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ABSTRACT

Title: Search for Magnetic Monopoles with the CMS experiment at the
Large Hadron Collider (LHC)

By: Mai Muhammed Hassan Abdel Maguid El Sawy

A search for magnetic monopoles as an exotic long-lived particle, using a
signature of a highly ionizing particle that deposits mostly of its energy in the
Electromagnetic Calorimeter (ECAL) crystals, was performed with the CMS
detector at the LHC using 33 f b−1 of 13 TeV proton-proton collision data.
Monopole candidates were selected by reconstructing the trajectory of a highly
ionizing particle in the tracking chamber, by the expected specific shower shape
in the ECAL crystals. No evidence for magnetic monopole event is observed.
We set a 95% confidence level upper limit of 23.9−14.7 f b on the cross-section
of Dirac magnetic monopole’s production, with mass between 500 GeV and
3000 GeV .In addition, another search for magnetic monopoles, has been per-
formed with the MoEDAL experiment at the LHC and it is also mentioned. In
particular, the results of the analysis of the data from the Magnetic Monopole
Trapper with a precision SQUID magnet are discussed.

Keyword: magnetic, monopole, quantization, Dirac, LHC, CMS
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CHAPTER 1

INTRODUCTION

The human understanding of the fundamental particles and interactions is
one of the biggest challenges for more than 100 years. Our understanding of the
universe and all of its constitutes is increasing exponentially. In the early of the
20th century, physicists discovered that the atom is composed of a fundamental
particle such as an electron, which has been discovered by J.J. Thompson in
1897 and it was a real start to the field of particle physics. The other main
composts of the atoms were then discovered, the positively charged protons
and the neutrally charged neutrons.

Today our understanding of the composition of the atom has improved and
we understand that there are another fundamental particles. Quarks are the
smaller particles that compose the proton and neutron. After years of theo-
retical, experimental efforts and measurements to discover new particles and
to prove the quantum mechanics theories, a united model has been developed
which describes the electromagnetic, Strong and Weak forces. The Standard
Model of Particle Physics (SM) has been developed to describe the behavior of
these fundamental particles, many experiments and extensive tests have been
performed over the decades to assure the predictions of the Standard Model
(SM). This model predicts the existence of top quark, tau neutrino and many
more particles including the Higgs Boson which recently discovered in 2012.
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Higgs Boson was the last missing puzzle in the table contents of the Standard
Model (SM) particles. The discovery of the Higgs has led to as many questions
as answers. Physicists knew little information about the boson’s properties from
the experimental data, not so much that we must get more confident but we need
to measure more properties of the Higgs.

There are some open questions that need explanations and answers, which
the Standard Model (SM) could not has a clear answer for it. For this reason,
theorists had to search for a new theory that complete the defects of the Stan-
dard Model (SM). As the Standard Model (SM) is not a complete theory of
everything, it could not describe the dark matter, the gravity and the asymme-
try of matter and antimatter in the universe. As a result, many theories beyond
the standard model (BSM) have been proposed, like extra dimension and Super-
symmetry, in order to give a detailed description and explanation for everything
around us in the universe in such a complete theory, which is; Beyond the Stan-
dard model (BSM), the so-called “Theory of everything”. It is also referring to
the theoretical developments in explaining the weak points and deficiencies of
the SM, which leads to explore new physics at the TeV energy scale.

Fundamental particles are observed to possess electric and neutral charge.
Only fundamental particles that possess non-neutral electric charge and photons
(as a force carrier) have been observed to interact electromagnetically. Some
discussions and experiments were held concerning the magnetic characteristic
of the matter and there are some predictions about the existence of an isolated
magnetic charge. Physicists have worked very hard in order to understand the
nature of symmetries, like the symmetry between electricity and magnetism.
One of the important pieces, that is still under investigation, is the existence of
the magnetic monopole. There are a lot of searches have been performed to
search for magnetic monopoles when strong theoretical arguments have been
established, why should the magnetic monopole exist?

The Standard Model (SM) and Beyond Standard Model (BSM) theories
can be examined experimentally in large colliders as the Large Hadron Col-
lider (LHC) at the European Organization for Nuclear Research (CERN), LHC
is a proton-proton accelerator which has been built to test all these theories. The
LHC exists in a tunnel with ∼ 27 km circumference and ∼ 100 m deep beneath
the surface near Geneva, Switzerland, that’s why it is the largest particle accel-
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erator in the world. LHC is the highest – energy accelerator with center-of-mass
energy of 14 TeV and 1034 cm−2 s−1 of luminosity. Two oppositely circulating
beams of protons or lead nuclei collide at the main four intersection points
which are the points of establishing the LHC’s main experiments. The largest
two experiments are the Compact Muon Solenoid (CMS) and Toroidal LHC
Apparatus (ATLAS), which were built to record and reconstruct proton–proton
collisions at a very high precision level.

One of the aims of the Large Hadron Collider (LHC) experiments is to
set limits or discover exotic particles production within the TeV scale masses
which have electric and/or magnetic charge and behaves as highly ionizing par-
ticles (HIPs). In this chapter, we will discuss in detail the sensitivity of the
LHC’s experiments to high ionizing particles (HIPs) production. This includes
the HIPs passage through a passive or active detector which called direct detec-
tion, and for the case of magnetically charged particles, the induction method
which the magnetic monopole could be observed and detected when stopped in
the material of the detector [86].

One of the main characteristics of the Highly Ionized particles (HIPs) is
the ionization energy loss which is multiple times greater than any other min-
imum ionizing particles when passing/propagating through matter. Magnetic
monopoles are considered to be exotic HIPs [20], while particles that carry
electric and magnetic charges are called Dyons [182], and particles with high
electric charge are called Q-balls [121]. Pairs of High Ionizing Particles (HIPs)
may be produced through many processes during high energy collisions like
particle–antiparticle annihilation, photon–photon fusion or more process in-
volved in the high energy collisions. No such particles have been discovered
up to date. Magnetic monopoles and Dyons are good examples of such High
Ionizing Particles (HIPs).

In 1931, Dirac has observed that the quantization of charge could be well
understood as a consequence of angular momentum conversation if only one-
pole of a magnetic charge is existed [88]. This argument is the main motivation
to search for magnetic monopoles which are trapped in matter either cosmic
rays [89] or at particle colliders at the high energy frontier [117]. An approx-
imate guideline to the value of a magnetic charge which could be held by a
magnetic charged particle has been provided by Dirac’s argument.
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The following relation between electric charge qe and any magnetic charge
qm : qeqm = nh/m0, where m0 is the vacuum permeability and n is an inte-
ger number and h is Planck’s constant. If we replace the electric charge qe
with qe = ze (e is the elementary electric charge) and the magnetic charge
qm = gec (where c is the speed of light), for n = 1 and z = 1, we will get
gD = h/(m0e2c) = 68.5, where gD is the Dirac charge for magnetic monopole.
This value shows that the electromagnetic coupling (monopole-photon cou-
pling) is several thousand times higher than the coupling of a particle with
electric charge. While Dirac argument shows that the minimum fundamental
unit for a magnetic charge is gDec. It is worth mentioning that predictions for
monopole masses are uncertain.

Monopoles are general features of all theories where the U(1) group of
Electromagnetism is a subgroup of a broken gauge symmetry [48], which they
have masses very close to the unification scale. A lot of varieties of models
have been proposed and some of these models enable the monopole masses to
be exist in the LHC’s accessible range [120].

1.1 Theoretical Concepts

1.1.1 The Standard Model of Particle Physics

During 1970s, the Standard Model of elementary particle physics had reached
its current formulation in which the Electromagnetic and Weak interactions
are combined into the Electroweak interaction [19, 100, 181], and the Brout-
Englert-Higgs (BEH) mechanism [159, 94, 109], and the addition of asymptotic
freedom [105, 103] are combined into the theory of the Strong interaction. The
Standard Model of Particle Physics (SM) is the relativistic Quantum Field The-
ory (QFT) which used to describe the basic building blocks of matter and their
interactions with each others [144]. Successfully, this theoretical model com-
bines the Electroweak theory [122], which describes Electromagnetic and Weak
interactions, with Quantum Chromodynamics (QCD), that gives a description
of the Strong interactions. This theory also incorporating three of the funda-
mental forces. Despite describing the Electromagnetic force, Weak force and
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Strong interactions, the description of the fourth interaction which is Gravity
has not yet been discovered.

1.1.1.1 The Particle Contents of the Standard Model (SM)

Everything around us is composed of atoms, which is containing negatively
charged electrons and a positively charged nucleus contains protons and neu-
trons. A proton consists up and down quarks. These quarks and the electrons
are the basic fundamental particles called Fermions. Figure 1.1 illustrates the
inner structure of an atom.

Figure 1.1: The inner structure of an atom. An indication of the size of each components is
indicated

The SM’s particle content is consisting of the most fundamental structure of
matter which known up to date and it is divided into main categories according
to its properties:

• Fermions, which are the composition of all of the stuff around us. Fermions
are particles with half-integer spin (spin 1/2), in the unit of h̄, which in-
teract with each other by the exchange of other particles called Gauge
Bosons (spin 1). and they are classified into two main types – Leptons
and Quarks. Leptons, which include electrons, muons, taus and barely
- massive neutrinos. Quarks, which are a fundamental composite of pro-
tons and neutrons, are subjected to the Strong interaction by the existing
of gluons, that is why they have a color charge.
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Quarks and leptons have been observed to be subdivided into three gen-
erations (twelve flavors fermions), six quarks and six leptons with in-
creasing of mass, where each generation is heavier than the previous one.
Details of the Fermions of the SM with their masses and electrical charge
and spin information is summarized in table 1.1, which shows that each
of the vertical group has the same electrical charge. Also, each particle
of the Standard Model contents table has an anti-particle. Antiparticles
are having an opposite charge besides the same properties as their cor-
responding particles, with another quantum number. Antiparticles are
having a bar above the same particle symbol, e.g. the quark (q) has an
antiquark q, but only for the charged lepton I− and the positively charged
sign is reserved for the anti leptons I+.

For quark families, each generation is composed of two quarks, depend-
ing on their masses. one-up (u) and one-down (d) in the first, charm (c)
and strange (s) in the second and top (t) and bottom (b) in the third. One
charged and one neutral particle is formed the lepton generations. The
first generation of the leptons contains electron (e), the second contains
muon (µ) and the third contains (τ), while the electrically neutral leptons
are called neutrinos (ν) – electron- (νe), muon - (ν µ) and tau neutrino
(ν τ). Neutrinos only interact via the Weak interaction and they can be
detected in specially dedicated experiments due to the complications of
their observation.

The interactions of the Quarks are through the Electroweak [141] and
Strong forces because they are holding electric charge, color charge and
weak iso-spin. No observations have taken place for Quarks as free par-
ticles due to the Strong interaction property. Confinement (a Strong in-
teractions property). Quarks are forming bound states of colored neutral
particles called Hadrons (baryons and mesons). The interaction of Lep-
tons is only through Electroweak force since they have zero color charge.
For neutrinos, the interaction is only via the Weak force as they are also
not electrically charged. Fermions obey the Fermi exclusion principle
and they possess weak iso-spin and hyper change which means that they
interact weakly and electromagnetically, unlike electrically neutral neu-
trons.
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Table 1.1: Overview of the three Fermions generations in the Standard Model and their electric
charge

Generation Quarks Leptons
1 u up d down e electron νe electron neutrino
2 e charm s strange µ muon νµ muon neutrino
3 t top b bottom τ tau lepton ντ tau neutrino
El. charge (e) +2/3 -1/3 -1 0

• Bosons, particles that mediate how Fermions interact with one another,
like a photon, the particle of light and the particle that carries the elec-
tromagnetic force, Z and W± boson and gluons (g). Bosons are force
carriers with integer spin 1.

Higgs Boson is the only scalar particle with spin 0. A summary table for
the SM Bosons is shown below, including the force carriers. Table 1.2
shows an overview of the Bosons with their masses and electric charge
and spin information.

Table 1.2: Overview of the Standard Model Bosons with their masses, electrical charges and
spin values are indicated [136]

Boson Mass (GeV) El. charge (e) Spin
γ (photon) 0 0 1
g (gluon) 0 0 1
W+, W− 80.385 ± 0.015 ±1 1
Z 91.188 ± 0.002 0 1
H 125.09 ± 0.24 0 0

A summary diagram of the basic particles in the Standard Model (SM), which
sorted by generations and ordered concerning their masses, is shown below in
figure 1.2. It is worth mentioning that neutrinos are described as particles with
no mass.
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Figure 1.2: The Standard Model’s particles contents[1]

1.1.1.2 The Fundamental Interactions

In Nature, there are four types of fundamental interactions in which the
elementary particles interact with each other through them, The Strong Force,
the Weak Force, Electromagnetism and Gravity. Our world is controlled by
two of those fundamental forces which are Gravity and Electromagnetism. The
force which binds the quarks together and holds the proton and the neutrons in
the nuclear is so-called “The Strong Force”. The force which is responsible for
the interaction of neutrinos and other leptons with matter and the radioactive
decay of unstable nuclei is ”The Weak Force”. The Standard Model (SM) is
only describing three out of the four fundamental forces. Gravity is not included
due to the difficulties in combining quantum mechanics and general relativity.
The effect of the Gravity on the interactions described by the Standard Model
(SM) is almost negligible since the Gravity is an order of 1040 weaker than the
Electromagnetic force [102].

The fundamental interactions of the SM are mediated by Gauge Bosons and
there is a special boson for each fundamental force behind the interaction which
is used to carry it. The Electromagnetic force interaction acts between the elec-
trically charged particles and the photon is the mediator force carrier. This
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force governs all electrical and magnetic interactions. The Strong and Weak
(nuclear) forces have a very limited range and the Strong force is mediated by
the gluon and has a range of about ∼ 10−15 m and due to the large mass of the
Weak force’s mediators W± and Z bosons [131], the Weak force has a shorter
range.

The charged particles, with colored charges, interact by exchanging gluons.
Constantly, quarks change their color charges because they exchange gluons
with other quarks. There are 3 color charges and corresponding three anti-color
charges. Each quark has one of the color charges while each anti-quark has
one of the anti-color charges. In a baryon a combination of green, red and blue
is color neutral. Mesons are color neutral because they carry combinations as
red and anti-red. Gluons can carry a color and an anticolor charge, as their
emission and absorption always changes color and the QCD calculations pre-
dict eight different kinds of gluons. The decay of particles is described by the
Weak Nuclear force as in the radioactive processes. This force acts on all the
Standard Model fermions. Depending on whether the neutral Z boson or the W
bosons are mediating the process, the Weak interactions are divided into neutral
(similar to the electromagnetic interactions which mediated by the photon) and
charged interactions, while a neutrino is involved by the neutral interactions. It
is important to note that the neutrinos can only be mediated by Z boson while,
due to the conservation of charge during interaction, a W boson will always
link particles with an electrical charge difference of 1 e, as charged lepton and
neutrinos or an up and down quark.

The last puzzle piece of the SM contents table is the recently discovered
Higgs boson [97, 2, 67] which gives mass to the fermions, the W± and Z bosons
and itself via the Brout-Englert-Higgs mechanism [61, 94, 109]. The massless
particle that mediating the Electromagnetic force is photons (γ), and for the
Weak force, the mediators/force carriers are the charged W+ and W− bosons
and the neutral Z0 boson, with massive masses mw = 80.399 ± 0.023 GeV and
mz = 91.1876 ± 0.0021 GeV [105], while the gluons (g) are the Strong force
carriers. According to the QCD, there are eight different gluons with zero mass
which have a color charge and they can also interact with each other. The color
charge comes in three flavors – red (r), green (g) and blue (b).
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Figure 1.3: A schematic diagram of the possible interactions between the constituents of the
Standard Model c)Wikipedia©

There is an extremely Strong force that keeps the planets in their orbits
around the stars, but in particle physics, Gravity, is the fourth known funda-
mental force. The mediator (graviton) of the Gravity has not been found yet
and Gravity is not unified with the SM. Figure 1.3 shows the allowed interac-
tions between the SM’s particles.

In conclusion, the Standard Model of particle physics (SM) is the most
successful Quantum Field Theory (QFT) that describes all the the basic parti-
cles and their interactions so far. The combination between the Electromag-
netic and Weak interactions gives the Electroweak (EWK) theory, while Quan-
tum Chromodynamics (QCD) describes the Strong interaction. An additional
mechanism, Higgs mechanism, adds the mass of particles that describes the
Electroweak symmetry breaking. A more detailed review of the mathematical
foundation of the SM in the theory of gauge symmetries can be found in [133].

1.1.2 Beyond the Standard Model (BSM)

The Standard Model of Particle Physics (SM) is a very successful theory,
tested and questioned for more than a century. Still, it seems not entirely com-
patible with the ultimate description of nature. There are several questions and
problems both theoretical and phenomenological that do not have an expla-
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nation in the SM, Why do we observe matter and almost no antimatter?, Are
quarks and leptons actually fundamental?, Why can’t the SM predict a particle’s
mass?, Why are there 3 generations of quarks and leptons?, How does gravity
fit into all of this?, these questions and more need answers, unfortunately, the
Standard Model cannot give a clear explanation for many questions.

One of the major problems with no explanation in this theory is the so-
called hierarchy problem – it comes from the huge difference in the scales of
magnitude for Electroweak physics mz∼102 GeV and the fundamental gravity
scale - Plank mass scale – mp∼ 1019 GeV . The SM already describes all fun-
damental interactions but the gravitational one, so no new physics is expected
in between these two scales. Another major problem is the unification of the
coupling constants. There is a belief that following the good unification of the
Electromagnetism and Weak interaction, it will be possible to unify all funda-
mental interactions and thus describe them by a single symmetry group.

Unfortunately, no evidence for this unification possibility is observed so far,
so new physics at higher energies must be searched. Gravitational interactions
are also not defined in the SM which makes the model incomplete by itself.
There is also no explanation of the observed existence of neutral non-baryonic
matter. It is called Dark Matter and based on cosmic microwave background
studies it is six times more than baryonic (SM postulated) matter in the universe
[177]. Another cosmological problem with no explanation is the asymmetry
between matter and anti-matter. Many promising models have been introduced
throughout the years in order to extend or replace the Standard Model. So far
there is no experimental evidence for accepting or rejecting any of them.

The main analysis work that has been done in the presented thesis is to
search for one of the long-lived exotic particles, Magnetic Monopole, at the
13TeV center of mass-energy proton-proton collision with CMS experiment. In
1931 by Dirac and many experimental searches have been dedicated to search-
ing for the monopole.

Due to the highly ionizing properties of a magnetic monopole, we use this
feature to look for regions with high ionizing tracks in the Silicon tracker
of the CMS detector and a very narrow energy deposits in the electromag-
netic calorimeter (ECAL) sub-detector with a very little or no radiation in the
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hadron calorimeter (HCAL). Events with narrow calorimeter cluster matched
to a highly ionizing track are selected as signatures of a monopole.

This thesis is structured in 9 chapters. At first, in chapter 1, a brief overview
of the Standard Model and its particle contents are discussed. An introduc-
tion of Magnetic monopole is presented in chapter 2 and a detailed overview
of its characteristics and motivations for this search, and some other types of
monopole and its history. Also a brief discussion on the matter interactions.
We will give brief information on the recent searches for magnetic monopole.
Chapter 3 describes the physics and construction of the Large Hadron Collider
(LHC) and the detailed construction of the CMS experiment, which is used to
produce the needed events and the data recorded for this analysis work. In chap-
ter 4, there will be a description of the Resistive Plates Chambers (RPC) detec-
tor which is installed in the Muon system of the CMS experiment, performance
of RE ± 4-endcap RPCs and the author’s contribution during the Ph.D. stud-
ies in LS2 commissioning services will be discussed. A step by step overview
of the data analysis strategy at CMS in presented in Chapter 5, in order to un-
derstand how the particles detector can observe such particles correspond to the
interactions between colliding particles. Events from the collision are simulated
are reconstructed with the needed information to finalize the study. Chapter 6 is
discussing the event generation and simulation of magnetic monopole and the
recent implementation of monopole model in one of the MC generators. The
results of the presented analysis will be discussed in chapter 7. An introduc-
tion to MoEDAL experiment is given in chapter 8 with the doctoral candidate’s
contribution in the 2018 analysis with a comparison between CMS, ATLAS
and MoEDAL sensitivities. Last, the conclusion is in chapter 9.
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CHAPTER 2

MAGNETIC MONOPOLES

”The discovery of the mysterious hypothetical particles would provide a tan-
talizing glimpse of new laws of nature beyond the standard model”, Arttu Ra-
jantie [152]

In the modern world, Electricity and Magnetism are existing everywhere
forming the basis of our technology. They are well described and fully under-
stood using classical electrodynamics, e.g. James Clerk Maxwell’s formulas
in 1864. Also, a part from the Standard Model (SM) has been described by
Quantum Electrodynamics (QED). However, there is a basic aspect of Electro-
magnetism that we still do not understand, which is Magnetic Monopole [151]

Electricity and magnetism together form the so-called phenomena “Electro-
magnetism”. Protons and electrons (positive and negative electric monopoles)
have been known to exist. Magnetic charges (south and north poles) also exist
and always show up in pairs, unlike the electric charge which can be separated.
Magnets have always two poles (north and south). We do not have any the-
oretical reasons why magnetic monopoles could not exist with only one pole
(north or south). 88 years ago, Paul Dirac introduced the magnetic charge as a
way to explain the quantization of electric charge [88]. The existence of mag-
netic monopole would also lead to the symmetry between Electricity and Mag-
netism i.e., will symmetrize Maxwell’s equation. Huge efforts from the theo-
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rists as well as experimentalists have been done in order to prove the existence
of the magnetic charged particle. Many theories have predicted a large scale
of monopole masses that could be found in many different detector searches
[165].

In classical electrodynamics, magnetic monopoles are not prohibited, since
they would symmetrize the theory. Maxwell shows that the laws which gov-
ern Electricity and Magnetism are symmetric, which can be seen through the
Maxwell equations of electrodynamics. These equations have a duality sym-
metry in the vacuum, i.e. the magnetic terms can be used instead of electric
terms. Only when electric charge and currents are presented, the symmetry is
broken. If the magnetic monopoles are exist, the duality symmetry is restored
as shown in figure 2.1, and we would expect their existence. Experiments at
that time show that the magnetic charges do not exist, that’s why Maxwell did
not include them to his equations [130].

Figure 2.1: Maxwell’s equations of electrodynamics, figure taken from [152]

2.1 Dirac Monopole

From the famous paper of Paul Dirac in 1931, he showed that magnetic
monopoles could be explained by quantum electrodynamics and it may give a
clear explanation to the charge quantization [88]. The relationship between the
charge of magnetic monopole and electric charge is given by

eg =
nh̄c
2

(2.1)
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Where g, e are the magnetic and electric charge, n is an integer number.
From the above relation we can find an expression for the fundamental magnetic
charge, the so called “Dirac charge” [8]:

gD =
h̄c
2e

=
e

2α
≈ 68.5 e (2.2)

Where α is called the fine structure constant and is given by α = e2/(h̄c)≈
1/137, it represents the coupling between electron and photon. While the force
between the monopole and anti-monopole is given by (137/2)2 which is ap-
proximately 4700 times higher than the force between electric charges. This
may be a good reason to explain why until now we can not detect separated
monopoles pairs in nature.

Since there is no perturbative calculations for the monopole production
cross section experimentally, we can not predict the mass of Dirac monopole,
but we can generally assume that the radius of monopole could equal the clas-
sical electron’s radius:

rM =
g2

mMc2 = re =
e2

mec2 → mM =
g2me

e2 (2.3)

For such the fundamental magnetic charge, this relation gives the relatively
large mass equals to 2.4 Gev [40].

2.2 Dirac String

In the first half of the 20th century. Paul Dirac has worked on establishing
the existing of Magnetic monopoles within the framework of Electromagnetism
and quantum mechanics. He predicted that the existence of monopoles can
be described by quantum mechanics and it could explain the electric charge’s
quantization [88].
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Dirac’s model in figure 2.2 shows that in a magnet each pole is connected
to the other pole with a line of singularity called “Dirac String”. This string is
acting as zero thickness idealized solenoid and the lines of the magnetic field
remain continuous since the magnetic flux, which carried by the string, is trav-
eling from south pole to north pole. Because of this reason and also the effect
that would be on the electrically charged particles, the Dirac string could be
observed easily. However, in quantum mechanics, if the two - pole’s magnetic
charge g has the same correct value, the electrically charged particles will not
be affected by the presence of the Dirac String. The value of the magnetic
charge is given by the Dirac quantization charge [89].

g =
2πh̄
µ0e

n (2.4)

Where e is the electric charge of a particle, h̄ is Planck’s constant and n is
an integer number. No experiment could observe the string if the quantization
condition is satisfied by the electric charges of the particles. Thus, an argument
has been raised by Dirac, that the string does not exist. By the help of this
theoretical description, the two poles at the two ends of the string are real and
they would appear as separate particles, i.e. magnetic monopoles.

Figure 2.2: Dirac String
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The quantization condition gives us information regarding the charge of
the magnetic monopole g, which is very strong compared to the electric charge.
First, it shows us the magnetic force that acts between two magnetic monopoles,
each of them with Dirac charge gD, would be 4700 times greater than the force
between two electrons. Second, the electric charge is quantized if monopoles
would exist.

As mentioned, Dirac string could be detected however if the change in the
phase is a multiple of 2 π the string would not be detected.

ge =
h̄c
2

n or g =
n

2α
e f rom

4πeg
h̄c

= 2 π n n = 1,2,3, .... (2.5)

Where g is the magnetic charge and α is the fine structure constant which
equals to α = 1

137 . This leads to the conclusion of the Dirac quantization condi-
tion below, which states that the presence of a magnetic monopole leads to the
quantization of charge, expressed as g q = nh/πo, where n is a positive integer
number.

There are many other scenarios one could reach to observe the quantization
condition [129] which reinforces the above conclusion. To determine the fun-
damental magnetic charge, which is known as Dirac charge gD, last equation
(2.5) could be written in terms of e and the fine structure constant α = πoe2c

2h
assuming n = 1, the equation (2.2) will be:

g =
n

2α
(ce) −→ (n = 1) gD =

ce
2α

(2.6)

2.3 Magnetic Monopoles

In this section, we will discuss some of the theories that demand the ex-
istence of the magnetic monopoles. Some of the important characteristics of
monopole will be discussed as well as interactions of monopole with matter.
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2.3.1 Classical Electrodynamics

2.3.1.1 Symmetrizing Maxwell’s Equation

Classically, the well-known Maxwell’s equations describe the asymmetry of
the electric and magnetic fields, as no magnetic monopole had ever been seen,
the isolated magnetic charges are kept out from Maxwell’s equation – making
them asymmetric. A magnetic monopole restores the symmetry to equations of
Maxwell [88]. Figure 2.3 represents the equations of Maxwell with and without
the effect of magnetic monopoles.

Figure 2.3: Maxwell’s equation with the effect of magnetic monopoles

Where E and B represent the electric and magnetic fields respectively. ρe
and Je represent electric charge and current densities. This replacement is not
forbidden theoretically. As P. Dirac described “The Theoretical reciprocity be-
tween Electricity and Magnetism is perfect” [23].

On the other hand, the new modified equations do not predict the mag-
nitude of the magnetic charge and current density and we can not derive the
quantization of charge from those equations [89]. Maxwell’s equations are the
equations which describe the asymmetry between electric and magnetic fields,
are indicated below as follow:
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~∇ ·~E = 4πρe (2.7)

−~∇×~E =
∂~B
∂t

(2.8)

These equations determine the electric field which is generated with charge
density ρe, it states that electric field lines are propagating from positive charges
and ends (terminated) on the negative charge, i.e. the electric field is diverging
away from the positive charge. Similarly, another two equations that describe
the magnetic field is illustrated below

~∇ ·~B = 0 (2.9)

~∇×~B =
∂~E
∂t

+4π~Je (2.10)

Where Je is the electrical current density which determines the magnetic
field. The magnetostatic equations show that the magnetic field B is curling
around the current and it does not diverge which means the lines of the mag-
netic field don’t originate or terminate anywhere. This explains the zero di-
vergence in this equation ~∇ ·~B = 0, which shows the absence of the magnetic
charge as the electric charge. The theory integrates the results of experimental
observation where none of the magnetic charges or magnetic currents have been
observed and only the electric charge and current densities are main sources of
both electric and magnetic fields. If the magnetic charge is happened to exist,
it would have both magnetic current and charge density analog to the electric
charge.

The existence of magnetic monopole would lead to some modifications in
Maxwell’s equations which would lead to the symmetry in describing the elec-
tric and magnetic field, as below.
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~∇ ·~B = 4πρm (2.11)

−~∇×~E =
∂~B
∂t

+4π~Jm (2.12)

With introducing the magnetic charge and current density Jm, Monopole’s
magnetic charge g would equal to the integral of the magnetic charge density
ρm.

In conclusion, with introducing the magnetic monopoles, Maxwell’s equa-
tions would be symmetric for both electric and magnetic fields under the duality
of transformation

(
~E
c~B

)
=

(
cosξ sinξ

−sinξ cosξ

)
.

(
~E ′

c~B′

)
(2.13)

(
cρe
ρm

)
=

(
cosξ sinξ

−sinξ cosξ

)
.

(
cρ′e
ρ′m

)

Where c is the speed of light and ξ is the transformation parameter. Sym-
metrize Maxwell’s equation is only possible by introducing the magnetic monopoles
and then the electric and magnetic fields could be considered to be simple trans-
formation of one another i.e. such a transformation leads to ~E→ ~B and ~B→−~E
for transforming between the two fields, cρe→ ρm and ρm→ cρe, for ξ = π/2
for the transformation between the sources of the fields.

2.3.2 The Schwinger Monopole

After few decades, J. Schwinger had extended the prediction of Dirac’s the-
ory in order to study monopole’s relativistic invariance [163]. He found that the
vector potential which presents a solution for the field of magnetic monopoles
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[166] can be explained as follow:

−→
A (−→r ) = µog

4πr
cotθφ̂ (2.14)

By this definition, it may lead to many quantization conditions other than
the scenario that proposed by Dirac, gq = 2nh

µo
. This shows that the lowest mag-

netic monopole charge would be twice of the Dirac charge. It is also worth
maintaining that Schwinger’s work had generalized the condition of quanti-
zation to study Dyons, which is the particle with both electric and magnetic
charge [164].

q1g1−q2g2 =
2nh
µo

(2.15)

where q1, g1 and q2, g2 are the electric charge and magnetic charge of the dyons.

2.3.3 Monopole-Photon Coupling

The fine structure constant α, which is the strength of the coupling between the
photon and the electron, can be used to define the monopole-photon coupling
by

α =
µoe2c
4πh̄

e→g=ngD/c−→ αm =
µog2

D
4πh̄c

n2 (2.16)

The strength of the coupling between the electron–photon is given by the
fine structure constant and similarly the strength of the coupling between the
magnetic monopole and photon which is called magnetic coupling constant,
and this can be defined by replacing e2 with g2 = (ngD/c)2.

This indicates that the strength of magnetic coupling is almost 4 orders of
magnitude greater than the fine structure constant for electron – photon cou-
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pling. The magnetic coupling constant is αm ≈ 34.24, for n = 1. This is the
second feature of the magnetic monopole along with the quantization condi-
tion. Figure 2.4 represents the electric strength coupling (left) and the magnetic
strength coupling (right).

Figure 2.4: The electric strength constant (left) and the magnetic strength constant (right)

2.3.4 Monopole in the Grand Unified Theories (GUTs)

Independently, t ′ Hooft [111] and Polyakov [145] showed that the existence
of the magnetic monopoles has been predicted by the Grand Unified Theories
(GUTs), where the electromagnetism U(I) group is embedded in larger com-
pact non-Abelian group.

This is the same case as the case of the standard model, which SU(2)L×
U(I)Y symmetry breaks down to U(I) symmetry of electromagnetism which re-
sults in rising the electroweak monopoles. However, some arguments showed
that when this symmetry group undergoes spontaneous symmetry breaking
[180, 43], it does not admit monopole solutions. GUT models have proposed
another solution called “The Hedgehog Configuration”, in which the scalar
field’s direction is coupled to the spatial direction because the vacuum’s sym-
metry is almost broken when the vacuum state of the scalar field assumed a
specific direction

φ
a = ν

ra

r
, a = 1,2,3 (2.17)
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2.3.4.1 Charge Quantization and Monopole Mass in GUT Models

The quantization of charge, as a result of the existence of monopoles, which
was predicted by Dirac theory, arises in the GUT models when the U(I) group
of electromagnetic is embedded into a higher rank of the semi-simple non-
Abelian group. GUTs models that described by symmetry breaking sponta-
neously, did not predict any solution for the monopole.

Dirac theory of magnetic monopole could not fully predict the mass of the
monopole. On the other hand, the GUT models have predicted the magnitude
of the mass of the magnetic monopole to be equal to M ∼= 137 mx, where mx
is the vector boson’s mass [183]. GUTs models predict that the Strong, Elec-
tromagnetic and Weak forces are merging at high energies ∼ 1018, as shown in
figure 2.5.

