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Figure 9: The relationship between polar angle (θ) and pseudora-
pidity (η) [16]

3.2 The ALICE Detector

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

In Figure 10, 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 η 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-µ pairs which are detectable using the ALICE detector. Unlike with the same-species dilepton
probes introduced in section 2.4, 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 η separation further reduces the number of e-µ 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 (“x”) 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-x region [2]. By utilizing η-separated leptons, the e-µ 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 dE

dx . 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 [19]. 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 [18]. 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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Figure 11: Diagram of the ALICE inner tracking system, high-
lighting the inner and outer barrels around the beam pipe [18]

pT 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 pT ≤ 20 GeV.

As shown in Figure 12, 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

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 13, 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

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

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-µ 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 (O2) 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 O2 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].

O2 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

O2 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
O2 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 O2, 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 O2 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 17 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.

O2’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-µ 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.

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-µ analysis in the DQ
code base. Ideally, the TableReader task [35] would be used with the correct configuration,
and e-µ 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-µ 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-µ 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-µ case would need to include particle identification requirements to choose an electron
sample. This is also where the associated pT 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 pT 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-µ 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-µ spectrum to assist in removing noise from the signal.

4.3 Testing the Analysis Task

In order to gauge whether an e-µ 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-µ 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 pT 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 19, 20 and 21 are presented.

In Figure 19, 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 20. 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 19 and 20, 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 21. There are also cuts related to particle identifi-
cation available to be configured.
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Figure 19: Transverse momenta of reduced barrel and muon de-
tector tracks in a single 2022 run
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Figure 20: Azimuthal correlation between reduced barrel and
muon detector tracks in a single 2022 run
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Figure 21: Azimuthal correlation between reduced barrel and
muon detector tracks in a single 2022 run, with an imposed cut
requirement of peT ≥ 1 GeV and pµT ≥ 3 GeV

5 Simulations

As discussed in section 2.4, a major limiting factor of using the e-µ 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 3.2) and the pT cuts
required to increase sample purity further reduce the available statistics. Before undertaking
an e-µ 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-µ 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-µ 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-µ
pairs,

(ii) how often these e-µ pairs fit the criteria of ηe ≤ |0.9| and −4 ≤ ηµ ≤ −2.5 necessitated by
the ALICE detector geometry and

(iii) how much this sample is reduced by cuts on the pT 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-µ 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 2.2.3. 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 p̂T . The energy involved in this process
is variable and dependent on what fraction of each proton’s momentum (pz) 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 2.2.4). 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 1, a selection of rows taken from a full Pythia event
listing are displayed.

no. id name status mothers daughters colors px py pz 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 94 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 24.821 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 1. 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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