UNIVERSITY OF MONTENEGRO
FACULTY OF SCIENCE AND MATHEMATICS
AND
UNIVERSITY PARIS-SACLAY

Jelena Mijuskovié

MEASUREMENT OF N-JETTINESS
VARIABLES IN THE PRODUCTION OF Z
BOSON EVENTS WITH THE CMS DETECTOR
AND PERFORMANCE OF ITS
ELECTROMAGNETIC CALORIMETER

- Doctoral thesis -

June 2022



UNIVERZITET CRNE GORE
PRIRODNO-MATEMATICKI FAKULTET
I
UNIVERZITET PARIS-SACLAY

Jelena Mijuskovié

MJERENJE N-DZETNOST VARIJABLI U
DOGADAJIMA SA PRODUKCIJOM Z BOZONA
U CMS DETEKTORU I PERFORMANSE
NJEGOVOG ELEKTROMAGNETNOG
KALORIMETRA

- Doktorska disertacija -

June 2022



PODACI I INFORMACIJE O DOKTORANDU:

Ime i prezime: Jelena Mijuskovié

Datum i mjesto rodenja: 14.12.1993. godine u Niksi¢u, Crna Gora

Naziv zavrSenog studijskog programa i godina zavrSetka studija: Magis-
tarske studije, studijski program fizika, godina zavrsetka 2018.

PODACI I INFORMACIJE O MENTORIMA:

Mentor: Dr Nataga Raicevi¢, redovni profesor, Univerzitet Crne Gore
Komentor: Dr Federico Ferri, istraziva¢ sa habilitacijom (habilitation a diriger
des recherches), Institut CEA- IRFU, Saclay, Pariz, Francuska

Supervizor: Dr Philippe Gras, istraziva¢ sa stalnom pozicijom, Institut CEA-
IRFU, Saclay, Pariz, Francuska

CLANOVI KOMISIJE:

Eksterni evaluator: Dr Marco Delmastro, istraziva¢ sa habilitacijom (habili-
tation & diriger desrecherches), direktor za istrazivanje, LAPP, Univerzitet Savoie
Mont Blanc, LAPP, CNRS/IN2P3, Annecy, Francuska

Eksterni evaluator: Dr Ulla Blumenschein, senior predavac, School of Physics
and Astronomy, Queen Mary University of London,Engleska

Ispitiva¢: Dr Ivana Pi¢urié¢, redovni profesor, Univerzitet Crne Gore

Ispitivac¢ Dr Lydia Iconomidou-Fayard, istrazivac¢ sa habilitacijom (habilitation a
diriger desrecherches), direktor za istrazivanje, CNRS, [JCLab, Université Paris-
Saclay, Orsay, Francuska

Ispitiva¢: Dr Simone Alioli, vanredni profesor, Department of Physics “G. Oc-
chialini”, University of Milano-Bicocca, Italija

DATUM ODBRANE: 07. Jun 2022



Abstract

This thesis presents the measurements of the differential cross section of the Z
boson production in association with jets in proton-proton collisions at a center-
of-mass energy of 13 TeV. The analyzed data have been collected by the CMS
(Compact Muon Solenoid) experiment of LHC (Large Hadron Collider) during
2018 and corresponds to an integrated luminosity of 59 fb~!. The cross section is
measured as a function of track-based event shape variables: zero-jettiness, one-
jettiness and sum of the transverse momentum of particles, and jet-based event
shape variables (Tqum and Tay)-

The measurement of event shape variables is performed using events where
pairs of muons are produced in the decay of a real Z boson with an invariant mass
between 76 and 106 GeV. Track-based variables are also measured for off-shell
Z bosons with an invariant mass between 125 and 150 GeV, 150 and 350 GeV,
and 350 and 1500 GeV, as wll as in four different Z boson transverse momentum
regions. The measurements have been compared with three types of theoretical
predictions with LO, NLO, and NNLO QCD accuracies obtained with two Monte
Carlo generators, MADGRAPH) aMC@NLO and GENEVA.

Part of the thesis is devoted to the studies of the performance and intercali-
bration of the Electromagnetic calorimeter (ECAL) during the Run 2 data-taking
period (2016, 2017, and 2018). This subtedector is crucial for the detection of pho-
tons and electrons; therefore, it is very important for many searches at CMS. Reg-
ular monitoring and calibration allowed an excellent performance to be achieved:
the energy resolution was maintained within 1.7% in the central part of the detec-
tor. It is also shown that the performance from Run 2 is very close to the one from
Run 1 despite ageing of the detector and much higher instantaneous luminosity.
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Sazetak

U ovom radu prikazano je mjerenje diferencijalnog presjeka za kreaciju Z bozona i
dzetova nastalih pri proton-proton sudarima na energiji od 13 TeV. Dogadaji koji
se analiziraju detektovani su u CMS eksperimentu na LHC-u tokom 2018. godine.
Luminoznost podataka iznosi 59 fb~!. Diferencijalni presjek je mjeren u funkciji od
variabli zasnovanih na c¢esticama: 0-dzetnost, 1-dzetnost i suma transverzalnih im-
pulsa naelektrisanih ¢estica, kao i u funkciju od varijabli zasnovanih na dzetovima:
Toum aNd Tax-

