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Abstract

Nearly 107° seconds after the Big Bang, our Universe was in an extremely hot and dense state. It
started expanding and cooling down, eventually evolving to its current state. During its evolution, when
the temperature drops below the chemical freeze-out temperature, nuclear matter undergoes a phase
transition from a deconfined state to a confined hadronic phase, where quarks and gluons are bound
together into hadrons. In the Standard Model of particle physics, the gauge theory governing the strong
interaction between quarks and gluons is known as quantum chromodynamics (QCD). In conditions
of extreme energy density and temperature similar to those in the early Universe, QCD predicts the
formation of the quark-gluon plasma (QGP) — a deconfined state of strongly interacting matter, in which
quarks and gluons are not confined inside hadrons. These conditions can be reached in the laboratory
via relativistic heavy-ion collisions. At the Large Hadron Collider (LHC), A Large Ion Heavy Collider
Experiment (ALICE) was the experiment designed to study the QGP.

Heavy flavours, i.e. charm and beauty quarks ( m. ~ 1.28 GeV/c* and my, ~ 4.5 GeV/c? ), represent
ideal probes of the QGP, since they are produced predominantly via hard-scattering processes in the early
stages of the nucleus-nucleus collisions and experience the full system evolution. Measurements of the
production of charm hadrons in high-energy hadronic collisions provide important tests for calculations
based on perturbative quantum chromodynamics (pQCD). Moreover, investigations of the production
ratios of different hadron species as a function of the transverse momentum can shed light on the charm-
quark hadronisation mechanism. Generally, the QGP is not expected to exist in small hadronic collision
systems, however, enhancement of baryon production, as well as other observed features similar to
those in Pb—Pb collisions, such as strangeness enhancement, has also been observed in proton-proton
(pp) collisions at the LHC. These phenomena challenge our current understanding of QGP formed only
in nucleus-nucleus collisions and of charm hadronisation, therefore, more specific measurements are

needed to further explore the underlying physics.

In particular, the production of heavy-flavour hadrons containing strange quarks is an intriguing topic in
heavy-ion collisions. As the production of strange quarks is enhanced in the QGP with respect to smaller
hadronic collision systems, the possible coalescence of heavy quarks with other medium constituents
may lead to an enhanced abundance of heavy-flavour hadrons with strange content compared to those
without strangeness. The focus of studies presented in this thesis is on the precise measurements of

charmed strange baryons, specifically 20 — Z~e*v, and Q0 — Q~e*v,, where the former contains one

strange quark and the latter contains two.

I
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20-baryon production is measured with the ALICE detector in pp collisions at a centre-of-mass energy of

Vs =5.02 TeV. The pr-differential cross section is compared with previously published measurements
at y/s = 7 and 13 TeV, respectively. The results suggest a hardening of the pr-differential spectrum
with increasing collision energy. The observed pr dependence of the Z0/DC yield ratio across the three
different collision energies is similar to what was measured for the A}/D° and 28** /D? yield ratios.
Model calculations capture the data well for A} and 0+ baryons, however, they fail to describe the
heavier strange-charm baryon Z?, indicating that the charm-baryon hadronisation is not fully understood.

Therefore, charm-strange baryon measurements have a large constraining power on model predictions.

Currently, the interpretation of the production measurements of even heavier strange-charm Q2 baryons
is limited by the absence of measured absolute branching fraction values. The pr-differential cross sec-
tion of Q¥ baryons production multiplied by the branching ratio into Q~e*v, is measured in pp collisions
at+/s = 13 TeV in this thesis and divided by existing measurements in the hadronic decay channel Q™ z+.
The resulting branching-fraction ratio BR(Q? — Q~e*v)/BR(Q? — Q~n*) is calculated to be 1.12
+ 0.22 (stat.) + 0.27 (syst.). The present result is consistent with theory calculations and within one
standard deviation with a corresponding measurement from the CLEO Collaboration. However, it is
2.30 lower than the measurement reported by the BELLE Collaboration. It is also compatible within
the uncertainties with the ratio BR(E? — E~e*v,)/BR(E? — E~7*) measured previously by the AL-
ICE Collaboration. More precise measurements are expected to be carried out in Runs 3 and 4 of the

LHC, allowing us to obtain a more complete understanding of charm quark hadronisation mechanisms

and dynamics in hadronic collisions.

Keywords: quark—gluon plasma; A Large Ion Collider Experiment (ALICE); proton—proton (pp) colli-

sions; heavy quarks; charm-strange baryon; hadronisation; branching fraction
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Figure from [30] et eteaseauiet i tes et aetteuertasttoteitetaas e tottotearaettotrouan

2.12 Transverse (solid circle markers) and longitudinal (open square markers) impact param-
eter resolution in Pb—Pb collisions data from ALICE 1 in blue points, and simulations

from the upgraded detector ALICE 2 in red points. Figure from [31].--«----cvvveeenrennn
2.13 Impact parameter resolution for primary charged pions as a function of the transverse
momentum for the ITS3 upgrade and ITS2 upgrade in the transverse plane. The solid
lines represent the result with Fast Monte Caro Tool (FMCT) and ITS only, the dashed
lines are the results from FMCT, together with ITS+TPC, and open circles show the
results with full MC and ITS only. Figure from [32]. -+ cocvvvrveiiiiii,

3.1 Top left panel: nocl

Tpc as a function of electron pr after applying the particle identifica-

tion criteria on the TOF signal (see text for details). Remaining panels: the distribution

ele

T lntervals‘ ....................................................

of norpc for different p

3.2 Left panel: the purity of electron with varied norpc selections. Right panel: the con-

tamination of hadrons with varied noorpc Selections. -« - -« vvvvevereneni..

3.3 Invariant-mass distribution of electron pairs, the red one is with standard cuts and the

black one is Wlth preﬁltered [0 L I R

34 The topological Variables are Sketched OUL, srrrere e i e

—_——

3.5 Invariant mass distribution of E= — 7~ A (and charge conjugate) candidates integrated

over p%f . The arrow indicates the world average £~ mass [1] and the dashed lines define

_——

the interval in which the £~ candidates are selected for the ZY reconstruction (see text

for details). Figure from [33]. -« veevrenmeminmmme i

3.6 Top left panel: the invariant mass distributions of the RS and WS eE pairs. Top right
panel: the WS subtracted spectra from RS, raw yield. Bottom left panel: the pr distri-
butions of the RS and WS eE pairs. Bottom right panel: the ratio between RS and WS

Spectra as a function Of p’?E ............................................................

3.7 Left panel: Prefilter efficiency (g.z) in different intervals pFFE. Right panel: The com-

parisons of yield distribution after prefilter correction. -« -«----vevemerrei i,



W F

DOCTORAL DISSERTATION E 5 ][

XII

3.8 Leftpanel: the distributions of the beauty-hadron cross sections at y/s = 7 TeV and 5.02
TeV obtained with FONLL pQCD calculations. Right panel: the fitted Ag distribution
at \/s = 7 TeV, and the scaled A{ distribution at v5 = 5.02 TeV. -+« cvveeeeeeeeiennn

3.9 Left panel: the acceptance-times-efficiency of Eg’_. Right panel: the response matrix

Of Eg’_ and eE' .........................................................................

3.10 Top left panel: the comparison of distribution of p‘eTE from default analysis (black) and
from Eg’_ (red). Top right panel: the ratio between red and black, which represents
the amount of over-subtraction. Bottom left panel: the comparison of the final result
between the WS subtracted spectra without over-subtraction correction (red), and with
over-subtraction correction (black). Bottom right panel: the ratio between the corrected

and uncorrected result‘ .................................................................

3.11 Left panel: invariant mass distributions of right-sign and wrong-sign eE pairs with 2
< p1 < 8 GeV/c. Right panel: invariant mass distribution of Z0 candidates obtained by

subtracting the wrong-sign pair yield from the right-sign pair yield. Figures from [33]. --

3.12 Left panel: the pr distribution of Z0 in data and in MC, fitted by the expol0 function.
Right panel: the weighting factor is defined as the ratio of pt distribution of £ in data

ANA The 1N M, - v vt e et i i i it i ittt et ta e e e eatnenaanenannens

=0

3.13 Left panel: Correlation matrix between the generated =;-baryon pr and the recon-
structed e*Z"~ pair pr, obtained from the simulation based on PYTHIA 8 described in
the text. Figure from [33]. Right panel: Comparisons of the pr distribution of measured

(pSE), unfolded ( pig)’ and refolded (pSZ). -+ rvnerenri

3.14 Left panel: product of acceptance and efficiency for prompt and feed-down Z¥ baryons
in pp collisions at 4/s = 5.02 TeV as a function of p. Right panel: fraction of prompt
=0 baryons in the raw yield ( JSprompt) a@s a function of pt. The systematic uncertainties

of fprompt are shown as boxes (explained in Section 3.5.7). Figures from [33]. «--vvv-----

3.15 Top left panel: the £ spectrum with different selections.Top right panel: ratios of the
20 spectrum with variations. Bottom left panel: Barlow values. Bottom right panel: the

root mean Square (RMS) Of the deviations from 1 ......................................

3.16 Top left panel: the Z° spectrum with different selections.Top right panel: ratios of the
20 spectrum with variations. Bottom left panel: Barlow value. Bottom right panel: the

root mean square (RMS) of the deviations from 1. «-c-cvveeememmiinin i,
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3.17 The systematic study for electron candidates identification. Top left panel: the Z spec-
trum with different selections. Top right panel: ratios of the 20 spectrum with variations.
Bottom left panel: Barlow value. Bottom right panel: the root mean square (RMS) of

the deviations from 1 ..................................................................

3.18 The systematic study for Z reconstruction. Top left panel: the 20 spectrum with different
selections. Top right panel: ratios of the Eg spectrum with variations. Bottom left panel:

barlow value. Bottom right panel: the root mean square (RMS) of the deviations from 1.

3.19 The systematic study for eZ pair selection. Left panel: the 20 spectra with different

selections. Right panel: ratios of the Z0 spectra with variations. -« -« ««-veeoeveeneonn..

3.20 The systematic study for the unfolding procedure of varied Bayesian iteration numbers.
Top left panel: the pr distribution of unfolded yield Z0 with different Bayesian iteration
numbers. Top right panel: ratios of the unfolded yield E(c) with variation. Bottom panel:

the root mean square (RMS) of the deviations from 1.+ ----vvveieneiiii,

3.21 The systematic study for the unfolding procedure of Singular Value Decomposition
(SVD). Top left panel: the comparison of p distribution of unfolded yield Z0 from
the SVD method compared to the default Bayesian one. Top right panel: ratios of the
unfolded yield Z0 with variation. Bottom panel: the root mean square (RMS) of the

deviations from 1 ......................................................................

3.22 The systematic study for the unfolding procedure of pt binning. Left panel: the pr
distribution of unfolded yield Z0 with different pr binning. Right panel: ratios of the

unfolded yield E(C) WALH VATIATION, «+ v v v v v e e eme e e e et e et e e e e e eaenn

3.23 The systematic study for oversubtraction by varying the parameters of the TSallis func-

3.24 The systematic study for oversubtraction by varying branching ratio fraction. -----------
3.25 The systematic study for prompt fraction estimation. « -« -« «ceveveeeeeeniniiien.

3.26 The systematic study for prompt fraction estimation. Left panel: The comparisons of
prompt fractions obtained from different assumptions. Right panel: The ratio of prompt

fractions between the varied ones over the standard one. -+ -+  ovrvereiiiin
327 The systematic Study for the generated PT shape‘ .......................................

3.28 The systematic study for rapidity range selection. «----«--veverrerii
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3.29 Left panel: pr-differential production cross sections of prompt ZC baryons in pp colli-

sions at y/s = 5.02 TeV and 13 TeV [21] and of inclusive Z¥ baryons in pp collisions at

\/s =7 TeV [34] with updated decay BR as discussed in the text. The uncertainty of the

BR of the cross sections of prompt 0 baryons in pp collisions at /s = 13 TeV is lower be-

cause it consists in the combination of two different decay channels (52 — e*E7 v and

20 — xtE7) [21]. Right panel: Z%/DP ratio measured in pp collisions at y/s = 5.02 TeV,
compared with the measurements at v/s =7 TeV [34] and /s = 13 TeV [21]. The uncer-
tainty of the BR of D” and Z¥ are shown as shaded boxes. Figures from [33].------------ 74

3.30 Left panel: pr-differential production cross section of prompt Z0 baryons in pp colli-
sions at v/s = 5.02 TeV compared with model calculations [23, 35, 36]. Right panel:

22/D ratio as a function of pt measured in pp collisions at 4/s = 5.02 TeV compared

with model calculations [23, 24, 35-37] (see text for details). «---v-vevevneeeenenenen. 76
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4.14 Left panel: The number of background candidates (MERS scaled by SEWS) as a func-

tion of BDT cut for 2 < pt < 4 GeV/c. Right panel: The number of estimated expected

signal candidates as a function of BDT cut 2 < pp <4 GeV/c.-+--rvrrmrrreeeieieents 103
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and same-sign pairs (red solid square marker) in SE, and opposite-sign pairs (blue open

square marker) in ME. Right panel: invariant-mass distribution of the Q¥ candidates

obtained by subtracting the opposite-sign charge eQ pairs in ME from the opposite-sign

charge pairs in SE (black solid circle marker), and eQ opposite-sign charge pairs coming

from Q0 decay from PYTHIA 8 (green open circle marker). ««««««veveeveenieinoni.n. 105
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1 General introduction and open heavy flavours

The strong interaction among quarks and gluons, the elementary constituents of hadronic matter, is de-
scribed by quantum chromodynamics (QCD). QCD is a fundamental component of the Standard Model
(SM) in particle physics. One of the fundamental properties of QCD is the dependence of the strength
of the interactions between two colour charges on the squared 4-momentum transfer (Q?) involved in
the process. The interactions between colour-charged quarks and gluons become weaker with increas-
ing Q%. This leads to the property of “color confinement,” where the potential between color-charged
particles rises linearly with their separation. Consequently, quarks and gluons cannot exist in isolation
but are confined within composite objects known as hadrons, which are observed in the final state of
high-energy particle collisions. In this chapter, a brief introduction to the SM is presented and then
followed by a description of the QCD theory. Open heavy-flavour hadrons are among the most im-
portant tools for studying QCD in high-energy hadronic collisions, and in particular their production
in proton—proton (pp) collisions can be used as a stringent test of perturbative QCD (pQCD) calcula-
tions. Additionally, several selected theoretical models about hadronisation are shown, with particular

emphasis on heavy-flavour baryon production aspects.

1.1 Standard Model

The matter surrounding us interacts, in our current understanding, through four fundamental forces.
These forces, listed in ascending order of their coupling strength, include gravitational, weak, electro-
magnetic, and strong interactions. The interactions among elementary particles of matter (fermions)
occur through the exchange of force carriers (gauge bosons) and are described by the SM. Fig. 1.1 illus-
trates all the bosons and fermions introduced in the SM. According to their spin, they are grouped into
fermions, which are half-integer spin matter particles, and bosons, which are integer spin force carriers
meditating SM interactions. Fermions are further divided into two groups: quarks and leptons. Quarks
can be of six different flavours: up, down, strange, charm, beauty and top. In the following, the four

fundamental interactions and their relation to the elementary particles of the SM are introduced.

Gravity is a force of attraction between two objects carrying mass and energy. It is the first force to be
fully understood at a large distance, but it is likely to be the last to be understood at very short distances.
This is because the coupling strength of gravity is very weak compared to the other three interactions,
with a coupling constant that is 103* times smaller than the electromagnetic coupling constant agy.

Gravitational effects are responsible for many astronomical phenomena, such as the formation of stars
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Figure 1.1: The fundamental particles of the Standard Model of particle physics.

and the trajectories of astronomical bodies. However, gravitational effects would not be observed in
particle collisions below centre-of-mass energy close to the Planck scale (10'® GeV), which is well
beyond the energy limit of current particle colliders. The gravitational interaction is described by the
general theory of relativity, which considers a geometric property of a four-dimensional space-time. It
is not included in the SM, as general relativity is a classical theory. A consistent and predictive quantum

theory of gravity, often called a “quantum theory of gravity” has not been formulated yet.

The electromagnetic interaction, which describes the forces between electrically charged particles, is
mediated by the exchange of photons. This interaction includes both the electrostatic force and a com-
bination of electric and magnetic forces (magnetism). The electrostatic force occurs between any two
charged particles, leading to attraction between particles with opposite charges and repulsion between
particles with the same charge. On the other hand, the magnetic force arises exclusively between charged
particles in relative motion. Notably, the electromagnetic force has an infinite range, due to the massless

of the photon. Its strength decreases with increasing distance between particles (~ 1/r for the electro-
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magnetic potential), as explained by the coupling constant agy in Eq. 1.1 [45], commonly known as the

fine structure constant:

1 2 3 1
dreg he  137.035999084°

QEM =

(1.1)

where e =~ 1.602-107!° C is the magnitude of the electron charge, £y ~ 8.854-10~'2 F/m represents the
permittivity of free space, 7i ~ 1.054 - 1073* J - s is the reduced Planck constant, and ¢ ~ 2.998 - 108 m/s
is the speed of light in vacuum [45]. This energy-scale dependence of the coupling constant is known as
a running coupling. The electromagnetic interaction is successfully described by the theory of Quantum

Electrodynamics (QED).

The weak interaction describes the underlying mechanism behind the decay of some unstable particles,
such as the B decay of radioactive nuclei. This force acts on all fermions, as well as the Higgs boson. It
is mediated by its three force carriers, the massive W*, W™, and Z° bosons. Because the force carriers
are massive, the weak interaction has an extremely short effective range, in the order of ~ 10'¥m. The
coupling strength of the weak interaction is approximately 103 times smaller than that of agy in Eq. 1.1.
One distinctive feature of the weak interaction is its ability to allow quarks to change their flavor. At
high energies or short distances, the strength of the weak interaction becomes comparable to that of the

electromagnetic interaction. Both interactions can be unifiedly described by the electroweak theory.

Closely related to the electroweak theory is the Higgs field, which plays a key role in the Higgs mech-
anism [46, 47]. It is responsible for marking three of the boson fields with mass, and becoming the
known weak bosons of physics: W*, W=, Z°, as well as assigning masses to the charged leptons and
quarks through the Yukawa interaction [48]. The Higgs mechanism predicts the existence of a complex
scalar boson, the Higgs boson, which was the last addition to complete the picture of the SM. The Higgs
boson was successfully discovered by the ATLAS and CMS experiments at the LHC in CERN, Geneva
in 2012 [49, 50].

The strong interaction is responsible for binding quarks and gluons together, forming composite particles
such as mesons and baryons, as well as other exotic states like the recently observed tetraquarks and
pentaquarks. Following the observation of the three up quark systems, A** consisting of three quarks of
the same flavour in 1952 [51], the colour quantum number was introduced as an extra degree of freedom
in the quark model. This addition prevents quarks in baryons from violating the Pauli exclusion principle.
The strong force, mediated by the gluons, acts on the colour charge carried by quarks and gluons. Each
quark is assigned with one of three colour: red (r), blue (b) or green (g), while anti-quarks have their

anti-colour (anti-red 7, anti-blue b, or anti-green g). Gluons themselves carry a combination of colour

3



LR tA
DOCTORAL DISSERTATION .:'= 5 ][

and anti-colour. At the typical length scale of hadrons (a few femtometers), the coupling constant of the

strong interaction is on the order of 1. The strong interaction is described within the framework quantum

chromodynamics framework (QCD), discussed in Section 1.2.

1.2 Quantum Chromodynamics

The strong interaction between quarks and gluons is formulated as a non-abelian gauge field theory
called QCD based on the invariance under SU(3), group transformations. It was developed in analogy
to quantum electrodynamics (QED). The QCD’s name refers to the concept of colour charge, which is
a quantum property of quarks. In QCD, quarks interact with each other through the exchange of gluons,

similarly to electrically charged particles interacting via the exchanges of photons in QED.

The QCD Lagrangian describing the dynamics of quarks and gluons is given by

ny
_f{. |
Locp = Y ! (ivuDls = mssij) a} = 7G5, G (12)
=1
where qlf is the quark field spinor of a quark with flavour f (u,d,c,s,t, b), and a vector index i:

Gred> Gblues Ggreen that runs from 1 to 3. The term —mgq explicitly includes the mass of the quarks, which

are generated by the Yukawa interaction[48]. The gauge covariant derivative ij is defined as,

a
ij

D'flj =0"6;j —igs 5

Ga (1.3)

where y# is the Dirac matrices, and &;; is the Dirac delta function. The G% corresponds to the gluon
fields witha =1 ,..., 8. The gluon fields do not distinguish between the quark flavours. The /ll‘.lj are 3x3

Gell-Mann matrices.

a

4v»> the second term in Eq. 1.2, encodes the interaction of gluons with

The gluon field strength tensor G

the quarks and the gluon self-interaction. It is given by

GZV = aﬂG?/ - avGZ + igsfachZGs, (1.4)

where the a, b, and ¢ are the colour charges in the SU(3) adjoint representation, f,,. are the struc-
ture constants of SU(3), and g, indicates the intensity of the strong interaction. The non-Abelian term,
igs fubCGZGﬁ, leads to the self-interactions among gluons, resulting in what is called anti-screening in
colour interaction. Gluons can decay into new gluon pairs, a consequence of the possibility of gluon

self-interaction.

QCD exhibits three distinctive features: 1) Asymptotic freedom, 2) Colour confinement and 3) Chiral

symmetry breaking.
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Figure 1.2: Summary of the measurements of a as a function of the energy scale Q. The QCD perturbation theory used
to extract the value is listed inside the parenthesis. Figure from [1].

1.2.1 Asymptotic freedom

In analogy with QED, the strong coupling constant depends on the momentum transfer Q2 [52, 53]. It
is usually referred to running coupling constant and can be described as:

as (Qz) 8 167 : (1.5)

4m (11-2Ny)In Qz/AéCD

where Aqcp is the scale parameter and N ¢ is the number of light quarks. This expression describes how
the strength of the interaction between quarks and gluons changes when the energy scale increases, or
equivalently the length scale decreases. Unlike the QED effective coupling constant which increases
with the energy scale, the @, decreases with increasing Q2. At very high energy scales, the quarks and
gluon become asymptotic freedom [52, 53], as shown in Fig. 1.2 and confirmed by experimental results.
To be specific, for large Q? (decreasing distance), «y decreases, implying that the hadron constituents
can be considered as free particles. On the contrary, for decreasing Q (increasing distance), a; diverges,
indicating that the strong interaction is very high, and quarks are strongly bound in hadrons, unable to

be separated.

Due to asymptotic freedom, QCD calculations can be treated with different methods at different scales.

Perturbative QCD (pQCD) is applicable in high momentum transfer or short-distance scenarios, where
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as < 1 decreases logarithmically (very slowly) at the parton level. Therefore, some physics quantities,

like cross section, can be computed as a truncated series with varying a; dependence (a”*?). The value
of the power n plays a crucial role, with n = 0 contributing the most and referred to as Leading Order
(LO). As n increases, the contribution diminishes, resulting in more complex diagrams with increased
difficulty in calculation. These corrections are termed Next-to-Leading order (NLO) for n = 1, and Next-
to-Next-to-Leading order (NNLO) for n = 2, and so on. In contrast, for smaller values of Q, a, gets too
large, rendering a perturbative approach inapplicable. QCD turns into a strong-coupling gauge theory,
where /((0.5 GeV)?) ~ 1, indicating the breakdown of perturbation theory validity. In the case of Q < 1
GeV, the Green’s function of the QCD Lagrangian can still be evaluated on a discrete space-time grid,
known as lattice QCD (1QCD) [54]. Notably, there are two outstanding non-perturbative features in the

infrared region of QCD: colour confinement and the chiral symmetry breaking mechanism.

1.2.2 Colour confinement

Colour confinement [55] postulates that charged particles, (anti)quarks and gluons, cannot be isolated.
As aconsequence, they cannot be directly observed, instead, they always form composite systems known
as hadrons. The resulting hadrons are always colour neutral and can be detected. They are classified into
two groups: mesons consist of two quarks (one quark and one antiquark), and baryons are composed of
three quarks or antiquarks. Because gluons also carry colour, they are affected by colour confinement as
well. The confinement of the gluons restricts the range of the strong interaction to a few femtometers.

This confinement mechanism is a distinctive characteristic of the strong force in the QCD.

1.2.3 Chiral symmetry breaking

Chiral symmetry breaking [56] generally refers to the spontaneous breaking of chiral symmetry associ-
ated with massless fermions. When the mass term is neglected, the QCD Lagrangian defined in Eq. 1.2
exhibits chiral symmetry, implying that the fundamental left- and right-handed parts of the quark fields
transform independently. This symmetry of QCD is broken in two ways: explicit breaking representing
the theory itself is not invariant under transformations, and spontaneous breaking meaning the chiral
symmetry of the Lagrangian is not realized by the ground state. The spontaneous breaking of the chiral
symmetry in QCD vacuum [57], results in the appearance of massless Nambu-Goldstone bosons. In
reality, pions are much lighter than other hadrons, but they are not massless, which is explained by the
mass term for quarks —mgq in Lagrangian of QCD. This mass term explicitly mixes the left- and right-
handed components of the quarks. At low energy scales, the spontaneous breaking of chiral symmetry is
responsible for most of the mass of the hadrons. The explicit breaking of the chiral symmetry contributes

a small amount, considering the mass of quarks [58].
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1.3 Open heavy-flavour physics

Open heavy-flavour hadrons, particles containing at least one charm (c) or beauty (b) quark with other
lighter quarks, are among the most important tools to study QCD in high-energy hadronic collisions.
Heavy quarks are predominantly produced in hard-scattering processes in the early stage of collisions
and not in later thermal processes. Thus, their primary partonic scatterings and production kinematics
are not influenced by the medium effects. Subsequently, they experience the full system evolution, going
through the medium expansion and strongly interacting with the medium constituents through inelastic
(gluon radiation) and elastic (or collisional) processes. For these reasons, heavy-flavour hadrons offer
insights into all stages of the collision evolution. Measurements of heavy flavour production in Pb—Pb
collisions allow us to study QGP properties via medium-induced effects. Studies in p—Pb collisions help
to disentangle between the final-state and initial-state effects, thereby testing the interplay between soft
and hard processes. Moreover, measurements in pp collisions serve as crucial reference for p—Pb and
Pb—Pb measurements, as well as essential tests for calculations based on pQCD down to low transverse
momentum. Therefore, a comprehensive understanding of heavy-quark production in pp collisions is

important, and is the main focus of this thesis.

In this chapter, a brief introduction of the open heavy-flavour production in pp collisions is presented in
Section 1.3.1. The current status of the charm hadron studies is reported, followed by discussions about
the heavy quark hadronisation mechanism shown in Section 1.3.2, particularly focusing on the physics

behind the two analyses in this thesis.

1.3.1 Open heavy-flavour production in pp collisions

In pp collisions, protons consist of quarks and gluons referred to as partons. There are one or more
inelastic parton-parton interactions involved in inelastic pp collisions. It offers a good opportunity to
probe the pQCD predictions, given that the larger Q? required for the cc and bb production implies
a a; significantly lower than unity, where the production cross section of g4 can be calculated with

perturbative calculations.

The strong interaction, conserving flavour charge, requires heavy quarks Q to be produced in quark-
antiquark pairs. The main contributing processes at leading-order (LO), O(a2), are the quark-antiquark
annihilation gg — QQ, and the gluon fusion gg — QQ [2], which is shown in Fig. 1.3. At next-
to-leading order (NLO), corresponding to O(a?), flavour-excitation and gluon-splitting processes also
contribute to heavy-quark hadron production as well, presented by gg — QQq or gg — QQg, as seen

in Fig. 1.4. The minimum virtuality of these scatterings is Q> > 4M? »» restricted to the hard scatterings
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in the initial stages of the collisions.

In pQCD calculations, the production cross section of heavy-flavour hadrons (Hp) dopp—Hg+X, 1S Usu-
ally calculated using the factorisation approach as a convolution of three factors [59]: i) the Parton
Distribution Functions (PDFs); ii) the hard-scattering cross section at the partonic level; and iii) the
fragmentation functions of the produced heavy quarks into given species of heavy-flavour hadrons. It

can be written as in Eq. 1.6:

dopporigx(V9) = > filxi, 7)o 1)
1,j=4,4,.8

hard 2y 2 1.6
® do-i;‘iQQ(aS(uR),uF,MQ,x[xjs) (1.6)

H, 2
where considering two colliding protons, labeled as ‘1’ and ‘2°. Q is the heavy quark (charm or beauty),

My is its mass. The sum runs over all possible sub-process leading to the heavy-flavour hadron.

o filxi, y%) is the parton distribution functions, which represents the probability of finding a quark
or a gluon with a momentum fraction of the original proton x; = pparion/pp, called Bjorken-x.
The PDFs are evolved with the virtuality Q% up to the factorisation scale y, at which the parton
density is evaluated.

. do-l,h]f’ii 00 is the partonic cross-section of the QQ production process. Given that the large mass
of the quarks involved (M}, > M. > Agcp), it is related to interactions of partons at high 02,
where it is computed by the pQCD. Besides the uf, The partonic cross section also depends on the
renormalisation scale ug at which the strong coupling constant is evaluated.

. DSQ (z, ,ulzp) is the fragmentation function (FF), denoting the probability for a given heavy quark Q
hadronise into a specific hadron Hg carrying a momentum fraction z = pp,, /po, called fragmen-

tation fraction. Heavy quarks and anti-quarks are separately fragmented into hadrons for heavy

q Q g Q g Q 9 Q
0000 —— S
A A
0000/ —<— .
q Q 9 Q ] Q g Q

Figure 1.3: Feynman diagram of leading order quark-antiquark annihilation and gluon fusion for the production of ¢¢
and bb. Figure from [2].
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Figure 1.4: Feynman diagram of next-to-leading order, left panel: flavour-excitation, right panel: gluon-splitting. Figure
from [2].

flavour production.

Both the PDFs and FFs describe non-perturbative processes and cannot be obtained with pQCD calcu-
lations. The PDFs are typically parameterised using measurements of deep-inelastic scattering [60—62],
while the FFs are usually parameterised by measurements in e*e™ collisions [63], assuming universal-
ity among different collision systems. However, recent measurements are questioning this assumption,
more discussion will be shown later in this chapter. Both the PDFs and FFs are parameterised at a given
energy scale and subsequently are evolved to the desired scale by using the Dokshitzer-Gribov-Lipatov-

Altarelli-Parisi (DGLAP) equations [64—66]. The two scales, ug, ur, are usually chosen of the same

order of the momentum transfer of the hard process ug ~ up ~ \/Mé +p2 o Of \/4Mé +p2 o

At present, state-of-the-art perturbative calculations that provide predictions for the production cross sec-
tions of the open heavy flavours, exploiting the collinear factorisation approach, are performed with the
Fixed-Order-Next-to-Leading-Log (FONLL) [3, 4] and General Mass Variable Flavour Number Scheme
(GM-VENS) [5, 6] frameworks. In Fig. 1.5, both predictions are compared to the pr-differential pro-
duction cross section of D°, D*, and B” mesons measured in pp collisions at /s = 5.02 TeV and /s = 7
TeV by the ALICE and LHCDb Collaborations, respectively. The pQCD calculations are compatible with
the measured beauty and charm production at the LHC within their theoretical uncertainties. However,
the measurements of the charm mesons systematically lie at the upper edge of FONLL uncertainty band,

which comes from the variations of ur, ug, Mg, and the associated uncertainty of the PDFs.

