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Abstract

This thesis presents the work done for the measurement of the differential cross
section of a pair of high transverse momentum (boosted) top/anti-top quarks that
decay hadronically. To conduct the measurement the data collected by CMS ex-
periment during the "Run-II" data taking period of the LHC are used. They corre-
spond to an integrated luminosity of 137:1fb�1. The data correspond to collision
at a center of mass energy of 13 TeV. This analysis is a precision measurement.
The deliverable has already been measured before both by CMS and ATLAS. In this
thesis by modifying parts of the measurement strategy and the tools used we aim
to achieve better precision. This is also enhanced by the use of almost 4 times
more data than the previous measurement performed by the CMS collaboration.
Another nice addition to the study is in the section of the comparison with the
theory. Previous measurements saw a difference between the measured values
and the theoretical predictions. In this analysis we aim to better quantify this
difference by including systematic uncertainties for the various theoretical models
to better estimate the level of disagreement. In addition chi square values and
p-values are calculated to better estimate it. During this thesis there was also
extensive work done in the detector control system of the CMS detector as a ser-
vice work to the collaboration. The work focused around the maintenance and the
improvement of the system in order to ensure a better operation in the "Run-II"
data taking period but also in the next ones to come. This work affected not only
this particular analysis but the collaboration in general as it enabled a smooth op-
eration and optimal performance of the detector enabling the acquisition of good
quality of data.
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Περίληψη

Η παρούσα διατριβή είναι αποτέλεσµα της δουλειάς που έγινε για την µέτρηση της δι-
αφορικής ενεργού διατοµή του Ϲεύγους τοπ/αντί-τοπ κουάρκ µεγάλης εγκάρσιας ορ-
µής τα οποία διασπούνται αδρονικά. Για την πραγµατοποίηση της χρησιµοποιήθηκαν
δεδοµένα τα οποία συλλέχθηκαν από τον ανιχνευτή CMS κατά τη διάρκεια του
"Run-II" του LHC.Τα δεδοµένα αυτά αντιστοιχόυν σε ϕωτεινότητα 137:1fb�1 και για
να παραχθούν έγινα συγκρούσεις µε ενέργεια κέντρου µάζας 13 TeV. Η παρούσα
µέτρηση είναι µια µέτρηση ακρίβειας. Στο παρελθόν τα έχει ξαναπραγµατοποιηθέι
τόσο από το πείραµα CMS όσο και απλό το πείραµα ATLAS. Στην παρόυσα εργασία
έγινε προσπάθεια µέτρησης µε µεγαλύτερη ακρίβεια τροποποπιώντας τη µέθοδο
που είχε χρησιµοποιήσει παλαιότερα το πείραµα CMS αλλά και χρησιµοποιώντας
κάποια διαφορετικά εργαλέια σε συγκεκριµένα σηµεία. ΄Ενα ακόµα στοιχείο το οποί
ϐοηθάει στην επίτευξη µεγαλύτερης ακρίβειας είναι οτι χρησιµοποιήθηκαν σχεδόν
τετραπλάσια δεδοµένα σε σχέση µε την προηγούµεη µέτρηση του CMS. Μία ακόµα
προσθήκη στη µελέτη αυτή είναι στο κοµµάτι της σύγκρισης µε τη ϑεωρία. Οι προ-
ηγούµενες µετρήσης και από τα δύο ξεχωριστά πειράµα είχαν παρατηρήσει µια ασυµ-
ϕωνία µεταξύ των δεδοµένων και των ϑεωρητικών προβλέψεων. Στη παρούσα ανάλυση
γίνεται µια προσπάθεια ποσοτικοποίησης αυτής της ασυµφωνίας. Αυτό γίνεται σε
πρώτο στάδιο µε την χρήση συστηµατικών σφαλµάτων στα διάφορα ϑεωρητικά µον-
τέλα. Στη συνέχεια για τον σκοπό αυτό, υπολογίζονται οι τιµές του �2 αλλά και τα
p-values. Κατα τη διάρκεια της διατριβής αυτής, έγινε και εκτεταµένη δουλειά στο
σύστηµα αυτοµάτου ελέγχου του ανιχνευτή CMS. Η δουλειά αυτή, έγινε σαν service
work στο CMS collaboration. Η δουλειά αυτή περιστράφηκε κυρίως γύρω από την
συντήρηση και ϐελτίωση του συστήµατος αυτού µε σκοπό την καλύτερη λειτουργία
του ανιχνευτή κατά τη διάρκεια του "Run-II". Η δουλεία αυτή δεν επηρέασε µόνο
την παρούσα διατριβή αλλά ολόκληρω το πείραµα καθώς επέτρεψε την οµαλότερη
λειτουργία του ανιχνευτή. Σαν αποτέλεσµα ο ανιχνευτής λειτούργησε µε τιν ϐέλτιστες
δυνατές συνθήκες επιτρέποντας έτσι τη συλλογή υψηλής δεδοµένων ποιότητας.
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Chapter 1

Introduction

Physics aims to study and understand nature in its very core. It tries to �nd what
it is made of how it behaves and what rules govern it. Particle physics is the �eld of
physics that tries to explain the very essence of the world. It does that by studying
particles, the building blocks of nature. It attempts to answer questions like which
are these building blocks, how do they behave and why. The ultimate goal is to
�nd a theory, a set of rules, that can explain everything that can be observed in
the universe and everything that will be observed.

Every �eld in physics has two main "branches" that work together and against
each other at the same time, theory and experiment. They work together in the
sense that they try to explain the same thing. On the other hand, they work
against each other because they challenge one another in order to progress the
knowledge and understanding in that particular �eld. Advancement can happen
in two ways. A theory is developed in order to explain a physical phenomena.
Then it is the experiment's work to challenge this theory and try to break it. The
other alternative is that an experiment �nds a new phenomena or e�ect that is not
explained by any theory. Then it is the theory's time to try and explain it.

In their endeavours to explain the universe, particle physicists have developed
the Standard Model (SM) of particle physics. It is the most complete and accurate
theory that has ever been developed in the �eld of particle physics. It predicts
the existence of a set of particles that are called elementary. The term elementary
comes from the fact that they have no substructure. At the same time, it predicts
the ways that these particles interact with each other. Using them as a framework
the theory tries to explain the "nature" of matter as well as its behavior. That is
from the beginning of time till now and the future.

The standard model predicts the existence of many particles that can not be
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found free in nature. These are fundamental for the explanation of the universe
and the state it is now in the context of the theory. Their absence is true and in
accordance with what the theory predicts. However the SM also describes how
they can be produced. Accelerators, like the large hadron collider (LHC) have been
built to test the theory and what it predicts. It has withstand extensive testing
by many experiments including the LHC and it has predicted the results of the
experiments with great accuracy. All the particles, their properties as well as
their interactions have been detected. The �nal one was the Higgs boson, whose
detection was announced by two of the experiments of the LHC completing the
picture that the SM describes.

Despite its success we know that the SM is not perfect. There are phenomena
in nature that are not contained in the theory and things whose existence is not
predicted by it. One example is the existence of gravity. We know that gravity is
a fundamental force of the universe but it is not included in the SM. The matter­
antimatter asymmetry. According to the SM, matter and antimatter are produced
in equal amounts but we know that in the universe matter has prevailed. How did
this happen? Why do neutrinos have mass. Neutrinos are particles predicted by
the SM and their existence has been proven. According to the theory they have
no mass which we know is not correct. Why do they have mass and what is their
mass? Also dark matter and dark energy are two entities that we know that they
exists but are not predicted by the SM.

With the above in mind it is clear that the SM as a theory is true but it can not
be the �nal theory that explains everything. Its great success can indicate that
it is a subset of a bigger theory. Some scientists are trying to test new theories
that are extensions of the SM. Others try to measure things that the SM predicts
with bigger accuracy in order to �nd inconsistencies in the theory and prove it,
partially, wrong. The story continues with a never­ending back and forth between
theory and experiment until a general uni�ed theory of everything is developed.
An answer to the greatest question, who and what are we, what are we made of?



Chapter 2

Theory

Humans were always troubled with the structure of the world. Democritus (430 ­
370 B.C.) in ancient Greece was the �rst one that formulated the atomic theory.
His idea was that if you take a piece of matter and cut it in half then take one
of the halves and repeat the process at some point you will reach to a piece that
can not be cut. He named that part ˆtomo (atom) which stands for something
that can not be cut. The modern concept of atoms was introduced by the chemist
John Dalton [1]. He suggested that elements consist of really small particles that
he called atoms. He also proposed that atoms of the same element are identical.
We now know that this is not the case and that atoms can be "cut" into smaller
pieces. But the same philosophy has led the search for the building blocks of
the universe. This has resulted in the development and formulation of the SM of
particle physics. This chapter will be a theoretical introduction to the SM and the
top quark.

2.1 The Standard Model (SM) of particle physics

The SM was formulated in the late 60s and early 70s. It is a Quantum Field Theory
(QFT) based on a gauge symmetry. It predicts the existence of a set of elementary
particles, i.e. particles with no substructure, see Figure 2.1. Using these particles
it describes formation of all visible matter as well as its behavior.

According to the SM the particles are split in two major categories, bosons and
fermions. The di�erentiation is made based on their spin which is an internal
property of all the particles. Fermions have a half integer spin, namely 1/2 while
bosons have an integer value for spin.
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Figure 2.1: The particles included in the Standard Model of particle physics. They
are split in two categories fermions and bosons. Fermions are the particles that
make up matter, while bosons are the force carriers and are involved in interac­
tions. Fermions are further split in two categories quarks and leptons. Leptons
can be found free in nature while quakrs are combined to create more complex
particles.
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2.1.1 Fermions

Fermions are the particles that make up matter. They are splitted in two cate­
gories, leptons and quarks. There are in total 6 quarks (6 �avors), the up (u),
down (d), charm (c), strange (s), top (t) and bottom (b). There are also 6 leptons.
Three are electrically charged, the electron (e), the muon ( � ) and the tau ( � ). For
every charged lepton there is a neutral charge one called a neutrino ( � e; � � ; � � ).
Using as a measure the electric charge of the electron, we say that the electron
has a charge of ­1. The rest of the charged leptons have also a charge of ­1, while
neutrinos have 0. Quarks on the other hand can have a charge of 2/3 for the u, c
, d and ­1/3 for the d, s and b.

The mathematical formulation of fermions in the standard model (Dirac equa­
tion) predicts the existence of particles with negative energy. This has also been
proven experimentally. So for every fermion there is also an antiparticle, i.e. a par­
ticle having exactly the same properties as the particle but opposite sign charges.

The fermions also carry another type of charge called color. It can have three
possible values red green and blue. Leptons are colourless while quarks can have
any of the possible colors. This property is associated to the ability of a particle to
be free or in a bound state. In nature only colourless states can be found. This
means that leptons can be found as free in the nature as they have no colour.
On the other hand quarks are only found grouped together forming more complex
particles. This happens so that they form colourless states. Quark combinations
are usually quark anti­quark, called mesons, or combinations of more quarks
called baryons. Until recently only 3 quark baryons had been found. Recently the
LHCb exepriment at CERN has announced the discovery of more exotic particles
having 4 quarks (tetra­quarks) and even ones with 5, called penta­quarks.

Fermions are also splitted in 3 other categories called generations. Each gen­
eration contains 2 quarks, a charge lepton and a neutral lepton, a neutrino. The
particles of the same type have increased mass in each category. With the �rst
generation containing the lightest ones and the third the heaviest ones.

2.1.2 Bosons

Bosons are the force carriers of the standard model. In the framework of the
SM there are 4 fundamental forces in the universe. Each one of these forces is
expresses through a particle, in particular a boson. This means that for every
reaction to happen one of these force carrier particles must be involved. The
4 mentioned forces are the strong, the weak, the electromagnetic and gravity.
The carrier for the strong force is the gluon (g) which is massless. For the weak
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Force Carrier Strength
Strong gluon (g) 1

Electromagnetic photon ( 
 ) 10� 2

Weak W � , Z 10� 13

Gravity graviton (G) 10� 38

Table 2.1: The standard model forces

force there are three carriers, the W + , the W � and the Z 0. The �rst two are
positively and negatively charge respectively while the third is neutral. All three
particles for the weak force have a mass. The photon ( 
 ) is the force carrier for the
electromagnetic force which is also massless. Finally gravity is expressed via the
graviton, which is a particle that has been theoretically predicted but has never
been detected. In the context of the particle physics the e�ect of gravity is so small
that can be neglected.

The strong interaction, as the name states, is the strongest of the three forces
included in the SM. In Table 2.1 a summary of all the SM forces is presented. The
part of the SM that models the strong force and its interactions is called Quantum
Chromo Dynamics (QCD). It involves particles carrying a color charge, i.e. the
six quarks and the gluon which is the force mediator. The gluon also carries a
color charge which means that it can couple to itself. There are eight types of
gluons one for each linear independent color state. Its strength is given by what
is called the strong coupling constant � s [2]. It can be seen (Figure 2.2) that as
the energy decreases the strong force becomes stronger. This means that as the
quarks become further and further apart they are pulled together even stronger.
This is what keeps the particles like the proton together. It is also the reason why a
bare quark has never been discovered and is called quark con�nement. Providing
enough energy should make it possible to extract a quark from a composite parti­
cle. But what actually happens is that the energy needed to separate the quark is
enough so that a quark­antiquark pair would be created out of the vacuum. This
would lead in the creation of a new hadron instead of a free quark. The process
described is called hadronization and is responsible for the formation of composite
particles. It can also be seen that the strong force decreases with distance. This is
a property of the strong force that is called asymptotic freedom. This means that
perturbative calculations [3] can be used to study the strong force.

Particles with electric charge are involved in electromagnetic interactions. The
photon ( 
 ) is the force carrier for this force. The theory that studies this set
of interactions is caled Quantum Electro Dynamics (QED). Since the strength is
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Figure 2.2: The strong coupling constant � s, �gure taken from [2]

already very small it can be studied as a perturbative theory. The force carrier of
electromagnetic interactions has no charge, it is not involved in the interaction.
This makes the calculations for this theory way less complex than QCD.

The weak force is the last force described in the SM. As its name suggests it is
the weakest of the forces in the model. It is also the only one that involves all the
fermions. The property called weak isospin ( I or T ) is the one that is associated to
the weak force. This is done in a similar manner as color and charge are associated
with the strong and electromagnetic force respectively. The weak force is able to
change the quark �avor (�avor­mixing) or an electron to a muon. Due to this
property, physical phenomena like radioactivity and muon decay are explained
via the weak force. The theory for the weak force is a chiral theory. Chirality is
an internal property of all particles that distinguishes particles in left and right
handed [4]. Beeing a chiral theory means that the weak interaction treats particles
di�erently based on the value of their chirality. Only left handed particles and right
handed anti­particles carry the weak charge and hence can interact via the weak
force.

The weak force mediators are the W � and the Z . Depending on the mediator
and if it carries charge, we can have a charged or a neutral current. Only charged
currents have been detected to change �avor. The probabilities of �avor changing
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are described in the Cabbibo­Kobayashi­Maskawa (CKM) matrix [5], [6].

VCKM =

0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A (2.1)

Where jWij j2 is the probability for the transition from �avor i to �avor j. Diagonal
elements has signi�cant bigger values than the o�­diagonal ones. This means that
it is more likely for a transitions of a quark to the quark of the same generation.

The feynman diagrams of the weak and electromagnetic force have many simi­
larities. In fact in the late 60s a new theory was developed, the electroweak theory.
It proved that in high energies it was possible to unify the two forces in to one. In
the current state of the universe not enough energy is available which is why the
force is now split in to two separate forces.

2.2 The Top quark

The top quark is the heaviest of the quarks in the standard model Figure 2.3
with a mass of 172:69� 0:30 [7]. It was discovered in 1995 from the CDF and D0
experiments in the Tevatron accelerator at Fermilab [8], [9]. It was the last of the
quarks to be discovered and since then no more quarks have been detected. With
such a high mass it has a very small lifetime, approximately 5 � 10� 25 s. This
value is smaller than the hadronization time 10� 24 s meaning that it decays before
it can form hadrons. Although its lifetime is still very small the fact that it decays
before forming a hadron allows to study the properties of a bare quark even in­
directly by studying the properties of the decay. Additionally due to its high mass
it has a strong coupling to the Higgs boson which means that it plays an important
role in the Higgs mechanism. Finally, the top quark is a background to many of
the processes predicted by extensions of the standard model. This means that it
is generated together with other new hypothesized particles in these processes.
Having predicted its properties with very good precision will allow scientists to
remove the top quark contributions in their measurements and be left with only
the required signal if there is any.

2.2.1 Top quark production

A top quark can be produced via the electroweak interaction together with a b
quark and a W boson. The leading order (LO) Feynman diagrams of the possible
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Figure 2.3: A schematic representation of the mass hierarchy for the quarks of the
standard model.

interactions can be seen in Fig 2.4. Another possibility is the production of a top
(t), anti­top ( �t) pair ( t �t) via the strong interaction. This can happen either with
the interaction of two gluons known as gluon fusion or via the annihilation of two
quarks. The leading order Feynman diagrams of the two processes can be seen in
�gures 2.5 and 2.6 respectively.

Figure 2.4: Leading order Feynman diagrams for the production of a single top
quark.

In particle accelerators, the production of top quarks is done mainly with the t �t
process via the strong interaction. In the Tevatron accelerator where the top quark
was discovered, the experiments were conducted with the collision of protons and
anti­protons. The production was mainly done with the annihilation process of
a quark and an anti­quark. In the LHC due to higher energies the production is
done predominantly via the gluon fusion process at a percentage of around 90%.

The di�erence in the way of t �t production in the two experiments can be ex­
plained from the diagram in Figure 2.7. The graphs show the parton distribution



30 CHAPTER 2. THEORY

Figure 2.5: Leading order Feynman diagrams for the production of a t �t pair via the
gluon fusion process.

Figure 2.6: Leading order Feynman diagrams for the production of a t �t pair via the
quark annihilation process.

function (PDF) of a proton versus the momentum fraction � . A PDF is the density
of �nding a parton carrying a momentum fraction ( � ) at a certain energy scale
Q2 (= � q2). Where � is the fraction of the nucleon longitudinal momentum car­
ried by the parton. In order to produce a t �t pair during a collision, the center of
mass energy needs to be at least two times the mass of the top quark, � & 2m tp

s . In
Tevarton the value the value for � was � � 0:18 while in the LHC it is � � 0:027.
From Figure 2.7 it can be seen that the PDF values for a gluon are way bigger for
the � values at the LHC hence gluon fusion is he dominant process.

2.2.2 Top decay

The top quark as mentioned before decays very quickly due to its high mass. The
decay happens via the electroweak force as it is the only one that can change the
�avor of a quark. With the emission of a W boson, the top quark can decay into a
d, s or b quark. The probability of decaying into each of the quarks is given by the
square of the respective element of the CKM matrix (see Equation 2.1) jVtd j2, jVts j2

and jVtbj2. From the values of the corresponding we can see that it decays almost
exclusively to a b quark with a probability of 99.8%.
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Figure 2.7: The two plots show the parton distribution function (PDF) for the
proton versus the momentum fraction � . On the left there is the plot for the
energy present at Tevatron accelerator while on the right there is the one for the
LHC.

The W boson produced in the top decay will also before particle detection. There
are two decay categories based on the nature of the decay products, leptonically
or hadronically. In the leptonic way, it decays into a lepton and its corresponding
neutrino while in the hadronic way it decays into to a pair of a quark and an
anti­quark. For the leptons all three are possible with equal percentages. For the
hadronic way, all quarks are possible except of the top due to energy conserva­
tion. Again the probability is determined by the respective CKM elements. The
percentages for all possible decay can be seen in Figure 2.8.

Taking into account that in the t �t pair we have two tops decaying there will be
two W bosons. In this case we can have any of the following scenarios:

ˆ Fully hadronic channel 1 . In this channel both the W bosons decay into
to a pair of quarks. This channel is the most probable out the three with a
probability of 45.4%. This is the channel that is used in this physics analysis.

ˆ Lepton + jets channel . In this process, one of the bosons decays hadron­
ically while the other one decays leptonically. This process also has a high
probability, 44.1%

1 In particle physics terminology a channel is a process
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Figure 2.8: Possible decay modes of the W boson. In 67% of the times it decays
into a pair of quarks. The rest 33% it decays in to a lepton and the corresponding
neutrino.

ˆ Dilepton channel . The �nal case is when both W bosons decay leptonically.
It has a branching ratio of around 10.7%.

A picture with all the possible decay scenarios as well as their probabilities is given
in Figure 2.9.

