U NIVERSITY OF C YPRUS
B ACHELOR T HESIS

Study of electron charge
mismeasurement using Z 0 → ee
decays at the CMS detector

Author:
Aiantas Iezekiel

Supervisor:
Dr. Halil Saka

A thesis submitted in fulfillment of the requirements
for the degree of Physics
in the
Faculty of Pure and Applied Science
Department of Physics

June 1, 2021

i

“An experiment is a question which science poses to Nature, and a measurement is the recording of Nature’s answer. ”
Max Planck

ii

Abstract
An analysis of electron charge mismeasurement probability at the CMS detector is presented, using the data collected at 13TeV in 2016.
The analysis is focused on Z 0 bosons that decays into two electrons as
source of genuine electron candidates.
Multiple different methods were used in order to calculate the charge flip
probability for electrons with 10 GeV < Pt < 30 GeV, where each electron
selected in barrel and endcap region and the values are in the range of
(0.290 ± 0.015)% and (2.67 ± 0.09)% respectively.
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Chapter 1

Theoretical introduction
1.1

The Standard Model

The Standard Model of particle physics describes from a theoretical point
of view all currently-known particles and three out of four currently-known
types of interactions (weak, strong, and electromagnetic, excluding gravitywhich on the scale we are dealing with is insignificant.)
As far as we know and according with Standard Model all matter is made
out of three kinds of elementary particles( leptons,quarks and mediators).
There are six leptons which are fully determined by certain quantum numbers such ascharge (q), electron number (Le ), muon number (Lµ ), and tau
namber (Lτ ). Similarly, there are six types-flavors of quarks which again are
fully determined by quantum numbers such as charge (q), strangeness (S),
charm (C), beauty (B), and truth (T).

F IGURE 1.1: Elementary particles of the Standard Model.

There are three generations of fermions according to the Standard Model.
Each generation contains two types of leptons and two types of quarks. The
two leptons may be classified as those with electric charge −1 (electron)
and without (neutrino) and the two quarks may be classified asthose with
charge − 13 and with charge + 32 . Each quark also, comes in three colors.
Antiparticles has the same value of charge with their respective particles
but with the opposite sign.
Every interaction between particles has its mediators. As we see from
Figure 1.1 we have photon for electromagnetic force, W ± and Z 0 bosons for
weak force and gluon for strong interactions. On the other hand, the Higgs
boson (H 0 ), plays important role in Standard Model as it is the mechanism
by which all other particles gain mass. The photon, which carries electromagnetism, we know that is massless so the W ± and Z 0 bosons, carriers
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of the weak force, could not be. Without the presence of Higgs boson all
particles would have zero mass and would propagate at the speed of light.

1.2

Hadron Collisions

1.2.1 pp Collisions and Z 0 Boson Production
The proton-proton collisions are the ones that take place at the LHC, so it is
worth to look in more detail this particle as well as its internal structure.
Proton (p+ ) is a particle with a positive electric charge of +1e. In Standard
Model, protons are classified as hadrons and more specifically as baryons.
Since they are composed of three types quarks (two up quarks and one down
quark) [Figure.1.2a]. Protons are also classified as fermions because they
have half-integer spin. The three quarks are kept together by gluons, which
interact with the quarks and also with other gluons.

( A ) The quark content of a
proton

( B ) Representative leading-order Feynman diagrams for Z 0 boson production and its decay into pair leptonantilepton

F IGURE 1.2

As we saw in Section 1.2.1 protons are not elementary particles but are
composed of three elementary particles. The energy with which two protons
collide is fully determined. But in pp collisions, in fact the constituents that
make up protons interact and produce new particles for study. The energy of
these subatomic particles cannot be determined. The center of mass energy
√
of a collision (ECM ) is commonly expressed as s. The center of mass energy
√
achieved by the LHC in 2016 was s = 13T eV . This is the dataset used for
the presented analysis.
At proton speeds much lower than the speed of light, we observe elastic
scattering with Coulomb interactions to repel one proton from the other.
But if we have high energy protons which move with speed close to the
speed of light, we may observe interactions with in the components of each
proton. One gluon from one of the proton may transform into a quark and
anti-quark pair and the anti-quark may interact with quark from the other
proton. In this interaction, a Z 0 boson may be produced and then decay
into more stable particles instantaneously in multiple ways. In our case
we are interested in the decay into leptons (leptonic decay) and specifically
into electron-positrons pair (the total charge of the original particle is zero).
Figure 1.2b shows the Feynman diagram describing this process.
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Cross Section and Luminosity

Cross Section (σ) give us the measure of how many interaction we should
expect for a given process. We are interested in σ(pp → Z 0 → ee). The total
cross section for pp → Z 0 → ee with dielectron mass in the range of 60-120
GeV is 1910 pb [17]. Cross sections has dimension of area (cm2 ) and the
common unit is barn (b), defined as :
1b = 10−24 cm2

(1.1)

While Cross Section characterizes each particle individually, Luminosity
(L) is a quantity that characterizes the beams. Luminosity expresses the
total number of collisions. If we shrink the proton beam or if we put more
protons into it, we increase its Luminosity, hence we have bigger chance
of observing interactions between the protons [23]. In 2016 at LHC the
Luminosity of the beams has value equals to 35 fb. With cross section (σ)
and the luminosity (L), the number of events (N) is given by Equation 1.2
and represents the total number of particles we expect to detect.
N = σL

(1.2)

Hence, if everything was ideal, we should expect approximately 68.4 million events (Z 0 bosons). In fact as we will see in section 3 that does not
happen due to the fact that we apply several cuts to the data we analyze
such as we require electrons to have Pt > 10 GeV, second lepton transverse
momentum in a boundary as 10 < Pt < 30 GeV and also cuts regarding the
pseudorapidity of each electron. In the meantime no detector system is perfect and therefore we will expect to have a loss of events due to the inability
of the detector to detect correctly all the Z 0 events. By that, we mean that
the efficiency of reconstruction of each electron is not 100%.

1.3

Z 0 boson and its significance in the present analysis

As mentioned before, Z 0 boson is a neutral particle with mass equals to
91.1876 ± 0.0021 GeV. Hence, is very heavy in relation to other subatomic
particles and has a very short lifetime. It is also the mediator of the weak
force.
Since the Z 0 boson is electrically neutral, based on the conservation of
charge, the particles produced should have a total charge equal to zero.
Hence, Z 0 boson is expected to decays into particle - antiparticle pairs.
About 70% of the time, it decays into a quark-antiquark pair, which proceed to create a jet of particles due to the strong interaction. About 20%
of the time it decays into a neutrino-antineutrino pair (these particles are
invisible in our detector due to the fact that it is almost massless). About
10% of the time it decays into a charged lepton-antilepton pair [5]. Based
in Figure 1.1 we have three possible charged lepton pair types, which are
electron-positron, muon-antimuon, and tau-antitau. Each pair is approximately equally probable (∼ 3%). We are going to utilize the last one, the
decay of Z 0 boson into leptons - antilepton pair, and in particular electrons
and positron.
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Our goal is to study mismeasurement of electron charge in CMS. We will
achieve this by studying Z 0 → ee decays. Why we expect to have electron
charge flip it will be analyzed in section 3.3 in detailed.
We use a Z 0 boson as a parent particle because it gives us a convenient
easy way of selecting real electrons. As we will analyze farther in section 3,
Z 0 boson is useful particle because is a neutral particle, and it decays into
particles with opposite charge. As a result, if we measure and detect a Z 0
boson decay, we know that one of the electrons has to be plus and the other
one has to be minus.
Also, we preferred Z 0 bosons instead of other particles to begin with
because we have two outcoming electrons to compare the charge of each
other, where when the total charge is not zero we suspect that one of the
electron’s charge was detected incorrectly. Hence, is a good way to confirm
that we have charge flip.
As we mentioned in section 1.2.2, due to the fact that the cross section on
this process is sufficiently high, several events emerge that allow for better
statistical analysis

1.4

Invariant Mass

The invariant mass is a quantity whose value remains unchanged in any
reference system is measured. It is a characteristic of the system’s total
energy and momentum that is conserved in all frames of reference related
by Lorentz transformations [14].
According to Law of Conservation of 4-Momentum and using physical
unit system where c=1:
P µ = P1µ + P2µ

(1.3)

Taking Square on both sides, we have:
(P µ )2 = (P1µ + P2µ )2

(1.4)

P µ · Pµ = (P1µ + P2µ ) · (P1µ + P2µ )

(1.5)

−
Assuming that electron has energy and momentum E1 and →
p 1 respec→
−
tively, and positron has E2 and p 2 :
−
−
P µ = (E, 0), P1µ = (E1 , →
p1 ), P2µ = (E2 , →
p2 ).
−
−
E 2 = (E1 + E2 )2 − (→
p1 + →
p2 )2

(1.6)