In addition to the collinear-factorisation approach for calculating the charm cross-section production,
an effective and efficient alternative is the so-called kr-factorisation approach [67—69]. It performs the
calculations at LO taking into account the transverse momentum (kT) of both partons involved in the
hard process. In the bottom left panel of Fig. 1.5, the comparison between kr-factorisation and the
measured production of D? mesons can be found. There is good agreement at low and intermediate pr;

however, kt-factorisation predicts higher values for pt > 7 GeV/c.
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Figure 1.5: Top two panels and bottom left panel: pr-differential production cross section of D mesons at mid-rapidity
(Iyl < 0.5) measured by the ALICE Collaboration in pp collisions at /s = 5.02 TeV compared to FONLL [3, 4], GM-
VENS (mod-ug. r) [5, 6], and kr-factorisation [7]. Figures from [8]. Bottom right panel: pr-differential production
cross section of B* mesons at forward rapidity (2.0 < y < 4.5) measured by the LHCb Collaboration in pp collisions at
Vs =7 TeV compared to FONLL calculations. Figure from [9].

Another approach to describe the production of heavy-flavour hadrons, an alternative to pQCD calcu-
lations, is the general-purpose Monte-Carlo (MC) generators, like PYTHIA [13] and HERWIG [70].
These generators give a more complete description of the final state, including hard and soft interac-
tions, the initial and final-state parton showers, hadronisation processes, multiple parton interactions,
fragmentation, and decays. However, their disadvantage is that they only implement LO processes,

while higher order calculations are included only in an approximate approach. Monte Carlo genera-
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Figure 1.6: The pr-differential production cross section for prompt A} in /s = 5.02 TeV in pp collisions at ALICE
Collaboration [10, 11]. Comparisons to predictions from GM-VFNS [5, 6], POWHEG [12], and PYTHIA 8 [13] are
shown, which all significantly underestimate the data at low pr.

tors including the NLO processes in the hard scattering, like POWHEG [12] and MC@NLO [71], are
available as well. They can be compared to the parton shower of PYTHIA and HERWIG for a compete
modelling. Comparisons of POWHEG + PYTHIA calculations to the measurements of D-meson spec-
tra and to the collinear factorisation calculations can be found in Ref [72]. The predictions agree within
the theoretical uncertainty band, dominated by the variations of the two scales (ug and ur), though the

central values give a lower trend than the data.

It is important to note that all statements on data-theory predictions mentioned above are intention-
ally made for heavy-flavour mesons. Recent measurements of heavy-flavour baryon production at the
LHC [10, 11, 21, 73-77] show deviation with those theoretical calculations, which underestimate the
data. Fig. 1.6 gives an example of the prompt A} -baryon production cross section in pp collisions at /s =
5.02 TeV in ALICE Collaboration [10, 11]. The predictions from GM-VFNS [5, 6], POWHEG [12],
and PYTHIA 8 Monash [13] all significantly underestimate the data at low pr.

Attention has been drawn in recent years, as shown in the right panel of Fig. 1.6, where three new pre-
dictions match better the data. Further details regarding this puzzle and its explanation will be discussed

in Section 1.3.2.
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1.3.2 Charm quark hadronisation mechanisms

The clean environment in e*e~ collisions presents many advantages to study fragmentation processes
of heavy quarks with respect to hadrnoic collisions. In e*e™ collisions, there is no hadronic initial state,
therefore, concurrent partonic interactions and beam remnants are not expected. The precise theoretical
knowledge of the total cC cross section gives the chance to directly measure the fragmentation fraction
(FF) of charm quarks to a given charm-hadron species, f(¢c — H.), without the need of measuring
the cross section of the other charm-hadron species. At LEP, it was confirmed that the total charm-
production cross section is consistent with the SM expectation, with the sum of the measured D°, D*,
D; and A}, and of an assumed 2% additional contribution from Z¢"° and Q¥. The charm fragmentation
fractions f(¢ — h.) has measured in e*e™ and e~ p collisions by different experiments [ 14], as shown in
Fig. 1.7. The charm-hadron production measurements in e*e ™~ collisions at B factories [78—%5] and in Z°-
boson decays [86—90], were studied together with data from photoproduction (PHP) and deep-inelastic
scattering (DIS) in e p collisions at HEAR [91-95], and also with the first data from pp collisions at
the LHC. The comparison shows that there is no significant difference observed among the charm FF
measured in the various collision systems and collision energies. The measurements of FF in e*e™ and
e~ p are compatible within uncertainties, on which the fragmentation universality assumption was built.
It was also expected to hold in pp collisions at the LHC. However, as discussed in the next, it turns out

not to be true.

I Combination ®  e'e B-factories

e*e’ Z decays e*p DIS

e*p PHP pp LHC
) - | | | | | ]
c - ]
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Figure 1.7: The charm fragmentation fractions f(c — h.) as measured in e*e™ and e p collisions by different experi-
ments [14]. Fractions for pp collisions are shown as well, but these are directly based on the A} production measurement
of LHCb [15].
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Figure 1.8: Left panel: ratios between the pr-differential production cross section of D* and D° mesons [16]. Right
panel: ratios between the Df-meson and the sum of the D°- and D*-meson production cross sections. The ratios are
compared with prediction obtained with FONLL calculations [3, 4] using PYTHIA 8 [17, 18] for the H, — D + X decay
kinematics. For the non-prompt D} /(D° + D*) ratio, the predictions for the D} from B? and from non-strange B-meson
decays are also displayed separately.

Recently, the ALICE Collaboration reported comprehensive measurements of the ground-state charm
hadrons, the charm mesons D, D*, D, D**[8, 16] and the charm baryons A, Ez’o, Q0119,21,25,33].
A lot of interest in the field has focused on studying heavy-quark hadronisation, particularly via the
measurement of hadron-to-hadron yield ratios, because the PDFs and partonic interaction cross section

are common to the charm- and beauty hadron species and, therefore, cancel out in the yield ratios.

The meson-to-meson yield ratios, both for the respective prompt (i.e. produced in the hadronisation of
charm quarks or from the decay of excited open charm and charmonium states) and non-prompt (com-
ing from beauty-hadron decays) components of the D-meson production, are well described by pQCD
calculations using fragmentation functions tuned on e*e™ and e~ p collision measurements [16, 96, 97],
as illustrated in Fig. 1.8. The ratios are also well described by the Lund string fragmentation model [98],
which is a key model of hadronization, implemented in the PYTHIA 8 event generator. The PYTHIA 8
event generator with the Monash 2013 tune, where two partons are connected by colour string fragments
into hadrons, is adopted in the leading-colour approximation. This configuration suppresses the connec-
tion of quarks and gluons originating from independent parton scatterings, resulting in a similar picture
of heavy-quark fragmentation and hadronisation in hadronic collisions compared to those in e*e™ colli-
sions. Unfortunately, these calculations underestimate recent measurements of charm baryon-to-meson
production ratios in hadronic collisions [19, 22, 99] and fragmentation fractions in pp collisions, demon-
strating that the assumption of universality of the hadronisation process across collision systems has to

be reconsidered.
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Figure 1.9: Top left panel: the A*/D° ratios a function of pr measured in pp collisions at /s = 5.02 TeV [19]. Top right

panel: Prompt 2" /D° yield ratio in pp collisions at v/s = 13 TeV [20]. Bottom panel: the E0"*/DP ratios a function of
pr measured in pp collisions at y/s = 13 TeV [21].

The A} /D° baryon-to-meson yield ratio as a function of pt at midrapidity in pp collisions at /s = 5.02
TeV is shown in the top left panel of Fig. 1.9. The ratio value is about 0.4 - 0.5 at low pr region, while
decreasing to be around 0.2 at high pr. There is a strong pr-dependence of the A} /D ratio, compared
with the ratios shown in Fig. 1.8 without a significant pt dependence, therefore, indicating that the
fragmentation functions of baryons and mesons differ significantly. The A}/ DY ratios are compared
with model calculations implementing different hadronisation processes. This first measurement of A}
down to pt = 0 probes a very important range to investigate hadrnoisation, as a substantial fraction of
the total charm cross section is contained at pt < 1 GeV/c. At low pr, the ratio is much larger than

the PYTHIA 8 Monash predicted by string fragmenation models measured in e*e™ data. However, the
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ratios are qualitatively described by modified hadronisation processes, which will be explained in the

following.

A similar enhancement with respect to e*e™ collisions is observed for the ZS’H/ D? yield ratios shown
in the top right panel of Fig. 1.9, indicating that the enhancement of A}/D° can be partially explained
by the 0 feed-down. The =*/DP ratio is close to 0.2 for 2 < pp < 6 GeV/c, and about 0.1 for
8 < pr < 12 GeV/c, though the uncertainties do not allow to draw conclusions about the pt dependence.
From the measurements in BELLE Collaboration (Table IV in Ref. [100]), the ratio of Z(C) TTIAY was
measured to be around 0.17 in e*e™ collisions at vs = 10.52 GeV, thus, the Z>**/DP ratio can be
determined to be around 0.02. Additional information shows the remarkable difference between pp and

ete” collision systems.

In the bottom panel of Fig. 1.9, the measurement of charm baryons is extended to those containing
strange quarks, production of EZ’O measured in pp collisions at /s = 13 TeV [21]. The two ratios show
similar trend of baryon-to-meson as what was observed for the A}/ DY ratio, while the 2+9/DO ratios
are generally lower. Those models qualitatively capture well for the AY/D ratio as shown in the top

left panel of Fig. 1.9, however, significantly predict low values for the charm-strange baryon states E:’O.

It has been recently also argued that an enhancement of /D could be due to the large attraction of
the diquark (us and ds) channel with respect to the ud one. Another interesting observation is given by
the fact that the baryon-to-baryon yield ratio Z;°°/S%** in Ref. [21] is described well by the PYTHIA
8 Monash tune, in contrast, which largely underestimate both EZ’O/ D° and 22 ** /DO ratios. This may
suggest that the production of the two baryons could be both suppressed in e*e™ collisions due to similar

mechanisms.

With all the available measurements of hadrons in ALICE, the charm-quark fragmentation fractions at
midrapidity in pp collisions at v/s = 5.02 TeV and 13 TeV are shown in Fig. 1.10, indicating no sig-
nificant energy dependence within the current uncertainties. In addition, a clear difference is observed
with respect to the charm fragmentation fractions measured in e*e™ and e p collisions. Since the frag-
mentation fractions sum to unity, there is a reduction of the relative D-meson abundance by an about
factor 1.5 relative to e*e™ and e p, taking into account the enhancement of baryon production. These
results confirm that the baryon enhancement at the LHC with respect to e*e™ and e p collisions, is the
effect of different hadronisation mechanisms happening in the parton-rich environment produced in pp

collisions, independent of the centre-of-mass energy.

To explain this phenomenon of the baryon enhancement, several models have been proposed recently
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Figure 1.10: The charm fragmentation fractions at midrapidity (]y| < 0.5) in pp collisions at 4/s = 5.02 TeV and /s = 13
TeV compared with results in e*e™ and e p collisions [14, 22]. The fragmentation fractions f(c¢ — h.) of J/¢ mesons
are multiplied by a factor 20 for better visibility.

based on different developments and assumptions: 1) include dynamical processes that are relevant in
quark-and-gluon enriched systems, colour reconnection beyond leading colour approximation, quark
recombination, and Catania; 2) treat hadronisation as a statistical process, considering a set of yet-
unobserved higher-mass charm-baryon states. In the following, a brief introduction to these models

is presented.

1.3.2.1 PYTHIA CR Mode 0, 2,3

Traditionally, MC generators make use of the leading-colour (LC) approximation, which tracks the
colour flow on an event-by-event basis. This approach assumes that each quark is colour-connected
to a unique colour parton in the event, similar to a leading-colour QCD dipole, where gluons carry
both a colour and an anticolour charge, being then connected to two other partons. In terms of string,
it can be interpreted as gluons forming transverse “kinks” on strings, whose endpoints are quarks and
antiquarks, as dictated by the Lund model. This approach provides a good approximation of the hadro-
nisation in e*e™ collisions, however, is challenged when moving to hadronic collision systems, such as
pp collisions. In this case, the initial state is sensitive to the strong force, but the partons inside protons
carry colour charge and coloured beam remnants. In pp collisions, multiple parton interactions (MPI)
have dominated contribution, and they are crucial to explain the underlying event and soft-inclusive
(minimum-bias/pileup) physics, especially at high particle multiplicities. In such a collision, the pos-

sibility of phase-space overlaps between the particles produced in different MPI events is non trival.
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Earlier works [101, 102] already took into account the possibility for the different MPI systems to be

colour-connected within a colour “chain” to minimise the total colour charge. However, the effects of
colour reconnection were estimated to be small. In particular, this approach estimates the average pt of
charged particles in such events to be flat as a function of particle multiplicities. But the experimental re-
sults exclude this possibility, remarking on the urgent need to introduce non-trivial colour reconnection

effects [103—-105].

The pure SU(3) group structure of QCD provides some sub-leading combinations among different par-
tons that may create colour singlet before the single parton fragmentation. However, these additional
combinations are insufficient to describe the measured baryon production in hadronic collisions. One
model improtant for describing the baryon production in pp collisions implementing PYTHIA is intro-
duced, which is the so-called QCD-based colour reconnection (CR) model [23]. Extending the string
model beyond the LC approximation reintroduces colour-space ambiguities, considering the N, = 3
finite coulour structure of QCD, namely, colour reconnection beyond leading colour (CR-BLC) approx-
imation. It assumes that the main subleading parton-parton combination possibilities of real QCD are
encoded by 9 colour indices, leading to 9 possible states of quarks (anti-quarks), and 72 states for gluons.
In the other word, modelling partons using SU(3) colour-space means that each colour is not necessar-
ily unique, allowing multiple different partons to be colour-connected and leading ambiguity in where

confining potentials rise.

To determine between which partons the confining fields form, the configuration that minimises the
string “length” or the action potential in the systems, has to be made. This “string length” is a Lorentz-
invariant measure, denoted as A string-length measure, which is interpreted as a measure of the energy
density per unit length of the string. To be specific, it is the area spanned by the string prior to hadronisa-
tion, namely the potential energy of the string. By requiring the minimised string lengths lower than the A
measure between the colour-connected partons, the strings are thus able to form between partons instead
of being produced in the same hard scattering, allowing topologies to span across different MPIs. In this
new framework, all the possible combinations associated with overlaps in colour-space are considered.
These overlap become relevant for hadronic collisions at high energies, particually where MPIs produce
densely populated partonic environments. These additional combinations are the so-called junctions,

reported in the right panel of Fig. 1.11.

Considering the A-measure for junctions brings additional approximation, several tuneable parameters

are added to control the junction procedure:
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VS.

Figure 1.11: Schematic of a multi-parton state with index assignments resulting in a junction-type colour-space ambiguity.
Left: The original (LC) string topology. Right: An alternative string topology with a junction and an antijunction, allowed
by cyclically matching ‘2’ and ‘5’ indices. Figure from [23].

* C; = mgj/mo: ahigher mo; means a lower A measure and a value of C; above unity, represents an
enhancement in junction production, and vice versa.

* Cime: the reconnections between two string pieces should happen causally. If either string hadro-
nised before the other forms, results in no space-time region where reconnections could occur phys-
ically. The time when strings begin to hadronise is related to the inverse of Agcp, Thad ~ 1/Aocp.
In the rest frame of a hadronising string piece, the formation time of the QCD dipole accordingly
can be given roughly by the inverse of its invariant mass, Tform ~ 1/Mgying. Therefore, the two
strings should be resolved each other during the time between the formation and hadronisation, by
considering the time dilation occurring due to the relative boost. The two strings can be defined to

be in causal contact if the relative boost parameter meets, Eq. 1.7:

yc
Mtring”had

YTform < CtimeThad = < Ctime, (L.7)

where Ciine is tuneable parameter and rp,q (= rpagc) = 1fm is a fixed constant given by the typical

hadronisation scale.

The different modes of this CR model depend on the causal connection requirement. Several options are
available for the choice of CR time-dilation methods. There are three modes as follows, used recently

to compare with the data, as shown in Fig. 1.9.

* Mode 0: no time-dilation constraints. mg controls the amount of CR

* Mode 2: the causal contact is required to be valid among all the dipoles involved in a reconnection,
which is the strict condition

* Mode 3: the time dilation as in Mode 2, but requiring only a single connection to be causally

connected, which is loose case
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The parameters of the models are tuned by taking experimental results, the junction topologies signifi-

cantly enhance the production of open charmed baryons in pp collisions at the LHC energies. Fig. 1.9
shows that this model describes the A} /D° and £>**/DP ratios, but underestimates the Z2* /D ratio.
It is still a puzzle of failing to describe the heavier charm-strange baryon, motivating an effort from the

experimental side to provide more precise measurements of their production in pp collisions at the LHC.
1.3.2.2 Quark (re-)combination mechanism

In Quark (re-)combination mechanism (QCM) model [36], the charm quark ¢ is combined with a co-
moving (equal-velocity) light antiquark or two co-moving quarks to form a charm meson or baryon.
The momentum of charm mesons and baryons is characterised pg = p¢ + pg,4q. This (re)-combination
mechanism of charm quark hadronisation will effect the momentum spectrum of charm hadrons, straight-

forwardly, influencing the yield ratios of charm baryon to charm meson.

The momentum distribution of a single-charm meson M,_; and baryon B, (I and I’ indicating two

light-flavour quarks among u, d, s), can be interplayed as:

fMC,(P)=/dpldpzfcz(Pl,Pz)RML,,(Pl’Pz;P), (1.8)

fBC,,,(P)=/dpldpzdpafcll'(l?l,ﬁz,m)ﬂBC,,,(pl,pz,m;p), (1.9)

where f.i(p,.p,) is the joint momentum distribution for charm quark (c) and light an-tiquark (/). The
Rm_; (1, p2; p) is the probability density for the ¢ and [ with momentum p;, p», to be combined into a

meson M_;, with the momentum p. Similar explaination for a baryon By,

The momentum integrated yield for charm meson and baryon is as follows, respectively:

KM
Nat. = NeNj L = NoNi Ry (1.10)
“ Am “
KB
NBC”r = NN Ny 2 L= NCNlNl’RC”’—)BCU/’ (111)
cll’

where R ;s ; and R¢y B, corresponds to the momentum-integrated probability for ¢ and light-

flavour quark(s) to produce a meson M_; and a baryon By .

The prt distributions of the quarks at hadronisation are the inputs for this model. Given these inputs,

the QCM model describes well for A*/D° and ZS’H /DY ratios shown in Fig. 1.9, both the magnitude
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and the pt dependence within the experimental uncertainties. The QCM gives better predictions than

other models not including the charm quark coalescence that significantly underestimates the data. This
comparison suggests a new scenario of the low pr charm quark hadronisation in the presence of the

underlying light quark source in pp collisions.

1.3.2.3 Catania model

In 2009, the coalescence plus independent fragmentation approach was proposed already [106]. It pre-
dicted a quite large A, production in Pb—Pb collisions, A./D° ~ O(1), about one order of magni-
tude larger than the one measured in e*e™ collisions where the fraction of baryon production about
f(c = A} ~0.06) [14]. Measurements from STAR Collaboration in Au—Au at 4/syn =200 GeV [107]
confirmed such a prediction. Also recent measurements in pp collisions at the LHC [10, 11, 108—110]
show similar phenomenologies as what observed in nucleus-nucleus collisions where these results have
been justified by the formation of QGP. These phenomena include strangeness enhancement, enhance-
ment of the baryon-to-meson yield ratios (discussed above), and the ridge and large collectivity, giving

hints that there could be a possibility of QGP expected in pp collisions.

Different theoretical studies [111—113] with hydrodynamical and transport-based calculations are able
to provide reasonable description of pt spectra and two-particle correlations, pointing to the possible
formation of a hot QCD matter at energy density larger than the pesudo-critical one, with a lifetime
T ~ 2 fm/c. Based on this, Catania model approach implements hadronisation of charm quarks via
coalescence with independent fragmentation and assumes the presence of a flowing thermalised medium
of light quarks (u, d, s ). It is characterised with lifetime 7 = 2.5 fm/c, transverse radius of the fireball
R =2 fm and the temperature of the bulk 7, = 165 MeV, according to hydro-dynamical simulations [111].
In the calculation, the assumption is made, that charm quarks that do not hadronise via coalescence are
converted to hadrons by the fragmentation process. Therefore, a fragmentation probability can be given
by Pfrag(pr) = 1= POl “ll (pr), where P!, ‘;’a“ll represents the total probability of given quarks coalesced

to hadrons. In this model, the coalescence is evaluated by the Wigner function, in which the momentum

spectrum of hadrons from the coalescence can be given by, Eq. 1.12:

Ny

choal d3 .

H Di

i g [ | i don fu o) (1.12)
dyd>Py | 1 2npE,

n
X fr1 (X1 XN, s P1PN,) 62 (PT - PT,i),
i=1
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Figure 1.12: The charm quark coalescence probability as a function of the charm quark p for pp collisions at LHC. The
different coloured lines correspond to the probability of the charm quark to coalesce in a given hadron species, while the
black line represents the total coalescence probability. Figure from [24].

where gp is the statistical degeneracy factor to form a colourless hadrons from quarks and antiquarks
with spin 1/2 and, correspondingly g¢p = 1/36 for mesons and gg = 1/108 for baryons. do; is an
element of a space-like hypersurface. f,, are the quarks and anti-quarks phase-space distribution func-
tions for i —th quark or antiquark. The last term fp (x1...xn,, P1..-p N, ) represents the Wigner function,

telling the probability for a hadron to be produced from quarks with given phase-space coordinates.

The momentum spectrum of hadrons from the charm parton fragmentation can be written as:

deragm fragm ) (z,
Z/ aN je (2. Q%) (1.13)

&2prdy “&prdy 2

where Dg (2, Q?) corresponds to the fragmentation function, representing the probability of charm
quark to produce a hadron H with a fraction z of the original charm momentum, taking the Q° =
(Praa/2z)? the momentum scale of the fragmentation process. Eq. 1.13 is coming from the Peterson

fragmentation function [114], commonly used for charm quarks.

The interplay between fragmenation and coalescence depends on the charm pr. In Fig. 1.12, the coales-
cence probability of the charm quarks to the various hadron species is shown as a function of the charm

pr. It shows that the P, is high for low quark momentum and quickly decreases with increasing trans-
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n; (1074 fm=3)  D° D* D™ D A} g0 Q0
PDG(170) 1.161  0.5098 0.5010 0.3165 0.3310 0.0874 0.0064
RQM(170) 1.161  0.5098 0.5010 0.3165 0.6613 0.1173 0.0144

Table 1.1: Thermal densities of “prompt” ground-state charmed hadrons for hadronization temperatures of Ty = 170
MeV (including strong feeddowns) in the PDG and also added the one expected by the RQM. Numbers from [37].

verse momentum, indicating that at low momentum, the coalescence plays a significant role in the charm
hadronisation procedure, where abundant lights quarks from the thermalised medium, whereas in high
momentum region, fragmentation is the dominant contribution. Particularly, in this model, a condition
P.oai(p — 0) = 1 is a key aspect, meaning that charm quark can only hadroinse by coalescence at p ~
0, With this condition, it can predict a quite large values of heavy baryons. It is important to note that,
the P.oq1 of A and E, is higher than P?Sal, which explains the enhancement of the baryon-to-meson
ratios reported in Fig. 1.9. In particular, this model foresees P ¢,qgm > Pcoar for the charm mesons, and

Pfragm < P for the charm baryons given a hadron pt lower than 10 GeV/c.

1.3.2.4 Statistical Hadronization Model with Relativistic Quark Model states

The statistical hadronization model (SHM) has been employed successfully in reproducing the yield of
mesons and baryon ground states in Pb—Pb collisions at both RHIC and LHC energies, with one chemical
freeze-out temperature of about 7.y ~ 156 TeV [115]. It assumes that hadrons are produced according
to the density of thermal yield N Zh(T), and is governed by the masses of available hadron states at a
universal hadronisation “temperature”, Ty. Such an approach has been able to capture the abundancies
of D meson states, but is challenged by the recent large ratio of A} /D at the ALICE in pp collisions at
Vs =7 TeV [116]. In fact, SHM only using charm-hadron state reported in PDG [45] can reproduce well
the meson yields, but substantially underpredicted the charm baryons. However, it has been argued [37]
that the charm baryon enhancement is due to the enhanced feed-down from “missing” charm-baryon

states in the PDG.

The model Ref. [37] provides an updated framework that includes an augmented set of higher-mass
charm baryons states predicted by the relativistic quark model (RQM) [117]. There are 18 extra Al
states, 42 X.’s, 62 E.’s, and 34 Q.’s up to a mass of 3.5 GeV/ c%. Asusual in the SHM, all the considered
hadron states are governed by the thermal hadron densities with specific weights, following from their

mass m; and their spin degeneracy d; = 2J + 1, evaluated at a hadronisation temperature Ty, as

22



W F

DOCTORAL DISSERTATION E 5 ][

di 2 n;
n; = ﬁmiTHKz(E), (1.14)
where K is the modified Bessel function of second order. The upper estimate of 7 is 170 MeV based

on the results in Ref. [118].

The thermal densities are applied to normalise properly the charm-quark fragmentation functions, and to
compute the charm pt spectrum produced in pp collisions. All those additional excited charmed baryons
mentioned above have to be forced to decay into a ground state. This procedure does not change the
production of the ground state D mesons. However, including the additional baryon resonances makes

a decisive difference and enables a significant charm baryon enhancement, as shown in Tab. 1.1.

1.3.3 Physics motivation

The measurement of open charm hadron production in pp collisions is a powerful tool for the test of
pQCD calculations describing the production of charm quarks in hard scattering processes. In heavy-
ion collisions, charm quarks are an excellent probe for the created QGP due to their large mass. Hence,
the measurement of charm hadron production in these systems gives the opportunity to study and char-

acterise the properties of the QGP.

As discussed earlier, the models introduced in Section 1.3.2 can provide a better description of AY (cud)
production than E:’O (csu, csd). This implies a possible difficulty in studying charm-strange baryons,
demanding more differential measurements in the heavy-flavour baryon sector. Specifically, this the-
sis focuses on the study of charm-strange baryon production, to investigate the charm hadronisation

mechanism.

A comprehensive explanation of 2 measured in pp collisions at y/s = 5.02 TeV is detailed in Chapter 3.
The measurement of Z) production in different collision energies is fundamental to understand the dy-
namics of heavy-flavour baryon formation, providing a key test for the different scenarios proposed in
the mentioned models. This measurement also contributes to the computation of the total ¢¢ cross sec-
tion in pp collisions at v/s = 5.02 TeV, seen in Fig. 1.10. Moreover, it will serve as a reference and
preparation for the planned measurements in Pb—Pb collisions to study the influence of a QGP, which is

not yet feasible with the data currently available.

The QY baryon is composed of a charm quark and two strange quarks (css). The measurement of Q2
production plays a crucial role in constraining models and understanding whether strange quarks, or

strange diquarks, have a special relevance for charm-baryon formation in pp collisions. Moreover, the
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Figure 1.13: Top panel: ratio of the pr-differential cross section of Q? baryons (multiplied by the branching ratio into
Q- 7*) to the D’~meson one in pp collisions at 4/s = 13 TeV [25]. Bottom panel: ratio of the data and models to the
Catania (coalescence plus fragmentation) model [24].

comparison of the relative abundances of the E:’O and Q¥ in pp and e*e™ collisions can shed light on the
role of diquarks, because it can be sensitive to the different mass values of spin S = 1(ss) and S = 0(sd)

diquarks [117].

Currently, a significant limitation in the interpretation of the production measurements of heavier strange-
charm baryons is the absence of precise branching fraction values. In the recent inclusive Q0 — Q~n*
measurement in Ref. [25], shown in Fig. 1.13, model calculations were multiplied by a theoretically
obtained branching ratio, BR(QB - Q") = (O.Slt%.lfl)%. This value was obtained by considering
the estimate reported in Ref. [40] for the central value, and the envelope of the values (including their
uncertainties) reported in Refs. [40, 119-123] to determine the uncertainty. This large uncertainty lim-
its the understanding of Q0 production, therefore making it imperative to measure its branching ratios.
Both the Belle and CLEO Collaborations published measurements of the branching-fraction ratio of the
semileptonic and hadronic decay channels, BR(Q? — Q- e*v.)/BR(QY — Q~z*) and found 1.98 +
0.13 (stat.) = 0.08 (syst.) [39] and 2.4 + 1.1 (stat.) + 0.2 (syst.) [38], respectively. These measurements
also test theoretical model calculations. Model calculations based on the light-front approach and on the
light cone sum rules predict lower values of the branching fraction ratio of 1.1 £ 0.2 [40] and 0.71 [41],
respectively. These models provide a way to relate the properties of hadrons, such as their masses, decay

constants, and form factors, to fundamental QCD parameters and quark-gluon distributions within the

hadrons. The hadronic part of the weak decay is parameterized in those models in terms of form factors,
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which belong to the non-perturbative region of QCD. Another tool to study the charmed baryon decays

is based on the flavor symmetry of SU(3)¢ in the quark model, which allows the calculations of decay
modes and relative probabilities of charmed baryon decays [42, 124, 125]. By applying the effective
colour approach under the framework of SU(3)¢ symmetry, a branching fraction ratio of 1.35 [42] is
computed. The differences between the model calculations and the experimental values underscore the

need for further experimental measurements and theoretical developments.

1.3.4 Organisation of the thesis

This thesis focuses on the study charm-baryon production in proton-proton collisions, as well as the
charm quark hadronisation mechanism in the ALICE experiment at the LHC. The thesis is organised as

follows:

Chapter 1 provides an introduction to the theoretical framework of the Standard Model, also a funda-
mental component of the Standard Model — the quantum chromodynamics (QCD) describing the strong
interaction. Three distinctive features of QCD are listed in Section 1.2. Open heavy-flavour hadrons
are most important tools to study the QCD theory in high-energy hadronic collisions, partidularly in
pp proton-proton collisions, where they offer sensitive tests for the calculations based on the perturba-
tive QCD down to low pr. The current status of open heavy-flavour in ALICE is discussed in detail
in Section 1.3, with a primary emphasis on charm quark hadronistion, along with brief introduction to
those developed models including those addressing baryon enhancement. The physics motivation of

this thesis is also presented.

Chapter 2 begins with a brief introduction to the LHC experiment (Section 2.1), followed by a main
focus on the ALICE experiment (Section 2.2). The most important detectors used for track, the Inner
Track Systems (ITS) and the Time Projection Chamber (TPC), and for Particle Identification (PID), the
TPC and the Time-of-Flight (TOF), which are used in these two analyses, are described in more detail
in the following sections. It also outlines the track and vertex reconstruction procedures in ALICE in
Section 2.3, as well as the ALICE offline analysis framework in Section 2.4. Additionally, an overview

of the ALICE upgrade, ALICE 2 and ALICE 3, is given.

Chapter 3 presents the measurement of the pr-differential cross section of Z2 in pp collisions at /s =
5.02 TeV, including detailed analysis strategy: data sample, event selection, candidate selection and
reconstruction, signal extraction, unfolding technique, reconstruction efficiency correction, and also
corresponding systematic studies. The final results, compared with previously published measurements

at /s =7 TeV and 13 TeV, as well as with model predictions, are discussed in Section 3.6.
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Chapter 4 focuses the pr-differential cross section of Q¥ baryons production multiplied by the branch-

ing ratio into Q~e*v, measured in pp collisions at v/s = 13 TeV, along with the branching-fraction
BR(Q? — Qe*v.)/BR((Q? — Q). To improve the precision of the measurements, there are three
new techniques exploited for the Q¥ analysis as explained in Section 4.1. A detailed explanation of raw
yield extraction with the implemented BDT models, unfolding procedure, and efficiency correction is
followed. The last part of this chapter discusses the results compared to those measured from CLEO and

Belle Collaborations, as well as two theoretical calculations, seen in Section 4.8.

