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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 χ2 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 find what
it is made of how it behaves and what rules govern it. Particle physics is the field 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
find a theory, a set of rules, that can explain everything that can be observed in
the universe and everything that will be observed.

Every field 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 field. 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 finds a new phenomena or effect 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 field 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 final 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 final 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 find inconsistencies in the theory and prove it,
partially, wrong. The story continues with a never-ending back and forth between
theory and experiment until a general unified 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 first 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 άτοµο (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 differentiation 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 flavors), 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 (µ) and the tau (τ ). For
every charged lepton there is a neutral charge one called a neutrino (νe, νµ, ντ ).
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 anti-quark, 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 (tetra-quarks) and even ones with 5, called penta-quarks.

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 first
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 (γ) 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 Z0. The first two are
positively and negatively charge respectively while the third is neutral. All three
particles for the weak force have a mass. The photon (γ) 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 effect 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 αs [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 confinement. 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 quark-antiquark 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 (γ) 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 αs, figure 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 flavor (flavor-mixing) 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
differently based on the value of their chirality. Only left handed particles and right
handed anti-particles 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 flavor. The probabilities of flavor changing
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are described in the Cabbibo-Kobayashi-Maskawa (CKM) matrix [5], [6].

VCKM =

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 (2.1)

Where |Wij|2 is the probability for the transition from flavor i to flavor j. Diagonal
elements has significant bigger values than the off-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), anti-top (t̄) pair (tt̄) 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
figures 2.5 and 2.6 respectively.
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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 tt̄
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
anti-protons. The production was mainly done with the annihilation process of
a quark and an anti-quark. In the LHC due to higher energies the production is
done predominantly via the gluon fusion process at a percentage of around 90%.

The difference in the way of tt̄ production in the two experiments can be ex-
plained from the diagram in Figure 2.7. The graphs show the parton distribution
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Figure 2.5: Leading order Feynman diagrams for the production of a tt̄ pair via the
gluon fusion process.
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Figure 2.6: Leading order Feynman diagrams for the production of a tt̄ pair via the
quark annihilation process.

function (PDF) of a proton versus the momentum fraction χ. A PDF is the density
of finding a parton carrying a momentum fraction (χ) at a certain energy scale
Q2 (= −q2). Where χ is the fraction of the nucleon longitudinal momentum car-
ried by the parton. In order to produce a tt̄ pair during a collision, the center of
mass energy needs to be at least two times the mass of the top quark, χ ≳ 2mt√

s
. In

Tevarton the value the value for χ was χ ≈ 0.18 while in the LHC it is χ ≈ 0.027.
From Figure 2.7 it can be seen that the PDF values for a gluon are way bigger for
the χ 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
flavor 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) |Vtd|2, |Vts|2
and |Vtb|2. 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 χ. 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
anti-quark. 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 tt̄ pair we have two tops decaying there will be
two W bosons. In this case we can have any of the following scenarios:

• Fully hadronic channel1. 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.

• 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%

1In 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.

• Dilepton channel. The final 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 (σ) 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 final 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 specified 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 tt̄ 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 infinite number of diagrams. Then summing over all the
diagrams, the cross section then can be calculated as:

σ̂ij−>tt̄+X = H(0)︸︷︷︸
LO

+αSH
(1)︸ ︷︷ ︸

NLO

+α2
SH

(2)︸ ︷︷ ︸
NNLO

+ . . . (2.2)

However since αS 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:

σ =
N

Lint

(2.3)

Where N is the total number of measured events for this specific process and
Lint 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 cm2 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 tt̄
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 Européen pour
la Recherche Nucléaire 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 France-Swiss 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 predefined 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 re-existing tunnel of the older accelerator Large
Electron Positron collider (LEP). It consists of a set of superconducting magnets

35
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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 field electrons are removed from the atoms’
nuclei resulting in free protons. After their production, protons are inserted in
the first 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 affecting 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 = σL (3.1)

where σ 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 E2 because the cross section is inversely proportional to that quantity
(σ ∝ 1/E2). The luminosity of an accelerator which collides 2 bunches of particles
n1, n2 with a frequency f , is:

L = f
n1n2

4πσxσy

(3.2)

Where σx, σy is the transverse profile 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 n-TOF, 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 predefined 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:

• A Toroidal LHC ApparatuS (ATLAS), Point 1.

• Compact Muon Solenoid (CMS), Point 5.

• LHC beauty (LHCb), Point 2.

• A Large Ion Collider Experiment (ALICE), Point 8.

The first two detectors ATLAS and CMS, are general purpose detectors. On the
other hand, LHCb and ALICE are built for studying specific 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 CP-violation.
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 field 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 justifies 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 field and the length
of the detector with the following relationship:

σpT

pT
=

σs

s
= σs

8pT
0.3BL2

(3.3)

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

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

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

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

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

• A very efficient 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 different 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



3.3. COMPACT MUON SOLENOID 41

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 field up to 4 Tesla.
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Figure 3.5: The value of pseudo-rapidity (η = − ln(tan (θ/2))) as a function of the
angle θ. Angle θ is the angle from the positive part of z-axis. As z-axis we define
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 x-axis points to the
center of the LHC ring, y-axis points upwards perpendicular to the axis of the beam
and z-axis is parallel to the axis of the beam. Because the shape of the detector is
cylindrical it is more convenient to use a different coordinate system that consists
of the three following quantities, r, ϕ, η, where r is the distance from the z-axis, ϕ
is the azimuthial angle from the x-axis and η is a quantity called pseudo-rapidity.
It is calculated from the following equation η = − ln(tan (θ/2)) where θ is the angle
from the positive part of the z-axis. In Figure 3.5 the value of pseudo-rapidity for
various values of the angle θ.

3.3.1 The tracker

The tracker detector is the first 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
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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 |η| < 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 different technologies are used. The first 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 → γγ 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, π0 → γγ. 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 lead-tungstate (PbWO4) crystals. This material
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was chosen as it is very dense (8.28g/cm3) and has small radiation length1 (X0 =
0.89 cm) and Moliere radius2 (Rm = 0.89 cm). 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 (π0 → 2γ) 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
identified 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 |η| < 3.

EB covers the area |η| < 0.1479 and consists of parts called supermodules
each containing 4 modules. The first 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 < |η| < 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 defined 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 defined 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 fluorescent 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 fit 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 wavelength-shifting fibers
which transform it in green. It is then transferred in special detectors called Hy-
brid Photodiodes (HPD) where it is amplified and transformed into electrical signal.
From where it is finally 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 |η| < 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 fibers 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 |η| < 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 miss-interpreted as missing
momentum.

3.3.4 The magnet

One of the most difficult and important aspects in the constructions of CMS was
the choice of the magnet. The difficulties included both the selection of the type
as well as the strength of the field 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 field 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 |η| < 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 area3. Due to the large area as well as the different radiation dosages in
the various areas of the detector, three different types of detectors are used in the
muon system:

• Drift Tubes (DT).

• Cathode Strip Chambers (CSC).

• 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 different 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 different purpose. The first two have very good
spatial resolution while the RPCs have very good time resolution. The muon system
covers the area 4 < 7.4, |η| < 2.4.

The drift tubes (DT) are placed in the main body of the CMS detector, the
barrel. In the barrel the particle flow is relative slow and the magnetic field 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 different radius (MB1 -
MB4). Each tube has a diameter of 4 centimeters and a wire in the center. It
is filled 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 field 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 flow is large and the magnetic field 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) filled with gas. When a muon pass
through the gas it ionizes it. Due to the charged plates there is an electric field
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 field 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 filtering 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 first stage is what is called the Level-1 trigger and the second one the
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High Level Trigger (HLT).
The Level-1 Trigger is the first step of the triggering system of CMS. At this

stage the system has a total time of 3.2 µs to decide for each event whether it is
worth storing or not. In reality due to delay problems the time is approximately
1 µs. The data are stored in buffers 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 filtering.

The HLT consists of solely software. It uses algorithms similar to the ones used
from physicists in offline analysis. The filtering is done in 3 stages. In the first stage
data from the calorimeters and the muon system are used in a manner similar to
the one in the Level-1 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 finished, 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 offline 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 different 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 sub-detecting 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 first 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 finder (CTF). It is an
iterative algorithm that runs in six iterations and has a very high efficiency and low
fake rate. Hits on the tracker are combined into tracks using very tight criteria in
the first iteration. This means that the algorithm has a small fake rate but not very
good efficiency 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

53



54 CHAPTER 4. OBJECT RECONSTRUCTION

iteration. In the final iterations more complex tracks are reconstructed.
The next step is the determination of the primary vertex. As a vertex we define

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 define 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 fit
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 (

∑
p2T ) 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 finally 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 flow algorithm in order to identify
particles. In Figure 4.1 the different 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 flow 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 fit with a different 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 definition 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 co-linear (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 anti-kt algorigth, for each
PF candidate i the following two parameters are calculated:

di,B = p2T,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 +
(ϕi − ϕj)

2, is defined as the distance between the two entities i,j in the η − ϕ
plane, where y is the rapidity and ϕ is the azimuthial angle from the x-axis. 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 re-calculated
and the process is repeated until no entities are left.

The parameter R is called the jet radius and defines 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 Lorentz-boost. Figure 4.3 shows the reconstruction of jets using the
anti-kt 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 defined 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 significant loss of the detector’s
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Figure 4.3: Example of the jets reconstructed using the anti-kt 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 in-time pileup (IT) refers to particles from separate events
hitting the detectors. This type of pileup leads to associating particles from differ-
ent events to the same event. The out-of-time pileup (OOT) can be separated in to
two categories. The early out-of-time refers to energy left in the calorimeters from
previous events and the late out-of-time 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 Run-I 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 identification (PUPPI)
algorithm [13]. This was also widely used during Run-II. 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 multĳet events [14].

calculated using the energy distribution around the particle as well as information
from the tracker. Using this weight the four-momentum 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. Different effects account for this difference 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 first level (L1) of corrections, called offset 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 η and take into account for the difference in response
between the various subdetector systems of CMS. Finally it has been observed
that this procedure yields different 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 flavour of the jets, mainly the flavour of hadron jets. The algorithms
used in reconstruction are able to identify:

1. b-jets: jets coming from the hadronization of b-quarks

2. c-jets: jets coming from the hadronization of c-quarks

3. light jets: jets that do not contain b or c quarks are called light flavor (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 identifica-
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 identification of the jet flavour is important as many analysis including
this one heavily rely on the identification of final states that contain jets of one of
these flavours.

Due to the importance of the identification of these jets, CMS uses specifically
developed algorithms for this task. During the hadronization of the b or c quarks,
short-lived 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 first ones.
In Figure 4.5 the various properties discussed in the previous paragraph can be
seen.

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

Regarding b-tagging in CMS during the Run-I the Jet Probability (JP) and Com-
bined Secondary Vertex (CSV) algorithms were used [16]. During Run-II the JP
was used only for calibration and CSV was improved in the the CSVv2 algorithm.
It combines more information in a different 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
first two P(b) and P(bb) are defined as the probability that the jet contains one or
two b quarks. P(c) is defined as the probability that the jet contains one c quark
and finally P(udsg) is defined 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 b-jet.

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 in-directly 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 defined
as the negative vectorial sum of the transverse momentum (pT ) of all the particles
reconstructed with the particle flow algorithm.

E⃗miss
T = −

∑
PF

p⃗T

The term p⃗T 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 non-interacting 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 affected by noisy sensors or electronics and dead areas in the
detector as well as from the efficiency 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 effect caused by what was described above the MET is
actually calculation using the following formula

E⃗T = p⃗miss,uncorrected
T −

∑
jets

(p⃗correctedT − p⃗uncorrectedT )

where p⃗correctedT and p⃗uncorrectedT are the transverse momentum before and after ap-
plying the jet energy corrections respectively. Finally in order to avoid effects 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 fields apart from physics experiments. In general a control
system consists of three layers:

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

• 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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• 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 human-readable 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 built-in 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.

• 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.

• Control the systems. This is done by sending commands in order to manip-
ulate the system’s state.

• 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:

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

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

• Flexibility in the sense of programming and configuring supervising proce-
dures.

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

• 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.

• 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 identifier, a timestamp and a quality
flag 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 definition for this particular point. Its most
simple form is old/new comparison but has the possibility of more complex filtering
by defining 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 offline
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 defined for a data point. Alerts are
defined 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 defined 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 Human-Machine 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 user-friendly. It must be
intuitive and provide confidence 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 field 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 different 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 fix issues.

Another key feature for a SCADA system is the alarm handling mechanism.
Alarms are notifications 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 defined 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 general-purpose devices such as sensors
(temperature, pressure, humidity etc.) as well as application specific 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, significantly 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 (front-end layer) and the supervisory
layer. In the past the supervisory layer was built using software spesific 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 effort 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 configuring the OPC server and client.

Modbus and S7 are communication protocols used mainly with PLCs. They
are vendor specific. 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 field and
high rate radiation environment the use of Ethernet based digital protocols is not
possible. CAN is an analog protocol and offers 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 PVSS-II1 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_OA2. 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 offers the ability to develop a distributed system. It natively
offers the ability to connect different 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 defines 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 field 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



5.5. WINCC_OA SCADA TOOLKIT 71

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 specifies
its structure.

of code and components which are developed for this type of device is enabled.
Although WinCC is not object-oriented (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 fields 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 drivers3 extending it so
that it can meet the needs of the user.

CTRL is a C-like 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 specified 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 multi-platform. It can offer the same functionality in Windows as well
as Linux. This is a very important feature, since Linux is very popular in the
scientific 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 figure 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 specific data point and be notified 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 reflects 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 (file 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 first one is a local file 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 different communication
protocols in WinCC. The standard ones support protocols such as TCP/IP, Mod-
bus, ProfiBUs, 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 different 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 effort 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 different functionality allowing the developer to
use the ones that he needs in order to develop his system. It provides a higher



76 CHAPTER 5. CONTROL SYSTEMS

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 config-
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 conflicts 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 finite number of states in which it can
be. This model is used in many fields and its definition and implementation may
differ from field to field. The JCOP framework comes with a native tool which
allows the use of the finite 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 (parent-children). Each object of the hierarchy (node) is a domain which is
a separate process responsible for managing its sub-nodes. 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 SMI4 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 offers three types of nodes. The type
specifies among others the place that each of the nodes has in the FSM hierarchy.

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

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

• 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 defines
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 specific type. Each child
executes the action and then reports back its state forcing the parent process to
re-compute its state.

A large experiment, like CMS, is composed of different sub-detectors and par-
titions. In order to operate smoothly, a flexible partitioning mechanism is needed.
This means that different 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 effect
as excluding a node. The difference is that since they are not a separate domain a
different 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.

Different parts of the tree can be controlled by different 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 fixed. After the expert is done fixing the error, the operator can re-include
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 file 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 deadband5 can be also defined.

5A deadband is defined 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.



80 CHAPTER 5. CONTROL SYSTEMS

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 Configuration 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 configuration
database. The configuration 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.

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

• 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 first type of data
is used. This allows to restore the system in to a specific 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 configure 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 different
states in a particular mode (On, Off, 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 different
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 defines 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 defined (e.g. operator,
expert etc.) allowing a set of actions for each role of this particular domain. Users
that need to perform specific operation are assigned to different roles (e.g. ECAL
Expert, HCAL Operator etc.). Users can be assigned to several roles at a time.



82 CHAPTER 5. CONTROL SYSTEMS



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 offline. A first 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 differently 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 well-being 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 sub-systems each having a specific 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 different machines, the servers are
also geographically located in different places. This ensures that there is fail-over
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/configuration 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 final form. The DCS of CMS consists of
around 200 components. Some are general and installed everywhere while others
provide specific 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 sub-detector 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 batch-like service
where the various sub-detector 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 configuration 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
sub-detector 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 non-technical 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 non-experts 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 specific set of states and can understand a specific set of commands. The
states are:

ON: ready for data taking

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

OFF: Off

ERROR: Some problem occurred. Usually requires some intervention to fix
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 sub-system 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 specific
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 offers the ability for remote installation. A specific
script is used for this purpose. The script connects to a database that holds all the
project information. It contains configuration 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 configuration 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 fit 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 configuration database. It is another database
that provides the ability to hold datapoints, datapoint types but also configs. 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 configs. While wincc offers a
native tool for this operation in the form of files, 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 configuration 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 configuration database can be a daily task. The CMS
developed component CMSfwInstallUtils makes this easier. It provides an easy
way with filters 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 configuration 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 configuration for alerts. It enables the user to define 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 configured 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 notifications. 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
notification system has been created. For already defined alarms, a list of people
can be defined that will be notified in case of an alarm. The notifications can
be sent via email and sms. This is very useful as in cases of serious alarms
experts can be notified 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
affect 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 defined. 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
off, redundancy has proven to be very effective. 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 define 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 non-standard 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 sub-detecting 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 first 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.

https://cmsonline.cern.ch
https://cmsonline.cern.ch
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Chapter 7

Differential 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 differential cross
section of the boosted tt̄ pair where both top quarks decay hadronically. It in-
troduces and explains the strategy used and finally 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 difference with this analysis is that the final 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 final
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

√
13 TeV [38]. This analysis uses the full Run-II 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 final 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 tt̄
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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 final state will be reconstructed as
large radius jets. The signal definition 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
tt̄. 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 identified as a tt̄ bar. In our analysis the by far main background
process is the production of QCD multĳets. 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 specific interaction but can be a result of any process that can radiate
highly energetic gluons. This background process is modeled via a data-driven
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:

• 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.

• W + jets: Events that include the production of a W boson accompanied with
other jets can also be miss identified as signal.

• 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 specific 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 fixed but still the data were recorded. This
lead to a splitting in the 2016 data taking period in to two sub-periods 2016_pre-
VFP and 2016_postVFP. For all the samples mentioned later the MINIAOD data
format is used [39].

7.2.1 Data

• 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.

• 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.

• 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.

• 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 273150-275376 5750
/JetHT/Run2016C-21Feb2020_UL2016_HIPM-v1 275656-276283 2573
/JetHT/Run2016D-21Feb2020_UL2016_HIPM-v1 276315-276811 4242
/JetHT/Run2016E-21Feb2020_UL2016_HIPM-v1 276947-277420 4025
/JetHT/Run2016F-21Feb2020_UL2016_HIPM-v1 277932-278807 3105
/JetHT/Run2016F-21Feb2020_UL2016-v1 278769-278808 7576
/JetHT/Run2016G-21Feb2020_UL2016-v1 278820-284035 8435
/JetHT/Run2016H-21Feb2020_UL2016-v1 281613-284044 216

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

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

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

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

Monte Carlo (MC) simulation is used to simulate the tt̄ pair production but also
the various background processes. Regarding tt̄ 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 multĳet 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.

• 2016 preVFP: RunIISummer20UL16MiniAODAPV-106X_mcRun2_asymptotic_preVFP

• 2016 postVFP: RunIISummer16MiniAODv3-PUMoriond17_94X_mcRun2_asymptotic

• 2017: RunIIFall17MiniAODv2-PU2017_12Apr2018_94X_mc2017_realistic

• 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) σ (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) σ (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) σ (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) σ (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 differential, 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 first set of variables used are the pT of the leading and sub-leading 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 η of the lead-
ing and sub-leading jets. Consider the 4-momentum of a particle, (E/c, px, py, pz).
We define the quantity:

y =
1

2
ln

(
E + pzc

E − pzc

)
(7.1)

The coordinate system used in collider experiments has the z-axis 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 z-axis in the
positive direction, E ≈ pzc and then y → ∞. In the negative it will be E ≈ −pzc
and y → −∞. Rapidity is also very useful because rapidity differences are Lorenz
invariant under boosts in the z-axis.

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 define a similar property that is



104 CHAPTER 7. DIFFERENTIAL CROSS SECTION MEASUREMENT

independent of this things, pseudorapidity. Starting from the definition of rapidity
Equation 7.1 using the energy definition we can do

y =
1

2
ln

(
E + pzc

E − pzc

)
=

1

2
ln

√
p2c2 +m2c4 + pzc√
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 = cosθ where θ is the angle
between the particles trajectory and the beam pipe we get

y ≃ 1

2

cos2 θ
2

sin2 θ
2

y ≃ −ln tan
θ

2

which is the definition of pseudorapidity η.

