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Chapter 1

Introduction

The Standard Model of particle physics is the theory of the observed fundamental
particles and their interactions. It has withstood experimental scrutiny over the
years, including the crowning discovery of the elusive Higgs boson particle in 2012.
Despite its successes, the Standard Model falls short of explaining some significant
questions. First, it does not include gravity, one of the four fundamental forces.
Further, it does not reveal the identity of dark matter, which makes up five times
the amount of visible matter in the universe. With hopes of solving mysteries
as these, particle physicists around the world attempt to improve our current
understanding the Standard Model and to find physics beyond the Standard
Model [1].

One experimental method of studying these particles is with particle accel-
erators such as the Large Hadron Collider (LHC) located at CERN in Geneva,
Switzerland. The LHC is a large circular accelerator with a 17-mile circumference
that accelerates beams of protons to nearly the speed of light and collides them at
one of the four detectors located throughout the ring. These detectors, including
the general-purpose Compact Muon Solenoid (CMS) detector, capture the parti-

cles that ensue from the collisions of protons. The CMS Collaboration, of which



the University of Notre Dame is a member, designed, built, and operates the
detector and analyzes data from it. The University of Notre Dame group helped
design and build the Electromagnetic and Hadronic Calorimeters and continues
to have a leading role in the operation and upgrade of these detectors.

Various subsections of the detector (described in depth in Chapter 2) read out
data which is then analyzed by physicists to reconstruct particles and physical
processes in the detector. One of these Standard Model particles that is detected
by the CMS detector is a photon. Low-energy photons (50 MeV - 70 GeV) are
common in the detector, and they were instrumental in the discovery of the Higgs
boson, as it was the H — 7y decay channel that was used in the discovery. A
highly-accurate identification method (ID) for low-energy photons was essential
to achieve this feat [2].

However, this ID for low-energy photons is not appropriate for all photons, as
high-energy photons (>200 GeV) can look different from low-energy photons in
the detector. Though a high-energy photon ID has previously been developed for
a specific kind of physical analysis, that ID is not appropriate for more general
usage in multiple analyses. There are good motivations to develop a highly-
accurate and more general high-energy photon ID, as high-energy photons could
be key to new physics beyond the Standard Model if observed with the right
physical processes.

As an example, in some theoretical models of dark matter and graviton pro-
duction, there are a variety of final states that consist of a single high-energy
photon and additional missing energy EZ**¢. All three Feynman diagrams shown
in Figure 1.1 represents high-energy monophoton states with new physics in-
volved. Just as the Higgs boson was discovered with a highly-accurate ID for
low-energy photons, the searches for these theorized particles can only succeed

with a highly-accurate ID for high-energy photons [3]. The goal of this thesis is



to develop an improved and more general ID for high-energy photons that can
be utilized in multiple analyses moving forward, including these searches for new

physics beyond the Standard Model.
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Figure 1.1: Theorized high-energy monophoton states with potential new physics
beyond the Standard Model including dark matter models (left, middle) and a
graviton model (right), where q = quark, v = photon, xy = theorized dark matter
particle, and G = theorized graviton particle [3].

To develop the ID, Monte Carlo simulations involving high-energy photons will
be used where the identity of the particles are known exactly. A selection-based
approach will be used for the ID, meaning that several variables characteristic of
high-energy photons will be taken and given a range of selection criteria. The op-
timal set of selection criteria will demonstrate the ability to pick out high-energy
photons from everything else in the simulations. Once satisfactory performance
is demonstrated with simulations, the ID can be applied to data.

The paper is organized as follows: Chapter 2 presents a brief overview of
the LHC and the CMS detector, Chapter 3 presents some important concepts
involved in developing a particle ID, Chapter 4 presents variable distributions of
the Monte Carlo simulations used and the process involved in the optimization of
this ID, Chapter 5 presents the final sets of selection criteria and the performance

of the ID, and Chapter 6 presents the conclusion of the paper.



Chapter 2

The Large Hadron Collider and
the CMS Experiment

2.1 The Large Hadron Collider

The Large Hadron Collider [4] is an underground proton-proton accelerator with
proton bunch crossings every 25 ns. Its designed center of mass energy is /s = 14

TeV, the highest energy accelerator in the world currently.

Figure 2.1: An overview of the experiments located at the LHC [5].



