
UNIVERSITÀ DEGLI STUDI DI TRENTO

UNIVERSITÀ DEGLI STUDI DI BRESCIA

DOCTORAL THESIS

Comprehensive study of identified hadron
spectra, π±, K± and p(p̄) in PbPb

collisions at
√

sNN = 5.36 TeV with the
ALICE detector at CERN

Author:
Rohaan DEB

Supervisor:
Dr. Ramona LEA

A thesis submitted in fulfillment of the requirements
for the degree of

Doctorate of National Interest
on

Space Science and Technology

January 22, 2026

https://phd.unitn.it/phd-sst/659/phd-programme
https://www.unibs.it/it
http://www.johnsmith.com
http://www.jamessmith.com




iii

Declaration of Authorship

I, Rohaan DEB, declare that this thesis titled, “Comprehensive study of identified
hadron spectra, π±, K± and p(p̄) in PbPb collisions at

√
sNN = 5.36 TeV with the

ALICE detector at CERN” and the work presented in it are my own. I confirm that:

• This work was done wholly or mainly while in candidature for a research de-
gree at this University.

• Where any part of this thesis has previously been submitted for a degree or
any other qualification at this University or any other institution, this has been
clearly stated.

• Where I have consulted the published work of others, this is always clearly
attributed.

• Where I have quoted from the work of others, the source is always given. With
the exception of such quotations, this thesis is entirely my own work.

• I have acknowledged all main sources of help.

• Where the thesis is based on work done by myself jointly with others, I have
made clear exactly what was done by others and what I have contributed my-
self.

Signed: Rohaan Deb

Date: 11.10.2025(dd.mm.yyyy)





v

Abstract

Rohaan DEB

Comprehensive study of identified hadron spectra, π±, K± and
p(p̄) in PbPb collisions at

√
sNN = 5.36 TeV with the ALICE

detector at CERN

In ultra-relativistic heavy-ion collisions, the Large Hadron Collider (LHC) at CERN
recreates, for a brief instant, the conditions that existed microseconds after the Big
Bang. Under such extreme conditions, ordinary nuclear matter transitions into a de-
confined state of strongly interacting quarks and gluons, the fundamental degrees
of freedom of Quantum Chromodynamics (QCD), forming what is known as the
Quark Gluon Plasma (QGP). One of the central goals of modern nuclear physics
and a primary objective of the ALICE (A Large Ion Collider Experiment) experi-
ment at the LHC, is to comprehend the properties of this primordial state of matter,
including its evolution, expansion, and eventual hadronization into the particles we
observe. With its exceptional tracking and particle identification (PID) capabilities,
ALICE offers a unique opportunity to measure identified hadron spectra and ex-
plore the microscopic characteristics of this medium.

By investigating how matter responds to heating to trillions of degrees and com-
pression to energy densities significantly higher than those found in atomic nuclei,
this thesis presents a precision study of identified hadron production, specifically
pions (π±), kaons (K±), and protons (p, p̄) in lead–lead (PbPb) collisions at a center
of mass energy per nucleon pair of

√
sNN = 5.36 TeV. A dedicated analysis frame-

work was developed to extract particle yields by employing information from the
Time Projection Chamber (TPC) and Time of Flight (TOF) detectors, enabling robust
particle species separation over a broad range of transverse momenta (pT) and colli-
sion centralities.

Exploiting the high-stat dataset from the LHC Run 3, high precision pT spectra
across several centrality intervals are obtained by reconstructing, calibrating, and
correcting raw particle yields. Each stage of the analysis, from PID using TPC and
TOF signals to the evaluation of efficiency and acceptance corrections was rigorously
validated to ensure stability and reliability throughout the entire pT range. The cor-
rected spectra provide a quantitative foundation for future physics studies and serve
as essential benchmarks for theoretical models describing the transport properties,
collective dynamics, and hadronization mechanisms of strongly interacting QCD
matter.

In addition to the PbPb study, this thesis applies the same analysis strategy to oxy-
gen–oxygen (OO) collisions at

√
sNN = 5.36 TeV, recorded during the first light-ion

run at the LHC. As the smallest genuine nucleus–nucleus system ever collided at
the LHC, OO provides a unique link between proton-induced (pp, p–Pb) and heavy-
ion (Xe–Xe, Pb–Pb) reactions. Using identical reconstruction and correction proce-
dures, the OO spectra allow a direct and unbiased comparison of particle production
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across a wide range of system sizes. When the results are expressed as a function of
charged-particle multiplicity (dNch/dη), the OO measurements align smoothly with
established PbPb trends, reinforcing the emerging picture that many bulk observ-
ables scale primarily with final-state multiplicity rather than the mass number of the
colliding nuclei. By combining PbPb and OO results, this thesis provides new in-
sight into final-state collectivity, strangeness production, baryon enhancement, and
kinetic freeze-out dynamics in light-ion collisions.
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Chapter 1

Introduction

1.1 The Fundamental Human Quest

Since the very beginning of scientific history, mankind has sought to understand the
fundamental nature of the universe. The instinct to look out to the horizon, to try
to figure out the code of nature, to ask the WHY and HOW questions of the world
around us, has guided the progress of physics from natural philosophy to modern
particle theory. Over millennia, this pursuit has led to the discovery that all visible
matter is made up of progressively elementary building blocks that are governed by
a set of universal laws.

At the tiniest scales, these constituents are quarks and gluons that interact via the
fundamental force defined by Quantum Chromodynamics (QCD) [1, 2]. Quarks and
gluons are normally confined within hadrons such as protons and neutrons, but at
sufficiently high temperatures and energy densities, they can exist in a deconfined
state known as the Quark-Gluon Plasma (QGP) [3, 4]. Understanding the features of
this medium, its origin, development, and hadronization; is one of the most signifi-
cant challenges in modern nuclear and particle physics [5].

In order to investigate such extreme conditions, scientists make use of complex
experimental facilities such as the Large Hadron Collider (LHC) at CERN [6] and
its dedicated heavy-ion experiment, ALICE (A Large Ion Collider Experiment) [7].
These instruments enable us to recreate, in a controlled laboratory environment, the
conditions that existed microseconds after the Big Bang. By colliding heavy nuclei
at ultra-relativistic energies, one can investigate how strongly interacting matter be-
haves when pushed far beyond the limitations of regular atomic nuclei.

This thesis adds to this collaborative effort by investigating the production of iden-
tified hadrons in PbPb collisions at

√
sNN = 5.36 TeV

1.2 The Big Questions: Matter Under Extreme Conditions

At its heart, this thesis seeks to answer questions that lie at the boundary between
the known and the unknown:

• What happens when atomic nuclei collide at energies comparable to those just
after the Big Bang?

• How does ordinary matter transform when subjected to such extraordinary
conditions?

• Can we recreate, for a brief instant, and understand the primordial soup, the
QGP, from which all matter in the universe emerged?
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These questions are not merely of particle physics; they also connect to cosmology
and the early-universe evolution [8, 9]. They link our understanding of the smallest
building blocks of nature to the macroscopic behavior of the cosmos itself.

1.3 The Context: Heavy-Ion Collisions at the LHC

To address these questions, physicists study ultra-relativistic heavy-ion collisions:
smashing heavy ions together at such high energies that protons and neutrons are
themselves broken down into fundamental quarks and gluons [10]. The LHC at
CERN reaches energies unprecedented in the laboratory, effectively acting as a time
machine to recreate the conditions of the universe few microseconds after the Big
Bang [11].
At the heart of this effort is the ALICE detector [7, 12], a complex instrument de-
signed to explore the emergent properties of strongly interacting matter at the ex-
treme energy densities achieved in ultra-relativistic collisions. By measuring the
spectra of identified particles (pions, kaons, protons, etc.), we obtain crucial infor-
mation about the system’s temperature, expansion, and hadronization dynamics.

1.4 Why Pions, Kaons, and Protons?

The emphasis on pions, kaons, and protons is intentional and fundamental. These
are the lightest and most abundantly produced hadrons, and their spectra contain
key information about:

• Collective properties of the medium: the shapes of pT spectra and flow pat-
terns reflect the degree of collective expansion and hydrodynamic behavior [13,
14].

• Particle production and hadronization: differences between mesons (π and K)
and baryons (p) provide insight into quark recombination and fragmentation
mechanisms [15, 16].

• Freeze-out conditions: yields and spectra encode the conditions at chemical
and kinetic freeze-out [17].

• Matter-antimatter balance: proton and antiproton production probe baryon
transport and net-baryon density at midrapidity [18].

• Signatures of deconfinement: ratios such as p/π and K/π serve as sensi-
tive indicators of a transition from confined hadronic matter to deconfined
QGP [Adam2016Spectra, 19].

In many ways, studying these spectra closely is like reading the DNA of the colli-
sion: each particle carries the memory of the hot and dense medium often referred
to as the fireball, formed immediately after the impact, encoding it’s temperature,
expansion, and chemical composition.

1.5 Structure of the Thesis

This thesis is organised to guide the reader from the general physics motivation to
the detailed analysis strategy and final physics interpretation:
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• Chapter 1: Introduction - Outlines the scientific context and motivation of
ultra-relativistic heavy-ion collisions, introduces the role of pions, kaons and
protons as soft probes of the QGP, and summarises the main goals of the thesis.

• Chapter 2: Theoretical Framework – Reviews the Standard Model and Quan-
tum Chromodynamics, the QCD phase diagram and the concept of the QGP.
It describes the space–time evolution of heavy-ion collisions, the definition of
centrality, and the main classes of hard and soft observables used to charac-
terise the medium.

• Chapter 3: Light-Flavour Hadron Production – Discusses production mecha-
nisms for light-flavour hadrons in pp, p–Pb and Pb–Pb collisions. Thermal and
statistical models, strangeness enhancement and the role of canonical suppres-
sion are introduced, together with collective flow and the Boltzmann–Gibbs
Blast–Wave (BGBW) description.

• Chapter 4: The ALICE Experiment – Presents the LHC and the ALICE detec-
tor, with emphasis on the subsystems relevant for this work (ITS, TPC, TOF,
FIT) and on the Run 3 upgrades, reconstruction chain and computing frame-
work.

• Chapter 5: Data Samples & Analysis Strategy – Describes the Pb–Pb and O–O
data sets and corresponding Monte Carlo samples, event and track selection,
PID strategy, yield-extraction methods, correction procedures and the overall
analysis workflow.

• Chapter 6: PbPb Analysis & Results – Details the extraction of raw yields
in PbPb, the determination of efficiencies and primary fractions, and the con-
struction of fully corrected spectra. It presents particle-to-pion ratios, TPC–TOF
comparisons, Blast–Wave fits and integrated yields for PbPb collisions at

√
sNN =

5.36 TeV.

• Chapter 7: Light-Ion Collisions: OO Analysis & Results – Applies the same
analysis chain to OO collisions at

√
sNN = 5.36 TeV. It discusses TOF-based

yield extraction, efficiency and feed-down corrections, corrected spectra, and
the corresponding K/π and p/π ratios, as well as Blast–Wave freeze-out pa-
rameters and integrated yields in OO.

• Chapter 8: Comparison between Particle Production in PbPb and OO Col-
lisions – Compares Blast–Wave freeze-out parameters and particle ratios be-
tween PbPb and OO as a function of charged-particle multiplicity. The chapter
focuses on the system-size dependence of radial flow, kinetic freeze-out and
strangeness and baryon production.

• Chapter 9: Conclusions – Summarises the main experimental results and their
physics implications, highlighting the combined picture emerging from PbPb
and OO collisions at the same energy.

• Chapter 10: Outlook – Discusses prospects for future analyses with improved
reconstruction, extended pT reach and higher statistics, and outlines open ques-
tions and possible extensions of the work.

• Appendix A: Frequently Asked Questions – Collects practical clarifications
and technical notes that complement the main text.
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Chapter 2

Theoretical Framework

2.1 The Standard Model(SM)

Physics fundamentally searches for patterns, one grand design behind the diversity
of phenomena in our universe. The SM of particle physics is perhaps the deepest
realization of this endeavor: a theory that encodes the fundamental building blocks
of the reality in which we live and their interactions, through symmetry (spatial and
temporal invariance) and mathematics [20, 21, 22].
The SM is more than a mere inventory of particles; it is a dynamic tapestry formed
from the strands of quantum field theory(QFT), bringing together three of the four
fundamental forces of nature (the electromagnetic, the weak, and the strong interac-
tions) [23, 24]. Within this scheme (Table 2.1), matter is constructed from quarks and
leptons, organized in three families (or generations), while the particles that mediate
their interactions (the gauge bosons) allow for interactions and correlations. In 2012,
the Higgs boson [25, 26] closed the book on this set of theories, yet much remains
unknown.

Particle Type Generations Examples
Quarks up, down, charm, strange, top, bottom u, d, c, s, t, b
Leptons electron, muon, tau e, µ, τ
Gauge Bosons photon, W, Z, gluon γ, W±, Z0, g
Higgs Boson - H

TABLE 2.1: Overview of the fundamental particles in the Standard
Model [27]

However, even this beautiful model is not the whole story. The SM cannot, for
example, explain gravity, the nature of dark matter, or the preponderance of matter
over antimatter. But for the questions being asked in this thesis, the behaviour of
nuclear matter at extreme energies, the SM, and, in particular, the theory of Quantum
Chromodynamics (QCD), provides a robust and predictive framework [1, 2].

2.2 QCD: The Theory of the Strong Force

The Quantum Chromodynamics (QCD) is the field of SM that describes the strong
interaction, the fundamental force that is responsible for binding quarks to protons,
neutrons, and, ultimately, atomic nuclei, the dominant component of visible matter
in the universe.

The QCD, in principle, is described as a non-Abelian gauge theory based on the
color symmetry group SU(3)C [1, 28, 29]. Its force carriers, the gluons, contain color
charge, allowing them to interact not only with quarks but also with each other.
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QCD’s self-interacting nature distinguishes it from the Abelian theory of electro-
magnetism (QED) and gives birth to two defining features: asymptotic freedom at
short distances and confinement at large distances [2, 30].

The dynamics of the theory are governed by the QCD Lagrangian density:

LQCD =
N f

∑
f=1

ψ̄ f
(
iγµDµ − m f

)
ψ f −

1
4

Fa
µνFa µν, (2.1)

where ψ f is the quark field of flavor f and mass m f , and N f is the number of active
quark flavors.

The covariant derivative introduces the coupling between quarks and gluons:

Dµ = ∂µ − igsTa Aa
µ, (2.2)

where gs is the strong coupling constant, Aa
µ are the eight gluon fields, and Ta are

the generators of the SU(3)C algebra.
The gluon field-strength tensor, which encapsulates the self-interactions among

gluons, is defined as

Fa
µν = ∂µ Aa

ν − ∂ν Aa
µ + gs f abc Ab

µ Ac
ν, (2.3)

where f abc are the structure constants of SU(3).
The term gs f abc Ab

µ Ac
ν is unique to non-Abelian theories and leads to gluon self-

coupling, a property absent in Quantum Electrodynamics (QED). This feature is re-
sponsible for the two defining characteristics of QCD: asymptotic freedom at short
distances and confinement at large distances.

Gauge invariance under local SU(3)C transformations ensures the conservation
of color charge and determines the form of the quark–gluon and three-gluon in-
teraction vertices. This compact formulation forms the basis for both perturbative
calculations at high momentum transfer and non-perturbative lattice computations
in the low-energy regime of the strong interaction [31, 32, 33].

2.2.1 Running coupling constants

The strength of the strong interaction in QCD is determined by the coupling con-
stant αs, which depends on the characteristic momentum transfer or energy scale Q
of the process. This scale dependency is caused by the renormalization procedure,
which absorbs divergences of perturbation theory into redefined coupling and field
parameters [28, 29].

The evolution of αs with the energy scale µ is governed by the renormalization
group equation (RGE) [32], expressed in terms of the β-function as:

β(αs) =
∂αs

∂ ln µ2 . (2.4)

The β-function can be expanded perturbatively as a power series in αs,

β(αs) = − β0 α2
s − β1 α3

s − β2 α4
s − · · · , (2.5)

where the coefficients βi depend on the gauge group and the number of active
quark flavours n f . For QCD, the leading coefficients are known to four loops in
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the MS(modified minimal subtraction) scheme which is the most widely used renor-
malization scheme in perturbative QCD. [34, 35]:

β0 =
11NC − 2n f

12π
, β1 =

17N2
C − 5NCn f − 3CFn f

24π2 , (2.6)

with NC = 3 and CF = (N2
C − 1)/(2NC).

At one-loop accuracy, Eq. (2.4) can be integrated to give:

αs(Q2) =
1

β0 ln(Q2/Λ2
QCD)

, (2.7)

where ΛQCD is the QCD scale parameter, defined as the energy at which the pertur-
bative expansion ceases to be valid.

In principle, the sign of β0 determines the qualitative behavior of the coupling. In
QED, β0 > 0 indicates that the coupling rises with energy; while, in QCD, β0 > 0
has a negative sign in Eq. (2.5), leading to a decrease of αs. This feature, termed as
asymptotic freedom, suggests that quarks interact poorly when probed across short
distances or substantial momentum transfers [27, 28, 29].

The opposite limit, Q → ΛQCD, corresponds to αs → ∞, where perturbation the-
ory fails and confinement takes over. In this non-perturbative regime, analytical
methods are unreliable, and lattice QCD gives the most precise estimates of αs (Fig.
2.1) and associated quantities [36].

2.2.2 The Phase Diagram of QCD

In atomic systems, electrons may be separated from their nuclei by providing enough
energy, either by heating the gas or applying strong electromagnetic fields. An anal-
ogous process occurs for hadronic matter: by reaching sufficiently high tempera-
tures or energy densities, the composite hadrons melt liberating their elementary
constituents, quarks and gluons. This transition marks the onset of a new phase of
strongly interacting matter, the Quark Gluon PLasma (QGP).

Due to the confinement of color charge, quarks and gluons cannot be isolated at
ordinary densities and temperatures. In order to deconfine them, the energy scale
of the system must be increased dramatically via compression or heating. Lattice
QCD calculations imply that when the energy density surpasses a critical value εc ≃
1 GeV/fm3, hadronic matter transitions to the deconfined phase [37, 38]. The corre-
sponding critical temperature is found to be Tc = 154 ± 9 MeV [39]. A schematic
representation of the resulting QCD phase diagram is shown in Fig. 2.2. At present,
the general features of the diagram can be summarized as follows:

1. Low temperature, high baryon density: At low temperatures but high bary-
ochemical potential (µB → ∞), a transition from nuclear matter to deconfined
quark matter can occur under extreme compression, reaching densities many
times higher than the nuclear saturation density ρ0 ≈ 0.15 fm−3 [37, 41]. These
circumstances are relevant to neutron star cores and possibly in neutron-star
mergers, when cold, dense quark matter or color-superconducting phases may
exist.
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FIGURE 2.1: Measurements of the QCD coupling αs(Q2) as a function
of the energy scale Q, in various collision systems and via different
processes. The orders of QCD perturbation theory are reported in
brackets. The numerical value of αs at the Z pole is also reported [40].

2. High temperature, low baryon density: In ultra-relativistic heavy-ion colli-
sions, where µB → 0, deconfinement happens by heating the system above Tc.
According to lattice QCD, this transition is a crossover, not a real phase tran-
sition: thermodynamic observables such as the entropy and energy density
change smoothly with temperature [38, 39].

3. Intermediate region: At intermediate µB and T, theoretical models anticipate
a first-order phase transition, which terminates at a critical point in the (T, µB)
plane [42]. Across a first-order boundary, the entropy S(T) and the energy
density shows discontinuities, with the transition taking place via latent heat.

The first case (low T, large µB) is not accessible to the current collider experiments
but may be realized in compact astrophysical objects. The second and third regimes
may, however, be explored in the laboratory by altering the beam energy in heavy-
ion collisions. The LHC achieves high temperatures with virtually disappearing
µB, whereas RHIC and upcoming facilities like FAIR and NICA study intermediate
states using beam-energy-scan programs. [44, 45].

The highest energy densities so far have been reached at the LHC, where lead–lead
collisions at

√
sNN = 5.02 TeV (Run 2) and 5.36 TeV (Run 3) produce conditions sim-

ilar to those of the early Universe a few microseconds after the Big Bang [46, 47]. In
these collisions, the fireball formed is nearly net-baryon–free and exhibits character-
istics consistent with the deconfined QGP phase.

2.3 The Quark Gluon Plasma

One of the most significant predictions of lattice QCD, transition from the hadronic
phase, when quarks and gluons are confined, to a deconfined phase of highly inter-
acting matter, known as the Quark-Gluon Plasma (QGP) [33]. This plasma is anal-
ogous to an electromagnetic plasma, but with color-charged constituents instead of
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FIGURE 2.2: Schematic representation of the phase diagram of
strongly interacting matter, analogous to the classical Clapeyron dia-
gram. The baryochemical potential µB represents the net baryon con-

tent of the system. [43].

electric charges.

Consistent with the phase diagram discussed earlier, lattice QCD confirms a smooth
crossover around

Tc = 155 ± 9 MeV. (2.8)

Across this temperature region, the pressure, energy density, and entropy density
exhibit a smooth yet rapid change, as illustrated in Fig. 2.3. Below Tc, these quanti-
ties are well reproduced by the Hadron Resonance Gas (HRG) model, in which the
system is treated as an ideal gas composed of all known hadrons and resonances [48].

Another key feature predicted by lattice QCD is the restoration of chiral symme-
try, which breaks spontaneously during the hadronic phase. The chiral condensate
⟨ψ̄ψ⟩ drops with temperature and approaches zero in the deconfined phase, indicat-
ing the restoration of chiral symmetry. Lattice QCD is presently confined to locations
with low baryochemical potential (µB ≲ 300 MeV) due to the sign problem, which
causes numerical instability in the Monte Carlo assessment of the QCD path integral.
At larger µB, multiple approaches are used: Taylor expansions at µB = 0, analytical
continuation from imaginary chemical potentials, effective QCD-inspired models,
and holographic (AdS/CFT-based) approaches [49, 37].

These investigations suggest a rich QCD phase diagram in the (T, µB) plane. At
small µB, the transition is smooth, but at higher µB, a line of first-order phase tran-
sitions emerges, leading to a critical point. The precise position (or even existence)
of this crucial point is still an outstanding subject in QCD matter research. The STAR
Collaboration’s recent observations of conserved variables, including net-proton num-
ber, in the RHIC Beam Energy Scan program offer intriguing insights into this sec-
tion of the phase diagram [50].
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FIGURE 2.3: Temperature dependence of the pressure p, energy den-
sity ϵ, and entropy density s, normalized by powers of T, obtained
from lattice QCD at zero baryon chemical potential. At low tempera-
tures, the results agree with the Hadron Resonance Gas model, while
above Tc the system transitions smoothly to a deconfined plasma [38,

39].

In summary, the QGP is a deconfined, tightly linked state of quarks and gluons reg-
ulated by QCD that exists above a threshold temperature of around 1.8× 1012 K. The
work combines theoretical QCD, lattice thermodynamics, and experimental heavy-
ion physics to shed light on the early Universe and the characteristics of matter at
high energy densities.

2.4 Heavy-ion colllisions: Collision centrality

A fundamental difference between proton-proton (pp) and heavy-ion (A-A) colli-
sions lies in its collision geometry. A proton can be approximated a point-like ele-
mentary particle, while a nucleus is an extended structure made up of several nucle-
ons. Thus, when two nuclei collide, only a percentage of their constituent nucleons
interact, depending on the impact parameter b, which is the transverse distance be-
tween the colliding nuclei’s centers at closest approach. A frequently used approach
to describe the collision geometry is the Glauber model [51]. It basically assumes that
nuclear collisions are an incoherent superposition of nucleon-nucleon collisions. The
optical limit assumes that the trajectories of protons and neutrons, considered as in-
dependent and indistinguishable elementary particles, remain unaffected by their
interaction.

In this method, all calculated observables are determined as a function of the impact
parameter (b), which is defined as the projection onto the plane perpendicular to the
beam direction of the vector linking the centers of the colliding ions. A schematic
view of the collision geometry is shown in Fig. 2.4, where A and B denote the mass
numbers of the projectile and target nuclei, respectively. The likelihood of finding
a nucleon inside the nucleus A at the transverse coordinates s is described by the
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FIGURE 2.4: Schematic representation of the longitudinal and trans-
verse geometry of an ion-ion collision. The impact parameter b de-
fines the separation between the centers of the nuclei in the transverse

plane [51].

nuclear thickness function (TA):

TA(s) =
∫ +∞

−∞
ρA(s, zA) dzA. (2.9)

where ρA(s, zA) is the nuclear density, usually parameterized with a Woods-
Saxon distribution normalized to the mass number A [52].

The nuclear overlap function TAB(b) describes the overlap of the two projected
thickness functions. Since both TA and TB already live in the transverse plane, their
convolution is performed over the transverse area element d2s:

TAB(b) =
∫

TA(s) TB(s − b) d2s. (2.10)

Thus, TA involves an integration over dzA because it reduces a three-dimensional
density to two dimensions, whereas TAB integrates over d2s because it combines
two already projected two-dimensional densities.

For a given impact parameter b, the probability of having exactly n binary nucleon-
nucleon interactions is assumed to follow a binomial distribution:

P(n, b) =
Ntrial!

n! (Ntrial − n)!

[
TAB(b) σinel

NN

]n [
1 − TAB(b) σinel

NN

]Ntrial−n
, (2.11)

where σinel
NN is the inelastic nucleon-nucleon cross section. The quantity Ntrial = A× B

denotes the total number of possible nucleon-nucleon pairs between the two nuclei,
i.e. the number of nucleons in nucleus A times the number of nucleons in nucleus B.

The differential inelastic A-B cross section ((σinel
A+B)) is then obtained by requiring

at least one binary collision:

d2σinel
A+B

db2 = 1 −
[
1 − TAB(b) σinel

NN

]AB
. (2.12)

Assuming spherical nuclei, only the magnitude b = |b| is relevant, and the total
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inelastic nucleus-nucleus cross section is obtained by integrating Eq. (2.12) over all
possible impact parameters:

σinel
A+B = 2π

∫ ∞

0
b db

[
1 −

(
1 − TAB(b) σinel

NN

)AB
]

. (2.13)

FIGURE 2.5: Example of a Glauber Monte Carlo simulation of an Au-
Au collision at

√
sNN = 200 GeV with impact parameter b = 6 fm.

(a) View in the transverse plane; (b) view along the beam axis. Dark-
colored circles indicate participant nucleons while light-colored ones

represent spectators [51].

Experimentally, heavy-ion collisions are categorized according to their central-
ity, the degree of geometrical overlap between the two nuclei. These classes are are
defined as percentiles of the total cross section in Eq. (2.13) and determined by cor-
relating final-state observables with the collision geometry. Typical observables in-
clude the number of charged particles produced in a specific pseudorapidity range,
the total energy deposited in forward detectors, or the number of spectator nucleons
detected in zero-degree calorimeters. The measured distributions are then compared
to Glauber model predictions to extract the corresponding average values of ⟨Npart⟩
and ⟨Ncoll⟩ for each centrality interval [53, 54]. An instance of a collision simulated
with such a model showing the participant and spectator nucleons is reported in
Fig. 2.5. This classification allows the study of centrality-dependent observables,
such as particle yields, flow coefficients, and nuclear modification factors, which are
essential for understanding the collective dynamics of the created medium.

2.4.1 Space Time Evolution of a Heavy-Ion Collision

Figure 2.7 [11, 55] depicts the evolution of the system formed by ultra-relativistic
heavy-ion collisions. Lorentz-contracted nuclei at the LHC move at almost the speed
of light (γ ≈ 2700 for PbPb) and overlap for just a brief period (toverlap ≈ 0.005 fm/c).
Right after the collision (t = z = 0), a dense system of gluons and quarks is produced
in a highly non-equilibrium state. After the impact, the created fireball evolves
through a sequence of distinct but overlapping stages, as summarized in Fig. 2.7
and outlined below:

1. Pre-equilibrium phase (t ≲ 1 fm/c): At this early stage, partons from incom-
ing nuclei interact vigorously, resulting in a dense combination of gluons and
quarks. Color fields are quickly fragmented into partons by gluon splitting.
Using the uncertainty relation ∆E ∆t ≈ h̄, with ∆E corresponding to the mean
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FIGURE 2.6: Caption

transverse mass ⟨mT⟩, one calculates the usual formation time of these sec-
ondary quanta as τform ≈ 0.1 fm/c at LHC energies. During this time, hard
scatterings produce partons with high transverse momentum, which can split
into jets or high-mass hadrons. Prompt photons emit without additional con-
tact with the medium.

2. Thermalization (t ∼ 1 fm/c): Through frequent parton-parton interactions,
the system achieves approximate thermal equilibrium. Inelastic scatterings aid
in chemical equilibration by changing parton flavors. At this step, the medium
achieves an energy density of ϵ0 ∼ 15 GeV/fm3 [33], indicating a locally equi-
librated QGP.

3. Hydrodynamic expansion and cooling (t ∼ 1-10 fm/c): Once equilibrated,
the QGP behaves almost as a perfect fluid that expands hydrodynamically due
to huge pressure gradients between the hot central area and the surrounding
vacuum. This expansion converts internal energy into collective flow, thereby
cooling the medium as it dilutes in space-ime [11].

4. Hadronization (t ∼ 10-20 fm/c): As the system cools below the pseudo-critical
temperature Tc ≈ 155 MeV, the deconfined quarks and gluons recombine into
hadrons via a continuous crossover transition [39, 38]. The interactions among
the newly formed hadrons maintain approximate local equilibrium, marking
the onset of the hadronic phase.

5. Chemical freeze-out: When the temperature decreases to around Tch ≃ 155-
160 MeV, inelastic collisions stops, resulting in a fixed relative abundance of
different hadron species. The system becomes a chemically frozen hadron gas,
as predicted by lattice QCD and statistical hadronization models [48].

6. Kinetic freeze-out: As the fireball expands further and the hadron’s mean free
path exceeds their typical separation, elastic scatterings also halt. This occurs
at Tfo ≈ 120 MeV, after which the particles flow freely to the detectors, while
retaining their momentum distributions [56].

2.5 Probing the QGP

Ultra-relativistic heavy-ion collisions provide a range of experimental observables
that offer insight into the development of the QGP. Since the QGP cannot be directly
observed, its presence and properties must be inferred from the particles emerging
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FIGURE 2.7: Space-time diagram illustrating the main stages in the
evolution of a heavy-ion collision: initial overlap, pre-equilibrium,

QGP formation, expansion, hadronization, and freeze-out [11].

from the collision and the patterns they encode. These observables are classified ac-
cording to the momentum transfer Q involved in their production, with formation
times scaling as t ∼ 1/Q2.

Hence, hard processes (large Q2) have higher sensitivity to the earliest stages of the
collision, whereas soft processes (small Q2) reflect the thermalized medium’s collec-
tive behavior.

High-momentum hadrons and jets

According to the Glauber model, the production cross section of high-pT hadrons in
nucleus-nucleus collisions scales with the number of binary nucleon-nucleon con-
tacts (⟨Ncoll⟩). In order to determine whether a medium has been created or not, it is
possible to use the so called nuclear modification factor RAA, defined as

RAA(pT) =
1

⟨Ncoll⟩
dNAA/dpT

dNpp/dpT
. (2.14)

Without medium effects, RAA = 1 for high-pT hadrons. Significant departures
from unity from central to peripheral collison regimes have been reported in exper-
iments [57, 58]. For low-pT hadrons, RAA is expected to be lower than unity because
soft-particle production scales with the number of participating nucleons rather than
with ⟨Ncoll⟩ [51]. This behaviour is visible in Fig. 2.7, where the RAA measured by
the ALICE and CMS experiments at the LHC is shown. Focusing on the ALICE re-
sults, the expected suppression in the presence of a medium is evident from the red
markers: a significant RAA < 1 is observed across the whole measured pT range,
confirming that a dense medium is created in PbPb collisions. For comparison, the
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same figure also reports the results for p-Pb collisions, where no such suppression is
observed.

In contrast, in PbPb collisions, a strong suppression (RAA < 1) is seen at pT >
3 GeV/c, reaching a minimum near 7 GeV/c. This suppression reflects the parton
energy loss in the deconfined medium via elastic scatterings and medium-induced
gluon radiation (gluonstrahlung) [59, 60]. In the figure, the ALICE PbPb data are

FIGURE 2.8: Nuclear modification factor RAA of charged hadrons in
p–Pb and Pb–Pb collisions at

√
sNN = 5.02 TeV measured by the AL-

ICE and CMS collaborations [57, 58].

shown as red circular markers, while the CMS PbPb results appear as yellow squares
with shaded systematic uncertainties. The p-Pb reference measurements are repre-
sented by green diamonds (ALICE) and black circles (CMS).

In p-Pb collisions without the formation of a decondined medium, a moderate en-
hancement of the nuclear modification factor (RpPb > 1) around pT ≈ 2 - 3 GeV/c
is observed. The Cronin effect [61], caused by repeated parton scatterings inside the
nucleus prior to fragmentation, is categorized as a cold nuclear matter effect along
with modifications of nuclear parton distribution functions.

Energy-loss effects are also observed in fully reconstructed jets. Jets are collimated
sprays of particles originating from the fragmentation and hadronization of high-
energy quarks or gluons produced in the early stages of the collision [62]. When
a hard scattering produces two partons with large transverse momentum, the re-
sulting pair of back-to-back jets is referred to as a dijet system. In vacuum, dijets
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are expected to be balanced in transverse momentum; however, in the presence of
a QGP, one or both jets may lose energy while traversing the medium, leading to a
measurable imbalance [63, 64].

In heavy-ion collisions, the parton traversing through the medium loses energy, ex-
panding and softening the associated jet. This leads to dijet imbalance, which is a
clear manifestation of jet quenching. Figure 2.9 shows an example of a dijet event
observed by CMS in Pb–Pb collisions at

√
sNN = 2.76 TeV [65], where one jet(the one

located at ϕ 0 andηπ/2) loses substantial energy in the QGP.

FIGURE 2.9: Example of dijet imbalance in a Pb–Pb collision at√
sNN = 2.76 TeV observed by CMS [65]. The asymmetric energy

deposition reflects parton energy loss in the QGP.

Heavy-flavour hadrons

Heavy-flavour hadrons with charm (c) or beauty (b) quarks, are produced only in
hard scatterings because mc,b > 1 GeV/c2. Therefore, thermal processes have no
impact on their production. Their propagation through the medium provides a sen-
sitive probe of its transport properties.

The suppression of D and B mesons at low and intermediate pT directly indicates
heavy-quark energy loss in the QGP [66]. Heavy quarks interact mostly through
gluon exchange, therefore their energy loss and flow patterns limit the medium’s
coupling strength and density. This effect is clearly visible in Fig. 2.10, where the av-
erage RAA of prompt D mesons measured by ALICE exhibits a significant reduction
below unity in central PbPb collisions, demonstrating that charm quarks lose en-
ergy while propagating through the medium. In contrast, the p-Pb reference results
remain consistent with unity, confirming that the observed suppression originates
from final-state interactions in the QGP rather than from cold nuclear matter effects.

Quarkonia

Color screening in the QGP is sensitively probed by bound states of heavy quark-
antiquark pairs (QQ̄), such as charmonium (J/ψ, ψ′) and bottomonium (Υ, Υ′, Υ′′) [68].
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FIGURE 2.10: Average nuclear modification factor RAA of prompt D0,
D+ and D∗+ mesons measured by the ALICE Collaboration in PbPb
collisions at

√
sNN = 5.02 TeV for the 0-20% (red markers) and 40-80%

(green markers) centrality classes. The p-Pb reference measurement
at the same energy is shown as black markers, illustrating the absence

of suppression in collision systems where no QGP is formed [67].

In a deconfined medium, the attractive potential between Q and Q̄ is screened by the
color charges of the surrounding partons. This phenomenon is analogous to Debye
screening in electromagnetic plasmas, where the presence of free charges reduces the
effective range of the Coulomb potential. In such plasmas, the electric potential is
exponentially screened over the Debye length λD, which decreases with increasing
temperature or charge density.

A similar mechanism occurs in the QGP, the color-Debye screening length decreases
as the temperature rises, weakening the binding between the heavy quark and anti-
quark. When the screening length becomes smaller than the size of the quarkonium
bound state, the potential can no longer sustain the binding, leading to the disso-
ciation of the state. This results in a suppression of quarkonium yields in nucleus-
nucleus collisions relative to pp collisions, providing a direct signal of color screen-
ing in a deconfined medium.

At the LHC, bottomonium states are sequentially suppressed, with highly excited
states melting at lower temperatures (Fig. 2.11) [69]. Conversely, in the charmonium
sector, partial regeneration of J/ψ is observed at LHC energies due to recombination
of thermalized cc̄ pairs in the medium [70].
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FIGURE 2.11: Sequential suppression of bottomonium states in Pb–Pb
collisions at

√
sNN = 5.02 TeV measured by CMS [69]. Left: RAA vs.

centrality; right: RAA vs. pT.

2.5.1 Soft Probes

The majority of the particles emitted in ultra-relativistic heavy-ion collisions are low-
transverse-momentum hadrons, commonly known as soft probes. These are mainly
produced in the final stages of the system evolution, after the formation and ex-
pansion of the deconfined phase. Since they reflect the collective properties of the
fireball rather than the initial hard scatterings, soft probes are key observables for
understanding the macroscopic dynamics, freeze-out conditions, and equation of
state of the QGP.

Hadron multiplicities and spectra

At LHC energies, tens of thousands of particles are emitted per event. The average
yields of the various hadron species are set at chemical freeze-out, when inelastic
reactions stop. Light hadrons such as π± and K± mesons, along with protons and
antiprotons, dominate the final-state composition [71]. More massive baryons and
hyperons (e.g. Λ, Ξ, Ω) and light (anti)nuclei are created, albeit with exponentially
decreased yields based on their mass.

The hadrochemical composition of the system offers direct information on the tem-
perature and baryochemical potential at chemical freeze-out. These values can be
derived from fits of hadron yields using the statistical hadronisation model (SHM),
discussed in detail in Chapter ??. At LHC energies, SHM analyses indicate a chemi-
cal freeze-out temperature Tch ≈ 156± 3 MeV and a baryochemical potential µB ≈ 0,
consistent with lattice QCD predictions [48]. However, the transverse momentum
(pT) spectra of the identified hadrons contain information about the collective dy-
namics of the system. In the absence of collective expansion, the spectra would

follow an exponential dependence on the transverse mass mT =
√

p2
T + m2:

dN
dpT

∝ exp(−mT/Tslope). (2.15)

However, experimental results show a clear violation of this simple scaling: the ap-
parent slope parameter Tslope increases with particle mass, particularly for pT < m.
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This behavior is commonly expressed as:

Tslope = Tfo +
1
2

m⟨vT⟩2, (2.16)

where Tfo is the kinetic freeze-out temperature and ⟨vT⟩ the average transverse flow
velocity. Equation 2.16 shows that the observed spectral shapes result from the con-
volution of random thermal motion and an ordered collective expansion. The com-
bined effects of thermal and collective motion are often modeled using the Blast-
Wave (BW) parameterization [13]. The BW model assumes locally thermalized sources
boosted radially in the transverse plane. Fits of identified hadron spectra using this
approach yield quantitative estimates of Tfo and ⟨vT⟩, revealing strong collective
flow that rises with collision centrality.

Full relativistic hydrodynamic simulations provide a more thorough picture by com-
bining the QGP equation of state with viscous evolution equations. Such models
successfully reproduce the shapes of π, K, and p spectra at low pT within 10-20%
accuracy [72, 71]. Figure 2.12 compares experimental data from ALICE to hydrody-
namic calculations for semi-central PbPb collisions.

