
MEASUREMENT OF THE Zγγ PRODUCTION CROSS SECTION AT

PROTON-PROTON COLLISIONS WITH THE CMS EXPERIMENT

by

SACHIKO TODA MCBRIDE

B.S., Syracuse University, 2009

AN ABSTRACT OF A DISSERTATION

submitted in partial fulfillment of the
requirements for the degree

DOCTOR OF PHILOSOPHY

Department of Physics
College of Arts and Sciences

KANSAS STATE UNIVERSITY
Manhattan, Kansas

2016



Abstract

This thesis presents the first study of a rare production of Z boson in association with

two photons (Zγγ), where the Z boson decays into a pair of muons or electrons, by proton-

proton collisions at the Large Hadron Collider (LHC). This study uses full data samples

that have been collected with the Compact Muon Solenoid (CMS) detector in 2012 with a

center of mass energy of 8 TeV, corresponding to an integrated luminosity of 19.7 fb−1. The

Zγγ production cross section is measured within a fiducial region defined by two leptons

with two photons where transverse momentum over 15 GeV and distance between γ and `

above 0.4. Using the obtained samples, the Zγγ cross section is measured to be:

12.6 ± 1.6 (stat.) ± 1.7 (syst.) ± 0.3 (lumi.) fb.

where stat., syst., and lumi. denote the statistical uncertainty, systematic uncertainty,

and the uncertainty in integrated luminosity, respectively. This result is in an excellent

agreement with the theoretical prediction of 13.0 ± 1.5 fb.
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Chapter 1

Introduction

“What?” or “Why?” growing in your mind is exactly the “Bud of Science.” Ob-

serve, examine, and then look into your wonder. This is exactly the stem of

science. Then you find the answer of your wonder. This is the flower of science.

- Dr. Sin-itiro Tomonaga [17]

This thesis presents the first observation of a rare production of Z boson in association

with two photons. The study of this process provides a strong test of the electroweak sector

of the Standard Model (SM) at the TeV energy scale within the Compact Muon Solenoid

(CMS) experiment. The measurement was performed using CMS data taken during the

full 2012 run at a center of mass energy 1 of
√
s = 8 TeV, corresponding to an integrated

luminosity 2 of 19.7 fb−1. This thesis is organized as the following: the introduction of

theoretical background related to Zγγ production at proton-proton collisions is presented in

Chapter 2. A brief description of the experimental apparatus of the Large Hadron Collider

(LHC) 3 accelerator and an overview of the CMS detector including all sub-detector systems

1The center of mass energy is defined as the center of mass system at proton-proton collisions. The four
momentum of circulating protons at

√
s = 8 TeV are p1 = (4.0 TeV, 0, 0, 4.0 TeV) and p2 = (4.0 TeV, 0, 0,

-4.0 TeV), thus the four momentum of the center of mass system is p1 + p2 = (8 TeV, 0, 0, 0) at LHC [18].
2The luminosity is the quantity of rate of production in a collider.
3The LHC is the largest and the highest energy collider in the world.

1



are given in Chapter 3. The reconstruction of final state particles: electrons, muons, and

photons, that for the Zγγ production in Chapter 4. The data analysis to measure the Zγγ

production cross section is given in Chapter 5, and the conclusion is given in Chapter 6. A

brief summary of data analysis, described in Chapter 5, is given below:

• Section 5.1: The data and Monte Carlo (MC) simulation samples of signal and back-

ground events used in the Zγγ study are summarized in this section.

• Section 5.2: The selection criteria used to identify electrons, muons, and photons in

this analysis is described in this section. These definitions are optimized by CMS

Egamma Physics Object Group (POGs) and Muon-POGs, and additional offline re-

quirements are applied to select the Zγγ event candidates.

• Section 5.3: The applications of pile-up reweighting and additional scale factors of

objects identification and dilepton trigger are described. They are applied to all MC

simulation samples to improve the agreement between the data and MC samples. All

works using MC simulations are done with the applications of pile-up reweighting

method and additional scale factors.

• Section 5.4: This section discusses how we estimate background events to the Zγγ

process. The Zγ + jets and Z + jets productions, where one or two of jets are

misidentified as photon candidates, are the dominant background. The background

contributions are established using control data sample.

• Section 5.5: The Zγγ production cross section is measured in a fiducial region that is

defined to be close to the offline event selection in order to minimize extrapolations

from the selected events. The components used for the measurement of the cross

section include the expected signal events, the acceptance of Zγγ process, and the

integrated luminosity. This section summarizes the definition of fiducial region and

calculate the acceptance for Zγγ process.
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• Section 5.6: The various sources of the systematic uncertainty considered in the cross

section measurements are described in this section. These sources are taken into

account in the analysis:

– uncertainty in the luminosity evaluation

– uncertainty in the detector performance

– uncertainty related to the simulation sample

– uncertainty from the background estimation

• Section 5.7: The fiducial cross sections in two channels for Zγγ → µµγγ and Zγγ →
eeγγ process are measured individually and combined to the final cross section of Zγγ

process.

We measure the Zγγ production cross section to be:

12.6 ± 1.6 (stat.) ± 1.7 (syst.) ± 0.3 (lumi.) fb.

where stat., syst., and lumi. denote the statistical uncertainty, systematic uncertainty, and

the uncertainty in integrated luminosity, respectively. This result is in great agreement with

the theoretical prediction of 13.0 ± 1.5 fb.
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Chapter 2

Theoretical Background

2.1 The Standard Model

The standard model (SM) of elementary particle physics is expressed by a quantum field

theory that describes the fundamental particles and their interactions [19]. All particles in

the SM framework are divided into two types: bosons and fermions. The fermions have spin

quantum number equal to 1
2

and hence obey the Fermi statistics and constitute matter. The

bosons have spin quantum number equal to 1 or 0 and follow the Bose statistics. The gauge

bosons are gluons, photons, Z, and W± and are the fundamental force mediators. The SM

describes the fundamental forces by their gauge group: strong - SU(3)C and electroweak -

SU(2)L ⊗ U(1)Y . Therefore, the SM theory is based on the gauge symmetry of SU(3)C ⊗
SU(2)L ⊗ U(1)Y

1 [19]. Figure 2.1 shows these fundamental forces and their mediators.

The gravitational force is not included in the SM, and the hypothetical particle called the

graviton has not been observed.

The fundamental fermions are classified into six leptons and six quarks that are divided

into three generations. The six leptons are classified into charged leptons (electron (e),

muon (µ), and tau (τ)) and neutral leptons called neutrinos (electron neutrino (νe), muon

1C: color, L: weak isospin, Y: weak hypercharge
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Figure 2.1: Table of the elementary particles of the standard model [1].

neutrino (νµ), and tau neutrino (ντ )) [20]. They underlie only the weak interaction. Quarks

and gluons have a property called color [21]. These color charged particles interact with each

other by exchanging gluons in strong interactions. The theory that explains interactions

between color charged particles is called quantum chromodynamics (QCD). Quarks can

change their color charges by exchanging gluons with other quarks. A single quark can

not be found individually; however, quarks are able to form other colorless particles by

means of the strong color couplings [22]. The new particles made of quarks by that process

are called hadrons [23]. Hadrons are categorized into two types: mesons (combination

of quark-antiquark) and baryons (combination of three quarks) [23]. In addition to these
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quark-antiquark or quark-quark-quark combination of “valence quarks” hadrons contain

gluons and a “sea” of quark-antiquark pairs. The electromagnetic interaction is represented

by the exchange of photons [24]. The weak interaction is represented by the exchange of

the vector bosons, W± and Z [24]. One of the most important hypothetical particle called

Higgs boson was discovered by the CMS and ATLAS experiments at CERN [25]. The Higgs

boson provides a mechanism that makes elementary particles have different masses.

2.2 Electroweak Theory

The electroweak interaction unifies the electromagnetism and weak interactions that is based

on the combination of SU(2)L ⊗ U(1)Y gauge symmetry group. There are three W bosons

(W+, W0, and W−) corresponding to gauge bosons from SU(2)L, and the B0 boson from

U(1)Y , respectively. We will see later that the Z and γ are hidden here. They will acquire

energy from the spontaneous symmetry breaking discussed below. The Lagrangian for the

electroweak interaction is described as the following [26]:

LSU(2)L⊗U(1)Y = Lgauge + Lφ + Lfermion + LY ukawa (2.1)

The gauge term describe the interaction between three W bosons and the B0 boson as:

Lgauge = −1

4
W i
µνW

µνi − 1

4
BµνB

µν (2.2)

where Wi
µν and Bµν can be expressed as:

Bµν = ∂µBν − ∂νBµ

W i
µν = ∂µW

i
ν − ∂νW i

µ − gεijkW j
µW

k
ν

(2.3)
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where Wµνi (i = 1, 2, 3) and Bµν are field strength tensor for the weak isospin and weak

hypercharge fields, respectively. g is the coupling constant to the SU(2)L, and εijk is the

antisymmetric tensor. The gauge Lagrangian gives rise to triple and quartic gauge boson

couplings. It is important that the SU(2)L gauge field does not generate any neutral vertex

with only Z bosons and photons [19]. The presence of such vertices with Z bosons and

photons is predicted by theories beyond the SM [12].

The second term of the Lagrangian is the scalar part:

Lφ = (Dµφ)†Dµφ− V (φ) (2.4)

The φ is a complex Higgs scalar that is expressed as:

φ =

 φ+

φ−

 (2.5)

The gauge covariant derivative is expressed as:

Dµφ =

(
∂µ + ig

τ i

2
W i
µ +

ig′

2
Bµ

)
φ (2.6)

where the τ i are the Pauli matrices. The square of the covariant derivative meant that there

are three and four point interactions between the gauge and scalar fields.

The V (φ) is the potential energy of the Higgs field.

V (φ) = µ2φ†φ+ λ(φ†φ)2 (2.7)

where the λ (> 0) term describes a quartic self-interaction between the scalar fields, and

spontaneous symmetry breaking occurs for µ2 < 0.

The other terms (Lfermion and LY ukawa) in Equation 2.1 are not discussed in this thesis,

and details about them can be found elsewhere [26].
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Electroweak Symmetry Breaking and the Higgs Mechanism

The gauge term does not involve any mass terms because they are not allowed by the gauge

invariance of the Lagrangian for the gauge bosons. However, the experimental observations

of the weak interactions show that W± and Z gauge bosons have masses while the photon

is massless 2 and hence the gauge invariance has to be spontaneously broken. In the elec-

troweak theory, the spontaneous symmetry breaking of the Higgs field creates the difference

between the physical W±, Z, and γ boson masses. The complex Higgs φ is doublet with

four components [29]:

φ =

 φ+

φ−

 =
1√
2

 (φ1 − iφ2)

(φ3 − iφ4)

 (2.8)

The potential energy of the Higgs field, Equation 2.7, becomes:

V (φ) = µ2φ†φ+ λ(φ†φ)2 =
1

2
µ2

(
4∑
i=1

φ2
i

)
+

1

4
λ

(
4∑
i=1

φ2
i

)2

(2.9)

The Higgs potential energy has a minimum for any φi that satisfies 〈0|φi|0〉= (−µ2/λ)1/2 [29].

We are able to choose the axis in the four dimensional space without loss of generality so that

〈0|φi|0〉 = 0 for i = 1, 2, 4 and 〈0|φ3|0〉 = ν where ν is the vacuum expectation value [29].

Therefore,

V (φ)→ V (ν) =
1

2
µ2ν2 +

1

4
λν4 (2.10)

The sign of µ2 is considered at the minimum of the potential as shown in Figure 2.2. For

µ2 > 0, the potential has the minimum at ν = 0, so the vacuum is empty space and the

electroweak symmetry is unbroken. For µ2 < 0, the potential has the minimum at ν =

(-µ2/λ)1/2, and the electroweak symmetry is spontaneously broken.

2W and Z bosons were discovered in 1983 with UA1 and UA2 experiments at the CERN Super Proton
Synchroton (SPS) [27, 28]. The mass of W boson is 80.4 GeV and the mass of Z boson is 91.2 GeV.
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Figure 2.2: The Higgs potential V (φ) for µ2 > 0 (right) and µ2 < 0 (left) [2].