2.3 Cross Section

The cross section ( � ) of a process is a measure of the probability that this process
will take place. The cross section is calculated theoretically using the Feynman
diagrams, e.g. like the ones in Figure 2.5. The calculation is done by summing
all the possible diagrams. The diagrams in the Figure 2.5 are called leading order
(LO) diagrams since they contain only the initial and �nal state particles plus the
mediators. We know that particles can be emitted in any point so with this in
mind one can create more complex diagrams like the ones in Figure 2.10. These
diagrams are called next to leading order diagrams (NLO). The order of the diagram
is speci�ed depending on the number of extra particles emitted or what is called the
number of vertices. A vertex is practically a point where an interaction happens.
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Figure 2.9: Pie chart with percentages of t �t decay modes. The top quarks decay in
to a W boson and a b quark. Subsequently the W boson also decays. It can decay
in a quark pair or a lepton and a neutrino. Based on the way the two W bosons
decay the possibilities of the total decay can be seen in the pie chart depicted in
the picture. Taken from [10]

Increasing the complexity of the diagrams we can see that practically one can
create and calculate an in�nite number of diagrams. Then summing over all the
diagrams, the cross section then can be calculated as:

�̂ ij � >t �t+ X = H (0)
| {z}

LO

+ � SH (1)

| {z }
NLO

+ � 2
SH (2)

| {z }
NNLO

+ : : : (2.2)

However since � S is less than 1 we can see that as the diagrams become more
and more complex they contribute less and less to the total cross section. To
accompany this, the diagrams become more and more complex to calculate as
their order increases. Usually a calculation up to the NNLO term is done.

Collider experiments on the other hand provide an easier way of calculating the
cross section. It can be proven that the cross section is analogous to the number
of measured events with the following relationship:

� =
N

L int
(2.3)

Where N is the total number of measured events for this speci�c process and
L int is the integrated luminosity. Luminosity (L) is a measure of the number of
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collisions that can be produced in a detector per cm 2 per second. The integrated
luminosity is the luminosity "gathered" throughout the experiment. It is practically
the integral of the luminosity for the duration of the experiment. We can see this
way that collider experiments are a good way to calculate the cross section and
thus verify the SM.

Figure 2.10: Next to leading order Feynman diagrams for the production of the t �t
via gluon fusion.



Chapter 3

The Compact Muon Solenoid
Experiment

In this chapter the Compact Muon Solenoid (CMS) detector will be described. Its
parts and principle of use will be explained.

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is the biggest particle accelerator ever built. It
was build at the European Council for Nuclear Research (Conseil Europ éen pour
la Recherche Nucl éaire CERN), in Geneva, Switzerland and started operating at
2008. It is a circular accelerator with a circumference of 27 kilometers (km) sitting
100m underground in the France­Swiss borders between Geneva and the Jura
mountains. Figure 3.1 shows an aerial photograph of the area where the LHC
resides. It operates by accelerating two proton beams one clockwise and one anti­
clockwise. The beams collide at 4 prede�ned interaction points. Particle detectors
are built at each of the interaction points. The accelerator is designed in order to
be able to accelerate proton beams to a center mass energy of 14 TeV making it the
most powerful accelerator ever built. It aim to study the structure and behavior of
elementary particles as well as their interactions.

3.2 The LHC accelerating complex

The LHC was constructed in the re­existing tunnel of the older accelerator Large
Electron Positron collider (LEP). It consists of a set of superconducting magnets

35



36 CHAPTER 3. THE COMPACT MUON SOLENOID EXPERIMENT

Figure 3.1: Aerial photograph of the Large Hadron Collider (LHC) at the European
Council for Nuclear Research (CERN). In the picture the tunnel that the two proton
beams can be seen as well as the location of the four detectors. All structures are
located 100 meteres underground.

used to curve the beam and guide it in the circular pipes but to also focus it in
the spots where collisions are performed. Approximately 1200 magnets are used
for the curvature of the beams and 400 for its focus. The magnets are cooled
to a temperature of 1.9 Kelvin (K) and are kept at that temperature during the
accelerator operation. To achieve such low temperatures, liquid helium is used for
the cooling. At the center of each magnet there are two vacuum tubes where the
proton beam lay Figure 3.2.

In order to accelerate the beams CERN uses a set of accelerators, not just
the LHC. The beam goes through various accelerating stages before entering the
LHC where they reach the maximum energy and collide. In Figure 3.3 the CERN
accelerator complex can be seen. Protons used in the LHC originate from a bottle of
hydrogen where under strong electric �eld electrons are removed from the atoms'
nuclei resulting in free protons. After their production, protons are inserted in
the �rst accelerator, LINAC 2 which is a linear accelerator. Inside LINAC2 they
reach an energy of 50 MeV. After that, they enter the Proton Synchrotron Booster
(PSB) and the Proton Synchrotron (PS) reaching an energy of 26 GeV. The next
stage of acceleration is at the Super Proton Synchrotron (SPS) where protons are
accelerated at an energy of 450 GeV. Finally the beams enter the LHC. It is worth
mentioning that the beams are not continuous. They consist of packets of protons
called bunches equally spaced between them.
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Figure 3.2: Cross section of one of the LHC magnets. In the center the two vacuum
tubes can be seen where the beams travel as well as the various magnets used for
guiding and focusing the beam.

The main physical quantities a�ecting the operation of the LHC are the energy
of the two beams and the luminosity. The rate at which events occur during the
accelerator operation is:

R = � L (3.1)

where � is the cross section of the physical process and L is the luminosity. To
achieve a steady operation for a given energy, the luminosity must increase with
a factor of E 2 because the cross section is inversely proportional to that quantity
(� / 1=E2). The luminosity of an accelerator which collides 2 bunches of particles
n1; n2 with a frequency f , is:

L = f
n1n2

4�� x � y
(3.2)

Where � x ; � y is the transverse pro�le of the beam. The predicted luminosity for the
LHC is L = 1034cm� 2s� 1. It is worth mentioning that the LHC will also conduct
heavy ion collisiont using lead with a luminosity of L = 1027cm� 2s� 1 at a center of
mass energy of 1312 GeV.

To achieve such high luminosity, the frequency of collisions as well as the num­
ber of protons in each bunch must be very high. For that reason each proton beam
consists of 2808 bunches closely spaced between them. Each bunch consists of
approximately 1011 protons which collide very 25 ns. This results in a collision
frequency of 40 MHz.
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Figure 3.3: The CERN accelerating complex. Proton beams initially enter the
linear accelerator LINAC2. After that the continuously go through the Proton
Synchrotron Booster (PSB), Proton Synchrotron (PS) and the Super Proton Syn­
chrotron (SPS) before entering the LHC. Apart from the LHC the accelerator com­
plex is used to provide beams to other experiments at CERN, like n­TOF, ISOLDE,
ELENA and others.
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3.2.1 The LHC detectors

The two accelerating proton beams collide with each other in order to study var­
ious physical processes. The collisions take place at 4 prede�ned points in the
accelerator where detectors are placed Figure 3.3. In total the LHC has 8 access
points. At these points it is possible to access the accelerator from the surface. At
4 of these points particle detectors are positioned and this is where the physics
experiments take place. The 4 LHC particle detectors are:

ˆ A T oroidal LHC Apparatu S (ATLAS ), Point 1.

ˆ Compact Muon Solenoid ( CMS), Point 5.

ˆ LHC b eauty ( LHCb ), Point 2.

ˆ A L arge Ion Collider Experiment ( ALICE ), Point 8.

The �rst two detectors ATLAS and CMS, are general purpose detectors. On the
other hand, LHCb and ALICE are built for studying speci�c physical processes.
LHCb is designed to study the b (beauty) quark and the measurement of the
violation of the charge parity (CP) symmetry. In short this is called CP­violation.
ALICE is built to study the collisions of heavy ion beams and also the ones between
heavy ions and protons. Apart from the 4 big experiments there are other smaller
ones like TOTEM and CASTOR that share the shame interaction point with the
CMS detector. Finally, in Figure 3.3 other smaller experiments are visible. These
experiments use beams from smaller accelerator of the CERN accelerator complex.
Some of these experiments are ISOLDE ( Isotope Separator On Line DEvice), nTOF
(neutron Time Of Flight), ELENA ( Extra Low ENergy Antiproton) and others.

3.3 Compact Muon Solenoid

The CMS detector, is a general interest high energy physics experiment. It has a
cylindrical shape with various coaxial layers around the beam axis like a barrel.
In order to detect all the produced particles it needs to be hermetically sealed. To
do so it uses 2 vertical disks perpendicular to the beam axis called endcaps. The
detector has a length of 28.7 meters (m) and a radius of 15 m and weighs 14.000
tonnes. It is relative small for the amount of matter it contains, justifying the word
compact.

One of the most interesting particles that CMS aims to detect are muons.
Muons are indications that an "interesting" physical process has occurred during
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the collisions. Considering the importance of muons, CMS is designed and built
in a way to detect muons with very high precision. That is where the word muon
comes from. Finally CMS uses a big solenoid magnet capable of producing a
magnetic �eld of up to 4T parallel to the beam axis. The magnet is used to bend
the tracks of the particles perpendicular to the axis of the beam. The presence of
the soilenoid magnet justi�es the word solenoid is the detector's name.

As the particles traverse the detector, the magnet is used to bend their tracks.
By measuring the curvature of the tracks we can measurement the momentum of
the corresponding particle. It can be proved that the particle's momentum can be
reconstructed with a precision that is relative to the magnetic �eld and the length
of the detector with the following relationship:

� pT

pT
=

� s

s
= � s

8pT

0:3BL 2
(3.3)

Where pT is the transverse momentum of the particle, s is the curvature of the
track due to the magnetic �eld, B is the strength of the magnetic �eld and L is the
length of the detector. CMS is built such that it has a big magnetic �eld and a
small size while ATLAS is built the opposite way, having a bigger size and a relative
smaller magnetic �eld.

To be able to achieve its goals, CMS must have:

ˆ A high precision tracking system that is at the same time able to provide
information for the momentum of the particles.

ˆ An electromagnetic calorimeter of really high precision in order to accurately
detect the energy of electrons and photons.

ˆ A hadronic calorimeter capable of detecting all the neutrally charged particles
produced by the collisions in the center of the detector

ˆ A very e�cient muon system for detecting muons but also measuring their
properties such as the momentum etc

CMS is designed in a way that consists of multiple layers, each playing a dif­
ferent role in particle detection. Each of these layers is a separate detector system
called a subdetector. They each provide a di�erent piece of the total information
needed to detect a particle. All the pieces are collected and combined in order
to identify the particles produced during the proton collision. CMS consists of
4 subdetector systems Figure 3.4. The tracker, which is responsible for detect­
ing the particle tracks, the Electromagnetic CALorimeter (ECAL), the Hadronic
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Figure 3.4: The Compact Muon Solenoid detector. It consistes of 4 subdetecrors.
The tracker, the electromagnetic calorimeter, the hadronic calorimeter and the
muon detectors. It also contains a solenoind magnet capable of producting a
magnetic �eld up to 4 Tesla.
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Figure 3.5: The value of pseudo­rapidity ( � = � ln(tan ( �=2))) as a function of the
angle � . Angle � is the angle from the positive part of z­axis. As z­axis we de�ne
the axis parallel to the axis of the beam.

CALorimenter (HCAL) and the muon detectors. Apart for these systems, CMS also
contains a solenoid magnet. The magnet is not used in detecting the particles but
is a vital part in the operation of the detector.

The layout used for the subdetecting systems is the following. The Tracker,
ECAL and HCAL are inside the solenoid magnet while the muon systems are
outside the magnet. Each one of the subdetectors has a part in the main volume
of the detector the barrel and a part in the endcaps.

In the next sections there will be a detailed description of each of the sub­
detecting systems. Before that it is important to do a quick introduction to the
coordinate system used in the LHC experiments. For the description of the de­
tector a Cartesian coordinate system can be used, where the x­axis points to the
center of the LHC ring, y­axis points upwards perpendicular to the axis of the beam
and z­axis is parallel to the axis of the beam. Because the shape of the detector is
cylindrical it is more convenient to use a di�erent coordinate system that consists
of the three following quantities, r; �; � , where r is the distance from the z­axis, �
is the azimuthial angle from the x­axis and � is a quantity called pseudo­rapidity.
It is calculated from the following equation � = � ln(tan ( �=2)) where � is the angle
from the positive part of the z­axis. In Figure 3.5 the value of pseudo­rapidity for
various values of the angle � .

3.3.1 The tracker

The tracker detector is the �rst detecting system that CMS has and is the one closer
to the interacting point of the two proton beams. It is used to reconstruct the tracks



3.3. COMPACT MUON SOLENOID 43

of the particles produced by the collisions and also measure their momentum. It
can measure with really high precision the momentum of muons, electrons and
also charged hadrons. It can also detects vertices, which are the points that
particles produced by the collisions decay into other secondary particles. This
detector has a length of 5.4 m and can cover an area of r < 1.2 m and j� j < 2.5.

Due to the high luminosity of the beams and of its position, the tracking de­
tector needs to have very good spatial resolution but also to be radiation tolerant.
It also needs to have a very good response time in order to record as many events
as possible. The material used for this particular detector is silicon. For tracking
detectors it is really important that they contain as less material as possible. The
reason is that the particles that traverse the detector's volume interact with the
material and leave energy during these interactions. If the detector contains too
much material it is possible that the particle leaves all its energy inside the track­
ing detectors and does not move to the next subdetecting systems thus loosing
important information for the detection of the particles. For the tracker in CMS
two di�erent technologies are used. The �rst stage is a detector consisting of sili­
con pixels while the second one consists of several layers of silicon strips. Spatially
the detector is split in the following parts. the most inner part is the pixel detector.
Then there is the strips parts which are split in the inner cylinder (Tracker Inner
Barrel, TIB), then there is the outer part of barrel, (Trakcer Outer Barrel, TOB),
the inner Disks (Tracker Inner Disks, TID), and the endcaps, (Tracker EndCaps,
TEC). In Figure 3.6 the various parts of the tracker detector are visible as well as
their spatial coverage.

3.3.2 The Electromagnetic CALorimeter (ECAL)

The second detecting system of CMS is the electromagnetic calorimeter (Figure 3.7).
It is used to measure the energy of electrons and photons that are produced during
the collisions. Ecal was designed so that it can detect with really high accuracy
the energies of photons. That is because one of the most common ways for a Higgs
boson to decay is via the interactions H ! 

 in to two really energetic photons.
In addition the calorimeter was designed to have a very good resolution in the de­
tection of two photons because two photons can also be produced from the decay
of a neutral pion, � 0 ! 

 . This means that the distinction of these two processes
was of a vital importance for the detection of the Higgs boson.

Ecal was constructed using lead­tungstate ( PbWO4) crystals. This material
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was chosen as it is very dense ( 8:28g=cm3) and has small radiation length 1 (X 0 =
0:89cm) and Moliere radius 2 (Rm = 0:89cm). In order be able to produce these kind
of crystals that have the desired properties and can withstand the LHC conditions
a lot of research had to be made. Each one of these crystals takes two days to
produce.

The energy measurement of the particles is based on a principle called scintilla­
tion. When a particle that interacts electromagnetically traverses the volume of the
detector it interacts with the material of the detector and produces light. The light
produced can be detected and by measuring the amount of light produced, the
energy of the particle can be measured. One more reason that this material was
chosen for the ECAL crystals was that it has a very fast response. Approximately
80% of the produced light is generated in 25 ns which is the the same frequency
with which the LHC beams are crossed. On the other hand, a disadvantage is that
they emit little light. To compensate for that, photodiodes are used which collect
the light and enhance it so it can be detected easily. Two types of photodiodes are
used, the Avalance PhotoDiodes (APD) and the Vacuum PhotoTriodes (VPT).

Apart from the main part of the ECAL, CMS has another type of electromagnetic
calorimeter. This detector is called Preshower and is located only in the endcaps.
It is used in the following way. If the two photons produced in the decay of the
neutral pion ( � 0 ! 2
 ) have a very small angle between them it is possible that
they are detected as one very energetic photon and not two. The preshower is
a calorimeter with very good spatial resolution, better than the one of the main
ECAL. This way the two photons produced from the neutral pion decay can be
identi�ed correctly and assigned to the pion and not to a possible Higgs boson.

Like all subdetectors, ECAL is splitted in two parts. The one being in the barrel
(ECAL Barrel, EB) and the one located in the endcaps (ECAL Endcap, EE). Ecal
covers an area of 1.2 m < r < 1.8 m and j� j < 3.

EB covers the area j� j < 0.1479 and consists of parts called supermodules
each containing 4 modules. The �rst module of each supermodule contains 500
crystals while the rest contain 400. There is a total of 26 supermodules and 61200
crystals in the EB. The part of the detector located in the endcap covers the region
0.1479 < j� j < 3. EE consists of 2 semicircles made of "supercrystals". Each
"sypercrystal" contains 5 � 5 making a total of 7324 crystals for each one of the
endcaps of the ECAL.

1Radiation length is de�ned as the distance that a particle needs to travel in order for its energy
to be lowered by a factor of 1/e of its initial one, due to electromagnetic interactions.

2Moliere radius is a measure of the electromagnetic shower caused by a photon or an electron.
It is de�ned as the radius of a cylinder that contains the 90% of the energy of the shower.
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Figure 3.7: The electromagnetic calorimenter of the CMS detector. ECAL is built
from lead tungstate crystals ( PbWO4). In total 61200 crystals were used for its
construction. ECAL consists of the barrel part, ECAL Barrel (EB) and of the endcap
part, ECAL Endcap (EE). Finally ECAL also includes the preshower detector.

3.3.3 The Hadronic CALorimenter (HCAL)

The third layer of the CMS detector is the Hadronic CALorimenter (HCAL). This
subsystem is responsible for measuring the energy of hadrons and their decay
products. Particle detection is based on hadronic showers. They are the result of
the interaction of the hadrons, traversing the detector's plane, with the nucleus
of the atoms of the detector's material. The "active" material used in the HCAL
is �uorescent plastic. The HCAL is a sampling calorimeter which means that it
consists of layers of detecting material and absorber. As an absorber brass was
used together with steel. The construction of this detector was a challenge as big
amount of material had to be �t in between the ECAL and the magnet.

When a particle goes through the active material of the detector, light is pro­
duced. This light is of blue color and is collected by wavelength­shifting �bers
which transform it in green. It is then transferred in special detectors called Hy­
brid Photodiodes (HPD) where it is ampli�ed and transformed into electrical signal.
From where it is �nally transferred to the data collecting unit.
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Figure 3.8: Graphical representation of the Hadronic CALorimenter (HCAL) of
CMS. HCAL consists of two parts, the barrel part and the endcap. The part in the
barrel is again split in to two more parts the inner and outer one. In the endcaps
there is the HCAL endcap part and the HCAL forward detector.

HCAL (Figure 3.8) consists of two parts, the one at the barrel , HCAL Barrel
(HB) and the other at the endcap, HCAL endcap (HE). These two parts provide a
coverage of j� j < 3. HCAL also includes the HCAL forward detector (HF) which
is used to detect hadrons that decay in very small angles compared to the beam
axis. This part of the detector receives high amount of radiation because as the
beams cross the majority of the protons do not collide but are scattered in small
angles and hit the endcap part of the detector. For that reason the HF part uses
optical �bers that emit Cherenkov radiation and are very tolerant to radiation.
While HCAL resides inside the magnet hadrons that are emitted in large angles,
almost perpendicular to the beam axis do not go through enough layers of the
calorimeters so that their energy is measured well enough. To mitigate that, a
part of the HCAL, called HCAL outer (HO) has been placed outside of the magnet,
covering an area of j� j < 1.26.

Apart from detecting particles directly, ECAL and HCAL also measure particles
indirectly. This is in the form of missing momentum. Some of the particles that
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are of great interest in modern physics such as neutrinos interact very rarely or
some times never with ordinary matter. This makes their detection impossible.
From the missing momentum one can indirectly measure the existence of a par­
ticle that was produced and was not detected. For that reason ECAL and HCAL
must be hermetically closed because there must be no possibility of ordinary par­
ticles escaping the detector undetected and them be miss­interpreted as missing
momentum.

3.3.4 The magnet

One of the most di�cult and important aspects in the constructions of CMS was
the choice of the magnet. The di�culties included both the selection of the type
as well as the strength of the �eld it will produce. CMS chose to use a supercon­
ducting solenoid. It has a length of 13 m parallel to the beam axis. The magnet
is capable of producing a magnetic �eld of 4 T. It is big enough so that 3 out of
the 4 subdetector systems of CMS reside inside the magnet's volume. It is used to
curve the track of charge particles so that their momentum can be measured. The
solenoid magnet covers and area of j� j < 1.5.

3.3.5 The muon detectors

The last layer of CMS is the muon detecting system. As mentioned above the
detection of muons is very importance for the LHC experiments. Muons are very
penetrating and can go through a long distance inside a material without interact­
ing and thus without being detected. In order to detect them, a dedicated system
of detectors is used. The muon system also plays a key role in the trigger system
of CMS. The muon system consists of 4 stations covering a total area of 25000 m2

of active area 3 . Due to the large area as well as the di�erent radiation dosages in
the various areas of the detector, three di�erent types of detectors are used in the
muon system:

ˆ Drift Tubes (DT).

ˆ Cathode Strip Chambers (CSC).

ˆ Resistive Plate Chambers (RPC).

3Area in which a particle can be detected
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Figure 3.9: The muon system of CMS. In total, three di�erent detector types are
used for detecing muons in CMS. The Drift Tubes (DT) located in the barrel, the
Cathode Strip Chambers (CSC) which are placed in the endcaps and the Resistive
Plate Chambers (RPC) which are placed in both parts of CMS.