−
−
−
−
E 2 = E12 + E22 + 2E1 E2 − →
p1 2 − →
p2 2 − 2→
p1 · →
p2

(1.7)

From the Einstein equation:
−
E 2 = m2 + |→
p |2

(1.8)

−
−
−
−
−
−
M2 = →
p1 2 + m21 + →
p2 2 + m22 + 2E1 E2 − →
p1 2 − →
p2 2 − 2→
p1 · →
p2

(1.9)
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−
−
M 2 = m21 + m22 + 2(E1 E2 − →
p1 · →
p2 )

(1.10)

At the present analysis we will look at Z 0 → ee so we will use the dielectron invariant mass to select such events.
The invariant mass of a system consisting of N particles can be calculated
from the general formula:
X

M2 = (

E)2 − (

X

→
−
p )2

(1.11)

Where:
• M is is the invariant mass of the system of particles, equal to the mass
of the decay particle in our case to the Z boson.
• (

P

• (

P→
−

E) is the the sum of the energies of the produced particles.
p ) is the vector sum of the momentum of the produced particles

6

Chapter 2

Large Hadron Collider and
CMS experiment
2.1

The Large Hadron Collider (LHC)

The Large Hadron Collider (LHC) is the most powerful particle accelerator
ever built. The first beams were circulated successfully on 10th September
2008 and the first collisions took place on 30th March 2010. It is designed
to be able to scatter protons with energy centers of mass up to 14T eV . In
order to be able to achieve this, two high-energy particle beams travel at
99.999999% of the speed of light into each other and so recreate conditions
a fraction of a second after the big bang.
The two beams are passed into two separate tubes in continuous vacuum guided by magnets. LHC consists from a 27Km ring of superconducting magnets with a number of accelerating structures to boost the energy of
the particles along the way. The tunnel is buried around 50 to 175 m underground. It is located at the Swiss and French borders outside of Geneva.[7]
Protons are collided at the LHC, because they are heavier than electrons
they lose less energy by synchrotron radiation while circulating in the collider. As a result higher energy can be achieved.
In order to keep the proton beam in orbit within the LHC, superconducting magnets are used in order to produce a magnetic field (∼ 8T) to bend the
beam of particles around the accelerator ring. Liquid Helium is poured in to
the LHC in order to cool the superconducting magnets to 1.9 ◦ K (−271.25◦ C).
Superconductivity is necessary to ensure the best possible minimization of
energy loss.
A total of 1232 (each 15 metres long and weighing in at 35 tonnes) superconducting dipoles magnets where are responsible for keeping the beams
stable and aligned. At LHC also used quadruple magnets to keep the particles in a tight beam. That systems can make the beam 12.5 times narrower,
from 0.2 millimetres down to 16 micrometres across before enters in one of
the detectors to ensure the exact opposite collision [18].

2.1.1

CERN’s accelerator complex

In order to have particle beams with energy up to 7 TeV (for each beam), the
protons need to be gradually accelerated through the accelerator complex.
Each machine boosts the energy of a beam of particles before injecting the
beam into the next accelerator in the chain.[6]

Chapter 2. Large Hadron Collider and CMS experiment
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F IGURE 2.1: Schematic representation of different sections at
LHC [15]

The components of the accelerator system are the following:
• Linear accelerator 2 - Linac 2 : Protons exracted from Hydrogen gas are
accelerated in the presence of electric field.
• Proton Synchrotron Booster - PSB : It is the first circular acceleration
system where the beam of protons that was received from the linear
accelerator (Linac 2) at 50 MeV will be accelerated up to 1.4 GeV.
• Proton Synchrotron - PS: It is the second circular acceleration system(with
radius of 100 meters). At that point out beam has already reaching over
the 99.9% of the speed of light.
• Large Hadron Collider - LHC : There are two vacuum pipes within the
LHC with circumference of 27 Km, containing proton beams travelling
in opposite directions. In the end the two proton beams will circulate
into clockwise and anti - clockwise.
The LHC add extra energy to each proton with the help of a pulsed electric
field in each revolution. The LHC’s RF cavities bring the 450 GeV energy of
the particles up to 7 TeV.
The two proton beams in LHC crossover in four locations instrumented
by particle detectors where they are made to collide. The energy of the
collision is double that of the individual protons. From that collision comes
the debris that is analyzed in the detectors.
The analysis that follows concerns data collected in one of the four detection systems called the Compact Muon Solenoid (CMS) experiment.

Chapter 2. Large Hadron Collider and CMS experiment
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The Compact Muon Solenoid (CMS) experiment

During the proton collision unstable particles are produced , which transform rapidly into more stable particles through a series of decays. These are
the particles eventually detected by the detector. The difficulty in determining what really happened during the collision lies in this step.
The purpose of CMS, is to collect in formations (momentum, energy, trajectory) for all particles produced in each collision. After a process called
reconstruction (more on that in Section 3.1), we can study produced by the
collisions particles and try to recreate an “image” of the collision and see in
the end what actually happened.

F IGURE 2.2: The CMS detector [21]

The CMS detector is a 21.6 m long cylinder with a diameter of 15 m and
a weight of 12 500 t. It consists of five layers, and each layer has a different
functionality. From inside to outside, these are:
• The Silicon Tracker located in the inner part of CMS. Its consist of
silicon pixel vertex detectors surrounded by silicon strip detectors.
• The Electromagnetic Calorimeter (ECAL), consist of crystals made of
P bW O4 to detect electrons and photons.
• The Hadronic Calorimeter (HCAL), aimed to detect hadrons
• The Supercondacting Solenoid Magnet provides a 4 Tesla constant magnetic field along the beam direction, which used to bend charge particles trajectories. It surrounds all the inner detectors with the only
exception of the muon chamber.
• The muon system, aimed to measure the track produced by muons.
A more detailed description of all the components that make up this
detection system is presented below.
The present study primarily deals with electrons and therefore more attention will be to the inner parts of CMS where the electrons are detected
and reconstructed.

Chapter 2. Large Hadron Collider and CMS experiment
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The CMS coordinate system

The place where proton beams collide in the center of CMS, is the origin of
our coordinate system. As we can notice from the Figure 2.3, the x-axis is
determined by a line along the radius of the LHC ring, toward the center of
the ring. The y-axis is perpendicular to the x-axis and points upwards to the
surface, while the z-axis is parallel to the proton beam and perpendicular to
the x-y plane and follows the beam direction.

F IGURE 2.3: CMS coordinate system

It is preferable to use polar coordinates due to the cylindrical symmetry
of the detector. So the azimuth angle φ is measured from the x-axis to the
y-z plane and gets values from −π to π. The polar angle θ is measured by
the z-axis along the x-y plane and gets values between 0 and π [16].

F IGURE 2.4: Transverse momentum vector

Transverse momentum which we symbolize as Pt is the momentum in
the direction along the xy-plane, and is defined as follows:
q
→
−
| P | = Px2 + Py2 + Pz2

(2.1)

q
−
→
|PT | = Px2 + Py2

(2.2)

→
−
PT = | P |sin(φ)

(2.3)

Px = PT cos(φ)

(2.4)
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Py = PT sin(φ)

(2.5)

→
−
Pz = | P |cos(φ)

(2.6)

A fairly useful variable used extensively in high energy collisions and in
experimental particle physics is the so called pseudorapidity (η) with values
from −∞ to +∞. It replaces the polar angle as shown in figure 2.5. The
relationship between pseudorapidity and polar angle is given by equation
2.7 :
θ
η = −ln[tan( )]
(2.7)
2
The shape of the pseudorapidity distribution of particles under boosts
in z-direction is invariant and hence is not dependent on the longitudinal
boost of the reference frame (such as the laboratory frame). So it is a more
useful quantity than the polar angle.

F IGURE 2.5: Pseudorapidity values shown on a polar plot.

2.2.2

Super Conducting Solenoid

This powerful magnet has a length of 12.5m and an inner diameter of 6m,
it weighs 220 tonnes and delivers a magnetic field of 4T with the same direction as that of the proton beam, as you can see in the Figure 2.2. That
magnetic field is 100,000 times stronger than the magnetic field of the Earth.
[11]
The main purpose of the superconducting magnet is to bend the trajectories of the charged particles that came out from the high-energy scattering
in the core of the CMS detector.
This curvature we will see below helps to determine two important characteristics of the resulting particles :
• The momentum of the particles. B is the amount of the magnetic field
in units of Tesla and R is the radius of curvature measured in meters.
The higher the momentum of the particles, the smaller the curvature
and therefore greater the amount of R.
P(

M eV
) = 300B[T esla]R[meters]
c

(2.8)
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• The charge of the particles, because the trajectory of the positively
charged particles curves in the opposite direction compared to that
of the negatively charged particles. The trajectory of neutral particles
aren’t affected by the presence of the magnetic field.
Superconductivity is achieved by chilling the coil to a temperature near
absolute zero, where virtually all electrical resistance vanishes as we mentioned in Section 2.1

2.2.3

Silicon Trackers

The Silicon Tracker is the first sub-detector of the CMS that particles come
in contact with designed to measure the trajectories of charged particles,
after the high energy collision. It covers the area where |n| < 2, 5.
A cross-section of one quadrant of the CMS Tracker layout is shown in
Figure 2.6.[9]

F IGURE 2.6: A quarter of the CMS silicon tracker in an r-z
plate showing the pseudorapidity coverage.