The Higgs field is written as [30]:

φ =
1√
2

 0

ν +H

 (2.11)

where H is the scalar field that describes a physical Higgs boson. The Higgs term (Lφ) in

the Lagrangian takes the form:

Lφ = (Dµφ)†Dµφ− V (φ) = M2
WW

µ+W−
µ

(
1 +

H

ν

)2

+
1

2
M2

ZZ
νZν

(
1 +

H

ν

)2

+1
2
(∂µH)2 − V (φ)

(2.12)

where

W±
µ =

W 1
µ ∓ iW 2

µ√
2

(2.13)

Zµ = W 3
µcosθW −BµsinθW (2.14)

Equation 2.13 to 2.14 correspond to the physical fields of the charged W bosons (W±) and
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the neutral Z boson, respectively. The θW is the Weinberg angle that connects the SU(2)L

and the U(1)Y coupling constants [6]. Their masses are expressed as:

MW =
gν

2
(2.15)

MZ =
MW

cosθW
(2.16)

The physical fields of photon is expressed as:

Aµ = W 3
µsinθW +BµcosθW (2.17)

and its mass is zero.

2.3 Zγγ Production at the LHC

The study of the production of Z boson in association with two photons (Zγγ) in proton-

proton collisions at the LHC provides an important test of the SM at the TeV energy. In the

SM, a Z boson and a pair of photons can be produced via a non-resonant process. The Zγγ

production at proton-proton collisions is from quark-antiquark annihilation. The allowed

Feynman diagrams of the SM for Zγγ → ``γγ, where ` is a muon or electron, processes are

shown in Figure 2.3. The process where photons are emitted by the interacting partons is

called the initial state radiation (ISR) is shown in Figure 2.3 (a), and the process where

photons are emitted by charged leptons in the final state is called final state radiation (FSR)

is shown in Figure 2.3 (b). In addition to the process when one photon is from ISR and

an another photon is from FSR process (ISR + FSR) is shown in Figure 2.3 (c). In this

dissertation, we collectively refer to the process as Zγγ → ``γγ in the charged leptonic

channel. The events from τ decay (Zγγ → ττγγ → `νν`ννγγ) are subtracted from signal

events.
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Figure 2.3: Some of the Feynman diagrams that describe leading order pp→ ``γγ produc-
tion: ISR (a), FSR (b), and an ISR and FSR (c) production.

2.4 Previous Study at LEP

The study of Zγγ production have been performed at low-energy e+e− collisions at the

LEP collider by the L3 collaboration [13]. The cross section of the process e+e− → Zγγ is

measured using L3 data taken at a center of mass energies of 182.7 GeV and 188.7 GeV, cor-

responding to an integrated luminosity of 231 pb−1. Their studies given to the measurement

of the Zγγ production cross section at e+e− collisions is summarized in Table 2.1.

Center of mass energy σ (e+e− → Zγγ) fb (stat., syst.)

182.7 GeV 0.49 +0.20
−0.17 ± 0.04 pb

188.7 GeV 0.47 ± 0.10 ± 0.04 pb

Table 2.1: The measured cross section for the Zγγ production at
√
s = 182.7 GeV and

√
s

= 188.7 GeV at LEP experiment [13]. Two uncertainties are determined that originate from
data statistics uncertainty and systematic uncertainty, respectively.

11



Chapter 3

Experimental Setup

The following introduction on the experimental apparatus of the LHC and the CMS detector

parallels similar discussion presented elsewhere [6, 12].

3.1 The Large Hadron Collider

The LHC is designed to collide protons at center of mass energy of
√
s = 14 TeV with

high instantaneous luminosity of L = 1034 cm−2 s−1 [31] that is operated by the European

Organization for Nuclear Research (CERN). 1 The performance is able to be accomplished

with an injector complex [32] (see Figure 3.1) followed by the 27 km LHC main ring located

100 meters beneath the ground. In the LHC main ring, the superconducting coils are cooled

by super-fluid helium to a temperature of 1.9 K to provide a magnetic field at 8.3 Tesla

to bend the proton beams [33]. This injector complex is designed for the protons to be

accelerated to an energy up to a maximum of 7 TeV that result in 14 TeV center of mass

energy. The injector system consists of the Linac2, the Proton Synchrotron Booster (PSB),

the Proton Synchrotron (PS) and the Super Proton Synchrotron (SPS), which accelerates

the protons with energy from 50 GeV to 450 GeV [33].

1CERN is the world largest international laboratory of particle physics. It was founded in 1954 in a
northwest suburb of Geneva, Switzerland.
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Figure 3.1: The CERN accelerator complex. Four interaction points, where the CMS, the
ATLAS, the ALICE, and the LHCb detectors are located in the ring [3].

There are several detectors are located around the LHC ring. The CMS detector will be

discussed in great detail in the following sections in Chapter 3. The ATLAS (A Toroidal LHC

ApparatusS) [34] detector is designed to search for the Higgs boson 2 and supersymmetric

particle (SUSY) [36] in addition SM search. The LHCb (Large Hadron Collider beauty

experiment) [37] detector is dedicated to B-physics [38]. The ALICE (A Large Ion Collider

Experiment) [39] detector is designed for the study of heavy ion collisions.

2Higgs boson was observed by the CMS and ATLAS experiments at LHC in 2012. Its mass is approxi-
mately 125 GeV [35].
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Figure 3.2: Total integrated luminosity with CMS experiment for 2010, 2011, and 2012 [4].

The LHC started working on March in 2010, and it ran at 7 TeV (3.5 TeV per proton

beam) in 2010 - 2011 and at 8 TeV (4.0 TeV per proton beam) in 2012 [40]. This successful

operation resulted in 6.1 fb−1 and 23.3 fb−1 integrated luminosity with the CMS experiment

in the year of 2011 and 2012 [4], see Figure 3.2. The LHC’s first run was officially ended

in 2013. Its second run restarted at the center of mass energy up to 13 TeV (6.5 TeV per

beam) in June 2015 after two years of maintenance and upgrading [41].

3.2 The CMS detector

3.2.1 Overview and Coordinate System

The CMS detector is located 100 m under the ground [7] at the LHC interaction point 5 in the

French side of the CERN. It covers almost the whole solid angle around the proton-proton
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Figure 3.3: The CMS detector consists of silicon pixel and strip tracker, electromagnetic
calorimeter, hadron calorimeter, superconducting solenoid, and muon chamber. It is 28.7 m
in length with 15 m diameter. The overall weight of the detector is 14,000 tons [5].

collision point [7] with layers of silicon pixel and strip tracker, electromagnetic calorimeter

(ECAL), hadron calorimeter (HCAL), superconducting solenoid, and muon chamber. Fig-

ure 3.3 illustrates the structure of the CMS detector. The CMS detector is designed to

search for the Higgs boson and supersymmetric particles (SUSY) in additional to Standard

Model searches similar to the ATLAS detector. The various components of the CMS detec-

tor work together to identify the final state of objects such as electrons, muons, photons,

hadron-jets, hadronically decaying τ leptons, and b-jets in proton interactions. The mea-

surement of the Zγγ production cross section makes use of electrons, muons, and photons

reconstructed with the CMS detector.
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In the right-hand CMS coordinate system, the z coordinate points along counter-clockwise

direction around the beam line, the x coordinate towards the center of the LHC ring, and

the y coordinate is the vertical axis pointing up [7], see Figure 3.4. In this system, pseudora-

pidity, η = − ln(tan θ/2), is calculated by the polar angle θ which is defined with respect to

the z axis [7]. Transverse momentum, pT = p sin θ, and energy, ET = E sin θ are calculated

from the polar angle theta and the total p and E [7]. The azimuthal angle φ is defined with

respect to the x axis. In this analysis, the distance, ∆R, between two particles are evaluated

in the η − φ plane with ∆R =
√
η2 + φ2 [42]. Isolation of a particle is defined from the

sum of pT of other particles around it within a cone with ∆R [43]. Three different types of

isolation are calculated separately: charged hadron isolation, neutral hadron isolation, and

photon isolation.

φ 
θ	  

Y	  

X	  

Z	  

p	  

Figure 3.4: Cartesian and spherical system of coordinates for CMS detector [6].

3.2.2 Superconducting Magnet

The CMS detector uses a large superconducting solenoid magnet, 12.5 m in length with

6.3 m diameter and 220 metric tons in mass [44], to produce a uniform magnetic field in
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the inner detector region. Figure 3.5 shows the perspective view of the solenoid magnet.

This magnetic field bends charged particles passing the inner detector to determine their

momenta. This superconducting solenoid magnet is made of niobium-titanium alloy to

handle a strong magnetic field, 3.8 T with large amount of current, 20 kA [44]. The magnetic

flux is returned through a supported iron yoke with 2 T magnetic field [44]. This yoke consists

of 5 wheels in the barrel and 3 disks in each endcap [44].

Figure 3.5: A perspective view of the solenoid magnet [7].

3.2.3 Inner Tracker

The CMS tracker is located at the center of the CMS detector near the interaction point.

It is 5.8 m in length, 2.6 m in diameter and consists of 25,000 silicon strip sensors [45]. The

tracker measures the direction of particle tracks and provides the primary and secondary

vertex information of particles. The transverse momentum of a particle is calculated by
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measuring the radius of curvature in a magnetic field. The tracker can reconstruct the

charged particles such as electrons, muons, and hadrons passing through the detector. The

CMS tracker is comprised of two different systems: the Silicon Pixel Detector and Silicon

Strip Detector that are composed of silicon and register charged particle. A charged particle

knocks electrons out of the material in the pixel detector, and then it creates a net positive

charge on the pixel. The silicon is returned to its neutral state by an electric current. That

electric current is amplified and measured by the readout electronics [46].

Silicon Pixel Detector

The silicon pixel detector consists of 65 million pixels distributed in three cylindrical barrel

layers at radii of 4, 7, and 11 cm and two disks in each endcap at 6 and 15 cm from the

interaction point [47]. Figure 3.6 illustrates the overall silicon pixel detector. A single pixel

measures 100µm x 150µm [47], with each pixel being read out by a dedicated chip attached

to the module. The energy of a charged particle hitting the surface of a pixel is collected as

a small electric signal. Each silicon chip has an amplifier, which boosts the electrical signal.

Figure 3.6: A perspective view of the CMS pixel system [8].
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Silicon Strip Detector

The silicon strip detector consists of 15,200 silicon strip modules with 10 million strips in

10 layers of strips in both the barrel and endcap. It covers |η| < 2.5 in the pseudorapidity

range and its radius is 130 cm [48] from the interaction point. The silicon strip detector

is comprised of four different subsystems, the four inner barrel (TIB) layers reaching to

50 cm in a radius, the inner endcap disks (TID) consisting of three layers to ±90 cm in Z

coordinate, the outer barrel (TOB) with six concentric layers to 1.16 m radially, and the

outer endcap (TEC) consisting of nine layers extending to ±2.8 m in Z coordinate [46]. Each

subsystem has different design silicon modules for its place within the detector. Figure 3.7

shows the schematic layout of the entire CMS tracker system.

Figure 3.7: A schematic view of the CMS inner tracker tracker [9].

3.2.4 Calorimeters

The CMS calorimeter is comprised of Electromagnetic Calorimeter (ECAL) and Hadronic

Calorimeter (HCAL) to measure energies of particles passing through the detector. The
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ECAL is located outside the tracker and the HCAL surrounds the ECAL. Both of calorimetrs

are located within the solenoid.

Electromagnetic Calorimeter

The ECAL is a homogeneous calorimeter made of 61,200 lead tungstate (PbWO4) scintil-

lating crystals in the central barrel (|η| <1.479) and 7,324 crystals in endcaps (1.479 < |η| <
3.0) [49] in order to measure energies of electromagnetic showers from electrons and photons

with a high precision. The electromagnetic component of jets mostly due to π0 → γγ is

also included. Each crystal is 2.2 cm x 2.2 cm in width and 23 cm in length for barrel, and

3 cm x 3 cm in width and 22 cm in length for endcap [49]. This material is chosen due to

the small radiation length X0 (0.89 cm) 3 [49] and small Moliere radius RM (2.2 cm) 4 [49]

that simultaneously ensure good response times and granularity. To measure the scintilla-

tion light, avalanche photon diodes (APD) are used in barrel region. The scintillation light

translates to the energy deposit. The APDs is less efficient in endcap region due to the large

amount of radiation, thus vacuum phototriodes (VPT) are used instead [49]. To enhance

photon identification capabilities, a preshower detector is placed between the inner tracker

and the crystal calorimeter in the range approximately 1.65 < |η| < 2.6 [49]. Its total

thickness is 20 cm [50] and consist of two layers of lead that are used to reject the some of

background events from π0 decay and improve the photon identification. The ECAL energy

resolution for particles are measured to be [49]:

(σE
E

)2

=

(
2.8%√
E/GeV

)2

+

(
12%

E/GeV

)2

+ (0.3%)2 , (3.1)

3The radiation length is the average distance which the electron to reduce its initial energy by a factor

of 1/e due to radiation losses. It is defined by X0 = 716.4g/cm−2A

Z(Z+1) ln 287/
√
Z

where Z is the atomic number and A

is the mass number.
4The Moliere radius is a characteristic constant of a material to be indicative of the transverse dimension

of electromagnetic showers.
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where the three contributions are corresponding to the stochastic, noise, and constant terms,

respectively. Figure 3.8 shows the schematic layout of the CMS ECAL detector.

