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Abstract

A search for a low mass dark photon below 1 MeV which is radiated from a muon using

proton-proton collision data at a center-of-mass energy
p
s = 13 TeV is presented. The data

was collected with the CERN CMS detector in 2018 corresponding to an integrated lumi-

nosity of 59.8 fb�1. Such a low mass dark photon has no available decay channel to standard

model particles, and therefore is stable. The dark photon is assumed to directly interact

with detector materials through pair-production, and its small kinetic mixing leads to it

depositing energy outside the CMS Electromagnetic Calorimeter. The search is performed

by looking for events whose final state is composed of two muons and a photon-like shower

in the CMS Hadronic Calorimeter, with the 3-body mass consistent with the Z boson. The

accessible range of kinetic mixing in this search is between 0.032 to 0.32. No significant

deviation from estimated backgrounds is observed with the 2018 data. The dark photon

with kinetic mixing between 0.063 to 0.32 and mass lower than 1 MeV is excluded at 95%

confidence level.
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Chapter 1

The Dark Matter Problem

The existence of unobserved mass in the universe has been revealed by several independent

cosmological studies including the rotation curves of galaxies, gravitational lensing, hot gas

in clusters, and cosmic microwave background. Dark matter is used as a label to represent

whatever particles that may account for the missing mass in the universe. It is “dark” because

it is not luminous in cosmological observations that measure light spectra of celestial objects.

Dark matter is currently observed through its gravitational e↵ects, and no other interactions

has been so far detected between dark matter and standard model particles. Therefore, a

great variety of dark matter candidates particles have been proposed in theory, including

weakly interacting massive particles (WIMPs) such as heavy neutrinos and stable super-

symmetric particles, axions, and dark photons. A massive dark photon, which is the topic

of the study in this dissertation, is a dark matter candidate within a certain mass range.

Some evidences of dark matter from cosmological observations are briefly introduced in
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Chapter 1.1. Some theoretical ideas of dark matter candidates and corresponding experi-

ments are briefly introduced in Chapter 1.3. Dark photon and its related experiments are

introduced in Chapter 1.4.

1.1 Evidence for existence of dark matter

The earliest evidence of dark matter in the universe comes from the observation of the

speed of the luminous matter of the galaxies through Doppler shifts, that luminous matter

in a galaxy move faster than the prediction based on Newtonian gravity given the galaxy’s

visible mass. The discrepancy of a galaxy’s observed and predicted rotation curve implies

a potential answer that the actual mass of a galaxy is much higher than its observed mass.

An example is the rotation curve measurement of the nearby galaxy M33 [1] in Figure 1.1.

The observed rotation curve is fitted over three parameters: the amplitudes of halo, stellar

disc and gas’s contribution to the curve.

Another compelling evidence comes from gravitational lensing. Gravitational lensing is a

phenomenon in which light bends around a massive celestial object due to the distortion in

local space-time caused by the celestial object’s strong gravitational field. It was predicted

by Albert Einstein’s theory of general relativity, and was first observed in 1979, that two

quasars with similar distances and spectra were found to be very close to each other[2]. The

two quasars in the image are proven to be a single quasar, and its light distortion is caused

by a cluster of galaxies located between the telescope and the quasar.
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Figure 1.1: The galaxy M33’s rotation curve (points) with its best-fitted model (contin-
uous line). Halo contribution is illustrated as dot-dashed lines. The rotation curve of
stellar disc is illustrated as short-dashed lines. Gas contribution is illustrated as long-
dashed lines. [1].

Since the mass of the celestial object that the light passes by is correlated to the light’s

bending angle, gravitational lensing becomes an e↵ective method to measure the actual mass

of a massive celestial object. Recently, the Hubble telescope has observed more gravitational

lensing phenomena in the universe. An example is the gravitational lensing phenomenon of

the massive galaxy cluster Cl 0024+17 (ZwCl 0024+1652) in Figure 1.2, and its distribution

of dark matter is calculated by comparing the mass predicted by gravitational lensing with

the measured luminous mass [3].
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Figure 1.2: Gravitational lensing of the massive galaxy cluster Cl 0024+17 (ZwCl
0024+1652). (Left) The blue arcs are from the e↵ect of gravitational lensing. They
are actually from the galaxies located behind the cluster. (Right) The blue shading is
a calculation result and it indicates the location and density of dark matter[3].Credits:
NASA, ESA, M.J. Jee and H. Ford (Johns Hopkins University)

Studies of the cosmic microwave background (CMB) not only prove the existence of

dark matter, but also calculate the amount of dark matter compared to luminous matter

in the universe. CMB consists of radiation from the early days of the universe, which is

red shifted to the microwave range due to the expansion of the universe. Its amplitude is

even in all directions (isotropic) with extremely small density fluctuations. The amplitude

of density perturbations of the CMB is determined by the matter-dominated era when all

particles in the universe formed a hot soup and moved at non-relativistic speed. It was thus

demonstrated that the hot soup had a total mass that was larger than the mass of luminous

matter in the universe. Without the exceed mass, the first galaxy’s formation would be much
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slower than what we observed. The calculation of dark matter density with the measurement

of on cosmological scales of anisotropy in the CMB can be found in [4] by WMAP and and

[5] by Planck collaborations.

1.2 The Standard Model

To explain the dark matter, many theoretical particle models are proposed. Before going

though those dark matter candidates, I want to briefly introduce the so-far best-adapted

particle model – the Standard Model (SM), and the elementary particles that have been

discovered. The SM is a theory that describes strong, weak and electromagnetic interactions

between elementary particles. The theory was finalized in mid-1970s and it successfully pre-

dicted the existence of the Higgs boson and also accurately defined the ratio between the

masses of the W and Z bosons, which along with the photon, are the force carriers f the

electroweak theory. The table 1.3 lists all the elementary particles that have been discov-

ered in the experiments thus far. However, the SM provides no description of gravitational

interactions, and it also can not accommodate massive neutrinos, while neutrinos have been

measured to have mass in light of their flavor oscillations.

The SM describes the interactions between elementary particles via exchanged media-

tors. For example, in an electron elastic scattering where an electron A hits an electron

B, the interaction is described as a virtual photon being exchanged between A and B and

modifying their momentum. In the SM, strong interactions happen by exchanging gluons,
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Figure 1.3: Elementary particles that have been discovered up to now. The particles
are categorized as quarks, leptons, gauge bosons and the Higgs boson which is the only
scalar boson.

weak interactions happen by exchanging W or Z bosons, and electromagnetic interactions

happen by exchanging photons.

The elementary particles in the SM can be categorized as quarks, leptons, gauge bosons,

and the Higgs boson. The quarks and leptons are fermions which have non-integer spin. The

gauge bosons have non-zero integer spin, while the Higgs boson has spin 0. There are three

generations of quarks and leptons. The higher generation particles have the same properties

as their lower generation, except that they are more massive. The spin, mass and charge of

the particles are listed in the Table 1.3.
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Quarks have color charge, weak charge and electromagnetic charge, which means that

they can experience strong, week and electromagnetic interactions. In each generation,

there is a quark that carries +2/3 electromagnetic charge, and a quark that carries -1/3

electromagnetic charge. A single quark in principle cannot exist alone, and they tend to

combine with other quarks to form hadrons. If a quark and anti-quark combine, they form

a meson. If three quarks combine, they form a baryon. Among the quarks, the top quark

is the heaviest quark and it decays through weak interactions to lighter quarks. Leptons all

have weak charge. Electron, muon and tau have -1 electromagnetic charge, while neutrinos

are electromagnetically neutral.

Gauge bosons can be categorized by the type of interactions that they are involved.

The photon is the mediator of electromagnetic interactions. The W and Z bosons are the

mediators of weak interactions. The W boson is responsible for charged current flavor change,

while the Z boson participates in neutral current interactions. There are 8 type of gluons

in the SM because the gauge group of quantum chromodynamics is SU(3). The 8 types of

gluons are not distinguishable in experiments because they lose their color properties during

the process of hadronization. Both gluons and photons are mass-less, while the W and Z

bosons’ masses have been measured to be about 80.4 GeV and 91.2 GeV respectively.

The Higgs boson is the only scalar boson in the SM. It couples to massive particles, and

the strength of the coupling is proportional to the square of the mass of the particle. While

the SM has been highly successful in explaining nearly all the measurements made in particle

physics, it does not have a dark matter candidate in its particle multiplet.
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1.3 Dark matter candidates

There are many theoretical models that include dark matter as a component. One of the

most popular proposals is that dark matter is likely made of non-baryonic weakly interacting

massive particles (WIMPs). The CMB perturbations suggest that the mass of WIMPs as

dark matter candidates should not be too light (less than 10 GeV) [6]. There is a further

restriction on the dark matter’s self-annihilation cross section given the observed dark matter

density, which is also discussed in [6]. WIMP is a generic name for theoretical particles that

were thermally produced in the early Universe and constitute cold dark matter.

Heavy neutrinos can contribute to dark matter and are a type of WIMPs. It is pro-

posed that additional heavy neutrinos (above 1 keV) kinetically mix with the standard

model neutrinos but have no electroweak interactions [7]. Detection approaches include

neutrino-electron scattering[8], low temperature bolometers[9], and atomic excitation mea-

surements.[10].

Supersymmetry purposes that each fermion(boson) has a super-partner boson(fermion)

with the same quantum numbers, but di↵erent masses. A supersymmetric extension of the

standard model predicts a few neutral super-partners named neutralinos. Heavy neutralinos

can decay to lighter neutralinos along with some standard model particles while the lightest

neutralino does not have decay channels in theory and becomes a potential dark matter

candidate. Direct production searches, such as chargino-neutralino production with the

chargino decaying to a W boson and the lightest SUSY particle (LSP), while the neutralino
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decaying to a Higgs boson and the LSP have been searched for at the LHC [11]. Indirect

searches, via observing excess gamma-ray production in astrophysical sources have been

performed by the Fermi Large Area Telescope (FermilLAT) [12]. Other indirect searches

include measurements of the muon g-2 experiment [13].

An axion is a theoretical Nambu-Goldstone boson that comes from introducing a new

global U(1) symmetry that is spontaneously broken to the standard model. The new U(1)

symmetry potentially solves the strong-CP problem in Quantum chromodynamics(QCD).

The quantity closely related to the phase of the QCD vacuum (the angle ✓) needs to be

extremely small[14]. Experimentally, an axion’s mass range is restricted to be lower than

10�3 eV due to the exclusion of its induced rare meson decays as well as the limits from

Supernova observations [15]. This implies that an axion is not as massive as a WIMP, and

therefore, the way that it accounts for dark matter is di↵erent from WIMPs. A theory that

✓ was at a larger value in the early days of the Universe could lead to the production of a

non-thermal axion from Peccei-Quinn field and it makes an axion still a viable dark matter

candidate[14]. The axion dark matter experiment (ADMX G2) is the first and currently

the only running experimental e↵ort for detecting axions[16]. It tries to detect axions by

converting them into microwave photons under a strong magnetic field with extraordinarily

sensitive microwave receivers.
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1.4 The Proposed Dark Photon

A dark photon is a hypothetical U(1) gauge boson, which has been proposed as a mediator

between Standard Model (SM) particles and the dark sector. It is allowed to have a small

mass, however, there will be kinetic mixing between a dark broken Abelian gauge symmetry

and the SM hypercharge [17]. In a U(1) theory, the kinetic term in the Lagrangian is given

by L = �1
4F

µ⌫
Fµ⌫ , where Fµ⌫ is the electromagnetic field tensor. After kinetically mixing

with a dark photon, the relevant kinetic terms [17] are

L ⇢ �1

4
F

µ⌫
Fµ⌫ �

1

4
Z

µ⌫
D ZDµ⌫ +

1

2

✏

cos✓W
ZDµ⌫F

µ⌫ +
1

2
m

2
DZ

µ
DZDµ (1.1)

where Z
µ⌫
D is the dark photon field tensor, ✓W is the Weinberg mixing angle, and ✏ is the

kinetic mixing coe�cient. The third term in Equation 1.1 represents the kinetic mixing, and

the fourth is a mass term.

A dark photon has similar properties to a SM photon. A dark photon’s mass mD and

kinetic mixing ✏ are unknown parameters. Existing constraints on dark photons contributed

by experimental, cosmological, and astrophysical experiments are presented in Figure 1.4 for

the dark photon lighter than 0.1 MeV. High energy experiments usually search for a dark

photon decays or escape the detector. Therefore, the constraints and prospects for a dark

photon are placed where a dark photon has mass higher than several GeVs, and kinetic

mixing is higher than 10�6. The constraints and prospects are presented in Figure1.5. The

dashed lines in these two plots represent the expected limits from future experiments if a
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Figure 1.4: Current constraints on the dark photon’s mass, mD and kinetic mixing
parameter with the SM photon, ✏, in the region mD less than 0.1 MeV[18]. The blue
bounds are contributed by cosmological observations. The red bounds are contributed
by experiments. The green bounds are contributed by astrophysical detection. For the
details of each experiment, please refer to [18].

dark photon is not found in that experiment. Probing to low kinetic mixing in high energy

physics requires a big amount of data. For the CMS experiment, the lowest mass limit on

long-lived particles, which can be a dark photon potentially, is so far at 0.6 GeV[19]. This

search looks for a Higgs boson that decays to a pair of long-lived particles, and the each

long-lived particle decays into a pair of muons. Therefore, the limits on the dark photon’s

kinetic mixing and mass are correlated with the branching ratio of the Higgs boson to a pair

of dark photon.
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Figure 1.5: Summary of dark photon constraints and prospects with the dark photon
mass greater than 1 MeV[17]. The region where mD is higher than 10 GeV is uniquely
contributed by high energy collisions experiments, while the region with lower mass is
contributed by precision QED observables and searches at B� and � factories, beam
dump experiments, and fixed target-experiments. The dashed lines are limits from
perspective experiments.

This work searches for dark photons that emerge from the high energy proton-proton

(pp) collisions generated by the Large Hadron Collider (LHC) at CERN. The collisions are

recorded by the CMS detector. The details of the LHC and the CMS detector are introduced

in Section 2. We search for a dark photon that is generated together with two muons from the

pp collisions. The dark photon, within a certain range of kinetic mixing, initiates a shower

in the calorimeters (see Section 2.2.2 2.2.3) of the CMS detector through pair production
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of an electron and a positron. The dark photon’s interaction with detecting materials and

generation of an electron-positron pair is shown in Figure 1.6.