Diferencijalni presjek je mjeren u dogadajima sa dimionskim parovima nastalim
pri raspadu Z bozona sa invarijantnom masom u opsegu od 76 do 106 GeV. Var-
ijable zanovane na cesticama su takode mjerene u oblasti sa kreacijom virtuelnog
Z bozona, sa invarijatnom masom od 125 do 150 GeV, od 150 do 350 GeV i od
350 do 1500 GeV, kao i u oblastima sa razli¢itim transverzalnim impuslom Z bo-
zona. Mjerenja su uporedena sa teorijskim predvidanjima sa razli¢itim stepenom
preciznosti, dobijenih sa dva Monte Karlo generatora, MADGRAPHS aMCQNLO i
GENEVA.

Dio teze je posvecen interkalibraciji i performansama Elektromagnetnog kalorime-
tra (ECAL) tokom tzv. Run 2 perioda prikupljanja podataka (2016, 2017 1 2018
godina). U ovom detektoru vrsi se detekcija fotona i elektrona, $to ga ¢ini veoma
vaznom komponentnom za veliki broj analiza koje se odvijaju u CMS-u. Uz kon-
stantnu kalibraciju i monitoring, odli¢ne performanse ECAL-a su postignute tokom
Run 2 perioda. Dobijena rezolucija je na nivou 1.7% u centralnoj oblasti detektora.
Takode je pokazano da su performanse detektora tokom Run 2 perioda priblizne
performansama sa pocetka rada samog detektora (Run 1), uprkos starenju detek-
tora 1 mnogo vec¢oj luminoznosti.
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Résumé

La mesure de sections efficaces différentielles de la production de bosons Z en asso-
ciation avec des jets dans les collisions proton-proton & I’énergie du centre de masse
de 13 TeV est présentée dans cette thése. Les données analysées ont été collectées
par l'expérience CMS du LHC au cours de 'année 2018. Elles correspondent a
une luminosité intégrée de 59 fb~!. La section efficace est mesurée en fonction
de variables de forme d’événement (event shape variable) utilisant les traces des
particules, la zero-jettiness, I'un-jettiness, la somme des moments transversaux des
particules, ainsi des variables de forme d’événement utilisant les jets : Tgum €t Tmax-
Les variables de forme d’événement sont mesurées sur des événements avec une
paire de muons produite par la désintégration d’'un boson Z réel de masse invari-
ante comprise entre 76 et 106 GeV. Elles sont également mesurées pour un boson
7 virtuel pour différents intervalles de masse, entre 125 et 150 GeV, 150 et 350
GeV, 350 et 1500 GeV, et dans quatre régions de moment transversal de bosons
7 différentes. Les mesures sont comparées avec trois prédictions théoriques, avec
des précisions QCD LO, NLO et NNLO, obtenues avec deux générateurs Monte
Carlo, MADGRAPHH aMCQ@QNLO et GENEVA.

La seconde partie de la thése est consacrée a I’étude des performances et de
'intercalibration du calorimétre électromagnétique (ECAL) pendant la période de
prise de données Run 2 (2016, 2017 et 2018). Ce sous-détecteur est crucial pour
la mesure des photons et des électrons et donc trés important pour de nombreuses
recherches & CMS. Grace a un monitorage et un étalonnage constants, d’excellentes
performances ont été obtenues. La résolution pour le Run 2 est de 1,7% dans la
région & bas pseudorapidité. Il a également été démontré que les performances du
Run 2 sont trés proches de celles du Run 1 malgré le vieillissement du détecteur
et une luminosité instantanée beaucoup plus élevée.
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Introduction

The Standard Model theory, developed in the 1960s, describes the elementary
particles and the interactions between them. Since its proposal, enormous work
has been done to experimentally verify its predictions. The results obtained from
many high energy physics experiments such as Tevatron at Fermilab (1983 to
2011) [1], the Large Electron Positron Collider at CERN (1989 to 2000) [2], the
Hadron Electron Ring Accelerator at DESY (1992 to 2007) [3], and the Large
Hadron Collider at CERN (from 2010) [4] have shown a good agreement of the
measurements with the theoretical predictions. However, it is not a complete
theory and there are still unanswered questions that theories beyond the Standard
Model attempt to explain.

In 2012 the existence of the Higgs boson was confirmed at the LHC by the
CMS |5] and ATLAS [6] experiments. It was the last missing piece of the Standard
Model. The LHC experiments continued their work with studies of the properties
of the Higgs boson, high-precision measurements of well-known processes, and
searches for new physics beyond the Standard Model.

The processes of interest are identified by looking for a signal with specific num-
bers of leptons, photons, or jets. To discriminate the signal from the background
events, it is often needed to use a veto on the hadronic activity in an event. This
veto is typically based on jets but could also be implemented using track-based
event shape variables such as N-jettiness |7] or jet-based event shape variables [8].
One of the advantages of using inclusive event shape variables is that the summa-
tion of logarithms to next-to-next-to-leading logarithmic order can be performed.
From the experimental point of view, the event shape variables provide an efficient
method to veto jets. Using the jet-based variables, the central jets can be vetoed
while the phase space constraints are not strict. Before using these variables in
analyses, it is essential to ensure that they are well described by the Monte Carlo
simulations, which can be done by comparing the predictions with measurements.