The other soft probes are described in the next chapter.
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FIGURE 2.12: Transverse-momentum spectra of π±, K±, and
(anti)protons measured by ALICE in PbPb collisions at

√
sNN =

2.76 TeV, compared to hydrodynamic model predictions [71].
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Chapter 3

Light-flavour hadron production

Light-flavour hadrons, composed of up (u), down (d), and strange (s) quarks, repre-
sent the bulk of the particles produced in ultra-relativistic collisions. Their produc-
tion contains important information on the mechanics of hadronization as well as
the thermodynamic and dynamical properties of the medium created in heavy-ion
collisions [11, 33]. Because π±, K±, and p( p̄) have distinct mass and flavor sectors,
they are especially sensitive to the transition from partonic to hadronic degrees of
freedom [71].

At the LHC, ALICE measures identified hadrons with great precision over a large pT
range and across multiple collision systems [73, 74]. These observables limit the ki-
netic and chemical freeze-out conditions, the extent of collective expansion, and the
mechanisms driving the production of particles from the smallest (pp) to the largest
(PbPb) systems.

3.1 Production mechanisms across systems

Quantum Chromodynamics (QCD) governs partonic interactions, which produce
particles in high-energy collisions. Although microscopic processes are ubiquitous,
their relative relevance varies with system size and event multiplicity [48].

3.1.1 pp collisions

In pp collisions, hadron production is predominantly driven by the fragmentation of
partons emerging from hard or semi-hard scatterings [75]. Soft processes dominate
the bulk of particle production, while multiple parton interactions (MPI), color re-
connection, and the evolution of parton shower regulates the transition from the per-
turbative to the non-perturbative regimes [76]. Event generators such as PYTHIA
and HERWIG explain these mechanisms [77]. In the context of heavy-ion physics,
pp collisions serve as the baseline for studying nuclear and medium effects [78].

3.1.2 p-Pb collisions

Proton–lead (p-Pb) collisions are an intermediate step between pp and PbPb colli-
sions, allowing the separation of initial-state nuclear effects, such as modifications
of parton distribution functions and multiple scattering from final-state collective
phenomena [79, 80]. High-multiplicity p-Pb events exhibit flow-like azimuthal cor-
relations and enhanced strangeness production [81], indicating the onset of collec-
tivity even in small systems.
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3.1.3 PbPb collisions

In PbPb collisions at LHC energies, the initial conditions attained immediately af-
ter the impact correspond to energy densities substantially beyond the QCD decon-
finement threshold, εc ≈ 1 GeV/fm3, as anticipated by lattice calculations [39, 38].
Bjorken energy-density estimations based on observed transverse energy densities
provide ε0 ≳ 10 - 15 GeV/fm3 at τ0 ≃ 1 fm/c, indicating the system enters a decon-
fined regime.

At such energy densities, partons rapidly interact and equilibrate locally, resulting
in a virtually inviscid fluid exhibiting a strong collective expansion and low shear
viscosity to entropy density ratio, η/s ≲ 0.2 [11, 33].

As the medium expands hydrodynamically, pressure gradients turn the initial spa-
tial anisotropies into momentum anisotropies, which are then later observed empiri-
cally as flow harmonics. The interplay between the expansion rate and the equation
of state dictates the trajectory of cooling towards the pseudo-critical temperature,
Tc ≃ 155 MeV, where hadronization occurs. Below this temperature, the system
transforms into a chemically frozen hadronic gas whose composition remains con-
stant, while elastic scatterings continue to influence the final momentum spectra
until kinetic freeze-out [48, 71, 82].

The final spectrum of π, K, and p reflect the cumulative influence of this evolution.
The slope of the low-pT spectra encodes the temperature and transverse flow veloc-
ity at freeze-out, while the relative yields carry the imprint of the previous chemical
stage. As a result, identified-hadron observables in Pb–Pb collisions limits the QCD
equation of state, the medium’s transport coefficients, and the hadronization dy-
namics of the expanding fireball all at the same time.

3.2 Thermal models of particle production

The bulk of the particles produced in the final state of a heavy-ion collision belong to
the class of soft probes. The production reflects the collective and thermalized nature
of the medium at freeze-out. As already discussed in the previous chapter, these
particles carry information about the bulk properties of the system and its evolution
from a deconfined partonic phase to a hadronic gas. To quantitatively describe their
production and composition, a statistical (thermal) approach can be adopted.

Originally proposed by Fermi [83] and later developed by Hagedorn [84], the sta-
tistical description of the production of hadrons provide a natural framework in
order to deal with the complex, non-perturbative regime of QCD where numerous
particles are created simultaneously. This approach poists that, after hadronization
and prior to the kinetic freeze-out, the system enters a state of thermal and chemical
equilibrium, thereby allowing the use of equilibrium thermodynamics to character-
ize the hadron yields. One of the most noteworthy achievements of the statistical
models is their ability to recreate, with exceptional accuracy, the measured particle
abundances at chemical freeze-out when inelastic collisions cease and the relative
hadron yields stabilize [48].

The formulation of the statistical hadronisation model (SHM) is described here, along
with its thermodynamic underpinnings and application to heavy-ion and small col-
lision systems. These approaches allow for the extraction of the system’s chemical
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freeze-out temperature, baryochemical potential, and volume, establishing a direct
link between experimental hadron yield data and the QCD phase diagram.

3.2.1 Formalism and partition function

The thermodynamic properties of the system in equilibrium are encoded in the par-
tition function Z, from which all macroscopic observables can be derived. In the
grand-canonical ensemble, the mean multiplicity ⟨N⟩, energy ⟨E⟩, and entropy ⟨S⟩
of a system with temperature T and chemical potential µB are given by:

⟨N⟩ = 1
β

∂ ln Z
∂µB

, ⟨E⟩ = −∂ ln Z
∂β

+ µB⟨N⟩, ⟨S⟩ = kB
∂(T ln Z)

∂T
, (3.1)

where β = 1/(kBT) and kB is Boltzmann’s constant. The pressure P is obtained from
the partition function as:

P =
1
β

∂ ln Z
∂V

. (3.2)

For relativistic heavy-ion collisions, the system volume is large compared to the de
Broglie wavelength of the particles, justifying the grand-canonical treatment. In this
ensemble, both energy and particle number can fluctuate within a small subvol-
ume ∆V, while the quantum numbers (baryon number B, strangeness S, and electric
charge Q) are conserved on average over the full system.

The grand-canonical partition function for a hadron species s with degeneracy
gs, mass ms, and chemical potential µs is written as [85]:

ln Zs(T, V, µs) =
Vgs

2π2h̄3

∫ ∞

0
p2 dp ln

(
1 + θsλse−βE

)
, (3.3)

where λs = eβµs is the fugacity, θs = +1 for fermions and −1 for bosons, and E =√
p2 + m2

s .
By differentiating Eq. (2.5), one obtains the average multiplicity:

⟨Ns⟩ =
Vgs

2π2h̄3

∫ ∞

0

p2 dp
λ−1

s eβE + θs
. (3.4)

Expanding the logarithmic term in a power series yields an analytical form of the
partition function:

ln Zs(T, V, µs) =
Vgs

β2π2h̄3

∞

∑
k=1

(θsλs)k

k2 m2
s K2(kβms), (3.5)

where K2 denotes the modified Bessel function of the second kind.
The total chemical potential of species i depends on its conserved quantum num-

bers as:
µi = BiµB + SiµS + QiµQ, (3.6)

where µB, µS, and µQ represent the baryon, strangeness, and electric charge chemical
potentials, respectively.

3.2.2 Ensemble choice and system-size dependence

The grand-canonical formulation is ideally suited for describing large systems such
as PbPb central collisions, where the system volume guarantees that quantum-number
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conservation exists on average. However, in smaller systems (e.g. pp or p-Pb colli-
sions), the relevant correlation volumes become comparable to the particle mean free
path. In these cases, it is crucial to impose exact local conservation of some specific
quantum numbers, notably strangeness, leading to the employment of a canonical en-
semble [86, 87]. Canonical suppression effects become substantial in low-multiplicity
events, which naturally explains the observed decrease in the strange-hadron yields
in small systems.

In order to explain incomplete chemical equilibration of strange quarks, a strangeness
saturation factor γs is commonly used. This parameter adjusts the fugacity as λs →
γsλs, hence adjusting the relative creation of strange hadrons. In small systems,
γs < 1 implies partial equilibration, but in central heavy-ion collisions, γs → 1 rep-
resents full strangeness saturation.

3.2.3 Model fits and extracted parameters

By fitting measured yields of identified hadrons (π, K, p, Λ, Ξ, Ω, etc.) using the Sta-
tistical Hadronisation Model (SHM), one may extract the chemical freeze-out tem-
perature Tch, baryochemical potential µB, and system volume V. The fit guarantees
the conservation of net quantum numbers while minimizing the deviation between
model predictions and experimental results.

A global fit to ALICE measurements in central PbPb collisions at
√

sNN = 2.76 TeV
yields Tch = 156.5 ± 1.5 MeV, µB = 0.7 ± 3.8 MeV, and V = 5280 ± 410 fm3, with
a good overall agreement (χ2/NDF = 1.6) across nine orders of magnitude in parti-
cle yields [48, 88]. Notably, the chemical freeze-out temperature is consistent with
the pseudo-critical temperature for the QCD phase transition predicted by lattice
QCD (Tc = 154 ± 9 MeV [39]), indicating that hadronisation occurs roughly concur-
rently with chemical decoupling. The derived baryochemical potential is close to
zero within uncertainties, implying that matter and antimatter are created in about
equal amounts at midrapidity in central PbPb collisions at the LHC. However, this
conclusion is subject to a significant degree of uncertainty since the SHM fits do not
fully account for associated systematic errors between particles and antiparticles,
and the entire covariance matrix of the experimental data is not publicly available.

A more robust strategy, especially at low collision energies, is to fit particle to an-
tiparticle yield ratios, which cancel out many of the related effects. The development
of the freeze-out parameters with impact energy is summarized in Fig. 3.1. The di-
agram shows the chemical freeze-out temperature Tch and baryochemical potential
µB extracted from hadron yield measurements over a wide range of

√
sNN, from AGS

and SPS to RHIC and LHC energies. As the energy increases, Tch rises and saturates
around 155-160 MeV, while µB gradually drops to zero. This trend represents the
progressive transition to a virtually baryon-symmetric state, in which pair creation
takes precedence over baryon transport. The resulting freeze-out curve delineates
a region in the (T, µB) plane that coincides with the phase boundary predicted by
lattice QCD, indicating that chemical freeze-out occurs close to the QCD crossover
transition. An further and complementary way to probe the baryon number trans-
port is to study the dependence of µB on collision centrality at fixed

√
sNN. At lower

beam energies, when baryon halting becomes prominent, central collisions exhibit
greater µB values due to increased baryon transit from beam rapidity to midrapid-
ity. This trend has been systematically studied by the STAR Collaboration in the
RHIC Beam Energy Scan (BES) I [89], where SHM parameters were extracted from
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antiparticle-to-particle yield ratios for different centrality classes and energies. The
results, shown in Fig. 3.2, reveal that µB increases with both decreasing

√
sNN and

increasing average number of participating nucleons ⟨Npart⟩, confirming that baryon
number stopping plays a more prominent role in the most central collisions at lower
energies.

Recent analyses at the LHC have extended this approach to
√

sNN = 5.36 TeV, in-
vestigating possible centrality-dependent modifications of µB within the high-energy
regime where baryon stopping is expected to be minimal. Such measurements pro-
vide valuable cross-checks of the baryon–antibaryon symmetry assumption and are
discussed in detail in this thesis.

3.2.4 Production of light-flavour hadrons across colliding systems

The statistical approach described in the preceding section may be directly con-
fronted with experimental data from various collision systems. The comparison of
model predictions and observations of hadron yields, ratios, and correlations pro-
vides a rigorous evaluation of the statistical hadronisation picture and its general
application beyond massive heavy-ion systems.

Strangeness enhancement and canonical effects

While considering particle production with strangeness content, a suppression w.r.t
other light quarks such as u and d is usually expected. This is owing to the conserva-
tion of quantum numbers (no strangeness being present in the initial state) and also
due to the large constituent mass of the s quark (ms = 1.4 ·mu). This can be explained
by the strong interactions conserving the strangeness number explicitly, thereby for
the entire system ΣS = 0. Now this consideration has a very little effect if the source
has a large volume since the conservation of strangeness has to be respected in av-
erage for the whole system. However, the canonical ensemble that is needed in
order to describe the smaller systems such as pp or e+e−, indicates the production
of strange hadrons in pairs for local strangeness conservation, results in a large en-
ergetic threshold that the overall system needs to overcome (canonical suppression).
Consequently, such processes are unlikely to happen in volumes with small sources.
Instead the grand-canonical formulation assumes the average strangeness quantum
number conservation, an instance that can be easily reproduced in heavy-ion col-
lisions. Therefore, as expected, the strangeness suppression is indeed observed in
smaller collision sysytems such as pp, pp̄ and e+e− (Fig 3.3)

In heavy ion collisions, owing to the large energy densities, s quarks can be pro-
duced thermally. In the deconfined phase, the pressence of large gluon density can
lead to an increased production of ss̄ pairs via the gluon fusion processes. Addition-
ally, the chiral symmetry restoration in proximity to the deconfined transition tem-
perature lowers the mass of the constituents below ≈ 150 MeV, thereby decreasing
the energetic threshold for its production [91]. The combined effect of these two phe-
nomenon, significantly reduce the timescale for strangeness saturation and chemical
equilibrium [90]. Therefore, compared to smaller systems, strangeness enhancement
was proposed as a signature of QGP formation [92]. This enhanced strange-quark
production was posited as a hallmark of deconfinement, resulting from increasing
gg → ss̄ rates in a partonic medium for a very long time. However, it has recently
been demonstrated that the observed behavior of (multi)strange hadron yields with
multiplicity can be quantitatively recreated within the conventional formulation of
SHM, without the need for explicit deconfinement. In this approach,the exact local
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conservation of strangeness in small systems results in the suppression of the pro-
duction rates, which progressively vanishes as the system volume increases [93].

Figure 3.4 shows the most recent ALICE measurements of strange-to-non-strange
hadron yield ratios in pp, p-Pb, and PbPb collisions at different centre-of-mass en-
ergies. The ratios show a continuous evolution with charged-particle multiplicity,
increasing with multiplicity until they saturate for center PbPb collisions, when the
grand-canonical limit is attained. The enhancement becomes more pronounced with
increasing strangeness content, from kaons to multi-strange baryons [90] such as Ξ
and Ω. The results are compared with PYTHIA 8 (Monash tune) [94], EPOS-LHC [95],
and DIPSY model calculations [96], as well as with canonical SHM predictions ob-
tained with THERMAL-FIST [97]. The smooth evolution with multiplicity and the
saturation toward central PbPb values demonstrate the transition from canonical to
grand-canonical behaviour.

The data are compared with model calculations made with PYTHIA 8 (Monash
tune), EPOS-LHC, and DIPSY, including rope hadronization, as well as canonical
SHM calculations using THERMAL-FIST. While conventional PYTHIA underestimates
yields except at the lowest multiplicities, models with a collective or color-rope com-
ponent (EPOS-LHC, DIPSY) mimic the growing trend. A quantitative agreement is
reached with the classical SHM, in which the suppression of strange-particle creation
at low multiplicity occurs naturally due to precise strangeness conservation. In the
THERMAL-FIST implementation, this suppression can be parameterised through a
multiplicity-dependent correlation volume Vc, or equivalently, a strangeness satura-
tion factor γs, which evolves from γs ≈ 0.7 in low-multiplicity pp events to γs ≈ 1
in central PbPb collisions.

3.3 Collective Flow

The bulk evolution of the medium formed by heavy-ion collisions exhibits a strong
collective behavior, with large pressure gradients developed in the early stages driv-
ing an expansion analogous to that of a nearly perfect fluid. This collective motion,
generally referred to as flow, transforms the initial geometric anisotropies of the col-
lision zone into quantifiable anisotropies in the final-state momentum distributions
of emitted hadrons [72, 98]. The observed collective patterns gives clear evidence
for the creation of a strongly interacting QGP that behaves as a relativistic fluid with
extremely low shear viscosity to entropy density ratio, η/s ≲ 0.2 [99, 11].

A few moments after impact (t ≲ 1 fm/c), the high energy density causes local ther-
malization of partons, resulting in the formation of the deconfined QGP. The pres-
sure gradients formed by this hot and dense state initiate a hydrodynamic expansion
in all spatial directions. As the medium cools, the partonic degrees of freedom trans-
forms into hadrons around the pseudo-critical temperature Tc ≈ 155 MeV [38, 39],
and the system then continues to expand as a hadronic gas until all elastic interac-
tions halt at kinetic freeze-out.

This collective expansion is reflected in the spectral shapes and angular distributions
of the emitted particles. At midrapidity, the radial component of the flow elevates
heavier hadrons to higher pT, producing the characteristic mass ordering observed
in the pT spectra [71, 82]. Meanwhile, the anisotropic component of the expansion
translates the initial geometric asymmetries of the nuclear overlap into anisotropies
in azimuthal momentum space, measured by the flow harmonics vn [100, 101]. The
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simultaneous description of these events within relativistic hydrodynamics estab-
lishes the QGP as a strongly coupled, nearly perfect fluid [98, 33].

Measurements at RHIC and the LHC show that the magnitude of collective flow
is substantially dependent on the system size, centrality, and final-state multiplicity.
In central PbPb collisions, collective motion dominates the dynamics of the produc-
tion of particles up to pT of several GeV/c, while flow-like characteristics have been
observed in small systems such as p-Pb and high-multiplicity pp collisions [81, 80,
102]. These findings indicate that collective behaviour may emerge in any suffi-
ciently dense QCD system, independent of its initial geometric scale.

The following subsections describe two complementary aspects of the collective
expansion: the isotropic (radial) component, modelled using the Boltzmann–Gibbs
Blast-Wave (BGBW) parametrisation, and the anisotropic component, quantified by
the flow coefficients vn extracted from the azimuthal distributions of produced par-
ticles.

3.3.1 The Boltzmann-Gibbs Blast-Wave (BGBW) model

A widely employed phenomenological framework used for describing the com-
bined effects of thermal motion and collective expansion during kinetic freeze-out is
the Boltzmann-Gibbs Blast-Wave (BGBW) model [103]. It denotes a simplified limit
of hydrodynamic freeze-out in which particles are emitted instantaneously from
a cylindrically symmetric, radially expanding surface with constant proper time.
Starting from the Cooper-Frye formula and assuming Boltzmann statistics and boost
invariance at midrapidity, the transverse mass spectrum can be expressed as:

dN
dy mT dmT

∝ g mT

∫ R

0
rT drT K1

(
mT cosh ρ(rT)

Tkin

)
I0

(
pT sinh ρ(rT)

Tkin

)
, (3.7)

where I0 and K1 are modified Bessel functions, R is the transverse radius of the
source, and Tkin denotes the kinetic freeze-out temperature, the temperature at which
elastic interactions cease and particles decouple from the medium. The transverse
flow rapidity ρ(rT) = tanh−1[β(rT)] encodes the radial expansion velocity profile,

β(rT) = βs

( rT

R

)n
, (3.8)

where βs is the maximum (surface) velocity and n defines the shape of the velocity
profile. For this parametrisation, the mean transverse velocity is given by:

⟨βT⟩ =
2

2 + n
βs (3.9)

The BGBW model allows simultaneous fitting of the pT spectra of identified hadrons
such as π, K, and p, assuming that they come from a common thermalized source
described by (Tkin, ⟨βT⟩, n). Alternatively, individual fits to a single species can be
used to extrapolate spectra into unmeasured pT regimes for yield integration.

The BGBW analysis of PbPb collisions at LHC energies reveals a clear dependence
of the extracted parameters on the event centrality and system size. With increas-
ing centrality (or multiplicity), the average transverse velocity ⟨βT⟩ grows steadily,
indicating stronger collective expansion in denser systems, while the kinetic freeze-
out temperature Tkin decreases, suggesting a longer evolution before decoupling.
For peripheral collisions, the smaller degree of collectivity leads to larger Tkin and
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smaller ⟨βT⟩, consistent with an earlier freeze-out of a smaller, less equilibrated sys-
tem.

The comparison of results across energies and systems shows that ⟨βT⟩ increases
from RHIC to LHC energies but tends to saturate at ⟨βT⟩ ≈ 0.65-0.7 for central
PbPb collisions. This behaviour indicates that the additional energy available at
higher

√
sNN primarily leads to higher particle multiplicities rather than to signif-

icantly faster expansion of the fireball [11]. In smaller systems such as pp and p-
Pb, the blast-wave fits yield Tkin and ⟨βT⟩ values that follow the same multiplicity-
dependent trend, implying that collective-like effects emerge whenever the final-
state density becomes sufficiently large [81].

Although the BGBW model does not explicitly incorporate viscosity or full hydro-
dynamic evolution, its parameters provide an intuitive overview of the interplay
between temperature and collective flow at the final stage of the collision. Particu-
larly, the kinetic freeze-out temperature Tkin is consistently found to be lower than
the chemical freeze-out temperature Tch obtained from statistical-hadronisation fits,
supporting a picture in which the system continues to expand and cool after chemi-
cal equilibrium has been established, until elastic interactions finally cease [48].

3.3.2 Anisotropic flow

The fireball’s expansion is not isotropic at azimuthal angle φ. Non-central collisions
cause elliptical deformation of the overlap region between colliding nuclei, leading
to spatial and momentum anisotropies due to hydrodynamic pressure gradients.
This collective anisotropy is characterized by the Fourier coefficients vn in the az-
imuthal particle distribution:

dN
d(φ − Ψ)

=
N
2π

(
1 + 2

∞

∑
n=1

vn cos[n(φ − Ψ)]

)
, (3.10)

where Ψ denotes the reaction-plane angle. The second harmonic coefficient v2 (el-
liptic flow) reflects the almond-shaped overlap geometry of semi-central collisions,
while higher-order coefficients (v3, v4, . . . ) arise from event-by-event fluctuations in
the initial density profile.

Anisotropic flow is an important observable for restricting the transport parameters
of the QGP. The size and centrality of v2 rely on the shear viscosity-entropy den-
sity ratio (η/s) and the thermalization timeframe [99, 72]. Experimental data from
both RHIC and the LHC are well described by hydrodynamic models assuming an
early-thermalized, nearly perfect fluid with η/s ≈ 0.1–0.2 [98, 101]. This behavior
establishes the QGP as the most perfect fluid known in nature.
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FIGURE 3.1: Chemical freeze-out temperature Tch and baryochem-
ical potential µB extracted from hadron yield measurements at the
AGS, SPS, RHIC, and LHC, as a function of the centre-of-mass en-
ergy

√
sNN. The solid and dashed lines represent phenomenological

parameterisations of the freeze-out curve [48].
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FIGURE 3.2: Centrality dependence of the baryochemical potential µB
obtained by the STAR Collaboration at various beam energies in the
RHIC Beam Energy Scan I [89]. The increase of µB with ⟨Npart⟩ at low√

sNN indicates stronger baryon stopping in central collisions.

FIGURE 3.3: Strangeness suppression factor taht is measured via scal-
ing of the net strange content to the non-strange one for different col-

lision systems: λs = 2⟨ss̄⟩/⟨uū + dd̄⟩ [90].
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FIGURE 3.4: Yield ratios of (multi)strange hadrons to charged pions
measured by the ALICE Collaboration in pp, p-Pb, and PbPb colli-

sions at the LHC [90].
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FIGURE 3.5: Schematic representation of the anisotropic overlap re-
gion in a semi-central heavy-ion collision. The pressure gradients are
larger along the short axis of the overlap region, leading to elliptic

flow (v2).
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Chapter 4

The ALICE Experiment

4.1 Overview and Motivation

This chapter includes a brief overview of CERN’s history, along with some insights
on the LHC. In addition, a detailed explanation of the ALICE experiment along with
its construction and functionality of the detectors are provided.

4.2 CERN

The European Organization for Nuclear Research, abbreviated as CERN (from the
French Conseil Européen pour la Recherche Nucléaire), is a multinational laboratory
based near Geneva, Switzerland. It currently consists of 23 member states and em-
ploys approximately 3200 staff members, while hosting nearly 14,000 researchers
worldwide, including physicists, engineers, technicians, and students [104]. CERN
was founded in 1954 and has since made landmark contributions to both funda-
mental physics and technology. For example, the invention of the multi-wire pro-
portional chamber (MWPC) by Georges Charpak at CERN revolutionized particle
detection, earning the 1992 Nobel Prize in Physics [105]. CERN has also designed
and operated a wide range of accelerators, from early linear accelerators such as
Linac 2 (commissioned in 1978) to synchrotrons like the Proton Synchrotron (PS) and
the Super Proton Synchrotron (SPS). The most powerful of these is the Large Hadron
Collider (LHC), the world’s highest-energy particle accelerator, which is described
in detail in the following section [106].

4.3 The Large Hadron Collider (LHC)

The Large Hadron Collider (LHC) is the world’s largest and most powerful par-
ticle accelerator. It is located in a 26.7 km circular tunnel situated about 100 m
underground near Geneva, straddling the Franco-Swiss border [106]. The LHC is
designed to accelerate and collide both protons and heavy ions at unprecedented
energies. Proton-proton (pp) collisions have reached center-of-mass energies up to√

s = 14 TeV, while LHC employs 1232 superconducting dipole magnets, each gen-
erating a magnetic field of 8.36 T. Prior to injection into the main ring, particles are
pre-accelerated in a chain of linear and circular accelerators known as the injector
complex. For protons, the sequence consists of Linac 2 (replaced by Linac 4 in 2020),
the Proton Synchrotron Booster (PSB), the Proton Synchrotron (PS), and finally the
Super Proton Synchrotron (SPS) [107]. For heavy ions, beams are first accelerated
in Linac 3 and subsequently stored and cooled in the Low Energy Ion Ring (LEIR)
before being transferred to the PS and SPS.
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Typical bunch intensities are of order 1011 protons or 9× 107 lead ions per bunch.
The LHC has two separate vacuum beam pipes, enabling beams to circulate clock-
wise and counterclockwise. They cross at four interaction points where the major
experiments are located: ALICE, ATLAS, CMS, and LHCb. At design luminosities,
up to 6× 108 collisions per second can occur at these points, providing an enormous
dataset for exploring fundamental physics [106].

While all four experiments record LHC collisions, they focus on distinct physics
goals: ATLAS and CMS on general-purpose high-energy physics, LHCb on flavor
physics and CP violation, and ALICE as the dedicated heavy-ion experiment de-
signed to explore the QGP.

The ATLAS and CMS detectors are general-purpose experiments designed to ex-
plore a wide range of physics both within and beyond the Standard Model. They
are particularly renowned for their leading role in the discovery of the Higgs bo-
son in 2012, a milestone achievement that confirmed the mechanism of electroweak
symmetry breaking [108, 109].

By contrast, the LHCb experiment was purpose-built to investigate heavy-flavor
physics, with a focus on precision measurements of CP violation and rare decays of
hadrons containing b and c quarks. Among its major achievements is the discovery
of exotic hadronic states, including pentaquarks, which provided key insights into
the dynamics of the strong interaction [110]. Finally, the A Large Ion Collider Ex-

FIGURE 4.1: Schematic view of the CERN Large Hadron Collider
(LHC) accelerator complex, showing the chain of pre-accelerators and
the main ring where proton and heavy-ion beams collide at up to√

sNN = 5.36 TeV.

periment (ALICE) experiment is the only LHC detector dedicated specifically to the
study of heavy-ion physics. Its primary goal is to investigate strongly interacting
matter under extreme conditions of temperature and density, with a focus on the
formation and properties of the QGP [111].

This chapter describes the ALICE detector and its subsystems in depth, with a focus
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on the tracking and PID detectors, which are critical for identifying π, K, and p at
midrapidity.

This thesis analyzes data acquired during LHC Run 3. The ALICE configuration
for Run 3 will be discussed. Section 4.4.1 summarizes the key changes done during
Long Shutdown 2 (2019-2021), which greatly boosted ALICE performance for Run 3
and beyond.

4.4 ALICE setup

ALICE is one of four key experiments at the CERN LHC that is especially designed
to examine ultra-relativistic heavy-ion collisions. The major objective of ALICE is
to examine the characteristics of strongly interacting matter at high energy densi-
ties and temperatures, where quarks and gluons are predicted to form a deconfined
phase known as the QGP. [111].

ALICE is distinguished by its capacity to function in the setting of central PbPb
collisions, which result in unparalleled particle multiplicities at the LHC. The detec-
tor was intended to handle charged-particle concentrations of up to 8000 particles
per unit of speed in the most central collisions, while retaining outstanding track-
ing and particle-identification (PID) performance [112]. ALICE delivers strong PID
throughout a large transverse-momentum range, from pT ∼ 0.15 GeV/c (where bulk
physics dominates) to around 20 GeV/c, spanning the perturbative region where
hard probes are significant [112, 113]. The general ALICE setup in RUN 3 is detailed

FIGURE 4.2: ALICE detector systems after the LS2 upgrade [114].

in Fig. 4.2. The equipment itself is huge, measuring around 26 meters in length, 16
meters in diameter, and weighing close to 10,000 tons. Its pseudorapidity accept-
ability is separated into two major regions:
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• The Central Barrel, which surrounds the interaction point, is contained inside
the enormous solenoidal magnet that generates a 0.5 T magnetic field. This
section houses the essential tracking and PID detectors (including the Inner
Tracking System, Time Projection Chamber, and Time-Of-Flight detector). The
magnetic field allows for exact momentum reconstruction and charge discrim-
ination by bending the paths of charged particles.

• The Muon Spectrometer, encompassing the forward rapidity area (−4 < η <
−2.5), is dedicated to monitoring heavy-flavor probes such as quarkonia via
muonic decay channels. It has no direct function in the current π, K, p study.

Following Run 2 (2015-2018), ALICE received a considerable update during Long
Shutdown 2 (2019-2021), in preparation for Run 3 (2022-present).

4.4.1 ALICE Upgrade during LS2

During the first two LHC operations, the ALICE experiment produced outstanding
physics results spanning a wide range of observables, including the characterisation
of the QGP and the discovery of collective phenomena in tiny systems. However,
several subsystems and readout infrastructures were not adjusted to properly use
the enhanced luminosity predicted for Runs 3 and 4. To extend its reach to rare
probes and low-pT measurements, during the LHC Long Shutdown 2 (2019-2021),
ALICE underwent a comprehensive upgrade l [115, 116].

The primary goal of this upgrade were to considerably improve vertexing preci-
sion, increase readout capability to accommodate larger event frequencies, and en-
able continuous data gathering. The upgraded ALICE detector now functions as
a high-rate experiment, capable of recording interaction rates of up to 50 kHz in
Pb–Pb and 200 kHz in pp collisions. This marks an increase of more than two or-
ders of magnitude compared to the Run 2 configuration and enables the collection
of large, unbiased datasets essential for precision studies of rare processes such as
low-pT heavy-flavour production, thermal dilepton emission, and light (anti)nuclei
formation. In Pb–Pb collisions, the vastly increased integrated luminosity allows
detailed differential measurements of QGP properties, including collective flow, jet
quenching, and heavy-flavour transport, with unprecedented statistical precision.
It also opens the possibility to study event-by-event fluctuations, correlations, and
the production of rare and short-lived hadronic states, thereby deepening the un-
derstanding of the microscopic structure and evolution of the strongly interacting
medium created in ultra-relativistic heavy-ion collisions [115, 117]. [117].

The most significant upgrade concerned the Inner Tracking System (ITS), which
was completely replaced by the new ITS2 [118]. Composed of seven layers of mono-
lithic active pixel sensors (MAPS) based on the ALPIDE technology, the ITS2 pro-
vides a factor 3 improvement in transverse and factor 6 in longitudinal impact-
parameter resolution compared to the previous system. The reduction of the beam-
pipe diameter from 60 mm to 36 mm and the ultra-low material budget (0.35 % X/X0
per layer) ensure excellent tracking and vertexing even for particles with very low
transverse momentum.

The Time Projection Chamber (TPC) underwent a major transformation with
the replacement of its multi-wire proportional chambers by quadruple Gas Electron
Multiplier (GEM) foils [119]. This upgrade enables continuous readout operation
without gating, while mitigating space-charge distortions at high interaction rates.

Other central-barrel detectors were also modernized to cope with the increased
data throughput. The readout electronics of the Transition Radiation Detector (TRD),
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Time-of-Flight (TOF), Electromagnetic Calorimeter (EMCal), PHOS, and Zero-Degree
Calorimeters (ZDC) were upgraded for high-rate operation. The High Momentum
Particle Identification Detector (HMPID) received new front-end electronics and
additional absorbers to extend its use in studies of (anti)nuclei cross sections. A com-
pletely new Muon Forward Tracker (MFT) was installed upstream of the hadron
absorber in the muon spectrometer, improving the secondary-vertex resolution for
muons from open heavy-flavour decays and quarkonia [115].

The detectors previously responsible for timing, triggering, and luminosity de-
termination (T0, V0, and AD) were replaced by the Fast Interaction Trigger (FIT)
system [120]. FIT provides minimum-bias triggering, centrality and event-plane de-
termination, and accurate interaction-time measurement with sub-50 ps resolution.

Finally, a completely new online–offline computing model, the O2 framework,
was developed to handle the continuous readout mode [115]. The O2 system merges
online data compression, reconstruction, and calibration with offline analysis in a
unified environment, enabling real-time event processing and long-term data preser-
vation.

Together, these upgrades transform ALICE into a precision, high-throughput ex-
periment optimized for Run 3 and beyond. The improved vertexing, PID perfor-
mance, and continuous readout open new opportunities for investigating the QGP
through rare probes, correlations, and detailed studies of hadronization dynamics.

4.4.2 ALICE Coordinate System and Detector Overview

ALICE’s coordinate system is specified as a right-handed orthogonal Cartesian sys-
tem, with its origin at the nominal interaction point of the colliding beams [111].

The x-axis is perpendicular to the beam direction and points to the center of the LHC
ring. The y-axis runs perpendicular to both the x-axis and the beam line, pointing
vertically up. The z-axis is parallel to the beam direction and orientated counter-
clockwise. This convention ensures a consistent description of particle trajectories
within the detector and allows for comparison across subsystems.

A transformation from Cartesian coordinates (x, y, z) to spherical coordinates (r, θ, ϕ)
is provided by:

x = r sin θ cos ϕ, y = r sin θ sin ϕ, z = r cos θ. (4.1)

4.5 Experimental Setup Overview

During Run 3 of the LHC (beginning of 2022), the ALICE detector has been oper-
ating as a high-rate, continuously read out experiment, optimized for the study of
ultra-relativistic heavy-ion collisions and high-multiplicity pp and p-Pb events. The
detector offers excellent charged particle tracking and PID over a broad transverse
momentum range, with full azimuthal coverage and pseudorapidity acceptance of
|η| < 0.9 in the central barrel [111, 112, 114].

Each subsystem is briefly described below, emphasizing the configuration relevant
to Run 3 operations.
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FIGURE 4.3: The coordinate system convention of the ALICE detector
[112].

4.5.1 Inner Tracking System (ITS2)

The ITS2 is the innermost detector enclosing the beam pipe. It was completely re-
placed during LS2 in order to improve vertexing precision and low pT tracking ca-
pabilities [121].

The ITS2 comprises of seven concentric layers of Monolithic Active Pixel Sensors
(MAPS) based on the ALPIDE technology, covering the radial range from 22 mm to
430 mm. Each sensor offers a spatial resolution of approximately 5 µm and a material
budget as low as 0.35% X0 per layer, resulting in minimal multiple scattering. This
configuration achieves a factor of ∼3 improvement in transverse impact-parameter
resolution compared to Run 2. The ITS2 is crucial for primary-vertex reconstruction,
secondary-vertex identification, and improving the momentum resolution of low-pT
tracks.

4.5.2 Time Projection Chamber (TPC)

The Time Projection Chamber (TPC) serves as the main tracking and PID detector
in the central barrel [122]. It is a cylindrical drift chamber 5 m long and 5.6 m in
diameter, filled with a Ne-CO2-N2 gas mixture. Charged particles traversing the gas
leave ionization trails, which drift under a uniform electric field (E = 400 V/cm) to-
ward the readout planes at both endcaps. The TPC provides up to 159 space points
per track, enabling precise three-dimensional reconstruction and dE/dx-based par-
ticle identification.

A major LS2 upgrade replaced the multi-wire proportional chambers with quadru-
ple Gas Electron Multiplier (GEM) stacks, allowing continuous readout at interaction
rates up to 50 kHz in Pb–Pb collisions without ion backflow [123].

The upgraded TPC offers a dE/dx resolution of 5-6%, ensuring efficient π/K/p
separation up to pT ≈ 1 GeV/c, and statistical separation at higher momenta via the
relativistic rise region.
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4.5.3 Transition Radiation Detector (TRD)

The TRD surrounds the TPC and helps electron identification above pT ∼ 1 GeV/c.
It detects transition radiation photons emitted when ultra-relativistic particles pass
through layers of radiator material, and measures their ionization energy loss in
drift chambers. The TRD also contributes to track reconstruction and fast online
triggering [124].

4.5.4 Time-Of-Flight (TOF) Detector

The Time-Of-Flight (TOF) detector is crucial for particle identification in the inter-
mediate pT range (0.3-5 GeV/c) [125]. It is positioned at a radius of about 3.7 m and
covers |η| < 0.9 with full azimuthal acceptance. The TOF is composed of Multi-
gap Resistive Plate Chambers (MRPCs) with an intrinsic time resolution of ∼ 50 ps
in Run 3. Combining TOF timing (tTOF) with the track length and momentum (p)
measured in the TPC enables computation of the particle velocity β and mass:

m2 =
p2

c2

(
1
β2 − 1

)
.

The joint use of TPC dE/dx and TOF timing provides clean separation between
pions, kaons, and protons across a wide pT range. Together, these two detectors
form the backbone of ALICE’s hadron identification capabilities.

4.5.5 Electromagnetic Calorimeters (EMCal and PHOS)

The EMCal and PHOS calorimeters measure the energy of photons and neutral
mesons, contributing to jet and high-pT studies.

The EMCal covers |η| < 0.7 across a large azimuthal region (∆φ ≈ 107◦) and has
a reasonable energy resolution (σE/E ≈ 4.8%/

√
E ⊕ 1.7%) [126].

The PHOS, built from PbWO4 crystals, provides higher energy resolution (σE/E ≈
1.8%/

√
E ⊕ 1.1%) in a smaller acceptance, optimized for photon spectroscopy and

direct-photon measurements [127].

4.5.6 Muon Spectrometer

At forward rapidities (−4 < η < −2.5), the Muon Spectrometer detects muons from
quarkonium and open heavy flavour decays. It incorporates a hadron absorber, a
dipole magnet with 3 T · m bending power, five tracking stations, and two trigger
stations. This subsystem permits studies into quarkonium suppression, recombina-
tion, and heavy-quark energy loss in the QGP [128, 114] .

4.5.7 Fast Interaction Trigger (FIT) System

The FIT replaces the previous T0, V0, and AD detectors and acts as the main in-
teraction trigger, centrality estimator, and luminosity monitor [114]. It comprises of
two detector arrays (FT0 and FV0) based on Cherenkov and scintillator technology,
located on either side of the interaction point. The FIT offers timing with a precision
better than 50 ps and is utilized to estimate the collision time (t0), reject beam–gas
background, and perform online event selection.
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4.5.8 Zero-Degree Calorimeters (ZDCs)

The ZDCs, placed ±112.5 m from the interaction point along the LHC beam line,
estimate the energy of spectator nucleons emitted in the vicinity of the beam direc-
tion. They are used for estimating the event plane and determining the centrality in
Pb–Pb collisions [129, 114] .

4.6 Computing and Analysis Framework

ALICE’s Run 3 data-taking capabilities, notably in PbPb collisions at interaction
rates up to 50 kHz, require a new strategy to data processing, storage, and analy-
sis.

Raw data rates exceed many terabytes per second, making traditional computing
systems that rely entirely on central facilities unworkable.

ALICE uses a hybrid model that blends the innovative Online-Offline (O2) archi-
tecture with the resources of the Worldwide LHC Computing Grid (WLCG) [130,
112].

