SEARCH FOR CONTACT INTERACTIONS IN THE DIMUON
CHANNEL IN P-P COLLISIONS AT /s = 7 TeV AT CMS

by
SOWJANYA GOLLAPINNI
DISSERTATION
Submitted to the Graduate School
of Wayne State University,
Detroit, Michigan
in partial fulfillment of the requirements

for the degree of
DOCTOR OF PHILOSOPHY
2012

MAJOR: PHYSICS

Approved By:

Advisor

Date




DEDICATION

To

the love of my life, Kranti

and

my precious babies, Samatha and Viplav

1



ACKNOWLEDGEMENTS

It is a pleasure to thank the many people who made this thesis possible. First and
foremost, I would like to acknowledge my advisor, Paul E. Karchin and owe my most
sincere gratitude to him. His wide knowledge and logical way of thinking have been of
great value to me. His great efforts to explain things clearly and simply made physics fun
for me. He is a fabulous advisor and a wonderful human being. I immensely appreciate
his patience and kindness towards students. He always made sure of my personal well
being and supported me at every step during these years. I count myself very fortunate
to have him as my advisor. On the personal side, he treated me and my family as an
extended part of his family and it was a joy to have spent time with his family. I especially
thank his wife Venus for being so warm and welcoming and making us feel like home.

I am very grateful to Lenny Spiegel for mentoring me at Fermilab. I can’t thank
him enough for his detailed and constructive comments, and for his important support
throughout this work. I had many productive scientific discussions with him which greatly
contributed towards my education. I would like to thank the rest of the Wayne State
CMS group for their invaluable help and collaboration throughout my research career.
I also owe my thanks to all those wonderful people at Fermilab who readily helped me
with their expertise. In particular, I would like to thank Patrick Gartung and Catalin
Dumitrescu for their help with the technical details of the research. I am also very grateful
to Gena Kukartsev for his help with the statistical tools needed for this thesis.

I would also like to take this opportunity to acknowledge all of my CMS collaborators
whose indirect support and continuous help made this thesis possible. In particular, I
would like to thank the Exotica group for their constant support and feedback. There
are countless discussions and presentations that all have contributed to my education.
I am very thankful to my thesis dissertation committee members whose comments and

suggestions have greatly improved the quality of this thesis.

11



I would like to thank all the great people in the WSU Physics and Astronomy depart-
ment. My special thanks to the department chair, Ratna Naik and graduate advisor, Jo
Wadehra for always being so supportive and helpful to students. I am grateful to the
administrative staff of the physics department, especially Lashara, Shere, De and Doris
for assisting me in many different ways. I would also like to thank Scott Payson for
making undergraduate lab teaching so much fun.

I would like to thank my parents, Usha Kiran and Subramanyam, for always being
proud of me. I am greatly indebted to my father who always took special interest in my
education and encouraged all my career decisions. I can’t thank my mother enough for
all she has done for me, she was always there for me and loved me no matter what. I
am very grateful to my father-in-law, Rama Murthy, who unhesitatingly and willingly
supported my trip to U.S.A. I thank him for helping me during the financially difficult
times.

I am deeply grateful to my wonderful life partner, Kranti, who believed in me more
than I believed myself and always encouraged me to go beyond what I think I can do. I
have always been motivated by him and thank him for all our conversations. Without his
unconditional love, support and encouragement none of this would have been possible.
From the moment they were born, my little sweethearts, Samatha and Viplav, are nothing
but bundles of fun and joy. Nothing could make my tough days easier to bear if its not
for their innocent acts and sweet smiles. My loving thanks to them for being so good and

cooperative during the busy days.

v



TABLE OF CONTENTS

Dedication . . . . . . . . . e ii
Acknowledgements . . . . . . ... L. e iii
List of Figures . . . . . . . . . 0 i i i e e e e e e e e e e e e e e xi
List of Tables . . . . . . . . . . i i i i e et e e e e e e e e e e e e e xii
1 Introduction . . . . . . . . . . . i e e e e e e e e 1
2 Theory . . . . . i i i i e e e e e e e e e e e e e e e e e e e e 4
2.1 The standard model . . . . . . . . ... ..o 4
2.1.1 Introduction to the standard model . . . . . . . . ... ... ... 5

2.1.2  Origin of the weak force . . . . .. .. .. ... ... ... .... 9

2.1.3 The Electro-weak model . . . . . . .. ... ... ... ...... 10

2.2 Physics beyond the standard model . . . . . . . ... 000 11
2.2.1 Contact Interactions . . . . . . .. .. .. ... L. 12

2.2.2  Quark and Lepton Compositeness . . . . . . ... .. ... .... 14

2.2.3 Previousresultson A . . ... ... 14

2.3 Physics of p-p collisions . . . . . . ... 15

3 Experimental setup . . . . . . .. . ... 00 e 21
3.1 The Large Hadron Collider . . . . . . . . . .. ... ... ... ...... 21
3.1.1 Layoub . . . . . . . 22

3.1.2  Experiments at the LHC . . . . . ... ... ... .. ... .... 24

3.1.3 Operation and performance . . . .. ... .. ... ... ..... 25

3.2 The CMS detector . . . . . . . . . . . . 28
3.2.1 The CMS coordinate system . . . . . . . ... .. ... ...... 29



3.22 Layout . . . . .. .. 30

3.2.3 Inner tracking system . . . . . ... 32

3.24 Calorimetry . . . . . ... 35

3.25 Muonsystem . . ... 38

3.2.6  Trigger and Data Acquisition . . . . ... ... ... ... .... 45

4 The PYTHIA Monte Carlo . . . . . . . . . . . ... .. ... 49
4.1 Compositeness models in PYTHIA . . . . . . . . . .. .. .. ... .... 49
4.1.1 PYTHIA Jobdetails . . . . ... ... . o000 51

4.2 The left-left iso-scalar model . . . . . . . .. ... 52

5 Dataand event selection . . . . . ... ... o oo 55
5.1 The 2011 dataset . . . . . . . . .. 55
5.1.1 Trigger requirements . . . . . . . . . . ... 56

5.2 Dimuon selection criteria . . . . . . .. ..o 58
53 Eventpileup . . . . . ..o 65

6 Simulation of signal and background events . . .. ... ... ..... 67
6.1 Expected signal and corrections . . . . . . ... ... 67
6.1.1 Detector acceptance times mass migration . . . . .. .. ... .. 69

6.1.2 K factors . . . . . . . 74

6.1.3 SM backgrounds . . . . ... ... oo 76

6.2 Predicted event yields . . . .. .. .. oo 7

7 Systematic uncertainties . . . . . . ... 0L 0000 000 Lo 80
7.1 Theoretical sources . . . . . . . ... 80
7.2 Experimental sources . . . . . .. ... 83
7.3 SUMMATY . . . . v oo e e 83

vi



8 Statistical analysis method . . ... ... ... ... ... 0., 85

8.1 The modified-frequentist method . . . . . .. .. ... ... ... .... 85
8.2 Agreement of data with SM predictions . . . . . . . .. .. ... .. ... 90
8.3 Exclusion lower limitson A . . . . . . ... ... 93
8.3.1 Effect of systematics . . . . . ... ... Lo 96

9 Results and Conclusion . . . ... ... ... ... ... ..., 98
Bibliography . . . . . . . . e e e e e e e e e 100
Abstract . . . . . . . . L e e e e e e e e e e e e e e e e e 110
Autobiographical Statement . . . ... ... ... 0000000, 111

vii



Figure 2.1

Figure 2.2
Figure 2.3

Figure 2.4
Figure 2.5
Figure 2.6

Figure 2.7

Figure 2.8

Figure 3.1
Figure 3.2
Figure 3.3

Figure 3.4
Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8
Figure 3.9
Figure 3.10

Figure 3.11
Figure 3.12

LIST OF FIGURES

Fundamental particles in the SM [1].
not show the SM Higgs boson.

Fermi’s (-decay, before (left) and now (right) [2].

Note that this figure does

Interference between DY and CI amplitudes resulting in dimuon
final states [13]. . . . . . . . . .
Simplified parton model of the proton [4]. . . . . ... ... ...
Detailed partonic structure of the proton [5].. . . . . .. ... ..

MSTW 2008 NLO PDFs (at 68% C.L.) of the proton for a momen-
tum transfer of 10 (GeV/c)? (left) and 10° (GeV/c)? (right). . . .

MSTW 2008 NNLO PDFs (at 68% C.L.) of the proton for a mo-
mentum transfer of 10 (GeV/c)? (left) and 10° (GeV/c)? (right). .

p-p collision event illustrating the hard scattering, underlying event
and the initial and final state radiations [45].

Schematic layout of the LHC collider tunnel [53].
Layout of the CERN accelerator complex [60]. . . . . . . ... ..

Maximum instantaneous luminosity per day delivered to CMS in
2011 forpprunsat «/s=7TeV.. . ... ... ... .. .....

Integrated luminosity vs. fill number for 2011 p—p runs.

Integrated luminosity delivered to (yellow), and recorded by CMS
(red) for 2010 and 2011 p-pruns at /s =7TeV. . . .. . .. ..

As polar angle increases, pseudorapidity decreases. The “forward
region” of a a collider detector corresponds to regions with high 7
values, typically n > 3. . . . . . .. ..o

Diagram of the CMS detector with a quadrant cut away to show
the interior [55].

Particle identification at CMS [52]. . . . . . . .. ... ... ...

Layout of the CMS inner tracking system [55]. . . . . . . . . . ..

Schematic layout of the CMS tracker showing detailed coverage in
the 7—z plane [55]. Each line represents a detector module. Double
lines indicate back-to-back modules which deliver stereo hits. . . .

Schematic of an electromagnetic shower. . . . . . . . . .. .. ..

Layout of the CMS ECAL showing the arrangement of PbWO,
crystals in the barrel and endcap regions, along with the preshower
detector [B5] . . . . . ..o

viil

13
15
15

17

17

18
22
23

26
26

27

30

31
31
33

34
36



Figure 3.13
Figure 3.14

Figure 3.15

Figure 3.16

Figure 3.17

Figure 3.18

Figure 3.19
Figure 3.20
Figure 3.21

Figure 4.1

Layout of the hadron calorimeter [55]. . . . . .. ... ... ...

Layout of the CMS muon system shown for one quadrant of the
CMS detector [55]. The four barrel DT stations (MB1-MB4), four
endcap CSC stations (ME1-ME4), and RPC stations are shown.

Layout of the barrel muon (MB) DT chambers in one of the 5 CMS
barrel wheels [55]. Each DT chamber is denoted by MB/Z/a/b,
where a refers to the DT station number ranging from 1 to 4 and b
refers to the chamber number (within a DT station) ranging from
1 to 12. In chambers 4 (top) and 10 (bottom), the MB4 chambers
are cut in half to simplify the mechanical assembly. YB refers to

the yoke barrel regions with same numbering scheme as used for
the MB DT stations. . . . . .. .. .. ... ... ... ......

Muon drift tube operation. The red line with arrow shows a muon
traversing the drift tube. The anode wires (shown by red dots)
are perpendicular to the page. The horizontal blue lines with ar-
rows show the muon’s distance from the anode wire (obtained by

multiplying the speed of an electron in the tube by the drift time).

Quarter-view of the CMS detector [55]. Shown in red color are the
CSCs. The ME4/2 chambers will eventually be built and installed

as part of the CMS upgrade plans. . . . . . ... ... ... ...

CSC chamber design and operation [55]. Left panel: Layout of a
CSC chamber made of 7 trapezoidal planes. The exposed portion
shows anode wires and cathode strips. Right panel: A schematic
view of a single gas gap illustrating the principle of CSC opera-
tion. The muon coordinate along wires is obtained by interpolating
charges induced on cathode strips. . . . . . ... ... ... ...

Schematic layout of one of the CMS barrel wheels, labeled W+2.
Layout of a double-gap RPC [55]. . . . . . . . .. ... ... ...

The muon pr resolution as a function of pr using simulated data
for the muon system only, the inner tracking system only, and both
[55]. Left panel: |n| < 0.8 , right panel: 1.2 < |n| <24.. ... ..

Constructive and destructive LLIM cross sections for M,,+,- > 120
GeV/c%. The functional fits differ only in the sign of the interfer-
ence term in Eq. 2.5. The solid black line corresponds to the DY
asymptotic limit. . . . . . ... oo

1X

39

40

41

42

42
44
44

46

52



Figure 4.2

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5
Figure 5.6

Figure 6.1
Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

Dimuon event yields at different values of A for (a) destructive
interference and (b) constructive interference. Values are shown
for M >120 GeV/c?. As A increases, the dimuon mass distribution
tends toward pure DY. The model predictions are shown over the
full mass range, although the model is not valid for M ML;’“JCQ > A.

Opposite sign dimuon invariant mass spectra showing the resonant

peaks of the SM particles. Dimuon mass is given in units of ¢ = 1.

Single-muon trigger efficiencies for pr > 35 GeV/c as a function of
n: the efficiency of the HLT with pr threshold at 30 GeV/c with
respect to L1 trigger with py threshold of 12 GeV/c (left), and
the combined efficiency of L1 and HLT (right). The efficiencies
obtained using Z — pupu~ events are compared with predictions
from the MC simulation. . . . . . . .. ... ... 0L

Dimuon mass distribution using the full 2011 dataset after impos-
ing all the selection requirements. . . . . . . . ... .. ... ...

Event displays for the two highest-mass pu*p~ events. Left (right)
side of figures (a) and (b) show the transverse (longitudinal) view.
(a) This display corresponds to the highest mass (1379 GeV/c?)
dimuon event with muon kinematic variables: pr = (686, 622)
GeV/c, n = (-0.05, 40.63), and ¢ = (-0.46, +2.82). (b) This dis-
play corresponds to the next highest mass (1256 GeV /c?) dimuon
event with muon kinematic variables: pr = (196, 299) GeV/c, n =
(-1.46, +1.80), and ¢ = (-0.72, +2.30). . . . . ... ... ... ..

Dimuon mass spectra for same sign muon candidate events.

Distribution of the number of primary vertices per event from data
for the 2011A and 2011B data taking periods. . . . . . . . .. ..

Acceptance times migration for M > MLov. .. ...

Reconstructed dimuon mass distributions associated with a par-
ticular generator mass window for 100 GeV/c? bins. All distribu-
tions are normalized to correspond to the luminosity of the 200-300
GeV/c? bin. The figure illustrates the gradually degrading mass
resolution with increasing dimuon mass.

Comparison of A x M values in 100 GeV/c? bins for CI and DY
production. The plot starts at 600 GeV/c? on the x-axis. . . . . .

QCD K factors for M > le,j’w The values are plotted at the
threshold points.

QED K factors for M > MML;’” The values are plotted at the
threshold points.

23

o6

o8

62

63
64

65
70

72

73

75



Figure 7.1

Figure 8.1

Figure 8.2

Figure 8.3

Figure 8.4

Maximal positive and negative PDF uncertainties as a function of
TNASS.  « v e e e e e e e e e

Observed spectrum of M, and predictions from the SM and LLIM
(CI/DY) for A = 4 and 5 TeV, for constructive and destructive
interference. . . . . .. ...

Same as Fig. 8.1 except that the x-axis is also plotted on a loga-
rithmicscale. . . . . . . . ... L

Observed and expected limits as a function of M, lf:w for destructive
interference. . . . . . . . ...

Same as Fig. 8.3, for constructive interference. . . . . . . . .. ..

el

81

92

92



Table 4.1
Table 5.1

Table 5.2

Table 5.3

Table 6.1

Table 6.2

Table 6.3

Table 6.4

Table 6.5

Table 7.1

Table 7.2

Table 8.1

LIST OF TABLES

Compositeness model options within PYTHIA for dilepton final states.

The 2011A and 2011B datasets used, with run ranges, HLT paths,
and corresponding luminosities. . . . . . ... ...

Effect of various selection cuts on muon event statistics. Here ‘initial
sample (I)’ corresponds to a subset of events which had passed the
baseline selection, trigger requirement and contains at least one muon
that is both tracker and global. N_ycn:s refer to the number of events
passing a specific cut relative to the previous selection step. The
cumulative effect of cuts on the initial sample is given in the last
column. . . . . ..

List of dimuon events in data with masses above 800 GeV/c?, ar-
ranged in descending order of their masses. . . . . . . . . . .. ...

Description of event samples with detector simulation. For the DY
process Z/v*— pp, the minimum dimuon mass is indicated as part
of the PYTHIA sample name. The cross section ¢ and integrated
luminosity L are given for each sample generated. . . . . . . .. ..

Multiplicative factors for M > M, /fiw The uncertainties shown are
statistical. The systematic uncertainties are described in Chapter 7.

Expected event yields for non-DY SM backgrounds. DY event yields
are shown for comparison. The uncertainties shown are statistical. .

Observed and expected number of events for M,, > M/ﬁfw The
expected yields are shown for DY production and CI/DY production
for destructive interference with given A values. Expected yields
include contributions from non-DY backgrounds. . . . . . . . . . ..

Observed and expected number of events as in Table 6.4. Here CI/DY
predictions are for constructive interference. . . . . . . ... .. ..

Maximal positive and negative PDF uncertainties evaluated with
CTEQ66 NLO PDF set using the modified tolerance method.

Sources of systematic uncertainty. Where appropriate, the values are
quoted for M,, > 700 GeV/c?, A = 13 TeV, and for constructive
interference. . . . . . . ...