Chapter 5 summarises the two experimental measurements and presents some performance results from
Run 3 in ALICE 2 and projection results from ALICE 3. In the end, the perspectives of new measure-
ments that could be accessible in ALICE 2 and ALICE 3 are shortly discussed.

26



W F

DOCTORAL DISSERTATION E 5 ][

2 Experimental setup

In this chapter, a brief introduction to the Large Hadron Collider (LHC) will be presented. Following
this, a detailed description of the ALICE (A Large Ion Collider Experiment) detector, with a particular
focus on the main central barrel detectors relevant to this analysis, is shown. Then the vertex and track
reconstruction, as well as the ALICE offline framework is shortly explained. Finally, the ALICE detector

upgrade is briefly discussed.

2.1 The Larger Hadron Collider (LHC)

The Larger Hadron Collider (LHC) is the largest and most powerful high-energy particle accelerator,
located at the European Organization for Nuclear Research (CERN), in Geneva. It lies in a tunnel 27
km ring of superconducting magnets and extends to depths of up to 175 meters. Primarily, the purpose
of the LHC is designed for proton-proton (pp) collisions, which allows us to investigate a wide range of
fundamental questions in particle physics. Additionally, it can also accelerate heavy-ion beams, giving
the chance to study extreme conditions like those present in the early universe, achieved through lead—
lead (Pb—Pb) and Xe—Xe collisions. It can also be used for proton-lead (p—Pb) collisions, to study the

production mechanisms.

Fig. 2.1 shows a schematic illustration of the CERN’s accelerator complex with the four main LHC
experiments. ATLAS (A Toroidal LHC Apparatus) [126] placed in site 1, and CMS (Compact Nuon
Solenoid) experiments [127] placed in site 5, are designed to measure the Higgs boson and explore the
physics beyond the Standard Model. LHCb (Large Hadron Collider beauty) experiment [128] situated
at site 8, is specialised in the study of heavy-flavour beauty quarks. ALICE (A Large Ion Collider
Experiment) located in site 2, is dedicated to investigating heavy-ion collisions. Besides that, there
is also the injector chain including for example LINACs and the SPS, designed to detect different

phenomena. Detailed information about the LHC accelerator can be found in Ref.[129].

2.2 The ALICE experiment

The ALICE detector is a general-purpose heavy-ion detector [130], located at Interaction Point 2 of
the LHC. It provides an unprecedented opportunity to investigate a small part of the phase diagram of
strongly interacting matter and the physics of quark-gluon plasma (QGP) produced in heavy-ion colli-

sions, both at extreme values of energy density and temperature. To address this, it requires the ability to
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Figure 2.1: Schematic layout of the CERN accelerator complex including the LHC with the four big experiments and the
injector chain [26].

measure charged particles in a wild momentum range, down to low transverse momenta with high pre-
cision (about 100 MeV/c for pions with a relative momentum resolution of about 2% achieved [130]).
The detector is also optimised to cope with high charged-particle multiplicity environments, ranging
from 2000 to 8000 for central Pb—Pb collisions [130]. Furthermore, it provides excellent capabilities in
tracking, for primary and secondary vertex reconstruction (i.e. ~ 100 um resolution for the study of the

2- and 3-prong decays of D mesons), and Particle Identification (PID).

The ALICE detector has overall dimensions of 16 X 16 x 26 m? and a substantial total weight of 10000
tons. An overview of the ALICE detector and its subdetectors is shown in Fig. 2.2. It can be divided
into two main parts: the central barrel, covering the central rapidity region (|| < 0.9), and the muon
spectrometer positioned at forward rapidity (—4 < < —2.5). The central barrel detectors are embedded
in the L3 solenoid magnet, providing a maximum magnetic field strength of 0.5 T (B =0.5 T). In order of
radii from the beamline, the central barrel detectors include the Inner Tracking System (ITS), the Time
Projection Chamber (TPC), the Transition Radiation Detector (TRD), the Time of Flight (TOF), the
Photon Spectrometer (PHOS), the Electromagnetic Calorimeter (EMCal) and High Momentum Particle
Identification Detector (HMPID).

The ALICE coordinate system is a right-handed orthogonal Cartesian system. The x-axis is perpendicu-
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Figure 2.2: The ALICE experimental apparatus with the names of the sub-detectors. Figure from ALICE figure reposi-
tory.

lar to the beam direction pointing to the centre of the accelerator, while the y-axis points upwards, and the
z-axis is parallel to the beam direction along with the muon spectrometer in the negative z direction [ 130].
A detailed overview of the ALICE experiment and its performance can be found in Refs. [29, 130-132].

In the following sections, the detectors applied in this work are described.

2.2.1 Inner Tracking System (ITS)

The Inner Tracking System (ITS) is an important part of the tracking system, positioned closest to the
beam pipe and the interaction point. It comprises six cylindrical layers of silicon detectors, depicted
in Fig. 2.3. It covers the pseudorapidity region || < 0.9. These six layers employ various detector
technologies to achieve their functions. Detailed information about each of the layers is provided in

Tab. 2.1.

Table 2.1: Brief summary of the different layers of the ALICE ITS.

SPD SDD SSD
Distance from beam pipe | 3.9and 7.6 cm 15.0 and 23.9 cm  38.0 and 43.0cm

¢ precision 12 um 35 um 20 um
Z precision 100 pum 25 um 830 um
Readout Digital Analog Analog
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The primary responsibilities of the ITS include:

* Reconstructing the primary vertex of collisions with a high resolution, surpassing 100 um
» Reconstructing the secondary vertices, points of decay for short-lived hadrons

* Particle identification and tracking of low-momentum particles with momentum below 200 MeV/c

The innermost 2 layers of the ITS detector are constructed using hybrid pixels known as Silicon Pixel
Detectors (SPD). One of the main functions is to determine the position of the primary vertex, by se-
lecting pairs of reconstructed points in these two layers. The resolution of the primary vertex position
depends on the track multiplicity, in turn, which is related to the charged-particle density. The extended
pseudo-rapidity coverage of the SPD (|| < 1.98) ensures the accurate determination of track multi-
plicity. Furthermore, their fast response makes them an integral part of the overall ALICE triggering

system, facilitating rapid event selection.

The two intermediate layers are the so-called Silicon Drift Detector (SDD). The SDD detector has very
good multi-track capability and provides two out of the four measurements of specific dE/dx employed
for PID by the ITS. However, in this thesis, the latter feature is not used, due to other detectors with

excellent PID capabilities, which will be discussed later in Section 2.2.3.

The outermost two layers employ double-sided Silicon Strip Detectors (SSD). The SSD detector is es-
sential for the prolongation of tracks from the main tracking detector of ALICE, the Time Projection
Chamber explained in Section 2.2.2, to the ITS. Besides that, it also provides dE /dx information, which

enables the ITS with the standalone capability to serve as a low—pr particle spectrometer.
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2.2.2 Time Projection Chamber

The Time Projection Chamber (TPC) [28], illustrated in Fig. 2.4, is the main tracking detector of the
central barrel. The TPC is specifically designed to measure tracks with transverse momentum (pr),
ranging from 0.1 GeV/c to 100 GeV/c, and also has excellent PID capabilities via the information
of dE/dx. The TPC has the shape of a hollow cylinder with a radius ranging from 85 cm to 250 cm
and an overall length along the beam direction of 5 m, covering the full azimuthal angle. It covers the
pseudorapidity range of |57| < 0.9 for tracks with full radial track length (matches in ITS, TRD and TOF),

and up to |n| < 1.5 for slower particles (reduced track length).

The detector is divided along the beam axis into two equally large drift regions by a central cathode,
each having a length of 2.5 m. On the opposite sides of the central electrodes is the readout, which
is equipped with multi-wire proportional chambers (MWPC). Each of the 18 readout chambers covers
an azimuth of 20°. The interior of the TPC is filled with a NeCo,N;, or ArCO;N, gas mixture with a
small radiation length and low multiple scattering rates. During Run 2 the gas was changed from a Neon

mixture to an Argon mixture and back again due to the large observed space-charge distortions.

Charged particles passing through the gas volume ionize the gas, resulting in the liberation of electrons.
These free electrons drift toward the end plates and hit the readout pads, under the influence of a highly
uniform electrostatic field of 400 V/cm in the beam direction. The signal amplification of the freed
electrons is provided through the avalanche effect occurring in MWPCs. Due to the influence of the

magnetic field, the particles follow helical paths as they traverse the TPC. The momentum of charged

OUTER FIELD
CAGE

. CO, GAP
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ELECTRODE

INNER FIELD
CAGE
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Figure 2.4: Layout of the Time Projection Chamber. Figure from [28].
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Figure 2.5: Charged particles dE /dx as a function of momentum measured by the TPC in pp collisions at y/s = 13 TeV.
Figure from ALICE Figure Repository.

particles can be measured based on the radius of curvature of its track in the magnetic field. The track
position in r¢ can be determined by the pad position of the deposited charge, where the z—direction is
calculated from the drift time of the electrons. This is how the information for a full 3D reconstruction

of the tracks is obtained.

The TPC is equipped to provide important PID information based on the charge and momentum of
particles, as well as the measurement of the specific energy loss (dE /dx) associated with the process of
ionization. The specific energy loss can be described by the Bethe-Bloch formula, which depends on the
particle species and it momentum, and the properties of the traversed medium. The PID determination
is estimated by comparing the measured energy loss in the TPC with the expected dE /dx of a specific
particle specie and its momentum. The expected energy loss is parameterised by a function originally
proposed by the ALEPH collaboration [133], which is a fundamental tool for particle identification in

the experiment,

f(By) = Py =™ —in(P3 + —— 2.0

By )‘D5

where f3 is the particle velocity, y is the Lorentz factor, and P;_s are parameters from fits to measured
data. A specific particle species i can be identified by the deviation of the measured dE/dx from the

expected energy loss in terms of the measurement resolution oyg /dx.,
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dE (4

ni = SXTPC dxit (2.2)

OdE/dx
where < dE/dx > is directly proportional to the charge of the electrons released during ionisation and
is collected from the readout pads within the TPC. This allows TPC to identify various particle species.
The measured dE /dx in the TPC as a function of momentum in pp collisions at 4/s = 13 TeV is shown

in Fig. 2.5. The solid lines are the expected trends for different particle species, according to the Eq. 2.1.

The TPC has excellent PID ability via dE'/dx determination with a resolution better than 5% [28]. At low
momenta (p < 1 GeV/c) particles can be identified on a track-by-track basis, while at higher momenta,
particles can be still separated on statistical methods via multi-Gaussian fits. To cover tracks up to a few
GeV/c, the PID information has to be complemented by additional measurements provided by other

subdetector systems.

2.2.3 Time Of Flight

The Time Of Flight (TOF) detector is a large array of Multi-gap Resistive-Plate Chambers (MRPC),
located at 3.7 m and 3.99 m radial distance, respectively, from the interaction point. The TOF detector
design is schematically shown in Fig. 2.6. It is designed to identify charged particles produced in the
pseudo-rapidity of || < 0.9 and within the intermediate momentum range (0.5 < pt < 4 GeV/c). If
a particle ionises the gas in the detector, an avalanche process will be triggered to generate signal on
the readout electrodes. The total signal is the analogue sum of signals from many gaps and the time

resolution is about 40 ps with a detector efficiency of close to 100% [29].

Custom cratek<*

Figure 2.6: Modular structure of the ALICE TOF detector. Figure from [29]
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Figure 2.7: B8 of charged particles as a function of momentum measured by the TOF in pp collisions at y/s = 13 TeV.
Figure from ALICE Figure Repository.

The particle is identified by the measurement of particle time-of-flight relative to the time of collisions,
over a given distance along its trajectory L and its momentum, which is known from the TPC. The
velocity of the particle is given by, 8 = v/c = L/tc. One can determine the mass and thus identify the

particle by,

m=2— -1 (2.3)

The identification of particles using the TOF detector relies on the number of standard deviations (n.-),

in the time of flight difference between two particles with masses ma and mg with same momentum p:

_ |ta — tB] _ Lc

o=

=55 lma — mg|, (2.4)
OTOF 2p*oroF
where oror ~ 60 ~ 80 ps represents the overall time resolution of the TOF detector [29]. This relation

is valid if p >> mec.

The PID capabilities measured by the TOF detector in pp collisions at 4/s = 13 TeV is shown in Fig. 2.7.
TOF can effectively separate pions and kaons below 2.5 GeV/c and provide the separation for protons
and kaons up to 4 GeV/c. Furthermore, the information from the TOF also can be utilized to identify
electrons and nuclei. The TOF helps the PID in the intermediate momentum region, along with the ITS

and TPC detectors.
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2.3 Track and vertex reconstruction

In ALICE, the track-reconstruction and the vertex-finding procedures are performed offline. The track-
ing procedure starts with the clusterization step. First, for each detector, the collected raw data are
transformed into clusters, which correspond to groups of hits produced by a single particle interaction
with a detector element. The clusters are characterized by their positions, signal amplitude, signal times,

and their associated errors. The clusterization is performed separately for each detector.

The reconstruction of the primary vertex is an essential step, as it is referred to the interaction point.
Usually, each collision event only involves one primary interaction point, and numerous tracks traverse
the detectors. The information provided by the SPD detector plays a crucial role in establishing a prelim-
inary interaction vertex. This is the space point that minimises the distance among the tracklets, which
are the track segments reconstructed by associating pairs of clusters in the two SPD layers. Then the
vertex is defined as the point where most of the tracklets converge. In high multiplicity events, where
interaction pileup is expected, the algorithm is repeated several times, discarding at each iteration those
clusters which contributed to already-found vertices. The pile-up events (less than 1%) are rejected by
detecting multiple primary vertices using track segments defined with the SPD layers. In case no single
convergence point is found, particularly in low-multiplicity pp collisions, the algorithm performs a one-
dimensional minimisation in the z—distribution of the points of closest approach (PCA) of tracklets to
the measured beam-axis position. This measurement of the primary-vertex position is used as an input

for the tracking.

The track reconstruction procedures normally involve fit problems, which can be solved by using the
Kalman filter (KF) vertexing algorithm [134]. Especially, it is implemented in a three-pass tracking
scheme known as inward-outward-inward, as shown in Fig. 2.8. This method depends critically on the
determination, for each track, of a set of initial seed values for track parameters and their covariance

matrix. A brief introduction about the KF is presented in Section 4.1.1.

The first inward stage starts with finding tracks in the TPC at a large radius. As a first step, the track
seeds are built from the clusters of the two outermost pad rows of the TPC and the primary vertex point
as a constraint, and then using three clusters without any constraint to the vertex. This approach allows
for the efficiency track seeds propagation until reaching to the TPC inner radius, meanwhile, they are
updated at each step by assigning clusters that fulfill certain proximity cuts by the KF algorithm. Clusters
can be reused by multiple seeds, it is possible to reconstruct the same physical track multiple times.
To mitigate this issue, a dedicated algorithm is used to identify pairs of tracks that share a fraction of

common clusters above a certain threshold, typically ranging from 25% to 50%. Additionally, only those
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Figure 2.8: Event reconstruction flow.

tracks with at least 20 out of 159 clusters in the TPC are accepted for reconstruction. These are then

propagated inwards to the inner TPC radius.

The efficiency of reconstructed tracks in the TPC as a function of pr, is shown in the left panel of Fig. 2.9,

in pp collisions at y/s = 8 and Pb—Pb collisions at v/syy = 2.76 TeV. At low transverse momentum

(~ 0.5GeV/c), itdrops dramatically caused by the energy loss and multiple scattering within the detector

material. The shape of the efficiency at high pr is due to the loss of clusters in the dead zones between

the TPC sectors.

The reconstructed tracks from the track-finding step in the TPC are then propagated to the outer layer of

the SSD, which becomes the seeds for the ITS track finding. A similar procedure is adapted, tracks are

propagated inward and updated at each ITS layer attaching all clusters within a proximity cut. Each TPC
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Figure 2.9: Left panel: reconstruction efficiency for TPC tracks in pp collisions at /s = 8 TeV and in central and
peripheral Pb-Pb collisions at Vs, = 2.76 TeV. Right panel: matching efficiency of tracks from ITS to TPC in real
(full markers) and simulated (open markers) Pb—Pb collisions at y/sxy = 2.76 TeV. Figures from [29].
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track produces a tree of track hypotheses in the ITS and candidates are stored based on the reduced y?.

An algorithm is applied to avoid two tracks sharing common clusters, in order to determine the tracks
with the highest quality, and then they are added to the reconstructed event. The TPC-ITS matching
efficiency in this step is defined as the ratio of the fraction of TPC tracks prolongated in the ITS. The
right panel of Fig. 2.9 shows the matching efficiency in data and the simulation for Pb—Pb collisions at

VSNN = 2.76 TeV, with different requirements on ITS points [29].

To increase the efficiency for tracks with low pr < 200 MeV/c and to reconstruct tracks not hitting
in the TPC (traversing dead zones of the TPC or decay before entering the TPC), an ITS stand-alone
reconstruction procedure is performed by using seeds created from two clusters originating in the three

innermost ITS layers and the primary vertex point.

After ITS tracking is completed, all tracks are extrapolated to their point of closet approach to the pre-
liminary interaction vertex. The tracking-procedure second step starts, the obtained tracks are then prop-
agated outwards using the KF algorithm. Once the tracks reach the TRD, an attempt is made to match
it with a TRD tracklet in each of the six TRD layers. Similarly, tracks arriving at the TOF detector are
matched to the TOF clusters. Subsequently, the tracks are propagated further to match signals in EMcal,

PHOS and HMPID with a requirement for minimum-ionising clusters.

In the last stage, the reconstructed tracks are propagated starting from the outer TPC radius toward the
interaction point. In each detector (TPC and ITS), the tracks are refitted with the previously found clus-
ters. After the full tracking procedure, the final track parameters and covariance matrix are computed.
In case two or more tracks are reconstructed with the procedure described above, the final position of the

primary vertex is recalculated using ITS-TPC tracks, which are also called global tracks. This method
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Figure 2.10: Resolution on the primary-vertex position using the SPD and the track algorithms as a function of the
charged-particle multiplicity in pp collisions at v/s = 7 TeV. Figure from [29].
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improves the resolution by about a factor of 2.5 with respect to the preliminary primary vertex. From

Fig. 2.10, the improvement of the resolution on the primary-vertex position obtained with global tracks

concerning that obtained only with SPD tracklets is illustrated.

2.4 The ALICE offline framework
The ROOT system [135], being developed at CERN since 1995, is a cross-platform framework designed

specifically for storage and data analysis in an efficient way. Nowadays, ROOT is widely used tool in
the high-energy physics, and also gained users from other fields of science. ROOT is the core of the

ALICE offline framework, having the two main parts:

« AliROOT: it is used for Monte Carlo simulations, data reconstruction, calibrations and detector
alignment. It provides an interface to several event generators, such as PYTHIA [13] for pp col-
lisions, used for Monte Carlo simulations. It includes a comprehensive description of the detector
geometry and material budget information, implemented in independent modules aiming for dif-
ferent subsystems. To simulate the detector response, AlIROOT transports to other packages such
as GEANT3 [136], GEANT4 [137] and FLUKA [138].

* AliPhysics: It contains all the code used in the physics analysis. This is based on multiple tasks
with a predefined structure, which are designed to process the collected and simulated events stored

in the grid.

The ALICE offline framework will be completely renewed in view of the data taking campaigns in Run
3 and 4 at the LHC, being fully replaced by the mO? framework [139], which will be not described in

this thesis.

After reconstruction, the events are called Event Summary Data (ESD) which contain all the physical
information required for analyses and quality assurance for each subdetector. But, ESD files are of huge
volume and not efficient to handle. Therefore, the data files are compressed to the Analysis Object Data
(AOD) which are derived from ESD by filtering. Tracks that pass some sets of cuts are stored and the
rest are deleted from AOD. Thus AOD contains only the physics-related data and is efficient to handle,
though analysis can be done using both AOD and ESD.
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2.5 ALICE detector upgrade

The ALICE experiment conducted during Runs 1 and 2 at the LHC, from 2015 to 2018, provide valuable
results, leading to a deep understanding of the properties of the QGP. Despite the significant progresses
that have been made so far, there are still several fundamental questions to be studied, and it will be
not possible to fully answer these questions with the present detectors. Therefore, it is very necessary
to upgrade the detector, to extend the physics cases and performances of the ALICE experiment. In
the following, a very brief introduction about ALICE upgrade 2 and 3 is introduced, as well as the

improvements.

251 ALICE2-Run3
During the LHC long shutdown 2 (LS2) from 2019 to 2021, a major upgrade of the experimental appa-

ratus was installed in the ALICE detector, preparing for the upcoming larger interaction rates expected
during Run 3 (2022 - 2025) and 4 (2029 - 2032) of Pb—PDb collisions. This detector upgrade referred to as
ALICE 2, follwing specifications outlined in Ref. [140]. The key changes implemented include: 1) the
upgrade of the TPC readout chambers replaced with Gas Electron Multiplier (GEM) chambers [141],
enabling continuous readout of Pb—Pb events at an interaction rate up to 50 kHz while maintaining
momentum measurement and particle identification performance as mentioned above; 2) new vertex
detector ITS 2 [30], comprising seven layers equipped with Monolithic Active Pixel Sensors (MAPS),
with a smaller-diameter beam pipe to enhance track and vertex resolution; 3) new apparatus of Muon
Forward Tracker (MFT) [142], featuring five double-side detection disks for precise tracking and sec-
ondary vertex reconstruction for muon tracks; 4) a new Fast Interaction Trigger detector (FIT), based on
Cherenkov radiators and scintillator for fast event triggering [143]. The upgraded detector is designed
for high readout rates of 50 kHz in Pb—Pb (with respect to the previous few kHz) and 1 MHz in pp
collisions. These improvements enable more precise measurements, especially at low pt. Moreover, an
entire new Online-Offline (O?) software framework [139] was deployed, together with the implementa-
tion of the First Level Processors (FLP) and the Event Processor Node (EPN) computing nodes, in order

to cope with the much higher data throughout the data taking.

A significant aspect of the upgrade is the installation of the ITS 2 in the central barrel, with the Inner
Barrel (Layers 0 to 2) and the outer Barrel (Layers 3 to 6), as shown in Fig. 2.11. The smaller inner radius
of the newly installed beam pipe (18.2 mm) brings the inner layers closer to the beam axis, leading to
improvement of the resolution of the track impact parameter. In addition, the reduction of material bud-
get in the first detection layer, about 0.36% X, significantly enhances the impact parameter resolution,

comparing the one in ITS1 about 1.14%X, [31]. The improvement of the resolution in the distance of
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Layer 1 Layer 2 Layer 4 Layer 5

Rmax 34,60 Rmax 42,10

Rmid 39,30

Rmid 31,50

Rmin 30,10 Rmin 37,80

Layer 3 Layer 6

Rmax 197,70 —
Rmid 196,05

Rmax 394,90
Rmid 393,35
Rmin 391,80

Rmin 194,40

Figure 2.11: Schematic view of the cross section of the Inner Barrel (left) and Outer Barrel (right). Figure from [30].
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Figure 2.12: Transverse (solid circle markers) and longitudinal (open square markers) impact parameter resolution in
Pb—Pb collisions data from ALICE 1 in blue points, and simulations from the upgraded detector ALICE 2 in red points.
Figure from [31].

closest approach of tracks to the primary vertex in both the transverse (r¢) and longitudinal (z) direc-
tions in Pb—Pb collisions, obtained from the simulation with the full O? simulation framework for the

upgraded detector in Run 3 with respect to the ones from Run 2 data, is illustrated in Fig. 2.12.

The second major upgrade involves the readout system of the TPC. The new TPC chambers based on
gas electron multiplication foils, enable continuous readout at much higher interaction rates and reduce
ion backflow to prevent large charge accumulation and space-charge distortions. The performance of
the upgraded TPC demands complex and innovative calibration, and also an efficient data compression

system. The upgraded TPC will offer a similar momentum resolution as the Run 2 system.
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Figure 2.13: Impact parameter resolution for primary charged pions as a function of the transverse momentum for the
ITS3 upgrade and ITS2 upgrade in the transverse plane. The solid lines represent the result with Fast Monte Caro Tool
(FMCT) and ITS only, the dashed lines are the results from FMCT, together with ITS+TPC, and open circles show the
results with full MC and ITS only. Figure from [32].

ALICE 2 aims to improve its event-rate capabilities and enhance significantly the tracking and vertexing
performance, particularly at low momentum. It has been designed with a focus on precise heavy-flavour
measurements as one of the main physics goals. The expected prejections from Run 3 regarding charm

baryon measurements can be found in Chapter 5.

2.5.2 ALICE 2 -Run4

Two additional upgrades are preparing for the Long Shutdown 3 [32, 144], from 2026 - 2028, to further
enhance the physics of the experiment in Run 4. These upgrades include a new inner barrel for the Inner
Tracking Systems, ITS 3 project, and the FoCal project , which employs the installation of a forward
calorimeter optimised for photon detection in the rapidity range 3.4 < n < 5.8. The ITS3 consists of
three cylindrical layers utilising curved wafer-scale stitched sensors. These layers will be positioned even
closer to the interaction point, with the first layer located just 18 mm away. Additionally, a new beam
pipe with a smaller radius (inner radius of 16 mm ) and reduced thickness (500 um) will be installed,
compared to the upgrade during LS2 (with an inner radius of 18.2 mm and a thickness of 800 um).
This upgrade will result in an unprecedented reduction of the material budget by 0.05%Xy near the
interaction point. A comparison of the impact parameter resolution for primary charged pions at typical
pseudorapidity = 0.5 between ITS2 and ITS3 is shown in Fig. 2.13, where it is improved by a factor
of two for pr = 1 GeV/c. Furthermore, the tracking efficiency at very low transverse momentum is also
improved [32]. These improvements will have a substantial impact on the measurement of charm and
beauty hadrons at low transverse momentum, as well as on the measurement of low-mass and low pt

dielectrons.
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The Focal detector [144] consists of a high-granularity electromagnetic calorimeter combined with a

conventional sampling hadronic calorimeter, located outside the ALICE solenoid magnet at a distance
of 7 m from the interaction point. The electromagnetic part of Focal is a compact silicon-tungsten (Si
+ W) sampling calorimeter with longitudinal segmentation. Its main physics goal is to study the non-
linear QCD evolution at small Bjorken-x down to x ~ 107®. Notably, benefiting from its excellent
reconstruction capabilities, FoCal achieves a significantly better signal-to-background ratio compared

to LHCb’s photon conversion-based approach, as demonstrated in Fig. 43 of Ref. [144].

2.5.3 ALICE3-Run5andé6

The Long Shutdown 4 is foreseen from 2033 - 2034. The ALICE 3, a completely new setup for the LHC
Runs 5 and 6 has been proposed, which enables new measurements in the heavy-flavour sector, focusing
on low-pr, especially for the measurements of multi-charm baryon production, multi-differential mea-
surements of dielectron emission, as well as femtoscopic studies of the interaction potentials between

heavy mesons.

The proposed novel ALICE 3 detector with a high readout rate, consists of a feature state-of-the-art
tracking system with a unique pointing resolution across a broad pseudorapidity range (-4 < n < +4),
complemented by multiple sub-detector systems for particle identification, reaching a momentum reso-
lution of 1 - 2%. They are silicon TOF layers, a ring-imaging Cherenkow detector with high-resolution
readout, a muon identification system, as well as an electromagnetic calorimeter. To optimise the point-
ing resolution, the first tracking layer must be placed as close as possible to the interaction point. One of
the key innovations of ALICE 3 is its retractable vertex detector, designed to provide a larger aperture
required for beams at the injection energy. This feature enables the detection of heavy flavour hadrons
with exceptional purity and efficiency down to low pt. Additionally, advancements in pointing resolu-
tion, projected to be approximately three times better than that of ITS3, offer unprecedented precision

in heavy-flavour measurements at midrapidity.

The evaluated performance study of the multi-charm baryons in Run 5 with ALICE 3 is reported in
Chapter 5.
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3 E(C) production in pp collisions at /s = 5.02 TeV

Measurements of heavy-flavour production in proton-proton (pp) collisions at LHC energies are among
the most important tool to test the quantum chromodynamics calculations with the factorisation ap-

proach, as discussed extensively in Section 1.3.

In this chapter, the pr-differential production cross section of prompt Z via the semileptonic decay
channel 20 — e*Z~v, and its charge conjugate, in pp collisions at y/s = 5.02 TeV is presented. It is
organised as follows. Section 3.1 describes the data samples and the data-taking conditions employed
in this analysis. The Z0 candidates are built by pairing an electron-candidate with Z candidate, as seen
in Section 3.2. The unfolding procedure is implemented to correct for the missing momentum of neu-
trino, as explained in Section 3.3.3. Section 3.4 describes the acceptance-times-efficiency and prompt
fractions, respectively. In Section 3.5, the evaluation of the systematic uncertainties for this analysis
is discussed. Finally, the results will be presented and discussed, including the production of prompt

20 and charmed baryon-to-meson yield ratio £ /D reported in Section 3.6, as well as the comparisons

with model calculations.

3.1 Data sample and offline event selection

This analysis uses a Minimum Bias (MB) triggered data sample collected from pp collisions at the LHC
in 2017 with a centre-of-mass energy of 4/s = 5.02 TeV. Events are selected with the MB trigger, which
is the trigger configuration imposing the smallest bias by accepting most of the events. Not all trigger
signals are caused by genuine collisions, there are some fake triggers generated by the background from
the LHC beam. In pp collisions, offline event selections are applied to remove the contamination from
interactions between the beams and the remnant gas in the beam pipe of the LHC. This selection is
based on the timing information of the two VO arrays [ 145] and a cut on the correlation between clusters
and tracklets reconstructed in SPD. In order to maintain a uniform ITS acceptance in pseudorapidity,
only events with a reconstructed vertex position within £10 cm along the beam axis from the nominal
interaction point are analysed. After the aforementioned selections, the data sample used for the analysis
consists of about 990 million MB events, corresponding to an integrated luminosity of L, = (19.3+0.4)

nb~! [146].

The Monte Carlo (MC) sample is generated with PYTHIA 8 event generator [13] and the GEANT 3
transport code [136], where cé pairs are generated in each event, while the presence of Z¥ is used as the

condition to store the event. The simulations are anchored to the data-taking runs, as to reproduce the
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detector and data-taking environment. There are about 50 million MC events used in this analysis.

3.2 Raw yield extraction

3.2.1 Electron identification

The electron candidates used to reconstruct Z0 are required to meet several selections, which are sum-
marized in Tab. 3.1. Only tracks with || < 0.8, pt > 0.5GeV/c, at least 100 out of 159 associated
crossed TPC pad rows, a y> normalised to the number of associated TPC clusters smaller than 4, a ratio
of crossed rows to findable clusters in the TPC greater than 0.6, and a minimum number of three hits

(out of six) in the ITS, and both hits in the SPD, are considered.

These selection criteria suppress the contribution from short tracks, which are unlikely to originate from
the primary vertex. Electrons are identified using the dE/dx and the time-of-flight measurements in

the TPC and TOF detectors, described in Section 2.2.2 and 2.2.3, respectively. The selection is applied
TOF

o.e

and n,TTIjg variables defined as the difference between the measured dE /dx or time-of-flight

on the n
values and the ones expected for electrons, divided by the corresponding detector resolution. The TOF
detector in ALICE is capable of reducing the amount of hadron contaminations. Combined with the PID

capability of the TOF detector, the TPC detector can reach a high electron purity.

In the top left panel of Fig. 3.1, the noSl. distribution as a function of the candidate electron pr is

TPC

Table 3.1: Electron identification cuts applied in this analysis.