2.2 The CMS Detector

The LHC uses radiofrequency acceleration to accelerate the beams of protons.
With appropriate waveguides and resonant cavities in place, a longitudinal E field
is created that accelerates the protons from 450 GeV to 6.5 TeV. Many super-
conducting magnets (chilled by liquid Helium at 1.9K) are used to steer the beams
of protons in the circular shape. The two beams move in opposite directions,
and quadrupole magnets are utilized to tighten the beams to ensure they cross
paths inside each of the four detectors located throughout the LHC ring. These
magnets are located at both ends of the detectors, consisting of four magnetic
poles arranged symmetrically around the beams to squeeze them vertically and

horizontally.

2.2 The CMS Detector

The CMS detector is one of the two general-purpose detectors located at the
LHC, designed to discover the Higgs boson and to measure existing particles
and phenomena with high precision. Figure 2.2 shows a detailed diagram of the
detector. Ideally, the energy, momentum, and identity of all particles produced

become known through the various subsections of the detector.

2.2.1 Coordinate Conventions

First, the coordinate systems utilized by the CMS detector is shown in Figure
2.3.

With the origin centered inside the detector at the collision point, the x-axis
points towards the center of the LHC ring, the y-axis points vertically upwards,
and the z-axis points in the direction of the beam. The polar angle 6 is measured

from the z-axis on the z-y plane, and the azimuthal angle ¢ is measured from the



2.2 The CMS Detector
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2.2 The CMS Detector

x-axis on the x-y plane. Pseudorapidity 7 is defined as

n = —logtan (6/2). (2.1)

1 = 0 corresponds with the direction perpendicular to the beam, and n = oo

corresponds with the direction parallel to it.

2.2.2 Tracking System

Addressing the detector subsections from the inside out, the tracker [6] is the sub-
detector located nearest to the interaction points. It measures the momentum
and vertices of particles with high precision. Charged particles are bent in a

magnetic field and its momentum is calculated by

p=qrB. (2.2)

By measuring the trajectory r of the particle with its known charge ¢ and
magnetic field B, momentum p can be easily calculated.

The tracker utilizes silicon technology, good for its radiation hardness and high
granularity. When charged particles hit the silicon atoms, electrons from the atom
gets released, creating electron-hole pairs. With a electric current applied, the
electron and the hole drift to negative and positive surfaces to be read as a pulse
of charge. There is a silicon pixel detector for the inner part and a silicon strip
detector for the outer part of the tracking system. The inner pixel detector is
made of 65 million 150 x 150 um silicon pixels that measure the exact position of
the particle in both the x and y dimensions. The outer silicon strips are thinner
but cover more area overall, and recorded hits in the silicon strips are used to

create tracks of particles that calculate the momenta of the particles.



2.2 The CMS Detector

2.2.3 Electromagnetic Calorimeter

The Electromagnetic Calorimeter (ECAL) encloses the tracker. It is designed to
measure energies of electrons and photons with high precision. It is a homogenous
calorimeter made of almost 76,000 lead tungstate (PbWOy,) scintillating crystals
that are divided into a barrel (| n | < 1.479) and two endcaps (1.48 < | n | < 3.0).
As a result of the high-density (8.28 g/cm?) crystals, the calorimeter is fast, has
fine granularity, and is radiation-resistant.

When electrons, positrons, and photons hit the ECAL, they produce elec-
tromagnetic showers. These arise because the electron or positron can brem-
strahlung, a process in which it radiates a photon and loses energy. The photon
then pair produces an electron and a positron, also losing energy in the pro-
cess. At a critical energy of at least 20 MeV, these processes occur one after
another, creating a big cascade of electromagnetic activity called an electromag-

netic shower, as shown in Figure 2.4.

Figure 2.4: Diagram of an electromagnetic shower, v = photon, e~ = electron,
and e™ = positron [7].

The lateral profile of the electromagnetic shower is a Gaussian with a width
of the Moliere radius of the PbWQ,, which is 2.2 ecm. About 94% of the energy

from a particle is contained within the 3 x 3 array of crystals centered around



2.2 The CMS Detector

the crystal with the most energetic deposit, and about 97% of the energy is
contained within the 5 x5 array of crystals. Further, a “cluster” of ECAL crystals
is a group of crystals, defined in the following method: starting from the local
energy maximum, adjacent crystals are added to the cluster unless there is a
rise in energy or there is no energy deposit at all. These clusters can then be
clustered in a similar method to form “superclusters,” with the main difference
of the superclusters being extended in the ¢ direction. They are clustered this
way because the electromagnetic showers in the ECAL often spread in ¢ due to

the presence of a strong magnetic field in the detector.