Figure 1.6: A high energy dark photon interacts with detector materials’ nucleus and
generates a pair of electron and positron. The electron and positron radiate SM photons
when they pass through the detector materials. This process is called bremsstrahlung.
A emitted photon again generates a pair of electrons. The bremsstrahlung and pair
production take place alternatively until photons fall below the pair production thresh-
old, and electrons loss energy mainly through other processes like ionization and elastic
scattering.

The dark photon pair production cross section is defined in Equation 1.2. We define

a dark factor fD (= ✏
2) to describe the ratio between the cross section of a dark photon

pair production to the cross section of a SM photon pair production. ↵ is the fine-structure

constant that quantifies the strength of the electromagnetic interaction between elementary

charged particles, re is the classic electron radius, and Z is atomic number. P (E,Z) is some

complex-valued function that depends on the energy and atomic number.

13



1 . THE DARK MATTER PROBLEM

��D!ee = fD��SM!ee = ✏
2
↵r

2
eZ

2
P (E,Z) (1.2)

For this search, the range of the kinetic mixing parameter to be probed, as well as the

reasons behind looking for dark photon showers in hadronic calorimeters (see Section 2.2.3),

are directly related to the CMS detector’s structure. Therefore, they are discussed after

Section 2.
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Chapter 2

The CMS Detector at the Large

Hadron Collider

The Large Hadron Collider(LHC) is a 27 km circumference circular accelerator that is de-

signed to provide proton-proton (pp) collisions up to 14 TeV center-of-mass energy [20]. The

LHC is located underground at the Swiss-French boarded near Geneva, and is currently the

most powerful particle accelerator under operation. During its operation from 2016 to 2018

(Run 2), it produced pp collisions with a center-of-mass energy at 13 TeV, and delivered

in total about 160 fb�1 integrated luminosity[21]. The LHC has started Run 3 data taking

since 2022 with a center-of-mass energy of 13.6 TeV.

The Compact Muon Solenoid (CMS) detector consists of a complex set of sub-detectors

that measure and reconstruct di↵erent types of particles that emerge from the collisions.

The LHC has four pp beam crossing points. The CMS detector surrounds one of the high
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luminosity collision points, which is located 100 meters underground near Cessy in France.

During Run 2, the CMS detector successfully collected about 147 fb�1 of collision data.

Within that data set, about 138 fb�1 is validated as having good quality for general physics

analyses[21].

In this chapter, I will introduce some basic concepts of collider physics that are relevant to

the high luminosity pp collisions. I will also introduce the CMS detector components that are

related to the dark photon search, including the muon chambers, the Hadron Calorimeters

(HCAL), the Electromagnetic Calorimeters (ECAL), the trackers, event triggers, as well as

the particle reconstruction method known as the Particle-Flow algorithm.

2.1 The CERN accelerator complex

The European Organization for Nuclear Research (CERN) was established in 1954. The

high energy proton beams that are used for collisions in the LHC are produced, accelerated

and stored by the CERN accelerator complex, as shown in Figure 2.1. The process of

creating collisions starts at the proton source. Before 2020, the proton source was a bottle

of hydrogen gas located at one end of the Linear Accelerator 2 (Linac2). The electron in

a hydrogen atom is stripped o↵ by electric field, and the remaining proton is delivered to

the Linac2[22]. The Linac2 accelerates the protons to 50 MeV and delivers them to the

Proton Synchrotron Booster(PSB). The PSB in turn accelerates the protons to 1.4 GeV and

injects them into the Proton Synchrotron (PS)[23]. The PS further accelerates the protons
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to 25 GeV and delivers them to the Super Proton Synchrotron (SPS)[24]. The SPS is the

second largest accelerator in the CERN accelerator complex. It has been in operation since

1976 with a center-of-mass energy at 450 GeV. In 1983, the UA1 and UA2 collaborations

discovered the W and Z bosons [25] [26] [27] [28] with the SPP̄S when it was configured to

be a proton-antiproton collider. Now the SPS [29] serves as the last accelerator before the

proton beams are injected into the LHC.
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Figure 2.1: The CERN accelerator complex layout[30].

The center-of-mass energy refers to the total energy of the proton-proton system in the

center-of-mass frame. In the pp collisions in Run 2, each proton beam is accelerated to
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6.5 TeV, and they generate collisions at a center-of-mass energy 13 TeV. The Mandelstam

variables s, t, u represent the four-momentum squared q
2 of the exchanged boson between two

incoming particles in three di↵erent categories. The s-channel is indicated in the Feynman

diagram in Figure 2.2 [31].
p
s in the center-of-mass frame equals to the sum of the energy

of two incoming particles.

Figure 2.2: The Mandelstam variable s-channel [31].

The luminosity of LHC directly indicates the number of pp collisions that took place in

the LHC with a linear relationship as shown in Equation 2.1.

Nevent = Ltotal� (2.1)

where � is the total cross section of the pp collisions, including elastic, di↵ractive, and

inelastic processes. The instantaneous luminosity (L) of the machine depends on the beam

parameters[20]:

L =
N

2
b nbfrev�r

4⇡✏n�⇤ F (2.2)
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where Nb is the number of particles per bunch, nb is the the number of bunches per

beam. The revolution frequency is denoted by frev, the relativistic gamma factor by �r.

The instantaneous luminosity is inversely proportional to the normalized transverse beam

emittance ✏n and the beta function at the collision point �
⇤. Finally, F is a geometric

reduction factor which occurs due to the fact that the beams do not collide head-on, but

rather at a small crossing angle at the interaction point(IP).

The LHC accelerates the protons to 6.5 TeV with an acceleration system composed of

400 MHz Radiofrequency (RF) cavities. It accommodates 1232 superconducting dipoles that

bend the trajectory of the proton beams with a 8.3 Tesla magnetic field. It also accommo-

dates 474 superconducting quadrupoles to focus the beams[32].

The LHC stores the proton beams and maintains them at 6.5 TeV during a physics run.

The bunches in the proton beams are spaced 25 ns apart considering the timing resolution of

the detectors for recording each collision as well as allowing for maximum number of bunches

in a beam to reach high luminosity. The peak beam luminosity can reach about 1034cm�1s�1

where the CMS detector is located. The luminosity decays during a physics run mainly due

to the collisions reducing the bunch intensity. The LHC can store the proton beams for 24

to 48 hours for a stable physics run. When the luminosity drops below a certain threshold,

the protons are transported to an external absorber located far away, referred to as a beam

dump. The beam injection and beam dump locations in the LHC are shown in Figure 2.3.
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Figure 2.3: Schematic layout of the LHC ring[20].

2.2 The CMS detector

The Compact Muon Solenoid (CMS) detector is a general-purpose detector that is designed

to measure various types of physics processes occurring in high luminosity pp collisions.

It is cylindrical in shape, with a diameter of about 15 meters, length of about 21 meters,

and weights about 14,000 tonnes[33]. The CMS detector envelopes the IP with detecting

materials as compact as possible, and leaves almost no gap for a particle to go through

without depositing energy in some sub-detector. It also has a powerful solenoid that provides

a 3.8 Tesla magnetic field inside of the solenoid to bend the trajectory of charged particles
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that are products of the collisions.

Figure 2.4: Schematic layout of the CMS detector[33].

The detector is best described by moving radially outward from the IP. The first detectors

encountered by particles are made of silicon, deployed in the form of pixellated layers followed

by stripline ones. These detectors measure charged tracks with high precision. The silicon

tracker is composed of about 124 millions pixels, each measuring 100 *150 µm [34] and 10

millions micro-strips[35], which inner-strip distance varies from 80 µm to 205 µm and strip

length is 4 times the inner-strip distance for all types from the inner-most layer to the outer-
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most layer[36]. In the barrel region, the electromagnetic calorimeter (ECAL) is located out

of the silicon trackers to initiate and measure particles’ electromagnetic showers. In the

endcap region, a fine-grained photon-sensitive (pre-shower) detector is installed in front of

the endcap ECAL. It initiates photon showers and provides a higher position resolution for

forward photon reconstructions. The hadronic calorimeter (HCAL) is located out of the

ECAL, aiming to initiate and measure hadronic showers from the hadrons that penetrate

through the ECAL. The superconducting solenoid is located around the barrel HCAL. The

muon detectors are located outside of the solenoid. These are instrumented with several

di↵erent types of sensors: 1) Drift Tubes (DT) for the barrel region, 2) Cathode Strip

Chambers (CSC) for the endcap region, and 3) Resistive Plate Chambers (RPC) for the

overlapping region between the endcap and barrel and the gaps between muon chambers. In

Run 3, Gas Electron Multipliers (GEM) have been installed in the endcap in front of the CSCs

to increase the muon resolution in the forward region. In the CMS detector, the solenoid

produces a 3.8 T magnetic field inside of the solenoid and 1.9 T opposite direction magnetic

field out of the solenoid. Therefore, steel return yokes, interspersed with the muon chambers,

guide the magnetic field back to the solenoid. A brief demonstration of particle tracks and

energy deposit is shown in Figure 2.5. A muon from the collisions usually penetrates through

all the sub-detectors, and leaves a track in the trackers and the muon detectors due to its

charge. On its trajectory, a muon may radiate some low energy photons and maybe detected

in the calorimeters. A hadron from the collisions usually penetrates through the trackers

and the ECAL and deposits most of its energy in the HCAL. It leaves a track in the trackers

22



2 . THE CMS DETECTOR AT THE LARGE HADRON COLLIDER

if a hadron is charged. An electron or photon from the collisions usually deposits its energy

in the ECAL, while the electron leaves a track in the trackers. The details of the particle

reconstruction using the sub-detector information will be mentioned in Section 2.2.6.

Figure 2.5: Particle reconstruction in the CMS[37]. Particles are identified as muons,
charged hadrons, neutral hadrons, electrons and photons based on their di↵erent sub-
detector signatures.

2.2.1 Trackers

The CMS tracking detector uses silicon sensors. A reverse bias voltage is applied to the

silicon sensors during operation. When a charged particle passes through a silicon sensor, it

creates electron-hole pairs from the silicon lattice along its way. The ejected electrons are

then collected by the sensor and form a small electric signal.

Trackers are composed of pixel detectors as the innermost tracker and silicon strip detec-
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tors as the outer tracker. The pixel detector has a finer segmentation than the silicon strip

detector. Therefore it has a better spatial resolution while having a higher read-out load due

to a massive channel count. The layouts of the pixel detector and the silicon strip detector

are shown in Figure 2.6[38] and Figure 2.7[39].

Figure 2.6: The layout of the phase-1 pixel detector[38].

Figure 2.7: The layout of the phase-1 tracker. The green lines are the pixel detector.
The blue lines are the double-sided strip modules, and the red lines are the single-sided
strip modules[39].

The phase-1 pixel detector is located closest to the beam pipe. The barrel pixel (BPIX)

has 4 barrel layers located at a radii of 29, 68, 109 and 160 mm from beam pipe. The forward
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pixel (FPIX) has 3 disks in each endcap, located at 291, 396, 516 mm from the center of

the detector and with radial coverage from 45 to 161 mm. In the FPIX, the outer rings

are rotated by 20 degree and the inner rings are tilted by 12 degree respect to the beam

line. The design optimizes the spatial resolution of a track under the condition that charged

particles are bent by the magnetic field. The pixel detector has 4-hit coverage up to |⌘| at

2.5. The pixel detector has in total 124 million readout channels (pixels), with each pixel

size 100 * 150 µm[38].

The silicon sensors of the pixel detector use N-in-N approach, as shown in Figure 2.8[40].

Due to the high radiation environment, the N-type in a standard PN diode becomes progres-

sively less n-type under continuous hadronic radiation, and it eventually inverts to e↵ective

p-type during operation. With the N-in-N approach, after type inversion, the bulk silicon

depletes from the strip and therefore, signals can still be collected.

Figure 2.8: The N-in-N approach silicon sensor layout[40].

The silicon strip detector reaches out to a radius of 110 centimetres. It is composed of

double-sided modules (blue in Figure 2.7) that have two layers of strips mounted back to
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back, and single-sided modules (red in Figure 2.7). It has a total of about 10 million detector

strips and provides a 6-hit coverage up to |⌘| at 2.4[41].

2.2.2 Electromagnetic calorimeter

The Electromagnetic Calorimeter (ECAL) is located outside of the trackers and it uses

over 75,000 scintillating lead tungstate crystals (PbWO4) to measure the energy deposit of

electrons and photons passing through the detector[42]. The ECAL barrel reads out the

scintillation through silicon avalanche photo-diodes, while the endcap uses vacuum photo-

triodes. There is an ECAL pre-shower silicon strip detector located in front of the endcap

crystals. It can help better distinguish neutral pions from photons in forward region.

The ECAL crystals cover up to |⌘| at 3.0, while energy of photons and electrons can be

precisely measured when |⌘| < 2.6. The ECAL barrel and endcap split at |⌘| = 1.48. The size

of each crystal front face is about 22 * 22 mm, and it matches the radius of a electromagnetic

shower cone (Molière radius) in PbWO4. It corresponds to �⌘ * �� = 0.0175 * 0.0175 in

barrel and �⌘ * �� = 0.05 * 0.05 in endcap[42]. The ECAL contains 26 radiation lengths

at ⌘ = 0. The expected energy resolution (in %) of the PbWO4 calorimeter with respect

to the energy is shown in Figure 2.9[42]. The energy resolution percentage is expected to

reduce and become stable after about 200 GeV.
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Figure 2.9: The expected energy resolution of PbWO4 crystal calorimeter with respect
to photon/electron energy. The overall PbWO4 resolution is contributed by 1)the noise
part that contains the contributions from electronic noise and pileup energy, 2)the in-
trinsic part that includes the shower containment and a constant term of 0.55%[42].

2.2.3 Hadronic calorimeter

The geometry of the hadronic calorimeter in the CMS detector is restricted by the size of the

ECAL inside of the HCAL as well as the diameter of the solenoid. With a limited diameter,

the HCAL needs to maximize its number of interaction length to contain the hadronic

showers. Therefore, the HCAL is designed as a sampling calorimeter with absorber plates

(about 5 cm thick in barrel and 8 cm thick in endcaps) and 4 mm thick plastic scintillator

tiles[43]. Since the HCAL is housed within the magnet, the absorber plates are made of

brass and stainless steel that are non-magnetic materials. The plastic scintillator tiles are

connected to green double-clad wavelength-shifting fibers that collect the scintillation light,
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re-emit at a longer wavelength, and guide this secondary light to hybrid photo-diodes (HPD).

