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Abstract

This analysis aims to assess the feasibility of using e-u pairs as an alternative dilepton
probe for heavy quark studies in proton-proton collisions. The e-y channel would provide a
much cleaner/low background signal than other currently-utilized probing methods, but it is
statistics-limited, a restriction which is of increased concern at ALICE due to the detector’s
geometry. With the use of Pythia simulations, the viability of undertaking an analysis of the
channel using ALICE p-p data from LHC Run 3 is considered. The analysis finds that it is
feasible to undertake a data study of the e-u pairs and presents an estimate of the expected
signal in a year of Run 3 data.
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1 Introduction

1.1 Content Overview

The semileptonic decay of heavy flavor hadrons (i.e., when a hadron containing a charm or
bottom quark decays to a combination of lepton and hadron products) will sometimes produce
correlated electron-muon (e-p) pairs. The pairs are oppositely charged (or “signed”) and, at
sufficiently high transverse momenta, reflect the azimuthal direction of their parent particles.

In this way e-p pairs are a potential probe of heavy flavor quark pairs, both for independent
heavy flavor research and eventually in studies of the Quark Gluon Plasma (QGP) [1]. The e-p
signal has fewer contributing background sources than other probes of its type, so it is a desir-
able alternative to current heavy flavor measurement methods [2]. However, the decay channel
is restrictively rare and as such, no investigation at ALICE utilized the pairs during previous
data-taking periods.

.KO

Figure 1: An illustration depicting the production of an
oppositely-signed electron-muon pair through the semileptonic de-
cay of a heavy quark pair [2]

With the increased quantity of data that will be recorded by the ALICE detector during LHC
Run 3, more of the pairs will be observed, potentially lifting this restriction and making the
e-i channel a viable heavy quark probe. In this thesis, the feasibility of such an investigation is
assessed using simulated 13.6 TeV proton-proton collision data to mirror the capabilities of the
ALICE detector as of LHC Run 3. To provide context, the theoretical concepts behind the study
are first introduced, along with a brief discussion of the ALICE detector hardware that would
be used in a real data study of the e-u pairs. Finally, the available ALICE analysis software
tools are reviewed and the steps required to undertake such a study are presented and tested.
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1.2 The ALICE Collaboration

The Large Hadron Collider (LHC) is located on the border of France and Switzerland at CERN,
the European Organization for Nuclear Research. It has a radius of 27km, making it the largest
circular particle collider globally. It is currently in its third run of data taking, which will continue
to the end of 2025. Upgrades and continued operations of the LHC have been planned until 2041.

A Large Ion Collider Experiment (ALICE) is one of the four large experiments located on the
main ring of the LHC [3]. The ALICE collaboration was created in 1993, and began taking
data during the LHC’s first run in 2009. Over the course of three decades, the collaboration
has grown and is now made up of over 2000 scientists, spanning 170 institutions in 40 countries
across the world [3].

ALICE has a unique mission statement among the LHC experiments. The experiment is designed
to study a state of matter called the Quark Gluon Plasma (QGP), often described as a “hot,
dense soup” of quarks and gluons. In the first 107% seconds after the Big Bang, after the
immediate phase of inflation, the universe existed as a QGP [4] and in high-energy heavy ion
collisions, such as those detected at ALICE, it is possible to simulate these conditions and
temporarily produce QGP in the lab.

2 Theoretical Background

2.1 The Standard Model

The leading theory of modern particle physics is known as the Standard Model. This theory
encapsulates all matter and forces in nature as being described by the interactions between a
collection of “elementary particles”, which are represented in Figure 2 [6]. Though there are
physical phenomena that are not explainable using the Standard Model, it has so far been ex-
tremely successful at describing and predicting observations in experimental data.

The particles in the Standard Model can be split into two categories - bosons and fermions.
Fermions make up the matter of the universe, while bosons mediate the fundamental forces
which dictate how the fermions interact. Each force has one or more associated “gauge bo-
son(s)”, and the exchange of these gauge bosons between fermions cause the forces seen in
nature. The strong force is mediated by the gluon, the weak force is mediated by the W and Z
bosons and electromagnetism is mediated by the photon. Gravity, the fourth and final funda-
mental force, is the notable exception. It behaves differently to the other forces (for example,
it is the only force that is purely attractive) and no gauge boson for gravity is included in the
Standard Model, except on a hypothetical basis.

The twelve matter particles (fermions) can be further categorized into six quarks and six lep-
tons. Every matter particle has a corresponding antimatter equivalent with oppositely signed
electric charge and, in the case of quarks, opposite color charge (more on this in section .
The fermions are arranged into three “generations”, each containing two quarks and two lep-
tons. Corresponding particles across successive generations are identical in all but mass, with
increasing particle mass in every generation [6].

The type of quark or lepton is referred to as its “flavor”. It is possible for particle flavor to
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Figure 2: The Standard Model of particle physics, depicting the 17
fundamental particles along with their mass, electric charge and
spin [5]

change during weak interactions, though there are certain rules regulating what transitions are
possible. Flavor change occurs via the exchange of the W boson, which has an electric charge of
+1. Since electric charge is a conserved quantity, the changed flavor of the particle involved in
the interaction cannot have the same electric charge as it started out with. Specifically in the
case of quarks this means that the top row of quarks in Figure [2] can transform into the second
row of quarks (and vice-versa) but it is not possible to observe, for example, the transformation
of a charm quark into an up quark.

2.2 Quantum Chromodynamics

The field of physics dedicated to studying the strong force is known as Quantum Chromodynam-
ics (QCD). QCD describes the interactions between the six quarks and the strong force gauge
boson, the gluon. While quarks experience all four of the fundamental forces, they are unique
in that they are the only fermions to experience the strong force. Therefore, the theoretical and
experimental study of quarks is crucial to investigations of QCD.

In nature, quarks exist in groups that are tightly bound together by the strong force. These
bound states are called hadrons, and are categorized based on the number of valence quarks that
exist in the group. The most common hadron categories are mesons (with two valence quarks)
and baryons (with three valence quarks), though larger groupings (e.g. tetraquark states) have
been observed in experiment. The type (or “flavor”) of the valence quarks defines the type of
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hadron. Also present within the hadronic bound state is a “sea of virtual gluons” that exist
around the valence quarks [6]. Through the process of gluon splitting these gluons can produce
virtual quark-antiquark pairs. These “sea quarks” are unstable and will typically then annihilate
to form new sea gluons. In this way, the valence quarks are surrounded by a cloud of constantly
changing virtual quarks and gluons.

2.2.1 Color Charges

The prefix chromo- in “quantum chromodynamics” is derived from the type of charge that is
carried by strongly interacting particles, called “color charge”. In reality, these charges have
very little to do with the human understanding of visual color, rather each of the possible states
of QCD charge are named after a color, which gives rise to the name. Color charge is a conserved
quantity, just as electric charge is. However while electric charge has only one possible state,
color charge has three - red, green and blue (r, g and b). The color charge carried by any given
quark does not define its flavor.

Similarly to how a particle carrying electric charge can be either positively or negatively charged,
each of the three color charge states have an equivalent, opposite anticolor charge. Antimatter
quarks (antiquarks) carry the “negatives” of the three color states - they are either charged an-
tired, antigreen or antiblue (7, g and b) [6]. Hadronic bound states of quarks are color-neutral,
or “colorless”, and themselves do not strongly interact with other hadrons.

Another major distinction when comparing QCD and quantum electrodynamics (QED) is the
behavior of their gauge bosons. Photons do not carry electric charge, and therefore do not
interact with electromagnetic fields. However, every gluon carries two charges (a color and
an anticolor), allowing them to interact with the color field. This fundamental difference is
important to keep in mind, and it leads to an effect called “anti-screening” [4]. When viewing
a quark from a large distance, the cloud of virtual gluons that exists around the original quark
augment the strength of the quark’s color charge. This effect is named to highlight the contrast
with “screening” in QED, where a particle’s electric charge is felt more weakly at a distance due
to the cloud of electrically-neutral photons which dampen the perceived strength of the charge.

2.2.2 Asymptotic Freedom

Asymptotic freedom is a property of QCD that is characterized by a significant change in the
QCD coupling strength (ag) at different energy scales and distances. In Figure |3, a comparison
is made between the QCD coupling strength and the much weaker coupling strength of the elec-
trodynamic interaction. While the coupling strength in QED has a minor change over the range
of energy, temperature and distance on the x-axis, the slope of the a curve is much less extreme
than that of ag. This demonstrates the degree to which ag is dependent on these factors. It can
also be seen that in QED, coupling is strongest at short distances, whereas the opposite is true
in QCD - this is a result of the screening/anti-screening effect discussed in the previous section.

The consequence of this asymptotic freedom is that QCD particles at low temperatures/energies,
or particles which are far apart, are incredibly strongly coupled, leading to an effect known as
color confinement (see section . Conversely, in order for quarks to act as free particles,
they must exist under the conditions required for a weak ag.
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Figure 3: Graph demonstrating and comparing the change in the
QED () and QCD (ag) coupling strengths at high vs low tem-
peratures, momenta and distances [4]

2.2.3 Hard vs Soft Processes

With the variable coupling strength associated with asymptotic freedom in QCD now estab-
lished, a comment can also be made on how the QCD cross section is described. In QED,
perturbation theory is used to calculate the behavior of the system across a range of momenta.
Perturbation theory is a useful mathematical tool that involves representing the solution to a
complex system as a series of corrections to a simpler system’s solution [7], but it can only be
successfully applied to QCD processes at a weak coupling strength. When a stronger coupling
applies, the perturbative solution diverges and is therefore deemed a bad descriptor for the sys-
tem [6].

To handle this, the QCD cross section is split into two parts using what is known as the factor-
ization theorem. The non-perturbative cross section covers “soft” QCD processes at a stronger
coupling strength and the perturbative cross section covers “hard” processes at weaker coupling
strengths [§]. Soft processes are more abundant in high-energy particle collisions due to the less
demanding conditions at which a strong coupling strength is achieved (i.e. lower energies and
temperatures).

The divide between the hard and soft QCD cross sections informs how the entire QCD cross
section is modeled. When simulating QCD processes, this separation must be taken into con-
sideration. This will become very relevant in undertaking the simulations in section [5| so it is
being introduced and highlighted here in preparation for later discussions.

2.2.4 Color Confinement and Hadronization

As has already been briefly introduced, one of the main consequences of asymptotic freedom
is color confinement. At the beginning of this section it was mentioned that quarks generally
only exist in the form of hadrons. This can now be understood, in that except in some extreme
cases (e.g. neutron stars), the high energies and temperatures that are required to reduce the
QCD coupling constant do not exist in nature [4]. For this reason, quarks can only be observed
in bound states without a color charge, which provides a significant challenge for experimental
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studies of QCD. Although color confinement makes direct measurements of color-charged parti-
cles impossible, indirect methods can be employed.

qd
(i —o0—
q q
(ii) ———
q q q q
(iii) ——e e——eo—
(iv) ——0 0 —se—e—

y =% —.
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Figure 4: The quark hadronization process [6]

Figure [4] illustrates the formation of hadrons and the effects of color confinement. As a quark-
antiquark (¢g) pair move away from each other, potential energy builds up in the color field
between them. This eventually reaches a point where it is not only possible, but “energetically
favorable” [6] to produce a new quark of opposite color charge for each of the originals. This
is known as quark fragmentation [§]. This results in two quark pairs, each with slightly lower
energy than the original, which then repeat this process of quark fragmentation continuously.
After a few fragmentations, the quarks reach a low enough energy that color confinement takes
hold and hadronization begins.

In particle collisions, this hadronization process results in a jet of energetic particles radiating
outwards from the quark’s origin point, in the general direction of its movement. Since hadrons in
the jet carry a signature of the quarks that formed them, the decay products of the hadronization
can be used as a probe for the original pair.

2.2.5 Quark Gluon Plasma

Though asymptotic freedom leads to color confinement at the point of strongest coupling, the
converse of the effect is that quark deconfinement is possible above a critical point where con-
ditions result in a sufficiently weak coupling strength, as seen in the QCD phase diagram of
Figure 5] Past this boundary, color charged particles are able to exist freely in the QGP, as was
introduced during the description of the ALICE detector in section The extreme conditions
of the QGP are a direct consequence of asymptotic freedom.

After the deconfinement phase transition has occurred, the particles within the QGP are still
experiencing the effects of the strong force. Since they continue to interact strongly with the
other quarks and gluons within the plasma, it is expected that quarks moving through the QGP
will experience a drag force thereby losing energy and depositing it into the medium around
them [I]. This results in a signal quenching effect: i.e., it is expected that quark signals from
collisions with more available energy will be reduced (or “quenched”) and not enhanced in com-

parison to signals from collisions with less available energy, entirely due to the drag experienced
in the QGP [10].
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Figure 5: The QCD phase diagram, with the first-order phase tran-
sition between hadron gas and the quark-gluon plasma indicated
by a solid white line [9

To measure this in experiment, signals from different collision systems are used. Generally, QGP
is predicted in heavy ion (A-A) collision systems but not in proton-proton (p-p) or proton-ion
(p-A) systems. The differences between the signals in these two collision systems can be used
both to identify the presence of QGP, and to quantify how it is affecting the particles moving
through it.

2.2.6 QGP Evolution

The first stage of the QGP’s evolution is thermalization. Soon after the collision, the system
reaches a state of thermal equilibrium at which point it can be effectively described by relativis-
tic hydrodynamics [4]. At this point, the QGP is anisotropic/elliptic in shape and so pressure
gradients begin to form at between different points in the medium, inducing flow.

