (4) TeTh, (5) TuTh, and (6) 7,7, where T,
Ty, and 73, refer to ev v, uv,v,;, and hadronically decaying tau-lepton, respectively.
The six possible decay modes of Z' — 77 along with their branching ratios are listed
in Table 4.1. The combined search for a Z’ — 77 involves four decay modes, viz.,
Z' =11 = 1, L =TT = Ty, ' — 1T = 7.7, and Z' — 77 — 7,7, Because of
their small branching ratios and copious Drell-Yan Z/vx — ete™, utu~ production,
the 7.7. and 7,7, modes are not considered in this search. Furthermore, it will be
difficult to distinguish the 7.7, and 7,7, final states from the direct production of
ete”/ptpu~ from new resonances of similar mass. The Z' — 77 — 7.7, final state
has the smallest branching fraction but it provides the lowest possible background
contamination due to the lower jet—lepton fake rate (jet—electron fake rate is ~
1072 and jet— u fake rate is ~ 1074-1073).

In this Chapter, the studies on the search for Z/ — 77 in the fully hadronic
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mode is presented. In order to ensure the robustness of the selection cuts, analysis
relies on the collision data itself, whenever possible, to understand and validate the
reconstruction efficiency and estimation of various backgrounds. By making minimal
changes to the signal selection criteria, some control regions are defined where each
background has high purity. Once a background enriched control region is created,
selection efficiencies are measured in those regions which are then used to extrapolate
to the region where signals of new massive resonances are expected. When a complete
data-driven estimation is not possible the analysis makes use of the scale-factors
i.e. the ratio between data events and expected Monte Carlo (MC) events in these
control regions to estimate the background contribution in the signal region. The
quantification of the significance of any possible excess or setting of upper limits on
the Z" — 77 production rate is done by fitting the invariant mass distribution of the
reconstructed 7-pair. A Bayesian technique is then applied to interpret the results in

terms of the upper 95% confidence level limits.

4.2 Signal and Potential Backgrounds

4.2.1 Signal Process: pp - Z2'+ X, 72/ — 77 — 771

As discussed above, various extensions of the SM provide the possibility of new heavy
gauge bosons, Z’. Out of these extensions, a simplest extension involving an addi-
tional U(1) gauge field is called Sequential Standard Model (SSM), where the Z’ has
same interactions as that of a Standard Model Z boson. The tree level Feynman
diagram for the production of a Sequential Standard Model Z’ gauge boson, decaying
into a tau-pair as shown in the Figure 4.1. In order to calculate the cross-section one
can use same couplings to 7’s as that of a Standard Model Z boson. The theoretically
predicted values of cross-section as a function of the SSM Z’ mass are given in the
Table 4.2 and also depicted in Figure 4.2. All the signal samples and MC samples for

possible backgrounds are listed in Section 3.8.1.
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Figure 4.1: Production of a SSM Z’ gauge boson and its subsequent decay to a pair

of tau-leptons.

o(pp - Z')*BR(Z'-1T) [pb]
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Figure 4.2: Product of theoretical cross-section for a SSM Z’

ratio to a pair of tau-leptons as a function of Z’ mass.

times the branching
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Mgz (GeV/c?) | o(pp —Z') x BR(Z'— 77) (pb)
350 8.061
400 4.980
500 1.974
600 0.930
700 0.489
800 0.255
900 0.151
1000 0.096

Table 4.2: SSM Z' cross-section times the branching ratios to 77 for various mass

points.

4.2.2 Background Processes

Various processes which can mimic the signal process are considered as background

processes and are described below:

e QCD multijet background: One of the main experimental challenges at the
hadron colliders is the identification and discrimination of hadronically decay-
ing tau-leptons from the detector signatures of quarks or gluons that produce
hadrons. The two seemingly different particles can produce similar physics signa-
tures in the CMS detector. The probability of a quark/gluon jet to be misiden-
tified as a tau-jet is known as jet—to—tau fake rate. The production rate of
this type of events is several orders of magnitude larger than the signatures of
New Physics processes beyond the standard model (BSM) such as sequential Z’
production. When two partons from incoming protons interact, they often pro-
duce pairs of quarks and gluons traversing in the opposite direction (seen in the
center-of-mass frame of reference). However, because of the confinement prop-
erty (quarks and gluons cannot stay in free state) of the strong force, a process

known as hadronization causes the color field of these seemingly free partons to
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break into two through the creation of quark-antiquark pairs. Since the strength
of the strong force is directly proportional to the distance between these partons,
as the partons move away from each other this color field becomes strong enough
to produce additional quark-antiquark pairs. This process of hadronization can
be understood in analogy to an elastic rubber band that is being pulled apart
from the two ends until it breaks into two bands. The ends represent quarks,

while the band itself represents the gluon field.

This process of hadronization will continue till the energy of gluon field is suffi-
cient to produce new quark-antiquark pairs. Once the energy of the gluon field
is insufficient to produce further new particles, the remaining quarks and anti-
quarks will combine to form bound states of quarks known as Hadrons. This
process of hadronization is shown in Figure 4.3. Hence, the end step of this
process is the collimated sprays of hadrons, generally referred to as hadronic
jets, or QCD jets. Since these hadronic jets are produced from the bounded
states produced by quark-antiquark pairs, they usually contain most common
hadrons, pions. Since a 7-lepton can decay into final states containing mostly
one or three charged pions and a few neutral pions, hence, they resemble QCD
jets quite well. Hadronic jets are produced at high rates at the LHC. For ex-
ample, the typical QCD dijet production has a cross-section approximately 10°
larger than the rates of sequential Z’ production. The QCD multijet serves as

the most dominant background for this final state.

Z — 77 background: The Drell-Yan (DY) processes pp — Z/vx — 77~ are
one of the promising dominant 7-pair production mechanisms at the LHC. Since
the 7’s in the pair can undergo hadronic decay, the DY processes can very well
mimic the final state of new massive resonances decaying into 7-lepton pairs.
Since it is difficult to obtain a clean sample of high energy 7-leptons, one of the
basic concerns of this analysis is to verify whether the 7, identification criteria
still remains valid for the particular energy regime. The above concern is equally
valid for any analysis dealing with high pr jets or leptons. In this analysis, this

concern is addressed by verifying following: (1) whether the 7, identification
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criteria works well at low-pr (pr < 100 GeV/c) and is consistent with the MC
expectations by using data-driven techniques to obtain a clean sample of 7 — 77
events, (2) 7, identification criteria is well understood in MC simulated samples,
and (3) using 7, identification criteria it is highly unlikely to cause any difference
between MC and data. In this way, being a background, this process plays a key
role in the validation of final selection criteria and the identification of 7-leptons.

A typical Feynman diagram for Z — 77 process is given in the Figure 4.4.

e / — ce background: This process can mimic the signal process when both
electrons are misidentified as tau-leptons. A typical Feynman diagram of pp —

Z + X;Z — ee is given in the Figure 4.5.

e W + jets background: W boson produced in association with jets (W + jets)
can mimic the signal process when there is a lepton (e/p) from W decay which is
misidentified as a hadronic tau or a real hadronic tau from W decay and the jet
fakes the other hadronic tau. The contamination from W +n jets events in the
signal region is highly dependent on the jet— 75, fake rate. Feynman diagram

for W + jets production is shown in the Figure 4.6.

e i background: The top (¢) quark decays primarily into a bottom quark (b)
plus a W boson and similarly, anti-top () decays into an anti-bottom quark
(b) plus a W~ boson. This process can mimic the signal process when there
is a lepton (e/p) from W decay which is misidentified as a hadronic tau or a
real hadronic tau from W decay. The presence of additional b-jets in the events
makes it easier to suppress this background by applying veto on the b-jets and

some topology specific selections. Feynman diagram for ¢¢ production is shown

in the Figure 4.7.

4.3 Event Selection

Before applying the actual signal event selection criteria, the events are pre-selected

based on some loose selection criteria (skimming) as described in the next Subsection.
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Figure 4.3: Illustration of jet hadronization process.

Figure 4.4: Feynman diagram for the pp — Z + X; Z — 777~ production.

Figure 4.5: Feynman diagram for the pp — Z + X; Z — e*e™ production.
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Q Q

P W v

Figure 4.6: Feynman diagram for Standard Model W + jets production.

Figure 4.7: Feynman diagram for Standard Model ¢ production.
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4.3.1 Skimming Criteria

e Event should have > 1 7-lepton per leg containing a leading pion with py > 5

GeV/c.

e Event should have > 1 7-pair with AR > 0.7, where AR = /An? + A¢? with
An and A¢ being distances in pseudorapidity and azimuthal angle between the
two taus. The choice of this AR requirement is based on the jet reconstruction

algorithm from which hadronic taus are reconstructed.

The triggers are not applied at the skim level for MC samples since it may cause
differences between MC and the collision data. Table 4.3 shows the MC skim efficien-

cies for signal and various background processes.

Sample o x Filter Efficiency (pb) | Events processed | Final N events | 5™
Z'(500) — 77 1.94 19000 19000 1.0

4 =TT 1653 2057446 523610 0.254
W + jets 29349 15123740 1905577 0.126
qcd 0 — 5 4.844e+10 549809 191 0.000347
qcd 5 — 15 3.675e+10 1648096 1114 0.000676
qcd 15 — 30 8.159e+08 5454640 189292 0.0347
qgcd 30 — 50 5.312e4-07 3264660 767803 0.235
qgcd 50 — 80 6.359e+06 3191546 1731944 0.543
qged 80 — 120 7.843e+05 3208299 2482437 0.774
qcd 120 — 170 1.151e+05 3045200 2706267 0.889
qcd 170 — 300 2.426e+0 3220080 3056213 0.949
tt 149.6 1099550 1072196 0.975

Table 4.3: Table shows the skimming efficiencies for various MC samples.
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4.3.2 Signal Selections

As discussed in the previous Sections, the main background for fully hadronic tau final
state is the QCD multijet production. Therefore, the selections are chosen to hammer
down the QCD multijet background maximally. The analysis selections are based on
the detector signatures of the final state tau-leptons and topology of the signal events.
The hadronically decaying taus/tau-jets have typical collimated signatures inside the
calorimeter while QCD jets are spread up, hence, tight isolation requirement on tau-
leptons ensures significant reduction of QCD multijet background. The QCD jets have
high multiplicity of particles while the tau-jets mostly consist of one or three charged
particles along with some neutral particles. Hence, the requirement on the multiplicity
of jets provides another good tool to suppress the QCD multijet background further.
The signal selection criteria is divided into three categories: kinematic and geometric
acceptance, tau-lepton identification, and topological selections. It should be noted
that the surviving pairs of tau candidates are preserved at each intermediate stage in
the selections. If an event has more than one pair of unique tau candidates passing
all the selections, the one with highest invariant mass is selected. This requirement
is imposed just to ensure that a single tau pair candidate (passing all the selections)
per event gets selected. An explicit check on this requirement was made and this
requirement was found to be 100% efficient. The full list of online and offline selection

cuts is given below:

e Online Event Selection
Since Z — 77 events serve both as a background and an important tool to val-
idate the tau-identification selections, hence, un-prescaled double tau triggers
having lowest pr thresholds have been used to select the interesting events from
the collision data. During data taking, various triggers have to be prescaled with
increasing instantaneous luminosity in order to cope with the total bandwidth
for recording of the events. For collision data, events are required to pass the
un-prescaled double tau triggers with the minimum threshold on the transverse

momentum of the tau candidates. The combination of various double-tau trig-
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Details of HLT Trigger Paths

Trigger path HLT Thresholds Run range Data ([ £dt pb™')
HLT _DoubleLooselsoTaul5 pr > 15 GeV/c, |n| < 5.0 | 136035-144114 3.16
HLT _DoubleLooselsoTaul5_Trk5 | pr > 15 GeV/c, |n| < 5.0 | 146428-149294 32.64

Table 4.4: Summary of the trigger paths according to the run range applied on data.

gers i.e. HLT _DoubleLooselsoTaulb and HLT _DoubleLooselsoTaul5_Trk5 have

been used depending on run range as summarized in Table 4.4.

e Offline Event Selection

For the identification and reconstruction of the hadronically decaying tau-

leptons, a simple Shrinking Cone algorithm has been used. The details on this

algorithm are given in the Subsection 3.5.1 of Chapter 3. The various categories

of the offline selection criteria are:

— Acceptance:

« Event should have at least one Particle Flow (PF) 7 per leg with || <
2.1, pr > 20 GeV/c and leading track with pr > 5 GeV/ec.

— 7, Identification: The hadronically decaying 7-leptons can be reconstructed

from fake electrons as well as from fake muons, hence, typical vetos have

to be applied to reject electrons and muons faking hadronically decaying

tau-leptons.

* Rejection of muons faking 7,’s: Since the muons can fake hadron-

ically decaying tau-leptons, so muon rejection helps in removing the

muons which are misidentified as hadronically decaying tau-leptons. To

reject the muons faking hadronic tau-leptons, the tau seed track is re-

quired to have compatible hits or energy deposits expected for a pion:

e 1 veto = a- Calo-Compatibility+b- Segment-Compatibility< 1

Here the Calo-Compatibility is quantified by taking the muon trajectory

and searching for energy deposits compatible with a minimum ionizing

particle in the calorimeter and Segment-Compatibility is quantified by
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extrapolating the tracker track outward and searching for compatible
muon hits and segments in the muon sub-detector. The following values
of coefficients (recommended by the muon POG) have been used: a =
0.8, b=1.2.

Rejection of electrons faking 7,’s: The electrons can also fake
hadronically decaying tau-leptons, so electron rejection is imposed to
remove the electrons which are misidentified as hadronically decaying
tau-leptons. The following condition is required for electron rejection:
The number of tracker hits of the leading track > 12 and H3x3/Pread
> 0.03, where Hsy3/Preqq is the ratio of energy deposited in the HCAL
3 x 3 clusters in AR < 0.184 around ECAL impact point of the leading

track and the leading track momentum.

Fake tau rejection: The hadronic taus produce narrow pencil like
calorimetric signatures, so the rejection of fake taus is performed by re-
quiring the tau-leptons to be isolated by demanding that there should be
no track with pr > 1.0 GeV/c and no gamma with pr > 1.5 GeV/c inside
the isolation annulus between the signal cone and isolation cone. Techin-

cally, this requirement translates as (elliptical isolation): Y pghed < 1.0

GeV/cand > pf"™™* < 1.0 GeV/c with pste? > 1 GeV /¢, p™™** > 1.5
GeV/c.

Here the AR;s, = 0.5, ARgignat = 5/Er, R, =0.07, Ry = 0.15.

Single prong requirement: About 70% of 7,,’s decay into one charged
pion (%) accompained by some neutral pions (7%’s), about 25% of the
rest decay into three charged pions along with some neutral pions. As ex-
plained earlier the multiplicity of jets provide a good way of suppressing
the QCD multijet background. Hence, both tau-jets are required to have
exactly one charged hadron with p$® > 1 GeV/c and ARy, = 5/Er,
where Er is the transverse energy of the jet. The last two requirements
are very effective against QCD multijet background as explained in the

previous Section.
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— Topological requirements:

T-pairs passing the acceptance and 7, identification criteria described above

are

also required to pass these topology-specific selections to reduce the

contamination from QCD multijet, t¢, Z—see, and W + jets backgrounds:

*

Opposite sign charge requirement: The tau-leptons forming the
pair should have opposite sign charges (determined from the sign of
leading charged hadrons) i.e. Q(71) = —Q(72). Due to the electric
charge neutrality of Z’ gauge boson, the pair of tau-leptons coming from
7' decay should have opposite charge. This requirement also provides a
good handle over QCD multijet background.