η = −ln tan
θ

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 pTJJ which the sum of the transverse momentum of the two
leading jets and finally 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 first 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 configuration was different throughout the Run-II data period,
different 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 flow (PF) candidates using the anti-kt 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 b-tagged. The CSV algorithm is used for b-tagging.
Finally the jets must have a pT greater than 280 GeV for the leading and 200 GeV
for the sub-leading 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 b-tagging 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 configuration was different in 2016 compared to the following
years of data taking. For that reason a different 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 efficiency.
The trigger efficiency is basically the probability that a trigger selects an event of
a specific type. In our case we define how "efficient" 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
efficiency is defined as:

ϵ =
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.
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Figure 7.3: Trigger efficiency for the signal path of the analysis vs second leading
pT for 2016
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Figure 7.4: Trigger efficiency for the signal path of the analysis vs the total trans-
verse momentum of the event for 2017

The trigger efficiency can be seen in Figure 7.3, Figure 7.4, Figure 7.5 for each
year. It is displayed in comparison with the expected efficiency calculated from
simulations. For the 2016 trigger the pT of the sub-leading 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 efficiency 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 tt̄ 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 identification ensures that also jets are correctly identified.
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 identification algorithms [40]. For muons the medium working point for the
identification (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 Identification
algorithm (PUPPI) is used to remove pile up contributions from the reconstructed
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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
identification algorithm used in CMS [41]. In addition to the AK8 jets another set
of jets is used. The large-radius 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 b-quark. 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 b-tagged 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 =√
(∆η)2 + (∆ϕ)2 is less than 0.4 the jet is rejected from the selection.

7.5.1 Baseline Selection

After doing some basic pre-selection 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 defined 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 sub-leading 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 classification problems. A decision tree Figure 7.6 is a tree
structure, starting from a root note. Additional child nodes are defined by applying
binary criteria to the starting node until a some conditions are met. Boosting is
a technique where multiple weaker classifiers are combined together to form a
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Table 7.10: Baseline Selection Criteria

Observable Requirement
Njets > 1

Nleptons = 0

pjet1
T > 450GeV
pjet2
T > 400GeV

|ηjet1,2| < 2.4

mjet1,2
SD (50, 300)GeV
mtt̄ > 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 classification 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 defined 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 n-subjetiness [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

τN =
1∑

k pT,kR

∑
k

pT,k min{∆R1,k,∆R2,k, . . .∆RN,k}, (7.4)

where N is the number of candidate reconstructed subjets, e.g. τ3 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 τN ≫ 0 means that the jet has probably more than N subjets.
The BDT developed for this analysis uses τ1, τ2, τ3.

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 figure
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 pair-wise angles of particles within a jet .They
are also sensitive to N-prong substructure. For hadron colliders they are defined
as:

ECF (N, β) =
∑

i1<i2···<iN∈J

(
N∏
i=1

pT,i)(
N−1∏
b=1

N∏
c=b+1

Ribic)
β (7.5)

where Rij is the Euclidean distance between i and j in the rapidity-azimuth angle
plane and R2

ij = (yi − yj)
2 + (ϕi − ϕj)

2, with yi =
1
2
ln

Ei+pzi
Ei−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 different a different 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 defined 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
b-tagged 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 defined region is the extended signal region (SRA). It

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

Region Trigger Offline Purpose
SR Signal Baseline + BDT > 0.2 +

2 b-tag subjets +
mjet1,2

SD ∈ (120, 220)GeV

Signal Region

SRA Signal Baseline + BDT > 0.2 +
2 b-tag subjets +
mjet1,2

SD ∈ (50, 300)GeV

QCD fit region

CR Control Baseline + BDT > 0.2 +
0 b-tag subjets +
mjet1,2

SD ∈ (120, 220)GeV

QCD control region

CRA Control Baseline + BDT > 0.2 +
0 b-tag subjets +
mjet1,2

SD ∈ (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 fit procedure which is used to
define 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 b-tagged. This region is used to
define the shape of the QCD contribution and then subtract it. The final 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 different setup of the detector
in the various data taking years, yield different threshold values (working points)
for the b-tagging algorithm and the BDT top tagging algorithm. For the b-tag 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.



114 CHAPTER 7. DIFFERENTIAL CROSS SECTION MEASUREMENT

Table 7.12: Selection requirements per analysis region for 2017 (Control and Sig-
nal triggers are the same)

Region Trigger Offline Purpose
SR Signal Baseline + BDT > 0.0 +

2 b-tag subjets +
mjet1,2

SD ∈ (120, 220) GeV

Signal Region

SRA Signal Baseline + BDT > 0.0 +
2 b-tag subjets +
mjet1,2

SD ∈ (50, 300)GeV

QCD fit region

CR Signal Baseline + BDT > 0.0 +
0 b-tag subjets +
mjet1,2

SD ∈ (120, 220) GeV

QCD control region

CRA Control Baseline+BDT > 0.0 +
0 b-tag subjets +
mjet1,2

SD ∈ (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 Offline Purpose
SR Signal Baseline + BDT > 0.1 +

2 b-tag subjets +
mjet1,2

SD ∈ (120, 220)GeV

Signal Region

SRA Signal Baseline + BDT > 0.1 +
2 b-tag subjets +
mjet1,2

SD ∈ (50, 300)GeV

QCD fit region

CR Signal Baseline + BDT > 0.1 +
0 b-tag subjets +
mjet1,2

SD ∈ (120, 220)GeV

QCD control region

CRA Control Baseline + BDT > 0.1 +
0 b-tag subjets +
mjet1,2

SD ∈ (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



7.5. SELECTION CRITERIA 115

the detector volume. During the procedure of the experiment until the particle
detection we can define 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 defined 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 first area we define is the parton level. This contains the particles we actu-
ally want to measure, in our case the tt̄. 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 different from what
is actually produced contained in the parton level as well as in the particle level.
The differences 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 tt̄ 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 suffers 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: Definition of parton-level phase space.

Observable Requirement
Leading Parton pt,t̄T > 450 GeV

Second leading Parton pt,t̄T > 400 GeV
|ηt,t̄| < 2.4
mtt̄ > 1000 GeV

Table 7.15: Definition of particle-level phase space.

Observable Requirement
Njets > 1

Leading particle jet pjet1
T > 450 GeV

Second Leading particle jetpjet2
T > 400 GeV

|ηjet1,2| < 2.4

mjet1,2
SD (120, 220) GeV
mjj > 1000 GeV

Similar to the definition of the measurement phase space with the cuts men-
tioned in the previous section we also need to define 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 sub-leading jets
respectively and then a cut for the |η| of both jets are 2.4. Finally there is a cut for
the invariant mass of the tt̄ 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 |η| 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 multĳet 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 b-tagging 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 tt̄ 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,t2T , |yt1,t2|, mtt̄, ptt̄T , ytt̄. D(x) is the
measured distribution in data, S(x) is the signal, the tt̄ contribution and Q(x) is
the distribution of the QCD contribution. Finally B(x) is the distribution of the
subdominant background contributions. a, b, c are normalization factors for the
yield of each contribution respectively.

The method used for the background contribution is based on the assumption
that reverting the b-tagging 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 multĳets 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 b-tagging
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 fit 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 b-tagging requirements (none, or both jets
contain a b-tagged 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 figure. A linear trend can be seen which is used
later to correct this effect.
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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 fit 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) |y| 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 tt̄ 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 b-tagging 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, tt̄
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and other subdominant processes. It can be seen that in fact the CR selection
has a significant contribution ∼ 10% from tt̄ 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 fit is performed.
The fit 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 fit procedure. The fit is performed
on the distribution of the soft drop mass of the leading jet. The equation used for
is the following:

DSRA
(mt) = Ntt̄T (m

t; kscale, kres) +Nqcd(1 + kslopem
t)QCRA

(mt) +NbkgB(mt) (7.7)

where DSRA
is the distribution of the data where the fit 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.
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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 different lines show the individual compo-
nents (frozen in the fit) 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).



126 CHAPTER 7. DIFFERENTIAL CROSS SECTION MEASUREMENT

50 100 150 200 250 300
 (GeV)tm

0

10

20

30

40

50

60

E
ve

nt
s 

/ (
 5

 )

 (13 TeV)-116.5 fbCMSWork In Progress

50 100 150 200 250 300
 (GeV)tm

0

1

2

3

4

5

E
ve

nt
s 

/ (
 5

 )

 (13 TeV)-116.5 fbCMSWork In Progress

50 100 150 200 250 300
 (GeV)tm

0

50

100

150

200

250

300

350

E
ve

nt
s 

/ (
 5

 )

 (13 TeV)-116.5 fbCMSWork In Progress

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 different lines show the individual compo-
nents (frozen in the fit) 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).

50 100 150 200 250 300
 (GeV)tm

0

1000

2000

3000

4000

5000

E
ve

nt
s 

/ (
 5

 )

 (13 TeV)-141.5 fbCMSWork In Progress

50 100 150 200 250 300
 (GeV)tm

0

2

4

6

8

10

12

14

16

18

20

E
ve

nt
s 

/ (
 5

 )

 (13 TeV)-141.5 fbCMSWork In Progress

50 100 150 200 250 300
 (GeV)tm

0

200

400

600

800

1000

E
ve

nt
s 

/ (
 5

 )

 (13 TeV)-141.5 fbCMSWork In Progress

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 different lines show the individual components
(frozen in the fit) 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 different lines show the individual components
(frozen in the fit) 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 figures, Figure 7.17 -
Figure 7.20. The fit 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 fit. The correction factor is applied in the form (1 + kslopem

t). Two
more free parameters are left in the fit 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 fit. The are used to change the σ and
µ of the Gaussian used to model the top quark peak in the mass. Finally the
normalization parameters (yields) Ntt̄, Nqcd, Nbkg for all contributions are left free
to be determined by the fit.

The fit is performed using the RooFit package [49]. The fit results can be seen
in theFigure 7.21 - Figure 7.24 for each year respectively. The fitted parameters,
i.e. the free parameters determined by the fit procedure can be seen in Table 7.17
and Table 7.18. For all years the tt̄ yield is ≈ 35% smaller than what the MC
simulations predict (Powheg + Pythia8). To quantify this we introduce the quantity
rtt̄ called signal strength. It is defined 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 fit on data for 2016 preVFP. The red line shows
the tt̄ contribution, the green line shows the QCD, and the brown line shows the
subdominant background.
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Figure 7.22: Result of the template fit on data for 2016 postVFP. The red line shows
the tt̄ 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 fit on data for 2017. The red line shows
the tt̄ contribution, the green line shows the QCD, and the brown line shows the
subdominant background.
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Figure 7.24: Result of the template fit on data for 2018. The red line shows
the tt̄ 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 tt̄ 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 fit in SRA for 2016 preVFP left, 2016 postVFP right

Parameter Value Error
kres 1.032 0.045
kscale 0.987 3.36e-03
kslope 6.91e-02 0.14
Nbkg 108 183
Nqcd 1321 212
Ntt̄ 2543 104

Parameter Value Error
kres 0.976 0.049
kscale 0.979 3.61e-03
kslope 0.185 0.136
Nbkg 10 848
Nqcd 951 639
Ntt̄ 1977 92

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

Parameter Value Error
kres 1.03 0.03
kscale 1.025 2.74e-03
kslope 0.2 0.07
Nbkg 526 159
Nqcd 2514 210
Ntt̄ 6008 160

Parameter Value Error
kres 1.01 0.026
kscale 0.992 0.002
kslope 5e-02 3.24e-03
Nbkg 479.3 222
Nqcd 3900 251
Ntt̄ 7664 177

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

S(x) = D(x)−RyieldNqcdQ(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 multĳets distribution taken from the CR of the data sample. That means we
invert the b-tagging requirement on the SR selection criteria. N is the number of
QCD elements taken from the fit 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 defined 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 figures, 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 tt̄, QCD and subdominant backgrounds,
(W+jets, Z+jets, Single Top). The tt̄ 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, figures 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 fit 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
tt̄ 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 b-tagged 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
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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 sub-leading 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 sub-leading jet in the
signal region. On left, the distribution for the leading jet and on the right for the
sub-leading jet. Starting from top: 2016 preVFP, 2016 postVFP, 2017, and 2018
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Figure 7.28: Distributions of the rapidity for the dĳet 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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7.8 Systematic Uncertainties

Performing a measurement always contains some short of error. Due to the sta-
tistical nature of particle physics there is some inherent uncertainty in the mea-
surement which is expressed as a statistical error. This is called random error as
performing the same experiment over and over again it will result in some times
values larger than the true value and some other times in lower values. Overall it
will give us a good estimate of the actual value. Due to the incapability of predicting
the actual result of the experiment this error is called random. There is another
type of error which is called systematic error. This error can be of many forms but
it will always give us a wrong result in the same direction compared to the correct
one. For example measuring a temperature with a thermometer that is wrongly
calibrated with and offset of 1 degree all our results will be systematically wrong
by 1 degree. Figure 7.31 shows a schematic conceptual representation of the two
types of errors. This section will discuss and review the systematic uncertainties
used in this analysis.

Figure 7.31: Conceptual schematic representation of random and systematic er-
ror. Figures are taken from [50]

In this particular analysis systematic uncertainties are divided in two cate-
gories experimental and theoretical. Experimental uncertainties refer to uncer-
tainties that are inserted in the object reconstruction where data and simulation
predictions do not match. These affect the formation of the objects that are used
as a basis in the analysis. The theoretical uncertainties affect mostly the modeling
of the various processes and affect the method used in order to extract the final
results from the detector level to the parton and particle level. For each source of
systematic uncertainty a set of variations are used. In addition, for each of these
variations the result, cross section, is re-calculated. Then the difference of the
new measured value with respect to the nominal result is taken as the effect of
this type of uncertainty. Since the final results are compared with a set of theoret-
ical models, the same procedure for calculating uncertainties is also used for the
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theoretical models. For simulation this is done only for the theoretical uncertain-
ties and not the experimental. In the following part of the section we will list the
various uncertainties used.

1. Experimental Uncertainties refer to uncertainties that have to do with the
measurement conducted by the detector and the various reconstruction tech-
niques. The ones considered in this analysis are the following:

• Luminosity: this refers to the efficient determination of the luminosity
recorded by the detector during the data taking period. During the data
taking period the rate of collisions is measured online. The integrated
luminosity is measured offline where the data collected are re-evaluated
in terms of quality. The luminosity uncertainty for each year 1.2%, 2.3%
and 2.5% for 2016, 2017 and 2018 respectively. The uncertainty in the
measurement of the total integrated luminosity is 1.6% [51], [52].

• Pileup: refers to the efficient determination of the number of pileup
during the interactions. The values affecting this parameter is the total
inelastic cross section. The number used is 69.2 mb. To estimate its
impact the values is varied by ±4.6%. The total effect in the result is
negligible, less than 1%.

• b-tagging: this uncertainty is related to the efficiency of identifying the
AK4 subjets inside the AK8 jets as b quarks, [53]. Scale factors are
applied in order for the simulation predictions to match the data one.
Instructions on how the scale factors are calculated and applied can
be found here [54]. Variations of theses scale factors are applied to
identify the uncertainty on the cross section. This uncertainty is one
of the leading experimental uncertainties which is expected since the
method used relies heavily on b-tagging as it is used to both identify
top quarks and to also identify and subtract QCD background. The
total uncertainty is around 7%. The value of the uncertainty for this
source seems to be similar for all variables across their distributions.
In the measurement of the normalized distributions the effects of this
uncertainty seem to cancel out.

• Jet energy scale: refers to the unceratinty of the measured energy of
each reconstructed jet. Since jets are the main object used in the anal-
ysis this uncertainty is by far the leading experimental uncertainty. To
evaluate it 30 different independent sources of uncertainty are taken
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into account according to prescription used throughout the CMS exper-
iment, [55]. For each of these variations a new jet collection is created
meaning that each jet is reconstructed again and the whole event selec-
tion procedure is repeated from scratch. This does not only change the
energy distribution of the jets but can alter the top candidates them-
selves meaning that a jet that was passing the criteria before the ap-
plication of a variation can now fail to pass them or the opposite. The
effect for this uncertainty is measured around 10% but can be much
bigger in objects with really high pT .

• Jet energy resolution: refers to the uncertainty in the jet resolution. It is
determined by smearing the jets according to the JER uncertainty [55].
The effect it at the level of 2%.

• QCD background prediction: this source refers to the background nor-
malization predicted by the fit. Here the uncertainty calculated by the
fit procedure is used.

• Trigger: This uncertainty accounts for differences between the trigger
efficiency measured in data and simulation. The impact is below 1%.

2. Theoretical Uncertainties consist of uncertainties used mostly in simulation
of the process we are trying to measure as well as the various background
processes. As MC samples are used in various steps of this analysis, con-
sidering systematics on theory is very important. The theoretical systematic
uncertainties used in this analysis are

• Parton Distribution Functions: this has to do with the PDFs used in the
MC samples. They are used in the calculation of the cross section but
also for modelling the actual collisions that take place in the experiment.
As mentioned also above, the pdf used is the NNPDF 3.1 [56], [57]. The
uncertainty is calculated using 100 replicas of the nominal PDF. The
variations are applied in the form of weights.

• Renormalization (µR) and factorization (µF ) scales are two parameters
used in the simulation for the calculation of the matrix elements (ME).
The values used for these parameters can affect the final result. These
values are varied by a factor of 1/2 or 2 leading to a total of 6 combina-
tions. The variations are applied in the form of weights.

• Strong coupling constant: Again is applied in the form of weights that
correspond to the calculation of a different matrix element.
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• Matrix element −parton shower matching: This refers to the variation of
the hdamp parameter used in the POWHEG generator. This is a parame-
ter that regulates the radiation of the event. Alternative samples where
used that have the values of hdamp = mt and hdamp = 1.379+0.926

−0.502mt.

• Underlying event tune: refers to the additional interactions that hap-
pen besides the main beam interaction. For the modeling alternative
dedicated samples are used where the CP5 parameters are varied by
±σ.

• Initial and Final state Radiation (ISR, FSR): refer to radiation that hap-
pens before or after the interaction respectively from the particles. It
is affected by the chosen strong coupling constant αS. Variations are
calculated by applying weights.

• Color reconnection

The effect of the uncertainties discussed in this section for the total data sample
used can be seen in Figures 7.44 - 7.50.

7.9 Fiducial measurement

Before performing the measurement of the differential cross section in the parton
and particle level the measurement if performed in what is called the fiducial level.
The fiducial level is the detector level with all the selection cuts, described above
applied. The fiducial differential cross section is defined as follows:

dσfid
i

dx
=

Si

L ·∆xi

(7.10)

where subscript i refers to each bin of the distribution and x is the variable of
interest. S refers to the signal yield after the selection criteria are applied, L is
the integrated luminosity and ∆xi is the width of the ith bin of the distribution of
the variable x. Apart from the differential cross section the normalized differential
cross section is calculated. That is the shape of the differential cross section
distribution. For the fiducial phase space it is defined as:

1

σfid

dσfid
i

dx
=

1∑
k Sk

· Si

L ·∆xi

, (7.11)



142 CHAPTER 7. DIFFERENTIAL CROSS SECTION MEASUREMENT

7−10

6−10

5−10

4−10

3−10

dxσd MC

Data

(13 TeV)-1137.1 fbCMS Work In Progress

600 800 1000 1200 1400 1600 1800 2000
Leading jet Pt (GeV)

0

0.5

1

1.5

2

M
C

D
at

a

6−10

5−10

4−10

3−10

dxσd  σ1 MC

Data

(13 TeV)-1137.1 fbCMS Work In Progress

600 800 1000 1200 1400 1600 1800 2000
Leading jet Pt (GeV)

0

0.5

1

1.5

2

M
C

D
at

a

Figure 7.32: Fiducial differential cross section, absolute (left) and normalized
(right), as a function of the leading top pT . The bottom panel shows the ratio
theory/data.
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Figure 7.33: Fiducial differential cross section, absolute (left) and normalized
(right), as a function of the second top pT . The bottom panel shows the ratio
theory/data.
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Figure 7.34: Fiducial differential cross section, absolute (left) and normalized
(right), as a function of the leading top |y|. The bottom panel shows the ratio
theory/data.
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Figure 7.35: Fiducial differential cross section, absolute (left) and normalized
(right), as a function of second top |y|. The bottom panel shows the ratio the-
ory/data.
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Figure 7.36: Fiducial differential cross section, absolute (left) and normalized
(right), as a function of mtt̄. The bottom panel shows the ratio theory/data.
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Figure 7.37: Fiducial differential cross section, absolute (left) and normalized
(right), as a function of ptt̄T . The bottom panel shows the ratio theory/data.
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Figure 7.38: Fiducial differential cross section, absolute (left) and normalized
(right), as a function of top ytt̄. The bottom panel shows the ratio theory/data.
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7.10 Unfolded Measurement

The differential cross section measurement is done using the unfolding method for
both the parton and particle phase spaces. Unfolding is a mathematical procedure
used to solve what are called inverse problems. These are problem where we have
the results and we want to get back to the cause of these results. It can be written
as:

y = Ax ⇒ x = A−1x (7.12)

where y is the observation or the measurement, and x is the actual real value.
Usually we can never measure the exact initial value due to various reason such as
the resolution of the instrument used for the measurement. This can be modeled
by A which is called the migration or response matrix. When solving an inverse
problem we are trying to reverse the effect of A in order to get back x. In our
use case, x is the real differential cross section and y is what is measured by the
detector. As A we can indicate everything that is affecting the original generated
particles in order for us to get the measured result y.