During this phase of relative stability, it has been found that the QGP fits the expectations of a
“perfect fluid” better than any other observed substance [10]. However, the system is constantly
expanding and eventually reaches a “freeze-out” point where this hydrodynamic equilibrium
cannot be maintained. As the quarks and gluons lose energy and move apart in the expansion,
ag increases and color confinement again becomes relevant as quarks within the plasma begin to
undergo hadronization. The hadrons that are formed consist of the quarks that have interacted
with and subsequently lost energy in the QGP. Therefore, they carry some signature of the
medium and can be used as a probing mechanism as desired.

2.3 Heavy Flavor Quarks

The six quark flavors can be grouped by their mass, and quark studies are often split into three
distinct fields based on this categorization. The up, down and strange quarks are generally
defined as the light flavors, the charm and bottom quarks are the heavy flavors and the top
quark, which is orders of magnitude more massive than any other quark, is in its own league.
This analysis is specifically focused on the study of heavy flavor quarks, which are sometimes

10
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denoted with a capital Q (or @ for antiquarks) to differentiate them. This convention will be
used going forward.

Heavy flavor quarks are valued as probes for QGP studies since they lose energy while flowing
through the medium, yet survive past the point of freeze-out in the form of hadrons that contain
heavy quarks (such as D mesons). Therefore they are prime candidates for which to observe the
signal quenching effect discussed in section However, there is also a lot of independent
value in studying heavy quarks past their use in QGP research. Their higher mass implies that
they can only be produced during hard processes, so those with sufficiently high energy - in this
way they are an ideal test for the perturbative sector of the QCD cross section [I1].

2.3.1 History and Context

In the mid-20th century, only three quarks had been discovered experimentally: the light flavor
quarks, up, down and strange. The Standard Model had not yet been defined, and the pattern
of the three generations of matter as they are understood today had not yet emerged. Still,
physicists of the time speculated about the existence of a fourth quark to reflect a symmetry
with the four leptons that had so-far been discovered [2]. Sheldon Glashow, one of the predictors
of the charm quark, described coining the name due to how charmed he and his peers felt at the
idea of such a symmetry [12].

Some time after these initial speculations Glashow and two contemporaries published a paper
putting forward a theory called the GIM mechanism, which predicted the charm quark more
formally. The GIM mechanism solidified the importance of a fourth quark in making electroweak
theory compatible with the latest experimental observations. To understand the role played by
the charm quark, one must refer back to the laws of flavor changing via exchange of the W boson
as first introduced in section If there existed only three quarks, electroweak theory, which
otherwise succeeded at describing experimental data, would require that strange to down quark
decay processes (and vice versa) were physically possible [IT]. This is a phenomenon known
as “flavor changing neutral currents”, and the important take away is that under this model
quarks must be able to change flavor without changing their electric charge, breaking charge
conservation.

However, charge conservation was well supported by experiment, and the changing of lepton fla-

vor without the changing of electric charge was not observed. To rectify this disconnect between

theory and experiment, the GIM mechanism predicted an alternative involving a fourth quark.

Electroweak theory would then no longer require flavor changing neutral currents to function,

thus solving the problem [I1]. In the context of the GIM mechanism, Glashow is quoted as

describing the evolution of the quark’s name, as it had now become more like an arcane charm
4

- a “magical device to avert evil” that would have otherwise been brought about by the failure
of the three quark model [12].

The GIM mechanism’s prediction proved accurate and the charm quark was finally discovered

in experiment in 1974. The second heavy flavor quark, the bottom quark, was predicted and
then experimentally substantiated soon after.

11
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2.3.2 Production and Decays

There are three mechanisms through which heavy flavor quarks can be produced: pair creation,
flavor excitation and gluon splitting [13].

Figure 6: An example of a Feynmann diagram for each of the heavy
quark production processes: pair creation (a), gluon splitting (b)
and flavor excitation (c) [14]

Pair creation is the leading-order process, and it dominates at lower center of mass energies [2].
This involves the production of QQ pairs either from two gluons as displayed in Figure @, or
from another QQ pair. In this process, the quark and antiquark are created “back to back” in
azimuth, which means that they move apart from each other in opposite directions. This means
we expect the azimuthal separation (denoted A¢) between the two quarks to be equal to .
Azimuthal angle is a major kinematic variable in the collider coordinate system, which will be
discussed in greater depth in section

The next process to be discussed, gluon splitting, is the dominant process at higher center of
mass energies [2]. As suggested by the name, it involves the production of a QQ pair from a
single parent gluon. Gluon splitting was mentioned earlier, at the beginning of section as it
is also the fundamental mechanism responsible for the production of sea quarks from sea gluons
within hadrons. Lastly, flavor excitation involves the further evolution of an already-existing
quark. In particle collisions, this often occurs when a quark in one of the incoming beam pro-
tons interacts with a sea quark from the other [13].

This analysis is specifically focused on the semileptonic decays of “open” heavy-flavor hadrons,
whereby a hadron containing a single heavy flavor quark decays into a mixture of leptons and
hadrons [I5]. For charm and bottom quarks respectively, these open hadrons are typically some
variation of D (charm) or B (bottom) meson.

2.4 Electron-Muon Correlations

With a basic explanation of QCD and heavy quark studies now complete, an introduction can
be made to the e-u decay channel - its benefits, drawbacks, and the practicality of experimental
studies.

The e-p correlation method allows for a measurement to be made of heavy flavor quark produc-
tion in high energy collisions. Unlike heavy quark studies which make use of single-particle decay

12
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products, utilizing multi-particle probes can provide insight on the origin of the heavy quarks
being measured [15] and e-y pairs in particular are at an advantage. Of the three heavy quark
production mechanisms outlined in section only the leading order process of pair creation
results in the production of a back-to-back quark-antiquark pair. This azimuthal separation is
reflected in the decay products of the parent quark pair, especially when looking at final state
particles with high momenta (explored further in section [2.4.2).

By looking for electrons and muons with this same azimuthal separation, it is possible to mea-
sure heavy quark pairs specifically produced through pair creation [2]. This ability to identify
the mechanism behind the production of the measured heavy quarks is beneficial, as it allows
for comparisons to be made with theoretical models of the pair creation cross section.

Additionally, the measurement has the potential to contribute to studies of the QGP at ALICE
in the long term. In heavy ion collisions, it is expected that measurements of heavy quarks
production via this method would exhibit the quenching effect described in section [2.2.5] The
way to quantify this is to use the “quenching factor”, denoted Ig4:

Taa=3%aa/Zpp (1)
where .
max 1 dNassoc
Y = d(A 2
/m ™ [N m} 2)

The study of e-y pairs in p-p collisions would provide the baseline measurement of ¥, required
for this calculation, which has so far only been performed using simulations in previous investi-
gations [I].

Finally, the e-u correlation channel could contribute to QGP searches in p-p collisions, an ongoing
area of research. In p-p collisions with higher outputs of charged particles (known as “high
multiplicity” collisions), a comparison could be made of the e-u signal in Run 3 data with
simulated predictions that use current theoretical models of quark fragmentation. If heavy
quark production in these collisions exhibits patterns of suppression reminiscent to those seen
in heavy ion collisions, it would contribute to the effort to search for QGP production in smaller
collision systems.

2.4.1 Comparison with Other Probes

The main advantage of using the e-y channel is that it is an extremely clean process. The e-p
sample is uncontaminated by many of the backgrounds that must be accounted for in other
probes. Though other probes (such as jet probes, or lepton-hadron correlations) do exist, the
focus here will be on comparing e-u correlations with other dilepton probes. The dilepton probes
typically utilized in heavy flavor studies at ALICE are same species probes, so either electron-
electron (e-e) or muon-muon (p-f).

The biggest drawback of using same species correlations, which e-u correlations neatly avoid, is
the large amounts of background signal that specifically produce false pairs that interfere with
their measurement. The contributors to this same-species background can be broken down into
two: those processes that also result in an e-u background, and those that don’t. The fact that
this second category of background exists in itself is clearly an advantage, as it implies that the
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background of the e-u signal is reduced in general. Included in this category are leptons that
come from resonance decays and Drell Yan production [2].

However even those processes that exist in the first category, and do produce a background
signal for the e-u measurement, can be conveniently addressed. These processes (e.g. light-
flavor meson decays, photon conversions and dalitz decays [I5]) are equally likely to produce
like-signed e-p pairs [2]. Therefore, the desired e-pu signal exists in the discrepancy between the
number of like- and opposite-signed pairs recorded. By doing a “like-signed subtraction” from
the opposite-sign signal, a large portion of this background signal can be removed.

Of course, no signal will ever be fully and perfectly background subtracted, but the cleaner na-
ture of the e-p signal still sets it apart. There will also always be a certain amount of background
and error associated with the detector being used to take measurements and particle identifi-
cation from detector signals. This will be discussed more in the context of ALICE throughout
section [3] and section [l

The major disadvantage associated with e-u studies is that e-p pairs are produced very rarely,
which means any study that is undertaken will be statistics-limited in a way that e-e and p-pu
studies are not [2]. In previous runs at ALICE, the effect of this has been so great that the
e-i1 channel was not investigated, and the other dilepton probes were prioritized. This is the
motivation for the feasibility study at the basis of this analysis - to see if it is viable to analyze
e-p probes in ALICE Run 3 data, or if the statistics limitation would still be too great.

2.4.2 Experimental Studies

The practicalities of studying e-u pairs can now be discussed. First, it is necessary to cut out
particles with lower momenta, which are more likely to come from background processes. This is
not done equally for both electrons and muons - instead, one lepton flavor is chosen as the “trig-
ger” particle and the other as the “associated” particle in the pair. A high momentum cut is first
made on the trigger lepton, which initially reduces the sample of events being analyzed. Then,
a slightly lower momentum cut is made on the associated lepton. The choice of trigger/asso-
ciated lepton and the magnitude of the momentum cuts will be carefully considered in section [5.6]

In addition to cutting out background, momentum cuts are also important to choose the leptons
that most closely reflect their parents’ azimuthal direction and therefore make a more accu-
rate measurement of the initial quarks that are being probed. Heavy quarks are by definition
produced as high energy particles, so it is likely that when a decay lepton is recorded at high
momentum, it is because the lepton has retained a large fraction of its parents energy. Since
momentum has a directional component, this in turn means that higher momentum leptons will
by propelled in an azimuthal direction closer to their parents. They are also less likely to be
influenced by scattering effects.

So much emphasis is placed on the azimuthal angle of the quarks and their lepton children
because the azimuthal correlation A¢ is the main measurement of the pairs. For every e-u pair
that is detected, A¢ is recorded and then stored in a histogram, through which it would be pos-
sible to visualize trends in the correlation. In general, these azimuthal correlation histograms
will start to form two peaks - one centered on 0 (the “near-side” peak) and a second centered
on 7 (the “away-side” peak). In the e-u case, the expectation is that only an away-side peak
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will form, so pairs in the near-side peak are most likely background.

During previous investigations at PHENIX (the Pioneering High Energy Nuclear Interaction
eXperiment), the e-u channel was analyzed in proton-proton and deuteron-gold collisions [2].
The azimuthal peak of the d-Au collisions was observed to be significantly quenched, more so
than was expected (see Figure [7). The cause of this is still unclear, and further investigation
into the pairs would provide more insight [2].

x10°
.A E T T ] T T T T '* T T 'I T é. T T T 'l l T T T T l T T T T I T T I:
T 80 e-u Opposite - Like Sign Pairs =
= 70 f— Background Subtracted —f
3 F  p+pvs.d+Au 3
= [ uwwith p_>1.0,14<n<21 ]
g 6of e* with p':‘ao.s, i< 035 3
s 50 E_ d+Au scaled by <N_ >=7.59 _E
£ F E
40F =
30F &
Lhtnand 1]

4
A¢ (rad)

Figure 7: The azimuthal correlation between e-y pairs in a previ-
ous study at PHENIX, for both the p-p and d-Au collision systems

2]

No further investigation has been undertaken to catalog e-u correlations in heavy ion collision
data, where there would be a strong expectation of QGP.

