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Abstract

This study investigates the feasibility of reconstructing very low pr pions, kaons, and protons
using the ALICE detector in Run 3. The lower momentum limits for particle identification
in Run 2 were approximately 100 MeV /¢ for pions, 200 MeV /¢ for kaons, and 300 MeV /¢ for
protons. Expanding this range is critical for studying phenomena such as Bose-Einstein conden-
sates of pions and disoriented chiral condensates, both of which manifest at low momenta. The
study employs a simplified standalone Geant4 simulation of ALICE’s Inner Tracking System
2 (ITS2) and Time Projection Chamber (TPC) to explore the limitations of particle recon-
struction in the low pr region. In addition, PID using decay muons is explored as a potential
method for particle identification. A machine learning (ML) model is also tested to improve
reconstruction accuracy. Although the results indicate significant challenges at lower momenta
—primarily due to energy loss and multiple scattering— PID with the conventional Bethe-Bloch
method appears viable below the Run 2 limits. Moreover, machine learning PID methods shows
promise in enhancing identification accuracy. The findings provide preliminary insights into the
potential for low pr particle reconstruction with ALICE, suggesting that further studies should

follow.



Zusammenfassung

In dieser Studie wird untersucht, ob es moglich ist, Pionen, Kaonen und Protonen mit sehr
niedrigem pr mit dem ALICE-Detektor in Run 3 zu rekonstruieren. Die unteren Impulsgren-
zen fiir die Teilchenidentifikation in Run 2 lagen bei etwa 100 MeV /¢ fiir Pionen, 200 MeV/c
fiir Kaonen und 300 MeV/c fiir Protonen. Die Erweiterung dieses Bereichs ist entscheidend
fiir die Untersuchung von Phanomenen wie Bose-Einstein-Kondensaten von Pionen und dis-
oriented chiral condensates, die beide bei niedrigen Impulsen auftreten. Die Studie verwendet
eine vereinfachte standalone Geant4-Simulation des Inner Tracking System 2 (ITS2) und der
Time Projection Chamber (TPC) von ALICE, um die Grenzen der Teilchenrekonstruktion im
niedrigen pp-Bereich zu untersuchen. Dartiber hinaus wird PID unter Verwendung von Zer-
fallsmuonen als mogliche Methode zur Teilchenidentifizierung untersucht. Fin machine learning
Modell wird ebenfalls getestet, um die Rekonstruktionsgenauigkeit zu verbessern. Obwohl die
Rekonstruktion auf Probleme bei niedrigeren Impulsen stof3t - hauptsachlich aufgrund von En-
ergieverlust und Mehrfachstreuung - scheint PID mit der konventionellen Bethe-Bloch-Methode
unterhalb der Run-2-Grenzen praktikabel. Dartiiber hinaus erweisen sich PID-Methoden mit
maschinellem Lernen als vielversprechend fiir die Verbesserung der Identifizierungsgenauigkeit.
Die Ergebnisse geben erste Einblicke in das Potenzial fiir die Rekonstruktion von Teilchen mit

niedrigem pr mit ALICE in Run 3 und legen nahe, dass weitere Studien folgen sollten.
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1 Introduction

The search for exotic events has always been a part of the heavy-ions physics program of the
ALICE detector at CERN. Expanding the range of measurable particles within the experiment
is critical to advancing this research. In Run 2, the lower limits for pions, kaons and protons are
at approximately 100, 200 and 300 MeV /¢ [1]. Investigating low-momentum charged particles is
crucial for testing various theories, such as the disoriented chiral condensate (DCC) theory and
the formation of Bose-Einstein condensates of pions, both of which manifest at low momenta
[2] [3]. Therefore, developing reliable methods to measure and classify low-momentum pions
and other particles is a logical step. A similar idea has already been pursued at the RHIC
collider, where the differential energy loss measurement with silicon detectors was used to
classify the particles [4]. As the ITS2, the innermost tracking device of ALICE in Run 3, is
not designed to properly measure the energy loss this way, another method has to be found
and tested. The primary goal of this thesis is to conduct a feasibility study on the physical
limitations of particle reconstruction and classification using the conventional PID methods.
To achieve this, a simulation of the innermost detectors of ALICE was performed using a
simplified standalone Geant4 setup. Additionally, the data will be used to train a machine
learning model, to investigate whether it yields more accurate results than the conventional
methods. For particles that do not have energy loss measurements, the idea is to measure the
momentum of the primary particle with the I'TS2 and then proceed to use the decay products
for the full identification. The simplified Geant4 simulation serves as a preliminary exploration

to determine the potential and limitations of this approach.

1.1 PHOBOS Experiment

In 2004 a similar study was made at the PHOBOS experiment at the relativistic heavy ion
collider (RHIC) at the Brookhaven National Laboratory, to enhance the lower momentum
limit PID of protons, kaons and pions [4]. The PID relied on precise measurements of the
energy deposition in the PHOBOS detector, specifically using its silicon layers to identify low
transverse momentum particles. The six innermost layers, that are located near the beam pipe,
were used in a nearly field free setup to measure the energy deposition from charged particles.
There is minimal material between the layers, and they are positioned very close to the collision
point, allowing for an accurate detection and PID of low pr particles.

The PID was limited to particles that stopped in the fifth silicon layer of the detector, by
differentiating particles based on their energy deposition, as the low momentum particles lose
substantially more energy than the higher energetic ones.

To estimate the particle mass, a mass parameter M, based on the energy loss in the first
four layers was constructed. As the particles decayed in the fifth layer, there were additional
contributions from the particle’s annihilation and or decay products in the energy deposition.

Therefore, the energy deposition in this layer was estimated and later combined with the other



energy measurements to refine the particle mass calculation.

After some additional cuts and background subtraction techniques, to lower the contamination
with secondary and misidentified particles, the study found an accurate determination of the
particle’s momentum and PID in the range of 140-210 MeV /¢ for protons, 90-130 MeV /¢ for
kaons and 30-50 MeV/c for pions, which can be seen in Fig. 1 [4].

As for the ALICE in Run 3, there is no energy measurement done within the innermost detector

unit [5], the ITS2, which stops us from pursuing the same approach.

o [ (@)
310°p T
o
NIH. -
£10°F
S E (K+K) gl .
E N e,
=l\‘.z -
° = =
+ 10¢ (P+p) B
o L
cl_“'.'. L
: L L L L1 1 i I 1 L L
10° 1
p; [GeV/c]

Figure 1: Invariant yields as a function of py at the PHOBOS detector [4]

1.2 Standard Model

Particle physics is the most fundamental theory, which deals with the interaction of the elemen-
tary particles in regard to the three fundamental forces, the electromagnetic-, weak- and strong
force. The elementary particles are divided into fermions, which have half integer spin and
bosons with integer spins. The bosonic particles function as a mediator of the forces between
the fermions. The fermions can further be separated into leptons and quarks. The key differ-
ence here is that quarks interact with the strong force, whereas leptons do not. Lastly, these
quarks and leptons can all be divided into three families. Our current knowledge is reflected in

the standard model, which successfully describes the current experimental data [6].
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Figure 2: Elementary particles in the Standard Model [7]

1.3 QCD

Hadrons are bound states of quarks, which are held together by the strong interaction mediated
by so-called gluons. These gluons couple to the color charge of the quarks, which is described by
Quantum Chromodynamics (QCD). As a whole there are three colors, red, green and blue and
their respective anti-colors, and 8 gluons. Other than in QED, the theory of the electromagnetic
interaction, the exchange particle carries the charge of the interaction and are composed of one
color and one anti-color.

Hadrons are divided into two main categories, baryons (such as protons and neutrons) which
consist of three quarks, and mesons (such as pions and kaons), which are made of one quark

and one antiquark.

1.4 Particles
1.4.1 Proton

The proton is a stable baryon with a composition of two u and one d quark and weighs around
938.27 MeV /c?. The antiproton being stable, too, has analogously a composition of two anti u
quarks and an anti d quark. Still, the antiproton will annihilate with a proton in most cases

into five pions, more specifically p+p — 7t + 7~ + 70 + 77 + 7~ [8].

1.4.2 Kaon

The kaon is the lightest strange Meson with a mass of 493.68 MeV/c?. The K~ consists of an
u and a s quark. Respectively, the Kt consists of an u and a 5§ quark and has a mean lifetime

of 1.23 - 1078 s. Tts decay channels are given in Tab. 1 [8].



Decay Channel | Decay Products | Branching ratio
I. W, 63.56%

II. a0 20.67%

III. Trate™ 5.58%

IV. ety 5.07%

V. utu, 3.35%

Table 1: 5 most common decay channels of the K [§]

1.4.3 Pion

Pions are the lightest mesons and therefore also the lightest hadrons with a mass of 139.57
MeV/c? (charged pions) and 134.98 MeV /c? (neutral pion), and consist of a quark antiquark
combination of the u and the d quark. The charged pions, being of special significance for this
thesis, consist of an u quark and an anti d quark (7") or an anti u and a d quark (7~). Other
than for kaons with a range of possible decay channels, charged pions nearly exclusively decay

into a muon and a muon neutrino, with a chance of 99.98 % and a mean lifetime of 2.6 - 1078 s

).