2.2.4 Hadronic Calorimeter

Surrounding the ECAL is the hadron calorimeter (HCAL). It is designed to mea-
sure the energy and direction of jets, which are high-energy showers of mesons
and baryons that arise from quarks and gluons. Charged hadrons do not shower
electromagnetically so they pass the ECAL without interacting, then they inter-
act with the brass in the HCAL. The resulting ionizing particles are then detected
by plastic scintillator tiles that scintillate upon interaction. These tiles are read
out by wavelength-shifting fibers that carry the light to the connected readout
system that is based on multi-channel hybrid photodiodes. The HCAL is also

divided into a barrel and two endcaps.

2.2.5 Magnet

The magnet of the CMS detector surrounds the tracker and the calorimeters. It is
a powerful superconducting solenoid with mass 500 t and magnetic field strength

of 3.8 Tesla. Its magnetic flux is returned by an iron yoke.



2.2 The CMS Detector

2.2.6 Muon Detector

The muon system [8] is the outermost subsection of the CMS detector, designed to
identify tracks of high-penetrating muons and measure their momentum. Muons
are the most penetrating particle in the detector, so the muon system is located
in the outermost part of the detector. Most other particles are stopped before
they reach the muon system.

It relies on three types of gas detectors: drift tubes (DT, cathode strip cham-
bers (CSC), and resistive plate chambers (RPC). The layers of the muon detector

are interwoven with layers of the return yoke of the magnet.

2.2.7 'Triggers

The trigger system is what begins the physics event selection process, as it makes
decisions every 25 ns on whether or not events should be retained for further
consideration. The system has an input rate of 10° interactions per second, but
this must be reduced by a factor of 10" down to 100 Hz, the maximum rate at
which data can be recorded to disk. CMS utilizes a two-level trigger system for
this. The Level-1 Trigger consists of custom electronics as a part of detector
hardware and reduces the data rate to nearly 100 kHz. It holds the data in a
“latency buffer” while it decides if an event is interesting, and if it is interesting,
then it passes it on to the High Level Trigger. The High Level Trigger is a subset
of the processing farm and further reduces the data rate to a maximum of 100

Hz.

2.2.8 Other Important Concepts

Aside from all of the detector subsections, there are a few quantities and concepts

relating to the detector that are important to note. One of them is the transverse

10



2.2 The CMS Detector

momentum, the momentum of particles measured in the direction transverse to

the beam, defined as

pr = psinb. (2.3)

For photons that travel at the speed of light, £ = p. Because of this, what
was introduced in the Introduction as high-energy photons are really high-pr
photons. “pr” will be used instead of “energy” from this point on.

Another important concept is pile-up. In each bunch crossing, there are mul-

tiple proton-proton collisions that overlap in the detector, known as pile-up. The

amount of pile-up can be measured with the median energy density p, defined as

p = median {]ﬂ} , (2.4)
A;
where j iterates over all of the jets reconstructed in the event, and A, is the

jet area.

11



Chapter 3

Particle Identification Concepts

In order to begin understanding the physics of the data coming from the detector,
particles in the detector must be reconstructed and identified. This chapter fo-
cuses on a few important concepts involved in developing an identification method

(ID) for particles, specifically for high-pr photons.

3.1 Existing Photon Identification in CMS

Photons in the detector can have a large range of pr, from 50 MeV to 2 TeV. An
ID developed for low-pyr photons applied to high-pr photons does not perform
well due to the differences in the distributions of photon identification variables
(described in Section 4.4). For this reason, the identification of photons is divided
to a “standard” photon ID (roughly between 50 MeV and 70 GeV) [9] and a high-
pr photon ID (roughly between 70 GeV and 2000 GeV). Though a high-py ID
has previously been developed for a specific kind of analysis [3], that ID is not
appropriate for more general usage in multiple analyses. For this reason, we
develop an improved and more general high-pr photon ID that can be utilized in

multiple analyses.