Each of these types is used for a di�erent purpose. The �rst two have very good
spatial resolution while the RPCs have very good time resolution. The muon system
covers the area 4 < 7.4, j� j < 2.4.

The drift tubes (DT) are placed in the main body of the CMS detector, the
barrel. In the barrel the particle �ow is relative slow and the magnetic �eld ho­
mogeneous. Drift tubes consist of 5 cylinders, coaxial with the center of the beam
which cover all the barrel. Each disk has 4 stations of di�erent radius (MB1 ­
MB4). Each tube has a diameter of 4 centimeters and a wire in the center. It
is �lled with a gas mixture of argon and carbon dioxide. When a muon passes
through the gas it ionizes the gas molecules. The electrons created from the ion­
ization move towards the wire due to the electric �eld in the center of the tube.
By detecting the point at which the electrons hit the wire and the time it took for
the electrons to drift to the wire the muons track can be calculated. Each DT
detector has a size of 2 � 2:5 m and consists of 12 layers split in to 3 groups with
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a total of 60 tubes. The middle group detects the coordinate of the track parallel
to the beam axis while the other 2 groups detect the the coordinates in the plant
perpendicular to the beam axis.

The cathode strip chambers (CSC) , are placed at the endcaps perpendicular
to the beam direction where the �ow is large and the magnetic �eld non uniform.
The CSCs have very small response time and thus can be used in an environment
with such a high amount of radiation. In addition they can provide information
regarding the timing of the particles. Their operating principle is based on a
mesh of wires. The have positive charged wires which act as anodes and negative
charged wires which act as cathodes. The mesh resides inside a gas mixture.
When a charge particle goes through the gas, the gas molecules become ionized.
The electrons produced in the ionization move towards the cathodes producing an
avalanche. The signal produced by the avalanche provides information regarding
the trajectory of the particle that produced it .

The resistive plate chambers (RPC) , are placed both in the barrel and in the
endcaps of CMS. They work complementary with the other two muon systems pro­
viding triggering information. They consist of two plates, one positively charged
acting as an anode and one negatively acting as a cathode. In between the two
plates, there is a gap (2 mm approximately) �lled with gas. When a muon pass
through the gas it ionizes it. Due to the charged plates there is an electric �eld
inside the gas which makes the electrons accelerate causing an avalanche. The
particles in the avalanche are guided to the anode where they are collected pro­
viding information for the muon that passed. The electric �eld inside the plates is
causing the signal to be produced faster than the collision rate of the LHC. Due
to this, the detector has a very good time response. This together with the good
spacial resolution allows the RPC to be used for triggering.

3.3.6 The triggering system

During the operation of the LHC, the detectors record data at a rate of 109 Hz .
With a rate like that each of the detectors will be producing 100 Terabytes of data
per second. It is impossible to store all this information. Firstly due to the lack
of storage space and secondly because it would not be possible to process this
amount of data. In addition only a fraction of this data are interesting from a
physics point of view. To solve this problem the detectors have a �ltering system
in order to reduce the amount of data recorded. In CMS this system is called
Trigger and Data Acquisition System ( TRIDAS ). The process is separated in two
stages. The �rst stage is what is called the Level­1 trigger and the second one the
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High Level Trigger (HLT).
The Level­1 Trigger is the �rst step of the triggering system of CMS. At this

stage the system has a total time of 3.2 �s to decide for each event whether it is
worth storing or not. In reality due to delay problems the time is approximately
1 �s . The data are stored in bu�ers until the trigger decides whether they will be
kept or not. This step consists entirely of hardware which is located as close as
possible to the detector in order to minimize delay due to data transfer. Because
of the very small amount of time that this system has in order to decide it uses
information solely from the calorimeters and the muon system. After this stage
the total amount of data is around 50 kHz which are then transferred to the HLT
for further �ltering.

The HLT consists of solely software. It uses algorithms similar to the ones used
from physicists in o�ine analysis. The �ltering is done in 3 stages. In the �rst stage
data from the calorimeters and the muon system are used in a manner similar to
the one in the Level­1 Trigger but with greater detail. After that, information from
the tracker is incorporated. Finally all the information is used and the event is
reconstructed. After the triggering process is �nished, the data rate has dropped
to around 100 Hz. The data selected by the the two levels of triggering system are
then saved and used for o�ine analysis by the physicists.
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Chapter 4

Object Reconstruction

One of the most important things in a high energy physics experiment is the
proper reconstruction of the particles generated inside the detector. After protons
collide particles are generated. As these particles traverse the detector volume
they interact with the detector's material generating signals. Usually detectors
consists of di�erent types of subdetecting systems. The signals produced by the
generated particles vary on type and characteristics based on the particle type as
well as the detector type that they interact with. Object reconstruction refers to
the use of the various signatures left behind by the particle in order to identify
the type of particle as well as its kinematic properties e.g. momentum, energy
etc. To do so CMS uses an approach called Particle Flow (PF). Instead of using the
information from each sub­detecting system individually, CMS combines them
to achieve better results. In the following chapter the various techniques and
methods used for object reconstruction in CMS are explained.

4.1 Track and Vertex reconstruction

The �rst step of object reconstruction is the determination of the tracks of parti­
cles. This is done using information from the pixel and strips parts of the tracker
detector. CMS uses an algorithm called combinatorial track �nder (CTF). It is an
iterative algorithm that runs in six iterations and has a very high e�ciency and low
fake rate. Hits on the tracker are combined into tracks using very tight criteria in
the �rst iteration. This means that the algorithm has a small fake rate but not very
good e�ciency at the same time. Hits that are matched to a track are removed and
a second iteration of the algorithm begins. At this step the requirement criteria
are looser. This procedure is repeated again with loosening the criteria in each
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iteration. In the �nal iterations more complex tracks are reconstructed.
The next step is the determination of the primary vertex. As a vertex we de�ne

a point of interaction. For example the point where a collision happened or where
a particle decayed into other particles. As primary vertex (PV) we de�ne the point
where the hard scattering from the proton proton collision occurred. Tracks are
selected and grouped based on their distance from the beam interaction point. A �t
method is used utilizing the full tracking information to determine the likelihood
that this track corresponds to the primary vertex. More than one vertices can
be reconstructed in this way. After all vertices are determined, the one with the
highest sum of transverse momentum squares (

P
p2

T ) is chosen as the PV.

4.2 Calorimeter clustering

The calorimenters are used to detect and measure neutral particles as they do
not interact with the tracker. They separate the energy deposits that neutral and
charged particles leave behind. They identify electrons and their accompanied
photons of Bremsstrahlung radiation and �nally give better accuracy in the mea­
surement of particles with very high energy as the tracker can not measure their
energy accurately enough.

Calorimeter clustering refers to the measurement of the energy of the parti­
cles by the various calorimetric layers. The calorimeters in CMS consist of many
smaller parts. In ECAL they are called crystals while in HCAL modules. They are
both called calorimeter cells. Usually a particle that goes through the calorime­
ter it leaves its energy in more than one of the calorimeters cells. In that sense,
clustering refers to combining the information from the various cells in order to
measure the whole energy of the particle.

It starts from a cell where the energy exceeds a certain threshold. Adjacent
cells with an energy that exceeds twice the noise level of the cell are associated
with the starting cell forming a cluster. Various methods have been developed for
measuring and correcting the energy of the particles as its measurement is crucial
for the experiment.

4.3 The linking algorithm

The various signals left behind in each subdetector system of CMS are called
PF elements as they are used in the particle �ow algorithm in order to identify
particles. In Figure 4.1 the di�erent signatures left by various particle types inside
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Figure 4.1: Cross section of the CMS detector. In the picture, the various signa­
tures left by each particle type in the corresponding detector subsystem can be
seen.

the detector can be seen. One of the most fundamental parts of the PF algorithm is
the association of the separate elements of the same particle together at the same
time avoiding double counting. The core of this procedure is the linking algorithm.

The linking algorithm links tracks and calorimeter clusters by extrapolating
their trajectories. A link is also performed to associated charge particles with
Bremsstrahlung radiation. The link is established by extrapolating tangents from
the intersecting point of the tracks pointing to the ECAL. If the extrapolation falls
within an ECAL cluster the cluster might be a Bremsstrahlung photon. ECAL,
HCAL and preshower clusters are also linked. It is done by checking if the cluster
in the more granular calorimenter is in the boundary of the other. Finally tracks
from the tracker are linked to tracker in the muon system.
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4.3.1 Muons

The particle �ow algorithm reconstructs muons based on the information from the
tracker and the muon system. A reconstructed muon from the muon system is
called a standalone muon, while one generated using the tracker information is
called a tracker muon. Combining the information from both detecting systems a
global muon is reconstructed.

4.3.2 Electrons and Photons

Electrons and photons are reconstructed combining information from the tracker
and the ECAL. While traversing the tracker material, electrons can emit photons
via bremsstrahlung radiation. Photons can then be converted to electron/positron
(e+ e� ) pairs which can also emit photons. For that reason the reconstruction of
photons and electrons happens together. When a track is an electron candidate,
an additional �t with a di�erent GSF is done. This allows for the sudden drop of
energy due to radiation. An electron candidate originates from a GSF track that is
not linked to 3 or more additional tracks. On the other hand, a photon candidate
comes form an energy cluster that has no link to a GSF track. The cluster must
also have transverse energy ( ET ) more than 10 GeV.

4.3.3 Jets

Quarks and gluons are not detected individually but form more composite particles
through the hadronisation process that was described earlier. These composite
particles then decay leaving the experimental signatures that we see in the detec­
tors. Jets are the groups of particles that produced during this process. Due to
the number of these particles it is not possible to reconstruct them individually so
the structures called jets are formed. It is also not of much importance to detect
the products of the particles that are produced by the decay but rather through
the jet properties to study the initial particle from which the jet was produced.
The main purpose it to measure the energy of the jet. Jets are reconstructed us­
ing algorithms that go through the various objects detected in the calorimeters in
order to group them together. As jets are composite objects their de�nition is not
unique and depends on the algorithm that was used in order to generate them.

Many jet clustering algorithms are used in particle physics. One of the most
import feature is that need to be infrared and co­linear (IRC) safe. This means that
they should provide the same result of clustering when a soft particle is included
in the cluster or when a parton splits in to two other partons, see Figure 4.2.
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Figure 4.2: An infared and colinear safe jet reconstruction algorithm. The algo­
rithm should give the same result when a soft particle is included in the particle
or when a parton splits in two other partons.

The most used algorithm in CMS is the anti­ kt algorithm [11] and the jets are
called AK jets. In the process of reconstruction with the anti­kt algorigth, for each
PF candidate i the following two parameters are calculated:

di;B = p2
T;i (4.1)

di;j = min (p� 2
T;i ; p� 2

T;j )
� R2

ij

R2
(4.2)

where di;B is the distance between entity i and the beam line. � R2
ij = ( yi � yj )2 +

(� i � � j )2, is de�ned as the distance between the two entities i,j in the � � �
plane, where y is the rapidity and � is the azimuthial angle from the x­axis. After
calculating there quantities, the algorithm proceeds as follows. It calculates the
minimum of these two quantities. If di;B is the minimum, then i is considered a
jet and is removed from the collection and the algorithm continues. If di;j is the
minimum, then the two entities are merged. The distances are then re­calculated
and the process is repeated until no entities are left.

The parameter R is called the jet radius and de�nes how big is the cone that is
used to group particles. The default one in CMS is 0.4 and the jets produced are
called AK4 jets. Other distance parameters can be used. In this particular thesis,
AK8 jets were used where the jet radius is 0.8. Bigger radii are usually used to
reconstruct jets that originate from particles with high transverse momentum and
hence large Lorentz­boost. Figure 4.3 shows the reconstruction of jets using the
anti­kt algorithm with a radius of 1.

When reconstructing a jet it is possible that extra energy is accounted to it
coming usually from pileup. Pileup is de�ned as the phenomenon under which
two or more particles collisions happen during the same beam crossing and hit
the detector at the same time. This can lead in signi�cant loss of the detector's
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Figure 4.3: Example of the jets reconstructed using the anti­kt jet reconstruction
algorithm with a radius 1.

resolution. There are three kinds of pileup depending on the time that the particles
hit the detector. The in­time pileup (IT) refers to particles from separate events
hitting the detectors. This type of pileup leads to associating particles from di�er­
ent events to the same event. The out­of­time pileup (OOT) can be separated in to
two categories. The early out­of­time refers to energy left in the calorimeters from
previous events and the late out­of­time pileup refers to energy from later events.
This phenomenon, leads to wrong energy measurements for each particle.

In order to account for this, CMS uses special algorithms developed for that
purpose [12]. The one that was widely used in CMS during Run­I was the charged
hadron subtraction (CHS). It relies on the knowledge of the position of the primary
vertex. It removes all the charged particles that have a track that is not pointing to
the primary vertex. Its main advantage is that it removes the pileup particles before
the reconstruction of the jets. On the other hand since it relies on the knowledge
of the position of the various vertices it means that it can only be applied in the
area of the detector which is covered by the tracker.

Another widely used algorithm is the pileup per particle identi�cation (PUPPI)
algorithm [13]. This was also widely used during Run­II. It works on an event by
event basis. It calculates the probability that each particle originated from the
primary vertex and assigns a weight to each particle based on it. The weight is
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Figure 4.4: Consecutive stages of Jet Energy Corrections (JEC), for data and MC
simulation. All corrections marked with MC are derived from simulation studies,
RC stands for random cone, and MJB refers to the analysis of mult�et events [14].

calculated using the energy distribution around the particle as well as information
from the tracker. Using this weight the four­momentum of each particle is scaled
before clustering the jets.

The jet energy measured with the CMS detector does not match the true value
of the jet's energy. Di�erent e�ects account for this di�erence in the measurement
and they need to be corrected. To do so, CMS applies a set of corrections [14] to
the energy measured. These corrections are applied in a set of steps. Each step of
corrections is independent of each other and can be applied separately. But they
are derived in a consecutive manner and need to be applied in the correct order.
The �rst level (L1) of corrections, called o�set corrections, is used to remove energy
that was accounted to the jet that is not part of the jet and usually comes from
pileup. The next two levels, (L2) relative and (L3) absolute correction,s are applied
as a function of pt and � and take into account for the di�erence in response
between the various subdetector systems of CMS. Finally it has been observed
that this procedure yields di�erent results in data and simulation. An extra set
of corrections is applied only in data in order to make sure that the result of the
corrections is the same. In Figure 4.4 there is a diagram explaining the various
corrections explained in the previous paragraph.

Another important step in the object reconstruction process if the determina­
tion of the �avour of the jets, mainly the �avour of hadron jets. The algorithms
used in reconstruction are able to identify:

1. b­jets: jets coming from the hadronization of b­quarks

2. c­jets: jets coming from the hadronization of c­quarks

3. light jets: jets that do not contain b or c quarks are called light �avor (LF)
jets. This means the are from u,d or s quarks

4. pile up jets: the rest of the jets
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Figure 4.5: Graphical representation of the impact parameter and the identi�ca­
tion of a secondary vertex [15]. The IP is the distance of closest approach between
a particle track and the primary vertex. It is used to detect displaced track that
do not come from the primary vertex.

The correct identi�cation of the jet �avour is important as many analysis including
this one heavily rely on the identi�cation of �nal states that contain jets of one of
these �avours.

Due to the importance of the identi�cation of these jets, CMS uses speci�cally
developed algorithms for this task. During the hadronization of the b or c quarks,
short­lived hadrons are produced that live for around 1 ps. Depending on their
pT they travel a distance of a few mm to 1 cm. This means that when they decay
they produce particles whose tracks do not point to the primary vertex but form
another one that is called a secondary vertex. The tracks for these new particles
are "displaced" compared to the PV. This displacement can be measured using the
impact parameter (IP) which is the distance of closest approach between a particle
track and the primary vertex. Another source of information that can lead in the
distinction of a b or c jet from a LF one is the relative higher mass of the �rst ones.
In Figure 4.5 the various properties discussed in the previous paragraph can be
seen.

The algorithms used for the identi�cation of HF jets are called taggers. In
particular the ones used for the identi�cation of b jets are called b­taggers. They
usually rely on the use of the principles and variables discussed before combining
them with machine learning in a multivariate analysis approach. The classi�ers
provide a set of working points (WP) that have a particular e�ciency and miss­
tagging probability.

Regarding b­tagging in CMS during the Run­I the Jet Probability (JP) and Com­
bined Secondary Vertex (CSV) algorithms were used [16]. During Run­II the JP
was used only for calibration and CSV was improved in the the CSVv2 algorithm.
It combines more information in a di�erent way in order to overcome limitations of
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the version of the earlier version of the algorithm. In 2017 and while this analysis
was under going the CSVv2 algorithm was enhanced even more using deep learning
techniques. This new algorithm was named DeepCSV. It uses the same informa­
tion with CSVv2 but combines the information in a deep neural network with even
more layers. The outcome is four independent probabilities P(b/bb/c/udsg). The
�rst two P(b) and P(bb) are de�ned as the probability that the jet contains one or
two b quarks. P(c) is de�ned as the probability that the jet contains one c quark
and �nally P(udsg) is de�ned as the probability that the jet con taints none of the
above. When the sum of P(b) and P(bb) are above a given value, the working point,
the jet is characterized as a b­jet.

4.3.4 Missing Transverse Energy (MET)

CMS is designed to be hermetically closed as mentioned before. This is done be­
cause it needs to detect all particles produced by the pp collisions. The are however
particles like neutrinos and other theoretical particles that do not interact with the
detector. These particles are in­directly detected by measuring the imbalance in
transverse energy. This imbalance is accounted to the production of particles of
one of these types. The missing transverse energy (MET, Missing ET ) is de�ned
as the negative vectorial sum of the transverse momentum ( pT ) of all the particles
reconstructed with the particle �ow algorithm.

~E miss
T = �

X

P F

~pT

The term ~pT includes all the reconstructed objects but also the energy of the can­
didate particles that were not clustered in a physics object. Analyses that include
neutrinos or that search for new hypothetical non­interacting particles are very
sensitive to the measurement of MET. The measurement of pT is very sensitive
and delicate process since it combines information from various subdetector sys­
tems. It can be a�ected by noisy sensors or electronics and dead areas in the
detector as well as from the e�ciency of the object reconstruction. CMS has per­
formed extensive studies [17] to ensure the correct performance in the calculation
of MET. To mitigate for any e�ect caused by what was described above the MET is
actually calculation using the following formula

~ET = ~pmiss;uncorrected
T �

X

jets

(~pcorrected
T � ~puncorrected

T )

where ~pcorrected
T and ~puncorrected

T are the transverse momentum before and after ap­
plying the jet energy corrections respectively. Finally in order to avoid e�ects from
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pile up only jets with a pT of more than 15 GeV are used when calculating the
sum.



Chapter 5

Control Systems

This chapter focuses on the description of the concepts used in the design and
implementations of control systems such as the Detector Control System (DCS)
used in CMS as well as the tools developed and used at CERN for creating control
systems.

5.1 SCADA systems

Systems like the DCS used in CMS belong to a wider category called Supervisory
Control And Data Acquisition (SCADA) systems. SCADA as a term is widely used
for describing systems that monitor and control remote processes. The term data
acquisition in the context of a SCADA should not be confused with the one used
in a physics experiment (see Section 3.3.6), which refers to the data taking for
physical purposes. It implies the reading of values regarding the monitoring of
the system, which in most cases is done in a very low rate compared to a data
acquisition (DAQ) system. That is why in many cases SCADA systems are also
called Slow Control Systems. These systems are used extensively in the industry
as well as many other �elds apart from physics experiments. In general a control
system consists of three layers:

ˆ The supervisory layer which is responsible for visualizing and controlling.
This is the part of the system that the user interacts with.

ˆ The front end layer that is directly connected to the hardware and reads
signals from it sending them to the supervisory layer.
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ˆ The communication layer that is intermediate layer between the super­
visory and the front end layer and is responsible for the communication
between the other two. It needs to convert signals coming from the hardware
to human­readable form and signals coming from the user in to machine­
readable form.

SCADA systems are usually not complete control systems but are software
toolkits used in order to develop the supervisory layer of a control system. Most of
the systems come with built­in ways to communicate with many types of hardware.
In that sense they provide the ability to create and implement the communication
layer. As the name states, a SCADA system should be able to perform three
individual but complementary tasks.

ˆ Supervise the process. To do that it needs to be aware of its exact state at all
times. This is achieved by communicating with the hardware and constantly
exchanging information with it.

ˆ Control the systems. This is done by sending commands in order to manip­
ulate the system's state.

ˆ Acquire data. This is done for determining the system's state but also for
examining its behavior over time.

5.2 The supervisory layer

A SCADA system should meet the following requirements:

ˆ Collect data in order to be able to determine the state of the system at any
time.

ˆ Monitor the system at all times and store the information gathered from the
monitoring procedure to a database.

ˆ Flexibility in the sense of programming and con�guring supervising proce­
dures.

ˆ Having a user friendly Graphical User Interface (GUI) so that the system can
be easily interfaced by the user/operator.

ˆ Alert and reporting mechanism so that the user can be informed of emer­
gency situations
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Figure 5.1: A schematic representation of a control system. The various compo­
nents of the Supervisory layer can be seen in more detail.