An HPD amplifies the gain of photons and convert them into electric signals. An HPD

tolerates high magnetic field and has a gain of 2 * 103[43].

The HCAL has 4 sections, the HCAL barrel (HB), the HCAL endcap (HE), the HCAL

outer (HO) and the HCAL forward (HF). The HB covers up to |⌘ < | 1.3 and the HE covers

up to |⌘| < 3.0. They are the two sections that are relevant to the dark photon search, and I

will introduce more about their hardware design. The HO is located out of the solenoid due

to the HB depth in the solenoid is not enough to contain the hadronic showers completely.

The HF is located 6 meters downstream of the HE endcaps and is designed for forward

physics studies.

The HB has a layer of 7 cm thick stainless steel absorber in the innermost and outermost

to provide structural support, and it has fourteen brass absorbers. The brass absorbers’

density is 8.83g/cm3. It has radiation length X0 = 1.49 cm and nuclear interactive length

16.42 cm. The absorbers provide a total of 5.82 �I at ⌘ = 0 and 10.6 �I at |⌘| = 1.3[43].

The scintillators are divided into segments that each covers (�⌘, ��) = (0.087, 0.087) in

the HB[43]. Each ⌘ division corresponds to an HB tower, as shown in Fig 2.10. The HCAL’s

absolute energy scale is calibrated with 50 GeV pions. The energy resolution from simulation

of the HB is about 100%/
p
E + 5% for hadrons. Figure 2.11 shows the expected energy

resolution of high energy pions, where the inverse square-root behavior and the constant 5%

contributions are visible [44].

The HPDs are segmented and each device can provide optical-to-electrical signal con-
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Figure 2.10: Segmentation of the HB, HE and HO detectors before(left top) and af-
ter(right bottom) the SiPM installation . With HPDs, the HE had 2 to 3 depth layers.
With SiPMs, the HE has 6 to 7 depth layers[45].

versions for 18 scintillator segments. Each read-out box (RBX) collects information from

four HPDs. A typical hadronic shower deposits most of its energy in two or three layers of

the HCAL. During the pp collision operation, HPDs showed occasional electrical discharges,

which were enhanced by the strong magnetic field from the solenoid at certain orientations.

This problem in the HPDs is a source of significant high-amplitude noise, which a↵ected this

search for dark photons. This will be discussed later.

HPDs were the only viable solution when the HCAL was designed. In late 2000s, Silicon

Photo Multipliers (SiPM) technique emerged and has quickly become a better choice for the
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Figure 2.11: The HCAL energy resolution of a pion from simulation with respect to the
pion’s energy.

optical-to-electrical conversion. SiPMs are a multi-pixel Geiger-mode Avalanche Photodiode

device, and are an ideal replacement for HPDs. They provide a 104 to 106 gain and do not

need high operating voltage[44]. Their high signal-to-noise performance makes it feasible

to increase longitudinal segmentation (along R) in the HCAL towers, which improves the

Particle flow (PF) reconstruction performance of the hadrons. The longitudinal segmentation

helps the PF reconstruction in multiple aspects, including identifying the energy of pileup

particles that mostly deposit their energy in the first layer of the HCAL, and distinguishing

prompt muon from the muons from hadron decay in the HCAL. During the first long stop

(LS1) between 2013 and 2015, HO replaced all its HPDs with SiPMs, and in early 2018, HE

did the same. The HB SiPMs have been installed in 2019 during LS2[44]. The segmentation

in the HE and HB is compared before and after the SiPMs replaced the HPDs in Figure
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2.10.

2.2.4 Muon chambers

DT, CSC and RPC are the three types of muon chambers that were actively involved in the

muon measurement in Run 2. The muon chambers are multi-layer gas-ionization detectors.

When a muon passes through a chamber, it ionizes the gas and electrons and gas ions are

attracted respectively to anodes and cathodes under the electric field provided by applied

high voltage. The CMS detector uses three types of muon chambers due to di↵erences in

average muon fluxes and distributions of muon momenta in di↵erent locations. The location

of muon chambers is shown in Figure 2.12. DTs mainly cover barrel region up to |⌘| < 1.2,

while CSCs cover endcap region where 0.9< |⌘| < 2.4.

The DTs are composed of long aluminum drift cells, as indicated in Figure 2.13. When

a muon pass through a DT cell and ionize a gas molecule, the drift time is measured to

the anode wire in the center of the cell, and the location of a muon can be calculated. The

spatial resolution for a single DT cell is 250 µm[46]. A DT chamber is made of 3 super-

layers (SL) that each comprises 4 staggered layers of parallel cells. Two of the SLs have

their anode wires parallel to beam pipe (R-�) and precisely measure a muon’s �. One SL

has anode wires perpendicular to R and z, and precisely measures a muon’s z. A muon’s

R is determined by the location of the layer. A muon’s spatial resolution in DTs can reach

100 µm per 8-layer chamber[46]. There are four stations of DT chambers, with the inner 3
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Figure 2.12: A demonstration of location of muon chambers in an R-z plane, including
the Phase-2 upgrades (RE3/1, RE4/1, GE1/1, GE2/1, ME0) that were not involved in
Run 2[46].

stations consist of 60 DT chambers each, and the outer station consists of 70 DT chambers.

Along the z direction, there are 5 wheels of DT chambers covering ⌘ from -1.2 to 1.2. In

total, DT has about 195,000 sensitive wires[47].

Each CSC is composed of 6 layers of anodes and cathodes crossing each other. Cathodes

are finely segmented and placed radially and provide a measurement of muon �. Anodes

are evenly spaced with 3.12 mm in each layer and provide a measurement of muon posi-

tion in the bending plane. The spatial resolution of a muon measured by a CSC chamber

ranges between 50 and 140 µm. The time resolution is 3 ns per chamber[46]. The finely
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Figure 2.13: Transverse view of a DT cell[47].

segmented cathodes and anodes suppress the performance deterioration due to the large and

non-uniform magnetic field in the endcap a↵ecting the drift time of electrons and gas ions.

There are 4 disks of CSCs on each endcap. Among the 4 disks, the disk that is closest

to the IP has 3 rings (ME1/1, ME1/2, ME1/3), while the other 3 disks each has 2 rings.

The chambers in the rings that are closer to the beam pipe receive much more hits than

the others. This is the reason why the CMS experiment plans to install the GEM detector

in front of the CSCs (ME1/1) that are closest to the IP, to increase the muon track spatial

resolution in the forward region in the high-luminosity LHC (HL-LHC). For Run 2, CSCs

cover |⌘| from 0.9 to 2.4 for both end-caps. CSCs in total have 210,816 anode channels and

273,024 cathode channels[46].

RPCs are double-gap gas chambers, which have a fast response and provide a timing

resolution of 1.5 ns for a passing muon[46]. RPCs provide fast tracking information to the

muon trigger system, including identifying candidate muon tracks, the correct bunch crossing
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Figure 2.14: Left: A CSC is composed of 6 layers of anodes (horizontal lines) and
cathodes (radially outward)[46]. Right: A demonstration of avalanche on the wire and
induced charge on the strips when a high energy muon passes through a layer of CSC[46].

that a candidate muon track belongs to, as well as an estimation of muon momentum. RPC

chambers are installed in both barrel and endcaps, inserted in front of and behind DTs and

CSCs. During Run 2, the RPCs cover up to |⌘| < 1.9. More RPCs are planned to be installed

in the forward region for the HL-LHC.

2.2.5 Trigger and Data Acquisition System

The data acquisition system in the CMS experiment is responsible for converting the de-

tected signals collected by the sub-detectors into data used for physics studies. It begins by

digitizing signals from the sub-detectors and establishing a data pathway. It reduces the data
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Figure 2.15: A schematic representation of the layers of an RPC detector[46].

to a manageable amount for recording and storage through event selections with the trigger

system. It delivers the data to local storage at the experiment site (P5) and subsequently

transfers it to Tier-0 (located at the CERN site) for o✏ine storage.

The CMS experiment uses a two-level trigger to record proton-proton collision events

that are of interest to particular searches. The Level-1 trigger(L1T) is hardware based. It

pre-selects events with an output rate up to 100 kHz using fast and partial information from

DT, CSC, RPC, HB, HE, HF and ECAL. The High level trigger(HLT) is software based, and

it processes the events that pass L1T with a CPU farm and further selects events with an

output rate up to 1 kHz[48]. In Run 2, more than 400 di↵erent HLT paths were employed to

filter and categorize events based on various combinations of reconstructed objects included

in the definition of a trigger type[49]. Since the object reconstruction in the HLT is done

online, it implies that the property of a physics object, for example, the momentum of an

electron, is calculated with the fast information provided by local sub-detectors. An HLT
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path can decide whether to store an event or not. Due to limited processing time and

computing resources, not all the information contained in an event can be used in the online

reconstruction. Also, the online reconstruction algorithm cannot be too complicated, hence

it sometimes adopts a simplified version of the o✏ine reconstruction algorithm.

The data used in this thesis search is first selected by a L1 muon trigger. It pre-selects

events based on the muon tracks delivered by barrel, overlap and endcap muon track finders,

which combine information from DT, CSC and RPC[48]. The Muon HLT triggers have 2

steps. In Level-2, muons are reconstructed using the information only from muon detectors,

and events are filtered based on the HLT path’s requirement on muons. In Level-3, informa-

tion from the full detector is used to judge if the event satisfies the requirements of the HLT

path. For example, an isolated muon trigger requires a muon that is spatially apart from

any electromagnetic or hadronic showers. In this case, information from the calorimeters is

used.

2.2.6 Particle Flow Algorithm

Particles measured by the detector are identified as electrons (positrons), photons, muons,

charged hadrons and neutral hadrons, based on the particle’s track in the tracker and the

muon detectors, and its energy deposition in the ECAL and the HCAL. At each bunch

crossing, many particles are detected at the same time in sub-detectors, and a particle

flow(PF) algorithm has been developed to identify and reconstruct each particle. I will
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briefly introduce the basic elements and the idea of the PF algorithm in this section. The PF

algorithm has many details, for example, the special strategies for reducing mis-identification

of each type of particles, which will not be mentioned here.

Charged-particle tracks are reconstructed using an iterative Kalman Filtering (KF) al-

gorithm. The KF algorithm reconstruct the tracks in three stages: 1) generating track seed:

find a few hits that obviously link and look like a charged-particle trajectory, 2) building

trajectory: find more hits in other tracker layers along this potential trajectory, 3) making a

fit with all those hits to determine the direction and momentum of the charged particle[37].

The KF algorithm is e�cient when measuring energetic charged particles, while the iterative

KF algorithm can fit the tracks with lower energy while keeping the mis-reconstructed track

rate low. The iterative KF algorithm relax the track quality criteria required for a track in

each iteration, like the number of hits, quality of the track seed, etc. After each iteration,

the fitted hits are masked from the rest of fitting.

An electron track is reconstructed with both ECAL-based seeding approach and tracker

seeding approach. The track reconstruction for electrons is complicated due to the fact that

an electron radiates photons in the tracker. Therefore, an electron trajectory in the tracker

can have a kink or multiple kinks. An electron and its bremsstrahlung photons’ energy

deposits (clusters) in the ECAL are grouped as a supercluster. The ECAL-based seeding

approach uses the supercluster’s energy and direction as seed, and then extrapolate it to the

tracker. It works e�ciently if the electron has large energy and is isolated, which means that

only low energy bremsstrahlung photons were radiated. The track-based electron seeding
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uses all the seeds found by the iterative KF algorithm as mentioned before, and extrapolates

the track to the superclusters in the ECAL. If the track momentum and the ECAL super-

cluster energy is not consistent, we consider that energetic photons are radiated and are not

contained in the supercluster. The electron track is reconstructed again with a Gaussian-

sum filter (GSF) algorithm which is better adapted to electrons that have substantial energy

losses[37].

The PF algorithm reconstructs muon in two approaches. A muon is seeded from the

hits in the DT and CSC detector, and later on fits all the hits including those in the RPC

along the muon trajectory. We call it a standalone muon. A standalone muon is matched

to a track in the tracker to improve the muon momentum resolution, and we call it a global

muon. A tracker muon is a muon trajectory that extrapolates from a tracker seed to the

muon detector and finds at least one muon segment matches. Global muons, combined with

tracker muons, have a total reconstruction e�ciency of about 99%, and very often these two

methods pick the same segments in the muon detectors and the same track in the tracker[37].

Calorimeter clusters are reconstructed from cluster seeds, which are the cells with an

energy higher than their neighbouring cells and higher than a seed threshold. From the seed,

its neighbouring cells are grouped into the cluster if the neighbouring cell have an energy

that is at least twice the noise level. Next, from the clustered cells, the algorithm continues

looking for neighbouring cells and the cluster keeps growing. A topological cluster is formed

and, since it may arise from the energy deposits from N particles, a Gaussian-mixture model

is used to fit the 2-D energy distribution of the cluster[37].
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Isolated neutral hadrons and photons are identified easily since they show up as calorime-

ter clusters that do not extrapolate to any charged particle track. However, if they overlap

with a charged particle, their energy can only be calculated as the excess of deposit energy

to the track momentum. Calorimeter cluster energy needs to be calibrated to improve the

neutral energy resolution. For the photon energy, due to the threshold in ECAL cluster-

ing algorithm, the energy excess cannot represent the overlapping photon energy accurately.

The calibration of the absolute photon energy is performed, both in simulation and data,

using an abundant ⇡0 sample with a di-photon resonance fit. For the neutral hadron energy,

the calibration is a bit more complicated. The initial calibration of HCAL energy uses 50

GeV charged pions that do not interact in the ECAL. The calibration of neutral hadron en-

ergy involves both ECAL and HCAL energy re-calibration. A simulated K0
L sample is used

to fit the calibration coe�cients for ECAL energy and HCAL energy. The neutral hadron

calibration in general a↵ects less than 10% of the measured energy[37].

As discussed, most of the particle reconstruction requires linking between di↵erent PF

elements. Tracks are linked to calorimeter clusters to identify electrons or charged hadrons,

and to muon detectors to identify muons. Clusters are linked to form superclusters. ECAL

and HCAL clusters are linked to identify and calibrate neutral hadrons. In addition, the

link algorithm also links PF elements that might be correlated based on their locations,

for example, linking two close tracks to reconstruct a secondary vertex, or linking multiple

HCAL showers to an ECAL cluster. PF blocks are formed with the link algorithm, and

each block contain PF elements resulting from one or a few particles. In each block, muons
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are first identified, and then the electrons and its associated bremsstrahlung photons. After

that, isolated high energy photons and neutral hadrons are identified. The associated PF

elements are removed in each step. The remaining PF elements are used to cross-identify

charged hadrons, non-isolated photons and neutral hadrons, with the calibration of cluster

energies[37].