The CMS Silicon tracker is composed of different substructures. It consists of two sub-detectors: the Pixel Detector(DP) and the Silicon Strip Detector(SSD). The central part called Barrel and the disk called End-cap. The
first (Barrel),consist of three pixel layer and ten strip layers detectors while
the second (End-cap), consist of two pixel layer and twelve strip layer.
· Pixel Detector (PD) : It is used to improve the positioning and trajectory
of particles but also to distinguish the secondary peaks of interactions. The
Pixel detector in Barrel region consists of three cylindrical layers (|η| < 2.2)
in radii r = 4.3, 7.2 and 11 cm, while in the endcap region it consists of two
disks in each side, and each disk is divided into 24 blades of pixels.
· Silicon Strip Detector(SSD) : The silicon strip detector (SSD) is used to
distinguish the orbits of charged particles. It is placed in a radius of 20 cm
to 116 cm. In the Barrel region, SSD consist of many layers of sensors in a
rectangular shape which placed on the cylindrical surface. In the End-cap
region, the sensors has s trapezoidal shape to fit together in discs.
In an average, for each proton - proton bunch collision, about 750 charged
particles are produced, and after all we get a total number of a few thousand
hits in trackers.
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We mention before in Section 2.2.2, a Super Conducting Solenoid covers
the Silicon Trackers by creating magnetic field 4T. And after all, the CMS
tracker records the paths taken by charged particles by finding their positions at a number of key points - seeds [Section 3.1.2].

2.2.4

Calorimeters

Calorimeter is a device used to detect particles and measure their energy
through total absorption.
A particle, passing through the material that makes up the calorimeter,
interacts with it. That interaction causes the formation of new particles and
radiation. This is characterized as a particle shower. This shower of particles
will stop when all the energy of the "parent" particle has been absorbed by
the calorimeter material.
· Crystal Electromagnetic Calorimeter (ECAL) :
After leaving the tracker, particles reach the ECAL. The main function of
it is to stop photons or electrons through the absorption of their energy via
their interactions with the ECAL material and the creation of electromagnetic showers.

F IGURE 2.7: Left: A quarter-section of the CMS ECAL consisting of many crystals. Right: A single ECAL crystal showing an
electromagnetic shower

The shower occurs when electrons interact with the atoms of the material
to radiate bremsstrahlung photons. If the photons are energetic enough,
they also interact with the material to produce electron-positron pairs which
will continue the shower (more on that in section 3.3.1).
The Electromagnetic Calorimeter consists of 75 848 lead tungstate crystals (P bW O4 ). As we can see also in figure 2.7, 61 200 crystals are arranged
in a central Barrel section, with pseudorapidity coverage up to |η| = 1.48,
closed by two End-caps structures with 14 648 crystals in range 1.48 < |η| <
3 [3].
The crystal length in Barrel ECAL is 230 mm while in the End-cap ECAL
is 220 mm. The transverse size of the crystals at the front face is 2.2 × 2.2cm2
in Barrel ECAL and 2.86 × 2.86cm2 in End-cap. The total crystal volume is
11m3 and the weight is 92t.
The electromagnetic showers inside the ECAL crystals produce scintillation light proportional to the number of particles produced in the shower,
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F IGURE 2.8: Electromagnetic shower

which is captured and amplified to estimate the amount of energy of the
incaming particles.
· Hadron Calorimeter (HCAL) :
Outside of the electromagnetic calorimeter (R = 1.77 m) and inside of the
superconducting magnet (R = 2.9 m) is located the hadronic calorimeter.
As its name implies, the main goal is to measure the energy of hadrons
(particles made of quarks and gluons).
When a high-energy hadron enters an absorber, it ionizes the atoms
of the absorber. From the nuclear reaction, produced particles such as
mesons, baryons, soft γ and nuclear fragments. Energetic mesons and
baryons induce further nuclear reactions. In this hadronic cascade, π o are
also produced and immediately decay into two γ which develop an the electromagnetic shower as well [19].
The hadronic calorimeter consists of the following primary sub-detectors:
1. HCAL Barrel (HB) in area with pseudo rapidity |η| < 1.3 and with radius
1.8 - 2.9 m.
2. HCAL Endcap (HE) in area with pseudo rapidity 1.3 < |η| < 3.

F IGURE 2.9: View of one quarter of the CMS detector. Visible
are the calorimeters and the muon system.
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Muon Chambers

Muon, is an elementary subatomic particle similar to the electron but 207
times heavier. It belongs to the group of leptons and has no internal structure [4].
Due to that huge amount of mass compared to that of the electron,
muons accelerate more slowly than electrons do in electromagnetic fields.
As a result muons emit less bremsstrahlung radiation [??]. This allows
muons of a given energy to penetrate far deeper into matter because the
deceleration of electrons and muons is primarily due to energy loss by the
bremsstrahlung mechanism.
Because of this,the chambers to detect muons are placed at the very edge
of the experiment where they are the only particles likely to register a signal.

F IGURE 2.10: The trajectory of muon in four layer of muon
detectors [8]

In total, there are 1400 muon chamber units. The barrel region is instrumented with drift tube chambers, and the 2 endcap regions with cathode strip chambers. Resistive plate chambers are interspersed in both the
barrel and endcap regions [20].
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Chapter 3

Analysis
3.1

Electron Reconstruction

Electrons are reconstructed by associating a track reconstructed in the silicon detector with a cluster of energy in the ECAL. Gaussian Sum Filter (GSF)
and Kalmar Filter (KF) are track reconstruction algorithms which helps determine the orbit of electrons along its complete path up to the electromagnetic calorimeter. This section specifies both the ways for clustering the
energy deposited in the ECAL and how electron track is reconstructed.

3.1.1

Energy Reconstruction - Electron Clustering

To measure the initial energy of the electron accurately, it is essential to
collect the energy of the radiated photons that mainly spreads along the φ
direction because of the bending of the electron trajectory in the magnetic
field. Hence, in order to estimate the total energy of the electrons we must
take into account in our calculations the energy of the photons produced
due Bremsstrahlung radiation. To achieve this we introduce the concept of
supercluster.

F IGURE 3.1: ECAL as seen by a particle moving radially outwards of the detector

Each square in Figure 3.1 corresponds to a crystal as we discussed already in Section 2.2.4, in which an electromagnetic shower has been created
and the electron(or photon) has deposited all its energy.
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In addition in the upper right corner of the Figure 3.1, we see a schematic
representation how electron’s energy spread in φ due to radiation of photons
(Bremsstrahlung radiation - more on that in section 3.1.2).
By the term cluster, we mean a group of crystals in which energy from a
particle has been deposited. As an example in Figure 3.1 we observe 5 clusters, each one represents the energy deposits of a particle (electron/photon).
An electron or photon, when it arrives to ECAL, may be accompanied by
multiple secondary particles created through interactions with matter on the
way to ECAL. So we creat Superclusters to combine the secondary electrons
and photons into a single object, corresponding to the original particles [2].
When we finally come to the conclusion that the present energy corresponds to a single particle (electron), we go to the reconstruction of the trajectory of this particle in Silicon Tracker just before it interacts with ECAL
material.

3.1.2

Electron Track Reconstruction

In CMS, tracks are reconstructed in four steps [10]:
1. Seed generation
2. Track finding
3. Track fitting
4. Track selection

F IGURE 3.2: A schematic illustration of track reconstruction
in CMS

Firstly, initial tracks called seeds are looked for in Silicon Track area.
After that, we take into account all the possible trajectories for a given seed
by imagining a cone into the next layer in radial direction. If no hit can
be found in that region, the first hit was either noise or a particle with
low energy and momentum, so the that "trial" can be ignored. Otherwise,
as particles travel through the tracker the pixels and microstrips produce
tiny electric signals that are amplified and detected. That procedure can be
repeated until finally the full track through all layers shaped [13].
Generally, charged particles(and so does electrons) in a magnetic field,
feel a force perpendicular to their velocity. Hence, particles follow curved
orbits inside the detector [22].
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F IGURE 3.3: A schematic illustration of the path of an electron
through Silicon Tracker

The magnetic force supplies the centripetal force :
mu2
(3.1)
R
The Lorentz force is equals to FL = q(E + u × B) where we assume E=0.
And so :
Fc =

mu2
= quB => mu = RqB => p = RqB
(3.2)
R
By measuring the curvature of a particle’s track in a known magnetic
field, you can estimate the particle’s momentum if you know the particle’s
charge.
F =