12



3.2 Signal vs Background Events

3.2 Signal vs Background Events

“Signal” events are simply defined to be the particles that we wish to identify. In
our case, they are high-pr photons from final states of physical processes within
the CMS detector. The “background” events are events that mimic the signal
photons but are not actual signal photons. Examples of a common background
event are 7y’s that arise in hadronic jets. The m, can decay into two lower-
pr photons, and because the particles are traveling at relativistic speeds, the
two resulting daughter photons travel in the same direction as the m (Lorentz
boosted) and are very closely spaced. Because the two photons are so closely
spaced, they create what is called a “merged cluster,” leaving an energy deposit
in the ECAL that is similar to that of a single high-pr photon. The goal of the
high-pr photon ID is to differentiate the signal events from these background

events as efficiently as possible.

3.3 Efficiency & Purity

In any given set of events, there is a number of signal events S and a number of
background events B. After applying a selection cut on these events, there is a
new number of signal events S.,; and a new number of background events B,,;.

The signal efficiency associated with this selection is % and the background

Scut
Scut‘f'Bcut ’

Bcut
B

efficiency . The signal purity associated with this selection is

3.4 Selection-Based Identification

A selection-based identification method is pursued for the optimization of this ID.
The selection-based method takes several variables characteristic of the signal

events and applies to them a range of selection criteria that best separate the

13



3.5 Monte Carlo Simulations

signal events from the background events. An optimized set of selection criteria
provides the lowest possible background efficiency level for all signal efficiency
levels. If the selection ranges on the variables are narrow, there will be a lower
signal efficiency with a higher signal purity. If the ranges are wide, there will be a
higher efficiency with a lower purity. There is a balance to be struck between the
efficiency and the purity depending on the analyses that will use the ID. Since
the needs of future analyses are not known, several working points are created —
70% signal efficiency (called tight ID), 80% signal efficiency (called medium ID),
and 90% signal efficiency (called loose ID) — that future analyses can choose

from.

3.5 Monte Carlo Simulations

Monte Carlo (MC) simulations [10] are computer simulations that replicate the
CMS detector and the particle interactions that take place within it. They have
been tuned against data from the detector to give a reliable representation of it.
These simulations are essential in developing highly-accurate particle IDs. With
data from the detector, the identities of the particles are not exactly known and
the signal events cannot be differentiated from the background events. However,
with MC simulations, the identities of the particles are exactly known and the
signal events can be differentiated from the background events. Using this infor-

mation, the particle ID can be precisely developed and its performance calculated.

14



Chapter 4

Optimization of the Identification

4.1 Simulation Samples Used

There are two different simulation samples that are used for the optimization of
this ID, v + jets and monophotons.

The v + jets sample simulates a physical process that involves one photon
and a hadronic jet of quarks or gluons in the final state of a physical interaction,
produced with the best current understanding of quantum chromodynamics and
the Standard Model. Because the my background comes from these hadronic jets,
there is ample background activity with this v + jets sample.

The monophotons sample simulates a theorized physical process that involves
one photon and a graviton in the final state, as in Figure 1.1. A graviton is a
hypothetical elementary particle that mediates the force of gravity. It has not
been discovered yet, and if it were to be discovered using the CMS detector, it
would only be known through a large E7%* rather than through direct detection
[3]. Because of this, the final state of the theorized graviton process would have
a single high-pr photon, simulated with the monophotons MC sample. The

monophotons sample consists of mainly signal events with a small number of

15



4.2 Requirements for Signal and Background

background events, while the v + jets sample provides higher statistics on both
the signal and background events. Because of the advantage of higher statistics,
the v + jets sample will be used to carry out the ID optimization. Once the ID is
optimized, its performance will be checked utilizing the monophotons sample to
ensure that the performance of the ID is consistent with both the monophotons

sample and the v + jets sample.

4.2 Requirements for Signal and Background

In order for a reconstructed photon (with pr > 70 GeV) in the MC samples to be
considered a signal high-py photon, it must pass some requirements with respect
to the associated generated photon in the MC simulation. The reconstructed
photon must 1) have spatial difference AR < 0.1 from the generated photon, 2)
be in the same bunch crossing as the generated photon, and 3) pass the conversion-

safe electron veto, where the spatial AR is defined to be

AR = \/(A¢)? + (An)>. (4.1)

To understand the conversion-safe electron veto, converted photons must be
understood first. Photons traveling in the tracker have substantial probabilities
of converting into electron-positron pairs, and if converted, the e”e™ track pairs
and their vertices can be reconstructed. The conversion-safe electron veto re-
quires that all charged-particle tracks in the inner layer of the pixel detector are
matched to a reconstructed conversion vertex. A charged-particle track that is
not matched to a reconstructed conversion vertex is most likely an electron, which
is the particle we want to veto. We apply this conversion-safe electron veto to
avoid misidentifying electrons as photons.