1.5 Energy loss of charged particles in matter

When a charged particle transverses through matter at a velocity of Sy > 0.1, it ionizes the
particles on its path. Therefore, the charged particles lose an amount of energy dFE. The first
relativistic and quantum mechanical theory was developed by Hans Bethe and later extended
by Felix Bloch [9, 10]. The average differential energy loss is described by the theory of Bethe
and Bloch and reads

_[dE] _ AnNe' 2
de | m?2 2

where N is the electron density, e the elementary charge, z the charge of the particle, m. the

{m (2mec21irgmﬂ%2) g @ ] )

electron mass, ¢ the speed of light and I the average effective ionization energy of the atomic
electrons. At relativistic velocities, polarization effects of the surrounding electrons arise, which
restrict the electric field of the particle. Therefore, Fermi extended the formula by introducing
the density term §(/3) [11]. In Fig. 3, the differential energy loss of a muon in copper is plotted

as a function against the velocity [~.
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Figure 3: Average specific energy loss of muons in copper as a function of the velocity 7y [12]

It is split into different regimes, that are described by different theories. For the scope of this
thesis, the analysed momentum region lies entirely within the region described by the Bethe-
Bloch formula (Eq. 1). Therefore, the other energy regions will not be discussed any further.
The Bethe-Bloch energy loss decreases with increasing velocity at a rate oc 372 to a minimum
at around v = 3. The particles at this minimum are called "Minimum Ionizing Particles”
(MIPs). After the minimum ionization, the energy loss has a logarithmic rise due to a higher
transversal electric field as the velocity becomes relativistic. Moreover, the maximum energy

deposition gets higher, however, this is limited by the density term of Fermi.

1.6 Multiple Scattering

Charged particles travelling through a medium undergo numerous small-angle deflections due to
successive interactions with the nuclei and electrons of the material. These repeated deflections
accumulate over the particle’s trajectory, leading to a net change in its direction, which causes
issues in the reconstruction of a particle’s momentum.

In order to illustrate the effect of multiple scattering, it is useful to employ a geometrical
representation, which can be seen in Fig. 4. One can see how the particle undergoes a series
of directional changes, resulting in an overall deflection angle 04, and an offset ypiane With
respect to the particle’s original trajectory. It should be noted that, within the context of this
description, the principle of momentum conservation has been assumed, and potential energy

losses have been neglected [13].
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Figure 4: Sketch of multiple Coulomb scattering with describing quantities [13]

The scattering angle distribution follows a Gaussian distribution with a mean of # = 0 and a

standard deviation 6 given by the so-called Highland formula [14]:

13.6 MeV X X
gy = —— — |1 .00381 — 2
=200 z,/XO[ —i—OOOSn(XO)] 2)

with the charge number z, Sc the velocity and p the momentum of the particle, the thickness
of the material X and its radiation length Xj.

This scattering angle eventually leads to a momentum reconstruction error, following:

Ip -3 Vv X/ Xo
2 =523 %1070 GeV /e (3)

with the magnetic field strength B.

1.7 Least Squares Fitting and y?-Test

For the track reconstruction, various functions like a circle and helix function, later defined in
Chapter 7, need to be fitted on the simulated tracks. Least squares fitting is a method used to
determine the best-fitting curve or line to a set of data points by minimizing the sum of the
squares of the differences between the observed values and the values predicted by the model
[15].

Given a set of n data points (z;, y;) and their uncertainty o;, the goal is to fit a function y = f(x)
by minimizing the residuals, defined as the differences between the observed data y; and the

model predictions f(z;). The residual for the i-th data point is:

ri =y — f(x:) (4)



The sum of squared residuals S is given by:
S=> (v — f(a:))’ ()
i=1
The best-fit parameters of the function f(z) are determined by minimizing S.

The Chi-Squared test is a statistical method used to assess how well a theoretical model fits
observed data [16]. For a set of data (z;,y;), the Chi-Squared statistic x? is defined as:

XQIZM (6)

i=1 Yi

A lower value of x? indicates a better fit between the model and the data. The reduced chi-
squared statistic x2 , is often used to normalize for the degrees of freedom Ngof = n — p, where

p is the number of parameters in the model:

2

2 X
p— 7
Xred Ndof ( )

A 24 value close to 1 suggests that the model provides a good fit to the data, while values

significantly greater or less than 1 indicate overfitting or underfitting, respectively.

1.8 Work structure

Before proceeding with the analysis, a simulation setup must be established to generate data in
previously unexplored momentum regions. This step is essential to ensure that the results are
meaningful and has some predictive power in regard to the real ALICE experiment. Although
a simplified setup will be used to reduce complexity and computational time, allowing for more
extensive exploration and analysis, the results will be compared to real data from near the
uncharted regions to assess their reliability.

After setting up the simulation, the initial phase of the analysis will involve using the simulation
data to reconstruct key particle properties, such as momentum and charge, and investigating
any reconstruction errors that arise.

Subsequently, the reconstructed properties will be used to evaluate the performance of exist-
ing particle identification (PID) methods, such as the PID via the Bethe-Bloch formula, and
to explore the benefits of supplementing these methods with a machine learning framework.
This evaluation will determine whether conventional PID methods, proven effective in higher
momentum regions, are also reliable in lower momentum regions.

Additionally, a new PID method specifically for kaons and pions will be tested.

The results of this analysis will provide guidance on the feasibility of pursuing studies in low

momentum regions at lower magnetic fields. This study should be viewed as an exploratory



feasibility assessment rather than as definitive results, offering initial insights into potential

limitations and challenges in this low momentum region.



2 ALICE

ALICE (A Large Ion Collider Experiment) is a detector unit of the LHC at the CERN, which
is specialized on heavy ion detection with a focus on QCD interactions. This allows the study
of hadrons, electrons, muons, and photons produced in the collision to develop a classification

in the low momentum regime [17].

2.1 ALICE 2

1.1TS 6. EMCAL
2.V0and TO 7. PHOS
3. TPC 8. Muons

4. TRD 9. AD
5. TOF 10. ZDC

Figure 5: ALICE 2 detector layout [18]

ALICE 2 is the currently running detector with an overall dimension of 16x16x26 m? and an
approximated weight of 10000t. The ALICE detector made up from a central barrel part,
which is used to measure hadrons, electrons, photons and muons. The barrel is composed of
individual detector units which from the innermost detector beginning is the upgraded Inner
Tracking System 2 (ITS2), which contains seven concentric layers of Monolithic Active Pixel
Sensors (MAPS) [5]. Adjacent to the ITS is the TPC, the cylindrical Time Projection Chamber,
followed Transition Radiation Detector (TRD). Afterwards, the ALICE detector has Time-of-
Flight (TOF) with its three particle identification arrays and Ring Imaging Cherenkov (HMPID)
detectors. The final layers of the central barrel detectors are given by two electromagnetic
calorimeters (PHOS and EMCal). All of those detectors expect HMPID, PHOS and EMCal

cover the full azimuth angle. The concrete specifications are given in Tab. 1. [17]



Detector Acceptance (1, ¢) Position (m) | Dimension (m?) | Channels
ITS layer 0 +2.5 0.0224,0.0261 0.0421 108
ITS layer 1 +9.3 0.0301,0.0346 0.0562 144
ITS layer 2 +2.0 0.0378,0.0421 0.0702 180
ITS layer 3 +1.5 0.1944,0.1977 1.0483 2688
ITS layer 4 +1.4 0.2439,0.2470 1.3104 3360
ITS layer 5 +1.4 0.3423,0.3454 3.2105 8232
ITS layer 6 +1.3 0.3918,0.3949 3.6691 9408

TPC +0.9 at r = 2.8m 0.848,2.466 readout 32.5 557 568
+1.5at r = 1.4m Vol. 90 m?
TRD +0.84 2.90,3.68 716 1.2 M
TOF +0.9 3.78 141 157 248
HMPID +0.6,1.2° < ¢ < 58.8° 5.0 11 161 280
PHOS +0.12,220° < ¢ < 320° 4.6 8.6 17 920
EMCal +0.7,80° < ¢ < 187° 4.36 44 12 672
ACORDE | +1.3,—60° < ¢ < 60° 8.5 43 120

Table 2: Geometric specifications of the detectors of ALICE [17] with updated ITS2 [5]

2.2 Central Detectors

As already stated, the two innermost detectors of the central barrel are given by the upgraded
Inner Tracking System (ITS2) and the Time Projection Chamber (TPC). Those two are of
particular importance for this thesis, as the simulations and data gathering for the investigation

of the particles is done solely with them.

2.2.1 ITS2

The Inner Tracking System (ITS) is the innermost part of the ALICE detector. In 2021, the
ITS system was fully replaced by an updated version. The new ITS2 layout is given by seven
layers, which geometric specifications are given in Tab. 2. They are separated into 2 barrels, the
Inner and the Outer Barrel. The Inner Barrel consists of the three innermost layers 0-2 and the
Outer Barrel therefore contains the remaining layers 3-6. The I'TS layers itself are separated
into azimuthal segments in units named staves. They are mechanically independent and fixed
to a support structure, which are half-wheel shaped, to form the Half-Layers. All of those
layers consist of Monolithic Active Pixel Sensors (MAPS) [5] The ITS is mainly responsible
for reconstructing the primary vertices [17] and in the case of this thesis, will also be used to

reconstruct the momentum of the primary particles [19].

10
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Figure 6: ITS standalone tracking transverse momentum resolution for charged pions as a
function of pr for the old ITS and different material budget options for the upgraded detector
ITS at 0.5 T. For 1 GeV/c and below, the resolution is roughly 1%[5].

