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Abstract

Hard probes are expected to provide crucial input for nuclear parton distribution functions (nPDF), as well

as to bring valuable insights into the quark-gluon plasma (QGP). In this thesis, measurements of heavy-ion

collisions using top quarks in the ATLAS experiment at the Large Hadron Collider are presented. Analysed

data from proton–lead (p+Pb) and lead–lead (Pb+Pb) collisions were collected with the ATLAS detector during

Run 2 (2015–2018) at a nucleon–nucleon centre-of-mass energy of
p
sNN = 8:16 TeV and

p
sNN = 5:02 TeV,

respectively.

Electrons play an important role in the top-quark pair (t�t) decay modes, specifically in the ‘+jets and dilepton

channels, which involve electrons in the final state. Electron performance is evaluated in p+Pb and Pb+Pb

collisions, using electrons from theZ ! e+e� resonance decay. Electron scale-factor corrections are derived in

p+Pb collisions and applied in the measurement of t�t production. Moreover, electron identification is optimised

for Pb+Pb collisions and currently serves as the baseline approach in Run 3 (2022–2026).

The t�t process is studied in the ‘+jets and dilepton channels in p+Pb collisions. The inclusive t�t cross-section

is measured with the total relative uncertainty of 9%, leading to the most precise t�t cross-section measurement

in heavy-ion collisions achieved so far. The signal significance exceeds five standard deviations separately in

the ‘+jets and dilepton modes, resulting in the first observation of t�t production in the dilepton channel in p+Pb

collisions. The nuclear modification factor for the t�t process is also extracted for the first time. The results are

in agreement with theoretical predictions for various state-of-the-art nPDF sets.

The production of t�t pairs is also analysed in the dilepton decay mode in Pb+Pb collisions. The inclusive t�t

cross-section is extracted with the total relative uncertainty of 31%, providing the most precise t�t cross-section

measurement in Pb+Pb collisions to date. The observed signal significance amounts to 5.0 standard deviations,

establishing the first observation of the t�t process in Pb+Pb collisions. The obtained result is consistent with

the measurement by the CMS Collaboration and theoretical predictions based on the latest nPDF sets.

The conducted studies open a new path for further research on heavy-ion collisions at ultra-relativistic energies.

The precise measurement of t�t production in p+Pb collisions provides valuable input for constraining nPDFs in

the high Bjorken-x region. The observation of the t�t process in Pb+Pb collisions marks the start of the heavy-

ion program with top quarks, and in particular, opens a possibility of exploring the time structure of the QGP

in the future.
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Streszczenie

Twarde sondy są kluczowym źródłem informacji dla nuklearnych funkcji dystrybucji partonów (nPDF), a

także dostarczają cenny wgląd w plazmę kwarkowo-gluonową (QGP). W niniejszej pracy przedstawiono po-

miary zderzeń ciężkich jonów z wykorzystaniem kwarków szczytowych w eksperymencie ATLAS na Wielkim

Zderzaczu Hadronów. Analizowane dane ze zderzeń proton–ołów (p+Pb) i ołów–ołów (Pb+Pb) zostały zebrane

za pomocą detektora ATLAS podczas drugiej kampanii zbierania danych (2015–2018) przy energii środka masy

na parę nukleonów wynoszącej odpowiednio
p
sNN = 8:16 TeV i

p
sNN = 5:02 TeV.

Elektrony odgrywają ważną rolę w rozpadach pary kwarków szczytowych (t�t), zwłaszcza w kanałach ‘+dżety

i dwuleptonowych, które obejmują elektrony w stanie końcowym. Wydajność elektronów jest wyznaczona

zarówno w zderzeniach p+Pb, jak i Pb+Pb, z wykorzystaniem elektronów pochodzących z rozpadu rezo-

nansowego Z ! e+e�. Współczynniki skalujące dla elektronów zostały wyznaczone w zderzeniach p+Pb

i następnie zastosowane w pomiarze produkcji t�t. Ponadto, identyfikacja elektronów została zoptymalizowana

dla zderzeń Pb+Pb i stanowi obecnie podstawowe podejście w trzeciej kampanii zbierania danych (2022–2026).

Proces t�t został zbadany w kanałach ‘+dżety i dwuleptonowych w zderzeniach p+Pb. Całkowity przekrój

czynny t�t jest zmierzony z całkowitą względną niepewnością wynoszącą 9%, co prowadzi do najdokład-

niejszego dotychczas pomiaru przekroju czynnego t�t w zderzeniach ciężkich jonów. Istotność sygnału

przekracza pięć odchyleń standardowych osobno w kanałach ‘+dżety i dwuleptonowych, co skutkuje pierwszą

obserwacją produkcji t�t w kanale dwuleptonowym w zderzeniach p+Pb. Współczynnik modyfikacji jądrowej

dla procesu t�t został również wyznaczony po raz pierwszy. Wyniki są zgodne z przewidywaniami teorety-

cznymi dla różnych wiodących zestawów nPDF.

Produkcja par t�t jest również analizowana w dwuleptonowym kanale rozpadu w zderzeniach Pb+Pb. Całkow-

ity przekrój czynny t�t został wyznaczony z całkowitą względną niepewnością wynoszącą 31%, co stanowi

najdokładniejszy jak dotąd pomiar przekroju czynnego t�tw zderzeniach Pb+Pb. Zaobserwowana istotność syg-

nału wynosi 5.0 odchyleń standardowych, ustanawiając pierwszą obserwację procesu t�t w zderzeniach Pb+Pb.