Dimuon event statistics for the data and SM production correspond-
ing to 5.3 fb~'. The numbers shown for SM predictions are after
normalization to the Z peak. . . . . . . . ... ... ... ... ...

xii

50

57

61

62

69

70

7

79

79

82

83

91



Chapter 1

Introduction

For decades, particle physicists have always tried to answer the one question, ‘what is the
Universe made of on the smallest scale of size?”” While the question may look simple, the
answer is much more complicated even to imagine. Over the years, the standard model
(SM) of electro-weak interactions has shown impressive predictive power and consistent
agreement with experiment. While the SM successfully explains many of the elementary
processes that we observe in nature, there are some predictions that still remain uncon-
firmed by experiments. The Higgs mechanism that explains the origin of electro-weak
symmetry breaking necessary to give masses to the observed gauge bosons is yet to be
confirmed by experiments (On July 4, the Large Hadron Collider (LHC) at the Center for
European Nuclear Research (CERN) announced the discovery of a new particle, bosonic
in nature, that is consistent with the SM Higgs boson, but stressed that further testing
is needed to confirm). The SM fails to explain phenomena such as gravity, dark mat-
ter, matter-antimatter asymmetry, and neutrino masses'. There are also some problems

within the theoretical framework of the SM such as the origin of the 19 arbitrary parame-

'Within the theoretical framework of the SM, neutrinos are assumed to be massless particles. However,
recent neutrino oscillation experiments have shown that neutrinos have non-zero masses although their
absolute values are still unknown.



ters, the number of quark/lepton families, and the hierarchy problem?. These important
shortcomings motivated particle physicists to develop theories and design experiments to
explore physics beyond the standard model (BSM). One important possibility is that the
SM is a low-energy effective theory, while the true high-energy theory may be described
by other degrees of freedom, which would manifest themselves as constituents of quarks
and leptons.

The LHC particle accelerator located at CERN bordering France and Switzerland was
built to explore new physics at the TeV scale. At the LHC, proton-proton collisions occur
at the highest center-of-mass energy ever achieved. The Compact Muon Solenoid (CMS)
experiment which is the experimental apparatus for this analysis, is a general-purpose
particle detector at the LHC built to probe the electroweak scale. The analysis presented
in this thesis is based on the LHC data collected by the CMS detector in 2011. A search
for new physics signatures in the form of four-fermion contact interactions in conjunction
with an assumed substructure of quarks and leptons, is performed in events with two
isolated muons. Even though the exact intermediate particle exchange mechanism for
this new physics model is yet to be discovered, the presence of a new interaction will be
manifest as a deviation from the SM predictions in the high-mass tail of the invariant mass
distribution of the opposite-sign dimuon pairs. The choice to look for contact interaction
signals in the dimuon final state is motivated from the fact that muons provide a clean
signature in the detector due to low backgrounds.

This thesis is organized as follows. Chapter 2 gives a description of the SM. The
theoretical motivation to look for contact interactions is also given here followed by a
description of the contact interaction models and a summary of previous experimental

searches. The last section of this chapter discusses in detail the hadron collider physics

2The hierarchy problem refers to the problem of Higgs boson mass becoming quadratically divergent
due to some very large quantum corrections. Within the SM, the solution would be to fine tune the
Higgs mass so that it almost completely cancels the quantum fluctuations, but this is deemed unnatural
by a majority of particle physicists.



and defines important terminology used throughout this thesis. Chapter 3 introduces
the LHC and CMS. All sub-detectors of the CMS experiment are explained briefly with
an emphasis on the Muon spectrometers. The muon performance and reconstruction
efficiency of the CMS detector in 2011 is also briefly discussed. Chapter 4 focuses on
how various compositeness models are implemented in the PYTHIA Monte Carlo event
generator and gives important technical details where necessary. Chapter 5 gives details
about the full 2011 CMS data sample used in this analysis. This chapter also discusses the
muon selection criteria adopted in this analysis to reduce the number of mis-reconstructed
muons, cosmic-ray muons, and muons from hadronic decays.

Chapter 6 discusses how the expected signal and SM dimuon background samples are
simulated. This chapter also discusses how the next-to-leading order quantum corrections
are accounted for in the simulated samples. A detailed description of the SM Drell-Yan
(DY) process is given here as it forms the basic physics process for this analysis. A brief
summary of how the SM DY, SM non-DY and cosmic backgrounds are dealt with is
also given. Chapter 7 gives details about systematic uncertainties that affect the contact
interaction analysis. Uncertainties coming from experimental and theoretical sources
are summarized here. Chapter 8 gives the statistical analysis technique that is used to
derive results for the contact interaction search. First, the agreement of data with SM
predictions is tested. As no significant deviation is observed, the rest of the chapter
discusses how the 95% confidence level exclusion lower limits are set on the new physics
energy scale A using a modified-frequentist approach. Finally, Chapter 9 provides a

summary of the results and concludes the thesis.



Chapter 2

Theory

This chapter starts with a review of the standard model of particle physics. Some of the
important open questions which the standard model (SM) fails to answer are addressed in
Section 2.2 as a motivation for searching for new physics that lies beyond the SM. Section
2.2.1 introduces contact interactions as an effective framework for new physics searches
along with a review of previous searches. Finally, Section 2.3 discusses the physics of

proton-proton collisions.

2.1 The standard model

The standard model of particle physics is the most successful gauge theory to date that
incorporates all of the known fundamental particles, namely, the quarks, leptons, and
the gauge bosons and describes the electromagnetic (EM), weak and strong interactions
between them. The fourth basic force of nature, gravity, is not yet integrated into the
theoretical framework of the standard model. The SM is based on the fundamental
concepts of relativistic quantum field theory (QFT), in which particles are represented by
relativistic fields, and evolved over the years following various experimental observations.

The electroweak and QCD theory of the SM is represented by the gauge symmetry group



SU(3)c x SU(2) x U(1)y, conserving the color charge, weak isospin, electric charge and

weak hypercharge.

2.1.1 Introduction to the standard model

All fundamental particles of the SM are assumed to be elementary, or point-like, with
no internal structure. All observed particles in nature are categorized either as fermions
(with half-integer spin: %, %, g, .. .) or bosons (with integer spin: 0, 1, 2, . . .). While
fermions form the basic building blocks of matter around us, the interactions between
them are mediated by gauge bosons!. For each particle, there is an associated antiparticle
with the same mass and spin but opposite charge.

Within the SM, quarks and leptons are fundamental fermions. There are six quarks
(u,c,t,d, s,b) and six leptons (e~, 4=, 7™, e, v, V) With corresponding antiquarks (, ¢, ¢, d, 5, b)
and antileptons (e*, ut, 77,7, v,,17-). Quarks and leptons are generally grouped into
three generations (or “families”) with each family consisting of two quarks and two lep-
tons (charged lepton and its own neutrino). Figure 2.1 shows the three generations of
quarks and leptons along with their masses, spin and electric charge. Note that quarks
carry fractional charges and the top quark is the heaviest of all the quarks, having a mass
of 172.9 + 1.5 GeV/c? [19]. Due to color confinement [3], which is explained later in this
section, quarks cannot exist freely and tend to group together to form hadrons. Hadrons
are strongly interacting particles which are further categorized into baryons (formed from
the three quark combination, gqq) and mesons (formed from the quark-antiquark combi-
nation, ¢q).

Unlike classical scattering processes where the interaction at a distance occurs via
force fields, in quantum theory, collisions occur via exchange of quanta associated with

the particular type of interaction. In the SM, there are four types of force carriers that

LA gauge boson is a bosonic particle that carries any of the fundamental interactions of nature. In
other words, a force carrier.
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FIG. 2.1. Fundamental particles in the SM [1]. Note that this figure does not show the
SM Higgs boson.



mediate the fundamental interactions: photon, gluon, W+ and Z° bosons (see Figure 2.1)
which mediate electromagnetic, strong and weak interactions respectively. The force
carriers act as propagators transmitting information from one fermion to another and are
represented as internal lines in Feynman diagrams?. In general, each boson exchange can
be characterized by a propagator term proportional to (¢* +m?)~! where ¢* is the scalar
product of the interaction 4-momentum (E/c, p,, py, p,) with itself and m is the mass of
the exchanged boson.
Electromagnetic interactions

All charged particles undergo EM interactions mediated by photons, which themselves
carry no electrical charge. Furthermore, photons have zero mass. As a result, the electro-
magnetic force is effective over long distances, or long-range. The EM coupling constant
specifying the strength of the interaction between charged particles and photons is given
by the fine structure constant « (in units of h = ¢ = 1),

e? 1

~ 2.1
47 137 (2.1)

The EM interaction is governed by the theory of quantum electro-dynamics (QED) and
is responsible for holding the electrons and protons together inside the atom.
Strong interactions

Strong interactions are mediated by gluons which are neutral massless particles like

the photons. The strong coupling constant « is given by (in units of i = ¢ = 1),

a,=">~1 (2.2)

When compared with the EM coupling constant «, a; is approximately 100 times stronger.

Strong forces are responsible for binding the nucleons together to form the nucleus, while

2Please note that it is possible to have Ws, Zs and photons represented as external lines in Feynman
diagrams as part of initial and final state processes.



inside the nucleons (and other hadrons) they hold the quarks together. Strong interactions
take place between constituent quarks that make up the hadrons and are described by
the theory of quantum chromodynamics (QCD). In this theory, each quark is assigned
a “color charge” (here, color is just a name for an internal degree of freedom and has
nothing to do with the real life colors). There are three color charges, blue (B), red
(R) and green (G). Quarks carry one of these colors and anti-quarks, the corresponding
anticolors (antiblue (B), antired (R) and antigreen (G)). Gluons also carry color and
can interact with themselves. Due to the gluon self-interaction, at low ¢?, with the
addition of higher and higher-order gluon loops, the theory becomes uncalculable. At
small distances, or equivalently high ¢2, the chromodynamic binding force between quarks
weakens. This is called asymptotic freedom [6]. Conversely, at large distances (or low ¢?),
the binding force strengthens as the color field becomes stressed and more and more gluons
are spontaneously created. This is known as color confinement and is the reason why
quarks cannot exist independently and cluster together to form hadrons. Experimentally,
there is no color asymmetry and all observed particle states are colorless.
Weak interactions

Weak interactions take place between all known fermions and are responsible for the
radioactive decay of sub-atomic particles. Weak interactions are different from other
interactions in many respects. Unlike the force carriers of EM and strong interactions
which are massless, the mediators of weak interactions, W* (charged) and Z° (neutral)
bosons, are significantly massive. The masses of W* and Z° are around 81 GeV/c? and
91 GeV/c?, respectively. The large masses of W and Z bosons account for the very
short-range of the weak interaction. Another unique feature of weak interactions is that
the exchange of W* bosons results in change of flavor of quarks or leptons. This is called
a “charged-current” interaction while Z boson exchange does not cause this and hence is

called a “neutral-current” interaction. Also, the weak interaction is the only interaction
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(a) Fermi 4-point CI-beta decay (b) Beta decay (now)

FIG. 2.2. Fermi’s -decay, before (left) and now (right) [2].

that is known to violate parity symmetry (a transformation reversing the spatial coor-
dinates leaves the interaction unchanged) and CP symmetry, a combination of charge
conjugation, switching particles with antiparticles, and spatial inversion. Furthermore,
W= bosons couple only to left-handed fermions (fermions whose direction of motion is

opposite to the direction of their spin).

2.1.2 Origin of the weak force

In the 1930’s, Enrico Fermi first introduced the weak force as a four-fermion contact
interaction (CI) (a force with no range) to describe nuclear f-decay, n — pe 7, [7].
Fermi’s idea of -decay is shown on the left side of Figure 2.2. However, now the weak
force is understood to have a very short range, mediated by massive gauge bosons. It was
also recognized later that the fundamental interaction in S-decay was not between the
proton and neutron themselves, but between their constituents and that it is mediated

by the charged W~ boson (see Figure 2.2(b)).
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Fermi’s idea of pointlike [-decay can also be understood by looking at the weak

interaction scattering amplitude, f(q?), given by,

f(@?) ﬁ (2.3)

where ¢, refers to the weak interaction coupling constant and ¢? is the scalar product
of the interaction 4-momentum with itself. For ¢* < M2, the scattering amplitude
is independent of ¢?, meaning, the weak interaction is point-like, which is what Fermi

postulated.

2.1.3 The Electro-weak model

The first attempt towards the SM was made by Glashow in 1961, who discovered a way
to unify the electromagnetic and weak interactions [8]. He postulated that the EM and
weak forces are manifestations of a single force, the electroweak force. Mathematically,
the EM interaction is represented by the U(1)y gauge group, with weak hypercharge
Y as the generator of the group. The weak interaction is described by the SU(2)p
group, generated by weak isospin I and interacting only with left-handed particles (as
indicated by the subscript L). Glashow’s electroweak theory unifies the above into a
single gauge group SU(2), x U(1)y. While the electroweak symmetry is well behaved
above the electroweak scale, where all particles are predicted to be massless, below this
scale, some other mechanism is needed to give the weak gauge bosons mass by breaking
the SU(2) x U(1)y symmetry. This was achieved by incorporating the Higgs mechanism
into Glashow’s electroweak theory giving rise to what is known as the standard model
today. The spontaneous symmetry breaking by the Higgs mechanism, postulated by
Steven Weinberg [9] and Abdus Salam [10] in 1967, gives masses to the gauge bosons
(and all other massive particles in the SM). The experimental evidence for electroweak

interactions was first established in 1973 with the discovery of neutral currents by the
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Gargamelle collaboration [11,12] and later in 1983 with the discovery of the W and Z
gauge bosons by the UA1 [20,21] and UA2 [22,23] collaborations at the Super Proton
Synchrotron (SPS) at CERN. While the SM may look like the whole story, its key building
block, the Higgs boson, is yet to be confirmed by experiments. It is anticipated that its
existence will be confirmed in the near future by the experiments at the Large Hadron

Collider at CERN.

2.2 Physics beyond the standard model

Despite its tremendous success in explaining particle phenomena to date, the SM suffers
from many deficiencies. There are many theoretical and observational motivations for
extensions to the SM. Although general relativity provides insights into the nature of
gravity, there is no field theory extension to the SM that incorporates gravity. There are
cosmological evidences that 96% of the gravitational matter is made up of dark energy
and dark matter, while the known hadronic matter, described by the SM, represents only
4% of it. The SM does not give any explanation for this. The SM also cannot explain
the observed magnitude of matter-antimatter asymmetry. Also, neutrino oscillation ex-
periments have shown that neutrinos do have mass while the SM assumes them to be
massless. There are also some features within the SM that remain arbitrary, implying
a lack of understanding, suggesting the existence of a more comprehensive model. The
reason why there are exactly 3 generations of fundamental particles is not explained by
the SM. Also, the mass differences between particles and particle families are not ex-
plained. For example, why the top quark mass is significantly higher than those of the
other fermions is not understood. The SM depends on 19 free parameters (the 3 cou-
pling constants, 9 charged fermion masses, 4 CKM matrix parameters, QCD vacuum
angle fgcp and 2 Higgs model parameters). The SM cannot predict the values of these

parameters and they must be inferred from experiments. All particles predicted by the
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SM have been experimentally observed except for the Higgs boson (which is yet to be
confirmed by experiments at the LHC), through which the fundamental particles obtain
mass. Even if the LHC confirms the existence of Higgs boson, its mass suffers from the
hierarchy problem arising from radiative corrections. If the new boson discovered at the
LHC is not a SM Higgs boson, then the electroweak symmetry breaking and subsequent
mass generation must involve physics beyond the standard model.

Physics beyond the SM is one of the most active areas of research pursued both in
theoretical and experimental particle physics. Various extensions of the SM are being
widely tested at the particle experiments. The popular theories that lie beyond the
SM include supersymmetry (SUSY), string theory and extra dimensions. Although less

popular, but interesting are the quark and lepton compositeness searches.

2.2.1 Contact Interactions

Contact interactions (CI) are considered as an effective framework for new physics searches.
Contact interactions have a long history, dating back to 1930’s when Fermi first used it
to explain fS-decay [7] long before the discovery of the W boson. Similarly, one can write
a Lagrangian describing a new vector interaction occurring at an energy scale A, without
knowing the exact intermediate process. A can be much higher than the achievable center-
of-mass energy at the LHC, nonetheless, its effects can be detected at energies well below
A. Experimentally, contact interactions appear as a “non-resonant” enhancement of the
expected dilepton (or diquark) events at high invariant masses. The Lagrangian density

for four-fermion contact interactions with dimuons in the final state is given by [16],

Ly = (95/MN){nee(@y"ar) (Brvere) + nor(@y™en)(Brv.ir)
+nrp(Ury ' ur) (irvups) + neo(dry"dr)(Aoyepe) (2.4)

+nrr(try ur)(Arvuer) + nrr(drY"dr)(BrYur)}
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FIG. 2.3. Interference between DY and CI amplitudes resulting in dimuon final states [13].

where, q;, = (u,d)y, is a left-handed quark doublet, ur and dg are right-handed quark
singlets, and py, and pg are the left- and right-handed muons. By convention, g2 /41 = 1.
The value of n gives the sign of the interference of new physics with the SM Drell-Yan
(DY) process [17] with destructive (n = +1) and constructive (n = —1) interference
possibilities. The parameters 7;;, where ¢ and j are left (L) or right (R) define the helicity
structure of the new interaction. Lambda represents the compositeness energy scale and
is potentially different for each of the individual terms in the Lagrangian, so lower limits
on A are set separately for the individual currents in Eq. 2.4. As illustrated in Fig. 2.3,
standard model DY dimuon production and CI dimuon production have the same final
state, so their scattering amplitudes add. The observed differential cross section can be
described as

do _do

%(A) = %(DY) -1

I(m)
A2

C(m)
Al

+n? (2.5)

where m is the invariant dimuon mass, I(m) corresponds to the product of DY and
contact interaction amplitudes, and C'(m) corresponds to a pure contact term.

There can be several different interpretations of the energy scale, A, depending on the
new physics model. For this thesis, the new physics model is chosen to be the quark and
lepton compositeness with left-handed currents, more details of which are given in the

next section.
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2.2.2 Quark and Lepton Compositeness

The fact that SM fails to explain the variety of observed quark and lepton flavors and
their masses suggest that they may in fact be composed of more fundamental constituents,
often referred to as “preons” [14,15], interacting through a new strong gauge interaction
called metacolor. Below a given interaction scale A, the effect of the metacolor interaction
is to bind the preons into metacolor-singlet states. As mentioned in the previous section,
for parton interaction § values that are much less than the A scale, the metacolor force
will manifest itself in the form of a flavor-diagonal contact interaction [18].