3.2

Mass spectrum for Z 0 → ee decay

Our goal is to study electron charge mismeasurement. We will achieve this
by studying Z 0 → ee decays.
We use a Z 0 boson as a parent particle because it gives us a convenient
easy way of selecting real electrons. Because as we can see in figure 3.4, if
we measure two electrons that have a mass around a Z 0 peak (∼ 91 GeV)
most likely coming from Z 0 boson decay, hence we know that one of the
electrons has to be plus and the other one has to be minus. So, if we ever
measured a Z 0 boson that is of the same charge, it means that one of the
electrons is mismeasured.
Also, Z 0 boson is a resonance production, it means that if we are look
the invariant mass of two electrons, we should see a peak as we do in this
picture, that help us to determine that those electrons came from Z 0 boson
decay.
An efficient way to see that those electrons came from Z 0 boson decays is
by creating the Mass Spectrum of our data. Mass spectrum is the histogram
of the invariant mass of a particle or a group of particles (thought to originate
from the decay of something interesting) versus the frequency with which
that particular mass was recorded.
Since we are looking for particles which have been produced from Z 0
decays, we are interested in mass window for 80 GeV < |Mee | < 100 GeV
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where the Z 0 boson peak is located. Those events consist the signal (S).
By the term signal we are referring to whatever particular process we are
interested in studying (in our case electron pairs came from Z boson deacy).

F IGURE 3.4: Dielectron mass distribution around the Z peak

In this plot (figure. 3.4) we do not separate the pairs between those that
have same sign or opposite sign. Also it is observable that the electrons have
a mass distribution consist with that of the Z 0 boson.
By fitting Gausian function to the histogram we were able to calculate
the mass value of Z 0 boson. The invariant mass is equals to 90,346 ± 0,001
GeV in good agreement with the value given by the Particle Data Group
which is equal to 91.1876 ± 0.0021 GeV [5].
In the following, we will carry out our analysis in the four classes of
electron pairs relating to both the region where being detected and the total
charge.

3.3
3.3.1

Mismeasurement electron charge
Particle interactions with matter

Fast charged particles (electrons) moving through matter interact with the
electrons of atoms in the material (silicon tracker). The interaction excites
or ionizes the atoms, leading to an energy loss of the traveling particle.
We can only consider energy losses due to Bremsstrahlung radiation,
because the rate of energy loss is proportional to the energy of the particle.
In contrast, the energy losses due to ionization have a rate proportional to
the logarithm of the electron energy (which can be ignored for electrons).
−<

dE
E
>∝ 2
dx
me

(3.3)

Bremsstrahlung radiations (or Braking radiation), occurs when light particles (electrons) accelerate into the Coulomb field of a nucleus. Accelerated
charges radiate photons (figure 3.5).
Because of the small mass of the electrons, for a given force felt by a nucleus of the material, will create greater acceleration and therefore stronger
Bremsstrahlung radiation. The characteristic length which an electron travels in material until a Bremsstrahlung happens is the radiation length Xo .
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F IGURE 3.5: Bremsstrahlung production : An electron is deflected by an atomic nucleus and loses kinetic energy with the
emission of radiation.

Also, at this length the initial energy of electron has reduced by a factor e−1
[12].
x

E = Eo e− xo

(3.4)

Electrons also, emit another type of radiation as they lose energy, which
contributes to the energy loss when particles interact and ionize atoms. This
radiation is called Cherenkov radiation [1].
So far we have examined how particles interact with matter. Photon also
interact with matter. The type of interaction of a photon with matter depends
on the energy of the photon, primarily by the following ways:
1. At high energies, the main process is pair production. The photon
transform into a particle and anti-particle.
γ → e+ + e−

(3.5)

Eγ = T+ + T− + me+ c2 + me− c2

(3.6)

Hence,
So,pair production has a threshold at Eγ = 2me c2 = 1.022M eV .

F IGURE 3.6: Feynman diagrams for pair production by a photon.

2. In energy below the threshold value, the main process that takes place
is Compton scattering. Photons now scattered by the atoms of the
material. The change in energy then of the electron is given by the
relation:
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λf − λi =

h
(1 − cos(θ))
me c

(3.7)

Where:
• λi is the initial wavelength
• λf is the wavelength after scattering
• h is the Planck constant
• me is the electron rest mass
• c is the speed of light
• θ is the scattering angle

F IGURE 3.7: The geometry of Compton scattering [24]

3. In energies lower than 1Mev the process which the photons prefer to
interact with the material is so called photo-electric effect. The electron
that escapes has energy equals to : Te = Eγ − Be , where Be is the
bonding energy of the electron.
Hence, the primary processes that may cause charge flip in electrons (in
the layers of the Silicon tracker) is due to Bremsstrahlung radiation and/or
due to the production of electron pair from an emitted photon.
There is a possibility that the curvature of the orbit in the tracker (of the
original particle) becomes similar to that of its anti particle. At this point and
and with the possibility having incorrectly detected the orbit of a particle we
see that it is very likely that an electron will change in terms of correctly
determining its charge.
In general, a negatively charged electron (e− ) can be detected as a positively charged positron (e+ ) and likewise, a positively charged positron(e+ )
can be detected as a negatively charged electron (e− ).
In our case where we are studying electron charge flip coming from Z 0
boson we were looking for pairs of particles that have a total charge zero
(e− + e+ = (+1) + (−1) = 0). But with the possibility of charge flip of a
single electron, we end up detecting particles with same charge (e+ + e+ =
(+1) + (+1) = +2 or e− + e− = (−1) + (−1) = −2), contrary to what we expect..
The question is, what is the probability of happen that mismeasurement?
And how well can we determine this probability?
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Determination of electron charge

There is a possibility of receiving electrons with a charge different compared
to what we expected (zero like Z 0 boson). Hence, we had to analyse data that
correspond to an electron pairs that gives the correct total charge in relation
to that of Z boson (neutral) and also electron pairs whose total charge has
been measured incorrectly (non zero).
This can be observed from Figure 3.8. As we can see, although we would
expect a pair of electrons to be distributed only in the region where the total
charge is zero this is not happening.
We see cases being distributed in regions where the total charge of the
particle pair is +2 where we have the creation of two positrons or cases
where the total charge is -2 where we have the creation and detection of two
electrons.

F IGURE 3.8: Total charge of dielectron pairs

Ntotal = Nss + Nos

(3.8)

Where:
• Ntotal corresponds to the total amount of events that we are selected.
• Nss corresponds to the amount of electron pairs whose electrons have
same sign charge.
• Nos corresponds to the amount of electron pairs whose electrons have
opposite sign charge.

3.4

Events Classification

In order to be able to analyze the electron coming from Z boson decays we
select events recorded by CMS in which two electron.
In this analysis we consider events where the second lepton’s transverse
momentum (Pt ) - (by the term second lepton we are referring to electron
whose transverse momentum is smaller than the other) has values between
10 GeV < Pt < 30 GeV.
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F IGURE 3.9: Counts of electrons for second lepton’s Pt values

When Z 0 boson is as rest, is expected to produce two electron with Pt ∼ 45
GeV. The reason and the physical significance why this cut applied is because this Pt cut allows us to study such Z 0 bosons and avoiding complications in analysis.

3.5

Barrel and Endcap Events

It is necessary to analyze what happens separately in barrel and endcap regions duo to the fact that the charge mismeasurement probability depends
on how much material there is in the detector (from the center radially outwords) and this is different as a function of psudorapidity (η). Hence, we
split our events as electron in the barrel and in the endcap.
We ignore electrons reconstructed outside the required η regions. In
order to simplify the calculations we are interested for pairs of electrons
that both are reconstructed at barrel region with psudorapidity η < 1.5 or at
the endcap with psudorapidity 1.5 < η < 2.5.

( A ) Total counts of electron pairs in each re- ( B ) Counts of electron pairs which have same
gion
sign charge in each region

F IGURE 3.10: Barrel and endcap events

At Figures 3.10, first bin corresponds to a pair of electrons that both
detected in barrel region. Second bin corresponds to a pair of electrons
which one was detected in Barrel area, while the other in the endcap region.
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Third bin corresponds to a pair of electrons that both detected in endcap
region.
It must be noted that the events that were included to create figures
3.10a correspond to total amount of events (same sign and opposite sign
electron pairs), while in figure 3.10b are just the same sign electron pairs.
It is now apparent from these graphs, that the number of electron pairs
detected in each region is different. As a result it is expected that the probability of mismeasure the charge of an electron in barrel to be different in
relation to that in the endcap region.
So, we will deal with four different types of electron pairs that differ in
terms of the area they were detected but also in terms of their total charge.
We end up with four cases and they are as follows:
BB : Electron pairs that have non-zero total charge (same sign) which
• Nss
were detected in barrel region
BB : Electron pairs that have zero total charge (opposite sign) which
• Nos
were detected in barrel region.
EE : Electron pairs that have non-zero total charge (same sign) which
• Nss
were detected in endcap region.
EE : Electron pairs that have zero total charge (opposite sign) which
• Nos
were detected in endcap region.