Otrzymany wynik jest zgodny z pomiarem współpracy CMS i przewidywaniami teoretycznymi opartymi na

najnowszych zestawach nPDF.

Przeprowadzone badania otwierają nową ścieżkę dla dalszych badań nad zderzeniami ciężkich jonów przy

ultrarelatywistycznych energiach. Dokładny pomiar produkcji t�t w zderzeniach p+Pb dostarcza cennych in-

formacji do wyznaczenia nPDF w wysokim zakresie Bjorken-x. Obserwacja procesu t�t w zderzeniach Pb+Pb

wyznacza początek programu ciężkich jonów z udziałem kwarków szczytowych, a w szczególności otwiera

możliwość badania struktury czasowej QGP w przyszłości.
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Zusammenfassung

Das Studium tiefinelastischer Streuung in Schwerionkollisionen ist nicht nur auf die Partondichteverteilung von

Atomkernen (nPDF) sensitiv, sondern erlaubt auch das Studium des entstehenden Quark-Gluon Plasmas (QGP).

In dieser Arbeit werden Top-Quarks aus Schwerionenkollisionen analysiert. Die zur Analyse verwendeten

Daten wurden während der zweiten Datennahmeperiode am LHC (2015–2018) in Proton–Blei (p–Pb) und

Blei–Blei (Pb–Pb) Kollisionen mithilfe des ATLAS Detektors aufgenommen. Die Nukleon-Nukleon Schwer-

punktsenergie betrug
p
sNN = 8:16 TeV bzw.

p
sNN = 5:02 TeV.

Elektronen spielen eine wichtige Rolle in den Zerfallskanälen von Top-Quark-Paaren (t�t), insbesondere in

den ‘+Jets und Dilepton Endzuständen. Die Rekonstruktionseffizienz der Elektronen in p–Pb und Pb–Pb Kol-

lisionen wird mit Elektronen aus dem Zerfall Z ! e+e� bestimmt. Die aus p–Pb Kollisionen bestimmten

Skalierungs-Faktoren werden als Korrekturen in der t�t Messung angewendet. Darüberhinaus ist die Identifika-

tion von Elektronen in Pb–Pb Kollisionen optimiert worden. Der verbesserte Identifikations-Algorithmus dient

derzeit als Grundlage für LHC-Run 3 (2022–2026) Analysen.

Der t�t-Prozess wird in den ‘+Jets und Dileptonischen Zerfallskanälen in p–Pb Kollisionen untersucht. Der

inklusive t�t Wirkungsquerschnitt wird mit einer relativen Unsicherheit von 9% gemessen und ist damit die

präziseste t�t Wirkungsquerschnittsmessung in Kollisionen von Schwerionen. Jeder der beiden Zerfallskanäle

wurde mit einer Signifikanz von über fünf Standardabweichungen gemessen. Damit ist dies die erste Beobach-

tung von t�t Produktion im Dileptonischen Zerfallskanal in p–Pb Kollisionen überhaupt. Der Kernmodifika-

tionsfaktor für den t�t Prozess wird ebenfalls zum ersten Mal bestimmt. Die Ergebnisse stimmen mit den theo-

retischen Vorhersagen verschiedener aktueller nPDF-Sätzen überein.

Des Weiteren wird die t�t Paarproduktion in Pb–Pb Kollisionen im Dileptonischen Zerfallskanal untersucht.

Der inklusive Wirkungsquerschnitt wird mit einer relative Unsicherheit von 31% gemessen und stellt damit

die präziseste t�t Messung in Pb–Pb Kollisionen dar. Die Signifikanz des t�t Signals beträgt 5.0 Standardabwe-

ichungen ist somit die erste Beobachtung des t�t Prozesses in Pb–Pb Kollisionen überhaupt. Dieses Ergebnis ist

mit Resultaten der CMS Kollaboration sowie den anhand der neuesten nPDF Sätzen berechneten theoretischen

Vorhersagen kompatibel.

Die durchgeführten Studien eröffnen einen neuen Weg für weitere Forschung zu Schwerionenkollisionen bei

ultrarelativistischen Energien. Die präzise Messung der t�t-Produktion in p–Pb-Kollisionen liefert wertvolle

Beiträge zur genaueren Bestimmung von nPDFs im hohen Bjorken-x-Bereich. Die Beobachtung des t�t-

Prozesses in Pb–Pb Kollisionen stellt den Beginn der Top Quark Messungen in Schwerionenkollisionen dar,

mit denen es in Zukunft möglich sein wird die Zeitstruktur des QGP zu untersuchen.
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Chapter 1

Theoretical overview

1.1 Standard Model

The Standard Model (SM) of particle physics encapsulates our current understanding of elementary particles

and the fundamental forces that govern the universe. In this theory, two groups of particles are distinguished:

fermions and bosons. Fermions are characterised by half-integer spin and obey Fermi–Dirac statistics [1, 2],

leading to the Pauli exclusion principle, while bosons are de�ned by integer spin and follow Bose–Einstein

statistics [3, 4]. The fermionic sector is further divided into quarks, carrying a colour charge, and leptons,

which are devoid of this type of charge. According to the SM, matter is composed of fermions and forces are

mediated by bosons.

