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Abstract

We perform multiple analyses using generator-level information in the Compact Muon
Solenoid (CMS) detector at the Large Hadron Collider (LHC). In particular, we carry
out three central investigations: the determination of electron efficiencies, electron
fake rates, and ZZ—4/(e, u) cross sections. Reconstructed Z boson decays are used
as a benchmark in association with our cut-based analysis. In the Z—2e channel
we find an overall electron efficiency of 77.0% =+ 1.3%, and electron fake rates are
calculated to be (1.7 £ 0.5) - 10~ and (0.6 + 0.2) - 10~2 for the photon jet and QCD
channels, respectively. We calculate an expected total of 17 counts/fb~! for ZZ—4¢,
which we find to have a cross section of o774 = 180 £ 45 £+ 6 fb (with statistical
uncertainty listed before systematic uncertainty). From our analysis using generator-
level information, we obtain a set of reconstruction-level techniques that will be useful
once the LHC starts delivering pp collisions sometime in 2008.
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Chapter 1

Introduction

The Large Hadron Collider (LHC) is expected to start operating at the European
Particle Physics Laboratory, CERN (located near Geneva, Switzerland), in the sum-
mer of 2008. This proton-proton collider will function at a center-of-mass system
energy of 14 TeV, providing a unique and exciting opportunity to study particle in-
teractions at energies only approached before during the first few moments after the
Big Bang [1], aside from cosmic rays. Such energies are almost a factor of ten higher
than ever achieved in the laboratory before. Many physicists have eagerly awaited
this chance to confirm or falsify the existence of the Higgs boson, a theoretical particle
hypothesized in 1964 by Peter Higgs (along with Francois Englert and Robert Brout)
that would explain the origin of electroweak symmetry breaking in Nature as well as
account for the masses of all other elementary particles [2,3]. The discovery of such a
particle would complete the Standard Model of particle physics [4-6]. However, it is
very possible that physicists do not find the Higgs boson at the LHC but instead find
the presence of new physics that resolve at higher energies. Such possible new phe-
nomena include supersymmetry [7,8], extra dimensions [9,10], leptoquarks [11,12],
and small black holes [13,14]. The reader can find a suitable introduction to the

Standard Model and many of these topics in [15].
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The Compact Muon Solenoid (CMS) experiment is one of the two general purpose
detectors designed for the search for new physics at the LHC. The CMS experiment
currently involves more than 2000 physicists from more than 150 institutes and 37
countries. These physicists contribute to detector development in terms of both hard-
ware and software, taking part in detector performance testing, analysis preparation,
and data operations concerning the large information flow through the detector once
the LHC is operational (as well as Monte Carlo production in the meantime). Along
with ATLAS (A Toroidal LHC Apparatus), CMS will study the high-energy proton-
proton collisions of the LHC, sifting through billions of events to find rare collisions
of great interest. Though these events may be small in number, they could very well

completely reshape our understanding of space and matter for many years to come.

While there is currently no data available because the LHC is not yet running, we
have access to Monte Carlo simulations of various different channels of proton-proton
collisions within the CMS detector. These simulations are produced using PYTHIA
[16] for collision modeling and Geant4 [17] for detector modeling. By completing
analysis on these generator-level simulations, we have developed reconstruction-level
techniques to be used once the LHC begins taking data. In this paper we focus
primarily on a cross section measurement of the ZZ—4£(e, ) channel, making use of
a select variety of these Monte Carlo samples. In order to carry out this measurement,
we must first concern ourselves with electron identification: determining electron
efficiencies and fake rates. The efficiency of a lepton (such as an electron) is how
often a real lepton is correctly identified within the detector, while the fake rate
of a lepton is the rate at which the detector misidentifies a different particle as the
lepton. These two quantities are essential to design an analysis involving leptons. Our
interest in the ZZ—4£(e, u) channel arises from the fact that it serves as the primary
background to the H—ZZ—4{(e, u) discovery channel. We complete analysis on

the former using simulation-level information in analogue to how we will analyze the
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latter with actual data. This is done by treating the ZZ—4/¢ channel as a signal
channel.

We begin by first discussing the Standard Model of particle physics and the un-
derlying theory to the Higgs mechanism, which motivates the experimental search for
the Higgs boson in efforts to unveil the mystery of mass. Alternate theories concern-
ing new physics such as supersymmetry and others listed above are briefly discussed.
The geometry and physics of the different parts of the CMS detector, including the
tracker, electromagnetic calorimeter, hadron calorimeter, and muon chambers, are
discussed at length as they play a role in understanding our analyses [18]. We then
proceed to discuss electron efficiencies, electron fake rates, and the ZZ—4£ cross
section measurement (including signal versus background optimization). These ex-
planations incorporate discussions of the specific Monte Carlo samples used as well
as additional studies related to electron identification and diboson analysis such as

electron charge misidentification, faking particle identification, and jet content.
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Chapter 2

Theory

In the last century, classical field theory, relativity, and quantum mechanics were
combined together to create quantum field theory. This has led to many insights,
such as the fact thé,t each particle is required to have an antiparticle [19]. Progress in
experimental high energy physics, through an exponential increase in available energy
for the production of massive particles as a function of time [20], has led to many
verifications of quantum field theory, leading to an established list of fundamental
particles and their interactions known as the Standard Model _of particle physics
(SM). The SM includes a description of the electromagnetic, weak, and strong forces
of Nature. The other great advance of the last century, general relativity, has resisted
inclusion within the SM framework, and so the model does not contain gravity as a
fundamental quantum theory. Regardless of being a complete theory of Nature, the
SM is reaching its completion, lacking only the experimental discovery of the Higgs
boson [2]. We will first explain the SM and the importance of the Higgs boson in this

model, including possible alternative physics to the Standard Model.
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2.1 Standard Model

The SM particles consist of spin-1/2 fermions (obeying Fermi-Dirac statistics) which
are the matter particles and spin-1 bosons (obeying Bose-Einstein statistics) which
are the force carriers that communicate the forces between the fermions. The fermions
with only electroweak interactions (inclusive of the electromagnetic and weak inter-
actions) are the charged leptons, which consist of the electron (e~), muon (p~), and
tau particle (77), in order of increasing mass, along with their antiparticles. These
particles each have charge -1, and the antiparticles have charge +1. The uncharged
leptons are called neutrinos and interact only through the weak interaction. One
neutrino exists for each charged lepton (ve, Ze, vy, 7y, vy, and 7,), and all neutrinos
have masses with upper limits that are measured to be very small [15].

The discovery of the constituents of hadronic matter, quarks, in deep inelastic
scattering experiments [21-24] gave birth to quantum chromodynamics (QCD) as
the generally accepted theory of strong interactions [25]. These fermions experience
strong interactions in addition to the electroweak interactions that leptons experience.
Over the past several decades, as the energy of particle beams in scattering exper-
iments has increased, six different flavors of quarks have been found: up (u), down
(d), strange (s), charmed (c), bottom (b), and top (t), in order of increasing mass.
Each quark has a charge of +2/3 (u, ¢, and t quarks) or -1/3 (d, s, and b quarks). An "
additional property of the quark required by the Pauli exclusion principle was later
introduced as color [26], allowing for three distinct versions of each quark: red (g,),
blue (g5), and green (g,). For antiquarks, this corresponds to antired (gr), antiblue
(gs), and antigreen (gj).