ˆ Being able to interact with external applications

A more detailed representation of the structure of a control system can be seen
in Figure 5.1. The data collection needs of the system are met by what is called
the runtime database. It is responsible for holding all the information about the
system structure, updating it constantly and having it accessible to the rest of the
system's processes. Each element of the system that can hold data is represented
as a point. The database must provide an identi�er, a timestamp and a quality
�ag for each one of these data points as well as holding the last value of this point.

The database is updated in an event driven way. The value of a point is updated
only when an event (i.e. a value change) occurs. On top of that there is a smoothing
mechanism which provides the event de�nition for this particular point. Its most
simple form is old/new comparison but has the possibility of more complex �ltering
by de�ning a dead band or a time interval.

In addition to the run time database, the system must have a way to store
all the collected data in order to determine the evolution of the process because
the run time database can only store the current value. This is usually done
through a relational database. The contents of this database are used for o�ine
analysis, so access speed is not a issue. The features of the run time database
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Figure 5.2: Example of the alarm ranges de�ned for a data point. Alerts are
de�ned by specifying valid ranges for the values of data points. Each of the ranges
is assigned with a priority, with the normal range having priority 0. The alarm
mechanism is implemented with transitions between the de�ned ranges.

(events/smoothing) are also used here in order to control the amount of stored
data.

Another part of the supervisory layer is the so called Human­Machine Interface
(HMI). It exposes the state of the system and allows the user to interact with
it by sending commands acting as an middleman between the operator and the
process. The interface should be simple, responsive and user­friendly. It must be
intuitive and provide con�dence to the operators that human errors are avoided.
The available actions need to be straight forward and feedback from the performed
actions needs to be clear.

Following these concepts, schematic representations are preferred over text
e.g. a coloured LED is better than a text �eld in indicating the state of a machine.
Color conventions should also be used so that the information displayed to the
operator is transparent. The use of trends displaying the evolution of the process
is also useful in order to allow the operator to predict and identify evolution of the
process over time.
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Figure 5.3: A schematic representation of all the possible states and transitions
of the alarm mechanism of a control system. Two types of transitions exist the
CAME and the WENT. CAME indicates a transition from a good state or a state with
low priority to a state with higher priority while WENT indicate the opposite. Most
alerts have to be acknowledged. If an alert WENT before the operator acknowledged
it, it is indicated as a WENT/Unacknowledged alert.

A role distinction system is also needed. Experts and normal users/operators
should have access to di�erent kind of information. An expert will be able to
distinguish the state of the system in a complex interface or identify a pattern in
a complex trend allowing him to determine the current status of the process. In
addition the available commands should be restricted for a normal user while an
expert should have more freedom to perform actions that are more invasive in the
procedure of the monitored process, allowing him to identify and/or �x issues.

Another key feature for a SCADA system is the alarm handling mechanism.
Alarms are noti�cations that are used to inform the user for an abnormal behavior
in the monitored process so that he can intervene and restore the activity. Alerts
are de�ned by specifying valid ranges for the values of the system's data points
(See Figure 5.2). Each one of the ranges is assigned with a priority number in­
dicating the severity of the event occurred. The normal range of the value has
a priority 0. The alarm mechanism is implemented with transitions. Two types
of transitions exist, the CAME and the WENT transition. The CAME transition
indicates that the value of a data point shifted from a good state or a state with
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low priority to a state with a higher one. In contrary the WENT one indicates the
that the value changed to a state with a lower priority number. Most of the alarms
must be acknowledged by the operator. This implies that if an alarm CAME and
WENT before the operator acknowledged it, the system stays in alarm state but is
indicated as a WENT/Unacknowledged so that the information about the alarm is
not lost. A schematic representation of all the possible states and transitions can
be seen in Figure 5.3.

Finally the SCADA system should be able to communicate with external ap­
plications. It should be able to expose its data to other pieces of software. This
can happen whe another piece of software will be responsible for manipulating the
data and the SCADA will be used for for monitoring and controlling the process.
One way of achieving this is by storing the data in a relational database which can
then be accesses by other applications.

5.3 The front end layer

The front end layer is the part of the control system that is directly connected to the
hardware. The hardware can consist of general­purpose devices such as sensors
(temperature, pressure, humidity etc.) as well as application speci�c devices like
power supplies, pipes, pumps, fans, motors and many others. One of the most
common device type used in control systems are Programmable Logic Controllers
(PLCs). They are very robust, low level computers. They work by making cal­
culations based on input signals coming from sensors and outputting the result
of the calculation to the rest of the hardware. Because of their robustness they
are widely used for safety purposes, signi�cantly decreasing the response time of
a safety action. In very complex systems during an emergency the appropriate
command might not be straight forward for the operator and the use of PLCs helps
avoiding human error.

5.4 The communication layer

As it has already been mentioned, this part of the control system is responsible for
the communication between the hardware (front­end layer) and the supervisory
layer. In the past the supervisory layer was built using software spesi�c for each
hardware type. This was due to the need of drivers in order to interact with the
hardware. This made the procedure of creating a generic control system software
a very hard task. In the past 20 years there has been an e�ort to standard­
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ize the communication procedure by making it hardware independent and using
widespread protocols such as TCP/IP or UDP/IP. This has led to the creation of
communication standards for control systems such as OLE for Process Control
(OPC) protocol, Modbus and S7.

The OPC protocol is a set of standards created together by the hardware and
software vendors and acts as a middle man between the hardware and the soft­
ware. It is based in the client server logic and is actually a translator between two
protocols. The hardware vendor is responsible for providing a server. The server
translates information in to a form that the hardware can understand. On the
other hand it converts information coming from the hardware to an OPC format.
The software vendors have to embed an OPC client in their product. The client is
responsible for translating information coming from the software to an OPC for­
mat that the server understands and thus send it to the hardware. In the opposite
direction it needs to translate OPC formatted information, coming from the server
(initially from the hardware) to a format that the software understands. In this
way there is no need for the development of drivers and the SCADA developer can
communicate with the hardware by simply con�guring the OPC server and client.

Modbus and S7 are communication protocols used mainly with PLCs. They
are vendor speci�c. Siemens PLCs use the S7 protocol while Schneider ones
use Modbus. At CERN also CAN buses are used. This is due to the extreme
conditions under which the hardware has to operate. In strong magnetic �eld and
high rate radiation environment the use of Ethernet based digital protocols is not
possible. CAN is an analog protocol and o�ers a good alternative. In many cases
control systems are made of many smaller individual components that need to
communicate with each other. One example is the communication between the
LHC and the detectors where the accelerator needs to be aware of the state of
each detector and vise versa. A protocol called DIP (Data Interchange Protocol),
developed at CERN is used for this purpose. It is based on the public subscribe
pattern and is used widely in CERN built applications in control systems but also
in others.

5.5 WinCC_OA SCADA Toolkit

In order to select the product that will be used for building control systems CERN
conducted a market survey in the end of the 90's. As a result PVSS­II 1 was

1PVSS is an acronym for Prozess Visualisierungs und Steuerungs System, which means Process
Visualization and Control System
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selected. It is a SCADA toolkit developed by the Austrian company ETM. Later,
ETM was purchased by Siemens which renamed PVSS into WinCC_OA 2 . Siemens
is now the vendor of the toolkit. In the following sections, the structure of WinCC
as well as a set of factors that played a major role in the selection procedure will
be listed.

5.5.1 Main Features

One of the main features on WinCC that made CERN select it as the tool to develop
its SCADA system was its ability to scale. Many of the other available SCADA
solutions have a limit in the number of items they are able to control. WinCC
has no limit since it o�ers the ability to develop a distributed system. It natively
o�ers the ability to connect di�erent systems. This way a large system can be
splitted into several smaller ones that together form the control system. This is
very important as it allows for the distribution of the computational load making
it possible to design and develop really large systems like the oned needed for the
operation of the LHC and its detectors. Extensive tests were made at CERN in that
direction in order to test the limit of WinCC. They found that it was possible to
connect more than 100 systems in order to form one very large distributed system.
The way distribution is implemented in WinCC is that all connected systems are
automatically updated when something changes in one of them. This allows the
user to modify and develop further tools for one of the systems since it is ensured
that if one component is deployed in one of the them it will not interfere with the
structure of the whole system.

Another advantage of WinCC is its run time database. It comes with an internal
database which consists of structures called data points (DPs) (See Figure 5.4). A
data point is a structure made of individual elements, called data point elements
(DPE) which can hold values. Each data point is an instance of a certain type,
called data point type (DPT) (See Figure 5.5). The DPT de�nes the general structure
of the data point as well as the name and type of its elements. Data points can
be used to simulate devices that are connected to WinCC but can also be used for
modeling more abstract types. The concept is similar to the one used in Object
Oriented Programming (OOP). A DPT is a class, a DP is an object of that class and
a DPE is a �eld of that class.

The advantage of using this philosophy for the run time database is that data
that are associated with a device can be grouped together and are not held in
separate variables as it is done in other SCADA systems. This way the re usability

2Short name for WinCC Open Architecture
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Figure 5.4: A schematic representation of a data point. A data point is an abstract
structure holding data. It consists of data point elements that are of a certain type
and have a value. Each data point is an instance of data point type which speci�es
its structure.

of code and components which are developed for this type of device is enabled.
Although WinCC is not object­oriented (OO), the structure of its run time database
can be thought as this. A type that represents to the structure of the data is
created, similar to a class. Then instances of this type which correspond to actual
devices are being created like objects of a particular class are created. Finally data
point elements are part of the data point like are class �elds in OO. WinCC also
provides the ability to create generic user interface components (reference panels).
This way, graphics can be designed for a data point type and instantiated for each
data point.

Another advantage of WinCC is that it can be easily extended through the
native language that the toolkit provides. This programming language is called
ConTRoL (CTRL) and it has been used at CERN to develop a set of libraries (See
section 5.6) that can be used as a basis for the design and development of control
systems. In addition, there is a custom WinCC Application Programming Interface
(API) which can be used to write WinCC managers and drivers 3 extending it so
that it can meet the needs of the user.

CTRL is a C­like language and is used for creating scripts and user interfaces

3The concept of managers and drivers in WinCC will be explained in the next section.
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Figure 5.5: A schematic representation of a data point type. Data point types
specify the structure of each data point that is created and is of that type. They
are like blueprints and are used to model devices in an abstract data point of view.
For example a power supply can be speci�ed as a data point with two values,
representing the voltage and the current it supplies to the connected devices.

(panels). The advantage of this language is that it is user friendly and easy to
learn as it follows the general rules of a programming language. This way it is
easy for new users to get familiar with the toolkit being able to contribute in large
projects quickly. Additionally, people that are not that familiar with programming
as software engineers are, can develop control systems easier than in other SCADA
toolkits.

Another major advantage of WinCC, in contrast to most SCADA products, is
that it is multi­platform. It can o�er the same functionality in Windows as well
as Linux. This is a very important feature, since Linux is very popular in the
scienti�c community and a lot of software, like DAQ are usually developed and
operated under Linux. This allows running the DCS (or some part of it) and the
DAQ software under the same machine. Although this is not entirely true, since
some of the communication protocols like OPC or in general external application
force the use of Windows, all the native WinCC functionality can be used in both
operating systems.

5.5.2 Structure

WinCC is not a control system on its own but rather a set of tools that can be
used to build one. It provides most of the features needed to create a robust
SCADA system, like a well structured run time database, modularity and scala­
bility as it allows for the connection of many individual projects to create a bigger
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one. The main philosophy behind its architecture is modularity. Each function of
the system is implemented by an independent process which is called a manager.
Managers work together by communicating with each other forming the whole sys­
tem. A �gure of the structure of a WinCC project with all the individual managers
can be seen in Figure 5.6.

The core of the system is the Event Manager (EV). Only one event manager
is allowed per system and it is responsible for the communication between all
the other managers as they can not directly interface each other. It operates
by receiving and evaluating inputs (events) from other managers and distributes
these events to the rest managers. It contains the current image of the system
(run time database) in memory and it is the way all the other managers have in
order to access the system's image. Managers can get the values of data points
by interacting with the event manager. They can also update the values of data
points. Finally they can subscribe to a speci�c data point and be noti�ed by the
event manager whenever there is a change to the subscribed data point.

Another very important manager is the database manager (DM or DB). This
manager re�ects the current status of the monitored process by keeping in mem­
ory the current image of the database. While the EV holds the structure of the
database, this manager keeps the values of the particular elements in the database
which at the end determines the status of the project. This manager also keeps in
memory the latest alarms so that a complete picture of the system is readily avail­
able to the other managers. Additionally it is responsible for archiving the data
acquired from the monitored process. WinCC uses a RAIMA (�le based) database
as the internal run time database. It is highly optimised for read and writes allow­
ing quick access and update to the systems's image. For value archiving, WinCC
provides two possibilities. The �rst one is a local �le storage. The second one is
the use of a Relational DataBase (RDB). At the moment only Oracle databases are
supported but in the future more database types will be included.

User Interface (UI) managers are responsible for running the HMI processes.
They work by executing panels and projecting them to the screen so that the user
can have a graphical representation of the monitored process. A special panel
that is called Graphics Editor (GEDI) is also available. This panel is used as an
Integrated Development Environment (IDE) for the development of other panels,
various graphical objects and also scripts and libraries. Control managers (CTRL)
work together with UI managers by running scripts in the background written in
WinCC's native language CTRL.

A big advantage of this toolkit is that it comes with an API allowing users
to develop their own custom managers in C++ or CSharp. The API manager runs
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Figure 5.6: The structure of a system built with WinCC_OA. Each part of the
system is an individual process. All the processes communicate with each other
to form the entire system providing great modularity and scalability.

custom code developed byt the user implementing new functionality and extending
the standard WinCC one.

In order to interface the hardware WinCC provides a special type of managers,
called drivers (D). They are responsible for handing the di�erent communication
protocols in WinCC. The standard ones support protocols such as TCP/IP, Mod­
bus, Pro�BUs, CANbus, OPC, S7 and others. On top of that the user has the
ability to write its own drivers and extend the poll of hardware that can be inte­
grated in the system. At CERN drivers have been developed for the DIP and DIM
protocols.

Through WinCC di�erent kind of systems can be created. The two most im­
portant ones are distributed and scattered. They provide WinCC with the ability
to scale. A scattered system is one that has no event or data manager. This can
be done as WinCC allows a manager to connect to a remote event/data. Scattered
systems are a collection of graphics and control managers with no system image
(runtime database). They connect to remote data/event managers for getting the
image. A distributed system (See Figure 5.7) can be connected with other control
systems so that together they form a bigger one. For this to be possible WinCC
provides a special type of manager, the Distributed Manager (Dist). The data of
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Figure 5.7: Picture of a distributed control system. Each WinCC system, features
a distribution managers. This manager can be used to connect WinCC systems
together to create a large control system.

both systems are available at each time and can be accessed by adding the system
name before the data point name so that the EV knows where to look for the data.
This way, division of concerns can be achieved by splitting the responsibilities
between systems.

5.6 Joint COntrol Project Framework (JCOP)

The Joint COntrols Project, was created in order to provide the tools for all the
experiments at the LHC to develop control systems using a common basis. During
the LEP experiments it was made clear that there was lack of standardization in
terms of hardware as well as in terms of software. This made the integration and
the maintenance of the various projects a very hard task. As a result it was decided
that CERN would rely as much as possible in commercial products for hardware
and software. The goal was to create a set of tools so that the e�ort for developing
and maintaining and integrating projects would be reduced to minimum. As a
result a framework was created. It contains a set of libraries, panels as well as
other components that can be extended by the developers. All the basic tools to
create a control system are already available and since all systems are built using
the same basis they can easily be integrated. The framework is built as a set
of components each one having a di�erent functionality allowing the developer to
use the ones that he needs in order to develop his system. It provides a higher
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layer of abstraction as the developer interacts with the framework and not with
WinCC directly. Although interaction with WinCC is also available since not all
functionality is covered by the framework.

5.6.1 Hardware and Logical view

Figure 5.8: The JCOP framework Device Editor Navigator (DEN)

The framework comes with a built in way to organize the connected devices
called Device Editor Navigator (DEN). The organization is composed of two parts,
the hardware and the logical view (See Figure 5.8). The hardware view is manda­
tory while the logical is not. The hardware view corresponds to the actual con�g­
uration of the hardware (power supplies, crates, mainframes etc) and the devices
connected to them. It is designed in such a way that corresponds to the actual
hierarchical connection of the hardware (mainframes contain board that contain
channels). The framework also provides built in structures (DPT) to represent the
most common hardware used in the experiments so that the development of dif­
ferent structures (DPT) for the same hardware is avoided because it could result
in con�icts while integrating various systems. The logical view is implemented
by providing a more descriptive name (alias) to the data points contained in the
hardware view. It is used in order to organize the detector in a more user friendly
way. A mainframe name may not be very meaningful to the user, but the part of
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Figure 5.9: A sample FSM diagram created using the JCOP framework component.
Bottom nodes represent actual hardware while the intermediate ones are used to
represent the process in a hierarchical way. In the FSM approach, states propagate
from bottom up while commands the other way around.

the detector that this piece of hardware controls is much more straightforward for
the user in order to operate the detector.

5.6.2 Finite State Machine

The best way for implementing large control systems is through the Finite State
Machine approach. As the name states, through this approach the whole system
is represented as a machine which has �nite number of states in which it can
be. This model is used in many �elds and its de�nition and implementation may
di�er from �eld to �eld. The JCOP framework comes with a native tool which
allows the use of the �nite state machine model for building a control system. It
acts as a bridge between the SCADA system and the State Management Interface
(SMI++) which is a framework for building FSMs and was developed at CERN for
the DELPHI experiment at LEP.

The SMI++ framework provides the ability to create the hierarchical represen­
tation of the experiment in order to control it. The structure is created as a tree of
nodes (parent­children). Each object of the hierarchy (node) is a domain which is
a separate process responsible for managing its sub­nodes. The lower nodes rep­
resent the actual hardware and are not a separate process but operate within the
parent node to which they belong. The inner nodes are not coupled to actual hard­
ware but provide an abstract way of representing the structure of the experiment.
In the SCADA part, the same structure is implemented through data points. The
FSM data points that correspond to devices are directly connected to the SMI++
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and are used to calculate the state of the FSM. This two processes interact via the
WinCC API. All the SMI 4 domains are connected and form the whole experiment
which can be controlled by giving commands to the top (supervisor) node. During
the operation of the FSM, states are propagated from the lower part upwards while
commands move the other way around (See Figure 5.9).

The JCOP tool for the FSM implementation o�ers three types of nodes. The type
speci�es among others the place that each of the nodes has in the FSM hierarchy.

ˆ Control Units (CU) are internal nodes, used to represent the hierarchical
tree. Each CU runs as a separate SMI domain.

ˆ Logical Units (LU) are also internal nodes, but they run within the process
of the CU they are included.

ˆ Device Units (DU) they are the "leaves" of the tree, they represent a device
and they are connected to a WinCC data point that is directly connected to
a device.

Additionally, each node has another kind of "type" called FSM type. It de�nes
the possible states that every node can be in and the actions that can be performed
in each of the states.

As mentioned, DUs are directly connected to the SMI and are used in order
to compute the state of the FSM and at the same time send commands from the
FSM to the actual hardware. For each one of the types an initial state is declared.
A set of rules is used in order to compute the new state in case of a change and
transition to it. The actions are implemented as a sequence of commands and can
be sent to all children of a node or to all children of a speci�c type. Each child
executes the action and then reports back its state forcing the parent process to
re­compute its state.

A large experiment, like CMS, is composed of di�erent sub­detectors and par­
titions. In order to operate smoothly, a �exible partitioning mechanism is needed.
This means that di�erent parts of the experiment need to be operated separately
or even part of the experiment should be excluded at a given moment.

To cover this need, the JCOP framework uses the concept of ownership in the
FSM. Each part (domain) of the tree has an owner. The operator can own the
whole tree or part of it. A shared mode is also available in which the operator
takes control of the whole tree and can then share part of it with one or more

4SMI++ referes to the framework used to build the FSM, while SMI referes to processes that are
written in the SMI language provided by the SMI++ framework.
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users. While this mode is active, he is still the owner but someone else can also
send commands to this part of the tree. Nodes can also be excluded from the tree
meaning that they are not taken into account in the computation of the FSM state
and commands are not send to them. Only the owner can exclude or share a part
of the tree. In addition, LUs and DUs can be disabled which has the same e�ect
as excluding a node. The di�erence is that since they are not a separate domain a
di�erent user can not take control of them. They can only be owned by the owner
of the CU that is above them in the hierarchy.

Di�erent parts of the tree can be controlled by di�erent users, a feature that is
very useful in times of testing or failure. If a part of the experiment is in error state
the operator can exclude this part of the tree and an expert can take control of it
is being �xed. After the expert is done �xing the error, the operator can re­include
this part of the tree in the main FSM.

5.6.3 Archiving Database

A very important role of the DCS is to be able to archive data regarding the state
of the system e.g. environmental conditions etc. These data are used not only to
determine the behaviour of the detector but are also used in order to determine
the quality of the data collected from the experiment. If a part of the experiment
was malfunctioning at a certain period maybe the data collected can not be used
for physics analysis and have to be discarded.