3 Hardware Setup

3.1 Kinematic Coordinates

In particle physics experiments, a unique coordinate system (referred to throughout this analysis
as the “kinematic coordinates” is used to define the location of particles based on their relation
to the beam line and the interaction point (IP) where the collision occurred. A brief overview
will now be provided along with the visual representation in Figure [8]

The primary coordinates are transverse momentum (pr), azimuthal angle (¢) and pseudorapidity
(n). These are extremely convenient to work with, as they provide important information about
the properties of any given particle without being influenced by the aftereffects of the collision.
For instance, transverse momentum (the component of a particle’s momentum in the zy plane)
is inherently perpendicular to the direction of the colliding beams along the z-axis [6] and
it therefore excludes the large remnant of the beam’s momentum that would have obscured
information about the particle itself. Azimuthal angle is also measured perpendicular to the
beam line, in the same way that it would be in cylindrical coordinates.
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7 = +0o0

Figure 8: Visualization of the detector (pr, 1, ¢) coordinate sys-
tem, with comparisons made to the cylindrical (¢, 0, z) and carte-
sian (z, y, z) coordinate systems [16]

3.1.1 Note on Pseudorapidity

The final kinematic coordinate, pseudorapidity, is less intuitive than the others and so will now
be addressed in more detail. Pseudorapidity is related to the concept of rapidity (y), which
is in turn related to velocity and momentum. Rapidity has the advantage of being Lorentz
invariant, meaning that it doesn’t change based on the reference frame of an observer under
special relativity [17]. It is defined in equation

1 E+p,
y—21n<E_pz) (3)

There is a feature of this rapidity definition that is a complication in experiment - it is inherently
reliant on energy, and therefore on particle mass, which requires knowledge of what type of
particle is being recorded. In experiment, it is not possible to identify the particles at the data
capture level. Instead, this can only be done much later on during analysis (as will be discussed
in section . To remove this dependence, an approximation can be used that is entirely
dependent on polar angle (0, the angular direction of movement in the z-plane). This is called

the pseudorapidity,
0
n=—In <tan 2> (4)

In Figure [ the corresponding value of 7 is shown for a range of polar angles. Due to this
relationship with polar angle, the range of particles that a detector is able to record is often
quoted in pseudorapidity regions. At ALICE, the detector is split into two main 7 regions - a
central barrel which covers |n| < 0.9 and a forward region which covers —4.0 < n < —2.5.
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Figure 9: The relationship between polar angle (6) and pseudora-

pidity (n) [16]

3.2 The ALICE Detector

e EMCAL | Electromagnetic Calorimeter

e FIT | Fast Interaction Trigger

e HMPID| High Momentum Particle
Identification Detector

o ITS| Inner Tracking System

e MCH| Muon Tracking Chambers
e MFT| Muon Forward Tracker
° MID| Muon Identifier

e PHOS/CPV| Photon Spectrometer
© 10| Time Of Flight

@ TPC| Time Projection Chamber
@ TRD| Transition Radiation Detector
Q ZDC| Zero Degree Calorimeter
@ Absorber

@ Dipole Magnet

@ L3 Magnet

Figure 10: An overview diagram of the ALICE collaboration de-
tector as of LHC Run 3 [3]

In Figure[I0] the various subdetectors at ALICE as of Run 3 are displayed. The original iteration
of the detector operated during Runs 1 and 2 before undergoing major hardware upgrades. The
inner tracking system (ITS) was completely replaced. The time projection chamber (TPC), the
transition radiation detector (TRD), the time of flight chamber (TOF) and the muon spectrom-
eter [18] subdetectors underwent significant electronic upgrades. Additionally, the diameter of
the beam pipe was reduced and a muon forward tracker (MFT) was added to supplement the
tracking capabilities of the muon spectrometer. These hardware changes, along with software
upgrades that will be described in section [4 will improve ALICE’s capabilities for both electron
and muon detection.
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The detector is split into two main sections based on 7 coverage (the “central barrel” and “for-
ward” regions). The main difference in purpose of the two sections is the particles that they
are designed to observe. The forward region specifically handles muon detection, while all other
particles are picked up in the central barrel. This layout affects the inherent properties of the
e~ pairs which are detectable using the ALICE detector. Unlike with the same-species dilepton
probes introduced in section where both leptons in the pair would have to have similar
pseudorapidities to be detected, the ALICE detector geometry defines that the electrons and
muons which make up the pair signal must instead exist in two different regions.

Though this 1 separation further reduces the number of e-u pairs that are available for analysis,
it also provides access to a different region of physics. The total momentum of any hadron
is distributed between its constituent quarks and gluons (known as “partons”). There is a
correlation between the fraction (“z”) of the hadron’s momentum carried by any given parton
and the pseudorapidity of the particles produced in its decay. In this way, particle correlations at
midrapidity can be used to probe partons in the high-x region, while forward rapidity correlations
provide a probe of the low-z region [2]. By utilizing n-separated leptons, the e-u signal will
provide a probe for a region between these two extremes that is currently not accessible at
ALICE via the other dilepton channels.

3.3 Central Barrel Detectors

In this analysis, the central barrel is relevant for its use in electron detection. However, due
to the many other types of particles that the central barrel detects, the major challenge that
will be faced is particle identification. It is crucial to determine which of the many particle
tracks belong to electrons, but doing so requires several different subdetectors with the central
barrel and will always come with some degree of uncertainty. The primary method of particle
identification is to measure how much energy is lost by a particle, and therefore deposited in the
detector material, as it moves through various detector layers. This quantity of energy loss is
referred to as %. In this section, the most relevant detectors involved in electron PID will be dis-
cussed, with the knowledge that there are many more components to the overall ALICE detector.

A crucial element in the central barrel is the solenoid magnet which surrounds all of the central
subdetectors. The magnet was repurposed from the L3 experiment, which previously occupied
the location that now houses the ALICE detector. It weighs 7800 tonnes and generates a
magnetic field of 0.5 T [I9]. As particles are produced in proton or heavy ion collisions, they are
exposed to this field. The curvature of their path through the detector reflects the manner in
which they interacted with the field, which allows for conclusions to be made about their charge
and momentum.

3.3.1 Inner Tracking System

The first detector encountered by particles outgoing from a collision is the inner tracking system
(ITS). This is the main detector used in reconstructing the location of the IP of each event.
It is also important in the identification of secondary verticies, which are the points of particle
decays after the collision has occurred [19]. In the Run 3 upgrade, its resolution capabilities in
this area improved by a factor of 3 [I§]. Also expanded in the upgrade was its particle tracking
abilities. It can now track electrons at lower momenta then before, with a minimum trackable
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Beam pipe

Figure 11: Diagram of the ALICE inner tracking system, high-
lighting the inner and outer barrels around the beam pipe [18]

pr of 0.05 GeV [18].

The ITS is constructed of seven distinct silicon layers grouped into two cylindrical barrels -
the inner barrel (3 layers) is closest to the beam pipe and is surrounded by the outer barrel (4
layers). Each of these layers is made out of long triangular prisms (called “staves”) arranged
into concentric cylinders. Before Run 3, the ITS had only six layers. In order moving outwards
from the beam pipe, there were two of each of the following: silicon pixel detectors (SPDs),
silicon drift detectors (SDDs) and silicone strip detectors (SSDs) [19]. With the second iteration
of the ITS, all seven layers are now specialized SPDs that specifically use “monolithic” pixel
chips, where all the circuitry is included on one piece of silicon [20].

3.3.2 Time Projection Chamber

Surrounding the ITS is the time projection chamber (TPC), the largest subdetector at ALICE.
The TPC is a gas-based tracking detector that plays an important role in particle identification.
The ALICE TPC has a minimum tracking efficiency of 98%, and can perform particle identifi-
cation for pr < 20 GeV.

As shown in Figure the TPC is made up of a central cylindrical “cage” chamber. A poten-
tial difference is produced within the cage between the central electrode and the endplates. As
a charged particle moves through the gas-filled cage, it ionizes its surroundings and produces
ionization electrons, which then drift along the lines of potential difference to the endplates [20].
This will happen throughout the particle’s movement, meaning a series of ionization electrons
will be produced corresponding to locations on the original path (or “track”) of the charged
particle through the detector.

As the ionization electrons reach the endplates they are read as data points. Information about
their position on the end plates and the time that they reached the plates can be used to
reconstruct the particle’s path. At ALICE, the TPC end plates are split into 18 sectors. In
Run 3, the readout chambers on the end plates were upgraded to gas electron multipliers (GEM
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Figure 12: Diagram of the ALICE time projection chamber [21]

chambers) which are better equipped to handle high luminosities [21].

3.3.3 Transition Radiation Detector

TRD stack TRD supermodule

TRD chamber

TOF

Figure 13: Diagram of the ALICE transition radiation detector,
showing the chamber/stack/supermodule structure [19)]

The transition radiation detector (TRD) lies beyond the TPC and supplements the particle posi-
tioning capabilities of the ITS and TPC. The main design purpose of the TRD is high-momentum
electron identification, with a focus on differentiating electrons from pions, that contribute the
largest background signal for electrons (“pion rejection”) [19]. Due to pion contamination in the
sample, especially at higher momenta, the TRD is especially helpful for the analysis of semilep-
tonic decay products [22], making it of great interest to this analysis.
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The full TRD is constructed of 540 individual chambers, arranged in stacks of 6 layers each.
As illustrated in the diagram of Figure 5 adjacent stacks is called a “supermodule”, and 18
supermodules arranged in an approximate cylinder make up the TRD. Hits in each layer are
called tracklets and can be examined in order to reconstruct the path of particle tracks through
the detector.

As indicated by its name, the TRD works on the principle of transition radiation. When a
charged particle passes (or “transitions”) from one material to another, it has a chance to emit
transition radiation in the form of a photon. Conveniently, pions do not emit this transition
radiation, so it is easy to identify electrons that are recorded as having emitted such a photon.
Since this radiation is probabilistic (not guaranteed to occur with every transition), to increase
the likelihood of photon emission in each TRD chamber, particles first encounter and pass
through a “radiator” made up of alternating materials. This increases the transitions of each
particle, therefore increasing the emission likelihood [22].

3.4 Muon Detectors

Muons have some unique features that result in them being extremely convenient to identify and
track through detectors. When charged particles move materials of higher density, the amount
of energy they lose through ionizing their surroundings increases. Being heavier than electrons,
muons are able to travel (“penetrate”) much farther through dense material without losing all
of their available energy. In addition, muons do not interact with the material they are moving
through via any mechanism other than ionization, which is not true of other charged particles
[6]. This property can be exploited in an experimental setup to achieve specific muon detection.

3.4.1 Muon Spectrometer
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Figure 14: Diagram of the ALICE muon spectrometer [23]
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The muon spectrometer at ALICE is specifically designed to take advantage of the penetrating
power of muons. Before particles can reach the main body of the spectrometer they encounter
the front absorber, which consists of a mixture of carbon and concrete. The absorber aims to
prevent other particles, specifically hadrons and photons that might also survive until the for-
ward region, from reaching the muon tracking chambers and contaminating the muon sample.
As an additional measure to guard against radiation from the incoming collision beams, the
entire length of the beam pipe that the spectrometer covers is surrounded by a beam absorber
of tungsten, lead and stainless steel [19].

Past the front absorber are the five muon tracking chambers (MCH). Two chambers are placed
on either side of the central dipole magnet, with the fifth existing within the magnet. The
positioning of the MCH allows for the bend of the muon’s trajectory due to the magnetic field
to be analyzed. In Runs 1 and 2, the MCH was the only method of muon tracking available,
but during Run 3 it has been supplemented with the addition of the muon forward tracker [24].

Finally, at the end of the muon spectrometer that is farthest away from the interaction point,
particles passing through the detector encounter the muon filter and subsequently, the muon
trigger system. The filter is made of iron and therefore has a higher density than the front
absorber, which provides a final layer of protection against non-muons. This ensures that only
high-energy muons are able to reach the trigger system, which identifies which events have a
significant muon signal [23].

3.4.2 Muon Forward Tracker

Absorber

FIT

ITS Quter Barrel

ITS Inner Barrel

Figure 15: Diagram of the ALICE muon forward tracker’s position
in relation to the inner tracking system and muon spectrometer

24)

As previously introduced, the muon forward tracker (MFT), is a new installation of the ALICE
detector for Run 3. It is a monolithic silicone pixel chip detector (similar in design to the new
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ITS staves) that is placed before the muon absorber. As a result of this positioning, the MFT is
able to carry out precise tracking of charged particles within the observable range of the muon
spectrometer and in this way is used to improve the capabilities of muon tracking at ALICE.
Though it cannot differentiate between muon tracks and those from other charged particles in
the way that the spectrometer is able to, MFT tracks can be matched with the signals from the
MCH in order to reconstruct the full path of muons (before and after interaction with the front
absorber).

4 Run 3 Data Analysis Setup

Though it is not within the scope of this project to undertake a full analysis using Run 3 data,
the steps that would need to be taken in order to produce such an analysis were investigated
and tested. In this section, a description of how to go about a real data e-u study is presented
and initial tests are performed to confirm that a the study would be possible within the existing
ALICE code base.

In addition, this section presents the setup of the ALICE software framework (02) locally at
UCT for the use of students within the UCT-ALICE group. The setup was developed over the
course of this project. The process of doing so, along with the practicalities of using the setup,
will be discussed. The structure of the software framework is also reviewed.

4.1 The 02 Software Framework

As of the LHC’s third run, the ALICE experiment has transitioned to using a ROOT-based
software framework called O2. The two O’s stand for Online and Offline, as the framework is
designed to handle ALICE’s software requirements at every step in the experimental process.
This means that not only is O2 used for handling data readout during the online period when
collisions are occurring in the detector, it is also responsible for the offline processing of data
and analysis of results [25].

02 relies on manual, user-driven updates due to the constantly evolving code requirements of
the experiment. There are over 2000 active members of ALICE, many of whom are actively
using the software for their own analysis and code development. To avoid conflicts, especially
those that would result in the loss of experimental work and data, each user is responsible for
maintaining their O2 version and ensuring that any changes inherited from the main branch do
not create issues in their own work. Users are then able to dynamically develop code for their
own purposes, rebuilding and updating the software regularly.