Cuts vairbales cuts
AQD Filter Bit 4 (Standard cuts with very loose DCA)
Number of TPC clusters > 100
Number of TPC PID clusters > 80
Ratio of findable clusters > 0.6
ITS/TPC refit TRUE
Number of ITS cluster >3
pr(GeV/c) >0.5
7] <0.8
SPD hit both
Inoge: <3
Inoss. > =3.9+1.17 x p& — 0.094 X ps° x pse
prefilter cut Mere- < 0.05 GeV/c?
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05<pt<1.0

Counts

1.0<pt<20 20<pt<3.0

3.0<pt<4.0 4.0<pt<5.0

Figure 3.1: Top left panel: nogs. as a function of electron pr after applying the particle identification criteria on the TOF

signal (see text for details). Remaining panels: the distribution of norpc for different p%‘e intervals.

shown for tracks within |na’§18F| < 3. The applied criterion on the TPC dE/dx signal to select electron

candidates is: —=3.9 + 1.17p — 0.094p% < In(rgllﬁ’c(pT)l < 3 (with pr in units of GeV/c), which is

represented by the red lines. The pr-dependent lower limit on |n0'%1PeC| is optimized to reject hadrons,

following the same strategy as the previous analysis [21, 33]. The rest of the panels show the no-%fc
distribution in different electron pr intervals, projected from the top left panel of Fig. 3.1. A combination
of two Gaussian functions (red for electrons, black for kaons and protons) and a Landau function (blue
for pions) is used to fit the spectrum and isolate the various components. The comparison of the pr

intervals shows the increasing overlap as the transverse momentum gets higher.

The pr-dependent lower limit on [no8

Trc | is determined by studying the purity and hadron contamination

of the electron candidates with varied na%fc selections. The electron purity and hadron contamination

are estimated by integrating the nopc distribution, as shown in Eq. 3.1 and Eq. 3.2:

‘/).::X fele (x)dx
S (fe () + fiogu () + fre (x))dx”

in

Purity = 3.1
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Figure 3.2: Left panel: the purity of electron with varied norpc selections. Right panel: the contamination of hadrons
with varied norpc selections.

S (fr () + fg () dx

X

L (Fr(x) + e (x) + fore (x))dx”

Xmin

Contamination = (3.2)

where xpip, and xpax denote the lower and upper limits, respectively. An electron purity of 98% is

achieved over the whole pt range.

For those electrons from conversions in the material at large radii outside the innermost SPD layers are
removed by the requirement of having associated hits in the two SPD layers out of the ITS [147, 148].
Electrons from conversion occurring in the beam pipe or inside the SPD material can pass the primary
track selection criteria. Further rejection of background electrons originating from Dalitz decays of neu-
tral mesons and photon conversions in the detector material (“photonic” electrons) is obtained by using
a technique based on the invariant mass of the e*e™ pairs [149, 150]. To maximize the probability of
finding the electron partner from photonic decays, a prefilter selection is applied: the electron candidates
are paired with opposite-sign tracks in the same event with loose identification (|no-%§c < 5| without any
TOF requirements) and rejected if the invariant mass of the formed e*e™ pair smaller than 50 MeV/c>.

The invariant mass distribution of the electron pairs in Fig. 3.3 shows a peak near mee ~ 0 GeV/c?,

corresponding to the photonic decays, which is heavily suppressed by the prefilter selection.

3.2.2 Ereconstruction

The characteristics of 2~ are shown in Tab. 3.2. The reconstruction of £~ baryons is exploited with the
decay chain E= — An~ (BR = 99.887 + 0.035%), followed by A — pr~ (BR = 63.9 = 0.5%) [1].
Tracks used to define E~ candidates are required to have at least 70 associated crossed TPC pad rows,

within 40~ of dE/dx for protons (pions). The E~ and A baryons have long lifetimes (ct of about 4.91
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Figure 3.3: Invariant-mass distribution of electron pairs, the red one is with standard cuts and the black one is with
prefiltered cuts.

cm and 7.89 cm, respectively [1]), therefore, they can be selected by using their different characteristic
decay topologies [151]. The radial distances of the 2~ and A decay vertices from the beam lines, so-
called decay length should be greater than 0.4 cm and 2.67 cm, respectively. The cosine of the pointing
angle of the reconstructed =~ to the primary vertex, and of the A to E~ vertex, both required to be larger
than 0.983. The DCA of VO daughters, pions and protons, to the primary vertex should not be less than
0.073 cm. Pions originally decayed from E~ are selected with the distance of the closest approach (dp)
of their tracks to the primary vertex greater than 0.05 cm. The selection criteria, as listed in Tab. 3.3,
are tuned to reduce the background and enhance the purity of the signal. In the Fig. 3.5, the E~ peak in
the 7~ A invariant mass distribution integrated for p%f > (0 is shown. Only E~ candidates with invariant
mass within 8 MeV/c? from the world average £~ mass (1321.71 + 0.07 MeV/c? [1]), indicated by an

arrow in Fig. 3.5, are kept for further analysis.

Table 3.2: Properties of =. The valence quark content, the strangeness S, the isospin, the spin and parity 1(J¥'), the mass
and the main decay channel, together with its branching ratio (BR) and decay length c7 are listed.

Particle  Quarks S I(JF) Mass (MeV/c?) Decay particles B.R.(%) ¢t (um)
E-E) dss(dss) -2(+2) Ll 1321.71 An~(Ar) 99.9 4.91

3.2.3 eE pairs

The Z? candidates are reconstructed from e*Z~ pairs. Only pairs with an opening angle smaller than
90 degrees and the invariant mass mez < 2.5 GeV/c? are used for the analysis. Following the same
approach in Ref. [34], the background contributions are estimated by exploiting the fact that Z0 baryons

and their antiparticles decay only into eZ pairs with opposite charge sign, e*E* and e~ E*, called right-

sign (RS), and not into same-sign pairs (e*E*, denoted as wrong-sign (WS), and the assumption that
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Figure 3.4: The topological variables are sketched out.

Table 3.3: The track and topology selections for E applied in this analysis.

Cuts variables cuts
Number of CrossedRows >70
CrossedRows Over Findable Cluster >0.77
A Mass tolerance (MeV/c?) 7.5
E Mass tolerance (MeV/c?) 8
DCA of VO to PV (cm) >0.05

DCA of V0 daughters to PV (cm) >0.073

V0 cosine of pointing angle to E vertex | > 0.983

E cosine of pointing angle to PV >0.983
DCA of bachelor track to PV (cm) >0.05
VO decay length (cm) >2.67
E decay length (cm) > 0.4
|norpc| (proton) <4
[norrec| (pion) <4

combinatorial background candidates contribute equally to both RS and WS pairs. With this, the =0

raw yield can be obtained by subtracting the WS contribution from the RS pairs. Other contaminated

0,—

contributions, contributing only to WS pairs, such as those from &/

semileptonic decays which do not

give rise to RS pairs, will be corrected for after the subtraction, as described in Section 3.3.2.

In Fig. 3.6, the top left panel shows the invariant mass spectra of RS and WS eE pairs integrated over the
whole pr interval, 2 < pr < 8 GeV/c. The £ raw yield is obtained from the invariant mass distribution

of RS pairs after subtracting the WS contribution shown in the top right panel. Due to the missing
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Figure 3.5: Invariant mass distribution of = — 7~ A (and charge conjugate) candidates integrated over p% . The arrow
indicates the world average Z~ mass [1] and the dashed lines define the interval in which the E~ candidates are selected
for the E? reconstruction (see text for details). Figure from [33].

momentum of neutrino, the invariant mass distribution of e*Z pairs does not show a peak at the =0
mass. The pr distribution of RS and WS eE pairs, where the range of invariant mass from 1.3 to 2.5
GeV/c? is integrated, seen in the bottom left panel. Then the ratio between the RS and W'S spectra as a

function of peTE is also presented in the bottom right panel.

3.3 Corrections for raw yield extraction

The raw yield obtained by subtracting the WS pairs from RS pairs, (the distribution of the red and
the black, as shown in the bottom left panel of Fig. 3.6), has to be corrected for three aspects: 1) the

signal loss due to the mistagging of photonic electrons, called prefilter correction in Section 3.3.1; 2)

0,-

,  to the WS pairs, which induces oversubtracion, explained in

the contaminated contribution from E
Section 3.3.2; 3) the missing neutrino momentum, which will be corrected by the Bayesian unfolding
technique [152] implemented in the RooUnfold package [153], to obtain the Z¥ raw yield in intervals of

E? pr, as shown in Section 3.3.3.

3.3.1 Prefilter correction
The probability of wrongly tagging an electron as photonic is estimated by applying the tagging algo-

rithm, described in Section 3.2.1, to e*e* pairs. The prefilter efficiency &prefiteer is given by Eq. 3.3:

Nez(same-sign prefilter on)
Nez (prefilter off)

(3.3)

Eprefilter =
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Figure 3.6: Top left panel: the invariant mass distributions of the RS and WS e= pairs. Top right panel: the WS subtracted
spectra from RS, raw yield. Bottom left panel: the pr distributions of the RS and WS eZ pairs. Bottom right panel: the
ratio between RS and WS spectra as a function of p<=.

where the N.z(same-sign prefilter on) is the number of ¢E pairs having the same-sign for which the
electron has a same-sign partner forming a pair with an invariant mass lower than the prefilter cut 50
MeV/c?. Nz (prefilter off) means the number of eZ pairs for which the electron pairs without the

prefilter mass cuts applied.

The calculated efficiency is shown in the left panel of Fig. 3.7. The yield comparison after the prefilter
correction is in the right panel of Fig. 3.7. The red distribution is used for further analysis. The resulting
correction is smaller than 2% for pr < 5 GeV/c, with a mild dependence on the pt of the e"E™ pair,

which is also observed in Refs. [21, 34].

3.3.2 =% oversubtraction correction

b
The decays of Eg’_, Eg’_ — H.e™ X, where the H, is any charmed baryon, followed by H,. decaysto 7,

H, — E7X, bring contaminated contribution to the WS invariant mass distribution, not to the RS one,
resulting in a background over-subtraction. To estimate this contribution, assumptions must be made for

the branching ratio of Eg’_ into e E~v.X, as well as for the Eg’_ production cross sections, since they

are not measured yet.
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Figure 3.7: Left panel: Prefilter efficiency (e.z) in different intervals p<=. Right panel: The comparisons of yield
distribution after prefilter correction.

Firstly, the shape of the transverse momentum distribution of Eg’_ is assumed to be the same as the pr
distribution of A baryons. The pr-differential A production cross section multiplied by the BR(A —
J/¥A) in pp collisions at v/s = 7 TeV has been measured by the CMS Collaboration [77]. The spectrum

is fit to the Tsallis function [ 154]:

‘/p%+m2—m

T 1, G4

C'pT-[1+

where C is a normalisation parameter, 7 and n are shape parameters, m is the mass of the b hadron.
The parameters used are: T = 1.1 GeV/c and n = 7.6 + 0.4, respectively. The Tsallis function is
assumed valid down to pt = 0, as the green distribution shown in the right panel of Fig. 3.8. The
distributions of the beauty-hadron cross sections at 4/s =7 TeV and 5.02 TeV obtained with FONLL
pQCD calculations [3, 155] are shown in the left panel of Fig. 3.8. The ratio between them is used to
obtain the Ag measurement at the centre-of-mass energy of 5.02 TeV, which is the black distribution

shown in the right panel of Fig. 3.8.

The second assumption is that the fragmentation fraction of beauty quarks hadronising into Ag and ng
is the same as those in e*e™ collisions. The yield of Eg’_ — e E7 VX is therefore computed using:
i) the +/s-scaled Ag cross section at 4/s = 5.02 TeV, shown in the right panel of Fig. 3.8, ii) the values
of f(b = B 7) x BR(Eg" — e E77.X) [1]and f(b — A]) x BR(A] — J/yA) [156] obtained
from e*e™ collisions, iii) the Eg’_ — e~ E~ . X acceptance X efficiency (Acc X £) from the simulations,

shown in left panel of Fig. 3.9. The raw yield of Z0 from decays of Eg’_, is obtained by Eq. 3.5,
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Figure 3.8: Left panel: the distributions of the beauty-hadron cross sections at 4/s =7 TeV and 5.02 TeV obtained with
FONLL pQCD calculations. Right panel: the fitted Ag distribution at /s = 7 TeV, and the scaled Ag distribution at /s =
5.02 TeV.

do2
NEW = — =2 2. Apr-Ay-Acc X & - Lin, (3.5)
= dprdy
It will be used for computing the counts of eZ pairs. The spectrum of eZ pairs coming from Eg’_ can

be estimated with the refolded procedure (discussed in the next section 3.3.3), applied with the response

matrix of Eg’_ and eE in the right panel of Fig. 3.9.

The comparison of pr distribution of eE pairs between from the default analysis (RS-WS) (black) and
from the contribution of Eg’_ (red) is illustrated in the top left panel of Fig. 3.10, their ratio is shown in
the top right panel Fig. 3.10. The eE pairs from the bottom baryon are added to the raw yield spectra
(RS-WS), the comparison of the final corrected yield of p?g is shown in the bottom left panel. The final

result increases by about 2% after correcting the over-subtraction from Eg’_, as seen in the right panel.
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Figure 3.9: Left panel: the acceptance-times-efficiency of Eg’_. Right panel: the response matrix of Eg’_ and eE.
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Figure 3.10: Top left panel: the comparison of distribution of p$¥ from default analysis (black) and from Eg’_ (red).
Top right panel: the ratio between red and black, which represents the amount of over-subtraction. Bottom left panel:
the comparison of the final result between the WS subtracted spectra without over-subtraction correction (red), and with
over-subtraction correction (black). Bottom right panel: the ratio between the corrected and uncorrected result.

After the two corrections discussed above in Section 3.3.2 and Section 3.3.1, the invariant mass distri-
butions of WS and RS pairs in the interval 2 < p%E < 8 GeV/c are shown in the left panel of Fig. 3.11,
and in the right panel is the invariant mass distribution of Z0 candidates obtained after subtracting the
WS pair yield from the RS yield. To correct for the missing momentum of the neutrino, the unfolding
technique is used, converting p¢= into ZY, which is discussed in next section.

T

3.3.3 Unfolding procedure

The detector response, described by a matrix R, represents the correlation between the pr of the 0
baryon (true distribution 7) and that of the reconstructed e*E~ pair (measured distribution M). The
response matrix is determined via a simulation with the PYTHIA 8.243 event generator [13] and the
GEANT 3 transport code [ 1 57], including a realistic description of the detector conditions and alignment
during the data taking period. Mathematically, matrix multiplication can be used to express this relation:

a true pr distribution 7 is folded with the detector response R to the measured p distribution M, as
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Figure 3.11: Left panel: invariant mass distributions of right-sign and wrong-sign eZ pairs with 2 < pr < 8 GeV/c. Right
panel: invariant mass distribution of Z° candidates obtained by subtracting the wrong-sign pair yield from the right-sign
pair yield. Figures from [33].

Eq. 3.6. To determine the true pr distribution 7', the measured pr distribution M needs to be un folded
by R™!, Eq. 3.7:

M=TXxR, (3.6)

T=(R"YxM, (3.7)

In fact, the inversion R~! would give an unreliable result with very large variances. This problem can be
overcome by turning it into an iterative procedure. Bayesian unfolding is the default method employed
in this analysis, which is an alternative approach to unfold the measured distribution based on Bayes’
theorem to the true distribution. The process is repeated with the previous unfolded distribution as a

new input for the unfolding procedure until it converges.

Bayes’ theorem describes the probability of an event, which is based on prior conditions, illustrated as

in Eq. 3.8:

P(B|A)P(A)

P(AIB) = =5 s

(3.8)
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Ry = il (3.9
T Y R Ui’ )

where A represents the true measurement 7 and B means the measurement M with the detector. The
P(A) and P(B) are the prior probabilities for the true distribution 7" and the measured distribution M,
respectively. P(B) is calculated with the response matrix: M; = 3}, R;jxUx. U; is the prior distribution
of the true distribution. P(A) is defined by the U;. P(B|A) is the probability of the measured distribution
M under the condition of the true distribution 7" and it is same with the matrix elements R;; of the detector
response matrix R. Analogously, P(A|B) is the probability of the true distribution 7" under the condition
of the measured distribution M, and it can be analogous to R ji- In this analysis, the measured spectra M
have been used as the prior distribution. In the above formulas Eq. 3.8 and Eq. 3.9, P(A|B) and P(A)

are unknown. An iterative method is required to solve the equation:

U =R[U]-M, (3.10)

If the spectra U is the true distribution T, the unfolded spectra U" is T. For the next iteration, U is

replaced with U’ to get the next solution U”, and so on.

The response matrix needs to be determined by using a realistic Z2-baryon pr distribution which is not
known prior. Therefore, a two-step iterative procedure is adopted: 1) the response matrix is obtained
from the MC simulation (pr distribution generated with PYTHIA 8 [13]. This response matrix is used
to calculate a first estimate of the Z0 pr-differential spectrum based on the measured pr distribution
of e*E~ pairs. 2) The E; pr distribution obtained from this first iteration is used for the reweighting
procedure, which is applied to the response matrix, then the weighted matrix is used for the second
iteration. The weighting factor is calculated as the ratio of pt distribution of the first estimation of =0
pr (in blue) in data and of the MC generated E (in orange) as shown in the left panel of Fig. 3.12. In

the right panel of Fig. 3.12, the obtained ratio is fitted with exponential functions in pt > 2 GeV/c.

The weighted response matrix is shown in the left panel of Fig. 3.13, which is defined in the transverse
momentum interval 1.4 < pr < 12 GeV/c. It is wider than the pr interval used for the cross section
measurement, to avoid possible edge effects at the lowest and highest pr intervals of the measurement.
In this analysis, the Bayesian procedure required three iterations to converge. The measured spectrum is
compared with the unfolded spectra implemented with the weighted and unweighted response matrices.

To check the RooUnfold stability, the refolded procedure is required. In principle, the refolded spectrum
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Figure 3.12: Left panel: the pr distribution of Z in data and in MC, fitted by the expol0 function. Right panel: the
weighting factor is defined as the ratio of pr distribution of 20 in data and the in MC.
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Figure 3.13: Left panel: Correlation matrix between the generated Z0-baryon pr and the reconstructed "=~ pair pr,
obtained from the simulation based on PYTHIA 8 described in the text. Figure from [33]. Right panel: Comparisons of

the pr distribution of measured (pS¥), unfolded (p?g), and refolded (pS¥).

is supposed to be matched with the measured one, as in Eq. 3.6. All the yield distributions can be seen
in the right panel of Fig. 3.13. The comparison of the two refolded spectra shows that the green refolded
one is closer to the measured distribution than the red one without weights applied, indicating that the

reweighting procedure indeed helps in correcting the pt shape of Z0.
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3.4 Reconstruction efficiency and feed-down subtraction

The pr-differential cross section of prompt Z0-baryon production is obtained as Eq. 4.21:

=0
U e MR 1
dprdy BR 2AyApr (Accxs)prompt Lin

(3.11)
where NrEagV is the raw yield after those corrections mentioned in Section 3.3 in a given pr interval with
width Apt, as pink one in the right panel of Fig. 3.13. fyromp represents the fraction of prompt 20 in
the raw yield, and BR is the branching ratio of Q0 via its semileptonic decay mode e*Q~ v, and Lin
is the integrated luminosity. The (Acc X &)prompt factor means the product of detector acceptance and
efficiency for prompt E baryons, in which the & is the reconstruction and selection of the Z0 decay-
product tracks and the E0-candidate selection. The factor Ay is the width of the rapidity interval in
which the generated Z0 are considered, and is used to calculate the cross section in one unit of rapidity.
The factor 1/2 counts that NrEagW includes both particles and antiparticles, therefore, the cross section is
given only for particles. The results of the ratio BR(E? - E‘e+ve)/BR(Eg - B2 1) =136+0.14
(stat.) +0.19 (syst.) measured by ALICE in pp collisions at v/s = 13 TeV [2 1] and the measured hadronic
decay branching ratio BR(E? — Z~ %) reported in the PDG [1], bring the value of BR(Z) — E~¢*v,)
to be (1.94 + 0.55)%.

The (Acc X &) factor is obtained from the same simulations, which are also used to determine the re-
sponse matrix. The (Acc x &) is calculated separately for prompt and feed-down ZY baryons, which is
reported in the left panel of Fig. 3.14. It shows that the efficiencies of prompt and feed-down baryons
are consistent with each other within uncertainties, as the applied selection criteria are not sensitive to
the displacement by a few hundred micrometers of the prompt and feed-down Z0 decay vertices from
the collision point. To compute the efficiency with a realistic momentum distribution of Z¥ baryons, the
reweighted procedure is very important, aiming to make the measured one match better the pt shape of
the generated Z° baryons from the PYTHIA 8 simulation. The reweighted procedure is adopted with

two iterative steps similar to the one implemented in the response matrix, explained as in Section 3.3.3.

To obtain the prompt production of E‘C) baryons, the factor fyrompt has be to calculated, which is:

NE? feed-down i (ACC X 8)feed-down . Ay . ApT -BR - Ljnt X( d20' i (3'12)

fprompt: 1_7 = —0 )
N, é“iizv NE‘8+EC dp Tdy =0 feed-down

raw /2
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Figure 3.14: Left panel: product of acceptance and efficiency for prompt and feed-down E2 baryons in pp collisions at
/s =5.02 TeV as a function of pr. Right panel: fraction of prompt E baryons in the raw yield (fyromp) as a function of
pr. The systematic uncertainties of firompe are shown as boxes (explained in Section 3.5.7). Figures from [33].

2045 . . L. .
where N;C‘;““ /2 means the averaged raw yields of particles and antiparticles, (Acc X &)feed-down 1S the
product of detector acceptance and efficiency for feed-down EC baryons, as the red distribution in the

left panel of Fig. 3.14. The pr-differential cross section of feed-down ZY baryon production is denoted
o

as (dp rdy )EQ feed-down

known yet, an alternative method based on the measured cross section of feed-down A} in Ref. [11] is

. However, the production cross section of Z0 from beauty-baryon decays is not

adopted. The production of A} from Ag—baryon decays is estimated using the b-quark pr-differential
cross section from FONLL calculations, multiplied by the beauty quarks fraction that fragment into Ag.
The beauty fragmentation fraction in pp collisions at v/s = 13 TeV [76], has been measured by the LHCb
Collaboration, taking into account its pt dependence. The Ag — A} + X decay kinematics is modeled
using PYTHIA 8.243 simulations [13]. The cross section of A} decayed from Ag is scaled by the fraction
of B decaying in a final state with 20 over the fraction of Ag decaying into A{. Their fractions are taken

to be 50% and 82%, respectively, obtained from the PYTHIA 8.243 generator [13].

The cross section of £ from beauty feed-down is calculated from the one of A} originating from Ag
decays, and scaled by the ratio of the measured pr-differential yields of inclusive Z0 and prompt A}
baryons, as reported in Fig. 3.25. Two assumptions are required: i) the p shape of the cross sections of
feed-down = is the same as the one of feed-down AY; ii) the ratio of inclusive E)/A{ is the same as the
ratio for the feed-down case. This procedure is reliable as the inclusive A} -baryon yield is dominated by
the prompt production, based on the fprompe values close to unity reported in Ref. [10]. More discussion

about the systematic uncertainty of this procedure can be found in Section 3.5.7.
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The value of fprompe as a function of pr is shown in the right panel of Fig. 3.14. The vertical bars and

empty boxes represent the statistical and systematic uncertainties (explained later in Section 3.5.7).
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3.5 Systematic uncertainties

The systematic uncertainty on the Z; production cross section has different contributions, which will be

discussed in the following.

In order to prevent an effect of systematic uncertainty from statistical fluctuation, a Barlow value [158]

for variations is calculated based on:

_ |Default — Variation|

(3.13)

\/ Default Varlatlon

In Eq. 3.13, if the Barlow value (B) is less than 1, differences could be from a statistical fluctuation, if

greater than 1, could result in a systematic uncertainty.

3.5.1 Track efficiency

The systematic uncertainty on the track efficiency in this analysis consists of three resources: i) by
varying the TPC track selection criteria for electron tracks in Section 3.5.1.1, ii) by varying the TPC
track selection criteria also for the 2~ daughter tracks in Section 3.5.1.2, iii) and by comparing the
probability of prolonging a track from the TPC to ITS (“matching efficiency” discussed previously in

Section 2.3) in data and simulation, studied in Section 3.5.1.3.

3.5.1.1 Electron selection

The number of TPC clusters and the number of ITS clusters are varied to study the uncertainties on the

electron selection. The variations for the systematic study are shown in Tab. 3.4.

Table 3.4: Varied criteria for electron selections. Selections that are not shown in this table are the same as the ones in
Tab. 3.1.

Cut variables VeryLoose Loose Standard Tight VeryTight
Number of crossed rows > 65 > 65 >170 >175 >80
The ratio of crossed rows and findable clusters >0.75 >0.8 >0.8 >0.85 >0.9
Number of TPC PID cluster > 40 > 45 > 50 > 55 > 60

In Fig. 3.15, the comparison of the Z¥ spectrum with different selections and the ratios of the Z0 spectra
with variations to the standard cut, are reported in the top two panels. The root mean square (RMS)
and Barlow values are calculated for each pt bin. The systematic uncertainty obtained from RMS is

assigned 2% for the electron track selection.
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Figure 3.15: Top left panel: the Z0 spectrum with different selections.Top right panel: ratios of the E? spectrum with
variations. Bottom left panel: Barlow values. Bottom right panel: the root mean square (RMS) of the deviations from 1.
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3.5.1.2 = reconstruction

The varied criteria associated with different numbers of TPC pad rows, shown in Tab. 3.5, is used to

study the uncertainty on the track reconstruction of =.

Fig. 3.16 shows the comparison of results with different selections. The systematic uncertainty is 4%

for the 2~ daughters independent of 20 pr.

Table 3.5: E track cuts used to study the uncertainties in E reconstruction. Other cuts are not shown which are the same
as in Tab. 3.3.

Cuts variables VeryLoose Loose Standard Tight VeryTight

Number of crossed rows > 65 > 65 >70 >75 >80
The ratio of crossed rows and findable clusters >0.70 >0.75 >0.77 >0.79 >0.81
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Figure 3.16: Top left panel: the Z0 spectrum with different selections.Top right panel: ratios of the E? spectrum with
variations. Bottom left panel: Barlow value. Bottom right panel: the root mean square (RMS) of the deviations from 1.
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3.5.1.3 ITS-TPC matching

The uncertainty on the matching efficiency affects only the electron track, and not the tracks of the
E~ decay particles, as its prolongation to ITS is not required. It is defined as the relative difference in
the ITS-TPC matching efficiency between simulation and data. The uncertainty is propagated from the
electron tracks to the Z? taking into account its decay kinematics, and it is assigned 2%, independent of

20 pr, illustrated in Tab. 3.6. Details can be found in Appendix A.1.1.

=0 =
Table 3.6: The systematic uncertainty of p.° propagated from p$=.

EO
c

pt bins (MeV/c) 2-3 34 4-5 5-6 6-8
Systematic 2.05% 2.05% 2.06% 2.13% 2.2%

3.5.2 Electron identification

Systematic uncertainties can also arise from discrepancies in the particle-identification efficiency in
data compared to that in MC simulation. The analysis is repeated by varying the selection criteria of
the identification for the electron candidate tracks, shown in Tab. 3.7. These PID selection criteria are

depicted in Fig. A.3 in Appendix A.1.2.

Fig. 3.17 shows the final results with different selection criteria. The systematic uncertainty is dependent

on the E? pr, ranging from 4% to 7%.

3.5.3 ZE topology

The varied criteria of the E~ topology cuts are shown in Tab. 3.8. The systematic uncertainty is 6%,

which is estimated from the RMS of the distribution of the Z¥ corrected yields, as reported in Fig. 3.18.

3.5.4 eZE pair selection

The uncertainty of the e*E~ —pair selection efficiency is estimated by varying the selection criteria for

the invariant masses of eE pairs, seen in Tab. 3.9.

The systematic uncertainty is assigned for 3%, obtained by fitting the ratio with Pol0 function, seen in

the right panel of Fig. 3.19.
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Figure 3.17: The systematic study for electron candidates identification. Top left panel: the . spectrum with different
selections. Top right panel: ratios of the Z spectrum with variations. Bottom left panel: Barlow value. Bottom right
panel: the root mean square (RMS) of the deviations from 1.
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Figure 3.18: The systematic study for Z reconstruction. Top left panel: the E spectrum with different selections. Top
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Table 3.7: Eletron selections used to study the uncertainties of track identification. Cuts that are not shown in this table
are the same as the ones in Tab. 3.1.

Cuts variables Lower limit of nosis. noSex
VeryLoose -4.4+1.23pr -0.102p2 <3
Loose —-4.17+ 1.20pt — 0.098p% <3
Standard -39+ 1.17pr - 0.094p2 <3
Tight -39+ 1.28pr — 0.094])% <3
VeryTight | —3.9+1.28pr —0.094p2 <2

Table 3.8: The varied selections of E topology to study the uncertainties for the daughter track reconstruction. Selections
that are not shown in this table are the same as Tab. 3.3.

Cut variables VeryLoose  Loose  Standard Tight
A Mass tolerance (MeV/c?) 7.5 7.5 7.5 7.5
E Mass tolerance (MeV/c?) 8 8 8 8
DCA of VO to PV (cm) >0.01 >0.02 >0.03 >0.04
DCA of VO daughters to PV (cm) >0.05 >0.061 >0.073 >0.088
VO cosine of pointing angle to E vertex >(0.98 >0.981 >0.983 >0.9839
DCA of bachelor track to PV (cm) >0.01 >0.0146 >0.0204 >0.0275
VO decay length (cm) >0.20 >1.55 >2.67 >3.6
E decay length (cm) >0.20 >0.29 >0.38 >0.53

Table 3.9: The variation of pairs mass selection.

Cut variables Loose Standard
Invariant mass cut (GeV/c?) | 2.7 2.5
‘T: 1: —TTT —TT -‘9_, 1.5
3 f € i,
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& —— | |
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Figure 3.19: The systematic study for eZ pair selection. Left panel: the = spectra with different selections. Right panel:

=0

ratios of the 2. spectra with variations.
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3.5.5 Unfolding procedure

The systematic uncertainty of the correction for the missing neutrino momentum is studied by varying
the unfolding procedure: 1) the number of iterations in the Bayesian unfolding procedure is varied in
Section 3.5.5.1; 2) use a different unfolding method in Section 3.5.5.2, and 3) the pT range and the

binning of the response matrix used in the unfolding, seen in Section 3.5.5.3.

3.5.5.1 Bayesian iteration number

The iteration number 3 is used as default in the Bayesian unfolding. To study the systematic uncertainty

of using different numbers, the iteration number is varied from 2 to 6.

The comparison of unfolded yield with different iteration numbers is seen in Fig. 3.20. The systematic

uncertainty is assigned to be the RMS values as shown in the bottom panel of Fig. 3.20, dependent on
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Figure 3.20: The systematic study for the unfolding procedure of varied Bayesian iteration numbers. Top left panel: the
pr distribution of unfolded yield Z? with different Bayesian iteration numbers. Top right panel: ratios of the unfolded
yield E2 with variation. Bottom panel: the root mean square (RMS) of the deviations from 1.
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3.5.5.2 Singular value decomposition (SVD) method

The Singular Value Decomposition (SVD) method [159] is used to study the effect from different un-
folding procedures. The SVD unfolding method is sensitive to the d vector, which determines the reg-

ularisation number. To avoid fluctuations, the regularisation numbers 3 and 4 are studied.

The comparison of pr distribution of unfolded yield Z0 from the SVD method compared to the default
Bayesian one is shown in the top left panel of Fig. 3.21. A pr-dependent systematic uncertainty is

assigned by the RMS value.
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Figure 3.21: The systematic study for the unfolding procedure of Singular Value Decomposition (SVD). Top left panel:
the comparison of pr distribution of unfolded yield Z? from the SVD method compared to the default Bayesian one. Top
right panel: ratios of the unfolded yield Z° with variation. Bottom panel: the root mean square (RMS) of the deviations
from 1.