Figure 2.5: GUTs show that forces are merging at high energies

In GUT models, the vector boson’s mass is equal to the unification scale
mass (1016 GeV ) [36]. Thus, the magnetic monopole mass which is predicted
by GUT models is of order 1018GeV which is currently outside the reach of the
current particle colliders.

Unlike the theory of Dirac for magnetic monopole, GUT models have pre-
dicted the mass of the monopole. Classically, this prediction is obtained be-
cause the energy of the monopole’s configuration is at rest, which is corre-
sponds to the mass of the monopole. Monopole configuration energy is com-

23



posed of the Abelian fields’ energy outside the monopole core, Rc, which is
related to the reciprocal of the mass of the vector boson of the model Rc ∼
(mx)−1 ∼ (ev)−1 and the energy of the scalar field inside the core.

2.3.5 Monopoles in Electroweak Models

In the Framework of the standard model, magnetic monopoles are believed
not to exist. However, there are monopole-like solutions, known as Electroweak
monopole, which have been proposed to be possible in the Standard Model
electroweak sector [180] [43].

These Electroweak monopoles obey Schwinger’s charge quantization con-
dition (see equation 2.1), and this leads to have a minimum charge of 2gD. The
difference between GUT monopoles and Electroweak monopoles is that there
is no well-defined mass for the Electroweak monopoles, like Dirac monopoles.
However, recently there are some developments have been predicted that the
monopole mass is of an order of 4−10 TeV [118, 93], such mass range could
be produced at the current particle’s colliders, such as LHC and possible future
circular colliders (FFC).

2.4 Particle Interaction in Matter

In order to understand how to distinguish between different particles in the
CMS detector, we should discuss the passage of fundamental particles through
the matter. Primarily, charged particles interact through an inelastic collisions
with electrons and atomic nuclei of the matter [104, 102, 106]. There are two
possibilities for interactions with the atomic electrons, either Excitation or Ion-
ization processes. When a particle passes through the matter and interacts with
the atomic electron, it can excite the electrons to a higher energy state, and a
photon is emitted when the electron de-excite to the ground state. This photon
can be detected as scintillation light. Also, the passing charged particle can
ionize the atomic electron, in away that the electron is completely get separated
from the atom. The ionization energy loss’s mean rate of a charged particle in
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this case can be described by the famous Bethe Bloch equation:

−
〈

Ex
〉
= KQ2 Z

A
1
β2

[
1
2

ln
2mec2β2γ2Tmax

I2
e

−β
2− δ(βγ)

2

]
(2.18)

The variables used in the Bethe equation are summarized in the below table.

Table 2.1: The variables used in the Bethe equation 3.6

Symbol Definition Value/Units
me Electron mass 0.511 MeV
re Electron radius = e2/4πε0me 2.82 f m
Q incident particle’s charge
Z Atomic number of the material
A Atomic mass of the material g mol−1

NA Avogadro’s number 6.022×1023mol−1

K 4πNAr2
eme K/A = 0.307MeV g−1cm2 f orA = 1gmol−1

β Speed per unit c of the incident particle
γ

1√
1−β2

Tmax Maximum kinetic energy which transferred to a free electron in a single collision MeV
Ie Mean excitation eV
δ(βγ) Density effect correction to ionization energy loss

Electron’s energy loss inside the matter is represented in figure 2.6. The
dominant process for the electron/positron energy loss at low energies is the
Ionization process. logarithmically, the ionization rates fall off with energy and
linearly, the bremsstrahlung losses dominate above few tens of MeV in most of
the materials. In the CMS detector, the bremsstrahlung process is dominating
for electrons which are traveling with energies above a few GeV .

Charged particles can interact with the nuclei of the matter they pass through.
When the particle interacts with the nucleus, a photon is emitted and this can
represent as radiation. The incident particle undergoes bremsstrahlung radia-
tion, this happened when the charged particle gets deflected by the nucleus and
loses an amount of significant energy. If the incident particle is a hadron, it can
interact via the Strong force with the nucleus of the matter and this interaction
will create quarks and antiquarks, which could be combined in several ways to
form mesons and baryons, such a process called Hadronization.
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Figure 2.6: Fractional energy loss per radiation length in lead as a function of electron or
positron energy [104].

Figure 2.7: Illustration of the stopping power −〈Ex〉 for muons in copper as a function of
β γ = p/Mc [176]

The behavior of muons particles when interacting with the matter is de-
scribed in figure 2.7. The distribution represents an illustration of the stopping
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power−〈Ex〉 for muons in copper material as a function of βγ= p/(Mc). Solid
curves show the total stopping power while the vertical bands indicate bound-
aries between different approximations. If the momentum of the muons is suf-
ficiently low (less than a hundred GeV ), they will lose energy in the detector
through the Ionization process. If their momentum is greater than a hundred
GeV , they will lose energy via radiation. For photons, the Photoelectric effect
dominates at low energies, while for energies of few MeV , the dominant pro-
cess is the Compton effect. Pair production process dominates when the photon
energy increases above 1 GeV .

2.4.1 Passage of Monopoles through Matter

The interaction of the magnetic monopole with the electromagnetic field is
similar to the interaction of electrically charged particles. In the presence of
electromagnetic field, a particle with electric and magnetic charge is experienc-
ing a force which is known as Lorentz force, which expressed as follow:

F = q(~E +~v×~B)+g(~B−~v×
~E
c2 ) (2.19)

Thus, both monopole and highly electrically charged objects (HECOs) are
considered to be highly ionizing particles (HIPs). Most of the HIPs have very
unique distinguishable parameter, which is dE/dx, the energy loss inside the
matter. There are three mechanisms that are considered in the energy loss of
the charged particles. Ionization of the medium, Bremmstrahlung and Pair
Production.

The energy losses in the range of γ < 10, for Pair Production and the
Bremsstrahlung, are negligible. In particle colliders, the dominant energy loss
process for the magnetic monopole is the Ionization. Figure 2.8 shows a com-
parison of the energy loss of monopole with mass 1000 GeV and charge | g |=
1.0 gD in argon for the different three mechanisms.
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Figure 2.8: Energy loss due to Ionization is indicated by the red line, the blue line for
Bremsstrahlung, while the Pair production is indicated by the green line, the unit of γ is c−1

2.4.1.1 Energy Loss via Ionization

When the charged particles transverse through the matter, they lose their
energies, either by interacting with the atomic electrons of the matter, which
cause a liberation of electrons from the atoms of the material, or by colliding
with the nuclei of the atom, this results in displacing the atom from the lattice
which causes non-ionising energy loss. When the magnetic monopole traverses
through matter, large energy depositions are expected to exist due to ionization
and the strength of the interaction of the orbiting electron of the medium and
the magnetic field of monopoles. In order to study the interaction of monopoles
with the medium, The Bethe-Bloch formula for an electrically charged particle
can be modified by substituting β g for z e.

Monopole’s energy loss is consisting of two regimes, a high - momentum
transfer regime (close interaction) and a low - momentum transfer regime (dis-
tance interaction). Kazama, Yang, and Goldhaber (KY G) had introduced a
model of the former regime which they solved the equation of Dirac for an
electron in the existence of the magnetic field of a monopole [116]. While
the latter regime has been modeled using the dipole approximation. The energy
loss formula takes into account the close and distance interactions as they based
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on the first - order Born approximation, which was developed by Ahlen [25],
with an accuracy of about 3 % for monopole with β ≥ 0.2 and γ ≥ 100. The
energy loss formula for the monopole is given by:

−
〈

Ex
〉
= Kg2 Z

A
[ln

2mec2β2γ2

I
+

k(g)
2
− 1

2
− δ

2
−B(g)] (2.20)

Where g = ngD represents the magnetic charge, βc is the monopole’s speed.
k(g) is the KY G correction (introduced by Kazama, Yang, and Goldhaber)
which is the result of the relativistic cross-section calculations and B(g) is the
Bloch correction.

Figure 2.9 presents the energy loss per unit length, dE/dx, for an electri-
cally charged particle with | z |= 68.5 e, left, and for magnetic monopole of
charge | g |= 1.0 gD, right, as a function of the the particle velocity, β, for dif-
ferent materials.

Figure 2.9: Energy loss per unit length, dE/dx, for an electrically charged particle with | z |=
68.5 e (left) and for magnetic monopole of charge | g |= 1.0 gD (right) as a function of the the
particle velocity, β, for different materials[86]

The ionization energy losses for some electrically charged particles and
monopole due to ionization are shown in figure 2.10. It is very obvious that
the energy loss for magnetic monopole is about four orders higher than any
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other electrically charged particle due to the magnitude of the magnetic charge
compared to the electric charge g2 ∼ 4692.

Figure 2.10: Ionization energy loss for µ, π, k, p and monopole.

2.5 Monopole Detection Methods

Furthermore, with the prediction of magnetic monopoles in GUT models by
Hooft-Polyakov [111, 145], the search for such a particle became so interest-
ing. Several detection techniques have been developed to search for magnetic
monopoles as a result of the prediction of monopoles which may lead to ex-
plain the charge quantization [88]. By taking the advantage of the production
of large ionization due to the passage of monopoles through the matter, different
detection methods have been covered a range of techniques and technologies.
Besides the highly ionizing signature of the monopoles, in the presence of the
magnetic field, they are accelerated in a different way than any other particle
with an electric charge. This is the main reason for detecting the monopoles as
anomalous tracks in detectors with an existing magnetic field.

The most sensitive detection technique for monopoles that bound in the
matter is the divergence of the monopole’s magnetic flux, which is the most
ultimate signature of monopole that set it apart from any other highly electric
charged particles. The deviations from the Standard Model (SM) predictions
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in such processes where photons are present, to which monopole couple very
strongly, may be observed. Due to the high coupling between monopole and
photon, in the SM processes, the deviations from the SM predictions may be
observed. The most common detection methods which are used in the direct
and indirect searches for magnetic monopoles will be briefly discussed.

2.5.1 Direct Detection Methods

In a direct way, monopoles would be detected when they pass through the
matter. The condition of quantization, equation 2.1, shows that Dirac charges
gD is almost equivalent to 68.5(ce). Monopole acts as a highly ionizing particle
with such an electric charge equivalent. Monopole’s energy loss is therefore
very large and the monopoles deposit all their kinetic energy and get trapped in
the material. The development of the detection methods has been taken place
in order to detect the existence of magnetic monopoles that bound in the matter
and their passage through the material. Some of the commons used methods
for monopoles detection are discussed below.

2.5.1.1 Monopole Bound in Matter

During the phase transition in the early universe, monopoles may have been
produced. They may be accelerated by the magnetic field to relativistic speeds,
while some may be trapped or binding to the atomic nuclei of the matter with
energies of the order of 100 keV [130]. GUT models have predicted that pres-
ence of monopoles bound in matter such as lunar rocks [155], meteorites [112]
and in the earth’s crust [47].

For the other type of monopole produced at particle colliders, which can
be found trapped in matter. For monopoles produced in a high energy colli-
sion, some kinetic energy is required to be able to make the monopole passing
the first layer of the inactive material before it reaches the active parts of the
detector. That’s why there is a high probability for monopoles to be stopped
in the beam-pipe. Also, another source of trapped monopoles, is the materials
surrounding the interaction points of high energy colliders [79, 114].
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The most common detection method for magnetic monopole, which is trapped
in a matter through passing a sample of material like rocks or parts of particle
detector, is ”SQUID” magnetometer which is a superconducting loop coupled
to a superconducting quantum interference device. An induced current in the
system is produced by an increase in the magnetic flux through the loop that
is generated by a monopole. On the other hand, while a full passage through
the loop, a magnetic dipole would not induce a net current. The variation in
the magnetic flux can be detected by the ”SQUID magnetometers” and it is as
small as a quantum of magnetic flux φo = h/2 e, for a monopole with charge
g, the total magnetic flux φg = µogD = h/e and this indicates that a monopole
with Dirac charge gD would have twice the total flux of the quantum magnetic
flux.

Despite detecting the monopoles that bound in matter, primarily, through
the induction technique, the measuring of the flux of monopoles in cosmic rays
has been also implemented. By using a SQUID magnetometer, it has been
measured a single candidate with a consistent expected signal from a monopole
with charge gD and this is one of the famous experimental results by Cabrera
[55].

Also, another method for the detection of monopoles bound in the matter
was by applying a strong magnetic field on the sample to be able to extract
the rapped monopoles. Then a complementary method is used to detect these
extracted monopoles [35].

2.5.1.2 High Ionizing Active Detection

As described before, monopoles are highly ionized particles and their energy
losses are about 4 orders larger than the energy losses of any other electric
particle of unit charge e. Most of the particle detectors are designed with the
ability to measure the dE/dx for the electrically charged particles. For this
reason, when a monopole passes through such a detector a unique signature can
be observed. Through ionization, fast-moving monopoles lose a huge amount
of energy by producing energetic δ-rays. Depending on the detection method,
this could be observed and measured with a large amount of collected charge
or light produced which can be considered as a highly ionizing particle. The
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energy losses are not well understood for the very slow monopoles (β < 0.01)
and it is expected that monopoles become bound to atomic nuclei [146].

The most fundamental detection method to measure the energy losses is ion-
ization. Semiconductor trackers, drift chambers and scintillators are examples
of detectors that measure the dE/dx.

2.5.1.3 Heavy Etching on Nuclear Track Detector

To identify the highly ionizing particles, nuclear track detector (NT D) or
plastic foils are widely used to search for magnetic monopoles in cosmic rays
[39, 134] and also at high – energy particles colliders [143, 20]. In order to min-
imize the amount of material in which monopoles could be trapped in, plastic
foils are added in a way that surrounds the interaction points at colliders. By
passing the highly ionizing particles through the NTD, the plastic foil is dam-
aged due to the displacement of the lattice atoms [95] which created the high
ionization and the non-ionization energy loss. The value of the energy loss
dE/dx could be measured.

NTD foils are then etched by soaking the foils in a chemical bath which
dissolves the damaged part of the foil, in order to make sure that the damage
created is because of the passage of monopoles. From the geometry of the
etch pit cones, one can determine and study the energy loss rate of the passage
particle dE/dx under a microscope.

In a ballon-brone experiment, the NTD technology was used in cosmic rays,
order to study objects with large electric charge. Evidence for the existence of
a fast-moving magnetic monopole with charge 2 gD has been observed [147].

2.5.1.4 Anomalous Tracks in Magnetic Field

Monopoles are accelerated along the magnetic field, unlike electrically charged
particles that experience a force perpendicular to the direction of the field. The
Lorentz force equation (equation 2.19), describes the interaction of monopoles
with the magnetic field. By immersing the tracking detectors in a known mag-

33



netic field, the momentum of charged particles can be measured. Generally,
the track reconstruction algorithms for a particle, assume that the particle pos-
sesses electric charge and no magnetic charge and the particle’s momentum can
be measured from the curvature of the track.

For magnetically charged particles, they produce anomalous tracks and their
trajectories would be followed in a different plane in particle accelerators. It
immersed in a solenoid magnet in which a magnetic field in the z-axis direc-
tion is produced, and it could record a curved (circular) tracks in x–y plane
and straight tracks in the r− z plane. On the other hand, monopole follows a
parabolic trajectory in the r− z plane and a straight track in the transverse x−y
plane.

In the existence of a magnetic field, as the energy losses are considered, the
actual trajectory of a monopole differs from a perfect parabola. This detection
technique has been used in many searches at particle colliders [53, 98]. It is
highly important to note that there is a huge amount of δ-rays are produced
along the trajectory of a monopole and the algorithm for the track reconstruc-
tion may have some difficulties in order to recognize the monopole – like a
particle in such tracking detectors.

2.5.2 Indirect Detection Methods

Monopoles can be detected an in-direct way through the effect of high order
contributions to the processes of the Standard model. At a particle collider, the
decay of Z boson could be mediated by monopoles.

Figure 2.11: Feynman diagram of the process Z→ γγγ, which can be mediated by fermions and
hypothetically by magnetic monopole.
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In processes that give rise to multi-photon final states, as shown in figure
2.11, virtual monopoles can mediate these processes. At the Large Electron-
Positron (LEP), the L3 experiment has been searched for monopoles signature,
indirectly by using the process Z → γγγ [15]. By the existence of monopoles
which would couple to the z boson, the process which is suppressed in the
SM has an enhanced cross-section and the results are consistent with Quantum
Electrodynamics (QED) background expectations. This lead to set a lower
limit of monopole mass at 520GeV and a branching ratio limit BR(Z→ γγγ) <
0.8× 10−5.

Based on the high monopole-photon coupling, which is much higher than
the electron-photon coupling, D0 experiment, at Tevatron, has established an-
other indirect search method for monopoles at

√
s= 1.8TeV [9]. Virtual monopoles

are expected to give rise to photon-photon re-scattering as described in [99, 87].
With no effect observed over the background, lower 95% C.L. limits of 610,
970, or 1580 GeV on the mass of spin 0, 1/2 and 1 Dirac monopole of charge
equal to 1.0 gD is set.

2.5.3 Searches at Electron-Positron Colliders

At Large Electron-Positron Collide (LEP) collider, there two experiments
has searched for magnetic monopoles which produced in e+ e− collisions at√

s = 91.1 GeV . A dedicated experiment, MODAL experiment, has been built
around the LEP interaction points which used NTD foils [119]. As monopoles
are highly ionized particles, they are expected to produce tracks while pass-
ing through the foils. No monopole-like tracks were found in the NTDs. By
using the Drell-Yan mechanism as a mechanism for the monopole production,
the MODAL experiment has set limits on the monopole cross-section in 1992.
Drell-Yan mechanism became the benchmark model for most of the collider’s
searches. 70 pb was the upper production cross-section limit for this experiment
[143]. There is another experiment with 0.3 pb cross-section production limit,
assuming the Drell Yan mechanism, which used NTD foils, located around the
beam pipe and OPAL detector’s parts with 4 π coverage. Both experiments
were only able to rule out monopoles of mass m < 45GeV due to the limitation
of the LEP collider. All the previous results apply for monopoles of charge 1.0
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and 2.0 gD.

The limits from LEP were later exceeded by OPAL at LEP2 with data from
e+ e− collisions at

√
s = 206.3 GeV [81]. The detection techniques of this

search varied from that of previous searches at LEP. OPAL made use of its
jet chamber to identify high ionization deposits and trajectories that bent in a
plane parallel to its solenoidal magnetic field. In the absence of an observation,
upper limits on the production cross-section were set to 0.05 pb for monopoles
of charge | g |= 1.0 gD and masses in the range 45−102 GeV , assuming Drell-
Yan production. It can be concluded that the combination of the results from all
LEP and LEP2 searches effectively excludes monopoles of mass m < 102GeV .

2.5.4 Monopoles at the LHC

ATLAS and MoEDAL experiments are the most recent colliders searches for
the magnetic monopole. In run I, ATLAS experiment has searched for magnetic
monopole with data from proton–proton collision at

√
s = 7 TeV [5]. Com-

bining the measured parameters from several subdetector (transition radiation
tracker TRT and the electromagnetic calorimeter EM) of ATLAS experiment
to be able to identify monopoles with mass range 200− 1500 GeV . An upper
limit of 2 f b was set on the production cross-section for monopoles of charge
1.0 gD, using the Drell-Yan mechanism as a benchmark for the monopole pro-
duction. A variation in the upper cross-section limits from 0.2 pb to 0.02 pb
was obtained for monopole masses 200− 1200 GeV . In the selected data, No
monopoles event was observed by ATLAS in run I.

During run I of the Large Hadron Collider (LHC) there was a search has
been done with ATLAS detector using integrated luminosity of 7.0 f b−1 with
8 TeV proton-proton collision data. They used a highly ionizing particle’s sig-
nature which stopped in the electromagnetic calorimeter. Through a combina-
tion of the measured ionization in the transition radiation tracker (TRT) and the
energy deposition’s shape in the electromagnetic calorimeter, candidates were
selected.

Zero observations have been found in the signal region. The search was very
sensitive by setting an upper limit on the cross section production for monopole
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masses and all charge points simulated. They showed in that the model that
the upper limit on the production cross-section of 0.5 f b was independently
obtained for masses between 200 GeV and 2500 GeV and for magnetic charge
rang of 0.5 gD and ≤| g |≤ 2.0 gD and electric charge range of 20 ≤| z |≤ 60.
They used the Drell-Yan pair production mechanism of spin 1/2 and spin 0.

Improvements have been occurred with these results on the upper limits
on the cross-section production for masses and charges of the high ionizing
particles and extended the limits to higher masses (> 1500 GeV ). For the first
time at the LHC, monopoles with magnetic charge larger than 1.0 gD (up to
1.9 gD) and stable exotic particles with electric charge larger than | z |= 17 (up
to | z |= 60) were probed. The results of ATLAS experiment at run II are
indicated later in chapter 7 with a comparison with CMS search.

Figure 2.12: Summary of upper limits on production cross section as a function of
√

s/2 for
several experiments that used data collected at different types of colliders

.

The searches are going on, a huge effect on physics could happen by dis-
covering magnetic monopole. Monopole’s properties would enable us to ex-
plore some fundamentals of the new physics which are not possible with other
particles. As magnetic monopoles are stable and highly ionizing particles, we
could extract them easily from the trapping detector. Also, the interaction of

37



monopoles with the electrically charged fermions would depend on physics in
a very sensitive way at very high energies.

The importance of the Electricity and Magnetism in technology is highly
recognized, which indicates that magnetic monopoles could have some prac-
tical applications, however, this would be very specialized as the cost of pro-
ducing such a particle is very high. Figure 2.12 presents a summary of the
upper limits on the production cross-section obtained by searches performed
by several experiments with data from different types of particle colliders.
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CHAPTER 3

THE LARGE HADRON COLLIDER (LHC)

3.1 The Large Hadron Collider (LHC)

In order to find responses for the current open questions of particle physics
and discover new particles, experiments with large multi-layers detectors have
been built at particle colliders. The Large Hadron Collider (LHC) is the largest
particle accelerator in the world. It is located at the European Organization
for Nuclear Research (CERN) in Geneva, Switzerland. At LHC, two protons
beams are being accelerated at energies of 6.5TeV in opposite direction along a
27.6km path, 100m underground, to record 13TeV centre of mass-energy in the
proton-proton collisions. The Standard Model can be probed in several ways
and we can perform many searches for particles beyond the standard model by
using the recorded data from the generated collisions at the interaction points
along the accelerator ring.

A detail description of the LHC and its main experiments is presented in
next sections. LHC experiments have been built around the interacting points
of the LHC. In particular, the Compact Muon Solenoid (CMS), the general-
purpose experiment will be described in more detail.
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3.1.1 LHC Overview and Injector Chain

In the already existing Large Electron-Positron (LEP) collider tunnel, the
LHC was installed. Its circumference is 27.6km. It accelerates the charged par-
ticles, protons or lead ions. The maximum collision energy and the luminosity
that could be reached by the LHC, are the main specifications for the machine.
The highest energy are required to be able to detect new heavy particles, pre-
dicted by many theories beyond the standard model.

Figure 3.1: LHC Injector Chain

In fact, the colliding particles at the probed energies are not the protons or
lead ions but their constituents, which carries a fraction of the momentum of
the proton. The LHC machine is an ideal instrument for extrapolation at high
energies. A wide energy range could be covered by collisions. The colliding
particles (protons or lead ions) need to be accelerated gradually. This injection
process relies on a chain of several pre-accelerators at CERN, as illustrated in
figure 3.1.

In the case of proton beams, a bottle of hydrogen is the source of protons.
Through ionization of the hydrogen atoms, the protons are separated and later
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accelerated up to 50 MeV by LINAC2, a linear accelerator. Then, the proton
beams are transferred to a circular accelerator: the Proton Synchrotron Booster
(PSB), which accelerate the proton to an energy of 1.4 GeV . After they have
been accelerated in the Proton Synchrotron (PS), the proton beams are injected
into the Super Proton Synchrotron (SPS) with an energy of 26GeV . Finally, the
proton beams are injected in the opposite direction to the LHC with an energy
of 450 GeV and with speed almost equal to 99.99 % of the speed of light.

For accelerating the lead ions, before being injected in the Low Energy Ion
Ring (LEIR), first they got accelerated in several linear accelerators: LINAC3
at an energy of 4.5 MeV per nucleon, later an energy of 72 MeV per nucleon,
then they follow the same path as the protons through the PS where they are
accelerated up to 5.9 GeV . At SPS, they are accelerated up to 177 GeV . At
LHC, the recorded centre of mass-energy so far for the heavy ions in 2015 and
2016 respectively, were 5.02 TeV and 8.16 TeV for lead-lead (Pb− Pb) and
proton-lead (p−Pb) collisions.

The protons are kept on the circular path by 1232 superconducting dipole
magnets which are used to produce a magnetic field of 8T ·m to keep the proton
beam on its circular trajectory. These superconducting magnets, with liquid
Helium, are cooled down to 1.9 K. In order to reach the design field of 8.33 T ,
they are supplied with a current of 12 kA. Each proton bunch contains almost
1011 protons, and each beam contains up to 3564 bunches. The maximum
momentum of the accelerator is limited to:

p = B/ρ = 8.33 T /2804 m = 7 TeV/c (3.1)

ρ is the bending radius of the tunnel. By radio frequency (RF) cavities in
which an oscillating electric field is produced. Protons are accelerated to the
desired energies.

The protons are concentrated and focused in bunches by strong quadrupole
magnets at the interaction points, in order to achieve a high design luminosity
of 1034 cm−2 s−1 The radio frequency (RF) is 400 MHz, which confines the
protons beams into buckets of 2.5ns. About 35640 buckets are allowed through
the LHC circumference, which would result in 37.5cm bunch crossing spacing.
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25 ns is corresponding to one bunch per 10 RF buckets. With these limitation
requirements, the number of bunches in the machine is a maximum of 2808.

3.1.2 Luminosity

The instantaneous luminosity L (cm−2 s−1) is one of the key parameters of a
particle collider as well as the high event rate. For the process with the number
of events N and cross-section σ, the event rate is

NT = Lσevent (3.2)

The luminosity is related to the parameters of the LHC proton beam. By
assuming a Gaussian beam size, the instantaneous luminosity is given by:

L =
γfkBN2

pF
4πεnβ∗

(3.3)

Where γ is the Lorentz factor, f is the revolution factor, kB is the total num-
ber of bunches, Np is the number of protons per bunch, β∗ is the betatron func-
tion at the interaction point (IP). The luminosity delivered by LHC during 2016
run and recorded by CMS are presented in figure 3.2.

Designing and construction of LHC were completed in 2008 after almost 25
years of effort and hard work, and the scientists have started the commissioning
of the machine. On 19 September 2008, an electric arc developed inside a
bus bar during a powering test led to extensive mechanical damage of one of
the LHC sectors due to a large release of helium and a pressure wave. As a
result of this incident, the first collisions of one bunch per beam with energy of
900 GeV has been delayed until late 2009. A centre of mass-energy of 7 TeV
has been used for the collisions during 2010 and 2011, and then increased to
8 TeV in 2012. In 2010, the instantaneous luminosity was also increased from
2×1032 cm−2 s−1 to be 6×1033 cm−2 s−1 in 2012.
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Figure 3.2: Integrated luminosity plot for 2016 data taken, delivered by the LHC and collected
by the CMS

Figure 3.3: Overview of the integrated luminosity delivered to the CMS detector during run I
(2010 - 2012) and run II (2015 - 2018)

An integrated luminosity of 45.0 pb−1, 6.1 f b−1 and 23.3 f b−1 were de-
livered during the 3 years of data taking in run I. After run 1, the first long
shutdown (LS1) which last for 2 years, was used to solve the discovered prob-
lems since the start-up of the machine in 2008. And also, to upgrade some parts
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of the detectors located around the interaction points on the LHC ring. During
2015, the machine has started its run II operation, at a centre of mass-energy of
13 TeV , then during 2016, the luminosity of the machine has been increased to
deliver a total of 41 f b−1 of data, as shown in figure 3.2. The evolution of the
integrated luminosity delivered within time is illustrated in figure 3.3.

3.1.3 LHC Magnets

In order to accelerate particles into a circular path as in LHC, this requires a
huge magnetic force to be able to keep the beams in this curved path. To achieve
this with the tunnel’s space constraints, a new two-in-one magnet design (twin-
bore magnets) has been used for the LHC, which consists of two coils with a
common infrastructure and cryostat [125].

Figure 3.4: Cross section of the LHC main dipole in its cryostat

The cross-section design of the main dipole magnets of the LHC is pre-
sented in figure 3.4. In the centre there are two beam pipes with a diameter
of 54 mm each and the separation between them is almost 194 mm. A super-
conducting coil, made of superconducting (NbTi) cables, is surrounding the
beam pipes. These superconducting cables have to be cooled down to 1.9 K.
The steel collars hold the coils in place and the magnetic yoke that surround
the coils are forming the cold mass of the magnet. A vacuum vessel, insulated
the cold mass, is immersed in superfluid Helium, the coolant of the magnetic
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system, of 1.9 K. in total, 30 tons of dipole magnets, with a cryostat diameter
of 0.914 m and 15 m long have been built by industry [156].

3.1.4 Experiments of the LHC Machine

Taking into consideration the complexity and high cost of the LHC accel-
erator, it is highly important to get the most benefits from its scientific reach.
That’s why the protons are accelerated and collide at four points along the LHC
ring, as shown before in figure 3.1.

At the four interaction points (IPs), where the proton beams or lead ion
beams can collide, large particle detectors are built, and their main function
is to record the generated collisions. At (IP1) and (IP5), two independents
general – purpose detectors, ATLAS [6] and CMS [62] experiments are located.
Both of these experiments are general-purpose detectors that cover a wide range
of high energy physics, at high luminosity and constructed from many layers,
which have an onion – like structure around the Interaction point to collect all
generated particles from escaping the detector.

Figure 3.5: LHC four main experiments
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A third detector, ALICE is located at (IP2) [7]. It is specialized to the
collisions of heavy ions at low instantaneous luminosities (1027 cm−2 s−1). In-
formation about and study of the quark-gluon plasma is performed. A fourth
detector LHCb, is located at (IP8) receiving an instantaneous Luminosity of
few orders of 1032 cm−2 s−1. Matter and anti-matter asymmetry in the universe
are studied with the usage of LHCb, besides the studying of b quarks. Figure
3.5 represents the four main LHC experiments.

3.2 Compact Muon Solenoid detector (CMS)

The search topic described in this thesis were performed using 2016 data
which collected with the CMS detector. The Compact Muon Solenoid (CMS)
is a general-purpose detector located at one of the interactions points of the
LHC ring. It consists of many layers of particle physics detectors, which meet
the requirements of the LHC physics.

A silicon tracker, the closet layer to the interacting point which is providing
a high charged particle momentum resolution, followed by an Electromagnetic
calorimeter (ECAL), to ensure good energy resolution for electromagnetic par-
ticles, and Hadronic calorimeter (HCAL), in order to measure the energy of
hadrons, a very powerful solenoid magnet surrounding these calorimeters with
3.8 T , and outer there is a muon detector.

Both calorimeters are situated inside the powerful superconducting mag-
net. The design of the detector has improved the resolution of the energy by
reducing the material density in front of the calorimeters. CMS detector is
21.6 m long and it has a diameter of 14.6 m and weighted about 12400 tones.
An overview of various layers of the CMS detector and their key characteristics
is shown in figure 3.6.
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Figure 3.6: An overview of various layers of the CMS detector and their key characteristics
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3.2.1 The Coordinate System

The global design of the CMS coordinate system is at the IP, using a right-
handed coordinate system, the x− axis is pointing to the centre of the ring
of LHC and perpendicular to the proton beams, while y− axis is vertical and
pointing upward, the z− axis is anti-clockwise along the beam pipe. For the
hadron collisions at the LHC, the transverse components of the total energy
and the missing energy are the measurable components since the total energy
of the partons is unknown. Invariant quantities are used, such as the transverse
momentum pT . In the z direction, along the beam pipe, the pseudorapidity is
given by

η = ln(tan(θ/2)) (3.4)

Where θ is the polar angle between the z−axis and the particle momentum
direction. Since along the z−axis, the differences in pseudorapidity are invari-
ant under Lorentz boosts, the polar angle is converted into the pseudorapidity.
If the pseudorapidity is 0, θ will be equal to π/2 (perpendicular to the beam)
and if pseudorapidity is infinite, θ will be 0, the direction is parallel to the beam.
Figure 3.7 represents the CMS Coordinate system.