After all PF candidates are identified, missing transverse momentum of an event can be

calculated as the negative sum of all PF candidates’ transverse momentum. Its magnitude

is usually called missing transverse energy and is abbreviated as ”MET”. Typical searches

use these PF objects as the starting point for event selection and further analysis.
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Chapter 3

The Signal, Backgrounds, Data and

Reconstructed Physics Objects

In this chapter, we continue to discuss the signal of the search, which is two muons and a

dark photon generated from pp collisions. The details of the signal and its simulation are

mentioned in Section 3.1 and Section 3.2. We will also discuss the backgrounds, which are

the processes that happen in pp collisions that look similar to the signal’s signature in the

detectors. The simulation of backgrounds and the data that we use in this analysis will be

described in Section 3.3 and Section 3.4.

In the search, we use some reconstructed physics objects that are defined and recom-

mended by the CMS collaboration for physics analysis purposes. In Section 3.5 we will

discuss the selection of muon triggers, the concept of pileup and primary vertices, and muon

IDs. We will also examine jets, which are clusters of reconstructed particle-flow candidates.
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Clustering particles helps to reconstruct a high energy quark or gluon that generates multiple

electromagnetic or hadronic showers along the direction of its propagation before hadroniza-

tion. This strategy is broadly used to identify the origin of the showers. In this search, a

dark photon shower in the calorimeters is also clustered into a jet. The jet that is dominated

by a dark photon should have fewer constituents than a hadronic jet. The properties of a

dark photon jet are discussed in Section 3.5.5.

3.1 The signal of the search

We search for events in which two muons and a dark photon are generated from pp collisions.

Two s-channel Feynman diagrams, shown in Figure 3.1, are the only ones at the lowest order.

A dark photon is assumed to interact with the detector materials through pair production, as

discussed in Section 1.4. Lowering the dark photon’s kinetic mixing coe�cient ✏ suppresses

the cross section of pair-production, which implies that a dark photon may escape the ECAL.

Within a certain range of the ✏ parameter, some of the dark photons will initiate a shower

in the HCAL that is located outside the ECAL. If ✏ is even smaller than this range, most

dark photons will penetrate through without interacting with the calorimeters and escape

into the muon detectors, or beyond.

For the search, we look for a dark photon that initiates an electromagnetic shower in the

HCAL. An electromagnetic shower is narrower than a hadronic shower, so it is possible to be

distinguished. The background of the search is dominated by the SM Drell-Yan process that
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two muons are generated from a pair of quarks through a mediator. If a hadronic shower from

any gluon or quark is detected at the same time, such a signature can look like the signal.

Considering the background, we focus on final state radiation (FSR) in which case one of

the two muons emits a dark photon. The 3-body mass of the muons and the dark photon

should be resonant near the Z boson mass and is distinguishable from the background.

Figure 3.1: Feynman diagrams of s-channel of qq̄ ! µ
+
µ
�
�D. The left diagram is Final

State Radiation (FSR), where the dark photon (�D) recoils from a muon. The right
diagram is Initial State Radiation (ISR), where the dark photon recoils from a quark.

The range of fD that we can probe is constrained by the radius of the HCAL, as well as

the cross section of the pp ! µ
+
µ
�
�D process. By studying simulated events, we observe

that the expected signal is well below backgrounds if fD is lower than 0.001. Also, a dark

photon cannot be distinguished from SM photons if it showers in the ECAL. When fD is

higher than 0.1, most dark photons shower in the ECAL and cannot be distinguished. This

analysis therefore considers fD ⇢ (0.001, 0.1).

We restrict the dark photon mass to mD < 1 MeV. This upper limit is imposed to ensure

that it cannot decay into an e
+
e
� pair, which are the lightest charged massive particles in
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the SM. This criterion makes a dark photon stable and thus, has an opportunity to deposit

energy in the detectors.

Below 1 MeV, the analysis strategy is independent of the mass of the dark photon,

because we only analyze events with a high energy jet with pT > 10 GeV. At these energies,

the kinematic distributions of dark photons will not change due to its small mass compared

to the mass of a muon. The cross section of the process is also independent of the dark

photon’s mass, due to its small mass compared to the collision’s center-of-mass energy.

3.2 Signal simulation

Signal events at leading order (LO) from the process pp ! µµ̄�D are simulated through a

couple of steps. The computations of cross sections and the generation of hard scattering

events are accomplished using MADGRAPH5 aMCNLO [50] generator with a dark photon

(�D) that is defined in the Hidden Abelian Higgs Model [17]. Since we focus on the physics

that is related to the dark photon, the influence from a dark Higgs in the model is turned o↵

by setting an extremely large dark Higgs mass and an extremely small singlet-higgs coupling

constant as instructed by the model’s documentation. The details of parameters are listed

in Table 3.1. We fix the dark photon mass at 0.5MeV for our analysis, and 11 di↵erent ✏’s

are sampled between
p
0.001 ⇠

p
0.1, as listed in Table 3.3.

The events are generated with kinematic thresholds to avoid events in the sample that

would not have passed the triggering criteria, or would be below the reconstruction limit.
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Parameter Value
mass of a dark photon (M�D) 5⇥ 10�4 GeV

mass of a dark Higgs boson (Mhs) 1⇥ 104 GeV
kinetic mixing between �D and �SM (✏)

p
0.001 ⇠

p
0.1

singlet-higgs coupling () 1⇥ 10�10

dark Higgs decay width (auto) 5.237950 GeV
dark photon decay width 0 GeV

Table 3.1: HAHM MG5model v3 parameters for simulating the signal process.

The details of the kinematic thresholds of generated events are listed in Table 3.2 and the

basic kinematic are plotted in Figure 3.2

Parameter Value
minimum pT for a dark photon 10 GeV

minimum pT for a charged lepton 8 GeV
minimum invariant mass of l+l- (same flavour) lepton pair 10 GeV

maximum |⌘| for a charged lepton 2.8
minimum �R between a muon and a dark photon 0.4

minimum �R between leptons 0.4

Table 3.2: Important kinematic thresholds of signal simulation.
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Figure 3.2: Generator level kinematics extracted from LHE files of signals with dark
factor value 0.001, 0.01, 0.1 and a standard model photon are compared. The first three
rows are pT , ⌘ of dark photon/SM photon, leading muon and subleading muon. � R
between dark photon/SM photon with each muon are plotted at the last row. Number
of events are scaled to 2018 integrated luminosity.

47



3 . THE SIGNAL, BACKGROUNDS, DATA AND RECONSTRUCTED PHYSICS OBJECTS

MADGRAPH5 aMC@NLO generates an LHE (Les Houches Event) file containing the

kinematic information of incoming and outgoing particles for each hard scattering. PYTHIA8

[51] [52] takes the LHE file as input and simulates the parton showers and hadronization for

the events based on the proton’s parton distributions. A group of settings of hadronization

simulation named TuneCP5 is applied. The Next-to-Next-to leading order parton distribu-

tion function (NNPDF)3.1 [53] [54] is used for all simulation steps that need information of

parton distribution.

GEANT4 [55] simulates particles’ interaction with detector materials. A dark photon

interacts with detector materials through pair production. The cross section of the pair

production is calculated as the cross section of the pair production from a SM photon mul-

tiplied by fD. The process is implemented in SimG4Core/CustomPhysics/ package in the

CMS software (CMSSW) from version 10_6_X.

The signal samples we use for the analysis are listed in Table 3.3. We scan through 11

dark factors from 0.001 to 0.1. The cross section varies from 0.0174 pb to 1.98 pb.

3.3 Background simulation

SM processes with two muons and a jet generated from pp collisions are backgrounds to this

analysis. The dominant background is Drell-Yan production of a µ
+
µ
� pair, as discussed

earlier. This is included in the DYJetsToLL simulation. The sample listed in Table 3.4,

DYJetsToLL_M-50, simulates events with di-lepton mass heavier than 50 GeV and includes
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Dark Factor Data set Name Xsec (pb)

0.1000

/ZpMuMu MZp-0p0005 Df-0p1000 TuneCP5 13TeV-madgraph-pythia8/

RunIISummer20UL18MiniAOD-darkfactor 0p1 106X upgrade2018

realistic v11 L1v1-v2/MINIAODSIM

1.979

0.0631

/ZpMuMu MZp-0p0005 Df-0p0631 TuneCP5 13TeV-madgraph-pythia8/

RunIISummer20UL18MiniAOD-darkfactor 0p0631 106X upgrade2018

realistic v11 L1v1-v1/MINIAODSIM

1.188

0.0398

/ZpMuMu MZp-0p0005 Df-0p0398 TuneCP5 13TeV-madgraph-pythia8/

RunIISummer20UL18MiniAOD-darkfactor 0p0398 106X upgrade2018

realistic v11 L1v1-v1/MINIAODSIM

0.7304

0.0251

/ZpMuMu MZp-0p0005 Df-0p0251 TuneCP5 13TeV-madgraph-pythia8/

RunIISummer20UL18MiniAOD-darkfactor 0p0251 106X upgrade2018

realistic v11 L1v1-v1/MINIAODSIM

0.4498

0.0158

/ZpMuMu MZp-0p0005 Df-0p0158 TuneCP5 13TeV-madgraph-pythia8/

RunIISummer20UL18MiniAOD-darkfactor 0p0158 106X upgrade2018

realistic v11 L1v1-v1/MINIAODSIM

0.2812

0.0100

/ZpMuMu MZp-0p0005 Df-0p0100 TuneCP5 13TeV-madgraph-pythia8/

RunIISummer20UL18MiniAOD-darkfactor 0p0100 106X upgrade2018

realistic v11 L1v1-v2/MINIAODSIM

0.1763

0.0063

/ZpMuMu MZp-0p0005 Df-0p0063 TuneCP5 13TeV-madgraph-pythia8/

RunIISummer20UL18MiniAOD-darkfactor 0p0063 106X upgrade2018

realistic v11 L1v1-v1/MINIAODSIM

0.1108

0.0040

/ZpMuMu MZp-0p0005 Df-0p0040 TuneCP5 13TeV-madgraph-pythia8/

RunIISummer20UL18MiniAOD-darkfactor 0p0040 106X upgrade2018

realistic v11 L1v1-v1/MINIAODSIM

0.06970

0.0025

/ZpMuMu MZp-0p0005 Df-0p0025 TuneCP5 13TeV-madgraph-pythia8/

RunIISummer20UL18MiniAOD-darkfactor 0p0025 106X upgrade2018

realistic v11 L1v1-v1/MINIAODSIM

0.04385

0.0016

/ZpMuMu MZp-0p0005 Df-0p0016 TuneCP5 13TeV-madgraph-pythia8/

RunIISummer20UL18MiniAOD-darkfactor 0p0016 106X upgrade2018

realistic v11 L1v1-v2/MINIAODSIM

0.02782

0.0010

/ZpMuMu MZp-0p0005 Df-0p0010 TuneCP5 13TeV-madgraph-pythia8/

RunIISummer20UL18MiniAOD-darkfactor 0p0010 106X upgrade2018

realistic v11 L1v1-v1/MINIAODSIM

0.01742

Table 3.3: A list of signals with various dark factor are simulated under 2018 Ultra
Legacy conditions. MiniAOD is a custom data format that is used in CMS to save
event information.

0, 1 or 2 jets in the final state. It is simulated up to next-to-leading order (NLO).

The sub-dominant background is a tt̄ pair with extra jets. The branching ratio of a top

quark decaying to a muon, an anti-neutrino and a bottom quark is about 11.4% [56], therefore
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about 1% of tt̄ events will produce a µ
+
µ
� pair, thus becoming a potential background. The

listed sample TTJets simulates events with up to 2 extra jets and is simulated up to NLO.

Process Data set Name Xsec (pb)

Z(ll̄) + jets
/DYJetsToLL M-50 TuneCP5 13TeV-amcatnloFXFX-pythia8/RunIISummer

20UL18MiniAOD-106X upgrade2018 realistic v11 L1v1-v1/MINIAODSIM
6077.22

tt̄ + jets
/TTJets TuneCP5 13TeV-amcatnloFXFX-pythia8/ RunIISummer20

UL18MiniAOD-106X upgrade2018 realistic v11 L1v1-v1/MINIAODSIM
831.76

Table 3.4: Background simulation under 2018 Ultra Legacy conditions.

3.4 Data

The analysis is performed with SingleMuon Primary Datasets (PDs). The SingleMuon PDs

record events that pass at least one muon-related high level trigger (HLT). We further select

the events that are produced in the good luminosity sections that are approved for CMS

physics analysis, corresponding to an integrated luminosity of 59.83 fb�1. Table 3.5 lists the

datasets that record the 2018 SingleMuon data. The triggers that correspond to the dataset,

as wells to the search, will be discussed in Section 3.5.1.

Process Data set Name

SingleMuon

/SingleMuon/Run2018A-UL2018 MiniAODv2-v3/MINIAOD

/SingleMuon/Run2018B-UL2018 MiniAODv2-v2/MINIAOD

/SingleMuon/Run2018C-UL2018 MiniAODv2-v2/MINIAOD

/SingleMuon/Run2018D-UL2018 MiniAODv2-v3/MINIAOD

Table 3.5: Data under 2018 Ultra Legacy conditions.
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3.5 Defining Reconstructed Physics Objects

3.5.1 Muon triggers

As we’ve discussed in Section 2.2.5, the trigger system is composed of L1 hardware triggers

and HLT software triggers. In this search, we use the single muon L1 trigger and isolated

single muon HLT triggers. As recommended by the CMS Muon Physics Object Group, in

searching for muons with intermediate pT we use HLT_IsoMu24_v* for 2018 data. This trigger

is not pre-scaled, which means that all the collision events meeting the trigger requirements

were recorded. The requirement of muon isolation in the trigger distinguishes prompt muons

that are generated from primary vertices from those that originate from in-flight weak decays

of hadrons.