In QCD, two or three quarks can group together to form bound states (hadrons)
as long as they are together colorless. This requires either a combination of three
quarks or antiquarks with different colors (e.g. the proton, u,uyd,) or a combination

of one quark and one antiquark (e.g. the positively-charged pion, u,d;). The for-
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mer combinations (gqq or G4q) give rise to hadrons called baryons, while the latter
combinations (gg) give rise to hadrons referred to as mesons. The quarks are bound
together by the strong force, exhibiting asymptotically free behavior [27,28]. In other
words, quarks feel little force at small separations, but experience a powerful color
charge binding force as they move apart. This is the reason that quarks only appear
in colorless combinations, commonly referred to as confinement.

Lastly, we have the bosons, mitigating the interaction of the particles discussed
above. The massless quanta of the electromagnetic field are called photons (), which
together with the massive Z, W, and W~ bosons of the weak force, describe elec-
troweak interactions. The strong interaction is mitigated by gluons (g), which contain
color much like quarks. The last boson of the SM, the spin-0 Higgs boson (H), has

not yet been discovered and its relevance is discussed in the following section.

2.2 Higgs Mechanism

It has been shown that the electromagnetic and weak forces of Nature are unified
into one interaction known as the electroweak interaction [29]. Electroweak theory
was pioneered by Abdus Salam, Sheldon Glashow, and Steven Weinberg in the 1970’s
[4-6] and experimentally verified by the discovery of the W* and Z bosons by the
UA1 and UA2 collaborations at the Super Proton Synchrotron (SPS) of CERN in
1983 [30,31]. Without the introduction of the Higgs boson into this theory, there exist
two resounding problems. First of all, the original theory alone is not renormalizable,
meaning that it predicts unphysical values of scattering amplitudes for high energy
scales. Furthermore, it does not explain why the photon and the other spin-1 bosons
are not treated on the same footing: the photon is massless, whereas the W and Z

bosons are quite heavy, roughly 80 GeV and 91 GeV, respectively.

In order to resolve these two issues, we introduce the Higgs field, manifest in the
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addition of a term to the Lagrangian of the electroweak interaction [25,26]. This Higgs
field, a field mitigated by the Higgs boson and theorized to permeate all of space, cou-
ples to all particles (bosons and fermions) in proportion to their masses [15]. The
act of the Higgs field giving mass to the fundamental particles through this coupling
is known as the Higgs mechanism. Because it does not couple to photons, the pho-
tons remain massless. Thus, we see asymmetry between the photon and the W=
and Z bosons in electroweak theory. This asymmetry is referred to as spontaneous
electroweak symmetry breaking. To better illustrate the spontaneous nature of this
symmetry breaking, let us first look at the general form of the Higgs field (¢) La-

grangian term discussed above:

ACHiggs = 8#¢au¢ - V(¢)a (21)

where the first term is the kinetic contribution and the potential V(¢), illustrated in

Figure 2-1, takes the form
V(¢) = —alg|* + blo|*. (2.2)

Here, a and b are positive constants. A stable solution minimizing this term of the

_ 18
6=[5c" 23

where # is a real number between 0 and 27. In order to reach a stable minimal state,

Lagrangian takes the form

the Higgs field must spontaneously pick some value of 8, breaking the U(1) symmetry
of the system [25,26]. The second issue mentioned above is now accounted for as
well: the renormalizability of electroweak theory is upheld by the presence of the
Higgs field due to the condition of local gauge invariance that it establishes [2,32,33].

The only remaining task at hand is to experimentally verify the Higgs mechanism
through the discovery of the Higgs boson. This is particularly troublesome given

that the Higgs boson mass is a free parameter of the theory. However, previous
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experiments and theoretical considerations have narrowed the mass window of the
Higgs boson mass to between roughly 110 GeV and 1000 GeV (where we have set
¢ = 1) [20], which the LHC can completely explore. The lower bound is set by the
results of the LEP experiment [34], while the upper bound is imposed by requiring
unitarity of diboson scattering. Figure 2-2 illustrates some of the ways in which a
Higgs boson can be produced from pp collisions at the LHC, while the various cross
sections associated with Higgs boson production are presented as a function of Higgs

boson mass in Figure 2-3.

Figure 2-1: Illustration of the Higgs potential, V(¢). Because ¢ is complex-valued,
there exists a ring of minima that correspond to possible ground states for the Higgs
field. The spontaneous selection of this ground state breaks the symmetry of the
system.

17



HO

- ‘ q
{Thusi WW, ZZ fusion

Figure 2-2: Feynman diagrams associated with four ways in which a Higgs boson
can be produced from pp collisions. The interacting quarks and gluons are contained
within the impinging protons. Note that all of the diagrams involve heavy particles
because the strength of the coupling between the Higgs boson and other particles is
proportional to the mass of the particle.

2.3 New Physics

Though the Standard Model, complete with Higgs boson, is one viable description of
Nature, it leaves many questions unanswered. For instance, it does not explain the
pattern of quark and lepton masses and mixing, why there are three generations of
quarks and leptons, why neutrinos have such small masses, or provide an answer to the
hierarchy problem [13]. Even how the W* and Z° bosons acquire mass is not solely
explained by the existence of the Higgs boson. Therefore, many physicists are hopeful
that new physics will be present at the energies of the LHC that could explain these
open problems [18]. Current theories containing new physics include supersymmetry
[7,8], extra dimensions [9, 10], leptoquarks [11,12], and small black holes [13, 14],
among others. One of those most widely discussed theories is supersymmetry (SUSY),
which relates elementary particles of one spin to another particle that differs by half
a unit of spin. Supersymmetry thus relates fermions to bosons and vice versa, a
connection that is not made by the SM and for which there is currently no direct

experimental evidence [18,20].
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Figure 2-3: Cross sections associated with Higgs boson production from pp collisions
as a function of Higgs boson mass, a free parameter in the Standard Model.
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Chapter 3

Detector

Any Higgs bosons or other particles associated with new physics that are created in
the proton-proton collisions of the LHC ultimately decay into a variety of hadrons, lep-
tons, and ﬁhotons (excluding exotic particles that have not yet been discovered) [18].
Thus, in order to reconstruct the original particles of interest, it is of primary impor-
tance to have the means to detect their decay products and measure their kinematic
properties. The CMS detector is well-equipped in this regard. The detector contains a
tracker, electromagnetic calorimeter, hadron calorimeter, and muon chambers, which
collectively detect the presence of all of the above listed elementary particles except
for neutrinos, which are reconstructed indirectly. In addition, the CMS detector con-
tains between the hadron calorimeter and muon chambers a 4 T solenoidal magnet,
which serves to bend charged particles, revealing their momentum and charge. Data
collected from each beam collision in the various parts of the detector are filtered
through a two-leveled trigger system before being transfered to the CMS Tier-0 pro-
cessing center at CERN for analysis, reducing a massive 40 million beam crossings
per second to a more manageable 100 recorded beam crossings per second [35]. This
is necessary as most of the collisions are not interesting and there is not enough stor-

age space to retain the information associated with every collision. An illustration
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Figure 3-1: An overview of the CMS detector. In the middle, under the barrel,
there is a man to give a sense of the scale (HCAL = hadron calorimeter, ECAL =
electromagnetic calorimeter).

of the CMS detector as a whole is presented in Figure 3-1. Note that the detector is
comp(.)sed of a long barrel. piece and two endcaps, making the detector hermetic with
respect to particle flux.