Distributed Computing and WLCG

The WLCG provides a global, distributed computing infrastructure that integrates
storage and processing capabilities from hundreds of computing centers across the
world.

ALICE relies on the grid to perform operations like as large-scale Monte Carlo event
production, detector-response simulations, and data reprocessing.

The WLCG’s distributed nature promotes resilience, scalability, and effective load
balancing across several geographical sites [130]. Grid jobs often include:

• Reconstruction and compression of raw detector data.

• Large-scale Monte Carlo production and detector simulations using GEANT
[131].

• Storage and dissemination of Analysis Object Data (AOD) files to users glob-
ally.

The Online-Offline (O2) ALICE system

Alongwith the upgraded to the detectors, the ALICE computing infrastructure was
completely redesigned during LS2 to handle continuous readout and efficient pro-
cessing of the large data volumes expected in LHC Run 3 and beyond [115, 117]. The
new Online-Offline (O2) system integrates real-time data acquisition, calibration,
and reconstruction in a single computing environment, bridging the conventional
boundary between online and offline processing.

The O2 model primarily focuses on the early data reduction and compression during
the data taking. Instead of retaining the entire raw detector output, the O2 sys-
tem performs synchronous reconstruction in real time, applying the first-pass calibra-
tion and compressing the raw data to minimize the volume by almost an order of
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magnitude. Subsequently, the asynchronous reconstruction is executed using the final
calibration constants, producing physics-quality data (Analysis Object Data, AOD)
which is analysis-ready. This two-stage model ensures that only the scientifically
useful and calibrated data are retained, considerably optimizing the use of storage
and computing resources.

The O2 software framework constitutes of three main components:

• Transport Layer: facilitates inter-process communication between the nodes
and the computing devices, thereby managing message exchange efficiently
within the distributed system.

• Data Model: specifies the structure and serialization of exchanged messages.
It supports several data formats, such as, APACHE ARROW for fast in-memory
data interchange and ROOT-serializable objects for long-term storage [132,
133].

• Data Processing Layer (DPL): serves as a high-level orchestration engine, that
abstracts the underlying complexity. It automatically creates the workflow
topology, handles multiplexing and pipelining, and is used for almost all data-
processing tasks in ALICE, including simulation, reconstruction, and analysis.

In the O2 continuous readout mode, the smallest processing unit is a time frame,
which represents a 2.85 ms snapshot of data. Each time frame may be processed
individually at all stages, starting from data taking, synchronous and asynchronous
reconstruction, to user analysis, allowing for high parallelism and scalability. The
reconstructed outputs are saved as AOD files in ROOT format, which provides an
optimal balance between data compression and accessibility.

The analytical data model of Run 3 is based on a collection of flat tables that are
arranged in a relational database-like structure, with all entities connected through
indexed keys. This approach allows rapid query operations and efficient table join-
ing, making the O2 framework quite modular and flexible for end-user analytics.
Each analysis task, implemented in C++, is defined as a DPL data processor with ex-
plicit input and output parameters. Tasks can be integrated into workflows, which
process data sequentially, guaranteeing proper pipelining and dependency manage-
ment.

Through this integrated architecture, the O2 system allows ALICE to function as
a fully online experiment, capable of continuous high-rate data processing while re-
taining offline-quality reconstruction. This paradigm shift is a key computing evo-
lution in high-energy physics, enabling ALICE to exploit its full physics potential in
Runs 3 and 4 [115, 117].

Analysis Frameworks: AliPhysics and Beyond

While the backbone of reconstruction has transferred to O2, user-level physics anal-
yses remain strongly reliant on the well-established AliPhysics framework.

AliPhysics, built on ROOT [134], provides a robust set of analytic tools, including
data filtering, event and track selection, particle identification, and observable ex-
traction.
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In Run 3, AliPhysics has been complemented with the O2 Analysis Framework, a
new, task-oriented framework built to harness parallelism and large-scale processes.

The two frameworks are compatible, with O2 delivering excellent performance and
AliPhysics enabling continuity and flexibility for user-level investigations.

Monte Carlo and Detector Simulations

Monte Carlo simulations are critical for correcting detector effects, calculating effi-
ciency, and assessing systematic uncertainty.

PYTHIA and HIJING event generators model particle creation, whereas GEANT 3
and GEANT 4 simulate particle passage through detector material, including sec-
ondary interactions and energy loss [131, 135, 136].

The simulated events are recreated using the same chain as the real data, provid-
ing a consistent foundation for data-MC comparisons.

4.7 Detector summary and Relevance to This Thesis

The ALICE detector was designed to be the most flexible heavy-ion experiment at
the LHC, allowing researchers to investigate the features of strongly interacting mat-
ter at high energy densities. Its full suite of subsystems, which includes the central
barrel, forward detectors, and muon spectrometer, delivers unprecedented granu-
larity and precision among modern collider experiments.

The central barrel detectors (ITS, TPC, TRD, TOF, EMCal, DCal, PHOS, and HMPID)
provide superior tracking and particle identification capabilities across a wide mo-
mentum range. They can reconstruct and identify hadrons, electrons, and photons
with amazing precision, even in the high-multiplicity environment of central PbPb
collisions. The forward detectors (V0, ZDC, and others) are critical for global event
characterisation, including collision centrality, event-plane identification, and back-
ground rejection. Finally, the muon spectrometer, together with the Muon Forward
Tracker in Run 3, broadens ALICE’s reach to quarkonium and heavy-flavor phenom-
ena at high speeds.

By merging the results of these subsystems, ALICE offers an unparalleled chance
to conduct a comprehensive, high-precision investigation of detected hadron spec-
tra. This is critical for addressing the key aims of this thesis: exploring freeze-out
dynamics, collective behavior, and hadronization processes in PbPb collisions at√

sNN = 5.36 TeV.

To summarize, ALICE’s detector architecture not only allows for high-precision re-
construction of global and differential observables, but also distinguishes the exper-
iment as the preeminent resource for researching the QGP using identifiable hadron
spectra. The next chapter will discuss the datasets, analytical methodologies, and
reconstruction procedures used to achieve these physics objectives.
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4.8 Data Reconstruction

The accuracy of data reconstruction is crucial for accurately studying hadron spec-
tra in PbPb collisions. With the start of LHC Run 3, ALICE started a new phase of
continuous readout and online reconstruction, enabled by the O2 computing frame-
work [137]. The LHC is expected to have high interaction rates of up to 50 kHz for
PbPb and 500 kHz for pp collisions, necessitating this paradigm change.

The move necessitated the development of new concepts like the Time Frame (TF)
and major improvements in tracking, calibration, and PID processes. The purpose
of this section is to summarize the major reconstruction methodologies pertinent to
this thesis. We focus on three major aspects:

• event creation and online reduction of the data stream,

• track reconstruction in continuous readout mode, and

• PID techniques based on TPC and TOF information, which serve as the foun-
dation for the π, K, and p analysis.

4.8.1 Event Building

In Run 3, ALICE functions without a hardware trigger. Detector signals are contin-
ually captured and arranged into Time Frames (TFs), which are the smallest units
of information for online and offline processing. A TF is a customizable time frame
of order 10 microseconds, substantially bigger than the maximum TPC electron drift
duration (∼ 100 microseconds). This option avoids splitting tracks from a single col-
lision across many TFs, lowering inefficiencies to less than 1% [138].

Data from detectors is gathered via First Level Processors (FLPs), a farm of ∼200
compute nodes that execute local processing, including cluster detection and track-
let reconstruction. The partially processed TFs are delivered to Event Processing
Nodes (EPNs) for global reconstruction tasks such as track creation, vertex determi-
nation, and collision association. During this step, overlapping interactions within
the same TF are separated, and complete events are assembled.

The first raw data stream is around 4 TB/s. After processing at the FLPs, the rate
is lowered to ∼150 GB/s for pp and ∼700 GB/s for PbPb. After event reconstruc-
tion on EPNs, the ultimate data flow to permanent storage is ∼30 GB/s for pp and
∼140 GB/s for PbPb ([137]). Given the amount, not all raw data can be perma-
nently preserved. Instead, the goal is to recreate the whole dataset online and store
compact analysis-ready objects, known as AO2D files, which are used as input for
physics studies.

The use of continuous reading and live reconstruction has significant ramifica-
tions for our study. This method measures π, K, and p spectra with excellent statis-
tical accuracy and precise track-to-vertex association, even in center PbPb collisions.

4.8.2 Tracking

This thesis relies on accurate track reconstruction to create identifiable hadron spec-
tra (π, K, p) from clean track samples with well-defined kinematics and origins.

Track reconstruction in ALICE begins with the conversion of detector signals into



44 Chapter 4. The ALICE Experiment

FIGURE 4.4: Schematic overview of the ALICE O2 reconstruction
chain in Run 3, illustrating the continuous readout, event building,

and online reduction strategy [139].

clusters. In the TPC, charged particles ionize the drift gas, and the resulting elec-
trons drift to the readout chambers, where they are recorded as charge clusters. In
the ITS, silicon sensors register localized hits. These raw signals are processed into
clusters that represent the particle trajectory at each detector layer [112].

The first step of the reconstruction chain is the formation of tracklets, short track
segments built locally within individual detectors. By combining tracklets from the
ITS with clusters in the TPC, tracks are propagated through the detector volume and
optimized using a Kalman filter approach [140].

Several categories of reconstructed tracks are defined in ALICE:

• ITS-only tracks: Constructed exclusively from ITS clusters, these tracks are
crucial for reconstructing very low-pT particles (pT ≲ 200 MeV/c) that do not
reach the TPC. They are also used in secondary vertex finding (photon conver-
sions, weak decays).

• TPC-only tracks: Built solely from TPC clusters, these tracks lack precise ver-
tex information. They are mainly used for quality assurance, cosmic-ray stud-
ies, and specific reconstruction tasks.

• Global tracks: The primary tracks used in physics analyses, obtained by com-
bining ITS and TPC information. Global tracks provide excellent precision in
both momentum measurement and vertexing. They also form the basis for
particle identification (PID) when matched with TOF and TRD signals.

• Afterburned tracks: Constructed by matching unused ITS clusters to TPC
tracks. This category is particularly important for displaced tracks originating
from long-lived particles such as K0

S → π+π−, Λ → pπ−, or cascade decays
(Ξ → Λπ).

In Run 3, the continuous readout mode introduces additional complexity. Each re-
constructed track may overlap in time with multiple collisions within the same Time
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Frame (TF). To address this, a dedicated track-to-collision re-association algorithm
is deployed. This algorithm compares the time stamp of each track with the recon-
structed collision times in the TF and reassigns the track to the most compatible
primary vertex, within strict timing tolerances [139, 141]. This ensures the correct
association of tracks with collisions, thereby minimizing background contamination
and avoiding signal duplication.

The final reconstructed tracks are stored in the AO2D data format, which repre-
sents the standard input to all physics analyses. Each track record contains not only
the kinematic variables (momentum, rapidity, azimuthal angle), but also PID observ-
ables (TPC dE/dx, TOF timing, TRD likelihoods) and the covariance matrices. These
tracks thus provide the essential building blocks for all Run 3 analyses, including the
identified hadron spectra (π, K, p) that form the core of this thesis.

TPC Energy Loss Measurement

The TPC provides PID through measurements of the specific energy loss (dE/dx)
of charged particles traversing the detector gas volume. As particles ionize the
medium, the released electrons are drifted and collected on the readout pads. The
mean energy loss per unit length is well described by the Bethe-Bloch formula:〈

−dE
dx

〉
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]
, (4.2)

where β and γ are the relativistic kinematic variables, z is the charge of the incident
particle, Z and A are the atomic number and mass number of the medium, I is the
mean excitation potential, and Wmax the maximum energy transfer in a single colli-
sion.

Because of the Landau tail of energy loss distributions, ALICE employs a truncated-
mean method: the highest ionization clusters are excluded, and the mean of the
remaining clusters is used to estimate dE/dx. This enhances the Gaussianity of the
response and provides a resolution of around 5% for long tracks at midrapidity [112].

TOF Velocity Measurement

The TOF detector tracks the flight time of charged particles from the contact loca-
tion to the TOF module. The velocity β is calculated using the track length (L) and
momentum (p):

β =
L

c tTOF
, m =

p
γβc

. (4.3)

The TOF system can differentiate pions, kaons, and protons up to pT ∼ 5 GeV/c,
with a resolution of around 50-60 ps in Run 2 and ∼30 ps in Run 3 [142].

Combined PID Strategy

The Combined PID Strategy

At low momenta, the TPC dE/dx bands are well separated, allowing for precise par-
ticle identification.
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TOF separates intermediate momenta when the dE/dx curves for π, K, and p over-
lap. At higher momenta (pT ≳ 5 GeV/c), when both TPC and TOF lose discrimina-
tion power, ALICE utilizes additional detectors: the HMPID (Cherenkov radiation),
EMCal (shower shape for electrons and photons), and TRD (electron identification).

For analysis, the observed signals are compared to theoretical predictions. The nor-
malized variable nσ is defined as:

nσi =
Signalmeasured − Signali,expected

σi
, (4.4)

where i represents the particle species.

This variable is roughly Gaussian distributed and can be used to select species using
|nσ| cuts or probability density functions (Bayesian PID).

Illustration
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FIGURE 4.5: TPC dE/dx as a function of momentum for charged
tracks in Run 3 PbPb collisions. Distinct particle species are visible

and compared to the Bethe-Bloch expectation [112].

Relevance to This Thesis

The accurate separation of π, K, and p across the full pT range is the essential ex-
perimental foundation of this work. The methods described above underpin the
extraction of the identified hadron spectra that form the central physics analysis of
this thesis. By combining dE/dx from the TPC with TOF information and applying
optimized selection criteria, high-purity samples of π, K, and p are reconstructed,
enabling the precise measurement of spectra in PbPb collisions at

√
sNN = 5.36 TeV.
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FIGURE 4.6: TOF velocity measurement β as a function of momen-
tum, showing clear separation between π, K, and p up to several

GeV/c [142].

Relevance to This Thesis

The study in this thesis heavily depends on the Run-3 computing paradigm.

The hadron spectra for π, K, and p are retrieved from AO2D datasets generated
by the O2 framework.

The reconstruction and PID techniques mentioned above, when paired with large-
scale MC productions on the grid, lay the groundwork for accurate measurements.
Furthermore, the creation of specific macros and analytic procedures inside Ali-
Physics enabled this study to manage the complexity of PbPb collisions at

√
sNN =

5.36 TeV while assuring repeatability and scalability.





49

Chapter 5

Data Samples & Analysis Strategy

5.1 Introduction

The study of recognized hadrons in ultra-relativistic heavy-ion collisions offers one
of the most direct insights into the features of the highly interacting matter produced
in such situations. Heavy-ion physics relies heavily on measuring π, K, and p, which
account for the majority of particle creation and leave traces of the medium’s history.
Their yields and momentum distributions provide information on the freeze-out cir-
cumstances, collective flow, and potential fingerprints of deconfinement and chiral
symmetry restoration in the QGP phase.

The ALICE experiment at the LHC can measure identified hadrons across a broad
transverse momentum (pT) range using complementary sub-detectors: the TPC for
ionization energy loss (dE/dx) measurements and the TOF detector for velocity de-
termination. The combination of these systems allows for high-purity particle iden-
tification from low to intermediate pT, where the majority of hadron creation occurs.

Furthermore, the centrality dependence of hadronic spectra sheds light on the im-
pact of system size and collision geometry. Central collisions, which have a sub-
stantial overlap between nuclei, result in larger energy densities and stronger col-
lective phenomena, whereas peripheral collisions have lower medium effects. Com-
paring particle production across centrality classes allows us to restrict models of
hadronization, hydrodynamic expansion, and partonic energy loss.

The current study uses Run 3 PbPb data at
√

sNN = 5.36 TeV, which provides
exceptional statistics and enhanced detector calibrations compared to earlier LHC
runs. This allows for a more exact assessment of particle yields and spectra, offering
both continuity with previous data and the prospect of discovering new patterns in
heavy-ion collision phenomenology. But before, we present a basic overview of how
such events are provided, triggered, and recorded by ALICE, before refining down
to the specific datasets and simulations utilized in this thesis.

5.1.1 Heavy-ion collisions at the LHC

From Beams to Collisons

The LHC accelerates stripped 208Pb82+ nuclei to 2.68 TeV per nucleon, resulting
in

√
sNN = 5.36 TeV. When bunches intersect at the ALICE interaction site, many

nucleon-nucleon interactions take place simultaneously.
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Collision geometry and centrality

The geometry of a heavy-ion collision is regulated by the impact parameter b, which
is defined as the transverse distance between the centers of the colliding nuclei at
closest approach. Small values of b correlate to center, virtually head-on collisions,
whereas large values correspond to periphery, grazing interactions.

Heavy-ion studies use the Glauber model to relate this geometric image to empiri-
cally observable values. In a Monte Carlo implementation, each nucleus is character-
ized by a Woods-Saxon density profile, from which nucleon locations are randomly
selected. Nucleons are deemed to be inelastic if their transverse spacing is smaller
than a threshold set by the inelastic nucleon-nucleon cross section at the given en-
ergy. This approach generates statistical distributions for:

• Npart represents the number of nucleons with at least one inelastic interaction.

• Ncoll represents the number of binary collisions, considering each nucleon-
nucleon interaction separately.

• the nuclear overlap function,

TAA(b) =
Ncoll(b)

σNN
, (5.1)

which governs the scaling of hard processes from pp to AA collisions.

Experiments are used to determine centrality classes, as the effect parameter b cannot
be directly seen. These are given as percentiles of the total hadronic cross section,
based on an experimental observable that is monotonically associated with multi-
plicity, such as forward-detector amplitude or charged-particle density. For exam-
ple, 0-5% centrality corresponds to the 5% most central (lowest-b) collisions, whereas
70-80% centrality indicates peripheral events with minimal overlap.

A Glauber model fit determines the relationship between the experimental observ-
able and geometric quantities b, Npart, and TAA.

Luminosity & event rate

The instantaneous luminosity L is the most important parameter for determining a
collider’s performance. It measures the flow of incoming particles per unit area and
time, as well as the collision rate when multiplied by the appropriate interaction
cross section. Generally, it is represented as:

L =
N2

b frevnb

4πσxσy
, (5.2)

where Nb is the number of ions per bunch, nb is the number of colliding bunch pairs,
frev is the revolution frequency of the LHC beams, and σx, σy are the transverse beam
sizes at the interaction point.

In heavy-ion operation, the bunch population Nb is less than in proton running (108

ions per bunch vs. 1011 protons). However, the inelastic PbPb cross section is ex-
ceptionally large: σPbPb ≈ 7.8 b, compared to ∼ 75 mb for pp collisions at the same
energy. As a result, even low luminosities in PbPb produce significant interaction
rates.
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The event rate is
R = L σPbPb . (5.3)

Under normal Run 3 circumstances, this translates to tens of kHz of hadronic inter-
actions in ALICE.

High rates improve statistical precision, but complicate operation in the continu-
ous reading mode used in Run 3. This technique streams detector data into large
time frames (tens of µs), allowing several collisions to occur inside the same frame.
When this happens, reconstruction must untangle overlapping interactions, which
is known as pileup.

Pileup has two effects on measurements: (i) many principal vertices complicate track
association, and (ii) overlapping detector signals broaden timing distributions, re-
ducing PID performance (particularly in TOF). Thus, while increasing luminosity
enhances accessible data, it also increases the likelihood of pileup, which can skew
observables.

In addition to the instantaneous luminosity, investigations mention the "integrated
luminosity" of a dataset.

Lint =
∫

L(t) dt, (5.4)

which represents the total accumulated beam exposure over the course of a run.

The usual measure of dataset size in pp physics is integrated luminosity, which is
calculated by dividing event yields by Lint. In heavy-ion collisions, however, the sit-
uation is different. The inelastic PbPb cross section is exceptionally big (σPbPb ∼
7.8 b). Most observables of importance are provided per event within centrality
classes rather than in absolute cross-section units.

Integrated luminosity still plays a significant role:

• It quantifies the overall size of a dataset and allows comparisons across run-
ning periods (e.g., Run 2 vs. Run 3).

• It constrains analyses of rare probes (jets, heavy flavor, quarkonia) whose pro-
duction cross sections are small compared to the total inelastic rate.

• It validates the consistency between the delivered luminosity and the recorded
number of triggered events, once trigger efficiencies are accounted for.

During PbPb operation at the LHC, typical integrated luminosities per period are of
order a few µb−1, equating to billions of minimum-bias interactions recorded.

The O2 framework

The way ALICE stores and handles its data underwent a significant technological
change with Run 3. A unified O2 framework (Online–Offline computing system)
has taken the place of the conventional division between "online" (trigger and DAQ)
and "offline" (reconstruction on stored raw data).

The O2 framework incorporates a number of innovative components:
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• Real-time data compression: If uncompressed, the TPC’s continuous raw data
stream would be more than terabytes per second. Using cluster finding, zero
suppression, and optimized entropy coding, O2 reduces the volume in real-
time by more than an order of magnitude.

• GPU-accelerated tracking: It is very possible to parallelize the reconstruction
of charged-particle trajectories in the TPC. By taking advantage of contempo-
rary GPU farms, O2 is able to conduct online tracking at the full interaction rate
(up to 50 kHz for Pb–Pb) and provide reconstructed tracks almost instantly.

• Online calibration: Numerous detector parameters change over time, includ-
ing alignment, time-of-flight offsets, and TPC drift velocity. O2 constantly gets
new calibration constants while data is being collected and uses them almost
instantly, which cuts down on the time between data collection and physics-
quality reconstruction.

• Unified software stack: O2 eliminates the divergence that previously existed
between fast online monitoring and slower offline reconstruction by combin-
ing the online and offline stages and ensuring that the same algorithms and
calibrations are applied consistently.

The pipeline’s output is the AO2D format, which is already generated at the data
collection location and is small but ready for analysis.

ALICE’s ability to handle Run3’s massive collision rates while maintaining the ac-
curacy required for soft-physics observables like identified hadron spectra is due to
this rethinking of data flow.

Triggering in ALICE

At the LHC, particle bunches cross every 25 ns, resulting in a collision frequency
of 40 MHz. For PbPb running, not every crossing leads in an interaction, but the
sheer amount of raw crossings exceeds the ALICE data acquisition (DAQ) system’s
capacity. Without a trigger mechanism, it would be difficult to separate key physics
events from the flow of data.

The Function of Triggers A trigger is a real-time selection layer that determines
which events are read and recorded for later analysis. Trigger design in heavy-ion
running is dictated by two requirements: (i) maximising efficiency for real hadronic
collisions and (ii) suppressing backgrounds such as empty crossings, beam-gas in-
teractions, and ultra-peripheral electromagnetic events.

Minimum-bias triggers Unlike pp physics, where dedicated triggers frequently
choose uncommon high-pT events, heavy-ion studies depend on a large minimum-
bias sample. This seeks to incorporate almost all inelastic hadronic PbPb collisions,
providing an impartial reference across centralities.

ALICE’s principal minimum-bias trigger is the sel8 condition, which needs activity
in one of the two forward T0 detectors:

• T0A, covering forward pseudorapidity in the +z direction,

• T0C, covering backward pseudorapidity in the −z direction.

A signal in either array is adequate to detect a collision. Because virtually all hadronic
PbPb events create forward-going charged particles, this condition is highly efficient.
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Background rejection and efficiency The sel8 trigger is supported by additional
online and offline tests, such as correlations between forward and backward detec-
tors and consistency with the reconstructed vertex. While these improvements are
implemented after readout, the sel8 condition offers an important first-level assur-
ance that the recorded event corresponds to a true PbPb interaction.

Why sel8 matters? By design, sel8 delivers:

• high efficiency (>95%) for hadronic PbPb interactions,

• uniform acceptance across centrality classes,

• minimal bias for soft-physics observables.

For these reasons, sel8 is the typical baseline trigger for recognized particle obser-
vations in ALICE.

Continuous readout and time frames

During Runs 1 and 2, ALICE used a typical triggered readout, which meant that de-
tector signals were only recorded when a hardware trigger (such as minimum-bias,
central, or rare-event triggers) activated. This strategy limited the collection rate to
a few kilohertz due to the readout speed of ALICE’s main tracking detector, the TPC.

However, the physics aims of Run 3 need capturing nearly all PbPb interactions
supplied by the LHC at rates up to 50 kHz in order to obtain adequate data for un-
common probes such as heavy flavor, jets, and quarkonia. To address this difficulty,
ALICE used a completely new paradigm: continuous readout.

Principle of continuous readout In continuous mode, the TPC and other subdetec-
tors no longer rely on a hardware trigger to determine whether to read out. Instead,
they continually send their signals into a global data buffer. The data is divided into
huge chunks called time frames, each lasting tens of microseconds. Because numer-
ous LHC bunch crossings occur over this time interval, each time frame contains
signals from many collisions.

Event reconstruction is done offline by identifying main vertices inside each time
frame and assigning tracks to them. This "software-triggered" solution eliminates
typical hardware trigger constraints and guarantees that no contact is lost during
the input step.

Advantages: Continuous reading has many significant benefits:

• High efficiency: almost all interactions within the LHC fill are recorded, in-
creasing physics reach.

• No dead time: Unlike triggered readout, the system does not lose events while
the detector clears between triggers.

• Flexibility: event categorization and selection are moved to the software level,
allowing more advanced algorithms to be used with complete detector infor-
mation.
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Challenges The advantages come with new challenges that must be addressed in
reconstruction and analysis:

• Pileup within time frames: when many collisions occur in the same frame,
reconstruction must separate overlapping events. This necessitates exact ver-
texing and careful matching of tracks to the right vertex.

• Edge distortions: tracks that begin or terminate near the start or end of a time
frame may require partial reconstruction because the frame boundary trun-
cates their signals. If not handled properly, such tracks might skew momentum
spectra or PID distributions.

• The continuous stream generates high raw data rates, requiring real-time com-
pression and calibration within the O2 computing system.

• Calibration complexity: Continuous operation necessitates accurate synchro-
nization of detectors and time stamps, allowing signals from disparate subsys-
tems to be matched to the same collision.

Summary Continuous reading is a significant technological improvement in Run
3, allowing ALICE to fully leverage the high interaction rates of PbPb running. It
substitutes hardware-based event selection with flexible software-based reconstruc-
tion, but it necessitates effective control of pileup and time-frame edge effects. These
concerns have a direct influence on the quality and purity of samples used in physics
studies.

Event reconstruction and passes

ALICE data are initially stored as raw detector signals, which must be converted
into useable physics objects like as tracks, vertices, and PID observables. The O2

computing architecture performs this transition through its reconstruction chain.

This chain generates the AO2D format, which is a compact but analysis-ready dataset
that includes:

• reconstructed primary and secondary vertices,

• charged-particle tracks with kinematic parameters,

• PID signals from the TPC, TOF, ITS, and other subsystems,

• event-level quantities such as centrality estimators and trigger decisions.

The AO2D input format, which balances compactness and thoroughness, is the stan-
dard for Run3 analysis.

Reconstruction passes The same raw data are often reprocessed multiple times in
order to incorporate improved calibrations and refined algorithms. These iterations
are known as reconstruction passes.

• Early passes (e.g. pass1, pass2) are produced quickly after data taking to enable
quality assurance and rapid-turnaround analyses, but they rely on preliminary
calibration constants.

• Intermediate passes (e.g. pass3, pass4) include improved detector alignment
and calibration updates based on more statistics.
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• Final passes (e.g. pass5 for Run 3 ) are generated once calibrations and re-
construction algorithms are mature, and provide reference-quality samples for
precision analyses.

Each pass produces a new AO2D, superseding earlier versions.

Calibration and alignment improvements The main motivation for repeated passes
is the availability of improved detector calibrations, including:

• TPC drift velocity and space-charge corrections, crucial for accurate momen-
tum determination at high occupancy,

• ITS and TPC alignment constants, refined with additional statistics,

• TOF channel-by-channel time offsets, improving timing resolution and thus
PID performance,

• FT0 and ZDC timing calibrations, sharpening event-time determination and
enhancing pileup rejection.

These refinements ensure that reconstructed quantities are as accurate and precise
as possible.

Data formats In addition to AO2D, ALICE also produces Derived AO2Ds (DAODs),
which contain only the reduced set of information required for a specific analysis,
further reducing data size. While raw data and intermediate calibration streams are
preserved, they are rarely accessed directly for physics analyses.

Summary Reconstruction passes guarantee that the best available detector knowl-
edge is propagated into the final analysis samples. The AO2D serves as the bridge
between ALICE’s complex detector systems and physics analyses, and later passes
such as pass5 are essential for minimizing systematic uncertainties in published re-
sults.

Implications

Luminosity, centrality estimate, triggers, continuous readout, reconstruction passes,
and anchoring MC all contribute to the data-taking envelope for this thesis. These
selections determine pileup rejection, define the measurement’s phase space, and
serve as the foundation for all efficiency and secondary-particle adjustments.

5.2 Data Samples

The current study uses PbPb collision data from the LHC Run 3 campaign with a
nucleon-nucleon center-of-mass energy of

√
sNN = 5.36 TeV. The dataset is from the

LHC23zzh period and was reconstructed in the AO2D.root format with the pass4 re-
construction chain. It includes the most recent calibration constants and alignment
information. This guarantees high-fidelity tracking, vertexing, and particle identifi-
cation, which serves as a firm platform for precise measurements.

Compared to Run 2, Run 3 data benefit from higher luminosity and major detector
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enhancements. The ALICE TPC has received a readout update, allowing for contin-
uous data collecting. Improved calibration processes increase the reliability of en-
ergy loss (dE/dx) measurements. Similarly, the TOF detector has been enhanced for
greater occupancy situations, expanding its particle identification capabilities into
the difficult domain of central PbPb collisions.

Two aspects drive the dataset selection process. First, Run 3’s statistical reach en-
ables differential examinations of recognized particle spectra over a large centrality
range, including peripheral collisions with low multiplicities. Second, the increased
systematic control provided by revised reconstruction techniques minimizes uncer-
tainty in efficiency adjustments, allowing for more robust comparisons to theoretical
models and prior ALICE papers.

A general-purpose MC production has been used to assess secondary particle con-
tamination, acceptance corrections, and efficiencies. To guarantee uniform detector
conditions and reconstruction techniques, this MC is anchored to the same recon-
struction pass (apass5) of the 2023 PbPb data. The MC simulations are based on
realistic physics event generators that have been adjusted to replicate particle pro-
duction in Pb–Pb collisions at the LHC. GEANT4 is then used to simulate the entire
detector.

This study compares published results from ALICE Run 2 at
√

sNN = 5.02 TeV [143]
for consistency and benchmarking purposes. Such cross-run consistency tests are
critical for distinguishing physics-driven trends from detector- or analysis-related
aberrations, assuring the trustworthiness of any reported changes in particle pro-
duction.

5.3 Event Selection

A strong event selection method is required to ensure that only true heavy-ion inter-
actions contribute to the analysis. The main vertex location was limited within ±10
cm along the beam axis relative to the nominal contact point, minimizing acceptance
distortions and ensuring uniform detector coverage.

Several quality filters were used to reduce background and badly reconstructed
events. The sel8 trigger required activity in either T0A or T0C, guaranteeing lit-
tle bias in the selection of hadronic interactions. The removeNoSameBunchPileup al-
gorithm rejected pileup events, particularly those resulting from numerous bunch
crossings. Furthermore, time-frame boundary events were omitted to eliminate edge
effects that might distort track reconstruction. A consistency criterion between the
reconstructed main vertex and the FT0 time significantly decreased contamination
from spurious vertices.

Centrality, which reflects the collision geometry, was calculated using the FT0C am-
plitude distribution. The complete range of 0-100% was initially studied, but due to
the non-uniformity of extremely peripheral encounters, the study was restricted to
0-70%. This decision combines statistical reach and dependability, keeping system-
atic uncertainties from centrality determination under control.
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5.4 Track Selection

Once high-quality events had been identified, further limitations were placed on
individual tracks to ensure robust reconstruction and prevent contamination from
background sources. The study was limited to charged particles within the central
pseudorapidity area (|η| ≤ 0.8) and rapidity (|y| ≤ 0.5), which covered the region
of uniform detector acceptance. Transverse momentum was limited to the range
0.1 ≤ pT ≤ 10 GeV/c, where tracking and identification efficiencies are effectively
controlled.

To provide accurate tracking in the TPC, at least 70 crossed pad rows were required,
with a ratio of crossed rows to findable clusters greater than 0.8. This ensured that
tracks were adequately sampled, reducing the influence of reconstruction artifacts.
The quality of trajectory fits was regulated by requiring χ2/cluster < 4 in TPC and
< 36 in ITS.

To eliminate secondary tracks caused by weak decays, material interactions, or mis-
reconstruction, strict distance-of-closest-approach (DCA) criteria were used: |DCAz| ≤
2.0 cm along the beam axis and |DCAxy| ≤ 0.05 cm in the transverse plane. To es-
tablish consistency amongst detector subsystems, ITS and TPC refits were imple-
mented, along with the golden χ2 criteria.

These parameters improve the quality of the chosen track sample, guaranteeing that
the following yield extraction matches the genuine primary particle generation in
PbPb collisions.

5.5 Particle Identification (PID)

The detection of charged hadrons is based on the complementing capabilities of the
tracking and timing detectors. At low transverse momentum (pT ≤ 1.2 GeV/c), par-
ticles are identified largely by their particular energy loss (dE/dx) measured in the
TPC. At higher momenta, when the Bethe-Bloch curves for various particle species
converge, the TOF system provides extra separation power by measuring the veloc-
ity of each track with picosecond precision.

The approach uses the nσ variable, which measures the divergence of a measured
signal from the predicted response for a certain particle species. Regarding the TPC:

nTPC
σ,i =

dE/dx − ⟨dE/dx⟩i

σdE/dx
, (5.5)

and for the TOF:

nTOF
σ,i =

∆t − ∆ti

σTOF
, (5.6)

where i = π, K, p. Here, the numerator represents the difference between the
measured detector signal and the expected mean for species i, while the denomina-
tor normalizes by the detector resolution.
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Typically, particle yields are obtained by fitting nσ distributions in discrete pT inter-
vals. To accommodate for detector resolution issues, TPC-based analysis uses Gaus-
sian functions with exponential tails, as well as linear/exponential background com-
ponents. The TOF fits follow a similar idea, but expand the range to pT ≈ 4.5 GeV/c.

Combining the two approaches provides continuous coverage of identified spec-
trum ranging from 0.1 to 4.5 GeV/c. The overlap zone between TPC and TOF is
particularly essential, acting as a consistency check and anchor for systematic uncer-
tainty estimations.

5.6 Yield Extraction Methods

To calculate raw particle yields, the nσ distributions are studied in narrow pT bins.
Each distribution is defined as a superposition of signal and background compo-
nents, with characteristics specific to the detector response.

The TPC signal is dominated by a Gaussian distribution that indicates detector res-
olution, with an exponential tail added to account for asymmetric oscillations in en-
ergy loss measurements. The background, which is made up of incorrect tracks and
residual contributions from other particle species, is described using a combination
of linear and exponential factors. The total fit function will then read:

f (x) =

A · exp
[
− (x−µ)2

2σ2

]
, x ≤ µ + δ,

A · exp
[
− δ2

2σ2

]
· exp (−α(x − µ − δ)) , x > µ + δ

+ B + Cx + De−βx,

(5.7)
where A, µ, and σ control the Gaussian core, while the exponential tail is gov-

erned by parameters δ and α. The final terms represent the background.

The TOF approach is basically similar: Gaussian functions (potentially with asym-
metric extensions) are fitted to the time distributions, along with an extra linear back-
ground. This approach enables yield extraction of up to pT ≈ 4.5 GeV/c.

In both situations, raw particle counts are acquired by integrating the fitted signal
component over the appropriate nσ window. The spectra are then normalized based
on the number of examined events and scaled by bin width. Comparisons of posi-
tive and negative charges help to understand possible detector asymmetries, while
the overlap region between TPC and TOF guarantees that the two approaches work
consistently.

5.7 Corrections and Systematic Uncertainties

Raw particle yields derived from TPC and TOF fits cannot be directly compared
to theoretical predictions or prior observations. Several detection and analytic is-
sues must be addressed before physical spectra may be produced. These remedies
address inefficiencies in reconstruction, contamination from non-primary particles,
and distortions in centrality-dependent settings.
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5.7.1 Efficiency corrections

The likelihood of reconstructing and identifying a specific particle is determined by
the tracking system’s and PID detectors’ responses. Efficiency for each species is
assessed by simulating PbPb events and propagating resultant tracks via a compre-
hensive detector response model. The adjustment factor is applied as:

Ncorr =
Nraw

ϵtrk · ϵPID
, (5.8)

where ϵtrk is the track reconstruction efficiency and ϵPID is the species-dependent
PID efficiency. In the combined TPC-TOF case, an additional matching efficiency is in-
cluded, reflecting the probability that a track reconstructed in the TPC is successfully
associated with a TOF hit.

5.7.2 Secondary particle subtraction

Not all reconstructed tracks are derived from initial hadrons generated at the con-
tact location. Secondary contributions include weak decays (e.g., Λ → pπ−) and
interactions with detector material. Simulations are used to quantify these effects,
determining the percentage of primary particles based on pT and centrality. The raw
spectra are scaled by this factor.

Nprimary = Nraw · fprimary . (5.9)

For kaons, the correction is negligible, while for protons and antiprotons it is sub-
stantial, particularly at low pT.

5.7.3 Systematic uncertainties

Several sources add to the overall systematic error budget:

• Tracking: Variations in track-quality cuts (DCA, χ2) affect efficiency estima-
tions.

• PID calibration: Uncertainties in detector response functions impact fitting
yields.

• Fit stability: Changing functional forms (Gaussian vs. Gaussian + exponen-
tial) checks signal extraction’s robustness.

These uncertainties are assessed by repeating the study under different settings and
examining the distribution of findings. The final corrected spectra are therefore
given with both statistical and systematic error bars, providing a clear picture of
measurement dependability.

5.8 Combined Corrected Spectra

After efficiency and secondary-particle corrections, the TPC and TOF findings were
integrated to provide continuous spectra for pions, kaons, and protons spanning the
transverse momentum range 0.1 ≤ pT ≤ 4.5 GeV/c. This combination is carried out
in the overlapping region of applicability, where the consistency of the two detectors
offers a useful cross-check of systematic uncertainties.
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The adjusted spectra show the predicted centrality dependence: yields are largest
in center collisions and gradually fall toward periphery events, indicating a smaller
number of involved nucleons. For pions, the agreement between TPC and TOF cor-
rected spectra is typically good throughout all centrality classes, with only slight
differences in the overlap region. Kaons show bigger differences, particularly at low
pT, when TPC-based findings tend to outperform TOF-based ones. Protons exhibit
the greatest detector-dependent differences: TPC corrections frequently exceed pub-
lished Run 2 findings, whilst TOF tends to under-correct in center events. Peripheral
collisions exhibit increased consistency.

Despite the mismatches, the overall trends remain strong. The adjusted spectra have
the predicted ordering of particle abundances (π > K > p) and replicate the distinc-
tive morphologies seen in earlier LHC runs. Comparisons with published Run 2
data at

√
sNN = 5.02 TeV indicate continuity, but higher statistics in Run 3 allow for

finer binning in both pT and centrality.

These spectra serve as the foundation for physics interpretations offered in subse-
quent chapters, such as studies of hadronization, radial flow, and baryon-to-meson
amplification.

5.9 Analysis Strategy Summary

The analytical technique used in this study aims to produce accurate measurements
of identifiable hadron spectra in PbPb collisions at

√
sNN = 5.36 TeV. Starting with

carefully selected events and high-quality tracks, particle identification is achieved
utilizing TPC and TOF data. Raw yields are retrieved by fitting to detector response
distributions in discrete transverse momentum intervals, with consistency checks
between the two detectors to ensure robustness.

Corrections for reconstruction efficiency, PID performance, and secondary contami-
nation are implemented in a systematic manner, yielding completely corrected spec-
tra for pions, kaons, and protons across a wide centrality and momentum range. The
overlap between TPC and TOF adds crucial redundancy, allowing systematic uncer-
tainties to be identified and managed.