4.1.1 Setup on the UCT HPC

02 is supported in a limited capacity on several platforms, however installation can be chal-
lenging and demanding on local machines. The hardware recommendations are out of scope
for the average student at UCT - a large amount of storage and memory is required to use it
reliably. To mitigate these computing challenges while undertaking this report and in order to
make O2 more accessible for use by future students in the UCT ALICE group, a period of time
was dedicated to setting up a process by which it can be run on the UCT high processing cluster
(HPC) [26].
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It was decided that the optimal approach was through the containerization software Singularity
[27]. Containers in this context are light-weight virtual operating systems that can be used
dynamically after configuration. While there are many widely-used containerization platforms,
the primary example being Docker, Singularity is generally the prime choice when working on an
HPC. Docker executes commands through the Docker daemon, which requires root privileges to
function [28]. This is not automatically an issue but in an HPC environment with many users,
authorizing the Docker daemon to function can pose a serious security risk as it provides users
the ability to obtain unrestricted access to the system [29]. Singularity is designed to be run
by an unprivileged user, and therefore provides a convenient alternative that does not suffer the
same risk.

However, there is a complication to using Singularity. Containers by default exist in read-only
mode, and while theoretically it is possible to enter a container in a way that allows write-ability
(using the “sandbox” mode), it requires sudo access, which nullifies the previously explained
advantages for unprivileged users. While it is possible to use Singularity to simulate root permis-
sions (using the flag --fakeroot when entering the container environment), this can be disabled
by the HPC administrators for security reasons, as is the case at the UCT HPC. Therefore, the
only way to use Singularity on the HPC is to first build the container on a local machine with full
permissions, install the needed software (either by using a Singularity definition file or sandbox
mode), and finally load a static version of the container onto the HPC in the form of a .sif file.

This presents a direct challenge for O2 usage. Considering the previously-described dynamic
nature of the framework, one cannot simply load O2 onto a container - not only would this
restrict the development of new analysis code in the UCT group, every time a user wished to
update their version of O2 (often an unavoidable necessity due to incompatibility of old code
with the newest data formats) it would require a new Singularity container to be built and O2
to be re-installed. Beyond this installing O2 locally, even within the virtual environment of a
Singularity container, does not address some of the hardware issues originally encountered. In
fact, this process would still require a large amount of storage space and processing power which
the average student may not have access to.

The proposed solution was to create a custom container locally that would function as a vir-
tual CentOS 7 machine (the primary supported platform for O2) and only setup aliBuild (the
installation tool for ALICE) and it’s prerequisites, following the steps in the relevant documen-
tation [30]. The created file was moved to the \scratch folder on the HPC and an attempt was
made to directly install O2 from a shell within the container.

Unfortunately, despite a promising start to the installation, nothing about this setup would ever
work easily during the period of time that this procedure was being developed. The core of the
issue was that during the installation process, O2 tries to make hard links between data and
files in separate directories. In a Linux filesystem, a hard link points directly to the data being
stored while its counterpoint (a soft link) is more indirect, pointing to another file which then
in turn points to the data in storage [31]. The file system used on the HPC, BeeGFS, does not
support hard links between different directories.

Many attempts were made to understand and find a work around for this obstacle. After much
experimentation, a solution was found in the form of Singularity’s persistent overlay feature. If
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Figure 16: An illustration of the UCT HPC’s node structure [26]

an external file system is available, it is possible to mount it to the Singularity container upon
activation and use it instead of the default. In Linux, creating an empty file system is trivial
with the mkfs command. Using the available tool, an ext3 file system was created and after
testing it was determined that when using it as an overlay, the container could be successfully
used as if it was not a read-only object.

From within the Singularity container (now equipped with the empty ext3 file system), it was
then possible to continue with the installation of O2. The final piece in the process was explicitly
directing aliBuild to use a folder in the new file system’s \home directory as the “work directory”
for O2. This folder is not visible to the user from outside of the container, but is easily accessible
within it and can be used to access the O2 environment. In this way, the hard link limitations
of BeeGFS were bypassed and O2 was successfully installed.

4.1.2 Using O2 on the HPC

Detailed instructions for setting up an O2 build on the HPC, as well as the relevant Singularity
container file, can be found on a linked github repository [32]. A brief description of how to
access and run O2 once these instructions have been completed will now follow.

The HPC is a complex multi-user system, with specific rules that must be respected when using
it. A layout of the HPC architecture is displayed in Figure [16| below. Upon logging in, a user is
directed to the “head node”, the primary Linux server of the cluster. Any processing job run on
the HPC must be run on one of the worker nodes, so it is crucial to never run any Singularity or
02 commands without first moving onto one of these secondary servers. As shown in the figure,
this is achieved through the use of SLURM (Simple Linux Utility for Resource Management), a
scheduler that manages the optimal allocation of nodes based on job requests [33].

When running O2, users should either submit resource requests through the sbatch command,

which allows for the submission of prewritten bash scripts, or create a bash terminal on a worker
node using the srun command. This second method is more interactive, and therefore often
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more convenient when working on code development in O2. In either case, it is important to re-
quest resources (such as cores and time needed) based on estimated usage. Once resources have
been assigned and the worker node has been accessed, users can enter the Singularity container
and from there, the O2 environment.

The separation of the working directory as described previously allows for the user to view and
edit their analysis code upon logging in to the HPC, without needing to move to a worker node
to avoid inducing load on the head node. However, building and re-building O2 is only possible
when the work directory is accessible, and therefore users must be within the Singularity envi-
ronment to compile their code and test any changes made. Code compilation can be achieved
using the O2 ninja tool [25].

It should be noted that when working with O2 on the HPC, the chosen storage location is
\scratch. The main benefit of using \scratch is the space associated with it. In a user’s
\home folder one can only access 20 GB of storage space, while on \scratch one has 100 GB by
default (and this can be increased on request). Considering the storage requirements of 02, this
is extremely desirable. As the \scratch folder is not backed up and is intended to be treated
as temporary storage, the regular use of Git is highly recommended to ensure work is not lost
(a general good practice).

4.1.3 0O2 Data Structure

When trying to understand the way that data is structured in O2, it is important to look at the
wider context of the transition from Run 2 to Run 3. O2 which was introduced as a successor for
AliPhysics (the software framework utilized by ALICE throughout Runs 1 and 2) and includes a
complete restructuring of how data is stored. The design decisions that were made are a direct
consequence of the increased requirements associated with the higher luminosities of Run 3. In
previous years of operation, data was stored on a “hierarchical” event-by-event basis [34], which
is not possible in Run 3 due to a key change in how data is captured. Instead of triggering based
on individual events, ALICE now triggers for entire bunch crossings of particles (BCs). This is
known as “continuous data taking”. Since events are no longer the default unit of classification,
data is now grouped and stored in “timeframes” of 10 ms.

Timeframe data is processed and stored as a series of tables in Analysis Object Data (AOD)
ROOT files. These tables can be treated similarly to a relational database and many of the
relational operations associated with typical database handling have been reproduced for use
by analyzers in O2. Keys (known as indexes in O2) form the links between objects in different
tables and are used to relate particle tracks back to the event that they came from. These events
in turn have indexes that relate them to a specific bunch crossing, etc.

Figure details the most important of the table relationships, with arrows representing the
indexes. The outlined boxes represent groups of tables that contain information about the same
objects and can be joined together in different ways. To understand how this applies practically,
one can look at the Tracks and FwdTracks tables. They both represent particle tracks that have
been recorded in the detector. Each track in these tables has an index linking it to an event in
the Collisions table that, during reconstruction, it was classified as originating from.
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Figure 17: An overview of the major table data structures in O2
and the links between different table groups [34]

However, as shown by their grouping in the figure, they are stored fundamentally as sepa-
rate types of objects. Tracks stores track information from the central barrel detectors, while
FwdTracks does the same for the forward arm/muon detectors and as such each has their own
requirements. The other tables in each group contain additional information that may or may
not be necessary, such as particle identification from the TOF and TPC detectors for central
barrel tracks. In this way every analysis task can choose what tables to use and not suffer the
loss of efficiency that would come from processing unnecessary information.

It should be noted that in Figure|17|there are some tables and links that have been omitted - for
example, there are tables of “ambiguous” tracks and forward tracks. These are tracks that met
the detector requirements to be classified as a particle instead of background noise, but could
not be cleanly reconstructed to belong to one specific collision event. Since data is no longer
stored on an event-by-event basis, there is an inherent uncertainty in classifying particles to
events. Even tracks not stored in the ambiguous tables are affected by this. A process known as
event mixing is typically applied to account for reconstruction ambiguity when it comes to parti-
cle correlations. It involves intentionally matching pairs of particles that have been classified as
coming from different events, using the resulting false signal as a type of background subtraction.

Other relational concepts that can be used when writing an analysis task in O2 include partition-
ing, which can be used to split a table into smaller components based on a given criteria (such
as particle charge or position in the detector) and filtering, the primary method of applying cuts
in an analysis task. Filtering a table follows the same logic as a relational selection operator.
A user can define multiple filters based on different table parameters and then instruct O2 to
apply them all at the processing step of their code.

02’s analysis framework is complex and multifaceted, and there are many tools that have not
been outlined here due to a lack of relevance to the analysis tasks referenced in this report. For
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further information, the O2 documentation [25] can be referred to along with the latest edition
of the O2 analysis tutorials, organized on a semi-regular basis by the members of the ALICE
experiment.

4.1.4 The DQ Analysis Framework

The ALICE experiment is divided into several Physics Working Groups (PWGs), each with
their own area of focus. One of these groups is PWG-DQ, focusing on dilepton and quarkonia
analysis. The DQ group has developed its own specialization of the O2 analysis framework to
accommodate the specific needs of dilepton analyses. Electron-muon correlations are a dilepton
probe, so this is the optimal environment to investigate the pairs. There is already some code
infrastructure available to facilitate the analysis of the e-u channel incorporated into the DQ
framework.

The DQ framework introduces a series of new “reduced” tables into the data model. These
tables do not replace their O2 equivalents, instead acting as a follow-on step in data processing
before the actual analysis is performed. Broad cuts are chosen depending on the type of analysis
to be done and are provided as a configuration input to the TableMaker task. The list of avail-
able cuts, which are specialized for DQ analysis topics, can be found in the DQ CutsLibrary [35].

From here, the original O2 tables are “skimmed” such that only events and tracks that pass the
inputted cuts exist in the dataset. Due to the smaller size of the now-reduced tables, they are
much more manageable in an analysis context. This means that a user undertaking an analysis
has the ability to re-run their desired analysis task in a way that is more time and resource
efficient than it would have been when using the original tables, allowing experimentation for
tuning cuts, etc.

The O2 DQ data model
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Figure 18: The reduced table structure of the DQ framework
within O2 [35]
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4.2 Analysis Task Requirements

As mentioned, there is already a framework in which to undertake an e-y analysis in the DQ
code base. Ideally, the TableReader task [35] would be used with the correct configuration,
and e-p specific cuts would be developed in line with DQ conventions and added to the current
library. In this section, the basic components of how to process reduced DQ tables in a task
such as TableReader are reviewed and the specifics that would need to apply in the e-u case
are discussed.

Before the analysis itself is undertaken, it is necessary to run through all elements of the reduced
tables and classify which entries pass the chosen cut requirements. To accommodate this, the
analysis task is separated into functions called structs, which are executed in a specific order
as specified by the user. There are three selections that are relevant in the e-p case - event
selection, barrel track selection and muon track selection.

Each of the selection structs in the DQ framework return a vector that corresponds to the
length of the table being cut (either events, barrel tracks or muons) and can be joined to these
tables in a new “selected” data type. As the struct executes, it assigns a numerical value to
each entry in the table based on whether it passes each selection criteria (a positive value is
assigned to those that do). In this way, the success or failure of a single element to pass multiple
desired cuts can be assessed with a single check during analysis, simplifying the process.

Event cuts for proton-proton events are generally only made on the z-axis position of the col-
lision and the performance of the detectors while the run was taking place. Barrel track cuts
in the e-p case would need to include particle identification requirements to choose an electron
sample. This is also where the associated pr cut could be performed, as well as general quality
cuts on the barrel tracks themselves, including track matching information between the various
barrel subdetectors. Similarly, the muon cuts would need to incorporate a trigger pr cut and
muon track quality/matching.

During the sample analysis, a filter which requires reduced tables to have a positive selection flag
can be created and applied to the reduced tables joined to their selection vectors. The surviving
barrel and muon tracks of all events that passed the cut requirements are then processed. In
order to analyze e-u pairs, the task then needs propagate over combinations of barrel and muon
tracks in the filtered events.

An additional step that is required in this type of data analysis is event mixing, a process
which is also facilitated in the DQ framework. Event mixing is a method which aims to removes
ambiguous tracks and background by deliberately incorrectly pairing tracks from different events.
This would result in a purposefully uncorrelated background measurement which could then be
subtracted from the e-p spectrum to assist in removing noise from the signal.

4.3 Testing the Analysis Task

In order to gauge whether an e-p analysis can be implemented and executed with relative ease
within the existing ALICE software, a simplified adaptation of the TableReader analysis task
was written and locally tested on a small dataset skimmed using TableMaker from a single run in
2022. The original dataset contained 4350056 p-p collisions. A basic event cut was applied to se-
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lect collisions with a primary vertex within 10cm of the central interaction point along the z-axis.

During data skimming, initial cuts were made on the pseudorapidity of the barrel and forward
tracks to ensure that they lay within the valid range of the ALICE detector. An additional
“matching” cut was made on the forward region data to ensure that selected tracks had been
found in both the muon chambers and the muon identification region.

Due to the lack of e-u specific cuts in the CutsLibrary, local cuts were created within the task
according to DQ convention. The barrel and muon selections as described in section 4.2 were
implemented and tested, though event selection and mixing were not included in the analysis
task. For both barrel and forward tracks, the local cut was designed to allow a user to adjust
track pr in a separate configuration file. The barrel track cut additionally contained the option
for election identification cuts to be made using the TPC, though due to the size of the dataset
this option was not used in the production of the figures presented below.