3.5.5.3 Unfolding pt range and binning

The unfolding procedure could be sensitive to the pt range and the binning, especially at low pt. To see
how much the edge effect, different sets of pt range and binning of the response matrix are investigated,

seen in Fig. 3.22.

Systematic uncertainties of 6% and 4% are assigned in the intervals 2 < pr <3 GeV/cand 3 < pr < 4
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Figure 3.22: The systematic study for the unfolding procedure of pr binning. Left panel: the pr distribution of unfolded
yield 2 with different pr binning. Right panel: ratios of the unfolded yield Z2 with variation.

GeV/c, respectively. At higher pr, this contribution is negligible.

3.5.6 Oversubtraction caused by bottom baryons

The assumptions used to subtract the contribution to the WS pairs from Eg’_, already discussed in Sec-

tion 3.3.2, could bring some uncertainties for the correction. The estimation of systematic uncertainty

0,-

o, yield and momentum distribution based on the uncertainties of the Ag

is considered by varying the E

pr-differential cross section in pp collisions [77], listed in the following:

1. Varying the parameters of the Tsallis functions
* Varying n: varied by 1o (7.6 — 8.0)
* Scale up: CMS estimated the uncertainties on the cross section in the pt range above 10 GeV/c to
be ~ 50 %. (The normalization of the A spectrum is scaled up by the uncertainty)
2. Varying branching ratio fraction
* The uncertainties on the B(b — EpB)(Ep — eEX)) (30%) and B(b — ApB)(Ap — J /¥ A))(14%)

are added in quadrature. The total uncertainty of the branching ratio fraction is 33%.

—
—

As shown in Fig. 3.23 and Fig. 3.24, the assigned systematic uncertainty is 1%, independent of Z0 pr.

3.5.7 Prompt fraction estimation

The systematic uncertainty due to the subtraction of the feed-down from beauty-hadron decays, is es-
timated from two aspects: 1) considering the uncertainty on the FONLL predictions; ii) varying the

assumption on the ratio Eg /AE in the forompt calculation. Details are listed as follows:

* The uncertainty from FONLL simulations is calculated by varying the b-quark mass and the fac-
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Figure 3.23: The systematic study for oversubtraction by varying the parameters of the TSallis functions.
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Figure 3.24: The systematic study for oversubtraction by varying branching ratio fraction.

torisation and renormalisation scales as prescribed in Ref. [155], which is shown in the left panel

of Fig. 3.25.

* The ratio of inclusive ZY over prompt A} yield, used to multiply the feed-down E cross section, is

scaled up by a factor of 2 to account for possible differences between the 20/ A} and Eg’f / Ag ratios,
and is also scaled down to cover the Eg’_ / Ag value of about 0.12 measured at forward rapidity by

the LHCb Collaboration [160], which can be seen in the left panel of Fig. 3.26.

Individual systematic uncertainty from these two sources can be found in Tab. 3.10. The final systematic

0,-

,  ranges between 2% and 5%, depending on the pr interval.

uncertainty of the subtraction from E
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Figure 3.26: The systematic study for prompt fraction estimation. Left panel: The comparisons of prompt fractions
obtained from different assumptions. Right panel: The ratio of prompt fractions between the varied ones over the standard

one.

Table 3.10: Contributions to the systematic uncertainty of the prompt fraction estimation.

1 (BY) (GeV/c) 2-3 34 45 56 6-8
FONLL + FF up 1% 1% 1% 2% 2%
FONLL +FF | down 1% 1% 1% 1% 1%

BO/AY up 2% 2% 3% 4% 5%
BO/A; down 2% 2% 3% 5% 5%
Total up  22% 22% 32% 4.5% 54%
Total down 22% 22% 32% 51% 5.1%
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3.5.8 Generated pt shape

The systematic uncertainty due to the uncertainty of the generated Z0 pr shape used to calculate the
efficiency, is studied by using the shape from the PYTHIA 8 generator instead of the one from the
iterative procedure. In Fig. 3.27, the left panel shows the comparison of the reconstruction efficiency
with (in red) and without (in black) the weight applied (explained above in Fig. 3.12 in Section 3.3.3),

and the right panel tells the ratio fitted by a Pol0 function, 2% is assigned as systematic uncertainty.
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Figure 3.27: The systematic study for the generated pr shape.

3.5.9 Rapidity range
An additional source of uncertainty is from possible discrepancies with using different rapidity, by com-

paring the E0-rapidity distributions in data and in the simulation, which can affect the measured cross

section because the (Acc X &) depends on the Z0 rapidity.

The systematic uncertainty is estimated to be 4% by comparing the final corrected yield with different

rapidity intervals (from |y| < 0.5 to |y| < 0.8), shown in Fig. 3.28.
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Figure 3.28: The systematic study for rapidity range selection.
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3.5.10 Summary of systematic uncertainties

The systematic uncertainty on the Z; production cross section is summarised in Tab. 3.11. The total
systematic uncertainty is calculated by summing in quadrature the different contributions, which are
assumed to be uncorrelated among each other. Two additional global normalisation uncertainties of the
integrated luminosity and the branching ratio are not included in the sum in quadrature with other sources
of uncertainties.

Table 3.11: Contributions to the systematic uncertainty of the Z cross section in this analsyis.

pr (GeV/c) 2-3 34 45 56 68
ITS-TPC matching 2% 2% 2% 2% 2%
Electron track selection 2% 2% 2% 2% 2%
E*-daughter track selection 4% 4% 4% 4% 4%
Electron identification 4% 6% 7% 5% 5%
E* topological selection 6% 6% 6% 6% 6%
eE-pair selection 3% 3% 3% 3% 3%
Bayesian-unfolding iterations 5% 9% 9% 7% 2%
Unfolding method 5% 6% 5% 5% 4%
Response-matrix pr range and binning | 6% 4% - - —
&}, oversubtraction 1% 1% 1% 1% 1%
Generated pr shape 2% 2% 2% 2% 2%
Sensitivity to rapidity interval 4% 4% 4% 4% 4%
Feed-down subtraction 2% % B% N% %
Total systematic uncertainty A% Meop G % %
Branching ratio 28.4%

Luminosity 2.1%

3.6 Results

The production of prompt Z0-baryon in pp collisions at /s = 5.02 TeV, measured in pt range 2 <
pt < 8 GeV/e, is shown in the left panel of Fig. 3.29. It is compared with the previously published
results of the inclusive 20 baryon production via its decay mode Z — Z~e*v, in pp collisions at
Vs =7 TeV [34], which is updated with the BR value recently measured from Ref. [21], and of prompt

Z0-baryon production at y/s = 13 TeV [21]. The latter one is the average of two decay channels (£ —
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Figure 3.29: Left panel: pr-differential production cross sections of prompt Z2 baryons in pp collisions at v/s = 5.02 TeV
and 13 TeV [21] and of inclusive Z° baryons in pp collisions at 4/s =7 TeV [34] with updated decay BR as discussed in
the text. The uncertainty of the BR of the cross sections of prompt Z baryons in pp collisions at /s = 13 TeV is lower

because it consists in the combination of two different decay channels (0 — e*E~v, and E2 — #*E~) [21]. Right

panel: Z/DP ratio measured in pp collisions at v/s = 5.02 TeV, compared with the measurements at /s = 7 TeV [34] and
/s =13 TeV [21]. The uncertainty of the BR of D? and Z? are shown as shaded boxes. Figures from [33].

E-e*ve and E) — E~x*). The vertical bars indicate the statistical uncertainties and the empty boxes
represent the systematic uncertainties. The systematic uncertainties of the BR are indicated as shaded

boxes. The data points are positioned at the centre of each p interval.

In Fig. 3.14, the prompt fraction in the Eg-baryon yield is close to unity. The comparison of the Eg Cross
section across the three different collision energies provides an important insight into the v/s dependence
of the production. It tells that a smaller Z; production cross section is measured at lower collision
energies, as expected. The difference among the three results indicates a hardening of the pr-differential
spectrum with increasing collision energy. The same behavior is also observed for measurements of the
D-meson and A}-baryon cross sections at /s = 5.02, 7 and 13 TeV [8, 10, 20, 96, 116], and with the

expectations from pQCD calculations [3, 155].

The pr-integrated cross section is obtained by integrating the pr-differential cross section of the mea-

surements, as reported in Eq. 3.14.

(2<pr<8 GeV/c)
=33.9 + 6.0 (stat.) £ 10.6 (syst.) = 0.7 (lumi.) ub,

=0
=
do-pp, 5.02 TeV

n (3.14)

ly[<0.5

In the right panel of Fig. 3.29, the Z2/DP yield ratio measured in pp collisions at v/s = 5.02 TeV, is
compared with the measurements at \/s = 7 TeV [34] and /s = 13 TeV [21]. The systematic uncertainty
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on the Z%/D° yield ratio is obtained with the assumption that all the uncertainties of 2% and D are

uncorrelated, except for the tracking and feed-down systematic uncertainties, since they will partially
cancel in the ratio. In addition, the uncertainty of the luminosity fully cancels in the ratio. The three
29/D° yield ratios are consistent with each other within uncertainties, and they have similar p trends.
The ratio is close to be 0.2 at low pt while decreasing with increasing pr, approximately a value about
0.1 at pt > 6 GeV/c. The integrated value of Z2/D° yield ratio in this analysis, in 2 < pt < 8 GeV/c,
is 0.21 + 0.04(stat.) + 0.07(syst.), which is obtained by calculating as the ratio of the integrated cross

section Z and DY in the same considered pr intervals.

3.6.1 Comparison with model calculations

The left panel of Fig. 3.30 shows the comparison of the production of Z baryons with different model
predictions. The different tunes of the PYTHIA 8.243 generator, like the Monash tune [35] based on
the traditional fragmentation fractions parameterised in e*e™ collisions, and also three tunes with the
implementation of CR beyond leading-colour approximation [23] (discussed above in Section 1.3.2.1).
In the PYTHIA 8 simulations, all soft QCD processes are enabled. The Monash tune significantly
underpredicts the data by a factor of about 23 at the low pr interval and by a factor of 5 at the highest
pt interval. This gives additional information about the non-universality of charm fragmentation, as
reported in Refs. [11, 20, 21], and also about the consideration that event generators tuned from e*e”
result can not describe the enhanced baryon production in pp collisions at LHC energies. The three tuned
CR models give similar predictions of 0 pr-differential cross sections, and provide significantly large
values compared with the one from the Monash tune. However, they all underestimate the measured =0
production cross section by a factor 5-6 at2 < pr < 3 GeV/c, and a factor of around 3-4 at pt > 6 GeV/c.
The data is also compared with a model using a coalescence approach in hadronic collisions in the
framework of QCM [36, 161] (explained in Section 1.3.2.2). The QCM model is closer to the data as
compared to those PYTHIA 8 with CR tunes, however, it underpredicts the experimental result by a
factor of 2-3 for pr < 4 GeV/ec.

In the right panel of Fig. 3.30, the measured Z%/D ratio is also compared with the different tunes of
PYTHIA 8 as explained previously. All PYTHIA 8 tunes give lower predictions for the measured £0/D°
yield ratio. The Monash tune underestimates significantly the data about a factor 21-24 at low pr, and a
factor of 7 in the highest pt range, which is also observed for the A¥/D° [11]. For the three CR modes,
they give a similar magnitude and shape of the Z¢/D ratio. Similarly as predicting the production of
20, they still underestimate the measured baryon-to-meson yield ratio, but predict a larger value than the

one from the Monash tune. The models with CR tunes fail to describe the £0/DP, however they predicts
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Figure 3.30: Left panel: pr-differential production cross section of prompt Z0 baryons in pp collisions at /s = 5.02 TeV

75 7

compared with model calculations [23, 35, 36]. Right panel: Z0/D° ratio as a function of pr measured in pp collisions
at 4/s = 5.02 TeV compared with model calculations [23, 24, 35-37] (see text for details).

better for the AZ/DC and the =0+ /D ratios [11, 16, 20, 21], as already discussed above in Fig. 1.9 in

Section 1.3. One possible reason could be that there is a puzzle about the charm-strange sector.

The data is also compared with the calculation from SHM implemented together with QRM, explained
in Section 1.3.2.4. The green uncertainty band shown in the left panel of Fig. 3.30, is obtained by varying
the assumption of the branching ratios of excited charm-baryon states decaying to the ground state Eg’+,
with the assumption of an exact isospin symmetry between Z! and Z0. It underestimates the Z0/D°
ratio with the same amount as the PYTHIA 8 with CR tunes. However, it is observed to describe for the
A/ DO ratio [11]. The QCM model, explained in Section 1.3.2.2, gives lower predictions for the 52 /D0
ratio by the same amount as it does for the Z0-baryon production cross section. The closest prediction
to the data point is from the Catania model, discussed in Section 1.3.2.3. The coalescence process of
heavy quarks with light quarks is tuned to have all the charm quarks hadronising via only coalescence at

p1 = 0. The Catania model captures the trend of Z0/DY ratio in the full pr interval of the measurement.

The constraint between the Z measurement and all model predictions mentioned above offers important
information on charm quark hadronisation in pp collisions, particularly the role of charm-strange baryon

production in the colour reconnection approach.

3.6.2 Extrapolation down to pr = 0 of the =0 cross section and the Z0/D° ratio

The pr-integrated production cross section of prompt Z0 baryons is obtained by extrapolating the visible

cross section to the full p range, as reported in Eq. 3.14. The central value of the extrapolation factor is
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obtained by the PYTHIA 8 generator with CR Mode 2, adopted what was done for the A{ baryon [11].

As the PYTHIA 8 CR Mode 2 captures better the pr shape of the measured Z¥ than other models. The
pr-differential 52 cross section values for 0 < pt < 2 GeV/c and for pr > 8 GeV/c are obtained by
multiplying the measured Z in this analysis (2 < pt < 8 GeV/c) by the ratio of the one predicted with
PYTHIA 8 CR Mode 2 in the full and 2 < pt < 8 GeV/c, respectively. The systematic uncertainty of the
extrapolation is estimated from the different extrapolation factors using all available model calculations

[23, 24, 36, 37] except for the Monash tune [35], as it can not reproduce the measured E? cross section.

+0.54

Toas- The pr-integrated cross section of prompt =0-

The extrapolation factor is calculated to be 2.65

baryon production in pp collisions at 4/s = 5.02 TeV is obtained, as Eq. 3.15:

=0
dos 500 Tev 182
_— =89.8 + 16.0 (stat.) + 28.1 (syst.) = 1.9 (lumi.) *\%{ (extrap.) ub,  (3.15)

dy ly|<0.5

The result in Eq. 3.15 is used to calculate the ratio to the one of the D° meson measured at the same
collision energy [16]. The obtained pr-integrated £ /D ratio is 0.20 + 0.04 (stat.)‘:%'.(g)g7 (syst.). For the
systematic uncertainty of the baryon-to-meson ratio, three resources are treated as correlated between the
20 and the D° cross sections, the tracking, the FONLL contribution to the feed-down, and the luminosity,
and the rest sources are considered as uncorrelated. The extrapolation uncertainty is also included in the
total systematic uncertainty. To achieve an accurate measurement of the cc production cross section at

midrapidity in pp collisions at the LHC, therefore, it is imperative to include the contribution from the

=0
E. baryons.

3.7 Summary

The measurement of the production of prompt £ baryons in pp collisions at /s = 5.02 TeV at midrapidity

(J]y| < 0.5) with the ALICE detector is presented. This analysis is performed using the semileptonic

0

. — ¢*E7 v, and its charge conjugate. The pr-differential cross section is measured in

decay channel 2

the transverse-momentum interval 2 < pp < 8 GeV/c.

The measured pr-differential cross section and /D ratio are compared with different model calcu-
lations implementing various particle production and hadronisation mechanisms. The PYTHIA 8 sim-
ulations with the colour-reconnection mechanism predict an enhanced production of baryons, which is

closest to the measured data, compared with the Monash tune.

The pry-differential EB /DO ratio is also compared with several models. The PYTHIA 8 with CR, the
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SHM, and the QCM, all fail to capture the measured data. In contrast, the measured 20 /D ratio is better

described by the Catania model, which implements a new framework allowing low-pt charm quarks to
hadronise also via fragmentation in addition to the coalescence mechanism. The result contributes to
compute the total charm cross section at midrapidty in pp collisions at 4/s = 5.02 TeV, as shown in

Fig. 1.10, more details can be seen in Ref. [99].

With the enhanced Z0/DV ratio, this analysis provides additional information on the charm fragmen-
tation, which might not be universal. Furthermore, it offers stringent constraints on models of charm-

strange sector hadronisation in pp collisions.
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4 QU production in pp collisions at /s = 13 TeV

The measurement of the inclusive production of Q0 baryons, via its semileptonic decay channel Q0 — Q~¢e*ve,
is measured for the first time at midrapidity (|y| < 0.8) in proton-proton collisions at 4/s = 13 TeV. In this
chapter, firstly three new innovative methods implemented in this analysis are explained in Section 4.1.
The analysis details, especially about the implementation of ML, as well as the estimation of the sys-
tematic uncertainties, are discussed in the next sections subsequently. Section 4.8 presents the results,
namely the pr-differential production cross section of the inclusive Q0 baryons multiplied by its branch-
ing ratio BR(QS — Q~e*v,), also the branching-fraction ratio BR(Q? — Qe vc)/BR(.Qg — Q7 x"),
which is compared with theoretical calculations and experimental measurements. Finally, conclusions

are drawn in Section 4.9.

4.1 Analysis methods

To improve the precision of these measurements, this analysis is implemented with three new advanced
techniques: 1) the Kalman Filter Particle Package [162] used to reconstruct € cascade candidates; 2) the
machine learning (ML) technique based on the Boosted Decision Trees, to enhance the signal extraction
performance; 3) the use of new combinatorial background, so-called mixed-event (ME) technique. The
Kalman algorithm has been successfully validated on simulated data of the CBM experiment [163, 164],
and also performed in the ALICE experiment [165]. The ML method has gained popularity in high-
energy physics for various tasks, including classification and regression problems, and simulation and
event reconstruction [ 166, 167]. The ME technique is used for the signal extraction. In the following, a

brief description to these new techniques is presented.

4.1.1 Kalman Filter Particle Package

The traditional method of reconstructing short-lived particles is determined by the secondary vertex of
their decay as the point at the DCA between the daughter particle trajectories. Then the mother particle is
reconstructed by extrapolating the daughter particles’ parameters to that point, in which their momentum
and energy are summed up. That is the way how usual vertexing packages reconstruct the production

and decay vertices, as employed in the 20 analysis in Chapter 3.

On the other hand, the KFParticle package provides a new method to estimate the decayed particle’s
parameters and their associated covariance matrix, in addition to the reconstruction of the production and

decay vertices [168]. It is a software package developed for the reconstruction of short-lived particles,
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with the underlying algorithm based on the Kalman filter method [169].

The Kalman Filter algorithm is a mathematical iterative procedure to estimate unknown variables, taking
into account a set of measurements with their inaccuracies. It is intended to find an optimal estimator r
of unknown state vector r' with its covariance matrix C, via taking a set of the measurements my, k =
1 ... n of the vector r'. The covariance matrix is a symmetric non-negative definite matrix, whose
diagonal elements are the squared dispersions of the corresponding elements of the vector. The algorithm
starts with a certain initial approximate value of vector ry and Cy, called initialisation step. The state
vector rt will be updated during the iterative steps, with the knowledge of the impact of one measurement
on the change of the state vector, a prediction of the values of rp and Cy is made based on the first
approximation, prediction step. The next stage is the essence of the Kalman filter, so-called filteration
step, for each measurement myg an estimator ry is calculated via a geometrical fit, which is the optimum

t

estimation of the vector r, according to the first K measurements. The estimator r{( obtained after the

filtration of the last measurement is the desired optimal estimation with the state vector.

The KF method is utilised to estimate the position of a decay vertex and the momentum of each daughter
particle at the reconstructed vertex. With the kinematic knowledge, the reconstruction of the mother
particle is determined by the position, momentum, and energy of their daughter particles obtained after
the track fitting procedure. The KF algorithm uses a geometry-independent particle parameterization as

the state vector, expressed as in Eq. 4.2,

r=(x,9,2 Px Py P2 E)7, 4.1)

where the position of a particle (x, y, z), the momentum of a particle (pyx, py, p;)7, and its energy E.

After the first approximation of the decay vertex, the daughter particles are transported to the initial
vertex estimation, and then their momentum and covariance matrix are calculated accordingly. Through
three-stage estimation performed sequentially, the estimation of the mother particle’s state vector and
covariance matrix are provided. After the mother particle is reconstructed at the decay point, a new
parameter s = [/p can be added to the state vector. It is equal to the particle path length from its
production point to the decay point, normalised to the particle momentum, and [ is the length of the

trajectory in the laboratory coordinate system.

Thus, the state vector is updated as:

r= (x,y,z,px,py,pz,E,s)T, 4.2)
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With the new parameter s, all parameters are transported from the decay point to the production point,

where they are measured by the production vertex. Therefore, the final optimal reconstructed state vector
and its covariance matrix contain all necessary information about the particle both at the production point
and at the decay point. Additional physics parameters, not explicitly included in the state vector, such
as the particle momentum p, the invariant mass M, and the time of life of the particle ¢, can be easily

calculated as follows:

p =+/P}+p}+pi (4.3)
M = \|E? - p?, (4.4)

ct=85-M, 4.5)

4.1.1.1 Constrained fits and variables

In some cases, to improve the precision of the state vector estimator obtained from the geometrical vertex
fit, it is required several assumptions about the associated tracks [ 164, 165, 170, 171]. These assumptions
are expressed in terms of constraints on the state vector parameters. They are treated as one-dimensional
measurements with a null error by the Kalman filter in the secondary vertex fit. Two types of constraints

have been included in the vertex fit package: fopological constraint and mass constraint [165, 170].

If an invariant mass M of the reconstructed particle is known, as given in Eq. 4.4, a lineasrised matrix

HM of the mass measurement can be calculated by taking the partial derivatives of M2, followed [172]:

I_IM2 = (070907 _p)ﬁ_pya_pzaEsO)» (46)

The mass constraints are then utilised by the KF as a conventional one-dimensional measurement, with

the measured value M2, null error, and the measurement matrix HM :

M2=E2—(p* +p” +pP) + HM (' = 1Y), 4.7)

This constraint penalises the parameters of the state vector parameters, ensuring that all daughter parti-
cles are required to form the invariant mass M, so-called mass constraint. Consequently, all the mass
and momentum information of the reconstructed particle are updated [170]. For analyses involving long
decay chains, such as in this analysis, the reconstruction of Q¥ — Q~e*v,, where the Q decays into

QF — K*A, following A — n~p. A mass constraint is set on the A just before constructing the Q~
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will improve a mass resolution of Q~, as well as that of Q0 from Q~, where the mass of A and Q" is

constrained to the PDG mass [45].

A constraint can also be set on a particle’s production vertex, requiring the particle to originate from that
vertex. The topological constraint is used to align a mother particle with its known production vertex.
when the particle is required to point back to the production vertex, the uncertainties associated with the
vertex can be also taken into account in the topological constraint. In the case, that a particle decays
close to the production vertex, or in the case of an uncharged mother particle, the trajectory between the

vertex and the particle approximates a straight line:

V=Pt =Vpy, (4.8)

with (v, p) position and momentum of the particle, and v ,, the position of the production vertex, and an
additional parameter ¢ denoting the trajectory length of the mother particle, normalised to its momentum.
The particle trajectory is forced to point back to the production vertex. The particle is transported to the
production vertex and then gets filtered using the production vertex as a measurement. This constraint
can be included directly into the Kalman filter as a set of two independent measurements. Additionally,

the algorithm accounts for the errors associated with the production vertex.

A schematic representation of the Q0 decay, including uncertainties associated with the tracks and ver-

tices of the mother and daughter particles, is depicted in Fig. 4.1.

After the fitting procedure, different quantities related to the decay topology and fit quality can be ex-
tracted. These variables are useful to select the specific reconstructed particle candidates. During the
reconstruction of particle decay, their daughters are required to follow a geometrical fitting procedure
to estimate the estimated production vertex or the decay vertex. The quantity Xéeo/ NDF refers to how
well the daughter tracks intersect within their uncertainties, where NDF is the number of degrees of

freedom [171]. A small Xéeo /NDF indicates a high probability of a good vertex fit.

When a reconstructed particle is constrained to point back to the production vertex using a topological
constraint, the quantity thopo/ NDF is introduced to quantify the probability of the hypothesis that the
particle truly comes from the assigned vertex. It characterises whether the particle is produced in the
primary vertex region, a smaller obtained value suggests a higher probability that the particle trajectory
intersects the primary vertex within the errors. The distance, how far away from the primary vertex

a particle decays, is given by the variable //Al. It tells the distance between the decay vertex and the

82



W F

DOCTORAL DISSERTATION E 5 ][

0«
QC i

Figure 4.1: Sketch of the semileptonic decay of a Q2 baryon. The primary vertex (PV) is the collision point where the
Q? baryon is produced.

primary vertex normalised to the uncertainty on the distance, which are localisation uncertainties of the

vertices.

4.1.2 Machine Learning

In the search of rare signals, especially 3-prong decays Q0 — Q~e*v,, reconstruction is often chal-
lenged by the presence of a huge combinatorial background. The traditional analysis approach, based
on “rectangular” selection criteria as in Section 3, may fail a particular selection criterion since some
candidates may not have all the characteristics of signal or background. Optimisation of the selection
criteria is a delicate task, which is improved by exploiting the popular technique of ML [167, 173] for
this analysis. Most common ML methods can be classified into two main categories: supervised learn-
ing and unsupervised learning. In supervised learning, the training data used in the algorithm includes
the desired solutions, called labels, further explained in Section 4.1.2.1. In the data analysis of High
Energy Physics experiments, ML is widely employed to solve difficult classification or regression prob-
lems, both belong to supervised learning. In the case that a class label needs to be predicted, called

classification task, whereas in regression problems, a value is to be predicted.

In this analysis, the Boosted Decision Trees (BDTs) algorithm, provided by the XGBoost library [174,
175], is particularly employed for classifying signal and background. The algorithm is trained on labeled

classes of signal and background candidates, to distinguish the differences based on their features. It
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offers valuable opportunities for physics by taking a more sophisticated approach than standard cut-

and-count methods. The left panel in Fig. A.15 demonstrates the advantage of using the ML technique,
statistical uncertainties largely improved especially at low pt, compared to the rectangular selection

casc.
4.1.2.1 Supervised learning approach for binary classification task

In a classification learning (predictive learning) problem, the dataset D consists of N input instances
(variables) x; = x1, x2, ..., x, with n associated features, and a set of class labels y; € 0, 1, representing
the final outcomes to be predicted. A labelled training sample D = {x;, y; }f\:’ , With N instances contains
a set of known (x, y)-values. A supervised learning problem assumes there exists a mapping f, relating

elements of dataset D,

yi = f(xi), (4.9)

The learning goal for a classification problem is to approximate f given D using the characteristics of

the objects and their classification as the target, resulting in an approximation f:

f=A(D), (4.10)

This approximation can be used to categorise or classify unseen and unlabelled inputs. The algorithm
searches for the best approximation of a solution by minimising a specific loss function L(y, f(x))[176],
which measures the quality of the prediction for input variable x;, based on some metric. The only way
to know how well a model will generalise to new samples is to try it out on new cases. To address this,
the initial dataset is typically divided into two sets: the training set used to train the model, and the fes?

set to check the performance of the model.

However, the ML algorithms are subject to overfitting and underfitting problems, which both lead to
poor model performance. By far the most common problem applied in ML is overfitting. It occurs
when the model performs well on the training data, but fails to predict new observations in another
dataset. This is illustrated in Fig. 4.2, where the red points are the background and the blue represents
the signal. The black curve depicts the separation between the signal and the background. It captures
the characteristics of the data set, but it does not fit every fluctuation in the signal. This is different from
the behavior of the green line, which catches even fluctuations in the signal. To mitigate overfitting
influence and evaluate ML algorithms effectively, many different ways can be employed, as discussed

later in Section 4.3.3.
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Figure 4.2: Example of the separation between signal (blue) and background (red). the black line fits the data well, the
green line is overfit.

4.1.2.2 Boosted decision trees and XGBoost

Boosted Decision Trees (BDTs), are one of the ML robust classification tools [177], and are particularly
applicable to missing values, imbalanced datasets, and redundant attributes, concerning their advanced
ability [178, 179]. These advanced abilities to deal with tricky cases make them a favored tool in high-

energy physics.

A basic structure of a single decision tree is shown in Fig. 4.3. The procedure begins with a set of input
features, initial node containing all labeled candidates, one of the nodes is then split into two parts, called
branches, depending on the value of these features. The further splitting procedure is iteratively applied
to each branch, to maximise the separation between the signal and background. To prevent overfitting,
pruning [180] technique may be employed when the gain of a branch smaller than a certain value is not
added. As the tree grows, each node contains fewer events, resulting in increased statistical uncertainty
with each new split. Ultimately, a given number of final branches called /eaves, also called terminal
node, represents class labels or probabilities. Signal-dominated branches are classified as a signal, while
background-dominated branches are classified as background [177]. This simplified description outlines
the iterative processes of how a decision tree is built and highlights its effectiveness in classification

tasks.

Since the 1980s [181], simple decision tree-based algorithms have been successfully applied in data
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Figure 4.3: Example of a decision tree structure for binary classification of signal (S, in green) and background (B, in
red) candidates. The initial sample at the first node is split into branches. The terminal nodes are shown as circles and
are either signal leaves in the case that the signal candidates are dominant, and vice versa for the background leaves.

analysis. However, due to their unstable features, known as weaker learners, these algorithms may not
perform well as other standalone classifiers(algorithms). To address this limitation, a new algorithm
called boosting [177] is introduced. Boosting is a procedure that combines many weak classifiers to
achieve a powerful multivariate classifier, which can be applied to any classification method. In this

analysis, it is specifically applied to decision trees.

In boosting, the process begins with a sample of unweighted candidates, as described in Fig. 4.3. Ateach
step of node splitting, candidates that are misclassified, such as signal candidates ending up in the back-
ground leaf, or vice versa, are identified and their weights are increased, hence the term boosted [178]
is introduced. Subsequently, a new decision tree is built based on these updated weights. This iterative
process continues, with each iteration k improving the classification of samples that are misclassified in
previous steps. The strength of boosting depends on the ensemble of all the weak learners collectively,
contributing to the final classification. In this binary classification case, the outputs (scores) are typically

assigned values of 1 for signal and 0 for background.

A generic boosting algorithm [182] exploits many of weaker learners Cy into a new, more stable learner

with a reduced error rate and improved performance. Each new learner corrects the mistake from the
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Figure 4.4: Schematic of a boosting procedure.

previous one, leading to a refined classification model. The output of the boosting algorithm is typically

a weighted average.

Vi= ) arCr(x;), (4.11)

where Ny, represents the number of decision trees built, ax denotes the weights assigned to the ith event,
and Cy (x;) signifies the prediction made by the k-th tree for the i-th candidate, based on its input features
x. Each candidate undergoes scoring by all trees, and the overall score is obtained as the renormalised
sum of all the scores, potentially including weights [177]. A high score denotes a large probability of

the candidates being signals, or vice versa.

The optimization of the ensemble of weak learners involves minimising the regularized objective func-
tion R, as shown in Eq. 4.12. This function takes into account both the training loss L and a regulari-

sation term £, to balance between predictive performance and model complexity.

N

RE =" L(yi, 51+ axCr(x)) + Q(C), (4.12)
i=1
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The training loss function L evaluates the model’s predictive accuracy on the training data, while the

regularization term controls the complexity of the model, which helps to avoid overfitting.