In our case the problem is in reality much more complex as we have to change
from different phase spaces where particle decays happen. Since the resolution of
our detector is finite and the migration matrix is not exactly diagonal we have a
mix between the various bins. In this case a simple inversion of the matrix is not
possible and we need to use more sophisticated techniques like unfolding which
takes care of uncertainties, correlations etc. The equation used to derive the final
result is:

dσunf
i

dx
=

1

L ·∆xi

· 1

f2,i
·
∑
j

(
R−1

ij · f1,j · Sj

)
(7.13)

where L is the total integrated luminosity and ∆xi is the width of the i-th bin of
the distribution of the respective observable x. Sj is the number of events in the
j-th bin of the corresponding distribution in the reconstructed level. The factor f1,j
is the fraction of reconstructed events in the j-th bin that have a corresponding
event in then unfolded level (parton or particle). It is basically the probability that
an event that is reconstructed and passes our selection criteria originated from
an event that passed our selection criteria in the parton and the reconstructed
level. It allows us to transfer from a space of events that pass our reco only criteria
to events that pass the criteria in both phase spaces. Rij is the the migration
matrix between the i-th and j-th bins where i is in the unfolded level and j is in the
reconstructed level. R−1

ij is the inverse of the response matrix. The second fraction
f2,i is the fraction of events at the unfolded level that have an equivalent event at
the reconstructed level. It is the probability of an event that passed the parton
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selection criteria to have passed both the parton and the reconstructed selection
criteria. It allows us to move from the common phase space of events that pass
both sets of criteria to the space of all the events that pass the parton criteria
which is the area of interest. A visual representation of the unfolding procedure
can be seen in Figure 7.39. Figures for the various quantities mentioned here can
be seen in the results section 7.12.

Figure 7.39: Visual representation of the unfolding procedure.

The binning of the various distributions is chosen based in two quantities,
purity and stability. Purity is the fraction of reconstructed events that have an
equivalent event in the same bin in the unfolded level. Stability is the fraction of
events at the unfolded level that have a corresponding reconstructed event in the
same bin. The requirement is to have values of more than 50% for each bin. The
calculated values can be seen in Figures 7.40 and 7.41. The choice of binning
also results in fairly diagonal response matrices, see Figures 7.51 and 7.52. The
unfolding procedure can be performed in many ways. In this particular analysis
the simple matrix inversion without regularization method was used. This method
avoids biases but has a slight increase in uncertainty.

The measurements produced in this thesis are also compared with three the-
oretical models. These are POWHEG combined with PYTHIA8, aMC@NLO[FxFx]
combined PYTHIA8 and POWHEG combined with HERWIG. The comparison is
presented as values of χ2. The values are calculated using the covariance matrix.
Using the χ2 values also p-values are calculated. The theoretical values used for
the comparison have also applied systematic uncertainties mentioned in section
7.8. The uncertainties are also used in the calculation of the χ2 values as they
are used in the calculation of the covariance matrix. For the calculation of χ2 the
following equation is used:

x2 = V T
Nb

· C−1
Nb

· VNb
(7.14)

where VNb
, V T

Nb
are the vector of differences between the measured and the corre-

sponding theoretical predictions and its transpose while C−1
Nb

corresponds to the
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inverse of the covariance matrix. The index Nb corresponds to the number of bins
for each measurement. For the calculation of the covariance matrix the following
formula is used:

C = Cstat + Csyst (7.15)

where Csyst corresponds to the covariance matrix for the systematical uncertainties
and Cstat is the one for the statistical uncertainties. For the systematic uncertain-
ties the covariance matrix is calculated by

Csyst
ij =

∑
k,l

1

Nk

Cj,k,lCi,k,l, 1 ≤ i ≤ N, 1 ≤ j ≤ N, (7.16)

Ci,k,l is the systematic uncertainty in the i-th bin of the l-th variations of the k-th
source and Nk is the number of variations for the source k. The sum runs over all
the sources of systematic unceratinties and their variations.

7.11 Combination of the different years

The measurement performed in this analysis uses the data collected by the CMS
detector in the three running years of the Run-II of the LHC. These data have to be
combined as the conditions of the experiment and the configuration and settings of
the detector were different. This section discusses the method used in combining
the data.

For each year the signal extraction method is performed separately. This is
also done for every uncertainty source for every year. At this point for every year
there is a nominal, central, value and one value for each uncertainty source for
every year. So one quartet of values for every uncertainty variation plus one for
the central value. The signal which is the number of events is then combined
by adding the four individual years. So from quartets we end up with one value
for each uncertainty source and the nominal value. Since the various values are
correlated between the data taking periods we make use of the correlation found
in Table 7.20 values while adding them.

To compute the differential cross section Equation 7.13, the combined response
matrix is needed as well as the fractions f1 and f2. The response matrix of each
year is normalized to the luminosity of the corresponding year and the 4 response
matrices are added. During the unfolding procedure the combined response ma-
trix is normalized to unity so the luminosity of each year acts as a weight with
the years with higher luminosity contributing more. This is also done for each
uncertainty source. There is one response matrix for each uncertainty variation
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Table 7.20: Correlations for systematic uncertainties between the various years

Source
2016_pre

-
2016_post

2016_pre
-

2017

2016_pre
-

2018

2016_post
-

2017

2016_post
-

2018

2017
-

2018
pile - up 100% 100% 100% 100% 100% 100%

b-Tagging Unc. See [58]
Parton Shower Unc. 100% 100% 100% 100% 100% 100%

CP5 Tune Unc. 100% 100% 100% 100% 100% 100%
hDamp Samples Unc. 100% 100% 100% 100% 100% 100%

JES See [59]
Scale Unc. 100% 100% 100% 100% 100% 100%
PDF Unc. 100% 100% 100% 100% 100% 100%

Luminosity 30% 30% 30% 30% 30% 30%

plus one for the central value. For the two fractions, their numerators and denom-
inators are added and from their combination, the total fractions are calculated.
The procedure is again repeated for every uncertainty source. The result of the
differential cross section is then computed for the central value and for each uncer-
tainty source. The results from the uncertainty sources are then used to compute
the total uncertainty of the measurement.
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7.12 Results

In this section we present the result for the measurement of the differential cross
section measurement. First a table with the χ2 and p values is presentad and then
the plots of the measurement.

Table 7.21: χ2 Values of the Absolute differential cross sections at Parton level.

Variable NDOF
χ2

Powheg
Pythia8

χ2

AMC@NLO
Pythia8

χ2

Powheg
Herwig

P-value
Powheg
Pythia8

P-value
AMC@NLO

Pythia8

P-value
Powheg
Herwig

Leading Parton pT 10 9.5 13 7.2 0.49 0.22 0.71
Sub-leading Parton pT 7 5.3 8.4 3.2 0.63 0.3 0.87

Parton ytt̄ 8 9.2 7 9.2 0.33 0.54 0.33
Parton ptt̄T 6 4.2 8.3 4.5 0.65 0.21 0.61
Parton mtt̄ 8 4.6 7 3.6 0.8 0.53 0.89

Leading Parton |Y | 10 4 4.9 3.2 0.95 0.9 0.98
Sub-leading Parton |Y | 10 16 14 14 0.1 0.17 0.17

Table 7.22: χ2 Values of Normalized differential cross sections at Parton level.

Variable NDOF
χ2

Powheg
Pythia8

χ2

AMC@NLO
Pythia8

χ2

Powheg
Herwig

P-value
Powheg
Pythia8

P-value
AMC@NLO

Pythia8

P-value
Powheg
Herwig

Leading Parton pT 9 6.7 7.5 6.7 0.67 0.59 0.66
Sub-leading Parton pT 6 1.2 1.6 1.2 0.98 0.95 0.98

Parton ytt̄ 7 14 15 15 0.057 0.039 0.038
Parton ptt̄T 5 9.4 4.7 12 0.094 0.45 0.033
Parton mtt̄ 7 2.1 2.5 1.8 0.95 0.93 0.97

Leading Parton |Y | 9 2 2.3 2.1 0.99 0.99 0.99
Sub-leading Parton |Y | 9 15 15 14 0.1 0.092 0.11

Table 7.23: χ2 Values of the Absolute differential cross sections at Particle level.

Variable NDOF
χ2

Powheg
Pythia8

χ2

AMC@NLO
Pythia8

χ2

Powheg
Herwig

P-value
Powheg
Pythia8

P-value
AMC@NLO

Pythia8

P-value
Powheg
Herwig

Leading Particle pT 10 16 22 21 0.11 0.014 0.021
Sub-leading Particle pT 7 6.2 7.6 6.8 0.52 0.37 0.45

Particle ytt̄ 8 17 7.2 21 0.031 0.52 0.0077
Particle ptt̄T 6 5 15 6.6 0.55 0.019 0.36
Particle mtt̄ 8 5.4 5.9 5.3 0.71 0.66 0.73

Leading Particle |Y | 10 6.6 6 7.1 0.77 0.81 0.72
Sub-leading Particle |Y | 10 20 14 21 0.031 0.19 0.021
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Table 7.24: χ2 Values of Normalized differential cross sections at Particle level.

Variable NDOF
χ2

Powheg
Pythia8

χ2

AMC@NLO
Pythia8

χ2

Powheg
Herwig

P-value
Powheg
Pythia8

P-value
AMC@NLO

Pythia8

P-value
Powheg
Herwig

Leading Particle pT 9 4.5 4.6 5 0.88 0.87 0.83
Sub-leading Particle pT 6 1.5 2.3 1.2 0.96 0.89 0.98

Particle ytt̄ 7 14 13 15 0.054 0.074 0.035
Particle ptt̄T 5 4.3 5.5 6.5 0.5 0.36 0.26
Particle mtt̄ 7 2.5 3.5 2.8 0.93 0.83 0.91

Leading Particle |Y | 9 2.1 3.3 3.1 0.99 0.95 0.96
Sub-leading Particle |Y | 9 15 14 15 0.096 0.11 0.087
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Figure 7.40: Purity and Stability for the parton-level selection as a function of the
various observables.
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Figure 7.41: Purity and Stability for the particle-level selection as a function of the
various observables.
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Figure 7.42: Acceptance and efficiency for the parton-level selection as a function
of the various observables.
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Figure 7.43: Acceptance and efficiency for the particle-level selection as a function
of the various observables.
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Figure 7.44: Decomposition of uncertainties for the parton- and particle-level mea-
surement (left: absolute, right: normalized) as a function of the leading top pT .
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Figure 7.45: Decomposition of uncertainties for the parton- and particle-level mea-
surement (left: absolute, right: normalized) as a function of the second leading top
pT .
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Figure 7.46: Decomposition of uncertainties for the parton- and particle-level mea-
surement (left: absolute, right: normalized) as a function of the leading top abso-
lute rapidity y.
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Figure 7.47: Decomposition of uncertainties for the parton- and particle-level mea-
surement (left: absolute, right: normalized) as a function of the second leading top
absolute rapidity y .
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Figure 7.48: Decomposition of uncertainties for the parton- and particle-level mea-
surement (left: absolute, right: normalized) as a function of the mtt̄ dĳet mass.
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Figure 7.49: Decomposition of uncertainties for the parton- and particle-level mea-
surement (left: absolute, right: normalized) as a function of the ptT t̄ dĳet pT .
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Figure 7.50: Decomposition of uncertainties for the parton- and particle-level mea-
surement (left: absolute, right: normalized) as a function of the ytt̄ dĳet rapidity.
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Figure 7.51: Simulated migration matrices at parton level.
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Figure 7.52: Simulated migration matrices at particle level.
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Figure 7.53: Differential cross section unfolded to parton level, absolute (left) and
normalized (right), as a function of leading jet pT . The bottom panel shows the
ratio (theory - data)/data.
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Figure 7.54: Differential cross section unfolded to parton level, absolute (left) and
normalized (right), as a function of second leading jet pT . The bottom panel shows
the ratio (theory - data)/data.

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

dxσd Data

Total unc.

 =4.922χamc@NLO+Pythia8, 

 =3.212χPowheg+Herwig, 

 = 3.982χPowheg+Pythia8, 

(13 TeV)-1137.1 fbCMS Work In Progress

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4
Leading parton |Y|

2−

1−

0

1

2

T
he

./d
at

a 
- 

1

0

0.2

0.4

0.6

0.8

1

1.2

dxσd  σ1

Data

Total unc.

 = 2.292χamc@NLO+Pythia8, 

 = 2.082χPowheg+Herwig, 

 = 1.992χPowheg+Pythia8, 

(13 TeV)-1137.1 fbCMS Work In Progress

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4
Leading parton |Y|

2−

1−

0

1

2

T
he

./d
at

a 
- 

1

Figure 7.55: Differential cross section unfolded to parton level, absolute (left) and
normalized (right), as a function of absolute leading jet rapidity. The bottom panel
shows the ratio (theory - data)/data.
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Figure 7.56: Differential cross section unfolded to parton level, absolute (left) and
normalized (right), as a function of absolute second leading jet rapidity. The bottom
panel shows the ratio (theory - data)/data.
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Figure 7.57: Differential cross section unfolded to parton level, absolute (left) and
normalized (right), as a function of the dĳet tt̄ mass. The bottom panel shows the
ratio (theory - data)/data.
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Figure 7.58: Differential cross section unfolded to parton level, absolute (left) and
normalized (right), as a function of ptt̄T . The bottom panel shows the ratio (theory -
data)/data.
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Figure 7.59: Differential cross section unfolded to parton level, absolute (left) and
normalized (right), as a function of the dĳet rapidity ytt̄. The bottom panel shows
the ratio (theory - data)/data.
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Figure 7.60: Differential cross section unfolded to particle level, absolute (left) and
normalized (right), as a function of leading jet pT . The bottom panel shows the
ratio (theory - data)/data.
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Figure 7.61: Differential cross section unfolded to particle level, absolute (left) and
normalized (right), as a function of second leading jet pT . The bottom panel shows
the ratio (theory - data)/data.
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Figure 7.62: Differential cross section unfolded to particle level, absolute (left) and
normalized (right), as a function of absolute leading jet rapidity. The bottom panel
shows the ratio (theory - data)/data.
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Figure 7.63: Differential cross section unfolded to particle level, absolute (left)
and normalized (right), as a function of absolute second leading jet rapidity. The
bottom panel shows the ratio (theory - data)/data.
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Figure 7.64: Differential cross section unfolded to particle level, absolute (left) and
normalized (right), as a function of the dĳet tt̄ mass. The bottom panel shows the
ratio (theory - data)/data.
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Figure 7.65: Differential cross section unfolded to particle level, absolute (left) and
normalized (right), as a function of ptt̄T . The bottom panel shows the ratio (theory -
data)/data.
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Figure 7.66: Differential cross section unfolded to particle level, absolute (left) and
normalized (right), as a function of the dĳet rapidity ytt̄. The bottom panel shows
the ratio (theory - data)/data.



Chapter 8

Conclusions

A measurement of the differential cross section of the production of highly boosted
pairs of top anti-top quarks has been presented in this thesis. To conduct this
measurement the data collected by the CMS detector during the 2016-2018 period
(Run-II) were used. The top quark and the measurement of its properties is of
fundamental importance for the field of particle physics. As mentioned in detail in
chapter 2 it gives us the ability to study a bare quark. Also it plays an important
role in the discovery of new particles as it is a background in many of these
processes. Thus the very accurate measurement is of big importance. Precision
measurements like this allows us to very accurately test the underlying theory and
in particular perturbative qcd which is still not very well understood. Although
measurements like this have been conducted before the use of more data improves
the accuracy of the measurement and allows for better tuning of the methods used.
Also as time passes the instruments used for measuring it, the particle detectors,
are also advancing and are better tuned.

The measurements conducted during this thesis have been presented and com-
pared with three theoretical models. It is clear that there is a discrepancy between
the measurement and all the theoretical models used. The discrepancy is in the
order of 30-40% percent in the measurement of the cross section between the mea-
surement and all models. It looks like the amount of top anti-top pairs predicted
by all models is greater that what is actually measured. On the other hand in the
normalized cross section there is a very good agreement. This means that the way
that these top pairs are produced and distributed across the phase space is in good
agreement with the theory in all observable variables. The results are in agree-
ment with previous similar studies both from CMS and ATLAS. This measurement
needs to be repeated with even more data in order to improve the significance of
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this measurement and better understand the source of the discrepancy between
the data and the theoretical predictions.
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Κεφάλαιο 9

Εισαγωγή

Στόχος της Φυσικής είναι η µελέτη και η κατανόηση της ϕύσης. Προσπαθεί να ϐρει
τα δοµικά της στοιχεία καθώς και τους κανόνες που διέπουν τη συµπεριφορά των
στοιχείων αυτών. Η σωµατιδιακή ϕυσική είναι ο τοµέας της ϕυσικής που µελετάει και
προσπαθεί να εξηγήσει τη δοµή του σύµπαντος. Για το σκοπό αυτό µελετάει σωµατί-
δια, τα οπόία είναι στοιχειώδη και αποτελούν τα δοµικά στοιχεία της ϕύσης. Ο απώτε-
ϱος σκοπός είναι να ϐρεθεί µια ϑεωρία, ένα σύνολο κανόνων, που µπορεί να εξηγήσει
όλα όσα µπορούν να παρατηρηθούν στο σύµπαν και όλα όσα ϑα παρατηρηθούν.

Κάθε τοµέας της ϕυσικής έχει δύο ϐασικούς κλάδους που λειτουργούν µαζί και
ενάντια ο ένας στον άλλον. Τη ϑεωρία και το πείραµα. ∆ουλεύουν µαζί µε την
έννοια του ότι έχουν το ίδιο αντικείµενο µελέτης. Από την άλλη εργάζονται ο ένας
εναντίον στον άλλο διότι αµφισβητούν ο ένας τον άλλον µε σκοπό την δηµιουργία νέας
γνώσης και περεταίρω κατανόησης στον συγκεκριµένο τοµέα. Η πρόοδος µπορεί να
συµβεί µε δύο τρόπους. ΄Οταν µια νέα ϑεωρία αναπτύσεται µε σκοπό την εξήγηση
ενός ϕυσικού ϕαινοµένου, είναι δουλειά του πειράµατος να αµφισβητήσει τη ϑεωρία
αυτή και να προσπαθήσει να τη καταρρίψει. Μία άλλη εναλλακτική είναι κατά τη
διάρκεια ενός πειράµατος να παρατηρηθέι ένα νέο ϕαινόµενο ή αποτέλεσµα το οποίο
δεν προβλέπετα ή εξηγείται από κάποια ϑεωρία. Τότε είναι η ώρα της ϑεωρίας να
προσπαθήσει να το εξηγήσει το ϕαινόµενο αυτό.

Στην διαδικασία της µελέτης του σύµπαντος οι σωµατιδιακοί ϕυσικοί έχουν αναπ-
τύξει το Καθιερωµένο Πρότυπο (Standrad Model, SM) της σωµατιδιακής ϕυσικής.
Είναι η πιο πλήρης και ακριβής ϑεωρία που έχει ποτέ αναπτυχθεί στον τοµέα της
σωµατιδιακής ϕυσικής. Προβλέπει την ύπαρξη ενός συνόλου σωµατιδίων τα οποία
ονοµάζονται στοιχειώδη. Ο όρος στοιχειώδη προέρχεται από το γεγονός ότι δεν έχουν
δοµή. Πέρα από την ύπαρξη των σωµατιδίων αυτών, το καθιερωµένο πρότυπο προβ-
λέπει τους τρόπους µε τους οποίους τα σωµατίδια αυτά αλληλεπιδρούν µεταξύ τους.
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Χρησιµοποιώντας τα ως ϐάση η ϑεωρία προσπαθεί να εξηγήσει τη «ϕύση» της ύλης
καθώς και τη συµπεριφορά της.