Particle identiﬁcé,tion at a more incisive level is best accomplished by combining
information available from different subsystems of the detector [20]. For example, elec-
trons and photons both give energy deposits localized in the electromagnetic calorime- :
ter, though the charged electron has an associated track in the tracker, whereas the
neutral photon does not ionize and leaves no track (see Figure 3-2). Combining track-
ing and calorimetry therefore allows us to clearly distinguish between electrons and
photons. Similar combinations of subsystem information elucidate the identity of
hadrons and the other leptons. Neutral hadrons, such as neutrons, do not leave a
track in the silicon tracker or deposit energy in the electromagnetic calorimeter, but
lose most of its energy in the hadron calorimeter. Charged hadrons, such as charged

pions and kaons, deposit a little energy in the electromagnetic calorimeter and quite a
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Figure 3-2: A transverse slice of the CMS detector.

bit of energy in the hadron calorimeter. Muons generally are the only detectable par-
ticles that make it to the muon chambers, the outermost detector subsystem, leaving
very little energy in either of the calorimeters. Tau particles and the heavy hadrons
and bosons decay before reaching the tracker and thus must be reconstructed using

their decay products.

As for detector coordinate conventions [35], the CMS collaboration has defined the
2-axis to point along the beam direction toward the Jura mountains, the azimuthal
angle ¢ to be measured from the z-axis (which is parallel to the ground) in the z-
y plane, and the polar angle 6 to be measured from the z-axis. Pseudorapidity is,
as usual, defined as n = —Intan (0/2) and is preferred over # in hadron collider
physics because particle production is constant as a function of pseudorapidity. The
momentum and energy measured transverse to the beam direction, denoted by pr and
Er, respectively, are computed from the z and y components. Ideally, the sum of Er
for all particles in the detector should be measured to be zero, since originally all of

the energy in the collision is parallel to the beam. The imbalance of energy measured

23



in the transverse plane is denoted by E&5 which is often attributed to either a bad
measurement or the presence of neutrinos or other non-measurable particles. With
this notation in mind, let us now take a closer look at each of the four main parts of

the CMS detector involved in particle identification, working radially outwards from

the detector center.

3.1 Tracker

The CMS tracker is located closest to the beam path in the center of the detector,
with an inner radius of roughly 10 cm and an outer radius of nearly 110 cm. It
is composed of finely segmented silicon pixels (66 million) and strips (9.6 million),
enabling the measurement of the momentum and position of particles along its path
through the extent of the tracker [36]. By considering the charged particle flux at
various radii at high luminosity, three distinctive regions are delineated [35]. Closest
to the interaction vertex where the particle flux is highest (10 cm < r < 20 cm), pixel
detectors are placed. Having these pixel detectors with high spatial resolution very
close to the beam allows for the precise measurement of particle interaction vertices
from pp collisions. In the intermediate region (20 cm < r < 55 cm) and outer region (r
> 55 cm), the particle flux is low enough to enable use of silicon microstrip detectors
(smaller ones for the intermediate region and larger ones for the outer region). These
detectors have less spatial precision and have significant combinatorial background
in a very high particle flux environment. They are used primarily to measure the
momentum associated with particle tracks [36].

As only charged particles can lead to ionization in the tracker and thus the pres-
ence of a track, the tracker plays an important role in distinguishing between electrons
and photons [36]. This is of particular importance to our analysis as possible elec-

tron misidentification could be the result of a missing electron track, leading to the
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erroneous detection of a photon. The tracker pixel detectors have a pitch, or sepa-
ration between detection elements, of roughly 100 um. Because of this, it is possible
for the tracker to identify particles with a separation between primary vertex (where
the particle is formed) and secondary vertex (where the particle decays) that exceeds
50 to 100 um with both vertices lying within the tracker. Such particles include 7

leptons and hadrons containing ¢ or b quarks.

3.2 Electromagnetic Calorimeter

The next section of the CMS detector is the electromagnetic calorimeter (ECAL).
The ECAL is a hermetic, homogeneous calorimeter containing 61,200 lead tungstate
(PbWOy) crystals mounted in the central barrel part that is closed by 7,324 crystals
in each of the two endcaps [37]. Lead tungstate scintillating crystals were chosen
for the electromagnetic calorimeter of CMS because they are fast and have short
radiation lengths (~90 cm) leading to more contained electromagnetic showers [35].
Photodetectors (silicon avalanche photodiodes in the barrel and vacuum phototriodes
in the endcaps) that operate well in magnetic fields are used to compensate for the
relatively low light yield of the crystals. The crystals are organized into 5 by 5 crystal
blocks known as superclusters, or alternatively, calo-towers [35]. Energy deposited by
showering particles is collected in these calo-towers, reconstructing the energy of the

original incident particle.

The two basic radiative processes responsible for the creation of electromagnetic
showers in the calorimeter are Bremsstrahlung by the electrons and electron-positron
pair production by the photons. Once the shower multiplication process begins pro-
ducing particles with energies too low to participate in radiative processes, the par-
ticles in the shower lose energy by interacting with the crystals and eventually come

to rest [20]. There is a characteristic length scale for radiative processes in the ma-
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terial of the calorimeter called the radiation length, X,. Electromagnetic showers in
calorimeters typically run their courses in about twenty radiation lengths, while the
characteristic transverse size of the shower is roughly one radiation length [20]. This
indicates that photons and electrons can be well-localized transverse to the point of
impact on the calorimeter by the calorimetric measurement. Therefore, the calorimet-
ric technique measures both energy and position, although the position measurement

is crude compared to tracking data.

As mentioned above, the electromagnetic calorimeter plays a major role in the de-
tection of photons and electrons. This is crucial to our analysis of ZZ—4/, because
we must be able to effectively detect electrons and understand their misidentification.
In addition, the CMS electromagnetic calorimeter plays a significant role in measur-
ing the energy of quark and gluon jets as well as missing transverse energy due to

neutrinos and other non-measurable particles [37].

3.3 Hadron Calorimeter

The CMS hadron calorimeter serves an analogous purpose to the electromagnetic
calorimeter in that it is chiefly useful in measuring particle energy, and to a lesser ex-
tent, particle position. However, the hadron calorimeter (HCAL) is much more useful
for detecting quark and gluon jets that give rise to hadrons as opposed to electrons
or photons [35]. These jets result from highly energetic quarks and gluons (from the
initial proton-proton collision or immediate decays) that continuously produce quark-
antiquark pairs and strings of gluons [20]. Eventually, as particle energy diminishes
with increasing particle number, hadronization ensues, resulting in the formation of
hadrons. These hadrons (and their decay products, if any) are then detected, and
the total jet energy (from the original quarks and gluons) is measured. Due to the

large number of intermediate states, the direction (and position) of the parent quark
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or gluon is poorly measured through the calorimetric jet measurement. The HCAL
is composed of layers of brass interleaved with plastic scintillators. The geometry is
chosen such that the brass layers overlap, creating hermetic layers of highly absorbent

material without cracks [35).

3.4 Muon Chambers

The outermost layers of the CMS detector consist of the muon chambers, which are
distributed within an iron return yoke assembly used to provide a magnetic field op-
posite in direction to that within the solenoid. The muon chambers are composed of
three different types of gaseous detectors: drift tube chambers, cathode strip cham-
bers, and resistive plate chambers [35]. The drift tube chambers are located in the
barrel of the detector, the cathode strip chambers are located in the detector endcaps,
and the resistive plate chambers are located in both. These gaseous muon chambers
work together with the tracker to determine the momentum of each incident muon.
The drift tube chambers and the cathode strip chambers have very good spatial res-
olutions (50 to 100 um [35]) and are primarily used for tracking. The resistive plate
chambers have a much better temporal resolution (1 to 2 ns) and are used to correct
tracking ambiguities [38].