The research presented in this thesis are measurements of track-based and jet-
based event shape observables in events with one Z boson produced at the LHC
in proton-proton collisions at a center-of-mass energy of 13 TeV.

The measurements are done using data collected in 2018 by the CMS detector



[9]. The measurements of track-based event shape variables are performed using
events where pairs of muons are produced in the decay of a on-shell Z boson with
an invariant mass between 76 and 106 GeV, and also for off-shell Z bosons with
an invariant mass between 125 and 150 GeV, 150 and 350 GeV and 350 and 1500
GeV. In addition, these variables are measured in four different Z boson transverse
momentum regions.

Part of this thesis is devoted to the intercalibraion of the Electromagnetic
Calorimeter (ECAL) [10] of CMS. This subdetector is crucial for the detection
of photons and electrons and its calibration is very important for many searches
performed with CMS.

This thesis is organized as follows. The theoretical introduction to the Standard
Model is described in Chapter 1. In Chapter 2, the experimental setup is presented.
The intercalibration and performance of the ECAL are described in Chapter 3. The
measurements of track-based event shape variables are presented in Chapter 4, and
the measurements of jet-based event shape variables are presented in Chapter 5.
A summary and conclusion follow.



Chapter 1

Theory overview

1.1 Standard Model

The Standard Model of particle physics (SM) is the theory developed in the 1960s
that describes the fundamental particles and the interactions between them. This
theory models the electromagnetic, weak, and strong interactions using the Quan-
tum Field Theory (QFT) formulation. The gravitational force, which is negligible
at the subatomic level, is not included in the SM.

According to the SM, all matter is made of particles with spin % called fermions,
and the interactions between them are mediated by particles with integer spin
called bosons (Figure [L.1)).
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Figure 1.1: Overview of the fundamental particles of the Standard model [11].

Fermions can be classified into two groups: leptons and quarks. Each of the



twelve fermions has its corresponding antiparticle.

Leptons are particles that interact via electromagnetic and weak interactions.
Their charge is integer or null. The charged leptons are electron (e), muon (i),
and tau (7). The corresponding neutral leptons, which interact only through weak
interaction, are the electron neutrino (v.), the muon neutrino (v,), and the tau
neutrino (v;).

Quarks interact through electromagnetic, weak, and strong interactions. The
electric charge of quarks is fractional and it is Z for the up (u), charm (c), and top
(t) quarks and -1 for the down (d), strange (s) and bottom (b) quarks. Quarks
do not exist as a free state but they form bound states called hadrons. Hadrons
composed of three quarks (antiquarks) are called baryons (antibaryons), while the
bound states formed by a quark-antiquark pair are called mesons. The charge of
the hadrons is null or integer.

Fermions are classified into three generations. Those from the first generation,
which are the lightest ones, make the ordinary matter. The second and third
generation particles, except neutrinos, are unstable and are accessible at higher
energies.

Bosons, with spin 1, are the mediators of the electromagnetic, weak, and strong
interaction. The photon () is massless and is the mediator of electromagnetic
interaction, while the W* and Z bosons are massive and are the mediators of the
weak interaction. The strong force is carried by massless gluons (g). In addition
to the spin-1 bosons, there is a Higgs boson with the spin 0, mediator of the scalar
Higgs field. It was discovered in 2012 by the CMS and ATLAS collaborations
5], 6].

1.1.1 The interactions in the Standard Model

The SM is a gauge theory based on the SU(3)c x SU(2), x U(1)y symmetry,
where the strong interaction is associated with the SU(3)c symmetry and SU(2),
x U(1)y is the symmetry group for the electromagnetic and weak interaction.

Quantum electrodynamics

Quantum electrodynamics (QED) is the theory that describes electromagnetic
interaction. To deliver the QED Lagrangian, we start with the Dirac Lagrangian
I12] that describes the motion of the free fermion in each point of space-time x:

L7 = () (iv" 0y — m)ip(x), (1.1)

where v are Dirac matrices and ?(z) the fermionic field. This Lagrangian must
be invariant under the gauge transformation of the field ¢ (x) :

d(x) = 4 (2) = e Tp(a), (1.2)
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where a(r) is any function of x and e is the dimensionless coupling strength of
electrodynamics. In order to achieve invariance, the derivative 9, must be replaced
by the covariant derivative:

0, — Dy = 0, +ieA,, (1.3)

where A, is the gauge field that corresponds to the photon and has transformation
property:

A — A;l = A, — 0,a(x). (1.4)
To complete the QED Lagrangian, the kinematic term describing the propagation
of photons needs to be included. This is done by introducing the field strength
tensor F'™ defined as:

Fr = ORAY — 9 AR, (1.5)

which leads to the photon propagation term:
1
Lo99e = _EFWF’“/' (1.6)

The final Lagrangian of the QED can be written as:

: 1
Loep = ¥(x)(iv"0, — m)(x) — e(yp(x)y" () Ay — EFWFW- (1.7)
The first term of the Lagrangian corresponds to the free propagation of fermions,
the second term represents the interactions of fermions and photons, and the last
term takes into account the propagation of photons.