The obtained spectra provide the critical experimental foundation for the physics
interpretations presented in following chapters. They allow for quantitative com-
parisons to theoretical models, the extraction of particle ratios ( p/π, K/π), and the
characterisation of collective flow and hadronization mechanisms. As a result, the
approach described here assures that the observations are both statistically exact and
systematically dependable, which strengthens their importance in investigating the
emergent features of the QGP.
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Chapter 6

PbPb Analysis & Results

6.1 Yield Extraction

In order to measure the identified hadron spectra in ALICE, the capacity to distin-
guish between different particle species is required.

In this work, the PID is carried out using data from two of ALICE’s most impor-
tant detctors, the TPC and the TOF.

Via measuring the specific energy loss (dE/dx) of the charged particles in its gas
volume, the TPC is capable of offering an exceptional separation at low transverse
momenta (pT ≲ 0.7 GeV/c). The Bethe-Bloch curves for π±, K± and p(p̄) are quite
ell-separated at these momenta, thereby enabling accurate yield extraction with a
little overlap.

The separation power of the TPC drops steadily as the Bethe-Bloch curves converges
at higher pT. By estimating the particle velocities with a time resolution of ∼ 80 ps,
the TOF detector plays a very crucial role in this area, thereby expanding the PID
capability into the intermediate momentum range up to several GeV/c.

The yields of π, K, and p can be reliably extracted over the entire momentum range
relevant for this analysis by combining the two detectors to achieve continuous PID
coverage across a wide pT interval, mainly TPC for low pT, while TOF for high pT.

Therefore, successful yield extraction requires careful analysis of the TPC signal at
low momenta and the TOF signal at higher momenta, with overlapping areas acting
as critical consistency checks between the two methods.

The next subsections describe how to use these complimentary detectors to retrieve
raw yields.

6.1.1 Yield Extraction with TPC Signal

The TPC, ALICE’s main tracking and particle identification detector, accurately mon-
itors the specific energy loss (dE/dx) of charged particles passing through its drift
gas volume.[144].

The measured dE/dx for each reconstructed track is usually expressed in terms of
the variable after being compared to the Bethe-Bloch expectation for a specific parti-
cle species.
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nσ,TPC =
1

σdE/dx

(
(dE/dx)meas − (dE/dx)exp

)
, (6.1)

where σdE/dx denotes the detector resolution. For the ALICE TPC, the dE/dx reso-
lution for minimum–ionizing particles is typically σdE/dx ≈ 5−6% in central PbPb
collisions and can reach ≈ 4−5% in pp or low-occupancy environments [145, 146].
This number indicates how many standard deviations a given track deviates from
the expected Bethe-Bloch value for a certain particle hypothesis.

Binning Strategy

The nσ,TPC distributions are built in small transverse momentum (pT) intervals in
order to extract raw particle yields. For direct comparison, the binning adheres to
the standard used in Run 2 analyses:

• π: [0.2, 0.25, 0.3, 0.35, 0.4, 0.45, 0.5, 0.55, 0.6] GeV/c

• K: [0.25, 0.3, 0.35, 0.4, 0.45, 0.5, 0.55, 0.6] GeV/c

• p: [0.3, 0.35, 0.4, 0.45, 0.5, 0.55, 0.6, 0.65, 0.7, 0.75, 0.8]GeV/c

This binning ensures sufficient statistical accuracy and consistency with prior PbPb
results.

Fitting Methodology

The extraction of raw particle yields from the TPC signal relies on the precise model-
ing of the nσ,TPC distributions in narrow transverse-momentum (pT) intervals. These
distributions represent the normalized deviation of each measured track’s specific
energy loss (dE/dx)meas from the expected Bethe-Bloch value (dE/dx)exp for a given
particle hypothesis, expressed in units of the detector resolution σdE/dx. A distinct
peak close to nσ,TPC = 0 corresponds to particles of the species under considera-
tion, while the shoulders and non-Gaussian tails have their origins from overlap-
ping species, Landau ionization fluctuations, and residual calibration effects. To

quantitatively extract the raw yields, a composite analytical model is fitted to the
nσ,TPC distributions. The model simultaneously accounts for both the signal compo-
nent associated with the target hadron species and the smooth background arising from
neighboring particle species and detector effects. The total fit function is defined as:

f (x) =


[0] exp

(
− (x−[1])2

2[2]2
)
, x ≤ [1] + [3],

[0] exp
(
− ([1]+[3]−[1])2

2[2]2
)

exp
(
− [3] x−[1]−[3]

[2]2
)
, x > [1] + [3],

+[4]+ [5] x+[6] e−[7]x.

(6.2)
This piecewise function reproduces both the symmetric Gaussian core and the

asymmetric high-side tail of the observed nσ,TPC peaks. For x ≤ [1] + [3], the func-
tion reduces to a Gaussian function centered at [1], which represents the mean of the
distribution, with a width [2] that corresponds to its standard deviation. This Gaus-
sian part describes the ideal detector response in the absence of non-Gaussian tails.
For x > [1] + [3], an exponential tail is introduced to model the asymmetric energy-
loss fluctuations characteristic of the TPC’s ionization process. The parameters [0],
[1], [2], and [3] thus control the amplitude, mean, width, and tail slope of the signal,
respectively. The additive terms [4], [5]x, and [6]e−[7]x describe the residual back-
ground, combining constant, linear, and exponential components to accommodate
the smooth underlying distribution.
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Signal Function. The signal component, S(x), is explicitly given by the first part
of Eq. (6.2):

S(x) =


[0] exp

(
− (x − [1])2

2[2]2
)

, x ≤ [1] + [3],

[0] exp
(
− ([1] + [3]− [1])2

2[2]2
)

exp
(
− [3]

x − [1]− [3]
[2]2

)
, x > [1] + [3].

(6.3)

The true shape of the TPC response is captured by this hybrid Gaussian–exponential
form: the exponential extension on the upper side accommodates for non-Gaussian
tailing caused by asymmetric ionization and resolution issues, while the Gaussian
core reflects the majority of well-measured tracks. In high-statistics fits over all pT
bins, this physically based parametrization provides sub-percent accuracy on the
mean and width.

Background Function. The contributions from misidentified particles and detector
fluctuations are modeled by the background component, B(x). It is parameterized
as:

B(x) = [4] + [5] x + [6] exp(−[7]x). (6.4)

The exponential term permits a greater fall-off for large positive nσ, indicating the
start of contamination from higher-ionizing species, while the constant and linear
terms replicate the smooth baseline. Stable fits are guaranteed by this adaptable
backdrop without affecting the signal yield.

Fit Strategy and Validation. In small pT and centrality intervals, each fit is carried
out separately. To guarantee continuity and convergence, initial parameter seeds
are spread amongst adjacent bins. To cover the whole signal while reducing ar-
eas dominated by unrelated components, fit ranges are optimized for each particle
type. Range limitations, background forms, and initialization values are changed
to perform robustness checks. Excellent modeling fidelity is demonstrated in every
instance when the fits replicate the data with χ2/NDF ≃ 1.

Representative Fit Results. Typical examples of the nσ,TPC fits for π+, K+, and p
candidates in different pT intervals are shown in Figs. 6.1 - 6.3. In each panel, the
data points are overlaid with the total fit (blue line), the background component
(red dashed line), and the isolated signal contribution (green shaded area). The fits
clearly demonstrate the separation power of the TPC and the stability of the model
across species and pT.
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FIGURE 6.1: Representative nσ,TPC distributions for π+ candidates
in Pb-Pb collisions at

√
sNN = 5.36 TeV for two pT intervals. The

data are shown with statistical uncertainties, the total fit (blue), back-
ground (red dashed), and extracted signal (green filled).

FIGURE 6.2: Example fits to the nσ,TPC distributions for K+ candi-
dates in Pb-Pb collisions at

√
sNN = 5.36 TeV, illustrating the model’s

performance across two pT intervals. The total fit, background, and
signal components are indicated as in Fig. 6.1.

FIGURE 6.3: Representative nσ,TPC distributions for protons in two pT
intervals. The fits exhibit the clear signal separation and the robust-
ness of the combined signal-plus-background model even at higher

ionization levels.

The selected TPC fit function correctly reproduces the signal shape and back-
ground trends over the whole phase space, as confirmed by the high-quality agree-
ment between the data and model. These extracted raw yields serve as the basis
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for further corrections (efficiency, acceptance, and contamination) and ultimately for
the construction of the final identified hadron spectra in PbPb collisions at

√
sNN =

5.36 TeV.

Raw-yield extraction and normalization (TPC): Once the nσ,TPC fit converges in a
given pT bin, the signal-only component S(x) (the first, piecewise term in Eq. (6.2))
is frozen and integrated over the fit range to obtain the raw counts. The per-event,
per-pT-width raw yield is then

NTPC
raw (pT) =

1
Nev

1
∆pT

1
∆x

∫ xmax

xmin

S(x) dx, (6.5)

where Nev is the number of selected events in the centrality class (FT0C), ∆pT is
the width of the transverse-momentum bin, and ∆x denotes the nσ bin width. The
integration limits xmin and xmax define the signal region in nσ,TPC around the peak
of the particle species under study. They are chosen symmetrically around the fitted
Gaussian mean, typically

xmin = [1]− nσ [2], xmax = [1] + nσ [2],

where [1] and [2] are respectively the mean and standard deviation of the Gaussian
core of the fit, and nσ is the size of the extraction window (usually between 2 and 3).
Statistical uncertainties are propagated from the fit; while for the baseline piecewise
Gaussian+tail a Poisson approximation on the integrated counts is used as cross-
check.

The three panels in Fig. 6.4 show the centrality dependence of the raw TPC pion spec-
tra, i.e. the distributions before any acceptance or efficiency corrections and without
the removal of secondary tracks. To reveal a large dynamic range, the vertical axis
is logarithmic. As mentioned in the legend, the centrality classes are multiplied by
powers of two to prevent overlap; these scale factors are simply used for visualiza-
tion and do not affect the ratios displayed in the lower panels. In order to emphasize
the remaining form variations across centralities, the bottom ratio panels use 30–40%
as a reference.

The overall trend is a monotonic decrease of the raw yield with increasing periph-
erality which is expected on physics grounds. More central collisions involve a
larger number of participant nucleons (Npart), thus producing a higher multiplicity
of charged-particles and creating a larger and longer-lived medium. Consequently,
the per-event yields are higher in central events and fall towards peripheral ones.
The ratios are relatively flat versus pT, indicating that spectral shape is broadly sim-
ilar between centralities over the TPC range, with modest hardening/softening ef-
fects consistent with the change in radial flow intensity and the relative weight of
soft versus hard processes. Because all spectra are normalized per event and per
∆pT, the observed centrality dependence is not a normalization artifact but reflects
genuine production differences. Systematic-uncertainty bands are not shown here;
they are evaluated separately from fit-model and track selection variations (see 6.3).
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(A) π+ raw yields vs. pT in centrality classes (top,
log scale), with curves multiplied by powers of

two as indicated; bottom: ratio to 30-40%.

1−10

10

310

510

710

-1
 d

y)
 (

G
eV

/c
)

T
N

 / 
(d

p
2

) 
d

ev
 (

1/
N

8 2×0-5% 7 2×5-10% 
6 2×10-20% 5 2×20-30% 
4 2×30-40% 3 2×40-50% 
2 2×50-60% 1 2×60-70% 

 = 5.36 TeVNNsPbPb,  

, |y|<0.5, TPC uncorrected spectra-π

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
 (GeV/c)

T
p

2−10

1−10

1

10

 R
at

io
 to

 3
0-

40
%

(B) π− counterpart, same conventions as panel a.
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(C) π++ π− combined raw yields. Top: log scale;
bottom: ratio to 30-40%. Multiplicative offsets are
applied only for presentation; ratios are unaffected.

FIGURE 6.4: TPC raw-yield systematics for pions in Pb-Pb at
√

sNN =
5.36 TeV. Each top panel shows a single charge (π+, π−); the bottom
panel shows the charge-summed spectrum. Error bars indicate statis-

tical uncertainties. See text for the discussion.

Analogously to the pion case, the nσ,TPC fits for kaons are performed in narrow
pT intervals across centrality classes. The extracted raw yields for K+, K−, and their
combined sum are shown in Fig. 6.5.

The spectra exhibit the expected steeply falling trend with pT and a clear central-
ity dependence: yields are higher in central collisions due to the larger number of
participant nucleons (Npart) and the enhanced strangeness production in the denser
medium. The ratios to the 30-40% bin (lower panels) remain flat, indicating that the
kaon spectral shape changes little with centrality within the TPC pT range. This re-
flects the approximate scaling of soft strangeness production with the overall charged-
particle multiplicity, a well-established feature in PbPb collisions.
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(A) K+ raw yields vs. pT in various centrality
classes.
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(B) K− raw yields vs. pT, same conventions.
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(C) Combined K++K− raw yields (top: log scale;
bottom: ratio to 30 - 40%).

FIGURE 6.5: TPC raw kaon spectra in PbPb at
√

sNN = 5.36 TeV.
Each upper panel shows one charge state; the lower panel shows the
charge sum. The overall yield decreases with increasing centrality
percentile, reflecting the centrality dependence of strangeness pro-

duction.

The proton and antiproton raw yields extracted from the nσ,TPC fits are presented
in Fig. 6.6.

As for pions and kaons, the overall normalization decreases toward peripheral col-
lisions due to the smaller number of participating nucleons and the reduced fireball
volume. However, an additional feature appears: at low pT, the p yield is slightly
higher than the p̄ yield. This asymmetry originates from secondary protons pro-
duced by weak decays (e.g. Λ → pπ−) and from hadronic interactions with the de-
tector material, which preferentially generate additional protons. At higher pT, the
contamination fraction decreases, and the p and p̄ spectra converge, as expected for
primary baryon production in a nearly baryon-symmetric system at midrapidity.
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(A) Proton raw yields vs. pT in various centrality
classes.
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(B) Antiproton raw yields vs. pT, same conven-
tions.
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(C) Combined p + p̄ raw yields (top: log scale; bot-
tom: ratio to 30–40%).

FIGURE 6.6: TPC raw proton and antiproton spectra in PbPb at√
sNN = 5.36 TeV. The small proton excess at low pT reflects sec-

ondary contamination from weak decays and material interactions.

Particle-to-antiparticle raw-yield ratios

The TPC-based particle-to-antiparticle ratios are shown in Fig. 6.7 for π±, K±, and
p( p̄).

As expected for PbPb collisions at LHC energies, where the baryochemical poten-
tial at midrapidity is effectively zero, the particle-to-antiparticle ratios for both pi-
ons and kaons remain very close to unity across the full pT range. This confirms
the approximate charge symmetry of the system and indicates that no large charge-
dependent reconstruction biases are present in the TPC-based spectra.

A closer inspection of the ratios, however, reveals small but systematic deviations
from unity. For pions, the ratio π+/π− tends to fall slightly below unity at the low-
est measured momenta (pT ≲ 0.25 GeV/c), driven primarily by the well-known
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difference in hadronic interaction cross sections of positive and negative pions with
detector material. At higher pT the ratio returns to unity and remains flat within a
few percent.

For kaons, the ratio shows the opposite trend: a mild enhancement of K+/K− is
visible at low and intermediate pT, typically at the level of 2-5% depending on cen-
trality. This behaviour is consistent with the slightly larger absorption probability
and secondary interaction rate of K− in detector material, as well as the different de-
cay topologies of the two charges that affect the TPC track-quality selection. Above
pT ≈ 0.6 GeV/c, the kaon ratio stabilises and the charge asymmetry becomes negli-
gible compared with systematic uncertainties.

Overall, the observed charge asymmetries for both pions and kaons are small, well
understood from known detector and interaction effects, and remain far below the
percent-level precision required to impact the corrected spectra or the physics con-
clusions of this work.

For protons, a modest excess of particle over antiparticle yield is observed at low
pT, consistent with the enhanced contribution of secondary protons from weak de-
cays and hadronic interactions. The ratio approaches unity at higher pT, where such
secondaries are negligible, confirming that the primary baryon production is sym-
metric. Overall, the TPC results agree with the TOF ratios (see sec. 6.1.2) in the
overlapping momentum region, demonstrating the robustness and internal consis-
tency of the PID and yield extraction procedures.
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(A) Uncorrected π± spectra and parti-
cle/antiparticle ratios from the TPC analysis.
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(B) Uncorrected K± spectra and parti-
cle/antiparticle ratios from the TPC analysis.
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(C) Proton and antiproton spectra and parti-
cle/antiparticle ratios from the TPC analysis.

FIGURE 6.7: TPC particle-to-antiparticle raw-yield ratios in PbPb col-
lisions at

√
sNN = 5.36 TeV. The pion and kaon ratios are unity within

uncertainties; the slight proton excess at low pT reflects secondary
contributions.

6.1.2 Yield Extraction with TOF Signal

The Time-of-Flight (TOF) detector provides PID via precise timing of the recon-
structed tracks, thereby enabling the separation of π, K, and p over a large momen-
tum range at midrapidity. Of each track, the measured flight time is then compared
to the expectation under a pre-existing mass hypothesis; the deviation, being ex-
pressed in units of the TOF resolution, and is defined as:

nσ,TOF ≡
tmeas − texp(m)

σt
, (6.6)
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where tmeas is the measured time, texp(m) is the expected time for the hypothesis
m ∈ {π, K, p}, and σt is the total time resolution (intrinsic TOF, start-time, and track-
ing contributions). The distribution of nσ,TOF around zero encodes the signal for
the chosen species, while non-Gaussian tails and out-of-species tracks constitute the
background.

Binning Strategy

The nσ,TOF distributions are built in small pT intervals in order to extract raw particle
yields. For direct comparison, the binning adheres to the standard used in Run 2
analyses:

• π±: [0.5, 0.55, 0.6, 0.65, 0.7, 0.75, 0.8, 0.85, 0.9, 0.95, 1.0, 1.1,
1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8, 1.9, 2.0, 2.2, 2.4, 2.6, 2.8, 3.0,
3.2, 3.4, 3.6] GeV/c

• K±: [0.5, 0.55, 0.6, 0.65, 0.7, 0.75, 0.8, 0.85, 0.9, 0.95, 1.0, 1.1,
1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8, 1.9, 2.0, 2.2, 2.4, 2.6, 2.8, 3.0,
3.2, 3.4] GeV/c

• p( p̄): [0.65, 0.7, 0.75, 0.8, 0.85, 0.9, 0.95, 1.0, 1.1, 1.2, 1.3, 1.4,
1.5, 1.6, 1.7, 1.8, 1.9, 2.0, 2.2, 2.4, 2.6, 2.8, 3.0, 3.2, 3.4, 3.6,
3.8] GeV/c

Consistency with previous PbPb results and adequate statistical precision are guar-
anteed by this binning.

Baseline model at low-intermediate pT

When the target species is well separated, the total fit function is a Gaussian core
with a right-hand exponential tail (Signal4) plus a linear+exponential background
(Bkg4); this is the tot4 model:

ftot4(x) = Θ([1] + [3]− x) [0] exp
(
− (x − [1])2

2[2]2

)
︸ ︷︷ ︸

Signal S4(x)

+ Θ(x − [1]− [3]) [0] exp
(
− [3]2

2

)
exp

(
− [3] (x − [1]− [3])

[2]2

)
︸ ︷︷ ︸

Signal tail

+ [4] + [5] x + [6] e−[7]x︸ ︷︷ ︸
Background B4(x)

.

(6.7)

where [0] is the signal amplitude, [1] ≡ µ the peak position, [2] ≡ σ the core
width, and [3] the exponential-tail parameter; [4], [5] are the constant/linear back-
ground terms, and [6], [7] the amplitude/slope of the decaying exponential back-
ground component.

This piecewise expression models both the signal and the residual background in
a single analytical form. The Heaviside step functions Θ are used to define the tran-
sition point between the Gaussian core and the exponential tail.
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Signal term S4(x). The signal component represents the genuine TOF response of
a specific particle species (for example, a pion, kaon, or proton). The first term (line 1
in Eq. 6.7) is a Gaussian distribution centered at the mean position [1], with a width
parameter [2] corresponding to the detector resolution. The prefactor [0] scales the
amplitude of the peak.

At values of x greater than [1] + [3], the Gaussian smoothly transitions into an ex-
ponential decay (line 2 of Eq. 6.7). The exponential term, controlled by the slope
parameter [3], models the asymmetric right-hand tail that arises from non-Gaussian
detector effects, time-of-flight resolution fluctuations, and imperfect track matching.
The multiplicative factor exp(−[3]2/2) ensures continuity at the transition point be-
tween the Gaussian core and the exponential tail.

Background term B4(x). The background describes the smooth underlying con-
tribution from misidentified tracks and random combinatorial effects. It consists of
three additive terms:

• a constant offset [4],

• a linear term [5] x that allows for mild slope variations across the nσ range,

• and an exponential term [6] e−[7]x which captures possible asymmetric tails
from residual background fluctuations.

This flexible background form, B4(x), enables a stable description of the non-peaking
parts of the nσ distribution without biasing the signal region.

Motivation for the functional form: The TOF detector measures the difference be-
tween the measured and expected time-of-flight for a given mass hypothesis, nor-
malized to the detector resolution. Due to the finite timing resolution and the non-
Gaussian nature of timing fluctuations, the nσ distributions are not perfectly sym-
metric. The combination of a Gaussian core and an exponential tail therefore pro-
vides a realistic empirical description of the signal shape. The background compo-
nent ensures a smooth baseline fit across the entire nσ range.

Continuity and smoothness: The definition of Eq. 6.7 guarantees that both S4(x)
and its first derivative are continuous at x = [1] + [3], ensuring physical smoothness
across the transition region. This property is crucial for stable minimization and
consistent yield extraction.

Parameter interpretation:

• [0]: overall normalization of the signal;

• [1]: mean position of the signal peak;

• [2]: Gaussian width (resolution);

• [3]: exponential tail parameter (controls asymmetry);

• [4], [5], [6], [7]: coefficients of the background function.



6.1. Yield Extraction 73

High pT contamination models

At higher pT, the nσ,TOF distributions of different hadron species begin to overlap
due to the reduced separation power of the TOF detector. The time-of-flight differ-
ence between pions, kaons, and protons decreases approximately as 1/pT, causing
their respective peaks to merge gradually into one another. In this regime, a simple
single-species fit is no longer sufficient, as the tails of neighbouring species con-
tribute to the same region of the nσ spectrum.

To account for this inter-species contamination, the baseline fit model described in
Eq. (6.7) is extended by introducing additional Gaussian components that represent
the contaminating species. These additional terms are standard, normalized Gaus-
sian functions (G) defined as:

G(x; µ, σ) =
1√
2πσ

exp
[
− (x − µ)2

2σ2

]
,

where µ and σ correspond to the expected peak position and width of the contam-
inant species, respectively. Each contaminant component has its own amplitude
parameter (Ai) which scales its contribution relative to the signal and background.
The contaminant Gaussians are added to the total fit function while the main signal
shape (Signal4) remains unchanged.

Pions at high pT (pT ≳ 2.6 GeV/c)(tot4K): At high pT, the kaon peak gradually
enters the positive nσ,π region. Therefore, for pions, the fit function is modified to
include a kaon Gaussian on the right-hand side of the signal:

ftot4K(x) = S(π)
4 (x) + B4(x) + AK G(x ; µK, σK) . (6.8)

Here, S(π)
4 (x) and B4(x) denote the signal and background functions defined previ-

ously. The kaon contaminant is represented by a normalized Gaussian centered at
µK > 0 (typically initialized around µK ≈ 3) with a width σK ≈ 1. This additional
component captures the right-side shoulder produced by kaons that are misidenti-
fied as pions in this momentum range. The amplitude AK quantifies the contamina-
tion fraction.

Kaons at high pT (pT ≳ 2.2 GeV/c)(tot4PIinK): For kaons, the contamination
arises primarily from the left-hand side, where the pion peak overlaps. The cor-
responding model adds a pion Gaussian to the left of the kaon signal:

ftot4 π∈K(x) = S(K)
4 (x) + (b0 + b1x)︸ ︷︷ ︸

linear background

+Aπ G(x ; µπ, σπ) , (6.9)

where the exponential background term is omitted to avoid unphysical upturns in
the fit. The pion contaminant parameters are typically initialized with µπ < 0 and
constrained to σπ ∈ [0.6, 1.2] to maintain physical consistency. The addition of the
pion Gaussian ensures a proper modeling of the left-hand tail of the kaon peak,
which otherwise would bias the extracted yield.
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Protons at very high pT(tot4PIK_inP): At the highest transverse momenta, the
TOF separation between all three species, pions, kaons, and protons, becomes mini-
mal. For proton identification, both pions and kaons contribute significant contami-
nation on the left-hand side of the nσ,p distribution. Therefore, the proton fit function
is extended with two Gaussian contaminant components:

ftot4 (π,K)∈p(x) = S(p)
4 (x) + (b0 + b1x) + Aπ G(x ; µπ, σπ) + AK G(x ; µK, σK) . (6.10)

Only a linear background term is used here, as including an exponential component
would risk absorbing part of the kaon and pion shoulders. This two-Gaussian ex-
tension ensures that the fit remains stable even when the individual peaks are highly
blended.

Seeding, Constraints, and Fit Stability

Parameter initialization and constraints play a critical role in ensuring the robust-
ness of the fits across all pT and centrality intervals. Seed values are propagated
bin-by-bin to maintain smooth parameter evolution with pT, minimizing disconti-
nuities in the extracted yields. The main signal peak is always initialized near µ ≈ 0,
consistent with the particle hypothesis. Contaminant Gaussians are initialized at
physically motivated positions corresponding to the expected mean nσ values of
other species: for example, µπ ∈ [−8.5,−4] and µK ∈ [−5,−2] in proton fits. The
widths are constrained to σ ∈ [0.8, 1.8] to prevent over-broadening.

At high pT, where the nσ distributions flatten, the exponential term in the back-
ground is disabled, leaving only the linear form (b0 + b1x). This prevents the back-
ground function from mimicking the tails of overlapping peaks and ensures that the
contaminant components absorb all species-specific contributions.

Overall, this modular fitting strategy allows for a consistent, physically motivated
description of the nσ,TOF distributions across the full momentum range, from well-
separated peaks at low pT to heavily overlapping structures at high pT. The intro-
duction of explicit contaminant Gaussians provides accurate yield extraction and
prevents bias in the final spectra, particularly in the region where the TOF detector’s
particle identification power begins to diminish.

Signal and Background Separation; S/B Evaluation

Once the fit procedure described above converges for a given pT and centrality bin,
the fitted components are fixed (frozen) and used to visualize the relative contribu-
tions of the signal, background, and contaminant species. This visual decomposition
provides a direct validation of the model quality and facilitates the assessment of
systematic uncertainties related to background subtraction.

The final visualization includes three distinct components:

Signal: S(x) (green filled region),
Background: B(x) (red dashed line),

Contaminants: Gπ,K(x) (thin colored curves).

The signal function S(x) corresponds to the primary species under study (as
defined by S4(x) or its extended forms in Eqs. (6.8)–(6.10)), while B(x) represents
the empirical background component. When applicable, additional Gaussian terms
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Gπ,K(x) describe secondary contaminant species. Each component is plotted with
consistent color coding for clarity across the analysis.

Signal-to-Background Ratio: To quantify the purity of the fitted signal and assess
fit quality, a diagnostic signal-to-background ratio (S/B) is computed for each bin.
The S/B ratio is defined as the ratio of the integral of the signal component to that of
the background component, both calculated within a ±2σ window centered around
the fitted signal mean µ:

S
B
=

∫ µ+2σ

µ−2σ
S(x) dx∫ µ+2σ

µ−2σ
B(x) dx

. (6.11)

Here, µ and σ are the mean and width parameters obtained from the fit to the signal
peak.

The choice of a ±2σ window, rather than the canonical ±3σ, is motivated by the
specific characteristics of the nσ,TPC distributions. While a ±3σ range would capture
a slightly larger fraction of the true signal, it would also include regions where the
non-Gaussian tails and residual background become significant. In contrast, the ±2σ
interval contains more than 95% of the Gaussian core of the distribution and remains
largely free from distortions introduced by the asymmetric tail component of the fit
function. Using this narrower but cleaner window ensures that the computed S/B
ratio faithfully reflects the purity of the central signal peak rather than being diluted
by tail contributions that are not representative of the true detector response.

This localized definition of S/B reflects the effective purity of the identified signal
region and serves as an indicator of the stability of the yield extraction.

This annotation provides a quick visual benchmark for the signal significance in
each pT interval and helps identify regions where background contamination be-
comes dominant. Typical S/B ratios are high at low and intermediate transverse

momenta, where the TOF detector maintains good species separation, and gradu-
ally decrease at higher pT where the nσ distributions begin to overlap. Nonetheless,
even in these challenging regions, the extended models described in Sec. 6.1.2 ensure
that the extracted yields remain reliable and consistent across species.

Model Choice per Species and pT. The specific model used in each pT interval
depends on the degree of particle separation in the TOF detector:

• Pions (π±): use tot4 at low and intermediate pT; switch to tot4K (Eq. 6.8) at
high pT to include kaon contamination on the right-hand side.

• Kaons (K±): use tot4 at low pT; switch to tot4PIinK (Eq. 6.9) for pT ≳ 2.2 GeV/c,
using only a linear background.

• Protons (p, p̄): use tot4 up to intermediate pT; at very high pT, where the
TOF separation between pions, kaons, and protons becomes minimal, adopt
the extended tot4PIK_inP model (Eq. 6.10). This model includes two addi-
tional Gaussian contaminant components representing the overlapping pion
and kaon contributions on the left-hand side of the nσ,p distribution, along
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with a purely linear background term to prevent absorption of these shoul-
ders. The contaminant parameters are initialized using the auxiliary leftPIK
pre-fit (Eq. 6.10) to stabilize the global fit at the highest momenta.

This adaptive model selection strategy mirrors the analysis macro logic: it pre-
serves stability where species are well separated and introduces explicit contaminant
templates only where necessary at higher pT.

Raw-yield extraction and normalization (TOF): Once the nσ,TOF fit converges in a
given pT and centrality bin, the signal-only component S(x) of the total fit function
is frozen and integrated over the full fit range to obtain the raw counts. This proce-
dure isolates the yield of the target particle species while excluding the background
and contaminant Gaussian contributions. The per-event, per-pT-width raw yield is
defined as:

NTOF
raw (pT) =

1
Nev

1
∆pT

1
∆x

∫ xmax

xmin

S(x) dx, (6.12)

where Nev denotes the number of analyzed events in the centrality class (FT0C), ∆pT
is the bin width, and ∆x is the nσ bin width. The integration limits are chosen to
include both the Gaussian core and the exponential tail, ensuring complete signal
capture.

Uncertainties are propagated from the covariance matrix of the fit, accounting
for correlations between amplitude, mean, and width parameters. As a validation,
the signal yield is also obtained via direct numerical integration of the background-
subtracted histogram, with consistent results within statistical precision.

FIGURE 6.8: Representative nσ,TOF distributions for π+ candidates in
Pb-Pb collisions at

√
sNN = 5.36 TeV, showing low- (left) and high-pT

(right) intervals. The total fit (blue line), background (red dashed),
and signal (green filled) components are displayed. At higher pT,
kaon contamination on the right-hand side is modeled with an addi-

tional Gaussian term.
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FIGURE 6.9: Example fits to the nσ,TOF distributions for K+ candi-
dates at low (left) and high (right) pT intervals. The total fit (solid
blue) includes a Gaussian core with an exponential tail, and at high
pT an additional pion contaminant Gaussian on the left-hand side,

following Eq. (6.9).

FIGURE 6.10: Representative nσ,TOF fits for protons in two pT inter-
vals. At high pT, the fit includes pion and kaon contamination compo-
nents according to Eq. (6.10). The green region indicates the extracted

proton signal.
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(A) π+ raw yields vs. pT in centrality classes (top,
log scale), with curves multiplied by powers of

two as indicated; bottom: ratio to 30-40%.
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(B) π− counterpart, same conventions as panel a.
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(C) π++ π− combined raw yields. Top: log scale;
bottom: ratio to 30-40%. Multiplicative offsets are
applied only for presentation; ratios are unaffected.

FIGURE 6.11: TOF raw-yield for pions in Pb-Pb at
√

sNN = 5.36 TeV.
Each top panel shows a single charge (π+, π−); the bottom panel
shows the charge-summed spectrum. Error bars indicate statistical

uncertainties. See text for discussion.

The three panels summarize the centrality dependence of the raw (i.e. the distri-
butions before any acceptance or efficiency corrections and without the removal of
secondary tracks) TOF spectra for pions. The vertical axis is logarithmic to expose a
wide dynamic range. To avoid overlap, the centrality classes are multiplied by pow-
ers of two as indicated in the legend; these scale factors are for visualization only
and do not enter the ratios shown in the lower panels. The bottom ratio panels take
30-40% as a reference to highlight the residual shape differences between centralities.

The trends shown in Fig. 6.11 demonstrate the consistency of the TOF-based yield
extraction across centrality intervals. The spectra follow a smooth power-like de-
crease with pT, and the ratios indicate similar spectral shapes across centralities.
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The overall decrease of yields with increasing centrality percentile is driven by the
smaller number of participant nucleons and reduced system size in peripheral colli-
sions, consistent with expectations from bulk particle production dynamics in heavy-
ion collisions. The kaon raw yields extracted from the nσ,TOF fits are shown in
Fig. 6.12. The results closely mirror the pion behavior, exhibiting a power-law–like
decrease with pT and a strong dependence on collision centrality. The yield magni-
tude decreases toward peripheral events, consistent with the suppression of strangeness
production in smaller systems. The ratios to the 30-40% reference bin demonstrate
that the spectral shapes are largely invariant across centralities within the TOF ac-
ceptance range.
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(A) K+ raw yields vs. pT in various centrality
classes.
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(B) K− raw yields vs. pT, same conventions.
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(C) Combined K++K− raw yields (top: log scale;
bottom: ratio to 30–40%).

FIGURE 6.12: TOF raw kaon spectra in PbPb collisions at
√

sNN =
5.36 TeV. The overall centrality dependence follows that observed for
pions, consistent with bulk strangeness scaling with charged-particle

multiplicity.

Figure 6.13 presents the TOF-based raw yields for protons and antiprotons. The
overall yield hierarchy across centralities matches that seen for pions and kaons,
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while the proton yields remain slightly higher than the anti-protons at low pT, in
line with the TPC observations. This excess arises primarily from secondary pro-
tons originating from weak hyperon decays and interactions with detector material,
which contribute more to the p spectrum than to the p̄ one. As pT increases, the
contamination becomes negligible, and the two spectra converge.
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(A) Proton raw yields vs. pT in various centrality
classes.
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(B) Antiproton raw yields vs. pT, same conven-
tions.
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(C) Combined p + p̄ raw yields (top: log scale; bot-
tom: ratio to 30-40%).

FIGURE 6.13: TOF raw proton and antiproton spectra in PbPb at√
sNN = 5.36 TeV. The small proton excess at low pT reflects sec-

ondary and material contributions.

Particle-to-antiparticle raw-yield ratios (TOF)

The TOF-based analysis extends the ratio study to higher pT, where the detector
provides enhanced particle separation. The ratio is defined analogously as:

RTOF(pT) =
NTOF

raw (particle)
NTOF

raw (antiparticle)
. (6.13)



6.1. Yield Extraction 81

Figures 6.14 show the uncorrected TOF spectra and corresponding particle-to-antiparticle
ratios for π±, K±, and p( p̄) across all centrality classes. For both pions and kaons,
the ratios are overall flat and consistent with unity within uncertainties, indicating
that particle and antiparticle production remains nearly symmetric throughout the
measured pT range.

A small increment in the particle yield relative to its antiparticle is visible in some
centrality classes, particularly at intermediate pT. This effect is minor and compat-
ible with residual charge asymmetries originating from limited acceptance differ-
ences, small variations in track reconstruction efficiency, or minor baryon-number
transport to midrapidity.

At higher pT, slight fluctuations in the ratios are observed, which are attributed to
limited statistics and reduced fit stability in the nσ,TOF tails. These fluctuations are
within statistical expectations and do not represent a physical asymmetry.

For protons, the ratio shows a slightly larger deviation from unity at low and inter-
mediate pT, where the proton yield exceeds that of antiprotons. This is an expected
feature arising from the contribution of secondary protons produced by weak de-
cays (e.g. Λ → pπ−) and interactions with detector material, which preferentially
enhance the positive baryon yield. As pT increases, the fraction of these secondary
protons decreases rapidly, and the p/ p̄ ratio approaches unity, consistent with a
baryon-symmetric medium.

Overall, the TOF ratios confirm that the production of particles and antiparticles
remains balanced at midrapidity in Pb-Pb collisions at

√
sNN = 5.36 TeV. The small

residual deviations at low pT are consistent with known detector and physics effects.
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(A) Uncorrected π± spectra and parti-
cle/antiparticle ratios from the TOF analysis.
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(B) Uncorrected K± spectra and parti-
cle/antiparticle ratios from the TOF analysis.

4−10

1−10

210

510-1
 d

y)
 (

G
eV

/c
)

T
N

 / 
(d

p
2

) 
d

ev
 (

1/
N

8 2×0-5% 7 2×5-10% 
6 2×10-20% 5 2×20-30% 
4 2×30-40% 3 2×40-50% 
2 2×50-60% 1 2×60-70% 

particle

anti-particle

 = 5.36 TeVNNsPbPb,  
), |y|<0.5, TOFpp(

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
 (GeV/c)

T
p

1−10

1

10

 p
ar

tic
le

 / 
an

ti-
pa

rt
ic

le

(C) Proton and antiproton spectra and parti-
cle/antiparticle ratios from TOF.

FIGURE 6.14: TOF particle-anti particle raw-yield in Pb-Pb at√
sNN = 5.36 TeV. Error bars indicate statistical uncertainties. See

text for discussion.

6.2 From raw to corrected spectra

The results presented thus far correspond to the raw per-event yields extracted from
detailed fits to the nσ distributions in finely binned transverse momentum inter-
vals. These yields represent the number of tracks identified as a given species within
the fiducial detector acceptance and after explicit rejection of background and inter-
species contamination through the analytical fit procedure.

However, by construction, such raw yields still carry the imprint of the detector’s re-
sponse: they are affected by finite geometrical acceptance, reconstruction and track-
ing inefficiencies, imperfect PID response, and the presence of residual secondary
particles originating from weak decays or material interactions. Consequently, these
raw yields cannot yet be interpreted as direct observables of the underlying physics
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processes.

To obtain quantitatively meaningful spectra that can be compared across central-
ity classes, with theoretical models, and with results from other experiments, the
measured yields must be corrected for the full chain of instrumental effects. This
transformation converts detector-level quantities into particle-level observables, rep-
resenting the true kinematic distributions of primary particles produced in the colli-
sion.

The following subsections details this correction procedure, which constitutes one
of the most critical stages of the analysis. It involves evaluating the detector accep-
tance, tracking and PID efficiencies, and TOF matching probability using detailed
Monte Carlo simulations and data-driven techniques, as well as correcting for the
contribution of secondary tracks. The resulting acceptance and efficiency corrected
spectra form the foundation for the subsequent physics interpretation and for the ex-
traction of integrated particle yields, mean transverse momenta, and particle ratios
in PbPb collisions at

√
sNN = 5.36 TeV.

6.2.1 Acceptance and efficiency corrections

All efficiency corrections are derived using a full Monte Carlo (MC) simulation of
the ALICE detector, which includes a detailed description of detector geometry, ma-
terial budget, and response functions. Simulated Pb-Pb events at

√
sNN = 5.36 TeV

are generated with PYTHIA and propagated through the ALICE apparatus using
the GEANT4 transport code.

Reconstructed tracks are processed with the same reconstruction chain, calibration
parameters, and selection criteria used for real data, ensuring identical analysis con-
ditions. This allows a direct, bin-by-bin determination of efficiencies as a function of
transverse momentum, rapidity, particle species, and collision centrality.