Hadronic Calorimeter

The HCAL main purpose is to measure the energy of hadronic jets and other hadronic

objects that have passed through the ECAL from proton-proton collision. The overall

HCAL is comprised of four sub-components: the barrel (HB), the endcap (HE), the outer

(HO), and the forward (HF) calorimeters. Figure 3.9 shows the longitudinal view of the

CMS HCAL detector. HB and HE cover |η| < 3.0 and up to |η| < 5.0 in HF, both within

the solenoid magnet [51]. HO is filled outside of the solenoid magnet to measure the energy

leakage from HB [51]. The CMS HCAL uses sampling calorimeter where absorber material

is brass and active material is plastic scintillator in barrel and endcap region. Steel plates

and quartz fibers are used for HF. The scintillation light is read out by wavelength-shifting

fibers and the signals by a hybrid photodiode (HPD) in a sampling calorimeter [51]. Since

some energies are not detected in the material, the energy measurement is scaled with

experimentally determined factors. The depth of the HCAL with respect to the interaction

length (λI) of hadrons varies 5.82 to 10.6 λI [52] at depend on the angle η. The HCAL

depth is extended to 11.8 λI [52] at |η| < 1.3 for the HO. Finally, the additional component

HF covers |η| < 5.2 [51]. Two different lengths of quartz fibers are ready to discriminate

electromagnetic objects from hadronic jets [51]. The long fibers, reach to approximately 10

λI , measure the hadronic showers coming from the full HF, whereas the short fibers measure

the electromagnetic showers after 22 cm of steel [51].
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(a)

(b)

Figure 3.8: A schematic layout of the CMS electromagnetic calorimeter showing the ar-
rangement of crystal modules, supermodules, endcap crystals, and preshower (a), and a
longitudinal view of the CMS electromagnetic calorimeter (b) [10].
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Figure 3.9: Longitudinal view of the CMS hadron calorimeter, showing the position of
hadron barrel (HB), hadron endcap (HE), and hadron forward (HF) [10].

3.2.5 Muon Detector System

The CMS Muon detector system is located outside of the solenoid magnet and provides

muon 5 track reconstruction and muon identification. Observing muon, as the middle name

of CMS detector suggests, is one of the important task at the CMS experiment. Most of

muons pass through CMS calorimeter, so that we can not measure muon energy through de-

position. Therefore, the muon momentum is measured by the precise track reconstruction.

The CMS muon system is comprised of three different systems: 250 drift tube (DTs) cham-

bers, 610 resistive plate chambers (RPCs), and 540 cathode strip chambers (CSCs) [54].

Figure 3.10 shows the longitudinal layout of CMS muon detector system. These are at-

tached to the return yokes in four layers and four layers of disks in the barrel and endcap

regions, respectively.

5Muons are charged particles that are 200 times heavier than electrons [53].
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Figure 3.10: A longitudinal view of the muon detector system [10].

Drift tubes

The DTs are filled with 85% of Ar and 15% of CO2 gas mixture at |η| < 1.2 between the

iron return yoke plates [6]. They measure the muon positions in the barrel region. The DTs

consist of 12 aluminum layers in three groups of four [55]. The middle group can measure

the muon position in Z direction, and the two outside groups can measure the muon position

in r − φ direction. The muon position in the r − φ direction is determined by the 8 layers

of DT cells in the outermost muon station.

Cathode strip chambers

The 4 CSC stations are located in the muon detector endcap at 0.9 < |η| < 2.4 overlapping

slightly with the DTs [55]. The CSCs are trapezoidal shaped and composed of 7 layers of

copper strips cathode panel [55]. Anode wire planes are placed perpendicularly to those
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copper strips in 40% of Ar, 50% of CO2, and 10% of CF4 gas mixture filled gaps between

each layer [55]. The muon position is measured in φ direction with the copper strips and in

r direction with the anode wire.

Resistive plate chambers

The RPCs provide much faster response with time resolution of about 1 ns for the muon

trigger system [6]. In the barrel region, 6 layers of RPCs are installed [56]. There are two

layers in each of the first two drift tube stations, and only one layer is installed in each of

the last two outer stations. Additionally, one layer of RPCs is installed in each of the first

three stations of endcap. This, the RPCs are placed in the barrel and endcap region at

|η| < 1.6 [6]. The RPCs consist of two parallel plastic plates. The 95% of C2H2F4 and 5%

of i-C2H10 gas mixture filled and read-out strips are installed in the middle [56].

3.3 Trigger System

Data is produced by proton-proton collisions every 25 ns [57]; however, it is impossible to

record all data. The CMS trigger system is designed to choose collision events corresponding

to physics of interest before recording data, thus only interesting data are stored. The CMS

trigger system is composed of two parts: the level 1 (L1) trigger and high level trigger

(HLT) [57]. The L1 trigger analyzes the events very quickly, and the event rate is reduced

by the order of 103 [58]. Then events of interest are reconstructed and recorded if passed the

L1 trigger. L1 trigger derives the track pattern information from the calorimeter and muon

detector systems. Figure 3.11 shows overview of the CMS L1 trigger system. The L1 trigger

is running on programmable electronics with the Field Programmable Gate Arrays (FPGA)

and custom Application Specific Integrated Circuits (ASIC) [58]. All of the detector data

have to be kept in pipelines while the trigger decision is made. The events that are selected

by the L1 trigger transfer to the HLT machines for the final decision of recording the data.
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The HLT runs software-based on a multi-processor filter farm. This system is more flexible

to make changes for the objects reconstruction software.

Muon%Trigger% Calorimeter%Trigger%

CSC%
Track%Finder%

DT%
Track%Finder%

RPC%
Trigger%

Local%
CSC%Trigger%

Local%
DT%Trigger%

Global%Muon%Trigger%%

Global%Trigger%

Trigger%Primi;ve%Generators%

Regional%Calorimeter%Trigger%

Global%Calorimeter%Trigger%

Trigger%Control%System%

DT% CSC% RPC%

L1#Accept#

HCAL% ECAL% HF%

Figure 3.11: Overview of the CMS L1 trigger system [6].
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Chapter 4

Event Reconstruction

4.1 Particle Flow Algorithm

The particle flow (PF) events reconstruction is an algorithm which collects information about

energy deposits in detectors and the tracks following particle collisions. The algorithm is

able to classify and identify all stable particles [59] such as electrons, photons, and muons

in these events based on their energy deposited in the detectors and their respective tracks.

Then these individual particles are used to build higher level physics objects such as jets 1,

hadronic taus, a jet originating from b-quark, missing transverse energy, and charged lepton

isolation.

4.2 Photon Reconstruction

Photons and electrons are reconstructed from the measured energy deposited by them in

the ECAL. Approximately 94% (97%) of the incident energy of a single electron or photon

would be collected within the 3x3 (5x5) crystals (see Figure 4.1) [11]. Due to a significant

bremsstraghlung, photons convert to e+e− pairs in tracker material. The photon energy

1collimated bunches of low energy particles in a quark or gluon fragmentation environment.
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cluster in the ECAL surface can be widely spread in the azimuthal direction due to the

strong magnetic field. Photons and electrons are reconstructed by building a cluster of

clusters in the ECAL to account for these energy spread, called superclusters (SCs).

There are different clustering algorithms used to find SCs in the barrel and endcap region

because the difference in their position and their position. The “hybrid” algorithm is used

to the η − φ geometry of barrel crystals to exploit the knowledge of lateral shower shape in

η direction [60]. The hybrid algorithm makes a group of 5x1 crystals during the separated

energy in the φ direction is dynamically searched [6]. The “multi5x5” algorithm is used in

endcap region to consider the information from the preshower in the ECAL [46]. A 5x5

cluster is obtained to collect the energy and then added other energy deposit within the 5x5

cluster window to form the supercluster within a rectangular η−φ window. The preshower

cluster position is extrapolated by the cluster position in endcap region, and total cluster

energy in endcap is the sum of cluster energies in preshower and endcap.

Figure 4.1: Typical energy distribution in a basic cluster [11].
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4.3 Electron Reconstruction

Electrons passing through the CMS detector leave a signature pattern in the sub-detectors.

Electrons are able to produce tracks in the tracker detector and energy cluster in the ECAL.

Therefore the electron reconstruction is starting from energy cluster in ECAL and search

for hits in tracker which match to the ECAL cluster position. There are two complemen-

tary algorithms used to electron reconstruction: the “ECAL-driven seeding” method and

“Tracker-driven seeding” method 2.

The ECAL-driven seeding method starts from an energy cluster in the ECAL to track

hits in the pixel detector optimized for isolated and high energy electrons. However, this

method does not work well to reconstruct low energy non-isolated electrons in jets.

The tracker-driven seeding is an alternative seeding 3. by a track that is followed to

the ECAL surface to find a match with the ECAL cluster. This method provides better

performance for low energy electrons in jets, for which electron energy cluster can be widely

spread in the azimuthal direction due to a significant bremsstrahlung photon emission. The

tracker-driven seeding is performed in two stages.

The method in the first stage is designed to find the electrons which do not have photon

emission within the tracker detector volume. In this method, the good tracking quality is

required, as well as good matching quality between reconstructed energy cluster and tracks.

Thus, the electron tracks are selected that seed based on requirement in the ratio between

the ECAL energy cluster and momentum in the tracker (EECAL/ptrk). The other method

detects electrons which emit photons in the tracker volume; this photon emission results

in a kink of trajectory of the electron, which typically does not have good quality in the

Kalman Filter (KF) 4 track fitting. Matching criteria between tracks and energy clusters are

2The Tracker-driven seeding method algorithm was implemented by S. Toda McBride and Y. Maravin
for the operation of the LHC complex in 2015 to 2018.

3Seeding is a technique to find the tracker hits to start the electron tracking [61].
4The KF method is the standard track reconstruction in CMS experiment that is used to expect the

location of hits in the next layer of detector by the current known track parameter. The KF algorithm is
perfect to perform tracks that do not loose much energy due to radiation loss.
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re-optimized to maximize the efficiency for such electrons. The electron tracks are selected

when number of hits is small or normalized KF χ2 is large. Besides the simple cut-based

selection, a multivariate analysis using Boosted Decision Tree (BDT) technique is applied

to perform electrons with the best efficiency. The KF and the Gaussian Sum Filter (GSF) 5

method comparison is input to a BDT algorithm to collect those electrons. Finally, the

electrons are combined with those previously identified from the track-cluster matching to

perform the final collection of tracker-driven seeding. Figure 4.2 shows the work-flow of the

tracker-driven seeding strategy.

Track-cluster 
matching 

Identified 
Electrons unmatched	  

matched	  

matched	  

KF	  Tracks	  

KF Filtering 
& BDT 

Figure 4.2: Workflow of the electron tracker-driven seeding strategy.

5The GSF method as a weighted sum of Gaussian distributions that is able to follow the electron tracks
after bremsstrahlung.
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Figure 4.3: Electron seeding efficiency as a function of the generated η (a) and pT (b)
in a b-jet sample. Black triangles indicate seeds found by the tracker-driven and ECAL-
driven seeds, and blue triangles indicate seeds found by the ECAL-driven method only. The
efficiency is increased by almost a factor of three with an addition of the tracker-driven
method.

4.4 Muon Reconstruction

In the CMS experiment, the muon reconstruction is performed in two stages: muon tracks

in the tracker detector for the “tracker muons” and muon signals in the muon system for

the “stand-alone muons”, and combined these of them is called a “global muon” that is the

best estimate for the muon reconstruction (see Figure 4.4) [62].

The tracker muon algorithm is used to identify of low energy muons that is not able

to leave enough hits in the muon station. If extrapolated track to the muon station is

compatible with at least one segment, this track is considered the tracker muon [6].

For the stand-alone muon reconstruction uses to collect data from only muon system

that starts from the track segments in the muon chambers [63]. The muon track position,

direction, and momentum that associate with the track segments are used to build the

muon trajectories using the KF algorithm. In the endcap muon system, the individual re-

constructed component of the segments are used since the magnetic field is nonuniform [63].
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These muon track information is combined and re-fitted to build a global muon track.

The best global muon track is selected by a suitable χ2 requirement for each stand-alone

muon [62].