Background events are then objects (with pr > 70 GeV) reconstructed to

16



4.3 Basic Variables

be photons that either 1) have AR > 0.1 from the generated photon, 2) are
not in the same bunch crossing as the generated photons, or 3) do not pass the

conversion-safe electron veto.

4.3 Basic Variables

With the signal and background events defined, we can now compare distribu-
tions of pr, n, and p between signal and background events in the v + jets MC
sample. For these three variables, the distributions of the signal and background
events should be ideally identical, as there is no particular reason for any dif-
ferences in the number of signal or background events to be present at specific
pr, 1, or p ranges. In fact, the performance of the ID should be independent of
these quantities, performing equally well across the entire range of each pr, 7,
and p. This performance check is demonstrated in Section 5.3. Distributions of
signal events (blue) and background events (red) from the v + jets sample are
normalized to 1 and overlaid (pr in Figure 4.1,  in Figure 4.2, and p in Figure

4.3), separated by the ECAL endcap and barrel.

Endcap CMS preliminary Barrel CMS preliminary
L =
-} R, £ ]
£ 4 'E % Signal B 10| Signal
5 _E o s w0t I|
10k h, Background b o Background
g0 E n £ 4y
E . al LS g 10
210 | 2w
o i
10 g 1:"« wtl "u___‘_
h, o
0t Sy w’ y
z e e Mg
w0 dny 10" 18
I Mol e
muF_ g 107" et
= Lo it oL
w0k il [ X " e
E : L] L ol
E | | | | | U | | | 1N
0 200 400 800 a00 1000 1200 1400 1600 1BOO 2000 o 1000 2000 3000 4000 5000 6000
b, [GaV] P, 1GeV]

Figure 4.1: pr distributions in the v + jets MC sample for signal vs background
events, both normalized to 1, separated by endcap and barrel.
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Figure 4.2: n distributions in the v + jets MC sample for signal vs background
events, both normalized to 1, separated by endcap and barrel.
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Figure 4.3: p distributions in the v + jets MC sample for signal vs background
events, both normalized to 1, separated by endcap and barrel.
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4.4 Photon Identification Variables

4.4 Photon Identification Variables

The variables that are utilized in the ID optimization are shower shape variables
and isolation variables. These are variables that have proven to be most useful
in separating the signal and the background events for previous photon IDs such
as the standard ID. Descriptions of these variables and their distributions in the

v + jets MC sample follow.

4.4.1 Shower Shape Variables

As the name suggests, shower shape variables describe the shape of the electro-
magnetic shower that is associated with a photon. o, is the lateral extension of
the shower, which is the variance in the n direction. Hadronic jets have a wider
shape in the 7 direction, making them have larger values of o,,. The distributions
of the signal and background events for o,, are shown in Figure 4.4.

Ry is %, where Fj3y3 is the energy sum of the 3 x 3 crystals centered around
the most energy crystal and Egc is the energy sum of the Super Cluster. A
converted photon has a lower Ry value since the energy is more spread out and
not concentrated in the 3 x 3 crystals around the most energetic crystal. An
unconverted photon, however, has a higher Ry value since the energy is not spread
out and concentrated in the 3 x 3 crystals around the most energetic crystal. The
distributions of the signal and background events for Ry are shown in Figure 4.5.

Lastly, H/E is the ratio of the hadronic energy in the HCAL towers behind the
Super Cluster to the total energy of the ECAL Super Cluster. Both charged and
neutral hadrons can interact with both the ECAL and the HCAL, meaning they
can deposit some energy in both. However, photons interact only with the ECAL
and deposit very little energy in the HCAL, so H/E for background events should
be higher than signal photons. The distributions of the signal and background
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4.4 Photon Identification Variables

events for H/E are shown in Figure 4.6.
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Figure 4.4: o, distributions in the v + jets MC sample for signal vs background
events, both normalized to 1, separated by endcap and barrel.
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Figure 4.5: Ry distributions in the v + jets MC sample for signal vs background
events, both normalized to 1, separated by endcap and barrel.