For this reason, WinCC provides a way to store data in a �le structure locally
in the computer that the system is running. This may be enough for industrial
purposes or smaller systems, but is not for an experiment as big as the ones that
take place at CERN. Instead it was decided to rely on Oracle databases for the
archiving procedure. Although WinCC comes with an native RDB manager which
allows a system to connect with an Oracle database for the archiving purpose this
was not enough for CERN as the amount of data collected from the detectors is
huge.

The archiving policy of the CMS experiment is to archive data on change. This
means that whenever a change is made values are archived. The other option
would be to archive data using a polling mechanism. This means that a value
would be archived at a certain time no matter weather its value is changed or not.
The ability to apply some time interval and/or a deadband 5 can be also de�ned.

5A deadband is de�ned an interval (band) in which no action occurs. It can be an absolute value
or a percentage of the value and if the change is lower than it then no change is registered in the
system.
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These conditions can be applied independently on the data, meaning that if one of
them is true values are archived, or all together and archive data when all of them
are true.

5.6.4 Con�guration Database

In large control systems, such as the one controlling the CMS detector, the settings
of the detector have to be changed corresponding to the mode of operation. That
is, changing the values of the power supplies, the accepted temperatures of a PLC
and many more. More over in the event of a failure concerning the DCS PCs, the
system has to be up and running within a reasonable time.

To address these issues, JCOP provides a tool which is called the con�guration
database. The con�guration database is actually an Oracle database that is used
to store the system's image. This database is able to store two types of data.

ˆ Static Data which correspond to the image of the system. This means data
points, addresses, aliases archiving settings etc.

ˆ Dynamic Data which consist of values and alert limits of data points that
are connected to the hardware.

In the event of a failure or a change in the system's image the �rst type of data
is used. This allows to restore the system in to a speci�c state, since the system
image is stored in a database. Also under change (removal/addition) of hardware
the database is used again in order to update the current image of the system.

Dynamic data are used to con�gure parameters of the hardware and are called
"recipes" in the JCOP terminology. Recipes are used to change the detector's state
from one mode of operation to another (Physics, Cosmics etc), as well as to di�erent
states in a particular mode (On, O�, Standby etc.). Apart from the Oracle DB, for
the recipes mechanism an internal cache is also provided where recipes are stored
in the computer's memory. This ensures that the detector settings are set as fast
as possible which is crucial in times when a quick operation is required.

5.6.5 Access Control Mechanism

Another really important feature of the JCOP framework is access control. It is
implemented in the UI level. It is not meant to protect the system from external
threats but rather to distinguish the roles of the various users by allowing di�erent
actions to each one of them depending on their expertise. This way, mistakes can
be avoided by actions performed from unauthorized and not experienced users.
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It de�nes domains which corresponding to a part of the system and each one
of them has levels of access (e.g. operate, modify etc.). A domain can represent
for example a subdetector. Inside each domain, roles are de�ned (e.g. operator,
expert etc.) allowing a set of actions for each role of this particular domain. Users
that need to perform speci�c operation are assigned to di�erent roles (e.g. ECAL
Expert, HCAL Operator etc.). Users can be assigned to several roles at a time.
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Chapter 6

The CMS Detector Control System

The Detector control system of CMS is the main interface between the operators
and the actual detector. It is used to monitor and control the detector and other
peripheral systems of the CMS experiment. This chapter discusses the design
and implementation of this system. During this thesis I contributed greatly in the
maintenance and improvement of this system. I was also involved in day to day
operations regarding the running of the detector but also in the process of solving
problems that were encountered during operation.

6.1 Introduction

The main purpose of the detector control system is to bring the CMS detector in a
state where it is able to record physics data, in a safe and controlled manner. To
achieve this, million of parameters are constantly monitored. These parameters
are also recorded and used o�ine. A �rst use is as a rough estimate of the quality
of physics data. If a part of the detector was not working or was misbehaving
at a particular instance in time then the data recorded at that time may not be
suitable for physics analysis. These data however are always valuable as they can
be used to determine cause of the problem but also for calibration and performance
measurements of other parts of the detector. Additionally the data recorder by the
DCS are also used in the actual reconstruction of the physics objects. Each sub­
detector system behaves di�erently depending on the environmental conditions.
These conditions are monitored by the dcs and their recorded values are used to
determine and calibrate the detector's response.

In this part it is important to clarify that the DCS is not a safety system.
Although the word safe was mentioned before its role is not to protect the detector
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and its underlying hardware. Although it provides information that can be used to
take preventive and safety actions by the operators and some actions are taken by
the system itself it is not a safety system. In other LHC experiments the Detector
Safety System (DSS) and the DCS are integrated together. This is not the case
in the CMS experiment. A dedicated safety system exists. It is entirely hardware
based and its sole responsibility is to ensure the well­being of the detector. This
means that it can take automated actions starting/stopping parts of the detector
in order to ensure its integrity.

6.2 Architecture

Conceptually the DCS is implemented as a distributed system. It consists of
around 30 sub­systems each having a speci�c role. Some are generic ones and
serve experiment wide functionality for example controlling the racks or being
responsible for the access control mechanism. Others are dedicated to a certain
task. An example of this can be the control of the high voltage of the ECAL. Each
of these systems is implemented as a redundant system meaning that two copies
exist for every one of them. These two systems are identical and communicate
with each other at all times. One is the active one while the other is in standby
mode. In case the active system has a failure the passive, standby one, takes
its position in the system. To realise the system 60 blade servers are used, two
for each system. One running the active peer and one the passive peer. Apart
from running the two systems in physically di�erent machines, the servers are
also geographically located in di�erent places. This ensures that there is fail­over
even in case of a natural disaster were physically the servers are damaged. The
CMS has two server rooms each hosting many servers. One is underground while
the other is overground. The 30 DCS servers are in the underground server room
while the other 30 are overground.

Utilising the JCOP paradigm the control system in CMS is not a single applica­
tion. It is a set of small distinct installable software entities each responsible for
providing some functionality. These are called components. Each of the 30 sys­
tems mentioned above start from the exact same point/con�guration i.e. a plain
WinCC OA project. Then depending on the role of the project in the system a set
of components are installed giving it its �nal form. The DCS of CMS consists of
around 200 components. Some are general and installed everywhere while others
provide speci�c functionality and are installed in a single system.

Following the structure of the DCS itself the DCS community is structured in
a similar manner. There is a central team that is responsible for all the generic
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DCS related things in the collaboration and there is usually one team for each
subsystem in charge of developing and maintaining the sub­detector related sys­
tem. The maintenance of the servers and the wincc installations also falls under
the scope of the central team. It is also responsible for developing and providing
components with generic functionality used throughout the experiment's control
system. The central team provides in a sense a centralized batch­like service
where the various sub­detector groups can run their control systems. Only the
central team members have access to the control system infrastructure but for
maintenance purposes. The various subsystems take their form by installing
components. The con�guration of each system is decided by the team responsible
for this system. The central team creates the system and is responsible for its
maintenance but which components are installed is decided by the corresponding
sub­detector team.

The DCS of CMS is designed, structured and operated as an FSM using a
hierarchical organisation. It uses the SMI++ toolkit via the JCOP framework as
discussed in chapter 5. Through the FSM the detector is modeled in a more
physics related view and thus can be operated by non­technical personnel. This
design was done in a way were the system complexity would be hidden from the
operator. The main requirement was that it would be possible for non­experts to
be able to operate the detector as the CMS collaboration does not use dedicated
operators but any member can volunteer and do a shift during data taking. Even if
this was not the case the system is far too complex for a single person to be able to
take into account all the parameters in order to take the correct decision. For this
reason only the top level parts of the detector are exposed to the operator and the
system takes automated actions designed by experts of the various subsystems in
order to self operate with minimal supervision be the operator.

The FSM is designed in an abstract way so that it is easy to integrate the several
subdetector systems independent of their structural and/or operational details. In
order to be integrated, each subsystem should expose one or more top nodes that
have a speci�c set of states and can understand a speci�c set of commands. The
states are:

ON: ready for data taking

STANDBY : on or partly on but not ready for data taking

OFF : O�

ERROR : Some problem occurred. Usually requires some intervention to �x
the problem.
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Each state provide a set of commands in particular ON, OFF, STANDBY that are
used to bring the detector to the corresponding state. A schematic representation
of the FSM structure with the central system and one connected sub­system can
be seen in Figure 6.1.

Figure 6.1: Sample schematic representation of the Finite State Machine (FSM) of
the CMS experiment.

6.3 Main Features

A consequence of the previously mentioned architecture is that the systems relies a
lot in the installation of components. Additionally since the production systems are
only accessible by the central team the installation becomes more complex. This
means that there is a need for a component installation procedure with speci�c
guidelines and rules. This procedure should be able to be executed somehow
remotely by the various users of the systems. The JCOP framework comes with a
built in installation tool for its components. CMS utilises this tool extensively. On
top of the installation tool JCOP o�ers the ability for remote installation. A speci�c
script is used for this purpose. The script connects to a database that holds all the
project information. It contains con�guration options like ports and hostnames,
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paths, components that need to be installed in this projects and more. The script
periodically checks for inconsistencies between the projects con�guration and the
database and updates the project based on what is stored in the database. In
addition it stores back to the database the status of the project for monitoring and
administration purposes. This tool is greatly utilised in CMS.

The project setup procedure starts with the members of the central team in­
stalling some generic components that are used throughout the experiment. Then
in coordination with the team of the subdetector experts they propose other ad­
ditional components that �t their needs or the development of new ones is done
by the subdetector group in coordination with the central team. Finally when the
list of needed component for a project is complete they are targeted to the system.
When newer versions of an existing component are released the corresponding
database entry is updated and the project is updated automatically. In addition
to this tool CMS has developed a set of scripts that allow for project creation from
the contents of this database. While this tool is very useful it is mainly used in
production environments since it is hard to setup in a development environment
since it requires a database setup etc. The central team of CMS has performed
a set of extension to the existing tool in order for it to be used by the CMS com­
munity in development environments. This is very useful as it allows for fast and
easy recreation of production like projects. This way the users can create a project
that is exactly like one of the production projects. This allows for easier and fast
problem solving as the problem can be reproduced in a project that is exactly like
the one in production and faster development.

Another widely used tool is the con�guration database. It is another database
that provides the ability to hold datapoints, datapoint types but also con�gs. It is in
a sense a "copy" of the internal runtime database. This is done for backup purposes
but also for deployment. One of the main steps of installing a component is
modifying the runtime database, either by creating datapoint types and datapoints
but also by setting values and altering datapoint con�gs. While wincc o�ers a
native tool for this operation in the form of �les, the mechanism is not very easy
to use and has limitations. The team that developed the JCOP framework has
developed a tool for this purpose. The tool is based on the con�guration database
that was described before. It allows saving and loading from the database. This
tool is very useful and easy to use but still it was not intended for heavy use and
still has some limitations. In CMS the way they system is designed, installation
and interaction with the con�guration database can be a daily task. The CMS
developed component CMSfwInstallUtils makes this easier. It provides an easy
way with �lters and patterns in order to select the datapoints to be saved in the
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database. It also provides a checking mechanism that can identify inconsistencies
between the con�guration database and the projects runtime database. This way
the user can easily see what will be changed if he uploads to the database or
download from it.

Another key feature of the CMS DCS is the alert system. Wincc comes with an
integrated con�guration for alerts. It enables the user to de�ne alerts for existing
datapoints. Moreover there is a native alert screen. That it a panel that shows all
the active alerts at the current system. For distributed systems the alert screen
can be con�gured to show all the alerts in all the connected systems. This is a
very nice feature as CMS is a big distributed system and through this screen the
operator can see alerts from all the systems in a single screen. In extension to this,
CMS has a tool than can send extra noti�cations. Firstly it can generate sounds
in the control room that will notify the operator in case of an alarm. This means
that the operator does not have to constantly look at the screen. In addition a
noti�cation system has been created. For already de�ned alarms, a list of people
can be de�ned that will be noti�ed in case of an alarm. The noti�cations can
be sent via email and sms. This is very useful as in cases of serious alarms
experts can be noti�ed immediately by the system so that they can intervene when
necessary.

In big systems like the one described here, a lot of people are involved. Some
are users or operators, some need to just browse the system to monitor values that
a�ect some other subsystem that is of interest to them. Others are experts that
need to ensure that things are running and monitor the conditions. In addition
they need to understand what went wrong in cases of failure. For a system like this
to work smoothly some kind of access control needs to be de�ned. Again Wincc
comes with a native solution to this. There is the possibility to create users and
groups and give access rights and privileges to them. The JCOP team has created
a very nice extension to this mechanism [18]. This extensions allows Wincc to
connect to a central catalog service through the LDAP protocol [19]. This allows
Wincc to connect and download all users and groups that exist in the central
CERN user directory. Additionally when a user can log in to Wincc his credential
are authenticated against the central CERN authentication servers. Another nice
feature of this tool is that one Wincc system can be registered as the master. So
instead of all the systems connecting to the central CERN servers only one does.
This system periodically synchronizes its contents with the CERN servers. Then it
pushes all user/group information to the rest of the systems. The authentication
requests are forwarded from the requesting system through the central system to
the central CERN servers.
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Another important feature of Wincc is redundancy. In general in IT high avail­
ability and redundancy is an important topic. It is the concept of having more
than one active versions/copies of some software or hardware in order to ensure
no downtime. When a component of the system fails there is another one ready
in standby mode in order to take its place. Although this is a standard feature
in Wincc it is not used everywhere. At CERN CMS is one of the few that use it.
Since the DCS needs to operate at all times even when all the other systems are
o�, redundancy has proven to be very e�ective. The DCS of CMS has had very
small downtime since this feature was used. In addition to the standard Wincc
redundancy, CMS has extended it to meet its needs [20]. The tool integrates redun­
dancy in the JCOP framework as it is not handled natively. It allows component
installation in redundant systems. It also allows the handling of redundancy for
communication protocols were only one connection is allowed between the hard­
ware and the software. This is done by constantly monitoring the state of the
system and starting/stopping processes in the active/passive peers.

Another really key feature of the control system in CMS are the automatic
actions. They allow the user to de�ne a set of reactive actions based on an input
condition. For example switching on the cooling when the temperature exceeds
a certain point. In the earlier days of the control system many actions had to be
done manually either by the operator or an expert. Since the development of this
tool the system's response time and operation has become way smoother. At the
present moment the operator is more supervising the automated operation of the
system rather than having to act on it. He mostly has to notify experts in case of a
failure or perform non­standard operation when the system is in an unusual state.
Automatic actions are not to be considered safety actions. They can be used as a
reactive and preventive measure is case of a problem or a failure in order to bring
the detector in a safer state but they should not be considered a safety mechanism.
For this reason a separate system exists that is low level and entirely hardware
based that acts directly on the hardware avoiding any latency or complexity that
the software layers imposes.

In order for the experiments to take place the LHC needs to produce proton
beams. The two beams are then collided at the center of the four detectors as
discussed in detail in chapter 1. This is also true for the CMS detector. During the
process of beam production and after that while the beam is accelerated to reach
the desired energy the accelerator goes through various stages. Even when not
colliding the beams still go through the center of the detector. During this process
the conditions present inside the detector area may harm some of the subsystems.
This is mainly true for the ones closer to the beam line, the Tracker and ECAL.
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During times when no physics data are produced the LHC will need to do some
testing or development. In order to do this it will need to circulate beams inside
the beam pipes. This again maybe be harmful for some sub­detecting systems.
To avoid problems during any of the situations described above, the LHC needs
to take approval from all the 4 experiments in order to use the beam pipes. The
LHC publishes the type of operations that it is going to do and at every stage of
this operation publishes the exact step that it is in. For each of these states/steps
the experts of every subsystem have studied the underlying conditions and have
decided what is the safest state for their subsystem. This list has been handed
to the central DCS team which has established some automatic commands that
bring the particular subsystem to the desired state. For this purpose the automatic
action mechanism described above is used. The full list of these actions can be
found in [21].

A special use case of the previously described mechanism are the beam inject,
dump and adjust operations performed by the LHC. Because these are the most
potentially dangerous for the detector instead of just announcing the state change,
the LHC waits for feedback from the experiments before performing the action.
This mechanism is called the LHC handshake. In the case of CMS the detector
is brought to a safe state and then a response is sent back to the LHC. All this
mechanism is automatic without the operator having to do any manual operation.

Another important feature and functionality of the CMS DCS is its ability to
communicate with external systems. This allows for the control system to receive
information from other external systems and expose them for example to the oper­
ator so that everything is part of the control system. At the same time commands
can be send. Also an external system can take information from the DCS in order
to use it in any way desired. Some examples of this mechanism are what was
described before with the handshake between the LHC and the CMS detector. An­
other example is the communication between the CMS DCS and the systems that
are used in CMS for cooling but also for the magnet. These are external systems
independent of the actual control system. Nevertheless information from these
systems is displayed and used inside the control system. Another example is the
communication with the data acquisition system. The DAQ uses the information
from the DCS to identify when the detector is ready for data taking in order to
start collecting them. It also uses the information from the DCS to determine what
state was the detector during the data taking to determine the quality of the data
recorder.

As discussed again above the direct access to the control system machines is
prohibited. It is only available to the central dcs team members and only for main­
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tenance purposes. Though access is not allowed it is desired for users operators or
experts of the various systems to be able to interact with them in some way. This
is done with the use of terminal servers. They are a set of windows machines that
have the ability to host many sessions at the same time. This means that multiple
users can connect to the at the same time. More than one machine is used �rst of
all for redundancy purposes but also for load balancing. The round robin mecha­
nism is used for load balancing. The machines that run the DCS application are
in a separate network that connects all the CMS experiment machines. On the
other hand users at CERN are connected to the main CERN network. The terminal
server bridges these two network allowing users from one to connect to the other
via these machines. When connected to one of the terminal servers, the user has
a list of applications that he can run. The list is determined using the egroup
mechanism of CERN. This way computer accounts are grouped together and get
the permissions. Most available applications are Wincc oa related ones but there
are also applications that give direct access to some equipment for maintenance
purposes.

Another way of remote interaction with the CMS DCS is the webserver. As all
communication between the various Wincc processes is done via networking and
in particular the TCP/IP protocol, it is possible to use this in order to connect
them natively with external applications that communicate via networking. The
central DCS team in CMS utilizes this functionality and exposes the control system
to the users via a web server. In particular a website has been create, https:
//cmsonline.cern.ch that hosts all this information. The web server runs on
two servers for redundancy and load balancing. The servers are accessible from
the CERN network and from the outside world using two gateway machines.

The server hosts around 70 web applications that allow the user to interact with
the control system. Some are just exposing system information to the user while
others allow him to interact with it by sending for example commands. Through
the webserver it is also possible to deploy code by interacting with the installation
database that was mentioned before or deploy new versions of components. The
user can also browse historical data that are archived by the control system or
even browser the run time database of the DCS. The applications are developed
as portlets using the java enterprise edition (JEE) standards. They are hosted in
a portal server using the java webcenter which runs on weblogic server. For the
gateways the oracle http server (OHS) is used. The OHS is an extension to the
apache http server made by Oracle. The whole system is connected to the single
sign on mechanism of CERN so users can connect to the webserver using the same
account for the rest of the CERN infrastructure.
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Chapter 7

Di�erential cross section
measurement

This chapter contains information regarding the physics analysis done in the con­
text of this thesis. The analysis was the measurement of the di�erential cross
section of the boosted t �t pair where both top quarks decay hadronically. It in­
troduces and explains the strategy used and �nally presents and discusses the
results. This analysis is a precision measurement allowing us to test the pre­
dictions of the QCD theory and potentially further constrain its parameters. As
discussed before since this particular process is a background to many extensions
of the SM accurately calculating it is essential for testing these models. This mea­
surement has been conducted before by both Atlas [22, 23, 24, 25, 26, 27, 28]
and CMS [29, 30, 31, 32, 33, 34, 35, 36, 37, 38] at 7,8 and 13 TeV center of mass
energy. The di�erence with this analysis is that the �nal state is boosted, meaning
that the decay products have high transverse momentum ( pT ). The conditions un­
der which the collisions at the LHC performed allow for such a measurement since
the energy is high enough to be able to produce particles in the boosted regime.
The really high collision rate makes the LHC a "top factory" allowing for enough
events to have kinematic characteristics in this far end of the spectrum so that
this analysis is feasible.

The big challenge of this analysis is the reconstruction of the decay products of
the top quark. As mentioned in chapter 2 the top quarks are not detected directly,
but what we see is their decay products. In the previous analysis mentioned above,
the study was conducted to a phase space up to 500 GeV in which the decay
products can be reconstructed separately. At higher pT ; (pT =m � 1) the decay
products are collimated and can not be reconstructed separately.The particles of
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interest are rather reconstructed as jets of large radius. The fully hadronic �nal
state is selected because it is rather easier the reconstruct the decay products in
this channel than the other channels.

Figure 7.1: Schematic representation of the decay of a boosted (right) and a non­
boosted (left) top quark. It can be seen that for a boosted quark the decay products
are collimated and need to be reconstructed together. On the other hand for a non­
boosted top quark the decay products are separate entities and can be detected
separately.