Πολλά από τα σωµατίδια που προβλέπει η ϑεωρία αυτή δεν υπάρχουν ελεύθερα
στη ϕύση. Η ύπαρξη τους όµως είναι ϑεµελιώδης για την εξήγηση του σύµπαντος και
την κατάσταση στην οποία ϐρίσκεται σήµερα. Το γεγονός αυτό, οτι τα σωµατίδια αυτά
δεν υπάρχουν πλέον ελεύθερα στη ϕύση είναι κάτι το οποίο προβλέπεται από τη συγ-
κεκριµένη ϑεωρία. Το καθιερωµένο πρότυπο εκτός από την ύπαρξη των σωµατιδίων
αυτών, προβλέπει και πώς µπορούν να παραχθούν. Για το λόγο αυτό έχουν αναπτυχ-
ϑεί επιταχυντές, όπως ο µεγάλος επιταχυντής αδρονίων (LHC). Μέσα από εκτεταµένες
δοκιµές και πειράµατα, συµπεριλαµβανοµένου του LHC το καθιερωµένο πρότυπο
έχει ελεγχθεί εκτενώς και έχει καταφέρει να προβλέψει όλα τα αποτελέσµατα των
διαφόρων πειραµάτων µε µεγάλη ακρίβεια. ΄Ολα τα σωµατίδια τα οποία προβλέπει,
οι ιδιότητές τους καθώς και οι αλληλεπιδράσεις τους έχουν ανιχνευτεί. Το τελευ-
ταίο ήταν το µποζόνιο Χιγκς, του οποίου η ανίχνευση ανακοινώθηκε από δύο από
τα πειράµατα του LHC συµπληρώνοντας έτσι τα σωµατίδια τα οποία προβλέπει το
καθιερωµένο πρότυπο.

Παρά την επιτυχία του, γνωρίζουµε ότι το καθιερωµέµο πρότυπο δεν είναι τέλειο.
Υπάρχουν ϕαινόµενα στη ϕύση που δεν περιέχονται στη ϑεωρία καθώς και διεργασίες
τις οποίες δεν προβλέπει. ΄Ενα παράδειγµα είναι η ύπαρξη της ϐαρύτητας. Γνωρί-
Ϲουµε ότι η ϐαρύτητα είναι µια ϑεµελιώδης δύναµη του σύµπαντος αλλά δεν περιλ-
αµβάνεται στο καθιερωµένο πρότυπο. Το ϑέµα ασυµµετρία ύλης-αντιύλης. Σύµφωνα
µε το καθιερωµένο πρότυπο, η ύλη και η αντιύλη παράγονται σε ίσες ποσότητες.
Το σύµπαν όµως στη σηµερινή του µορφή αποτελείται κυρίως από ύλη. Το γεγονός
αυτό, σηµαίνει ότι σε κάποια ϕάση του σύµπαντος η ύλη επικράτησε της αντιύλης.
Το έρώτηµα είναι πώς και πότε συνέβη αυτό· Γιατί τα νετρίνα έχουν µάζα. Τα νετρίνα
είναι σωµατίδια που προβλέπονται από το καθιερωµένο πρότυπο και η ύπαρξή τους
έχει αποδειχθεί. Σύµφωνα µε τη ϑεωρία δεν έχουν µάζα κάτι το οποίο γνωρίζουµε ότι
δεν είναι σωστό καθώς έχει µετρηθλει πειραµατικά οτι έχουν µάζα. Γιατί έχουν µάζα
και ποια είναι η τιµή της ; Τέλος, η σκοτεινή ύλη και η σκοτεινή ενέργεια είναι δύο
οντότητες που γνωρίζουµε ότι υπάρχουν στο σύµπαν αλλά δεν προβλέπονται από το
καθιερωµένο πρότυπο.

΄Εχοντας υπόψη τα παραπάνω είναι ξεκάθαρο ότι το καθιερωµλένο πρότυπο σαν
ϑεωρία ισχύει αλλά δεν µπορεί να είναι η τελική ϑεωρία που εξηγεί τα πάντα. Η
µεγάλη επιτυχία του µπορεί να σηµαίνει οτι είναι υποσύνολο µιας άλλης µεγαλύτερης
ϑεωρίας µε πιο ευρεία ισχύ. Πολλοί επιστήµονες προσπαθούν να δοκιµάσουν νέες
ϑεωρίες που είναι προεκτάσεις του καθιερωµένου προτύπου. ΄Αλλοι προσπαθούν
να µετρήσουν πράγµατα που προβλέπει µε µεγαλύτερη ακρίβεια ώστε να ϐρούνε
ασυνέπειες στη ϑεωρία και να την αποδείξουν, εν µέρει, λάθος. Η ιστορία συνεχίζεται
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µε µια ατελείωτη εναλλαγή µεταξύ ϑεωρίας και πειράµατος µέχρι να αναπτυχθεί µια
γενική ενοποιηµένη ϑεωρία για τα πάντα. Μια απάντηση στα µεγαλύτερα ερώτηµατα,
ποιοι και τι είµαστε, από τι είµαστε ϕτιαγµένοι·
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Κεφάλαιο 10

Θεωρία

Οι άνθρωποι ήταν πάντα προβληµατισµένοι µε τη δοµή του κόσµου. Ο ∆ηµόκριτος
(430 - 370 π.Χ.) στην αρχαία Ελλάδα ήταν ο πρώτος που διατύπωσε την ατοµική
ϑεωρία. Η ιδέα του ήταν ότι αν πάρουµε ένα κοµµάτι ύλης και το κόψουµε στη µέση,
έπειτα πάρουµε ένα από τα δύο κοµµάτια και επαναλάβουµε τη διαδικασία κάποια
στιγµή ϑα ϕτάσουµε σε ένα κοµµάτι που δεν µπορεί να κοπεί περαιτέρω. Ονόµασε
εκείνο το τµήµα άτοµο που σηµαίνει κάτι που δεν µπορεί να κοπεί. Η σύγχρονη
έννοια των ατόµων εισήχθη από τον χηµικό John Dalton [1]. Πρότεινε ότι τα στοιχεία
αποτελούνται από πολύ µικρά σωµατίδια που ονόµασε άτοµα. Πρότεινε επίσης ότι
τα άτοµα του ίδιου στοιχείου είναι πανοµοιότυπα. Γνωρίζουµε πλέον ότι αυτό δεν
ισχύει και ότι τα άτοµα µπορούν να «κοπούν» σε µικρότερα κοµµάτια. Ωστόσο, η ίδια
ϕιλοσοφία οδήγησε την αναζήτηση των δοµικών στοιχείων του σύµπαντος. Αυτό είχε
ως αποτέλεσµα την ανάπτυξη και τη διαµόρφωση του SM της σωµατιδιακής ϕυσικής.
Αυτό το κεφάλαιο ϑα είναι µια ϑεωρητική εισαγωγή στο SM και στο top κουάρκ.

10.1 Το καθιερωµένο πρότυπο της σωµατιδιακής ϕυσικής

Το SM διαµορφώθηκε στα τέλη της δεκαετίας του ΄60 και στις αρχές της δεκαετίας
του ΄70. Είναι µια Κβαντική Θεωρία Πεδίου που προβλέπει την ύπαρξη ενός συνόλου
στοιχειωδών σωµατιδίων, σωµατιδίων δηλαδή χωρίς υποδοµή, Εικόνα 2.1. Χρησι-
µοποιώντας αυτά τα σωµατίδια περιγράφει το σχηµατισµό όλης της ορατής ύλης
καθώς και τη συµπεριφορά της.

Σύµφωνα µε το SM τα σωµατίδια χωρίζονται σε δύο µεγάλες κατηγορίες, τα µποζό-
νια και τα ϕερµιόνια. Η διαφοροποίηση γίνεται µε ϐάση το σπιν τους που είναι
εσωτερική ιδιότητα όλων των σωµατιδίων. Τα ϕερµιόνια έχουν ηµι-ακέραιο σπιν,
δηλαδή 1/2 ενώ τα µποζόνια έχουν ακέραια τιµή για το σπιν.
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10.1.1 Τα Φερµιόνια

Τα ϕερµιόνια είναι τα σωµατίδια που συνθέτουν την ύλη. Χωρίζονται σε δύο κατη-
γορίες, τα λεπτόνια και τα κουάρκ. Υπάρχουν συνολικά 6 κουάρκ (6 γεύσεις), τα up
(u), down (d), charm (c), strange (s), top (t) και bottom (b). Υπάρχουν επίσης 6 λεπ-
τόνια. Τρία είναι ηλεκτρικά ϕορτισµένα, το ηλεκτρόνιο (e), το µιόνιο (µ) και το ταυ (τ ).
Για κάθε ϕορτισµένο λεπτόνιο υπάρχει και ένα το οποίο είναι ουδέτερα ϕορτισµένο
και ονοµάζεται νετρίνο (νe, νµ, ντ ). Χρησιµοποιώντας ως µέτρο το ηλεκτρικό ϕορτίο
του ηλεκτρονίου, λέµε ότι το ηλεκτρόνιο έχει ϕορτίο -1. Τα υπόλοιπα ϕορτισµένα
λεπτόνια έχουν επίσης ϕορτίο -1, ενώ τα νετρίνα έχουν 0. Τα κουάρκ από την άλλη
πλευρά µπορούν να έχουν ϕορτίο 2/3 για τα u, c , t και -1/3 για τα d, s και b.

Η µαθηµατική διατύπωση ϕερµιονίων στο SM (εξίσωση Dirac) προβλέπει την
ύπαρξη σωµατιδίων µε αρνητική ενέργεια. Αυτό έχει αποδειχθεί και πειραµατικά.
΄Ετσι για κάθε ϕερµιόνιο υπάρχει και ένα αντισωµατίδιο, δηλαδή ένα σωµατίδιο που
έχει ακριβώς τις ίδιες ιδιότητες µε το σωµατίδιο αλλά αντίθετα ϕορτία πρόσηµου.

Τα ϕερµιόνια ϕέρουν επίσης έναν άλλο τύπο ϕορτίου που ονοµάζεται χρώµα.
Μπορεί να έχει τρεις πιθανές τιµές κόκκινο πράσινο και µπλε. Τα λεπτόνια εί-
ναι άχρωµα ενώ τα κουάρκ µπορεί να έχουν οποιοδήποτε από τα πιθανά χρώµατα.
Αυτή η ιδιότητα σχετίζεται µε την ικανότητα ενός σωµατιδίου να είναι ελεύθερο ή σε
δεσµευµένη κατάσταση. Στη ϕύση µόνο άχρωµες καταστάσεις µπορούν να ϐρεθούν.
Αυτό σηµαίνει ότι τα λεπτόνια µπορούν να ϐρεθούν ελεύθερα στη ϕύση αφού δεν
έχουν χρώµα. Από την άλλη, τα κουάρκ ϐρίσκονται µόνο οµαδοποιηµένα σχηµατίζον-
τας πιο πολύπλοκα σωµατίδια µέσω µιας διαδικασίας που ονοµάζεται αδρονοποίηση,
hadronization στα αγγλικά. Αυτό συµβαίνει ώστε να σχηµατίζουν άχρωµες καταστά-
σεις. Οι συνδυασµοί κουάρκ είναι συνήθως κουάρκ αντι-κουάρκ, που ονοµάζονται
µεσόνια, ή συνδυασµοί περισσότερων κουάρκ που ονοµάζονται ϐαρυόνια. Μέχρι
πρόσφατα είχαν ϐρεθεί µόνο ϐαρυόνια µε 3 κουάρκ. Το πείραµα LHCb στο CERN
ανακοίνωσε την ανακάλυψη κάποιων εξωτικών σωµατιδίων που έχουν 4 ή και 5
κουάρκ και ονοµάζονται τέτρα και πεντα-κουάρκ αντίστοιχα. Τα ϕερµιόνια χωρί-
Ϲονται επίσης σε 3 άλλες κατηγορίες που ονοµάζονται γενιές. Κάθε γενιά περιέχει 2
κουάρκ, ένα ϕορτισµένο λεπτόνιο και ένα ουδέτερο λεπτόνιο, ένα νετρίνο. Τα σωµατί-
δια του ίδιου τύπου έχουν αυξηµένη µάζα σε κάθε κατηγορία. Με την πρώτη γενιά
να περιέχει τα ελαφρύτερα και την τρίτη τα πιο ϐαριά.

10.1.2 Τα Μποζόνια

Τα µποζόνια είναι οι ϕορείς δυνάµης σύµφωνα µε το καθιερωµένο πρότυπο. Υπ-
άρχουν 4 ϑεµελιώδεις δυνάµεις στο σύµπαν όπου κάθε µία από αυτές εκφράζεται
µέσω ενός σωµατιδίου, ενός µποζονίου. Αυτό σηµαίνει ότι για να συµβεί κάθε αντί-
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δραση ένα από αυτά τα σωµατίδια πρέπει να εµπλέκεται. Οι 4 δυνάµεις που αναφέρ-
ϑηκαν είναι η ισχυρή, η ασθενής, η ηλεκτροµαγνητική και η ϐαρύτητα. Ο ϕορέας
για την ισχυρή δύναµη είναι το γκλουόνιο (g) το οποίο δεν έχει µάζα. Για την ασθενή
δύναµη υπάρχουν τρεις ϕορείς, οτ W+, οτ W− και το Z0. Τα δύο πρώτα είναι ϑετικά
και αρνητικά/φορτισµένα αντίστοιχα ενώ το τρίτο είναι ουδέτερο. Και οι τρεις ϕορείς
της ασθενής αλληλεπίδρασης, έχουν µάζα. Το ϕωτόνιο (γ) είναι ο ϕορέας δύναµης
της ηλεκτροµαγνητικής δύναµης και δεν έχει µάζα. Τέλος, η ϐαρύτητα εκφράζεται
µέσω του ϐαρυτονίου, το οποίο είναι ένα σωµατίδιο που έχει προβλεφθεί ϑεωρητικά
αλλά δεν έχει ανιχνευθεί ποτέ. Στο πλαίσιο της σωµατιδιακής ϕυσικής η επίδραση
της ϐαρύτητας είναι τόσο µικρή που µπορεί να αγνοηθεί.

10.2 Το top κουάρκ

Το top κουάρκ είναι το ϐαρύτερο από τα κουάρκ στο SM Figure 2.3 µε µάζα 172, 69±
0, 30 [7]. Ανακαλύφθηκε το 1995 από τα πειράµατα CDF και D0 στον επιταχυντή
Tevatron στο Fermilab [8], [9]. ΄Ηταν το τελευταίο από τα κουάρκ που ανακαλύφθηκαν
και από τότε δεν έχουν εντοπιστεί άλλα κουάρκ. Με τόσο υψηλή µάζα έχει πολύ
µικρό χρόνο Ϲωής, περίπου 5 × 10−25 s. Αυτή η τιµή είναι µικρότερη από τον χρόνο
αδρονοποίησης 10−24 s που σηµαίνει ότι διασπάται πριν µπορέσει να σχηµατίσει
αδρόνια. Το γεγονός ότι διασπάται πριν σχηµατίσει ένα αδρόνιο επιτρέπει τη µελέτη
των ιδιοτήτων ενός ελέυθερου κουάρκ ακόµη και έµµεσα, µελετώντας τις ιδιότητες
της διάσπασης. Επιπλέον λόγω της υψηλής µάζας αλληλεπιδρά µε το µποζόνιο Ηιγγς
που σηµαίνει ότι παίζει σηµαντικό ϱόλο στον µηχανισµό Higgs. Τέλος, το top κουάρκ
αποτελεί υπόβαθρο για πολλές από τις διαδικασίες που προβλέπονται από επεκτά-
σεις του καθιερεοµένου προτύπου. Αυτό σηµαίνει ότι παράγεται µαζί µε άλλα νέα
υποθετικά σωµατίδια σε αυτές τις διαδικασίες. Η µέτρηση των ιδιότήτων του µε πολύ
µεγάλη ακρίβεια ϑα επιτρέψει στους επιστήµονες να αφαιρέσουν τις συνεισφορές από
top κουάρκ στις µετρήσεις τους ώστε αυτό που ϑα µετρήσουν να είναι µόνο κάποιο
νέο σωµατίδιο εφόσον αυτό υπάρχει.

10.2.1 Παραγωγή του top κουάρκ

΄Ενα top κουάρκ µπορεί να παραχθεί µέσω της ηλεκτρασθενούς αλληλεπίδρασης
µαζί µε ένα κουάρκ b και ένα µποζόνιο W. Τα διαγράµµατα Feynman της πρώτης
τάξης (leading order, LO) των πιθανών αλληλεπιδράσεων ϕαίνονται στην Εικόνα 2.4.
Μια άλλη δυνατότητα είναι η παραγωγή ενός Ϲεύγους top (t), anti-top (t̄) (tt̄) µέσω
της ισχυρής αλληλεπίδρασης. Αυτό µπορεί να συµβεί είτε µε την αλληλεπίδραση
δύο γκλουονίων που ονοµάζεται σύντηξη γκλουονίων είτε µέσω της εξαΰλωσης δύο
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κουάρκ. Τα διαγράµµατα Feynman πρώτης τάξης των δύο διεργασιών ϕαίνονται στις
εικόνες 2.5 και 2.6 αντίστοιχα.

Στους επιταχυντές σωµατιδίων, η παραγωγή top κουάρκ γίνεται κυρίως µε τη
διαδικασία παραγωγής Ϲεύγους tt̄ µέσω της ισχυρής αλληλεπίδρασης. Στον επι-
ταχυντή Tevatron όπου ανακαλύφθηκε το top κουάρκ, τα πειράµατα διεξήχθησαν µε
τη σύγκρουση πρωτονίων και αντιπρωτονίων. Η παραγωγή γινόταν κυρίως µε τη δι-
αδικασία εξαΰλωσης ενός κουάρκ και ενός αντι-κουάρκ. Στον LHC λόγω υψηλότερων
ενεργειών η παραγωγή γίνεται κυρίως µέσω της διαδικασίας σύντηξης γκλουονίων σε
ποσοστό περίπου 90%.

10.2.2 ∆ιάσπαση του top κουάρκ

Το top κουάρκ όπως αναφέρθηκε προηγουµένως διασπάται πολύ γρήγορα λόγω της
µεγάλης του µάζας. Η διάσπαση συµβαίνει µέσω της ηλεκτροασθενούς αλληλεπί-
δρασης καθώς είναι η µόνη που µπορεί να αλλάξει τη γεύση ενός κουάρκ. Με την
εκποµπή ενός µποζονίου W, το top κουάρκ µπορεί να διασπαστεί σε κουάρκ d, s
ή b. Ωστόσο, η διάσπαση γίνεται σχεδόν αποκλειστικά σε ϐ κουάρκ µε πιθανότητα
99,8%.

Το µποζόνιο W που παράγεται, ϑα διασπαστεί επίσης πριν από την ανίχνευση του.
Υπάρχουν δύο κατηγορίες µε ϐάση τη ϕύση των προϊόντων διάσπασης, λεπτονικά ή
αδρονικά. Με τον λεπτονικό τρόπο, το W διασπάται σε ένα λεπτόνιο και το αντίστοιχο
νετρίνο του ενώ µε τον αδρονικό τρόπο διασπάται σε ένα Ϲεύγος κουάρκ και αντι-
κουάρκ. ΄Οσον αφορά τα λεπτόνια, καθένα από τα τρία είναι δυνατό να παραχθεί µε
ίδια πιθανότητα. Για τα αδρόνια, όλα τα κουάρκ µπορούν να παραχθούν εκτός από
το top λόγω της διατήρησης της ενέργιας. Στην περιπτωση αυτή τα ποσοστά δεν είναι
ίδια µε το b κουάρκ να παράγεται κυρίως. Τα ποσοστά για κάθε πιθανή διάσπαση
µπορούν να ϕανούν στην Εικόνα 2.8.