3.5.2 Pileup and primary vertices

Within one bunch crossing of the LHC, there are more than 20 pp interactions that take place

on average. The phenomenon is known as ”pileup”. Primary vertices are the pp interaction

points along the beam. The locations of the primary vertices are reconstructed by first

selecting the tracks from charged particles, and then clustering the tracks that appear to

originate from the same spot and finally fitting for each spot [57]. In an event, the vertex

with the largest ⌃pT of its charged particles is selected as the leading vertex (LV) while other

vertices become pileup contributors (PUs). Prior or later bunch crossings can also contribute

to pileup due to the limitations in the detector’s time resolution.
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3.5.3 Muons

As we’ve discussed in Section 2.2.4, muons are detected and reconstructed with an |⌘| cov-

erage up to 2.4 in the CMS experiment. Also, there are three types of muon tracks that

are fitted with the information from the muon detectors and the trackers. The o✏ine PF

algorithm [37] provides a better identification of muons with information from all CMS sub-

detectors. For the analysis, we use the muons that pass PF tight muon ID. This ID focuses on

selecting prompt muons that originate from primary vertices. It suppresses muons that decay

from other particles and muon tracks that are caused by punch-through charged hadrons. In

addition, a tight muon PF Isolation ID is applied to the leading muon in an event to make

sure that the muon that fires the trigger is properly reconstructed. More details of muon

reconstruction and selection criteria can be found in [58].

3.5.4 Jets

We use AK4PFCHS jets, that have pT > 15 GeV and |⌘| < 2.5, for the analysis. Particles

are reconstructed through PF algorithm as leptons, photons, neutral hadrons and charged

hadrons, and they are called PF candidates. The PF candidates are clustered into AK4

jets with anti-kT algorithm (radius parameter R = 0.4) [59] [60]. An algorithm for the

subtraction of charged hadrons (CHS) removes charged hadrons that are associated with

pileup vertices. With CHS, about 2/3 of the pileup jet energy is eliminated since the charged

to neutral hadron ratio is approximately 2:1 in pp collisions. The energy of a reconstructed
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jet is further calibrated to suppress the e↵ects from pileup, uneven detector responses and

residual jet energy scale di↵erences between data and MC [61].

3.5.5 Dark photon jets

A dark photon can be reconstructed within an AK4PFCHS jet if it deposits energy in either

ECAL or HCAL. To study the features of a jet from a dark photon, we identify a recon-

structed jet as a dark photon jet if �R(�Dgen, jetreco) < 0.2.

A dark photon may start its electromagnetic shower at any depth in the calorimeters.

With PF algorithm, a dark photon that showers in the ECAL is identified as a photon,

and a dark photon that showers in the HCAL is identified as a neutral hadron. Therefore,

a reconstructed jet from a dark photon is expected to have a single neutral constituent

that contributes significantly to its momentum. Figure 3.3 shows a distribution of a dark

photon’s contribution to the its jet’s pT if the jet has a neutral hadron and has small neutral

EM energy contribution. A rare case occurs when a dark photon deposits part of its energy

at the edge of ECAL and its remaining energy in HCAL. In this scenario, two particles may

be reconstructed by PF algorithm and the dark photon’s energy is split between them.

As is the usual case, the HCAL material sandwich (brass and scintillator) has a higher

response to electron-induced showers than hadron-induced showers. The intrinsic e/h ratio

is about 1.4 for CMS HCAL [62]. Thus we expect a reconstructed dark photon jet to have

energy about 1.4 times higher than the dark photon’s generated energy. The e/h value is
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Figure 3.3: The distribution of the leading neutral hadron’s contribution to the dark
photon jet’s pT with a signal sample that dark factor equals to 0.01. The distribution
is calculated by projecting the pT of the leading neutral hadron onto the jet axis and
dividing it by the pT of the jet itself. The �' in the X-axis represents the '-angle
di↵erence between the jet axis and the leading neutral hadron.The peak around 0.85
indicates that a majority of dark photons are identified as neutral hadrons and contribute
significantly to the jet’s transverse momentum. The peak at lower end is contributed
by the dark photons that deposit energy in ECAL. Those jets have high neutral EM
energy fraction.

extracted from test beam calibrations that have measured the HCAL responses with pion

beams and electron beams (e/⇡) [62] when the fraction of electromagnetic shower in a pion

decay is already known.

We identify dark photon showers in HCAL when its reconstructed dark photon jet has

a high ratio between its energy deposited in HCAL and the dark photon’s generated energy

(EHCAL/E�D) and a low ratio between its energy deposited in ECAL and the dark photon’s

generated energy (EECAL/E�D). We identify this jet as an HCAL dark photon jet, and it is
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the signal that we are interested in. As we see in Figure 3.4, the hot spot along the X axis

around 1.4 is contributed by dark photons that shower in HCAL, while the one along the

Y axis around 1.0 is contributed by dark photons that shower in ECAL. Details of various

properties of such a jet are listed in Appendix A.

3.5.6 The HBHE noise filters

The HBHE (HCAL Barrel and HCAL End-cap) also generate spurious noise due to a variety

of reasons, including electronics failures, spikes, or readout issues in the HCAL detecting

system. During 2016 and 2017, these were mostly associated with the Hybrid Photo Diodes

(HPDs) and Readout Boxes (RBXs). In 2018, the endcap HCAL replaced the HPDs with

Silicon Photo-Multipliers (SiPMs) to ameliorate this problem. An HBHENoiseFilter was

developed to distinguish such noise induced fake jets based on their hit multiplicity, pulse

shape, and timing. An HBHENoiseIsoFilter further improves the filter by rejecting events

that have an isolated signal with a high hit multiplicity in a single RBX or HPD, or a single

hit without any adjacent hits [63].

Almost all selected signal events (as described in Section 4) pass the HBHENoiseFilter,

but about 40% of them fail the HBHENoiseIsoFilter due to the dark photon’s narrow shower

topology. However, this filter is still applied in the analysis to remove HCAL noise during

event selection.
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Figure 3.4: The X axis is the dark photon jet’s HCAL energy (neutral hadron energy +
charged hadron energy) divided by its generated dark photon energy. The Y axis is the
dark photon jet’s ECAL energy (neutral em energy + charged em energy) divided by its
generated dark photon energy. The distribution has two peaks which indicates that most
dark photons either deposit in ECAL or HCAL. The e/h ratio for CMS HCAL causes
the peak at X axis around 1.4 instead of 1. The events in the top left/top right/bottom
plot are from the signal with dark factor equals to 0.1/0.01/0.001. With a lower dark
factor, more events drift to the peak on the X axis.
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Chapter 4

Signal event selection

This chapter describes the selection of events in the signal search region, based on muons,

jets, and other reconstructed objects. Note that in the simulated datasets the search for

HCAL dark photon jets, as described in in Section 3.5.5, identifies jets that are co-linear to a

generated dark photon. However, in the accumulated collision data events in the signal search

region are selected based on information only from reconstructed objects. The jets that are

selected without generated dark photon information are called dark photon jet candidates.

We will discuss the e�ciency of selecting true dark photon jets, and the percentage of wrongly

selected jets, later in Section 4.4. The signal events selected in the analysis are required to

pass the isolated muon triggers that are described in Section 3.5.1. They are also required

to pass the HBHENoiseIsoFilter as described in Section 3.5.6.
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4.1 Muon pairs

We first select a pair of oppositely charged muons that pass the tight Muon Id and are within

|⌘| < 2.4. The highest pT positively charged muon and the highest pT negatively charged

muon are identified as a muon pair candidate. Once the muon pair is determined, we select

events in which the two muons are not co-linear and the leading muon (the muon that has

higher pT ) is PF isolated. We also require that �Rµ1,µ2 > 0.4 and that the leading muon

passes tight PF Isolated working point.

We further require that the leading muon has pT > 26 GeV. In this region trigger e�ciency

is estimated by the muon POG to be higher than 75% with respect to the o✏ine muons that

pass muon tight ID and PF based isolation requirements[64]. A cut on sub-leading muon

(pT > 10 GeV) is placed to match the settings of signal generation as described in Table 3.2.

4.2 FSR HCAL dark photon jet candidates

In the signal samples, the process pp ! µ
+
µ
�
�D is simulated, but only the events where a

dark photon radiates from a muon and showers in HCAL are of interest for the analysis.

An AK4PFCHS jet is selected as a candidate for the FSR dark photon jet candidate if the

three body mass (Mµµj) falls between 85 GeV and 120 GeV, and the di-muon mass (Mµµ)

falls between 55 GeV and 80 GeV. These selection criteria are determined based on the

distribution of ISR and FSR events, as shown in Figure 4.1. The event distributions with

the masses for ISR and FSR are independent of dark factors. Among the selected jets, the
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one with the highest pT is chosen as the candidate dark photon jet if it satisfies the following

conditions: 1) pT > 30 GeV, and 2) �Rµ,j > 0.4 for both muons.

The selection of pT > 30 GeV for the jets is necessary due to the significant contribution

from pileup jets below this threshold. Many analyses establish a prerequisite of pT > 30 GeV

even after applying PUJetId[65]. Without this pT threshold, in a control region (CR), we

observe a larger number of events passing the selection in data compared to the simulated

DYJetsToLL process. This discrepancy arises because more observed events, as opposed to

simulated events, select a jet with low pT and high |⌘|, as illustrated in Figure 4.2.

The CR encompasses events with Mµµ around the Z boson resonance (80 to 100 GeV)

and Mµµj between 120 and 145 GeV. These criteria ensure that the selected jets possess

similar kinematics to those in the signal region. Further details about the control region,

labeled as CRj, can be found in Table 4.5.

The spatial separation requirement of�Rµ,j > 0.4 is implemented to prevent the selection

of SM photons which are softly radiated from the muons in the calorimeters, as dark photon

jets.

A strong co-relation between a jet’s energy fractions and its EHCAL,ECAL to E�D ra-

tio provides an e�cient method for selecting HCAL dark photon jet candidates without

generator-level information. The majority of HCAL dark photon jets have neutral hadron

energy fraction (NHEF) greater than 0.6 and neutral electromagnetic energy fraction (NEEF)

less than 0.2. To identify a typical FSR HCAL dark photon jet, we select jets with the fol-

lowing criteria: 85 < Mµµj < 120 GeV, 55 < Mµµ < 80 GeV, 1.3 < EHCAL/E�D < 1.6 and
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Figure 4.1: The plots are generated using a signal sample with dark factors equal to (top
left) 0.1, (top right) 0.01, (bottom) 0.001. Events are primarily concentrated around
two peaks. Events with a three-body mass, Mµµj, between 85 GeV to 120 GeV are
attributed to the FSR process, while events with a di-muon mass, Mµµ, around the
mass of the Z boson (approximately 91 GeV) are attributed to the ISR process. It is
important to note that the distribution shown in the plots is independent of the dark
factors.
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Figure 4.2: The top figures show the pT and ⌘ distributions of events in the CR for
DYJetsToLL M-50 MC (left) and Single Muon (right) before applying the pT cut at
30 GeV. The bottom plots display the corresponding distributions after pT cut. In the
top plots, both the Single Muon and Drell-Yan simulation exhibit peaks at high jet ⌘.
However, the peaks reach over 55,000 events per bin in the Single Muon dataset, while
in the Drell-Yan simulation, they reach 45,000 events per bin. After implementing the
pT cut at 30 GeV, as seen in the bottom plots, the number of events per bin over the jet
pT and ⌘ are very similar in both the Single Muon and Drell-Yan simulation datasets.
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EECAL/E�D < 0.2. The NHEF and NEEF distributions of these selected jets are plotted in

Figure 4.3. This property enables the direct di↵erentiation of HCAL dark photon jets from

those that shower in the ECAL. By examining the EHCAL/E�D distributions of jets with

NEEF < 0.2 and NHEF > 0.6, we observe that only those with high EHCAL/E�D and low

EECAL/E�D values pass the selection, as shown in Figure 4.4. Thus, we e↵ectively utilize

NEEF < 0.2 and NHEF > 0.6 to select HCAL dark photon jets.

Figure 4.3: A distribution of generated dark photon’s (a) NHEF (b) NEEF if the dark
photon jet is from the FSR process and deposits most of its energy in HCAL.

The region where the barrel and end-cap HCALs overlap, i.e. 1.3 < |⌘| < 1.7, is excluded

from the signal region due to its suspiciously high probability of having a dark photon jet

cluster compared to barrel and end-cap regions. This is indicated in Figure 4.5, where it is

likely that mis-matching of tracks with energy showers in the HCAL causes a high neutral
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Figure 4.4: Top left: The distribution of events before applying the NHEF and NEEF
selections. Bottom left: A projection of the X-axis from the top left plot. Top right:
The distribution of events after applying the NHEF and NEEF selections. Bottom right:
A projection of the X-axis from the top right plot. By comparing the two bottom plots,
it becomes evident that the NHEF and NEEF selections retain the majority of events
where the dark photon deposits its energy in HCAL, while e↵ectively rejecting events
where the dark photon deposits its energy in ECAL.
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hadron energy left in the jet. We lose about 15% of the dark photon acceptance after

removing the corresponding ⌘ region according to generated dark photon’s ⌘ distribution.

Figure 4.5: (Left) The distribution of the generated dark photon’s eta if a dark photon
is from the FSR process and its dark photon jet is found. (Right) The distribution of
the dark photon jet’s eta if the dark photon jet is from the FSR process and the jet
deposits most of its energy in HCAL.

4.3 Other selections on jets

An event that contains a B-tagged jet is eliminated to reduce the second dominating back-

ground tt̄ jets. A jet is a B-tagged if 1) its pT � 20 GeV; 2) its |⌘| < 2.5; 3) it passes

tightLepVetoID; 4) it passes DeepCSV tight working point[66].

We choose not to apply JetId nor PUJetId for reasons explained below. JetId is developed

to retain most real jets in the simulation while rejecting most fake jets arising from noise in
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the calorimeter electronics [67]. JetId requires neutral hadron energy fraction (NHEF) to be

less than 90%, while a non-negligible fraction of dark photon jets have NHEF higher than

90%. PUJetId is developed to remove the jets from pileup. It uses a multivariate method

that relies on the vertex and jet shape information. However, a big fraction of simulated dark

photon jets either fail loose PUJetId or only pass loose PUJetId. The distributions of the

JetId and PUJetId for FSR HCAL dark photon jets with pT > 30 GeV are shown in Figure

4.6. Dark photon jets failing both IDs can be caused by the high neutral energy fraction in

the jet. Since we develop a multivariate method that also uses jet shape information, and

it is trained with the backgrounds that contain pileup jets simulation, we decide not to use

either IDs.