For this analysis, the left-left isoscalar model (LLIM) of quark compositeness, where all
the initial state quarks are assumed to be composite, is chosen. This model corresponds
to the first term of Ly in Eq. 2.4 (nop = £1;mr = nre = ner = 0) and is the
conventional benchmark for CI studies in the dilepton channel [19]. More details on the
implementation of the LLIM within the PYTHIA Monte Carlo program will be given in

Chapter 4.

2.2.3 Previous results on A

Previous searches for quark and lepton compositeness, in dilepton and dijet final states,
have all resulted in exclusion lower limits on the compositeness energy scale A. These in-
clude studies from Large Electron-Positron Collider (LEP) [24-28], Hadron Electron Ring
Accelerator (HERA) [29,30], the Tevatron [31-36], and recently from the A Toroidal LHC
ApparatuS (ATLAS) [37-39] and CMS [55] experiments at the CERN Large Hadron Col-
lider. The best limits in the left-left isoscalar model for dimuon final states are currently
A > 4.9 TeV for constructive interference and A > 4.5 TeV for destructive interference

at 95% C.L. [38].
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2.3 Physics of p-p collisions

FIG. 2.5. Detailed partonic structure of the proton [5].

At the LHC, hadron collisions occur at very high energies of the order of TeV. In
order to understand the scattering cross section of the p-p collisions, it is important
to understand the internal structure of the protons. The parton model of hadrons was

proposed by Richard Feynman as a way to analyze hadron collision data [42] [43]. Here,
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parton refers to quarks and gluons. In 1969, the composite structure of hadrons was
revealed in the e-p deep inelastic scattering (DIS) experiments [41]. In a simplified picture,
protons are made up of three quarks (uud) referred to as valence quarks (Figure 2.4),
but the actual structure of the proton is far more complex than this. In addition to the
valence quarks (that make up the proton’s quantum numbers), the proton also contains
a large number of virtual quark-antiquark pairs (commonly known as sea quarks) and
gluons® (Figure 2.5). So, in the framework of the parton model, the p-p collisions are
actually interactions occurring between two bags of partons. It is important to note here
that the only way Drell-Yan (¢qg — Z/v* — [717) [17] processes can occur at the LHC is
by utilizing an anti-quark from the available sea quarks. To predict the rates of various
processes occurring via the partonic constituents of the proton, a set of parton distribution
functions (PDFs) F,(x4,Q?) is defined. PDFs represent the probability densities that
a parton ‘a’ carries a fraction x4 of proton A’s longitudinal momentum when probed
at a momentum transfer scale Q2. Due to the non-perturbative nature of QCD at low
Q?, the PDFs are best determined by global fits to the DIS e-nucleon experimental data
(e.g., HERA) and also from pp collision data (e.g., Tevatron). The PDFs are available
for leading order (LO), next-to-leading order (NLO) and next-to-next-to-leading order
(NNLO) calculations in the strong coupling constant, a.

For the LHC, the two main groups that produce the PDF sets are CTEQ [51] (from
the CTEQ Collaboration) and MSTW* [44]. Figures 2.6 and 2.7 illustrate the MSTW
NLO and NNLO PDFs of the proton, respectively [44].

The presence of the so-called ‘proton sea’ (sea quarks and gluons) makes it very
difficult to calculate the full production cross section, but the QCD factorization theorem

[46] plays a remarkable role in simplifying the cross section calculations for hadron-hadron

3Sea quarks are formed when gluons of the proton color field split into ¢G pairs. The number of sea
quarks in a proton are predicted based on this and also on ¢ pairs annihilating to produce gluons.

4Previously called MRST which stands for A. D. Martin, R. G. Roberts, W. J. Stirling and R. S.
Thorne
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FIG. 2.8. p-p collision event illustrating the hard scattering, underlying event and the
initial and final state radiations [45].

collisions. The theorem states that the total cross section can be separated into two parts:
the hard scattering process between the two colliding partons and the PDFs for those
partons. As an example, the Drell-Yan production cross section in a collision between
two hadrons A and B at a given center-of-mass energy, A+ B — Z°/v* — [Tl + X, can

be factorized as,
oc(A+B = 1" +X) = Z/dxAdeFa(xA, Q*)Fa(rp, Q*)00asi+1- (Q%) (2.6)

where the sum runs over all the possible types of parton, a (= gluon,u, 4,d,d, ...), x4 and
xp correspond to the proton’s momentum fraction as carried by the partons, o,_+;-
gives the hard scattering cross section, and X corresponds to everything else that exists
in the event from left over proton fragments. This is usually referred to as ‘soft QCD
scattering’ or ‘QCD underlying event’. In addition to the hard scattering, gluon and/or
photon radiation is expected as a natural by-product due to the presence of color and/or

charged objects in the initial and final states of a hadron collision. This is referred to
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as initial and final state radiation (ISR and FSR). Figure 2.8 illustrates a typical hadron
collision event. Specifically, it shows the resonance decay of a Z boson into qq pairs which
are capable of radiating gluons and photons in their final state due to their color and
charge fields. However, in the case of the DY process, while both photons and gluons
can be radiated in the initial state, only photons are present in the FSR because of the
absence of color field in the leptonic final state.
QCD underlying event, multiple interactions and pileup

The valence and sea quarks of the proton not actively participating in the initial state
radiation or the hard scattering are often referred to as beam remnants or proton remnants
(see Figure 2.8). These remnants are color connected to the hard scattering, roughly
traveling in the same direction as their parent proton, and either undergo hadronization
or form a parton shower due to the inherent color confinement. Here, hadronization refers
to the process in which quarks cluster together into colorless states and form hadrons
which may decay further. Hadronization usually produces what is called a low-energy
jet, which is a cone of hadrons and other particles. Alternatively, the beam remnants
can combine to form a strong color field, eventually decaying into ¢¢ pairs and gluons
which in turn may radiate gluons and decay into more ¢g¢ pairs and gluons and so on.
This results in what is called a parton shower (PS). These other softer QCD processes
along with the ISR and FSR are collectively referred to as the ‘underlying event’ in the
collider jargon. Another interesting possibility is that several pairs of remnant partons
can enter into simultaneous scatterings within a single p-p collision causing multiple
partonic interactions (MPI). To further complicate this, in high-energy colliders like the
LHC there is an increased probability that more than one hadron-hadron collision can
occur in a single bunch crossing as the luminosity is increased, further building up the
particle production activity. In the collider jargon, this is referred to as ‘pileup’. Effects

of pileup need to be carefully considered in any analysis that uses hadron collision data.
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Given this rather complex particle production happening in a hadron collision, it
is important that the event generators used to simulate signal and background physics
processes handle this efficiently. The particle generators used in this analysis are PYTHIA
[47] [48] and mc@NLO [49]. Although different, both Monte Carlo generators can handle
PS and hadronization along with ISR, FSR and all hard scattering processes. PYTHIA
predicts QCD hard scattering rates with LO? calculations while MC@NLO, as the name
suggests, handles scattering at NLO accuracy. Event generation with MC@QNLO consists
of two steps. Step 1 generates the hard scattered kinematic information at NLO. In
the next step, this information is passed on to another event generator HERWIG [50]
to handle PS and hadronization. HERWIG stands for Hadron Emission Reactions With
Interfering Gluons.

Not all BSM hard processes are implemented in all Monte Carlo generators. For
example, PYTHIA is the only Monte Carlo generator that has compositeness models built
into it. In this analysis, PYTHIA is used to make contact interaction signal predictions
at LO accuracy (as PYTHIA is a LO generator). To include QCD NLO corrections in
the signal samples, DY predictions from PYTHIA and MC@QNLO are compared to deduce
NLO corrections with the underlying assumption that they can be applied to contact
interaction samples as well, as DY and CI processes have the same initial states. In
addition to QCD NLO corrections, there are also NLO electroweak (QED) corrections
that need to be applied. A detailed discussion on how the signal and background samples
are predicted is given in Chapter 6.

PYTHIA (version 6.4 as used in this analysis) is run with PDF set CTEQ6L1 [51] which
is at LO. MC@NLO (version 3.4 as used in this analysis) uses NLO PDF set CTEQG6M [51].

HERWIG version 6.4 is used with MC@NLO to model PS and hadronization.

5In QCD, partonic cross sections can be evaluated perturbatively and expressed as power series in
the strong coupling constant, «s (Eq. 2.2). The zeroth power of « corresponds to LO, first power in «;
corresponds to NLO and so on. Including higher powers of a in a cross section calculation increases the
accuracy of the prediction.
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Chapter 3

Experimental setup

This chapter introduces the large hadron collider (LHC) accelerator and compact muon
solenoid (CMS) detector experiments located at CERN. A detailed description of various
sub-detectors of the CMS detector is given in Section 3.2 with an emphasis on the muon

spectrometer. The CMS trigger and data acquisition system is also discussed briefly.

3.1 The Large Hadron Collider

The LHC [53], which is located at CERN spanning the borders of Switzerland and France,
is the most powerful particle accelerator and collider in the world. It is located about 100
m underground in a circular tunnel of circumference 26.7 km. The tunnel was originally
constructed for the Large Electron-Positron (LEP) collider, that stopped running in
November 2000 after 11 years of successful operation. The LHC was designed to collide

proton beams at a center-of-mass energy of 14 TeV at a peak luminosity of 103 cm=2s7!

and lead ions at 2.76 TeV at a peak luminosity of 10?7 cm2s71.
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3.1.1 Layout

The LHC collider consists of eight arcs and two adjacent parallel beam pipes that intersect
at four beam crossing points 1, 2, 5 and 8, which contain four experiments (see Figure 3.1).
The LHC is a synchrotron machine that accelerates two counter-rotating proton beams in
separate beam pipes. Protons are grouped into ellipsoidal bunches to form a proton beam.
The maximum number of bunches per beam that can be stored in the LHC ring is 2808.
During nominal operation, proton bunches are 25 ns apart providing a collision rate of
40 MHz within a given bunch crossing. This corresponds to a design luminosity of 103*
cm 2571, The LHC relies on superconducting magnet technology for beam circulation and
collimation. The LHC magnet system consists of 1232 superconducting dipole magnets
to keep proton beams in a circular trajectory and 392 quadrupole magnets to keep the
beams focused. Superfluid helium is used to cool the superconducting magnets to a

temperature below 2° K.

Low B (pp)
High Luminosity

RF
| & Future Expt.

Cleaning

Octant 37

2 pwmag
;

Low B (Tons)

FIG. 3.1. Schematic layout of the LHC collider tunnel [53].
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FIG. 3.2. Layout of the CERN accelerator complex [60].

The full acceleration process at the LHC occurs in stages, where at each stage, particles
are prepared by a series of operations that successively increase their energy prior to being
fed to the main accelerator (see Figure 3.2). Protons, first produced in a Duoplasmatron
source [61], are injected into the linear particle accelerator (Linac2). There they are
accelerated to 50 MeV and then transferred to the proton synchrotron booster (PSB).
The PSB accelerates the protons to 1.4 GeV. From there protons are injected into the
proton synchrotron (PS) where they are accelerated to 26 GeV and are then fed to the
super proton synchrotron (SPS) which increases their energy to 450 GeV before they are
injected into the LHC ring. Here the proton bunches are accumulated and accelerated to

their peak energy.
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3.1.2 Experiments at the LHC

The LHC accelerator complex hosts six experiments to explore particle phenomena at
the new energy frontier. The experiments are located at points where the two beams of

the LHC, traveling in opposite directions, collide head on.

e The two large experiments, a toroidal LHC apparatus (ATLAS) [54] and CMS [55],
are general-purpose detectors that are built to study both proton (p—p) and lead
ion (Pb-Pb) collisions. The main goal of these two experiments is to search for
the Higgs boson, to explore physics beyond the standard model and to study the
quark-gluon plasma. Having two independently designed detectors is vital for cross-
confirmation of any new discoveries made. As shown in Figure 3.1, the ATLAS and

CMS detectors are located at beam crossing points 1 and 5, respectively.

e The large hadron collider beauty (LHCDb) experiment [56] is specially designed to
investigate matter-antimatter asymmetry by studying the properties of the beauty
quark (or ‘b quark’) produced in proton-proton collisions. The LHCb detector is

located at beam crossing point 8 (Figure 3.1).

e The a large ion collider experiment (ALICE) [57] is a dedicated heavy-ion detector.
It is built mainly to study the quark-gluon plasma, the hadronic matter in extreme
temperature and density conditions, which probably existed just after the big bang
when the Universe was still extremely hot. The ALICE detector is located at beam

crossing point 2 (see Figure 3.1).

e The total elastic and diffractive cross section measurement (TOTEM) [58] and large
hadron collider forward (LHCY) [59] experiments are specially designed to study
physics processes in the “forward region” (the region very close to the particle

beam) of p—p or Pb—Pb collisions. The LHCf experiment, built close to the ATLAS
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experiment, explores the origin of high energy cosmic rays whereas the TOTEM
experiment, built close to the CMS detector, is dedicated to precisely measure the

p—Pp interaction cross section and for in-depth study of the proton structure.

3.1.3 Operation and performance

After an unsuccessful attempt to run the machine in September 2008, LHC resumed its
operation in November 2009 by successfully circulating the beams. On 20 November 2009,
for the first time low—energy proton beams (with 450 GeV energy per beam) circulated
in the LHC tunnel. Soon after, on 30 November, LHC became the world’s highest energy
particle accelerator, achieving collisions with 1.18 TeV energy per beam. Later on 30
March 2010, LHC broke its own record, by colliding proton beams, with 3.5 TeV energy
per beam, at a center-of-mass energy of 7 TeV. The 2010 proton run ended on 4 November
2010 (followed by the heavy-ion runs) and LHC resumed its operation for proton collisions
in January 2011. The 2011 run ended in October 2011 followed by a short technical stop.
In 2012, LHC has been colliding proton beams at an increased center-of-mass energy of 8
TeV (with 4 TeV energy per beam) making the new physics searches even more sensitive.

The LHC has shown impressive performance during 2010 and 2011. The instanta-
neous luminosity delivered depends on the LHC filling scheme which corresponds to a
specific mode of operation for the machine. A fill is characterized by many variants, the
important ones being the total number of proton bunches per beam, bunch spacing, and
expected number of colliding bunches at various interaction points. In 2010, the peak
241

instantaneous luminosity reached L = 2 x 10%? cm™ , with 368 bunches per proton

beam and accumulated about 40 pb~! of collision data. In 2011, LHC recorded a peak
luminosity of L = 3.5x 103 cm™s™! (which is a ten fold increase compared to 2010), with

1380 bunches of protons per beam (see Figure 3.3). The integrated luminosity delivered

to various experiments as a function of the fill number for the 2011 data taking is shown
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FIG. 3.3. Maximum instantaneous luminosity per day delivered to CMS in 2011 for p—p
runs at /s =7 TeV.
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FIG. 3.4. Integrated luminosity vs. fill number for 2011 p—p runs.
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CMS Total Integrated Luminosity, 2010, p-p, Vs =7 TeV
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in Figure 3.4. The data accumulated in 2011 is about 6 fb~!, which is roughly a hundred
times more than what was accumulated in 2010 (see Figure 3.5 [62]). This analysis uses

the full 2011 proton collision data as recorded by the CMS experiment.

3.2 The CMS detector

The CMS detector is a multi-purpose detector located at the LHC at CERN and capable
of studying both proton-proton and heavy-ion collisions. It sits about 100 m underground
close to the French village of Cessy, between Lake Geneva and the Jura mountains. This
section provides a brief description of the design and construction of the CMS detector. A
detailed description of the CMS experiment can be found elsewhere [55]. Since one of the
primary motivations of the LHC is to search for the Higgs boson and explore physics at the
TeV energy scale, the beam energy and design luminosity of the LHC have been chosen
accordingly. This goal also requires a very careful design of the detector and relies on the
detector’s capability to reconstruct certain physics objects with precision. At the design
energy, /s = 14 TeV, the total proton-proton cross section is expected to be roughly
100 mb. At design luminosity, this yields an event rate of approximately 10° collisions
per second. The high event rate poses a formidable challenge to the detector design
in terms of event selection, data storage and fast electronics (which require very good
synchronization). The CMS detector is designed to meet the goals of the LHC physics
program offering good particle identification and momentum resolution over a wide range
of momenta along with good reconstruction efficiency. The distinguishing features of the
CMS detector design are its compactness and the magnetic field configuration which
provides large bending power resulting in precise momentum measurements of charged

particles.



29

3.2.1 The CMS coordinate system

CMS uses a right-handed coordinate system, with the origin at the nominal collision point
(the geometrical center of the detector), the y-axis pointing upwards (perpendicular to
the LHC plane), the z-axis pointing radially inward (towards the center of the LHC ring),
and the z-axis along the anti-clockwise beam direction (geographically towards the Jura
mountains). In terms of polar coordinates, the azimuthal angle ¢ is measured from the
z-axis in the x — y plane and the polar angle 6 is measured from the positive z-axis.
In experimental particle physics, the Lorentz-invariant quantity rapidity (y) is commonly
used to describe the geometrical coverage of the detector. In the relativistic limit, rapidity

can be approximated by pseudorapidity (n). Rapidity and pseudorapidity are defined as

1 E+p, 1 IP| + p.
— . = _ln| === 1
Y 2n(E—pz>’ 7 2n<|P|—pz (8-1)

where F is the relativistic energy of the particle, P is the momentum vector of the particle

follows,

and p, is the particle’s momentum along the beam direction (z axis). Psuedorapidity is

commonly expressed in terms of the polar angle, 6, given by,

e ()] ”

Figure 3.6 shows how the distributions of 1 and 6 compare (6 = 0 and 1 = oo correspond
to the beam axis).

The kinematic variables measured by CMS are transverse momentum (pr), n and ¢
which cover all of the phase space and can in turn be used to derive all other kinematic

variables.
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FIG. 3.6. As polar angle increases, pseudorapidity decreases. The “forward region” of a
a collider detector corresponds to regions with high n values, typically n > 3.