The term "Standard Model" was introduced in 1975 by Abraham Pais and Sam Treiman [5], re�ecting the

growing acceptance of a uni�ed theory that described all known elementary particles up to that time. How-

ever, the foundations of the SM were laid much earlier, in 1928, by Paul Dirac [6], who introduced the Dirac

equation, predicting the existence of antimatter. In 1954, Chen-Ning Yang and Robert Mills [7] adapted the

concept of gauge theory to the strong interaction. One of the �rst quantum �eld theories, Quantum Electrody-

namics (QED), was formulated independently by Shin'ichirō Tomonaga [8], Julian Schwinger [9], and Richard

Feynman [10] during the late 1940s. A uni�ed description for the weak and electromagnetic interactions, re-

ferred to as the electroweak interaction, was proposed in 1961 by Sheldon Glashow [11]. A mechanism of

spontaneous symmetry breaking that imparts mass to particles was developed in 1964, by three independent

groups of physicists: François Englert and Robert Brout [12], Peter Higgs [13], and Gerald Guralnik, Carl Ha-

gen, and Tom Kibble [14]. In 1967, Steven Weinberg [15] and Abdus Salam [16] incorporated this mechanism

into the electroweak interaction, demonstrating how it could impart mass to particles. In 1973, the concept of

colour charge as the source of the strong interaction was developed by Harald Fritzsch, Murray Gell-Mann, and

Heinrich Leutwyler [17], marking the beginning of Quantum Chromodynamics (QCD). Later that year, David

Gross and Frank Wilczek [18], and independently David Politzer [19], postulated the concept of asymptotic

freedom for strongly interacting particles.
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1. Theoretical overview

A complete depiction of the SM is presented in Figure 1.1. The fermionic group consists of six quarks and

six leptons, organised into three particle generations. The �rst generation comprises the common constituents

of matter, including the up and down quarks, which are the primary components of protons and neutrons, and

the electron, which together form all possible atoms. Particles from the second generation, which are unstable

and rapidly decay into �rst-generation components, are naturally observed in cosmic rays. The third-generation

particles, which are signi�cantly heavier than their lower-generation counterparts, are typically produced in

high-energy environments, such as particle collisions at the Large Hadron Collider (LHC).

Figure 1.1: Scheme of the Standard Model [20].

The bosonic sector of the SM comprises four gauge bosons, which transmit the fundamental forces, and one

scalar boson, the Higgs, which imparts mass to particles. Table 1.1 summarises all four interactions with the

corresponding mediators. The graviton, a hypothetical spin-2 boson responsible for the gravitational force, has

not yet been incorporated into the SM theory. The electromagnetic and weak forces exhibit comparable strength

and unify into a single electroweak interaction [21] at an energy of approximately 246 GeV, corresponding

to the vacuum expectation value of the Higgs �eld.1 According to the Grand Uni�ed Theory [22], strong,

electromagnetic, and weak interactions are predicted to unify into one electronuclear force at extremely high

energies on the order of1016 GeV. Uni�cation of all four fundamental interactions, including gravity, is referred

to as the theory of everything [23].

1Natural units with the convention~ = c = 1 are used throughout this thesis.
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1.2. Parton distribution functions

Table 1.1: Summary of four fundamental interactions.

Interaction Mediator Relative strength Range [m]

Strong gluon 1 10� 15

Electromagnetic W , Z bosons 10� 2 1

Weak photon 10� 5 10� 18

Gravitational graviton 10� 38 1
(hypothetical)

1.2 Parton distribution functions

1.2.1 Proton parton distribution functions

A proton is characterised by a complex structure, which depends on the probing energy scaleQ, de�ned as the

four-momentum transfer between particles. No substructure is observed at low energies ofQ � 1 GeV, and the

proton behaves as a point-like particle. At higher energies, proton properties, such as its charge and quantum

numbers, are determined by three valence quarks: two up and one down, referred to as the parton model [24].

At high-energy scales, contributions from gluons and sea quarks, arising from the strong interaction, become

relevant. In that regime, the proton structure is described using parton distribution functions (PDFs), which

represent probability distributions of the longitudinal momentum fraction,x, carried by a given parton, referred

to as Bjorken-x.

At suf�ciently high energies, the strong coupling constant� s becomes small enough to allow the use of pertur-

bative techniques, referred to as perturbative QCD [25]. However, the partonic structure of the proton cannot

be determined using perturbative QCD, due to the relatively low energy scales. The evolution of PDFs withQ,

starting at an initial energy scale ofQ0, is well known and determined using the Dokshitser–Gribov–Lipatov–

Altarelli–Parisi (DGLAP) equations [26–28]. However, the Bjorken-x dependence cannot be obtained analyti-

cally. Therefore, the standard procedure to obtain PDFs involves using global �ts to experimental data. There

are many PDF parametrisations, including CT18 [29], NNPDF3.1 [30], and MSHT20 [31], among others. Fig-

ure 1.2 shows the kinematic coverage of the CT18 dataset presented in the (x, Q) space, with a total of 3681

individual data points contributing to the �t. Three main groups of experimental data can be distinguished:

�xed-target deep-inelastic scattering and Drell–Yan processes (blue area), HERA I+II deep-inelastic scattering

data (red area), and hadron collider data (green area).