This analysis is an extension of a previous analysis performed by the CMS
experiment. The exact same measurement was performed using the data collected
in the run period of 2016 with an integrated luminosity of 35:9 fb � 1 at a center of
mass energy of

p
13TeV [38]. This analysis uses the full Run­II dataset that include

data collected during 2017 and 2018 for an integrated luminosity of 41:5 fb � 1 and
59:7 fb � 1 respectively. The whole dataset used adds up to a total luminosity of
137:1fb � 1. This means that 4 times more data are used since the last measurement,
allowing for greater precision. Additionally, the method used has been tuned in
order to better optimise the background subtraction methods leading to even more
accuracy in the measurement. Finally uncertainties have been taken into account
in the comparison with the various theoretical models enabling a more realistic
comparison between theory and data.

7.1 Signal and Backgrounds

As discussed again in chapter 2 top quarks decay in a W boson and a b quark.
Since this analysis considers only the hadronic decay of the W boson, the events of
interest we will have another two jets originating from the W decay. The �nal state
will have at least 6 partons. Even more maybe present since additional particles
can be radiated during the process. Figure 7.2 shows the possible ways of the t �t
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pair with one decaying hadronically and one leptonically. In our case both t quarks
should decay hadronically. The partons in the �nal state will be reconstructed as
large radius jets. The signal de�nition for this analysis is the presence of two of
these large radius jets.

Figure 7.2: Schematic representation of the decay of the possible decays of the
t �t . One top quark (bottom) decays hadronically, while the other one (top) decays
leptonically

As background we identify processes that can have similar signature in the
detector as our process of interest. These events can pass our selection criteria
and be wrongly identi�ed as a t �t bar. In our analysis the by far main background
process is the production of QCD mult�ets. This means that we can have events
that via the strong interaction produce other highly energetic jets that pass our
selection criteria and be reconstructed as boosted jets. These jets do not originate
from a speci�c interaction but can be a result of any process that can radiate
highly energetic gluons. This background process is modeled via a data­driven
method. This means that we use information coming from the data to identify the
total contribution of these types of events to our selection in order to remove it.

Other important contributions but of lower magnitude are:

ˆ Single top quark: There is a minor contribution of events of this type but it
is possible. Since we require that the events have two highly energetic jets
most events of this type will fail the selection criteria. But it can happen that
events of this type are selected. The contribution is small.

ˆ W + jets: Events that include the production of a W boson accompanied with
other jets can also be miss identi�ed as signal.

ˆ Z + jets: A Z boson is less likely to be produced that a W boson (lower
cross section) though it is possible and in the presence of high pT jets it can
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happen, although rare, that it is selected.

All these processes that we call subdominant background in the context of this
analysis are modeled with dedicated simulation (Monte Carlo (MC) samples.

7.2 Data and Simulation Samples

This section lists the data sets and Monte carlo simulation samples used in this
analysis. During the 2016 data taking period it was noticed that a speci�c setting
in the strips of the tracker was wrong. In particular the preamplier feedback volt­
age bias (VFP) had a wrong value which led to non optimal performance for the
strips detector. This was realised and �xed but still the data were recorded. This
lead to a splitting in the 2016 data taking period in to two sub­periods 2016_pre­
VFP and 2016_postVFP. For all the samples mentioned later the MINIAOD data
format is used [39].

7.2.1 Data

ˆ 2016_preVFP: The total integrated luminosity of the analyzed data is 19:5fb � 1.
Cert_271036-284044_13TeV_Legacy2016_Collisions16_JSON.txt
was used for luminosity and valid runs.

ˆ 2016_postVFP: The total integrated luminosity of the analyzed data is 16:8fb � 1.
Cert_271036-284044_13TeV_Legacy2016_Collisions16_JSON.txt
was used for luminosity and valid runs.

ˆ 2017: The total integrated luminosity of the analyzed data is 41:5fb � 1.
Cert_294927-306462_13TeV_UL2017_Collisions17_GoldenJSON.txt
was used for luminosity and valid runs.

ˆ 2018: The total integrated luminosity of the analyzed data is 59:7fb � 1.
Cert_314472-325175_13TeV_Legacy2018_Collisions18_JSON.txt
was used for luminosity and valid runs.
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Table 7.1: Data samples used for the 2016 data taking period.

Sample Run range Lumi ( pb� 1)
/JetHT/Run2016B-21Feb2020_ver2_UL2016_HIPM-v1 273150­275376 5750
/JetHT/Run2016C-21Feb2020_UL2016_HIPM-v1 275656­276283 2573
/JetHT/Run2016D-21Feb2020_UL2016_HIPM-v1 276315­276811 4242
/JetHT/Run2016E-21Feb2020_UL2016_HIPM-v1 276947­277420 4025
/JetHT/Run2016F-21Feb2020_UL2016_HIPM-v1 277932­278807 3105
/JetHT/Run2016F-21Feb2020_UL2016-v1 278769­278808 7576
/JetHT/Run2016G-21Feb2020_UL2016-v1 278820­284035 8435
/JetHT/Run2016H-21Feb2020_UL2016-v1 281613­284044 216

Table 7.2: Data samples used for the 2017 data taking period.

Sample Run range Luminosity ( pb� 1)
/JetHT/Run2017B-31Mar2018-v1 297047­299329 4793
/JetHT/Run2017C-31Mar2018-v1 299368­302029 9755
/JetHT/Run2017D-31Mar2018-v1 302031­302663 4320
/JetHT/Run2017E-31Mar2018-v1 303824­304797 9422
/JetHT/Run2017F-31Mar2018-v1 305040­306460 13568

Table 7.3: Data samples used for the 2018 data taking period.

Sample Run range Luminosity ( pb� 1)
/JetHT/Run2018A-17Sep2018-v1 315257­316995 13530
/JetHT/Run2018B-17Sep2018-v1 317080­319310 6788
/JetHT/Run2018C-17Sep2018-v1 319337­320065 6612
/JetHT/Run2018D-PromptReco-v2 320497­325175 31947
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7.2.2 Simulation

Monte Carlo (MC) simulation is used to simulate the t �t pair production but also
the various background processes. Regarding t �t the POWHEG event generator was
used to a next to leading order (NLO) precision with a top quark mass at 172.5
GeV. Single top quark production in the t channel or in the presence of a W boson
is also simulated via POWHEG at NLO precision. The production W or Z bosons
with jets and the QCD mult�et production simulkation is done with the madgraph
event generator MG5_AMC@NLO at leading order(LO) precision. For these samples
the MLM algorithm is also used for matching.

For modeling of the parton shower, hadronization and the undelying event
PYTHIA is used. In particular version 8.240. For PDF the NNPDF 3.1 is used. For
all the simulation samples the CP5 tune is used. For the detector simulation the
GEANT4 software package is used.

The measurement of the cross section is compared with three theoretical mod­
els. These are POWHEG combined with PYTHIA, MADGRAPH combined with
PYTHIA and POWHEG combined with HERWIG. For the herwig sample the tune
CH3 was used.

Regarding simulation, the following list contains the simulation era that was
used for the simulation samples of each year.

ˆ 2016 preVFP: RunIISummer20UL16MiniAODAPV-106X_mcRun2_asymptotic_preVFP

ˆ 2016 postVFP: RunIISummer16MiniAODv3-PUMoriond17_94X_mcRun2_asymptotic

ˆ 2017: RunIIFall17MiniAODv2-PU2017_12Apr2018_94X_mc2017_realistic

ˆ 2018: RunIIAutumn18MiniAOD-102X_upgrade2018_realistic

The tables below contain the list of simulation samples samples for each year.
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Table 7.4: List of Monte Carlo samples used for the 2016 preVFP.

Sample Events ( � 106 ) � (pb)
TTToHadronic_TuneCP5_13TeV-powheg-pythia8 98.1 377.96
TTToSemiLeptonic_TuneCP5_13TeV-powheg-pythia8 138.6 365.34
TTTo2L2Nu_TuneCP5_13TeV-powheg-pythia8 41.6 88.29
TTToHadronic_mtop166p5_TuneCP5_13TeV-powheg-pythia8 40.0 377.96
TTToSemiLeptonic_mtop166p5_TuneCP5_13TeV-powheg-pythia8 56.8 365.34
TTTo2L2Nu_mtop166p5_TuneCP5_13TeV-powheg-pythia8 16.7 88.29
TTToHadronic_mtop169p5_TuneCP5_13TeV-powheg-pythia8 39.6 377.96
TTToSemiLeptonic_mtop169p5_TuneCP5_13TeV-powheg-pythia8 57.7 365.34
TTTo2L2Nu_mtop169p5_TuneCP5_13TeV-powheg-pythia8 16.4 88.29
TTToHadronic_mtop171p5_TuneCP5_13TeV-powheg-pythia8 38.9 377.96
TTToSemiLeptonic_mtop171p5_TuneCP5_13TeV-powheg-pythia8 57.9 365.34
TTTo2L2Nu_mtop171p5_TuneCP5_13TeV-powheg-pythia8 16.9 88.29
TTToHadronic_mtop173p5_TuneCP5_13TeV-powheg-pythia8 39.5 377.96
TTToSemiLeptonic_mtop173p5_TuneCP5_13TeV-powheg-pythia8 57.5 365.34
TTTo2L2Nu_mtop173p5_TuneCP5_13TeV-powheg-pythia8 16.9 88.29
TTToHadronic_mtop175p5_TuneCP5_13TeV-powheg-pythia8 39.8 377.96
TTToSemiLeptonic_mtop175p5_TuneCP5_13TeV-powheg-pythia8 55.5 365.34
TTTo2L2Nu_mtop175p5_TuneCP5_13TeV-powheg-pythia8 16.9 88.29
TTToHadronic_mtop178p5_TuneCP5_13TeV-powheg-pythia8 38.3 377.96
TTToSemiLeptonic_mtop178p5_TuneCP5_13TeV-powheg-pythia8 57.9 365.34
TTTo2L2Nu_mtop178p5_TuneCP5_13TeV-powheg-pythia8 16.9 88.29
TTToHadronic_hdampDOWN_TuneCP5_13TeV-powheg-pythia8 40.0 377.96
TTToSemiLeptonic_hdampDOWN_TuneCP5_13TeV-powheg-pythia8 56.9 365.34
TTTo2L2Nu_hdampDOWN_TuneCP5_13TeV-powheg-pythia8 17.0 88.29
TTToHadronic_hdampUP_TuneCP5_13TeV-powheg-pythia8 40.0 377.96
TTToSemiLeptonic_hdampUP_TuneCP5_13TeV-powheg-pythia8 57.0 365.34
TTTo2L2Nu_hdampUP_TuneCP5_13TeV-powheg-pythia8 17.0 88.29
TTJets_TuneCP5_13TeV-amcatnloFXFX-pythia8 99.3 832
TT_TuneCH3_13TeV-powheg-herwig7 71.5 832

QCD_HT300to500_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 52.6 315400
QCD_HT500to700_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 58.5 32260
QCD_HT700to1000_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 45.5 6830
QCD_HT1000to1500_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 14.1 1207
QCD_HT1500to2000_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 10.3 119.1
QCD_HT2000toInf_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 5.1 25.16
ST_tW_antitop_5f_NoFullyHadronicDecays_TuneCP5_13TeV-powheg-pythia8 3.4 38.09
ST_tW_top_5f_NoFullyHadronicDecays_TuneCP5_13TeV-powheg-pythia8 3.3 38.09
ST_t-channel_antitop_4f_InclusiveDecays_TuneCP5_13TeV-powheg-madspin-pythia8 31.0 35.6
ST_t-channel_top_4f_InclusiveDecays_TuneCP5_13TeV-powheg-madspin-pythia8 56.0 35.6
ST_t-channel_antitop_5f_InclusiveDecays_TuneCP5_13TeV-powheg-pythia8 31.0 119.7
ST_t-channel_top_5f_InclusiveDecays_TuneCP5_13TeV-powheg-pythia8 57.1 82.52
WJetsToQQ_HT-200to400_TuneCP5_13TeV-madgraphMLM-pythia8 8 2549.0
WJetsToQQ_HT-400to600_TuneCP5_13TeV-madgraphMLM-pythia8 5.14 276.5
WJetsToQQ_HT-600to800_TuneCP5_13TeV-madgraphMLM-pythia8 7.62 59.25
WJetsToQQ_HT-800toInf_TuneCP5_13TeV-madgraphMLM-pythia8 7.71 28.75
TT_TuneCH3_13TeV-powheg-herwig7 72 832
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Table 7.5: List of Monte Carlo samples used for the 2016 postVFP.

Sample Events ( � 106 ) � (pb)
TTToHadronic_TuneCP5_13TeV-powheg-pythia8 112.6 377.96
TTToSemiLeptonic_TuneCP5_13TeV-powheg-pythia8 158.8 365.34
TTTo2L2Nu_TuneCP5_13TeV-powheg-pythia8 48.3 88.29
TTToHadronic_mtop166p5_TuneCP5_13TeV-powheg-pythia8 43.6 377.96
TTToSemiLeptonic_mtop166p5_TuneCP5_13TeV-powheg-pythia8 64.0 365.34
TTTo2L2Nu_mtop166p5_TuneCP5_13TeV-powheg-pythia8 18.7 88.29
TTToHadronic_mtop169p5_TuneCP5_13TeV-powheg-pythia8 44.8 377.96
TTToSemiLeptonic_mtop169p5_TuneCP5_13TeV-powheg-pythia8 55.1 365.34
TTTo2L2Nu_mtop169p5_TuneCP5_13TeV-powheg-pythia8 18.3 88.29
TTToHadronic_mtop171p5_TuneCP5_13TeV-powheg-pythia8 45.0 377.96
TTToSemiLeptonic_mtop171p5_TuneCP5_13TeV-powheg-pythia8 63.9 365.34
TTTo2L2Nu_mtop171p5_TuneCP5_13TeV-powheg-pythia8 18.9 88.29
TTToHadronic_mtop173p5_TuneCP5_13TeV-powheg-pythia8 44.8 377.96
TTToSemiLeptonic_mtop173p5_TuneCP5_13TeV-powheg-pythia8 64.0 365.34
TTTo2L2Nu_mtop173p5_TuneCP5_13TeV-powheg-pythia8 18.8 88.29
TTToHadronic_mtop175p5_TuneCP5_13TeV-powheg-pythia8 43.5 377.96
TTToSemiLeptonic_mtop175p5_TuneCP5_13TeV-powheg-pythia8 64.0 365.34
TTTo2L2Nu_mtop175p5_TuneCP5_13TeV-powheg-pythia8 19.0 88.29
TTToHadronic_mtop178p5_TuneCP5_13TeV-powheg-pythia8 44.6 377.96
TTToSemiLeptonic_mtop178p5_TuneCP5_13TeV-powheg-pythia8 64.0 365.34
TTTo2L2Nu_mtop178p5_TuneCP5_13TeV-powheg-pythia8 19.0 88.29
TTToHadronic_hdampDOWN_TuneCP5_13TeV-powheg-pythia8 45.0 377.96
TTToSemiLeptonic_hdampDOWN_TuneCP5_13TeV-powheg-pythia8 63.7 365.34
TTTo2L2Nu_hdampDOWN_TuneCP5_13TeV-powheg-pythia8 18.3 88.29
TTToHadronic_hdampUP_TuneCP5_13TeV-powheg-pythia8 45.0 377.96
TTToSemiLeptonic_hdampUP_TuneCP5_13TeV-powheg-pythia8 63.0 365.34
TTTo2L2Nu_hdampUP_TuneCP5_13TeV-powheg-pythia8 19.0 88.29
TTJets_TuneCP5_13TeV-amcatnloFXFX-pythia8 110.1 832
TT_TuneCH3_13TeV-powheg-herwig7 176.5 832

QCD_HT300to500_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 57.6 315400
QCD_HT500to700_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 59.7 32260
QCD_HT700to1000_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 47.4 6830
QCD_HT1000to1500_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 15.3 1207
QCD_HT1500to2000_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 10.4 119.1
QCD_HT2000toInf_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 5.3 25.16
ST_tW_top_5f_NoFullyHadronicDecays_TuneCP5_13TeV-powheg-pythia8 10.3 38.09
ST_tW_antitop_5f_NoFullyHadronicDecays_TuneCP5_13TeV-powheg-pythia8 3.8 38.09
ST_t-channel_antitop_5f_InclusiveDecays_TuneCP5_13TeV-powheg-pythia8 4.0 35.6
ST_t-channel_antitop_4f_InclusiveDecays_TuneCP5_13TeV-powheg-madspin-pythia8 22.8 35.6
ST_t-channel_top_5f_InclusiveDecays_TuneCP5_13TeV-powheg-pythia8 6.0 119.7
ST_t-channel_top_4f_InclusiveDecays_TuneCP5_13TeV-powheg-madspin-pythia8 46.5 82.52
WJetsToQQ_HT-200to400_TuneCP5_13TeV-madgraphMLM-pythia8 7.07 2549.0
WJetsToQQ_HT-400to600_TuneCP5_13TeV-madgraphMLM-pythia8 4.49 276.5
WJetsToQQ_HT-600to800_TuneCP5_13TeV-madgraphMLM-pythia8 6.76 59.25
WJetsToQQ_HT-800toInf_TuneCP5_13TeV-madgraphMLM-pythia8 6.85 28.75
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Table 7.6: List of Monte Carlo samples used for the 2017.

Sample Events ( � 106 ) � (pb)
TTToHadronic_TuneCP5_13TeV-powheg-pythia8 249.6 377.96
TTToSemiLeptonic_TuneCP5_13TeV-powheg-pythia8 355.9 365.34
TTTo2L2Nu_TuneCP5_13TeV-powheg-pythia8 107.0 88.29
TTToHadronic_mtop166p5_TuneCP5_13TeV-powheg-pythia8 97.8 377.96
TTToSemiLeptonic_mtop166p5_TuneCP5_13TeV-powheg-pythia8 135.7 365.34
TTTo2L2Nu_mtop166p5_TuneCP5_13TeV-powheg-pythia8 42.5 88.29
TTToHadronic_mtop169p5_TuneCP5_13TeV-powheg-pythia8 98.3 377.96
TTToSemiLeptonic_mtop169p5_TuneCP5_13TeV-powheg-pythia8 138.6 365.34
TTTo2L2Nu_mtop169p5_TuneCP5_13TeV-powheg-pythia8 41.0 88.29
TTToHadronic_mtop171p5_TuneCP5_13TeV-powheg-pythia8 97.9 377.96
TTToSemiLeptonic_mtop171p5_TuneCP5_13TeV-powheg-pythia8 141.0 365.34
TTTo2L2Nu_mtop171p5_TuneCP5_13TeV-powheg-pythia8 43.0 88.29
TTToHadronic_mtop173p5_TuneCP5_13TeV-powheg-pythia8 99.9 377.96
TTToSemiLeptonic_mtop173p5_TuneCP5_13TeV-powheg-pythia8 141.7 365.34
TTTo2L2Nu_mtop173p5_TuneCP5_13TeV-powheg-pythia8 42.7 88.29
TTToHadronic_mtop175p5_TuneCP5_13TeV-powheg-pythia8 100.0 377.96
TTToSemiLeptonic_mtop175p5_TuneCP5_13TeV-powheg-pythia8 141.6 365.34
TTTo2L2Nu_mtop175p5_TuneCP5_13TeV-powheg-pythia8 42.9 88.29
TTToHadronic_mtop178p5_TuneCP5_13TeV-powheg-pythia8 99.6 377.96
TTToSemiLeptonic_mtop178p5_TuneCP5_13TeV-powheg-pythia8 141.3 365.34
TTTo2L2Nu_mtop178p5_TuneCP5_13TeV-powheg-pythia8 42.7 88.29
TTToHadronic_hdampDOWN_TuneCP5_13TeV-powheg-pythia8 99.6 377.96
TTToSemiLeptonic_hdampDOWN_TuneCP5_13TeV-powheg-pythia8 141.6 365.34
TTTo2L2Nu_hdampDOWN_TuneCP5_13TeV-powheg-pythia8 41.1 88.29
TTToHadronic_hdampUP_TuneCP5_13TeV-powheg-pythia8 99.7 377.96
TTToSemiLeptonic_hdampUP_TuneCP5_13TeV-powheg-pythia8 140.9 365.34
TTTo2L2Nu_hdampUP_TuneCP5_13TeV-powheg-pythia8 42.2 88.29
TTJets_TuneCP5_13TeV-amcatnloFXFX-pythia8 249.1 832

QCD_HT300to500_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 57.2 315400
QCD_HT500to700_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 57.9 32260
QCD_HT700to1000_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 45.8 6830
QCD_HT1000to1500_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 15.3 1207
QCD_HT1500to2000_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 10.6 119.1
QCD_HT2000toInf_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 5.5 25.16
ST_t-channel_antitop_5f_InclusiveDecays_TuneCP5_13TeV-powheg-pythia8 3.7 35.6
ST_t-channel_antitop_4f_InclusiveDecays_TuneCP5_13TeV-powheg-madspin-pythia8 24.3 35.6
ST_t-channel_top_5f_InclusiveDecays_TuneCP5_13TeV-powheg-pythia8 5.5 119.7
ST_t-channel_top_4f_InclusiveDecays_TuneCP5_13TeV-powheg-madspin-pythia8 46.2 82.52
ST_tW_top_5f_NoFullyHadronicDecays_TuneCP5_13TeV-powheg-pythia8 10.0 38.09
ST_tW_antitop_5f_NoFullyHadronicDecays_TuneCP5_13TeV-powheg-pythia8 9.2 38.09
WJetsToQQ_HT-200to400_TuneCP5_13TeV-madgraphMLM-pythia8 15.42 2549.0
WJetsToQQ_HT-400to600_TuneCP5_13TeV-madgraphMLM-pythia8 9.91 276.5
WJetsToQQ_HT-600to800_TuneCP5_13TeV-madgraphMLM-pythia8 14.4 59.25
WJetsToQQ_HT-800toInf_TuneCP5_13TeV-madgraphMLM-pythia8 14.75 28.75
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Table 7.7: List of Monte Carlo samples used for the 2018.