The new I'TS2 has reduced the material budget of the first detection layer, particularly through

the use of MAPS, significantly lowering the multiple scattering and energy loss effects, which

should give rise to a better I'TS standalone momentum reconstruction and more particles reach-

ing the TPC, which is particularly important for the PID at low momentum.

2.2.2 TPC

QOUTER FIELD
CAGE

S\ READOUT
CHAMBERS

|||||||||

CENTRAL HV
ELECTRODE

ENDFLATE

INMER FIELD
CAGE

Figure 7: Schematic view of the TPC [20]

Following the ITS, the Time Projection Chamber (TPC) is the second innermost detector. It is

the main tracking detector and is used for charged-particle momenta and vertex determination.

Moreover, it is capable of measuring the differential energy loss dE/dx of charged traversing

11



particles. In principle, the TPC is a cylindrical gas chamber, with a field cage to provide a
uniform electrostatic field. When charged particles traverse the gas chamber filled with 90%
Ne and 10% CO., they will leave a track of ionized gas molecules. Those ionized electrons will
drift, due to the electrostatic field, to the position and time sensitive readout pads on the end

plates of the TPC cylinder, which results in the track reconstruction of the traversing particles

21].
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Figure 8: Resolution in 1/pr as a function of 1/py for the ALICE central barrel. The plot
shows the 1/pr resolution for TPC standalone tracks and for global tracks combining tracking
in I'TS and TPC with and without vertex constraint. The data is from p—Pb collisions collected
in 2013 at 0.5 T. [20].
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3 Simulation

To investigate the properties of low-momentum protons, kaons, and pions within the ALICE
detector, a simulation of the two innermost detectors, namely the ITS2 and TPC, was con-
ducted. As an initial step into this unexplored momentum regime, a highly simplified setup
using a standalone Geant4 simulation was employed. The decision to forego the more complex
02 framework for ALICE [22] was made to keep the study manageable within the scope of a
bachelor’s thesis, which is intended as an exploratory feasibility study. While this simplified
approach enabled faster simulations, it also introduced significant limitations. For instance,
the exact detector geometry and readout mechanisms of the I'TS2 and TPC were not modelled.
As a result, effects such as charge distortions within the TPC [23], overlapping events in the
readout frame, and missing material like the beam pipe were not accounted for. These fac-
tors will likely lead to differences in the results when more detailed simulations are conducted.
Therefore, the findings presented here should be regarded as preliminary guidance, providing

insight into whether more sophisticated and comprehensive studies should follow.

3.1 Geant4

Geant4 is an open source software framework to simulate various particles and their passage
through matter. It covers the physics of photons, electrons muons, hadrons and ions from meV
up to several TeV. Therefore, it is used in many fields such as medical physics, high energy

astrophysics and accelerator physics [24].

3.1.1 Structure of simulation

The main framework of the simulation was done with Geant4 by Andrés Borquez. The simula-
tion is set to inject pions, kaons and protons with their respective antiparticles into a simulation
of the ITS2 and TPC of ALICE, under none or low magnetic field. Therefore, each simulated
event includes 12 particles with each 2 particle-antiparticle-pairs of the pion, kaon and proton
[25]. For the whole analysis 10° of those events were generated, resulting in 1.2 - 107 primary

particles.
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layers in the Geant Setup. TPC layers in the Geant Setup.

In Figs. 9 and 10, the schematics of the simulation are shown. As already hinted in the
introduction of the chapter, the ITS2 and TPC simulations have many simplifications. The
ITS has seven layers of silicon with the thickness and radius as given in [5], so the material
budget is accurately simulated at 0.3 %. The TPC is a gas chamber filled with 90/105 parts Ne,
10/105 pars COy and 5/105 parts N? and no readout pads. To account for this, the maximum
hit distance is set to 4 mm, so that a similar amount of hits to a high momentum charged

particle is obtained (Fig. 62). The empty space around the detector units is filled with air.

3.2 Simulation properties

Before starting the simulation the framework needs to be set, meaning a lower and upper limit
for the momentum of the injected particles has to be chosen at which a reasonable detection
and therefore classification is possible, up to the region of already reconstructed particles at
ALICE and a magnetic field needs to be chosen, which ensures a balance between particles

reaching the TPC and the magnitude of reconstruction error of the transverse momentum.

3.2.1 Injected particles

To be able to classify the primary particles, the momentum of the primary particle and its path
have to be reconstructable, to ensure a reliable primary vertex reconstruction. For this, the
charged kaons, charged pions, protons and anti-protons have to traverse the I'TS2. This means
that the lower momentum limit needs to be low enough so that the least energetic particles won’t
fulfil this condition at all (Fig. 11), to ensure the whole spectrum of possibly reconstructable

low momentum particles is covered with the analysis. To determine the lower momentum limit,
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preliminary simulations were done, to see at which point the fraction of particles traversing the

ITS vanishes.

Figure 11: Example of a pion not reaching the TPC due to early decay into a muon (orange)
and an anti neutrino.

Particle | Lower pr limit [MeV/c] | Upper pr limit [MeV/c] | Azimuthal angle [rad] | Rapidity [rad]
mt 20 150 027w -1.25-1.25
K* 75 250 027 -0.85-0.85
p,P 125 350 027 0.70.7

Table 3: transverse momentum, rapidity and azimuthal limits for the injected particles

The momentum limits for the particles can be found in Tab. 3. The upper limits are set 50
MeV /c higher than the current threshold of the lowest classified particles, as everything above

this momentum is not of interest for this thesis, because the methods for their PID are already

existing and working.
Each of the injected particle has a transverse momentum p7 drawn from a uniform distribution

over the region from Tab. 3 and a rapidity n and azimuthal angle ¢ uniformly drawn from Tab.

3. Those values then yield the momentum of the particle:

P = (prcos(¢), prsin(¢), mr sinh(n))

with the transverse mass my

mT:\/mZ‘FP%’
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with the particle’s mass m.

3.2.2 Selection of the magnetic field strength

In order to find a suitable magnetic field strength, the limitations must first be identified so
that an optimum magnetic field can be determined using these limitations. On one hand, the
magnetic field needs to be low enough for the charged particles to actually reach the TPC, as

one can see in Fig. 12.

Figure 12: Example of a charged particle not reaching the TPC due to too much curvature
induced by the magnetic field

On the other hand, the magnetic field is used as later explained for the reconstruction of
the transverse momentum. This means the chosen magnetic field strength for the simulation
should lead to the lowest possible reconstruction error in the transverse momentum, defined as

_ |$true - xTec| (10)

Orec 9
Tirue

with the true value x4, and the reconstructed value z,.., while still respecting the first re-
striction. Two factors primarily influence the reconstruction error. First, multiple scattering,
which scales inversely with the magnetic field strength (oc B™!), becomes more significant at

lower magnetic fields. Second, a higher magnetic field increases the curvature of the particle’s
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trajectory, leading to greater energy loss, which however could be accounted for by energy loss
corrections.

Therefore, preliminary simulations with magnetic fields between 0 and 0.4 T were done and
both the fraction of particles reaching the TPC (1st restriction) and the reconstruction error of
the transverse momentum (2nd restriction) in the TPC and the ITS have been evaluated and

plotted against the magnetic field strength in Fig. 13, 14.
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Figure 13: Fraction of particles reaching Figure 14: Reconstruction error of stan-
the TPC dalone ITS and TPC tracks

As one can see in Fig. 13, the magnetic field has in boundaries between 0 and 0.4 Tesla no
big effect on the particles actually reaching the TPC, which means, that the particles, thats
momentum is low enough to be affected enough by the curvature, wouldn’t reach the TPC due
to energy loss or decay anyway. On the other hand, the reconstruction error shown in Fig.
14 shows a strong dependence on the magnetic field, with a clear minimum around 0.2 Tesla.
This finding is consistent with the fact that other low momentum analyses have already been
carried out at 0.2 Tesla [26], showing that the simulation setup, although simplified, is capable
of producing results close to the real properties. Therefore, for all following simulations and

analysis, a magnetic field strength of 0.2 Tesla was chosen.

3.3 Readout of simulation

This simulation is not done by the generation of the whole particle collision process, but only
by injecting pions, kaons and protons with a fixed initial momentum. This is then used, with
the set magnetic field, to process the trajectories. In total, there are 3 different data files saved

from the simulation, with the information shown in Tab. 4, 5 and 6.
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Feature Unit
Feature Unit Feature Unit trackID R
PDG code -
trackID - trackID -
— Parent ID -
layer number | - x-position cm
X-position cm y-position p charge _

P - = T - initial P, MeV/c
Y'position Cm d—pos itod — ;/[ - nitial P, MoV /¢
z-positio ¢ eposited energy e nitial P MoV /e
Table 4: ITS Data Table 5: TPC Data deposited energy | MeV

Table 6: True Data
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4 Machine Learning Introduction

4.1 Introduction

A computer program classified as Machine Learning (ML) learns from experience E with respect
to some class of task 1" and performance measure P, if its performance at tasks in 7', as measured
by P, improves with experience F [27]. This principle can be and is used in modern particle
physics in addition to conventional methods to classify particles from the detector data and
maybe even improve its efficiency and accuracy. To investigate the potential benefits in fields
of low momentum classification at ALICE, firstly the used software and algorithm have to be

introduced.