4.4.2 Isolation Variables

Another type of variables utilized in the photon ID are isolation variables, which

measure the amount of energy near the reconstructed photon. Background events

are often produced in association with other particles which lead to higher values

of isolation, but signal photons are uncorrelated with other events which lead
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4.5 Isolation Corrections
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Figure 4.6: H/E distributions in the v + jets MC sample for signal vs background
events, both normalized to 1, separated by endcap and barrel.

to lower values of isolation. Isolation variables are calculated utilizing particle-
flow event reconstruction, the algorithm for which combines information from all
subsections of the detectors and reconstructs four-momenta of all particles in the
event. There are three isolation variables: Charged Hadron Isolation (), Neutral
Hadron Isolation (I,,), and Photon Isolation (7). I, is calculated by taking the
sum of the pr of tracks originating from the primary vertex and within a cone of
size AR < 0.3 centered around the line joining the primary vertex and the ECAL
Super Cluster. [, is calculated by taking the sum of the pr of HCAL energy
deposits in crystals located in a cone of size AR < 0.3 centered on the shower
axis. I, is calculated in the same way, just with ECAL energy deposits rather
than the HCAL energy deposits. The distributions of I, I,,, and I, are shown in
Figure 4.7, 4.8, and 4.9.

4.5 Isolation Corrections

The isolation cones defined for each of the isolation variables above get contam-

inated by the energy from pile-up. Because of this, the isolation variables are
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Figure 4.7: I, distributions in the v + jets MC sample for signal vs background
events, both normalized to 1, separated by endcap and barrel.
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Figure 4.8: I,, distributions in the v + jets MC sample for signal vs background
events, both normalized to 1, separated by endcap and barrel.
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4.5 Isolation Corrections

strongly dependent on p, and this dependence must be corrected. As examples,
90% quantile plots of I, and I, vs p for the barrel are shown in Figure 4.10.
Without a correction, a single cut on a isolation variable would lead to varying
efficiency levels depending on the corresponding p values. The corrected isolation

variables Ic,,, take the form

ICorr =1 - P X AEff, (42)

where effective area Agys corresponds to an effective isolation cone. Empirically,

the Apyy is the slope of the linear fit of the 90% quantile plots of isolation vs p.
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Figure 4.10: 90% quantile plots of I,, and I, vs p for the barrel.

Once the p dependence is corrected, an additional dependence of the isolation
variables on pr must be corrected through a similar procedure called pr-scaling.
The 90% quantile plot of I¢,,, vs pr can reveal no dependence, linear dependence,
or a quadratic dependence. Having no dependence means that a correction is not
required, but a linear or quadratic dependence means that an appropriate fit and
a correction are required, utilizing Equation 4.3 or Equation 4.4 depending on

the dependence.

IDCOTT = ICOT‘T — P1x pr (43)
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4.5 Isolation Corrections

IDCorr = ]Corr -

(P1 x pr) — (P2 x p3)

(4.4)

Figure 4.11 shows 90% quantile plots of corrected I,, and I, vs pr in the barrel.

Corrected I, shows quadratic behavior and requires correction using Equation 4.4,

while corrected I, shows linear behavior and requires correction using Equation

4.3. Once corrected, the double-corrected isolation variables are then no longer

p and pr dependent, and they are prepared to be utilized for the optimization

process. Table 4.1 summarizes the Agss and pp-scaling values for I, I,,, and L.
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Figure 4.11: 90% quantile plots of corrected I,, and I, vs pr for the barrel.

I I I,
Agsr 0.008 0.046 0.090
Endcap | py-scaling P1 0 0.009 0
pr-scaling P2 0 1.5E-06 0
Agrr 0.005 0.076 0.098
Barrel | py-scaling P1 0 0.007 0.002
pr-scaling P2 0 1.0E-04 0

Table 4.1: Summary of Ag;; and py-scaling values for endcap and barrel.
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4.6 Optimization Method

Once isolation corrections are carried out, the variables in the MC sample are
ready for optimization of the ID. A selection-based method with shower shape
variables and isolation variables is utilized. Not all six variables are necessarily
helpful in the optimization, so different combination sets of variables are used
during the optimization process, e.g. just shower shape variables, just isolation
variables, some combination of both, etc.

For each combination set of variables, an optimization for the selection criteria
is carried out. This optimization process consists of maximizing the background
rejection at a given signal efficiency, and scans over the full range of signal ef-
ficiency. The background rejection is maximized by applying various selection
ranges to the variables at hand and finding the selection ranges that lead to the
highest background rejection level at each signal efficiency level.