4.4 Signal purity and jet mis-selection

The events that pass the selections mentioned in Section 4 do not necessarily contain all the

FSR HCAL dark photon jets. Among the selected events, some of them might not have an

FSR HCAL dark photon jet, or the event has an FSR HCAL dark photon jet but a wrong

jet is selected as candidate. Table 4.1 lists the purity for each signal sample to highlight

these concerns. Purity is defined as the ratio of the number of simulated signal events in

which their FSR HCAL dark photon jets are selected using the aforementioned strategies

to the total number of selected simulated signal events in the signal region. Overall the

purity decreases when dark factor decreases, but they are all above 90%. The purity metric
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Figure 4.6: The FSR HCAL dark photon jets’ Jet ID and Pileup ID distribution. The
Jet ID and Pileup ID is defined in the NanoAOD as the following: jetId = 6 when a
jet passes tight JetID and tightLepVeto ID, jetId = 2 when a jet passes tight JetID but
fails tightLepVeto ID, jetId = 0 when a jet fails tight JetId and tightLepVeto ID, puId
= 7/6/4 when a jet passes tight/medium/loose puId, puId = 0 when a jet fails all puIds.

provides a brief measure of how well the selection strategies identify FSR HCAL dark photon

jets from other jets in the event. It indicates the e↵ectiveness and reliability of the selection

criteria.

4.5 Multi-variate Analysis

We develop a forest of Gradient Boosted Decision Trees (BDTs) with the TMVA [68] package

to classify signal events and background events that are simulated in the SR. We also require

that the BDTs can be applied to the control regions where the Mµµ is around the Z boson
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Dark Factor purity

0.1000 0.97

0.0631 0.98

0.0398 0.98

0.0251 0.97

0.0158 0.97

0.0100 0.96

0.0063 0.95

0.0040 0.94

0.0025 0.94

0.0016 0.92

0.0010 0.91

Table 4.1: Signal purity for each signal sample.

mass resonance. The control region is defined for the purpose of measuring the pileup and

HBHENoiseIsoFilter leakage in Section 5.2 and Section 5.3. Therefore, the variables that

are related to the muons’ kinematics are kept away from the BDTs. The signal events are

those that have a generated dark photon matching with a jet as described in Section 3.5.5

and passes the selections as described in Section 4. The background events include not only

the FSR events but also the control region events whose jet pT , ⌘ and energy distributions

are similar to the jets in the SR. The control region is defined as Mµµ between 80 and 100

GeV, Mµµj between 120 and 145 GeV and pass the other selections as described in Section

4, and they are also summarized in Table 4.5 as BDTBackgroundCR. We are able to include

the control region into the BDTs because the input variables are muon irrelevant. The

distributions of the input variables of the control region events look the same as the SR

events. It dramatically increases the number of background events being involved in the

training.

We only model one discriminator for all the dark factors because the pair-production
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generated by a dark photon in principle only depends on the energy of the dark photon. To

validate this argument, distributions of input variables from signal events with di↵erent dark

factors are compared and discussed in Section 4.6.

In the training, signal and background events are weighted separately and will eventually

have the same amount of total weight. The signal events are from signal samples that dark

factor ranges from 0.001 to 0.1. Each signal event is assigned the same weight event-wisely

when we form a signal dataset. The background events are from DYJetsToLL_M-50 and

TTJets simulation, as mentioned in Section 3.3. Each background event is weighted by the

cross section of the process times the event’s generated weight divided by the total generated

weight of the data set of the process.

The input variables are listed in Table 4.2. Hyper-parameters settings and optimization

of hyper-parameters are discussed in Section 4.7. A 10-fold cross validation is used to check

the stability of the training. A preliminary training result is presented in Section 4.8.

4.6 Input variables

We train the BDTs with a list of variables that are shown in Table 4.2. The training

focuses on jet properties and minimize the information from muons. The first column lists

the muon related variables, which are their spatial separations to the dark photon jet. µ1

represents the leading muon. µ2 represents the sub-leading muon. The second column lists

the variables that are defined in MiniAOD about a dark photon jet in signal simulations
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and a dark photon jet candidate in background simulations. N90(60) is defined as number

of constituents carrying a 90(60)% of the total jet energy. The third column lists the self-

defined variables that focus on the properties of neutral and charged constituents in a jet.

kT of a jet constituent is defined as the projection of the constituent’s transverse momentum

onto the jet’s transverse momentum. kT = pT constituent ⇤ cos(�), where � is the polar angle

between the jet pT and the jet constituent pT . NH1 and CH1 represents the leading neutral

hadron and the leading charged hadron in the jet constituents. �RNH1,j represents the

spatial separation between the jet constituent and the jet axis.

Muons Jet Self-defined
�Rj,µ2 pTj kT NH1/pT jet

�Rj,µ1 ET kT NH1

NConstituents
P

kT NH/pT jet

N90
P

kT NH

N60 Average(�RNH,j)
NeutralMultiplicity �RNH1,j

NeutralHadronMultiplicity kT CH1/pT jet

NeutralEmEnergyFraction kT CH1

NeutralHadronEnergyFraction
P

kT CH/pT jet

ChargedMultiplicity
P

kT CH

ChargedHadronMultiplicity Average(�RCH,j)
ChargedEmEnergyFraction �RCH1,j

ChargedHadronEnergyFraction

Table 4.2: Variables being used as inputs to a preliminary BDT training.

The distributions of input variables as well as basic kinematics of signal events with

di↵erent dark factors are compared in Appendix A. We checked the distributions for dark

factors equals to 0.001, 0.006, 0.01, 0.06 and 0.1. Most of them are similar except the dark

photon jet’s ⌘. As we can see in Figure 4.7, most dark photon jets with a higher dark factor
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peak around |⌘| at 0, while for those with a lower dark factor there is a dip around |⌘| at

0. We propose that it is caused by the variation in the depth of detecting material with |⌘|.

The CMS’s cylindrical geometry leads to a larger depth at higher |⌘|, which gives a dark

photon a higher interaction probability. For high dark factor events, most dark photons are

contained in the calorimeters, therefore the jet’s ⌘ looks normal, while for low dark factor

events, a fraction of dark photons escape HCAL at low |⌘| but would have been contained

at high |⌘|.

Since jet’s ⌘ is not an input variable and none of the input variables are correlated with

it, we believe that our BDT training provides an unbiased model among the samples with

di↵erent dark factors.

4.7 Hyper parameters optimization

The following hyper-parameters: number of trees, minimum node size, shrinkage and maxi-

mum depth of the trees are optimized using the TMVA package[68]. Other hyper-parameters

including bagged sample fraction, number of cuts and the way of treating negative weights

need to be manually determined by the user. Final values of those hyper-parameters are

shown in Table 4.3. Other BDTs parameters, which are not mentioned, have their default

values as indicated in [68].
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Figure 4.7: (Left) A normalized distribution of an FSR HCAL dark photon jet’s ⌘ after
all selections for a signal region event are applied. (Right) A normalized distribution of
an FSR HCAL dark photon jet’s ⌘ without HBHENoiseIsoFilter and jet pT > 30 GeV
selections, but a basic pT > 15 GeV selection is applied. It is for the purpose of gaining
more statistics to clearly see the dip at low |⌘| with small dark factor.

Hyper-parameter Value
NTrees 505

MaxDepth 3
MinNodeSize 15.5
Shrinkage 0.05

BaggedSampleFraction 0.6
NCuts 20

NegWeightTreatment Pray

Table 4.3: Hyperparameters for BDTs after optimization.

4.8 Preliminary training results

We randomly pick 50% of the signal events and 50% of the background events to train the

BDTs, and the others are used to test the BDTs. A 10-fold cross validation procedure is
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applied to reduce over-training. It divides the signal and background events in the training

set into 10 folds with same weight of signal and background for each fold. Each result is

gained by training 9 folds, and is evaluated with the remaining fold. Therefore, 10 sets of

selections are generated and we gain a model whose performance is equivalent to the average

performance of the 10 sets of selections. We achieve an average ROC (receiver operating

characteristic curve) integral 0.913 with standard deviation of 0.011. The overall training

and testing distributions for both signal and background is plotted in Figure 4.8.

Figure 4.8: The testing and training distributions of both signal and background samples
that are involved in the BDTs. It indicates that the BDT model can distinguish signal
from background and it does not have over-training issue.

The BDT threshold for identifying an event with a dark photon jet is determined by

maximizing the signal significance s/
p
s+ b, as well as maintaining su�cient statistics. The

threshold depends on the number of expected signal events and background events before the
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BDT selections. For di↵erent dark factors we expect di↵erent number of signal events, but

since we will open the box only once, we set this threshold by picking the expected number

of signal events when dark factor is at 0.004. The threshold at BDT score is 0.71. Figure 4.9

shows that before the BDT, we expect about 2485 background events and 39 signal events

when dark factor is at 0.004. The threshold at 0.71 maximizes the signal significance in this

scenario. With the threshold, we gain the amount of expected signal events and background

events in Table 4.4 in the SR.

Figure 4.9: Cut e�ciencies and optimal cut value if we use the expected number of
signal events with dark factor 0.004. The number of background events keeps the same.
The optimal cut is at 0.7115. In the context of the TMVA package, the signal purity
on the plot is defined as the number of signal events divided by the sum of signal and
background events. The signal purity is the blue line that raise up when Cut value
approaches 1, and the signal e�ciency*purity is the lowest blue line in the figure.

Note that the model is trained and tested on the dark photon jets that have generated
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dark photons match with them. When we search for dark photon jet candidates in the SR

without generator level information, we may have some events that select a jet that is not

from a generated dark photon. The ratio of the dark photon jets out of the selected jets

in SR is above 95% for all signal samples after applying the BDT model. The number of

expected signal events and signal significance listed in Table 4.4 are calculated without this

correction.

dark factor Expected Signal Expected DYJets Expected TTJets Signal Significance
0.0010 1.4 96 2.3 0.14
0.0016 3.4 96 2.3 0.34
0.0025 7.8 96 2.3 0.75
0.0040 20 96 2.3 1.84
0.0063 42 96 2.3 3.5
0.0100 87 96 2.3 6.4
0.0158 172 96 2.3 10.4
0.0251 291 96 2.3 14.8
0.0398 402 96 2.3 18.0
0.0631 468 96 2.3 19.7
0.1000 398 96 2.3 17.9

Table 4.4: Number of expected signal and background events, and signal significance
after applying BDT result to the signal and background events in the SR. They are
scaled to the 2018 integrated luminosity 58.93 fb�1.
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Selections CRj BDTSig BDTBkgSR BDTBkgCR SRFinal

HLT IsoMu24 X X X X X
�Rgen dp,j < 0.2 X

55GeV < Mµµ < 80GeV X X X
85GeV < Mµµj < 120GeV X X X
80GeV < Mµµ < 100GeV X X
120GeV < Mµµj < 145GeV X X

µ
+
µ
� both pass tight muon ID X X X X X

pTµ1 > 26GeV X X X X X
pTµ2 > 10GeV X X X X X

|⌘| < 2.4 for both muons X X X X X
µ1 pass tight pfIsoId X X X X X

�Rµ1µ2 > 0.4 X X X X X
�Rµj > 0.4 for both muons X X X X X

jet pT > 30GeV X X X X
b jet veto X X X X X

HBHENoiseFilter X X X X X
HBHENoiseIsoFilter X X X X X

jet |⌘| (0 - 1.3, 1.7 - 2.5) X X X X X
jet NHEF > 0.6 X X X X
jet NEEF < 0.2 X X X X

BDT Threshold at 0.7115 X

Table 4.5: Summary table of the selections that are used in Section 4. CRj is the control
region for checking data and MC discrepancy in jet’s high ⌘ and low pT , as discussed
in Section 4.2. BDTSignal, BDTBackgroundSR and BDTBackgroundCR are the signal and
background datasets for the BDT training. SRFinal is the definition of the signal region
after all selections applied.
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Chapter 5

Background Estimation, Scale

Factors, and Systematic Uncertainties

The contribution of background events in the analysis are from SM processes, pileup and

HCAL noise. For the SM processes, the background events are mostly from the Drell-Yan

process, in which a pair of muons is produced along with extra jets, and from tt̄ events with

extra jets. The estimation of these backgrounds relies on simulations, as described in Section

3.3. A control region that barely contains any signal events is selected to validate that we

are not missing any significant processes. The details are discussed in Section 5.1.

Pileup is simulated and included in the DYJetsToLL and TTJets MC datasets. Therefore,

pileup e↵ect is trained and tested together with the SM backgrounds in the BDT. However,

we find discrepancy between data and MC in the control region that has a similar jet pT , ⌘

and energy distribution as the signal region. The details are discussed in Section 5.2. The
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discrepancy is at jet |⌘| between 0.9 and 1.3, and it is plotted in Figure 5.4. It can be caused

by the fact that the pileup is not modeled very well in the signal region where we select a

jet that is dominated by neutral hadron energy, and it needs to be further investigated. For

now, we remove the events in which the selected jet falls into this |⌘| region.

The HCAL noise usually can be filtered away at almost 100% e�ciency by applying the

HCAL noise filters, which have been developed by the CMS jet noise study group. However,

since we look into the region that prefers an isolated high energy deposit in the HCAL,

we are highly likely to pick jets that are actually noise but leak through the noise filters.

The noise happens occasionally and randomly in some HCAL channels during data taking,

hence the HCAL noise cannot be simulated in a the same manner as pileup. An ABCD

method has been developed to estimate the HCAL noise filter leakage. It should also cover

the potentially remaining pileup after BDT selection. The details are discussed in Section

5.3.

In order to keep track of all the control regions being used in this section, we provide a

summary of the selections for each control region in Table 5.1.