Λαµβάνοντας υπόψη ότι στο Ϲεύγος tt̄ έχουµε δύο top τα οποία διαστπώνται, ϑα
υπάρχουν δύο µποζόνια W. Σε αυτή την περίπτωση µπορούµε να έχουµε οποιοδήποτε
από τα παρακάτω σενάρια :

• Πλήρως αδρονικό κανάλι1. Σε αυτό το κανάλι και τα δύο µποζόνια W δι-
ασπώνται σε ένα Ϲευγάρι κουάρκ. Αυτό το κανάλι είναι το πιο πιθανό από τα
τρία µε πιθανότητα 45,4%

• Ηµί-λεπτονικό κανάλι. Σε αυτή την περίπτωση, ένα από τα µποζόνια διασπά-
ται αδρονικά ενώ το άλλο διασπάται λεπτονικά. Αυτή η διαδικασία έχει επίσης
µεγάλη πιθανότητα, 44,1%

1Στην ορολογία της σωµατιδιακής ϕυσικής ένα κανάλι είναι µια διαδικασία
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• ∆ιλεπτονικό κανάλι. Η τελευταία περίπτωση είναι όταν και τα δύο µποζόνια
W διασπώνται λεπτονικά. Αυτή η διαδικασία συµβαίνει σε ποσοστό περίπου
10,7%

Στην εικόνα 2.9 ϕαίνονται όλα τα πιθανά σενάρια διάσπασης µαζί µε τις αντίστοιχες
πιθανότητες.

10.3 Ενεργός διατοµή

Η ενέργός διατοµή (σ) µιας διεργασίας είναι ένα µέτρο της πιθανότητας να πραγ-
µατοποιηθεί η διαδικασία αυτή. Υπολογίζεται ϑεωρητικά χρησιµοποιώντας τα δια-
γράµµατα Feynman, όπως αυτά στην εικόνα 2.5 για παράδειγµα. Ο υπολογισµός
γίνεται αθροίζοντας όλα τα πιθανά διαγράµµατα. Τα διαγράµµατα στην εικόνα 2.5
ονοµάζονται διαγράµµατα πρώτης τάξης (LO) αφού περιέχουν µόνο τα σωµατίδια αρ-
χικής και τελικής κατάστασης συν τους ϕορείς αλληλεπίδρασης. Γνωρίζουµε ότι τα
σωµατίδια µπορούν να ακτινολβολήσουν ένα άλλο σωµατίδιο. ΄Εχοντας αυτό κατά
νου µπορεί κανείς να δηµιουργήσει πιο περίπλοκα διαγράµµατα όπως αυτά στην
εικόνα 2.10. Αυτά τα διαγράµµατα ονοµάζονται διαγράµµατα δεύτερης τάξης (Next
to Leading Order, NLO). Η τάξη του διαγράµµατος καθορίζεται ανάλογα µε τον αρι-
ϑµό των επιπλέον σωµατιδίων που εκπέµπονται ή αλλιώς του αριθµού των κορυφών.
Μια κορυφή είναι πρακτικά ένα σηµείο όπου συµβαίνει µια αλληλεπίδραση.

Αυξάνοντας την πολυπλοκότητα των διαγραµµάτων µπορούµε να δούµε ότι πρακ-
τικά µπορεί κανείς να δηµιουργήσει και να υπολογίσει έναν άπειρο αριθµό διαγραµ-
µάτων. Αθροίζοντας όλα τα διαγράµµατα, η ενέργός διατοµή µπορεί να υπολογιστεί
σύµφωνα µε την εξίσωση 2.2 Ωστόσο, δεδοµένου ότι το αS είναι µικρότερο από 1,
µπορούµε να δούµε ότι καθώς τα διαγράµµατα γίνονται όλο και πιο πολύπλοκα,
συµβάλλουν όλο και λιγότερο στη συνολική ενεργό διατοµή. Εκτός από αυτό, τα δια-
γράµµατα γίνονται όλο και πιο πολύπλοκα στον υπολογισµό καθώς αυξάνεται η τάξη
τους. Συνήθως γίνεται υπολογισµός µέχρι τον τρίτο όρο, Next to Next to Leading
Order (NNLO).

Τα πειράµατα επιταχυντών από την άλλη παρέχουν έναν ευκολότερο τρόπο υπ-
ολογισµού της ενεργού διατοµής. Μπορεί να αποδειχθεί ότι είναι ανάλογη µε τον
αριθµό των µετρούµενων γεγονότων και υπολογίζεται µε την εξίσωση 2.3. ΄Οπου
Ν είναι ο συνολικός αριθµός των µετρούµενων γεγονότων για τη συγκεκριµένη δι-
αδικασία και Lint είναι η ολοκληρωµένη ϕωτεινότητα. Η ϕωτεινότητα (L) είναι ένα
µέτρο του αριθµού των συγκρούσεων που µπορούν να προκληθούν σε έναν ανιχνευτή
ανά cm2 ανά δευτερόλεπτο. Η ολοκληρωµένη ϕωτεινότητα είναι η ϕωτεινότητα που
«συλλέγεται» σε όλο το πείραµα. Είναι πρακτικά το ολοκλήρωµα της ϕωτεινότητας
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για τη χρονική διάρκεια του πειράµατος. Μπορούµε να δούµε µε αυτόν τον τρόπο
να δούµε ότι τα πειράµατα επιταχυντών είναι ένας καλός τρόπος για τον υπολογισµό
της ενεργού διατοµής και εποµένως την επαλήθευση του SM.



Κεφάλαιο 11

Το πείραµα Compact Muon Solenoid

Στο κεφάλαιο αυτό ϑα γίνει µια περιγραφή του πειράµατος Compact Muon Solenoid
(CMS). Θα αναλυθούν οι αρχές λειτουργίας του καθώς και τα µέρη από τα οποία
αποτελείται.

11.1 Ο Μεγάλος Επιταχυντής Αδρονίων

Ο Μεγάλος Επιταχυντής Αδρονίων (LHC) είναι ο µεγαλύτερος επιταχυντής σωµατιδίων
που κατασκευάστηκε ποτέ. Βρίσκεται στις εγκαταστάσεις του Ευρωπαϊκού Συµ-
ϐουλίου για την Πυρηνική ΄Ερευνα (Conseil Européen pour la Recherche Nucléaire
CERN), στη Γενεύη της Ελβετίας και άρχισε να λειτουργεί το 2008. Είναι ένας κυκ-
λικός επιταχυντής µε περιφέρεια 27 χιλιοµέτρων (km) που ϐρίσκεται 100 µέτρα κάτω
από το έδαφος στα σύνορα της Γαλλίας µε την Ελβετία µεταξύ της Γενεύης και της
οροσειράς Jura. Η Εικόνα 3.1 δείχνει µια αεροφωτογραφία της περιοχής όπου ϐρίσ-
κεται ο LHC. Λειτουργεί επιταχύνοντας δύο δέσµες πρωτονίων, µία δεξιόστροφα και
µία αριστερόστροφα. Οι δέσµες συγκρούονται σε 4 προκαθορισµένα σηµεία αλλη-
λεπίδρασης. Ανιχνευτές σωµατιδίων έχουν κατασκευαστεί και τοποθετηθεί σε κάθε
ένα από τα σηµεία αλληλεπίδρασης οι οποίοι καταγράφουν τα προϊόντα των συγ-
κρούσεων.

Οι δύο επιταχυνόµενες δέσµες πρωτονίων συγκρούονται µεταξύ τους προκειµένου
να µελετηθούν διάφορες ϕυσικές διεργασίες. Οι συγκρούσεις λαµβάνουν χώρα σε 4
προκαθορισµένα σηµεία της περιµέτρου του επιταχυντή όπου είναι τοποθετηµένοι
ανιχνευτές, Εικόνα 3.3. Οι 4 ανιχνευτές σωµατιδίων LHC είναι :

• A Toroidal LHC ApparatuS (ATLAS)

• Compact Muon Solenoid (CMS)

189
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• LHC beauty (LHCb)

• A Large Ion Collider Experiment (ALICE)

Οι δύο πρώτοι ανιχνευτές ATLAS και CMS, είναι ανιχνευτές γενικής χρήσης, ενώ το
LHCb και το ALICE είναι κατασκευασµένοι για τη µελέτη συγκεκριµένων ϕυσικών
διεργασιών. Το LHCb έχει σχεδιαστεί για να µελετά το b (beauty) κουάρκ και τη
µέτρηση της παραβίασης της συµµετρίας οµοτιµλίας-ϕορτίου (Charge Parity (CP)).
Με λίγα λόγια αυτό ονοµάζεται παραβίαση CP. Το ALICE είναι κατασκευασµένο για
να µελετά τις συγκρούσεις δεσµών ϐαρέων ιόντων και επίσης αυτές µεταξύ ϐαρέων
ιόντων και πρωτονίων.

11.2 Ο ανιχνευτής Compact Muon Solenoid

Ο ανιχνευτής CMS, είναι ένα πείραµα ϕυσικής υψηλής ενέργειας γενικού ενδι-
αφέροντος. ΄Εχει κυλινδρικό σχήµα µε διάφορα οµοαξονικά στρώµατα γύρω από
τον άξονα της δέσµης σα ϐαρέλι. Για να ανιχνευθούν όλα τα παραγόµενα σωµατί-
δια πρέπει να ερµητικά κλειστός. Για να το επιτευχθεί αυτό, χρησιµοποιούνται 2
κατακόρυφοι δίσκοι, κάθετοι στον άξονα της δέσµης που ονοµάζονται endcaps. Ο
ανιχνευτής έχει µήκος 28,7 µέτρα (m) και ακτίνα 15 µέτρα και ϐάρος 14.000 τόνους.
Είναι σχετικά µικρός για την ποσότητα της ύλης που περιέχει, δικαιολογώντας τη
λέξη συµπαγής, Compact.

΄Ενα από τα πιο ενδιαφέροντα σωµατίδια που στοχεύει να ανιχνεύσει το CMS
είναι τα µιόνια. Τα µιόνια είναι ενδείξεις ότι µια «ενδιαφέρουσα» ϕυσική διαδικασία
έχει συµβεί κατά τη διάρκεια των συγκρούσεων. Λαµβάνοντας υπόψη τη σηµασία των
µιονίων, το CMS έχει σχεδιαστεί και κατασκευαστεί µε τέτοιο τρόπο ώστε να ανιχνεύει
µιόνια µε πολύ υψηλή ακρίβεια. Από εκεί προέρχεται η λέξη muon. Τέλος, το CMS
χρησιµοποιεί έναν µεγάλο σωληνοειδή µαγνήτη ικανό να παράγει µαγνητικό πεδίο
έως και 4 T παράλληλο στον άξονα της δέσµης. Ο µαγνήτης χρησιµοποιείται για να
κάµψει τις τροχιές των σωµατιδίων κάθετα στον άξονα της δέσµης. Η παρουσία του
συγκεκριµένου µαγνήτη δικαιολογεί τη λέξη σωληνοειδές στο όνοµα του ανιχνευτή.

Το CMS έχει σχεδιαστεί µε τρόπο που αποτελείται από πολλαπλά στρώµατα, το
καθένα από τα οποία παίζει διαφορετικό ϱόλο στην ανίχνευση σωµατιδίων. Κάθε
ένα από αυτά τα στρώµατα είναι ένα ξεχωριστό σύστηµα ανιχνευτή που ονοµάζεται
υποανιχνευτής. Το κάθε στρώµα παρέχει ένα διαφορετικό κοµµάτι από τη συνολική
πληροφορία που απαιτείται για την ανίχνευση ενός σωµατιδίου. ΄Ολα τα κοµµά-
τια συλλέγονται και συνδυάζονται προκειµένου να ταυτοποιηθούν τα σωµατίδια που
παράγονται κατά τη σύγκρουση πρωτονίων. Το CMS έχει συνολικά 4 συστήµατα
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υποανιχνευτών, Εικόνα 3.4. Ο ανιχνευτής τροχιών, ο οποίος είναι υπεύθυνος για την
ανίχνευση της τροχιάς των σωµατιδίων, το Ηλεκτροµαγνητικό ϑερµιδόµετρο (ECAL),
το αδρονικό ϑερµιδόµετρο (HCAL) και τους ανιχνευτές µιονίων. Εκτός από αυτά
τα συστήµατα, το CMS περιέχει επίσης και τον σωληνοειδή µαγνήτη που αναφέρ-
ϑηκε και προηρουµένως. Ο µαγνήτης δεν χρησιµοποιείται για την ανίχνευση των
σωµατιδίων αλλά είναι ένα Ϲωτικό µέρος στη λειτουργία του ανιχνευτή. Η διάταξη
που χρησιµοποιείται για τα συστήµατα υποανίχνευσης είναι η ακόλουθη. Το Tracker,
ECAL και HCAL ϐρίσκονται µέσα στον µαγνήτη ενώ τα συστήµατα µιονίων είναι έξω
από αυτόν. Κάθε ένας από τους υποανιχνευτές έχει ένα µέρος στον κύριο όγκο του
ανιχνευτή το ϐαρέλι και ένα µέρος στα καπάκια.

11.2.1 Ο ανιχνευτής τροχιών

Ο ανιχνευτής τροχιών είναι το πρώτο σύστηµα ανίχνευσης που διαθέτει το CMS και
είναι εκείνο που ϐρίσκεται πιο κοντά στο σηµείο αλληλεπίδρασης των δύο δεσµών
πρωτονίων. Χρησιµοποιείται για την ανακατασκευή των τροχιών των σωµατιδίων που
παράγονται από τις συγκρούσεις και επίσης για τη µέτρηση της ορµής τους. Μπορεί
να µετρήσει µε πραγµατικά υψηλή ακρίβεια την ορµή των µιονίων, των ηλεκτρονίων
και των ϕορτισµένων αδρονίων. Μπορεί επίσης να ανιχνεύσει κορυφές (vertex), οι
οποίες είναι τα σηµεία στα οποία τα σωµατίδια που παράγονται από τις συγκρούσεις
διασπώνται σε άλλα δευτερεύοντα σωµατίδια. Λόγω της υψηλής ϕωτεινότητας των
δεσµών και της ϑέσης του, ο ανιχνευτής τροχιών πρέπει να έχει πολύ καλή χωρική
διακριτική ικανότητα αλλά και να είναι ανθεκτικός στην ακτινοβολία. Πρέπει επίσης
να έχει πολύ καλό χρόνο απόκρισης για να καταγράφει όσο το δυνατόν περισσότερα
γεγονότα. Το υλικό που χρησιµοποιείται για τον συγκεκριµένο ανιχνευτή είναι πυρί-
τιο.

11.2.2 Το Ηλεκτροµαγνητικό ϑερµιδόµετρο (ECAL)

Το δεύτερο σύστηµα ανίχνευσης του CMS είναι το ηλεκτροµαγνητικό ϑερµιδόµετρο
(Εικόνα 3.7). Χρησιµοποιείται για τη µέτρηση της ενέργειας των ηλεκτρονίων και των
ϕωτονίων που παράγονται κατά τη διάρκεια των συγκρούσεων. Το Ecal σχεδιάστηκε
έτσι ώστε να µπορεί να ανιχνεύει µε πραγµατικά υψηλή ακρίβεια την ενέργεια των
ϕωτονίων. Αυτό συµβαίνει επειδή ένας από τους πιο συνηθισµένους τρόπους διάσ-
πασης ενός µποζονίου Higgs είναι µέσω των αλληλεπιδράσεων H → γγ σε δύο πολύ
ενεργητικά ϕωτόνια. Επιπλέον, το ϑερµιδόµετρο σχεδιάστηκε για να έχει πολύ καλή
διακριτική ικανότητα συγκεκριµένα στην ανίχνευση δύο ϕωτονίων. Αυτό, διότι δύο
ϕωτόνια µπορούν επίσης να παραχθούν από τη διάσπαση ενός ουδέτερου πιονίου,
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π0 → γγ. Συνεπώς η διάκριση αυτών των δύο διεργασιών είναι Ϲωτικής σηµασίας για
την ανίχνευση του µποζονίου Higgs. Το Ecal κατασκευάστηκε µε χρήση κρυστάλλων
µολύβδου-ϐολφραµίου (PbWO4). Η µέτρηση της ενέργειας των σωµατιδίων ϐασίζεται
σε µια αρχή που ονοµάζεται σπινθηρισµός. ΄Οταν ένα σωµατίδιο που αλληλεπιδρά
ηλεκτροµαγνητικά διασχίζει τον όγκο του ανιχνευτή αλληλεπιδρά µε το υλικό του
ανιχνευτή και παράγει ϕως. Το παραγόµενο ϕως µπορεί να συλλεχθέι και µετρώντας
την ποσότητα του παραγόµενου ϕωτός µπορεί να µετρηθεί η ενέργεια του σωµατιδίου.

11.2.3 Το αδρονικό ϑερµιδόµετρο (HCAL)

Το τρίτο στρώµα του ανιχνευτή CMS είναι το αδρονικό ϑερµιδόµετρο, Hadronic
CALorimenter (HCAL). Αυτό το υποσύστηµα είναι υπεύθυνο για τη µέτρηση της
ενέργειας των αδρονίων και των προϊόντων διάσπασής τους. Η ανίχνευση σωµατιδίων
ϐασίζεται στους αδρονικές πίδακες. Είναι το αποτέλεσµα της αλληλεπίδρασης των
αδρονίων, που διασχίζουν το επίπεδο του ανιχνευτή, µε τον πυρήνα των ατόµων
του υλικού του ανιχνευτή. Το «ενεργό» υλικό που χρησιµοποιείται στο HCAL εί-
ναι ϕθορίζον πλαστικό. Το HCAL είναι ένα ϑερµιδόµετρο δειγµατοληψίας, sampling
calorimeter, που σηµαίνει ότι αποτελείται από στρώµατα ανιχνευτικού υλικού και
απορροφητή. Ως απορροφητής χρησιµοποιήθηκε ο ορείχαλκος µαζί µε τον χάλυβα.
΄Οταν ένα σωµατίδιο περνά µέσα από το ενεργό υλικό του ανιχνευτή παράγεται ϕως.
Αυτό το ϕως συλλέγεται από ίνες και στη συνέχεια µεταφέρεται σε ειδικούς ανιχνευτές
που ονοµάζονται Hybrid Photodiodes (HPD) όπου ενισχύεται και µετατρέπεται σε
ηλεκτρικό σήµα. Από εκεί µεταφέρεται τελικά στη µονάδα συλλογής δεδοµένων,
Εικόνα 3.8

Εκτός από την άµεση ανίχνευση σωµατιδίων, το ECAL και το HCAL µετρούν
επίσης σωµατίδια έµµεσα. Αυτό είναι µε τη µορφή έλλειψης ορµής. Μερικά από
τα σωµατίδια που παρουσιάζουν µεγάλο ενδιαφέρον στη σύγχρονη ϕυσική, όπως τα
νετρίνα, αλληλεπιδρούν πολύ σπάνια ή µερικές ϕορές και ποτέ µε την ύλη. Αυτό κα-
ϑιστά πρακτικά αδύνατη την ανίχνευσή τους. Χρησιµοποιώντας την αρχή διατήρησης
της ορµής και υπολογίζοντας το έλλειµα ορµής, µπορεί κανείς να µετρήσει έµµεσα
την ύπαρξη ενός σωµατιδίου που παρήχθη και δεν ανιχνεύτηκε. Για το λόγο αυτό
το ECAL και το HCAL πρέπει να είναι ερµητικά κλειστά γιατί δεν πρέπει να υπ-
άρχει πιθανότητα να διαφύγουν τα συνηθισµένα σωµατίδια από τον ανιχνευτή και να
ερµηνευθούν εσφαλµένα ως ελλείπουσα ορµή.
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11.2.4 Οι ανιχνευτές µιονίων

Το τελευταίο στρώµα του CMS είναι το σύστηµα ανίχνευσης µιονίων. ΄Οπως αναφέρ-
ϑηκε παραπάνω, η ανίχνευση µιονίων είναι πολύ σηµαντική για τα πειράµατα του
LHC. Τα µιόνια είναι πολύ διεισδυτικά και µπορούν να διασχίσουν µεγάλη απόσταση
µέσα σε ένα υλικό χωρίς να αλληλεπιδρούν και εποµένως χωρίς να ανιχνευτούν. Για
την ανίχνευση τους, χρησιµοποιείται ένα ειδικό σύστηµα ανιχνευτών. Το σύστηµα
µιονίων παίζει επίσης ϐασικό ϱόλο στο σύστηµα σκανδαλισµού του CMS. Για το
σύστηµα µιονίων, χρησιµοποιούνται τρεις διαφορετικοί τύποι ανιχνευτών :

• Drift Tubes (DT).