As the muon mass is much larger than the electron mass, they lose relatively little
energy from Bremsstrahlung radiation in the tracker and calorimeters [38]. This,
in addition to the relatively long decay length of the muon and the relatively short
decay length of most other particles present in the detector, results in muons being
the most prevalent particle by far on relative terms within the CMS muon chambers.
Additionally, muons have a fake rate that is typically an order of magnitude or more
lower than the fake rate for electrons [39]. Muon-based analyses are thus very clean

with relatively little associated background. However, statistical limitations still pose
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problems for muon-based analyses [18, 35].
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Chapter 4

Electron Identification

Electron identification is generally split into two separate analyses: the calculation of
electron efficiencies and the calculation of electron fake rates. The former calculation
determines the fraction of real electrons that were correctly reconstructed while the
latter one illuminates the fraction of reconstructed electrons that were incorrectly
reconstructed. These analyses are prerequisites to a cross section measurement, in-
cluding associated statistical and systematic uncertainties, of many Higgs decay chan-
nels. Electron efficiency analysis from single boson decays, which generally have much
larger cross sections than diboson decays, are used to help reduce systematic uncer-
tainty on diboson cross sections due to less uncertainty on the efficiency (resulting
from more statistics). Electron fake rate analysis is used to correct the background to
signals of interest, yielding higher discovery potentials from a reduction in background
counts. We apply the results of these two studies to the ZZ—4/ decay channel in the
next section. Additionally, later in this section we study the result of cut relaxation

on calculated electron efficiencies and fake rates.
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4.1 Electron Efficiency

Our first study concerning electron identification involves the determination of the ra-
tio of correctly identified electrons over the total number of electrons passing through
the detector. This number is referred to as the efficiency of electron detection. The
electron efficiency is a parameter in the calculation of cross section, allowing us to
translate the number of electrons identified per unit of integrated luminosity into the
total number of electrons per unit of integrated luminosity. It is therefore necessary
to accurately determine the electron efficiency using generator-level information from
Monte Carlo studies. We also develop reconstruction-level methods to be used to de-
termine the electron efficiency from data once the LHC beam starts up. Additionally,

a study on charge misidentification in the sample is discussed.

4.1.1 Sample

For our electron efficiency analysis, we make use of Z—2e (one electron, one positron)
full simulated samples generated using version 1.3 of the CMS simulation, reconstruc-
tion, and analysis software package (CMSSW). The Z—2e channel is used as it is
not unreasonable to assume that electrons can be identified independently with un-
correlated efficiencies, which would allow these efficiencies to be used in the ZZ—4e
sample. Then we can make use of the much larger number of Z—2e events in order to

compute electron efficiencies for ZZ—4e with lower associated statistical uncertainty.

4.1.2 Efficiencies

We split the electron efficiency study into two parts: one using generator-level in-
formation from Monte Carlo simulations and the other using reconstruction-level
techniques that can be used once the LHC begins delivering pp collisions. The latter

part of the study has much more use in practice as the Monte Carlo simulations will
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likely not fully represent the data samples. However, analysis using the Monte Carlo
simulations has much use as well as it allows us to avoid introducing bias into our

efficiencies.

4.1.2.1 Using Monte Carlo Simulations

We begin by determining electron efficiency in the CMS detector using generator-
level information. This requires checking the number of particles reconstructed in the
detector that pass electron identification cuts and dividing it by the total number of
generated electrons that pass through the detector. The electron identification cuts
include several kinematic cuts. Setting ¢ = 1, we require that Ex > 7 GeV, |n| < 2.5,
E/p > 08, 1/E —1/p < 0.06 GeV™!, Egcar/Egrcar < 0.05, where Egcar, is the
total energy detected in the HCAL and Egcay is the total energy detected in the
ECAL, and dy < 0.01 cm, where dy is the track impact parameter. We refer to all
particles that pass these kinematic cuts as “yeconstructed electrons”. The first two
of these cuts are fiducial cuts, selecting particles in a range of Ft and 7 in which the
CMS detector performs well. The next three cuts select particles that deposit little
energy in the tracker and very little energy in the HCAL, instead losing most of their
energy in the ECAL. This type of energy deposition pattern is indicative of a electron
passing through the detector.

Besides the basic kinematic cuts, we require two isolation cuts: Iiaa/Er < 0.2
and Icao < 15 GeV, where I, is the total energy of surrounding tracks in the
tracker and I, is the total energy collected outside of the primary supercluster in
the ECAL. We refer to all particles that pass these isolation cuts, in addition to the
previous kinematic cuts, as “identified electrons”. These cuts reject quark and gluon
jets, which are very broad in extent. A summary of the kinematic and isolation cuts
for identified electrons is given in Table 4.1. The electron efficiency is parameterized

in terms of generator-level information and is presented in Figure 4-1. The total
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electron efficiency is calculated to be about 75% + 1.2%. It is important to note that

the “dips” in the 7 distribution around +1.5 are due to overlap between the barrel

and endcap detector pieces, leading to a reduced efficiency in electron reconstruction.

The detector’s ability to successfully reconstruct particles drops for large values of

In|, leading to a drop-off in electron efficiency.

Cut Parameter Cut Value
Er > 7 GeV
] <25
E/p > 0.8
1/E—-1/p | <0.06 GeV!
Frcan/ EecaL < 0.05
do < 0.01 cm
Itrack/ET < 0.2
Lot < 15 GeV

Z->ee Efficiency vs. Electron E,

Table 4.1: Identified electron kinematic and isolation selection criteria.
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Figure 4-1: Z—2e electron efficiencies derived from Monte Carlo samples, parame-
terized in terms of Er (left) and n (right) of the electron. Note that the efficiency
distribution is relatively flat for large Et and for small |5|.
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4.1.2.2 Using Data

While it is informative to calculate electron efficiencies using generator-level infor-
mation, it is much more useful to be able to calculate them from data. Without
generator-level information, we must turn to using generic reconstruction objects as
potential candidates for electron identification. Both tracks and calo-towers are ac-
ceptable reconstruction objects for this job, a priori. Further analysis (see Figure 4-2)
shows that using tracks is not a good idea because the total reconstructed Z mass
from a track candidate plus the original tagged electron is not representative of the
reconstructed Z mass from the actual two electrons. Much better agreement is found

by using calo-towers, and so we use them as our generic reconstruction objects.

Z->2e: Z Mass (using Tracks) Z->2e: Z Mass (using Calo-Towers
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Figure 4-2: Reconstructed Z masses using tracks (left) and calo-towers (right) as
generic reconstruction objects for Z—2e data-like electron efficiency calculation. The
plots compare the Z mass using combinations of reconstructed electrons, matched

tracks, and matched calo-towers.

The reconstruction-level technique that we employ involves first tagging one good

reconstructed electron and then matching a reconstructed calo-tower to it. This
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reconstructed calo-tower must satisfy Er > 7 GeV, |n| < 2.5, and A¢ > 10°, where
Ag¢ is the difference in ¢ between the tagged electron and the calo-tower. The first
two cuts are applied for the same reason as for electrons, as this is the regime of
parameter space where the detector performs well. The cut on A¢ prevents the
matching algorithm from picking a calo-tower that corresponds to the tagged electron
and additionally serves as an isolation cut. Of the calo-towers that satisfy these
requirements, we pick the one with the highest Er because it is most likely to match
to a Z—2e electron. To correctly account for all of the energy of the second electron,
which we refer to as the “probe” electron (as it is our probe of electron efficiency),
we must add up the energy of surrounding calo-towers in the ECAL to the original
calo-tower. Doing so leads to the construction of another object, which we refer
to as a calo-tower-sum. Another cut is made on the calo-tower-sum, requiring the

reconstructed Z mass from the combination of the tagged electron and calo-tower-sum

to be between 75 GeV/c? and 105 GeV/c2.