Scale factors from multiple sources are calculated to cover the di↵erence between MC

and data. Systematic uncertainties from multiple sources are also calculated. The details

are discussed in Section 5.4.
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Selections CR0 SRfinal CRB CRC CRD

HLT IsoMu24 X X X X X
55GeV < Mµµ < 80GeV X X X
85GeV < Mµµj < 120GeV X X
80GeV < Mµµ < 100GeV X X
120GeV < Mµµj < 145GeV X X

140GeV < Mµµj X
µ
+
µ
� both pass tight muon ID X X X X X

pTµ1 > 26GeV X X X X X
pTµ2 > 10GeV X X X X X

|⌘| < 2.4 for both muons X X X X X
µ1 pass tight pfIsoId X X X X X

�Rµ1µ2 > 0.4 X X X X X
�Rµj > 0.4 for both muons X X X X X

jet pT > 30GeV X X X X X
b jet veto X X X X X

HBHENoiseFilter X X X X X
HBHENoiseIsoFilter X X X

Fail HBHENoiseIsoFilter X X
jet |⌘| (0 - 1.3, 1.7 - 2.5) X X X X X
jet |⌘| (0 - 0.9, 1.7 - 2.5) X X X X

jet NHEF > 0.6 X X X X X
jet NEEF < 0.2 X X X X X

BDT Threshold at 0.7115 X X X X

Table 5.1: Summary table of the selections that are used in Section 5. CR0 is the
control region for checking data and the standard model MC discrepancy, as discussed
in Section 5.1. SRFinal is the definition of the signal region after all selections applied.
CRB, CRC and CRD control regions that used in the ABCD method for measuring
HCAL isolated noise leakage and it is discussed in Section 5.3.

5.1 The SM processes

A control region CR0 is defined with very similar selections as the SR that is described in

Section 4, except that we select events with Mµµj higher than 140 GeV. An event in the

control region is selected if:
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• The event passes an isolated muon trigger and passes HBHENoiseIsoFilter.

• There exists a pair of oppositely charged muons as described in Section 4.1.

• Mµµ is between 55 GeV to 80 GeV.

• There does not exist a jet such that its Mµµj is between 85 GeV to 120 GeV.

• There exists a jet that makes Mµµj higher than 140 GeV.

• All other selections on jets are the same as the signal region as described in Section

4.2 and 4.3.

The selections are listed in Table 5.1. The validation of control region focuses on basic

kinematics of the muons and jets, as well as the jets energy fractions. The distributions

employed in the selection process are contained in Figure 5.1. In general, the simulations of

SM processes are consistent with what we observe in the CR0. Therefore, we can confirm

that the dominant SM processes have been included in this analysis.

79



5 . BACKGROUND ESTIMATION, SCALE FACTORS, AND SYSTEMATIC UNCERTAINTIES

80



5 . BACKGROUND ESTIMATION, SCALE FACTORS, AND SYSTEMATIC UNCERTAINTIES

81



5 . BACKGROUND ESTIMATION, SCALE FACTORS, AND SYSTEMATIC UNCERTAINTIES

Figure 5.1: Distributions of CR0 events when dark factor is 0.0631, including basic
kinematics and the variables listed in Table 4.2 that will be used as inputs to training
a multi-variate method.
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5.2 Pileup

As described in Section 4.3, we applied a selection criterion (jet pT > 30 GeV) to reduce the

amount of pileup jets. Pileup is simulated and included in both DYJetsToLL and TTJets

MC samples, so pileup can be identified as a background just as the SM processes in the

BDT. The BDT scores of pileup jets are checked to make sure that the BDT behaves well in

identifying pileup. A jet is identified as a pileup jet if there is no generated jet within �R <

0.4 and its jet parton flavour is 0. The BDT score distribution is shown in Figure 5.2.

Figure 5.2: BDT Scores of pileup jets(left) and other jets(right) in the DYJetsToLL
sample in the SR.

From the CR defined in Section 5.1, we didn’t see a big discrepancy between data and MC.

However, the CR we looked at in the previous section does not have the same jet kinematic

distributions as the SR. The amount of pileup jets that pass the selections strongly depends

on the jet’s energy and ⌘ as we’ve seen in Figure 4.2. Another CR that has similar jet

kinematics as the SR is defined. We call the region CR(B). Basically CR(B) events have
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di-muon resonance around Z peak. The events in the CR(B) are selected with the following

rules:

• The event passes an isolated muon trigger and passes HBHENoiseIsoFilter.

• There exists a pair of oppositely charged muons as described in Section 4.1.

• There does not exist a jet that makes Mµµj between 85 GeV to 120 GeV, and make

Mµµ between 55 GeV to 80 GeV.

• There exists a jet that Mµµj is between 120 to 145 GeV, and Mµµ is between 80 GeV

to 100 GeV.

• All other selections on the jets are the same as the signal region as described in Section

4.2 and 4.3.

Figure 5.3 compares the jet’s energy, pT and ⌘ distributions of the events that in the SR

and the CR(B) in the DYJetsToLL sample without applying BDT selections.

After confirming that the CR(B) has similar jet kinematics as the SR, the data and MC

in the CR(B) are compared to check if there is a discrepancy contributed by pileup. The jet’s

kinematics are compared and discrepancy is found when jet’s |⌘| is between 0.9 and 1.3, as

shown in Figure 5.4 (right). In order to gain more statistics to demonstrate the discrepancy,

and to check that it is not caused by BDT selections, Figure 5.4 (left) plots the distribution

of jet’s |⌘| before applying BDT selections.
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Figure 5.3: Jet’s energy, pt and ⌘ distributions of SR(FSR) and CR(B) using DYJet-
sToLL sample.

The discrepancy was suspected to be caused by the pileup that is not removed by the

BDT selections, so the distributions of the number of pileup vertices (npvs) and the number

of Good pileup vertices (npvsGood) are plotted before and after the BDT selections. In

Figure 5.5, it can be seen that before BDT selections, npvs and npvsGood have mismatch

due to the pileup. However, after BDT selections, npvs and npvsGood has a good match

between data and MC. Therefore, it is not pileup that causes the two bumps in the data.

Since we do not yet have a clear answer to what causes the bumps in the data, the region
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Figure 5.4: Jet’s eta distribution of MC and data in CR(B) before(left) and after(right)
applying BDT selections.

where jet’s |⌘| is between 0.9 and 1.3 is removed from the analysis. This leads to reduction

of about 23% in the background estimate as well as about 20% reduction in the expected

signal, as compared to the number of events listed in the Table 4.4 in Section 4.

5.3 HBHENoiseIsoFilter leakage

The HCAL noise has three types of electronics failures as its source: Ion feedback noise,

which a↵ects one or few HPD pixels; HPD Noise, which a↵ects most or all pixels in a given

HPD; RBX Noise, which a↵ects nearly all 72 channels in a given RBX. The dark photon

shower in the HCAL will look similar to ion feedback noise, since it is a narrow shower that

could be contained within a single HPD pixel. The HCAL noise study group developed an
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Figure 5.5: The distributions of number of primary vertices (left) and number of good
primary vertices (right) of MC and data in CR(B) before(top) and after(bottom) ap-
plying the BDT selections.

Isolation-based Noise Filter to identify the ion feedback noise. The noise filter is claimed to

be close to 100% e�cient for high energy jets, however, for our analysis a large fraction of the

jets that we select have pT between 30 and 50 GeV. According to the noise filter e�ciency
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measured by the HCAL noise study group in Figure 5.6, the e�ciency of the filter tagging

an isolated noise is about 53% for jets ET around 30 to 50 GeV when they measure it with

NoBPTX datasets. However, it cannot be applied directly to our analysis because we have

made selections that prefer a noise-like signature including the jet energy fractions and the

BDT selections. Therefore, we use a data-driven method to measure the noise that leaks

through the filter and passes the BDT selection.

Figure 5.6: Refer to [69]. Noise filter e�ciency with respect to the HBHE MET (which is
equivalent to the HCAL noise transverse energy) in 25ns NoBPTX dataset that records
the detector reactions between bunch crossings. The ”Isolation” means tagging the
isolated HCAL noise.

The definitions of the regions are shown in Figure 5.7. The CR(B) in the ABCD method

has the same selections as described in Section 5.2. The CR(C) and CR(D) regions contain
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Figure 5.7: Definition of Signal, CR(B), CR(C), CR(D) regions for the ABCD method.

events that fail the HBHENoiseIsoFilter, before BDT selections. An event passing or failing

the noise filter is independent of Mµµ. We assume that the excess number of events from

data with respect to MC is from the leakage of the noise filter. After extracting the number

of simulated events out of the number of observed events, the ratio between region C and D

provides an extrapolation factor for region A and B.

A closure test is performed to validate the ABCD method. We split the CR(B) and

CR(D) further into 4 regions by placing a cut on Mµµ at 90 GeV. This selection is indicated

in Figure 5.8. Details of this calculation are listed in Table 5.2. The estimated A’ from the

B’ C’ and D’ region is about 143 ± 82 events, while the observed HCAL noise in A’ is 165 ±

44 events. This estimate matches the observation in region A’ with statistic uncertainties.

Hence, it proves that the design of the ABCD method is valid.
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Figure 5.8: Definition of ABCD method validation regions.

Validation regions #Observed events #Expected events #Exceeded events
A’ 457 292 165
B’ 125 52 73
C’ 707 557 150
D’ 218 142 76

Table 5.2: Result of the ABCD validation. A’, B’, C’ and D’ region correspond to the
definition in the Figure 5.8. It lists the number of observed events from 2018UL data
and number of expected events from 2018UL MCs that are scaled to the 2018 integrated
luminosity 58.93 fb�1.

The number of observed and expected events in CR(B) (C) and (D) are listed in Table

5.3. As a result, we expect about 37 ± 22 events in the signal region from HCAL noise

leakage, before we consider any signal contamination.

Signal contamination depends on the dark factor. It is negligible in CR(B) due the large

number of observed events around the Z boson mass resonance from the SM. However, CR(C)

is contaminated with signals strongly if the dark factor is above 0.01. In Section 3.5.6 we

have observed that the HBHENoiseIsoFilter fails for about 40% of the signal events, and
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when dark factor is above 0.01, we expect at least 95 events to fails the HBHENoiseIsoFilter

before BDT selections. This is far beyond what we observe in the CR(C). We treat the dark

factor range between 0.01 and 0.1 as not useful for fitting with systematic and statistic

uncertainties, due to the obvious fact that it violates the observation. Examining the CR(C)

is still necessary for the analysis strategy because we have to take HCAL noise leakage into

consideration and have to know how many events are tagged as HCAL noise by the noise

filter.

CR #Observed events #Expected events #Exceeded events
B 1163 849 314
C 27 13.5 13.5
D 312 195 117

Table 5.3: Result of the ABCD method. It lists the number of observed events from
2018UL data and number of expected events from 2018UL MCs that are scaled to the
2018 integrated luminosity 58.93 fb�1.

5.4 Scale Factors and Systematic Uncertainties

We consider the following sources of scale factors (SFs) that cover the di↵erences between

MC and data and a↵ect the expected number of signal events once we examine the data,

post application of all selection criteria. The SFs are applied on the MC samples and the

results in Table 4.4 are obtained after applying all the SFs under consideration. Several

sources of systematic uncertainties are also calculated. They are summarized in Table 5.4.

For 2018 data, an uncertainty of 2.5% is measured on the integrated luminosity, as provided
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by Luminosity Physics Object Group.

Source Uncertainties(%) Signal DYJetsToLL M-50 TTJets
Integrated Luminosity ± 2.5 ± 2.5 ± 2.5
PDF re-weighting ± 0.04 ± 0.1 ± 0.18
Muon SF stat ± 0.26 ± 0.32 ± 0.52
Muon SF syst ± 0.78 ± 0.74 ± 0.37

Pileup re-weighting +0.5
�0.0

+0.02
�1.18

�18.3
�12.3

Jet energy scale +8.1
�10.3

+27.8
�29.7

+12.4
�24.4

Jet energy resolution +2.3
�3.7

+1.8
�12.0

�0.0
�0.0

Table 5.4: Summary of systematic uncertainties.

5.4.1 Pileup

MC samples are produced with a distribution of number of pileup interactions that is roughly

but not exactly matched to the real-time condition in the data taking period. To accommo-

date this e↵ect, we re-weight the MC events by their number of pileup interactions from the

simulation truth (nTrueInt). The distributions of nTrueInt from data and MC are normal-

ized to unity, and the ratio between data and MC’s normalized distributions is taken as the

SF on MC as a function of nTureInt. The systematic uncertainties on the SFs are calculated

with the up and down distributions of nTrueInt on data.

5.4.2 Partonic distribution function (PDF)

The selection of a parton distribution function a↵ects the hadronic cross sections of processes

in pp collisions. Therefore, we measured the change in backgrounds that are estimated

through MC with 103 alternative sets of PDF. For each PDF set, an event has a corresponding
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LHE event weight. By re-weighting the event with its LHE event weight, we obtain 103

di↵erent results and calculate the ±1� error from this sample.

5.4.3 Muon trigger and reconstructed muon e�ciencies

The muon trigger that we use is a single muon trigger IsoMu24 for 2018 data, and its trigger

e�ciency is provided by Muon POG[70]. However, we are selecting events with 2 muons,

and there is a small probability that the sub-leading muon satisfies the trigger requirement,

instead of the leading muon. The probability of neither of the two muons satisfying the

trigger is calculated as in Equation 5.1

P = (1� ✏1)(1� ✏2) (5.1)

where ✏1 and ✏2 are the trigger e�ciencies for the two muons. The SF of muon trigger on

di-muon events is calculated as (1� Pdata)/(1� PMC).

Both of the muons in the analysis are required to pass tight Id, and the leading muon

requires to pass tight PF Isolation. There is no PF Isolation requirement on the subleading

muon. Based on the SFs and e�ciencies that are provided by the Muon POG, the di-muon

total e�ciency is calculated in three scenarios:

• For events in which the subleading muon passes the tight PF Isolation, the di-muon

total e�ciency is calculated as in the Equation 5.2.

✏total = ✏1TRK ⇤ ✏1ID/TRK ⇤ ✏1ISO/ID ⇤ ✏2TRK ⇤ ✏2ID/TRK ⇤ ✏2ISO/ID ⇤ ✏Trigger/ISO (5.2)
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where ✏TRK is the muon track e�ciency, ✏ID/TRK is the muon ID e�ciency given a

certain track requirement and ✏ISO/ID is the muon isolation e�ciency given a certain

ID requirement. In this scenario, we quote for both muons:

✏TRK from NUM_TrackerMuons_DEN_genTracks,

✏ID/TRK from NUM_TightID_DEN_TrackerMuons,

✏ISO/ID from NUM_TightRelIso_DEN_TightIDandIPCut,

in the json file provided by the Muon POG in [71]. Trigger e�ciency for the subleading

muon quotes: NUM_IsoMu24_DEN_CutBasedIdTight_and_PFIsoTight.

• For the events that the subleading muon passes the medium PF Isolation, the di-muon

total e�ciency is calculated as in the Equation 5.2, but with subleading muon’s ✏ISO/ID

quoted from NUM_LooseRelIso_DEN_TightIDandIPCut, and trigger e�ciency quoted

from NUM_IsoMu24_DEN_CutBasedIdMedium_and_PFIsoMedium.