• Cathode Strip Chambers (CSC).

• Resistive Plate Chambers (RPC).

Καθένας από αυτούς τους τύπους χρησιµοποιείται για διαφορετικό σκοπό. Τα δύο
πρώτα έχουν πολύ καλή χωρική διακριτική ικανότητα ενώ τα RPC έχουν πολύ καλή
χρονική διακριτική ικανότητα.

Οι drift tubes (DT) τοποθετούνται στο κύριο σώµα του ανιχνευτή CMS, το barrel.
Στο σηµείο αυτό, η ϱοή των σωµατιδίων είναι σχετικά µικρή και το µαγνητικό πεδίο
οµοιογενές. Οι DT αποτελούνται από 5 κυλίνδρους, οµοαξονικούς µε το κέντρο της
δέσµης και καλύπτουν όλο το barrel. Κάθε δίσκος έχει 4 σταθµούς διαφορετικής
ακτίνας. Κάθε σωλήνας έχει διάµετρο 4 εκατοστά και ένα σύρµα στο κέντρο. Είναι
γεµάτος µε ένα µείγµα αερίου αργού και διοξειδίου του άνθρακα. ΄Οταν ένα µιόνιο
διέρχεται από το αέριο ιονίζει τα µόρια του. Τα ηλεκτρόνια που δηµιουργούνται
από τον ιονισµό κινούνται προς το σύρµα λόγω του ηλεκτρικού πεδίου στο κέντρο
του σωλήνα. Ανιχνεύοντας το σηµείο στο οποίο τα ηλεκτρόνια χτυπούν στο σύρµα
και τον χρόνο που χρειάστηκε για να ϕτάσουν τα ηλεκτρόνια στο σύρµα, µπορεί να
υπολογιστεί η διαδροµή των µιονίων.

Οι Cathode Strip Chambers (CSC), τοποθετούνται στα άκρα κάθετα προς την
κατεύθυνση της δέσµης όπου η ϱοή είναι µεγάλη και το µαγνητικό πεδίο µη οµοιό-
µορφο. Οι CSC έχουν πολύ µικρό χρόνο απόκρισης και έτσι µπορούν να χρησιµοποι-
ηθούν σε περιβάλλον µε τόσο υψηλή ακτινοβολία. Η αρχή λειτουργίας τους ϐασίζεται
σε ένα πλέγµα καλωδίων. Τα καλώδια έχουν ϑετικά ϕορτισµένα σύρµατα που λει-
τουργούν ως άνοδοι και αρνητικά ϕορτισµένα σύρµατα που λειτουργούν ως κάθοδοι.
Το πλέγµα ϐρίσκεται µέσα σε ένα µείγµα αερίων. ΄Οταν ένα σωµατίδιο ϕορτίου περνά
µέσα από το αέριο, τα µόρια του αερίου ιονίζονται. Τα ηλεκτρόνια που παράγονται
κατά τον ιονισµό κινούνται προς τις καθόδους παράγοντας έναν καταιγισµό. Το σήµα
που παράγεται από τον καταιγισµό παρέχει πληροφορίες σχετικά µε την τροχιά του
σωµατιδίου που τον παρήγαγε.
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Οι Resistive Plate Chambers (RPC), τοποθετούνται τόσο στο barrel όσο και
στα καπάκια του CMS. Λειτουργούν συµπληρωµατικά µε τα άλλα δύο συστήµατα
µιονίων και παρέχουν πληροφορίες σκανδαλισµού. Αποτελούνται από δύο πλάκες,
µία ϑετικά ϕορτισµένη που λειτουργέι ως άνοδος και µία αρνητικά ως που λειτουργέι
κάθοδος. Ανάµεσα στις δύο πλάκες, υπάρχει ένα κενό (2 mm περίπου) γεµάτο µε
αέριο. ΄Οταν ένα µιόνιο διέρχεται από το αέριο, το ιονίζει. Λόγω των ϕορτισµένων
πλακών υπάρχει ένα ηλεκτρικό πεδίο µέσα στο αέριο που κάνει τα ηλεκτρόνια να
επιταχύνουν προκαλώντας καταιγισµό. Τα σωµατίδια στον καταιγισµό οδηγούνται
στην άνοδο όπου συλλέγονται παρέχοντας πληροφορίες για το µιόνιο που πέρασε.
Το ηλεκτρικό πεδίο µέσα στις πλάκες προκαλεί την παραγωγή του σήµατος ταχύτερα
από τον ϱυθµό σύγκρουσης του LHC. Λόγω αυτού, ο ανιχνευτής έχει πολύ καλή
χρονική απόκριση. Αυτό µαζί µε την καλή χωρική ανάλυση επιτρέπει τη χρήση του
RPC για σκανδαλισµό.

11.2.5 Το σύστηµα σκανδαλισµού

Κατά τη λειτουργία του LHC, οι ανιχνευτές καταγράφουν δεδοµένα µε ϱυθµό 109 Hz.
Με τέτοιο ϱυθµό, καθένας από τους ανιχνευτές ϑα παράγει 100 Terabytes δεδοµένων
ανά δευτερόλεπτο. Είναι αδύνατο να αποθηκευθούν όλα αυτά τα δεδοµένα. Πρώ-
τον λόγω έλλειψης αποθήκευτικού χώρου και δεύτερον επειδή δεν ϑα ήταν δυνατή η
επεξεργασία ενός τόσο µεγάλου του όγκου δεδοµένων. Επιπλέον, µόνο ένα κλάσµα
αυτών των δεδοµένων είναι ενδιαφέρον από άποψη ϕυσικής. Για την επίλυση αυτού
του προβλήµατος οι ανιχνευτές διαθέτουν σύστηµα ϕιλτραρίσµατος για να µειώσουν
την ποσότητα των δεδοµένων που καταγράφονται. Στο CMS αυτό το σύστηµα ονοµάζε-
ται TRIgger and Data Acquisition System (TRIDAS). Η διαδικασία χωρίζεται σε δύο
στάδια. Το πρώτο στάδιο ονοµάζεται Level-1 Trigger (L1) και το δεύτερο είναι ο High
Level Trigger(HLT).

Το Level-1 Trigger είναι το πρώτο ϐήµα του συστήµατος σκανδαλισµού του CMS.
Σε αυτό το στάδιο το σύστηµα έχει συνολικό χρόνο 3,2 µs για να αποφασίσει για κάθε
γεγονός εάν αξίζει να αποθηκευθεί ή όχι. Στην πραγµατικότητα λόγω προβληµάτων
καθυστέρησης ο χρόνος είναι περίπου 1 µs. Το κοµµάτι αυτό, αποτελείται εξ ολοκ-
λήρου από hardware. Μετά από αυτό το στάδιο η συνολική ποσότητα δεδοµένων
είναι περίπου 50 kHz τα οποία στη συνέχεια µεταφέρονται στο HLT για περαιτέρω
ϕιλτράρισµα. Το HLT αποτελείται αποκλειστικά από λογισµικό. Χρησιµοποιεί αλ-
γόριθµους παρόµοιους µε αυτούς που χρησιµοποιούνται από ϕυσικούς στις αναλύ-
σεις τους. Μετά την ολοκλήρωση της διαδικασίας, ο ϱυθµός δεδοµένων έχει πέσει
περίπου στα 100 Hz. Τα δεδοµένα που επιλέγονται από το σύστηµα αποθηκεύονται
και στη συνέχεια και χρησιµοποιούνται για ανάλυση από τους ϕυσικούς.



Κεφάλαιο 12

Ανακατασκευή αντικειµένου

΄Ενα από τα πιο σηµαντικά πράγµατα σε ένα πείραµα ϕυσικής υψηλής ενέργειας εί-
ναι η σωστή ανακατασκευή των σωµατιδίων που δηµιουργούνται µέσα στον ανιχνευτή
σαν αποτέλεσµα των συγκρούσεων. Καθώς αυτά τα σωµατίδια διασχίζουν τον όγκο
του ανιχνευτή, αλληλεπιδρούν µε το υλικό του και παράγουν κάποιο σήµα. Συνήθως
οι ανιχνευτές αποτελούνται από διαφορετικούς τύπους συστηµάτων υποανίχνευσης.
Τα σήµατα που παράγονται από τα διάφορα σωµατίδια ποικίλλουν ανάλογα µε τον
τύπο και τα χαρακτηριστικά των σωµατιδίων καθώς και από το είδος του ανιχνευτή
µε τον οποίον αλληλεπιδρούν. Η ανακατασκευή αναφέρεται στη χρήση των διαφόρων
υπογραφών/σηµάτων που αφήνει πίσω του ένα σωµατίδιο προκειµένου να προσδιορ-
ιστεί ο τύπος του καθώς και οι ιδιότητες του π.χ. ορµή, ενέργεια κ.λπ. Για να γίνει
αυτό το CMS χρησιµοποιεί µια προσέγγιση που ονοµάζεται Particle Flow (PF). Αντί να
χρησιµοποιεί την πληροφορία από κάθε σύστηµα υπο-ανίχνευσης ξεχωριστά, τις συν-
δυάζει για να επιτύχει καλύτερα αποτελέσµατα. Στο επόµενο κεφάλαιο επεξηγούνται
οι διάφορες τεχνικές και µέθοδοι που χρησιµοποιούνται για την ανακατασκευή αν-
τικειµένων στο CMS.

12.1 Ανακατασκευή τροχιών και κορυφών

Το πρώτο ϐήµα της ανακατασκευής αντικειµένων είναι ο προσδιορισµός των τρο-
χιών των σωµατιδίων. Αυτό γίνεται χρησιµοποιώντας πληροφορίες από τον ανιχνευτή
τροχιών. Το CMS χρησιµοποιεί έναν αλγόριθµο που ονοµάζεται Combinatorial
Track Finder (CTF). Είναι ένας επαναληπτικός αλγόριθµος που εκτελείται σε έξι
επαναλήψεις και έχει πολύ υψηλή απόδοση. Το επόµενο ϐήµα είναι ο προσδιορ-
ισµός των κορυφών, Vertex. Ως κορυφή ορίζουµε ένα σηµείο αλληλεπίδρασης.
Για παράδειγµα, το σηµείο όπου συνέβη µια σύγκρουση ή όπου ένα σωµατίδιο δι-
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ασπάστηκε σε άλλα σωµατίδια. Ως κύρια κορυφή (Primary Vertex, PV) ορίζουµε
το σηµείο όπου συνέβη η σύγκρουση των πρωτονίων. Οι τροχιές επιλέγονται και
οµαδοποιούνται µε ϐάση την απόστασή τους από το σηµείο αλληλεπίδρασης της
δέσµης.

12.2 Θερµιδόµετρα

Τα ϑερµιδόµετρα χρησιµοποιούνται για την ανίχνευση και τη µέτρηση ουδέτερων
σωµατιδίων καθώς δεν αλληλεπιδρούν µε τον ανιχνευτή τροχιών. Μπορούν να δι-
αχωρίσουν την ενέργεια που προήλθε από ένα ϕορτισµένο ή ένα ουδέτερο σωµατίδιο.
Μπορούν επίσης να διαχωρίσουν τα ηλεκτρόνια καθώς και τα ϕωτόνια ακτινοβολίας
πέδησης (Bremsstrahlung) επιτρέποντας έτσι τη µέτρηση µε καλύτερη ακρίβεια για
σωµατίδια µε πολύ υψηλή ενέργεια. Τα ϑερµιδόµετρα δεν αποτελούνται από ένα
µόνο µέρος αλλά από πολά µικρότερα. Τα σωµατίδια αφήνουν την ενέργεια τους
συνήθως σε παραπάνω από ένα µέρη του ϑερµιδοµέτρου συνεπώς για την µέτρηση
της ολικής ενέργειας πρέπει να υπολογισθεί η συνεισφορά από όλα τα κοµµάτια του
ϑερµιδοµέτρου.

12.3 Ο αλγόριθµος σύνδεσης

Τα διάφορα σήµατα που αφήνονται πίσω σε κάθε σύστηµα υποανιχνευτών του CMS
χρησιµοποιούνται στον αλγόριθµο PF για την αναγνώριση σωµατιδίων. Στην Εικόνα
4.1 µπορούν να ϕανούν οι διαφορετικές υπογραφές που αφήνουν διάφοροι τύποι
σωµατιδίων µέσα στον ανιχνευτή. ΄Ενα από τα πιο ϑεµελιώδη µέρη του αλγορίθ-
µου PF είναι η σύνδεση των χωριστών στοιχείων του ίδιου σωµατιδίου µαζί αποφεύ-
γοντας ταυτόχρονα τη µέτρηση του ίδιου στοιχείου παραπάνω απο µια ϕορά. Το κύριο
κοµµάτι αυτής της διαδικασίας είναι ο αλγόριθµος σύνδεσης. Ο αλγόριθµος αυτός
µας επιτρέπει τη σύνδεση των διάφορων εναποθέσεων στον ανιχνευτή µεταξυ τους µε
σκοπό την ταυτοποίηση ενος σωµατιδίου.

12.3.1 Μιόνια

Ο αλγόριθµος PF ανακατασκευάζει τα µιόνια µε ϐάση τις πληροφορίες από τον
ανιχνευτή τροχιών και το σύστηµα µιονίων. ΄Ενα ανακατασκευασµένο µιόνιο από
το σύστηµα µιονίων ονοµάζεται standalone muon, ενώ ένα που δηµιουργείται χρησι-
µοποιώντας τις πληροφορίες του ανιχνευτή τροχιών ονοµάζεται tracker muon. Συν-
δυάζοντας τις πληροφορίες και από τα δύο συστήµατα ανίχνευσης ανακατασκευάζεται



12.3. Ο ΑΛΓΟΡΙΘΜΟΣ ΣΥΝ∆ΕΣΗΣ 197

ένα global muon.

12.3.2 Ηλεκτρόνια και ϕωτόνια

Τα ηλεκτρόνια και τα ϕωτόνια ανακατασκευάζονται συνδυάζοντας πληροφορίες από
τον ανιχνευτή τροχιών και το ECAL. Καθώς διασχίζουν το υλικό του ανιχνευτή τρο-
χιών, τα ηλεκτρόνια µπορούν να εκπέµψουν ϕωτόνια µέσω της ακτινοβολίας πέδησης.
Τα ϕωτόνια αυτά µπορούν στη συνέχεια να µετατραπούν σε Ϲεύγη ηλεκτρονίων / ποζ-
ιτρονίων (e+e−), τα οποία µπορούν επίσης να εκπέµπουν ϕωτόνια. Για το λόγο αυτό
η ανακατασκευή ϕωτονίων και ηλεκτρονίων συµβαίνει µαζί.

12.3.3 Jets

Τα κουάρκ και τα γκλουόνια δεν ανιχνεύονται µεµονωµένα αλλά σχηµατίζουν πιο
σύνθετα σωµατίδια µέσω της διαδικασίας αδρονοποίησης που περιγράφηκε προ-
ηγουµένως. Αυτά τα σύνθετα σωµατίδια στη συνέχεια διασπώνται αφήνοντας τις
πειραµατικές υπογραφές που ϐλέπουµε στους ανιχνευτές. Οι πίδακες είναι οµάδες
σωµατιδίων που παράγονται κατά τη διάρκεια αυτής της διαδικασίας. Λόγω του
µεγάλου αριθµού αυτών των σωµατιδίων δεν είναι δυνατή η ανακατασκευή τους µεµ-
ονωµένα και έτσι σχηµατίζονται οι δοµές που ονοµάζονται πίδακες. ∆εν είναι επίσης
πολύ σηµαντικό να ανιχνευθούν τα προϊόντα των σωµατιδίων που παράγονται από τη
διάσπαση, αλλά µάλλον µέσω των ιδιοτήτων του πίδακα να µελετήσουµε το αρχικό
σωµατίδιο από το οποίο προήλθε ο πίδακας. Ο κύριος σκοπός είναι να µετρηθέι
η ενέργεια του πίδακα. Οι πίδακες ανακατασκευάζονται χρησιµοποιώντας αλγόριθ-
µους που τρέχουν πάνω στα διάφορα αντικείµενα που ανιχνεύονται στα ϑερµιδόµετρα
προκειµένου να τα οµαδοποιήσουν. Καθώς οι πίδακες είναι σύνθετα αντικείµενα,
ο ορισµός τους δεν είναι µοναδικός και εξαρτάται από τον αλγόριθµο που χρησι-
µοποιήθηκε για τη δηµιουργία τους.

12.3.4 Ελλείπουσα εγκάρσια ενέργεια (MET)

Το CMS έχει σχεδιαστεί για να είναι ερµητικά κλειστό όπως αναφέρθηκε προηγουµένως.
Αυτό γίνεται επειδή χρειάζεται να ανιχνεύσει όλα τα σωµατίδια που παράγονται από
τις συγκρούσεις των πρωτονίων. Ωστόσο, υπάρχουν σωµατίδια όπως τα νετρίνα και
άλλα ϑεωρητικά σωµατίδια που δεν αλληλεπιδρούν µε τον ανιχνευτή. Αυτά τα σωµατί-
δια ανιχνεύονται έµµεσα µε τη µέτρηση της ανισορροπίας στην εγκάρσια ενέργεια.
Αυτή η ανισορροπία οφείλεται στην παραγωγή σωµατιδίων ενός από αυτούς τους
τύπους. Η ελλείπουσα εγκάρσια ενέργεια (Missing Transverse Energy (ET ) MET)
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ορίζεται ως το αρνητικό διανυσµατικό άθροισµα της εγκάρσιας ορµής (pT ) όλων των
σωµατιδίων που ανακατασκευάζονται µε τον αλγόριθµο ϱοής σωµατιδίων.



Κεφάλαιο 13

Συστήµατα αυτόµατου ελέγχου

Αυτό το κεφάλαιο εστιάζει στην περιγραφή των εννοιών που χρησιµοποιούνται στο
σχεδιασµό και την κατασκευή συστηµάτων ελέγχου, όπως το σύστηµα αυτόµατου
ελέγχου που χρησιµοποιείται στον ανιχνευτή CMS (Detector Control System (DCS)),
καθώς και τα εργαλεία που αναπτύχθηκαν και χρησιµοποιούνται στο CERN για τη
δηµιουργία συστηµάτων ελέγχου.

13.1 Συστήµατα SCADA

Συστήµατα όπως το DCS που χρησιµοποιούνται στο CMS ανήκουν σε µια ευρύτερη
κατηγορία συστήµατων που ονοµάζονται (SCADA, Supervisory Control And Data
Acquisition). Το SCADA ως όρος χρησιµοποιείται ευρέως για την περιγραφή συστη-
µάτων που παρακολουθούν και ελέγχουν αποµακρυσµένες διαδικασίες. Ο όρος
λήψης δεδοµένων στο πλαίσιο ενός SCADA δεν πρέπει να συγχέεται µε αυτόν που
χρησιµοποιείται σε ένα πείραµα ϕυσικής (ϐλ. Ενότητα 3.3.6), το οποίο αναφέρε-
ται στη λήψη δεδοµένων για το σκοπό ενός πειράµατος ϕυσικής. Υποδηλώνει την
µέτρηση διαφόρων τιµών µε σκοπό την παρακολούθηση του συστήµατος, η οποία
στις περισσότερες περιπτώσεις γίνεται µε πολύ χαµηλό ϱυθµό σε σύγκριση µε ένα
σύστηµα λήψης δεδοµένων (Data AcQuisition system, DAQ). Αυτά τα συστήµατα
χρησιµοποιούνται εκτενώς στη ϐιοµηχανία καθώς και σε πολλούς άλλους τοµείς εκ-
τός από τα πειράµατα ϕυσικής. Γενικά ένα σύστηµα αυτόµατου ελέγχου αποτελείται
απο 3 µέρη:

• Το supervisory layer το οποίο είναι υπεύθυνο για την απεικόνιση του όλου
συστρήµατος και για τον έλεγχο του. Είναι επίσης το κοµµάτι του συστήµατος
µε το οποίο ο χρήστης αλληλεπιδρά.
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• Το front end layer είναι το κοµµάτι του εξοπλισµού από το οποίο αποτελείται
η εκάστοτε διαδικασία που πρέπει να παρακολουθηθεί

• Το communication layer είναι το ενδιάµεσο τµήµα µεταξύ των άλλων δύο και
επιτρέπει την επικοινωνία τους. Μετατρέπει τα σήµατα που έρχονται από το
hardware σε µορφή ώστε να µπορεί αν είναι κατανοητή από τον χρήση και το
ανάποδο.