4.2 XGBoost

XGBoost ("Extreme Gradient Boosting”) is a software library designed to implement machine
learning algorithms under the gradient boosting framework, where gradient boosting is a type
of boosted trees [28].

4.3 Decision Tree

A decision tree is a model, which gives a prediction § outgoing from n examples with m features,
which are all classified by a target y. The prediction therefore tries to use the features of the
training examples, to find a pattern to predict the target of those training examples with the
highest possible accuracy.

To measure the performance of the classifier, one has to construct an objective function. This
usually consists of the training loss L(6) function, which measures, how predictive the model
is in respect to the training data and a regularization term 2(6), which is used to prevent
overfitting, which in case of a decision tree would mean, that it prevents the tree from being

too complex.

obj(8) = L(6) + Q(0) (11)

A normal choice for the loss function would be for example

L) = (4 —§:)° (12)

)
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prediction score in each leaf

Figure 15: Visual representation of a Tree [28]

4.4 Tree Ensembles

XGBoost uses a decision tree ensemble as the classification model. It consists of a set of
Classification and Regression Trees (CART). Therefore, the predictions scores of each individual

tree are summed up, and the average is taken for the final prediction.

j=> fulz:) fu € F, (13)

k=1
where K is the number of trees and fj is a function from the set of all CARTs. This leads to

the objective function

K

0bj(0) = > 1y 50) + Y_w(fi) (14)

k=1
where [(y;, 7;) is the loss function of the prediction and w( fy) is the regularization for each tree,

to prevent overfitting.

tree1 tree2

. 2
e2) (£
2=

-1 +0.9

f( @ )=2+09=29  f @ )=-1-0.9=-1.9

-0.9

Figure 16: Visual representation of a Tree Ensemble [28]
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4.5 'Tree Boosting

Lastly, the introduced model and therefore the objective function has to be optimized.

K
obj(6 Zl v i) + > w(fe) (15)
k=1

(®)

where g; is the prediction of tree ¢ in the optimization step ¢
A(O) —0
(1
yf "= 37 + fil)

A()
f1($z)+f2( ) =9+ folw) (16)

Y = ka (1) = 97V + fulw)

This leads to the objective function in the t-th step of the trees

t)—zlyz,yf) Z (f:)

= (17)
Z [y, @f”) + fi(z;)) + w(fi) + const.

Now the second order Taylor expansion is taken for the loss function:

obi® = S M1y 577) + gifue) + haf2 ()] + () + const, (18)

where

= 9,1y, 9"7)

hi —821( v 9 Y) 1)
By removing all constants, this leads to the specific objective function at step t:
. - 1
obj" = (g fi(w:) + hifi (@) +w(fo) (20)

i

Ultimately, we have to define the complexity of the trees, to get the regularization term with:

W) =T+ Al (21)
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Where 7' is the number of leaves and w is the vector of scores on the leaves. With that in mind
and fi(2) = wy(er) Where g(z) is a function that assigns the data points to the correct leaves,

we get

n T
. 1 1
obj® & Z [gitq(w:) + ihiwg(l'i)] +T + 5)\ Z w?
(i=1) (G=1)
T

=Y 1O 9w, + %( > hi+ N +9T,
)

j=1 i€l (i€l

where I; = ilq(x;) = j is the set of indices of the data points at leave j. With G; = >, gi

and H; =Y., h;, this simplifies to

i€l

T
1
obj® = Z[Giwj + §<Hi + A)wf] + T (23)

j=1

As each w; is independent, we have a quadratic function, which has its optimum at

G? (24)

1
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Figure 17: Scoring system of a Tree up to second order Taylor 28]

With obj* we know have a function to measure how good the optimal tree at a certain complexity
is. We can measure, if it is reasonable to split a certain leaf of a certain tree by subtracting
both objective functions from each other. We get:

17 G2 G2 (GL + Gg)?

Gain = ObJunsplit - Ob.]split Y

2| H,+ X " Ho+ N H+Hp+r|

(25)
As we can see, if the score is smaller than ~, we should not split the tree at this certain leave.
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This will be iterated over all leaves from all trees, until the gain of every split is smaller than
v. [28]
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5 Data Reconstruction

For the PID, we will need a variety of properties from the particles. Those properties can be
reconstructed with the information we get from the TPC and the ITS2. The following chapter
focusses on the methodology of the different reconstructions, of which an overview is given in
Tab. 7.

’ Quantity \ Unit \ Reconstruction
Transverse momentum prp MeV/c  Circle fit
z-momentum p, MeV/c  Helix fit
Total momentum p MeV/c Comb. of pr and p,
Differential Energy loss dFE/dx  MeV/cm  Energy deposition and hit position
charge Q) -1,1 Helix orientation
Primary boolean  DCA

Table 7: Overview of reconstructed properties and their methods

5.1 Momentum Reconstruction of Charged Particles
The momentum p of a particle in the presence of a magnetic field can be systematically recon-

structed by considering its transverse and longitudinal components.

ﬁ: ﬁT +ﬁz = (p:r7py7 0) + (0, Oapz> = (px7py7pz) (26)

Given a magnetic field oriented along the z-axis, the transverse momentum pr lies in the zy-
plane and is responsible for the helical motion of the particle, while the longitudinal momentum

p. is parallel to the field and determines the pitch of the helix.

5.2 Transverse Momentum Reconstruction

Therefore, we firstly need to reconstruct the transversal momentum, that is perpendicular to
the B-field, that is applied. This is done by determining the radius of the charged particles in
the B-field, which can be directly used to determine the momentum with

pr = 0.3BR (27)

where pr is the transverse momentum in GeV/c that results from the magnetic field B in T

and radius 7 in m. The reconstruction of the radius was done with the help of Ref. [29].
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Figure 18: Schematics of the circle fit [29]

5.3 Reconstruction of the z-momentum

Next up, the total momentum of the particles needs to be reconstructed. For this, we can use
the already reconstructed radius and circle center from the previous step and fit a helix function
to the TPC hits

f(2) = (x. + rcos(wz + ), y. + rsin(wz + @), 2) (28)

with the free parameters w and . The estimator w leads with the equation

¢ = arctan (i) (29)

wr

to the angle between the transverse momentum py and the total momentum p. The whole

p =/} + P2 (30)

p. = prtan(®) = 2% (31)

momentum p then results from

with
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Figure 19: Schematics of the helix fit [30]

5.4 Charge Reconstruction

To obtain the charge of a particle, one has to look at the helix fit reconstruction. Depending
on the sign of the charge, the magnetic field will lead to different orientations of the circular
motion, meaning the particle will either rotate in a positive or negative handed manner, as the

force
F =q(7x B) (32)

with the charge ¢, the particle’s velocity v and the magnetic field B, changes signs according

to the charge, which will lead to a different sign in the cyclotron frequency w,

_ 4B

-~ (33)

We
with the charge of the particle ¢, the magnetic field B and the mass of the particle m. As we
only know the chronological order of our hits and do not have a direct time resolution, we do
not directly fit w. dependent on the time, but wy; dependent on the z position of the hits, as
seen in Eq. (28). But as they are chronological ordered, it will lead to the same orientation,

when multiplied by the sign of the 2 momentum:

sign(w.) = sign(wy;) - sign(p.) (34)
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As a negative charge will lead to a counterclockwise rotation in the zy-plane, which is the

mathematically positive direction, the sign of the charge is reconstructed by:
sign(Q) = —sign(wyi)sign(p.) (35)

5.5 Primary Vertex Reconstruction

To decide, whether a particle is a primary particle (emerges directly from the collision) or is a
secondary particle (e.g. the decay of a primary particle) one needs to calculate the Distance of
Closest Approach (DCA) to the collision point, or in our case, as the particles are injected, to
the origin of injection Zosigin = (0,0,0)7.

As the helix motion of the particles is already reconstructed, we are able to extrapolate the

helix function f(z) of the particles, to see, how close it gets to the origin, by minimizing:

dist(f(2), Torigin) = /(1 cos(wz + ) — 2.)2 + (rsin(wz + @) — ye)? + 22 (36)

with x. and y. being the center points of the rotation in the xy-plane. When the particle’s
Point of Closest Approach (PCA) to the origin is small enough, it will be flagged as a primary

particle.

5.6 Differential Energy Loss

Now that we have the reconstructed momentum of the particles, we only need the differential
energy loss dE/dx to determine the particle ID via a Bethe-Bloch fit. The differential energy
loss is determined by using the data of the deposited energy and the distance to the prior hit

and averaging over the hits of a particle.

[ccii_lx?] _ 1 <Y (energy deposition); (37)

Mhits < (distance to prior hit);

The calculated differential energy losses will follow a Landau distribution, which does not have
a finite first or second order moment, what makes it really unreliable to calculate an average
due to large fluctuations. A widely used solution is the truncation of the highest values before
taking the mean, by only using the o lowest values. This method is called a truncated mean

estimator and was empirically proven to yield good results.

[dE } 1 & (energy deposition);
trunc

- - 38
dx OMits (distance to prior hit); (38)

The truncated mean results follow approximately a Gaussian distribution with a well-defined

first and second order moment. Typical values for o range from 0.5 to 0.7 [31].
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6 Reconstruction Results

6.1 ITS Reconstructions

The ITS2, being the innermost detector unit of ALICE is especially important for the very
low momentum particles, as they suffer from significant energy loss and particles that decay
before the TPC might still be investigated by their decay products, if the ITS provides good
enough momentum and track reconstruction. Therefore, the momentum reconstruction was
analysed in the following part. Before the analysis, some particles were cut by only allowing

reconstruction, that have a x2,;, < 5 and have at least 5 ITS hits.