The test version of the analysis task (available at the code repository for this project [36]) was
indeed able to run successfully, though due to the small size of the dataset it must be emphasized
that no analysis was attempted or would be possible using the obtained output. It is expected
that the test dataset is composed entirely of background, with no signal visible. However in
order demonstrate the initial functionality, Figures [I9] [20] and [21] are presented.

In Figure the transverse momenta of potential pair partners are displayed. All tracks recorded
in the histogram come from events in which signals were picked up in both the central barrel and
muon detectors, therefore having the possibility of coming from a shared parent quark pair. The
azimuthal correlation histograms for these tracks are displayed in figure In the top subplot,
all correlations are considered with no regard for the electric charge of the constituent leptons.
This is then categorized into two more subplots, displaying the like- and opposite-signed pairs
independently.

Though no cuts were applied to the tracks in Figures and it is possible to impose re-
strictions on the transverse momenta of the barrel and muon tracks within the emuConfig. json
configuration file (refer to [36]). The azimuthal correlation histograms of the pairs with such a
momentum cut imposed are shown in Figure There are also cuts related to particle identifi-
cation available to be configured.
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tector tracks in a single 2022 run
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5 Simulations

As discussed in section [2.4] a major limiting factor of using the e-y channel is the low rate of
pair production compared to other dilepton heavy quark probes. While the LHC’s third run will
provide the opportunity to the study a larger sample of data than in previous experimental runs,
the kinematic acceptance range of the ALICE detector (as quoted in section and the pr cuts
required to increase sample purity further reduce the available statistics. Before undertaking
an e-p correlation study using Run 3 data, it is necessary to understand to what extent these
limitations will further reduce the sample of data. How many heavy quark pairs are produced
that can be detected in the form of an e-p pair, considering the detector restrictions? Gauging
this will allow for an estimation of the quantity of real data that would need to be analyzed
to see a viable e-u signal and from there a statement can be made about the feasibility of the
method.

To achieve this, simulated events must be used. In high-energy particle physics, there is an
inherent restriction on what can be directly measured in a detector due to the time and distance
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scales of particle decays. Therefore, the data output of such experiments comes in the form of
the surviving decay products of the particles created during any given collision. Detailed particle
identification and reconstruction must then be undertaken to determine, within some degree of
uncertainty, the type of particle that the detector recorded, where it originated from within the
machine and what parent particles may have originally existed. Simulated events do not have
this restriction - since it is possible to track the “particles” through every stage of the decay
process, a full breakdown of every particle’s properties and history can be extracted.

Particle collision simulations are based on the current understanding of the Standard Model and
are therefore not infallible. They can only provide information to a degree of accuracy which
reflects the success of theoretical models in describing underlying physical processes. However,
with an understanding of the degree of success that these theoretical models achieve in describing
experimental results, an expectation can be set for what may be seen in data. Specifically, for
this study, the goal is to gain an understanding of

(i) how many p-p collisions produce heavy quark pairs that decay into oppositely-signed e-p
pairs,

(ii) how often these e-y pairs fit the criteria of 7, < [0.9] and —4 < 1), < —2.5 necessitated by
the ALICE detector geometry and

(iii) how much this sample is reduced by cuts on the pr of the trigger and associated final-state
particles.

These restrictions will be used to build a reduced cross section of quark pairs that have a viable
chance of being measured by the ALICE detector in the form of e-y pairs.

5.1 Pythia

The simulations run throughout this analysis use Pythia, a full event generation software orig-
inally developed by researchers from Lund University [37]. The usefulness and importance of
using simulations in high-energy particle physics has been discussed, but it is also necessary to
understand how these simulations are produced and in this way provide context for the reliability,
benefits and limitations of any analysis that makes use of them.

5.1.1 Random Sampling

Pythia uses Monte Carlo methods, a group of computational techniques characterized by the
random sampling of theoretical probability distributions. Mathematical descriptions of the stan-
dard model provide the current best estimate of the distributions that describe the likelihood of
a given physical processes occurring during a particle collision. Knowledge of these probabilities,
coupled with the inherent randomness of Monte Carlo methodologies, allows for a computational
picture to be constructed that is reminiscent of what is observed in real collisions. This approach
of harnessing random number generation is at the core of Pythia’s event generation.

However, the complexity of high energy particle collisions cannot be overstated. In order to
succeed at reflecting real physical effects, it is necessary to use a large parameter space with
many variables incorporated. This is where classic Monte Carlo methods run into one of their
major limitations: the “curse of dimensionality”. When dealing with multidimensional systems
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such as these, the scaling of the problem and its associated processing requirements becomes
exponentially large [38].

Because of this effect, independent sampling of the distributions becomes unwieldy and imprac-
tical. To remedy this, Pythia employs a method known as Markov Chain Monte Carlo (MCMC)
[39]. This method removes the requirement for statistical independence when performing ran-
dom generation - instead, each new parameter is dependent on the previous one, creating a
“chain of dependence” known as a Markov chain [40].

The final component to be mentioned are the various “tunes” that can be set in Pythia. While
the MCMC method takes into account theoretical predictions of nature, these distributions alone
are not a complete descriptor for all interactions within a collision. To account for this Pythia
uses a pre-set parameter space, called a tune, to adjust its output and best reflect real-world
observations [39]. There are several of these tunes available, each one taking into consideration
the event data from a different experiment. The simulations run for this analysis utilized the
default Pythia tune (Monash 2013).

5.1.2 Simulated Events

To understand Pythia’s inner workings, it is useful to break down the basics of what occurs when
an event is generated. For the purposes of this review, a basic overview of the major components
is provided, but it should be noted that many other complex interactions occur throughout the
process.

Contrary to what might be expected, Pythia’s first step is not to generate the first process that
would happen linearly in time. Instead, the software begins with what is known as the “hardest
process”. “Hardness” in this context is complex and linked to the definition of hard and soft
processes as described in section It is also a measure of the degree to which particles
and the subsequent processes they are involved in are mathematically virtual according to the
Heisenberg uncertainty principle [15] [6].

For the purposes of this analysis and in order to quantify what sets apart the hardest process as
it is discussed here, it can generally be thought of as the most energetic subprocess that occurs
as a result of interactions between the quarks within the two colliding protons (“partons”). The
transverse momentum of this hardest process is denoted pr. The energy involved in this process
is variable and dependent on what fraction of each proton’s momentum (p.) is carried by the
interacting partons that are involved.

Pythia events are classified according to the nature of the hardest process (stored by the software
as the event’s “code”), and users are able to specify which category of events are desired for
any given simulation [39] based on this classification. Further details on the options that are
available, as well as the choice made for this study, will be discussed in section [5.2.1]

After this hardest process is generated and the event is defined, Pythia moves on to simulat-
ing processes that exist at increasingly lower hardness scales. This is achieved through what is
known as a parton shower [15]. In Pythia, parton shower processes can be split into two distinct
classifications - those that occurred before the hardest process on a scale of linear time (known
as the initial state radiation or ISR), and those that occurred afterwards (known as the final
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state radiation or FSR) [39].

ISR processes generally come from the internal interactions of each colliding proton. Then as
previously discussed, the interactions between partons in the two separate protons result in the
hardest process, which has already been determined as the basis of the simulated event. It
should be noted that during this stage of parton interaction, it is possible for the other partons
to interact in ways that are not the event’s hardest process - these are known as multi-parton
interactions (or MPIs) and while they are not accounted for in depth during this study, they
are a major complicating factor in Pythia and come with their own set of user input options.
Finally, the hardest process and other hard scatterings lead to further particle production, which
characterizes FSR interactions [39).

Once all partonic interactions are defined for an event, Pythia must begin to simulate hadroniza-
tion (as outlined in section . Pythia uses the Lund String Model to describe the hadroniza-
tion process. [39][8]. The first hadrons that form often do not exist in a stable state and so may
decay into a range of child particles. Pythia continues to simulate these decay processes until all
remaining particles exist in their “final state”. These final state particles are analogous to the
particles that, in real events, reach the detector and therefore have a chance of being recorded
in an experiment.

5.1.3 Particle Information

With this understanding of how Pythia approaches event generation, the output provided to the
user can be discussed. The main channel of information in high-energy physics simulations is
called an event listing (or record). In Table|l] a selection of rows taken from a full Pythia event
listing are displayed.

no. id name status mothers daughters colors Do Dy P e m
0 90  (system) -11 0 0 0 0 0 0 0 0 0 13700 13700
1 2212 (p+) -12 0 0 93 0 0 0 0 0 6850 6850  0.938
2 2212 (p+) -12 0 0 9 0 0 0 0 0 -6850 6850  0.938
5 4 (c) -23 3 4 9 9 101 0 4.409 3.936 -89.004 89.212 1.500
6 -4 (cbar) -23 3 4 10 10 0 103 -4.409 -3.936 -60.131 60.440 1.500
311 321 K+ 91 148 0 0 0 0 0 -1.519 -1.579 -24.719 24821 0.494
312 -211 pi- 91 148 0 0 0 0 0 -0.026 -0.002 -0.348 0.375 0.140

Table 1: Sample of the Pythia event listing from one p-p event
used in this study

There are several parameters of note to discuss in Table[lI} The first three columns are straight-
forward, they contain the particle’s position in the event listing and its identification (both in the
form of a PDG classification code or “id”, [41] and written out by name). The fourth column,
“status”, is how Pythia classifies the particle’s production mechanism, and a detailed breakdown
of what the various status codes indicate is available in the online Pythia documentation [37].
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These status codes can be interpreted by breaking them into two parts, the numerical value and
the sign (positive or negative). The numerical value indicates the manner in which the particle
was produced while the sign tells the user whether it is in its final state (positive means that
it is, negative means it decays further). In this way the status code of the particle can be used
to extract an overview of the particle’s history. For example, the charm and anti-charm quark
displayed in the table (no. 5 and 6) both have the numerical status 23, which indicates that they
are the outgoing particles of the event’s hardest process. In contrast the last two row contains a
final state pion, with the specific numerical value of 91 indicating it was produced in a “normal
decay” as opposed to a resonance or oscillation.

With the nature of the production process covered by the status code, the next column (“moth-
ers”) displays the location in the event listing of the specific parent particle(s) which underwent
that process. The “daughters” column follows on from this, and provides the event listing loca-
tion of the immediate products of a particle’s decay where applicable. It is possible to use this
information to trace the lifetime of any particle in the event, working back through its produc-
tion history until the original protons are encountered or forward until a final state particle is
found.

In the outputted event listing, Pythia displays a maximum of two mothers or daughters in each
of these columns, but in actuality there are sometimes more than two in existence. The full
list can be obtained in the form of a vector. A useful feature provided by Pythia is the user’s
ability to also return a complete vector of daughters produced by a particle past its immediate
decay products (so including the products of subsequent decays). This method was extremely
useful throughout this analysis, as it facilitated the identification of heavy quarks that decayed
into final-state electrons and muons. However, since recursion is used to achieve this, it should
be noted that the vector will likely contain repeats of particles. To avoid double counting in
this analysis and obtain a list populated by unique particles, the vector (which contains a list of
positions in the event listing) would be sorted in ascending numerical order, with the duplicates
being removed using the C++ erase method.

The “color” column contains information about the color and anti-color charge of the particles,
and as such only quarks and gluons will be listed as non-zero. The next four columns, “p,”,
“py”, “p.” and “e” are the components of the particle’s 4-vector momentum, both in physical
terms and computationally. Pythia has a dedicated class, Vec4, for the handling of 4 vectors.
Finally, the mass of the particle is provided.

Other particle properties, such as the important kinematic coordinates (azimuthal angle and
pseudorapidity, as discussed in section are not outputted in the default listing but can still
be accessed. The charge of the particle can also be returned. The full list of methods available
to access particle properties can be found in Pythia’s online documentation [37].

5.1.4 Event Information

In addition to individual particle properties, Pythia also provides information about the event in
general. Some already-discussed examples of this include the value of an event’s pr and its code
classification based on the hardest generated process. When preparing a Pythia simulation, it
is possible for a user to set a pr range for the events being generated, defining bounds for the
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minimum and maximum hardness that the simulation can exist within.

Another important piece of event information is the generated cross section, sigmaGen (denoted
0g4en in future equations) and its associated uncertainty sigmaErr (oe,r). This is a measure of
how likely the generated event is to have occurred out of all possible outcomes in a proton-proton
interaction. In this way it allows for comparison with observations that would be made in real
data. This is crucial when simulating specific reactions/processes in Pythia, as will be done
in this analysis. Scaling each event by an individual cross section and uncertainty is unwieldy,
so once the requested number of events have been generated Pythia provides a total value of
Ogen £ O¢rr that can be applied to all events within the defined parameters.

5.2 Simulation Setup
5.2.1 Process Selection

As mentioned in section Pythia relies on user input when making decisions about the
nature of a simulated event. An important variable input is the classification of the hardest
process, so which code is to be generated. The codes 121 - 124 have been reserved for heavy
flavor quark processes. To decrease the time needed to run the relevant simulations and increase
the likelihood that any single simulated event will result in a relevant e-u pair being produced,
the flags HardQCD:hardccbar and HardQCD:hardbbbar were used throughout this analysis.