Strong antiparallelism: Since a Z’' gauge boson is supposed to be
quite heavy, hence, the tau-leptons coming from its decay are expected
to be almost back—to—back. So, the tau-leptons in the pair are required
to be nearly back—to—back by imposing the condition:

o —1.0 < cos (A¢(ri, 7)) < —0.95.

Missing transverse energy requirement (4;): Due to the pres-
ence of two neutrinos in the fully hadronic tau final state (Z2/ — 77 —
hh'v, ., where h, h' = hadrons), a fair amount of missing transverse en-
ergy is expected in the signal events. The signal-like events are required
to have missing transverse energy (#,) > 30 GeV. This threshold is
chosen in such a way to provide the best background suppression while
preserving the best fraction of Z — 77 events in order to validate the
tau-identification criteria.

¢ cut: For final states involving a pair of tau-leptons, the . in the
event is expected to be in the direction collinear to the visible tau decay
products. Moreover, the measurement of K. is entirely correlated to
the visible tau decay products. In W + jets events, the direction and
magnitude of this momentum imbalance is completely correlated to the
lepton from W boson decay, but uncorrelated to the jet. The events are

required to be consistent with the signature of a particle decaying into a
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pair of tau-leptons by defining a unit vector along the bisector of visible

tau decay products (é ) and two projection variables P and Pg’is':
Yo = (PEe), L+ (P,

vis =7 2
PC:PC +ET'<

The P, cut is illustrated in Figure 4.8. The separation between 2’ — 77
and W + jets events in Pg’is—PC plane is shown by Figures 4.9 and 4.10.
There is a strong correlation between PC”“ and Py for Z' — 77 events
while there is no such strong correlation between PC”S and P for W+jets
events due to the presence of a jet which is uncorrelated to the 7 and v,
from the W boson decay. Therefore, one can use this fact to suppress
backgrounds by defining a “¢” cut as the linear combination of P and
Pg’is:

o P —0.875 x PC"”'S > —7.

This requirement is vital to suppress the contribution of W + jets and

tt backgrounds.

[ransverse ——
vis
Plane .

Figure 4.8: Tllustration of PY** and F.
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Figure 4.9: Distribution of P vs. Pé’is for MC based Z’ — 77 events.
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Figure 4.10: Distribution of P vs. Pgis for W + jets events.
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4.4 Estimation of Selection Efficiencies using Monte-

Carlo Cut-based Method

Tables 4.5 and 4.6 show the relative efficiencies of various selections for signal and the
relevant SM background processes. The relative efficiencies are defined with respect

to the number of events passing previous selections as described below:

Number of events passing (i+1)" cut 3
4.3

€rel = 5 3
Number of events passing i’* cut

4.5 Hadronic Tau Trigger Algorithm

The selections used to trigger on hadronic tau candidates are distributed among the
levels of the trigger matching capabilities of the global CMS trigger infrastructure.
The Level-1 (L1) of hadronic tau trigger algorithm is largely based on the generic jet
trigger and is an integral part of the full Level-1 jet collection. The Level-1 trigger,
on the basis of calorimetry data alone (ECAL and HCAL), selects the tau candidate
events from jets with |n| < 3. Isolation criteria is imposed by requiring the jet’s
energy to be contained within two square regions of the calorimeters, each region
spanning 4x4 trigger towers (TT), i.e. 20° in ¢ and 0.348 in 7. Furthermore, the L1
tau veto ensures that the individual energy deposits are contained within squares of
2x2 TT, each square being 5° in ¢ and 0.087 in n. Jets with Ep > 20 GeV (14 for
the ditau case) passing the isolation and L1 tau veto requirements are fed further to
the High Level Trigger (HLT). Due to a decrease in the isolation and LI tau veto
efficiencies at high Er, candidate jets failing one or both requirements may still be
passed on to the HLT provided that their Er > 30 GeV. The HLT produces particle
flow (PF) candidates from the L1 seeds. Jet matching is performed with a shrinking
cone whose acceptance radius starts at 5 and scales up quadratically with the jet’s
Er. Furthermore, tracks are reconstructed and a minimum leading track pr of 5

GeV/c is required. Lastly, tracker-based isolation selects candidate events containing
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CHAPTER 4.

Cut-Wise Event Selection Efficiency estimated from Monte-Carlo

Signal Backgrounds
Cut/Selection Z'(500) — 77 Z =TT QCD 15-30  QCD 30-50  QCD 50-80 QCD 80-120
T1|n|, 20| < 2.1 86.64 +£0.45 | 79.97 £0.12 91.924+0.06 92.81 £0.03 94.09 +£0.02 94.93 +0.01
1, T2 pr > 20 GeV/c 95.474+0.30 | 3851 +£0.17 0.59+0.02 9.31+0.03 29.68+0.04 43.67+0.03
1, 7o seed track pr > 5 GeV/e | 97.79 £ 0.21 | 86.23+0.19 86.61 £1.07 83.36 £0.15 84.76 +0.05 88.1£0.03
7 e veto (both 7’s) 84.88+0.53 | 71.93 £0.26 62.084+1.64 69.04 +0.20 74.47+0.07 79.34 £0.04
7 11 veto (both 7's) 96.51 £0.29 | 98.954+0.07 99.26 £ 0.37 98.37£0.07 98.07+0.02 97.91+0.02
7 track Iso < 1 (both 7's) 67.3+0.77 | 7391+0.31 17.29+248 4.15+£0.16 0.91£0.03 0.43+£0.02
7 BEcal Iso < 1 (both 7's) 76.24 £0.85 | 73.55£0.36 39.52+3.37 27.63+£0.49 20.39+0.29 19.69 £ 0.32
7 NProngs = 1 (both 7’s) 58.14 +1.13 | 40.14+£0.46 5.26 +1.81 3.174+0.23 3.61+£0.17 3.41+0.19
Q1) *Q(12) <0 97.31+0.49 | 99.444+0.11 52.63+4.05 51.66+0.66 51.424+0.47 51.53+0.54
cos Ag(1,T2) < —0.95 91.884+0.83 | 71.274+0.68 51.7£291 5882+0.50 47.99+0.32 32.75+0.29
Fr > 30 GeV 68.17 +£1.48 | 3.36 +0.32 0+0 0.71+£0.11 221 +0.14 6.96 £0.27
P; — 0.875PY > —7 90.57 £1.12 | 83.96 + 3.56 0+0 60.00 £ 7.75 69.96 +£2.88 76.00 + 1.74

Table 4.5: Relative efficiencies for double hadronic tau selection in case of signal (with Z’ mass of 500 GeV/c?) and low energy
QCD-jets with ranges of final state parton transverse momenta in 2 — 2 subprocesses given in GeV/c. Note that MC-based

estimation of QCD multijet background is not used for this channel. The error reported here is statistical error only.
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no tracks with pr greater than 1 GeV/c inside the isolation annulus.

4.5.1 Measurement of Di-Tau Trigger Efficiency Using Fake

Taus

The standard procedure to measure lepton trigger efficiency is to select leptons from
Z — U using Tag and Probe techniques. For light leptons this technique can be
applied with relative ease since the identification of the tag can be done with high
efficiency with very little background contamination. But measuring the hadronic
tau trigger is more complicated due to the much difficult task of obtaining a tau
sample pure enough to be used as Tags. At the same time, the sample of clean taus
should be large enough, not to be dominated by the statistical uncertainty. This
difficulty can be removed if we select objects that pass every offline tau identification
requirement (including isolation) and use them as proxies for real taus. The trigger
efficiency is then measured as the ratio of “tau-like” object reconstructed offline,
matched to online taus passing the different trigger requirements vs “tau—like” object
reconstructed offline and matched to online taus.

For this purpose we use electrons as proxies for real taus in the measurement
of the tau trigger efficiency. Electrons should pass every offline tau identification
requirement except for the electron—discriminator cut designed to discriminate elec-
trons from taus. The efficiency of the different trigger requirements is measured vs
isolated “tau-like” objects identified as PFTau with Er > 20 GeV, || < 2.5, and
leading track pr > 5 GeV/c. In addition the offline object is required to pass the
muon—discriminator cut. When dealing with electrons it has been ensured that the
“tau—like” object is electron—like by requiring that it fails the electron—discriminator.

The efficiencies for Level-1 and HLT are shown in Figure 4.11. In the figure
the efficiency for data measured from the electron dataset (/Electron/Run2010B)
compared to the efficiency measured from Z — ee and Z — 77 MC samples is shown.
The efficiency curves plateau at 94.72, 94.39, and 94.54% efficiency for Z — ee MC,

Z — 11 MC, and electron dataset, respectively. The main difference in the measured
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efficiencies are located in the turn—on curve. Most of the difference comes from
the different calorimetric response between hadronic and electromagnetic showers at
Level-1. However, for this analysis most of the taus have p; well above the efficiency
plateau value. For a Z’ with mass of 350 GeV/c? only about 10% of the T-pairs have
one reconstructed 7, with pr < 35 GeV/c. The overall Level-1 plus HLT trigger

efficiency is shown in Figure 4.12.

A conservative estimate of the trigger efficiency systematic uncertainty has been

€. —€
. MC; D 3
made by calculating ———""
MC;

MC in bin 7 and €, is the trigger efficiency measured from data using the electron

, where €y;q. is the efficiency measured from Z — 77

dataset in the same bin. The final systematic uncertainty is the average of the bin

by bin systematic. This procedure yields an uncertainty of 4%.
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Figure 4.11: Tau trigger efficiencies for Level-1 (left), HLT (right), plotted against
offline PFTau Er for Z — ee MC, Z — 77 MC, and data.
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Figure 4.12: Overall hadronic tau trigger efficiency (Level-1 + HLT) for Z — ee,
Z — 711, and 2010 electron dataset (left), Overall hadronic tau trigger efficiency for
Z — 71 MC and data (left). The Z — 77 — 7,7, data candidates were selected from

events passing the SingleMuon trigger.

4.6 Additional Validation Checks

The fact that electrons can be reconstructed as perfect taus (provided electron rejec-
tion cuts are reversed or removed) proves useful in validating the reliable reconstruc-
tion of tau-pairs. Ideally, no Fr is expected in Z — ee events, hence, to obtain a
clean sample of Z — ee events, the electron rejection has to be reversed in addition
to the removal of Frr requirement. The following modifications are made to the signal

selections outlined in the Subsection 4.2.2:
o ngg/p%seed < 0.1.
e No Ffr requirement.

Proper scale factors have been applied to account for the double-tau trigger effi-
ciencies shown in (left) Figure 4.12 (note the similarity of the two efficiency curves

for taus and electrons even at the trigger level, the small differences are because taus
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have softer track momentum spectrum due to decays involving neutral pions and the
difference in energy response for hadronic and electromagnetic showers in Level-1).
The description of the measurement of the tau trigger efficiency is given in the Sub-
section 4.5.1. Figure 4.13 shows the invariant mass, fr, and tau-jet pr distributions
obtained using the same data sample as for the actual analysis but with the electron
rejection cuts reversed. There is a good agreement between data and MC, showing
that the tau-identification and trigger efficiencies are well understood. Z — ee MC
is used to estimate the expected shape and scale of the electron-positron content in

double-hadronic tau triggered data.

4.7 Background Estimation

To estimate the number of surviving events from various backgrounds, control regions
in which each background dominates are generally defined. The efficiency of the cuts
used to create the control regions are determined in the control regions themselves,
and then these used to determine the relative proportions of background events in
the control and signal regions. By counting the number and analyzing kinematical
distributions of background events in the control region of the data samples, the
number of background events in the signal region can be inferred either directly or

using simulation predictions adjusted for appropriate scale factors measured in data.

4.7.1 Estimation of QCD multijet background using data

driven approach

A data-driven approach has been followed to estimate the QCD multijet background
contamination. It should be noted that the definition of QCD multijet includes events
where both tau candidates are infact misidentified hadronic jets, so it can have addi-
tional contributions with respect to the QCD dijet production, e.g. W(— ¢q) + jets,
Z(— qq) + jets etc. The QCD multijet background estimation relies on the classical
method of counting events selected in the exact same way as the signal events but

selecting tau pairs with the like-sign charge, which should lead to events heavily dom-
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Figure 4.13: Dielectron distributions from double tau trigger data with reversed anti-
electron cuts and Z — ee MC for validation of the double tau analysis: (a) Invariant
mass of the two electrons, (b) Fr distribution, (c¢) transverse momentum of electrons

reconstructed as PFTau candidates.
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inated by the QCD multijet background. Assuming that QCD dijets are charge-blind,
the number of like-sign events (Npg) should be equal to the number of opposite-sign
(Nos) QCD multijet events after correcting Nps measured in data for known elec-
troweak backgrounds using simulation. Unfortunately, there are two shortcomings of
this procedure. First, the number of remaining events is too small to obtain the shape
of the QCD multijet background to use in the final fit, and second, the assumption
of charge symmetry in events with two jets is not necessarily true. The first concern
is addressed by measuring the shape of the invariant mass M(7y, 72, H) distribution
associated with multijet background using events with like-sign tau pairs where tau
candidates are allowed to have either 1, 2, or 3 charged particles. Note that here
the charge of a tau candidate is determined by the charge of the leading track, so
that even-prong tau candidates still have a well defined charge. The validity of such
approximation is verified by using events with no missing transverse energy, where
the invariant mass distribution for pairs of 1-prong tau candidates is compared to
that with the loosened requirement. Figure 4.14 shows the distribution of the invari-
ant mass of the two visible tau candidate momenta and missing transverse energy in
events with NP =1, 2 or 3 along with the fit to a functional form given in Eq. 4.4,
which is used later to extract the statistical significance of the results of this analysis.
Figures 4.15 and 4.16 show the mass and Fr distributions of the QCD background
using 1 prong taus and 1 or 2 or 3 prong taus in two minimum Fr scenarios: 0 GeV
and 15 GeV (the statistics become compromised for higher thresholds). These are ob-
tained by selecting like-sign events from collision data and subtracting off the leading
backgrounds estimated from MC with like-sign candidate pairs. While the agreement
is not perfect, the similarity in the shapes suggests that they are not correlated with

the track multiplicity.

1

fla)=

a+explb-(x—c)]+d- (v —c)?