Quantum chromodynamics

The strong interaction is described by the Quantum Chromodynamics (QCD)
theory which is based on the gauge symmetry group SU(3). The particles that
interact with the strong force (quarks and gluons) have an additional quantum
number called color. The quarks can have one of the three colors: red, blue
or green, while the antiquarks have anticolors. The eight gluons are carrying
the combination of color and anticolor: rb, rg, bF, bg, g7, gb, %(r? — ¢gg) and
—V%(TT“ + bb — 20b).

Following the procedure for QED described in the previous section, the starting
point for QCD is also the Dirac Lagrangian defined in Eq. [I.I] The interaction is
introduced by requiring the Lagrangian to be invariant under the following gauge
transformation:

h(x) = P (x) = Ugp(a) = (69 TabeTayy (), (1.8)
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where ¢¢ is the dimensionless coupling strength of the strong force and T, are
the eight generators of SU(3) related with the Gell-Mann matrices as T, = A*/2.
To make the Lagrangian invariant under this transformation, similarly to QED, a
covariant derivative is introduced:

D* = 9" + ig T.G", (1.9)

where G* are eight gauge fields (a = 1,...,8). The gauge transformation properties
of the gauge fields are defined as:

G = G = G = 00 — godanelaG*-. (1.10)

where 6 denoting eight functions of space-time coordinates. The field strength can
be written as:

F3 = (9"G) — (9°GY) — gshane Gy G- (1.11)
Therefore, the QCD Lagrangian has the form:

_ _ 1
LQCD — 10(2’7“3,1 - m)lb - Qs(lD’Y“TalD)Gg - Z(auGZ - 8VG5)(8/1G(11/ - &/Ga,u)

F 50 Aa GGG — 0Co) — 10 Natehars G CL GG
) (1.12)
In this Lagrangian, the first term describes free quark propagation. The second
term represents the quark-gluon interaction. The gluon propagation term corre-
sponds to the third term. The last two terms are the triple coupling and the
quartic coupling, which introduce the gluons self-coupling.

The fact that the quarks do not exist as free particles and can only be detected
in bound states, can be explained by gluon self-coupling. If we consider two quarks
pulled at some distance, the exchange of gluons and the interaction between the
gluons themselves would squeeze the field and increase the force. Since the field
becomes proportional to the distance between quarks, an infinite amount of en-
ergy would be needed to separate them at infinity. Therefore, the quarks cannot
be detected as free particles, but only in bound color singlet states. This property
of strong interaction is called color confinement. The consequence of color confine-
ment is the process of hadronization. As shown in Figure[l.2] the quark-antiquark
pairs are separated and the energy of the strong field between them increases as
they are moving apart from each other. When this energy becomes high enough,
a new quark-antiquark pair is produced. This process is repeated until the quarks
have energy low enough to create hadrons. The produced hadrons are often the
results of boosted interactions, which makes the particles to be collinear and form
what is called a jet.
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Figure 1.2: Schematic view of the hadronization process.

The running of the strong coupling constant a can be obtained by the renor-
malization group equation (RGE):
, Oa
AQ*
where @) is the the energy scale and J function encodes the loop calculations.
Solving the equation at leading order, with renormalization scale p% gives:

= Bla), (1.13)

2
0n(Q) = —— 2B
L+ as(ur)8n (u_i)

At high energies, the coupling a, decreases, which means the interaction be-
tween quarks and gluons becomes weaker. This leads to the QCD fundamental
property called "asymptotic freedom", where quarks and gluons can be considered
as free, non-interacting particles and they are referred to as partons.

(1.14)

Electroweak interaction

The electroweak theory, proposed by Glashow, Weinberg, and Salam |13, 14} [15], is
the theory that unites the electromagnetic and weak interaction. The electroweak
interaction follows a SU(2);, x U(1)y symmetry, which requires three fields for
SU(2), : W1 W2 W? and one field for U(1)y: B. The generators are the weak



isospin T and the weak hypercharge Y. Their relation to the electric charge is:

QR+§. (1.15)

In the electroweak theory, it has to be taken into account that the right-handed
and the left-handed projections of the fields do not behave the same. They are
defined by the chirality operators Pr r:

'QDR,L: PR,L@D: %(1:|:’)/5)¢ (116)

Fermions associated with the left-handed projection of the field form weak isospin
doublets, while the right-handed fermions are weak isospin singlets.

[ VeL
Ve = (<q1> (1.17)
Yr = (Ver), (er).