This means that for each combination set of variables, there is an optimized
set of selection criteria. The performance of the optimized selection criteria (asso-
ciated with each combination set of variables) must be compared to one another
to determine the best one, as explained further in the next chapter.

The optimization of the ID is carried out separately for endcap and barrel.
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Chapter 5

Performance of the Identification

After running several iterations of the optimization, the best set of selection
criteria is determined. The primary measure of performance of the selection
critera is the area under the background rejection vs signal efficiency curve. The
greater the area under the curve, the better the performance of the ID. The
background rejection vs signal efficiency curve also provides an easy means to
compare the performance of the newly developed ID to the performance of the
standard photon ID applied to high-p; photons. The three working points of the
standard ID applied to v + jets should fall under curve of the high-pr photon
ID.

Once the ID with the best performance is selected, there are two final steps
to ensure the reliability of the ID. First, it should be ensured that the signal
efficiency is not dependent on pr, n, and p, i.e. signal efficiency levels should be
flat when plotted against these variables. Second, the ID should be applied to the
monophotons MC sample and checked that there is not a significant reduction in
performance. Once these two inspections are completed, MC scale factors can be
derived to check for differences in the ID performance when applied to real data

from the detector.
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5.1 Final Selection Criteria

5.1 Final Selection Criteria

After running the optimization, the sets of selection criteria listed in Table 5.1
and in Table 5.2 prove to be the best set of selection criteria for the endcap and

for the barrel at loose, medium, and tight working points.

Loose Medium Tight

Signal Efficiency 90% 80% 1%
Background Rejection 89% 92% 94%
HoE < 0.067 0.019 0.101

R9 > 0.940 0.9565 0.960
o-corrected I, < 3.59 18.35 2.86

Table 5.1: Final set of selection criteria for the endcap.

Loose Medium Tight

Signal Efficiency 90% 80% 69%
Background Rejection 74% 81% 85%
O < 0.011 0.028 0.012

HoE < 0.060 0.045 0.066

R9 > 0.938 0.944 0.947

Table 5.2: Final set of selection criteria for the barrel.

5.2 Performance Criterion

The criterion for determining the best performing ID for the endcap and barrel
is the area under the background rejection vs signal efficiency curve for each ID.
The three working points in Table 5.1 and Table 5.2 are simply three points from
the background rejection vs signal efficiency curves, and the curves are shown in

Figure 5.1.
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5.2 Performance Criterion

Endcap CMS preliminary Barrel CMS preliminary
Background rejection versus Signal efficlency Background rejection versus Signal efficiency
§ o i g i .
; 0.8 :_ R (LR -
[ - [~
2 orf g
B ME 5
s E S
E 06 3 3
0.5 i i t -
0.4 F : =] 0.4
E MVA Method: 3 T MVA Method:
0 it : E b T il
STRTY LTI LPTRNVL KVNUNINS UV DR TEPERSL MRIEVY GANPCY LY E
0‘20 01 02 03 04 05 06 07 08 08 1 o2

AR PRI TR WY PR P ST PR ST e
0 01 02 03 04 05 06 07 08 08 1
Signal efficiency Signal efficiency

Figure 5.1: Background rejection vs signal efficiency curves for endcap (area under
the curve 0.949) and barrel (area under the curve 0.882).

5.2.1 Comparison with Standard Photon Identification

To ensure that the newly developed set of selection criteria does a better job se-
lecting high-p photons than the standard photon ID does, we apply the selection
criteria of the three working points of the standard photon ID to the v + jets MC
sample and plot the resulting efficiency levels in the same plot as the background

rejection vs signal efficiency curves, as shown in Figure 5.2.
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Figure 5.2: Working points of the standard photon ID applied to the v + jets
sample compared to high-pr photon ID curve.

In both cases, the standard photon ID does not deliver the 70%, 80%, and 90%
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5.3 Efficiency Plots

signal efficiency levels that it should. Further, the three working points from the

standard photon ID fall to the left of the background rejection vs signal efficiency

curve of the high-pr photon ID, meaning that the high-pr photon ID performs

better than the standard photon ID.

5.3 Efficiency Plots

Signal efficiency for all three working points should be constant at all ranges of

pr, 0, and p, as the performance of the ID should not depend on these quanti-

ties. Figure 5.3 and Figure 5.4 show the signal and background efficiency plotted

against these three variables for endcap and for barrel.
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Figure 5.3: Signal and Background Efficiency (tight, medium, loose) vs pr, 7,

and p for endcap.
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Figure 5.4: Signal and Background Efficiency (tight, medium, loose) vs pr, 7,

and p for barrel.