3.2.2 Layout

The CMS detector is 21.6 m long with a diameter of 14.6 m and weighs 12500 tons.
A 4 tesla (T) superconducting magnet (13 m long and 6 m inner diameter) sits at the
heart of the CMS detector providing a uniform magnetic field of 3.8 T (during data
taking). The CMS detector is designed around the solenoidal magnet and is comprised of
multiple sub-detectors: a pixel detector, a silicon tracker, electromagnetic and hadronic
calorimeters and three types of muon detectors. The bore of the magnet is large enough
to accommodate both the inner tracker and the calorimeters inside it. The magnetic
field is closed by a 10000 ton iron return yoke comprising 5 barrel wheels (to cover the
length of the solenoid) and two endcaps (one on each end), composed of three layers
each. Figure 3.7 shows the overall layout of the CMS detector. Integrated into the
return yoke are the four muon stations to ensure full geometric coverage. In the barrel
region, each muon station consists of several layers of drift tubes (DT) and resistive plate
chambers (RPC), while in the endcap region, muon stations are comprised of cathode
strip chambers (CSC) and RPCs.

Figure 3.8 shows a transverse slice of the CMS detector demonstrating how different
particles interact with various layers of the detector leaving behind characteristic patterns,

or ‘signatures’, allowing them to be identified. The detector layers are designed in such
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FIG. 3.7. Diagram of the CMS detector with a quadrant cut away to show the interior [55]
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FIG. 3.8. Particle identification at CMS [52].
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a way as to exploit the different properties of particles and measure their energy or
momentum. The innermost layer (closest to the interaction point) is the silicon tracker
comprised of silicon pixel and strip detectors which identify charged particle tracks by
recording their positions. The magnetic field bends charged particles allowing one to
measure the charge and momentum of a particle based on the curvature of its tracks.
The next layer of the detector, the electromagnetic calorimeter (ECAL) measures the
energy of electrons and photons with high precision. Surrounding the ECAL is the hadron
calorimeter (HCAL) which measures the energy of hadrons and also the missing transverse
energy (Er) in an event. The muon detectors, which form the final layer of the CMS
detector, are dedicated to identify particles that penetrate beyond the HCAL. In general,
these are muons and weakly interacting particles such as neutrinos. Since muons are
charged particles, their charge and momentum can be measured based on the curvature
of their tracks. However, neutrinos are neutral particles and hardly interact with the
detector. Nevertheless their presence can be inferred by adding up all the transverse
momenta of the detected particles, and assigning the missing transverse momentum to
the neutrinos. More details on the inner tracker and calorimeters are given in Sections
3.2.3 and 3.2.4, respectively. Since this analysis uses muon data, the muon spectrometer

is discussed with greater emphasis in Section 3.2.5.

3.2.3 Inner tracking system

The CMS inner tracking system [63] [64] is built to withstand intense particle fluxes
expected at the LHC, featuring high granularity, fast response and radiation hardness
along with efficient cooling. The CMS tracker design is entirely based on silicon detector
technology with about 200 m? of active silicon area making it the largest silicon tracker
ever built. Figure 3.9 shows the layout of the tracking system. The tracking system

surrounds the interaction point and has a length of 5.8 m and a diameter of 2.5 m. It
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is composed of a pixel detector with 1440 pixel modules containing 66 million pixels and
a silicon strip tracker with 15148 strip detector modules containing 9.6 million silicon
strips. Each system is completed by endcaps extending the geometrical acceptance to a
pseudorapidity of |n| < 2.5. The CMS tracking system provides a precise and efficient
measurement of trajectories of charged particles, as well as precise reconstruction of
primary and secondary vertices. It can also precisely measure track impact parameter

variables such as the longitudinal and transverse distances from the vertex.

Quter Barrel (TOB)
Inner Barrel (TIB)

Inner Discs (TID)

Pixels

FIG. 3.9. Layout of the CMS inner tracking system [55].

The pixel system sits closest to the interaction point and contains three barrel layers
(referred to as pixel barrels (BPix)) located at radii 4.4, 7.3 and 10.2 cm, with two endcap
disks (referred to as forward pixels (FPix)) on each side of them (see Figure 3.9). There
are altogether 768 pixel modules in the BPix and 672 modules in the FPix. Each module
is made of several pixel cells, with a cell size of 100 x 150 pm?. The pixel layers provide
a two-dimensional measurement (in r—¢ and z) of the particle position, whereas half of

the modules of silicon strip detector provide a single coordinate measurement while the
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other half (3 out of 7 end cap rings and 4 out of 10 barrel layers are stereo (back-to-back)

modules)) provides a two-dimensional measurement .
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FIG. 3.10. Schematic layout of the CMS tracker showing detailed coverage in the r—z
plane [55]. Each line represents a detector module. Double lines indicate back-to-back
modules which deliver stereo hits.

The silicon strip tracker is composed of three different subsystems. The tracker inner
barrel and disks (TIB/TID), the tracker outer barrel (TOB) and the tracker endcaps
(TEC). As shown in Figure 3.10, the radial region between 20 cm and 116 cm is occupied
by the silicon strip tracker. The TIB/TID consists of 4 barrel layers complemented by
3 disks at each end and uses 320 pm thick silicon micro-strip sensors with strip pitches
ranging from 80 pm to 141 pum providing up to 4 r—¢ measurements on a trajectory. The
TIB/TID are surrounded by the TOB. The TOB consists of 6 barrel layers (providing 6 r—
¢ measurements) of 500 um thick micro-strip sensors with strip pitches ranging between
122 pm and 183 pm. The TOB extends in z between +118 mm. Beyond this range,
the TECs (TEC- and TEC+ along the z axis) cover the rest of the region as shown
in Figure 3.10. Each TEC is composed of 9 disks providing 9 ¢ measurements of the

trajectory. Furthermore, some layers of the silicon strip tracker (as shown by double lines
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in Figure 3.10) carry a second micro-strip detector module which is mounted back-to-
back with a stereo angle of 100 mrad in order to provide a measurement of the second
co-ordinate, z in the barrel and r in the disks. This tracker design ensures at least 9
particle hits in the silicon strip tracker in the full range of || < 2.4 with at least 4 of

them being two-dimensional measurements.

3.2.4 Calorimetry

A calorimeter measures the energy lost by a particle that enters it. It is designed to ‘stop’
or ‘absorb’ particles by forcing them to deposit all of their energy within the detector.
The CMS calorimetry is comprised of two types of calorimeters: the electromagnetic
calorimeter (ECAL) and hadronic calorimeter (HCAL). Most particles upon interacting
with the dense material of a calorimeter lose most of their energy via particle showers
which are a cascade of secondary particles produced when a high energy particle interacts
with dense matter. High energy electrons, positrons, and photons are capable of initiating
electromagnetic showers upon encountering the ECAL whereas in the HCAL hadrons
produce hadron showers. A high energy photon interacts with matter mainly via pair
production, a process in which an emitted photon produces an e~e™ pair each of which in
turn radiate more photons by bremsstrahlung which decay into more e~e™ pairs and so on
(see Figure 3.11). High energy electrons or positrons, on the other hand, lose their energy
via bremsstrahlung radiation (means “breaking radiation”) which is produced when they
are decelerated in matter due to atomic electric fields.

The ECAL [65] of CMS is a hermetic homogeneous calorimeter with a total coverage
in pseudorapidity || < 3.0. In a homogenous calorimeter the absorber material (or
“passive” material) which produces particle showers is same as the sensitive material
(or “active” material) that measures the energy deposited. The CMS ECAL is made

of 61200 scintillating lead tungstate (PbWO,) crystals in the central barrel (EB) and
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FIG. 3.11. Schematic of an electromagnetic shower.

7234 crystals in each of the two endcap (EE) regions. The crystals have high density
(8.28 g/cm?), short radiation length! (0.89 cm) and small Moliére radius® (2.2 cm) which
makes them an appropriate choice for operation at the LHC. These properties also result
in fine granularity and a compact calorimeter. Furthermore, the scintillation and optical
properties of these crystals make them fast and radiation hard. Avalanche photodiodes
(APDs) and vacuum phototriodes (VPTs) are used as scintillating light detectors in the
barrel and endcap regions, respectively. The EB covers the pseudorapidity range |n| <
1.479 and EE covers the range 1.479 < |n| < 3.0. A basic layout of the ECAL is shown in
Figure 3.12. The cross section of the crystals varies from 22 x 22 mm? to 26 x 26 mm? with
a length of 230 mm. In the barrel region, crystals are mounted on thin-walled alveolar
structures called submodules, of thickness 0.1 mm, and are further arranged into modules
and supermodules. Each EE is divided into two halves, or “Dees” and the crystals are
arranged in bigger units (called “supercrystals”) on the inner and outer circumference of
the Dees. Each Dee holds 3662 crystals. Also the endcaps are equipped with a preshower
detector with the aim of identifying neutral pions in the region 1.653 < |n| < 2.6 and

improving the identification of electrons and photons with high granularity.

!The radiation length of a material is the mean length (in cm) to reduce the energy of an electron by
the factor 1/e via bremsstrahlung radiation.

2A characteristic constant of a material describing the transverse dimension of an electromagnetic
shower. A smaller Moliére radius means better shower position resolution, and better shower separation
due to a smaller degree of shower overlaps.
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FIG. 3.12. Layout of the CMS ECAL showing the arrangement of PbWQO, crystals in
the barrel and endcap regions, along with the preshower detector [55]

Unlike the ECAL, the HCAL [66] is a sampling calorimeter where different materials
are used for active and passive regions. It is designed for measuring hadronic jets and
other exotic particles that leave a signature in the form of missing transverse energy, Er.
The HCAL surrounds the ECAL and is radially restricted between the outer extent of
the ECAL (R = 1.77 m) and the inner extent of the magnet (R = 2.95 m) which limits
the total amount of the absorber material that can be put in the calorimeter. In order
to overcome this limitation, an outer hadron calorimeter (HO) or “tail catcher” is placed
just outside the solenoidal magnet. Besides the HO, the HCAL consists of a hadron barrel
(HB), hadron endcaps (HE) and a hadron forward (HF) calorimeter. Figure 3.13 shows
the longitudinal view of the CMS detector with the HCAL coverage in 7.

The HB is divided into two half-barrel sections (HB+ and HB-) and covers the pseu-
dorapidity region |n| < 1.3 and HE covers the region 1.3 < |n| < 3.0. The HB and HE are
made of alternating layers of plastic scintillating tiles (the active material) and flat brass

absorber plates enclosed between steel plates (the passive material). The steel plates
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FIG. 3.13. Layout of the hadron calorimeter [55].

are used for structural support. When a hadronic shower passes through a scintillating
tile, light is emitted which is collected by a wavelength-shifting fibre and is then fed to a
hybrid photodiode (HPD) for readout. The HF uses a Cherenkov-based radiation hard
technology and is situated at 11.2 m from the collision point covering the pseudorapidity
region 3.0 < |n| < 5.2. Although called a hadron forward calorimeter, it actually mea-
sures the energy of both hadronic and electromagnetic showers in the forward region. It
is constructed using steel absorbers and quartz fibers. As charged particles pass through
the quartz fibers with a velocity greater than the speed of light, they emit Cherenkov

radiation, which is then detected by photomultipliers.

3.2.5 Muon system

Muons are potential candidates for recognizing signatures of new interesting processes?,

therefore, the detection of muons is of great importance to CMS. The main function of the

30ne such signature is the predicted decay of the Higgs boson into four muons via ZZ.
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CMS muon system [67] is to efficiently identify, trigger and measure muon momenta over
the pseudorapidity range |n| < 2.4. Three types of gaseous particle detectors are used for
muon identification: drift tubes (DT) in the barrel region, cathode strip chambers (CSC)
in the endcap region and resistive plate chambers (RPC) in both the barrel and endcap
regions. DTs and CSCs cover the region of |n| < 1.2 and 0.9 < |n| < 2.4, respectively.

RPCs cover the region with || < 1.6. Figure 3.14 shows the muon system elements in

R fcm)

FIG. 3.14. Layout of the CMS muon system shown for one quadrant of the CMS de-
tector [55]. The four barrel DT stations (MB1-MB4), four endcap CSC stations (ME1-
ME4), and RPC stations are shown.

one quadrant of the CMS detector. In total there are 1400 muon chambers: 250 DTs,
540 CSCs, and 610 RPCs.

Drift tube chambers made of rectangular drift cells are used in the barrel region where
the muon rate is low and magnetic field is uniform. The DT chambers are organized
into four stations interspersed among the layers of the flux-return yoke. The first three
stations each contain 12 drift tube chambers, of which 8 of them provide a measurement

in the r — ¢ plane and the rest provide a measurement in the z direction. The fourth
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DT station does not measure the z direction. A schematic layout of barrel muon DT

chambers is shown in Figure 3.15. A typical drift cell is made of two electrode plates

FIG. 3.15. Layout of the barrel muon (MB) DT chambers in one of the 5 CMS barrel
wheels [55]. Each DT chamber is denoted by MB/Z/a/b, where a refers to the DT station
number ranging from 1 to 4 and b refers to the chamber number (within a DT station)
ranging from 1 to 12. In chambers 4 (top) and 10 (bottom), the MB4 chambers are cut
in half to simplify the mechanical assembly. YB refers to the yoke barrel regions with
same numbering scheme as used for the MB DT stations.

(operated at high voltage) enclosing argon—carbon dioxide gas mixture (Ar-CO,) and a
stretched anode wire. When a muon or any charged particle passes through the gas, it
liberates electrons from atoms through ionization of the gas. The resulting electrons drift
to the nearest anode wire. By recording where along the wire electrons hit as well as by

calculating the muon’s original distance from the anode wire, D'T's give a muon’s position
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FIG. 3.16. Muon drift tube operation. The red line with arrow shows a muon traversing
the drift tube. The anode wires (shown by red dots) are perpendicular to the page. The
horizontal blue lines with arrows show the muon’s distance from the anode wire (obtained
by multiplying the speed of an electron in the tube by the drift time).

measurement in two coordinates. Figure 3.16 demonstrates the basic operation of a drift
cell.

Trapezoidal shaped CSC chambers are used as muon detectors in the endcap region
where the muon and background rates are high and the magnetic field is large and non-
uniform. The CSCs cover the far-forward region of the detector with 0.9 < |n| < 2.4. The
CSC features fast response time, fine segmentation and radiation resistance and provides
efficient identification of muons. In each endcap, CSCs consists of 4 muon endcap stations
(ME1-ME4) arranged in groups as follows: 72 ME1/1, 72 ME1/2, 72 ME1/3, 36 ME2/1,
72 ME2/2, 36 ME3/1, 72 ME3/2, and 36 ME4/1 (see Figure 3.17).

CSCs are multi-wire chambers made of 7 cathode panels forming 6 gas gaps with
planes of anode wires. The cathode strips run radially (at constant A¢ width) and anode
wires run azimuthally (defining the track’s radial coordinate). The basic layout of a
CSC chamber is shown in the left panel of Figure 3.18. The right panel shows the basic
principle of CSC operation.

RPCs complement the DTs and CSCs in the barrel and endcap regions, respectively.
In the barrel region, the barrel RPC (RB) chambers form 6 coaxial cylindrical layers
(all around the beam axis), arranged with respect to the four muon stations (see Fig-

ure 3.19 [55]). The first and second muon stations each contain two layers of RPC
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FIG. 3.17. Quarter-view of the CMS detector [55]. Shown in red color are the CSCs.
The ME4/2 chambers will eventually be built and installed as part of the CMS upgrade
plans.
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FIG. 3.18. CSC chamber design and operation [55]. Left panel: Layout of a CSC chamber
made of 7 trapezoidal planes. The exposed portion shows anode wires and cathode
strips. Right panel: A schematic view of a single gas gap illustrating the principle of
CSC operation. The muon coordinate along wires is obtained by interpolating charges
induced on cathode strips.
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chambers located inside (RB1 in and RB2 in) and outside (RB1 out and RB2 out) with
respect to the Drift Tube (DT) chambers. The third and fourth stations each contain two
RPC chambers, both located on the inner side of a DT layer (named RB3+ and RB3,
RB4+ and RB4). Special cases are RB4 in sector 4 (which contains 4 chambers: RB4++,
RB4+, RB4-, and RB4- -) and sectors 9 and 11 (which contain only 1 RB4 chamber).
The CMS forward and backward regions contain 3 iron disks that constitute the endcap
yokes (YE 1-3). The four CSC stations (ME 1-4) and endcap RPC stations (RE 1-3)
are mounted on either side of the YE layers. RE1 is located on the interaction point
side of YE1, underneath the CSC chambers of ME1. The RE2 chambers are mounted
on the back side of the YE1 and RE3 on the interaction point side of YE3. RPCs are
gaseous parallel-plate detectors which provide fast response with good time resolution for
muon triggering and identification. However, the position resolution of RPCs is coarser
than that of DTs or CSCs. The CMS RPC basic double-gap module consists of two gaps
(referred to as up and down gaps) operated in avalanche mode with common read-out
strips in between (see Figure 3.20). When a muon passes through the chamber, gas atoms
are ionized leading to an avalanche of electrons. The signal (the electrons) is picked up

by external metallic detector strips for readout.

Muon reconstruction

The CMS muon system is designed to identify and reconstruct muons over the pseudo-
rapidity interval |n| < 2.4. This results in high reconstruction efficiencies (> 99%) for
muons that are within the 7 range and have sufficient pr [69]. Also, the high magnetic field
makes possible excellent muon momentum resolution. In the standard CMS reconstruc-
tion procedure, particle tracks are first reconstructed independently in the inner tracker
(referred to as tracker tracks) and in the muon system (referred to as standalone-muon

tracks). Tracks are also reconstructed locally within the muon system using available DT
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FIG. 3.19. Schematic layout of one of the CMS barrel wheels, labeled W+2.

Upper Gap Strip

7
b4 /

\Lower Cap

FIG. 3.20. Layout of a double-gap RPC [55].