We next match this calo-tower-sum to another reconstructed electron, the probe
electron, if one exists close to the calo-tower-sum. The ratio of the number of cases
where there is a match to a probe electron to the total number of cases considered,
as in, reaching the calo-tower-sum stage, yields the data-like electron efficiency. By
matching the calo-tower-sum to a generator-level electron and then matching that
electron to a reconstructed electron, we can also calculate a generator-level electron
efficiency using this method. We find a generator-level electron efficiency of 77.5% +
1.3% and a data-like electron efficiency of 77.0% =+ 1.3%. The similarity of the two
values and associated Et distributions, as illustrated in Figure 4-3, shows that the
efficiency calculations are consistent. The data-like electron efficiency calculated and
parameterized here is used in the ZZ—4/ cross section measurement that we perform

in the next chapter.
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Figure 4-3: Electron efficiencies as a function of Ep from matching calo-tower-sums
to good reconstructed electrons (“data-efficiency”) and from matching generated elec-
trons (already matched to calo-tower-sums) to good reconstructed electrons (“gen-
efficiency”). There is excellent agreement between the two distributions.

4.1.3 Charge Misidentification

Another brief study we perform using the Z—2e Monte Carlo samples is the de-
termination of the fraction of reconstructed ete™ pairs with one of the electrons or
positrons incorrectly reconstructed in terms of its charge. In Figure 4-4, we show
the relative abundance of correctly reconstructed ete™ pairs compared to incorrectly
reconstructed ete™ pairs, illustrated using the reconstructed Z mass. We calculate
an overall electron pair charge misidentification rate of 3.0% =+ 0.3%, meaning that
roughly 3% of the electron pairs have at least one electron with incorrectly assigned
charge upon reconstruction. This implies an approximate charge misidentification
rate of 1.5% =+ 0.2% for individual electrons/positrons. Misidentification of charge

most likely is the result of a poorly reconstructed track that misleadingly appears to
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bend in the opposite direction in the magnetic field of the detector. However, as Fig-
ure 4-4 upholds, the charge misidentification still gives rise to a correct reconstructed

Z mass distribution.
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Figure 4-4: Reconstructed Z masses corresponding to correctly reconstructed ete~
pairs (shown in blue) and incorrectly reconstructed etet or e“e™ pairs (shown in
red).

4.2 Electron Fake Rate

Our next analysis concerning electron identification involves the determination of the
rate at which the detector misidentifies a non-electron particle, such as a photon,
as an electron. This is known as the electron fake rate within the detector. Much
like the electron efficiency, its value must necessarily be between 0 and 1. A fake
rate of 0% means that all reconstructed electrons are real electrons and a fake rate

of 100% corresponds to all reconstructed electrons being misidentified electrons. We
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study the electron fake rate in order to get a handle on systematics and to correct
the background to ZZ—4/ signal with the aim of improving the discovery potential
of the channel, because the correction reduces the total background. In addition, we
identify the faking particles and analyze the content of the jets responsible for causing
the electron fakes. It is important to note that fake rate studies are more difficult to
perform than efficiency studies, as in principle many different types of particles can
fake electrons. Isolating pﬁre Monte Carlo samples of each possible faking particle
or set of particles and properly weighting them to find the correct fake rate is very
difficult. Furthermore, fake particle reconstruction is not expected to be very accurate
using the Monte Carlo simulations, and so ultimately data must be used. Because
the electron fake rate and ZZ—4¢ background that we find are very small, we only
focus on two high cross section channels that are likely to be the main contributors

using Monte Carlo simulations.

4.2.1 Samples

The majority of electron-faking particles within the detector, according to Monte
Carlo results, are either photons or hadrons from quark and gluon jets [18]. There-
fore, in our fake rate analysis we must focus primarily on high cross section samples
featuring photons and jets as final-state particles. Two important channels satisfying
these requirements are: the QCD Compton effect, gg—yq, which we refer to as the
photon jet channel, and any process involving strictly quark and gluon jets, referred
to as the QCD channel. These processes can be generalized to ZZ—4£ background
channels based on the particular final-state of each channel. In our analysis, we make

use of fully simulated photon jet and QCD samples generated using version 1.3 of

CMSSW.
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4.2.2 Fake Rates

In our fake rate analysis, we apply slightly different cuts to the photon jet and QCD
samples. For the photon jet samples, we first require presence of the  + g recon-
structed final-state. This includes the presence of one reconstructed photon with
Er > 20 GeV and || < 2.5 as well as at least one reconstructed jet with Ex > 25
GeV and || < 2.0. Both the photon and the jet must also satisfy a few other kine-
matic and isolation cuts similar to those for a reconstructed electron. Note that the
jet has looser isolation cuts due to generally being very broad in extent. Next, we re-
quire that A¢ between the reconstructed photon and jet be at least 160°. To calculate
the electron fake rate, we divide the number of events that meet these requirements
and contain a reconstructed electron near the reconstructed jet by the total num-
ber of events that pass the cuts but do not have a reconstructed electron near the
reconstructed jet. Thus, only events that have the possibility of faking an electron
are considered in the calculation of electron fake rate. Parameterized photon jet fake
rate distributions are shown in Figure 4-5. We find an overall photon jet fake rate of
(1.7+0.5) - 1073.

For the QCD samples, we apply two different sets of cuts for comparison. We
use two separate sets of cuts in order to check if the fake rate changes based on the
selection of either one or two jets. The first set of cuts, which we refer to as “QCD
17, involves selecting the highest Ft jet satisfying Er > 25 GeV and || < 2.0. The
electron fake rate is then determined by finding the fraction of these events where
there is a good reconstructed electron near the reconstructed jet. The other set of
cuts, which we refer to as “QCD 27, involves selecting the two highest E jets in the
event with the highest Et jet satisfying Ft > 25 GeV and || < 2.0. The second
highest Et event must satisfy Er > 15 GeV and |n| < 2.0. In this case, the electron
fake rate is determined by finding the fraction of these events where there is a good

reconstructed electron near one of these two reconstructed jets. Our fake rate analysis
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results are displayed in Figure 4-5. Note that the two sets of QCD cuts produce very
similar efficiency distributions. We find an overall QCD fake rate of (0.6 +0.2)-1073,
which is almost a factor of three lower than the corresponding fake rate for the photon

jet samples.

These fake rate distributions can be applied to the ZZ—4{ background channels.
Due to having extremely little background, it turns out that we need not apply these
fake rates in our analysis. This is discussed in more depth when we later discuss the
calculation of ZZ—4/ cross sections. We must be careful to note that the fake rates
are dependent on instantaneous luminosity and will increase during the operation of

the LHC due to pile-up and other considerations.
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Figure 4-5: Fake rates for photon jet and QCD samples parameterized in jet Fp (left)
and 7 (right). The 7 distributions are flat as expected [18].
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4.2.3 Faking Particles

The next step of our analysis takes a closer look at the particular particles involved in
faking reconstructed electrons within the detector. In our analysis, each “fake” event
contains a reconstructed jet very close to a reconstructed electron. While many of
these fakes are due to a hadron in the jet, such as a pion or kaon, often there are other
causes for the reconstruction of a non-existent electron, including a photon produced
in.Bremsstrahlung or even a real electron or positron from pair-production or hadron
decays. It is interesting to determine the identity of the faking particles in both
the photon jet and QCD samples. However, since we have limited generator-level

information for the QCD samples, we can only do this for the photon jet channel.

In order to obtain a firmer grasp on the identities of faking particles in our photon
jet samples, we do the following. First, we loop through all generator-level particles

and select the ones that are close to the jet that fakes an electron, with AR =

\/ (An)? + (A¢)? < 0.2 with respect to the jet center. Then, we loop through these
particles and look for a generator-level particle with a value of Er that is within 30% of
the E of the reconstructed electron. We pick the faking particle based on an ordered
list, in case more than one type of particle falls within this group of generator-level
particles: precedence is given to real electrons/positrons, then pions/kaons, photons,
and finally “others”. If no generator-level particles fall within 33% of the Et of the
reconstructed electron, we pick the generator-level particle with the highest value of
Er. Further analysis suggests that there are very few cases where there is not exactly

one clear electron-faking particle candidate.