As in the case of QED and QCD, a gauge transformation is introduced and the in-
variance under this transformation is required by introducing the covariant deriva-
tive:

/

D“:fw+¢gQWf+¢%YBw (1.18)

The interaction term in the Lagrangian has the form:
interaction g/ - .
Lgwi™™ " = =5 WY ¥)BY — g TEY pyW*He, (1.19)

The gauge bosons W#*, Z and 7 cannot be directly determined from the gauge
fields. By introducing the rotation angle 0y, (the Weinberg angle), the electroweak
interaction Lagrangian can be expressed in terms of the gauge bosons:
B = Acosby — Zsinfy,
W? = Acosbw + Zsinfy

B K (1.20)
S W-+W .
V2
The rotation angle is defined by the coupling strengths:
e = gsinfy = g cosw . (1.21)

Finally, the interaction term of Lagrangian can be expressed as:

Ligieraction — _ (72 W ep + ey W) — ey AQu—

V2 (1.22)

M ZIT? — 20sinh?, — T3 ).
QSinewc039W¢7 [ Qsinby, LY W



The first term in the equation corresponds to the weak interaction with the change
of electric charge mediated by W* bosons. They interact only with left-handed
fermions. The second term represents the photon-fermion interaction, which was
present in the QED Lagrangian (Eq. . The last term is the neutral weak
interaction mediated by the Z boson.

Electroweak symmetry breaking

The mass terms are added the Lagrangian |[1.22 through the Brout-Englert-Higgs
mechanism [16,[17] that breaks spontaneously the gauge invariance symmetry. The
following terms are added:

LHiggs — (DNQS)T(Dud)) - V(d)), (123)

where ¢ is a complex scalar field, while the V(¢) is the potential of the field. In
order to include the mass term, this field needs to have at least three degrees of

freedom: _ _
5 ¢ 1 ( o1+ i
o= 0 ) = = L.
¢ V2 \ #3 + igy
The potential of the field, called Higgs potential, is defined as:

V(g) = XNo'9)* + 129" (1.25)

If the X\ term and p? are positive, the potential is also positive with the single
minimum at ¢ — 0. In the case of 2 < 0 and A > 0, the potential has an infinite
set of minima at:

(1.24)

1 ,u.2 1 . :

$To= ST+ b+ 5+ 1) = —55 = 5 (1.26)

In the second case, the spontaneous symmetry breaking can be achieved. The
ground state is typically chosen as :

Po = % (2) : (1.27)

The Lagrangian is invariant under the symmetry transformation but the potential
around the minimum is not. The shape of potential is graphically illustrated in

Figure

Finally, using the field extension around the ground state, the Higgs Lagrangian



Figure 1.3: Illustration of the Higgs potential [18]

can be written as:

1

1 1
LHiggs = {iﬁuhﬁ"h — 52@2)\}12} + {3'

3 L 4
GuAh® — 6

1v°g? —tyr— 1v%g Ftya+
5w S

2 4 2 4
f 20,2 4 2 3_ 2 "3 2 2

n 1v*(g° +g°) (9W, —g B* o g W2+ gBH (1.28)
i2 4 JE+ g2 P+ g2

- ' 2
1 1 ! WJ S B/,
+{ = (2uh+ W) | W W+ — (¢ + ¢°) | I=——= s =
i R VETE

The first line corresponds to the Higgs boson and its mass is given as:
mpg = vV 2\ (1.29)

The next two lines of the equation come from the kinetic term (D*¢)(D,¢) and
they contain terms for masses of the gauge bosons:

1
My — Evg
1 12
My = ;’U\/g2 + g” (1.30)

M, =0

The masses of the gauge bosons are measured experimentally with great precision,
and their values are My, = 80.379 GeV [1Y] and M, = 91.1876 GeV [20]. The
experimentally measured mass of Higgs boson is My = 125 GeV [5] [6].
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1.1.2 Beyond the Standard Model

The Standard Model theory is so far consistent with all the experimental results;
however, there are still open questions that are not addressed by this theory. Some
of the shortcomings of the SM are:

e dark matter: Standard Model does not define a candidate that could explain
the origin of the observed dark matter; therefore an extension of the SM is
needed:

e asymmetry between matter and antimatter: the asymmetry in presence of
matter and antimatter in the Universe is not explained by the SM; in order
to provide an explanation, new theories need to be developed;

e neutrino masses: the observations of the neutrino mixing confirmed that the
neutrinos are particles that have mass; according to the SSB mechanism, the
neutrinos do not acquire mass, therefore it is needed to have the extension
of SM which would explain this effect;

e gravity: the gravitational interaction is not included in SM; the effects due
to the gravity are negligible at the accessible energy scale and it becomes
relevant at the scale higher than the TeV scale; however, there are attempts
to include gravity into the SM with a spin-2 mediator graviton.

1.2 Proton-proton collisions

Protons are baryons composed of two u quarks and one d quark. These quarks,
called "valence" quarks, interact with each other within the proton and exchange
gluons; gluons, in turn, also interact with each other and produce more gluons or
quark-antiquark pairs called "sea" quarks. Quarks and gluons within protons are
referred to as partons. According to the parton model [21], partons carry a fraction
of the total proton momentum and are described by a parton distribution function
(PDF), which gives the probability that parton has a fraction x of the total proton
momentum P (p; = xP). The cross section of a proton-proton interaction cannot
be computed easily, due to the complex structure of protons. Using the collinear
factorisation [22], the cross section of the interactions of two protons with the final
state X (pp — X)), can be written as:

Opp—X — Z/ /dxadxbfa(xaaﬂF)fb(xb,ﬂF)UabaX(xaxbaﬂRaﬂF)a (1-31)
ab v "

where the sum runs over all the flavours of partons and o4, x (T4, To, fig. ftr) is
the cross section at the partonic level. The partonic cross section depends on the
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energy of partons (x,, ;) and the scale pp at which the factorization is performed.
Since the calculations are performed with a perturbative expansion in a? that keeps
only the first terms, the cross section depends on the renormalization scale ug as
well.