45

or CSC particle hits (referred to as muon segments). Based on these, muon reconstruction

is done following two approaches:

o Tracker muon reconstruction (inside-out): In this approach, all tracker tracks above
a certain pr threshold are considered and are extrapolated to the muon system for
matching muon segments. If at least one muon segment matches the extrapolated

tracker track, the corresponding tracker track qualifies as a tracker muon track.

e Global muon reconstruction (outside-in): In this approach, standalone muon tracks
are extrapolated for matching tracker tracks. If one is found, hits from the tracker
track and standalone muon track are combined and used to determine a global muon

track.

In the specific case when tracker tracks are not available in a given collision event, only
a standalone muon track is reconstructed. However, this is very rare (occurring in only
about 1% of the events) due to high tracker efficiency.

At low momentum (pr < ~20 GeV/c), the tracker muon reconstruction is more effi-
cient than the global muon reconstruction as it requires only one matching muon segment.
At high momentum (pr > ~200 GeV/c), global reconstruction gives high efficiency (as
muons penetrate more than one station at high pr) and significantly improves muon
momentum resolution compared to the tracker only fit [68,69]. Figure 3.21 shows a

comparison of momentum resolution when reconstructed with different approaches.

3.2.6 Trigger and Data Acquisition

As mentioned in Section 3.2, at nominal running, CMS will observe an event rate of about
10° events per second with a single event size of ~1.5 MB. This makes it impossible to
store and process all of the observed events, hence a dramatic rejection rate is required.

This is achieved by the online event selection process called “trigger”, which is designed
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FIG. 3.21. The muon py resolution as a function of py using simulated data for the muon
system only, the inner tracking system only, and both [55]. Left panel: |n| < 0.8 , right
panel: 1.2 < |n| < 2.4.
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to select potentially interesting events and reduce the huge event rate to a manageable
100 events per second for storage and subsequent analysis. The high event rates and short
time between bunch crossings (25 ns) makes it challenging to design the CMS trigger and
data acquisition (DAQ) system.

The CMS trigger system performs the event selection in two steps: level-1 (L1) trig-
ger [70] and high-level trigger (HLT) [71]. The L1 trigger consists of custom-designed
hardware processors and is extremely fast in decision making. The design output rate
of L1 trigger is 100 kHz and produces a trigger decision in less than 1 us. The decision
is based on fast trigger inputs coming from the muon detectors* and calorimeters. All
muon detectors of CMS are equipped with trigger electronics in their read-out system and
provide required information to the L1 trigger. To select an event, the L1 trigger looks
for simple signs of interesting physics such as particles with a large amount of energy or
pr, particles with missing Er, etc. Events accepted by the L1 trigger are sent for further
evaluation by the HLT. In the next step, the HLT reduces the L1 output from 100 kHz
to 100 Hz. The HLT is a software system implemented in a computer farm consisting of
about 1000 processors which run very complex physics tests searching for specific signa-
tures by partially reconstructing the event. The HLT algorithms are a faster version of
the offline reconstruction and physics software, looking for specifically interesting events.

At the L1 level, the DAQ system must sustain a maximum input rate of 100 kHz,
for a data flow of 100 GB per second coming from approximately 650 data sources,
and must provide enough computing power for the HLT to reduce the rate of stored
events by a factor of 1000. Before the L1 trigger decision, data is continuously, but,
temporarily, stored in the buffers of various sub-detectors. Omnce a decision is made,
corresponding events are extracted and are pushed into the DAQ system where the event

builder assembles the event fragments into a complete event and transmits them to the

4All three muon systems, the DT, the CSC and the RPC, take part in the trigger and can trigger on
the pr of muons independent of the rest of the detector. Also, RPCs are dedicated trigger detectors.
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HLT for further processing. During operation, trigger thresholds are optimized in order

to fully utilize the available DAQ capacity.
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Chapter 4

The PYTHIA Monte Carlo

This chapter introduces the various compositeness models implemented within the PYTHIA
Monte Carlo event generator, with an emphasis on the left-left isoscalar model (LLIM).
Section 4.1.1 gives the technical details on how to submit a PYTHIA job for the LLIM. Sec-
tion 4.2 shows the expected cross sections and dimuon mass spectra for the LLIM. Studies
shown here are done at PYTHIA generator-level (without the CMS detector simulation),

as the main motivation is physics understanding of the LLIM implementation.

4.1 Compositeness models in PYTHIA

PYTHIA Monte Carlo version 6.4 (as described in [47]) is used to simulate contact interac-
tion (CI) signal and standard model (SM) Drell-Yan (DY) samples at the generator-level.
Within PYTHIA, subprocess ISUB 165 represents a compositeness scenario where the fi-
nal states are equivalent to those resulting from v*/Z% exchange in the SM. The process
includes both CI and DY production as well as possible interference between the two.
Within subprocess 165 there are two basic compositeness models implemented, the LLIM
and a helicity non-conserving model. A choice of the model can be made using the param-

eter ITCM(5). ITCM(5) > 1 corresponds to a compositeness model, whereas, ITCM(5)
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= 0 corresponds to a simplified implementation of the standard model behavior. Table 4.1
summarizes the model choices in detail. These include a distinction as to whether only

the first generation quarks are composite or all quarks are considered to be composite.

Table 4.1. Compositeness model options within PYTHIA for dilepton final states.

ITCM(5) | Model Composite quarks
0 standard model DY none
1 left-left isoscalar u,d
2 left-left isoscalar u,d,c,s,t.b
3 helicity non-conserving | u
4 helicity non-conserving | u,c,t

The standard way of generating DY production in PYTHIA is through subprocess 1
(MSUBL1) which is a 2 — 1 process, whereas PYTHIA treats all ISUB 165 processes as
2 — 2 processes by default. This leads to a difference in the default Q? scale in parton
distributions which is p? for ISUB 165 processes and § for MSUB1. In order to make
the two processes equivalent, following the recommendation of the PYTHIA manual, the
MSTP(32) = 4 card is used in ISUB 165 processes to force PYTHIA to use the same §
Q? scale that is used in MSUBL. This corrects for the 2 — 2 implementation of the DY
process that is built into the CI interference terms in PYTHIA. With the MSTP(32) =4
selection, the cross sections as reported by PYTHIA for MSUBI and ITCM(5) = 0 are
identical to within 0.1%.

For this analysis, the LLIM is chosen as it is the conventional benchmark model for
compositeness searches in the dilepton channel. In this model, all of the initial state
quarks are assumed to be composite (ITCM(5) = 2 selection) and the final state is taken
to be puTp~. As mentioned in Section 2.2.2; this model corresponds to the first term in

Eq. 2.4.
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4.1.1 PYTHIA Job details

This subsection gives the technical details on how to submit a PYTHIA job to generate
contact interaction events for a given value of A. The job options shown below are

specifically for a A value of 5 TeV and constructive interference.

‘MSEL =0,

‘MSUB(165) =1,

‘MSTP(32) =4,

‘RTCM(42) = -1, | Constructive interference
‘RTCM(41) = 5000.", | Lambda = 5 TeV

‘ITCM(5) =2, ! LLIM

‘KFPR(165,1) = 137,

‘CKIN(1) = 120.7,

The description of the job options is as follows:
e MSEL = 0 lets the user define the physics process.
e MSUB(ISUB) = 1, where ISUB is 165, allows the decay via v*/Z° exchange.

e MSTP(32) = 4 forces the ISUB 165 processes to use the § value for Q% scale. In

other words, forces a 2 — 2 process (CI) to 2 — 1 process (Z — uu).

e RTCM(42) = £1 sets the sign of the interference term. Default is +1 (destructive)

and setting this to -1 corresponds to the constructive case.
e RTCM(41) sets the A value in units of GeV.

e ITCM(5) = 2 selects the LLIM with the selection of all quarks being composite.
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FIG. 4.1. Constructive and destructive LLIM cross sections for M,+,- > 120 GeV /%
The functional fits differ only in the sign of the interference term in Eq. 2.5. The solid
black line corresponds to the DY asymptotic limit.

e KFPR(ISUB, 1) = 13 sets the final state particle type for the chosen ISUB (which

is 165 here). A value of 13 corresponds to muons in the final state.

e CKIN(1) sets the lower v/3 value for the interaction in units of GeV.

4.2 The left-left iso-scalar model

The LLIM defines a left-handed current model for contact interactions. This analysis
interprets the data in the context of the LLIM which in addition to generating pure CI
and DY terms, also allows for interference between the two processes, as shown by Eq. 2.5.
Hence the term “CI/DY” or “CI signal” will be used throughout this thesis collectively
to refer to the processes contributing to the cross section in Eq. 2.5. Using PYTHIA, the

expected cross sections and dimuon mass spectra in the LLIM (at the generator-level) are
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FIG. 4.2. Dimuon event yields at different values of A for (a) destructive interference and
(b) constructive interference. Values are shown for M >120 GeV/c?. As A increases, the
dimuon mass distribution tends toward pure DY. The model predictions are shown over
the full mass range, although the model is not valid for M lf/fwcz > A

shown in this section with appropriate kinematic cuts. For all the plots shown here, both
muons in the dimuon pair are subject to the requirements || < 2.1 and pr > 40 GeV/c.
These requirements are chosen to be less restrictive than the corresponding reconstruction
requirements (see Section 5.2), taking into account resolution effects. Also the mass of
the dimuon pair is restricted to be above 120 GeV/c? as the CI/DY contribution below
this value is much smaller than that due to DY.

Figure 4.1 shows a comparison of destructive and constructive differential cross sec-
tions for M, > 120 GeV/c? at /s = 7 TeV. The fits to the cross section points are based
on Eq. 2.5 and differ only in the sign of the interference term (second term). As A — oo,
the two cross sections approach the DY limit as suggested by Eq. 2.5 and as shown by the
solid black line in the plot. Note that in the destructive case, the cross section achieves

a minimum around A = 6-7 TeV due to the effect of destructive interference.
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Figures 4.2(a) and 4.2(b) show the dimuon event yields in the LLIM at various values
of A for destructive and constructive interference, respectively. The distributions shown
in these figures correspond to a raw sample of 500k events, however, only about half of
the total events survive the pr > 40 GeV/c requirement. Comparing the two figures
one can see that the cross section for the constructive case is slightly higher than for the
destructive case. Also, note that the contact interaction is not visible until above the
Z peak which justifies the use of 120 GeV/c? dimuon mass requirement in this analysis.
The A curves in Fig. 4.2 illustrate that the CI/DY leads to a less steeply falling cross
section than DY production, with the effect steadily increasing with decreasing A. One
can also see that as A increases, the distribution tends to the pure DY production as

expected.
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Chapter 5

Data and event selection

This chapter starts with an introduction to the 2011 CMS muon dataset used in this
analysis. Section 5.2 discusses in detail the selection criteria used to select muon and
dimuon events. The effect of individual selection cuts on dimuon event statistics is also
shown. Finally, the event pileup (the occurrence of multiple pp interactions recorded
by the detector as a single event) during the course of the 2011 data taking is briefly

discussed in Section 5.3.

5.1 The 2011 dataset

Proton-proton collision data at LHC center-of-mass energy 7 TeV recorded between Jan-
uary and October 2011 are used in this analysis. Based on the instantaneous luminosity,
the 2011 data taking period was divided into two sections, 2011A and 2011B. Collision
events are grouped into several runs depending on the LHC filling scheme (Section 3.1.3)
and expected instantaneous luminosity which further determine the trigger conditions
used. Each run has to pass certain validation requirements for the sub-detectors in order
to be considered a good run. Since this analysis looks for muon final states, validation

requirements for calorimeters are not taken into account. The total integrated luminosity
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FIG. 5.1. Opposite sign dimuon invariant mass spectra showing the resonant peaks of
the SM particles. Dimuon mass is given in units of ¢ = 1.

of the 2011A and 2011B muon datasets is 2413 pb~! and 2864 pb~!, respectively. To-
gether, the two datasets yield a total luminosity of 5277 pb~!. The uncertainty in the
total luminosity is estimated to be 116 pb™! [76].

One of the important steps to be done during the initial data taking period at any
particle physics experiment is to provide confirmation of the previously verified predic-
tions of the standard model (SM). Figure 5.1 [74] shows the invariant mass spectra of
opposite-sign muon pairs using a subset of the CMS 2011 dataset corresponding to an
integrated luminosity of 1.14 fb~!. The plot shows the Z boson (on the far right), J/v
and Upsilon mesons, and at lower energy, the lighter resonance decays of rho (p), omega

(w), and phi (¢) mesons, reaffirming SM production at /s = 7 TeV.

5.1.1 Trigger requirements

The 2011A and 2011B muon datasets use single muon triggers to select events, both

at the level-1 (L1) and high-level trigger (HLT). The relevant single muon HLT trigger
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Table 5.1. The 2011A and 2011B datasets used, with run ranges, HLT paths, and corre-
sponding luminosities.

Dataset Run range HLT path Luminosity
(pb™")
160404-163869 HLT_Mu30 233.4
Run 2011A | 165088-173198 HLT _Mu40 1906.1
173236-173692 | HLT _Mu40_eta2pl 273.4

Run2011A total 2412.8
Run 2011B | 175832180252 | HLT_Mu40_eta2pl |  2864.3
Run2011A 4+ Run2011B total 5277.2

paths for these run periods are HLT _Mu30, HLT_Mu40, and HLT_Mu40_eta2pl. As the
names imply, the HLT_Mu30 and HLT_Mu40 triggers select events with muon pr > 30
GeV/c and pr > 40 GeV/c within |n| < 2.1, respectively. The HLT Mu40_eta2pl is
same as HLT Mu40 except that the restriction on 7 appears also at the L1 level. The
corresponding L1 triggers select events at a lower pp threshold, pr > 12 GeV/c for
HLT Mu30 and pr > 16 GeV/c for HLT _Mu40 and HLT Mu40_eta2pl (with an explicit
cut of |n| < 2.1). Table 5.1 summarizes the run ranges and HLT trigger paths used in
the analysis. For uniformity, the L1 and HLT conditions of HLT _Mu40_eta2pl trigger
are used for all periods of the 2011 data and signal and background Monte Carlo (MC)
sources. In the case when the HLT_Mu40_eta2pl trigger path does not exist in simulated
samples and data (e.g., during the initial period of 2011 data taking, see Table 5.1), it is
emulated using HLT _Mu30 or HLT _Mu40, by additional requirements for the HLT object
to be in |n| < 2.1 range and pr to be greater than 40 GeV /c.

Trigger efficiencies are measured by the CMS muon physics object group (MUON
POG) by applying the “Tag and Probe” method [73] to a sample of Z — p*pu~ events
collected with single muon triggers. Figures 5.2(a) and 5.2(b) show the single muon HLT
and L1 + HLT trigger efficiencies for data and MC as a function of n [74]. The overall
L1+HLT efficiency of the single muon trigger for 2011 runs (for the event selection criteria

discussed in the next section) is about 93.3% for |n| < 2.1 and pr > 35 GeV/c, whereas
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in the barrel (|n| < 0.9) and endcap (0.9 < |n| < 2.1) regions, it is around 95.0% and

89.9%, respectively.

5.2 Dimuon selection criteria

To reduce mis-reconstructed muons and muons coming from cosmic rays, a set of recon-
struction requirements, as discussed in this section, are used to select dimuon events [73].
The same selection criteria are applied both to data and MC sources. At the generator
level, each muon is required to have pr > 40 GeV/c and |n| < 2.6. These requirements are
chosen to be less restrictive than the corresponding reconstruction requirements, taking

into account resolution effects.

e Baseline selection of events
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e In order to avoid events coming from beam backgrounds, events are required
to have at least 25% of the silicon tracker tracks (see Section 3.2.5) marked
as high purity. The reconstructed tracks are filtered to remove tracks that are
likely fakes and to provide a means of quantifying the quality of the remaining
tracks. The filtering uses information on the number of hits, the normalized >
of the track, and the compatibility of the track originating from a pixel vertex.
Tracks that pass the tightest selection are labelled high purity. A detailed

discussion is given in [72].

e To reject cosmic ray muons triggering in empty bunch crossings, which can
produce fake muons when traveling close to the interaction point, events are
required to have at least one good offline-reconstructed primary vertex. A
primary vertex is considered good if it is associated with four or more tracks;
has 7 < 2 cm, and |z| < 24 cm (here r and z correspond to the radial and

longitudinal distances from the interaction point, see Figure 3.10).

e Selection of individual muons
In order to reduce the rate of muons from decays-in-flight! and punch-through? and
ensure the quality of muon tracks, both muon candidates are required to pass the

following selection criteria:

e The muon candidate must be reconstructed both as a global and tracker muon

(see Section 3.2.6).
e The muon candidate must have pr > 45 GeV/c, as reconstructed offline.

e The global muon candidate track is required to have a signal (“hit”) in at least

one pixel layer, hits in at least one muon detector layer, and hits in at least

'Muons from decays-in-flight refer to muons coming from pion and kaon decays.
2Secondary hadrons or muons (“fake muons”) from a hadronic shower in the calorimeter that survive
to reach the muon detector are referred to as hadronic punch-through.
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nine strip layers.

e The tracker muon candidate track must have matched segments (series of hits)

in at least two muon detector stations.

e The muon candidate must have a transverse impact parameter |d,,| < 0.2 cm
with respect to the beam spot; this selection significantly reduces the rate of

muons from decays-in-flight.

e To suppress muons coming from hadronic decays (e.g., decays of charm and
bottom quarks), a tracker-based isolation is imposed such that the sum of py of

all tracks, excluding the muon candidate’s track, within a cone of radius AR =

V(A@)?2 + (An)? = 0.3 is less than 10% of the pr of the muon. Suppressing
hadronic decays relies on the feature that hadrons are typically grouped in jets

and as such tend to be non-isolated.

e At least one of the reconstructed muon candidates must be matched within
AR < 0.2 and Apr/pr < 1 to the HLT muon candidate (“trigger muon”),
which has a py threshold of 40 GeV/c and is restricted to the |n| < 2.1 extent

of the detector (as described in Section 5.1.1).

e From muons to dimuons
To form a dimuon, the two muons, passing the above selection, must further satisfy

the following requirements:

e must have opposite charge

e must be consistent with originating from a common vertex. A constrained fit

of the muon candidate tracks to a common vertex must satisfy x? < 10.

e A cosmic ray muon passing close to the detector interaction point can appear

as two muon candidates back-to-back, faking a dimuon event. To suppress
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Table 5.2. Effect of various selection cuts on muon event statistics. Here ‘initial sample
(I)’ corresponds to a subset of events which had passed the baseline selection, trigger
requirement and contains at least one muon that is both tracker and global. Ne,epnss refer
to the number of events passing a specific cut relative to the previous selection step. The
cumulative effect of cuts on the initial sample is given in the last column.