Τα συστήµατα SCADA συνήθως δεν είναι πλήρη συστήµατα ελέγχου, αλλά είναι
µια σειρά από εργαλεία τα οποία µπορούνα να χρησιµοποιηθούν για την ανάπτυξη
ενός συστήµατος ελέγχου.

13.2 WinCC_OA SCADA Toolkit

Στο CERN τα διάφορα συστήµατα αυτόµατου ελέγχου που χρησιµοποιούνται στο ερ-
γαστήριο όπως για παράδειγµα για τον έλεγχο του επιταχυντή LHC ή των 4 πειραµάτων
που αναφέρθηκαν προηγουµένως έχουν κατασκευαστεί µε ένα σύστηµα SCADA.
Μετά από µια εκτενή έρευνα αγοράς, το CERN διάλεξε το Wincc_OA σαν το σύστηµα
που ϑα χρησιµοποιηθεί. Στη συνέχεια του κεφαλάιου ϑα γίνει µια περιγραφή του
συστήµατος αυτού.

13.2.1 Κύρια χαρακτηριστικά

΄Ενα από τα κύρια χαρακτηριστικά του WinCC που έκανε το CERN να το επιλέξει
ως εργαλείο για την ανάπτυξη του συστήµατος SCADA του ήταν η ικανότητά του να
επεκτείνετε. Πολλές από τις άλλες διαθέσιµες λύσεις SCADA έχουν ένα όριο στον
αριθµό των στοιχείων που µπορούν να ελέγξουν. Το WinCC δεν έχει τέτοιο όριο αφού
προσφέρει τη δυνατότητα ανάπτυξης ενός κατανεµηµένου συστήµατος. Προσφέρει
εγγενώς τη δυνατότητα σύνδεσης διαφορετικών συστηµάτων. Με αυτόν τον τρόπο
ένα µεγάλο σύστηµα µπορεί να χωριστεί σε πολλά µικρότερα που µαζί αποτελούν
το σύστηµα ελέγχου. Αυτό είναι πολύ σηµαντικό καθώς επιτρέπει την κατανοµή του
υπολογιστικού ϕορτίου καθιστώντας δυνατή τη σχεδίαση και ανάπτυξη πραγµατικά
µεγάλων συστηµάτων όπως αυτό που απαιτούνται για τη λειτουργία του LHC και των
ανιχνευτών του.

Το WinCC περιέχει µια ϐάση δεδοµένων που επιτρέπει στον χρήστη να οµαδοποιή-
σει τα διάφορα σήµατα τα οποία έρχονται απο το hardware. Η οµαδοποίηση αυτή
επιτρέπει στην πολύ γρήγορη προσπέλαση των δεδοµένων της ϐάσης αλλά και στην
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καλύτερη οργάνωση του συστήµατος. Με αυτόν τον τρόπο µπορεί να επαναχρησι-
µοποιηθούν κοµµάτια κώδικα. Η λογική µοιάζει µε αυτήν που χρησιµοποιείται στον
Αντικειµενοστραφή Προγραµµατισµό.

΄Ενα άλλο πλεονέκτηµα του WinCC είναι ότι µπορεί εύκολα να επεκταθεί µέσω
της γλώσσας προγραµµατισµού που διαθέτει. Αυτή η γλώσσα προγραµµατισµού
ονοµάζεται ConTRoL (CTRL) και έχει χρησιµοποιηθεί στο CERN για την ανάπτυξη
ενός συνόλου ϐιβλιοθηκών (Βλ. 5.6) που µπορούν να χρησιµοποιηθούν ως ϐάση
για το σχεδιασµό και την ανάπτυξη συστηµάτων ελέγχου. Η CTRL είναι µια γλώσσα
γενικού τύπου, σαν την C και χρησιµοποιείται για τη δηµιουργία κώδικα αλλά και
γραφικών. Το πλεονέκτηµα αυτής της γλώσσας είναι ότι είναι ϕιλική προς το χρήστη
και έχει εύκολη εκµάθηση καθώς ακολουθεί τους γενικούς κανόνες µιας γλώσσας
προγραµµατισµού. Με αυτόν τον τρόπο είναι εύκολο για τους νέους χρήστες να εξ-
οικειωθούν µε το σύστηµα και να µπορούν να συνεισφέρουν γρήγορα ακόµα και
σε µεγάλα συστήµατα. ΄Ενα άλλο σηµαντικό πλεονέκτηµα του WinCC, σε αντίθεση
µε τα περισσότερα προϊόντα SCADA, είναι ότι µπορεί να χρησιµοποιηθεί σε διά-
ϕορα λειτουργικά συστήµατα. Μπορεί να προσφέρει την ίδια λειτουργικότητα τόσο
σε Windows όσο και σε Linux.

13.3 Joint COntrols Projet (JCOP)

Το Joint COntrols Projet (JCOP), δηµιουργήθηκε για να παρέχει τα εργαλεία για
όλα τα πειράµατα στο LHC για την ανάπτυξη συστηµάτων αυτοµάτου ελέγχου χρησι-
µοποιώντας µια κοινή ϐάση. Κατά τη διάρκεια των πειραµάτων του LEP κατέστη
σαφές ότι υπήρχε έλλειψη τυποποίησης τόσο από πλευράς hardware όσο και soft-
ware. Αυτό κατέστησε δύσκολη την ενσωµάτωση και τη συντήρηση των διαφόρων
εργαλείων που δηµιουργήθηκαν από τα διάφορα πειράµατα. Ως αποτέλεσµα, απο-
ϕασίστηκε ότι το CERN ϑα ϐασιστεί όσο το δυνατόν περισσότερο σε εµπορικά προϊόντα
για hardware και software. Στόχος ήταν να δηµιουργηθεί ένα σύνολο εργαλείων
ώστε η προσπάθεια για ανάπτυξη και διατήρηση και ενσωµάτωση διαφόρων ερ-
γαλείων να περιοριστεί στο ελάχιστο. Ως αποτέλεσµα δηµιουργήθηκε ένα frame-
work. Περιέχει ένα σύνολο από ϐιβλιοθήκες, γραφικά καθώς και άλλα στοιχεία που
µπορούν να επεκταθούν από τα διάφορα πειράµατα. ΄Ολα τα ϐασικά εργαλεία για
τη δηµιουργία ενός συστήµατος ελέγχου είναι ήδη διαθέσιµα και δεδοµένου ότι όλα
τα συστήµατα κατασκευάζονται χρησιµοποιώντας την ίδια ϐάση, µπορούν εύκολα να
ενσωµατωθούν.

Κάποια απο τα ϐασικά χαρακτηριστικά του είναι ότι διαθέτει ϐιβλιοθήκες και
γραφικά για τη χρήση όλως των κοινών ειδών hardware που χρησιµοποιούνται απο
κοινού για τα 4 πειράµατα. ∆ιαθέτει έναν εύκολο τρόπο για αλληλεπίδραση µε την
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εσωτερική ϐάση του WinCC, τόσο για προσπέλαση των ήδη υπάρχοντων στοιχείων
αλλά και για τη δηµιουργία καινούργιων. Επιτρέπει την µοντελοποίηση του ανιχνευτή
σαν µια µηχανή πεπερασµένων καταστάσεων κάνοντας έτσι πολύ πιο εύκολη την
παρακολούθηση αλλά και τον έλεγχο του. ∆ιαθέτει εργαλεία που επιτρέπουν την
επικοινωνια µε εξωετρικές ϐάσεις δεδοµένων, κυρίως της ORACLE. ∆ίνει την δυνατότητα
εύκολης παρακολούθησης και διαχείρησης των διαφόρων επιµέρους υποσυστηµάτων
του κυρίως συστήµατος. Επίσης περιέχει ϐιβλιοθήκες που επιτρέπουν τον ελέγχου
της πρόσβασης στο σύστηµα. Αυτό γίνεται µε τη δηµιουργία χρηστών, οµάδων και
ϱόλων. Επιπλέον είναι δυναττόν να καθοριστεί ακριβώς τι δικαιώµατα έχει κάθε
χρήσστης µέσα στο σύστηµα. Η λειτουργία αυτή επιτρέπει την εφαρµογή προ-
τοκόλλων ασφαλείας στη λειτουργία του ανιχνευτή κάτι που είναι πολύ σηµαντικό
για τη διασφάλιση της οµαλής λειτουργίας του πειράµατος.



Κεφάλαιο 14

Σύστηµα αυτόµατου ελέγχου του
ανιχνευτή CMS

Το σύστηµα αυτόµατου ελέγχου του ανιχνευτή CMS είναι η κύρια διεπαφή µεταξύ
των χειριστών και ανιχνευτή. Χρησιµοποιείται για την παρακολούθηση και τον έλεγχο
του ανιχνευτή καθώς και άλλων περιφερειακών συστηµάτων του πειράµατος CMS. Στο
κεφάλαιο αυτό παρουσιάζεται η σχεδίαση και ο τρόπος µε τον οποίο υλοποιήθηκε το
σύστηµα αυτό.

Ο κύριος σκοπός του συστήµατος αυτόµατου ελέγχου του ανιχνευτή είναι να ϕέρει
τον ανιχνευτή CMS σε µια κατάσταση όπου µπορεί να καταγράψει δεδοµένα ϕυσικής
µε ασφαλή και ελεγχόµενο τρόπο. Για να επιτευχθεί αυτό, εκατοµµύρια παράµετροι
παρακολουθούνται κάθε χρονική στιγµή. Αυτές οι παράµετροι καταγράφονται και
χρησιµοποιούνται ακόµα και όταν ο ανιχνευτής δεν συλλέγει δεδοµένα. Μπορούν
να χρησιµοποιηθούν ως µια πρώτη ένδειξη εκτίµησης της ποιότητας των δεδοµένων
που καταγράφηκαν. Εάν για παράδειγµα ένα τµήµα του ανιχνευτή δεν λειτουργούσε
ή παρουσίαζε κάποια ϐλάβη κάποια χρονική στιγµή, τότε τα δεδοµένα που κατα-
γράφηκαν εκείνη τη στιγµή ενδέχεται να µην είναι κατάλληλα για µελέτη κάποιου
ϕυσικού ϕαινοµένου. Μπορούν ωστόσο να χρησιµοποιηθούν για τον προσδιορισµό
της αιτίας του προβλήµατος αλλά και για τη ϐαθµονόµηση και τη µέτρηση της από-
δοσης άλλων τµηµάτων του ανιχνευτή. Επιπλέον, η συλλογή δεδοµένων από το
DCS χρησιµοποιείται για την ανακατασκευή των διαφόρων σωµατιδίων. Κάθε υπο-
ανιχνευτικό σύστηµα συµπεριφέρεται διαφορετικά ανάλογα µε τις περιβαλλοντικές
συνθήκες. Αυτές παρακολουθούνται και καταγράφονται από το DCS και οι τιµές
τους χρησιµοποιούνται για τον προσδιορισµό και τη ϐαθµονόµηση της απόκρισης
του ανιχνευτή.

Σε αυτό το µέρος είναι σηµαντικό να διευκρινιστεί ότι το DCS δεν είναι σύστηµα
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ασφαλείας. Αν και η λέξη ασφαλής αναφέρθηκε πριν, ο ϱόλος του δεν είναι να
προστατεύσει τον ανιχνευτή. Παρόλο που παρέχει πληροφορίες που µπορούν να
χρησιµοποιηθούν για τη λήψη προληπτικών ενεργειών από τους χειριστές, δεν εί-
ναι σύστηµα ασφαλείας. Σε άλλα πειράµατα του LHC το Σύστηµα Ασφάλειας του
Ανιχνευτή (Detector Safety System DSS) και το DCS είναι ενσωµατωµένα µαζί. Αυτό
δεν συµβαίνει στο πείραµα CMS όπου υπάρχει ένα ξεχωριστό ειδικό σύστηµα το οποίο
ασχολείται µε την ασφαλεία του ανιχνευτή.

Εννοιολογικά το DCS υλοποιείται ως κατανεµηµένο σύστηµα. Αποτελείται από
περίπου 30 υποσυστήµατα το καθένα µε συγκεκριµένο ϱόλο. Μερικά είναι γενικής
ϕύσεως και προσφέρουν λειτουργικότητα που χρησιµοποιείται από όλα τα υποσηστή-
µατα. Για παράδειγµα ο έλεγχος εξοπλισµού ο οποίος είναι κοινός για όλα τα µέρη
του πειράµατος ή για τον µηχανισµό ελέγχου πρόσβασης. ΄Αλλα έχουν συγκεκριµένο
ϱόλο µέσα στο πείραµα όπως για παράδειγµα τον έλεγχος του συστήµατος της υψη-
λής τάσης του ηλεκτροµαγνητικού ϑερµιδόµετρου. Καθένα από αυτά τα συστήµατα
υλοποιείται σε δύο αντίγραφα τα οποία είναι πανοµοιότυπα και επικοινωνούν µεταξύ
τους ανά πάσα στιγµή. Το ένα είναι ενεργό ενώ το άλλο είναι σε κατάσταση αναµονής.
Σε περίπτωση που το ενεργό σύστηµα παρουσιάσει ϐλάβη, το δεύτερο παίρνει τη ϑέση
του ενεργού στο σύστηµα. Για την υλοποίηση του συστήµατος χρησιµοποιούνται 60
servers, δύο για κάθε σύστηµα. ΄Ενα τρέχει το ενεργό σύστηµα και το άλλο το πα-
ϑητικό. Εκτός από το ότι ϐρίσκονται σε διαφορετικούς, servers και οι servers αυ-
τοί ϐρίσκονται επίσης γεωγραφικά σε διαφορετικά σηµεία. Αυτό διασφαλίζει ότι σε
οποιαδήποτε κατάσταση ένα από τα 2 συστήµατα ϑα είναι λειτουργικό.

Χρησιµοποιώντας το παράδειγµα του JCOP, το σύστηµα ελέγχου στο CMS δεν
είναι µια ενιαία εφαρµογή. Είναι ένα σύνολο µικρών διακριτών κοµµατιών λογισ-
µικού τα οποία µπορούν να εγκατασταθούν ξεχωριστά και ονοµάζονται components.
Το καθένα από αυτά παρέχει συγκεκριµένες λειτουργίες. Καθένα από τα 30 συστή-
µατα που αναφέρονται παραπάνω ξεκινά από το ίδιο ακριβώς σηµείο. Στη συνέχεια,
ανάλογα µε τον ϱόλο του στο σύστηµα εγκαθίστανται ένα σύνολο components δίνον-
τάς του την τελική του µορφή. Το DCS του CMS αποτελείται από περίπου 200
components. Ορισµένα είναι γενικής ϕύσεως και εγκαθίστανται παντού, ενώ άλλα
παρέχουν συγκεκριµένη λειτουργικότητα και εγκαθίστανται σε ένα από σύστηµα.



Κεφάλαιο 15

Μέτρηση διαφορικής ενεργού
διατοµής

Αυτό το κεφάλαιο περιέχει πληροφορίες σχετικά µε τη ανάλυση ϕυσικής που έγινε στο
πλαίσιο αυτής της διατριβής. Η ανάλυση αφορά τη µέτρηση της διαφορικής ενεργού
διατοµής του Ϲεύγους tt̄ υψηλής εγκάρσιας οµρής όπου και τα δύο top κουάρκ δι-
ασπώνται αδρονικά. Εισάγεται και εξηγείται η µέθοδος που χρησιµοποιήθηκε και
τέλος παρουσιάζονται και σχολιάζονται τα αποτελέσµατα. Αυτή η ανάλυση είναι
µια µέτρηση ακριβείας που επιτρέπει να εξεταστούν οι προβλέψεις της QCD και
πιθανόν να περιοριστούν περαιτέρω οι διάφορες παράµετροι της. ΄Οπως αναφέρθηκε
προηγουµένως, δεδοµένου ότι αυτή η συγκεκριµένη διαδικασία αποτελεί υπόβαθρο
για πολλές επεκτάσεις του SM, ο ακριβής υπολογισµός της είναι απαραίτητος για
τον έλεγχο αυτών των µοντέλων. Στη συγκεκριµένη ανάλυση η τελική κατάσταση
αποτελείται από σωµατίδια που έχουν υψηλή εγκάρσια ορµή (pT ). Οι συνθήκες κάτω
από τις οποίες πραγµατοποιήθηκαν οι συγκρούσεις στο LHC επιτρέπουν µια τέτοια
µέτρηση, καθώς η ενέργεια είναι αρκετά υψηλή ώστε να µπορούν να παραχθούν
σωµατίδια µε τόσο υψηλη ορµή. Επίσης, ο υψηλός ϱυθµός συγκρούσεων καθιστά
τον LHC ένα εργοστάσιο παραγωγής top κουάρκ έτσι ώστε αρκετά γεγονότα να έχουν
κινηµατικά χαρακτηριστικά σε αυτό το κοµµάτι του ϕασικού χώρου ώστε να είναι
εφικτή αυτή η ανάλυση.

Η µεγάλη πρόκληση αυτής της ανάλυσης είναι η ανακατασκευή των προϊόντων
διάσπασης του top κουάρκ. ΄Οπως αναφέρθηκε στο κεφάλαιο 2 τα top κουάρκ δεν
ανιχνεύονται άµεσα, αλλά αυτό που ϐλέπουµε είναι τα προϊόντα διάσπασής τους. Σε
προηγούµενες ανάλυσεις, η µελέτη γινόταν σε ένα χώρο έως 500 GeV στον οποίο
τα προϊόντα διάσπασης µπορούν να ανακατασκευαστούν ξεχωριστά. Σε υψηλότερα
pT , (pT/m ≈ 1) τα προϊόντα διάσπαση είναι αρκετά κοντά µεταξύ τους και δεν
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µπορούν να ανακατασκευαστούν ξεχωριστά. Τα σωµατίδια που µας ενδιαφέρουν
ανακατασκευάζονται σαν πίδακες µεγάλης ακτίνας. Επιλέγεται η πλήρως αδρονική
τελική κατάσταση επειδή είναι ευκολότερη η ανακατασκευή των προϊόντων διάσπασης
σε αυτό το κανάλι σε σχέση µε τα άλλα.

΄Οπως συζητήθηκε προηγουµένως στο κεφάλαιο 2 τα top κουάρκ διασπώνται σε
ένα µποζόνιο W και ένα b κουάρκ. Εφόσον αυτή η ανάλυση εξετάζει µόνο την
αδρονική διάσπαση του µποζονίου W, τα γεγονότα που µας ενδιαφέρουν ϑα περ-
ιέχουν άλλους δύο πίδακες που προέρχονται από τη διάσπαση του W. Η τελική
κατάσταση ϑα έχει τουλάχιστον 6 σωµατίδια. Μπορεί ωσστόσο να περιέχει και περισ-
σότερα καθώς επιπλέον σωµατίδια µπορούν να ακτινοβοληθούν κατά τη διάρκεια
της όλης διαδικασίας. Η εικόνα 7.2 δείχνει τους πιθανούς τρόπους διάσπασης του
Ϲεύγους tt̄ µε ένα να αποσυντίθεται αδρονικά και ένα λεπτονικά. Στην περίπτωσή
µας και τα δύο top κουάρκ ϑα πρέπει να διασπαστούν αδρονικά. Τα παρτόνια στην
τελική κατάσταση ϑα ανακατασκευαστούν ως πίδακες µεγάλης ακτίνας. Ο ορισµός
του σήµατος για αυτήν την ανάλυση είναι η παρουσία δύο τέτοιων πιδάκων.