However, these processes can not be turned on without consideration. In Pythia, processes are
classified as either hard or soft in alignment with the factorization of the QCD cross section as
discussed in section [2.2.3] This analysis is looking at hard QCD processes and as such, at low pp
values the cross section of the processes diverges and the perturbative solution no longer holds.
Therefore, a user cannot turn on such processes and generate simulated events across the entire
range of pp without consideration.

There are a few ways to deal with this complication. It is possible to set Pythia to simulate
different process types at different hardness scales, so one option is to turn on the softQCD flag
below some threshold value of pr. Once that threshold has been reached, the flag can be turned
off and the desired hardQCD process can be switched on.

However, since this study is focused on evaluating hard QCD processes, the soft QCD region of
the cross section holds far less interest. In addition, since the quark pairs being probed come
from the hardest process, the transverse momentum of each quark in the pair is equivalent
to the value of pr. Quarks with higher energies are more likely to produce high pr leptons,
which consequently increases the chance that these leptons will pass the high py cuts that make
up the third requirement for an “observable” pair as introduced at the beginning of this sec-
tion. This means that harder events are more desirable in this study, so the decision was made
to simply choose a minimum value of pr above 0 and not generate events in the soft QCD region.

To make this choice of minimum pp, a comparison was made between the soft and hard QCD
cross sections, following the procedure laid out in previous investigations [15], now at 13.6 TeV.
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Figure 22: A comparison of the Pythia cross sections for hard and
soft QCD processes at a collision energy of 13.6 TeV

The point of intersection between the two cross sections can be taken as the scale at which soft
QCD no longer dominates, and it is reasonable to generate exclusively hard QCD processes. In
Figure [22] this point is observed to be at 14 GeV.

5.2.2 Hard Process Binning

In addition to setting a minimum pr, it is also possible to set a maximum. Using these two
parameters (in Pythia called PhaseSpace:pTHatMin and PhaseSpace:pTHatMax), a user can
define a hardness “bin” within which Pythia is required to simulate events. This bin could span
the entire desired range of pr, but the range can also be divided into several pr bins of various
sizes.

Approaching the simulation in this way is useful, as it allows for a cross section to be constructed
that has comparable statistics in each bin. Very hard events are relatively rare so when Pythia
is allowed to simulate over a wide range of pp values, the likelihood of a higher pr event being
generated is low, causing limited statistics at harder scales. An additional issue is the reduction
in statistics of quarks with lower values of pp once the high lepton pr cuts are imposed. These
problems are well handled by the binning as described.

In order to reasonably compare the different bins, certain transformations must be applied after
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the simulation has completed. Pythia is now simulating the same number of events in each bin,
but the cross section of the processes at various hardness scales is quite different. This means that
if the data points from different bins are simply combined in a histogram, a significant disconnect
will be observed and no reasonable analysis can be performed. It is therefore necessary to scale
each bin by its luminosity, which takes into account the number of events as well as the cross
section as provided by Pythia’s sigmaGen. In general,

Nevents =Lxo (5)

Since the Pythia cross section is provided in units of millibarn, it should be noted that appropri-
ate scaling has been done done to represent the cross section in units of inverse picobarn (pb~!).
The luminosity of each bin can be expressed as follows:

N,
Lbin _ events (6)

Ogen

The bins are then normalized using this value of Ly;,. In terms of the ROOT code, this is achieved
by multiplying the bin contents with a scaling factor s, where

1 Ogen

= (7)

L bin N, events

S

5.2.3 Cross Section Uncertainty Contributions

Just as Pythia provides a value for the cross section of each pr bin, so too does it store the associ-
ated uncertainties as discussed in section When the various histogram bins are normalized
by their luminosity, ROOT automatically recalculates the errors of the histogram according to
the scale but does not consider this additional uncertainty from Pythia. As such, an effort was
undertaken to manually propagate the o4, uncertainties into the histogram bins to determine
their impact on the overall histogram errors.

When scaling a value, the uncertainty must be scaled proportionally. In this way, the uncertainty
of the scaling factor s in equation [7] becomes

5(s) =3 < Liﬂ) - < N@;ﬂﬁ) Cere (8)

If this is to be taken into account, the automatic error recalculation of each histogram bin would
need to be propagated with the scaling factor error as follows:

() = i () (2 0

where Hy;, is the number of histogram entries in any given bin, and the scaling factor is depen-
dent on the specific value of Ly;,.

Therefore, to determine if the uncertainty o, will have a significant impact on the histogram’s
2

overall errors, it is necessary to compare the two ratio values, (%) and (5—88)2. Due to the

large number of events being simulated in each bin (on the order of magnitude of 10°), it was

2
found that the ratio (%’%) was the significant contributor to this uncertainty. In comparison,
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the contribution from (%)2 was negligible. It was therefore decided that fully propagating the
errors from the Pythia cross section was unnecessary.

5.3 Quark Kinematics
5.3.1 Quark Pairs

In this section, the relevant kinematic coordinates (pr, ¢ and 7) of the heavy quark pairs
are analyzed. In each case, a 1D distribution is displayed first to demonstrate the behavior
of the quarks individually (with both quarks in the pair being counted as distinct particles).
Accompanying these are 2D representations comparing the properties of the pairs, in order to
examine the relationships between the quark pair partners and identify any correlations between
the two particles.
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Figure 23: Histograms showing the transverse momenta of quarks
created during Pythia’s hardest generated process

The Pythia convention of denoting the transverse momentum of the hardest process as pr has
been continued here, though from now on it will also be used to signify the transverse momentum
of the heavy quarks (as these are equivalent by definition). The distribution in subfigure
decreases exponentially (note the logarithmic scaling), indicating that the majority of quarks
are produced at lower energy scales, which fits with expectation. This decrease is reflected in
the changing color grade of the z-axis in subfigure Both quarks in each pair are produced
at the same energy, hence the clean correlation between the x and y axis of the 2D distribution.
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Figure 24: Histograms showing the azimuthal angles of quarks
created during Pythia’s hardest generated process

In Figure the azimuthal angles (¢) of the quarks are examined. In subfigure it is
confirmed that ¢¢ is distributed isotropically across a range of [—m, 7], i.e. the quarks are not
more likely to be emitted at any specific value of ¢g. Subfigure is important to take note
of as it is where the back-to-back nature of the decay is first represented. This behavior will
be reflected in the away-side peak of the e-u azimuthal correlation distribution, and is therefore
key in any analysis that will be undertaken of the pairs.

X
<,

[N} w N o

‘(}I

Quark Pseudorapidity

1 | ]

2 0 2
(a)

Nat1 VS Na2 g

2 4

Nat

(b)

Figure 25: Histograms showing the pseudorapidities of quarks cre-
ated during Pythia’s hardest generated process

The pseudorapidity distributions in Figure [25| are the least straightforward of the three coordi-
nates. Though a correlation can still be observed in the 2D distribution , it is not 1:1 as
it was with the other coordinates - instead, there is a notable spread. This is a function of the
quarks’ rapidity (y), from which 7 is derived (as was first introduced in section . In Fig-
ure[26] the rapidity is plotted explicitly. The 2D distribution in subfigure [26b]is similarly spread.
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Figure 26: Histograms showing the rapidities of quarks created
during Pythia’s hardest generated process

When discussing the hardest process of a simulated event in section it was discussed that
the partons within each original colliding proton carry different fractions of the proton’s total
momentum in the beam direction, z. The distribution of a proton’s momentum between its
partons is not a set constant, but instead is probabilistic and can be described using a “parton
distribution function” (PDF). This implies that the partons involved in the production of the
heavy quark pairs have a range of momenta in the direction of the beam axis, which therefore
causes a spread in the p, of the pairs themselves. Equation [3]| established that the rapidity of a
particle is reliant on p,, so this spread carries over into the comparison of the pairs’ rapidities
and pseudorapidities.

5.3.2 Quark to Lepton Decays

Here the relationship between the kinematic variables of the parent quark pairs and their elec-
tron and muon decay products is cataloged. Before the e-u pairs can be used as a probe of their
parent particles, analyzing these kinematic relationships will indicate in what ways the e-u pairs
reflect the properties of the quarks and how well they do so (i.e. how closely related they are). In
figures [27] and 28 the transverse momentum, azimuthal angle and pseudorapidity are presented.
There are no major differences in the quarks’ relationship with electrons vs with muons, so the
two will be discussed together.
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Figure 28: 1D histograms illustrating the relationship between
kinematic variables of heavy quarks and muons that are produced
in their semileptonic decays

First, the transverse momenta of the two particles are compared. This is done by dividing the
pr of the child lepton with that of its parent quark, in order to visualize the fragment of quark
momentum that is carried by the final state decay product. The histogram does not have any
entries past a value of plT /p? = 1, indicating that a decay lepton will not have a larger value
of pr than its parent particle. As the quarks decay, their momenta will be shared between the
particles created in those processes (i.e. momentum is conserved), leading to decay products
with lower momenta. The histogram fits into this expectation. As the quark to lepton ratio
approaches 0, the slope of the () — e histogram is slightly steeper than that of the ) — pu his-
togram. This implies that muons are more likely to carry a larger fragment of a parent quark’s

momentum than electrons are.

The second and third comparisons are in the form of correlation histograms, with the lepton’s
kinematic property being subtracted from that of its quark parent. The azimuthal correlation
graphs show the effect described in section the majority of the quarks’ decay leptons
reflect their azimuthal angles, creating a strong near-side peak at ¢; — ¢g = 0. When com-
bined with the back-to-back correlation of the quark pairs (as shown in , this is a precursor
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for the away-side peak that is expected in the azimuthal correlation distributions of the e-p pairs.

Finally, though there is some degree of spread, it can be seen that there is a close correlation
between the pseudorapidities of the parent quarks and their decay leptons. This will be exploited
in section [5.4f Though there is no great difference in the general pseudorapidity distributions
for decays to electrons vs muons, there is a significant difference in the detector regions these
particles are recorded in at ALICE, as discussed in section [3] To understand how this impacts
the sample, a 2D histogram is plotted in Figure focused on the central barrel and forward
regions.

Ng VS Ne . N VS N,

-08 -06 -04 -02

(a)

Figure 29: 2D histogram illustrating the relationship in pseudo-
rapidity between parent heavy quarks and their decay leptons,
focused on the central barrel (a) and forward (b) regions of the
ALICE detector

The first noticeable difference in the two regions is that there is a higher density of electrons in
the central barrel then there are muons in the forward region. This is because quark production
is more abundant close to a value of g = 0, as seen in Figure In addition to this abundance
of electrons, the value of g (and therefore 7),,) is centered around 0. This results in a symmetry
in the central barrel that doesn’t exist in the forward region. Instead, muon production in the
forward region is skewed towards the n = —2.5 edge.

5.4 Approximation Method

It is possible to determine whether a simulated event produces a true e-u pair from the semilep-
tonic decay of a quark pair, as will be presented in section below. It is also possible to
examine the semileptonic decays of individual quarks into either electrons or muons, within the
restrictions of the required cuts on 7 and pp. These three factors will all contribute to the
final reduced quark pair cross section, but there is a disconnect - none of the factors provide
information about the likelihood that a pair is created where both the electron and muon exist
within the cut restrictions.
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The most straightforward method to determine this would be to apply the electron and muon
kinematic cuts to the leptons from those events that have been identified as producing true pairs
(tag 6 in section . However, this is not as simple to achieve. As will be demonstrated, the
cuts imposed by the ALICE detector geometry and the accuracy of the analysis are extremely
restrictive so when they are applied to the true semileptonic e-p sample, only around ~ 1.9% of
the sample remains. Even in a simulation with tens of millions of events, the reduction is too
great to work with. After much consideration, it was decided that there was no reasonable way
to simulate a sufficient number of events, requiring an alternate solution be put forward.

In section [5.3.2, a close relationship between the pseudorapidity of the parent quarks and de-
cay leptons was identified. Due to the chosen Pythia configuration, each generated event is
guaranteed to produce a QQ pair, so there is a significantly larger sample of heavy quark pairs
to choose from. Therefore, instead of directly searching for the probability that an e-p pair
is produced within the bounds of the detector’s n regions, it is possible to approximate that
probability by examining the 7 of the parent quarks. Additionally, since there is no restriction
on which of the two parent quark decays to which lepton, both permutations (Q — ¢/Q — pu
and Q — u/Q — e) are allowed in this model, further increasing the statistics.

To implement this approximation method, a choice of n bounds must be made for the parent
quarks. To ensure that the quarks well represent electrons decaying into the central barrel and
muons decaying into the forward region, these bounds must be slightly wider than those of the
actual detector. The details of how this choice was made are presented in section Once the
bounds are well defined, electrons and muons coming specifically from individual quarks within
those bounds can be considered to achieve the desired reduced cross section.

5.4.1 Choice of Quark Pseudorapidity Boundaries

The strategy of choosing the parent quark n bounds was to find the regions in which least half of
all electrons or muons produced through semileptonic decays decay into the appropriate detector
region. For a range of potential 7g boundaries, a ratio was calculated that compared the total
number of quarks that decayed into an electron or muon with the number of those electrons or
muons that decayed “correctly” in 7. In Figure this ratio is plotted for potential ng ranges,
starting slightly within the bounds of the detector regions and increasing in increments of 0.1
on both edges.