The PDFs are obtained mainly from the deep inelastic scattering (DIS) exper-
iments such as lepton-hadron collider HERA [23] [23], hadron colliders, such as
LHC, and the fixed-target experiments. The PDFs depend on the scale at which
the hadron is probed, therefore it is important to determine the evolution of PDFs
with the scale pp. This evolution is described by the Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) equations |24} 25] 26]:

O fa(x,pt ag(u) [td x N
MF%;P) = ;:F) j fpa—wc(gaﬂF)fa(éaﬂF)a (1.32)
where P, is the Altarelli-Parisi splitting function, that gives the probability for
a parton a to split into two partons bc. The resulting particle has a momentum
fraction £ of the quark momentum p,. The produced parton c is absorbed by the
proton sea quarks.

Because of the universality of the PDFs, it is possible to use PDFs extracted
from well-known processes to obtain predictions corresponding to different scales
or different final states. The modern PDF sets, which are available through the
LHAPDF library [27], include data from several experiments and in several differ-
ent final states. In Figure [I.4] the NNPDF3.1 PDF is shown.

1

AR

NNPDF3.0 (NNLO)
x(x,u2=10 GeV?)

x(xu2=10" GeV?)

Figure 1.4: The scale dependence of the NNPDF3.1 set of PDFs [28].
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1.3 Drell-Yan process

The process of creation of lepton pairs from hadron collisions was proposed by Sid-
ney Drell and Tung-Mow Yan in 1970 [29)] to test the parton model. This process,
named Drell-Yan after them, consists of the annihilation of quark-antiquark pairs
from hadrons with the creation of a Z boson or a virtual photon, which decays
into a lepton-antilepton pair. The lowest-order Feynman diagram for this process
is shown in Figure [I.5]

Figure 1.5: Feynman diagram of the Drell-Yan process.

The cross section of the Drell-Yan process, following the Eq 1.30, can be written
as:

otop =10 = Y [ [ dudeafy(eg i) oo ibota - 00), (133

where the 0(qg — [717) is the cross section of the lepton-antilepton production
from a quark-antiquark pair. The renormalization and factorization scale for the
Drell-Yan process is usually chosen to be equal to the invariant mass of leptons
(1 = 122, = M2),

Following the perturbative QCD, the partonic cross section can be expanded
in series with respect to the coupling constant as:

0(qqg = 1T1") =00+ as0nL0 + - (1.34)

The partonic cross section can be calculated using the Matrix Element of the
Feynman diagram. For the leading order (LO), on the Feynman diagram, it can
be seen that there are no strong interactions. For higher orders, gluons can be
exchanged between quarks. In Figure [1.6] examples of LO and next-to-leading
order (NLO) diagrams are shown.
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When performing calculations for higher order diagrams, loops of quarks and
gluons must be included. With these additional terms, the logarithms of the form
(alogQ?/M?)™, where n is the number of quark (gluon) loops and M the renor-
malization point of ag, are introduced. The current best computations available
are at NNLO.

Figure 1.6: The Drell-Yan process at LO (a), at NLO with initial state radiation
(b), at NLO with a gluon loop at the initial state (¢), and at NLO with a quark-
gluon initial state and with outgoing hadronization.

Besides the hard scattering, the process that involves large momentum transfer
between the colliding particles, several different effects can occur in proton-proton
collisions. The part of energy of the partons from the hard interaction can go
to the radiation of gluons and photons. Radiated gluons and photons can create
additional quarks and lepton pairs. Since gluons are particles that can self-interact,
they can produce additional gluons or quark-antiquark. Such radiation created
from partons is called parton shower. The radiation coming from the initial state
particles is called initial state radiation (ISR); similarly, the radiation from final
state particles is called final state radiation (FSR). Colored particles created in
showers recombine to create hadrons, as explained in Section [1.1.1]

In high-energy proton-proton collisions, there are also additional soft inter-
actions coming from the remaining partons of the protons participating in the
interaction. These secondary interactions are called underlying event. The under-
lying event is a common name and denote for multiple parton interaction (MPI)
and beam remnant (BBR) interaction.
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1.4 Monte Carlo Simulation

The simulations that include physics processes and the response of the detector
have a very important role in the measurements and discovery. In order to com-
pare what is measured in the experiment with the theoretical prediction, it is
necessary to simulate the proton-proton interactions, the interaction of the pro-
duced particles with the detector, and the response of the detector including its
electronic.