Proton PDFs for individual quarks and the gluon, obtained in the CT18 analysis, are presented in Figure 1.3 at

two exemplary energy scales. At the lower scale ofQ = 2 GeV, the momentum of the proton is primarily carried

by the three valence quarks, resulting in peaks for the up and down quarks aroundx = 0 :2. The contribution

to the proton's momentum from gluons and sea quarks becomes notably enhanced at the larger energy scale of

Q = 100 GeV.
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1. Theoretical overview

Figure 1.2: The kinematic coverage of the CT18 dataset, represented in the partonic (x, Q) space [29]. Fixed-

target deep-inelastic scattering and Drell–Yan processes are represented by the blue area, results from HERA

I+II are indicated by the red area, while hadron collider data are enclosed within the green area.

(a) (b)

Figure 1.3: The CT18 PDFs at two different energy scales: (a)Q = 2 GeV and (b)Q = 100 GeV, for the

(anti)quarks (u, �u, d, �d, s = �s) and the gluon [29]. The gluon PDF has been scaled down asg(x; Q)=5.
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1.2.2 Nuclear parton distribution functions

Momentum distributions of quarks and gluons in nucleons con�ned within nuclei have been proven to differ

from those in a free proton. This phenomenon was �rst observed in 1983 by the European Muon Collabora-

tion [34]. In order to successfully describe experimental data, nuclear modi�cations have to be considered in the

form of nuclear PDFs (nPDFs). Similarly to the free proton case, theQ evolution is given by the DGLAP equa-

tions and thex dependence is obtained using global data �ts. Therefore, experimental results from heavy-ion

collisions play a crucial role in constraining nPDFs.

Figure 1.4 displays a selection of the ever-growing global dataset, which can be used in nPDF analyses. Large

kinematic ranges are covered by LHC results, including promptD 0 meson production in proton-lead (p+Pb)

collisions by LHCb [35], dijet production inp+Pb collisions by CMS [36], and ATLAS measurements of dijets

in p+Pb [37] and ultra-peripheral lead–lead (Pb+Pb) [38] collisions. Additionally, the kinematic range of a

recent measurement oft �t production inp+Pb collisions by ATLAS [39], with a leading contribution by the

author of this thesis, is presented. It could provide input to nPDFs at a constant energy scale ofQ2 � m2
t �

3 � 104 GeV2, wheremt stands for the top-quark mass, and a broad Bjorken-x range of3 � 10� 3 – 0:5. Future

Figure 1.4: Selection of global dataset constraining nPDFs, represented in the partonic (x, Q2) space [32, 33].

Predictions for the future EIC data taking are included.
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predictions are also shown, including Electron-Ion Collider (EIC) data taking at two centre-of-mass energies of
p

s = 45 and90GeV.

Ratios of nuclear over free proton and neutron densities for the quarks (RPb
i ) and the gluon (RPb

g ) are pre-

sented in Figure 1.5. Results for the up and down quarks, obtained using the EPPS21 nPDF set, appear to be

consistent between the two quark �avours. The nuclear modi�cations to the gluon PDF are shown for four state-

of-the-art nPDF sets: EPPS21 [40], nNNPDF3.0 [41], nCTEQ15WZSIH [42], and TUJU21 NLO [43]. Values

below (above) unity indicate a suppression (enhancement) of a given process in nuclear collisions compared to

a geometric expectation from the free nucleon case. In general, four distinct Bjorken-x regions can be distin-

guished [44]. At low values ofx . 0:01, a suppression from shadowing is observed, arising primarily from the

coherent interaction of the probe with multiple nucleons. An enhancement is visible at aroundx � 0:1, which

is believed to compensate for degradation caused by shadowing. In the range of0:2 . x . 0:7, the EMC effect,

named after the European Muon Collaboration, manifests as a suppression, which is assumed to occur due to

short-range nucleon–nucleon correlations, although a comprehensive theoretical explanation remains elusive.

Finally, at large values ofx & 0:7, the ratio is dominated by the intrinsic motion of nucleons within an atomic

nucleus, referred to as Fermi motion [45], resulting in a huge enhancement.

(a) (b)

Figure 1.5: Nuclear modi�cations to (a) the up and down quark, and (b) the gluon PDFs for bound nucleons in

lead [46]. Results for four different nPDF sets for gluons are shown.

Thet�t process inp+Pb and Pb+Pb collisions is predicted to probe nPDFs at high Bjorken-x values, as shown

in Figure 1.6. Sincet�t production is dominated by gluon fusion, the process is primarily sensitive to the gluon

nPDF. Top quarks provide access to the antishadowing region, where an enhancement oft �t production is ex-

pected compared to the free-nucleon case. The predicted effect on the nuclear modi�cation to the gluon PDF,

based on the EPS09 PDF set, is estimated using pseudo data at LHC energies for the full heavy-ion pro-

gramme. Due to low foreseen statistics, only a moderate impact on the gluon nPDF is found, with the predicted

error bands being approximately 10% narrower than the original EPS09 ones. By combiningp+Pb and Pb+Pb

measurements and assuming independent data samples from the ATLAS and CMS collaborations, the total

improvement on the gluon nPDF could reach 30% [47].
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(a) (b)

Figure 1.6: Predicted impact of thet �t process on the nuclear modi�cation to the gluon PDF, using pseudo data

in the (a)p+Pb and (b) Pb+Pb systems [47]. The red dotted lines indicate the uncertainty band of the original

EPS09 PDF set. Bjorken-x ranges for thet �t process are denoted by the black dotted lines.