As for the second concern, an asymmetry in the charges of jets in multijet events
can arise from the remaining correlation between the quark charge and the leading

track charge of the jet in events where quark charges are correlated, e.g. gg — qq,
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W — qq’. Note that the correlation between the charge of the quark and the charge
of the track becomes stronger in jets, in which the entire jet fluctuated into just a
single high momentum track. Therefore, the ratio Rpog/rs of opposite-sign to like-
sign events can be a function of tau candidate multiplicity (stronger correlation for
tau candidates with just a single track) and tau isolation (stronger correlation for
highly isolated tau candidates). In order to determine Rpg/rg, we use two alternative
methods. First, we calculate this ratio in events with pairs of 1-prong tau candidates
with no requirement on the missing transverse energy applied, which greatly enhances
the QCD multijet background. After correcting for non-QCD backgrounds (W + jets,
Z + jets including Z — 77) using simulation, the ratio is calculated as a function of
the invariant mass and yields the ratio Rps/rs = 1.2 £0.09. Figures 4.17 (a) and (c)
show this ratio and the comparison of data to the background corrected using this
factor, respectively. In the fitting of Rpg/rs, we use the low mass region to be less
susceptible to uncertainties due to electroweak backgrounds. We then measure the
same ratio in events with Jir > 15 GeV, where we measure Rog/1s as a function of the
transverse mass of the leading tau candidate and the missing transverse energy. The
fit (see Figs. 4.17 (b) and (d)) is again performed in the low transverse mass region to
avoid the regions with enhanced content of the W + jets events with the W decaying
to either an electron misidentified as a tau or to a true tau. We finally, conservatively,
use the ratio Rpg/rs = 1.1 £ 0.2 to accommodate for statistical uncertainties in the
measurement, difference between the two measurements, and the difference of the
measured ratio with 1. Finally, the prediction for the normalization of the invariant
mass distribution for QCD multijet events is calculated as (Nps — Ncor) x Rog/Ls,
where Npg = 9 is the number of events with all final selections except the inverted
charge product, and N, is the (small) correction for electroweak backgrounds in the

like-sign sample (dominated by W + jets events) obtained from the simulation.

4.7.2 Estimation of other non-QCD SM backgrounds

The QCD multijet is really the dominant of all the backgrounds and the other back-

grounds are relatively negligible. Moreover, the other background processes are well
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Figure 4.14: QCD mass distribution after all selections except the track multiplicity

requirement, ¢.e., considering all; 1, 2 and 3 prong taus.

simulated by Monte Carlo as seen in the other analysis channels for Z — 77 search,
so the estimation of other backgrounds is taken directly from the Monte Carlo expec-

tations after correcting for differences between data and MC expectations, if any.

4.8 Data in the Signal Region

The signal region consists of events satisfying the criteria outlined in Subsection
4.3.2. The contributions of various SM backgrounds and data events surviving all the
selections can be seen in Table 4.7. The QCD multijet comes out to be the largest
background, as expected. The Z — 77 is the second dominant background. The
contribution of rest of the backgrounds is quite small. The contamination from these
backgrounds is further small in the high mass region (M(7y,7,Fr) >150 GeV/c?)
where the presence of a new resonance is expected. The number of events expected
for a Z' of mass 500 GeV/c? amounts to 1.5 4 0.02. The suitable cross-checks made

in the control regions suggest that the non-QCD background shapes can be taken
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Figure 4.15: Comparison of mass and Fr distributions for 1 prong taus and 1 or 2 or

3 prong taus, normalized to their area, without fr requirement.

from the simulated MC samples and fit to obtain smooth shapes in the high mass

regions. Hence, the mass shapes are taken from the simulated MC samples and fit

to obtain smooth trends in the high mass regions. For determination of the final

95% Confidence Level (C.L.) upper limit on the cross-section times the branching
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Figure 4.16: Comparison of mass and Fr distributions for 1 prong taus and 1 or 2 or

3 prong taus, normalized to their area, requiring fr > 15 GeV.

ratio to tau-lepton pair, systematic effects arising from the incomplete knowledge
of the shapes have been taken into account. Figure 4.18 shows the invariant mass
distribution of tau-pair and Fr prior to fit. The signal distribution expected for a

new resonance (Z') of mass 500 GeV/c? is also overlayed.
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Figure 4.17: Ratio of the number of selected data events with an opposite-sign pair
to those with a like-sign pair after subtracting all of the MC-based backgrounds
independently: (a) full invariant mass for fr > 0 GeV, (b) invariant mass of the
leading pr tau and Fr for fr > 15 GeV. The significant value is extracted with a
one-dimensional fit in regions with small background contamination: (a) 1.20 £ 0.09
(b) 1.1 £0.2. Plots (c¢) and (d) show the relative contribution of each background,
requiring opposite-sign pairs except in the case of QCD, which is estimated from

like-sign pairs from data.
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Sample Events Events for M(7y,72,Fr) >150 GeV /c?
QCD 10+4 242

W + jets 0.62 £ 0.06 0.37 £ 0.05

tt 0.108 £ 0.005 0.0682 £ 0.004

Z =TT 3.04 +0.08 0.60 = 0.02

Z — ee 0.02 +0.02 0£0

Total expected events 14+4 3+2

Observed events 7 4

Table 4.7: Estimated signal and background contributions along with the observed

events.

4.9 Systematic Uncertainties

The main source of systematic uncertainty in this analysis comes from the background
estimation due to the lack of statistics in the signal region (e.g. 28% for 7,7,). There
may be small effect due to contamination of other backgrounds in the control regions
since it is difficult to obtain a 100% pure control region. In cases, where a data-driven
estimation is not possible, the systematic uncertainty is driven by the uncertainty in
the expected number of events in the signal region for the particular background.
Nevertheless, this effect is negligible with respect to the uncertainty introduced by
the lack of statistics.

The second most dominant source of systematic uncertainty is due to the tau-
identification uncertainty. For this analysis, the shrinking cone algorithm along with
elliptical isolation have been used for tau-identification and reconstruction. This

algorithm is subject to the following systematic effects:

e The efficiency of track finding associated with each charged hadron.

e Efficiency of track finding convoluted with the probability of having a three
prong tau with all the tracks collinear such that it appears as one-prong tau.

This can occur with the high pr taus.
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Figure 4.18: Data, backgrounds and signal invariant mass distributions after all cuts

for a Z' with mass of 500 GeV/c?.

e Probability associated with the charged or neutral pions to fall outside the tau-

signal cone.

e Probability for tracks/photons coming from underlying events/pile-up to fall

into the isolation cone.

e Probability for tracks coming from underlying events to fall into the isolation

cone, hence, affecting the one or three prong requirement.

The systematic effect arising from the three-prong taus falling outside the isolation
cone is not explicitly applicable to this analysis since one prong hadronic taus are
used in the analysis. However, if three-prong tau has badly reconstructed tracks,
then it can still be reconstructed as a one-prong tau. This effect is measured by
using Z — 77 MC samples and counting how many reconstructed three-prong taus,
matched to generator level taus (AR < 0.25), were identified as one-prong taus. The
result shows that about 0.74% of the three prong taus are identified as one-prong

taus. This result is well applicable to high pr taus although the effect becomes small.
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The probability for tracks and/or photons coming from underlying or pile-up
events to fall into the isolation region is same for muons, electrons, and taus provided
the isolation cone sizes are the same. Hence, the standard Z — pp tag and probe
technique [63] can be applied to measure this effect.

The uncertainty on track finding (4%) for charged pions is determined by mesuring
the ratio of neutral charm meson (D?) decay to two or four charged particles [64]. This
value is included as a part of total systematic uncertainty on the tau-identification.
The above described effect gives an overall systematic uncertainty value less than 5%,
but we use a conservative value of 7% as recommended by the Tau Physics Object
Group (Tau POG) [57].

The uncertainty introduced by imprecise knowledge of parton distribution function
(PDF) is determined by comparing CTEQ6.6L PDF with the default PDF (CTEQG6L)
and variations within the CTEQ6.6 family of parameterizations. The systematic ef-
fects arising from tau, lepton, and jet energy scale can also affect the mass shapes.
These systematic effects are measured by “smearing” the default values by the corre-
sponding uncertainty and determine the effect of these newly calculated variables on
the event rates and mass shapes. As an example, the systematic effect on pp of 7, is

measured using the Equation:

smeared __ generator reconstructed generator
Pr — kscale *Pr + kresolution : (pT — Pr )
t .
where pJ™" ™" is the true generator level transverse momentum of 7, pheonstructed

is the default transverse momentum of 7 at the reconstruction level, kg.q. is the
momentum scale smearing factor, and k,csorution 18 the momentum resolution smearing
factor.

The complete list of systematic uncertainties discussed above, is given in the

Table 4.8.

4.10 Statistical Interpretation

Several experiments in High Energy Physics involve binary outcome i.e. result is

either a true (discovery) or false (exclusion) e.g. the search for a Higgs boson at the
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Source of Systematics ThTh
Luminosity 4%
Tau Trigger 4%
Tau ID 7.0%
Parton Distribution Functions 3.96%
Initial State Radiation 2.14%
Final State Radiation 1.7%
Tau Energy Scale (3%) 2.1%
Tau Energy Resolution Negligible
Background Estimation 28%

Table 4.8: List of Systematics for MC and Data

LHC. Such experiments that are performed with “n” independent trials which yield a
true or false outcome with a probability of success “p”, follow a binomial ditribution
B(n,p). The binomial probability to obtain “k” successes out of “n” independent
trials, in a particular experiment is given by:

n!

f(k,n,p) = mpk(l —p)" "

When the number of independent trials are very large and the probability of success

is small, the binomial probability distribution reduces to a Poisson distribution.

: . n' k nfk_lj“ke_u
i £k p) = Jim e =

where p = np. In Eqn. 4.7, “k” represents the number of observed events and p is

the number of expected events defined as:

Hi = Liasignalei + bz

where L; is the integrated luminosity, ogigna is the signal cross section, ¢; is the cum-
mulative efficiency after applying all selection cuts, and b; is the number of background
events surviving all selection cuts applied.

The set of above equations is sufficient to quantify the signal significance for a

simple counting experiment, but to achieve greater sensitivity, this analysis uses a
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binned likelihood. The invariant mass of tau pair provides best separation between
the signal and background and hence, it has been chosen for this purpose. Therefore,
the Eqn. 4.7 can be written as:

Nbins

ki o —pi
e
L(€1, €9,y €y) = H Li(pi,v;) = ,ulk;.l
i=1 v

where L£;(u;, k;) is the Poisson probability of observing ki events in collision data for
a bin 4, given an expectation of y;(0) = [Background + Signal(o)];.

The likelihood distribution is used to extract the 95% C.L. upper limit on the cross
section. To study the sensitivity of the analysis, pseudo-data samples are generated
from backgound only distributions, using Poisson based random event generator. The
concept of pseudo-experiments and pseudo-data is used to understand the probability
for a given outcome to occur. This can be understood as follows: let us consider
that the estimation of total background contribution gives 14 events. This number
represents only the mean erpected number which means if several experiments are
performed, most of them will result in 14 events, while other may show upward (18
events) or downward (10 events) fluctuations. For the case of counting experiments,
probability or the spread is determined by the Poisson probability density function.

A search which has been presented in this Chapter represents only one experiment.
Since its a single experiment, an analysis has to be designed to minimize the prob-
ability for results to fluctuate. Pseudo-experiments or pseudo-data are generated by
creating an ensemble of experiments, with each experiment representing a new possi-
ble result. Once the ensemble of experiments is created, the mean and spread of the
results can be evaluated to quantify how likely it is that the experiment will give rise
to a result that unluckily fluctuated upward or luckily fluctuated downward.

The knowledge of systematic uncertainies is also important since they can affect
the global normalization of the event rate and also create an uncertainty in the knowl-
edge of the mass shape. Systematic effects are included as nuisance parameters for
the limit calculations. A nuisance parameter is a quantity that has no direct relation
with the statistical sample itself but they are needed to account for any potential

changes that might affect the results of interest. The nuisance parameters, “ay”, are
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generated according to the log normal probability density function for normalizations
and Gaussian for mass spectrum uncertainties. If ¢, is an efficiency with systematic

error de , the likelihood integral becomes:

N
/E(el, €2y ey €)de = N1 Zﬁ(el + adey, € + aldey, ..., €, + 0P 0ey)

j=1
A “morphing” procedure is applied to introduce the effect of possible shape variations
on default, unsmeared mass templates, Df of , to generate variated templates, Df :

After applying the morphing, the likelihood integral becomes:

N
N7t Z L) 4 adder, ..., en + by, DI + 00D, ..., DI + al6D7)

j=1
where 6D¥ = DF — D¢ “/ is the difference between the smeared template for kt
systematic effect and default unsmeared template. It is also essential to take into
account the correlations among the systematic uncertainties. To incorporate the

correlations between systematic effects, the nuisance parameters can be modified as:
ap = frap+gx*o 4.12

where f and g represent the correlated and uncorrelated terms, respectively. The
effect of nuisance parameters can be seen in Figure 4.19(a), which shows the default
likelihood without any smearing or incorporation of nuisance parameters as well as
several superimposed likehood distributions which show the effect of nuisance param-
eters on the likelihood for 7,7, final state as an example. The 95% C.L. upper limit

on the cross-section is obtained as:

7% L(o)do
0.95 = " -4.13
I L(o)do

Figure 4.19(b) shows an example of sensitivity study on MC basis for 7,7, final state,
where pseudo-data was generated using background only distributions. Different
scenarios are possible based on how these events are distributed. If the pseudo-
data is located at the lower side of the spectrum consistent with the background

expectations, the limit is expected to have a low value according to the Poisson
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likelihood distribution. But if some events in pseudo-data fluctuate towards the high
mass region, this will result in high value of the limit which may not allow us to set
a stringent exclusion limit or claiming a discovery as long as the statistics are low.
Figure 4.20(a) shows an example from 7,7, final state where the pseudo-data has
fallen mostly in the low mass region, resulting in an expected cross section og; = 4.4
pb while Figure 4.20(b) shows an example where data has fluctuated unluckily into
high mass region, resulting in a higher limit o095 = 12.8 pb.

As mentioned in the pevious Section, the combined Z' — 77 search, performed
by High-pr Tau Group at CMS involves three additional final states: 7.7, 7,7, and
T.T,, therefore, the joint likelihood is calculated using all the four decay modes as
follows:

Liotar = L(TnTh) * L(7,7) * L(TeTh) * L(TeT,,) 4.14

4.11 Results and Conclusions

Figure 4.21 shows the invariant mass distributions for data, backgrounds, and signal
(Z') of mass 350 GeV/c? and 700 GeV/c?, respectively for fully hadronic final state.
The number of observed events in collision data are in agreement with the expected
number of events in MC and the observed mass spectrum does not reveal the Z' — 77
production. Therefore, 95% C.L. upper limit on the Z’ — 77 production cross-
section are determined as a function of Z’ mass. Figure 4.22 shows the expected
and experimental limits on the cross-section as well as the theoretical cross-section
for varying Z’ masses. The bands on the expected limits represent the 1o and 20
deviations obtained using a large number of pseudo-experiments where pseudo-data
is obtained from background only distributions using a Poisson based random event
generator. For the sake of completeness, the signal mass distributions for other three
channels: 7,7, 7.7, and 7.7, are also shown in the Figure 4.23. It can be seen that
from Figure 4.22, although the 7.7, final state is cleaner than 7,7, or 7.7, final state,

the upper limit is larger due to the relatively smaller branching fraction of 7.7, final
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state. The upper limit on the Z' production cross-section times branching ratio to
tau-pair can be determined from the point where experimental limit on the cross-
section exceeds the theoretical value. It can be seen from Figure 4.24 that a 2’ — 77
with mass less than 468 GeV/c? can be excluded at 95% confidence level, assuming
Standard Model couplings [65]. This limit exceeds the limit provided by the CDF

experiment at Tevatron [1] in 2005.
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Figure 4.21: 77 invariant mass distributions for data, backgrounds, and signal, after

all cuts for a Z" with mass of 350 GeV/c? (top) and 700 GeV/c? (bottom).
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Search for Z' — 77 using LHC collision
data of Run 2011 collected with CMS

detector

5.1 Introduction

The Large Hadron Collider at CERN started proton-proton collisions at /s = 7 TeV
on March 14, 2011 after a successful operation in Year 2010 and then with a short
machine developement stop. In view of Year 2011 data with larger statistics, it was
quite natural to search for Z/ — 77 with this new data. This Chapter deals with
the search for Z' — 77 production, using LHC collision data of Run 2011 at 7 TeV
centre-of-mass energy. Most of the techniques employed in this analysis are same as
the ones used with Run 2010 data. Therefore, only the techniques which have changed
between the Run 2010 and Run 2011 analyses are listed in details in this Chapter.
The studies presented in this Chapter focus mainly on the search for Z’ — 77 in
the fully hadronic tau final state. The final results from the complimentary studies
performed in other three decay modes of Z" — 77 process: 7,7, 7., and 7.7, are also
presented in this Chapter. In order to increase the sensitivity of this search, results

from various final states are combined together taking into account the correlations
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among different channels.