6.1.1 Transverse Momentum

As mentioned in Section 5.2, a simple circle fit was used to determine the transverse momentum
via its radius in the magnetic field. For the ITS2, at least 5 hits were used for the reconstruction.

The results of the reconstruction can be seen in Figs. 20, 21, 22.
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Figure 20: Reconstruction error of the transverse momentum of
standalone ITS2 reconstruction of protons.
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OReconstruction error of transverse momentum for Kaons in ITS2
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Figure 21: Reconstruction error of the transverse momentum of
standalone ITS2 reconstruction of kaons.
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Figure 22: Reconstruction error of the transverse momentum of
standalone I'TS2 reconstruction of pions.

As one can see for all three particle species, the ITS2 standalone p; reconstruction does not
work very well in the lowest momentum regime, but stabilizes for protons at around 400 MeV /c,
for pions at around 200 MeV /¢ with a reconstruction error of about 8 % and for kaons at around
300 MeV/c with about 18 %. The momentum resolution for pions is consistent with the ex-
pected one from Fig. 6, where the resolution is about 4 %. The two times higher resolution
in the simulated I'TS2 can be explained by higher multiple scattering effects due to the lower
magnetic field o« 372. However, below 200 MeV /¢, the simulation yields significantly higher
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reconstruction errors. This discrepancy indicates, that either the reconstruction methods or
the simulation is faulty. As in Fig. 6 a Kalman filter tracking technique was used, it is likely,
that the simplified pr reconstruction with a circle fit begins to fail at those low momenta due
to significant multiple scattering. Therefore, with a more sophisticated reconstruction, it can
be expected, that also the low momentum region should be consistent with the findings of the
technical design report of the ITS2 [5].

As we get stable results after a certain momentum threshold, this indicates, that the recon-
struction with a simple circle fit works for higher momentum particles just fine, but at low
momentum there is some kind of disturbance, which leads to a larger reconstruction error. The
growing reconstruction error is attributable to multiple scattering with the air in the detector,
but especially within the silicon layers of the ITS, which starts to alter the path of the particles
more severely, as they get less energetic, which also explains the constant rise as we get into
lower momenta of the particles.

This can be seen in a scatter plot between the true transverse momentum and the I'TS recon-
structed transverse momentum of protons in Fig. 23, as the mean reconstruction lies pretty
much on the true value with a shift to an underestimation of the momentum at low momenta

due to energy loss.
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Figure 23: Scatter plot between the reconstructed and true trans-
verse momentum for protons.

6.2 TPC Reconstructions

The TPC, positioned as the second innermost detector at ALICE, is the first detector capable
of measuring energy deposition, which is crucial for PID. Like for the I'TS2, the momentum
resolution is investigated, but furthermore other key properties are reconstructed and checked,

as the I'TS2 momentum resolution showed to be inadequate at this point, leaving the charge
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and primary vertex to a standalone TPC reconstruction.

Before the analysis, as for the ITS, some cuts in the investigated data were made. Like for
the ITS reconstructions, x2,, < 5 and at least 5 TPC hits were required. Additionally, for the
charge and momentum reconstruction, the DCA primary cut was used, as only the primary

protons, kaons and pions and secondary muons are of interest.

6.2.1 Efficiency

Since low-momentum particles encounter several challenges before reaching the TPC, it is
important to investigate how many particles actually reach the TPC and have a high quality
reconstruction. To do this, the fraction of particles that survive the initial cuts, as outlined at

the beginning of the chapter, is plotted against the transverse momentum in Figs. 24-26.
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Figure 26: Fractions of pions after the cuts

As shown in Fig. 24, the fraction of protons with sufficient TPC reconstruction remains stable
down to around 230 MeV/c. Below this momentum, the energy loss for protons becomes
significant, preventing many from reaching the TPC, with only 25% surviving at 125 MeV/c.
Since protons are the heaviest particles under investigation, they experience the greatest energy

loss, especially at low momentum, where the energy loss scales as oc 572,
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The fraction of kaons follows a similar trend to that of protons, but is overall less steep. kaons
not only suffer from energy loss due to their relatively high mass but also from their unstable
nature, with a decay length that depends on their momentum. The combination of these two
factors results in a sharp decline in efficiency around 150 MeV /¢, giving kaons the lowest overall
efficiency and the slowest rise in efficiency.

Pions, being the lightest primary particles in this study, experience minimal energy loss except
at very low momenta. Consequently, their efficiency remains stable for a longer range, but it
eventually decreases due to both energy loss and their instability. By around 30 MeV /¢, almost
no pions reach the TPC.

Overall, the efficiencies demonstrate that the TPC standalone reconstructions remain stable
well below the momentum limits set for Run 2, as shown in Tab. 3. This suggests that Bethe-
Bloch PID is likely suitable for use in this low momentum regime for protons, kaons, and pions,

a conclusion that will also be supported in the upcoming PID performance comparison.

6.2.2 Transverse Momentum

As for the I'TS2 momentum reconstruction, a circle fit was used for the transverse momentum,
but with the restriction, that only 70 of the TPC hits were used, if they exceeded 100 TPC
hits to account for the energy loss of particles, that start circling within the TPC.
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Figure 27: Reconstruction error of the transverse momentum of
standalone TPC reconstruction of protons.
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g(éaconstruction error of transverse momentum for Kaons in the TPC
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Figure 28: Reconstruction error of the transverse momentum of
standalone TPC reconstruction of kaons.
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Figure 29: Reconstruction error of the transverse momentum of
standalone TPC reconstruction of pions.
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§8construction error of transverse momentum for Muons in the TPC
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Figure 30: Reconstruction error of the transverse momentum of
standalone TPC reconstruction of muons.

As one can see, the results look similar to the I'TS2 reconstructions, but the overall errors are
lower and the stable region with a reconstruction error is bigger, as for protons, the recon-
struction error stays below 10% down to around 200 MeV /¢, for kaons to 150 MeV /¢ and for
pions down to 50 MeV /c. Moreover, the results of the higher momentum reconstruction (>400
MeV/c) show to be consistent with the performance in Fig. 8. With a resolution of around 2
% it is roughly 2 times as high, but as the multiple scattering effects should be roughly 2.5
more significant at low B-field due to the inverse scaling with the B-field (o35 oc B™!) this
is expected. This shows, that the TPC simulation setup gives reasonable accurate results in
terms of momentum resolution, making the study’s analysis results more reliable.

Other than for the I'TS2 simulation, the TPC has only a low density gas chamber without solid
matter in it, which makes the scattering effects, that disturbed the ITS reconstruction, way
less significant. Still, we see a significant rise in the error at low py. This can be explained by
the fact, that we only look at primary particles for protons, kaons and pions, which have to
make their way from the collision point all the way to the TPC, a way of roughly 80 cm (Tab.
2), before the first hits in the TPC are registered. This means low momentum particles, as can
be seen in Fig. 42, suffer from substantial energy loss before reaching the TPC, resulting in a
systematically lower reconstructed momentum, which can be seen especially well for the high
mass protons.

As already stated, the scattering effects are way smaller in the TPC than in the ITS2, as the
particles are traversing gas and no solid matter. Moreover, the number of TPC hits to work
with is notably higher with less distance between them. This can be seen in Fig. 31, the scat-
ter plot of the reconstructed transverse momentum from the TPC against the true transverse

momentum. There is still a distribution around the true value, but way smaller than for the
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ITS2.
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Figure 31: Scatter plot of the reconstructed and true transverse
As one can see, the spread of the re-

momentum for protons.

constructed pr gets higher for lower momentum protons, indicat-
ing more multiple scattering and the overall reconstruction shifts
downwards below the true value, indicating significant energy loss.

6.2.3 Primary Vertex

The DCA reconstruction can now be used to determine, which particles are primaries.
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Figure 33: Efficiency of primary classifica-
tion via DCA on protons.

Figure 32: Purity of primary classification
via DCA on protons.
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Figure 34: Purity of primary classification

Purity of primary classification for Kaons
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Figure 35: Efficiency of primary classifica-

tion via DCA on kaons.
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Figure 37: Efficiency of primary classifica-
tion via DCA on pions.

Figure 36: Purity of primary classification
via DCA on pions.