Our results are shown in Figure 4-6. The majority of the electron-faking particles
are pions, though kaons and photons play a large role at medium energies and real

electrons/positrons at lower energies.
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Figure 4-6: Electron-faking particle identification for the photon jet channel. Note
that the above electrons (blue) are real electrons/positrons produced from the inter-
action of jets and/or photons with the detector.

4.2.4 Jet Content

Another study in our analysis of much interest is the determination of the content
of faking jets, or more specifically, the dominant particle type present in the faking
jet of the photon jet samples. This includes u/d/s quarks which we lump together,
¢ quarks, b quarks, and gluons. We only look at the photon jet samples due to
the limited generator-level information that we have for the QCD samples. In order
to determine the jet content, we must use generator-level information to probe the
interaction vertex and find what particle is the “mother” of the first photon generated
in the event (meaning, the particle that gave rise to the photon). This particle in
turn should be representative of the jet content in the faking jet of that event, as the

photon and the jet that fakes an electron should have the same mother due to both
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being produced from the same QCD Compton effect interaction.

Figure 4-7 illustrates the results of this analysis. It appears that the b quark jets

have a much higher fake rate than the other quark jets and gluon jets, over many

different values of Ex. We find a fake rate of (1.7£0.7)-10~2 for the b quark jets, which

is about an order of magnitude higher than the previously determined overall photon

jet fake rate of (1.7 £0.5) - 1073. Because of an especially high fake rate dominant

at lower values of Er, it is reasonable to associate the real electrons/positrons of our

faking particle identification study with semi-leptonic decays of hadrons.

Fake Rate

Figure 4-7: Fake rate of electron-faking jets of different quark/gluon content within
the photon jet samples. The b quark jets have a much larger fake rate than the other

jet types.
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4.3 Cut Relaxation

Having computed both electron efficiencies and fake rates, we consider another study
involving relaxing particular cuts for reconstructed electrons. In this study, we take
out all isolation cuts and all kinematic cuts except for Er > 7 GeV and |n| <
2.5. We now refer to this as “electron reconstruction” and the inclusion of all cuts
as “electron identification”. Figure 4-8 illustrates the results of this cut relaxation
analysis. As expected, both electron efficiency and fake rate increases as a result of the
cut relaxation. Optimization in this regard could be particularly helpful in improving
signal to background ratios, though we do not present such a detailed analysis here.
Because of the small amount of background that we find below for ZZ—4/, it is likely
that loosening the cuts would be beneficial as the improvement in efficiency would

increase the signal significance while the increase in fake rate would have a negligible

effect.
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Figure 4-8: Result of cut relaxation analysis on electron efficiency (left) and electron
fake rate (right). Both increase as a result of the cut relaxation. Note that “identi-
fication” includes all cuts, while “reconstruction” only uses minimal kinematic cuts,
as described in the text.
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Chapter 5

ZZ—4f€(e, n) Cross Section

Finally, we perform a calculation of the cross sections associated with the ZZ—4{(e, )
channels, incorporating electron efficiencies and fake rates found in the previous chap-
ter and previously calculated muon efficiencies and fake rates [39]. This calcula-
tion involves signal versus background optimization, which we perform first. The
H—Z7Z—4¢ Higgs decay channel is a very important channel for Higgs discovery
because its branching ratio is quite large over a wide range of values for the Higgs
mass, as seen in Figure 5-1. It is especially large for my > 150 GeV/c? and is the
key channel in the Higgs discovery. Though ZZ-—4/¢ is normally a background to
H—Z77—4¢, we treat the former as signal in order to develop reconstruction-level
techniques for performing signal vs. background optimization and cross section cal-
culation. This paper focuses on electron identification but we incorporate results of

similar muon identification studies in our complete analysis of ZZ—4/{(e, 1) [39].

5.1 Samples

In this section, we will treat a few different signals against a variety of backgrounds
present due to the complexity of the proton-proton collisions. All Monte Carlo sam-

ples discussed here are fully simulated samples generated using version 1.3 of CMSSW.
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5.1.1 Signal

Our analysis of ZZ—4£(e, u) consists of three different signal channels that we con-
sider separately. These channels are ZZ—4e (two electrons, two positrons), ZZ—4pu
(two muons, two antimuons), and ZZ—2e2yu (one electron, one positron, one muon,
one antimuon). All three channels are present in the same ZZ—4¢ Monte Carlo sam-
ple, in which Z bosons are forced to decay into leptons. An example of a ZZ—4e
event in the CMS detector is shown in Figure 5-2, and a ZZ—4yu event in Figure 5-3.
Note that these samples include intermediate tau particles that decay into electrons

or muons, though almost all of these events are eliminated through our cuts.

114 GeVic? Mz

Branching Ratio (Higgs)

l -
200 300 400 500 1000

Higgs Mass (GeV)

Figure 5-1: Various branching ratios of Higgs decay channels. Note that the ZZ
decay channel has a large branching ratio for a wide range of values for the Higgs
mass.
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Figure 5-2: Display of an event candidate in the CMS detector for ZZ—4e. The event
is shown in a longitudinal (top) and transversal (bottom) projection of the detector.

Clearly visible are the four electrons as large energetic entries in the electromagnetic
calorimeter [18].
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Figure 5-3: Example of a ZZ—4y event showing only the reconstructed tracks. One
muon travels into an endcap detector and disappears from this transversal projection.
The reconstructed tracks of the other three muons are visible here, extending into the
muon chambers [18].

5.1.2 Background

We complete our ZZ—4( analysis using a variety of backgrounds present in the high
energy proton-proton collisions of the LHC. These backgrounds include WZ, WW | tt,
Z—2e, Z—2u, W, Zy—2e, and Zy—2u. The cross sections of the backgrounds are
listed in tables in the next section. Some of these backgrounds have very large cross

sections, and so cuts must be carefully placed to make the relevant signal detectable.

5.2 Signal Versus Background Optimization

In our analysis, we perform signal versus background optimization using slightly dif-
ferent cuts depending on the signal channel. Most of the cuts that we perform for

electrons are simply the cuts described in our electron identification analysis above,
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namely the kinematic and isolation cuts that define an identified electron (see Table
4.1). Likewise, an “identified muon” has an analogous set of kinematic and isolation
cuts. The kinematic cuts require Ex > 7 GeV, |n| < 2.5, pr /P < 0.2 (Where pr g
refers to the uncertainty on the value of pr determined by the tracker), and dp < 0.1
cm. The muon isolation cuts require Iipack < 10 GeV, Lipaa/pr < 0.2, and a0 < 5
GeV [39]. A summary of the kinematic and isolation cuts for identified muons is

presented in Table 5.1.

Cut Parameter | Cut Value
Er > 7 GeV
|l <25

PTExre/PT <02
dy <0.1 cm
Lirackc < 10 GeV

Itrack/ET < 0.2
T a0 <5 GeV

Table 5.1: Identified muon kinematic and isolation selection criteria [39).