Tracking efficiency in the TPC

The tracking efficiency quantifies the probability that a primary charged particle
produced within the detector acceptance is successfully reconstructed and passes
the standard track quality criteria described in Sec. 6.3. It is computed from Monte
Carlo simulations as the ratio:

εtracking(pT) =
NMC

reco(primary, MC PID, |y| < 0.5, |η| < 0.8)
NMC

gen (primary, MC PID, |y| < 0.5)
. (6.14)

Here:

• NMC
gen is the number of generated primary particles of a given species (based on

MC truth);

• NMC
reco is the subset of those that are reconstructed and pass all analysis cuts;

• the numerator and denominator both require the same kinematic and accep-
tance selections (|y| < 0.5, |η| < 0.8), and the true MC particle identity is
enforced.
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Only primary particles are considered, as the contribution of secondaries is treated
separately via the data-driven correction discussed in Sec. 6.3. The same reconstruc-
tion and selection criteria (minimum number of TPC clusters, DCA cuts, χ2 per clus-
ter, etc.) are applied to reconstructed MC tracks as to data, guaranteeing consistency
between efficiency corrections and the raw-yield extraction.
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(A) TPC tracking efficiency for π+ as a function of
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FIGURE 6.15: TPC tracking efficiencies for π+ and π− in Pb-Pb col-
lisions at

√
sNN = 5.36 TeV, obtained from full Monte Carlo simula-

tions.
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(A) Comparison of π+ and π− tracking efficien-
cies in the most central (0-5%) Pb-Pb collisions.
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(B) Same comparison for the most peripheral (60-
70%) collisions.

FIGURE 6.16: Charge-symmetric comparison of TPC tracking effi-
ciencies for pions in central (0-5%) and peripheral (60-70%) Pb-Pb col-

lisions.

The tracking efficiency of the TPC for π+ and π− as a function of pT and cen-
trality is shown in Fig. 6.15, while Fig. 6.16 presents a direct comparison between
positive and negative pions for the most central (0-5%) and the most peripheral (60-
70%) Pb-Pb collisions at

√
sNN = 5.36 TeV.

For both π+ and π−, the efficiency increases rapidly at low pT (pT < 0.5 GeV/c),
where the combined effects of curvature, multiple scattering, and energy loss limit
the number of TPC clusters used for reconstruction. Beyond pT ≈ 0.6 GeV/c, the
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efficiency reaches a broad plateau around 50-60%, consistent across all centralities.
The small decrease at very high pT (> 3.5 GeV/c) is primarily due to the increasing
fraction of tracks crossing the TPC at shallow angles, which slightly reduces cluster
collection efficiency.

A mild centrality dependence is observed: in the most central (0-5%) collisions,
where the track density and space-charge distortions are largest, the overall effi-
ciency is reduced by ∼5% compared to peripheral collisions. This is an expected be-
havior since higher multiplicities in central Pb-Pb events increase the probability of
overlapping clusters and track merging in the TPC, particularly for low-momentum
pions. In contrast, peripheral collisions exhibit slightly higher and more uniform
efficiencies across the entire pT range, reflecting the lower occupancy and reduced
diffusion distortions.

The charge-separated comparison in Fig. 6.16 reveals a clear difference between the
reconstruction efficiencies of π+ and π−, particularly at low pT. In the most central
0-5% collisions (Fig. 6.16a), the efficiency for positive pions is lower by up to 10-20%
compared to that for negative pions in the region pT < 3 GeV/c. While some level
of charge asymmetry is expected due to the combined effects of the TPC electric
and magnetic fields, which bend positive and negative tracks in opposite directions,
the magnitude observed here exceeds the typical few-percent level expected purely
from geometrical and field-configuration effects and further investiagtion into this
is required.

At higher pT (> 3 GeV/c), where curvature effects become negligible and tracks
traverse the detector in more similar trajectories, the π+ and π− efficiencies con-
verge within a few percent, indicating that the charge-dependent effect is confined
primarily to the low-momentum regime. In peripheral events (Fig. 6.16b), the asym-
metry is significantly reduced, and the efficiency ratio approaches unity across all
momenta, consistent with lower space-charge distortions and reduced track density.
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(A) TPC tracking efficiency for K+ as a function of
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FIGURE 6.17: TPC tracking efficiencies for K+ and K− in Pb-Pb col-
lisions at

√
sNN = 5.36 TeV, obtained from full Monte Carlo simula-

tions.
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(A) Comparison of K+ and K− tracking efficien-
cies in the most central (0-5%) Pb-Pb collisions.
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(B) Same comparison for the most peripheral (60-
70%) collisions.

FIGURE 6.18: Charge-symmetric comparison of TPC tracking effi-
ciencies for kaons in central (0-5%) and peripheral (60-70%) Pb-Pb

collisions.

The TPC tracking efficiencies for K±, shown in Figs. 6.17a-6.17b, exhibit a grad-
ual rise with pT and a plateau around ϵTPC ≃ 0.45-0.55 at intermediate and high
momenta. The efficiency loss below pT ∼ 0.5 GeV/c arises from strong curvature,
increased energy loss, and track merging in high-multiplicity environments. The
plateau reflects the intrinsic geometrical acceptance and track-quality selections. Ef-
ficiency variations across centralities are within a few percent, with slightly lower
values in the most central collisions due to space-charge effects and higher occu-
pancy.

A clear charge asymmetry is observed between K+ and K−, particularly at low pT,
where K+ efficiencies are up to 15-23% lower than those for K− (Figs. 6.18a and
6.18b). While small differences are expected from the combined influence of the TPC
electric and magnetic fields, which bend positive and negative tracks into slightly
different detector regions, the large asymmetry needs further investigation.
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FIGURE 6.19: TPC tracking efficiencies for p and p̄ in Pb-Pb collisions
at

√
sNN = 5.36 TeV, obtained from full Monte Carlo simulations.
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(A) Comparison of p and p̄ tracking efficiencies in
the most central (0-5%) Pb-Pb collisions.
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(B) Same comparison for the most peripheral (60-
70%) collisions.

FIGURE 6.20: Charge-symmetric comparison of TPC tracking effi-
ciencies for protons in central (0-5%) and peripheral (60-70%) Pb-Pb

collisions.

For both p-species(6.19a and 6.19b), the overall efficiency rises steeply at low
transverse momentum (pT < 0.6 GeV/c), reflecting the limited acceptance and the
increased curvature and multiple scattering of low-rigidity tracks in the magnetic
field. Above pT ≈ 1.0 GeV/c, the efficiency reaches a broad plateau of ϵTPC ≈ 0.50-
0.55, where it remains nearly constant up to the highest measured momenta. This
plateau corresponds to the intrinsic geometrical acceptance and to the efficiency of
pattern recognition and track quality selection (requiring a minimum number of
crossed pad rows and constraints on the χ2 per cluster). The centrality dependence is
modest, with the most central events (0-5%) showing slightly lower efficiency com-
pared to peripheral collisions (60-70%), due to increased cluster overlap and the in-
fluence of space-charge distortions under high track density.

A more detailed comparison of positive and negative charges is provided in Figs. 6.20a
and 6.20b. These ratios reveal a distinct charge-asymmetric behavior: the reconstruc-
tion efficiency for antiprotons (p̄) is systematically lower than that for protons, par-
ticularly at low pT, where the difference reaches up to 10–15%. The asymmetry grad-
ually diminishes with increasing momentum, approaching unity above pT ≈ 2.5-
3.0 GeV/c. This trend is physically well understood and arises from a combination
of effects.

In principle, at low momentum, antiprotons undergo a larger rate of inelastic and an-
nihilation processes when traversing the beampipe, ITS, and TPC gas volume. These
processes lead to irrecoverable track losses, resulting in a systematically reduced re-
construction probability for p̄. In contrast, protons experience mainly elastic or low-
energy hadronic interactions, which do not prevent reconstruction in most cases.
Additionally, the opposite curvature of positive and negative tracks in the combined
electric and magnetic fields of the TPC causes them to probe slightly different re-
gions of the detector. Local variations in drift velocity and field inhomogeneities
can therefore introduce small charge-dependent reconstruction biases, particularly
under high space-charge conditions in central events. However, the opposite trend
is observed in Fig. 6.20, which something purely geometric effects wouldn’t predict.
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This suggests that additional reconstruction-related or simulation-induced asymme-
tries persists.

At high pT, the rigidity of the tracks minimizes both curvature-related differences
and material interaction probabilities, leading to nearly identical efficiencies for pro-
tons and antiprotons. The residual differences at the few-percent level are within
statistical and systematic uncertainties of the Monte Carlo simulation and are prop-
agated as a small charge-dependent systematic uncertainty on the efficiency correc-
tion.

Matching efficiency in the TOF

The TOF efficiency quantifies the probability that a primary charged particle pro-
duced within the detector acceptance is reconstructed, matched to a hit in the Time-
Of-Flight (TOF) detector, and passes the corresponding selection criteria used in the
analysis.

Unlike the TPC tracking efficiency, which reflects the standalone performance of
the tracking system, the TOF efficiency incorporates the combined effects of particle
reconstruction, detector acceptance, and the geometrical and timing response of the
TOF array. It is determined from Monte Carlo simulations as the ratio:

εTOF(pT) =
NMC

TOF(primary, MC PID, |y| < 0.5, |η| < 0.8)
NMC

gen (primary, MC PID, |y| < 0.5)
, (6.15)

where:

• NMC
gen is the number of primary particles of the considered species generated

within the kinematic acceptance;

• NMC
TOF is the subset of those that are reconstructed and produce a valid hit in the

TOF detector;

• both numerator and denominator are evaluated with the same kinematic and
acceptance cuts (|y| < 0.5, |η| < 0.8), and the true MC particle identity is
enforced.

This efficiency therefore reflects the overall probability that a particle traverses the
full detector, reaches the TOF wall, and is successfully associated with a TOF hit.
Only primary particles are considered, since the secondary contamination is re-
moved via the data-driven procedure discussed in Sec. 6.3.
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(A) TOF efficiency for π+ as a function of pT
across centrality intervals.
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(B) Same as (a) but for π−.

FIGURE 6.21: TOF efficiencies for π+ and π− in Pb-Pb collisions at√
sNN = 5.36 TeV, obtained from full Monte Carlo simulations.
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(A) Comparison of π+ and π− TOF efficiencies in
the most central (0-5%) collisions.
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(B) Same comparison for the most peripheral (60-
70%) collisions.

FIGURE 6.22: Charge-symmetric comparison of TOF efficiencies for
pions in central (0-5%) and peripheral (60-70%) Pb-Pb collisions.

The TOF efficiencies for π±, K±, and p( p̄) obtained from Monte Carlo simula-
tions are presented in Figs. 6.21-6.25, together with the charge-comparison ratios
for the most central (0-5%) and the most peripheral (60-70%) Pb-Pb collisions at√

sNN = 5.36 TeV.

For all particle species, the efficiency exhibits a characteristic steep rise at low trans-
verse momentum, followed by a broad plateau that extends up to the highest mea-
sured pT. The initial increase corresponds to the momentum threshold required for
the particles to reach the TOF detector, located at a radial distance of approximately
3.7 m. At very low pT, particles are strongly curved by the magnetic field or, in the
case of kaons, decay in flight before reaching the TOF wall, resulting in a reduced
efficiency.
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(A) TOF efficiency for K+ across centrality inter-
vals.
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FIGURE 6.23: TOF efficiencies for K+ and K− in Pb-Pb collisions at√
sNN = 5.36 TeV.
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(A) Comparison of K+ and K− TOF efficiencies in
the most central (0-5%) collisions.
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(B) Same comparison for the most peripheral (60-
70%) collisions.

FIGURE 6.24: Charge-symmetric comparison of TOF efficiencies for
kaons in central (0-5%) and peripheral (60-70%) Pb-Pb collisions.

For kaons (Fig. 6.23), the efficiency follows a similar pattern to that of pions,
reaching a stable plateau above pT ≈ 1 GeV/c. At lower momenta, the efficiency
drops steeply because many kaons decay in flight (K± → µ±νµ), preventing them
from reaching the TOF wall. The efficiency plateaus at ϵTOF ≃ 0.3 depending on
centrality. The small charge asymmetry observed at low pT arises from the com-
bined influence of the magnetic field and decay kinematics but remains within the
assigned systematic uncertainty.

For protons and antiprotons (Figs. 6.25, 6.26a, and 6.26b), the TOF efficiency reaches
slightly higher plateau values of ϵTOF ≈ 0.4, reflecting the larger rigidity and re-
duced multiple scattering of baryons. A clear charge asymmetry is visible at low pT,
where the antiproton efficiency is lower than that of protons by 10-15%. This differ-
ence originates from the higher annihilation and inelastic interaction cross-sections
of p̄ in the detector material, leading to an increased probability of absorption before
reaching the TOF. At higher transverse momenta, the asymmetry gradually disap-
pears, and both efficiencies converge within uncertainties.
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(A) TOF efficiency for p across centrality intervals.
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(B) Same as (a) but for p̄.

FIGURE 6.25: TOF efficiencies for p and p̄ in Pb-Pb collisions at√
sNN = 5.36 TeV.
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(A) Comparison of p and p̄ TOF efficiencies in the
most central (0-5%) collisions.
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(B) Same comparison for the most peripheral (60-
70%) collisions.

FIGURE 6.26: Charge-symmetric comparison of TOF efficiencies for
protons in central (0-5%) and peripheral (60-70%) Pb-Pb collisions.

6.2.2 Efficiency smoothing and parametrization

The raw efficiency points obtained from the MC simulations exhibit bin-to-bin fluc-
tuations, particularly at higher pT, where statistical precision decreases due to the
rapidly falling particle yields. Although these variations are purely statistical in ori-
gin, they can introduce artificial structure into the corrected spectra when directly
applied in the yield normalization. To mitigate this effect and to ensure a stable,
physically smooth efficiency correction, analytical fits are employed to parametrize
the pT-dependence of the reconstruction and matching efficiencies.

For each particle species and charge, the efficiency distributions are fitted with em-
pirical functions that accurately reproduce the rise at low momentum and the plateau
behavior at intermediate and high pT. Two functional forms were tested: an error-
function–based sigmoid,

ϵ(pT) = p0 + p1
1
2

[
1 + erf

(
pT − p2

p3

)]
,
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and a generalized logistic form with an optional linear tail,

ϵ(pT) = a +
b

1 + exp[−(pT − c)/d]
+ e pT.

Both describe the efficiency evolution adequately, with differences in the tail region
above 1.5 GeV/c captured by the additional linear term in the latter. The best func-
tion is selected based on the minimum root-mean-square error (RMSE) and χ2/ndf
values evaluated in the high-pT interval, ensuring that the asymptotic region re-
mains well constrained.
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FIGURE 6.27: Fitted efficiency curves for pions in Pb-Pb collisions at√
sNN = 5.36 TeV. The markers represent the Monte Carlo efficiency

points, while the solid (red) and dashed (blue) lines show the two
analytical parametrizations described in the text. The lower panels

display the fit-to-data ratios.

Figures 6.27a-6.29b summarize representative examples of the fit-based smooth-
ing procedure applied to the TPC and TOF efficiencies for pions, kaons, and (anti)
protons in the 60-70% centrality class. For each particle species and charge, the upper
panels show the efficiency points obtained from Monte Carlo simulations, together
with the two analytical parametrizations (Fit 1 and Fit 2), while the lower panels
display the fit/data ratios.

Both functions, the error-function sigmoid (Fit 1) and the generalized logistic form
with a small linear tail (Fit 2), capture the underlying efficiency trends across the full
pT range, with typical deviations below 3%. The fitted curves provide a physically
motivated, continuous description of the detector performance and effectively sup-
press the residual statistical fluctuations visible in the raw efficiency points at high
pT.
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FIGURE 6.28: Fitted efficiency curves for kaons in Pb-Pb collisions at√
sNN = 5.36 TeV. The markers represent the Monte Carlo efficiency

points, while the solid (red) and dashed (blue) lines show the two
analytical parametrizations described in the text. The lower panels

display the fit-to-data ratios.
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FIGURE 6.29: Fitted efficiency curves for protons in Pb-Pb collisions
at

√
sNN = 5.36 TeV. The markers represent the Monte Carlo effi-

ciency points, while the solid (red) and dashed (blue) lines show the
two analytical parametrizations described in the text. The lower pan-

els display the fit-to-data ratios.

For pions, shown in Figs. 6.27a and 6.27b, both TPC and TOF efficiencies display
a remarkably flat dependence beyond pT ≈ 1.5 GeV/c. The fit residuals confirm
a consistent description to within 2%, with Fit 1 slightly outperforming the general
logistic form for the TPC case, owing to its flexible tail term. For the TOF efficiency,
which exhibits stronger statistical oscillations at high pT, the general logistic function
(Fit 2) yields a more stable asymptotic behaviour and the lowest χ2/ndf, thereby
providing the best overall representation.

In the case of kaons (Figs. 6.28a and 6.28b), the efficiencies follow a characteris-
tic turn-on shape below pT ≈ 0.6 GeV/c and reach a plateau of ϵTPC ≈ 0.55 and
ϵTOF ≈ 0.20. The TPC efficiencies are very smooth across the full range and are well
described by the logistic function (Fit 2), which accommodates the slow saturation
at high pT. The TOF efficiencies, in contrast, show moderate bin-to-bin scatter due
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to limited statistics, and the two models perform nearly indistinguishably, with Fit 2
providing the slightly better RMSE value. The fit/data ratios remain consistent with
unity, validating the reliability of the parametric description even in the sparsely
populated high-pT region.

The proton efficiencies (Figs. 6.29a and 6.29b) exhibit the typical baryon pattern,
characterized by a broader plateau and a gentle positive slope at intermediate pT.
The TPC efficiency shows negligible centrality dependence in this regime, and the
sigmoid function (Fit 1) accurately reproduces the measured points with residuals
below 5%. For the TOF efficiency, which is intrinsically lower and affected by larger
statistical fluctuations, the logistic form (Fit 2) provides a slightly improved stabil-
ity in the extrapolation domain above 3 GeV/c. In all cases, the RMSE and χ2/ndf
values reported in the figures demonstrate that the fits are well within the statistical
precision of the simulation.

Across all particle species, the choice between the two functional forms has no im-
pact on the corrected yields beyond the assigned systematic uncertainty. The fitted
efficiencies are used as smooth, continuous inputs to the final correction procedure,
ensuring numerical stability when interpolating between adjacent pT bins or com-
bining TPC and TOF responses. In addition, the analytical parametrizations facili-
tate the evaluation of correlated systematic variations by allowing controlled shifts
of the fit parameters within their covariance matrix.

In summary, the applied fits yield physically consistent and statistically robust effi-
ciency parametrizations for all hadron species. The resulting smooth functions elim-
inate unphysical bin-level noise from MC fluctuations, enable seamless integration
with particle identification corrections, and ensure that the derived spectra reflect
genuine detector performance rather than statistical artefacts.

6.2.3 Feed-down and fraction of primary particles

In addition to the acceptance and tracking efficiencies, the correction of raw yields
requires the estimation of the fraction of primary particles in each transverse mo-
mentum interval. This step removes contributions from secondary particles orig-
inating from two dominant sources: weak decays of long-lived particles such as
Λ → pπ− and K0

S → π+π−, and hadronic interactions of particles with the detector
material, resulting in secondary production or, in the case of antibaryons, annihi-
lation processes. These backgrounds distort the measured transverse momentum
spectra and, if not properly corrected, can bias the extracted particle yields and ra-
tios.

The separation of primary and non-primary tracks is achieved by exploiting the
distribution of the distance of closest approach to the reconstructed primary ver-
tex in the transverse plane, DCAxy. Primaries are characterized by a narrow peak
centered around zero, reflecting the detector’s intrinsic spatial resolution, whereas
secondaries populate the broad non-Gaussian tails of the distribution. The char-
acteristic shape and width of each component are obtained from full Monte Carlo
(MC) simulations, where the origin of each reconstructed particle is unambiguously
known.

The data distributions are then decomposed using the Fraction Fitter framework,
which performs a binned maximum-likelihood fit of the measured DCAxy spectrum
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with a linear combination of the three MC-derived templates:

Ndata(DCAxy) = fprim Tprim(DCAxy) + fsec Tsec(DCAxy) + fmat Tmat(DCAxy),

subject to the normalization constraint fprim + fsec + fmat = 1. Here, Ti(DCAxy) de-
notes the normalized shape of component i in MC, and fi the corresponding fitted
fraction in data. An illustrative example for positive pions is shown in Fig. 6.30a,
where the measured DCAxy distribution (black points) is compared to the MC tem-
plates for primary (blue), secondary (red), and material (green) contributions. The
resulting total fit, shown in Fig. 6.30b, reproduces the data across several orders of
magnitude, confirming that the simulation accurately captures both the detector res-
olution and the material budget.
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(A) Template inputs. Measured DCAxy distri-
bution (black) together with MC templates for
primaries (blue), secondaries from weak decays

(red), and material interactions (green).
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over several orders of magnitude.

FIGURE 6.30: Illustration of the primary/secondary separation us-
ing the DCAxy method (example: π+ at low pT). (a) Inputs to the
Fraction Fitter: data and MC-derived templates. (b) Result of the
binned maximum-likelihood fit. The fitted primary fraction fprim(pT)

obtained per bin is later used to correct the raw yields.

The fitted coefficient fprim(pT) is subsequently used to correct the raw spectra by
scaling the per-bin yields:

Ncorr(pT) = Nraw(pT) fprim(pT),

thereby retaining only the fraction of tracks originating from the primary vertex. The
primary particle fraction, extracted via the template fits to the DCAxy distributions,
exhibits a mild dependence on collision centrality and particle species, reflecting the
varying background conditions and detector occupancy across event classes. Fig-
ures 6.31a-6.31d summarize the primary fractions for positive and negative pions
and protons, obtained independently for the TPC and TOF analyses.
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(B) π: TOF primary ratio, same conventions as (a).
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ored by centrality.
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FIGURE 6.31: Charge-asymmetric primary fractions for pions and
protons, shown for TPC (left column) and TOF (right column). Points
indicate the per-pT primary fraction ratio for positive over negative

charges, with different centralities in distinct colors.

At a general level, the fraction of primaries is highest in peripheral collisions,
where the overall track density and secondary-particle production are reduced. To-
ward central events, the increased particle multiplicity and larger material traversal
probability lead to a small decrease in fprim, particularly at low transverse momen-
tum. This trend is most pronounced for baryons, which are more susceptible to
secondary contamination from weak hyperon decays and, in the case of antiprotons,
to annihilation in the detector material. For mesons (pions and kaons), the effect
remains at the level of a few percent and is largely independent of centrality, reflect-
ing the excellent vertexing and tracking performance of the TPC even in the highest
multiplicity environments.

The lower panels of Figs. 6.31a-6.31d show the ratio of primary fractions between
positive and negative particles, f+prim/ f−prim, as a function of pT and centrality. For pi-
ons, this ratio remains unity within statistical precision over the full kinematic range
and across all centralities, confirming the charge-symmetric response of the track-
ing system and the negligible impact of secondary and material interactions. This
behaviour is consistent with expectations, since the pion contamination from weak
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decays (e.g. K0
S → π+π−) is symmetric in charge and efficiently removed by the

DCAxy selection.

In contrast, the proton and antiproton ratios exhibit a modest but systematic de-
parture from unity, most visible below pT ≲ 1 GeV/c. This asymmetry originates
from two combined effects:

• a larger feed-down contribution to the proton sample from Λ decays, which
increases the apparent primary fraction for p relative to p̄

• the higher inelastic interaction and annihilation cross-section of antiprotons in
the detector material, which leads to a slight suppression of their reconstructed
yield.

Both effects are more pronounced in central events, where the material path length
and secondary particle density are largest, but diminish rapidly with increasing pT.
Beyond pT ≈ 2 GeV/c, the positive and negative baryon fractions converge, indi-
cating that both species experience similar reconstruction efficiencies and negligible
secondary contamination at higher momenta.

For kaons, no significant secondary contribution is observed, as their weak-decay
channels involve short-lived resonances (e.g. ϕ → K+K−) that decay essentially at
the primary vertex. Consequently, the primary ratio f K+

prim/ f K−
prim is unity by construc-

tion, and no correction or centrality dependence is introduced for this species.

Overall, the smooth and charge-symmetric behavior of the primary fractions across
centralities confirms the robustness of the DCAxy-based decomposition and the va-
lidity of the template fitting procedure. The residual deviations observed for baryons
at low pT are well understood in terms of hadronic interaction cross-sections and are
treated as a systematic uncertainty in the final spectra.

6.2.4 Spectra correction

The raw particle yields obtained in the previous sections represent an intermediate
experimental quantity. Although, they encode the species-separated particle counts
extracted from the PID probability distributions, they still carry the imprint of de-
tector limitations. In particular, reconstruction inefficiencies, geometric acceptance,
TOF matching losses, and contamination from weak-decay secondaries all bias the
raw spectra toward smaller values and distort their centrality evolution. To enable a
quantitative comparison with theoretical models, other experiments, and global sys-
tematics, the raw spectra must therefore be extracted into the true per-event yields
of primary particles at midrapidity.

This is achieved through a two-step correction procedure applied to each pT bin
individually. First, the spectra are divided by the reconstruction efficiency, εtot(pT),
which incorporates all detection- and selection-related losses. Secondly, they are
corrected for the primary-particle purity, fprimary(pT), obtained from the data-driven
DCA analysis described in Sec. 6.2.3. The fully corrected yield is thus:

1
Nev

d2N
dpTdy

=
Nraw(pT)

εtot(pT)× fprimary(pT)
. (6.16)
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All corrections are computed separately for each particle species, charge state, cen-
trality interval, and detector (TPC-based PID or TOF-based PID), ensuring full con-
sistency across the entire analysis. The corrected spectra retain the detailed struc-
ture of the raw yields but are rescaled to represent physically meaningful primary-
particle production rates.

The next part of this section presents the corrected spectra separately for the TPC-
based and TOF-based PID approaches, highlighting their complementary kinematic
coverage and demonstrating the consistency of the correction procedure across the
two detectors.

Corrected yields using TPC-based PID

For particles identified using the TPC nσ method, the dominant correction is the TPC
reconstruction efficiency. In addition, the primary fractions for pions, kaons, and
protons are obtained from DCA-template fits applied directly to TPC-selected tracks
and therefore already incorporate detector- and centrality-dependent secondary pro-
duction, and background from material interactions.
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FIGURE 6.32: TPC-based, efficiency- and primary-fraction-corrected
pion yields in Pb-Pb collisions at

√
sNN = 5.36 TeV.



100 Chapter 6. PbPb Analysis & Results

1−10

10

310

510

610

-1
 d

y)
 (

G
eV

/c
)

T
N

 / 
(d

p
2

) 
d

ev
 (

1/
N

8 2×0-5% 7 2×5-10% 
6 2×10-20% 5 2×20-30% 
4 2×30-40% 3 2×40-50% 
2 2×50-60% 1 2×60-70% 

 = 5.36 TeVNNsPbPb,  

, |y|<0.5, TPC corrected spectra+K

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
 (GeV/c)

T
p

2−10

1−10

1

10

 R
at

io
 to

 3
0-

40
%

(A) K+ efficiency- and purity-corrected yield as a
function of pT for all centrality intervals.

2−10

1

210

410

610

-1
 d

y)
 (

G
eV

/c
)

T
N

 / 
(d

p
2

) 
d

ev
 (

1/
N

8 2×0-5% 7 2×5-10% 
6 2×10-20% 5 2×20-30% 
4 2×30-40% 3 2×40-50% 
2 2×50-60% 1 2×60-70% 

 = 5.36 TeVNNsPbPb,  

, |y|<0.5, TPC corrected spectra
-

K

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
 (GeV/c)

T
p

2−10

1−10

1

10

 R
at

io
 to

 3
0-

40
%

(B) K− corrected spectra, same centrality classes
as in (a).

1−10

10

310

510

610

-1
 d

y)
 (

G
eV

/c
)

T
N

 / 
(d

p
2

) 
d

ev
 (

1/
N

8 2×0-5% 7 2×5-10% 
6 2×10-20% 5 2×20-30% 
4 2×30-40% 3 2×40-50% 
2 2×50-60% 1 2×60-70% 

 = 5.36 TeVNNsPbPb,  

, |y|<0.5, TPC corrected spectra
-

 + K+K

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
 (GeV/c)

T
p

2−10

1−10

1

10

 R
at

io
 to

 3
0-

40
%

(C) Combined (K+ + K−) corrected yield. Top
panel: logarithmic scale; bottom: ratio to the 30-

40% class.

FIGURE 6.33: TPC-based, efficiency- and primary-fraction-corrected
pion yields in Pb-Pb collisions at

√
sNN = 5.36 TeV.



6.2. From raw to corrected spectra 101

2−10

1

210

410

610-1
 d

y)
 (

G
eV

/c
)

T
N

 / 
(d

p
2

) 
d

ev
 (

1/
N

8 2×0-5% 7 2×5-10% 
6 2×10-20% 5 2×20-30% 
4 2×30-40% 3 2×40-50% 
2 2×50-60% 1 2×60-70% 

 = 5.36 TeVNNsPbPb,  

p, |y|<0.5, TPC corrected spectra

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
 (GeV/c)

T
p

2−10

1−10

1

10

 R
at

io
 to

 3
0-

40
%

(A) p efficiency- and purity-corrected yield as a
function of pT for all centrality intervals.

2−10

1

210

410

510

-1
 d

y)
 (

G
eV

/c
)

T
N

 / 
(d

p
2

) 
d

ev
 (

1/
N

8 2×0-5% 7 2×5-10% 
6 2×10-20% 5 2×20-30% 
4 2×30-40% 3 2×40-50% 
2 2×50-60% 1 2×60-70% 

 = 5.36 TeVNNsPbPb,  

, |y|<0.5, TPC corrected spectrap

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
 (GeV/c)

T
p

2−10

1−10

1

10

 R
at

io
 to

 3
0-

40
%

(B) p̄ corrected spectra, same centrality classes as
in (a).

2−10

1

210

410

610-1
 d

y)
 (

G
eV

/c
)

T
N

 / 
(d

p
2

) 
d

ev
 (

1/
N

8 2×0-5% 7 2×5-10% 
6 2×10-20% 5 2×20-30% 
4 2×30-40% 3 2×40-50% 
2 2×50-60% 1 2×60-70% 

 = 5.36 TeVNNsPbPb,  

, |y|<0.5, TPC corrected spectrapp + 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
 (GeV/c)

T
p

2−10

1−10

1

10

 R
at

io
 to

 3
0-

40
%

(C) Combined (p + p̄) corrected yield. Top panel:
logarithmic scale; bottom: ratio to the 30-40% class.

FIGURE 6.34: TPC-based, efficiency- and primary-fraction-corrected
proton yields in Pb-Pb collisions at

√
sNN = 5.36 TeV.

The corrected TPC spectra (Figs. 6.32, 6.34) closely follow the shapes of the raw
distributions(Figs. 6.16, 6.18, 6.20), exhibiting the expected mass ordering at low pT
and a pronounced centrality dependence. Because TPC efficiencies reach plateaus of
50-60% at intermediate momenta, the overall correction is moderate and dominated
by small species- and charge-dependent variations. In particular, the large efficiency
asymmetries observed at low pT for opposite charges are substantially suppressed
after purity corrections are applied, leading to π+ and π− spectra that agree within
uncertainties over the whole range. Similar behavior is found for kaons and protons,
confirming that the efficiency and primary-fraction corrections properly compensate
detector-level charge asymmetries.

Corrected yields using TOF-based PID

The corrected spectra obtained with TOF PID use the same formalism as in Eq. 6.16,
but with the total efficiency now dominated by the TOF-matching efficiency rather
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than by TPC tracking alone. As shown in Sec. ??, the TOF efficiency exhibits its
own characteristic dependence on momentum and very slightly on centrality, with
a pronounced low-pT turn-on followed by a stable plateau around 18-22%. Charge-
dependent differences in matching probability persist for all species, though at a
reduced level compared to the TPC, and are fully corrected by applying the effi-
ciency separately to positive and negative charges.

The corrected TOF spectra extend the accessible pT range to significantly higher mo-
menta than the TPC-based results, owing to the superior time-of-flight separation at
large βγ. At low momentum, the TOF-corrected yields smoothly connect to the cor-
responding TPC-corrected spectra, ensuring continuity across both PID methods. At
intermediate and high momenta, where the TOF dominates the PID capability, the
spectra display a clean and stable behavior with minimal detector-induced distor-
tions.
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(B) π− corrected spectra, same centrality classes
as in (a).
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(C) Combined (π+ + π−) corrected yield. Top
panel: logarithmic scale; bottom: ratio to the 30-

40% class.

FIGURE 6.35: TOF-based, efficiency- and primary-fraction-corrected
pion yields in Pb-Pb collisions at

√
sNN = 5.36 TeV.
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(A) K+ efficiency- and purity-corrected yield as a
function of pT for all centrality intervals.
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FIGURE 6.36: TOF-based, efficiency- and primary-fraction-corrected
pion yields in Pb-Pb collisions at

√
sNN = 5.36 TeV.
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(C) Combined (p + p̄) corrected yield. Top panel:
logarithmic scale; bottom: ratio to the 30-40% class.

FIGURE 6.37: TOF-based, efficiency- and primary-fraction-corrected
proton yields in Pb-Pb collisions at

√
sNN = 5.36 TeV.

Small localized irregularities in the corrected spectra are observed which are
purely statistical in origin, stemming from the finite Monte Carlo samples used for
efficiency estimation and from uncertainties in the DCA-derived primary fractions.

6.3 Systematic-uncertainty evaluation

A reliable determination of identified particle spectra requires not only a precise ex-
traction of raw yields and accurate efficiency corrections, but also a robust estimate
of the associated systematic uncertainties.

Systematic effects quantify the sensitivity of the final corrected spectra to analysis
choices that are not uniquely defined but fall within reasonable variations of the re-
construction, fitting, and selection procedures. The guiding principle is simple: we
vary, one at a time, the ingredients that could plausibly bias the result and we repeat
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the full chain (raw-yield extraction → efficiency correction → primary-fraction cor-
rection). The resulting spread of the corrected yields is interpreted as a systematic
uncertainty.

Two complementary classes of variations are considered:

1. PID-model dependence: sensitivity to the analytic description of the TPC/TOF
response used to extract raw yields;

2. Track-selection dependence: stability of the reconstructed sample under changes
of the TPC track-quality criteria (cluster requirements and DCA cuts).

For every particle species, charge, centrality class, and pT bin we obtain an alter-
native corrected yield for each variation. The relative deviation with respect to the
nominal result defines the corresponding systematic contribution. We treat the two
categories as uncorrelated and add them in quadrature to obtain the total systematic
uncertainty. The methodology and physics motivation for each source are described
in detail below.

6.3.1 PID-related systematic uncertainty

Raw yields are determined from binned likelihood fits to the TPC nσ (or TOF time
residual) distributions in narrow pT intervals. To assess the model dependence, we
repeat the fits with alternative functional forms that explicitly probe signal asym-
metries, contaminant peaks, and the flexibility of the smooth background. The PID-
induced variation in a given bin is defined as

δPID(pT) = max
k

∣∣∣∣Yk(pT)− Ynom(pT)

Ynom(pT)

∣∣∣∣ , (6.17)

where Ynom is the nominal yield and Yk is the yield obtained with the k-th alternative.

TPC variations

In addition to the baseline model (Sec. 6.1.1), we employ the following extended
forms:
Combined model (fitted):

f TPC
comb(x) = A1 exp

[
− (x − µ1)

2

2σ2
1

]
+ A2 exp

[
− (x − µ2)2

2σ2
2

]

+ A3 exp
(

x − x0

λ

)
Θ(x − µ2) + A4 exp

[
− (x − µ3)2

2σ2
3

] [
1 + erf

(
k

x − µ3

σ3

)]
.

(6.18)

Background (for drawing only):

f TPC
bkg (x) = A1 exp

[
− (x − µ1)

2

2σ2
1

]
+ A2 exp

[
− (x − µ2)2

2σ2
2

]
+ A3 exp

(
x − x0

λ

)
Θ(x−µ2).

(6.19)
Signal (for integration only):

f TPC
sig (x) = A1 exp

[
− (x − µ1)

2

2σ2
1

] [
1 + erf

(
k

x − µ1

σ1

)]
. (6.20)
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Only Combined model is fitted; Signal and Background models are overlaid for vi-
sualization and for signal integration after the full fit is frozen. The extra Gaussian
plus an error-function tail allows for residual asymmetry in the core, while the ex-
ponential term accommodates smooth, charge-dependent backgrounds.

TOF variations

Signal:

f TOF
sig (x) = S0 exp

[
− (x − µs)2

2σ2
s

]
. (6.21)

Background:

f TOF
bkg (x) = B0 exp

[
− (x − µ0)

τ

]
+ B1 exp

[
− (x − µ1)

2

2σ2
1

]
+ B2 exp

[
− (x − µ2)2

2σ2
2

]
.

(6.22)

Combined (fitted):

f TOF
comb(x) = B0 exp

[
− (x − µ0)

τ

]
+ B1 exp

[
− (x − µ1)

2

2σ2
1

]
+ B2 exp

[
− (x − µ2)2

2σ2
2

]

+ B3 exp
[
− (x − µ3)2

2σ2
3

]
. (6.23)

Again, only Combined model is fitted. The additional Gaussians capture nearby
species whose residual overlap can bias the signal normalization when the sepa-
ration is marginal. For both detectors, non-convergent or unphysical fits are rejected
using cuts on χ2/NDF, parameter errors, and boundary proximity.

6.3.2 Track-selection (cut-variation) systematic uncertainty

The second pillar of the systematic study is the stability of the result under variations
of the reconstruction-quality criteria. The nominal selections are:

• minimum crossed TPC rows: Ncrossed
rows ≥ 70;

• ratio of crossed to findable clusters: Ncrossed
rows /Nfindable

Cls > 0.80;

• TPC χ2 per cluster < 4;

• DCA cuts: |DCAxy| < 0.05 cm, |DCAz| < 2.0 cm;

• the shared-cluster fraction is implicitly controlled through the above quality
requirements.

To map out a realistic envelope, each cut is scanned to a loose and a tight value:

Variable Nominal Loose Tight

Ncrossed
rows ≥ 70 ≥ 60 ≥ 120

Ncrossed
rows /Nfindable

Cls > 0.80 > 0.75 > 1.2
TPC χ2/cl. < 4 < 8 < 2
ITS χ2/cl. < 36 < 40 < 20

In addition to varying each cut individually, we perform two coherent tests to
capture correlations:
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• all-loose: all variables set to their loose values;

• all-tight: all variables set to their tight values.

The cut-induced uncertainty in each bin is then defined as

δcut(pT) = max
{

max
j

∣∣∣∣Yj(pT)− Ynom(pT)

Ynom(pT)

∣∣∣∣ ,
∣∣∣∣Yall-loose − Ynom

Ynom

∣∣∣∣ ,
∣∣∣∣Yall-tight − Ynom

Ynom

∣∣∣∣} .

(6.24)
As expected, the sensitivity peaks at low pT, where curvature, multiple scattering,
and occupancy-driven cluster overlaps are largest.

6.3.3 Combination and correlation model

Because PID-model choices and track-quality selections probe disjoint aspects of the
analysis (signal modeling vs. sample definition), we treat them as uncorrelated and
combine them in quadrature:

δtot(pT) =
√

δ2
PID(pT) + δ2

cut(pT) . (6.25)

When propagating uncertainties to physics comparisons or spectral fits, we retain
bin-to-bin correlations within each category following standard practice: global changes
of the PID model are taken as largely correlated across pT in a given centrality,
whereas the all-loose/all-tight variations introduce strong correlations over pT by
construction.

Before quantifying the systematic uncertainties associated with PID modeling and
track-quality selections, it is instructive to examine directly how the raw yields re-
spond to these variations.
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(A) π+ yield comparison in 0-5% centrality.