Figure 3.7: CMS Coordinate system

Another interesting quantity is the transverse momentum pT , which defined
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as the momentum contained in the transverse plan (i.e. perpendicular to the
beam and is given by pT =

√
p2

x + p2
y). In the final state of the collision, the

momentum of the particles should be balanced in the transverse plan due to
the conservation of the momentum before and after collision. Therefore, the
transverse momentum of a particle will be used, defined as

pT = p · sinθ (3.5)

3.2.2 Physics Goals of the CMS experiment

CMS experiment has been constructed to search for Higgs Boson and new
physics beyond the Standard Model. Its design has been based on the require-
ments of the following goals:

1. High performance to ensure precise measurement of muons in the outer
layer of the CMS experiment. It searches for the clearest signature of a
possible decay mode for the Higgs boson.

2. The second layer of the CMS detector, the electromagnetic calorimeter
(ECAL), provides a high-resolution method to detect and measure elec-
trons and photons. This is highly needed for the discovery of a light
Higgs boson via its decays into two photons. A precise measurement of
the energies of electrons is also important when the Higgs boson decay
to Z.

3. Tracking system with high-quality detection features gives the best mo-
mentum and impact parameter measurement for tracks which can be
achieved. It is highly important to have a good tracking system to mea-
sure the decay of a light Higgs boson into pairs of bb quarks.

In order to meet the above requirements, the CMS experiment is composed of
the following sub-systems
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• Solenoid magnet.

• Trackers.

• Electromagnetic calorimeter (ECAL).

• Hadronic calorimeter (HCAL).

• Muon system.

3.2.3 Superconducting Magnet - CMS soleniod

The powerful superconducting solenoid of the CMS experiment [21] is al-
most 100000 times stronger than the earth’s magnetic field. It is used to achieve
precise measurements of the momentum p of the charged particles which cross
the detector. The paths of the issue of the particle from the collision are bend
by the magnetic field.

The CMS magnet is the largest superconducting magnet ever built. The
CMS magnet, developing a magnetic field of 3.8 T is the real backbone of the
CMS experiment. It has a length of 12.9 m and its inner diameter is 6 m. The
magnetic field is closed with 12500 tones of steel return yoke which contain the
muon detector. Due to the large inner radius of the inner coil, the tracker and
both calorimeters can fit inside it. Outside of the magnet, there are five separate
dodecagonal wheels along z forming the barrel yoke (Y B−2 to Y B+2). They
can be moved and give access to the installed detectors inside it. The Endcap
consists of three steel disks on each side (Y E − 1 to Y E − 4 and Y E + 1 to
Y E +4).
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Figure 3.8: A schematic view of the CMS solenoid is shown as well as the steel return yoke
and muon chambers around the magnet

Figure 3.8 shows a schematic view of the CMS solenoid as well as the
central steel return yoke equipped with muon chambers all around the magnet.

3.2.4 CMS Inner Detector - Tracker

The innermost layer of the CMS detector, which the closest part to the IP, is
the tracking system [115, 54]. The CMS inner tracker sub-detector is a silicon-
based detector and it consists of an inner silicon pixel detector, followed by
strip detector providing precise 3D hits, needed for the reconstruction of the
interaction vertex and tracking seeding. The main purpose of this sub-detector
is to reconstruct the charged particles’ trajectories precisely and measure their
momentum. The tracker detector covers a range up to | η |< 2.5 in pseudo-
rapidity [115]. The tracker is a system of two independent sub-detectors with
separate cooling, powering and read-out schemes. The Tracker has an overall
length of 5.4 m and an outer diameter of 2.4 m.

The CMS silicon strip tracker [173] is composed of more than 10 million
readout channels of a total active area of 200 m2 set of about 15000 silicon
modules. It surrounds the pixel detector up to a distance of 116 cm from the
beam pipe, all along 5.6 m. The strip detector is divided into four subsystems,
the Tracker Inner Barrel (TIB), has four barrel layers, the Tracker Outer Barrel
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(TOB), has six barrel layers, the Tracker Inner Disks (TID) and the Tracker
EndCaps (TEC), each have three and nine disks respectively. An overview of
the CMS tracker layout is shown in figure 3.9, with its subsystems – Pixel.
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Figure 3.9: A transverse view of the pixel and strip tracker detectors showing the multiple
barrel layers and endcap disks.

The inner pixel detector [91] is made out of pixels with dimension of 100×
150µm, these pixels are arranged in the tracker detector in three barrel and two
Endcap layers and cover an active area of 1.1m2. The barrel silicon strip detec-
tor is surrounding the pixels at 3, 6.8, 10.2 and 16 cm, while the Endcap disks
are located at 24.1, 34.5 and 46.5 cm, from the interaction point. In total, an
implementation of about 66 million pixel sensors [68] into 285 mm tick n-type
bulk and p-type backside, with the dimension of 100×150 µm define the CMS
pixel detector. The signals produced by these sensors are read by 15840 readout
chips (ROC). The silicon strip tracker provides two-coordinate measurements
for at least four hits in the pseudorapidity range of | η |< 2.4. Figure 3.10 rep-
resents a schematic of the CMS silicon pixel detector, and figure 3.11 present a
3D view of the barrel and forward pixel detector, consisting of 3 layers and 4
disks.

Charged particles that crossing the tracker volume have to pass through a
significant amount of material, as shown in figure 3.12. The tracker’s sensors
are mounted onto a carbon fibre and graphite support structure with on-detector
electronics which are needed to enable a fast response time.
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Figure 3.10: Schematic representation of
the CMS silicon pixel detector

Figure 3.11: A 3D view of the barrel and
forward pixel detector, consisting of 3 lay-
ers and 4 disks.

Figure 3.12: Inner tracker material’s total thickness expressed in units of interaction lengths
λ1 (left) and radiation lengths Xo (right), as a function of the pseudorapidity η. TIB, TID,
TOB, and TEC stand for “tracker inner barrel”, “tracker inner disks”, “tracker outer barrel”,
and “tracker endcaps”, respectively. The two figures are taken from Ref [74]

3.2.5 The Electromagnetic Calorimeter (ECAL)

Following the tracking system, CMS detector has the Electromagnetic
calorimeter (ECAL), to measure the energy of the electron and photon [52].
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The ECAL consists of 75848 lead-tungstate (PbWO4) crystals arranged in a
central barrel section (EB) within pseudorapidity coverage up to η = 1.48, and
on Endcap section with an extending coverage up to η = 3.0 (EE). The den-
sity of the (PbWO4) crystals is very high (ρ = 8.28g/cm3) with short radiation
length (X0 = 0.89cm). these crystals also have a very good radiation resistance.
Avalanche photodiodes (APDs) are reading the scintillation light in the barrel,
while vacuum photodiodes (VPTs) [75] are used in the endcap region. Figure
3.13 shows the PbWO4 ECAL crystals with photo - detectors attached – a barrel
crystal with APD capsule and an endcap crystal with a VPT.

Figure 3.13: PbWO4 ECAL crystals with photo-detectors attached – a barrel crystal with APD
capsule (left) and an endcap crystal with a VPT (right).

Figure 3.14: A schematic view of the CMS ECAL structure – Barrel (yellow), Endcap (green)
and Preshower (orange).

The ECAL-Barrel (EB), which covers the range of η = 1.48, has an inner
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radius of 129 cm. It is consisting of 36 supermodules, each super module is
made of 20×85 crystals. Each crystal has a length of 230 mm producing 25.8
radiation lengths (Xo) and weight 1.5kg. The Crystals are placed slightly turned
in order to avoid cracks between them. The crystal axis makes a 3-degree angle
with respect to the nominal interaction point direction in the azimuthal Φ and
η projections.

The Endcap (EE) of the ECAL, have 4-half disks called “Dees”, each of
those disks is holding 3662 crystals. Endcap disks cover the pseudorapidity
range 1.479 <| η |< 3.0 with 2.15 m away from the interaction point. The
crystal front face cross section is 28.62×28.62 mm2 and has 220 mm in length
which corresponds to 24.7 Xo. A schematic view of the ECAL layout is shown
in figure 3.14.

Figure 3.15: A transverse view parallel to the beam line showing one quarter of the ECAL,
with its barrel (EB), endcap (EE), and preshower (ES) detectors.

A Preshower (PS), is installed in front of the two endcaps [124]. The
Preshower (PS) is 20 cm thick and it consists of two layers of silicon strip
sensors and lead plates of 2 and 1 XO. It has been designed to improve the
resolution in the forward region at 1.653 <| η |< 2.6, in order to resolve the
two photons of a πo (neutral pions) decay and also to provide information on
the identification of the electron against the minimum ionizing particles. Figure
3.15 shows a transverse view parallel to the beamline showing one-quarter of
the ECAL, with its barrel (EB), endcap (EE), and preshower (ES) detectors.
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3.2.6 The Hadron Calorimeter (HCAL)

To complete the CMS calorimeter system the Hadron Calorimeter was in-
stalled around to the ECAL. The main aim of the HCAL is to measure the en-
ergy of charged and neutral hadron, and participates in the estimation of missing
transverse energy of each event [72].

Figure 3.16: Longitudinal view of the hadronic calorimeter (HCAL) assembly. The barrel
(HB), endcap (HE), outer (HO) and forward (HF) detectors are indicated

The HCAL is a compact sampled system which is located between the
ECAL and the superconducting magnet of the CMS, and it is initiating a cas-
cade of secondary particles for the hadrons by several layers of non-magnetic
brass absorbers and fluorescent scintillators. HCAL is consisting of a coaxial
barrel (HB) within η < 1.3, an endcap calorimeter (HE) region up to η < 3, and
down to the beam pipe in the forward region a forward calorimeter with cover-
age up to η < 5.2 in the (HF). In the central region, the ECAL and HCAL bar-
rel’s stopping power becomes not sufficient to contain the entire hadron showers
of the energetic jets, the HCAL was extended outside the solenoid with an outer
calorimeter (HO), using scintillators and the coils of the magnet as an absorber.
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Figure 3.17: Photographs of the CMS HCAL – barrel HB (left) and endcap HE (right).

The HB and HE scintillator tiles are grouped in towers, readout with Hy-
brid photodiodes (HPDs) through wavelength-shifting fibers. The energy of the
particles is accessed to the total amount of light collected over the layers within
a given tower. A quarter view of the hadronic calorimeter (HCAL) assembly
is shown in figure 3.16. Real photographs of the HCAL detector are shown in
figure 3.17.

3.2.7 CMS Muon System

The outermost layer of the CMS detector, one of the features keys of the
CMS experiments, totally placed outside the solenoid, is the extensive muon
detection system. The main tasks of this sub-detector are muon identification
its measured necessary for event triggering at the first level.

The CMS muon system parts are embedded in the magnet iron yoke con-
straining the lines of the magnetic field and placed behind the calorimeter and
the magnet coil. It consists of three different types of gas ionization technolo-
gies. the Drift Tubes (DT) which are installed in the barrel (| η |< 1.2), lower in
background noise and occupancy. In Endcap, Cathode Strip Chambers (CSCs)
are used in the region of 0.9 <| η |< 2.4. Low muon rates, which expected to
exist in the barrel, are detected by the DTs and thus they have a lower response
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time that the CSCs, which are covering larger pseudorapidity ranges. Both
DTs and CSCs systems are providing precise space and time measurements.
Resistive Plate Chambers (RPCs) are places in both barrel and endcap regions
providing a fast time response of few ns and independent trigger measurements.
A schematic view of the muon system in the CMS is shown in figure 3.18.

Figure 3.18: r− z cross section of a quadrant of the CMS muon system, showing DT (yellow),
CSC (green) and RPC chambers (light blue). The interaction point is at the lower left corner.

The Barrel part at the muon system is divided into five independent wheels,
wheel 0, wheel ±1 and wheel ±2. Each one of these wheels is subdivided in
12 sectors with azimuthal angel Φ covering 30o. Each sector has four stations
integrated into the yoke of the magnet.

The Endcap muon detector is composed of four muon stations ME1, ME2,
ME3, and ME4. Each of the muon stations contains Cathode Strip Chamber
(CSC) up to η = 2.4 and a dedicated trigger detector RPCs up to η = 2.1.
Details of the working mechanism of RPCs and its construction is described in
detail in chapter 4.
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3.2.7.1 Drift Tube Chambers (DTS)

The Drift Tubes system (DTs) [76] are gaseous detectors, part of the barrel
of the CMS muon system, covering the region η < 1.2. DTs were built with
a rectangular drift cell of dimension 13×42 mm2, as shown in figure 3.19 (a).
Gold plated stainless steel wire of 50 µ m, served as anode power supplied at
3.6 kV , and the cathode consists of two 50 µ m thick aluminum electrodes on
the short edge of the drift cells supplied at (−1.8kV ). At 1.8kV , the long edges
contain 50µ m thick aluminum field electrodes. The drift cells are spread along
the full length of 2.5 m or the width of the DT chambers with 42 mm separation
distance between the anode wires.

Figure 3.19: Transverse view of a DT cell (a) and schematics of a DT chamber (b) [77]

The barrel region of the muon system is equipped with DTs, which consist
of 4 coaxial stations (MB1, MB2, MB3 and MB4), which are forming concentric
wheels (Wheel 0, Wheel ±1, Wheel ±2), these wheels are segmented into 12
sectors surrounding the beamline. The muon system contains about 250 DT
chambers. Super Layer (SL) is the smallest independent unit of the DT design.
Each chamber is formed from 3 SLs with 4 layers of staggered drift cells. A
schematic view of a DT chamber is illustrated in figure 3.19 (b). The innermost
and outermost SLs wires are parallel to the line of the beam and provide a
track measuremnet in the bending r−Φ wires of the inner SLs measure the
position of the hits in the r− z plane. The innermost SL does not exist in the
fourth station (MB4), placed outside the return yoke and with respect to its Φ

coordinates, it can measure only the hit position. This configuration for the DT
results in two measurements in Φ and one measurement in z position per station
for each muon coming from the interaction point.
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Passing through the layers of the detectors, it creates electrons and ions,
which drift toward and away from the wire of the anode respectively. When the
electrons reach the strong electric field close to the wire, it creates an avalanche
that is transformed into an electrical signal on the anode. In each DT chamber,
the maximum draft time is 400 ns, for the working gas mixture 85 % Ar and
15 % CO2. The drift velocity in the DT cells is almost constant.

3.2.7.2 Cathode Strip Chambers (CSCs)

The Cathode Strip Chambers (CSCs) Systems [96] are also gaseous detec-
tors. On each endcap, there are 540 integrated gaseous detectors in 4 layers
(ME1, ME2, ME3, and ME4). They are covering a range of pseudorapidity of
0.9 <| η |< 2.4 [184], the CSCs operation principle is illustrated in figure 3.20,
An electron avalanche is caused through a gas gap when a muon is passing the
gas detector, providing a signal on the anode wires and inducing charge on the
cathode strips. Each CSC is a multi-wire chamber composed of 7 copper-clad
panels and forms 6 gas gaps layers.

Figure 3.20: The CSCs operation principle

For ME1 chambers, the gas gaps are 6 mm and 9.5 mm for the rest of the
chambers. The cathode strips with different width of 3 to 16 mm are etched on
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each copper panel. The azimuthal coordinates of passing muons, crucial for the
exact estimation of their transverse momentum, are measured using these strips.
Between each cathode strips layer, there are anode wires. The anode wires are
oriented normal to the strips and provides passing muons radial coordinates.
The potential that held the wires is 2.9− 3.6 kV , with the CSC standard gas
mixture - 50 % CO2, 40 % Ar and 10 % CF4 filling the gaps.

3.2.7.3 Data Acquisition and The CMS Trigger System

Data that has been selected by L1 and HLT, needs to be stored somewhere
to be transferred to the institutes that involved in the analyzing process. Stor-
ing these huge amounts of data needs specific requirements and huge amount
of storing servers and this is achieved through the Worldwide Large Hadron
Collider Computing Grid (WLCG).

The resources of computing service are combined in most of the participat-
ing institutes at the LHC experiments to build a world wide centres, see figure
3.21. WLCG composed of three tier-levels which are distributed among these
centers around the world. Tier-0, is the storage space where the data collected
by the experiments, and then these data is distributed to another tier-levels (Tier-
1 and Tier-2) centers. These levels are responsible for reprocessing and storing
the data for analyzing and also we can use these tier-levels computing centers to
store the simulated MC samples which produced officially. We, physicists, can
access Tier-2 centers and analyze the data. Tier-0 is located at CERN, and then
the distribution of data takes place among 7 centers of Tier-1, which located at
France, Italy, Germany, Spain, UK, Taiwan, and the US, and then it is further
distributed to more than 50 centers of Tier-2.

The CMS Data Hierarchy, as we discussed above there are three data tier
in the CMS experiment:

• RAW-data format, which contains the full information of an event, raw
detector information, from the Tier-0 (i.e. from CERN). We can not use
RAW data format directly for analysis.

• RECO, (RECOnstructed data), which is the output of the first-pass pro-

61



cessing which is done by Tier-0. It contains the reconstructed physics
objects with very detailed information (huge in size). It can be used for
analysis but due to its huge size, the CMS experiment does not store
RECO data format anymore, only for specific and limited samples).

• AOD, (Analysis Object Data), which is a reduced version of the RECO
format that contains all the necessary reconstructed information to per-
form the analysis. MiniAOD and NanoAOD are now available.

Figure 3.21: The structure of the WLCG tier-levels and their mapping among worldwide

At the Large Hadron Collider (LHC), at the designed luminosity is
1034 cm−2 s−1, a rate of 40 T B/s is expected from almost 22 proton-proton
events occurring in every bunch crossing. LHC experiments are analyzing, se-
lecting and collecting these data but due to a limited storage capability, the data
rate is many orders of magnitude to higher than the available storage space.
Therefore, it is required to seriously reduce the amount of data collected until
it reaches the maximum rate of the accepted data which is about 100 MB/s,
which correspond to 100 events per second (100 Hz data-taking).
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All the data are going in a buffer of 3µ · s for the time the Level-1 Trigger
(L1) provide the selection decision and let the DAQ after that to transfer to the
High Level Trigger (HLT) only the data validated by the L1.

Data reduction process is done through two-step trigger system, used in the
CMS detector. Level-1 Trigger (L1) and High Level Trigger (HLT) [70] are the
two steps required to such a reduction. The Level-1 reduce the collected event
rate to less than 100 kHz, and then the HLT trigger step is providing the final
output event rate of 100 Hz [73]. Figure 3.22 illustrates the data flow in the
CMS Trigger system with the different trigger levels and event rates.

Figure 3.22: Illustration of data flow in the CMS trigger system with the different trigger levels
and event rates

3.2.7.3.1 Level-1 Trigger (L1)

The Level-1 trigger [70] is an online hardware electronic trigger system,
which gives the first decision on whether to keep the experimental data or not,
directly after these data are recorded by the experiment. Within 3 µ s after each
collision, this decision is made. After passing L1 trigger, the event rate is re-
duced from 40 MHz to 100 kHz, which is low enough to transfer the data to
computers servers. Events are then selected upon their interesting signatures
based on the creation of local objects like, electrons, photons, muons and jets
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besides the transverse missing energy ET . They use information from trigger
towers in η−φ space issued from the calorimeters and muon system.

Calorimeter Trigger, the Muon Trigger and the Global Trigger are three
major subsystems implemented in L1 trigger system. Figure 3.23 shows the
structure of these subsystems. The sum of the local energy from the individual
readout towers of the ECAL, HCAL and HF, known as “the Trigger Primitive
Generator (TPG)” are preserved by the calorimeter trigger [69]. For the three
subsystems of the muons, (DT, CSC and RPC, have their own trigger logic
process, which transfer the four best candidates of muons for combination in
the muon global trigger.

Figure 3.23: Architecture of the Level-1 Trigger

In the HCAL barrel and endcaps, the TPG corresponds to the layout of the
tower is shown in figure 3.24. Given the HCAL tower layout. In the ECAL, the
TPG are built , in the barrel, combining 5× 5 crystal arrays, and in endcaps a
layout is used which follow the HCAL trigger towers.
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Figure 3.24: HCAL tower layout

3.2.7.3.2 The High-Level Trigger (HLT)

The second step of the Trigger system is the High Level Trigger (HLT) [73],
in the HLT processes all events which have been accepted by L1 Trigger and
transferred to a computer farm, where a software based on the offline filters
process these events by using different reconstruction algorithms. For a perma-
nent storage, only events which pass at least one of the HLT criteria are kept.
After this step the event rate is reduced from 100 kHz to 100 Hz, which is the
limit of the disk storage. In order to accept only the interesting events, an ex-
ecution of complex physics selection is made by HLT algorithms on a farm of
commercial processors. Each of these processors has an access to the L1 raw
data and it analyzes one event with procession time up to 1s/event. A minimal
amount of information from the detector “trigger objects” are reconstructed in
order to reject a maximum background event in future analysis. Unnecessary
calculations are avoided by using fast algorithm of several stages of virtual trig-
ger level for selection and reconstruction, to reject events as early as possible.
The coming out information from the HLT primary data sets, is stored in Tier
0, at CERN, of the Worldwide LHC Computing Grid (WLCG) network [101]
and then distributed around the entire network for CMS collaboration, for an
easy access.

The output of L1 trigger is read out by The Data Acquisition (DAQ) System
[73]. It merges all the event fragments from several front-end devices, into a
complete event. After this step, the event passes to the Event Filter Farm, where
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the HLT algorithms are running. Figure 3.25 shows the general architecture of
the DAQ system.

Figure 3.25: Schematics view of the general architecture of the CMS DAQ System
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CHAPTER 4

RESISTIVE PLATES CHAMBERS (RPCS)

Over complicated background at the LHC, Muon candidates provide such
a clean signal for detecting interesting events. At high luminosities, the recon-
struction and triggering abilities for muons are highly important concepts for
CMS. The fast-Resistive Plate Chambers are a crucial part of the CMS detector
as they are playing the key role in the process of selection muon events.

A brief introduction is given in this chapter on the gaseous detectors, which
are the main features of the Resistive Plate Champers (RPCs) and trigger sys-
tem, and some characteristics of gas mixtures which are used to detect charged
particles in a gaseous detector. Also, an overview of the Resistive Plate Cham-
bers (RPCs) is given in this chapter. Their design, their working principle and
how they are configured in the CMS experiment are also discussed. We will
focus mainly on the installed RE4 – endcap stations performance, their com-
missioning during LHC-run II and the 2nd long shutdown (LS2).

The doctoral candidate took a role in the data quality monitoring and of-
fline performance analysis of data recorded during LHC-run II as data manager
shifter during 2016, 2017 and 2018, and also the participation in the commis-
sioning of services and operations which are currently on going, during LS2,
related to the RE4–endcap RPCs in the CMS experiment.
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4.1 Gaseous Particle Detectors

Since many decades, gaseous particle detectors have played a crucial role
in the field of High Energy Physics (HEP) experiments and they developed
throughout the years. Starting with Rutherford [158] who invented the single-
wire proportional counter, to a wide range of fast and efficient detectors with
better resolution and reasonable cost [162].

Figure 4.1: Illustration of an avalanche formation in a gaseous particle detector.

Despite the huge variety of gaseous detector types and techniques, the ba-
sic principle of detection remains the same. When a particle passes through
a gaseous medium, they ionize the constituents of the medium. An external
electric field is accelerating the resulting electrons and ions as free charges.
The secondary electrons may cause an avalanche through secondary ionization
process. The geometry of the gaseous detectors and the gas used are depend-
ing on the electric field. The avalanche can create a spark or a streamer which
propagate from the anode to the cathode. Based on the layout of the detector
electronics, the position and the time resolution of the path of the particle could
be determined and measured in precise way. Figure 4.1 shows a schematic view
of an avalanche caused in gaseous. A signal is induced on readout electrodes
because of the propagation of the resultant free charge carriers. Electronics can
give a precise position and time information for the particle’s path.

4.1.1 Modes of Operation

Based on the applied electric potential and the ionisation phenomenon, the
modes of operation of a RPC are classified as follows:
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• Avalanche mode: When a charged particle passing through the gaseous
medium, it produces primary ions. These ions, being accelerated by the
electric field, collide with the gas molecule to produce secondary ioniza-
tion.

• Streamer mode: In this mode of operation, the applied electric field is
large and consequently electron gain may go up to 108. The secondary
ionization continues until there is a breakdown of the gas and a continu-
ous discharge takes place.

Gaseous particle detector’s modes of operation can be summarized be-
low, as shown in figure 4.2:

• Region I: At very low voltage, charge begins to be collected, but recom-
bination is still dominant.

• Region II: All electron - ion pairs are collected before recombination
(plateau).

• Region III: Above the threshold voltage VT, multiplication is observed
and in the proportional mode gain of (> 104) can be achieved as the
detected charge is proportional to the original charge deposition. Even-
tually, space charge built up around the anode, which leads to loss of
proportionality.

• Region IV: In the Geiger-Muller mode photons are emitted by the de-
exciting molecules, which spread to other parts of the counter, thus trig-
gering a chain reaction along the length of the anode (size of the induced
signal is independent of the original energy deposition).
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Figure 4.2: Gaseous particle detector’s modes of operation

4.2 Resistive Plates Chambers (RPCs)

4.2.1 RPCs Development

As discussed before in chapter 3, the muon detector of the CMS experiment
uses three types of gaseous particle detectors in order to identify the muon
[179]; Drift Tubes (DTs) in the barrel region, Cathode Strip Chambers (CSCs)
in the endcap regions and the Resistive Plate Chambers (RPC) in both regions
of barrel and endcaps. The main function of the DTs and CSC detectors is
to obtain a precise measurement of the position and momentum of the muon,
while the RPC chambers are mainly acting as trigger detectors to provide quick
information for the Level-1 trigger.

During the past 3 decades, Resistive Plate Chambers (RPC) was chosen and
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used for many colliders and cosmic rays’ experiments. The main advantage
of the RPCs is that they are combining very good time resolution of ∼ 1 ns,
sufficient spatial resolution, high gain, simple design and low in cost.

In early seventies, RPCs have been developed as a parallel chambers with
a bulk resistivity of (1010− 1012 Ω · cm). [137, 138]. Later in early eight-
ies, chambers with two-plates are constructed, which consisting of two High
Pressure Laminate (HPL), high – resistivity Bakelite plates that contain a low-
pressure gas mixture [160]. In the nineties, the avalanche mode has been in-
troduced to the RPCs [58, 83] in order to increase their capabilities rate to
kHz · cm−2 range. Based on these developments that have been performed
through the years, RPCs are a leading choice to be used in high rate experi-
ments of large areas.

4.2.2 RPCs General Design

RPCs are very simple in design. They are consisting of two resistive elec-
trodes with bulk resistivity of (1010−1012 Ω ·cm), usually coated by a conduc-
tive material, as Graphite. RPCs use the technique of two resistive electrodes
with gas detecting volume in between.

The two electrodes are placed on a rectangular plastic frames with a con-
stant separation distance between each others by small plastic separators, to
ensure the electrical and mechanical stability. A schematic view of an RPC and
its principle of operation are shown in figure 4.3. The gap between the two elec-
trodes is filled by a gas mixture containing organic gas, like C2H2F4/iC4H10/SF6,
with high UV absorption feature in order to be able to reduce the secondary
avalanches. For controlling the charge multiplication, a strongly electronega-
tive gas is used. A voltage difference on the electrode is applied.
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Figure 4.3: A schematic view of the different layers of an RPC (a) and illustration of RPC
detecting principle (b).

4.2.3 RPCs Working Principle

The working principle of the RPCs is based on the ionization process which
occur in the gas, when an ionizing particle is passing through the active medium
in the presence of an external field. The free charges carriers are accelerated and
start an avalanche. A cluster of electrons which obtained after the ionization
are the main source of the avalanche multiplication [12]. Electron charge is
developed inside the gap, which drifts toward the anode. Then the signal of the
charge induced is picked up by the conductive strips, like Aluminum or copper,
which placed on the top of the graphite coating layer and insulated by a mylar
foil. The charge, collected on the electrodes, is compensated by the applied HV
power by moving them outside the gap.

Streamer mode is used to operate RPCs through the gas gap, with the de-
scribed configuration. The charge which results from the passage of the ioniz-
ing particle is about 100 pC and incident flux of about 100 Hz/cm2. This mode
has been tested and it is not suitable for high-rate experiments and therefore, it
is not suitable to use with the LHC environment. In order to increase the ca-
pability rate, we can use the avalanche mode, by keeping the gain factor of the
gas lower than 108, and the avalanche can grow to a maximum of 25 pC, which
allow the incident rate to be an order of kHz/cm2 [185]. RPCs are suitable in
experiments like CMS at LHC due to its high rate capability.
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4.2.4 RPCs System at the CMS Experiment

RPC system at the CMS experiment consists of 1056 double gap chambers,
which operating in avalanche mode [13]. They are constructed from two High
Pressure Laminate (HPL) Bakelite gaps which contain gas space of 2 mm be-
tween the plates [73]. The two gaps are placed on top of each other’s, with a
copper read out placed between them, and Mylar sheets are placed in a way to
isolate the readout strips from the graphite. Schematic view of the double gap
design in the RPC is shown in figure 4.4.

Figure 4.4: View of the double gap design in the RPC

In each gap, the plates are separated by a grid of 10× 10 cm2, made of
plastic, called “Spacer”. It is used to avoid any contact between the plates,
because of the electric attraction between them. The inner surface of the gap
is coated with linseed oil [123] in order to make the surface smooth and to
quench the photons of Ultraviolet (UV) [10]. While the outer surface of the
gap is coated by a conductive paint of graphite and forming the ground and
high voltage electrodes.

4.2.4.1 Gas Mixture

The CMS standard gas mixture, which we used also in RPCs, is composed
of 3 components:

• 95.2% C2H2F4, the charge carrier gas [57].

• 4.5% iC4H10, a quencher gas in order to absorb UV photons from molecule
de-excitation.
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• 0.3% SF6, which used to control the excess electrons through its high
electron affinity [11].

4.2.4.2 Conditions and Requirements

RPCs should have good timing resolution [77], having an average cluster
size of∼ 2 strips (the number of contiguous strips fired by muon), having a high
efficiency, > 95%, and having the ability to withstand long term operations and
high background radiation.

It is highly important to have a fast timing performance, to be able to trig-
ger the events efficiently. The trigger needs almost 25 ns to identify the muon
candidates and this requires only a few nanoseconds of time resolution.

4.2.4.3 Detector Layout

The layout of the CMS RPC system is controlled by many parameters. The
need to trigger on the passing muon’s transverse momentum pT is one of the
main steps that control the layout of the RPCs in CMS experiment. In order
to measure the transverse momentum pT of the muon, one can study the bend-
ing of the muon in the magnetic field of the CMS. The muon is required to
cross at least 3 layers out of 4 in the muon system. Muon system layers, which
are interleaved with the steel return yoke, are ensuring the maximum bend-
ing of the muon’s track between them. The RPC detector is divided into two
regions, based on the CMS configuration - Barrel region covering a pseudora-
pidity range of | η |< 1.2 and endcap region covers the region 0.9 <| η |< 1.9,
with 1056 chambers in total. RPC system has more than 110,000 electronic
channels and covering a sensitive area of 3500 m2.

4.2.4.3.1 Barrel RPCs

The Barrel system is consisting of 480 RPCs, which are distributed along
the beam pipe among 5 wheels equally, Wheel 0, Wheel± 1, Wheel± 2. Each
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one of these wheels is consisting of 4 stations with increasing radius R (RB1,
RB2, RB3 and RB4), which interferes with the steel return yoke. Each of the
barrel RPC stations is composed of 2 or 3 RPC units, called “rolls”. Figure 4.5
represents a schematic layout of one of the 5 Barrel wheels with the numbered
sectors shown. The two inner stations have two layers of RPCs with DTs in the
middle, and each of the two outer stations consist of one RPC’s layer and one
layer of DTs.

Each of the wheels is divided into twelve sectors (S01−S12), according to
the azimuthal angle Φ direction, same as the construction of the return yoke of
CMS. Due to mechanical reasons, RB3 and RB4 are further divided to + and−
along Φ in all sectors apart from S04, S09 and S11 in RB4. Since RB4/S09 and
RB4/S11 are in the feet of the barrel wheel, they consist of only a single RPC
chamber. RB4/S04 is divided even more along 4 chambers −, ++, +, and −
−.

The chambers are also divided into 2 partitions with respect to the pseudo-
rapidity, called rolls - forward and backward [76], based on the trigger require-
ments, Only RB2in in Wheels − 1, 0, +1 and RB2out in Wheels − 2, +2 are
divided in 3 rolls (forward, middle and backward), as shown in figure 4.6.

Figure 4.5: A schematic layout of one of the 5 Barrel wheels with the numbered sectors is
shown.
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Figure 4.6: A schematic illustration of the RPC Barrel η partitions

4.2.4.3.2 Endcap RPCs

The design of the endcap-RPCs is almost the same as the design used in the
Barrel system. The main difference between them is the geometry aspects and
segmentation which related to the geometry of the CMS detector. Figure 4.8
(left) shows a quarter view of the CMS muon system, RPCs are the colored de-
tectors in the endcap system. Figure 4.7 (right) shows endcap-RPCs detector’s
photograph during the installation of the CMS detector.