For all three signals, we first require the presence of four non-isolated recon-
structed leptons (four reconstructed electrons for ZZ—d4e, four reconstructed muons
for ZZ—4p, and two reconstructed electrons and muons for ZZ—2e2u). The next
stage of cuts requires isolation for each lepton in terms of the isolation cuts associated
with identified electrons and identified muons. For the ZZ—4e analysis we loosen
the Jirack/Pr cut on the fourth electron, instead requiring Iirae /pr < 1.0, which helps
boost signal with almost no increase in background. Then we cut on the sign of the
lepton charges, requiring the total sum of the lepton charges to be zero. Our last cut
requires the masses of the two reconstructed Z bosons to be between 70 GeV/c? and
110 GeV/c2. The algorithm used matches the four leptons to the two Z bosons such

that the sum of the squares of the differences in lepton pair mass and 90 GeV/c? is
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minimized.

While all of our cuts improve the signal-to-background ratio, the requirement of
isolation reduces background more than any other cut we impose. Our results are
summarized in Tables 5.2, 5.3, and 5.4. Figure 5-4 also illustrates the reconstructed
4e mass of the ZZ—4e signal and associated background after the first set of cuts
(labeled as “electron reconstruction”) and after all cuts are made (labeled as “electron
identification”). For the signals, we calculate 4 counts/fb~! for ZZ—4e, 5 counts/fb™"
for ZZ—4y, and 8 counts/fb~! for ZZ—2e2yu, yielding a total of 17 counts/fb=! for
ZZ—4L. In all three signal channels, we completely eliminate the background through
our sequence of cuts. This may be indicative of our cuts being too tight. Further
analysis may reveal that more signal can be retained with little background cost
through the relaxation of some of these cuts. While we have no background to any
of our signal samples, we can place an upper limit on background that is equivalent
to one event of the highest cross section background channel, Z—2e. This implies
an upper limit of 2.89 background counts/fb=!, which is a very conservative result.
Monte Carlo samples with more events are required for a better determination of this

value.

5.3 Cross Section

The final task at hand in terms of our ZZ—4/{ analysis is to calculate cross sections
for each signal and for the ZZ—4/£ channel as a whole. These calculations make use
of the results of signal versus background optimization that we performed above. The

general formula for cross section is

N-B

7= LA

(5.1)
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ZZ->4e Signal and Background Cut Progression [counts/fb1]
Selections] ZZ>4e| WZ | WW | ttbar | Z5>2p | Z>2e | Wy |Zy>2p| Zy>2e

Tola/ 18 1621 | 114300 | 830000 | 1616333 | 1616333 | 56210 1474 1474
4 Reco. 6
Electrons 0.438 1.48 173 0 205 0 0 0.0925

G
Tzt B33 com | -om | -om | 0w | -om| oM | 0% |(-0m)

Isolation 5

lows < 15 0.236 0 0.394 0 8.68 0 (] 0.0154
iy (@39 om0 | 02% | om | @2% | oum | om [0s7%
<10 (1.)) [27.8 %] ’ : .
Chﬂnp " 0.168 0 0.394 0 2.89 0 0 0.00771
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Me:
R [‘2‘;"’2",‘.’] ©%) | A | 0% | o | %) [ vy | vy | ©%)

Table 5.2: Cut progression for ZZ—4e signal and background. The relative number
of counts remaining after each cut is shown in blue while the cumulative relative
number of counts remaining is shown in red.

ZZ->4y Signal and Background Cut Progression [counts/b-1]
Selections| ZZ>4y| WZ | WW | tibar | Z>2u | Z>2e | Wy |Zy>2u| Zy->2e

Tota/ 18 1621 114300 | 830000 | 1616333 | 1616333 | 56210 1474 1474
4 Reco. 1
Muons 0.276 0.980 232 104 0 0 0.00780 0

Er>7GeV ’
wi<zs |[Giig | 0% | (-0%) | (0% | (-0%) | % | O |(-0% | ©%

Isolation | & |oos0| o 0 0 0 0 |[oomee| o
lowe <5 o
bt <02 | [ag 4 |PASH[ OF) | ©O%) | O%) [ M) | (uA) [(500%)| M

Charge . 0 0 0 0 0 0 0.00390 0
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e || o | o | o | | m | | %) |

Table 5.3: Cut progression for ZZ—4u signal and background. The relative number
of counts remaining after each cut is shown in blue while the cumulative relative
number of counts remaining is shown in red.
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ZZ->2e2p Signal and Background Cut Progression [counts/Tb1]
Selections| ZZ>2e2u| WZ | WW | tthar | Z52u | Z>2e | Wy | 2y>2p| Zy>2e
Tota/ 36 1621 | 114300 | 330000 | 1616333 | 1616333 56210 | 1474 1474

Eiﬂwo. i
clrons, 0.620 | 0.4%0 919 340 40.6 0 0.160 | 0.00370
Muons

B> 7GaV g::::]’ (~0%) | (~0%) | 0.1%) | (~0%) | (~0%) | (0%) | (~0%) | (~0%)
efc.

Isolation .
lee: ) o | 030 | 37 0 o |oo17| o
SR | (sa3)
b < 10 3 [23.7%] (0%) [ (0%) [(~0%)| (1.1%) | (0O%) | (N/A) | (73%) | (0%)
hw/Er <0.
Charge . 0 o o3| o 0 o |ooos0| o
e [(21:3 77'.’] NA) | () | (100%)| (0%) | mua) | ) [(333%)| ()
Z Mass & 0 ) ° ° 0 ° 0 0

Me:
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Table 5.4: Cut progression for ZZ—2e2u signal and background. The relative number
of counts remaining after each cut is shown in blue while the cumulative relative
number of counts remaining is shown in red.

where N = § + B, S is the total number of signal counts, B is the total number
of background counts, f is the branching ratio of the process of interest, £ is the
integrated luminosity, A is the acceptance, and € is the total efficiency. For our
analysis, we use as a benchmark an integrated luminosity of 1 fb~! for the calculation
of cross sections and 392.2 fb™! for the calculation of acceptances and efficiencies.
Acceptance is defined as the fraction of events that have the potential to be
reconstructed as ZZ—4/ events. Such events are required to have four generator-level
leptons with Etr > 7 GeV and |n| < 2.5, with each lepton matching to a calo-tower
(for electrons) or track (for muons). Since this must use generator-level information,

it must be calculated separately from efficiency. For ZZ—4e, acceptance is split into

two distinct quantities:

A= AﬁdAtowera (52)

where Agq includes the fiducial kinematic cuts of Et and 7 cuts and Aiower includes
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Figure 5-4: Reconstructed 4e mass of the ZZ—4e signal and associated background
after the first set of kinematic cuts (left) and after all cuts have been made (right).
Note that the background is completely eliminated by applying all cuts.

the requirement of the leptons matching to calo-towers in the detector. Analogous
quantities are defined for ZZ—4p and ZZ—2e2pu. The efficiencies are similarly split
up into distinct quantities:

€ = Erecofiso€charge€ 7, (53)

where e, includes the requirement of four good reconstruction-level leptons, &g
includes isolation, €charge includes restrictions on the lepton charges, and €z includes
the Z mass cut. It is important to note that in our analysis, we do not make use of
the Z—2e electron efficiencies and Z—2u muon efficiencies, but instead use the data-
like efficiencies calculated directly from the ZZ—4/ signal samples. These efficiencies
are combined efficiencies of all four leptons, unlike the individual electron and muon
efficiencies discussed above. When performing cross section calculations using actual
data one should not make such a simplification and instead multiply together the

individual lepton efficiencies, e, or €, calculated for electrons in the following section.
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The acceptance and efficiency values that we find are presented in Tables 5.5, 5.6,
and 5.7.