Sample Events ( � 106 ) � (pb)
TTToHadronic_TuneCP5_13TeV-powheg-pythia8 347.4 377.96
TTToSemiLeptonic_TuneCP5_13TeV-powheg-pythia8 495.0 365.34
TTTo2L2Nu_TuneCP5_13TeV-powheg-pythia8 148.5 88.29
TTToSemiLeptonic_mtop166p5_TuneCP5_13TeV-powheg-pythia8 191.1 365.34
TTToHadronic_mtop166p5_TuneCP5_13TeV-powheg-pythia8 137.8 377.96
TTTo2L2Nu_mtop166p5_TuneCP5_13TeV-powheg-pythia8 60.0 88.29
TTTo2L2Nu_mtop169p5_TuneCP5_13TeV-powheg-pythia8 59.8 88.29
TTToHadronic_mtop169p5_TuneCP5_13TeV-powheg-pythia8 138.7 377.96
TTToSemiLeptonic_mtop169p5_TuneCP5_13TeV-powheg-pythia8 194.7 365.34
TTTo2L2Nu_mtop171p5_TuneCP5_13TeV-powheg-pythia8 59.8 88.29
TTToHadronic_mtop171p5_TuneCP5_13TeV-powheg-pythia8 135.3 377.96
TTToSemiLeptonic_mtop171p5_TuneCP5_13TeV-powheg-pythia8 195.2 365.34
TTTo2L2Nu_mtop173p5_TuneCP5_13TeV-powheg-pythia8 59.9 88.29
TTToHadronic_mtop173p5_TuneCP5_13TeV-powheg-pythia8 139.6 377.96
TTToSemiLeptonic_mtop173p5_TuneCP5_13TeV-powheg-pythia8 200.0 365.34
TTTo2L2Nu_mtop175p5_TuneCP5_13TeV-powheg-pythia8 60.0 88.29
TTToHadronic_mtop175p5_TuneCP5_13TeV-powheg-pythia8 138.4 377.96
TTToSemiLeptonic_mtop175p5_TuneCP5_13TeV-powheg-pythia8 199.8 365.34
TTTo2L2Nu_mtop178p5_TuneCP5_13TeV-powheg-pythia8 59.9 88.29
TTToHadronic_mtop178p5_TuneCP5_13TeV-powheg-pythia8 139.7 377.96
TTToSemiLeptonic_mtop178p5_TuneCP5_13TeV-powheg-pythia8 199.9 365.34
TTTo2L2Nu_hdampDOWN_TuneCP5_13TeV-powheg-pythia8 60.0 88.29
TTToHadronic_hdampDOWN_TuneCP5_13TeV-powheg-pythia8 139.7 377.96
TTToSemiLeptonic_hdampDOWN_TuneCP5_13TeV-powheg-pythia8 193.2 365.34
TTTo2L2Nu_hdampUP_TuneCP5_13TeV-powheg-pythia8 59.8 88.29
TTToHadronic_hdampUP_TuneCP5_13TeV-powheg-pythia8 138.3 377.96
TTToSemiLeptonic_hdampUP_TuneCP5_13TeV-powheg-pythia8 199.4 365.34
TTTo2L2Nu_TuneCP5down_13TeV-powheg-pythia8 60.0 88.29
TTToHadronic_TuneCP5down_13TeV-powheg-pythia8 139.8 377.96
TTToSemiLeptonic_TuneCP5down_13TeV-powheg-pythia8 190.3 365.34
TTTo2L2Nu_TuneCP5up_13TeV-powheg-pythia8 57.9 88.29
TTToHadronic_TuneCP5up_13TeV-powheg-pythia8 139.9 377.96
TTToSemiLeptonic_TuneCP5up_13TeV-powheg-pythia8 199.7 365.34
TTJets_TuneCP5_13TeV-amcatnloFXFX-pythia8 340.5 832
TT_TuneCH3_13TeV-powheg-herwig7 241 832

QCD_HT300to500_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 55.1 315400
QCD_HT500to700_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 58.5 32260
QCD_HT700to1000_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 47.7 6830
QCD_HT1000to1500_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 15.7 1207
QCD_HT1500to2000_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 10.6 119.1
QCD_HT2000toInf_TuneCP5_PSWeights_13TeV-madgraphMLM-pythia8 4.5 25.16
ST_t-channel_antitop_5f_InclusiveDecays_TuneCP5_13TeV-powheg-pythia8 3.7 35.6
ST_t-channel_antitop_4f_InclusiveDecays_TuneCP5_13TeV-powheg-madspin-pythia8 23.4 35.6
ST_t-channel_top_5f_InclusiveDecays_TuneCP5_13TeV-powheg-pythia8 5.7 119.7
ST_t-channel_top_4f_InclusiveDecays_TuneCP5_13TeV-powheg-madspin-pythia8 47.7 82.52
ST_tW_top_5f_NoFullyHadronicDecays_TuneCP5_13TeV-powheg-pythia8 10.1 38.09
ST_tW_antitop_5f_NoFullyHadronicDecays_TuneCP5_13TeV-powheg-pythia8 9.1 38.09
WJetsToQQ_HT-200to400_TuneCP5_13TeV-madgraphMLM-pythia8 14.39 2549.0
WJetsToQQ_HT-400to600_TuneCP5_13TeV-madgraphMLM-pythia8 9.26 276.5
WJetsToQQ_HT-600to800_TuneCP5_13TeV-madgraphMLM-pythia8 13.54 59.25
WJetsToQQ_HT-800toInf_TuneCP5_13TeV-madgraphMLM-pythia8 13.6 28.75
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7.3 Variables of interest

As the measurement performed in this analysis is di�erential, it is done with
respect to a certain variable. Before mentioning the variables, some introduction
needs to be made. In the CMS experiment the reconstructed objects are ordered
based on their transverse momentum ( pT ). When referring to an object as "leading"
we refer to the object with the highest transverse momentum ( pT ). This is true for
all variables not only for pT itself. For example, the mass of the leading jet, means
the mass of the jet with the highest transverse momentum out of the reconstructed
jets.

The �rst set of variables used are the pT of the leading and sub­leading jets.
The transverse momentum is used as a variable because it is Lorentz invariant.
It is easier to study the kinematics of a collision in the center of mass (CM) frame
(coordinate system). The CM is the frame at which the total momentum of the
system equals to zero. Having that constraint, calculations become easier. On
the other hand, the measurements we make with our experimental apparatus are
in what is called the laboratory frame. In particle physics this is the frame of
reference whose center is at the center of the lab. In order to transfer from one
frame to the other we have to transform our measurements with what is called a
Lorentz boost. When we say that a variable is Lorentz invariant it means that it
stays the same under a Lorentz boost. As it can be understood using variables
that have this characteristic make things easier.

Another set of variables used are the rapidity and pseudorapidity � of the lead­
ing and sub­leading jets. Consider the 4­momentum of a particle, (E=c; px ; py; pz).
We de�ne the quantity:

y =
1
2

ln

�
E + pzc
E � pzc

�
(7.1)

The coordinate system used in collider experiments has the z­axis in the beam
direction. Now consider a particle that is the product of a collision, moving in the
XY plane, i.e. perpendicular to the beam direction. In this case the pz will be small
and the rapidity will be almost 0. When the particle moves along the z­axis in the
positive direction, E � pzc and then y ! 1 . In the negative it will be E � � pzc
and y ! �1 . Rapidity is also very useful because rapidity di�erences are Lorenz
invariant under boosts in the z­axis.

Although rapidity is a useful property it has the disadvantage that it is hard
to measure for high relativistic particles. To calculate rapidity we need to know
both the energy and the momentum of a particle. This is not an easy thing to do
especially for high values of pz. However we can de�ne a similar property that is
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independent of this things, pseudorapidity. Starting from the de�nition of rapidity
Equation 7.1 using the energy de�nition we can do

y =
1
2

ln

�
E + pzc
E � pzc

�

=
1
2

ln

p
p2c2 + m2c4 + pzc

p
p2c2 + m2c4 � pzc

Taking into account that pc is way bigger that mc2 for highly relativistic particles
we can use a binomial expansion. Also using that pz=p= cos� where � is the angle
between the particles trajectory and the beam pipe we get

y '
1
2

cos2 �
2

sin 2 �
2

y ' � ln tan
�
2

which is the de�nition of pseudorapidity � .

� = � ln tan
�
2

(7.2)

So for highly relativistic particles, rapidity and pseudorapidity are approximately
equal.

While the quantities already discussed are properties of each individual object,
the rest of the variables of interest relate to the total system of the interaction
products. The other 3 variables are the mJJ which is the sum of the masses of the
two leading jets, the pTJ J which the sum of the transverse momentum of the two
leading jets and �nally yJJ which is the sum of the rapidities of the two leading
jets.

7.4 Trigger

As mentioned before the detector records only events that are selected by the
trigger system of the experiment. The trigger is a modular system that contains
many sets of selection criteria. The same architecture are used both in L1 trigger
as well as in the HLT. In the context of the L1 trigger these sets are called seeds,
while the HLT ones are called paths. Since each event must pass both trigger
stages, trigger paths are a combination of an L1 path that is used as a seed (L1
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seed) for the HLT trigger. One of the �rst requirements of an analysis is to select
one or more triggers that select events that are of interest for this particular study.
Since the detector con�guration was di�erent throughout the Run­II data period,
di�erent triggers were used.

Table 7.8: Summary of triggers used in the analysis for the 2016 data taking
period.

Trigger Purpose
L1_SingleJet180 OR L1_SingleJet200 L1 seed

HLT_AK8DiPFJet280_200_TrimMass30_BTagCSV_p20 signal HLT path
HLT_AK8PFJet140 control HLT path

The triggers used for 2016 data can be found in Table 7.8. The trigger path
at the L1 level requires that the event has at least a jet with pT > 180 GeV. This
path is used as a seed for the HLT path. At the high level trigger, the jets are
reconstructed from particle �ow (PF) candidates using the anti­kt algorithm. They
are characterized from the radius of the cone that is used for the reconstruction.
For this particular trigger path the radius used is 0.8. From now on these type of
jets, i.e. reconstructed from PF (candidates) using the ak algorithm with a radius
of 0.8 will be referred to as AK8. They are required to have mass greater than
30 GeV after the trimming of soft particles. The event is must have at least two
jets where one of them is b­tagged. The CSV algorithm is used for b­tagging.
Finally the jets must have a pT greater than 280 GeV for the leading and 200 GeV
for the sub­leading jet. This trigger run for the whole 2016 data period collecting
an integrated luminosity of 35.9 fb � 1. The trigger was used unprescaled.

Due to the method used for the calculation of the background, there is a need
for a trigger that has no b­tagging requirement. Another trigger was used for
that reason. This trigger has the same L1 seed and at the HLT leve requires the
presence of a jet with a prt more than 140 GeV. This trigger run again for the
full 2016 data taking period but prescaled. It collected an integrated luminosity of
1.67 fb � 1.

The detector con�guration was di�erent in 2016 compared to the following
years of data taking. For that reason a di�erent trigger was used for 2017 and
2018. This trigger path can be seen in Table 7.9. A more complex L1 seed is used.
It requires that the total hadronic transverse energy (HTT) is at least 120 GeV.
Alternatively the presence of 4 jets in the event with an HTT of at least 280 GeV
is required. Out of these jest the leading jet must have an energy of 70 GeV, the
subleading 55 GeV and 40 and 34 GeV for the next two jets. At the HLT level again
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Table 7.9: Summary of triggers used in the analysis for the 2017 and 2018 data
taking period.

Trigger Purpose
L1_HTT120er OR L1_HTT160er OR
L1_HTT200er OR
L1_HTT220er OR L1_HTT240er OR
L1_HTT255er OR
L1_HTT270er OR L1_HTT280er OR
L1_HTT280er_QuadJet_70_55_40_35_er2p5
OR
L1_HTT300er OR
L1_HTT300er_QuadJet_70_55_40_35_er2p5
OR
L1_HTT320er OR L1_HTT340er OR
L1_HTT380er OR L1_HTT400er OR
L1_HTT450er OR L1_HTT500er

L1 seed

HLT_AK8PFHT800_TrimMass50 signal & control HLT path

AK8 jets are used. It is required that the total transverse energy of the event ( HT )
is 800 GeV and that the jets have a mass of 50 GeV after trimming. This trigger
path run for both 2017 and 2018 unprescaled, gathering an integrated luminosity
of 41.5 fb � 1 and 59.7 fb � 1 respectively.

A measure of how good a trigger performs is a quantity called trigger e�ciency.
The trigger e�ciency is basically the probability that a trigger selects an event of
a speci�c type. In our case we de�ne how "e�cient" the trigger is selecting event
that has the characteristics that we want for our analysis. That means how many
of the events that should be selected are indeed selected. In order to determine
all the events we use what is called a reference trigger is used. This trigger is one
that is "orthogonal", i.e. not correlated to the trigger that is of interest. The trigger
e�ciency is de�ned as:

� =
Nref + Nsig + selection criteria

Nref + selection criteria
(7.3)

where Nref are the events passing the reference trigger, Nsig are the events passing
the signal trigger and selection criteria refers to any additional criteria that are
used in the selection of the events. The reference trigger used in our case is the
HLT_IsoMu27 which requires the presence of an isolated muon with pT greater
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than 27 GeV.

Figure 7.3: Trigger e�ciency for the signal path of the analysis vs second leading
pT for 2016

Figure 7.4: Trigger e�ciency for the signal path of the analysis vs the total trans­
verse momentum of the event for 2017

The trigger e�ciency can be seen in Figure 7.3, Figure 7.4, Figure 7.5 for each
year. It is displayed in comparison with the expected e�ciency calculated from
simulations. For the 2016 trigger the pT of the sub­leading jet is used while for
the 2017 and 2018 trigger the variable HT which is the pT sum of all the jets in
the event is used.
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Figure 7.5: Trigger e�ciency for the signal path of the analysis vs the total trans­
verse momentum of the event for 2018

7.5 Selection criteria

On top of the selection criteria that are imposed by the trigger selection we need
to apply another set of criteria in order to select events that are of interest for this
analysis. The selection criteria aim to select events that contain t �t pairs of high
transverse momentum that decay hadronically. Of course this can not be done
totally with just the selection criteria and background has to be further removed
with the method discussed later, see section 7.6.

The leptons used in this analysis are muons and electrons. The are used to
ensure better jet reconstruction. First we require that there are no leptons in
the event. To achieve so, leptons need to be reconstructed with a good precision
allowing us to discard events that contain them. Secondly leptons can be misin­
terpreted as jets cause jets also carry an electromagnetic component. This way,
indirectly, good lepton identi�cation ensures that also jets are correctly identi�ed.
In this analysis muons are reconstructed from PF candidates and are required to
have pT > 20 GeV. An additional set of criteria are used based on the isolation
and identi�cation algorithms [40]. For muons the medium working point for the
identi�cation (ID) algorithm is used while the isolation is required to be less than
0.1. For electrons, the tight ID working point is used and again 0.1 as the required
value for isolation.

For jets, PF candidates are used [13]. The Pile Up Per Particle Identi�cation
algorithm (PUPPI) is used to remove pile up contributions from the reconstructed



7.5. SELECTION CRITERIA 109

jet. Finally they are reconstructed as AK8 jets, see section 7.4. These jets will be
referred to as AK8PFPUPPI jets. They are required to pass the tight cut of the jet
identi�cation algorithm used in CMS [41]. In addition to the AK8 jets another set
of jets is used. The large­radius AK8 jets contain all the decay products of the t ( �t)
quark. But we are also interested in the substructure of this jet. For example the
b quark inside it will be another smaller jet, or the decay products of the W boson
will also be other smaller radius jets. The same algorithms are used to construct
a collection of smaller jets, AK4 jets. For the mass of the jets the soft drop mass
algorithm was used chapter 4.

The jets are required to contain at least one b­quark. This allows to identify
whether a jet is the result of a top quark decay or not. The DeepCSV algorithm [15]
is used in order to identify the jets as b­tagged or not. It calculates the probability
that a subject of the AK8 jets (AK4) is a b quark. The medium working point
is used for each year, according to the CMS recommendations [42], [43], [44],
[45]. Finally since leptons can be also reconstructed as jets they are removed by
doing a geometrical matching. If the distance between a jet and a lepton � R =p

(� � )2 + (� � )2 is less than 0.4 the jet is rejected from the selection.

7.5.1 Baseline Selection

After doing some basic pre­selection on the reconstructed objects from the detec­
tor, further criteria are applied. In Table 7.10 the baseline selection of the analysis
is shown. This is the basis and is common to all the areas de�ned later. It re­
quires at least two jets in the events and a veto on leptons, i.e. no leptons in
the event. Kinematically, the jets are required to have a transverse momentum of
450 and 400 GeV for the leading and sub­leading jet respectively. They are both
required to have an absolute pseudorapidity of less than 2.4. Their soft drop mass
is required to be in the range of 50 to 300 GeV. Finally the mass mjj of the system
is required to be more than 1000 GeV.

7.5.2 Boosted Decision Tree

In addition to the selection criteria used in the analysis to select events, a Boosted
Decision Tree (BDT) is developed and used. A bdt is a machine learning (ML)
algorithm used in classi�cation problems. A decision tree Figure 7.6 is a tree
structure, starting from a root note. Additional child nodes are de�ned by applying
binary criteria to the starting node until a some conditions are met. Boosting is
a technique where multiple weaker classi�ers are combined together to form a
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Table 7.10: Baseline Selection Criteria

Observable Requirement
N jets > 1

N leptons = 0
pjet1

T > 450GeV
pjet2

T > 400GeV
j� jet1,2 j < 2:4
mjet1,2

SD (50; 300)GeV
mt �t > 1000GeV

stronger one. In every step weights are applied to each tree in order to account
for its accuracy. BDTs are widely used in high energy physics in classi�cation of
structures as signal or background. The same is done in our analysis where we
use a BDT to classify events.

Figure 7.6: Schematic representation of a decision tree [46]. A decision tree is a
tree structure, starting from a root note. Additional child nodes are de�ned by
applying binary criteria to the starting node until a some conditions are met.

The BDT developed in this analysis is used to classify jets as top candidates or
not. The samples are splitted in 4 categories, based on the pT of the jet. Splitting
the phase space in categories, enhances the performance of the discriminator. The
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categories are (400, 600) GeV, (600, 800) GeV, (800, 1200) GeV, (1200, Inf) GeV.
In total 500 trees are trained with the Gradient Boost method. The BDT relies
on various variables to discriminate the various objects. First variables regarding
the structure of the jet are used. The n­subjetiness [47] variables take advantage
of the fact that partons that result from the decay of a particle carry a fraction
of the particle's momentum. Therefore the momentum inside a jet is not evenly
distributed but rather is located in certain parts of the jet ("prongs"), see Figure 7.7.
They are a set of variables, calculated by

� N =
1

P
k pT;kR

X

k

pT;k minf � R1;k ; � R2;k ; : : : � RN;k g; (7.4)

where N is the number of candidate reconstructed subjets, e.g. � 3 calculates the
value for having 3 subjets. k is an index that runs over the constituent particles in
the jet. A value close to zero means that most of the constituents are aligned along
the subjet axis. If � N � 0 means that the jet has probably more than N subjets.
The BDT developed for this analysis uses � 1; � 2; � 3.

Figure 7.7: Partons that result from the decay of a particle carry a fraction of the
particle's momentum. Therefore the momentum inside a jet like that is not evenly
distributed but rather is located in certain parts of the jet ("prongs"). The �gure
displays a jet with two and a jet with three "prongs".