To simulate processes from proton-proton collisions, which implies the compu-
tation of large integrals, the Monte Carlo (MC) technique is used [30]. To describe
the typical high-energy event, event generators typically include the simulation of
several physics effects that are schematically shown in Figure [I.7

®e
‘e
. e®* P o o® o
Parton shower o\t Tef liel®

Hadronization

Hard scattering

Initial state radiation

oo \
o‘: \ '
o r\ - ,\ " .
o 0 ™ & ®-."° Underlying event
o/ 2/ e P e
o e, ’ * | ]
‘99 R e

r ' "‘

eRg gl® 1t
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Figure 1.7: Sketch of a proton-proton collision as simulated by a Monte Carlo
event generator [31].

The simulation of a proton-proton collision event is performed in the following
steps:

e The evolution of an event in simulation starts with the two beam particles
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that are colliding. The initial particles are generated according to the set of
PDFs which provides information about the partonic substructure.

e The partons from beams start irradiating and the initial state shower is
simulated.

e The incoming partons (one from each beam) enter the hard interaction and
the outgoing particles are produced. In this step, according to the nature of
the hard interaction, the main characteristics of the event are determined.

e In the hard process, short-lived resonances can be created and their decay is
considered in this step.

e The outgoing particles undergo radiation and final state radiation is simu-
lated.

e The simulation of underlying events.
e The process of hadronization is simulated.
e The decay of long-life particles, such as 7 leptons or B-hadrons.

The simulation of the interaction of the particles with the detector is done using
the GEANT4 software [32]. The geometry of the CMS experiment is implemented
in the software, as well as the information about the active and inactive volume.
The signals created by the particles as they go through the detector are simulated
and reconstructed using the same algorithm used for data.

The signal samples that are used for this analysis are simulated using MAD-
GRAPH [33] and GENEVA [34] 35] MC generators. In both cases PYTHIAR is used
to simulate the initial and final state parton shower and hadronization [36].

1.4.1 MADGRAPH5 aMC@NLO

MADGRAPHS aMCQNLO is a framework to compute cross sections and generate
parton-level events that can be showered with a MC generator like PYTHIAR or
HERWIG. It computes automatically LO and NLO cross sections and provides the
tools for the PS simulations. It generates automatically the Feynman diagram up
to NLO and also computes automatically the loop contributions.

In order to describe a realistic physical process. it is important to combine
ME calculations suitable to simulate separated hard partons processes with the
PS algorithm that populate the soft and collinear region. Combining ME and PS
prediction is not a trivial task and in the recent years a lot of effort has been
dedicated for its development. One of the main difficulties is the separation of the
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components of the event which belong to hard process from the ones developed
during its evolution. Specific (n+1)-jet event can be obtained from the collinear
radiation evolution of the appropriate (n+1)-parton final state or from an n-parton
configuration where hard emission during its evolution leads to the extra jet. In
order to avoid double counting where same event appears once for each path, the
factorisation presription called "matching scheme" or "merging scheme" is used.
Matching scheme defines for each event which of the two paths should be followed,
with providing the best possible approximation to a given kinematics.

In this thesis, two different predictions from MADGRAPH5 aMCQ@QNLO are
used:

e MADGRAPHS aMCQNLO including ME computed at LO for up to 4 partons.
The interface with PYTHIAS is done using the ky MLM scheme [37];

e MADGRAPHS aMCQNLO including ME at NLO for up to 2 partons. The
interface with PYTHIA8 is done using FxFx merging scheme [36].

Both of these predictions are interfaced with PYTHIAS for the parton showering.
The effect of the underlying event in the simulation is modeled using PYTHIAS.
PYTHIAS has set of parameters to control the behavior of the event modeling, which
are adjusted to better fit some of the aspects of the data. This set of parameter is
referred to as a tune. For the mentioned samples, the CP5 tune of PYTHIAS [3§]
is used.

1.4.2 GENEVA

GENEVA is an MC generator for Drell-Yan processes that matches analytic resum-
mation to an NNLO fixed-order prediction. The NNLL' resummation of the global
event shape variable N-jettiness (7y) is used |7]. N-jettiness is a variable designed
as an N-jet resolution which quantifies how much given event looks like an event
with N jets in the final state.

For computing the cross section, the phase space is divided using the variable
7n, and the zero, one and two jets spaces can be distinguished:

J1~-MC
U.-fro

ddy

(frrMC )
®events : —— (15 > 78 1) (1.35)
CLQDI
do}1c

(iQDg

(75"),

dpevents :

cut).

d,events : (r0 > 151 > 7§

The cross section for the 0-jet case is defined by the resolution cut 7o < 75,
similarly the 1-jet case is defined by 75 > 76* and 71 < 7{*. The inclusive cross
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section for 2-jets is defined with 75 > 7§“ and 7, > 7{“ . Therefore, the cross
section for some observable X can be written as:

dO’(] dO’[ dO’Q )
(@ ¢ Dy 72 M (Bs), (1.
/dq)ou’l)nMX o) + /d lg:[] fd 210, x(P2), (1.36)

where My (®y) is a measurement’s function for computing X for the N-parton
final state ®p.