The gradient descent algorithm [183], introduced to minimise the training loss function, iteratively ad-
justs parameters in the direction of the negative gradient, to find the optimal set of parameters. Gradient
boosting is commonly used in decision trees of fixed size as base learners. XGBoost [180], which
stands for “Extreme Gradient Boosting”, is an extension of generic gradient boosting methods, and is
employed for binary classification tasks. It leverages a decision tree ensemble model comprising several

classification trees.

Before running XGBoost, parameters must be configured. There are different types of parameters: gen-
eral parameters, which dictate the choice of a booster, in this case, models are tree-based; and booster-
specific parameters, which are specific to the selected booster. Here are some key booster-specific

parameters:

* Maximum depth: Determines the number of nodes in the tree. Increasing the value will make the
model more complex and more likely happen to overfit.

» Learning rate: Controls the magnitude of change between sequential trees. It quantifies how much
the weights are adjusted and controls the step size of the gradient boosting. Smaller values require
more iterations but can improve generalisation. A good choice of learning rate can significantly
reduce the number of iterations needed until an approximate solution is found.

* Number of estimators: Specifies the number of decision trees used in the ensemble model.

* Minimum child weight: Sets the minimum sum of weight required to create a new node in the
tree. If the tree partition step results in a node where the sum of the instance weights is less than
the value of this parameter, then, the building process will give up further partitioning.

» subsample: Defines the fraction of training samples used to train each tree.

+ colsample-bytree: Specifies the fraction of features used to train each tree.

In the heavy-ion physics environment for machine learning, (hipe4ml) [175], booster parameters can
be optimised using an optuna approach, discussed later in Section 4.3.2. Once parameters are set and
the dataset is prepared, the model can be trained and applied. After training, the model can provide
predictions on the dataset, in the form of scores or output probabilities, as explained above. Proper
application of the model is essential to separate the signal from the background, more discussions are

explained in Section 4.4.
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4.1.3 Combinatorial background techniques

To increase statistics in the background sample, two new methods are exploited, which are mixed-event
(ME) and track rotation (TR). At the beginning of the performance study, rectangular selections are
used, which are listed in Appendix A.2.1.1. The raw yield is obtained by subtracting the combinatorial
background from the right sign (RS) in the same event (SE), as illustrated in Section 3. These approaches
give direct comparisons among the different background subtraction techniques. In the following, ideas

and results about the two new background methods are presented.

4.1.3.1 Mixed-Event method

The idea of ME is to create pairs of tracks to mimic uncorrelated backgrounds. The mixed-event cor-
relation distribution is obtained by correlating Q candidates in an event with electron candidate tracks
from other events with similar multiplicity and primary-vertex position along the beam direction. Events
are grouped into pools based on the primary vertex position along z and the event multiplicity (i.e. the
number of tracklets in the SPD with || < 0.8). Once a pool is filled with 200 events, the electron tracks
from a given event are mixed with Q candidates from other events. The configuration of the pool for

mixing is defined as follows, Eq. 4.13:

Mult.[] = {0, 5, 10, 15, 20, 25, 30, 40},
4.13)
Vixz[] = {~10,-7.5,-5,-2.5,0,2.5,5,7.5, 10},

The SEWS eQ pairs are used to properly normalise the ME eQ pairs background sample. A comparison
of the invariant-mass e pairs is shown in Fig. 4.5. It tells that the distribution from ME matches well

with the WS pairs in the same event.

4.1.3.2 Track rotation method

The second approach to studying background involves creating pairs of tracks within the same event
and rotating one of the tracks by a fixed angle to break possible correlations. Subsequently, the invariant
mass of these pairs is recalculated. In this analysis, electron tracks are rotated by a fixed angle, and new
pairs are formed within the same events. The configuration of track rotation includes 19 steps of 7/10,

ranging from 7/10 to 197/10.

Fig. 4.6 shows the comparison of invariant mass distribution of eQ pairs between SE and TR in three

different p intervals.
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Figure 4.5: Comparison of invariant mass distribution of eQ pairs between SE and ME in three pr intervals.
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Figure 4.6: Comparison of invariant mass distribution of eQ pairs between SE and TR in three pr intervals.

Additionally, Fig. 4.7 provides an overall comparison of the invariant-mass distribution of e€ pairs
from SE, ME and TR. The distribution from track rotation, mixed events, and wrong-sign pairs appear
compatible within uncertainties. It clearly shows that the mixed-event method yields higher statistics
compared to track rotation, regarding the statistical uncertainty. Therefore, the mixed event is chosen

for the next step.

4.2 Candidate selection and reconstruction

The main detectors used in this analysis are the Inner Tracking System (ITS), the Time Projection Cham-
ber (TPC), and the Time-Of-Flight detector(TOF) for vertexing, tracking, and particle identification
(PID) purposes. They are located in the central barrel, covering the pseudorapidity interval (|n| < 0.9),
and lie inside a solenoidal magnet that provides a magnetic field B = 0.5 T parallel to the beam direction.

The analysed data sample consists of pp collisions at 4/s = 13 TeV, recorded with a minimum-bias (MB)
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Figure 4.7: Comparison of invariant mass distribution of e pairs in the interval 2 < p¢® < 12 GeV/c.

trigger by ALICE collected in the years 2016, 2017, and 2018 during the Run 2 of the LHC. Further
offline event selection was applied to remove the contamination from beam-gas collisions and other
machine-related backgrounds. Only events with a reconstructed vertex position within +10 cm along
the beam axis from the nominal interaction point were analysed, to maintain a uniform ITS acceptance
in pseudorapidity. With all these selections, a total number of 1.8 billion events are used in this analysis,

corresponding to an integrated luminosity of Ly = (32.08 + 0.51) nb~! [184].

The analysis also needs the use of signal generated in Monte Caro (MC) simulations for several pur-
poses, including the ML training, the response matrix used in the unfolding procedure, and also the
determination of the reconstruction efficiency. For the reconstructed signal, e€2 pairs are obtained from
simulations using the PYTHIA 8.243 event generator [13]. Each PYTHIA event is required to contain
a ct or bb quark pair and Q? baryons are forced to decay into the Q~e*v, channel. The mean proper life-
time of 92 baryons in the simulation is set to 268 fs based on the latest LHCb measurement [185]. The
transport of simulated particles within the detector is performed with the GEANT 3 package [157]. The
conditions of all the ALICE detectors in terms of active channels, gain, noise level, and alignment, as
well as the evolution of the detector configurations during the data taking period, are taken into account

in the simulations. There are about 49 million MC events used in this analysis.

Q0 candidates are built by pairing an electron (positron) candidate track with an Q cascade candidate us-
ing a Kalman-Filter (KF) vertexing algorithm [134]. Charge conjugate modes are included everywhere,

unless otherwise stated. The Q candidates are reconstructed via the decay chain Q= — AK™ (BR =

91



LR tA
DOCTORAL DISSERTATION

Table 4.1: Tracking cuts for electrons applied in this analysis.

Cuts vairbales

cuts

AOD Filter Bit
Number of CrossedRows
CrossedRows Over Findable Cluster
Number of TPC PID clusters
Number of ITS cluster
ITS/TPC refit
p+(GeV/c)

>70
>0.8
>50
>3
TRUE
>0.5

4(Standard cuts with very loose DCA)

|7l
SPD hit

prefilter cut

<0.8

kBoth (suppress photon conversion)

Mere- <0.05 GeV/c?

Table 4.2: The tracking cuts for Q daughters applied in this analysis.

Cuts variables cuts

Number of CrossedRows >70
CrossedRows Over Findable Cluster | >0.8
Number of TPC PID clusters >50

Table 4.3: The further pre-selections applied in this analysis.

4 < pr(GeV/c) < 6

6 < pr(GeV/c) < 12

Cuts variables | 2 < pr (GeV/c) < 4
noror (K < Q) -999 or (-5, 5)
noror(e) (-5,5)
norpc(€) (-4, 4)
CosOA >0
Xiopo(Q to PV) >0

-999 or (-5, 5)
(-5,5)
44
>0.25

>0

-999 or (-5, 5)

(-5,5)
44
>0.5
>0

(67.8 £ 0.7)%), followed by A — pr~ (BR = (63.9 + 0.5)%) [45], exploiting the characteristic decay

topologies as reported in Refs. [25, 151]. Charged-particle tracks used in this analysis are required to

be within the pseudorapidity interval || < 0.8 and to have a number of crossed TPC pad rows larger

than 70 out of a maximum of 159. Particle identification (PID) selections are based on the differences

between the measured and expected response for a given particle species hypothesis, in units of the

detector resolution (no%°!), explained in Section 2.2.2 and Section 2.2.3. For proton, pion, and kaon
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tracks, a selection on the measured specific energy loss dE /dx in the TPC of |norpc| < 4 is applied for

the respective particle hypothesis. An additional PID selection of [norop| < 5 is applied for the kaon
candidates when a measurement of the TOF detector is available. Tracks without TOF hits are identi-
fied using only the TPC information. For the KF variables, described above in Section 4.1.1.1, the Q
candidates are required to have a thopo /NDF > 0, to remove candidates in which numerical instabilities
are observed in the KF fitting procedure. This variable calculated by the KF vertexing algorithm and
characterises whether the Q™ candidate points back to the primary vertex, being the NDF the number of

degrees of freedom involved in the track fit procedure.

The first selection for electron candidate tracks is shown in Tab. 4.1, which is similar to the Tab. 3.1 in
Section 3.2.1. They are required to have a minimum of 3 hits, out of a maximum of six, in the ITS among
which two in the SPD layers [147, 148], at least 50 clusters in the TPC, a number of crossed TPC pad
rows larger than 70, and pt > 0.5 GeV/c. These requirements help suppressing the contribution from
short tracks, which are unlikely to originate from the primary vertex. The dominant source of electron
background is photon conversions. By requiring hits in the innermost SPD layers the effective material
budget is minimized because conversions further out are rejected by this selection. Two additional se-
lection criteria on the PID of electron candidates, |[nojp-| < 4 and |noq,e| < 5, are required. Electrons
from conversion occurring in the beam pipe or inside the SPD material can pass the primary track se-
lection criteria, which accounts for a very small fraction. The remaining electrons coming from photon
conversion and those originating from Dalitz decays of neutral mesons are rejected with an invariant-
mass technique [ 149, 150], called prefilter. The electron candidates are paired with opposite-sign tracks
from the same event passing loose identification criteria (|nofp.| < 5 without any TOF requirement)
and are rejected if they form at least one e*e™ pairs with an invariant mass smaller than 50 MeV/c?.
Electron-candidate tracks without TOF PID information are not included in this analysis, as it will bring

huge contamination from other hadrons.

QY candidates are selected by requiring the cosine of the opening angle between the electron and the
Q candidate tracks (CosOA) tracks to be greater than 0 for 2 < pr < 4 GeV/c, 0.25 for4 < pt < 6
GeV/c and 0.5 for 6 < pt < 12 GeV/c. The pt dependence of this selection is chosen by looking at its
correlation with the eQ-pair mass distribution in data and MC, minimising the rejection of signal candi-
dates in the data. All the pre-selections are listed in Tab. 4.1, 4.2 and 4.3, to suppress the combinatorial

background at first stage of this analysis.
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4.3 Binary classification with XGBoost

After applying the pre-selections described above, a rough separation of signal and background can be
obtained. In this analysis, the classification can be further achieved by exploiting the gradient boosting
machine XGBoost, described above in Section 4.1.2.2, resulting in the use of a BDT model. With the
ML approach, multiple selection criteria are combined into a single response variable. This is the differ-
ence with respect to the traditional method, where rectangular selections are applied for various criteria
separately. Independent BDT models are trained, with a sample of signal and background candidates
for each pr interval, as listed in Tab. 4.4. For the training inputs: 1) reconstructed signal, as described
above in Section 4.2, and 2) background sample obtained using a mixed-event technique (introduced
in Section 4.1.3.1), by exploiting randomised sub-samples of the full dataset, using the same filtering
selections (described in Tab. 4.1, 4.2 and 4.3), generating e€ pairs with the opposite charge. The propor-
tion of signal to background candidates is set to 1 : 2. A proportion 1 : 1 would be the natural choice if
enough training candidates are available for good training performance. However, the number of signal
candidates from the MC sample is limited, and there are significantly more background candidates. The
exact number of the different types of candidates used for training is listed in Tab. 4.4. The data set is

then randomly divided into two parts: 60% for training and 40% for testing models’ performance.

4.3.1 Training variables

The BDT training variables are topological properties of the decays and PID variables. When choosing
these classification criteria, a few concerns have to be taken into account. The number of training vari-
ables has an impact on the performance of XBoost algorithm. With an increasing number of variables,
the model gains performance in signal and background separation but also becomes complex. It can lead
to overtraining, which becomes visible in a larger difference between the performance of the training and
test set. Only those variables having the largest impact on the model performance should be included, to
get a better model. The most important point is that those variables having a strong correlation with our
signal should be excluded in the training procedure. In this analysis, they are the mass of the eQ pairs,

pt of eQ pairs, and the CosOA between e and Q candidate tracks.

Table 4.4: Number of signal and background candidates used for the BDT model training and testing in the analysed pt
intervals.

pr(GeV/e) | 2,4) | (4,6) | (6,12)
Signal | 48614 | 52936 | 40413
Background | 97228 | 105872 | 80826
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no-%PKC tracks only in TPC,
oGy = na%’é(}, tracks only in TOF, (4.14)

\/%\/ (na';iDKC)2 + (na';’ng)z tracks in TPC and TOF,

The training variables related to the PID information are the combined number of o from the TPC

and TOF, no®¢

., in Eq. 4.14, on the electron and Kaon tracks, respectively. The training variables
combined

describing the Q™ decay topology are: i) the distance of the closest approach (DCA) of the charged
decay particles; ii) the pointing angle of the reconstructed € momentum to the primary vertex; iii)
the thopo /NDF, which characterises whether the momentum vector of the Q candidate points back to
the primary vertex; iv) the Xéeo/ NDF, which is defined as the intersection probability of the daughter-
particle trajectories, taking their uncertainties into account. The training variables related to the A are:
a) the DCA to the primary vertex; b) the radial distance of the A decay vertex from the beam axis; and
c) the DCA between the decay particles. The BDT model output is a single response variable related to

the probability that the candidate is a signal.

The signal and background distribution for pr intevral 2 < pt < 4 GeV/c is shown in Fig. 4.8. The
distribution comparison for the rest pr intervals can be found in Appendix A.2.4. Fig. 4.9 depicts the
correlation matrix for all selected classification criteria in the signal and the background samples for
pr interval 2 < pr < 4GeV/c. The correlation matrices for the rest pr intervals can be found in
Appendix A.2.4. As we expect that there is no correlation between the training variables with the three
variables that are not used in the training, which is an important criterion for the selection of training

features.

4.3.2 Hyperparameters

A model hyperparameter is a configuration external to the model and cannot be estimated from the
data. These hyperparameters are used to control the learning process of the ML model. Apart from grid
or random grid searches, which can be extremely hard to describe in these frameworks for large-scale
experiments. In this analysis, a next-generation hyperparameter optimisation framework called Op-
tuna [ 186, 187], which employs Bayesian optimisation with an algorithm known as TPE (Tree-structured

Parzen Estimator).
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Figure 4.9: Correlation matrix in the transverse momentum range 2 < pt < 4.

Optuna is an automatic hyperparameter optimisation software framework, specifically designed for ML.
It allows users to dynamically construct the parameter search space using an imperative and unique
define-by-run API (Application Programming Interface). The idea of Optuna is to formulate hyperpa-
rameter optimisation as a process of minimising or maximizing an objective function, as explained in
Section 4.1.2.1, which takes a set of hyperparameters as an input and returns its validation score. In

Optuna, each optimisation process is referred as a study, and each evaluation of the objective function
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is called a trial. A study needs a function to optimise and consists of multiple trials. Each trial object

corresponds to a single execution of the objective function and is internally instantiated upon each invo-
cation of the function. Therefore, Optuna builds the objective function through the interaction with the
trial object, dynamically constructing the search spaces and generating hyperparameters for each trial
accordingly. Unlike random or gird-like searches, the iterative Bayesian Optuna approach considers
past evaluations when choosing the next trial. In order to test the hyperparameters, a cross-validation
method called k-fold [188] (the number of folds to calculate cross-validation error) is used. For this
reason, the original sample will be split randomly into & folds and each parameter set on k-1 folds will
be evaluated. The remaining one is treated as the validation set. After testing each hyperparameter set,
the folds are permuted for optimisation and validation. The final cross-validation estimation is the mean

value of k permutations.

This analysis employs the Bayesian optimisation method with k—fold cross-validation implemented in
XGBoost libriary [175, 180]. The hyperparameter space has to be chosen carefully to avoid overtraining
and excessive memory consumption. It is important to ensure that the parameter ranges for the optimi-
sation don’t always converge to the lower or upper edge of the given range, as this could result in the
optimal set being out of the given range. For example, particularly deep trees are resource-intensive,
consume significant memory, and introduce possible overfitting, despite improving the performance
of the model. Overfitting can be mitigated by setting thresholds for parameters such as the maximum
depth of a tree, learning rate, as introduced in Section 4.1.2.2. The optimised parameter sets for each pr

interval used in the BDT models, listed in Tab. 4.5, are applied to extract the final results in this study.

Table 4.5: Optimised hyperparameters used in the analysed for each pr interval.

pr (GeV/c) (1,2) | (2,4) | (4,6) | (6,12)
Maximum depth 3 3 2 3
Learning rate 0.042 | 0.039 | 0.064 | 0.094
Number of estimators 767 865 846 753
Minimum child weight 3 3 6 3
subsample 0.977 | 0.826 | 0.962 | 0.998
cosamplebytree 0.85 | 0.977 | 0.912 | 0.857
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4.3.3 Machine Learning Models

The BDT models are trained for each pt interval, followed by testing on an independent test set to
evaluate their performance. If the performance is optimal, the model will be expected to be neither
overtraining nor undertraining, with negligible deviation between the training and test sets. This can
be verified with the learning curves, which display the performance of an ML model as the number
of training samples increases. Learning curves help evaluate the model’s ability to generalise to new,

unseen data, and identify issues such as overfitting and underfitting.

The learning curves show the Root-Mean-Square Error (RMSE), representing the deviation of the model
prediction from the observation, as a function of the training set size for both the training set (red line)
and the test set (blue line). Essentially, a learning curve illustrates experience on the x-axis and learning
or improvement on the y-axis. Initially, with small datasets, the training error usually tends to be low
as the model can easily fit a few examples. However, with more data added, the training error may
increase, leading the model struggles to generalise and fit more complex patterns. At the same time, the
error on the test set decreases, indicating that the model becomes more general and can describe the test
data. Underfitting happens when both errors are high and close together, suggesting that the model is
too simplistic to describe the patterns in the data. On the other hand, overfitting occurs when there is
a significant gap between the training and test errors, telling that the model is memorising the training
examples and failing to generalise to new data. Convergence between the training set and the test set is
expected with large statistics, resulting in stabilized errors for both sets. The learning curves presented
in this analysis are reported in Fig. 4.10. It’s noted that the first pt interval has few training samples,
but for the rest intervals, the RMSE is stable at set sizes larger than 60000. As expected, the model

performance improves with increasing training set size, leading to better description of the data.

Another way to control and validate the model performance is the so-called AUC-ROC curve. (AUC:
Area Under the Curve). The ROC is the short term for Receiver Operating Characteristics, which is
a crucial evaluation metrics for accessing the classification model’s performance. Fig. 4.11 shows the
curves for the trained model in 2 < pt < 4 GeV/c in this analysis, and the rest can be found in Ap-
pendix A.2.5. The True Positive Rate (TPR) is shown as a function of the False Positive Rate (FPR).
The TPR, defined by Eq. 4.15, represents the fraction of correctly classified instances (true positives)
out of all instances (true positives plus false negatives) of the signal class, while the FPR, defined by
Eq. 4.16, denotes the fraction of wrongly classified instances (false positives) out of all instances (true
positives plus false negatives) of the background class. True and false positives and negatives are po-

tential outcomes when applying a classification to a test set.
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Figure 4.10: The learning curves of the training set and test set in 2 < pt < 4 GeV/c.

In Fig. 4.11, the blue dashed line shows the ROC curve of the training set, while the solid line describes
the test set, in 2 < pr < 4 GeV/c, and the rest can be found in Fig. A.29 Appendix A.2.5. A large
deviation between the two curves means overfitting. The grey dashed line on the diagonal indicates the
50% mark for the test set, where the model prediction is correct in half of the cases. A model with the
ROC curve below this line is misinterpreting the data. The AUC can be interpreted as the probability

when the model correctly classifies a true positive.

TP

TPR= —— 4.1
TP+ FN’ (4.15)
FP
FPR=——, (4.16)
TP+ FN

The resulting model in 2 < pr < 4 GeV/c is reported in Fig. A.9, and the rest pt intervals can be
found in Fig. A.30 Appendix A.2.5, showing the scaled signal in red and the background in blue as a
function of the BDT output probability for the training and the test set. Furthermore, the importance of
the classification criteria in is ranked in Fig. 4.13, with the most important features at the top and the
less important ones at the bottom. Feature importance refers to the classification that calculates a score

for all the input features in a given model, where a higher score means that the variable has a large effect
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Figure 4.12: Machine learning model in 2 < pp < 4 GeV/c.

on the model. The other p intervals can be found in Fig. A.31 Appendix A.2.5.
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4.3.4 Working point determination

After a model has been trained, it is applied to the full data sample for each pr interval. Subsequently,
the response variable is used as a selection criterion to exclude all candidates below a certain threshold
value to reject as many background candidates as possible. If a high probability is selected, the signal
purity is large, but at the same time, the efficiency will be also low. To mitigate possible bias from
blindly optimising the selection criterion based on the BDT output probability, the Working Point (WP)
procedure is introduced. The WP is defined by calculating a pseudo-significance S, representing the ex-
pected significance in data, based on the expected numbers of signal s and the background b candidates,

as shown in Eq. 4.17:

§=— 4.17)

Vs+b

The pseudo-significance distribution is computed as a function of the BDT output probability. In this
analysis, the background b is estimated from ME(RS) Mixed-Event Right Sign, described above in
Section 4.1.3.1. The resulting background distributions are found to be consistent with those from SE,
and the SE pairs are used to properly normalise the more statistically abundant ME background samples.
The expected signal s, obtained as in Eq. 4.18, is estimated based on the measured production cross
section of Q0 in hadronic decay, assuming that the branching-fraction ratio of %, which for Q0 is
the same as the one for 20 [21]. Additionally, the reconstruction efficiency as a function of the BDT
selection is determined in this analysis. The efficiency calculation is described later in Section 4.6.
The distributions of expected signal and background candidates as a function of BDT probability in
2 < pt < 4 GeV/c are shown in Fig. 4.14. The rest pr intervals can be found in Fig. A.32 and A.33
Appendix A.2.6. The resulting pseudo-significance as a function of the BDT selection in 2 < pr <
4 GeV/c, is shown in Fig. 4.15. The rest results can be seen in Fig. A.34 and A.35 Appendix A.2.6.

The corresponding WP values for all pr intervals are presented in Tab. 4.6.

do
Ngo =2+ (m) Ay - ApT - &tot * Lint - BRsemi

4.18
BRsemi ( )

B Rhadro

do
=2 (=—— - BRpadro) - Ay - Apt * &1t * Lint *
dprdy
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Figure 4.14: Left panel: The number of background candidates (MERS scaled by SEWS) as a function of BDT cut
for 2 < pr < 4 GeV/c. Right panel: The number of estimated expected signal candidates as a function of BDT cut
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Figure 4.15: The pseudo-significance as a function of BDT cut for 2 < pr < 4 GeV/c.

Table 4.6: Determined working point values used for each pr intervals in this analysis.

pr(GeV/e) | (1.2) | (2,4) | (4,6) | (6,12)
Working point | 0.95 | 0.86 | 0.84 0.81
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4.4 Signal extraction

After the application of the BDT selection criteria, the invariant-mass distribution of eQ pairs can be
obtained, as shown in Fig. 4.16. The eQ pairs distribution of SEWS is used to normalise the more

statistically abundant ME background sample, and compatible background distributions are shown.

To obtain the raw yield, the combinatorial background computed using the ME technique is subtracted
from the invariant-mass distribution of eQ pairs with opposite-sign charge in SE, as reported in Fig. 4.17.
Exploiting a background sample using the SEWS pairs is tested as well, in blue color in Fig. 4.17, and

they are compatible with the Cyan color.

The left panel of Fig. 4.18 shows the invariant-mass distribution of eQ pairs in SE (same-sign and
opposite-sign) and ME (opposite-sign) in the interval 2 < p‘*TQ < 12 GeV/c. The raw yield is obtained
by subtracting the combinatorial background computed using the ME technique from the invariant-
mass distribution of eQ pairs with opposite-sign charge in the SE. The right panel of Fig. 4.18 shows
the invariant-mass distribution of eQ candidates, obtained after background subtraction, in comparison

with eQ opposite-sign charge pairs coming from the Q0 decay computed with the PYTHIA 8 event
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Figure 4.16: The invariant mass distribution of eQ for RS and WS in SE, and MERS, at each pr interval.

104



W F

DOCTORAL DISSERTATION E 5 ][

=)
o

o

WS mass subtracted BDT cut > 0.95 (1<pT<2) WS mass subtracted BDT cut > 0.86 (2<pT<4)
g T g @ e B L I L B B EL L BN LA ELRLI ELIR I
o L 4 o I -
w C | w40 —
= L —+— SE(RS)-MERS)1<p <2 ] = r +— SE(RS)-ME(RS)2<p, <4
[2] r — [} - |
% 6:_ —+— SE(RS)-SEWS)1<p <2 EVJ 302_ —+— SE(RS)-SE(WS)2<p, <4 _Z
g r ] g ¢ ]
5 4 - 5 C b
£ ] 20— —
2 Jr = B ]
of ] ‘ %I I -~ 10:_+ T Al» Jr ‘ E
L - 3] r 5
-2 ’ ‘ — ol « | | .4: i#:
g ] g Jr IRRRNES R
_al— . E 4
Lol | | IR BRI | Ll | Loy 1wy 147 _I_.I...\...I.‘.I..\...I.HI...M..I.HI...\_
18 2 22 24 26 28 3 32 3.4 36 338 18 2 22 24 26 28 3 32 3.4 36 3.8
my, (GeVic?) Mg (GeVic?)

WS mass subtracted BDT cut > 0.84 (4<pT<6) WS mass subtracted BDT cut > 0.81 (6<pT<12)
] T B B I I B I I I I I @ ST T T T T T T T
5 F 3] & ]
= B —+— SE(RS)-MERS)4<p <6 ] = —+— SE(RS)-ME(RS)6<p <12 -
%] C ! %] 7
@ E —+— SE(RS)- SE(WS)4<p, <6 @ 10 —+— SE(RS)-SEWS)6<p <12 ]
i ER :
& T ] & ]

% JF% J ﬁ iﬁ

A——

,+_

—-H—

u
T

=3
L*IIH

u'

P JHI l JHI l‘ I‘HI.‘M
2

ﬂ
rﬁ
%

WII\“TIII

|
o
TTTT 77T

!
c

!
c

m}\ll\‘llj

3
3

T (G M, (GO

Figure 4.17: The mass distribution comparison: SERS-MERS and SERS-SEWS, at each pr interval.
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Figure 4.18: Left panel: invariant-mass distribution of opposite-sign pairs (black solid circle marker) and same-sign pairs
(red solid square marker) in SE, and opposite-sign pairs (blue open square marker) in ME. Right panel: invariant-mass
distribution of the Q0 candidates obtained by subtracting the opposite-sign charge eQ pairs in ME from the opposite-sign
charge pairs in SE (black solid circle marker), and eQ opposite-sign charge pairs coming from Q° decay from PYTHIA
8 (green open circle marker).

generator [13]. Only eQ pairs satisfying 1.7 < meq < 2.7 GeV/c? were considered for further analysis.

The number of reconstructed e€ signal pairs consists of 232 + 15 candidates.

As discussed in Section 3.3.1, the prefilter efficiency is used to correct the wrongly tagged electron

105



LR tA
DOCTORAL DISSERTATION .:'= 5 ][

Corrected for Eff_prefilter

- | ; 5 P R e
- S E £ 160~ —
099 + 3 vk —o— yieldcorrected 7
098 - E —e— yield 3
E E 120 -
097 = E B
E 3 100[— =
096 = E 7
E E 80— —
0.95F - = 7
094 -3 8o + =
093 = o . -
0.92F = 20— 3
0.91— — 0 = -

E. 1 | | | [ N I RS AR S RS S S
2 4 6 8 10 2 4 6 8 10 12
P, (GeVic) P, (GeVic)

Figure 4.19: Left: The prefilter efficiency. Right: The comparison of yield distribution of pr eQ.

candidates. After the correction, the raw yield of candidates shown in Cyan color in the right panel of

Fig. 4.19 will be used in the unfolding procedure.
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4.5 Unfolding procedure

The unfolding procedure, as introduced previously in Section 3.3.3, corrects for the missing momentum
of the neutrino by implementation a response matrix. The Bayesian unfolding technique implemented
in the RooUnfold package is employed, requiring two iterations for convergence in this analysis. The
response matrix used in the unfolding procedure is defined in the transverse momentum interval 1 <
pr < 12 GeV/e, which is wider than the pr interval used for the cross-section measurement, to avoid

the edge effect at the lowest pr intervals of the measurement.

The response matrix, representing the correlation between the pt of the Qg baryons and that of the
reconstructed eQ pairs, is shown in the left panel of Fig. 4.20. It is determined with the same simulation

setup used for the BDT training.

Furthermore, the weight factor, explained later in Section 4.7.8, is applied to the response matrix. Sub-
sequently, a comparison between the results obtained with and without weights is demonstrated in the
right panel of Fig. 4.20. The unfolded spectra with weights (in black) are then corrected for the weighted

reconstruction efficiency to get the final result (branching ratio multiplied by cross-section).

N
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Figure 4.20: Left panel: The correlation matrix between the generated Q¥ -baryon pr and the reconstructed eQ pair pr
after weights applied. Right panel: Comparisons of the measured spectrum to the refolded and the unfolded one with
and without weights.

4.6 Efficiency correction

Due to the acceptance and inefficiency of the detector, along with the application of prefilter and BDT
selections, the extracted signal needs to be corrected for the reconstruction efficiency to compute the
final corrected and normalised cross section, as illustrated in Eq. 4.21. The total reconstruction efficiency
contains two terms in Eq. 4.19: the product of acceptance times preselection efficiency, and the BDT

efficiency (Eq. 4.20).
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The preselection efficiency is determined as the ratio of the number of reconstruction candidates after

preselection criteria are applied seen Section 4.2, to the total generated candidates. This preselection
efficiency is influenced by the acceptance, detector efficiency, and the selection criteria applied after the
candidate reconstruction. Notably, the |y| < 0.8 cut is applied at both the generated and reconstructed
levels. To obtain the BDT efficiency, the ML model is applied to the simulated candidates, and the
efficiency is determined by the number of reconstructed candidates passing the BDT selection over the

preselected ones.

The Q0-baryon pr distribution from the PYTHIA simulation is reweighted to match the true distribution.
The weights are obtained using Tsallis fit to the differential production cross section of Q¥ as measured

in Ref. [25], details seen in Section 4.7.8.