1.3 Quark-gluon plasma

The strength of the strong interaction is quanti�ed using the strong coupling constant,� s [49], which varies with

the energy scale, as shown in Figure 1.7. The value of� s can be extracted from various experimental results,

Figure 1.7: Strong coupling constant,� s, as a function of the energy scale,Q [48].
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including tau, jet, and quarkonia measurements, using perturbation theory with speci�ed levels of precision:

next-to-leading order (NLO), next-to-next-to-leading order (NNLO), NNLO matched to a resummed calcula-

tion (NNLO+res.), and next-to-next-to-next-to-leading order (N3LO). Due to the large value of� s at low Q,

partons exist only in bound, colour-neutral states, which is known as colour con�nement [50]. Three colour

charges – red, green, and blue – allow for two types of bound states: quark–antiquark pairs, called mesons, and

three-quark con�gurations, named baryons. Both types are collectively referred to as hadrons, and the process

in which they are formed is known as hadronisation. The value of� s decreases as a function ofQ, resulting in

a weaker interaction at high energies. At suf�ciently large energies,� s asymptotically approaches zero, which

is referred to as the asymptotic freedom of QCD. Under such conditions, quarks are no longer con�ned within

hadrons and can move freely.

It is assumed that strongly interacting matter exhibits different phases, similar to the solid, liquid, and gas

phases of water. The different phases of strongly interacting matter and the transitions between them are sum-

marised in the form of the QCD phase diagram [52], shown in Figure 1.8. It is typically presented as a function

of temperature and baryon chemical potential� B , which is de�ned as the energy cost of adding a baryon to the

system while keeping the entropy and volume constant. At low temperatures and� B , baryons form a dilute gas

of hadrons, which includes the normal nuclear matter. Under low temperatures and signi�cantly high� B , cor-

responding to high baryon densities, quark pairs are predicted to emerge, resulting in colour superconductivity.

Such conditions are believed to exist in the cores of neutron stars [53]. Finally, at extremely high temperatures,

partons undergo decon�nement, leading to the quark-gluon plasma (QGP) phase. It is believed that the early

universe was �lled with this exotic state of matter, composed of free quarks and gluons. The QCD theory pre-

Figure 1.8: QCD phase diagram in the thermodynamic parameter space [51]. White lines indicate the corre-

sponding centre-of-mass collision energy ranges for different accelerator facilities.

8



1.3. Quark-gluon plasma

dicts a �rst-order phase transition between the hadron gas and the QGP at large� B and a smooth crossover at

� B = 0 around a critical temperature ofTC � 155MeV.

Signatures of the QGP can be created under laboratory conditions in ultra-relativistic heavy-ion collisions at

the LHC and the Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory (BNL) [54].

Figure 1.9 presents the stages of QGP evolution that are expected to occur in heavy-ion collisions at hadron

colliders. Due to the extremely short life-time of the QGP, on the order of 10 fm (� 10� 23 s), direct mea-

surements are impossible. Therefore, particles produced in the collisions, passing through the QGP, are used to

probe the properties of strongly interacting matter.

Figure 1.9: The stages of QGP evolution in heavy-ion collisions [55].

In particular, collimated sprays of particles from quark and gluon hadronisation, referred to as jets, undergo

observable energy loss through interactions with the QGP – a phenomenon known as jet quenching [56]. Fig-

ure 1.10 shows modi�cations to jet yields, quanti�ed using the nuclear modi�cation factor,RAA , as a function

of jet transverse momentum (pT ) in Pb+Pb collisions at
p

sNN = 5 :02GeV for four centrality classes [57], with

0% and 100% representing the most central and most peripheral collisions, respectively. The determination of

centrality intervals in the ATLAS experiment is described in detail in Section 2.4. A clear suppression of jet

production is observed in Pb+Pb collisions relative to proton–proton (pp) collisions, withRAA reaching as low

as 0.45 at jetpT � 100GeV. The suppression is more pronounced in central collisions, where the QGP is more

likely to form.

With the �rst observations of theW boson [58, 59], theZ boson [60, 61], the bottom quark [62, 63] and

the tau [64, 65] by the ATLAS and CMS experiments, only two elementary particles remain to be directly
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1. Theoretical overview

Figure 1.10: The nuclear modi�cation factor,RAA , as a function of jetpT for inclusive jets in Pb+Pb collisions

for four centrality intervals [57].

observed in Pb+Pb collisions: the Higgs boson and the top quark. While the detection of the Higgs boson

production in Pb+Pb collisions at the LHC is currently unfeasible due to its low cross section, the observation

of top-quark production is within reach. Top quarks produced in heavy-ion collisions are predicted to provide

new experimental insights into the QGP. In particular, the time structure of the QGP could be studied via

hadronically decayingW bosons from top-quark decays [66].