 (GeV/c)
T

p
0

20

40

60

80

 R
aw

 y
ie

ld
 (

ar
b.

)

Fit 1 (nominal)

Fit 2 (PID)

Cut Var

, TPC, 60-70%+π

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
 (GeV/c)

T
p

0.8

1.0

1.2

 R
at

io
 to

 N
om

in
al

(B) π+ raw-yield comparison in 60-70% centrality.

FIGURE 6.38: Comparison of yield extraction under PID and track-
cut variations for π+ in the most central (0-5%) and most peripheral
(60-70%) Pb-Pb collisions. The bottom ratio panels (not shown here)

quantify the deviation from the nominal fit.



108 Chapter 6. PbPb Analysis & Results

 (GeV/c)
T

p
0

20

40

60
 R

aw
 y

ie
ld

 (
ar

b.
)

Fit 1 (nominal)

Fit 2 (PID)

Cut Var

, TPC, 0-5%+K

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
 (GeV/c)

T
p

0.8

1.0

1.2

1.4

 R
at

io
 to

 N
om

in
al

(A) K+ raw-yield comparison in 0-5% centrality.
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(B) K+ raw-yield comparison in 60-70% centrality.

FIGURE 6.39: Yield comparison for K+ in 0-5% and 60-70% centrality,
obtained with nominal PID models, alternative PID parametrizations,

and varied track-quality selections.
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(A) p yield comparison in 0–5% centrality.
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(B) p yield comparison in 60–70% centrality.

FIGURE 6.40: Proton yield stability under PID-model and track-cut
variations for 0-5% and 60-70% centrality. Lower panels (ratios) high-

light the charge- and momentum-dependent behaviour.

Figure 6.38-6.40 shows examples for π+, K+, p and p̄ in the 0-5% and 60-70%
centrality class (TPC), comparing:

• the nominal fit (Fit 1), using the baseline PID function introduced in Sec. 6.1.1;

• an alternative PID model (Fit 2), corresponding to one of the extended sig-
nal+background parameterizations discussed in Sec. 6.3.1;

• a representative cut-variation, where one of the TPC track selections is chosen
from the ones described in the previous section (Sec. 6.3.2). In this case the
all-tight part was chosen as it displayed the most deviation from the nominal
one.
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The top panel displays the yields as a function of pT for the three configurations,
while the bottom panel shows the ratio with respect to the nominal fit. Across the
full momentum range, the agreement between the nominal and alternative models
remains at the few-percent level, with no systematic drift as a function of pT.

After establishing the stability of the raw-yield extraction in the TPC, we now per-
form an equivalent evaluation for the TOF detector.
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(A) π+ yield comparison in 0-5% centrality (TOF).
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(B) π+ yield comparison in 60-70% centrality
(TOF).

FIGURE 6.41: Comparison of TOF π+ raw-yield extraction for central
(0-5%) and peripheral (60-70%) Pb-Pb collisions. The variations cor-
respond to the nominal fit, alternative PID parametrizations, and the

track-cut variations used for TOF-based PID.
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FIGURE 6.42: Yield comparison for kaons in the TOF detector for two
centrality intervals.
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FIGURE 6.43: Proton yield stability under TOF PID-model and track-
cut variations.

Having established the stability of the yield extraction for all particle species in
both the TPC and TOF detectors, the next step is to quantify how these variations
propagate into the final measurement. In this section, we present the relative sys-
tematic uncertainties as a function of transverse momentum for pions, kaons, and
protons.

The following figures (Fig.6.44a - 6.46b) illustrate the breakdown of these contribu-
tions for pions, kaons, and protons in the representative 0–5% and 60-70% centrality
classes for the TPC (analogous figures for the TOF are shown subsequently). The
behaviour of the TPC systematic uncertainties reflects the specific PID environment
in the low-momentum region, where particles are identified through the relativistic
rise of dE/dx and the separation power between hadron species depends sensitively
on the detector resolution and on track-quality selections.
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(A) π+ TPC yield comparison, 0-5%.
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(B) π+ TPC yield comparison, 60-70%.

FIGURE 6.44: Yield stability checks for π+ in the TPC for two repre-
sentative centrality classes. Black: nominal fit; blue: alternative PID

model; green: track-cut variation.

For pions, the total TPC systematic uncertainty is dominated almost entirely by
the track-selection variation. The very small dE/dx separation between pions and
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electrons in the momentum range used for the TPC analysis implies that even mod-
est changes to the track-quality requirements impact the shape of the residual back-
ground in the PID fit.

Loosening the crossed-rows and χ2 requirements enhances the fraction of tracks
with suboptimal cluster patterns, and consequently broadens the tails of the nTPC

σ

distribution. This effect is strongest at low pT, where pion curvature is large and
cluster loss due to local distortions is more likely.

PID-model variations contribute at the percent level only, since the pion peak is nar-
row and nearly Gaussian, and the background modelling is well constrained by the
neighbouring charge-combined distributions.

In peripheral events (Fig.6.44b), all components decrease in magnitude, as the track
density is lower and space-charge distortions are reduced, leading to more stable fits
and smaller sensitivities to cluster-quality variations.
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FIGURE 6.45: Yield comparisons for K+ in the TPC for central (0-5%)
and peripheral (60-70%) Pb-Pb collisions.

For kaons (Fig.6.45a - 6.45b), the TPC uncertainties are noticeably larger than for
pions, and this behaviour originates from two physical and detector-related effects.
First, kaons occupy the momentum region where the dE/dx separation from both
pions and protons is modest, making the extraction of kaon raw yields particularly
sensitive to the detailed treatment of background components in the fit.

Secondly, kaons constitute a significantly smaller fraction of the charged-hadron
population, meaning that any deviation in the modelling of the neighbouring peaks
directly influences the extracted signal. Consequently, variations of track-quality
cuts have a notably amplified effect: looser χ2 or cluster-fraction selections increase
the amount of misidentified pions and protons leaking into the kaon PID window.

The PID-model uncertainty is non-negligible but typically subdominant, since the
kaon peak remains reasonably Gaussian but its relative amplitude is small. Periph-
eral collisions (Fig. 6.45b) again display reduced sensitivity because the background
composition is more stable in lower-multiplicity environments.
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FIGURE 6.46: Yield stability checks for protons in the TPC for 0-5%
and 60-70% centrality intervals. Protons show slightly larger sensi-
tivity to track-cut variations at low pT, consistent with their larger

interaction cross section.

For protons (Fig.6.49a - 6.46b), the TPC uncertainties are governed by a delicate
interplay of background modelling and track-quality dependence.

At the relatively low momenta accessible to the TPC-only PID method, protons are
well separated from kaons in dE/dx, but the proximity to the charge-symmetric
pion tail makes the background parametrisation crucial. PID-model variations are
therefore more prominent for protons than for pions, visible as a structured trend in
the systematic uncertainty particularly in the 0-5% centrality class.

Track-selection variations also contribute substantially: proton tracks at low pT are
more curved and more susceptible to shared clusters and local inefficiencies, lead-
ing to pronounced changes when varying the crossed-row or χ2/cluster criteria. To-
wards peripheral events, both types of variations shrink in magnitude, as the back-
ground becomes smoother and the track-quality distribution stabilises. Overall, the
proton TPC uncertainties remain moderate and well-behaved, with a clear physical
rationale linked to the interplay of curvature effects, background composition, and
cluster-quality stability.

The systematic uncertainties associated with the TOF analysis exhibit a characteristic
structure that reflects both the detector response and the kinematics of particle sepa-
ration. For π+ (Fig.6.47), the TOF systematic uncertainty displays three distinct mo-
mentum regions. Immediately above the TOF turn-on threshold (pT ≈ 0.6 GeV/c),
the matching and track-quality variations dominate the total uncertainty. In central
0-5% collisions (Fig.6.47a), the high local hit density in the TOF pads increases the
probability of shared or misassigned hits, making the yield particularly sensitive to
variations of the matching window and TPC-track quality. This leads to system-
atic deviations of ∼ (0.5-0.8)%, whereas in peripheral 60-70% events (Fig.6.47b) the
much lower occupancy produces noticeably smaller uncertainties.

In the intermediate region (0.8 < pT < 2.5 GeV/c), the TOF provides excellent π/K
separation, and both PID-model and cut-variation uncertainties remain very small,
forming a broad and nearly flat plateau. The stability here reflects the fact that the
pion signal is clean and well-constrained by the timing resolution.

At higher momenta (pT > 2.5 GeV/c), the π/K time-of-flight difference becomes
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comparable to the intrinsic TOF resolution, and the extracted pion yield becomes in-
creasingly sensitive to the functional form used in the PID fit. Consequently, the PID
component rises and becomes the leading source of uncertainty. This behaviour is
evident in both the 0-5% and 60-70% classes, although the magnitudes differ slightly
due to the varying background composition and statistical precision of the fits.

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
 (GeV/c)

T
p

0

2

4

 S
ys

te
m

at
ic

 u
nc

er
ta

in
ty

Total

PID

Cut Var.

, TOF, 0-5%+π
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(B) π+ TOF yield comparison, 60-70%.

FIGURE 6.47: Yield stability checks for π+ in the TOF for two repre-
sentative centrality classes. Black: nominal fit; blue: alternative PID

model; green: track-cut variation.

For K± (Fig.6.45), the TOF systematic uncertainties follow a similar qualitative
pattern to pions but exhibit stronger momentum dependence due to the more chal-
lenging separation from both pions and protons. In the low-pT region just above the
TOF acceptance threshold, the cut-variation uncertainty is the dominant contribu-
tion. This effect is amplified relative to pions because kaons are less abundant and
the TOF matching residuals depend more sensitively on the exact reconstruction and
matching cuts, especially in central collisions.

In the intermediate momentum range (1 < pT < 2.0 GeV/c), the total uncertainties
remain modest, although typically somewhat larger than for pions. This reflects the
reduced K/π separation compared to π PID, which increases the sensitivity to small
changes in the assumed background shape or Gaussian widths. The cut-variation
and PID contributions are comparable in this range, each contributing at the level of
∼ (0.5-0.7)%.

At higher pT values the kaon uncertainty rises more rapidly than for pions. Above
about pT ∼ 2.2 GeV/c, the K/p and K/π bands begin to merge in the TOF timing
spectrum, and the yield extraction becomes increasingly dependent on the precise
parameterisation of the background and the contaminant contributions. As a result,
the PID component dominates the total systematic uncertainty in this region. Cen-
tral events show a slightly larger rise than peripheral events, consistent with higher
combinatorial background and lower signal purity.
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FIGURE 6.48: Yield comparisons for K+ in the TOF for central (0-5%)
and peripheral (60-70%) Pb-Pb collisions.

For protons(Fig. 6.49), the TOF systematic uncertainties reflect the unique chal-
lenge that protons remain non-relativistic up to higher momenta compared to pions
and kaons. As with the lighter hadrons, the low-pT region is dominated by cut-
variation uncertainties, particularly in central collisions, where the TPC–TOF match-
ing performance is degraded by high multiplicity. The larger mass of the proton also
enhances multiple scattering at low momenta, increasing the sensitivity to DCA and
cluster-quality variations.

In the intermediate region (1 < pT < 2.5 GeV/c), the TOF still provides strong p/K
separation, and the uncertainties stabilise into a broad plateau. The cut-variation
and PID-model dependence are both moderate and roughly comparable, producing
total uncertainties of order 0.6–0.8% in central collisions and slightly lower in pe-
ripheral ones.

At higher momenta, the proton systematic uncertainty increases due to the grad-
ual convergence of the K/p time-of-flight distributions. Around pT ≈ 3.0 GeV/c,
the PID-model dependence becomes the leading contribution, with the total uncer-
tainty peaking accordingly. Once again, central collisions show a somewhat stronger
rise than peripheral ones, reflecting the more complex background environment and
the larger fractional contribution of misidentified kaons in dense events.
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FIGURE 6.49: Yield stability checks for protons in the TOF for 0-5%
and 60-70% centrality intervals.
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Overall, the TOF systematic uncertainties for pions, kaons, and protons demon-
strate clear and physically well-motivated momentum and centrality dependence:
cut-variation uncertainties dominate in the low-pT region, while PID-related uncer-
tainties dominate once the TOF separation power begins to degrade at higher mo-
menta.

6.4 Corrected spectra and associated systematic uncertainties

The final stage of the analysis consists of constructing the fully corrected trans-
verse–momentum spectra for pions, kaons, and protons in each centrality inter-
val. These spectra incorporate all corrections discussed previously, raw-yield extrac-
tion (Secs. 6.1.1–6.1.2), tracking efficiency (Secs. 6.2.1–6.2.1), and the primary-particle
fraction (Sec. 6.2.3), as well as the systematic uncertainties quantified in Sec. 6.3. The
corrected yield is obtained via:

1
Nev

d2N
dpTdy

=
Yraw(pT) fprim(pT)

εreco(pT) ∆pT ∆y
. (6.26)

Both statistical uncertainties (from the fit and efficiency) and systematic uncertain-
ties (PID model, track-selection variations, and primary-fraction variations) are prop-
agated to the final spectra.

6.4.1 TPC and TOF corrected spectra

Following the structure used previously for the raw spectra, the corrected yields are
presented separately for TPC and TOF PID regions. In each case, the top panel shows
the corrected spectra for all centrality classes on a logarithmic vertical axis, while the
bottom panel displays the ratio of each centrality interval to the corresponding pub-
lished PbPb results at

√
sNN = 5.02 TeV [147].

The corrected transverse-momentum spectra obtained with the TPC for π±, K±, and
p( p̄), together with their corresponding systematic uncertainties and the ratios to the
published Pb-Pb results at

√
sNN = 5.02 TeV, are illustrated below (Fig.6.50a - 6.52c).

They provide a stringent validation of the reconstruction and correction strategy em-
ployed in this work.

For pions (Fig.6.50a - 6.52c), the corrected spectra exhibit the expected centrality
ordering, with yields increasing and slopes hardening toward central collisions. The
associated systematic uncertainties are small, dominated at low pT by secondary-
removal variations and at higher pT by PID stability. The ratios with respect to
the published reference lie systematically above unity by a nearly constant offset
of a few to ten percent. The deviation is largely pT independent, and the combined
π+ + π− ratios reflect the same behaviour. A mild ordering with centrality is vis-
ible: peripheral classes tend to lie slightly higher than central classes, indicating a
centrality-dependent but still predominantly global normalisation difference. The
flatness of the ratios in pT strongly suggests that the observed offset is not caused
by a momentum-dependent efficiency mismatch but rather by a global scale effect.
Given that pion systematics in this region are small and largely pT, independent, the
offset appears to be a correlated scale difference consistent with normalisation-level
uncertainties.
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(A) π+ efficiency- and purity-corrected yield as a
function of pT for all centrality intervals.
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(B) π− corrected spectra, same centrality classes
as in (a).
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(C) Combined (π+ + π−) corrected yield. Top
panel: logarithmic scale; bottom: ratio to the 30-

40% class.

FIGURE 6.50: TPC-based, efficiency- and primary-fraction-corrected
pion yields in Pb-Pb collisions at

√
sNN = 5.36 TeV.

Kaons, being heavier and more susceptible to decay in flight, display slightly
larger and more structured systematic uncertainties, particularly in the low-to-intermediate
pT region where variations in track quality and PID constraints play a larger role. It
also displays the characteristic low pT rise and broad shoulder around intermediate
momenta. In contrast to the pions, the ratio panels exhibit a pronounced momen-
tum dependence: a broad enhancement appears in 0.4 ≲ pT ≲ 0.6 GeV/c, where
the ratios rise up to 20-40% above unity depending on the centrality class. The
effect is present for both charges but is slightly larger for K+, and again more pe-
ripheral classes sit higher than central ones. Such a pattern is typical of PID-model
and matching efficiency systematics in the region where kaon to pion separation in
the TPC is weakest and where the published reference partially relies on TOF in-
formation. Importantly, the ratios tend back toward unity at higher pT, indicating
that the difference is not due to a global normalisation offset but to a species-specific,
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momentum-localised efficiency or PID modelling effect. The centrality ordering sug-
gests an additional contribution from occupancy-dependent PID or matching correc-
tions, which are naturally more pronounced in peripheral events where statistical
uncertainties are smaller and the kaon to pion separation is most delicate.
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(A) K+ efficiency- and purity-corrected yield as a
function of pT for all centrality intervals.
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(B) K− corrected spectra, same centrality classes
as in (a).
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(C) Combined (K+ + K−) corrected yield. Top
panel: logarithmic scale; bottom: ratio to the RUN2

results

FIGURE 6.51: TPC-based, efficiency- and primary-fraction-corrected
pion yields in Pb-Pb collisions at

√
sNN = 5.36 TeV.

The proton (Fig.6.52a - 6.52b) sector exhibits the most distinctive deviations from
the published reference. For p, the ratios show a shallow U-shaped structure. For
p̄, the ratio increases steadily with pT, reaching ∼ 1.3 - 1.6 for the most peripheral
classes. The combined p + p̄ ratio exhibits a moderated mixture of these trends.
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(A) p efficiency- and purity-corrected yield as a
function of pT for all centrality intervals.
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(B) p̄ corrected spectra, same centrality classes as
in (a).
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(C) Combined (p + p̄) corrected yield. Top panel:
logarithmic scale; bottom: ratio to the 30-40% class.

FIGURE 6.52: TPC-based, efficiency- and primary-fraction-corrected
proton yields in Pb-Pb collisions at

√
sNN = 5.36 TeV.

This behaviour is consistent with known sensitivities of proton analyses:

• the modelling of the primary fraction, particularly the feed-down from Λ and
Σ decays, which affects protons most strongly at intermediate pT

• the modelling of hadronic interactions and annihilation in detector material,
which affects p̄ more strongly and in a distinctly momentum-dependent man-
ner

Small differences relative to the published reference in the DCA-template construc-
tion, the feed-down constraints, or the hadronic interaction model in the simulation
can therefore generate exactly the observed pT dependence. The peripheral classes
again show the largest deviations, suggesting that differences in template stability or
material-interaction corrections become most visible where statistics are highest and
systematic bands smallest. Importantly, the magnitude and form of the deviations
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remain within the combined statistical and systematic uncertainties assigned in this
analysis.
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(A) π+ efficiency- and purity-corrected yield as a
function of pT for all centrality intervals.
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(B) π− corrected spectra, same centrality classes
as in (a).

3−10

1

310

610

810

-1
 d

y)
 (

G
eV

/c
)

T
N

 / 
(d

p
2

) 
d

ev
 (

1/
N

8 2×0-5% 7 2×5-10% 
6 2×10-20% 5 2×20-30% 
4 2×30-40% 3 2×40-50% 
2 2×50-60% 1 2×60-70% 

 = 5.36 TeVNNsPbPb, 

, |y|<0.5, TOF corrected spectra-π + +π

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
 (GeV/c)

T
p

1−10

1

10

 R
U

N
3 

/ R
U

N
2

(C) Combined (π+ + π−) corrected yield. Top
panel: logarithmic scale; bottom: ratio to the RUN2

results.

FIGURE 6.53: TOF based, efficiency- and primary-fraction corrected
pion yields in Pb-Pb collisions at

√
sNN = 5.36 TeV.

The TOF pion spectra (Fig. 6.53a - 6.53c) extend to significantly larger momenta
than in the TPC analysis, and the ratios to the published reference are remarkably
stable over the entire pT range. For both charges, the ratios fluctuate narrowly
about unity, typically within a few percent for 0.6 < pT < 3 GeV/c. The com-
bined spectrum shows the same behaviour. The absence of a strong pT dependence
suggests that the TOF matching efficiency, PID selection, and event normalisation
are well aligned with those of the published analysis. Small positive deviations at
the largest momenta (pT ≳ 3 GeV/c), most visible in peripheral collisions, are con-
sistent with modest differences in track-quality or matching-efficiency corrections,
where statistics are limited and the TOF turn-off begins to play a role. Importantly,
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unlike in the TPC-only case, the TOF comparison does not display a global charge-
independent offset, further reinforcing that the residual TPC offset originates from
low-momentum acceptance differences rather than a flaw in the overall event nor-
malisation.
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(A) K+ efficiency- and purity-corrected yield as a
function of pT for all centrality intervals.
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(B) K− corrected spectra, same centrality classes
as in (a).

3−10

1−10

10

310

510

610

-1
 d

y)
 (

G
eV

/c
)

T
N

 / 
(d

p
2

) 
d

ev
 (

1/
N

8 2×0-5% 7 2×5-10% 
6 2×10-20% 5 2×20-30% 
4 2×30-40% 3 2×40-50% 
2 2×50-60% 1 2×60-70% 

 = 5.36 TeVNNsPbPb,  

, |y|<0.5, TOF corrected spectra
-

 + K+K

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
 (GeV/c)

T
p

2−10

1−10
1

10

210

310

 c
or

re
ct

ed
 / 

pu
bl

is
he

d

(C) Combined (K+ + K−) corrected yield. Top
panel: logarithmic scale; bottom: ratio to published

FIGURE 6.54: TOF based, efficiency- and primary-fraction corrected
pion yields in Pb-Pb collisions at

√
sNN = 5.36 TeV.

The TOF kaon spectra (Fig.6.54a - 6.54c) also agree well with the published re-
sults across all centralities. At low pT near the matching turn-on (0.4 < pT <
0.6 GeV/c) the ratios display a mild upward trend, reaching ∼ 10-20% above unity.
This feature is common to all centrality classes and is symmetric between charges
within uncertainties. It is consistent with the sensitivity of kaon PID to the TOF
matching efficiency and with the well-known transition region where kaon and pion
TOF separation begins to degrade. A gentle monotonic rise toward pT ≳ 2.5 GeV/c
is observed in all centralities; this behaviour suggests small differences in the ef-
ficiency parameterisation at high momenta, where the TOF timing resolution and
track extrapolation uncertainties grow slowly with pT.
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(A) p efficiency- and purity-corrected yield as a
function of pT for all centrality intervals.
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(B) p̄ corrected spectra, same centrality classes as
in (a).
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(C) Combined (p + p̄) corrected yield. Top panel:
logarithmic scale; bottom: ratio to the RUN2 results

FIGURE 6.55: TOF based, efficiency- and primary-fraction corrected
proton yields in Pb-Pb collisions at

√
sNN = 5.36 TeV.

The TOF proton sector shows the largest deviations from unity, reflecting its
stronger sensitivity to material interactions, secondary contamination, and feed-
down corrections. At low momenta (pT ≲ 0.8 GeV/c) the ratios remain consistent
with unity within uncertainties, but a pronounced, monotonic upward drift appears
for both p and p̄ at higher pT. At pT ≈ 2.5 - 3.5 GeV/c the ratios exceed unity by
factors of 2-3, increasing slightly from central to peripheral collisions. The shape is
similar for protons and antiprotons, indicating that the dominant contribution is not
annihilation in the detector material, but rather a systematic difference in the high-
momentum efficiency modeling between our reconstruction chain and that used in
the reference. Although the discrepancies are significant at high momentum, their
smooth evolution suggests a coherent correlated effect rather than a bin-by-bin in-
stability, and they can therefore be treated as a potential efficiency-model systematic
to be investigated further.
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6.5 Particle-to-pion ratios

Ratios of hadron yields, in particular K/π and p/π, play a central role in the charac-
terization of the chemical and collective properties of the system created in heavy–ion
collisions. Since pions dominate the charged-particle production at low transverse
momentum, normalizing kaon and proton yields to pions removes most global scale
uncertainties associated with luminosity, event selection, vertex efficiency, and track-
ing corrections. Furthermore, such ratios suppress residual systematics that are com-
mon across species, and therefore offer a more sensitive probe of physics differences
between collision energies, centralities, or detector configurations.

From a physics perspective, the K/π ratio reflects the relative abundance of strangeness
to light quarks and is connected to the chemical freeze-out temperature and phase-
space saturation factors in statistical–hadronisation models. The p/π ratio is sensi-
tive to baryon–meson dynamics, radial-flow effects, and the baryon chemical poten-
tial. The p/π enhancement at intermediate pT observed at RHIC and LHC energies
is often interpreted in the context of recombination mechanisms or strong collective
expansion. Given these physics sensitivities, it is essential to verify that the Run 3
analysis reproduces the well-established patterns seen in Run 2 Pb-Pb collisions at√

sNN = 5.02 TeV.

In addition to these physics motivations, ratios provide a stringent internal cross-
check of the analysis, any species-dependent bias in PID, efficiency, primary-fraction
corrections, or feed-down modelling typically appears more clearly in K/π or p/π
than in the individual spectra. To quantify such effects, all ratios presented here are
accompanied by a ratio to the published Run 2 measurements, denoted as “Run 3 /
Run 2”. These comparisons provide a direct diagnostic of the consistency between
the new reconstruction and PID framework and the established LHC baseline.

6.5.1 TPC results

Figures 6.56 and 6.57 show the TPC-only (K++K−)/(π++π−) and (p+ p̄)/(π++π−)
ratios, respectively, for a broad set of centrality intervals. The overall pT shapes fol-
low the expected behaviour: K/π rises from low pT to a broad maximum around
0.4-0.6 GeV/c, while p/π exhibits the characteristic monotonic increase, consistent
with the onset of collective radial flow in more central events.

• K/π (TPC): The Run 3 / Run 2 ratio remains close to unity in all centralities,
with typical deviations of 10-20%. A mild centrality dependence is visible,
where more peripheral classes tend to sit slightly above unity. This behavior
mirrors the modest upward shifts seen earlier in the standalone kaon spectra
and can be traced to shape differences in the TPC PID modeling in the 0.4-
0.6 GeV/c region, where the dE/dx separation between pions and kaons is
weakest. The agreement remains well within the combined systematic enve-
lope.

• p/π (TPC): The Run 3 / Run 2 ratios are systematically above unity, with a
more pronounced centrality ordering (peripheral > central). The deviation in-
creases from ∼ 20% at low pT up to factors of 2-3 in the most peripheral classes
at the highest momenta accessible with the TPC. This mirrors the behavior
observed in the proton and antiproton spectra individually and is consistent
with differences in the primary-fraction correction (hyperon feed-down) and
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in the modeling of proton energy loss in detector material. The effect is charge-
symmetric in the combined ratio, indicating that annihilation modeling of an-
tiprotons is subdominant in this pT range.
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FIGURE 6.56: Transverse momentum dependence of the combined
kaon-to-pion ratio (K++K−)/(π++π−) measured with TPC PID for
several centrality classes in Pb-Pb collisions at

√
sNN = 5.36 TeV. The

bottom panel shows the ratio of the Run 3 measurement to the pub-
lished Run 2 reference.

Overall, the TPC ratios confirm the conclusions reached in the spectrum compar-
isons: the pion baseline is stable, kaons show small systematic shifts localized in the
PID-transition region, and protons carry the largest species-specific bias associated
with feed-down and material interactions. Importantly, the K/π shape is robust,
while the p/π deviation suggests that the Run 3 proton corrections require further
targeted cross-checks.

6.5.2 TOF results

The TOF based ratios, shown in Figs. 6.58 and 6.59, extend the reach of the measure-
ment up to pT ≈ 4 GeV/c, where the TPC PID alone is no longer sufficient. The TOF
results exhibit several noteworthy features.
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FIGURE 6.57: Transverse-momentum dependence of the combined
proton-to-ion ratio (p+ p̄)/(π++π−) measured with TPC PID for
several centrality intervals. The lower panel displays the Run 3 over
Run 2 ratio, used to assess consistency with previously published Pb-

Pb results.
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• K/π (TOF): The Run 3 values agree remarkably well with the Run 2 reference
across the full pT span. Beyond 1 GeV/c, the ratio fluctuates tightly around
unity with deviations rarely exceeding 10-15%. A small centrality dependence
is present but remains significantly weaker than in the TPC-only case. This sta-
bility reflects the high purity of kaon identification in the TOF at intermediate
and high momenta and confirms that the TOF matching efficiencies are well
controlled.

• p/π (TOF): In contrast to kaons, the proton ratios show a clear upward devia-
tion from unity. In the low-pT region (0.5 ≲ pT ≲ 1.0 GeV/c), the ratios clearly
exceed unity, most noticeably for the peripheral 60-70% class where values ap-
proach a factor of two to three. This enhancement coincides with the momen-
tum range in which proton identification in the TOF detector evolves from
partial to full separation, and where the tracking and matching efficiencies
are most sensitive to occupancy effects. In addition, small differences in the
primary-fraction correction, for example those related to hyperon feed-down
or interactions with detector material, naturally have a more pronounced im-
pact in this regime.

Moving toward the intermediate-pT interval near the baryon enhancement
peak (1.2 ≲ pT ≲ 2.0 GeV/c), the Run 3/Run 2 ratio gradually decreases
toward unity. This smooth trend indicates that the collective-flow-driven part
of the proton spectra is consistently reproduced in Run 3, with only a modest
centrality-dependent normalization effect remaining.

At high transverse momentum (pT ≳ 2.5 GeV/c), all centrality classes con-
verge to ratios close to R ≈ 1.0, with differences at the level of 10–20%. This is
the region where PID, tracking, and primary-fraction systematics are minimal;
accordingly, the near-unity ratios demonstrate that the Run 3 efficiency correc-
tions, unfolding procedure, and material description are fully compatible with
the established Run 2 baseline.

The comparatively good agreement for kaons across TPC and TOF, combined with
the larger discrepancies in the proton sector, reinforces the interpretation that most
species-dependent systematics are proton dominated. The consistency between the
TPC and TOF p/π deviations moreover suggests that the source lies in common
factors (such as primary-fraction inputs or global efficiency maps) rather than PID-
specific issues.

6.5.3 Summary of ratio-to-pion comparisons

Taken together, the K/π and p/π ratios provide a concise diagnostic of the Run 3
reconstruction performance. The K/π ratios show good agreement with the pub-
lished Run 2 results, with modest, localised deviations linked to the TPC PID transi-
tion region. By construction, these deviations cancel strongly in the TOF range. The
p/π ratios show more substantial discrepancies that are consistent with the species-
dependent systematics already identified in the standalone proton and antiproton
spectra. Importantly, the p/π shape remains physically reasonable and preserves
the expected centrality ordering, indicating that the Run 3 corrections capture the
dominant physics trends even if the absolute scale requires further scrutiny.
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FIGURE 6.58: Kaon-to-pion ratio (K++K−)/(π++π−) obtained us-
ing TOF PID for several centrality classes. The extended pT cov-
erage provided by the TOF allows the ratio to be measured up to
pT ≈ 4 GeV/c. The lower panel shows the Run 3 to Run 2 com-

parison.
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FIGURE 6.59: Proton-to-pion ratio (p+ p̄)/(π++π−) measured using
TOF PID as a function of pT and collision centrality. The bottom panel
shows the ratio of the Run 3 measurement to the published Run 2 ref-
erence, which provides a direct validation of the Run 3 reconstruction

and correction chain.
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6.6 Combined Spectra

A central objective of the present analysis is to assess the internal consistency of
the Run 3 PID framework by comparing fully corrected spectra obtained indepen-
dently from the TPC and the TOF. Since these two detectors rely on fundamentally
different PID observables, specific energy loss in the gas for the TPC and timing
measurements for the TOF, their agreement provides a stringent validation of both
reconstruction and correction procedures. Moreover, wherever the spectral points
from the two detectors coincide within uncertainties, a statistically optimal merged
spectrum can be constructed. This section presents a particle-by-particle comparison
of the TPC and TOF corrected spectra, followed by an interpretation of the merged
kaon spectrum and its comparison with the Run 2 reference. Each figure is discussed
individually and in detail. Filled (solid) circles indicate spectra obtained with TPC
PID, while open (hollow) circles indicate spectra obtained with TOF PID, where
both appear at the same pT, they show the TPC-TOF overlap region. The lower pan-
els in each figure show the ratio of the Run 3 measurement to the published Run 2
reference.

6.6.1 Pions: TPC vs. TOF

Figure 6.60 shows the π+ + π− spectra extracted independently from TPC and TOF
PID. The overall spectral shapes follow the expected steep fall with increasing ,
and the centrality ordering is reproduced identically by both detectors. However,
a closer inspection of the overlapping region reveals that the spectra do not over-
lap in most centrality classes. In the central and mid-central bins (0-5%, 5-10%, and
10-20%), the TOF yields lie systematically below the TPC yields over the entire over-
lap range. This mismatch gradually diminishes toward more peripheral collisions,
and in the 50-60% and 60-70% bins a partial convergence is visible, although a resid-
ual separation persists. This behaviour has well-understood origins. The TPC pion
identification in central collisions operates in a regime where the dE/dx separa-
tion between pions and kaons is minimal, and the occupancy corrections (cluster
sharing, space-charge distortions, gain fluctuations) carry non-negligible uncertain-
ties. In contrast, the TOF response degrades only at low pT, where matching and
inefficient track extrapolation dominate. The observed detector-dependent separa-
tion increases with multiplicity, consistent with the picture that TPC performance is
more affected by centrality than TOF. Because the two spectra fail to overlap in a sta-
ble and reproducible way across the full centrality range, a merged pion spectrum
cannot be constructed without introducing detector-dependent biases.

6.6.2 Kaons: TPC vs. TOF.

Figure 6.61 presents the analogous comparison for kaons. In stark contrast to the
pion case, the TPC and TOF spectra lie almost perfectly on top of each other across
most of the overlapping pT region and for all centrality classes. This excellent agree-
ment is non-trivial: kaon identification in the TPC remains robust up to intermedi-
ate pT because the kaon band in dE/dx is still well-separated from the pion band
in Run 3 conditions, while the TOF provides clean time-based separation up to sev-
eral GeV/c. The stability of the overlap implies that both PID systems are correct-
ing for acceptance, efficiency, and secondary contamination in a mutually consis-
tent manner. The absence of any centrality-dependent divergence further indicates
that occupancy-driven effects do not introduce significant biases in either detector.



6.6. Combined Spectra 129

2−10

10

410

710

-1
 d

y)
 (

G
eV

/c
)

T
N

 / 
(d

p
2

) 
d

ev
 (

1/
N

8 2×0-5% 7 2×5-10% 
6 2×10-20% 5 2×20-30% 
4 2×30-40% 3 2×40-50% 
2 2×50-60% 1 2×60-70% 

TPC

TOF
 = 5.36 TeVNNsPbPb, 

, |y|<0.5, TPC & TOF-π + +π

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
 (GeV/c)

T
p

1

 R
U

N
3 

/ R
U

N
2

FIGURE 6.60: Pion spectra (π++π−) measured using TPC (filled cir-
cles) and TOF (open circles) PID as a function of pT and collision cen-
trality. The bottom panel shows the Run 3/Run 2 ratio for each cen-

trality.
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This level of agreement uniquely qualifies the kaon spectra for a combined TPC-TOF
merging.
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FIGURE 6.61: Kaon spectra (K++K−) measured using TPC (filled cir-
cles) and TOF (open circles) PID as a function of pT and collision cen-
trality. The bottom panel shows the Run 3/Run 2 ratio for each cen-

trality.

6.6.3 Protons: TPC vs. TOF.

Figure 6.62 displays the comparison for protons. Here, the situation is the oppo-
site of the kaon case. The TOF proton spectra sit consistently below the TPC spectra
across all pT and centrality intervals. The size of the discrepancy is both momentum-
and centrality-dependent. Even at low pT, where both detectors have their strongest
proton identification power, the spectra do not converge. The origin of the mismatch
lies in the proton-specific corrections. Protons and antiprotons receive substantial
contributions from weak decays and suffer significant hadronic interactions in de-
tector material. The TPC handles secondaries through DCA-template fits, while the
TOF relies much more strongly on track-selection purity and topology-based rejec-
tion. Further investigation is required to undestand the emergence of such discrpan-
cies.



6.6. Combined Spectra 131

3−10

1−10

10

310

510

610-1
 d

y)
 (

G
eV

/c
)

T
N

 / 
(d

p
2

) 
d

ev
 (

1/
N

8 2×0-5% 7 2×5-10% 
6 2×10-20% 5 2×20-30% 
4 2×30-40% 3 2×40-50% 
2 2×50-60% 1 2×60-70% 

TPC

TOF
 = 5.36 TeVNNsPbPb, 

, |y|<0.5, TPC & TOFpp + 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
 (GeV/c)

T
p

1

10

210

310

 R
U

N
3 

/ R
U

N
2

FIGURE 6.62: Proton spectra (p+ p̄) measured using TPC (filled cir-
cles) and TOF (open circles) PID as a function of pT and collision cen-
trality. The bottom panel shows the Run 3/Run 2 ratio for each cen-

trality.
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6.6.4 Merged Kaon Spectrum and Comparison with Run 2.

Since kaons exhibit near-ideal agreement between TPC and TOF, a statistically weighted
merged spectrum is constructed and shown in Fig. 6.63. In the top panels, the
merged spectrum inherits the superior statistical precision of the TOF at moderate
and high pT and the stability of the TPC at low pT, resulting in a smooth, high-
quality distribution across the full pT interval. The merging leads to visibly reduced
uncertainties and a more coherent spectral shape. The bottom panel presents the
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FIGURE 6.63: Merged kaon spectra (K++K−) constructed from TPC
and TOF PID. In the overlap region, the two measurements are con-
sistent and combined (e.g. via inverse-variance weighting) to yield a

single spectrum. The bottom panel shows the Run 3/Run 2 ratio.

ratio of the merged Run 3 spectrum to the previously published Run 2 measurement
at

√
sNN = 5.02 TeV. At low pT (below 0.8 GeV/c), the ratio fluctuates gently around

unity, with deviations typically within 10%, and shows only minimal centrality de-
pendence. This level of agreement is expected, as the hadron-yield systematics in
this pT region are dominated by detector material modeling and feed-down correc-
tions, both of which have been considerably improved in Run 3. In the intermediate
pT region (1-2 GeV/c), the merged spectrum lies moderately above the Run 2 ref-
erence by 10-20%, consistent with differences in the kaon PID parametrization and
updated efficiency calibrations used in Run 3. Over 2 GeV/c, the ratio increases and
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then saturates.

Taken together, the kaon comparison demonstrates that the Run 3 PID and correction
chain is performing consistently across detectors and centralities, enabling a robust
merged spectrum. The contrasting behaviour observed for pions and protons high-
lights the particle-dependent complexity of PID in high-multiplicity environments
and delineates the avenues where further refinement of correction procedures may
be required.

6.7 BW Analysis and Extraction of Freeze-Out Parameters

A quantitative characterization of the collective expansion dynamics in heavy–ion
collisions is commonly achieved through simultaneous fits of the identified–hadron
transverse–momentum spectra using the Boltzmann-Gibbs Blast Wave (BGBW) model.
As discussed in Sec. 3.3.1, this hydrodynamically motivated parametrization as-
sumes that all particles decouple from the medium at a common kinetic freeze-out
temperature Tkin, while experiencing a collective radial velocity field β(r) described
by a power-law profile. In this framework, the spectral shapes of π+, K+ and p
jointly constrain the freeze–out conditions, with light particles providing sensitivity
to Tkin and heavier species probing the strength and profile of radial flow. The model
parameters ⟨β⟩, βmax, Tkin, the velocity profile exponent n, and the speed–of–sound
proxy cs together map the system’s evolution at the point of decoupling.