Since the number of proton bunches per beam increased significantly in going from
LHC Run 2010 to Run 2011, the number of pile-up interactions (multiple number of
interactions in a single bunch crossing) also increased with a non-negligible amount.
There were ~ 2.2 average pile-up interactions per event in Run 2010, while in Run
2011 the average number of pile-up interactions increased up to ~ 6 interactions per
bunch crossing (per event recorded). The number of generated pile-up interactions
present in the MC samples used for this analysis did not match with the number of
pile-up interactions present in the collision data, hence, some special pile-up reweight-
ing techniques had to be applied to MC in order to match with the number of pile-up
interactions present in the collision data. The details on this technique are given in

the next Section.

5.2 Pile-Up Reweighting

The signal-like events were selected from the “Tau” primary datasets of the LHC
collision data. The Monte Carlo samples used for this analysis were generated with
PYTHIA and MADGRAPH event generators, while the decays of tau-leptons were
simulated with the TAUOLA package. The full list of MC samples used in the analysis
is given in the Section 3.8.2.

The Summer 11 MC (official CMS samples corresponding to LHC Run 2011) used
for this study, were generated with a flat + Poissonian tail pile-up distribution which
differed from the pile-up distribution observed in the collision data. Hence, all the MC
samples were reweighted in order to match with the pile-up distribution present in the
collision data. The pile-up spectrum for collision data was taken from the centrally
produced distributions taking into account the per bunch—crossing—per—luminosity—
section instantaneous luminosity from the Luminosity Database (LumiDB) together
with the total pp inelastic cross-section. The pile-up weights were calculated by
comparing the pile-up distribution in data with the generated pile-up interaction

distribution in the MC. The resulting weights, also called pile-up weights, are denoted
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as:

wli) =

where H denotes the histogram for pile-up distribution and ¢ denotes the number

of pile-up interactions present in the event. These weights are applied to the MC

samples and the effect of this reweighting is shown in the Figure 5.1.

i
014
0.12(
r v Pile up distribution in data
01—
r —MC Pile up distribution after reweighting
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Figure 5.1: Distribution of number of pile-up interactions in a Summer 11 MC sample
(Z — 77) before and after reweighting. The pile-up distribution in collision data is
also overlayed. The pile-up distribution in MC matches with the distribution in the

collision data after pile-up reweighting is applied.

5.3 Event Selection

In order to select the signal-like events, a set of loose pre-selections is applied. The

complete list of pre-selections is given below.

5.3.1 Skimming Criteria

e Event should have > 2 particle flow 7’s with pr > 15 GeV/c, |n| < 2.1, containing

a leading pion with pr > 5 GeV/c.
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e Event should have > 1 7-pair with AR > 0.7, where AR = \/An? + A¢? with

An and A¢ being distances in pseudorapidity and azimuthal angle between two
taus. The choice of this AR requirement is based on the jet reconstruction

algorithm from which hadronic taus are reconstructed.

As in the analysis with 2010 data, the triggers are not applied at the skim level
for MC samples to avoid any differences between MC and the collision data at the
skim level. Table 5.1 shows the MC skim efficiencies for various background pro-
cesses. There is no pre-selection applied for the signal samples. It is believed that
the MC simulated samples are not able to correctly model some rare features of QCD
multijet background such as the probability for a jet to fake a tau-lepton due to the
hadronization of quarks and/or gluons. For this reason, the extraction of QCD mul-
tijet background is performed with a data-driven method, hence, it is not shown in

the Table of skim efficiencies.

Sample o x Filter Efficiency (pb) | Events processed | Final N events | e¥*im
Z — ee 1666 2240027 619908 0.2767
Z =TT 1666 2032536 251855 0.1239
W + jets 31314 80945819 5492066 0.0678
tt 165 1089625 45234 0.0415
QCD multijet Data-driven — — —

Table 5.1: Table showing the skim efficiencies.

5.3.2 Signal Selections

The event selection criteria for this analysis remains the same as that of the anal-
ysis with 2010 data (Chapter 4). The main difference comes from different tau-
identification algorithm used in this analysis. In the 2010 analysis, the taus were
identified with a simple cone algorithm, also known as shrinking cone algorithm,
however for this analysis the hadronic taus are reconstructed using the Hadron-Plus-

Strips (HPS) algorithm. The details of this algorithm have been discussed in the
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Subsection 3.5.2 of Chapter 3. The event selection criteria is divided into three cate-
gories: kinematic and geometric acceptance, tau-lepton identification, and topological
selections. The surviving pairs of tau candidates are kept at each intermediate stage
in the selections. If an event has more than one pair of unique tau candidates pass-
ing all the selections, the tau-pair with the highest invariant mass is selected. This
requirement ensures the selection of a single tau-pair candidate (passing all the selec-
tions) per event. An explicit check shows that this requirement has an efficiency of

100%. The full list of online and offline selection cuts is given below.

e Online Event Selection
Apart from selecting signal-like events, the purpose of online selections is to
preserve a maximum fraction of the Z — 77 events which are then used to vali-
date the tau-identification selections for the Z/ — 77 analysis. Taking this fact
into account, the un-prescaled double-tau triggers having lowest pr thresholds
have been used to select the events of interest from the collision data. With
the increase in the instantaneous luminosity during data taking, various triggers
had to be prescaled in order to cope with the total bandwidth permissible for
the recording of events. The combination of various double-tau triggers i.e.
HLT _DoublelsoPFTau20-Trk5_vx, HLT_DoublelsoPFTau25Trkb_eta2pl_vx,
HLT DoublelsoPFTau35 Trkb5_eta2pl_vx, HLT _DoublelsoPFTaud0_Trk5_eta2pl_v*,
HLT_DoublelsoPFTau45_Trk5_eta2pl_vx, and HLT _IsoPFTau40_IsoPFTau30_Trk5_eta2pl_vx
was used to select signal-like events from the collision data, depending upon the

Wk

run-range summarized in Table 5.2. Note that here represents different

versions of the double-tau trigger depending upon the run range categories.
e Offline Event Selection

— Acceptance:

« Event should have atleast two particle flow 7’s with |n| < 2.1, pr > 35
GeV/c having leading track pr > 5 GeV/c.

— 73, Identification:
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Details of the HLT Trigger Paths

Trigger path

HLT Thresholds

Run range

HLT _DoublelsoPFTau20_Trk5_v*

pr > 20 GeV/c, |n] < 5.0

163269-163869

HLT DoublelsoPFTau25_Trk5_eta2pl_v*

pr > 25 GeV/e, n| < 2.1

165071-165633

HLT _DoublelsoPFTau35_Trk5_eta2pl_v*

pr > 35 GeV/e, n| < 2.1

165970-167913

HLT _DoublelsoPFTau40_Trk5_eta2pl_v*

pr > 40 GeV/c, n| < 2.1

166970-167913

HLT_DoublelsoPFTau45_Trk5_eta2pl_v*

pr > 45 GeV/c, n| < 2.1

170249-180252

HLT _IsoPFTau40_IsoPFTau30_Trk5_eta2pl_v*

PTr s > 40,30 GeV/e, |n|qy - < 2.1

173692-178365

Table 5.2: Summary of the trigger paths according to the run-range applied on the

collision data.

*

Crack Veto: The crack veto prevents the tau-leptons to fall into the
crack region of the CMS detector. A crack region is a region of the
CMS detector where there is no detection material present and it serves
as the exit path for cables, services, and extra ancillary from tracker
and calorimeter sub-detectors of the CMS detector. In terms of the

pseudorapidity, the crack region is defined as the region between:

I < 0.018

0.423 < || < 0.461

0.770 < |n| < 0.806

1.127 < |n| < 1.163

1.460 < |n| < 1.558

Rejection of muons faking tau-leptons: Since a hadronically de-
caying tau-lepton can be faked by a muon, hence, a muon veto is applied
to remove the muons misidentified as hadronically decaying tau-leptons.
For this purpose, tau-lepton is required to have leading track that can-
not be matched to a global muon track. For this analysis, loose working

point of muon discriminator has been chosen.
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* Rejection of electrons faking tau-leptons: The electrons can also
fake hadronically decaying tau-leptons, hence, an electron veto is im-
posed to remove the electrons which are misidentified as hadronically
decaying tau-leptons. The electron veto requires the HPS taus to pass
a discriminator which uses the information of the HCAL energy associ-
ated to the tau-lepton with respect to the measured momentum of the
leading track of the tau-lepton (H/p). Additionally, the discriminator
considers the amount of electromagnetic energy deposited in a narrow
strip around the leading track with respect to the total electromagnetic
energy of the tau-lepton. Finally, the HPS tau-leptons must not reside
inside the ECAL cracks. For this analysis, medium working point of
electron discriminator has been chosen.

* Decay Mode Finding Algorithm: The decay mode finding (DMF)
algorithm looks for the probability of decay of tau-leptons. It is imposed
by requiring both tau-leptons to pass a DMF discriminator value > 0.5.

x Single prong requirement: It is required that both tau-leptons in
the event should have exactly one signal track.

x Fake tau rejection: Since the hadronically decaying tau-leptons pro-
duce narrow pencil like calorimetric signatures, the tau-leptons in the
event are required to be isolated by demanding that there should be no
track in the isolation region. Loose working point (Table 3.2) has been
chosen for this analysis as a balance between the background rejection
and jet—to—tau fake rate. The last two requirements are very effective
against QCD multijet background.

— Topological requirements:

x Opposite sign charge requirement: The tau-leptons forming the
pair should have opposite-sign charges (determined from the sign of
the leading charged hadrons) i.e. Q(m1) = —Q(72). Due to the electric

charge neutrality of Z’ gauge boson, the pair of tau-leptons coming from
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7' should have opposite charge. This requirement also provides a good

handle to reject QCD multijet background.

*x Strong anti-parallelism: Since Z’ gauge boson is supposed to be quite
heavy, the tau-leptons coming from its decay are expected to be almost
back-to-back. Hence, the event is required to have tau-lepton pairs

where the tau-leptons are nearly back—to—back i.e.:
o —1 <cos(A¢(1,72)) < —0.95.

x Missing transverse energy requirement: Due to the presence of
two neutrinos in the double hadronic tau final state, a fair amount of
missing transverse energy is expected in the signal events. For this rea-
son, an event is required to have missing transverse energy (H;) > 20
GeV. This threshold is chosen in a way to provide the best background
suppression while preserving maximum fraction of Z — 77 events re-

quired to validate the tau-identification criteria.
x (¢ cut: The event is required to satisfy the following condition:
o P —0.875 x Pcm > —T7.

This requirement is specially important to suppress the contribution of

W + jets and tt backgrounds.

* Anti b-tagging: In order to suppress the contribution of ¢# back-
ground, a b-veto is applied. The Track Counting High Efficiency Medium
Discriminator (TCHEM) has been used to remove the contamination
from b-jets. The track counting algorithm identifies a b-jet if there are
atleast N tracks on a secondary vertex with an impact parameter sig-
nificance above a given threshold. It is required that there should be no

b-jet in the event identified using TCHEM discriminator.
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5.4 Estimation of Selection Efficiencies using Monte-

Carlo Cut-based Method

The Tables 5.3, 5.4, 5.5, and 5.6 show the relative efficiencies for various
selections, both for signal and relevant SM background processes. The relative
efficiencies are defined with respect to the number of events passing previous

selections as described below:

Number of events passing (i+1)%" cut
€rel = X 3 .
: Number of events passing it cut

5.5 Di-Tau Trigger Efficiency Measurement Using Fake

Taus

The tau trigger at CMS involves three steps: Level-1 (L1), Level-2 (L2), and Level-3
(L3). At the first step, the tau trigger is seeded at Level-1 with either a “Tau-Jet”
or a “Central-Jet”. A Level-1 Tau-jet is defined as an isolated jet satisfying “Tau
veto” requirements. The isolation is imposed by requiring that the energy of the jet
should be contained within the two square regions of the calorimeters, each region
spanning 4x4 trigger towers (TT), i.e. 20° in ¢ and 0.348 in 1. The purpose of
the tau-veto is to ensure that the individual energy deposits are contained within
squares of 2x2 T'T, each square being 5° in ¢ and 0.087 in 7. Since high energy jets
have a higher probability of having spread of particles, hence, more probability of
failing the isolation requirement due to “leakage”. Level-1 jets that fail the veto or
isolation requirements but pass a higher transverse energy (Er) threshold than the
tau-jet threshold, e.g., 28 vs 52 GeV, are classified as central jets. At Level-2, the
trigger simply requires the presence of a jet above the threshold seeded by the Level-
1. Finally, the Level-3 of the trigger requires a PF tau whose jet is matched to the
Level-2 jet. The PF tau is required to be isolated and it should have a leading track
with pr > 5 GeV/c. The isolation condition on PF tau requires that there should be
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CHAPTER 5.