From subfigure the cutoff past which most decay electrons do not reach the central barrel
is the region |ng| < 1.6, so this was chosen as the electron parent quark boundary. Since the
forward arm is not symmetric in pseudorapidity in the same way as the central barrel, the z-axis
of subfigure displays only the upper n bound, with the lower bound corresponding to the
same increment away from —4.0 as the upper bound is from —2.5. The chosen boundary for
muon parent quarks is therefore —4.4 <ng < —2.1.
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Figure 30: The ratio of number of leptons produced through
semileptonic decay within the boundaries of the ALICE detec-
tor vs all leptons produced through semileptonic decay plotted for
various parent quark boundaries

To further illustrate the value of the ratios in Figure the pseudorapidity distributions for
heavy quarks which produce electrons and muons through semileptonic decay are displayed in
Figure The ratios plotted in Figure [30| represent the integral of the black histogram divided
by the integral of the red histogram within various bounded ranges of the x-axis.
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Figure 31: Histograms comparing the pseudorapidities of all heavy
quarks which decay into either electrons or muons with those that
decay into leptons which exist within the ALICE detector’s range.
The chosen n bounds for the parent quarks are demarcated by
vertical dashed lines, with dotted lines indicating the central barrel
and forward regions respectively

To confirm that these boundaries will deliver a quark sample that represents a reasonable ap-
proximation for their decay products, the final state leptons must also be evaluated. Of all the
decay electrons in the central barrel and decay muons in the forward arm, the number that come
from quarks within the chosen bounds is examined.

48



A Feasibility Study for Electron-Muon Correlations at ALICE Nina Nathanson

Semileptonic Q — e decays in the central barrel Semileptonic Q — p decays in the forward region
S 10E s E
> E . All Q — e decays > E All Q - p decays
% Fo Q — e decays with [ng| < 1.6 % 106_? Q — p decays with -4.4 < ng < -2.1
S 1= __ e E —
3% E e
5_ N 10 _E =
10 — E —
E _ 104:— o
104_g =_ E ::
F - 10 —
103_5 = E i:_
E g 10°= e
_ — E ==
1025 =.:= - I—o—
E — =
E .09<n, <09 - “E 4 2.5 -
C n -—_| E < < -2,

10 © E n, :q:j:
°IVlllllllllllllllllllIllIlIIIIIIlIIIlII Q‘-1' [IIIIIIIIIlll|IIIIIIIlIIIlIIIlIIlIIIlI
E 1.05— E 4

11—
0.9

09— et +

09— __++—|~+—|—0—+4_F~|—}~H—\—++ oo — ——= +++«H»

0.85— 0.7

0.8—— 0.6]

o7 % 1o 75 % 1y % T 15 i 7

Py [
(a) (b)

Figure 32: A comparison of the number of leptons in the two de-
tector regions that come from quarks within the chosen 1g bounds
of the approximation method

In Figure a large proportion of the electrons and muons that are produced within the 7
bounds of the ALICE detector are observed as coming from parent quarks within the chosen
bounds of 7| < 1.6 and —4.4 < 776 < —2.1 across the full range of p§ and pl.. For this reason,
the bounds are accepted. Now that the decision has been made, it is possible to determine the
likelihood that a generated Q@ pair meets the 1 restrictions.
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Figure 33: An illustration of the regions in which QQ pairs match
the bounds chosen for the approximation method

In Figure the 2D representation of 7 vs 7q is again shown, now with the chosen 7 regions
marked by a black hash pattern. About 9.3% of the quark pairs exist within the bounds.
5.5 Event Categorization

In order to obtain an overview of the production of electrons and muons from quark pairs on
the event level, each simulated collision was categorized with a numerical tag as follows:

Tag Configuration

No electrons or muons produced from QQ decay

Only muon(s) produced from QQ decay

Only electron(s) produced from QQ decay

Electron and muon produced from QQ decay

Back-to-back Q@ decay into electron(s) and muon(s)

Back-to-back Q@ decay into oppositely signed electron(s) and muon(s)
Semileptonic QQ decay into oppositely signed electron(s) and muon(s)

STk W= O

Table 2: A breakdown of the different tags used for event catego-
rization in the analysis code

Each tag is indicative of the decay behavior of the original quark pair in the hardest process.
Given the nature of the e-u pairs this study is investigating, events labeled with the tag 6 are
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desirable. In these events, one of the original quarks in the pair decays semileptonically into an
electron while the other decays semileptonically into a muon. The two leptons are of opposite
sign to each other while matching the sign of their original parent quark.

In Figure [34] the simulated events are displayed according to this decay behavior. Each curve
is associated with one of the numerical tags in Table [2| but all events that meet the conditions
of the tag (as described in the legend) are included in each curve. This means that events are
sometimes recorded multiple times in different curves - for instance, a tag 6 event would be
included in every curve. The purpose of this is to understand how each additional restriction
on the quark decay mode impacts the reduction in the quark pair cross section. The number of
QQ pairs which decay to a “true” e-u are reduced by about two order of magnitudes compared
to the total QQ sample.
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) —
% | — Al
g I _— Slingle quark decay to p
el s Single quark decay to e
g 10— __ Pair decay to e and p
QI & E [ Back to back decay to e and p
©Olo [ — —— Back to back decay to oppositely signed e and p
— ———— Semileptonic decay to oppositely signed e and p
5
10°= — —
10*=— — — —
TN T O T T N T O Y
o =
= =
T —
24 —
-1
10 ==
2| L L 1 I I I
1075 20 pi 30 35 20 45 50

%
p: (GeV/c)

Figure 34: An overview of all simulated heavy quark events, clas-
sified based on the decay of the QQ pair into an e-y pair

5.6 Electron-Muon Pairs

Before exploring the impact of the kinematic cuts that will be made when selecting electrons and
muons, a closer look must be taken at the e-p pairs themselves. The choice of trigger particle
and subsequent cuts on p% and p7. are discussed.

5.6.1 Choice of Trigger Particle

When undertaking a dilepton study, one of the particles is generally labeled the “trigger” particle
for any given event, with the second taking the role of the “associated” particle. In any given
event, the presence of a trigger and associated particle must be confirmed as a requirement for
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its inclusion in the analysis. The two particles cannot be searched for simultaneously, so an order
of priority is established. The presence of a trigger particle is confirmed first and its existence
is used as a requirement to then search for the associated particle. In this way, events with no
particles that pass the conditions of the trigger are rejected immediately, making the analysis
more efficient and reducing unnecessary processing time.

Since the goal is to minimize the amount of analysis on events that will end up being rejected, it
follows that the requirements for the trigger should be the more restrictive of the two. It is for
this reason that higher py cuts are usually applied to the trigger than to the associated. In the
case of e-y4 correlations, one lepton flavor will be chosen to act as the trigger. This adds an addi-
tional element to the choice, since the difference in electron and muon production is also relevant.

As seen in Figure there is a higher density of quarks decaying to electrons in the central
barrel than there are quarks decaying to muons in the forward region. Therefore the presence
of a detectable muon in an event is a more restrictive condition than the presence of detectable
electron. It is for this reason that in this analysis a muon trigger was chosen, with electrons
acting as the associated particles.

The second motivation for this choice of muon trigger has to do with particle identification. As
discussed in section [3] electron identification is a multi-detector process and will always result in
a sample with some degree of contamination from other types of particles. However the muon
arm is specifically designed to filter out other particles, so there is a high confidence that a signal
being detected comes from a muon. By triggering on muons, it ensures that the events which
are not immediately rejected have a higher likelihood of including at least one of the desired pair
partners.

5.6.2 Note on Transverse Momentum Cuts

Throughout the remainder of this analysis two options for trigger and associated pp cut will
be considered. The first is a lower/less restrictive cut, of pf. > 3 GeV and p% > 1 GeV. The
second is a higher/more restrictive cut, of pf. > 5 GeV and p$ > 3 GeV. These two cuts were
chosen based on previous reports, which suggested that the minimum successful cut for a trigger
particle in this scenario would be 3 GeV [I]. It is expected that the higher cut will result in a
more accurate e-y sample but will greatly reduce the statistics. This tradeoff will be considered
when making final statements about the feasibility of the e-u method.

5.6.3 Kinematic Analysis

The relationships between the different kinematic variables of the final state e-u pairs are pre-
sented here, first with no cuts applied and then introducing cuts to catalog the effects on the
pairs which remain. In Figure a pseudorapidity distribution is shown which is reminiscent of
the relationship in Figure Considering the strong correlation between ng and 7./7,, this
aligns with expectation. The transverse momenta of each lepton in the pair are distributed fairly
evenly, with both electrons and muons being produced in higher quantities at lower values of
pr. Finally the azimuthal distribution shows that the majority of e-u pairs have an azimuthal
difference of 7, which would translate to the expected away-side peak in a 1D distribution and
demonstrates the back-to-back behavior of the pairs.
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Figure 35: Relationships between the kinematic variables of true
e~ pairs, with no cuts applied

Next the effect of the low pr cut on these distributions is considered, first in isolation (Figure
and then applied in addition to the detector region 1 cut (Figure [37).
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Figure 36: Relationships between the kinematic variables of true
e-p pairs, with the low pr cut applied (p§ > 1 GeV, ph. > 3 GeV)
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Figure 37: Relationships between the kinematic variables of true e-
p pairs, with the detector geometry (|ne| < 0.9, —4.0 < 7, < —2.5)
and low pr cuts applied (p5 > 1 GeV, ph. > 3 GeV)

When the pr cut is applied in isolation in Figure there is a reduction in statistics which
excludes the majority of e-u pairs that exist outside of the dominant away-side peak of the 2D
azimuthal distribution. There is a minor secondary near-side peak which becomes visible in this
plot, but is removed with the addition of an 7 cut reflecting the range of the ALICE detector in
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Figure

To investigate this, the relationship between An and A¢ is shown in Figure 38| There is a visible
relationship between the two quantities and it can be seen that all pairs within this secondary
peak have both the electron and muon within the same 71 region (An < 1). Considering the
separation between the central barrel and forward regions, the minimum possible separation in
1 which would be detectable at ALICE is An = 1.6, so this secondary peak would not expected
in a data analysis.

Figure 38: The relationship between An (1, —n.) and A¢ (¢, —¢e)
of the e-p pair signal

The same consideration is made for the high p7 cut in figures [39| and A similar effect is seen
in the azimuthal correlation as was the case for the low pp cut, but to an increased degree. The
secondary near-side peak in Figure[39|is less pronounced and when the 7 cut is added the spread
around A¢ = w is narrower than before, indicating a distribution that is more sharply peaked.

P VS @,

5 10 15 20 25 30 35 40
pr

Figure 39: Relationships between the kinematic variables of true
e-p pairs, with the high py cut applied (p§ > 3 GeV, pf. > 5 GeV)
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Figure 40: Relationships between the kinematic variables of true e-
(o pairs, with the detector geometry (|ne| < 0.9, —4.0 <7, < —2.5)
and high pr cuts applied (p$ > 3 GeV, pl. > 5 GeV)
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Figure 41: The 1D azimuthal correlation histograms for true e-p
pairs with a separation in pseudorapidity of |[An| > 1.6. The pairs
are first displayed before any py cuts are made to the trigger muon
or associated electron and then after a low and high pr cut has

been applied
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Figure 41| examines the impact that the two described pr cuts have on the 1D azimuthal cor-
relation histograms of the e-u pairs. A generalized cut of |An| > 1.6 (where An = (1, — 7))
is applied to ensure the pairs have a degree of separation in 7 which is greater than or equal to
the minimum separation that is possible considering the bounds of the ALICE detector.

The main observed effect of the pr cuts is on the shape of the histogram. As the cut becomes
more restrictive, the slope of the graph becomes steeper and more sharply peaked around =z = .
This aligns with the expectation from Figures [37] and [40] and indicates an approach towards the
behavior of the parent quark pairs with their direct azimuthal separation of A¢ = 7.

5.7 Impact of Kinematic Cuts

The final element in determining the observable QQ cross section is the reduction to the individ-
ual ) — [ decay samples caused by cuts on lepton kinematics. To abide by the approximation
method laid out in section only leptons decaying from parent quarks in the chosen 7¢g ranges
will be examined. In each case (@ — e and @@ — p), the total heavy quark sample within the
appropriate 7 region will be compared with the sample after three cuts are applied in succession.

First, a cut is made based on whether the parent quark underwent a semileptonic decay to
the correct lepton. Second, a lepton 7 cut is added to separate those quarks which decay into
leptons in the correct detector regions. Third, the pr cut is applied - the low cut in Figure (2]
and the high cut in In the case of both pr cuts, a ratio is then calculated of the quarks that
are observable in the form of their decay lepton (passing all relevant cuts, shown in blue in the
figures) divided by the total heavy quark signal (shown in black).