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  

Tracker muons Stand-alone muons 

Global muons 

Figure 4.4: Definition of muon candidates identified by various CMS sub-detectors. Tracker
muons are identified by tracker system only, stand-alone muons are identified by muons
sub-detector, and global muons are obtained by matching tracker and stand-alone muon
candidates using the muon reconstruction [12].
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Chapter 5

Measurement of Zγγ Production

Cross Section

5.1 Data and Simulated Samples

5.1.1 Data Samples for Zγγ Analysis

The cross section measurement in the electron or muon channel is done on the data collected

with the CMS detector during the full 2012 run (runs 190456 - 208686) [14]. The data sam-

ples are listed in Table 5.1 and 5.2, and we restrict the analysis to the lumi-sections [64] vali-

dated in the JSON file, 1 Cert 190456-208686 8TeV 22Jan2013ReReco Collisions12 JSON.txt [65].

The data were collected using double-muon or double-electron triggers which are listed in

Table 5.3.

5.1.2 Monte Calro Simulation Samples

The Zγγ signal samples at both leading order (LO) and next-leding order (NLO) are pro-

duced privately using MadGraph5 V 1.5.14 [66] event generator, where the Z boson can

1A JSON file is able to used to select events in data samples.
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Run range Dataset
∫
L, fb−1

190456 - 193621 /DoubleMu/Run2012A-22Jan2013-v1/AOD 0.876
193834 - 196531 /DoubleMuParked/Run2012B-22Jan2013-v1/AOD 4.412
198022 - 203742 /DoubleMuParked/Run2012C-22Jan2013-v1/AOD 7.017
203777 - 208686 /DoubleMuParked/Run2012D-22Jan2013-v1/AOD 7.369

Total 19.674

Table 5.1: Summary of the data sample and integrated luminosity in the muon channel [14].

Run range Dataset
∫
L, fb−1

190456 - 193621 /DoubleElectron/Run2012A-22Jan2013-v1/AOD 0.876
193834 - 196531 /DoubleElectron/Run2012B-22Jan2013-v1/AOD 4.412
198022 - 203742 /DoubleElectron/Run2012C-22Jan2013-v1/AOD 7.055
203777 - 208686 /DoubleElectron/Run2012D-22Jan2013-v1/AOD 7.369

Total 19.710

Table 5.2: Summary of the data sample and integrated luminosity in the electron chan-
nel [14].

decay to a pair of any charged leptons of the same flavor. These samples have the following

generator-level requirements:

• The distance between two leptons ∆R(`, `) is larger than 0.4.

• The distance either leptons from photons ∆R(γ, `) is larger than 0.4.

• The invariant mass of two leptons M(`, `) is larger than 40 GeV.

• The transverse momentum of a photon pγT is larger than 10 GeV.

The LO prediction for Zγγ cross section offer the generator-level requirement is 0.125 pb.

The NLO cross section for Zγγ events is 0.752 pb. The Zγγ sample was generated using

the NNPDF3.0 [67] PDF set. Resultant Les Houches Event (LHE) files were interfaced to

PYHTIA6 [68] version for showering and GEANT4 [69] for simulation with “S10” pile-up

scenario for 8 TeV. More detailed information on the signal generation can be found in

Appendix A.1. In this Zγγ study, the NLO is used to the principal signal sample.
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Dataset Trigger Name

DoubleEle HLT Ele17 * Ele8 *
DoubleMuParked HLT Mu17 Mu8 v* or HLT Mu17 TkMu8 v*

Table 5.3: Summary of triggers in the muon or electron channel.

The background samples used for this analysis are officially produced and listed in Ta-

ble 5.4 together with corresponding NLO cross sections.

Dataset σ, pb

/ZGToLLG 8TeV-madgraph 159.120
/DYJetsToLL M-50 TuneZ2Star 8TeV-madgraph-tarball 3503.71
/ZZTo4e 8TeV-powheg-pythia6 0.0769
/ZZTo4tau 8TeV-powheg-pythia6 0.0769
/ZZTo2e2mu 8TeV-powheg-pythia6 0.1767
/ZZTo2mu2tau 8TeV-powheg-pythia6 0.1767
/ZZZNoGstarJets 8TeV-madgraph 0.00459
/WWGJets 8TeV-madgraph v2 1.440
/WWWJets 8TeV-madgraph 0.0806
/WWZNoGstarJets 8TeV-madgraph 0.0633
/WWJetsTo2L2Nu TuneZ2star 8TeV-madgraph-tauola 5.995
/WZJetsTo2L2Q TuneZ2star 8TeV-madgraph-tauola 5.995
/WZJetsTo3LNu TuneZ2 8TeV-madgraph-tauola 1.057
/WZZNoGstarJets 8TeV-madgraph 0.0192
/GluGluToZZTo2L2L TuneZ2star 8TeV-gg2zz-pythia6 0.1203
/GluGluToZZTo4L 8TeV-gg2zz-pythia6 0.0048
/TTJets SemiLeptMGDecays 8TeV-madgraph 99.440
/TTJets FullLeptMGDecays 8TeV-madgraph 23.830
/TTWJets 8TeV-madgraph 0.1249
/TTZJets 8TeV-madgraph v2 0.1720
/TTGJets 8TeV-madgraph 1.4440

Table 5.4: Summary of Monte Carlo background samples and cross section used in the
analysis [15].
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5.1.3 Overlappig Photon Removal

Since PYTHIA6 can add extra photons to simulate V + jets events during showering, these

samples partially overlap with V + γ simulated samples that have real photon emission

during generation. This issue of overlapping events in V + γ and V + jets samples is

resolved by vetoing these extra overlapped photon by using MC-truth information. We

define a “signal” MC photon as the one produced by ISR or FSR process and that have

pT > 10 GeV and ∆R(`, γ) > 0.4 from the nearest lepton. If V + jets sample used for

background estimation has such a signal MC photon matched to a reconstructed photon

candidate within ∆R < 0.2 (see Figure 5.1), it is removed from consideration to avoid

double counting with V + γ. In the diphoton case, the V + γ + jet sample also partially

overlap with the V + γ + γ sample. If the V + γ + jet sample is produced at least two

signal MC photons matched to reconstructed photon candidates within ∆R < 0.2, they are

removed from consideration to avoid double counting with V + γ + γ.
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Figure 5.1: The spatial separation of generator-level photon with the nearest reconstructed
photon candidate in the V + jets sample. If a reconstructed candidate has ∆R < 0.2, we
define such a candidate to be matched to the generator level photon.
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5.2 Object Selection

The electron, muon, and photon candidates for the Zγγ event candidates are selected using

lepton identification and photon identification that are optimized by Egamma-POGs and

Muon-POGs. We also apply additional offline requirements for the event candidates.

5.2.1 Electron Selection

The electron candidates are required to pass the Egamma-POGs loose identification [70],

summarized in Table 5.5. Electron candidates are required to have pT > 20 GeV and 10 GeV

for leading and trailing electrons, respectively. The following objects are used to identify

the electron candidates [71]:

• |∆η(sc, track)| : The distance of supercluster to extrapolated track in η.

• |∆φ(sc, track)| : The distance of supercluster to extrapolated track in φ.

• σiηiη : The shape of the energy deposit in the calorimeter that is calculated by the

5x5 ECAL crystals around the seed crystal.

• Ehad/Eem : The ratio of energy measurement in HCAL over energy in ECAL.

• |dxy(vertex)| : The transverse distance in XY plane to the primary vertex from ECAL

surface.

• |dz(vertex)| : The longitudinal distance in Z direction to the primary vertex from

closest electron track.

• | 1
E
− 1

p
| : The absolute distance of the inverted supercluster energy to the inverted

electron track momentum [51].

• IPF/pT : The isolation (IPF ) based on the sum of transverse momentum of PF [72]

objects within ∆R < 0.3 around the electron [73, 74] divide by transverse momentum.
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• Conversion rejection: vertex fit probability : The electron probability being matched

to a conversion vertex [51].

• Conversion rejection: missing hits : The number of missing expected tracker hits on

the trajectory [51].

Variable |ηSC | < 1.479 1.479 < |ηSC | < 2.5

|∆η(sc, track)| < 0.007 < 0.009
|∆φ(sc, track)| < 0.15 < 0.10
σiηiη < 0.01 < 0.03
Ehad/Eem < 0.12 < 0.10
|dxy(vertex)| < 0.02 cm < 0.02 cm
|dz(vertex)| < 0.2 cm < 0.2 cm
| 1
E
− 1

p
| < 0.05 GeV−1 < 0.05 GeV−1

IPF/pT < 0.15 < 0.15 (0.10)
Conversion rejection: vertex fit probability < 10−6 < 10−6

Conversion rejection: missing hits ≤ 1 ≤ 1

Table 5.5: Summary of electron loose identification selection optimized by Egamma-POGs.
A value in brackets is for pT < 20 GeV where |ηSC | to be between 1.479 and 2.5.

5.2.2 Muon Selection

The Muon-POGs tight identification [75] is applied in the muon selection. The all muon

candidates are reconstructed as a global and tagged by particle flow. All the muon identifi-

cation and isolation requirements is summarized in Table 5.6. Events are required to have

at least two muon candidates passing identification and isolation with the pT > 20 GeV and

10 GeV, respectively. The following objects are used to identify the muon candidates [75]:

• χ2/ndof of global fit : The normalized χ2 of the global muon track.

• muon system hits in global fit : The number of valid muon hits on the track.

• matched muon stations : The number of muon stations with matched segment.
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• |dxy| : The transverse impact parameter of the tracker track from the primary vertex.

• |dz| : The longitudinal impact parameter of the tracker track from the primary vertex.

• pixel hits : The number of hits in the pixel detector.

• tracker layers with measurement : The number of tracker layers with a valid measure-

ment.

• IPF/pT : The PF-based isolation (IPF ) based on the charged hadron from pile-up

to infer the total amount of pile-up energy from neutrals with a cone size of ∆R <

0.4 [76].

Variable |η| < 2.4

χ2/ndof of global fit < 10
muon system hits in global fit > 0
matched muon stations > 1
|dxy| < 0.2 cm
|dz| < 0.5 cm
pixel hits > 0
tracker layers with measurement > 5
IPF/pT < 0.12

Table 5.6: Summary of muon tight identification and isolation selection optimized by Muon-
POGs.

5.2.3 Photon Pre-selection

Photon candidates are selected in the barrel (EB), |ηSC | < 1.479, and endcap (EE), 1.479

< |ηSC | < 2.5, sections of the CMS electromagnetic calorimeter (ECAL) excluding the

EB/EE gap-region 1.44 < |ηSC | < 1.57 passing the Egamma-POGs medium photon identi-

fication [77], except for the PF charged hadron isolation, summarized in Table 5.8. Photon

candidates are required to have pγT > 15 GeV. The following objects are used to identi-
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fied pre-selected photon candidates [78], and distributions of these objects are shown in

Figure 5.2.

• Single-tower H/E : The ratio of the sum of the hadronic energies within a cone of size

∆R < 0.15 over the supercluster energy.

• Conversion safe electron veto : Remove the photon candidate if its supercluster is

matched to an electron candidate to avoid misidentify electron as photon [79].

• σiηiη : The shower shape objects is defined as Equation [80]:

σ2
iηiη =

5x5∑
i

ωi(iηi − iηseed)2

5x5∑
i

ωi

; ωi = max

(
0., 4.7 + ln

(
Ei
E5x5

))
(5.1)

Lowercase where iηseed is the energy of the seed crystal, E5x5 is the energy of the 5x5

crystals around the seed crystal, and Ei and iη are the energy and η of the i-th crystal

within the 5x5 ECAL cluster, respectively.

• Rho corrected PF isolation : The isolation, based on the PF objects, is corrected

for pile-up using Rho: Icorr = max(I − Rho × Aeff , 0) where Aeff is the effective area

determined to stabilize the efficiency with respect to changing pile-up conditions. The

effective areas used for PF isolations for charged hadrons, neutral hadrons, and photons

in this analysis are summarized in Table 5.7. The isolation of photons is built with a

cone size of ∆R < 0.3.
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|η| range Charged Hadrons Neutral Hadrons Photons

0.0 < |η| <1.0 0.012 0.030 0.148
1.0 < |η| <1.479 0.010 0.057 0.130
1.479 < |η| <2.0 0.014 0.039 0.112
2.0 < |η| <2.2 0.012 0.015 0.216
2.2 < |η| <2.3 0.016 0.024 0.262
2.3 < |η| <2.4 0.020 0.039 0.260
|η| >2.4 0.012 0.072 0.266

Table 5.7: The effective areas used for PF isolations [16].