Figure 4.7: A quarter view of the CMS muon system (On the left), RPCs are the colored
detectors in the endcap system. Endcap-RPCs detector’ photograph during the installation of
the CMS detector (on the right)
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Figure 4.8: A schematic view of the RPC Endcap geometry

The endcap – RPCs system is consisting of 576 RPCs which compose the
4 disks on both sides of each of the endcap regions (positive and negative),
RE± 1, RE± 2, RE± 3 and RE± 4. The two disks for the 4th stations (both
positive and negative) are formed with 144 RPC detectors and installed in the
muon system during the 1st Long Shutdown (LS1) upgrade (2013-2014). Each
disk of the endcap stations is divided into 36 super-modules, along Φ with two
concentric rings, ring 2 (R2) and ring 3 (R3) with three rolls per ring, labeled
A, B and C with respect to increasing η. An overview of the RPC Endcap
geometry is given in figure 4.8.

4.3 RE±4 Endcap – RPCs at CMS Experiment

One of the major tasks during the 1st Long Shutdown (LS1) period (2013-
2014), was adding the 144 newly built endcap-RPC detectors for the upgrade
of the muon system in the forward region (η < 1.6). In the following period of
data-taken of run II, starting from 2015, monitoring of the performance of the
newly installed RE±4 chamber was great importance.
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Figure 4.9: A schematic layout of RE+4 endcap-RPC with its 36 chambers per ring.

As the instantaneous luminosity of the LHC is increased gradually. It is
expected that this increase will occur above the design value of 1034 cm−2 s−1

at 14TeV , during the phase 2 of LHC. In order to prepare the LHC machine and
its experiments for this process, two periods of long shutdown are scheduled
after each run. Several detector upgrades are planned, by CMS collaboration,
to be performed during these periods [49]. For muon detection system, the low
pT threshold for Level-1 muon trigger should be maintained and in order to
ensure this, an extension of fourth layer of endcap – RPCs in both regions is
added to the RPC system during 1st Shutdown period (LS1).

The new two stations (disks) are composed of 144 High Pressure Laminate
(HPL) double gap RPCs, operating the avalanche mode, with same design of
the existing endcap RPCs chambers. There are 36 RPCs super-modules in the
RE4 endcap disk (negative and positive disks). Each super-module composed
of two rings (RE4/2 and RE4/3) with height of 1.66 and 1.93 m, respectively,
as represented in figure 4.9.
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4.3.1 RE±4 - Performance During Run II at 13 TeV

After two years of technical stop, 1st Long Shutdown (LS1) period in 2013
and 2014, the Large Hadron Collider (LHC) at CERN has re-started work-
ing again with colliding proton beams at recorded breaking center of mass of
13 TeV for the first time in May 2015. This is the beginning of run II period of
the high luminosity, which lasts for 4 years.

We have given a brief description of the RE±4 – endcap-RPCs system, and
in this section we will focus on the results of the system performance, such as
Efficiency and Cluster Size, but first we need to explain the method that has
been used in the next subsection.

4.3.1.1 Track Extrapolation Method (Tag and Probe Method)

Efficiency studies are obtained using the Tag-and-Probe method with single
muon triggered dataset. Probe muons are reconstructed by using the tracker
muon algorithm, which is independent to RPC system, requiring at least one
segment to be matched in local x position within 3 cm and pull ≤ 3. Probe
muons are also required to have at least 20GeV in transverse momentum [157].

The reconstruction algorithm of the ”RPCMuon” [66] is included in the
standard reconstruction of run II. The algorithm starts from the inner track and
finds the matched RPC hits, “RPCRecHits” along its trajectory. The track ex-
trapolation is done, and the results of this extrapolation are stored in the muon
objects. The track extrapolation method is used in order to measure the effi-
ciency of RE4 endcap-RPCs. TrackerMuon [149] identification on the muon is
required and it is done by extrapolating inner tracks to muon systems to find the
matching DT/CSC segments. The TrackerMuon and RPCMuon reconstruction
are designed to run independently and to be complementary algorithms to each
other. Tag and Probe method is used to remove bias from the triggers which
start from the SingleMuon dataset, require one muon (tag) to pass identification
and isolation cuts but also require to be matched to the trigger object to accept
the event. Then we select another muon (probe) in the event to study the effi-
ciency, requiring TrackerMuon identification and/to form Z→ µµ resonance.
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4.3.1.2 RE4 Efficiency Performance

We focused on monitoring the performance parameters of the endcap-RPC
system, specially RE−4 and RE+4, such as Efficiency 1, cluster size and cur-
rents through run II data-taken. The RPC efficiencies are measured during
2015-2018, which are comparable and in agreement with the expectations. The
efficiency distribution for RE±4 - endcap RPCs is shown in figure 4.11, (top)
distribution for RE+4 and (bottom) distribution for RE−4. Figure 4.11 (top)
represents the overall efficiency distribution of endcap-RPCs vs. number of
rolls (η partitions) during run II of the LHC for endcap region. The underflow
entries are from rolls with efficiency lower than 70%, caused by known hard-
ware problems - threshold control at that time, chambers switched off because
of gas-leak problems. Figure 4.11 (Bottom) represents the performance of the
overall RPC efficiency vs. time for 2016 and 2017 data.

Figure 4.10: RE+4 (top) and RE−4 (bottom) efficiency performance over time, during run II

1Efficiency is defined as the ratio between the number of chamber signals in a fixed time window and the
number of triggers.
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Figure 4.11: Overall efficiency of Endcap (top) for 2015-2018 data-taken, (bottom) RPC overall
efficiency vs. time for 2016-2017 data-taken

4.3.1.3 RPC Cluster Size Studies and performance

The chamber Cluster Size 2, see figure 4.12, is monitored during run II, run
by run, in order to guarantee the system stability. Figure 4.13 shows the clus-
ter size distributions for the RPC - endcap measured during 2017 and 2018.
Figure 4.14 shows the distribution of the cluster size for the endcap-RPCs over
time during 2016 and 2017. We found that these analysis results are very use-

2The Cluster size (CLS) of the RPCs is defined as “the number of adjacent strips fired when an avalanche is
produced in the RPC”, i.e. the number of contiguous strips associated to a hit
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ful in monitoring the stability of the RPC system for different operational and
environmental changes.

During run II, the performed studies show that the mean value of the cluster
size of the RPC system is ∼ 2 strips, which is One of the achieved greatest
successes is to keep the cluster size stable over time with this average value
which is the same as CMS TDR [64], which is in agreement with the trigger
requirements for ≤ 3 strips.

Figure 4.12: Cluster Size, as the number of contiguous strips associated to a hit

A special focus on the RE±4-chambers cluster size performance is illus-
trated below in figure 4.14, (top) for RE+4 endcap-RPCs, (bottom) for RE−4
endcap-RPCs

Figure 4.13: Endcap Average Cluster Size

Performance results of RE±4-endcap that discussed in this section are mea-
sured using tag and probe technique. As shown in figures 4.11 and 4.15 each
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point corresponds to an average efficiency or cluster size per station in a given
LHC fill. Data points with low statistics or temporary problems are excluded
from the distributions. The x−axis is representing the date while the y−axis is
the average efficiency or cluster size for the detector part under study. Vertical
grey lines and areas correspond to the planned technical stops (T S) and year
end technical stops (Y ET S).

The history of the efficiency and cluster size follows the changes of the
applied high voltage working points and changes of the Isobutane concentration
in the working gas mixture. The spread in 2015 cluster size distribution is
caused by a threshold control problem, solved in October 2015. Small drop of
the RE+4 and RE−4 cluster size in 2016 is caused of a temporary Low Voltage
(LV) problem, solved in the end of August 2016. The drop of the efficiency
during 01-August-2018 was caused by a known configuration setting problem
at that time.

Figure 4.14: The history of the mean Cluster Size for the barrel for 2016 and 2017 physics data
taking at 13 TeV .
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Figure 4.15: Cluster size performance over time, during run II, for RE+4 (top) and RE−4
(bottom)

4.3.1.4 Endcap RPCs Background rate

One of the most important factors in monitoring the performance of the CMS
muon system is the background radiation. A clear understanding of the back-
ground rate plays an important role on the performance of the muon system.
During the LHC proton-proton collision runs, the RPC hit rate is measured at
the strip level. The strip rate is calculated by using the incremental counts of
the RPC trigger Link Boards. The incremental counts are taken during typical
time intervals of order of 100 s. Then, the resulting rates are averaged over
the total run - time and normalized to the strip area. The instantaneous lumi-
nosity is averaged over the same run - time. Normalized rates in Hz/cm2 are
presented. No trigger selection is applied at this stage, resulting in an inclusive
measurement of the radiation background rates [150, 82]
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Figure 4.16 shows the RPC hit rate vs. instantaneous luminosity distri-
butions for the RE±4 endcap-RPCs stations. Results are obtained with 2018
proton-proton collision data with selected runs of stable beams and number of
colliding bunches larger than 600. Luminosity values are provided by the offi-
cial CMS luminosity tool, mean rate values are defined as the average rate on
all the rolls in the corresponding station.

Figure 4.16: RPC hit rate vs instantaneous luminosity distributions for the RE±4 endcap-RPCs
stations.

4.3.1.5 Currents Studies for RE4 Stations

• Currents vs. Time and Integrated Luminosity

From the beginning of 2018 to September of the same year, a higher
ohmic current 3 has been observed in RE−4 comparing to RE+4. After
the gas flux was doubled in RE−4 (Mid-September) a significant change
in its behavior has been observed, up to the point in which it drops below
RE+4 curve. The ohmic current increase is directly correlated with the
background. In RE4 the background rate is about 40 Hz/cm2 and the gas
flow is 1.1V/h.

3Ohmic current is defined as current with no beam, up to around 7000 V , in the range where there is no
gas amplification contribute and the current follows the ohmic law. The ohmic current values are monitored at
6500V , and Cosmic current, is defined as current with no beam, at working point voltage, in the region of the gas
amplification
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Figure 4.17: RE+4 and RE−4 Current vs. time (top). Currents vs. luminosity (bottom) of
RE+4, RE−4 stations

The currents measured in RE+4 and RE−4 RPC stations in endcap are
plotted in figure 4.17. The measured currents are plotted vs. time (top),
and integrated luminosity (bottom).

• Currents vs. voltage

The currents, measured in different years for RE±4 endcap-RPCs sta-
tions, as a function of the high Voltage (HV), for example on of the RE
−4 RPC chambers is shown in figure 4.18. The lowest curve depicts for
the currents measured in middle of September in 2016. The blue and
green markers correspond to currents measured in July and October in
2017, and the purple ones - to currents measured in the beginning of
2018.

As it might be seen from the plot, the current increases as collisions go
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on. From the near end of 2017 to April 2018 we observe that the current
decreases significantly during the Year End Technical Stop (Y ET S).

Figure 4.18: RE+4 and RE−4 Current vs. Voltage

4.3.2 RE±4 Commissioning and Re-validation During LS2

The RE±4 endcap-RPCs chambers are installed on the Cathode Strip Cam-
bers (CSCs) mounting posts on the 3rd endcap yoke’s backside. Figure 4.19
shows a drawing of the RE4-RPCs modules installed on the CSCs [135].

Figure 4.19: RE4 and CSCs overview in CMS

The endcap-RPC trigger logic requires hits in at least three layers, which
was causing a drop in the efficiency to almost 80 %. By enabling three out
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of four trigger logic with the RE4 champers, the RPC endcap performance
efficiency has increased to 95 % [179].

After 4 years of running the LHC machine during run II, the 2nd long shut
down (LS2) of LHC is scheduled during 2019/2020. RE4 endcap-RPCs were
dismounted in March 2019 to spare space for neighboring CSC detector elec-
tronics refurbishment. Both the dismounted stations are planned to be rein-
stalled in November 2019 and April 2020 after performing several quality con-
trol procedures to ensure that no damage has been done and these chambers
will be operating properly during run III.

(a) (b)

Figure 4.20: RE4, covered with RPC detectors before the dismounting (a), RE4 super module
after dismounting (b)

The main reason for dismounting these chambers is the upgrade of CSC
electronics, which requires the CSCs to be taken from the CMS cavern to the
surface in order to replace the chambers electronic boards and to test the new
ones. This procedure is needed for the phase 2 upgrade of the CSCs system, to
be able to handle the higher Level-1 trigger rate and latency, and also to replace
some components that won’t survive the large radiation dose.

Endcap-RPC LS2 upgrade project was designed to perform the major qual-
ity control tests to all the chambers of the RE±4, in order to ensure that all
components of the chambers are working properly after the dismounting and to
fix/replace damaged components, which were monitored and discovered during
run II. Figure 4.20 shows real photographs of the RE4 disk before (a) and after
(b) the dismounting.

88



Figure 4.21: RE4 laboratory with the dismounting disks

A new laboratory is built at the beginning of 2019, at the surface of P5 site
to store the RE4 chambers, dismounted from the CMS detector. It provides
special environment conditions for temperature and humidity as well as safety
sensors, which are monitored daily in order to ensure the suitable environment
for the chambers.

This laboratory is not only for storing the RE±4 chambers, but also for per-
forming important validation procedures, for fixing any part of the components
of the chambers that were affected or damaged during run II and also for testing
overall components. Each chamber goes through a certification procedure with
some major tests such as gas leak tests, cooling tests, as well as High voltage
stability and noise measuring tests for all the electronic FEBs to spot any noisy
or dead readout channels. Figure 4.21 shows the new laboratory built for these
chambers. Figure 4.22 shows the RE4 endcap-RPC chambers extraction.
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Figure 4.22: Extraction process of RE4 chambers, More photographs can be found in
the following link: https://cds.cern.ch/record/2668394?ln=en. A video of the
RE±4-supermodules removal can be viewed here https://drive.google.com/open?id=
1Q6eDwRv69m973AQqlvOBhyCmEwGnprpt.

4.3.2.1 Re-validation of the RE4 at the Surface

Seventy two super chambers (RE+4 and RE−4 stations) were dismounted
in March 2019 to free space for CSC extraction for electronic refurbishment.
RE+4 station is going to be reinstalled inside CMS in November 2019. Several
quality control tests have been performed in the newly built lab with a con-
trolled environmental condition in order to re-validate all the detectors. This
included performing the noise scan on the detectors to confirm the function-
ality of the detector’s front-end boards (FEBs) and to spot any dead or noisy
readout channels, based on the noise rate histogram results. Figure 4.23 below
illustrates the noise scan results for the one of the RPC detectors CMS-RE4-
3-GHENT-048 A. Strip number 16 in this detector represents an example of a
single noisy strip. That is due to the very high noise rate in that strip per unit
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area which was approximately 4400 Hz/cm2.

Moreover, the high voltage has been turned on and kept at 6 kV for each of
the 6 super modules carried on a single trolley and the current readings have
been recorded regularly using web detector control system (web DCS).

Figure 4.23: Illustration of the noise scan results for the one of the RPC detectors CMS-RE4-
3-GHENT-048 A

Figure 4.24: RE4 super-modules with connections (left) to the HV scan rack (right)

Table 4.1 shows a sample result for current readings from trolley-02 at dif-
ferent dates. In this table, ”SMs” stands for Super Modules and P0 is the ex-
pected Ohmic current that was determined by extrapolating the decreasing cur-
rents slope by end of run II. All SMs were kept at a constant voltage of 6 kV .
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Figure 4.24 shows one of the connected trolleys with the gas pipes and HV
scan cables during the test (left) and the HV scan rack (right) used to control
the process and monitor the results and behavior of the current during the scan.

Table 4.1: Trolley-02 current readings in µA, we disconnect this trolley on 16 August after
completing its validation.

SMs 20 Jul 2019 30 Jul 2019 06 Aug 2019 16 Aug 2019 P0 from fits 2018
26 4.7 3 2.8 - 2.5
28 12 7 6 5.2 4.1
22 15 7 4 - 4.5
24 6 4 4 - 4.7
18 7 5 4 3.2 2
20 6 4.3 4.2 - 4.4

Figure 4.25: Current vs. Hv for Trolley 02 super-modules in each gap
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Figure 4.26: Current vs. Voltage (before and after dismounting)

It can be seen from the table that as the super modules are kept at high
voltage for a long period of time, the resulting current value decreases and is
expected to approach the corresponding value of P0. It can also be observed
that the SMs with a relatively high value of current initially, tend to have a
significant rate of reduction in its value at the beginning and then this rate of
reduction itself decreases as the current approaches the corresponding value of
P0. Finally, some other SMs have shown that the currents can be decreased
much faster if higher voltage values are used.

Since the increase of currents appears to be reversible as it decreases back to
initial value over time as data taking stops, a conclusion can be made that there
is no damage to the inner electrode surface and no permanent damage to the
electrode resistivity. The current increases are due to high concentration of pol-
lutant (HF) which is not effectively removed by gas flow and thus forms a thin
conductive layer on the inner electrode surface and decreases surface conduc-
tivity. The RPC gas mixture is mainly composed of F-gas. The decomposition
of this gas under electrical discharge produces Fluorine ions which can produce
HF [28]. Gas flux cleans this layer and HV helps burning any deposits, after
data taking is stopped and system is kept flushing with gas. Figure 4.25 shows
the current distribution for Trolley 02 super-modules in each gap. Figure 4.26
shows the current distribution for two of the super-modules as a function of
voltage for HV scans which has been done starting from July 2017 till August
2019 (before and after dismounting comparison).
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In conclusion, during my service work period in 2019, 4 Trolleys, each
trolley holds 6 super-modules, (T01,T02,T06,T03) from RE+4 are completely
validated and closed, by replacing all the insulating protections, final checks
for all the connections/groundings and putting back the aluminum covers. The
work is still on going on the rest of trolleys.

Figure 4.27: Gas Leak Test set-up with monitored screen

Another main mild-stone for the re-validation process is the gas leak test.
The gas flow is controlled by measuring the stability of applied pressure of
10 mbar using a pressure sensor, in a fixed time of 600 sec. The gas leak rate
should be less than 0.2 m bar/10 min at 2 liters.

As shown in figure 4.27, the gas leak test is performed by using a special set
up (with a photograph for the doctoral candidate while preparing the chamber
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pipes to connect the gas pipes and high voltage cables), with a nitrogen bottle
as a gas injector and bubble input and output system to monitor any issue that
may exist in the input injector process or the output bubbling tubes (shown in
figure 4.28, for gas leak test (right) and the one used for HV scan test (left)).
If there are no bubbles (gas indicator) appearing in the output tubes, this is an
indicator that the tested gap is broken. Also with monitoring the behavior of
the injected gas pressure with the time and calculating the slope of the plateau
after switching off the injection sensor, the actual leaking rate for the gap can
be obtained. Below is an example for the tested gaps with the results of the gas
leak test.

Figure 4.28: Gas Leak Test set-up with monitored screen

In conclusion, RPC system have stable performance after running in ex-
treme conditions for more than 7 years and no obvious ageing effects have been
observed. The system is ready to participate in upcoming High Luminosity-
LHC program.
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CHAPTER 5

DATA ANALYSIS IN CMS

This chapter gives a brief explanation of how to generate and simulate events
in the CMS detector as well as the reconstruction process. And mainly, it will
describe the generation step of monopole events and the simulation process of
monopole interactions in the CMS detector. It is also important to discuss some
important information about the Long-lived particles (LLPs) and their signature
in the detector. The development of experimental studies is always guided by
fundamental theories. In order to be able to analyze the recorded data by the
CMS detector, we have to reconstruct the obtained signals which come from
the different parts of the CMS detector, in order to identify any particles in the
event. Also, one of the main purposes of the analyzing process is to compare
the experimental results with the theory.

In this chapter, we will give a brief introduction to the description of the
event structure at the LHC with the steps needed to simulate the event which
will interact with the layers of the CMS detector. Also, we will explain in detail
the Monte Carlo generator program which we used in this research.
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5.1 Proton-proton Collision’s Physics

In order to generate an event in a proton-proton collision, we have to gen-
erate the complete process starting from the colliding protons in the LHC till
the final observed particle. Each of the final observed particles is detected in a
specific layer of the CMS detector depending on the type of that particle in its
final state.

There is dedicated software for the CMS experiment, which allows us to
simulate, reconstruct and analyze the recorded data. CMS software (CMSSW),
is a set of tools and algorithms to produce the Monte Carlo (MC) simulation
samples and also to reconstruct the recorded data which produced in the CMS
detector [46, 71]. First, a brief description of the Monte Carlo (MC) simulation
process will be given, and then we will describe the data formats, which are
used in both real data and MC.

5.1.1 Monte Carlo (MC) Event Simulation

In order to start the MC event simulation, there are two main steps which
should be done in order: the event generation, which a proton-proton collision
is generated and simulate the particles that appear in the detector layers, and
the detector simulation, which will explain how the generated particles will
behave inside the detector.

5.1.1.1 The Event Generation

According to the composite nature of the protons, the event structure at the
LHC is complicated. There are many generators which can be used to gener-
ate events with the required conditions for each particle, such as Pythia [171],
Madgraph [33, 107]. The first step of producing the MC samples is called
”GEN step”. The hard scattering process is simulated during this step, which
is the interaction between the quarks and gluons (partons) in the proton-proton
collision. Then it creates the interesting physics process we need. The mo-
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mentum of the protons is known but the partons momentum within the protons
is constantly in flux. Thus, the generators use Parton Distribution Function
(PDFs), which is important to give a description of partons to have a certain
momentum and it determined by the momentum fraction of the parton and the
transferring momentum. Since the current theories can not derive the PDFs,
they are measured experimentally. Then the generator is modeling the short-
lived particles after the step of simulating the hard scattering. Then the partons
hadronization is simulated and create the parton showering. The last step in
generating events is the ”underlying event”, which is the soft partons interac-
tion and pile-up is modeled.

Figure 5.1: Illustration of an event shows the hard scattering and the ensuing parton shower
(red), the hadronization (green) with hadron decays (dark green) and radiated photons (yellow),
and the underlying event coming from beam remnants (blue) and multiple parton interactions
(purple). Figure from ref. [110].

Figure 5.1 demonstrates the event structure and shows the hard interaction
(red), surrounded by a tree-like structure. Due to the partons color charge, their
involvement in the hard interaction process will create a parton shower consists
of radiation cascade from QCD processes. The red color indicates the outgoing
partons and the blue color indicates the incoming partons. Then the resultant
partons will hadronized because of color confinement (green color), with ra-
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diation of photons (yellow) and hadron decays (dark green). The last step is
the purple interaction which represents the secondary interaction between the
remaining constituents of the proton. Besides these multiple interactions of the
partons, additional pile-up interactions can occur and it can generate the event.
All these steps must be counted when we generate events using any generator.
The sub-processes which are used to generate an event can be summarized as
follow:

• Hard scattering and Parton Distribution Functions
Each of the colliding protons is formed of quarks and gluons (partons),
the proton’s momentum is distributed among its partons depending on the
Parton Distribution Function (PDF) used. At a given momentum transfer,
two partons will interact from the colliding protons, with a certain prob-
ability. PDFs can be determined experimentally and they are available
from various groups, e.g. NNPDF [41], MSRT/MSTW [127], CTEQ
[148]. Figure 5.2 shows an example of PDFs obtained by the NNPDF
group.

PDFs f (x,Q2), where x is the momentum fraction of the proton and Q2

is the momentum transfer scale are described in the figure, where the
valence quarks in the proton (up and down) have a momentum fraction
which is larger than the fraction momentum of the remaining sea quarks,
which shown as virtual quark - antiquark pairs forming from gluons and
they are annihilating again. Then the PDFs convoluted with the hard
scattering’s matrix element, where the two colliding partons produce high
energetic final state particles.

The generator which is used in this search in such a process is MAD-
GRAPH5 aMC@NLO, a detailed description of the model used in this
search will be discussed in the next chapter.

• Parton Showers As mentioned, the hard scattering produces partons that
can be branched into other partons and they in turn create a secondary
partons shower associated with a radiation cascade from QCD processes.
This radiation is mainly categorized into two types of radiation depending
on its origin. The first type is called the Initial State Radiation ”ISR”,
which is produced from the colliding partons. The second type which is
produced from the outgoing partons, called Final State Radiation ”FSR”.
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The detail of the perturbative method to involve these types of radiation
in the generation process is described in [37, 90]

• Hadronization Following the step of the showering, is the hadronization
step, where the colored particles produced in the parton shower are trans-
forming into color neutral hadrons. Phenomenological models are used
for such a process. The showering and hadronization steps, which used to
perform this search are done via ”PYTHIA 8” [172, 170], which is a gen-
eration event software that includes hard (soft) interactions, PDFs, ISR
and FSR parton shower, fragmentations and decays. PYTHIA is using a
set of parameters tunes in order to reproduce the experimental data.

• Underlying event

In general, the colliding protons share a small fraction of their energy
with the colliding partons. the rest of the energy remains in the beam rem-
nant, which continues its path in the original direction. Since the proton
is formed of many partons, more partons can collide with the other pro-
ton’s partons, (since we assumed in the previously described processes
that only one parton from each of the protons are participating in such a
process), this results from a multi-partons interactions (MPI) so that the
hadronization of the multi-partons interaction (MPI) and beam remnant
are referred to ”underlying event”.

• Pile-up

Two types of pile-up could occur, In-time pile-up (PU) collisions, which
produced from the proton’ scattering in the same bunch crossing of the
hard interaction process. Out-of-time pile-up collision, which produced
from the next or previous proton bunch crossings.

After passing through this chain of essential processes to generate events,
we have to combine this information to a detector simulation framework.
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Figure 5.2: The Parton Distribution Functions multiplied by the momentum fraction x at energy
scales Q2 = 10GeV 2 (left) and Q2 = 10000GeV 2 (right) for the different valence and sea quarks
and the gluons present in a proton, obtained in the NNLO NNPDF 3.0 global analysis. Figures
taken from [41]

.

5.1.2 Detector Simulation

After generating events through the parton shower and hadronization, they
are passed to the simulation step of the CMS detector and being processed by a
simulation toolkit called ”GEANT4” [29].

Interaction between particles and the material of the detector need to be sim-
ulated and it is well described in the toolkit with the effects of these interactions,
such as Bremsstrahlung of electrons, ionization energy loss of charged particles
and showering of photons, electrons and hadrons in the detector calorimeters
as a result of the particles are passing through the detector layers.

The CMS - GEANT4 simulation package is installed inside the CMS soft-
ware, which contains the detector’s geometry with sensitive layers designed
in order to detect the charged particles. It also contains information about
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the dead material regions which contain cables, support structure, and cooling
pipes. Also, a precise magnetic field’s map is included to be able to simulate
the charged particle’s curvature in a proper way.

5.1.3 Digitization

After the simulation of the detector ”SIM step”, the digitization process
takes place, which gives information regarding the electronic response pro-
duced inside the detector by the hits occur in the active layers of the detector
material. In such a way the event content is the same as the real detector output.
Also by adding the hits of the generated proton-proton interactions to the hits
which results from the main interaction, the pile-up effect is included.

The simulation algorithm used in this search was imported specially for
monopoles, as the interaction of new particles that can be produced by special
models is not always inserted inside the software package by default. Detailed
description of the method of importing the monopole model in GEANT4 will
be discussed in the next chapter.

5.1.4 Event Reconstruction

Each layer of the CMS detector is designed in order to identify and re-
construct specific types of particles. Figure 5.3 presents a visualisation of the
charged particles interactions that occur inside the CMS detector, starting from
the interaction point to the outer layers of the CMS detector.

We generate minimum bias events for the pile-up and the obtained events
from the simulation step can be directly reconstructed, using the CMSSW re-
construction algorithm. Besides applying the reconstruction method to the MC
simulated samples, it is also applied to reconstruct the real data coming from
the detector. The reconstruction chain is performed as follow:

• First, tracks reconstruction is performed, with a particular track recon-
struction algorithm for electrons and muons. For monopole, a special
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track combiner algorithm is used, which will be described later in detail.

• Calorimeter deposits, which occurred by charged particles, are grouped
into clusters and a special reconstruction algorithm called ”Particle Flow
(PF)” is used in order to improve the reconstruction step. PF algorithm
improves the reconstruction performance of jet and hadronic τ decay, as
well as the determination of the missing transverse momentum and elec-
tron and muon identification.

Figure 5.3: A slice of the CMS detector indicates the interactions of different types of particles
when they travel through the detector

5.1.4.1 Electron and Photon Reconstruction

Information from the tracker and calorimeters of the CMS detector is used
in order to reconstruct the electrons. As a result of the huge amount of material
exist in the tracker, bremsstrahlung process occurs and electrons will emit pho-
tons, these photons in turns will convert into pairs of e+ e−, which can radiate
secondary photons.
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In the electrons reconstruction process, a Gaussian-sum filter (GSF) candi-
date is used as a first starting step [174]. In order to reconstruct the electron
track from tracker hits, taking into account the bending of the electron’s track
in the magnetic field, the GSF candidates are obtained by two various meth-
ods. The first method used is the ECAL-based approach, which is grouping the
clusters of the ECAL into superclusters to collect the electron’s energy and the
photons from the bremsstrahlung process in a small η and a large φ. Then the
position of the hits in the layers of the tracker is estimated by the energy and
position of the supercluster.

The second method is the Tracker-based approach, which is used to find
any electrons has been missed by the first method, the ECAL-based method. In
such a method, tracks with transverse momentum (> 2 GeV ) are used. some
requirements are needed for the number of hits and X2 of the fit. the electron
seeds formed with the two above methods are combined and used in the full
electron tracking as an input.

By using the Particle Flow (PF) algorithm, the resultant electron tracks are
matched to ECAL clusters. ECAL superclusters seed with transverse energy
larger than 10 GeV (and not matched to any GSF track) is selected as an indi-
cation of the reconstruction of an isolated photon candidate. By using an an-
alytical function for energy and pseudorapidity, an energy correction has been
taken into account in the calculations of the total energy of the accumulated
ECAL clusters due to the energy loss in the reconstruction process. At low
transverse momentum and | η |= 1.5, the applied correction is almost 25 %.
the magnitude of an electron’s energy is determined from a combination of the
momentum of the GSF track and the corrected energy, while the electron’s di-
rection is obtained from the GSF track. The corrected energy and the direction
of the photon and the direction are obtained from the used supercluster.

5.1.4.2 Identification of Electron and Photon

Starting with a supercluster in the ECAL, electrons, and photons can be recon-
structed. The sums of energy deposits of the particle showering in the ECAL
are forming the so-called Superclusters. If a track seed from the pixel detec-
tor is matched to a supercluster in the ECAL, the GSF electron is produced,
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otherwise, the supercluster is reconstructed as a photon.

If the GSF electron could be distinguished from a hadron, we can count it
as an electron candidate. To perform this step, many criteria are used, such as
the supercluster width in η direction should be small, the deposition of energy
in the ECAL must be higher than the deposition in the HCAL cells, and to
separate the GSF electron candidate from the muon candidate. If these require-
ments/criteria are fulfilled, the electron candidate passed the PF algorithm and
become a PF electron.

5.1.5 Muon Reconstruction

Two complementary methods are used to perform the muon tracking pro-
cess. The first method, which based on standalone muons, is reconstructing
the muons through the hits that occurred in the muon detectors by using pat-
tern recognition. Then, the hits are merged to form a global muon track by
matching the standalone muons to tracks in the tracker detector. Muons which
are reconstructed from this method are having a worse momentum resolution
compared to the next reconstruction method below. The momentum resolution
is improved by the global muon fit at muon momenta higher than 200 GeV .

Due to the large multiple scattering in the return yoke, the muon with mo-
menta less than 10 GeV , fails the conditions of the global muon which needed
to enable the muon to penetrate more than one muon detector plane. Since the
tracker-only muon reconstruction method requires only one muon segment, it
is more efficient to be used. In the tracker detector, if the transverse momentum
for each track is higher than 0.5 GeV and the total momentum is higher than
2.5 GeV , the track is therefore extrapolated to the muon system. By finding
only one matching track segment, it can be selected as a muon candidate.

Either as global or tracker muon or both, 99% of the muons are recon-
structed due to the geometrical acceptance of the muon system. It can be possi-
ble for global and tracker muons that share the same track, to be merged into a
single candidate. If part of the hadron shower reaches the muon system, charged
hadrons can be mis-reconstructed as muons. To improve the identification of
muons, the algorithm of particle flow (PF) muon identification should matches
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the depositions of energy in the calorimeters with the track of the muon.

5.1.5.1 Muon Identification

Some identification criteria should be applied to ensure the quality of the
reconstructed muon when using it for physics analysis. several identification
levels exist, which denote as ”tight”, ”medium”, and ”loose”. The most widely
used criteria are tight and loose identifications. Muons are required to be ei-
ther global or tracker only muon if we used loose identification. And for the
tight identification, it is required for the muon to be only a global muon, which
identified as a muon by using the PF algorithm.

5.1.5.2 Jet Reconstruction

By using anti-kT algorithm [56], we can reconstruct the jets[78] which can
cluster the particles generated from the event simulation, or the reconstructed
particles by the PF algorithm (PF jets), or the depositions of energy in the calo-
riemeters (Calo jets).