Selection criteria Nevents | % Nevents % 1
survived | survived

Initial sample (/) 13183579 - -

At least one pixel hit 12417846 94.2 94.2
At least 9 tracker layers 11506203 92.7 87.3
At least one muon hit 11200797 97.3 85.0
Matched muon segments 10490218 93.7 79.6
Impact parameter cut 10449300 99.6 79.3
Offline pr > 45 GeV/c 3604278 34.5 27.3
Tracker based isolation cut 2489304 69.1 18.9
Two oppositely charged muons | 146425 5.9 1.1
3D dimuon angle cut 146323 99.9 1.1
Dimuon vertex Chi2 cut 145721 99.6 1.1
M,,, > 120 GeV/c? 21860 15.0 0.2

this, the 3-dimensional angle between the two muon candidates’ momenta is

required to be less than 7 — 0.02 radians.

If an event has more than two reconstructed muon candidates passing all the above
requirements, the two highest pr muon candidates are selected, and the event is retained
only if these two muon candidates are oppositely charged. The efficiency to reconstruct
and identify a muon, with the above selection, is measured to be greater than 95% over
the full pseudorapidity range, || < 2.4 [73]. The dimuon mass resolution, o,.)/M,,, is
measured to be 6.5% at masses around 1 TeV, rising to 12% at 2 TeV [75].

In the dataset corresponding to 5.3 fb~! (as described in Section 5.1), there are 145 721
w T pairs passing all the selection requirements and out of these 21860 pairs have
dimuon invariant mass in excess of 120 GeV/c2. A total of 96 475 dimuon pairs are found

corresponding to the 80-100 GeV/c* mass window. Events with more than two recon-

structed muons surviving all the cuts are very rare; only 14 such events are found in the
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FIG. 5.3. Dimuon mass distribution using the full 2011 dataset after imposing all the
selection requirements.

Table 5.3. List of dimuon events in data with masses above 800 GeV/c?, arranged in
descending order of their masses.

Run no. | Lumi section | Event no. | M, (GeV/c?)
179547 319 505584390 1379
177053 506 751646878 1256
167807 428 953377913 1107
171178 112 117297088 1089
167898 1704 1941532760 1034
165617 242 337750503 1030
161312 384 157864904 1009
178738 78 93967757 1001
172163 115 171598658 967
176206 87 102520618 946
176702 334 506891089 933
180093 43 58481079 917
171446 374 452358419 905
171156 565 614885023 870
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(a)

) o

(b)

FIG. 5.4. Event displays for the two highest-mass p™ 1~ events. Left (right) side of figures
(a) and (b) show the transverse (longitudinal) view. (a) This display corresponds to the
highest mass (1379 GeV/c?) dimuon event with muon kinematic variables: pr = (686,
622) GeV/c, n = (-0.05, +0.63), and ¢ = (-0.46, +2.82). (b) This display corresponds to
the next highest mass (1256 GeV/c?) dimuon event with muon kinematic variables: pr

— (196, 299) GeV/c, = (-1.46, +1.80), and ¢ = (-0.72, +2.30).
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FIG. 5.5. Dimuon mass spectra for same sign muon candidate events.

entire dataset and none of these events have mass above 300 GeV /c?. Table 5.2 lists the
number of events in data that satisfied the successive stages of selection. Figure 5.3 shows
the final dimuon mass distribution and Table 5.3 gives the details of dimuon events whose
mass is above 800 GeV/c?. There are 14 dimuon pairs whose mass exceeds 800 GeV /c?;
out of these, 8 events have dimuon mass above 1 TeV. Event displays for the two highest
mass T~ events reconstructed in the CMS detector are shown in Figure 5.4. In the
figures, the rectangular pink shapes represent the muon chambers; darker pink chambers
contain hits that form part of the reconstructed tracks; the red lines represent muon
tracks; the red (blue) trapezoids represent the energy deposits in the electromagnetic
calorimeter (hadronic calorimeter); the green lines represent tracks in the inner tracker.

As a control sample, the same sign muon events are also monitored. In the entire
dataset, there are only 92 same sign muon candidate events that pass all other selection

requirements. Out of the 92 events, 12 events are multiple muon events each consisting of
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FIG. 5.6. Distribution of the number of primary vertices per event from data for the
2011A and 2011B data taking periods.

3 muons. Figure 5.5 shows the dimuon mass distribution for same sign muon events. It
can be seen from the figure that there are no same sign dimuon events with masses above

700 GeV/c? showing that the opposite sign requirement is still very efficient at high py.

5.3 Event pileup

As mentioned in Section 2.3, as data taking progressed and luminosity increased, the
probability of multiple pp interactions occurring within a single proton beam crossing
(several hundred bunches of protons form a proton beam) also increased. This is referred
to as event pileup. During the course of the 2011 data taking period, an increase in event

pileup was observed as the luminosity increased with time. Although not a big effect for
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muons, pileup events are in general characterized by a large number of tracks associated
with multiple vertices, which, in principle, can lead to a degradation in reconstruction
efficiency. Figure 5.6 shows the distribution of the number of primary vertices per event
in data, for the 2011A and 2011B data taking periods, in which pileup conditions were
quite different. The effect of pileup on reconstruction efficiency is taken into account
by weighting simulated events so that the distribution of reconstructed primary vertices
per event matches that in data. The weighting factors are determined separately for the
two datasets. Simulated event yields for the combined dataset are determined from a
luminosity-weighted average. In this analysis, the reconstruction efficiency is found to be

insensitive to the variations in event pileup encountered during the data taking period.
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Chapter 6

Simulation of signal and background

events

In order to test the observed dimuon mass distribution for deviations from the standard
model (SM), it is necessary to predict the expected dimuon mass distribution from SM and
contact interaction (CI) sources. However, there is no event generator that incorporates
all of the required elements: generation of both Drell-Yan (DY) and CI amplitudes, and
inclusion of Feynman graphs beyond leading order. For this reason a combination of
methods is employed. This chapter discusses in detail how the expected dimuon event

yields for CI and relevant SM background processes are predicted.

6.1 Expected signal and corrections

As mentioned in Chapter 4, the Monte Carlo (MC) generator, PYTHIA [47] [48] is used to
simulate the left-left isoscalar model (LLIM) CI and SM DY processes. The effect of the
detector is determined using a sample of SM DY events that include a simulation of the
CMS detector, including the acceptance, effects of the trigger, reconstruction of events,

and dimuon mass resolution. The expected number of CI/DY events, (Ecy/py), given
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Eciypy = [(CI/DY )gen X Kqop X Kqup x (A x M)] + BKGZ-PY (6.1)

+p-
is the product of the generated number of CI/DY events, (C1/DY),e,, a QCD K factor?
(Kgep), a QED K factor (Kggp), to account for higher order corrections, and a factor
denoted as “acceptance times migration” (A x M). Contributions of non-DY SM dimuon
sources (BK GZTL’_D ¥) to the expected signal are also taken into account, as described in
Section 6.1.3.

All of the multiplicative factors are determined based on a simulated sample of DY
events, with the assumption that they can equally be applied to the CI terms. Table 6.1
summarizes the SM DY and non-DY event samples, with CMS detector simulation, used
to calculate the A x M factor and non-DY background rates, respectively. More details
on how the A x M factor is calculated are given in Section 6.1.1. The event generators
used are PYTHIA, POWHEG [77-79], and MADGRAPH [80]. As shown in the table, POWHEG
and MADGRAPH are next-to-leading order (NLO) generators, whereas PYTHIA is a leading
order (LO) generator. Therefore, NLO corrections are applied to all PYTHIA samples by
means of a K factor. For non-DY PYTHIA samples, a QCD K factor of 1.3, determined
using the NLO generator MCQNLO [49] and LO PYTHIA generator, is applied for the entire
mass range considered in this analysis, whereas for PYTHIA DY samples, mass-dependent
K factors, as described in Section 6.1.2, are applied.

The CI analysis is limited to a dimuon mass range from 200 to 2000 GeV/c?. The lower
limit is enough above the Z-peak so that a deviation from DY production is observable
(as noted in Chapter 4), while the upper limit is chosen large enough to include all events
that could be produced for values of A accessible with this dataset (see Chapter 5) and not
excluded by previous measurements. The minimum mass M, /f:w required in the analysis

is varied between the lower and upper limits to optimize the results on A, as described in

'In general, a K factor is determined from the ratio of the cross section determined using a NLO
generator to the cross section determined from a LO generator (onro/0L0)-
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Table 6.1. Description of event samples with detector simulation. For the DY process
Z/v*— ppt, the minimum dimuon mass is indicated as part of the PYTHIA sample name.
The cross section ¢ and integrated luminosity L are given for each sample generated.

Process Generator Events o(pb) L(pb™1) | Order
Z/v*— | PYTHIA20 | 2.15x 10° | 1.30 x 10° | 1.65 x 10® | LO
Z)v*— i p | PYTHIALI20 | 5.45 x 10* | 7.90 x 10° | 6.91 x 10° | LO
Z/v*— p p | PYTHIA200 | 5.50 x 10* | 9.70 x 107! | 5.67 x 10* | LO
Z/v*— p p | PYTHIAS00 | 5.50 x 10* | 2.70 x 1072 | 2.04 x 10° | LO
Z/7v*— pp | PYTHIAS800 | 5.50 x 10* | 3.10 x 1073 | 1.77 x 10" | LO
Z/v*— p | PYTHIAL000 | 5.50 x 10* | 9.70 x 10~* | 5.67 x 10" | LO
Z/v*—=> 1T PYTHIA 2.03 x 10° | 1.30 x 10® | 1.56 x 103 LO

tt MADGRAPH | 2.40 x 10% | 1.57 x 10® | 1.54 x 10° | NLO
tw POWHEG | 7.95 x 10° | 7.90 x 10° | 1.01 x 10° | NLO
tW POWHEG 8.02 x 10° | 7.90 x 10° | 1.02 x 10° | NLO
WwW PYTHIA | 4.23 x 10% | 4.30 x 10' | 9.83 x 10* | LO
Wz PYTHIA 4.27 x 105 | 1.80 x 10! | 2.37 x 10° | LO
77 PYTHIA 4.19 x 105 | 5.90 x 10° | 7.10 x 10° | LO
W+jets MADGRAPH | 2.43 x 107 | 3.10 x 10* | 7.82 x 10> | NLO
QCD PYTHIA 1.08 x 108 | 8.47 x 10* | 1.28 x 102 | LO

Chapter 8. All samples used in this analysis are produced at /s = 7 TeV center-of-mass
energy using the above mentioned event generators. The samples listed in Table 6.1 use

the Geant4 [81] toolkit to simulate the response of the CMS detector.

6.1.1 Detector acceptance times mass migration

For a given value of MI°® A x M is given by the ratio of the number of DY events

pp
reconstructed with mass above M lf,j’w to the number of DY events generated with mass
above M} ". Some of the reconstructed events with generator mass below ML are
included due to the mass resolution. Allowing the net migration of dimuons mimics
what would be observed in data due to finite mass resolution. The resulting A x M
as a function of M, lf:w is plotted in Figure. 6.1 and values are given in Table 6.2. All

uncertainties shown in the table are statistical in nature.

The A x M values are initially calculated for 100 GeV /c? bins (200-300, 300400, . .
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FIG. 6.1. Acceptance times migration for M > M lf/f“’

Table 6.2. Multiplicative factors for M > M ﬁiw The uncertainties shown are statistical.
The systematic uncertainties are described in Chapter 7.

Mw (GeV/e?) | Ax M | QCD K factor | EW K factor
200 0.80+0.01 1.25940.004 1.01
300 0.82+£0.01 | 1.296+0.004 0.99
400 0.83+£0.01 | 1.32140.003 0.97
500 0.864+0.02 | 1.334+0.003 0.95
600 0.86+0.01 | 1.33940.003 0.94
700 0.87+0.01 | 1.34340.003 0.92
800 0.8840.01 | 1.343+0.003 0.91
900 0.88+0.01 | 1.33940.002 0.90
1000 0.8940.01 | 1.334+0.002 0.89
1100 0.8940.01 | 1.324+0.002 0.88
1200 0.91+0.01 1.31240.002 0.88
1300 0.92+0.01 | 1.29140.003 0.87
1400 0.9440.01 | 1.264+0.003 0.87
1500 0.9740.01 | 1.220+0.004 0.86
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.., 1900-2000 GeV/c?) based on Z/v*— pup PYTHIA DY samples with different dimuon
mass thresholds, indicated as part of the PYTHIA sample name as listed in Table 6.1.
The PYTHIA DY samples are paired in a one-to-one fashion with the 100 GeV/c? mass
bins (making sure that the chosen PYTHIA sample has a dimuon mass threshold that is
lower than the corresponding M /flfw) so as to optimize statistics while at the same time
allowing for mass resolution smearing effects. This kind of pairing ensures usage of max-
imum available statistics for a given mass range and results in minimal statistical errors
as shown in Table 6.2. The calculation of A x M takes into account the reconstruction
and generator selection criteria as described in Chapter 5. The effect of pileup on re-
construction efficiency is included following the weighting method described in Section
5.3.

From Figure 6.1, one can see that the boost due to resolution smearing becomes
significant for M;fﬁw > 600 GeV/c?* and steadily increases with dimuon mass. This
behavior can be understood from effects of mass migration as illustrated in Figure 6.2,
which shows the reconstructed dimuon mass associated with a particular generator mass
window. For illustrative purposes, the distributions are shown only for some of the
100 GeV/c? mass bins. From this figure, it can be seen that the reconstructed mass
distributions are much broader than the generated ones, with more broadening with
increasing mass. This results in an increasing A x M with increasing mass. The behavior
of Ax M at low mass (ML? = 200-500 GeV /c?) can be understood from the 45 GeV/c
pr cut; this effect becomes less significant as one moves to the high mass region where
mass migration starts to dominate the A x M.

Dependence on A

In order to validate the event yields predicted by the combination of the CI/DY

generator and the A x M factor based on DY events, the event yields are compared

with those predicted using only CI/DY events that are simulated in the detector. This
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FIG. 6.3. Comparison of A x M values in 100 GeV/c? bins for CI and DY production.
The plot starts at 600 GeV/c? on the x-axis.

study is performed for the cases of constructive interference with A = 5 and 10 TeV,
which represent a wide range of possible CI/DY cross sections. Figure 6.3 shows the
comparison of A x M values for A = 5 and 10 TeV with the values obtained from DY
production. It can be seen from the figure that, for dimuon masses above 900 GeV/c?,
the A x M values for the DY process slightly deviate from those corresponding to the
CI/DY A values. The deviation is due to resolution smearing, which is sensitive to the
shape of the cross section. This can be better understood by looking at the cross section
distributions shown in Figures 4.2(a) and 4.2(b) (Chapter 4); one can see from these
figures that the cross sections corresponding to constructive interference are significantly
higher than the DY cross section even for A = 10 TeV. The results differ by at most

3%, consistent with the statistical precision of the study. The systematic uncertainty on
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A x M 1is conservatively assigned this value.

6.1.2 K factors

As mentioned in the beginning of the chapter, the SM DY and CI signal samples used in
this analysis are generated using the PYyTHIA MC program which is a LO event generator.
However, considering only LO processes can seriously underestimate the cross sections
at a high-energy hadron collider and thus may have serious bearing on the discovery
potential of such experiments. Hence it is important to incorporate higher-order terms,
at least up to NLO, in the cross section prediction.

Higher-order corrections are divided into two categories: the NLO QCD corrections
involving strong interactions and NLO QED corrections involving electroweak (EW) in-
teractions. In the case of DY /CI production, only initial state quarks are affected by
higher order strong processes (such as quark/gluon loops or gluon radiation), due to
their color charge, whereas, the EW processes affect both initial state quarks and final
state leptons as they both carry electric charge. The NLO QED corrections include con-
tributions from processes such as initial and final state photon radiation and virtual EW
loop corrections.

QCD K factor

The QCD NLO K factors are calculated from the ratio of MCQNLO to PYTHIA DY
event yields, at the generator level. The PYTHIA and MC@QNLO samples are subject to
the cuts, |n| < 2.6 and pr > 40 GeV/c. Figure 6.4 and Table 6.2 show the resulting K
factors as a function of M, lflj’w The large samples of simulated events result in statistical
uncertainties less than 0.5%. It is important to note here that the QCD K factor for
DY production is always greater than one showing that the NLO processes in this case
constructively interfere with LLO processes resulting in an enhancement of the overall

cross section. The systematic uncertainty is assigned the value 3%, the size of the cor-
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rection [83] between next-to-next-to-leading order (NNLO) and NLO DY cross sections.
For SM processes other than DY production (shown in Table 6.1), the QCD k-factor is
found, independent of dimuon mass, from the ratio of the cross section determined using
MC@NLO to the cross section determined from PYTHIA.
QED K factor

A mass-dependent QED K factor determined using the HORACE generator as reported
in Ref. [82] is used in this analysis. The values of the QED K factor, as a function of
M ML;“’, are shown in Figure 6.5 and Table 6.2. From the figure, one can see that except
for M fiw = 200 GeV/c?, the QED K factor is always less than 1, implying that the NLO

processes in this case destructively interfere with LO processes decreasing the overall cross

section. The systematic uncertainties on the QED K factor are discussed in Chapter 7.