1.4 Top-quark production

With its mass of 172.57 GeV [48], the top quark is the heaviest elementary particle in the SM. Due to its

large mass, the top quark is characterised by a short lifetime on the order of 0.15 fm (� 5 � 10� 25 s), which

is shorter than the average time for top-quark hadronisation of around 0.3 fm (� 10� 24 s). This provides a

unique opportunity to study pseudo-bare quarks. Also, because of the short lifetime, all characteristics of the

top quark are transferred to its decay products. Therefore, properties such as spin correlations are not affected

by hadronisation smearing and can be studied directly using the decay products.

At LHC energies, top quarks are primarily produced int �t pairs, which dominate over single-top-quark pro-

duction [67].t �t pairs are predominantly created via the strong interaction, with contributions from electroweak

processes below the percent level, smaller than the uncertainties of current theoretical predictions [68]. Two

main classes oft �t production at leading order (LO) include gluon-fusion processes and quark–antiquark anni-

hilation, as shown in Figure 1.11. Inpp collisions, gluon fusion dominates production, as anti-quarks originate

solely from the quark sea, reducing the contribution from quark–antiquark annihilation. The ratio between the

two production classes also depends on the collision centre-of-mass energy. As the gluon density rises with

increasing collision energy, the relative contribution of gluon-fusion processes becomes larger.
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Figure 1.11: Feynman diagrams for top-quark pair production processes: (a)ggfusions-channel, (b)gg fusion

t-channel, (c)gg fusionu-channel, and (d)q�q annihilation.

The top quark decays immediately via the weak interaction into aW boson and a lighter quark (t ! W + q; q=

b; s; d). Due to the large top-quark mass, its decay involves a bottom quark in more than 99% of cases, with other

�avours, governed by the Cabibbo–Kobayashi–Maskawa matrix elements [69], being signi�cantly suppressed.

The subsequentW -boson decay proceeds either hadronically (W ! q�q0) or leptonically (W ! `� ` ; ` =

e; �; � ) in 67.4% and 32.6% of cases, respectively [48]. Based on theW -boson decay modes, three main

channels oft �t decay are distinguished: all-hadronic, semi-leptonic (`+jets), and fully-leptonic (dilepton), as

presented in Figure 1.12.
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Figure 1.12: Feynman diagrams for top-quark pair decay channels: (a) all-hadronic, (b)`+jets, and (c) dilepton.
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1. Theoretical overview

All possible �nal states oft �t decays with corresponding branching ratios are summarised in Figure 1.13. The all-

hadronic channel bene�ts from the highest branching ratio of approximately 46%. However, it also suffers from

large background contributions, including a multijet background component that is dif�cult to model. The`+jets

�nal state provides a similar branching ratio with a signi�cantly higher signal-to-background ratio, compared to

the all-hadronic channel. Despite the lowest branching ratio, the dilepton channel is characterised by the purest

�nal state. Due to the short lifetime of the� lepton, it cannot be measured directly in the experiment. Therefore,

only �nal states involvinge and� �avours are typically considered, including those with leptonically decaying

� leptons.

(a) (b)

Figure 1.13: (a) Decay modes of thet �t process. (b) Branching ratios for thet �t �nal states [48].

The t�t production cross section also increases with the collision centre-of-mass energy, as a lower proton

momentum fraction is required to reach thet�t production threshold. Figure 1.14 shows the collision energy

dependence of thet �t cross section, measured at multiple centre-of-mass energies inppcollisions in the ATLAS

experiment [70]. Experimental results are in excellent agreement with the theoretical prediction based on the

PDF4LHC21 PDF set [71].

In the context of heavy-ion collisions, measurements inpp collisions at lower energy serve as a crucial refer-

ence. In particular, the measurements at centre-of-mass energies of
p

s = 8 and5:02TeV can be compared with

p+Pb and Pb+Pb collisions, respectively, collected at centre-of-mass energies of
p

sNN = 8 :16 and5:02 TeV

per nucleon pair at the LHC. Figure 1.15 presents a combined result of thet �t cross section at
p

s = 7 and8 TeV

by ATLAS and CMS, measured using thee� channel of thet �t decay. Figure 1.16 displays measurements of the

t �t cross section at
p

s = 5 :02 TeV, including results in the dilepton and`+jets channels by both ATLAS and

CMS.

12
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Figure 1.14: Comparison of the measuredt�t cross sections inpp collisions at various centre-of-mass energies

and the theoretical prediction using the PDF4LHC21 PDF set [70].

Figure 1.15: Measuredt�t production cross sections inpp collisions at
p

s = 7 and8 TeV [72], compared with

the theoretical predictions using different PDF sets.
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Figure 1.16: Measuredt�t production cross sections inpp collisions at
p

s = 5 :02TeV [73], compared with the

theoretical predictions using different PDF sets.