Separating the events by the area in which they are detected (barrel or
endcap), the mass spectrum along with the graph of the total charge is
presented bellow.
Starting by the events detected in barrel region and both same sign and
opposite sing electron pairs, we obtained the following figures :

( A ) Invariant mass

( B ) Total charge of electron pairs

F IGURE 3.11: Dielectrons in barrel-barrel region

Chapter 3. Analysis

( A ) Invariant Mass

24

( B ) Total charge of electron pairs

F IGURE 3.12: Dielectrons in barrel-barrel region

Moving to the endcap region we come up with the following figures:

( A ) Invariant Mass

( B ) Total charge of electron pairs

F IGURE 3.13: Dielectrons in endcap-endcap region

( A ) Invariant Mass

( B ) Total charge of electron pairs

F IGURE 3.14: Dielectrons in endcap-endcap region

In one case we have opposite sign electron pairs which have a total charge
of 0 while on the other case we have electron pairs which have a total charge
of +2 or -2. Also, it is observable that all the graphs have a peak around the
Z 0 boson mass. Although opposite sign has a Z 0 peak as we expect, we can
see that same sign mass spectrum has also a Z 0 peak unexpected consider
the neutral charge of Z 0 boson which proves that there is a mismeasurement
of electron charge in CMS detector.
The need to separate events in the barrel region and the endcap region
is also evident from the ratio of same sign events to the total in each region.
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While in barrel region the ratio is ∼ 1% and in endcap region is ∼ 8%.
The declining behavior of the mass spectrum contains much more complex terms that we must take into account. As we will analyse in Section
3.8, those events underneath the Z peak are the events which do not come
from Z 0 boson decays and which constitute the so-called background (B).
In order to have an estimation about what does it consist of and to what
extent does the collection of our data consist of (background and signal) we
will analyse the data in multiple ways, in increasing complexity.
Because we are interested in electrons produced from Z 0 decays we are
going to analyse events in range 80 to 100 GeV which is nearby the Z peak.

3.6

The charge mismeasurement probability

Because our goal is to determine the probability of an electron gets charge
flip in CMS, we must be able to distinguish the desired (Signal) data from the
data of which we are not interested in (Background), in the present analysis.
That is due to the fact that for those electrons which there coming from non
Z boson sources we are not able to know that the total charge initially was
zero. So, in order to have a comparison between two electrons, we must be
able to know how much should be the total charge in order to estimate the
probability of charge flip. That is the reason why we are only interested for
particles which belong to signal.
The equation describing the total number of electron pairs is as follows:
In general:
total
total
N total = Nss
+ Nos
(3.9)
For electron having same sign we have:
total
S
B
Nss
= Nss
+ Nss

(3.10)

While for electrons detected to have opposite sign the equations is:
total
S
B
Nos
= Nos
+ Nos

(3.11)

Where:
As a subscript we have ss or os aiming to determine and classify that the
two electrons have same sign (ss) with each other in one case and opposite
sign (os) for the other case.
• N total corresponds to the total number of events that we are detected.
• N S corresponds to the number of events which we are interested in
analyzing and constitute the signal (S) and hence the actually number
of events which come from Z boson’s decay.
• N B corresponds to the number of event which belong to background
(B) which are the ones we want to get rid of.
To calculate the probability of having same sign electron pairs and hence
mismeasurement of electron charge charge, we must divide the total number
of events the number of events which gives this incorrect total charge (same
sign).
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If we assume that we have the same probability of each electron having
charge flip (lowercase p) and if we declare the total probability of the pair of
electron as capital P to have charge flip we get:
P = p(1 − p) + (1 − p)p = p − p2 + p − p2 = 2p − 2p2

(3.12)

We will see that p is negligible due to the fact that p << 1 so we can
assume that P = 2p.
The equation 3.13 gives exactly this probability:
P = 2p =

S
Nss
S + NS
Nss
os

(3.13)

Using equation 3.9, the equation 3.13 takes the following form:
P = 2p =

total − N B
Nss
ss
total − N B + N total − N B
Nos
os
ss
ss

(3.14)

In case we ignore the presence of the background the equation would be
as follows:
P = 2p =

total
Nss
total + N total
Nos
ss

(3.15)

Obviously this result will be far from the true value of the probability that
arises if we include the background events, but it gives a very first estimate
of its value.
Firts, we are going see what we can get if we ignore the background
events using equation 3.15. And then we will do a more careful and detail
analysis to calculate this probability by taking into account those background events using equation 3.14. The last we will do it using several
methods in increasing complexity in order to have a comparison and to have
an estimation about the statistical error of our results.
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Ignoring Background Events

A first approach to determining the probability of incorrectly measuring the
electron charge during their reconstruction is by ignoring the existence of
background events. The figures below are the same as those in Section 3.5,
except that they are zoomed in at 80-100 GeV. In this first approach we
consider that all the events that make up this area are signal, where all
electron pairs come from the decay of a Z 0 boson.
For barrel region the figures are:

F IGURE 3.15: Mass distribution of dielectron events with opposite sign(left) and same sign(right) electric charge

Assuming that all events constitute the signal, the sum of the electron
pairs in each bin of the above histograms will give the total number of pairs
that make up the signal. The results along with the probability of mismeasure the charge of an electron in CMS (using equation 3.15) are shown in
the table below:
80-100 GeV Mass Window
Count
Count

Background

Data

Same Sign(Right)
0
15 388
Opposite Sign(Left)
0
1 545 844

Signal
15 388

Probability (%)
0.986

1 545 844

T ABLE 3.1: Table of results by ignoring background events in
barrel region

For endcap region, where electrons have pseudorapidity 1.5 < η < 2.5 the
figures along with the corresponding results are shown below:

F IGURE 3.16: Mass distribution of dielectron events with opposite sign(left) and same sign(right) electric charge
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Background

Data

Same Sign(Right Figure)
Count
0
8 027
Opposite Sign(Left Figure)
Count
0
95 814

Signal
8 027

Probability (%)
7.73

95 814

T ABLE 3.2: Table of results by ignoring background events in
endcap region

3.8

Estimating Background Events

In section 3.7 we have ignored a very important factor that plays a role in
accurately determining the probability of mismeasuring the electron charge.
This is the accurate assessment of background events.
In order to accurately determine and separate background and signal
events we will approach the calculation of background events with three
main different methods.
The methods that will follow are:
1. Simple Linear
2. Advanced Linear
3. Non Linear Fit Function:
• Non Linear Fit Function in range 60-120 GeV
– Each bin has width equals to 1 GeV
– Each bin has width equals to 12 GeV
– Each bin has width equals to 2 GeV
• Non Linear Fit Function in range 70-110 GeV
– Each bin has width equals to 1 GeV
As we will see, the non-linear fit method will give more accurate results.
For this purpose, we differentiated this method in order to calculate the
systematic error of the probability.

3.8.1

Method I: Simple Linear

The first attempt to calculate the probability of mismeasurement electron
charge in CSM was made with a simple method. We assume that the background drops linearly under the Z peak. Obviously this method is very
approximate, but it should be an improvement compared to completely ignoring background events [section.3.7].
It was assumed that the mass distribution consists of 3 large bins which
are equal in width (20GeV). Measuring the area A1 and A3 , we can calculate
the area of the middle bin based on the equation below:
A1 + A3
(3.16)
2
So, with this method we do not aim directly at the calculation of the
events of the area we are interested in, but we calculate the number of
A2 =
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F IGURE 3.17: First order polynomial approach for the background

the two extreme sides and with geometric proportion and with the help of
equation 3.16 the desired number of event can be determined.
The main object of this method is to determine the region A2 given by
equation 3.16. This region corresponds to the mass window 80-100 GeV as
shown in figures 3.18 and 3.19. The present figures are the same as those
in section 3.5, they are just re-displayed in order to clearly show how we are
separating the three areas to which we have just referred.
The data in each region (A1 and A3 ) are simply taken from each bin of the
histogram as the corresponding area. Calculating the number of events in
area A1 (60-80 GeV) and A3 (100-120 GeV), with the help of equation 3.16
we were able to determine approximately the number of events in area A2
(80-100 GeV) and hence the number of events occurring from background
sources.
As before, we need to separate the events into categories that concern the
region in which they where detected. Starting with the barrel area, figures
3.18 refer to same and opposite sign events.