The efficiency is flat for all of these plots except for the efficiency vs n in the
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5.4 Performance on the Monophotons Sample

endcap. The reason for the this dependency is not clear, and further investigation
should be conducted. However, the effect is not large enough to be a point of

concern.

5.4 Performance on the Monophotons Sample

The high-pr photon ID is developed using the v + jets MC sample, but the per-
formance of the ID should be checked with the monophotons MC sample as well.
Ideally, the ID should result in the same levels of signal efficiency as it does in
the v + jets sample. Applying the ID to the monophotons sample, the signal

efficiency levels for the three working points are as follows.

Endcap: 51%, 59%, and 77%
Barrel:  62%, 70%, and 78%

These fall short of 70%, 80%, and 90%, but especially given the lower statistics
of the monophotons sample, the effect is once again not large enough to be a point

of concern.

5.5 Calculating Simulation Scale Factors

The ID is developed with MC simulations, but the end goal of the ID is to apply
it to data and have it perform equally well. To know how the efficiency levels
of data will compare with the efficiency levels of MC samples, the final step of
developing the ID is to calculate the data-to-simulation scale factors. These scale
factors are useful in correcting any mismodelling in the simulations. The method

of doing this is called the tag and probe method.
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5.5 Calculating Simulation Scale Factors

The tag and probe method uses a pure sample of leptons from Z boson decay in
the data. Decays such as Z — ete™ are well-understood and have well-established
narrow resonance. This method is used assuming that at the reconstruction level,
electrons and photons are almost the same electromagnetic object in the ECAL.
In this method, an electron from the Z boson decay is required to pass a set of
very tight HLT requirements. This is called the “tag” candidate, and it must be
matched to the triggering electron. The other electron is the “probe” candidate,
and it is tested as to whether it passes the selection criteria developed by this
ID. Passing probes and failing probes are used to compute the efficiency levels,
and the scale factors are ratios of the data efficiency to the simulation efficiency

of the ID. Figure 5.5 shows the scale factors and uncertainties, binned in py and

n.
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Figure 5.5: MC scale factors and uncertainties for the high-py photon ID.

The scale factors should be ideally within a few percentages of 1, and this

is what we see in the barrel. In the endcap, however, the scale factors are low,
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5.5 Calculating Simulation Scale Factors

meaning that the ID results in higher efficiency levels in simulation than in data.
This is possibly due to the enhanced effects of radiation damage in the endcap
which are not precisely modelled in the simulation. However, further investigation

will be conducted.
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Chapter 6

Conclusions

The objective of this thesis was to optimize a high-py photon ID for the CMS
detector located at the LHC. There have previously been high-pr photon IDs
developed for specific physical analyses, but they are not appropriate for more
general usage for multiple analyses. So the goal of this project was to develop an
improved and more general high-pr photon ID that can be used in multiple anal-
yses. This ID is motivated by the potential of new physics beyond the Standard
Model that have final states which include high-py monophotons.

To do this, MC samples of v + jets and monophotons were utilized. Because
of the higher statistics in v 4 jets, this sample was used to develop the ID. Shower
shape variables and isolation variables were observed, with isolation corrections
applied to correct for their p and pr dependence. With these corrections in place,
the ID was optimized, where different combinations of variables and selection
criteria were tested to produce the best background rejection levels at every signal
efficiency level.

The final sets of selection criteria of this newly developed high-pr photon
ID are provided in Section 5.1, developed separately for endcap and barrel of the
ECAL. The performance of the selection criteria are checked using the background

rejection vs signal efficiency curves, and it is shown that they perform better than
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the standard photon ID applied to high-p; photons. Efficiency levels for all three
working points are relatively flat at all ranges of pr, n, and p as they should be.
The ID is applied to the monophotons sample to check performance on it, and
though signal efficiency levels are not as quite good as they are with the v +
jets sample, the difference is not big enough to be a point of concern. Finally,
data-to-simulation scale factors were derived using the tag and probe method to
correct for any mismodelling that may be present in the MC samples. A highly-
accurate and improved high-py photon ID has successfully been developed and

is ready to be utilized in physical analyses moving forward.
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