Fig. 4.21 shows the detailed efficiency of acceptance and BDT after weights applied. The weighted total

reconstruction efficiency of inclusive QU baryons is obtained, as shown in the bottom panel.

gt = (A X 5preselection) X EBDT, (4.19)
Q? . Q0 .
£pT = Ngo, (With BDT cut) /Np < (without BDT cut), (4.20)

The pr-differential production cross section of inclusive Q0 baryons multiplied by the BR into the con-
sidered semileptonic decay channel is calculated from the yields obtained from the unfolding procedure

as follows:

0
2o 1 N 1

X = X ,
dprdy 2AyApr  (AXe)  Lin

BR 4.21)

where ijgv is the raw yield (sum of particles and antiparticles) in a given pr and rapidity interval with
width Apt and Ay. The factor 1/2 takes into account that the raw yield includes both particles and
antiparticles, while the cross section is given for particles only. The Lj is the integrated luminosity.
Since the feed-down contribution is not subtracted, the (A Xxe) factor is the product of detector acceptance
and efficiency for inclusive QU baryons, where & accounts for the reconstruction and selection of the
Q0 decay-product tracks and the Q0-candidate selection. The (A X &) correction is obtained from a
simulation with the same configuration as the one used for the BDT training and the response matrix.

Fig. 4.32 shows the product of the final (A X &) correction factor for inclusive Qg as a function of pr.

108



W F

DOCTORAL DISSERTATION E 5 ][

Preselection Efficiency BDT Efficiency
5 O e g z T T T e
5 E 3 & E 3
8 0.09— — S 09— —
& ————
R = E E E
§ 008 — 5 08 -
s E E @ E E
3 007 - 07 -
8 E 3 E 3
& 008 — 06— —
0.05F~ — 05 —
0.04F— = 0.4 -
0.03— — 0.3 —
0.02F— —_— — 02— —
0.01— — 0.1 —
S 3 E 3
) S IR I S L [ I B B = T I I B B B T e
3 4 5 6 7 8 9 10 1112 2 3 4 5 6 7 8 9 10 112
P, (GeVic) P, (GeVic)
1 TT

L L L L L L L L L L BB L B

L1l

ALICE
pp, Vs =13 TeV ]

Q2 - Q e* v, and charge conj.

1

T
1

10

lJHIl

Acceptance x Efficiency

- ' |

—_

2
N

i

IS NS WIS WS WS N WS S NN W

3 4 5 6 7 8 9 100 11 12
p?c (GeV/c)

Figure 4.21: Top left panel: (Weighted) Preselection efficiency. Top right panel: (Weighted) BDT efficiency. Bottom
panel: (Weighted) Total efficiency.

The comparison of the product of the final (A x &) correction factor for inclusive, prompt, and feed-down

Q0 as a function of p1 can be found in Appendix A.2.7.
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4.7 Systematic uncertainties

The different contributions to the total systematic uncertainty of the Q¥ production cross section in 2 <
pr < 12 GeV/c are summarized in Tab. 4.7, which will be explained individiually in the following. The
various systematic sources are defined as the RMS of the distributions of the corrected yields obtained

from the reported variation, if not differently specified.

All systematic uncertainties are considered uncorrelated and summed in quadrature to obtain the total
systematic uncertainty. The production cross section has an additional global normalisation uncertainty
of 1.6% due to the uncertainties of the integrated luminosity [184]. Its contribution is not summed in

quadrature with the other sources of uncertainty in Fig. 4.32 and Fig. 4.33.

Table 4.7: Contributions to the systematic uncertainty of the Q0 cross section for the pr intervals 2 < pp < 4 GeV/c,
4 < pr <6GeV/c,and 6 < pr < 12 GeV/c.

pr (GeV/c) 2-4 4-6 6-12
eQ2-pair selection 10% 10% 10%
ITS-TPC matching 2% 2% 2%
Track quality selection 4% 4% 4%
Bayesian-unfolding iterations 4% 4% 4%
Unfolding method 4% 4% 4%
Response-matrix pr range and binning  10% 10% -
BDT selection 15% 15% 15%
Generated pr shape 10% 2% 1%
Total systematic uncertainty +24% £22% +19%
Luminosity 1.6%

4.7.1 eQ-pair selection

The systematic uncertainty on the raw-yield extraction is evaluated by investigating possible contam-
inations to eQ pairs with opposite charges from other decay channels. The contamination of differ-
ent decay channels mentioned in Refs. [38, 189] are, i) Q0 — Ete v, ii) B — Q e*v.K’, and iii)
Ef — Q7e"v.K*". However, since these decay channels have not been experimentally measured, spe-
cific information regarding the particles involved in the possible decay to eQ pairs is unknown, and a

PYTHIA simulation of pp collisions is studied. This simulation is done by using PYTHIA 8.308, a pro-

gram specifically designed for the generation of high-energy physics, which allows to force of certain
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aspects of collision events. Together with the usage of ROOT, version of 6.10/24, a data analysis frame-

work capable of executing codes written in languages like C++ and Python. A premade basic collision
event generator code is implemented as a basis on which the rest of the simulation is built, with a specific
focus on increasing the production of charm and anti-charm quarks in pp collisions. This approach aims

to reduce simulation time, as charm quarks have a low production rate.

Fig. 4.22 shows the results from the PYTHIA 8 simulation study, where the comparison of the invariant-
mass distribution of eQ2 pairs between the contaminating decay channel mentioned above and the one in
this analysis is illustrated in each pr interval. It is found that the contributions from the contaminating

decay channels are independent of pt and mainly contribute to a mass region below 2 GeV/c?.

Fig. 4.23 illustrates how much difference whether the mass cut is applied, giving a 10%. An additional
check is done by varying the lower limit of the integration mass range for the signal extraction in the eQ
mass from 1.7 to 2.2 GeV/c?, as shown in Tab. 4.8 and Fig. 4.24, a maximum variation of 10% at the

corrected yield level was found, expect the last pt due to large statistical fluctuations.

Considering the two checks, a 10% is considered as the final systematic uncertainty on the raw yield
extraction. Note that those decay channels are not experimentally observed, and therefore the Belle [39]
and CLEO Collaborations [38] do not correct for it in addition to not assigning a corresponding system-

atic uncertainty.
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Figure 4.22: Invariant-mass distribution of the eQ pairs from PYTHIA 8 simulation study in different p intervals.
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Figure 4.23: Left panel: Comparison of the Q¥ spectrum with and without the mass cut (Meq > 2GeV/c?) applied.
Right panel: the ratio between the Q¢ spectrum with mass cut over Q¥ spectrum without one.

Table 4.8: The cut variation on M,.q (GeV/c?).
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Figure 4.24: Top left panel: the Q0 spectrum with different mass selections. Top right panel: ratios of the Q spectrum
with variations. Bottom left panel: Barlow value. Bottom right panel: the root mean square (RMS) of the deviations
from 1.
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4.7.2 ITS-TPC matching

As discussed in Section 3.5.1.3, one of the systematic uncertainties on the tracking efficiency is deter-
mined by comparing the matching efficiency of prolonging a track from the TPC to the ITS in data and
simulation. The uncertainties on electron tracks are propagated to the QY candidates according to the
decay kinematics, resulting in an uncertainty of 2%, as shown in Tab. A.10. More details can be seen

Appendix A.2.8.

Table 4.9: The systematic uncertainty of p?g propagated from p5.

P (GeV/e) | 24 46 612
Systematic | 2% 2% 2%

4.7.3 Track quality selection

The second contribution to the track reconstruction is estimated by varying the track quality selection,

seen Tab. 4.10. Those varied track selection cuts will be implemented at the pre-selection step.

Fig. 4.25 shows the detailed comparisons, and 4% is assigned for this systematic study.

Table 4.10: The variations of TPC selection criteria in the pre-selection used for this systematic study.

Cuts variables VeryLoose | Loose | Standard | Tight | VeryTight

Number of TPC crossed rows > 65 >70 >70 >175 > 80
TPC crossed rows/findable ratio >0.75 >0.75 > (.80 > (.85 >0.90
Number of TPC clusters for dE/dx > 40 >45 > 50 > 55 > 60
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4.7.4 Bayesian-unfolding iterations

The first contribution to the systematic uncertainty of the unfolding procedure is due to the regularisation
procedure in the Bayesian unfolding. It was estimated by varying the iteraction number between 2 and

5. There is 4% systematic uncertainty, details are shown in Fig. 4.26.
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Figure 4.26: Top left panel: the comparisons of the distribution of unfolded yields with the different variations. Top right
panel: the ratios of the spectra with different unfolding methods relative to the spectrum with the standard procedure.
Bottom left panel: the Barlow values for each variation. Bottom right panel: the rms values of the deviation from 1.
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4.7.5 Unfolding method

The second contribution to the systematic uncertainty of the unfolding procedure comes from the ap-
plication of a different unfolding method, namely the Singular value decomposition (SVD) [159]. The
SVD method is sensitive to the d vector, which is obtained using the TSVDUnfoldlocal::GetD() func-
tion. Overregularisation (i.e., choosing two small a value for k) will bias the unfolded spectra towards
the MC input, while underregularisation (i.e., choosing two large a value for k) will lead to large fluctua-
tions. The number of regularisations is strongly dependent on the bins used in the analysis. In this study,
only four bins are employed for the unfolding procedure, resulting in the d vector being determined at
four values. The d vector distribution can be observed in Fig. 4.27. Ideally, the magnitude of |d| should
be close to unity, suggesting that k = 3 and k = 4 are suitable choices for the systematic checks to avoid

significant fluctuations.

The comparisons can be found in Fig. 4.28, where a 4% dependence is assigned for the systematic

uncertainty.
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Figure 4.27: The distribution of d vector.

4.7.6 Response-matrix pt range and binning

The third source to the systematic uncertainty of the unfolding procedure is related to the sensitivity
of the unfolding to bin edge effects used in response matrix. An uncertainty of 10% is assigned in the
interval 2 < pr < 6 GeV/c, as shown in Fig. 4.29. Athigh pr, this systematic uncertainty is negligible,

as the results are converged with larger iteration nubmer.
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Figure 4.28: Top left panel: the comparisons of the distribution of unfolded yields with the different variations. Top right
panel: the ratios of the spectra with different unfolding methods relative to the spectrum with the standard procedure.
Bottom left panel: the Barlow values for each variation. Bottom right panel: the rms values of the deviation from 1.
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Figure 4.29: Left panel: the comparisons of the distribution of unfolded yields with the different pr intervals. Right
panel: ratios of the varied distributions with different pr intervals to the default one.
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4.7.7 BDT selection

The systematic uncertainty on the selection efficiency can be from the imperfections in the description of
the detector response and alignment in the simulation. The systematic uncertainty is estimated by varying
the BDT probability selection and recomputing the cross section for each BDT selection, which results
in the modification of the efficiency, raw yield, and background values. If the simulations accurately

describe the real data, the uncertainty will be minimal, as the calculated efficiency accounts for losses.

To ensure signal stability and avoid statistical fluctuations, the systematic evaluation is extended using a
BDT model with different training variables (excluding PID information) and preselection criteria (PID

selection is varied when not included in the BDT). Specifically:

« Estimate systematic uncertainty by exploiting a new BDT model in which electron PID information
is removed from training and the no, which is p dependent, added as a preselection criterion.
10 loose and 10 tight BDT selections are chosen based on the default one. In Appendix A.2.9,
Fig. A.39, Fig. A.40 and Fig. A.41 are showing the detailed comparison for the three pt inter-
vals. The resulting systematic uncertainty is obtained by adding in quadrature the root mean square
(RMS) and the shift of the distribution with respect to the central value: 16% in 2 < pr < 4, 17%
in4 < pr <6,and 13% in 6 < pt < 12.

* Five variations of the pr-dependent noy,,. preselection are examined, as listed in Appendix A.2.9
Tab. A.11. The detailed comparison is seen in Fig. 4.30. Except for the last pt bin, where significant

fluctuations are observed, a 10% uncertainty is assigned for this check.

Combined with the two checks, 15% is assigned for the BDT selections for the three pr intervals.
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Figure 4.30: Left panel: the comparison of the Q0 spectrum with variations of the pr dependent notpc- Right panel: the
ratios of the Q¥ spectrum with variations.
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4.7.8 Generated py shape

The systematic uncertainty on the efficiency, due to the shape of the true and generated Q0 pr dis-
tributions, is estimated by varying the pr weights titling the Tsallis fit within the statistical and pt

uncorrelated uncertainties of the differential production cross section of Q0 reported in Ref. [25].

In Fig. 4.31, different fitting procedure shown in green, orange, magenta color as in the top panel. The
resulting three weight factors are illustrated in the top right panel. In the bottom left panel, total ac-
ceptance efficiency with different weights factors applied and without weight is reported. The assigned
uncertainty, defined as the maximum variation observed,is 10% in the interval 2 < pt < 4 GeV/c, 2%

in the interval 4 < pt < 6 GeV/c, and 1% for highest pt interval, as shown in the bottom right panel.
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Figure 4.31: Top left panel: the Q¥ spectrum distribution between the Generated and hadronic result [25], and also three
different Tsallis fitting to the hadronic result. Top right panel: the three weighting functions. Bottom left panel: com-
parisons of the reconstruction efficiency after re-weighting procedure with three different weighting functions. Bottom
right panel: ratios of the reconstruction efficiency efficiency between the varied Tsallis fitting functions to the central
one.
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4.8 Results

The pr-differential cross section of inclusive Q¥ baryon production multiplied by the branching ratio
into Q~e*ve, in pp collision at v/s = 13 TeV, measured in rapidity interval |y| < 0.8 and the pt interval
2 < pr < 12 GeV/c, is shown in the top panel of Fig. 4.32. It is compared with the previously
published measurements of inclusive Q0 baryon production in the hadronic decay channel Q~7*. The
error bars and boxes represent the statistical and systematic uncertainty, respectively. The uncertainty
of the integrated luminosity is not included in the boxes. The bottom panel of Fig. 4.32 reports the
branching-fraction ratio BR(Q(C) — Q7etv,) /BR(Q? — Q7 7*) as a function of pr. The systematic
uncertainty on the branching-fraction ratio is calculated assuming all the uncertainties between the two
measurements as uncorrected, except for the ITS-TPC matching efficiency, track quality selection, and

the MC pr shape. The uncertainty of the luminosity cancels in the ratio, as it is fully correlated.
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Figure 4.32: Top panel: pr-differential production cross sections of inclusive Q¥ baryons multiplied by the branching
ratios into Q" e*v, and Q™ x* [25] in pp collisions at 4/s = 13 TeV. Bottom panel: pr-differential branching-fraction ratio
BR(QY — Q7e*v,)/BR(Q) — Q 7*).

121



LR tA
DOCTORAL DISSERTATION .:'= 5 ][

The ratio of the two measurements shown in the bottom panel of Fig. 4.33, is used to calculate the pt

independent branching-fraction ratio BR(Q? — Q~e*v.)/BR(QY — Q™ x*). The results are averaged
over pr using the inverse uncorrelated relative uncertainties as weights [ 190]. The weights are defined as
the sum in quadrature of the relative statistical uncertainties and the pr-uncorrelated part of the system-
atic uncertainties. All the systematic uncertainties are considered as pt correlated in the semileptonic
decay. For the hadronic decay, all systematic uncertainties are considered as pt correlated, except for
the raw yield extraction. The pr-correlated systematic uncertainties are propagated by recomputing the
ratio after shifting up and down the ratios with the corresponding pr-correlated systematic uncertainties,
as shown in Eq. 4.27 and Eq. 4.28. The detailed calculation procedure is illustrated from Eq. 4.22 to
Eq. 4.28. The final systematic uncertainty on the ratio is obtained by summing the pr-correlated and

uncorrelated systematic uncertainties in quadrature.

In Fig. 4.33, the measured ratio is BR(Q? — Q7e*v,)/BR(Q) — Q%) = 1.12 + 0.22 (stat.) =+
0.27 (syst.). The branching-fraction ratio is compared with previous experimental measurements: 2.4
+ 1.1 (stat.) + 0.2 (syst.) from the CLEO Collaboration [38], and 1.98 + 0.13 (stat.) + 0.08 (syst.)
from the Belle Collaboration [39], and with the theory predictions based on the light-front approach
and light-cone sum rules calculations [40, 41]: 1.1 £ 0.2 and 0.71, also 1.35 is computed by applying
the effective colour approach under the framework of SU(3); symmetry [42]. The ALICE result is
compatible within 1o~ with the CLEO result and it is 2.30 lower than the one measured by the Belle
Collaboration. The ALICE measurement is also consistent within 1o~ with the available theoretical
predictions, which showed some tensions when compared to the Belle results. The present result is also
compatible within the uncertainties with the BR(Z) — Z~e*v.)/BR(E? — Z~7*) measured by the
ALICE Collaboration [21]. The agreement between those two measurements is also predicted by the
light-front approach calculations [40, 191]. In view of those future measurements, it would be beneficial
to compare also with additional model calculations, like IQCD [192] and QRM [193] which already

provide their predictions for the branching-fraction ratio BR(E0 — Z~e*v,)/BR(E) — E~ 7).

N O'I.Stat 2 O_;)Tuncorr 2
wi= 1y (2= ) +[T—] (4.22)
i (Ri . ﬁ)
(Ri)py = : (4.23)
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Figure 4.33: Comparison of BR(Q? — Q7e*v.)/BR(Q? — Q~x*) between experimental and theoretical calcula-
tions [38—42].
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4.9 Summary

The inclusive pr-differential production cross section of the charm-baryon Q0 multiplied by the branch-
ing ratio BR(Q? — Q~e*v,) is measured for the first time at midrapidity (|y| < 0.8), in the transverse-
momentum interval 2 < pr < 12 GeV/c, in pp collisions at /s = 13 TeV. To improve the precision
of the measurement, new techniques are employed in this analysis, as explained in Section 4.1. Ap-
pendix A.2.2, and Appendix A.2.3 illustrate the advantages of using these new methods, which help in
the raw yield extraction reported in Fig. A.19, as well as improve the relative statistics error of corrected

yield seen in Fig A.21 and Tab. A.7.

The result is compared with the measurement of the Q0-baryon cross section in its hadronic decay Q0 —
Qn* [25]. The BR(Q? — Q7 e*v.)/BR(Q? — Q x") is measured to be 1.12 + 0.22 (stat.) + 0.27
(syst.), using the inclusive production cross section measured in Ref. [25]. The branching-fraction ratio
is consistent within 1o~ with the CLEO result, and 2.30" lower than the value reported by the Belle

Collaboration. The value is also in good agreement with the available theoretical predictions.
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5 Summary and outlook

5.1 Summary

The research presented in this dissertation contributes significantly to the understanding of charm-
baryon production in small systems at the LHC, as well as the charm quark hadronisation mechanism.
Specifically, the two analyses focus on the charm-strange baryons, Z0 and QY, measured at midra-
pidity in pp collisions. Chapter 3 reports the measurement of prompt Z0 at 4/s = 5.02 TeV, while
Chapter 4 details the measurement of inclusive Q0 at /s = 13 TeV. Both baryon species are recon-
structed via their semileptonic decay channels, ) — E-e¢*v. — (An~)e*ve — ((n7p)n~)e*v. and

Q0 — Q e*ve — (AK )e*ve — ((77p)K™)e*ve, respectively, along with their charge conjugates.

The production of prompt Z0 is measured within the transverse momentum interval of 2 to 8 GeV/c.
The ratio of the pr-differential Z0-baryon and D°-meson production cross sections is also presented.
These two results are compared with calculations of theoretical models implementing different particle
production and hadronisation mechanisms, revealing interesting insights into charm-production mech-
anisms. The experimental result is systematically underestimated by the PYTHIA 8 event generator
with the Monash 2013 tune, which uses string fragmentation tuned on e*e™ data. It is also underes-
timated when PYTHIAS is tuned with colour reconnection beyond the leading-colour approximation,
which introduces additional junction topologies favouring baryon production. Both of them systemati-
cally underestimate the experimental result. The latter predicts an enhanced production of baryons and
is closer to the data compare to PYTHIA 8 Monash 2013. The quark (re-)combination model (QCM)
underpredicts the Z0/D° yield ratio by the same amount as it does for Z° production, namely by a factor
2-3 for pr < 4 GeV/c. The pr-differential £/DP yield ratio is also compared with a prediction from
the statistical hadronisation model (SHM) with feed down from an augmented set of higher-mass charm
baryon states calculated by the relativistic quark model (RQM), which gives lower values than the mea-
sured data. By contrast, the CR model and the SHM model (including RQM) both describe the A} /D°
yield ratio reasonably well. The Catania model, which assumes that the charm-quark hadronisation pro-
cesses happen via fragmentation and coalescence, is the one that best captures the Z0/D° yield ratio in
the full pr interval. Catania provides a possible new scenario in pp collisions at LHC energies, assum-
ing that low-pt charm quarks hadronise via a combination of fragmentation and additional coalescence
mechanisms. Besides that, the result of 20 reported in this thesis provides additional information on the

non-universality of charm fragmentation from e*e™ and ep collisions to pp collisions.
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The inclusive production of the charm-strange baryon QU is measured for the first time via its semilep-

tonic decay into Q~e*v, with the ALICE detector. In order to improve the precision of these measure-
ments, three additional innovative techniques are introduced: 1) the use of the Kalman-Filter vertexing
algorithm to reconstruct the Q cascade; 2) the implementation of a machine learning approach based
on the Boosted Decision Tree algorithm to enhance the signal extraction performance; 3) the adoption
of the mixed-event technique for background samples to help the machine learning training and sig-
nal extraction. The pr-differential cross section of inclusive QV-baryon production multiplied by the
branching ratio into Q~e*v, is compared with previously published results of inclusive Q0-baryon pro-
duction in the hadronic decay channel Q™ 7" measured in the same pr interval. The pr-differential
branching-fraction ratio BR(QS — Q7etve)/ BR(QS — Q7 n*) is used to calculate the pr-independent
branching-fraction ratio. The results are averaged over pt using the inverse uncorrelated relative un-
certainties as weights. It is measured to be 1.12 + 0.22 (stat.) + 0.27 (syst.). This ratio is compared
with previous measurements from the CLEO and Belle Collaborations, as well as with theory predic-
tions based on the light-front approach, light cone sum rule, and the effective colour approach under the
framework of SU(3)¢ symmetry calculations. The ratio measured in this thesis is compatible within 1o
with the CLEO result and it is 2.30" lower than the Belle result. Once there is a measurement available
for the absolute branching fraction BR(Q? — Q~n*), the result presented in this thesis will allow the
extraction of the absolute value of BR(Q? — Q~e*v,) and thereby the production cross section of Q2
baryons in semileptonic decay channel. Moreover, the contribution to total ¢¢ production cross section

at \/s = 13 TeV and fragmentation fraction of Q0 can be also obtained.

Currently, we do not have yet a thorough understanding of the hadronisation process of heavy-flavour
quarks at high energies. The two analyses reported in this thesis offer valuable insights into charm-
strange baryon hadronisation mechanisms, exploring the role of strange quarks or strange diquarks.
These analyses also contribute to ongoing investigations into the description of charm-strange baryon
production in the colour reconnection approach and the possible contribution of coalescence to charm
quark hadronisation in pp collisions. Notably, the Z2/D? and BR x QY/D baryon-to-meson ratios are
best described by the Catania model, where the contribution from the fragmentation process is sub-
leading. This implies that pure coalescence mechanisms play a major role in the strange-charm baryon
hadronisation process. Moreover, these measurements can provide further constraints on theoretical cal-
culations, and serve as fundamental references for investigating the interaction of the charm and beauty

quark with the medium formed in heavy-ion collisions.

In both of the analyses presented in this thesis, discrepancies between experimental measurements and
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theoretical predictions have been observed. Besides that, the recent discovery of enhanced baryon pro-

duction in hadronic collision systems, as well as other observed features similar to those in Pb—Pb colli-
sions, such as collective behaviour and strangeness enhancement, raises questions about the conventional
view that a QGP-like medium is only formed in nucleus-nucleus systems. Therefore, further experimen-
tal and theoretical work is needed to fully understand the charm quark hadronisation mechanisms and the
underlying dynamics in hadronic collisions at the LHC in the future. It may be addressed by inspecting

with the upgraded ALICE experiments (ALICE 2 and ALICE 3).

5.2 Outlook

There are already many performance study results achieved for ALICE 2 and projections for ALICE
3. In the following, selected results of baryons are presented, further advancing our understanding of
heavy flavour physics. In the end, the perspectives of new measurements that could be accessible in the

upgrade of the ALICE 2 and ALICE 3 are briefly discussed.

Performance with ALICE 2 and ALICE 3

The upgraded ALICE 2, discussed in Section 2.5, with improved track reconstruction performance, will
make comprehensive high-precision measurements of charm baryon production yield across collision

systems down to low pr in Run 3 and 4.

The first new results of charm baryons A} and Eg from Run 3 data in pp collisions at 4/s = 13.6 TeV
are shown in Fig. 5.1. It is expected to carry out the measurements over a broad momentum range,
which will provide new insights into the understanding of hadronisation mechanisms. In addition, a
simulation study of beauty hadron is obtained as well, seen in the bottom panel of Fig. 5.1, which gives

us information on the hadronisation effects in the beauty sector.

The ALICE 3 experiment, introduced in Section 2.5.3, is specially designed to track weakly decaying
particles prior to their decays. A new method, called ‘strangeness tracking’, is implemented to improve
the reconstruction of weakly decaying particles that come from multi-charm baryon decays (also imple-
mented in ALICE 2), resulting from high-precision silicon pixel tracking layers to increase the tracking
efficiency.

=+t
—cc

+
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S B4t 5 E 43 and QF, - QY+t 5 Q + 27t (5.1

In Fig. 5.2, the evaluated simulation study from PYTHIA 8 of the E/f and Qf, baryons with ALICE 3 is

C

reported, which is obtained from central Pb—Pb collisions with a total sampled luminosity of (35 nb™").

The combined advancements of increased strangeness tracking efficiency and the improved impact pa-
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Figure 5.1: Top panels: Invariant-mass distribution of baryons in pp collisions at v/s = 13.6 TeV. The background
distribution is modeled with a second-order polynomial, while the signal with a Gaussian function. Left panel: The
invariant mass distribution of baryon A* with 6 < pr < 8 GeV/c. Right panel: The invariant mass distribution of =0
candidates from hadronic decay channel E~7* with pr > 5 GeV/c. Bottom panel: Yield ratio of A, /B* as a function of
pr in Pb—Pb collisions at 4/syn = 5.52 TeV. Simulation for Run 3 + Run 4. Figures from [43].

rameter resolution in ALICE 3 will lead to a much improved capability of heavy-flavour hadron recon-

struction.
Multi-charm hadron states

Measurements of multi-charm hadrons, such as B, (ccd), B (ccu), Qf, (ccs), Q&L (ccc), and re-
cently discovered exotic states like T{, (ccud), would offer direct insights into hadron formation from
a deconfined quark-gluon plasma. Due to recombination effects, the yields of multi-charm baryons rel-

ative to the number of produced charm quarks are predicted to be significantly enhanced in heavy-ion
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Figure 5.2: Expected Ef and Qf, significance in 0-10% central Pb—Pb collisions at 4/syy = 5.52 TeV as a function of pr
with a 0.2 T magnetic field. Figures from [43].

collisions compared to the ones in pp collisions. Most recently, the SHMc and the Catania models pro-
vided predictions for the production of multi-charm hadrons in Pb—Pb collisions, exploring the possible
system size dependence via Kr-Kr, to Ar-Ar and O-O collisions. Future experimental data, alongside
theoretical calcualtions, will enable precise quantification of these effects and test different hadroniza-

tion mechanisms.
Beauty hadrons

Beauty quarks serve as even better probes of pQCD than charm quarks, due to their larger mass. They
offer better constraints on the propagation of heavy quarks in the later stages of the medium evolution.
The B meson contains a b and ¢ quarks, which is the only hadron observed so far with heavy quarks
of two different flavours, making it a unique probe for investigating the effects of hot and dense nuclear
matter created in heavy-ion collisions. Furthermore, B-meson production can provide a reference for
studies of beauty hadronisation with Ap baryons. Comprehensive measurements of beauty hadron pro-
duction, including Ay, Ep, and €y, baryons, are crucial for understanding thermalisation processes in the

beauty sector and providing benchmarks for theoretical models.
High mass baryon states

Exploring the measurements of higher-mass charm- and beauty-baryon states, not yet reported in PDG
lists, is greatly significant for advancing our understanding of hadronisation processes. Recently, there

have been new results of D, (2536) and D} (2573) resonances in pp collisions, offer new pieces of
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information to those of groud-state charm mesons to investigate the charm-quark hadronisation. Further

studies into resonant baryon states will allow the validation of the number of additional baryon resonance
states predicted by the relativistic quark model, helping to understand the description of the baryon-to-

meson yield ratios in pp as well as heavy-ion collisions.
Rapidity study

Possible rapidity dependence of both the Af and E} baryon-to-meson ratios are observed by ALICE
and LHCD Collaborations in pp, p—Pb and Pb—Pb collisions. ALICE and LHCb Collaborations probe
different regions of the kinematic phase space, making a direct comparison and understanding of the dif-
ferences in the results more complex. In the future, measurements will aim for consistency in centrality
and pr intervals, potentially including heavier charm baryons. Besides that, extending measurements
to other rapidity regions in ALICE, such as forward or backward, may provide more comprehensive

knowledge of the kinematic distribution of charm-baryon formation.

Furthermore, it would be also interesting to investigate models including coalescence as a function of
rapidity, to study if any rapidity dependence of the baryon-to-meson yield ratios would be observed, and
to understand if a possible effect would be driven by the medium density and/or by possible differences

in the charm density between different rapidity ranges (mid, forward, backward).
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Appendix A
A.1  ZE analysis
A.1.1 Systematic: ITS-TPC matching

A two-step procedure is adopted to propagate the systematic uncertainty on electron tracks to Z.

First, the systematic uncertainty of ITS-TPC matching efficiency of electrons listed in Tab. A.1, is prop-

agated to the eZ pairs at each p%E bin, as follows the Eq. A.1.

Table A.1: ITS-TPC matching efficiency for electron taken from DPG [44].

pr bins 20-30 3.0-40 40-6.0 6.0-8.0
systematic value | 0.026 0.0262  0.0244  0.0266

N eeEg

SYSthEs TPC matching — Zim (O%, "G
— matching N ]
=N BC

, (A.1)

50, . . . =0 . . .
where Systf ° is the one from Tab. A.1 and BC; represents the i™ bin content in p; ¢ distribution at
= (—EO . . . . . = .
each p$= bin, as shown in Fig. A.1, p,er ¢ distributions in different p7= intervals.
The first step of the systematic uncertainty of ITS-TPC matching efficiency propagated from pf to p%E

is achieved, which is listed in Tab. A.2, and detailed calculations are illustrated in Egs. A.2.

575 %2.03% + 23 % 2.6% + 1 % 2.62%

eE _ ~
SYSKEE 3 = W ~ 2.05%, (A2)
. 610 % 2.03% + 70 % 2.06% + 5 * 2.62%
ex — ~
SyStBin[3,4] = 61057025 ~ 2.04%,
. 215 % 2.03% + 73 % 2.06% + 14 % 2.62%
SystS = ~ 2.06%,
YSlBin(4,5] 215+ 73 + 14 ‘
o T3 %2.03% 4435 2.6% + 165 2.62% + 10+ 2.44% + 1+ 2.44% o
Y¥Bin(s.6) = 73+43+ 16+ 10 + 1 e

Sys(eE _ 30%2.03% + 27 % 2.6% + 6 % 2.62% + 13 x 2.44% + 4 + 2.44% + 1 * 2.66%
YS'Bin[6.8] = 30+427+6+13+4+1

~ 2.36%,

Second, a similar procedure is applied to propagate the systematic of ITS-TPC matching efficiency of
- =0 = =0
p5 to pre. The pT= distributions in different p7© intervals, shown in Fig. A.2, is obtained by projecting

Y-axis of response matrix seen in the left panel of Fig. 3.13 of Section 3.3.3.
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Figure A.1: The p;" " distributions in different p<= intervals.