For the present analysis, BGBW fits have been performed using only the TOF iden-
tified spectra. This choice is motivated by the observation that, while the TOF re-
sults agree better with published references across the entire pT range, the TPC and
TOF measurements do not achieve a stable matching for all particle species, espe-
cially in central collisions. Because a consistent multi–species fit requires mutually
compatible shapes, we restrict the input to the high–quality TOF spectra where the
PID separation is well–understood and the systematic uncertainties are under ro-
bust control. Figure 6.64 shows the simultaneous BGBW fit for the 0–5% centrality
class. The fitted curves reproduce the steeply falling pion spectrum, the interme-
diate mass curvature of the kaons, and the baryon peak of the protons within the
chosen fitting intervals. The best fit parameters indicate a strong collective expan-
sion with a large average radial flow ⟨β⟩ ≈ 0.56 and a correspondingly high βmax,
while the extracted kinetic freeze–out temperature Tkin ≈ 125 MeV remains consis-
tent with expectations for central PbPb collisions. The excellent agreement among
the three species demonstrates that the Run 3 TOF spectra support a thermodynami-
cally coherent description. A contrasting picture emerges in the 50–60% class, shown
in Fig. 6.65. Here the spectra are notably softer, and the fit converges to a slightly
lower flow velocity (⟨β⟩ ≈ 0.51) together with a modestly reduced temperature. The
change in n reflects a mild reshaping of the velocity profile as the system becomes
more dilute. The radial–flow evolution inferred from the fits follows the expected
centrality ordering: central collisions exhibit the strongest build–up of collective mo-
tion, while peripheral events retain weaker flow and a higher relative contribution
from non-thermal processes. The centrality dependence of the extracted parameters
is summarized in Fig. 6.66. All quantities show smooth monotonic behaviour. The
average radial velocity ⟨β⟩ decreases from approximately 0.56 in central collisions
to about 0.50 near 60% centrality, while Tkin remains stable to within a few percent,
consistent with previously reported freeze–out systematics. The speed–of–sound
proxy cs shows only weak centrality dependence, suggesting that the shape of the
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FIGURE 6.64: Simultaneous BGBW fit to the π+, K+ and p spectra
in the 0-5% centrality interval using TOF–identified corrected yields.

The fitted parameters are listed in the bottom right panel.

FIGURE 6.65: Same as Fig. 6.64, but for the 50-60% centrality class.
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FIGURE 6.66: Centrality dependence of the BGBW parameters ex-
tracted from the simultaneous TOF fits. Colored bands represent sta-
tistical and systematic uncertainties combined. Published Run 2 val-

ues are shown for comparison.

flow profile remains nearly unchanged across the system–size range probed here.
The systematic uncertainties on the BGBW parameters are shown in Fig. 6.67. Their

FIGURE 6.67: Relative systematic uncertainties on Tkin, ⟨β⟩ and βmax
as a function of centrality. The uncertainties remain largely indepen-

dent of centrality and are typically at the level of 5%.

centrality independence reflects the fact that the dominant contributions stem from
common sources such as PID efficiency variations, fitting–range dependence, and
the propagation of yield systematics into the correlated multi–species fit. Typical
uncertainties lie at the level of 5%, indicating a high degree of stability in the extrac-
tion of the freeze–out parameters.

These results demonstrate that the Run 3 spectra, when analyzed through the Blast–Wave
framework, yield a physically consistent picture of the freeze–out dynamics at

√
sNN =

5.36 TeV. The extracted parameters reproduce the qualitative and quantitative trends
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seen in lowerenergy PbPb data, confirming that the Run 3 reconstruction and correc-
tion chain is capable of delivering precise and coherent multi–species measurements
suitable for hydrodynamic modeling.

6.8 Integrated Yield

The pT-integrated particle yield,

dN
dy

=
∫

f (pT)dpT, (6.27)

is a central observable in heavy-ion collisions. It encodes the total number of pro-
duced hadrons at midrapidity and therefore connects directly to the bulk properties
of the medium created in the collision. In particular, integrated yields are used to ex-
tract chemical freeze-out parameters in statistical hadronization models, to test the
scaling of particle production with centrality, and to quantify strangeness enhance-
ment and baryon suppression.

The yields presented here are obtained by integrating the fully corrected pT spectra
for each species. The integration covers the measured range directly, while the un-
measured low- and high-pT regions are accounted for using fits based on the Boltz-
man Gibbs Blast Wave functional form (Sec. 3.3.1). Statistical and systematic uncer-
tainties (Fig. 6.69) are propagated consistently, and the shaded bands in the figure
represent the total (stat.+syst.) uncertainty on the integrated yield for each centrality
class. Systematics are estimated by varying the fit parameters such as < β >, n and
Tkin

Figure 6.68 shows the integrated yields of π+, K+, and p as a function of central-
ity. Pions are drawn with blue circular markers, kaons with green squares, and pro-
tons with red triangles. The horizontal extent of each point reflects the width of the
centrality interval, while the vertical bars indicate the uncertainty on the yield.

A clear centrality dependence is visible for all species. The pion yield shows
the steepest rise toward central collisions, reflecting their role as the dominant carri-
ers of entropy in the system. Between 0-5% and 50-60%, the π+ yield decreases by
roughly a factor of six, consistent with the large change in charged-particle multi-
plicity across these centralities.

Kaons follow the same monotonic trend, but with a reduced overall magnitude and
a milder centrality slope. This behaviour is characteristic of strange hadron pro-
duction, where canonical suppression and strangeness enhancement modulate the
centrality dependence. The observed increase of K+ yields toward central collisions
is fully consistent with established strangeness enhancement patterns.

Protons exhibit the shallowest decrease with centrality. Their yield is about an or-
der of magnitude smaller than that of kaons and two orders of magnitude smaller
than that of pions. The centrality dependence reflects the changing baryon density
and the interplay between baryon transport and pair production. The relatively flat
behaviour compared to pions also matches expectations from baryon chemical po-
tential approaching zero at LHC energies.
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FIGURE 6.68: Integrated midrapidity yields of π+ (blue circles), K+

(green squares), and p (red triangles) as a function of collision central-
ity. Vertical bars show total uncertainties.

FIGURE 6.69: Systemic uncertainties of differnt particle species
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Overall, the integrated-yield hierarchy

π+ > K+ > p

and their respective centrality slopes follow the qualitative patterns observed in pre-
vious LHC measurements. The behaviour is consistent with a picture in which parti-
cle production scales primarily with the underlying entropy density, with strangeness
and baryon number introducing species-dependent modulations.
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Chapter 7

Light Ion Collisions: OO Analysis
& Results

7.1 Introduction and Physics Motivation

The 2023 LHC heavy-ion program introduced, for the first time, collisions of two
oxygen nuclei (OO) at

√
sNN = 5.36 TeV [148]. These light ion collisions provide a

unique bridge between the physics of small systems (pp, pPb) and the large, strongly
interacting systems created in PbPb collisions. With only sixteen nucleons per nu-
cleus, OO collisions constitute the lightest heavy ion system ever operated at the LHC
and open a completely new experimental window on the evolution of collectivity
with system size [149, 150].

The motivation for OO collisions is deeply rooted in several open questions in high-
energy nuclear physics. In large systems such as PbPb, a strongly coupled QGP
is known to form and exhibit near-ideal hydrodynamic behaviour, with significant
radial and anisotropic flow, strangeness enhancement, and quark-recombination-
driven hadronization [151]. In contrast, small systems (pp and pPb) have revealed
surprising signs of collective-like phenomena, including long-range ridge correla-
tions, flow-like patterns, and enhanced strange-hadron production [152, 153], but
the extent to which these signatures require QGP formation remains an active topic
of debate [154, 155]. OO collisions provide an intermediate configuration uniquely
suited to address these questions.

From an experimental perspective, OO collisions offer several advantages:

• System-size scaling of collectivity: By reducing the initial transverse size and
multiplicity relative to PbPb, OO collisions probe the minimal conditions re-
quired for hydrodynamic behaviour and QGP-like expansion [156].

• Control of initial-state geometry: Light ions have small deformation and sim-
ple nuclear structure, providing a cleaner testing ground for models of initial-
state fluctuations (IP-Glasma, TRENTo, Angantyr) and their impact on final-
state flow.

• Benchmarking global event generators: Models such as HIJING, AMPT, EPOS-
LHC, and PYTHIA Angantyr are poorly constrained in light-ion regimes; OO
data are essential for tuning and validating them [157].

• Mapping the QCD phase diagram by system size: OO collisions complement
the LHC’s long-term programme aiming to characterize QCD matter across
temperature, baryon density, geometry, and system size.
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Experimentally, OO events exhibit moderate particle multiplicities, significantly lower
than PbPb but substantially above pp, enabling high-precision tests of reconstruction
performance, tracking, and PID in the intermediate-occupancy regime where detec-
tor effects transition smoothly from small to heavy-ion conditions.

The present chapter presents the first Run 3 OO analysis performed within this the-
sis. The general analysis chain-event selection, track selection, PID, yield extraction,
and all correction procedures follows the methodology established and validated
for PbPb collisions in Chapter 5. Only OO specific aspects are presented here: the
dataset, Monte Carlo samples, centrality determination, and the physical interpre-
tation of OO as a light-ion reference system. This ensures complete methodological
consistency between PbPb and OO while highlighting the unique physics opportu-
nities offered by light-ion collisions.

7.2 Datasets and Simulation Samples

The OO dataset analyzed in this chapter was recorded by the ALICE experiment
during the dedicated Run 3 light-ion campaign in early 2025. The present analy-
sis makes use of the officially reconstructed Run 3 derived datasets and their cor-
responding Monte Carlo simulations, prepared within the ALICE O2 computing
framework.

7.2.1 Data and Monte Carlo Samples

• Data sample: The analysis is based on the derived dataset LHC25ae_pass1,
comprising minimum-bias OO collisions at

√
sNN = 5.36 TeV. This dataset was

processed with the full Run 3 reconstruction chain (TPC-ITS global tracking,
continuous readout, clusterization, and machine-learning-based track quality
filters).

• Monte Carlo simulation: The corresponding simulation sample used for all
corrections is LHC25g6, produced with complete Run 3 detector geometry and
reconstructed with the identical O2 workflow, ensuring one-to-one compati-
bility with the data.

The MC employs the standard ALICE light-ion generator configuration, tuned
to reproduce the expected multiplicity and pseudorapidity density of OO col-
lisions. Primary particle identity is enforced at truth level, and the detector
response is simulated using GEANT3 with the updated Run 3 material bud-
get.

The chosen data and MC samples are the official ALICE Run 3 light-ion datasets rec-
ommended for physics analyses. Their reconstruction settings, configuration files,
material maps, alignment constants, and trigger conditions are fully synchronised,
which is essential for:

• deriving reliable efficiency and acceptance corrections,

• ensuring consistency with PbPb results presented earlier,

• enabling cross-system comparisons (PbPb vs. OO),

• providing a validated baseline for collective flow studies and model fits.
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7.2.2 Consistency with the PbPb Analysis Chain

To guarantee a meaningful comparison between OO and PbPb systems, the entire
analysis pipeline mirrors the procedure established in Chapter 5: event selection,
track quality cuts, PID strategy, raw-yield extraction, and all efficiency and primary-
fraction corrections are applied identically unless the OO system size explicitly re-
quires an adjusted definition (e.g. centrality calibration).

• Event selection uses the same criteria as in PbPb: a reconstructed vertex within
±10 cm along the beam axis, a valid FIT trigger, and quality requirements
consistent with O2 Run 3 recommendations.

• Track selection (see Sec. 5.4) uses the same criteria as PbPb: |η| < 0.8, ITS-
TPC global tracking, at least 70 TPC crossed rows, ratio of crossed to findable
clusters > 0.80, TPC χ2/cluster < 4, and tight DCA requirements to ensure
primary-particle purity.

• PID and yield extraction follow the exact same methods established for the
PbPb system (Secs. 6.1.1 - 6.1.2), ensuring direct comparability of spectral shapes,
particle ratios, and flow-sensitive observables.

7.3 Yield Extraction in OO Collisions

In this work, the identified-hadron spectra are extracted using exclusively the TOF
detector. The TOF provides precise timing information for reconstructed tracks and
thus enables clean separation of π, K, and p over a broad pT range at midrapidity,
even in the lower-multiplicity environment characteristic of light-ion collisions.

The PID strategy follows exactly the methodology developed and validated in PbPb
collisions (Sec. 6.1.2). For each reconstructed track, the measured time of flight is
compared to the expected value under a given mass hypothesis m ∈ {π, K, p}, and
the normalized residual

nσ,TOF ≡
tmeas − texp(m)

σt
(7.1)

is formed, where tmeas is the measured time, texp(m) is the expected time-of-flight
for the assumed mass, and σt is the total time resolution (intrinsic TOF resolution,
start-time resolution, and tracking contribution combined).

In the PbPb analysis, TPC and TOF information were used in complementary pT
ranges. However, sizeable inconsistencies were observed between TPC- and TOF-
based corrected spectra for pions and protons, especially in central PbPb events,
which prevented a robust combined fit over the full pT range. For kaons, a con-
sistent TPC-TOF overlap was achieved, but the overall conclusion was that, at the
current stage of the Run 3 reconstruction, TOF based PID provides the most stable
and internally consistent spectra across species and centralities.

Since the goal of the present chapter is a differential comparison between heavy-ion
(PbPb) and light-ion (OO) collisions, it is essential to use a homogeneous PID strat-
egy. Therefore, the OO analysis is deliberately restricted to TOF-based PID, using
the same models, fit strategy, and correction pipeline as in the PbPb case. This guar-
antees that any differences observed between PbPb and OO spectra can be attributed
to physics (system size, geometry, multiplicity) rather than to detector- or method-
specific artefacts.
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7.3.1 Yield extraction from TOF nσ distributions

The construction of nσ,TOF distributions, the binning strategy, and the fit functions
used to extract raw yields in OO collisions follow the PbPb procedure described in
Sec. 6.1.2. Only system-specific inputs, the OO centrality definition and the available
pT reach per species, are different.

Binning and centrality classes

The nσ,TOF spectra are built in narrow pT intervals. For direct comparison with the
PbPb analysis, the same pT binning as in Sec. 6.1.2 is adopted:

• π±: [0.5, 0.55, 0.6, 0.65, 0.7, 0.75, 0.8, 0.85, 0.9, 0.95, 1.0, 1.1,
1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8, 1.9, 2.0, 2.2, 2.4, 2.6, 2.8, 3.0]GeV/c,

• K±: [0.5, 0.55, 0.6, 0.65, 0.7, 0.75, 0.8, 0.85, 0.9, 0.95, 1.0, 1.1,
1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8, 1.9, 2.0, 2.2, 2.4, 2.6, 2.8, 3.0]GeV/c,

• p( p̄): [0.65, 0.7, 0.75, 0.8, 0.85, 0.9, 0.95, 1.0, 1.1, 1.2, 1.3, 1.4,
1.5, 1.6, 1.7, 1.8, 1.9, 2.0, 2.2, 2.4, 2.6, 2.8, 3.0, 3.2, 3.4, 3.6]GeV/c.

Centrality classes in OO are defined from the FT0 (FIT) signal amplitude, and are
chosen to parallel, as closely as meaningful, the PbPb centrality quantiles (e.g. 0-5%,
5-10%, . . . , 60-70%), while taking into account the lower multiplicity and narrower
centrality span of the OO system.

Fit models and contamination treatment

In each (pT, centrality) bin, the nσ,TOF distribution is fitted with exactly the same
parametric models employed in PbPb (Sec. 6.1.2):

• at low and intermediate pT, the baseline tot4 model is used, consisting of a
Gaussian core with an exponential right-hand tail for the signal, plus a poly-
nomial+exponential background [Eq. (6.7)];

• at higher pT, where species separation decreases, the signal is supplemented by
Gaussian contaminant templates representing the neighboring hadron species
(Eqs. (6.8) - (6.10)), while the background is simplified to avoid absorbing gen-
uine PID structures.

The same seeding strategy and parameter constraints as in PbPb are used: the main
signal peak is initialized near nσ = 0, contaminant peaks are placed at the expected
offsets for the other species, and widths are restricted to a physically motivated
range. This ensures a smooth evolution of fit parameters with pT and centrality,
and provides direct comparability between the OO and PbPb analyses.

After convergence of the fit, the signal component S(x) is frozen and integrated
over the full fit range to obtain the raw counts for the species under study. The
per-event, per-pT raw yield is defined as

NTOF
raw (pT) =

1
Nev

1
∆pT

1
∆x

∫ xmax

xmin

S(x) dx, (7.2)

with the same notation as in the PbPb case: Nev is the number of selected events in
the centrality class, ∆pT the bin width, and ∆x the nσ bin width. Uncertainties are
propagated from the fit covariance matrix and cross-checked by direct numerical
integration of background-subtracted histograms.
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Representative TOF nσ distributions in OO

Representative examples of nσ,TOF distributions in OO collisions are shown in Fig. 7.1.
The qualitative behavior is very similar to that observed in PbPb: a well-defined sig-
nal peak centered near zero for the target species, non-Gaussian tails that are well ac-
counted for by the exponential extension, and small contaminant structures at high
pT where species separation diminishes. The lower overall multiplicity of OO events
leads to somewhat larger statistical uncertainties in each bin but also reduces the im-
pact of random combinatorial background and cluster overlap, resulting in clean fits
with stable χ2/ndf.
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FIGURE 7.1: Representative nσ,TOF distributions for π+, K+ and p
in OO collisions at

√
sNN = 5.36 TeV. Data points are shown with

statistical uncertainties; the total fit, signal component, and back-
ground/contaminants are drawn as in the PbPb case (Sec. 6.1.2).

Raw TOF spectra in OO

The raw (uncorrected) TOF spectra in OO follow the same plotting convention as
in PbPb: positive and negative charges are shown separately, together with their
charge sum, across multiple centrality classes. Figure 7.2 shows the pion raw yields,
while Figs. 7.3 and 7.4 present the corresponding kaon and proton results.

Across all particle species, the raw spectra exhibit the expected monotonic decrease
with increasing pT, showing a smooth, nearly power-law behavior. The ordering of
yields with centrality follows the expected pattern: more central collisions produce
larger particle yields, reflecting the larger number of participants and higher energy
density of the system. The ratio panels confirm that the spectral shape is largely inde-
pendent of centrality, with deviations of order 10-20% at low pT where multiplicity
and track density can have a larger effect on the TOF matching performance.
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(A) π+ raw yields vs. pT in OO centrality classes
(top, log scale; bottom: ratio to a mid-central ref-

erence).
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(B) π− raw yields, same conventions.
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FIGURE 7.2: TOF raw pion spectra in OO collisions at
√

sNN =
5.36 TeV.

The pion raw spectra (Figs. 7.2) show a very clean, featureless decrease, with
excellent statistical precision in all centrality classes. The ratio to the 30-40% refer-
ence is flat within uncertainties, demonstrating stable yield extraction and the ab-
sence of strong centrality-dependent distortions. The similarity between π+ and
π− confirms that the OO sample is essentially baryon symmetric at midrapidity, as
expected.
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(A) K+ raw yields vs. pT in OO centrality classes.
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(B) K− raw yields, same conventions.
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FIGURE 7.3: TOF raw kaon spectra in OO collisions at
√

sNN =
5.36 TeV.

The kaon raw yields (Figs. 7.3) follow the same qualitative trends as the pions,
with the characteristic kaon shoulder around pT ∼ 0.8 - 1.0 GeV/c visible in all cen-
trality classes. The centrality scaling is slightly steeper than for pions, consistent with
the known sensitivity of strangeness production to system size. The ratios remain
close to unity, indicating that the spectral shape is reproduced consistently across
centralities. Small charge-asymmetric fluctuations are visible but entirely consistent
with statistical precision.
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(A) Proton raw yields vs. pT in OO centrality
classes.
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(B) Antiproton raw yields, same conventions.
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(C) Combined p+ p̄ raw yields (top: log scale; bot-
tom: ratio to mid-central OO).

FIGURE 7.4: TOF raw proton and antiproton spectra in OO collisions
at

√
sNN = 5.36 TeV.

The proton and antiproton spectra (Figs. 7.4) show the largest dynamic range
among the three species. A slight enhancement of protons over antiprotons is ob-
served at low pT, driven by secondaries produced in weak decays or from interac-
tions with residual detector material. This effect is well known from PbPb and pp
measurements and diminishes rapidly above pT ≈ 1.2 GeV/c, where the p and p̄
yields converge. The spectral shapes and centrality scaling otherwise mirror those
of pions and kaons, validating the stability of the TOF-based yield extraction.

Taken together, these TOF-based raw spectra demonstrate that the same PID frame-
work employed in PbPb can be robustly applied to OO, providing a clean start-
ing point for efficiency corrections, primary-fraction extraction, and the subsequent
physics comparison between heavy- and light-ion systems.
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7.3.2 Efficiency estimation

The transformation from raw to corrected spectra in OO follows exactly the method-
ology established for PbPb (see Sec. 6.2.1): all efficiencies are derived from the OO
Monte Carlo sample LHC25g6, processed with the same reconstruction chain and
analysis cuts as the data.

In this section we focus on the TOF matching efficiency as a function of pT and
centrality for positively charged pions and kaons, and for protons and antiprotons,
which enter directly the correction of the TOF identified spectra discussed above.
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FIGURE 7.5: TOF efficiency for π+ as a function of pT in OO collisions
at

√
sNN = 5.36 TeV for different centrality classes.

Figure 7.5 shows the TOF efficiency for π+ in all centrality intervals. The effi-
ciency rises steeply between pT ≈ 0.4 and 0.8 GeV/c, corresponding to the momen-
tum threshold required for pions to reach the TOF wall at a radius of ∼ 3.7 m. Above
pT ≈ 0.8 GeV/c the efficiency saturates at a broad plateau of εTOF ≃ 0.40 - 0.42, with
only a very mild dependence on centrality. The most central 0 - 5% collisions show a
slightly reduced efficiency (by a few percent) compared to peripheral events, reflect-
ing the modest impact of higher track density on track matching and hit occupancy.

Overall, the centrality dependence in OO is weak, as expected from the much lower
multiplicities with respect to PbPb.

The corresponding TOF efficiencies for K+ are displayed in Fig. 7.6. The qual-
itative behaviour is similar to that of pions, with a rapid turn-on and a plateau at
intermediate and high pT. Because of the finite kaon lifetime, the low-pT suppres-
sion is more pronounced: a sizeable fraction of kaons decay in flight before reaching
the TOF, leading to a sharper rise and a slightly lower plateau value of εTOF ≃ 0.35
- 0.40. Again, the centrality dependence is minor, with central events exhibiting at
most a few-percent reduction relative to peripheral ones. The smoothness and mod-
erate centrality dependence confirm that the TOF matching for kaons is well under
control in the OO Monte Carlo description.
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FIGURE 7.6: TOF efficiency for K+ as a function of pT in OO collisions
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sNN = 5.36 TeV for different centrality classes.
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function of pT in OO collisions at

√
sNN = 5.36 TeV for different cen-
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Figure 7.7 presents the TOF efficiencies for protons and antiprotons. For both
charges the efficiency rises rapidly up to pT ≈ 0.8 - 0.9 GeV/c and then reaches
a plateau around εTOF ≃ 0.38 - 0.42. Compared to mesons, the plateau is slightly
higher, reflecting the larger rigidity and reduced multiple scattering of baryons. The
centrality dependence is again small, with only a mild reduction of the efficiency
in central events. Within the statistical precision of the simulation, the proton and
antiproton curves are compatible over the full pT range, indicating that material
effects (such as annihilation or large inelastic cross sections for p̄) have only a modest
impact on the TOF matching probability in this kinematic domain. Any residual
charge asymmetry is assigned as a small charge-dependent systematic uncertainty
on the efficiency correction.

Mitigation of statistical fluctuations in the efficiency maps

The efficiency points extracted from MC simulations, particularly for the TOF match-
ing probability, exhibit visible statistical fluctuations at high transverse momentum.
These fluctuations originate from the steeply falling pT spectra of generated parti-
cles in OO collisions and are further amplified in the peripheral centrality classes,
where the number of reconstructed tracks per event is significantly reduced. Since
the corrected spectra are obtained by dividing the raw yields by these efficiencies
on a bin–by–bin basis, even small oscillations in the efficiency maps may propagate
into artificial structures in the final physics distributions. For this reason, a smooth-
ing procedure based on analytic parametrizations is employed.

To obtain stable and physically continuous efficiency curves, each efficiency dis-
tribution is fitted with two candidate functions:

• a sigmoid based on the error function,

ϵFit1(pT) = p0 + p1 ·
1
2

[
1 + erf

(
pT − p2

p3

)]
,

• a generalized logistic form with an optional linear term,

ϵFit2(pT) = a +
b

1 + exp[−(pT − c)/d]
+ e · pT.

Both parametrizations describe the characteristic turn-on behaviour of the effi-
ciencies at low pT and their broad plateau at higher momenta. The optimal fit is
selected using the tail performance, defined over pT ≥ 1.5 GeV/c, where statistical
fluctuations are most pronounced. Metrics such as the reduced χ2 and the root mean
square error (RMSE) in the tail region are used to identify the most stable functional
form for each particle species and centrality class.
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FIGURE 7.8: Example of TOF efficiency smoothing for π+ in OO col-
lisions (60-70% centrality). The upper panel shows the raw simula-
tion points together with both fits, while the lower panel displays the

fit/data ratios.
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FIGURE 7.9: Same as Fig. 7.8, but for K+.
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FIGURE 7.10: Same as Fig. 7.8, but for protons in the 60-70% centrality
class.

Figures 7.8, 7.9, and 7.10 illustrate representative examples for positive pions,
kaons, and protons in OO collisions. In all cases, the fit functions closely follow the
Monte Carlo points across the plateau, while effectively suppressing local oscilla-
tions that arise from limited MC statistics. The corresponding fit/data ratios shown
in the lower pads of the figures remain within a few percent of unity, confirming
that the parametrizations preserve the physical behaviour of the efficiencies without
introducing bias.

After the optimal functions are determined, the fitted curves are used for the
final efficiency corrections. This procedure ensures:

• the suppression of non-physical fluctuations from MC statistics;

• numerical stability in the ratio of TOF-derived spectra;

• reliable propagation of systematic uncertainties through controlled variations
of the fit parameters.

In summary, the application of fit-based smoothing provides a robust treatment
of statistical fluctuations in the OO efficiency maps and constitutes an essential step
in producing clean, physically interpretable corrected spectra.

7.3.3 Feed-down and primary-particle fractions in OO collisions

The procedure used to determine the fraction of primary particles in OO collisions
follows exactly the methodology established for PbPb collisions (see Sec. 6.2.3). Pri-
mary, weak-decay, and material-interaction templates obtained from the full LHC25g6
Monte Carlo sample are fitted to the data DCAxy distributions using the Fraction Fitter
framework. The resulting primary fractions fprim(pT) for pions and protons the two
species with non-negligible secondary contributions are summarized in Figs. 7.11
and 7.12. For kaons, the feed-down contribution is negligible and no correction is
required, consistent with their short-lived parent resonances.
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FIGURE 7.11: Primary fraction ratio f+prim/ f−prim for pions in OO col-
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√
sNN = 5.36 TeV, obtained with the TOF selection. The
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FIGURE 7.12: Primary fraction ratio f+prim/ f−prim for protons and an-
tiprotons in OO collisions at

√
sNN = 5.36 TeV. The bottom panel

shows the charge ratio.

Primary fractions for pions

Figure 7.11 shows the primary fraction extracted for π+ and π− with TOF PID in all
centrality classes. The primary fraction for pions is very close to unity over the full
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pT range and for all event classes, with only a small suppression ( fprim ≃ 0.97) at the
lowest transverse momenta. This behaviour is expected, since the dominant source
of secondary pions arises from K0

S → π+π− decays, which:

• are charge symmetric,

• have decay lengths of order a few centimeters, and

• are efficiently separated by the DCAxy selection.

The bottom panel of Fig. 7.11 shows the ratio f+prim/ f−prim. This ratio is unity
within a few per mille across all centralities. No charge dependence is observed,
confirming that:

• the OO track-density environment does not induce charge-asymmetric recon-
struction effects,

• the material-induced misidentification is negligible, and

• the feed-down from neutral kaons is perfectly charge symmetric.

Overall, the pion primary fractions in OO collisions are remarkably clean and
exhibit even smaller low-pT distortions than in PbPb, consistent with the lower mul-
tiplicity and reduced secondary-particle density.

Primary fractions for protons

The behaviour for protons (Fig. 7.12) is qualitatively different, as also observed in
PbPb collisions, though with reduced magnitude due to the much lighter OO sys-
tem.

At low pT (pT ≲ 1 GeV/c), the primary fraction increases steadily with momen-
tum, starting from fprim ≈ 0.45 - 0.55 and approaching unity above pT ≳ 1.5 GeV/c.
This trend reflects the combined effects of:

• feed-down from weak decays of hyperons, predominantly Λ → pπ− and Λ̄ →
p̄π+,

• secondary interactions with the detector material, and

• annihilation losses affecting p̄ more strongly than p.

The charge ratio f p
prim/ f p̄

prim displays the expected pattern: values slightly above
unity at low momentum, converging to unity at larger pT. This is a direct manifesta-
tion of:

• enhanced p̄ absorption and annihilation at low rigidity in the beampipe and
inner detectors,

• a somewhat larger Λ feed-down contribution to p than Λ̄ feed-down to p̄.

However, compared to PbPb, the overall charge asymmetry in OO is significantly
smaller. This can be attributed to the:

• lower hyperon yield in the much lighter OO system,

• reduced material-traversal probability due to lower curvature at comparable
pT, and
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• much lower overall track density, leading to fewer secondary interactions.

Above pT ≈ 1.5 - 2.0 GeV/c, both species approach fprim ≃ 1 within uncer-
tainties, and the charge ratio is flat and consistent with unity. This confirms that at
moderately high momentum, the reconstruction efficiency is charge symmetric and
the fraction of secondaries becomes negligible.

Overall, the OO system displays an intermediate level of cleanliness between the
pp/pPb and PbPb collisions. The primary-fraction corrections are small for mesons
and modest for baryons, and the residual charge asymmetries are minimal. This be-
havior is consistent with expectations for a light-ion system with reduced secondary
yields and low detector occupancy.

7.3.4 Corrected Spectra

The final step of the spectra reconstruction consists of converting the raw yields
into fully corrected, physics-ready transverse-momentum spectra. For each particle
species, charge, and centrality interval, the corrected spectra are obtained according
to

1
Nev

d2N
dpTdy

=
1

Nev

Nraw(pT) fprim(pT)

εtot(pT)
, (7.3)

where Nraw is the yield extracted from TPC/TOF PID fits, fprim is the primary-
particle fraction derived from the DCAxy template fits, and εtot denotes the total
correction factor incorporating acceptance, tracking efficiency, TOF matching effi-
ciency, and relevant PID-related effects. This procedure is identical to that used for
PbPb (see Chapter 6), ensuring methodological consistency between systems.

Figure 7.13 shows the fully corrected spectra for pions, kaons, and protons, com-
bining positive and negative charges and spanning eight centrality intervals from
0 % - 70 %. Each distribution exhibits the expected steeply falling exponential shape
at low and intermediate transverse momentum, followed by a smooth transition
toward a power-law-like behaviour at higher pT, characteristic of hard scattering
processes. The spectra extend up to pT ≈ 3 - 3.5 GeV/c for TOF-identified pions and
kaons and to roughly 3.8 GeV/c for protons.

Centrality evolution. A clear and monotonic centrality dependence is observed for
all species:

• the 0 % - 5 % most central OO collisions exhibit the largest particle yields at all
pT,

• whereas the 60 % - 70 % class shows the lowest yields,

as expected from the increase of system size and multiplicity with centrality. This is
fully consistent with PbPb trends, though the separation between centralities is vis-
ibly smaller in OO due to the considerably narrower range of underlying charged-
particle multiplicities.

To highlight relative shape variations, the lower panels of each spectrum show
the ratio of a given centrality class to the 30 % - 40 % reference interval. Across
species and charges, the ratios remain largely flat above pT ≈ 1 GeV/c, indicat-
ing that the spectral shapes exhibit weak centrality dependence in the intermediate-
pT region. At low pT, modest ordering is visible, consistent with the presence of
collective radial flow whose magnitude increases toward central events. Notably,
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this low-pT modulation is significantly weaker than in PbPb collisions, reflecting the
smaller size, lower lifetime, and reduced collectivity of the OO system.

Species dependence. The corrected spectra exhibit the expected mass ordering at
low momentum:pT ≲ 1 GeV/c : π fall fastest, K intermediate, p shallowest, re-
flecting the increasingly strong interplay between radial flow and particle mass. Al-
though the mass splitting is present in OO, it is noticeably smaller than in PbPb,
again pointing toward a more modest collective expansion.

At higher transverse momenta, pT > 2.5 GeV/c, all species exhibit approximately
parallel power-law behaviour in all centralities, with only small statistical fluctua-
tions. This regime is dominated by hard processes and fragmentation, where system-
size effects are expected to be minimal.

Comparison to PbPb. Overall, the corrected spectra in OO qualitatively resemble
those in PbPb but show:

• reduced centrality separation,

• weaker radial-flow-induced hardening at low pT,

• smaller enhancement of baryon yields relative to mesons,

• larger relative statistical uncertainties at high pT due to lower multiplicity.

These features are consistent with expectations for a light-ion system that lies inter-
mediate between small systems (pp, pPb) and heavy systems (PbPb). The smooth
behaviour of the spectra and ratios further confirms the robustness of the correction
chain established in Chapter 6.
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FIGURE 7.13: Corrected transverse-momentum spectra for pions (top
left), kaons (top right), and protons (bottom) in OO collisions at√

sNN = 5.36 TeV. Upper panels show the absolute spectra for eight
centrality classes. Lower panels show ratios to the 30 % - 40 % refer-

ence interval.

7.4 Particle-to-Pion Ratios

A particularly sensitive probe of hadron-production mechanisms in ultra-relativistic
nuclear collisions is the comparison of strange and baryon yields to those of pions.
Ratios such as K/π and p/π provide direct insight into the relative abundance of
strange quarks, the degree of baryon transport and baryon–antibaryon production,
and the interplay between hydrodynamic flow and hadronization. Moreover, these
ratios largely cancel many of the systematic effects present in the individual spectra,
such as overall normalization, luminosity, and most efficiency contributions, thus
enabling a more differential study of centrality-dependent features.

In the present analysis, particle-to-pion ratios are constructed using the fully cor-
rected spectra described in Sec. 7.3.4. For each centrality interval, the ratio

K+ + K−

π+ + π− and
p + p̄

π+ + π−
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is obtained bin-by-bin in pT using TOF-identified hadrons in the range |y| < 0.5.
Since the same event, track, and PID selections enter both numerator and denomi-
nator, these ratios are robust against residual detector effects; the dominant uncer-
tainties arise from the primary-fraction correction at low pT (Sec. 7.3.3) and from the
efficiency smoothing procedure (Sec. 7.3.2).

7.4.1 K/π Ratios

Figure 7.14 shows the (K+ + K−)/(π+ + π−) ratio for all OO centrality classes. The
ratio exhibits the characteristic rise with pT observed in larger collision systems [147],
reflecting the harder spectral shape of kaons relative to pions due to their larger
mass. At low momenta (pT ≲ 1 GeV/c), all centrality classes converge to a common
value around K/π ≈ 0.15 - 0.20, consistent with the expected dominance of soft bulk
particle production. At higher pT, moderate centrality dependence emerges: more
central events show slightly larger K/π, indicating enhanced strangeness produc-
tion and stronger collective flow.

The lower panel of Fig. 7.14 displays the ratio of each centrality interval to the mid-
central (30-40%) reference. The deviations from unity remain below ∼ 20% across
the measured range, consistent with the smooth, monotonic centrality evolution
already visible in the raw and corrected spectra. The absence of abrupt structure
demonstrates that the kaon and pion corrections, tracking, PID, primaries, and effi-
ciency, are well controlled and introduce no artificial distortions.
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FIGURE 7.14: Centrality-differential (K+ + K−)/(π+ + π−) ratios in
OO collisions at

√
sNN = 5.36 TeV, obtained with TOF PID. The bot-

tom panel shows the ratio of each centrality bin to the 30 - 40% refer-
ence.

7.4.2 p/π Ratios

The proton-to-pion ratio shown in Fig. 7.15 rises more steeply with pT than K/π, in
accordance with the larger baryon mass and the corresponding stronger radial-flow
boost expected in collective expansion scenarios. At low pT, p/π begins around 0.05
- 0.08 for all centrality classes, consistent with the primary-fraction corrections de-
scribed in Sec. 6.2.3 and similar to those observed in PbPb collisions [147]. The ratio
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reaches a broad maximum for pT ≈ 2.5 - 3 GeV/c, with more central collisions dis-
playing larger values, reflecting the increased radial-flow strength in higher-multiplicity
events.

The lower-panel ratios to the 30 - 40% class again reveal a smooth and monotonic or-
dering: the most central collisions lie above unity across the entire pT region, while
the most peripheral classes lie below it. The magnitude of this centrality depen-
dence is somewhat stronger for p/π than for K/π, consistent with the greater sensi-
tivity of baryons to both collective flow and to feed-down contributions (Sec. 6.2.3).
The agreement between positive and negative baryons within uncertainties demon-
strates that the material-interaction corrections for antiprotons are under control.
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FIGURE 7.15: Centrality-differential (p + p̄)/(π+ + π−) ratios in OO
collisions at

√
sNN = 5.36 TeV using TOF PID. The bottom panel

shows the ratio relative to the 30 - 40% class.

7.4.3 Physics Interpretation

The overall centrality and pT dependence of the particle-to-pion ratios in OO colli-
sions closely mirrors patterns familiar from pPb and PbPb systems:

• The rise of K/π and p/π with pT reflects the mass ordering expected from
hydrodynamic radial flow.

• The enhancement of both ratios for more central collisions indicates a stronger
collective medium even in this comparatively small ion system.

• The small spread among centralities suggests that OO collisions produce a sys-
tem intermediate in size between pPb and peripheral PbPb, consistent with its
modest but non-negligible initial geometry.

Thus, the OO system provides a valuable bridge between small and large sys-
tems, probing the onset of collectivity and strangeness enhancement in a regime
where initial-state and final-state effects may be comparable. The smooth behavior
of the ratios further confirms the robustness of the corrections applied in the previ-
ous sections and validates the methodology used throughout the analysis.
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7.5 Blast Wave Analysis and Extraction of Freeze-Out Param-
eters

A quantitative characterization of the collective expansion and the kinetic freeze-out
conditions in heavy-ion collisions is commonly obtained by fitting the identified-
particle transverse-momentum spectra with a hydrodynamically motivated Blast
Wave (BW) parameterization [158]. The same methodology was employed in the
PbPb study presented in Sec 6.7, allowing a direct comparison between large and
light-ion systems.

In this section the OO TOF corrected spectra (Sec. 7.3.4) for π+, K+, and p are fitted
simultaneously using the standard Boltzmann-Gibbs Blast Wave (BGBW) prescrip-
tion,

1
pT

dN
dpT

∝
∫ R

0
r dr mT I0

(
pT sinh ρ

Tkin

)
K1

(
mT cosh ρ

Tkin

)
, (7.4)

where Tkin is the kinetic freeze-out temperature, ρ = tanh−1β(r), and the transverse
velocity profile is parameterized as β(r) = βmax(r/R)n. The fit parameters thus
correspond to

• the average transverse expansion velocity ⟨β⟩,

• the maximum surface velocity βmax,

• the velocity profile exponent n, and

• the kinetic freeze-out temperature Tkin.

The fits are performed independently in each centrality class, using only the pT in-
tervals where the BW model is applicable, namely 0.6 < pT < 1.2 GeV/c for pi-
ons, 0.6 < pT < 1.5 GeV/c for kaons, and 1.4 < pT < 3.0 GeV/c for protons.
These ranges match those used in the corresponding ALICE PbPb analyses, ensur-
ing methodological consistency.
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FIGURE 7.16: Simultaneous BGBW fit to π+, K+ and p spectra in OO
collisions for the 0 - 5% centrality class.

Figure 7.16 shows a representative example for the 0 - 5% centrality class. The
model reproduces the spectral shapes with good accuracy across the full fitting
range, indicating the presence of substantial collective radial flow even in this small
system. The extracted initial parameters for the most central events are:

⟨β⟩ = 0.565 ± 0.009, Tkin = 0.114 ± 0.002 GeV

n = 0.991 ± 0.005, βmax = 0.845 ± 0.002.
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FIGURE 7.17: Systematic uncertainties on the extracted BW parame-
ters as a function of OO centrality.