6.1.3 SM backgrounds

The dominant background in this analysis is the SM Z/v* — pp production. Since
the dimuon signature for the Z/v* — uu process is indistinguishable from the CI signal
process in the detector, the SM DY background is considered an “irreducible” background.
PYTHIA simulated Z/v* — pp samples (as shown in Table 6.1) are used to evaluate its
contribution to the CI signal. The SM non-DY reducible? backgrounds that are relevant
to this analysis, in decreasing order of importance, are: tt, diboson (WW/W Z/ZZ), W
(including W+jets, tW), and Z — 77. Other QCD backgrounds (such as bb and cé),
even though relevant, are substantially reduced by applying the tracker based isolation
requirement (see Chapter 5).

Using the simulation samples listed in Table 6.1, event yields are predicted for the
listed non-DY SM background processes, as shown in Table 6.3. The yields are given

as a function of Mlﬁfw and correspond to the integrated luminosity of the data, 5277

2Reducible backgrounds have distinguishable signatures in the detector compared to the signal process
and can be reduced by appropriate selection cuts.



Table 6.3. Expected event yields for non-DY SM backgrounds. DY event yields are shown

7

for comparison. The uncertainties shown are statistical.

MEow (GeV/c?) DY Z =TT W+Jets+HW +tW tt Diboson sum non-DY
200 3509 + 18 6.96 £+ 4.14 47.90 £ 1.35 454 + 3 123 + 2 632.3 +£ 5.9
300 863.1 £ 9.0 0 12.82 £ 0.70 104 £ 2 38.6 = 1.2 155.9 + 2.1
400 306.8 £ 5.4 0 3.32 £ 0.35 26.0 £ 0.8 12.7 £ 0.7 420+ 1.1
500 126.5 &+ 3.6 0 1.02 £ 0.20 8.19 + 0.46 | 5.07 £ 0.41 14.3 £ 0.64
600 56.98 £ 0.21 0 0.29 + 0.11 2.92 £0.27 | 2.42 £ 0.28 5.63 + 0.41
700 28.29 £ 0.14 0 0.07 £+ 0.05 1.12 £ 0.17 | 0.86 £+ 0.16 2.06 + 0.24
800 14.85 £ 0.10 0 0.07 £ 0.05 0.34 £ 0.09 | 0.51 £ 0.12 0.92 + 0.16
900 8.08 £ 0.08 0 0.07 £ 0.05 0.05 + 0.03 | 0.25 £ 0.08 0.36 £ 0.10
1000 4.51 + 0.06 0 0.07 £ 0.05 0.05 £ 0.03 | 0.10 £+ 0.05 0.21 £ 0.08
1100 2.55 £ 0.04 0 0.07 £ 0.05 0.05 £+ 0.03 | 0.09 £ 0.05 0.20 £+ 0.08
1200 1.53 £ 0.03 0 0.07 £ 0.05 0 0.01 £ 0.01 0.08 £ 0.05
1300 0.93 + 0.03 0 0.07 £ 0.05 0 0.01 + 0.01 0.08 £ 0.05
1400 0.56 + 0.02 0 0.07 £ 0.05 0 0.01 + 0.01 0.08 4+ 0.05
1500 0.32 + 0.01 0 0.07 £ 0.05 0 0 0.07 £ 0.05

pb~!. Furthermore, they take into account the effects of pileup, and reconstruction and
generator selection criteria, as described in Chapter 5. For comparison, Table 6.3 also
shows the expected yields for DY events. For Mflf“’ > 1000 GeV/c?, the statistical
uncertainty in the non-DY background is large, but the absolute yield is much smaller
than that for DY.

The other background expected in the detector is the cosmic muon background due to
the high-energy atmospheric cosmic rays that manage to penetrate the detector. Sitting
about 100 m deep underground, CMS is well shielded from cosmic rays (only about 1%
of cosmic rays at the surface of the Earth reach the detector). The three access shafts
of CMS cause increased cosmic ray acceptance in some parts of the detector. Hence it is
important to significantly reduce this background. Studies [73] show that the one good
primary vertex and dimuon angle cuts (as discussed in Chapter 5) substantially reduce

the cosmic muon background.

6.2 Predicted event yields

A total of 500k events were produced, with M, > 120 GeV/c?, for each of 32 signal

samples and a SM DY sample. The 32 CI/DY samples (16 samples with constructive
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interference and 16 with destructive interference) correspond to A values ranging from
3 TeV to 18 TeV in steps of 1 TeV. At the PYTHIA generator-level, all samples are
subject to the generator selection criteria, mentioned in Chapter 5, and are produced
above an invariant mass of 120 GeV/c? to increase the number of events in the signal
region. Figure 4.1 shows the corresponding LO production cross sections. Similarly, in
order to increase statistics in the high mass region above 600 GeV /c?, another set of 100k
events were produced, with M, > 600 GeV/c?, for each of the 32 signal samples and a
SM DY sample.

Using the methods described in the previous section (Eq. 6.1), expected event yields
corresponding to the integrated luminosity of the data (5277 pb™!) are predicted as a
function of A and M. The predictions for destructive and constructive interference
are given in Tables 6.4 and 6.5. The DY expected event yields in these tables can be
compared with the data values for a given M lﬁf“’

As seen from Table 6.4, for destructive interference, there are regions of the M fﬁw - A
parameter space where the predicted number of CI/DY events are less than the predicted
number of DY events. An example is M lﬁf“’ =200 GeV/c? and A = 8 TeV. The statistical
method used in this analysis to get results, described in Chapter 7, cannot accommodate
an apparent “negative signal. However, for the region of parameter space M lﬁfw > 600
GeV/c? and A < 12 TeV of interest in which the destructive result is optimized, the
expected signal is always positive. For constructive interference the expected signal is

positive for all values of A and M.
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Table 6.4. Observed and expected number of events for M,, > M lflfw The expected yields
are shown for DY production and CI/DY production for destructive interference with given A
values. Expected yields include contributions from non-DY backgrounds.

Low
HE 200 300 400 500 600 700 800 900 1000 | 1100 | 1200 | 1300 | 1400 | 1500
(GeV/c?)
data 4320 | 1013 | 338.0 | 141.0 57.0 28.0 14.0 13.0 8.0 3.0 2.0 1.0 0.0 0.0
DY 4141 | 1019 | 348.8 | 140.8 62.6 30.3 15.8 8.4 4.7 2.8 1.6 1.0 0.6 0.4
A (TeV)

18 4092 | 1006 | 334.3 | 136.8 59.6 28.7 14.9 8.0 4.5 2.7 1.6 1.0 0.6 0.4
17 4105 | 1020 | 338.5 | 137.1 59.5 28.5 14.9 8.1 4.6 2.7 1.6 1.0 0.6 0.4
16 4110 | 1015 | 337.8 | 137.5 59.6 28.7 15.1 8.2 4.7 2.8 1.7 1.0 0.7 0.4
15 4101 | 1012 | 338.1 | 138.2 59.9 29.0 15.3 8.4 4.9 3.0 1.8 1.1 0.8 0.5
14 4079 | 1005 | 333.7 | 136.3 59.9 29.2 15.6 8.7 5.2 3.2 2.0 1.3 0.9 0.6
13 4090 | 1014 | 336.2 | 136.7 60.9 30.0 16.3 9.3 5.7 3.6 2.3 1.5 1.0 0.7
12 4078 | 1007 | 337.9 | 141.3 61.7 31.1 17.4 10.3 6.4 4.3 2.8 2.0 1.3 0.9
11 4059 | 1002 | 331.9 | 138.3 64.2 33.1 19.2 11.7 7.6 5.2 3.6 2.5 1.7 1.2
10 4073 | 1006 | 342.2 | 143.8 68.5 36.8 22.1 14.2 9.6 6.8 4.7 34 2.4 1.7
9 4064 | 1017 | 353.4 | 1514 75.9 43.8 28.2 19.2 13.6 9.9 7.1 5.2 3.7 2.6
8 4077 | 1032 | 366.6 | 168.0 90.6 56.2 38.4 27.4 20.1 14.8 10.9 8.0 5.8 4.0
7 4153 | 1081 | 407.8 | 202.1 | 120.9 82.0 60.0 45.3 32.9 24.9 18.1 13.4 9.0 6.0
6 4195 | 1165 | 494.5 | 283.9 | 187.6 | 136.2 | 104.4 80.2 60.4 46.9 34.1 23.2 17.0 11.0
5 4450 | 1403 | 713.0 | 479.1 | 348.8 | 270.6 | 213.2 | 165.9 128.5 | 100.5 77.2 58.1 41.6 28.3
4 5256 | 2170 | 1382 | 1048 | 807.6 | 641.4 | 515.6 | 401.9 315.6 | 241.8 | 180.6 | 130.2 94.8 66.3
3 8664 | 5253 | 4017 | 3268 | 2593 | 2081 | 1668 | 1299 | 1017.8 | 773.5 | 595.2 | 447.9 | 321.1 | 224.0

Table 6.5. Observed and expected number of events as in Table 6.4. Here CI/DY predictions
are for constructive interference.

Low
oz 200 | 300 | 400 | 500 | 600 | 700 | 800 | 900 | 1000 | 1100 | 1200 | 1300 | 1400 | 1500
(GeV/c?)

data 4320 | 1013 | 338.0 | 141.0 57.0 28.0 14.0 13.0 8.0 3.0 2.0 1.0 0.0 0.0

DY 4141 1019 | 348.8 | 140.8 62.6 30.3 15.8 8.4 4.7 2.8 1.6 1.0 0.6 0.4
A (TeV)

18 4151 | 1053 | 364.6 | 150.6 69.7 35.2 19.4 11.1 6.7 4.2 2.6 1.6 1.1 0.7
17 4156 | 1056 | 364.4 | 152.2 71.0 36.2 20.1 11.6 7.0 4.4 2.8 1.8 1.2 0.8
16 4194 | 1070 | 370.8 | 156.7 72.3 37.3 21.0 12.2 7.5 4.8 3.1 2.0 1.3 0.8
15 4182 | 1062 | 371.2 | 159.4 73.9 38.4 21.8 12.9 8.0 5.1 3.2 2.1 1.4 0.9
14 4220 | 1069 | 374.1 | 158.0 76.6 40.4 23.3 13.9 8.7 5.7 3.7 2.5 1.7 1.1
13 4189 | 1094 | 383.6 | 167.6 80.1 43.1 25.2 15.3 9.8 6.5 4.3 3.0 2.0 1.3
12 4247 | 1096 | 385.0 | 173.9 84.8 46.7 28.0 17.4 11.4 7.7 5.2 3.5 2.4 1.6
11 4255 | 1113 | 394.9 | 178.1 91.1 51.5 31.7 20.1 13.4 9.1 6.3 4.3 3.0 2.0
10 4288 | 1137 | 412.3 | 188.2 | 100.7 59.0 37.5 24.7 16.9 11.7 8.2 5.7 4.0 2.7
9 4351 1175 | 447.2 | 219.2 | 116.4 71.1 46.6 31.7 22.1 15.6 11.1 7.9 5.5 3.8
8 4398 | 1229 | 477.4 | 2419 | 142.2 90.6 62.2 43.5 31.2 22.6 16.3 11.7 8.2 5.6
7 4551 1342 | 5729 | 313.7 | 186.3 | 124.4 90.4 65.0 46.8 32.7 24.1 17.2 12.4 8.5
6 4785 | 1513 | 708.1 | 423.7 | 277.1 | 193.7 | 142.8 | 106.4 78.6 59.6 43.2 31.5 23.3 15.4
5 5266 | 1905 1024 | 689.4 | 481.8 | 357.6 | 279.6 | 211.5 | 159.9 | 1214 90.3 66.1 47.1 33.1
4 6551 | 2946 1870 1375 1027 | 791.4 | 612.0 | 471.8 | 364.7 | 277.2 | 207.2 | 151.3 | 109.8 75.0
3 10967 | 6639 4882 3844 2947 2328 1830 1421 1086 | 821.5 | 617.7 | 464.2 | 339.5 | 2344
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Chapter 7

Systematic uncertainties

Since the statistical analysis method, described in the next chapter, incorporates the
systematic uncertainties in the calculation of final results, a description of the various
systematic uncertainties associated with this analysis is given in advance in this chapter.
Systematic uncertainties, in general, arise from an imperfect knowledge of the detector,
assumptions made by the experimenter, or the model used to make inferences based on
the observed data. The main sources of systematic uncertainties on the predicted signal
and background event yields can be categorized into theoretical and experimental. The

following sections will give a detailed description of the two types of uncertainties.

7.1 Theoretical sources

In the contact interaction analysis, the theoretical uncertainties come from uncertain-
ties in the proton structure (parton distribution functions (PDFs)) (Section 2.3) and in
the higher-order QCD and electroweak K factors (Section 6.1) applied to the contact
interaction (CI) signal and Drell-Yan (DY) Z — pu samples. A description of these

uncertainties is given below.
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FIG. 7.1. Maximal positive and negative PDF uncertainties as a function of mass.

PDF uncertainties

The uncertainties in the dimuon cross section due to uncertainties in the proton
structure are determined using the “modified tolerance method” as described in Ref. [93].
Relying on the PDFALHC study [94], this analysis also uses the CTEQG66 [95] next-to-
leading order (NLO) PDF set (with 90% C.L.) to evaluate systematic uncertainties coming
from PDFs. The CTEQG66 PDF set offers a few advantages: it has been calibrated with
data from hadron colliders, notably the Tevatron, and the DY simulation samples used
in this analysis were generated with the CTEQ66 LO PDF set. The CTEQ66 NLO
PDF set consists of 22 orthogonal independent parameters (related to the attributes
of the partons), which can be considered as eigenvectors of the PDF parameter space.

The uncertainty in the parton structure is determined by fluctuating these parameters
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Table 7.1. Maximal positive and negative PDF uncertainties evaluated with CTEQG66
NLO PDF set using the modified tolerance method.

dimuon mass | AX T AX

(GeV/c?) (%) (%)
80-200 7.2 6.9
200-400 7.2 7.0
400-600 9.0 7.5
600-900 11.9 9.0

900-1000 13.8 11.0
1000-1200 14.6 11.7
1200-2000 17.6 14.2

independently in both positive and negative directions. Table 7.1 and Fig. 7.1 show the
plus (AX, .) and minus (AX,, ) PDF fluctuations derived for a wide range of dimuon
mass. One can see from the figure that the PDF uncertainty grows from about 7% at
the Z peak to about 14% at 1 TeV and about 17% for dimuon mass at 2 TeV.
QCD and QED K factors

As mentioned previously, the CI signal and SM DY samples are generated using the
PYTHIA Monte Carlo which is basically a leading order (LO) event generator. So, in order
to account for higher order diagrams, up to NLO, QCD and QED K factors are applied
to the dimuon event yields. The generation of large samples made it possible to keep
the statistical errors on QCD K factors to less than 0.5% (as shown in Table 6.2). As
mentioned before, the systematic uncertainty on QCD K factor is assigned the value 3%,
the size of the correction [83] between next-to-next-to-leading order (NNLO) and NLO
DY cross sections. In the case of QED K factors, since the effect of QED corrections

on the new physics of CI is unknown, following the conservative approach of [38], the

systematic uncertainty is assigned as the size of the correction, |(QED k-factor) — 1.
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Table 7.2. Sources of systematic uncertainty. Where appropriate, the values are quoted
for M,,, > 700 GeV /c?, A = 13 TeV, and for constructive interference.

Source Uncertainty (%)
Integrated luminosity 2.2
Acceptance 3.0
Background 14.8

Maximum PDF variation 12.3
QED K factor 7.7
QCD K factor 3.0
DY event yield 0.5
non-DY event yield 11.7

7.2 Experimental sources

The experimental uncertainties are estimated from a variety of sources: uncertainty in
luminosity measurement, SM background estimates (i.e., DY and non-DY event yields),
detector acceptance times migration (A x M, see Section 6.1) which includes geometri-
cal acceptance, trigger and reconstruction efficiencies, and dimuon mass resolution. The
determination of the uncertainty in integrated luminosity is described in [76] and is mea-
sured as 2.2%. With this uncertainty, the total integrated luminosity can be expressed
as 5277 4 116 pb~!. The uncertainty in the factor A x M is dominated by the differ-
ence between acceptances determined using DY and CI/DY simulations, as discussed in
Section 6.1.1. The systematic uncertainty on A x M is conservatively assigned a value
of 3%. The statistical errors on DY and non-DY yields, as shown in Table 6.3, are also

considered in the calculation of results.

7.3 Summary

Table 7.2 summarizes all the systematic uncertainties mentioned above. Several of the
sources of uncertainty vary with dimuon mass or depend on the range of A or the choice

for the sign of the interference; in these cases the values in Table 7.2 are quoted for
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Mfﬁ“’ > 700 GeV/c?, A = 13 TeV, and n = -1 (constructive interference) as these points
correspond very closely to the largest of the final limits (as will be shown in the next
chapter). In keeping with the principle of stating the limits as conservatively as possible,
the larger of the + or — PDF variations is chosen. The PDF variation is added in
quadrature with the uncertainties on the QCD K factor, and QED K factor. By way
of contrast, although non-DY event yields have a large relative uncertainty, the effect
on the final results is minimal given the reduced contribution of non-DY sources relative
to DY production. The systematic uncertainties on integrated luminosity, acceptance,
and expected signal and background are included as “nuisance parameters” in the limit

setting procedure, described in the next chapter.
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Chapter 8

Statistical analysis method

Following the procedures outlined in previous chapters, using the observed and expected
yields after all simulation corrections are applied, a search for contact interaction (CI)
in the high-mass region of the dimuon mass spectrum is performed. This chapter starts
by introducing the frequentist approach for statistical inference and outlines the proce-
dure to test the agreement of the observed dimuon mass spectrum with the predicted
distribution including the background contribution. As will be seen in Section 8.2, since
the dimuon distribution derived using the CMS 2011 dataset is found to be consistent
with the expected contributions from DY and other SM background sources, exclusion
lower limits on the compositeness scale A are established for the left-left isoscalar model
(LLIM). Limits are determined separately for destructive and constructive interference
using a modified version of the classical frequentist method described in Section 8.1.