The measurement of thet �t process is signi�cantly more challenging in heavy-ion collisions due to their com-

plexity and limited data statistics collected to this date. The intricate environment of heavy-ion collisions leads

to high detector occupancy and substantial backgrounds. The �rst observation oft �t production inp+Pb colli-

sions has been reported by CMS [74], using the`+jets channel. The result, shown in Figure 1.17a, is consistent

with the theoretical prediction using the CT14 free-nucleon PDF [75] for protons and the EPPS16 nPDF [76]

for lead ions, and the measurements inpp collisions at
p

s = 8 TeV in thee� [77] and`+jets [78] channels,

scaled by the lead mass number (APb = 208) and extrapolated to
p

sNN = 8 :16 TeV. In Pb+Pb collisions,

jets are additionally affected by the quenching effect, which impacts the reconstruction oft �t pairs. Therefore,

jet energy scale has to be adjusted for the energy loss using dedicated corrections. Considering this, at �t mea-

surement in the dilepton channel, featuring only two jets in the �nal state, is the most viable decay mode. The

�rst evidence oft �t production in the dilepton �nal state in Pb+Pb collisions, with an observed signi�cance of

4.8 standard deviations, has been reported by CMS [79]. The measurement, presented in Figure 1.17b, is in

agreement with the CT14+EPPS16 theoretical prediction, and the cross section inpp collisions [80] scaled by

A2
Pb . These results are �rst milestones in the research oft �t production in thep+Pb and Pb+Pb systems and have

paved the way for further studies of this process in heavy-ion collisions at the LHC.
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(a) (b)

Figure 1.17: Measuredt�t production cross sections in (a)p+Pb collisions at
p

sNN = 8 :16 TeV [74], and

(b) Pb+Pb collisions at
p

sNN = 5 :02TeV [79], compared with the theoretical predictions and scaled results in

pp collisions.

The aim of this thesis is the observation oft �t production inp+Pb and Pb+Pb collisions with the ATLAS de-

tector. Due to the complexity of measuringt �t production in heavy-ion collisions, mainly ATLAS and CMS

experiments are capable of studying this process. In particular, the lower acceptance of the ALICE detector,

combined with lower particlepT spectra and limited heavy-ion data statistics, makes thet�t analysis in the AL-

ICE experiment challenging. Thet�t cross section in heavy-ion collisions can be measured with higher precision

compared to the previous CMS measurements [74, 79], thanks to lowerpT thresholds imposed on leptons and

jets in the ATLAS experiment. Inp+Pb collisions, the dilepton channel oft �t decays can be studied for the �rst

time. Additionally, the nuclear modi�cation factor,RpA , can be extracted for thet �t process. In Pb+Pb colli-

sions, the full Pb+Pb data collected in 2015 and 2018 with the ATLAS detector can be used, allowing for the

�rst observation oft �t production with a signi�cance above �ve standard deviations.
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Chapter 2

ATLAS experiment

2.1 Large Hadron Collider

The LHC [81], the largest and highest-energy particle accelerator to date, is located on the French-Swiss border

near Geneva. It occupies a 27 km-long circular tunnel, previously used by the Large Electron-Positron (LEP)

collider, 45–170 m underground. In 1997, the European Organization for Nuclear Research (CERN) of�cially

approved the project, with construction lasting from 1998 to 2008. Over 10,000 scientists from more than 100

countries collaborated on the project. The �rst collisions took place in 2010, reaching an energy of 3.5 TeV

per beam, nearly four times higher than the previous record set by the Tevatron located at the Fermi National

Accelerator Laboratory (Fermilab) [82].

The �rst operational period at high energy, referred to as Run 1, took place in 2010–2013. At the time, the LHC

was accelerating protons up to an energy of 4 TeV, resulting inpp collisions at a centre-of-mass energy of up

to
p

s = 8 TeV. Since 2010, the collider has been adjusted to provide heavy-ion collisions, resulting in Pb+Pb

and p+Pb data-taking periods at centre-of-mass energies of
p

sNN = 2 :76 and 5:02 TeV per nucleon pair,

respectively. The second operational run (Run 2) lasted from 2015 to 2018, following a two-year maintenance

break. The collision energy was increased, resulting in centre-of-mass energies per nucleon pair of
p

s =

13 TeV and
p

sNN = 5 :02 TeV for pp and Pb+Pb systems, respectively. Twop+Pb data-taking periods took

place at centre-of-mass energies of
p

sNN = 5 :02 and8:16 TeV per nucleon pair. Additionally, a short run of

xenon–xenon (Xe+Xe) data was recorded in 2017 at a centre-of-mass energy of
p

sNN = 5 :44TeV per nucleon

pair. The current data-taking period, Run 3, started in 2022 and is planned to last until the middle of 2026.

Data fromppcollisions have been collected at a record energy of
p

s = 13:6 TeV, while Pb+Pb data have been

recorded at a slightly higher energy of
p

sNN = 5 :36 TeV per nucleon pair. The periods of 2013–2014 and

2019–2021 are referred to as Long Shutdown 1 and 2, respectively, and were dedicated to detector upgrades

and maintenance.

The particle acceleration process at the LHC is divided into multiple stages, as shown in Figure 2.1. The proton

injection chain starts by stripping hydrogen atoms of their electrons in a duoplasmatron. The obtained protons

are accelerated in the linear accelerator LINAC 4, which boosts them to an energy of 160 MeV. Protons are
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2.1. Large Hadron Collider

then directed through circular accelerators: Proton Synchrotron Booster (PSB), Proton Synchrotron (PS), and

Super Proton Synchrotron (SPS), achieving energies of 1.4 GeV, 25 GeV, and 450 GeV at each stage. Finally,

particles are split into two counter-circulating beams and injected into the LHC, where they reach their target

energy.