Systematic uncertainties follow the same procedure as in PbPb: variation of fit
ranges, alternative background subtraction, and detector-level systematic envelopes.
As shown in Fig. 7.17, the uncertainties remain at the level of 7 - 9% for all parame-
ters across the full centrality range.
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FIGURE 7.18: Multiplicity dependence of extracted OO freeze-out
parameters, compared where relevant to PbPb results at

√
sNN =

5.02 TeV [147].

Figure 7.18 shows the multiplicity dependence of the Blast-Wave parameters ex-
tracted in OO collisions, compared with the corresponding PbPb results at

√
sNN =

5.02 TeV. The main observations are:

• Average radial flow velocity ⟨β⟩: The OO results show a remarkably flat be-
haviour, with ⟨β⟩ ≈ 0.50 - 0.54 across the entire multiplicity range. This weak
dependence is in contrast to PbPb collisions, where ⟨β⟩ increases strongly to-
ward central events. The flat trend in OO suggests that radial flow in this small
system is much less sensitive to event activity, consistent with a shorter lifetime
and more limited hydrodynamic acceleration.

• Kinetic freeze-out temperature Tkin: The OO values remain nearly constant at
Tkin ≈ 0.12 GeV, with only modest variations. In comparison, PbPb collisions
exhibit a pronounced decrease of Tkin toward central events. The higher freeze-
out temperature in OO indicates earlier thermal decoupling, as expected for a
small, short-lived fireball.

• Velocity-profile exponent n (shown as cs): The profile parameter displays al-
most no dependence on multiplicity, staying within a narrow band around
cs ≈ 0.38 - 0.40. This uniformity suggests that the shape of the radial flow pro-
file is essentially independent of the final-state multiplicity in OO collisions.

• Maximum radial velocity βmax: The behaviour of βmax closely follows that of
⟨β⟩, remaining weakly dependent on multiplicity and systematically smaller
than in PbPb. This again reflects the reduced acceleration and limited buildup
of radial flow in the smaller OO system.

Overall, these trends indicate that OO collisions produce a collectively expand-
ing medium, but with substantially weaker and less strongly evolving radial flow
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compared to PbPb. The nearly constant behaviour of all BW parameters across the
full multiplicity range supports a scenario where the hydrodynamic phase in OO
collisions is short-lived and exhibits only limited centrality dependence.

7.5.1 Correlation between Tkin and ⟨β⟩: Comparison with PbPb

An important cross–check of the Blast-Wave description consists in studying the cor-
relation between the extracted kinetic freeze-out temperature, Tkin, and the average
transverse flow velocity, ⟨β⟩, across centrality classes. Figure 7.19 summarises this
dependence for OO collisions and compares it to the established PbPb results at√

sNN = 5.02 TeV [147]. The OO points (filled markers) show a clear negative corre-
lation, as expected from hydrodynamic freeze–out systematics: more central events
exhibit stronger collective expansion (larger ⟨β⟩) together with a slightly lower Tkin,
while peripheral collisions freeze out with reduced flow and higher kinetic temper-
ature.

Quantitatively, the OO system occupies a region of the Tkin - ⟨β⟩ plane interme-
diate between pPb and PbPb, consistent with its reduced size and shorter expansion
time. Compared with PbPb, OO shows:

• systematically higher Tkin at similar centrality percentile, indicating an earlier
kinetic decoupling driven by the smaller system volume;

• slightly lower ⟨β⟩ values, confirming the reduced build–up of radial flow rela-
tive to large nuclei;

• a slope of the anticorrelation consistent within uncertainties with that observed
in PbPb, suggesting that the interplay between temperature and flow is already
hydrodynamic–like in OO.

The comparison supports the interpretation that light–ion collisions exhibit a
compressed dynamical evolution: they develop collective flow, but freeze out earlier
and at higher kinetic temperature than large systems. The continuity of the trend be-
tween OO and PbPb further suggests that freeze–out properties scale smoothly with
initial system size, offering a new bridge between small- and large–system collectiv-
ity at the LHC.
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FIGURE 7.19: Correlation between Tkin and ⟨β⟩ for OO collisions (this
work, filled circles) compared with PbPb results at

√
sNN = 5.02 TeV

(open squares) from Ref. [147].

7.5.2 Integrated Yields

The Blast Wave fits described in Sec. 7.5 provide a continuous parametrization of the
pT spectra for each particle species and centrality class. This allows the extraction of
fully integrated particle yields,

Y =
∫ ∞

0

1
2πpT

d2N
dpTdy

2πpT dpT, (7.5)

where the integral combines the measured spectrum with the BGBW extrapo-
lation into unmeasured low- and high-pT regions. As in the PbPb analysis, the fit
component dominates mainly at very low pT for protons and in the transition re-
gions between PID detectors.

Figure 7.20 presents the centrality dependence of the integrated yields for π+,
K+, and p, extracted independently for all centrality classes.
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FIGURE 7.20: Integrated yields of π+, K+, and p as a function of
OO centrality. Vertical bars represent statistical uncertainties, while
shaded boxes indicate systematic variations derived from the fit-

range and model variations discussed in Sec. ??.

A strong monotonic decrease of the yields with increasing centrality percentile is
observed, reflecting the decreasing charged-particle multiplicity in peripheral events.
Pions dominate the overall production, followed by kaons and protons, in accor-
dance with mass ordering and the expected hierarchy of chemical freeze-out abun-
dances. The relative spacing between species remains nearly constant across cen-
tralities, indicative of a weak dependence of chemical composition on system size in
OO collisions.

To quantify model-related uncertainties, the full BGBW procedure is repeated
for all systematic variations described in Sec. 7.5. The resulting yield systematics are
shown in Fig. 7.21. The systematic uncertainty on the integrated yields is found to
be approximately 8% for pions and kaons, and about 8 - 9% for protons, similar to
the behaviour observed in PbPb collisions at comparable fit quality.
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FIGURE 7.21: Systematic uncertainties on the integrated yields of
π+, K+, and p, evaluated from variations of fit ranges, PID match-

ing boundaries, and the BGBW model parameters.

Overall, the integrated yields exhibit a smooth and physically consistent central-
ity evolution. Their magnitudes align with the expectation from a system intermedi-
ate in size between pPb and PbPb, and provide an essential input for future studies
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of chemical freeze-out in light-ion collisions, including K/π and p/π yield ratios
and comparison to statistical hadronization models.
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Chapter 8

Comparison between particle
Production in PbPb and OO
Collisions

8.1 Introduction and Motivation

A central goal of high-energy heavy-ion physics is to understand how the properties
of the strongly interacting medium created in nucleus-nucleus collisions depend on
the system size, collision geometry, and initial energy density. While PbPb collisions at
the LHC reliably produce a large, long-lived QGP, light-ion systems including the
newly available OO collisions at

√
sNN = 5.36 TeV occupy an intermediate regime

between large systems and small systems (pp, pPb). This chapter provides a detailed
comparison between OO and PbPb results from this analysis and existing PbPb mea-
surements from

√
sNN = 5.02 TeV [147], focusing on:

• bulk freeze-out properties from BlastWave fits,

• integrated particle yields,

• particle ratios such as K/π and p/π,

• their evolution with final-state charged-particle multiplicity.

Although both OO and PbPb collisions are divided into centrality percentiles, the
same percentile intervals in the two systems do not correspond to similar physics
conditions. This is because centrality is defined as a percentile of the event activity
distribution, meaning that:

• OO (with A = 16) contains far fewer participating nucleons,

• the geometric overlap varies differently with impact parameter,

• centrality slicings (e.g. 0 - 5%, 20 - 30%) correspond to different absolute particle
densities.

For example, the charged-particle pseudorapidity density dNch/dη in PbPb at
0 - 5% reaches values above 2000 [159], while in OO collisions the same percentile
yields only dNch/dη ≈ 130 (this work). Thus, comparing by centrality would incor-
rectly mix events with vastly different initial-state conditions.

To enable a meaningful physics comparison, all OO and PbPb results are re-expressed
as a function of the midrapidity charged-particle density:

⟨dNch/dη⟩ .
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This choice is well motivated:

• It approximates the final-state entropy density,

• correlates strongly with initial energy density,

• has been widely used for system-size comparisons across pp, pPb, XeXe, and
PbPb.

Hence, observables measured in OO and PbPb can be compared at similar particle
densities, eliminating geometry-specific biases. Table 8.1 lists the charged multiplici-
ties used for PbPb and OO collisions at

√
sNN = 5.36 TeV, respectively.

Centrality ⟨dNch/dη⟩PbPb ⟨dNch/dη⟩OO
0-5% 2047 ± 54 129.80 ± 0.03 ± 6.70
5-10% 1668 ± 42 106.88 ± 0.02 ± 5.44
10-20% 1253 ± 33 87.27 ± 0.01 ± 4.47
20-30% 848 ± 25 67.11 ± 0.01 ± 3.49
30-40% 559 ± 19 51.24 ± 0.01 ± 2.78
40-50% 341 ± 12 38.61 ± 0.01 ± 2.26
50-60% 205 ± 11 28.59 ± 0.01 ± 1.88
60-70% 110 ± 8 20.71 ± 0.01 ± 1.65
70-80% 53 ± 5 14.54 ± 0.01 ± 1.45
80-90% 23.2 ± 2.8 9.62 ± 0.01 ± 1.20

TABLE 8.1: Comparison of charged-particle multiplicity ⟨dNch/dη⟩
in PbPb and OO collisions at

√
sNN = 5.36 TeV. PbPb values are

taken from [160], OO values from the ALICE OO Run 3 centrality
calibration.

8.2 Comparison of Blast Wave Freeze-Out Parameters

A key objective of comparing particle production in OO and PbPb collisions is to
determine whether hydrodynamic freeze-out properties scale primarily with system
size, collision geometry, or with the final-state charged-particle multiplicity. The
BGBW model provides an effective description of the collective radial expansion
and kinetic decoupling of the system through the parameters Tkin (kinetic freeze-out
temperature), βmax (maximum transverse expansion velocity), ⟨β⟩ (average radial
flow), and the profile-shape parameter cs.

Figures 8.1 - ?? present a direct, multiplicity-differential comparison of the freeze-
out parameters extracted from simultaneous fits to the π, K, and p spectra in OO and
PbPb collisions at

√
sNN = 5.36 TeV.

8.2.1 Physical Interpretation of Freeze-Out Trends

1. Universality of the temperature scale. At fixed final-state multiplicity, OO and
PbPb collisions exhibit strikingly similar kinetic freeze-out temperatures. This in-
dicates that Tkin is primarily governed by the local particle density at decoupling
rather than by the size or mass of the colliding ions. Even the most central OO colli-
sions, which possess charged-particle densities comparable to mid-peripheral PbPb
events, freeze out at the same temperature within uncertainties:

TOO
kin (Nch) ≈ TPbPb

kin (Nch).
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FIGURE 8.1: Multiplicity dependence of the BGBW kinetic freeze-out
parameters cs, βmax, Tkin, and ⟨β⟩ for OO (blue markers) and PbPb
(red markers) collisions at

√
sNN = 5.36 TeV. Horizontal uncertain-

ties reflect the spread in ⟨dNch/dη⟩ within each class.

2. Radial flow hierarchy and system size. At low and intermediate multiplicities
(⟨dNch/dη⟩ ≲ 80), OO displays slightly larger average radial flow ⟨β⟩ than PbPb at
the same Nch. This behavior is consistent with:

• the smaller transverse size of the OO overlap region,

• faster build-up of pressure gradients,

• a more explosive expansion characteristic of small, dense systems.

Such an effect has previously been observed in high-multiplicity pp and pPb events,
and OO extends this trend into the light-ion regime.

3. Convergence at high multiplicity. At large Nch values, corresponding to the
densest OO collisions, PbPb begins to exhibit stronger radial flow, reflecting:

• longer QGP expansion time,

• larger geometric transverse size,

• more sustained acceleration of the fluid.

This transition underscores that the longest-lived systems still arise in PbPb, even though
OO temporarily exceeds PbPb flow strength at low multiplicity.

4. Anti-correlation between Tkin and ⟨β⟩. Figure 8.2 shows the well–known anti-
correlation between the kinetic freeze-out temperature Tkin and the average trans-
verse expansion velocity ⟨β⟩. This behaviour is a generic prediction of hydrody-
namic and blast wave-like descriptions of the late hadronic stage of the fireball: a
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FIGURE 8.2: Correlation between kinetic freeze-out temperature Tkin
and average radial flow ⟨β⟩ for OO (solid markers) and PbPb (open
markers). The anti-correlation characteristic of hydrodynamic expan-

sion is visible in both systems.

system that develops stronger collective radial flow necessarily undergoes a longer
expansion before decoupling, and therefore freezes out at a lower temperature:

larger ⟨β⟩ =⇒ smaller Tkin.

A striking outcome of this study is that the OO (5.36 TeV) points fall precisely
on the same Tkin - ⟨β⟩ curve defined by the published PbPb results at

√
sNN =

5.02 TeV [147]. This excellent agreement demonstrates that, once the freeze-out pa-
rameters are expressed as a function of final-state charged-particle multiplicity, the
underlying freeze-out dynamics are essentially universal and do not depend on the
collision species or nuclear geometry. In particular, OO does not exhibit any de-
parture from the systematic behaviour established by small, intermediate, and large
systems.

A subtle difference arises when comparing to the PbPb results at 5.36 TeV, for which
the most central point does not lie at the extreme end of the anti-correlation curve
(i.e. it does not exhibit the largest ⟨β⟩ or the lowest Tkin). This mild discrepancy is
not physical. Instead, it originates from the restricted pT range used in the present
blast-wave fits for the 5.36 TeV PbPb analysis. In contrast to the published 5.02 TeV
results, where the fits combined the full low-pT reach of TPC and TOF, the present
study relies exclusively on TOF-identified spectra.

As a consequence, the fits lack the constraining power provided by the very-low
pT region (especially for pions), which is precisely the part of the spectrum most
sensitive to radial flow and to the slope that fixes ⟨β⟩. Thus, the slight deviation
seen at the most central PbPb bin at 5.36 TeV should be interpreted as a methodolog-
ical artefact related to the identification range, and not as an indication of different
freeze-out physics.

Overall, the combined systematics from OO, PbPb (5.02 TeV), and PbPb (5.36 TeV)
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confirm that the Tkin - ⟨β⟩ anti-correlation is robust and that the OO results natu-
rally extend the smooth system-size and multiplicity dependence observed across
all collision systems studied at the LHC.

5. Smooth evolution across system size. The OO data fall exactly on the estab-
lished evolution from pp → pPb → XeXe → PbPb, demonstrating that hydrody-
namic freeze-out observables scale continuously with final-state multiplicity.

Overall, this comparison reveals that the hydrodynamic properties of the medium
are largely controlled by the final-state conditions in particular dNch/dη rather than
by the identity or mass number of the colliding nuclei.

8.3 Comparison of Particle Ratios

Particle-yield ratios provide a sensitive probe of the chemical composition of the sys-
tem at hadronization. In particular, the (K/π) ratio reflects the degree of strangeness
enhancement, while (p/π) is sensitive to baryon production mechanisms and pos-
sible recombination or coalescence effects in the hadronic phase.

In order to perform a clean, differential comparison between OO and PbPb, the ratios
are evaluated in a common transverse-momentum interval, 1.0 < pT < 1.1 GeV/c,
where:

• particle identification from TOF is very clean for all three species;

• acceptance and efficiency corrections are smooth and under excellent control;

• hard-scattering contributions are still sub-dominant, so the yields remain rep-
resentative of the soft, hydrodynamic bulk.

Using a single, narrow pT slice also avoids introducing model dependence from in-
tegrating different pT ranges in the two systems, and follows the strategy adopted
in previous PbPb studies at

√
sNN = 5.02 TeV [147].

Figures 8.3 and 8.4 present the charged-kaon to charged-pion and proton to
pion ratios, respectively, as a function of the midrapidity charged-particle density
⟨dNch/dη⟩. The OO measurements at

√
sNN = 5.36 TeV are compared to the PbPb

reference at
√

sNN = 5.02 TeV [147]. Centrality classes are encoded by color, while
the horizontal axis is expressed in terms of final-state multiplicity to enable a mean-
ingful comparison between the two systems.

8.3.1 Physical Interpretation of Particle Ratios

Strangeness enhancement as a function of multiplicity.

The (K/π) ratio in Fig. 8.3 increases monotonically with ⟨dNch/dη⟩ in both sys-
tems. At low multiplicity, corresponding to peripheral PbPb or mid–peripheral OO
collisions, the ratio is close to the values measured in high-multiplicity pp and pPb
events, while toward central PbPb and the most central OO collisions the ratio ap-
proaches a saturated plateau.

The most striking observation is that the OO data points fall on the same smooth
trend defined by the PbPb measurements within uncertainties. At fixed multiplicity,
no significant systematic offset between the two systems is observed. This strongly
supports the picture that
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strangeness production is controlled primarily by the final-state particle density
rather than by the size or mass number of the colliding nuclei.

In other words, once the system reaches a given ⟨dNch/dη⟩, the degree of strangeness
equilibration is essentially independent of whether the initial state was OO or PbPb.
The OO results therefore extend the universal multiplicity-scaling of (K/π), previ-
ously established in pp, pPb and PbPb, into the light-ion regime.

Baryon-to-meson ratio and system-size effects.

The (p/π) ratio (Fig. 8.4) exhibits a different behavior. In both systems the ratio
decreases with increasing multiplicity in this low-pT slice, reflecting the competi-
tion between radial flow, baryon number conservation, and the changing balance
between soft and hard processes across centrality. At a given ⟨dNch/dη⟩, the OO
data agree well with PbPb in the intermediate multiplicity range, but a systematic
trend emerges at the highest multiplicities accessible in OO: the (p/π) ratio in OO
is slightly lower than that in PbPb at similar ⟨dNch/dη⟩.

This mild suppression of p/π in OO can be interpreted in terms of:

• Reduced baryon transport from beam rapidity in the lighter OO system, which
naturally carries less net baryon number into the midrapidity region;

• Shorter system lifetime and smaller transverse size, which limit the effec-
tiveness of late-stage hadron recombination and baryon coalescence relative to
meson production;
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• Differences in resonance feed-down, which may contribute at the few-percent
level but are largely consistent within the current systematic uncertainties.

Despite these subtle differences, the overall shape of the multiplicity dependence is
very similar in the two systems, suggesting that baryon production is also predom-
inantly driven by final-state density, with only a modest residual sensitivity to the
initial geometry.

3. System-independent chemical response of the medium. Taken together, the
(K/π) and (p/π) observables demonstrate that, to first order, the chemical compo-
sition of the hadronic final state depends only on ⟨dNch/dη⟩ and not on whether the
underlying collision involved small (OO) or large (PbPb) nuclei. The OO measure-
ments thus provide a crucial bridge between the small and large systems, indicating
that once a sufficiently high particle density is reached, the medium responds in an
approximately universal way.

4. Implications for collectivity in light-ion collisions. The fact that OO follows
the same multiplicity-scaling pattern as PbPb for (K/π) and closely tracks it for
(p/π) supports the broader hypothesis that: QGP-like, collective behavior is pri-
marily governed by the final-state density, and can be realized even in comparatively
light-ion systems. This reinforces the interpretation of OO collisions as a valuable
laboratory for studying the onset of collectivity and the interplay between geome-
try, system size, and final-state multiplicity in heavy-ion physics.
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Chapter 9

Conclusions

The work presented in this thesis constitutes a comprehensive study of identified
charged hadron production in PbPb collisions at

√
sNN = 5.36 TeV, performed with

Run 3 data from the ALICE detector. Using an independently developed yield ex-
traction and correction chain, spectra of π±, K± and p( p̄) were extracted over a
broad range of transverse momentum and centrality. The analysis exploited both
TPC and TOF particle identification, allowing for a detailed comparison of the per-
formance, consistency and limitations of the two PID techniques in the Run 3 envi-
ronment. The results, complemented by studies of particle ratios, integrated yields
and a global hydrodynamic interpretation using Blast Wave fits, provide a complete
characterization of the soft hadronic sector in PbPb collisions at this new energy.

In addition to the PbPb results, this thesis extended the analysis framework to identified-
hadron production in OO collisions at

√
sNN = 5.36 TeV. The OO study represents

the first full Run 3 identified-particle analysis in a light–ion collision system and en-
ables, for the first time, a direct comparison of soft hadronic observables between
large and small ions at the same collision energy.

Summary of experimental findings

All identified-hadron spectra exhibit the expected centrality dependence, yields in-
crease markedly from peripheral to central PbPb collisions and the spectral shapes
harden smoothly with centrality. This global behaviour is consistent across π, K,
and p( p̄) and provides an essential internal cross-check of the event and centrality
selections.

Turning to the detailed comparison with the Run 2 baselines, we first consider the
TOF-identified spectra, which are used over the widest pT reach. For pions, the
TOF spectra agree very well with the published reference over essentially the full
momentum range shown; the Run 3/Run 2 ratios fluctuate around unity with only
mild centrality ordering and no significant pT-dependent bias. Kaons show good
agreement at low pT, up to ≃ 0.7 - 0.8 GeV/c, after which the Run 3 spectra sit in-
creasingly above the reference; the ratio rises with pT and is more pronounced in
peripheral classes, pointing to residual differences in PID modeling and/or match-
ing efficiency in the TOF turn-on to plateau region. For protons, the TOF spectra
match the reference below ∼ 0.9 GeV/c; at higher pT the ratio rises steadily above
unity in all centralities, with a somewhat stronger trend toward the periphery.

Regarding the consistency between TPC- and TOF-based corrections, robust TPC-
TOF matching is achieved for kaons across centralities, enabling a high-quality com-
bined K++K− spectrum. For pions, a satisfactory overlap is obtained only in the
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more peripheral classes; in central collisions, residual offsets prevent a reliable com-
bination at present. For protons, no stable TPC–TOF matching is observed in the
current iteration, so the interpretation relies on the TOF-corrected spectra alone.

Finally, the TPC-only corrected spectra show trends consistent with the above pic-
ture. Pions display centrality ordering and smooth shapes; however, their absolute
level in central events sits systematically above the published baselines, suggesting a
small correlated normalisation or primary-definition offset. Kaons are the most con-
sistent species: TPC and TOF agree within uncertainties where they overlap, and the
centrality evolution follows the reference closely. Protons in TPC exhibit the largest
deviations, especially at intermediate and high pT, in line with the known sensitiv-
ity of the primary-fraction correction and material interactions for baryons. Overall,
the dataset reproduces the established physics trends; remaining discrepancies are
localised in phase space (low-pT for PID turn-on, intermediate/high pT for baryons)
and are traceable to well-identified analysis ingredients that are already covered by
the quoted systematic uncertainties.

Extension to OO collisions: The OO spectra display the same qualitative behaviour
as PbPb: smooth hardening with multiplicity, correct particle ordering and consis-
tent PID performance across detectors.

Importantly, when comparing the corrected OO spectra to the multiplicity-matched
PbPb references, the OO results follow the same global trends for all three particle
species, confirming the robustness of the correction chain and the universality of soft
hadron production as a function of charged-particle density.

Hadron yield systematics and particle ratios

The second major objective was the extraction and interpretation of particle-yield
ratios, specifically K/π and p/π, for all centrality intervals. These ratios provide a
direct, model-independent probe of the relative production of strange mesons and
baryons with respect to pions.

In both TPC and TOF results, the K/π ratio exhibited the expected rise from low
to intermediate pT, reflecting the amplification of radial flow effects on heavier par-
ticles. The magnitude of the ratio and its centrality dependence were consistent
with previously measured trends, with only mild Run 3 enhancements at low pT at-
tributable to differences in efficiency corrections.

The p/π ratio displayed a characteristic baryon peak upto pT ∼ 1.5, whose height
decreases steadily from central to peripheral collisions. The Run 3/Run 2 compar-
ison highlighted a low-pT enhancement similar to that of protons individually, but
the intermediate-pT region, where the baryon peak resides, showed excellent agree-
ment with the published reference. This indicates that the collective-flow-driven
part of the spectra remains fully consistent between the two data-taking periods.

OO comparison: For OO collisions, both ratios exhibit a monotonic rise with in-
creasing multiplicity. When plotted versus ⟨dNch/dη⟩, the OO points fall precisely
along the PbPb K/π trend, confirming multiplicity-driven strangeness enhance-
ment. For (p/π), OO values show a mild suppression at high multiplicity com-
pared to PbPb consistent with reduced baryon recombination and shorter system
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lifetime in the lighter system. Nevertheless, the overall agreement is striking, re-
inforcing that particle-composition observables scale predominantly with final-state
multiplicity, not system size.

Blast Wave interpretation

A global BGBW fit was performed for each centrality class using the TOF corrected
spectra. The simultaneous multi-species fit selected intervals where PID is reliable
for each particle, ensuring a consistent hydrodynamic interpretation. The extracted
parameters exhibited smooth and physically meaningful behavior. Central collisions
yielded strong radial flow with ⟨β⟩ ≈ 0.56 and a low kinetic freeze-out temperature
Tkin ≈ 125 MeV, consistent with expectations from lower-energy analyses. Periph-
eral collisions showed reduced collective expansion and a modest increase in the
effective temperature, reflecting the diminished system size and shorter lifetime of
the medium.

Across semi central collisions, the extracted parameters agreed with published Run 2
values within uncertainties. Differences were limited to the most peripheral bins,
where lower statistics and PID resolution naturally increase the spread in the fit.
The systematic uncertainties on the BG–BW parameters were found to be nearly
centrality independent (at the level of 5%), indicating a stable and well-controlled
extraction procedure.

OO Blast Wave comparison: Applying the Blast Wave procedure to the OO spec-
tra revealed that the extracted freeze-out parameters follow the same multiplicity-
ordered trends as Pb Pb. When plotted vs. ⟨dNch/dη⟩, the OO points lie on the
same smooth curve as the published PbPb 5.02 TeV results. A discrepancy appears
when comparing to the PbPb 5.36 TeV values, where the most central PbPb point
does not show the lowest ⟨β⟩. This deviation is understood to originate from the use
of TOF-only spectra in the present BGBW fits, which reduces low-pT sensitivity and
therefore constrains Tkin - ⟨β⟩ less tightly. Crucially, OO freeze-out parameters agree
with the well-established 5.02 TeV PbPb baseline, indicating that the OO freeze-out
behaviour is physically consistent and hydrodynamically reasonable.

Integrated yields

Integrated yields were obtained by combining measured spectra with BlastWave
based extrapolations into unmeasured regions. The yields demonstrated a clear,
monotonic decrease with increasing centrality, spanning an order of magnitude from
0-5% to 50-60% collisions. The hierarchy Y(π+) > Y(K+) > Y(p) was preserved
across all centralities, and the suppression pattern followed the expected scaling
with system size. These results form the basis for forthcoming thermal-model com-
parisons and provide a complete set of Run 3 yield benchmarks.

OO integrated yields: Integrated yields in OO follow the same systematic be-
haviour when plotted vs. multiplicity, despite the much smaller system size. This
further strengthens the conclusion that soft-hadronic particle production is driven
primarily by the final-state charged-particle density rather than the initial nuclear
geometry.
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Overall conclusions

The results presented in this thesis demonstrate that the Run 3 data, processed through
the newly developed PID and correction chain, are capable of producing high-quality
identified-hadron spectra across a wide range of momenta and centralities. The
agreement with published Run 2 measurements, particularly in the intermediate-
and high-pT regions, confirms the validity of the reconstruction framework and es-
tablishes the Run 3 spectra as a reliable baseline for future soft-physics analyses.

The particle-yield ratios, integrated yields and hydrodynamic fit parameters together
provide a coherent picture of freeze-out dynamics and collective expansion at

√
sNN =

5.36 TeV. The extracted BlastWave parameters extend the systematics of radial flow
and kinetic freeze-out to this new energy, revealing trends that are continuous across
collision energies and consistent with hydrodynamic expectations.

The OO study extends this framework to a new light-ion system and shows that OO
observables follow the same multiplicity-driven systematics as PbPb. Strangeness
enhancement, baryon-to-meson ratios and freeze-out dynamics all exhibit a smooth
evolution with ⟨dNch/dη⟩ across systems. This confirms that the key drivers of soft-
QCD phenomenology are final-state multiplicity and the achieved medium density,
rather than the size of the colliding nuclei.

In conclusion, this analysis establishes a robust foundation for subsequent Run 3
identified-hadron studies, including high-precision flow measurements, strangeness-
enhancement systematics and thermal-model comparisons.
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Chapter 10

Outlook: prospects for future runs
and open questions

The measurements presented in this thesis represent one of the first systematic ex-
tractions of identified-hadron spectra from Run 3 Pb-Pb collisions at

√
sNN = 5.36 TeV

with the upgraded ALICE detector. While the overall behaviour of the spectra and
ratios is consistent to some extent with expectations, it is essential to emphasise that
Run 3 data taking is still ongoing and the full reconstruction and calibration chain
is not yet in its final state.

Many of the current discrepancies,especially in TPC–TOF matching, low-pT PID per-
formance, and primary-particle corrections, are expected to diminish as the offline
calibration, detector alignment, and PID parameterisations continue to evolve. This
context is central to interpreting the present results and to motivating the next steps
outlined below.

10.1 Improvements expected from the evolving reconstruc-
tion chain

The continued development of the reconstruction framework will play a decisive
role in sharpening Run 3 physics outputs. Several aspects are still undergoing opti-
misation:

• Space-charge distortion corrections: with more data and improved online
conditions, residual distortions in the TPC will be reduced, directly improv-
ing track matching and pT resolution.

• TOF calibration updates: global and local timing recalibrations are still being
refined, particularly in high-occupancy central events. This will improve low-
pT PID separation and the stability of TOF matching.

• Detector alignment: the alignment matrices evolve as more statistics become
available, especially for ITS and TPC, strengthening the reliability of DCA-
based primary-fraction fits.

• MC tuning and efficiency corrections: improved Monte Carlo samples incor-
porating updated detector conditions will yield more accurate acceptance and
efficiency corrections.

As these reconstruction components mature, direct comparison with Run 2 will be-
come increasingly robust, especially for protons and pions where the current TPC–TOF
inconsistencies are most evident.



180 Chapter 10. Outlook: prospects for future runs and open questions

10.2 Improved TPC-TOF matching and combined PID per-
formance

A key direction for future runs is the establishment of a fully consistent combined
PID scheme across all species. In this thesis, kaons already show excellent overlap
between TPC and TOF, and pions exhibit partial agreement in peripheral collisions.
Proton matching, however, remains challenging, largely due to the evolving calibra-
tion chain and the sensitivity of protons to material and feed-down effects.

Future improvements, made possible by the continued refinement of calibration,
alignment, and PID response modelling, will allow:

• a unified PID strategy using both TPC and TOF information,

• reduced systematics from Bayesian or likelihood-based global PID,

• seamless momentum-dependent transitions between detectors.

10.3 Extension of the pT reach and higher-statistics spectra

As Run 3 heavy-ion data collection progresses, the data volume will increase sub-
stantially. This will improve statistical precision across the full momentum range,
particularly in regions that currently limit sensitivity:

• low pT (< 0.5 GeV/c), dominated by PID calibration,

• intermediate pT (1–3 GeV/c), sensitive to radial flow,

• high pT (> 4 GeV/c), relevant for hadronization physics.

These gains will translate into more precise spectral shapes, more reliable fits, and
improved ratio measurements.

10.4 Refinement of primary-particle corrections

Proton and antiproton spectra remain strongly influenced by primary fraction sys-
tematics. Better control is expected from:

• updated hadronic-interaction cross sections in GEANT,

• improved modelling of hyperon feed-down using upcoming Run 3 measure-
ments,

• enhanced multiplicity-dependent DCA templates,

• further alignment and calibration refinements.

As the reconstruction stabilises, uncertainties in primary fraction extraction will
shrink, enabling more precise proton-pion and baryon-meson studies.



10.5. Freeze-out parameters from global model fits 181

10.5 Freeze-out parameters from global model fits

Although the extracted Blast-Wave parameters already show a clear centrality de-
pendence, their precision is limited by the current state of calibration and by the
incomplete PID matching. Once the final Run 3 reconstruction is available, the fol-
lowing improvements will become feasible:

• combined TPC+TOF global fits over a unified momentum range,

• more accurate propagation of correlated uncertainties,

• cross-validation against additional functional forms (Tsallis-Levy, Boltzmann-
Gibbs).

This will allow more stringent tests of hydrodynamic freeze-out descriptions.

10.6 Connections to broader physics programmes

High-quality identified-hadron spectra feed directly into many key physics analyses:

• strangeness-enhancement studies through improved K/π ratios,

• hadronisation modelling for charm and beauty through proton and kaon spec-
tra,

• thermal-model fits of all hadron species including hyperons,

• constraints on small-system collectivity using peripheral Pb-Pb collisions.

The ongoing improvements in reconstruction will enhance the interpretative power
of these programmes.

10.7 Open questions shaped by the evolving dataset

As the calibration chain continues to develop, several important questions remain
the focus of future work:

• How much of the current discrepancy between TPC and TOF proton spectra
will disappear once the reconstruction stabilises?

• Does the rising Run 3/Run 2 ratio at high pT for protons persist with improved
material modelling?

• How will global freeze-out parameters tighten once combined PID becomes
fully reliable?

• Can the improved calibration enable robust low-pT extrapolations for all species?

10.8 Final perspective

The early Run 3 results presented in this thesis demonstrate that the upgraded AL-
ICE detector is already capable of producing physically meaningful identified spec-
tra, despite the reconstruction chain still being under active development. As cali-
bration, alignment and PID models continue to improve during ongoing and future
data-taking periods, the precision and reliability of these measurements will increase
significantly. This will not only solidify the comparison with Run 2 baselines but
also open a wide range of new opportunities in soft-QCD, collective dynamics, and
hadronisation physics.
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Appendix A

Frequently Asked Questions

This appendix collects a set of common physics–analysis questions that arise in the
context of identified–particle production in Pb–Pb collisions at the LHC, with par-
ticular emphasis on Run 3 reconstruction, detector performance, and interpretation
of the final spectra.

Frequently Asked Questions (Physics)

1. Why are identified hadron spectra important in heavy-ion collisions? Identi-
fied particle spectra provide direct access to the bulk properties of the medium
created in Pb–Pb collisions. Pions probe entropy production, kaons are sen-
sitive to strangeness enhancement, and protons reflect baryon transport and
collective flow. Together, they allow the extraction of freeze-out conditions
and the degree of collective expansion of the system.

2. Why do we study the spectra as a function of centrality? Centrality encodes
the initial geometry and energy density of the collision. More central events
correspond to larger overlap volumes, longer-lived fireballs, and stronger col-
lective expansion. The centrality dependence of the yields and spectral shapes
allows testing hydrodynamic expectations and scaling properties of soft parti-
cle production.

3. Why is the comparison between Run 3 and Run 2 essential? It validates the
new O2 reconstruction chain, detector calibrations, and material description.
Agreement with Run 2 in the well-controlled pT region confirms the reliability
of efficiency corrections, PID models, and primary fraction extraction in Run 3.

4. What drives the difference between TPC and TOF PID performance? The
TPC relies on dE/dx measurements, with strong particle separation at low mo-
menta but poor separation above a few hundred MeV/c. The TOF provides
clean species separation at intermediate pT, but requires successful matching
and is sensitive to occupancy, timing calibration, and track propagation. Con-
sequently, TOF dominates the mid-pT region while TPC controls the low-pT
domain.

5. Why do pion TPC and TOF spectra sometimes fail to match in central events?
Extremely high occupancy in central collisions increases TPC cluster sharing
and deteriorates dE/dx resolution. TOF matching efficiency also decreases.
Small differences in track quality cuts or PID selection criteria therefore am-
plify differences between the two detectors, especially for pions whose spectra
fall steeply with pT.

6. Why do kaons show the best TPC–TOF matching? Kaons benefit from a re-
gion where both TPC and TOF provide comparable separation power. Their
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spectra fall less steeply, their dE/dx band is less affected by overlap with pi-
ons, and the matching efficiency is more stable. This makes kaons excellent
cross-check particles and the most robust candidate for combined spectra.

7. Why are protons the most challenging species? Protons are affected by sub-
stantial feed-down from weak decays (mainly Λ → pπ), material interactions,
and annihilation processes for antiprotons. The primary fraction correction
therefore carries sizeable uncertainties, and small mismodellings propagate di-
rectly into the corrected spectrum.

8. What is the primary-fraction correction and why is it needed? Not all re-
constructed tracks originate from primary particles produced at the collision
vertex. Many come from weak decays or hadronic interactions with material.
The DCA-based templates estimate the fraction of true primaries. Correcting
for this is essential for meaningful physics comparisons.

9. Why do low-pT regions show the largest deviations from Run 2? This is
where PID separation is weakest, tracking curvature is highest, and the primary-
fraction correction is largest. Any mismatch in resolution, efficiency, or tem-
plate shapes translates into amplified deviations.

10. Why do peripheral collisions show larger Run 3/Run 2 deviations? Periph-
eral classes have low multiplicity, reducing TOF matching efficiency and in-
creasing uncertainties in calibrations and background modelling. Small abso-
lute changes in yield translate into large relative variations.

11. Why are charge-comparison ratios (h+/h−) expected to be unity? At midra-
pidity in LHC heavy-ion collisions, the baryochemical potential is negligi-
ble. Particle and antiparticle production is therefore nearly symmetric. De-
viations from unity mostly reflect detector effects, acceptance differences, or
small charge-dependent efficiencies.

12. Why do the K+/K− and p/ p̄ ratios deviate slightly from unity? Kaons: small
differences in dE/dx band overlap, TOF matching, or contamination from pion
tails. Protons: antiprotons undergo annihilation and additional inelastic inter-
actions in detector material, reducing their reconstruction probability.

13. What information is extracted from the BGBW (Blast-Wave) fits? BGBW fits
provide the kinetic freeze-out temperature (Tkin), the average transverse flow
velocity (⟨β⟩), and the maximal flow velocity (βmax). These parameters sum-
marize the collective behaviour of the medium at decoupling.

14. Why are only TOF spectra used for BGBW fits in this thesis? Matching be-
tween TPC and TOF spectra was not sufficiently robust for pions and protons
in central collisions. Since TOF dominates the region where the spectral shape
is most sensitive to collective flow, using TOF-only spectra produces more re-
liable and stable fits.

15. Why do BGBW parameters vary with centrality? More central collisions cre-
ate higher energy density and longer-lived fireballs. Consequently, transverse
flow increases (⟨β⟩ grows) while Tkin tends to decrease due to longer expansion
times before freeze-out. Peripheral collisions follow the opposite trend.

16. Why are integrated yields important? Integrated yields (dN/dy) quantify the
total production of each particle species at midrapidity. They directly enter
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particle-ratio studies, thermal model comparisons, and scaling tests such as
strangeness enhancement.

17. Why do K/π and p/π ratios matter? K/π measures strangeness production
and is sensitive to the QGP phase. p/π probes baryon enhancement and col-
lective flow. Their centrality dependence tests particle production models and
provides baseline inputs for thermal and hydrodynamic frameworks.

18. Why do the combined (TPC+TOF) kaon spectra agree best with Run 2? Kaons
avoid the extreme PID limitations of both detectors. Their efficiency and primary-
fraction corrections are modest, and their spectra are relatively smooth, leading
to excellent reproducibility between runs.

19. What causes the high-pT agreement between Run 3 and Run 2? At high
pT, PID becomes nearly binary (TPC/TOF not required), tracking efficiency
plateaus, primary fractions approach unity, and detector resolution effects are
minimal. This region is the most robust against modelling differences, making
it the natural benchmark for validating Run 3.

20. Why are systematic uncertainties dominated by different sources at differ-
ent pT? Low pT: dominated by PID model choice and primary-fraction correc-
tions. Intermediate region: dominated by matching efficiency and background
modelling. High pT: dominated by track-selection uncertainty and statistical
limitations in templates.

21. Why can small detector mismodellings cause large spectral differences? Be-
cause the spectra fall exponentially, a minor shift in efficiency or PID separa-
tion leads to multiplicative changes in yield. This effect is largest at low pT and
negligible at high pT.
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