Cut-wise event selection efficiency estimated from Monte-Carlo

Cut

Collision Data

tt

W-tjets

Z — ee

Z =TT

Skimming

Preselection

35 < LL pr

35 < SL pr

LL |n| < 2.1

SL |n] < 2.1

0.7 < AR(LL,SL)

5 < LL Leading track pr
5 < SL Leading track pr
LL Crack veto

SL Crack veto

LL Medium electron veto

SL Medium electron veto

0.5256 =+ 0.0001

0.8390 £ 0.0001

0.7776 £ 0.0001

0.4954 £ 0.0002

0.9913 +£ 0.0001

0.9913 £ 0.0001

0.9990 £ 0.0000

0.9864 £ 0.0001

0.9853 £ 0.0001

0.9055 £ 0.0002

0.9013 + 0.0002

0.8914 £ 0.0002

0.9317 £ 0.0002

0.8923 £ 0.0003

0.8568 £ 0.0004

0.8105 £ 0.0004

0.5419 £ 0.0006

0.9909 =+ 0.0002

0.9906 £ 0.0002

0.9887 £ 0.0002

0.9780 £ 0.0002

0.9718 £ 0.0003

0.9253 £ 0.0005

0.9230 £ 0.0005

0.8531 £ 0.0007

0.8914 £ 0.0006

0.0560 =+ 0.0000

0.5217 £ 0.0002

0.7401 £ 0.0003

0.3606 £ 0.0004

0.9763 £ 0.0002

0.9774 £ 0.0002

0.9973 £ 0.0001

0.9851 £ 0.0002

0.9744 £ 0.0002

0.9031 £ 0.0004

0.9021 £ 0.0004

0.7126 £ 0.0007

0.8216 £ 0.0007

0.2690 £ 0.0003
0.7827 + 0.0005
0.8391 £ 0.0005
0.6367 £+ 0.0008
0.9771 £+ 0.0003
0.9810 £ 0.0003
0.9998 £ 0.0000
0.9870 £ 0.0002
0.9823 £ 0.0003
0.9071 £ 0.0006
0.8994 £ 0.0006
0.0390 £ 0.0004

0.1045 £ 0.0035

0.1123 £ 0.0002

0.5045 £ 0.0010

0.5013 £ 0.0015

0.2449 £ 0.0018

0.9772 £0.0013

0.9797 £ 0.0012

0.9990 £+ 0.0003

0.9532 £ 0.0018

0.9535 £+ 0.0019

0.8968 £ 0.0027

0.9041 £+ 0.0028

0.8672 £ 0.0034

0.8727 £ 0.0036

Table 5.3: Cut flow relative efficiency table, calculated from raw generator events in case of MC, i.e., before pile-up reweighing or normalization to
luminosity. These efficiencies are rounded off to the last decimal shown. “LL” refers to the leading leg, and “SL” to the subleading leg. The skimming
selects events with at least one pair of HPS taus, each of which must have a leading track pr of at least 5 GeV/c, and pass the HPS discriminant

by decay mode finding. The preselection is applied to both legs and involves a pr cut of 20 GeV/¢, |n| < 2.2, and HPS discriminant by decay mode

finding set to true (selects 1 or 3 prong taus).

134
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FAKE TAUS
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SEARCH FOR 7’ — 77 USING LHC COLLISION

DATA OF RUN 2011 COLLECTED WITH CMS DETECTOR

CHAPTER 5.

Cut-wise event selection efficiency estimated from Monte-Carlo

5 < LL Leading track pr
5 < SL Leading track pp
LL Crack veto
SL Crack veto
LL Medium electron veto

SL Medium electron veto

0.9604 £ 0.0011
0.9558 £ 0.0012
0.9045 £ 0.0017
0.8982 £ 0.0018
0.7768 £ 0.0026

0.7367 £ 0.0032

0.9527 £ 0.0015

0.9466 £ 0.0016

0.9002 £ 0.0022

0.8904 £ 0.0024

0.8066 £ 0.0032

0.7718 £ 0.0038

0.9622 + 0.0011

0.9489 £ 0.0013

0.9044 £ 0.0019

0.8972 £ 0.0020

0.7928 £ 0.0028

0.7563 £ 0.0034

Cut SSMZprimel000 SSMZprime350 SSMZprime500 SSMZprime750
Skimming 1+0. 1+0. 1+0. 1+0.
Preselection 0.7948 £0.0019  0.5700 £ 0.0021  0.6665 £ 0.0021  0.7545 £ 0.0019
35 < LL 0.9938 £0.0004 0.9679 +£0.0010 0.9848 £0.0007  0.9926 £ 0.0004
35 < SL 0.9073 +0.0015  0.7512 +0.0025 0.8300 & 0.0020 0.8850 + 0.0016
LL |n| < 2.1 0.9890 +0.0006 0.9776 +0.0010 0.9821 +0.0008  0.9873 £ 0.0006
SL |n] < 2.1 0.9881 +£0.0006 0.9777 £0.0010 0.9793 £0.0008  0.9837 £ 0.0007
0.7 < AR(LL,SL) 0.9997 +£0.0001  0.9992 +0.0002 0.9993 +0.0002  0.9994 +£ 0.0001

0.9628 £ 0.0010

0.9526 = 0.0012

0.9046 £+ 0.0016

0.8968 £+ 0.0018

0.7787 £+ 0.0026

0.7438 £ 0.0031

Table 5.5: Cut flow relative efficiency table for the signal samples, calculated from raw generator events, i.e., before pile-up
reweighing or normalization to luminosity. These efficiencies are rounded to the last decimal shown. “LL” refers to the leading
leg, and “SL” to the subleading leg. The preselection is applied to both legs and involves a pr cut of 20 GeV/e, |n| < 2.2, and
HPS discriminant by decay mode finding set to true (selects 1 or 3 prong taus).
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CHAPTER 5. SEARCH FOR Z' — 77 USING LHC COLLISION
DATA OF RUN 2011 COLLECTED WITH CMS DETECTOR

no track with pr > 1 GeV/c and no photon with E > 1.5 GeV within the isolation

region. The requirements at the Level-3 are quite similar to those used in the offline
selections to identify the hadronic taus.

In order to measure the tau trigger efficiency, events passing the single muon
triggers and having atleast one HPS tau, forming a pair with the isolated “global”
muon, are selected from the collision data. The minimum AR between the muon and
tau candidate is required to be atleast 0.7. The datasets used for this measurement are
listed in Table 5.7. The denominator of the efficiency is defined as PFTau candidates
at the HLT level matched to the offline tau, where the offline tau is defined as an
HPS tau passing medium isolation, tight electron, and muon rejection. In addition,
the offline p+ 73, pair is required to have an invariant mass, M (u, 7), between 30 and
75 GeV/c? in order to increase the purity of real taus.

The tau trigger efficiency is parameterized as a function of the each offline tau pp

as:

€ = €Level—1 X €Level—2 X €Level—3;

where the relative efficiencies of Level-1 and Level-2 are fitted with an error function,
while the Level-3 relative efficiency is fitted with a constant (describing the plateau)
minus an exponential function describing the inefficiency caused by the large back-
ground contamination present in the low pr region. Since the thresholds applied to
the trigger changed during the course of the data taking period, the measurement of
trigger efficiency is carried out for each period separately. The triggers and thresh-
olds for each run-period are listed in Table 5.8. The relative efficiencies for the four

run-periods are shown in Figures 5.2, 5.3, 5.4 and 5.5.

5.6 Measurement and Validation of Signal Efficiencies

The simulation can accurately predict tau reconstruction and identification efficiencies
in collision data as observed in other Z’ decay final states viz. 7,7, T.T, and 7.7,,.
The origin of missing transverse energy in this case is also not particularly different

from other final states, hence there is no reason to expect it to be less accurate in this
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Dataset
/SingleMu/Run2011A-May10ReReco-vl/RAW-RECO
/SingleMu/Run2011A-PromptReco-v4/RAW-RECO
/SingleMu/Run2011A-PromptReco-v5/RAW-RECO
/SingleMu/Run2011A-PromptReco-v6 /RAW-RECO
/SingleMu/Run2011B-PromptReco-vl/RAW-RECO

Table 5.7: Datasets used for the measurement of the trigger efficiency.

HLT Trigger L1 seed Run Period
DIsoPFTau20_Trk5 DTaulJet28 OR DJet52 163269-165969
DIsoPFTau35_Trk5 _eta2pl DTaulJet36 OR DJet52 165970-170248

DIsoPFTau45_Trk5_eta2pl_v{1-7} | DTauJet40_Eta2pl7 OR DJet52_Central | 170249-173198

DIsoPFTau45 _Trk5_eta2pl_v8 DTauJet44_Eta2pl7 OR DJet64_Central | 173236-180252

Table 5.8: Triggers used during 2011 data taking period. The “D” in the HLT and

Level-1 seed refers to “Double”.

case. The only significant difference in this final state is the use of the di-tau trigger,
which brings a non-negligible inefficiency due to higher pr threshold on taus and an
imperfect efficiency plateau due to deficiency of high pr taus.

Another difficulty in this final state is the inability to use the “standard candle”
Z — 71T events to validate signal efficiencies. This difficulty is due to the fact that
any control region (extracted from collision data) targeting at the Z — 77 process
is overwhelmed by the QCD multijet backgrounds (due to the low mass of the Z
boson) without significantly tightening and modifying the analysis selections. This is
further hindered by the significant reduction in the Z — 77 events due to the high pr
thresholds of the double hadronic tau trigger, which is required in order to maintain
its rate to an acceptable level. We, therefore, rely on predictions from simulation in
certain parts which have been validated in the other final states. The data-driven

measurements are used to cross-check the results and to calculate correction factors
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Figure 5.2: Level-1, Level-2, and Level-3 relative trigger efficiencies and overall trigger

efficiency for HLT _DoublelsoPFTau20_Trkb5.

or efficiencies in areas where the simulation performance is not validated or known
to be problematic e.g. due to low statistics. Since there are many similarities of
Z — 771 and signal topologies with the Z — ee events, the Z — ee events have
been heavily used in order to obtain many of these additional measurements. From
the reconstruction and identification point of view, the selection of true one-prong
taus and electrons identified as one-prong taus are nearly identical. This allows for

the validation of the isolation efficiency, which is the most important selection used
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Figure 5.3: Level-1, Level-2, and Level-3 relative trigger efficiencies and overall trigger

efficiency for HLT DoublelsoPFTau35_Trk5 _eta2pl.

to suppress backgrounds, along with many other topological and fiduciality-related

selections.

5.6.1 Selection of a clean sample of Z — ee events and Vali-

dation of the offline code

In order to select a clean sample of Z — ee events having a topology very similar to

that of signal or Z — 77 events, a selection criteria resembling the signal selections,
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Figure 5.4: Level-1, Level-2, and Level-3 relative trigger efficiencies and overall trigger

efficiency for HLT _DoublelsoPFTau45_Trk5_eta2pl_v{1-7}.

is used. The only significant difference is the inversion of the electron veto, effectively
disabling the electron rejection and enhancing their selection. Other changes are
minor, and they are kept to maintain the same fiduciality requirements as in the
main analysis (e.g. the “crack veto”). Such requirements are known to have negligible

effect on the Z — ee (or signal) efficiency. An explicit list of selections is given below:

Acceptance:

e Event should have atleast one pair of HPS taus.
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Figure 5.5: Level-1, Level-2, and Level-3 relative trigger efficiencies and overall trigger
efficiency for HLT _DoublelsoPFTau45_Trk5_eta2pl_v8 for Run2011B. In addition to

the factorized efficiencies (red line), we fit the overall efficiency using only one error

function shown in green.
e pr > 40 GeV/c on both tau-leptons (20 GeV/c for studies with er, samples).
e |n| < 2.1 on both tau-leptons.
e AR(m,7m) > 0.7.

75, identification:
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Crack veto on both tau-leptons.

e Leading track pr > 5 GeV/c on both tau-leptons.

Inverted tight HPS-tau electron discriminant (electron veto) on both tau-leptons.

e Loose HPS-tau muon discriminant (muon veto) on both tau-leptons.

Loose HPS-tau isolation on both tau-leptons.

Topology:

Charge product of both tau-leptons equal to -1.

—1.0 < cos (A¢(y,72)) < —0.95.

P, — 0.875 x P > —T.

There should be no jet tagged as b-jet using TCHEM.

The validation of the offline software, 7, discriminants and selections is performed
by comparing the collision data selected in the Z — ee control region used in
Z' — 17 — 7.7, final state. In Z' — 77 — 7.7, final state, the events were se-
lected from the collision data using TauPlusX trigger. Since the py threshold on taus
(mis-identified electrons) are well within the trigger plateau of the TauPlusX trig-
ger, the trigger efficiency is essentially 100% due to the presence of two electrons per
event. Using the the selections described above, an excellent agreement between the
simulation and collision data was observed. Figure 5.6 shows some of the distribu-
tions obtained by extracting Z — ee control region for the 7,7, final state using e,
dataset. The agreement in the observed versus expected Z — ee event rates is excel-
lent, thus confirming the reliability and validity of the 7,-ID algorithms and selections.
Remarkable agreement was also found when comparing both 2’ — 77 — 7.7, and
Z'" — 117 — 7,7, analyses. The non-overlap events (from the difference in selections
for the “electron leg”, like isolation etc., between both analyses) were also studied, it
was found that the simulation predicts both, the fraction and the properties of these

events, very well (to about 1% level).
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The double-tau trigger cannot be validated with this study since the 7.7, data
samples do not select events from such trigger. This validation of the double-tau

trigger is performed in the following Subsection.

M0o00F 7,7, channel (1.1/6) 7 ©A000~ %7, channel (1.1/f6) ]
C C CMS Preliminary 3 c L CMS Preliminary ]
000+ 3 <) + -
L%DOOO ; +Collisions é @000 j +Collisions i
180001 = 10000 .
16000 — Iz See E L ]
14000 - E 8000~ N
12000 - E r ]
10000 - 3 60001 3
8000 = L 1
6000 ; é 4000 :* *:
4000 E 2000 .
2000 E i ]
60 70 80 90 100 110 120 130 140 -3 -2 -1 0 1 2 3

Mass(t,, 1,) (GeV/c?) Both taus eta

Figure 5.6: Z — ee visible mass and electrons (fake taus) n distribution of both legs

in the Z — ee control region of the double hadronic tau analysis using 7.7, dataset.

5.6.2 Validation of the offline selections and the Trigger

The next measurement was to perform the similar exercise but with the data collected
using double-tau trigger. In order to account for the higher trigger thresholds in the
case of di-tau trigger, both the electrons are required to have pr > 40 GeV/c. The
rest of the selections were kept identical to those listed in the previous Section. Since
the calorimeteric response of electrons and pions are different, the efficiency of tau
requirements in the di-tau trigger for electrons and pions was measured separately.
The measurement of the efficiency of an electron to trigger a tau leg was done in the
region of |n| < 1, hence, this additional requirement was applied while comparing the
selected Z — ee events collected using the ditau trigger with the simulation predic-
tions corrected for the trigger efficiency (by weighting the event with the measured
efficiency for electrons as a function of the pr of each leg). The comparison shows

a good agreement as illustrated in Figure 5.7 and Table 5.9. A 2% deviation of the
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scale factor from unity is treated as an additional systematic uncertainty (per event)

to account for small differences in tau selections and trigger efficiency.
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Figure 5.7: Z — ee visible mass, transverse mass of the leading leg and the Fr, Fr,

and both taus pr distribution for the Z — ee control region. Note that |n| <1.0.

5.6.3 Validation of signal selections for the high mass events

In order to make sure that the trigger measurement does not introduce any unex-
pected bias for high pr leptons (characteristic of Z’ events), the inspection of Z — ee
events selected using the double-tau trigger and the main analysis selections is done

but with the inversion of electron veto on taus (in order to select electrons as taus).
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Sample Events
QCD 0+5.3
W + jets | 10.8 +2.8
tt 0.96 £ 0.43

4 =TT 8.5 £3.21
Z — ee 20329 £ 149

Total 20349 + 149
Observed 20708
Purity 99.90%

Table 5.9: Event rate in the Z — ee control region for the dataset considered (2.1
fb~1). Note that the contributions of non-QCD backgrounds are estimated using the
MC predictions.