Because we are using a ZZ sample where the Z bosons are forced to decay into
leptons, and because each lepton has nearly the same probability of being a decay
product of each individual Z boson, the branching ratios are roughly 11.1%, 11.1%,
and 22.2% for ZZ—4e, ZZ—4y, and ZZ—2e2u, respectively [40]. However, a slight
correction has to be made due to the inclusion of tau particle intermediary states in
our signal (e.g. ZZ—2e27—4e). As a result, the branching ratios that we use in our

cross section calculations are fi = 11.8%, fa, = 11.8%, and foe, = 23.6%.

ZZ->4e Acceptance and Efficiency Mcasurements
Acceptance

Asnd = 66.8 %
Aswwer = 86.3 %

A= AgdAiower = 57.7 %

Efficlency

Ereco =44.5%
€iso = 85.7 %
Echarge =93.8 %
€£2=79.1%

€ = ErecofisoEchargefz = 28.3 %

Table 5.5: Acceptances and efficiencies for ZZ—4e.

Now we have determined all quantities that are inputs to the cross section calcu-
lation according to Equation 5.1. In order to calculate the uncertainties associated

with these cross sections, we derive and make use of the following formulae:

AN \? AB \?2 [AA\? [Ae\?
Adstay = ”\/(N - B) + (N — B) + ( A ) + (?) (54)
and
A0gys = a%, (5.5)
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2Z->4p Acceptance and Efficiency Measurements

Acceptance

Asd = 67.8 %

Atrack = 97.1 %

A = AndAtrack = 65.8 %

Efficlency

Ereco = 89.4%

€iso = 73.4 %

Echarge = 99.9 %

£z =76.5 %

€ = Erecobisofcharge€z = 50.1 %

Table 5.6: Acceptances and efficiencies for ZZ—4y.

ZZ->2e2p Acceptance and Efficiency Measurements

Acceptance

Afd = 664 %

Acalo/track = 91.1 %

A = AfdAcalo/track = 60.5 %

Efficlency

freco =63.2%

€iso = 68.0 %

Echarge = 975 %

£Ez=784%

€ = Erecofiso€chargefz = 32.8 %

Table 5.7: Acceptances and efficiencies for ZZ—2e2u.
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where Aoy, and Aoy are the statistical and systematic uncertainties on the cross
section of interest, respectively. We assume that the systematic uncertainty of the
luminosity is given by AL/L =~ 0.05, though AL will be better calculated after the
LHC beam starts running [35]. The statistical uncertainty of the luminosity can be
neglected as it is much smaller than the systematic uncertainty. Through the use
of Equations 5.1, 5.4, and 5.5, we find 0774, = 24.5 £ 123 £ 1.2 fb, 0274, =
152+ 6.8 £ 0.8 fb, and 0zz2e2, = 40.3 £ 14.3 £ 2.0 fb for the three signal cross
sections. Note that statistical uncertainty is listed before systematic uncertainty for
the cross sections. For the overall ZZ—4/ cross section, we find 0z7_.40 = 180+£45+6

fb. All of these measured cross sections match up to their theoretical values (18.1




fb, 18.1 fb, 36.1 fb, and 153 fb, respectively [40]) within uncertainty bounds, but not
with unreasonable precision. This suggests that we have correctly accounted for the
uncertainty in our measurement. It is important to note that there will likely be
additional systematic uncertainty associated with detector imperfections to account

for when it comes time to use actual data.

5.4 Efficiency Application

With electron efficiencies computed from our electron identification studies above, we
can now apply them to our ZZ—4e analysis. If there is sufficient agreement between
the Z—2e and ZZ—4e samples in terms of efficiency parameterized in Et, then we
can use the reconstruction-level Z—2e electron efficiencies for ZZ—4e analysis once
the LHC begins running. This is very beneficial, since Z—2e has a much higher cross
section and as a result yields many more events than ZZ—4e. The larger number
of events places lower statistical uncertainties on the efficiency calculation that in
turn reduces the systematic uncertainty on the ZZ—4e calculated cross section. The
alternative would be to find a scale-factor by comparing Z—2e efficiency in Monte
Carlo to Z—2e efficiency in data, and applying that same scale-factor to the ZZ—4e

efficiency in Monte Carlo to determine the efficiency in data for that signal.

In Figure 5-5 the reconstructed ZZ—4e electron efficiency is compared to the
Z—2e electron efficiency. The comparison requires using a scaling function (also
shown in Figure 5-5) to compare the efficiencies in terms of the same parameter,
calo-tower-sum FEp. The nice agreement between the two distributions suggests that
the Z—2e electron efficiencies can be used in place of ZZ—4e electron efficiencies
in ZZ—4e analysis using actual data. The same substitution may be possible for
muon efficiencies in ZZ—4y and ZZ—2e2u analysis after an analogous comparison

is made between efficiencies in these signals and muon efficiencies from Z—2u samples.
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Furthermore, in all cases, it is much better to use efficiencies parameterized in both
Er and 7 for higher accuracy. As an approximation in our cross section calculations,

for each efficiency we only use one value that is averaged over all parameters.

Note that all efficiencies that we have computed here are for single electrons. In
order to compute the total four electron efficiency that is a parameter in the cross
section calculation, one must use ¢ = €2, where ¢, is the single electron efficiency
discussed in this section. This assumes that there is no correlation between the
efficiencies of the different electrons in the event, which is a reasonable assumption
as the electrons are reconstructed independently and the efficiencies are calculated in

separate pr and 7 bins.

ZZ->4e: Efficiency vs. Calo-Tower-Sum E
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Figure 5-5: Comparison of ZZ—4e and Z—2e single electron efficiencies, parameter-
ized in terms of calo-tower-sum Er. There is very good agreement between the two
distributions. Note the use of the scaling function to compare the two samples using
the same parameter.
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5.5 Fake Rate Application

Another correction that we must apply to our ZZ—4e analysis is through the ap-
plication of electron fake rates that we calculated above. Electron fake rates from
the photon jet and QCD samples are applied to the background associated with the
Z Z—4e signal in order to remove background events in which there are electron fakes.
However, in our case, we have no background left after the series of cuts that we ap-
ply. Furthermore, we have found the electron fake rate to be extremely small, on the
order of 1073, Because of these two results, we can not directly apply the electron
fake rates we calculated to our ZZ—4e analysis. Cut relaxation would likely neces-
sitate correction with fake rates due to increased background. Note that corrections
could in theory also be made to the ZZ—4u and ZZ—2e2u samples once muon fake
rates are calculated, though not in our case since we also find no background for these
signals. Corrections using fake rates are much more important in other analyses, such

as WW —2[2v and W Z—3l1v, where there is much more background present.
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Chapter 6

Conclusion

In our electron identification and ZZ—4{(e, 1) analyses, we have successfully de-
veloped techniques on the reconstruction level that can be applied once the LHC
beam begins running later this year. In the Z—2e channel we find an overall elec-
tron efficiency of 77.0% £ 1.3% that can be applied to the ZZ—4e signal chan-
nel, as well as an electron-pair charge misidentification rate of 3.0% =+ 0.3%. Elec-
tron fake rates are calculated to be (1.7 & 0.5) - 10~ for the photon jet channel
and (0.6 £ 0.2) - 1073 for the QCD channel. For the ZZ—4¢ signals, we calcu-
late 4 counts/fb™! for ZZ—4e, 5 counts/fb! for ZZ—4u, and 8 counts/fb~! for
ZZ—2e2y, yielding a total of 17 counts/fb™! for ZZ—4¢. For the three signal cross
sections, we find 0274 = 24.5 £ 123 1.2 fb, 0224, = 152+ 6.8 £ 0.8 fb, and
02722y = 40.3 £14.3 £ 2.0 fb (with statistical uncertainty listed before systematic

uncertainty). For the overall ZZ—4£ cross section, we find 22_.4¢ = 180 £4516 fb.
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