Figure 5.4: PF jets and Calorimeter jets at CMS

The particle’s transverse momentum pT (also called kT ) and the distance
between the particles are taken into account when these procedures are per-
formed. We can define the distance between the particles as
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4Ri j =
√
(ηi−η j)2 +(φi−φ j)2 (5.1)

Where i and j represent pair of particles, and The parameter R determines
a jet. PF hadrons are forming the PF jets by using primary vertex direction of
the particle. The hadronic showers created from quarks and gluons are defined
as Jets. Anti-kT algorithm, used in the CMS to identify the jets, is merging the
closer neighboring particles together. This step is iterated continuously until all
the PF hadrons have been gathered to form a PF jets, which is a cone and its
size is proportional to R. Figure 5.4 presents the formation of the PF jets and
Calorimeter jets.

5.1.5.3 Particle Flow (PF)

Reconstruction algorithm of the Particle flow (PF) is responsible for combin-
ing information from the various sub-detectors of the CMS experiment [169]. It
is also linking tracks from the inner tracker with calorimeter clusters and tracks
of the muons. When each particle is identified properly, a full picture of the
events is completed.

There are few requirements that have to fulfill in order to perform PF re-
construction, first, the large volume of the inner tracker is needed, for precision
and high-efficiency tracking. Also to be able to distinguish between charged
and neutral particles in the subdetectors and having a good resolution of the
transverse momentum, a high magnetic field is necessary needed. Finally, the
calibrated calorimeter is important for good energy resolution and also, to dis-
tinguish between charged and neutral particles.

Tracks, ECAL and HCAL clusters plus the tracks - clusters links, are the
basic components for the PF reconstruction algorithm. By using matching/link
algorithms, tracks and clusters are matched and linked together to form the so-
called ”blocks”. The main purpose of the PF reconstruction algorithm, besides
preventing double counting of particles, is to link subdetector’s information to
give a global picture of the particles produced in the event collisions.
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First, the PF algorithm identifies the tracks of the charged particles, electron
and muon. Besides, a special designed clustering PF event reconstruction algo-
rithm is used to reconstruct the calorimeter clusters. If the deposited energy in
the cell of the supercluster is above a given seed threshold, the seed is identified
to have the maximum local energy with respect to the neighboring cells. Then,
by using a link algorithm, the PF elements are connected, in the various sub-
detector, in order to avoid any doubling counting. This link algorithm creates
blocks of such elements and by defining a geometrical distance between these
elements, the quality of the matching between these elements is quantified. The
shortest distance between the elements is chosen. To be more precise, match-
ing between a track in tracker subdetector and a calorimeter cluster is done by
extrapolated the last hit in the tracker to the nearest calorimeter cluster. The
matching distance is defined by the distance between the extrapolated track and
the nearest cluster in (η, φ) plane.

In order to improve the performance of the muon identification, the identi-
fication algorithm of PF muon is matching the muon tracks to the muon energy
deposits in the calorimeters (ECAL, HCAL). Finally, the obtained PF blocks
from the matching step, are then classified as electrons, isolated photons or
muons, while the remaining elements are identified as PF charged hadrons or
PF neutral hadrons of PF photon.

In conclusion, identification of electron is done first and the electron can-
didates are removed from the PF reconstruction algorithm. When there is no
track in the tracker subdetector, the particle could be identified as a neutral par-
ticle. But if there is no track in the inner tracker and there is an energy deposit
in the ECAL, the formed block is identified to be a photon, and if the energy
deposited in the HCAL, the formed block will be identified as neutral hadron.
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CHAPTER 6

SIMULATION OF MAGNETIC MONOPOLE IN
THE CMS DETECTOR

In this chapter, we will give a brief overview on the Long-Lived particles
and their signature in the detector. A detail description of the monopole event
generation model that has been used in this search will be explained. Then, we
will discuss in detail the signature of magnetic monopole in the sub-detectors
of the CMS, specially the Inner Tracker and the Electromagnetic calorimeter
(ECAL) with a full description of simulation process of the monopole in the
detector.

The doctoral candidate is the principle responsible for generating the monopole
events using the described model and producing the LHE files for each monopole
mass simulated. The Les Houches Event file format (LHE) is an agreement be-
tween Monte Carlo event generators and theorists to define Matrix Element
level event listings in a common language. Also, an official presentation has
been delivered by the doctoral candidate in the CMS-MC exotica group to be
able to request the official MC samples with the used model, to validate the
results later.
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6.1 Exotic Long-Lived Particles

Numerous theories beyond the SM has predicted the existence of long-lived
particles (LLPs). Experimentally, some searches can be performed in the LHC
and particular the CMS experiment. Supersymmetry (SUSY) is one of the ex-
tension theories of the SM of particle physics which predicted the LLPs. This
theory enables us to solve the hierarchy problem, the gauge coupling unification
at the Planck scale, and provides us with dark matter candidates [132].

Long-lived exotic particles are considered to have long lifetimes, and they
can travel for few kilometers, i.e. LLPs do not decay at the interaction point of
the collision and they travel some distance. Only we are interested of LLPs that
their decay lengths very close to the scale of the detector which loose most of
their energies in the material of the detector (ionization).

The unique features of the detectors are used in order to search for LLPs
as they enable us to find new physics beyond the Standard Model. Usually,
detectors require a special trigger, unique reconstruction algorithms and they
also need discriminating variables to identify them in the detector layers. As
discussed in chapter 1, the Standard Model theory is precise to explain the
fundamental particles and their interactions, but it is not yet complete. Thus,
we have to look for new physics beyond the SM as there are no massive LLPs in
the SM theory. Furthermore, LLP’s signatures in the detector are very unique, if
there is any evidence for these particles to be exist, this will lead to a discovery.

A magnetic monopole is considered to be an exotic long-lived particle,
which can be detected at particle colliders. As mentioned in chapter 2, the
magnetic monopole is a hypothetical particle with an isolated magnet with only
one pole (north or south). However, till now all the observed magnetic parti-
cles have two poles with zero magnetic charge. At current colliders, monopole
searches can be conducted as they are highly ionizing particles, and it is very
easy to distinguish between monopole and any other minimum ionizing par-
ticles. In addition, monopole has been developed by many other theoretical
models.

In the following section, we will describe how these particles will look in
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the detector, through the ionization process.

6.1.1 LLPs Interactions with Matter

There are different ways for the LLPs’ signature inside the detector. The
basic way of the LLPs interaction with matter is ionization. When a particle
passes through the detector material, it can easily interact with the atomic elec-
trons or the nuclei of the atoms. For LLPs, the ionization process is the result
of the interaction with the atomic electrons, while the hadronization process is
the result of the interaction between the LLPs and the atomic nuclei.

Figure 6.1: The Energy Loss for monopole (blue) is very high as compared with electric
charged particle (red). Figure from ref. [92]

6.1.1.1 Ionization of Electrically and Magnetically Charged LLPs

The basic electromagnetic interaction between LLPs and the matter is ioniza-
tion. Energy loss via ionization for an electrically charged LLP is described by
the Bloch-Bethe formula (equation 2.16) and for monopoles (equation 6.1) is
used. It is the same as the equation of the energy loss of the electrically charged
particles with replacing ze with g and inserting the factor (1/β2). Since Dirac
monopoles have a magnetic charge of order of 137 e/2, the ionization loss of
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the magnetic monopole would be an order of several thousand times greater
(almost 4700 times higher) than any electrically charged particle with charge
e. Figure 6.1 indicates that the energy loss for monopole (blue) is very high as
compared with electric charged particle (red). Table 6.1 shows the used vari-
ables in the modified Bloch Bethe formula for monopole.
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Table 6.1: The variables used in the modified Bethe equation for monopole

Symbol Definition Value/Units
I Mean Ionization potential eV
k(| g |) Correction term 0.406 f or g = 1

0.346 f or g = 2
B(| g |) Correction term 0.248 f or g = 1

0.672 f or g = 2

Figure 6.2: Stopping Power −〈dE/dx〉 for Dirac monopoles in aluminum as a function of β

(left). The ratio of range to mass for Dirac monopoles in Aluminum as a function of βγ = p/M,
calculated from the stopping power (right) [95]
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The stopping power for Dirac monopoles in aluminum as a function of their
speed β is shown in figure 6.2 (left). It shows that the monopole slows down
when the ionization becomes less dense. The right figure shows the ionization
range normalized to the mass of Dirac monopoles, as a function of βγ = p/M.
Monopoles give a very striking ionization signature in the matter.

6.1.2 Hadronization of LLPs

Hadronization process is the result of the interaction between colored LLPs
with the atomic nuclei of the detector material, through which picking up a
light quark or gluon. These LLPs could be mesons or baryons, they are called
R-hadrons, which they can change their charge if they continue to hadronize
the detector material [95].

6.2 Monopole Production in CMS Detector

The generation and simulation processes for monopole will be discussed in
detail, using frameworks such as GEANT4 and Madgraph5 generator which are
currently used to estimate the acceptance for several sub-detectors parts in the
current search. The search method adopted relies on highly ionizing tracks in
the tracker sub-detector with many saturated hits and confined energy deposits
in the calorimeter.

Magnetic monopole gains energy from the magnetic field generated from
the solenoid, and unlike SM particles, monopole tracks are expected to have
some curvature along the axis of the beam. Both, the track path and the calorime-
ter transverse cluster shape are consistent with magnetic charge dynamics in a
uniform magnetic field. Such a strategy applies to any massive highly charged
stable particle. In this thesis, the analysis is assumed to be searching for mas-
sive Dirac monopoles using the Drell-Yan mechanism as a benchmark for this
search, which provides a scenario with relativistic kinematics for monopole
produced in the proton-proton LHC collisions. Since the calculations of the
cross-section in any case do exist but they are calculated in perturbation theory
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which not valid due to the high coupling constant involved in the monopole
process, so these calculations are not reliable. We, therefore, set limits on the
monopole cross-section production.

In next sub-section we will discuss the event generation model and how did
we generate events for simulated monopole signal (Monte Carlo Samples).

6.2.1 Monopole Production - Event Generation

There are two main processes for monopoles to be produced at the LHC
from proton–proton collisions, Drell-Yan and Photon fusion processes are used
for monopole production in an effective U(1) gauge field theory’s framework,
which obtained from conventional models that describe the interaction of monopole
spin 0, 1/2, 1, magnetically charged fields with ordinary photons, taking into
account the electric-magnetic dualization.

(a) Typical SM Drell-Yan process (b) DY monopole-antimonopole pair production

Figure 6.3: A Feynman-like tree-level graphs for production processes of monopoles with
generic spin S.(a): typical SM Drell-Yan process describing charged lepton production from
quark-antiquark annihilation; (b) DY monopole-antimonopole pair production from quark an-
nihilation

A Feynman-like tree-level graph is shown, for monopole production pro-
cesses with generic spin S, in figure 6.3 (a) shows a Typical Standard model
Drell-Yan process in producing charged lepton from quark–antiquark annihila-
tion, (b) shows Drell-Yan monopole-antimonopole pair production from quark
annihilation.
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The first step to producing MC samples in any analysis is the step of event
generation. For a particular physics process, this step produces the desired final
state particles. In our current search, the final state particles are monopole-
antimonopole. In order to generate different types of physics processes, one
can use any of the available event generators.

MADGRAPH5 aMC@NLO [34] is one of the tree-level matrix element gen-
erators, is used in this search with a recent implementation of the magnetic
monopole model for Drell Yan mechanism – spin 1/2 with a magnetic charge
equal to 1.0 gD for 10 mass points (500, 700, 1000, 1200, 1500, 1700, 2000,
2500, 2700, 3000 GeV ) with 100K events each. We selected a large number of
mass points since no constraints are placed on the monopole mass in any theory.
The simulated particles through the step of event generation are called “truth
particles” and they are not the same as particles created from the reconstruction
step.

Using the Drell-Yan mechanism, simulated monopole events are generated
of spin 1/2 pair-produced monopoles. Monopole production mechanism is not
well understood although monopoles are predicted by models with masses in
the TeV scale. A monopole interacts with matter in a different way compared
to electric charged particles as electrons, hadrons, and muons, which are used
in particle colliders measurements and searches. MADGRAPH5 aMC@NLO
is used to generate events for the pair-produced spin 1/2 monopoles model in
proton-proton collisions at centre of mass-energy of 13 TeV using the Drell-
Yan kinematics are produced. Samples of 100000 events were generated for
each mass point and charge 1.0 gD with Parton distribution function (PDF):
NNLOPDF.

In order to ensure that only the energetic monopoles will reach the Electro-
magnetic calorimeter to be simulated, we need to set a limit on the minimum
transverse momentum pT by optimizing its value using computing resources.
Magnetic monopole generation models have been imported to the Madgraph5
generator recently. Recent MadGraph5 versions (version ≥ 2.6.5) have in-
built updated monopole.
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Generator Level Kinematics Distributions

The Kinematics of the monopoles on the generator level are plotted for all
mass points has been generated via Madgraph.

Figure 6.4: Transverse Momentun (pT )

Figure 6.5: Pesuropaidity (η)
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Figure 6.4 shows that the monopole is a very energetic particle and by
higher masses have higher energy ranges, and figure 6.5 represents the η distri-
bution for all mass points of generated monopole and it shows that most of the
monopoles events produced within the acceptance of the ECAL, −3.0 < η <
3.0.

6.2.1.1 Implementation of Monopole model in MADGRAPH5 aMC@NLO

For such relativistic fast monopoles with relative velocity β = 1, passing
through materials, a large number of electron-positron pairs are produced which
can be used as a sign for the monopole’s presence [38, 161]. The study of
slowly moving monopoles with β << 1, will be excluded from the present
work. This thesis focuses on the electromagnetic interactions of monopole of
spin S = 1/2 (see Appendix A.2.1.1).

The monopole velocity β is used in the Drell-Yan model is given by Lorentz
invariant expression in terms of the monopole mass M and the square of the
center of mass-energy of the incoming particles (Photon or anti quarks),

√
s =

2Eγ/q

β =

√
1− 4M2

s
(6.2)

“There is no accurate theoretical calculations of the monopole production
cross-section”. Only Leading Order models can be used for the Feynman di-
agram. For Feynman diagram calculations, we use the perturbative approach,
i.e. we have many terms in the cross-section calculations.

1. LO - Leading Order to tree level

2. NLO - Next to leading order of first-order loop diagram to next to Lead-
ing order or second-order loop diagram and so on.

For processes where the effective coupling is less than 1, the terms in b
and c are less than terms in a. For monopoles, the coupling is 68.5 � 1 so
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terms b and c will be larger than terms in a, this is the reason why perturbative
calculations are not possible. Here we only calculate the tree-level diagram
and ignore higher order terms. We ignore them not because they are smaller in
value than LO term but because we don’t know to handle higher order terms.

It is reasonable to assume that a proper field theory treatment of monopole
pair production would reproduce the Drell-Yan electron production with the
duality transformation applied. Events are generated through the developed
spin 1/2 monopole β-dependence model in MADGRAPH5 aMC@NLO via the
Drell-Yan process. Monopole PID is ±411000, which GEANT4 recognizes as
a magnetic monopole and treats it as a particle having the fundamental mag-
netic charge g and no electric charge. Monopole masses ranging from 500 to
3000 GeV have been simulated.

6.2.2 Monopole’s Expected Signature in CMS Subdetectors

A wide range of signatures could be found for the LLPs. A few of these
particles could pass through the detector layers with an unusual signature, as
monopoles. They could have a very highly ionized tracks, while other LLPs
could have lifetimes to be decayed in the detector.

Also, there are other particles that could be so heavy and exhibit a com-
plete stop in the detector and later after some time, they could decay. For
Dirac monopole, the dE/dx signature is one of the discriminated variables to
detect the magnetic monopole. In order to search for monopole at colliders,
there are two discriminated variables, that combined to identify the monopole
candidates, related to the inner tracker and electromagnetic calorimeter sub-
detectors.

First, we should look for high dE/dx tracks in the inner tracker detector, the
track of the magnetic monopole in the inner tracker is a parabolic track, which
is curved in the r− z plane due to the existence of magnetic field, unlike any
other electric charged particles.

Monopole has a unique feature related to the track. It is well known that the
trajectory of the electrically charged particles bends in the x− y plane which
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perpendicular to the magnetic field, but in the case of monopoles, the mag-
netically charged particles that accelerated along the direction of the magnetic
field, they are bending in the r− z plane and this cause the electromagnetic
calorimeter cluster reconstruction which produced by the monopole track after
applying some pre-selections for the matching process. Figure 6.6 shows that
The monopole trajectory of mass 1000GeV is bending in the z plane, assuming
a uniform solenoid magnetic field in the 3 main experiments at the LHC (CMS,
ATLAS and ALICE experiments).

Figure 6.6: The approximate trajectory of monopole mass 1000 GeV , assuming a uniform
solenoid magnetic field in the ALICE (B = 0.5 T ), ATLAS (B = 2.0 T ) and CMS (B = 3.8 T )
detectors at η = 0, for | g |= gD (left)

Second, a narrow ECAL cluster could be taken as a magnetic monopole sig-
nature in the ECAL. Figure 6.7 presents the simulation of magnetic monopole
(monopole - antimonopole) in the CMS detector via CMSSHOW program, it
shows the straight track in an x−y plan (yellow line), unlike most other charged
particle which has a curved track in the x−y plan. A narrow energy deposition
in the ECAL cluster (red narrow cone), which for other particles is spread more
among neighboring crystals.
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Figure 6.7: Signature of Magnetic Monopole is CMS detector via CMSSHOW program

Magnetic monopole deposits most of their energies in a single ECAL crystal
(cell) of the ECAL 5 × 5 cluster. However, this would make them look like an
ECAL spike!. Spikes are one of the noise sources at some of the colliders,
specifically for CMS detectors (see Appendix A.2.1). In CMS, there are some
spike cleaning selections which will be discussed later.

In fact, there is another prediction that states that monopoles could be stopped
in the inner tracker of the detector, around the interaction point or get trapped
in the beam pipe, due to the large value of the dE/dx of the monopoles and
they bound to the atomic nuclei of the detector material or beampipe.

6.2.3 Monopole’s Signature in the Inner Detector

There are many differences between monopoles and other electrically charged
particles such as the high ionization produced by monopoles due to the ab-
sence of the inverse squared β dependence and the existence of a high mag-
netic charge compared to the electric charge in the energy loss by ionization
equations. Also the dominance of ionization process over pair production and
Bremsstrahlung processes for the monopoles and other electrically charged par-
ticles. This determines the signature of monopoles in the CMS sub-detector.
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The first layer that monopole must pass through is the beryllium beam pipe
that surrounding the interacting point, just before the tracker sub-detector. A
magnetic monopole with low kinetic energy may stop and would be trapped in
the CMS beam pipe. Monopoles with high kinetic energy could travel through
the beam pipe and enter the inner tracker.

Also, there is a current beam pipe study is under way in MoEDAL ex-
periment with a collaboration with CMS experiment, to search for magnetic
monopole in the beam pipe of CMS detector which replaced in 2013.

The two main properties to distinguish between monopole track and other
ordinary particle’s tracker:

• The track left by a monopole traveling through the tracker sub-detector
would be more ionized with multiple orders of magnitude other than a
normal track by any other charged particles and this leads to saturating
the energy loss (dE/dx) measurements.

• The monopole would experience a force along the magnetic field which is
the reason to curve its track toward the positive and negative z direction.

However, because of the curvature in the z direction, the standard tracking
algorithm is extremely inefficient to identify the monopole’s track. A new al-
gorithm has been developed in order to find the monopole tracks. The details
will be discussed in chapter 7, section 7.1.1

First, we need to understand how are monopoles produced at Colliders?

Generating monopole events is performed using Drell Yan mechanism –
spin 1/2 monopole pairs. There are two main reasons to use this model: (1)
It is the benchmark used by the previous monopole searches in other experi-
ments. (2) Dirac monopole would lead to a new duality transformation which
connects the electric and magnetic quantities. It is reasonable to assume that a
proper field theory treatment of monopole pair production would reproduce the
Drell-Yan electron production with duality transformation applied. This pro-
cess populates a wide range of phase space with monopole whilst attempting to
keep model dependant assumption to a minimum [84].
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Then, the interaction of the generated monopole events in the CMS detector
is simulated using GEANT4 [22]. GEANT4 is a software program which sim-
ulates the passage of the charged particles through the detector and measures
the energy loss dE/dx, measure and calculates the trajectory of each particle
step by step, handles the interactions of the particle with the material detec-
tor and its motion in the magnetic field. The software for simulating magnetic
monopoles in GEANT was initially developed as additional code [44], but is
now included in GEANT4 software [31, 30]. The monopole energy loss in the
matter is treated according to the full model developed by S.P. Ahlen, including
higher-order corrections such as density and Bloch corrections [25, 26, 24, 27].

A monopole team in CMS, starting from 2011, has been working on a series
of comparisons between the full GEANT4 simulation and analytic calculations
such as the Bethe formula for monopoles. Figure 6.8 shows a comparison of
the dE/dx as produced in GEANT4 to an analytic formula for the monopole
energy loss of Ahlen analogous to the Bethe formula. The GEANT4 values
(data points) are obtained by building a histogram binned in β-γ of the energy
lost by the monopole divided by the step size. This distribution is then fitted
to a Landau distribution and the most-probable value is reported. This doesn’t
include higher-order corrections (such as density correction) that the simple
formula does not include.

Figure 6.8: Comparison of the dE/dx as produced in GEANT4 to an analytic formula for the
monopole energy loss of Ahlen analogous to the Bethe formula
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This accounts for some of the discrepancies. The remaining discrepancy is
likely due to the fact that we are comparing MPV of Landau to the mean energy
loss from Bethe-Bloch formula, this can be quite different: without a cutoff the
mean of Landau is infinite!. To do this comparison fully correctly, we need to
account for the energy procedure used by GEANT4. But already at this point,
the discrepancy between full-blown GEANT4 and our simple analytic model
is a maximum 4 % effect. Note that the curves for non-monopoles are several
orders of magnitude below this curve.

In summary, there is some evidence which is used in order to determine the
monopole’s signature in the two subdetectors: The silicon tracker and Electro-
magnetic Calorimeter (ECAL) at the CMS detector. When monopole interacts
with matter, it interacts differently than other charged particles, such as elec-
trons, photons, muons, and charged or neutral hadrons, because usually the unit
electric charge is commonly assumed in most of the searches and measurement
at particle detectors. There are some important differences between monopole
and other charged particle, which are:

• The highly ionizing tracks produced by the monopoles because of the
large value of magnetic charge compared to the electric one (g = 68.5 e).

• The absence of the term (1/β2) in the equation of energy loss due to
ionization for monopole, equation 6.1.

• The dominance of the ionization process as a mechanism for energy loss.

6.2.4 δ-ray Production Model

Monopoles can cause liberation of electrons from the material of the inner
layers of the CMS detector. These knocked off electrons are called “δ-rays or
δ-electrons”, which usually have kinetic energy, of an order of few keV , more
than other electrons which results from the ionization process. More details on
the production of δ-rays can be found in [51]. Figure 6.9 shows the origin of
δ-rays which cluster around the monopole trajectory. The δ-ray’s energy which
produced in the collision is subtracted from the kinetic energy of monopole.
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By using the default GEANT4 classes, the ionization δ-ray’s energy loss is also
simulated.

Figure 6.9: The origin of δ-rays which clearly cluster around the monopole trajectory

Based on equation 6.1, The models of monopole energy loss and the pro-
duction of δ-ray are imported and used in GEANT4 with an associated uncer-
tainty of 3% [51]. The topological shower – cluster shape variable in the ECAL
( f51), which is used in this search as one of the discriminated variables to iden-
tify the monopole, could be affected by the production of δ-ray. The production
of δ-ray can be adjusted in GEANT4 simulation package for monopoles (which
is taken as a systematic uncertainty item).

δ-rays are explicitly generated above a configurable energy threshold in the
CMS detector. The acceleration of the monopole in a magnetic field is imple-
mented by providing a new equation of motion, which depends on the local
magnetic field and electric field, to the GEANT4 numerical integration algo-
rithm. The δ-ray production model is implemented in the CMSSW in the class
CMSmplIonisationWithDeltaModel.

6.2.5 Monopole Simulation in GEANT4

In order to simulate an event, we have to take into consideration everything
that could happen in the detector. The acceleration of the magnetic monopole
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in a magnetic field is implemented by providing a new equation of motion,
which depends on the local magnetic field and electric field, to the GEANT4
numerical integration algorithm. We must consider the following information:

• The interaction of the particles which we generated by the event generator
with the material of the detector.

• Digitization phase simulation

• Event reconstruction, globally and locally.

The generated events - four vectors are processed by PYTHIA, one of the
Monte Carlo simulation software [171], which adds the parton shower and
hadronization effects and the decays of the products of the proton proton col-
lisions simulation. The next step after using the desired event generator to
generate monopole events is to model the detector’s response to the passage of
monopole through its sub-detectors. The simulation step should contains the
following:

1. Detailed description of the detector: type of each subdetector’s material,
the shape of each sub-detector, geometrical hierarchies and the position
of each component of the sub-detector of the CMS detector.

2. CMS magnetic field’s description

3. Various of the physical processes in the event, which occur inside the
detector for all types of particles (e−1, γ, µ, πo, k, neutrinos, protons and
monopole): Physics interactions, such as, transportation equation, decay
information, ionization process, bremsstrahlung and inelastic processes
as well as multiple scattering.

4. Propagation of particles with their tracks inside the detector under the
effect of the magnetic field.

5. Finally, tracking parameters, selection cuts, corrections and specific tun-
ing for the simulation software
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After fully simulating the process for monopole with all the above-needed
requirements, the following step is “Digitization”, which uses the output sample
of the simulation step in a form of hits and uses the position of entering the
particle to a sensitive volume of the detector. This step is mainly working on
the detector electronics and converting the analog signal to the digital one. It
also works on emulating the Level–1 trigger electronics.

As discussed before, the three main mechanisms to describe the interaction
of electromagnetically charged particles with the material of the detector and
their energy losses, [24, 27] are Ionization, pair production, and bremsstrahlung.
In the case of magnetic monopoles, the ionization energy loss, which given by
equation 6.1, is direct proportional to g2. Monopoles with higher speed (higher
β) are likely having a higher ionization. The energy loss equation of monopoles
and the KY G and B corrections are implemented in class CMSmplIonisation-
WithDeltaModel in the GEANT4 package.

In 2010, GEANT4 simulation CMS – software didn’t include any infor-
mation regarding simulation of the magnetic charged particles when passing
through matter. Therefore a custom simulation package has been developed
and added to the CMSSW package, cmssw/SimG4Core/, this package includes
the correct equations of motion in the electromagnetic fields (equation 1.16)
for the magnetic charged particles, transportation equation and the computing
of the energy deposition by monopoles in the unit of the magnetic charge gD
(equation 1.18) with taking into account the δ-rays production. Below are the
classes that has been imported to the CMS-GEANT4 simulation software that
related to magnetic monopole simulation.

(MonopoleEquation - CMSMonopolePhysics - MonopoleTransportation -
MonopoleIonization)

The simulation package for monopole is based on the developed package
used in the monopole search in 2011. Few new fixes were introduced recently
(March 2019) into physics models and in transportation code. Specifically,
some discussions were done with the GEANT4 developers team and they have
checked CMS and ATLAS simulation packages for Monopole ionization and
they found that the threshold for the δ-ray produced should be modified. By
default, monopole ionization producing δ-electrons above some threshold. In
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these fixes, which integrated the threshold of the δ-electron production is lim-
ited and cannot be extremely small, only energetic δ-electrons are produced.
Modification for monopoles ionization is merged to the CMS software and up-
dates were integrated into CMSSW 7 1 X , 10 2 X and 10 6 X . It will also
integrate into all recent validated versions of the CMS software.

For validation, the monopole ionization model in GEANT4 has been then
compared with the ATLAS model and after the GEANT4 team confirmed that
they are consistent, they gave us the green light to reproduce, privately, our MC
samples again and request the official samples from the CMS MC-team. Figure
6.10 presents a screenshot of the validation and fixes performed in the code
interface.

Figure 6.10: Screenshot of the GEANT4 validation for CMSSW 7 1 38 which is used for
simulating the MC samples

6.3 Digitization of Simulated Signal

In order to produce an event content similar to the real detector’s output,
the effect of the detector that comes from the electronic sensors response that
produced by the hits in the detector’s active material is simulated. Also, by
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adding the detector hits of the generated proton-proton interactions on top of the
hits which result from the main interaction, the effect of pileup is also included.
This is called Digitization step.

Digitization of the simulated Monte Carlo samples is the next step after the
GEANT4 simulation using the CMSSW.

RunIISummer15GS + RunIISummer16DR80Premix are the campaigns that
have been used to digitized the simulated monopole samples using the suitable
pileup profile. The per-channel data from the detector is called Digis and it
shows the pulse shape of the detector and is used in the reconstruction of the
hit’s energy and time in the calorimeter.

Figure 6.11: Analysis Chain
.

6.4 Events Reconstruction

The next step is to reconstruct the digitized simulated monopole sample on
an event-by-event basis. New physics objects are identified mainly, at this stage,
from the reconstructed tracks and energy depositions in the clusters of the EM

128



calorimeter like charged leptons, photons, jets and missing transverse energy. A
detail study on the monopole reconstruction in the CMS sub-detectors is given
in the next chapter. A schematic diagram is shown in figure 6.11 represents the
analysis chain.
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CHAPTER 7

MONOPOLE SEARCH

As explained in chapter 6, we have generated the monopole events with
the Standard Drell-Yan (DY) process through the Madgraph generator and per-
formed the simulation process using PYTHIA and GEANT4 programs. We
studied the standard case, spin 1/2 monopole with 1.0gD for mass points range
500−3000 GeV . Particle identification code (PID) is translated to the PID of
the monopole, which is ± 411000 to be recognized as a magnetic monopole
and it is then treated as a particle with fundamental magnetic charge g and with
no electric charge. It is worthwhile to mention that all the Monte Carlo (MC)
samples used in this search have been re-produced with the latest update gen-
eration model [38, 161] and the whole results in this chapter were obtained by
using the official MC samples after testing the steps of the analysis chain with
our private MC samples produced in the first years of the search. Usually after
obtaining the signal efficiency using all the selections along with the trigger, we
were asked to present our results and the used production model to the Long-
Lived Particles (LLPs) group at CMS-CERN. It requested from the MC contact
group to re-produce our MC samples officially, with high statistics (see section
7.1.2 for MC official samples). We will also discuss the signature of a magnetic
monopole, and explain how did we reconstruct the monopole signature in the
CMS sub-detectors with the monopole identification selections.
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In this chapter, we will discuss our analysis strategy and the reconstruction
of monopole events based on its signature in the CMS sub-detectors. Also, we
will discuss the HLT path we used and its effect on our signal samples. MC and
Data datasets will be indicated with the collections used in creating our final
analysis chain step. We will discuss how we choose the discriminated variables
used to identify the monopole candidates in the event with the parameters used
in the pre-selection and tight selections cuts with their relative efficiencies for
each mass point and last, we will calculate the signal efficiencies after all se-
lections are applied and to obtain the final acceptance that we will use, later, in
the cross-section limit calculations.

In order to estimate the background which is surviving after the final selec-
tions, a data-driven method, double ABCD method, is adopted and discussed
in detail. The systematic uncertainties for the MC signal and background esti-
mation will be obtained. Last, we will calculate the cross-section mass limit.
A comparison of the sensitivity between ATLAS and CMS experiments will be
given and discussed.

7.1 Analysis Strategy

In this analysis search we will consider the 2016 data-taken with centre of
mass-energy 13 TeV , by looking for an event with a highly ionizing track and
narrow energy deposits in the calorimeter cluster. There are some pre-selections
we used in order to perform the matching between the track found in the tracker
and narrow seed crystal of the calorimeter. When this matching is done, if an
event passed the analysis tight selections, some cuts will be applied later on
the discriminated variables, and the trigger HLT path, it will be selected as a
monopole candidate.

The discriminated variables we used in this search are based on a combi-
nation of tracking dE/dxsigni f icance and Calorimetry f51 parameters which are
used to identify the monopole in the sub-detector and determine the Signal re-
gion. In the next sections, we will discuss how did we select these parameters
and their definitions.
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7.1.1 Monopole Tracking Reconstruction

As mentioned before, monopoles gain energy from the magnetic field gen-
erated by the solenoid, tracks are expected to have some curvature along the
beam axis, unlike other electrically charged particles. Tracking is the, first,
important part of the reconstruction process. Combining the hits found in the
tracker, as a result of passing the charged particle, to form the charged particle
trajectories. After forming the track of the charged particle, we have to apply
some pre-selections in order to extrapolate this track to other sub-detectors.

The Tracking algorithm in CMS is used to reconstruct the trajectory of the
produced charged particles from the collision, using the local track parameters
to define any helical trajectory, like pT ,η,φ,z0 and d0. There are two parts we
should take in considerations; Pattern Recognition (hits come from one particle)
and Fitting (best fit/estimate of track parameters). For high ionizing particles
like monopoles, we are more interseted in high-momentum tracks (high pT )
than low-momentum tracks (low pT ).