Finally the effect of individual systematic uncertainties on the results is discussed.

8.1 The modified-frequentist method

In high energy physics, different statistical approaches are used to characterize the absence

of a signal or establish a significant excess of events. The two statistical approaches
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commonly used in high energy physics for characterizing the non-observation of a signal
are the Bayesian' and Frequentist methods. Given that no significant excess of events
is observed in the CI analysis, as will be seen in the next section, exclusion limits are
set using a modified version of the classical frequentist method, also known as the C'L,
method. This section starts with a general description of the classical frequentist method
and the C'L, modification applied to it. A brief explanation of how the expected and
observed limits are calculated in the C'Lg; method is also given. A dedicated discussion
of the several input parameters and options used in the limit setting method, specific to
the CI analysis, is given in Section 8.3.

In the following subsections, the expected signal will be denoted as ‘s’ and back-
grounds as ‘b’. The limit setting procedure depends on several parameters which can
be categorized as either nuisance parameters or parameters of interest. Parameters of
interest are the parameters that are being constrained in a given analysis in the absence
of a signal. A nuisance parameter is any parameter that is not under investigation in an
experiment but still has an impact on the predictions. Examples of nuisance parameters
include detector efficiencies, parton density functions, etc. Nuisance parameters will be
denoted by # and parameters of interest by p in the following subsections. Since the signal
and background predictions are subject to multiple uncertainties, handled by nuisance
parameters, they generally become functions of nuisance parameters, s(6) and b(6).

As a convention, it is common to require a 95% confidence level (C.L.) for excluding
a signal. Confidence level is a measure of the reliability of a result. A 95% C.L. means
that in a set of similarly constructed experiments, 95 out of 100 will yield a result that
can be expected to be within a specified range.

Classical frequentist approach

The classical frequentist approach begins from defining a test statistic, g,, that is

1Unlike the Frequentist method, which will be described in the next section, in the Bayesian statistical
approach, results are based on a “prior distribution” of the parameter of interest on which limits are set.
This makes the results sensitive to the choice of the prior distribution.
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designed to discriminate signal-like and background-like events based on their agreement
with a set of data. In general there are multiple ways of defining the test statistic,
but, by the Neyman-Pearson lemma [84], the ratio of likelihoods is the most powerful
discriminator. For many reasons [85], the actual quantity used is a logarithm of the

likelihood ratio®:
L(data|s(u) + b)
L(data|b)

¢u=—2In (8.1)

where data corresponds to the actual observed events or pseudo data, £(data|s(u) + b)
is simply a product of Poisson probabilities for the observed number of events, given the
expected signal and background rates.

Having constructed the test statistic, the next step is to construct probability density
functions® (pdfs) of g, under the signal 4+ background hypothesis. Since the analytical
evaluation of the pdfs is generally impossible, especially when nuisance parameters are
involved, one way to approximate the pdfs is to toss a large number of toy pseudo-
observations and evaluate ¢, using the same Poisson probabilities.

Using these pdf s, one can then evaluate the probability, C Ly, = P(q, < qzat“]s(u)+b)
of observing a measurement g, less than the observed value qzam, with the signal +
background hypothesis. In the classical frequentist approach, if CL,,, = 0.05, then one
says that the signal is excluded at 95% C.L. However, the classical definition fails to
obtain sensible exclusion limits on the signal when an experimental observation appears
consistent with little or no signal together with a downward fluctuation of the back-
ground [86]. To improve this situation, a number of solutions have been suggested, one

of which is the CL; method. The C'L, method is one of the popular methods used at the

LHC and is among the three methods described in the PDG [19].

2Please note that this test statistic is not used at the LHC, where the prescribed profile-likelihood
test statistic is used.

3 Any outcome of a measurement is subject to statistical fluctuations and can assume different values
in independent measurements. The distribution of these values, assuming that the prediction describes
the expected value of the outcome, is referred to as a pdf.
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The CL, approach

The C'L; method [86-88] was originally introduced at the time of LEP (large electron-
positron collider), for the statistical analysis of Higgs searches to prevent the previously
mentioned problem of making strong exclusions based on a very weak-signal when down-
ward fluctuations occur. In the C'L; method, in addition to C'L,s, one also calculates
C Ly, for background-only hypothesis. It is the ratio of these two probabilities, given by

the quantity, C'Ly,

data
o= = e s iy ¢
that defines the 95% C.L. exclusion, i.e., the value of confidence C'L, is required to be
less than or equal to 0.05 to exclude the signal at 95% C.L.
As mentioned earlier, the “LHC-style” C'L, approach uses a profile-likelihood ratio

test statistic [89], given by,

L(data|s(u) + b)

L(datals(ft) +b)’ (8:3)

qu=—2In

o
IA
=
IN
=

where the parameter estimator fi maximizes the likelihood L(data|s(p) + b); the lower
constraint 0 < [ is dictated by physics implying that the signal rate is always positive,
whereas the upper constraint & < u is imposed to ensure a one-sided confidence interval.
The advantage of using this test statistic is that its pdf distribution can be approximated
by asymptotic formulae based on the Wilks and Wald theorems [89].
Including systematic uncertainties: LHC—style

The systematic uncertainties on signal and background can be introduced in two
ways, via modifications to the test statistic itself or the way pseudo data are generated.

In the LHC-style C'L; method, the likelihood definition is modified to include systematic
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uncertainties,

L(data|s(p, 0) + b(0)) = Poisson(datals(u,0) + b(h)) - p(0]8). (8.4)

where 6 is the nuisance parameter and 6 is the nominal value of . The prior pdf of 8 is

denoted by p(6]d). The test statistic (Eq. 8.3) will then take the form,

. Eldatals(p) +b,6,)

. with 0< /< 8.5
L(data|s(f1) + b, 0) = (8:5)

where both numerator and denominator likelihoods are maximized. This allows for con-
straining nuisance parameters, given p and data. The parameter estimators f and 6
correspond to the global maximum of the likelihood.
Observed and expected limits

After constructing the pdf's, f(q,.|s()+b, ézbs) and f(q,|b, éng), for signal+background
and background-only hypotheses, respectively, following the procedure mentioned above,
the observed lower limit on the parameter of interest, u, can be evaluated by calculating

the probabilities p, and p; as follows:

~obs

qu ~
Pu = f(quls(p) +0, szs) dqy, (8.6)
0
ngs ) R , )
t-p= [ Flalis") da, (8.7)
0

where, qNZbS is the observed value of the test statistic using the actual experimental data,

for a given signal parameter p. ézbs and égbs are values of nuisance parameters, maximiz-
ing the likelihood using the experimentally observed data, for signal + background and
background-only hypothesis, respectively. Once p, and 1 — p;, are calculated, then the
ratio of these two probabilities, C'Ls(1) is evaluated. To quote the 95% C.L. limit, p is

adjusted until C'L; = 0.05 is reached.
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The expected limits are calculated independent of the actual data. The expected
median lower limit and +10 and +2¢ bands for the background-only hypothesis are
defined by generating a large set of background-only pseudo data, i.e., the observed data
are replaced with this pseudo data in the above procedure and a 95% C.L. lower limit on p
is evaluated for each of the pseudo data sets. One can then build a cumulative probability
distribution of results by integrating from the side corresponding to low values. The point
at which the cumulative probability distribution crosses the quantile of 50% is the median
expected value. The +10 (68%) band is defined by the crossings of the 16% and 84%
quantiles. Crossings at 2.5% and 97.5% define the +20 (95%) band.

8.2 Agreement of data with SM predictions

For the luminosity of 5.3 pb™!, a total of 96475 events in the data (see Chapter 5) and
92 525 predicted events for SM dimuon production are found corresponding to the 80—
100 GeV/c? Z mass window. The 80-100 GeV/c? mass window is used for normalizing
simulation to data. It is important to note here that, although the Z normalization
is used in the consistency check of data with the SM production, it is not used in the
determination of limits on A. Based on the above numbers, the normalization factor
is calculated to be 1.043 £ 0.007. The predicted event yields (see Table 6.3) are then
multiplied by the Z normalization factor and are compared with data for each of the
M > M ;ﬁ?w values in Table 8.1.

Figures 8.1 and 8.2 show the observed dimuon mass spectrum and predictions from
the SM DY production for the full mass range considered in this analysis. Also shown in
the figure are the LLIM (CI/DY) predictions for A = 4 and 5 TeV with both destructive
and constructive possibilities. These A values approximately correspond to the best limits
previous to this analysis (see Section 2.2.3). From Table 8.1 and Figures. 8.1 and 8.2,

one can conclude (by eye) that the observed dimuon distribution is consistent with the
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Table 8.1. Dimuon event statistics for the data and SM production corresponding to 5.3
fb~. The numbers shown for SM predictions are after normalization to the Z peak.

Mo Data Predicted DY+BKG
(GeV/c?) (after Z norm.)
200 4320+65.7 4322.4+45.6
300 1013+31.8 1099.5+9.3
400 338+18.4 367.2+£5.1
500 1414+11.9 155.5+£2.8
600 57+7.6 69.940.58
700 28 +5.3 34.6+0.36
800 14+43.7 18.14+0.25
900 13+3.6 9.840.15
1000 8 £2.8 5.540.09
1100 3 £1.7 3.310.08
1200 2+14 1.9+0.06
1300 1 1.240.05
1400 0 0.74+0.05
1500 0 0.46+0.05

SM predictions within the statistical errors.

In order to quantify this agreement, the probability (or “p-value”) for the background
(SM) to fluctuate as large or larger than the observed data is determined. This quantifica-
tion is based on the background-only (SM) hypothesis and requires defining a test statistic
and constructing the corresponding sampling distribution (pdfs). For the background-only

hypothesis, the test statistic (Eq. 8.5) will take the form:

L(datalb, 0,)
L(data|s(fi) +b,0)’

with >0 (8.8)

Following the same prescription given in the previous section, pseudo data are gen-
erated following Poisson probabilities under the background-only hypothesis to construct
the sampling distribution f(qo|b, égbs) of the test statistic gg. From this distribution,

the p-value corresponding to a given experimental observation ¢3** can be evaluated as
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follows:

p-value = P(go > ¢*) = b Flqolb, 03%%) dgo. (8.9)

90

Generally, good agreement between experimentally observed data and the SM-only
hypothesis is found if the p-value is at least 5% or higher. Following the procedure
mentioned above, for the CI analysis, p-values are calculated based on the observed data,
SM background predictions and a set of nuisance parameters, as listed in Table 7.2. In the
analysis performed with the 2011 CMS data, a p-value of 39% was found corresponding
to M, jﬁw = 700 GeV/c?, thus showing consistency with the SM. The reason to quote the
p-value corresponding to M lflfw = 700 GeV/c? is because the sensitivity to A is found
to be maximal for this value of ML (see Section 8.3). Since no excess over the SM
predictions is observed in this analysis using the full 2011 CMS dataset, the next logical
step would be to set exclusion lower limits on the compositeness energy scale A which is

the subject of the next section.

8.3 Exclusion lower limits on A

In the CI analysis, the expected and observed 95% C.L. lower limits on A are determined
using the C'Lgy modified frequentist method as described in Section 8.1. The software
routine used to evaluate the limits is a part of the package with the standard procedures
for statistical inference in CMS physics analyses. The routine estimates observed limits
on the process cross section in a counting experiment, and the corresponding median
expected limit with 1- and 2-0 quantile bands. The macro is written in the RooStats?
framework and is compiled in ROOT version 5.32.00 or higher.

The principal arguments to the macro are: (1) The integrated luminosity (in pb™1),

(2) The absolute error on the integrated luminosity, (3) A nominal value of acceptance, (4)

4RooStats is a standard package within ROOT and is the statistical framework recommended by the
CMS collaboration statistics committee
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The absolute error on acceptance, (5) The number of observed events, (6) The estimated
value for the background, and (7) The absolute error on the background.

The integrated luminosity for this analysis is 5277 pb~! and the absolute error is
taken to be 116 pb™!, corresponding to a 2.2% uncertainty in the integrated luminosity
(see Chapter 7). The acceptance value (the A x M factor) is set to 1 as the expected
yields already include the acceptance correction. The absolute errors on acceptance are
taken to be 3%, as described in Chapter 7. The expected mean for the number of signal
events is the number of CI/DY events expected using a given A less the number of DY
events. The expected mean for the number of background events is the total number
of events from the DY process and non-DY SM backgrounds. The observed number of
events come from the 2011 CMS data. The observed and expected number of events are
given in Tables 6.4 and 6.5. The specific values of systematic uncertainties given as input
to the calculation are summarized in Table 7.2.

The systematic uncertainties on integrated luminosity, acceptance, and expected back-
ground are treated as nuisance parameters. Other options that are chosen within the
calculation are: profile likelihood ratio as a test statistic, following the LHC-style recom-
mendation, Poisson statistics for observed number of events to construct likelihoods as
it is a natural choice when there are zero events present in data, and lognormal [91,92]
prior pdfs for nuisance parameters.

Based on the previously described inputs and options, cross sections are returned by
the calculation for each M ,ﬁf“’ corresponding to a 95% C.L. fluctuation in the signal level.
The cross section values are then converted to event counts by multiplying by the inte-
grated luminosity and the resulting signal events are added to the SM background events
(from the DY row of Table 6.4 or 6.5) to give a final signal plus background prediction for
each M fﬁ“’ These events are then matched to the expected signal+background events

(for a given M}) in Tables 6.4 and 6.5 to find the corresponding A value for destructive
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and constructive interference, respectively. This value gives the 95% C.L. lower limit on
A. Linear interpolation is used for signal plus background estimates that fall between
two A values.

The observed and expected lower limits on A at 95% CL as a function of M fﬁw for
destructive and constructive interference are shown in Figures. 8.3 and 8.4, respectively.
The 1- and 2-0 uncertainties in the expected limits are indicated by the shaded bands.
For both types of interference, the sensitivity to A is maximal for M lﬁfw in the middle of
the range studied. In both cases, a minimum mass of 700 GeV/c? is selected to quote the
exclusion limits on the compositeness scale A. This results in an observed (expected) limit
of 9.1 TeV (9.0 TeV) for destructive interference and 13.1 TeV (12.6 TeV) for constructive

interference [96].

8.3.1 Effect of systematics

The effects of individual systematic uncertainties (given in Table 7.2) are studied by
finding the change in limit for an explicit change in each uncertainty, or central value
to which it corresponds. The PDF uncertainty of approximately 12% has the largest
influence on the limits. For example, if the PDF uncertainty is set to zero, the constructive
limit is about 6% higher. All other sources of systematic uncertainties listed in Table 7.2
have a negligible effect on the A limits, as shown below.

By way of contrast, although the non-DY background has a large relative uncertainty
of 15%, the effect on the limits is minimal given the small contribution of non-DY sources
relative to DY production (see Table 6.3). Since the QED K factor may or may not apply
to the new physics associated with CI, the effect of removing this correction is studied,
which results in an increase in the constructive limit of about 4%. Including the QED K
factor for CI gives the more conservative limit.

To further justify the choice of restricting the CI analysis to a 2 TeV upper limit in
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dimuon mass (see Section 6.1), the effect of including the CI signal events with dimuon
masses above 2 TeV is studied. This results in an increase of the constructive limit by

0.7% which is a very small effect.
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Chapter 9

Results and Conclusion

The CMS detector was used to measure the invariant mass distribution of u*p~ pairs
produced in pp collisions at a center-of-mass energy of 7 TeV, based on an integrated
luminosity of 5.3 fb~!. The dimuon invariant mass distribution in the range 200 to 2000
GeV/c? was found to be consistent with Drell-Yan and other standard model sources
of dimuons. The data were analyzed in the context of the interference of amplitudes
from standard model Drell-Yan production and a left-left isoscalar contact interaction
model of quark and muon compositeness, with energy scale parameter A. Lower limits
were set on A at the 95% C.L. of 9.1 TeV for destructive interference and 13.1 TeV for
constructive interference [96]. These limits represent significant improvements on the
current published values of 4.5 TeV and 4.9 TeV.

As mentioned previously, starting this year LHC has been running at an increased
center-of-mass energy of 8 TeV and is expected to accumulate around 20 fb~! of data
before the scheduled long shut-down in Winter 2013. Initially, inclusion of more data
might result in a rapid increase of the expected limit on A, but, eventually it is expected
to reach a plateau, limited by the attainable center-of-mass energy at the LHC. In that
case, one can gain more sensitivity to new physics by analyzing the angular distribution

of the dimuon system and including the other compositeness models described in Chapter
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4. All of these possibilities will be explored at CMS in the near future. Also, the LHC
energy will increase to its design energy, /s = 14 TeV in 2015 which will make the
physics searches even more interesting. It is a very exciting time for particle physics and

the search for new physics at the LHC has just begun !
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The standard model fails to explain the variety of observed quark and lepton flavors
and their masses suggesting that there might exist a more fundamental basis. If quarks
and leptons are composite particles made up of more basic constituents, a new physics
interaction in the form of a four-fermion contact interaction arises between them. Exper-
imentally the signal is manifest as a deviation from the standard model prediction in the
high-mass tail for the invariant mass distribution of the opposite-sign dimuon pairs. The
Large Hadron Collider accelerator at the Center for Furopean Nuclear Research is built
to explore new physics possibilities from proton-proton collisions occurring at the world’s
highest center-of-mass energy. This thesis discusses in detail a search strategy for a new
physics possibility based on a left-handed current model of contact interactions. Based
on 5.3 fb~! of 2011 data as collected by the Compact Muon Solenoid detector, exclusion
lower limits at 95% confidence level are set on the compositeness energy scale A, for both
destructive and constructive interferences of the new physics with the standard model
Drell-Yan process. These limits form the most stringent limits to date and exceed the

current published limits significantly.
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