Variable |ηSC | < 1.479 1.479 < |ηSC | < 2.5

Single-tower H/E < 0.05 < 0.05
Conversion safe electron veto

√ √
σiηiη < 0.011 < 0.033
Rho corrected PF neutral hadron isolation < 1.0 + 0.04 pT < 1.5 + 0.04 pT

Rho corrected PF photon isolation < 0.7 + 0.005 pT < 1.0 + 0.005 pT

Table 5.8: Summary of photon pre-selected identification selection optimized by Egamma-
POGs.
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Figure 5.2: Distribution of photon requirement variables. Electron veto (a, b), Single-tower
H/E (c, d), σiηiη (e, f), PF Neutral Hadron Isolation (g, h),and PF Photon Isolation (i, j)
in EB (left) and EE (right) region in Zγ → µµγ events.
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Figure 5.2: Distribution of photon requirement variables. Electron veto (a, b), Single-tower
H/E (c, d), σiηiη (e, f), PF Neutral Hadron Isolation (g, h),and PF Photon Isolation (i, j)
in EB (left) and EE (right) region in Zγ → µµγ events.
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Figure 5.2: Distribution of photon requirement variables. Electron veto (a, b), Single-tower
H/E (c, d), σiηiη (e, f), PF Neutral Hadron Isolation (g, h),and PF Photon Isolation (i, j)
in EB (left) and EE (right) region in Zγ → µµγ events.

43



5.2.4 Photon Selection

Signal photon candidates require to pass charged hadron isolation requirements in EB (EE)

region [77, 78]:

• Rho corrected PF charged hadron isolation < 1.5 (1.2) GeV

The isolation of photons is defined with ∆R < 0.3 similarly to the PF neutral hadron

isolation and PF photon isolation. Figure 5.3 shows the distribution of PF charged hadron

isolation.
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Figure 5.3: PF charged hadron isolation in EB (a) and EE (b) region for Zγ → µµγ events.

5.2.5 Event Selection

The events for the analysis require to have double-electron or double-muon triggers (see

Table 5.3 in Section 5.1.1). These triggers require the minimum transverse momentum

of electron or muon candidates to be 17 GeV and 8 GeV. In addition, we require to have

two electron or two muon candidates passing identification and isolation, and at least two

photons passing pre-selection that are separated from either leptons, ∆R(γ, `) > 0.4, and

two photons are separated from each other, ∆R(γ, γ) > 0.4. Additional offline requirements
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are applied when electron/muon and photon candidates pass the selections described above.

In both electron and muon channel, invariant mass of two leptons candidates is required to

be greater than 40 GeV.

5.3 Monte Carlo Correction Factors

All MC simulation samples are weighted such that their pile-up distributions match those

measured in the data. Additional scale factors (SFs) are applied to the simulation per-

formance to match to the data that are measured by the ratio between data and MC

simulations. The SFs are calculated as function of η and pT of objects (leptons or photon).

5.3.1 Pile-Up Multiplicity Correction

The application of pile-up reweighting essentially improve the agreement between the data

and the MC simulations. Figure 5.4 shows the number of primary vertices before and after

MC samples are applied pile-up reweighting. All MC samples are done with the application

of the pile-up reweighting in this analysis.
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Figure 5.4: The number of primary vertices in data and MC simulation before (a) and after
(b) applied pile-up reweighting to selection of Zγ → µµγ events.
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5.3.2 Electron Efficiency Scale Factors

The electron trigger and reconstruction SFs are measured by the Egamma-POGs. The

electron efficiencies are determined by a tag and probe method using Z decays [81]. Table 5.9

and 5.10 show the scale factor representing the trigger and identification, respectively. The

efficiencies are scaled up and down by their uncertainties that are used to measure the

systematic uncertainty.

0.0 < |ηe1SC | < 1.47 1.47 < |ηe1SC | < 2.4

0.0 < |ηe2SC | < 1.47 0.996+0.011
−0.011 1.008+0.016

−0.016

1.47 < |ηe2SC | < 2.4 0.994+0.017
−0.017 0.966+0.025

−0.025

Table 5.9: Electron trigger SFs as a function of |ηSC | for leading electron and trailing electron
that are provided by Egamma-POGs. The uncertainty include statistical and systematical
uncertainties.

pT GeV 0.0 < |ηSC | < 0.8 0.8 < |ηSC | < 1.442 1.442 < |ηSC | < 1.556 1.556 < |ηSC | < 2.0 2.0 < |ηSC | < 2.5

10 - 15 0.865+0.023
−0.019 0.967+0.020

−0.020 1.064+0.103
−0.092 0.939+0.039

−0.038 1.050+0.019
−0.019

15 - 20 0.958+0.009
−0.009 0.971+0.010

−0.010 0.902+0.036
−0.032 0.897+0.016

−0.016 0.941+0.017
−0.017

20 - 30 0.988+0.002
−0.002 0.965+0.003

−0.003 0.990+0.011
−0.011 0.953+0.005

−0.005 1.017+0.005
−0.005

30 - 40 1.002+0.001
−0.001 0.985+0.001

−0.001 0.966+0.005
−0.005 0.980+0.003

−0.003 1.019+0.003
−0.003

40 - 50 1.005+0.001
−0.001 0.989+0.001

−0.001 0.971+0.004
−0.004 0.999+0.002

−0.002 1.019+0.002
−0.002

50 < 1.005+0.001
−0.001 0.989+0.002

−0.002 0.980+0.008
−0.008 1.004+0.003

−0.002 1.023+0.004
−0.004

Table 5.10: Electron identification SFs as a function of |ηSC | and pT that are provided by
Egamma-POGs. The uncertainty include statistical and systematical uncertainties.

5.3.3 Muon Efficiency Scale Factors

The muon trigger and reconstruction SFs are measured by the Muon-POGs. The muon

efficiencies are determined by a tag and probe method using Z decays [82]. Table 5.11 shows

the scale factor for muon trigger, Table 5.12 shows the scale factor for muon identification,

and the muon isolation scale factor is shown in Table 5.13. The efficiencies are scaled up

and down by their uncertainties that are used to measure the systematic uncertainty.
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0.0 < |ηµ1| < 0.9 0.9 < |ηµ1| < 1.2 1.2 < |ηµ1| < 2.1 2.1 < |ηµ1| < 2.4

0.0 < |ηµ2| < 0.9 0.964+0.001
−0.001 0.968+0.011

−0.011 0.960+0.010
−0.010 0.976+0.023

−0.023

0.9 < |ηµ2| < 1.2 0.971+0.011
−0.011 0.971+0.012

−0.012 0.964+0.012
−0.012 0.962+0.024

−0.024

1.2 < |ηµ2| < 2.1 0.970+0.010
−0.010 0.962+0.012

−0.012 0.953+0.011
−0.011 0.966+0.020

−0.020

2.1 < |ηµ2| < 2.4 0.967+0.021
−0.021 0.951+0.026

−0.026 0.936+0.017
−0.017 1.037+0.065

−0.065

Table 5.11: Muon trigger SFs as a function of |η| for leading muon and trailing muon
that are provided by Muon-POGs. The uncertainty include statistical and systematical
uncertainties.

pT GeV 0.0 < |η| < 0.9 0.9 < |η| < 1.2 1.2 < |η| < 2.1 2.1 < |η| < 2.4

10 - 20 0.970+0.005
−0.005 1.002+0.007

−0.007 1.018+0.004
−0.004 1.005+0.007

−0.007

20 - 25 0.989+0.002
−0.002 0.994+0.003

−0.002 1.000+0.001
−0.001 0.998+0.003

−0.003

25 - 30 0.992+0.001
−0.001 0.995+0.001

−0.001 0.998+0.001
−0.001 0.996+0.002

−0.002

30 - 35 0.993+0.001
−0.001 0.993+0.001

−0.001 0.997+0.001
−0.001 1.001+0.002

−0.002

35 - 40 0.994+0.000
−0.000 0.992+0.001

−0.001 0.996+0.001
−0.001 0.993+0.001

−0.001

40 - 50 0.992+0.000
−0.000 0.992+0.000

−0.000 0.996+0.000
−0.000 0.995+0.001

−0.001

50 - 60 0.991+0.001
−0.001 0.995+0.001

−0.001 0.995+0.001
−0.001 0.994+0.003

−0.003

60 - 90 0.989+0.001
−0.001 0.990+0.002

−0.002 0.992+0.002
−0.002 0.989+0.005

−0.005

90 - 140 1.004+0.003
−0.003 1.009+0.006

−0.006 1.023+0.005
−0.005 1.060+0.010

−0.016

140 < 1.019+0.017
−0.017 1.011+0.035

−0.032 0.975+0.029
−0.030 0.891+0.124

−0.160

Table 5.12: Muon identification SFs as a function of |η| and pT given by Muon-POGs. The
uncertainty include statistical and systematical uncertainties.

pT GeV 0.0 < |η| < 0.9 0.9 < |η| < 1.2 1.2 < |η| < 2.1 2.1 < |η| < 2.4

10 - 20 0.959+0.003
−0.003 0.966+0.003

−0.003 0.982+0.002
−0.002 1.076+0.004

−0.004

20 - 25 0.988+0.001
−0.001 0.990+0.002

−0.002 0.995+0.001
−0.001 1.060+0.003

−0.003

25 - 30 0.999+0.001
−0.001 1.002+0.001

−0.001 1.002+0.001
−0.001 1.047+0.002

−0.002

30 - 35 0.999+0.000
−0.000 1.002+0.001

−0.001 1.003+0.000
−0.000 1.032+0.001

−0.001

35 - 40 0.999+0.000
−0.000 1.001+0.001

−0.001 1.002+0.000
−0.000 1.023+0.001

−0.001

40 - 50 0.998+0.000
−0.000 1.000+0.000

−0.000 1.000+0.000
−0.000 1.011+0.000

−0.000

50 - 60 0.999+0.000
−0.000 1.000+0.000

−0.000 1.000+0.000
−0.000 1.000+0.001

−0.001

60 - 90 1.000+0.000
−0.000 1.000+0.000

−0.000 1.000+0.000
−0.000 1.007+0.001

−0.001

90 - 140 1.001+0.001
−0.001 1.001+0.001

−0.001 1.000+0.001
−0.001 0.999+0.003

−0.003

140 < 1.001+0.002
−0.002 1.004+0.005

−0.003 0.997+0.002
−0.001 1.005+0.010

−0.015

Table 5.13: Muon isolation SFs as a function of |η| and pT given by Muon-POGs. The
uncertainty include statistical and systematical uncertainties.
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5.3.4 Photon Efficiency Scale Factors

The SFs for photon identification are provided by the Egamma-POGs. The photon efficien-

cies are determined in a similar way to electrons, a tag and probe method using Z decays [83].

Table 5.14 shows the photon scale factor. The efficiencies are scaled up and down by their

uncertainties that are used to measure the systematic uncertainty.

pT GeV 0.0 < |ηSC | < 0.8 0.8 < |ηSC | < 1.44 1.57 < |ηSC | < 2.0 2.0 < |ηSC | < 2.5

15 - 20 0.946+0.021
−0.021 0.992+0.021

−0.021 1.001+0.021
−0.021 1.017+0.021

−0.021

20 - 30 0.964+0.010
−0.010 0.973+0.010

−0.010 0.984+0.010
−0.010 1.005+0.010

−0.010

30 - 40 0.976+0.010
−0.010 0.978+0.010

−0.010 0.992+0.010
−0.010 1.004+0.010

−0.010

40 - 50 0.980+0.010
−0.010 0.984+0.010

−0.010 0.996+0.010
−0.010 1.007+0.010

−0.010

50 < 0.979+0.010
−0.010 0.982+0.010

−0.010 0.997+0.010
−0.010 1.008+0.010

−0.010

Table 5.14: Photon identification SFs as a function of |ηSC | and pT given by Egamma-POGs.
The uncertainty include statistical and systematical uncertainties.

5.4 Background Estimation using Matrix Method

The dominant background to the Zγγ process is from Zγ + jets and Z + jets production,

where one or two of the jets are misidentified as photon candidates. Signal events can be

classified in four cases: true signal events, where both photon candidates are true signal

photons (γ γ), events with a leading or trailing photon candidate being a misidentified jet

that we refer to as (γ j) and (j γ) respectively, and finally events with both photon candidates

being misidentified jets (j j) (see Figure 5.5).

The contribution from backgrounds is established using control data samples. This

backgrounds can be estimated in data by measuring the number of the events that pass

or fail requirements on sensitive observable. In this study, we chose PF charged hadron

isolation, but the method should work with any observable that can separate signal from

background well. The method to estimate backgrounds for PF charged hadron isolation is

described in Section 5.4.1 through 5.4.3.
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Figure 5.5: A signal process when both photon candidates are identified true photons
(green), and three background processes (red) where either of the two is misidentified jets
or both of them are misidentified jets.