F IGURE 3.18: Separation into three equal areas of the mass
distribution of dielectron events with opposite sign (right) and
same sign (left) electric charge
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The results obtained are shown in table 3.3.
80-100 GeV

A1

Counts

16 169

Counts

329 019

A3

Background (A2 )

Same Sign(Left Figure)
2 188
9 179
Opposite Sign(Right Figure)
31 471
180 245

Data

Signal

15 388

6 210

1 545 844

1 365 599

Probability (%)
0.226

T ABLE 3.3: Number of electron events in various invariant
mass ranges in barrel region using simple linear method

On the other hand, by analyzing pairs of electrons which were detected
in areas where are characterized with pseudorapidity 1.5 < η < 2.5 (endcap
region) we are came up with the following figures :

F IGURE 3.19: Separation into three equal areas of the mass
distribution of dielectron events with opposite sign (right) and
same sign (left) electric charge

The results obtained during the analysis of these plots are shown in table
3.4.
80-100 GeV
Counts
Counts

A1

A3

Background (A2 )

Same Sign(Right Figure)
12 629 1 391
7 010
Opposite Sign(Right Figure)
58 578 2 847
30 713

Data

Signal

8 027

1017

95 814

65 102

Probability (%)
0.77

T ABLE 3.4: Number of electron events in various invariant
mass ranges in endcap region using simple linear method

Although this method also has its disadvantages since we assumed that
the behavior of the distribution of the dielectrons mass spectrum has a
linearly declining tend. This tend is approximately correct for areas where
the value of invariant mass is low (60-80 GeV). However, this declining tend
is not so declining for higher prices of the invariant mass (100-120GeV).
We will try to improve this simple method by splitting the region of interest into more slices.

3.8.2

Method II: Advanced Linear

Here we again assume that the behavior of background events follows a
linear dependence as a function of the invariant mass. By trying to improve
the previous method, the size of the bins has been decreased from 20 GeV to
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5 GeV and are be considered two points which verify the distribution outside
of the interested mass window.

F IGURE 3.20: Improved first order polynomial approach for
the background

A first order polynomial is given as:
y = mx + b

(3.17)

Where m is the gradient, and y = b is the value where the line intercepts
the y-axis.
We can find the gradient of the line using the formula for gradients:
m=

y2 − y1
x2 − x1

(3.18)

So to fully define a first-order linear function, all we need to know are two
points that verify it. This we will try to develop in this section with the aim
of determining the approximate function that characterizes the declining
behavior of the mass distribution.
For this method we focused on values between 70 and 110 GeV of invariant mass with a total of 7 bins. In order to approach the mass distribution
in that way, we use the first and the last bins(edges of the interested mass
window) to determine the parameters for the linear function 3.17.
Applying this method to the data detected in the central area of the detector (barrel region) the following graphs are obtained.

F IGURE 3.21: Separated mass distribution into 5GeV per bin
where each electrons was detected at barrel region with opposite sign (left) and same sign (right)
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The events that form the background will be the sum of the value of the
linear function that we interpolated to the center of each bin.
The results obtained during the analysis of histograms 3.21 are shown
in the table 3.5.
80-100 GeV Mass Window
Count
Count

Background

Data

Same Sign(Right Figure)
8 306
15 388
Opposite Sign(Left Figure)
190 049
1 545 844

Signal

Probability (%)

7 082

0.260

1 355 795

T ABLE 3.5: Probability of mismeasurement electron charge in
barrel region using advanced linear method

On the other hand, in the endcap region, we obtain the following figures
along with the corresponding results in table 3.6:

F IGURE 3.22: Separated mass distribution into 5GeV per bin
where each electrons was detected at endcap region with opposite sign (left) and same sign (right)

80-100 GeV Mass Window

Background

Data

Same Sign(Right Figure)
Count
5 467
8 027
Opposite Sign(Left Figure)
Count
26 226
95 814

Signal

Probability (%)

2 560

1.77

65 588

T ABLE 3.6: Probability of mismeasurement electron charge in
endcap region using advanced linear method

3.8.3

Method III: Non Linear Fit to Mass Spectrum

Next, we will try to use non linear functions to better describe the shape of
the mass distributions.
Assuming that the functions that characterize the mass distribution consists of a mixture of functions such as Gaussians, polynomials and negative
power functions, we were able to model the experimental data quite accurately.
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A general form of a function considered is as follows:
1

y = [0] · e− 2 (

x−[1] 2
)
[2]

+ [3] + [4]x + [5]x2 + [6]x3 · · +

[10]
[7] [8] [9]
[11]
+ 2 + 3 +··+√ + √ ··
x
x
x
x
x3
(3.19)

In some cases a single Gaussian function was not enough to model the experimental data, so we had to consider two overlapping Gaussian functions.
It is worth noting that the green curve of the following figures characterizes the background which it was assumed to be the green part of equation
3.19. Respectively, the blue line that characterizes the signal and the events
that came from the Z boson decay corresponds to the blue part of equation
3.19.
The integral of the green component between the desired limits (mass
window from 80 to 100 GeV) will give the number of events that make up
the background. Hence in the following, the probability in each method will
be calculated by using equation 3.14.

Non Linear Fit in range 60-120 GeV with 1GeV per bin
The first sub-method by which we will calculate the probability of mismeasurement electron charge in CMS, is the one that fit function was adjusted
to experimental data in range 60 to 120 and with a bin width equal to 1
GeV.
By analyzing pairs of electrons in barrel region the following graphs are
obtained along with the corresponding results.

F IGURE 3.23: Non linear fit functions to dielectron mass spectrum from 60 to 120GeV where each bin has width equals to
1GeV where pair of electrons have opposite sign(left) and same
sign(right) electric charge
80-100 GeV Mass Window
Count
Count

Background

Data

Same Sign (Right Figure)
7 594
15 388
Opposite Sign (Left Figure)
208 852
1 545 844

Signal
7 794

Probability (%)
0.290

1 336 992

T ABLE 3.7: Probability of mismeasurement electron charge in
barrel region

As can be seen from these graphs as well as in all the following plots, a
subplots appears at the bottom of the main histograms. This subplot below
shows the reliability of the fit (red line) in relation to the data we analyze.
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We see that it typically doesn’t deviate in same sign mass distributions
in a statistically significant way by more that 5% and doesn’t have any systematic shift that can affect our measurements. The fit is more important in
same sign events because the relative amount of background is larger there.
Analyzing pairs of electrons detected in endcap region we obtain the following figures, were table 3.24 shows the corresponding results.

F IGURE 3.24: Non linear fit functions to dielectron mass spectrum from 60 to 120GeV where each bin has width equals to
1GeV where pair of electrons have opposite sign(left) and same
sign(right) electric charge

80-100 GeV Mass Window

Background

Data

Same Sign (Right Figure)
Count
3 683
8 027
Opposite Sign(Left Figure)
Count
18 668
95 814

Signal
4 344

Probability (%)
2.67

77 146

T ABLE 3.8: Probability of mismeasurement electron charge in
endcap region

We consider this method to be the best and most reliable of the three we
have seen because it characterizes in a very good approach the behavior of
the mass spectrum. Having seen how non linear method approaches the
data we would like to see how reliable the result we find is.
Extending our analysis even further and differentiating the latest method
regarding both the range of the adjustment of the fit and the width of the
bins that constitute the histograms. This will help us to see how the value
of the probability differs when we simply change the method we analyze our
data but also to estimate the systematic error that occurs.
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Non Linear Fit in range 70-110 GeV with 1 GeV per bin
In order to see how the probability may change if we simply change the way
we are analysing the data, we will try to adjust again non linear fit function
to experimental data. This time the range will be from 70 to 110 GeV while
the width of the bin is kept at 1 GeV.
Initially, by analyzing pairs of electrons in the barrel region figures 3.25
are obtained. The results obtained after analyzing the graphs in this region
are listed in the table 3.9.

F IGURE 3.25: Non linear fit functions to dielectron mass spectrum from 70 to 110 GeV with 1 GeV per bin in barrel region where pair of electrons have opposite sign(left) and samesign(right) electric charge

80-100 GeV Mass Window
Count
Count

Background

Data

Same Sign (Right Figure)
8 104
15 388
Opposite Sign (Left Figure)
227 267
1 545 844

Signal
7 284

Probability (%)
0.275

1 318 577

T ABLE 3.9: Probability of mismeasurement electron charge in
barrel region using Non Linear Fit in range 70 to 110 GeV

Analyzing pairs of electrons detected in endcap region we obtain the following figures, were table 3.10 shows the corresponding results.

F IGURE 3.26: Non linear fit functions to dielectron mass spectrum from 70 to 110 GeV with 1 GeV per bin in endcap region where pair of electrons have opposite sign(left) and same
sign(right) electric charge
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80-100 GeV Mass Window Background
Data
Same Sign(Right Figure)
Count
3 879
8 027
Opposite Sign(Left Figure)
Count
20 222
95 814

Signal

Probability (%)

4 148

2.60

75 592

T ABLE 3.10: Probability of mismeasure the charge of electrons
in endcap region using Non Linear Fit in range 70 to 110 GeV

Non Linear Fit in range 60-120GeV with 0.5 GeV per bin
A slightly different approach to the previous sub-method is to use histograms with half GeV wide bins.
Applying this sub-method to the data in the barrel region, the following
graphs are obtained.