Another set of variables used are the Energy Correlation Functions (ECF) [48].
They are based on the energies and pair­wise angles of particles within a jet .They
are also sensitive to N­prong substructure. For hadron colliders they are de�ned
as:

ECF (N; � ) =
X

i 1<i 2 ��� <i N 2 J

(
NY

i =1

pT;i )(
N � 1Y

b=1

NY

c= b+1

Ri bi c )
� (7.5)

where Rij is the Euclidean distance between i and j in the rapidity­azimuth angle

plane and R2
ij = ( yi � yj )2 + ( � i � � j )2, with yi = 1

2 ln E i + pzi
E i � pzi

. The BDT makes use

of the following ECFs ECFB1N2, ECFB1N3, ECFB2N2, ECFB2N3.
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Figure 7.8: Output of the Boosted Decision Tree (BDT). A comparison in the per­
formance of the BDT in classifying actual top quark jets and QCD jets as top
quarks. The output is displayed for each year. Top left is 2016_preVFP, top right
2016_postVFP, bottom left 2017 and bottom right 2018

Together with the variables mentioned above the soft drop mass mass of the
jet and the ratio of the jet pt over the sum of the pT 's of all the jets in the event are
used. In total it requires 10 variables to classify a jet as a top quark or not. Since
each data taking year is di�erent a di�erent BDT was developed for each year.
Accordingly a separate working point is used for each year. Figure 7.8 shows the
response of the BDT.
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7.5.3 Analysis regions

Putting it all together, the following regions are de�ned in this analysis. The signal
region ( SR) is where the actual measurement is performed. It contains events
that pass the baseline selection (Table 7.10). It requires that both jets have a
b­tagged subjet and pass the BDT top tagging selection. Finally they need to
pass the mass cut criterion where their soft drop mass needs to be in the region
(120, 220) GeV. The next de�ned region is the extended signal region ( SRA ). It

Table 7.11: Selection requirements per analysis region for 2016 pre and post VFP

Region Trigger O�ine Purpose
SR Signal Baseline + BDT > 0:2 +

2 b­tag subjets +
mjet 1;2

SD 2 (120; 220)GeV

Signal Region

SRA Signal Baseline + BDT > 0:2 +
2 b­tag subjets +
mjet 1;2

SD 2 (50; 300)GeV

QCD �t region

CR Control Baseline + BDT > 0:2 +
0 b­tag subjets +
mjet 1;2

SD 2 (120; 220)GeV

QCD control region

CRA Control Baseline + BDT > 0:2 +
0 b­tag subjets +
mjet 1;2

SD 2 (50; 300)GeV

QCD extended CR

is similar to the SR but has a loser selection threshold for the soft drop mass
cut, i.e. (50, 300) GeV. This region is used for the �t procedure which is used to
de�ne the QCD background, see section 7.6. The next region is the Control Region
(CR). It contains events that pass the baseline selection and the BDT top tagging
selection. They are also required to have a soft drop mass between 120 and 200
GeV. The jets in this region are required to not b­tagged. This region is used to
de�ne the shape of the QCD contribution and then subtract it. The �nal region is
the extended control region ( CRA ). It is similar to the CR but has the looser cut
for the soft drop mass of the jets, (50, 300) GeV. The di�erent setup of the detector
in the various data taking years, yield di�erent threshold values (working points)
for the b­tagging algorithm and the BDT top tagging algorithm. For the b­tag the
values are 0.6001 , 0.5847, 0.4168, 0.4506 for 2016_preVFP, 2016_postVFP, 2017
and 2018 respectively. For top tagging, the working points are 0.2 for both 2016
periods and 0.0, 0.1 for 2017 and 2018 respectively.
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Table 7.12: Selection requirements per analysis region for 2017 (Control and Sig­
nal triggers are the same)

Region Trigger O�ine Purpose
SR Signal Baseline + BDT > 0:0 +

2 b­tag subjets +
mjet 1;2

SD 2 (120; 220) GeV

Signal Region

SRA Signal Baseline + BDT > 0:0 +
2 b­tag subjets +
mjet 1;2

SD 2 (50; 300)GeV

QCD �t region

CR Signal Baseline + BDT > 0:0 +
0 b­tag subjets +
mjet 1;2

SD 2 (120; 220) GeV

QCD control region

CRA Control Baseline+ BDT > 0:0 +
0 b­tag subjets +
mjet 1;2

SD 2 (50; 300)GeV

QCD extended CR

Table 7.13: Selection requirements per analysis region for 2018 (Control and Sig­
nal triggers are the same)

Region Trigger O�ine Purpose
SR Signal Baseline + BDT > 0:1 +

2 b­tag subjets +
mjet 1;2

SD 2 (120; 220)GeV

Signal Region

SRA Signal Baseline + BDT > 0:1 +
2 b­tag subjets +
mjet 1;2

SD 2 (50; 300)GeV

QCD �t region

CR Signal Baseline + BDT > 0:1 +
0 b­tag subjets +
mjet 1;2

SD 2 (120; 220)GeV

QCD control region

CRA Control Baseline + BDT > 0:1 +
0 b­tag subjets +
mjet 1;2

SD 2 (50; 300)GeV

QCD extended CR

7.5.4 Measurement Areas

As said before, the actual particles of interest can not be detected directly since
they decay very quickly. What is actually detected is their decay products. But
even then sometimes the decay products also decay themselves before reaching
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the detector volume. During the procedure of the experiment until the particle
detection we can de�ne various regions that represent the steps that take place,
see Figure 7.9.

Figure 7.9: Schematic representation of the various phases of the particle lifetime
as they are de�ned from an analysis point of view. Parton level contains the
particles that we want to measure. Particle level contains their decay products,
what we actually detect. And detector level is what is actually measured by the
detector.

The �rst area we de�ne is the parton level. This contains the particles we actu­
ally want to measure, in our case the t �t . The next area is the particle level. After
decay, hadronization and other procedures the products that will be detected from
the detector are produced. The level that contains the collection of the particles
that will be detected is called the particle level. Finally we have the detector level
which contains what is being measured by the detector. This is di�erent from what
is actually produced contained in the parton level as well as in the particle level.
The di�erences are due to the detector resolution as well as other factors having
to do with the modeling of the various processes happening in the decay etc.

In this analysis results are produced both in the parton and particle levels.
Although we want to study the t �t pair which is the parton level the study of the
particle level gives us a measurement that is closer to the detector level and thus
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can be more accurate as it su�ers from less uncertainties. This is limited more
by the detector resolution and not so much by the theoretical predictions related
to the actual physics process. The parton level measurement involves much more
the theoretical predictions as in order to go from the particle level to the parton
level we need to have a good way of modeling the transition between these two
levels and invert it.

Table 7.14: De�nition of parton­level phase space.

Observable Requirement

Leading Parton pt; �t
T > 450GeV

Second leading Parton pt; �t
T > 400GeV

j� t; �t j < 2:4
mt �t > 1000GeV

Table 7.15: De�nition of particle­level phase space.

Observable Requirement
N jets > 1

Leading particle jet pjet1
T > 450GeV

Second Leading particle jet pjet2
T > 400GeV

j� jet1,2 j < 2:4
mjet1,2

SD (120; 220)GeV
mjj > 1000GeV

Similar to the de�nition of the measurement phase space with the cuts men­
tioned in the previous section we also need to de�ne parton and particle phase
spaces with a set of selection criteria. For the parton level, see Table 7.14 we
required a pT cut at 450 GeV and 400 Gev for the leading end sub­leading jets
respectively and then a cut for the j� j of both jets are 2.4. Finally there is a cut for
the invariant mass of the t �t system at 1000 GeV. For the particle level we require
two or more AK8 jets. Only jets originating from the primary vertex are selected.
Jets that are geometrically matched within � R < 0.4 with a lepton are rejected.
The selected jets are then required to have pT cuts at 450 and 400 GeV same as
the detector level. Again j� j is required to be less that 0.4 for both, their soft drop
mass to be in the range (120, 220) GeV and the sum of their invariant masses to
be more that 1000 GeV.
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7.6 Signal Extraction

As discussed above, the dominant background contribution on this analysis comes
from QCD mult�et production. It is possible that jets that originate from the
radiation of a parton mimic the jet produced from a top quark. Using the selection
criteria described above and in particular b­tagging and the top tagging BDT greatly
reduces the contribution of QCD in our signal selection. In order to remove the
rest QCD contribution a data driven technique is used. This means that the data
sample is used in order to estimate this contribution. The SR selection consists of
three parts. The actual t �t part which we want to keep, the QCD part and the other
subdominant contributions. This can be represented by:

D(x) = a � S(x) + b� Q(x) + c � B(x) (7.6)

where x refers to the measurement variables, pt1 ;t 2
T , jyt1 ;t 2 j, mt �t , pt �t

T , yt �t . D(x) is the
measured distribution in data, S(x) is the signal, the t �t contribution and Q(x) is
the distribution of the QCD contribution. Finally B(x) is the distribution of the
subdominant background contributions. a; b; care normalization factors for the
yield of each contribution respectively.

The method used for the background contribution is based on the assumption
that reverting the b­tagging requirement can gives us the same distribution as the
QCD contribution. This means that the area we get has the same "shape" and
that it is pure meaning that it contains only QCD jets and not other contributions.
The following images serve as a closure test Figure 7.10 ­ Figure 7.15. They
show a comparison of the shape of QCD mult�ets using the SR and CR selection
criteria as described in the previous section. The shapes compared are for the SR
selection used in the analysis and the CR which is the same but with the b­tagging
requirement reverted. The plots show a fairly good agreement which means that
the CR can be used to take the shape of the QCD contribution in the SR. In some
of the variables like the mass soft drop of the leading jet and the pT of the jets
where there seems to be a bit bigger disagreement in the shapes. To account for
this, a correction factor is used. It is extracted by a �t applied in the ratio plot of
the two shapes.
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Figure 7.10: Closure test in the QCD simulation for the shape of the soft drop mass
of the leading jet in the two possible b­tagging requirements (none, or both jets
contain a b­tagged subjet) for the 4 data taking periods. Top left is 2016_preVFP,
2016_postVFP top right, 2017 is bottom left and 2018 is bottom right. A ratio plot
is shown in the bottom of each �gure. A linear trend can be seen which is used
later to correct this e�ect.
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Figure 7.11: Closure test in the QCD simulation for the shape of the leading (left)
and subleading (right) pT of the jet. First row is for 2016_preVFP, second for
2016_postVFP, third 2017 and fourth 2018. A �t is performed for a correction
factor in the plots that require it.
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Figure 7.12: Closure test in the QCD simulation for the shape of the leading (left)
and subleading (right) jyj of the jet. First row is for 2016_preVFP, second for
2016_postVFP, third 2017 and fourth 2018.
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Figure 7.13: Closure test in the QCD simulation for the shape of the pTJJ of the
system. First row is for 2016_preVFP, second for 2016_postVFP, third 2017 and
fourth 2018.
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Figure 7.14: Closure test in the QCD simulation for the shape of the mJJ of the
system. First row is for 2016_preVFP, second for 2016_postVFP, third 2017 and
fourth 2018.
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Figure 7.15: Closure test in the QCD simulation for the shape of the yJJ of the
system. First row is for 2016_preVFP, second for 2016_postVFP, third 2017 and
fourth 2018.
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Figure 7.16: Contamination plots for the QCD control region. They display the
contamination of the CR from t �t and subdominant backgrounds as a function of
the soft drop mass of the leading pT jet. On the top left for 2016 preVFP, and top
right 2016 postVFP and in the bottom left for 2017 and right for 2018. On top we
present the expected yields for each process in the Control Region. The ratio of the
plots shows the percentage of contamination in the CR with respect to the present
QCD in the CR for each year.

Although reverting the b­tagging requirement give us the shape of the QCD in
the SR we need to see if by applying this selection criteria only QCD is selected
and not actual signal. If this is not the case some adjustment needs to be made.
The presence of signal in our background selection region is called contamination.
Figure 7.16 shows the contamination of the QCD control region. The selection
criteria are used in monte carlo sample simulating the various processes QCD, t �t
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and other subdominant processes. It can be seen that in fact the CR selection
has a signi�cant contribution � 10% from t �t events. This contribution is removed
before the CR selection is used for background subtraction.

Using the CR a distribution is obtained for the QCD contribution but the yield,
the normalization factor needs to be determined. For this reason a �t is performed.
The �t is performed in the data and in particular in the SRA selection. This
region is selected as it is wider and includes more background allowing for a
better modeling of the various shapes from the �t procedure. The �t is performed
on the distribution of the soft drop mass of the leading jet. The equation used for
is the following:

DSRA (mt ) = N t �tT(mt ; kscale ; kres) + Nqcd (1 + kslope mt )QCRA (mt ) + Nbkg B(mt ) (7.7)

where DSRA is the distribution of the data where the �t is performed. The shapes
T(mt ) and B(mt ) are the shapes of the signal and subdominant background pro­
cesses and are taken from simulation. The shape of the QCD Q(mt ) is taken from
the extended control region (CRA ) from the data.

Figure 7.17: Templates of QCD (left), taken from data, of the subdominant back­
grounds (center), taken from the simulation and templates of the tt (right) taken
from simulation for 2016_preVFP. The di�erent lines show the individual compo­
nents (frozen in the �t) used to describe the shapes. The QCD shape is composed
of a smooth polynomial and a Gaussian, while the shape of the subdominant back­
grounds contains a smooth polynomial and two Gaussians (one describes the W
resonance from the single top and WJets processes and the other describes the
broader peak from the kinematic selections). On the right, template of the tt signal
taken from the simulation. The shape consists of a smooth polynomial and two
Gaussians (one describes the W resonance from unmerged top decays and the
other describes the fully merged top resonance).
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Figure 7.18: Templates of QCD (left), taken from data, of the subdominant back­
grounds (center), taken from the simulation and templates of the tt (right) taken
from simulation for 2016_postVFP. The di�erent lines show the individual compo­
nents (frozen in the �t) used to describe the shapes. The QCD shape is composed
of a smooth polynomial and a Gaussian, while the shape of the subdominant back­
grounds contains a smooth polynomial and two Gaussians (one describes the W
resonance from the single top and WJets processes and the other describes the
broader peak from the kinematic selections). On the right, template of the tt signal
taken from the simulation. The shape consists of a smooth polynomial and two
Gaussians (one describes the W resonance from unmerged top decays and the
other describes the fully merged top resonance).

Figure 7.19: Templates of QCD (left), taken from data, of the subdominant back­
grounds (center), taken from the simulation and templates of the tt (right) taken
from simulation for 2017. The di�erent lines show the individual components
(frozen in the �t) used to describe the shapes. The QCD shape is composed of a
smooth polynomial and a Gaussian, while the shape of the subdominant back­
grounds contains a smooth polynomial and two Gaussians (one describes the W
resonance from the single top and WJets processes and the other describes the
broader peak from the kinematic selections). On the right, template of the tt signal
taken from the simulation. The shape consists of a smooth polynomial and two
Gaussians (one describes the W resonance from unmerged top decays and the
other describes the fully merged top resonance).
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Figure 7.20: Templates of QCD (left), taken from data, of the subdominant back­
grounds (center), taken from the simulation and templates of the tt (right) taken
from simulation for 2018. The di�erent lines show the individual components
(frozen in the �t) used to describe the shapes. The QCD shape is composed of a
smooth polynomial and a Gaussian, while the shape of the subdominant back­
grounds contains a smooth polynomial and two Gaussians (one describes the W
resonance from the single top and WJets processes and the other describes the
broader peak from the kinematic selections). On the right, template of the tt signal
taken from the simulation. The shape consists of a smooth polynomial and two
Gaussians (one describes the W resonance from unmerged top decays and the
other describes the fully merged top resonance).

The various shapes used can be seen in the following �gures, Figure 7.17 ­
Figure 7.20. The �t is performed in the soft drop mass variable. The closure
test for this variable, Figure 7.10 shows some linear trend in the ratio plot. To
account for this discrepancy the correction factor kslope has been introduced and
left free in the �t. The correction factor is applied in the form (1 + kslopemt ). Two
more free parameters are left in the �t kscale and kref . These are to account for
any discrepancies in the modeling of the shape of the top quark T(mt ) and are
again left free to be determined by the �t. The are used to change the � and
� of the Gaussian used to model the top quark peak in the mass. Finally the
normalization parameters (yields) N t �t , Nqcd , Nbkg for all contributions are left free
to be determined by the �t.

The �t is performed using the RooFit package [49]. The �t results can be seen
in theFigure 7.21 ­ Figure 7.24 for each year respectively. The �tted parameters,
i.e. the free parameters determined by the �t procedure can be seen in Table 7.17
and Table 7.18. For all years the t �t yield is � 35% smaller than what the MC
simulations predict (Powheg + Pythia8). To quantify this we introduce the quantity
r t �t called signal strength. It is de�ned as the number of events measured in data
over the number of events predicted by the simulation. The respective values for
the signal strength for each year can be seen in Table 7.16.
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Figure 7.21: Result of the template �t on data for 2016 preVFP. The red line shows
the t �t contribution, the green line shows the QCD, and the brown line shows the
subdominant background.

Figure 7.22: Result of the template �t on data for 2016 postVFP. The red line shows
the t �t contribution, the green line shows the QCD, and the brown line shows the
subdominant background.
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Figure 7.23: Result of the template �t on data for 2017. The red line shows
the t �t contribution, the green line shows the QCD, and the brown line shows the
subdominant background.

Figure 7.24: Result of the template �t on data for 2018. The red line shows
the t �t contribution, the green line shows the QCD, and the brown line shows the
subdominant background.
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Table 7.16: Results of the t �t signal strength for each year.

Year Value Error
2016_preVFP 0.691 0.028
2016_postVFP 0.640 0.029

2017 0.665 0.018
2018 0.675 0.016

Table 7.17: Results of the �t in SRA for 2016 preVFP left, 2016 postVFP right

Parameter Value Error
kres 1.032 0.045

kscale 0.987 3.36e­03
kslope 6.91e­02 0.14
Nbkg 108 183
Nqcd 1321 212
N t �t 2543 104

Parameter Value Error
kres 0.976 0.049

kscale 0.979 3.61e­03
kslope 0.185 0.136
Nbkg 10 848
Nqcd 951 639
N t �t 1977 92

Table 7.18: Results of the �t in SRA for 2017 left, 2018 right

Parameter Value Error
kres 1.03 0.03

kscale 1.025 2.74e­03
kslope 0.2 0.07
Nbkg 526 159
Nqcd 2514 210
N t �t 6008 160

Parameter Value Error
kres 1.01 0.026

kscale 0.992 0.002
kslope 5e­02 3.24e­03
Nbkg 479.3 222
Nqcd 3900 251
N t �t 7664 177

The signal extraction procedure can be summarised in the following equation:

S(x) = D(x) � Ryield NqcdQ(x) � B (x) (7.8)

where x is the variable of interest and S is the desired signal distribution. D is
the measured distribution in the SR of the data. B is the contribution of the
subdominant background processes taken from the MC. Q is the shape of the
QCD mult�ets distribution taken from the CR of the data sample. That means we
invert the b­tagging requirement on the SR selection criteria. N is the number of
QCD elements taken from the �t procedure. Since this value is measured in the
extended signal region SRA a transfer factor needs to be added in order to transfer
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this value to the SR. This is de�ned as:

Ryield =
NSR

NSRA

(7.9)

and is taken from simulation.

7.7 Data vs Monte Carlo

A sanity check for the values calculated in the previous section is to do a com­
parison between the number of events predicted by MC using the scale factors
and data. In the following �gures, the number of events selected from the data
sampled are compared with the number of events predicted by the MC simulation.
The simulation samples used are the t �t , QCD and subdominant backgrounds,
(W+jets, Z+jets, Single Top). The t �t number of events is scaled down using the
signal strength factor calculated in the previous section. It can be seen tat there
is a fairly good agreement. Additionally, �gures 7.25 ­ 7.30 contain comparison
plots of the data selection vs the MC predictions. Again the MC simulations are
scaled according to the results of the �t from the previous section.

Table 7.19: Expected and observed event yields in the signal region for all analyzed
years.

Process Yield 2016 preVFP Yield 2016 postVFP Yield 2017 2018
t �t 2252 1952 5358 6840
QCD 434 329 1182 1280
Subdominant
(W+jets,
Z+jets, Single
Top)

10 8 38 47

Data 2187 1654 4818 6205
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Figure 7.25: SoftDrop mass of the leading AK8 jet after the baseline selection with
both AK8 jets containing a b­tagged subjet, with the BDT > 0.0 cut (2016 preVFP
top left, 2016 postVFP right), > 0.1 for 2017 bottom left and > 0.2 for 2018 bottom
right



7.7. DATA VS MONTE CARLO 133

Figure 7.26: Distributions for the transverse momentum of the leading and sub­
leading jet in the signal region. On left, the distribution for the leading jet and on
the right for the sub­leading jet. Starting from top: 2016 preVFP, 2016 postVFP,
2017, and 2018
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Figure 7.27: Distributions of the rapidity for the leading and sub­leading jet in the
signal region. On left, the distribution for the leading jet and on the right for the
sub­leading jet. Starting from top: 2016 preVFP, 2016 postVFP, 2017, and 2018
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Figure 7.28: Distributions of the rapidity for the d�et mass of the system in the
signal region. On top left for 2016 preVFP, top right for 2016 postVFP, bottom left
for 2017 and bottom right for 2018.
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Figure 7.29: Distributions of the rapidity for the for the transverse momentum of
the system in the signal region. On top left for 2016 preVFP, top right for 2016
postVFP, bottom left for 2017 and bottom right for 2018.
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Figure 7.30: Distributions of the rapidity for the for the rapidity of the system in
the signal region. On top left for 2016 preVFP, top right for 2016 postVFP, bottom
left for 2017 and bottom right for 2018.
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