For both the electron and muon decay channels, the reduction from cuts on semileptonic decay
and detector pseudorapidity are fairly consistent. Approximately 20% of the quarks undergo
semileptonic decay and produce a final state lepton, Of these, about half then remain after cuts
are made to 7. or 77,,. This fits in with the ratios used to choose the quark n range in Figure

The signal reduction from the cuts to p%. and p% is highly variable across the range of pr bins,
being far greater in the low momentum bins. This is increasingly more pronounced as the cuts
to lepton pr are increased, culminating in the effect observed in Figure where the value
of the cross section in the first py bin actually falls below the value in the second bin. The
conclusion that can be drawn from this is that as one looks at a more energetic lepton sample,
the particles are increasingly less likely to come from lower energy parent quarks, which aligns
with expectation.
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Figure 42: Histograms showing the impact of various kinematic
cuts on the single @ — e (a) and @Q — p decay signals. The low
trigger /associated pp cut option is applied (p% >3 GeV, ph > 1
GeV)

57



A Feasibility Study for Electron-Muon Correlations at ALICE Nina Nathanson

Individual Q — e decay breakdown

’(\5 =
% [ All quarks
Q Quark decays to e
S
o 1()6_— Quark decays to e with -0.9 <n, 0.9
_8(] & E I Quark decays to e with -0.9 <n, 0.9 and p} 2 3 Gev
©
— — A4.6<n, <1.6
05N =1.
10°—
10°=- — —
oU‘lIIIIIIIIIIIIIIIIJ_I_IIIIII o el I B TN I A BRI
T 0.18—
& ote—
0.14—
0.12 —
04—
0.08—
0.06f———
0.04—
0.02—
15 20 Pl 30 35 70 75 50 55 B0
Pr
(a)
Individual Q — p decay breakdown
O e[
% 10 E All quarks
Q — Quark decays to p
o -
=3 | Quark decays to p with -4.0<n, <-2.5
_!t’xl & | — Quark decays to p with -4.0 < n, <-2.5 and p} 25 GeV
©
10 = —
i -4.45n, S -2.1
10* = I J—
i=n _ — .
° Hoovv ol by oo b b Lo b
= 018—
& o016—
0.14—
0.12—
01—
0.08—
0.06 _—
0.04—
0.02_—'______,_,__.——-———'—_'—
0 20 25 30 35 0 75 50 55 50
o8
(b)

Figure 43: Histograms showing the impact of various kinematic
cuts on the single @ — e (a) and Q — p decay signals. The high
trigger /associated pp cut option is applied (p% > 5 GeV, p7 >3
GeV)
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5.8 Reduced Cross Section

It is now possible to calculate the final reduced cross section of all QQ pairs which are potentially
observable as e-y pairs within the cut restrictions. To review, the contributing factors are:

(i) The amount of quark pairs which exist within the chosen 7 region bounds of the approxi-
mation method (section [5.4));

(ii) The proportion of QQ which undergo back-to-back semileptonic decays into an oppositely
signed e-p pair (section [5.5)); and

(iii) The proportion of quarks within these n bounds that decay to central barrel electrons
which pass the chosen associated pr cuts and forward muons which pass the chosen trigger

pr cuts respectively (section [5.7]).

Where relevant, the reduced signal after the applied cuts was divided by the total QQ signal
and this ratio was recorded and saved for each pp bin. These effects can now all be combined
and applied to the original Q@ production cross section to achieve a reduced cross section of all
the QQ pairs which would have the possibility of being observed by the ALICE detector in the
form of an e-y pair. The reduced cross sections in the case of both the high and low pr cuts are
displayed in Figure

Events with QQ pairs detectable as e-u pairs

Figure 44: Reduced cross section per pr bin of QQ pairs which
are potentially observable as e-p pairs within the cut restrictions
of the ALICE detector pseudorapidity regions, with low (a) and
high (b) cut options for trigger and associated lepton pr

In order to assess the feasibility of this method, it is now necessary to use these cross sections
to calculate an estimate of the number of potentially observable pairs expected to be produced
over the course of Run 3. Recall equation [5| where the relationship between cross section (o)
and luminosity was defined:
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Nevents = L X o

The final piece of information needed to calculate Neyents 1S the integrated luminosity of ALICE.
This is measured using a method known as a van der Meer scan, which was most recently
performed at ALICE in September 2023 [42]. It was found that in 2023, 9.7 pb~! of data was
recorded. Combined with the readings from 2022 (19.3 pb™1), this indicates that for all of Run
3 thus far, ALICE has recorded 29 pb~! of data, as shown in Figure

w
[$)]

. ALICE Performance, Run 3, pp, s = 13.6 TeV

w
o

| Recorded: 29.0 pb™

n
[S)]

Integrated luminosity, pb'
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Figure 45: The integrated luminosity of the ALICE detector in
2022 and 2023 [47]

In 2023, the LHC experienced an unscheduled temporary shutdown to allow for repairs after
a vacuum leak [42]. As a result of this, less data was recorded than was originally planned.
It was decided that in order to obtain an estimate of the expected e-p signal over one year of
Run 3 data, the average value of integrated luminosity over the two years would be used (16.9
pb~1). This can then be multiplied by the reduced cross section per pr bin from Figure The
resulting histogram can be integrated over the entire range.

In Figure the estimate of the true e-u sample observable at ALICE in one year of Run 3
data is shown for both the low and high lepton pr cuts. Since Run 3 is scheduled to last for two
more years, until the end of 2025, these can be multiplied by 4 to obtain an estimate for the size
of the e-p sample throughout Run 3. The results are summarized in Table [3]
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Events with QQ pairs detectable as e-u pairs
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Figure 46: Luminosity per pr bin of QQ pairs which are potentially
observable as e-u pairs within the cut restrictions of the ALICE
detector pseudorapidity regions, with low (a) and high (b) cut
options for trigger and associated lepton pr

Estimate of observable pairs
in 1 year of Run 3 data

Estimate of observable pairs
in 4 years of Run 3 data

Low pr cut

1557 £ 13

6228 + 52

High pr cut

142.6 £1.2

570.4+4.8

Table 3: Number of QQ pairs potentially observable as e-u pairs
during Run 3 at ALICE

6 Discussion and Conclusions

6.1 Summary

In this report, the e-p channel was discussed in depth. The pairs are a desirable probe for
heavy flavor quarks, the study of which allows for testing the perturbative QCD cross section.
Heavy quarks can also provide insight on interactions within the QGP, since they are able to
survive past the point of freeze-out in the form of hadrons. Correlated e-u pairs are a desir-
able alternative to other heavy quark probes as they have fewer contributing background sources.

However, the semileptonic decay process which creates the e-u pairs is quite rare, meaning that
analysis is restricted by the limited statistics that can be recorded. At ALICE, the design of the
detector additionally requires that the electron and the muon be produced in the central and
forward pseudorapidity regions respectively, which increases the restriction. Finally, pairs in the
sample must survive past high pr cuts for background reduction and in order to best reflect the

61



A Feasibility Study for Electron-Muon Correlations at ALICE Nina Nathanson

parent heavy quark pairs.

In previous LHC runs, these restrictions have made it impossible to use the pairs as a method
of probing heavy quarks at ALICE. The increase in amount of recorded data (integrated lu-
minosity) and center of mass energy during Run 3 may lift this restriction. To assess whether
the method is now feasible, 13.6 TeV proton-proton events were simulated using Pythia and
the QQ — e-p decay channel was examined in depth. Accompanying the simulated study, an
assessment was made of the software that would be required to undertake an analysis of the
pairs with Run 3 data. The O2 analysis framework was set up on the UCT HPC and an initial
version of a data analysis task was produced and tested on a small dataset.

Over the course of the simulated study, the kinematic properties of the parent heavy quark pairs
and their semileptonic decay products were presented and compared. Due to statistics limita-
tions in the simulation, the close correlation between quark and lepton pseudorapidity was taken
advantage of to develop an approximation for the likelihood of a produced e-u pair decaying into
the correct respective n regions. The likelihood that a heavy quark pair would decay semilep-
tonically into an e-p pair was also determined. The role of the muon as a trigger particle, with
the electron acting as the associate, was established and the azimuthal correlation between sim-
ulated e-u pairs was presented. The effect of pr cuts at two levels of restriction was investigated.

Finally, the various factors contributing to the reduction of the original parent quark signal
were combined to produce a reduced cross section representing the amount of heavy quark pairs
which could be observed with the ALICE detector in the form of correlated e-p pairs. This was
combined with the integrated luminosity of the ALICE detector as recorded thus far in Run 3 to
obtain a numerical value for the number of pairs that could be expected within a Run 3 signal.

6.2 Feasibility

With an approximation of the number of observable pairs calculated in section [p| it is now
necessary to assess whether this expected signal would be significant enough for the pairs to
provide a successful heavy quark pair measurement. To make this determination, two points of
comparison will be provided. First, the integrated luminosity of Run 2 will be considered to
provide context for how much of an improvement Run 3 has brought. Then, the number of pairs
used during the previous data study performed at PHENIX [2] will be presented to facilitate a
discussion of whether a comparable sample could be analyzed over the course of Run 3.

6.2.1 Comparison to Run 2

A direct comparison to the e-u signal that would have been possible to observe in previous LHC
runs is difficult on two accounts. To start, the center-of-mass energy of the proton collision
beams during Run 2 was 13 TeV, rather than the 13.6 TeV of Run 3 (and used for the simula-
tions in this report). In addition, as discussed in Section |4} the Run 3 ALICE triggering system
was adjusted to accommodate the continuous data taking mode.

Despite these discrepancies it is possible to use the reduced cross sections of section and the
integrated luminosity of ALICE from previous runs to obtain an upper limit for the amount of
pairs that would have been observable. Due to the nature of the pairs and the high pr cuts
as discussed throughout the analysis, it is expected that the lower energy and event-by-event
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trigger system would result in fewer e-p pairs produced that pass all cut thresholds. This implies
that signal calculated with the simulated 13.6 TeV data would be an overestimate (the “true”
signal for Run 2 would lie below it).

Throughout the three years of Run 2 proton-proton collisions at 13 TeV (2016, 2017 and 2018),
a total integrated luminosity of 31.93 4+ 0.43nb~! was recorded [43]. Since 1pb~! is equal to
1000nb~ ", this can be converted to 0.03193 4 0.00043nb—!. This means that the data recorded
over the entirety of Run 2 is equivalent to

0.03193
16.9
of the amount of data to be collected on average per year in Run 3.

=0.19%

When this percentage is multiplied by the pair estimates over a single year in Table 3] the
following upper limit estimates are obtained.

Estimate of observable pairs | Upper limit estimate of observable
in 1 year of Run 3 data pairs in 3 years of Run 2 data
Low pr cut 1557 + 13 2.958 +£0.025
High pr cut 142.6 £ 1.2 0.2709 £ 0.0023

The numbers quoted do not enable a definitive statement about the feasibility of the method
within the Run 3 estimate. However, the lack of feasibility during Run 2, as well as the subse-
quent improvement in the Run 3 sample, are both clear. For both levels of pp cut restriction,
the estimated number of pairs increases by a factor of 103 in Run 3, which is consistent with the
increase in integrated luminosity.

6.2.2 Comparison to Past Studies

In the previously performed PHENIX data analysis cited throughout this study [2], the exact
number of raw e-p pairs identified during the proton-proton run are quoted. A total of 7613
opposite-signed pairs and 5788 like-signed pairs survived after kinematic cuts had been applied.
This suggests that after the like-signed subtraction, approximately 1825 raw pairs remained.

Event mixing, background subtraction and detector efficiency were then considered in the
PHENIX study. The signal to background ratio for the PHENIX study is not explicit, so no
final figure can be quoted for comparison. However, from the plotted background contributions,
it can be estimated that the signal was reduced by at least 15%. This implies an upper limit of
approximately 1552 pairs. This can be used for comparison with the calculated ALICE Run 3
expectations as presented.

The estimates in Table [3] represent the number of heavy quark pairs which produce an e-y pair
that passes all cut requirements. Therefore they also represent the number of true e-y pairs
produced from semileptonic heavy quark decays which have the chance of being recorded by the
ALICE detector (i.e. the number that would be expected after a like signed subtraction, event
mixing and background subtraction are performed).
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For the most restrictive pp cut (p‘% > 5 GeV and p% > 3 GeV) over the entire course of Run
3 (all four years), this estimate lies well below the raw pair count in the PHENIX study. In
order to construct an azimuthal correlation plot at this level of cut restriction, the full Run 3
dataset would need to be used, at which point a sufficient signal would be guaranteed. This
would require the use of significant computing resources in order to run through the entire data
sample, which would have to be requested from the appropriate ALICE board. Considering the
small expected sample and the fact that the impact of detector effects on the pairs is not yet
known, there are not sufficient grounds on which to do this. In addition, no such analysis could
be performed until after 2025 once all Run 3 data has been collected and processed.

On the other hand, the less restrictive pp cut (pf > 3 GeV and p5 > 1 GeV) is estimated
to produce a comparable e-p pair sample to the PHENIX estimate in a single year of Run 3
data. This implies that within the two years of data already collected during Run 3, there is the
potential to perform a comparable analysis with slightly higher statistics, with a further increase
by the end of Run 3 in 2025.

6.2.3 Outlook

Considering the bounds of the simulated analysis, the conclusion of this thesis is that a study of
correlated e-p pairs in Run 3 proton-proton data is feasible, at the least restrictive level of cut
restrictions (p:‘ﬁ > 3 GeV and p} > 1 GeV). It is expected that a comparable e-y signal to past
investigations should already be present in the Run 3 proton-proton data collected as of 2024,
with increased feasibility if the study is undertaken at the end of the Run 3 data taking period.
In addition, the software infrastructure required to perform such a study would be achievable
within the currently existing framework.

6.3 Further Investigations

The clear next step in this process is undertaking an study that utilizes Run 3 data. This would
require the completion of a relevant analysis task such as the one tested throughout this thesis
and the development of event-level cuts for data reduction to be integrated into the already-
existing O2-DQ framework. Finally, due to the amount of data that must be examined in even a
single year of Run 3, it would be necessary to obtain access to the computing resources required
to perform the analysis.

Looking past the immediate future, a successful p-p study has the potential to lead in to an
analysis of e-y pairs in Run 3 heavy ion collision data. A similar simulated feasibility work could
be undertaken to determine the expectations of this scenario, followed by a comparison of the
two collision systems if successful.
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