The comparison between data and MC for the whole invariant mass and transverse
momentum range are given in Figure 5.8. Note that instrumental effects that hy-
pothetically could affect the efficiency for high momentum leptons are the same for
Z — ee, Z — 77, and Z' — 77 signal events. Therefore, no additional systematic

uncertainty has been assigned specifically to events with high momentum objects.

The only missing ingredient when using Z — ee events to validate reconstruction
of events with two hadronic taus is, essentially, the efficiency of the electron veto. For
the case of two real electrons, the efficiency per event includes the square of the effi-
ciency of applying the reversed electron veto. Conversely, the same quantity includes
the square of efficiency of electron veto for true taus in the Z — 7,75, case. While the
latter is included in the standard systematic uncertainty for tau reconstruction and
identification of this analysis, potential effects of the former are not included. One
could argue that the agreement obtained in the Z — ee control region in this analysis
may be accidental if the efficiency of the reversed electron veto for electrons predicted
by simulation is incorrect and it is counteracted by another erroneous efficiency from

the other selections. While highly unlikely, still this possibility is also incorporated
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as a systematic uncertainty in the calculations. An additional uncertainty of 3% per
event has been used to account for the use of Z — ee events rather than Z7 — 77 in

the validation studies [66].

5 5
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Figure 5.8: Z — ee visible mass, transverse mass of the leading leg and the Fr, Fr,
and both taus pr distribution for the Z — ee control region of the double hadronic

tau analysis. Note that |n| < 1.0.

5.6.4 Trigger efficiency of the Di-Tau trigger

The only non-trivial factor that is not emulated by the simulation is the efficiency of

the di-tau trigger. The details of the measurements are described in Section 5.5. The
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trigger efficiency is measured by emulating the requirements for a single tau trigger
leg (the di-tau trigger requires two instances per event) using raw trigger objects from
the online trigger. With high certainty, these objects are true hadronic taus, and they
are extracted from the Z — 77 — 7,7, data and compared with our emulation of
trigger efficiency. The measured trigger efficiency is applied separately to both taus,
thus, providing the actual di-tau trigger efficiency.

5.7 Validation Plots for Signal Selections

In order to check and understand the performance of various selections cuts, the
(N-1) distributions were also produced, where (N-1) distribution for a particular
cut/selection means the distribution after all the signal selections, except the one
for which the distribution is shown. For example, the (N-1) distribution for both taus
pr means the distribution of both taus pr with all the signal selections applied except
the pr cut on both taus. Some of the (N-1) distributions are shown in Figure 5.9.
Note that the plots refer to an integrated luminosity of 4.6 fb~!. The integrated lu-
minosity was re-measured later on with a more precise pixel based algorithm and was
found to be 4.9 fb~!. The agreement between the data and simulation predictions
is expected to get better after renormalizing MC to 4.9 fb~! since it will fill up the

small gaps between the data and MC predictions in these distributions.

5.8 Background Estimation

5.8.1 Data-driven estimation of QCD multijet background

The QCD multijet background mimics the signal process if atleast two of the jets
are misidentified as tau-jets. The missing transverse energy typically comes from the
jet energy mismeasurements. While such mismeasurements are rare, the huge cross
section of QCD multijet background makes the rate of surviving events significant in
the low mass region. At higher masses (around the mass of the signal) the rate of

surviving events of QCD multijet background is significantly diminished, although it
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Figure 5.9: (N-1) distributions for both taus pr, Fr, ¢, AR(71,72), and cosA¢(1y, T2).
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must still be evaluated.

Using simulation for modeling QCD multijet background is both impractical (one
would need billions of generated events to have accurate estimates due to the low
probability of them passing the selections) and unreliable, since such estimates would
be dependent on the accuracy of the simulation in predicting rare fluctuations in jet
fragmentation. Fortunately, it is not difficult to measure QCD multijet background
directly from the collision data using like-sign events which would otherwise satisfy
the exact same selections used in the actual analysis. While not perfect, this method
has been used successfully for many years and was also used in the Z’ — 77 search
with 2010 collision data. This method relies on the assumption that the number of
multijet events reconstructed with opposite-sign and like-sign pairs of tau candidates
are approximately the same. This equality is slightly violated due to processes where
the two quarks have correlated charges in the final state, e.g. from gg — qgq. While
fragmentation largely smears the correlation between the visible jet charge (in the
final state) and the parent quark charge, such correlation is enhanced in jets that
fluctuate into a single energetic isolated track. The correlation between the track
charge and the quark charge increases further with the tightness of isolation cuts
applied in selecting a single track that the jet fluctuated into. Since one-prong taus
have been used in the analysis, the asymmetry (arising from the correlations) is taken
into account in the estimation of the QCD multijet background. The like-sign events
are selected from the collision data with the exact same signal selection cuts except the
opposite-sign requirement on the tau-pair is changed to like-sign i.e. Q(11) = Q(72).
The events thus selected, are heavily dominated by the QCD multijet background

with only a small contamination from other backgrounds.

The rate of like-sign QCD multijet events is estimated by subtracting off the con-
tribution of other like-sign backgrounds (non-QCD) estimated from simulation. The
rate of opposite-sign QCD multijet events with the same selections is then computed

as the rate of like-sign QCD multijet events corrected by the asymmetry factor, i.e.
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the “opposite-sign-to-like-sign ratio” or Ros/rs:

QCDrs = (Data)rs — (W + jets, tt, DY — 77/ee)rs
QCDos

R = 55

0S/LS QCD,s (5.5

QCDos = Rosjrs x QCDyg,

where the notation is self explanatory. The measurement of this quantity is illustrated
in Figure 5.10 and Figure 5.11, which shows the Rog/ s as a function of the transverse
mass of the leading tau and the Fr. The left plot in Figure 5.10 corresponds to a
minimum pr >35 GeV/c requirement on both taus while there is no requirement on
the Frr. In the right plot, there is no Fr requirement while pr >50 GeV /c is required
for both taus. Figure 5.11 corresponds to a requirement of fr >15 GeV/c and pr >35
GeV/c on each tau. Unless otherwise stated, in all the three plots the other cuts have
been kept equal to those used in the selection of signal events. All three datasets
are heavily dominated by QCD as shown in Figure 5.12. Since the fit results remain
consistent within the uncertainty in all the three cases, the fit results from Figure 5.11
(which contains the same signal selections except a bit looser Fr requirement) i.e.
Ros/rs= 1.39£0.10 is finally used to estimate the rate of opposite-sign QCD multijet

events.

5.8.2 Estimation of Z — 77 background

The estimation of Z — 77 background relies on the studies performed on Z — ee
events as described in the previous Section. The simulation can accurately predict the
tau reconstruction and identification efficiencies in the collision data as observed in
other final states. Similarly, the origin of missing transverse energy is not particularly
different than the other final states, so there is no reason to expect it to be any less
accurate in this case. The measurements of the spectrum of Z — ee events selected
using the di-tau trigger and the same signal selections, with the exception of inversion
of the electron veto requirement, reassure the fact that the selections with the trigger

taken as a whole does not introduce any unexpected biases.
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Figure 5.11: Ratio of opposite-sign to like-sign events passing all the siganl selections,

for pr >35 GeV/c and Fr >15 GeV/c requirements.

As an additional cross-check, a region with increased Z — 77 purity was created
using HPS “medium” isolation working point and no minimum Fr requirement while
keeping all other cuts at the nominal values. For this cross-check, only the first run

period where the tau trigger pr threshold was set to 20 GeV/c (runs between 163269
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Process Event Rate
W + jets 26+£1.3
tt 0.23 +0.23
4 =TT 0.126 4+ 0.089
Z — ee 0.0737
Total expected rate (excluding QCD) 3.0739
Observed rate 339
Estimated like-sign QCD rate 336713
Estimated opposite-sign QCD rate (Ros/rs = 1.39 £ 0.10) 467 + 72

Table 5.10: Estimation of the event rate of like-sign events and opposite-sign QCD

contributions after nominal cuts for the 75,7, analysis.

and 165970), was used, since the high trigger thresholds in later runs removed a good
fraction of the Z — 77 events. Figure 5.13 shows the full M(m, 72, fr) invariant
mass and the visible M (7, 75) mass distributions for this region, alas, with reduced
statistics, but showing good agreement. Therefore, after performing all validation

checks, the Z — 77 rate was estimated using the simulation predictions.

5.8.3 Estimation of Z — ee background

The validation results using Z — ee data to evaluate Z — ee background expectations
after all selections are directly applicable to the estimation of Z — ee background
after final selections. Note, however, that the validation studies showing an excellent
agreement between data and simulation account for all effects with the exception of
the efficiency of the HPS tau discriminant against electrons (electron veto). Based
on the studies performed in the Z’ — 77 — 7.7, final state, the rate of Z — ee
background is estimated from the MC predictions with a correction factor of 1.0£0.5

which is consistent with 1.
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5.8.4 Estimation of ¢t and W + jets backgrounds

Other backgrounds include ¢t and W + jets with small contributions compared to
leading backgrounds. Their contributions are estimated using simulation and cor-

rected for the trigger efficiency. Based on the studies performed in other channels, no
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Figure 5.13: Ditau full invariant mass, and visible mass for the Z — 77 control region

for the first run period explored: runs 163269 to 165970.

significant deviations of the actual contribution of these backgrounds from simulation
predictions, are expected. Hence, no additional uncertainty, except the statistical

uncertainty driven by the size of the simulation samples, is added.

5.8.5 Data in Low and High Mass Regions

Table 5.11 shows the expected rate of background processes after final selections in the
entire di-tau mass region, as well as in the high mass region, where the sensitivity of
the final fit for signal plus background dominates (the rates for M (7, 7, Fr) > 250
GeV/c* and M (my, m, Fr) > 350 GeV/c? are also quoted). The number of events
observed in LHC collision data of Run 2011, after unblinding the signal region, are
also shown at the bottom of the Table. As expected, the QCD multijet background
governs the low end of the mass spectrum, but diminishes quickly at higher values of
invariant mass. The net background expectation in the high mass region, where the
7' boson would appear, is sufficiently small to obtain stringent limits for the Z" — 77
production. The mass distributions are fitted to obtain smooth shapes in the high
mass region as shown in Figure 5.14. The mass distributions shown in Figure 5.15

are used to calculate the limit on the Z' — 77 — 7,73, production cross-section as a
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function of Z’ mass. Table 5.12 contains the expected signal rates and sensitivity for

four different SSM Z" masses, for the dataset used in this analysis.

Sample Mipy >0 GeV/c? | My, > 250 GeV/c? | My, > 350 GeV/c?
QCD 467 £ 72 £ 67 3000£94+44 224+558+04
W + jets | 5.8+ 1.7+0.60 23+1.4+0.2 0.25+0.25 4+ 0.05
tt 0.00£0.76 =0.15 | 0.00£0.76 = 0.15 0.00 £0.76 = 0.15
Z =TT 309+ 3.6+4.1 6.443.2+£0.22 3.95+£28+0.1
Z — ee 0.66 + 0.33 4+ 0.22 0.0£3.7+£0.1 0.00+3.7+0.1
NBks. 504+ 72467 | 3874110444 | 64+73+04
Sbmerved 488 52 7

Table 5.11: Comparison of the expected SM background contributions (rates) and
events observed in data for [ Ldt = 4.9 fb™!, for the entire region as well as for high
mass regions, where the sensitivity of this analysis dominates. The uncertainties are

presented as statistical 4+ systematics.

5.9 Systematics Uncertainties

The following systematic uncertainties on signal have been considered:

e Parton Distribution Functions (PDF): The PDF uncertainties are crucial
input for LHC, both for “standard candle” processes and for exclusion and dis-
covery. The systematic effects due to imprecise knowledge of the parton distri-
bution functions is determined by comparing the default PDF (CTEQG6L) with
CTEQG6.6L, MSTW2008nnlo, and NNPDF20 PDF and variations within the fam-
ily of parametrizations [67]. The maximal deviation from the central value is used
as the overall systematic due to PDFs. A 6.5% systematics uncertainty is used

for this purpose.

e Initial State Radiation (ISR) and Final State Radiation (FSR): The

ISR and FSR are important sources of systematic uncertainties for in-situ Jet
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Signal Sample

Mip, > 0 GeV/c?

M, > 250 GeV/c?

M, > 350 GeV/c?

Rate s/\/s+b Rate s/\/s+b Rate s/\/s+b
SSM Z’(350) 220.6 £ 8.3 8.2 164.1 £ 7.7 12 34.84+3.5 5.4
SSM Z'(500) 84.4 4+ 2.7 9.2 77.8 £2.7 8.8 51.2 £ 2.2 7.2
SSM Z’(750) 22.15 + 0.64 1.4 21.52 + 0.64 1.6 19.00 £ 0.60 2.6
SSM Z'(1000) 6.64 +0.19 0.70 6.61 = 0.20 0.72 6.32 +0.19 0.83

Table 5.12: Comparison of the expected signal rates and the sensitivity for [ Ldt = 4.9

fb=! for four different SSM Z’ masses, for the entire region as well as for higher mass

regions.

Energy Scale (JES) calibration. The systematic effect due to imprecise modeling
of initial and final state radiation is determined by re-weighting events to account
for effects such as missing a term in the soft-collinear approach [68] and missing
NLO terms in the parton shower approach [69]. The uncertainties obtained are

3.1% and 2.2% for ISR and FSR respectively.

Luminosity: An uncertainty of 2.2% is considered on the measured luminosity

as per official measurements of CMS detector performance group (DPG) [70].

Tau ID Efficiency: An uncertainty of 6.8% per hadronic tau is considered as

per measurements of the tau physics objects group (POG) [57].

b-Tagging Efficiency: We consider a 20% uncertainty on the mis-tag rate as
measured by the b-tagging POG [71]. For the case of the signal Z' — 77, the
systematic uncertainty on the requirement of 0 jets mis-tagged as b-jets is de-
termined by propagating the 20% uncertainty on the mis-tag rate through the

following equation (which represents the Z’ — 77 efficiency for requiring 0 jets

mis-tagged as b-jets):

6NBtag<1 —
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lection cuts.
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Figure 5.15: Di-tau invariant mass, visible mass, and Fr for the Z' — 7,73, signal

region. The right-most bin indicates the overflow.
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where P(n) is the probability to obtain n additional jets (non-tau and non-lepton)
in the event, C'(n, m) the combinatorial of n choose m, and f the mis-tag rate.
Based on Figure 5.16, the probability to obtain at least one additional jet in the
event is approximately 1%. Therefore, based on the above equation, the mis-tag
rate, uncertainty and the 1% probability to obtain at least one additional jet, we

calculate a negligible systematic effect on our signal due to the mis-tag rate.