Figure 7.1: Actual and fitted trajectories of monopoles

First, in order to produce the monopole candidates we need to study the
track of the monopole in the tracker sub-detector. As previously discussed,
the track left by a magnetic monopole traveling through the tracking chamber
would be multiple orders of magnitude more ionized than a normal track, satu-
rating the dE/dx measurement.
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Additionally, the particle would experience a force along the magnetic field,
causing the track to curve toward the positive or negative z direction (straight
tracks in x− y plane). Due to these two properties, a monopole track would be
easily distinguishable from an ordinary track. However, because of the curva-
ture in z, the standard tracking algorithm is extremely inefficient at identifying
monopole tracks. An algorithm has been developed, which it finds monopole
tracks by combining multiple straight tracks (in x−y plane) into a single curved
track. The detail of the new algorithm used is described in next sub-section.

7.1.1.1 Track Combining Algorithm

The developed Track Combiner Algorithm is combining the straight track
segments which arise from the standard track algorithm into sets of track seg-
ments that could have come from the same particle, to be a curved one. Starting
from a specific segment, the combiner algorithm scans through all other seg-
ments if have not yet assigned to a set. Tracks with pT less than 5 GeV are
ignored. A segment is assigned to a set if its tracking hits satisfy two separate
fits when combined with the other tracking hits in the set.

• The first fit is a circle in the x−y plane, this is standard for the projection
of a helical track segments into this plane.

y = a+Sign(c)?
√

c2− (x−b)2− c (7.1)

Where x and y is the system coordinate which rotates in the polar angle
of the first hit in the detector frame φo. This fit has parameters a, b and
c. The circle fit ensures that we don’t miss any potential monopoles that
may be electrically charged as in our signal MC, it will only give straight
tracks in the x− y plane.

• The second fit is to a parabola in the r− z plane,

z = d + f ρ+gρ
2 (7.2)

Where d, f ,g are the fit parameters . Note that a track from a particle with
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magnetic charge 0 would satisfy these fits (with the parabola degenerating into
a straight line), as would a particle with electric charge 0 (with the circle degen-
erating into a straight line). This fit is changed by using GEANT4 to output the
true position of the monopole and checking the true trajectory against the result
of the track fit. Figure 7.1 shows an example of true and fitted trajectories.

The six parameters a,b,c,d, f and g from the two fits are saved as properties
of the track set and they are used to extrapolate the track to the Calorimeter. The
x− y fit results in the usual track parameters φo, do and q/pT . while r− z fit
results in the usual zo and η along with the magnetic curvature d2z/dr2. The
track-fit parameters cuts are indicated in table 7.9.

7.1.1.2 Track Ionization

When the monopole’s track sets are established, then we can measure the
ionization for each set. The standard dE/dx measurements which use the har-
monic average of dE/dx hits in the track is weighting low-energy hits much
more than high-energy hits. The dE/dx measurements for a monopole is very
sensitive (because monopole tends to large saturated dE/dx hits) to the fluc-
tuations of the smaller hits, as they are near a boundary or lower-energy hits,
as they have been included in the reconstructed monopole track by accident.
This is the reason, we instead measure the fraction of the dE/dx measurements
that are saturated in order to give better separation between highly ionizing
monopoles and background (which is minimum ionizing).

Because of the detector noise, tracks with the minimum ionizing hits (back-
ground) end up with a standard number of hits in the tracker layers, in addition
to a set of saturated strips that raise the number of the fraction of standard
dE/dx measurements. On the other hand, a monopole would have many real
saturated strips plus small number of unsaturated strips and in order to improve
such a separation between the monopole and the background, we take into ac-
count the total number of strips and the fraction of the saturated strips and have
combined them into only single parameter which is dE/dxsigni f icance.
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Figure 7.2: Cutting on the dE/dxsigni f icance improves discrimination power compared to a sim-
ple cut on the fraction of saturated strips.

In the calculation of the dE/dxsigni f icance measurements, we assume that in
the background, due to noise, every single strip has a small probability to be
saturated. This probability is not independent since there are parameters such
as the track’s angle that has an effect on this probability, however, this effect is
small.

In order to estimate this probability, we have fitted the “saturated frac-
tion” distribution in the background tracks that have a high number of track
hits (background tracks located in the lower right of figure 7.2. In this figure,
we plotted the fraction of saturated hits versus the total number of strips for
monopole MC mass 1000 GeV and 2016 Data. For monopole, the number of
saturated strips are very close to the total number of the strips, i.e. the fraction
of saturated strips for monopole is approximately close to one (∼ 1), and this
is indicated in the red dots.

This distribution gives a probability of 0.07 for the background hits to
be saturated in the region of the large number of strips per track which the
monopole signal lies. We used the binomial function to calculate the probabil-
ity of the saturated strip’s number in the track which could have occurred by
chance, the dE/dxSigni f icance is given by:

dE/dxSigni f icance =
√
− logBinomialI(0.07,NStrips,SaturatedStrips) (7.3)
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Where Binomiall (p,n,k) is the binomial probability that at least k trials out
of n are successful if each trial has a probability of p. It was implemented in
ROOT as TMath::BinomiaII(). 0.07 is the average number of saturated tracker
strips over the total number of strips per track. It was calculated by looking only
at tracks with at least 200 tracker strips, which is the region where monopoles
would be expected, (The average saturation fraction is very different in the
”low number of strips” region). We have plotted the dE/dxSigni f icance for dif-
ferent monopole’s mass points and the distribution shows the high value of
dE/dxSigni f icance which will be used as the track discriminant for monopole
identification, see figure 7.3.

Figure 7.3: Distributions of dE/dxSigni f icance for each mass point simulated.

We have performed a quick study for the 13 TeV data to re-estimate the
probability of background strips to be saturated in the high number of tracks
region, and we got approximately the same number by varying the cuts of the
number of strips.

7.1.2 Track Curvature

Monopoles that have enough momentum to travel through the tracking cham-
ber and continue to the electromagnetic calorimeter will have a relatively small
curvature that’s why the r− z curvature, figure 7.4, of a monopole track is not
useful as ionization to be used as a discriminant parameter for monopole iden-
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tification. However, with larger statistics, it might be possible to look at the
distribution of tracks in d2z/dr2 and look for a monopole component. This
would allow a more sophisticated analysis with later data.

Figure 7.4: The r− z curvature is not as useful a discriminant.

7.1.3 Electromagnetic Calorimeter Cluster Finding

As mentioned previously, Dirac monopoles are expected to lose energy in
the electromagnetic calorimeter (ECAL) due to ionization which is the domi-
nant process for the monopole energy loss. Monopole energy is deposited in
the ECAL strips with a very small amount, or no, energy in the HCAL, the next
layer in CMS detector. The ECAL cluster shape tracks the monopole through
the ECAL crystals.

There are two clustering algorithms in which the energy is grouped into
clusters through them, the “Hybrid” and “Island” [128]. In the electromagnetic
barrel (EB), the energy which is deposited in the nearby crystal is clustered by
the Hybrid algorithm.

Hybrid Algorithm is clustering the energy based on the η−φ geometry of
the EB. The strategy is to start from a seed crystal “dominoes”of 1 × 3 crystals
(in η−φ) which aligned with crystals in the center in η to be added for Nstep
steps in±φ. If one of these seed crystals has energy larger than Ewing (Thresh-
old for 5 crystals), then it is spread to 1×5 crystals, otherwise, they are elimi-
nated from the cluster if they have energy less than E threshold. Finally these
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dominoes are clustered in φ, based on their energies, to form super-clusters.

The Island clustering algorithm builds clusters in the opposite way than
the fixed shape of clusters formed by the hybrid algorithms. The island algo-
rithm starts with The Island clustering algorithm dynamically builds clusters
as opposed to the fixed shape of clusters found by the hybrid algorithm. This
algorithm starts with a list of seeds and removes seeds adjacent to higher en-
ergy seeds. Then, for each seed, the algorithm scans in ±φ collecting energy
in crystals until a rise (or hole) is detected. Another scan, one crystal over in
η, for ±φ occurs. The algorithm continues to step in ±η after each scan in φ

until a rise (or hole) is detected. All collected crystals cannot be used in another
cluster.

One technical background which is reduced by the track matching require-
ment is the anomalous signal in ECAL crystals [140], particularly in the EB.
The variables developed to mitigate these anomalous signals [139] [65] [50], re-
ferred to as spike events, flag monopole clusters at a high rate. Filters designed
to reject such anomalous signals are employed at L1, the HLT, and offline re-
construction. The L1 spike filter assigns a single bit to each 1× 5 (η,φ) strip
in the 5× 5 trigger tower. If two or more cells in a strip are above a 350 MeV
threshold, the bit is set to 1. The 5 bits of the 5 strips are OR’ed together. For
a value of 1, the tower is accepted, and for a value of 0, the tower is rejected
as a spike-like event. Towers with less than 12 GeV of energy are ignored. In
the HLT, cuts are placed on the timing and the ratio of energy in 4 neighboring
cells to the seed cell, the “Swiss-cross” variable, is applied.

Similar selections to the HLT are employed in the offline reconstruction,
which two separate collections are populated by default. There is a collection
of clean clusters that pass the offline spike rejection filter and unclean collection
consisting solely of clusters that do not pass the offline spike rejection filter.
These two collections can be combined by adding a CMSSW module to the
configuration file. By using this combined collection of ECAL clusters, we
avoid spike rejections, but the triggers have already rejected the spike events!
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• The Superclustering Algorithm in the ECAL

In the ECAL barrel, the hybrid algorithm is used based on η− φ geome-
try. First, it starts to look for the seed crystals which have higher transverse
energies above certain given threshold ET,hybseed. These crystal dominoes are
then aligned in η with the seed crystal, depending on the seed crystal energy,
the dominoes are containing 3 or 5 crystals. This procedure to form the crys-
tals dominoes is repeated for all the crystals, with the seed crystal, which are
aligned in η in each direction along φ direction, limited to a maximum no. of
crystals Ncrys. Only above a certain given threshold Ethreshold , these domi-
noes are kept. Then the dominoes are clustered in φ and it is required for each
formed dominoes cluster to have a seed domino with an energy larger than a
given threshold Eseed.

Figure 7.5: Domino construction step of ”hybrid” algorithm

The resultant clusters are combined together to form the so-called “super-
cluster”. By summing all the energies of the individual crystals that form the
supercluster, the total energy can be computed for each supercluster is formed.
Table 1.1 is representing the parameter values used in the clustering steps of the
”hybrid” algorithm. Figure 7.5 illustrates the construction of the domino with
a table of the parameters introduced in the hybrid algorithm.
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Table 7.1: Parameter values used in the clustering steps of the ”hybrid” algorithm

Parameter Value
Et,hybseed 1 GeV
Ewing 0 GeV
Ncrys 17 crystals
Ethresh 0.1 GeV
Eseed 0.35 GeV

Monopole track matching requirements have reduced one of the technical
backgrounds which is the anomalous signal in ECAL crystals [140], especially
in EB. The variables were developed to mitigate these ECAL anomalous sig-
nals, spike events [139, 65, 50], which flag monopole clusters at a high rate.
There are some filters are designed to reject such anomalous signals which are
employed at L1, the HLT and offline reconstruction, will be discussed in detail
in the next section.

For monopole analysis, according to the algorithm above, clusters of 5×
5 crystals are tested to check which seed (crystal with the maximum energy)
is found. In this analysis, we have considered all crystals by combining the
flagged crystals with the swiss-cross variables and late time checks.

Figure 7.6: The average Ecrystal/E5×5 for mass 1000 GeV , barrel (left), endcap (right)

In the offline analysis, a combined collection of clean and unclean clusters
are formed and evaluated. For monopole, the energy in the seed crystal is al-
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most equal to the energy in the 5× 5 crystals, since the monopole deposits all
of its energy in the seed crystal, so the ratio of the seed crystal energy to the en-
ergy of the 5×5 crystals should approximately equal 1, or slightly > 1. Figure
7.6 shows that the average Ecrystal/E5×5, for monopole mass 1000 GeV , barrel
(left) and endcap (right), which should be (< 1) in each bin of clusters tagged
to monopoles in MC simulation. Energy in the barrel is more to spread in η

direction than in the φ direction.

Figure 7.7: Distribution of f51 in the ECAL endcap (left), and barrel (right) for all simulated
monopole masses

Figure 7.8: Distribution of f51 in the ECAL after reconstructed the monopole candidates

We identify monopoles in the ECAL by employing a topological cluster
shape variable, f51 which is defined as the fraction of energy in the 5×1,(η−φ)
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strip central to the 5×5 cluster. Figure 7.7 shows the distribution of f51 in the
ECAL barrel and endcap for all simulated monopole masses. If the energy
flow in monopole clusters is rotationally symmetric, one would expect these
distributions to be comparable. We combined the two distribution into one
single parameter (seedFrac), by performing matching between the barrel and
the endcap, as we combine the monopole candidates at the ntuple level, see
figure 7.8.

7.1.4 Hadronic Calorimeter Isolation

Dirac monopoles are expected to rapidly lose energy in the electromagnetic
calorimeter (ECAL) with little associated radiation in the HCAL. We computed
the sum of energy which is deposited in an annulus in the HCAL of radii 0.1 <
4R < 0.4 around the ECAL crystal, i.e. the activity found near the ECAL
clusters. HCAL isolation is defined as, the hadronic energy of all caloTowers
in the first segmentation of the HCAL. In order to identify the monopole, we
put a pre selection cut on the HCAL isolation to be less than 10 GeV . Figure
7.9 shows the energy distribution in the HCAL around the ECAL clusters in
MC samples, divided by the total energy (HCAL plus ECAL of the cluster).

Figure 7.9: The relative energy in the HCAL around monopole clusters in the ECAL

142



7.1.5 Trigger Selections

The CMS trigger menu is very rich in having several HLT paths with L1
seeds, which each of them is dedicated to select interesting events for each
physics process. During the simulation of the MC samples and the data taking,
The reconstruction of the trigger is a process that use the algorithm of each path
to be applied to the reconstructed physics objects.

As in this search, we will use SinglePhoton datasets 2016 and besides the
pre-selection and tight selections which are applied to our data and MC sam-
ples to identify monopoles events, we are using single photon trigger, which
monopoles and photons are required to pass. An unprescaled trigger path,
”HLT Photon175 v?”, which is a single photon trigger with ET cut of 175GeV
and loose H/E (energy in the HCAL/energy in the ECAL) cut, is used in the
current search. The reason to use an unprescaled trigger is because of the fact
that prescaled triggers limit the statistics when going to high pT .

Triggers can be either prescaled or unprescaled. A prescale is a means to
reduce the rate of the a trigger without adding additional cuts by simply only
accepting a fixed fraction of the triggers output. At CMS only integer prescales
are used, a prescale of 4 means only 1 out of every 4 events passing the trigger
are accepted. Prescales can be applied at both L1 and HLT. For a prescale value
of X at L1, only 1 out of X events which fire the trigger are accepted while for a
prescale value of Y at HLT, the HLT trigger is only run for 1 out of Y events for
which its L1 seed has accepted. The two definitions are functionally the same,
i.e. we reduce the rate by 1/prescale value and this saves significant CPU time.

The unique properties of monopole signature in the ECAL show that monopole
may looks like a spike and this limits our options in choosing the suitable trig-
ger we might use. we have made a trigger study to check the efficiency of every
available trigger of the HLT paths menu and after a discussion with the trigger
contact group, they have nominated few HLT Paths which we can use, indicated
in table 7.2.

After testing the efficiencies of these paths, we selected HLT Photon175 v?

trigger path along with L1 seeds to be used in the current search.
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Table 7.2: HLT trigger paths with their L1 seeds

HLT Path L1 Seed

HLT Photon175 v?
L1 SingleEG30 OR L1 SingleEG34 OR L1 SingleEG40
OR L1 SingleJet170 OR L1 SingleJet180 OR L1 SingleJet200
OR L1 SingleTau100er OR L1 SingleTau120er

HLT PFMET 300 HBHECleaned v?
L1 ETMHF70 OR L1 ETMHF80
OR L1 ETMHF90 OR L1 ETMHF100 OR
L1 ETMHF110 OR L1 ETMHF120 OR L1 ETMHF150

HLT ECALHT 800 v?

L1 SingleEG40 OR L1 SingleEG42 OR L1 SingleEG45
OR L1 SingleEG50 OR L1 SingleJet170
OR L1 SingleJet180 OR L1 SingleJet200 OR L1 HTT300er
OR L1 HTT320er OR L1 HTT340er OR L1 HTT380er
OR L1 HTT400er OR L1 HTT450er OR L1 HTT500er
OR L1 ETMHF70 OR L1 ETMHF80 OR L1 ETMHF80 HTT60er
OR L1 ETMHF90 OR L1 ETMHF90 HTT60er
OR L1 ETMHF110 OR L1 ETMHF110 HTT60er
OR L1 ETMHF120 OR L1 ETMHF120 HTT60er OR L1 ETMHF150

HLT PFMET NoMu120 PFMHT NoMu120 IDTight v?
L1 ETMHF70 OR L1 ETMHF80
OR L1 ETMHF90 OR L1 ETMHF100 OR L1 ETMHF110
OR L1 ETMHF120 OR L1 ETMHF150

The main source of the inefficiency of our signal is the trigger, which its
efficiency is in the range of ∼ 8− 10.5 % for mass points range from 500−
3000 GeV . Most of the efficiency of selected trigger comes from monopoles
which hit the endcap of the ECAL, where the spike killer topologies is applied
for Barrel (no spikes in the endcaps), the spike killing algorithm ensures that
the detector will only trigger on monopoles that hit close to the ECAL cell
boundary.

The effects of the trigger selection due to L1 pre-fires in the ECAL when
comparing the Data and the MC, are not taken into account in great detail as
they are very small effects for Single photon datasets. Missing Transverse En-
ergy (MET) triggers are also could be useful to use, as their efficiencies are
higher (∼ 28−30%), than the photon triggers.

We do not use MET triggers because they make use of a failure in the system
(one of the two monopoles not detected, may be because of the spike killer),
but perhaps one could use these paths in future studies. Actually, we need
more information from the events to reconstruct our events. The calculated
efficiencies of the HLT path used and its L1 seed path are indicated in table
7.3 for all mass points in the search, with an Illustration of these efficiencies in
figure 7.10.
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Table 7.3: HLT Photon175 v? and its L1 seed efficiencies vs. monopole masses

Mass 500 700 1000 1200 1500 1700 2000 2500 2700 3000
L1 eff. % 53.15 55.91 57 58.59 58.88 59.11 59.31 60.08 59.86 59.97
HLT eff. % 5.71 7.32 9 9.437 9.458 9.85 9.86 9.73 9.34 8.98

Figure 7.10: HLT Photon175 v? and L1 trigger path efficiencies vs. monopole masses

7.1.6 Monte Carlo (MC) and Data 2016 Samples

As discussed, mainly we have two keys to reconstruct the monopole candi-
dates (Tracking and ECAL clustering). Thus, we need some additional object
collections on top of AOD and MiniAOD to perform the analysis, as there are
some uncleaning cuts in AOD and MiniAOD, and also to study properly the
reconstruction of the monopole trajectories in the tracker.

Due to the large size of Reco format data, the collaboration only keeps data
with AOD/MiniAOD format with less size and doesn’t keep Reco format any-
more, unless some analysis need the Reco format data for important reasons.
One of our challenges were to study carefully which collections we need and
to represent our search strategy to the CMS community to be able to request
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a special Rereco data format. Table 7.4 indicates all collections needed in the
this search for the tracking and ECAL cluster finding algorithms. End of 2017,
we succeeded to get the approval of the Data group to produce our Rereco
datasets with the required trigger HLT path, to perform our study on 2016 Data
for magnetic monopole.

The two main keys to reconstruct the monopole candidates are summarized
as follow:

• Tracking, as discussed before, in order to combine track segment that
possibly come from magnetically charged particles.

• ECAL Cluster Finding, we have to use combine clean and unclean col-
lections to avoid spike rejection filters in the offline analysis.

Table 7.4: Collections used in the Reconstruction step

Tracking collections ECAL clustering collections
Reco::TrackExtra-generalTracks * * * hybridSuperCluster * *

* siStripCluster * * * multi5x5SuperCluster
* siPixelCluster * * multii5x5EndcapSuperCluster ,

* multi5x5SuperCluster ,
uncleanOnlyMulti5x5Endcap,BasicCluster *
SuperCluster *
* ecalRecHit EcalRecHitsEB
* ecalRecHit EcalRecHitsEE

We are using clean and unclean clusters collection. Clean collections, which
passes the offline spike rejection filter, and Unclean clusters collections, which
consist of clusters that don’t pass the offline spike rejection. These two collec-
tions can be combined by adding CMSSW module to the configuration and by
using this combined collection of ECAL clusters, we avoid spike filters in the
offline analysis.
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7.1.6.1 Monte Carlo datasets

In the first years of our study, we have worked with privately produced MC
samples for all points masses, calculating the signal efficiencies with trigger
path HLT Photon175 v and adjusting our selections. We tried our best to cope
with all the recent development has been done for monopole production model
and results were recalculated. Early in 2019, again we have regenerated our
MC samples privately with the latest model [161] and during this process we
initiated a discussion with one of the experts in GEANT4 who are responsible
for importing GEANT4 configuration files to the CMSSW, to make sure that
we are using the up-to-date version, before requesting the official MC signal
samples from the Data Group. Due to the conflict that discovered in GEANT4
model (see section 6.2.6), we have requested the official samples for all mass
points with∼ 100K events just after the fixing of the GEANT4 simulation with
the ionization of monopole and get the green sign that all fixes were imported
to the CMSSSW. We succeeded to, officially, get 10 MC datasets with Reco
format, one Reco format sample for systematic study (δ-ray production set to
off).

The GlobalTag used in this search is indicated in table 7.5. and all the MC
samples that have been produced are indicated in table 7.6.

7.1.6.2 Datasets 2016

In this thesis, we are studying the data of 2016 data-taken. For future studies,
we will continue working on the 2017 and 2018 datasets as well.

We performed our analysis on the Single Photon datasets (see table 7.7).
Eight datasets with total integrated luminosity of 33 f b−1 have been produced
specially for monopole study for data2016-07Aug17 Legacy Reprocessing. Glob-
alTag and JSON file information are indicated in table 7.8.

Table 7.5: Global Tag used for MC-2016 Datasets

Global Tag 80X mcRun2 asymptotic 2016 TrancheIV v6
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Table 7.6: Monte Carlo (MC) datasets for monopole masses points in RECO format

Monte Carlo Datasets

/Monopole SpinHalf M-500 DY 13TeV TuneCUETP8M1/RunIISummer16DR80Premix-PUMoriond17 80X
mcRun2 asymptotic 2016 TrancheIV v6-v2/GEN-SIM-RECO

/Monopole SpinHalf M-700 DY 13TeV TuneCUETP8M1/RunIISummer16DR80Premix-PUMoriond17 80X
mcRun2 asymptotic 2016 TrancheIV v6-v2/GEN-SIM-RECO

/Monopole SpinHalf M-1000 DY 13TeV TuneCUETP8M1/RunIISummer16DR80Premix-PUMoriond17 80X
mcRun2 asymptotic 2016 TrancheIV v6-v2/GEN-SIM-REC10

/Monopole SpinHalf M-1200 DY 13TeV TuneCUETP8M1/RunIISummer16DR80Premix-PUMoriond17 80X
mcRun2 asymptotic 2016 TrancheIV v6-v2/GEN-SIM-RECO

/Monopole SpinHalf M-1500 DY 13TeV TuneCUETP8M1/RunIISummer16DR80Premix-PUMoriond17 80X
mcRun2 asymptotic 2016 TrancheIV v6-v2/GEN-SIM-RECO

/Monopole SpinHalf M-1700 DY 13TeV TuneCUETP8M1/RunIISummer16DR80Premix-PUMoriond17 80X
mcRun2 asymptotic 2016 TrancheIV v6-v2/GEN-SIM-RECO

/Monopole SpinHalf M-2000 DY 13TeV TuneCUETP8M1/RunIISummer16DR80Premix-PUMoriond17 80X
mcRun2 asymptotic 2016 TrancheIV v6-v2/GEN-SIM-RECO

/Monopole SpinHalf M-2500 DY 13TeV TuneCUETP8M1/RunIISummer16DR80Premix-PUMoriond17 80X
mcRun2 asymptotic 2016 TrancheIV v6-v2/GEN-SIM-RECO

/Monopole SpinHalf M-2700 DY 13TeV TuneCUETP8M1/RunIISummer16DR80Premix-PUMoriond17 80X
mcRun2 asymptotic 2016 TrancheIV v6-v2/GEN-SIM-RECO

/Monopole SpinHalf M-3000 DY 13TeV TuneCUETP8M1/RunIISummer16DR80Premix-PUMoriond17 80X
mcRun2 asymptotic 2016 TrancheIV v6-v2/GEN-SIM-RECO

/Monopole SpinHalf M-1000 DY 13TeV TuneCUETP8M1/RunIISummer16DR80Premix-PUMoriond17 MDRoff 80X
mcRun2 asymptotic 2016 TrancheIV v6-v2/GEN-SIM-RECO

/Monopole SpinHalf M-1000 DY 13TeV TuneCUETP8M1/RunIISummer16DR80Premix-PUMoriond17 80X
mcRun2 asymptotic 2016 TrancheIV v6-v2/GEN-SIM-RAW

Table 7.7: 2016 DataSets - SinglePhoton

DataSets 2016

/SinglePhoton/Run2016B-EXOMONOPOLE-07Aug17 ver1-v1/USER
/SinglePhoton/Run2016B-EXOMONOPOLE-07Aug17 ver2-v1/USER

/SinglePhoton/Run2016C-EXOMONOPOLE-07Aug17-v1/USER
/SinglePhoton/Run2016D-EXOMONOPOLE-07Aug17-v1/USER
/SinglePhoton/Run2016E-EXOMONOPOLE-07Aug17-v1/USER
/SinglePhoton/Run2016F-EXOMONOPOLE-07Aug17-v1/USER
/SinglePhoton/Run2016H-EXOMONOPOLE-07Aug17-v1/USER
/SinglePhoton/Run2016G-EXOMONOPOLE-07Aug17-v1/USER
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Table 7.8: The JSON file and Global Tag used for Single Photon - 2016 Datasets

JSON file Cert 271036-284044 13TeV 23Sep2016ReReco Collisions16 JSON.txt
Global Tag 80X dataRun2 2016LegacyRepro v

7.1.7 Monopole Identification

Monopole candidates are constructed from a track which extrapolated to
the face of ECAL and matched to the nearest ECAL cluster. We have applied
preselection to the track fit parameters, 4R, which is the distance between the
track and ECAL cluster is required to be less than 0.5,4R is calculated as

4R =
√
(φ2)+(η2) (7.4)

HCAL isolation, which is the total energy in the HCAL (the hadronic en-
ergy of all caloTowers in the first segmentation of the HCAL)in the region
0.1 < 4R < 0.4 around the ECAL cluster centre must be less than 10 GeV .
Tablee 7.9 summarizes the pre-selections used to match the monopole track
with the nearest ECAL cluster.

Table 7.9: Pre-selections applied for monopole matching

Pre-selections Cuts Value
Circular fit parameters | XY Par0 |→ do =

√
(a− c)2 +b2− | c | < 0.6 cm

| XY Par2 |→| φo− arctan( b
c−a) | < 1000

Parabola fit parameters | RZPar0 |→ Zo =| d | < 10 cm
| RZPar1 |→ ηo =| f | < 999

| RZPar2 |→ ρ−Z curvature = | g | < 0.005 cm−1

Matching parameters 4R =
√

(η)2 +(φ)2 < 0.5
HCAL isolation < 10 GeV

We have applied cut on the energy deposits in the ECAL which is required
to be E > 175 GeV . Also, events must pass the trigger selection. In order to
identify the event as a monopole candidates, it must pass the tight selections
on dE/dxsigni f icance (defined in section 7.1.1.2) and f51, (defined in section
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7.1.3.). If a track/cluster pair has dE/dxsigni f icance of at least 9 and f51 > 0.85,
we identify this event as a monopole candidate. Table 7.10 summarizes the
tight selection cuts for the analysis search plus the loose cuts that used in the
background estimation (ABCD method) that will be discussed later.

Table 7.10: Analysis selections cuts applied to identify the monopole candidate

Cuts Value
Analysis cuts Energy deposition in ECAL >175 GeV

HLT Photon175 v
Discriminated variables dE/dxSigni f icance ≥ 9

f51 > 0.85
Loose cuts dE/dxSigni f icance ≥ 7

f51 > 0.60

7.1.7.1 Signal Efficiency

We have studied the signal efficiencies from MC simulated events for all the
masses range involved in this analysis for each major selection cut. Table 7.11
is the Cut-Flow table that represents the the number of simulated monopole
events that pass successive cuts, in order, i.e. the row with dEdXSig cut is the
number of events that pass all selection cuts.

Table 7.12 is the (N-1) table that represents the number of events passing
all selections cuts except the cut indicated in the left column, i.e. the row with
NoTRG means that this is the number of events that pass all selection cuts ex-
cept the trigger (HLT path).
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(a) 500 GeV (b) 700 GeV

(c) 1000 GeV (d) 1200 GeV

(e) 1500 GeV (f) 1700 GeV

(g) 2000 GeV (h) 2500 GeV

(i) 2700 GeV (j) 3000 GeV

Figure 7.11: Joint distributions of the tracking discriminant and calorimetry discriminates for
each monopole mass simulated after HLT and E > 175GeV cut is applied to the ECAL cluster.
Events are represented at most once in these figures in order to avoid double counting.

151



Table 7.11: CutFlow - Tabulated values of events simulated at each mass point after successive
selection cuts are applied

500 GeV 700 GeV 1000 GeV 1200 GeV 1500 GeV 1700 GeV 2000 GeV 2500 GeV 2700 GeV 3000 GeV
Generated 85000 61000 100000 77000 41200 79200 98000 92200 82000 98000

TRG 4860 4467 8728 7267 3897 7802 9666 8975 7659 8801
QualityCuts 2347 2174 4501 3604 2003 3930 5016 4751 4066 4709

ECut 318 293 576 505 279 563 713 731 575 675
F51Cut 235 202 378 326 170 353 470 466 368 436

dEdXSigCut 235 202 378 326 170 353 469 466 366 436

Table 7.12: N-1 - Tabulated values of events simulated at each mass point with all cuts except
the indicated cut on the left column

500 GeV 700 GeV 1000 GeV 1200 GeV 1500 GeV 1700 GeV 2000 GeV 2500 GeV 2700 GeV 3000 GeV
Generated 85000 61000 100000 77000 41200 79200 98000 92200 82000 98000
NoTRG 2265 2016 3972 3214 1832 3541 4515 4155 3604 4333

NoQualityCuts 387 345 627 525 275 608 804 786 615 705
NoECut 1592 1404 2812 2324 1266 2477 3228 3068 2627 3005

NoF51Cut 318 293 575 505 279 563 712 730 573 674
NodEdXSigCut 235 202 378 326 170 353 470 466 368 436

The offline selection cuts on f51 has efficiencies above 50% , above 90% for
dE/dxsigni f icance and above 11 % for the cluster energy. However, the trigger
selection has much lower efficiency of ∼ 10% even after the offline selections
are applied.

The largest source of inefficiency is the trigger selection, as shown in table
1.14. For the events passing the trigger selection, monopole identification is rel-
atively efficient. The table represents the relative efficiencies for each major cut
used in the analysis and the values indicated in the table are illustrated in figure
7.12. The acceptance times efficiency is 0.0041 % for 1500 GeV monopoles,
and the acceptance times the efficiency for all the monopole masses simulated
are given in table 7.13.

Monopole with mass near 2500 GeV has the peak efficiency. Higher mass
monopoles are produced more centrally and thus hit the lower efficiency barrel
region instead of the endcap. Lower mass monopoles tend not to have enough
momentum to reach the calorimeter. The rules below have been obeyed to
calculate the relative efficiency and the acceptance (A× e)
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Relative e f f iciency =
number o f events a f ter selections

number o f events a f ter selections except the mentioned cut

Signal e f f iciency =
number o f events a f ter all selection cuts

number o f events be f ore selections applied

Table 7.13: This table itemizes the final acceptance and efficiency used in the estimation of the
observed monopole production cross section limit.