With no significant background, the primary reconstruction shown in Figs. 32-37 encounters
few issues. However, the purity of primary proton classification is slightly affected by protons
knocked out from the detector material in the inner layers of the ITS2, which are mistakenly
identified as primaries. The purity of pions is somewhat lower due to antiproton and proton
annihilations, as well as kaon decays into charged pions near the collision point, leading to their
incorrect classification as primaries. The efficiency is limited by the TPC cuts, as seen in Figs.
24-26, since the DCA was calculated using the standalone TPC helix fit.
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6.2.4 Charge

Reconstruction accuracy of charge for Protons in TPC
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Figure 38: Reconstruction accuracy of the charge of TPC recon-
struction of protons.
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Figure 39: Reconstruction accuracy of the charge of TPC recon-
struction of kaons.
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Reconstruction accuracy of charge for Pions in TPC
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Figure 40: Reconstruction accuracy of the charge of TPC recon-
struction of pions.
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Figure 41: Reconstruction accuracy of the charge of TPC recon-
struction of muons

As the charge is determined by the orientation of the helix rotation, it is very stable to the
resulting error from multiple scattering and energy loss, as they do not change the orientation
of the rotation. This can be seen in Figs. 38-41, as all species have a nearly perfect accuracy

over the total momentum region.
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6.2.5 Differential energy loss dE/dx

The differential energy loss dE/dz calculated with the truncated mean, as depicted in 5.6
cannot be subjected to an error analysis like the other quantities, as there is no true value of
the differential energy loss. Still, an implicit analysis can be made by looking at the Bethe-
Bloch curves of the particles, as they should be distinguishable in the low momentum region,
whereby in addition the thickness of the curves gives a second measure for the accuracy of
the calculation of the differential energy loss. Those curves are plotted with their respective
ALEPH fits, later explained in Section 7.1, in Fig. 42. As one can see, the width of the different
bands of the particles is reasonable (minimal overlap in the low momentum regime) and the
ALEPH parametrizations fit well, which indicates a successful reconstruction of the differential

energy loss.
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7 PID methods

7.1 PID via Specific Energy Loss in the TPC

The TPC data, that was created in the simulation, can be used to reconstruct the particles
over the differential energy loss dE/dx. Therefore, we want to fit a Bethe-Bloch function on

the data, which will give us the particle mass and eventually the particle ID.

7.1.1 ALEPH External Parametrization

Based on this, we can now plot the differential energy loss against the momentum of the particle,
and the Bethe-Bloch function is fitted with a multifit onto all curves. More specifically, the
ALEPH External parametrization as a function of S+ which was introduced by Blum and
Rolandi for the ALEPH experiment [32]. To derive the parametrization, we first have a look
at the Bethe-Bloch equation:

dE] ArNe* 22 lln 2meC? B paw 3272 B B_z B 5(5) (39)
de |  m2 2|2 12 2 2 |
With introduction of the free parameters and the neglection of the density term with §(5) =0
we get
2rNet
ag — 5 z
MeC
2mMeC?E s o1 2meC®Erpgg (40)
a] = hl T — e = T
We can transform the equation to
dE a
-] o) = 58 men2v?) - 2 (1)
by using In($) = In(a) — In(b) it follows, that
dE ao 1
- {%} (B7; a0, a1) = @ [al —1In (5272> - 52} : (42)

Until this point, we neglected the term §(/3). This can be compensated by a free parameter ay

in the logarithmic term, which gives us the plateau at high momenta :

- [%] (5% ao,al) = % |:a1 —In (GQ + 5%72) - 52} . (43)

The quadratic decrease of the average differential energy loss at low momenta (8 <1) and the

logarithmic rise at high momenta can be described by the free parameters az and a4, which can
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be assumed to be asz, ay = 2 by looking at the Bethe-Bloch formula, we get the expression for
the ALEPH-External parametrization

[

dz } ALEPH External

(5’7; Qo, al) = % |:a1 —In (CLQ + ﬁ) — ﬁa3:| (44)

which was used for the fits of the average differential energy plot against the momentum [32].

7.1.2 Classification

In Fig. 42, the ALEPH fits on the curves of the different particles are shown.
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Figure 42: Differential energy loss plot against the momentum and in black the ALEPH fits

On every of those fits, an error band of the deviation of the data can be calculated as shown

for protons in Fig. 43

41



Binned Bethe-Bloch plot for Protons
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Figure 43: ALEPH fit with Error band for protons. A binned fit was performed, meaning,
that the initial data points were binned in bins with a width of 10 MeV/c. On those bins a
Gaussian was fitted. The mean and standard deviation of the Gaussian were then used as the
data points for the fit.

This means every data point has now a certain sigma deviation to the different ALEPH fits,
which all correspond to either a proton, kaon, pion or muon. To perform a PID on one of those
particles, the sigma deviation to all of those curves is calculated, and the lowest deviation gives

us the particle’s ID.

PID(particle) = argmin
Vpex

{ dist(particle, ALEPH,) } (45)

Op

where x is the set of all possible particles (proton, kaon, pion and muon).

Lastly, one can see an overlap in Fit. 42 of the two lowest curves, being the pions and muons, as
they have similar masses. This will lead to a significant error in PID, as there’s no distinctiveness
in their energy loss at higher momenta. This however is solved, as we only want to look at
primary particles directly emerging from the collision, which will cut out all muons falsely

identified as pions, because they only appear as secondary particles from decays.
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7.2 PID with ML Framework

Besides the Bethe-Bloch PID, we will also use a Machine Learning classifier. It should be
mentioned, that again the DCA primary cut was used, to only have primary protons, kaons,
pions and secondary muons in the dataset. The model of choice is a Boosted Decision Tree
(BDT), which was explained in more detail in Chapter 4. To use this model, some parameters
still need to be set. On one hand, we need a feature vector of the physical data, we want to
use with a corresponding label, being the particle identity. On the other hand, we will need to
fix some hyperparameters regarding the decision trees, which will be explained in the following

part.

7.2.1 Feature Vector

’ Feature \ Unit \ Reconstruction
Transverse momentum pr MeV /e Circle fit
X2 of pr - Circle fit
z-momentum p, MeV /e  Helix fit
Momentum p MeV /c comb. of pr and p,
x2 of p - From Helix fit
differential Energy loss dE/dx MeV/ecm  energy deposition and hit position
average distance between hits dx cm from hit positions
Number of TPC hits - direct output
charge Q -1,1 helix orientation
Daughter muon momentum MeV /c comb. of pr and p,
Daughter muon transverse momentum MeV /¢  Circle fit
Number of daughters - True value

Table &: List of used features for the ML framework

For the feature vector used in the ML framework, shown in Tab. 8, nearly all reconstructed or
measured values were used, that could be compromised into a single scalar value. An interesting
choice to mention are the momenta of possible daughter muons of a particle. This selection
of those features will be more clear with the explanation of Chapter 7.3, as it shows, that
the momenta of the daughter muons in combination with the initial momentum show a great
separability between kaons and pions. As no full track reconstruction was done, the connection
of the daughter to the parent particle and the number of daughters are used from the true

values.

7.2.2 Hyperparameter Tuning

The goal of hyperparameter tuning is to find the optimal set of hyperparameters with which

to train our classifier. To find good parameters, we need to define our set of hyperparameters
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and what good means. Therefore, we will use the measure of accuracy defined as:

TP + TN

4
TP + TN + FP + FN (46)

Accuracy =

with TP (true positive) and TN (true negative) the number of correctly predicted classes and
FP (false positive) and FN (false negative) the incorrectly predicted classes. The set of ad-

justable hyperparameters can be seen in Tab. 9.

’ Hyperparameter ‘ optimization range
learning rate 0.01-0.3

max_depth 3-9
n_estimators 100-500
gamma 0.1-1
lambda 0.1-1
alpha 0.1-1

Table 9: Hyperparameters of used BDT

where the learning rate gives us the step size of the optimization, max_depth the maximum
depth of a tree, n_estimators the number of boosting rounds/trees, gamma the minimum loss
that is required to make a further partition of a node, lambda the L2 regularization scaling and
alpha the L1 regularization scaling.

Optuna’s optimization [33] was performed to maximize the accuracy score with a total of 200
trials. During each iteration, a new classifier is trained, and a 5-fold cross validation was done,
where the dataset is partitioned into 5 parts, where 4 parts are used for training and 1 part
for testing. After optimization, the classifier reached an accuracy of 0.9898 with the parameter

values depicted in Tab. 10.

Hyperparameter \ Best value ‘
learning rate 0.11

max_depth 4
n_estimators 294
gamma 0.11
lambda 0.50
alpha 0.146

Table 10: Values of Optuna optimized hyperparameters
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Figure 44: Optimization history of Optuna parameter optimization.

7.2.3 Framework Analysis

Before comparing the performance of the ML framework and the Bethe-Bloch PID, one can
have a closer look at the ML performance to have a first insight of its capabilities and analyse

the structure with regard to the generality, separability, and feature importance.

XGBoost logloss curve for PID

— Train
Test

Figure 45: Logloss of the BDT over the training rounds.

The logloss plot in Fig. 45 reveals a sharp decline in logarithmic loss during the initial training
rounds, followed by a flattening of both curves as training progresses, indicating effective model
optimization. The small difference between the training and test set curves suggests that the

BDT model generalizes well without signs of overfitting.

45



ROC Curve - OVR ROC Curve - OVR

1.0 1.0 %
08 — 08
g g g
s L &
206 —— Class [-2212] (AUC = 0.9997) 206 —— Class [-2212] (AUC = 0.9997)
‘E B Class [-321] (AUC = 0.9993) 'E Class [-321] (AUC = 0.9993)
o -~ —— Class [-211] (AUC = 0.9999) o —— Class [-211] (AUC = 0.9999)
§ 0.4 —— Class [-13] (AUC = 0.9999) E 0.4 —— Class [-13] (AUC = 0.9999)
—— Class [13] (AUC = 0.9999) —— Class [13] (AUC = 0.9999)
N —— Class [211] (AUC = 0.9998) —— Class [211] (AUC = 0.9998)
0.2 /"/ Class [321] (AUC = 0.9996) 0.2 Class [321] (AUC = 0.9996)
- —— Class [2212] (AUC = 1.0000) —— Class [2212] (AUC = 1.0000)
. === luck -==- luck
0.9k 0,0
0.0 0.2 0.4 0.6 0.8 1.0 0.000 0.002 0.004 0.006 0.008 0.010
False Positive Rate False Positive Rate
Figure 46: ROC curve OvR of the different Figure 47: Zoomed in ROC curve OvR of
particle classifications. the different particle classifications.