102

10° =0 ‘7

2 4 6 8 10 12 14 16 18 20
Number of Jets with p_>20 & n|<2.4

o

Figure 5.16: Probability, in Z’ — 77, to obtain n additional jets (non-tau and non-

lepton) in the event.

e Tau Energy Scale: We consider the effect of 2% tau energy scale uncertainty
measured by the tau POG on the signal acceptance. The tau 4-momentum is
measured by a factor of k = 1.02 (Psmeared = K * Pde faurr) and variables are recal-
culated using psmeared- BY USING Psmearea Calculated with a factor of £k = £1.02,
the signal acceptance is found to fluctuate by 2%. Therefore, we assign a 2%

systematic on the signal acceptance due to tau energy scale.

e Jet Energy Scale: We consider the effect of a 2-5% jet energy scale uncertainty
on the signal acceptance (depending on the 1 and pr of the considered jet as
prescribed by the Jet M ET POG). The jet 4-momentum is measured by a factor
of k = 1.05 (Psmeared = K * Paefauir) and variables are recalculated using psmeared-

We find that by using psmeareq calculated with a factor of k£ = +1.05, the signal
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acceptance fluctuates by 4%. Therefore, we assign a 4% systematic on the signal

acceptance due to jet energy scale.

e Missing Transverse Energy: The uncertainty on Fr for the signal process
is driven by the tau energy scale (TES), jet energy scale (non-tau jets) (JES),
light lepton energy/momentum scale (LES), and unclustered energy (UCE). The
technical implementation of JES, TES, and LES “smearing” also involves the
recalculation of the Fr as depicted in Figure 5.17. Therefore, the systematic
effect from Fr due to TES, JES, and LES is included in the JES, TES, LES
systematic uncertainties described above. We find that a 10% uncertainty on the
unclustered energy results in atmost a 0.5% fluctuation on the signal acceptance

for the mass range considered (Mz > 350 GeV/c?).

Met Smearing

Figure 5.17: Depiction of the recalculation of MET due to JES, TES, and LES

considerations.
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5.10 Results and Conclusions

In this analysis, the search for a Z’ — 77 is performed using pp collision data of
LHC collected using the CMS detector in Year 2011. The collision data corresponds
to 7 TeV center-of-mass energy and an integrated luminosity of 4.94 £ 0.11 fb~L.
The search results from the fully hadronic tau final state is presented along with
the results from other three complementary Z’ decay channels. The observed mass
spectrum did not reveal any evidence for Z' — 77 production as shown in Figure 5.18.
Therefore, we determine 95% C.L. upper limits on the Z/ — 77 production cross-
section as a function of Z' mass. Figure 5.19 shows the upper limits on the 2/ —
77 production cross-section as well as the theoretical Z/ — 77 production cross-
section for various Z’ masses in the context of Sequential Standard Model (SSM) and
Super-string inspired Eg models, for all the four final states considered. The bands
on the expected limits represent the 1o and 20 deviations obtained using a large
sample of pseudo-experiments where the pseudo-data is obtained from background
only distributions using a Poisson based random event generator. It can be noted
that although the 7.7, final state is cleaner than the 7,7, and 7.7, final states, the
upper limit is larger due to the smaller branching fraction of 77 to 7.7,. To determine
the upper limits on the Z’ production cross-section times the branching fraction to 77
pair, we determine a point at which the experimental limit on the Z’ — 77 production
cross-section exceeds the theoretical value. One can see from the combined limit in
Figure 5.20 that we can exclude ZJ, and Z§g,, resonances of masses less than 1.1
and 1.4 TeV, repectively, at 95% C.L [72]. The current exclusion limit exceeds our
limit set with 2010 data, where a Z§g,, — 77 having mass less than 468 GeV /c* was
excluded at 95% C.L using 36.1 & 1.4 pb~! of collision data collected during LHC
Run 2010 [65].
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Search for Z' — 77 using LHC collision
data of Run 2012 collected with CMS

detector

6.1 Introduction

After an unbeatable success in Year 2011, providing very stringent and the world’s
best limits [73] on the Higgs boson mass, the LHC machine started its running op-
eration on 30" March 2012 but at 8 TeV center-of-mass energy. The CMS detector
recorded its first 8 TeV collision events on 5" April 2012 i.e. within a week after the
start of the LHC machine. Till date LHC has delivered more than 16 fb~! of data in
its current Run 2012. This Chapter describes the studies performed for the search of
a Z' gauge boson decaying to 77~ in the 7,7, final state using 5.10 +0.22 b~ of 8
TeV collision data of LHC collected with the CMS detector.

The motivation for analyzing events where one tau-lepton decays to a muon, while
the other decays to hadrons is the same for all di-tau related analyses. Because of
the lowest jet—to—muon misidentification rate among the family of leptons, the mere
requirement of a muon removes a substantial amount of background processes. Once

this requirement is imposed, the main source of background for many di-tau related
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searches is due to Drell-Yan processes giving rise to tau-leptons. Because we search
for Z' gauge bosons with masses much larger than the mass of the Standard Model
Z boson, this source of background can be easily discriminated against by looking at
regions with larger invariant mass. This process, however, serves as a control sample
to validate tau-identification and reconstruction. Other main sources of background
include (1) QCD events where b-jets produce muons associated to jets, (2) W + jets
events where the W boson decays to a muon and the jet is misidentified as a hadronic
tau, and (3) tf events where two leptons can come from the prompt decay of W bosons

or one misidentified tau from a jet.

6.2 Pile-Up Reweighting

The signal-like events are selected from the “SingleMu” primary datasets of the colli-
sion data. The full list of MC samples used in this analysis is given in the Section 3.8.3.

As in the case of Run 2011 analysis, the Summer 12 MC (official CMS samples
corresponding to LHC Run 2012) used for this study are reweighted in order to match
with the pile-up distribution present in the collision data. The pile-up spectrum for
collision data is obtained using the information from the Luminosity Database. The
pile-up weights are obtained by dividing the pile-up distribution in data with the
generated pile-up distribution in the MC and the weights thus obtained are applied
to the MC samples.

6.3 Event Selection

In order to select signal-like events, a set of loose pre-selections is applied. The

complete list of pre-selections is given below.

6.3.1 Skimming Criteria

e Event should have > 1 particle flow taus with pr >15 GeV/c, |n| <2.1.

e Event should have > 1 global muons with pr >8 GeV/c, |n| <2.5.
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e Event should have > 1 p-7 pair with AR > 0.3, where AR = \/An? + A¢? with
An and A¢ being the distances in pseudorapidity and azimuthal angle between

the muon and tau.

The triggers are not applied at the skim level for MC samples to avoid any differ-

ences between MC and the collision data at the skim level. Table 6.1 shows the MC

skim efficiencies for various background processes. The extraction of QCD multijet

background is performed with a data-driven method, hence, it is not listed in the

Table of skim efficiencies.

Sample o x Filter Efficiency (pb) | Events processed | Final N events | ¢5%im
Z = 1915.083 1952620 1116313 0.5717
4 =TT 1915.083 1989141 148191 0.0745
W + jets 36257.2 17914581 2909328 0.1624
tt 225.197 1198793 444932 0.37115
QCD multijet Data-driven — — —

Table 6.1: Table shows the skim efficiencies for various MC samples.

6.3.2 Signal Selections

The event selection criteria for this analysis remains the same as that of the analysis

with 2011 data (Chapter 5). The event selection criteria is divided into four cate-

gories: kinematic and geometric acceptance, muon-identification, tau-identification,

and topological selections as described below.

e Online Event Selection

Apart from selecting signal-like events, the purpose of online selections is to pre-

serve the maximum fraction of Z — 77 events which are then used to validate

the tau-identification selections used in the analysis. Taking this fact into ac-

count, the lowest un-prescaled “SingleMu” triggers having lowest py thresholds

on muons ie. HLT _IsoMu24x have been used to select the events of interest
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from the collision data. With the increase in the instantaneous luminosity dur-

ing data taking, various triggers had to be prescaled in order to cope with the

Wk

total bandwidth permissible for the recording of events. The in the trigger

names represents different versions of the “SingleMu” trigger depending upon the

run-ranges.

Offline Event Selection
— Acceptance:

« Event should have atleast one global muon with |n| < 2.1, pr > 30 GeV/c.
« Event should have atleast one PFtau with |n| < 2.1, pr > 20 GeV/ec.

* Event should have atleast one pu7y, pair with AR(u, ) > 0.3.

— Muon Identification:

x > 1 p with global track fit having x?/ndof < 10.

x > 1 p having atleast 1 valid muon hit in the muon chambers used in the
global track fit. This is a loose (yet potentially powerful) cut to reject the
muons from decays-in-flight of hadrons and punch-through at high pr.

x > 1 p which must use hits from segments located in atleast two muon sta-
tions. This cut, particularly effective against punch-through and accidental
matches, is also consistent with the logic of the CMS muon trigger system,
which also requires atleast two muon stations in order to give a meaningful

estimate of the transverse momentum.

* > 1 p with tracker track having impact parameter d,, < 2 mm with respect
to the primary vertex. This is a powerful cut to reject muons coming from
cosmic rays and other backgrounds. The muons coming from the signal vertex
are expected to have very small d,,, however the cosmic muons as well as

those from the decays-in-flight of heavy mesons would have large value of

d
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x > 1 p with tracker track having longitudinal distance with respect to the

primary vertex (d,) < 5 mm.

x > 1 u having atleast 1 valid pixel hit on a silicon tracker track. This cut is

quite effective against rejection of decays-in-flight.
* > 1 p with number of tracker layers with hits > 5.

x > 1 p passing “Tight” working point of relative isolation (delta-beta cor-

rected).

75, Identification:

x Rejection of muons faking tau-leptons: Since a hadronically decay-
ing tau-lepton can be faked by a muon, hence, a muon veto is applied to
remove the muons misidentified as hadronically decaying tau-leptons. For
this purpose, the tau-lepton is required to have leading track that cannot be
matched to a global muon track. For this analysis, tight working point of

muon discriminator has been chosen.

x Rejection of electrons faking tau-leptons: The electrons can also fake
hadronically decaying tau-leptons, hence, an electron veto is imposed to re-
move the electrons which are misidentified as hadronically decaying tau-
leptons. The electron veto requires the HPS taus to pass a discriminator
which uses the information of the HCAL energy associated to the tau-lepton
with respect to the measured momentum of the leading track of the tau-
lepton (H/p). Additionally, the discriminator considers the amount of elec-
tromagnetic energy deposited in a narrow strip around the leading track with
respect to the total electromagnetic energy of the tau-lepton. Finally, the
HPS tau-leptons must not reside inside the ECAL cracks. For this analysis,

tight working point of electron discriminator has been chosen.

* Decay Mode Finding Algorithm: The decay mode finding (DMF) al-
gorithm looks for the probability of decay of tau-leptons. It is imposed by
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requiring the tau-leptons to pass a DMF discriminator value > 0.5.

x Fake tau rejection: The generic QCD jets can fake hadronically decaying
tau-leptons. Tau isolation helps in removing such fake taus. In this analysis,
medium working point for tau isolation has been chosen as a balance between

the background rejection and jet—to—tau fake rate.

— Topological requirements:

x Opposite sign charge requirement: Due to the electric charge neutrality
of Z' gauge boson, the pair of muon and tau-lepton coming from the decay of
Z' gauge boson should have opposite charge, therefore, it is required that the

muons and tau-leptons forming the pair should have opposite sign charges

i.e. Q) = —Q(m).

*x Strong anti-parallelism: Since Z’' gauge boson is supposed to be quite
heavy, the muon and tau-lepton coming from its decay are expected to be
almost back—to—back. Hence, the event is required to have muon and tau-

lepton pairs where the muon and tau-lepton are nearly back—to—back .e.:
o —1 < cos(A¢p(u,m)) < —0.95.

x Missing transverse energy requirement: Due to the presence of neutri-
nos in the final state, a fair amount of missing transverse energy is expected
in the signal events. For this reason, the event is required to have missing

transverse energy () > 30 GeV.

* ¢ cut: To suppress the contribution of W + jets and tt backgrounds, an

event is required to satisfy the following condition:

o P —0.875 x P > —T.
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* Anti b-tagging: In order to further suppress the contribution of ¢t back-
ground, a b-veto is applied. The anti-b tagging uses a combined secondary
vertexing (CSV) algorithm to identify the b-jets. Medium working point has

been used in the analysis requiring CSV discriminator value > 0.679.

6.4 Background Estimation

6.4.1 Estimation of Z — uu background

The estimation of Z — up background in the signal region is obtained by correcting
the predicted rate from the simulated samples using a data—to-MC correction factor
obtained from a control sample enriched with Z — up events and having selections
quite similar to the signal selections. The correction factor is used to correct the
simulation prediction of Z — upu background. This approach is fairly safe approach
because: (1) Z — pp has a small contribution in the signal region; (2) unlike jets,
where fake rates are difficult to model, muons are much cleaner objects and are ex-
pected to be fairly well modeled by MC. A sample enriched with Z — uu events is
obtained by removing the requirement on the missing transverse energy and requiring
the 73, leg to be “muon-like” by inverting the muon veto. Figure 6.1 shows various dis-
tributions obtained for events passing above selections. A good agreement for shapes
and event rates between data and MC is observed which validates the robustness and
performance of the selections. Table 6.2 lists the number of observed events in data as
well as the expected MC contributions. The measured data-to-MC correction factor
(CF) is 1.096 £ 0.003. Taking into account the data-to-MC correction factor, the

expected Z — pp contribution in the signal region is N%_?WXCF = 342.59 £ 43.36.
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Figure 6.1: Figure shows the distribution for (a) Transverse momentum of 7-lepton,

-1.41.2-1-0.80.604-02 0 0.20406 0.&3
[P -pfl/Ip +p.]

(b) Transverse momentum of y, (c¢) Invariant mass of u — 7 pair; M(u, 7), and (d) pr

asymmetry between p and 7-lepton in Z — pp control region.

6.4.2 Estimation of Z — 77 background

As mentioned before, an important aspect of the analysis is to use Z — 77 events for
the validation of tau-identification and also to ensure the robustness of the tau-lepton
selections. The methodology used for the estimation of Z — 77 background is quite

similar to that of Z — pu background. The estimation of Z — 77 background in the

174




6.4. BACKGROUND ESTIMATION

Sample Events

QCD —

W+ Jets 35.24 4 18.08

tt 54.43 4 7.22

Z =TT 686.11 4 55.09

Z = pp | 568310 + 1635.60
Nk 569085.78 4 1636.64
Data 623918

Table 6.2: Events in the Z — pu control region for data and MC.

signal region is obtained by correcting the predicted rate from the simulated samples
using a data—to—MC correction factor obtained from a control sample enriched with
Z — 7171 events and having selections quite similar to the signal selections. The
sample enriched with Z — 77 events is obtained by removing the requirement on the
missing transverse energy, applying an upper threshold on the muon pr i.e., pf. < 40
GeV/c to suppress W + jets events, and applying a cut on the transverse mass of
p-Fr i.e., Mp(u,Fr) < 40 GeV/c? to further suppress the events with W bosons.
Figure 6.2 shows various distributions obtained for events passing above selections.
A reasonable agreement between the data and MC validates the tau-identification
and the signal selections. Table 6.3 lists the number of observed events in data as
well as the expected MC contributions. The measured data—to-MC correction factor
(CF) is 0.70 + 0.02. Therefore, Z — 77 prediction in the signal region is N}¢ xCF
= 886.71 &£ 58.20.