Figure 2.1: Scheme of the CERN accelerator complex [83].

Lead (Pb) ions require a dedicated acceleration chain, which starts by injecting Pb27+ nuclei from the electron

cyclotron resonance (ECR) source into the linear accelerator LINAC 3. They are boosted to an energy of

4.2 MeV/nucleon and stripped to Pb54+ ions using a 0.3 µm-thick carbon foil. Particles are then accelerated in

the Low Energy Ion Ring (LEIR) and the PS to energies of 72 MeV/nucleon and 6 GeV/nucleon, respectively.

They are fully stripped into Pb82+ ions using an aluminium foil before reaching the SPS. After being boosted

to an energy of 177 GeV/nucleon, Pb ions are transferred to the LHC to reach the nominal energy.

Beams of particles are split into bunches, nominally containing about1011 protons or108 lead ions. Approx-

imately 2,000 proton or 1,000 lead bunches are injected into the LHC, with bunch crossings occurring every

25 ns (50 ns) inpp (heavy-ion) collisions during Run 2, providing a collision rate of up to 40 MHz. The av-

erage number of simultaneous interactions per bunch crossing,h� i , referred to as pileup, is about 30 (50) in

Run 2 (Run 3) in theppsystem. Heavy-ion collisions are collected under low-pileup conditions, withh� i � 1.

Particles are collided at one of the four interaction points (IP) around the LHC.

Nine independent experiments have been established at the LHC to date, located near the IPs. Four main detec-

tors are situated at each IP: ATLAS (A Toroidal LHC Apparatus) [84], CMS (Compact Muon Solenoid) [85],

ALICE (A Large Ion Collider Experiment) [86], and LHCb (Large Hadron Collider Beauty) [87]. The �rst
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2. ATLAS experiment

two, ATLAS and CMS, are multi-purpose detectors designed to study a wide range of rare processes, primarily

oriented toward precision measurements of Higgs physics. ALICE specialises in heavy-ion collisions to investi-

gate properties of the QGP, with precision measurements and particle identi�cation down to very low energies.

LHCb focuses onb-hadron physics, including charge-parity (CP) violation, with detector geometry covering

the forward region where the probability ofB meson production is maximal. Five smaller experiments are also

accommodated at the LHC, sharing IPs with the main experiments. TOTEM (TOTal Elastic and diffractive

cross-section Measurement) [88] is dedicated to measurements of the total elastic scattering and diffractive

cross sections. LHCf (Large Hadron Collider forward) [89] is intended to measure the number and energy of

neutral pions produced in the forward region of LHC collisions. MoEDAL (Monopole and Exotics Detector at

the LHC) [90] aims to search for magnetic monopoles. FASER (ForwArd Search ExpeRiment) [91] is designed

to search for new light and weakly coupled particles. SND (Scattering and Neutrino Detector) [92], the newest

experiment at the LHC, focuses on studying neutrinos produced at the LHC and searching for feebly interacting

particles.

2.2 ATLAS detector

ATLAS [84] is the largest general-purpose particle detector at the LHC, intended for precise measurements of

particle physics studies at high energies. It is designed with a cylindrical geometry around the IP, providing

solid angle coverage of almost4� . The construction is barrel-shaped, 44 m long, 25 m high, and has a mass

of approximately 7000 tons. It is split into a cylindrical part, referred to as the barrel, and two terminal pieces,

named endcaps. The schematic of the ATLAS detector is shown in Figure 2.2.

Figure 2.2: Overview of the ATLAS detector [93].
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The physics programme of the ATLAS experiment is comprehensive and diverse, covering precision measure-

ments of the SM as well as searches for new physics beyond it. The detector is designed to operate ef�ciently

under the demanding conditions of unprecedented high energies, necessitating the use of fast and radiation-hard

detection modules and electronics. To precisely determine the physical quantities of collision products, the con-

struction comprises several detector layers, designed to collect various types of information about traversing

particles.

2.2.1 Global coordinate system

The ATLAS global coordinate system is presented in Figure 2.3. The origin of the system, corresponding to the

geometric centre of the detector, is located at the nominal IP. The right-handed Cartesian coordinate system is

de�ned with thex-axis pointing towards the centre of the LHC ring, they-axis oriented upwards, and thez-axis

parallel to the beam in the anticlockwise direction. Along thez-axis, the detector is divided into two parts with

positive and negativez values, referred to as side A and side C, respectively.

Figure 2.3: Visualisation of the ATLAS global coordinate system [94].

The detector's geometry justi�es the use of spherical coordinates. The azimuthal angle� is determined in the

x-y plane from thex-axis towards they-axis. The polar angle� is de�ned from the positive side of thez-axis.

The radial coordinateR is measured from the origin of the system. The radial distance between two objects,

� R, is de�ned by the following expression:

� R =
p

(� � )2 + (� � )2: (2.1)

Thex–y plane is used to de�ne transverse quantities, such as transverse momentum,pT , and transverse energy,

ET , which are expressed by the following formulas:

pT =
q

p2
x + p2

y ; (2.2)
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