The ROC (Receiver Operating Characteristic) curve is a graphical representation that plots
the True Positive Rate (TPR) against the False Positive Rate (FPR). The TPR and FPR are
calculated by

TPR = T—P

TP + FN (47)
FPR = i

FP + TN

where TP represents the number of true positives, FN the number of false negatives, FP the
number of false positives, and TN the number of true negatives. As we have a multiple classes
and not only two, we look at the One vs Rest (OVR) ROC, where one class is represents the
signal and all others the background. The area under the ROC curve (AUC) serves as a key
metric for evaluating the performance of a classifier. An ideal classifier will have an AUC of
1.0, indicating perfect performance. As illustrated in Fig. 47, the ROC curve closely aligns
with that of a perfect classifier, with only a minimal deviation. This is further supported by

the AUC score, which is close to 1, indicating an almost perfect separation between the classes.
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Feature Importance of Tree Ensemble PID
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Figure 48: Feature importance of the BDT.

In XGBoost, feature importance based on gain represents the average improvement in the
model’s accuracy when a feature is used to split the data across all the decision trees. The
feature importance is then the average gain as defined in Eq. 25 from all the splits that use
that feature, making it a powerful metric for understanding which features contribute the most
to improving the model’s performance. Features with higher gain scores are more impactful in
reducing prediction error, indicating they play a more significant role in the model’s decision-
making process.

As observed, the charge of the particles, with a feature importance of approximately 0.39,
stands out as the most significant factor when considering distance. This is expected, given
that for every charged particle, the corresponding antiparticle is also injected, which shares
most of its properties except for the charge. This makes the charge feature the primary dis-
tinction between a particle and its antiparticle.

More interestingly, the x? values of the momentum reconstructions emerge as crucial, ranking
as the second and third most important features, with importances of 0.157 and 0.151, re-
spectively. This observation aligns with other analyses, as different particle species — namely
protons, kaons, pions, and muons — experience distinct combinations of physical phenomena
like multiple scattering and energy loss. These lead to varying orders of error, potentially
resulting in distinctive structures within their yx? distributions, which are directly tied to the
reconstruction process.

The feature nDaughter, which refers to the number of daughter particles, has a feature impor-
tance of 0.07. Since different particles undergo different decays and exhibit varying branching

ratios, some of these decays can be distinguished by the number of decay products, contributing
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to the feature’s significance.

Additionally, the momentum of a possible daughter muon, Daughter_p, plays a notable role.
The very existence of a daughter particle can introduce a distinguishing feature. Furthermore,
the combination of the daughter muon’s momentum with the primary particle’s momentum,
P_rec, which follows with a feature importance of 0.045, helps distinguish between kaons and
pions particularly well, as explained in more detail in the subsequent chapter.

The transverse momentum, Pt_rec, holds a feature importance of approximately 0.043, which
is on par with the total reconstructed momentum, P_rec. Both of these features are relatively
important because the simulated momentum ranges for the different particles vary, contributing
to the differentiation.

Interestingly, the differential energy loss, dEdx, exhibits a lower feature importance of 0.034,
despite being one of the main properties used for PID via the Bethe-Bloch formula.

Lastly, features such as the number of TPC hits (TPC_hits), the transverse momentum of the
possible daughter muon (Daughter _pt), the average hit distance in the TPC (dx), and the
z-component of the primary particle’s momentum (Pz_rec) seem to have relatively low impor-
tance. This could be because these values are either similar across all particles in the simulation
setup or highly correlated with other features, such as Daughter_p, P_rec, and Pt_rec, thereby

not providing much additional information.

7.3 PID of Pions and Kaons via Secondary Muon Momenta

To classify the primary particles, which do not reach the TPC, one needs to find a distinguishing
feature in their decays, as they do not reach far enough into the detector to classify them directly.
For kaons and pions, it seems plausible to look at the muon momenta of the decays, as nearly
all pions decay into muons (Chap. 1.4.3) and over 60 of the kaons (Chap. 1.4.2). Moreover,
the masses of kaons and pions are very different, which should lead to a mayor difference in
the momentum of the muons. To calculate the resulting muon momenta, one needs to take the
invariant masses of the initial and final state of the K~ /7~ — p~ 7, decay or their respective

antiparticle decays.

2 _ p2
Pﬂ'_P;,LV

(Eﬁ) (EﬁE,,)Q (48)
R =
0 0
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As this is a two body decay, we have P, u = —P,u. Moreover, we assume the antineutrino to

be massless, which leads to E, = |P,|.

g m72r = (Eu + |Pu’)2
e m,=E,+|P,|

& (mx — |P))* = E (49)
Ang m72r - 2m7rlpu| + |P_u|2 = mi + |Pu|2

m2 —m? _
oMM g

2m,

For the pion, we get a muon momentum of |P,(7)| & 29.79MeV /c and for the kaon |P,(K)| ~
235.53MeV /c. This result seems to be promising already, but this is still in the rest frame of
the pion/kaon, but we need the momenta in the rest frame of the detector. This means the
muon momenta need to be boosted according to the momentum and the decay angle of the

primary particle.

_ ‘ 50
" 1+ S cos(¢) (50)

vu’ sin(6’) 2
u? + v% 4 2vu’ cos(0') — (—>

Where u’ is the initial velocity of the primary particle, v the velocity of the decay-muon in the
rest frame of the primary particle and ¢ the decay angle in the rest frame [34]. Lastly we need

to convert the momenta into velocities with

P
V= |—|_ (51)
/F2 . | P|2
and after the boost back into the momentum
|P| = Bym (52)

Now we have the momentum of the muons from the decay of the kaons and pions respective to

their initial momentum.
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Figure 49: muon momenta respective to the initial primary particle momentum

In Fig. 49, the muon momentum is plotted against the initial primary particle momentum in
dependence of the decay angle. One can see, that especially in the low momentum regime, the
overlap is minimal or non-existent. As for the higher momenta above ~160 MeV /¢ the muon
momenta overlap, but from this point on the velocity of the kaons and pions are large enough to
travel stable through the whole TPC before decaying, so the primary particles themselves can
be reconstructed normally without the investigation of the muon momenta. This means, that
the reconstruction via the decay-muons may be a viable way to classify the pions and kaons,
by assigning the particle ID, if the momenta lie within the range for charged pions or kaons in

Fig. 49.
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8 Analysis of PID

Before starting the analysis, another significant cut to the data was made for the PID. As
already stated, the primary objective of the low momentum observation is to look at the capa-
bility of reconstructing particles directly emerging from the collision. This means in the PID
we will only look at primary protons, kaons, pions and secondary muons, reconstructed by the
DCA (Chap. 5.5) primary cut.

As for the analysis itself, we will look at two different things, Firstly the comparison between
the performance of the models and secondly what the performance of the models tells us about

the physical limitations ins terms of the lower momentum limit border.

8.1 Purity and Effiency

Before we can perform the analysis, the parameters with which we perform it must be specified.

Therefore, two different indicators are used, the purity and the efficiency of the PID defined as

following;:
Ns
p— 53
I # of correctly classified particles of species (54)

# of all simulated particles of species
This means, the purity gives us a measure, of what ratio of classified particles of for example
pions are actually pions and not falsely classified as such. The efficiency shows, how many of

the classifiable particles of a species were actually classified as such.

8.2 Purity and Efficiency of Bethe-Bloch and ML PID

In the following plots, one can see the purities and efficiencies of the proton PID for the Bethe-
Bloch classification and the ML classification for different transverse momenta. In green, the

line of the current momentum limit is depicted.
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Figure 50: Purity of proton PID via Bethe Figure 51: Efficiency of proton PID via
and ML Bethe and ML
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In Fig. 50 and 51, the performance of the proton PID is shown. As one can see, the purities
and efficiencies for both ML and Bethe-Bloch are very similar to each other, which was already
expected. As the proton is the only stable particle and has a significantly higher mass than the
other particles, a Bethe-Bloch classification is more than sufficient to classify protons as such.
This means, there is not much room for improvement with a ML framework, hence the similar
results.

However, the efficiency shows an interesting development to the lower momentum regime. From
around 230 MeV /c on, the efficiency of both classifications is steadily decreasing. This is due
to the energy loss the high mass protons are experiencing, as they begin to stop before even
reaching the TPC, which is needed for the energy deposition measurements. Yet, the efficiency

is high enough, well below the current limit.
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Figure 52: Purity of kaons PID via Bethe- Figure 53: Efficiency of kaons PID via
Bloch and ML Bethe-Bloch and ML

The PID for kaons, shown in Fig. 52 and 53, behaves very similar to the classification of
protons, as kaons, too, have a big mass gap around them, which makes the Bethe classification
very precise, which again shows in the similarity of the classification methods.

The efficiency has a similar shape to the proton curve, but the curve is overall much lower.
This is due to the problem, that the kaon has two restrictions, that prevent it from reaching
the TPC. On the one hand, the energy loss from traversing the inner detector layers is still
very significant, as the mass from the kaon is relatively high. On the other hand, the kaon is
an unstable particle which means, that particles do not need to be completely stopped like the
protons, but the energy loss decreases the decay length. Therefore, the kaon has the lowest
classification efficiency overall, as it’s the highest mass unstable particle in the context of the
thesis.