Ως υπόβαθρο προσδιορίζουµε διαδικασίες που µπορεί να έχουν παρόµοια υπ-
ογραφή στον ανιχνευτή µε τη διαδικασία που µας ενδιαφέρει. Αυτά τα γεγονότα
µπορεί να περάσουν τα κριτήρια επιλογής µας και να αναγνωριστούν λανθασµένα
ως σήµα tt̄. Στην ανάλυσή µας, η κύρια διαδικασία υποβάθρου είναι η παραγ-
ωγή QCD πιδάκων. Αυτό σηµαίνει ότι µπορούµε να έχουµε γεγονότα που µέσω της
ισχυρής αλληλεπίδρασης παράγουν άλλους πίδακες υψηλής ενέργειας που περνούν
τα κριτήρια επιλογής µας και ανακατασκευάζονται ως σήµα. Αυτοί οι πίδακες δεν
προέρχονται από µια συγκεκριµένη αλληλεπίδραση αλλά µπορεί να είναι αποτέλεσµα
οποιασδήποτε διαδικασίας που µπορεί να εκπέµπει γκλουόνια υψηλής ενέργειας.
Αυτή η διαδικασία υποβάθρου µοντελοποιείται µέσω µιας µεθόδου που ϐασίζεται
στα δεδοµένα. Αυτό σηµαίνει ότι χρησιµοποιούµε πληροφορία που προέρχονται από
τα δεδοµένα για να προσδιορίσουµε τη συνολική συνεισφορά γεγονότων αυτού του
είδους προκειµένου να την αφαιρέσουµε.

Καθώς η µέτρηση που εκτελείται σε αυτή την ανάλυση είναι διαφορική, γίνεται
σε ως συνάρτηση κάποιας µεταβλητής. Πριν αναφερθούν οι µεταβλητές, χρειάζεται
να γίνει κάποια εισαγωγή. Στο πείραµα CMS τα ανακατασκευασµένα αντικείµενα
ταξινοµούνται µε ϐάση την εγκάρσια ορµή τους (pT ). ΄Οταν αναγερόµαστε σε ένα
αντικείµενο ως leading αναφερόµαστε στο αντικείµενο µε την υψηλότερη εγκάρσια
ορµή (pT ). Αυτό ισχύει για όλες τις µεταβλητές όχι µόνο για την ίδια την pT . Για
παράδειγµα, η µάζα του leading πίδακα, σηµαίνει τη µάζα του πίδακα µε την υψη-
λότερη εγκάρσια ορµή από όλους τους ανακατασκευασµένους πίδακες.

Οι µεταβλητές που χρησιµοποιούνται είναι η εγκάρσια ορµή του leading και του
sub-leading πίδακα. Καθώς και η ωκύτητα (y) του leading και του sub-leading πί-
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δακα. Η ωκύτητα ορίζεται από τη σχέση 7.1. Επίσης χρησιµοποιούβται οι µεταβλητές
mJJ , pTJJ

και yJJ που είναι το άθροισµα της µάζας, της εγκάρσιας ορµής και της
ωκύτητας όλων των πιδάκων του γεγονότος αντίστοιχα.

Χρησιµοποιούνται µια σειρά από κριτήρια επιλογής µε σκοπό την επιλογή γεγονότων
που περιέχουν Ϲεύγη tt̄ υψηλής εγκάρσιας ορµής που διασπόνται αδρονικά. Τα
κριτήρια αυτά εφαρµόζονται αφού γίνει κάποια ϐασική προεπιλογή στα ανακατασκευασ-
µένα αντικείµενα από τον ανιχνευτή. Στον πίνακα 7.10 εµφανίζονται τα ϐασικά
κριτίρια της ανάλυσης. Αυτή είναι η ϐάση και είναι κοινή σε όλες τις περιοχές που
ϑα οριστούν αργότερα. Απαιτεί τουλάχιστον δύο πίδακες στα γεγονότα και ένα ϐέτο
στα λεπτόνια, δηλαδή να µην υπάρχουν καθόλου λεπτόνια. Κινηµατικά, οι πίδακες
απαιτείται να έχουν εγκάρσια ορµή 450 και 400 GeV για τον leading και τον sub-
leading πίδακα αντίστοιχα. Απαιτείται και οι δύο να έχουν απόλυτη ψευδοωκύτητα
(Εξίζωση 7.2) µικρότερη από 2,4. Η µάζα τους απαιτείται να είναι στην περιοχή από
50 έως 300 GeV. Τέλος, η µάζα mjj του συστήµατος απαιτείται να είναι µεγαλύτερη
από 1000 GeV.

Εκτός από τα κριτήρια επιλογής που χρησιµοποιούνται στην ανάλυση για την
επιλογή γεγονότων, αναπτύχθηκε και χρησιµοποιήθηκε ένα Ενισχυµένο ∆έντρο Από-
ϕασεών (Boosted Decision Tree, BDT). Είναι ένας αλγόριθµος ο οποίος ανήκει στον
τοµέα της µηχανικής µάθησης. Μπορεί να εκπαιδευτεί µε σκοπό τον διαχωρισµό
γεγονότων που προέρχονται από τη διάσπαση tt̄ και άλλων που προέρχονται από
γεγονότα υποβάθρου. Επίσης χρησιµοποιήθηκε ένας αλγόριθµος ο οποίος παρέχεται
κεντρικά από το πείραµα CMS ο οποίος χρησιµοποιέιται για b-tagging, να µπορέσει
δηλαδή να ξεχωρίσει πίδακες οι οποίο περιέχουν µέσα τους ένα b κουάρκ.

Συνδυάζοντας τα όλα µαζί, ορίζονται οι ακόλουθες περιοχές σε αυτήν την ανάλυση.
Η περιοχή σήµατος (Signal Region, SR) είναι η περιοχή στην οποία εκτελείται η
µέτρηση. Περιέχει γεγονότα που ικανοποιούν τα ϐασικά κριτήρια επιλογής (Πίνακας
7.10). Απαιτεί και οι δύο πίδακες να έχουν µέσα τους ένα µικρότερο πίδακα ο οποίος
να είναι b-tagged και να περάσουν την επιλογή του BDT. Τέλος, πρέπει να περάσουν
το κριτήριο µάζας όπου η µάζα τους πρέπει να είναι στην περιοχή (120, 220) GeV.
Η επόµενη περιοχή είναι η εκτεταµένη περιοχή σήµατος (SRA). Είναι παρόµοια
µε την SR, αλλά έχει µια διαφορά στο κριτήριο της µάζας η οποία πρέπει να είναι
στο διάστηµα (50, 300) GeV. Αυτή η περιοχή χρησιµοποιείται για τη διαδικασία κα-
ϑορισµού του υποβάθρου QCD. Η επόµενη περιοχή είναι η περιοχή ελέγχου, που
χρησιµοποιέιται και αυτή για τον υπολογισµό του υποβάθρου (Control Region, CR).
Περιέχει γεγονότα που περνούν τα ϐασικά κριτήρια καθώς και το BDT. Απαιτείται
επίσης να έχουν µάζα µεταξύ 120 και 200 GeV. Οι πίδακες σε αυτήν την περι-
οχή απαιτείται να µην έχουν περάσει το κριτήριο του b-tagging. Αυτή η περιοχή
χρησιµοποιείται για να ορίσει την κατανοµή της συνεισφοράς από την QCD και στη
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συνέχεια να την αφαιρέσει. Η τελική περιοχή είναι η εκτεταµένη περιοχή ελέγχου
(CRA). Είναι παρόµοια µε την CR αλλά έχει ένα πιο χαλαρό κριτήριο για τη µάζα
των πίδακων, (50, 300) GeV.

΄Οπως αναφέρθηκε προηγουµένως, τα πραγµατικά σωµατίδια που ϑέλουµε να
µετρήσουµε δεν µπορούν να ανιχνευθούν άµεσα αφού διασπώνται πολύ γρήγορα.
Αυτό που στην πραγµατικότητα ανιχνεύεται είναι τα προϊόντα διάσπασης τους. Αλλά
ακόµη και τότε µερικές ϕορές τα προϊόντα αυτά διασπώνται πριν µπορέσουν να
ανιχνευθούν. Κατά τη διάρκεια της διαδικασίας του πειράµατος µέχρι την ανίχνευση
των σωµατιδίων µπορούµε να ορίσουµε διάφορες περιοχές, Εικόνα 7.9.

Η πρώτη περιοχή που ορίζουµε είναι το επίπεδο των παρτονίων (parton level).
Περιέχει σωµατίδια που ϑέλουµε να µετρήσουµε, στην περίπτωσή µας το Ϲεύγος tt̄. Η
επόµενη περιοχή είναι το επίπεδο των σωµατιδίων (particle level). Μετά την διάσπαση,
την αδρονοποίηση και άλλες διαδικασίες παράγονται τα προϊόντα που ϑα ανιχνευθούν
από τον ανιχνευτή. Το επίπεδο αυτό περιέχει τη συλλογή των σωµατιδίων που ϑα
ανιχνευθούν. Τέλος έχουµε το επίπεδο του ανιχνευτή που περιέχει αυτό που µετράται
από τον ανιχνευτή. Οι περιοχές που ορίσαµε προηγουµένως αφορούσαν το επίπεδο
του ανιχνευτή. Με τον ίδιο τρόπο ορίζουµε την περιοχή του σήµατος στο επίπεδο
παρτονίων Πίνακας 7.14 αλλά και στο επίπεδο σωµατιδίων Πίνακας 7.14.

΄Οπως συζητήθηκε παραπάνω, η κυρίαρχη συνεισφορά υποβάθρου σε αυτή την
ανάλυση προέρχεται από την παραγωγή πιδάκων µέσω της QCD. Είναι πιθανό οι πί-
δακες που προέρχονται από την ακτινοβολία ενός παρτονίου να µιµούνται τον πίδακα
που παράγεται από ένα top κουάρκ. Η περιοχή της SR αποτελείται από τρία µέρη.
Το πραγµατικό µέρος tt̄ που ϑέλουµε να διατηρήσουµε, το τµήµα QCD καθώς άλλες
συνεισφορές από άλλες διαδικασίες. Αυτό µπορεί να αναπαρασταθεί από την εξίσωση
7.6.

Η µέθοδος που χρησιµοποιείται για τον υπολογισµό της συνεισφοράς του υπ-
οβάθρου ϐασίζεται στην υπόθεση ότι η αντιστροφή του κριτιρίου για το b-tagging
µπορεί να µας δώσει την ίδια κατανοµή µε τη συνεισφορά της QCD. Αυτό σηµαίνει
ότι η περιοχή που παίρνουµε έχει το ίδιο ¨σχήµα¨ καθώς και ότι είναι καθαρή ότι
δηλαδή περιέχει µόνο πίδακες QCD και όχι άλλων ειδών. Οι παρακάτω εικόνες χρησι-
µοποιούνται για τον έλεγχο της υπόθεσης αυτής, 7.10 - 7.15. ∆είχνουν τη σύγκριση
της κατανοµής των QCD πιδάκων χρησιµοποιώντας τα κριτήρια επιλογής SR και
CR όπως περιγράφηκαν προηγουµένως. Τα διαγράµµατα δείχνουν µια αρκετά καλή
συµφωνία που σηµαίνει ότι η CR µπορεί να χρησιµοποιηθεί για να υπολογίσει κανείς
την κατανοµή της συνεισφοράς της QCD στην SR. Σε ορισµένες από τις µεταβλητές
όπως η µάζα του leading πίδακα και του pT των πίδακα όπου ϕαίνεται να υπάρχει
λίγο µεγαλύτερη ασυµφωνία στα σχήµατα. Για να διορθωθεί αυτό, χρησιµοποιείται
ένας συντελεστής διόρθωσης.
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Παρόλο που η αντιστροφή της απαίτησης για b-tagging µας δίνει την κατανοµή
της QCD στο SR, πρέπει να δούµε εάν εφαρµόζοντας αυτά τα κριτήρια επιλογής
επιλέγεται µόνο QCD και όχι σήµα. Εάν δεν συµβαίνει αυτό, χρειάζεται να γίνει
κάποια διόρθωση. Στην εικόνα 7.16 ϕαίνεται ότι στην περιοχή ελέγχου QCD υπάρχει
µια συνεισφορά της τάξης του 10% από σήµα το οποίο πρέπει να αφαιρεθεί πριν γίνει
η µέτρηση.

Χρησιµοποιώντας την CR λαµβάνεται µια κατανοµή για τη συνεισφορά της QCD,
αλλά πρέπει να προσδιοριστεί ο αριθµός των γεγονότων, ο παράγοντας κανονικοποίησης.
Για το λόγο αυτό πραγµατοποιείται ένα fit. Αυτό γίνεται στα δεδοµένα και συγ-
κεκριµένα στην περιοχή SRA. Αυτή η περιοχή επιλέγεται καθώς είναι µεγαλύτερη
και περιλαµβάνει περισσότερο σηµεάι που επιτρέπει την καλύτερη µοντελοποίηση των
διαφόρων κατανοµών. Το fit πραγµατοποιέιται στην κατανοµή της µάζας του leading
πίδακα. Χρησιµοποιείται η εξίσωση 7.7. Από τη διαδικασία αυτή, µας ενδιαφέρει ο
παράγοντας κανονικοποίησης της QCD, ο οποίος δίνεται από τον όρο Nqcd.

Η εκτέλεση µιας µέτρησης περιέχει πάντα κάποιο σφάλµα. Λόγω της στατιστικής
ϕύσης της σωµατιδιακής ϕυσικής υπάρχει κάποια εγγενής αβεβαιότητα στη µέτρηση
η οποία εκφράζεται ως στατιστικό σφάλµα. Αυτό ονοµάζεται τυχαίο σφάλµα κα-
ϑώς η εκτέλεση του ίδιου πειράµατος ξανά και ξανά ϑα έχει ως αποτέλεσµα µερικές
ϕορές, τιµές µεγαλύτερες από την πραγµατική τιµή και άλλες ϕορές χαµηλότερες
τιµές. Συνολικά όµως ϑα µας δώσει µια καλή εκτίµηση της πραγµατικής τιµής.
Λόγω της αδυναµίας πρόβλεψης του πραγµατικού αποτελέσµατος του πειράµατος
αυτό το σφάλµα ονοµάζεται τυχαίο. Υπάρχει ένα άλλο είδος σφάλµατος που ονοµάζε-
ται συστηµατικό σφάλµα. Αυτό το σφάλµα µπορεί να είναι πολλών µορφών αλλά
πάντα ϑα µας δίνει λάθος αποτέλεσµα προς την ίδια κατεύθυνση σε σύγκριση µε τη
σωστή τιµή. Για παράδειγµα, η µέτρηση µιας ϑερµοκρασίας µε ένα ϑερµόµετρο το
οποίο είναι εσφαλµένα ϐαθµονοµηµένο κατά 1 ϐαθµό όλα τα αποτελέσµατά µας ϑα
είναι συστηµατικά λανθασµένα κατά 1 ϐαθµό. Η εικόνα 7.31 δείχνει µια σχηµατική
εννοιολογική αναπαράσταση των δύο τύπων σφαλµάτων.

Στη συγκεκριµένη ανάλυση οι συστηµατικές αβεβαιότητες χωρίζονται σε δύο κατη-
γορίες, στις πειραµατικές και τις ϑεωρητικές. Οι πειραµατικές αβεβαιότητες αναφέρονται
σε αβεβαιότητες που εισάγονται στην ανακατασκευή των αντικειµένων όπου τα δε-
δοµένα και οι προβλέψεις προσοµοίωσης δεν ταιριάζουν. Οι ϑεωρητικές αβεβαιότητες
επηρεάζουν κυρίως τη µοντελοποίηση των διαφόρων διεργασιών και επηρεάζουν τη
µέθοδο που χρησιµοποιείται για την εξαγωγή των τελικών αποτελεσµάτων από το
επίπεδο του ανιχνευτή στο επίπεδο του παρτονίων και των σωµατιδίων. Για τις
πειραµατικές αβεβαιότητες χρησιµοποιήθηκαν οι παρακάτω: ϕωτεινότητα, Pileup,
b-tagging, jet energy scale, jet energy resolution, προβλεψη του υποβάθρου QCD,
trigger. Για τις ϑεωρητικές χρησιµοποιήθηκαν οι Parton Distribution Functions,
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Renormalisation and Factorisation scales, strong coupling constants, matrix ele-
ments, Underlying event tune, Initial and Final state radiation, color reconnection.

Πριν τη µέτρηση της διαφορικής ενεργού διατοµής στο επίπεδο των παρτονίων
και των σωµατιδίων, η µέτρηση πραγµατοποιείται στο επίπεδο του ανιχνευτή. Αυτό
περιέχει όλα τα κριτήρια επιλογής που αναφέρθηκαν παραπάνω. Η διαφορική εν-
εργός διατοµή δίνεται από την εξίσωση 7.10. Εκτός από τη διαφορική ενεργό διατοµή
υπολογίζεται η κανονικοποιηµένη διαφορική ενεργός διατοµή. Είναι ουσιαστικά η
κατανοµή της διαφορικής ενεργού διατοµής. ∆ίνεται από την εξίσωση 7.11. Τα
απότελέσµατα της µέτρησης αυτή δίνονται στις εικόνες 7.32 - 7.38.

Η µέτρηση της διαφορικής διατοµής γίνεται µε τη µέθοδο του Unfolding τόσο
για τον παρτονικό χώρο όσο και για τον σωµατιδιακό. Είναι µια µαθηµατική δι-
αδικασία που χρησιµοποιείται για την επίλυση αυτών που ονοµάζονται αντίστροφα
προβλήµατα. Αυτά είναι προβλήµατα όπου έχουµε τα αποτελέσµατα και ϑέλουµε να
αντιστρέψουµε την αιτία αυτών και να γυρίσουµε στην αρχική κατάσταση. Μπορεί
να περιγραφεί από τη σχέση, 7.12, όπου y είναι η παρατήρηση ή η µέτρηση και x
η πραγµατική πραγµατική τιµή. Συνήθως δεν µπορούµε ποτέ να µετρήσουµε την
ακριβή αρχική τιµή για διάφορους λόγους όπως η ανάλυση του οργάνου που χρησι-
µοποιείται για τη µέτρηση. Αυτό µπορεί να µοντελοποιηθεί από το Α. ΄Οταν λύνουµε
ένα αντίστροφο πρόβληµα προσπαθούµε να αντιστρέψουµε το αποτέλεσµα του Α για
να πάρουµε πίσω το x. Στην περίπτωση µας, το x είναι η πραγµατική διαφορική
ενεργός διατοµή και το y είναι αυτό που µετράται από τον ανιχνευτή. Η εξίσωση που
χρησιµοποιείται για να προκύψει το τελικό αποτέλεσµα είναι 7.13.

Οι µετρήσεις που παράγονται σε αυτή τη διατριβή συγκρίνονται επίσης µε τρία
ϑεωρητικά µοντέλα. Αυτά είναι τα POWHEG σε συνδυασµό µε το PYTHIA8, aMC@NLO
[FxFx] σε συνδυασµό µε το PYTHIA8 και POWHEG σε συνδυασµό µε το HERWIG. Η
σύγκριση παρουσιάζεται ως τιµές χ2.

Στη συνέχεια παρουσιάζονται τα αποτελέσµατα της µέτρησης της διαφορικής εν-
εργού διατοµής. Αρχικά παρουσιάζεται ένας πίνακας µε τις τιµές χ2 και p 7.21 -
7.24 και στη συνέχεια τα διαγράµµατα της µέτρησης 7.53 - 7.66.

Από τα αποτελέσµατα ϕαίνεται οτι υπάρχει µια απόκλιση της τάξης του 35%
µεταξύ της ϑεωρίας και τουυ πειράµατος για όλες τις µεταβλητές. Η απόκλιση αυτή
είναι σταθερή για όλα τα µοντέλα που χρησιµοποιήθηκαν για τη σύγκριση. Φαίνεται
οτι η ϑεωρία προβλέπει µεγαλύτερο αριθµό σωµατιδίων από αυτά τα οποία µετρώνται.
Αντίθετα για την κανονικοποιηµένη διαφορική ενεργό διατοµή ϕαίνεται ότι υπάρχει
καλή συµφφωνία µεταξύ πειράµατος και ϑεωρίας. Η µέτρηση αυτή είναι σε συµφωνία
µε παλαιότερες µετρήσειες που πραγµατοποιήθηκαν από τα πειράµατα ATLAS και
CMS. Η µέτρηση αυτή ϑα πρέπει να ξανα πραγµατοποιηθεί µε ακόµα περισσότερα
γεγονότα για να ϐελτιωθεί η ακρίβεια της αλλά και να κατανοηθεί από ποιό κοµµάτι
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της ϑεωρίας πηγάζει αυτή η ασυµφωνία.
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