Mass 500 GeV 700 GeV 1000 GeV 1200 GeV 1500 GeV 1700 GeV 2000 GeV 2500 GeV 2700 GeV 3000 GeV
A ×e .0027 .0033 .00378 .0042 .0041 .0044 .00478 .005 .00446 .0044

Figure 7.12: Illustration the relative efficiency of each major cut used in the analysis
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Table 7.14: The Relative efficiencies for each major cut in the analysis

Mass(GeV) HLT Quality Control Energy Cut f51 dE/dxSig. Cut
500 0.10 0.60 0.15 0.74 1
700 0.10 0.57 0.14 0.69 1

1000 0.10 0.60 0.13 0.66 1
1200 0.10 0.62 0.14 0.64 1
1500 0.09 0.62 0.13 0.61 1
1700 0.10 0.58 0.14 0.63 1
2000 0.10 0.58 0.15 0.66 0.99
2500 0.11 0.59 0.15 0.64 1
2700 0.10 0.59 0.14 0.64 0.99
3000 0.10 0.62 0.15 0.65 1

7.1.8 Background Estimation - Using ABCD Method

Basic ABCD method: If the two discriminated variables that defining the
signal region are uncorrelated (the shape of variable 1 distribution independent
of variable 2 distribution), then we can proceed by using the ABCD method,
satisfies the below rule which a data-driven estimate of background under a
signal. Figure 7.13 illustrates the basic concept of the ABCD method.

ND =
Nc×NA

NB

where ND is the number of event in the signal region (background) NA and NB
are the numbers of events in region A and B NC is the number of events in the
control region.

Figure 7.13: ABCD Method
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In our analysis, we use a double ABCD method which is divided into 9
regions, in order to calculate the expected background in the signal region.
This means to allow for an intermediate check of the background estimate. If
we see issues we can adapt before we looked at the signal region. Figure 7.14
represents a scheme of double ABCD method that used in the analysis with 9
domains. Each of the 9 regions is given a unique with the following number
scheme:

Figure 7.14: Scheme of double ABCD method used in the analysis

The domain is divided into 9 regions as follows:

0≤ f51 ≤ 0.6, 0.6 < f51 ≤ 0.85, 0.85 < f51 ≤ 1
0≤ dE/dxsig ≤ 7, 7 < dE/dxsig ≤ 9, 9 < dE/dxsig ≤ ∞

The region at large dE/dxsigni f icance (¿ 9) and f51 (¿ 0.85) is the signal
region. Each event populates this distribution once. For events with multiple
candidates, only the candidate with the largest dE/dxsigni f icance is added to the
joint distribution.

Initially, the four regions in the upper-right of this distribution (regions 5,
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6, 8, and 9) were left blinded and the unblinded data was used to calculate the
optimal position for the tighter dE/dxsigni f icance cut. The expected backgrounds
in regions 8, 5, and 6 were then estimated using the ABCD method. Once
those regions were checked to have good agreement with data, the expected
background in the actual signal region was calculated and the signal region was
unblinded. The background estimate is calculated by multiplying the contents
in regions 3 and 6 by the ratio of contents in regions 7 and 8 to the contents of
regions 1, 2, 4, and 5. The unblinded distribution of LHC collision data events
recorded by CMS are shown in figure 7.15. The number of observed events in
each region is also provided in Table 7.15.

The number of event observed in the 2016 dataset passing the trigger selec-
tion in each region are tabulated below:

Table 7.15: The number of events observed in each region of the (dE/dxsigni f icance, f51) space.
No events are observed in the signal region (9).

Region 1 2 3 4 5 6 7 8 9
No. of events 19085 13814 1068 51 21 1 5 4 0

Figure 7.15: The distribution of f51 in the data collected compared to the same variable in the
simulated monopole events. The red numbers represented the expected background and the
black numbers are the actual counts observed in each region
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The expected background estimation obtained using the double ABCD method
is 0.2918± 0.103. We observe zero events in the signal region in 33 f b−1 of
13 TeV proton proton collision data. Figure 7.16 shows the distribution of f51
in the data collected compared to the same variable in the simulated monopole
events. Figure 7.17 shows the distribution of the dE/dxsigni f icance in the data
collected compared to the same distribution in simulated monopole events.

Figure 7.16: The distribution of f51 in the data collected compared to the same variable in the
simulated monopole events

Figure 7.17: The distribution of the dE/dxsigni f icance in the data collected compared to the same
distribution in simulated monopole events.
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Distributions of simulated monopole events in the regions described above
is shown in figure 7.11 for the mass points generated.

7.2 Systematic Uncertainty

There are multiple effects that can be a reason for uncertainty in the monopole
efficiency. For example, the default settings of the GEANT4-CMS simulation
software are treated as the nominal conditions and in order to study the sys-
tematic effects we have re simulating a sample of monopole mass 1000 GeV
for gD = 1 with Drell-Yan process by changing the default status of these pa-
rameters. The systematic variation is introduced at the analysis level since the
change in the default CMS simulation was not feasible, The systematic sources
in our analysis are listed as follow:

• δ - electron production

• ECAL systematic uncertainties (shower shape and spike typologies).

• dE/dx cross-talk in the inner tracker.

• integrated luminosity for 2016 Data.

• Background estimation uncertainties.

The following subsections will discuss the various systematic uncertainties
that were considered in this search.

7.2.1 δ-rays Production Systematic Uncertainty

The simulation of monopole interactions with matter is one of the largest
uncertainties. As we discussed before, δ- electron ray production by monopole
is varied up and down by 3 % [27]. By default, monopole ionization producing
δ-electron above some threshold. The propagation of low energy electron rays
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is limited by the GEANT4 simulation software in CMS, this is done by not
simulating the δ-electrons below a certain kinetic energy threshold. As in such
cases, the energy loss by the electrons is added to the monopole’s energy loss in
a continuous way during the simulating steps of the propagated trajectory. This
threshold is defined as a distance parameter in GEANT4 and it is internally
converted to the energy units. To achieve the best simulation precision, we
need to minimize this parameter. The best proposal for CMS from the GEANT4
experts is to switch off the δ-electron production parameter in the simulation
step and reproduce the MC sample and study the difference in the efficiencies.
For mass 1000 GeV about 86000 events were fully simulated using the option
of switching off this parameter in the GEANT4 and it was officially produced
MC sample. The efficiencies were recomputed and the results is mentioned in
table 7.16.

In the current versions of CMSSW simulation package, the threshold of the
kinetic energy of the δ-electron produced is limited, only energetic δ-electron
are produced. i.e. electrons with energy below the minimum kinetic energy are
not simulated.

Table 7.16: Systematic uncertainty for monopole mass 1000 GeV when switching off the δ-
electron production

Systematic uncertainity
(for monopole mass 1000 GeV) δ-ray production (off) δ-ray production (on)

number of events generated 86200 100000
number of events passed selection cuts 296 378
Signal efficiency 0.00343 0.00378
Systematic uncertainty % 9.25%

We changed the thresholds in order to understand the systematic uncer-
tainty, but it is not easy to do it consistently for a complicated detector such
as CMS. This can be studied with the standalone example for monopole in
GEANT4 later in future studies. The alternative proposal for CMS is to disable
the δ-electron production For that it was enough to customize only one flag
”Process.g4SimHits.Physics.MonopoleDeltaRay = cms.untracted.bool(False)”.

By disable delta electron, the range of monopole should not change, only
energy depositions in the tracker and ECAL will be different, that’s why we also
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studied the systematic uncertainties in the shower shape in the ECAL clusters,
which will be discussed later. We have calculated the systematic uncertainty
for δ-electrons production off, and it found to be 9.2 %, which is a very small
effect.

7.2.2 ECAL Systematic Uncertainties

Systematic uncertainties due to the online selection in the ECAL can be
obtained by disabling the GEANT4 modeling described in the previous section.
The online spike filtering is based on topological shower shapes in the ECAL.
Therefore, uncertainty in the spike filter efficiency is subject to uncertainties in
the shower shape of the energy deposit left by a monopole. The large mass of
the monopoles simulated leads ionization to dominate over radiative processes
as the preferred energy loss mechanism.

By disabling the simulation parameter which determines the modelling of
the ionization energy loss, the ECAL cluster shape dependence is also probed.
The systematic uncertainties quoted in table 7.17, include the simulation of
the trigger selection. Any effect arising from the saturation of ECAL cells is
negligible since most of the energy depositions are well below this threshold,
see figure 7.18.

The 175 GeV energy threshold applied toward monopole selection rejects
ECAL noise (see Appendix A.1), and a broad energy spectrum observed in sim-
ulated events suggests that systematic uncertainties arising from calibration ef-
fects are negligible. Since fluctuations in measured energy are small compared
to the width of the energy distribution, the impact of calibration uncertainty
on acceptance is also small. Figure 7.18 shows the distribution of energy of
5×5 ECAL clusters before any selection is applied from simulated monopole
events (all mass points are represented by the various colors). Monopoles show
a broad energy spectrum which is effectively ends below 1700Gev. The ECAL
saturation at 2TeV has a negligible effect since very few clusters are expected to
reach near that energy. The broad energy spectrum suggests that uncertainties
due to calibration on acceptance are small.
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(a) (b)

Figure 7.18: The distribution of energy measured in the EE (left) and EB (right) in 5×5 clusters
before any selections are applied for simulated monopole events. All simulated monopole mass
points are represented by the various colors

7.2.2.1 Spike Topologies

Very small effect of the systematic uncertainty is attributed to the spike
killing algorithm in the offline selection, because all ECAL clusters are con-
sidered regardless of the flags set by the offline reconstruction. We switched
off the spike topologies (see appendix A.2), swiss-cross and timing, at the
Particle flow rechit level by setting the following parameters to False for the
ECAL Barrel and Endcap: particleFlowRecHitECAL cfi.py class /RecoParti-
cleFlow/PFClusterProducer/

timingCleaning = cms.book(False)
topologicalCleaning = cms.bool(False)

The systematic uncertainty in the case of switching off thee spike topologies
is equal to 0.5% as qouated in table 7.17.
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Table 7.17: Systematic Uncertainty for switching off the spike topologies in the PF-recHit step

Systematic uncertainty
(for monopole mass 1000 GeV) Spike topologies (off) Spike topologies (on)

number of events generated 4200 100000
number of events passed selection cuts 16 378
Signal efficiency 0.0038 0.00378
Systematic uncertainity % 0.5%

7.2.2.2 ECAL Shower-Shape Systematic Uncertainty

We studied the ECAL cluster shower shape topology f51 after disabling the
production of δ-electron (green color) in GEANT4 simulation software and
compare it between the distribution of the default setting (red color) for the
same mass point 1000 GeV .

In addition we switch off the spike typologies (blue color) and performed
the same the comparison of the shower shape in the ECAL is plotted below
in figure 7.19. We calculated the difference of the mean of the distribution of
f51 for the two cases to be compared with the default sample. The Systematic
uncertainty effect was found very small ∼ 2.4%. The systematic uncertainties
is quoted in table 7.18. Figure 7.20 shows the joint distributions of the tracking
discriminant and calorimetry discriminant for case (a) Default setting, (b) Spike
typologies off, (c) δ-rays production off, the three cases are for monopole mass
1000 GeV . We can see from these distributions the differences in the signal
regions.

Table 7.18: Systematic Uncertainty in ECAL cluster shape distributions

Systematic (Shower Shape) Spike typologies off δ-electron production off Default
Mean (from the distribution) 0.827 0.847 0.849

Systematic uncertainty % 2.5% 0.14%
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Figure 7.19: The distribution of shower shape topology f51 in the ECAL for mass point
1000 GeV for delta-electron production off (green) and Spike typologies off (blue) along with
default settings (red)

(a) Default (b) Spike off

(c) δ-ray production off

Figure 7.20: The joint distributions of the tracking discriminant and calorimetry discriminant
for cases (a) Default setting , (b) Spike typologies off, (c) δ - ray production off
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7.2.3 dE/dx Cross-talk in the Tracker Sub-detector

The dE/dx response is more complicated due to a large number of strips
involved in each track measurement. The electronic cross-talk in the tracking
chamber affects the dE/dx measurements, particularly since monopoles are
expected to saturate many of the tracking strips. The systematic uncertainty
is intentionally overestimated by running the simulation with the amount of
cross-talk 10 % up and down, which gives an uncertainty of 0.28 % and 1.11 %
respectively.

In order to understand what is the dE/dx cross-talk [167], here is just a
summary of the study we did. In Data the reconstructed clusters are referred as
“observed clusters”, cluster with three strips in the cross-talk is a coupling be-
tween neighboring strips, as shown in figure 7.22, there is a coupling between
the central strip and the first two neighbor strips (x1) and also a coupling with
the second two neighbor strips (x2).

Figure 7.21: Observed dE/dx cross-talk
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The dE/dx cross-talk parameters should be understood as the following:

Q 0 = par[0]xQ
Q ±1 = par[1]×Q
Q ±2 = par[2]×Q

Where Q is the total charge ”deposited” within the silicon volume under
the strip ”0”, Q0 is the charge ”collected” under that strip, and Q ±1 are the 2
closest neighbor strips, and Q ±2 the 2 next ones.

Figure 7.22: A schematic distribution of the dE/dx cross-talk clusters

A measurement campaign has been done during 2018 and they observed
variations compared to run I. The variation was about 20 % and is known with
small statistical uncertainty. There is a constraint between the parameters to
impose the charge conservation: The cross-talk must verify that

x0 +2x1 +2x2 = 1 (7.5)

In order to perform the systematic study, we kept par[2] unchanged as it is
small value and we changed x0 with 10% up and down of its original values that
indicated in the SiStripSimParameters cfi.py configuration file in the CMSSW
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Mixing Module package, and then we determine the value of x1 that satisfy
above condition in equation (7.5).

In the configuration file, SiStripSimParameters cfi.py in the MixingModule
package in the digi. step of the MC production, we have modified the cross-talk
parameters using a command like:

process.SiStripSimBlock.CouplingConstantDecIB1 = cms.vdouble(X ,Y,Z)

Where X ,Y,Z are the new values we want to inject after changing the 10%.
Inside the file there are 14 commands to describe the whole tracker module
typologies in ”Dec” mode, 2 for TIB, 2 for TOB, 3 for TID, 7 for TEC, which
are in total 14 parameters should be changed. It means that the efficiencies
are all compatible with each other which implies that the impact of the cross-
talk is below ∼ 10 % (relative uncertainty on our efficiency). Our test shows
compatible results within error bars (10 %). In that case, we assume that if the
effect exists, it is subdominant compared to the other uncertainties. Results are
quoted in table 7.19.

Table 7.19: dE/dx cross-talk Systematic Sncertainty

Systematic uncertainity
(for monopole mass 1000 GeV)

dE/dx cross talk
10% up

dE/dx cross talk
10% down

dE/dx cross talk
Default

number of events generated 28000 28000 100000
number of events passed the track parameter fit cuts 10006 10111 35619
Signal efficiency 0.357 0.36 0.35619
Systematic uncertainty % 0.28% 1.11%

7.2.4 Systematic Uncertainty in Data-driven Background Es-
timation

The collision data taken is sliced by the tracking and calorimetry variables
in order to study uncertainties in the shape of the distribution. Figures 7.23
and 7.24 Show the one-dimensional distribution of the discriminant variable
f51 and dE/dxsigni f icance respectively, in slices of the other variable. These
distributions are normalized to the unit area for the purpose of comparing the
shape of distributions. The distributions of f51 vary in shape depending of the
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dE/dxsigni f icance slice taken. The shape of the overall distribution is dominated
by the shape of the lowest dE/dxsigni f icance slice since the number of events in
each slice rapidly decreases at large dE/dxsigni f icance.

Figure 7.23: A comparison of shapes of the f51 distribution in slices of the dE/dxsigni f icance in
the 2016 dataset. All curves are normalized to unit area.

Figure 7.24: A comparison of shapes of the dE/dxsigni f icance distribution in slices of f51 the in
the 2016 dataset. All curves are normalized to unit area.
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The distribution of dE/dxsigni f icance for various slices of f51 displays a
stronger degree of conformity. The joint distribution in data has a correlation
factor of−0.009 (this number has been calculated using ROOT software [154],
by using GetCovariance() function). In order to estimate the systematic uncer-
tainty on the background, the loose cuts applied to dE/dxsigni f icance and f51 are
varied. The tight cuts remain fixed at 9 and 0.85 for dE/dxsigni f icance and f51
respectively.

We have changed the loose cuts in order to estimate the systematic uncer-
tainty in background estimation. Since at each set of loose cut pairs the back-
ground estimates agree with each other, as shown in table 7.20, a systematic
on the background estimation can be determined by substitutes in equation 7.6.
This number is taken as a systematic uncertainty in the background estimation.

4x/x = 0.103/0.2918 = 0.357' 35.7% (7.6)

Table 7.20: The estimated background contribution to the signal region based on various loose
cuts and the associated relative systematic uncertainty on the background estimate.

f51 loose cut dE/dxsig loose cut X 4 x
0.45 4 0.2918 0.1031
0.45 2 0.2918 0.1031
0.45 6 0.2918 0.1031
0.45 3 0.2918 0.1031

7.2.5 Systematic Uncertainty on the Integrated Luminosity

One of the basic parameters that is used to measure the cross section is
the integrated luminosity. As we are using in this thesis 2016 Data taken in
the proton-proton collision at centre of mass-energy 13 TeV with integrated
luminosity of 33 f b−1. The overall uncertainty on the integrated luminosity
is estimated to be 2.6 %. All variations which have been discussed above are
leading to very small differences in signal efficiency. Table 7.21 is summarizing
The systematic uncertainties in the signal efficiency and background estimate.
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Table 7.21: The Systematic Uncertainties in the signal efficiency and background estimate.

GEANT4-δ-ray (profuction off) Spike topologies (swiss-cross and timing off) ECAL shower shape distribution (δ-ray, spike) dE/dx cross-talk Luminosity Background estimation
9.25 % 0.5 % 2.5%-0.14% 0.28%-1.11% 2.6% 35.5%

The absolute value of the total systematic error is equal to 0.36, which ob-
tained from the following relation:

Totalsystematicerror =
√

∑(systematic uncertainty)2 (7.7)

7.2.6 Cross-Section Limits

The Higgs combined tool [108] is used to estimate the monopole production
cross sections limits. The systematic uncertainties are summarized in table
7.22. The limit placed on the number of events is scaled to a limit on cross-
section by factoring in the integrated luminosity of 33 f b−1 and total acceptance
and efficiency.

Figure 7.25: Observed 95 % CL upper limits on the cross-section for Drell-Yan spin 1/2
monopole
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Table 7.22: Expected and observed production cross-section limit

Mass 500 GeV 700 GeV 1000 GeV 1200 GeV 1500 GeV 1700 GeV 2000 GeV 2500 GeV 2700 GeV 3000 GeV
Expected Limit [fb] 29.1 23.7 20.7 18.68 19.13 17.87 16.4 15.6 17.6 17.87
Observed Limit [fb] 23.9 19.59 17.1 15.39 15.77 14.69 13.53 12.93 14.5 14.7

The cross-section limits for DY pair production with spin 1/2 are shown
graphically as a function of mass, The limit obtained by this method and data
is shown in figure 7.25. We calculated 0.3 excepted background events, and
observe 0 events. We, therefore, set an upper limit on the monopole production
cross-section using CLs method [153]. The calculation includes the systematic
uncertainties discussed in the previous section. The 95 % confidence limit of
(23.9 for mass 500 GeV to 14.7 f b for mass 3000 GeV ) on the production cross
section of the Dirac magnetic monopole is illustrated, and the central limit’s
numerical values are tabulated in table 7.22.

Positive and negative error bands of the expected limit are plotted. The
observed limit lies along the lower edge of the band of the expected limit due
to the extremely low background expectation and the fact that exactly 0 event
was observed in the signal region.

In conclusion: A search for magnetic monopoles as an exotic long-lived
particle using a signature of a highly ionizing particle which deposits all- mostly
of its energy in the ECAL crystals was performed with the CMS detector at the
LHC using 33 f b−1 of 13 TeV proton-proton collision data. Monopole candi-
dates were selected by extrapolating the fitted track in the tracking chamber and
the shower shape in the ECAL crystals. Zero events were observed in data in
the signal region. An Upper limit on the production cross-section mass limit
was set for all the masses.

7.2.7 Sensitivity Differences between LHC-experiments

In this section we compare between the results of CMS-run II and ATLAS
experiment-run II, with integrated luminosity of 34.4 f b−1 of 13 TeV proton-
proton collision data (2016). Data was collected by ATLAS detector, by using
a dedicated trigger for monopole that based on the high threshold hit capability
of the tracker. Masses range of 200 GeV to 4000 GeV with the Drell-Yan pair
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production of stable particles of spin 0 and 1/2 are used in this search. The
electric charge range in run one was 20≤| z |≤ 60 and extends to 60<| z |≤ 100.
No event was observed in the signal region, consistent with the background
expectation.

By comparing The observed CLs upper limit on the cross-section for DY
spin 1/2 process with charge g = 1.0 gD, between ATLAS and CMS (recent
results for run II). We found that our result is 4− 5 times less sensitive than
the recent ATLAS results [3], figure 7.26 presents ATLAS results (black dotted
line).

In order to improve our results we need more dedicated trigger and a dedi-
cated spike study using the topology of the spikes and potentially the timing to
be used at the trigger level in future studies.

Figure 7.26: ATLAS - Observed 95 % CL upper limits on the cross-section for Drell-Yan. Plot
has been taken from [3]
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CHAPTER 8

MOEDAL EXPERIMENT

Searching for a magnetic monopole or other Stable Highly Ionizing – Mas-
sive particles (SMPs) at the LHC is the main objective of the MoEDAL experi-
ment at the LHC. The MoEDAL experiment [80] is located at interaction point
8 (IP8), where LHCb detector located.

The doctoral candidate has contributed in the results of 13TeV run II search,
which published on July 2019 with MoEDAL Collaboration. More detail about
the work done will be discussed in the next sections.

8.1 MoEDAL Experiment Overview

The dedicated MoEDAL detector is composed of Plastic Nuclear Track De-
tector (NTDs) array, which performs ultra fast scanning microscopes used in
the offline analysis. Magnetic Monopole Trapper (MMT), which is the latest
sub-detector system that inserted into the MoEDAL detector, and it consists of
∼ 1 tonne of aluminium (Al) bars placed at three points around the intersec-
tion point (IP8), of one of the main experiments at the LHC, which is LHCb
detector, specifically in the VELO (VErtex LOcator) cavern, as shown in figure
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8.1. In the next section, we will give a brief description on the technology of
track-etching detector.

Figure 8.1: A schematic view of three-dimensional MoEDAL detector (beside the yellow cir-
cle)

Monopoles will ‘burn’ through the plastic sheets of the experiment or get
trapped in the dense material of the trapping detector [142]. The MoEDAL
experiment is composed of three main subdetectors:

• Nuclear Track-Etch Detectors (NTDs): passive sub-detector with 18 m2

of CR39 and Makrrofol. more details are presented in the coming section.

• Magnetic Monopole Trapping detectors (MMTs), consist of 800 kg of
aluminum bars.

• MediPix chip-based online radiation monitor system

Each year, the NTD and MMT sub-detectors are removed to be exchanged
by new ones and to analyze the removed ones. The main contribution of the
doctoral candidate was in analyzing the aluminum (Al) bars of the MMTs using
SQUID techniques.
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8.1.1 Track-Etch Detectors

By the passage of a charged particle through a plastic nuclear track detector,
damage is produced at the polymeric bounds level with a small region, of a
shape of the cylinder, around the trajectory of that particle, which forms latent
track, as shown on figure 8.2 and figure 8.3.

Figure 8.2: The polymeric bonds breaking caused by a crossing charged particle.

The Restricted Energy Loss (REL) is a function of the charge Z and β = v/c
of the highly ionizing particle that occurs inside the cylindrical region is pro-
portional to the damage produced (c is the light’s velocity in vacuum). This
energy is equal to the total energy loss of a particle in the medium, if the inci-
dent ion’s velocity is less than 1× 10−2 c, otherwise, a fraction of the energy
loss is efficient to form the track and it will be a reason of δ-rays production
with energies less than a cut-off energy Tcut . The restricted-energy loss can be
calculated from the Bethe-Bloch formula with energy transfers T < Tcut .

MoEDAL experiment’s basic unit is a stack of 9 plastic sheets (NTDs), as
shown in figure 8.4, composed as follow:

• 3 sheets of CR39[59], with ∼ 0.5 mm in thickness for each sheet.

• 3 sheets of MAKROFOL [178], with ∼ 0.5 mm in thickness for each
sheet.
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• Lexan [168] forming the 1st , middle and end sheets in the stack with
∼ 0.2 mm in thickness for each sheet.

Figure 8.3: The latent track that occurred by particle’s passage with charge Z and velocity
β = v/c (left). Two etch pit cones are formed on the sides of the foil (middle). A prolonged
etching form a hole (right).

Figure 8.4: The basic MoEDAL detector stack is consisting of three sheets of CR39 and 3 sheets
of MAKROFOL with Lexan sheets separating the CR39 and MAKROFOL stacks. Sheet size
is 25 cm× 25 cm. An 1 mm thick aluminum housing is surrounding the stack. Total thickness
of the stack is 3.6 mm.
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8.1.2 The Magnetic Monopole Trapper Detector System (MMTs)

MMTs consist of passive stacks of aluminum trapping detectors located
beside the VELO detector. The main function of these stacks is to trap the
monopoles and other Stable Highly Ionizing – Massive particles (SMPs) that
stop within their volume. These stacks are replaced every year and then, the
exposed trapping volumes are scanned and analyzed through the SQUID detec-
tor. This process takes place in a magnetically shielded room at the Laboratory
of Natural magnetism at Zurich. The detection method is based on measur-
ing a persistent current which gets induced in the superconducting coil of the
sensitive SQUID magnetometer.

Figure 8.5: A schematic diagram for SQUID apparatus. The sample passed in steps through
the coil. The current in the superconducting coil is measured after each step.

Figure 8.5 presents a schematic diagram for describing the SQUID magne-
tometer scanning process. Figure 8.6 shows a real photograph taken by me for
the magnetically shielded room during my visit in 2018 to perform SQUID for
11 boxes with total of 606 samples. More details regarding this technique can
be found at [113].

176



Figure 8.6: Real photographs, taken by the author, for the magnetically shielded room at Zurich
(top), the the SQUID magnetometer (middle), and the Aluminum samples (bottom)
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After scanning the samples through SQUID process, the magnetic monopole
trapping volumes are sent to a laboratory underground in order to monitor the
decay of the trapped long - lived electrically charged particles, and we can find
the lifetime of the particle by observing the decay rate.

8.1.2.1 Magnetometer Measurement Procedures

The procedures of the SQUID method, which has been done for all the
Aluminum (Al) bars of the MMT, are as follow

• After the complete passage of the sample through the sensitive coil, out-
put is read out before, during and after this step.

• Calibration is applied, with a convolution method, to the sample and
cross-checked process with long thin dipoles mimicking a monopole of
well-known charge.

• Subtract the empty holder result from the measurement. The difference
between the measurements of the output current of the samples and the
measurements of empty holder output, is the persistent current. If it dif-
fers from zero we have a monopole signal candidate.

8.1.3 MoEDAL Experiment Results for 13 TeV

During run II of the LHC [16], the MoEDAL experiment has extended the
magnetic charge limit to be | g |≤ 5.0 gD and the masses range become up to
1790 GeV using Drell-Yan production mechanism [17, 18]. In 2018, Approx-
imately, 2400 samples from the MMTs sub-detector were scanned with a DC
SQUID long-core magnetometer, which is located at ”the Natural magnetism
laboratory at ETH Zurich”. The measured response of the magnetometer is
translated into a magnetic pole P with Dirac charge gD units, multiplying by
a constant of calibration C. Two independent methods are used for calibration
has been performed at the beginning of the campaign, more detail is described
in [85].
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Based on the principle of Superposition, the first calibration method adds
the performed measurements at 1 mm intervals using a dipole sample of known
magnetic moment µ = 2.98× 106 A.m2 to obtain the response of a single mag-
netic pole of strength P = 9.03×105 gD. The second calibration method used a
long thin solenoid that provides P = 32.4 gD/µA for several ranges of currents,
from 0.01 µ A to 10 µ A, to be able to measure the effect of a magnetic pole of
known strength directly. Figure 8.7 represents the calibration measurement’s
result. The calibration constant is used by tuning the measurement from the
superposition method.

Figure 8.7: Results of the calibration measurements for several currents ranges, with the super-
position method using a magnetic dipole sample, and the solenoid method with P= 32.4gD/µA.
The dashed lines represent the expected plateau values in units of Dirac charge.

The two calibration methods used, agree within 10 % and this value is con-
sidered as an uncertainty in the calibration of the pole strength. The response of
the magnetometer is obtained to be linear and symmetric in charge with a range
corresponding to 0.3− 300 gD. During the campaign, the calibration dipole
sample was remeasured regularly and value of the plateau of the calibration
was shown not to vary.

8.1.3.1 MMTs Measuring Techniques

During the process of scanning the samples of the MMTs, we performed the
following steps: First, we have to place the samples on a carbon-fiber movable
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conveyor tray for transport through the magnetometer’s sensing region, three
samples at a time, with a separation distance of 46 cm. As it was found of pre-
vious studies, the speed of transportation was set to the minimum of 2.54cm/s.

Figure 8.8: Magnetic pole strength (with Dirac charge units) measured in the 2400 Aluminium
samples of the MMTs detector with exposing to 13 TeV collisions during run II, with double
scanning for each sample

The magnetic charge that exists in a sample is measured as a persistent cur-
rent in the superconducting coil that surrounds the transport axis of the magne-
tometer. This persistent current is defined as ”the difference between the cur-
rents measured after (I2) and before (I1) passage of a sample through the sensing
coil”. we also have to count the contributions of the empty tray Itray

2 and Itray
1

in our measurements. The magnetic pole strength contained in a sample, ex-
pressed in Dirac charges, is thus calculated as P =C · [(I2− I1)−(Itray

2 − Itray
1 )],

where C is the calibration constant. The scanning of these samples has been
done twice, with the shown pole strength results in figure 8.8.

In either of the two measurements, the pole strength measurements are dif-
fered from 0 by more than 0.4 gD. A total of 87 candidate samples were iden-
tified. For repeated measurements, if a sample contains a genuine monopole
would obtain the same non - zero values, while zero values would be measured
when no monopole is present. Repeatly scanned process performed for the can-
didates samples and it was found that most of the measured pole strengths for
each sample are less than the threshold of 0.4 gD, as indicated in figure 8.9.

”The probability that a monopole of given mass, charge, energy and di-
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rection would end its trajectory inside the trapping volume”, is defined as the
acceptance of the trapping detector, and it is determined from the informa-
tion of the material traversed by the monopole [32] and the ionization energy
loss of monopoles when they pass through matter [26, 60], as implemented
in a simulation-based on Geant4 [31](as discussed in chapter 5). The pair-
production model determines the kinematics and the overall trapping accep-
tance can be measured, for a given mass and charge. Uncertainties in the ma-
terial description are dominating the uncertainty in the acceptance [18]. This
contribution is determined by performing simulations with hypothetical mate-
rial conservatively added and removed from the nominal geometry model.

Figure 8.9: Results of multiple pole strength measurements (in units of Dirac charge) for the 87
candidates samples. At least one of the two first measurement values was above the threshold
|g| > 0.4 gD. Most of the values observed below the threshold, the presence of a monopole
with |g| ≥ gD is excluded.

The Drell-Yan (DY) mechanism and photon fusion (γγ) [38] are considered
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in the presented search with spins 0, 1/2 and 1. The value of the monopole
magnetic moment (k) is zero for spin 1/2 (the same that we used in the CMS
search as described before in chapter 6), and one for spin 1. Production models
were generated by MADGRAPH5 aMC@NLO [34] using the Universal Feyn-
Rules Output (UFO), that described in [38]. The parton distribution functions
(PDF) NNPDF23 [42] is used for the DY model, and LUXqed [126] is used
for photon - fusion model, which is the most accurate photon (PDF) up to date.
Another modification is considered, which referred to “β-dependent coupling”,
with modifying photon-monopole coupling, where g is substituted by β g (as
described in chapter 6). Figure 8.10 represents the Feynman-like diagram for
both models. Production cross-section of monopoles via γγ fusion is signif-
icantly enhanced by a factor of ∼ Z4 (∼ Z2) for heavy ions collisions [45],
where Z is the atomic number of ion.

Two contributions have controlled the acceptance behavior as a function
of mass, the mass dependence of the kinematic distributions and the velocity
dependence of the energy loss.

The acceptance found to be below 0.1 % over the whole mass range used
(200 GeV to 5000 GeV for monopoles with charge of 6 gD or higher as they
cannot be produced with sufficient energy to pass through the material of the
trapping volume. Due to this reason, the systematic uncertainties become too
large.

Actually, the dominant source of systematic uncertainties arises from the
amount of the material that estimated in the description of the Geant4 geometry,
which results a relative systematic uncertainty of ∼ 10% for 1 gD monopoles
[19]. This value of the uncertainty increases when the magnetic charge reaches
a point where it is too large for the analysis to be meaningful. The obtained
cross-section upper limits at 95% confidence level (CLs) for the two production
models (Drell-Yan and photon-fusion monopole), with the two coupling cases,
β-dependent and β-independent. As an example, spin 1/2 for g = 1− 5 gD
with β-dependent model (DY and γ γ processes) result is shown in figure 8.11
(As an example, to be comparable with CMS experiment, we only add here the
results of spin 1/2. extra results for other spins are indicated in the publication
of this search [16])

182



Figure 8.10: Feynman-like diagrams for monopolem - antimonopole production via the Drell-
Yan (left) and photon-fusion (right) processes at the LHC.[38].