In this thesis, the GENEVA with 75 resummation is used. The PDF set used is
PDF4LHC15 and as(my) is set to 0.118. The showering is done using a modified
version of PYTHIA (version 8.235). The underlying event is modeled with the
CUETP8M1 [39] tune of PYTHIAS.
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Chapter 2

Experimental setup

The analysis presented in this thesis is done with data obtained from proton-proton
collisions at a center-of-mass energy of 13 TeV. Protons are accelerated and collided
in the LHC and the particles are detected with the CMS. CMS is a very complex
detector that contains several different subdetectors systems. By combining the
information from the subsystems, the complete picture of one collision is obtained:
the produced particles are identified and their momentum at the interaction point
is measured.

In this chapter, the accelerator system and the detector with its subsystems
are presented. In Section [2.I] a brief description of LHC, its performance and
future plans are presented. Section 2.2]is devoted to the CMS experiment. The
reconstruction of particles inside the detector is described in Section 2.3l

2.1 Large Hadron Collider

The Large Hadron Collider [4] is a circular accelerator designed to collide protons
or heavy ions. It is the largest and most powerful accelerator ever built. The
circumference of the LHC is 27 km and the accelerator is located at the border
between France and Switzerland, close to Geneva (Figure E{), at an underground
depth between 45 and 175 m. The collider is placed in a circular tunnel built for
the Large Proton Electron collider (LEP) which was operating until 2000 and had
an essential role in studies of the Z and W bosons properties.

The LHC project was proposed in 1994 by the European Organization for
Nuclear Research (CERN); the first results with this machine were obtained in
2010. One of the main goals of the LHC was the search for the Higgs boson,
which was discovered by the CMS and ATLAS detectors in 2012 [5 6]. After the
discovery, the operations continued performing precision measurements to study
the properties of the Higgs boson. In addition, at the energies reached by the
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Figure 2.1: Aerial view of Geneva region, with the position of LHC, sketched in
yellow [40].

collisions, it is possible to perform searches for new physics beyond by Standard
Model.

2.1.1 The design of the Large Hadron Collider

The LHC is designed to study proton-proton collisions that can reach the center-
of-mass energy of 14 TeV and heavy ion collisions at the center of mass energy of
up to 2.76 TceV per nucleon. In order to achicve the design encrgy, before entering
the LHC ring, beams of particles arc accelerated in the sequence of aceelerating
machines shown in Figure ([2.2]).

The protons arc obtained by hydrogen ionization. The first step in the LHC
injection chain is the lincar acccelerator LINAC2 where the cenergy of 50 McV
is recached. Protons then enter the Proton Synchrotron Booster (PSB) and arce
acccelerated to 1.4 GeV. In the next step, the Proton Synchrotron (PS) groups the
protons into the bunches separated by 25 ns and aceelerates them to 25 GeV. Each
beam is divided into 2808 bunches where cach bunch consists of about 1.15-10!
protons. After the PS, the protons are transferred to the Super Proton Synchrotron
(SPS) and are accelerated to the energy of 450 GeV. With that energy, protons
are injected into the LHC ring in two opposite directions.

Besides protons, heavy ions can also be accelerated through the chain of ac-
celerators before coming to the LHC. They enter the linear accelerator (LINAC3),
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Figure 2.2: Schematic view of accelerator system at CERN [41].

Low Energy Ion Ring (LEIR) after which they are transferred to the PS, the SPS,
and the LHC. Furthermore, the protons and ion beams from the PS and SPS can
be sent to fixed-target experiments or to RD projects.

The LHC ring consists of eight arcs and eight straight sections. The region
from the middle of one arc to the middle of the next arc is called octant (Figure
2.3]). The beam crossings occur in four points along straight sections, where the
main experiments are installed:

e CMS [9] and ATLAS (A Toroidal LHC AparatuS) [42] are two general pur-
pose detectors that can study large spectrum of physics processes;

e LHCb (LHC beauty) [43] is an experiment designed for studying CP violation
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and asymmetry between matter and antimatter by searching for rare decays
of hadrons containing b quarks;

e ALICE (A Large Ion Collider Experiment) [44] studies heavy ion collisions
through the production of quark-gluon plasma.

The other four straight sections are 3 and 7 where the system for the beam
collimation is placed, point 4 which consists of two radio-frequency systems for
the particle acceleration, point 6 where the beam dump extraction occurs using
the combination of deflecting fast-pulsed magnets and vertically-deflecting double
steel septum magnets.

Low B (pp)
High Luminosity

(B physics)

Figure 2.3: Schematic view of the LHC ring [4].

In the arcs of the LHC, superconducting magnets are placed in order to bend
the trajectory of accelerated particles. The magnets are made of niobium-titanium
(NbT1) and cooled down to 1.9 K using superfluid helium. The maximum magnetic
field that can be reached is 8.3 T and this limits the achievable energy. In order
to keep stable its trajectory, multipole magnets are placed to stabilize and focus
the beam.

2.1.2 Performance of the LHC

The number of collisions per unit of time at colliders is defined by the relation:

Niter = Laintera (21)
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where 0j,ser is the cross section of a given process and L is the luminosity of the
machine. Luminosity is a very important parameter for colliders and, assuming
that the two beams are round and with equal paremeters, it can be written as:

le”bfreu')/r

dre, 3*
where N, and n; are the number of protons in the bunch and number of bunches
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