5.4.1 PF Charged Hadron Isolation

The PF charged hadron isolation of photons, described in Section 5.2.3, can separate signal

and background well. Figure 5.6 shows the PF charged hadron isolation distribution based

on simulated events. The distribution of both blue and red are “identified” photons. Blue

is true, and red is false. True photons peak sharply in PF charged hadron isolation, while

misidentified jets have much wider distribution with long tails. Thus, PF charged hadron

isolation is required to be less than 1.5 in EB and 1.2 in EE region in order to remove PF

charged hadron isolation long tail that is dominated by the misidentified jets.

In the following, we define four non-overlapping regions based on PF charged hadron

isolation as follows: both photons pass the observable requirement (PP), the leading photon

passes but the trailing photon fails (PF), the trailing photon passes but the leading photon

fails (FP), and both of them fail (FF). The observable for the true photons and for the
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Figure 5.6: The comparison of PF charged hadron isolation distribution between true signal
photon (blue) and misidentified jet (red) for MC simulation in EB (a) and EE (b) region.

misidentified jets are taken to calculate probabilities of those four regions.

To measure the probabilities for genuine photons to pass or fail the observable require-

ments, we use simulated Zγ → µµγ events where reconstructed photons are required to

matched to a true photon within ∆R < 0.2. The probabilities are measured separately for

photons in EB and EE region within each leading photon bin (15 < pT < 25, 25 < pT < 40,

pT > 40 GeV). The distribution of true matched photons is compared with data for FSR Z

→ ``γ process, where `` will be a pair of muons (see Figure 5.7). We select these events

following the standard criteria, except for the requirement on PF charged hadron isolation.

Moreover, we require the three-body invariant mass of µµγ to be within 5 GeV of the Z

mass, 91.2 GeV [80, 84]. This selection yields nearly 100% pure Z→ µµγ production. Prob-

abilities of simulated Zγ and true signal photon candidates for data events as summarized

in Table 5.15. Systematic uncertainty on the measured probabilities for genuine photons is

determined by comparing the distribution of charged hadron isolation between simulation

and data.

The observable of jets misidentified as photons is determined from Z + jets data. For

obtaining misidentified jets, events have to have two reconstructed muon candidates and one
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Figure 5.7: The comparison of the shape of PF charged hadron isolation distribution between
true matched photon in simulated Zγ (blue) events and FSR photon candidate in Z → µµ
events in data (black) in EB (a) and EE (b) region.

MC simulated Zγ Data for FSR Z → µµγ

|η| εPγ εFγ εPγ εFγ
EB 0.950±0.002 0.050±0.002 0.952±0.002 0.048±0.002
EE 0.941±0.003 0.059±0.003 0.946±0.004 0.054±0.004

Table 5.15: Probabilities of identified true photon candidates for charged hadron isolation
in EB and EE region.

51



photon candidate passing pre-selections described in Section 5.2.3. The invariant mass of

two muon candidates has to be within 5 GeV of the Z mass, 91.2 GeV, and misidentified jet

candidates have to be separated from any charged lepton candidates with ∆R (γ, `) > 1.0 to

reduce the contribution from FSR photon candidates. Figure 5.8 shows the comparison of

PF charged hadron isolation distribution between data and simulation for Z + jets events.

The study of Zγ production in 8 TeV data had given an excellent agreement [80], we use

MC simulation to subtract remaining true photon contribution from the FSR Z processes.

Similarly to the probabilities for genuine photons, the probabilities of misidentified jets are

determined separately for photons in EB and EE region and in each leading photon pT

bin (15 < pT < 25, 25 < pT < 40, pT > 40 GeV). Probabilities of misidentified jets as

summarized in Table 5.16.
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Figure 5.8: The comparison of PF charged hadron isolation distribution between data and
simulation for Z + jets using the µµ final state in EB (a) and EE (b) region.

5.4.2 Matrix Method to Background Estimate

In this Zγγ analysis, we employs “Matrix Method” to subtract backgrounds. The idea

of this method is to use the observed classified data events to estimate the background
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Z + jets data

|η| εPj εFj
EB 0.409±0.007 0.591±0.007
EE 0.485±0.007 0.515±0.007

Table 5.16: Probabilities of misidentified jets for charged hadron isolation in EB and EE
region.

contributions through an probability matrix. The number of events in the four above-

mentioned categories (αγ γ, αγ j, αj γ, αj j) in the signal sample that passes pre-selection

identification can be connected with the number of the observed events after applying full

selection criteria (NPP , NPF , NFP , NFF ) as Equation 5.2. The background study process is

done separately for the case when two photon candidates in EB region (EB-EB), and one of

the photon candidate in EB and an another candidate is in EE region (EB-EE and EE-EB).
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εPγ ε
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εPγ ε
F
γ εPγ ε

F
j εPj ε

F
γ εPFjj

εFγ ε
P
γ εFγ ε

P
j εFj ε

P
γ εFPjj

εFγ ε
F
γ εFγ ε

F
j εFj ε

F
γ εFFjj





αγ γ

αγ j
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(5.2)

The observed events where the both photon candidates pass PF charged hadron isolation

requirement are denotes NPP that consists of two photon candidates events corresponding

to true signal events (γ γ) and background events (γ j, j γ, and j j) processes. From tested on

the MC simulation, we assume that probabilities for a true photon and misidentified jets to

be uncorrelated. However, for the case when both photon candidates are being misidentified

jets (j j), small correlations between one and the other photon objects are exist in data. To

include those correlation effects to the measurements, we use data events that have two

misidentified jets. To enhance the misidentified jets, both pre-selected photon candidates
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are fallen in “sideband” region. Table 5.17 summarizes sideband definition in EB and EE

regions. The probabilities of two misidentified jets are determined by two-dimensional PF

charged hadron isolation distribution in each leading photon pT bin in each η region (EB-EB,

EB-EE, EE-EB). Systematic uncertainty is measured based on selections of sideband that

is described in Section 5.6. Figure 5.9 shows two-dimensional PF charged hadron isolation

distribution of misidentified jets. Probabilities of events with both photon candidates being

misidentified jets (j j) in four non-overlapping regions (PP, PF, FP, FF) for data events as

summarized in Table 5.18.

Selection Sideband definition

Nominal 0.011 (0.033) < σiηiη < 0.029 (0.087), 0.7 (1.0) < PF Pho. Iso. < 9.0 (9.0)
Tight 0.011 (0.033) < σiηiη < 0.029 (0.087), 0.7 (1.0) < PF Pho. Iso. < 7.0 (7.0)
Loose 0.011 (0.033) < σiηiη < 0.029 (0.087), 0.7 (1.0) < PF Pho. Iso. < 11.0 (11.0)
Looser 0.011 (0.033) < σiηiη < 0.029 (0.087), 0.7 (1.0) < PF Pho. Iso. < 16.0 (16.0)

Table 5.17: The sideband definition to define misidentified jets. The numbers are in brackets
in EE region.

η εPPjj εPFjj εFPjj εFFjj
EB-EB 0.084±0.013 0.047±0.010 0.156±0.016 0.713±0.020
EB-EE 0.088±0.017 0.071±0.015 0.170±0.022 0.671±0.028
EE-EB 0.123±0.021 0.059±0.015 0.182±0.025 0.636±0.031

Table 5.18: Probabilities when both photon candidates are misidentified jets (j j) for PF
charged hadron isolation when both photon candidates in EB region, and the one when one
of the photon candidate in EB and EE region.

The probability matrix is evaluated with the probability terms (εPγ , εFγ , εPj , εFj , εPPjj , εPFjj ,

εFPjj , εFFjj ). Thus, by solving the matrix equation, the number of events are evaluated for each

of two photons samples so that the contamination of the background in the PP (εPγ ε
P
j αγ j

+ εPj ε
P
γ αj γ + εPPjj αj j) can be estimated.
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Figure 5.9: The distribution of PF charged hadron isolation when both photon candidates
are misidentified jets (j j) in EB-EB (a), EB-EE (b), and EE-EB (c) regions.
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5.4.3 Loosened Photon Requirements

The observed events after applying full selection criteria in where one or both photon candi-

dates fail the observable requirement can be small that leads to large statistical uncertainties.

We improve statistics with loosened photon σiηiη requirements on each photon candidates

that fall in (PF, FP, FF) region to trade off statistical uncertainty with systematic un-

certainty [85]. The applying loosened photon σiηiη requirements with good agreement with

nominal requirements, but good decrease in statistics uncertainty. The observed data events

are scaled by the probability of the loosened requirements relative to the nominal require-

ments. This probability is determined in the Z + jets background region to evaluate the

probability of misidentified jet. Therefore, using this method, the value of NPF is determined

by loosening requirement on the trailing photon candidate and scaling the observed number

of events by the probability of nominal requirements relative to the loosened requirements.

Similarly, the value of NFP is determined by loosening requirement on the leading photon

candidate and scaling the observed number of events by the probability of the nominal

requirements relative to the loosened requirements. In the background region where both

photon candidates fail PF charged hadron isolation requirement, the value of NFF is the

average of the scaled data from loosening requirements on the leading and trailing photon

candidates separately. The value of the loosened photon σiηiη is required to be less than

0.029 in EB and 0.087 in EE region. The values of the loosened requirements depend on PF

charged hadron isolation distributions.

5.4.4 Validation with single photon events

The performance of “matrix method” is validated by comparing simulations with data to Zγ

production. Events are required the three body invariant mass M(`, `, γ) has to be greater

than 105 GeV to enrich the contribution from jets misidentified as photon candidates. In

addition, the invariant mass of two lepton candidates is required to satisfy M(`, `) > 60 GeV.

With single photon events, the matrix form is defined as:
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 NP

NF

 =

 εPγ εPj

εFγ εFj


 αγ

αj

 (5.3)

The validation process is performed in the Zγ control region where we select two muon

candidates that are consistent with the Z boson and one photon candidate. This Zγ control

region largely overlaps with the region where misidentified jets are determined, so we con-

sider this region to be a closure test. Figure 5.10 shows the comparison between data and

estimated background predictions and true photons predictions from simulation in EB and

EE region. In this Zγ validation procedure, we find that the excellent agreement between

data and the true photon predictions from simulation plus the predictions of misidentified

jets from matrix method.
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Figure 5.10: The comparison between the true photon predictions from simulation plus
the misidentified jets predictions from the matrix method and data in dimuon plus photon
events in muon (top) and electron (bottom) channel in EB (left) and EE (right).
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Figure 5.10: The comparison between the true photon predictions from simulation plus
the misidentified jets predictions from the matrix method and data in dimuon plus photon
events in muon (top) and electron (bottom) channel in EB (left) and EE (right).

5.4.5 Results from Matrix Method Fitting

The matrix method is performed using the nominal and loosened photon σiηiη requirement

in each η region (EB-EB, EB-EE, EE-EB) for the electron and muon channel. Background

predictions are evaluated in PP region. The results obtained from using loosened photon

requirements that have smaller statistical uncertainty and agree well with nominal photon

requirements. The evaluated predictions applying loosened σiηiη requirements are shown in

Appendix A.3. Figure 5.11 shows the background predictions in PP region from the matrix

method with Zγγ signal predictions from simulation are compared to the data where both

photon candidates pass all selections. We have an excellent agreement within statistical

uncertainty.
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Figure 5.11: The comparison of pγT of leading photon (a, b), three-body mass, M(`, `, γ), (c,
d) and four-body mass, M(`, `, γ, γ), (e, f) distributions between the background predictions
in PP region from the matrix method with Zγγ signal predictions from simulation and data
for muon channel (left) and electron channel (right). The hashed areas show the total
statistical uncertainty on the background estimate.
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Figure 5.11: The comparison of pγT of leading photon (a, b), three-body mass, M(`, `, γ), (c,
d) and four-body mass, M(`, `, γ, γ), (e, f) distributions between the background predictions
in PP region from the matrix method with Zγγ signal predictions from simulation and data
for muon channel (left) and electron channel (right). The hashed areas show the total
statistical uncertainty on the background estimate.

5.4.6 Cross Check the Method with σiηiη

The performance of method to estimate backgrounds is repeated using σiηiη distribution

as a cross check purpose. In the estimation of backgrounds, the sideband definition and

loosened photon requirements are determined by isolation of photon candidates. Table 5.19

shows the sideband definition to σiηiη distribution.

Selection Sideband definition

Nominal 1.5 (1.2) < PF Ch. Had. Iso. < 12.0 (12.0), 0.7 (1.0) < PF Pho. Iso. < 9.0 (9.0)
Tight 1.5 (1.2) < PF Ch. Had. Iso. < 10.0 (10.0), 0.7 (1.0) < PF Pho. Iso. < 7.0 (7.0)
Loose 1.5 (1.2) < PF Ch. Had. Iso. < 15.0 (15.0), 0.7 (1.0) < PF Pho. Iso. < 11.0 (11.0)
Looser 1.5 (1.2) < PF Ch. Had. Iso. < 20.0 (20.0), 0.7 (1.0) < PF Pho. Iso. < 16.0 (16.0)

Table 5.19: The sideband definition to define misidentified jets to σiηiη. The numbers are
in brackets in EE region.