F IGURE 3.27: Non linear fit functions to dielectron mass spectrum from 60 to 120 GeV with 0.5 GeV wide bin in barrel region where pair of electrons have opposite sign(left) and same
sign(right) electric charge

The results obtained in barrel region are listed in the table below.
80-100 GeV Mass Window
Count
Count

Background

Data

Same Sign (Right Figure)
7 623
15 388
Opposite Sign (Left Figure)
208 500
1 545 844

Signal
7 765

Probability (%)
0.287

1 337 344

T ABLE 3.11: Probability of mismeasurement electron charge
in barrel region using Non Linear Fit in range 60 to 120 GeV
with 0.5 GeV per bin

On the other hand, by analyzing pairs of electrons detected in endcap
region, we obtain the following figures along with the corresponding results
in table 3.12.
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F IGURE 3.28: Non linear fit from 60 to 120 GeV with 0.5 GeV
per bin where each electron was detected at endcap region with
opposite sign(left) and same sign(right) electric charge

80-100 GeV Mass Window

Background

Data

Same Sign (Right Figure)
3 784
8 027
Opposite Sign(Left Figure)
Count
18 587
95 814
Count

Signal
4 243

Probability (%)
2.60

77 227

T ABLE 3.12: Probability of mismeasurement electron charge
in endcap region using Non Linear Fit in range 60 to 120 GeV
with 0.5 GeV per bin

Non Linear Fit Method in range 60-120GeV with 2GeV per bin
Lastly, the width of the bins is increased from 1 GeV to 2 GeV.
By analyzing pairs of electrons in the barrel region figures 3.29 are obtained. The results after analyzing these graphs in this region are listed in
the table 3.13.

F IGURE 3.29: Non linear fit from 60 to 120 GeV with 2 GeV
per bin where each electron was detected at barrel region with
opposite sign (left) and same sign (right) electric charge
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80-100 GeV Mass Window Background
Data
Same Sign (Right Figure)
Count
7 612
15 388
Opposite Sign(Left Figure)
Count
207 474
1 545 844

Signal

Probability (%)

7 776

0.289

1 338 370

T ABLE 3.13: Probability of mismeasurement electron charge
in barrel region using Non Linear Fit in range 60 to 120 GeV
with 2 GeV per bin

On the other hand in the endcap region, we have the following figures
3.30 along with the corresponding results in table 3.14.

F IGURE 3.30: Non linear fit from 60 to 120 GeV with 2 GeV per
bin where each electron was detected at endcap region with
opposite sign (left) and same sign (right) electric charge

80-100 GeV Mass Window

Background

Data

Same Sign (Right Figure)
3 830
8 027
Opposite Sign (Left Figure)
Count
18 526
95 814
Count

Signal
4 197

Probability (%)
2.58

77 288

T ABLE 3.14: Probability of mismeasurement electron charge
in endcap region using Non Linear Fit in range 60 to 120 GeV
with 2 GeV per bin
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Chapter 4

Results
Several different methods were used in sections 3.7 and 3.8 in order to determine the probability of mismeasure the charge of an electron in CMS.
In this section we are going to summarize and discuss what we are calculated so far, but also we are going to estimate the most reliable value of the
probability along with its statistical and systematic error.
The process we are studying about the electrons is characterized as
Bernoulli processes. Bernoulli Process is a discrete process that takes only
two outcomes, which may be success or fail, tails or heads, or in our case
charge flip (incorrect measurement) or not (correct measurement).
Using Monte Carlo (MC) simulation mathods and assuming that the procedure follows a Binomial distribution (Binomial distribution is the sum up
of many Bernoulli processes) we can calculate the statistical error of the
probability of mismeasurement electron charge. Monte Carlo Simulation
can be described more easily if we consider a coin toss experiment. We
know that the probability of finding a tails or heads is 50% (if the coins are
fair). In order to be able to prove this, a large amount of experimental data
must be obtained after many coin tosses, and this data will not always give
50%. These fluctuations are the statistical uncertainties that we are trying
to estimate by using this method.
In the case of electrons at CMS, having calculated the probability with
which their charge is incorrectly detected, we would like to see how different
this probability would be if we simply did the experiment again from the beginning many times. Obviously, we can’t repeat the experiment many times
and therefore MC technique is used in order to determine the statistical
error of probability.
In order to calculate the statistical uncertainty, we simulate the corresponding probability (p) for each method Z events (Signal) times by generating random numbers.

Results by ignoring Background Events
The results by ignoring the existence of a background events (as analyzed
in section 3.7) are displayed again in table 4.1 along with the statistical
uncertainty.
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Region

Probability (%)

Statistical Uncertainty (%)

Relative Uncertainty (%)

Barrel
Endcap

0.986
7.73

0.005
0.06

0.507
0.78

T ABLE 4.1: Probability of mismeasurement electron charge in
barrel and in endcap region by ignoring the presence of background events

It is the most unreliable measurement we have calculated. The more
detailed analysis and the calculation of the background events that followed
resulted in the calculation of a more accurate probability.

Results where Background Events were taken into account
The results regarding the probability of electron charge mismeasurement in
CMS taking into account background events are summarized in this section.
Each method used to calculate the events that constitute both background and signal have some differences between them. As a result the
probability will differ from method to method. The probabilities along with
their statistical uncertainty are listed below.
· Method I: Simple Linear
Region

Probability (%)

Statistical Uncertainty (%)

Relative Uncertainty (%)

Barrel
Endcap

0.226
0.77

0.004
0.04

1.77
5.19

T ABLE 4.2: Probability of mismeasurement electron charge in
barrel and in endcap region

· Method II: Advanced Linear
Region

Probability (%)

Statistical Uncertainty (%)

Relative Uncertainty (%)

Barrel
Endcap

0.260
1.77

0.004
0.04

1.54
2.26

T ABLE 4.3: Probability of mismeasurement electron charge in
barrel and in endcap region

Although in both of these methods we approximate the behavior of the
background as a linearly decreasing function we have different results in
the probability of electron charge mismeasurement. This is especially visible in endcap region where the background events are relatively larger in
proportion.
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· Method III: Non Linear Fit to Mass Spectrum
Region

Probability (%)

Statistical Uncertainty (%)

Relative Uncertainty (%)

Barrel
Endcap

0.290
2.67

0.004
0.04

1.38
1.50

T ABLE 4.4: Results in barrel and in endcap region using non
linear fit in region 60-120 GeV with 1 GeV per bin
Region

Probability (%)

Statistical Uncertainty (%)

Relative Uncertainty (%)

Barrel
Endcap

0.275
2.60

0.004
0.04

1.45
1.54

T ABLE 4.5: Results in barrel and in endcap region using non
linear fit in region 70-110 GeV with 1 GeV per bin

Region

Probability (%)

Statistical Uncertainty (%)

Relative Uncertainty (%)

Barrel
Endcap

0.287
2.60

0.004
0.04

1.39
1.54

T ABLE 4.6: Results in barrel and in endcap region using non
linear fit in region 60-120 GeV with 0.5 GeV per bin
Region

Probability (%)

Statistical Uncertainty (%)

Relative Uncertainty (%)

Barrel
Endcap

0.289
2.58

0.004
0.04

1.38
1.55

T ABLE 4.7: Results in barrel and in endcap region using non
linear fit in region 60-120 GeV with 2 GeV per bin

It can be seen that the results concerning the probability of electron
charge mismeasurement at CMS for each of the non linear method are quite
close.
The graphs below show the fluctuation to the probability we get if the
experiment is repeated several times, using MC methods described above.