Figure 8.11: Cross-section upper limits at 95% CLs for the combined DY and γγ monopole pair
production model with β-dependent couplings in 13 TeV proton proton collisions as a function
of the mass spin 1/2. The colors correspond to different monopole charges. The solid lines are
cross-section calculations at leading order.

As shown in figure 8.11, the cross-sections are represented with solid line.
All mass limits are indicated in table 8.1 for magnetic charges up to 5 gD. The
low acceptance at small mass does not allow MoEDAL to exclude the full range
down to the mass limit set at the Tevatron of around 400 GeV for DY mod-
els [114], that’s why no mass limit is given for the spin 0 and spin 1/2, 5 gD
monopole with standard point-like coupling. These mass limits are only indica-
tive since they depend on the cross sections computed by using perturbative
field theory (because of high value of the monopole-photon coupling).
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Table 8.1: 95% C.L. mass limits in models of spin 0, spin 1/2 and spin-1 monopole pair direct
production in LHC pp collisions. The present results are interpreted for Drell-Yan and com-
bined DY and photon-fusion production with both β-independent and β-dependent couplings.

Process/coupling Spin Magnetic charge [gD]
1 2 3 4 5

95% C.L. mass limits [GeV]
DY 0 790 1150 1210 1130 –
DY 1/2 1320 1730 1770 1640 –
DY 1 1400 1840 1950 1910 1800
DY β-dep. 0 670 1010 1080 1040 900
DY β-dep. 1/2 1050 1450 1530 1450 –
DY β-dep. 1 1220 1680 1790 1780 1710
DY+γγ 0 2190 2930 3120 3090 –
DY+γγ 1/2 2420 3180 3360 3340 –
DY+γγ 1 2920 3620 3750 3740 –
DY+γγ β-dep. 0 1500 2300 2590 2640 –
DY+γγ β-dep. 1/2 1760 2610 2870 2940 2900
DY+γγ β-dep. 1 2120 3010 3270 3300 3270

In summary, the Aluminum samples of the MoEDAL trapping detector that
exposed to 13TeV LHC collisions were scanned using the SQUID magnetome-
ter to search for the existence of a trapped magnetic charge. No monopole
candidates survived the scanning procedures and cross-section upper limits of
11 f b was set. Previous limits of 40 f b also set by MoEDAL in the previ-
ous search [18]. We used the Drell - Yan monopole - pair and the photon-
fusion direct production mechanisms. Limits for monopole masses in the range
1500−3750 GeV [16] were set for magnetic charges up to 5 gD of spins 0, 1/2
and 1, the strongest to date at a collider experiment [175] for charges ranging
from two to five times the Dirac charge. For comparison, the DY mass limits
set by MoEDAL experiment at 13 TeV was ranged from 450− 1790 GeV , for
previous results [18].

If we compare the sensitivity between CMS and MoEDAL experiments, we
will observe that the sensitivity is similar, but MoEDAL experiment can reach
monopoles with higher magnetic charges.
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CHAPTER 9

CONCLUSION

The quantization of charge is still an open question in fundamental physics.
A possible solution to this question would be the existence of Dirac mag-
netic monopoles. Both in electroweak models [63] and grand unified theo-
ries (GUTs) [111] magnetic monopoles can occur, and this has been a strong
motivation to conduct experimental searches since many years. To search for
magnetic monopoles relatively simple searches techniques can be used, such as
via trapping monopoles in terrestrial or extraterrestrial rocks [112, 155, 47] or
in data from high energy colliders, as magnetic monopoles have a very unique
signature [4, 14, 5].

P. Dirac in 1931, has predicted the existence of magnetic monopole with
magnetic charge (g) equal to n gD, where gD is the Dirac charge, which is ap-
proximately equivalent to 68.5 e, where e is the electric charge. The Dirac
charge is several orders larger than the elemntary electric charge. Hence the
magnetic monopole coupling (monopole - photon coupling constat) is very
large compared to the electric - photon coupling (αm ∼ 4700 αe).

Recently several experiments at the Large Hadron Collider (LHC) have
searched for a magnetic monopoles with a mass range of up to a few TeV. LHC
is located 100m underground between France and Switzerland, at the European
Organization for Nuclear Research (CERN).
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In this thesis, we performed a search for a magnetic monopole with Com-
pact Muon Solenoid experiment (CMS) at the Large hadron Collider (LHC)
with collisioins at a centre of mass energy of 13 TeV .

There is no realiable prediction for monopole pair production cross-section,
as the coupling imposed by the Dirac quantization condition is so large that per-
turbative techniques cannot be used to make predictions. The benchmark of the
production of magnetic monopoles used in this these and many other studies
such as by the ATLAS and the MoEDAL experiment, is based on the Drell-
Yan process. We have used the most up to date event generation model for
monopoles which has been included in Madgraph general generator recently
[161]. Spin 1/2 monopoles, with β-dependent cross section model was used,
and a wide range of monopole mass points were simulated in CMS and exam-
ined (500, 700, 1000, 1200, 1500, 1700, 2000, 2500, 2700, 3000 GeV ).

The main search in this thesis is searching for magnetic monopoles pro-
duced in the CMS experiment at the LHC with proton-proton taken at 13 TeV
centre of mass-energy. Because the signature of a monopole is very unique
when passing through the layers of matter, such as the CMS detector, we had
to develop and replace the standard energy loss measurements by a suitable
method to be able to track the monopole. In the reconstruction, we used a spe-
cial track combining algorithm to reconstruct the monopole track and extrapo-
late it to the nearest crystal of the next layer of the CMS, which is the electro-
magnetic calorimeter (ECAL). The energy deposits in the tracker and ECAL,
were used to identify the monopole candidate and select the signal region: high
ionization in the tracker and narrow energy deposition in the calorimeter. We
have optimized our selection cuts and studied the relative efficiency for each
major cut applied. Also we have calculated the efficiency vs. acceptance for
all masses points in this search, used to calculate the cross-section production
limit.

We selected a region with low background expectation, which was predicted
with the data itself using a double ABCD method. Using the data collected by
CMS in 2016 based on a dedicated trigger HLT Photon175 v., corresponding to
an integrated luminosity of 33 f b−1, no event was observed in the signal region.
In the absence of the observation of a signal in the data collected, we set a
95% confidence level upper limit of (23.9 to 14.7 f b) on the mass cross-section
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production and the observed and expected limit are determined for all the mass
points simulated (see table 7.20). Systematic uncertainties were determined
and included in the limit calculations.

The doctoral candidate was the principle responsible for the whole analysis
chain of magnetic monopole search in the CMS detector. The doctoral candi-
date was the main responsible for the whole analysis chain of the monopole
search at the CMS detector through the almost 5 years of studies.

In Chapter 4 of this thesis, we have mentioned the contribution of the doc-
toral candidate, during the Ph.D. period, in the service work related to the Re-
sistive Plates chamber sub-detector which located in the muon system of the
CMS experiment. I participated in the data certification process during 2016
till 2018. Chapter 4 contains an overview of the RPCs sub-detector and mainly
the performance of the endcap chambers RE± 4. In 2019, during my staying
at CERN for almost 7 months, I participated in the Long Shutdown 2 (LS2)
commissioning services (hardware) for RE±4 chambers.

Finally, we have given an overview of one of the recent experiments of
the LHC, a dedicated experiment to search for magnetic monopole, located at
the IP8 in the intersection point of the LHCb experiment, which is Magnetic
Monopole Trapping system detector (MoEDAL). One of the important aims
of LHC experiments, especially, ATLAS and CMS, was to discover the last
piece of the SM particle contents, the Higgs boson and to have a precise study
of its properties. Similarly, the main goal of the MoEDAL experiment is to
search for the Magnetic Monopole. Drell-Yan and photon fusion predictions
have been used as production mechanisms for monopoles with spin 0, 1/2 and
1 with β-dependent model, for various range of gD charges.

The main contribution of the doctoral candidate was performing the mate-
rial analysis with a ”SQUID”, for the Magnetic Monopole Trapper sub-detector
samples during 2018. The Magnetic Monopole Trapper is one of the main
parts of the MoEDAL experiment. The ”SQUID” is located in a magnetically
shielded room at the Laboratory of Natural Magnetism at Zurich. The results
of analyzing these samples are reported in chapter 8 [16].

By comparing the sensitivity of CMS and MoEDAL experiments, we ob-
served that the sensitivities are similar, but MoEDAL experiment can reach
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monopoles with higher magnetic charges. By comparing The observed CLs up-
per limit on the cross-section for DY spin 1/2 process with charge g = 1.0 gD,
between ATLAS and CMS for run II, we observed that our results sensitivities
(CMS) is 4− 5 times less sensitive than the recent ATLAS results [3]. In or-
der to improve our results in the future, we need more dedicated triggers for
monopoles and a dedicates spike study using the topology of the spikes and
potentially the timing to be used at the trigger level in future studies.
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APPENDIX A

APPENDIX TITLE

A.1 ECAL Noise

In order to estimate the impact of noise on the topological cluster shape,
the amount of energy found outside of the central 5×1, η−φ strip versus the
fraction of energy in the central strip is plotted for various minimal cuts on the
cluster energy for masses 700 and 1500 GeV . The majority of ECAL clusters
have a value of f51 nearly one. Nevertheless, when a minimal energy cut is
applied, a lower bounding edge appears in the distributions representing the
constraint at which noise must be present outside of the central strip in order to
shift the measured affect f51.

Figure A.1 shows these distributions for three mass points spanning the
range considered with no energy cut applied. Figure A.2 shows these same
distributions with 100 GeV energy cut applied to the clusters, and Figure A.3
shows these distributions and mass points after 175 GeV energy cut is applied
to the cluster energy.
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(a) 700 GeV (b) 1500 GeV

Figure A.1: The energy found outside of the central strip vs. the fraction of energy found in the
cluster for two monopole masses 700 and 1500 GeV respectively.

(a) 700 GeV (b) 1500 GeV

Figure A.2: The energy found outside of the central strip vs. the fraction of energy found in the
cluster after a 100 GeV energy cut for two monopole masses 700 and 1500 GeV respectively.

(a) 700 GeV (b) 1500 GeV

Figure A.3: The energy found outside of the central strip vs. the fraction of energy found in the
cluster after a 175 GeV energy cut for two monopole masses 700 and 1500 GeV respectively.
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A.2 Spikes and Online Selection

Spikes are anomalous signals, a hadron hits the ECAL Barrel (EB) photo-
detector APD and induce a big signal in a single channel that does not corre-
spond to a particle passing through the crystal, hence this is a ”fake” signal.
They happen in a single crystal; an electron deposits 80 % of its energy in a
square of 3× 3 crystals, hence topological variables can be used to discrimi-
nate spikes from electrons

(a) (b)

Figure A.4: illustration of spike shape and timing in the ECAL barrel

These hadrons are *secondary* particles, caused by a primary particle in-
teracting with the box containing the photo-detectors, they are delayed with
respect to the bunch crossing, hence the time measurement can be to distin-
guish between spike and real particle. The characteristic of these anomalously
large energy deposits, which exist in only one single crystal, is the following:

• The shape of the pulse occurred with direct ionization with the APD, is
faster in time than the normal particle pulse, see figure A.4 (a).

• They have little surrounding activities (unlike electromagnetic EM shape)
see figure A.4 (b).
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A.2.1 Spike Mitigation Methods

Methods to mitigate the spikes are either by using topology, isolated energy
deposits, or timing, differences in pulse shape

• Strip Fine-Grain Veto Bit (sFGVB), is a topological method used at L1,
Semi-flexible hardware (it has the full flexibility of HLT and offline)

Description of this method:

The online selection (L1) employs a filter in the ECAL designed to
reject anomalous “spike” clusters from forming a trigger [139]. The se-
lection considers the number of cells in a 1× 5 strip (orthogonal to the
strip considered in the f51 variable) above 350MeV for clusters with more
than 12 GeV of total energy. If the number of cells in the 1× 5 strip is
more than one, then the bit for that strip is set to 1. The 5 bits, corre-
sponding to the 5 strips in φ, are ORed together to form the decision. If
the value is 1 the trigger tower is accepted, or if the value is 0, the trigger
tower is rejected as a spike. A diagram taken from [139] is shown here in
figure A.5.

The uncertainty in the efficiency due to this spike filtering (at L1)
is determined by the uncertainty in the modeling of the shower shape
of energy deposits left by monopoles in the ECAL. In other words, the
systematic uncertainty of the spike killing filter is considered to be uncer-
tainty on the shower shape of the monopole energy deposits in the ECAL.
It is shown in Figure 7.19 that the topological cluster shape variable f51
is not too sensitive to the GEANT4 simulation parameters. The variance
in the number of clusters in the peak bin varies by 0.2−5 %.

The sFGVB has been measured to reject > 95 % of spikes with trans-
verse energy greater than 8 GeV , with only a small (< 2 %) effect on the
efficiency for triggering real electrons.

• HLT and offline reconstruction, at HLT and offline reconstruction, we
use software tools, with full flexibility, and implement two variables the
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Swiss-Cross: energy in a central crystal divided by energy of the 4 ad-
jacent crystals, and the ”RecHit” timing, the delay between the bunch
crossing and the measurement of the signal peak (the signal itself has a
pulse shape, with a peak at some point and a long tail)

In MC, spike cleaning is as follow, at HLT we use an ”offline-like” spike
cleaning, that filters the PF RecHits, so spike cleaning is applied by default
when running the HLT.

Figure A.5: A useful diagram showing the implementation of online spike filtering

As the magnetic monopole loses most of its energy in the first crystal it hits
in the Ecal, most of the generated monopole has a swiss-cross value close to
1. This is one of the unique features of monopole and we also can this as a
signature of monopole. The definition of swiss-cross is:

Swiss− cross = 1− E4

E1

Where E1 is the energy deposited in the center cell and E4 is the sum of energy
deposited in the other four cells
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Figure A.6: Swiss-cross definition

(a) (b)

Figure A.7: Swiss cross distribution for monopole mass 1000 GeV before and after the cut of
0.95

In order to distinguish between monopole and spike caused by other parti-
cles, the swiss-cross variable has to be less than 0.95 and the arrival time to the
Ecal to be less than 10 ns. We have plotted the swiss-cross for monopole mass
1000 GeV before and after the cut of 0.95, and it indicates that we lose most of
our signal due to the existence of ”Spike”.

A.2.1.1 Implementation Monopole model in MADGRAPH5 aMC@NLO

For such relativistic fast monopoles with relative velocity β= 1, passing through
materials, a large number of electron-positron pairs are produced which can be
used as a sign for the monopole’s presence [38]. The study of slowly moving

194



monopoles with β << 1, will be excluded from the present work. We are only
interested here in the electromagnetic interactions of monopole of spin S = 1/2
.

First, we need to recall some basic facts of the point-like monopole-matter
scattering theory. Modern quantum field theory treatment has been used to
study the classical, tree-level scattering of charged particles of massively mag-
netic monopoles, monopoles are relatively heavy compared to electrons with
masses of TeV order.

The differential cross section for the classical scattering of electrons is de-
scribed as:

σω = (
eg

2µν0c
)2

∑
x

1
4sin4 ( x

2)

∣∣∣∣ sinx
sinθ

Xθ

∣∣∣∣ (A.1)

Which e, m are the charge and the mass of the electron respectively, g and
M are the magnetic charge and mass in a frame where the initial velocity of the
electron is ν0 and the monopole is initially at rest. C is denoted the speed of
light in vacuum and θ is the angle of scattering, µ is the reduced mass of the two
body problem mM/m+M, in the cases of monopoles, µ = m where M >> m
which is of interest here. The angle x = 2µ νo b/ | k |, defines the cone on which
the trajectory of the electron in the background of the monopole is confined, b
is the impact parameter [130, 38].

For completeness, we note that the cross section diverges in two occasions:

• sinθ = 0 and sinx 6== 0, θ = π, which is the case for a certain discrete
set of cone angles.

• When θX = 0, which occurs for a certain discrete set of scattering angles
θ [130, 38].

For small scattering angles, θ << 1, the differential cross section can be
approximated by:
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σω = (
eg

2µν0c
)2 1
(θ/2)4 , θ << 1 (A.2)

A new phenomenological parameter is included in the used model to pro-
duce monopole events, which is the magnetic-moment term k, which is equal
to 0 for spin 1/2, and 1 for spin 1 monopoles. The existing of this parameter
with the velocity – dependent coupling, may lead to a perturbative treatment
of the calculations of the cross section [171]. The model used in this search to
generate monopole events is the Drell-Yan production model with spin 1/2 and
velocity-dependent magnetic charge.

An appropriate implementation of Drell-Yan process in Madgraph UFO
models has been taken to serve as a useful tool to introduce monopole searches
at colliders such as LHC.

A.2.1.2 Velocity–dependent magnetic charge

Last expression reduces to the standard Rutherford formula for e e scattering
upon the replacement:

g
c
→ e

ν0
(A.3)

This assumption allows many authors including Milton [114], Schwinger
[99] and collaborators to conjecture that when discussing the propagation of
monopoles in matter that used for detection and capturing the monopole (inter-
action of monopoles with matters, electrons or quarks) or considering monopole–antimonopole
pair production through Drell-Yan process, the velocity-dependent magnetic
charge for monopole has to be considered in the cross-section formula

g→ gv
c
= gβ (A.4)

And it has to be stressed that the above substitution is based on the elec-
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tric–magnetic duality’s assumption, which may lead to the equivalence of the
electron-monopole scattering cross section (equation A.1) with Rutherford for-
mula upon applying (equation A.4)

The monopole velocity β is used in the Drell-Yan model is given by Lorentz
invariant expression in terms of the monopole mass M and the square of the
center of mass-energy of the incoming particles (Photon or anti quarks),

√
s =

2Eγ/q

β =

√
1− 4M2

s
(A.5)

In Dirac’s model, the relation between the basic magnetic charge g and
the electric charge (q e) is given in the below equation with Gaussian units.
However in Madgraph, Heaviside-Lorentz units are used.

g =
1

2α
n(

e
qe
)e = 68.5e(

e
qe
)n≡ n

e
qe

gD, n ∈ Z (A.6)

Madgraph model equation:

qeg = 2πn, n ∈ Z (A.7)

So the unit of the magnetic charge is:

gD = 2π/qe (A.8)

“There is no accurate theoretical calculations of the monopole production
cross-section”. Only Leading Order models can be used for the Feynman di-
agram. For Feynman diagram calculations, we use the perturbative approach,
I.e. we have many terms in the cross-section calculations.

1. Leading Order to tree level

2. Next to leading order of first-order loop diagram to next to Leading order
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or second-order loop diagram and so on.

For processes where the effective coupling is less than 1 , the terms in b
and c are less than terms in a. For monopoles, the coupling is 68.5 � 1 so
terms b and c will be larger than terms in a, this is the reason why perturbative
calculations are not possible. Here we only calculate the tree-level diagram
and ignore higher order terms. We ignore them not because they are smaller in
value than LO term but because we don’t know to handle higher order terms.

It is reasonable to assume that a proper field theory treatment of monopole
pair production would reproduce the Drell-Yan electron production with the
duality transformation applied.
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 ةیبرعلا ةغللاب ةلاسرلا صخلم
 

 "ریبكلا تانوردھلا مداصم يفCMS  ةبرجتب يسیطانغملا بطقلا يداحإ نع ثحبلا"
 

 لذب دقلو نوكلا هأشنل ةیساسألا تالعافتلا میھافم حضوت ةیساسالا ةیعیبطلا تایرظنلاو نیناوقلا مظعم
 نم ةدحاو يھو لثامتلا ةعیبط ةیرظن اھنمو تایرظنلا نم ریثك تابثاو قیقحتل مخض دوھجم ءاملعلا
 لمعلا نم مغرلابو ،ةیسیطانغملاو ةیبرھكلا نیب لثامتلا ءاملعلا نم ریثك ریكفت لغشی .ةدحوملا تایرظنلا
 يداحآ دوجو وھو الأ ،حوضولاو مھفلا لمتكم ریغ ءزج كانھ لاز ام ھنا الا لازامو مت يذلا داجلا
 نیبطقلا دحا لمحیو ةیلوألا تامیسجلا ءایزیف يف درفنم يلوا میسج نع هرابع وھو ،يسیطانغملا بطقلا
  .رخالا نود نییسیطانغملا
 
 ھنحش لمحی ھناف دجو نا اذھو ،يسیطانغملا بطقلا يداحآ دوجوب ١٩٣١ ماع كارید لوب أبنت دقل
 ادج ةریبك يسیطانغملا بطقلا يداحا ةنحشو .ةدحوملا ةیرظنلا ریسفت يف دعاسی فوسو ھیسیطانغم
 ،ةنحشلا میمكت ھیرظن ریسفت يف دعاسی فوس اضیاو ،)نورتكلالا ھنحش ةرم ٦٨.٥ نم برقی ام لداعت(
 .)ةیسیطانغملاو ةیبرھكلا( لیوسكام تالداعم دیحوتو
 
 نع ثحبلا يف و تاونس سمخ نم برقی ام يف مت يذلا يملعلا ثحبلل  يلیصفت حرش ةلاسرلا مدقت
 مدختسن ریبكلا ينوردھلا مداصملاب جمدملا ينویملا يبلوللا فلملا ھبرجت يف يسیطانغملا بطقلا يداحا

 ثودح نم نكمتلل هاجتالا سكع تانوتوربلا نم ةعشا لیجعتل تلوف نورتكلا اریت ١٣ ةیلاع تاقاط
 لالخ ةبرجتلا يف اھذیفنت مت يتلا ماھملا ةشقانم و ،تامداصتلا هذھ جتاون ةسارد و نیعاعشلا نیب مداصت
 ةبرجتب كارتشالا لیصافت اضیأ و ، )نریس( ةیلوألا تامیسجلا ءایزیفل يبوروألا ربتخملا ةرایز ةرتف
 . MoEDAL يسیطانغملا بطقلا يداحا دایص ةبرجت يھ و LHCریبكلا ينوردھلا مداصملا يف يرخا

 
 و ةریثك قرطب يسیطانغملا بطقلا يداحا نع ثحبت  LHCریبكلا ينوردھلا مداصملا براجت مظعم
 جئاتنلا نیب ةنراقملاب ثحبلا اذھ ةیاھن يف انمق دق و ةبرجت لكب فشاوكلا بیكرت و ةعیبطل اعبت ةفلتخم
 .اھریغ و سلطا ھبرجت لثم ،براجتلا هذھب ةصاخلا ةفلتخملا

 
 باسحو ةساردلل ةلباق تافلم جاتنإل CMS ةبرجتب صاخ ةاكاحملل Monte Carlo جمانرب مادختسا مت
 نم ةجتانلا ةقیقحلا تانایبلل تاوطخلا سفن ءارجإل نكمتلل ثحبلل ةمزاللا تاریغتملا مادختساب اھتءافك
 .ةبرجتلا لخاد تانوتوربلا مداصت

 
 لیصافتلا تركذو ةبرجتلاب ةصاخلا ةفلتخملا فشاوكلا لخاد يسیطانغملا بطقلا يداحا نع ثحبلا مت
 فشاك وھ مداصتلا ثودحل فشاك برقا ،ةیسیئر فشاوك ٤ نم ةبرجتلا نوكتت .ةلیسو لكب ةقلعتملا
 فشاك ھیلی ، ھنیوكت ةیادب و راسملا عون دیدحتل ادج ماھ وھ و میسج لكب ةصاخلا  Tracker تاراسملا
   يلاوح نم نوكم وھ وElectromagnetic Calorimeter (ECAL)  ةیسیطانغمورھكلا تامیسجلا

 راسم يھتنی دقو .مھل ةھباشملا تامیسجلا و تانوتوفلا و تانورتكلالا نع فشكلل لاتسیرك ٧٥٨٤٨
 و فشاوكلا هذھ ىدحإ يف امامت ھفوقو متی نا يلا ھتقاط مظعم دقفیو فشاوكلا هذھ نم دحاو يف میسجلا
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 دیدحت متی ھناف يسیطانغملا بطقلا يداحا ھلاح يف امأ .تانوتوفلا و تانورتكلإلا ھلاح يف ثدحی ام اذھ
 لالخ نم ةیسیطانغمورھكلا تامیسجلا فشاك يف هدوجو دیدحت اضیأ متیو تاراسملا فشاك يف هراسم

 :ةیلاتلا بابسألل كلذ و ،ةیبرھك ةنحشب نوحشم رخا میسج يأ نع ةزیمملا ھتافص
 

 عم ھثودح عئاشلا وھ امك x-y سیل وz  هاجتا يف ينحنی يسیطانغملا بطقلا يداحا راسم -١
 ةبوبنالل يزاوم هاجتا يف يوقلا يسیطانغملا لاجملا ببسب اذھ و ىرخألا ةنوحشملا تامیسجلا
 مداصتلا ثودح ةطقن و تانوتوربلا ةعشا يلع يوتحت يتلا ةمخضلا

 
 ٢٥ زیح يف )فصتنملا يف( هدحاو ةلاتسیرك يف ھتقاط لك يسیطانغملا بطقلا يداحا دقفی -٢
 ٪ ٨٠ دقفی ھناف نورتكلإلا لثم ىرخألا تامیسجلا سكع يلع Cluster يمست و )٥ * ٥( لاتسیرك
 لاتسیركلا يقاب يلع اھعیزوت متی ھتقاط يقاب و ةدحاو ھلاتسیرك يف فصتنملا يف ھتقاط نم
 ةرواجملا

 
 

 و يسیطانغملا بطقلا يداحا نیب  Magnetic Coupling constant يسیطانغملا جاودزالا ةمیق
 ةمیق باسح ناف ببسلا اذھل ، نوتوفلا و نورتكلالا نیب جاودزالا تباث نم ةرم ٤٧٠٠ ربكا نوتوفلا
 لوصحلا بعص يسیطانغملا بطقلا يداحا ةلاح يف Cross section  مداصتلل ضرعتسملا عطقملا

 يف )تافلملا( تانیعلا جاتنإل بسانم جذومن رایتخا بجی ببسلا اذھلو .اھیلع فراعتملا قرطلاب ھیلع
  .ةاكاحملا جمانرب

 
 يسیطانغملا بطقلا يداحا میسجب ةصاخلا تانیعلا جاتنإلDrell-Yan  وھ و لضفألا جذومنلا رایتخا مت

  تلوف نورتكلا اجیج ٥٠٠ نم أدبت تانیع ١٠ جاتنا مت و ىرخألا براجتلا يف مدختسملا جذومنلا ھنأل
 .كارید ةنحش ١ اھردق ةنحشب تلوف نورتكلا اجیج ٣٠٠٠ يتح

 
 يداحآ میسجل حضاو لیلد يأ دصری مل ،ةلاسرلا يف ةحورشملا جئاتنلا و ثحبلا تاوطخ لك ءارجا دعب
 ىربكلا تامداصملل ةیلاحلا تایناكمإلاب نالا يتح )ىرخألا براجتلا يف ثدح امك( يسیطانغملا بطقلا
 و تانوتوربلا لیجعتل ةمدختسملا ةقاطلا ةمیق عفر و ءازجألا ضعب ثیدحتب ھیلع لوصحلا نكمی نكل و
 .تلوف نورتكلا اجیج ٣٠٠٠ نم ربكا ةلتكب نكل و هدوجو لمتحملا نم ةلاحلا هذھ يف

 
 ةقیقحلا تانایبلا ةءافك نع فشكلاو ةمواقملا ةقئاف تاحوللا فشاكب ةقلعتملا ماھملا يف ةكراشملا مت اضیأ
 اذھل ةفلتخملا ءازجألل تارابتخالا ضعب ةماقإ و ،ةبرجتلل ينویملا ماظنلا يف مداصتلا نم ةجتانلا
 ةمزاللا تاحیلصتلا و تاثیدحتلا ءارجإل ریبكلا ينوردھلا مداصملا لیغشت قالغإ ةرتف يف فشاكلا
 ھثلاث لیغشت ةرتفل مداصملا براجت لك ھئیھتل ةمزاللا ىربكلا ةیناثلا لیغشتلا ةرتف دعب فشاوكلا ضعبل
 .٢٠٢١ ماع يف
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 .مت ام جئاتن صخلی ھمتاخ عسات لصف يلإ ةفاضإلاب لوصف ينامث ىلع ةلاسرلا لمتشت
 
 :لوألا لصفلا
 
 ةیرظن لثم ةمدقملا ةساردلاب ةصاخلا ةیلوألا تایرظنلاو سسألا نع ةماع ةمدقم لصفلا اذھ لوانتی
 .يرایعملا جذومنلا دعب ام ةیرظنو يرایعملا جذومنلا
 
 :يناثلا لصفلا
 
 هذبن عم میسجلا اذھ صئاصخو يسیطانغملا بطقلا يداحآ ةیرظنل يلیصفت حرش لصفلا اذھ ضرعتسی
 اضیأ لوانتی .ةقباسلا ىرخألا براجتلا يف اضیأو ةفلتخملا تایرظنلا يف ىرخألا ھعاونا نع هرصتخم
 بطقلا يداحا صخألابو ةداملا لالخ ةنوحشملا تامیسجلا رورم ةیفیك نع ادج ماھ ءزج لصفلا اذھ
 .يسیطانغملا
 
 :ثلاثلا لصفلا
 
 و  CMS  برجت بیكرت و  LHC ریبكلا ينوردھلا مداصملل لماك يلیصفت حرش لصفلا اذھ نمضتی
  .اھلخادب تانوتوربلا لعافت نم ةجتانلا ةیلوألا تامیسجلا نع فشكلا اھلخادب متی يتلا ةفلتخملا فشاوكلا
 
  :عبارلا لصفلا
 
 ينویملا ماظنلا يف دجوی يذلا  RPCةمواقملا ةقئاف تاحوللا فشاكل لماكلا حرشلا لصفلا اذھ لمشی
 .٢٠١٩ – ٢٠١٦ نم ةرتفلا يف هاروتكدلا ةبلاط اھتذفن يتلا ماھملا  و  CMS ةبرجتب
 
 :سماخلا لصفلا
 
 ثودح ةیادب ذنم تانوتوربلل ةیلاتتملا تامداصتلا نم ةجتانلا تالعافتلل الیصفت حضوی لصفلا اذھ
 لیجستو ظفح ةیفیك حیضوت متی اضیأو ةبرجتلا فشاوك يف ةجتانلا تامیسجلا راشتنا يلا مداصتلا
 تافلملا نیوكتل ةاكاحملا يف ةمدختسملا جماربلا حرش متی امك .تالعافتلا هذھ نم ةجتانلا تانایبلا
 .ةساردلا هذھ تامولعم لك ىلع يوتحت يتلا ةمزاللا
 
 :سداسلا لصفلا
 
 يسیطانغملا بطقلا يداحآ میسج جاتنا ةیفیك و رمعلا ھلیوط تامیسجلا نیوكت ةیفیك لصفلا اذھ حرشی

 .مدختسملا جذومنلا نع لماك يلیصفت حرش عم CMS لا ھبرجت يف ةوطخب ةوطخ
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 :عباسلا لصفلا
 
 ةصاخلا تانایبلا يلع هوطخ لك قیبطت ةیفیكو ةساردلا ھطخ نع يلیصفت حرش لصفلا اذھ لوانتی
 تامداصت نم ةجتانلا ةیقیقحلا تانایبلا يلع اضیأ و ةاكاحملا جمارب قیرط نع اھنیوكت مت يتلا تافلملاب
 ةیاھن باسح ةیفیكو ةساردلا هذھب ةصاخلا جئاتنلا ضرعتسی امك .ةبرجتلا يف تثدح يتلا تانوتوربلا
 صاخ يئاصحا جمانرب قیرط نع  Cross section production Limit ضرعتسملا عطقملا جاتنا
 . Higgs combine tools software ةبرجتلاب
 
 :نماثلا لصفلا
 
 يداحا دایصلا ھبرجت يھ و ریبكلا ينوردھلا مداصملا براجت نم يرخا ھبرجت لصفلا اذھ نمضتی
 اھترایز دنع ٢٠١٨ ھنس هاروتكدلا ھبلاط ھب تماق ام صخألاب و MoEDAL يسیطانغملا بطقلا
 مداصملا براجت نیب يرخألا ةیلمعلا تاساردلا نیب ھنراقم عم ،جئاتن نم ھیلع بترت ام و ةبرجتلل
 .میسجلا سفن نع ثحبت يتلا ریبكلا ينوردھلا
 
 
 :عساتلا لصفلا
 
  .ةمدقملا ةلاسرلا يف ةحورطملا جئاتنلل ةیزیلجنالا ةغللاب صخلم يلع لصفلا اذھ يوتحی
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