The values of the loosened requirements depend on σiηiη distributions. The require-

ments are progressively loosened on three isolation variables for photon candidates, which
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are for “PF charged hadron isolation”, “PF neutral hadron isolation”, and “PF photon

isolation”. The value of those loosened isolation requirements are, in order of loosening,

[5,3,3], [8,5,5], [10,7,7], [12,9,9], [15,11,11], and [20,16,16]. The results of matrix method

using σiηiη distribution also obtained from the loosened photon isolation that have smaller

statistical uncertainty and agree well with nominal isolation requirements as well as using

PF charged hadron isolation. Figure 5.12 shows the comparison between the data and back-

ground prediction with signal predictions from simulation in PP region when we use σiηiη

as the observable. We have good agreement within statistical uncertainty as well as use PF

charged hadron isolation to the observable.
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Figure 5.12: The comparison of pγT of leading photon (a, b), three-body mass, M(`, `, γ), (c,
d) and four-body mass, M(`, `, γ, γ), (e, f) distributions between the background predictions
in PP region from the matrix method with Zγγ signal predictions from simulation and data
for muon channel (left) and electron channel (right). The hashed areas show the total
statistical uncertainty on the background estimate.
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Figure 5.12: The comparison of pγT of leading photon (a, b), three-body mass, M(`, `, γ), (c,
d) and four-body mass, M(`, `, γ, γ), (e, f) distributions between the background predictions
in PP region from the matrix method with Zγγ signal predictions from simulation and data
for muon channel (left) and electron channel (right). The hashed areas show the total
statistical uncertainty on the background estimate.
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5.5 Zγγ Acceptance

The cross section of Zγγ production is measured within a fiducial region defined by two

leptons with two photons with leading photon pT > 15 GeV. In order to minimize extrapo-

lations from the selected events, the fiducial region is mirrored to the offline event selection

as closely as possible. Table 5.20 shows the fiducial region used in the Zγγ cross section

measurement.

Definition of Zγγ Fiducial Region

Candidate Photon: pT > 15 GeV, |η| < 2.5, and no jet parentage
Candidate Lepton: pT > 10 GeV, |η| < 2.4, Z or τ parent, and no jet parentage

Exactly 2 (same type) candidate leptons and 2 candidate photons
Leading lepton pT > 20 GeV

M(`, `) > 40 GeV
∆R(γ, γ) > 0.4, ∆R(γ, `) > 0.4, and ∆R(`, `) > 0.4

Table 5.20: Definition of the fiducial region used for Zγγ cross section measurement.

Fiducial Requirements Zγγ → µµγγ Zγγ → eeγγ

Exactly 2, same tyle leptons 3586.3±13.6 3592.6±13.6
Exactly 2 photons 745.2±5.8 750.0±5.8

Leading lepton pT > 20 GeV 677.9±5.5 684.1±5.5
M(`, `) > 40 GeV 589.9±5.1 596.1±5.2

∆R(`, `) > 0.4 589.8±5.1 595.8±5.2
∆R(γ, γ) > 0.4 562.2±5.0 567.2±5.0
∆R(γ, `) > 0.4 249.5±3.4 251.4±3.4

Table 5.21: CutFlow for the Zγγ generated events in fiducial region.

The Zγγ production cross section in defined fiducial region is calculated as:

σ(pp→ ``γγ)Fiducial = (1− fτ ) ·
Nobs −Nbkg

CZγγ · L
(5.4)

where Nobs is the observed number of events in PP region, Nbkg is the predicted number

of background events in PP region evaluated by matrix method (described in Section 5.4),
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fτ is the fraction of events from τ decay to electron or muon, CZγγ is the acceptance and

correction factor for selected events, and L is the integrated luminosity. The acceptance,

CZγγ, and the fraction of events from τ decay, fτ , are calculated as:

CZγγ =
Nreco[Zγγ → ``γγ] +Nreco[Zγγ → ττγγ → `νν`ννγγ]

Ngen[Zγγ → ``γγ(fiducial)] +Ngen[Zγγ → ττγγ → `νν`ννγγ(fiducial)]
(5.5)

fτ =
Ngen[Zγγ → ττγγ → `νν`ννγγ(fiducial)]

Ngen[Zγγ → ``γγ(fiducial)] +Ngen[Zγγ → ττγγ → `νν`ννγγ(fiducial)]
(5.6)

The τ backgrounds are subtracted by fτ estimated at 0.30% in electron channel and

0.31% in muon channel. The CZγγ and fτ are evaluated from MC simulations. These terms

are canceled when we take their ratio as
CZγγ

(1−fτ )
. Table 5.22 shows

CZγγ
(1−fτ )

in each leading

photon pT bin.

Leading photon pT Zγγ → µµγγ Zγγ → eeγγ

15-25 27.53±1.33+1.13
−1.12 19.32±1.09+1.18

−1.16

25-40 28.23±1.44+0.99
−0.99 22.88±1.27+1.24

−1.23

40+ 32.10±1.66+1.15
−1.15 26.17±1.50+1.17

−1.17

Total (pT >15 GeV) 29.11±0.84+1.53
−1.14 22.49±0.73+1.40

−1.17

Table 5.22: The Zγγ acceptance,
CZγγ

(1−fτ )
, in fiducial region in each leading photon pT bin.

5.6 Systematic Uncertanty on the Cross Section

The sources of systematic uncertainties considered in the cross section measurements in this

analysis are given by the uncertainty in the luminosity evaluation, the uncertainty in the

detector performance, the uncertainty related to the simulation sample, and the uncertainty

from background estimation. The source of systematic uncertainties are explained in the

following list and summarized in Table 5.23, 5.24, and 5.25. These systematic uncertainties
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are summed up quadratically and Table 5.26 shows contributions of group uncertainties.

The systematic uncertainties need to be considered for the muon and electron channel,

respectively.

• uncertainty in the luminosity evaluation : The systematic uncertainty in the

measured integrated luminosity is taken to be 2.6% [86].

• uncertainty in the dilepton trigger, lepton and photon identification and

isolation efficiency evaluations : The efficiencies are scaled up and down with

respect to the nominal performance provided by the Muon POGs [87] and Egamma

POGs [81].

• uncertainty in the pile-up reweighting : The pile-up reweighting are adjusted up

and down with 5% minimum-bias cross section.

• uncertainty due to the PDF : The PDF uncertainty is calculated from the change

in our acceptance depending on the used PDF sets. Our Zγγ signal samples used NLO

NNPDF3.0 that we compared to the CT10 [88] and MSTW2008 [89] sets.

• uncertainty in factorization and renormalization scale : The factorization and

renormalization scale uncertainty will be source of systematic uncertainty. Simula-

tion samples are dedicated with doubled and halved factorization and renormalization

scales for the Zγγ signal.

• uncertainty from background estimation : Systematic uncertainties from back-

grounds estimation are evaluated to account for PF charged hadron isolation shape

and for correlations induced on each photon candidate when photon candidates are

required looser isolation.

– uncertainty in data in sideband region : The statistical uncertainty in observed

data in sideband regions of the background estimates contribute.
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– uncertainty in εγ and εj : The uncertainty in photon candidates and misidentified

jets to pass or fail the observable requirement propagate into the uncertainty on

the γ j, j γ, and j j background normalization.

– uncertainty in the shape of observable : The uncertainty in the shape of the

observable distribution of genuine photons is determined by comparing between

matched true photons in simulated events and data for FSR Z→ µµγ process.

The uncertainty in the shape of the observable distribution of misidentified jets is

determined by comparing the PF charged hadron isolation distribution required

nominal σiηiη to distribution required looser σiηiη. Figure 5.13 and 5.14 show the

comparison of PF charged hadron distribution to determine shape uncertainty in

observable.

– uncertainty in Zγ contribution : The probability of misidentified jets receive

an uncertainty from subtraction of true photon candidates using Zγ simulation.

Uncertainties in Zγ contribution are correlated between η bins.

– uncertainty in j j shape : The distribution of j j account for the correlations be-

tween one and the other photon objects in data events. To produce signal free

sample, we require inverted requirements of photon candidates. The require-

ments that define the sideband regions are varied to estimate uncertainty (see

Table 5.17). The maximum difference in the results compare to nominal require-

ment is taken to the uncertainty.

– uncertainty in cross correlation between two photons : An additional uncertainty

is evaluated from cross correlation between two photon candidates. It is defined

by the observable distribution shape of misidentified jets when both photons are

required nominal σiηiη compare to the distribution shape when one of photon is

required loosened σiηiη. Figure 5.15 shows the distribution used to determine for

uncertainty in cross correlation. For the distribution required loosened σiηiη, we

apply 10% uncertainty consistently. Uncertainties in cross correlation between
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two photons are correlated between η bins.

Systematic source Zγγ → µµγγ, (%) Zγγ → eeγγ, (%)

Uncertainty in luminosity ±2.6 ±2.6
Detector Performance Modeling

Uncertainty in dilepton trigger ±1.20 ±1.33
Uncertainty in photon identification ±2.82 ±2.78
Uncertainty in photon conversion save electron veto ±0.76 ±0.76
Uncertainty in muon identification ±0.41
Uncertainty in muon isolation ±0.21
Uncertainty in electron identification ±3.71
Uncertainty in photon and electron energy scale +3.57/-0.96 +3.47/-0.80
Uncertainty in muon energy scale +1.72/-1.48
Uncertainty in pile-up reweighting ±0.39 ±1.49

Monte Carlo Simulation Modeling
Statistical uncertainty in MC sample ±2.89 ±3.25
Uncertainty in PDF sets ±0.24 ±0.27
Uncertainty in PDF Eigenvectors ±1.17 ±0.87
Uncertainty in factorization scale ±0.48 ±0.24
Uncertainty in renormalization scale ±0.48 ±0.49
Total uncertainty +6.00/-4.85 +7.03/-6.15

Table 5.23: Summary of uncertainties in luminosity evaluation, the detector performance,
and related simulation sample with leading photon pT > 15 GeV.
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Zγγ → µµγγ, (fb)
Systematic source EB-EB EB-EE EE-EB Sum

Uncertainty in εγ and εj to Pass 0.33 0.17 0.40 0.55
Uncertainty in εγ and εj to Fail 0.29 0.16 0.20 0.39
Uncertainty in shape of observable 1.14 1.62 2.01 2.82
Uncertainty in Zγ contribution 5.06 1.48 1.53 8.07
Uncertainty in j j shape 0.19 0.66 0.45 0.82
Uncertainty in cross correlation between two photons 0.10 0.10 0.10 0.30
Uncertainty in data in sideband region 0.64 0.36 0.42 0.85
Total uncertainty 5.25 2.33 2.64 8.66

Table 5.24: Summary of uncertainties from background estimation with leading photon
pT > 15 GeV in muon channel.

Zγγ → eeγγ, (fb)
Systematic source EB-EB EB-EE EE-EB Sum

Uncertainty in εγ and εj to Pass 0.25 0.17 0.18 0.35
Uncertainty in εγ and εj to Fail 0.22 0.16 0.16 0.31
Uncertainty in shape of observable 0.86 0.40 1.71 1.96
Uncertainty in Zγ contribution 3.80 1.64 1.42 6.86
Uncertainty in j j shape 0.18 0.79 0.40 0.90
Uncertainty in cross correlation between two photons 0.10 0.10 0.10 0.30
Uncertainty in data in sideband region 0.50 0.40 0.36 0.73
Total uncertainty 3.95 1.92 2.30 7.25

Table 5.25: Summary of uncertainties from background estimation with leading photon
pT > 15 GeV in electron channel.