Table A.2: The systematic uncertainty of ITS-TPC matching efficiency of pTE propagated from pf.

[1]

e
pr bins MeV/c) 2-3 3-4 4-5 5-6 6-8
Systematic 2.05% 2.04% 2.06% 2.14% 2.36%

Together with the Eqs. A.4, finally, the systematic uncertainty of ITS-TPC matching efficiency of 20 is

assigned as 2% independent of Z0 pr, reported in Tab. A.3.

=, =0
N eEE
g9 3 Zi:] (SySti © % BC;)
ITS—-TPCmatching — N .
Zi—l BC;

Syst ) (A.3)

T =0 | . . . . =g . . =0 .
where Systf”_“c is one from Tab. A.2, and BC; is the i bin content in py- distribution at each p° bin

as seen in Fig. A.2.
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Figure A.2: The p<E distributions in different p?g intervals.
=0 250.819 % 2.05% + 119.667 * 2.04% + 1.70725 * 2.06%
Syst. ¢ = ~ 2.05%, A4
Y$'Bin(2,3] 250.819 + 119.667 + 1.70725 ¢ (Ad
S tEg 112.7 % 2.05% + 194.5 % 2.04% + 61.4 * 2.06% + 0.65 * 2.14% 2 059
st ¢ = ~ 2. ,
Y¥Bin[3.4] 1127+ 194.5 + 61.4 + 0.65 ‘
S tgg 26.6 % 2.05% + 100.2 * 2.04% + 95.2 * 2.06% + 27 * 2.14% 5 060
St = ~ 2. ,
¥ Bin(4.5] 26.6+ 100.2 +95.2 + 27 ‘
S tgg 2.4 % 2.05% + 25.7 % 2.04% + 54.7 % 2.06% + 50.1 % 2.14% + 24.2 % 2.36% 5 139
St~ = ~ . N
Y Bin[s.6] 2.4+25.7+547+50.1+24.2 ‘
S tEg 7.4 %2.04% +20.4 % 2.06% + 27.7 + 2.14% + 34.4 % 2.36% 5 20
St..*~ = ~ . N
Y¥Bin(6.8] 74+20.4+27.7+ 344 ‘

A.1.2 Systematic: Electron identification

Fig. A3 isthe na’%llfc distribution as a function of the electron pt after applying the particle identification
criteria on the TOF signal. Varied criteria were applied on the TPC dE/dx signal to select electron
candidates for the systematic checks, which are shown in different colour curves.
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Table A.3: The systematic uncertainty of pig propagated from p<=.

=0
=c

pr bins (MeV/c) 2-3 3-4 4-5 5-6 6-8
Systematic 2.05% 2.05% 2.06% 2.13% 2.2%

T T T[T T[T [ T[T [T [T TrT

4 4.5 5
P, (GeV/c)

Figure A.3: The varied criteria of the TPC dE /dx signal to select candidates, na'%;’C, is applied in this systematic study.

A2 QU analysis
A.2.1 Traditional rectangular analysis method

Before moving this Q¥ analysis with the implementation of machine learning, the same method as =0
discussed in Section 3, is firstly adopted, to have a look at the feasibility. In the following, the selections

and part of the results are briefly presented.
A.2.1.1 Selections for candidates

In this part, the selections for candidates used to reconstruct the Q(c) are listed in Tab A.4, Tab A.5 and

Tab A.6.
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Table A.4: elID cuts applied in this analysis.

Cuts vairbales

cuts

AOD Filter Bit

Number of CrossedRows
CrossedRows Over Findable Cluster
Number of TPC PID clusters

Ratio of findable clusters

ITS/TPC refit
Number of ITS cluster

pr(GeV/c)
ul
SPD hit

| no—%}:

n 0'%?(:

prefilter cut

4 (Standard cuts with very loose DCA)

>70
>0.8
> 50
> 0.6
TRUE
>3
> 0.5
<0.8
both
<3

>-3.9+1.17 x x — 0.094 x x>

Mere- < 0.05 GeV/c?

Table A.5: Loose elID cuts applied for the prefilter procedure in this analysis.

Cuts vairbales | cuts
AOD Filter Bit 4
Inoge: <5
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Table A.6: The track and topology selections for Q applied in this analysis.

Cuts variables cuts
Number of CrossedRows >70
CrossedRows Over Findable Cluster >0.8
A Mass tolerance (MeV/c?) 7.5
Q Mass tolerance (MeV/c?) 6
Competing Mass (to reject E) (MeV/c?) 8
DCA of VO to PV (cm) >0.088
DCA of V0 daughters to PV (cm) >0.073
DCA of bachelor track to PV (cm) > 0.049
DCA of cascade daughters (cm) <1.1033
DCA of VO daughters (cm) <1.116
V0 decay length (cm) > 0.6
VO cosine of pointing angle to E vertex >0.97
Q cosine of pointing angle to PV >(0.985
Q decay length (cm) >0.4
[norrec| (proton) <4
Inorrec| (pion) <4
[norec| (kaon) <4
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A.2.1.2 Raw yield extraction and efficiency correction

After applying the selections reported in Tab. A.4 Tab. A.5, and Tab. A.6 in Section A.2.1.1, the invariant-
mass distribution of eQ2 RS, and WS pairs can be obtained, as shown in Fig. A.4. To obtain the raw
yield, the invariant-mass distribution of eQ WS pairs has to be subtracted from the e€ RS pairs, seen in

Fig. A.5.

g ZETTTTTTTI T T T g st T
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sE #®ns = E #ns
anf # =»ws - i ,ws ]
20| -# + - E:
15— ++ - 4:— -
] iﬂ :' + 1
DE& ! Eli EI-| ZIE ZIE ; 3' v IE 4.! = 3‘4 3'5 3.!

m,, {GeVic © % m,, {GeVic 3

TT T T T I T IT T I TIT T[T T TTTITTIT

++ 2.0 <pT < 4.0 GeVie

1.0 <pT < 2.0 GeVie

: + #ﬂ% + +H.+ st etes ‘:'

Entries
Enlries
3

Enlries

4.0 <pT < 6.0 GeVic -]

++ :

Entries
"

o
T[T T

4

Lo o

10| + + + -4 E
g
20| [ PP P A T - i Y TPE P PAPE I PR TP P TIPE PR T |
Lol boo oo bas b Lo b Lo Lo L T8 2 22 4 ZE 2B 3 32 34 3F 3

m,, {GeVic ) m,, {GeVic )

Figure A.5: The invariant mass distribution of e pairs after the WS mass subtraction in each pr interval.
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Figure A.7: Left: The correlation matrix between the generated Q2 -baryon pr and the reconstructed eQ pair pr. Right:
Comparisons of the measured spectrum to the refolded and the unfolded one with and without weights.

As discussed in Section 3.3.1, the prefilter efficiency is used to correct the wrongly tagged electron

candidates, illustrated in the left panel of Fig. A.6, and with this, the raw yield comparison is shown in

the right panel. The red color is used in the next unfolding procedure.

In Fig. A.7, the left panel shows the response matrix used for the unfolding procedure, and the right

panel is the raw yield comparison.

The reconstruction efficiency is shown in the left panel of Fig. A.8, which is used to correct for the

unfolded yield, then the py-differential production cross sections of inclusive Q0 baryons multiplied by

the branching ratio into Q~e* v, is obtained, as shown in the right panel.
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Figure A.8: Left panel: product of acceptance and efficiency for prompt, feed-down, and inclusive Q0 baryons. Right
panel: pr-differential production cross sections of inclusive Q2 baryons multiplied by the branching ratio into Q" e*v,.

A.2.2 Performance with machine learning

At the beginning, the wrong-sign eQ pairs in SE are used for the ML training and the background sub-

traction, to make a straightforward comparison by using the rectangular cuts as shown in Section A.2.1.2.

Here the BDT probability output and also the pseudo-significance for the three pr intervals are shown

in Fig. A.9 and Fig. A.10, since the analysed procedure is exactly the same as introduced in Section 4.

mmm Background pdf Training Set
= Prompt Q0 pdf Training Set
#  Background pdf Test Set
4 Prompt Q2 pdf Test Set

Counts (arb. units)

BDT output

Counts (arb. units)

== Background pdf Training Set

== Prompt Q2 pdf Training Set
¢ Background pdf Test Set
4 Prompt Q2 pdf Test Set

BDT output

102

g

Counts (arb. units)
8

10
BDT output

Figure A.9: Machine learning model in each pr interval in this analysis when SEWS is used for the background. Top
left panel: 2 < pr < 4 GeV/c. Top right panel: 4 < pr < 6 GeV/c. Bottom panel: 6 < pr < 12 GeV/c.
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Pseudo-Sig vs BDT cut (2<pT<4) Pseudo-Sig vs BDT cut (4<pT<6)
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Figure A.10: The pseudo-significance in each pr interval.

After the application of the BDT selection criteria, the invariant-mass distribution of eQ pairs can be
obtained as shown in Fig. A.12, and invariant-mass distribution of e€2 pairs after WS subtracting from

RS pairs in each p interval is reported in Fig. A.12.

Fig. A.13 shows the response matrix between the generated QC-baryon pr and the reconstructed eQ pair

pT, and also the unfolded raw yield distribution in the right panel.

Fig. A.14 tells the preselection efficiency, BDT efficiency, and the total acceptance times efficiency for

the inclusive Q0 baryons which will be used in the next to correct for the unfolded raw yield.

Fig. A.15 shows the comparison of pr-differential production cross section of inclusive QY baryons
multiplied by the branching ratio into Q~e*v,, between the traditional rectangular cut method (in red
color) and the new ML method (in black color). The improvement of relative statistical uncertainties
from ML with respect to the traditional rectangular cut method is illustrated in the right panel, 30% in 2

< pr <4,20%in4 < pr < 6,and 10% in 6 < pt < 12, demonstrating the advantage of using ML.
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Figure A.11: The invariant-mass distribution of eQ2 RS and WS pairs in each pr interval.
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Figure A.12: The invariant-mass distribution of eQ pairs after WS subtracting from RS pairs in each pr interval.
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Figure A.13: Left panel: The response matrix between the generated Q2-baryon pr and the reconstructed eQ pair pr.
Right panel: The raw yield comparison.
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A.2.3 Performance with mixed event technique

The ME RS eQ pairs are used for the ML training and background subtraction by default. It shows more
statistics than the WS pairs in SE, reported in Section 4.1.3.1. In the following, more comparisons from

the usage of ME are shown.
A.2.3.1 Comparison of variables

The comparison of variables between MERS (reported in blue) and SEWS (reported in orange) is shown
in Fig. A.16, Fig. A.17, and Fig. A.18 for each pr interval. The resulting distributions are found to be

consistent with the two backgrounds.
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Figure A.16: The comparison of variables between MERS (reported in blue) and SEWS (reported in orange), in 2 < pr <
4.
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Figure A.17: The comparison of variables between MERS (reported in blue) and SEWS (reported in orange), in4 < pr <
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Figure A.18: The comparison of variables between MERS (reported in blue) and SEWS (reported in orange), in 2 < pr <

4.
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A.2.3.2 Comparison of results between different models

In the following, detailed results obtained from the two different ML models are presented.

Raw yield

ézoo;..,‘.”‘.H.,H‘.,H‘.,H,HH,,H.,,H.,H‘.E 2 22.. —_— - - - - A
& 180— — 8 18— —
E R ] @ E ]
1s0f- ‘ —e— ML Model (SEWS) = E 18- 3
o —=— ML Model (MERS) SuE | E
120~ 3 3 120 ‘ 3
|- - > |- -
woE | 3 a 1 3
80— - 0.8 N -
60— Y S — 06— —
40— | — 0.4f— —
= g E = E
20— T — 02— —
S P I P P [T I obil [ T A B | L [

2 3 4 5 6 7 8 9 10 2 3 4 5 6 7 8 9 10
p. (GeVic) p. (GeVic)

Figure A.19: Left panel: The raw yield comparison from two different ML models: MERS and SEWS. Right panel: The
raw yield ratio.
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Figure A.20: Left panel: The total reconstruction efficiency comparison from two different ML models: MERS and
SEWS. Right panel: The total reconstruction efficiency ratio.
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Figure A.21: Left panel: The comparison of pr-differential production cross section of inclusive Q2 baryons multiplied

by the branching ratio into Q~e*v, from two different ML models: MERS and SEWS. Right panel: The pr-differential
production cross section ratio.
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Table A.7: The relative statistics error of the pr-differential production cross section of inclusive Q2 baryons mul-
tiplied by the branching ratio into Q~e*v, from two different ML models shown in Fig. A.21, for the pr intervals
2<pr<4GeV/c,4 < pr<6GeV/c,and 6 < pr < 12GeV/c.

Relative statistics error ( pr GeV/c) 24 4-6 6-12
ML Model (SEWS) 0.267 0.297 0.293
ML Model (MERS) 0.162 0.244 0.193

Fig. A.19 shows the raw yield comparison obtained from two different ML models of MERS and SEWS
being background correspondingly. The MERS gives more yield than SEWS case.

Fig. A.19 shows the reconstruction efficiency comparison obtained from two different ML models of

MERS and SEWS being background correspondingly. The ratio is close to unity.

Fig. A.21, the left panel reports the comparison of pr-differential production cross section of inclusive
Q! baryons multiplied by the branching ratio into Q~e*v, from two different ML models, and their rel-
ative statistics errors are shown in Tab. A.7, respectively. As expected, the implementation of ME tech-
nique improves slightly the statistical error on the measurement, and the improvement of relative statis-
tics error with respect to the result with SE is: 21%, 25%, 22% for the pt intervals 2 < pt < 4 GeV/c,
4 < pr <6GeV/c,and 6 < pr < 12 GeV/c. The right panel is the ratio between the ME and SE, fitted
by pol0 function, about 10%. It is important to note that the 10% is coming from the yield extraction,
since the reconstruction efficiency ratio is close to unity, indicating the advantage of the usage of the

ME technique.
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A.2.4 Variable distributions and correlation matrix

As mentioned above in Section 4.3.1, the signal and background distribution for 1 < pr < 2,4 < pr <
6 and 6 < pr < 12 is shown in the following Fig. A.22, Fig. A.23 and Fig. A.24. It’s worth noting
that the pr intervals used for the final result are [1, 2, 4, 6, 12]. The reason of starting from [1, 2] is to
avoid the possible edge effect introduced by the unfolding procedure. The same strategy is adopted in
Refs [21, 33].
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Figure A.22: Training variables (expect EleOmegaMass, EleOmegapT, CosOA) distribution in 1 < pr < 2 for signal
(reported in orange) and background (reported in blue) candidates.

Fig. A.25, A.26, and A.27 depict the correlation matrices for all selected classification criteria in the

signal and the background samples for pr intervals: 1 < pr < 2,4 < pr <6and 6 < pt < 12.
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Figure A.23: Training variables (expect EleOmegaMass, EleOmegapT, CosOA) distribution in 4 < pr < 6 for signal
(reported in orange) and background (reported in blue) candidates.
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Figure A.24: Training variables (expect EleOmegaMass, EleOmegapT, CosOA) distribution in 6 < pr < 12 for signal
(reported in orange) and background (reported in blue) candidates.
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Figure A.25: Correlation matrix in the transverse momentum range 1 < p < 2.
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Figure A.26: Correlation matrix in the transverse momentum range 4 < pr < 6.
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Figure A.27: Correlation matrix in the transverse momentum range 6 < pr < 12.

165



LR tA
DOCTORAL DISSERTATION .:'= 5 ][

A.2.5 ML output

As mentioned in Section 4.3.3, here Fig. A.28, A.29, A.30 and A.31 are the rest corresponding com-

parisons.
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Figure A.28: The learning curves of the training set and test set in each pr interval in this analysis. Top left panel:
1 < pr <2 GeV/c. Top right panel: 4 < pr < 6 GeV/c. Bottom panel: 6 < pr < 12 GeV/c.
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Figure A.29: The ROC-AUC curves for the training set and test set in each pr interval in this analysis. Top left panel:
1 < pr <2 GeV/c. Top right panel: 4 < pr < 6 GeV/c. Bottom panel: 6 < pr < 12 GeV/c.
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Figure A.30: Machine learning model in each pr interval in this analysis. Top left panel: 1 < pt <2 GeV/c. Top right
panel: 4 < pr < 6 GeV/c. Bottom panel: 6 < pr < 12 GeV/c.

168



W F

DOCTORAL DISSERTATION E 5 ][

chi2topo_OmegaToPV

DCAOIVOTOPV_KFP

DCA_OmegaDau_KF

scayLengthLambda_KFP

nSigmaCombined_Kaon

nSigmaCombined_Ele

chizgeo_Omega

PA_OmegaToPV.

DCA_LamDau

To 15
mean(|SHAP valuel) (average impact on model output magnitude)

nSigmaCombined_Ele
chiztopo_OmegaToPV
DCA_OmegaDau_KF
chi2geo_Omega
PA_OmegaToPV
nSigmaCombined_Kaon
DCAOIVOTOPV_KFP

scayLengthLambda_KFP

DCA_LambDau

10 15
mean(|SHAP value|) (average impact on model output magnitude)

nSigmaCombined_Ele
chi2topo_OmegaToPV
DCA_OmegaDau_KF
scayLengthLambda_KFP
chi2geo_Omega
PA_OmegaToPV
nSigmaCombined_Kaon
DCAOFVOTOPV_KFP

DCA_LamDau

10 15 20
mean(|SHAP valuel) (average impact on model output magnitude)

Figure A.31: Feature importance of the classification criteria in each pr interval in this analysis. From top to bottom:
1<pr<2GeV/c,4 < pr<6GeV/c,and 6 < pp < 12 GeV/c.
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A.2.6 'Working Point

Following Section 4.3.4, Figs A.32, A.33, A.34 and A.35, report the rest results.
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Figure A.32: The number of background candidates (MERS scaled by SEWS) as a function of BDT cut for each pr
interval in this analysis. Top left panel: 1 < pr < 2 GeV/c. Top right panel: 4 < pr < 6 GeV/c. Bottom panel:
6 < pr<12GeV/ec.
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Signal vs BDT cut (1<pT<2) Signal vs BDT cut (4<pT<6)
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Figure A.33: The number of estimated expected signal candidates as a function of BDT cut for each pr interval. Top left
panel: 1 < pp <2 GeV/c. Top right panel: 4 < pr < 6 GeV/c. Bottom panel: 6 < pr < 12 GeV/c.

171



LR tA
DOCTORAL DISSERTATION

Pseudo-Sig vs BDT cut (4<pT<6)

Pseudo-Sig vs BDT cut (6<pT<12)
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Figure A.34: The pseudo-significance as a function of BDT cut for each pr interval. Top left panel: 2 < pr < 4 GeV/c.
Top right panel: 4 < pr < 6 GeV/c. Bottom panel: 6 < pr < 12 GeV/c.
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Figure A.35: 1 < pr < 2: The Tsallis function is used to fit the result of hadronic Q. The pseudo-significance as a
function of BDT cut (WPgpr = 0.95) to reject backgrounds from other hadrons.
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A.2.7 Acceptance efficiency

The (A X&) correction factors of prompt, beauty feed-down (non-prompt), and inclusive Q(C) as a function
of pt, shown in Fig. A.36, are observed to be consistent with each other within uncertainties because
the selection variables used are not sensitive to the displacement by a few hundred micrometers of the

prompt and beauty feed-down Q0 decay vertices from the collision point.

-y

(3\ E T T T | T T T T T T T T T T T T T T T T T T -
$ [ ALICE ]
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Figure A.36: Product of acceptance and efficiency for prompt, feed-down, and inclusive Q0 baryons in this analysis.

A.2.8 Systematic: ITS-TPC matching

Same procedure as performed in Appendix A.l.1, two steps are applied to propagate the systematic

uncertainty on electron tracks to Q.

Firstly, the systematic uncertainties of ITS—TPC matching efficiency of electrons at the track level are

given by DPG group period by period [194]. The average values used from DPG are shown in Tab. A.8.

Table A.8: The systematic uncertainties of ITS-TPC matching efficiency for electron taken from DPG in each pr bin at
Vs =13 TeV.

Py (1,2) | (2,3) | 3,4) | (4,5) | 5,6) | (6,7) | (7,8) | (8,9)

ITS-TPC matching | 1.8% | 2.7% | 2.7% | 2.3% | 2.3% | 24% | 2.4% | 3%

Q0
=N (Syst’ % +BC;)

S) St;ETS——TPC matchin, ’ (1 ‘-5)
g N
Zi 1 BC,‘

where
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e 0 . .
. SystfQ is the systematic of ITS—TPC matching in ;" p,er % bin as shown in Tab. A.8.

e O . . . . . .
« BG; is the i*" bin content in p;_)QC distribution for each p%g bin as shown in Fig. A.37
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Figure A.37: The distributions of p< in different p¢® intervals.
167 % 1.8% +22 % 2. 7% + 1 % 2.7%

Syst .= ~ 1.919 A.6
Y Binl2.4] 167+22+1 o, (&.6)

98+ 1.8% +41 2. 7% + 11 %2.7% + 5 % 2.3%

Syst? . = ~ 2.1%, A7
Y Bin[4,6] 98 +41+11+5 ‘ (A7)
Syst® 145 1.8% +13%2.7% + 17 % 2.77% + 17 % 2.3% + 17 % 2.3% + 7 * 2.4% + 4 x 2.4% ~ 20
YSlgin[6,12) = 4+ 13+ 17+17+17+7+4+6 o

(A.8)

Table A.9: The systematic uncertainty of p<® propagated from p< in this analysis.

P (GeV/e) | 2-4 4-6  6-12
Systematics | 1.91% 2.1% 2%

0
Secondly, propagating the systematic of p%g to p?c, is performed similarly as to the first step. However,
0
as with the missing momentum of neutrino, the response matrix is considered to convert p%g to p?“. To
0
obtain the p%g distributions in different pSTZC intervals, the response matrix in the left panel of Fig. 4.20 is

0
projected onto the X-axis. Then the distribution of p%ﬂ in different p?e intervals is shown in Fig. A.38.
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Figure A.38: The distributions of p%® in different p?g intervals.

The Eq. A.9 is used to propagate the systematic uncertainties of ITS—TPC matching efficiency of pffg

0
to p%.
0
o0 =N (Syst?* % « BC;
SyStf)]?SffTPC matching == ( yzl\l] BC ) (A9)
i=1 i
where
[ o0
. Systf7 T is the systematic of ITS-TPC matching in i*" p;q ° bin as shown in Tab. A.9.
— 0 . . . . . .
* BC; is the i*" bin content in p? % distribution for each p%g bin as shown in Fig. A.38.
Q0 88502  1.91% + 57525 % 2.1%
Syst ¢ = ~ 2%, A.10
Y Bin[2.4] 88502 + 57525 ‘ (A.10)
Q0 31677  1.91% + 88291 * 2.1% + 57035 * 2%
Syst.¢ = ~ 2%, A.ll
Y™ Bin[4.6] 31677 + 88291 + 57035 ‘ @11
ol 1512 % 1.91% + 31126 * 2.1% + 62659 * 2%
S¥Stiinge. 12) = 1512+ 31126 + 62659 =2 (A.12)
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Table A.10: The systematic uncertainty of p?g propagated from pg®.

P (GeV/e) | 244 46 6-12
Systematic | 2% 2% 2%

In the end, 2% is assigned for the final systematic uncertainty of the ITS—TPC matching in this analysis,
seen Table. A.10.
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A.2.9 Systematic: BDT selection
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Figure A.39: Top left panel: the ratios of the raw yield as a function of the BDT cuts to the default one. Top right panel:
the ratios of the reconstruction efficiency as a function of the BDT cuts to the default one. Bottom left panel: the ratios
of the corrected yield as a function of the BDT cuts to the default one. Bottom right panel: the systematic uncertainty,

V(RMS)? + (shift)? , as a function of BDT in 2 < pr < 4.

Table A.11: Electron identification used to study the uncertainties in eID.

Cuts variables Lower limit of no7,.
VeryLoose —4.3+1.17 = py — 0.094 * p2
Loose —4.1+1.17 % pp — 0.094 = p2
Standard -39+ 1.17  py — 0.094 = p%
Tight ~3.7+1.17  py — 0.094 % p2
VeryTight 3.5+ 1.15 % pp — 0.09 * p3
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Rawyield scaled: 4 < pT <6 4<pT<6

B uanas . R B e B RS S Rn 3 C T S E e REEmam T B
g 18 - g 7]
b3 b E 102 —
F ] G 2 50 ]
& 14 3 r ++ ]
3 ] ] 4y ]
S E i 4 .
3 1. . F + ]
1 __ 0.98— —+— —
08 = 0.96— —
06— ] C + b
C ] 0.941— —
0.4 - F b
C ] 0.92— ¥
[ S A | [ I I <P I I IV IV R I P I B

005 01 o015 02 025 03 03 04 045 05 005 01 015 02 025 03 03 04 045 05
BDT cut BDT cut

4<pT<6 4<pT<6

POF T T T T T T e T T IEEARRRRRRE T T =

g 14 s E

1.8 =

12 1.6 3

14— —

" 12 —

L 1= —

0.8{— 08 =

- 06— —

0.6— 0.4 —

- 02 —

P IR I I UL I IR DU B U I E. I I I Lol I I I L d

005 01 015 02 025 03 035 04 045 05 05 1 15

BDT cut 6lo,

Figure A.40: Top left panel: the ratios of the raw yield as a function of the BDT cuts to the default one. Top right panel:
the ratios of the reconstruction efficiency as a function of the BDT cuts to the default one. Bottom left panel: the ratios
of the corrected yield as a function of the BDT cuts to the default one. Bottom right panel: the systematic uncertainty,

v (RMS)? + (shift)? , as a function of BDT in 4 < pr < 6.
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Figure A.41: Top left panel: the ratios of the raw yield as a function of the BDT cuts to the default one. Top right panel:
the ratios of the reconstruction efficiency as a function of the BDT cuts to the default one. Bottom left panel: the ratios
of the corrected yield as a function of the BDT cuts to the default one. Bottom right panel: the systematic uncertainty,

v/ (RMS)? + (shift)? , as a function of BDT in 6 < pr < 12.
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SKAI MR T €5 J)2% (pQCD) KT, I HAT LA LR 4t S . SRR 11y ™
WA PAE L EET pQCD (A TSI AR, il E AT LA = 1) XHEASS T
RRR T AR A 2) BERCHE AR P AR T 3) R, BRI R E S il i
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SRR NE T Y, Hrp g 1) RIS S i TS S TR RGN AT RE R & Bl i
F2, BJ colour reconnection beyond leading colour, quark recombination, Catania; 2) 5% 74kt F2%
JECHGETHIE RS, FERFIRLEF AL 2 i 5 R A 88 TS S HE AL, | statistic hadrnoisation
model included relativistic quark model (SHM+RQM)., i3 L7 il iR Af/DO $icd . %5 4h—A>
W2 ALICE [y 5750 /D0 453 [FREAT HG eve™ MBI, ORI SRR K, 3 — Tt 7T DA 23+
FE A /DO BBUE R 2 R T Ze AR I8 o LB BB ] AR IZ S0 45 51 . T
ALICE #iffg 250/ [ty P4 5, MAEEN R , XEHas —ME A AE R, BHig
BUEHEART L g . AT, A Catania BEAYRERS I H AR 20 1R . IXSBRY B
BRI RRAMIES, %X L THE ALY, AL (uds), 270 (uue, dde), 20 (use, dsc).
W T RIS AR T, BRI RS T E - TR, M AY R 2P0,
ECO AT ISR AA R MR )y 4B R R IR T, Q) X2 ALICE S5
Bl , (ER T H AR Q7 TR 1 R ASTE (Q ) 4%t 43 3 LI, R I 5 24 235 SR AR
AT DA 3 R 2B (BR x QQ) /D0, AU R TS %40 S LU BRSO, DA
REGIRZERE . FIRBI LRSS 3 R OIS 73 S U AE, (B T BRI &
giirZe, HEAFATHARE TR HARAFEE, (B AEH], X SRl iy fii i i 1%
TR, VIR E T Qe RYP R IR B . X LRSI I S5 SR Pk s BT H Bk T QGP
FAARIIAHL, PR R 2 ) SEE R R P R RV E R P BEAIL 1«

AT RS SR B R R TR A R TR SR G R BTSSR . O E S ]
AE-S I I P R AN TS A5 T, SR, BN IR A RS vk Sl il I
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FEERE TL SR TP o

B2 SEESHHE
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MR EERCRIBIE . RERENY] . RARENE G RRL T H.
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KREZW—8, ATLAIFATR R T 2, FATAT AR HAEA [F R 5l & X R A 22
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JEPURPIA4A8: mez < 2.5 GeV/c?, e Fl B b 2 AR R YA E/NT 90°, W1 AT DASI Y
M EY AR AR, S2br L J2 e B RS-WS, 2 J5 Unfolding $ ARAAS BRI HIL T, A%
B B2 DU, HBRAEARRECR 3, aTDAKE pS= #1bh P?g o AERITVET, W YA
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PsT) MRES R KRR . R AR ik, R0 i 3 B S 488 5 7 A 1 B
KT, e — P EEE (A X &, the product of acceptance and efficiency for £0), #¢
LIAVEE T IE G B BT H7=4 .

B22 Q) HHiKik

FE AT L, QF IREIEI AT =AHi#ia: 1) R/RE T (Kalman Filter Particle package)
AL T Q;2) FI LR ] (machine learning) 573 B H 5AIES 5 3) TR A9+ (mixed-event)
B 5, RTHLEREIIIZE, M sl o rariii TR Z W4 1) RS, Ak
s KF package DA KR A ZEAFR T 2) quality control (QA) #a#. URSSEHise)E, FEHATH
JRIRFGEAS BN L, FR BRI 42 A8 F 07 R G2 (comparisons of variable distribution) , H
T AL ST/ INER A3, 1 ek AL St KF package BISHIRLE, ARG IR A FAIE — Ry 2 &
X TR IRATIALER =T W, SRR 25T BDT BYBE PSR 3A: XGBoost,
S (BDT) BAMRBERIILE, FH HABNE = 8ot o BEAFI S 5t

FEGE A —FER I, )R BT R A L SEAn g, AT R a5 5, AT
— MR . MLasF 25 2155 (MC reconstructed ) Fi17y 5 (mixed-event right sign, MERS)
T el g R ORI A &, DA T g #E, AR B e H m a8 45 2L (BDT
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probability output), X J5RFALELS) HIN 2 [F]—F A9 RS eQ X, WS eQ X, JREZF(F1) RS eQ
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{8, BHYNEWAFREAL: Catania model F1 SHM+RQM ., 53¢ &4 Ry A28 1 il (%) L ARt BB A T+ 52
. Hh KA Catania BAUREMS 245 H A A M a5, BRI SS IR (H .

BT, B AR AT ol 7 QO P AR A B, e KA — AN WU A — AN KS B R 4 06 2 S LR
JIDA, 56 DO 5 85 i 45 SR 2 QO WU R I e AL T AR T 1 40 S b o 5 | AWLER 2 > s,
ASIREFHENAGE S, BRI aRmitn, L8R RNGEIHREARRISEE, I
HP=5i e 10%. 52 ik F£0 QO e Kk TR 4R, FROTT DA P~ EEASE Y Q0 4> %
R A, BR(QY — Q et ve)/BR(QY — Q 7%) = 1.12 + 0.22 (stat.) + 0.27 (syst.). ZZEHF =4
HIB S5 A K CLEO SR MEHRM VI &, (B2 AMTT Belle AYEARIEEA, HAHZE 2.3 FrifE 2.
AR, % Q0 4 KL LLMEAMZ BT ALICE £/ BR(E) — E-¢*v.)/BR(E} — E™7*)
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TEAEA . BUAh, XS R A BB A 22 5, A U S8 TR T RS AR A SEA 2
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