• For events in which the subleading muon does not pass the medium PF Isolation, the

subleading muon is considered as not likely to fire the trigger, therefore, the trigger e�-

ciency calculation considers only the leading muon. The ✏ISO/ID is not also considered

in the calculation for the di-muon total e�ciency.

5.4.4 Jet energy scale and resolution

The energy of a jet needs to be corrected due to the fact that the detector’s response to

particles is not linear. A set of tools is developed to properly match a jet energy deposition
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in the detector to the particle’s true energy. The corrections are categorized into 1) L1

correction that removes the energy added by pileup; 2) L2L3 MC-truth correction that

compares the reconstructed jet pT to its particle level gen jet, as determined by a QCD di-

jet sample; 3) L2L3 residuals correction that corrects the remaining small di↵erences between

data and MC based on their jets’ pT and ⌘ distributions. It is calculated with Z(µµ̄, eē)+jet,

photon+jet and multi-jet events for barrel jets.

The jet energy corrections are applied to both signal and background simulations. This

step is performed automatically in the customized NanoAODv9 samples that are used in the

analysis. The jet energy correction version being used in NanoAODv9 for 2018 UL datasets

is Summer19UL18 V5.

A jet’s energy needs to be smeared when a jet’s energy resolution is worse in data than in

MC. We follow the ”hybrid” jet energy smearing procedure that is recommended by the jet

POG, i.e., when a matching gen-level jet is found, we use the scaling method that takes the

pT di↵erence between reco jet and gen jet into consideration. Otherwise, we use a stochastic

smearing method, which randomly smears the jet based on its pT resolution.

Jet energy corrections and jet energy smearing generate a SF respectively. The uncer-

tainties caused by them are calculated based on a simultaneous shift up and shift down on

the jet energy, jet pT and jet mass for all events.
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5.4.5 Jet veto in hot/cold calorimeter regions

Some regions of the calorimeters produce anomalously high or low jet rates, due to somewhat

flawed calorimeter calibrations for jet measurement performance. The jet mass and energy

(JME) POG provides a map that records the hot/cold regions of the calorimeter regions.

For this analysis, we discard the event if the selected dark photon candidate jet in the signal

region, or the selected jet in the control region, falls into any of the jet veto regions. It

reduces the samples by less than about 4% for both data and MC simulations. Applying the

jet veto map is recommended by the JME POG to debug the excess events in the |⌘| region

between 0.9 and 1.3, as discussed in Section 5.2. It does not reduce the discrepancy that we

have observed, as indicated in Figure 5.9, but we decide to apply it to the whole analysis to

avoid any slight mis-matching between data and simulations.
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Figure 5.9: The jet ⌘ distribution of the events in the CR(B). The left plot is before
applying the jet veto map, and the right plot is after applying the jet veto map. There
is very tiny di↵erence can be seen, and it does not reduce the discrepancy we saw in |⌘|
between 0.9 and 1.3.
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Chapter 6

Results

This analysis consists of a single bin counting experiment. We are examining the data

to count the number of events that survive all of our selection criteria, and compare that

number to what is expected from our extensive simulations of backgrounds. In the case

that no significant excess about background expectations is observed, an upper limit is to

be placed on the dark factor associated with a dark photon.

The Higgs Combine toolbox[72] [73] [74] is used in the analysis. It is a software package

used in the CMS experiment for statistical interpretation of data analysis. It takes into

consideration the statistic and systematic uncertainties, and uses hypothesis testing and

likelihood-based techniques to compare theoretical predictions to experimental observations.

An asymptotic limit is fit using the Higgs Combine toolbox and the fit is performed

simultaneously on the SR bin and the 3 CR bins for the ABCD method.
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6.1 Fitting result with Asimov dataset

We first perform a fit with an Asimov dataset before unblinding the signal region. The Higgs

Combine toolbox is used with the option --run blind and --expectSignal 0.

The Asimov dataset is a constructed dataset that simulates observed events for the

fittings. It is not real observed data. In the Asimov dataset, the observed data is in agreement

with the assumed theoretical model or hypothesis. The Asimov dataset is used to test the

statistical models of fits and calculate the maximum signal significance before looking into

real data. When we calculate the exclusion limits, we expect that the signal does not exist,

and the number of observed events in the Asimov dataset matches the expected number of

events from backgrounds. When we test the signal significance, we expect the signal to exist,

and the number of observed events in the Asimov dataset matches the expected number of

signal and background events.

A 95% upper limit is provided as shown in Figure 6.1 on the cross sections of the pp !

µ
+
µ
�
�D process as a function of kinetic mixing (square root of dark factor) from 0.032 to

0.1.

The fitting procedure considers the signal contamination in all control regions for the

ABCD method for measuring the HCAL noise filter leakage. For the cases when the signal

contamination is larger than the observation in a bin, a lower limit 0.02 is given to the

rateParam in the data card to make the fit work as desired. The higher limit for rateParam

is set to 1.5 times the observed data subtracting expected events from SM processes without
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Figure 6.1: Asimov-fit 95% upper limit on the cross section of the pp ! µ
+
µ
�
�D

process as a function of kinetic mixing from 0.031 to 0.1. The prediction comes from
the MADGRAPH calculation of the process’s cross section.

considering signal.

Data cards with kinetic mixing at 0.032 and at 0.1 are provided as screenshots in Figures

6.8 and 6.9. The ”OT” or ”other” represents the HCAL noise filter leakage that needs to

be calculated with the ABCD method. The upper and lower 1� bounds for each type of

systematic uncertainties on each bin are listed in the data card as ”lower bound / upper

bound”. The systematic uncertainties are fit with log-normal distribution. The statistic

uncertainties for each bin for each process are fit with gmN distribution. The impact of

nuisance parameters, shown in Figure 6.2 to Figure 6.7, is that the kinetic mixing is from

0.032 to 0.1. The -1� impact pull sometimes is not shown for C OT (the noise leakage in
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region C) because the fitting finds a mathematically negative value for C OT corresponding

to the signal strength’s upper bound, but it is physically impossible to have a negative

number of noise events. A threshold is placed in the data cards to prevent the fit from

looking into negative C OT. In this case, C OT’s lower bound is not found and is not shown

in the impact plots. The +1� impact pull is sometimes not shown for C OT because the fit

finds a positive value that is more than number of observed events, which is also physically

impossible.
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Figure 6.2: Impact of nuisance parameters to the parameter of interest (cross section
of the process pp ! µ

+
µ
�
�D)when kinetic mixing is at 0.032. The number of observed

events in the data card is set to be equal to the expected number of events.
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+
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�
�D) when kinetic mixing is at 0.04. The number of observed

events in the data card is set to be equal to the expected number of events.
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of the process pp ! µ
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�D) when kinetic mixing is at 0.05. The number of observed

events in the data card is set to be equal to the expected number of events.
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Figure 6.5: Impact of nuisance parameters to the parameter of interest (cross section of
the process pp ! µ

+
µ
�
�D) when kinetic mixing is at 0.063. The number of observed

events in the data card is set to be equal to the expected number of events.
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Figure 6.6: Impact of nuisance parameters to the parameter of interest (cross section of
the process pp ! µ

+
µ
�
�D) when kinetic mixing is at 0.079. The number of observed

events in the data card is set to be equal to the expected number of events.
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Figure 6.7: Impact of nuisance parameters to the parameter of interest (cross section
of the process pp ! µ

+
µ
�
�D) when kinetic mixing is at 0.1. The number of observed

events in the data card is set to be equal to the expected number of events.
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Figure 6.8: Higgs Combine data card when kinetic mixing is 0.032.
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Figure 6.9: Higgs Combine data card when kinetic mixing is 0.1.
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6.2 Observed limits

The expected number of events in the SR is 114 ± 26(stat) events, among which about

75 events are contributed by Drell-Yan process by simulation and about 39 events are con-

tributed by HCAL noise leakage that is estimated by the ABCD method. We observe 124

events in the SR, hence no obvious deviation from expected backgrounds is seen.

A 95% upper limit is provided as shown in Figure 6.10 on the cross sections of the

pp ! µ
+
µ
�
�D process as a function of kinetic mixing parameter (square root of dark factor)

from 0.032 to 0.1. Based on the observed limit and post-fit expected limits, we are able to

exclude dark photon kinetic mixing down to 0.063 with 95%CL.

Figure 6.10: Post-fit 95% upper limit on the cross section of the pp ! µ
+
µ
�
�D process

as a function of kinetic mixing from 0.031 to 0.1. The observed limit is very close to
the medium value of the expected limits.
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The impact of nuisance parameters is shown in Figure 6.11 to Figure 6.16 that the kinetic

mixing is from 0.032 to 0.1. The fits are performed with observed number of events in the

signal region.
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Figure 6.11: Post-fit Impact of nuisance parameters to the parameter of interest (cross
section of the process pp ! µ

+
µ
�
�D) when kinetic mixing is at 0.032.
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Figure 6.12: Post-fit Impact of nuisance parameters to the parameter of interest (cross
section of the process pp ! µ

+
µ
�
�D) when kinetic mixing is at 0.04.
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Figure 6.13: Post-fit Impact of nuisance parameters to the parameter of interest (cross
section of the process pp ! µ

+
µ
�
�D) when kinetic mixing is at 0.05.
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Figure 6.14: Post-fit Impact of nuisance parameters to the parameter of interest (cross
section of the process pp ! µ

+
µ
�
�D) when kinetic mixing is at 0.063.
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Figure 6.15: Post-fit Impact of nuisance parameters to the parameter of interest (cross
section of the process pp ! µ
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µ
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�D) when kinetic mixing is at 0.079.
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6.3 Conclusions

This is the first search for an ultra-low mass dark photon (M�D < 1MeV) in proton-proton

collisions using the CMS detector. A dark photon kinetically mixes with a SM photon with

a small mixing ✏, so a dark photon weakly couples to charged SM particles. A dark photon

with mass lower than 1 MeV cannot decay to a pair of oppositely charged electrons, so it is

stable. Such a stable dark photon can interact with detector materials through a virtual pair

production that has a much smaller cross section compared to a SM photon’s pair production,

a↵ected by ✏
2 which we define as dark factor. It implies that a dark photon can penetrate

farther in the detector before it showers in calorimeters, and once it has pair-produced starts,

the shower develops in a manner which is the same as a SM photon’s shower.

In this search, we look for a dark photon radiated from a muon. We select events with at

least two muons, and the two muons and the radiated dark photon should has an invariant

mass close to a Z resonance. The kinematics of the final state objects is independent on the

mass of the dark photon since a dark photon is at least 100 times lighter than the muon

that it is radiated from. Therefore, the search applies to dark photon mass lower than 1

MeV. On the other hand, the range of kinetic mixing that we can search for is restricted

by the cross section of the dark photon radiated from a muon as well as a dark photon’s

virtual pair production cross section. After studying simulated signal events, we concluded

that the sensitive range of kinetic mixing will be between 0.032 to 0.32, which corresponds

to dark factor between 0.001 and 0.1. This is the range in which we could still find some
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dark photons that shower in the HCAL with the integrated luminosity in Run II. Compared

to the other experiments that also search for a dark photon as shown in Figure 1.4 and 1.5,

we are the first collider experiment that has placed a limit on the mixing parameter, for a

dark photon mass under 1 GeV, and we do not have a lower limit on the mass in the kinetic

mixing range that we are searching for. Note that if a dark photon has mass below 10�22

eV, it is not massive enough to explain all the dark matter mass in the universe.

A dark photon is reconstructed as neutral energy in the HCAL and is clustered in a

AK4PFCHS jet. Therefore, we look for a jet that is dominated by a neutron hadron together

with two muons. The contribution to background events is mostly from SM processes that

contain two muons and extra jets or pileup jets. HCAL electronic noise from HPD boxes

is the second major source of background events. A forest of Boosted Decision Trees was

trained to distinguish a dark photon jet from light flavored hadronic jets and pileup jets.

The HCAL noise was estimated with a data-driven ABCD method, which was validated in

a side band region. When applying the ABCD method, we reveal the control region that

has the same selections as the signal region but fails the HBHENoiseIsoFilter. This region

has very small amount of observed events and is much smaller than the signal contamination

when kinetic mixing is higher than 0.1. Therefore, the fits are only performed when kinetic

mixing is smaller than 0.1 for this study.

The systematic uncertainties from integrated luminosity, PDF distributions, muon re-

construction and triggers, pileup, jet energy scale and resolution are considered. We fit the

signal region simultaneously with the control regions for the HCAL noise estimation, and
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it is indicated in Section 6.1. Due to the signal contamination in the control region in the

ABCD method, part of the kinetic mixing range is already excluded before opening the box

for the signal region.

After opening the box, we observed 124 events in the SR, which agreed with the expected

number of events within its statistical uncertainty. The post-fit results exclude dark photon

kinetic mixing down to 0.063 with 95%CL, which corresponds to dark factor of 0.004. This

result is independent of the is dark photon mass. The e↵ect of dark photon mass on the cross

section of the process is negligible due to the big center-of-mass energy of proton collisions

compared to the dark photon mass. The e↵ect of dark photon mass on the kinematics of

the FSR process is also negligible due to the fact that the transverse momentum of the dark

photon is much larger than the dark photon mass. Therefore, the limit we set applies to all

dark photon masses below 1 MeV.

Figure 6.17 displays our limit (blue band) in the context of worldwide results. While

this exclusion is not competitive in the mass range above 10�18 eV, it does extend the

investigation into mass ranges below that value. Further, this work has established a unique

method for searching for dark photons at hadron colliders. Future searches, while enjoying

the absence of HCAL noise in the data, will find this work to be a highly useful resource in

their e↵orts.
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Figure 6.17: The search set a limit on dark photon with kinetic mixing up to 0.32 and
down to 0.063, and mass lower than 1 MeV.
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Figure A.1: Dark photon jets basic kinematics and input variables for BDT training
listed in Table 4.2. The events have been selected as described in Section 4.5 and Table
4.5 as BDTSignal. It proves that the kinematic of dark photon jets are similar with
di↵erent dark factors.
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Figure B.1: BDT input variables’ distributions used for the BDT training. Signal events
are plotted as blue, while background events are plotted as red. The corresponding
selections are listed in Table 4.5.

Figure B.2: BDT ROC curve.
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Figure B.3: BDT input variables importance ranking.
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