Systematic source Zγγ → µµγγ, (fb) Zγγ → eeγγ, (fb) Combined, (fb)

Data Statistics 2.09 2.48 1.61
Luminosity 0.32 0.34 0.33
Detector Performance 0.62 0.77 0.56
MC Simulation 0.39 0.48 0.34
Background Estimation 1.51 1.64 1.57
Total uncertainty 2.70 3.13 2.37

Table 5.26: Summary of the Zγγ cross section uncertainties for each channel and combina-
tion of the two channels.
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Figure 5.13: The comparison of PF charged hadron isolation distribution between true
photon in simulation (blue) and data for FSR Z→ µµγ (black) in EB (a) and EE (b) region
with pT > 15 GeV.
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Figure 5.14: The comparison between PF charged hadron isolation distribution applied
nominal isolation and applied looser isolation in Z + jets data in EB (a) and EE (b) region
with pT > 15 GeV.
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Figure 5.15: The comparison of PF charged hadron isolation distribution propagate to the
leasing photon when the trailing photon is required loosened σiηiη requirement (left) and to
the trailing photon when the leading photon is required loosened σiηiη requirement (right).
Distributions are shown when the both photon candidates are in EB region (a, b) and when
the leading photon is in EB region and trailing photon is in EE region (c, d), and the leading
photon is in EE region and the trailing photon is in EB region (e, f).
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Figure 5.15: The comparison of PF charged hadron isolation distribution propagate to the
leasing photon when the trailing photon is required loosened σiηiη requirement (left) and to
the trailing photon when the leading photon is required loosened σiηiη requirement (right).
Distributions are shown when the both photon candidates are in EB region (a, b) and when
the leading photon is in EB region and trailing photon is in EE region (c, d), and the leading
photon is in EE region and the trailing photon is in EB region (e, f).

5.7 Results of Cross Section Measurement

The Zγγ fiducial cross section is finally measured with the equation 5.4 by combining the

results described in the previous sections (Nobs, Nbkg, CZγγ, fτ , and L). The cross section

is calculated from contributions from Zγγ → µµγγ process and Zγγ → eeγγ process sep-

arately. Table 5.27 shows the individual fiducial cross sections separately for electron and

muon channel.

Channel σ (pp→ ``γγ) fb (stat., syst., lumi.)

Zγγ → µµγγ 12.2 ± 2.1 (stat.) ± 1.7 (syst.) ± 0.3 (lumi.) fb
Zγγ → eeγγ 13.0 ± 2.5 (stat.) ± 1.9 (syst.) ± 0.3 (lumi.) fb

Table 5.27: Measured cross section in Zγγ fiducial region in individual channels.

We use Best Linear Unbiased Estimator (BLUE) [90] technique to combine the individual

cross sections to get the final cross section. Based on the BLUE method, the cross section
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of two channel combination to be:

σ(pp→ ``γγ)Fiducial = 12.6 ± 1.6 (stat.) ± 1.7 (syst.) ± 0.3 (lumi.) fb.

Three uncertainties are determined that originate from data statistics uncertainty, sys-

tematic uncertainties, and uncertainty of the integrated luminosity, respectively. The uncer-

tainties on the measured cross section is calculated using the Equation A.2 in Appendix A.2.
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Chapter 6

Conclusion

The measurement of the Zγγ production cross section at the CMS experiment is presented,

and this is the first measurement at proton-proton collisions with 8 TeV data. The Zγγ

final state that has two electrons or muons with two photons is measured in a fiducial region

where leptons pT > 20/10 GeV for leading and trailing respectively, leading photon pT >

15 GeV, and invariant dilepton mass M(`, `) > 40 GeV. The fiducial cross section has been

measured to be

12.6 ± 1.6 (stat.) ± 1.7 (syst.) ± 0.3 (lumi.) fb.

where stat., syst., and lumi. denote the statistical uncertainty, systematic uncertainty, and

the uncertainty of integrated luminosity from CMS detector, respectively. The theoretical

cross section calculated using Zγγ NLO signal sample is 13.0 ± 1.5 fb. The experimental

results have an excellent agreement with theoretical result within their precision.
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Appendix A

Additions for Chapter 5

A.1 MadGraph5 commands to generate the process

The followings are the MadGraph5 commands used for generating Zγγ signal sample :

generate p p > e- e+ a a @1

add process p p > mu- mu+ a a @2

add process p p > ta- ta+ a a @3

A.2 Uncertainty estimation in measured cross section

The Zγγ cross section in the fiducial region is calculated as:

σ = (1− fτ ) ·
Nobs −Nbkg

CZγγ · L
(A.1)

where Nobs is the number of observed data events in PP region, Nbkg is the expected

backgrounds in the PP region, CZγγ is acceptance, and L is the integrated luminosity. The
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uncertainty on the measured cross section is calculated as:

(
∆σ

σ

)2

=

( √
Nobs

Nobs −Nbkg

)2

+

(
∆Nbkg

Nobs −Nbkg

)2

+

(
∆CZγγ
CZγγ

)2

+

(
∆L
L

)2

(A.2)

A.3 Background predictions from matrix method

The ”matrix method” performed using the nominal isolation and loosened isolation in three

η regions (EB-EB, EB-EE, and EE-EB) in leading photon pT bins (15 < pT < 25, 25 < pT <

40, 40 < pT) for the muon and electron channel.

Following tables show evaluated prediction of background events with statistical uncer-

taintis from the matrix method.

Input Data Predicted Counts in PP
Photon pT PF FP FF γ j j γ j j Sum

EB-EB
15-25 13.0±3.6 10.0±3.2 5.0±2.2 7.3±2.7 4.9±2.4 1.8±1.1 14.0±3.8
25-40 3.0±1.7 14.0±3.7 5.0±2.2 0.3±0.8 5.1±1.7 1.2±0.7 6.6±2.0
40+ 7.0±2.6 8.0±2.8 1.0±1.0 3.2±1.6 3.8±1.7 -0.0±0.1 7.0±2.3
Total 23.0±4.8 32.0±5.7 11.0±3.3 10.5±3.2 16.0±3.7 2.5±1.1 29.0±5.0

EB-EE
15-25 6.0±2.4 4.0±2.0 1.0±1.0 5.3±2.5 2.5±1.5 0.3±0.6 8.1±3.0
25-40 6.0±2.4 5.0±2.2 4.0±2.0 1.9±1.1 1.6±1.0 1.0±0.7 4.5±2.2
40+ 6.0±2.4 2.0±1.4 0.0±0.0 1.8±0.9 0.7±0.9 -0.1±0.04 2.4±1.3
Total 18.0±4.2 11.0±3.3 5.0±2.2 11.4±3.3 5.4±2.2 1.3±0.9 18.1±4.1

EE-EB
15-25 2.0±1.4 3.0±1.7 0.0±0.0 0.7±1.1 1.8±1.8 -0.2±0.3 2.4±2.1
25-40 3.0±1.7 5.0±2.2 3.0±1.7 1.0±0.8 1.7±1.0 1.0±0.7 3.7±1.5
40+ 2.0±1.4 8.0±2.8 2.0±1.4 0.5±0.9 2.4±1.1 0.3±0.3 3.2±1.5
Total 7.0±2.6 16.0±4.0 5.0±2.2 2.4±1.8 8.9±3.2 1.8±1.1 13.1±3.8

Table A.1: Number of background predictions from matrix method with use nominal σiηiη
requirement for muon channel.
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Input Data Predicted Counts in PP
Photon pT PF FP FF γ j j γ j j Sum

EB-EB
15-25 11.2±0.3 10.2±0.3 2.8±0.1 6.8±0.4 5.3±0.5 2.5±0.5 14.6±0.8
25-40 7.8±0.3 9.0±0.4 1.8±0.1 3.1±0.3 3.6±0.3 1.2±0.4 5.8±0.6
40+ 6.2±0.4 3.9±0.2 2.0±0.1 2.9±0.4 1.4±0.4 0.3±0.1 4.6±0.6
Total 24.6±0.5 22.4±0.4 6.41±0.1 13.1±0.6 10.9±0.6 4.0±0.6 28.0±1.0

EB-EE
15-25 5.2±0.1 3.6±0.1 1.4±0.0 4.3±0.3 2.2±0.2 1.6±0.4 8.1±0.5
25-40 7.2±0.3 3.6±0.2 2.6±0.1 2.3±0.5 1.0±0.4 2.5±1.0 5.8±1.2
40+ 7.7±0.4 1.1±0.1 0.6±0.0 2.9±0.3 0.1±0.2 0.0±0.0 3.0±0.4
Total 17.2±0.3 8.0±0.2 4.4±0.1 11.3±0.6 3.5±0.4 3.6±0.6 18.4±0.9

EE-EB
15-25 4.1±0.1 3.6±0.1 0.7±0.0 2.2±0.2 2.1±0.4 0.5±0.2 4.8±0.5
25-40 1.8±0.1 6.6±0.3 2.0±0.1 0.6±0.1 2.8±0.2 1.5±0.4 4.9±0.5
40+ 2.2±0.1 7.7±0.4 1.5±0.1 0.7±0.3 2.7±0.3 0.5±0.3 3.9±0.5
Total 8.0±0.2 15.0±0.3 3.6±0.1 3.4±0.4 9.0±0.6 2.9±0.5 15.3±0.9

Table A.2: Number of background predictions from matrix method with use loosen σiηiη
requirement for muon channel.

Input Data Predicted Counts in PP
Photon pT PF FP FF γ j j γ j j Sum

EB-EB
15-25 9.0±3.0 12.0±3.5 1.0±1.0 5.6±2.2 7.8±2.6 0.0±0.5 13.4±3.4
25-40 8.0±2.8 6.0±2.4 3.0±1.7 2.8±1.3 1.9±1.1 0.7±0.5 5.4±1.8
40+ 1.0±1.0 4.0±2.0 4.0±2.0 -1.3±0.8 0.5±1.3 0.3±0.2 -0.5±1.5
Total 18.0±4.2 22.0±4.7 8.0±2.8 7.9±2.8 10.3±3.1 1.8±0.9 20.0±4.3

EB-EE
15-25 5.0±2.2 4.0±2.0 4.0±2.0 3.7±2.3 2.2±1.5 2.2±1.3 8.1±3.0
25-40 6.0±2.4 4.0±2.0 1.0±1.0 2.1±1.1 1.4±0.9 0.14±0.31 3.6±1.5
40+ 6.0±2.4 2.0±1.4 2.0±1.4 2.0±0.9 0.6±0.9 0.12±0.15 2.72±1.28
Total 17.0±4.1 10.0±3.2 7.0±2.6 10.5±3.2 4.6±2.1 2.1±1.1 17.2±4.0

EE-EB
15-25 1.0±1.0 4.0±2.0 4.0±2.0 -0.9±1.1 0.8±2.6 2.7±1.6 2.6±3.2
25-40 4.0±2.0 3.0±1.7 1.0±1.0 1.5±0.9 1.0±0.8 0.2±0.4 2.7±1.3
40+ 2.0±1.4 9.0±3.0 2.0±1.4 0.8±0.8 3.0±1.2 0.2±0.3 4.0±1.5
Total 7.0±2.6 16.0±4.0 7.0±2.6 2.6±1.8 9.1±3.2 2.7±1.3 14.4±3.9

Table A.3: Number of background predictions from matrix method with use nominal σiηiη
requirement for electron channel.
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Input Data Predicted Counts in PP
Photon pT PF FP FF γ j j γ j j Sum

EB-EB
15-25 9.7±0.2 8.2±0.2 0.5±0.0 7.0±0.3 5.9±0.3 -0.5±0.1 12.4±0.4
25-40 7.2±0.3 3.6±0.2 2.1±0.1 2.5±0.3 0.5±0.3 1.9±0.6 4.9±0.7
40+ 2.2±0.1 2.8±0.2 2.5±0.1 -0.7±0.4 -0.2±0.4 0.5±0.2 -0.4±0.6
Total 18.7±0.4 14.4±0.3 4.8±0.1 9.5±0.5 5.9±0.5 3.2±0.5 18.6±0.9

EB-EE
15-25 5.2±0.1 2.6±0.1 2.5±0.0 3.8±0.5 1.1±0.1 3.4±0.8 8.3±0.9
25-40 8.3±0.3 4.2±0.2 3.2±0.1 2.5±0.6 1.0±0.4 3.1±1.2 6.6±1.4
40+ 5.1±0.3 2.2±0.1 1.9±0.1 1.9±0.2 0.7±0.3 0.4±0.2 3.0±0.4
Total 16.3±0.3 8.6±0.2 6.9±0.1 9.6±0.8 3.2±0.6 6.5±0.9 19.3±1.3

EE-EB
15-25 1.0±0.0 5.2±0.1 2.3±0.0 -0.1±0.5 2.4±0.9 3.4±1.0 5.7±1.4
25-40 4.8±0.2 3.9±0.2 0.6±0.0 2.3±0.2 1.7±0.1 0.1±0.0 4.1±0.2
40+ 2.2±0.1 5.1±0.3 1.5±0.1 1.0±0.2 1.8±0.3 0.5±0.3 3.3±0.5
Total 7.5±0.2 12.7±0.3 4.2±0.1 3.3±0.4 7.5±0.5 3.7±0.7 14.5±0.9

Table A.4: Number of background predictions from matrix method with use loosen σiηiη
requirement for electron channel.
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