6.4.3 Estimation of W + jets background

The estimation of W + jets is performed by creating two control samples enriched
with high purity of W + jets events. The first control region, W + jets region 1,
is obtained by removing the requirements on cosA¢(p, 7) and pe — 0.875])?5, and

also requiring the transverse mass of the y — Fr to be compatible with the W mass
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Figure 6.2: Figure shows the distribution for (a) Transverse momentum of 7-lepton,
(b) cosA¢(p,7), (¢) Missing Transverse Energy, and (d) One-dimensional ¢ in Z — 77

control region.

(50 < Mp(u, Br) < 100 GeV/c?). Figure 6.3 shows the cosA¢(u, ) distribution
in this control region. Table 6.4 lists the number of observed events in data and
expected background contribution from MC in this conrol region. With the above
selections, a sample enriched with W + jets events is obtained which is used to
calculate the efficiency for requiring cosA¢(u, 7) < —0.95 and p, — O.875pzis > —T7.
The second control region, W + jets Control Region 2, is obtained by inverting
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Sample Events
QCD —

W+ Jets | 719.84 £73.15
tt 15.63 £ 3.87

Z = pp 337.93 £ 43.06
Z — 17 | 10154.50 & 211.86
Nk, 11227.90 + 228.26
Data 8141

Table 6.3: Events in the Z — 77 control region for data and MC.

the requirements on cos A¢(u, 7) and pe — 0.87519‘5iS (i.e. cos Ag(p, ) > —0.95 and
pe — 0.875102is < —T7) to obtain a high purity sample of W+jets events where the
efficiency for 50 < My(u, Fr) < 100 GeV/c? requirement can be measured. Figure 6.4
shows the Mr(u, frr) distribution in this control region. Table 6.5 lists the number of
observed events in data and expected contributions in MC. The measured efficiencies

are summarized in Table 6.6.

Sample Events
QCD —
tt 293.82 £16.78

Z =TT 874.72 + 62.20
Z — pp | 1161.67 +76.23
W + jets | 15298.80 + 376.97
Nk 17629.01 + 389.96
Data 17344

Table 6.4: Events in the W + jets Control Region 1 for data and MC.
The W + jets contribution in the signal region is estimated as follows:

cosAP(p,T),
NWHjets _ N Wejets € (m):¢
Signal ~~— “'Region 1 GMT(%ET) :
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The estimated number of W + jets events in the signal region = 2163.54 4 53.99.
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Figure 6.3: Figure shows the distribution for (a) cosA¢(u, ), (b) Transverse mass
of u-Fr pair, (c) Invariant mass of p-7 pair, and (d) One-dimensional ¢ in W + jets
Control Region 1.

6.4.4 Estimation of t¢{ background

The estimation of ¢¢ background is performed by creating two control regions enriched

with ¢ events. First control region is created by requiring the presence of at least one
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Figure 6.4: Figure shows the distribution for transverse mass of p-fr pair in W+ jets
Control Region 2.

b-tagged jet in the event and removing the cuts cosA¢(u, 7) < —0.95, pc —0.875pf™ >
—7. Figure 6.5 shows various distributions in this control region. Table 6.7 shows
the number of observed events in data and expected MC background contribution in
this control region. The measured data-to-MC scale factor in this control region is
1.2 4+ 0.05. The contribution of ¢¢ background in the signal region is determined as:

_ Ad(ur) ENBtag< 1
it _ . Ao(wT),C
NSignal - NCRl € ¢NBtag>1"’

where Ngm is the number of events in the Control Region 1, e2?7)< i the effi-

ciency for selecting events satisfying cosA¢(p, 7) < —0.95 and p; — 0.875p > —7

NBtag<1 NBtag>1

requirements, € is the probability to tag zero jets as b—jets, and ¢ is
the probability to tag at least one jet as a b—jet. The probability to tag n jets as
b—jets is measured by using a second Control Sample 2 enriched with a high purity
of tt events obtained by selecting events with inverted cosA¢(u, 7) and p; — 0.875pf’
cuts along with the requirement of high multiplicity of jets (Njes > 2). Figure 6.6
shows the distribution of the number of jets tagged as b—jets in this control region.
The measured efficiencies are summarized in Table 6.8. The estimated number of ¢t

events in the signal region is 159.24 + 11.17.
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Sample Events
QCD —
tt 201.21 +13.48

Z—7r | 165.98 & 27.09
Z — pup | 687.43 + 58.65
W + jets | 13591.30 & 355.34

Npks, 14645.92 + 361.42
Data 14596

Table 6.5: Events in the W + jets Control Region 2 for data and MC.

Cut Eff. measured in data
cosAp(p, 7) < -0.95 and p; — 0.875]92is > —7 0.096 + 0.002

50 < My (p, Fr) < 100 GeV /c? 0.768 £ 0.003
Expected number of events in the signal region 2163.54 £ 53.99

Table 6.6: Cut efficiencies and expected number of W + jets events in the signal

region.

6.4.5 Estimation of QCD multijet background

The extraction of QCD multijet background from the collision data is performed by
applying exact same selections as the signal selections but requiring events to have
same-sign u-7 pairs. The events thus selected, are dominated by the QCD multijet
background with a small contamination from other non-QCD backgrounds. The rate
of QCD multijet events is estimated by subtracting off the contribution of other like-
sign (LS) non-QCD backgrounds. The final prediction for QCD multijet events is
calculated as: (Nps — Neor) X Rosyrs, where Npg refers to the number of events in
the collision data with all other selections exactly same as the signal selections but
requiring like-sign p-7 pairs, N, refers to correction factor obtained from like-sign
events from non-QCD backgrounds (estimated from MC), and Rps/rs denotes the

ratio of number of events selected with opposite-sign requirement to the number of

180




6.4. BACKGROUND ESTIMATION

(n j"l T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ w 7\\|\‘|\\ll\\Il\\l\‘\l\\‘I\I\l\l\l‘l\l\l\l\l‘l\l\
< 7001 [ CMS Preliminaryys =8 TeV, L=5.11b" | c 600 + [_cMs PreliminaryVs =8 TeV, L=5.1fb"
) C ) F
> F . > L
{1l 600f Iwejets TR Jweets
i [ C [
500; IZ—) up 5 IZ% uut
F fiz- = L fz-
400 ? s Data %

s Data

0.5 1 50 100150200250 300350400450 501
CosAd(u,t) M (1 ) [GeVic?]
(a) (b)
» . ™ n L L L I i 7]
© 700 + | cms Pre"m'“a"y\r ”e"' L=sam’ | . = 250 cMS Preliminaryvs =8 TeV, L=5.1f0" | wsiets _
g Co ] o C I .
L IW'I-jets —: L r ]
g 200C .
Iz-w C 1
IZ% 1T E 1 50; ]
sData 7 L ]
E ]
E 50— :
100 200 300 400 500 600 700 800 -100-80 -60 -40 -20 0 20 40 60 80 10t

M(u,t) [GeV/c?]

() (d)

Figure 6.5: Figure shows the distribution for (a) cosA¢(u, 7), (b) Transverse mass of

P,-0.875"P}

p-Fr pair, (c¢) Invariant mass of p-7 pair, and (d) One-dimensional ¢ in ¢¢ Control

Region 1.

events selected with like-sign requirement. The ratio (Rog/rs) is measured to be
1.1 £ 0.2. Taking this into account the QCD multijet contribution in signal region is
326.83 + 105.66.
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Sample Events

QCD —

4 =TT 69.32 £ 14.64
Z — 35.76 £ 14.0
W + Jets | 354.74 £ 57.67

tt 2053.86 & 44.78
Bk

NTOtZl 2513.68 & 75.77

Data 2991

Table 6.7: Number of events in the ¢¢ Control Region 1 for data and MC.
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Figure 6.6: Figure shows the distribution for number of jets tagged as b-tags in tt
Control Region 2.

6.5 Data in the Signal Region and Results

The number of events expected from SM backgrounds and observed events in data
are shown in Table 6.9. The number of observed events in data are consistent within
statistical uncertainty to the expected number of events from SM background predic-

tions. We are now in the process of updating the results with full 2012 data available

182




6.5. DATA IN THE SIGNAL REGION AND RESULTS

Cut Data

cosA¢p < —0.95 and p; — 0.875]975“ > —T7 | 0.08964 0.005
Probability to tag 0 b — jets 0.4765 + 0.0253
Expected Number of Events 159.24 £11.17

Table 6.8: tt extraction efficiencies and expected number of ¢t events in the signal

region.

till date [74]. The results will then be combined with the other channels considered

for this search to have a statistical interpretation of the results.

Sample Events

Z —7r | 886.71 4 58.20
Z — pp | 342.59 & 43.36
W + jets | 2163.54 & 53.99

tt 159.24 + 11.17
QCD 326.83 + 113.63
Nk 3878.91 + 145.67
Data 3928

Table 6.9: Number of events in the signal region for data and MC backgrounds.
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In this Chapter, the search results for Z — 77 in 7,7, final state using pp collision
data at 8 TeV, are presented. The data corresponds to an integrated luminosity of

5.10 + 0.22 b1 collected by the CMS detector during current LHC Run 2012. No

excess of events above SM background predictions is observed in the collision data.
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Summary and Conclusions

The Standard Model of particle physics is an excellent theoretical framework which
can explain most of the phenomena occuring in the nature. However, there are
several experimental evidences which require new theoretical models to explain e.g.
non-zero mass of neutrinos which is evident from neutrino oscillations, existence of
dark matter and dark energy, etc. Many extensions of the Standard Model (SUSY,
Extra Dimensions, etc.) have evolved over the time to explain such experimental
observations. The Large Hadron Collider (LHC) has been designed to explore the
Standard Model physics as well as the New Physics beyond the Standard Model. The
Large Hadron Collider started its journey in Year 2009 by colliding proton-proton
beams at center-of-mass energy of 0.9 TeV and then at 2.36 TeV. The story of success
continued with the excellent performance of the LHC machine and its detectors.
The proton-proton collisions at center-of-mass energy of 7 TeV, the highest energy
reached in any particle collider till Year 2010, were also recorded in March 2010 which
marked the start up of the new era of research in Experimental High Energy Physics.
The Compact Muon Solenoid (CMS) detector at the LHC, collected data at 7 TeV
corresponding to an integrated luminosity of [ Ldt = 36.0 £ 1.4 pb~' during Year
2010 and [ Ldt = 4.9440.11 fb~! during Year 2011 for physics analyses. During the
current LHC Run 2012 at 8 TeV, the LHC has delivered more than 16 fb~! of data.

In this thesis, we have performed the search for new heavy, neutral gauge bosons,

185




CHAPTER 7. SUMMARY AND CONCLUSIONS

Z', decaying into 777~ using LHC data corresponding to Run 2010, Run 2011, and
Run 2012 collected using the CMS detector. The discovery of such new gauge bosons
is one among the potential discoveries expected at the LHC. A brief summary of this

search is presented in the following Section.

7.1 Search for Z' gauge bosons decaying to 77~ with

the CMS detector

The present search for Z’ gauge bosons decaying to 777~ is based on the LHC data
collected by the CMS detector during Years 2010, 2011 at 7 TeV, and during Year
2012 at 8 TeV. The combined search considers four dominant decay modes of 7/ —
77 production: (1) 7,7, (42%), (2) 7em (23.1%), (3) 7,7 (22.5%), and (4) 7.7,
(6.2%). The Z' — 77~ — 7.7, final state has the smallest branching fraction, but
little background contamination, while the Z’ — 777~ — 75,7, mode has the largest
branching fraction, but most background contamination. In this thesis, we have
presented, in details, the analyses performed in fully hadronic mode (Z' — 777~ —
7,7,) using LHC data of Run 2010 and Run 2011 at 7 TeV center-of-mass energy.
Only final results from other three final states have been shown in order to obtain a
combined statistical interpretation of the results. The present thesis also includes the
analysis peformed in the Z" — 77 — 7,7, final state using LHC data of Run 2012 at
8 TeV center-of-mass energy.

We identify the signal-like events as the events having two oppositely charged,
nearly back—to—back leptons (e/u/7,). Because the decay of tau-lepton involves emis-
sion of neutrinos, a fair amount of missing transverse energy is expected in the signal-
like events. Moreover, due to the presence of neutrinos in the final state, the 777~
invariant mass distribution does not produce a narrow peak as in the case of ee™ and
wp~ decay modes, hence, we look for a broad enhancement in the 777~ invariant
mass distribution consistent with a resonance production. The signal selections are
chosen to maintain high efficiency for signal events while providing strong background

suppression, and reducing the influence of systematic effects.
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In order to ensure the robustness of the analysis, the estimation of major back-

grounds is performed with the help of data-driven methods. For this purpose, we
define control regions with most of the selections similar to the signal selections but
enriched with events from a particular background process. Once a background en-
riched region is created, we measure the selection efficiency in those regions and use
them to extrapolate to the high mass region where the signal is expected. In cases,
where a complete data-driven estimation is not possible, we calculate scale factors
from the ratio of observed data events and expected MC events in the background
enriched regions to estimate the background contribution in the signal region. Once
the expected contribution of each background in the signal region is complete using
data-driven methods, we unblind the collision data and look for excess of observed
events in data over the MC background expectations. To quantify the significance of
any possible excess or to set the upper limits on the Z’ — 77 production rate, a fit
of the 777~ invariant mass distribution is performed and results are interpreted in
terms of the upper 95% confidence limit for individual search channels. Finally the
combined limit is obtained by combining the posterior probability density functions
while taking into account the correlation of systematic uncertainties within and across

the four final decay modes.

Assuming the Sequential Standard Model (SSM) as benchmark, a search for Z/ —
771 performed with LHC data of Run 2010 corresponding to an integrated luminosity
of 36.0 £ 1.4 pb~! did not reveal any excess of observed events above the Standard
Model background predictions, therefore, upper limits on Z’ — 77 production cross-
section were obtained as a function of Z’ mass. We excluded a Zgg,, — 77 with mass
less than 468 GeV /c? [65] at 95% confidence level (as shown in Figure 7.1) exceeding
the sensitivity (Mz > 399 GeV/c?) by Tevatron experiments at the Fermi National
Accelerator Laboratory (FNAL) in Year 2005 [1].

We also performed this search with LHC data of Run 2011 corresponding to an
integrated luminosity of [ Ldt = 4.94 + 0.11 fb~! assuming the Sequential Standard
Model and Superstring-inspired Eg models as benchmarks. Again we found no excess

of events above the Standard Model background predictions, therefore, we derived
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upper limits on the Z’ — 77 production as a function of Z’ mass. We excluded

Sequential Standard Model resonance Zgg,, and Superstring-inspired Eg model reso-
nance Z,, below masses 1.4 TeV and 1.1 TeV, respectively, at 95% confidence level [72]
as shown in the Figure 7.2. Now the search is being perfomed using LHC data of Run
2012 [74]. The studies performed in the Z’ — 77 — 7,7, final state using 5.10 £ 0.22
fb~! of Year 2012 data did not reveal any excess of observed events in the data above
the Standard Model background expectations. Search with more data will enable
us to either find potential excess of events above the Standard Model background
expectations or to set more stringent limit on the Z’ mass.

The most stringent limits on Sequential Standard Model resonance Zgg,, at 7
TeV in the di-electron and di-muon decay channels combined are 2.21 TeV from the

ATLAS experiment [27] and 2.32 TeV [28] from the CMS experiment.
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