Still, the efficiency stays reasonably high way past the 200 MeV /¢ threshold.

52



Purity of classification for Pions with Bethe and ML

1.000

0.975+=

ion

0.950

Purity of Classificati
e o o
o o ©o
I S N
G 3 u

0.850

0.825

0.800.

Bethe
ML
— current limit

20

Figure 54: Purity of pions PID via Bethe-

40 60 80 100 120 140
Transverse momentum of the classified Pions in MeV/c

Bloch and ML

Efficiency of classification for Pions with Bethe and ML

1.0

I o o
S o 3

Efficiency of Classification

I
N

0.0

Bethe
ML
—— current limit .. —— — T T

20

Figure 55:

40 60 80 100 120 140
Transverse momentum of the classified Pions in MeV/c

Efficiency of pions PID via

Bethe-Bloch and ML

When moving on to particles, that lie within close mass range with another particle, the Bethe-
Bloch PID starts to have its problems. In Fig. 54 and 55, a slight difference in performance
between the Bethe-Bloch and ML PID is visible. Especially the performance difference in the
efficiency is interesting, as it show a clear momentum dependence, with a widening gap between
the ML framework and the Bethe-Bloch classification.

At the beginning of the section, it was explained, that we only look at primary protons, kaons
and pions and secondary muons for the PID analysis and that is, where the differences in the
methods lie. Even though we only look at primary pions, those can still be misidentified as
muons and then be cut out of the muon PID, as they are primaries. The ML framework also
shows its capabilities in separating those higher momentum pions and muons, which explains
the widening gap, as the Bethe-Bloch curves get closer with higher momenta, resulting in a
greater overlap, leading to more misclassification which need to be cut out. As the DCA pri-

mary cut is not 100 % pure, this also lowers the purity of the classification.
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Figure 56: Purity of muon PID via Bethe-
Bloch and ML

Figure 57: Efficiency of muon PID via
Bethe and ML

Lastly, we look at the purity and efficiency of the muon PID in Fig. 56 and 57. The muon PID

has a similar structure to the pion PID, as they are the ones overlapping, causing the same
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problems as for the pion. However, there is a clear difference in the size of the gap between
the efficiencies. This can be explained by the fact that the sigma bandwidth of the ALEPH
fits is larger for the pions, which results in a larger number of misclassified muons, which are

ultimately missing in the Bethe-Bloch PID for muons.

8.3 Purity and Efficiency of PID via Decay Muons

In the following plots, the purities and efficiencies of the kaon and pion PID with the decay
muon classification are shown at different transverse momenta. The green line indicates the

current momentum limit.
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Figure 58: Purity of pions PID with decay Figure 59: Efficiency of pions PID with de-
muons cay muons

As shown in Fig 60, the purity of the PID for pions exhibits minimal imperfections, suggesting
that separating kaons from pions based on the momentum of their decay muons is feasible.
However, the efficiency is notably low, with no improvement in the low momentum regions
compared to the standalone TPC PIDs utilizing the Bethe-Bloch and ML frameworks (Fig. 61).
This inefficiency is attributed to insufficient momentum reconstruction by the I'TS2, particularly
in the low momentum region, as shown in Fig. 49. In this region, small errors can cause particles

to fall outside the classification range for pions.
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For kaons, separability from pions presents some challenges, remaining below 90%, with a sharp
decline in the lower momentum regions. This decline can be attributed to the decreasing ef-
ficiency, as fewer kaons are able to traverse enough I'TS2 layers due to significant energy loss.
In contrast, the much lighter pions can still pass through these layers at the same momentum,
resulting in a higher ratio of misclassified pions. This issue is further exacerbated by the poor
ITS2 momentum resolution at low momenta, as shown in Fig. 22.

Overall, the PID via decay muons of pions and kaons faces expected challenges due to insuffi-
cient momentum reconstruction by the I'TS2 at low momenta. However, it still demonstrates
promising results in terms of purity for pions. This suggests that, with a more advanced mo-
mentum reconstruction achieving a resolution closer to Fig. 6, there is potential for significant
performance improvement, making this a viable PID method for pions and kaons in the low

momentum regions.

55



9 Summary and Outlook

The primary goal of this thesis was to explore the limitations of tracking and PID for pro-
tons, kaons, and pions at low transverse momenta in ALICE Run 3, as measurements in this
regime could validate several interesting theoretical predictions [2]. To this end, a simplified
standalone Geant4 simulation of the innermost detectors was performed [25]. This allowed the
reconstruction of particle properties, providing insights into potential challenges and limitations

in tracking and PID in this momentum range.

In terms of track reconstruction, momentum measurements using the I'T'S2 exhibited high un-
certainties in the low momentum regime (Figs. 20, 21, 22), primarily due to significant multiple
scattering in the ITS layers. This indicates that the conventional approach detailed in Chapter
7 may not be feasible at these low momenta. However, the prominent scattering could provide
an opportunity to explore momentum reconstruction based on the scattering angle between
layers. Previous studies have demonstrated promising results in higher momentum regimes
using this method [35, 36].

In contrast, TPC-based momentum reconstruction produced significantly better resolution com-
pared to ITS, particularly below the Run 2 limits [1] (Figs. 27, 28, 29). These errors could be
further minimized by correcting for energy loss, the primary source of uncertainty.

Moreover, the standalone TPC reconstructions of key quantities, such as the primary vertex
(Figs. 32-37), charge (Figs. 38—41), and differential energy loss (Fig. 42), performed well, yield-
ing minimal impurities and a precise Bethe-Bloch plot.

Overall, the track reconstruction results are promising, particularly for standalone TPC recon-
structions, which demonstrated high efficiency and accuracy, extending well below the limits
observed in Run 2. These reconstructions lay a solid foundation for PID using the Bethe-Bloch

method and a ML framework.

In terms of PID, both the Bethe-Bloch method and the ML framework performed favourably.
For protons, the ML framework maintained high purity across the entire simulated momentum
range, with efficiency only decreasing significantly below 300 MeV /c. The ML framework out-
performed the Bethe-Bloch approach for kaons and pions, especially in terms of purity over all

simulated momenta. Additionally, kaon and pion PID efficiencies remained high, even below
the 200 MeV /c and 100 MeV /¢ thresholds, respectively.

In conclusion, the results indicate that low-p; reconstruction for protons, kaons, and pions
may be feasible in ALICE Run 3. The ML framework appears to be a valuable complement,
likely to improve further with the inclusion of real background data. While these results are
encouraging, they should be taken with a grain of salt due to the simplifications made in this

initial study, which served as an exploratory investigation into previously uncharted momentum
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regions in Run 3.

The next logical step would be to develop a more sophisticated simulation with realistic de-
tector geometries and full collision generation, more complex and complete reconstruction and
PID methods, such as a Kalman filter for tracking and I'TS2-TPC matching. This will allow
further validation of these findings and guide efforts toward reconstructing data from ALICE
Run 3. Additionally, improving I'TS2-based momentum reconstruction could enhance kaon and
pion PID, particularly in distinguishing these particles from decay muons at lower momenta,

unveiling insights into even lower momenta.
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Appendix

Average distance between hits in the TPC
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Figure 62: Average hit distances of all particle species in the TPC
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Figure 63: Fraction of primary protons and antiprotons reaching the TPC. As one can see, they
are up to statistical fluctuations identical, meaning that a separate analysis is not needed.
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X2 distribution of protons, kaons and pions between 150 MeV/c and 170 MeV/c
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Figure 64: x? distribution of the pr reconstruction of protons, kaons and pions between an
initial transverse momentum of 150-170 MeV/c. One can see the different structures, which
leads to the feature importance in the ML framework
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Figure 65: Reconstruction error of the 2 momentum of standalone
ITS2 reconstruction of protons.
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Figure 66: Reconstruction error of the z momentum of standalone
ITS2 reconstruction of kaons.
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Figure 67: Reconstruction error of the 2 momentum of standalone
ITS2 reconstruction of pions.

In Figs. 65, 66 and 67, the reconstruction errors in the z-momentum are shown.

The

behaviour is similar to the transverse momentum reconstruction, which is not surprising, as a big

part of the z-momentum reconstruction is based on the transverse momentum reconstruction,

as we need the circle reconstruction for the helix fit. This means a good transverse momentum

reconstruction is directly correlated to a good z-momentum reconstruction.
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With the transverse momentum reconstruction from Section 6.2.2, we can now reconstruct
the z-momentum, by determining the pitch between the z-momentum and the transverse mo-
mentum with a helix fit as given in 5.2 with, as for the circle fit, only the first 70% of the track

hits in the TPC are used to account for the late energy loss of the particles.
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Figure 68: Reconstruction error of the z momentum of standalone
TPC reconstruction of protons.
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Figure 69: Reconstruction error of the z momentum of standalone
TPC reconstruction of kaons.
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Figure 70: Reconstruction error of the z momentum of standalone
TPC reconstruction of pions.
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Figure 71: Reconstruction error of the z momentum of Standalone
TPC reconstruction of muons

In Figs. 68, 69, 70 and 71, the reconstruction errors in the z-momentum are shown, which is

again similar to the I'TS reconstruction behaviour, but with a significantly lower error overall.

Therefore, the sudden rise in the reconstruction error in the low momentum regime has the

same explanation as the rise in the transverse momentum reconstruction, being the energy loss

before the TPC.
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