F IGURE 4.1: Monte Carlo Simulation for probability of electron
charge mismeasurement at CMS, in barrel (left) and endcap
(right) regions

Because we consider the non linear fit method in region 60 to 120 with 1
GeV per bin to be the most reliable, figures 4.1 shows the MC simulation of
the probability we receive from that method. Nevertheless, the same method
and similar graphs were taken also for the other non linear methods in order
to determine the statistical error of the probability.
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In that particular method (non linear fit method in region 60 to 120 with
1 GeV per bin) for the barrel region we have 1 344 786 Z 0 events and an
estimated probability equals to 0.290 %. In the edcap region we have 81 490
Z 0 events and an estimated probability equals to 2.67 %.
From the standard deviation of the above graphs, we calculate the statistical error of each probability, which are already listed in the tables above
for each calculated probability in each method.
The important thing to note is that different methods of analyzing our
data we derive slightly different values of the probability. Because we would
not expect a change in the method we analyze our data to change the value
of the result, we assume that this change is due to a systematic error. So,
difference in the probability has to do with a systematic error that arises
simply by changing the method we analyze our data.
As has been said, we consider the non linear fit method in region 60 to
120 with 1 GeV per bin to be the most reliable and hence the probabilities by
that method will be our main values to determine its systematic uncertainty.
As a reminder, the probability value calculated along with the statistical
error in this method was equal to:
In barrel region:
pbarrel = (0.290 ± 0.004)%

(4.1)

pendcap = (2.67 ± 0.04)%

(4.2)

In endcap region:

We assigned the systematic error of the probability to be equals to the
larger difference between this main values and the other values where calculated in non linear fit function methods.
The other values was calculated to be:
pbarrel = [0.275, 0.289, 0.289]%

(4.3)

pendcap = [2.60, 2.60, 2.58]%

(4.4)

Hence, the probability of electron charge mismeasurement in CMS is
equals to:
Region
Barrel
Endcap

Probability (%)
0.290
2.67

Stat. Unc. (%)
0.004
0.04

Relative Unc. (%)
1.38
1.50

Syst. Unc. (%)
0.015
0.09

Relative Unc. (%)
5.17
3.37

T ABLE 4.8: Final probability of mismeasurement electron
charge in barrel and in endcap at CMS

It is observable from the relative uncertainties in statistical and systematic errors, that in both barrel and endcap region, the statistical error is
smaller than the systematic error.
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Chapter 5

Conclusion
The analysis is based on proton proton collisions at energy centre of mass
13TeV, where data collected at CMS detector in 2016. A measurement of the
probability of mismeasurement electron charge in CMS has been presented.
After the brief description of the CMS detection system, we identified the
areas that interested us throughout the analysis and these were mainly:
• Silicon Trackers
• Electromagnetic Calorimeter
We noticed that in order to be able to achieve our goal, the Z 0 boson was
used as a guide, with the main purpose of determined the initial total charge
(zero).
Also we conclude that it was necessary to separate the event which where
detected in the two main regions of the detector Barrel and Endcap.
The electron selection discussed uses electrons within both barrel and
endcap regions of the detector where the electron with lower transverse momentum has value of Pt < 30GeV .
In addition, a detailed explanation was given of how an electron through
its interaction with the material of Silicon Tracker but also from the energy
it deposited in ECAL through an electronic shower can be reconstructed.
It was found that knowing and estimating background events was necessary for the correct calculation of the probability of mismeasurement electron charge. For this reason we approached this calculation in four different
methods in order to see how robust our measurements was. Concluding
that the method that corresponded to the non linear fit in range 60 to 120
GeV with 1 GeV per bin, was the most reliable, we modified it, in order to
determine the systematic error of its probability. In the meantime, the statistical uncertainty of the probability was estimated by using Monte Carlo
(MC) techniques. Also, we find that in both barrel and the endcap region,
the statistical uncertainty of the probability was smaller than the systematic
uncertainty. The value of the probabilities was calculated to be equals to:
In barrel region:
p ± σstatistical ± σsystematic = (2.90 ± 0.04 ± 0.15)10−3

(5.1)

In endcap region:
p ± σstatistical ± σsystematic = (2.67 ± 0.04 ± 0.09)10−2

(5.2)

The probability of detecting a pair of electrons with same sign electrons in
the barrel region is about one order of magnitude smaller than in the endcap
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region. Regarding the barrel area was found that the detector mismeasure
the charge of ∼ 3 electrons out of 1000 while in endcap region this getting
worse where the detector mismeasure the charge of ∼ 27 electrons out of
1000. These results, are consistent with the CMS measurements in 2016
(https://iopscience.iop.org/article/10.1088/1742-6596/1162/1/012008/
pdf).
In conclusion, the study we did, has a wider application. Even if this
analysis is based on the electrons produced from Z boson, the results obtained regarding the probability of mismeasurement electron charge are
general and apply to any electron from any source. Electrons are electrons
nothing change if they are coming from other decays, (for example W ± boson). If we decide to study how often may electrons charge flip using other
mother particles, we will expect to get the same probability as in the present
analysis where we use Z 0 boson.
Summarize, we can say that what we measure is a characteristic of the
entire detector and characterize how good can detect correct the charge of
an electron.

45

Bibliography
[1]

Hadiseh Alaeian. “An Introduction to Cherenkov Radiation”. In: Stanford University (Mar. 2014). URL: http : / / large . stanford . edu /
courses/2014/ph241/alaeian2/.

[2]

S. Baffioni. “Electron Reconstruction in CMS”. In: CMS Note (Feb.
2006), pp. 2–5. URL: http://cds.cern.ch/record/934070/files/
NOTE2006_040.pdf.

[3]

Cristina Biino. “The CMS Electromagnetic Calorimeter”. In: Journal
of Physics: Conference Series 587 (Feb. 2015), pp. 1–3. URL: https:
/ / iopscience . iop . org / article / 10 . 1088 / 1742 - 6596 / 587 / 1 /
012001/pdf.

[4]

Britannica. “Muon”. In: The Editors of Encyclopaedia (Feb. 2020). URL:
https://www.britannica.com/science/muon.

[5]

University of California. Particle Data Group - The Review of Particle
Physics (2020). URL: https://pdglive.lbl.gov/Particle.action?
node=S044&init=0. (accessed: 03.03.2021).

[6]

Cern. CERN’s accelerator complex. URL: https://home.cern/science/
accelerators/accelerator-complex. (accessed: 29.01.2021).

[7]

Cern. The Large Hadron Collider. URL: https://home.cern/science/
accelerators/large-hadron-collider. (accessed: 22.01.2021).

[8]

The CMS Experiment at CERN. Detecting Muons. URL: https://cms.
cern/detector/detecting-muons. (accessed: 13.02.2021).

[9]

Chatrchyan.S. Alignment of the CMS Silicon Tracker during Commissioning with Cosmic Rays. URL: https : / / cds . cern . ch / record /
1211825/plots. (accessed: 11.02.2021).

[10]

The CMS Collaboration. “Description and performance of track and
primary-vertex reconstruction with the CMS tracker”. In: Journal of
Instrumentation (Oct. 2014). URL: https://iopscience.iop.org/
article/10.1088/1748-0221/9/10/P10009/pdf.

[11]

CERN Courier. “CMS: a super solenoid is ready for business”. In:
Review of Scientific Instruments 47.12 (Apr. 2007), pp. 22–25. URL:
https://cerncourier.com/a/cms-a-super-solenoid-is-readyfor-business-2/.

[12]

Ptohcos Fotios. Particle Interactions with Matter and Particle Detectors. URL: http : / / www2 . ucy . ac . cy / ~fotis / phy331 / Lectures /
lecture15.pdf.

[13]

Marcus Friedl. “The CMS silicon strip tracker and its electronic readout”. In: Department of Electrical Engineering of the Vienna University
of Technology (Apr. 2001), pp. 40–44. URL: http : / / cds . cern . ch /
record/783937.

Bibliography

46

[14]

David Griffiths. Indroduction to Elementary Particles. Reed College. WileyVCH, 2004. ISBN: 978-0-471-60386-3.

[15]

LHC portal-THE place to discuss the LHC. Acceleration. URL: https://
www.lhcportal.com/Portal/Info/accelerators.htm. (accessed:
25.01.2021).

[16]

Xabier Cid Vidal & Ramon Cid Manzano. Momentum - Taking a closer
look at LHC. URL: https://www.lhc-closer.es/taking_a_closer_
look_at_lhc/0.momentum. (accessed: 10.02.2021).

[17]

Norbert Neumeister. “W and Z inclusive and differential cross sections
at CMS”. In: PoS ICHEP2016 (2016), p. 612. DOI: 10.22323/1.282.
0612.

[18]

European Council for Nuclear Research. Pulling together:Superconducting
electromagnets. URL: https://home.cern/science/engineering/
pulling-together-superconducting-electromagnets. (accessed:
22.01.2021).

[19]

J. Proudfoot. “Hadron Calorimetry at the LHC”. In: 34th SLAC Summer
Institute On Particle Physics (July 2006), pp. 3–8. URL: https://www.
slac.stanford.edu/econf/C060717/papers/L012.PDF.

[20]

J. Proudfoot. “The performance of the CM muon detector in proton–proton
√
collisions at s = 7 TeV at the LHC”. In: European Organization For Nuclear Research (Mar. 2014), pp. 1–7. URL: https://arxiv.org/pdf/
1306.6905.pdf;.

[21]

Landua R. “THE LHC: A LOOK INSIDE”. In: Xabier Cid Vidal & Ramon Cid Manzano (Feb. 2008). URL: https://www.lhc-closer.es/
taking_a_closer_look_at_lhc/1.detectors.

[22]

William Moebs Samuel J. Ling and Jeff Sanny. University Physics Volume 2. OpenStax, 2016. ISBN: 978-1-938168-16-1.

[23]

Mark Thomson. Modern Particle Physics. University of Cambridge, 2003.
ISBN : 978-1-107-03426-6.

[24]

Vinay Venugopal and Piyush Bhagdikar. “de Broglie Wavelength and
Frequency of Scattered Electrons in the Compton Effect”. In: Physics
Education 29 (Mar. 2013), p. 35.

